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Abstract

A gravitational lensbendsthe light from a source,distortingthe morphology. Further, if the

lensis suf�ciently strong,thisdistortioncanproducemultiple imagesof theoriginal source.With

multiple imagesthat have a known time delay, onecancalculateHubble's constant. However,

thereis somedif�culty in doingsobecauseoneneedsto accuratelydescribethemassdistribution

of thelenssystem.Onesuchsourceis 0957+561,a gravitationally lensedquasarwith two resolv-

able images,oneof which hasan extended,polarizedjet. Unlike the morphology, the intrinsic

polarizationof thejet is unchangedby gravitational lensing.We thereforepredictedthedeviation

of thepolarizationfrom theobservedmorphologyof the jet dueto weaklensing. By simulating

King, de Vaucouleurs,softenedisothermalsphere(SIS),andNavarro,Frenk,andWhite (NFW)

masspro�les for thelensinggalaxy, we quanti�ed thesensitivity of theobservedlensingsignalto

thesedifferentmodels.We thencombinedthis with the amountof massthat mustbe interior to

thetwo images,which we calculatedto be8:3 ¤ 1012M ¯ usingstronglensing.We foundthat the

King andSISpro�les wereconsistentwith thedata,while thecuspy pro�les, deVaucouleursand

NFW, wereinconsistentwith thedata.This techniqueof usingbothstrongandweaklensingcan

beappliedto any sourcewith multiple imagesanda jet with adequatepolarization.
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Chapter 1

Intr oduction

1.1 Gravitational Lensing

After Newton �rst theorizedgravity, heponderedthequestionasto whetheror not gravity would

affect light and bendthe light rays. Later, in 1804, a Germanmathematicianand astronomer

namedJohannSoldnerworked on calculatingthe bendinganglefor a ray of light just grazing

thesun[Soldner,1804]. Albert Einsteinfollowedup with his own calculationin 1911,agreeing

with Soldner's work, thoughincorrect.After completinghis work with generalrelativity, Einstein

was the �rst to calculatethe correctvalue of the bendingangle,which was twice the value of

his previouscalculation. It waslaterdiscoveredthatEinsteinhadalsotheorizedthepossibilities

thatgravity would beableto causemultiple imaging,magni�cation,andthegeneralequationfor

lensing[Rennetal., 1997]. His calculationwasthenprovedto beaccurateby Arthur Eddington,

whohadobservedthepositionsof starsduringa1919solareclipse[Eddington,1919].

Gravitationallensingcanmagnifyobjects,allowing usto seemoredistantobjects.However, it

is mostoftenusedto measuremass.Lensingis a visible effect thatcantell usabouttheinvisible

masscausingit. With multiply imagedsources,if the massdistribution is well-known, the time

delayof theimagescanbeusedto calculateHubble'sconstant,whichis ameasureof theuniverse's

expansion[Refsdal,1964].Lensingalsohasthepropertyof magni�cation,allowing usto seevery
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distantobjects.

1.2 Quasars

Quasarswere�rst discoveredto bepointlikeobjectsof extremeluminosity. They arethoughtto be

active galacticnuclei(AGN), alongwith Seyfert 1 and2 galaxies.Their brightnessis theorizedto

betheproductof matterfalling ontoa supermassive blackhole. Thematteris thenheatedto very

high temperature,giving off thermalradiationin a large rangeof the spectrum,spanningradio

to x-ray. Therearemultiple typesof quasars,which arede�ned by speci�c differencesin their

spectra.The�rst quasardiscoveredradioloud, leadingto its labelof QSRfor “quasi-stellarradio

source”andwasradio loud. Thena QSO,for “quasi-stellarobject,” wasdiscovered,which was

radioquiet. Finally, blazars,thebrightestof all quasars,werediscovered,andthey areknown by

their stronglypolarizedradioandopticalemission,which is highly variableon a scaleof daysor

evenhours[SparkeandGallagher, 2000].

Thequasarsareassociatedwith strongmagnetic�elds, probablycausedby the�o w of ionized

gasfalling onanaccretiondiskof ablackhole[SparkeandGallagher, 2000].Theblackholemay

alsocauseelectronsto move relativistically, and thus,we canobserve synchrotronradiationas

the electronsspiral alongthe magnetic�elds. SomeAGN's, including quasars,producejets of

highly collimatedrelativistic particles.Thejet endsin a morediffuselobe,which is causedby the

relativistic mattershockingtheinterstellarmedium.Thesejetsareon thescaleof kiloparsecs.

1.3 0957+561

Two objects,0957+561Aand0957+561B,only six arcsecondsapart,hadnearlyidenticalspectra

andredshiftsof z = 1:414(seeFigure1.1).Theseimagesfueledthediscoveryof the�rst multiple

imagedquasar[Walshetal., 1979]. The galaxy that is thoughtto producethe doubleimageof

0957+561,hereafterreferredto asG1, hasa redshiftof z = 0:39 [Youngetal., 1980]. However,

thespeci�c parametersof G1 have beenmuchin contention.In additionto thegalaxy, thereis a
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Figure1.1: TheSystemfor 0957+561.Thetwo quasarimagesarelabeledA andB, andthegalaxy,
G1, is markedby thereddot.

clustersurroundingG1ata redshiftof z = 0:355.

1.4 Measurements

Gravity affectsthe light that we seefrom a source,distortingits image. Hence,we cannottrust

thatthemorphologyof anobjectweseeis its truemorphology. As with matter, themoremassivea

lens,thestrongerthepull of gravity. Thus,theamountof distortionis relatedto theamountof mass

of the lens. However, we still needto determinewhat the truemorphologyof thesourceis. We

wantto measureanintrinsicqualityof thesource'smorphologythatis notaffectedby gravitational

lensing.Onesuchquality is thepolarization,whichshouldbealignedwith thetruemorphologyof

the jet [Dyer andShaver,1992]. Thusif we measurethepolarizationangleandcomparethemto

thetangentanglesof thejet'sobservedmorphology, wecanmeasure“how much” lensingthereis.

In this paper, I will presentthetheoryof this techniquein Chapter2. Theobservations,image

processing,andresultswill bein Chapter3. Final conclusionswill bein Chapter4.
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Chapter 2

Theory

2.1 CosmologicalParameters

2.1.1 Friedmann-Robertson-Walker Cosmology

Theuniverseis clearlynot isotropicanduniform,but it is very dif�cult to modelit assuch.How-

ever, it appearsto be so on scalesgreaterthan100 megaparsecs,allowing us to describeit with

Friedmann-Robertson-Walker (FRW) cosmology. A homogeneous,three-dimensionaluniverse

maybehave eitherpositive,negative,or zerocurvature.Thecurvatureconstant,· , is +1 for pos-

itively curvedspace,¡ 1 for a negatively curvedspace,and0 for �at space.We thendescribethe

radiusof curvatureto besomelengthR. For a �at space,thesumof theanglesof a trianglewill

be¼. For a positively curvedspace,thesumof theanglesof a trianglewill be¼+ A
R2 , whereA

is the areaof the triangle. Similarly, for a negatively curved space,the sumwill be ¼¡ A
R2 . In

additionto curvature,theuniversecanbeexpanding,contracting,or stayingstatic.Thescalefactor

a(t),describeshow a distanceexpandsor contractswith time. To take thecurvatureinto account

in theradialcoordinateFRW metricis givenby

ds2 = ¡ c2dt2 + a(t)2
·

dr2

1 ¡ ·r 2=R2
+ r 2dµ2 + r 2 sin2 µdÁ2

¸
(2.1)
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Takingthecurvatureinto accountin theangularcoordinates,themetricis then

ds2 = ¡ c2dt2 + a(t)2 £
dr2 + S· (r )2 ¡

dµ2 + sin2 µdÁ2
¢¤

(2.2)

where

S· (r ) =

8
>>>><

>>>>:

R sin r
R

r

R sinh r
R

; · = +1

; · = 0

; · = ¡ 1

(2.3)

[Ryden,2003]

2.1.2 CosmologicalParameters

Theredshift,z, of anobjectrelatesthewavelengthof a photonemitted,¸ em, from it to thewave-

lengthof thephotonwereceive, ¸ obs.

1 + z =
¸ obs

¸ em
(2.4)

Sincethewavelengthof thephotonat the time of emissionandobservation is directly relatedto

thescalefactorat therespective times,weseethat

1 + z =
aobs(t)
aem(t)

(2.5)

TheHubbleparameter, H (t), is de�ned as

H (t) =
_a(t)
a(t)

(2.6)

andgivestherelationshipbetweenanobject's velocity, v(t), andproperdistance,x(t), from us

H (t) =
v(t)
x(t)

(2.7)
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[Ryden,2003]

The Friedmannequation,which relatesthe curvatureandthe scalefactorto the mass/energy

content,for a universegovernedby anFRW metricderivedfrom Einstein's �eld equationis given

by

H (t)2 =
8¼G
3c2

"(t) ¡
·c 2

R2a(t)2 (2.8)

whereG is thegravitationalconstant,c is thespeedof light, and"(t) is energy density. Weseethat

for a �at universe,· = 0, theHubbleparameterdependsonly on theenergy density.

H (t)2 =
8¼G
3c2

"(t) (2.9)

Weseethatthereis acritical energy density,

" c(t) =
3c2H (t)2

8¼G
(2.10)

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

is negatively curved.The�uid equation,givenby

_" + 3
_a
a

(" + P) = 0 (2.11)

canbecombinedwith theFriedmannequation(equation2.8)andequation2.6to gettheaccelera-

tion equation,
Äa
a

= ¡
4¼G
3c2

(" + 3P) (2.12)

Notethatfor matter, Pm = 0 andfor darkenergy, P¤ = ¡ "¤ . [Ryden,2003]

Thedecelerationparameter, q, is adimensionlessnumberthatdescribeshow _a(t) is decreasing.

q = ¡
Äa(t) a(t)

_a(t)2 = ¡
Äa(t)

a(t) H (t)2 (2.13)

Observe that the sign of q meansthat a negative decelerationparameterdescribesa negative de-
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crease,thatis, acceleration.Thedecelerationparametercanalsobewritten in termsof thedensity

parametersfor mass,­ M , anddark energy, ­ ¤ , wherethe densityparameteris the ratio of the

actualdensityto thecritical density:

­ i =
" i (t)
" c(t)

(2.14)

Then,usingequation2.12,equation2.13becomes

q =
1
2

­ M ¡ ­ ¤ (2.15)

LikewisetheFriedmannequationcanbewrittenas

·c 2

H (t)2 R2
= ­ M + ­ ¤ ¡ 1 (2.16)

[Ryden,2003]

2.1.3 Distance

Whengivenaredshift,z, theactualphysicaldistanceto which theredshifttranslatesis affectedby

the cosmologicalparametersappliedto the angulardistance.If the subscript,o, denotespresent

dayvaluesof thevariousparameters,thecomoving distance,D C , to anobjectis a measureof the

differenceof thecomoving coordinate,! , at thetime a photonis emitted,t em andthetime when

wereceive thephoton,tobs.

Dc = ¡
Z tobs

tem

Ro

R(t)
dt (2.17)

wherethenegative signindicatesthephotonsareincoming[Burns,2002].Fromequation2.5,we

seethat

1 + z =
Ro

R
(2.18)
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ThenusingtheMattig relationship,

1
Ro

dR
dt

=
dz
dt

= Ho

q
­ M ;o (1 + z)3 + ­ ¤ ;o + (1 ¡ ­ M ;o ¡ ­ ¤ ;o) (1+) (2.19)

Thenequation2.17becomes

DC =
1

Ho

Z z

0

dz0

q
­ M ;o (1 + z)3 + ­ ¤ ;o + (1 ¡ ­ M ;o ¡ ­ M ;o) (1 + z)2

(2.20)

Theangular-sizedistance,D \ , canbewritten in termsof thecomoving distance.

D \ =
DCS·

¡
D C
R

¢

1 + z
(2.21)

If ­ ¤ = 0, theangulardistance,is givenby

D \ (z; H0; ­ M ) =
1

H0

z
£
(z + 1) +

p
1 + z­ M

¤

¡
1 + qz +

p
1 + z­ M

¢
(1 + z)2 (2.22)

Otherwise,theangulardistancemustbenumericallyintegrated[Burns,2002]. I will beusingthe

valuesof Ho = 77 km/s/Mpc,­ M = 0:3, and­ ¤ = 0:7, which implies qo = ¡ 0:55 (equation

2.15).

2.2 Theory of Gravitational Lensing

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

Using the thin lensapproximation,the three-dimensionalmassof the lens is projectedonto the

a two-dimensionalplaneat the redshiftof the lens. Then,it is assumedthatall of thede�ection

occursat thelensasseenin Figure2.1.

For a point mass,the bendingangle,®, dependson the massof the lens,M , andthe impact
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Figure2.1: LensGeometry. DOS is thedistancefrom theobserver to thelens,DOL is thedistance
from the observer to the lens,andDLS is the distancefrom the lensto the source. Sincethese
distancesaresogreat,thesmallangleapproximationis assumed.

parameter, h:

® =
4M
h

(2.23)

whereweareusingtheconventionG = c = 1.

If the lensis positionedcloseenoughto the lensandhasenoughmass,the sourcewill have

multiple images.This is calledstronglensing,asopposedto weaklensing,which is whenthereis

oneimagethathasbeenmagni�edor distorted.A pointmassalwaysproducestwo images,but and

extendedsourcealwaysproducesan odd numberof images[Dyer andRoeder,1980]. However,

oneor moreof theimagesmaybetoodim to detect.

The light thatwe seehasbeenlensed,andif we couldsomehow view thesourcewithout the

effectsof thelens,thiswouldbethesourceplane.Whatweobserve,with all of thelensingeffects,

is calledtheimageplane.Theimpactparameterin theimageplane,h, canberelatedto theimpact

paramterin thesourceplane,h0:

h0 = h ¡
D®
4

(2.24)
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whereD is thedistancefactor, givenby:

4
D

=
1

DOL
+

1
DLS

(2.25)

whereDOL is thedistancefrom theobserverto thelensandD LS is thedistancefrom thelensto the

source.Substitutingequation2.23into equation2.24,wegetthelensequationfor apointmass.

h0 = h ¡
DM

h
(2.26)

If we were to dealwith an extendedlensratherthana point mass,the equationsof lensing

would changefrom thoseabove. For a transparent,sphericallysymmetriclensdistribution, the

amountof massthataffectsthephotonwill dependontheimpactparameter. thebendinganglefor

asphericallysymmetriclensis:

®(h) =
4 ~M (h)

h
(2.27)

where ~M (h) is themasswithin a cylinder with radiush, formedaroundtheaxisalongtheline of

sight.Thelensingequationis then:

h0 = h ¡
D ~M (h)

h
(2.28)

wherethecylindrical massis:

~M (h) = 2¼
Z h

0
¾(h) h dh (2.29)

andthemassdensity, ¾(h), is givenby

¾(h) =
Z 1

¡1
½(s) ds (2.30)

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

whichwecanmeasure,andmasspro�le.
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2.3 Pro�les

Therearemany differentwaysthatthemassof thelenscouldbedistributed.Eachpro�le is de�ned

with a centraldensity, ½o, a coreradius,r a, thatsetsthescaleof thelens,anda cut radius,r c, that

givesthemaximumextentof thelensandshouldbemuchlargerthanthescaleof theimage.Since

´ g measuresthebendingalongthe jet. it shouldtheoreticallybeableto differentiatebetweenthe

differentpro�les. Themassinterior to theimageswill beanaddedconstraintto �nd thevaluesof

thevariablesin eachpro�le thatcouldpossiblydescribethe lens. Comparingthis to the´ g from

0957+561,we maybeableto decidethatonepro�le is substantiallymoreaccurate,or thatsome

or all of thepro�les arevirtually indistinguishable.

The threedimensionalmasspro�le will be given by ½(r ). This is thenbe �attened to match

the two-dimensionalprojectiononto thesky thatwe see.The two-dimensionalmasspro�le will

bedenotedby ¾(r ).

2.3.1 The King Pro�le

Thedensitydistribution for theKing modelis givenby

½(r ) =

8
>><

>>:

½o
h
1+ ( r

r a )2 i 3
2

; r · r c

0 ; r > r c

(2.31)

[King, 1966]. As r becomesvery large,themassdropsoff asr ¡ 3 This is typical of masspro�les

for globular clustersandelliptical galaxies.
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2.3.2 The Navarr o, Frenk, and White Pro�le

Thedensityfor theNavarro,Frenk,andWhite (NFW) densityis

½(r ) =

8
>>>><

>>>>:

½o ; r = 0

½o
r

r a [1+ ( r
r a )]2 ; 0 < r · r c

0 ; r > r c

(2.32)

[Navarroetal., 1997]. Whenr is very small, themassgoesasr ¡ 1. As r becomesvery large,the

massdropsoff like r ¡ 3, asin theKing model.This is a predictionof N-bodysimulationsof cold

darkmatter.

2.3.3 The SoftenedIsothermal Sphere

Thepro�le for asoftenedisothermalsphere(SIS)is givenby

½(r ) =

8
><

>:

½o

1+ ( r
r a )2 ; 0 · r · r c

0 ; r > r c

(2.33)

[SparkeandGallagher, 2000]. This modelhasa slower dropoff of r ¡ 2, andunlike theisothermal

sphere,it is not singularat r = 0. Thisshowsa �at rotationcurveasobservedfor spiralgalaxies.

2.3.4 The deVaucouleursPro�le

Thispro�le originatedfrom observationsof brightnessin diskgalaxies.

B(r ) =
Bo

(r + ra)2 (2.34)

whereBo is thecentralbrightness[deVaucouleurs,1948]. This is a two-dimensionalquantity, so

thereis no three-dimensionaldensityfor this pro�le. Therefore,the two-dimensionalpro�le is
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givenby

¾(r ) = ¾o exp

"

¡ k
µ

r
ra

¶ 1=4
#

(2.35)

wherek = 7:66925001[deVaucouleurs,1948]. This distribution hasthemasscentrallyconcen-

trated.As r increases,themassdropsoff very steeply, in fact its integral over all r is �nite. Thus,

it doesnotneedacut radiusde�ned for it.

2.4 Polarization Angles

Thepolarizationof light canbedescribedusingx andy vectorsor left andright polarizations.One

canthink of light ashaving acertainamountof polarizationin thex directionandacertainamoun

in they direction. Thesecaneasilybe transformedinto polarcoordinates,givenusa magnitude,

r , andanangle,µ:

r =
p

x2 + y2 (2.36)

µ = arctan
³ y

x

´
(2.37)

Alternatively, onecan portray light to have a certainamountof left circular polarizationanda

certainamountof right circularpolarization.Radiotelescopeshave two feeds,R for right andL

for left, thatmeasuretheamplitudeandphaseof thepolarizations.Theinformationfrom eachfeed

is theninterferedwith thecomplex conjugateof both itself andtheotherfeed. Thecombinations

arethende�ned asfollows:

2

6
4

hRR¤i hRL¤i

hLR ¤i hLL ¤i

3

7
5 =

2

6
4

I + iV Q + iU

Q ¡ iU I ¡ iV

3

7
5 (2.38)

I , Q, U, andV arecalledtheStokesparameters.V , theelliptical polarization,is negligible, sowe

mayassumeit is zero.TheStokesparamtersaregivenby

I = hRR¤i = hLL ¤i (2.39)
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Q =
1
2

(hRL ¤i + hLR ¤i ) (2.40)

U =
1
2i

(hRL ¤i ¡ hLR ¤i ) (2.41)

Thepolarizationintensity, PI , is alsogivenby:

PI =
p

Q2 + U2 (2.42)

In termsof thepolarizationangle,Â:

Q = cos(2Â) (2.43)

U = sin(2Â) (2.44)

Dividing equation2.44by equation2.43andsolvingfor Â:

Â =
1
2

arctan
µ

Q
U

¶
(2.45)

As thepathof aphotonis changedby alens,thepolarizationanglesarenotchangedby gravity

[Dyer andShaver,1992]. However, thingssuchasmagnetic�elds, the jet itself, and the atmo-

spherecan changethe polarizationthroughFaradayrotation. This changeis dependenton the

squareof thewavelength,̧ 2, soif measurementsaretakenatdifferentwavelengths,onecansolve

for theamountof rotationperwavelengthsquared.This is calledtherotationmeasure,RM . If we

observe the rotatedpolarizationÂA , wherethe subscriptA representsa particularband,thenwe

can�nd theoriginalpolarizationfrom thesourceÂo:

ÂA = Âo + RM ¸ 2 (2.46)

Sowith two unknowns,RM andÂo, takingmeasurementsin atleasttwo differentwavelengthswill

allow oneto takeout theFaradayrotation.However, thereis theproblemof n¼-degeneracy. Polar-

izationangleshave no preferreddirectionso¼and2¼areessentiallythesame.It is impossibleto
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tell justhow many rotationsthepolarizationhasundergonewith only two wavelengths.To try and

ascertainthenumberof turnsananglehasundergone,it is bestto takeat leastthreemeasurements

thatarenot equallyspaced.Therecommendedminimumis two wavelengthswhosedifferenceis

largesothataccuracy is maximized,anda third wavelengththatis closeenoughto thatof another

so thereis a very small probability that thepolarizationvectorwill undergo a full turn from one

wavelengthto theother. OnceÂo hasbeenfound,theQ andU imagescanbederotatedto getQo

andUo:

Qo =
p

Q2 + U2 cos(2Âo) (2.47)

Uo =
p

Q2 + U2 sin(2Âo) (2.48)

As a check,onecanseethat
p

Q2
o + U2

o =
p

Q2 + U2 meaningthe total degreeof polarization

hasnotbeenchangedby rotation.

2.5 The Alignment BreakingParameter, ´ g

From the imageof the jet extending from 0957+561A,one can de�ne a set of anchorpoints

f An (x; y)g de�ning thegeneralmorphologyof thejet. Theanglesbetweenadjacentanchorpoints

gives the tangentvectorsof the jet, Ã. Thereare two vector �elds, Ã(x; y) andÂA (x; y). Ã is

rotatedby a gravitational lens,but Â is not; therefore,if thepolarizationvectorsarealignedwith

thejet in thesourceplane,thenweshouldbeableto detectlensingby measurinǵ g:

´ g = Ã ¡ ÂA (2.49)

If therewereno lensing,then ´ g would be zeroeverywhere. Onecancreatemodelsusing the

positionof thejet, andaddinglenseswith speci�edparametersto geta theoreticaĺ g. Comparing

thetheoreticalvalueto theobservedvalueof ´ g will decidewhichmodelsbestimitateobservations.

Therearecaseswhereonewouldmeasurea zero´ g eventhoughthereis gravitationallensing.

Onecaseis themass-sheetdegeneracy. If thereis a masssheetthataffectstheentirejet system-
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atically, thenthereonly will be an overall magni�cation. In otherwords,the sizeof the jet will

becomelarger, but therewill beno rotation. Thesecondcasewherean ´ g analysiswould fail is

if therewerea jet thatencirclesthe lenssuchthateachpoint of the jet wereequidistantfrom the

lens. Then,the jet would bepushedaway from the lensuniformly, andagain therewould beno

rotation. Lastly, if jet extendedradially from the lens, then it would only be pushedaway and

extendedradially, whichagainwouldcauseno rotation.

2.6 The Â2 Statistic

In orderto �nd a “best �t” for a model,we needto have a way of measuringhow well themodel

matchestheobserveddata.Onemethodis to minimizethestatisticÂ2 for n datapoint,givenby

Â2 =
nX

i =1

(x i ¡ ¹x i )
2

¾2
i

(2.50)

wherex i is thevalueof themodel,¹x i is thevalueof thedata,and¾i is theuncertaintyof thedata.If

themodelwereto matchupexactlywith thedata,thenx i = ¹x i for all i , giving Â2 = 0. Thegreater

thedifferencebetweenthemodelandthedata,thegreaterx ¡ ¹x will be,giving a largevalueof Â2.

However, we seethatfor eachpoint,we scaleit by theuncertainty. A largeuncertaintywill make

a pooragreementbetweenthemodelandthedatamorereasonable,that is, it will contributelittle

to Â2, sincethevalueof thedatais questionable.Onaverage,x ¡ ¹x » ¾, meaningthatÂ2 » n. If

Â2 is muchgreaterthann, it is likely thateitherthe�t is very poor, or theerrorof thedatapoints

wasunderestimated.Likewise, if Â2 is muchlessthann, it is likely that the �t is very good,or

errorwasoverestimated.
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Chapter 3

Observations

3.1 Radio Interfer ometry

An arrayof N radioantennaecanbethoughtof asanensembleof N (N ¡ 1)
2 pairsof antennaesincean

antennacanbepairedwith eachof theothers.Thuswe canunderstandanarrayby understanding

justatwo-elementensemble.Whenapairof radiotelescopesarepointedatasource,thelight they

receive cannotbedirectly combinedto producean image. Thesourceis moving with respectto

thetelescopeson theEarth,addingaDopplershift to thelight. In addition,thelight hasto travel a

differentdistanceto eachtelescope,addingageometricdelay, ¿g, de�ned by

¿g =
~b¢~s

c
(3.1)

where~b pointsfrom oneantennato theotherwith the lengthof thebaseline,~s is theunit vector

in thedirectiontheantennaearefacing,andc is thespeedof light (seeFigure3.1). We seethat

~b¢~s is theextra distancethe light mustgo to the �rst antenna.Theelectronicreceiver equiment

introducesits own intrinsic noiseto the data. The information from the pair are thensentto a

correlatorthattakesout theDopplershift andtime delay. Now thesignalsareinterfered,to give a

voltagethatis theFouriertransformationof theintensityof thelight. Thus,wecanmakeanimage

by takingtheinverseFouriertransformation[Perley etal., 2004].
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Figure3.1: AntennaePair. Light wavestravelling to two antennaepointedin thesamedirection
havedifferentdistancesto travel [Perley etal., 2004].

Sincetheantennaeare�nite, they canobviously only seea �nite pieceof thesky. Using the

coordinatesystemde�ned in Figure3.2, thesky is projectedontotheu ¡ v plane.Over time, the

Earthis alsorotating,so thepieceof thesky theantennaearefocusedon tracesout ancircle on

theu ¡ v plane,boundedby thehorizon.Theu ¡ v coveragefor theobservationof 0957+561is

shown in Figure3.3.

3.2 Data Reduction

Our observationsof 0957+561camefrom the VLA archives,andwerereducedusingAIPS++.

They wereat four different frequenciesand taken at threedifferent times (seeTable3.1). The

datafrom thesamefrequency but differentobservationswerecombinedto strengthentheir signal.

Observations2 and3 alsohaddatafrom frequencies14914.9MHz and14964.9MHz, but their

signalwastoo weakto give any de�nite images,sothis datawasnot used.Eachobservationwas

centeredat right ascension10:01:20.726975anddeclination+55.53.53.198916(Epoch2000).
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Figure 3.2: u ¡ v CoordinateSystem. The sky is projected onto u and v coordinates
[Perley etal., 2004].

Figure3.3: u ¡ v Coveragefor 0957+561.This shows how muchof thesky is actuallyobserved
by theantennae.
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3.2.1 Calibration

Radiodatamustbecalibratedfor electronicgain(G),parallacticanglecorrections(P),polarization

(D), anderrorsthatarepolarizationindependent(T). Generally, calibrationsaredonein orderof

their magnitudeof effect. However, P, the apparentchangein an object's positition due to the

rotationof theEarth,is theeasiestto correct,sinceit is just a calculationthatneedsto beapplied

to thedata.Thesolutionsfor G translatetheelectronicsignalinto a measurementof �ux. Using

a sourceof known �ux, G canbesolved for by takinga measurementon a timescaleover which

the instrumentsor atmospherewill probablynot be changing. Then, we can map the voltage

received,to theactual�ux. D calibrationis similar to G calibration,exceptthatinsteadof �ux, we

aremeasuringpolarization.We take a sourceof known polarizationto �nd not only whatsignal

correspondsto whatpolarization,but to alsomeasureleakagebetweentheL andR feeds.

Observations1 and2 hadcalibraters1031+567and1328+307(3C286),but Observation3 had

only 1031+561.

3.2.2 Deconvolution

As we saw in Figure3.3, only a �nite numberof (u; v) pointsaresampled.Whenthe Fourier

transformis computed,we do not geta perfectGaussian:we get”ringing” artifacts.However, we

know whatapoint sourceshouldlook like. Thepoint spreadfunction(PSF)�ts thedistortionof a

circularGaussian,giving theminor andmajoraxesaswell astheangleof theobservedelliptical

Gaussian.Theimagesbeforedeconvolution, referredto asthedirty beam,arein Figure3.4. Thus

if weknow whatthedistortedimagelookslike,wecanrecover thepoint source.

The dirty beamswerethencleanedusingtheClark alogorithm. This take thebrightestpoint

andremovesit andthe distortionit shouldcausefrom the image. After this wasrepeated5000

times,the imageis cleared,andthe pointsthat wereoriginally removed arereplaced.Thenthe

imageswerecalibratedagain,usingthecleanerimageasamodel,andcleanedasecondtimewith

thepreviousmethod(seeFigure3.5).Theseimagescanthenbeviewedasintensitycontoursasin

Figure3.6.
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a) b)

c) d)

Figure3.4: ImageasObserved. This imageis beforedeconvolution. a) Frequency 4835.1MHz.
b) Frequency 4885.1MHz. c) Frequency 8414.9MHz. d) Frequency 8464.9MHz.
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a) b)

c) d)

Figure 3.5: Final CleanedImages. Theseare the �nal imagesthat were usedfor analysis. a)
Frequency 4835.1MHz. b) Frequency 4885.1MHz. c) Frequency 8414.9MHz. d) Frequency
8464.9MHz.
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a) b)

c) d)

Figure3.6: Intensitycontoursof 0957+561.a) Frequency 4835.1MHz with contoursat [0.125,
0.25,0.5,1.0,2.0,4.0] with a scalefactorof 0.00412175758.b) Frequency 4885.1MHz with con-
toursat [0.125,0.25,0.5,1.0,2.0,4.0] with a scalefactorof 0.00412175758.c) Frequency 8414.9
MHz with contoursat [0.0625,0.125,0.25,0.5,1.0,2.0,4.0] with ascalefactorof 0.00412175758.
d) Frequency 8464.9MHz with contoursat [0.0625,0.125,0.25, 0.5,1.0,2.0,4.0] with a scale
factorof 0.00412175758.

3.2.3 Derotation and Convolution

The rotationmeasureandthe original positionanglewerecalculatedusingthe standardmethod

from AIPS++ [Leahy etal., 1986]. At eachpixel, the polarizationsandwavelengthsareusedto

computethe line of best�t to equation2.46. Thepolarizationanglesfoundwerebetween0± and

180± (seeFigure3.8), thoughfrom equation2.45, onecanseethat the domainshouldbe from

-90± to 90±. Finally, theimageswereconvolvedwith thebeamtakenfrom thedatawith thelowest

frequency (seeFigure3.7).

Oncetherewere intensity imagesfor eachfrequency, we found anchorpoints to mark the

morphologyof the jet (seeFigure3.9). The anchorswerechosenastheapproximateaverageof

theintensitycontours.
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a) b)

c) d)

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

ID # Start End Frequency (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 Observations.All observationsweretakenin theA con�gurationwith 26 anten-
nae.
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Figure3.8: PolarizationMap. Thejet is de�ned by thesmoothtransitionof polarizationangles.

Figure3.9: 0957+561at48335.1MHz. Theanchorpoints(redx's)werechosento try and�nd the
averageof theintensity. Thepolarizations(blacklines)at theanchorpointsareproportionalto the
polarizationintensityandtheanglesre�ect thepolarizationangle.
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3.3 The System

In pixel coordinates(x, y), I found that 0957+561Awasat (260.3§ 1.0, 281.6§ 1.0) andthat

0957+561Bwasat (248.0§ 1.0, 221.0§ 1.0). Using the coordinatesystemwhere0957+561B

is at (0, 0) arcseconds,then 0957+561Ais at (-1.23 § 0.1, 6.06 § 1.0) arcseconds.G1 is at

(0.1820§ 0.0035,1.0178§ 0.0035)arcseconds[Bernsteinetal., 1997]whichin pixel coordinates

is (246.180§ 0.035,231.178§ 0.035).So,thedistancefrom 0957+561Ato G1 is approximately

52.362pixels or 5.236 arcseconds,and the distancefrom 0957+561Bto G1 is approximately

10.339pixelsor 1.034arcseconds.Thescaleat the lensis 4.910kpc/arcsecond,andthedistance

factoris approximately2.386552Gpc. Thedistanceto the lensis approximately1.012827Gpc,

and the distanceto the sourceis approximately1.62449Gpc. The massinterior to the images

derivedfrom theseparationof thequasarimagesis about8:3 ¤ 1012M ¯ .

3.4 Results

Settingthe cut radiusto 100 kpc, a rangeof integer coreradii from onekpc to 99 kpc wasused

to calculatethe cylindrical massesfor eachpro�le: King, NFW, de Vaucouleurs,andisothermal

sphere.Thecalculationswereusingamassinterior to thetwo imagesof M int = 8:3¤1012M ¯ . To

minimizeÂ2, wesimplyloopedoverthevariousvaluesof thecoreradii andkepttrackof thevalues

of Â2. Thedatapointsfor thesecondandthird anchorpointsweremaskeddueto their extremely

weaksignal. The last two anchorpointsweremasked becausethey werein the lobe, wherethe

alignmentof thepolarizationandtheactualmorphologyis lesscertain.Notethatmaskinga point

meansthatits polarizationis notusedin theanalysis,but its positionis usedto calculatethetangent

angleswith respectto adjacentpoints.

Thebest�ts for eachpro�le is givenin Table3.2. Theseareplottedagainstthedatain Figure

3.10.To seethevariationcausedby changingthecoreradius,theKing andSISmodelsareplotted

at differentcoreradii in Figures3.11and3.13. ThedeVaucouleursandNFW modelsareplotted

atdifferentcoreradii in Figures3.12and3.14.
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Pro�le CoreRadius(kpc) Â2

King 84 18.47
deVaucouleurs 99 655.8

IsothermalSpheredeVaucouleurs 69 20.21
NFW 95 512.0

Table3.2: Lowestvalueof Â2. The possiblevaluesof the coreradii werethe integersfrom one
through99kpc.

Weloopedoverarangeof integercoreradii from onekpcto 99kpc,andalsoallowedthemass

interior to theimagesto vary from 7 ¤ 1012M ¯ to 1:3 ¤ 1013M ¯ with a stepsizeof 1011M ¯ . The

Â2 valuesfor theKing andSISmodelsareplottedin Figures3.15and3.17.TheÂ2 valuesfor the

deVaucouleursandNFW modelsareplottedin Figures3.16and3.18.
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Figure3.10:Modelsvs. Data.Thedatais theblackline, theKing modelsis red,thedeVaucouleurs
modelis blue,theSISmodelis green,andtheNFW modelis yellow.
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Figure3.11:King Pro�le atVariousCoreRadii. Thedatais theblackline,andtheblue,red,green,
andyellow linescorrespondto cores(in kpc)1, 25,84 (best�t) and99 respectively.
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Figure3.12:deVaucouleurPro�le at VariousCoreRadii. Thedatais theblackline, andtheblue,
green,yellow, andredlinescorrespondto cores(in kpc)1, 50,75,and99 (best�t) respectively.
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Figure3.13:SISPro�le atVariousCoreRadii. Thedatais theblackline, andtheblue,green,red,
andyellow linescorrespondto cores(in kpc)1, 25,69 (best�t), and99 respectively.
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Figure3.14: NFW Pro�le at VariousCoreRadii. Thedatais theblack line, andtheblue,green,
yellow, andredlinescorrespondto cores(in kpc)1, 50,75,and95 (best�t) respectively.
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Figure3.15:CoreRadii vs. MassInterior vs. Â2 for theKing Pro�le. Thecontourlevelsareat Â2

valuesof 20,40,80,and160.

36



Figure3.16:CoreRadiivs. MassInteriorvs. Â2 for thedeVaucouleursPro�le. Thecontourlevels
areatÂ2 valuesof 90,180,360,and720.
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Figure3.17: CoreRadii vs. MassInterior vs. Â2 for theSISpro�le. Thecontourlevelsareat Â2

valuesof 20,40,80,and160.
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Figure3.18:CoreRadii vs. MassInteriorvs. Â2 for theNFW pro�le. ThecontroulevelsareatÂ2

valuesof 62,130,260,and520.

39



Chapter 4

Conclusions

Wehave foundanonzeró g, meaningthatthismethodcon�rms thatthereis lensing.FromFigure

3.10,´ g is best�t by a King or SISpro�le. ThedeVaucouleursandNFW pro�les give very poor

�ts, andwe seefrom Figures3.12and3.14thatthey areinsensitive to changesin thecoreradius.

FromFigures3.16and3.18,weseethatmodelsareconsistentlytoo low, suggestingthatthemass

interior to the imagesis too small. Betterresultscouldbegain by further researchingthenearby

clusteraddingit into the´ g calculations.Thismethodcanalsobeappliedto othermultiply imaged

sources.
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