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Abstract

In this review on the recent observational aspects of gravitational lensing, I first present the var-
ious systematic optical surveys for multiply lensed extragalactic objects that are being carried out
at several observatories enjoying good seeing conditions. 1 then summarize the updated observa-
tional status of all proposed gravitational lens candidates, concentrating mainly on multiply lensed
QSOs (the cases of giant luminous arcs,.radio rings and distant 3C radio galaxies are described
elsewhere in this volume). Finally, I give a general outline of all the additional pieces of observa-
tional evidence suggesting that gravitational lensing may (i) perturb significantly our view of the
distant Universe and (i) affect our physical understanding of various classes of extragalactic ob-
jects.

1. Introduction

The possible perturbations of our view of the distant Universe by gravitational lensing effects are
strongly linked to the detailed distribution of matter at various scales. A theoreticians’ approach
usually consists in making use of all our present (but of course, limitcd) knowledge on the distrib-
ution of matter to predict the importance of such perturbation s. Given all the modelling compli-
cations, limitations, as well as all yet unknown biases in our observations of distant objects, it is
not surprising that the conclusions of such studies do oscillate between various degrees of pessi-

mism or of optimism. There is a citation by Peebles, quoted in Blandford and Kochanek (1987),
saying that: “Gravitational lenses provide a theorists’ heaven and an observers’ hell”. I rather be-
lieve that the contrary is true and that the path through the examples will always remain shorter
and more secure than that through the theories. This is also probably why, at least recently, ob-

servers have been more optimistic about the possible importance of gravitational lensing than
theoreticians. Of course, there are exceptions and in this context, it is only fair to consider Sjur
Refsdal as the leader of the optiﬁﬁstic supporters of gravitational lensing. The situation about
“gravitational lensing” is a bit reminiscent of that associated with “atmogpheric mirages’. What
does the average man think about the importance of atmospheric lensing effects on our view of
distant earth-sources? (cf. the distant car lights seen along a straight road in Figure 1).
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Figure 1: The figure at left gives a schematic representation of the light ray paths from a dis-
tant car when the grourd turns out to-be somewhat hotter than the ambiant air. Because air
refraction always leads to a bending of light rays towards regions of colder air, several lower
and somewhat deformed images of a distant source (the car lights in this example) may result.
The i%lre at right re;resents the multiple images due to the lights from a distant car, as Igho-
tographed by J. Lehar and the author, along the US 60 road, between Magdalena and Datil
near the VLA (New Mexico) on the night of 19 Januarg 1989. The distance between the car
and the observers was estimated to be about 10 miles. Such terrestrial mirages, usually made
of two single images, can actually be seen everyday, almost, from anywhere. In addition to stig-
nificantly affect our view (image deformation, multiplication, etc.) of distant resolved earth-
sources, atmospheric lensing is also often responsible for the light magnification of distant
unresolved objects located along straight and long roads or across flat countrysides. Other ex-
amples of terrestrial mirages are illustrated in Surdej et al. (1989).

The answer to the analogous question for “gravitational lensing” is of course not so trivial. Ten

years after the serendipitous discovery of the double quasar Q0957+ 561 A and B by Walsh,
Carswell and Weymann (1979), both theoretical and observational researches on gravitational
lensing have led to a formidable burst of published work. Partly guided by this monument of in-
formation but also trying not to cover topics already addressed in recent reviews on the subject
of gravitational lensing (e.g. Canizares (1987), Blandford and Kochanek (1987), Nottale (1988),
Turner (1989a, b), Barnothy (1989) and references therein), I have decided to focus the present
paper on a general discussion of the various known (or only hypothesized) pieces.of observational
evidence which suggest that gravitational lensing may affect significantly our view and physical
understanding of the distant Universe, and of its major constituents.

In section 2, I present an overview of the various systematic optical surveys that are presently
being carried out all over the world in order to search for multiply lensed distant objects. In section
3, I have listed the updated observational status of the best recognized cases of multiply lensed
objects. I also discuss individually the objects for which recent and outstanding observations have
led to a better understanding of the gravitational lenses. Suggestions are also given as to which
complementary observations shoud be carried out in order to still improve some of the lens models.
Section 4 summarizes all the additional observational evidence on statistical effects due to
gravitational lensing and 1 also discuss there the various classes bf extragalactic objects which may
actually consist of lensed sources. The last section deals with general conclusions.

Before closing this introduction, let me recall the challenging goals of studying known
gravitational lens systems as well as of discovering new ones. First of all, it is known that a sta-
tistical evaluation of the occurrence of gravitational lensing within well defined samples of
extragalactic objects is of prime importance in order to improve our knowledge on quasars and
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distant radio galaxies (luminosity function, source counts, true part of their cosmic evolution).
Detailed studies of identified gravitational lens systems are also important to test cosmological
models (Refsdal 1964, 1966), to set constraints on the size and structure of the lensed source
(Grieger et al. 1986, 1988) and to probe the luminous and dark matter distributions on various
scales in the Universe (Refsdal 1964, 1966). In particular, gravitational lens studies can be used to
set limits on populations of dark massive objects (Press and Gunn, 1973; Ilewitt et al. 1987a;
Webster et al., 1988a). Finally, analysis of narrow absorption lines observed in the spectrum of
multiply lensed QSO images are of considerable interest for studies of the spatial structure of the
inter-galactic medium (cf. Foltz et al. 1984 and the paper by Smette et al. in these proceedings).

2. Optical surveys for multiply lensed extragalactic objects

Whereas the first gravitational lens systems have been discovered by chance, systematic searches
for lenses have proved to be very successful in identifying new systems. I shall describe hereafter
several of the on-going optical surveys for multiply lensed extragalactic objects (I refer to the ar-
ticle by B. Burke in this volume for a description of the radio surveys).

2.1 Highly Luminous Quasars as gravitationally lensed objects

Considering the canonical log(N)-B relation for the count number of quasars per unit area
brighter than a given magnitude B (cf. Boyle et al. 1988), it is easy to calculate the number density
enhancement q(M,B;) of quasars in a flux limited sample (B,) subject 10 a magnification M. Fol-
lowing Narayan (1989), one finds that q(M,B,) = (N( < B,+2.5logM)/N( < B,))/M. Referring to
Figure 1 in Narayan (1989) where the author has illustrated the dependence of q versus both M
and B,, one immediately sees that the magnification bias works preferentially well for a bright flux
limited sample of QSOs. There are at least three optical surveys for multiply lensed QSO images
which benefit from this magnification bias:

1. The Liége/ESO/Hamburg survey, initiated in November 1986 and terminated in November
1988. A description may be found in Surdej et al. (1988a-c) and an update is presented in these
proceedings by Swings et al. and Magain et al. I briefly recall that it has consisted in a high re-
solution imaging of apparently (m, < 18.5) and intrinsically (M < -29) bright quasars observable
from ESO (Chile). Out of 111 quasars observed under an average seeing FWHM = 1.2%, 2§
turned out to be interesting candidates (i.e. 23% of HLQs showing elongated, multiple, or fuzzy
images), 5 of which constitute very good lens candidates. The cases of UM673 and H1413+ 117
are described in Surdej et al. (1987) and Magain et al. (1988), respectively.

2. The Djorgovski and Meylan (1989a, b) optical survey for bright distant quasars that has been

carried out during the past few years. It also consists in an optical (CCI) imaging search for
gravitational lenses among a sample of (= 300) high redshift QSOs having an apparently large
absolute luminosity. So far, they found one new gravitational lens candidate UM425 (Meylan and
Djorgovski, 1989), two probable binary quasars PKS1145-071 (Djorgovski et al., 1987) and
PHL1222 (Meylan and Djorgovski, these proceedings), and several other promising candidates.
As in the Liége/ESO/Hamburg survey, they also identified several cases of QSOs with foreground
galaxies within a few arcsec. I refer to the paper by Meylan and Djorgovski in this volume for
more detailed information on their survey.
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3. The Crampton et al. (1989) optical survey. Using a new-image stabilizing camera at the CFHT,
these authors have also made a direct imaging search for closely spaced gravitationally lensed QSO
components. Out of 32 quasars withz > 1.6, m, < 19 (i.e. M < -27.8), seven were found to be
good gravitational lens candidates, two of these having sub-arcsec. angular separations. This frac-
tion (22%) of interesting HLQs is essentially the same as the one (23%) reported by Surdej et al.
(1988c).

2.2 Quasars as gravitationally lensed objects

Whereas it is expected that for a fainter limiting magnitude survey the quasar number-density
enhancement q(M,B,) will get smaller, such surveys have the advantage of dealing with a much
larger number of objects. One such sample of fainter quasars (m, < 19) has been used as a basis
for the automated survey for gravitational lenses described by Webster et al. (1988a). With the help
of the Automated Plate Measuring (APM) facility at Cambridge, these authors have scanned both
broadband direct and objective-prism Schmidt plates resulting in a survey of 2500 quasars, cover-
ing 130 sq. deg. of sky. Whereas this technique is only effective for separations greater than 2 - 3,
it enables one to quantify different parameters (separation, magnitude difference, lens brightness,
etc.) in the lens survey. Since the frequency of lensing for a given separation of lensed QSO images
may be predicted, it allows one to set interesting constraints on the mass distribution in the Uni-
verse. The new wide separation gravitational lens candidate Q1429-008 recently reported by
Hewett et al. (1989) has been found via this survey. The detection of statistical gravitational lensing
by foreground mass distributions described in Webster et al. (1988b) is also based upon this survey.
It is discussed at length by R. Webster in this volume.

2.3 Distant 3C radio sources as gravitationally lensed objects

The magnification bias has also motivated Hammer, Nottale and Le Févre (1986) to assume that
the distant (z > 1) and powerful (P(178MHz) > 102 W/Hz) radio sources (hereafter DPRSs)
constitute some of the best extragalactic candidates to search for the presence of gravitationally
lensed images at arcsec./sub-arcsec. angular scale resolutions and/or for an excess of foreground
objects (galaxies, clusters) in the vicinity of the relevant targets. Approximately 75% of the high
redshift 3C sources observed by Hammer and Le Févre (1989) in optimal seeing conditions with
the CFIIT at Mauna Kea have been resolved into multiplé (2 to 6) components. Strong arguments
supporting the mirage hypothesis have been obtained for 3C324, by high resolution imagery
through narrcw band filters (1.e Févre et al. 1987; Hammer and l.e Févre 1989). High spatial re-
solution imaging and spectroscopy obtained for 3C208.1 definitely prove that the optical appear-
ance of this source is due to the close projection (3.9") of the optical counterpart of a radio loud
quasar at z = 1.01 and a foreground AGN at z = 0.159 which gravitationally magnifies, by more
than 0.5 mag., the background object (Le Févre and Hammer, 1989). Of special interest is that a
detailed comparison between CCD frames obtained from a sample of 27 3C distant radio sources
with z > 1 and selected blank fields indicates a significant excess of foreground bright galaxies (up
to m, = 21) and Abell/Zwicky clusters near the 3C sources (I{ammer and Le Févre, 1989). It
therefore seems that gravitational magnification by [oreground galaxies and rich clusters is at least
partly responsible for the observed radio and optical luminosities of the bright 3C sources. In
particular, the following DPRSs: 3C194 and 3C225A (Le Févre and Hammer, 1988), 3C238,
3C241, 3C266 and 3C305.1 (Le Févre et al. 1988b), 3C13 and 3C256 (Le Févre et al. 1988a),
3C239, 3C252, 3C267, 3C322, 3C230, 3C297 and 3C469.1 (Hammer and Le IFévre, 1989) have been
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proposed to be either gravitationally magnified and/or multiply imaged. High spatial resolution
narrow band imaging and/or deep 2D spectroscopy of most of these candidates are badly needed
in order to further test the lensing hypothesis.

In closing 1 wish to mention here that the surveys described in 2.1.1, 2.1.2 and 2.3 constitute parts
of an ESO key-programme that is being presently conducted at ESO-La Silla (see the description
of the programme as well as the names of all participants in Surdej et al. 1989).

3. Gravitational lens candidates

Table 1 (see the appendix at the end of these proceedings) presents an updated list of the accepted
and proposed candidates of multiply lensed extragalactic objects. Separate comments on individual
gravitational lens systems follow:

1. 0957+ 56]: The most extensive photometric monitoring of a gravitationally lensed quasar has
of course been carried out for this.famous double quasar. Tentative time delays of 1.55 +/- 0.1
years by Florentin-Nielsen (1984), 1.2 years by Schild and his collaborators and, very recently, 1.14
+/-0.06 years by Vanderriest et al. (1989) have been reported. The radio time delay of < 500 days
derived by Lehar et al. (1989) essentially .corroborates the opticdl value. Both the groups of
Vanderriest and of Schild find however that the observed lightcurves of 0957+ 561 A and B cannot
be fully interpreted in terms of intrinsic brightness variations of the quasar alone. Micro-lensing
seems to contribute to the variations of the B component. Note however that Falco et al. (cf. these
proceedings) cast some doubt on this whole interpretation. A spectrophotometric monitoring of
the two image components of 0957+ 561 would certainly help in disentangling the effects due to
intrinsic and/or extrinsic variability. Whereas the estimate of the mass of the lensing galaxy is fairly
secure (cf. Borgeest, 1986; see Table 1), a more precise modelling of the mass distribution in the
lensing galaxy and its attendant cluster is necessary to derive a safe estimate for the Hubble pa-
rameter. A deep mapping in luminosity and velocity (velocity dispersion + redshift) of most of the
foreground galaxies is necessary in order to better constrain the free parameters of the mass dis-
tribution. Very high angular resolution radio observations of images A and B at several epochs
would also be extremely valuable.

2. 1115+ 080: Following the photometric variability study reported by Vanderriest et al. (1986),
it is likely that micro-lensing effects are responsible for the brightness variations observed between
the Al and A2 image components. Spectrophotometry of the whole system at various epochs
should provide us with a definite answer as to the reality of these effects. Note that in addition to
the lensing galaxy detected by Shaklan and Hege (1987) between the A and B images, Henry and
Heasley (1986) found that there was also a galaxy centred -approximately midway between the two
A components. These authors find that the properties of this galaxy (G4, M,, =~ —23.3) are con-
sistent with it being the brightest member of a small group at & = 0,305 (cf. galaxies G1 and G2
in Young et al. 1981). If real, this would lend support to the micro-lensing induced variability
suspected for the A twin components. By means of the pupil scgmentation technique used with the
CFHT (sec Lelidvre et al. 1988), high angular resolution observations supporting this picture for
PG1115+ 080 have been obtained by Arnaud et al. (1989). However, using speckle interferometric
observations, Foy et al. (1985) have detected an elongation of image A2 and they suggested that
it was caused by a fifth lensed QSO image, located at 0.04” from A2. It is therefore clear that image
A is made of more than simply two lensed QSO images and it is likely that further high angular



62

resolution imaging will be necessary in order to definitely settle this point. Although the redshift
of the galaxy detected between the A and B images has not yet been directly measured, it is quite
possible that for z = 0.305, the observed reddening of the B component relative to A, as seen in
the spectra published by Young et al. (1981), is actually due to the contamination by the fore-
ground galaxy. In any case, any serious modelling of this lens should take into account the several
(57) galaxies detected in the nearby field.

3. 2345+ 007: Nieto et al. (1988) have obtained very high angular resolution images of this sys-
tem using a photon counting detector in its resolved imaging mode. By using recentring and se-
lection algorithms plus image restoration techniques, they have achieved good S/N images with
resolution of FWHM = 0.25”. These observations lend a good support to the gravitational lens-
ing hypothesis of 2345+ 007 A and B because they reveal that the fainter (B) component actually
consists of a double image (B1, B2 with roughly equal brightnesses), separated by 0.36" and
roughly aligned along the same direction as the A and B images, and that there is also good evi-
dence for the outer of these two sub-images to be resolved along a direction perpendicular to the
line between B1 and B2. FFurthermore, comparison of the ratio A/B at the time of their observa-
tions with previously reported values suggests some variability in this system. A
spectrophotornetric monitoring of the A and B components would also be of great scientific in-
terest to search for micro-lensing effects and/or for a measurable time delay between the two
brighter image components.

4. 2016+ 112: This gravitational lens system appears to be very complex because it consists of
at least three detected lensed images A-C’, two foreground galaxies C and D, including one with
a measured redshift z = 1.01 and two diffuse narrow line emission regions, that appear to be
physically distinct, and located near images A and B (see Figure 1 in Schneider et al. 1986). Ob-
servational evidence for the possible occurrence ol micro-lensing effects has also been reported for
this system and a spectrophotometric follow-up of the lensed QSO images would be of great value.
See the contribution in this volume by Heflin et al. related to the interesting constraints that their
VLBI observations impose on the proposed gravitational lens models (¢f. those by Narasimha et
al. 1987).

3. 1635+ 267: The detailed spectroscopic study of 1635+267 A and B by Turner et al. (1988)
has led to the good conviction that this double quasar constitutes a good case of gravitational
lensing. Indeed, not only were they able to show that the wavelengths, strengths, widths and pro-
files of different lines were the same, after a proper scaling and to within measuring errors, in the
two image spectra but they also found that the excess of red light in the bright component
ressembles the continuum emission of a z & 0.57 galaxy. Independently, the modelling of this
system by Narasimha and Chitre (1988) also led to the prediction that a lensing galaxy should be
located at 0.75” from component. A. One should of course try to image this system in red light anc
under very good seeing conditions in order to confirm the presence of the lensing galaxy ... nearl
on top of the A (multiple?) image(s).

6. 2237+ 0305: First of all, superb high angular resolution imagery (Yee, 1988 and Schneider e
al. 1988) and spectroscopy (De Robertis and Yee, 1988 and Adam et al. 1989) have convincingl;
demonstrated that the Einstein cross consists of four lensed images plus a central galaxy nucleus
Kayser and Refsdal (1989) have pointed out the uniqueness of this gravitational lens system t
display micro-lensing effects. Indeed, i) because the expected time delays are so short, intrinsi
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variability should show up almost simultaneously in the four images so that any difference may
be attributed to micro-lensing, ii) due to the large distance ratio between the lens and the source,
micro-lensing should lead to more frequent and rapid high amplification events (HAEs) and iii) 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 the brightening by 0.5 mag. of com-
ponent A on CCD frames obtained during the 1988 summer. CCD frames taken at La Silla by
Remy et al. (1989) in april 1989 in the framework of the “Gravitational Lensing” ESO key-
programme indicate that the relative brightening of image A was still about 0.3 mag. in blue light.
Integral field spectrophotometric monitoring of this system, similar to the one epoch observations
reported by Adam et al. (1989) with the TIGER spectrograph (Courtés et al. 1987), would also be
extremely valuable. Such observations would present the additional potential of measuring simul-
taneously the rotational velocity field of the deflecting spiral galaxy. Note that simulations of
micro-lensing effects for 2237+ 0305 by Wambsganss et al. (1989) predict unfortunately that the
time scale and the amplitude of HAEs should not only depend on the source size and the relative
transverse velocity between the source, the lens and the observer but that, due to the very strong
effect of the shear by the galaxy, it should also depend on the direction of this velocity.

7. 0142-100: Since the lens of this system appears to be made of a single isolated galaxy at a
redshift z = 0.49 (the redshift of the galaxy D in Surdej et al. 1987 has been measured to be z =
0.17), it constitutes a very good candidate to attempt.an independent measurement of H, . A
photometric monitoring of 0142-100 A and B has been initiated two years ago at ESO. It should
nevertheless be mentioned that we have failed to detect the A and B images with the VLA at 6cm
in the A configuration (0.3 mJy r.m.s., noise).

8. 3C324: Spectroscopic confirmation of this first galaxy-galaxy gravitational lens system is
strongly awaited. This optical source should also be monitored photometrically for the possible
detection of a SN event in the different images.

9. 1413+ 117: This gravitational lens system has been resolved at 3.6 cm with the VLA in the
A configuration. A detailed modelling of these observations has been made by Kayser et al. (1989)
and supports very nicely the optical observations. High angular resolution integral spectroscopy
of this system with the integral field spectrograph SILPHID (Vanderriest and Lemonnier, 1987)
has enabled us to resolve the spectra of the four individual images (Angonin et al., these pro-
ceedings). Spectroscopic and photometric indications of micro-lensing effects in the D component
have possibly been found.

10. 1120+ 019: Except for images A and B, no spectra have yet been obtained for the many other
objects in the field of this gravitational lens candidate (see Meylan and Djorgovski, 1989).

11. 0414+ 0534: 1t would be very important to make a new attempt to determine the redshift
of the optically detected object (source?). All four components of this system have been detected
with VLBI to show compact flux at 18cm (ITewitt, 1989). Therc is no doubt that this gravitational
lens system turns out to be a very interesting one.

12, 1429-008: Because of the slight, although probably real, spectroscopic differences seen be-
tween the two image components, better S/N spectra are mandatory in order to confirm or reject
the lensing hypothesis for this system.
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13. M82 quasars: This is just one example of QSO images with large separations and all general
remarks which follow could apply equally well to many other cases of quasars having very similar
redshifts and spectra but large angular separations. Paczynski and Gorski (1981) did actually first
suggest that the unusual grouping of quasars near M82 (Burbidge et al. 1980) may consist of an-
other case of gravitational lensing. In the lensing scenario, one or several of the observed QSO
images could actually be multiple (due to macro-lensing by a galaxy located in one of the two hy-
pothetical clusters) and one could try to detect i) the presence of a cluster by direct imaging (direct
detection or search for distorted background galaxies), ii) the possible multiplicity of the QSO im-
ages, iii) the presence of additional magnified QSOs, iv) the similarity or, on the contrary, notice-
able differences between the redshifts of the three identified quasars.

4. Further observational evidence for gravitational lensing
4.1 Statistical gravitational lensing

4.1.] Galaxies near fla: radio spectrum quasars: using an automatic search and classification
technique for counting galaxies on CCD frames, Fugmann (1988, 1989) has reported, at typically
a 97.5% significance level, an increase in the number density of relatively bright (r < 21.5) galaxies
towards distant (z > 1.7) quasars. The increased number of galaxies seems to pertain mainly to
fields of (12) flat-spectrum quasars with a much smaller increase near steep-spectrum and radio-
quiet quasars. Fugmann invokes gravitational lensing effects, specially micro-lensing to account
for these observations and he concludes that gravitational lensing contributes strongly to observed
counts of distant sources, particularly to the statistics of flat-spectrum quasars. Whereas Tyson
(1986) had also reported a QSO-galaxy correlation for moderately distant quasars (1 < z < 1.5),
Yee and Green (1984) did not. It.is most likely that these different results arise because of the dif-
ferent fractions of radio quiet, steep and flat spectrum quasars constituting those different samples.
Fugmann further postulates that gravitational lensing may be responsible for the appearance of
different sub-classes of quasars (e.g. the optically quiet compact radio sources (OQCRSs) including
objects such as AO0235+ 164, 0406+ 121, 0500+ 01, 1413+ 135, etc.). Since X-rays detected fror
selected quasars are supposedly emitted from a very compact core, one may naturally wondes
whether X-ray selected quasars could also reveal observational evidence for statistical gravitationa
lensing.

4.1.2 Galaxies near X-ray selected quasars: during the course of an extensive program o
spectroscopic identification of faint X-ray sources discovered serendipitously with the Einsteir
satellite, 10 X-ray selected AGNs have been discovered by Stocke et al. (1987) to lie within three
optical diameters of bright (m, < 18) foreground galaxies . These authors report that, at a confi
dence level > 97.5%, these AGNSs have significantly higher redshifts than X-ray selected ones i1
general. Stocke and his collaborators have interpreted their findings in terms of micro-lensing it
which stars in the foreground galaxy significantly brighten the X.ray emission from these highe
redshift AGNs, allowing them to be detected. However, Rix and ITogan (1989) have recently re
investigated this problem by taking deeper CCI) frames of thc complete sample of the 56 X-ra;
flux limited AGN fields (MSS initial sample) in order to enlarge the subsample of AGNs witl
foreground galagies (R < 20.5) from 3 to a total of 8. On the basis of these new data, Rix an
Hogan conclude that there is no longer any evidence for lensing cflect by the galaxies. The pres
ence of an excess of high redshift X-ray selected quasars near bright foreground galaxies remain
still a subject of debate.
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4.1.3 Galaxies near APM quasars: at a significance level greater than 99.99%, Webster et al.
(1988b) have presented evidence for the detection of an excess of distant quasars (z > 0.5, B, <
18.7) associated with foreground galaxies (r < 6", B, < 21) and they invoke gravitational lensing
effects in order 1o account for such a large number of associations. However, they report that the
mass of the foreground galaxies must be substantially greater than is conventionally attributed to
a luminous galaxy and its halo. I believe that this apparent problem could be easily overcome if
one could prove that the principal deflector lies much closer to the lihe-of-sight {e.g. r < 1.5") than
it has been claimed. Several such tight associations have been identified in the HLQ samples de-
scribed above (see Magain et al. in these proceedings and also section 4.1.12). Given the excess
of 4.4 times more APM quasars near galaxies, which corresponds to an average magnification of
2.7, Narayan (1989) has shown that, if this effect is really caused by gravitational lensing, then the
quasar-galaxy correlation found by Webster et al. must be smaller than the reported one by a
factor of about 2 and/or the magnitude limit of their survey should be brighter by a few tenths of
magnitude than the one reported (B, = 18.7). Narayan also demonstrates that the observed effect
does not require halos of foreground galaxies to be composed of micro-lenses (stars, black holes,
etc.); the quasar-galaxy correlation works equally well with smooth halos. All these conclusions
directly follow from the quasar luminosity function and are independent of the lens structure. This
result shows how important it is to know accurately what the unlensed luminosity function of
quasars is (see the contribution in this volume by R. Webster for an update of their findings on the
APM QSO-galaxy associations).

4.1.4 The giant luminous arcs: see the updated report by B. Fort in these proceedings.

4.1.5 Distorted background galaxies: using a similar technique to that of Tyson and his
collaborators, Elston et al. (1989) have carried out searches for statistical gravitational lensing ef-
fects using background galaxies projected on selected rich, massive clusters. They found that the
background galaxies are preferentially dligned at 90° to a radial vector {rom the cluster center.
Some good agreement is reached between the observed distributions of position angles and those
of lensing models. They consider this: finding as evidence that the background galaxies are being
lensed by the foreground clusters (see also the contributions by Tyson and Grossman in these
proceedings).

4.1.6 Anomalous quintets of galaxies: Hammer and Nottale (1986a) have shown that the well
known quintets of galaxies such as VV172, VV115, etc. which contain a discrepant redshift member
may be fully understood in terms of the effects of gravitational magnification by the halo of the
foreground quartet on the more distant galaxy.

4.1.7 Gravitational lensing magnification of the bright cluster galaxies (BCGs): Hammer and
Nottale (1986b) have presented good evidence that the BCGs of the Kristian et al. (1978) sample
lie in regions of the sky containing about two times more foreground Zwicky clusters, the latter
clusters being approximately 5 times richer than the mean value for the whole sky. The authors
suggest that the gravitational lens magnification of the BCGs by the foreground clusters has in-
duced a strong selection effect in defining the Kristian et al. sample, artificially increasing the de-
celeration parameter g, from 0.2 to about 1.7, as measured from the Hubble diagram of these
objects.
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4.1.8 The Arp QSO-galaxy associations: Nottale (1988) also presents good evidence that the Arp
QSO-galaxy associations may be the result of the combined lensing effects of several superposed
galaxies, groups and clusters near their lines-of-sight.

4.1.9 Quasars with 2.45 < z < 3.8: speculations have been made by Ph. Véron that the second
observed rise in the space comoving density of quasars from z = 2.45 up to at least z = 3.8
(Véron, 1986) could be due to statistical gravitational lensing effects by foreground objects located
along their lines-of-sight.

4.1.10 Gravitationally magnified narrow absorption line quasars: to my knowledge, Nottale (1987)
has reported the first observational evidence for gravitational lensing magnification within a sam-
ple of absorption line quasars. His conclusions are based upon a comparison between observa-
tional data on absorption line quasars with 1.6 < z < 2.2 from the catalogue of Barbieri et al,
(1982) with predictions from the theory of multiple gravitational lensing (Nottale and Chauvineau,
1986). Nottale finds that the luminosity of a large fraction of known quasars with a redshift z >
1.6 is enhanced by a factor up to about 10 because of the action of intervening matter (clusters
of galaxies, superclusters) along their lines-of-sight. More recently, Thomas and Webster (1989,
see also their contribution in these proceedings) have presented tests of both evolution and bias
due to gravitational lensing in the number density of QSO metal absorption line systems. Their
study is mainly based on sets of CIV and Mgll absorption line systerns observed and compiled by
Sargent et al. (1988a-c). They do not find any evidence for evolution except perhaps in the high
equivalent width systems, where gravitational lensing may affect the statistics. They rather propose
a model in which the distribution of high equivalent width systems reflects clustering of an une-
volving low equivalent width population. Note however that, unlike Nottale (1987), Thomas and
Webster assume that gravitational lensing resulting from two or more independent systems is un-
likely.

4.1.11 Gravitationally magnified quasars with damped Lya absorption line(s): in studies of the
formation of disk galaxies at high redshift, various authors have carried out a search for damped
Lya absorption in the spectra of high redshift QSOs. Smith et al. (1987) report that the observed
number of those absorption lines is at least a factor five in excess of the number of galaxy disks
expected to be intercepted by lines-of-sight to this sample of QSOs (cf. their Fig. 3). The derived
column densities of those damped Lya lines are found to be well in excess of 10%c¢m~2 (cf. their Fig.
4). Although these authors suggested that gaseous disks may form relatively carly in galaxies and
that they may be considerably larger at early epochs, I naturally suggest that gravitational lensing
magnification could as well account for these observations in terms of induced observational bi-
ases, i.e. the quasars from this sample have been observed because they are preferentially magnified
due to galaxy disks intercepting their lines-of-sight.

4.1.12 Quasar-galaxy superpositions: among the 23% of interesting HLQs found in the above
surveys for gravitational lenses, quite a few of these objects turned out to show that a bright galaxy
is superimposed on the central image of the QSO (see also the contribution by Magain et al. in
these proceedings). We believe that this form of gravitational lensing magnification of background
quasars (HL.Qs, etc.) could actually be more common than the formation of multiple images. One
should note that a lensing galaxy has been identified on top, or very near to one of the lensed im-
ages in the cases of 0957 + 561, PG1115+ 080, 2016+ 112, and UUM673. Recently, Arnaud et al.
(1988) have published another nice case of a galaxy superimposed on an HLQ image. These au-
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thors report the detection of a galaxy (z = 0.63, My = -21.7) at 1.3” from the line-of-sight to the
QSO 1209+ 107 (z = 2.19). Another galaxy (z = 0.39), lying at 7" from the QSO had previously
been identified by Cristiani (1987). Arnaud et al. conclude that the QSO is certainly gravitationally
magnified by the first and second galaxy. One should also note that the distant flat-spectrum
(Fugmann, 1988) and APM (Webster et al., 1988b) quasars are also good candidates to this form
of lensing. In any case, one should derive the redshifts of the galaxies found in the vicinity of those
distant quasars in order to have a definite proof that they constitute foreground objects. Indeed,
at low redshifts (up to about z = 0.7), most of us would tend to agree that a galaxy superimposed
on a QSO image does actually consist of its host galaxy or a galaxy in interaction whereas for
higher redshifts, we would be tempted to call it a foreground (lensing) object. Could it be for in-
stance that some of the reported low redshift host galaxies are in fact foreground objects; and
vice-versa at high redshifts?

4.2 Gravitational lensing and AGN segregation

4.2.1 Gravitationally lensed high luminosity AGNs: in a spectrophotometric monitoring of high
luminosity AGNs, Pérez et al. (1989) report that significant emission line variations take place in
high luminosity, high redshift objects (cf. 3C 446, PKS 2134+ 004, etc.). These variations are found
to occur on timescales much shorter than those expected from ionization models and therefore the
authors invoke beaming of the optical and ultraviolet continuum towards the observer, leading to
an anisotropic broad line emission region and a selection effect in favour of cases in which the axis
of this anisotropy is close to the line-of-sight (cf. their Fig. 7). Since the phenomenological effects
of gravitational lensing are very similar to those expected from beaming, it is equally plausible that
the spectroscopic variations observed in high luminosity AGNs are caused by (micro-?) lensing
effects. Let us mention that metal absorption line systems, at optimal redshifts for a lens, have
been detected in the spectrum of most these objects.

4.2.2 Rapid variability of extragalactic sources due to lensing effects: Quirrenbach et al. (1989) have

reported radio variability of several flat-spectrum compact sources with amplitudes in the ‘range
10-20% and timescales of hours (cf. their Fig. 1). Although they discuss intrinsic effects and scat-
tering in the interstellar medium as possible explanations for the observed rapid variability, they
also mention that it could be due to micro-lensing effects in a foreground object. They searched
for the. presence of a lensing galaxy in the fields of 0716+ 71 and 0917+ 62 but did not find any
object on the POSS plates. They conclude on this basis that the other interpretations are more
likely to be the right ones. Besides taking deeper CCD frames of the above ficlds ... one should
certainly postpone any sound and firm conclusion.

4.2.3 OVVs as micro-lensed objects: Chang and Refsdal (1979, 1984) have first proposed that the
main observable effect of lensing by stars or compact objects in galaxies and their halos will be a
noticeable photometric variability of the distant source, due to the passage of the micro-lens in
front of its line-of-sight. Ostriker and Vietri (1985), Nottale (1986) and Schneider and Weiss (1987)
have independently proposed that micro-lensed objects were to be searched among the Optically
Violently Variable (OVV) extragalactic objects, particularly those behaving like BL Lac objects at
maximum brightness and like quasars when fainter. In the case of 0846+ 51w1, Nottale (1986) has
shown that all its observed properties (sudden brightening by 4 mag. in less than one month,
changes of its spectrum between. that of a BL. Lac object and that of a QSO, etc.) could be ex-
plained by the effects of gravitational lensing due to a compact -Jupiter like- object (10-2 M,), lo-
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cated within a galaxy at z = 0.072 near the line-of-sight and that the core size of the central region
emitting the QSO continuum is about 2.1074 pc. Stickel et al. (1989) recently reported that this BL
Lac object displays a noticeable elongated appearance due to an intervening galaxy at z = 0.235
located nearly exactly on the line-of-sight. This observation therefore strengthens the hypothesis
by Nottale (1986) that the observed properties of 0846+ S5twl are markedly influenced by
gravitational micro-lensing. ’

Stickel et al. (1988a) have also suggested that the correlated dramatic flux variability in the optical

and radio wavebands of the BL Lac object AQ0235+ 164 (z = 0.94) are most likely the result of
gravitational lensing of the compact non thermal BL Lac core in the intervening galaxies at z =
0.524, seen at 2” to the south and at 0.5” to the east from the background source. Note that Yanni
et al. (1989) locate this second newly detected foreground object at 1.3” east of A00235+ 164,
Surdej and his collaborators found recently good evidence that these two claimed galaxies are ac-
tually forming a single object. Kayser (1988) has analysed the plausibility of a micro-lensing model
to explain the observed characteristics of AO0235+ 164. Althcugh he finds that several observa-
tional data are in apparent contradiction with the micro-lensing hypothesis, he does not totally
exclude that micro-lensing may contribute in part to the observed variability of A0Q0235+ 164.
More investigations on this particular object are badly needed.

Stickel et al. (1988b) have presented convincing arguments that the southern blazar PKS0537-441
could be another example of a gravitati&nally lensed object. This blazar has been found by these
authors to have an extended, spatially resolved appearance, despite its high redshift of z = 0.894.
Using image decomposition ‘techniques, Stickel and his collaborators have shown that a fore-
ground disk galaxy (z = 0.1867), seen nearly face on, lies very near the line-of-sight to the blazar
(cf. their Figure 2). Stickel et al. derive M & —22.7 and an exponential disk scale length of 4.3 kpc
for the foreground galaxy. These authors propose that micro-lensing effects are responsible for the
rapid and large optical variations (up to 5 mag.) previously observed for this object and that
macro-lensing magnification by the foreground galaxy could account for the large luminosity ra-
diated by this blazar. During an active state of the object in february 1985, Tanzi et al. (1986)
found that PKS 0537-441 brightened by a similar factor ( & 2) in the IR, optical, UV and X-ray
frequencies, suggesting that a same spatial region may be responsible for the emission in the whole
spectral range observed. It is of course not difficult to account for these observational trends with
a micro-lensing model that magnifies a very compact and distant source.

3C279, as one of the most variable ( 88 > 6.7) and possibly most luminous QSO yet observed (M
= -31.4), constitutes another excellent candidate for micro- and/or macro- lensing effects (see the
historical lightcurve of 3C279 in Figs. | and 2 of Eachus and Liller, 1975). Additional good
micro-lensed candidates may be found among the following OVVs: PKS0215+015; 0420-014,
0454-234, 0511-220, 0735+ 178, PKS0823-23, 1308+ 326, 1638+ 398, 3C345 (1641+399) and
3C446 (2223-052). Some of these candidates are known during different brightness phases to have
a spectrum turning from that of a QSO to that of a BL Lac object. Others undergo sudden light
brightening reminiscent of magnification by micro-lensing effects, and some are located very near
a diffuse object and/or show narrow metallic absorption lines at an optimal redshift for a lens.

4.2.4 Variability of some BAL profiles induced by micro-lensing effects: variability of some broad
absorption line (BAL) profiles have been reported for several objects: UM232 (Barlow et al., 1989),
Q1246-057 (Smith and Penston, 1988), Q1303 + 308 (Foltz et al., 1987) and the well known clover-
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leaf H1413+ 117 (Turnshek et al., 1988). In the latter case, it has been recently possible to obtain
with the CFHT + SILFID spectrograph very high angular resolution spectra of each of the four
QSO lensed images (cf. Angonin et al. in this volume). The spectrum of component D turns out
to be markedly different from the other ones and I suggest that micro-lensing might be responsible
for this. Other evidence for this effect comes from the photometric variability observed for that
same image (see Kayser et al. 1989). The possible implication of this is that if an observer takes
an integrated spectrum of H1413+ 117 under average seeing conditions (FWHM > 1”), he may
detect variability in the trough or emission line component(s) of the SilV, CIV, etc. BAL profiles
not only depending on when (time dependence of micro-lensing) he took the spectrum but also on
how he set the instrument (width, orientation and exact location of the slit with respect to each
of the four image components). It could therefore very well be that some of the variability of BAL
profiles reported for other BAL QSOs is induced by micro-lensing effects ... and that, maybe, the
BAL phenomenon itself could be closely related to gravitational lensing effects.

5. Conclusions

From an observational point of view, it has been shown in the previous sections that the challenge
of further studying “gravitational lenses” is great, essential and manifold. Indeed, observations
taken with the best performing instruments, and under the best seeing conditions, will certainly
contribute: (i) to a better understanding of the already known examples of gravitational lensed
objects (cf. section 3), (ii) to the discovery of new interesting cases (cf. section 2), (iii) to test the
various proposed suggestions that gravitational lensing may significantly perturb our view of the
distant Universe (cf. section 4.1) as well as to check how much gravitational lensing has induced
an apparent segregation among the various specific classes of extragalactic objects (cf. section 4.2).
In summary, there is no doubt that future observations of very remote objects will help us in as-
sessing the real importance of the various known, recently hypothesized or yet unknown
gravitational lens effects which seem to condition our view of the distant Universe (see Figure 2).

z=2 z=0.5 z=0.2 z=0
Figure 2: About the possible importance of gravitational lensing eflects in our Universe.
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