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Abstract

The idea to upgrade CFHT’s PUEOQ is not new and has been pro-
posed before (SAC meeting 57). It would increase the dynamic range
and improve the angular resolution of the current set-up without any
degradation of the current performances, in any condition. Two gen-
eral scientific niches can be identified that are extremely appealing.
One is the possibility to perform extremely high contrast imaging in
the near-infrared. Another is to allow diffraction-limited deep imaging
in the optical, down to Ha!

In June 2001 we presented a preliminary document to SAC and
to the users’ meeting in Lyon to suggest an upgrade for the current
adaptive optics bonnette. The document was well received and specific
actions were asked for by SAC (see recommendation 10 of the 59" SAC
meeting).

The next few pages describe the state of our study to upgrade
PUEO to become the best ground-based high angular resolution im-
ager. We attempted to answer the issues raised by SAC as realistically
as possible.

There is no technical “show stopper” identified yet. The science
case is already compelling and will keep growing as interest spreads
and attracts new members of the communities.

We believe that with swift and positive action from SAC, PUEO
can be upgraded in the time slot between the commissionning of
Megaprime / Megacam (summer 2002) and the shipping of WIRCAM
to Hawaii, at best late in 2003, and slipping... Upgrading PUEO later
is probably unrealistic for optimal use before NG-CFH, and appears
less attractive from a strategic point of view.



1 Introduction

Rethinking the efficient use of 4m-class telescopes in the dawning era of larger
facilities is a timely but challenging debate. CFHT remains in an enviable
position today, with leading efforts in both wide-field and high resolution
imaging. The extensive use of PUEQO for imaging and spectroscopy has kept
CFHT at the forefront of scientific research with adaptive optics since its
commissionning in 1996 (e.g., Lai 2000; Ménard et al. 2000).

The experience gained with the current AO system is a valuable asset for
our communities and the idea that an upgraded version of PUEO would open
new scientific and technological niches has been gaining momentum steadily
in the past few years (e.g., Roddier et al., SAC meeting 57). Larger facilites
are now starting to think about ways to implement high order AO systems.
We believe the medium size of the CFHT and the excellent quality of our site
on Mauna Kea is a perfect combination to reach the highest performances
with a high order AO system. Therefore, a scheme was proposed at the last
CFHT user’s meeting in Lyon to upgrade PUEO.

The fields of application of high order adaptive optics are numerous and
exciting. They include extremely high contrast imaging and coronography
in the near-infrared and diffraction-limited imaging in the optical, with the
corresponding gain in angular resolution. Specific science examples are de-
scribed below.

High hopes are put into new generations of AO systems. And it is often
claimed that extremely large telescopes will provide diffraction limited images
(e.g., OWL, MAXAT, and even NG-CFH!). But the ways to meet those
challenging specifications remain vague, apart from a hypothetical scaling-up
of the current AO systems, the so-called Extreme AO concepts'. Realistically
however, Shack-Hartmann technology may be difficult to scale up to that
extent and upgrading curvature systems instead may prove simpler.

Potent systems are nevertheless becoming available. NAOS, ESO’s new
AO system on the VLT (also Shack-Hartmann based), is expected to provide
Strehl ratios in the 75%-85% range for bright stars under excellent seeing
conditions (0.5” in V). This is extremely appealing, but more typical pefor-
mances are in the 70% Strehl ratio range. For example, according to the latest
simulations (D. Mouillet, private communication) the expected Strehl ratio

IMCAO will provide correction over a large field-of-view but is not expected to deliver
high Strehl ratios, in the 70% range or more.



is 75% for a V=9 star, and remains above 70% until V=12, at K-band, under
seeing of 0.9” at V. The large entrance pupil (8.2m), and the moderate com-
pactness of its 185 actuators across the aperture will limit the performance
in the optical range and the stability of the PSF in the near-infrared as the
seeing degrades.

Somewhat lower performances are expected for Altair on Gemini, albeit
with a larger field-of-view, as its deformable mirror is conjugated to the main
turbulent layer and not the entrance pupil of the telescope.

Such performances are very good indeed, and will provide for exciting
science. However, there are a number of scientific problems that require very
stable images and/or diffraction-limited imaging in the optical. The latest
generation of AO system will come close, but they may fall just a notch too
short. New ways to do Adaptive Optics must be explored.

The limits of curvature wavefront sensing AO systems (aka curvature
systems) remain poorly known. Compared to the 19-element PUEQ, the
36-element UH-AO system on CFHT allowed for much more stable imag-
ing in the NIR. It also offered diffraction-limit in the I-band on occasions.
Currently, the 36-element Hokupa’a on Gemini is slightly undersized to pro-
vide adequate diffraction-limited imaging at K behind the 8m aperture. An
85-element curvature system is under development and its performance is
expected to be similar to that of other existing AO systems on 8 meter tele-
scopes?. High order curvature systems remain efficient at least up to that
level. The limit where their performance saturates remains unknown today,
as it is a compromise between aliasing (which increases faster on curvature
systems), and system efficiency (which seems to decrease faster on SH sys-
tems). Pushing this limit forward is one good technological reason why an
upgrade of PUEO would be useful.

Indeed, while trying to keep the existing opto-mechanical bench, a new
PUEO, a curvature system with 104-electrodes has been simulated and re-
sults are extremely promising as we briefly describe below.

In the following section, we quickly describe the modifications needed.
The impact of the various technical options are considered in terms of cost
and expected performance. A number of extremely exciting science cases are
presented in section 3, ranging from asteroids and solar system science to
exotic brown darf stars and speculative exoplanets.

2The 349-actuator Keck-AO systems; the 185-element NAOS on VLT/UT4; the 177-
element Altair on Gemini. All rely on Shack-Hartmann technology.



2 The upgrade of PUEO

2.1 The various options in perspective

The possible routes to an upgrade depend on a compromise between cost,
performance and manpower. The smaller the upgrade, the lower the cost and
presumably, the lower the manpower involved, but of course at the expense
of performance. The best upgrade solution, the one that will keep both cost
and manpower to a minimum, requires keeping the present opto-mechanical
bench as intact as possible. This is a general statement that applies to all
upgrades. Then comes the more interesting issue: the “size” of the upgrade,
i.e., the number of sub-apertures/electrodes in the new system.

An upgrade to 36-electrodes has already been proposed by Roddier et
al. (2000, SAC 57)), with very low risks involved as the performance had
already been validated by Hokupa’a on CFHT. The cost was relatively low
($250000 USD). However the returns in terms of performance were not judged
adequate, and they would not have kept CFHT competitive today.

Another possibility occured with the “mass production” of 60-element
deformable mirrors by CILAS, under contract by ESO, for use in the multi-
purpose ”"MACAQO” VLT systems. Their low price ($51000 USD) might have
made for an attractive possibility for PUEO. Unfortunately, their formats are
incompatible with retaining the current opto-mechanical bench of PUEOQ.
This option would therefore imply a subtantial increase of the cost of the
upgrade. On the science side, the gain in performance with a 60-electrode
system turned out to be relatively modest with respect to the 36-electrode so-
lution. The Strehl ratio it would provide at K is 79% (0.86” seeing) compared
to 71% for the 36-electrode in the same conditions.

These are the reasons why a fresh approach was to start anew with the
design of the subaperture/electrode layout. This process means that this
custom mirror will be more expensive. It also means however that it will de-
liver image quality unmatched anywhere else, from the ground in the optical
and from space in the infrared!

2.2 The deformable mirror

We consider two scenarios: an 80-element and an 104-element deformable
mirror upgrade. According to CILAS there are no obstacles to produce these
mirrors. However, they would both require R&D and there are production



overheads to produce only one unit. Therefore, their final cost is rather
similar no matter what the choice is. An estimate of ~$105000-120000 USD
was given to us. Production delays are 10 to 12 months. For comparison,
the CILAS 60-element mirror would be available within 6 months.

The first simulations of an 80-electrode system were made in part to study
the new Hokupa’a system built by UH for Gemini, and to see whether a copy
of it could be installed on CFHT with satisfatory performance. It turns out
that, while adequate for use in the visible domain , the quality will remain
marginal for highly efficient use of phase coronography, i.e the maximum
Strehl ratio will stay below 90% at 2.2 microns.

The next radial order of the curvature system, i.e., 104 elements, was
therefore simulated. It provides the desired image quality and stability in
the near infrared (Sr 96% at K-band in good seeing) and opens up the visible
domain for diffraction-limited imaging all the way down to 600nm. This
includes the astrophysically important He, [SII] and [OI] lines. These results
were the basis of a paper circulated to SAC in June 2001 (Lai, 2001). Since
then, more complete numerical simulations were conducted. The following
discussion, on the more ambitious 104-element deformable mirror upgrade,
is based on them.

2.2.1 Detailed comparison of the performances

In all the simulations presented below, the following telescope and atmo-
spheric parameters were used. A 3.6m telescope with a large central obstruc-
tion, at 42.1% of its diameter. The current CFHT. Also, a realistic D/rg
was used, as opposed to the so-called Mauna Kea median seeing. D/ry was
set to 20 at 700nm. This is equivalent to 12 cm in the V-band, or to an
0.8” seeing. The turbulence was split into two dominant layers, one at high
altitude, 10km, having a speed of 25 m/s, and a second at ground level and
moving at 10 m/s.

The left side of Table 1 presents the calculated performance of an 80 sub-
aperture / electrode system running at 1kHz sampling rate, the rate of the
current PUEQO. This means that the upgrade would be rather simple. The
sub-apertures are distributed in a concentric manner, with 6, 12, 18, 24, and
18 elements from the inner to the outer ring.

The center columns of Table 1 show the performance an 80-element sys-
tem would reach if it were running twice as fast, at a sampling rate of 2kHz.
The results improve substantially at shorter wavelengths.



Table 1: Performance of an upgraded PUEO under 0.86” seeing

80-element 80-element 104-element
1kHz  sampling 2kHz  sampling | 2kHz sampling
Filter | Strehl FWHM Streh] FWHM Strehl FWHM

(%) (%) (%) (%) (%) (%)

K 84 0.119 85 0.119 92 0.119
I 31 0.049 39 0.046 o8 0.046
R 19 0.046 30 0.041 43 0.039
\Y% - — 10 0.032 21 0.029

To reach the next level of performance, the next azimuthal set of elements
must be added to the deformable mirror. This 104-element mirror has 8, 16,
24, 32, and 24 electrodes on each ring, inside-out. A sampling rate of 2kHz
is necessary to obtain >90% SR and full diffraction-limit in the optical. The
results of the numerical simulations are presented in the right side columns
of Table 1 and theoretical PSFs are presented in Fig. 1.

In excellent seeing conditions (which do occur often on Mauna Kea), the
performance increases further. With this 104-element configuration, in 0.5”
seeing (at 500nm), the Strehl ratio at 2.2microns reaches 96.1%.

As a validation test of our simulation protocol, we modeled the current
PUEO configuration and compared to real AOB observations. With the same
parameters (r9(0.5 um)=12 cm, same wind speed, etc.). The simulations
produced a Strehl ratio of 43% in K-band. Referring to Fig. 5 of Rigaut
et al. (1998), this is very similar to the performance delivered by PUEO in
these conditions.

Another advantage of systems with high Strehl ratios, that is often over-
looked, is the exquisite PSF stability they provide. For an average Strehl
ratio of 43% in K, the Strehl fluctuations of the current PUEO are +14%
(i.e. the instantaneous Strehl ratio varies between 20% and 60%). The 104-
element system described above, at 92% Strehl ratio, sees its PSF vary by
only +£2%. In case of good seeing, when the Strehl increases to 96%, these
variations decrease further, to only +1.5% (See Fig. 2). This means that
PSF calibration, so critical for coronography, for deconvolution and for PSF
subtraction, will actually become not only possible, but accurate!

Therefore, for roughly the same price and the same production overhead,



Figure 1: Theoretical PSFs. The top row shows the perfect theoretical PSFs
of the CFHT in the K-, I-, R- and V- bands. The bottom row shows the
simulated PSF's in the corresponding bands with Strehl ratios of 0.92, 0.58,
0.43 and 0.21 respectively. These values correspond to the peformance of
the 104-electrode configuration. All figures are plotted with a logarithmic
stretch.

we favor the 104-element upgrade as it provides much more ambitious per-
formances.

2. The avalanche photodiodes

In a curvature sensor where a monopixel detector can be used, avalanche
photodiodes with their high quantum efficiency and low dark current are the
obvious choice. PUEQ currently uses 19 such APDs. They are based on
old technology and are not fabricated anymore. The providers have replaced
them by new models with twice the detective efficiency, but slightly larger
dark current. They are known as “active quench” APDs, available at EG&G.

At the end of the production line, EG&G’s APDs are sorted according
to their dark current, the lowest dark current ones being rare and therefore
more expensive. The current APDs in PUEO operate with an average of 6
counts/sec of dark signal. For our purposes, the relevant new APDs come
with either less than 25 cnts/sec or less than 100 cnts/sec.

Each individual unit is rather expensive by any standards (9500 USD /piece
for 25 cnts/sec), but the unit price would come down significantly if we were
to buy 104 of them. The price would go down to $6000 USD/piece, for a



Figure 2: The Stability of Strehl ratios. The lower curve shows the instanta-
neous Strehl ratio during a 4-second simulation of the current PUEO under
nominal conditions. The upper curve shows the stability of a 104-element
upgraded PUEO under the same conditions, but for 2 seconds only, due to
heavier CPU requirements for the more complex system.

total of $624000 USD for 104 units.

The lower grade ones ( 100cnts/sec) would cost less than $2500 USD
each (total = $260000 USD for 104 units). We believe that they can be used
without significant degradation of the performance as soon as the guide star
is brighter than R = 15.5.

2. The lenslet arra

In order to fit within the current opto-mechanical bench, we will need to
construct a lenslet array made of 104 lenslets, instead of 19, that would have
roughly the same area as the current one. For fabrication reasons, there is
a minimum size to each lenslet. Although we have only approximate figures
for now, an array a 85 lenslets has already been built that would likely fit.
Compactness for the larger 104-array may be an issue. We still don’t have
an answer from the producers for the minimum lenslet size.

We will need to check this issue before we go further. R&D money could
become available rapidly (from LAOG, Grenoble) for checking this specific
issue should we receive a positive signal.

The interface between the lenslet array and the fibers feeding the detectors
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(APDs) may also require care. This is a complex piece of optics where light
losses probably occur that should be minimized. There are currently two
methods to align the fibers with respect to the lenslet array.

The one used on PUEO is adjustable and probably not easily scalable
to a hundred fibers . The alternate method (developped and used by UH)
consists in illuminating all the lenslets at the same time and accurately map-
ping their foci on a plate of photosensitive material (e.g., a CCD). The fiber
holder is then machined using the relative positioning of each subaperture’s
focus obtained that way. The advantage of this technique is that alignment
is done once and for all, and matching the fibers to the lenslet only requires
the adjustement of 5 degrees of freedom, X- - - - of the entire fiber/focal
bundle, as opposed to 3xN fibers of the former method. The obvious draw-
back is that this latter method cannot be re-adjusted or take into account
the coarse positionning provided by the fiber’s jacket with respect to its core.

But if the lenslet array can be constructed, solutions exist to link the
individual lenslets to the APDs.

2. The real time calculator

The upgrade of the RTC is under consideration. This item will likely require
careful attention. To speak crudely, a 104x104 matrix multiplication willneed
to be done at 2 kHz! This means the delay due to computation only will
have to be shorter than 0.5 ms! For comparison, Altair requires a 136x200
matrix multiplication in about 0.6 ms. To achieve this kind of speed, we will
probably need a dedicated Power-PC based solution.

Unfortunately, the raw computing power may not be the only issue. The
data transfer rate over the VME bus may be too slow with the current PUEO
architecture.

An estimation of the cost and labor is under way. ou should have the
answer by the SAC meeting!

2. technolo ical testbed

Some of the key issues raised for adaptive optics on Extremely Large Tele-
scopes do not have an answer today. Upgrading PUEO would allow to test

ach fiber is mounted on a very small - stage - screws against springs - and the
ad ustment is done by moving the fiber back and forth, until ux through the fiber is
maximised and the back illuminated fiber o ers a even illumination of the sub-pupil
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several of them. This, in itself, is an interesting technological driver worth
pursuing and partners are showing interest in many areas, the lenslet array,
the compact deformable mirrors, the real-time computer solutions.

Looking far ahead, an upgraded PUEO would be a perfect testbed for
new ideas such as predictive algorithms, or aliasing reduction. Predictive
algorithms work extremely well, as demonstrated by ONERA, but is rarely
used in today’s AO systems, partly due to frozen RTC hardware. If the
sampling period is below the correlation time of the atmosphere, the increased
bandwidth provided by the predictor can be used to reduce the overshoot of
the transfer functions.

Aliasing is a known source of error in curvature systems. They are twice
as sensitive to it than Shack-Hartmann sensors. An idea to reduce aliasing
would be to use a variable sized spatial filter to remove the high and very high
spatial frequencies of the signal in the wavefront sensor, thereby preventing
their erroneous contribution to the signal. It has been suggested that this
would not work because of the amplitude variations it would introduce in
the pupil plane. What is often neglected however, when operating in closed
loop, is that the spatial filter would introduce hardly any effect in amplitude
(Roddier, 1995).

There are many ways in which PUEO could be improved, for increased re-
liability and performance. But also, new technology allows for much greater
flexibility, and the new ways to control adaptive loops that will emerge for
extremely large telescopes could be quickly tested and implemented. New
methods of controlling and engineering the PSF, by creating nulls at the loca-
tion of suspected companions, could be attempted. Part of the attractiveness
of using PUEO NUI as a testbed for new technologies is that it would not
depend on difficult or complex technologies (i.e. Laser guide stars, MCAO,
etc.), but would provide the tools to validate sub—components thereof.

It goes without saying that considerably more work will be needed to
decide on the final details of the system should we go along. But these are
part of the next phase of instrument definition and beyond the scope of this
document.

Other than standard matrix control, e.g. neural networks, ourier methods
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2. stimated total cost and do ntime

A large part of the work can be done in preparation on an optical bench in a
laboratory environment. In fact, following the example the Keck Wavefront
Controller system that was integrated at LLNL and demonstrated closed-
loop operation before being shipped to the observatory, the entire active
system (deformable mirror, lenslet array, fiber holder, APDs, new WF'S elec-
tronics, real time computer and high vlotage amplifiers) should demonstrate
closed-loop performance before the dismantlement of PUEQO. This could take
anywhere from 6 to 12 months depending on manpower available, once all
the components have been received. The implementation of the new com-
ponents in PUEO would take one semester, but another semester should be
added for integration, testing and commisioning on the telescope. Most of
the telescope and user interface should be retained due to its ease of use and
this implies that some software effort should be allocated on CFHT’s side to
ensure compatibility with the existing user interface.

The deformable mirror and the low-grade APD would cost $ 380000 USD,
total. To that cost, the lenslet array and the RTC ( peripherals) must be
added.

To ard e citing cience

A compelling science case is emerging. Many fields of astronomy are already
covered by an upgraded PUEQ, from solar system physics to Galactic astron-
omy. This science case will grow as the word of an upgrade spreads around
and new collaborators contribute to the effort.

1 eneral considerations performance vs. s cov
era e

On first approximation, an upgraded PUEO system using low-noise APDs
and modal control would maintain its current performances on faint targets.
It would however provide a significant gain when using a bright guide star
(R 12). Fig.3 presents a comparison of the K-band Strehl ratio delivered by
the current and by an upgraded PUEOQ as a function of guide star brightness.

The key issue to remember is that an upgraded P O would not degrade
the current capabilities of P O. For similar performances, similar sky cov-
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erage will be achieved. Of course, optimum performance will be achieved
only on stars brighter than R=12. The sky coverage in that case must be
lower! But there are a number of targetted problems that can be addressed
whose solutions have long been awaited for.

K band Strehl ratio (%)

0 I | I I I I | I I I I |
5 10 15
Guide Star R magnitude

Figure 3: Comparison between the K-Band Strehl ratio reached by the cur-
rent PUEO and an upgraded PUEO as a function of guide star magnitude.
Results are from numerical simulations in both cases. The curve for the
current PUEQ is shifted by approximately two magnitudes with the mea-
sured performances of the system (simulations do not include throughput of
system). Therefore, the performance of PUEO NUI should be shifted ac-
cordingly, although it is hoped that the throughput to the APDs could be
substantially increased by a improved lenslet array.

An upgrade PUEO would give CFHT a resolution at 600nm that would
rival Keck’s, Gemini’s, and VLT’S at K!

Observations in the optical will also benefit from lower sky background
and higher quantum efficiency, lower read-noise detectors than in the near-
infrared.

13



.1.1 comparison ith ST

With a larger primary mirror, CFHT will have a better raw angular resolution
than HST when diffraction-limited, but with a lower capacity for contrast
in the optical. On top of that, HST/WFPC2 is undersampled on the WF
cameras throughout the optical and the PC camera is correctly sampled at I
only. ACS will resolve this issue only slightly. But it is fair to say that CFHT

PUEO would have better resolution, but lower contrast in the optical.

In the near-infrared, the new PUEO would successfully challenge HST
/ NICMOS. It would produce images with better angular resolution and
comparable Strehl ratios (actually better at K). The NICMOS cameras NIC1
and NIC2, have a field-of-view of only 11”7 and 19.2” respectively, with NIC2
being undersampled. KIR’s corrected field-of-view behind PUEOQ is larger
by a significant amount.

2 olar s stem science
2.1 Asteroids.

With the advent of adaptive optics on large telescopes, a revolution has been
possible in the study and understanding of asteroids. A decade ago, satellites
of asteroids were a theoretical curiosity. Despite numerous reports in the
1970s of detections of such moons, none has ever been confirmed. It was not
until 1993, by virtue of a spacecraft flyby, that a moon was finally definitively
confirmed, when the Galileo spacecraft flew past Ida. Another 5 years would
elapse before the next moon was discovered, that of Eugenia, by the use of
the PUEO adaptive optics system at CFHT (Merline et al., 1999). This was
an extraordinary discovery, showing that the moon of Ida was not a fluke,
that these objects are detectable from ground-based telescopes equipped with
adaptive optics, and finally allowed detailed orbital parameters for a moon
to be determined.

Satellites of asteroids are important in two ways. First, they were cer-
tainly formed by collisions. By studying them we can learn about the col-
lisional history that formed the asteroid population we see today, our own
Earth’s Moon, and that heavily affected all solid planetary and satellite sur-
faces, as can be seen in the crater records. These collisions definitely influ-
enced the evolution of life on Earth. Second, the presence of a moon allows
us to learn the mass, and hence density, of the primary asteroid. This can
usually only otherwise be done by close flyby or sample return, which, of
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course, are expensive. Density is obviously a key piece of information in
determining composition and structure of the asteroids.

Among the asteroids, there are several distinct dynamical populations,
each of which has likely had a different collisional history and likely may
have different compositions and structures. Study using adaptive optics has
focused so far on the main belt asteroids. But there are other populations,
the near-Earth asteroids (NEA) (of particular interest in learning about the
hazards they pose to Earth and how to mitigate it), the Trojans (at the
Lagrangian points of Jupiter), and the Trans-Neptunian objects (TNO). The
problem is that these other populations are both faint and will have small
primary/secondary angular separations.

Previous work with adaptive optics has made abundantly clear that the
progress toward further understanding of these objects is limited by (1)
requirements for the highest possible resolution, this is because all known
moons are found relatively close to the primaries, thus we are probably miss-
ing a large fraction of them because they are too close, (2) requirements for
very high contrast — this is because most known moons are much fainter
than the primaries, so they are hard to detect, and we are probably missing
many smaller moons, and (3) the amount of large telescope (plus AO) time
available — there are clearly more objects than we can observe with the few
nights available.

A new AO system such as proposed here would make a tremendous dif-
ference in the search for asteroid satellites.

h sical parameters of asteroids Many bodies in the Asteroid Main

Belt could be resolved by CFHT. The linear resolution , for an asteroid at
1AU, is about 30km at K and 10km at R. The largest Asteroids are already re-
solved by PUEO (216 Kleopatra for example, see image of the week of Novem-
ber 6th 2000.
Better resolution would allow to resolve a larger sample and better constrain
their morphological parameters, namely their shape, spin, ans mineralogical
features at the surface. Indeed, a very stable PSF would allow to detect very
weak and localised changes in their surface albedo.

Near-Earth Asteroids (NEAs) could also be resolved and studied with
resolutions better than 100m for the closer ones, also allowing the same
studies.

Solving these issues is important to understand the formation of these
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bodies, their dynamical history, and the history and evolution of our solar
system.

2.2 lanets and their satellites

The higher image quality will permit the detection and study of fainter stel-
lites of the main planets. Fig. 4 (right panel) shows a PUEO K-band image
of Uranus showing Puck and Portia, two faint V~21 satellites. Better images
and more monitoring would permit to detect and better define the orbital
parameters of many of these faint satellites. Also, as shown on the H-band
image (Fig. 4, left panel), planetary atmospheric features are observable
from the ground. Finer details in the atmosphere of Titan, the volcanoes on
Io, the structure of rings and arcs, the clouds on Neptune and Uranus but
also on smaller satellites, never studied before for lack of resolution, could be
detected and monitored by an upgraded PUEO.

Figure 4: eft panel: H-band image of Uranus showing structure in the
upper atmosphere near the pole of the planet. i ht panel: Deep PUEO
K-band image showing faint satellites of Uranus. This is the first image
of Portia ever obtained from the ground. The Satellite is only 110km in
diameter. Image courtesy of Christophe Dumas (JPL).

16



The mass luminosit relation oflo mass stars and
bro nd arfs

The IMF, the mass distribution of stars, is a fundamental indicator of the
content of our Galaxy. A good knowledge of this distribution is mandatory
if ones hopes to understand star formation on galactic scales. The IMF is
fairly well known for solar-like or more massive stars (Scalo, 1998). However,
the lower main-sequence and the substellar part of this distribution remain
poorly known, both observationally and theoretically. Unfortunately, that’s
where most of the stars/bodies are found, at least in young open clusters
like the Pleiades (e.g., Bouvier et al. 1998). What is their dynamical role
elsewhere in the Galaxy remains poorly known. Are they numerous enough
to be dynamically important Are they realistic candidates to alleviate the
missing mass problem More research is needed.

The best way to accurately estimate the mass of a star is to resolve the
orbits in binary systems, knowing both the radial velocity and the visual
orbital parameters. Spectacular advances were made in recent years, partly
based on work with PUEQO, and masses can now be estimated to an accuracy
of ~0.5-1% for the best cases (e.g., Forveille et al. 1999, Delfosse et al. 2000).
But the road to a full characterization of the mass-luminosity relation, down
to planetary sized bodies, is still long.

An upgraded PUEO would allow to find fainter objects closer to the
bright star because of improved contrast and finer PSF. Low-mass objects
are intrinsically very red and observations in the optical are not optimal, but
the gain in resolution would allow to follow the orbits of closer systems at
critical points in their orbits, hence increase the size of the sample. There
are more than 1000 nearby bright stars that need to be looked at!

The evolution and dissipation of accretion dis s
1 as and dust disks around re main se uence stars

Our understanding of the planet formation process will benefit from better
observations of accretion disks around young stars as they evolve toward the
main sequence.

Fig. 5 gives a perfect example of what can be expected from the gain
in resolution by going to shorter wavelengths. They show images of the
disk surrounding the Herbig Ae star HD 141569 at 1.6 and 0.7 microns, left
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Figure 5: eft panel: HST/NICMOS  coronagraph 1.6 micron image of
the circumstellar disk around HD 141569. This is the discovery image. Im-
portant residuals from the PSF subtraction are evident and limit the dynamic
range close to the mask. Image from Augereau et al. (2000). i ht panel:
HST/STIS  coronograph 0.7micron image of the disk around HD 141569.
The improved resolution leads to a much better view of the disk structure.
Image from Mouillet et al. (2001).

and right panels respectively. The NIR image (left panel) shows clearly the
presence of the dust disk around the star, and clear suggestions of asymmetry.
However, the scattering cross section of the dust located the disk is almost
10 times larger at 700nm than it is at 2.2 microns. This fact, coupled to
a diffraction-limited PSF that is 10 times finer (in surface) allows to probe
the dust disk of HD 141569 with unprecedented details (Fig. 5,right panel).
What seems like Arcs and Rings of scattered light are seen. They are of
course suggestive of gaps in the disk, but dynamical models are needed to
confirm this suggestion. An upgraded PUEO on the CFHT would provide a
gain of another factor of 2 in resolution, without the dramatic PSF artefacts
seen in the HST images.

Surveys, with or without coronagraphs of young stars would allow to
understand in great details how the disks evolve. Imaging gaps, finding their
positions and their widths, will provide useful clues to understand not only
the evolution of disks but also the formation of planets, from the coagulation
of small grains into planetesimals and planets to the possible migration of
giant planets.
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.2 Second eneration disks around ain Se uence stars

A large class of objects, stars with ”vega-like” infrared excess, was discovered
by IRAS. This excess is generally attributed to a remnant disk made of
planetesimals and possibly larger km-sized bodies. They are the so-called
second generation disks. They are more evolved than the disks associated
to young pre-main sequence stars described above. As such, they are of
fundamental importance because the are the missing link to understand how
disks around PMS stars evolved to form the Solar system we are living in
today.

We believe these "debris disks” are visible because the large bodies they
contain collide with one another and produce fine particles of dust that then
scatter light. These particles are most efficient scatterer in the optical because
they are small.

So far, a few debris disks are known only. These results come mostly from
HST because WFPC2 and STIS operate in the optical. Adaptive Optics has
played only a minor role so far because the NIR regime is not as well suited for
these studies. However, there are hundreds of stars with Vega-like excesses
located nearby (d  300pc). An upgraded PUEO, would allow to search for
new disks and parametrise dozens of them.

These searches would certainly benefit from direct imaging. But the use of
efficient coronograph will also allow for tremendous progress as the expected
disks are large, often many arcsec across, but 10 times fainter than the
central object. Those numbers are verified on the debris disks known today.

The more speculative e trasolar planet detection

The detection of extrasolar planets is a popular topic these days. About
70 hot and massive (Jupiter-like) planets are now known to orbit solar-like
stars. These objects are more massive than the Earth and likely not bearing
life. However, the search as only begun recently and there is no doubt that,
as the timespan increases and the sensitivity of the instruments improves,
lighter Earth-like planets will be discovered around very nearby stars.

The planets known today are all orbiting their parent stars at distances
less than a few AU. See for example fig. 6. This is no doubt a selection
effect, a direct consequence of the increased detectability of massive and
rapidly orbiting objects. Nevertheless, it is important to realise that these
planets are located around relatively nearby stars and, in the most favourable
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Figure 6: Orbital plot of newly discovered Jupiter-like planets compared to

the Sun-Earth system. The images shows that orbits larger than 1AU are
often found. These could be easily resolved by CFHT if located at d  10pc.
In this volume, there are several hundreds of stars that can be looked at for
planets with adaptive optics. Image courtesy of Stéphane Udry, Observatoire
de Geneve, Switzerland.

cases, are separated visually by half an arcsec or more from their parent star
(e.g. Eps Eri b). Angular resolution is therefore not the limitative factor to
"resolve” the planet from the central star. It is the glare from the central star
itself that drowns the signal of the planet and forbids its direct detection...
so far!

PUEQ’s very best images today can reach Strehl ratios of 70% or so,
with representative average around 40% at K-band. This means in practice
that about half the energy contained in the light-beam reaching the detector
remains in the uncorrected seeing halo at 2.2 microns. The situation beeing
worse at shorter wavelengths.

The interest of a higher order AO system to look for extrasolar planets
lies in the progressive suppression of this unwanted seeing halo.

Figure 7 shows radial cuts of PSFs in K and R bands. In the K-band,
the increase in dynamic range provided by an upgrade PUEO is maximum
for small separations. It is about a factor of 10 between 0.3’ and 0.5”. In
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Figure 7: Radial cuts of PSFs in K- and R- bands, left and right panel
respectively. The lowest curve shows the diffraction pattern of the CFHT,
the middle one is PUEO NUI with 104 electrodes, the upper one is the current
19 electrode PUEOQO. The increase in dynamic range provided by the upgrade
is the ratio of the latter two curves.

the R-band, the gain is about 1000 everywhere with respect to the current
PUEO!!

The more stable PSF of an upgraded PUEO (see Fig. 2) also means that
coronagraphs can be used efficiently, further increasing the dynamic range
achievable.

ina re ar

There are many reasons why high order adaptive optics is needed on the
CFHT.

Exciting and unique scientific niches would become available. Deep
diffraction-limited imaging in the optical would be the sole domain
of CFHT from the ground. PSF Stability and improved contrast in
the near-infrared would rival larger telescopes on specific problems, in-
cluding faint object detection, and possibly extrasolar planet if located
around very nearby stars.
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Feed more signal into the fiber link to OHANA. CFH would then pro-
vide flux to the interferometer at a level much more comparable to
KECK’s or Gemini’s, reducing the loss of constrast due to unequal
aperture sizes and therefore improving the interferometer’s detection
limit.

Coronographic and nulling techniques (e.g., Coronographe Interferen-
tiel Achromatique, Roddier’s circular and Rouan’s four quadrant phase
coronographs, etc.) require high and stable Strehl ratios to deliver
their full rejection performances. CFHT would be the the best place
on Earth where they could be exploited fully. PSF Engineering could
also be attempted (i.e. produce a dark - destructive - region, where a
faint companion is suspected).

Experience with extremely high order AO will be acquired and remain
within the C-F-H communities. Many of the complex control issues
surrounding these advanced systems that we will master will necessarily
be used later to efficiently design the instrumentation that will equip
the extremely large telescopes currently under consideration.

The possibility to use the new PUEQO both as a bright-time and a dark-
time instrument appears interesting for flexible telescope. An excellent
instrument on its own, PUEO would also serve as an excellent back-up
in case of major failure of either WIRCAM or Megacam.
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