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Abstract. Global Multi Conjugated Adaptive Optics is a novel concept technique introduced a few years ago 
that aim to compensate the turbulence in a MCAO manner in a Field of View (much) smaller than the one used 
for WaveFront sensing. This can be accomplished along lines similar to MOAO, using extremely linear wavefront 
sensing. The aim of the technique is to reach sky coverages figures that are in competition with MCAO systems 
based on artificially generated LGSs. This can be accomplished through a combination of techniques without 
compromising linearity toward sensitivity. The current status of the concept development is reviewed, the 
possible demonstration experiments to prove the concept on the sky are outlined along with the first estimation of 
the expected performances and sky coverage. 

1. Introduction, or what is in a name?  
Multi Conjugated Adaptive Optics, or MCAO, is a proven technology thanks to MAD. it allows to 
compensate for a significantly larger Field of View (FoV) than the isoplanatic patch, by an amount that 
is much larger than the number of reference stars employed. The latter, however, is not the actual 
definition of MCAO, but it is the key to its power. Provided enough reference stars one could anyway 
cover an area in the sky equivalent to the isoplanatic patch one multiplied by the number of references 
employed. The MCAO allow for a larger coverage with a smaller number of references. Typical figures 
for MAD employs two arcmin of correction with a number of references ranging from 2 to, in the best 
case, 5. With an isoplanatic patch of full 30arcsec in diameter the gain in covered region of the sky is -
in the best case- almost of an order of magnitude. MCAO is not just a way to compensate the 
turbulence, it is not just a way to minimize the number of expensive Deformable Mirrors, it is not just a 
way to produce unique science offering a contiguous relatively large patch in the sky, a "wide field", 
although in a relative sense.  There is much more in the name MCAO that just a "multiple conjugation" 
and a large fraction of this understanding comes with time and with the results obtained so far in the 
sky. This should not surprise that with Global MCAO we intend a certain classes of Adaptive Optics 
system, whose definition can be somehow gray on a technical basys but are rather clear from a 
definition standpoint. GMCAO occours, as we introduced it, when a much larger FoV is used to sense 
rather than to achieve a "wide field" -MCAO like of course- actual compensation.  
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Fig. 1: GMCAO is for Global MCAO. MCAO corrects turbulence in three dimension through the use of several 
DMs. In this pictorial view layers (or Deformable Mirrors) are depicted at the ground, at 2, 6 and 10km above the 
Observatory. While the (red) internal cone is being compensated, the correction comes from the outer (blue) 
beams, that sense in a global manner, the turbulence above the site. 

Again, the idea that the FoV is much larger than the usual figures (typical numbers are in the range 
from 5 to 10 arcmin in diameter) involves the concept of "sky coverage". being able to compensate a 1 
to 2 arcmin FoV using references in an area of the sky that is one to two orders of magnitude larger 
open the doors to chances that using solely Natural Guide Stars could be paved, and even if not fully 
achieved GMCAO, compensating a "small" FoV based upon the "Global" knowledge of the 
atmosphere through sensing over a "large" FoV, become a technological "risk-mitigator", at least till 
the moment that Laser Guide Stars will prove to be an effective, reliable, efficent, and cheap kind of 
references, all qualities that are typical of NGS with the only drawback of their relatively low surface 
density. 

 

2. A fashionable efficiency 
Wavefront sensors measuring the first derivative of the wavefront turn out, in geometrical 
approximation, to measure the displacement of the rays falling into the focal plane in a way or another. 
This is the case of both the Shack-Hartmann (SH hereafter) and the pyramid [1] ones. Sensors that 
works using the diffraction capability of the telescope to focus the light into a tiny spot exhibits an 
advantage that was predicted for the pyramid sensor [2,3] and become actually dramatically 
demonstrated by LBT. In a matter of a few years the pyramid WFS, and in practice all the diffraction 
limited sensors (where a full aperture diffraction limitied image is employed efficiently somewhere) 
turned out to become "fashionable". Still, in order to achieve the gain brought by the high light 
concentration, allowing for a much easier detection of light spilling out, in contrast for instance with 
the SH sensors where the loose size of the spots requires a large local SNR to achieve a certain 
accuracy in the first derivative determination of the wavefront, the wavefront sensor should work in 
closed loop. The concept of GMCAO inherently implies that the correction is achieved, at least in the 
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scientific arm, only for a limited FoV. this means that the WFS "see" the starlight uncorrected and the 
whole system works partially or completely, in open loop.   This, per se, would be enough to destroy 
any -other than practical- gain of the Pyramid WFSensor. This matter of fact is turned around using a 
locally closed loop with a dedicated DM and a compact optical layout that only allow for an extremely 
small FoV (of the same order of the seeing, i.e. ona arcsec) to be locally compensated. Correction here 
does not necessarily need to be extremely high, depending upon which degree of compensation you 
would like to reach. How much is the gain with respect to the achieved correction is inherently built in 
the magnitude vs. achieved Strehl curves experimentally generated by the LBT experience.   This turn 
out to be -de facto- an extremely high dynamic range WFS with high sensitivity. The dynamic range is 
given by the actual stroke of the DM (coupled with the error budget of the aberrations within the 
optical arm, as there is no science arm here, the non common path aberrations lack of meaning) while 
the sensitivity is granted by the Strehl locally originating on the pin of the pyramid at the wavelength 
used by the pupil detector.  The signals coming out from these Very Linear WFS is then arranged in a 
tomographic fashion. Although we prefer for sort of historical reason the layer oriented approach (that 
is basically a different way to sort out the problem with the Kazmarc algorithm) there is no inherently 
any approach that should be used or avoided, so one can use any preferred approach, depending upon 
the resources available and the kind of results want to obtain, and then project them into a limite Field 
of View. It has been already noted that this approach is equivalent to the MOAO one, and in fact one 
can see GMCAO as an MOAO with the several small compensated patches grouped together and 
driven by a common set of DMs. 

3. Natural or artificial is just a matter of skewed rays 
Once you focus, in some way, to a certain layer, it is well known that what does matter is the ability to 
distinguish from which altitude the turbulence is actually occourring. Most of the trouble in 
atmospherical tomography, although they takes different formal forms and names, comes all from a 
very simple consideration. The information as seen from a single reference is “squeezed” along the line 
of propagatiopn and the only way to distinguish from which altitude is coming is through some sort of 
comparison or correlation with similar information coming from different directions. In the very simple 
conical anisoplanatism, for example, the information on the wavefront is coming from the piling up of 
several slices of a cone, to which several effects are simultaneously applied. First an obvious shrinking 
of the pupil as much as the altitude augments will make in a way that a turbulence, occourring in a 
region smaller than the pupil size run the risk of being applied to the whole pupil and, second, an 
attenuation effect arise while the distance from the reference becomes smaller as the layer get closer to 
the source of light. Turbulence occourring where, or very close, to the generation of the reference light, 
will basically unaffect the propagation of rays (and on this finding Rayleigh system are more efficent to 
work out ground layer turbulence than others). 

The effect depends hence simply from the geometry of how and where the rays hit the turbulence to be 
sensed and hence compensated. It does not matter if several rays hitting a certain region comes from 
one or different sources the only matter being the angle of arrival or skeweness. 

This effect can be drammatically seen as an enlargement of the telescope aperture, while making the 
overlap of NGSs much robust for the same angle (or to allow for much larger angle to achieve the same 
degree of overlap) will makes the cone effect of LGSs more prominent and will requires further and 
further deliberate size of the constellation of LGSs to achieve minimum performances. Assuming an 
infinite number of LGSs is employed along a circumference centered over the Field of View it is easy 
to see that in order to reach the minimum coverage an angle of the constellation radius of about 
0.875arcmin.  
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Fig. 2 In a plot adapted from LeLouarn 2012 (Ref.X) the quality of the compensation for rays arriving from 
several LGSs behave –not surprisingly- following simple geometrical consideration. From the deterioration of 
pure cone effect the on-axis compensation reach its peak when the rays fill a cylinder over the telescope pupil. 
Further enlargement of the constellation will increase the achievable Field of View at the expenses of quality of 
the correction. 

Although this sounds a small number it must be recalled that this is just half of the maximum off-axis 
angle that LGSs ray will experience, so accounting for 1.57arcmin of off-axis. This translates into a full 
covered FoV from the artificially generated rays of about 3.14arcmin –figures are for a D=40m 
telescopes and scales linearly with the diameter- that is furthermore easy to remember! 

Once you want to sense a volume in which a certain truncated conical shape allowing for a minimum 
wide field correction in an MCAO sense, these figures are to be enlarged accordingly. This means that 
to sense minimally a volume of atmosphere able to recover, in principle, a 2arcmin FoV MCAO, will 
requires a LGSs constellation whose arriving rays span a full 5.14 arcmin. This numbers should be 
proportionally augmented )or some further degradation of the information must be accepted as portion 
of the outer parts of the higher layers will be simply unsensed) in case a limited number of references is 
employed. 
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This bring the comparison between NGSs and LGSs to a normalized comparison. A GMCAO 
employing a 5arcmin searchable area to exploit a 2arcmin MCAO must be comparable, in terms of 
ability of retrieving the three dimensional turbulence, than a LGS system with a large number of stars. 

Furthermore, this assumes the NGSs are all on the edge of the searchable FoV (a situation that is not 
true in general, but statistically stars are easier ot be found on the edge of the FoV, where the amount of 
patch in the sky at a given angular distance from the telescope axis is linearly larger). 

4. Filling the h-f turbulence plane 
While a detailed computation requires some sort of end to end computation one can easily makes 
preliminary estimation of the possible performances by simple considerations. 

First of all it must be clearl that an MCAO system aiming to compensate for a certain FoV will be 
unable to compensate better than a certain level, just because of the same geometrical considerations. 
This can be easily visualized in the h-f plane, where h is the distance from the pupil measured along the 
propagation line, and f is the spatial frequency of the turbulence. This plane is “poulated” by the 
turbulence that can follow Kolmogorov or Von Karman distributions. The change of the parameters 
along the propagation can be described accordingly, as even the outer scale can be changed when 
populating the plane with turbulence strength. 

Once defined the MCAO system an envelope can be defined that shows which is the part of the 
turbulence that could –in principle- be compensated by such an MCAO system. Knowledge of the 
detail (i.e. actual shape of the wavefront contribution occourring at a certain altitude and limited to a 
certain spatial frequency) of this plane is relevant only when within the envelope defined. Further 
knowledge is of no help to achieve better compensation. 

This means that the usual approaches into defining at which altitude is better to tunes the knowledge (or 
better, the global knowledge…) of the turbulence does no longer holds. Normally one would like to 
have these located where the turbulence is stronger. To some extent in some cases this is still true (for 
instance typically at the ground layer that is so strong that every MCAO system will likely to 
contemplate a dedicated corrector… in the E-ELT this is made within the telescope structure using the 
adaptive M4) but in other it is not. A strong turbulent layer occourring in a region of little influence 
from the MCAO system (just because it falls away from where DMs are located) becomes or smaller 
influence. 

Furthermore the knowledge at a certain altitude always overla with anyother (although much more to 
closer ones) so that one would like to find which is the best location, but more important, the overall 
number, of layers where to Globally sense the turbulence. This is depicted in Fig.3 where in the 
envelope the first 9 sensing layers (or virtual DMs –vDM- as sometime are called) are placed, allowing 
for the best compensation of the turbulence within the MCAO envelope. As any layer carry with him 
some associated measurement noise one would like to minimize this number, or to find which is the 
maximum number of  vDMs that account for a certain percentage of removal of the turbulence. 
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Fig. 3 In a plot adapted from LeLouarn (Ref.4) how the information coming from 9 virtual DMs populate the 

envelope where effective MCAO compensation can be achieved. The vertical thickness of the vDM are defined 
by the searchable –or Global- FoV while the (much larger) thickness of the actual DMs exploiting the MCAO 

compensation si defined by the FoV of the latter (in this case 2 arcmin). 

5. Conclusion 
Noise propagation, using as reference the actual noise coming from closed loop Pyramid Adaptive 
Optics systems (namely the FLAO at LBT) will be able to assess which degree of correciton can be 
achieved. At this point only a Montecarlo simulation could gives a detailed estimate of the achievable 
sky coverage. However, whatever the results will be, it is worth point to note again that as the approach 
uses “skewed rays” reaching the pupil, a mixing of NGSs and LGSs is straightofrward implementable. 
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