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Abstra t.
The next step in the eld of extrasolar planets imaging is on the verge of being rea hed
with instruments su h as SPHERE (Spe tro Polarimetri High ontrast Exoplanet REsear h), whi h will
be apable of performing at the same time dire t dete tion and spe tral hara terization thanks to integral
eld spe trograph (IFS) images.
In these multispe tral images, the star is not ompletely an elled by the AO- orre ted oronagraphi
system be ause of residual aberrations of the latter. In parti ular, the star image omprises quasi-stati
spe kles that must be disentangled from the planet signal in order to get the sought information: is there a
planet, where is it and what is its spe trum?
We are developing a spe i image post-pro essing method using a Bayesian inverse problem approa h.
The essential required building blo k of su h a method is a data model (often alled "dire t model") with a
minimal number of unknown parameters. In the framework of the SPHERE proje t for the VLT, we propose
an approximate analyti al dire t model of a long-exposure star image for an AO- orre ted oronagraphi
imaging system and we present some preliminary numeri al simulations to validate this model.
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1

Introdu tion

Ground-based instruments have now demonstrated the

apability to dete t planetary mass

ompanions (Chau-

vin et al. 2004; Lagrange et al. 2009; Marois et al. 2008; Kalas et al. 2008). First dete tions have been possible in favourable

ases, at large separations and in young systems when low mass

(>= 1000 K) and therefore not too faint. There is a very strong astrophysi al
dete tion

apability very

ombining adaptive opti s (AO) and

oronagraphs are

urrently under

onstru -

ase of SPHERE (Beuzit et al. 2010), GPI (Graham et al. 2007) and several others that will

follow su h as EPICS (Kasper et al. 2008). All these instruments will be
imaging and will allow

apable of performing multispe tral

hara terizing the planets by measuring their spe tra.

One of the main limitations for high
et al. 1999).

ontrast

lose to stars.

Thus, several instruments
tion. It is the

ompanion are still warm

ase to improve the high

ontrast imaging is the presen e of spe kles in the fo al plane (Ra ine

They nd their origin in wave front imperfe tions and evolves on various time s ale.

In order

to distinguish a planet from these spe kles, it is important to modelize the spe kle pattern in fun tion of the
aberrations in presen e of a

2

oronagraph and adaptive opti s.

Envisaged post-pro essing method

In the

ase of multispe tral imaging, some post-pro essing methods have already been proposed in order to

over ome the problem of dete tion limitation

1
2

aused by the non-stati

spe kles. Thus, Sparks and Ford (2002)
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were the rst to des ribe the so- alled spe tral de onvolution method in the framework of spa e-based observations for an instrument

ombining a

oronagraph and an integral-eld spe trograph. The goal of this method

is to take advantage of the wavelength dependen e of the PSF in order to remove the spe kles while preserving
both the ux and spe trum of the planet. The method is entirely based on the t of a low-order polynomial.
Latter, Thatte et al. (2007) presented an extension of the spe tral de onvolution method to a hieve very high
ontrast at small inner working radii for AO- orre ted ground-based observations but without a
Nevertheless, the

oronagraph.

urrent spe tral de onvolution method presents some limitations. It is an empiri al method

where no physi al model is made expli it. Moreover, if some planets are present, they perturb the t. That
is why we propose an alternative approa h, the Bayesian inverse problem (Idier 2008), whi h
simultaneously the spe kle eld and the planet position by taking into a

ould estimate

ount both the prior information we

have on the spe kles and the one we have on the possible planets.

3

Dire t model

3.1

Model of

In order to

oronagraphi

imaging

arry out the Bayesian inverse problem method, we need to derive a parametri

oronagraphi

imaging.

We assume that, for an AO- orre ted

following sum of three terms, separating the
impa t of

oronagraphi

oronagraph is negle ted) and noise

oronagraphi

stellar halo, the

dire t model of

image, the dire t model is the

ir umstellar sour e (for whi h the

nλ :

iλ (x, y) = hcλ (x, y) + oλ (x, y) ⋆ hnc
λ (x, y) + nλ (x, y) ,

(3.1)

iλ (x, y), the image we have a ess to and hnc
λ (x, y), the non- oronagraphi PSF whi h
alibrated separately. Solving the inverse problem is nding the unknowns: the obje t oλ (x, y) and the
c
spe kle eld hλ (x, y) whi h is the oronagraphi point spread fun tion.
c
A model des ription of hλ (x, y) dire tly depends on the turbulen e residuals and opti al wave front erwhere the data are:
an be

rors.

In

ase of

oronagraphi

post- oronagraphi
and

oronagraphi

imaging, it is important to distinguish pre- oronagraphi

aberrations. After previous works to model non
PSFs (Cavarro

lyti al expression for

oronagraphi

oronagraphi

aberrations from

PSFs (Perrin et al. 2003)

et al. 2006; Soummer et al. 2007), Sauvage et al. (2010) proposed an anaimage with a distin tion between upstream and downstream aberrations.

In the perspe tive of using su h an expression as a basis for inversion, we derive and dis uss the merits of an
approximation of the Sauvage et al. (2010) expression.

3.2

Model of a non-perfe tly

orre ted approximate

oronagraphi

PSF

We

onsider the opti al system of Figure 1 of Sauvage et al. (2010)'s paper

oronagraph and a dete tor plane. Some residual turbulent aberrations

omposed of a teles ope, a perfe t

φr (ρ, t)

are introdu ed in the teles ope

φr (ρ, t) is assumed to be temporally zero-mean, stationary, ergodi and with a power spe tral
density Sφr (α). The stati aberrations are separated into two ontributions: the aberrations upstream of the
oronagraph φu (ρ), in the teles ope pupil plane Pu (ρ) and the aberrations downstream of the oronagraph φd (ρ)
in the Lyot Stop pupil plane Pd (ρ). The perfe t oronagraph is dened as an opti al devi e that subtra ts a
pupil plane.

entered Airy pattern to the ele tromagneti

eld.

Assuming that all the phases are small and that the spatial mean of

φu (ρ)

and

φd (ρ)

are equal to zero on

aperture, we derive a se ond-order Taylor expansion of expression 24 of Sauvage et al. (2010)'s paper:

hc (α)
where

P˜d (α)

tively and

and

=

φ˜u (α)

P [φr ] (t)

ed (α) ⋆ φeu (α)
P

2

ed (α)
+ P

2

E
D
2
ed (α)
· P
⋆ Sφr (α) − |P [φr ] (t)|
t

2


+ o φ2 ,

(3.2)

are the Fourier transforms of the downstream pupil and upstream aberrations respe 
D
E
2
2
e
· Pd (α)
|P [φr (α, t)]|
denotes the piston of phase φr (ρ, t).
is a orre tive term that
t

ompensates for the fa t that φr (ρ, t) is stationary and thus non-piston-free on the aperture at every instant.
2
ed (α) is the Airy pattern formed by the pupil Pd (α).
Note that P

Approximate analyti al expression for AO- orre ted

4

oronagraphi

imaging
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First results of validation

Qualitative validation

This expression is far more intuitive than Equation (24) of Sauvage et al. (2010) and

brings physi al insight to it:
- rstly, the downstream aberrations do not appear in this expression. While the exa t expression depends
on three parameters (φu (ρ),

φd (ρ)

and

Dφr (ρ)),

the approximate expression depends on only two pa-

rameters whi h are the Fourier transform of the stati
of the residual turbulent aberrations
limitation

omes from the stati

Sφr (α).

Cavarro

is

Soummer et al. (2007)'s paper and makes a

physi al parameters of interest
- thirdly, we

φeu (α)

and

and the PSD

onrmation that the stati

upstream

downstream aberrations;

an separate our expression into two terms: one stati

oherent with the

φeu (α)

et al. (2006) had already showed that the main

aberrations, now we have analyti al

aberrations are predominant with respe t to the stati
- se ondly, we

upstream phase aberrations

term and one turbulent term whi h

onne tion between this paper and the

Sφr (α);

an show that if we rewrite Equation (3.2) as a fun tion of wavelength we

an validate theo-

reti ally the spe tral de onvolution method.

Quantitative validation

We want to

ompare the approximate expression of Equation (3.2) to the exa t

expression of Equation (24) in Sauvage et al. (2010) to determine the error due to the Taylor expansion. The

simulated instrumental

onditions are typi al of a SPHERE-like instrument (Fus o et al. 2006) and the same

as these of Sauvage et al. (2010). Three simulation programs were used:
- the rst simulates an empiri al long exposure PSF by adding one hundred short-exposure

oronagraphi

PSF's;
- the se ond simulates the analyti al long exposure

oronagraphi

- the third simulates the approximate analyti al long exposure

image model;

oronagraphi

image model.

In order to test the approximate expression for ea h kind of aberration and to quantify the errors due to the
Taylor expansion, we

ompared it with the exa t expression.

Figure 1. We plotted the
the

The results of this

omparison are shown in

ir ularly averaged intensity proles of the exa t model, the approximate model and

ir ularly averaged root mean square residual of the dieren e between them in dierent

ongurations to

quantify the inuen e of ea h kind of aberration:
- in presen e of all kinds of aberrations, the

orresponding error is about twenty-nine per ent (Figure 1,

left);
- be ause the approximate model do not take the downstream aberrations into a

ount, it is interesting to

ompute the same results without downstream aberrations for the exa t model. The
is about seventeen per ent. That means that the

orresponding error

ontribution of the downstream aberrations is about less

than a third of the total error (Figure 1, right);
- if we do the same, without residual turbulent aberrations, the
Here again, we

an dedu e the

orresponding error is about seven per ent.

ontribution of the residual turbulent aberrations and upstream aberrations

whi h are approximately equal for these simulation

onditions representative of SPHERE (Figure 1, right).

It is interesting to see that the three kinds of aberrations have approximately the same non-negligible error. We
must be

areful with this result whi h is right for the SPHERE instrument where the downstream aberrations

are three times more important than the upstream aberrations. Thus, it does not

all the fa t that the upstream

aberrations are predominant besides the downstream aberration into question.
These results raise some interesting questions as for example:
fe t

What happens if we

onsider a non per-

oronagraph? How do these errors propagate and how do they ae t the dete tion and

hara terization

performan es if we use our approximate expression in an inversion pro ess?

5

Con lusion and prospe ts

We have obtained an approximate expression for AO
expression of Sauvage et al. (2010).
an inversion pro ess.
non- oronagraphi

Qualitatively, the result is

imaging.

oronagraphi

image that is mu h simpler than the exa t

Be ause it has one less parameter, it would be easier to implement in
onsistent with the previous works on

oronagraphi

and

We also have dis ussed quantitatively the error level with respe t to the exa t

expression due to the approximation in SPHERE-like

onditions.
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We are

urrently nalizing the numeri al validation of the approximate expression by

obtained with a perfe t 4-quadrant

omparing the results

oronagraph and by propagating the aberrations errors into the inversion

pro ess. This will allow us to de ide if we will use this approximate expression or the exa t expression to perform
the inversion. Then, we shall implement a rst inversion on simulated images before adapting our inversion to
real images from the SPHERE instrument.
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Figure 1. Cir ularly averaged proles. [Left℄ Exa t analyti al model versus Taylor expansion and error between the two
models. [Right℄ Evolution of the error between the two models in fun tion of the kind of aberrations introdu ed.
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