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Abstract. We report in this letter the first resolved images af999; Augereau et al. 1999) or mid-infrared images (Koerner
the circumstellar dust disk around the Pre-Main-Sequence sthrl998; Jayawardhana et al. 1998) have shown the possibi
HD 100546. These near-infrared images were obtained in J andbbserve and study precursors to main-sequence dust di
short K bands with the adaptive optics system ADONIS at tiithese so-called “babg-Pic” dust disks are the denser precur
ESO observatory. A bright disk extending 2 arcsec (200 AU) faors to main-sequence debris disks. IRAS and ISO/SWS ob
from the star and viewed with an inclination with respect to theations have shown that they usually produce a huge infrar
line of sight around 50 degrees is revealed by the observatiosecess (typically 250 times the infrared excess produced by
Using a simplified model of light scattering, we find that th@ Pic disk); some of them, as HD 100546 for instance, showi
dust disk density peaks at a distance of 40 AU from the star, gmminent signatures of crystalline water ice (Waelkens et
the FWHM of this dense ring is typically 20 AU. This type 0f1996, Malfait et al. 1998b), are particularly interesting targe
disk is believed to be a denser precursaf éfictoris-like main- in the visible/near-infrared because of high particle albedo. O
sequence disks. The structure of the disk is compared with geFving this class of disks at various stages of evolution will he
best known example of the class of “debris disks”, the disk finding a comprehensive scenario for the origin, the evol
surrounding3 Pictoris. tion, and the lifetime of the Vega phenomenon, i.e. how the
disks form, how long they last, and how they disappear.
Key words: scattering — methods: data analysis — stars: binaries: We reportin this paper the firstimages of the disk around H
eclipsing 100546, an isolated young main-sequence star. Using a m
of scattering by dust grains, we derive the morphology of t
disk outwards 10 AU and show evidence for a density maximu
around 40 AU. The structure of the disk is compared to the b
known example of the Vega Phenomenon, the disk argiin
The discovery of infrared excesses around an important fract®iz.
of main-sequence stars (Aumann et al. 1984; Plets & Vynckier
1999) and attributed to the presence of cool dust grains orbiting
the star and geometrically arranged in a disk, has triggered-gObservations

lot of studies because these disks may be linked to pIanetg\rlg observed the HD 100546 starr6.7) using the SHARP

formation. For a long time the disk afo“”q the aﬁgl?ictoris 11+ camera coupled with the adaptative optics system ADONI
was the only example to be resolved both in the visible (Smi d mounted on the ESO 3.6m telescope at La Silla, Chile
& Terrile 1984) and in the mid-infrared range (Lagage & Pantigé ' ’ '

1. Introduction

. . i N .-pre-focal optics coronograph (Beuzit et al. 1997) was used
1994). Recent discoveries of young “debris” circumstellar dis iect the direct starlight and increase the integration time

around relatively “old” and isolated (i.e. not associated to anych elementary exposure. The mask size we used has a dia
star forming region) stars have shown that this phenomen&rb_ml_ J (1.25,m) and K'S (2.15:m) band exposures were

extends towardg Pre-Main-Sequence stars (cf the phthme(%?ained on nights 23 and 24 of June, 1999. The seeingwas q
survey by Malfait et al. 1998a). The detection and resolution gf i~ the first night, but had decreased to a value 7 at
disk around stars such as HD 141569 (Weinberger et al. 1999, time of the J and Ks observations. It was stable at a val

Augereau et al. 1999) or HR 4796A thanks to high'resomti%{?ouncﬂ.85”duringthe second night. We spenta total observi
observations in the visible/near-infrared range (Schneider ettﬂ'he of 1550 s in the Ks band and 2600 s in the J band. T

Send offprint requests t&. Pantin Point Spread Function (PSF) was frequently monitored than

* based on observations collected on the ESO 3.6m telescope at@ dnterlaced observations of two reference stars, HD 972
Silla, proposal 63.H-0239 and HD 101713. These reference stars were used later in
Correspondence tepantin@cea.fr reduction process to remove the wings of the stellar PSF
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Surfoce Brightniess. (Jy/arcsec®) where the S function stands for image shift. The sum is per-

i formed on a set of pixels (typically 1000) located in a region of
the images where no disk emission is expected, and from which
non accurate ones are excluded (bad pixels, pixels belonging
to area contaminated by diffracted light from the coronograph
support). The functional minimum is found using a 0-order min-
imization algorithm called Powell method (Press 1996). The
method was first checked on simulated data whose input pa-
rameters (shifts, scaling factor) were recovered with an accuracy
better than 5%. In order to evaluate the errors in the subtraction

Surtace Brightness (Jy/orcsec?) process, test the stability of the PSF, and make sure that the disk

Ks band i obtained is not an artifact created by the process, the same sub-
straction process was applied to the two different PSFs[Fig. 1
shows the resulting images in the J and Ks filters of the disk and
the corresponding residuals between the two reference stars.
The position of the star under the mask, and therefore the disk
center is also carefully determined in this procedure thanks to
offset observations (out of the coronograph mask) of the refer-
ence stars and the object.
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Residuals

Fig. 1. Upper left: the disk seen in the J band, North is to the tod,. Results

East to the left. The pixel scale is 0.035 arcsec/pixel. Upper right, the ) )

corresponding residuals obtained when applying the reduction metiwjice the dataset in J band is more accurate (because of a larger
described in the text to two reference stars. Lower frame: same as ¥jjegration time, better observing conditions, and a better sen-
per frame but in the Ks filter. The “cross-like” pattern (with fingersitivity of the whole system) than in Ks band, the geometrical
orientations at 45,135,225, and 315 degrees) superimposed to the gskameters and the disk model are based on the J band image.
emission is produced by astigmatism residuals not corrected by Yve checked in a second step that the results are compatible with
adaptive optics loop, showing that, contrarily to J band where the cgie Ks band data.

rection residuals are still dominated by the seeing, in Ks band under

good conditions, one can reach high Strehl ratio values (i.e. system

residuals dominating the uncorrected part of the seeing) 4.1. Disk geometrical parameters

Given a disk inclination with respect to the line of sight which
for photometric calibration. Observations of empty fields weig~ 45°, we expect to observe some deviations from the perfect
also performed to estimate and remove the background filipse case. Indeed, particles relatively large with respect to the

which can be important in the Ks band. wavelength produce non-isotropic scattering. One simple way
to reduce this effect is to symmetrize the disk i.e. construct an
3. Reduction procedure isotropic-like virtual disk by averaging the original disk image

and its symmetrical image with respect to the major axis. Best

First, standard reduction techniques were applied to the daifinse fitting on this symmetrized images gives the following
bias subtraction, flat-field correction. For each filter, we obtaingg jts:

a set of HD 100546 observations and corresponding PSFs. In

spite of the use of a coronograph mask, the disk surface bright- disk position angle on the sky 87 +5 degrees with respect
ness is still dominated by the stellar emission at any distance t0 €ast direction.

from the star. In order to retrieve the disk image, one has to re= €llipse major to minor axis ratio of 1.2 implying a disk in-
move numerically the starlight wings. The rough substraction of clination of50 = 5 degrees with respect to the line of sight
ascaled PSF to HD 100546 images gives poor results because ofOr from the edge-on case).

slight shifts in position on the array between the reference ard disk extensionz 2.0 arcsec from the star corresponding to
the object, uncertainties on the fluxes (given by the literature), @ distance to the star around 200 AU (assuming a distance
and a residual background (ADONIS bench emission, different t0 the Earth of 103 parsecs (van den Ancker et al. 1998) and
airmasses). We developed a specific method to get an optimuma limiting sensitivity of 5 mJy/arcséc

subtraction. For each couple of HD 100546 image (Obj) and

corresponding Psf, we have to find 3 parameters: a $hiff¢) 4.2. Photometry

between the two images, a scaling fadiand a residual back-

groundByg. These parameters are estimated by minimizing thing the stars HD 101713 (B9V) and HD 97218 (G8) as ref-
following error functional: erences whose V magnitude is known and using appropriate

V-J and V-Ks color indices, we derived the following photom-
J = Z |Obj — S(Psf/R, éx, éy) — By (1) etry for the disk in J and Ks band: a disk flux in J band of
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Fig. 2. Fit of the data profiles. Upper plot,
full lines: the modeled profiles, stars and di-
amonds represent the data profiles 1 and
defined on the disk image inserted. Lowe
plot, dashed line: model of profile 4 (domi-
nant forward scattering), plain line: model
of profile 2. As seen on the lower plot,
?f — model of profile #2 the scattering asymmetry is well reproduce

ﬂ; . by an anisotropic phase function (Henyey
100 ' Greenstein, see the text) wigh= 0.2, cor-
Distance to the star (AU] responding to a particle size around pr.
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0.32 £ 0.06 Jy outside the coronograph mask and a maximuiine parameters until we obtain a satisfactory fit along the fo
surface brightness of5 + 0.1 Jy/arcse¢. From images of HD directions defined on Figl 2.
100546 and corresponding reference star images (HD 101713

and HD97218) obtained when shifting the targets outside &)f4 Fit results
the mask, we can deduce a total of scattered flux in the J band’

around 1 Jy; note that we get also a disk-shaped emission whd&e best fit model provides the following parameters (one m
removing a scaled reference to the HD 100546 image obtairkeskp in mind that they are model-dependent):
outside the mask, but its signal to noise is very low. This result 1,4 Henyey-
is compatible with the infrared excess computed considering a g = 0.2 corresponding to dominant spherical particles wit
Kurucz model of the star (BOV spectral type). Consequently, ;e around 0.1 micron.

the disk flux outside the coronograph mask represents roughly a ragial normal optical thickness fitted by a series of br
30% of the total disk emission. . ken power laws whose exponents are: 0.6 in the ran
In the Ks band, we find an emission®®5 + 0.1 Jy outside [10,45]AU, —0.4in the range [45,70]AU; 1.35 in the range
the coronograph mask and a maximum surface brightness of[70 100]AU, —5 outwards from 100 AU, see Fig. 3.
0.25 0.1 Jy/arcset — An exponentially decreasing vertical profile, and an openi
angle around 0.1 radian.

4.3. Model and observation fit — Atotal scattering area of 20 cm? and a dust mass of 0.02

Greenstein phase function parameter foun

In order to derive physical parameters of the disk, we built a ,'Xlr?:clpproximate disk surface density at maximum arou
numerical model c_)f starlight scz_atterlng by an opucally thln_dlslf 3% 10 particles/nt assuming single-sized particles of 0.
made pf d.ust part'lcles. Asgumlng that no mult!ple scatterllng is LM, or an equivalent maximum scattering area of the ord
occurring in the disk, and since the exact physical properties of of the unity/n?.
the particles are poorly known (composition, shape, size distri-

bution), we chose to use a global, single-parameter, Scatterg]q)iscussion
phase function. The most practical one, although not realistic;is

the Henyey-Greenstein phase function (Henyey & Greenstdihe radial surface brightness distribution shows that the di
1941). The disk is assumed to be seen with an inclination dtensity peaks at a distance of 40 AU from the star correspo
rived above, and to have a proper thickness similar to the dng to the edge of the planetary zone in our solar system. T
of 8 Pic parameterized following Artymowicz et al. 1989. Th@ormal optical thickness found is more than 100 times larg
disk midplane density is described by a scattering area whigian in the case of thé Pic disk. Simultaneously, the presenc
follows a series of broken power laws. We start with a first guesg sub-micronic particles sizes, well below the radiation pre
deduced from the radial surface brightness, and we iteratesame cut-off in sizes, suggests that huge quantities of very s
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Comparisen of i D@&?Sjﬁ%g?%i Pictoris imaging observations of disks at various stage of evolution are
—— — necessary to sketch more closely the possible scenario of such
a disk creation and evolution. This should be achieved by next
generation instruments such as the VLT/NAOS (adaptive optics)
and VLT/VISIR (mid-infrared) instruments or the NGST.
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Fig. 3. The normal optical thickness of the disk deduced from modgi ferences
fitting of the data (diamonds). We have overplotted (stars) the norma?
optical thickness found in the case of the disk aro@iictoris (Pantin, Augereau, J. C., Lagrange, A. M., Mouillet, D., Papaloizou, J. C. B. &
Lagage & Artymowicz 1998) Grorod, P. A., 1999, A&A, 348, 557
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