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Abstract

Gravitational lenses have the potential to be excellent tools for investigating the Uni-
verse. This thesis describes the Cosmic Lens All-Sky Survey (CLASS), a program
to find new gravitational lenses, and presents data on two newly-discovered lenses,
1608-+656 and 2045+265. One of the major goals of CLASS is to find “golden lenses,”
which can be used to measure the Hubble Constant (Hp). A measurement of Hy re-
quires the redshifts of the lensing object and the background source, a well-constrained
model of the gravitational potential of the lensing object, and a measurement of time
delays between the images of the background source.

The 16084656 system contains four images of the background source, which is
the unresolved core of a classical radio double source. The lensing galaxy is at a
redshift of z; = 0.630, while the background source is at a redshift of z, = 1.394.
Interestingly, the spectrum of the background object indicates that it is an “E + A”
galaxy. Ground-based optical and infrared images clearly show the lensing galaxy
at the location predicted by the lens models. Images taken with instruments on the

Hubble Space Telescope further resolve the lensing galaxy into two distinct objects,

X



which may be a merging pair of galaxies.

Radio maps of the 2045+265 system also show four images of the background
source. In addition, a fifth component appears in the maps. The radio spectrum of
the fifth component is significantly different from the spectra of the other four com-
ponents, and its location matches that of the lensing galaxy to within the positional
errors. Therefore, it appears that the fifth component is the flat-spectrum core of
the lensing galaxy. The redshift of the lensing galaxy is 2z, = 0.8673. The spectrum
of the background source shows one broad emission line, which appears to be Mg II
at a redshift of z, = 1.28. However, this redshift implies that the lensing galaxy is
unusually massive and would have a rotation velocity two to three times what is ob-
served in nearby galaxies of the same type. There is either a significant contribution
by dark (or underluminous) matter associated with the lensing object or the source
redshift is incorrect. More sensitive spectroscopy is needed to resolve this issue.

Preliminary observations of the 1608+656 system showed that the component flux
densities varied by ~15% on time scales of months. For this reason, I conducted a
dedicated monitoring program with the Very Large Array (VLA) from October 1996
to May 1997. The observations took place, on average, every four days. The calibrated
light curves for components A, B, C, and D show variations in flux density at the 3
— 5% level. Although the fractional variations are small, the time delays between the

curves can be measured. The final values are Atgy = 30f§ d, Atge = 36f§ d, and



xi

Atgp = 76ff75 d, where the 95% confidence levels have been obtained from Monte Carlo
simulations. The model of the mass distribution of the lens correctly reproduces the
image positions, flux ratios, and time delay ratios. The combination of the measured
time delays with the lens model yields the first determination of Hy from a CLASS

lens: Hy = 5975(statistical) & 15(systematic) km sec™ Mpc™.
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Chapter 1

Introduction: A Gravitational Lens

Primer

In 1919, Dyson, Eddington, & Davidson (1920) measured the deflection of light from
a distant star as it passed close to the Sun. This measurement provided observa-
tional confirmation of the validity of Einstein’s theory of general relativity because
the measured angle of deflection was inconsistent with the Newtonian value based on
the corpuscular theory of light, and consistent with the value predicted by general
relativity. Papers by Eddington (1920) and Chwolson (1924) soon followed, which
discussed the possibility that the deflection of light by nearby stars might produce
multiple images of a background star. Zwicky (1937) realized that, although stars
did not contain enough mass to produce multiple images with wide enough separa-
tions to be detected, galaxies (nebulae) were massive enough to produce detectable

separations. He also noted that gravitational lenses could be used as cosmological
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telescopes to magnify extremely distant objects. In 1979, Zwicky’s prediction was con-
firmed when Walsh, Carswell, & Weymann (1979) discovered the first gravitational
lens, the “double quasar” 0957+561.

In the mid-1960’s, still fifteen years before the existence of gravitational lenses
was observationally confirmed, Refsdal (1964) developed an elegant method for using
lens systems to determine the distance scale of the Universe and, thus, to measure
the Hubble Constant. This method will be described in §1.7 and is the motivation for
most of the observations and analysis presented in this thesis. In particular, Chapter 5
describes a direct application of Refsdal’s method.

This chapter is intended to give a brief overview of gravitational lens theory,
focusing on the areas treated in the rest of the thesis. In particular, this chapter treats
“strong” lensing by galaxies, in which multiple images of the background source are
formed, and does not deal with “weak” lensing. The inspired reader should refer to
the works cited in this chapter for a more detailed treatment. Among the excellent
general resources available are articles by Blandford & Narayan (1986; 1992), lecture
notes by Blandford & Kochanek (1987) and Narayan & Bartelmann (1998) and the

Gravitational Lenses textbook by Schneider, Ehlers, & Falco (1992).
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Figure 1.1 Cartoon of a gravitational lens system. Two rays from the background source (8),
shown by the heavy lines, have been deflected by the lensing object (L) and arrive at the observer

(O) from different directions. The observer sees two images of the background source at I and Ip.

The sizes of the angles have been exaggerated for clarity.

1.1 The Lens Equation

In a gravitational lens, light traveling from an astronomical source (the “background
source”) to an observer is deflected by the gravitational potential of an intervening
object (the “lens”). In some systems the lensing potential causes deflections which

produce more than one possible path from the source to the observer through the
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potential. In these systems, multiple images of the background source are formed.
Figure 1.1 shows a cartoon representation of such a situation. The background source
located at “S” emits light that is deflected by the lens at “L.” The two rays drawn as
heavy lines in the figure are bent in such a way that both arrive at the observer (“O”)
in spite of taking different paths through the lensing potential. The observer will see
two images of the background source at I and I,. The distances from the observer
to the lens and source are given by D, and Dj, respectively. The distance between
the lens and source is Dy;. The two dashed vertical lines represent the source plane,
containing S, Ij, and I; and the lens plane, containing L. If we define an optical
axis by drawing a line through O and L, we can define the angular positions of the
objects of interest: 3 for the source position S, and 61 for the image positions I;
and I, respectively. An additional angle a(f) quantifies the deflection of a light ray
when it passes through the lensing potential at an angular displacement 6 from the
optical axis. Now we can perform a simple geometric and trigonometric analysis of
the system. It is obvious that in the source plane the distance between the optical

axis and the image I; 1s

XT, = XS + ST, (1.1)

and that a similar equation holds for X I,. All of the angles involved in gravitational

lensing are small, so we can approximate siné ~ d, where § represents any of the
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angles discussed above. A simple substitution then gives

D.8; = D,B + Dysa(6:), (1.2)
or
Dy,
0, = B+ D‘ a(6;), (1.3)

where 8, represents the angular position of the it" image of the background source.
Equation 1.3 is referred to as the lens equation; it serves as the “first principle” on
which much of lensing theory is based.

For a spherically symmetric lens, the source and image positions are collinear.
However, for a general lens, this is not necessarily true. As such, the scalar quantities
8, 6;, and o need to be replaced by two-dimensional vector quantities B, 0:-, and a.
Note that all of these quantities are dimensionless angular quantities. For physical
distances in the lens plane, I will follow Schneider, Ehlers, & Falco (1992) and use E

The physical and angular distances are related by f = Dgé. This relationship is used

in several of the derivations in this chapter.

1.2 Cosmology and the Lens Equation

For the applications of the lens equation discussed in this thesis, both the lensing
object and the background source are at cosmological distances. Thus, the effects

of the expansion and possible curved geometry of the Universe must be taken into
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account. The correction for these effects is achieved through the use of angular
diameter distances in the lens equation. These quantities relate a physical distance

in the plane of the sky, dz,, to the angle that it subtends, db:
dl‘p = DA d0, (14)

which is exactly the role played by the physical distances D, D,, and Dy, in the
simple geometric derivation above. The use of angular diameter distances allows the
lens equation to remain unchanged while all of the cosmological effects are contained
in the definition of the distances.

The cosmological world model which controls the expansion factor of the Uni-
verse, R(t), can be parameterized by four quantities: the mass density (p), the
cosmological constant (A), the curvature index (k), and the Hubble Constant (H).
These are often combined into the dimensionless quantities (e.g., Peebles 1993, p.

100; Carroll, Press, & Turner 1992):

871G A kc?

M 3H§P07 A 3H(2)7 k R%Hga ( )

where the subscript 0 indicates the value at the present time (t = to). These quantities

are related by:

Qur + Q4 + Q= 1. (1.6)

For a general world model, the angular diameter distance between two objects at
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redshifts of z; and z;, where 2; < zj, is:

= ¢ ' V2T (2 2
D;; = Ho(l+ Zj)lﬂkll/Zsmn ([Qk| Z(z, zj)) , (1.7)
where
zj dz
I 3y 25) — / .

(2, 25) o [+ 2)2(1+ Qurz) — 2(2 + 2)Q,]1/2 (1.8)

and sinn(z) is a function that depends on the value of k:

sin(z) (k=1)

sinn(z) =< 2 (k = 0) (1.9)

L sinh(z) (k= —1)

(Carroll, Press, & Turner 1992). In world models which have A = 0, the integral

Z(z;, z;) has an analytic solution, and the angular diameter distance can be written

as:
_20(1-9 —GiG)(Gi—Gy) (1.10)
9T Hy Q2,01 4+z)(1+z)? '
where
Gi’j _ (1 + QM Zz’,j)l/2 (111)

(e.g., Blandford & Narayan 1992).
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1.3 The Deflection Angle

The distribution of mass in the lensing object determines the deflection angle, d.
The simplest case is that of a point mass, i.e., a spherical body for which the im-
pact parameter of the light ray, £ = [5], is much larger than the Schwarzschild
radius of the object. In this case, the weak-field approximation is valid (e.g.,

Schneider, Ehlers, & Falco 1992). For a such an object with mass M, the general

relativistic scattering angle is

4G M
Q=—
c2¢’

(1.12)
which is twice the value predicted by the classical Newtonian calculation.

For more complex mass distributions, we must consider the effects of having many
objects with different masses and different distances from the light ray. In cases such
as those examined in this thesis, D, and D, are much greater than the physical
dimensions of the mass distribution. In these situations it is possible to use the “thin
lens” approximation and assume that all of the deflection by the lensing masses occurs
at one specific location rather than considering the effects on the light as it passes
through the distribution. Thus, it is possible to project the mass distribution down

to a plane perpendicular to the line of sight (the “lens” or “image” plane). The final

deflection angle becomes the sum of the deflection angles produced by the individual
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masses distributed in the plane:

= 4Gm; (£ &)
=2 g

: (1.13)

where §: is the physical position of mass m;. The deflection angle produced by an ex-
tended object with a smooth mass distribution is a natural extension of Equation 1.13

with the individual masses replaced by a projected surface mass density, 2(5’ ), of the

lensing object:

A [40EE@)(E-E)
O Zag-a "

where the integral is over the lensing plane.

¢ (1.14)

1.4 Determining Lens Masses

The lens equation predicts interesting behavior when the background source and
the lensing object are collinear, i.e., when |§| = 0. In this case, the solutions
of the lens equation produce a locus of positions in the lensing plane that de-
fines a circle or ellipse, known as an “Einstein ring.” Such rings have been seen
in gravitational lens systems in which the background source is an extended radio
object (Patnaik et al. 1992a; Lehar et al. 1997; Hewitt et al. 1988; Lehar et al. 1993;
Langston et al. 1989; Jauncey et al. 1991; Patnaik et al. 1992b). Recently Einstein
rings also have been detected in infrared images of lens systems obtained by the

Hubble Space Telescope (King et al. 1998; Impey et al. 1998; Kochanek et al. 1998).
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Figure 1.2 The Einstein ring in the gravitational lens system B1938+666. This image is from
observations made with the Near Infrared Camera and Multi-Object Spectrograph (NICMOS) on
HST by King et al. (1998). The lensing galaxy is the object at the center of the ring.

Figure 1.2 shows a particularly nice image of an infrared Einstein ring.

The relationship of the Einstein ring radius and the mass of the lensing object
inside the ring can be derived straightforwardly from the lens equation and a de-
scription of the mass distribution of the lensing object. The derived mass is nearly
independent of the form of the mass distribution. To illustrate this, I present two
examples, both of which yield the same result. Both cases are spherically symmetric,
so scalar quantities can be used in the equations. First, consider a point mass lens.

Insert the expression for the deflection angle presented in Equation 1.12 into the lens
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equation. Figure 1.1 shows that & = D,f;. Thus, the lens equation becomes

AGM Dy, 1
g. = - — 1.
or
4GM 1 D,D,
0? = 36; + —, where D = ZX2° (1.16)
¢z D £s

If B = 0, the equation can be solved for M, giving the projected mass inside the

Einstein ring:

02 DgD
Mg = — 62 s 1.1
® 7 4GP Dy, (117)
0z\>( D
= 1.22x 10" = — | M. .
%10 (1) (mpc) 2 (118)

Another common representation for the lensing object is an isothermal sphere, which
appears to be a good approximation to the mass (light + dark matter) distribu-
tions in galaxies from X-ray observations (Fabbiano 1989), well-constrained individual
lens models (e.g., Kochanek 1995; Grogin & Narayan 1996), and lens statistics (e.g.,
Maoz & Rix 1993). In these spherically symmetric models, p(£) oc £72, where p is the
three-dimensional mass density. The density profile may continue rising to £ = 0 (sin-
gular isothermal sphere) or may level off inside some core radius &, (non-singular or
softened isothermal sphere). Outside the core, the velocity dispersion, o, is constant
with radius. Hubble Space Telescope photometry of early-type galaxies suggest that
the cores are effectively singular (e.g., Byun et al. 1996; Gebhardt et al. 1996), so the

simple singular isothermal form is often used in lens models. The projected surface
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density for a singular isothermal sphere is Z(E ) =0%/2G |§_], giving a deflection angle,
a = 4mo?/c?, that is independent of the impact parameter. Again substitute this

equation into the lens equation (1.3) and set § = 0 to get

D[s 47'('0'2 Des
0 = = . :
E o Ds 2 Ds (]. 19)

To find the mass inside the Einstein ring radius, express { in polar coordinates (&, ¢)

and integrate the surface mass density out to the physical distance {g corresponding

to the Einstein ring radius, such that

€p 2
My = [T (e edzas=""5. (1.20)

Replace o? by the relationship derived from Equation 1.19, and set £g = D,fg. The
result is, once again, Equation 1.17.

Most lens systems do not exhibit Einstein rings. Instead, they typically con-
tain multiple isolated images of the background source as in Fig. 1.1. How-
ever, in a typical lens system, the images form close to the Einstein ring radius
(Schneider, Ehlers, & Falco 1992). Thus, the observed separation of the images in a
lens system (or maximum separation in a system with more than two lensed images)
roughly can be equated with the diameter of the Einstein ring, and Equation 1.17

can be used to estimate the lens mass.
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1.5 The Lens Equation Revisited: The Time Delay

Approach

So far I have taken a geometrical approach to the lens equation. There is, however,
another way to describe a gravitational lens system. This second approach involves
the computation of the light travel times of rays passing through the gravitational
potential of the lens. These times are compared with the time that would have been
taken by an undeflected ray propagating from the source to the observer if no lensing
object were present. The differences in light travel times are referred to as the “time
delays” produced by the lens. Two separate delays combine to produce the final time
delay experienced by the deflected ray. The first is a geometric effect, Atgeom, due to
a difference in the lengths of the paths followed by the deflected and undeflected rays.
The geometrical delay depends on the deflection angle and on the difference between
the impact parameters of the deflected and undeflected rays at the lens plane. At the

observer, the delay is

ﬁ 1 DD, ~» =
Atgeor(€) = (14 20) 52 =516 = BF (121)

¢ D

where the factor (1 + 2;) is needed to convert the delay measured at the lens plane to
the delay observed at z = 0 (e.g., Blandford & Narayan 1986). The second contribu-

tion, Atgqy, is a relativistic time delay caused by the passage of the ray through the
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gravitational potential of the lens. For weak gravitational fields the metric is
29 2%
ds® = —c* (1 + ?) dt* + (1 — -c—z—) (dz? + dy® + d2?) (1.22)

where ® is the Newtonian potential chosen such that at large distances from a source
of mass M, ® = —GM/r (e.g., Schutz 1990). Light travels along null geodesics,

implying that the light travel time along a ray is

/dt - % /(1 L (1.23)

2
where d/ is the line element along the ray. This can be compared with the light travel

time taken in a flat spacetime
1
/dt ~ = /de. (1.24)
c
The difference between the two light travel times, after the correction for the redshift

of the lens, is the gravitational time delay:
Atgray = —(1+ 2¢) %/@dﬂ (1.25)
The time delay at any position in the lens plane can be found by adding Equations 1.21
and 1.25.
The time delay equation is often expressed in terms of a scaled two-dimensional
gravitational potential, v, in order to produce a particularly simple version of the

lens equation. The two-dimensional potential is constructed by integrating ¢ along

the line of sight and multiplying the result by the scaling factor, producing

= 2D /<I>d£. (1.26)
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Substituting v for the integrated Newtonian potential in the time delay equation

yields

At = (1+Zg)

DeD, [1 *] (1.27)

oo 51688 - v@)
(e.g., Blandford & Narayan 1986).

Fermat’s theorem states that the real light ray from a source to an observer is that
member of a set of (virtual) null curves for which the light travel time is an extremum,
usually the minimum. The application of Fermat’s theorem to a gravitational lens
implies that images of the background source form at the extrema in the time delay

surface, which are found by differentiating Equation 1.27 with respect to g and setting

the result to zero. This yields the lens equation in its time delay form:

0, = B — Veyo(6). (1.28)

This form of the lens equation is the backbone of the potential-based modeling pre-
sented in the next section. Figure 1.3 shows a contour plot representation of the time
delay surface for a gravitational lens system. Images of the background source will
form at the extrema of the delay surface.

From a comparison with Equation 1.3, we see that the deflection angle is related

to the scaled potential by

Dfs

at) =3

Vo (9). (1.29)
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Figure 1.3 Time delay surface for a gravitational lens system, with the dashed lines representing
contours of equal delay. The surface was created using a simple singular isothermal sphere plus
mixed shear model (see §1.6) for the gravitational lens 1608656 (see Chapter 3). The images,
represented as filled circles, form at the extrema of the time delay surface. No image forms at the
extremum at the center of the image because of the singularity at the center of the lensing potential.

If, instead, the lensing potential had a non-singular core, a fifth image would form at the central
extremuim.

1.6 Lens Modeling

The modeling of the gravitational potential of the lensing object is a crucial step in the
determination of Hy from a gravitational lens system. In addition, a well-constrained

lens model provides information about the mass distribution of the lensing object. In
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this way, gravitational lenses can be used to study the properties of galaxies and clus-
ters of galaxies at relatively high redshifts. The first step in the modeling procedure
is to get the relative angular positions of the lensed images. The next is to choose
a model representation of the lensing potential or, equivalently, a representation of
the mass distribution in the lensing object. The parameters of the model are var-
ied, and at each iteration the lens equation is used to compute the image positions.
These are compared to the observed positions, and the model is varied accordingly.
This process is continued until a good fit to the model positions is found. Note that
the unobservable true source position 5 contributes two additional parameters to the
model (3, and 3,).

The representation of the gravitational potential or mass distribution of the lens-
ing object is often a matter of personal taste because the observational constraints
in many lens systems are not sufficient to distinguish between model types (e.g.,
Kochanek 1991). A model that is commonly used is the singular isothermal sphere
(SIS). As discussed in §1.4, an isothermal sphere appears to provide a good descrip-
tion of the mass distribution in galaxies. The two-dimensional representation of the
gravitational potential of a SIS centered at the origin of the coordinate system can

be written in polar coordinates as

—

$h(6) = ¢(r,¢) = br (1.30)

where b is the “critical radius” of the lensing object, measured in angular units
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(Kochanek 1991). A comparison with the discussion in §1.4 reveals that

Amo? Dy,

b=
2 D,

: (1.31)

In many lens systems the observed image positions cannot be produced by a
circularly symmetric lens. In these cases, it is necessary to introduce perturbations
that break the purely symmetric nature of the lensing potential. These perturbations
produce a “shear” which distorts bundles of rays passing through the gravitational
potential of the lens. Kochanek (1991) presents several model potentials which contain

a shear term in addition to an underlying SIS potential:

Y(r,¢) = br—3 ﬁ—z cos2(¢ — #,) (internal shear) (1.32)
W(r,¢) = br+2r?cos2(¢p —¢,) (external shear) (1.33)
Ww(r,¢) = br+vbrcos2(¢ —¢,) (mixed shear) (1.34)

where 7 represents the magnitude of the shear and ¢, represents its position angle.
Such simple representations of the lensing potential are often sufficient to reproduce
the relative positions of the images (e.g., Kochanek 1991; Chapter 4 of this thesis).
The determination of Hy with a gravitational lens system requires an accurate
model of the time delay surface produced by the lensing potential. If the only con-
straints on the model are from the relative positions of the lensed images, there
is considerable freedom in choosing a representation for the lensing potential (e.g.,

Kochanek 1991). Different representations can produce time delay surfaces that differ
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significantly. These surfaces can produce large variations in the relative time delays
predicted by the model, and therefore produce a large uncertainty in Hy. For this rea-
son, it is necessary to have as many observational constraints as possible on the lens
model. The flux density ratios of the images provide additional constraints. These
constraints arise from the fact that surface brightness is conserved in the lensing pro-
cess, so that the relative flux densities are proportional to the relative sizes of the
images. The magnification matrix, [u], that determines the size of each image of the
lensed source is just the mapping of the source structure (5) to the image structure
(0—;) This mapping can be expressed as a function of the second derivatives of the

gravitational potential at the location of the image:

. 1 —1 82 8%y
00; op - ﬁ ~ 99,00,

i = | = |—= = , (1.35)
o8 0b: _ag 2&% 1- %_212&

where 0; has been expressed in terms of its orthogonal components (6,,0,). If the
image is unresolved, the determinant of p; gives the ratio of the flux density of the ith
image to that of the background source. Of course, the true size and brightness of the
background source cannot be measured. However, if the images of the background
source are resolved and it is possible to identify common features in the images, the
relative magnification matrix, or transformation matrix, between the images can be
determined. This matrix is the product of the inverse magnification matrix for one

of the images (to reconstruct the source from the first image) and the magnification
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matrix of the second (to map the reconstructed source to the second image), i.e.,

[ps5] = Tpa]laa] ™ (1.36)

Similarly, if the images are unresolved, their flux density ratios give the ratios of the
determinants of their respective magnification matrices. The model of the gravita-

tional potential must produce the correct relative image magnifications.

1.7 Using Lenses to Determine Hj

The determination of Hy with a gravitational lens system follows straightforwardly
from the presentation in the previous sections, particularly from the time-delay for-
malism discussed in §1.5. Consider a gravitational lens system with multiple lensed
images of the background source located at angular positions 6,. Assume that there
are many observational constraints and that a model potential, ¥(6), that satisfies all
of the constraints has been found. The time delays at the image positions can then
be calculated using Equation 1.27, which is reproduced here:

D,D;

At; = (1
( +z£) CDES

1 - = .

(516 - 5 = v(@)

It is not possible to measure these absolute time delays because there is no undeflected
ray. Instead, the observable quantities are the relative time delays between pairs of
deflected rays, i.e.,
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How, then, do these delays determine Hy? Consider the observable quantities in
Equation 1.27 for a lens system. They are the relative time delays (At,;); the image
positions (f;); and the lens and source redshifts (z¢ and z,), which are contained in the
angular diameter distances. The observed image positions and other observational
constraints give a model of the lensing potential, which gives 1 and 5 in the equation.
The remaining unknowns are the cosmological information contained in the angular

diameter distances. Examining Equation 1.7, we see that

DD, 1

—_—. 1.
D, ocHO (1.38)

Thus, for a system with a well-constrained model, both redshifts, and measured time

delays,

g, — 1 G020 Qan, Q)G = B = 165 = BP) — 0(8) + v(0y)}
At;; ’

(1.39)
where the function f(zq, 25, Qar,24) is the ratio of angular diameter distances with
the factor of Hy extracted, i.e.,

D,D,
c Dis

F(ze, 25, Qar, Qn) = (14 2¢) Hy. (1.40)

A system with more than two images of the background source can produce an
estimate of Hy for each independent pair of images. If time delays can be measured for
the independent pairs of images, these delays provide strong constraints on the lens

model. The ratios of the observed time delays (At;;/At;i) are independent of Hy (see
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Table 1.1 EFFECT OF ASSUMED WORLD MODEL ON Hy DETERMINATION USING 16084-656

Dl D Dy,
Qar, Qa (h_l Mpc) (h_1 Mpc) (h_l Mpc)  Ho(2pr,Q4)/Ho(1.0,0.0)
(1.0, 0.0) 800 890 340 1.000
(0.1, 0.0) 920 1200 470 1.123
(0.3, 0.0) 890 1100 430 1.092
(0.1, 0.9) 1100 1500 730 1.064
(0.3, 0.7) 990 1200 550 1.070

Equation 1.27); in fact the ratios depend only on the observed image positions (6;)
and the lens model, (/(6) and 3). The model must correctly reproduce the observed
time delay ratios, or the model is useless for any Hj determination.

The choice of world model, (257,2,), affects the value of Hy determined from
a gravitational lens system. In general the effects are at the 5 — 15% level. As an
example, I examine the effect of the choice of world model on determinations of Hy
for the lens system discussed in Chapters 3 and 5 of this thesis, 1608+656. For
this system, the redshifts are z; = 0.630 and z, = 1.394. The ratio of the value of
Hj calculated in two different cosmologies is equal to the ratio of the values of f

calculated in those cosmologies. I compare Hy for several choices of world model to

the Hubble Constant in an (Qs,24) = (1,0) universe. The results are in Table 1.1.

1.8 Lensing Statistics and A

Cosmologies with large values of (4 produce a larger comoving volume per unit

redshift at high redshifts than do low-{24 cosmologies (e.g., Fig. 6 of Carroll et al.
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1992). If the comoving number density of possible lensing objects is constant, the
probability that a high-redshift source is multiply-imaged is much higher in a high-Q4
cosmology. Fukugita, Fumatse, & Kasai (1990) and Turner (1990) realized that this
fact could be used to place observational limits on A. Their method involves the
measurement of the empirical probability that a source at a given redshift is lensed
and comparing this value to the predicted probabilities for different cosmologies. The
empirical lensing probability is measured by deriving the lensing rate in a survey for
lenses. This rate is combined with the redshift distribution of the survey sources to
give a lensing probability (expressed as an optical depth to lensing) as a function of
source redshift.

The predicted optical depth is derived from models of the lensing objects (assumed
to be galaxies), which give their cross sections to lensing. The comoving number
density of the lensing objects is assumed to be constant, so it suffices to derive the
number density of lenses at the present time (no) and then use the relationship n(z) =

ng (1 + z)3. The differential optical depth at a redshift z is thus

dr = n(2)o, = dz (1.41)

= no(l1+2)]°c e 1 dz
- “ Hy (1+ 2) [Qur(1 + 2)3 + Qp(1 + 2)? + Q]2

where o, is the lensing cross section. At this point, a model for the mass distribution
in the lensing galaxies needs to be chosen so that o, can be computed. Often a

singular or softened isothermal sphere is used. For the choice of a singular isothermal
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sphere, for example, a background source will form multiple images if the source

position lies within the Einstein ring radius of the lens. The lensing cross section is

thus
47 Dgs O'2 2
Op = W(D[GE)2 = WD? (733—> (142)
(see Equation 1.19) and the differential optical depth becomes
4 /DyDys\? dz
d:163(5><‘5>—1 2 1.43
T T No c Ds HO( +Z) [QM(I+Z)3+Qk(1+z)2+QA]1/2 ( )

(e.g., Turner, Ostriker, & Gott 1984; Fukugita et al. 1992). Note that ¢ now repre-
sents the velocity dispersion in the lensing galaxy. Values for ng and o come from re-
lations derived from observations of nearby galaxies. The basic approach is to assume
the present number density of lensing galaxies is described by a Schechter function,
which gives a differential number density as a function of luminosity (Schechter 1976).
Different forms are used for E/S0 galaxies and spirals, and the observed relative num-
bers of each galaxy type have to be included in the analysis. The Faber-Jackson
(Faber & Jackson 1976) or Tully-Fisher (Tully & Fisher 1977) relationship is used to
convert galaxy luminosities into velocity dispersions. For each choice of the back-
ground source redshift, the differential optical depth is integrated over all possible
values of lens luminosity and redshift, giving the predicted optical depth as a func-

tion of source redshift for each chosen cosmology.
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More sophisticated treatments expand on the above simple methodology by in-
cluding estimates of selection and magnification biases, accounting for inhomoge-
neous universes, and using more realistic models of galaxy mass distributions (e.g.,
Fukugita & Turner 1991; Fukugita et al. 1992; Kochanek 1993; Maoz & Rix 1993;
Kochanek 1996). Recent papers which include the more thorough analyses of lensing
statistics yield upper limits on , in the range 0.6 — 0.7 for an 2 u+Qa = 1 cosmology
(Kochanek 1996; 1998).

Radio surveys for lenses are free from many of the problems associated with
optical surveys such as biases introduced by extinction or poor angular reso-
lution. For this reason, they can potentially place stronger limits on A than
the optical surveys. However, the use of these surveys is limited by the
poorly known redshift distribution of the parent samples. To address this de-
ficiency, Falco, Kochanek, & Mufoz (1998) have started an observational pro-
gram to measure the redshift distribution of representative samples of the radio
sources in the MIT-Green Bank (MG; Bennett et al. 1986; Langston et al. 1990;
Griffith et al. 1990; Griffith et al. 1991) survey and Jodrell-VLA Astrometric Survey
(JVAS; Patnaik et al. 1992b; Browne et al. 1998; Wilkinson et al. 1998). My collab-
orators and I are conducting similar observations in order to use the lensing rate from
the Cosmic Lens All-Sky Survey (CLASS; Myers et al. 1998; see also Chapter 2 of

this thesis) to place limits on A. This CLASS sample contains sources which are
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fainter than the MG and JVAS samples.

1.9 Thesis Overview

As described in this chapter, gravitational lenses can provide a powerful tool for study-
ing galaxy structure and cosmology. The remainder of this thesis describes CLASS
and two of the new gravitational lens systems discovered in the survey. Chapter 2
gives an overview of the survey. Chapters 3 ~ 4 are composed of three self-contained
papers (two of them in Chapter 3) describing the lenses 1608+656 and 2045+265.
Chapter 5 describes the measurement of time delays in the 1608+-656 system and the
resulting determination of Hy. Chapter 6 summarizes the material covered in this

thesis.
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Chapter 2

CLASS

2.1 Introduction

As described in Chapter 1, investigations of gravitational lenses can be used to de-
termine cosmological parameters such as Hy and A. At the beginning of the 1990’s,
however, the true potential of gravitational lenses as tools to study the Universe still
had not been realized. Statistical studies of lenses suffered from the small number
of known lenses and from the heterogeneous nature of the surveys in which they had
been found. Only one lens, 0957+561, had provided a determination of Hy, and even
that value was a matter of considerable debate. The advantages of conducting a
large, systematic search for gravitational lenses were apparent. As a result, the Cos-
mic Lens All-Sky Survey (CLASS) was started. This chapter provides an overview of

the CLASS project.
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2.2 Overview and Scientific Motivation

The CLASS project is a collaboration between Caltech, Jodrell Bank, the University
of Pennsylvania, the Netherlands Foundation for Research in Astronomy, and the
Kapteyn Astronomical Institute. The survey is being conducted at radio wavelengths
with the Very Large Array (VLA). The ultimate aim of the survey is to observe a
sample of 14,000 flat-spectrum radio sources, which is expected to produce approxi-
mately 15 — 20 new gravitational lenses. Already 12 new lenses have been discovered
in CLASS (§2.8). This yield represents a significant contribution to the population
of known lenses. An up-to-date lens list (CASTLeS web page; Kochanek et al.) con-
tains only 27 non-CLASS systems in the “probable lens” category (which also includes
confirmed lenses).

The CLASS project has the following major objectives:

1) To Find Lenses Appropriate for Measuring H,. When CLASS began
in 1994, only one gravitational lens system, 0957+561(Walsh et al. 1979), had pro-
vided data from which H, could be determined. However, this value was contro-
versial due to the difficulties in measuring the time delay and modeling the gravi-
tational potential of the lens, which includes a substantial and unknown contribu-
tion from the host cluster (see Haarsma et al. 1997 for a summary of the history
of the 09574561 situation). Recently, the time delay controversy has been settled

(Kundié et al. 1995; Kundi¢ et al. 1997a; Oscoz et al. 1997); however, the modeling
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of the system still presents difficulties due to the contribution of the cluster of galax-
ies (e.g., Barkana et al. 1998). One of the major goals of CLASS is to find “golden
lenses” which are free from the problems associated with the 0957+561 system. These
systems have the following characteristics: (1) the gravitational potential of the lens
is dominated by the lensing galaxy, making the modeling more straightforward; (2)
the source and lens redshifts are known, so angular measurements can be converted
into physical units for the lens model; and (3) the background source is variable, so
that time delays can be measured and combined with the lens model to provide a
determination for Hy,. The CLASS observing strategy is designed to maximize the
chances of finding golden lenses. The high angular resolution of the CLASS observa-
tions allows the detection of systems in which the images of the background source
are split by ~1". Isolated massive galaxies will split images by this amount for typical
lens and source redshifts (Equation 1.17). Thus, CLASS is sensitive to single galaxy
masses. In addition, the survey sample is drawn from a population of typically vari-
able sources (§2.3) to increase the chances of measuring time delays in the newly
discovered lenses.

2) To Use the Lensing Rate to Place Limits on A. As discussed in the
previous chapter, it is possible to use rates of gravitational lensing to place limits on
A. In order to perform the necessary calculations, it is best to derive the lensing rate

from a large, homogeneously selected sample. The homogeneous selection of sources
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aids in the determination of the properties of the parent sample such as its redshift
distribution. Ideally, the survey will also produce a large number of lenses. Before
CLASS, attempts to place limits on A with available quasar samples suffered because
the number of lenses in the samples were small. Hence, the statistical uncertainties
in the derived lensing rates were large and could not be used to distinguish between
different cosmologies (e.g., Kochanek, Falco, & Schild 1995). An additional compli-
cation arises if the limit on A is derived from an optical survey. In these surveys, the
lensing rate can be underestimated easily because of two factors which may cause a
lens system to escape detection. Atmospheric seeing can blur together lensed images
at small separations, and extinction from dust can effectively demagnify one lensed
image with respect to the other(s) and hide the multiply-imaged nature of the sys-
tem. Radio surveys conducted with interferometric arrays can avoid both of these
problems by providing high angular resolution images at wavelengths at which dust
extinction is negligible.

3) To Study the Properties of Galaxies at Intermediate Redshifts. Grav-
itational lenses provide a unique tool for studying the properties of galaxies at the
typical lens redshifts of z ~ 0.4 — 1. The image splittings and system redshifts
give a direct and model-independent estimate of the mass of the lensing galaxy in-

side the Einstein ring radius. Broadband colors of the lens can be combined with
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the mass determination to search for evolution in the mass-to-light ratios of galax-
les. In addition, the lensing galaxy can be studied in absorption if the background
source is an optically bright quasar. With a large sample of lenses the incidence of
dust in galaxies at these redshifts can be studied. Evidence for dust has already
been detected in several lens systems (e.g., Larkin et al. 1994; Lawrence et al. 1995;
McLeod et al. 1998; Malhotra et al. 1997; Jackson et al. 1997). Note, however, that
a recent paper by Kochanek et al. (1998) argues that the red colors in these systems
are intrinsic to the background sources and are not due to the presence of dust in
the lenses. Finally, because radio-selected lens systems are unbiased with respect
to optical luminosity, the CLASS results can be used to search for evidence of “dark
lenses,” galaxy-mass-sized concentrations of matter with little or no associated optical
emission (e.g., Hawkins et al. 1997).

4) To Find Phase Calibrators for High Resolution Radio Observations.
The sources that serve as the survey sample for CLASS produce emission that is
dominated at the wavelengths of the survey by the compact flat-spectrum core. The
CLASS observations provide positions for the compact cores that have an RMS ac-
curacy of ~20 milliarcseconds (mas). The unlensed CLASS sources, which make up
almost the entire survey sample, provide a database of compact sources with accu-
rate positions. These sources can be used to determine antenna gain solutions, an

important step in calibrating interferometer data. The solutions determined from
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such calibrators are applied to the target source data. The quality of the interpo-
lated solutions decreases as the distance between the calibrator and the target source
increases. Thus, it is desirable to have the calibrator be as close as possible to the
target source. The CLASS database augments existing lists of calibrator sources
and increases the density of such sources on the sky. In addition, a large sample
of flat-spectrum radio sources with accurate positions has other uses. For example,
the sample can be used to make optical identifications of radio sources and to study

active galactic nuclei.

2.3 Flat-spectrum Radio Sources as the Parent

Sample

The CLASS sample consists of flat-spectrum radio sources. This subset of radio
sources is chosen to maximize the chances of finding golden lenses and to provide clean
statistics for placing limits on A. Flat-spectrum sources provide several advantages
as a population in which to search for lenses. First, it is easy to recognize lens
systems. Emission from these sources tends to be dominated by their flat-spectrum
cores which will be unresolved by the VLA at the wavelengths of the survey. Any
systems in which multiple images of the source are formed will stand out clearly from

the vast majority of objects in the survey which will show only a point source. In



Chapter 2: CLASS 38

contrast, steep-spectrum radio sources often exhibit extended structures which may
be difficult to distinguish from a true signature of multiple imaging. The ease of
selecting good lens candidates speeds the analysis of the survey results (e.g., §2.5.3).
Second, it is relatively straightforward to calculate lensing optical depths when the
background source is compact. On the other hand, optical depths for extended sources
depend strongly on the size of the source, which makes placing limits on A more
difficult (Kochanek & Lawrence 1990). Third, only a small amount of time is needed
to detect the sources because their compact nature implies relatively high surface
brightnesses. With the flux density range of the sources chosen for the sample and the
sensitivity of the VLA, only 30 sec of integration time is needed per source observed.
This means that large numbers of sources can be observed very quickly. Fourth, by
conducting the survey at radio wavelengths, no lenses should be lost to extinction
or atmospheric seeing. Finally, flat-spectrum radio sources are often variable (e.g.,
Kellerman & Pauliny-Toth 1981), the necessary characteristic for the measurement

of time delays.

2.4 Source Selection

The CLASS search differs from previous surveys for lenses at radio wavelengths. Un-

like the lens search (Hewitt et al. 1988) based on the MIT-Green Bank Survey (MG

7

Bennett et al. 1986; Langston et al. 1990; Griffith et al. 1990; Griffith et al. 1991),



Chapter 2: CLASS 39

which imposes no spectral selection of sources, the CLASS sample consists of
flat-spectrum radio sources only. The CLASS sample differs from the similar
Jodrell-VLA Astrometric Survey (JVAS; Patnaik et al. 1992; Browne et al. 1998;
Wilkinson et al. 1998) sample in that its lower flux density limit is fainter. The JVAS
sample contains sources with Ssqy, > 200mJy, whereas the CLASS flux density limit
is Ssgr. > 30mJy. As aresult, the number of sources in the CLASS sample is a factor
of four to five times larger than the number of JVAS sources. Other than the flux
density cutoff, however, the CLASS and JVAS selection criteria are nearly identical.
Thus, the combined CLASS+JVAS sample can be considered as a single survey of
~16,000 sources.

The CLASS sources are selected from the updated 5 GHz Green Bank sur-
vey (GB6; Gregory et al. 1996), which provides more accurate positions and flux
densities than the earlier 87GB catalog generated from the same observations
(Gregory & Condon 1991). The initial selection criteria are Ssgg. > 30 mJy and
|b| > 10°. The application of these criteria produces a list of sources with a wide
range of spectral characteristics. To select the flat-spectrum sources from this list, we
calculate a two-point spectral index, «, for each source, where « is defined such that
S, o< v*. Only sources with o > —0.5 are chosen. The spectral indices are calculated
using the GB6 flux density and the flux density from the 1.4 GHz NRAO VLA Sky

Survey (NVSS; Condon et al. 1998). Sources which have been observed in other lens
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surveys (JVAS, MG, etc.) are excluded, effectively placing an upper flux density limit
of 200 mJy on the CLASS sample. There are ~13,000 sources matching the spectral
index, flux density, and position criteria, of which only ~700 remain to be observed.

In the early phases of the survey, neither the complete NVSS list nor the up-
dated version of the 5 GHz catalog were available. As such, the 5 GHz selec-
tion was made from the 87GB catalog. The spectral index calculations were per-
formed using flux densities from either the 325 MHz Westerbork Northern Sky Sur-
vey (WENSS; Rengelink et al. 1997) or the 365 MHz Texas Interferometer Survey
(Douglas et al. 1996), neither of which cover the entire area observed by CLASS.
Now that both the GB6 and NVSS lists are available, it is possible to produce a sam-
ple with uniform spectral characteristics over the entire northern sky. In the areas of
the sky observed by the early phases of CLASS, some of the observed sources have
dropped out of the sample because they do not satisfy the new spectral criterion.
On the other hand, new sources in the previously observed areas have been added
to the sample. A significant fraction of the most recent phase of observations was
spent observing these new sources so that a homogeneous parent sample for use in

converting lensing rates into constraints on A could be constructed.
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2.5 Observations and Data Reduction

2.5.1 Observations

The survey has been conducted in three main phases: CLASS1 in the spring of 1994,
CLASS2 in the late summer of 1995, and CLASS3 in the spring of 1998. Each phase
was split into sub-phases due to differences in source selection techniques (CLASS1)
or a significant separation in observing dates (CLASS2 and CLASS3). The observing
dates and number of sources observed are listed in Table 2.1. The observations were
made with at 8.4 GHz with the VLA in A configuration, giving angular resolutions of
~ 0.2 arcsec. Two intermediate frequencies (IFs) at 8.4149 and 8.4649 GHz (CLASS1
and CLASS2), or 8.4351 and 8.4851 (CLASS3) were used. Target sources with accu-
rate positions determined from NVSS or WENSS observations were observed with IF
bandwidths of 50 MHz for higher sensitivity. Sources with positions taken from the
Texas Survey had less accurate positions due to occasional problems with lobeshift-
ing (Douglas et al. 1996). As a result, those sources were observed with 25 MHz
bandwidths for a wider effective field of view.

The observing strategy for each session was the same. Each target source was
observed for 30 sec. Observations of phase calibrators chosen from the JVAS source
list were interjected after every 13 or 14 target sources, and a flux density calibrator

(3C 286 or 3C 48) was observed at least once per observing session. Including the time



Chapter 2: CLASS 42

Table 2.1 SUMMARY OF CLASS OBSERVATIONS

Phase Date(s) Sources Observed  Comments

la 1994 Feb — Apr 2574 Texas-selected

1b 1994 Feb — Apr 683 WENSS-selected

2a 1995 August 2352 WENSS-selected

2b 1995 September 2132 WENSS/Texas-selected
3a 1998 March 2357 NVSS-selected

3b 1998 April 2078 NVSS-selected

3c 1998 May 662 NVSS-selected

taken for slewing and for the calibration observations, the average observing rate was

approximately one target source per minute.

2.5.2 Calibration

The data are calibrated using the Astronomical Image Processing System (AIPS)
developed by the National Radio Astronomy Observatory. The absolute flux den-
sity scale is set with the SETJY task and then the TVFLG task is used to assess
data quality and to flag bad visibilities. Observations of the flux density and phase
calibrators are used to find antenna-based gain solutions with the CALIB task. The
solutions are then interpolated and applied to the survey source data with the CLCAL
task. These tasks make up the “standard AIPS routines” described in many of the
following chapters in this thesis. The data are not mapped in AIPS, but are processed

using the automatic mapping routine described in the next section.
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2.5.3 Automapping

The time needed to map the sources is drastically reduced through use of an auto-
matic mapping procedure written in the scripting language available in the DIFMAP
package (Shepherd 1997). The basic “automapping” procedure is to search for peaks
of emission in a large field (~4'x4’) and then to examine a smaller field centered
on each peak at higher resolution. A map of the emission in each smaller field is
made with the DIFMAP implementations of the CLEAN algorithm (Hégbom 1974)
and self-calibration routines. Cutoff levels are chosen to maximize the probability
that the peaks found in the large and small maps are real emission and not noise
spikes. The CLEANed map for each source is plotted and used in the lens candi-
date selection process. In addition to making maps via CLEANing, the automapping
procedure also determines source information by placing Gaussian components at
the peaks of emission found in the mapping procedure and then varying the com-
ponent parameters to achieve the best fit to the (w,v) plane visibility data. This
process is conducted with the modelfit function in DIFMAP. The positions, sizes,
and flux densities of the model components for each source are recorded in an out-
put file which is used in the automatic lens candidate selection described in the
next section. Figure 2.1 shows a flowchart describing the steps of the automap-
ping procedure. The most recent version of the automapping script can be found at

http://dept.physics.upenn.edu/~ myers/class/automap.
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Figure 2.1 Flow chart describing CLASS automatic mapping script.
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This procedure works extremely well due to the nature of the sources observed.
"The sources are compact, and any multiple images produced by gravitational lensing
should also be compact. The maps should show little, if any, diffuse emission. As a
result, the search for isolated peaks of emission carried out by the above algorithm is
effective in producing good maps. In addition, the sources are relatively weak and so
strong sidelobes are rarely a problem in the mapping. To test the procedure, several
sources were mapped both with the automapping procedure and by hand. In all of the
test cases, there were no significant differences in the resulting maps. Furthermore,
the automatic mapping is fast. After the initial development of the mapping script,
the 2574 sources in CLASS1a were mapped in 5 days on a Sparc 10 workstation. At
the time of the CLASS2 and CLASS3, the data were mapped during the observing
session. Thus, any promising lens candidates discovered early in the session could be
reobserved later in the session with longer integration times and at a second frequency
for spectral information.

A typical page of output from the automapping procedure is shown in Fig. 2.2.
As expected, the majority of the maps are dominated by emission from a compact
component, with no other components visible. Typical RMS noise levels in the final

maps are ~0.4 mJy/beam.
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2.6 Candidate Selection

After the automapping process is complete, the results are examined in order to select
a list of gravitational lens candidates. The selection is aided by the simple morphology
of the survey sources. The vast majority (>95%) of the output maps show a single,
compact object and are quickly rejected as lens candidates. On the other hand, any
source with multiple components stands out quite clearly from the rest of the sample
and is selected as a lens candidate.

Two parallel and complementary methods are used to select the lens candidates
from the automapping output. All the maps are examined by members of the CLASS
collaboration, and candidates are selected by eye (the “pundit” selection method).
This method is especially effective in distinguishing lensing geometries from typical
sidelobe patterns in sources with more than two components. The pundit method
is also effective in identifying the cases in which weak extended emission may be
indicative of lensing. The other method is an automated candidate selection program
that I have developed. It selects candidates based on the parameters generated by the
model fitting routine in the automapping. This method, described in detail below,
has the advantage of applying objective selection criteria to all of the sources. In
addition, it is effective in finding lens candidates with high flux density ratios between
the components and systems in which the component separations are either very small

(<250 mas) or large (>12"). The two selection methods complement each other well.
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The majority of lens candidates are selected by both methods, but there are some
systems which are found by only one of the methods. The final lens candidate list is
the union of the lists produced by the two selection methods.

The automatic candidate selection program queries the model parameter files pro-
duced by the automapping procedures. A separate file is queried for source spectral
indices derived from other surveys. The component sizes, separations and flux densi-
ties, as well as the overall radio spectra of the sources, are used to rank each candidate.
The spectral ranking procedure now uses the NVSS — GB6 spectral index; if the NVSS
data for a particular source are not yet available, the WENSS — GB6 spectral index is
used. Four lists of candidates are produced by the program: the arcsecond-separation
candidates that CLASS has been designed to find, large separation candidates (sepa-
rations >12"), compact double candidates (two components separated by <250 mas),
and possible very compact doubles (one component that has a flat spectrum but is
extended). For the purposes of this program, a “compact” component is one with
a major axis smaller than 170 mas; any larger component is considered “extended.”
The program evaluates each source in turn, first rejecting any source which meets

any of the following criteria:

1. There is only one component. (However, if the source has a flat spectrum and

is extended, consider it to be a very compact double candidate).

2. There are multiple components, but only one is compact.
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Table 2.2 CRITERIA FOR AUTOMATIC CANDIDATE SELECTION

Criterion Points
More than 2 compact components 10
All components have Sg 4 > bmlJy
Spectral index greater than -0.4
Spectral index between -0.6 and -0.4
Flux ratio between 2 brightest components less than 2.5:1
At least 30 mJy in compact components

N Wwoo

3. The flux density ratio between the two brightest components is extreme (>15:1).

4. The spectral index is a§5%s < —0.8. These sources were included in the survey

before NVSS data were available and appeared to have flat spectra from other

surveys.

5. The total 8.4 GHz flux density is <20 mJy.

The small number of sources that pass these criteria have point scores assigned based
on the criteria in Table 2.2. The points for each candidate are totaled and used to
assign ranks to the candidates. All of the lens candidates are reobserved to deter-
mine if they are lenses; the rankings are only used to assign priorities in the case of
limited observing time. The sources most likely to be lenses are observed first and, if
confirmed, can be subjected to further observation quickly.

An example of the output of the automatic candidate selection is given in Ta-
ble 2.3. The grades given to each source are assigned as follows: A (>15 points), B
(10 - 14), C (6 = 9), D (1 - 5). Each phase (1, 2, or 3) of the survey typically pro-

duces 30 — 80 lens candidates from the combined automatic and “pundit” selection
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methods. These candidates are all subjected to the further observations described in

§2.7.

2.6.1 Tests of the Pipeline Processing

As a test of the automated processing procedures, several known lenses were observed
in CLASS2b, including lenses found in JVAS, the MG survey, and earlier phases of
CLASS. The automapping produced adequate maps of all of the lenses, and all were
easily selected as lens candidates by the “pundit” method!. The automatic candidate
selection did nearly as well, only missing the JVAS lens 1938+666 (because the arcs
appear to be extended components at the resolution of the VLA; see King et al. 1997
for the radio maps) and the CLASS lens 0712+472 (because the weak fourth compo-
nent was not detected in the short integration and the two brightest components were
modeled as one extended component; see Jackson et al. 1998b). It should be noted
again that in each case the lensing nature of the system was obvious to the pundits,

showing the benefits of having the parallel candidate selection methods.

! The inclusion of these systems led to some violent emotional swings as the maps came off the printer.
The known lenses were mapped in the order that they were observed and thus randomly printed on
pages full of CLASS sources. The elation that we felt at seeing each excellent lens candidate was
quickly extinguished as we realized that it was one of the known lenses and not a new lens discovered

by CLASS.



Chapter 2: CLASS

Table 2.3 OuTPUT OF AUTOMATIC CANDIDATE SELECTION FOR CLASS2a

Gravitational Lens Candidates

Source Rank  Score a Ncompact  Speak  Ratio  Sep.  Shift(")
00164902 B 12 -041 2 44.5 75 1.13 2.0
03321875 C 9 —-0.60 2 31.2 4.9 0.32 2.9
04602636 B 10 -0.62 2 18.0 1.8 0.98 2.9
07464077 A 16 —0.31 2 17.3 2.3 0.62 0.7
07513335 A 15 —-0.02 2 363.3 44 0.56 9.1
08204068 B 12 -041 2 70.8 10.0 0.86 1.2
08515242 A 15 -0.35 2 24.3 2.7  2.82 3.3
08934959 A 15 -0.28 2 36.0 51 0.27 1.2
09204143 B 12 —-047 2 170.0 13.1  1.89 1.5
10993140 C 9 -0.65 2 104.1 59 0.49 0.7
11503820 A 16 -0.01 2 14.7 1.2 0.70 25.5
15953736 A 15 -0.19 2 36.1 3.8 0.39 2.0
19474210 C 8 —-042 2 16.6 1.0 047 1.9
22332646 A 15  +0.64 2 76.1 70 2.84 3.0

Large Separation Double Candidates

Source Rank Score a Necompact  Speak  Ratio Sep.  Shift(”)
07863392 A 15 +40.19 2 692.3 12.8 31.16 7.7
08355506 B 13 -0.50 2 10.3 1.6 40.40 0.8
10963715 A 15 —0.05 2 103.6 6.2 45.49 35.3

Compact Double Candidates

Source a Necompact  Speaty  Ratio  Sep.  Shift(”)
01824802 —0.46 2 29.6 1.4 017 0.3
18434404 —0.44 2 71.8 7.1 024 2.3

Very Compact Double Candidates

Source o S Size (mas)  Shift(")
00712095 —-0.39 90.1 141 2.5
01125246 —0.49 24.3 169 3.0
01944499 -0.46 29.1 108 4.3
02753486 +0.16 31.0 109 26.5
03184008 40.04 29.9 110 17.3
03283970 +0.06 48.0 111 8.1
03423354 —0.39 35.6 123 13.3
03874049 —0.32 449 130 29.7
06963803 —043 25.3 108 0.6
07002993 +0.87 26.9 110 29.9
07173007 —-045 446 101 28.0
07334281 —-047 25.9 246 4.9
07692863 +0.31 30.3 111 29.7
07863508 +0.08 48.3 105 2.5
10903142 +0.08 27.0 119 28.4
11194522 —0.42 27.1 173 2.4

...and soon ...
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2.7 Further Observations of Lens Candidates

2.7.1 High-Resolution Radio Images

The first step in the evaluation of the lens candidates is a radio observation at higher
angular resolution. The reason for pursuing this path is that components which
appear compact to the VLA may be resolved by the higher resolution observations.
If a source consists of multiple compact components in the VLA maps, but the higher
resolution observations show that the components have different surface brightnesses
or drastically different morphologies, the candidate is rejected. The candidate is also
rejected if its components have significantly different radio spectra. The followup
radio observations are made with the Multi-Element Radio-Linked Interferometer
Network (MERLIN), an array of six radio telescopes with a maximum baseline of
217 km run by the Nuffield Radio Astronomy Laboratory at Jodrell Bank, England.
The observations are conducted at 1.66 and 5 GHz, giving resolutions of ~120 and
~50 mas, respectively. Observations at the two frequencies allow two-point spectral
indices to be calculated for the individual components. An example of a rejected
candidate is shown in Fig. 2.3. The source was selected as a candidate because it has
two compact components of nearly equal flux density. The MERLIN image reveals
that one of the components remains unresolved and has high surface brightness, while

the other component is resolved and has lower surface brightness. The object is a
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Figure 2.3 Example of the use of high angular resolution radio images to evaluate lens candidates.

The VLA image (left) shows two compact components while the MERLIN image (right) reveals the

object to be a “core-jet” source. This object is not lensed.

“core-jet” source, not a lens. The MERLIN observations are a remarkably effective

filter, rejecting ~80% of the lens candidates observed. The sources that survive are

strong lens candidates.

In yet another round of winnowing, these sources are observed at even higher

angular resolution with the Very Long Baseline Array (VLBA). The nearly 9000 km

maximum baseline gives angular resolutions of ~1 mas for observations at 5 QHz.

Any objects which pass the VLBA filter are presumed to be lens systems and are

observed at optical wavelengths for final confirmation.
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2.7.2 Optical Imaging and Spectroscopy

All of the new lenses are imaged at optical wavelengths to provide additional con-
firmation of the lensed nature of the systems, to study the nature of the lensing
object, and to provide additional data for modeling the gravitational potential of
the lens. Both ground-based and Hubble Space Telescope (HST) multicolor imaging
are performed. The HST images are taken with the F555W (roughly ground-based
V') and F814W (roughly I) filters on the Wide Field /Planetary Camera 2 (WFPC2)
and the F160W (roughly H) on the Near Infrared Camera and Multi-object Spectro-
graph (NICMOS). The images often show both the optical counterparts of the radio
emission and the lensing galaxy, both of which strengthen the arguments in favor
of the gravitational lens interpretation of the system. As discussed in Chapter 2, it
1s possible to construct a model of the gravitational potential of the lens using the
constraints provided by the locations and flux density ratios of the lensed images of
the background source. For the CLASS lenses a preliminary model has always been
constructed before any optical imaging occurs. The detection of a lensing galaxy in
the location predicted by the models is a strong confirmation of the lensed nature
of the system. In addition, the achromatic nature of gravitational lensing implies
that the optical and radio morphology of the lensed images should be the same, as
long as the emission is produced by the same region of the background source. Thus,

if the radio components have the same relative positions as their presumed optical
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Figure 2.4 Radio (left) and infrared (right) images of the 1608--656 lens system. The radio map is
from a 8.4 GHz follow-up investigation, the infrared image is a F160W image taken with NICMOS
(Fassnacht et al. 1998b). The NICMOS image shows the optical counterparts of the radio compo-
nents, with an arc connecting the two brightest components. Emission from the lensing galaxy is
seen inside the ring formed by the four images of the background source.

counterparts, the lensing hypothesis is further strengthened, especially if the system
geometry is complex (e.g., more than two images). Figure 2.4 shows an example of a
system in which a complex radio morphology is reproduced at infrared wavelengths.

The optical and infrared images are used to get the magnitudes, colors, and rough
morphologies of the lens galaxies. The separation between the lensed images is a
direct indication of the mass of the lensing galaxy. Thus, mass-to-light ratios of the
lensing galaxies can be computed and examined for evidence of evolution with redshift
(e.g., Keeton, Kochanek, & Falco 1998). The HST images, with their high angular

resolution, provide not only the most accurate means of determining the lens galaxy
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morphology, but also give high-precision relative positions between the lensing galaxy
and lensed images. These relative positions provide strong constraints on models of
the gravitational potential of the lens.

Spectroscopic observations of the lens systems are performed to measure the red-
shifts of the lens and background source. The system redshifts are crucial to using
the systems to determine Hy, as discussed in the previous chapter. The Hale 5-m and
Keck 10-m telescopes are invaluable instruments in the quest for the system redshifts
because they provide the sensitivity needed to measure redshifts of these often faint
objects. The spectroscopy of the lens systems can also be used to determine the veloc-
ity dispersions of the lensing galaxies. These data can be used to place constraints on

models of the gravitational potential of the lens (e.g., Romanowsky & Kochanek 1998;

Falco et al. 1997).

2.8 New Lenses and Survey Status

At this time, the survey observations have been completed for the first three phases of
CLASS. Over 12,000 sources have been observed. A planned fourth phase of CLASS
will contain an estimated 700 sources. The candidate selection has been performed for
the first three phases. All candidates from CLASS1 and CLASS2 have been observed
with MERLIN, and a proposal to observe the CLASS3 candidates has been submitted.

All of the CLASS1 and CLASS2 candidates surviving the MERLIN filter now have
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Table 2.4 SUMMARY OF FILTERING PROCESS FOR CLASS1 AND CLASS?2

Instrument  Sources Observed  Candidates Selected

VLA 7741 140
MERLIN 140 25
VLBA 25 12

Table 2.5 GRAVITATIONAL LENSES DISCOVERED IN CLASS

Lens System Phase N; zg Zs Reference(s)®
07124472 1 4 04060 1.339 J98, FC98
07424366 2 2
08274525 2 2
11274-385 2 2 K98
1152+199 3 2 0.438 1.019 My98
13594154 3 4 3.235 My98
15554375 2 4 Ma98
1600+-434 1 2 04144 1.589 J95, FC98
1608656 1 4 0.630 1.394 M95, F96
1933+503 1 10 0.755 598
20454265 2 4 08674 1.28 F98
2319+051 2 2 Ma98

“References are Jackson et al. 1998b (J98), Fassnacht & Cohen 1998 (FC98), Koopmans et al. 1998 (K98),
Myers et al. 1998 (My98), Marlow et al. 1998 (Ma98), Jackson et al. 1995 (J95), Myers et al. 1995 (M95),
Fassnacht et al. 1996 (F96), Sykes et al. 1998 (S98), Fassnacht et al. 19982 (F98)

been observed with the VLBA. Table 2.4 summarizes the observations and candidate
selection for CLASS1 and CLASS2. Table 2.5 lists the 12 new gravitational lenses
found by CLASS so far. Approximately 25 candidates, most from CLASSS3, are still
being investigated. Hubble Space Telescope images of all of the CLASS1 and CLASS?2
lenses will have been obtained by the end of Cycle 7. Spectroscopic observations have
been obtained for most of the new lenses, and many of the system redshifts are known
(Table 2.5).

The discovery of at least 12 new gravitational lenses in the four and a half years

since the beginning of CLASS allows us to pursue actively the goals of the survey.
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® Quest for Hy: Three of the new lens systems are being monitored to search
for time delays. One of these, the 16084656 system, has produced the first
determination of Hy from a CLASS lens (Chapter 5 of this thesis). The other
lenses being monitored are 1600+434 (L. Koopmans) and 19334503 (E. Xan-

thopoulos).

o Constraints on A: With a nearly completed, homogeneously selected survey of
13,000 sources, CLASS provides an excellent sample with which to use lensing
rates to constrain A. Tbhe JVAS source selection is nearly the same as that
made in CLASS, but for brighter sources. Therefore, the two surveys can be
combined to yield a sample of over 16,000 sources. For lens surveys conducted at
radio wavelengths, the difficulties in determining the lensing rate as a function
of source redshift arise not from losing lenses due to extinction or atmospheric
blurring, but rather from the fact that the redshift distribution of radio sources is
not well determined (e.g., Kochanek 1996b; Falco, Kochanek, & Munoz 1998).
Spectroscopic observations of faint flat-spectrum radio sources are being made
to determine the redshift distribution of the population from which the lenses

are drawn.

o Investigations of galazies at intermediate redshifts: The HST images have pro-

vided lens galaxy magnitudes, colors, and morphologies for many of the CLASS
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systems. In several systems, the flux ratios of the lensed images of the back-
ground source change with wavelength. This may indicate that one or more of
the images is reddened (Jackson et al. 1997). In addition, the lens in 16004434
shows a distinct dust lane and has been identified as an edge-on spiral galaxy
(Jackson et al. 1997; Jaunsen & Hjorth 1997). In fact, the morphologies of the
lensing galaxies in four out of five systems observed by Jackson et al. (1997) may
indicate that they are disk systems: they appear to be highly elongated in the
HST images, and the major axis position angle of the luminous material gener-
ally matches that of mass (from models of the lensing potential). The possibility
of a relatively high incidence of disk galaxy lenses is surprising since 80 — 90% of
lenses are expected to be massive E /S0 galaxies (e.g., Fukugita & Turner 1991;
Kochanek 1996a). The magnitudes of the lenses are combined with the masses
implied by the separation of the images of the background sources to calcu-
late mass-to-light ratios (Jackson et al. 1998a). Some of the resulting values
are quite high, especially in the case of 1600-+434 (Jaunsen & Hjorth 1997:
Fassnacht & Cohen 1998; Keeton, Kochanek, & Falco 1998). However, in all
of the CLASS systems which have been imaged by HST, the lensing galaxy has
been detected. Thus, there have been no “dark lenses” found in CLASS so far

(Jackson et al. 1998a).

o Addition to phase calibrator lists:
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The CLASS1 and CLASS?2 source lists are now publicly available on the web at
http://www.jb.man.ac.uk/~njj/glens/class.html. Active followup stud-
ies of the CLASS and JVAS samples are being conducted by members of the
CLASS collaboration and of the Consortium for European Research on Extra-

galactic Surveys (CERES; http://www.jb.man.ac.uk/~ ceresl/)

The remainder of this thesis presents observations of two of the new CLASS lenses,

16084656 and 20454265, and the interpretation of those observations.
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NFRA, Postbus 2, 7990 AA Dwingeloo, The Netherlands

Abstract

The first phase of a large gravitational lens survey using the Very Large
Array at a wavelength of 3.6 cm has been completed, yielding images
for 3258 radio sources. The Cosmic Lens All-Sky Survey, or CLASS, is
designed to locate gravitational lens systems consisting of multiply-imaged
compact components with separations > 0/2. We report here the first
discovery of a gravitational lens from the survey: 16084656, a quadruply-
imaged object with maximum separation of 2/1. Images from the Palomar
5-m and Keck 10-m telescopes show the lensed images and the lensing
galaxy. An optical spectrum obtained with the Palomar 5-m Telescope
indicates a redshift of z = 0.6304 for the lensing galaxy. No conclusive
redshift for the lensed object has been determined, although a single strong
emission line is found at 9240A in the Keck LRIS spectrum. The two
most likely identifications for this line are either H3 (z = 0.90) or Mg

IT (z = 2.30)*. The preliminary lens model derived from the radio image

Zand Kapteyn Laboratory, Postbus 800, 9700 AA Groningen, The Netherlands
3and Leiden Observatory

4The source redshift has now been measured to be z = 1.394 (see §3.2 or Fassnacht et al. 1996, AplJ,
460, L.103).
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reproduces the observed configuration and relative fluxes of the images, as
well as the position, shape, and orientation of the lensing galaxy. Because
a simple mass model is able to fit the observations, we argue that this lens

system is promising for determining H,.

3.1.1 Introduction

Gravitational lenses provide a unique way of probing the distribution of clumpy mat-
ter in the Universe and have the potential to give values for the Hubble constant and
other cosmological parameters. With this in mind, and building upon the success of
JVAS, the Jodrell-Bank/VLA astrometric survey (Patnaik et al. 1992: Browne et al.
1998), we have embarked on a new much larger VLA survey: CLASS, the Cosmic
Lens All Sky Survey. The ultimate aim of CLASS is to survey ~ 10 flat spectrum
radio sources with the prime motivation of identifying systems suitable for Hubble
constant determination based on measurements of time delays. Restricting the sam-
ple to flat spectrum sources preferentially selects objects with compact and variable
components well suited to time delay measurements. A total of 3258 targets have
been observed in the first phase of the CLASS survey. Based on previous surveys
with similar selection criteria (e.g., Patnaik et al. 1992), we expect to find about one
lens per 500 sources observed, i.e., about 6 new lenses should emerge from the first

phase of the survey and, ultimately, about 20 lenses from the survey of the northern
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hemisphere. CLASS has already yielded two new lens systems: 1600+434, a double

image system (Jackson et al. 1995) and 16084656, reported here.

3.1.2 CLASS VLA Observations

The CLASS observations took place in several sessions during February, March and
April 1994 in the A-configuration of the VLA® at a frequency of 8.4 GHz. The
3258 sources were selected from the 4.85 GHz Green Bank Survey (87GB: Gregory
& Condon 1991) to have flux densities > 50 mJy and |b| > 10°. At the time of the
CLASS VLA observations, we were able to select 683 sources with two-point spectral
indices of & > —0.5 between 4.85 GHz and the 325 MHz Westerbork Northern Sky
Survey (WENSS: Rengelink et al. 1997). The remaining 2575 sources were selected
with a > —0.6 between 4.85 GHz and the 365 MHz Texas Survey. The lens 1608+-656
was found in the 87GB/Texas portion of the survey.

Two independent IFs of 25 MHz bandwidth were centered at 8.415 GHz and
8.465 GHz. An on-source dwell time of 30 seconds was used. A source from the JVAS
(Patnaik et al. 1992) was observed after every 14th target source for phase calibration.
The average target source observation rate was one per minute, including the overhead

from calibration and slewing.

The initial calibration of the data was done using AIPS following the standard

5The National Radio Astronomy Observatory is operated by Associated Universities, Inc., under
cooperative agreement with the National Science Foundation.
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procedure. Automatic mapping of the 2575 87GB sources was performed using the
DIFMAP package (Shepherd, Pearson & Taylor, 1994). From the resulting maps ~
100 objects which show multiple components have been selected for further investi-
gation as potential gravitational lens candidates. Only a few of these are expected to
be real lensed systems.

The source 1608+656 (target source 87GB 16087+6540) was observed on 1994
March 1. The VLA image is shown in Figure 3.1a. The source consists of four
well-separated unresolved components and has a slightly inverted radio spectrum
between 325 MHz and 4.85 GHz, a property that led to it being followed-up with the
VLA independently by Snellen et al. amongst a sample of other inverted spectrum
objects. The results of these and other auxiliary radio observations are described in
a companion paper (Snellen et al. 1995).

Several cycles of model-fitting and phase-only self-calibration were performed in
DIFMAP on the VLA data using four point sources. The residual image showed
no missing extended flux. The rms noise level in the final image was 0.44 mJy. A
total flux density of 73.2 + 0.9 mJy was measured. The individual Aux densities for
components A, B, C and D were 35.6, 17.8, 15.2, and 4.6 mJy respectively. The
brightest component (A) is located at 16"09™ 135956 +65° 32’ 28797 (J2000). This

was 26”4 from the 87GB position.
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Figure 3.1 The CLASS gravitational lens 16084-656. (a) 8.4 GHz VLA radio image. The peak in
the image is 34 mJy/beam. Contours begin at 1.1 mJy/beam (2.50), spaced by factors of 2. (b)
Keck NIRC image. Seeing is 1”. (c¢) Keck NIRC image with scaled VLA model subtracted. Residual
should reflect lensing galaxy emission. Note position, ellipticity and position angle of galaxy for
comparison with the lens model (Fig. 3.4).
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3.1.3 Follow-up optical and infrared observations

On 1994 August 9, an optical image and spectrum of 16084656 were obtained with
the Palomar Observatory 5-m Telescope. The optical image (see Figure 3.2), taken
with the COSMIC camera in 1”5 seeing, is consistent with blended emission from the
components in the same configuration as in the radio image as well as extra emission
from the presence of a lensing galaxy. Preliminary photometry gives the magnitudes
in the Gunn system for the entire image (including the lensing galaxy) of r = 19.4™
and 7 = 19.2™. Since the weather was non-photometric, these may be uncertain by a
few tenths of a magnitude.

The spectrum, taken on the same night using the Double Spectrograph with a 2"
slit accepting most of the light from the aggregate system, is shown in Figure 3.3a.
The total exposure was 3000 seconds. The absorption lines of Mg IT A\2796, 2803,
He, H9, and the [O II] A3727 emission line are indicated. These yield a redshift of
z = 0.6304 for the lensing galaxy. The Balmer absorption lines are strong, indicating
that there are A stars present, and that the lens might possibly be a post-starburst
galaxy. The 4000A break is weak, which is what would be expected in the combined
light of a young stellar population and a background quasar.

On 1994 August 22, a 2.2um (K band) infrared image of 16084656 (Figure 3.1b)

was obtained on the W.M. Keck® 10-m Telescope using the near infrared camera

6The W.M. Keck Observatory is operated as a partnership between the California Institute of Tech-
nology and the University of California, and was made possible by the generous gift of the W.M.
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- ¢

Figure 3.2 An i-band image of the field of 16084656 obtained at Palomar using COSMIC. The

field shown is 200"”square, with N at the top and E to the left. The inset image is in the » band,
and is 10"square.
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Figure 3.3 (a) spectrum of 1608+656 using the Double Spectrograph at the Palomar 5-m Telescope
versus observed wavelength. The detected emission and absorption features attributed to the lensing
galaxy (2; = 0.6304) are indicated. (b) Keck LRIS spectrum, self-normalized to a flat shape, since
a proper flux calibration is not available. The only convincing feature detected is centered at

9240A. In both spectra, strong atmospheric absorption (atm) and night-sky emission (ns) features
are indicated.
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(NIRC: Matthews & Soifer 1994). The total exposure time was 450 seconds, and
the seeing was 1”. The three brightest lens images and the lensing galaxy are seen
in this image. A model with four point components was constructed with relative
intensities and positions determined from the VLA radio images, convolved with
the K-band point spread function, and then subtracted from the NIRC image. The
overall scaling factor for the VLA model was adjusted to minimize the residual at
the image positions. The results of this are shown in Figure 3.1c. There is clearly
extended emission from the lensing galaxy remaining in the subtracted image. The
lensing galaxy has a K-band flux roughly four times greater than that of the total
emission from the four lens components. The galaxy image has an axial ratio of
b/a = 0.56 + 0.10 with its major axis in position angle 60°. The true galaxy shape
is likely to be more elliptical than this axial ratio would indicate, as the image is
substantially circularized by the seeing.

Photometry on the K band residual image yields a mean surface brightness of
60 pJy arcsec™? within a circle of radius 1”1. This gives a distance-independent mean
K surface luminosity, Lg, of 7.7 x 108 Ly kpe 2 for the lensing galaxy. The observed
2.2pm emission was emitted at 1.3um. The ratio of 1.3um to V fluxes for nearby
galaxies is near unity, so the K band luminosity should be roughly equivalent to a V
luminosity.

An additional spectrum of the object was obtained using the Low Resolution

Keck Foundation.
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Imaging Spectrograph” on the W.M. Keck 10-m Telescope, on the night of UT 1994
September 4, in non-photometric conditions. The spectrum covers the range 7000A
- 9600A, with a resolution of around 7A FWHM. Unfortunately, no standard star
exposure was obtained with the same setup, due to instrumental problems. The
spectrum is shown in Figure 3.3b, with the baseline artificially flattened. The only
non-telluric feature detected is a single strong emission line at 92404 (£50A). This
line is broader than the instrumental resolution. This does not correspond to any
feature expected at the redshift of the lensing galaxy, and is assumed to belong to
the lensed object.

The plausible identifications for this line are either Mg IT at z = 2.30 or HS
at z = 0.90%. If the Mg II identification is correct, then Lya \1216 at 4014A and
C III] A1909 at 6302A would be expected, neither of which is seen in the Palomar
spectrum; C IV A1549 at 5113A would fall in the dichroic fold of the Palomar data,
where the noise is high. The Hg interpretation, on the other hand, is supported by
the presence of a weak broad feature at 5320A which is where Mg II should be found.
Unfortunately, this is close to the dichroic fold and we are not confident of its reality.

The z = 0.90 Hv line at 8250A is not seen in the LRIS spectrum.

"LRIS; Oke, J. B. et al. 1995, PASP, 107, 375.
®Now known to be z = 1.394 (see §3.2).
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3.1.4 A possible lens model

A lens model for 16084656 has been constructed based on the information contained
in the VLA 8.4 GHz radio map. An oblate spheroidal mass model has been used for
the lens, with mass density p(r) following the modified Hubble profile:

p(r) = po[1 + (r/r.)?] " r? =22+ y?/(1 - e?) + 2. (3.1)

The spheroid is assumed to be viewed edge on in order to simplify the model, with
z,y in the plane of the sky and z along the line of sight (e is the eccentricity, and
Tc is the scale length of the mass distribution). Note that the r—3 profile assumes
that the mass traces the light distribution. The lensing code used was described in
Narasimha, Subramanian & Chitre (1982, 1984). The constraints are the relative
image positions and the relative fluxes, making a total of 9 constraints. The model
positions were registered on the position of observed component B, which is not so
close to the critical surface as A. Fitting of the lens model to the VLA image yields
values for the 6 variable parameters: 7., e, a mass parameter ¢* in units of velocity,
the two coordinates of the lens center, and the position angle 6 of the major axis of
the spheroid in the plane of the sky.

The set of parameters listed in Table 3.1 yields a good match to the observations.
The position and orientation of the galaxy which is visible in the Keck infrared image
agree to within the measurement uncertainties with those predicted by the model.

The high eccentricity called for in the mass model for the lens galaxy corresponds
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Table 3.1 PARAMETERS FOR A GRAVITATIONAL LENS MODEL FOR 16084656

Scale Length  Mass Parameter Eccentricity P.A. Cutoff®
re a* (km/s) e 0 (°) n Lens Center?
048 311.7 0.96 +67.0 20 (=033, —1700)
¢ The mass model was cutoff at n scale-lengths to ensure finite total mass.
b This value is with respect to Image A (see Table 3.2).

Table 3.2 IMAGE PROPERTIES FOR THE LENS MODEL

Observed Model
Image Position® Flux ratio Position Magnification = Flux ratio Delay
(arcsec) (vs. B)b (arcsec)© (vs. B) (A1 Ty days)
A (4+0.00, +0.00) 2.06 + 0.06 (+0.15, +0.19) +2.58 1.68 11.9
B (4+0.74, —1.96) 1.00 (+0.74, —1.96) +1.54 1.00 0.0
C (4+0.75, —0.46)  0.85 +0.03 (4+0.76, —0.45) —1.36 0.88 13.1
D (-1.13, —1.24) 0.26 +0.03 (—1.27, —1.24) —0.35 0.23 34.2
E (—0.52, ~1.05) +0.04 0.03

¢ Position offsets with respect to component A at 167 09™ 13°956 +65° 327 28797 (J2000).
b Measured 8.4 GHz flux density for component B was 17.80 + 0.44 mJy.
¢ Position of model component B fixed to radio position of image B.

to an axial ratio (minor axis to major axis) of v/1 — e2 = 0.28. The image positions
and flux density ratios observed in the VLA image and the predicted model values
are listed in Table 3.2. The predicted position and magnification for the brightest
image A are the most uncertain; therefore, the flux ratios are taken relative to image
B; the positions and ratios for C and D relative to B agree within the measurement
uncertainties. The demagnified fifth image E is predicted to be below the detection
threshold in the radio map. Even with this preliminary model, the pattern of image
positions and flux density ratios is reproduced, strongly suggesting that the basic
properties of the lensing potential are well determined.

The lens parameters are cast in a redshift-independent form as in Nair, Narasimha,

& Rao (1993). The expression for the central density in the lens mass distribution is
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Table 3.3 MASSES AND DELAYS FOR POSSIBLE SOURCE REDSHIFTS

Mg (M/L)%, C-B delay C-A delay
zs  dis,  (h'Mg) (hMg/Ly) To (h1 days) (k™! days)