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APPROXIMATE ANALYTICAL EXPRESSION FOR AO-CORRECTEDCORONAGRAPHIC IMAGING IN PREPARATION OF EXOPLANET SIGNALEXTRACTIONYgouf, M.1, Mugnier, L.1 , Sauvage, J-F.1 , Fuso, T.1 , Mouillet, D.2 and Beuzit, J-L.2Abstrat. The next step in the �eld of extrasolar planets imaging is on the verge of being reahedwith instruments suh as SPHERE (Spetro Polarimetri High ontrast Exoplanet REsearh), whih willbe apable of performing at the same time diret detetion and spetral haraterization thanks to integral�eld spetrograph (IFS) images.In these multispetral images, the star is not ompletely anelled by the AO-orreted oronagraphisystem beause of residual aberrations of the latter. In partiular, the star image omprises quasi-statispekles that must be disentangled from the planet signal in order to get the sought information: is there aplanet, where is it and what is its spetrum?We are developing a spei� image post-proessing method using a Bayesian inverse problem approah.The essential required building blok of suh a method is a data model (often alled "diret model") with aminimal number of unknown parameters. In the framework of the SPHERE projet for the VLT, we proposean approximate analytial diret model of a long-exposure star image for an AO-orreted oronagraphiimaging system and we present some preliminary numerial simulations to validate this model.Keywords: Exoplanets, Diret detetion, Multispetral deonvolution, Inverse problems, Instru-mentation, SPHERE, IFS1 IntrodutionGround-based instruments have now demonstrated the apability to detet planetary mass ompanions (Chau-vin et al. 2004; Lagrange et al. 2009; Marois et al. 2008; Kalas et al. 2008). First detetions have been pos-sible in favourable ases, at large separations and in young systems when low mass ompanion are still warm(>= 1000 K) and therefore not too faint. There is a very strong astrophysial ase to improve the high ontrastdetetion apability very lose to stars.Thus, several instruments ombining adaptive optis (AO) and oronagraphs are urrently under onstru-tion. It is the ase of SPHERE (Beuzit et al. 2010), GPI (Graham et al. 2007) and several others that willfollow suh as EPICS (Kasper et al. 2008). All these instruments will be apable of performing multispetralimaging and will allow haraterizing the planets by measuring their spetra.One of the main limitations for high ontrast imaging is the presene of spekles in the foal plane (Raineet al. 1999). They �nd their origin in wave front imperfetions and evolves on various time sale. In orderto distinguish a planet from these spekles, it is important to modelize the spekle pattern in funtion of theaberrations in presene of a oronagraph and adaptive optis.2 Envisaged post-proessing methodIn the ase of multispetral imaging, some post-proessing methods have already been proposed in order tooverome the problem of detetion limitation aused by the non-stati spekles. Thus, Sparks and Ford (2002)
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238 SF2A 2010were the �rst to desribe the so-alled �spetral deonvolution� method in the framework of spae-based obser-vations for an instrument ombining a oronagraph and an integral-�eld spetrograph. The goal of this methodis to take advantage of the wavelength dependene of the PSF in order to remove the spekles while preservingboth the �ux and spetrum 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 spetral deonvolution method to ahieve very highontrast at small inner working radii for AO-orreted ground-based observations but without a oronagraph.Nevertheless, the urrent spetral deonvolution method presents some limitations. It is an empirial methodwhere no physial model is made expliit. Moreover, if some planets are present, they perturb the �t. Thatis why we propose an alternative approah, the Bayesian inverse problem (Idier 2008), whih ould estimatesimultaneously the spekle �eld and the planet position by taking into aount both the prior information wehave on the spekles and the one we have on the possible planets.3 Diret model3.1 Model of oronagraphi imagingIn order to arry out the Bayesian inverse problem method, we need to derive a parametri diret model oforonagraphi imaging. We assume that, for an AO-orreted oronagraphi image, the diret model is thefollowing sum of three terms, separating the oronagraphi stellar halo, the irumstellar soure (for whih theimpat of oronagraph is negleted) and noise nλ:
iλ (x, y) = hc

λ (x, y) + oλ (x, y) ⋆ hnc
λ (x, y) + nλ (x, y) , (3.1)where the data are: iλ (x, y), the image we have aess to and hnc

λ (x, y), the non-oronagraphi PSF whihan be alibrated separately. Solving the inverse problem is �nding the unknowns: the objet oλ (x, y) and thespekle �eld hc
λ (x, y) whih is the oronagraphi �point spread funtion�.A model desription of hc

λ (x, y) diretly depends on the turbulene residuals and optial wave front er-rors. In ase of oronagraphi imaging, it is important to distinguish pre-oronagraphi aberrations frompost-oronagraphi aberrations. After previous works to model non oronagraphi PSFs (Perrin et al. 2003)and oronagraphi PSFs (Cavarro et al. 2006; Soummer et al. 2007), Sauvage et al. (2010) proposed an ana-lytial expression for oronagraphi image with a distintion between upstream and downstream aberrations.In the perspetive of using suh an expression as a basis for inversion, we derive and disuss the merits of anapproximation of the Sauvage et al. (2010) expression.3.2 Model of a non-perfetly orreted approximate oronagraphi PSFWe onsider the optial system of Figure 1 of Sauvage et al. (2010)'s paper omposed of a telesope, a perfetoronagraph and a detetor plane. Some residual turbulent aberrations φr(ρ, t) are introdued in the telesopepupil plane. φr(ρ, t) is assumed to be temporally zero-mean, stationary, ergodi and with a power spetraldensity Sφr
(α). The stati aberrations are separated into two ontributions: the aberrations upstream of theoronagraph φu(ρ), in the telesope pupil plane Pu(ρ) and the aberrations downstream of the oronagraph φd(ρ)in the Lyot Stop pupil plane Pd(ρ). The perfet oronagraph is de�ned as an optial devie that subtrats aentered Airy pattern to the eletromagneti �eld.Assuming that all the phases are small and that the spatial mean of φu(ρ) and φd(ρ) are equal to zero onaperture, we derive a seond-order Taylor expansion of expression 24 of Sauvage et al. (2010)'s paper:
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Approximate analytial expression for AO-orreted oronagraphi imaging 2394 First results of validationQualitative validation This expression is far more intuitive than Equation (24) of Sauvage et al. (2010) andbrings physial insight to it:- �rstly, the downstream aberrations do not appear in this expression. While the exat expression dependson three parameters (φu(ρ), φd(ρ) and Dφr
(ρ)), the approximate expression depends on only two pa-rameters whih are the Fourier transform of the stati upstream phase aberrations φ̃u(α) and the PSDof the residual turbulent aberrations Sφr

(α). Cavarro et al. (2006) had already showed that the mainlimitation omes from the stati aberrations, now we have analytial on�rmation that the stati upstreamaberrations are predominant with respet to the stati downstream aberrations;- seondly, we an separate our expression into two terms: one stati term and one turbulent term whihis oherent with the Soummer et al. (2007)'s paper and makes a onnetion between this paper and thephysial parameters of interest φ̃u(α) and Sφr
(α);- thirdly, we an show that if we rewrite Equation (3.2) as a funtion of wavelength we an validate theo-retially the spetral deonvolution method.Quantitative validation We want to ompare the approximate expression of Equation (3.2) to the exatexpression of Equation (24) in Sauvage et al. (2010) to determine the error due to the Taylor expansion. Thesimulated instrumental onditions are typial of a SPHERE-like instrument (Fuso et al. 2006) and the sameas these of Sauvage et al. (2010). Three simulation programs were used:- the �rst simulates an empirial long exposure PSF by adding one hundred short-exposure oronagraphiPSF's;- the seond simulates the analytial long exposure oronagraphi image model;- the third simulates the approximate analytial long exposure oronagraphi image model.In order to test the approximate expression for eah kind of aberration and to quantify the errors due to theTaylor expansion, we ompared it with the exat expression. The results of this omparison are shown inFigure 1. We plotted the irularly averaged intensity pro�les of the exat model, the approximate model andthe irularly averaged root mean square residual of the di�erene between them in di�erent on�gurations toquantify the in�uene of eah kind of aberration:- in presene of all kinds of aberrations, the orresponding error is about twenty-nine perent (Figure 1,left);- beause the approximate model do not take the downstream aberrations into aount, it is interesting toompute the same results without downstream aberrations for the exat model. The orresponding erroris about seventeen perent. That means that the ontribution of the downstream aberrations is about lessthan a third of the total error (Figure 1, right);- if we do the same, without residual turbulent aberrations, the orresponding error is about seven perent.Here again, we an dedue the ontribution of the residual turbulent aberrations and upstream aberrationswhih 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. Wemust be areful with this result whih is right for the SPHERE instrument where the downstream aberrationsare three times more important than the upstream aberrations. Thus, it does not all the fat that the upstreamaberrations are predominant besides the downstream aberration into question.These results raise some interesting questions as for example: What happens if we onsider a non per-fet oronagraph? How do these errors propagate and how do they a�et the detetion and haraterizationperformanes if we use our approximate expression in an inversion proess?5 Conlusion and prospetsWe have obtained an approximate expression for AO oronagraphi image that is muh simpler than the exatexpression of Sauvage et al. (2010). Beause it has one less parameter, it would be easier to implement inan inversion proess. Qualitatively, the result is onsistent with the previous works on oronagraphi andnon-oronagraphi imaging. We also have disussed quantitatively the error level with respet to the exatexpression due to the approximation in SPHERE-like onditions.



240 SF2A 2010We are urrently �nalizing the numerial validation of the approximate expression by omparing the resultsobtained with a perfet 4-quadrant oronagraph and by propagating the aberrations errors into the inversionproess. This will allow us to deide if we will use this approximate expression or the exat expression to performthe inversion. Then, we shall implement a �rst inversion on simulated images before adapting our inversion toreal images from the SPHERE instrument.
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Figure 1. Cirularly averaged pro�les. [Left℄ Exat analytial model versus Taylor expansion and error between the twomodels. [Right℄ Evolution of the error between the two models in funtion of the kind of aberrations introdued.ReferenesBeuzit, J.-L., et al. 2010, SPHERE: a planet imager for the VLT. In Telesopes and Systems. Pro. So. Photo-Opt.Instrum. Eng.Cavarro, C., et al. 2006, Fundamental limitations on Earth-like planet detetion with extremely large telesopes. Astron.Astrophys., 447:397�403.Chauvin, G. et al. 2004, A giant planet andidate near a young brown dwarf. Diret VLT/NACO observations using IRwavefront sensing. Astron. Astrophys., 425:L29�L32.Fuso, T. et al. 2006, High order adaptive optis requirements for diret detetion of extra-solar planets. appliation tothe sphere instrument. Opt. Express, 14(17):7515�7534Graham, J. R. et al. 2007, Ground-Based Diret Detetion of Exoplanets with the Gemini Planet Imager (GPI). ArXive-prints.Idier, J. 2008, Bayesian Approah to Inverse Problems. ISTE Ltd and John Wiley & Sons InKalas, P. et al. 2008, Optial Images of an Exosolar Planet 25 Light-Years from Earth. Siene, 322:1345�.Kasper, M. et al. 2008, EPICS: the exoplanet imager for the E-ELT. In Soiety of Photo-Optial InstrumentationEngineers (SPIE) Conferene Series, volume 7015 of Soiety of Photo-Optial Instrumentation Engineers (SPIE)Conferene SeriesLagrange, A.-M. et al. 2009, A probable giant planet imaged in the β pitoris disk. VLT/NaCo deep L'-band imaging.Astron. Astrophys., 493:L21�L25.Marois, C. et al. 2008, Diret Imaging of Multiple Planets Orbiting the Star HR 8799. Siene, 322:1348�.Perrin, M. D. et al. 2003, The Struture of High Strehl Ratio Point-Spread Funtions. Astrophys. J., 596:702�712.Raine, R. et al. 1999, Spekle noise and the detetion of faint ompanions. Pub. Astron. So. Pai�, 112:587�594.Sauvage, J.-F. et al. in press, Analytial expression of long-exposure AO-orreted oronagraphi image. First appliationto exoplanet detetion. J. Opt. So. Am..Soummer, R. et al. 2007, Spekle Noise and Dynami Range in Coronagraphi Images. Astrophys. J., 669:642�656.Sparks, W. B. and Ford, H. C. 2002, Imaging Spetrosopy for Extrasolar Planet Detetion. Astrophys. J., 578:543�564.Thatte, N. et al. 2007 Very high ontrast integral �eld spetrosopy of ab doradus : 9-mag ontrast at 0.2 arse withouta oronagraph using spetral deonvolution. Mon. Not. R. Astron. So., 378:1229�1236.


