
Gravitational Lens Optics 

Several instances of multiple imaging of cosmologically 
distant sources by intervening galaxies and galaxy clusters 
have been discovered over the past decade. These "gravi- 
tational lenses'' have distinctive optical properties. Point- 
like sources such as quasars generally produce two or four 
images when lensed, whereas extended sources such as 
galaxies produce spectacular arcs and rings. The salient 
features of most of the observations can be reproduced 
with the use of simple elliptical lens models that approxi- 
mate the lenses made by ellipsoidal mass distributions 
such as are common in the universe. In addition to 
illustrating simple optics in operation on a cosmological 
scale, multiple images and arcs provide useful probes of 
the lensing galaxies and clusters. Also, gravitational lenses 
can make magnified images of cosmologically distant 
sources and may eventually furnish important cosmo- 
graphic data such as the Hubble constant. 

T HE IDEA THAT LIGHT RAYS CAN BE BENT BY THE FORCE OF 

gravity goes back to Newton's Opticks. However, it was 
Einstein who used his general theory of relativity to give the 

correct expression for the deflection angle a due to a point mass, M, 
namely, 

where g, is the perpendicular component of the gravitational 
acceleration, G is the gravitational constant, c is the speed of light, 
and h is the impact parameter, the lateral offset of the ray from the 
mass. This formula, valid for small angles, is twice the Newtonian 
expression. The measurement of the predicted deflection of the 
positions of stars due to the sun (-1.8" at the limb) during a solar 
eclipse in 1919 provided a notable success for general relativity and 
made Einstein into a household name. 

Over the past decade, astronomers have discovered over a dozen 
examples of cosmologically distant objects that have been multiply 
imaged by intervening mass. In this review, we describe the 
properties of gravitational lenses and explain how generic elliptical 
lenses can reproduce many of the observed characteristics of the 
images (1-3). 

Multiply Imaged Quasars 
After 60 years of waiting, astronomers discovered an even more 

spectacular example of gravitational deflection than that caused by 
the sun when they found a multiply imaged quasar in 1979 ( 1 ) .  (A 
quasar is an active nucleus of a galaxy that outshines the surrounding 

stars and for our purposes can be regarded as a point source. Most 
quasars are at cosmological distances.) This quasar, known as 
Q0957 + 561 (Fig. l ) ,  was found to consist of two images 
separated by 6 arc seconds on opposite sides of a giant foreground 
galaxy. The optical spectra of the two images were identical, 
although the fluxes differed, just what one would expect for an 
intervening lens. Subsequent observations at radio wavelengths 
confirmed this diagnosis. 

Further examples of multiple imaging soon followed (Fig. 2) (3). 
41115 + 080 is a bright quasar exhibiting four images. 
Q2016 + 112, one of the more distant quasars with a redshift (a 
measure of distance) of 3.3, was discovered in a radio survey. In this 
case, there are three images at the vertices of a right angle triangle. 
Q2237 + 0305 was a big surprise with a high redshift quasar 
located at the center of a nearby spiral galaxy. Some astronomers 
thought that this was a demonstration that redshifts do not measure 
distance. However, subsequent observations revealed four images of 
the quasar, veriqing that the quasar does indeed lie behind the 
galaxy. A fifth example is Q0142 + 100, which is distinctive in 
having two images with very different fluxes. Roughly four more 
convincing examples of multiple imaging are known, and there are 
many more objects for which this is suspected. Deciding which 
objects exhibit multiple imaging is frequently controversial. Many 
criteria, such as similarity of optical spectra, have turned out to be 
unreliable and must be supplemented with additional evidence 
before we can conclude that two images derive from the same source 
( 2 ) .  

Gravitational Lenses 
The optical arrangement is quite simple, involving a source S 

(usually a distant quasar or galaxy), a lens L (either a galaxy or a 
cluster of galaxies), and the observer 0 (that is, us), but it differs in 
two important ways from conventional laboratory optics (Fig. 3). 
First, in man-made lenses there is usually a linear dependence 
between the deflection angle and the distance of the ray from the 
optic axis. Consequently, there is a unique ray connecting a point 
source to each point in the observer plane (except at foci). In 
contrast, gravitational lenses are nonlinear, and there can be more 
than one ray connecting a source to the observer. This leads to 
multiple images, just as waves on the surface of the ocean can form 
multiple images of the setting sun. Second, in laboratory optics it is 
common to have a fixed point source and to move the point of 
observation. In gravitational lenses, the observer is effectively &xed 
but we look at a variety of different sources. 
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Deflection angles in gravitational lenses are typically smaller than 
a minute of arc, and the small angle approximation is adequate. We 
trace rays backwards fiom 0 and denote the angular positions of 
sources and images on the sky by two vectors s and r lying in the 
source plane and image plane, respectively. The image-to-source 
mapping by a thin gravitational lens is then given by the equation 

The "angular diameter" distances Dii, where i, j = S, L, 0, are 
defined for a particular cosmological model as the ratio of the linear 
size of a source to its observed angular size (Fig. 3b). 

The total deflection angle a is the vector superposition of the 
deflections due to all the mass elements in the lens. We can therefore 
use Eq. 1 if we treat g, as the total Newtonian gravitational 
acceleration perpendicular to the l i e  of sight. The integral $ g,cdt 
can, in turn, be expressed as the two-dimensional gradient of the 

Fig. 1. Photograph of the 
first multiply imaged qua- 
sar discovered. 00957 + 

two-dimensional Newtonian potential 4"'. We may introduce a 
scaled potential @, defined by 

This potential satisfies the two-dimensional Poisson equation, 
V2@ = 2XZcrit, where Z(r) is the surface density in the lens and 

= ~ D ~ ~ / ~ ? ~ c D ~ ~ D ~ ~  is known as the critical density. A 
sufficient (though not necessary) condition for multiple imaging (of 
a suitably placed source) is that Z should exceed ZCrit (- 1 g cm-2 for 
cosmologically distant sources and lenses) somewhere within the 
lens. 

561. The two' b&ht im- 
ages in the center are the A 
G d  B images of a single 
background quasar. These 
images appear superposed 

, , 
which is an intervening gi- 
ant galaxy. The extended 
faint images in the field are 
smaller galaxies belonging 
to the same cluster. All the 
galaxies contribute to the 
gravitational lens. (Image 
prepared by E. Falco and 
R. Schild.) 

Fig. 2. Image locations and magnifications (represented by the sizes of the 
circles) for four gravitationally lensed quasars referred to in the text. The 
lensing galaxy, where observed, is indicated by a cross. (a) 41115 + 080, 
(b) 42016 + 112, (c) 42237 + 0305, and (d) 40142 + 100. In (c) the 
position angle (P.A.) of the bar in the lensing galaxy is shown. 

Fig. 3. Schematic representation of the difference between a linear laboratory 
lens and a nonlinear gravitational lens. (a) Linear lens. Light from a source S 
passes by a single lens L, where it suffers a deflection proportional to its 
displacement, and then passes through a focus F on its way to an observer 0. 
Only one ray connects S to 0 in general. (b) Nonlinear gravitational lens, 
showing rays emanating backwards from a fixed observer 0. As the 
deflection by the lens L depends nonlinearly on the displacement, the focus F 
(now on the source side of the lens) unfolds to form a cusp caustic. When a 
source S is located beyond the cusp, three rays connect it to the observer and 
three images are seen. 
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Fig. 4. (a) In the absence of a lens, @ = 0 and ~ ( r )  (shown here as a contour plot) is paraboloidal. This has 
a single minimum at the origin corresponding to the single allowed ray, the stmght line from S to 0. (b) A 
s m d  galaxy G is inmposed in the lens plane so that the time dday surface will be raised in the vicinity of G 
by the negative of the potential CP, the minimum will be elevated and displaced slightly. In other words, the 
ray will be deflected slightly by the galaxy and the total travel time along the ray will be increased. (c) A large mass is interposed, and the time dday surface 
will be raised so much that extra stationary points (images) are created at a maximum and a saddle point of the surface. (d) If the mass has an elliptical distri- 
bution of surface density, then five images can be created. 

Fermat's principle. A particularly helpful way to understand multi- 
ple imaging is to rewrite the vector equation (Eq. 2) as an action 
principle by defining an arrival time delay, in scaled units of 
DOLDOS~~DLS, by (4 )  

This time delay is proportional to the extra time involved when light 
travels along a straight line from S to a point marked with 
coordinates r in the lens plane and then in a straight line to us at 0 
rather than in a straight line directly from S to 0. The first term on 
the right in Eq. 4 is an approximation to the extra path length, 
calculable with the Pythagorean theorem. The second term is a 
general relativistic time delay whose effect has been measured ng. 6. (A) Source positions along the minor axis passing through a cusp 
directly in the solar system by means of interplanetary radar ex- c~ustic. (B) Image positions corresponding to (A). 

periments. [We can rn&c this effect by pretend&g that spacetime is 
flat and introducing a "gravitational refractive index," n = 1 - 
2+"'/2, where +O' is the three-dimensional Newtonian potential.] travel time is stationary with respect to infinitesimal changes in the 

In terms of T, Eq. 2 is simply VT = 0. This is an illustration of path. 
Fermat's principle, which states that of all possible null paths from S Image location. Consider a plot of the time delay surface ~ ( r )  (Fig. 
to 0, the actual paths followed by the light are those for which the 4). In the absence of the lens there is a single minimum, and hence a 

single image, corresponding to the direct ray from S to 0. Adding a 
galaxy along the line of sight modifies the surface, shifts the position 
of the minimum, and may introduce e m  stationary points. For 
example, in Fig. 4c, there is a maximum very close to the center of 
the galaxy and a saddle point on the opposite side from the original 
ray. The positions of these three stationary points are the positions 
of the three images that we will see. Measuring the image separa- 

Flg. 5. (A) A sequence of source positions in the source plane, starting at the 
center of an elliptical lens and moving outward along a direction making an 
angle of 45" to the major axis. The region in the source plane where five 
images are created is colored dark blue. It is bounded by a four-cuspcd inner 
caustic associated with tangentially merging images. The dm-image region 
is colored red and is bounded by the outer caustic associated with radially 
merging images. (8) Image positions corresponding to (a) coded by the 
colors of the associated sources. (Note that we are strictly assuming that the 
source is infinitesimally small.) The image shapes exhibit the inagnhcations 
induced by the lens and are to scale. The inner gray-red boundary is the radial 
critical curve where merging images produced by sources Located on the 
radial caustic are found. The outer gray-red boundary is the tangential critical 
curve. 

tions allows us t o  estimate the mass lying between the images i d  to 
compare this mass with that determined from other means. The 
heights of the three stationary points are the time delays experienced 
by light as it travels along the three rays. This time delay too can be 
measured if the source is variable. If we allow the lens to become 
more complicated (for example, Fig. 44, extra images will be 
created. However, as long as the lens is transparent and nonsingular, 
the time delay surface must be smooth, and the extra images must be 
created in pairs. There will therefore be an odd number of images in 
total. 

Magnijication of images. If we imagine moving a point source 
slightly, then the point images must also move. Using Eqs. 2 and 4, 
we see that this is basically the same as shifting the center of the 
paraboloid given by the first term to the right in Eq. 4. In effect, we 
can rock the time delay surface through a very small angle, and so 
the distance that an image will move is governed by the curvature in 
the time delay surface. If the surface is quite flat, then the image will 
be displaced a long way, much farther than the distance moved by 
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the source point. Conversely, if the surface is highly curved, the 
displacement is small. Now suppose that the source has a finite, 
though small, size. Because the intensity, that is, the flux of light per 
unit solid angle, is preserved by a lens, the magnification of the flux 
from the source is just proportional to the ratio of the angular area 
of the image to the angular area of the source. So, the flatter the time 
delay surface, the greater the image magmfication. 

Distortion of images. If the source has resolvable structure, then the 
distortion of the image can be detected. We can formally relate the 
image shape to the source shape by defining a transformation 
matrix, 

(which is symmetric for a thin lens, Tii = a27/ariari) so that 8s = 
T6r. (The indices i, j take values 1, 2 and refer to Cartesian axes in 
the plane of the sky.) We illustrate the use of this matrix with a lens 
formed by a homogeneous sheet of matter with potential 

where the convergence K = Z&, and the shear y > 0 are constant. 
The axes are chosen to diagonalize the second term, which describes 
a quadrupole moment produced by a nonlocal mass distribution and 
is a measure of the astigmatism of the lens. Such a lens distorts 
circles into ellipses (just l i e  drawing a picture on a sheet of rubber 
and stretching it), the expansion factors along the two axes being the 
eigenvalues of T-I, namely, (1 - K + -y)-' and (1 - K - -y)-' (5). 
The ima e magnification is the Jacobian determinant, IT-'I = 
[(I - K)'- y2]-1. 

For a general lens, the transformation matrix T varies with 
position. There can then be lines in the image and source planes 
where 1 - K = 2 y . At these locations, which are called critical lines 
in the image plane and caustics in the source plane, the magnifica- 
tion diverges, corresponding to the image being stretched infinitely 
along one direction (6). Caustics play an important role in our 

Fig. 7. Deep optical image of the galaxy duster, A370, showing a prominent 
blue arc, which is believed to be a gravitationally distorted image of a 
background galaxy. There are also six smaller features, which may be 
distorted images of other galaxies. (Image courtesy of R. Lynds and Kitt 
Peak National Observatory.) 

understanding of gravitational lensing. 
Single lenses can invert images, that is, change their parity. 

Consider an image of a point source at a minimum. If the source is 
displaced, the image will move in the same direction. Therefore, 
although the image may be magmfied and sheared, it will not be 
inverted. We define an image signature by the signs of the eigenva- 
lues of the transformation matrix. When 1 - K > y, the image lies at 
a minimum and has a (+, +) signature. When 1 - K < - y, the 
image lies at a maximum, and the image is inverted twice, side over 
side and top over bottom [signature (-, -)I, leaving it rotated 
through a halfturn but with the same parity as the source. An image 
at a saddle, - y < 1 - K < y, will be inverted only once [signature 

Right ascension 

11 31 56.75 56.70 56.65 56.60 56.55 56.50 56.45 
Right ascension 

Fig. 8. (a) Radio image of the ring source, MG1131 + 0456. A galaxy (not 
shown) has been found at the center of the ring and is believed to be 
responsible for distorting the image. (b) Reconsmction of the underlying 
source. 
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(+, -)I, so that it has the opposite parity to the source. 
Although we do not determine the transformation matrices T of 

the images directly, we can measure the relative magnifications for 
unresolved sources. When the sources are resolved, for example, by 
using the techniques of very long baseline interferometry, transfor- 
mation matrices between images can also be determined. This has 
been done for the compact radio structure in 40957 + 561, and the 
two images have opposite parity just as expected (3). In general, 
relative magnifications can be used to constrain the imaging geome- 
try when modeling the mass distribution in the lens. 

Multiple Imaging by Elliptical Lenses 
Most of the observed gravitational lenses fall into two classes: 
1) The source is a quasar, and the lens is dominated by a galaxy 

comprising ~ 1 0 "  stars and "darkn matter. The lensing galaxy has 
been seen in several (but not all) cases. 

2) The source is an extended galaxy, and the lens is dominated by 
a large cluster of galaxies. 

In both cases, we expect the mass in the lens to extend well 
beyond the region of interest for lensing. 

When a self-gravitating collection of particles (stars, galaxies) 
creates multiple images, the image separations are comparable with 
the individual image deflections, which are given by a - 4.rru212, 
where u is the one-dimensional velocity dispersion in the particles. 
For stars in a massive galaxy, u - 300 km s-' and a - 2"; for 
galaxies in a rich cluster, u - 1000 km s-' and a - 20". Once the 
scale difference is factored out, the underlying mass distributions of 
the two types of lenses are roughly similar and the geometrical 
arrangements of the images also tend to be qualitatively the same. 

Model elliptical potential. A typical gravitational lens model has a 
surface density variation over radii of interest that decreases approxi- 
mately as a power law, Z a r-', outside a central core region of 
radius rc; inside rc the density deviates from this law and levels off to 
a finite value at the center of the lens. In addition, the density 
distribution is usually ellipsoidal, implying an elliptical surface 
density distribution in projection. These features may be conve- 
niently represented by a simple two-dimensional potential of the 
form (7) 

where x, y are angular coordinates on the sky, measured in units of 
rc and aligned with the principal axes of the potential, and E is the 
ellipticity responsible for the astigmatism. This model is adequate 
for the purposes of the present discussion, which concentrates on 
the qualitative features of multiple imaging, but serious modeling 
requires more complex potentials representing realistic surface den- 
sity distributions. 

The condition for multiple imaging of a source by a lens described 
by this potential is that IaOl z 1. This condition is amply satisfied 
by most distant galaxies but may be only marginally satisfied by rich 
clusters. When Qo >> 1, a strongly deamplified image will general- 
ly be formed near the lens center on a highly curved maximum in the 
time delay surface. This image will generally not be observable, and 
this explains why we usually only see an even, not an odd, number of 
images. 

Interpretation of the observations. The number and geometrical 
arrangement of images depend on the position of the source relative 
to the center of the lens (Fig. 5). When the source is exactly behind 
the center of an elliptical lens, four images are located symmetrically 
along the two principal axes, and the faint fifth image (which we 
ignore) is at the center. If the source is moved by a small amount, the 
images too will move by small amounts to a less symmetrical 

configuration (see Fig. 44.  This case is similar to the four-image 
configuration reported in the gravitational lens system 
42237 + 0305 (3). 

As the source is moved outward, two of the images approach each 
other roughly tangentially and become stretched toward each other. 
The fluxes increase and the images merge and then disappear just as 
the source crosses the boundary of the five-image region. The 
system Q1115 + 080 resembles this case, with two very bright, 
close images and two fainter, more distant images (3). The area of 
source space corresponding to merging images is small, but this is 
compensated by the enhanced brightness of the images, which 
makes these configurations relatively easy to find (8). The brighten- 
ing of images as they merge is a manifestation of the fact that the 
five-image boundaryis a caustic, where neighboring rays traced back 
from 0 are brought to a focus at the source plane. This type of 
caustic is called a fold. 

If the lens were circular rather than elliptical, the entire five-image 
zone in the source plane would collapse-into a degenerate point at 
the center and image configurations resembling 42237 + 0305 or 
Q1115 + 080 will not be possible. Therefore, the elliptical distor- 
tion of the lens is an importkt ingredient in the explanation of these 
cases (and of many others below). 

When the source in Fig. 5 is located in the three-image region, - - 

there are two bright images (and a weak central image that we 
ignore). The images are typically at different distances from the lens 
center and are not collinear with it. It is gratifying that these are 
indeed the characteristics of the first and most famous gravitational 
lens system, 40957 + 561 (3). (Actually, in this case, the noncircu- 
larity is induced mainly by the mass in the background cluster rather 

Fig. 9. (A) Extended sources (circles) behind an elliptical lens. Arcs are 
created when the source straddles a caustic, spdcally the outer radial 
caustic (black), a fold portion of the inner tangential caustic (yellow), and a 
cusp (blue). (8) The associated images. The longest arcs are produced when 
the source covers a cusp in the inner (tangential) caustic. Images associated 
with the radial caustic are probably not noticeable. 

Fig. 10. (A) A series of extended sources (circles) that cover most of the 
inner tangential caustic. (B) The associated images that form a complete 
ring. A source that covers three cusps will make a complete ring. 
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than in the galaxy. Furthermore, the observed large image separa- 
tion of 6" is caused by the magnifying effect of the cluster, which can 
be modeled by adding a potential of the form used in Eq. 5.) 

As the source approaches the outer fold caustic bounding the 
three- and one-image zones, one of the outer images approaches the 
central image and the two merge roughly radially. These images 
tend to be faint because of the small core radius of the lens but are 
brightened by the effect of the caustic; the net magnification will 
depend on model details. 

Figure 6 shows a second sequence of source positions along one 
of the symmetry axes of the lens. As the source approaches one of 
four cusps in the caustic, three of the outer images approach each 
other, become significantly magnified, and merge into a single 
image. Even after the source crosses the cusp, the surviving image 
continues to be bright. Because of the strong magnification, systems 
in these configurations ought to be easy to find. None of the known 
cases can be unambiguously identified with this geometry, although 
Q0142 + 100 may be an example. As the source moves away from 
the cusp along the symmetry axis, the two images become more 
nearly equal in magnification and remain collinear with the lens. The 
compact components A and B in the "Einstein-ring" radio source 
Q1131 + 0456 probably correspond to this case. A slight shift of 
the source from the symmetry axis would reproduce the small 
noncollinearity observed between images and the lens center. 

Extended Sources 
A major new development in our understanding of gravitational 

lensing came with the 1986 report of a giant blue luminous arc of 
light in the central region of a rich cluster of galaxies, A370, at a 
redshift of 0.37 (Fig. 7). Subsequent observations revealed that the 
arc redshift is 0.72, thus clearly placing the source behind A370. It is 
now believed that the arc is the gravitationally lensed image of a galaxy. 
Similar blue arcs have been discovered in a few other clusters, and 
several smaller arcs have been found in A370 itself. A related develop- 
ment at radio wavelengths has been the interpretation of a ring-shaped 
source as the image of an extended radio source by an intervening 
galaxy (Fig. 8). Go the r  example has just been found (9). 

The key difference between the multiple quasar images and the 
arcs and rings is that in the latter case the sources are extended and 
highly magnified. An extended source can be regarded as a collec- 
tion of point sources, and the arc (or ring) shape maps the locations 
of the point images. A study of the point source mappings of Figs. 5 
and 6 reveals that elongated images will be produced when the 
source lies on a caustic. Consider first the simpler outer caustic. 
When an extended source intersects this, it produces two images, 
one of which is elongated in a radial direction (Fig. 9). No such case 
has been identified yet, presumably because t h e  elongation is not 
particularly striking. 

Consider the inner caustic, however. We have seen earlier that 
each of the four folds of this caustic corresponds to the merging of a 
pair of outer images. If an extended source happens to intersect one 
of the folds, it will produce two isolated images and one moderately 
elongated image. The latter will always be stretched out along a 
tangential direction with respect to the lens center. If the source 
intersects two of the folds, for instance, by covering one of the 
cusps, then a much more highly elongated arc is obtained. Several 
"giant luminous arcs" have recently been found with tangential 
elongation (9), and these have been interpreted in this way (10). 
When an extended source covers three folds (Fig. lo) ,  all four 
images merge into a single near-complete ring, with a gap associated 
with the missed fold. The radio image of 41131 + 0456 is of this 
form (3). 

Giant luminous arcs may become important astrophysical probes 
(10). Because they act like a giant magnifying glass, it might be 
possible to resolve fine details in the young, blue galaxies that are the 
sources of most arcs and are not observed locally. They also 
constrain the shape and depths of cluster potentials directly, without 
any detailed image analysis. The blue source galaxies are probably in 
an active stage of star formation, and multiple images of supernovae 
may be discovered. This would allow us to observe the earliest stages 
of a supernova and check the self-consistency of the lensing geome- 
try. 

Further Possibilities 
The foregoing considerations suffice to explain most of the 

observations to date. However, a variety of other effects have been 
discussed in the literature. 

Galaxy and clustev potentials. Observations of gravitational lenses 
provide probes of the gravitational potential that are complementary 
to measurements of velocity dispersion. These may well turn out to 
be useful in estimating the core radii of clusters and the ellipticity of 
the central parts of galaxies. Unfortunately, they will probably not 
provide useful probes of the dark matter surrounding luminous 
galaxies as this is generally located outside the multiple imaging 
region. 

Singulavpotentials. Massive black holes probably exist in the nuclei 
of most galaxies, and it has been suggested that they are present in 
isolation in the intergalactic medium. They behave like circular 
lenses with vanishingly small core radii. The images located on the 
time delay maxima literally vanish. The remaining two images must 
have opposite parity. Cosmic strings, which are hypothetical topo- 
logical defects surviving from the earliest moments of the universe, 
can also deflect rays of light (despite the fact that the surrounding 
spacetime is flat). They are characterized by an energy per unit 
length ~ 2 .  A ray making an angle 0 with a straight string is deflected 
through an angle a = 4 n ~ s i n 0  (11). The two images should have 
similar flux and parity if the string is straight. Cosmic strings should 
be recognizable through their effects on background galaxies. 

Thick lenses. We have restricted our attention to single lenses at a 
fixed distance. However, two or more separated lenses may be 
involved (12). This seems to be necessary to account for the images 
seen in Q2016 + 112, where two galaxies are in fact observed. The 
optics in this case becomes more complicated, and the simple time 
delay surface exists only in special cases. Some understanding of the 
most common image arrangements has been obtained from numeri- 
cal studies. 

Micvolensing. We have so far treated the lenses as smooth. Howev- 
er, galaxies comprise stars that confer a degree of granularity on the 
potential. Stars produce a moving caustic network in the source 
plane. If the source is sufficiently compact (and the continuum- 
emitting regions of quasars may well be), then many microimages 
with sizes of order microarc seconds will be created (13). As a source 
crosses a "microcaustic," pairs of microimages will either brighten 
and then vanish or appear and then fade, and this behavior can be 
sought. 

Quasar statistics. Foreground galaxies can amplify the flux of 
background quasars without necessarily imaging them multiply. 
This can modify the inferred distribution of quasar luminosities, a 
quantity of considerable cosmological interest. Evidence that this is 
important has come from the recent report that quasars are preferen- 
tially found on the sky close to galaxies (14). This effect may be 
found in flux-limited samples of quasars because the gravitational 
lensing amplification makes the survey slightly deeper behind any 
intervening galaxies. Some of these quasars may be microlenses and 
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exhibit flux variability and probe the dark matter in galaxy halos. 
Mavginal lenses. We have explained how there may be an over- 

representation of sources that are brightened by being close to 
caustics. A similar bias may be present in favor of marginal lenses 
that are only just strong enough to create multiple images if the 
distribution of lens strengths is sufficiently steep (15). Marginal 
lenses generally create three comparably bright images. Many 
clusters may be marginal. 

Hubble constant. If the time delay between two varying images can 
be measured and the shape of the lens gravitational potential is un- 
derstood, then we can determine the scaling factor in Eq. 4. This will 
yield a value for the Hubble constant. Unfortunately, it is not clear that 
the lenses will be modeled well enough to improve on traditional 
determinations (16). A good test will be to obtain the same value for 
different sources. It is also possible, although in practice even harder, 
to determine the mean density of the universe in this way. 

Suvveys. Many of the foregoing effects are statistical in nature, and 
unbiased samples of lenses are necessary for proper interpretation. 
Automated scanning of photographic plates is proving to be an 
efficient method of finding quasars. In an alternative strategy, the 
brightest quasars on the sky, some of which are bright as a 
consequence of gravitational lensing, are being systematically stud- 
ied for multiple images. The most compact cosmologically distant 
clusters of galaxies are also being searched for additional arcs and 
magnified images of background galaxies (1 7). 

The study of gravitational lenses has already provided a graphic 
cosmic demonstration of some elementary ideas from geometrical 
optics. It is reassuring that most observed phenomena can be 
accounted for without the need to invoke structures more complex 
than familiar elliptical mass distributions. It is expected that the 
number of instances of multiple imaging will increase over the 
coming years and individual cases will be studied in more detail, 
particularly with the Hubble Space Telescope (due to be launched 
this year) and the Very Long Baseline Array (VLBA), a dedicated 
long baseline radio interferometer currently under construction. 
Gravitational lensing is becoming a useful approach for probing the 
galaxy and cluster lenses, magnifying the structure of distant 
sources, and perhaps also measuring the size of the universe. 
However, if recent history is any guide, there are many more optical 
surprises in store. 
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" I  hate to brag but, once I was mistaken for Halley's Comet." 
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