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ABSTRACT

Results on gravitational lensing statistics applied to a sample of 469 highly luminous quasars are
reported. The objects were directly imaged, either from the ground (ESO, CFH) under optimal seeing
conditions, or using the Hubble Space Telescope. We have derived values for the effectiveness parameter
F of galaxies, modeled by means of singular isothermal spheres, to produce macrolensed images of
distant quasars, and upper limits on the density parameter (); of compact objects with masses
~10""-10'2.# ;. Adopting H,=50 km/s/Mpc, Qy=1 and A=0, we find that at the 99.7% confidence
level, 0.005 < F <0.478 and that Q; <0.02. A critical discussion of these results is presented. Finally,
comparing the efficiencies of ground-based and space instruments used to search for gravitational lens
systems among highly luminous quasars, we conclude that for the near future, ground based direct
imaging characterized by a good dynamical range still constitutes the best observational strategy.

1. INTRODUCTION

Since macrogravitational lens systems provide us with
equivalent optical benches having dimensions comparable
to that of the Universe, we may conveniently use them in
order to infer various parameters of astrophysical (mass of

'Based upon observations collected at the European Southern Observa-
tory (La Silla, Chile), with the Canada France Hawaii Telescope and
with the Hubble Space Telescope.
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deflecting galaxies, size of intervening gas clouds, etc.) and
cosmological (Hy, Qo A, etc.) significance. We refer to
Blandford & Narayan (1992) for a general review on this
subject. The possibility of using statistical gravitational
lens studies as an astrophysical or cosmological tool has
motivated the present work. Indeed, following the theoret-
ical work of Turner et al. (1984), dealing with a realistic
determination of the optical depth for macrolensing, it was
natural to expect that high angular resolution direct obser-
vations of a large sample of bright and distant quasars
would constitute the best approach in searching for new
lens candidates, and also in setting limits on various astro-
physical and cosmological parameters. In the next section,
we describe such a sample of 469 highly luminous quasars
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(hereafter HLQs) that have been observed either under
good seeing conditions using ground based telescopes at
ESO and CFH or with the Hubble Space Telescope
(HST).

On the basis of the observed frequency of multiply
lensed HLQ images detected in this sample, we present in
Sec. 3 results on lensing statistics relevant to (i) the value
of the effectiveness parameter F of galaxies to produce
multiply lensed quasar images and to (ii) upper limits on
the density parameter {); of compact objects with masses
~10"-10"2# @ Similar statistical results have been re-
cently reported for a sample of 215 quasars and another
one of 184 quasars by Surdej ef al (1992b) and Maoz
et al. (1992b), respectively.

A discussion as well as general conclusions form the last
two sections of the present paper.

2. DESCRIPTION OF FOUR LARGE SAMPLES OF HIGHLY
LUMINOUS QUASARS

Considering the canonical log(N)—-B relation for the
number of quasars per unit area brighter than a given mag-
nitude B (cf. Boyle et al. 1988), it is easy to calculate the
number density enhancement of quasars ¢(M, B,) in a flux
limited sample B < B, subject to a magnification M. Fol-
lowing Narayan (1989), one finds that ¢(M, B,) =N[ < B,
+2.5 log M}/ (N[ < By]XM). Referring to Fig. 1 of
Narayan (1989), where the author has illustrated the de-
pendence of g on both M and B, one immediately sees that
the magnification bias becomes more and more important
as the limiting flux of the selected sample of quasistellar
objects (QSOs) increases. We describe hereafter four ma-
jor optical surveys for multiply lensed QSO images which
benefit from this magnification bias. These QSO samples
are subsequently used in Sec. 3 in the context of our sta-
tistical gravitational lens studies.

2.1 The ESO Key Programme Sample

Following the successful outcomes of the surveys for
gravitational lens (GL) candidates among HLQs (typi-
cally M,<—27 mag)? initiated in 1986 November by the
Liege/ESO/Hamburg group (Surdej efal 1988 a,b,c;
Swings et al. 1990; Magain ef al. 1990) and by Djorgovski
& Meylan (1989a, b), an enlarged team of European and
North American astronomers has been successful in ob-
taining observations at ESO in the framework of a Key
Programme (Surdej et al. 1989, 1990, 1992a). Since 1989
May, the Danish 1.5 m (direct CCD camera), the ESO/
MPI 2.2 m (direct CCD camera or EFOSC2), the 3.6 m
(EFOSCI1) and the NTT (EFOSC2, EMMI or SUSI) tele-
scopes located at La Silla (Chile) have been used to study
gravitational lensing effects. The first aim is to detect mul-
tiply lensed HLQs with typical angular separations smaller
than one arcsec; furthermore, we are also looking for the
presence of foreground galaxies in the vicinity of the rele-

Unless quoted otherwise, we have adopted H,=50 km/s/Mpc, Qq=1
and A=0.

vant targets (cf. Van Drom 1992 and Van Drom et al.
1993 for a more detailed review) and even for the possible
signs of a lensing galaxy whose image might be superim-
posed over that of the objects under study (Magain et al.
1992a; Van Drom et al. 1993). A full detailed account of
the direct imagery observations obtained so far at ESO for
187 quasars selected from the Véron-Cetty & Véron
(1987) catalogue may be found in Surdej ef al. (1993).
This latter compilation lists, for each HLQ observable
from the southern hemisphere, its current identification,
1950 equatorial coordinates, redshift, apparent and abso-
lute visual magnitudes (for the latter one, k-corrections
were applied with a= —0.7 and a magnitude correction for
the presence of broad emission lines, see Véron-Cetty &
Véron 1991), date of observation, filter and exposure time,
seeing (FWHM), types of CCDs and telescopes used, the
technique of image analysis that has been applied (direct
visualization or point spread function PSF subtraction)
and indications on whether the HLQ consists of a con-
firmed case of a GL (i.e., even if we are pessimistic, we are
forced to recognize that it is a GL; for these cases we set
PQ=1, otherwise PQ=0) or of just a possible candidate
(we are here more optimistic but not totally certain that it
is a GL and we set 0Q=1, but PQ=0, for such candi-
dates). In the latter cases, the distance 6 (in arcsec) and
the magnitude difference MQ between the identified sec-
ondary point source image and the primary one are also
listed. Additional data related to the counts of galaxies
near the quasars are also given. Part of this information is
summarized in Table 3, which also contains similar data
for the three other quasar samples described hereafter.

Accepted cases of gravitationally lensed quasars for
which PQ=1 (and also of course OQ=1), identified in the
ESO KP sample, have already been reported for the fol-
lowing objects: PG1115+080 (Weymann et al. 1980; this
lens has been rediscovered in the course of our survey),
UM673 (Surdej et al. 1987) and H1413+4117 (Magain
et al. 1988). Among the possible GL candidates appearing
in the ESO KP sample and for which OQ=1 but PQ=0,
let us mention UM425 (Meylan & Djorgovski 1989) and
Q1208+ 1011 (Magain et al. 1992a,b; Maoz et al. 1992a;
Bahcall ef al. 1992b). There are, in fact, 18 GL candidates
(i.e., with OQ=1 and PQ=0) for which more observa-
tions (direct imagery and/or spectroscopy) are required.

Because of the limited dynamical range (Am~5 mag)
of our direct CCD imaging and since galaxies alone are just
capable of producing multiply lensed quasars with typical
angular separations <3” (neglecting thus all possible ef-
fects due to clusters of galaxies), we only consider in the
remainder those GL candidates for which 6,,<3” and
MQ<5 mag. There remain 17 such candidates character-
ized by OQ=1. Furthermore, because we have been some-
what too generous when selecting optimistic
candidates—in order not to lose potential GLs—we esti-
mate that only half of the previous cases (i.e., in total
=34 (17—3)/2=10) actually consist of possible GL can-
didates.
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2.2 The Crampton et al. Sample

Using an image stabilizing camera at the CFHT,
Crampton et al. (1989) have also made a direct imaging
search for closely spaced gravitationally lensed QSO com-
ponents. The full width at half-maximum intensity
(FWHM) of images produced by this camera is found to
be typically 109%—-20% better than for images recorded
with a standard prime focus camera. Out of 32 quasars
with z> 1.6 and m ;<19 mag (i.e., M}, < —26 mag), seven
were found to be possible GL candidates, two of these
having subarcsec angular separations. This fraction (22%)
of interesting HLQs is essentially the same as the one
(23%) initially reported by Surdej ez al. (1988c) for the
Liege/ESO/Hamburg sample. Crampton et al (1992)
have extended their initial survey for lensed quasars to a
total sample of 101 HLQs (see Table 3) located north of
the equator and extracted from the Véron-Cetty & Véron
(1987) catalogue. Crampton and his collaborators find
three quasars for which the residual image remaining after
subtraction of the appropriate PSF shows some evidence
for additional image(s) with subarcsec separations. In ad-
dition, they report 11 quasars which have companion point
sources with separations ranging between ~1” and 6”. For
five of these cases (PKS 0504403, PG 17154535, 17449
+206, PKS 17564237 and 2203+29), the companion
turns out to be a star. The companion to 4C56.28 has a
redder color than the quasar (Crampton et al. 1989) but
we still consider it as a possible GL candidate. There re-
main six GL candidates for which OQ=1, plus the three
above with subarcsec separations.

Imposing also here the constraints 6 pp<3” and MQ<S
mag, we are left with just four GL candidates for which
0Q=1. Again, we estimate that only about half (i.e., ~2)
of these objects constitute possible lens candidates. Addi-
tional observations are absolutely mandatory in order to
definitely identify their true nature (either 0OQ=0 or PQ
=1). Let us further note that Crampton ef al. (1992) re-
port 18 cases of quasars which have nonstellar companions
within 6”. Therefore, out of 101 observed HLQs, they still
identify a significant fraction ( ~32%) of potentially inter-
esting objects.

2.3 The Yee et al. Sample

Yee et al. (1993) report on direct imagery of 104 HLQs
obtained in the Gunn r filter with the direct prime focus
camera of the CFH telescope (see Table 3). Most of their
observations are complementary to those carried out by
Crampton et al. (1992). Yee et al. (1993) have rediscov-
ered the gravitational lens H1413+117 (Magain et al
1988) and the binary quasar PHL1222 (Djorgovski ef al.
1987). Whenever a possible GL candidate was found at the
telescope, additional multiband images were obtained. Sev-
eral possible GL candidates with separation greater than
~1" (including PG 1715+ 535 and others) have been
ruled out this way. For some candidates, spectroscopy has
been obtained at Lick Observatory revealing that the close
companions are stars. To test for closely-spaced GLs
(<1"), contour plots of the quasars were compared with

reference stars in the field. No such candidates were found.
The limits for detection of closely-spaced GLs were de-
rived by simulations. This was done by testing the visibility
of artificially added starlike companions with various mag-
nitude differences and at different angular separations (see
Yee et al. 1993 for a more detailed account).

2.4 The HST Snapshot Sample

A search for gravitationally lensed quasars using the
Hubble Space Telescope’s Planetary Camera, known as the
HST nonproprietary snapshot survey (Bahcall et al
1992a), was initiated in 1990 September. It consists in ob-
taining equivalent ¥ and some I direct images (2 or 4 min
and later 260 s exposures, image scale of 0.043"/pixel, 4
fields of 34" X 34"”), with an angular resolution ~ 0.1”, of
354 high luminosity quasars (z>1, M, < —25.5 mag)
(calculated for Hy=100 km/s/Mpc, g3=0.5, a=—0.5
+ galactic correction, |b|>10°), selected from the cata-
logue of Véron-Cetty & Véron (1987), during gaps in the
HST scheduled observing program. To save time, most of
the images are taken using only the gyroscopes for pointing
and guiding. Despite the well-known spherical aberration
of HST, the existing point spread function still permits the
detection of nearby pointlike objects with separations of
the order of several tenths of an arcsec. Until the end of
1991 March, useful high-resolution images had been ob-
tained for 32 quasars. Each of these quasar exposures has
been examined by eye for evidence of multiple images, the
results being calibrated by simulations (Bahcall et al
1992a). These authors report no evidence of multiple im-
ages due to gravitational lensing for these 32 objects. Maoz
et al. (1992b) have recently published an additional list of
152 HLQs observed with HST, bringing their total number
to 184 quasars. So far, they have only identified one GL
candidate, namely the high redshift quasar Q1208+ 1011
(Maoz et al. 1992a), originally detected from the ground
by Magain et al. (1992a) (see also Magain et al. 1992b and
Pirenne et al. 1992). Maoz et al. (1992b) identified six
other quasars having point sources within 6”, and for three
of these, ground based observations showed that the com-
panion point sources are foreground galactic stars.

It has been possible for some of us to independently
carry out, at the ST-ECF facility (c/o ESO, Garching bei
Miinchen, Germany), a systematic visual inspection of a
sample of PC frames obtained within the HST snapshot
survey for 267 quasars (see Table 3), part of these being in
the Maoz et al. (1992b) sample. From these observations,
we have identified four HLQs whose direct image does
show some structure (possibly multiple images—cf. Q1208
+1011 described in Magain ef al. 1992a, b; cases with a
superimposed galaxy image, etc.); the known quasar-
foreground galactic star associations have of course been
eliminated from these. Imposing also here the constraints
0pp<3” and MQ<3 mag (because the dynamical range
achieved in the HST snapshot sample is less than that
(MQ<5 mag) characterizing the ground-based observa-
tions, see Sec. 2.5), we still have four GL candidates for
which OQ=1. We estimate that approximately half of
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TABLE 1. Summary of the observational characteristics of the four se- TABLE 2. Adopted “angle selection functions” (ASFs).
lected HLQ samples. -

1. ESO-KP samnple:

Sample ESO-KP  Crampton et al. Yeeet al. HST Merged sample . L
la (type = I. visual examination)
N° of HLQs 187 101 104 267 469 No solution if 0 <045 FWHM
<z> 2.3 24 22 22 2.2 Am T.5 4 16.667 0 / FWHM  if 0.45 FWHM < 0 < 0.75 FWHM
<V> 17.5 18.1 17.7 17.6 17.7 Am = 3. i 0> 0.75 FWHM
< My > -28.0 =275 -27.8 -27.8 =271 Average seeing = (.90
< FWHM > 1.05” 0.67" 0.76”
L.b (type = 2. point spread function -PSF- subtraction)
Nv of HLQs with No solution if ¢ < 0.20 FWHM
(a) 3 0 1 0 3 Am = -1.818 + 9.091 4/ FWHM it 0.20 FWHM < ¢ < 0.75 FWHM
(3) 21 9 2 4 31 Am = 5. it > 075 FWHM
(7) 17 4 1 Average seeing = 1.06”
23
(6) 4 2. Crampton et al. (type = 3):
Most probable No solution it 0 < 0.254 FWHM
N° of HLQ)s Am = -1431 + 53833 0 / FWHM if 0.254 FWHM < 0 < 1.111 FWHM
with 0Q =1 10 2 1 2 13 Am = 5. itd > 1.111 FWHM
Average seeing = 0.63"
(@) PQ=1
(8) 0Q=1 ) 3. Yee et al. sample:
(7) 0Q=1, Ipg < 3" and MQ < 5 mag. , al nation)
Fy =1.0 <3 dMQ <3 . J.a (type = . visual examination
(6)0Q=1.0pq <37 and MQ < 3 mag No solution 10 < 0541 FWHM
Am = -3.509 + 6431 0 / FWHM i 0.541 FWHM < 0 < 1.313 FWHM
Am = 5. it0 > 1.313 FWHM
these interesting HLQs (i.e., ~2) constitute new possible Average seeing = 0.70”
GL Candidates. Let us note that we dld not ldentify in thlS 3.b (type = 5. comparison with contour plots of nearby stars)
sample any new, yet confirmed, gravitational lens (i.e., for No solution if 0 < 0.366 FWHM
. Am = 2574 4+ 7.037 0 / FWHM  if 0.366 FWHM < 0 < 1.076 TWIHM
which PQ=1). Am i(0 > 1.076 FWIHM
Average secing = 0.76"
2.5 Mergmg the Four HLQ Samples A HST (tvpe = 6. visual examination ):
The most important observational characteristics of the No solution <012 .
. . . Am = 0.300 + 5.333 0 if0.12" < 0 <046
four HLQ samples described above are listed in Table 3 Am = 3. if0 > 0467
(totaling 659 observations; see Surdej e al. 1993, Cramp-
ton et al. 1992, Yee et al. 1993, Bahcall et al. 1992a, and
T I T I v [ T l T l
| type 2
type 1 (ESO KP) T
(ESO KP)
5r \lr
B type3
(Crampton et
Li- al.) / —
E‘ - J
type6
€3 yp
€ L 4
<
2+ -
(Yee
B et al.) 7]
1+ -
o 1
(0] o -
L | 1 I 1 I 1 I 1 ‘
0 0.2 0.4 06 08 1.0
FIG. 1. Apparent magnitude (V') vs redshift (z) diagram showing the O(aresec)
locations of 6003 quasars (very small dots) extracted from the Véron- FIG. 2. The “angle selection functions” (ASFs), derived under
Cetty & Véron (1991) catalogue. Note that not all apparent magni- average seeing conditions (see (FWHM) in Table 1), for the var-
tudes quoted for the quasars in the above catalogue are visual and that ious types of ground based (Type=1-5, see Table 2) and HST
most of them are just estimates. The 469 selected HLQs are shown by (Type=6) observations. The maximum detectable magnitude dif-
small squares, the 23 (although only about half of these probably ference Am between two images is plotted here as a function of
consist of) possible lens candidates (0OQ=1) by circles, and the three their separation 6. Whereas the HST angle selection function is
known lensed quasars (PQ=1) identified in the merged sample by somewhat better for 6<0.4” (equivalent to ground based seeing
crosses. Several lines of constant absolute visual magnitude are also conditions near 0.7”), the better dynamical range of ground based
shown. CCDs accounts for better ASFs when 6>0.4".
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Maoz et al. 1992b for more details). A summary of the
observational characteristics of each sample is given in
Table 1 and is also partly illustrated in Fig. 1.

Defining the “angle selection function” (ASF) as being
the maximum detectable magnitude difference Am between
two pointlike images separated by an angle 6, we have
listed in Table 2 these ASFs for each of the four HLQ
samples and the various methods of image analysis that
have been used: i.e., “Type” =1 (ESO-KP, visual exam-
ination), 2 (ESO-KP, PSF subtraction), 3 (Crampton
etal), 4 (Yee et al., visual examination), 5 (Yee et al,
comparison with contour plots of nearby stars), 6 (HST,
visual examination); see also Fig. 2.

Statistical estimates of the optical depth for gravita-
tional macrolensing based upon the data merged from
these four individual HLQ samples are reported in the next
section. Note that because of observational duplication,
there remains a total of 469 distinct quasars (those obser-
vations which turned out to be the best ones for the calcu-
lation of the effectiveness parameter F in Sec. 3 are indi-
cated with an * in Table 3). In this merged sample of
HLQs, we finally adopt 3</N ;<13 for the observed num-
ber N of lenses. The lower limit corresponds to the “pes-
simistic” number of lenses present in the merged sample,
and the upper limit to the “optimistic” number.

3. GRAVITATIONAL LENSING STATISTICS:
3.1 The Effectiveness Parameter F of Galaxy Lenses
3.1.1 The method

Following Turner et al. (1984, hereafter TOG) and,
more recently, Nemiroff (1989), Fukugita & Turner
(1991, hereafter FT), Kochanek (1991a), Mao (1991),
and Schneider (1991), the effective optical depth T of gal-
axies (modeled by singular isothermal spheres) to produce
multiple macrolensed images of distant quasars may be
expressed as

N,
T=N,/No=F i £(2,) B(byBpin) P(>6,)
q=

10Am/2.5___ 1

2
X 103m77.5+1} Scat/NQ’ (1)

where

—N ; represents the number of multiply imaged objects
expected within a sample of N quasars with redshifts z,,
blue apparent magnitudes b,, and having been imaged un-
der an equivalent (atmospheric or instrumental) angular
resolution 6,. Note that for all the HLQs listed in Table 3,
we have derived their b, magnitudes from their ¥ magni-
tudes tabulated in the Véron-Cetty & Véron catalogue
(1991) by applying an average B— ¥V correction as a func-
tion of their redshift z,. Once more, we stress here that not
all apparent magnitudes quoted for the quasars in the
above catalogue are “visual” and that most of these values
just constitute rough estimates.

—F « noo® measures the effectiveness of cosmically dis-
tributed “singular isothermal spherical” (SIS) galaxies to
produce double QSO images (n, being the local number

density and o the one-component velocity dispersion of
those galaxies, see TOG). From observed parameters of
local galaxies and adopting an SIS model, FT, Kochanek
(1991b) and Mao (1991) have calculated that F~0.047
+0.011, with 90% contributed by E and SO galaxies. All
these authors also report that 0.023<F<0.047 when the
effects of a finite core radius are taken into account. Note
that these estimates are independent of the value adopted
for Hy and that FT actually confirm that the core radii of
E and SO galaxies seem to be very small;

—f(zg) accounts for the redshift dependence of the
optical depth, i.e., following TOG:

[*+47+1) In () —3/2(*—1)]

flzp)=

47-1)°
for Qy=0, (empty Universe) (2)
and
f (zq)=&ig;22—3 for Q=1 (Einstein—de Sitter),

(3)

where y= (1+2zp),

—B(bq,Amin) corrects for the amplification—or more
appropriately, for the magnification—bias (cf. Sec. 1). For
a given redshift, the magnification bias results in the ob-
served counts of quasars being given by the convolution of
the intrinsic luminosity function with a magnification
probability distribution. Adopting the quasar counts
ng(b,) reported by Hartwick & Schade (1990) and the

generalized point source amplification probability
P(A,AL,;,) derived from the SIS lens model
P(AAp,) =1.842 1008(Amin—4), (4)

which is such that [ & P(B,Apin)dA=1, it is straightfor-
ward to derive the following expression for the magnifica-
tion bias

2. nglb,+A)P(AAg)dA
ng(by) ’

for the particular value of the minimum magnitude ampli-
fication A ;. Let us note that if we were able to resolve two
lensed images characterized by an infinite brightness ratio,
we would have A ;,=2.5 log(2) (see TOG). However,
because of the finite dynamical range of current imaging
instruments, we have A ;> 2.5 log(2).

—the correction function P(> Oq) represents the frac-
tion of expected lenses with multiple image separations
greater than the angular resolution 6, used for observing
the particular quasar(s). On the basis of numerical simu-
lations and considering observations carried out from the
ground, under optimal seeing conditions, FT have esti-
mated that, typically, P(> 6,) =50%-90%. Note that the
function P(>0,) derived by FT does not depend on H,,
nor on z,

—the factor appearing between the brackets in Eq. (1)
accounts for our inability to detect two lensed quasar im-

B(bqumin) -

(5)
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ages whose magnitude difference is greater than Am. Phys-
ically, it merely accounts for the reduction in number of
potential SIS lenses located along our line of sight that are
capable of producing detectable multiply lensed images. Of
course, the larger the instrumental dynamical range Am,
the better it is for searching for new lenses,

—finally, because of criteria imposed on the image mor-
phology, color, proper motion, etc. while selecting quasar
candidates, existing quasar catalogues are thought to be
biased against the inclusion of gravitationally lensed ob-
jects. Indeed, quasar candidates might have been excluded
from quasar catalogues because they appear either not to
be stellarlike (e.g., made of multiple images), or somewhat
redder than expected (because of a possible contamination
by a deflecting galaxy) or even, possibly affected by an
apparent proper motion (induced by light variability of
one or more of its components). Taking into account the
two first observational biases, Kochanek (1991b) has esti-
mated that a loss of up to 30% of GL systems may result.
Therefore, in order to correct for these biases, we have set
Seat=0.7 in Eq. (1).

When deriving the above expression for the effective
optical depth 7, TOG and FT have explicitly assumed that
our ability to resolve two pointlike images in the angular
range [0 ., 0., is characterized by a constant dynamical
range Am. This assumption naturally accounts for the
presence of the factor P(>6,) [(104™%°—1)/(10%"/%
+ 1) in Eq. (1). In our particular case, we know that the
dynamical range Am is actually a function of the angular
separation O [i.e., Am=Am(0); see Table 2 and Fig. 2].
We thus have to correct Eq. (1) for this dependence and
write

N,
T=N[/NQ=F i f(zq)H(bq,Type’emax)Scat/NQ ’
q=

(6)
where the function
H(by,Type,0may)
0 10Am(0)/2.5__1 2
S o™ p(8) B(byyAmin(6)) Tomo7rs | 49
= (N

J5p(6) do

depends of course on the particular set of observations
considered (via the expression of the ASFs given in Table
2 for the different values of Type=1-6) and on the max-
imum angular radius 60,,, (set here to 3”) of the field
under consideration. The quantity p(0)d0 represents the
probability for the angular separation between two source
images produced by an SIS lens model to lie in the range
[6,6 +d0] (see the form of the function p(0) given by FT).
Furthermore, because of the limited instrumental dynam-
ical range Am(60) that is available to resolve multiply
lensed images, the argument A_; (6) appearing in the
above expression of the magnification bias must also be
changed and, for the particular SIS lens model, be set equal
to

A )51 2(10Am(9)/2.5+1) g
min( )— .2 10g (10 m R _1) . ( )

3.1.2 Numerical applications and results

We consider together the ESO-KP, Crampton et al,
Yee et al., and HST snapshot samples of 469= (187 U 101
U 104 U 267) HLQs (see Table 3), for which we have also
listed in Table 1 the numbers N' 2 (optimistic estimate) and
N?% (pessimistic estimate) of possible lens candidates and
known cases of gravitational lensing, respectively. We have
then derived by means of Eq. (6) lower and upper limits
for the effectiveness parameter F, taking into account the
dependence of the functions f(z,) and H(B,Type,0p,y)
for each HLQ, assuming various types of cosmologies (cf.
different values of the normalized cosmological parameter
Ao=A/3H3). Conversely, we have adopted the range of
values 0.023 < F <0.047, inferred by FT for the effective-
ness parameter F of SIS galaxies, and we have derived
upper (Nf,’}‘,p) and lower (NVL,P) estimates for the expected
numbers of lenses. Our results are summarized in Table 4.

3.1.3 Discussion

For the case of an Einstein—de Sitter cosmology (Qy=1,
A =0), we find that, at a 99.7% confidence level, 0.005 < F
<0.478. This large interval of values encompasses the pre-
dicted value F=0.047=+0.011 for the case of a singular
isothermal sphere and 0.023<F<0.047 when the effects of
a finite core radius are taken into account (see FT,
Kochanek 1991b, and Mao 1991). Furthermore, our sta-
tistical results seem to confirm the claims by Turner
(1990), Fukugita et al. (1990, hereafter FFK ), Fukugita
et al. (1992, hereafter FFKT), FT and others that flat
universe models excessively dominated by the cosmological
constant are not favored. However, due to a number of
complications discussed hereafter, the possibility of esti-
mating the cosmological parameter A from the observed
rate of quasars being lensed by galaxies should be consid-
ered presently with great caution.

Indeed, whereas the optical depth 7 is quite sensitive to
the cosmological parameter A (cf. Turner 1990, FFK,
Mao 1991, FFKT, FT, Kochanek 1991c), it also depends
very strongly on various other factors. For instance:

(i) 7 depends on € as well as on the assumed (large)
degree of homogeneity of the Universe;

(ii) 7 depends on the adopted distribution of galaxy
types, on the exact form of the velocity dispersion, which is
itself closely related to the (Schechter) luminosity function
as well as on the accuracy and applicability of the observed
luminosity—velocity dispersion (Faber-Jackson) or rota-
tion curve (Tully-Fischer) relations. It also depends on
the implicit existence of massive dark halos around ellipti-
cal galaxies (for which o.z=0+3/2 and on the adopted
mass distribution (p« 1/7*) for elliptical, spiral, etc. gal-
axies;

(iii) following Kochanek (1991b), the optical depth 7
could also be quite sensitive to reddening effects induced by
the lensing galaxies, if they are significant at all;
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TABLE 3. Observational characteristics of the HLQs (see notes below).

Identification F Type z m M FWHM PQ 0Q 6pp MQ Identification F m M ' FWHM PQ 0Q dpo MQ
. Q 0002-+422 * 1 2,758 17.21 0.65 0 0 DH  0054-284 * 18.24 1.50 0 0
UM 197 4 2,180 18.70 0.78 0 0 PKS 0051-006 * 18.00 0.52 0 0
UM 197 1 2.180 18.00 1.15 0 0 PKS  0054-006 13.00 0.74 0 0
UM 197 6 2.180 18.00 0 0 Q ” 13.40 0 0
UM 197 * 3 2.180 18.00 0.90 0 0 x 17.20 0.76 0 0
UM 13 1 1.890 16.21 0.70 0 0 UM 204 * 17.70 0.67 0 0
UM 138 5 1.890 16.21 0.86 0 0 Q * 17.30 4 0 0
UM I3 G 1.890 16.21 0 0 * 17.50 4 0.57 0 0
TEX 0004+171 * 6 2.890 18.50 0 0 PHL 938 * 17.16 2 0.59 0 0
PKS : 1 1.410 16.47 0 0 * 17.50 9 0.56 0 0
Q “ 1 2.670 18.30 0 1 24 45 * 18.00 4 0 0
Q 6 2.030 138.04 0 0 * 17.00 9 0.70 0 0
UM 4 18.50 0 0 > 17.50 4 0 0
UM 1 17.00 0 0 5 16.57 3 0.54 0 0

UM 6 17.00 0 0 3 16.60 3 0.60 0 1 00 00
UM * 3 17.00 0 0 Q 0100-3955 * 6 118.40 2 0 0
UM 209 1 17.00 0 0 Q 0101-4216 * 6 17.50 -27.8 0 0
PKS 0003+171 ! 18.00 0 0 0101 * 1 17.30 -28.1 0.52 0 0
UM 21 =3 16.00 0 0 Q 0102-423 * 1 18.00 -27.5 1.70 0 0
Q 0011-012 o 2230 17.00 0 1 3.0 20 UM 669 * 6 18.30. -27.7 0 0
UM 2 -1 2.086 17.00 0 1 00 0.0 Q 0103-29 * 6 18.60 -27.5 0 0
UM 6 2.086  17.00 0 0 Q 0105-391 * 6 18.10 -27.5 0 0
UM 4 2.086 18.20 0 1 3.3 5.4 UM 86 * 4 17.20 8.2 0.68 0 0
UM 3 2.090 17.00 0 1 32 56 0105-2634 2 17.30 6 0.70 0 0
S5 0014481 6 16.50 0 0 PKS 010601 * 4 18.39 0.68 0 0
S5 0014481 3 16.50 0 0 PKS 0109+17 6 18.00 0 0
3¢ 9.0 * 5 18.21 0 0 PKS 0109+17 4 18.00 0.63 0 0
Q 27 1 18.60 0 0 PKS 0109+17 * 3 18.00 0.43 0 0
Q * 6 18.60 0 0 Q 0109-353 * 6 17.40 0 0
UM * 6 17.90 0 0 0112-329 * 6 17.50 0 0
UM 19.10 0 0 UM 670 * 5 17.40 0.55 0 0
UM 18.00 0 0 UM 670 6 17.40 0 0
UM 13.00 0 0 0115-376 * 1 17.50 0.84 0 0
UM * 138.00 0 0 UM 314 * 3 17.00 0.59 0 0
UM * 17.00 0 0 UM 315 6 18.00 0 0
UM = 18.00 0 0 UM 315 * 3 18.00 0.73 0 0
UM * 18.60 0 0 UM 671 * 6 17.30 0 0
UM - 13.60 0 0 0119-358 * 6 17.80 0 0
UM 13.60 0 0 B2 0119+24 * 4 18.50 0.55 0 0
UM 13.00 0 0 PKS 0119-04 1 16.88 1.00 0 0
UM " 18.00 0 0 PKS 0119-04 * 5 16.88 0.68 0 0
* 18.40 0 0 PKS 0119-04 6 16.88 0 0
1840 0 0 0121-329 * 1 17.90 0.78 0 0
18.40 0 0 29 6 17.90 0 0
UM * 13.40 0 1 0.0 0.0 * 16.50 0.83 0 0
UM * 18.00 0 0 6 16.50 0 0
UM * 17.00 0 0 * 6 16.70 0 0
UM 17.00 0 0 * 1 16.70 1.38 0 0
4c * 17.50 0 1 0.0 00 * 6 18.50 0 0
4C 17.50 0 0 PKS 0123+25 * 4 17.50 0.53 0 0
4C 17.50 0 0 PKS 0123425 3 17.50 0.88 0 1]
Q 0034-3308 * 17.80 0 0 0124-323 1 17.50 0.84 0 0
UM 52 > 18.00 0 0 UM 327 * 3 18.00 0.82 0 0
5C 03.44 * 17.95 0 0 Q 0125-400 * 1 17.10 0.76 0 0
Q 0038-3936 * 18.00 -2 0 0 Q 0125-400 6 17.10 0 0
cT 15 = 17.50 -27. 0 0 UM * 6 17.80 -27.2 0 0
Q | * 17.50 -27.7 0 0 * 2 18.00 -275 1.29 0 0
* 1740 -286 0.69 0 0 * 1 1740 -28.0 0.75 0 0
Q ¥ 17.30 -28.3 0.96 0 0 1 1750 -28.1 0.70 1] 0
= 17.00 -28.8 0.74 0 0 Q 3 * 1 17.02 -29.0 0.67 0 0
UM 275 * 17.00 -28.4 0.64 0 0 Q 0130-403 6 17.02 -29.0 0 0
UM 275 17.00 -28.4 1] 0 013140120 * 3 3.793 21.00 -25.2 0.63 0 0
UM 275 1700 -284 1.34 0 0 * 5 1782 17.50 -27.7 048 0 0
UM 275 17.00 -284 0.66 0 0 6 1.782 1750 -27.7 0 0
UM 276 * 18.30 0 0 * 6 18.70 -27.1 0 0
UM 667 18.60 0 0 UM 349 * 6 18.00 0 0
UM 667 = 18.60 0 0 PKS  0136-231 6 13.00 0 0
UM 278 18.00 0 0 PKS 01364176 * 6 138.50 0 0
UM 2738 = 18.00 0 0 UM 356 6 18.00 0 0
UM 278 13.00 0 0 UM 356 * 3 18.00 0 0
PKS  0046-06 * 18.00 0 0 Q 0138-381 * 6 17.60 0 0
PKS 0046-315 * 17.70 0 0 Q 0140-306 * 6 18.50 0 0

UM 231 * 17.90 0 0 UM 673 * 2 17.00 1 1 22 22
UM 281 17.90 0 0 UM 366 * 6 3.138 18.80 -27.0 0 0
Q 0013-261 N 18.10 0 0 UM 368 6 3.160 18.50 -27.3 0 0
cs 3 = 13.10 0 0 UM 368 * 3 3.160 18.50 -27.3 0.70 0o 0
UM 287 1 17.00 0 0 TEX 01454336 * 6 1.440 16.00 -28.7 0 0
UM 287 6 17.00 0 0 UM 139 6 2.030 18.80 -26.6 0 0
UM 287 4 17.00 0 0 UM 139 * 3 2.030 18.00 -27.4 0.88 0 0
Q 0049-393 * 6 2.845 17.90 0 0 UM 141 =1 2.909 18.60 -27.6 0.60 0 0
UM 2838 =1 2310 17.00 0 0 UM 141 3 2.909 17.00 -29.2 0.89 0 0
UM 288 5 2.310 17.00 0 0 UM 142 * 6 1.390 17.70 -27.0 0 0
UM 288 6 2310 17.00 0 0 UM 674 * 3 2.840 18.60 -27.5 1.00 0 0
UM 288 3 2310 17.00 0 0 Q 0149-397 * 6 2.058 17.90 -27.6 0 0
B2 00: * 6 1828 17.80 0 0 UM 675 * 6 2,147 1710 -28.4 0 0
Q 00: * 6 2.060 13.10 0 0 UM 375 6 2.020 18.00 -27.4 1] 0
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TABLE 3. (continued)

Identification F Type z m M FWHM PQ 0Q 0py MQ Identification F Type =z m M FWHM PQ 0Q 6pp MQ
UM s 3 18.00 - 0.66 0 0 PKS  0405-12 =1 0.571 11.57 0 0
PHL 6 17.63 00 PKS  0106-127 x4 1563 19.00 0 0
PHL = 4 17.63 0.65 0 0 04204003 1 2918 19.10 0 1 44 34
S5 6 16.00 0 0 Q  0420-388 L 3120 16.92 0 0
S5 : =3 16.00 00 Q  0420-388 6 3120 16.9: 0 0
UM 148 | 13.30 0 0 PKS 04214019 5 2,048 17.04 0 0
0154-512U 6 17.30 0 0 PKS 0421+019 6 2,048 17.04 0 0
UM 154 5 13.20 0 0 PKS 012113 =5 2165 17.50 0 0
B2 0201436B * 6 17.50 0 0 1E 0438166 ) 1960 17.65 0 1 00 00
: ] 13.00 0 0 IE 0438166 6 1,960 17.65 0 0
Q 6 17.10 0 0 PRS 043843 <2 13.50 0 0
UM 6 18.10 0 0 PKS 0445409 -3 19.60 0 0
UM 1 17.70 0 0 Q  0147-395 6 18.10 0 0
UM 4 17.70 0 0 2 1 16.46 0 0
UM -3 16.00 0 0 2 =6 1646 0 0
UM 1 13.00 0 0 3 * 17.06 0o 0
UM 4 13.00 0 0 3 6 17.06 . 0 0
UM =3 i 0 0 * 2 16.5: 1 0 0
Q =2 0 0 6 16.53 1 0 0
Q 6 0 0 2. 3 18.50 4 0 0
TEX 02154165 6 0 0 / -3 19.50 3 0 1 53 25
021640803 6 0 0 0504403 -3 13.70 8 0o 0
021640803 14 0 0 PKS  0506-G1 6 16.85 0 0
021640803 =3 0 0 PKS 0514-16 6 16.95 0 0
| 00 6 0 0
6 0 0 * 2 0 0
3 0 0 6 0 0
5 0 0 -3 0 1 33 49
6 00 6 0 0
6 0 0 6 0 0
4 (] 6 0 0
* 3 0 0 6 0 0
A 00 6 0 0
6 0 0 4 0 0
2 0 0 = 2 0 0
- 0 0 6 0 0
L 0 0 ! 0 0
6 0 0 082242TW1  * 6 0 0
- 0 0 B2 0827+24 6 0 0
6 0 0 0830+112 6 0 0
PKS 0244-128 4 0 0 033141243 -6 0 0
S4 0243+43 <6 0 1 06 25 40 1931 “ 5 0 0
UM 678 2 0 0 S5 0836+T1 6 0 0
UM 678 6 (] Us 1443 * 6 U]
UM 679 2 (] 4C 1339 ) 0 0
UM 679 6 0 0 4C 13.39 6 0o 0
Q 0254-404 A 00 Q 084641540 = 2 0 0
Q 0254-404 6 0 0 Q 034641540 6 0 0
Q 2 ol o 0 Q 0346+1540 4 0 0
Q * 5 0 0 0347.6+156A * 6 0 0
Q 3 0 0 LB 8755 * 6 0 0
Q 3 () LB 3363 6 0 0
Q 31 6 0 0 LB 8956 6 0 0
Q 0301-0035 =3 [ ] 0903+1534 * 6 0 0
Q 0302-0019 1 0o 0 H 09034175 ] 0 0
Q 0302-0019 6 0 0 H 0903+175 4 0 0
Q 0302-0019 =3 0 0 B3 0907+381 6 0o 0
0302+1705 3 0 0 091340715  * 6 0 0
EX 0 3 * 1 0 0 GB2 09324367 6 0 0
EX 6 0 0 Q 09324501 6 0 0
Q 1 0 0 TB 09334733 6 0 0
Q 6 0 0 B2 0941426 6 0o 0
UM 1 0 0 B2 0941426 4 0 0
UM 682 * 6 0 0 Us 987 6 0 0
0308+1902 3 00 PKS  0945-321 1 0 0
PKS 0317-02 3 00 PG 09464301 -6 0 0
Q 0321-337 * 1 0 0 SBS  0953+549 * 6 0 0
Q 0324-407 6 3.056 0 0 PC 095544717 * 5 0 0
PKS  0329-255 1 2.685 0 0 PC 0955+4717 6 0 0
PKS O 255 6 2.685 0 0 0956+1217 * 6 0 0
Q 0 5 * 6 2 0 0 0957-055 * 2 0 0
H 0. 0 1 0 0 MAR 132 6 0 0
H 0335-336 * 0 0 1002-249 2 0 0
Q 0338-394 6 0 0 PG 10084133 * 6 0 0
PKS 0347-241 * 1 1885 17.50 -27.8 1.24 0 0 H 10114091 1 0 0
Q 0347-383 * 1 3.230 17.30 -28.4 0.84 0 0 H 10114091 * 6 (U]
Q 0347-383 6 0 0 B2 1011425 5 0 0
NAB  0348+06 5 0 .0 TON 34 * 5 0 0
NAB  0348+06 6 0 0 PKS : * 2 0 0
NAB  0348+06 3 0 0 TO 6 0 0
UM 684 * 6 0 0 TO 6 0 0
Q 0353-383 1 0 0 4C 6 0 0
Q 0353-383 "6 0 0 S5 1039+81 * 6 0 0
PKS  0355-483 6 (] SBS 10394582 6 0 0
DW  0400+258 * 3 0 1 32 07 4C 60.15 - g 0 0
PKS  0402-362 6 0o 0 105544022  * 2 0 0
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TABLE 3. (continued)

2072

Identification m M FWHM PQ 0Q #fpp MQ Identification F Type z m FWHM PQ 0Q 6pp MQ
SBS 10554384 18.00 0 0 Q 13494001 * 2 16.00 1.42 0 0
Q 1101-264 16.02 0 0 PG 13524011 * 6 16.04 0 0
PG 11154080 16.22 1 1 0.5 0.1 PKS 1354425 * 3 18.00 0.63 0 0
SBS  1116+603 16.50 0 0 4C 58.29 * 6 17.37 0 0
SBS 11174535 18.00 0 0 SP 1 * 3 17.00 0.73 0 0
UM 16.50 0 1 00 00 1358+1134 * 2 16.50 1.34 0 0
PKS 18.50 0 0 1358+1134 5 16.50 0.89 0 0
PKS 16.90 0 0 1358+1134 6 16.50 0 0
PRS 16.90 0 0 140041126 * 6 18.90 0 0
17.60 0 0 140040935 * 6 18.50 0 0
1136+1214 17.60 0 0 PKS  1402-012 * 6 18.16 0 0
1136+1214 17.60 0 1] PKS  1402-012 1 18.16 1.30 0 0
us 2778 16.90 0 0 PKS  1402+044 * 6 18.50 0 0
SBS 11384581 18.00 0 0 PKS  1402+044 1 18.50 1.10 0 0
PG 1138+040 17.19 0 0 140940930 * 6 18.60 0 0

PG 11384040 17.19 0 0 H 14134117 * 2 17.00 1.19 1 1 08 02

Us 2813 17.60 0 0 H 14134117 5 17.00 0.88 1 1 1.0 02
PRS  1143-00 17.60 0 0 GB2 14134373 * 3 18.00 0.69 0 0
PRS 111800 17.60 0 0 Q 141440859 * 6 18.60 0 0
B2 TLIS438 17.04 0 0 MAR 679 * 5 16.70 0.84 0 0
POX 5B 17.00 0 1) 142341007 1 18.40 1.60 0 0
PKS 11574014 17.74 0 0 Q 1426-0131 * 1 17.30 1.00 0 0
POX 12 17.01 =285 0.99 0 0 Q 1435-0134 * 1 16.00 1.10 0 0
Q 1159+123 1750 -284 114 0 1 05 02 0Q 4 17.78 0.62 0 0

Q 11594123 17.50 -28.4 0 0 PKS * 2 16.96 0.92 0 1 0.0 00
POX Gl 17.80 -27.7 0 0 PKS - 6 16.96 0 0
PG 12064459 16.07 -28.1 0 0 145141223 * 6 18.60 0 0
1206+1155 17.90 0 0 145541221 * 6 18.70 0 0
120764399 17.50 0 0 PKS  1502-+106 * 1 13.56 1.50 0 0
1208+1011 17.50 0 1 04 14 B2 1506433A * 3 0 0
120841011 17.50 0 1 04 1.3 PKS  1508-05 1 0 0
Q 121340922 0 0 LB 9612 * 5 0 0
Q 121340922 G 2.719 0 0 MC 15174176 1 0 0
UM 185 1 2.690 0 0 Sp 43 6 0 0
B2 1215433 5 2.606 0 0 SP 43 * 3 0 0
B2 12 33 0 2.606 1750 0 0 PG 15224101 2 0 0
MC 12154113 =6 1396 16.86 0 0 PG 15224101 6 0 0
SBS 122145 “6 2106 18.00 00 1548+0917 = 0 0
17.00 0.99 V) 154840917 5 0 0
TON i6.60 0.87 0 0 154840917 6 0 0
B2 - Lt 0 0 PRS  1551+130 | 0 0
- 0 0 GC 1556+33 5 0 0
PG - 0.95 0 1 3.1 6.5 GC 1556433 3 0 0
PG 12414176 0 0 PKS  1539+173 * 6 0 0
1244.9434.7 = 0 0 PKS  1559+173 4 0 0
BSO 1 * 0 0 TEX 1559+140 6 0 0
Q 1246-057 - 1.25 0 0 TEX 1559+140 * 4 0 0
PG 12474268 * 6 0 0 B3 16214392 6 0 0
PG 12474268 0 0 1623.74+268A 4 0 0
PG 12544047 * 0 0 1623.74268A * 3 0 0
B 201 * 0 0 1623.7+268B 4 0 0

W 61972 = 0 0 1623.7+268B  * 3 0 1 0.0 0.0
BSO 6 - 0 0 1631.1+3738  * 3 0 0
W 22722 * 0 0 B2 1633438 4 0 0
W 21511 = 0 0 MC 16344176 6 0 0
POX 123 = 0 0 MC 16344176 4 0 0
4C 18. * 0.89 0 0 MC 16344176 * 3 0 0
Q 1309-056 * 1.05 0 0 1635.5+26.6 * 1 0 0
Q 1309-056 0 0 S4 1656+47 4 0 0
PKS  1311-270 * 0.75 0 0 S4 1656447 * 3 0 0
PKS  1311-270 0 0 1E 17044710 * 6 0 0
BSO 11 * 0.68 0 0 1IE 17114712 * 6 0 0
UM 557 * 1.09 0 0 PG 17154535 * 3 0 0
SBS 13154605 * 0 0 PG 17154535 5 0 0
PC 131544722 * 0.60 0 0 PG 17184481 * 6 0 0
TON 153 * 0 0 B2 1722433 3 0 0
Q 1317-0507 1.00 0 0 174494206 * 3 0 0
Q 1318-113 * 0 0 WEE 167 * 3 0 0
PKS  1318+111 * 1.30 0 1 15 3.0 PKS  1756+237 3 0 0
0 0 1826.8+485 ~ 3 0 0

" 0.87 0 0 4C 56.28 G 0 1 2.8

- 1.00 0 0 4C 56.28 * 3 1.595  17.30 0 1 29 26
- 0.90 0 0 PKS  1935-692 1 3.170 18.80 0 0
0 0 Q 1937-101 * 1 3.780 17.00 0 0

PG 13294412 * 1.10 0 0 PKS =2 3977 19.00 0 1 49 36
Q 133040108 - 1.38 0 0 PKS * 1 1.048 17.46 0 0
MO 13314170 = 1.29 0 0 PKS  2021-330 2 1470 16.30 0 0
MC 13314170 0.91 0 0 PKS  2021-330 [ 1470 16.30 0 0
UM 500 - 0.88 0 1 02 05 20374-007 * 3 2.300 19.90 0 0
1337+1121 * 0 1] 20382-012 * 3 2.900 19.10 0 0
Q 1338-018 = 1.00 0 0 Q 2033-371 * 1 18.53 0 0
134040959 * 1.26 0 0 Q 2040-374 * 2 17.84 0 0

1C 58.27 - 0 0 Q 2040-374 6 17.84 0 1 03 3.0
Q 1346-036 1.94 0 0 Q 2040-400 o 18.10 0 0

Q 1316-036 N 0 0 PRS  2044-1638 2 17.36 0 1 45 3.6
134741116 . 0 0 PKS  2047-655 2 17.50 0 0
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Identification F Type 2 m M FWHM PQ 0Q 6pp MQ Identification F Type z m M FWHM PQ 0Q épyp MQ
Q 2049-353 =1, 0 0 Q 22409-3702 * 1 0.69 0 0
Q < 00 UM 658 “ 6 00
Q 1 0 0 PKS : * 1 1.10 0 0
Q 1 0 0 PKS = 013 0 0
Q 31 6 0 0 Q * 2 1.39 0 0
2111140629 3 0 0 Q 6 0 0
Q 2012-007 ol 0 0 4C B 0.80 0 0
ol 0 1 3.0 20 PKS 5 0.61 0 0
2 0 0 PKS 6 0 0
"6 0 0 PKS * 3 0.48 0 0
1 0 1 4.6 2.8 PKS 2 -28.5  1.53 0 0
1 0 0 PKS 5 2285 0.62 0 0
| 0 0 PKS 6 -28.5 0 0
6 0 0 PKS * 3 <285 0.58 0 0
l 0 0 PKS 4 -26.8  0.63 0 0
- 0 0 PKS * 3 -26.8  0.55 0 0
< 0 0 Q -6 4 0 0
Tl 0 0 Q 2 2 164 0 0
) 0 0 Q 6 2 0 0
6 0 0 PG Tl 0.71 0 0
HA 2 1 0 0 PG 6 0 0
PRS  2131+004 ol 0 0 TEX * 4 0.63 0 0
PKS 21314001 5 0 0 Q * 6 0 0
PKS 21314001 6 0 0 PKS T4 0.76 0 0
PKRS 21314004 3 0 1 0.0 00 UM 6 0 0
o 0 0 UM * 3 0.63 0 0
6 0 0 4 0.87 0 0
c3 0 0 3 0.75 0 0
214314010 =3 0 0 PKS 6 0 0
PRS  2144-362 6 0 0 PKS 1 110 0 0
6 0 0 PKS 3 0.94 0 0
PRS 2150405 6 0 0 BG 2 * 3 0.58 0 0
PRS 2150405 I 0 0 BG CFH 27 3 0.61 0 0
PKS 2150405 T3 0 0 UM 660 6 0 0
¥ " 0 0 UM 175 6 0 0
0 0 UM 175 =3 1.960 0.58 0 0
0 0 BG CFI 35 3 2.700 0.48 0 0
0 0 BG * 3 2.100 0.43 0 0
0 0 UM s 1.960 0.87 0 0
0 0 PKS 6 1.546 0 0
0 0 PKS o4 1,538 0.67 0 0
0 0 UM 6 3.005  19.50 0 0
0 0 UM 4 3.005 19.50 0.62 0 0
0 0 Q ! 3310 13.60 099 0 0
0 0 Q 6 3.310 0 0
0 0 WEE 130 * 3 2.040 0.67 0 0
0 0 Q 2319-012 < 3.120 1.00 0 0
i 0 0 PRS 2351151 o2 2.665 1.20 0 0
09-137U * 17.80 0 0 i 0 0
12-299 * 17.44 0 0 1.01 0 0
17.44 0 0 0 0
17.74 0 0 0 0
* 17.74 0 0 0 0
* 18.50 0 0 0 0
* 17.90 0 0 0 0
17.90 0 0 0 0
13.00 0 0 0 0
* 13.00 00 0 0
* 18.28 0 0 113 00
* 17.70 0 0 1.00 0 1 1.9 3.0
17.70 0 0 1.00 0 0
17.70 7065 0 0 121 00
17.70 7065 0 o0 0.8 0 0
* 1750 274 0.65 0 0 1.00 0 0
17.50 4 072 0 0 00
* 18.30 1081 0 0 0 0
= 18.20 5 0.46 0 0 6 0 0
13.40 0 0.2 0 0 235940653 6 0 0
* 17.20 4 0.83 0 0 UM 196 4 0.67 0 0
17.20 4 0 0 UM 196 6 0 0
39. - 1980 261 045 0 0 UM 196 T3 071 o 0
Q 2240-419 * 18.00 5 0 0
Col HLQ identification were applied with a = -0.7 and a magnitude correction for the presence of broad emission

Col. 2: An asterisk () in this column indicates which of the listed observation(s) for a same
HLQ turned out to be the best one for calculating, in section 3, the effectiveness parameter
I* of galaxies to produce multiply lensed quasar images

: Type as defined in Table 2
edshift z of the HL.Q
m s the apparent magnitude of the HLQs as listed under the column V in the cat-
alogue of Vérou-Cetty and Véron (1991). Unfortunately, these magnitudes are not always
“visual” ones: they are generally quite maccurate and inhomogeneous.
C'ol. 6: N stands for absolute visual magnitudes, calculated from the apparent magnitudes
m (see Col. 5) and asswing Hy = 50 km/sec/Mpe and gy = 0.5. Note that k-corrections

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

lines (see Véron-Cetty and Véron 1991).

Col. 7 FWHM corresponds to the full width at half maximum, in arcsec., of stellar images
recorded on the CCD frames.

Cols. 8 & 9 Indications on whether the HLQ consists of a confirmed GL (PQ = 1) or of
just a possible candidate (0Q = 1. but PQ = 0. for such candidates).

Cols. 106 11 1T PQ = 1 or OQ = 1. we list here the distance Upg (in arcsec) and the mag
nitude differcnce MQ between the identified secondary point source image and the primary
one. Null values in these columns indicate that the relevant quantities could not be deter-
mined satistactorily (cf. the position of a faint residual obtained from a PSF subtraction).
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(iv) when deriving the expression of 7, TOG assume
that there is no evolution of the lens properties with cosmic
time [i.e., n(z) <n(0)(1 +z)3]. Mao (1991) has shown
that a simple redshift cutoff model for the lensing galaxies
may significantly reduce the lensing probability and also
explain the large mean separation of images for known
lenses such as 0957 4561, 23454007, etc. Mao also warns
that such an effect could mask the contribution of a non-
negligible cosmological constant A in producing the appar-
ent observed number of lenses,

(v) the above derivation of 7 is only valid for the case of
an isolated lens. Jaroszynski (1991) has shown numeri-
cally that the grouping of galaxies and possible correlations
between galaxies and background matter density may in-
crease the probability of high amplifications. Other possi-
ble intervening density inhomogeneities (cf. granularity in
the galaxies, cluster substructure at kpc scales, etc.) could
also be of some importance but were not taken into ac-
count because of lack of better knowledge;

(vi) probably of great importance is the inadequacy of
the SIS model to account for the observed GL configura-
tions which consist of more than two images, and thus it
cannot be expected to give a very precise estimate of 7,
neither of the magnification bias. Using an elliptical lens
model with realistic physical parameters (core radius, el-
lipticity, etc.) and by means of extensive Monte-Carlo sim-
ulations, Kochanek (1991b) and Wallington & Narayan
(1992) have recently proposed more accurate estimates of
7. It would certainly be very appropriate to apply in the
future their formalism to the observational results com-
piled in the present paper;

(vii) Finally, it should be noted that the sensitivity of 7
upon the redshift-distance formulation and statistics for-
malism has been investigated by FFKT. Based upon nu-
merical simulations (provided that there are no sources at
very large redshifts, i.e., 2p<3), they conclude that the
formulation dependence is small in the final prediction of
lenses. Note also that 7 is independent of H,, and also on
the possible extra lensing brought by galaxy clusters since
we did not consider GL candidates with image separations
greater than ~3".

On account of part of the complications listed above,
Kochanek (1991b) has estimated that the error affecting
the optical depth 7 for lensing should be of the order of at
least a factor 4.

We therefore conclude that our results on the expected
number NP of GLs (cf. Table 4) agree sufficiently well
with current expectations (cf. FT) and that it is not justi-
fied at the present time to compare observed to estimated
numbers of multiply imaged quasars in order to infer the
values of cosmological parameters such as A, Q, etc.

3.2 Compact Lenses
3.2.1 The method

Press & Gunn (1973) have pointed out that the fre-
quency of lensing events caused by a population of com-
pact objects measures their contribution Q; to Qg, ; be-
ing the local density of lensing points in units of the critical

Oami Oam3
©am2

OAms

FIG. 3. One example of possible multiple intersections (6, ,,,;
with generally i<4) between the “angular selection function”
Am(8) (cf. Fig. 2) and the predicted magnitude difference
Amy, between the two lensed images of a distant quasar.
Note that 6,,,) =26y, where 6 represents the angular radius
of the Einstein ring associated with the compact lens. 6,,,,
(=3") is the maximum angular radius of the field under
consideration (see text).

density. Adopting the “detection volume” formalism de-
veloped by Nemiroff (1991a,b) and Kassiola et al. (1991)
in order to derive an expression for the lensing optical
depth 7 of a distant quasar by a hypothetical population
of compact lenses in the Universe, with mass .# ;, it is easy
to establish that

oP . .
= [ 7O n(Df1) [Min (B )~ Min (B b

+ Min (5 grbiags) —Min (83 ,3,b%,,) 14 D5, (9)

TQ( <1)representing in fact the expected number of lenses,
distributed with a cosmic density n(z;) =ny(14z L)3 at a
proper distance D5, from the observer, inside a volume
such that they are capable of producing observable double
images of a distant quasar Q. In the above expression for
Tg, several observational biases are implicitly taken into
account. For instance, we have constrained the lensed im-
ages to be characterized by a magnitude difference smaller
than Am, which is itself a function of @ (cf. Fig. 2, see also
the Am-6 relations given in Table 2) and by a maximum
angular separation 0,,,, (set to 3” in our calculations). In
the above equation, the quantities b,,,;(i=1-4) and b,,,,
represent extreme impact parameters defined in the lens
plane such that by,,;=Dy;04,,; (respectively, b,
=Do160nay), Where Dy, is the angular distance of the lens
as measured by the observer and where the 6,,,(i=1-4,
respectively 0,,,,) represent possible intersecting points be-
tween the Am-0 function (cf. Fig. 2) and the expected
magnitude difference Am,, between the two lensed images
1 and 2 of a distant quasar (see Fig. 3). The values of the
impact parameters b,,,; (i=1-4) and b,,,, also depend on
the angular distances Dog, Doy, and Dy between the ob-
server O, the quasar Q and the lens L; they are easily
derived numerically in the framework of the point mass
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TABLE 4. Results on F and N°*P from our statistical GL studies (see
text).

Q A Fo(997%)  Fu(99.1%)  N3°® N
1 0 0.005 0.478 13 2.6
0.1 0.9 0.001 0.090 6.7 13.7
0 1 0.0004 0.037 167 334
0 0 0.003 0.265 23 4.7

lens model (cf. Claeskens 1992; see also Nemiroff 1991a, b
and Kassiola et al 1991).

One may then write the relation between the effective
optical depth 7 for the lensing of N, quasars by a cosmic
population of compact lenses, with mass .# ; and density
parameter (;, as follows:

T=N[/NQ
No

=Q; 2 G(2,b,Type,Omaert 1,01)Se/Ng,  (10)
g=1

where most of the quantities have been defined in Sec. 3.7
[cf. Eq. (1)] and where

G(zq,bq,Type,Omx,% L:Q’L)

3H0€ Zq (1+Z)
"8G Jo J1+Qpz

[ [ Min ( bzAmZ’bsnax )

—Mln(bzAml,b,znax) ] B(bqumin)
+ [Mm(bﬁm‘;,b,zmx) _Min(bimbbl%nax) ]

X B(bgAin)]dz. (11)

In the above expression, the magnification bias
B(bp,Any) is calculated by means of Eq. (5) adopting the
compact lens (CL) point source amplification probability

eA/l.086(e2A/1,086__ 1)~ 1.5

PcL(A)=1‘086[0.5(10(Ami,,.+,)/5+10—(Am,./i+,)/5)_1] )
(12)
with
lo(Am,-/i+l)/2.5+1
Anmin=2.5l0g| Jomm, 7251 |» (13)

where Am;,; | (for i=1 or i=3) represents a typical value
of the ASF between the intersecting solutions 6,,, and
Oamiy1 (see Fig. 3). Let us note that, in Eq. (11), G ap-
pears to be a function of €); because of the slight depen-
dence of the Dyer-Roeder angular distance D;pon Oy
(Dyer & Roeder 1973). In practice, Eq. (11) is success-
fully solved numerically by means of a Gauss-Legendre
method with 9 points.

3.2.2 Numerical applications and results

Making use of the 469 quasars observed within the
ESO-KP, Crampton et al., Yee et al., and HST snapshot
samples, we have applied Egs. (10)-(13) in order to set

TABLE 5. Results on Q; from our statistical GL studies (see text).

Q Ao Q%(99.7%) M (M)
1 0 0.057 10%°

1 0 0.021 5%10'°
1 0 0.018 101

1 0 0.028 5x 10"
1 0 0.059 1012
0.1 0.9 0.005 1ot
0.0 1.0 0.003 10!
0.0 0.0 0.012 10!t

upper limits on the parameter () ; for compact lenses in the
mass range 10'°-102.4 ¢, (see Table 5). With a 99.7%
confidence level and adopting Hy=50 km/s/Mpc, Qy=1
and A=0, we find that Q,;<0.02; it is even likely that
0 ;<0.02 (if none of the known GL systems is due to a
compact deflector).

3.2.3 Discussion

In 1982, Canizares used the small observed variation in
the equivalent widths of broad emission lines recorded in
the spectrum of quasars to exclude a closure density of
compact objects in the range 1072<.# ; /.4 ®<105.

From the number of multiply imaged radio sources de-
tected in the VLA lens survey, Hewitt (1986) could de-
rive,under reasonable assumptions, ; <0.4 for compact
objects in the mass range 10''-10".#

Using the results reported by Crampton et al. (1989)
for the number of possible GL candidates identified in a
sample of HLQs (see Sec. 2.2), Nemiroff (1991a) has ap-
plied his “detection volume formalism” to deduce that
Q;<1 (respectively, Q;<0.25) for compact objects
having a mass #;>10"°.4 (respectively, .4
>10193 # ®). Note, however, that Nemiroff did not in-
clude in his calculations the—important—magnification
bias correction factor, discussed previously.

T I ¥ T 1 Ll | T T T T I T T T
0 _______ —
+
& 1k -
= X X
°
X
Xx
-2+ —
1 I ] 1 1 1 l 1 1 1 1 I 1 ! 1
0 5 10
log(M, /Mg)

FIG. 4. Adopting Hy=50 km/s/Mpc, Qy=1 and A=0, we have
illustrated in this diagram the various upper bounds derived for the
density parameter (}; of compact lenses, with mass .# ;, capable of
producing multiple images of distant sources. The various determi-
nations are from (-) Canizares (1982), (.) Hewitt (1986), (+)
Nemiroff (1991a), (=) Kassiola et al. (1991) and (X ) the present
work.
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FIG. 5. The quantity f(z,)H(b,Type,6,) is represented as a
function of the absolute magnitude M for each of the 469 HLQs
observed in the merged sample.

Kassiola et al. (1991) have investigated the constraints
that can be imposed on the cosmic density of uniformly
distributed intergalactic compact objects in the range
107<M /M ®<109 using VLBI observations of compact
radio sources. They exclude Q;>0.4 at the 99.7% confi-
dence level.

We have summarized in Fig. 4 all previous estimates
quoted for Q; over a wide range of deflector masses. It is
striking that the cosmological density of compact objects in
the mass range 10'°-10"? _# © is presently the best con-
strained one: it already appears to be much lower than that
of known galaxies!

4. DISCUSSION

4.1 Quasars Multiply Imaged by Singular Isothermal
Sphere (SIS) Galaxies

Considering first the astronomical aspect of gravita-
tional lensing, it is obvious from Eq. (6) that in order to
maximize the detection of GL systems among HLQs,
one should select quasars such that the quantity
S (2)H(b,Type,0p,y) is as large as possible. We have rep-
resented in Fig. 5, for each of the 469 HLQs belonging to
the merged sample, this quantity as a function of the ab-
solute magnitude M . The correlation existing between the
quantity f (z,)H(b,Type,0pax) and M) clearly shows
why selecting a sample of quasars with an intrinsic bright-
ness as high as possible constitutes the best approach to
search for new lenses as well as to constrain most efficiently
the value of the effectiveness parameter F.

Addressing now the observational strategy to follow
when searching for new GLs, we see from Eq. (6) that the
function H(b,Type,0p,,) should also be maximized with
respect to the ASF, i.e., one should make use of the instru-
ments characterized by the best resolving power (e.g., un-
der optimal seeing conditions for the ground based obser-
vations) with as large a dynamical range as possible. We
have illustrated in Fig. 6 the histogram of that quantity for

FIG. 6. Histogram of the function H(b,Type,0,,;) [see Eqgs.
(6) and (7)] for the 659 observations of HLQs either obtained
with ground based (GB) telescopes or with HST.

the 659 observations of the 469 HLQs available so far, in
accordance with the “angular selection functions” given in
Table 2 (see also Fig. 2). Although the angular resolution
of the HST observations is substantially superior to that of
the ground based data, the corresponding dynamical range
is presently more limited, resulting in a very comparable
efficiency for the detection of GL candidates. Given the
lower costs of operating instruments from the ground,
there is no doubt that observations of HLQs obtained with
a 2-4 m ground based telescope and characterized by a
large dynamical range (Am>5 mag) and high angular res-
olution (optimal seeing conditions or using a speckle cam-
era) should provide in the near future the best strategy to
search for new GLs.
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FIG. 7. Histogram of the quantity G(z,b,Type,0nam# 1,2;)
[see Eqgs. (10) and (11)] for the 659 observations of HLQs either
obtained with ground based (GB) telescopes or with HST (.# ;,
=10".4).
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FIG. 8. Histogram of the quantity G(z,b,Type,0pap-# 1,Q1)
[see Egs. (10) and (11)] for the 659 observations of HLQs either
obtained with ground based (GB) telescopes or with HST (.4
=10"4).

4.2 Quasars Multiply Imaged by Compact Objects

We have represented in Figs. 7 and 8 the histograms of
the quantity G(z,b,Type,0pax-# 1,{11) appearing in Eqgs.
(10)-(11) for .#;=10" and .# ;=10".#, respec-
tively. We conclude here also that the efficiency of ground
based instruments used to constrain the values of the den-
sity parameter Q; in the mass range 5% 10'°-10'2.# © ap-
pears to be as good as that of HST. Note that only for
M <5X100.7 @ does the efficiency of HST become su-
perior to that of ground based observations. Replacement
of the WFPC I camera by WFPC II should, of course,
improve much the efficiency of future HST observations.

5. GENERAL CONCLUSIONS

Generally speaking, gravitational lensing effects may al-
ter the observed number counts of distant quasars in var-
ious ways. Whereas we have considered in this work the
phenomenon of multiply imaged quasars at ~0.1”"-3" an-
gular scales, it should be noted that magnification of dis-
tant quasars may also result from microlensing effects due
to stellar and/or planetarylike objects in intervening gal-
axies as well as by matter (galaxies, clusters, large sheets of
dust and gas, other—unknown?—forms of dark matter,
etc.) at various possible locations along the line-of-sight.

In the present paper, we have applied statistical gravi-
tational lens studies to a sample of 469 highly luminous
quasars (HLQs), either observed from the ground or with
HST, in order to estimate the effectiveness parameter F of
singular isothermal sphere (SIS) galaxies as well as upper
bounds on the density parameter Q ; of compact objects in
the mass range 10'°-10'%.#,. For the values of the cos-
mological parameters Hy=50 km/s/Mpc, Q,=1 and
A =0, we have found at a significance level of 99.7% that
(i) 0.005<F <0.478, a result which overlaps current ex-
pectations (FT) and that (ii) Q;<0.02, implying that less

than 2% of the closure density of the Universe is in the
form of compact objects with masses in the range
104 A 1/ M 5<10".

We have reviewed in Sec. 3.1.3 all the types of uncer-
tainties which may affect the previous estimates of F, and
we have concluded that it is presently hazardous to use the
observed fraction of multiply lensed quasars in order to
derive an estimate of the cosmological parameter A. Note
that our estimated upper bounds on ; also strongly de-
pend on the adopted value for A (see Table 5 and FFK).

In Sec. 4, we have compared the efficiencies of ground
based and of HST observations carried out for the 469
selected HLQs in a search for new lenses. We have con-
cluded that these efficiencies were presently very compara-
ble (cf. Sec. 4.2). Furthermore, because of the present dif-
ficulties related to the spherical aberration of HST, to the
variation of the PSF over the field of the WF/PC camera,
etc. and due to a significant difference in operational costs,
we have argued that obtaining direct imagery of HLQs,
with a 24 m class ground based telescope equipped with
an optical speckle camera or working under very good
seeing conditions, still constitutes the best approach to
search for multiply lensed quasars. Observing a medium
size sample of HLQs with a speckle camera characterized
by a dynamical range Am=5 mag would allow one to
constrain the density parameter ; to less than 0.01 in the
mass range 10°-10'° _# ¢» @ search for massive compact
objects near 10°.# © being of course dictated by the possi-
ble existence of dark black holes with masses similar to
AGN central engines. Note that quite a number of HLQs
observed with HST show possible structures at 0.17-0.2"
scales (cf. Maoz et al. 1992b); however, because of the
complex PSF shape, it is not possible to conclude at
present whether these structures are real or due to PSF
artifacts.

As may be seen from Fig. 4, much work has still to be
done in order to improve the constraints on €}, for com-
pact objects in the mass range 1073-10'°.# o It is likely
that novel techniques will be developed and applied in the
near future. For instance, Refsdal (1990) has suggested to
use simultaneous observations of remote quasars from the
Earth and from a distant spacecraft in order to search for
lensing effects by compact lenses in the mass range 10~3-
10* .# o Kassiola ez al. (1991) have predicted that using
the capabilities of the VLBA (6,,=0.0005", dynamical
range R=1000), future observations should allow one to
exclude or discover Q;>10~3 for compact objects in the
range 10°<.4/ [ /.M o< 10%. The optical interferometric
mode of future Very Large Telescopes (e.g., the ESO
VLT) should also allow one to probe quite soon the mass
range 10°~10°.# ¢, for hypothetical compact objects.

In the context of observational searches for massive as-
trophysical compact objects located in the halo of our Gal-
axy (MACHGOs, cf. Paczynski 1986), let us mention that
ongoing projects should lead to the possibility of exploring
the presence of compact deflectors in the mass range 10~3-
107 La @ including brown dwarf and planet candidates
(Bennett et al. 1991; Alcock et al 1992; Vidal-Madjar
et al. 1992; etc.).
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