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• Wave amplitude at the pupil plane:

Ψ1(x, y) = [A + a(x, y)] P (x, y)

uncorrected part of the wavefrontPlane wave

Statistical model: pupil plane



• Wave amplitude at the pupil plane:

Ψ1(x, y) = [A + a(x, y)] P (x, y)

Re

Im uncorrected part of the wavefrontPlane wave

Statistical model: pupil plane
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Focal plane complex amplitude

decentered gaussian distribution
same solution as for holographic speckle (Goodman 1975)

P(ξ, η) =
1

π < |S(r)|2 >
exp

(
−(ξ − Re[C̃(r)])2 + (η − Im[C̃(r)])2

< |S(r)|2 >

)

Ψ1(x, y) = [A + a(x, y)] P (x, y)

Ψ2(x, y) = A ×F [P (x, y)] + F [a(x, y) × P (x, y)]
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• Rician Distribution
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Statistical model: focal plane 
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Lick ao data

First verification on sky of 
speckles rician statistics:

Fitzgerald & Graham (2005) 

Lick AO



Palomar ao data
Palomar AO

Exposure time 120ms in K band, need for a model of integrated speckles 

Non central chi square distribution of order M
Soummer etal in prep
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Results in simulations
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Results in simulations
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• At the center of the PSF the statistics of 
the intensity is the statistics of the SR

• New model needed to describe the SR statistics

Statistics at the center
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Statistical model for the SR
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Three parameter Non Central Gamma Distribution

Soummer & Ferrari 2007



Model of the complex amplitude
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pA(a) =
(a − γ)α−1 exp (−(a − γ)/β)

βαΓ(α)
, α > 0, β > 0, a > γ.

The opposite of the complex amplitude at the central point follows
a three parameter Non Central Gamma Distribution

Soummer & Ferrari 2007



SR distribution and estimator
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AEOS data from wfs

HR5200 HR7776HR7942

Christou, Gladysz Redfern Bradford, Roberts 2006



SR vs. RMS phase error

Christou, Gladysz Redfern Bradford, Roberts 2006

Extended Marechal approximation



Models by Gladysz etal.
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Christou, Gladysz Redfern Bradford, Roberts 2006

Gamma Distribution for the Phase variance Distribution for the intensity



Models for the SR statistics 

Gamma Distribution for the 
negative Complex amplitude

Gamma Distribution for 
the Phase variance

Distribution for the intensity

Distribution for the intensity
Gladysz etal.

Soummer & Ferrari

I = e−σ2
φ

√
I = 1−

σ2
φ

2

The link between the distribution for the complex amplitude and 
phase variance is obvious under the Marechal appdoximation



Coronagraphic Images

Quasi-static speckles



Effect of a coronagraph
• The direct focal plane amplitude is:

Ψ2(r) = Cd(r) + S(r)
Static 
direct 
response

Speckle 
term



• The direct focal plane amplitude is:

• The coronagraphic focal plane amplitude is:

Effect of a coronagraph

Static 
coronagraph 
response

Speckle 
term

Ψ4(r) = Cc(r) + S(r)

Ψ2(r) = Cd(r) + S(r)
Static 
direct 
response

Speckle 
term

 A coronagraph has a no effect on the speckle complex 
amplitude term outside the mask area

Ψ4(r) = Cc(r) + S(r) − (S(r)M(r)) ∗ F [P ′(r)]
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Model vs. numerical simulation

0 5 10 15 20 25 30

-15

-14

-13

-12

log
va

ria
nc

es
2

0 0.2 0.4 0.6 0.8 1. 1.2
r HarcsecL

snum2
2

snum1
2

smodel
2

-16
r (λ/D) 



Hinlkey etal 2006

Temporal properties of speckles

Soummer etal 2006



• Quasi-static speckles can also be included

• Decomposition into: perfect, static, quasi static 
and atmospheric terms:

Static + Quasi-static

Ψ4 = C̃ + S1(x) + S2(x)

Ψ1 = A + As(x) + a1(x) + a2(x)
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Soummer etal 2007



Dynamic Range
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Quasi-Static speckles
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Summary

Direct Coronagraphic

Rician distribution, 
verified on Lick and 

Palomar data

Negatively skewed distribution at high SR 
verified on Lick and AEOS data

(Rician statistics at very low correction)

Exponential distribution for 
perfect coronagraph

analytical variance 
expression with fast 
and quasi-static 

aberrations

Pinning by constant 
PSF (including 

static aberrations)

Pinning by static 
aberrations not 
filtered by the 
coronagraph

Coronagraph reduces 
both speckle and photon 

noise by removing the 
speckle pinning



Conclusions

Can be removed by 
a coronagraph

Affected by 
CAL system 

(speckle nulling)

σ
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s2 + 2Ic(Is1 + NIs2) + 2Is1Is2) + σ
2

p

Remaining parts removed by post processing

(adi, chromatic/polarimetric speckle suppression etc.)

AO system


