A Tale of Two Wide Separation
Gravitational Lenses

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fa&ult
der

Rheinischen Friedrich-Wilhelms-UniveraitBonn

vorgelegt von
Anupreeta More
aus

Mumbai (India)

Bonn, 2008



Angefertigt mit Genehmigung der Mathematisch-Naturwisshaftlichen
Fakultét der Rheinischen Friedrich-Wilhelms-UniveéiBonn

1. Referent: Prof. Dr. Peter Schneider
2. Referent: Prof. Dr. Johannes Schmid-Burgk

Tag der Mindlichen Piafung: 05 June 2008

Diese Dissertation ist auf dem Hochschulschriftensereerld B Bonn,
http://hss.ulb.uni-bonn.de/diss_online, elektronisch publiziert.



Contents

Constants and Quantities 7
Overview 9
1 Introduction 11
1.1 BackgroundonCosmology . . . . . . . . . .. . .. 11
1.1.1 Structure Formation . . . . ... .. ... ... .. .. ... 12
1.2 Theory of Gravitational Lensing . . . . .. ... ... ........ 14
1.2.1 Deflection Angle and Lens Equation . . . . . .. .. ... ... 4 1
1.2.2 Magnification, Shape and Parity ofImages . . . . . ... ... 18
1.23 TimeDelayoflmages . ... .. ... .. .. ... ....... 19
1.2.4 Ordinary (non-critical) Image Properties. . . . .. ...... 20
1.2.5 Critical Image Properties . . . . . . .. .. ... ... ...... 12
1.3 Gravitational LensingasaTool . . . . ... ... ... ...... .. 23
1.3.1 Substructure . . ... .. ... .. 24
1.3.2 Galaxy Mass Distribution and Importance of Environime . . . 24
2 Lens Mass Modeling 27
2.1 Algorithm for Parameterized Mass Modeling . . . .. ... ..... 27
2.1.1 Solvingthe LensEquation . . . . .. .. ... .......... 28
2.1.2 OptimizationoftheModel . . . . . .. ... ... ... ..... 29
2.1.3 Errors onthe Model Parameters . . . . . ... ... ... .... 31
2.2 StandardMassModels . . . .. .. ... ... 31
2.2.1 Power-law Density Profile of a CircularLens . . . ... ... 31
2.2.2 Singular Isothermal Sphere (SIS) Profile . . . . . ... ...... 32
2.2.3 Non-singular Isothermal Sphere (NIS) Profile . . . . ...... . 33
2.2.4 Singular Isothermal Ellipsoid (SIE) Profile . . . . ... ... 33
2.3 DegeneraciesintheModels . . . . . ... .. .. ... ... ..... 34
3 Interferometry and VLBI techniques for data reduction 37
3.1 Introduction . . . . . . . . 38
3.1.1 Synthesislmaging . ... ... ... . ... .. ... . ..., 40
3.1.2 BasicTerms. . . . . . . . . i 42
3.1.3 Smearingfects . . .. .. ... 43
3.2 PhaseReferencing . ... ... . .. . .. ... ... 44
3.3 Editing. . . . . .. 45



Contents

3.4 Calibration . . .. . .. ... 45
3.4.1 Amplitude Calibration . . . ... ... ... ... ........ 46
3.4.2 FringeFitting . . . . . . . . .. ... 47
3.4.3 Closure Phase and Amplitude . . . . .. ... ... ....... 48
3.4.4 Self-calibration . . .. ... ... ... ... .. .. . ... 48

35 Imaging . . . . . . . 49
3.5.1 DeconvolutioncLean Algorithm . . . . . . .. .. ... ... .. 51

4 Luminous substructure in the lens system MG 2016112 53

4.1 Background . . . . ... 54
411 ThelensedlmagesAandB ... ... ... ... ........ 54
4.1.2 Thelens . .. .. . . . . . . e 57
4.1.3 RegionC . . . . . .. e 57
4.1.4 ThelensedQuasar . . . . ... .. ... ..., 59
415 ThelensEnvironment . . . ... ... . ... .......... 59
4.1.6 HistoryofMassModels . . ... ... .............. 60

4.2 New ObservationsintheRadio . . . .. .. ... ............ 63
4.2.1 MERLINObservations . . . .. ... .. ... .. ........ 63
4.2.2 Global VLBIObservations . . . . . ... ... ... ....... 65
4.2.3 High sensitivity Array (HSA) Observations . . . . ... ... 71

4.3 MassModels . . . .. .. . . .. 74
4.3.1 TheKO02MassModel. . ... ... ... ... .. .. ...... 75
4.3.2 Constraintsand Priors . . . .. .. .. ... ... .. .. ..., 77
4.3.3 ATwo-Galaxymodel . . . . .. ... ... ... ......... 78
4.3.4 AThree-GalaxyModel . . . . . ... .. ... ... .. ... 83

44 ResultsandDiscussion . . . . . . . ... 3 8
441 TheRadioSpectra . ... ... ... .. .. ... .. .. ... 83
4.4.2 Relative Magnification of thelmages . . . .. .. .. ... .. 85
4.4.3 Substructure . . . . ... e 87
4.4.4 Comparison Between MassModels . . . ... ... ... .... 89

45 Conclusions . . . . . .. e 91

5 B2108+213: a massive radio-loud lens in a galaxy group 93

5.1 Introduction . . . . . . . . .. 93

5.2 DiscoveryintheRadio .. ... ... ... ... ... ... ... ..., 94
5.2.1 Opticalinfrared . . . . . .. ... .. .. ... .. 96
5.2.2 RecentX-ray Analysis . . . .. ... .. ... .. ... 97
5.2.3 ExistingMassModel . . . ... ... ... ... ... .. ..., 98

5.3 New ObservationsintheRadio . . . .. .. ... ... ......... 99
5.3.1 MERLIN 1.4 GHz Observations . . . . ... .. ... ...... 99
5.3.2 VLBA1.7GHzObservations . .. ................ 100
5.3.3 Global VLBI5 GHz Observations . . . . . ... ... ... ... 101

54 MassModels . .. . . ... 105
5.4.1 Case 1: C as the Active Nucleus of Lensing Galaxy G1 . . . 105

542 Case?2:CastheCorelensedlmage . . . ... ... ... .... 108
5.4.3 Limits on the Density Profileof G1 . . . .. ... ... ..... 011



Contents

55 DISCUSSION . . . . . . . o 116
5.5.1 Flux-Density Ratio ofthelmages . . .. ... ... ... ... 161
5.5.2 Thelensing Potential . . ... .................. 117
5.5.3 ARadio-loudLensingGalaxy . ... ............... 119
5.5.4 Estimating the Source Redshift. . . . . ... ... ... ... 120
56 Conclusions . . . . . . ... 121
6 Summary 123
A Cosmological concepts and terms 127
A.1 Distancesincosmology . . . . . . . . . . ... e 291
B Powell’'s minimization method 131
C Analytical approximations to estimate errors 133
D Errors using a Monte Carlo approach 135
Bibliography 137
Acknowledgments 145






Constants and Quantities used

throughout

Constant®Quantities

Values

Speed of light:

Gravitational constant:

Solar Mass:

Jansky:

parsec:

Hubble constant:

Energy density parameter of Matter:

Energy density parameter of Dark energy:

Cc=299792458<1® m s

G=667x10"mikgts?
M =2x 10¥kg

Jy= 1026 Watts nT2 Hz !

pc= 3.08568025< 10 m

Ho = 70 km s Mpc?

Qn=03

QA = 07






Overview

Two wide separation gravitational lens systems are inyatgd in this thesis. The wide
separation refers to the angular separation of the graontaty lensed images of a distant
source. Since the mass of an intervening lensing objecih@esor group of galaxies)
which deflects light rays from the source is proportionalhe square of the image sep-
aration, the wide image separation suggests that the prdiject is massive in both
systems (See Chapter 1). The main aim of this thesis is ty shabe massive lensing
objects in order to deduce the properties of the dark ma#tishand possibly the back-
ground source. Beginning with a general introduction to ¢hgent understanding of
cosmological structure formation and the distribution @s®in Chapter 1, an emphasis
on Gravitational Lensing and its growing applications igegi. Furthermore, a review of
some important recent results from the fields is given whidled the motivation for the
research presented in this thesis. Subsequent to thapetival background of gravita-
tional lensing, adequate for the main research carried engt, Ins formulated.

To continue further with the tools in lensing, in Chapter &ation is given to the
parameterised mass modeling aspect of lensing in ordemtdidaize the reader with
these concepts and techniques, which are used in the lattesfhihis thesis for both of
the lens systems. An analytical framework of some of thedstehmodels used for mass
modeling is laid down. The main degeneracies in lensingitet to be confronted with,
are also discussed.

The data that provide constraints to the mass models weagnelt from radio inter-
ferometric observations of each lens system. In Chaptdre3technique of Very Long
Baseline Interferometry (VLBI) is described. Since theeations are performed in the
phase referencinghnode for both of the lens systems, the emphasis is on thisspthe
interferometric observations. Similarly, some issuesditearingof features in the radio
images specific to these lens systems, are discussed.

In Chapter 4, new observations and mass models for the gtiavial lens system MG
2016+112 are presented. This system has four lensed images imdioavith a maximum
image separation of 3.6 arcsec. An account of previous work including the resaflup-
to-date multi-frequency observations and several maselsdslsketched. This system
has the highest redshift lensing galazy=1.01) and a high redshift background quasar
(z=3.27). The lensing galaxy of MG 2034.12 is found to have luminous substructure
in the form of a satellite galaxy. As a consequence of thdlgatgalaxy being in the
proximity of the lensing galaxy, the astrometry of the lahseages of MG 2016112 is
found to be distorted.

Observations of satellite galaxies in the local Universefaund to be discordant with
the Cold Dark Matter (CDM) predictions (e.g., Ké&mann et al. 1993). An estimate of
the substructure mass fraction of the total mass of the nendan be used to test predic-
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tions of CDM cosmology (e.g., Dalal & Kochanek 2002). Moreimntantly, unlike any
other lens system, the satellite galaxy in MG 20162 is spectroscopically confirmed to
be at the same redshift as the main lensing galaxy. Furthregrtiee mass model gives an
accurate mass estimate for the early-type lensing galaxg, €ombined with dynamical
studies for several lensing galaxies can be studied staligtto learn about galaxy for-
mation and evolution (e.g., Koopmans et al. 2006b). Morgdhe high magnification
(a factor 0f>100) of a pair of merging lensed images in MG 28162 allows a study of
the properties of a high redshift quasar with unprecedemgsalution and sensitivity.

The new radio observations carried out at three frequeaciésliferent epochs using
VLBI are presented. These observations have detected mmsgderadio components.
With the help of new and better observational constraihtsptrevious best working mass
model by Koopmans et al. (2002b) and a number of new modedsteated. The new
observational data are inconsistent with the model priedistof Koopmans et al. (2002b)
and their model needs to be modified. The spectral analysis tfihe new observations is
presented and the (non-) detection of substructure neawtienerging lensed images is
discussed.

In Chapter 5, the focus is on CLASS B21I8L3, the largest image separation lens
system £ 4.6 arcsec) discovered in the Cosmic Lens All Sky Survey\{Bi®et al. 2003).
B2108+213 is doubly imaged by a massive early-type lensing galaxy.365), which
is found to belong to a group of galaxies. The mass distwimstat galaxy-group scales
are not well-studied as compared to those at galaxy or clastdes, since lens systems
with intermediate image separations, such as B22a8, are few in number (Oguri et
al. 2005; Oguri 2006). Furthermore, the nature of a third gonent in the radio situated
close to the optical position of lensing galaxy is ambiguatigch could either be an odd
lensed image which are extremely rare to find due to the lownifiagtion (Narasimha et
al. 1986) or an Active Galactic Nucleus (AGN) of the lensiradexy.

The previous observational and mass modeling results fa0B213 are summa-
rized in the beginning of Chapter 5. New VLBI radio observat at 1.7 and 5 GHz are
made at dierent epochs and new MERLIN 5 GHz observations are preseebse-
quently, the fine structure found in the lensed images ard tséest various parame-
terised mass models and to constrain the slope of the degrsitye of the dark matter
halo. Furthermore, a spectral analysis of the radio commsrend the results of new
mass models are discussed, which confirm the status of tiierétdio component as the
AGN of the lensing galaxy in B21G&13. The background quasar in B2#23.3 is a BL
Lac type quasar with a featureless spectrum and the detationrof its redshift has been
elusive. Using the results of the new mass models preseetedamnd from the new ob-
servations presented in McKean et al. (in prep), the retlshthe quasar was estimated.
The conclusions from the new findings and mass modeling sisadye presented.

Lastly, the research presented here is summarized andtadgisoription of the possi-
ble future work is given in Chapter 6. The relevant conceptsraethods required in this
thesis, are expounded in the Appendix.
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1 Introduction

1.1 Background on Cosmology

A standard cosmological model has emerged over the last éeadds based on the the-
oretical framework provided by the general theory of reigti The Universe started in
a very hot dense phase and cooldflas it expanded. Small inhomogeneities were set
in the dense soup by the fluctuations of a quantum field. As pirneeeded, these small
fluctuations were amplified byravitational instabilitiesand led to the formation of large
scale structures in the Universe.

The above qualitative picture was given its present shageaajuantitative basis by
a variety of observations. Hubble’s discovery of the expamef the Universe convinced
cosmologists to abandon the idea of a static Universe. Tpareling Universe naturally
leads to the idea of a hot and dense initial phase. In additigredicts the existence
of a relic background of photons that should be observaldayto The observations of
this relic background (e.g., Smoot et al. 1992) called thendo Microwave Background
(CMB), at the expected temperatured K), gave a great deal of confidence in the belief
of an expanding Universe.

A flat geometry of the Universe is possible only if the energpslty of the Universe
is equal to a critical value (see Appendix A). The energy deginsferred from the light in
stars alone was not enough to equal the critical density.fif$teobservational evidence
of this came from the study of cluster dynamics (Zwicky 193The observations of
rotation curves of galaxies (e.g., Rubin et al. 1985) alslicaited the presence of non-
baryonic matter which was termeldrk matter But even after including the dark matter
component, the energy density of the Universe was foundmioé tenough to match the
critical density (Bahcall et al. 2000). Large redshift say¥ like the Sloan Digital Sky
Survey (SDSS) and the Two Degree Field Galaxy Redshift JUB#FGRS) enabled the
statistical study of large scale structure (e.g., Norbé@.e2002; Blanton et al. 2003).
The galaxy clustering is particularly sensitive to the miationtent in the Universe.

Large scale structure studies have consistently showrthianatter density is less
than the critical density of the Universe. The missing pathe puzzle was provided by
observations of distant supernovae (Perimutter et al. 199t se observations indicated
that the Universe is undergoing an accelerated expansipres¢nt times. This acceler-
ated expansion can be explained by an energy density compahéh acts like a fluid
with negative pressure. It is calledrk energy and compensates for the missing budget
of energy density required for a flat Universe.

LIn the theory of general relativity, the dark energy compumgincluded in the form a constant called
cosmological constar{t\).

11



1 Introduction

A flat Universe is not just a theorists dream but has obsematisupport. The power
spectrum of the inhomogeneities in the CMB provide constsadn the geometry of the
Universe. The Wilkinson Microwave Anisotropy Probe (WMA&)periment has stud-
ied the inhomogeneities in great detail and the resultcatdithat the geometry of the
Universe to be flat (Spergel et al. 2003). The combined caimgr established by pre-
cision observations of the CMB, large scale structure astadt supernovae have all
contributed to the current concordance model called Lan@tmdd Dark Matter ACDM)
(e.g., Dunkley et al. 2008). According to t#eCDM model the current energy density
of the Universe is dominated by dark energy (74%) and the iredeais dominated by
matter. However, out of the total matter content, baryoratter constitutes a small frac-
tion of 4% whereas most of the matter is dark (22%). AlthoughACDM model has
enjoyed a tremendous success with observations, the ngaedients of this model, dark
matter and dark energy, are as their names suggest, darl.h@kie been only inferred
from astronomical observations and indirect evidences.prasent studies in cosmology
have revolved around trying to understand the nature oettves components.

1.1.1 Structure Formation

The small density perturbations present in the Universesgt garly times can be seen
as the inhomogeneities in the CMB. The evolution of thesesideperturbations can be
studied using linear perturbation theory until the peratidn grows and the evolution
becomes nonlinear. The growth of these perturbations dispepon the total matter
density in the Universe and the nature of dark matter.

Structure formation in the universe can be studied by ceniid the abundance and
the internal structure of dark matter haloes. A halo is aamegvhere dark matter has
collapsed and become gravitationally bound. The abundahtalos is quantified in
terms of the halo mass function. Thalo mass functiors the number density of halos in
a unit comoving volumewith masses in the range andm+ dm The internal structure
of each halo (i.e. thbalo profilg is described as below.

Halo profile

Numerical simulations show that the dark matter densityalo$ of all masses follows a
universal profile (see Fig. 1.1) which can be described by

o(r) o (rl)_l(u l)_z (1.1)

S r.S

where the scale radiusg is a function of the halo mass (Navarro, Frenk & White 1996,
1997). The inner part of the density distribution goesasnd hence is cuspy. In the out-
ermost part it falls of as~3 and resembles an isothermet?) profile in the intermediate
range. This profile is referred to as the Navarro-Frenk-&/(MFW) profile. Although
the profile of the halos is found to be cuspy in the inner regjiivom theACDM simu-
lations (e.g., Diemand et al. 2005), observations of thatiat curves in disk galaxies
(e.g., Salucci & Burkert 2000) suggest a constant-densitg i the inner regions.

2A volume defined in terms of the comoving co-ordinates (segefplix A).
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1.1 Background on Cosmology

Log g/100 M, kpe™?

Log radiuz/Kpeo

Figure 1.1: The density distribution of halos with massewyiag up to four orders of
magnitude. The simulated density distributions of halodifiErent masses are found to
fit well to a single profile given by NFW (Navarro, Frenk & Whit©96).

Furthermore, halos are found to have not only ellipsoidaltbaxial mass distribu-
tions (e.g., Jing & Suto 2002). However, numerical simolasi suggest that the baryons
in the central regions of the halos (i.e. the stellar and gagoonents) lead to an isotropic
and isothermal mass distribution thereby, making the ha¢asly spherical in the centre
(e.g., Kazantzidis et al. 2004).

Abundance of sub-halos

Numerical simulations of Milky Way-sized halos based ah@DM cosmology suggest
an abundant sub-halo population (see the right panel oflF&), whereas the observed
population of satellite galaxies in the Local Group is legsb order of magnitude (e.g.,
Moore et al. 1999). The left panel in the Fig. 1.2 is a cumuéagilot of the satellite pop-
ulation for the Milky Way and the sub-halo population for aldenatter-only simulation
of a galaxy and a cluster scale halo. Although the level ofsubture predicted in clus-
ters is close to the observations, for galaxies there isa cieder-abundance observed.
This discrepancy is referred to as tméssing satellite problemOne of the proposed so-
lutions to this problem is to prevent star-formation in thb-$halos of galaxies thereby
making them dark (e.g., Klypin et al. 1999). On the other haadently, with the help
of the SDSS star catalogue several new satellites have lissovdred (e.g., Belokurov
et al. 2007; Martin et al. 2007; Simon & Geha 2007). This hatsgaiied the discrepancy
of substantially low observed population of the satellitegrthermore gorts have been
made to more accurately characterize the luminosity fonatif the Milky Way satellites
by taking into account the selectioffects(Koposov et al. 2007). The galaxy formation
processes are suspected to prevent galaxy formation ire$sertassive sub-halos and is

13



1 Introduction

under investigation (Koposov et al. in prep.).

1000 ————

Simulated cluster :

,,,,, Simulated galaxy b

H

o}
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T

Virgo cluster data E
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o
I

w geee

Cumulative number of halos

Figure 1.2: Left Abundance of the sub-halo population as a function of theaular
velocities normalized to the circular velocities of the thiealo. The dotted line and the
open circles are the observations of the Milky Way galaxy ¥imdo cluster which are
compared with the simulations of a typical galaxy and clusespectively (Moore et al.
1999).Right A simulated population oflark matter sub-halos around a Milky Way-like
galaxy (Diemand et al. 2007) most of which cannot be detested for the most nearby
galaxy-Milky Way.

1.2 Theory of Gravitational Lensing

Gravitational lensing is a phenomenon in which the lightsraynanating from a distant
background source are deflected, due to a gravitationahpalt@long the line-of-sight,
before reaching the observer. If the background source tegea projected separation
from the line-of-sight to the lens potential, then tikeet of the lens potential is weak and
a single distorted image is formed. This regime is calledk lensingand in principle,
it is observed for photons coming from sources in all diwi On the other hand, if
the potential is strong and the projected position of thécgamind sourceis close to the
centre of the lens potential, multiple images of the backgdosource are formed. This
regime is calledstrong lensing Since gravitational lensing is sensitive to both luminous
and dark matter, it is an excellent tool to study the propsrtif dark matter halos.

In this section, the theoretical framework of gravitatiblemsing is laid down to fa-
miliarize the reader with various definitions and terms thgitbe used throughout this
thesis (for details, see e.g., Schneider et al. 1992; Nar&yBartelmann 1996).

1.2.1 Deflection Angle and Lens Equation

Similar to the light rays being bent as they pass throughsarpriight rays are bent in the
presence of a gravitational field. The angle through whielrétys emitted from a distant

3Note that the undeflected position of the background sosneever known since it can not be observed.
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1.2 Theory of Gravitational Lensing

source are deflected due to the presence of intervening m#ss line-of-sight is called
thedeflection anglend it can be written as

&:—fvinmzc—zzfvﬁq)du (1.2)

where n is €ectively the refractive index of the intervening mass. Itefated to the
gravitational potential byn = 1 — 2/@|/c? (Schneider et al. 1992) and is based on the
assumption that the Newtonian potential is small (i&e.< c?) and also, the peculiar
velocity of the mass is small (i.#.< c).

O

Figure 1.3: Light rays emitted from a source S deflected byiat poass M and observed
by an observer O. The deflection takes place through an angle ~

For a point mass, the Newtonian potential is givenby —GM/ /&2 + r2 where¢ is
the physical separation perpendicular to the undeflectgd tay andr; is a component
of the physical separation of the orderéoh the line-of-sight (see Fig. 1.3¥. marks the
point of closest approach and is called iimpact parameterSubstituting the potential of
a point mass in Eq. 1.2 gives

4GM
¢
This can be conveniently expressed in units of the Schwhilds@dius Rs = 2GM/c?)
of a point mass ag = 2R/¢.

To calculate the deflection angle of rays emitted by distatd)des or quasars due to
the intervening mass distributions of galaxies/andlusters which arextendedn reality,
there are some assumptions involved. The deflection is asstoroccur due to the mass
lying in a thin plane called the lens plane. The distancesefiackground source and
the deflector (also referred to as lens) from the observevemelarge compared to the
spatial extent of the lens plane. Therefore, this thin g @imation is reasonable.

Thus, the deflection angle can be quantified by integratiadjie-of-sight density for
each mass element and summing the deflections due to the leasnés at every in

the plane of the Sky
A 4G ’ - &
(lf) f Zz(‘f ) | f §,|2 dzf’. (1. 1)

(1.3)

a =

where

2¢) = [ ple.ra)dre
Is the surface mass densityéat
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1 Introduction

Figure 1.4: The ray-trace diagram showing the backgroumdceo(in the source plane
S) is deflected by a galaxy d (in the lens plane L) such thatiptelimages i and j are
formed and seen by the observer at o.

Lens equation

Consider an observer at o, the lens d (e.g., a galaxy) in tieegiane L and a source s
(e.g., a quasar) in the source plane S as shown in Fig. 1.4odcebe the optical axis
connecting the three planes. L&tfos= B, /sov= a, /0'0v = @ and/siv = @ then it can
be seen that

B=6-a). (1.5)
This ray-trace equation is called the Lens equation where
B=1n/Ds; 60=§&/Dy, (1.6)
and the scaled deflection angles simply related to the deflection angle) By
_ DdsA
a= D. a. (1.7)

Here,Ds, Dg, andDys are the angular diameter distances (see Appendix A) bettireen
observer and the source, the observer and the deflectohamtitiector and the source,
respectively. Substituting Eg. 1.6 and 1.7 in Eq. 1.5 gives

DS ~
n=5.4" Das(£) (1.8)
d

wheren is the projected source position. Now, ¥t be acritical surface mass density
defined such that
c® Ds

Yot = —— .
ort ArG DdDds

(1.9)
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1.2 Theory of Gravitational Lensing

The scaled surface mass density is calleccthrerergencand is therefore given by,

z
z:crit '

(1.10)

K =
Substituting Eqg. 1.4 and 1.7 in the lens equation given bylEBjand equating itto Eq. 1.5
gives the scaled deflection angle as

1 Y )
a(0) = ;fk(e) T d%e . (1.11)

Deflection and Fermat potential

The deflection angle in Eq. 1.11 can be written as a gradiemfwictiony usingV In 6] =
0/16%. Hence,
a=Vy. (1.12)

Comparing Eqg. 1.12 with Eq. 1.11 gives
w(0) = %fk(e') Inig—¢|d*e. (1.13)

The Laplacian of Eq. 1.13 giveé& y = 2, which is a Poisson equation. Therefoges
called thedeflection potential

The lens equation Eq. 1.5 can be expressed using Eq. 1.12 as

B=V (%02 - w(e)), (1.14)

which can be rearranged to give

\% (%(0—,3)2 —w(a)) =0. (1.15)

The above equation can be written‘ag(0, 8) = 0 whereg is a scalar function,

00.0)= (30-87-v0) (1.16)

The potentiab is associated with the travel-time of light rays and is kn@asihe~er-
mat potentiale.g., Schneider 1985; Blandford & Narayan 1986). Theatatiy points of
the Fermat potential are satisfied by the solutions of the éguation which is in accord
with Fermat’s principle (also, see section 1.2.3).

Einstein radius

The deflection angle for a circularly symmetric mass distidn, using Eq. 1.3, is

AGM(E)
c2¢

(1.17)

a =
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1 Introduction

whereM(¢) corresponds to the mass within the radfu§ herefore, the lens equation for

such a distribution is given by

4GM(0) Dys
c2§ DyDs

B=0- (1.18)

Consider the case when the source lies on the optical axisgpthe observer and the
lens. Then substituting = 0 in Eqg. 1.18 gives

1/2
eE:(4GM(9E) Dds) : (1.19)

Therefore, owing to the symmetric mass distribution angredd positions, the source is
lensed as a ring with an angular radégsvhich is termed th&instein radiusand the ring

is called theEinstein ring Generally, the image separation is approximately twi@e th
Einstein radius. A sfiicient condition to form multiple images s> 1 which is satisfied

if the source positio is within the Einstein ring.

6648 53.6— T =
534 =i
532~
530~
528

526

DECLINATION (B1950)

524~

Figure 1.5: Hubble Space Telescope (HSAptical image of gravitational lens system
B1938+666 with an Einstein ring and the lensing galaxy in the cenfa arc joining
three images and a fourth image situated diametrically sipps shown with the overlaid
contours using Multi-Element radio linked Interferomet®ERLIN) in the radio (King
et al. 1998).

Since the Einstein radius is an observable which is simpéyed to the mass enclosed
within the Einstein ring, such rings provide excellent dosisits to accurately measure
the enclosed mass of galaxies or clusters. Thus, the widenthge separation, the more
massive is the lens. From over a hundred known lens systewvexas lens systems are
found to have fairly complete rings or highly elongated ancthe optical (e.g., Bolton
et al. 20064, also, see Fig 1.5). Thus, the mass of galaxteslasters can be estimated
independent of other studies like kinematics.

1.2.2 Magnification, Shape and Parity of Images

Let 8 and@ be the positions of a source and a lensed image. Let the swjld aubtended
by the source bey, in the absence of the lens. In the presence of a lens, due to the
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1.2 Theory of Gravitational Lensing

deflection of light rays, the solid angle of the source in tkgis modified to the solid
anglew (which is seen as the image). This changes the flux of the iff&agel x w) too,
since the intensity remains constant. The magnification is the ratio of the saligle of
the image to that of the source,

S ow

= — = . 12
S, dw, (1.20)

Here, the shape of the image is determined by the Jacobiaixnéip) = % The

elements of the inverse magnification matiikare given by using using Eq. 1.14 and
1.16,

u

l-k-ya -

where the subscripts @f andy imply partial derivatives of the quantities with respect
to 6, andd;. The convergence contributes to isotropic magnification whereas the shear
¥s = /Y4 +¥% causes anisotropic magnification of the images. Thus, thgnifieation

is written as
1 1

B TdetM] ~ =12 —92"
The trace trl) = 2(1 - «) and the eigen values of the magnification matrix e =

1-« ¥vyswhich give the factor of stretching of the images along thieation of the eigen
vectors.

(1.22)

Source Images
+4+ = + - —+

Figure 1.6: The source and the images witfiedent parities. Ther’ and ‘-’ refer to the
signs of the eigen values of the transformation matrix thapsrthe source to the images.
The sign of the product of the eigen values determines thiggsaof the images.

The parity of an image is the handedness of a feature in thgamath respect to
that in the background source (e.g., jet components). Tdnsbe understood from the
magnification matrix which is a mapping between the sourckthe images. If both the
eigen values of the magnification matrix have the same sign €ither both+’ or *-"),
then the parity of the image is positive (see Fig. 1.6). Ifefgen values have fierent
signs, the parity of the image is the opposite of that of thes®

1.2.3 Time Delay of Images

The light rays emitted by the source before arriving at th&tpm of the observer ster
two effects. The light rays take geometrically longer paths tharutideflected light rays
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would take in the absence of a lens. Additionally, the liglysrare delayed when traveling
through the gravitational potential of the lens which iodtsaown as the&Shapiro delay
Therefore, theotal time delayis a combination of these twdfects and is given by

(1 + Zd) Dst

9) =
7(6) ¢ Du

20-BP-u(6)]. (1.23)

The time delay of an image however, cannot be known sincediielttime of the rays
in the absence of the lens cannot be measured to use as acefefée only observable
is the relative time delay of any two images of a source whenh loe measured in the
event of variability in the source. For imagesaaindg;, the time delay between the two
images is,

(1 + z) DgD
Atij = [‘)’d 216 (6,.8) - ¢ (6,.B)|. (1.24)
S
Since the factor of the angular diameter distances is,
Dgy4Ds 1
o —,
Dds H0

the time delay\r o« H;* (See Appendix A). Thus, provided the redshifts of the lerts an
the background source, and the mass distribution are krtbetime delay measurements
can constrain the value of the Hubble constant. Such ana&&tiofithe Hubble constant is
independent of other methods which involve several unicgiga in the numerous steps,
for example, distance ladder methods which use standardieatars from low-redshift
to calibrate the distances to those in high-redshift gakxiAlthough due to the uncer-
tainties in the mass models and relative time delay measmesnthe desired accuracy in
the measurement of the Hubble constant using individual$gastems is not achieved yet
(with the exception of a few lens systems, Koopmans et al3290rk et al. 2005). Nev-
ertheless, a significant improvement in the statisticabuianties is made by combining
measurements from several lens systems (e.g., Saha e0D&t.QQuri 2007). A recent
estimate of the Hubble constant suggest a value & kth s* Mpc™ (Coles 2008).

1.2.4 Ordinary (non-critical) Image Properties

Given a source positiorB], a two-dimensional arrival-time surface is defined by tee F
mat potential. The images that form at the extrema and théles@dints of the arrival-
time surface (i.e. stationary points) are calladinary images Consider a single and
thin lens plane consisting of a lens with a smooth densityridigion. Let the density
distribution p) drop faster tham= for r — oo to ensure finite enclosed mass. Based on
these assumptions and for a source position other thanriteataustic (see section 1.2.5),
theodd number theoremstates that the total number of ordinary images is finite aft o
However, in case of any discontinuities or singularitiethi@ mass distribution, this the-
orem does not hold. Thmagnification theoremtates that provided> 0 there is always
at least one image with positive parity and with a magnifaati > 1. Three types of
images can be formed.

1. Fordet M> O, tr(M) > 0, the image is formed at the minimum (L) of the arrival-
time surface (see Fig. 1.7 and 1.8). This is called the Tymealge. At least one
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1.2 Theory of Gravitational Lensing

Figure 1.7: Types of lensed images formed at stationarytpoiithe time-arrival surface
for a fixed source position and an elliptical lens potentéhfidford & Narayan 1986).
The panels show theftects of strengthening the lens potential, starting with oieptial
(panel a), a weak potential (panel b); and panels ¢ and d shstm@g enough potential
to produce three and five images, respectively.

type | image exists irrespective of the presence of a lens fitee magnification
theorem.

2. Fordet M< 0, the image is formed at the saddle point (S) and is calledype Il
image. It is known from the odd number theorem that when a liyjpeage exists,
it is imperative that such a lens system has multiple images.

3. Fordet M > 0, tr(M) < 0, x > 1, the image is formed at the maximum (H) and
is called the Type lll image. If the type Il image exists,stlocated closer to the
centre of the potential and hence, rarely observed becdus#loobscuration and
low magnification.

In the event of variability in the source, the Type | imagehis first image to vary since
the travel-time is minimum for this image, the next imagedopis the Type Il image, and
the Type Ill image is the last to vary. This forms a qualitatoonstraint in lens systems
which a correct mass model must satisfy.

1.2.5 Critical Image Properties

Fordet A= 0, the magnificatiom becomes infinite theoretically. The loci of the points
in the image plane that satisfy this condition are knownrégal curvesand the loci of
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Figure 1.8: Critical curves in the lens (or image) plane aaasstics in the source plane
for an elliptical mass distribution. The colors represeitietlent source positions and
respective image positions. In the left panel, the sourpeagehes the centre through the
fold caustic and in the right panel, it approaches througletisp(Narayan & Bartelmann
1996).

critical points when mapped to the source plane are caberstics In reality, however,
due to the finite sizes of galaxies highly stretched imadesdrcs and rings are formed
with very high but finite magnification, since the total mdgition is the flux-density
weighted mean magnification over the source, that is,

| & 1B) 1p(B)
| &p1®)

where If3) is the intensity ang, is the magnification of a point sourceft

In Fig. 1.8, given an elliptical mass distribution and a seyposition (source plane),
the corresponding image positions (image plane) are sholaregions marked 1, 3 or 5
indicate a total of 1, 3 or 5 number of images formed in the ienglgne, respectively. In
the case of an elliptical mass distribution, there are twsties formed. The outer smooth
caustic is called theadial caustic and the inner astroid is called thagentialcaustic.
Furthermore, the tangential caustic has two distinct featuA line singularity is called
afold caustic and the point at which a fold caustic changes doediich a singularity is
calledcuspcaustic (e.g., Schneider et al. 1992).

Critical curves and caustics provide a useful qualitatindarstanding of a lens sys-
tem (e.g., Blandford & Narayan 1986). The caustics demargegions with dierent
multiplicity and as the source moves across the causticuh#er of images change by
two (see Fig. 1.8). Furthermore, critical curves divide itmage plane into regions of
different parities, that is, images on either sides of a critiuate correspond to opposite
parity. Fig. 1.9 shows images of real gravitational lensesys. The first two panels show
both the ordinary images (a double or a quad) and the ndaratiimages (an Einstein

My = (1.25)
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1.3 Gravitational Lensing as a Tool

ring or an arc). The third panel has an unusual image configarevith multiple sources
producing double or quadruple images.

0218+357 VLA 14.915 GHz 18/11/92
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Figure 1.9: Left: Very Large Array (VLA) image of the smalleeparation lens system
B0218+357. It has two images and an Einstein ring (Biggs et al. 200&phtre: The four
images in the lens system MG 044@b4 with an arc and lensing galaxy in the centre as
found in the optical (Ros et al. 2000). Right: A complicatendd system B1933%03 with
three distinct sources lensed in an atypical configurat@ne source is doubly imaged
and the other two are quadruply imaged (Marlow et al. 1999).

1.3 Gravitational Lensing as a Tool

Gravitational lensing has branched into several fields witthe-spread applications. It
can constrain cosmological parameters, for instance, thzbld constant. An extensive
search for extra-solar planets is possible with the helpmsihg, for example, the Optical
Gravitational Lensing Experiment (OGLE). Since multipteaiges of the same source are
seen through dlierent lines of sights in strong lensing, the properties tileinterstellar
medium of lensing galaxy (e.g., Falco et al. 1999; Winn e2@04; Mittal et al. 2007)
and diferential Faraday rotation in the polarization of imageg.(ePatnaik et al. 1993)
can be studied.

Lensing is unbiased to the type of matter and is achromatlwsTit can be used
to probe mass distributions at almost all observable dpstees, for example, stars,
galaxies, clusters and large-scale structures (Kochanak 2004). With the help of a
variety of surveys like SDSS, GEMS, GOODS and AE& Katistical analyses in lensing
and other fields have been possible. For instance, thetstsitid arcs, implications of
image separations as a function of mass of the lensing hatbstatistical significance of
an image configuration over others (e.g., Bartelmann e88;10guri 2006) have been
carried out. Furthermore, the properties of galaxies lieeformation and evolution have
been explored (e.g., Kochanek et al. 2000; Treu et al. 2006pKians et al. 2006b).

In the following, two applications of lensing are describedietail which form the
subject of the research in this thesis.

4GEMS-Galaxy Evolution from Morphology and Spectral energy disttion Survey, GOODSGreat
Observatories Origins Deep Survey and AEGAS-wavelength Extended Groth strip International Survey
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1.3.1 Substructure

Gravitational lensing can be used as a probe to understangdrtiblem of the missing
satellites in the form of substructure. Numerous lens systehow lensed images with
flux density ratios that are discrepant as compared to theote@ flux density ratios from
the theory of gravitational lensing. Such discrepancigt@nobserved flux densities are
referred to as flux-ratio anomalies. Whereas the astrometnstraints of lens systems
can be generally explained by smooth mass models, the aaosfilix-ratios found in
a number of lens systems can be resolved by including substeu The satellite mass
fraction (06 — 7%) inferred from the flux-ratio anomalies of a handful ofdesystems
are found to be consistent with the predictions of CDM cosigyl(Dalal & Kochanek
2002). However, high resolution simulations of sub-halpydation have suggested a
much smaller substructure mass fractiongs0t5% within a scale of typical image sepa-
rations produced by lens galaxies (Mao et al. 2004).

The anomalies in the flux-ratios of the lens systems can asdule to propagation
effects like absorption and scattering (e.g., Mittal et al. 2Z0OMHowever, any discrepan-
cies found in the observed and expected positions of thedeimsages can only be due
to gravitation. This is called astrometric anomaly. Theref lens systems with an as-
trometric anomaly are interesting candidates, the masshmgdof which will provide
a more direct evidence of substructure. Mass clumps witierginstein ring are shown
to produce measurable astrometric perturbations in aalifiens systems by populating
them with realistic models of substructure distributiomrthermore, limits on the mass
of substructure clumps are placed from observed lens sgstem., Chen et al. 2007).
Similarly, new methods are developed to studiycesntly the contribution of substruc-
ture to the lens mass distribution provided enough comdtraire available (Alard 2008).
However, only a couple of lens systems are known to have sigggof an astrometric
anomaly, for example, B0128&37 (Biggs et al. 2004) and MG 041854 (Trotter et al.
2000). The lens system MG 204612 is the clearest example of the astrometric anomaly
and is dealt with in the first half of this thesis.

1.3.2 Galaxy Mass Distribution and Importance of Environment

The enclosed mass can be measured from the image separatwasashown in the
Eq. 1.19 but the radial distribution of mass within, can dmgyprobed if the lensed images
are formed at dferent angular separations. Although this is possible,(e3gphn et al.
2001; Wucknitz 2004), not many lens systems can providegtyeired constraints.

Alternatively, combining the lensing analysis with thdlstedynamics in galaxies, the
matter distribution at galaxy-scales in the host halos @odmstrained since both of the
methods provide mass estimates enclosed withterint radii. Koopmans et al. (2006b)
first implemented the technique of lensing and dynamics @oeabon a sample of lens
systems selected from Sloan Lens Advanced Camera for S@8I64CS) and Lenses
Structure and Dynamics (LSD) surveys. The elliptical leakgies in their sample are
found to follow an isothermal mass distribution£ 2.01393 with confidence level of 68
per cent; see Fig. 1.10) with no significant evolution up ®itivestigated redshit= 1.
The average ellipticities and the position angles of thesnigstribution are found to be
consistent with those of the light distribution.
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Figure 1.10:Left Posterior probability distribution of the slope of the diy profile.
(Koopmans et al. 2006blright Density profile slope as a function of spatial distribution
of early-type galaxies of the lens systems from SLACS (re$)dand LSD (blue dots)
survey.

A statistical analysis of lens galaxies versus non-lenaxges showed that about 25
per cent of the lens galaxies lie in dense environments (iesttal. 2000b). Furthermore,
lens systems with large image separations are predictedu® énhanced contribution
from their environments (Oguri 2006). The consequence®bfaking into account the
effects of environments in the mass models could introducesirgdtbiases in the model
parameters (Keeton & Zabluf@004). Moreover, the detection of lens systems has been
used as tracers for identifying and studying galaxy groupsm@derate redshifts (e.g.,
Williams et al. 2006).

Recently, interactions of galaxies in groups are predittesteepen the profile from
the typical isothermal profiles found for the early-typedeyalaxies (Dobke et al. 2007).
Subsequently, the SLACS lens systems which are best-nbdle steeper than isother-
mal profiles are also found to have companions as comparédse imodeled with shal-
lower than isothermal profiles (Auger 2008). B2324 3 is a wide separation lens system
with a companion galaxy close to the massive lensing galagyisconfirmed to lie in a
galaxy group. In this thesis, the lens system B242Z183 is investigated with the aim of
constraining the slope of the density profile and studyimgabntribution of the group in
the image splitting by modeling the mass distribution.
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2 Lens Mass Modeling

The intervening mass between a distant source and an obsetseas a lens and deflects
the light rays emitted by the source. If the deflection po&dmif the intervening mass
is strong enough, it can produce multiple images of the backgl source. The relative
deflections and magnifications of the multiple images aregwd by the properties of the
lens. The principal aim of this chapter is to outline the noethsed to infer the properties
of the deflection potential by modeling multiply-imaged\gtational lens systems.

The modeling of gravitational lenses has been advancedadile tincreasing preci-
sion and sensitivity of the observed data. This has beeellappssible due to high reso-
lution imaging HST (e.g., Bolton et al. 2006a), in the optid@ar Infrared (NIR) and in
the radio using VLBI (e.g., Biggs 2005). Dedicated monitgrof lens systems has made
it possible to measure the flux ratios and relative time defay an increasing number
of lens systems (e.g., Saha et al. 2006). The flux densiines,delays and positions of
lensed images constitute the primary constraints for niogléhe mass distribution.

The advance in precision data has rendered simple modat&sient to fit all the
data quantitatively. A contribution from the environmentiwe line-of-sight substructure
and various density profiles are some of the complicationsiwhave to be taken into
account. Over the years, specific modeling algorithms haea bleveloped likeenstooL
(Kneib et al. 1993) enscLEan (Wucknitz 2004) pixeLens (Saha & Williams 2004). These
algorithms use dierent approaches to reconstruct the mass distributioneopadkential
which suit specific observational constraints. To studymiass distribution of the lens-
ing galaxy of MG 2016112 and B2108213, the publicly available software package,
GRAVLENS (Keeton 2001) was used.

This chapter is divided into three sections. The algoritts®dufor mass modeling is
described in section 2.1. Subsequently, analytical espras for some of the standard
mass models used in this thesis, are given in section 2.2.e&ommwn degeneracies in
lensing are discussed in the final section 2.3.

2.1 Algorithm for Parameterized Mass Modeling

The aim of mass modeling is to find a model for the lens thatexfllain the positions
and flux ratios of the lensed images, as seen in the data. d&edsition of the source is
unknown. For a given mass model, the source position canteendi@ed from an image
position and vice versa. In the case of strong lensing, pialtmages of a single source
are seen. Each image position can be mapped back to the gmsitien independent of
the other images. If the mass model is correct, then eacheahtlitiple images should
correspond to the same source position within the uncéktainf the measured image
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2 Lens Mass Modeling

positions. Furthermore, all of the imagegredicted for this source position should be
observable. This forms the basis of the algorithm used terdghe a mass model. The
steps adopted in the modeling algorithm are,

1. assume a simple parametric mass model

2. given this mass model and the observed image positioaghedens equation to
find the corresponding source positions and an error-wedhyimean source position
(see Eq. 2.8)

3. use this mean source position and the mass model to datetha properties of the
lensed images (i.e. the positions, magnifications, pardied the total number of
images)

4. assign a measure of goodness-ofiff) pased on the predictions of the model and
the observed image properties

5. adjust the parameters of the mass model to minimizgthe

Steps 2 and 3 mentioned above involve solving the lens exquadth the assumed model
but with a subtle dference. In step 2 the source position needs to be calculsiegl thhe
image position, while step 3 involves finding all of the imaapsitions corresponding to
a source position. These two steps are the workhorses oligbethm and are performed
in every step of the optimization (here, t¢ minimization) procedure. The optimiza-
tion is carried out using the downhill simplex method (Preisal. 1992) implemented in
GRAVLENS.

2.1.1 Solving the Lens Equation

Let 8 be the position of the source afidbe the position of the corresponding image.
These two are related by the lens equat®nr; 6 — «(0). If the parameters of the mass
model are defined, then the deflecti@rior every# can be determined (see section 2.2).
Hence, given an image position it is easy to calculate theesponding source position.
But for a particular source positio@, this non-linear equation has multiple solutions
which gives multiple image positiong,. To find the positions of all of these images, a
numerical equation solver is needed which will find all thetsoof the lens equation in a
two dimensional plane.

Any numerical root finder can work if the expected number cag®s and disjoint
regions that bound each of the images, are specified. Thedbwuregions can be found
by dividing the surface of the image plane into a grid. Theiges of every tile in the
grid can be mapped in a straightforward manner to the sodare via the lens equation
leading to a tiling of the source plane. Regions in the soptaee which are covered
by more than one tile armultiply imaged Thus, given the source position, the image
plane tiles which map to the tiles encompassing the souatebe identified. These form
the bounding regions which can be provided to a numericdlfroder to solve the lens
equation and to find all of the image positions for a particataurce position.

!Barring the images which are demagnified below the flux lirhiloservations
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Figure 2.1: The image plane of a doubly imaged lens systedaed with tiles produced
by GravLENs (See text for details).

For instance, Fig. 2.1 shows the gridded image plane of aldaulged lens system.
The cross marks the source position and the dots mark theeipagjtions. Each tile
shown in the image plane is mapped back to the source plang tin& lens equation. The
blue and the red hatched tile of the image plane are mappedlteand a red hatched
tile of the source plane, respectively. As expected thecgoposition is situated in the
overlapped region of the two tiles of the source plane. Nuatthe gridded source plane
is not shown except for the two tiles.

2.1.2 Optimization of the Model

Once a mass model is specified, the unknown source posittbe irror-weighted aver-
age of the source positions (see Eq. 2.8) obtained by mapipengultiple images back
to the source plane. This position is used to find the postafrall of the images cor-
responding to this source in the image plane. The deviatdrike model predicted
quantities (positions and fluxes) from those of the obseivedjes constitute the? for a
model,

Xoos = Z 567 - St 56, (2.1)
i
where
86; = Oopsi — Omodi - (2.2)

The observed and modeled positions of the images given byfgpsi andfmegi- S is the
error ellipse given by the covariance matrix,

2 0
S = R-T( o 2 ) R, (2.3)

wherec?, ando3; are the semi-major and semi-minor axes of the error ellipise av
position anglé,.; and

[ —sinB,; cosh,;
R = ( —C0sf,; —sind,; ) ’ (2.4)
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is the rotation matrix. If the flux densities of imageare f; + o, then they® due to the
deviations in the flux densities of the images is calculated a

fi — i foro)?
X%qu = Z ( I 0/:12! src) > (25)
i fli
where e
i i Hi/ O
f _ AT (2.6)
T Tidlo?

is the flux density of the source apd= | det (M/) | = | det (M;) | ! is the model predicted
magnification of the imagagelative to the source.

Other priors could be introduced in the optimization, foaewle, confining the po-
sition angle of the ellipticity of the host halo known fromtifig the surface brightness
profile of the lens galaxy or the mass scale known from the aredsstellar velocity dis-
persion of the lens galaxy. If the number of images predifdethe source position is not
correct, or the parity of the predicted images is incorraetarbitrarily highy? is assigned
to the model. All of the individua}? are added to thg? budget to give a tota}? for a
model,

2 2 2 2
Xtot = Xpos T Xfiux T Xoth: (2.7)

Since the model optimization is carried out in the image @liars called themage plane
2 minimization Subtracting the total number of parameters that are opgichirom the
total number of constraints imposed gives the total numbelegrees of freedom (dof)
for a model. The goodness-of-fit of a model is then determmethe reduced? (i.e.
x2,/dof) of the model. The model with a minimum reducgtl(~1, preferably) will be
the best approximate mass model. Since all of the imagesthadve mapped back to
the source plane (fast) and remapped to the image plane wiviclves numerical root
finding (slow), this minimization is time consuming.

A minimization routine which is faster but also approximasehesource plane min-
imization The source plang? is defined by,

Xgrc,pos: Z 5B|T ) M;T ) Si_l' Ivli, 0B, (2.8)

where,
5ﬁi :ﬁobsi _Bmod . (29)

Here, the source positions are found from the observediposiof the images ViBopsi =
Oobsi — a(Bobsi), the modeled source positi@og iS

’

YiMT ST M- Bo

, 2.10
ST ST M (240

ﬂmod =

and M/ is the magnification matrix. The modeled source positioésérror-weighted
mean offqpsi. Here, they? in the source plane (Eq. 2.8) is an approximation of the image
planey? (Eq. 2.1). This approximation dfl - §8; ~ ¢6; holds good wheg is small.
Any deviation in the source plane is multiplied by the magaifion matrixM; to give an
approximate image plane deviation. Using the best-fittimagleh from the approximate
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source plane minimization as an initial guess model for thage plane minimization,

allows the minimization in the image plane to converge fas&nce the lens equation
is not solved to find all of the images of a source, this minatian can find best-fitting

models which predict an incorrect number of images or do naserve the parities of
the images. Nevertheless, source plane minimization s weeful to narrow down the

search in the parameter space which can be ldlieiently tested with the image plane
minimization.

2.1.3 Errors on the Model Parameters

Whenk parameters are varied, the distributionaf = x? — y2. around the best-fitting
parameters is given by the(k) distribution withk degrees of freedom. The errors on
the best-fitting parameters of a model are expressed in tefrmsnfidence limitsising
the posterior probability distribution for each of the paeters. The confidence limits
indicate the probability that the true value of the parameti# lie within the specified
limits with a certain per cent confidence. From khdimensional parameter space of the
2 distribution, the confidence levels on the probability ofle@arameter can be given
individually (Press et al. 1992). For example, the boundsygg,, corresponds to an
interval for each parameter and, statistically, a parameileassume values within this
interval with a 68 per cent (&) probability. The value of\y? for a given confidence
interval depends on the number of degrees of freeki@ee table in section 15.6 of Press
etal. 1992).

2.2 Standard Mass Models

The solution of the lens equation is dependent on the speaiféeess model. In this section
the analytical mass distributions of galaxy-scale haleglus this thesis are presented.
These simple mass models are an approximation to the idferass distributions. How-
ever, by and large they represent the true distributiorsfsatiorily. Moreover, they can
be combined to create arbitrarily complex mass distrimgi@.e. multi-component mass
distribution).

2.2.1 Power-law Density Profile of a Circular Lens

The radial light distribution in galaxies can be commonliefitusing a power-law (e.g.,

Caon et al. 1993). The density distribution in dark mattdoés can also be described
with broken power-laws (i.e. NFW profile; Navarro, Frenk & Wh1997). Since most

galaxies and clusters of galaxies are well described by ptawes, the lensing properties
of circularly symmetric density distributions are exandreere. The density distribution
in three dimensions is assumed to be a power-law given by

po 7, (2.11)

The symmetry of the lens distribution implies that the insgall be collinear with
the centre of the lens and the source position. In this chsejdctorial lens equation can
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be reduced to a scalar equation ugigand|f|. When the source lies directly behind the
centre of the lens, an Einstein ring is formed due to symmetry

The surface mass densityis the projection of the line-of-sight density distributio
on a plane in the sky and hence is proportional'td. The surface mass densitythe
deflection angler, and the sheays are given by

_3-vy(6 a
«(0) = T(B) : (2.12)
9\
a() = b(B) : (2.13)
1-y
ys(0) = 7;1(%) . (2.14)

whereb is the Einstein radius.

2.2.2 Singular Isothermal Sphere (SIS) Profile

A simple case of the power law lens models wytl= 2 applies fairly well to the mass
distribution seen in galaxies (Koopmans et al. 2006b). Thedehcorresponds to a self-
gravitating spherically-symmetric ideal gas in steadyestquilibrium with a constant
temperature at all radii. Hence, it is called isothermal #rterm singular reflects the
fact that the density diverges at the centre. Flat rotationves as observed in spiral
galaxies are a characteristic of this distribution (e.gubiR et al. 1985). In the case of
elliptical galaxies, the velocity dispersion of stars aagsa kinetic temperature which is
constant with radius (e.g., Binney & Tremaine 1987).
The surface mass density at a projected radiias a SIS is given by

2

(&) = %g (2.15)

whereo? is the one dimensional velocity dispersion. Sirce X/ and using Eq. 1.9
for .t , the convergence for a SIS is

1 470°Dys
0) = — : 2.16
k() = 2 @D, (2.16)
Comparing Eg. 2.16 with Eq. 2.12 for= 2 gives
A70?Dys
b= , 2.17
@D. (2.17)

which is the same as the Einstein radius. Moreover, the dieileand shear are given by

a() = b, (2.18)
and 1b
ys(6) = 55~ «(6) . (2.19)

Thus, the deflection is a constant at all impact parameters.
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2.2 Standard Mass Models

2.2.3 Non-singular Isothermal Sphere (NIS) Profile

The singularity at the centre of a SIS can be avoided if thesitewlistribution of the
halo near the centre is replaced by a constant within a caliegd.). This is termed
a non-singular (or softened) isothermal profile. Introdgca projected core radiys in

EqQ. 2.15 gives
2

ag

() = ————. 2.20

The lens properties are thus,

b (/62 + 62 -6,
a(0) = ( Z ¢~ %) : (2.21)
«(6) = _b (2.22)
2+/6? + 62
whereé, = Dyf. and,
_ b(w-6)

| ys(0)l = o (10 (2.23)

wherew? = 6% + 62.

2.2.4 Singular Isothermal Ellipsoid (SIE) Profile

Spherical mass distributions cannot produce quadruplgesiaFurthermore, numerical
simulations predict ellipticity and triaxiality in the m&glistribution of galaxies (e.qg.,
Jing & Suto 2002) and observations show ellipticity in theace brightness distribution.
Therefore, any possible angular structure in the lens piatanust be accounted for in
the models. The spherically symmetric density profile cambdified using an axis ratio

(g) to include ellipticitye (e.g., Kormann et al. 1994). The corresponding surface mass
density is,

2 2
2(é1,60) = oV _o v

2G /quf v & 2G ¢
such that; andé, are along the major axis and minor axis of the ellipsoid, eetipely’.
Here,l = (q?£2 + £)Y? and 0< g < 1. Iso-density elliptical contours labeled bycor-
respond to ellipses with as the minor axis angl/q as the major axis. The normalization
used in this convention implies that the mass inside an &witly contour for a fixed is
independent oy

In GravLENs, the major axist; = Dg6y, the minor axisé, = Dy, the ellipticity
e = 1- gand the scaled surface mass density,

b
2[(1-€) 62+ (L+e) 5]Y%

(2.24)

k(61, 62) = (2.25)

2The axes labelg; and ¢, are flipped relative to those in Kormann et al. (1994) whildémaning
consistency in their physical meaning.
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Heree is related to the axis ratig by

1-€

, 2.26
1+e€ ( )

q:

and the mass scaleis related to the velocity dispersionby,

bz,/—4 — —. 2.27
1+ ﬂcz D ( )

Since there is no circular symmetry, the deflection anglecthe reduced to a one di-
mensional scalar and has two components, one along t#ves and the other along the
0, axis. These are denoted by anda, respectively and are given by,

1=
oy = 2 gt AVIZO (2.28)
Ve " @ %+
and,
1=
ay = 2 tanpt| 2V T ) (2.29)
N (T

The magnitude of the sheays(64, 6,)| in this case also equals the surface mass density
K(Hl’ 92)

2.3 Degeneracies in the Models

Although lensing is very useful to estimate the mass endl@gthin the Einstein radius
of the lensing halo and to constrain the Hubble constantpeddently, however, it has
a set of drawbacks. Some parameters are degenerate and banmiquely estimated
from gravitational lensing alone. Two common degeneramiesliscussed here.

Steepness degeneracy

The lens equation that relates the background source @ositthe position of the images
is
B=60-a0) (2.30)

where the deflection angle)depends on the lens mass distribution. Consider a citgular
symmetric lens potential at the origin and two images for@ted andédg on the opposite
side of the lens. Using Eq. 2.30, the unknown source posidorbe eliminated to give

Op — (Z(QA) = —6g+ (1’(95). (231)

wheregg is in the negative quadrant. The deflection produced by aleiy symmetric
power law profile p « r) is given bya = b*~16%7. If a(6) is substituted in Eq. 2.31,
then the Einstein radiu®) or more generally, the critical radius can be given as

1/(y-1)
Op + 6
A T
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Figure 2.2: The degeneracy between the critical radius b@dclbpe of the power law
profile is broken by introducing the constraints from theisture in the two images.

Eq. 2.32 shows that for any doubly imaged lens system withrlaitrary circularly sym-
metric profile, and fixed values of the observallggndég, a degeneracy is introduced
between the power law indexand the Einstein radius. In principle, this degeneracy
is broken by using the flux density ratio. However, there aseemough constraints to
take into account thefiects of asymmetry in the lens potential. Using extra comgza
from the structure in a doubly imaged lens system could btealdegeneracy. This is
illustrated below with a toy model usingraviens.

Consider a SI$shear model with an Einstein radiushof 2.3 arcsec at (0,0), a shear
of 2 per cent with a position angle of 80 deg and a source a} &t¢kec. This toy model
is used to generate mock data with two point-like images s&ltata, when fitted with a
power law, show degeneracy between the slope of the densityepand critical radius
b (and hence, the mass within). Fig. 2.2 showsyhsurface plot for the critical radius
b and slopes of the power law density profile. The panel on thel®ws that several
models are found to be equally good which havendy in different combinations when
the source has two point-like images.

Now, consider a second source at (1.0008, 1.0011) arcsedirted in the previous
model. Addition of this source generates two more imagesedo the images generated
by the first source. A model fitted to the data reproduces allpgwrameters very well
as shown in the right panel of Fig. 2.2. Thé surface is well-constrained giving more
definite values for both andy. Thus, the structure in the images defined by an annulus
06 = 0, — 6g encompassing the images can be used to constrain the dereditg within
the annulus. (e.g., Kochanek et al. 2004).

Degeneracy between ellipticity and shear

The quadrupole moment of the lens potential introduceslangerturbations in the po-
tential and the mass distribution which are observablendnTaylor-expanded expression
for the lens potential, further higher order terms alsotexig are generally negligible.
However, what is indistinguishable is thfext of individual factors, that is, the elliptic-
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Figure 2.3: A contour plot of? as a function of shear and ellipticity showing the degen-
eracy between the two quantities.

ity, the internal shear (i.e. arising from the mass withm¢hitical radius) and the external
shear. This is demonstrated by their individual contritmsito the potential as,

0
W(0.X) = - OS2~ x) . (2.33)

and, ,
w6.0) = 15" 0524 ~x,.) (2.3

whereys represents the internal and external shear together.

A toy model of an isothermal sphere and an external shear (@) with a position
angle of 70 deg was used to generate multiple images of twiicatt sources. The
mock data thus generated was tweaked within the assignesttaimties of 1 mas on
the positions. A model with an isothermal ellipsoid and exa shear was then used
by fixing the position angle at 70 deg for both ellipticity asldear, and allowing the
ellipticity and shear to fit the data. Fig. 2.3 shows that thiees of the? for models with
various combinations of ellipticity and shear are equatlf@rred. The ellipticity can be
increased in the model and shear can be decreased to getally equeptable model.
Similarly, the shear can be increased up to the initial valu2 per cent by decreasing
the ellipticity to 0. Thus, it is dficult to constrain the féects of ellipticity and shear
individually.
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3 Interferometry and VLBI
techniques for data reduction

Gravitational lensing can produce multiple images of aagisbackground source that
cannot be seen directly due to the intervening matter. e doming from such distant
sources is likely to interact with the line-of-sight pal¢ig on its way to the observer. Since
lensing is an achromatic phenomenon, the light from lensethyes can be observed at
various wavelengths. The radio emission, although weakcaay information from the
distant Universe since it fiiers little from propagationféects. Also, the emission is seen
with radio from milli-arcsecond (mas) to arc-minutes ssal®&loreover, the terrestrial
atmosphere is transparent to a wider range in the radio eegiaking the less expensive
ground based instruments a viable option as compared to etbetromagnetic wave
bands like x-rays where space based instruments are ibkvitdherefore, it is more
efficient to study distant gravitationally lensed sources &ed properties in the radio.

In an attempt to achieve higher resolutions, larger telessor higher frequencies are
needed (resolutios wavelengtlsize of the aperture). For practical reasons, telescopes
cannot be arbitrarily enlarged or the source of interest matyalways emit at higher
frequencies. Instead, signals from several telescopesaeg over large distances can
be combined. This is callelhterferometry The early radio interferometers (ca. 1950)
were similar to Michelson interferometer where the prifeip the same as in the optical.
In a radio interferometer, the signals from two antennasadded and fed to a square-
law detector where the output is proportional to the squérie sum of two antenna
voltages. The next important development was in 1952 whda Ryroduced the phase
switching interferometer. Here, the phase of one antenperisdically reversed such
that the output is proportional to the time average of thepcbof the voltages measured
by each antenna, which is calletbss-correlatiorof signals.

Advanced techniques have been developed and numerousraays have been con-
structed since, for example, the Very Large Array (VLA) astiag of identical and mo-
bile antennas spread over regular distance intervals o¥itiig-Element Radio Linked
Interferometer Network (MERLIN) with dierent sized and randomly distributed anten-
nas. For both the VLA and MERLIN the data are correlated ihtigge. With increased
separations between antennas, the technique used in dogthe signals also becomes
important, for example, it should be codtextive, the losses in the signal amplitude
should be minimized, the signals should be synchronoushybimed etc. Very Long
Baseline InterferometrVLBI) is a technique wherein the antennas are not physicall
connected and the signal from each antenna is recordedks disese tapes are brought
together to be multiplied and averaged iccarelator. Therefore, the phases of the signals
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3 Interferometry and VLBI techniques for data reduction

from all of the antennas need not be synchronized duringltserpation i.e in real time.
This technique allows the use of the longest baselinesipessn ground (and space) to
give the highest angular resolution, typically of the ordesub-milliarcsecond. This al-
lows celestial sources to be studied in detail, and astnicreatd geodetic measurements
to be made with great accuracy. However, accounting for oreagent errors is much
more dificult in VLBI compared to the errors in smaller and homogeseauays be-
cause the geographigakather conditions at each antenna aftedént. Such dierences
have to be taken into account.

Throughout this thesis, high angular resolution imaginthwaterferometer arrays is
used to study gravitational lens systems. The followingises are to familiarize the
reader with the basic concepts involved in the process ofmgatadio images using the
technique of interferometty

3.1 Introduction

This section compares the response of a single elementuapavith a multi-element
interferometer to show the importance the latter has in theecvational aspect of this
thesis project.

Resolution

Consider a single element antenna with an aperture of sizeaDréceives a signal at
wavelength ). The Fourier transform of the aperture illumination is thefield pattern.
In the one dimensional case,

E(¢) = f E(x) e s dgx (3.1)

where E(X) is the aperture field distribution and the power patterP(g) = |E(¢)°.
The power pattern is also known as the response of the antamhdas a maximum
in the centre and weak side-lobes at the edges (assumingetyydmA plot of a one-
dimensional power pattern is shown in red in Fig. 3.1. Theudargresolution of an
antenna is given by Rayleigh’s criterion as the separateiwéen the maximum and the
first null which occurs at A/D.

Suppose there are two antennas each with apeiiaed separated by a distanBe
called the baseline. The combined response of the antearthe interference pattern
shown in green in Fig. 3.1 which is enveloped by thérdction pattern of the single
antenna. Here, the resolution is again given by the extetfiedfirst null from the central
maximum which occurs at 1/B. Thus, as the baseline is increased higher, a higher
resolution is achieved. In Fig. 3.1, baseliBas chosen four times the single antenna
aperture D for illustrative purpose. Practically, a basels several times larger than the
aperture of an antenna, for instance, the size of the VLAmaas is 25 m whereas the
longest baseline is 36 km.

The concepts discussed here are mainly relevant to theabfhe thesis. For detailed understanding,
see Thompson et al. (1986), Taylor et al. (1999), Zensus €1295) and Perley et al. (1989)
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Figure 3.1: Interference fringes of the two antenna powdepaenveloped by the single

antenna power pattern. Therefore, the resolution (B) achieved due to a two-antenna
baselineB is much higher than the resolution (/D) from a single antenna of siZ2.

What do we measure ?

The fringes obtained from the interference pattern of the antennas have an intensity
maximum (may) and an intensity minimuml §;,). Hence, the visibility is defined as

Imax_ Imin
v Imax+ Imin ' (3.2)
For a point source, thiy, in the fringes will reach zero thereby, giving = 1. This
almost never happens in reality since a source has a finieasid the emission from
different points in the extended source do not interfere ddstelicat the same point.
Thus thel i, > 0 and so the visibilityV < 1.

It is convenient to measure the visibilities in the follogiway. Consider a distant
source in an arbitrary direction of unit vectemaking an anglé@ with respect to a ref-
erence point called the phase centre (see Fig.3.2). Thalsigreasured by two antennas
at a distanc® apart ditfer due to the dierence in the paths traversed. The corresponding
time delay in the signal received by the first antenna witpeesto the second is called
the geometric time delayr{ = B - s/c). In order to compensate for this and combine
the signals coherently, an instrumental delay is introdunehe path of the second an-
tenna. The signals received from each antenna are furtbeegsed digitally, as shown
in the schematic diagram, and are filtered and down-cory¢oténtermediate frequen-
cies for practical convenience. The cross-correlatiorhefMoltage signals is performed
by multiplying and then averaging in an integrator to giveomplex quantity called the
visibility.

V =(V1V3). (3.3)

The visibility from a pair of antennas at an instant gives art&y component of the
brightness distribution of the source. If the visibilitiesee measured as a function of
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Figure 3.2: The radiation emanated from a source with a tilimevectorsis received by
two antennas separated by baseBdhe measured signals are combined in the corre-
lator to produce the coherence function which is the Fodrarsform of the brightness
distribution (adapted from Thompson 1999).

different antenna separations (baselines), a visibility fanatan be obtained and used
to reconstruct the brightness distributid(g)). This visibility function is also called the
spatial coherence function. Therefore, for a sowgcaway from the reference direction,
the two-dimensional visibility function is

V= f AS) 1(S) e2BSedQ = V| & (3.4)
A4

whereA(s,) is the power pattern of the antenna anis the phase of the cross-correlated
signal.

3.1.1 Synthesis Imaging

Consider the projection of baselines in tineplane such that the-axis points towards
the North celestial pole anglaxis towards the east. Let the source brightness disimitbut
(1) be defined in thexy-plane. Ideally, if the visibilities are measured at all igsiin
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Figure 3.3: Snapshots of the distribution of the visilektusing MERLIN show increas-
ingly filled uw-data points in the,\+plane due to the motion of antennas with the rotation
of the earth over time.

this plane, the brightness distribution(k,y)) can be calculated. Practically, this plane
has large gaps since it is not economical to construct aagetfill the visibility plane
completely. Fortunately, as the Earth rotates, the pregebaselines change as a function
of time, thereby giving visibilities at élierent points in thev-plane. This is calle&arth
Rotation Synthesis

Fig. 3.3 shows the baselines of the MERLIN antennas whidaettiae visibility func-
tion along curves, filling thev-plane at diferent instants of time. Each curve corresponds
to a pair of antennas such that one of the antenna is at thia amgl the other traces a
curve with respect to the former. Fig. 3.4 is an illustratodthe spatial extent of thew-
coverage of MERLIN and the Very Long Baseline Array (VLBAME VLBA can map
features at milli-arcsecond scales whereas MERLIN is ba&stl fior mapping sources ex-
tended over several sub-arcseconds. Note that low resolatrays are equally as useful
as high resolution ones sincdi@irent sciences can be done with both of them.

From the van Cittert-Zernicke theorem (Born & Wolf 1959)e thrightness distribu-
tion is given by the Fourier transform of the visibilit}/{) which is a complex function
measured by the antenna

l(xy) = Z(V(u,V) (3.5)

whereV(u, V) = |'V|€? is the visibility in theuw-plane.
The visibility function issampledat various points in the visibility plane {w). The
sampling functior5(u,v)is given by

SUY) = > W 6(u— U 6V — ) (36)
k
where w is the weighting factor. The sampled visibility functiongisen by
(T/(u, V) = §u, V) X V(u,V) . (3.7)
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Figure 3.4: Distribution of the visibilities in thew-plane showing MERLIN and VLBA
baselines at the same scales. The inset shows a zoomedge oh®ERLIN baselines.

A dirty image is a reconstructed image of the source brigdggrtistribution but with
incomplete visibility function i.e. gaps hence, referrecs dirty. The dirty imagé(x, y)
can be obtained by Fourier transforming the sampled visilfiinction,

19(x, y) = y(rT/(u, v)) - y(S(u, v)) ] y(q/(u, v)) . (3.8)

The second equality comes from the convolution theoremrigie hand side is the
convolution of the dirty bearBy with the real image i.e.

19(x,y) = Bg * | (3.9)

whereBy = .7 (YU, v)) is the point spread function. Therefore, the dirty beBmust be
deconvolved from the dirty imagé to obtain the true image intensity distributid.(

3.1.2 Basic Terms

Some basic terms which are used in this thesis are now defined,

Coherence time

The timet, within which the phase of the fringes changes by less thadiamas called the
coherence timeThis quantity can depend on atmosphefieets, electronics, accuracy
of system clocks etc. Sources which are weak need longeaginertime but this time is
limited by the coherence of the phases within that time.dfdhta is averaged for> t, it

is difficult to find the peak of the fringes. This degrades the Sigm&loise Ratio (SNR).
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Sensitivity

The measurement of the weakest feature of emission thatealetected is called the
sensitivity The sensitivity of an image obtained from N identical an&sobserving
with a bandwidtAy and integrated over timig; for a single polarization is,

1 Tsys
Alp=— . 3.10
) ns\/N(N—l)tim Av K (.19

Factors like receiver noise, feed losses, spillover, apinesc emission etc. are included

in the system temperaturéyy); 7 is the systemféiciency which accounts for thefects

of the electronicsk = nA/2k is a measure of antenna performance consisting of antenna
efficiency (), area of the antenn@) and Boltzmann’s constark), Note: Tsy,sandK are
assumed to be the same for all antennas which is generaltyuedior VLBI arrays since

the antennas haveftkrent sizes andfiéciencies. It is clear from Eq. 3.10 that antennas
with low Tsys andor large areas are most sensitive. Also, including morenmaigin an
array will improve the image sensitivity.

3.1.3 Smearing Hfects

The frequency of a signal received by an antenna is generatiyerted to an intermedi-
ate frequency which is convenient for electronic proceagsiinthe signals. This is called
the intermediate frequenc{lF). Furthermore, the signals are not measured at a single
frequency but at a range of frequencies which formskiaedwidthand each IF is di-
vided into channels within that bandwidth. The consequet@veraging data over the
bandwidth and time are discussed below.

Bandwidth smearing

Theuv-plane is obtained by scaling the antenna separations kgttvavelength of obser-
vationi.e.u = x,/4, v = %,/1 wherex, (andy,) is the antenna separation projected along
u (andv) axis. Given a baseline, the ratin/v, = constant. Therefore, the frequencies
within a bandwidth £v) correspond to dierentuv-points in the radial direction. Due to
the Fourier relation between tha~plane and the image plane, the points in the image
plane get rescaled too. If the visibilities averaged overadwidth (\v) centred at/

are changing significantly, then the features in a map atalhnadmeared and ster loss

of peak flux density far from the phase centre. This is calleddwidth smearingThis
effect is given in terms of fractional loss in the peak inten%itgc B. Here g = %
proportional to the fractional bandwidth¥/vy) and distance from the phase centre scaled
by the beam-widthéy/0xpew). In Fig. 3.5, a feature observed witl8 mas resolution (of
VLBA) at 1.7 GHz, situated at an angular separatior @f.6 arcsec from the phase cen-
tre is shown. Theféect of radial smearing can be clearly seen due to averagiegtbg
complete bandwidth of 32 MHz in the left panel. When the \igibs are averaged over

8 MHz bandwidth, the peak intensity and the shape of the feasuess fected. In case

of averaging over a bandwidth of 0.5 MHz, the smearifigas are minimum and the
percent loss in the peak intensity is negligible.
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Figure 3.5: For frequencies averaged over 32, 8 and 0.5 Mide wands, theftects of
bandwidth smearing of a feature in the map are shown.

Thus, when mapping a wide field with a single phase centrdidbkty of the features
far from the centre can be maintained by not averaging treealeadr the whole bandwidth.

Time average smearing

When the visibilities are averaged over a time intedtathe averaged value corresponds
to a time {,). However, due to the rotation of the earth, the visibilitj€tion rotates
through an anglevest, resulting in diferentuv-data points corresponding tofidirent
times in the intervadt. This in turn causes smearing of the features in the imageitfir
the same angle and leads to a loss of peak flux density whialopogional to the time
7, and the distance from the phase centre scaled by the beatm{@§Hpaw) i.€.

1- Lo )ng. (3.11)

3.2 Phase Referencing

The phase measured by the correlator is the visibility pladseg with the associated
errors. These errors originate from the atmosphere, idr@spinstruments and geomet-
rical (astrometric) uncertainties. For VLBI, each of thésems can be significant and
hence the phase needs to be corrected. Geometric erroreadurelio uncertainties in
the terrestrial or celestial co-ordinates. Instrumentars come from the propagation of
the signal through diierent antenna electronics, use offelient clocks at dierent sta-
tions, indficient instrumental response due to elevation dependksttie and axis{isets
due to rotation of the axes of antennas. The antennas areafjgrseparated by several
kilometers. Not only do they look through the atmosphereoapsphere along fierent
geometric path lengths but also the compounds wiiedint refractive indicesi(# 1) in
the atmosphere. Also, the ionized particles in the ionospbe rise to additional phase
delays.

These phase errors and delays can be corrected (using fitingge/ self calibration)
provided the source has a high enough signal-to-noise (&hiR). Otherwise, a noise
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spike can give a false signal detection when trying to aligm phases from tierent
antennas. This means only strong sources can be imagedveigwee could still image
weak sources by taking the corrections from a strong soweagby (typically< 2°). This

is exactly what is done iphase referencirfg In this technique, the weak target source
is observed at short intervals along with a nearby strongredbr source. If the phases
are measured in an interval short enough such that they caddszl coherently, then the
phase errors will not be significantlyftkrent for both of the sources. These phase errors
determined for the calibrator can then be interpolated a®di o correct for the target
source.

The phase calibrator should satisfy the following criteajit should be a point source
(unresolved at most frequencies), b) it should be strorgséty SNR > 5 within the co-
herence time), and c) the calibrator source position shioellkkhown with high accuracy.
Due to the high resolution of VLBI it is not always possibldfitad an unresolved strong
source near to the target. Experience shows that phasemefieg produces best results
for a switching anglef, angle between target and calibrator}o2 deg at 8.4 and 5 GHz,
and< 4-5degat 1.7 GHz.

3.3 Editing

Editing is an important step in data reduction. Some casesliting is required to flag bad
data which are baseline or antenna dependent. Sometimasttétea is fi source when
it should be looking at the source or certain scans are ba@xample, high spikes) due
to bad weather. Such scans should be completely flagged i iagorrect interpolation
of the calibration. Even after the calibration has beeniaddb the data, some editing
or flagging might be needed to take care of calibration probleFor instance, a scan
on an antenna with an incorrect calibration factor showsdowlitude compared to the
neighboring scans, hence it needs to be deleted. Fig. 3véssexamples of some real
data from observations presented in this thesis. The tagpéefel shows the first few
bad scans on baselines with Arecibo (AR) indicating it is yettlooking at the source.
These scans should be flagged. The top right panel showsothatoflst of the scans on
baselines with Fort Davis (FD) the antenna was on-sour@ aftime delay of a few
minutes. This means FD is slewing and needs flagging. Botédinpanel shows Torun
(TR) with some amplitude calibration problems on all basediwhereas felsberg (EF)
on the bottom right clearly shows amplitude of about 0.2 Jytie same baselines. Thus,
TR was completely rejected and a few bad data points weredediit for EF.

3.4 Calibration

The measured visibilities are not the same as the true Mbiowing to various factors.
Correcting for these factors to get the value closest torte tisibilities is calledCali-
bration. Calibration is required at several stages of data obsgrvatording, processing

°Note: Since the phases are measured by choosing the caliasathe phase centre, only the relative
position of the target with respect to the calibrator is knawphase referencing.
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Figure 3.6: The panels in the figure highlight the bad dataltieg from problems of

different natures.

etc. Some initial calibration like accurate positions & #ntennas, their pointing, an ac-
curate source position and checking the gains of the ansemitlathe help of a calibrator

are essential.

3.4.1 Amplitude Calibration
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The measured visibility is related to the true visibilityfaows,

Vi) = Gij(0) Vi () + &) + 7 (t) »

where the subscriptsandj represent antennag;;(t) is the baseline based complex gain,
&;(t) is the baseline based compleffset andy;;(t) is the baseline based complex noise.
Thebaseline based complex gaian be divided into complex gains of associated anten-

nas and a baseline based residual ggj(t) is called theclosure error

Gi(t) = (0 g;(0 6 (1) = a(t) a;() €O,

46

(3.12)

(3.13)



3.4 Calibration

Generally, the closure error is a small factor and can beregholhe antenna gain further
consists of amplitude and phase corrections. Ignoring theenterms in Eqg. 3.12 and
retaining only the amplitudes, the measured visibility &tage (i.e. the raw correlation
codficient) is then

Lij = ait) a(t) Sij - (3.14)

Substituting for the amplitude terms of the antenna gaimsraarranging the Eq. 3.14

gives,
/TSV$TSVS

whereb is the quantization correction factdrsysis the system temperature of an antenna
in Kelvin andK; is a measure of antenna performanc&idy . The system temperature
is measured frequently in an observation run since it is tame elevation dependent.
Using Tsys andK to determine the amplitude calibration is called ¢éhpriori amplitude
calibration. An improvement to this calibration can be mhgl@bserving a strong non-
varying source and performing amplitude self-calibratioget the corrections.

3.4.2 Fringe Fitting

The model used by the correlator to account for the geomtatnie delays and the fringe

rates has errors, for instance, the antenna position, tdok<lat diferent antennas and
errors in the Earth and atmospheric model etc. These eramusecsloping phases and
phase €'sets across the frequency bands. The error in the intertdssmphase expanded
to a first order is given by,

A, = ¢o + Z_(fAV + Z—fm ) (3.16)
The first, second and third terms are the phase error, thg cedaual and the rate resid-
ual, respectivelyFringe fittingestimates these phase delays and phase rate residuals, and
corrects for the same in the data. The data are divided into diimensional array of time
and frequency. By taking the Fourier transform, the peakefftinction is located in the
delay and rate domain which gives the lowest residuals gerfitting on weak sources is
difficult since the signal-to-noise ratio (SNR) is not high erfotay identifying the true
peak. After fringe fitting, the data can be averaged over ame frequency to improve
SNR and to reduce the size of the data at the expense of bahgtimig smearing.

When the delays and rates are determined for each basetitbemobtained for the
antennas, it is calleBaseline-based fringe fittingdere, the source has to be detected on
all baselines or else the baselines with only a weak or no@etlen will not be calibrated.
Also, this method may not always determine phases, delaysades that will satisfy the
closure relationship (see section 3.4.3)

Global fringe fittingis used to generate a solution for antenna-based delay iage fr
rate parameters simultaneously. Using a reference antsohdions for antennas are
found directly as opposed to baseline based fringe fittinige ihcreased sensitivity of
this method allows fringe fitting on weaker sources. Fig.sh@ws an example of global
fringe fitting.
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Figure 3.7: Left: Phaseffsets across the frequency channels on various basékfie®
fringe fitting. Right: Aligned phaseafter fringe fitting for the same baselines. Note that
the scatter in the phases has also reduced after fringgfittin

3.4.3 Closure Phase and Amplitude

In the late 1960s, Roger Jennison realized that the sum ofisii@lity phases around a
closed loop of baselines would be free of antenna basedsesioce they get canceled.
Such a sum is calledosure phaseThe closure phase for a triangle of three baselines can
be written as

Pijk = dij + Pk + bui - (3.17)
Similarly, closure amplitudéor a closed loop of four antennas is the ratio of the vidipili
amplitudes needed to cancel the antenna based gains,

Vil |V

Both of these quantities are good observables, but werenmatgh to constrain the un-
known visibilities and could not be used for imaging till th870s. Later, an iterative
approach was developed by Readhead & Wilkinson (1978) @iertb, RW) to use the
closure phases aral priori information of the source for making maps which came to
be known asHybrid mapping An initial model of the source is used to determine the
phases on baselines with the help of the observed closusepl#anew model is made
from the observed visibility amplitudes and the above detieed phases. While mapping
the source for the new model, a narrow window is chosen arthumgource in order to

reject most of the surrounding regions which is mostly noidee steps are repeated until
a satisfactory map of the source is obtained.

ki (3.18)

3.4.4 Self-calibration

This method, also like hybrid mapping, consists of two pajdetermining the antenna
based complex gain corrections i.e dealing with compleibilises® and b) determin-

3The essential dierence between Self-calibration and Hybrid mapping is tiratformer method ex-
plicitly solves for the antenna based corrections to rentbeen and the latter uses the closure quantities
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3.5 Imaging

ing the source brightness distribution which is done usheyctean method, which is
described in section 3.5.

Self-calibrationis based on the principles of the RW method except that thenaat
gains are allowed to vary in the process of determining tliecgobrightness making the
quality of the images better. Basically, the following etioia is minimized by varying
the antenna gaing andg;, and the model visibilities/,

S = Zk: Z W (81V (6) — 5 (09 (Vi (8P - (3.19)

i ji#]

Here, wi;(ty) are the weights that can alter the way self-calibrationceeals. These
weights are generally determined from the errors in the miesevisibilities. A standard
approach is to choose simply the reciprocal of the variariceeomeasured visibilities
callednatural weighting This down weights the data points which have poor or no mea-
surements and increases the sensitivity of the map.

Fig. 3.8 depicts the process of self-calibration. Here, adgstarting model of the
source is required. This model is subtracted from the olesewsibilities in order to
solve for the complex antenna gains. These solutions am tasdetermine corrected
visibilities _

Vi (1)
gij (D)g;; (1)
Now, from the corrected visibilities a new model of the s@uscmade which can be used
for the next iteration. These steps are repeated until sfaetory brightness distribution
map is obtained. Since the model tries to fit the data exaself~calibration works well
if the source is simple like a point source (or a source notmuiiferent from the model)
and if the data has a good SNR.

(Vij,corr(t) = (3.20)

3.5 Imaging

From the visibility function, the true brightness map carobéined by taking a Fourier
transform,

l(xy) = f f V(u, v)e W dy dv. (3.21)

This can be carried out using the Direct Fourier Transforr&{por the Fast Fourier
Transform (FFT) methods. In either case, the visibilityy@aeeds to be gridded to make
the transform easier. Since the visibility plane is not tagy sampled, the visibilities
may not always lie exactly on the grid points hence, somedartterpolation is done.
First, a smoothing functio@ is applied to the observed visibility function and then itas
sampled only at regularly spaced intervals using the repagioperatoR (see Zensus et
al. (1995)). For a large number of grid points, FFT is gerefakter than DFT since the
number of operations it needs to perform is far less thanfthd@FT. Eq. 3.6 shows that
the sampling function is weighted by, = R¢T¢Dy and is non-zero only at points where
the visibilities are measured. Here the fiméentsRy are associated with the reliability of
each data point. It depends upon the integration time andviadih of the observation

which cancel these very antenna based complex gains
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Figure 3.8: A flowchart summarizing self-calibration (Pemar & Readhead 1984).

and system temperature of the antenhais the tapering function (typically a Gaussian)
and is generally used for downweighting the data at highatigfrequencies. When the
higher spatial frequencies are sparsely sampled and mmstlyist of noise, tapering at
such times can improve the quality of imagirig is the density weighting function and
as the name suggests is used to emphasiiereint regions in the visibility plane thereby
optimizing the output in the desired direction. For ins@ateget high resolutior), can
be set to the inverse of the density of the visibility pointsielh down-weights the small
spatial frequencies. Applying the convolution theorem¢o E8 gets Eq. 3.9,

190, ) = Ba(x.¥) * 1(x.Y) - (3.22)

It can be seen thaf(x, y), the dirty map is a convolution of the dirty bed®g(x,y) which
is a Fourier transform of sampling functi@{u,v)and true map(x,y) which is a Fourier
transform of the true visibilities. Here the additive noieem is ignored. The solution
of convolution given by Eq. 3.22 is called tipeincipal solutionwhich is the dirty map
19(x,y). Now, suppose there is another brightness funciamhich corresponds to un-
measured visibilities in thaw-plane thenBy « Z = 0. Therefore, any + aZ will be a
solution wherex is a multiplicative constant and Z is referred to as ithasible distri-
bution This implies there is no unique solution to the linear dectution problem and
hence, non-linear methods are needed to find an optimumaalut

The two widely used non-linear methods for deconvolutioa @san and Maxi-
mum Entropy Method (MEM). MEM reconstructs the surface bingss from the cross-
correlation of the signals by model fitting. The model préaticbrightness distribution
(B) is fitted to theuv-data by maximizing a function &) called theentropyof the
brightness distribution. The entropy function is definedrsthat it has a unique solu-
tion when maximized. A thorough analysis of MEM and comparisith cLean is given
in Nityananda & Narayan (1982). Both the methods have cquialé and quantitative
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3.5 Imaging

differences in the reconstructed brightness distributionthelfsource structure is point
like, cLean is preferred computationally whereas MEM gives faster agttilb results for
extended sources. However, careful data processing iedded MEM to work. The
cLeaN method is implemented in the data reduction of both lensee(# see sect. 5.3.1)
hence a step-by-step description of the method is givembelo

3.5.1 Deconvolution:cLean Algorithm

This iterative algorithm by Hogbom (1974) uses ¢éheriori information of the dirty beam
to discard the side-lobes and retain the real componertgiditty map. For instance it is
not likely that the sky brightness distribution shows th@sa@omplex features as the side-
lobes of the dirty beam. Such constraints help to limit thenhar of plausible models
that will fit the observed features in the dirty map.

The steps performed inean are,

1. The flux density and position of the intensity peak in thiéydnap are determined

2. A factory (< 1) called the loop gain times the peak strength times the bheam
subtracted from the peak position of the dirty map. Typicall~ 1%-5% of the
peak

3. This peak position and flux of the so callegan component is stored

4. Steps 1to 3 are repeated until no flux density peak higlaaratthreshold level (for
example close to the rms) is found. The clean componentaibtt dirty map is
now referred to as the residual map

5. ThecLean components are convolved withcaean beam (generally an elliptical
Gaussian beam with same Full-Width at Half-Maximum (FWHM)that of the
central lobe of the dirty beam)

6. The convolvedLean components are added to the residual map to create a smoothed
CLEAN Map

Further development to this algorithmis the Clark algamtivhich unlikecLean works
in both the image andv-plane. It consists of two parts. a) Finding thean components
by accepting any point in the dirty map (with an intensityaba threshold fraction of the
image peak) greater than the highest side-lobe of the d&éyrb b) Fourier transforming
the cLean components altogether to the visibility plane using FFTvodving with the
sampling function, transforming back to the image planeutatract them from the dirty
map. Cotton & Schwab developed it further by altering theoséecpart of the Clark
algorithm. Here, the FT of theLean components are simply subtracted from the un-
gridded visibility data which eliminates any errors thatuk from the process of gridding.
It has been implemented ikao’s* Astronomical Image Processing Softwake§) used
for data reduction of the lens systems in this thesis.

4NRAO-National Radio Astronomy Observatory
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4 Luminous substructure in the lens
system MG 2016112

Numerical simulations of hierarchical structure formatior a CDM cosmology have
predicted a large population of sub-halos within the maio$af galaxies (e.g., Moore
et al. 1999). However, the observed satellite mass fracfdhe Milky Way and other
nearby galaxies, have defied these predictions by an fatt@-@00 (e.g., Klypin et al.
1999). It could be that the sub-halos do exist but are unebdesince they are not lu-
minous. For example, many satellites of the Milky Way wergcdvered recently which
has made the problem of missing satellites less severeifMaral. 2007; Simon & Geha
2007). Atool to test the existence of the missing sub-haction would be through grav-
itational lensing which is sensitive to matter irrespeztv whether it is dark or luminous.

With the increasing popularity of the applications of gtational lensing, more and
more lens systems were discovered. Although most of thedgstems could be well
fitted with a smooth model of the mass distribution, the flubosaare often very poorly
fitted, for instance, MG 04140534 (Lawrence et al. 1995), B142231 (Patnaik et al.
1992), B2045-265 (Fassnacht et al. 1999). This is the problem of the armmsé&lux
ratios. Mao & Schneider (1998) noticed that the discrepamt fatios of the lensed im-
ages of B1422123 could be evidence of substructure (i.e. low mass hal@ M,,) for
example, in the form of globular clusters in the vicinity dietmain deflector. Subse-
guently, Metcalf & Madau (2001) carried out simulations etbnstrate that small-scale
structures £10° M) indeed &ect the magnifications of the lensed images without sig-
nificantly distorting the image positions. Furthermorel|dD& Kochanek (2002) devised
a method to predict the abundance of the satellites of therlgrgalaxy and applied this
to a sample of quadruple lens systems. Their predictionbefatellite mass fraction
(0.6 fsat < 7 per cent) were found to be consistent with the CDM predastio

It was soon suspected that substructure could also prodiicereetric perturbations
in the lensed images at an observable level. However, verysteh cases are known
because the background source should have fine structurgélisdrosecond resolution
(this is only possible to detect in the radio). Secondly, lesas by Metcalf & Madau
(2001), the astrometric perturbationslQ mas) in the lensed images can be detected
for substructure with a mass afLl0°® M, and which has a line-of-sight alignment with
one of the image features. For example, the milli-arcsesmate structure found in the
lensed images of CLASS B012837 could not be fitted with a smooth mass model or a
model with higher order multipoles of the lens potentiak(Béggs et al. 2004). A second
(and the most extreme) case of an astrometric anomaly i®fhate of the first lenses
discovered, MG 2016112 which is investigated in this chapter.
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4 Luminous substructure in the lens system MG 20182

The gravitational lens system MG 204612 has intrigued astronomers since its dis-
covery. It showed a puzzling three image configuration (AnB @) when observed in the
radio. Opticalinfrared imaging and spectroscopy confirmed A and B as lemeades.
However, the third component C eluded any of the followingsslfication a) a lensed
image b) a lensing galaxy at the same redshift as that of the l@asing galaxy or c)

a lensing galaxy at a much higher redshift (i.e. a secondpére). Subsequent high-
resolution radio observations revealed component C to bsisting ofa pair of merging
images straddling the critical curve. Such images are eéggddo be mirror symmetric
and have equal magnification. Hence, MG 28162 came to be known as a quadruple
image lens system.

Interestingly, asymmetry in the positions of the fine stuetof the merging mirror
images was found, violating the prediction from gravitatiblensing theory. Any vio-
lation observed in the flux densities of the lensed imagesddo@ a result of intrinsic
source variability or propagatiortects like absorption or scattering. An anomaly in the
astrometry of the lensed images however, has to be of gtiawvigd origin. Such cases are
much stronger evidence of CDM substructure than the anarsdlox ratio cases since
no other known phenomenon can introduce astrometric asyiypinghe lensed images.
The mass model results have claimed that MG 2Q1@ has luminous substructure and
the problem of the astrometric asymmetry in the pair of nmygnages can be resolved
(Kochanek private communication, see also Kochanek eDai 2Chen et al. 2007).

The work presented here is divided into the following sewioln section 4.1, the
background on MG 2016112 is described with the help of earlier work on this lens
system. In section 4.2, new multi-frequency high-resolutbbservations with VLBI are
presented to study the spectra of the fine structure resatvalll of the lensed images.
In section 4.3, the new observational constraints are usedske a better mass model
and revisit the substructure problem. The discussion ofdkelts and comparisons with
previous work are described in section 4.4. Section 4.5 samaes and concludes the
results of the new observations and the mass models of thesyestem.

4.1 Background

Like the blind men groping an elephant from various sides @naaving diferent con-
clusions with every further exploration, astronomers gleg to solve the mystery of the
lens system MG 2016112 with every new multi-wavelength observation. In thistsm,
an up-to-date viewpoint of this system is presented.

4.1.1 The Lensed Images A and B

MG 2016+112 was the first gravitational lens system discovered wayséematic search
for lenses. It was found in the MIT-Green Bank 6-cm surve\8(L Bennett et al. 1986)
which was made with the 91 m transit telescope of the NRAOe@&lmompact compo-
nents (A, B and C), which form nearly a right-angled triang¥ere found with the VLA

(see Fig. 4.1; Lawrence et al. 1984). The separation betimeages A and B is about
3.4 arcsec. Component C lies 2 arcsec away to the southfeBsiral is the strongest
of all. The overall integrated spectrum of this lens systsitinat of a Gigahertz Peaked
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Figure 4.1: MG 2016112 discovered in the radio at 5 GHz using the VLA revealsghre
unresolved components A, B and C (Lawrence et al. 1984).
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Figure 4.2: Each lensed image A and B is resolved into two asmapts with the 5 GHz
European VLBI Network (EVN) observations (Koopmans et 802b).



4 Luminous substructure in the lens system MG 20182

Figure 4.3:HSTimages of MG 2016112 inV, | andH bands. Components A and B
are visible in all of the three bands. Although C is detectedli bands, clear arc-like
emission is seen only in the near infrarétl jand). In the other bands C is fainter by a
magnitude compared to A and B. The lensing galaxy D is visiblg in the infrared and
appears elliptical. Courtesy: CfA-Arizona Space Telescbpns Survey (CASTLES;
httpy//cfa-www.harvard.edigastlegndividuayMG2016.html)

Spectrum source. Component B showed a radio spectrum stmitamponent A and the
flux density ratio is B:A-1, whereas component C has a much flatter spectrum. Hence, A
and B were found to be consistent with being lensed imagele wWie nature of C was not
understood. The first 18 cm VLBI observations suggestedthiese was more than one
component in images A and B (Heflin et al. 1991). These wemlgieesolved into two
componentsin A (Al and A2) and B (B1 and B2) (see Fig. 4.2; Koaps et al. 2002b).

The optical counterparts of A and B showed compact emissitinam apparent mag-
nitude of 22.5 in the photometricband (see Fig. 4.3 for thdSTimage). Optical spec-
troscopy of A and B showed only narrow emission linesaq\WV, SilV-0O1IV, CIV
and He ll) at a redshift o = 3.273 (Lawrence et al. 1984). This further confirmed that
A and B are the lensed images of the same background souraeopiital and radio
flux density ratios of the components are found to be simsagxpected. Furthermore,
Eliasdottir et al. (2006) recently showed that the optiraission of images A and B do
not sufer from extinction from dust in the lensing galaxy.
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Figure 4.4: Region C was clearly resolved into four compaotgonents in EVN 18 cm
observations (Garrett et al. 1996).

4.1.2 Thelens

A giant red galaxy D was found in the optical lying close to tteatroid of A, B and
C (Schneider et al. 1985, see Fig. 4.3 which showsHBd& Hband image). Based on
the Call absorption lines found in the spectrum of D, Schereel al. (1986) deduced a
redshift of 1.01. TheHST (F555W) andH band (F160W) magnitudes are 25+1293
and 18.460.09, respectively. The axial ratio is found to be G:B201 with a position
angle of 532 deg. The stellar velocity dispersion of D is 322 km s (Koopmans &
Treu 2002a). From the surface brightness profile and matglbf D, it was interpreted as
a massive elliptical galaxy consisting of old and metahstars. This radio-quiet massive
galaxy is by far the most distant galaxy-scale lens observed

4.1.3 RegionC

The third radio component (C) in MG 201®12 deserves special attention and hence it
is summarized here. Since its discovery, region C has eladgdimple interpretation. It
was a long standing belief that C or at least a part of it wasisihg galaxy at a dierent
or the same redshift as D (see e.g., Lawrence et al. 1984 ;dreeret al. 1993; Nair &
Garrett 1997). The detection of Ly-emission az = 3.273 in region C, called Cwas
believed to be the third lensed image (Schneider et al. 198t)s, region C was regarded
as a composite structure which included a lensing galaxydGaghird lensed image’C
Region C was found to be faint andfidise in the optical, with an apparent magnitude
of 23. TheK band imaging presented in Lawrence et al. (1993) showeéreely red
emission from component C and a photometric estimate oédshift suggested that it
is a galaxy at a much higher redshift than D. However, the redilee emission resolved
by deepV andl band Keck images could be better explained if associatdutivit host
galaxy of the lensed quasar (e.g., seeH&T Hband image in Fig. 4.3; Benitez et al.
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4 Luminous substructure in the lens system MG 20182

Figure 4.5: The hatched circles A1 and B1 represent the @onizouds associated with
the background quasar, responsible for strongd.gmission lines. The crosses mark the
radio positions, the dots mark the point-like sources ofavaremission lines from A, B
and C. The light circles indicate extended optical emission (&atler et al. 1986).

1999).

5 GHz MERLIN observations first resolved component C into features, an east-
west extended Cand a compact £(Garrett et al. 1994a). Over the next two years using
the better resolution of the European VLBI Network (EVN) #xtended feature C1 was
resolved into three more components (QC,, and G3) approximately along on east-
west direction (see Fig. 4.4; Garrett et al. 1996). Althotlgdse were believed to be three
lensed images, their identity was not certain, whilge §ill a compact component, was
likely to be a third lensed image due to its association withgource of Lye emission,
C.

Yamada et al. (2001) studied the optical spectrum of regi@n@ found Ly, NV,
CIV, He Il and CIII] emission lines redshifted to 3.273, asifid in images A and B.
No contamination from an object at affidirent redshift was found in the spectrum of C.
However, the emission-line flux ratios of B and C were not ireagnent. Nevertheless,
region C was believed to be consistent with being a lensedemépart of the background
quasar, unlike B which is the lensed image of the whole quaRae diferences in the
emission line ratios could be reconciled if the ionizati@ngmetersare diferent.

The ionization parameter is an indicator of the number oizio photons available per atom in a given
medium.
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4.1 Background

4.1.4 The Lensed Quasar

In addition to the complex morphology of the lensed imadesniature of the background
source was another puzzle. Since only narrow emissiondreesbserved from the back-
ground source, Yamada et al. (2001) concluded that it is aewkd AGN. The radio
power of this source is found to be too weak to be a radio-lousksgr at a redshift of
3.273. Moreover, images A and B showed compact emissioneinatlio and optical.
This is typical of quasars which dominate the emission frogirthost galaxy whereas
the emission from galaxies is extended. Hence, the backdrsource is referred to as an
obscured radio-quiet quasar. This would classify the soascone of the highest redshift
type Il quasars known. Time delay monitoring of the lensealsgn was undertaken with
the VLA for more than a decade. No strong evidence of intcinariability was found,
and hence no time delay could be determined for this lengsy@tlaarsma et al. 2000).
Two low surface brightness emission line regiong éhd B) were detected about
3 arcsec north-west and west of A and B respectively (seetfigSchneider et al. 1986).
To avoid any confusion, these are labeled agAd B throughout. No radio counterparts
or any continuum emission was found at these positions. é&dbanet al. (1987) found
that A_ and B also have a redshift af = 3.273. Hence, the emission was not from the
foreground. Assuming Aand B are double images like A and B, then the emission lines
found in A_ should have been detected in.B'he Ly« emission line was detected in A
but only marginally detected in B The diference in their spectra suggested thatAd
B are not lensed images of the same region of a backgroundesataaedshift of 3.273.

4.1.5 The Lens Environment

The properties of the lens galaxy D were found to be similarBoightest Cluster Galaxy
(BCG) at a lower redshift. Therefore, the field was observethé X-ray to look for a
cluster around the giant elliptical D. The associated elusias regarded as dark since no
opticalinfrared emission was found from the cluster (e.g., Sclrereatial. 1985). Obser-
vations with the Advanced Satellite for Cosmology and Asttigsics (ASCA) indicated
diffuse X-ray emission from the lens system associated withligngea dark cluster (Hat-
tori et al. 1997). After the launch @handrain 1999, Chartas et al. (2001) observed the
lens system with better resolution. The X-ray emission wasdl to be from the lensed
images (A and B) of the background quasar and discrete sourdie lens field (see
Fig. 4.6). Nevertheless, a@ upper limit on the 2-10 keV luminosity of the cluster was
quoted as 1X10* erg s! by Chartas et al. (2001). Furthermore, an upper limit on the
mass from Chartas et al. (2001) and luminosities of galaxieasured by Benitez et al.
(1999, see below) were used to derive an upper limit on thessttaBght ratio of the
cluster. The limit was placed within a radius of 8I®§3 kpc of M/Ly < 19Chso(M/Ly)o.

It is consistent with being an average to low mass clusteomparison with low redshift
massive clusters and studies of several grapsters (Hoekstra et al. 2002; Girardi et
al. 2002). The absence offtlise emission in th€handraobservations might indicate
that the cluster of galaxies is not virialized yet. Furthere) deep optical and infrared
observations by Benitez et al. (1999) found a red sequengalaxies and Soucalil et al.
(2001) spectroscopically confirmed an over-density of sibagies at the redshift of the
lens. It was noted that none of the X-ray point source passtiaf Chartas et al. (2001)
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Figure 4.6:Left An 8'x8’ field around MG 2016112 in the X-ray shows several point
sources but no clear filuse emission from the cluster. The inner red circle (sizE)
and outer red circle (size 3') were inspected witROSATHRI andASCA respectively.
Right Emission from the individual components A, B and C is weakdaiected by the
ChandraX-ray Observatory (Chartas et al. 2001).

matched with the optical positions of Soucail et al. (20@pwe et al. (2001) found an
over-density of ten galaxies in the lens plane witki®3” of MG 2016+112 based on
photometric estimates from Keck imaging. Another groupadriter objects about 6.3”

to the north-west of the lens was also found. Note that théslpeverlaps with the po-
sition of the Lyr emission region B A weak lensing analysis of the field indicated a
3 o signal about 64 to the north-west of the lensing galaxy. This weak lensigmai
was consistent with a singular isothermal sphere mass mattel velocity dispersion
o =970 km st. However, due to obscuration from the stars in the field opak of the
weak lensing signal, it was not possible to detect any gaatkiere with certainty.

In theHST Hband image, three nearby galaxies are found G1, G2 and G3wéné
galaxy G1 to the south-west of MG 204812 (see Fig. 4.3) is known to have the same
redshift as the primary lens D (Koopmans & Treu 2002a) whenearedshifts are known
for the two line-of-sight nearby galaxies G2 and G3.

4.1.6 History of Mass Models

Over a period of a quarter century several interesting neddelhis lens system were put
forward. These models are summarised in this section.

Following the discovery of the lens system, Narasimha e{1884) presented two
possible mass models a) a galaxy at the position of C and tecloisb) a galaxy at the
position of C and another galaxy at dfdrent redshift. Based on further observational
results a new model was made by Narasimha et al. (1987). Tllelnnonsisted of two
lensing galaxies C and D and a cluster at the same redshift201G+112 was described
as a five image lens system (A, B, two images in C and one near D).
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4.1 Background

Since no cluster was detected in the optical, the model oadiarha & Chitre (1989)
included a dark matter halo instead of a cluster and the lafexigs at D and C. The
constraints were A, B, CA_ and B as the lensed images of the background source.
The background source was assumed to have a finite sizedt.poimt-like) such that it
lies on the caustic (see Fig. 4.7). The mass model predibtgd and B are the double
images of the core of the background source whereas a pagrgimg images with a high
magnification in the tangential direction are formed at tbhsifoon of C. Furthermore,
regions A and B were shown to be singly imaged and correspondfi@int regions in
the background source.
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Figure 4.7: The image configuration in the image plane ancgdlece configuration in
the source plane both show the position of the lensing gedaki and C. £ from the
image plane maps back tq i the source plane. The dotted lines are the critical curves
in the image plane which map to the caustics in the sourcespl@he singly imaged A

and B map to the two elliptical rings in the source plane. Note thatconvention is
North is up and east is right (Narasimha & Chitre 1989).

Langston et al. (1991) used a single screen with a singlatielil lens D in the mass
model. All components (A, B and C) seen in radio (3.6 cm) ani inand data were
associated with the background quasar and explained afizagily by the model. Region
C was predicted to show an east-west extended flat-spectruatise and a central com-
pact steep-spectrum component. Nair & Garrett (1997) dsat two models with two
lenses, C and D, in two lensing planes and dark matter hald)yever, note that these
models are not determined from a fit to the observational dapeectral analysis ayar
time delay measurements would confirm either of the models.

Similar to the scenario proposed by Narasimha & Chitre ().98%ecent model by
Koopmans et al. (2002b, hereafter KO2) described MG 2Q1€ as a quadruply imaged
lens system. However, a single screen consisting of thegoyinens D, two singular
isothermal sphere (SIS) mass distributions and an extehear was considered instead
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Figure 4.8: The dashed lines show the time-delay surfacetoats for MG 2016112 in
the image plane. The ellipse with a cross marks the primay e The thick solid curve
shows the critical curve in the image plane. The correspwndaustics in the source
plane can be seen in the inset in the top-right corner. A staksthe position of the
source in the caustic. On the right, the cartoon shows theceairucture lying on the
tangential caustic (Koopmans et al. 2002b). see text faildet

of multiple lens planes. According to the KO2 scenario, theKkground source with
a core-jet structure is situated on the tangential causée, Fig. 4.8. As known from
lensing theory, the number of images changes by two as theesausses the caustic
(see section 1.2.5). The two compact components in the eadidoubly imaged which
are visible in images A and B. The optical core is coincideithwne of the two radio
components and is also doubly imaged (see Fig. 4.3), whpegtsf the radio counter-jet
and the host galaxy to the right of the caustic are quadrupagied. Thus, only this part
of the counter-jet close to the caustic is highly magnified eonstitutes the complete
~ 200 mas long region C in the radio. Images close to the criticve are known to have
high magnification but the KO2 model predicts an unusualghhmagnification { 300)
in region C. Similarly, the emission from the host galaxyadsard in the infrared in the
form of a tangentially magnified arc as expected in lensing.

An important point that needs to be discussed here is therasyiyin the separations
of the merging pair of components found in region C. This aalgris believed to be due
to a dwarf galaxy G1 to the south of C (Kochanek et al. 2004)erCét al. (2007) have
made a mass model which takes into account the satellite G&. mModel suggested a
velocity dispersion for the satellite 6195 km s at 95 per cent confidence.
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4.2 New Observations in the Radio

Radio observations of MG 203812 are presented in this section. These include simul-
taneous MERLIN and global VLBI observations of MG 26114 2 at both 1.7 and 5 GHz,
and with the High Sensitivity Array (HSA) at 8.4 GHz.

4.2.1 MERLIN Observations

The MERLIN array was used to observe MG 268162 simultaneously with the global
VLBI observations at 1.7 and 5 GHz. The purpose was to haveualdaheck on the
calibration of the global experiment and to be aware of arsg lof flux in the global
VLBI observations. The observations were scheduled on ZFa@zuary 25 at 1.7 GHz
and on 2001 November 17 at 5 GHz. Both of the experiments leasldime observational
setup. The data were taken in a single IF of 15 MHz bandwidthsadivided into 15
channels. The flux calibrator (3C 286) and the point sourtibredor (2134-004) were
observed for a few minutes (one-two scans). The obsengatiodded between the lens
system (MG 2016112) and the phase calibrator (B26221). Further observational
details can be found in Table 4.1.

Table 4.1: Details of the observation scans

Type of  Total observation Integration Scan length (min)
experiment time (hrs) time (s) Target Phase calibrator
MERLIN

1.7 GHz 14 8 3.7 1.7

5 GHz 14 8 3.7 0.8

VLBI

1.7 GHz 17 2 4.5 2.4

5 GHz 17 1 4.5 1.5

Using the standard MERLIN data reduction program, the dati@worrected for any
non-closing errors and the amplitude calibration was peréal. At 1.7 GHz, the ampli-
tude on the MK Il telescope baselines was down on a few scahsraa few others the
Lovell Telescope wasfbsource. These scans were deleted from the data. The 5 GHz
data generally looked good. With the phase referencingnigale, the fringe fitting solu-
tions determined for B2029121 were applied to calibrate the phase information on MG
2016+112. Several iterative runs of thes taskcaLs were performed to determine the
phase and amplitude solutions. These solutions were witggal using the taskicaL
and were applied to the lens system. A phase referenced mamade, subsequently.
Using the phase-referenced map as an initial model, ph#seadibration was performed
on the lens system. The resulting map was used as a model &w #eration of cali-
bration of the data and the cycle was repeated until the firzgd showed no significant
improvement.

Fig. 4.9 shows the maps of lensed images of MG 2Q1R at 1.7 and 5 GHz. The
weighting of theuv-data can be chosen between natural and uniform to giver diditer
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Figure 4.9:Left The MERLIN image at 1.7 GHz of MG 20%d.12 shows three lensed
components. A and B are compact and C is slightly extendeaeireast-west direction.
The map is restored with a beam of size &Q1.3 arcset Right The higher resolution
5 GHz MERLIN image shows that components A and B are still cachput component
C has resolved into a brighter extended component C1 and gamimsomponent C2.
The map is restored with a beam of size 333.5 mas. The noise in the maps are
0.27 mJy beart at 1.7 GHz and 0.18 mJy beatrat 5 GHz. The contour levels are at
(-3, 3, 6, 12, 24, 48% the rms noise in the respective maps.

Table 4.2: MERLIN components of MG 203612 at 1.7 GHz. The ‘—’ implies that the
integrated flux density could not be determined.

Components RA Dec poak Stotal

(mas) (mas) mJy bearh mJy

A 0+0.5 0:0.5 34.60.3 34.90.5

B -3005.8:0.5 -1503.9-0.5 34.80.3 35.60.5
Cla -2045.4-0.9 -3246.20.9 13.4-0.3 -

Cib -2093.8:1.4 -3221.%:1.4 42.%0.3 62.80.6
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Table 4.3: MERLIN components of MG 203612 at 5 GHz.

Components RA Dec pdak Sotal
(mas) (mas) mJy bearh mJy

A 0.0+0.5 0.6:0.5 11.40.2 12.%0.3

B -3003.20.5 -1502.G:0.5 13.%0.2 13.%0.3

Cla -2048.3:0.5 -3230.5:0.5 15.40.2 20.G:0.4
Cilb -2090.8:0.5 -3225.6:0.5 13.%0.2 13.20.3

C2 -2171.51.5 -3212.&1.5 3.1x0.2 3.3:0.3

resolution or sensitivity at the cost of the other. It is pbleshowever, to optimize the
weighting by setting the parametemust to 0. Gaussian model fitting of the components
in the image plane was done with the taskir. The results are presented in Tables 4.2
and 4.3. Lensed images A and B are found to be compact, andfitteteby a single
Gaussian at both frequencies. The slightly extended coemicd was fitted with two
Gaussian components at 1.7 GHz and with three at 5 GHz. Natdlh components
of C1 that were detected at 1.7 and 5 GHz may not be the samese Tdunponents
are identified by comparing the model fitting of the high resoh VLBI images (see
Section 4.2.2). The relative flux densities of component€ B(Cla-C1b) and C2 with
respect to A for the MERLIN 5 GHz imaging are consistent witbyious measurements
by Garrett et al. (1994a). However, the absolute flux desssif the lensed images in the
new observations are less by 23 per cent which might be duedcsen the amplitude
calibration of either the previous or new data sets.

4.2.2 Global VLBI Observations

The earlier 1.7 GHz EVN observations revealed fine strudgturegion C. Also, the pre-
dictions of the spectra of the components in region C (Gletetl. 1996) could be verified
with a high resolution spectral analysis. This would alde aut some mass models which
have diterent predictions for the spectra of the components in reGioT herefore, high
resolution global VLBI observations were undertaken aahd 5 GHz on 2002 February
25 and 2001 November 17, respectively.

Since MG 2016112 has a low flux density, phase referenced observationgtate
in determining the phase corrections on all baselines. @ngtsource within 2 deg of the
lens system (e.g., B202921 with a total flux density 0.9 Jy), was used as the phase
calibrator for these observations. Therefore, the antihiaa to nod between the lens
system and the phase calibrator regularly throughout tsereing run. The scan lengths
for each observation of the target (MG 20118.2) and the calibrator (B202921), the
correlator integration time and the total time of the obatons are listed in Table 4.1.
The data were taken in four IFs at 1.7 GHz and in two IFs at 5 GHach IF had a
bandwidth of 8 MHz and was further divided into 16 channels.

The antennas used for the 1.7 GHz observations wéedsBerg (EB), Jodrell Bank
(JB), Medicina (MC), Onsala (ON), Torun (TR) and the 10 antsof the VLBA. In ad-
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Figure 4.10: A few scans on four baselines before and afiengdhe data on the phase
calibrator are shown. The first few seconds on every scan dedeted.

dition, the phased VLA (Y) and the 70 m dishes of Robledo anltiS&one were included
for better sensitivity. Unfortunately, the data on the s&apere lost for Arecibo (AR) and
Westerbork (WB) at the VLBA correlator. At 5 GHz, all of the BIA antennas and EB,
JB, MC, ON, TR, AR, Y and WB were used.

Editing

At 1.7 GHz the amplitudes of the data on the phase calibrase wedited prior to the
calibration to remove any obvious bad scans or baselindéshail data. For example, all

of the scans on all of the baselines were found to have badrdtita first few seconds for
the phase calibrator B202921 (see Fig. 4.10). This was probably due to the antennas
not being on-source at the beginning of the scans. It wéuwli to deduce if this had
also dfected the lens system because it has low SNR as compared c¢alitvator and
complicated structure, due to which the data appears tigeseFherefore, the taskuack

was used to delete the first 0.25 mins of all of the scans ondtilerator.

Calibration

There were some errors introduced in the signal amplitudieglthe digitization of the
measured signal. The correction factors for these errardealetermined by checking
the mean value of the auto-correlated signal and adjushieget to unity. The cross-
correlated data were corrected for these errors using $skadeor in the multi-frequency
observations presented here. The data were also correctibe fthange in the parallactic
angle with the taskicor. This was done to account for the apparent change in theqosit
angle of the source as the source moves across the sky fotemarwith an altitude-
azimuth mount. After the data were corrected for the chamgjed parallactic angle, the
priori amplitude calibration was performed. To determine theesydemperature of the
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phased VLA during the observations, the amplitude leveheffihase calibrator was set
to the known values obtained from the list of calibratorsiffedent frequencies. The task
ANTAB Was used to generate the system temperature and the ga@s ¥atieach antenna.

The data for the calibrator were fringe fitted on the longesinsto determine the
phase, delay and rate solutions for a single IF initially #ren for all of the IFs combined,
which were then applied to the whole data. Using4iretasksrLit, the large data set was
divided into single source files to carry out self-caliboati The weights associated with
the data were calibrated. Since averaging the data acressatidwidth can degrade the
fidelity of the map features, the data channels were not gedrduring splitting, in spite
of the large number of visibilities. The phase calibratosweapped by performing phase
self-calibration and then both phase and amplitude cdidiraThe phase and amplitude
corrections from the best calibrated map of B28221 were applied to the target MG
2016+112. Subsequently, the data on the lens system were phdsmldaiated with
data integrated over a 3 and 2 min long solution interval {@rdnd 5 GHz data sets,
respectively.

Imaging

When mapping sources in a wide field (e.g., a few arcsecondis with a resolution of
sub-milliarcsecond), the target sources within the field lsave a large spatial separa-
tion. In order to save the computing time of mapping a singlieviield, multiple small
fields centred on the target sources were mapped. Thus,ihnelews centred at the
position of A, B and region C were.eaned while mapping MG 2016112. To get the
optimum combination of resolution and sensitivity, the giging scheme in the maps is
chosen between uniform and natural by setting the parametest to 0. At 1.7 GHz,
the weighting was chosen to produce an optimal balance eetvesolution and sensitiv-
ity, whereas at 5 GHz the resolution was good enough, so belgénsitivity had to be
up-weighted, hence, natural weighting was applied.

The lensed images A and B

Fig. 4.11 shows lensed images A and B, and the pair of mergiages in C at 1.7 GHz.

From the high resolution observations, images A and B bobwshrich structure. The

series of components in A and B are non-collinear. As knowmfgravitational lensing,

such non-collinear structure in the lensed images can shewxpected opposite parity.
This is clearly demonstrated by the opposite curvatureerstnings of components of A
and B. In the earlier EVN 5 GHz observations (Koopmans et @2), images A and

B showed two components each with some hint of structureRgpet.2). Since compo-

nents A1-B1 and A2-B2 are compact and have high flux densitiese were detected in
the earlier EVN 5 GHz observations.

In the new global VLBI 1.7 GHz data presented here, imagesdi\Eare found to
have three and two new components, respectively. Modelditif the images was carried
out using Powell’s minimization routine outside AIPS (Kingrovided by S. More, see
Appendix B) and the results are given in Table 4.4. All of tbenponents are numbered
in decreasing order of their total intensity. Image A is @tteith five Gaussian compo-
nents and image B is fitted with only four Gaussian componegisce image B is the
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Figure 4.11: The global VLBI images of lensed images A and ] segion C at

1.7 GHz with a weighting between uniform and natural. The nose in the maps is
0.08 mJy beartt and the contours are (-3, 3, 6, 12, 24, 48)he rms noise in the map.
The size of the restoring beam is 1%21L6 mas and the position angle is10.58 deg.

counterpart ofimage A with a relative magnificatiorl, image B is also expected to have
five components. The component-B32 is identified as the composite of the unresolved
components B3 and B2. Furthermore, if B3 has a higher pealdéuasity than B2 (like
its counterpart A3 inimage A), then the peak position ofB2 will be closer to the peak
position of B3. Itis also noted from the comparison of fittetdnponents of images A and
B that the fitted components of image B do not represent theteguarts of image A.

Fig. 4.12 shows the high resolution global VLBI images at 5z2Ghnage A clearly
shows the five components which were not well-resolved atGHz. Here, image B
also shows the expected five-component structure. Comp@animages A and B
has a higher surface brightness than component 3, wherelag &Hz, component 3
has a higher surface brightness than component 2 in imagené.nodel fitting was
again carried out with Powell’s minimization routine. InesgA and B are fitted with
five components each. The results of fitting Gaussian modepooents are presented in
Table 4.5. The errors at all of the frequencies were detexcthivased on the principles
described in Fomalont (1999, see Appendix C).
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Figure 4.12: The global VLBI images of lensed images A andrigl, iegion C at 5 GHz
with natural weighting applied. The rms noise in the maps.@0nJy beam' and the
contours are (-4, 4, 8, 16, 32) times the rms noise in the map. size of the restoring
beam is 3.%1.2 ma$ and the position angle is7.54 deg.

New Nomenclature for components of region C

The pair of merging images in region C are referred to as G €tst pair) and C2 (the
west pair) (see Fig. 4.12 at 5 GHz). The components have bembered ascendingly
going inwards from the outside. The outer components aml&bas C11 and C21 for
the east and west pair, respectively. The elongated compoaee labelled as C12 and
C22, which are further resolved into several componentsh Bthese components are
labelled as a, b, ¢ etc. going inwards from the outside, fangde, C12a, C12b, etc. Iin
C1l and C22a, C22h, etc. in C2. Note that this labeling comvers different from that
used in Garrett et al. (1996).

Region C

Region C was previously known to have four components anaof éifilese were detected
in the 1.7 GHz imaging (see Fig. 4.11). The outer two comptmen either side (C11
and C21) are fitted with two Gaussian model components eaawevter, due to the
low resolution and low SNR, these are identified as a singhepament each, and their
centroid (flux-density weighted) positions are reporteehd@he inner pair of elongated
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Figure 4.13: A multi-component Gaussian fit to the compor@&t2 at 5 GHz in the
image plane. Model fitting is done using Powell's miniminatroutine outside of AIPS
(see Appendix B). The-zaxes shows surface brightness in mJy be&nThe results of
the fit are presented in Table 4.5.

components were each fitted by three Gaussian model comigoriére peak positions,
the peak flux densities and the total intensities from thesSian model fitting are given
in Table 4.4. Note that the components a, b and ¢ found in coenqtaC12 may not be the
counterparts of C22 for three reasons. Firstly, these coemis are not well-resolved.
Secondly, if these are a pair of merging images straddliegctitical curve, then the
magnification gradient is rapidly changing on either sidethe critical curve. Ideally, it
should change similarly on either sides. However, praltyicdis may not be observed.
Thirdly, the ratio of component separations of the west g&if(C21-C22) and east pair
C1 (C11-C12) is asymmetric indicatingidirent stretching on either sides. Itis likely that
the dwarf G1 is distorting the expected mirror symmetry i@ therging images. Hence,
its contribution to the mass model will be tested in sectich 4

At 5 GHz in region C of Fig. 4.12, all of the four components detected, and are
further resolved in some cases. Therefore, centroid positivere determined for most
of the components by fitting multiple Gaussian componentereHcomponent C11 is
fitted with one Gaussian. C12 was modeled with six Gaussiampooents which are
shown in Fig. 4.13. The surface brightness distributiomfithe image is plotted in red
and the Gaussian model components are plotted in green. iXlsarg&ace plots below
show the individual model fits of 6 components to the obsesethce brightness distri-
bution. C22 was fitted with seven Gaussian components,aimilThe component C21
is extended, and hence, fitted with three unresolved conmien€hree centroid positions
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Figure 4.14: The HSA images of A, B and region C at 8.4 GHz witvegghting between
uniform and natural. The rms noise in the maps i«38 beam! and the contours are
(-3, 3, 6, 12, 24, 48) times the rms noise in the map. The sizeeofdbtoring beam is
1.9x0.7 mas and the position angle is7.02 deg.

were determined for each of the elongated components C1Z2agdand one centroid
position for C21. The peak positions, flux densities and iotansities for A and B are
presented in Table 4.5. For region C, the centroid positiatis1 mas uncertainties, peak
flux densities and the total flux densities are also given Ine€lr4.5.

4.2.3 High sensitivity Array (HSA) Observations

Further high resolution observations at 8.4 GHz were ne¢a@udependently confirm
the series of components detected in the lensed images azba@BH to better determine
the spectra of lensed images A and B. Since the backgrourghgbas a steeply falling
spectrum, observations at a higher frequency demandegbised sensitivity. Moreover,
to carry out a spectral analysis of the finely resolved stmacthigh frequency and high
resolution imaging was needed. Therefore, MG 20l was observed with the HSA
at 8.4 GHz. The HSA included the following large antennag 305 m-Arecibo (Ar),
100 m-Htelsberg (Eb), 100 m-Green Bank Telescope (GBT) and phased (Yl, in

71



4 Luminous substructure in the lens system MG 20182

Table 4.4: Peak positions, peak and total flux densities ofpmments of A, B and C at
1.7 GHz for the global VLBI observations.

Components RA Dec pdak Sotal
(mas) (mas) mJy bearh mJy

Al 0.00+£0.02 0.0@-0.02 19.41.6 24.32.5
A2 -12.2+0.1 4.50.1 2405 2.80.7
A3 -8.6+0.1 3.8:0.1 3.50.6 4.50.9
A4 6.2+0.1 -3.8£0.1 4106 6.51.2
A5 -18.0:0.3 5.50.3 1.:+0.3 1.#0.6
Bl -3005.74:0.02 -1503.63:0.02 11.50.1 10.91.6
B3+B2 -3011.G:0.1 -1498.G:0.1 3.50.6 2.9-0.8
B4 -3004.5:0.1 -1502.6:0.1 8.51.0 21.92.8
B5 -3012.5:0.2 -1495.9:0.2 2505 4.21.0
cll -2013.6:0.2 -3233.3:0.2 2.10.4 11.62.3
cl2a -2045.4:0.1 -3229.9:0.1 4.1+0.6 15.&2.4
cl2b -2053.2-0.3 -3228.%40.3 1.504 4.61.2
cl2c -2061.G:0.3 -3228.2-0.3 1504 5414
c21 -2178.8:0.1 -3209.6:0.1 4.9-0.7 18.42.1
c22a —-2098.3:0.2 -3221.3:0.2 1.A04 7.21.7
c22b -2092.2:0.3 -3223.9:0.3 3.505 17.5%3.0
c22c -2083.5:0.6 -3227.3:0.6 0.80.3 3.31.2

addition to the 10 VLBA antennas.

The observations were made on 2006 April 30 and lasted fantahd hrs. The right
hand and left hand circular polarization data were recotdgéther in four IFs, each
with 8 MHz bandwidth and 16 channels. No cross polarizati@s werformed. The
data were correlated with the VLBA correlator using an inaign time of 1 s to reduce
time averaged smearing. Arecibo had a power failure andgmabwith software which
allowed observations for only 1.5 hr from the 3 hr window &ale on-source. The data
were reduced by following a similar technique to that useckthuce the global 1.7 and
5 GHz data. The images were weighted to obtain an optimum t@tibn of sensitivity
and resolution in the maps.

The images of A, B and region C are shown in Fig. 4.14. The HSZgimg at 8.4 GHz
confirmed the detection of 3 new components in A and B in aniditd the two compo-
nents known from the earlier observations. The model fittihtpe images A and B was
done using theurs taskimrir. A and B were both fitted with 5 Gaussian components
each. The lensed images of MG 2@1142 are weak at 8.4 GHz (mJy level). Hence, the
measured flux densities of the faint components 4 and 5 inesAgnd B are not robust.
Moreover, the pair of merging images in C have a low SNR. Tha&l ftux densities of
these components were therefore measured by integragrituthdensities of the pixels
above 3o confidence (where is the rms map noise). The positions of these components
were found from the peak flux density positions. The peak flenxsities, total intensities
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Table 4.5: Peak positions, peak and total flux densities ofpaments of A, B and C
at 5 GHz for the global VLBI observations. For the C regioneptcC11, the centroids
positions and the total flux densities are given.

Components RA Dec pdak Sotal
(mas) (mas) mJy bearh mJy

Al 0.00+£0.02 0.0@-0.02 4406 6.51.0
A2 -12.20:0.02 4.44-0.02 3.30.5 3.6:0.7
A3 -8.5+0.1 3.40.1 0.8:0.2 1.8:0.6
A4 6.6+:0.1 -3.7+0.1 0.6-0.2 0.9:0.4
A5 -17.4:0.3 5.40.3 0.4:0.2 1.6:0.7
Bl -3005.950.02 -1503.94-0.02 4906 7.EH1.1
B2 -3012.480.02 -1497.2G-:0.02 3.20.5 3.3:0.6
B3 -3011.5:0.1 -1499.4:0.1 1.6:0.3 2.20.6
B4 -3002.G:0.1 -1505.40.2 0.40.2 1505
B5 -3015.10.2 -1492.%40.2 0.4:0.2 0.A#0.3
cll -2012.3:0.2 -3234.20.2 0.80.2 4.#14
cl2a -2043.8:1.0 -3231.6:1.0 1503 4.81.1
cl2b -2049.11.0 -3230.3:1.0 1.A0.3 9.10.3
cl2c -2056.31.0 -3229.6:1.0 0.40.2 4.6l1l.1
c21 -2179.4:0.1 -3210.4:0.1 0.9-0.2 521.0
c22a -2097.6:1.0 -3210.4:1.0 1.3:0.3 8.6:1.4
c22b -2091.3:1.0 -3224.9%:1.0 1.50.3 7.31.3
c22c -2086.2-1.0 -3225.5:1.0 0.9:0.2 5.0:0.9

and the peak positions of the components are presented la &b The errors were
determined using the same method as before.

Fifth lensed image

To estimate an upper limit on the flux density of a possiblé filhage located in the
vicinity of the lensing galaxy D, a fourth sub-field was magadéong with the sub-fields
centred on images A, B and C. The sub-field centred on the pyileas D at 1.7, 5
and 8.4 GHz wasLeaned using the taskvacr. The sizes of the fields mapped were
0.51” x0.51” at 1.7 GHz, B” x 0.3” at 5 GHz and a field of size®’ x 0.2” at 8.4 GHz
(e.g., see Fig. 4.15). The fields were naturally weightedrdento achieve maximum
sensitivity. However, no radio emission from a fifth compoina from the lensing galaxy
was found. The flux density limits (&level) are 0.41, 0.18 and 0.10 mJy beamat 1.7,
5 and 8.4 GHz, respectively. From the models with small @mstiensity core radius
highly demagnified images are predicted (Narasimha et 86)19Thus, the fifth lensed
image is not expected to be detected in the observationengesshere.
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Table 4.6: Peak positions, peak and total flux densities ofpmments of A, B and C at
8.4 GHz for the global VLBI observations.

Components RA Dec pdak Sootal
(mas) (mas) mJy bearh mJy

Al 0.0+0.1 0.G:0.1 1.60.1 2.6:0.1
A2 -12.3:0.1 4.50.1 0.9-0.1 1.40.1
A3 -8.8+0.1 3.9+0.1 0.3:0.1 0.50.1
A4 6.4+0.4 -3.7+0.4 0.20.1 0.30.1
A5 -17.9£0.2 5.3:0.2 0.50.1 0.x0.1
Bl -3005.5-0.1 -1503.%0.1 1.40.1 2.80.1
B2 -3012.10.1 -1497.6:0.1 1.4:0.1 1.80.1
B3 -3010.6-0.4 -1500.3:0.4 0.4:0.1 0.6:0.1
B4 -3001.5-0.2 -1505.9-0.2 0.10.1 0.30.1
B5 -3014.6:0.2 -1492.50.2 0.20.1 0.30.1
cll -2012.3:0.3 -3233.30.3 0.20.1 0.40.1
cl2 -2047.80.3 -3229.6:0.3 0.6:0.1 7.5:0.7
c21 -2177.80.5 -3209.9:0.5 0.20.1 1.20.3
c22 -2092.80.3 -3223.%40.3 0.5:0.1 8.51.0
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Figure 4.15: The field of view at 8.4 GHz centred on the positbgalaxy D taken from
the optical data.

4.3 Mass Models

In this section, various mass models for the lens poteritldk®2016+112 are tested with
iﬂ:reasing complexity. Given the large number of obseoveti constraints and the un-
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certainty of the region C componentsffdrent combinations of observational constraints
are also tested. The aim is to find the simplest scenario nthass distribution and the
background source that will fit the positions of the five ractionponents observed in im-
ages A and B, the flux density ratio of (at least) component®d B1, and the positions
of the four components in region C. Firstly, the predictiofishe KO2 mass model are
tested for its consistency with the new observations. Ned;galaxy mass models are
studied which take into account all of the observed constisand the dwarf companion
to the lens. Lastly, three-galaxy models are also testethenpredictions of various mass
models are further discussed.

4.3.1 The KO2 Mass Model

The multi-frequency high resolution observations weredtmted with the aim of testing
the KO2 mass model. As a sanity check, the KO2 mass model wsassftonstructed from
the KO2 constraints. In Koopmans et al. 2002b, the sourcgpoaent 2 was shown to be
situated on a caustic (see Fig. 4.8). The positions of Al€3doaibly imaged and A2-B2-
C12b-C22b as quadruply imaged components along with thedidunsity ratio (§/Sa)
were used. The mass model consisted of the main galaxy D,(&Hass distribution M1
(SIS) which contributes to the convergence coming from therenment as detected in
the weak lensing analysis of Clowe et al. (2001), and a masshiition M2 (SIS) due
to another physically nearby over-density of galaxies tbspectroscopically by Soucail
etal. (2001). The reconstructed KO2 mass model could reddpreproduce the KO2 data
constraints witlsraviens. Note that the KO2 constraints did not include the outerrpait
of components (C11 and C21). Hence, the astrometric anoisglg was not addressed
in KO2.

In light of the rich core-jet structure found in the high rkegmn observations pre-
sented in this chapter, the reconstructed mass model of KB2used to predict all of
the lensed counterparts of the newly found components ig@s#@ and B using 5 GHz
data from Table 4.5. Fig. 4.16 shows the observed and peetlioctage positions for all
components in A, B and C. Here, components 3, 4 and 5 of imager& used to predict
the positions of their counterparts. Components 4, 1, 3 andgb 2 are doubly imaged
whereas component 5 and part of component 2 (c, o and e) adeugplyaimaged. The
labels ¢, 0 and e correspond to the merging pair of compo@itsC21, C12a-C22a and
C12b-C22b respectively

Component 5 is predicted to have four images which are edeas A5, B5, C1-5
and C2-5. C1-5 and C2-5 have opposite parity and are predictee about 100 mas on
either side of region C. Their magnification relative to ABR®)°® is larger by a factor of
~ 10. In gravitational lensing, the surface brightness oflémsed images is conserved.
Therefore, the quadruple counterparts of A5 and B5 are ¢éggdéc be 10 times larger in
solid angle.

At 1.7 GHz, the flux densities of the components are higher #tather frequencies
and the resolution of the global VLBI observations can bee@d enough such that

The labels ¢, o and e have no significance and are merely uskb@ing convenience

3Since the flux density ratio of image A and B-s1 and the same is almost true between C1 and
C2, the components of A and C2 will be taken as the represemtmimponents in the discussion about
magnification for the sake of simplicity.
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Figure 4.16: All of the counterparts of components of lerniseage A and those of C1 as
predicted by the KO2 mass model. The inset in the panel ‘Sisitbe source positions
on the tangential caustic which is magnified and shown in #reep The labels in black
are observed positions and those in magenta are predictdtebyodel. Note that the
scales are dierent in each panel.

a component ten times larger than for example, A5 should bectkl. However, no
such components were detected close to the expected pssitiadhe third (C1-5) and
fourth (C2-5) counterparts. To be certain that these olasierns were capable of detecting
these components, fake Gaussian components with a totaldhsity of 10 mJy and size
0.01x0.01 arcsetcwere introduced in thav-data at the model predicted positions of C1-5
and C2-5. Using the modifieahv-data set, new maps were made. It was found that the
sensitivity of these data were notfBaient to detect C1-5 and C2-5.

The MERLIN 5 GHz observations did have the right resolutionl @ensitivity to
detect the expected components in region C. The panel oefthaf IFig. 4.17 shows the
map of the real data at 5 GHz with the C region showing the knfamn components
without any sign of C1-5 (or C2-5) components. Here too, #ke {Gaussian components
test was performed as before. Fig. 4.17 (right) shows theesalbservations with the
fake components inserted. The reproduced fake componantbeseen on either side
of the C region. The non-detection of component 5 in the Corei the real MERLIN
data indicates either that component 5 is not quadruply @damnd the KO2 scenario is
incorrect, or that the relative magnification of componeint egion C is lower than what
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Figure 4.17: MERLIN 5 GHz images restored with a beam of si@@&@0.05 arcset The
image on the left shows A, B and C with no sign of the new comptsi@a the vicinity of
region C. When fake components with a surface brightnesseagbed from the model,
are inserted in thev-data, then these components could be recovered in the image

is predicted, and the K02 scenarios needs to be modified éaiédkinto account.

It is noted, that irrespective of the newly found discrepaoicthe component 5 pre-
dictions with the KO2 mass model, the KO2 mass model wasrailyi not complete since
it did not fit the positions of the outer components (C11 and)@ either side of region
C.

4.3.2 Constraints and Priors

The constraints on the positions of the lensed images aea tiikm the new high res-
olution VLBI data at 5 GHz (see Table 4.5). The mass modelfatesensitive to an
astrometric shift of the components which ad mas. Thus, the astrometric uncertain-
ties of all of the components are chosen to be 1 mas in spiteediiggher precision of the
observations (except see section 4.3.3). For all of the maskels, the flux density ratio
(Sg1/Sa1) of component 1 is constrained to 14®22 from Table 4.5.

The lensed images A and B show opposite parity and the samedivponents.
Therefore, all of the five components are at least doubly e@dagrhe components in
region C appear to consist of two opposite parity merginggiesawith each showing a
pair of compact and extended source components. The emigsgospectra of region C
indicate the same redshift as that of A and B. Moreover, ihigkely that the components
of region C correspond to a physically distinct source frbomlensed quasar, which hap-
pen to lie close together to give the expected four-imagéguaration of a single object.
Hence, region C is almost certainly related to the same lvaockg source, but it is not
clear to which part of the components in A (or B) or anythingttis unseen in A (or B).

Since the main lensing galaxy D and the other line-of-sigde#trhy galaxies are de-
tected in the optical, their positions, measured with respethe compact optical com-
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Figure 4.18: Various scenarios A, B, C and D (from left) td tee high-resolution struc-
ture observed in the lensed images.
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ponent A, are taken from the CASTLES lens database. Thestopssalso provide
constraints for the mass models. The ellipticity of the ggl@ in the optical is found to
be~ 0.43:0.01 with a position angle 6f59 deg. Since the galaxy D is a giant elliptical
with a stellar velocity dispersion of 328 kms?, it has the largest contribution to the
image splitting and the ellipticity of the halo. Thus, thépicity and position angle of
the halo is not expected to be muchifeient from the stellar surface brightness profile
and a prior~ 0.43+0.01 was introduced on the ellipticity and the position angés fixed
to —59 deg for the halo of D. These constraints ensure thagtmainimization does not
converge to any unreasonable mass models with an othevisg }> as compared to a
desired model. For example, mass models of lens systemsutitha high ellipticity and
shear and the right combination of their individual positemgles are capable of produc-
ing six or eight lensed images as shown in Keeton et al. (206Qathermore, the images
are formed along a semi-circle configuration in such casdéss feculiar configuration
has not been observed amongst the lens systems discoveiged Smce MG 2016112
shows only four images (A, B, C1 and C2) of the background@®auch mass models
are not considered.

4.3.3 A Two-Galaxy model

For the two-galaxy mass model, the dominant elliptical g2 is chosen as a SIE and
the dwarf galaxy G1, also at the same redshift as D, is chasarsis for all of the scenar-
ios. The angular separations of D and G1 ar£.740,-1.782) and £2.499;-4.037) arc-
sec relative to the optical core of*AThe uncertainties on the separations along each
axis are 3 mas for D and 28 mas for G1. Including the dwarf GEsemtial because of
its proximity to the C region which shows the asymmetricakparated pair of opposite
parity features. An external shear is also included in thesmaodel.

Fig. 4.18 shows diierent scenarios of the background source straddling tige teial
caustic that are investigated for the two-galaxy model. fole possible scenarios are,
Scenario A - the caustic goes through source component 2aBoeB - caustic goes
between source components 2 and 5 such that it grazes treesmmponent 5, Scenario
C - the caustic goes through source component 5 and Scenatiibelaustic is situated
beyond the source component 5.

4The optical core is assumed to be coincident with the radiopmnent A2 owing to its flatter spectrum
as compared to the other radio components (see section.4.4.1
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Figure 4.19: The critical curves (red) and the causticsgyréor the two-galaxy model.
The source S would shift infinitesimally across the causticthe diferent scenarios
thereby, changing the image positions and their magnifinatslightly.

Scenario A

Constraints In this scenario, the caustic goes through the source coem® as was
also the case for the K02 scendrioThe source components 4, 1, 3 and a part of 2
fall in the doubly imaged region, whereas the rest of the pa#t and component 5 are
guadruply imaged (see Fig. 4.18). The inner components oeClabels - 0 and e) are
chosen as the counterparts of A2 and an unseen A2e to theresgsectively, while the
outer components (i.e. label - ¢) are associated with sorseamcomponent A2c. The
uncertainties for all known components are chosen to be 1 wizereas for the unseen
components it is chosen to be 5 mas so that they do not cotasignificantly to the 2.

An exception to this are the uncertainties of the countéspzEfrcomponent A5 in region
Ci.e. C1-5 and C2-5. Their uncertainties are chosen to behigh (i.e. 13 mas) since
their positions might beféected due to the substructure in an unexpected way. A total of
41 constraints exist for this mass model. There are 14 frece@ositions and four free
parameters, that is, the Einstein radii of the two galattesshear and its position angle.
The degrees of freedom (dof) are 23.

Resultdredictions The best fitting model has a reducetl ~ 3.5. The largest contri-
bution to the tota? comes from the image positiong?(~ 60, most of which is from
components of region C) and the second largest is from thexgglositions (total? ~

18; most of which is due to the dwarf G1). The model predictatstin radi? of the

galaxies D and E were found to be 1.570 and 0.143 arcsec,ctesde The recovered
ellipticity of D was 0.42. The shear was found to be 10 per @étit a position angle of
—41.5 deg measured East of North. The critical curves anddhstics for the two-galaxy
model can be seen in Fig. 4.19. The observed and fitted imagegns are shown in the

SNote that the scenario A and the scenario of K02 are the sarhe.diference lies in the data con-
straints that were used to make the mass models. Hence, ibaigtslightly diferent image positions and
maghnifications.

6see section 2.2.4 for the definition of Einstein radius ireaafsa SIE
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top panel of Fig. 4.20. The relative magnification of the comgnts in region C, with
respect to A2-A20, is very high. For example/Soe ~10° and $/Sa: ~10%. Hence, the
counterparts of image C inimages A and B are predicted to BelDOO0 times fainter (at
a level of~10 pJy) and 10-30 times smaller in size. These counterparts cahende-
tected with the sensitivity of the observations undertakieany of the three frequencies
presented here.

Component 5 is predicted to have two images in C which areregfeo as C1-5
and C2-5. The predicted flux density ratio is,S$/Sas ~ 15 and a size that is at least
four times larger than that of A5. Since C1-5 and C2-5 are et¢ated in the MERLIN
observations, this scenario is ruled out.

Scenario B

Constraints In this scenario, although the caustic is situated betweemponent 2 and 5,
it is closer to component 5 such that C11-C21-A5-B5 are s fensed images whereas
the inner elongated pair of components ‘0’ and ‘e’ are asdediwith unseen components
A50 and A5e to the east of the A5 detected. Thus, componehi{84nd 2 will be doubly
imaged as shown in the second panel of Fig. 4.18. The numhlmmstraints are 41 and
free parameters remain the same, thereby, giving a dof of 23.

Resultgredictions Not surprisingly, the reducegf is 3.6 because this scenario is a slight
modification of scenario A and is not expected to modify thebgl mass model signifi-
cantly. Furthermore, the individugf contributions and the best-fitting model parameters
are also similar. However, the predictions are expectethémge here. The positions of
the components in images A and B are fitted within 1 mas exegptdmponents 4 and
5, which are fitted within 1.5 mas. The observed and modeligtedi image positions
are shown in the bottom panel of Fig. 4.20. The relative mfagtions of the C com-
ponents with respect to A are predicted to RESS. ~10° and $/Sas ~200. Since the
inner components of C (‘0’ and ‘e’) have very high magnifioati their counterparts in
A and B would be unseen which is consistent with the obsematiHowever, the coun-
terparts of components ‘c’ at the position of A5 (or B5) aredicted to be-100 times
fainter whereas the observed relative magnificatiggili8. Due to this inconsistency, this
scenario is not acceptable either.

Scenario C

Constraints Here, the caustic goes through component 5 such that tlee élongated
pair (‘0-€’) of region C is associated with A5 and an unseenponent to the west (A5e)
which are both quadruply imaged. The pair of componentg {&associated with an
unseen component A5c which would lie further to the nortlstw€€omponents 4, 1, 3
and 2 are doubly imaged. The total number of constraints eeel garameters are the
same as before, hence the dof is 23.

Result®redictions The best-fitted model parameters are the same as beforeedineed
x? is 3.6 and the individuag}? contributions are similar to the previous scenarios. The
doubly imaged components 1, 2 and 3 are fitted within the 1 masrtainties whereas

80



4.3 Mass Models

-1.49

A B i
5
0.01-
c 2
@ ¢ -1.5+ 33 .
1y ’ ¢
4
4
4
0.01F
|
0.01 20.01 -1.513 301 3.02
5
-1.49
]
A B .
C
0.01- -
2
: -1.5+ 33 .
1 ’
4
4
4
0.01F .
| |
0.01 20.01 -1.513 3.01 3.02

-3.3

-2

\
-2.2

Figure 4.20: In scenario A - components 2-0 and 2-e are asocwith each other and
scenario B - components 5-c are associated with each otherlabels in black are the
observed positions and those in magenta are predicted bpdidel. The x- and y-axes
represent relative Right ascension (RA) and relative Datilbn (Dec). Note that the
separations are in arcsec and the scales #iereint in each panel.
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component 4 is fitted within 1.5 mas. The counterparts of cha e in A (or B) are
predicted within 1.5 mas to the west of the peak position af e relative magnification
of the C region is predicted to be 100-1000 times higher thair tounterparts in A5 (or
B5). Therefore, the corresponding components in A and B evbale flux densities of
the order 5-5Q:Jy which is much below the noise level of the global 5 GHz olstons.
Moreover, it is certainly not possible to resolve these congmts which would have sizes
10-30 times smaller. Nevertheless, since these are undédtdwey are consistent with
our observations. This scenario, although, consisteihttivé new observations presented
here, may or may not stand true with better observationatcaints in the future.

Scenario D

Constraints In this scenario, the caustic is situated to the west of aomept 5 such that
components 4, 1, 3, 2 and 5 are all doubly imaged and the coemp®of C are associated
with some undetected components in A and B. The total numbeormstraints is 45.
There are 16 free source positions and 4 free parameterseacd lthe dof is 25.

Resultgredictions The reduced? for the best-fitting model is 3.4 and the model pa-
rameters are similar to those given in scenario A. The dontdyged components 1, 2 and
3 are fitted within their uncertainties (1 mas) whereas campts 4 and 5 are fitted within
1.5 mas. The ¢, 0 and e components are predicted to have fagesnTheir counterparts
in A and B are expected to have a relative demagnification @f21@DO times. Such com-
ponents would not have been detected in the multi-frequebsgrvations presented here.
Therefore, this scenario is also consistent with the olagems. In fact, observations that
have 1000 times better sensitivity are needed to test thisasio.

No constraints on the position of the lens mass components

The cluster associated with the main galaxy D is believeceta proto-cluster which is
not centrally concentrated yet. The conclusion that thstelus not virialized is inferred
from the absence of any ftlise X-ray emission (Chartas et al. 2001). Therefore, the
optical position of the BCG (galaxy D) may not be coincidenthwthe centre of the
cluster.

Mass models with no constraints on the positions of the tengalaxy were hence
tested for diferent scenarios. The following results are described fenaco D. Initially,
the position of the main galaxy D was allowed to be free. Tha bifing model shifted
the galaxy D by~60 mas to the west. The reducetiof 1.5 was mainly improved by
better fitting the image positions. The toja of the galaxy position has not changed
significantly which arises here solely due to the dwarf G1e Dlest fitting parameters
are similar to the mass model with the position of D consedinThe Einstein radii are
1.551 and 0.14 arcsec for D and G1, respectively. The fittigatieity is 0.43 and the
shear is 11 per cent with a position angle of 41.8 deg. Thdtsestuithe mass modeling
are summarized in Table 4.7.
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4.3.4 A Three-Galaxy Model

In spite of the high shear(10 per cent) for the SEESIS mass model, the image positions
could not be reproduced satisfactorily. Given the dens@@mwent around the lensing
galaxy and a handful of line-of-sight nearby galaxies, takxgy G2 (SIS) was added to
the two-galaxy model to account for sonfieets from the environment. This three-galaxy
model was tested for scenario A.

Scenario A

Constraints A galaxy G2 which was detected in the optjoafrared imaging at (-5.749,
1.767) arcsec relative to image A, was added to the two-gatasdel in scenario A.
In this scenario, the caustic is situated on component 2. nlineber of constraints are
therefore 27. However, the number of free parameters isetklay one due to the Einstein
radius of the third galaxy, hence the dof reduced to 22.

Result®redictions Introducing a third galaxy G2 does not result in any sigaific
change to either the reducgd (~ 3.6) or the best-fitted model parameters. The Einstein
radii of D, G1 and G2 of the best-fitting model are 1.565, 0,1BB75 arcsec, respec-
tively. The ellipticity of D is 0.42, with its position anglexed to—-59 deg. The shear has
a strength of 9.6 per cent and a position angd®.5 deg with hardly any improvement
over the two-galaxy model. Note that the KO2 mass model, vhiso has two mass
components that areftierent from the ones used here, in addition to galaxy D, alsts fin
a shear of 712 per cent with a position angté1 to—-24 deg. As a result, the predicted
image positions and relative magnifications are still of $ene order which demand
that the counterpart of component 5 be visible in region @c&iit is not found in the
VLBI/MERLIN observations presented here, the situation in st@rais not improved
by introducing a third galaxy at the position of G2. The résof the mass modeling are
summarized in Table 4.7.

4.4 Results and Discussion

In this section, the results from the new observations aadiéiv mass models made with
the new constraints are discussed. These results arerfadhgared with the previous
models for the lens system.

4.4.1 The Radio Spectra

The left panel of Fig. 4.21 shows the radio spectra of A, B abheét¥een 1.7 and 8.4 GHz.
Images A and B have similar spectra and flux densities. Thisnsistent with previous
multi-epoch and multi-frequency observations. The ragiectrum of region C is found
to be flatter relative to images A and B. Furthermore, the flarsity of region C is
significantly higher as expected for highly magnified imagear the critical curve.

The panel in the middle of Fig. 4.21 shows the spectra of al éivthe components
in image A. All of the components have steep spectra betweemardd 5 GHz, except
component A2. The spectra of all of the components furtheepn between 5 and
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Table 4.7: Results of the mass models and the fitted parasndike subscriptdp’ and ‘if’ denote they? due to the image positions and
flux densities, respectively. The subscrigp’ denotes the? due to the positions of all of the galaxies in a model wherets denotes the
x? contribution from other priors e.g., ellipticity. See tdat further details.

Model-Scenario

2
X'tot

2
Xip

2
Xit

2
Xgp

2
X oth

Model parameters

CommeyB$atus

SIE+SIS+shear
Scen A

81.0 60.0 1.9 18.0 0.3bp=1.570, Pp=(-1.746,-1.777),

ep=0.42, y<=(0.10, 41.5),
be1=0.143 ,Pgi=(-2.572,~3.972)

predicts extra components in region C
—not found in data
(Not acceptable)

Scen B 834 606 1.9 20.8 0.09,=1.568, Pp=(-1.746,—-1.776), relative magnification of component 5
ep=0.43, ys=(0.10, 41.5), component C21-do not match data
bs1=0.146, Pg1=(-2.575,-3.976) (Not acceptable)

ScenC 835 615 1.9 20.0 0.0bp=1.569, Pp=(-1.746,-1.776), relative magnifications are consistent
ep=0.43, y.=(0.10, 41.5), with the data presented here
b1=0.145, Pg,=(-2.573,-3.977) (acceptable needs further investigation)

Scen D 850 62.6 19 20.3 0.00p=1.569, Pp=(-1.746,-1.776), relative magnifications are consistent
ep=0.43, ys=(0.10, 41.5), with the data presented here
bs1=0.146, Pg;=(-2.573,-3.979) (acceptable needs further investigation)

position of 41.0 21.3 3.1 16.3 0.2bp=1.551, Pp=(-1.799,-1.779), An dfset of~ 60 mas from the optical

Gal D free ep=0.43, ys=(0.11, 41.8), position is significantly large

—ScenD bs1=0.144, Pg;=(-2.581,-3.959) (Not acceptable)

SIE+SIS+SIS+shear

Scen A 79.5 59.0 19 18.0 0.7bp=1.551, Pp=(-1.799,-1.779), Adding G2 does not improve

ep=0.42, y.=(0.09, 40.5),
be1=0.146, Pgi=(~2.574,~3.964)
bs2=0.075, Pgy=(~5.749, 1.767)

the model fit to the data
(Not acceptable)



4.4 Results and Discussion

100 —————rr] 100

1 10F c22 3

Al

A2

i

[S)
e
|

A3

A4 c21

Flux density (mJy)

11 . . “““100'2)_1 L \\\\\H‘l L \Huulo L \\\\\\\10' . “HH;- . . ““Hl‘o
Frequency (GHz)

Figure 4.21: Total spectra of A, B and C and the spectra of Weedlind four components
of A and C, respectively using the global VLBI and HSA obséivas.

8.4 GHz. Note that component A5 also shows a steep spectkerthi other components
but has larger uncertainties. Since component A2 is flatizn the other components,
with a turnover in the spectrum close to 5 GHz, it is most fkile radio core of the
quasar. Thus, it is doubly imaged similar to the optical core

The panel on the right of Fig. 4.21 shows the spectra of thedomponents in region
C. The merging images are expected to belong to the samefihe lbackground quasar
and hence, they should have similar spectra. The compoogthis inner pair (C12-C22)
show similar spectra and the outer pair (C11-C21) also hew#as spectra within the
uncertainties. The inner pair of elongated components @fX2{C22) have flatter spectra
than the outer pair of components (C11-C21). Since the coemis of the inner pair also
have higher flux densities, these dominate the spectrungmfiréC at low resolutions, for
example, as found in the MERLIN imaging presented in secti@nl.

The spectral similarity of component A2 with that of the edated component C12
in region C might appear to favor scenario A. However, the-detection of the expected
counterpart of A5 in region C disfavors this possibility, was shown in section 4.3.
Furthermore, any association between the components ofdGharse of image A (or
B), on the basis of their spectra, should not be trusted lsecthe components in C1
(or C2) probably correspond to a region which is about onghtdre size of any of the
components found in A (or B), and may not have spectra sirtoléine spectrum of the
component as a whole.

4.4.2 Relative Magnification of the Images

The relative magnificationuf) of the lensed images, that is, the magnification of an image
(B) with respect to another image (A), is simply the ratioradividual magnificationgg
andua (see Eq. 1.20). Ideally, the surface brightness of the tbimeages is conserved,
hence, the observed flux density ratios of the images shauttjbal to the ratio of their
solid angles. This can be expressed as,
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Figure 4.22: Vectors A1 and A3 are defined w.r.t A2, choserhasotigin. Similarly,
vectors B1 and B3 are defined w.r.t B2, chosen as the origia.nfépping of the triangle
Al1-A2-A3 to B1-B2-B3 is defined by a matrix called the relatimagnification matrix.

_HB_ S8 _ Y8 eqmAsy, (4.1)

/1_ = — =
" un Sa  wa

where the relative magnification matrik(®) is defined as,
lg = M{®la. (4.2)

Here, the vector$, andlg correspond to vectors in images A and B, respectively.
This formulation can be applied to real gravitational legstems (e.g., Garrett et al.
1994b; Jin et al. 2003) provided the lensed images show atialbture of non-collinear
features.

In the lensed images A and B of MG 204612, there are five non-collinear compo-
nents. It is simpler to define the magnification matrices feetof three non-collinear
components instead of attempting to fit for all of the compasesimultaneously. The
combinations are chosen such that at least one out of the dm@ponents is a bright
compact component. A total of five sets of triplets are ingaséd. For every triplet, the
matrices are defined three times such that every componehogen once as the origin.
For example, 1-2-3 is a triplet of components 1, 2 and 3. A matiapping of vectors
(A1, A3) of image A to the vectorsg1, B3) of image B, is defined with component 2
as the origin (see Fig. 4.22). Therefore, the ve@&biis mapped toAl through a matrix,
which is defined as,

Bix Mi1 Mo \[ Ax 12
B = = = M A . 43
' ( Byy ) ( Ma1 Mgz )( Asy ) o (4-3)

Next, with component 3 at the origin, a matrix mapping betwie vectorsAl, A2)
and B1, B2) is defined. Finally, a matrix mapping with component 1 asdhgin is
defined between the images.

Shufling the components at the origin one by one and re-calcgldtie matrix is
expected to give the same result and is performed to tesegeatability of the method
used here. Furthermore, the relative magnification matixtie images A and B are
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calculated both at 5 and 8.4 GHz, which again are expecte toohsistent. Unless
there is any frequency dependent structure in the imagedluk density ratios (i.e. the
determinants) for the counterparts of a component shoub®. Turning it around, an
expensive method to find out any frequency dependent steuatould be to compare the
relative magnification matrices.

The positions of the components of images A and B are takem Tiables 4.5 and 4.6,
after applying the appropriate shift of origin for each cafke uncertainties are chosen
as 0.1 mas for all positions throughout for simplicity. Nekeless, the determinants of
the magnification matrices are found to be consistent betsesnd 8.4 GHz for all of
the sets to within the uncertainties (see Table 4.8). Furtbee, the determinants are
consistent between any two sets. The negative values ofdteendinants confirms the
opposite parity of image B with respect to image A.

4.4.3 Substructure

The prediction of Dalal & Kochanek (2002), for the satellitass fraction of the total
mass of a typical lens galaxy halo, is 0.006, < 0.07 at 90 per cent confidence which
is consistent with CDM predictions. The lens system B202i5 has the most discrepant
flux ratios in the radio amongst the known flux ratio anomalcases. McKean et al.
(2007) have detected a satellite within the Einstein radiuthe lens system which is
evidence of luminous substructure. However, the satadliteot confirmed to be at the
redshift of the lens. Also, the mass distribution of the kitgemust be highly elongated
to satisfy the observed properties of the lensed images.

Similarly, Ros et al. (2000) have found that a previouslywnabject near to the
lensed images of MG J0418534 when included in the mass model, fits the positions
and flux densities of the lensed images of the radio core Wellthe other hand, Trotter
et al. (2000) have taken into account only the astrometntsitaints and investigated
higher order multipoles of the potential by Taylor expansim conclusion, they find that
neither the object X nor an over-density of galaxies to th&tsevest have a significant
contribution to the image distortions.

In MG 2016+112, the lensed images A and B show similar spectra. The tegbec
parity and the surface brightness of the images is also foouiheé conserved. In region
C, the components in the inner pair, C12 and C22 show sinpkeetsa and flux densities.
The outer pair of components C11-C21 show similar spedivajtahe flux densities are
different. Moreover, component C21 is notably displaced fraaptsition expected for a
merging image pair. With a smooth mass model of<&kear centred at D, it is possible
to fit the positions of the components of images A and B onlitirf§ the components of
region C resulted in a very poor fit with a reducetlof about 180. In MG 2016112,

a satellite galaxy (G1) has been spectroscopically confirtoeoe at the redshift of the
lensing galaxy D (Koopmans & Treu 2002a). Including thiglae G1 in the mass model
significantly improved the fit to all of the astrometric camdnts (reduceg? = 3.5).

Additionally, the relative magnification matrix mappingutd be used to test the pres-
ence of substructure near the lensed images A and B. Noté ihaiot possible to carry
out the test for region C due to two reasons, a) the C compsrstraddle the critical
curve, and due to the high magnification gradient the lingarf the mapping does not
hold true and b) since the features in C are almost along @glstiigne, the errors intro-
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Table 4.8: The determinants of the relative magnificatiotrices for the components of lensed images A and B of MG 201@.

Components 1-2-3 1-3-5 1-4-5
5 GHz 8.4 GHz 5 GHz 8.4 GHz 5 GHz 8.4 GHz
1 -1.08:0.34 -1.31+0.30 -1.29+0.22 -1.08+0.13 -1.02+0.15 -0.79+0.11
2 -1.09+0.35 -1.32+0.31
3 -1.10+0.35 -1.31+0.31 -1.29+0.22 -1.08+0.13
4 -1.02:0.15 -0.78+:0.11
5 -1.28+0.22 -1.08+0.13 -1.02+0.15 -0.78:0.11

Components 2-4-5 2-3-4
5 GHz 8.4 GHz 5 GHz 8.4 GHz

1

2 -1.30+0.27 -0.85t0.12 -0.91+0.20 -1.18+0.21
3 —-0.91+0.20 -1.18+0.21
4 -1.29+0.27 -0.85:0.12 -0.90:0.20 -1.18+0.21
5 -1.29+0.27 -0.84+0.12
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duced would be too high to estimate the determinant reliaiiyis, despite the spectro-
scopic confirmation of the luminous substructure that tyeaffects the position of the
C21 component, its contribution cannot be tested indeperafeany assumptions about
the mass model. Nevertheless, the determinant of thevelatagnification matrix be-
tween images A and B is found to be in agreement with the obdgeffux density ratios
of the images. Furthermore, it holds true for the 5 and 8.4 @&ta sets, which have
high enough resolution to resolve the components unliké& fA€&Hz data set. Therefore,
it can be concluded that no significant substructure is faartde immediate vicinity of
either the image A or image B components.

4.4.4 Comparison Between Mass Models

For MG 2016+112, the mass model of Koopmans et al. (2002b) was made wiHBIA1
and A2-B2-C12-C22 as the constraints without taking intmoaat the asymmetric sepa-
rations in the merging pair C1 and C2. The counterparts ofC21 were predicted to be
lying to the north-west of A2-B2. Subsequently, a mass maitbélgalaxy D and a nearby
dwarf galaxy G1 was claimed to have fitted all of the data fromopmans et al. (2002b),
including the problematic asymmetric positions (Kochapekate communication, see
Kochanek et al. 2004). Using the same data, the mass moddiesf & al. (2007) was
made with SIE-SISt+shear and a multipole term of order 4 for the main galaxy. Tést b
fitting mass model had a reducgtlof 3 (Dalal private communication).

However, the matter did not close here since the new obsengapresented in this
chapter detected component 5 in images A and B at the exppotgtion to the north-
west, but the observed flux density was too high compared &t whs predicted from
the mass model for A5 to be the counterpart of C11-C21. Thezetmass models like
SlIE+shear, SIESIS+shear or SIESIS+SISt+shear that assume the caustic to be situated
either on component 2 (Scenario A) or between componentsl S g$Scenario B, see
Fig. 4.18), will either predict two counterparts of A5-B5 iiegion C that will have a
magnification more than A5-B5, and should have been deteatguiedict a high relative
magnification for C12A5, inconsistent with the observed flux density ratio.

One of the ways to get around this problem is to have the aasistiated on compo-
nent 5 (Scenario C) or to the north-west of component 5 (Seebg. Now, any smooth
mass model that fits the astrometric constraints will ptadiative magnifications which
will not be verifiable using the observations presented.héreus, this would resolve
the inconsistencies between the predictions and obsengatHowever, the models pre-
sented here have not successfully fitted the high-resolatstrometric constraints (re-
ducedy?® ~ 3.5) and hence, these are an approximate representatidwe afue mass
model. Note that the models presented here, and that of Gredn(€007) are equally
good on the basis of goodness of fit of the models.

An alternative to the smooth mass models which include ongase luminous clumps
of substructure, would be to test a model with higher ordeltipules of the gravitational
lens potential which may not require additional substrectuSuch attempts have been
made previously by Evans & Witt (2003) and Congdon & Keetdd0&) for the anoma-
lous flux ratio cases, and by Biggs et al. (2004) for BO2487 which is another likely
case of an astrometric anomaly. Perhaps, higher offtierts are giving rise to tiny dis-
tortions that could not be fitted with a smooth mass model amgl @r two luminous

89



4 Luminous substructure in the lens system MG 20182

sub-halos.

Velocity dispersion of the elliptical D

The main galaxy D is fitted with an isothermal ellipsoid andréhis no simple relation
between the Einstein radius and the velocity dispersioa BlE, whereas the mass within
the Einstein radius, the Einstein radius and the velocgpelision have a simple relation
for a SIS. Therefore, a SIS equivalent of the mass of a SIEnlkte critical curve is used
to find the SIS equivalent Einstein radius, which is then ueduhd the predicted velocity
dispersion. For a circularly symmetric profile and very drial0) projected separation
between the source and the lensing galaxy, the mass withiRitistein radius is related

by,
b?c? DyDs
M=— : 4.4
4G Dys (4.4)
Furthermore, for an isothermal sphere, the Einstein rg@jusan be related to the velocity

dispersion by

b 402 Dys
¢ D
The velocity dispersion is estimated from the best-fittingskein radius of the two-
galaxy models. Given any of the scenarios for a+S83Es+shear model, the Einstein
radius of D is~1.57 arcsetwhich corresponds to = 343 kms?!. The velocity disper-
sion from the model is in agreement with the central stelédoeity dispersion 32& 32
km st measured by Koopmans & Treu (2002a), and with the prediotéatity disper-
sion of 320-342 km3 from the Koopmans et al. (2002b) mass model. Treu & Koopmans
(2002) showed that the mass density profile within the Eingtedius of MG 2016112
is isothermal (i.e. slope = 2.0+0.1) using the combined mass estimates from stellar
dynamics and strong lensing, which is consistent with tisei@ption of isothermality in
the mass models presented here.

(4.5)

A limit on the mass of the satellite G1

For the SIE-SISt+shear models, the Einstein radius of the satellite galagy the SIS
component) is found to be 0.14 arcsec. Kochanek et al. (2004) have quoted the mass of
G1 as 1 per cent of the mass of the main galaxy D. Since thedfinstdiusb « VM, the
SIE+SIS+shear model predicted mass fraction of the dwarf galaxy@$6r cent, which

is consistent with that found by Kochanek et al. (2004). Haaveit is still higher than

the upper limit of~0.5 per cent placed by simulations of satellites within thiege of
typical image separations (Mao et al. 2004). The predictddoity dispersion of G1 is

99 kms?!. This is consistent with the results of Chen et al. (2007)p Whve found the
velocity dispersion to be 8¢ o < 101 km s? for the satellite G1.

The mass models of Kochanek et al. (2004) and Chen et al. Y2@Qifd neither be re-
constructed from the old data nor be verified with the new nlag®ns since their data
constraints and mass model parameters have not been gesdften though similar

’Note the convention implementeddraviens for Einstein radius of SIE, see section 2.2.4
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mass models are investigated here using the new obsersabioly anapproximatemass
model with consistent values of the parameters like thet&imsadius or velocity disper-
sion could be found.

4.5 Conclusions

Multi-frequency high-resolution radio observations @ tiravitational lens MG 2016112
were conducted to carry out a spectral analysis and to findsa madel for the complex
structure in the lensed images. Radio maps made with simedtes MERLIN and global
VLBI observations at both 1.7 and 5 GHz were presented. Suiesely, HSA observa-
tions at 8.4 GHz were undertaken to carry out a spectral stfithe components at high
resolution. In addition to the two previously known compieisdn images A and B, three
new components were detected in the observations predeertedThe observations with
the HSA proved crucial in the confirmation of the new compaseA total of five com-
ponents are now found in images A and B. No more new comporeaitdetected above
33Jy within a region of size 0.240.21 arcsetcentred at images A and B from the HSA
imaging at 8.4 GHz. A & upper limit was placed on the peak surface brightness of an
odd image in the vicinity of the lens D, or radio emission frByof 0.18 mJy beant at
8.4 GHz.

The overall radio spectra and the flux densities of the corapbim A and B were
found to be similar. The flux density ratio of images A and B eveonsistent with the
determinant of the relative magnification matrix. Therefdhere is no significant sub-
structure or any otherfiects that might fiect the flux densities of the images. In region
C, the morphology and spectra of C11-C21 and C12-C22 wenedféa be similar, as
expected for lensed images. Furthermore, the observed dinsities of the C2 pair are
found to be higher than the C1 pair at all frequencies, whathiccbe due to the proximity
of the satellite galaxy G1 to the C2 pair with a positive patiteeton 2003b). The iden-
tification of components in region C with those in image A (Qr &n the basis of their
spectra, cannot be done because the highly magnified comisarfeegion C correspond
to extremely small regions in either the detected (4, 1, 3,3 or undetected components
of images A and B.

Several mass models with more than one mass component igla Ens plane were
investigated for four scenarios. In these scenarios, coemts of region C were con-
strained as the lensed counterparts @fedent parts of the components of images A and
B, and the consequences of doing so were assessed. The naels tested here with
scenarios A and B predicted relative magnifications of theges, that were inconsistent
with the observations. The predictions of scenarios C andeeveonsistent with the
observations presented here. Note that the predictiorfeeaiiass models of Koopmans
et al. (2002b), Kochanek et al. (2004) and Chen et al. (206 hat consistent with the
new observations because of the detection of component 5IEASSS+shear model
with the satellite galaxy G1 (SIS) found at the same redsiithe lensing galaxy D (SIE)
improved the fit (reducegt? = 3.5) to the astrometric constraints significantly, as state
previously by Kochanek et al. (2004). However, a model witle@éen more complex mass
distribution than that which has been tested here, whichusiag small scale deviations
in the positions of the C components, is required.
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5 B2108+213: a massive radio-loud
lens in a galaxy group

5.1 Introduction

There are now over a hundred examples of galaxy-scale lestersg known. These
systems have been found from systematic searches aroueudtipbtens galaxies (e.g.
Fassnacht et al. 2004; Bolton et al. 2006a; Moustakas eD@l)2and from large surveys
of the lensed source parent population (e.g. Bahcall eB&R1King et al. 1999; Browne
et al. 2003; Myers et al. 2003). Serendipitous discoverieggavitational lensing from
deep high-resolution optical and infrared imaging have &lsen made (e.g. Fassnacht
et al. 2006b). Typically, the image separations for theswitational lens systems are
between 0.5-1.5 arcsec, with only a handful having imagarséipns> 3 arcsec (see
Fig. 5.1; Walsh et al. 1979; Lawrence et al. 1984; Wisotzkile1993; Muiioz et al. 2001,
Sluse et al. 2003; Oguri et al. 2004; McKean et al. 2005; Bod#tbal. 2006b; Inada et al.
2006). Since the enclosed mass of a lens system is propalrtothe square of the image
separation (i.eMg « A6? for a circularly symmetric mass distribution; Kochanek 199
such wide image separation lens systems §.8.arcsec) may be due to halos which are
an order of magnitude more massive than those of typicaldafexies.

As such, wide image separation lens systems could be usedle fhe matter distri-
bution at the top end of the mass function for galaxy-scalesires. Alternatively, the
wide image separation could be due to the lens galaxy beiag iover-dense environ-
ment, for example, in a group or cluster of galaxies. Rea@aiging and spectroscopic
surveys of the local environments of lens galaxies havedauany to be members of
larger structures (Fassnacht & Lubin 2002; Fassnacht 20@6a; Momcheva et al. 2006;
Williams et al. 2006; Auger et al. 2007a). However, the totabtribution of the group
or cluster to the lensing mass distribution is thought to benore than~ 5 per cent for
systems with image separations-ofL arcsecond (Momcheva et al. 2006; Auger et al.
2007a). Studies of gravitational lens systems with langerge separations may show an
enhanced lensing mass distribution which has been boogtdtelenvironment. An ex-
treme example of this is cluster lensing which can produ@gerseparations much larger
than 10 arcsec (e.g. Oguri et al. 2004; Inada et al. 2006).

The gravitational lens system CLASS B2K2 3 has two radio-loud lensed images
separated by 4.56 arcsec (McKean et al. 2005). This imageatsm immediately iden-
tifies B2108213 as an excellent opportunity to study a mass regime battixecypical
galaxy and cluster-scales. New high-resolution radio imgagf B2108+213 is presented
with the twin aims of determining the nature of the third mdomponent and finding
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Figure 5.1: A histogram of the distribution of image separa for lens systems.
Arcsecond-lenses are found in abundance.

additional observational constraints for the lensing nmsdel from the two lensed im-
ages. 1.4 GHz imaging with MERLIN is presented to show the $onface brightness
emission from this system. High resolution imaging of theskd images at 1.7 GHz
with the VLBA and at 5 GHz with global VLBI are also presentddhese new data show
extended jet emission from both lensed images on mas-sehlek are used to test new
mass models for B216&13. Finally, the results and conclusions are presented.

5.2 Discovery in the Radio

B2108+213 was first found in 8.46 GHz imaging with the VLA as can bensad-ig. 5.2.
This showed compact emission from three components viz. AandC. The discovery
was made during the Cosmic Lens All-Sky Survey (CLASS; Myatral. 2003; Browne
et al. 2003). CLASS is a survey to study radio-loud gravotai lens systems. It com-
prises compact flat-spectrum radio sources. The complet@lsaconsists of 11685
sources which were selected to have a flux densg9 mJy at 5 GHz. These sources were
selected from the Green Bank Survey (GB6) catalogue (Gyegfoal. 1996) at 5 GHz
and the NVSS catalogue (Condon et al. 1998) at 1.4 GHz such that the spéatiex
a;, > —0.5 (whereS, « v*). The primary aim of this survey was to find galaxy-scale
lenses i.e. those with image separations of the order of afegeconds. The sources for
which the integrated flux density of the images at 8.46 GHz wa® mJy were further
selected as the lens candidates for the refined CLASS sarmpls.resulted in the dis-
covery of a total of 22 gravitational lens systems. Since@®2P213 did not satisfy the

'National Radio Astronomy Observatory Very Large Array Sky\@y
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selection criteria, it did not belong to the statisticallglivdefined sample. Nevertheless,
it is the widest separation lens system discovered in CLASS.

Relative Decl. (arcsec)

VLA 8.46 GHz 17 August 1899

@

Relative R.A. (arcsec)

Figure 5.2: A 30 s snapshot image of B2#24.3 at 8.46 GHz using the VLA shows three
components A, B and C (McKean et al. 2005). The three comgsraa not collinear.
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Figure 5.3: VLBA 5 GHz maps detected emission from A and Bthearstructure was
resolved in image A. No emission was detected from C (McKéah 2005).

Follow-up observations of B216&13 with the Multi-Element Radio Link Interfero-
metric Network (MERLIN) at 5 GHz found the radio spectra af tiwo lensed images (A
and B) to be similar¢ ~ 0.15 between 5 and 8.46 GHz), with a flux-ratidSf/Sa ~ 0.5.
High resolution radio imaging with the Very Long Baseling@y (VLBA) at 5 GHz found
the surface brightness of images A and B to be consistentgxétitational lensing (see
Fig. 5.3). A feature extending from the south-west of the paaot component in A was
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Figure 5.4:HST V, landH-band images of B210&13 clearly show lensed images A
and B and a giant elliptical galaxy G1 with a companion G2 imithe Einstein radius of
the system. The lower panels show+&32 subtracted residual images. Note that some
extended emission of the background quasar is visible iga#a(McKean et al. 2005).

also detected and B showed a single component. Componers Gatected and found to
be resolved with the deep MERLIN observations whereas thBA/bbservations could
not detect C because the emission was perhaps resolved out.

5.2.1 OpticafInfrared

The optical and infrared imaging with th¢ST show compact emission from the lensed
images A and B. The optical flux density ratio (B:A) is simitarthat observed in the
radio (see Fig. 5.4). The spectra of A and B are found to bel@imihich is consistent
with A and B being lensed images of the same background soBo®e the spectra
of the lensed images are featureless, the background sisuipedieved to be a BL Lac
type quasar (McKean et al. in prep). Thus, the spectroseepghift of the quasar is not
known because measuring the redshift with featurelessrspetecomes dicult.

Not surprisingly, a massive elliptical galaxy (G1) is fousicthe expected position of
the lens. Moreover, the third radio component (C) detectit the VLA and MERLIN
imaging is coincident with G1. A companion galaxy (G2) iodisund within the Einstein
radius of the system. However, there is no evidence of eamridsom G2 in the radio.
The residuals are shown in the lower panels of Fig. 5.4 aftietracting a de Vaucouleurs
profile for both the galaxies. An asymmetry found in the realdmages near G1 is
believed due to G1 having a disturbed and complex morpholdging spectroscopy, the
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Figure 5.5:HST kband image with a field of view of size 22323 kp& shows several
galaxies in proximity to G1 (center) indicating the presen€a galaxy group (McKean
et al. 2005).

redshift for G1 was determined to be 0.365 (McKean et al. &ppr The spectrum of

G1 has no strong emission lines and is consistent with ag Bgoé galaxy. The redshift

of G2 is unknown because the angular separation between ¢&G2ans~ 1.1 arcsec.

A spectroscopic survey of the environment around the maisimhg galaxy has found at
least 40 groufeluster galaxies at the same redshift as 6% 0.365, see Fig. 5.5). The
galaxy velocity dispersion is 450 km's About 4 galaxies are found within a radius of
12 arcsec+ 60 kpc) from G1. Also, the central stellar velocity dispersof G1 was
found to be 360 kms. These new data confirm that G1 is a massive galaxy in a dense
grougcluster environment (McKean et al. in preparation).

5.2.2 Recent X-ray Analysis

B2108+213 was recently included by Fassnacht et al. 2007 in theapkaof moderate
redshift (0.3< z < 0.6) galaxy groups. X-ray observations were done Witlandraof this
system. The field seems to show two main sources of compass&mj one centred at the
lens system and the other to the east. The high resoluti@ihahdracould also resolve
the compact emission from the AGN of the lensed quasar aniéiseng galaxy G1 (see
Fig. 5.6) which was masked out to map th&wuse emission. The elongated low surface
brightness X-ray contours are stretched along an eastdirestion and form a bridge
between the two compact sources of emission. The field shaitscomponent dfuse
emission. Although one of the low surface brightness regiovith a size of~2'x1’) is
found to be roughly centred on the lens system, the centfdite@verall diftuse emission
is offset from the position of the brightest group galaxy (G1). gfeup members show a
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Figure 5.6: The brightest non-stellar object in the gregtesdield of theHSTimage is
B2108+213. The overlaid X-ray contours showflgise emission which might be due to
the interaction within the groups of galaxies (Fassnhaclal.e2007, see text). Compact
X-ray emission is seen from A, B and the lensing galaxy G1 Wwhias masked out to
determine the extended emission.

non-Gaussian velocity dispersion profile indicating a dagitally disturbed system. Their
estimated group velocity dispersion is 48D km s-1.

5.2.3 Existing Mass Model

A mass model for the system was proposed by McKean et al. {2@0&h incorporated
both G1 and G2 as singular isothermal spheres with an extgnear component. This
model successfully reproduced the observed positions axddtios of the lensed images
and required only a small contribution from the field (thesewtl shear was 2 per cent).
However, given the limited number of observational constsathat were provided from
the two lensed images, this model has no degrees of freedom.

Moreover, lens theory predicts that an extended masshiisish should produce an
additional lensed image near the centre of the lens potéetta Rusin & Ma 2001; Kee-
ton 2003a). The detection of such odd images is extremedyfaargalaxy-scale systems
because the image magnification tends to zero as the innsityl@nofile approaches
isothermal p o r=2). However, the non-detection of core lensed images car @laery
strong lower limit to the density profile of the lensing massribution (e.g. Rusin & Ma
2001; Keeton 2003a; Boyce et al. 2006a; Zhang et al. 200®reTis currently only one
accepted detection of a core lensed image, PMN J46323, whose lensing galaxy has
a global power law slope of ~ 1.91+0.02 (Winn et al. 2002, 2004).

The nature of the third radio component of B23283 is not entirely clear. The
position of C is very close to that of the main lensing galagyeapected for the odd
image. However, the flux-density of component C appears todéarge to be the core
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lensed image; the flux-ratio Bc/Sa ~ 0.1. Therefore, new mass models are also made
to determine the status of C as either the third lensed imag¢jeeccAGN of the lensing
galaxy.

5.3 New Observations in the Radio

In this section, new radio imaging of B216813 with MERLIN, the VLBA and global
VLBI are presented.

5.3.1 MERLIN 1.4 GHz Observations

B2108+213 was observed with MERLIN at 1.4 GHz in two runs. The firsod®bserva-
tions were carried out for 14 h on 2005 March 19 and 20 withfahe MERLIN antennas
except for the Lovell telescope. The second observing rinmgwincluded all of the an-
tennas, lasted for 14 h and 8 h on 2005 April 15 and 16, resedti3C286 and 0Q208
were used as the flux density and polarization calibratorswitching cycle of~ 2 and
~ 6 min was used between the phase calibrator (B22@3) and the lens system. The
data were taken in a single IF and divided into 15 channeld\ifiz width each. The data
were taken in both the right and left hand circular polar@a. The initial editing was
done with theopLor routine and the initial flux-density calibration with theroc routine
using the MERLIN pipeline. Most of the further data redunt&End mapping was done
using the MERLIN automated pipeline within AIPS. This workswdone in collaboration
with Dr. Tom Muxlow, Jodrell Bank Observatory (JBO).

The MERLIN imaging detected a combination of compact angl iew surface bright-
ness extended emission. The total intensity image waaliyitleaned with the AIPS task
IMAGR tO subtract the higher surface brightness compact radigpoaents (A, B and C).
The residual image, which contained the low surface brigggremission, was then de-
convolved with the maximum entropy routineess with a starting model of the central
part of the residual image smoothed with a circular Gaussidall width at half max-
imum (FWHM) of 2 arcsec. Finally, the high surface brighthésatures were restored
with the AIPS taskrstor into the low surface brightness map and the combined total
intensity map was produced.

In the left panel of Fig. 5.7 shows the total intensity map en&ém the combined
datasets. Components A, B and C in this image are restorédaviit250.165 arcsec
beam. For the first time extended emission is found on eitderced component C spread-
ing over an area 0f10x2 arcseg. It appears as though the extended jet emission origi-
nates from component C. The positions and the flux densitiesred from fitting Gaus-
sian model components to A, B and C with the taskr in AIPS are given in Table 5.1.
The total flux-density for the extended structure, meashyeidtegrating over the region
within the 3r limit, is ~ 70 mJy. Earlier measurements from the NVSS catalogue stigges
a flux density of~ 53 mJy for this system. Theftierence in these two estimates might be
due either to diference in calibration or the maximum entropy method usedfpping
the extended emission. The map of linear polarized emisgiows only image A, with
a polarized flux density of 0.1 mJy (see the right panel of Fig. 5.7). The rms noise of
the polarized image is 0.1 mJy bearmt. Therefore, these observations were not sensitive
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Figure 5.7: Left: HSTI-band (F814W) image of B21@&13 in grey-scale overlaid with
the contours at 1.4 GHz using MERLIN. The lensed images A araeBcoincident in
optical and radio. The core component C coincident with 8al@l is accompanied
by low surface brightness emission extending on either sidbe radio. Galaxy G2
does not show any counterpart in the radio. The contours—8g3; 6, 12, 24, 48, 96,
192)x0.03 mJy beartt (rms in the map). North is up and east is to the left. The MERLIN
map was produced in collaboration with Tom Muxlow. Right:eTgpolarized emission at
1.4 GHz with MERLIN is seen from image A only. The polarizedigsion from B and

C, if any, is below the noise level.

enough to detect any polarized emission from image B, asguthat the polarized flux
ratio between A and B is same as the flux ratio.

Table 5.1: The flux densities and positions of A, B and C frommfjt Gaussian model
components to the MERLIN 1.4 GHz map. The separations arsumed relative to A.

Comp. RA Dec Speak Siotal
(mas) (mas) (mJy beart) (mJy)

A 0.0+£0.2 0.3:0.2 16.3:0.8 16.4-0.8
B 2141.3:0.4 -4026.%40.4 7.205 7.#04

C 1434.46.0 -2915.6:6.0 0.50.1 0.e0.1

5.3.2 VLBA 1.7 GHz Observations

B2108+213 was observed on 2002 June 19 with the VLBA at 1.7 GHz. Thedi
this observation was to image any low surface brightnesnebed jet emission from the
lensed images and to detect component C on mas-scales. $aeviolg run lasted for
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7.5 hin total, with~ 5.2 h spent observing B216213. The calibrator B21013 was
used for phase-referencing, with a 5 min time cycle betweerldns system (3.5 min)
and the calibrator (1.5 min). The data were taken in theHafte circular polarization
through 4 IFs, each with 8 MHz bandwidth. The aggregate bétwas 128 Mb s with

2 bit sampling. All of the VLBA antennas were available witietexception of Los
Alamos. The data were correlated at the VLBA correlator wheaich IF was divided
into 16x0.5 MHz channels and averaged over 2-s time intervals. Foe-field imaging
with interferometers, bandwidth smearing of thedata can cause radial smearing of the
map features which reduces the peak flux-density of a cormpdereaway from the phase
centre (see Chapter 3). To limit th&ect of bandwidth smearing, the data were correlated
at two positions centred on images A and B. Note that for theigeised here bandwidth
smearing #ects are significaftat a radius of> 11 arcsec, which is well outside the
maximum lensed image separation (4.56 arcsec).

Both the A and B data sets were inspectediis. Since the data set B had a better
correlation, only this data set was reduced and analyzédegiurThe data were amplitude
calibrated from the system temperature and gain curve sdtweeach antenna, and cor-
rected for the change in the parallactic angle. The data 230B+213 were phase and
amplitude self-calibrated and the solutions were applethé lens system B216213.
The mapping of B2108213 was carried out usingiagr, without further frequency or
time averaging. While mapping a wide field of view, a less teoasuming technique
is to map only the regions of interest. Thus, during the imggf B2108-213 three
sub-fields centred on A, B and C were mapped. An iterativege®of cleaning and
phase-only self-calibration, using a 9 min solution in&ywas used to map the lens
system.

In the upper panel of Fig. 5.8, the naturally weighted magsmged images A and B,
and of radio component C. Image A shows a compact core and@jedcextending to
the south-west which was fitted by a three component Gaussiaiel. Previous VLBA
imaging at 5 GHz by McKean et al. (2005) found the jet to extewer 10 mas in scale,
whereas the new deeper 1.7 GHz map shows more emission exgdreyond 20 mas
from the radio core. Image B shows a single core componehtamtint of jet emission
to the north-east. Image B is also fainter than image A, wiiadonsistent with gravita-
tional lensing where the surface brightness of the lensedj@® is conserved. A single
component Gaussian fit successfully modeled the emissiamimage B. The radio com-
ponent C was detected for the first time at mas-scales. Aestghponent Gaussian fit
shows that the emission from C is compact (deconvovled FW81%3 mas). The results
of fitting Gaussian model components using the AIPS task are listed in Table 5.2.
Note that the extended emission detected in the MERLIN ingagas been resolved out
here.

5.3.3 Global VLBI 5 GHz Observations

In order to better resolve the north-east extension in inBaged to determine the spectral
index of component C, a global VLBI observation of B2#243 at 5 GHz was under-
taken. The lens system was observed on 2006 February 17hetBfelsberg, Jodrell

2For a 10 per cent loss in the measured peak flux density of & gmimce.
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Figure 5.8: The top panel shows VLBA 1.7 GHz maps of B24?2B3 (A, B and C)
restored with a beam size of 16&6.1 mas and position angle of 128°. The bottom
panel shows Global VLBI 5 GHz maps restored with a beam siz&.18x0.97 mas

and position angle 0f6.17°. Component A shows extended structure to the south-west
direction at both frequencies. Component B shows northedsnsion, which is better
resolved at 5 GHz. Component C which is coincident with thennb@nsing galaxy,

is compact at both frequencies. The contours for all the naaps-3, 3, 6, 12, 24,

48) X omap given in Table 5.2 for the 1.7 GHz dataset and is 0.05 mJy bkéon the

5 GHz dataset. North is up and east is left. Grey-scales argdynbeam?, except for the

1.7 GHz image of component C which is;dy beam?.

Table 5.2: Positions, flux densities and rms map noise ofdhgonents at 1.7 GHz.

Component RA Dec Speak Siotal O map
(mas) (mas) (mJybear) (mJy) (mJy beart)
Al 0.0+0.1 0.2:0.1 3.:0.2 4.6:0.2 0.070
A2 3.0+0.2 -0.9+0.2 2.3:0.1 2.4:0.1 0.070
A3 -12.2:0.5 -5.5+0.5 0.6:0.1 1.40.1 0.070
B 2135.90.1 -4030.5:0.1 3.3:0.2 4.3:0.2 0.065

C 1429.6:0.5 -2889.9:0.5 0.2:0.1 0.2:0.1 0.065
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Bank Mk2, Westerbork, Medicina, Torun, Noto, Green Bank 8% LBA antennas. The
14.5 h long observation was taken in both the right and laftehcircular polarizations,
through 4 IFs each with 8 MHz bandwidth and a 256 Mbsit rate. Here, the 5 min
time cycle between the lens and the calibrator (B222A3) was divided into 3 and 2 min
scans, respectively for phase-referencing. The coroglatias carried out at J\NEvhere
the data in each IF were divided intoX®5 MHz channels and time-averaged over 1-s
intervals. The maximum field-of-view defined by bandwidtll éime-averaged smearing
is ~ 8 arcsec with this setup. Therefore, a single correlatiothefdata with the phase
centre at the mid-point between lensed images A and B wagmebta

The data were reduced usiags in a similar manner to the 1.7 GHz VLBA obser-
vations. The Green Bank Telescope had severe problemggtiwatithe observing run,
hence it was removed completely from the dataset. All basglvith Torun were dis-
carded because of a poor amplitude calibration. Througti@utiata reduction process
all of the antennas were given equal weights to stop the langennas (like the 100 m
Effelsberg telescope) dominating tedataset. This avoids higher side-lobes and a de-
terioration of the image quality. The data were reduced lmp#adg a procedure similar
to that followed at 1.7 GHz. The phase calibrator (B24P83) was mapped initially to
determine the phase corrections which were applied to B2208. Subsequently, the
data for B2108213 were self-calibrated with a 3-min long solution intéyeamdcLeaned
usingmmaGr. The naturally weighted global VLBI maps of B216813 are presented in
the lower panel of Fig. 5.8.

Image A shows the same core-jet structure observed at 1.7 aBHzreviously at
5 GHz (McKean et al. 2005). These new Global VLBI data cleaggolve image A
into three main components Al, A2 and A3. Component Al is mgdef two compact
sub-components A11 and A12. Component A2 appears to be anded knotty jet
feature, which is further divided into three sub-compoee@21, A22 and A23. The
third component (A3) of image A is a faint jet feature whichte flux density towards
south. Components Al and A2 were fitted with two and threptetl Gaussian models
respectively. Since it is not possible to fit more than 4 congods simultaneously in
writ, Powell's method was used for model fitting. Other AIPS tatblet can deal with
more than four Gaussian at once work in theplane. However, given the wide field
and multiple regions of interest in the target source, eaich azcomplicated structure,
the best option was to work in the image plane. Powell's mization method can be
used to work in the image plane, like the AIPS tagkir. Fig. 5.9 shows the observed
(in red) and the model (in green) surface brightness digiobs of components Al and
A2. Component A3 could not be well fitted with multiple Gaasmodels. Therefore,
the flux density was measured by summing all of the surfaggbress emission within
the 3r boundary. The position of A3 was obtained from the surfacghimess peak.
Note that due to the ffierent angular resolutions and frequency dependent steyche
components (Al, A2 and A3) at 1.7 GHz do not correspond tcetlbbserved at 5 GHz —
this is simply a naming convention.

The map of image B shows the expected core-jet structureetmahnth-east. Bl is
identified as the core, and B2 and B3 as the counterparts fettfeatures detected from
the 5 GHz imaging of A. The emission from image B was fitted wifiree elliptical

3Joint Institute for VLBI in Europe
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Table 5.3: Positions and flux-densities of the fitted Gamss@nponents for the 5 GHz
data. Component A3 was not fitted with a two-dimensional Giams(see Section 5.3.3

for details).
Component RA Dec Speak Siotal
(mas) (mas) (mJybead)  (mJy)

All 0+0.1 0.1  3.520.43 3.8%:0.47
Al12 -1.1+0.1 0.:0.1 1.85%0.31 2.630.34
A21 -3.5¢0.1 -0.6£0.1 0.720.20 1.180.21
A22 -4.7+0.1 -0.5£0.1 0.3@&0.13 0.320.13
A23 -6.0+0.1 -1.3:0.1 0.4%0.16 1.420.17
A3 -9.8+0.5 -3.9+0.5 0.3&0.15 0.430.22
Bl 2135.20.1 -4030.@:0.1  2.31:0.34  2.96.0.37
B2 2137.@0.3 -4028.:0.3 0.4%0.16 1.0&0.17
B3 2140.50.4 -4025.204  0.220.13 0.320.13
C 1430.40.1 -2888.1+0.1 0.860.10 0.860.10
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Figure 5.9: A plot of surface brightness distribution of qguments A1 and A2 together in
image A at 5 GHz overlaid with the best-fitting model. By usiPawell's minimization
routine the data is fitted in the image plane with a multiplei€san component model to
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measure the flux densities and peak intensity positionssofdimponents.



5.4 Mass Models

Gaussian components, using the same minimization methéaol @amage A. Note that

the small feature to the south of component B2 was excludedglthe fitting process.
Component C was fitted with a compact elliptical Gaussianeh(mkeconvolved FWHM

is 0.8 mas) at 5 GHz. There is no evidence of any collimatedna@ssion towards the
extended lobes detected in the 1.4 GHz MERLIN observatidhe. fitted positions and
flux densities of the Gaussian model components are presiertable 5.3. The errors for
the flux densities of A and B were calculated based on theiptendescribed in Fomalont
(1999) (see Appendix C), and the errors on the positions tedwen from the AIPS task

JMFIT.

5.4 Mass Models

Mass models for the B21@&13 lens system are now investigated. The current best
model has two singular isothermal spheres for galaxies @1 and an external shear
(McKean et al. 2005). This model reproduces the observetiigas and flux densities

of the lensed images, but has no degrees of freedom due tiortited number of obser-
vational constraints. Using the new high resolution VLBketvations presented here,
several cases are dealt with. For instance, whether thesim@agfiguration can be better
explained by a single lensing galaxy (G1), or by two galak&s and G2). Furthermore,
whether component C can be a core lensed image is also t&stedly, the influence of

the environment on the mass model is investigated. The ladelimg was carried out
using the publicly available codaaviens (Keeton 2001).

5.4.1 Case 1: C as the Active Nucleus of Lensing Galaxy G1

The position of radio component C was used as the positiothiotens galaxy G1 in
this case. As can be seen from Table 5.4, the position olastdorecomponent C from
the VLBI imaging is not consistent with the position measiuiiee G1 from thel- andH-
band imaging (F814W and F160W, respectively) with thébble Space Telescap€his
is almost certainly due to G1 having a complicated surfamghbress profile, particularly
in the infrared. However, the position for component C issistent with theV-band
(F555W) imaging. Therefore, the position of G2 and the fltoreetween G1 and G2,
which are used in the models, are taken from\tHeand data.

As expected from lensing, the three main components of inrdagan be identified
as the counterparts of the components in image B. Howevagem is further resolved
and shows several sub-components in A1 and A2. The compbeat@uponent A1l is
probably the core, hence it was used as the position for Alcohsponent A2 is much
more extended, a flux density weighted position was detexdimom the sub-components
(Aa = -3.8£0.2 masAs = —0.7+0.2 mas relative to A11). For component A3 and all
of the components of lensed image B, the positions from Taldevere used. The flux
densities for only Al (i.e. A11A12) and B1 were used for the modeling. The total
number of constraints to the lens models provided from thedd images is 13.

First, the lens as a single galaxy G1, with a singular isotiasphere (SIS) density
profile and an external shear is considered. This model hass®neters (1 for the Einstein
radius, 2 for the shear and position angle, and 6 parametetise three source positions)
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Table 5.4: The relative positions of both the galaxies froam#l the magnitudes measured
with theHSTin V, | andH bands (McKean et al. 2005).

Band Filter Comp RA Dec Magnitude
(mas) (mas) (Vega)
\% F555W A 0l 0+1 22.56:0.15

B 21313 -4032t4 23.730.17
Gl 142&5 -2890Gt5 19.910.11
G2 127%5 -1786t5 22.5%0.15
I F814W A 0tl 0+1 20.96:0.15
B 2131+2 -4032:3 21.9#0.17
Gl 142&2 -2888t2 17.630.11
G2 127%2 -1786t2 20.610.15
H Fl160W A otl 0+1 18.14:0.15
B 2131+2 -4032:3 18.86:0.17
Gl 14212 -2888t2 15.65:0.11
G2 12631 -1795%t2 18.36:0.15

and 4 degrees of freedom (dof). The totdlof the model is 7.6, where the subscript
refers to the dof, and the results are given in Table 5.5. Siniple model fits the data
well, and requires a large Einstein radius of 2.18 arcsecaanekternal shear of 0.05 at

a position angle of 107.3 deg. The uncertainties on the fitiedel parameters that are
given in Table 5.5 are from theslconfidence levels (see Press et al. 1992). Fig. 5.10
showsy? as a function of each of the parameters that were varied fonibdel. When
fitting a single parameter, therlconfidence level is obtained for thé corresponding to

X* = Xinin =1.

Now the contribution of G2, if included as part of the lensqumtial, is tested. Hence,
galaxy G2 is introduced as a companion lensing galaxy atdheesedshift as G1. A
SIS centred on the optical position of G2 was added to the §i8ar model for G1. For
an isothermal sphere, the Einstein radius (b) can be retatdek velocity dispersion i.e.
b « o2 and hence, the mass. Also, from the Faber-Jackson reldaire( & Jackson
1976), the luminosity is proportional to the velocity disgien L « o*). Therefore,
the ratio of the optical luminosities of G2 and G1 (see Tablg &re used to constrain
their mass ratio by equating;,/bg; = 0.29:0.05. Here, the luminosities are calculated
assuming that G2 is at the same redshift as G1 and the errbeoatto takes into account
the errors on the apparent magnitudes only. Note that imgu@2 in this way does not
increase the degrees of freedom. The tefalf the model is 6.95 which is only marginally
better than the single StShear model used for G1. The fitted parameters are given in
Table 5.5. Including G2 lowers the Einstein radius of G1 éllarcsec and reduces the
shear to 0.04.

Note that if the ratio of the masses is not fixed and the Einstadius of G2 is left as
a free parameter, then the Einstein radius of G1 is lowergtduto 0.76 arcsec and the
shear is reduced to 0.01. Also, the Einstein radius of GZas®s to 1.5 arcsec. Here,
the simplest model that can be fitted needs to have the masimtgigalaxy positioned
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Figure 5.10: The? as a function of the parameters for the $$8ear model are plotted.
The dashed horizontal lines are fgt = y2. +1. The corresponding values give the-1-
confidence level for the respective parameters.

co-linearly between the two lensed images. Since G2 is sldedhis, it is taken as the
main perturber and the shear is reduced. The redyéesf this model is 0.9, which
is lower than for the case when the mass ratio is fixed (redyéed 1.7) and for the
single galaxy model (reduced = 1.9). In Fig. 5.11, thg? plot of the Einstein radii of
G1 and G2 is shown. There is a clear degeneracy between theethinadii of G1 and
G2. However, since G1 is clearly the dominant mass clumpeyistem as shown from
the optical data (see Figs. 5.4 and 5.5), the prior from thealjduminosity is used for
the SIS-SIS+shear model to break this degeneracy and to produce a phygilzausible
model.

So far, only an external shear was used to account for anyetigeity in the model.
It is clear that some ellipticity is required to account foe non-collinearity between the
lensed images and lensing galaxy G1. The ellipticity in thered could be due to G1
having an elliptical halo. Hence, the external shear wakcep with an elliptical mass
distribution for G1, while a SIS is fixed at the position of GPhe dof of this singular
isothermal ellipsoid (SIE)SIS model is 4, and the resulting redugé&ds 1.6. This model
fits the image positions slightly better than previous medagthout changing the fitted
parameters significantly (see Table 5.5). The ellipticitysd is found to be 0.135 at a
position angle of 105.5 deg. The ellipticity of the surfac@gbtness profile of G1, as
measured from thelSTdata, is 0.14 at a position angle of 57 deg (McKean et al. 2005)
The dfset between the position angle of the halo and the lightibigton of G1 suggests
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Figure 5.11: A degeneracy between the Einstein radii of Gil &P for the
SIS+SIS+shear model is found (left). Without any constraint on thessea of the galax-
ies, the best fit model requires G2 to be four times more massan G1, which contra-
dicts the optical luminosities. Introducing a constrainttbe mass ratio between G1 and
G2 breaks this degeneracy (right). The intersection pdinh® dotted lines marks the
minimum in both the plots.

that the environment may also bffexting the shape of the lensing potential. However,
since there are only two lensed images of B24PB3 it is not possible to constrain both an
elliptical potential for G1 and an external shear. Moregpe#ipticity and shear (and also
the presence of another lensing galaxy, G2) will producdéaimbservable fects. Thus,
the actual origin of the asymmetry between the lensed imagghe lensing galaxy G1 is
difficult to verify. For instance, using a SHSIS+shear as a toy model artificial data were
generated. The data were modified arbitrarily and a+SliS+shear model was fitted
to these data by varying shear and ellipticity. Fig. 5.12nshthe degeneracy between
different values of shear and ellipticity which combine to gigaady? values.

5.4.2 Case 2: C asthe Core Lensed Image

Extended mass distributions are expected to produce odewof lensed images with
the oddth image near the position of the lensing galaxy (Byé&toeder 1980; Burke
1981). However, the mass density distribution close to #rdre of the lensing galaxy
will affect the magnification of the core lensed (odd) image. For el@nan isother-
mal density profile will completely demagnify the core lethgmage. Since galaxies are
known to have global density profiles close to isotherma).(&oopmans et al. 2006b),
searches for core lensed images tend to concentrate on atyimaouble image sys-
tems (e.g. Boyce et al. 2006a; Zhang et al. 2007), that is, $gstems where the A:B
flux ratio is greater than 10:1. This is because in these dagemagnification of the
core lensed image is highest and these systdias te best possible chances of detec-
tion. The only known example of a galaxy-scale lens systeth avcore lensed image is
PMN J1632-0033 (Winn et al. 2004), which is an asymmetric double withua fatio of
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Figure 5.12: The? function for the given range of shear and ellipticity valudsa
SIE+SIS+shear does not show a well-behaving function with a minimdrhe y? in-
creases, as the shear is increased or as the ellipticitcreal®ed which implies they are
degenerate.

15:1. For B2108213, the flux ratio of image A to B is about 2:1, so it seems ik
that component C could be a core lensed image. However, tfieepossibility that the
lens potential may be made up of several galaxies, the dvasity profile might be
shallower than isothermal. Thereforeffdrent mass models to establish the nature of
component C are now explored.

Throughout this section the position of galaxies G1 and @2aken from th&/-band
data (McKean et al. 2005) and the mass ratio is fixed. Theipositind flux densities of
A, B and C are taken from the global VLBI 5 GHz data (Table 5B)r the isothermal
models presented in Section 5.4.1, no core lensed imag®duped. Therefore, mass
distributions that deviate from isothermal close to thetieaf the lensing galaxy G1 are
investigated by inserting a core radius at the inner patiehialo.

A non-singular isothermal Sphere (NIS) halo is used for Gictvhas an isothermal
mass profile with a flat density core (i@ r°). The second lensing galaxy G2 is too far
away for its core properties to significantlffect the magnification of the central image.
Therefore, an SIS profile is chosen for galaxy G2. An exteshalar is also included
in the model. This new model has three additional conssdintn the position and flux
density of component C and 10 free parameters to fit, theriyggs dof. The model fits
the position of component C as a core lensed image well, utatdit the flux density,
resulting in a very high tota} of 88.6. The best fitting core radius is 0.1 mas)(5 pc)
and gives a flux density of 16 mJy for the core lensed image, which is still several
orders of magnitude fainter than the observed flux densitgoaiponent C. This model
fails because a much higher core radius is required to fit thedénsity of C, but this
will be at the expense of fitting the position of component @ #re positions and flux
densities of the lensed images A and B. Therefore, it seemyswiikely that the third
radio component is a core lensed image because the obsemnxatkfisity is just too high.
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Table 5.5: The fitted parameters with the respective (ncertainties for the single
lensing galaxy case (S¥Shear), and the two lensing galaxy cases {SIS+shear and
SIE+SIS) with the mass ratio of G2 and G1 fixed. The angular sepasa{relative to
image Al) and Einstein radii are in milli-arcsecond. Theifias angle of the shear and
ellipticity is measured in degrees east of north. The supigts*’ refers to the values of
the parameters resulting from the fitted models.

Name Fitted values
SIS+shear SI$SIS+shear SIESIS
G1 (@, 9) 1431+1 14311 14311
—-2888:1 —-2888:1 —-2888:1
G2 (@, 6) 12735 12735
-1786+5 -1786+5
G1 Einstein 217%16.0 171138 1736-38
radius
G2 Einstein 49839 506:39
radius
External Shear 0.05@.007 0.0380.005
Position angle 10733 105.633
Ellipticity 0.135+0.017
Position angle 105.53%
Source 1¢, 9)* 989.4 1059.0 1057.6
-2110.3 -2058.8 -2021.6
Source 2 ¢, 6)* 987.7 1057.6 1056.2
-2110.1 -2058.3 -2021.1
Source 3¢, 9)" 985.4 1055.7 1054.4
-2111.3 -2059.1 -2021.7
Sga (Sg1/Sa)* 0.64 0.63 0.63

5.4.3 Limits on the Density Profile of G1

For dark matter dominated structures like galaxy clustbesjinner density profile of the
mass distribution tends to be quite shallow (e~ 1-1.5). This is based on the results
from numerical simulations (e.g. Navarro, Frenk & White @9®™oore et al. 1998) and
from gravitational lensing (e.g. Sand et al. 2005). In tl@st®n, an attempt is made to
place constraints on the density profile of the lensing halth the aim of determining
whether it is consistent with an isothermal mass profile, sinalower dark-matter dom-
inated profile. To do this, the core lensed image is assumetd i@ coincident with the
component C. An upper limit to the flux-density of a core lehseage is then derived,
using the 3 flux-density limit determined from the rms map noi&e (< 150uJy) from
the 5 GHz data.

A group halo with a power-law density profile« r=, centred on the position of G1
is introduced. In addition, a core radius of 0.5, 50, 150 a®@ 2c is incorporated. The
model includes an external shear. The VLBI 5 GHz data forddnmages A and B are
used to constrain the model. The Einstein radius, exteimedrsand position angle are
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then optimized for density profiles withbetween 1.4 and 2.3, and for each value of the
core radius. In Fig. 5.13, the relative magnification betwleased image A and a possible
core lensed image C as a function of power-law density prsiidpe is shown. An upper
limit to the flux-ratio of a possible core lensed image andgenA is also marked. First,

it is clear that steeper density profiles result in a more dgmfi@d core lensed image, as
expected. Also, increasing the core radius from 0.005 to25(hcreases the magnifica-
tion of the core lensed image. Interestingly, the uppertlimihe relative magnification
requires that the density profile of any group halo be stettyaer~ 1.5.
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Figure 5.13: The relative magnification of image A and a gassiore lensed image C
as a function of density power-law slope for a single lengjataxy (G1) in the absence
of a supermassive black hole. The solid (red) line is for & ¢adius of 0.005 pc. The
dashed (green), dotted (blue) and dashed-dotted (cyass) dire for core radii of 50, 150
and 250 pc, respectively. An upper limit to the relative magation between images A
and C is shown.

The presence of a radio-loud AGN implies that there is alsapesnassive black
hole at the centre of the lensing galaxy G1. The presence lzick hole is expected to
increase the number of core lensed images to two, or posséshagnify a core lensed
image completely, depending on the mass of the black hole(Métt & Koopmans
2001; Rusin, Keeton & Winn 2005). Using the stellar velodigpersion of the lensing
galaxy G1 ¢, = 360 kms?'; McKean et al. in preparation) and the known correlation
between black hole mass and the stellar velocity dispexsidime host galaxy, the black
hole associated with the AGN within G1 is found to have a méssl6® M. Including
this black hole as a point mass at the centre of the G1 haltisésany core lensed image
being completely destroyed.

The mass models which have G1 as the only lensing galaxy,(& 8)so include G2
as a companion lensing galaxy (SIS) to G1 (SIS or SIE), fitiedoositions of the lensed
images well, but failed to recover the flux-ratio; the obserflux ratio isSg/Sa = 0.45
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Figure 5.14: The/? (left) and the relative magnification between images A anddf)
as a function of density power-law slope for a single lengjiataxy (G1). The observed
flux-ratio at 5 GHz is shown with a conservative 20 per centeutainty in the flux-
densities of images A and B. The solid (red) line is withou iinclusion of galaxy G2.
The dashed (green), dotted (blue), dashed-dotted (cyahjl@umble-dotted (black) lines
are for models that include G2 as a SIS with an Einstein razfids3, 0.5, 0.7 and 0.9 arc-
sec.

at 5 GHz whereas the modeled flux-ratio-i9.64 (see Table 5.5). The optical flux ratios
are 0.47, 0.40 and 0.23 for thvel, andH-band data from the Table 5.4, respectively. This
may suggest substructure (see section 5.5.1) or that thalbdensity profile of the lens
system difers from isothermal, possibly due to the surrounding emvirent. Therefore,
a different density profile is investigated to test whether it istdr fit to the data. A
variable power-law density profile is used again for G1 irs thpherical mass model.
Since an isothermal mass profile is no longer used for G1lnivipossible to fix the ratio
of the Einstein radii of G1 and G2 from their optical luminess via the Faber—Jackson
relation. Therefore, G2 is included as a singular isothésphere with a fixed Einstein
radius of 0, 0.3, 0.5, 0.7 and 0.9 arcsec to tefedent scenarios. An external shear is also
included. This model has 9 parameters and 13 constraintbelleft panel of Fig. 5.14,
the modely? is shown as a function of power-law density slope and fedent Einstein
radii for G2. It is clear that those models with a steeper igpsofile are a better fit to
the data. However, increasing the Einstein radius of G2 iatpooves the fit, but not to
the extent as to justify shallower mass profiles for G1. Nb#&t tor the cases where the
Einstein radii of G2 is 0.7 and 0.9 arcsec, shallow mass psofdr G1 (i.e.y < 1.7 and
1.5, respectively) produce four lensed images due to tihedattion of a new minimum
and saddle point in the time-delay surface. Therefore gthesdels can be ruled out.

In the right panel of Fig 5.14, the predicted flux-ratio of mea A and B is shown as
a function of the density profile of G1 and for the same set otgin radii for G2. The
observed flux-ratio at 5 GHz, with a 20 per cent error on the dlemsities of images A
and B, is also shown. It is clear that shallow density proflesinconsistent with the flux
ratio of A and B, if the halo is fixed at the position of G1 (assugnthe flux densities
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Figure 5.15: Critical curves (dashed-dotted red lines)@dbtics (solid blue lines) for a
single galaxy G1 are shown on the left and including thiea of galaxy G2 are shown
on the right. The figures in the panel represent the followdages: a) Sksshear b)
SIS+SIS+shear ¢) power law for G1 (with a slope pf= 2.45)+ shear and d) SKESIS.
Also, in panel (c) the radial caustic is not shown owing teksemely large{400 arcsec)
extent which is expected for profiles steeper than isotherma

are not significantly fiected due to variability and a time delay). Furthermore, et®d
with shallower profiles (i.ey < 1.7) require the flux-density of B to be close to that of A,
which is not consistent with the observed flux-ratio. Thet higing models require the
density slope for G1 to be steeper than isothermali-e.2.45" 12, for a single spherical
mass model), and are fairly insensitive to the Einsteinusdi G2.

Fig. 5.15 shows the critical curves in the image plane ana#ustics in the source
plane for four lens models; S¥Shear, SI$SIS+shear, SIEshear and power-law for

Gl+shear. The filled squares represent the observed positidhe omages and galax-
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Figure 5.16: Counterpart components of the lensed imagelénsed image B are iden-
tified with similar symbols. The opposite parity of image Bidze seen with respect to
image A. The angular separations on x-axis (relative RA)yaadis (relative Dec) are in
units of mas.

Figure 5.17: Time delay surface plots for a) $thear b) SI$SIS+shear and ¢) SESIS
models. The levels correspond to -256,-192,-128,-9648432,-24 and -16 in units of
days with respect to the central maximum near G1. The prlitine delays between
A and B for the respective models are 251.4, 191.3 and 199§ a@ssuming a source
redshift of 0.74 (see 5.5.4).
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Figure 5.18: Time delay surface plots for models with desireapower law profiles for
Gl (i.e.y = 2.7, 2.0, 1.4; from left to right) and increasing Einsteidirdor G2 (bg, =
0.5 and 0.9 arcsec; from top to bottom). The time delay cantuels are the same as
shown in the previous figure.

ies, and the predicted position of the background sourae &ach of the models. The
background source is located between the radial caustie @fcle) and the tangential
caustic (blue astroid) as expected for a two image configuralote that the radial crit-
ical curves are not produced due to a singularity in the demsofile. The tangential
critical curve (red circle) is an approximate estimate @fithage separation. It also pre-
dicts the parity of the images depending on their locatiorage A has positive parity i.e.
the parity is same as that of the background source. On tleg b#nd, image B shows
negative parity i.e the parity is opposite of that of the lgaokind source. This lensing
effect can be verified in images which have more than two nomrealt components as
is the case here (see Fig. 5.16).

B2108+213 has not been monitored for variability and no time del@asurements
are known yet. Nevertheless, the fitted mass models can letaigeedict time delays
for the images. The time delay contours are shown in Fig. &rid7Fig. 5.18. However,
since the redshift of the background source is not knowrs gssumed to be at =
1.5. Therefore, the predicted time delays are for an illustegburpose only. The time
delay surfaces showed in Fig. 5.17 are for-&Bear, SI$SIS+shear and SIESIS mass
models. The time delay surfaces in the upper panel of Fi§.&rd for a power-law profile
for G1 (i.e.y = 2.7, 2.0, 1.4) and an SIS with an Einstein radius of 0.5 arftgg82. The
lower panel shows the time delay surfaces for the same mbdelsith a larger Einstein
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radius of 0.9 arcsec for G2. The upper panel (or the lowerlparticates that for a given
Einstein radius of G2, the topology of the time delay surfacafected significantly for
a profile which is shallower than isothermal for G1. Also, tieatral maximum starts
shifting towards G2. The panels (f) and (i) indicate that 2b@&comes more massive (i.e.
has a larger Einstein radius) for a given profile<1.4) for G1, the location of the central
maximum is again pulled towards G2. This introduces an auidit pair of images and
changes the flux ratios of the images. Since these model®tcemsistent with the data,
they are ruled out.

5.5 Discussion

The aims of this chapter were to extract information fromhiggh resolution structure in
the lensed images, to determine the nature of the third @figonent and to investigate
the B210&213 lensing potential, with particular emphasis on the ouation of the
second lensing galaxy and the group environment. The etdemhich these aims have
been met is now discussed.

5.5.1 Flux-Density Ratio of the Images

As was shown for MG 2016112 in section 4.4.2, a relative magnification matrix can be
defined for the lensed images of B21@3.3. Well resolved and non-collinear structure
allows the determination of the relative magnification rixatvith a higher accuracy. In
the case of B2108213, it is possible to calculate the magnification matrix éuarge
error is expected due to the uncertainties in the astroor@gasurements of features with
low SNR and because of the uncertainties from the small éegfreon-collinearity of the
image features.

The first step in calculating the magnification matrix is tentfy the counterpart
components in the two lensed images. Since both of the im@gaad B) have clearly
identifiable core-jet structure, these are used. Now, densghe vectorsh; (A, Ayy),

As (Asx, Agy), B1 (Bix, B1y) andBgs (Bsy, Bsy) where A(0,0) and B(0,0) are at the origin
as shown in Fig. 5.19. The solid lines of image A are mappeddhd dashed lines of
image B. Mathematically, the mapping is given by the retativagnification matrix as

_ [ M1z Mg, Arx | _ 12
B _( My Mo )( Ay )_ Mi;“As . (5.1)

The vectorB; is mapped toA; and is defined similar to Eq. 5.1. The elements of the
matrix can then be determined by solving Eq. 5.1 for vecByrand B; simultaneously.
Thus, the magnification matrix is found to ezggé _8'1371 and the determinant
is —0.27 (the negative sign here implies the images have omgpparity). Monte Carlo
realizations of the image positions using the astrometigettainties have been used to
sample the probability distribution of the determinantegithe data. The median of this
distribution and the 68 per cent confidence interval is glwer0.26+0.28 (see Appendix
D). The observed flux-density ratio /S, = 0.45:0.13 and the error is derived from

the 20 per cent uncertainty on the flux-densities of A and Bhdugh, they appear to
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Relative separation (mas)

Relative separation (mas)

Figure 5.19: The vectors of images A (red) and B (green) widirtrespective origins A2

and B2 are shown to be overlapped. The arrows (black) caynesio the eigenvectors el
and e2 of the relative magnification matrix. The eigenvaluelas 0.39 and that of e2 is
—0.63. The vectors of image A are decomposed along the eigeemgeand scaled by the
eigenvalues to obtain the respective vectors in image B.

be consistent, the estimate of the determinant is not veagige as anticipated from the
uncertainties involved.

5.5.2 The Lensing Potential

The new 1.7 and 5 GHz data presented here have found compghektamded emission
from the two lensed images A and B which is consistent witlviggional lensing. The
surface brightnesses of the two lensed images are the saexpexted for gravitational
lensing. Furthermore, since three non-collinear sub-aomapts were detected in the
5 GHz data of images A and B, the expected parity reversal lsasbaen observed. In
Fig. 5.20, the spectral energy distributions of images A Brid the radio are shown.
These spectra have been constructed using the data pe$emeand from the data
presented by McKean et al. (2005). It is clear that both lémseages have very similar
flat radio spectra. Note that the MERLIN 1.4 GHz flux-densiti&e much higher than
the VLBA 1.7 GHz flux-densities for images A and B. This is eitldue to a calibration
error in the MERLIN data, or more likely, that extended jetigsion from the two lensed
images has been resolved out by the high resolution 1.7 GHging.

Isothermal mass models which have only G1 as the lensingygalawhich include
the companion lensing galaxy G2, are found to fit the data. wédwever, the two lens
galaxy model appears to be a slightly better fit. Both of tHese models are a good
fit to the positions of the lensed images, but do not fit the fatie well. This could be
due to variability and a time delay in the radio-loud lens@dges, or may indicate that
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Figure 5.20: The radio spectra of lensed images A and B, amponent C. The 1.4,
1.7 and 5 GHz data points are from this paper. The rest of tteeptants are taken from
McKean et al. (2005).

a more complex mass model including additional group gatais required. Although
B2108+213 has not been monitored for variability there are 3 inddpat observations
carried out with MERLIN and the VLBA at 5 GHz to a low surfacaghtness limit. As
can be seen from Fig. 5.20 the flux-densities from these vatens are consistent to
within their uncertainties. It seems likely that the grouwieonment is playing a role in
the image splitting of B2108213. The dark matter dominated halos, that is, those with
shallow density profilesy < 1.5) seem not to be consistent with the observed flux-ratios
of the lensed images, or the non-detection of a core lensadganin the absence of a
supermassive black hole). In fact, density profiles thatséeeper than isothermal are
preferred. Even though the density profiles of isolateddesaappear to be consistent
with isothermal (e.g. Koopmans et al. 2006b), it is predidieat galaxies undergoing
an interaction can have density profiles that are steeperiimthermal forg 0.5 Gyr
after the initial interaction, before returning to the amigl isothermal state (Dobke, King
& Fellhauer 2007). Given the close proximity of galaxy G2sthcenario is certainly
consistent with the lens system B2#M. 3. However, further observations will need to
be carried out to confirm that the density profile of G1 is séedpan isothermal. In
particular, measuring the redshift and stellar velocigpérsion of the companion galaxy
G2, coupled with the source redshift, will allow the innendigy profile of the lensing
mass distribution to be determined. Also, if the backgrosmarce yields a time-delay in
the future, then the density profile can be found by assuntiagHubble constant (e.qg.
Dobke & King 2006; Auger et al. 2007b; Read, Saha & Maccio 700Since all of
the mass models tested here require an external shead-eb per cent, it is likely that
additional groufrluster galaxies are contributing to the overall potential
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5.5.3 A Radio-loud Lensing Galaxy

It seems almost certainly the case, for several reasonsthla@ompact emission from
radio component C is due to a radio-loud AGN hosted withinrtfa@n lensing galaxy
G1. First, as can be clearly seen from Fig. 5.20, the radiotggpm of component C is
rising from 1.4 to 22.46 GHz, whereas the radio spectra ofghged images A and B are
flat. The spectral index of component Cd&;*® = 0.51+0.01. The spectral ffierence
between component C and the two lensed images could be dueetdrée absorption
from the inter-stellar medium of the lensing galaxy (e.g.irathe case of PMN 1632-
0033; Winn et al. 2004). However, théfect of free-free absorption is known to be a
strong function of frequency, and the spectrum of compo@esihows no curvature and
is constantly rising from 1.4 to 22.46 GHz. Second, the radnission is coincident with
the optical position of the lensing galaxy G1, as expectedfoAGN. Third, although
it is possible to fit a core lensed image at the position of comept C, the flux-density
of component C is much too large to be a third lensed imagee M@t this would be
exacerbated if component C has beéeaed by free-free absorption.

The classification of component C as the core of an AGN withiriszalso consistent
with the extended lobe emission detected on either sideeofetinsing galaxy from the
MERLIN 1.4 GHz imaging. Moreover, the fiiuse lobed morphology of the extended
emission is as expected for a Fan&iiley type | radio source (FR I; Fandf& Riley
1974). There are no highly collimated jets or hotspots whigtypically seen in the more
powerful FR Il sources. The total 1.4 GHz rest-frame lumityosf the radio emission as-
sociated with G1 is.; 4 ~ 10°° W Hz™? (this assumes a spectral indexaof —0.8 for the
lobe emission). Extrapolating this luminosity to 178 MHe&gLg 175 ~ 10?4 W Hz L s,
which is below the FR I-FR Il luminosity divide dfy,75 ~ 10?°° W Hz ! sr! (Fanardt
& Riley 1974). Finally, the absolut®band magnitude of the lensing galaxy G1 is
Mg = —24. From the correlation between the rest-frame 1.4 GHzrosity and the
absoluteR-band magnitude of the host galaxy (see Fig. 5.21; Ledlow &®W996),
which divides sources into FR I and FR I, the G1 radio sousdeuind in the FR | region.
Although component C appears to be unresolved in the 1.4 GBRIMN and 1.7 GHz
VLBA imaging, the presence of the extended jet emission nxgyaén why component
C was slightly extended in the MERLIN 5 GHz map presented biK&émn et al. (2005).

There are now two gravitational lens systems from the CLA@8ey with a known
radio-loud lensing galaxy; the other is CLASS B26265 (Fassnacht et al. 1999; McK-
ean et al. 2007). This gives a fraction ofl8lper cent for lens galaxies with a radio-loud
AGN from CLASS. This agrees closely with deep radio imagifigptically selected
gravitational lens candidates from the Sloan Digital Skyw8y (~10 per cent; Boyce et
al. 2006b).

It is possible to probe éierent lines-of-sight by searching forfidirences in the prop-
erties of lensed images, which should be identical in themdss of variability. Since
image separations are typically ordy0.5-1.5 arcsec, it is the lensing galaxy which is
mostly being probed. This technique has been most suctegsiptical wavelengths
where the dust extinction along the lines-of-sight to eaictihe lensed images has been
used to test galactic extinction laws in high redshift lealagies (Falco et al. 1999; Wuck-
nitz et al. 2003; Eliasdottir et al. 2006). At radio wavaléhs, free-free absorption of one
(or more) of the lensed images has probed the ISM of the Igrggtaxy (e.g. Winn et al.
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Figure 5.21: The radio-optical correlation was found fag gopulation of FR | and FR
Il sources by Ledlow & Owen 1996 in their sample of host gadaxi The "X’ marks
the approximate location of the lensing galaxy G1 of B24283 using their cosmology
(Ho = 75 kmstMpc,g0 = 0). Note that a dferent cosmology is used in this thesis.
As a result, the dierence in the magnitudes is0.3. However, it does notfiect the
gualitative conclusion of B210&13 as an FR | source.

2003; Mittal et al. 2007). B210&13 has an unique situation of a radio lobe from an
AGN within the lensing galaxy passing in front of one of theded images (see Fig. 5.7).
Therefore, B2108213 can be used to probe the composition of an FR | radio jetafis
be seen from Fig. 5.20, the flux-ratio between images A andd@n®st constant from
1.4to 8.46 GH%. As such, there is no evidence of free-free absorption ofitixedensity
of image B. Another possible propagatidiieet is Faraday depolarizati@atation of the
emission from lensed image B as it passes through the magdetiasma of the radio-jet.
However, the MERLIN data presented here were not deep ertowggiablish whether or
not image B has been depolarized. The background sourcensl fim be polarized by
~ 4 per cent at 1.4 GHz from the data obtained for lensed imagEhArefore, further
radio imaging should be carried out to determine if the prige of image B have been
affected by the radio jet.

5.5.4 Estimating the Source Redshift

Since the spectrum of the background quasar of B22a8 is found to be featureless, the
determination of a spectroscopic redshift has been evabharefore, an indirect method
to estimate the redshift is attempted in this section.

The redshift of the background source can be estimatedgedvhe stellar velocity

4The 22.46 GHz value has been determined by assuming thesftioxis unchanged at 22.46 GHz - see
McKean et al. (2005) for details.
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distribution and the Einstein radius of the lensing galase/ known. For an isothermal
mass distribution, the Einstein radiuy ©f the lens is known to have a simple relation
with the velocity dispersions) given by

4702 Dis
= —— 5.2
¢ D. (5.2)
where D is the angular diameter distance between the lens and saadg, is between
the observer and the source. The angular diameter distataedn redshiftz, andz is
expressed as ()
a2
fu[W(zy, 53
22) KW(z1, )] (5.3)
which relates the angular sizes of objects at a redghifs seen from a redshif to their
physical sizes. Hera(2) is the scale factorf, (w) is a function of the curvaturk and
wW(2), W(zy, ) is the comoving distance (see Appendix D for details) given

c (% da
Wz, 2) = — f (5.4)

Ho Jaz) @2E(a)

Dang(zl, 2) =

E(a) is obtained from Friedmann’s equation.

E(@) = VQroa™? + Quoa 3 + Qo + Qxa2 (5.5)

whereQ.,n = 0.3 andQ,o = 0.7 and other factors can be neglected from the WMAP
results.

Now, using the Einstein radius 1.7110.038 from Table 5.5¢ = 360+30 km s
(McKean et al. in prep) and the redshift of the lens-0.365), the source redshi is
calculated by finding the root of B{) which is defined as

bc Dis
dno? Dy
Thus, the solution of Eq. 5.6 gives a redshiftzof 0.74 for the source. Instead of
solving the root of the Eqn. 5.6, a range of velocity dispersican be calculated as a
function of redshift as shown in Fig. 5.22. The redshift esponding to the measured
velocity dispersiond = 360 km s?) then gives the source redshift (iz= 0.74).

R(Zs) =

(5.6)

5.6 Conclusions

The new high resolution MERLIN and VLBI imaging of the gratibnal lens system
B2108+213, whose wide image separation is consistent with a meksiging galaxy or
possibly a group of galaxies, have been presented. The \hBging at 1.7 and 5 GHz
found extended emission in the lensed images whose surfegtgriess and parities are
consistent with gravitational lensing. Using the new craists provided from the two
lensed images, mass models for the B242B3 lens potential were tested. The properties
of the lensed images were found to be consistent with eitr@ngle massive lensing
galaxy, or a two galaxy lens model which accounts for a neadmgpanion to the main
lensing galaxy. In these cases the companion G2 was alwpyssented by a singular

121



5 B2108+213: a massive radio-loud lens in a galaxy group

900 T T T T

ul [=2] ~ o]
(=3 o o o
o o o o
T T T

1 1 1 1

Velocity dispersion of G1 (km/s)

300 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

Source redshift

Figure 5.22: The velocity dispersion of an isothermal peofdr G1 as a function of
redshift. The measured velocity dispersion of 360 krisplies a source redshift of
0.74. The double-dotted lines are the errors on the velddsjyersion measurement.

isothermal sphere whereas the main galaxy was modeled hsabhasothermal sphere
and ellipsoid. Steeper than isothermal density profileshifermain lensing galaxy were a
better fit to the data. Further models which include addéigmoup galaxies will be tested
when a spectroscopic survey of the B22@83 local environment has been completed.

Emission from the third radio component, which is coinciderth the optical po-
sition of the main lensing galaxy, was found for the first tiatanas-scales at both 1.7
and 5 GHz. Furthermore, MERLIN imaging at 1.4 GHz detectaémed low surface
brightness emission on either side of the third radio corepanThis jet emission has a
morphology and luminosity which is consistent with an FRdeyadio source. Attempts
to model the radio core of the third radio component as a @rsdd image failed because
it was not possible to fit the observed flux-density (to witbéveral orders of magnitude)
by using a core radius afat a variable power-law density profile for the main lensing
galaxy. Therefore, the third radio component is definitelg tb emission from an AGN
embedded within the main lensing galaxy.
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6 Summary

In this thesis, a tale of two wide separation lens systemsiessribed. The lens systems
with large image separations are found to lie in dense emwiemts like groups or clusters
(e.g., Keeton et al. 2000b; Oguri 2006). Amongst many otipgtieations, lensing is

used as a probe of the sub-halo population (e.g., Dalal & Knek 2002; Shin & Evans
2008). Furthermore, lensing is used to study the masslalision of the lensing galaxies
and contribution of the lens environments (e.g., Momcheval.e2006; Auger 2008).

With the above applications in mind, the research carrigdoauwo lens systems MG
2016+112 and B2108213 is summarized in this chapter.

MG 2016+112

MG 2016+112 was observed both at 1.7 and 5 GHz using MERLIN and VLBu#an
neously and at 8.4 GHz using the HSA. The observations atfeaghency were carried
out at separate epochs. From the observations of MG 2015 presented here, three
new components were found in images A and B. All of the compts@&wo compo-
nents in each A and B, and four components in region C) knoam fsrevious data were
also detected in these observations. The total spectra afdABaare similar whereas
the spectrum of C is élierent as suggested from previous data. The spectra of dleof t
components in A (and B) were found to be steep between 5 an@l8z On the other
hand for image A, between 1.7 and 5 GHz the spectra were stitlejphe exception of
component A2 which has a much flatter spectrum than the rebedbur components
The spectra of the inner pair of extended components inme@iovere found to be flatter
than the spectra of the outer pair of components as known frewious observations.
The new observational constraints were used to test numenass models. One of
the aims of conducting high resolution and high sensitigibgervations was to test the
mass model of Koopmans et al. (2002b, henceforth, K02). To2 Wodel predicted
component 2 and any new components to its north-west as wplgdmaged. Since
component 5 in image A and B was detected to the north-wesiraponent 2, it should
be quadruply imaged. According to the prediction of KO2 nrasslel, a pair of images of
component 5 should be situated in region C on either sideeo€titical curve. This pair
was predicted to havel0 times higher flux density than their counterparts in insafye

!Admittedly, the research work presented here does notuavas interesting a plot as was conceived
by the author ofA Tale of Two CitiesNevertheless, like the two lead baryonic characters witttrasting
personalities and sharing one love in the book, the two lgsiems under scrutiny (which are much more
than just baryons) with dissimilar properties allow to pgdbe mysterious (dark) matter in the Universe.

2Inimage B, it was not possible to resolve B3 and B2. Hencespleetrum of the individual component
B2 could not be determined.
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and B. The simultaneous observations with MERLIN had theeguilution and sensitivity

to detect such components. An inspection of the 5 GHz MERLI&psnsuggested no
new components in region C. A test was performed on the MERldt to ensure that

the observations had the desired resolution and sengitivitietect the expected pair of
images of component 5. Artifical Gaussian components weéredaced in the data with

the expected position and size, assuming that lensing o@ssthe surface brightness of
these components and the components have circular shapesarflficial components

were reproduced in the MERLIN images presented here. Tditléhe conclusion that

the KO2 model was not acceptable.

Next, new mass models were investigated that with the aimttoidithe new data
especially the asymmetric separation of components ironeGi (which was ignored in
the KO2 model). The components in region C are merging péipsudial images of the
background quasar and their counterparts in the componéntsages A and B are not
well-identified. Thus, various scenarios were tested bpa@atng the pair in region C
with different regions in images A and B. These scenarios were test&8tE+SIS+shear
and SIE-SIS+SISt+shear models. The acceptable scenarios include those wdtgon
C was associated with either component 5 or an unseen comiptméhe north-west
of component 5. The best reducgtl was ~3.5 for the SIE-SIS+shear model, which
included the main lensing galaxy D (SIE) and the luminouslbt G1 (SIS). Although
G1 was found to be largely responsible for causing the asynurseparation of the
components in region C, an even more complex model is peregpgred to fit the data
better (i.e. expected reducgd ~ 1).

The relative magnification matrix mapping is linear wherpested over small regions
in the image plane and certainly holds true for regions famfthe critical curves. Images
A and B satisfy these conditions and the non-collinear camepts in images A and B
were used to calculate the relative magnification matrix piragp between image A and
image B. In the absence of substructure in the vicinity of¢hienages, the determinant
of the matrix mapping should equal the observed flux densitip rof the images. No
detectable substructure was found in images A and B. An upp#&ron the mass of the
substructure near images A and B could be found from the &msadius (i.e. half of
the mean component separation) and assuming a point matkefeubstructure. Thus,
for an Einstein radiusz = 3 mas, a substructure in image A or B musth&0’ M, at
the lens redshift to produce no observalfieets. From the SHESIS+shear model, the
velocity dispersion of the lensing galaxy D was estimate@84&km s! consistent with
the measured central stellar velocity dispersion (Koomwamreu 2002a). Furthermore,
the satellite galaxy G1 was estimated to have a mas$@f M., and a velocity dispersion
of ~100 km s which is consistent with the estimates of Chen et al. (2007).

Future work : Perhaps the blind men have come to share a common perspeutiit
the devil reveals its other dark sides, that is, radio astmers have come to a conclusion
that in the lens plane of MG 203812 the luminous substructure is certainly required
but one should expect the unexpected. The source of unaggtain the mass models
presented here are unclear. Nevertheless, further camgdienass models for example,
by introducing a gradient in the mass or higher order muléip the potential should be
tested. On the other hand, the background quasar in MG2l&is a type Il quasar and
is not well-studied. Its complicated morphology, rich mmwavelength structure lensed at
different spatial scales and low flux density in spite of beingéerhas made it flicult to
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decipher the properties of this high redshift quasar. Feurtleep observations at multiple
wavelengths are needed to investigate the morphologichkgolutionary stage of this
type Il quasar in order to compare it with other high (or sanilredshift quasars.

B2108+213

Radio observations of B218&213 at 1.7 and 5 GHz using VLBI and at 1.4 GHz using
MERLIN, carried out at dierent epochs, were presented. Three radio components A,
B and (for the first time using VLBI) C were detected in all obvs¢ions. Both of the
lensed images A and B showed core-jet structure with theaegdepposite parity in the
features although with low degree of non-collinearity wdss component C was found
to be compact. Component C was known to have a spectréieretit from those of
images A and B. The spectral analysis from the new obsenafioesented here were
in agreement with the previous results. From the MERLIN imggat 1.4 GHz, low
surface brightness emission centred at component C, ardded on either side of C,
was detected. Therefore, the third radio component wadifeehas the AGN of the
lensing galaxy at a redshift= 0.365. The extended emission was found to be the radio
lobes of the AGN. The estimate of the radio power from thisaegminus the emission
from A and B, was found to be consistent with the lensing galaeing a FR | type radio
galaxy. This is the first case where a massive ellipticalifengalaxy has an AGN with
an FR I-like radio lobes.

It was not clear whether the compact radio component of Ch&d kensed image or
an AGN embedded within the lens galaxy G1 due to its proxindtihe optical position
of G1. Although the spectral analysis and the new MERLIN imggresented here
suggested that component C corresponds to an AGN of thentegsilaxy, new mass
models were tested to confirm this conclusion. Profiles wathstant-density cores were
investigated which can produce odd images but with a derfiadrflux density of the
odd image. No mass model could simultaneously fit the pasémd the flux density of
component C. Either the predicted odd image was situatec rfaxther from the lens
galaxy G1 than the position of component C or the flux densig Yower by several
orders as compared to the observed flux density of componenh@, both the mass
model predictions and the observations confirmed the stdtGsas an AGN within the
lens galaxy G1.

From optical imaging, the lens galaxy G1 showed a close camopds2 to the line-
of-sight. The lens galaxy G1 was not only known to belong taaug of galaxies but
was also known to be the Brightest Group Galaxy (BGG). A rederay analysis has
indicated a pair of actively interacting galaxy-groupshwitie lens galaxy of B216&13
as the BGG of one of the groups (Fassnacht et al. 2007). Thstraorts from previous
observations (McKean et al. 2005) were noffisient to test various mass models. The
new observational results presented here provide enouggtramts and hence, several
mass models were tested. Most of the image splittidgq arcsec) was found to be due to
the main galaxy G1 with an isothermal profile. Since the fluiosawere not fitted well,
profiles other than isothermal for G1 were tested. The begtdiile was found to be
for a slope ofy = 2.45'31% From recent simulations, lens galaxies interacting witkirt
companions were shown to have a steepened profile shorlyth#ir initial interaction
(0.5 Gyr) before returning to an isothermal state (Dobke .€2@07). Furthermore, an
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analysis of fifteen lens galaxies from the SLACS also suggktttat those lens galaxies
which were best fitted with a steeper than isothermal proéittahclose companion (Auger
2008). Thus, the results presented here suggested thagdkxy G1 was interacting with
the companion galaxy G2.

The background quasar is known to have a featureless speatrd hence, believed
to be a BL Lac type quasar. Thus, there is no redshift measnefor the lensed quasar.
Using the Einstein radius of G1 as/11 arcsec from mass models presented here and the
stellar velocity dispersion of 360 km’sfrom McKean et al. (in prep.), the source redshift
was estimated to be= 0.74.

Future work : The results of the new mass models suggested that leng/dalalnas a
steeper than isothermal profile due to the interaction viséhcompanion galaxy G2. This
could be tested by measuring the redshift and velocity déspe of G2, and the redshift
of the background quasar. Furthermore, a measurement oélttese time delay of the
images could also constrain the density profile.

Since polarization is notftected by lensing and B218213 has the unique situation
of one lensed image (B) seen through the radio lobe whereasthier lensed image (A)
is not contaminated due to any radio emission from the lefexgamulti-frequency po-
larization observations of B218213 must be performed using the extended Very Large
Array (eVLA). These new observations may allow the polararaof each image to be
measured which could then be compared to find any relativadggirotation between the
two lensed images due to the magnetic field from the radicslobe
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A Cosmological concepts and terms

Observations suggest that the large scale properties dfinherse are invariant under
translations and rotations. The translation symmetry igaifastation of the homogene-
ity while the rotational symmetry is a manifestation of teetropy in the Universe. The
metric in such a spacetime can be written as

ds’ = cdt* - a(t) [dy® + f2(x) (d6” + sir? odg?) | . (A.1)

This is called the Friedmann-Robertson-Walker (FRW) roetklere,c is the speed of
light anda(t) (hencefortha) is the time dependersicale factor The scale factor is nor-
malized such that its value todaty= to) is unity. t is the time measured by the observers
which are stationary at coordinates denoteday,(¢). The coordinate8 and¢ are the
angular coordinates whilg is the coordinate in a radial direction. The factipfy) de-
pends upon the geometry of the Universe which determinesigjmeof the parametek.
The results from cosmic microwave background experimarggast that the Universe is
flat which impliesk = 0. In a flat Universe the factdip(y) = y and the metric equation
IS,

ds’ = cdt? — a%(t) [dy? + x* (d6? + sir? dg?) . (A.2)

The spatial part of this metric is Euclidean and is scalechieystale factor.

A comoving distancés that distance between two points in space which does not
change as a function of time. The corresponding coordir{gt®se) are calleccomoving
coordinates The physical distance etween two points in space is then time depen-
dent becaus& = y a! and the scale factor is time dependent. As a result, the qdiysi
separation between any two points today: ¢o) is thecomoving distance

Einstein’s field equations relate the metric to the matteteat in the Universe by,

8nG
Gy =—Tu, (A.3)

CZ
whereG is the gravitational constan@,, is the Einstein tensor whil&,, describes the
energy density of the Universe. The labglandy run over the time index (0) and the
three spatial indices (1, 2 and 3). The homogeneity andapyptof the Universe also
implies that the matter content can be described in termspafrfect fluid with energy
densityp(t) and pressurg(t). The energy momentum tensor is diagonal and is given
by (o ¢, —p, —p, —p)? which has only two independent parameters. The two indegend

Einstein’s equations are )
—32 — 47G (p + 3p), (A.4)

L Assuming a comoving distance in the radial direction @.e.0 andg = 0) for simplicity.
20Only the diagonal elements are given here for simplicity
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and ”
> +2(a/a) = 47G(o - p). (A5)

Rearranging Eq. A.4 and A.5 gives the first and second ordBardntial equations in
terms of the scale factor and are expressed as

ay’  8nG
&) =57 (A-6)
and a 4G
T
(9_—7;@+3m. (A7)
These are called Friedmann’s equations. Hoéble parameteis defined as
a
H=(- A.
(a) ’ (A-8)

and represents the rate of expansion. Assuming consanaitenergy, an equation gov-
erning the time evolution of the energy dengitand pressure can be found as

0 a

Let the equation of state which relates the energy depsitith pressurep to be
p=wo. (A.10)

For various species in the Universe, the equation of stat@npeter is found to assume
different values, that isy = 0 for nonrelativistic mattexy = 1/3 for radiation anav = -1
for dark energy. The total energy density is then a sum of tleegy densities of the three
species,

P = Pm+Pr+Pa- (A.11)

Substitutingp from the equation of state in the time evolution equation. (E§) then
gives the variation of the energy densityof any of the species ‘'s’, independently, as a
function of the scale factor,

ps = psod >, (A.12)

wherepsp is the energy density of a speciestat t. The matter energy density falls
asa 3, since the number density of matter decreases due to thesirpaof space. The
energy density of photons falls as*, which reflects a combinedtect of a decrease in
their number density a2 and a decrease in their momentunaasdue to the expansion.
Photons of wavelength; emitted at scale factaa, that arrive todayt( = ty) have a
wavelengthly which is related to the scale factor by

o 1
=== A.13
L& (A.13)

Hence the redshitt; is related taa; by

L B (A.14)
A1 a ) '

Z
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A.1 Distances in cosmology

Therefore, the scale factor is conveniently expressed asaidn of redshift,

1
a=———. A.15
1+2z ( )
The energy densityso of species ‘s’ todayt(= tp) is often expressed in terms of a
dimensionless cosmological paramerdefined as

8rG

Q.= 2, .,
° 7 3z

(A.16)

whereHg is the Hubble parameter for= t, commonly called thédubble constantThe
evolution of the scale factor can be calculated by using E§.alad A.12 in terms of the
cosmological parameters. For a flat Universe this is then,

A\ 2
(5) = Hg(% ¥ % ¥ QA) = H2E(a). (A.17)
where the cosmological parameters are constrained frolf@ M observations. Recent
results from the Wilkinson Microwave Anisotropy Probe (WIAdata release suggest
thatQn, = 0.258+ 0.030,Q, = 0.742+ 0.030 anch = 0.719'5:33 (Dunkley et al. 2008).
Here, h is a dimensionless parameter generally used to expressubbléiconstant as
Ho = 100h kmstMpc. The scale factor as a function of time can be found out by

integrating Eq. A.17 numerically.

A.1 Distances in cosmology

The simplest distance that can be found from the metric istim@oving distancg to a
redshift ofz; where the scale factor &. The path of light in the Universe is described
by null geodesics and a light ray which propagates radialdf = 0 andd¢ = 0, then

ady = —cdt= —ch:l. (A.18)

Using Eq. A.17 and integrating Eq. A.18 gives

1
Cc da
= — . A.19
X1 Ho fal a2 (Qma3 + Qa?+Q,)2 ( )

For the purpose of gravitational lensing, physical distsnat diferent redshifts have to
be routinely converted into angles as seen at a given reddddnce, the most useful
distance measure is tlamgular diameter distancelhe physical size of an objet, at
redshift ofz; is related to the angular size of the objegt,measured today (i.e.= 0) as

&1= Dang(o, 21)6;. (A.20)

Consider an observer at redshift 0 to be situated at the centre of a circle such that the
radius of the circle is the comoving distange The angle subtended at the observer by
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A Cosmological concepts and terms

the circle is Z and the physical size of the circle at redshifis 2ry;a; (assuming a flat
Universe). Consider an angular eleménon the circle with a physical siz&, then

&1 :ﬂ
2ny1aa 21

(A.21)

Comparing Eq. A.20 and A.21, the angular diameter distafitlkeeocircle as seen from
z=0is given by
Dang(O, 21) = ary1. (A.22)

Similarly, it can be shown that the angular distance betwedshiftsz; andz, is

Dang(z1, 22) = @2 (2 — x1) - (A.23)

Another commonly used distance measure isltimreinosity distance The luminosity
distanceD, to a redshiftz; is defined via the flux F received today (i.e.= 0) from a
source with an intrinsic luminosity L at redshzt by

F= o
4nD?

(A.24)

The luminosity distance and the angular diameter distarecestated by the Etherington
relation as
Di(2) = (1 +2)*Dang(? - (A.25)
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B Powell's minimization method

Various methods are known in order to perform chi-squaredmization (a technique to
find a best-fitting model) (Press et al. 1992). One such maghBdwell’'s minimization
which was used in the Gaussian model fitting and is descrikeéb Powell’s method
uses a set of direction vectors to probe the gradient imtlienensional parameter space,
starting with an initial guess and minimizes th& along these directions to reach the
minimum in the parameter space.

An example

Consider a three dimensional parameter spageptp ps) for simplicity. Let the initial
guess be (@, P20, Pso) for the first iteration, then the? is minimized say, alongqan the
parameter space. Let the legdtthus found be at (@, p.o, psg). Now, choosing (p,
P20, P3o) s the initial point, thg? is minimized along parametes pnd let (@1, P21, Pzo)
be the point for which a leagf is obtained. Once again starting with {pp,1, psg), the
2 function is now minimized alongspsuch that the minimum occurs at(pp»1, Pa1)-
This marks the end of the first iteration that estimates atioe of descent. Let; be the
vector joining the initial guess point {§) P20, P30) and the final point (p, p21,ps1) in the
three dimensional parameter space.

Similar to the first iteration, the? is minimized individually but along pand g, and
the new direction vectog, (instead of p) in the second iteration. Let the final minimum
be obtained at (@, p22, P32) and the vector joining the minimum to(p p21,ps1) bee,. In
the third iteration, the minimization is carried out alohg tvectorse;, &, and p. Every
new vector is directed towards a steeper descent. The nzaiion is continued till the
Ax? between the previous and current iteration is a small nunfleeensure that a global
minimum is reached, the above described process is repedted different set of initial
guess parameters.

In summary, the above example when generalized to-dimensional parameter space
will work as follows. Starting with a point as an initial gueis the parameter space, the
2 function is minimized im steps along one vector direction at a time. At the end of the
first n-step iteration, a direction of descent is found by the veet@onnecting the first
best fit parameters to the initial guess value of the paramédtext, minimizing alon@;
and any (—1) parameters such that the minimization is always alongrentor direction

at a time. At the end of the secomestep iteration, a new vect@ is determined by
connecting the second best fit parameters to the first beatéibpeters. The third iteration

is continued by minimizing along vectoes ande,, and any of than—2 parameters. The
iterations are repeated till the values from the last and the current iterations are not
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B Powell's minimization method

significantly diferent. This method converges to the local minimum and neepsd
initial guess of the parameters.

With Powell’'s minimization method, multiple Gaussian campnts can be fitted to
data and the fitted parameters are supplied without any tamcees arising either from
the data or from the model fitting procedure. There are otrethauds (e.g. Levenberg-
Marquardt method) that output the errors however, Poweléshod is simpler to imple-
ment. Hence, Powell's method was used and the uncertaimigke fitted parameters
were determined based on the method outlined in Fomalo®89jlfér error determina-
tion.
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C Analytical approximations to
estimate errors

The procedure of model fitting has uncertainties assocwaitdthe output quantities.
From the model fitting to features in interferometric raditages, the uncertainties are
dependent on the signal-to-noise of the detection. An @icalyapproximation to the un-
certainties of the parameters based on the approach aublynEomalont (1999, Lobanov
priv. comm.). Let the following be the modeled parametershshatS e.« is the peak
flux density, S is the total flux density and let the,,s be the post-fit rms noise of the
residual map. The uncertainty in the modeled peak flux-density is theemivy,

1/2
S peak)

Orms

(C.1)

O peak = O'rms(l +

Incorporating the uncertainties from the calibration & ttata ¢.) gives the total uncer-
tainty in the peak flux-density as

1/2
Op= (O-f)eak‘i' 0-5) : (C2)

The uncertainty in the modeled total flux-density is

SZ

82 1/2
Ttot = ap(l + i) . (C.3)
peak

Letd be the size of a componénthen the uncertainty in the modeled peak position is

Omsd
g =

= ) C4
28peak ( )

The uncertainties determined using the above equationsuedo first order. The dif-
ference between the true errors and analytically estimettenls are less than a factor of
two.

linstead of the post-fit rms, théfesource rms was taken for the calculations in this thesis.

2For components with sizes smaller than the beam, the beanssizken asl and for components with
sizes larger than the beam, the diameter of a circular appedion of the extent of the component is taken
asd.
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D Errors using a Monte Carlo
approach

Given a set of observable®,, there is a set ofi parameters denoted lag which mini-
mizes the? of the observable data set. The observables cannot be radasitin infinite
precision and have certain distribution associated wigmthThe confidence limits that
can be placed on the parameters are dependent on the umibestaif the observables.
Thus, there are probabilities associated with the set @frpaters inferred from the ob-
servables. Monte Carlo methods are used to assign confitlenitseon the parameters.
Hypothetical dataset€y, O,, Os,...) can be generated by drawing out random num-
bers with a distribution associated with the observablé® grocedure of fitting (e.g., a
¥? minimization) can be repeated on the hypothetical datasetistain the respective set
of best-fit parametera,, a,, as, . .. The resulting sets of paramete& ére distributed in
then-dimensional parameter space. Projections of this diginoh place confidence lim-
its in the parameter space of interest. For example, cordelemits can be determined
for a single parameter, error ellipses can be given for afsetoparameters and analogus
confidence regions in the higher dimensional parametelespiaaterest can be given.

1.5 —

Probability Distribution

0.5 - —

Figure D.1: The mean value of the determinant of the relatiagnification matrix is
0.27 with a I value of~ 0.2.
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D Errors using a Monte Carlo approach

The aforementioned approach was used in this thesis tolatdctine error on the
determinant of the relative magnification matrix, given tieservable positions of the
images. Each image position was associated with an erramhwitis assumed to be nor-
mally distributed in its position. Ten thousand hypoth&tositions of each image were
drawn from a Gaussian distribution centred on the obserasdipn and a width equal to
1 sigma error. The relative magnification matrix was cal@daising each hypothetical
dataset. The distribution of the determinant of the re¢athagnification matrix inferred
from these datasets is shown in Fig. D.1. The mean and thé widhis distribution was
reported as the mean and the error of the determinant of dite/eemagnification matrix.
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