
Abstract

Astronomershave learnta lot aboutthe formationandevolution of structurein theuniverseby studyingthe
LymanAlphaforest,or cloudsof atomichydrogendistributedthroughouttheuniverse.Sinceatomichydrogen
cannotexist at high temperatures,thisgasis not very luminous,soneedsto beobservedby othermeans,such
astheabsorptionlines it producesin thespectraof backgroundquasars.In this report,I presentsimulations
showing how thesmallscalestructureof theLymanAlphacloudscouldbemeasuredby observingthespectra
of a gravitationally lensedquasarover a periodof time. The strengthof the LymanAlpha absorptionlines
relativeto thecontinuumin thespectrumof amicrolensedquasarisshown tovarywith time,with theproperties
of thevariationsdependingon thestructureof theabsorbingmaterial.I concludethatsuchvariationswill be
measurablevia UV spectroscopy of imageA of the lensedquasarQ2237+0305if the LymanAlpha clouds
betweenthequasarandthe lensinggalaxypossessstructureon scalessmallerthan� 0:1 pc. Thetime-scale
for variationsis on theorderof decades,althoughveryshorttermvariability canoccur.
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Chapter 1

Intr oduction

Cosmologyis thestudyof thehistoryandevolution of theuniverse.Observationalcosmologyis dif�cult area
of astronomy, asin orderto learnmuchaboutthehistoryof theuniverse,observationsof thesomeof themost
distantobjectsin theuniversearerequired- theseobjectsareonesthatemittedtheir light whentheuniverse
wasmuchyounger.

However, notevery objectof interestin theuniverseis luminousenoughto bedetectedby telescopes.Indeed,
somecomponentsof theuniverse,suchasdarkmatter, arethoughtnot to emitany electromagneticradiationat
all. This is unfortunate,consideringthatdarkmatteris thedominantfactordriving theformationof structure
in the universe,with othercomponentssuchasgasandgalaxiesessentiallybeing taken along for the ride.
Galaxiesarerelatively luminous,andcanbeobservedat low redshifts,ascanhot intergalacticgasasit emits
at thex-ray andUV wavelengths.However, coolergassuchasatomicor molecularhydrogenis very hardto
observe directly.

In orderto observe theselessluminousobjectsin the universe,novel (often indirect) methodsarerequired.
In this project,I investigatedonenew methodfor looking at thesmall-scalestructureof distantintergalactic
gas(which couldbe relatedto starformationin the thedistantpast),usingthephenomenonof gravitational
microlensing.

1.1 Quasars

Quasars,or Quasi-StellarObjects(QSOs)areamongthemostluminousobjectsobserved in theuniverse.In
fact,they arethoughtto bethebrightestnon-transientobjectsin theuniverse,with their emissionpoweredby
materialfalling ontothecentralblackholeof a galaxy, producinga luminosityof about100timesthatof the
hostgalaxy(Broderick,2004). Sincethey aremostly observed at very large distances,they arefaint when
observed from Earth,andarehighly redshifteddueto theexpandinguniverse(quasarsareobserved at many
redshifts,thoughmostareobservedwith redshiftsin therangez ' 1 to aboutz ' 5). Dueto their immense
distance,they appearpoint-like whenviewedin theopticalregion of theelectromagneticspectrum(Schmidt,
1963).Theirhigh luminosityandthefactthatquasarscanbefoundathigh redshiftsarethemainreasonswhy
quasarsareoftenusedascosmologicalprobes(Marzianietal., 2003).

1.2 The Lyman Alpha Forest

TheLymanAlpha (Ly� ) forestis an absorptionphenomenonwhich is observed in the spectraof many high
redshiftquasars.It arisesdueto absorptionby galacticandintergalacticneutralhydrogenbetweenaquasarand
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Figure 1.1: A portion of the spectrumof the gravitationally lensedquasarQ1422+231(at a redshift of
z = 3.628),showing theLymanAlpha forestabsorptionlineson theblue(left) sideof thequasar's Ly � emis-
sion line (Ellison,2000). Otherabsorptionlinesdueto metalsin theLymanAlpha Forestcanbeseenon the
othersideof the prominentLy� emissionline. The plot on the right shows the LymanAlpha forestlinesat
higherresolution.Eachline correspondsto a distinctabsorption“cloud” ataparticularredshift.

anobserver (seeRauch(1998)for arecentreview). Dueto theexpansionof theuniverse,thequasar'sspectrum
is graduallyredshiftedasit travelsaway from thequasar. Whenit encountersa cloudof neutralhydrogen,an
absorptionline is formedin the spectrumat a wavelengthof 121.6nm. The resultingspectrumobserved at
Earthcontainsmany absorptionlinesbluewardof theLy� emissionline of thequasar, andthestructureof the
absorbingmaterialalongthe line of sight is imprintedon thespectrum(e.g.Lu et al., 1996). Seerefspecfor
anexampleof a high resolutionquasarspectrum(Q1422+231)showing theLy � forestabsorptionlines. The
absorptionlinescloseto theLy� emissionline of thequasararedueto gascloserto thequasar.

Numericalsimulationsof large-scalestructureformationin theuniverse,have beenlargely basedaroundthe
gravitationaldynamicsof darkmatter, sinceit is thedominantmasscomponent(Spergeletal.,2003).However,
recentlyit hasbeenpossibleto includegas,with its morecomplicatedphysics(includingcooling,shocking
andstar formation) in the cosmologicalsimulations,in order to predict the large scalestructureof the gas
(Davé etal.,1999,seeFigure1.2).Theresultsof suchsimulationscanthenbecomparedwith observationsof
theabsorptionlines in quasarspectra.Theconclusionsof thesestudiesarethat theLy � “clouds” aremostly
intergalacticstructures,with the denserregions correspondingto the locationswheregalaxiesand galaxy
clustersform. Theoutcomesof thesimulationsdependonthespeci�edvaluesof thecosmologicalparameters
andthenatureof thedarkmatterin theuniverse,someasurementsof thestructuralpropertiesof theLy � forest
canbeusedto distinguishdifferentcosmologies(e.g.McDonald& Miralda-Escud́e, 1999).

Traditionally, the large scalestructureof the Ly� Foresthasbeenthemain focusof research,becauseof its
cosmologicalsigni�cance(e.g.McDonald& Miralda-Escud́e,1999).Theabsorbinggasalongtheline of sight
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Figure1.2: Simulationsof the formationof the LymanAlpha forest, from Davé et al. (1999). The images
show thestructureof theneutralhydrogendistribution acrossthesky atdifferentredshiftsz, correspondingto
differenttimesin theuniverse's historywhentheuniversewas1=(1 + z) timesits currentsize.Theevolution
of the large scalestructureis driven by thecollapseandclusteringof darkmatter, sincethis is thedominant
masscomponent.Gastoo,collapseswith thedarkmatter, causingthedistribution to becomelessuniformwith
time (startingfrom thetop plots,moving down), with thegasconcentratedinto the�lamentary structuresthat
canbeseen.
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Figure1.3: Diagramshowing a pair of quasarson thesky andtheeffect of differentcloudsizes.For thelarge
clouds,the Lymanalphaforest lines in the spectraof the two quasarswould be correlated,whereasfor the
smallcloudsthey wouldbeindependent.

to asinglequasarcanbeprobedby comparingtherelativepositionsandstrengthsof theabsorptionlinesin the
Ly� forestin thespectrumof thequasar(Sargentet al., 1980).Thestructureacrosstheline of sight is harder
to measure,althoughtwo quasarsthatarenearbyon thesky canbeobserved; thefractionof Ly � forestlines
thatarecommonto the two quasarsproviding a measureof theextentof thecloudsacrossthesky (Sargent,
Young,& Schneider,1982;Rollindeetal.,2003).Thehigherthedegreeof correlationbetweentheabsorption
linesin thetwo spectra,thelarger thetypical structuresarein theneutralhydrogengas.Figure1.3 illustrates
this idea.

Recently, thesmallscalestructure(onkiloparsecscales)hasalsobeeninvestigatedby severalmethods(Rauch,
Sargent,& Barlow, 1999,2001;Rauchet al., 2001,2002); potentiallyrevealingstructurein andaboutthe
interstellarmediumin younggalaxies.However, thevery smallscale(lessthana parsec)structureof theLy �

cloudsis completelyunknown (dueto limits in observationaltechiques,andthefactthattheresolutionof Ly �

forestformationsimulationsis too coarse),andwould beusefulfor decidingwhatthelocal equivalentsof the
Ly� cloudsare; for example,do the LymanAlpha cloudsresemblestar forming regionswith gasclumped
on variousscales,or is the gasstill smoothlydistributed? Some(but not all) low redshiftLy � cloudshave
beenfound to be associatedwith galaxies(Salpeter& Hoffman, 1995),suggestingthat the structureof the
Ly� cloudsmightmimic thatof theinterstellarmedium,exhibiting fractalstructure(Elmegreen,1997).In this
report,simulationsarepresentedthatdemonstratehow theverysmall,subparsecscalesof Ly � clouds(or any
otherabsorptionsystem)couldbemeasuredusinga quasarthat is subjectto gravitationalmicrolensingby a
foregroundgalaxy.

1.3 Gravitational Lensing

In additionto quasarpairs(Figure1.3),gravitational lensingprovidesa way to obtainmultiple linesof sight
throughLyman Alpha clouds. Gravitational lensingarisesfrom one of the most importantpredictionsof
Einstein's theoryof generalrelativity, thatthepathsof light raysarede�ectedasthelight passesnearamassive
object. This implies that if a distantpoint sourceis observed, anda massive object lies betweenthe source
and the observer, the apparentposition of the sourceis changed[see(Wambsganss,1998) for a review of
gravitationallensing].Sincethis is analogousto thebendingof light whenanobjectis viewedthroughaglass
lens,thephenomenonis calledgravitational lensing.A diagramillustrating this ideais shown in Figure1.4.
ThedistancesDol , Dos andD l s aretheangulardiameterdistances(seenext subsection)from theobserver to
thelens,theobserver to thesource,andthelensto thesource.Notethat,in general,D os 6= Dol + D l s.
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1.3.1 Aside: Angular Diameter Distances

In Euclideangeometry, if anobjecthasaphysicallengthL andis placedatadistanceD from anobserver, the
angularsize� of theobjectis givenby

� = 2tan � 1(
L

2D
) �

L
D

(1.1)

wheretheapproximationappliesif thedistanceto theobjectis largecomparedto its length(D � L ).

In non-Euclideangeometry, which canarisein generalrelativity (andhencecosmology),the simpleinverse
relationshipbetweenproperdistanceandangulardiameterdoesnot apply. Instead,to calculatethe angular
diameterof anobject,thepathsof two light raysin spacetime(oneoriginatingfromeachendof theobject)have
to becalculated,andtheir directionsof arrival at theobserver compared.Typically, a new typeof “distance”
is de�ned, calledthe angular diameterdistanceD � , suchthat the inverserelationshipholdsin termsof the
angulardiameterdistance:

� =
L

D �
(1.2)

In cosmology, thespacetimeis describedby aFriedmann-Robertson-Walker metric.For a �at universe,this is

ds2 = c2dt2 � R(t)2[dr2 + r 2d� 2 + r 2sin 2� d� 2] (1.3)

Fromthismetric,adifferentialequationcanbederivedwhichgivesangulardiameterdistanceasa functionof
redshift(Kayser, Helbig,& Schramm,1997). Throughouttheproject,theassumedcosmologywasa �at Big
Bangcosmologywith normalisedmatterdensity
 m = 0:3, cosmologicalconstant
 � = 0:7 andHubble's
constantH 0 = 72 km s� 1 Mpc� 1. Thesearecloseto the valuesin the now dominantcosmologicalmodel
(Spergel et al., 2003). Whenever it wasrequiredto convert a redshiftto anangulardiameterdistancein this
project,theprogramprovidedby Kayser, Helbig,& Schramm(1997)wasused.

1.3.2 Back to Gravitational Lensing

If a light sourceis positionedat a point R s � (X s; Ys) in thesourceplaneanda light ray from this sourceis
observed, it will appearto have arrivedfrom a differentplace,dueto thede�ection of theray by thegravita-
tional lens.Theapparentpositionof thelight sourceis givenby apositionR � (X ; Y ) in theimage planeor
lensplane. Usingsimplegeometryappliedto Figure1.4,it canbeshown thattherelationshipbetweenR and
R s is givenby

R s =
Dos

Dol
R � D l sA (R) (1.4)

whereDos, Dol andD l s aretheangulardiameterdistancesfrom theobserver to thesource,observer to thelens,
andlensto sourcerespectively. The de�ection angleA (R) is a vectorfunction de�ned over the lensplane,
andits form dependson how themassin thegravitational lensis distributedover thesourceplane.Notethat
equation1.4givesa uniquesourceplanepositionR s for a givenimageplanepositionR . In general,though,
theinversefunctiondoesnotexist, soany particularpositionR s in thesourceplanecanbemappedto multiple
positionsin the lens plane. This is the mathematicalreasonwhy the backgroundsourceis often multiply
imagedin gravitational lenssystems.An exampleof a gravitationally lensedquasarwith multiple imagesis
the quasarQ2237+0305(Huchraet al., 1985),an imageof which is shown in Figure1.5. The background
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Figure1.4: Thegeometricalsetupusedfor modellinggravitationallensing(Schneider, Ehlers,& Falco,1992).
The lensingobject is assumedto have its massdistributed in a plane,and the light rays undergo a sharp
de�ection at thelensplane.Thelensplaneis alsowheretheimageis formed.

quasarat a redshift of 1.695hasbeengravitationally lensedby a foregroundspiral galaxy at a redshift of
0.0394,producingfour imagesof thequasar, positionedaroundthecentreof thegalaxy. Q2237+0305is often
nicknamedthe“EinsteinCross”dueto its appearance.

It canbeshown from thegeneraltheoryof relativity that thede�ection angleA (R) for a point masslensat
theorigin of thelensplaneis givenby

A (R) = �
4GM
c2jR j

R̂ (1.5)

whereG is Newton's gravitationalconstant,c is thespeedof light in vacuumandM is themassof thepoint
gravitational lens. Interestingly, a similar resultcanbe derived from eitherspecialrelativity or Newtonian
mechanics[assuminga1=r2 gravitational�eld andthatlight is particlesthattravel at c, seeSchneider, Ehlers,
& Falco(1992)],althoughit is a factorof 2 smaller.

Theresultfor a point masslensis generalisedto arbitrarycontinuousmassdistributions� (R ) by integrating
thede�ectionangledueto eachsmallmasselementof thegravitationallens,using 1.5astheGreen's function:

A (R) =
4GM

c2

ZZ

L

R � R 0

jR � R 0j2
� (R 0)d2R 0 (1.6)

If thelensis composedof N discretepointmassesatpositionsR i with massesM i , theintegral is replacedby
asum:

A (R) =
4GM

c2

NX

i =1

R � R i

jR � R i j2
M i (1.7)

For apointmasslenslocatedatR = (0; 0) andapoint sourceat theorigin of thesourceplane,[R s = (0; 0)],
theobservedimagewouldbeacircularring with anangularradiusapproximatelyequalto theangularEinstein
Radius
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� 0 =

r
4GM

c2

D l s

DolDos
(1.8)

This is becauseany point in thelensplaneat a distanceD ol � 0 (anEinsteinRadiusin thelensplane)from the
origin is mappedvia 1.4ontotheorigin of thesourceplane.TheEinsteinRadiusprovidesaconvenientlength
scalefor discussinggravitational lensing. Typically, the coordinatesR andR s are replacedby the scaled
coordinates

r �
R

Dol � 0
(1.9)

r s �
R s

Dos� 0
(1.10)

Thescaledde�ection anglea is introduced:

a =
D l s

Dos� 0
A (1.11)

With thesechanges,the lensingequation1.4 takesfollowing simpleform, referredto asthenormalisedlens
equation:

r s = r � a(r ) (1.12)

In addition,thesurfacemassdensity� (R ) is replacedby thedimensionlesssurfacemassdensity

� =
4� G
c2

DolD l s

Dos
� (1.13)

Thischangeeliminatestheprefactorsfrom thescaledversionsof Equations1.6and1.7.

Gravitational lensinghaspreviously beenusedto probethe sizeof Ly� absorbingclouds. Whenthe back-
groundquasar(regardedasa point source)is lensedby a foregroundgalaxy, multiple imagesof the quasar
maybeobtained.The light raysresponsiblefor the two differentimageshave traversedslightly differentre-
gionsof spacein their journey to theobserver. Hence,ameasureof thesizeof theLy � absorbingclouds(down
to kiloparsecscales)canbemadeby cross-correlatingthetheabsorptionlinesin two imagesof thesamequasar
(Ellison et al., 2004;Becker, Sargent,& Rauch,2003).This methodis analogousto theabove methodwhich
usesa pairof quasars,however thelensingsuppliesa “pair” of quasarsthatareveryclosetogetheron thesky,
allowing smallerscalestructureto be studiedthanis possiblewith the pairsof quasarson the sky. Rauch,
Sargent,& Barlow (1999)usedthis methodin themultiply imagedquasarQ1422+231to traceMgII andCIV
absorptioncloudsbetweenthe lensandthequasardown to scalesof � 26 pc, which is thesmallestscaleso
far considered.On thelargerscales,McGill (1990)showed(usingquasarpairs)that theLymanAlpha forest
containscoherentstructureswith sizes� 3 - 300kpc.

1.3.3 Micr olensing

Whengravitationallensingmodelsaredevelopedto explainthemultipleimagesobserved,thelensinggalaxyis
usuallymodelledby a smoothmassdistribution � (R ) (e.g.Schneideret al., 1988).However, lensinggalaxies
aren't really a smoothmassdistribution, but is alsocomposedof compactobjectssuchasstars,planetsand
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Figure1.5: Thegravitationally lensedquasarQ2237+0305(Lewis et al., 1998).Therearefour imagesof the
quasar, thecentralsignalis residuallight from theforegroundlensinggalaxy. Thefactthattheimagesarenot
pointsis dueto seeing(atmosphericdistortionsandopticallimitations).

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
observed on the sky. However, if an in�nitely powerful telescopewasavailable,eachimageof the quasar
wouldbeseento becomposedof many smallermicro-images(seeFigure1.6).This is theessentialdifference
betweenagenuinesmoothmattergravitationallensandonewhich is smoothon largescalesbut is madeupof
discretepointmasseson smallscales.

Thesemicro-imagescannotbeobserved directly, sincethey aresosmall,with typical angularseparationsof
1-2 micro arcseconds(Wambsganss,1998). However, an observableeffect occursdueto the motion of the
galaxyacrossthe line of sight to the quasar. As the foregroundgalaxydrifts acrossthe line of sight to the
quasar, theclusterof micro-imageswhich formsa macro-imageof thequasarcanchangeits form, sincethe
point lensesarenow in differentpositionsin thelensplane.Particularly, thetotalareaof themicro-imagescan
changesigni�cantly with time. Sincesurfacebrightnessis constantalongaparticularray, this impliesthatthe
brightnessof themacro-imagewill changewith time.

1.4 Magni�cation Maps

For apointsource,thebrightnessof amacro-imageis determinedby thenumberof unresolvablemicro-images
it is composedof. For anextendedsource,theequivalentquantityis givenby theintegratedsurfacebrightness
over the imageplane. If the surfacebrightnessdistribution of an imageat time t is describedby a function
b(r ; t) over thelensplane,thentheobservedtotal brightnessis

brightness(t) /
ZZ

L
b(r ; t)d2r =

ZZ

S
s(r s; t)� (r s)d2r s (1.14)

wheres(r s; t) is the sourcepro�le at time t and� is the reciprocalof the Jacobiandeterminant(Weisstein,
1999)of thelensmapping1.12.
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Figure1.6: Simulationsof theview of a singlecircularsourcethrougha �eld of microlensingpoint masses.
In principle,any macro-imageof a lensedquasaris actuallycomposedof amyriadof micro-imageslike these.
They cannotbe resolved with telescopesas they are on microarcsecondscales,but the areaof them (and
hencethe overall brightnessof the image)changeswith time as the quasarmovesacrossthe line of sight,
relative to thestarsin thelensinggalaxy. Thetwo picturesshow themicro-imagesatdifferenttimes,whichare
differentdueto themotionof thestarsin thelensinggalaxyrelative to thebackgroundsource.If theintegrated
brightnessof themicro-imageshaschanged,thentheobservedbrightnessof theimagewill beseento change.
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Figure1.7: An observed light curve (visual wavelengths)for the four imagesof Q2237+0305,from OGLE
(OpticalGravitationalLensExperiment)monitoring(Woźniaket al., 2000). Relative to thestandardstar, all
four imagesof thequasarchangebrightnesswith time,over a periodof a coupleof years.Sincethechanges
arenot correlatedbetweenthe four images,they cannotbe attributed to intrinsic luminosity changesof the
quasar, soareinterpretedasmicrolensing.
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This equationimplies that, for a point source[Dirac deltafunction for s(r s; t)] at r s in thesourceplane,the
observedbrightnessis � (r s). Hence,� (r s) is referredto asthemagni�cation function,andaplot of � (r s) over
thesourceplaneis referredto asa magni�cation map. Themotionof thelensinggalaxyacrosstheline of the
sightto thequasaris equivalentto themotionof thesourceacrossthemagni�cationmap.Most microlensing
studiesinvolve �nding theform of themagni�cationmap,sothatlight curves(brightnessvs timeplots)of the
quasarimagecanbefoundby takinga linearcut acrossthemagni�cationmap(i.e. assumingthatthequasar
sourcemovesacrossthesourceplane).Thebackwardray-tracingmethodfor computingmagni�cationmaps
is describedin thenext sectionandwasutilisedthroughouttheproject.

Themicrolensinginducedbrightnessvariationscanbedistinguishedfrom any intrinsicvariationof thequasar
by takingmeasurementsof thebrightnessesof all of theimagesof thelensedquasar. Any variationswhichare
causedby microlensingwill only occurin asingleimage,whereasintrinsicvariationsof thequasarsourcewill
beobserved in all images,with a small time delaydueto thedifferentpathstraversedby theraysresponsible
for eachimage.The�rst detectionof microlensing-induced�uctuationswasmadeby Irwin et al. (1989).
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Chapter 2

Micr olensing
Thepreviouschaptergave anoverview of gravitational lensing,includingthebasicideabehindgravitational
microlensing.In this chapter, themostpopularnumericalmethodfor calculatingmicrolensingmagni�cation
maps(andtheoneusedfor therestof theproject)is described.

2.1 BackwardsRay-ShootingMethod

The numericalmethodwhich wasusedthroughoutthis projectis thebackwardsray-shootingmethod,simi-
lar to that developedby Kayser, Refsdal,& Stabell(1986),andextendedin Wambsganss(1990)1. Given a
con�guration of microlensingpoint massesin the lensplane,themethodis ableto calculateanapproximate
(pixellated)magni�cationmapin thesourceplane.This is achievedby startingwith a uniform grid of points
in the lensplane. Then,for eachof thesepoints,the de�ection angleis calculatedby addingup the effects
of eachpoint lens in the lensplane,andthe correspondingposition in the sourceplaneis calculatedusing
Equation1.12. Throughoutthe project,the codeusedwasthe codefrom (Wambsganss,1990),modi�ed so
thattheoutput�les containeda list of thepositionof eachray in thelensplaneandthecorrespondingposition
in thesourceplane.

For eachray, thenetde�ection angleis thesumof thede�ection anglesdueto eachpoint massmicrolens.In
thesesimulations,thereweremany stars,modellinga smallpartof thelensinggalaxy, asshown in Figure2.1
(theeffect of therestof thegalaxyis takeninto accountby introducingexternalshear, seesection2.2). Thus,
for eachray, thesumin Equation1.7 consistsof thousandsof termswhich all needto beevaluatedfor each
ray. This is a computationallyintensive process,which is spedup by the useof a heirarchicaltree code
(Wambsganss,1990).In thismethod,for eachray, thelensplaneis dividedupinto regionssothatthede�ection
angledueto nearbystarsis calculatedexactly, but themoredistantstarsareamalgamated.This methodwas
�rst appliedto n-bodysimulationswheretheforceon eachparticleis calculatedby addingthe forcesdueto
all of theotherparticles(Barnes& Hut, 1986),andconsiderablyreducestheamountof computationrequired
asthenumberof starsincreases(thetime requiredis proportionalto N log(N ) ratherthanN 2, whereN is the
numberof stars).

Whentheuniformdistributionof raysin thelensplaneis tracedinto thesourceplane,theresultingdistribution
of pointsin thesourceplaneis far from uniform. Areasin thesourceplanethatcollecta lot of rayscorrespond
to areasof high magni�cation, and regions that don't collect many rays are placeswherea sourceat that
locationwould not be very bright whenobserved throughthe lens. The magni�cation mapis producedby
binning the rays in the sourceplane,with eachbin becomingone of the pixels of the magni�cation map.
Throughouttheproject,thenumberof raysusedwasgreaterthan109, ensuringthattheresulting1024� 1024
pixel magni�cationmapswereaccurateanddid not suffer from signi�cant samplingerror.

1In fact, the microlensingcodeusedduring the projectwasa versionof Wambsganss's code(Wambsganss,1990),modi�ed by
GeraintLewis to give positionsof raysin thelensplaneandthesourceplane.
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Figure2.1: A diagramof thedistribution of starsin the lensplanethatwasusedto modela smallpartof the
lensinggalaxy. Therestof thegalaxyonly hasaneffect via theexternalshearparameter. Therayswere�red
into a uniform distribution within the rectangularregion shown. Due to the externalshear, this rectangular
region getsmappedinto a squareregion in thesourceplane,which is 20 EinsteinRadii (Equation1.8) on a
side.
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Figure2.2: An exampleof amagni�cationmap(plot of magni�cationvspositionin thesourceplane)produced
with thebackwardsraytracingmethod.Thewhiteregionsarehighmagni�cationwhereasthedarkregionsare
low magni�cation.Thedistancealongthesideof this �gure is 20 EinsteinRadii. On theright arelight curves
for aquasartakingahorizontalpathor averticalpaththroughthemiddleof themagni�cationmap(thelength
scalein thesourceplanewasconvertedto a timescaleby assuminga velocity for thequasar, seeSection2.3).
Thesmall level of noisein thelight curvesduringthequiescentperiodsis dueto sampling.
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Figure 2.2 shows an exampleof a typical magni�cation map. The whiter regions correspondto positions
where,if thequasarwasthere,thenits imageasseenthroughthegravitational lenswould bebrightened.The
blackareascorrespondto areaswhere,if thequasarwasthere,theobservedmacro-imagewould befaint. For
the mostpart, the rangein brightnessesin the magni�cation mapis about2 magnitudes.The curvesin the
magni�cation mapwhich areboundariesbetweenbright andfaint regionsarecaustics- that is, theoretically
themagni�cationis in�nite there(for apointsource).

Plots of brightnessvs time, or light curves, can be obtainedby assumingthat the quasarmoves in some
straightpathacrossthemagni�cationmap(seeFigure2.2). In reality, thismotionis mostlydueto thedrift of
thelensinggalaxyacrosstheline of sightto thequasar. A onedimensionaltrackacrossthemagni�cationmap
givesriseto onepossiblelight curve for thequasar.

2.2 External Shear

Externalshearis awayof incorporatingtheeffectof therestof thegalaxyinto themicrolensingmodel,sothat
theindividual starsthataremodelledareonly asmallregion of thelensinggalaxy.

Considera smoothmatterdistribution � (r ) dueto theentiregalaxy. This producesde�ection anglesax (x; y)
anday(x; y) accordingto equation1.6. Let thepoint at thecentreof thestellar�eld in Figure2.1be(x c; yc).
Taylorexpandingthede�ection anglesaboutthispoint,keepingonly �rst orderterms(sincethestellarregion
is very smallcomparedto thescaleof thewholegalaxy)andwriting � ax = ax (xc + x; yc + y) � ax (xc; yc)
(andsimilarly for � ay):

�
� ax

� ay

�
=

 
@ax
@x

@ax
@y

@ay
@x

@ay
@y

!

j(xc ;yc)

�
x
y

�

Thisequationgivestherequiredmodi�cation to thede�ection anglessothattheeffectof therestof thegalaxy
canbetakeninto account.It canbeshown (e.g.Schneider, Ehlers,& Falco,1992)thatthereexistsacoordinate
system(foundby rotatingthecoordinateaxes)in which thematrix in theabove equationtakestheform

�

 0
0 � 


�

where
 is aconstantcalledtheexternalshear. In practice,to includethis in themicrolensingsimulations,all
thatneedsto betakeninto accountis thatthede�ection angleis thesumof thatproducedby thestars,andthe
additionalexternalshearcomponent

ashear = 

�

x
� y

�

2.3 Model Parameters

Throughouttheproject,themicrolensingparametersadoptedwerethoseappropriateto imageA of themultiply
imagedquasarQ2237+0305. This was the brightestimageat the time of discovery, but is no longer the
brightestdueto microlensing-induced�uctuations(Woźniaket al., 2000).Thereasonsfor this choicearethat
thisparticularquasaris themostwell studiedgravitationally lensedquasar, it is relatively bright,andsincethe
lensinggalaxyis soclose(z = 0.0394),thetimescalefor microlensingis very short(decades).Theredshiftof
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the lensinggalaxyis z = 0:0394andtheredshiftof thesourceis z = 1:695(Huchraet al., 1985). For these
redshifts,thephysicalsizeof anEinsteinradiusin thesourceplaneis D os� 0 = 5.85x10� 2 pc. Theeffective
speedof thequasaracrossthesourceplanewasassumedto be600D os

D ol
km s� 1, or approximatelyoneEinstein

radiusperdecade,this is simply an estimatebasedon the typical speedof objectsin theuniverserelative to
theHubble�o w (Kayser, Refsdal,& Stabell,1986;Lewis & Ibata,1998).Thereis anadditionalmicrolensing
effect dueto the individual motionsof starsin the lensinggalaxy, which, for a transversevelocity of 600km
s� 1 anda velocity dispersionof thestarsof 215km s� 1 (asmeasuredfor the lensinggalaxyof 2237+0305)
would causea 10 per cent increasein the frequency of high magni�cation events(Kundic & Wambsganss,
1993).Ignoringthiseffect savedconsiderablecomputationaleffort; if theeffectwastakeninto accountthena
wholenew magni�cationmapwould needto becreatedfor eachpoint in time in orderto createa light curve,
increasingthecomputationalloadby ordersof magnitude.Theaveragesurfacemassdensitywastakento be
� = 0:36 (all in starsof 1 solarmass),and the externalshearwas 
 = 0:41 (Wambsganss,Paczynski,&
Katz,1990;Schmidt,Webster, & Lewis, 1998).For thisvalueof thesurfacemassdensity, thenumberof stars
consideredin thelensplanewas1,702.

2.4 ExtendedSources

Themagni�cation function � (r s) givesthemagni�cation that occursfor a point sourceat thepositionr s in
thesourceplane. However, in reality nothingis a truepoint source.For thepurposesof microlensing,even
“point-like” quasarsmay have to be treatedasan extendedsource,for which the magni�cation is given by
equation1.14. Note that, for an extendedsourcewith surfacebrightnesspro�le s(r s), centeredat r c, the
brightnessasa functionof thesourcecentreis

brightness(r c) /
ZZ

S
s(r s � r c)� (r s)d2r s = � � s (2.1)

In otherwords,a new magni�cationmapfor theobservedbrightnessthroughthelensof anextendedsource,
asa functionof thepositionof thecentreof thesource,canbeproducedby convolving themagni�cationmap
for thepoint sourcewith thesourcepro�le.

However, measurementshave constrainedthesizeof theUV-opticalcontinuumsourcein Q2237+0305to be
. 7.8x10� 4 pc in extent (Shalyapinet al., 2002). In this model,sucha sizetranslatesto abouta quarterof a
pixel in themagni�cationmap.Thiswassmallenoughthattheextendednatureof thesourcecouldbeignored
- effectively this makesthesourcethesizeof asinglepixel.
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Chapter 3

Including CosmologicalAbsorption
The methodsdescribedin the previous chaptercanbe usedto calculatethe magni�cation maps� (r s), and
hencetheexpectedpropertiesfor thelight curve of a quasarthatis beingmicrolensedby a foregroundgalaxy.
In this study, thesestandard“magni�cation maps”still applyto theunabsorbedpartsof thequasarspectrum,
i.e. thecontinuumwavelengths,sincethey don't “see” theabsorptionclouds. In the following sections,the
methodfor calculatingthemagni�cation maps,andhencelight curves,of theabsorbedpartof thespectrum
aredescribed.Thesegive the�ux in theLy� absorptionline asafunctionof thequasar'spositionin thesource
plane,or � absorbed(r s). Together, thesefunctions� and� absorbed cantell uswhattheabsorptionline strength
(relative to thecontinuum)is asa functionof thequasar's positionr s in thesourceplane,andhencehow the
line strengthvarieswith time.

3.1 Absorption Clouds

As describedin Chapter2, I madeuseof the microlensingcodeof Wambsganss(1990),modi�ed to output
thescaledpositions(x; y) of theraysin the lensplaneandthecorrespondingpositions(x s; ys) in thesource
plane.Thecodeusesthebackwardray tracingmethodthatwasdescribedin thepreviouschapter. In addition
to thelensplaneandthesourceplane,a third plane,the“cloud plane”wasintroduced,positionedbetweenthe
lensplaneandthesourceplane.

For any raystartingatapositionr in thesourceplaneandlandingatapositionr s in thelensplane,theposition
r p at which thatray intersectsthecloudplaneis simply foundby linearinterpolation:

r p = r + � (r s � r ) (3.1)

where� is a parameterwhich determinesthelocationof thecloudplane.If � = 0, thecloudplanecoincides
with thelensplane,andcanbeusedto modelabsorptioncloudswithin thelensinggalaxy(e.g.Lewis & Ibata,
2003).Alternatively, � = 1 correspondsto thecasewheretheabsorptioncloudsarelocatedat thesource.This
situationhasbeenusedto investigatetheeffectsof microlensingon broadabsorptionline quasars(Lewis &
Belle,1998).Notethat,sincex; xs; etc. arescaleddistances,xp andyp arealsoscaleddistances.Hence,if a
point in thecloudplanehasscaledcoordinates(xp; yp), thephysicalcoordinates(eg. measuredin parsecs)are
(X p; Yp) = (Dop� 0xp; Dop� 0yp), whereDop is theangulardiameterdistancefrom theobserver to thecloud
plane.

The structureof the cloudsin the cloud planewas describedby an absorptionfunction A(x p; yp) de�ned
over the cloud plane,which is the fraction of photonsthat areabsorbedasa function of wherea light ray
intersectsthecloudplane. If a ray passesthrougha region whereA = 0, it is unaffected,but if a ray passes
througha region whereA = 0:5 say, thentheray is attenuatedby 50%andonly countsashalf a raywhenthe
magni�cationmapis created.
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Figure3.1: Thethreedifferentabsorptioncloudsizeswhich wereinvestigated.Thecloudsizesare0.005pc,
0.02pc and0.1 pc respectively. The plots show the absorptionasa function of positionin the cloud plane.
Black correspondsto completeabsorption(A = 1), white correspondsto no absorption(A = 0). Note that
dueto the externalshear, the raysactuallypassthrougha rectangularareain theseimages(seeFigure3.3).
Theseimagesof thecloudswerefor � = 0.2,thephysicalsizeof theplanewasdifferentin theothertwo cases
to ensurethatall therayspassedthroughthecloudplane.

Sincevirtually nothing is known aboutwhat to expect for the small scaleof structurein the LymanAlpha
clouds,a simplemodelfor thecloudswasused,with onefreeparameterto describethescaleof theclouds.
Gaussiancloudsof the form A = 1

2e� r 2=b2
weregenerated,with cloudsdistributedrandomlyover thecloud

plane,whereb is a parametercalledthecloudsize. During theproject,cloudsizesof 0.005pc, 0.02pc and
0.1pc wereinvestigated.Thetotalnumberof cloudsin thecloudplanewaschosensothatthetotal integrated
absorptionover the entirecloud planewasa constantvalue- althoughthis wasnot exact dueto a clipping
effect, sincethe absorptioncan never be greaterthan 100%. Picturesof the resultingcloud structuresare
shown in Figure3.1.

3.2 Distancesand Cosmology

In themodelfor absorptionclouds,thepositionof thecloudsbetweenthesourceandthe lenswasdescribed
by aparameter� , rangingfrom � = 0 (cloudplanecoincideswith lensplane)to � = 1 (cloudplanecoincides
with sourceplane).It is importantto relatethevalueof this � parameterto theredshiftof theclouds,so that
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if anabsorptionline is seenat a particularwavelengthin a quasar's spectrum,theappropriate� valuefor the
cloudsthatproducedthatline canbeidenti�ed.

Thenormalisedlensmappingequationrelatingapositionr in thelensplane(or theimage)to thecorresponding
positionr s in thesourceplaneis

r s = r � a(r ) (3.2)

wherea(r ) arethescaledde�ection anglesin thex andy directions.Substitutingfor r s � r into Equation3.1
gives

r p = r � � a(r ) (3.3)

In termsof unscaledcoordinates,this reads

R p

Dop� 0
=

R
Dol � 0

� �
D l sA
Dos� 0

(3.4)

whichsimpli�es to

R p =
Dop

Dol
R � �

DopD l s

Dos
A (3.5)

It is importantto recognisethatthederivationof equation1.4appliesequallywell if thesourceplaneis replaced
by thecloudplane.This leadsto anequationsimilar to 1.4:

R p =
Dop

Dol
R � D lpA (3.6)

Comparingequations3.5and3.6 leadsto thefollowing importantresult:

� =
DosD lp

DopD l s
(3.7)

whereDos, D lp, Dop andD l s aretheangulardiameterdistancesfrom theobserver to sourceplane,lensplane
to cloudplane,observer to cloudplaneandlensplaneto sourceplanerespectively. This equationrelatesthe
particularchoiceof � to thephysicallocationof theclouds.

For thequasarQ2237+0305,theredshiftsof thesource(zs = 1.695)andlens(zl = 0.0394)wereconvertedto
angulardiameterdistancesusingtheassumedcosmology(see 1.3.1). The resultingplot of � vs z is shown
in �gure 3.2. Note that the �atnessof this relationshipover a wide redshiftrangeimplies that theresultsfor
� = 0:95 areapproximatelyapplicablefor cloudsover a very broadredshiftrange(z � 0:5 to z � 1:695).
Hence,the very small scalesof the Ly� forest could be probedover a wide redshift rangeby comparing
observationswith thehigh � simulations.

Also, thephysicalsizeX p of any featurein thecloudplanewith scaledsizexp is simply

X p = Dop� 0xp (3.8)

Thephysicalsizeoccupiedby theraysthatstartin therectangularregion in thelensplane(Figure2.1)andend
in thesquare20x20EinsteinRadiusregion in thesourceplaneis plottedasa functionof redshiftin Figure3.3.
Thisdetermineswhatareaof thecloudplanecanhave aneffecton the�nal squarein thesourceplane.
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Figure3.3: Physicalsizeoccupiedby therayswhich landin themainregionof thesourceplane,asa function
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explainswhy structurein thecloudplaneis “blown up” in theline strengthmapmorefor cloudscloserto the
lens.
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In this project, the cases� = 0:2; � = 0:5 and � = 0:95 were investigated. For thesevaluesof � , the
correspondingredshiftsfor thecloudsarez = 0:049; 0:077and0.53(although,asseenin Figure3.2,thelatter
resultwould alsowork well for cloudsat higherredshifts).Absorptionby neutralhydrogenat theseredshifts
wouldproduceabsorptionlinesin theQ2237+0305spectrumatwavelengthsof 127.5nm,130.9nmand186.0
nm respectively. While the light from the quasarmay suffer signi�cant absorptionbelow the Lyman limit
[correspondingto z . 1 (< 245.0nm)] which will in�uence thestudyof theLy � lines,theanalysispresented
in this report is equallyapplicableto the ubiquitousmetal lines that arealsoseenin quasarspectraandcan
ariseat lower redshifts(Rauchet al.,2002).

3.3 Line Strength Maps

In gravitational microlensing,the magni�cation map� (r s) is a function de�ned on the sourceplane,which
giveswhattheobservedintensityof thelensedimagewouldbeif thequasarsourcewaspositionedat r s in the
sourceplane.However, in this project,I wasinterestedin �nding out how the line strengthvarieswith time.
Hence,a function L(r s) wasrequiredwhich would describewhat the line strengthin thequasar's spectrum
wouldbe,if it waspositionedat r s in thesourceplane.

In the previous section,the procedurefor calculatingthe magni�cation map� absorbed(r s) for the absorbed
wavelengthof the spectrumwasdescribed.A measureof the line strengthis the �ux level at the absorbed
wavelengthsdividedby the�ux level in theneighbouringcontinuumregionof thespectrum.This is aquantity
that canbe anything between0 (deepestpossibleabsorptionline, with a �ux level of zero)and1 (weakest
possibleabsorptionline - a nonexistantonewherethe �ux level in the “line” equalsthat of thecontinuum).
Thissuggeststhede�nition of a line strengthmapL(r s) as

L(r s) =
� absorbed(r s)

� (r s)
(3.9)

This givesthe strength(between0 and1, with 0 beingthe strongest)of a Ly � absorptionline in a quasar's
spectrumasa functionof its positionin thesourceplaner s. As thequasardrifts acrossthesourceplane,the
line strengthchanges.In thenext chapter, line strengthmapsandsimulatedtimeseriesplotsof theline strength
arepresented.
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Chapter 4

Results
In thischapter, line strengthmapsarepresentedfor thethreecloudsizes(0.005pc,0.02pcand0.1pc)andthe
threecloudplanepositions(� = 0.2,� = 0.5and� = 0.95)thatwerepresentedin thisproject.Severalfeatures
of themareexplored,in orderto determinehow thepropertiesof the line strengthmapsdependon thecloud
sizeandposition,andsuggestwaysin which thecloudsizescouldbemeasuredobservationallyby measuring
theline strengthvariations.

4.1 Line Strength Maps

If the absorbingmaterialwas uniform over the small scalesprobedby microlensing,then the �ux in the
absorptionline and the �ux in the continuumwould rise and fall togetheras the sourcemoved acrossthe
sourceplane.In thiscase,theline strengthmapwouldbeuniform,anda timeseriesof measuredvaluesof the
absorptionline strengthrelative to thecontinuumwould alsobe�at. Also, thedistribution of magni�cations
[probabilitydensityfunction(PDF)for themagni�cationof asourceplacedata randompositionin thesource
plane,seeWambsganss(1992);Lewis & Irwin (1995)] for the �ux in the line would be thesameasthat for
thecontinuum,but dimmedby aconstantabsorptionvalue.Figures4.1, 4.3and 4.5show line strengthmaps
for all of thecasesinvestigatedin thisproject,togetherwith magni�cationdistributionsfor thecontinuumand
the �ux in the absorptionline. The magni�cation distributions for the absorbedpart of the spectrumareall
essentiallythesame,with themostlikely valuehaving the�ux in theabsorptionline about1 magnitudefainter
thanthe�ux in thecontinuum.Thediscrepanciesin thefaintendfor thelargercloudsizesarelikely to bedue
to samplingerror, with only asmallnumberof cloudsaffectingthe�nal magni�cationmap.

For the� = 0:2 and� = 0:5 cases,thestructurein theline strengthmapis complex. Thecausticnetwork from
the microlensingis evident, so rapidbrightnesschangesdueto the sourcecrossinga causticwill usuallybe
accompaniedby suddenchangesin line strength,albeitnot asdrasticasthesuddenchangesin thecontinuum
brightness.Sincethe rayswhich landedin the relevant areaof the sourceplaneoccupy a smallerregion of
spacefor lower� , only asmallregionof thecloudplanegetsimprintedontheline strengthmap.Therefore,for
a particularcloudsize,fastervariationsin theline strengthoccurfor cloudscloseto thesource.Theeffect of
theexternalshearin stretchingboththemagni�cationmapandthecloudrelatedstructuresin theline strength
mapin theverticaldirectionis clearlyvisible.

Whentheabsorptioncloudsareat � = 0:95 (closeto thesource),theimprint of thecausticstructurebecomes
muchlessobvious in the line strengthmap. The line strengthmapin this caseapproximatelyresemblesthe
cloudstructure,so if � is suf�ciently high, theabsorptioncanbeapproximatedasbeingat thesourceplane,
andline strengthvariationsdirectly probethestructureabsorbingmaterial.As Figure3.2 demonstrates,this
approximationis applicableoverawide rangeof redshifts.

For the low valuesof � , therayswhich landin theregion of interestof thesourceplanehave only crosseda
smallareaof thecloudplane,sothefeaturesin theline strengthmaparequitelarge. In contrast,the� = 0:95
line strengthmapshows thatfastvariationswouldoccurin thiscase.
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Figure4.1: Line strengthmapsandmagni�cationPDFsfor the“small” cloudsize0.005pc, for cloudsat three
differentredshifts.Variationsin theline strengthoccuron scalesmuchsmallerthananEinsteinRadius,with
thesmalleststructurein theline strengthmap(andhencefasterline strengthvariationsexpected)for theclouds
at � = 0:95, closeto thesource.Themagni�cation distribution shows that thecontinuumbrightnessof the
quasar(unabsorbed)canvary by � 3 magnitudes,while the�ux in theabsorptionline hasa greaterrange,as
it canbedimmedby theclouds.
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Figure4.2: Time seriesof the line strengthsfor the small cloudcase,obtainedby consideringa quasarthat
drifts alonga trackin thesourceplanethroughthemiddleof theline strengthmapsin Figure4.1(cf thetracks
in Figure2.2).Sincethecausticstructureis stretchedoutverticallyby theexternalshear, variationsarefastest
for the horizontaltrack. For the assumedvelocity of the quasar, oneEinsteinRadiusis crossedin about1
decade.
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Figure4.3: As for Figure4.1,but for the“medium” cloudsize0.02pc. Thestructurein theline strengthmap
is on scalesof about1-3 EinsteinRadii, indicatingthatslower variationswould beexpectedthanin thesmall
cloudscase.Onceagain,thecausticstructureis presentbut is very weakin the � = 0:95 case,which again
simply resemblesthecloudstructure.
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Figure4.4: As for �gure 4.2, but for the “medium” cloudsize0.02pc. Thecausticcrossingevents(sudden
changesin line strength)canclearlybeseen,exceptfor thehigh � case.
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Figure4.5: Line strengthmapsandmagni�cationPDFsfor the“large” cloudsize0.1pc. Very largestructures
in theline strengthmapindicatethatonly veryslow variationscouldbeexpectedif thecloudswerethis large.
Thecausticstructureis still presentfor � = 0:2 and� = 0:5, but is notasstrongasfor thesmallerclouds.
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Table4.1: Time scalesfor line strengthvariationas
a function of cloud size and cloud position. The
units areEinsteinRadii, which take approximately
9.5yearsto cross.

� = 0.2 � = 0.5 � = 0.95
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 across,correspondingto time scalesof severaldecadesfor any changesto beobserved. Hence,
this cloud sizeis approachingan upperlimit of thescalesthatcouldbe probedby this method.The caustic
structureis still present,but the samestructureis alsopresentin the line strengthmapsfor the othercloud
sizes,sothiscannotbeusedto distinguishdifferentcloudsizes.

The fact that the samecausticnetwork is presentin the magni�cation map for the continuumand the line
strengthmapsuggeststhata correlationmaybepresent.For example,areaswheretheline strengthwould be
strongmaybeassociatedwith areaswherethequasarhasa high magni�cation,or vice versa.To investigate
this,histogramswereproduced,plotting theline strengthversuscontinuummagni�cation(onepoint for each
pixel in themaps).Theseareshown in Figure4.7. If therewasno cloudstructuresothattheabsorptionlevel
wasconstantover thecloudplane,thenthe�ux in the line would bea constantvalue,so thesegraphswould
containa thin horizontalwhite line at thatlevel, andnothingelse.

An observationof a singlelight curve would sampleregionsfrom oneof thesedistributions,possiblymaking
differentcloudsizesdistinguishable.In eachcasethemagni�cationprobabilitydistribution for theunobscured
quasarsourceis thesame.Clearly, Figure4.7revealsthatthereis nostrongcorrelationbetweenthecontinuum
magni�cationandtheline strengthrelative to thecontinuum;indeed,it doesnotappearto beapproachingthe
uniformabsorptioncaseasthecloudsizeincreases.Therefore,eventhoughtheimprint of thecausticnetwork
on the line strengthmapsalso implies that rapid changesin the quasarbrightnesswill be accompaniedby
signi�cant changesin the line strength,thereis no tendency for thechangesto becorrelated.Thus,theonly
conclusionthatcanbeobtainedfrom Figure4.7 is that if any variationat all is observed,uniform absorption
canberuledout.

4.2 Time Scales

The usualway to quantify the time scalefor microlensingvariationsis by computingthe autocorrelation
functionsof a sampleof light curves(Seitz& Schneider,1994;Seitz,Wambsganss,& Schneider,1994). In
this case,it is the line strengthvariationswhich arebeing investigated,so the line strengthmapwasused
insteadof themagni�cationmap.I usedaslightly differentapproachto measurethetypical timescalefor line
strengthvariationsasa function of � andthe sizeof the absorbingclouds. For a given line strengthmap,a
sampleof pairsof pointsa�x eddistanceapartwasselectedatrandom(seeFigure4.8),andthemeandifference
< L 1 � L 2 > in theline strengthvaluesbetweenthetwo pointswascalculated.

For example,if thepairsof pointsareclosetogetherrelative to thesizeof thevariations,the line strengthis
similar for thosetwo points,so the meandifferenceis small. In this way, a plot of meandifferenceversus
separationwasproduced(theplotsarenotpresentedhere).Theseparationatwhichthemeandifferenceis half
of its maximumvaluewastakento bethemeasureof thelengthscaleof featuresin theline strengthmap.
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Figure4.7: Twodimensionalhistogramsof theline �ux relative to thecontinuum(y axis)versusthecontinuum
magni�cation(x axis)for eachof thecasespresentedin this report.Thereareno strongcorrelationsbetween
theline strengthandthecontinuummagni�cation,despitethesamepatternsbeingapparentin themaps.The
dip in themagni�cationdistribution for thecontinuum(Lewis & Irwin, 1995;Rauchetal., 1992)is evidentin
theseplots.
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Figure4.8: Pairsof pointson theline strengthmap.For a givenseparationof thepoints,themeandifference
in line strengthcanbecalculated.Theseparationatwhichthismeanobtainshalf of its maximumvaluede�nes
thetimescalefor line strengthchanges.

Usingtheabovemethod,thetimescalesfor thevariationsfor eachcasepresentedin thisreportwerecalculated
(seeTable4.1). Theunits in the tableareEinsteinRadii; for theassumedtransversevelocity of 600km s� 1

for thelensinggalaxy, anEinsteinRadiusis crossedin about9.5years(seeSection3).

An examinationof Table4.1 revealstwo cleartrends. Firstly, asexpected,variability in the line strengthis
most rapid for the smallestclouds. Additionally, it is apparentthat the time scaleof variability for a �x ed
physicalcloudsizedecreaseswith increasing� , andhenceredshift.This impliesthatfor asinglemicrolensed
quasarpossessingidenticalstructurethroughouttheLy� forest,theline variability will bemostrapidfor those
absorptionlinesresultingfrom cloudsclosestto thequasar(rememberingthenon-linearrelationshipbetween
� andz presentedin Figure3.2).

Thefastestvariationsoccurfor smallcloudsandcloudscloseto thesource,with thevariationsbeingobservable
over a small numberof decadesfor both thesmall andmediumcloudsizesat any positionbetweenthe lens
andthesource.Theanomalousvaluefor thelargestcloudsis probablydueto a samplingeffect,asthesource
planewasnot largeenoughto beaffectedby many clouds.

For thiseffect to bemeasurable,theremustbeasigni�cant changein theline strengthovera timescalewhich
is not too long. An absolutechangeof 0.25 in the line strengthought to be detectableeven in low quality
spectra.Recallthatour measureof line strengthis theratio of the�ux at thebottomof theabsorptionline to
the �ux in thenearbycontinuum.We measuredthedistribution of thewaiting timesfor a changeof 0.25in
theline strength.This wasdoneby selectinga randomstartingpoint in theline strengthmap,andheadingoff
in a randomdirection,moving until the line strengthhaschangedby 0.25. Thedistribution of waiting times
for this to occuris shown in Figure4.9,with thecorrespondingmediansin Table4.2.As expected,thewaiting
time tendsto beshortestfor smallcloudscloseto thesource,andtheeffect is observablein a reasonabletime
scalefor all but thelargestclouds.

In anunlensedquasar, thetransversevelocitiesof thequasarandtheLy � cloudswouldalsoproducevariations
in thestrengthof the absorptionlines. For a transversevelocity of 600km s� 1, the time taken to traverse1
pc of the cloud plane(with cloudsat redshiftsz = 0:049; 0:077 and0.53) are1700,1750and2500years
respectively. Clearly, thesearemuchlonger thanthe correspondingtime scalesfor the lensedsystem. For
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Table4.2: Mediansof thewaiting timedistributions
in Figure4.9, in units of EinsteinRadii (about9.5
years).Notethattheresultsfor thelargecloudsare
underestimatedbecausethe high tails of the distri-
butionsarewereneglected. The peakof the distri-
butionsareevidentthough.

� = 0.2 � = 0.5 � = 0.95
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 pointson themagni�cationmap,with a magnitudedifferencebetweenthetwo pointsof
at least1 magnitude.Thisallows asampleof causticcrossingsto beinvestigated.

example,even for thesmall cloudsof size� 0.005pc, the time scaleis & 8.5 years,approximatelya factor
of 10 slower thanthemicrolensedcase.Thus,microlensingprovidestheopportunityto studythesmallscale
structureona reasonabletimescale.For thelargeclouds,theeffect is evenmoredrastic.Thecrossingtimeof
acloudis � 2000years,roughly3 ordersof magnitudelongerthanin themicrolensedcase.

4.3 CausticCrossings

Sincethesamecausticstructurefrom thecontinuummagni�cation mapis presentin the line strengthmaps,
suddenchangesin continuumbrightnesswill beaccompaniedby correspondingchangesin the line strength.
If theabsorptioncloudswerein�nitely large(i.e. theabsorptionwasuniformover theentirecloudplane)then
therewould bezeroline strengthchangesduringa causticcrossing.Thereforeit is expectedthat,on average,
theline strengthchangeasthesourcecrossesacausticwill belargerfor thesmallerclouds.

To testthis possibility, thefollowing procedurewascarriedout. First, a sampleof pointsin thesourceplane
wereselectedat random.For eachof thesepoints,aneighbouringpoint0.05EinsteinRadiiawaywasselected
at random.This correspondsto choosinga collectionof pairsof pointsin thesourceplane. If thedifference
in thecontinuummagni�cation betweenthe two pointsof any pair waslessthanonemagnitude,thatpair of
pointswasdiscarded.Thelist thencontainedpairsof pointsoneithersideof acaustic(de�nedby amagnitude
differencein the continuumbrightnessbetweenthe two pointsbeinggreaterthan1). Then,a histogramof
the correspondingline strengthdifferencebetweenthe two pointswasproduced.This givesthe probability
distribution of theline strengthchange,giventhata causticcrossinghasoccurred.Thehistogramsareshown
in Figure4.11,onehistogramfor eachcaseof cloudsizeand� .

The expectedtrend is clear - the smallerthe clouds,the larger the expectedline strengthchangesduring a
causticcrossing.Thedependenceon � is weaker, if presentat all. This resultprovidesa way of constraining
thescaleof structurein theLymanAlpha forestby takingspectraduringa singlecausticcrossing- if theline
strengthdoesnotchangesigni�cantly in this time,smallcloudscanberuledout.
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plane,andif thecloudswerelargethenthischangewouldnothave aneffect.
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Chapter 5

Conclusion
The cosmologicaldistribution of neutral hydrogengas leaves an imprint on the spectrumof background
quasars,in the form of a seriesof absorptionlines. This phenomenonis thoughtto be relatedto the large
scale�o w of gasandformationof galaxiesandclusters. While strongconstraintshave beenplacedon the
largerscalepropertiesof theLy� clouds,virtually nothingis known onsmallerscales,wheregasmaypossess
similar turbulent propertiesto the local interstellarmedium,or becollapsingto form stars.In this paper, we
have examinedthe in�uence of gravitational microlensingon the pathstaken by light rays impinging on a
distribution of Ly� cloudslying betweenthelensandthesource.For a singlemacro-image,thepopulationof
micro-imagessamplesdifferingabsorptionregions,with thenetabsorptionseen(in asingleline) beingtheav-
erageof thatexperiencedby eachray. As thestarsmove,thecon�gurationof micro-imageschanges,sampling
differentregionsof theabsorptioncloudsandcausingtemporalvariability of theabsorptionline strength.

In this studyI consideredcloudsof threedifferentsizesandat threedifferentlocationsbetweenthe lensand
thesource.Quantitatively, it wasshown thatthefastestvariationsin theabsorptionline strengthoccurfor the
smallestclouds,andfor cloudscloseto thesource.Wealsofoundthat,dueto thegeometryof theuniverse,the
variationsin theabsorptionlinesin thespectrumof Q2237+0305dueto cloudsat redshifts& 0:5 would have
approximatelythe sameeffect as identicalcloudswhich arejust in front of the source.At all redshifts,the
causticstructureevident in themicrolensingmagni�cationmapis alsopresentin theabsorptionline strength
map.Thesediscontinuitiescanresultin veryrapidchangesin theabsorptionlinestrength,with acorresponding
changein thecontinuumbrightness.However, amoredetailedexaminationof theof therelationshipbetween
thecontinuummagni�cationandtheline strengthshows no apparentcorrelationbetweenthetwo.

An analysisof thevariability timescalesrevealsthatsigni�cant changesin line strengthdueto theeffectsof
gravitational microlensingwould be visible on time scalesrangingfrom yearsto decades,dependenton the
sizeonthesizeof theabsorptioncloudsandtheir locationbehindthelens;this is at leastanorderof magnitude
fasterthancloudssimplydrifting acrosstheline of sightto adistantquasar.

5.1 Further Work, Observational Prospects

Ideasfor furtherwork include:

� Thisstudyhasonly consideredLy� cloudsin imageA of Q2237+0305,which is apositive parity image
(i.e. it is not reversed).Otherimagesof Q2237+0305have negative parity, correspondingto oneof the
curvesin Figure3.3passingthroughzero.Furthersimulationsarerequiredto fully exploretheeffectof
imageparityon themicrolensingof LymanAlpha lines.

� In this study, only absorptionat a singlewavelengthwasconsidered,whereasabsorptioncloudswill
possesskinematicstructurewhichwill bemicrolenseddifferently. Hence,it is possiblethatthedetailed
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shapeof theabsorptionlineswouldalsovarydueto theactionof microlensing.Also, morecomplicated
cloudstructuressuchasfractalstructurecouldbeinvestigated.

� The techniquepresentedin this reportcouldbeusedto comparetherelative sizesandstructureof the
LymanAlpha cloudsand the associatedmetal line clouds,by consideringthe time variability of the
variousabsorptionlines,in particular, addressingthequestion“arethemetalsin theLymanAlphaforest
distributedevenly throughoutthehydrogengas?”

� In orderto measurethesmallscalestructurein theLymanAlpha clouds,long termspectroscopicmon-
itoring of the individual imagesof microlensedquasarsis required. Suchobservationshave already
beenproposedfor studiesof quasarstructure(Abajasetal.,2002;Shalyapinetal.,2002;Lewis & Ibata,
2004).

� Alternatively, spectracouldbetakenjustduringcausticcrossings,whichcanbeidenti�ed by photomet-
ric monitoringsuchasOGLE (Woźniaket al., 2000)beforethey occur, anda HubbleSpaceTelescope
overrideprogram(10123)hasbeenwaiting for several yearsfor suchan event, to obtainUV-optical
spectraof Q2237+0305duringacausticcrossingevent.Unfortunately, giventherecentdemiseof STIS
(SpaceTelescopeImagingSpectrograph),it appearsthefocuswill have to shift to themetallines.
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