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ABSTRACT

Context. Since the discovery of its dusty disk in 19&4Rictoris has become the prototype of young early type ptemelystems, and
there are now various indications that a massive Joviareplarorbiting the star at 10 au. However, no planets have been detected
around this star so far.

Aims. Our goal is to investigate the close environemeng Bic, searching for planetary companion(s).

Methods. Deep adaptive-optick’-band images g8 Pic were recorded using the NaCo instrument at the Very Laetgscope.
Results. A faint point-like signal is detected at a projected disen€~ 8 au from the star, within the North-East side of the dust
disk. Various tests were made to rule out with a good confieéael possible instrumental or atmosphefieets as an origin for this
signal. Moreover, there are strong evidences that the eteandidate companion is in fact a close, bound companigrPic. Its
apparent” magnitude of 11.2 would indicate a typical temperature 4f500 K and a mass of 6-8j\. If confirmed, it could explain
the main morphological and dynamical peculiarities ofghic system. It would be the first planet imaged around an ¢pplg star,
but also the first planet ever imaged so close to its parenttssibly formed through core accretion.
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1. Introduction clined orbit within 50-70u from the star (Mouillet et al. 1997,

. ) . Augereau et al. 2001). Silicate dust is observed as cirallast
Understanding pIanetary systems formation and evolutas _mngs at 6, 16, and 3@u from the star (Okamoto et al. 2004),
become one of the biggest challenges of astronomy, singgich could be explained by the presence of a 2-5-Joviarsmas
the imaging of a debris disk aroun@l Pictoris in the 80's (v, 3 planet at~ 10 au from the star (Freistetter et al. 2007).
(Smith & Terrile 1984) and the discovery of the first exogyaporating star grazing comets have been evidenced (see, e
planet around the solar-like star 51 Pegasi during the 9Q'§grange et al. 2000 for a review) and dynamical simulations
(Mayor & Queloz 1995). While- 15 debris disks — disks con-showed that the gravitational perturbation of at least daetg
taining dust which is not primordial but produced by collipjanet at~ 10 au can account for the observed rate of evaporat-
sions among larger rocky bodies — have been resolved agbptigg hodies (Beust & Morbidelli 2000). However, no planetséia
wavelengths today; Pic, a ASV star at a distance of B9pc  peen detected so far, either through direct imaging or tjinoa-
(Crifo etal. 1997), remains the best studied youngl@ Myr; g velocity studies, due to the instrumental limitati@idoth
Zuckerman et al. 2001) system, with an impressive amountthniques (Galland et al. 2006). In particular, the hightisp
indirect signs pointing towards the presence of planets. resolution imaging detection capabilities were so far tadito

The disk shows a relative inner void of matter inside 50 agistances typicallg 15—20au.
tronomical units {u). Several asymmetries have been identified
in the disk at optical (Kalas & Jewitt 1995, Heap et al. 200@) a
infrared (Telesco et al. 2005) wavelengths, as well as a agarp
~ 50 au (Mouillet et al. 1997; Heap et al. 2000). The warp is
well reproduced by the deformation induced on collidingpla  We used the NAOS-CONICA instrument (NaCo), in-
etesimals by a giant planet or brown dwarf on a slightly irstalled on the Very Large Telescope UT4 (Yepun) set in
Paranal (Chile), to benefit from both the high image qual-

Send offprint requests to: A.-M. Lagrange ity provided by the Nasmyth Adaptive Optics System (NAOS;

* Based on observations collected at the European South&RuSsSetetal. 2003) at infrared wavelengths and the good dy-
Observatory, Chile, ESO; runs 072.C-0624(B) and 60.A-gapeand namics dfered by the Near-Infrared Imager and Spectrograph
observations made with the Space Telescope Imaging Spesptoon (CONICA; Lenzen et al. 2003) detector, in order to study the i
board the NASAESA Hubble Space Telescope. mediate circumstellar environementgPic.




2. Observations and data reduction procedures
2.1. Observations
L’-band images oB Pic (v = 3.8,L" = 3.5) were obtained

between 2003 November 10 and 2003 November 17 with NaCo.

The visible wavefront sensor was used with the<i#4 lenslet
array, together with the visible dichroic. We used the CONIC
L27 camera, which provides a pixel scale-o27 mas. Saturated
images ofg Pic were recorded, with detector integration times

After a classical flat field correction, sky background was
subtracted from each image by selecting another image of
the jittered sequence, close enough in time to ensure good
sky subtraction, but far enough in the plane of the camera
to minimize the &ect of the scattered light from the star.
The sequence of images has then to be recentered very ac-
curately to preserve the spatial resolution when averaging
the frames. To estimate thdfgsets parameters between the
images, a maximum likelihood algorithm was used to recen-

(DITs) of 0.175 s and number of detector integrations (NDIT) of e the images at the level of the tenth of a pixel or better,

100 or 200. Every two exposufespatial dfsets were applied ~ €ven with very noisy images, as in the case of thermal in-
in order to allow sky and instrumental background removal. frared imaging (for a full description of this method, see
Non-saturated images were also recorded to get images of Gratadour et a!. 2005). The same overall process was used
the stellar point spread function (PSF) as well as a photomet for both the object and the reference.
ric calibration. In such case, we added the Long Neutral Dens )
filter (transmission~ 0.018) in the CONICA optical path, and  The second step was to remove the PSF wings from the sat-
recorded images with DITs of.® s. In addition, the binary Urated images g8 Pic and search for possible companions. To
IDS 2214153712 (separatipn= 6 630+ 10 mas, position angle d0 S0, we first dividegs Pic images by the ones of HR 2435
PA = 30206+ 0.07°; van Dessel & Sinachopoulos 1993) Wagbte_u_ned under similar conditions (same DIT, NDIT, and |bup|
observed on November 11 as astrometric calibration. A meB@sition). We then computed the scaling factor to be applied
plate scale of 2205+ 0.041 mas and a true North orientation of0 the reference in order to scale its flux to thatsoPic. We
—0.10+0.07° were derived and used to calibrate@Ric images. then subtracted the reference images tgstRé ones. Both pro-
Saturated and non saturated exposures were taken on theG@$ses imply to recenter both data sets with a precisiorsef le
erence star HR 2435 (AON/ = 4.4). Reference stars are used t§han a pixel (typically #4 pixel). For data sets processed with
correct for the star halo (the wings of the PSF) present istite €clipse, the dfset between the star and the reference was es-
urated exposures. To optimize the removal of any fixed speckimated using the divided and subtracted images. For the dat
B Pic and HR 2435 were observed, as much as possible, at ci§@t$ processed with the improved recentering softwaremtbe

parallactic angles. Finally, twilight flat fields were alezorded final images (reference and object) were recentered wifiects
in L’ band. to each other using the method described in the previous para

The observing conditions varied from exceptional (cohere@raPh- .
energyEC > 70%, coherent timerp > 20 ms) to reason- The satur_ated images c_Jf the thr_ee data_sets were al_so
able EC ~ 50%, 7 of a few ms), and sometimes not so googrocessed vy|th deconvolution technics to find out possi-
(EC ~ 20-35%,79 ~ 1-2 ms), over the run; the data qualitpleé companions. We have used tMESTRAL algorithm
varies accordingly. The best data set®Ric was obtained on (Mugnier et al. 2004) developped at ONERA. This algorithm is
November 10. In the following, we will describe three sets dfased on a maximum a posteriori scheme and allows to estimate
data: (A) the very best set obtained on November 10; (B) a $8¢ most likely dfset between a given image and a reference.
of data with slightly poorer image quality obtained on thensa A linear-quadratic regularisation is added to optimallyrrol
night, with a shorter total exposure time, and (C) a set o4 ddhe noise amplification in the deconvolution process withpes
with poorer image quality obtained on November 13. Howevédtalizing the sharp-edge objecELSTRAL has been successfully
Set C is representative of the best data obtained in thesiight applied during the last ten years on various data coming form
lowing November 10. The instrumental configurations and tf#l large telescopes and their AO systems all around thedworl

status of image quality for these three data sets can be fioundn our particular case, one of the main interesMaSTRAL is
Table 1. that the result is obtained by an iterative minimization of a

explicit criterion representing the fikrence between the ac-
tual image and the object to be estimated. It has been shown
(Mugnier et al. 2004) that the criterion is convex and thus ha
a unigue minimum whatever the starting point. Praticalys t
means that the result does not rely on the relative centefing
the image and the reference. NevertheldESTRAL relies on a

— All 8 Pic and HR 2435 data were first processed using tﬁgict convolution process between image and refergncehNhi
standard routines fromthec1ipse library for bad pixel re- IS Not the case for our saturated data. A first step is thezefor
moval, flat fielding, sky subtraction, and jittering of inily (0 Perform a posteriori correction of saturated part of time i
ual images. Special care was taken to correct for the inst@fl€ and reference. This is done using a simulated Airy patter
mental background. The best results were obtained when £8€ P of the Airy pattern replaces the image saturatedspixe
timating for each image the sky by averaging the 2 previold1€ Pixel level is adjusted using the first Airy rings. Suctoa c
and 2 following dfset images. rection is possible because of the very good Strehl ratichen t

— The three data sets were also treated using improved Sg@_age. Meanwhile, if this a posteriori correction does rigt s

wares dedicated to adaptive optics (AO) image processi icantly afect the restitution of the object structures, it could
obviously degrade the relative photometry. Hence, the mexo

1 An exposure is completed after DEFNDIT. lution process is an alternative approach (compared toaede

2 Since it is not possible to measure the Strehl ratio on oursmd Subtraction and division) for the image processing whidess
data, we can only use the information provided by NAOS tossstiee  S€NSitive to image versus reference centering. It allovis pso-
image quality. The coherent energies are those measuréwblsystem Vide the best measurements of PA anHetween any detected
in K band. candidate companion (CC) agdPic(to 1/10 of a pixel); it can-

2.2. Data processing

The first step was to obtain stack imagegdic and the refer-
ence star. To do so, we used twdfdient approaches:




Table 1. The three data sets used in this study.

Set Star Date DIT(S) NDIT (S) texg(s) #° secz (EC)®  (19)¢ (ms)
A B Pic 2003-11-10 0.175 200 665 -18-9 1.12%1.119 62.71 11.47
HR 2435 2003-11-10 0.175 200 630 -20/-12 1.1481.140 63.06 10.65
B B Pic 2003-11-10 0.175 100 420 -27/-19 1.13%1.127 57.94 8.08
HR 2435 2003-11-10 0.175 100 420 -28-20 1.1611.149 60.23 9.70
C B Pic 2003-11-13 0.175 200 385 -24/-19 1.1611.149 46.94 4.50
HR 2435 2003-11-13 0.175 200 350 -22/-17 1.1501.144 44.99 2.72

a Range of parallactic angles at the stemtl of the observation.
b The average coherent energy as estimated on-line by AO.
¢ The average coherence time as estimated on-line by AO.
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Fig. 1. 8 Pic and HR 2435 recentered and saturdteninages (top left N
and top right, respectively) in data set A. Below are theddidi (bottom
left) and subtracted (bottom right) images. North is up aastks to the
left. A candidate companion is clearly detected at a PA &3, i.e., E
along the NE side of the disk, at a separation of abgd#drom the
star.

Fig. 2. Our deconvolved NaCb'-band image o8 Pic and the observed
CC (the inlet shows a zoom) scaled to the 1996 ADOBHSand image
of the disk that revealed its inner warp (Mouillet et al. 129he mid-
plane of the outer disk is represented by the dash-dottedqwith a PA
of ~ 30°); the midplane of the inner disk is warped by \Bith respect
to the outer disk and indicated by the dotted line.

not however bring reliable photometric constraints duééouse
of saturated images.

3. A candidate companion in the 8 Pic disk?

3.1. Results from the highest-quality data (set A
9 quatty ( ) To rule out detector féects, we looked for possible rema-

With the diferent methods described previously, a CC is seaence that could occur because our images are saturateedind
at the same location. Figure 1 gives the results obtainethéor for a given image, a very faint remanence signal (a few ADU) is
best data set (A) using the Gratadour et al recentering rdethpresent at the location of the previou$set position, but disap-
A point-like signal (hereafter, the CC) is clearly visiblethe pears in the next image. As 10 images are recorded before the
divided and subtracted images, at a PA~083, i.e., along the star returns to a givenfiset position, we conclude that rema-
NE side of the disk, at a separation of abotd4 from the star. nence &ects can not explain the observed signal.
The maximum of the signal is about 190 ADU. Figure 2 gives Artefacts due to the very good but still imperfect AO correc-
the result of the deconvolution analysis. Using this metivegl tion are still possible. However, aberrations due to a matibr
derive a separation of 4443 mas and a PA of 352+ 0.44° of the deformable mirror would generally lead to the presesfc
relative to the primary. either symmetrical or anti-symmetrical patterns. Stabiersa-
The fact that we detect the same signal witliedient meth- tions should be present equivalently aroydic and HR 2435,
ods clearly shows that it is not due to the reduction prodess.as both stars were observed with similar pupil configuratido
particular, the result of the deconvolution rules out affeat further test the possible impact of an imperfect removatatic
that could be introduced by imperfect estimation of tlitset speckles due to the variation of the parallactic angle duttire
betweerB Pic and HR 2435 saturated images due, for instanadservations g Pic and HR 2435 (up to°§, we processed indi-
to a possible contribution of the disk. We did check anywa thvidual pairs of data g8 Pic and HR 2435 taken with parallactic
the disk signal is very faint and not significantly asymneetri  angles equal withia0.4° and added up the individual subtracted
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Fig. 3. Top left: simulated planets at PA of 15®10 and 330. Top Fig. 4. Top: reduced images for sets A, B and C. Bottom: composite
right: composite image @ Pic plus the fake planets. Bottom left: divi- images for the same sets (see text).

sion of the composite image by the saturated image of HR Bi@fom
right: scaled subtraction of the composite image by theratd image
of HR 2435. Note that even a slight (0.3 pixel) relati&set between
B Pic and HR 2435 impacts the resulting shape of the fake Eaaset
much as the candidate one. In particular, triangular shegede ob- With these data alone, it is not excluded that the CC could be a
served, due to the proximity of the slightly inner Airy ring. foreground or background object. To definitely test thisdtjp

esis, second epoch measurements are needed. Using the known
B Pic proper motions, we estimated the position of the CC if it
was a background object down to 20 years before and up to 5
years after 2003 November. It appears that if the CC is a back-
ground object, it would be closer thati2to 8 Pic in 2008 and

4. Bound companion or background object?

images. The CC is still present and appears slightly shdlper
still compatible with the instrumental resolution). In &th,
since the same signal is also observed a few nights apart ( 8fice. not detectable with current technics

below), we conclude that quasi-static aberrations ardeilyli To our knowledge, the highest angular resolution and dy-

To further assess the reality of the detection and condtiain namjcal data available are the coronagraphic data take®di 1
C_:C photometry, we added three ‘fake planets’ at similar SBPAgeptember with the Space Telescope Imaging Spectrograph
tions but diferent PA (150, 217, and 350) to the recentered (STIS; Woodgate et al. 1998) on board théubble Space
and stacked image gfPic. The fake planetimages were genefryegcope (Heap et al. 2000). These authors were able to probe
ated by scaling and shifting an unsaturated imagemit taken he close stellar environment down t67% fromg Pic. They did
during the same night so that the observed fluxes after sralift report any CC in their images at the expected locatiori®f 0
are similar to that of the observed CC. We then subtracted §8yth and 025 East tg8 Pic. Based on STIS detection limits, all
scaled image of HR 2435 to that of the composite image. T@gjects brighteW < 17 would have been detected. Red giants or
result is shown in Figure 3, from which it is clear that thee‘aksupergiants, for their distances would bring them unreedity
planets produce features similar to the observed signahafoh ¢, from us. If we consider a foreground or background stella
the level of the obseryed signal, the magnitudes of the f&® p fq|g contaminant, it would therefore have a larye(L > 5.8)
ets must be- 11.2. This corresponds to a contrast of about 7.4y|or, j.e a spectral type later than mid-M. Based on a number
betw«gerﬁ Pic andits CC. We conservatl\_/ely estimate a Precisifinsity of L dwarfs of 9x 102 pc-3 given by Burgasser (2001)
of 305 on the fluxes and hence a magnitude.bf= 11.2'33 for - 514 Cruz et al. (2003), the probability of finding a foregrdan
the CC. background field L dwarf in a region of 500 mas radius around
B Picand withL’ = 11.2 is about 10%°. Without any assumption
on the contaminant spectral type, one can use galactic il
model outputs to estimate the probability to find ahy £ 12)

We processed all the other sets of data using dbkipse galactic object at 500 mas fromPic. We find a low probability
software. It quickly appeared that the detection become® meof 6 x 107°. Last, we cannot strictly rule out a contamination by
marginal when the exposure time godthe image quality de- an extragalactic source, such as a high-redshift quaszoniciu-
crease. For the best remaining sets in terms of atmospleric csion, a contamination appears very unlikely. In additibe, fact
ditions and relative parallactic angle betwgdic and HR 2435 that the candidate companion falls into the disk stronghpffa
(described in Section 2.1 and Table 1), we used our more #fat it is bound to the star.

ficient reduction procedure. The results are shown in Figure

The same point-like signal is seen in both cases, with howeve

a lower signal-to-noise ratio. This is due to the lower expes 5. Implications on the understanding of the g Pic

times and the (slightly) poorer image qualities. This isstrated system

in Figure 4, where we also added fake planets to the data sets B , . o1 . .

and C. The fake planet signals are, as the CC signal, much [¥4&h anL’” magnitude of 127>, and assuming a distance of
detectable under these conditions: hence the results ftorg o 19.3 + 0.2 pc and an age of 2 Myr (Zuckerman et al. 2001),
data sets are consistent. the mass of the CC is estimated r_thMJup using COND mod-

3.2. Results from lower quality data (sets B and C)
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This companion could be the first extrasolar planet ever
imaged so close to its parent stara@ In particular, it would | jst of Objects
be located well inside the orbits of the outer planets of the
Solar System. Contrary to the other planetary-mass com-Pictoris’on page 1
panions imaged at separatioks 40 au, such as 2M1207 b ‘HR 2435’ on page 2
(Chauvin etal. 2004), AB Pic b (Chauvin etal. 2005)2M1207 b’ on page 5
CHXR 73 B (Luhmanetal.2006), HD 230030AB Picb’onpage5
(Metchev & Hillenbrand 2006), or 1RXS J160929.1-210524 Pictoris b’ on page 5
(Lafreniere et al. 2008)3 Pictoris b might well have formed
through core accretion. In such a case,ifighe companion
is bound to the star and produced by core accretion, then its
maghnitude does not fit Marley et al. (2008) present predistio
Further direct imaging observations should allow to con-
strain the planet orbit and hence measure the planet dyabmic
mass. This would in turn allow to test the models of planet for
mation. This is dramatically needed as the evolutionary efsd
are not calibrated with real data in these ranges of massks an
ages. Finally, we note that unfortunately, if the projectega-
ration is the physical one, the planet orbital period is alddu
years and should be at present time much closer to the star and
hence undetectable with NaCo.
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