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Fried 
configuration

Here is an example of 
an AO system based on 
a 4x4 lenslet array (i.e. 
a 4x4 SH WFS) and a 
5x5 actuators array 
(i.e. a 5x5 DM)…

Entrance pupil of the telescope

12 valid sub-apertures 
of the Shack-Hartmann

(onto the 4x4 array)

Pupil projected on the deformable
mirror with its 21 actuators

(on the 5x5 corresponding array)

measures
from WFS

commands
to the DM

reconstruction
of the wavefront,

control of the command

12 sub-parts of the detector
placed in the focal plane
of the SH lenslet array,

with 6x6 pixels each

Pupil projected onto
the 4x4 lenslet array

of the wavefront sensor
(a 4x4 Shack-Hartman)
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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

fitting error

temporal 
error

measurement 
error

non-common 
path 

aberrations 
(NCPA)

aliasing error

anisoplanatic 
error



Post-AO error budget & 
PSF morphology — 2

fitting

mes.

temp.

aliasing

halo OA

PSF non-corr.

PSF post-
OA

λ/2d �λ/2d 



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)
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Numerical tool used for this study: CAOS 
(CAOS Problem-Solving Environment + Software Package CAOS + project ``Aniso2024’’…)



• CAOS means Code for Adaptive Optics Systems. 

• ‘‘PSE’’ means Problem-Solving Environment. 

• It is written in IDL, and based on a modular structure. 

• It is composed of a global interface (the CAOS Application 
Builder), a library of utility routines (the CAOS Library), 
and some scientific packages (the Software Packages). 

• a Software Package is a set of modules dedicated to a given 
scientific subject (AO, imaging, whatever).

The CAOS ‘‘PSE’’...



CAOS Problem Solving Environment -1

Software Package 
CAOS

Software Package 
AIRY

CAOS
Application Builder

global interface

CAOS 
Library

ASTROLIB 
Library

libraries packages



CAOS Application Builder
It i s the g loba l u ser 
interface of the CAOS 
P S E : e s s e n t i a l l y a 
worksheet where the user 
can place small blocks, the 
modules, and connect them 
with data paths to form a 
project.
W h e n t h e p r o j e c t i s 
designed, it can be saved on 
disk, generating the IDL 
code which implements the 
simulation program.



CAOS PSE: availability

All (public!) parts of the CAOS PSE are available for download:

lagrange.oca.eu/caos/

Current status of the dedicated mailing-lists 
(as on November 2024):

- Soft. Pack. CAOS: 101 subscribers,
- Soft. Pack. AIRY: 23 subscribers.

http://lagrange.oca.eu/caos/


End-to-end AO modeling with the 
Software Package CAOS



Imaging through the turbulent 
atmosphere: anisoplanatism ! — 1



Imaging through the turbulent 
atmosphere: anisoplanatism ! — 2



(Another useful metrics: the Strehl ratio)

57

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...
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- 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)



projet Aniso2024
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