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Menu
• Introduction to adaptive optics (AO) 

• AO error budget

• Post-AO PSF morphology

• The hard side of AO 
(wavefront sensing, real-time rec’n+command+control, 
wavefront correction)

• Numerical simulations 
(AO system dimensioning, end-to-end modelling, 
performance evaluation)
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Fried 
configuration

Here is an example 
of an AO system 
based on a 4x4 
lenslet array (a 4x4 
Shack-Hartmann 
wavefront sensor — 
WFS) and a 5x5 
actuators array (a 
5x5 deformable 
mirror — DM)…

Pupille d’entrée du télescope

Pupille projetée sur la
matrice de 4x4 micro-lentilles

de l’analyseur de surface
d’onde de type Shack-Hartmann

12 sous-ouvertures valides 
du Shack-Hartmann
(sur une matrice 4x4)

Pupille projetée sur le
miroir déformable avec

ses 21 actionneurs
(sur une matrice 5x5)

12 parties du détecteur
placé au plan focal commun
des micro-lentilles du SH,
avec 6x6 pixels chacune

mesures
de l’ASO

commandes
pour le DM

reconstruction
du front d’onde,

contrôle
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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 (and 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)

Adaptive optics - 7



(CFHT, long-exposure image (15’))

(HST in I band vs. NACO/VLT in K band)

(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: 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. 
 
 
XAO = standard AO with lots of 
everything ! (actuators, sub-apertures, 
cycles/s, photons, etc.)
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From Chauvin et al., A&A, 2004 & 2005:
Brown dwarf at 70pc, young star < 10 million years, 
sep.~0’’8, int.ratio~100, Mstar~20 MJupiter, Mplanet~5 MJupiter



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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Context: wide-field
astronomical imaging

very wide fields
=> multi-reference 
(& multi-conjugate) 
AO systems...
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• evolution of the mass function of stars of our Galaxy
• evolution of the star formation in nearby galaxies
• history of farer galaxies



Zoology of present AO systems:

• Observe at high-angular resolution (HAR) generic 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 
=> 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’, photometry => MCAO).

• Exoplanets (High contrast => XAO).

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

• Galaxy dynamics (sky coverage, small sources over large FoV => 
MOAO, LTAO). 

• Solar system (FoV≈10’’—60’’, competition w/probes => MCAO). 

• Also for the Sun (GLAO, MCAO)
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WFSWFS
WFS wf rec’n

wf corr’n (DM)



-> For next 
session : prepare 
an informal 
presentation of 
Rigaut’s paper !!



Post-AO error budget - 1

fitting error

temporal error

measurement 
error

uncorrected 
instrumental 
errors (mainly 

NCPA)

uncorrected 
atmospheric 

errors (mainly 
anisoplanatism)

aliasing error

xxxxx
xxxx
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Global error (variance on the corrected phase/wavefront)

• Error term due to turbulent atmosphere alone 

• Residual error of the AO system itself 

• Other error terms…
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Other errors

• Error term due to Non-Common Path Aberrations 

• Error term due to the calibration of the AO system 

• etc.
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Error due to atmospheric turbulence alone

• Error term due to anisoplanatism 

• Error term due to scintillation 

• Error term due to diffractive effects 

• Error term due to differential refraction
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Post-AO error budget - 6
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 - 7
Fitting error

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

σ2
fitt. ≈ 0.34 ( d

r0 )
5
3
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(Noll: residual error - 1)
If, instead of having actuators, one could have a mirror 
capable of forming perfect Zernike polynomials, one 
would have (admitting that atmosphere exactly follows a 
Kolmogorov model):
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(Noll: residual error - 2)



Exercice 1: Which mirror configuration for a 
(minimum, other errors excluded) goal Strehl 
ratio of 30% in band J (1.25um) ? 
[r0@500nm=10cm, D=8m]

(Noll: residual error - 3)



• Fried parameter in band J:

r0[J] = 0.1 (1.25/0.5)6/5 ≈ 0.3


• What we want is hence:

0.3 = exp{-0.2944 J-sqrt(3)/2 (D/r0)5/3}


(Thanks to Maréchal and Noll...)

Then: J ≈ 109 (minimum)

• But: J = (N+1)(N+2)/2-1 => 13<N<14

Hence: N=14 (which corresponds to J=119) in order 
to have the minimum required… 

(Noll: residual error - 4)

For next session : IDL code for computing N from r0, D, lambda_r0 and S


