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1. introduction 

The ESO Key Programme "Gravita- 
tional Lensing: Quasars and Radio 
Galaxies" has been described by Surdej 
et al., 1989. One of the aims of this 
programme consists in identifying multi- 
ply imaged sources within a large sam- 
ple of highly luminous quasars (HLQs). 
Indeed, both the so-called magnification 
bias and the redshift dependence of the 
optical depth for lensing point towards 
apparently bright and very distant ob- 
jects as the best gravitational lens can- 
didates. For this purpose, we acquire 
CCD images of these objects (hopefully 
under good seeing conditions) and 
carefully inspect the recorded frames, in 
search for multiple components or 
galaxies superimposed on the quasar 
image. 

This visual inspection is, however, 
only a first step: we have now begun a 
systematic analysis of these CCD im- 
ages using more sophisticated image- 
processing techniques, including de- 
convolution and point-spread function 
(PSF) subtraction. Up to now, we have 
analysed a sample of 153 quasars for 
which R-band images had been ob- 
tained. Most of these data come from 
the direct CCD camera at the 2.2-m 
telescope, from EFOSC at the 3.6-m 
and from the direct camera which was 
mounted at the N T  during its test 
period. Some of the results have been 
presented in September 1991 by Ma- 
gain et al. (1992a) while a more com- 
plete statistical evaluation of gravitation- 
al lensing effects on HLQ images is in 
preparation (Surdej at al. 1992b). 

The histogram of the image full width 
at half maximum (FWHM) is illustrated in 
Figure 1 for the 153 objects considered. 
The sharp peak at 0.7 arcsec corre- 
sponds to observations carried out at 
the ESO NlT, observations which took 
place only when the seeing was very 
good. The observations obtained during 
our regular observing runs correspond 
to the broader peak around 1.2 arcsec. 
The average seeing FWHM amounts to 
1.0 arcsec for the whole sample. 

These 153 HLQs were systematically 
inspected visually, in search for possible 
nonstellar images (extension, fuzz, . . .) 
or for companions, either stellar or 
diffuse. In addition, the PSF was sub- 
tracted from the quasar image whenev- 
er possible. The residuals were then ex- 
amined for a possible superposition of a 
galaxy or of a stellar image. 

2. PSF Subtraction 

amined, and it was decided whether the 
quasar had been fitted satisfactorily or if 
a significant residual remained, in which 
case it was classified as "interesting". 
We then tried to identify the nature of 
the residual, either diffuse or point-like. 
In particular, a fit of two PSFs was 
attempted to see if the object could be 
modelled as a double image. 

In the course of this systematic analy- 
sis, we encountered a number of prob- 
lems, which are described below. 

The PSF was determined from stellar 
images in the field of the quasar. An 
analytic profile, in the form of a 

2.1 Non-linearities 

generalized Moffat (1 969) function, was 
fitted to all stellar images simultaneous- 
ly, then subtracted. The residuals were 
recentred and a mean was computed. 
The composite PSF (analytic function + 
mean residual) was then fitted to all the 
images (quasar and stars) and sub- 
tracted. The final residuals were ex- 

First, it was found that, on the frames 
obtained with the ESO CCD # 5 (RCA, 
30 ym pixels), the shape of the PSF was 
a function of the image level, the core of 
the brighter stellar images appearing 
flatter than for the fainter ones. That 
CCD had been used for the earlier ob- 
servations at the 2.2-m telescope (i.e. 
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Figure 1 : Histogram of the image FWHM for the 153 quasars analysed. 



Figure 2 :  Departure from linearity as a function of exposure level for the ESO CCD # 5. Both 
scales are in ADUs. 
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from April 1987 to May 1988). We inter- 
pret this effect as caused by a non- 
linear response of the CCD, the re- 
corded signal being non proportional to 
the amount of incident light. The amount 
of non-linearity could be estimated by 
self-calibration of the CCD images: the 
relation between light intensity and re- 
corded signal was determined by requir- 
ing that the PSF shape be independent 
of the exposure level. That procedure 
was applied to all suitable images (that 
is, images containing several stars of 
various magnitudes) and the non-lineari- 
ty curves derived from different frames 
were compared. This effect was found 
to be remarkably constant over the 
period covered by our data (4 runs, in 
April 1987, July 1987, November 1987 
and May 1988). A mean curve was con- 
structed and is presented in Figure 2. It 
shows a departure from linearity, having 
the form of a "saturation effect", reach- 
ing 10 % at the highest exposure levels. 
If not taken into account, this would 
introduce severe photometric errors and 
would make any PSF subtraction mean- 
ingless, except in those cases where the 
quasar and the comparison star are 
equally bright. We thus corrected the 
recorded signal, prior to PSF subtrac- 
tion, by the relation: 

so, 
scorn = 

a + b Sobs 

with a = 1.0382, b = -9.5565 Sobs 
is the recorded signal (in ADU) and S,,,, 
the signal corrected for the non-lineari- 
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ty. This relation is valid for signals above 
4000 ADU. No correction was applied 
below that level. 

2.2 Spatial variation of the PSF 
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A second problem encountered was 
the spatial variation of the PSF for the 
CCD frames obtained at the 3.6-m tele- 
scope with EFOSC, which is probably 
due to the rather complex optics of the 
instrument. This problem is illustrated in 
Figure 3, which was constructed in the 
following way. An exposure with a rela- 
tively good seeing (1.06 arcsec), and 
with rather isolated stars of suitable ex- 
posure level covering the whole field 
was selected. A mean PSF was con- 
structed and subtracted from all stellar 
images used for its determination. 

The residuals are shown in Figure 3 at 
their original position, but with a spatial 
scale which is expanded 6 times in or- 
der to improve their visibility. It is seen 
that these residuals (which should be 
negligible if the PSF shape was constant 
over the field) have a characteristic 
quadrupole shape, with an orientation 
depending on the position in the field. 
Indeed, if we draw straight lines 
originating from the centres of the stellar 
images and pointing in the direction of 
the residuals positive maxima, these 
lines would cross at approximately the 
same point, located somewhat to the 
left of the frame centre. This indicates 
that the stellar images are radially elon- 

gated, the centre of symmetry being 
slightly offset from the centre of the 
CCD image. The amplitude of these re- 
siduals amounts to 10% of the peak 
intensity of the stellar image, which is an 
important effect. 

Since the shape of the PSF depends 
on the position in the field, this means 
that, unless we are able to model that 
variation, the PSF can only be sub- 
tracted from those quasar images for 
which stellar images can be found very 
nearby in the field and, preferably, on 
both sides of the quasar so that an 
interpolation can be carried out quite 
accurately. As a consequence, only very 
few of the images obtained with that 
instrument were found suitable for PSF 
subtraction. 

- 

2.3 PSF variation with exposure 
level 
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The third problem was totally unex- 
pected: we found that the sharpness of 
the stellar images varies with their inten- 
sity, in such a way that the brighter 
images appear sharper, the FWHM de- 
creasing by an amount of the order of 
5 % for a factor 10 in brightness. More- 
over, it does not seem to affect the 
integrated signal, but just to redistribute 
the photons inside the stellar image, so 
that the photometry remains unaffected. 
This effect is present in data obtained 
with different instruments and different 
detectors, at different telescopes. How- 
ever, its amplitude seems to depend on 
the configuration used. Unfortunately, 
our data do not allow to determine the 
origin of that effect: we suspect that it is 
due to the detector, but we cannot find 
any meaningful physical interpretation. 

Figure 4 presents a plot of the PSF full 
width at half maximum (FWHM) for data 
obtained with the direct camera and 
ESO CCD # 11 at the 2.2-m telescope 
in April 1989. 

In the absence of a physical explana- 
tion, we applied an empirical intensity- 
dependent correction to the PSF before 
subtracting it from the star and quasar 
images. 

3. Results 

I l l  

The first and third problems encoun- 
tered thus received an empirical correc- 
tion, but, due to the number of parame- 
ters involved, the second one could not 
be modelled on the basis of the avail- 
able data. 

Given these problems, and given the 
facts (1) that some quasar images are 
not suitable for PSF subtraction be- 
cause of a lack of comparison stars and 
(2) that the images obtained with the 
ESO NTT in the test period were not 
corrected for field rotation, we were left 
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Figure 3: Residuals of the PSF subtraction on 
of that instrument's PSF. See text for details. 

with 57 objects out of 153 for which the 
PSF could be satisfactorily subtracted. 

The results concerning the superposi- 
tions of quasars with galaxies and the 
statistical frequency of lensing have 
been described by Magain et al. (1 992a) 
and Surdej et al. (1992a). Here, we just 
wish to present the most spectacular 
result, which is the discovery of a new, 
rather extraordinary, gravitational lens 
candidate. 

The quasar Q 1208+1011 was discov- 
ered by Hazard et al. (1 986) and held for 
some time the world record with a red- 
shift of 3.803. It is very luminous (M, = 

an EFOSC image, showing the spatial variation 

-30.3) and, as such, was observed in 
April 1987 with the direct camera at the 
ESOIMPI 2.2-m telescope, the detector 
being a low-resolution RCA CCD (ESO 
# 5). We secured an R image, with an 
exposure time of 20 minutes. The seeing 
was rather poor (FWHM = 1.38 arcsec) 
and nothing special could be seen on 
the image. However, the PSF subtrac- 
tion carried out in May 1991 revealed a 
very significant residual which could be 
interpreted as due to the presence of (at 
least) a second image. 

Given these promising results, we de- 
cided to re-observe that object as soon 

as possible. New data could be ob- 
tained on July 7, 1991, with the direct 
camera at the 2.2-m telescope, equip- 
ped with a high resolution RCA CCD 
(ESO # 15). Two exposures were ob- 
tained, one with an R filter and the sec- 
ond with a B filter. The seeing was sig- 
nificantly better (0.9 arcsec for the R 
image) and the PSF subtraction con- 
firmed the previous results. Two PSFs 
were then fitted to the R image of the 
quasar. The residual was then reduced 
to a negligible amount, showing that this 
object could be modelled by two point 
sources, separated by 0.45 arcsec and 
with a magnitude difference of 1.4 in the 
R band. Unfortunately, the B image is 
underexposed and no firm conclusion 
can be drawn from its analysis. Our first 
results were announced during the In- 
ternational Conference on Gravitational 
Lensing in Hamburg (Germany) on Sep- 
tember 12, 1991 by Magain et al. 
(1 992a). A more detailed account of that 
discovery may be found in Magain et al. 
(1 992a). 

In the meantime, we learned that 
Q 1208+1011 had been observed with 
the Hubble Space Telescope on July 22, 
1991 in the framework of the snapshot 
survey (Bahcall et al., 1991). We ob- 
tained the image as soon as it became 
public, and were very pleased to see 
that it nicely confirms our results (Fig. 5). 

In the absence of individual spectra of 
the two point sources, it is not possible 
to definitely conclude that Q 1208+1011 
constitutes a new case of gravitational 
lensing. However, a good medium reso- 
lution spectrum of the whole system has 
been published by Steidel (1990). Inter- 
estingly enough, it shows strong ab- 
sorption lines reaching nearly zero in- 
tensity. This allows to exclude the possi- 
bility that the fainter image corresponds 
to a foreground star. Indeed, the proba- 
bility that such a star would have satu- 
rated absorption lines at precisely the 
same wavelengths as the high redshift 
quasar is essentially zero. Thus, we can 
conclude that Q 1208+1011 is either a 
binary quasar or a gravitational mirage. 
If the latter interpretation is the correct 
one, it implies that we have identified 
the multiply imaged quasar which is the 
most distant and with the smallest 
angular separation known up to date. 
I The fact that it could be detected on 

an image obtained in rather mediocre 
seeing conditions (1.38 arcsec) illus- 
trates very clearly the power of ade- 
quate image analysis techniques. How- 
ever, to be efficient, these techniques 
need to be applied to good quality data. 
This means: images obtained with a 
linear detector, with an instrument hav- 
ing a stable, well-defined PSF, and a 
good sampling (typically 0.1 arcsec per 
pixel). A sampling of 2 or 3 pixels per 



FWHM would certainly not have allowed 
us to discover this very compact gravi- 
tational lens candidate. 

Acknowledgements 
Our research is supported in part by 

contract ARC 90/94-140 "Action de re- 
cherche concertee de la Communaute 
Franqaise" (Belgium) and by an FNRS 
Grant (DH). 

References 
Bahcall, J.S., Maoz, D., Doxsey, R. et al. 

(1991): reprint. 
Hazard, McMahon, R.G., Sargent, W.L.W. 

(1 986): Nature, 322, 38. 
Magain, P. (1989): in Proceedings of the First 

ESO/ST-ECF Data Analysis Workshop, 
eds. P.J. Grosberl, F. Murtagh and R.H. 
Warmels, ESO Conference and Workshop 
Proceedings No. 31, p. 205. 

Magain, P., Hutsemekers, D., Surdej, J., Van 
Drom, E. (1992a): paper presented at the 
Hamburg International Conference on 
Gravitational Lenses, Hamburg (9-13 
September 1991), to appear in the pro- 
ceedings of the conference, Springer, Lec- 
ture Notes in Physics series. 

Magain, P., Surdej, J., Vanderriest, C., Piren- 
ne, B., Hutsemekers, D. (1992b): Astron. 
Astrophys. Letters, in press. 

0. 96 
2.8  3.2 3.6 4.0 

log-intensity 

Moffatl "'.J' Astrophys' 37 Figure 4: The FWHM is plotted as a function of the logarithm of the central intensity for images 
455. obtained with ESO CCD # 1 1 at the 2.2-m telescope in April 1989. The FWHM is normalized to 

Pirenne' Surdei' Magain: ST-ECF its value at log(intensity) = 3.5. Different symbols correspond to four different frames. 
17, 12-13, February 1992. 

Steidel, C.C. (1 990): Ap. J. S. 72, 1. 
Surdej, J., Arnaud, J., Borgeest, U. et al. 

(1 989): The Messenger 55, 18. sented at the Hamburg International Con- proceedings of the conference, Springer, 
Surdej, J., Claeskens, J.F., Hutsemekers, D., ference on Gravitational Lenses, Hamburg Lecture Notes in Physics series. 

Magain, P., Pirenne, B. (1992a): paper pre- (9-13 September 1991), to appear in the Surdej, J. et al. (1992a): in preparation. 

Figure 5: Images of the highly luminous quasar Q 1208+1011. Left: ground-based image, seeing = 0.9 arcsec. Middle: deconvolution of the 
ground-based image using the algorithm described in Magain (1989). Right: HST image. These three images are re-sampled to the same scale 
and normalized to the same peak intensity. The intensity scale is logarithmic. 

Minor Planet Discovered at ESO is Named "Chile" 
A minor planet which was first discov- after the country in which the La Silla Guido Pizarro, within the minor planet 

ered on a photographic plate obtained observatory is located. search programme by Belgian as- 
with the ESO 1-metre Schmidt tele- The observation was made on Febru- tronomer Eric W. Elst, who also found 
scope in 1988 has now been named ary 13, 1988 by ESO night assistant the new object on the plate. From a 


