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A B S T R A C T . Atmospheric lensing effects deform our view of distant objects; simi­
larly, without any doubt, gravitational lensing perturbs our view of the distant Uni­
verse and affects our physical understanding of various classes of extragalactic objects. 
We summarize here part of the theoretical and observational evidences supporting 
these claims. 

After briefly reviewing the history of gravitational lenses, we recall the basic prin­
ciples underlying the formation of gravitationally lensed images of distant cosmic 
sources. We describe a simple optical lens experiment, which was actually shown 
during the oral discourse, and which accounts for all types of presently known gravi­
tational lens systems. 

The various optical and radio searches for new gravitational lens systems that are 
being carried out at major observatories are reviewed. State-of-the-art observations 
of selected gravitational lens systems, obtained with highly performing ground-based 
telescopes, are then presented. These include several examples of multiply imaged 
QSO images, radio rings and giant luminous arcs. 

Through the modeling of these enigmatic objects, we show how it is possible to 
weigh the mass of distant lensing galaxies as well as to probe the distribution of 
luminous and dark mat ter in the Universe. Among the astrophysical and cosmological 
interests of observing and studying gravitational lenses, we also discuss the possibility 
of deriving the value of the Hubble parameter H0 from the measurement of a time delay, 
and how to determine the size and structure of distant quasars via the observational 
study of micro-lensing effects. 

At the end of this paper, we conclude on how to possibly achieve major astro-
physical and cosmological goals in the near future by dedicating, on a site with good 
atmospheric seeing conditions, a medium size (2-3 m) telescope to the photometric 
monitoring of the multiple images of known and suspected gravitational lens systems. 
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1. I N T R O D U C T I O N 

" T h e h u m a n m i n d has first t o cons truc t forms , 
i n d e p e n d e n t l y before w e can find t h e m in th ings" 

A . E ins te in 

Approximately 12 years ago, the dream of several theoreticians who had anticipated 
the existence of gravitational lenses became reality: the first gravitational lens (GL) 
was serendipitously identified in the sky by Walsh, Carswell and Weymann (1979). 
Since then, several tens of additional lenses have been found and studied. 

It has of course been a great pleasure for us to deliver an invited discourse on 
these fascinating objects during the XXIs t General Assembly of the IAU in Buenos 
Aires. We have tried, in our discourse, to convince the audience that these objects 
should deserve more observational attention in the future as they tu rn out to be full of 
promises for astrophysical and cosmological applications. We present here a somewhat 
extended version of our talk. 

The general layout of our paper is organized as follows: in order to set up some 
analogy with gravitational lensing, we discuss first the case of mirages formed by 
atmospheric "lensing" (Section 2). We then summarize the historical background of 
gravitational lenses (Section 3). The basic principles of gravitational lensing are briefly 
discussed afterwards (Section 4). By means of an optical lens experiment (Figure 5) 
as well as observations of known astronomical lensed objects (Section 5), we illustrate 
the major properties of gravitational lenses as they exist in the Universe. Finally, 
selected astrophysical and cosmological applications of gravitational lensing (Section 
6) and some general conclusions are presented at the end of this article (Section 7). 

Because of space limitation, we apologize for only covering a few subjectively se­
lected aspects of gravitational lensing and also for not quoting the names of most 
astrophysicists who have contributed to the development of our knowledge in this 
field. They are just too numerous! A more detailed and complete approach will soon 
be available in a review paper by Blandford and Narayan (1992) and also in the book 
of Schneider, Ehlers and Falco (1992). 

2. A T M O S P H E R I C L E N S I N G 

Figure 1 gives a schematic representation of the light rays from a distant source 
when the ground turns out to be somewhat hot ter than the ambient air. Because air 
refraction always leads to a bending of light rays towards regions of colder air, the for­
mation of one lower, inverted and somewhat deformed image of a distant source may 
result. The right side of Fig. 1 illustrates such a double image: a distant car as pho­
tographed along the North Panamericana highway between the towns of Pichidangui 
and La Serena, in Chile. 
Such atmospheric mirages, usually consisting of two single images, can actually be seen 
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Figure 1: Atmospheric lensing 

everyday, almost from anywhere on Earth. Because atmospheric lensing preserves 
surface brightness, just as in the case of gravitational lensing, the amplification of 
the mirage luminosity is simply equal to the ratio (i.e. magnification) of the solid 
angle of the observed image to that of the source image. Therefore, in addition to 
affecting significantly our view (image deformation, enlargement, multiplication, etc.) 
of distant resolved Earth-sources, atmospheric lensing is also often responsible for the 
light amplification of distant unresolved objects located along straight and long roads 
or across flat countrysides. As we shall see hereafter, there is quite some similarity 
between atmospheric and gravitational lensing. Let us first review shortly the history 
of gravitational lensing. 

3. HISTORICAL BACKGROUND 

Considering that light may be composed of elementary packets, Newton suggested 
as early as 1704 that the gravitational field of a massive object may bend light rays. 
However, because the wave description of light prevailed during the -whole XVIII"1 

and XIX"1 centuries, the conjecture of Newton was not taken seriously. During the 
elaboration of his theory of General Relativity, Einstein predicted tha t a massive object 
does curve the spacetime in its vicinity and that any particle, massive or not (cf. the 
photons), will move along the geodesies of this curved spacetime. He predicted in 1916 
that the apparent position of a star located near the solar limb should be displaced by 
1.75", exactly twice the value that is derived from the classical Newtonian theory. 

By using photographs of a stellar field taken during the solar eclipse in May 1919, 
Eddington and his collaborators (1920) were able to confirm the deflection angle pre­
dicted by Einstein. This was not only a t r iumph for General Relativity but also 
a marvelous confirmation of the concept that light rays may undergo deflections in 
gravitational fields. 
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Figure 2: Gravitational lensing 

Zwicky (1937a, b) was the first to realize the very high probability of identifying 
a gravitational lens mirage, i.e. made of several distinct images, among extragalactic 
objects (see Fig. 2). He even proposed to use galaxies as natural cosmic telescopes to 
observe otherwise too faint and distant background objects. He also emphasized the 
possibility of weighing the mass of distant galaxies by simply applying gravitational 
lens optometry. 

After an inter-regnum of nearly 30 years, the interest for gravitational lenses was 
revived by Klimov (1963; galaxy-galaxy lensing), Liebes (1964; star-star lensing) and 
Zel'dovich (1964) and Refsdal (1964a, b, 1966a, b; cosmological applications of grav­
itational lensing). On a low level of activity, theoretical work continued through the 
seventies. Refsdal (1965, 1970) and Press and Gunn (1973) discussed problems on lens 
statistics, Bourassa et al. (1973) considered extended non-symmetric lenses and Dyer 
and Roeder (1972) derived a distance-redshift relation for the case of inhomogeneous 
universes. In spite of clear theoretical predictions, the interest from observers was 
rather low and no systematic search for lenses was initiated. However, fortytwo years 
after Zwicky's prediction, the dream of several astronomers finally became reality: 
Walsh, Carswell and Weymann discovered serendipitously in 1979 the first example of 
a distant quasar (0957+561) multiply imaged by a foreground massive galaxy. Follow­
ing this pioneering detection, the levels of observational as well as theoretical activities 
increased dramatically, and today gravitational lensing constitutes a new important 
branch of astronomy. 
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4. P H Y S I C A L B A S I S O F G R A V I T A T I O N A L L E N S E S 

4.1. General remarks 

The physical basis of gravitational lensing essentially consists in the deflection of 
light, and electromagnetic waves in general, in gravitational fields as predicted by 
Einstein's theory of General Relativity. 

In the regime of small deflection angles, which is of practical interest to us here, the 
so-called Einstein deflection of a light ray passing near a compact mass at a distance 
£ i s : 

a = ( 4 G M / c 2 0 = 2Rsc/i <C 1, (1) 

where G and c stand for the constant of gravitation and the velocity of light, respec­
tively, and where Rsc represents the Schwarzschild radius of the mass M (see Fig. 3). 
The best measurements of the Einstein deflection have been made by means of radio 
interferometric observations of quasars close to the Sun, and confirm Einstein's value 
to nearly one tenth of a percent. In Newtonian terms, the Einstein deflection also fol­
lows if one assumes a refractive index n which depends on the Newtonian gravitational 
potential U via the relation n — I — 2U/c2. 

The great interest in gravitational lensing comes from the fact tha t this phe­
nomenon can be used as a very powerful astrophysical tool. Indeed, it may help 
us in determining: (i) the size of the Universe (H0) and possibly the values of other 
cosmological parameters (cf. q0 and A), (ii) the mass M and mass distribution of the 
lens, (iii) the nature and distribution of luminous and dark mat te r in the Universe, 
(iv) the size and structure of quasars, (v) the size of intergalactic gas clouds and (vi) 
the detection of random motions in the Universe, such as deviations from the Hubble 
flow. But before describing some of these potential applications, we shall introduce 
some basic concepts relevant to gravitational lensing. 

Since the Einstein deflection is independent of wavelength, gravitational lenses are 
achromatic. Also, there is usually only one mass concentration which acts as a lens 
and which has a small extent relative to the cosmological distances involved: therefore 
the thin lens approximation is usually justified and the deflection can be considered 
as taking place at the location where the ray crosses the lens plane. Furthermore, 
geometrical optics can be used since physical optical effects are negligible in realistic 
situations. 

Let now the true position of the source S on the sky be defined by the angle 0s 

and the image(s) position by #,- (i = 1 ,2 , . . . ) . The lens equation which connects 0s 

and 6i is then simply given by 

0S = 0, - (Dds/Ds)&(£) = 0i - a(0, (2) 

where Dds and Ds represent respectively the "deflector- source" and "observer-source" 
angular size distances and where 3 is the displacement angle, a = {DdsjDs) a (see 
Figs. 3 and 4). We note that a given source position may sometimes correspond to 
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Figure 3: Deflection of a light ray due to a point mass lens 

several distinct image positions whereas a given image position always corresponds to 
a specific source position. For the case of an extended lens and within the thin lens 
approximation, it is easy to calculate the effective deflection angle by just summing up 
the individual deflections due to all the mass elements (points) constituting the lens. 

A typical lens situation is shown in Fig. 4, where source and image positions (one 
image in this case) are seen projected on the sky. We see again tha t the image position 
is shifted by a relative to the source position; note however that a is usually not 
constant over the source and this results in possible image deformations of extended 
sources. 

Since gravitational lensing preserves the surface brightness of a source, the ratio 
(i.e. magnification) between the solid angle covered by the lensed image and that 
of the unlensed source immediately gives the amplification \i due to lensing. More 
formally, this is given by the inverse jacobian of the transformation matrix between 
the source and the image planes: /i = | det(dOsfdd) | - 1 . 

If there are several images of a given source, the total magnification (amplification) 
is of course given by the sum of all individual image magnifications (amplifications). 
We suggest hereafter to use the term 'magnification' whenever the lensed images (cf. 
luminous arcs, radio rings, etc.) are resolved by the observer and the term 'amplifica­
tion', otherwise (cf. when referring to micro-lensing effects). 

4.2. The point mass lens 

4-2.1. The model 

Let us now describe the classical gravitational lens consisting of a single point mass 
(cf. a black hole or a very compact object). If the alignment of the source, the lens 
and the observer is perfect, all rays passing near the lens at a certain distance £0 will 
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Figure 4: Image of a lensed source S as seen projected on the sky 

Table 1: Angular (a0) and linear (£0) radii of the Einstein ring for different values of 
M and Dd , and Ds = 2Dd 

M 
1 M 0 

1 M 0 

1012 M0 

1014 M0 

D, 
10 kpc 

103 Mpc 
103 Mpc 
103 Mpc 

a0 

7 10-4" 
2 10-6" 

2" 
20" 

£o = a0Dd 

10 AU 
10~2 pc 
10 kpc 

102 kpc 

be bent towards the observer who will therefore see a very bright ring, the so-called 
Einstein ring (which should have been more properly named the Chwolson (1924) ring, 
cf. Fig. 5a). From Eqs. (1) and (2), it is easy to show tha t the angular radius of the 
Einstein ring is given by 

2 GMDd 

DdDs 
(3) 

The value of a0 is very important because it can be used to est imate the angular 
separation between multiple lensed images in more general cases. Observed image 
separations (~ 2a0) can therefore lead to the value of M/Dd, or the value of M times 
the Hubble constant if the redshifts zd and zs are known. We see from Table 1 that for 
a source and a lens located at cosmological distances (z& ~ 0.5 and zs ~ l ) , a 0 can 
vary from micro-arcsec to some tens of arcsec, depending on the mass of the deflector. 
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For a slight deviation from perfect alignment, but retaining the lens symmetry, 
the Einstein ring breaks up in two bright images (cf. Fig. 5b). If the misalignment 
is further increased, one image approaches its normal luminosity whereas the second 
image, which is now seen very close to the lens, becomes fainter and fainter. 

4-2.2. Optical depth for hnsing 
For the case of randomly distributed compact lenses, let us now estimate the fre­

quency of gravitational lensing from observations of distant compact sources, i.e. ob­
jects and lenses whose angular size is definitely smaller than a0. 

Since the total magnification fix of a compact source lensed by a point mass lens 
exceeds 1.34 whenever the t rue source position lies inside the imaginary Einstein ring 
(i.e. for 6s < a0), the probability P to have significant lensing (by convention, \ij > 
1.34) for a randomly distributed compact source at a distance Ds is simply given by: 

^ = DdsGM = _DOJ_ 

4TT Dsc
2Dd £ s c 2 ' [ ) 

where U(< 0) represents the Newtonian gravitational potential of the lens (at the 
observer). We see tha t the probability P is linear in U so that Eq. (4) is also valid for 
several deflectors acting independently of each other, irrespective of their individual 
masses. Considering a constant density of deflectors in a static universe, we may take 
an appropriate average of D^ and derive the expression for the total probability P(or 
optical depth r for lensing) 

? = ' = -(-£)% =-£> 0) Ds ' c2 3c2 

where UL is the gravitational potential at the observer due to all possible lenses at 
distances D& < Ds. From this simple result, it is clear tha t stars in our Galaxy have 
an extremely small optical depth for lensing (| UL/C2 | ~ 10~6). The situation looks 
much more promising for distant sources. Following Refsdal (1965, 1970) and Press 
and Gunn (1973), it can be shown that 

r = -ftL z2
s , for zs < 1, (6) 

4 l 

where zs is the redshift of the source and Cl^ the cosmological density parameter of 
compact lenses. For zs > l , r still increases with zs but not as fast as indicated in 
Eq. (6). We see tha t values of r near unity may be reached for zs > 1 and that very 
distant cosmic sources constitute the best candidates for being lensed. Since the value 
of r may be derived from the observed frequency of multiply imaged compact sources 
(quasars), we may use Eq. (6) to infer Q,L and since QL < fl0 , a lower limit for the 
cosmological density parameter 0 o results (see Section 6.3.1.). 

4.3. Uniform disk lens 

A transparent circular disk of matter , seen face on and having a radius r and 
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a. uniform surface mass density E, is characterized by an effective deflecting mass 
7rScJ2,f (< ?') representing the impact parameter for a chosen light ray. The latter will 
thus be deflected by the angle a — 4xGT,c~2( ; the disk is actually acting as a normal 
converging lens with a focal length 

/ = c 2 / (4 ; rGS) . (7) 

It is now easy to see that , by exact alignment, light from a distant point source focuses 
in the observer plane when 

E = E c r i t = c2D,/(4*GDdDda), (8) 

E( Tj^ being the so-called critical surface mass density. It is interesting to note that 
E c r j t ~ 1 g cm"2 for typical cosmological distances, a value which roughly corre­
sponds to the surface mass density in the central parts of massive galaxies, and that 
the average surface mass density inside an Einstein ring is E c r j ^ . For extended deflec­
tors, one must usually have E > Ecrjj- in at least some part of the deflector in order 
to create multiple images. 

4.4. More complex lens models 

Symmetric lenses are of course seldom realized in nature; usually the main lens 
itself is asymmetric or some asymmetric disturbances may also be induced by the 
presence of neighbouring masses. We may simulate in our optical experiment the 
effects of a typical non symmetric gravitational lens by just tilting the plexiglass lens. 
This has been done for the examples shown in Figs. 5c-g and results typically in image 
configurations which have been observed for the cases of two images (e), four images 
(c), and the optical luminous arcs (f) and Einstein radio rings of extended sources (g). 

In an important paper, Burke (1981) has demonstrated that a non singular, trans­
parent lens always produces an odd number of images for a given point source (except 
when located on the caustics). This is in apparent contradiction with the preferred 
even number of images observed in our lens experiment and in nature. If, however, our 
plexiglas lens would have been constructed non-singular in the centre, we would have 
seen an additional image formed in the central part of the lens. For the known lenses 
with an even number of observed images, it may well be that a black hole resides in the 
centre of the lens. The presence of a compact core could also account for the "missing" 
image since then the very faint image expected to be seen close to, or through the core, 
would be well below the detection limits that are presently achievable. 

4.5. Time scales of gravitational lensing effects 

Since for the case of asymmetric lenses the size of the diamond shaped caustic is 
usually comparable to the radius £0 of the Einstein ring associated with a compact 
object of similar mass, the typical lifetime t0 of a gravitational lens system should be 
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O P T I C A L G R A V I T A T I O N A L L E N S E X P E R I M E N T (see Fig. 5) 

The seven pictures to the left illustrate our optical gravitational lens experiment: 
Fig. 5a shows the setup for the lens experiment. The compact light source is located 
on the right side (not clearly seen), then comes a plexiglass lens which deflects the 
light rays very nearly as a black hole with one third of the Ear th mass (Rsc ~ 0.3 cm). 
Behind the lens, we find a black screen with a small hole at the center (pinhole lens). 
Further behind, there is a large screen on which is projected the lensed image(s) of 

the source (the Einstein ring, in this case) as would be seen if our eye were located 
at the position of the pinhole. In the example illustrated here, the pinhole is set very 
precisely on the optical axis of the gravitational lens so tha t the source, the lens and 
the pinhole (observer) are perfectly aligned. Note that the bright regions seen on the 

lens are caused by scattered light. 
Fig. 5b illustrates what happens when the pinhole (observer) is moved slightly away 
from the symmetry axis: the Einstein ring breaks up in two images. 
Fig. 5c then shows the resulting four lensed images when the optical lens is somewhat 
lilted around the vertical axis. In this case, the bright line along the optical axis which 
existed in the symmetric configuration (cf. Fig. 5a) has changed into a two dimensional 

caustic surface, a section of which is seen as a diamond shaped caustic (made of four 
folds and four cusps) in the pinhole plane. The four lensed images observed here arise 
when the pinhole (observer) lies inside the diamond formed by the caustic. 
Fig. 5d shows the merging of two images into one bright image when the pinhole 
approaches one of the fold caustics. Due to the large amplification (magnification) and 
short time scale during the crossing of such a caustic, there results a High Amplification 
Event (HAE). 

Fig. 5e : Here, the pinhole (observer) is located just outside the diamond. The two 
merging images have now disappeared. 
Fig. 5f shows the image configuration when the pinhole is located very close to one 

of the cusps. One observes in this case a very nice luminous arc and a much fainter 
counterimage. 

Fig. 5g illustrates the lensed image(s) when the pinhole size is increased by a factor 
~ 4, equivalent to a significant increase in the source size. In this example, an almost 
complete ring is observed, although the source, lens and observer are not perfectly 

aligned and the lens is still being tilted. 
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the t ime it would take for an observer (the pinhole) to cross the radius x0 — (0DS/D<is 

of the Einstein ring projected onto the observer's plane. The relative motion between 
the observer and the caustic may be thought of as arising from the relative velocities 
between the observer, the lens and the source. If V represents the effective transverse 
velocity of the observer, then the typical lifetime t0 of a gravitational lens system is 
given by 

t0 ~ x0/V. ' (9) 

Referring to Table 1 and assuming V ~ 600 km s _ 1 , we see tha t for typical cosmo-
logical distances and for the case of a massive galaxy lens, we obtain t0 ~ 2 107 yr, 
whereas for a one solar mass star acting as a lens, we get t0 ~ 20 yr. If the star is 
in our Galaxy (Dd ~ 10 kpc), we get a typical lifetime of just a few months (V ~ 200 
km s _ 1 ) . The time scale for merging and disappearance of lensed images, as shown 
in our experiment, can be much shorter than the t ime scales given above; this will be 
discussed later. 

5. O B S E R V A T I O N S O F G R A V I T A T I O N A L L Y L E N S E D O B J E C T S 

As it will become apparent in this section, the previous optical gravitational lens 
experiment turns out to be very useful in order to understand the various types of 
image configurations that have been observed for the different known lens systems in 
the sky. 

Before presenting such observations, we shall first describe very briefly some of the 
(optical and radio) surveys which are being carried out at several major ground-based 
observatories in order to search for gravitational lensing effects. 

Among the optical lens surveys, we should like to mention the search for multiply 
imaged quasars within a sample of highly luminous quasars (HLQs), i.e. quasars 
whose absolute magnitude in B is typically brighter than -28 (Surdej et al. 1988). 
An ESO-key programme is presently dedicated to such a survey with parallel and also 
independent observations obtained at other major observatories (CFH, Las Campanas, 
CTIO, Palomar, NOT at La Palma, NRAO). 

The observations consist first in obtaining direct multi-color CCD frames of quasars 
under the best possible seeing conditions. When multiple images of a distant quasar 
tu rn out to show similar colors, they are then observed spectroscopically. If the spectra 
appear to be identical, one performs a deep imaging of the system in red light to try 
detecting directly the lens. Among the ten or so known lensed quasar candidates, 
more than two thirds correspond to HLQs. The reason is in fact simple: it is due to 
an observational bias (the so-called 'magnification' bias). Indeed, the probability of 
including a quasar that has been magnified by gravitational lensing effects is greater in 
a flux limited sample than in a volume limited one, and since only flux limited samples 
are being used, this bias naturally accounts for the observations. 
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The signature of gravitational lensing effects is also searched for in larger samples 
of normal quasars, which are of course less affected by the magnification bias. Such 
surveys are actually being performed all over the world. 

Also very interesting are the systematic optical surveys for the detection of giant 
luminous arcs near rich foreground galaxy clusters that have recently been initiated 
by several teams of european and north and south american astronomers (Toulouse, 
Meudon, AT&T Bell Laboratories, Princeton, Barcelona). The detection of such arcs, 
characterized by a very low surface brightness, essentially relies on the good quality 
of the site (seeing, darkness of the night, etc.) and on the sensitivity of the instru­
mentation used (large telescopes, CCDs with low read-out-noise and high quantum 
efficiency, long exposure times, etc.). 

Let us now describe two radio surveys for lensing effects. We wish specially to 
mention the VLA snapshot survey, at 5 GHz. It consists in a search for lensed objects 
among some 4200 high galactic lat i tude radio sources chosen from the MIT-Greenbank 
catalogue. With an angular resolution of typically 0.3", this survey should produce a 
statistically well defined sample of more than ten lens systems. Several discoveries of 
such gravitational lenses have already been reported (Hewitt et al. 1987). The other 
survey consists of the flux limited radio sample of 3C and 4C distant sources which 
are being imaged optically at high angular resolution both at ESO and at the CFHT. 
Because these samples are also subject to a (double) magnification bias (Borgeest et 
al. 1991), it is not surprising that several good gravitational lens candidates have been 
reported in the past (see Hammer and Le Fevre 1990). 

A photometric monitoring survey for micro-lensing effects is presently conducted 
by the Hamburg lens group in Calar Alto (Spain). It consists in a program of direct 
CCD imagery of a selected sample of 100 quasars (known GLs, HLQs, quasars near 
galaxies, narrow absorption line QSOs, Blazars, etc.). Photometric monitorings of 
known GLs are also being made at ESO and with the NOT at La Palma. 

Last but not least, in order to prove the possible existence of dark massive compact 
objects in the halo of our Galaxy, Paczyriski (1986) has suggested to search for induced 
micro-lensing effects by the former objects on the light emit ted from background stars. 
Two major observational projects aiming at the detection of micro-lensing effects of 
Magellanic Cloud stars by foreground compact halo objects have been recently initiated 
by a French group and an American-Australian team of astronomers at ESO and Mt. 
Stromlo, respectively. 

5.1. Individual lensed objects 

By now, there are about 10 proposed cases of multiply imaged quasars, 5 radio 
rings and more than 10 examples of giant luminous arcs and arclets. Because of space 
limitation, we shall only describe some of these. 

5.1.1. Multiply imaged quasars 
We shall first have a look at some examples of multiply imaged quasars belonging 
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Table 2: Observational information relevant to Figure 6a-j 

Fig. 
6a 
6b 
6c 
6d 
6e 
6f 

6g 
6h 
6i 
6j 

Source name 
0957+561 
0142-100 
0142-100 
1115+080 
2237+0305 
1413+117 
MG1131+0456 
MG1654+1346 
Abell 370 
C12244-02 

Image(s) 
A-B + Lens 
A-B 
Lens 
A-D 
A-D + Lens 
A-D 
A-B + Ring 
Ring 
Arc 
Arc 

Waveband 
Optical R + Radio 
Optical R 
Optical R 
Optical R 
Optical R 
Optical R 
Radio 
Radio 
Optical B 
Optical B 

to the two major classes of image configurations (i.e. 2 or 4 images). In the two 
image configuration (cf. Fig. 5e), the lensing galaxy is usually located between the 
two images. In the four image configuration (cf. Fig. 5c), the QSO images lie roughly 
on a circle; the lensing galaxy being located near its center. 

0 9 5 7 + 5 6 1 : The first reported example of a multiply imaged quasar (0957+561) 
consists of two components (A and B) at a redshift z = 1.41, separated by 6.1", 
accompanied by an extended radio source (see Fig. 6a and Table 2). The lensing 
galaxy at z — 0.36 is found to lie very near (~ 1") the southern component. 
This galaxy is a member of a rich cluster whose mass also contributes to the lensing. 
0957+561 has turned out to be very important from the point of view of cosmological 
applications (namely the possible determination of the Hubble parameter H0 by means 
of the measurement of the t ime delay At, see Section 6.1.). 

0142-100: This is the first gravitational lens system that has been discovered 
at ESO in a systematic survey among HLQs (Surdej et al. 1987). The two QSO 
images (z = 2.72) are separated by 2.2" (see Fig. 6b) and their spectra turn out to 
be identical. After subtracting from the observed QSO images a double point spread 
function (PSF) , the lens of this system is seen and it appears to be made of a single 
isolated galaxy at a redshift z = 0.49 (cf. Fig. 6c). The mass of this deflector (within 
an angular radius of 1.1") has been estimated to ~ 2.4 1011 h^M0(/i5o = Ho/50 km 
s~J M p c - 1 ) . Because no trace of a galaxy cluster has been detected around the lensing 
galaxy, this system constitutes a clean and good candidate to a t tempt an independent, 
determination of H0. The expected time delay is of the order of 7 weeks. A photometric 
monitoring of this system is under way at ESO and with the NOT. However, because 
of scheduling constraints, uncertain weather and seeing conditions, it is very difficult 
to get sufficiently well sampled lightcurves. We should like to stress here that the 

https://doi.org/10.1017/S1539299600008716 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600008716


17 

j : • ' ( • : ' - 5 s . . < - : • - ' • , . -*•:• 

SOMF. i'NAMIM.KS OF 

(JUAVFFA'FION'AF LI-IXS SYSTEMS 

Figure 6: Some examples of known gravitational lens systems (a-j) 
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possible use of a 2-3 m class optical telescope, fully dedicated to the monitoring of 
known gravitational lens systems, would most probably bring just after a few years of 
continuous observations major contributions in the fields of cosmology and physics of 
quasars. 

1 1 1 5 + 0 8 0 : By means of the pupil segmentation technique used with the CFH 
telescope (Lelievre et al. 1988), high angular resolution observations of PG1115+080 
(z — 1.72) have been obtained in the past (see Fig. 6d). This so called "Triple 
Quasar", discovered serendipitously by Weymann and his collaborators in 1980, does 
actually consist of 4 images: component (A) is a nearly merged double image whose 
separation is just 0.5" (cf. Fig. 5d). The t ime delays between the different pairs of 
the 4 images range from some days to several months. A lensing galaxy (z = 0.305) 
has been detected between the A and B images. 

2 2 3 7 + 0 3 0 5 ( the Eins te in Cross ) : This is another example of a multiply im­
aged quasar identified serendipitously by Huchra and his collaborators in 1985, during 
a survey of galaxy redshifts. First of all, superb high angular resolution imaging (cf. 
Fig. 6e) and spectroscopy have convincingly demonstrated that the Einstein cross con­
sists of four lensed images (z = 1.69, with angular separations between 1.4" and 1.8") 
plus a central galaxy nucleus (z = 0.04). The mass of the deflector inside the 4 lensed 
images is about 2 10 1 O / IM M e . This system is unique for displaying micro-lensing 
effects (Kayser and Refsdal 1989). Indeed, because the expected t ime delays are so 
short (at most a few days), intrinsic variability should show up almost simultaneously 
in the four images so that any brightness variation affecting just some of the four 
single images may be at t r ibuted to micro-lensing. Also, due to the large distance ratio 
between the source and the lens, micro-lensing should lead to more frequent and rapid 
high amplification events (HAEs) and the expected number of HAEs should be large 
(about 0.3 events per year and per image). It was therefore not a surprise when Irwin 
et al. (1989) announced a significant brightening of only component A. CCD frames 
taken at La Silla in the framework of the ESO key-programme and with the NOT 
indicate that at least three of the four images are affected by micro-lensing effects. In 
particular, the visual brightness ratio A/B has recently been observed to vary from 
about 1.3 to 0.8 in less than one year. Theoretical analysis of these da ta favors rela­
tively small masses for the micro-lenses; it is however not necessary at the moment to 
invoke masses below 0.1 M& (Wambsganss et al. 1990). With more data, one should 
also be able to set interesting constraints on the size and the structure of the QSO (cf. 
Section 6.2.). 

1 4 1 3 + 1 1 7 ( the Clover Leaf): This is the second example of a multiply im­
aged QSO (z = 2.55) tha t has been identified at ESO, within a systematic search 
for lenses among HLQs (Magain et al. 1988, cf. Fig. 6f). High angular resolution 
(FWHM ~ 0.6") integral field spectroscopy of this system obtained with the bidimen-
sional spectrograph SILFID at the CFHT has enabled one to resolve the spectra of the 
four individual images. The spectra, which show characteristic broad absorption line 
profiles, turn out to be very similar, except for narrow absorption line systems (prob-
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ably related to the lens(es)) seen in images A and B and also for small but significant 

differences in the spectrum of image D which are probably due to micro-lensing effects 

(Angonin et al. 1990). 

5.1.2. Radio rings 

This new class of lensing phenomena, first discovered with the VLA, occurs when 
some part of the extended radio source covers most of the diamond shaped caustic 
associated with the lensing object (cf. Fig. 5g). The resulting lensed image consists 
then of a slightly elliptical ring of radio emission. 

M G 1 1 3 1 + 0 4 5 6 : Maps of the radio source MG1131+0456 in Leo has revealed 
such an elliptical ring of emission with two compact sources lying on opposite sides 
of the ring (angular separation ~ 2a0 ~ 2 .1" , see Fig. 6g). It was found by J. 
Hewitt a.nd her collaborators in 1988. A very sophisticated modeling of this lensed 
radio source has been reported by Kochanek et al. (1989). Their numerical inversion 
of the observed mirage leads to a normal galaxy-like elliptical potential for the lens and 
an ordinary double-lobed structure for the background radio source. In this model, 
the two compact images correspond to the lensing of the central core of the source 
while the ring is associated with a radio jet which covers most of the diamond shaped 
caustic in the source plane. 

M G 1 6 5 4 + 1 3 4 6 : A second ring was found in Hercules by Langston et al. in 
1989. A deep red optical CCD frame of MG1654+1346 shows only an elliptical galaxy 
(z = 0.25) and a quasar (z = 1.74) located 2" away (see the two crosses in Fig. 6h). 
However, VLA radio maps at 3.6 cm reveal tha t the foreground galaxy lenses one 
of the quasar's radio lobes into a ring having an angular diameter of 2 .1" (cf. the 
contour levels in Fig. 6h). From the angular size of the radio ring, it is easy to show 
(cf. Eq. (3)) that the mass of the deflecting galaxy (projected inside the ring) is about 
3 lO 1 1 / ^ 1 M@ . 

5.1.3. Giant luminous arcs and arclets 

We shall now describe a last class of lensing phenomena consisting of the fascinating 
optical giant luminous arcs and arclets. 

The first giant luminous arcs (angular extent ~ 20", angular width < 0.5") were 
discovered serendipitously in 1986 by Soucail and Fort and by Lynds and Petrosian 
plus their collaborators, in the centres of rich clusters of galaxies (mass ~ 1014 M Q ) . As 
suggested by Paczyiiski (1987), the measurement of several arc redshifts has confirmed 
that they result from the gravitational lens distortions of distant background galaxies 
by rich foreground clusters acting as lenses (cf. Fig 5.f). Up to now, about 10 giant 
arcs, whose surface brightness is only about one tenth of the sky brightness, have been 
identified in rich clusters; half of them have a measured redshift which, in all cases, is 
larger than tha t of the cluster. 

Abel l 370: The A370 arc (see Fig. 6i) has been found to be the gravitational 
image of a background source (z — 0.72). This source is most probably a nearly 
edge-on spiral galaxy, lensed by a rich foreground cluster (z = 0.37). 
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C12244-02: The core of the cluster C12244-02 seems to be dominated by galaxies 
that belong to two clumps. The detected arc (full angular extent ~ 110°, see Fig. 6j) 
consists of the gravitationally lensed image(s) of a background source, which is prob­
ably a star-forming galaxy at a redshift z — 2.238. This is one of the most distant 
regular galaxies that has been observed and it clearly shows how gravitational lenses 
may be used as cosmic telescopes to detect very faint and distant galaxies. 

6. C O S M O L O G I C A L A N D A S T R O P H Y S I C A L A P P L I C A T I O N S 

6.1. Determination of the Hubble constant H0 and the mass of the lens 

We shall address now one of the most interesting cosmological applications of grav­
itational lensing: the determination of the Hubble constant H0 via the measurement 
of the t ime delay At between the observed lightcurves of multiply imaged QSOs. We 
discuss hereafter the wavefront method for the case of a symmetric lens as it was first 
proposed, although in a slightly less obvious form, by Refsdal (1964a, b); a somewhat 
clearer presentation has been given by Chang and Refsdal (1976). An alternative way 
of calculating At was suggested by Cooke and Kantowski (1975), they showed that 
the t ime delay could be split into two parts , a geometrical time delay and a potential 
time delay. 

With the wavefront method, a simple expression for At can be obtained for the case 
of an axially symmetric lens by considering the wavefronts from a distant QSO as 
drawn in Fig. 7. Since the wavefronts are crossing each other at the symmetry point 
E, they must represent the same light propagation t ime and for an observer O located 
at a distance x from the symmetry axis, the t ime delay must be equal to the distance 
between the wavefronts at the observer divided by the velocity of light. Noting that 
8AB is very small, we thus obtain from simple triangle geometry 

At~6ABxc-\ (10) 

Furthermore, we easily find that 

0s = xDds/(DdDs). (11) 

Assuming a deflection law of the type 

a o c ^ " 1 ' (12) 

between the impact parameters ^ and £B , we find a simple relation between 9A, 9B 
and 9s 

ds = (9A-0B)(2-e)/2. (13) 

It is very simple to derive Eq. (13) for the case e — 1, and it is also accurate for e — 0 

and e —» 2. For intermediate values of e, this equation is not exact but it is nevertheless 
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Figure 7: The wavefront method for the determination of the t ime delay 
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accurate enough for the purpose of our discussion. On the basis of the above equations 
and making use of the Hubble relation for the deflector and the source 

Dd = czdH;\Ds = czsH;\ (14) 

we can easily derive an expression for H0 in terms of observable quantities 

„ zdzseAB{eA - flB)(2 - e) 
M°- (zs-zd)2At • ( 1 5 ) 

For the case of the double quasar 0957+561 A and B, we know the observed positions 
9A — 5.1" and OB = 1.04", from which we derive 

H0 = 140(2 - e ) ( i - ^ £ ) j b m s~l Mpc" 1 . (16) 

Based upon a much more sophisticated model which takes into account all available 
observational data (image and lens positions, redshifts, t ime delay, luminosity ratios 
and radio data) and considering a King-type model for the deflecting galaxy, a point 
mass object in the centre and a linearized cluster, Falco et al. (1991) have derived the 
following expression for H0 

"' = <90 ± ' " ' ' S o ^ T T ' ' ' 1 ^ ' * ™ ' " ' Mpc"'' <"> 
where av represents the velocity dispersion of the deflecting galaxy. For av < 390 km 
s _ 1 , the galaxy cannot do the whole lensing alone; the effects due to the cluster must 
be taken into account and this has of course direct consequences for the determination 
of H0. Equations (15) and (16) could also have been generalized to include such a 
av correction term by simply modeling the cluster as a uniform circular disk with a 
surface mass density S = (1 — (<r„/390)2)Scrj^(cf. Section 4.3). We then see that for 
e ~ 1.36, Eq. (16) leads to the same result as Eq. (17). This does not seem to be 
unreasonable in view of the large core radius that Falco and his collaborators have 
derived from their best fit model, in spite of the small compact mass in the centre 
which slightly reduces e. 

Which value of H0 do we now get from Eq. (17)? Rhee (1991) has recently measured 
the value av — 303 ± 50 km s _ 1 for the velocity dispersion of the lensing galaxy; this 
value should however be increased by a factor \ / l . 5 in order to account for the lensing 
effects caused by its probable dark halo which has a larger velocity dispersion. In any 
case, a considerable part of the lensing must also be at t r ibuted to the cluster. The 
results from recent optical as well as radio monitoring campaigns of 0957+561 A and 
B seem to indicate a time delay of 1.45 ± 0.1 yr (Press et al. 1991), although a value 
near 1.14 yr cannot yet be totally excluded (Vanderriest et al. 1992). Inserting in 
Eq. (17) all these da ta and taking into account a small cosmological correction factor 
(about ±10%), we finally end up with a value for H0 tha t is in good agreement with 
those derived using conventional methods, 

https://doi.org/10.1017/S1539299600008716 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600008716


23 

H0 = (55 ± 25)fcm s'1 Mpc" 1 , (18) 

in a somewhat better agreement with the 'school' tha t favors a low value for H0. Please 
note that since the observed separation (~ 2a0) between multiply lensed images scales 
as \JMH0 (see Section 4.2.1.) and making use of the simple relation between the 
time delay At and H0(i.e. At oc H~l, cf. Eq. (15)), one may determine the mass 
M of the galaxy deflector, located within an angular radius {9A + # B ) / 2 , from the 
direct measurement of the time delay At, irrespective of the Hubble constant. A more 
detailed examination shows that this mass determination is also independent of the 
presence of the cluster and of the cosmological model (Borgeest 1986). For the case of 
0957+561, Borgeest has derived the lens mass M = (1.1 ± 0.2)101 2(At/1.45 y r ) M 0 . 
We note however that the determination of H0 may be strongly influenced by the 
cluster. Due to a degeneracy in the estimate of system parameters (Gorenstein et al. 
1988), it is not possible to determine the cluster correction term only from observations 
of 0957+561 A and B. This is an important and general result, also valid when more 
than two images are observed. Independent information on the mass of the galaxy 
and/or the cluster is needed. This information is provided in Eq. (17) by means of 
the crv term. Let us however note that this correction term depends critically on our 
understanding of galaxy dynamics, unless detailed measurements of the velocity field 
become available for many different regions in the lensing galaxy. 

6.2. Micro-lensing 

6.2.1. Generalities 

We come now to another interesting aspect of lensing phenomena, the so-called 
micro-lensing due to individual stars (Chang and Refsdal 1979), or other compact 
objects having a similar or even a lower mass, usually located in a galaxy which acts 
as a macro-gravitational lens. Since the angular sizes of quasars are smaller than, 
or comparable to, the Einstein ring of a star, this can lead to a splitting-up of each 
QSO macro-image into several micro-images, with typical angular separations of some 
micro-arcsec. Of course, these are not resolvable with techniques available today; 
however, the integrated luminosity observed for all those micro-images will vary with 
time due to the transverse motions of the stars. It is therefore an important and very 
interesting phenomenon. A simple way of visualizing the effects of micro-lensing is by 
the so-called ray plot diagram (Kayser et al. 1986), which consists in a mapping of a 
regular grid of points in the deflector plane onto the observer plane (source plane). One 
can easily show tha t , apart from a scaling factor, the ray plots in the observer plane 
are identical to those in the source plane. An example of such a diagram, constructed 
by a simpleminded ray shooting (inverse ray shooting), is shown in Fig. 8 where the 
randomly distributed stars, here all with the same mass M, correspond to an optical 
depth for micro-lensing r = 0.4. This means that the Einstein rings of the stars cover 
a fraction 0.4 of the sky and that the smoothed out surface mass density of the stars 
is 0.4 S c r i t . 
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The density of points in a ray plot is directly proportional to the flux of the ampli­
fied macro-image under consideration if the source is point-like. For extended sources 
with a constant surface brightness, the flux is simply proportional to the number of 
points covered by the source. It is interesting to see that the same diamond shaped 
caustic structures appear in the ray plot as in the optical lens experiment. Now, how­
ever, the diamond shaped caustics are obviously distorted by the neighbouring stars. 
If we neglect the motions of the deflecting stars relative to one another, the corre­
sponding ray plot will not change with time. However, due to the relative transverse 
motion between the source, the star field and the observer, the source will move across 
the ray plot, causing a variation of its brightness with time. It thus becomes clear 
tha t light variations caused by micro-lensing are greater and faster for small sources 
than for large ones, as clearly seen in Fig. 8. These lightcurves were constructed by 
moving sources with different sizes along the middle track indicated in the ray plot. 
The length unit in the ray plot diagram was chosen to be the radius of the Einstein 
ring, projected into the source plane, which for cosmological distances is typically 
x'0 = (Ds/Dd)^ = 0.01JM/MQ pc, corresponding to a time scale of 

t0 = x'JV ~ 20yry/M/M@(600km s^/V), (19) 

where V is the effective transverse velocity in the source plane; compare with Eq. (9). 
Since micro-lensing variability occurs independently for the different macro-images, 

this effect may complicate the determination of the t ime delay from the observed 
photometric lightcurves. Also, when modeling macro-lensed images, one must consider 
with caution the observed luminosity ratios of compact sources. Note, however, that 
the observed positions of the macro-lensed images are little affected by micro-lensing. 

Gravitational lenses are basically achromatic but since the amplification factor 
due to micro-lensing depends on the source size, indirect chromatic effects may result 
if the source size depends on wavelength. In particular, the continuum source and 
the (much larger) broad emission-line regions may be differently magnified, causing 
differences between the equivalent widths of emission-lines observed in the spectra of 
the macro-images. Even small differences in the emission-line profiles may occur. 

The best candidates expected to show strong micro-lensing effects are those quasars 
already multiply imaged (macro-lensing). Indeed, since we know tha t there is so much 
mass located "between" the lensed images, we may reasonably expect a large optical 
depth for micro-lensing. Only if a very small fraction of the lensing mass is in the 
form of compact objects or if the mass distribution is strongly concentrated towards 
the centre of the macro-lens, should we expect a small optical depth for such systems. 
Photometric monitoring of multiply imaged quasars is therefore a very promising way 
to get information on dark mat ter in distant galaxies. We should learn soon from 
such studies whether dark mat ter is in large clumps, compact enough to produce 
micro-lensing effects, or in the form of much more uniformly distributed material. 
6.2.2. High Magnification Events (HMEs) 

Of special interest are the so-called high amplification events (HAEs) which occur 
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Figure 8: Ray plot diagram (above) for an optical depth r — 0.4 and corresponding 
lightcurves (below) for three different sources with radii ~ x'o,0.lx'o and O.Ola;^, re­
spectively. The simulated lightcurves correspond to motions of the source along the 
middle track drawn in the ray plot diagram. One unit along the x' and y' axes cor­
responds to x'0, the radius of the Einstein ring projected onto the source plane. For 
typical cosmological distances, we expect that one unit in this diagram corresponds to 
~ 20.yjM/M@yr, see Eq. (19). 
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when the source (or observer) crosses a caustic. For compact sources, one gets typical 
asymmetric peaks in the lightcurve of the relevant macro-image (see Fig. 8). We saw 
in our optical lens experiment that the number of micro-images then changes by two. 
Thus an HAE resembles an eclipse phenomenon. It is then obvious that the time scale 
dt for the steep rise (or decline) of the lightcurve is given by 

dt ~ 2RJV^, (20) 

where V^ is the component of V along the normal to the caustic and R, the radius 
of the source. We shall see hereafter how it is possible to infer independently the 
value of V'̂ , such that Rs can be determined. By analysing the lightcurve observed 
during an HAE, it becomes then even possible to retrieve the intrinsic one-dimensional 
brightness profile of the source following a method similar to that used for stellar 
eclipsing binaries (Grieger et al. 1988). However, in contrast to a normal eclipse, we 
must take into account the increasing amplification fi of the merging micro-images as 
the source approaches the caustic {/.i oc d-1/2, where d is the distance to the caustic; 
this is a generic property of caustics). The results of numerical simulations have 
shown that one-dimensional profiles can usually be retrieved for sources whose radius 
is typically less than one tenth of the projected Einstein radius, which corresponds to 
a few light days for solar mass stars and cosmological distances (Grieger et al. 1988). 

6.2.3. The parallax effect 
We have just seen that micro-lensing causes flux gradients in the observer plane, 

so that a. brightness difference 

8m — grad(m)(5f (21) 

is observed by two observers located at a distance 6f from each other. This effect 
is often referred to as the parallax effect (Grieger et al. 1986). Expected values of 
grad(?77.) are typically between 10-4 AU~l and 10"3 AU~l , but during HAEs values 
up to 10~2 AU~l may be reached (assuming that R, ~ 10"3 pc and M ~ M©). 
For two observers (1 and 2) located some Al) apart, it should then be possible to 
determine the time lag 8tli2 between the photometric lightcurves recorded during an 
HAE and thereby get information on the velocity V/v (perpendicular component to 
the local caustic tangent) by which the caustic is sweeping through the solar system. 
Neglecting the "small" velocity of the observers relative to the Sun and the very small 
curvature of the caustic, we get 

VN = r u sm(f3)/6th2 < rh2/8th2, (22) 

where n i 2 represents the projected distance between the observers into the observer 
plane (perpendicular to the line-of-sight) and j3 is the angle between the line connecting 
the two observers and the caustic. Since /3 is not known, we obtain an upper limit on 
V)v. In the presence of a third observer (3), a second time lag may be derived and it 
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then becomes possible to get a point value for V/v- Taking into account the redshifts 
of the source and of the lens and assuming a cosmological model, we can determine 
Vjy(in the source plane) and thereby Rs from Eq. (20). We note tha t such velocity 
determinations have a great value in themselves since they should also allow one to 
probe possible deviations from the Hubble flow. Assuming V{^ to be about 600 km 
s _ 1 , we note that this corresponds to approximately one AU in 3 days; one would 
therefore expect a time lag of about one month between a terrestrial observer and an 
observer located close to Saturn. 

From the known micro-lensing variability (~ 0.1 mag /mon th ) reported for the A 
image in the Einstein Cross (2237+0305, see Section 5.1.1.), it is clear that simulta­
neous observations of this system with even a modest space observatory passing near 
Saturn should allow one to measure the time lag <5t. 

An interesting point in connection with the measurement of a t ime lag is that it 
would immmediately prove that we are dealing with micro-lensing variability and not 
with intrinsic variations since the latter ones would only produce extremely small time 
lags which can easily be corrected for. This is particularly important for sources with 
only one macro-image since then the distinction between the two types of variability 
is very difficult to establish by other means. 

Considering baselines of the order of 100AU or even larger, we expect that most 
distant quasars should show small brightness differences. Observations of a large num­
ber of quasars would then provide very valuable information on the mass distribution 
in the Universe (masses between ~ 0.001MS and ~ 100M@). One should note that 
the space observatories needed to achieve these goals could be mostly dedicated to 
other scientific projects and that the applications suggested here would just consist in 
by-products of great astrophysical importance. 

6.3. Search for dark matter 

Various types of lens observations can provide us with information on dark mat ter 
in the Universe. This is a field which is still in its infancy, but with a great promise 
for the future. 

6.3.1. Search for compact lenses 
As already discussed in Section 4.2.2., the frequency of multiply imaged sources 

(e.g. quasars) depends on the cosmological density parameter Q,L of compact objects. 
Let us however note that a magnification bias may strongly influence the results de­
rived from flux limited samples of quasars (cf. Section 5). Since the highest angular 
resolution achievable today is slightly below 10~ 3 "{VLBI ) , masses down to 104M@ 

can in principle be searched for at cosmological distances; see Eq. (3). From presently 
known surveys of quasars, Surdej et al. (1992) conclude tha t QL < 0.02 in the mass 
range 10l o ' 6MQ - 1OU-8M0, with a 99.7% confidence level. From the VLA snapshot 
survey (resolution ~ 0.3"), lensing compact objects with masses down to ~ 10 l o M Q 

may be searched for, and the conclusion is similar: the density of compact objects is 
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well below the critical density (fi^ < 1). VLBI observations seem to exclude QL > 1 
for masses down to about 10 5 M e , but many more observations are needed in order to 
bet ter constrain limits on fij> 

An original way of searching for compact objects in the Universe with a mass in 
the range 1O~3M0 — 1OOM0 is based upon the detection of micro-lensing effects which 
produce characteristic light variations of distant compact sources (cf. quasars). Par­
ticularly promising are the multiply (macro-) imaged quasars whose lensing galaxy 
should have a large optical depth for micro-lensing. We expect that important infor­
mation on the nature of dark mat ter in these galaxies will be derived (see also Section 
6.2.1.). For single isolated quasars, it is however more difficult to distinguish micro-
lensing variability from intrinsic light variations, and observations of a large number 
of quasars over many years are in any case necessary in order to set reasonable limits 
on Q.L. 

As mentioned in Section 6.2.3., the parallax effect with a large baseline (~ lOOAt/) 
also offers very exciting possibilities to "detect" compact masses in the range given 
above. 

6.3.2. Luminous arcs and arclets 
As seen in Section 5.1.3., the angular radius of the luminous arcs observed near rich 

foreground clusters is typically 20" and the mass inside the corresponding Einstein ring 
must therefore be about 1O14M0. This gives already strong evidence for the presence 
of large amounts of dark mat ter in the clusters and /o r in the lensing galaxy lying close 
to the center of the arc. 

Since giant luminous arcs represent cases of strong lensing by clusters, we know that 
cases of weak lensing of background galaxies must occur much more frequently. The 
main effect of such a weak lensing consists in a slight distortion of the lensed galaxies. 
This is however difficult to measure because the intrinsic distortion may vary from 
source to source. By looking at a large number of faint galaxies behind rich clusters, 
Tyson (1985) found however that the galaxies were preferentially stretched tangentially 
relative to the cluster centre (if their observed axis ratio is greater than 2, one usually 
call these "arclets"). Such a distortion is actually what one expects from the lensing 
effect of the cluster. For a few rich clusters, it has already been possible to estimate 
their mass from the direct observation and analysis of such arclets. This has only been 
possible because of the large surface density of faint galaxies that exist everywhere in 
the sky (about 30 per square arcmin. as reported by Tyson). Furthermore, since these 
galaxies have different colors (being generally bluer) than those of the cluster members, 
they can easily be distinguished from the latter ones. Following the success by various 
theoreticians in fitting gravitational lens models to the observed giant luminous arcs 
and arclets, it has become clear tha t the mass responsible for these is characterized by 
high mass-to-light ratios (> 1OOM 0 /L 0 ) , confirming tha t at least 90% of the matter 
is unseen in rich galaxy clusters, in agreement with the values obtained from the 
somewhat uncertain application of the virial theorem. The studies of arcs and arclets 
thus provide a new powerful tool for probing the distribution of visible and dark matter 
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in the Universe. This new type of astrophysical application has been recently reviewed 
by Tyson (1991). 

With the new generation of large format CCDs which will come soon into operation, 
it should be possible to look for systematic deformation effects of very faint galaxies 
over large areas of the sky, thereby providing important information on the large scale 
mass distribution in the Universe. 

6.4. Probing the intergalactic medium 

Since the light rays associated with the multiply lensed images of a distant quasar 
have travelled along different lines of sight through the intergalactic medium, it appears 
very interesting to probe the size and the structure of various types of intergalactic gas 
clouds by just identifying the number of coincidences and anti-coincidences of narrow 
absorption lines detected in the spectrum of the multiple QSO images. In doing so, 
Smette et al. (1992) have reported a study of the Lya forest on the basis of high 
resolution spectra obtained at M M T O , ESO and CTIO for the A and B images of 
the gravitationally lensed high-redshift quasar 0142-100 (cf. Section 5.1.). They have 
derived a best value of 12/igo1 kpc (q0 = 0) for the 2 a 1 ower limit of the diameter of 
spherical Lya clouds. Similar studies of other gravitational lens systems (2345+007, 
see Foltz et al. 1984 and Steidel and Sargent 1991) will enable one to set more stringent 
constraints on the size of Lya and heavy element absorption line clouds in the near 
future. 

7. C O N C L U S I O N S 

Just 12 years after their discovery, gravitational lenses consti tute today a major 
field of astronomical research. Theoretical modeling of these enigmatic systems have 
already provided us with important astrophysical and cosmological information, not 
attainable in any other way. When looking towards the future, it is also clear that 
only few fields of astronomy other than gravitational lensing will profit as much from 
the next generation of large telescopes: for instance, very detailed observations of arcs 
and arclets will become feasible thanks to the large collecting area of future VLTs, 
and the study of multiply imaged quasars with small separations will benefit directly 
from the high angular resolution techniques (speckle imaging, adaptive optics) which 
are being largely improved. One may therefore feel optimistic about the future of this 
very interesting field of research. Let us finally stress again the great need for a fully 
dedicated telescope (2-3 m size) for the optical photometric monitoring of quasars, 
with particular emphasis on the monitoring of multiply imaged sources. 
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