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Abstract

FALCON is a wide-field, multi-object integral field spectrograph equipped with adaptive optics. It is dedicated to the study
of the formation process of primordial galaxies. The AO system uses natural guide stars, and the high sky coverage required for
these studies is obtained using tomographic techniques for the wavefront analysis. The structure of the OA system is very new,
and particularly suited for a future implementation on extremely large telesctipeide this article: E. Gendron et al., C. R.
Physique 6 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

FALCON : optique adaptative multi-objet. FALCON est un spectrographe intégral de champ multi-objet grand champ
équipé d’'une Optique Adaptative (OA). Ce systeme est dédié a I'étude de la physique de la formation des galaxies primordiales.
Le systeme d’OA utilise des étoiles naturelles, etla grande couverture de ciel requise pour ce type d’étude est obtenue en utilisan
une approche tomographique pour I'analyse de front d’onde. La structure trés novatrice de ce systeme d’OA est particulieremen
attractive pour équiper les futurs télescopes extrémement gidmaisciter cet article: E. Gendron et al., C. R. Physique 6
(2005).
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1. Introduction

Progress in the field of galaxy formation and cosmology has accelerated in the past 10 years. It is now widely believed that
galaxies are formed by the cumulative accretion of smaller units during the whole Universe age, in the frame of the ‘hierarchical
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galaxy formation’ scenario. A major goal of modern astrophysics is now to understand our origin, i.e. the physical processes of
the formation of stars and metal in galaxies, which ultimately lead to the formation of telluric planets and life. The main steps
required to answer this fundamental question can be described as it follows:

— identify the first seeds formed in the Universe before re-ionization, at a stage when the Universe was mainly under the form
of an almost homogeneous gas phase;

— describe which objects (galaxies, QSOs, ultra-massive stars) are the main responsible for the re-ionization of the Universe
at an age of less than 1 Gyy £ 8-15), i.e. of the change from a mainly neutral and opaque Universe, to the Universe at
z = 2-5 which was mostly dominated by ionized gas species;

— understand the complex physics which governs the galaxy assembly from the first seeds, involving the relationship between
the assemblies of baryonic matter — gas transformed into stars — and dark matter, respectively.

These investigations are facing several challenges, which are related to the nature of distant objects and galaxies:

— galaxies in the past appear to be extremely faint sources which results from the combination of their very large distances
(> 1010 light years) and their intrinsic faintness; besides this, most of their emission is redshifted to the near and mid-
infrared;

— galaxies in the past were much smaller than those at present-day, with typical angular size of 0.25 arcgeedhtbat
0.15 arcsecond at= 7-8;

— the investigation of galaxy kinematics, gas chemistry and stellar populations should be done at relatively high spectral
resolution, because distant galaxies are kinematically small (few tens ) kand that gas chemistry and star formation
process require a resolution down to the scale of giant HIl regions or molecular clouds (fes) km

— the complexity of galaxy assembling requires a full diagnostic of all the process from the center to the outskirt gas in the
halo, i.e. its study requires a well spatially and spectrally resolved 3D spectroscopy [1];

— galaxies and massive objects in the Universe belong to large structures and are correlated over typical scales of 4 to 9 Mpc
[2,3], which correspond to angular sizes over 10 arcminutes on the gkydt.

These typical requirements are far beyond the present generation of telescopes [4]. Space experiments such as the Jame
Webb Space telescope (JWST) would be exquisite in detecting very faint and distant sources, although it cannot accommodate
for high resolution spectroscopy with 3D devices and would operate only with modest fields of view (few arcminutes). Without
spectroscopic information, one can only learn a limited amount about the basic properties of the distant objects.

However, the major challenge for the ground based telescopes is to overcome atmospheric turbulence, which leaves us with
image qualities of 1.0 to 0.5 second of arc, at very best, for long exposures. It can be corrected by the mean of adaptive optics,
which is currently able to resolve sizes well below 0.1 arcsecond at an 8 meter telescope (e.g. NACO on VLT) if there is a bright
star near the object (at less than 20 arcseconds, e.g. the isoplanetism diameter [5]) which is used at a reference for correcting the
turbulence. However, such systems can only correct a very limited fraction of the sky (far less than 1%) because of the scarcity
of bright stars, especially for cosmological fields which lie far away from the plane of our Galaxy.

We are investigating an original concept, that we called FALCON, which aims at extending adaptive optics corrections over
very large fields with a high sky coverage, in order to simultaneously observe 15 to 20 objects, and benefit from the multiplex
gain. The observation of a very large number of objects is mandatory in our studies, that rely on a statistical approach. The
principle of FALCON is to optimize the correction at the specific tiny areas of the sky where the distant science objects are
laying, within the huge field of view of 25 arcminutes of the VLT.

In the following section we describe the FALCON concept, and focus on particular technical challenges. Section 3 details
the simulations we performed in order to derive the performance of such an instrument. We show how we took into account
the tomographic aspects, whose performance is closely related to the guide star density. We also discuss the parameters of the
AO-corrected image, that are most relevant for 3D-spectroscopy.

2. FALCON adaptive optics system
2.1, Why MCAQ is not suitable
An overall look at the current state-of-the-art of adaptive optics shows a class of instruments, that aim at correcting wide

fields of view, while increasing the sky coverage: they are Multi-Conjugate Adaptive Optics systems (MCAO systems) [6-9].
This technique consists in:
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— sensing the wavefront disturbances across the field of view, in order to reconstruct the phase disturbance in the full volume
above the pupil; this is called ‘tomography’ [10-12];

— compensating the phase in a 3D fashion, using several deformable mirrors along the light path and conjugated with the
turbulent layers.

This technique is very effective at increasing the size of the compensated field of view. However, all the instruments of this
type, and those currently in development, foresee compensated fields of, at best, only 2 arcminutes in diameter (see instrument
called MAD at ESO [13], or GEMINI MCAO system [14]). This field of view is still an order of magnitude below what we need.

Of course, those systems aim to approach a diffraction-limited correction, and this is partly because of technical challenges that
they have to limit the field to such a value. Considering that we only need a moderate compensation, we could expect to extend
it a bit further — 4 to 5 arcmin. In any case, such a wide field of 25 arcmin would increase the size of the MCAO instrument and
the size of its optical components to a totally unreasonable amount. Let us have a rough estimate of the dimensions of such ¢
system: as we will see in the last sections of this article, we need deformable mirrors with approximately 70 degrees of freedom
in the pupil; assuming the use of 4 piezostack or bimorph mirrors, this implies pupil sizes of about 80 mm. A distance of 1 km
between conjugated layers then translates into 0.1 m on the bench, while the 25 arcminutes translate into a beam angle of 4.
degrees. The size of the 10 km-conjugated mirror should be approximately 80 cm in diameter. The optics of such a system is
just inconceivable.

2.2. FALCON concept versus GLAO

GLAO stands for ground-layer adaptive optics. A GLAO system [18] compensates for the turbulence located between the
ground and a maximum altitude of — typically — a few tens of meters. This altitude depends on the width of the field to be
compensated. The larger the field of view, the smaller will be the thickness of the compensated layer. Assuming that an actuator
spacing of 80 cm is required for a proper phase compensation, the highest layer that can efficiently be compensated with a 2&
arcmin fov is such that the projections of the pupil on this layer for 2 opposite edges of the field will differ from, let us say, half
the actuator spacing. In our case, the result is an altitude of 50 meters (let us notice this number is independent of the telescop
diameter).

The integratecC,?(h) on the first 50 meters is negligible (at least, in Paranal) compared to the whole phase variance. This
means that the GLAO efficiency is marginal for a 25 arcmin field. This would be wrong for smaller field, i.e. 2 arcminutes, and
shows that a concept like FALCON is reserved for very wide fields.

Moreover, the pupil in the VLT is formed by the secondary mirror. The entrance pupil of the telescope is the image of the
secondary mirror through the primary one. This entrance pupil is a virtual one, located 90 meters below the ground. In other
words, as layer heights are to be counted from the pupil, the turbulence located at the very ground level must be considered a
an altitude of 90 m. This definitely excludes the use of a GLAO system with an adaptive secondary for FALCON.

2.3. FALCON concept

Our approach is to keep the global tomographic aspect used in MCAO: it ensures to perform a good phase reconstruction
wherever in the field, but we will compensate the phase locally for each tiny scientific object. This lead to an instrument where
the full VLT Nasmyth field of view is to be crowded with:

— 60 small wavefront sensors, analyzing the perturbation all across the field thanks to the availablenkyright) stars
lying there;

— 20 integral field units (IFUs), that are tiny electrooptical devices spotting at the galaxies, correcting the wavefront, and
forming the sharp, corrected image, onto a microlens array. These microlenses sample the field: they split the galaxy image
and properly feed IR fibers that send the IR light to the spectrograph(s). These adaptive microdevices are driven by a control
computer. This latter uses the measurements from 3 to 60 wavefront sensors to perform a global 3-D phase reconstruction
and project it on each adaptive micromirror.

We began the study considering only the use of natural guide stars (NGS). This point of view might be discussed, but we
believe that using a Laser Guide Star (LGS) [15,16], although a very attractive and easy solution at first sight, could be difficult
to implement (there are a minimum of 20 beacons) and generates other problems, such as cone effect [17], beacon elongatior
superposition of Rayleigh scattering and beacons, etc. Our approach is to base the system on NGS. If the simulation show tha
it fails, then the LGS option will be studied.

This system differs from classical AO systems in many ways, but the most dramatic is that it has to work in open-loop: the
wavefront sensors have no feedback from the action of the adaptive microcomponents in the IFUs. This is certainly one of the
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main technical challenge of this instrument. The other challenge is undoubtedly that these system have to be miniaturized: the
diameter of the components (wavefront sensors and corrective devices) should not exceed a typical size of 20 mm, equivalent
to approximately 30 arcsec on the sky.

2.4. The open-loop working mode

We have initiated a research program to address the open-loop issues.
In order to attack the ‘open loop working mode’, two main ideas were in competition:

(i) make efforts to find or manufacture reliable, high accuracy open-loop components (mirror and sensor), with smart calibra-
tion procedures, in order to work in a real, actual open-loop way;

(i) find a way to inject an optical feedback from the mirror to the wavefront sensors, so that the loop could be partially
closed [19].

We first started with the second option, trying to integrate in the wavefront sensor a micromirror whose commands could
have been those (or a function of those) applied to the scientific target. Although promising at first sight, this option is now
abandoned due to an exponentially increased complexity.

We then turned to the first option, and we used a measurement bench to test some electrostatic mirrors.

The bench, developed by the Laboratoire d’astrophysique de Marseille (LAM), has been developed in a framework wider
than FALCON, for the characterization of micromirrors. It is a high-resolution and low-coherence Twyman-Green interfer-
ometer, with different magnification configurations, either for very sharp (approx. 4 pum transversal resolution) analysis of the
micro-mirror structure, or for a whole device study (with sizes up to 40 mm). The measurement technique (Sehase
modulation, and the whole bench is protected from air turbulence and vibrations. This leads to a remarkable accuracy much
below 1 nm rms.

The OKO electrostatic mirrors [20] are membrane mirrors, driven by the electrostatic force, and they were sounded out as
good candidates for an open-loop operation since there is no reason for hysteresis to appear. This is what this bench-tests coulc
demonstrate [21], as it was possible to derive a model allowing us to predict the behavior of the mirror, with respect to the
voltage applied, with an accuracy better than 10 nm rms. This result is far below that required. Although these mirrors appear
to us to have a too limited stroke and cannot be used on a real instrument [22], they demonstrate that this kind of technology
could allow a real open-loop operation, provided proper calibrations and drifts are under control. We now plan to extend our
tests to different types of micromirrors, such as those developed by FLORALIS (magnetic actuation) [23], or at LAM-LAAS
(electrostatic) [24].

In parallel to this, we develop a high dynamic range wavefront sensor, able to provide reliable open-loop measurements
while using a minimum number of pixels. This latter requirement is imposed to us by the miniaturization constraints. We follow
two parallel developments:

— our first approach is to use a ‘classical’ Hartmann—Shack wavefront sensor together with some smart image processing
algorithms, in order to increase the dynamics while keeping a reasonable number of pixels [25];

— the second is to investigate the possibility of a pyramid wavefront sensor, optimized for wide dynamic range thanks to an
adequate beam modulation: the advantage of this is to use only 4 pixels per measurement, which is probably the minimum
possible value for measuring a phase gradient.

Another promising solution is to use the optical differentiation wave-front sensor proposed by [26], although it seems difficult
to miniaturize at first sight.

Finally, for both approaches, we work on a way to transport the image (once the wavefront sensor has encoded the phase
into intensity information) through optics fibers, with no light loss (optimized injection of light in the fibers), as we feel that
integrating a low-noise detector close to the WFS optics would go against miniaturization constraints.

3. Simulations

We have developed a simulation tool that computes a corrected point-spread function (PSF) at different wavelengths with
a tomographic method [27]. We have assumed a 8-meter telescope and a seeing of 0.81 arcsec at 0.5 um (median seeing a
Paranal), leading teg (the Fried parameter [28]) of 12.7 cm. The turbulence profile includes 3 layers at altitudes of 0, 1 and
10 km with respectively 20%, 65% and 15% of the total phase variance, leading to an isoplanati6gaadlel?2 arcsec
at zenith (median isoplanatic angle at Paranal). The phase screens of the turbulent layers were simulated by Fourier-filtering
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methods with a correction of low-order modes in order to properly manage the effects of the outer scale of turbulence. This
latter has been set g = 25 m, the median value [29] for Paranal.

A sample of 100 guide star triplets withz < 17, coming from a real cosmological field at a high galactic latitide 90°)
was used. For each configuration, on-axis AO corrected PSF at 0.9, 1.25 and 1.65 pum (I, J and H bands) were computed. W
applied a correction of Zernike polynomials [30] ranging from radial order 1 to 14i(Z 120).

We assumed that we are in a regime dominated by photon noise. In this case, the noise variance is propdVlgﬂJnal to
[31], whereNpp is the number of photoelectrons per frame. A wavefront slope sensor was considered (Hartmann or pyramid),
leading to a propagated noise variance on Zernike polynomials following a law [31] #11)~2. We did not make any
assumption about technical parameters such as optical throughput, detector noise or quantum efficiency. Instead, we defined th
performance of the sensor as follows: it has a noise of 23@tdnagnituden;im, this latter being the limiting magnitude (a
star withm > mjj, cannot be used to close the loop). We chose eithg; = 16 or 17 in the following simulations. The value
of 250 rc? is quite arbitrary; this is a value for which noise is roughly equal to the turbulence variance. It has been chosen like
this as it corresponds to the performance of the visible wavefront sensor of the NAOS instrument [32]. Only spatial aspects of
phase reconstruction were studied; no temporal error was introduced.

3.1. Discussion on the coupling factor

We emphasize the fact that common parameters such as the Strehl ratio (SR) or full width at half maximum (FWHM) are
not suitable to describe the efficiency of adaptive optics, when working with integral field spectroscopy. What we want here is
to maximize the flux in each pixel, in order to gain in signal-to-noise ratio on one hand, and avoid flux contamination from the
neighboring pixels (to avoid signal quantum noise). For each simulated PSF, we have computed whatowg! icglfactor: it
is the fraction of light, normalized to the total flux, ensquared in an apertur25800.25 arcseg. This number of 0.25 arcsec
comes from high-level scientific requirements, this is the typical size of the giant HIl forming regions we want to observe at
z=0.210 2, i.e. this is the resolution we expect (hence we assume the usel@H pixel pitch).

When the aperture area tends towards 0, the coupling factor tends to the SR value. In classical imaging, the pixel size is
chosen tav/2D for Nyquist sampling reasons. We should notice that in integral field spectroscopy in general, the pixel size
is much larger; in our case it is 3 to.pD. The image is undersampled; this is mandatory, as a smaller pixel would lead to a
deplorable signal-to-noise ratio. As an example, those galaxies just could not be detected on a diffraction-limited 8-m telescope
in 8 hours integration time witl® = 10000, if sampled at the Nyquist frequency.

3.2. Results

Fig. 1 shows the median value (over the 100 guide star triplets) of the coupling factor, in terms of the number of corrected
Zernike terms. The figure on the left assumes a wavefront sensor Wifingting magnituden)jy,, = 16, the other figure is for
a better wavefront sensor, withj,, = 17 (NAOS-like). On each figure, 3 plots have been reported; they correspond to galactic
latitudes of 30, 60 and 90 degrees. One has set to 40% the required coupling factor, and shown the number of Zernike terms to b
corrected. The global shape of these curves should be noticed: they still significantly increase, even at high number of correctec
modes. For a WFS of a moderate quality (Iewy,), 70 to 120 actuators are required. With a higher limiting magnitude, the
correction order should be only 65 to 85 actuators to perform the same: the better the WFS, the lower should be the correction
order: there is a transfer of the phase error between these two posts. Of course, the right trade-off is to balance the error budge
and the final choice depends on the technical choice of the components.

3.3. Discussion on the results of the simulations

Notice that the behavior of the coupling factor vers(isis the number of compensated modes) is quite unusual. The FWHM
saturates quickly to the diffraction limit value. The SR saturates too: it beha‘(é&aﬁg) and the variance of high-order modes

crq% is known to be small: hence the weak variation verisughe coupling factor has a different behavior: it still significantly
increases with the number of corrected modes, and the reason is that, for a fixed amount of phase variance removed, high
order modes compensation is particularly effective at ‘gathering’ the light close to the PSF center, in the aperture. It is much
more effective than for low-order modes. That is why wiSRt) or FWHM (i) rather tend to saturate, the coupling factor still
increases.

The consequence is that a rather large number of actuators is required, compared with the moderate resolution requirec
(approx. 0.25 arcsec): one has to bring the light from the further parts of the halo back to somewhere close to the center, anc
only a high-order modes compensation can allow this.
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Fig. 1. Both figures show the median value, over 100 different triplets, of the simulated coupling factor in terms of the number of compensated
Zernike modes. The 3 curves apply to different galactic latitudes. The left figure is for a wave-front sensor with a limiting magmtsdEcof

the right one forR = 17. This shows that, depending on the conditions, 60 to 100 zernike modes are required to achieve a goal of 40% coupling
factor.

50 .

50% Sk; coverage —
E 10% Sky cov
90% Sky cov ————

a0 - R 4

30 |- ’/ e |

oL ,

Coupling factor (% energy in 0.25x0.25 arcsec2)

0 | 1 L L L
0 20 40 60 80 100 1200

Number of corrected Zemike modes

Fig. 2. The figure shows the coupling factor versus the number of compensated Zernike modes, for 3 different sky coverages. One can see that
the dispersion of the coupling factor performance is rather small around the median value.

3.4. Sky coverage issues

One should notice also that the plotted results (Fig. 1) are a median value of the coupling factor, computed over the 100
triplets. This means that the performance will be better than shown for 50% cases, and worse for the other 50%. In other words,
it means that the performance shown here stands for a sky coverage of 50%.

Immediately a question arises, that is to know whether 50% sky coverage is a sufficient percentage, or not. This seems to
be a critical issue, as demonstrated by Fig. 2: the coupling factor has been plotted in terms of the number of corrected Zernike
modes, for sky coverage of 10, 50 and 90%. For a goal of 40% in coupling factor, we can see that the number of Zernike modes
should respectively be 55, 75, or 130.

This way of thinking leads to the terrible conclusion that the design of the system is dramatically dependent of the sky
coverage. However, this is only partly true, because a sky coverage of 50% does not mean that only half of the objects can be
observed while the others are not accessible. The right interpretation is that 50% of the objects are observable (some of them
with an even better quality than expected), and most of the other 50% are observable too, but with a moderate image quality.
This latter could, however, be sufficient: although lower than the expected goal, it will be, in any case, much better than the
uncompensated seeing.
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As an example, when assuming a goal of 40% coupling factor, one has to compensate 75 Zernike modes, to get 50% sky
coverage. In these conditions, 95% of the galaxies can be observed with a performance ranging between 36% and 43% couplin
factor. In other words, the dispersion of the performance in coupling factor is low. This makes the 50% sky coverage a very
acceptable performance.

We shall also notice that we will have a relative variationtdf5% in the coupling factor across the different objects in the
field. This strongly suggests to perform an estimation of the PSF from the environment parameters((gele}nwind speed,
star geometry) and wave-front sensor measurement in order to be able to unbias the data from PSF effects, by modeling ol
deconvolution.

4. Conclusions

The proposed concept is to correct only small areas of a few arcseconds (distant galaxy size), spread in a wide field of view,
assuming specific adaptive optics systems located at or near each of the targeted galaxies. By coupling these AO systems to
spectrograph with multiple IFUs, one can improve by a factor greater than 2 the light concentration within an aperture of 0.25
arcsec, when compared to the natural seeing conditions, and observe simultaneously up to 20 galaxies.

Our simulations show that a system with approximately 80 actuators in the pupd {00actuators), relying on 3-stars
tomography and using NGS only:

can reach a spatial resolution much better than 0.25 arcsec, in J and H, for 95% of the objects;
can achieve a coupling factor larger than 40% in H for 50% of the objects (initial scientific goal);
can achieve a coupling factor larger than 34% in H for 95% of the objects;

cannot observe, or only with a marginal improvement, less than 5% of the objects.

If implemented at VLT, this system has to include very small devices to avoid field obstruction. These are the main draw-
backs: such devices require a new generation of micro deformable mirrors and miniaturized wavefront sensors. Another critical
issue is the need to ‘partially’ close the AO loop, or work in open loop.

The FALCON concept can be extrapolated to Extremely Large Telescopes (ELTS). Indeed cosmological studies in the very
distant Universe require reasonably large fields of view to study galaxy formation at scales beyond the typical lengths of galaxy
correlation. Simple extrapolations suggest that FALCON would make possible to detail galaxy physics down to 400 pc scales at
z = 2-6, and then to describe in details the mechanisms of the formation of each present day galaxy type. Miniaturization of the
FALCON devices might be somewhat relaxed, although to reach such exquisite spatial resolutions would require a significantly
larger number of actuators per deformable mirror. We believe that ELTs equipped with FALCON would be unbeatable to
understand how galaxies were formed since the epoch of re-ionization and beyond.
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