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Some orders of magnitude concerning AO systems:

                                                                                           @500nm                  @2.2µm
spatial sampling (WFS analysis elements size) 
→ d ≈ r0                                                                                                                   ≈ 10 cm                   ≈ 60 cm

number of WFS analysis elements (≈ number of DM actuators)
→ N ∝ (D/d)2, with D=10m                                                                       ≈ 7500                                ≈ 200

temporal sampling
→ f ∝10 v/r0                                                                     ≈ 1 kHz                   ≈ 0.2 kHz
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incoming wf mirror shape residual wf
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(Lick Observatory, 1-m telescope, left: FWHM≈1’’, right: FWHM≈λ/D)

(Gemini Observatory, Hokupa’a+Quirc, left: FWHM≈0’’85, right: FWHM≈0’’09)
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(CFHT, long-exp. images (15’))

(HST vs. NACO/VLT)

(Neptune à 1.65 microns, Keck Observatory, mai et juin 1999)
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Context: detection & 
characterisation of exoplanets

very high dynamic range
=> coronagraphy + extreme AO (XAO)

XAO usefull also for observing other 
types of faint objects (close to much 
brighter ones): circumstellar matter, 
(disks, jets), AGN, quasars, etc.

From Marois et al.  2010:
main sequence star HD8799, six exoplanets detected in 
2013, from which 5 from (X)AO systems and 1 from HST.
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Context: wide-field
astronomical imaging

very wide fields
=> multi-reference 
(& multi-conjugate) 
AO systems...

First-light image of GeMS, the MCAO system of Gemini
diffraction limit over a 2’ square FoV - vs. a few arcsec !
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-> Also read Rigaut’s paper…



Post-AO error budget & 
PSF morphology — 1
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Post-AO error budget & 
PSF morphology — 2
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165’’

Anisoplanatic error — 1

(bande J, champ de 1’, simu. B.Ellerbroek, Gemini Obs.)

No AO classical AO 
(1 DM, 1 NGS)

MCAO 
(2 DM, 5 NGS)



(Another useful metrics: the Strehl ratio)

68

where I[0,0] is the intensity of the PSF at the optical center 
of the field (K. Strehl, Zeit. Instrumenkde 22, 213 (1902)).

object PSF [S=0.07] image PSF [S=0.93] image

Strehl ~7% Strehl ~93%

in the framework of the Maréchal’s approximation, where 
the variance (in radians2) is supposed to be small enough...



71

- From Tokovinin (PASP, 2002):

- Approximation that neglects tip-tilt: ratio of the maxima 
(S≈max(I)/max(Iideal))

- Ratio of the values at the centre of the image ≈ ratio of 
the OTF (see for example the paper of Roberts et al.)

(Another useful metrics: the Strehl ratio)



Zoology of present AO systems

• Observe at high-angular resolution astrophysical objects 
=> classical/standard Natural Guide Star (NGS) AO systems

• Have in addition a sky coverage of 100% 
=> Laser Guide Star (LGS) AO systems (Sodium or Rayleigh)

• Have in addition a wide field of correction 
=> wide-field AO systems 
aka multi-reference AO systems, such as: 
- ground-layer AO (GLAO) systems, 
- multi-conjugate AO (MCAO) systems, 
- multiple-objects AO (MOAO) systems, 
- laser tomography AO (LTAO) systems.

• Have in addition very high-contrast capabilities 
=> eXtreme AO (XAO) systems.
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In terms of science drivers:

• Stellar populations (FoV≈1’, wide-field AO).

• Exoplanets (very high contrast on a small field=> XAO).

• Galactic center (lack of NGS => LGS AO).

• Solar system (FoV≈10’’—1’, wide-field AO).
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Post-AO error budget — 3
Residual error of the AO system itself

• Fitting error (due to spatial under-sampling of the DM)
• Measurement error (due to photon noise, RON, etc. - WFS)
• Aliasing error (due to spatial under-sampling of the WFS)
• Temporal error (due to finite temporal bandwidth of the 

whole system) 

• Specific errors of the LGS
• Specific errors of the MCAO (et similia)



Post-AO error budget — 4
Fitting error

Reduce the fitting error <=> increase the number of 
actuators of the DM…

σ2
fitt. ≈ 0.34 ( d

r0 )
5
3



Post-AO error budget — 6
Aliasing error

Reduce the aliasing error <=> increase the number of 
sensing elements (Shack-Hartmann sub-apertures, pixels of 
the pyramid) within the WFS

σ2
alias. ≈ 0.17 ( d

r0 )
5
3



Post-AO error budget — 7
Temporal error

Reduce the temporal error <=> make a faster system 
(exposure time of the WFS, computing time for the 
wavefront reconstruction, actuating time for the DM) 

σ2
temp. ≈ ( ΔtAO

τ0 )
5
3



Post-AO error budget — 8
Measurement error

The measurement error has many origins:
- photon noise
- read-out noise (RON)
- dark-current noise
- sky background and possibly instrumental background
- in case of EMCCD: (almost) no RON but additional 

noises (exotic dark, « excess noise factor » => Gamma-
distributed noise)



Post-AO error budget — 9
Photon noise error term

(with Nphot=number of photons/exposure time/subaperture)

Reduce the photon noise error term <=> 
1- reduce the number of WFS elements =>  increase the aliasing error !!
2- increase the exposure time => increase the temporal error !!

σ2
phot. ∝ 1

Nphot. r2
0 τ0

, τ0 ∝ r0



Post-AO error budget — 10
Read-out noise error term

Reduce the RON error term <=> 
1- reduce the number of WFS elements =>  increase the aliasing error !!
2- increase the exposure time => increase the temporal error !!
3- but also: reduce the impact of RON => use of EMCCDs… 



Post-AO error budget — 11
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Post-AO error budget — 12
Generic case: observe as much sources as possible
Problem: most sources are (obviously!) too faint 

1- find and use brighter NGS nearby…
=> anisoplanatic error !
=> use more than one brighter NGS nearby…
=> multi-reference AO system (GLAO, MCAO, MOAO)
=> yes, but: specific errors !
=> limited quality of correction 
 
2- create a brighter source (LGS)
=> 100% sky coverage
=> yes, but here again: specific errors !
=> limited quality of correction



Wavefront sensors — 1

Example of a wavefront sensor: Shack-Hartmann



Wavefront sensors — 2

Example of a wavefront sensor: Shack-Hartmann



Another example: the Pyramid WFS
boucle ouverte boucle fermée
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Another example: the Pyramid WFS
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Deformable correctors — 1
• Different technologies for correctors: 

- piezo-stacked arrays 
- piezo-electric bimorph mirrors 
- MEMS 
- voice-coil adaptive secondary mirrors (ASM) 
- multi-actuator adaptive lens (MAL) (!)

Piezo-stacked array

Bimorph

MEMS

Voice-coil 
(‘adaptive secondary’)

• ≠ coefficients for the fitting error, ≠ strokes, 
≠ possible bandwidths, ≠ possible nb of modes, 
possible hysteresis, etc.

multi-actuator lens (MAL)



• Different coefficients for the fitting error:

• Is the stroke enough ? 
If not, necessity to add a tip-tilt mirror

Deformable correctors — 2

• How many actuators for a given Strehl ratio ? 
(considering a coeff. 0.3 for the fitting error)

• if d = r0   , then: Smax=exp(-0.3)       ≈ 0.74 
if d = r0/2, then: Smax=exp(-0.3/25/3) ≈ 0.91



Deformable correctors — 3
• Influence functions —> mirror modes



Reconstruction & control of the 
commands — 1

Pure integrator case:
<latexit sha1_base64="hd2cgycsvID0PGB6EXlC69Uo33M="></latexit>

ct+1 = ct + g A mt

where c is the commands vector (n actuators), m the measurement vector 
(m elements), g a scalar loop gain (usually < 1), A the (nxm) control matrix.

The commands matrix A is, in practice, the pseudo-inverse (SVD) of the 
measured (during calibration stage) interaction matrix D (mxn):

where ∑ is an mxn rectangular diagonal matrix with non-negative numbers 
on the diagonal (∑ii are the singular values of D), and U (mxm) and V (nxn) 
are orthonormal unitary matrices.

Filtering of SVD modes: ∑ii ‘too small’ => ∑+ii set to 0 (truncated SVD).

<latexit sha1_base64="ktTCi0eb9u3C0klvNdoj5GPDvk8="></latexit>

A = D+ = V ⌃+ U⇤



Reconstruction & control of the 
commands — 2

interaction matrix

m mirror modes

n slope measurements (in x & y)  

filtering of the SVD modes with low singular values




