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L = N Δx > 2 D

Δx

D

λ/D

λ/r0

Shannon (=Nyquist) criterium

=> the image pixel λ/L must be at most half the resolution element (resel!) λ/D

(in other words : one must have AT LEAST 2 image pixels per λ/D)


=> the simulated wavefronts must be at least twice the telescope diameter (L>2D)


In addition

- λ/r0 should be smaller than λ/Δx (=> N large enough)

FFTλ

λ/Δx = N λ/L
λ/L < 1/2 λ/D

r0



Images & turbulence — 22
image formation:
1- cube of instantaneous 
PSFs (500nm & H-band)
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image formation:
1- cube of instantaneous 
PSFs (500nm & band H)
2- long-exposure PSF

λ/r0 = λ/(D/10) = 10 λ/D

N 
λ/

L 
= 

12
8/

2 
λ/

D 
= 

64
 λ/

D

λ/L = 1/2 λ/D λ/D
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image formation:
1- cube of instantaneous 
PSFs (500nm & H-band)
2- long-exposure PSFs
3- fit with gaussian and 
compare FWHM vs. λ/r0 
(seeing), also in function 
of the outerscale L0.
-> Also read Martinez…

1/2

In this example, the FWHM is ≈16px 
and, since we have here: 1px=(λ/D)/2, 
we have hence: FWHM≈8 (λ/D) 
[i.e. 8*0.1’’≈0’’8 here (@500nm)]
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-> Detection noises:

• At first: photon noise (or shot noise), poissonian, actually a 
transformation of the image.

p(n) = probability to detect n photons when N are expected

For large N: ~gaussian…



Images & turbulence — 27

-> Detector noises:

• At first: photon noise (or shot noise), poissonian, actually a 
transformation of the image.

• At last: read-out noise (RON), gaussian with zero mean and 
rms σe [e-/px], additive noise.

• In between: dark current noise, amplification noise & exotic dark 
current noise in the case of EMCCDs, noise due to the calibration 
of the flat field, ‘salt & pepper’ noise (‘hot’ and ‘cold’ pixels), etc.
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image formation with noise:
1- ‘add’ photon noise on one short-exp. PSF  (in function of N…),
2- long-exp. PSF (100N photons!),
3- ‘add’ photon noise on the long-exp. PSF,
4- compare long-exp. & short-exp. noisy images (and ‘clean’ images), 
5- compare also with the sum of the (100) short-exp. noisy images…
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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

Adaptive optics — 07



(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)

Adaptive optics — 09



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 


