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Abstract

A gravitational lensbendsthe light from a source distortingthe morphology Further if the
lensis sufciently strong,this distortioncanproducemultiple imagesof the original source With
multiple imagesthat have a known time delay one can calculateHubble's constant. However,
thereis somedif culty in doingsobecaus®neneeddo accuratelydescribethe massdistribution
of thelenssystem.Onesuchsourceis 0957+561 a gravitationally lensedquasamith two resolv-
ableimages,one of which hasan extended,polarizedjet. Unlike the morphology the intrinsic
polarizationof thejjet is unchangedby gravitationallensing. We thereforepredictedthe deviation
of the polarizationfrom the obsered morphologyof the jet dueto weaklensing. By simulating
King, de Vaucouleurssoftenedsothermalsphere(SIS), and Navarro, Frenk,and White (NFW)
masspro les for thelensinggalaxy, we quanti ed the sensitvity of the obsenedlensingsignalto
thesedifferentmodels. We thencombinedthis with the amountof massthat mustbe interior to
the two imageswhich we calculatedo be 8:3 a 10'°M- usingstronglensing. We foundthatthe
King andSIS pro les wereconsistentvith the data,while the cuspy pro les, de Vaucouleurand
NFW, wereinconsistentith the data. This techniqueof usingboth strongandweaklensingcan

be appliedto any sourcewith multiple imagesandajet with adequatgolarization.
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Chapter 1

Intr oduction

1.1 Gravitational Lensing

After Newton rst theorizedgravity, he ponderedhe questionasto whetheror not gravity would
affect light and bendthe light rays. Later, in 1804, a Germanmathematiciarand astronomer
namedJohannSoldnerworked on calculatingthe bendinganglefor a ray of light just grazing
thesun[Soldner,1804. Albert Einsteinfollowed up with his own calculationin 1911,agreeing
with Soldners work, thoughincorrect.After completinghis work with generakelatvity, Einstein
wasthe rst to calculatethe correctvalue of the bendingangle,which was twice the value of
his previous calculation. It waslater discoveredthat Einsteinhadalsotheorizedthe possibilities
thatgravity would be ableto causemultiple imaging,magni cation, andthe generalequationfor
lensing[Rennetal., 1997. His calculationwasthenprovedto be accurateoy Arthur Eddington,
who hadobsenredthe positionsof starsduringa 1919solareclipse[Eddington,1919.
Gravitationallensingcanmagnify objects allowing usto seemoredistantobjects.However, it
is mostoftenusedto measurenass.Lensingis a visible effect thatcantell usabouttheinvisible
masscausingit. With multiply imagedsourcesjf the massdistribution is well-known, the time
delayof theimagescanbeusedo calculateHubble's constantyhichis ameasuref theuniverses

expansionfRefsdal,1964]. Lensingalsohasthe propertyof magni cation,allowing usto seevery



distantobjects.

1.2 Quasars

Quasarsvere rst discoveredto be pointlike objectsof extremeluminosity. They arethoughtto be
active galacticnuclei(AGN), alongwith Seyfert 1 and2 galaxies.Their brightnesss theorizedto
bethe productof matterfalling ontoa supermasse blackhole. The matteris thenheatedo very
high temperaturegiving off thermalradiationin a large rangeof the spectrum spanningradio
to x-ray. Thereare multiple typesof quasarswhich arede ned by speci c differencesan their
spectra.The rst quasadiscoveredradioloud, leadingto its labelof QSRfor “quasi-stellaradio
source”’andwasradioloud. Thena QSO,for “quasi-stellarobject; wasdiscovered,which was
radioquiet. Finally, blazars the brightestof all quasarswerediscorered,andthey areknown by
their stronglypolarizedradio andopticalemissionwhich is highly variableon a scaleof daysor
evenhours[Sparle andGallaghey200Q.

Thequasarareassociateavith strongmagneticelds, probablycausedy the o w of ionized
gasfalling on anaccretiondisk of a blackhole [Sparle andGallagher2000]. Theblackhole may
also causeelectronsto move relatwistically, andthus, we can obsere synchrotronradiationas
the electronsspiral alongthe magnetic elds. SomeAGN's, including quasarsproducejets of
highly collimatedrelatvistic particles.Thejet endsin amorediffuselobe,whichis causedy the

relatvistic mattershockingtheinterstellairmedium.Thesgetsareon the scaleof kiloparsecs.

1.3 0957+561

Two objects,0957+561Aand0957+561Bonly six arcsecondapart,hadnearlyidenticalspectra
andredshiftsof z = 1:414(seeFigurel.l). Theseémagedueledthediscovery of the rst multiple
imagedquasarfWalshetal., 1979]. The galaxy thatis thoughtto producethe doubleimage of
0957+561 hereaftereferredto asG1, hasaredshiftof z = 0:39[Youngetal., 1980. However,

the speci c parameter®f G1 have beenmuchin contention.In additionto the galaxy, thereis a
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Figurel.1: The Systenfor 0957+561.Thetwo quasaimagesarelabeledA andB, andthegalaxy;
G1,is markedby thereddot.

clustersurroundingG1 ataredshiftof z = 0:355

1.4 Measurements

Gravity affectsthe light thatwe seefrom a source distortingits image. Hence,we cannottrust
thatthemorphologyof anobjectwe seeis its truemorphology As with matter themoremassve a
lens,thestrongetthepull of gravity. Thus,theamountof distortionis relatedto theamountof mass
of thelens. However, we still needto determinewhat the true morphologyof the sourceis. We
wantto measuranintrinsic quality of thesources morphologythatis notaffectedby gravitational
lensing.Onesuchquality is the polarization which shouldbealignedwith thetrue morphologyof
thejet [Dyer andShaver,1993. Thusif we measurehe polarizationangleandcomparethemto
thetangentanglesof thejet's obsernedmorphologywe canmeasuréhow much”lensingthereis.
In this paper | will presenthetheoryof this techniquan Chapter2. The obsenations,image

processingandresultswill bein Chapter3. Final conclusionswill bein Chapter4.



Chapter 2

Theory

2.1 CosmologicalParameters

2.1.1 Friedmann-Robertson-Walker Cosmology

Theuniverseis clearlynotisotropicanduniform, but it is very dif cult to modelit assuch.How-
ever, it appeardo be so on scalesgreaterthan 100 megaparsecsallowing usto describet with
Friedmann-Robertson-dlker (FRW) cosmology A homogeneousthree-dimensionaliniverse
may be have eitherpositive, negative, or zerocunature. The cunatureconstant; , is +1 for pos-
itively curvedspace, 1 for anegatively curvedspaceandO for at space.We thendescribethe
radiusof curvatureto be somelengthR. For a at spacethe sumof the anglesof a trianglewill
be ¥ For a positively curved spacethe sumof the anglesof a trianglewill be ¥+ %, whereA
is the areaof the triangle. Similarly, for a negatively curved space the sumwill be %aj %. In
additionto cunature theuniversecanbeexpandingcontractingor stayingstatic. Thescalefactor
a(t),describediown a distanceexpandsor contractswith time. To take the curvatureinto account
in theradial coordinateFRW metricis givenby

. 2 5
ds? = j c2dt? + a(t)? % +rédif + r¥sin® pdA° (1)
-

r 2=R



Takingthe curvatureinto accountin theangularcoordinatesthe metricis then

2 2E 21 PR
ds? = j Adt? + a(t)® dr2+ S. (r)° dif + sin® pdA (2.2)
where 8
g Rsing ;- =+1
S(r)= E r ;- =0 (2.3)
- Rsinhg ;- =j1

[Ryden,2003

2.1.2 CosmologicalParameters

Theredshift,z, of anobjectrelatesthe wavelengthof a photonemitted,, ¢, from it to the wave-

lengthof the photonwe receve, , ops.

1+z= > (2.4)

s em

Sincethe wavelengthof the photonat the time of emissionandobsenationis directly relatedto

thescalefactorattherespectie times,we seethat

Aobs(1t)
1+z= 2.5
Aem(t) (25)
TheHubbleparameterH (t), is de ned as
_any
H(t) = a(t) (2.6)

andgivestherelationshipbetweeranobjects velocity, v(t), andproperdistancex(t), from us

H = YO (2.7)

x(t)



[Ryden,2003
The Friedmannequation,which relatesthe curvatureandthe scalefactorto the mass/engy

contentfor auniversegovernedby an FRW metricderivedfrom Einsteins eld equationis given

by
8YG c2

2 _ ey
H(t)" = 32 ()i W(t)z

(2.8)

whereG is thegravitationalconstantg is thespeedf light, and" (t) is enegy density We seethat

for a at universe,. = 0, theHubbleparametedepend®nly ontheenepgy density

8Y45

H(t)?= =—" 2.
(1= Zz"(t) (2.9)
We seethatthereis a critical enegy density

W n L BCH(1)?

o) = —gp = (2.10)

suchthatif "(t) > ".(t), thentheuniverseis positively curvedandif "(t) < ".(t), thentheuniverse

is negatively curved. The uid equationgivenby
a
"4 35—(" +P)=0 (2.11)

canbecombinedwith the Friedmanrequation(equation?2.8) andequation2.6to gettheaccelera-
tion equation,
é\_ 4G
a ! 3

(" + 3P) (2.12)

Notethatfor matter P, = 0 andfor darkenepgy, P, = j "«. [Ryden,2003

Thedeceleratioparameterq, is adimensionlessumberthatdescribesiow a(t) is decreasing.

g AvaW) A
"am? ! aH (1)

(2.13)

Obsere thatthe sign of g meansthat a negative deceleratiorparametedescribesa negative de-
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creasethatis, accelerationThe deceleratiorparametecanalsobewrittenin termsof the density
parameterdor mass,- v, anddark enepgy, - ., wherethe densityparametefs the ratio of the

actualdensityto thecritical density:

lll(t)
.= 2.14
| "C(t) ( )
Then,usingequation2.12,equation2.13becomes
1
= —=- i o 21
q 5" M (2.15)
Likewisethe Friedmanrequationcanbe written as
.C2
- = - + - a i 1 216
H (t)z R2 M | ( )

[Ryden,2003

2.1.3 Distance

Whengivenaredshift,z, theactualphysicaldistanceo which theredshifttranslatess affectedby
the cosmologicaparametergppliedto the angulardistance.If the subscript,0, denotegpresent
dayvaluesof the variousparametersghe comoving distanceD ¢, to anobjectis a measuref the
differenceof the comaoving coordinate] , atthetime a photonis emitted,t.,, andthetime when

we receve the photon,tgps. 7
tobs RO
R(t)

De= | dt (2.17)

tem

wherethe negative signindicatesthe photonsareincoming[Burns,2002]. Fromequation2.5, we
seethat

1+z= (2.18)

_°
R
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Thenusingthe Mattig relationship,

q
1drR dz
Rt " G = Ho ~mo(L+ 2)°+ - a0t (1§ - moi - aw0)(14)

Thenequatiorn2.17becomes

Z 2 dz°®

Dc= — g

C — 1 9
H

°© 0 'M;o(1+z)3+'n;o+(1i "Mool 'M;o)(j-"'z)2

TheangularsizedistanceD, , canbewrittenin termsof the comoving distance.

i. ¢
5 _ DeS '0e
R

If - o = 0, theangulardistancejs givenby

£ p a
1 z (z+ 1D+ 1+ 2z-y
D\ (z;Ho; - m) = 1 P ¢

Ho 1+ qz+ 1+ z-y (1+2)°

(2.19)

(2.20)

(2.21)

(2.22)

Otherwise the angulardistancemustbe numericallyintegrated[Burns,2003. | will beusingthe

valuesof H, = 77 km/s/Mpc,- y = 0:3, and- . = 0:7, whichimpliesqg, = j 0:55 (equation

2.15).

2.2 Theory of Gravitational Lensing

Whenaphotonis emitted,it is affectedby gravity andits pathmaybede ectedby anearbymass.

Using the thin lens approximation the three-dimensionamassof the lensis projectedonto the

a two-dimensionaplaneat the redshiftof the lens. Then,it is assumedhatall of the de ection

occursatthelensasseenn Figure2.1.

For a point mass the bendingangle,®, dependsn the massof the lens,M, andthe impact
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Figure2.1: LensGeometry D o5 is thedistancdrom theobsererto thelens,D o, is thedistance
from the obsenrer to thelens,andD s is the distancefrom the lensto the source. Sincethese
distancesresogreat,the smallangleapproximatioris assumed.

parameterh:

wherewe areusingthecorventionG = ¢c= 1.

If thelensis positionedcloseenoughto the lensand hasenoughmass,the sourcewill have
multipleimages.Thisis calledstronglensing,asopposedo weaklensing,whichis whenthereis
oneimagethathasbeenmagni ed or distorted.A pointmassalwaysproduceswo imageshut and
extendedsourcealways producesan odd numberof images[Dyer andRoeder,1980J. However,
oneor moreof theimagesmaybetoo dim to detect.

Thelight thatwe seehasbeenlensedandif we could somehav view the sourcewithout the
effectsof thelens,thiswould bethesourceplane.Whatwe obsenre, with all of thelensingeffects,
is calledtheimageplane.Theimpactparametem theimageplane,h, canberelatedto theimpact
paramtein the sourceplane,h®

D®

h°= hj e (2.24)

12



whereD is thedistancefactor givenby:

4 1 1
4_ 1,1 (2.25)
D Do. Dis

whereD o, isthedistancdrom theobsenrerto thelensandD s isthedistancdrom thelensto the

source.Substitutingequation2.23into equation2.24,we getthelensequationfor a point mass.

ho= h | % (2.26)

If we wereto dealwith an extendedlensratherthana point mass,the equationsof lensing
would changefrom thoseabove. For a transparentsphericallysymmetriclensdistribution, the
amountof masshataffectsthe photonwill dependntheimpactparameterthebendinganglefor
asphericallysymmetriclensis:

®&(h) = 4Mh(h) (2.27)

whereNr (h) is the masswithin a cylinder with radiush, formedaroundthe axisalongtheline of

sight. Thelensingequations then:

h°= hj D'vrr](h) (2.28)
wherethe cylindrical masss: 7
h
Mr(h) = 2% ¥h)hdh (2.29)
0
andthemassdensity ¥4h), is givenby
Z 1
¥(h) = 4s) ds (2.30)

il

wheres is the distancealongour line of sight. The massof a lensis parameterizedby position,

whichwe canmeasureandmasspro le.
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2.3 Proles

Therearemary differentwaysthatthemassof thelenscouldbedistributed.Eachpro le isde ned
with a centraldensity ¥, a coreradius,r,, thatsetsthe scaleof thelens,anda cutradius,r ., that
givesthemaximumextentof thelensandshouldbe muchlargerthanthe scaleof theimage.Since
"¢ measureshe bendingalongthejet. it shouldtheoreticallybe ableto differentiatebetweerthe
differentpro les. Themassnteriorto theimageswill beanaddedconstrainto nd thevaluesof
the variablesin eachpro le thatcould possiblydescribethe lens. Comparingthis to the” § from
0957+561 we may be ableto decidethatonepro le is substantiallymoreaccuratepr thatsome
or all of thepro les arevirtually indistinguishable.

Thethreedimensionaimasspro le will be givenby %r). Thisis thenbe attenedto match
the two-dimensionaprojectiononto the sky thatwe see. The two-dimensionamasspro le will

bedenoteddy ¥4r).

2.3.1 TheKing Prole

Thedensitydistribution for the King modelis givenby

8
ot irere
r) = 5 1+ (73) (2.31)

0 > re

[King, 1964. Asr becomewery large, the massdropsoff asri 2 Thisis typical of masspro les

for globular clustersandelliptical galaxies.
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2.3.2 The Navarro, Frenk, and White Pro le

Thedensityfor the Navarro, Frenk,andWhite (NFW) densityis

ﬁ 0< T - T (2.32)

0 > re

8

E Y r=20
Yir) =
2

[Navarroetal., 1997]. Whenr is very small,the massgoesasri 1. Asr becomessery large, the
massdropsoff likeri 3, asin the King model. This is a predictionof N-body simulationsof cold

darkmatter

2.3.3 The Softenedlsothermal Sphere

Thepro le for asoftenedsothermakphergSIS)is givenby

8
2 Lérz_ 10 N R
wry=_ () (2.33)

0 > rg

[Sparke andGallaghey200d. This modelhasa slower dropoff of ri 2, andunlike theisothermal

sphereijt is notsingularatr = 0. Thisshavsa at rotationcurve asobseredfor spiralgalaxies.

2.3.4 The deVaucouleursPro le

This pro le originatedfrom obsenationsof brightnessn disk galaxies.

Bo

SO ey

(2.34)

whereB, is the centralbrightnesgde Vaucouleurs1948. Thisis atwo-dimensionatjuantity so

thereis no three-dimensionatflensityfor this pro le. Therefore,the two-dimensionabro le is
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ivenb "
g y M r ﬂ1=4#

Yr) = Ypexp jk o (2.35)
a

wherek = 7:66925001de Vaucouleurs1948. This distribution hasthe masscentrallyconcen-

trated.As r increasesthe massdropsoff very steeplyin factits integral overall r is nite. Thus,

it doesnotneeda cutradiusde ned for it.

2.4 Polarization Angles

Thepolarizationof light canbedescribedisingx andy vectorsor left andright polarizationsOne
canthink of light ashaving a certainamountof polarizationin thex directionanda certainamoun
in they direction. Thesecaneasilybe transformednto polar coordinatesgivenus a magnitude,

r, andanangle,u

r= P X2+ y? (2.36)
s -
M= arctan % (2.37)

Alternatively, one can portray light to have a certainamountof left circular polarizationand a
certainamountof right circular polarization. Radiotelescope$ave two feeds,R for right andL
for left, thatmeasureheamplitudeandphaseof thepolarizations.Theinformationfrom eachfeed
is theninterferedwith the complex conjugateof bothitself andthe otherfeed. The combinations

arethende ned asfollows:

2 3 2 3
RR% MR l+iV Q4+ iU

9 £=9 Qr Uz (2.38)

WR® L] Qi iU 1V

I, Q, U, andV arecalledthe StokesparametersV, theelliptical polarization,is nggligible, sowe

mayassumeat is zero. The Stokesparamtersaregivenby
| = RR® = hLL"i (2.39)

16



Q= %(H?L“i + hLR) (2.40)
U= 2—1i(I"RL“i i HLR®) (2.41)

Thepolarizationintensity P1 , is alsogivenby:

p___
Pl = Q2+ U2 (2.42)
In termsof the polarizationangle A:
Q = cos() (2.43)
U = sin(2A) (2.44)

Dividing equation2.44 by equation2.43andsolvingfor A:
~ 1
A= > arctan — (2.45)

As thepathof aphotonis changedy alens,thepolarizationanglesarenotchangedy gravity
[Dyer andShaver, 1992]. However, things suchas magnetic elds, the jet itself, andthe atmo-
spherecan changethe polarizationthrough Faradayrotation. This changeis dependenbn the
squareof thewavelength, 2, soif measurementaretakenat differentwavelengthspnecansolve
for theamountof rotationperwavelengthsquaredThisis calledtherotationmeasureRM . If we
obsere the rotatedpolarizationA, , wherethe subscriptA represents particularband,thenwe

can nd theoriginal polarizationfrom the sourceA,:
An= A+ RM 2 (2.46)

Sowith two unknavns,RM andA,, takingmeasurementis atleasttwo differentwavelengthswill
allow oneto take outthe Faradayrotation.However, thereis the problemof nzdegeneray. Polar

izationangleshave no preferreddirectionso¥sand2%.areessentialljthe same.lt is impossibleto

17



tell justhow mary rotationsthe polarizationhasundegonewith only two wavelengths.To try and
ascertairthenumberof turnsananglehasundegone,it is bestto take atleastthreemeasurements
thatarenot equallyspaced.The recommendedhinimumis two wavelengthsvhosedifferenceis
large sothataccurag is maximized,andathird wavelengththatis closeenoughto thatof another
sothereis a very small probability that the polarizationvectorwill undego a full turn from one
wavelengthto the other OnceA, hasbeenfound,the Q andU imagescanbe derotatedo getQ,
andU,:

Qo= P Q2+ U2cos(A,) (2.47)

U = P Q2+ U2sin(2A,) (2.48)

— P : I
As acheck,onecanseethatp Q2+ U2 = Q?+ U? meaningthe total degreeof polarization

hasnotbeenchangedy rotation.

2.5 The Alignment Breaking Parameter, “

From the image of the jet extendingfrom 0957+561A,0ne can de ne a setof anchorpoints
f An(X; y)g de ning thegeneraimorphologyof thejet. Theangleshetweeradjacentanchorpoints
givesthe tangentvectorsof the jet, A. Therearetwo vector elds, A(x;y) andAa(x;y). A is
rotatedby a gravitationallens,but A is not; thereforef the polarizationvectorsarealignedwith

thejetin the sourceplane thenwe shouldbe ableto detectiensingby measuring 4:
“g= Aj A (2.49)

If therewere no lensing,then” ; would be zero everywhere. One can createmodelsusing the
positionof the jet, andaddinglenseswith speci ed parameterso getatheoretical 3. Comparing
thetheoreticalvalueto theobseredvalueof  ; will decidewhichmodelsbestimitateobserations.

Therearecasesvhereonewould measure zero” y eventhoughthereis gravitationallensing.

Onecaseis the mass-shealegeneray. If thereis a masssheetthat affectsthe entirejet system-

18



atically, thenthereonly will be anoverall magni cation. In otherwords,the size of the jet will
becomearger, but therewill be no rotation. The secondcasewherean” y analysiswould fail is
if therewerea jet thatencirclesthe lenssuchthateachpoint of the jet wereequidistanfrom the
lens. Then,the jet would be pushedaway from the lensuniformly, andagain therewould be no
rotation. Lastly, if jet extendedradially from the lens,thenit would only be pushedaway and

extendedradially, which again would causeno rotation.

2.6 The A? Statistic

In orderto nd a*“best t” for a model,we needto have away of measurinchow well the model

matcheghe obsened data.Onemethodis to minimizethe statisticA? for n datapoint, givenby

A z)@ (X i %)°

2
A % (2.50)

wherex; is thevalueof themodel%; is thevalueof thedata,and%; is theuncertaintyof thedata. If
themodelwereto matchup exactly with thedata,thenx; = %; for all i, giving A2 = 0. Thegreater
thedifferencebetweerthemodelandthedatathegreaterx j % will be,giving alargevalueof A?.
However, we seethatfor eachpoint, we scaleit by the uncertainty A large uncertaintywill make
apooragreemenbetweerthe modelandthe datamorereasonablethatis, it will contrikutelittle
to A2, sincethevalueof the datais questionableOnaveragex i X » % meaninghatA? » n. If
A? is muchgreaterthann, it is likely thateitherthe t is very poor, or the errorof the datapoints
wasunderestimatedLik ewise, if A% is muchlessthann, it is likely thatthe t is very good,or

errorwasoverestimated.
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Chapter 3

Obserations

3.1 Radio Interfer ometry

An arrayof N radioantennaeanbethoughtof asanensembl®f W pairsof antennasincean

antennacanbe pairedwith eachof the others.Thuswe canunderstandnarrayby understanding
justatwo-elemenensembleWhenapair of radiotelescopesrepointedatasourcethelight they
receve cannotbe directly combinedto produceanimage. The sourceis moving with respecto
thetelescopesntheEarth,addinga Dopplershift to thelight. In addition,thelight hasto travel a

differentdistanceo eachtelescopeaddinga geometricdelay ¢4, de ned by

5= —— (3.1)

whereD pointsfrom oneantennao the otherwith the lengthof the baselines is the unit vector
in the directionthe antennaarefacing,andc is the speedof light (seeFigure3.1). We seethat
b ¢s is the extra distancethe light mustgo to the rst antenna.The electronicrecever equiment
introducesits own intrinsic noiseto the data. The informationfrom the pair arethen sentto a
correlatorthattakesout the Dopplershift andtime delay Now the signalsareinterferedto give a
voltagethatis the Fouriertransformatiorof theintensityof thelight. Thus,we canmake animage

by takingtheinverseFouriertransformatiorjPerley etal., 2004.
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Figure3.1: AntennaePair. Light wavestravelling to two antennagointedin the samedirection
have differentdistancedo travel [Perley etal., 2004.

Sincethe antennaare nite, they canobviously only seea nite pieceof the sky. Usingthe
coordinatesystemde ned in Figure3.2,thesky is projectedontotheu j v plane.Overtime,the
Earthis alsorotating,so the pieceof the sky the antennaeare focusedon tracesout an circle on
theuj v plane,boundeddy thehorizon.Theu j v coveragefor the obsenationof 0957+561is

shawvn in Figure3.3.

3.2 Data Reduction

Our obsenationsof 0957+561camefrom the VLA archives,andwere reducedusing AIPS++.
They were at four differentfrequenciesand taken at threedifferenttimes (seeTable3.1). The
datafrom the samefrequeng but differentobsenationswerecombinedo strengtherheir signal.
Obsenations2 and 3 alsohaddatafrom frequenciesl4914.9MHz and 14964.9MHz, but their
signalwastoo weakto give ary de nite images sothis datawasnot used.Eachobserationwas

centeredatright ascensior10:01:20.72697anddeclination+55.53.53.19891poch2000).
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Figure 3.2: u j v Coordinate System. The sky is projectedonto u and v coordinates
[Perley etal., 2004.

mg nome: DB57-+H5ET—XC ms Specirgl Window: 1 2 3 4 Folorizotion: 1 Fields: 09574561

2%10° 4x10"

Figure3.3:uj v Coveragefor 0957+561.This shavs how muchof the sky is actuallyobsered
by theantennae.
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3.2.1 Calibration

Radiodatamustbecalibratedor electronicgain (G), parallacticanglecorrectiongP), polarization
(D), anderrorsthatarepolarizationindependen(T). Generally calibrationsaredonein orderof
their magnitudeof effect. However, P, the apparenichangein an objects positition dueto the
rotationof the Earth,is the easiesto correct,sinceit is just a calculationthatneedso be applied
to the data. The solutionsfor G translatethe electronicsignalinto a measuremenif ux. Using
asourceof knowvn ux, G canbe solvedfor by takinga measurementn a timescaleover which
the instrumentsor atmosphereawill probablynot be changing. Then, we can map the voltage
receved,to theactual ux. D calibrationis similarto G calibration,exceptthatinsteadof ux, we
aremeasuringpolarization. We take a sourceof known polarizationto nd not only whatsignal
correspond$o whatpolarization but to alsomeasurdeakagebetweertheL andR feeds.

Obsenationsl and2 hadcalibratersl031+567and1328+3073C286),but Obsenation3 had
only 1031+561.

3.2.2 Decorvolution

As we saw in Figure 3.3, only a nite numberof (u;v) pointsare sampled. Whenthe Fourier
transformis computedwe do not geta perfectGaussianwe get’ringing” artifacts.However, we
know whata pointsourceshouldlook like. The pointspreadunction (PSF) ts thedistortionof a
circular Gaussiangiving the minor andmajor axesaswell asthe angleof the obsened elliptical
GaussianTheimagesbheforedecowolution, referredto asthedirty beam arein Figure3.4. Thus
if we know whatthedistortedimagelookslike, we canrecover the pointsource.

Thedirty beamswerethencleanedusingthe Clark alogorithm. This take the brightestpoint
andremovesit andthe distortionit shouldcausefrom the image. After this wasrepeatedc000
times, the imageis cleared,andthe pointsthat were originally removed arereplaced. Thenthe
imageswerecalibratedagain, usingthe cleaneimageasa model,andcleaneda secondime with
the previousmethod(seeFigure3.5). Theseimagescanthenbeviewedasintensitycontoursasin

Figure3.6.
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Figure3.4: ImageasObsenred. This imageis beforedecowolution. a) Frequeng 4835.1MHz.
b) Frequenyg 4885.1MHz. c) Frequeng 8414.9MHz. d) Frequeng 8464.9MHz.
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Figure 3.5: Final Cleanedimages. Thesearethe nal imagesthat were usedfor analysis. a)
Frequeng 4835.1MHz. b) Frequeng 4885.1MHz. c) Frequeng 8414.9MHz. d) Frequeng
8464.9MHz.
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Figure 3.6: Intensity contoursof 0957+561.a) Frequeng 4835.1MHz with contoursat [0.125,
0.25,0.5,1.0,2.04.0] with a scalefactorof 0.00412175758b) Frequeng 4885.1MHz with con-
toursat[0.125,0.25,0.5,1.0,2.04.0] with a scalefactorof 0.00412175758c) Frequenyg 8414.9
MHz with contoursat[0.0625,0.125,0.25,0.5,1.0,2.04.0] with a scalefactorof 0.00412175758.
d) Frequeng 8464.9MHz with contoursat [0.0625,0.125,0.25,0.5,1.0,2.04.0] with a scale
factorof 0.00412175758.

3.2.3 Derotation and Convolution

The rotationmeasureandthe original positionanglewere calculatedusingthe standardnethod
from AIPS++ [Leahy etal., 1986. At eachpixel, the polarizationsand wavelengthsare usedto
computetheline of bestt to equation2.46. The polarizationanglesfound werebetweer0* and
180" (seeFigure 3.8), thoughfrom equation2.45, one can seethat the domainshouldbe from
-90* to 9¢*. Finally, theimageswerecornvolvedwith thebeamtakenfrom the datawith thelowest
frequengy (seeFigure3.7).

Oncetherewere intensity imagesfor eachfrequeng, we found anchorpointsto mark the
morphologyof the jet (seeFigure3.9). The anchorswere chosenasthe approximateaverageof

theintensitycontours.
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Figure 3.7: Intesity contoursof 0957+561after corvolving with the beamfor 4835.1MHz. )
Frequeng 4835.1MHz with contoursat [0.125, 0.25, 0.5,1.0,2.0,4.0] with a scalefactor of
0.00412175758b) Frequeng 4885.1MHz with contoursat[0.125,0.25,0.5,1.0,2.04.0] with a
scalefactorof 0.00412175758c) Frequeng 8414.9MHz with contoursat [0.0625,0.125,0.25,
0.5,1.0,2.04.0] with ascalefactorof 0.00412175758d) Frequeng 8464.9MHz with contoursat
[0.0625,0.125,0.25,0.5,1.0,2.04.0] with a scalefactorof 0.00412175758.

| ID#| Start | End | Frequeng (MHz) |

1 91-Aug-1713:31:15 | 91-Aug-1723:48:45 4835.1
4885.1
8414.9
8464.9
2 | 18-Aug-199113:23:45| 18-Aug-199123:31:55 4835.1
4885.1
3 | 18-Aug-199123:32:25| 19-Aug-199101:23:25 4835.1
4885.1

Table3.1: VLA Obsenations. All obserationsweretakenin the A con gurationwith 26 anten-
nae.
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Figure3.8: PolarizationMap. Thejet is de ned by the smoothtransitionof polarizationangles.

Figure3.9:0957+561at48335.1IMHz. Theanchorpoints(redx's) werechoserto try and nd the
averageof theintensity Thepolarizationgblacklines)attheanchormointsareproportionalo the
polarizationintensityandtheanglesre ect thepolarizationangle.
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3.3 The System

In pixel coordinategx, y), | foundthat0957+561Awasat (260.38 1.0,281.68 1.0)andthat
0957+561Bwasat (248.08 1.0,221.08 1.0). Usingthe coordinatesystemwhere0957+561B
is at (0, 0) arcsecondsthen 0957+561Ais at (-1.238 0.1,6.068 1.0) arcseconds.G1 is at
(0.18208 0.0035,1.01788 0.0035)arcsecondfBernsteinetal., 1997]whichin pixel coordinates
is (246.1808 0.035,231.1788 0.035).So,thedistancerom 0957+561Ato0 G1is approximately
52.362pixels or 5.236 arcsecondsand the distancefrom 0957+561Bto G1 is approximately
10.339pixelsor 1.034arcsecondsThe scaleat the lensis 4.910kpc/arcsecondandthe distance
factoris approximately2.386552Gpc. The distanceto the lensis approximatelyl.012827Gpc,
andthe distanceto the sourceis approximatelyl.62449Gpc. The massinterior to the images

derivedfrom the separatiorof the quasaimagesis about8:3 & 10**M-.

3.4 Results

Settingthe cut radiusto 100 kpc, a rangeof integer coreradii from onekpc to 99 kpc wasused
to calculatethe cylindrical massegor eachpro le: King, NFW, de Vaucouleursandisothermal
sphere Thecalculationsvereusinga massinterior to thetwo imagesof M,, = 8:3210?M-. To
minimizeA?, we simply loopedoverthevariousvaluesof thecoreradii andkepttrackof thevalues
of A?2. Thedatapointsfor the secondandthird anchorpointsweremasled dueto their extremely
weaksignal. The lasttwo anchorpointswere masked becausehey werein the lobe, wherethe
alignmentof the polarizationandthe actualmorphologyis lesscertain.Note thatmaskinga point
meanghatits polarizationis notusedn theanalysisputits positionis usedo calculatehetangent
angleswith respecto adjacenpoints.

Thebestts for eachpro le is givenin Table3.2. Theseareplottedagainstthe datain Figure
3.10.To seethevariationcausedy changinghe coreradius,the King andSISmodelsareplotted
at differentcoreradii in Figures3.11and3.13. Thede VaucouleurandNFW modelsareplotted

atdifferentcoreradii in Figures3.12and3.14.
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| Prole | CoreRadius(kpc) | A? |

King 84 18.47
deVaucouleurs 99 655.8
IsothermalSpheredé&/aucouleurs 69 20.21
NFW 95 512.0

Table3.2: Lowestvalueof A%. The possiblevaluesof the coreradii werethe integersfrom one
through99 kpc.

We loopedover arangeof integercoreradii from onekpcto 99 kpc, andalsoallowedthemass
interior to theimagesto vary from 7 @ 10°M- to 1:3 & 10*M- with a stepsizeof 10"*M-. The
A2 valuesfor theKing andSIS modelsareplottedin Figures3.15and3.17. The A? valuesfor the

deVaucouleurandNFW modelsareplottedin Figures3.16and3.18.
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Figure3.10: Modelsvs. Data. Thedatais theblackline, theKing modelssred,thedeVaucouleurs
modelis blue,the SISmodelis green,andthe NFW modelis yellow.
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Figure3.11:King Pro le atVariousCoreRadii. Thedatais theblackline, andtheblue,red,green,
andyellow linescorrespondo cores(in kpc) 1, 25,84 (bestt) and99respectiely.
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Figure3.12: deVaucouleuPro le atVariousCoreRadii. Thedatais the blackline, andthe blue,
green,yellow, andredlinescorrespondo cores(in kpc) 1, 50, 75,and99 (best t) respectrely.
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Figure3.13: SISPro le atVariousCoreRadii. Thedatais theblackline, andtheblue,greenyed,
andyellow linescorrespondo cores(in kpc) 1, 25,69 (best t), and99respectrely.
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Figure3.14: NFW Pro le at VariousCoreRadii. The datais the blackline, andthe blue, green,
yellow, andredlinescorrespondo cores(in kpc) 1, 50, 75,and95 (best t) respectiely.
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Chi—squared vs. Interior Mass and Core Radius for a King Model
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Figure3.15: CoreRadii vs. MassInterior vs. A? for theKing Pro le. Thecontourlevelsareat A2

valuesof 20,40, 80, and160.
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Chi—squared vs. Interior Mass and Core Radius for de Vaucouleur Model
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Figure3.16: CoreRadiivs. Massinteriorvs. A? for thede Vaucouleur$ro le. Thecontourlevels
areat A? valuesof 90,180,360,and720.
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Chi—squared vs. Interior Mass and Core Radius for an SIS Model
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Figure3.17: CoreRadii vs. MassInterior vs. A? for the SIS pro le. The contourlevelsareat A2

valuesof 20,40, 80, and160.
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Chi—squared vs. Interior Mass and Core Radius for an NFW Model
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Figure3.18: CoreRadiivs. Massinteriorvs. A? for theNFW pro le. Thecontroulevelsareat A2
valuesof 62,130,260,and520.
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Chapter 4

Conclusions

We have foundanonzerao 4, meaninghatthis methodcon rms thatthereis lensing.FromFigure
3.10," g isbestt by aKing or SISpro le. ThedeVaucouleurandNFW pro les give very poor
ts, andwe seefrom Figures3.12and3.14thatthey areinsensitve to changesn the coreradius.
FromFigures3.16and3.18,we seethatmodelsareconsistentlytoo low, suggestinghatthe mass
interior to the imagesis too small. Betterresultscould be gain by furtherresearchinghe nearby
clusteraddingit into the” 4 calculations.This methodcanalsobeappliedto othermultiply imaged

sources.
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