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L = N �x > 2 D
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Shannon (=Nyquist) criterium

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

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


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


In addition

- �/r0 should be smaller than �/�x (=> N large enough)

FFT�

r0
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image formation:
1- cube of instantaneous 
PSFs (500nm & H-band)
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image formation:
1- cube of instantaneous 
PSFs (500nm & H-band)
2- long-exposure PSF
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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 ~15.54px 
and, since we have here: 1px=(�/D)/2, 
we have hence: FWHM~7.77 (�/D)
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-> Detector 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…
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-> 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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img formation w/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).



Images & turbulence - 25

img formation w/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).
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With a simple Fourier transform of the object-image relation:

Where the FT of S is the optical transfer function (OTF).

The instantaneous one is random and with complex non-zero 
values up to the telescope cutting frequency D/λ, and:



It is the spectral density of the object (a statistical invariant),
computable from the spectral density of the observed images I(α)
and the spectral density of an estimate of the PSF S(α).

It almost permits to deduce the object O(α)…
 

Actually, it permits to obtain its autocorrelation only (which is 
the inverse FT of its spectral density), not the object itself, from 
which one can extract the separation and orientation of the 
binary, but not the relative positions (who is brighter ?)…

=> this is the well-known problem of quadrant indetermination
due to the square power which turns the function even. 
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-> Computation of the spectral density of the images of an 
unresolved single star (hence estimates of the PSF) and a 
binary star (two points!), with speckles, and then speckles and 
noise(s)...

Speckle ‘interferometry’ - 3

Going further (visibility & autocorrelation) :



-> A simple lab’ experiment speckle/binary star
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-> Two instruments at C2PU: PISCO (vis.) & HiPIC (nIR)
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-> Also read Aime (Sec. 3)…


