clusters, i.e. to observe the very central
regions (a few fractions of a parsec) with
the maximum possible spatial resolution.
To this aim, the VLT in its interferometric
configuration is the only instrument ca-
pable of achieving the necessary resolu-
tion. If one could reach the nominal res-
olution of about 0.004 arcsec, one could
really make an incredible step forward
even compared to the best results one
could possibly obtain from HST in its best
configuration (~ 0.02 arcsec).

6. Conclusions

In conclusion, it is quite evident even
from our schematic and incomplete re-
view of globular cluster studies that the
VLT will be an extremely important tool
for yielding a better insight into most of
the current hot problems. A fruitful com-
plementarity exists between the results
uniquely achievable from space (with
HST, ISO, etc.) and those one can better
obtain from the ground with the VLT and
its many detectors. In this respect, it is
important to note that (i) there are cru-
cial observing programmes which re-
quire not only the use of the already
planned VLT instruments (i.e. FORS,
ISAAC, CONICA, UVES, and MFAS) but
also of some instruments presently un-
der study or just proposed like MIIS, NIR-
MOS, FRISPI, and WFDVC,; and (ii) sev-
eral extremely important issues in the
study of globular cluster problems can
best be addressed in the IR wavelength
range, and since neither HST nor I1SO
for various different reasons are able to
carry out the necessary observations, IR
instruments for the VLT (especially in the
near and intermediate IR) should have
a very high priority in the selection, con-
struction and commissioning.
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Scientific Capabilities of the VLT Adaptive

Optics System
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LESO-Garching; ?Institut d’Astrophysique de Paris, France

1. Introduction

The theoretical angular resolution
power of a telescope of diameter D
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is limited by diffraction and is propor-
tional to A/D. However, atmospheric tur-
bulence severely restricts the capabili-
ties of astronomical telescopes. What-

ever the aperture diameter, the resolv-
ing power of the telescope is limited
by the seeing angle and so the image
of a point source is spread most often



over more than 0.7 arcsec in the visible.
A radical way to achieve the diffraction
limit is to put the telescope above the
atmosphere. Though this allows high-
quality imaging as demonstrated by the
recent breakthrough of HST, this is rather
involved and expensive. Different tech-
niques are used to approach diffraction-
limited imaging using ground-based sys-
tems, like speckle, long-baseline inter-
ferometry or post-observation deconvo-
lution. However, adaptive optics is the
simplest way for observers to overcome
in real time the perturbations induced by
the atmosphere on ground-based tele-
scopes without any further image pro-
cessing (Merkle 1988).

This motivates the growing interest
for adaptive optics systems and explains
why several prototypes are being built all
over the world. Up to now, the only sys-
tem allowing nearly full correction of the
atmospheric perturbation and offered to
visiting astronomers is the COME-ON+
system at the 3.6-m telescope of ESO.

This system has obvious limitations:
it requires for instance relatively bright
stars (my < 13) for use as a refer-
ence by the wavefront sensor. The rel-
atively small diameter of the telescope
restricts the possibility of this instrument.
But the experience acquired by using it
will greatly help designing the system to
be installed at the VLT. An obvious task
is to assess the scientific capabilities of
such a system. After describing the effect
of atmospheric turbulence on the images
and the way they can be compensated
we will present results of calculations of
the fraction of the observable sky using
this technique.

2. Effect of Atmospheric Turbu-
lence on Astronomical Images

The refractive index along a path
through the atmosphere exhibits spa-
tial and temporal variations due to at-
mospheric inhomogeneities. As a result,
an initial plane-parallel wavefront arrives
distorted at the telescope. The variations
of the phase in a reference plane may be
described by the phase structure func-
tion Dy, which is the variance of the
phase variations between two points of
the plane. This quantity is a function of
the atmospheric characteristics and is
not known in general. Assuming, how-
ever, that atmospheric turbulence obeys
Kolmogorov statistics, it can be shown
that D, is proportional to the five-third
power of the distance r between two
points.

Dy(r) = 6.88(r/ro)>/? (1)

where ro is the characteristic coher-
ence length known as Fried parameter.
The latter is related to the seeing an-
gle &, = Mr, and increases with the
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Figure 1: Shape of the image after compensation. Top: moderate correction (Strehl ratio = 0.1):
the image is Gaussian, but the compensation leads to a gain of a factor of 3.5 in intensity and 2
in resolution compared to the uncompensated image. Middle: Strehl ratio = 0.2: a coherent core
appears, surrounded by a halo. The image is much sharper compared to the uncompensated
one. Bottom: Strehl ratio = 0.4: the image is diffraction-limited and surrounded by a faint halo.

wavelength as A%/°. It is also the diam-
eter of an aperture through which, for
given atmospheric and zenith angle con-
ditions, nearly diffraction-limited images
can be obtained; the images appearing
to change position as the atmosphere
evolves with time. This means that phase
variations on such a distance are small
enough so that the image profile is not
altered. This means also that this is the
diameter of the aperture through which

a unique phase error (the motion of the
image in the field of view) may be mea-
sured and compensated by actuating a
single mirror.

Overcoming the distortions induced by
atmospheric turbulence on an incoming
wavefront requires thus the sampling of
the wavefront through areas of diame-
ter ro, or less, in a reference plane. This
is the role of the wavefront sensor as it
will be described later. For a large tele-

21



Normalized FWHM

K band
seeing: 0.7 arcsec E
wind speed: 10 m/s

0.1 0.15 0.2

0.25

0.3 0.35 0.4 0.45 0.5
Strehl ratio

Figure 2: FWHM of the image (in units of the FWHM of the diffraction-limited image) as a function

of the Strehl ratio.

scope (D/ro)? is thus the optimal num-
ber of actuators to be used to shape the
deformable mirror of the adaptive optics
system. While the average value of rg
at La Silla is 12 cm at 0.5 um, it is 71
cm at 2.2 um. It is thus easier to build a
system to compensate for the turbulence
in the near-infrared since, for a given
telescope, one needs fewer actuators in
the infrared than in the visible. However,
since the deformations of the wavefront
do not depend on the wavelength, the
wavefront sensing is performed in the
visible, allowing thus the use of fainter
objects as references, due to the higher
performances of optical detectors.

3. Compensation of Atmospheric
Turbulence

Once the phase variations on the tele-
scope pupil are known, it is mathemat-
ically convenient to expand them on
a base of orthogonal polynomials. The
Zernike polynomials Z; are often used,
because they are representative of the
classical optical aberrations (Noll 1976)".
The first order is the piston and repre-
sents a translation of the wavefront along
the optical axis; thus it has no effect on
the image shape. The second and third
orders are the tilt in x and y directions
which cause the image to move in the
field of view, the fourth order is the defo-
cus which causes the rays to cross the
optical axis out of the theoretical focus

Lseveral bases may be used for the phase ex-
pansion (Rigaut, 1993), such as Karhunen-Loéve
functions which are more representative of the at-
mospheric turbulence, or the eigenmodes of the de-
formable mirror. We only address here the Zemike
decomposition, because it is conceptually simpler.
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of the mirror, the eleventh order is the
spherical aberration, etc...
The wavefront distortions may now be

written:
¢ = ZaiZi 2)

Thus, in order to compensate for the
wavefront aberrations, one must correct
the wavefront in order to set the coeffi-
cients a; of the expansion to zero or, at
least, to minimize them.

It is interesting to assess the influence
of a perfect compensation of the first ¥
Zemike orders (a;(;i=1,..,n) = 0). Itisin-
deed possible in this case and under the
usual hypothesis of a Kolmogorov turbu-
lence to derive the residual variance of
the phase on a reference plane:

5/3
o = 0.2944N 0866 (TQ) @)
(4]

The residual is of course a decreas-
ing function of the number of corrected
modes NN, since the more numerous the
corrected orders the better the correc-
tion. It is also an increasing function of
(D/7o). Indeed for the same atmospheric
conditions and at the same wavelength,
the variation of the phase is larger on a
larger distance (or here aperture) and, for
the same aperture, it is larger for worse
seeing (thus smaller rg).

The residual phase variance as a way
for evaluating the image quality is rather
vague. A more relevant parameter is the
Strehl ratio, which is the ratio of the max-
imum intensity of a point source image to
the maximum intensity of the diffraction-
limited image through the same tele-
scope. The larger the Strehl ratio, the
closer the image from the ideal case of
a diffraction-limited image. Though the
Strehl ratio is defined and computed from
the intensity in the image, it is also a

good indicator of the image structure and
sharpness. This is illustrated in Figure 1
where image profiles are drawn for dif-
ferent Strehl ratios. For small values,
the image is almost Gaussian in profile
with a width equal to the seeing angle.
As the Strehl ratio increases (i.e. as the
correction becomes better), the image
exhibits two components: a diffraction-
limited core surrounded by a halo, the im-
portance of the latter decreasing as the
Strehl ratio rises (more and more light
is concentrated in the core). This is il-
lustrated in Figure 2, which shows the
normalized FWHM as a function of the
Strehl ratio: it decreases very sharply for
small Strehl ratios until the sharp core is
dominant. Then, the image is diffraction-
limited in terms of resolution and increas-
ing the Strehl ratio only increases the in-
tensity in the core.

For the VLT, a Strehl ratio of 0.1 cor-
responds to a gain in resolution and in
the maximum intensity of the image of
a factor of 3.2 and of a factor of 5.6 re-
spectively. We will consider in the follow-
ing, somewhat arbitrarily, that this value
of the Strehl ratio is the minimum accept-
able correction for any observations us-
ing adaptive optics.

4. Adaptive Optics Systems

Adaptive optics systems have been
extensively described elsewhere (e.g.
Rigaut 1993). We briefly review the com-
ponents of the system through the con-
straints they put on astronomical imag-
ing.

Figure 3 recalls the basic arrangement
of an adaptive optics system and the
main steps of the compensating process:
the wavefront distortions are analysed by
the wavefront sensor, the phase is re-
constructed and the optical train of the
telescope is adapted in real time. This
cycle must be carried out rapidly enough
so that the atmosphere has not changed
between the evaluation of the phase er-
rors and the deformation of the mirror.

As alluded to above, the wavefront
sensing consists in estimating the phase
variations on a reference plane. This is
done by sampling the wavefront on a
pupil plane by an array of lenses, each
of them forming an image on a detec-
tor. Ideally (in case there are no aberra-
tions), the image produced by each lens
is aligned with its optical axis. Otherwise,
the position of the image gives an esti-
mate of the averaged slope of the wave-
front over the lenslet area. Thus, the cor-
rection of the wavefront will be optimal if
the wavefront can be considered as pla-
nar over each lenslet. This is the case,
as a first approximation, if each lenslet
corresponds to a sub-aperture of diame-
ter ro. Yet, since the Fried parameter is
a function of the wavelength and in ad-
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Figure 3: Arrangement of an adaptive optics system, showing the main steps of the compensation process: detection of the wavefront, recon-
struction of the phase, adaption of the optical train. For the latter step two distinct mirrors are used in the COME-ON+ system.

dition exhibits a high temporal variability,
the sampling cannot always be optimal
since the number (and thus the diame-
ter) of each sub-aperture is fixed by the
design of the system?.

A second constraint is that the time be-
tween two successive corrections must
be shorter than the coherence time of
the turbulence. The latter varies like ¢
as a function of the wavelength and is
about 10 milliseconds at 2.2 pm. Conse-
quently the integration time on the refer-
ence object must be shorter than this,
which, for a reasonable S/N ratio, re-
quires the correction to be done using a
bright enough object (either the object it-
self or a reference star). If the S/N ratio is
not large enough, the position of the im-
age of the reference star through the sub-
apertures is not well determined and the
correction is bad. Thus the ability of the
system to compensate for the wavefront
distortions depends on the magnitude
of the reference star. This is illustrated
in Figure 4 which shows the expected

2Note that it is nevertheless possible to alleviate
the problem of a super-sampling of the wavefront
using, for exampie, modal control optimization.

Strehi ratio when using the current sys-
tem COME-ON+ and the future system

Strehl ratio (%)

0.8

forthe VLT as a function of the magnitude
of the reference star for various wave-

seeing: 0.8 arcsec

zenith angle: 0 deg.
wind speed: 10 m/s |

my

Figure 4: The correction is a function of the magnitude of the reference object. We show here
the Strehl ratio achieved in J-, H- and K-bands versus the visible magnitude m., of the reference

star.
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Figure 5: Using a reference star distinct from the observed object leads to a degradation of
the correction (isoplanatic effect). The ratio of the Strehl ratio achieved on an object to the one
achieved on a reference star is plotted versus the separation r between the object and the star.

bands and for a seeing of 0.8 arcsec (av-
erage value at Paranal). These curves
were generated from experimental val-
ues for COME-ON+ and from a model
for the VLT system (Hubin et al. 1993).
For both systems there is a plateau up
to a given magnitude (16 for the VLT and
13 for COME-ON+). Indeed, there is a
minimum S/N ratio (obtained using a ref-
erence star of magnitude my;,,,) above

which the position of the images ofithe:
reference star given by each lenslet are:

well defined, yielding the correction to
be optimal for all S/N ratios larger than
this value (thus all reference stars with
magnitude smaller than my;,). At larger
magnitudes, a rapid drop is observed be-
cause the signal of the reference star is
too faint for the phase to be properly re-
constructed. It may be noted also that
even if the star is bright, the Strehl is not
equal to one since the correction cannot
be perfect due to the de facto discontin-
ued sampling.

A third constraint on astronomical ob-
servation using adaptive optics is that
quite a number of the objects of astro-
nomical interest are not bright enough to
achieve a proper correction (m > myim).
In such a case a reference star is needed
in the vicinity of the observed object. But
since the atmosphere is not exactly the
same along both lines of sight, towards
the object and the reference star, the cor-
rection on the object is only partial even
if the correction on the reference star is
very good. This effect is called the iso-
planatic angle limitation and is illustrated
in Figure 5 where the ratio of the Strehl
ratio achieved on the object to the one
achieved on the reference star is plotted
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as a function of the separation between
both objects and for various wavebands.
It is a rapidly decreasing function of the
separation: for instance, in the K-band,
if the reference star lies at 12 arcsec
from the astronomical object, the Strehl
ratio achieved on the latter is half the one
achieved on the former.

Thus, the quality of the corrected im-
age is essentially a function of two pa-
rameters: the magnitude of the refer-
ence star and its separation from the ob-

served object. This is illustrated in Fig-
ure 6 which gives the Strehl ratio which
will be achieved with the VLT system in
the K-band as a function of these two
parameters, the magnitude m, and sep-
aration r. As an example, if the correction
is done using a star of magnitude 15, the
Strehi ratio at 30 arcsec of the object is
0.1 in the K-band for 0.8 arcsec seeing
conditions and a 10 ms~! averaged wind
speed. On the star itself, a Strehl ratio of
0.6 could be expected.

5. Potential Observations

The necessity to find a bright refer-
ence star as close as possible (and in
any case within one arcmin) from the
observed object is a severe constraint
and limits the possibility of the system
in terms of sky coverage. Indeed, the
probability of finding such a star is rather
small. We have quantified this probabil-
ity using two approaches: the first one is
to compute the fraction of the sky which
may be observed at a given level of cor-
rection. The second one is to evaluate
the expected distribution of improvement
level by cross-correlating catalogues of
potentially interesting objects with cata-
logues of bright stars.

5.1 Sky coverage

Given the characteristic of an adaptive
optics system, it is possible to compute
the area of the sky surrounding any bright
star in which the system will allow a given
tevel of correction when using the star

35 T

30

r (arcsec)

K-band

seeing: 0.8 arcsec |
zenith angle: 0 deg.
wind speed: 10 m/s

17 18

Figure 6: Strehl ratio achieved in K-band with the VLT system plotted as a function of the
magnitude m., of the reference star and of the separation r between the observed object and

the reference star.



as reference object. For a given system,
this area depends on the magnitude of
the star and the level of correction aimed
at. Integrating over the whole sky gives
the fraction of the sky that is possible to
observe in those conditions:

£(S) :/ n(m)mr’(m, S)dm
where m..;n i the magnitude of the
brightest reference star considered,
Mmaz 1S the magnitude of the faintest
star possibly used for correction by the
system, r(m, S) is the radius where the
Strehl ratio is S and n(m) is the density
of stars of magnitude m.

The density of stars has been esti-
mated from the Guide Star Catalogue
(nereafter GSC). It is however com-
plete up to magnitude 14.5 only and we
used the Galactic models by Bahcall and
Soneira (1980) for fainter stars. Actually,
the distributions from the GSC and the
models are in very good agreement for
magnitudes smaller than 14.

The sky coverage as a function of
Mmae fOr regions of the sky just above
the galactic plane and for various Strehl
ratios is shown in Figure 7a for COME-
ON+ and 7b for the VLT system. It is
a steep function of the magnitude till it
reaches a plateau. The latter is mainly
due to the sharp drop of the perfor-
mances of the system for faint reference
stars (see Figure 4).

The possibilities of COME-ON+ ap-
pear to be rather restricted since even
for a Strehl ratio of 0.1, the sky cover-
age is less than 0.35%. For the VLT, the
observable fraction of the sky can reach
17% for a Strehl ratio of 0.1 with the mag-
nitude limit 7., = 16 for the reference
star. With a magnitude limit of 17, more
than a quarter of the sky could be ob-
served with a Strehl ratio of 0.1 in the
K-band for 0.8 arcsec seeing conditions
and a wind speed of 10 ms™!. On the
other hand, about 2% of the sky is ob-
servable with a Strehl ratio of 0.4.

As shown above, both the Strehl ratio
achieved on the reference star and the
isoplanatic angle are wavelength depen-
dent. These quantities vary in a similar
way, leading the Strehl ratio to be larger
at higher wavelengths even for large sep-
arations. However, the gain in resolution
is restrained by the increase with wave-
length of the FWHM of the diffraction-
limited image with the wavelength. Thus,
the K-band (2.2 um) seems to be cur-
rently the best compromise for adaptive
optics observations.

5.2 Specific objects

In the previous paragraph the ap-
proach was purely statistical with no con-
sideration of the presence or absence of
interesting objects in the surveyed area.
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Figure 7: Sky coverage versus the largest possible magnitude of the star used as reference
Mmaqr fOr several Strehl ratios (0.1, 0.2, 0.3, 0.4) achieved with COME-ON+ (top) and the VLT

(bottom) systems.

A few projects will use this approach such
as random search for very high redshift
field galaxies. However, this is not the
usual way of investigation: one aims in-
deed at observing a specific object. In
this case, and until laser guide stars be-
come available, the observation depends
on the presence of a bright star in the
vicinity of the target and this defines the
correction one might expect during the
observation.

Following this line one may ask for the
probability to achieve a given correction
when observing a sample of predefined
scientific targets. This was our second

approach to assess the potential of the
system. To do so a catalogue of targets
is cross-correlated with a bright star cat-
alogue. Given the coordinates of the ob-
jects, the star catalogue is searched for
the star that would give the best correc-
tion. A quite similar approach has been
followed by Bonaccini et al. (1993} in the
context of the Italian Galileo project. In
their study, however, the image quality
does not appear clearly. As an exam-
ple, we use as a list of possible targets
the IRAS point source catalogue, which
contains about 250,000 objects, and the
HST Guide Star Catalogue for the ref-
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Figure 8: Percentage of IRAS objects observable with a Strehl ratio within the range S —-0.01, S +0.01, obtained from cross-correlation between
the IRAS point source catalogue and the Guide Star Catalogue. Overplotted is a model (in magenta), made up with two contributions. The green
curve corresponds to observations using a nearby bright star as the reference. The blue curve corresponds to objects bright enough to be used

as the reference source.

erence star catalogue. For each object,
a star was searched in the GSC within
1 arcmin and, if present, the Strehl ratio
was computed using the characteristics
of the VLT adaptive optics system shown
in Figures 3 and 4. About 89,000 objects
were found to have a star lying within 1
arcmin, which holds for about one third of
the catalogue. Figure 8 shows the distri-
bution of Strehl ratios we obtained. Along
the y-axis is plotted the fraction of IRAS
objects (compared to the whole cata-
logue) observable at a given correction
level. The fraction of observable objects
strongly increases at both ends of the di-
agram. At the small Strehl ratio end, this
is because the probability of finding a star
in the vicinity of a given object increases
as the square of the separation, and thus
the probability for a small Strehl ratio in-
creases. At the large Strehl ratio end,
there is a large contribution of objects
which are present in both GSC and IRAS
catalogues. These objects can be used
themselves as the reference source and
the achieved Strehl ratio is large. Since
most of the objects in the GSC have mag-
nitudes smaller than 15, the correspond-
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ing Strehl ratio should be most of the
time very close to 0.8 and the distribu-
tion should be strongly peaked around
this value. It can be seen however that
the distribution is broad because, due to
imprecision in the astrometry, the coordi-
nates of a number of these objects differ
in both catalogues.

These two contributions have been
modeled. Assuming that stars are ran-
domly distributed in the sky, the distribu-
tion of the Strehl ratios possibly achieved
at given points of the sky can be com-
puted and is shown as a red curve in
Figure 8. To do this, we used the Bahcall
and Soneira (1980) models. The second
contribution has been computed assum-
ing that the differences in the position of
an object in IRAS and GSC obeys Gaus-
sian statistics, with a dispersion chosen
to fit the data best. This is the blue curve
on Figure 8. The final distribution (in ma-
genta on the plot) is the sum of these two
contributions, and one can see that it fits
reasonably well the distribution we ob-
tained from the cross-correlation, some
of the discrepancies resulting from im-
perfections of the star catalogue.

One of the most important limiting fac-
tors is the magnitude limit of the correc-
tive system. This is particularly true for
COME-ON+ which has a limiting mag-
nitude of about 13 for averaged mete-
orological conditions, that is 0.8 arcsec
seeing and 10 ms™" wind speed. For the
VLT system it is expected to be some-
what larger in the same conditions. It is
of importance to define what would be
the optimal magnitude limit. This is par-
ticularly important for extragalactic stud-
ies and can be investigated, for exam-
ple, by looking at the number of QSOs as
possible targets of such a system. QSOs
are indeed promising reference sources
since a number of extragalactic projects
could use them (morphology of galax-
ies in clusters, absorption-line systems,
host galaxies, etc.). In Figure 9a the dis-
tribution of quasars found in the Hewitt &
Burbidge catalogue (Hewitt & Burbidge
1993) is plotted as a function of the red-
shift and the magnitude. One can see the
rapid increase, whatever the redshift, of
the number of quasars beyond the mag-
nitude 16—17, that is just beyond the fore-
seen magnitude limit of the VLT adaptive



optics system. This is more striking in
Figure 9b where the number of quasars
brighter than a given magnitude is plot-
ted, still from the Hewitt & Burbidge cata-
logue. While there are about 200 quasars
brighter than magnitude 16, there are
about 600 QSOs brighter than magnitude
17. Thus improving the capabilities of the
system by one magnitude could lead to
an increase by a factor of 3 in the num-
ber of observable QSOs. To achieve this,
the integration time of the wavefront sen-
sor might be increased, to the detriment
of the quality of the correction, since it
results in a decrease of the bandwidth
of the system. To achieve a Strehl ratio
of 0.1 within 15 arcsec around all QSOs
brighter than magnitude 17 would be of
great interest.

6. Conclusion

Adaptive optics is a promising tech-
nique to overcome the wavefront de-
formations induced by the atmospheric
turbulence and to produce diffraction-
limited quality images with ground-based
telescopes. The rapid drop in quality of
the correction with the distance to the
reference star severely limits the fraction
of the sky that is observable. This im-
plies that the sky coverage of any adap-
tive optics system at a given wavelength
strongly depends on the magnitude limit
for the reference star. The latter should
be larger than 17 so that about a quarter
of the sky can be observed. This mag-
nitude limit is also required if a copi-
ous number of QSOs (the most obvious
extragalactic targets) shall become ob-
servable. The use of laser guide stars
should resolve most of the above limita-
tions (Rigaut and Gendron 1992).

To find a reference star near any po-
tential target, a catalogue of such stars
must be made available. It should be
complete up to the magnitude limit of the
system. At the moment the Guide Star
Catalogue is complete down to magni-
tude 14.5.

It is clear that it is possible to build
adaptive optics systems with large po-
tentialities providing that they are able
to improve the image quality in a large
enough fraction of the sky. Moreover, we
may expect exciting results using adap-
tive optics to perform very high spatial
resolution spectroscopy of extended ob-
jects.
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