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Abstract 

A gravitational lens bends the light from a source, distorting the morphology. Further, if the 

lens is sufficiently strong, this distortion can produce multiple images of the original source. With 

multiple images that have a known time delay, one can calculate Hubble's constant. However, 

there is some difficulty in doing so because one needs to accurately describe the mass distribution 

of the lens system. One such source is 0957+561 , a gravitationally lensed quasar with two resolv

able images, one of which has an extended, polarized jet. Unlike the morphology, the intrinsic 

polarization of the jet is unchanged by gravitational lensing. We therefore predicted the deviation 

of the polarization from the observed morphology of the jet due to weak lensing. By simulating 

King, de Vaucouleurs, softened isothermal sphere (SIS), and Navarro, Frenk, and White (NFW) 

mass profiles for the lensing galaxy, we quantified the sensitivity of the observed lensing signal to 

these different models. We then combined this with the amount of mass that must be interior to 

the two images, which we calculated to be 8.3 * 1012 M0 using strong lensing. We found that the 

King and SIS profiles were consistent with the data, while the cuspy profiles, de Vaucouleurs and 

NFW, were inconsistent with the data. This technique of using both strong and weak lensing can 

be applied to any source with multiple images and a jet with adequate polarization. 
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Chapter 1 

Introduction 

1.1 Gravitational Lensing 

After Newton first theorized gravity, he pondered the question as to whether or not gravity would 

affect light and bend the light rays. Later, in 1804, a German mathematician and astronomer 

named Johann Soldner worked on calculating the bending angle for a ray of light just grazing 

the sun [Soldner, 1804]. Albert Einstein followed up with his own calculation in 1911 , agreeing 

with Soldner's work, though incorrect. After completing his work with general relativity, Einstein 

was the first to calculate the correct value of the bending angle, which was twice the value of 

his previous calculation. It was later discovered that Einstein had also theorized the possibilities 

that gravity would be able to cause multiple imaging, magnification, and the general equation for 

lensing [Renn et aI. , 1997]. His calculation was then proved to be accurate by Arthur Eddington, 

who had observed the positions of stars during a 1919 solar eclipse [Eddington, 1919]. 

Gravitational lensing can magnify objects, allowing us to see more distant objects. However, it 

is most often used to measure mass. Lensing is a visible effect that can tell us about the invisible 

mass causing it. With multiply imaged sources, if the mass distribution is well-known, the time 

delay of the images can be used to calculate Hubble's constant, which is a measure of the universe's 

expansion [Refsdal, 1964]. Lensing also has the property of magnification, allowing us to see very 

4 



distant objects. 

1.2 Quasars 

Quasars were first discovered to be pointlike objects of extreme luminosity. They are thought to be 

active galactic nuclei (AGN), along with Seyfert 1 and 2 galaxies. Their brightness is theorized to 

be the product of matter falling onto a supermassive black hole. The matter is then heated to very 

high temperature, giving off thermal radiation in a large range of the spectrum, spanning radio 

to x-ray. There are multiple types of quasars, which are defined by specific differences in their 

spectra. The first quasar discovered radio loud, leading to its label of QSR for "quasi-stellar radio 

source" and was radio loud. Then a QSO, for "quasi-stellar object," was discovered, which was 

radio quiet. Finally, blazars, the brightest of all quasars, were discovered, and they are known by 

their strongly polarized radio and optical emission, which is highly variable on a scale of days or 

even hours [Sparke and Gallagher, 2000]. 

The quasars are associated with strong magnetic fields, probably caused by the flow of ionized 

gas falling on an accretion disk of a black hole [Sparke and Gallagher, 2000]. The black hole may 

also cause electrons to move relativistically, and thus, we can observe synchrotron radiation as 

the electrons spiral along the magnetic fields. Some AGN's, including quasars, produce jets of 

highly collimated relativistic particles. The jet ends in a more diffuse lobe, which is caused by the 

relativistic matter shocking the interstellar medium. These jets are on the scale of kiloparsecs. 

1.3 0957+561 

Two objects, 0957+561A and 0957+561B, only six arcseconds apart, had nearly identical spectra 

and redshifts of z = 1.414 (see Figure 1.1). These images fueled the discovery of the first multiple 

imaged quasar [Walsh et aI. , 1979]. The galaxy that is thought to produce the double image of 

0957+561 , hereafter referred to as Gl , has a redshift of z = 0.39 [Young et aI. , 1980]. However, 

the specific parameters of G 1 have been much in contention. In addition to the galaxy, there is a 
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Figure 1.1: The System for 0957+561. The two quasar images are labeled A and B, and the galaxy, 
G 1, is marked by the red dot. 

cluster surrounding G 1 at a redshift of z = 0.355. 

1.4 Measurements 

Gravity affects the light that we see from a source, distorting its image. Hence, we cannot trust 

that the morphology of an object we see is its true morphology. As with matter, the more massive a 

lens, the stronger the pull of gravity. Thus, the amount of distortion is related to the amount of mass 

of the lens. However, we still need to determine what the true morphology of the source is. We 

want to measure an intrinsic quality of the source's morphology that is not affected by gravitational 

lensing. One such quality is the polarization, which should be aligned with the true morphology of 

the jet [Dyer and Shaver, 1992]. Thus if we measure the polarization angle and compare them to 

the tangent angles of the jet's observed morphology, we can measure "how much" lensing there is. 

In this paper, I will present the theory of this technique in Chapter 2. The observations, image 

processing, and results will be in Chapter 3. Final conclusions will be in Chapter 4. 
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Chapter 2 

Theory 

2.1 Cosmological Parameters 

2.1.1 Friedmann-Robertson-Walker Cosmology 

The universe is clearly not isotropic and uniform, but it is very difficult to model it as such. How-

ever, it appears to be so on scales greater than 100 megaparsecs, allowing us to describe it with 

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

may be have either positive, negative, or zero curvature. The curvature constant, K." is + 1 for pos-

itively curved space, -1 for a negatively curved space, and 0 for flat space. We then describe the 

radius of curvature to be some length R. For a flat space, the sum of the angles of a triangle will 

be 1f. For a positively curved space, the sum of the angles of a triangle will be 1f + :2' where A 

is the area of the triangle. Similarly, for a negatively curved space, the sum will be 1f - :2' In 

addition to curvature, the universe can be expanding, contracting, or staying static. The scale factor 

a (t) ,describes how a distance expands or contracts with time. To take the curvature into account 

in the radial coordinate FRW metric is given by 

(2.1) 
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Taking the curvature into account in the angular coordinates, the metric is then 

(2.2) 

where 

R sin fl ' K, = + 1 

r (2.3) 

R sinh fl ' K, = -1 

[Ryden, 2003] 

2.1.2 Cosmological Parameters 

The redshift, z, of an object relates the wavelength of a photon emitted, Aem , from it to the wave-

length of the photon we receive, A Obs . 

(2.4) 

Since the wavelength of the photon at the time of emission and observation is directly related to 

the scale factor at the respective times, we see that 

The Hubble parameter, H(t) , is defined as 

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

(2.5) 

(2.6) 

and gives the relationship between an object's velocity, v(t) , and proper distance, x(t) , from us 

H(t) = v(t) 
x (t) 
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[Ryden, 2003] 

The Friedmann equation, which relates the curvature and the scale factor to the mass/energy 

content, for a universe governed by an FRW metric derived from Einstein's field equation is given 

by 

H 2 87rG K,C2 

(t) = -3c-2 E(t) - -R-2a-(t~)2 (2.8) 

where G is the gravitational constant, c is the speed oflight, and E(t) is energy density. We see that 

for a flat universe, K, = 0, the Hubble parameter depends only on the energy density. 

(2.9) 

We see that there is a critical energy density, 

(2.10) 

such that if c (t) > c c (t), then the universe is positively curved and if c (t) < c c (t) , then the universe 

is negatively curved. The fluid equation, given by 

. a 
c + 3- (c + P) = 0 

a 
(2.11) 

can be combined with the Friedmann equation (equation 2.8) and equation 2.6 to get the accelera-

tion equation, 
a 47rG 
- = --(c +3P) 
a 3c2 

(2.12) 

Note that for matter, Pm = 0 and for dark energy, PA = - CA. [Ryden, 2003] 

The deceleration parameter, q, is a dimensionless number that describes how a( t) is decreasing. 

a(t) a(t) a(t) 
q = - a(t)2 = - a(t) H (t) 2 (2.13) 

Observe that the sign of q means that a negative deceleration parameter describes a negative de-
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crease, that is, acceleration. The deceleration parameter can also be written in terms of the density 

parameters for mass, OM, and dark energy, OA, where the density parameter is the ratio of the 

actual density to the critical density: 

(2.14) 

Then, using equation 2.12, equation 2.13 becomes 

(2.15) 

Likewise the Friedmann equation can be written as 

(2.16) 

[Ryden, 2003] 

2.1.3 Distance 

When given a redshift, z, the actual physical distance to which the redshift translates is affected by 

the cosmological parameters applied to the angular distance. If the subscript, 0 , denotes present 

day values of the various parameters, the co moving distance, D c, to an object is a measure of the 

difference of the comoving coordinate, w, at the time a photon is emitted, t em and the time when 

we receive the photon, t abs . 

(2.17) 

where the negative sign indicates the photons are incoming [Burns, 2002]. From equation 2.5, we 

see that 

Ra 
l+ z = -

R 
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Then using the Mattig relationship, 

(2.19) 

Then equation 2.17 becomes 

1 t dz' 
D c = - in -----r================= 

Ho ° OM,o (1 + Z)3 + OA,o + (1 - OM,o - OM,o) (1 + Z)2 
(2.20) 

The angular-size distance, D L' can be written in terms of the comoving distance. 

(2.21) 

If OA = 0, the angular distance, is given by 

( ) _ ~ z [( z + 1) + Jl + ZOMj 
DL Z, HO , OM - 2 

Ho (1 + qz + Jl + ZOM) (1 + z ) 
(2.22) 

Otherwise, the angular distance must be numerically integrated [Burns, 2002]. I will be using the 

values of Ho = 77 km/s/Mpc , OM = 0.3, and OA = 0.7, which implies qo = -0.55 (equation 

2.15). 

2.2 Theory of Gravitational Lensing 

When a photon is emitted, it is affected by gravity and its path may be deflected by a nearby mass. 

Using the thin lens approximation, the three-dimensional mass of the lens is projected onto the 

a two-dimensional plane at the redshift of the lens. Then, it is assumed that all of the deflection 

occurs at the lens as seen in Figure 2.1. 

For a point mass, the bending angle, a, depends on the mass of the lens, M, and the impact 
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Figure 2.1: Lens Geometry. Dos is the distance from the observer to the lens, DOL is the distance 
from the observer to the lens, and D LS is the distance from the lens to the source. Since these 
distances are so great, the small angle approximation is assumed. 

parameter, h: 
4M 

a=-
h 

(2.23) 

where we are using the convention G = c = 1. 

If the lens is positioned close enough to the lens and has enough mass, the source will have 

multiple images. This is called strong lensing, as opposed to weak lensing, which is when there is 

one image that has been magnified or distorted. A point mass always produces two images, but and 

extended source always produces an odd number of images [Dyer and Roeder, 1980]. However, 

one or more of the images may be too dim to detect. 

The light that we see has been lensed, and if we could somehow view the source without the 

effects of the lens, this would be the source plane. What we observe, with all of the lensing effects, 

is called the image plane. The impact parameter in the image plane, h, can be related to the impact 

paramter in the source plane, hi: 

hi = h- Da 
4 
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where D is the distance factor, given by: 

411 
-=--+
D DOL DLS 

(2.25) 

where DOL is the distance from the observer to the lens and D LS is the distance from the lens to the 

source. Substituting equation 2.23 into equation 2.24, we get the lens equation for a point mass. 

hi = h- DM 
h 

(2.26) 

If we were to deal with an extended lens rather than a point mass, the equations of lensing 

would change from those above. For a transparent, spherically symmetric lens distribution, the 

amount of mass that affects the photon will depend on the impact parameter. the bending angle for 

a spherically symmetric lens is: 

a(h) = 4M (h) 
h 

(2.27) 

where M (h) is the mass within a cylinder with radius h, formed around the axis along the line of 

sight. The lensing equation is then: 

where the cylindrical mass is: 

hi = h- D M (h) 
h 

M(h) = 21f lh C7(h) h dh 

and the mass density, C7(h) , is given by 

(2.28) 

(2.29) 

(2.30) 

where s is the distance along our line of sight. The mass of a lens is parameterized by position, 

which we can measure, and mass profile. 
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2.3 Profiles 

There are many different ways that the mass of the lens could be distributed. Each profile is defined 

with a central density, Po, a core radius, r a, that sets the scale of the lens, and a cut radius, r c, that 

gives the maximum extent of the lens and should be much larger than the scale of the image. Since 

7]g measures the bending along the jet. it should theoretically be able to differentiate between the 

different profiles. The mass interior to the images will be an added constraint to find the values of 

the variables in each profile that could possibly describe the lens. Comparing this to the 7]g from 

0957+561, we may be able to decide that one profile is substantially more accurate, or that some 

or all of the profiles are virtually indistinguishable. 

The three dimensional mass profile will be given by p( r ). This is then be flattened to match 

the two-dimensional projection onto the sky that we see. The two-dimensional mass profile will 

be denoted by (J (r ). 

2.3.1 The King Profile 

The density distribution for the King model is given by 

(2.31 ) 

,r > rc 

[King, 1966]. As r becomes very large, the mass drops off as r - 3 This is typical of mass profiles 

for globular clusters and elliptical galaxies. 
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2.3.2 The Navarro, Frenk, and White Profile 

The density for the Navarro, Frenk, and White (NFW) density is 

Po ,r = 0 

p(r ) = Po ,0 <r :S rc :a [H(:Jl 2 
(2.32) 

0 ,r > rc 

[N avarro et aI. , 1997]. When r is very small, the mass goes as r - 1. As r becomes very large, the 

mass drops off like r - 3 , as in the King model. This is a prediction ofN-body simulations of cold 

dark matter. 

2.3.3 The Softened Isothermal Sphere 

The profile for a softened isothermal sphere (SIS) is given by 

(2.33) 

[Sparke and Gallagher, 2000] . This model has a slower drop off of r-2, and unlike the isothermal 

sphere, it is not singular at r = O. This shows a flat rotation curve as observed for spiral galaxies. 

2.3.4 The de Vaucouleurs Profile 

This profile originated from observations of brightness in disk galaxies. 

(2.34) 

where Bo is the central brightness [de Vaucouleurs, 1948]. This is a two-dimensional quantity, so 

there is no three-dimensional density for this profile. Therefore, the two-dimensional profile is 
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given by 

(2.35) 

where k = 7.66925001 [de Vaucouleurs, 1948]. This distribution has the mass centrally concen-

trated. As r increases, the mass drops off very steeply, in fact its integral over all r is finite. Thus, 

it does not need a cut radius defined for it. 

2.4 Polarization Angles 

The polarization oflight can be described using x and y vectors or left and right polarizations. One 

can think of light as having a certain amount of polarization in the x direction and a certain amoun 

in the y direction. These can easily be transformed into polar coordinates, given us a magnitude, 

r, and an angle, () : 

(2.36) 

() = arctan(~) (2.37) 

Alternatively, one can portray light to have a certain amount of left circular polarization and a 

certain amount of right circular polarization. Radio telescopes have two feeds, R for right and L 

for left, that measure the amplitude and phase of the polarizations. The information from each feed 

is then interfered with the complex conjugate of both itself and the other feed. The combinations 

are then defined as follows: 

[ 
(RR*) 

(LR*) 

(RL *) ] = [ I + iV Q + iU ] 

(LL*) Q- iU I-iV 
(2.38) 

I , Q, U, and V are called the Stokes parameters. V , the elliptical polarization, is negligible, so we 

may assume it is zero. The Stokes paramters are given by 

I = (RR*) = (LL *) (2.39) 

16 



Q = ~ ((RL*) + (LR*) ) 

U = ;i (( RL *) - (L R*) ) 

The polarization intensity, PI, is also given by: 

In terms of the polarization angle, x: 

Q = cos(2X) 

U = sin(2x) 

Dividing equation 2.44 by equation 2.43 and solving for x: 

(2.40) 

(2.41 ) 

(2.42) 

(2.43) 

(2.44) 

(2.45) 

As the path of a photon is changed by a lens, the polarization angles are not changed by gravity 

[Dyer and Shaver, 1992]. However, things such as magnetic fields, the jet itself, and the atmo

sphere can change the polarization through Faraday rotation. This change is dependent on the 

square of the wavelength, ). 2 , so if measurements are taken at different wavelengths, one can solve 

for the amount of rotation per wavelength squared. This is called the rotation measure, R M . Ifwe 

observe the rotated polarization XA, where the subscript A represents a particular band, then we 

can find the original polarization from the source Xo: 

XA = Xo +RM).2 (2.46) 

So with two unknowns, RM and xo, taking measurements in at least two different wavelengths will 

allow one to take out the Faraday rotation. However, there is the problem ofnrr-degeneracy. Polar

ization angles have no preferred direction so 7r and 27r are essentially the same. It is impossible to 
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tell just how many rotations the polarization has undergone with only two wavelengths. To try and 

ascertain the number of turns an angle has undergone, it is best to take at least three measurements 

that are not equally spaced. The recommended minimum is two wavelengths whose difference is 

large so that accuracy is maximized, and a third wavelength that is close enough to that of another 

so there is a very small probability that the polarization vector will undergo a full tum from one 

wavelength to the other. Once XO has been found, the Q and U images can be derotated to get Q 0 

and Uo : 

Qo = J Q2 + U2 cos(2Xo) 

Uo = JQ2 + U2 sin(2xo) 

(2.47) 

(2.48) 

As a check, one can see that J Q~ + U; = J Q2 + U2 meaning the total degree of polarization 

has not been changed by rotation. 

2.5 The Alignment Breaking Parameter, 1}g 

From the image of the jet extending from 0957+561A, one can define a set of anchor points 

{An (X, y)} defining the general morphology of the jet. The angles between adjacent anchor points 

gives the tangent vectors of the jet, 'IjJ . There are two vector fields, 'IjJ (x , y) and XA(X, y). 'IjJ is 

rotated by a gravitational lens, but X is not; therefore, if the polarization vectors are aligned with 

the jet in the source plane, then we should be able to detect lensing by measuring TJg: 

TJg = 'IjJ - XA (2.49) 

If there were no lensing, then TJg would be zero everywhere. One can create models using the 

position of the jet, and adding lenses with specified parameters to get a theoretical TJg. Comparing 

the theoretical value to the observed value of TJg will decide which models best imitate observations. 

There are cases where one would measure a zero TJg even though there is gravitational lensing. 

One case is the mass-sheet degeneracy. If there is a mass sheet that affects the entire jet system-
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atically, then there only will be an overall magnification. In other words, the size of the jet will 

become larger, but there will be no rotation. The second case where an T}g analysis would fail is 

if there were a jet that encircles the lens such that each point of the jet were equidistant from the 

lens. Then, the jet would be pushed away from the lens uniformly, and again there would be no 

rotation. Lastly, if jet extended radially from the lens, then it would only be pushed away and 

extended radially, which again would cause no rotation. 

2.6 The X2 Statistic 

In order to find a "best fit" for a model, we need to have a way of measuring how well the model 

matches the observed data. One method is to minimize the statistic X2 for n data point, given by 

n ( _ )2 
2 L Xi - Xi 

X = (J2 
i= l ~ 

(2.50) 

where Xi is the value of the model, Xi is the value of the data, and (Ji is the uncertainty of the data. If 

the model were to match up exactly with the data, then Xi = Xi for all i, giving X2 = O. The greater 

the difference between the model and the data, the greater X - X will be, giving a large value of X2. 

However, we see that for each point, we scale it by the uncertainty. A large uncertainty will make 

a poor agreement between the model and the data more reasonable, that is, it will contribute little 

to X2, since the value of the data is questionable. On average, X - X "-' (J , meaning that X2 "-' n. If 

X2 is much greater than n , it is likely that either the fit is very poor, or the error of the data points 

was underestimated. Likewise, if X2 is much less than n, it is likely that the fit is very good, or 

error was overestimated. 
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Chapter 3 

Observations 

3.1 Radio Interferometry 

An array of N radio antennae can be thought of as an ensemble of N(~ - 1) pairs of antennae since an 

antenna can be paired with each of the others. Thus we can understand an array by understanding 

just a two-element ensemble. When a pair of radio telescopes are pointed at a source, the light they 

receive cannot be directly combined to produce an image. The source is moving with respect to 

the telescopes on the Earth, adding a Doppler shift to the light. In addition, the light has to travel a 

different distance to each telescope, adding a geometric delay, Tg , defined by 

b·g 
Tg = -

C 
(3.1) 

where b points from one antenna to the other with the length of the baseline, g is the unit vector 

in the direction the antennae are facing, and c is the speed of light (see Figure 3.1). We see that 

b . g is the extra distance the light must go to the first antenna. The electronic receiver equiment 

introduces its own intrinsic noise to the data. The information from the pair are then sent to a 

correlator that takes out the Doppler shift and time delay. Now the signals are interfered, to give a 

voltage that is the Fourier transformation of the intensity of the light. Thus, we can make an image 

by taking the inverse Fourier transformation [Perley et ai. , 2004]. 
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~ -b . 5 

Figure 3.1: Antennae Pair. Light waves travelling to two antennae pointed in the same direction 
have different distances to travel [Perley et aI. , 2004]. 

Since the antennae are finite, they can obviously only see a finite piece of the sky. Using the 

coordinate system defined in Figure 3.2, the sky is projected onto the u - v plane. Over time, the 

Earth is also rotating, so the piece of the sky the antennae are focused on traces out an circle on 

the u - v plane, bounded by the horizon. The u - v coverage for the observation of 0957+561 is 

shown in Figure 3.3. 

3.2 Data Reduction 

Our observations of 0957+561 came from the VLA archives, and were reduced using AIPS++. 

They were at four different frequencies and taken at three different times (see Table 3.1). The 

data from the same frequency but different observations were combined to strengthen their signal. 

Observations 2 and 3 also had data from frequencies 14914.9 MHz and 14964.9 MHz, but their 

signal was too weak to give any definite images, so this data was not used. Each observation was 

centered at right ascension 10:01:20.726975 and declination +55.53.53.198916 (Epoch 2000). 
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Figure 3.2: u - v Coordinate System. The sky IS projected onto u and v coordinates 
[Perley et al. , 2004]. 
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Figure 3.3: u - v Coverage for 0957+561. This shows how much of the sky is actually observed 
by the antennae. 
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3.2.1 Calibration 

Radio data must be calibrated for electronic gain (G), parallactic angle corrections (P), polarization 

(D), and errors that are polarization independent (T). Generally, calibrations are done in order of 

their magnitude of effect. However, P, the apparent change in an object's positition due to the 

rotation of the Earth, is the easiest to correct, since it is just a calculation that needs to be applied 

to the data. The solutions for G translate the electronic signal into a measurement of flux. Using 

a source of known flux, G can be solved for by taking a measurement on a timescale over which 

the instruments or atmosphere will probably not be changing. Then, we can map the voltage 

received, to the actual flux. D calibration is similar to G calibration, except that instead of flux, we 

are measuring polarization. We take a source of known polarization to find not only what signal 

corresponds to what polarization, but to also measure leakage between the Land R feeds. 

Observations 1 and 2 had calibraters 1031 +567 and 1328+307 (3C286), but Observation 3 had 

only 1031 +561. 

3.2.2 Deconvolution 

As we saw in Figure 3.3 , only a finite number of (u, v) points are sampled. When the Fourier 

transform is computed, we do not get a perfect Gaussian: we get "ringing" artifacts. However, we 

know what a point source should look like. The point spread function (PSF) fits the distortion of a 

circular Gaussian, giving the minor and major axes as well as the angle of the observed elliptical 

Gaussian. The images before deconvolution, referred to as the dirty beam, are in Figure 3.4. Thus 

if we know what the distorted image looks like, we can recover the point source. 

The dirty beams were then cleaned using the Clark alogorithm. This take the brightest point 

and removes it and the distortion it should cause from the image. After this was repeated 5000 

times, the image is cleared, and the points that were originally removed are replaced. Then the 

images were calibrated again, using the cleaner image as a model, and cleaned a second time with 

the previous method (see Figure 3.5). These images can then be viewed as intensity contours as in 

Figure 3.6. 
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Figure 3.4: Image as Observed. This image is before deconvolution. a) Frequency 4835.1 MHz. 
b) Frequency 4885.1 MHz. c) Frequency 8414.9 MHz. d) Frequency 8464.9 MHz. 
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Figure 3.5: Final Cleaned Images. These are the final images that were used for analysis. a) 
Frequency 4835.1 MHz. b) Frequency 4885.1 MHz. c) Frequency 8414.9 MHz. d) Frequency 
8464.9 MHz. 
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Figure 3.6: Intensity contours of 0957+561. a) Frequency 4835.1 MHz with contours at [0.125, 
0.25, 0.5,1.0,2.0, 4.0] with a scale factor of 0.00412175758. b) Frequency 4885.1 MHz with con
tours at [0.125, 0.25, 0.5,1.0,2.0, 4.0] with a scale factor of 0.00412175758. c) Frequency 8414.9 
MHz with contours at [0.0625, 0.125, 0.25, 0.5,1.0,2.0, 4.0] with a scale factor of 0.00412175758. 
d) Frequency 8464.9 MHz with contours at [0.0625, 0.125, 0.25, 0.5,1.0,2.0, 4.0] with a scale 
factor of 0.00412175758. 

3.2.3 Derotation and Convolution 

The rotation measure and the original position angle were calculated using the standard method 

from AIPS++ [Leahy et aI., 1986]. At each pixel, the polarizations and wavelengths are used to 

compute the line of best fit to equation 2.46. The polarization angles found were between 0° and 

180° (see Figure 3.8), though from equation 2.45, one can see that the domain should be from 

-90° to 90°. Finally, the images were convolved with the beam taken from the data with the lowest 

frequency (see Figure 3.7). 

Once there were intensity images for each frequency, we found anchor points to mark the 

morphology of the jet (see Figure 3.9). The anchors were chosen as the approximate average of 

the intensity contours. 
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Figure 3.7: Intesity contours of 0957+561 after convolving with the beam for 4835.1 MHz. ) 
Frequency 4835.1 MHz with contours at [0.125, 0.25, 0.5,1.0,2.0, 4.0] with a scale factor of 
0.00412175758. b) Frequency 4885.1 MHz with contours at [0.125, 0.25, 0.5,1.0,2.0, 4.0] with a 
scale factor of 0.00412175758. c) Frequency 8414.9 MHz with contours at [0.0625, 0.125, 0.25, 
0.5,1.0,2.0, 4.0] with a scale factor of 0.00412175758. d) Frequency 8464.9 MHz with contours at 
[0.0625, 0.125, 0.25, 0.5,1.0,2.0, 4.0] with a scale factor of 0.00412175758. 

I ID# I Start End I Frequency (MHz) I 
1 91-Aug-1713 :31:15 91-Aug-1723:48:45 4835.1 

4885.1 
8414.9 
8464.9 

2 18-Aug-1991 13 :23:45 18-Aug-199123 :31:55 4835.1 
4885.1 

3 18-Aug-1991 23:32:25 19-Aug-1991 01 :23:25 4835.1 
4885.1 

Table 3.1: VLA Observations. All observations were taken in the A configuration with 26 anten
nae. 
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Figure 3.8: Polarization Map. The jet is defined by the smooth transition of polarization angles. 

Figure 3.9: 0957+561 at 48335.1 MHz. The anchor points (red x's) were chosen to try and find the 
average of the intensity. The polarizations (black lines) at the anchor points are proportional to the 
polarization intensity and the angles reflect the polarization angle. 
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3.3 The System 

In pixel coordinates (x, y), I found that 0957+561A was at (260.3 ± 1.0, 281.6 ± 1.0) and that 

0957+561B was at (248.0 ± 1.0, 221.0 ± 1.0). Using the coordinate system where 0957+561B 

is at (0, 0) arc seconds, then 0957+561A is at (-1.23 ± 0.1, 6.06 ± 1.0) arcseconds. Gl is at 

(0.1820 ± 0.0035, 1.0178 ± 0.0035) arc seconds [Bernstein et aI. , 1997] which in pixel coordinates 

is (246.180 ± 0.035, 231.178 ± 0.035). So, the distance from 0957+561A to Gl is approximately 

52.362 pixels or 5.236 arc seconds, and the distance from 0957+561B to G 1 is approximately 

10.339 pixels or 1.034 arcseconds. The scale at the lens is 4.910 kpc/arcsecond, and the distance 

factor is approximately 2.386552 Gpc. The distance to the lens is approximately 1.012827 Gpc, 

and the distance to the source is approximately 1.62449 Gpc. The mass interior to the images 

derived from the separation of the quasar images is about 8.3 * 1012 MG. 

3.4 Results 

Setting the cut radius to 100 kpc, a range of integer core radii from one kpc to 99 kpc was used 

to calculate the cylindrical masses for each profile: King, NFW, de Vaucouleurs, and isothermal 

sphere. The calculations were using a mass interior to the two images of Mint = 8.3 * 1012 MG. To 

minimize X2 , we simply looped over the various values of the core radii and kept track ofthe values 

of X2. The data points for the second and third anchor points were masked due to their extremely 

weak signal. The last two anchor points were masked because they were in the lobe, where the 

alignment of the polarization and the actual morphology is less certain. Note that masking a point 

means that its polarization is not used in the analysis, but its position is used to calculate the tangent 

angles with respect to adjacent points. 

The best fits for each profile is given in Table 3.2. These are plotted against the data in Figure 

3.10. To see the variation caused by changing the core radius, the King and SIS models are plotted 

at different core radii in Figures 3.11 and 3.13. The de Vaucouleurs and NFW models are plotted 

at different core radii in Figures 3.12 and 3.14. 
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Profile I Core Radius (kpc) I X2 

King 84 18.47 
de Vaucouleurs 99 655.8 

Isothermal Spherede Vaucouleurs 69 20.21 
NFW 95 512.0 

Table 3.2: Lowest value of X2 . The possible values of the core radii were the integers from one 
through 99 kpc. 

We looped over a range of integer core radii from one kpc to 99 kpc, and also allowed the mass 

interior to the images to vary from 7 * 1012 M0 to 1.3 * 1013 M0 with a step size of lOll M0 . The 

X2 values for the King and SIS models are plotted in Figures 3.15 and 3.17. The X2 values for the 

de Vaucouleurs and NFW models are plotted in Figures 3.16 and 3.18. 
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Figure 3.10: Models VS . Data. The data is the black line, the King models is red, the de Vaucouleurs 
model is blue, the SIS model is green, and the NFW model is yellow. 
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Figure 3.11 : King Profile at Various Core Radii. The data is the black line, and the blue, red, green, 
and yellow lines correspond to cores (in kpc) 1, 25, 84 (best fit) and 99 respectively. 
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Figure 3.12: de Vaucouleur Profile at Various Core Radii. The data is the black line, and the blue, 
green, yellow, and red lines correspond to cores (in kpc) 1, 50, 75, and 99 (best fit) respectively. 
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Figure 3.13: SIS Profile at Various Core Radii . The data is the black line, and the blue, green, red, 
and yellow lines correspond to cores (in kpc) 1, 25, 69 (best fit) , and 99 respectively. 

34 



,-.., 
(fl 
QJ 
QJ 
L 

o 
L[) 

g 0 r+-+-r-r-r-r~~+-+-+-+-r-r-~~~-+-+-+-r-r-r-r~~+-+-+-+-r-~ 
-0 
'--' 

o 
L[) 

I 

o 0 .5 1.5 2 e (a rc - sec) 
2.5 3 

Figure 3.14: NFW Profile at Various Core Radii . The data is the black line, and the blue, green, 
yellow, and red lines correspond to cores (in kpc) 1, 50, 75, and 95 (best fit) respectively. 
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Figure 3.15: Core Radii vs. Mass Interior vs. X2 for the King Profile. The contour levels are at X2 
values of 20, 40, 80, and 160. 
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Figure 3.16: Core Radii vs. Mass Interior vs. X2 for the de Vaucouleurs Profile. The contour levels 
are at X2 values of 90, 180, 360, and 720. 
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Figure 3.17: Core Radii VS. Mass Interior vs. X2 for the SIS profile. The contour levels are at X2 
values of 20, 40, 80, and 160. 
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Figure 3.18: Core Radii VS. Mass Interior vs. X2 for the NFW profile. The controu levels are at X2 
values of 62, 130, 260, and 520. 
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Chapter 4 

Conclusions 

We have found a nonzero 7]g, meaning that this method confirms that there is lensing. From Figure 

3.10, 7]g is best fit by a King or SIS profile. The de Vaucouleurs and NFW profiles give very poor 

fits, and we see from Figures 3.12 and 3.14 that they are insensitive to changes in the core radius. 

From Figures 3.16 and 3.18, we see that models are consistently too low, suggesting that the mass 

interior to the images is too small. Better results could be gain by further researching the nearby 

cluster adding it into the 7]g calculations. This method can also be applied to other multiply imaged 

sources. 
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