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Abstract

Since the discovery in 1979 of the first gravitatiblens system by Walsh, Carswell and Weymannjust a
little more than one decade ago, more than 10@hsfic papers have been printed on this subjethimn

review, we first recall the basic principles ungamg the physics of gravitational lensing and pdavthe reader
with a concise survey of the most important astysfgal and cosmological problems associated with
gravitational lensing, particularly with a viewttoe observational capabilities of the present and generations
of space and ground based instrumentation. We tiedeteader to the book of Schneider, Ehlers attbFa
(1992) and to general reviews by Blandford and Mang1992), Tyson (1992), Refsdal and Surdej (1998)
Soucailet al.(1993) for a more complete and detailed presemtatiovarious theoretical and observational
aspects of gravitational lensing.
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1. Introduction

The general layout of this paper is organized Bsvis. We describe in section 2 the first multi-vedand
observations of gravitational lensing. We then asscthe form of the lens equation in order to ustded
correctly the image properties of a distant obflkt to gravitational lensing (section 3). In sat#éo we quote a
sufficient condition for a potential deflector toopuce multiple images of a distant source andesall the
important relation existing between the angulanditer of the Einstein ring and the mass of the. ISose of
the most promising applications of gravitationaldimg are reviewed in section 5. We also discusetkelected
observations of gravitational lens systems thattwready led (or are expected to lead) to intergst
astrophysical and/or cosmological applications.

2. First Multi-Waveband Observations of Gravitational Lensing

During the elaboration of his theory of Generald®elty, Einstein predicted that a massive objettes the
space-time in its vicinity and that any particleggsive or not (cf. the photons), move along thelgsias of this
curved space. He showed in 1916 that a light ragipg near the solar limb should be deflected bgragle
equal to

4G My
Rg

6= = 1.75",

where G stands for the gravitational constantrdtfe velocity of light anidMg, R for the mass and the
radius of the Sun, respectively. It is importanhtie here that this deflection angle turns odte@xactly twice
the value derived by Soldner in 1804, in the framdwof the Newtonian mechanics.

Using photographs of a stellar field taken durimg $olar eclipse in May 1919, and six months apaitington
and his collaborators (see Dysetral. 1920) were able to confirm, within a 20-30% undetta the deflection
angle predicted by Einstein. This was not onlyiwnph for General Relativity but also a marvelous
confirmation of the concept that light rays may erpb deflections in gravitational fields. Let usenthat this
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uncertainty has been presently reduced to lessli#tathanks to radio interferometric observationgudsi-
stellar sources (Fomalont and Sramek 1975a, b; et al. 1991).

These measurements of the bending of light raystheaSun at both optical and radio wavelengthaataally
constitute the first multi-waveband observationgedvitational lensing', verifying at the samedithe expected
‘achromaticity’ of this very interesting phenomenibmay seem paradoxical that multiply imagedatist
sources often reveal chromatic effects. As we staalin the next section, these are caused byatiffal
magnification of a source whose size varies witrelength and do not, therefore, violate what haslyeen
said before.

3. The Lens Equation and Multiple I maging

It seems that Eddington (1920) was the first tqpee the possible formation of multiple images of a
background star by the gravitational lensing eftda foreground object and that Chwolson (19243 the first
to suggest that, in case of a perfect alignmentden an observer and two stars located at diffalistances,
the former should see a ring shaped image of thkgoaund star around the foreground star.

Einstein (1936) rediscovered these major charatiesiof a star lensed by another star and the 6Gon' ring
is now usually named the 'Einstein’ ring.

All these interesting effects may directly be urstieod from the lens equation (see Fig. 1). Indestdis define

the true position of the sour&on the sky by the ang é; and the image position(s) |6_’;- (i=1,2,..). These
correspond, of course, to the solutions oflémes equation

ﬁ- s = &'(g) = —(Dds/Dos)é(g)a

whered@ is the displacement angle and whBrgandD, represent respectively the "deflector-source” and
"observer-source" angular size distances.

We note that a given image position always corredpdo a specific source position whereas a givernce
position may sometimes correspond to several disimage positions. Such cases of multiply imagadaes
constitute of course the most spectacular andestielg aspects of gravitational lensing.

Fig. 1. Deflection of a light ray by a point mass lens.(M)
A IMAGE

A typical lens situation is shown in Fig. 2, wherurce and image positions (two images in this)caseseen
projected on the sky. We see again that the imagiipn &; is shifted by@(6;) relative to the source position
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fs: note, however, the@(8;) is usually not constant over the source and #salts in possible (de-)
magnification and deformation of extended sourltds.also straightforward to understand that, sinc
gravitational lensing preserves the surface briggdrof a source, the ratio between the solid atgleovered
by the lensed image and that of the unlensed salargé.e. the magnification) immediately gives thexflu
amplificationy; due to lensing.

If the source is multiply imaged and has a sizectviviaries with wavelength, chromatic effects betwe
different images will result (cf. the differentlyagnified source regions in Fig. 2) and we see fmemulti-
waveband observations of multiply imaged sourceséthe greatest interest. They not only provideresting
constraints on the physical modelling of the soltsf but also on the mass distribution of thetaint deflector
that induces the chromatic lensing effects.

Fig. 2. Images of a lensed source as seen projected askihe

SOURCE

OBSERVER DEFLECTOR PLANE

PLANE PLANE

/’[O

Existing multi-wavelength observations of multiptyaged sources, resolved at arcsec and sub-ancgataa
scales, have already been succesfully inverteseveral cases it has been possible from such asalys
retrieve the mass distribution of the lensing galas well as the multi-wavelength shape of the s (see
Wallingtonet al. 1993 and Kochanedt al. 1993 for a recent discussion of the numerical nmagtand Refsdal
and Surdej 1993 for a general review of the obsiems).

In order to refine such astrophysical applicatidgnis, very important in the future mat not onlyelit imaging

but also two-dimensional spectroscopy, at high Ergesolution and with good dynamical range, beeom
feasible at many different wavelengths, both frggace (far UV, X-rayy-ray, etc.) and from the ground (visible,
infra-red, radio, etc.).

4. Condition for Multiple Imaging and Angular Size of the Einstein Ring

When deriving the form of the lens equation in i®ec8, we have made the implicit assumption thatrttass
concentration which acts as a lens has a smallsiatve to the distances involved between thenkes, the
lens and the source (see Fig. 1). We have thus oealef the thin lens approximation. It is thenyver
straightforward to show that a sufficient conditfon a distant observer to see multiple images feodistant
source is just that, somewhere in the lens pldwestirface mass densfyexceeds a certain critical valjg,
which only depends on the relative positions ofdhserver, the lens and the source (Subramania€awting
1986). Adopting typical cosmological distancestfor deflector (redshifty =~ 0.5) and the sources(= 2), it is
easy to show that. ~ 1 g/cnd.

Defining the average surface mass deris{y R) = M/zR? of a deflector having a typical mass M and radius R
we have listed in Table | values for the rgfi(< R)/> . considering a star, a galaxy and a cluster of gedaas
possible deflectors. We see that only stars angle@mnpact, massive galaxies and galaxy clustersyficch

Y (<R3 > 1, constitute promising 'multiple imaging' defierst.



Published in : Frontiers of Space and Ground-Ba&sttonomy (1994), pp. 409-419.
Status : Postprint (Author’s version)

TABLE | Ratio of the averagg(< R) and critical}; surface mass densities, angulég)(and linear ¢) radii
of the Einstein ring for different values of thesad, distance [ and radius R of the deflector, assuming that
Dos = 2 X Dy (1 parsec = 1 pc = 3.262 light years = 3.086"1.6m)

Deflector M Dog R Y(<R/Z, O &= 0 Doy
Star 1Me 10°pc 2x10°pc 2x10 6 x 10%arcsec 3 x 10° pc
Star 1Me 10pc 2x10°pc 2x10' 2x10°arcsec  10°pc
Galaxy core 10”Mp 10°pc 5x 10 pc 4 2 arcsec 10°pc
Cluster core 10“'Mg 10°pc  10°pc 1 20 arcsec 10°pc

In case of perfect alignment between the obseaveompact lens characterized by a symmetric mass
distributionM(< &) - where¢ represents the impact parameter - and the souecés(F 0), it is clear that because
of the axial symmetry, the observer will actuakkes ring (the so-called 'Einstein ring') of lifam a distant
source. Combining the deflection (section 2) ardiéms equation (section 3), the angular radiukisfring can
be conveniently expressed as

Op = 4GM(S£E)DCZS
B CzDod Dos )

We have also listed in Table | typical valuespfor different types of deflectors located at vasalistances.
We see from Table | that for a source and a lecesténl at cosmological distances (z£= 0.5 andz = 2), the
angledg can vary from micro-arcsec (stellar deflectionptosec (galaxy lensing), and up to some tens skarc
in the case of cluster lenses.

The value obe derived above is very important because it canllysbia used to estimate the angular separation
between multiply lensed images in more generalsasere the condition of a perfect alignment betwibe
source, deflector and observer is not fulfillecewen for lens mass distributions which significankkpart from
axial symmetry. Observed image separatic=2(@g) can therefore lead to the valueMfD,q, or to the value of

M times the Hubble paramets, if the redshiftszy andz are known.

This is the simplest and most direct astrophysipalication of gravitational lensing. A summarynoéss
estimates derived in this way for several lensialgges is given in Refsdal and Surdej (1993). €raghors
also provide adetailed list of approximately 20gmeed cases of multiply imaged distant sourcess@rugalaxy
and galaxy-galaxy lensing), 6 radio rings (radiode galaxy lensing) and several tens of giant hams arcs
and arclets (galaxy - cluster lensing).

5. Some Additional Promising Applications of Gravitational Lensing

In this section, we briefly review some of the ath®st promising astrophysical and cosmologicaliagpons
of gravitational lensing.

5.1. Cosmological density of compact objects éuthiverse

For the case of a point mass lens, it can be shibatras the observer departs from the line of pegkgnment,
the Einstein ring described in section 4 breakiupo images and provided that the true positibthe source
lies inside the imaginary Einstein ring (i&g< 6¢ ), the net magnificationr of the two images is larger than
1.34. This means that the cross section for siganifi lensing (by conventigr > 1.34) is equal taf: %, which
is proportional to M (see the expressiorgpin section 4). We can directly make use of thisiteshen
considering the maximum observed frequency of miylimaged sources within a given sample of refeeen
objects (e.g. quasars) to set an upper limit orctisenological densitf, of compact objects in the Universe.
Indeed, we just expect this frequency to be praogoat to the fraction of the sky covered by thediém rings
associated with all potential compact deflectoearghing for multiply imaged objects within a saepf bright
guasars and taking into account the magnificatian bffect (Turneet al.1984), Surdegt al.(1993a) have
been able to set an upper limit=f2% on®Q, for compact objects in the mass range 5% 1@ x 16* M.
Such an upper limit does already appear to be Ithwaar that of known galaxies. Nemiroff (1993) fenth
discusses how to make use of various types of vhsens of distant sources, at many different wengths, in
order to set interesting constraints@nin the mass range 26 10" M.
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5.2. Determination of the hubble parameter Ho

For the special case of multiply imaged quasars,i@s the hope to be able to measure very acouthetime
delayAt between the arrival times of a same signal proj@gatong two distinct geodesics. Such a delaearis
not only because the light rays coming from thes®have travelled different geometrical paths,asi
because the photons passing closer to the lensietecstronger gravitational potential effects. 3¢photons
are therefore more slowed down and this effect tlom®fore also contribute to the time deMyAs early as
1964, Refsdal has shown that the time dalaig inversely proportional to the Hubble paramétgand that if
the mass distribution in the deflector plane idisigintly well determined, this method providesraptysicists
with a unique and independent way of deriving aataly the value of the Hubble paramdtgr Therefore, we
stress again here (see also Refsdal and Surdej,¥B8Zeal need of dedicating in the near futarea site with
good atmospheric conditions, a medium size (2-3atalscope to the photometric monitoring of the iplét
images of known gravitational lens systems (cf. %61, PG1115+080, UM673, 1422+231, etc.).

5.3. The size of narrow absorption line clouds

Making use of the number of coincidences and avitigiddences for the Loy- or narrow metallic - absorption
lines detected in the spectra of (at least twdjrdisimages of a lensed quasar, it is possibketanteresting
constraints on the geometrical size of the releahsbrbing clouds. Smettt al. (1992) have reported a study of
the Lya forest on the basis of high resolution spectraiokd for the doubly imaged quasar UM673. By means
of Monte-Carlo simulations, these authors haveveera value of 18s," kpc (g, = 0) for the 2 lower limit of

the diameter of spherical kyclouds. Smettet al. have also suggested how to make use of their pressuits
and those reported for the number ofilanti-coincidences in the spectra of 2345+007 ARufBoltzet al.

1984) in order to assess the physical nature (pigaasar or dark gravitational lens) of the latigstem. The
recent discoveries of the doubly imaged quasaridates HE1104-1805 (Wisotz&t al. 1993) and 1009-025
(Surdejet al.1993b) offer new prospects to set more accuraés sin (Ly: and metallic) narrow absorption line
clouds. There is also no doubt that the availahdftlarger light collectors (cf. Keck telescop®¥%,T) combined
with very efficient high dispersion spectrographil @nable one to use fainter -and much more nuoero
gravitational lens systems and this will of courssult in improving very much our size estimateglgfx and
metallic) narrow absorption line clouds.

5.4. Determination of the mass of a lensing cluster

The first giant luminous arcs (angular ext=120", angular widtkx 0.5") were discovered serendipitously in
1981 by Hoag, and quite independently in 1986 hyc&b and Fort and by Lynds and Petrosian plus thei
collaborators, to lie in the centres of rich clustef galaxies (mas~ 10" Mg, see Table I). As suggested by
Paczyski (1987), the measurement of several arc redshéfs confirmed that they result from significant
gravitational lensing (i.e. conditions of nearlyfeet alignment) of distant background galaxiesibl
foreground clusters. Up to now, about 20 fascimptiptical giant luminous arcs, whose surface briges is
only about one tenth of the sky brightness, haenligentified in rich clusters; half of them havmeasured
redshift which, in all cases, is larger than tHahe cluster.

Much larger numbers of arclets are also foundeg@tound rich galaxy clusters. By definition, atgleonsist of
elongated images having an axis ratio larger thawi3:1, usually distributed perpendicularly teithradius
vector pointing towards the center of the deflegtimass distribution. They are the result of weakigational
lensing of very faint blue galaxies caused by aymnetric distribution of matter around the imagsifion,
giving rise to a shear term (i.e. conditions offpetralignment are scarcely fulfilled). By meanssefy deep
CCD imaging, Tyson (1988) has found that thereataeut 300,000 of these faint blue galaxies perrsqua
degree all over the sky.

The arcs and arclets described above offer exgutasgibilities for determining the mass and theanas
distribution of the lensing cluster. A rough andwsimple analysis can be made for systems withglesarc.
Indeed, such an arc can be considered as partEihatein ring so that the mass inside the ring diegctly be
estimated from the expression of the angular Eimstalius given in section 4. Typically, the anguldius of
an arc i~ 20", corresponding to aboutf'Mg . This results in the determination of a mass toihosity ratio
of about 10(M@/L@, supporting the claim that dark matter is the gigal constituentX 90%) of galaxy
clusters. Additional information on the distributiof dark matter may be obtained from the faintigacund
arclets. Because of their large number, the intridistortion can be "averaged out" and a distarpattern
which traces the gravitational field of the foregmd cluster up to large distances from its cerderhe
determined. It is generally found that dark matbdows rather closely the distribution of red lighf the galaxy
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cluster, being also quite peaked near its centdrigAhallenge for the future is to obtain the hefis of the faint
blue galaxies and arclets. Detailed observatiorikaxfe will only become feasible thanks to thedargllecting
area of future VLTs, coupled with the high effiodgrof multi-object-spectrographs (MOS facilities)ore
accurate values for the strength of the gravitatidield of selected lensing clusters will thenules

5.5. Micro-lensing, high amplification events aratalax effects

Another very interesting aspect of lensing phenar@msists of the so-called micro-lensing effeEtese are
induced by individual stars or compact objects hg\w similar or even a lower mass, usually locatealgalaxy
which acts as a macro-gravitational lens. This fivasdiscussed by Chang and Refsdal (1979; sesd¢ay992
for a recent review). Since the angular sizes aekgus are smaller than, or comparable to, thedtimshg of a
star located at cosmological distances, this caah fe a splitting-up of each QSO macro-image ietcesal
micro-images, with typical angular separationsarfis micro-arcsec.

Of course, these micro-images are not resolvaltte techniques available today; however, the intiegra
luminosity observed for all those micro-images wadly with time due to the relative transverse i
between the source, the star field and the observer

Of special interest are the so-called high amgitfan events (HAEs) which, roughly speaking, oagben one
of the micro-deflectors (star, planet, etc.) getsywnear to the line-of-sight to one of the lensetro-images
(see Refsdal and Surdej 1993 for a more preciseamgblete description). For compact sources, ot ge
typical asymmetric peaks in the lightcurve of takevant macro-image and it is easy to show thatithe scale
ot for the steep rise (or decline) of the lightcursaimply given by the ratio of the source diame&tehe
relative transverse velocity; between the distant source, the micro-lens andliserver. Griegest al. (1988)
have shown that it is even possible to retrievdrtrensic one-dimensional brightness profile of $ource by
properly analysing the lightcurve observed duringHAE.

As mentioned in section 3, gravitational lensesbasically achromatic but since the amplificatiantér due to
micro-lensing depends on the source size, indoleaimatic effects may result if the source sizeethels on
wavelength. In particular, the continuum source @gd(much larger) broad emission-line regionsuaEsgrs
may be differently amplified, causing differencetvbeen the equivalent widths of emission-lines olestin
the spectra of the macro-images. It is importamtdie here that such micro-lens induced spectraseffects as
well as photometric light variability have beeneatged for the multiply imaged quasars 2237+030&iiflet al.
1989, Racine 1992) and H1413+117 (Kayeteal. 1990, Angoniret al. 1990). Analysis of such photometric and
spectroscopic data acquired continuously duringl&& should enable one to identify the real nataieK
objects, mass in the range?Mg - 100Myg, etc.) of the micro-lenses as well as to set @simg constraints
on the physical structure of the distant sourcagqu AGN, etc.). Because of these great challenges
photometric as well as two-dimensional spectroscapinitoring of known multiply imaged quasars sldoul
receive more attention in the future. Access te3an2 class telescope fully dedicated to the moimigpof
multiply imaged quasars seems therefore well jigstifor the particular study of micro-lensing effec

Another very interesting application of micro-lamgiconsists of the parallax effect. Indeed, becauiseo-
lensing causes flux gradients in the observer platgightness differeneim = gradn) 67 becomes measurable
between two observers located at a disti67:érom each other. This effect is often referre@igathe parallax
effect (Griegeet al. 1986). Values of grad{) are typically between 10and 10° AU™ (1 astronomial unit =

1AU ~ 1.5 16%m), but during HAEs values up to 48U may be reached (assuming that the source diameter
is ~ 10° pcand thaM ~ Mg). For two observers (1 and 2) located some AUtajiahould then be possible
to determine the time ladl; , between the photometric lightcurves recorded dusim¢dAE and thereby get
information on the projection in the observer plahéhe relative velocity/, between the source, the deflecting
stellar field and the observer. Griegtral. (1988) have shown that in the presence of a thistorer, a second
time lag may be derived and it then becomes passibyjet a precise value fgr. Taking into account the
redshifts of the source and of the lens and asgumtosmological model, we can then determine @eviar the
absolute diameter of the source. Assumiintp be about 600 kni's, we note that this corresponds to
approximately the distance to Saturn in one maurtie; would therefore expect a time lag of aboutronath
between a terrestrial observer and an observetddadose to Saturn.

Micro-lensing variability = 0.1 mag./month) has been reported for the A aimddjes in the Einstein Cross
(Q2237+0305, see Corrigat al. 1991). It is therefore clear that simultaneous oleg®ns of this system from
the Earth and with an even modest space observaassing near Saturn should allow one to measeargriie
lag dt, since a brightness difference of about 0.1 mhguld be expected between the two observatories.
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An interesting point in connection with the measueat of a time lagt is that it would immmediately prove
that we are dealing with micro-lensing variabilityd not with intrinsic variations since the latees would
only produce extremely small time lags which casilgdoe corrected for. This is particularly impartdor
sources with only one macro-image since then thindtion between the two types of variability ery
difficult to establish by other means.

Considering baselines of the order of 100 AU omdeeger, we expect that most distant quasars drshdw
small brightness differences. Observations of gelavumber of quasars would then provide extremalyable
information on the mass distribution in the Uniee(masses betwe= 10° Mg and~ 100Mg). One should
note that the space observatories needed to adhiese goals could be mostly dedicated to othenséc
projects but that the applications suggested hexgdvrepresent by-products of very great astroplaysi
importance.
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