Astronomy & Astrophysicenanuscript no. paper final © ESO 2006
July 14, 2006

A compact dusty disk around the Herbig Ae star HR 5999
resolved with VLTI / MIDI*

Thomas Preibisch Stefan Kraus Thomas Driebk Roy van Boekél, Gerd Weigel

1 Max-Planck-Institut fur Radioastronomie, Auf dem Hi1§6| D-53121 Bonn, Germany
2 Max-Planck-Institut fur Astronomie, Konigstuhl 17, D3BL7 Heidelberg, Germany

Submitted: 0@2/2006 ; accepted: 226/2006

ABSTRACT

Aims. We have used mid-infrared long-baseline interferometmetmlve the circumstellar material around the Herbig Ae ld 5999, pro-
viding the first direct measurement of its angular size, ardktrive constraints on the spatial distribution of the dust

Methods. MIDI at the VLTI was used to obtain a set of ten spectrally dised (8- 13um) interferometric measurements of HR 5999 at
different projected baseline lengths and position angles. fivedeonstraints on the geometrical distribution of thetduse compared our
interferometric measurements to 2D, frequency-dependelition transfer simulations of circumstellar disks andelopes.

Results. The derived visibility values betweer0.5 and~0.9 show that the mid-infrared emission from HR 5999 is djeegsolved. The
characteristic size of the emission region depends on thjegied baseline length and position angle, and it rangegeee~ 5 — 15 mil-
liarcseconds (Gauss FWHM), corresponding to remarkabbligshysical sizes of 1 — 3 AU. For disk models with radial power-law density
distributions, the relatively weak but very extended eioisérom outer disk regionsx( 3 AU) leads to model visibilities that are significantly
lower than the observed visibilities, making these modetemsistent with the MIDI data. Disk models in which the dgnis truncated at
outer radii of~ 2 — 3 AU, on the other hand, provide good agreement with the data.

Conclusions. A satisfactory fit to the observed MIDI visibilities of HR 599 found with a model of a geometrically thin disk that istcated
at 26 AU and seen under an inclination angle of %i8e. closer to an edge-on view than to a face-on view). Meithodels of a geometrically
thin disk seen nearly edge-on, nor models of spherical dgdtsscan achieve agreement between the observed andtpredisibilities. The
reason why the disk is so compact remains unclear; we sgedbk it has been truncated by a close binary companion.
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1. Introduction could be equally well explained with such vernffdrent mod-

] _ ) _ ) els as geometrically thin accretion disks and spherical en-
Herbig AeBe stars (HAEBEs; see Herbig 1960; Herbig 199¢e|4hes (Hillenbrand et al. 1992; Miroshnichenko et al. 2)99

The et al. 1994) are pre-main sequence stars of interneedigi, e complex models, like envelopes with cavities produced
mass { 2 - 10Mo) that show broad emission lines, rapid varipy pinojar molecular outflows (Hartmann et al. 1993), ge-
ability, and excess infrared and millimeter-wavelength®m ,yetrically thin and optically thick disks surrounded by a
sion. These properties suggest the presence of substanfiglerical envelope (Natta & Krilgel 1995, Natta et al. 2001
amounts of circumstellar dust and gas. The distributiorhef tp4i-oshnichenko et al. 1999), flared outer disksffpd-up in-
circumstellar material is still a matter of debate. Sincélue- . jisk rims (Dullemond et él. 2001), and disk plus inneohal
cently the spatial scales of the inner circumstellar emmtent g qels (Vinkovic et al. 2006) have also been used to success-
(a few AU, corresponding t& 0.1”) were not accessible t0 )y fit the observed SEDs of HAEBES. The strongest evidence
optical and infrared imaging observations, conclusioms\vir ¢, circumstellar disks around HAEBES comes from millime-
on the spatial distribution of the circumstellar materibttee o, interferometry (Mannings & Sargent 1997, 2000): flatén

HAEBE stars were in most cases based entirely on the modgly,ctyres around several sources have been resolved 6a

ing of the spectral energy distribution (SED). However, s A\ scales at millimeter wavelengths and detailed kinematic

the observed SEDs are highly ambiguous (e.g. Men'shchikai,qejing of one source, MWC 480, is consistent with rotation
& Henning 1994). For example, the SEDs of some HAEBEg 4 Keplerian disk.

Send offprint requests to: Thomas Preibisch Speckle interferometry by Leinert et al. (2001) in the NIR

* Based on observations with the ESO Very Large Telescof@veals numerous exqmples of resolved halos on scales of
Interferometer at Paranal Observatory under programmeOm3€- ~ 0.1”-1" (corresponding to several hundred AU). Bispectrum
0248 and 073C-0720. speckle interferometry revealed complex asymmetric struc
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tures on scales down to 70 mas in several intermediate- In hiined by Hillenbrand (1992); the infrared excess of these ob-
mass young stellar objects (e.g. Schertl et al. 2000; Wedgel jects is thought to be from emission arising in a flat, opljcal
al. 2002ab, 2006; Preibisch et al. 2001, 2002, 2003; Hofmattnick accretion disk. The fit of the observed SED with a sim-
et al. 2004). Interferometric aperture masking Keck obsmenple analytical model of an optically thick circumstellarskli
tions of the young system Lki1101 (Tuthill et al. 2001; 2002) yielded an outer radius & 23 AU and a possible inner hole of
revealed some details of the inner disk, which is seen neafly0.1 AU. Siebenmorgen et al. (2000) analyzed mid-infrared
face-on. To make further progress on this topic, obsematidSO spectra of HR 5999 and found a broad silicate emission
with even higher spatial resolution, at the lewel10 milli- feature with a peak around@um. With a ratio of peak- to
arcseconds (mas), are needed to explore the inner circlansteontinuum-flux of about 1.4, the intensity of this featureak
regions of these objects in detail. Such observations cin oatively small. The broad and rather flat shape of the silifete
be performed with long-baseline interferometry. ture indicates the presence of relatively largel(um) silicate

The current generation of infrared long-baseline interfegrains (cf. van Boekel et al. 2003).
ometers is sensitive to the distribution of dust around #ern The stellar parameters of HR 5999 suggest that the object
est young stars on scales on the order of 1 AU, and it provides- 0.5 Myr old and has a mass ef 3 — 4 M, (van Boekel
a powerful probe of the models of disks and envelopes of sughal. 2005). HR 5999 will thus arrive at the main sequence as
stars. The first systematic study of HAEBESs using the tec-mid B-type star. HR 5999 shows only moderate extinction
nique of long-baseline interferometry in the near-infaveas (Av = 0.49 mag) and is a fast rotatovgini = 204 knysec;
conducted by Millan-Gabet et al. (2001), who could resolvgoyer et al. 2002). The quasi-periodic and irregular phaism
the near-infrared emission of 11 of the 15 HAEBESs observéig and spectroscopic variability of HR 5999 in the opticseé
at the IOTA interferometer. The derived sizes of the obsgrvBerez et al. 1992) and in the UV range (see Perez et al. 1993)
structures are 0.5 to 6 AU, but no unique geometrical modes been interpreted as due to instabilities in an optithaitk
could be determined for any of the sources due to the vetiycumstellar accretion disk. The detailed analysis of the
sparse coverage of the, ¢)-plane. A number of further studiesemission lines in the IUE spectra of HR 5999 by Perez et
have been obtained atffiirent interferometers (e.g., Akeson eal. (1993) revealed gas accreting onto the star with veéscit
al. 2000; Wilkin & Akeson 2003; Eisner et al. 2004; Monnie@s high as 300 krsec (see also Blondel et al. 1993). Perez et
et al. 2005). Most of the near-infrared interferometricadate al. (1993) also concluded that the observed double-peaked H
consistent with a simple disk model possessing a central dugnd Mg Il emission profiles strongly suggest that the circum-
free cavity, ringed by hot dust, but other geometries cagnoftstellar disk around HR 5999 is seen nearly edge-on. The aver-
not be excluded, due to the poor sampling of these obsensatiege mass accretion rate was estimated te Be< 10~ Mo/yr,
of the (u, v)-plane. but the observed variability of the UV emission clearly sesjg

The first long-baseline interferometric observations &fat the accretion process happens in a non-steady fashion.
HAEBES at mid-infrared wavelengths were recently presknte 10 summarize, the existing data clearly show that HR 5999
by Leinert et al. (2004). Their data, obtained with MIDI ag¢this surrounded by circumstellar material, probably in therfo
VLTI, trace the 8- 13um emission from hot and warm dust inof an accretion disk. The highsini and the double-peaked
the inner disk regions and can be used to constrain the geongiticture of the UV emission lines suggest that the system is
rical structure of the circumstellar material on angulailss of Seen under arelatively high inclination angle (i.e. clasedge
~ 10 mas. They resolved the circumstellar material around IP)- This makes it an interesting target for a detailed feter
of the seven observed, nearby HAEBESs and derived charactgtric study of the geometry of the circumstellar dust. Grad
istic dimensions of the emitting regions at/@ ranging from €t al. (2005) presented HST STIS white-light coronographic
1 AU to 10 AU, but, again, they could not determine the georfinaging results for HR 5999, found no indication of nebutpsi

etry of the dust distributions due to the limited ()-coverage atr > 70 AU, and concluded that the disk around HR 5999
of the observations. must be geometrically small.

HR 5999 has a close visual companion, Rossiter 3930

HR 5999 £ HD 144668= V856 Sco) is one of the best(see Stecklum et al. 1995, and references therein), Ath-
studied HAEBEs. It lies in the central part of the Lupus 3 dak6 and AK ~ 3.6, at a projected separation of41, cor-
cloud, which is part of the extended Lupus star-formatiom€o responding to a projected distance of about 300 AU. Since
plex. HR 5999 has a spectral type of A7 lll-IV and forms &ossiter 3930 shows strongatemission, it is very likely a
~ 45’ wide proper-motion binary system with the A1.5 staf Tauri star. If Rossiter 3930 is actually physically rethte
HR 6000. The Hipparcos parallax for HR 5999 correspon#k 5999 and not a chance projection, it may be responsible for
to a distance of 20}@8 pc. The spectral energy distribution othe rather low (sub-)mm emission and corresponding low mass
HR 5999 shows a clear infrared excess at wavelengths aboti¢he circumstellar material of HR 5999 due to the mecha-
1um. IRAS detected HR 5999 at 12, 25, andu80, but pro- nism of dynamic disk clearing by gravitational binary irgter
vided only an upper limit at 100m. Henning et al. (1994) tion (e.g. Arymowicz & Lubow 1994).
found weak millimeter emission from HR 5999, but the de-
tection was only at the & significance level. The far-infrared2 Observations and data analysis
and mm-emission of HR 5999 suggests the total mass of the Cit-
cumstellar material to be on the orde®06 M, (Siebenmorgen The observations discussed in this paper were obtained with
et al. 2000). HR 5999 belongs to the “group | objects” as dthe MIDI instrument at the VLTI during several observing sun
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Table 1.Log of MIDI observations of HR 5999. [ ﬁl t
100+ ° 4
UT date & time B PA Obs. i L £ .
[m] [deg] name i | . ]
2004-04-10 02:44:34 46.34 173.37 48M3 sor . ° * ]
2004-04-10 05:23:56 46.60 21.57 4@71F ° :
2004-04-11 05:16:58 46.59 20.74 4@ .
2004-04-11 09:09:04 42.42 52.12 457 £ o T -—_—_——_—_—_—_—"—_—_———————————SGBSP -
2004-04-12 09:46:20 39.76 56.36  3&& >
2004-06-28 00:15:43 102.38 15.35 10257 s o
2004-06-28 02:06:06 100.76 30.90 1QGGi _50; ° i
2004-06-28 04:26:08 90.89 46.10 @& L .‘ | |
2004-06-28 05:22:28 83.22 50.57 8&r
2004-09-30 00:02:18 63.50 123.74 6323 | . ‘ ]
—100 ° .
P S A S SR ST S R \ IR SIS S ST ST S R! ]
Table 2. List of calibrators used for the calibration of the HR 5999 —100 _50 0 50 100
u [m]

data together with uniform-disk diametery,§) and the date, as well

as the time stampd,s) of MIDI observations.

Calibrator  dyp (mas) night tons (UTC)
HD number (2004)

81797 954+ 0.75 2004-04-10 00:41:19

2004-04-11 03:56:19

107446 454+ 0.23 2004-04-10 02:13:31

2004-04-11 23:55:03

2004-04-12 01:24:27

109379 3B0+0.17 2004-06-27 23:27:48

129456 3B9+0.09 2004-04-10 05:46:05

2004-04-12 08:37:42

2004-04-12 10:09:08

2004-06-28 00:43:13

134505 255+0.13 2004-06-28 01:43:12

139127 3B0+0.22 2004-04-11 05:35:48

2004-04-11 09:36:42

2004-04-12 07:09:25

2004-06-28 02:48:50

2004-06-28 05:43:29

152885 288+ 0.09 2004-04-10 07:13:48

2004-04-12 05:57:26

2004-04-12 09:24:41

161892 394+0.21 2004-04-12 04:42:03

2004-04-12 05:02:42

168723 288+ 0.13 2004-04-10 09:29:56

2004-04-10 10:12:13

2004-09-30 01:22:01

169916 3B9+0.09 2004-04-12 07:57:12

176411 224+0.13 2004-04-10 08:08:34

2004-04-10 08:45:41

188512 207+0.10 2004-09-30 03:13:45

Fig. 1. Points in the (, v) plane sampled by our MIDI observations of
HR 5999.

data set names used in the following text are summarized in
Table 1. Our observations cover a range of projected baselin
lengths from 39 m to 102 m and position angles ranging from
15° to 173, and, therefore, provide a relatively good coverage
of the (u, v) plane.

The fringes were scanned by applying rapid internal optical
path diterence (OPD) changes of a few wavelengths around
the point of zero OPD. A prism with a spectral resolution of
A/Ad =~ 30 was used to obtain spectrally dispersed fringes
in the range of 8 to 13m. Immediately after a recording
of interferometric data, photometric calibration data eveb-
tained by blocking each of the two beams alternately. Chappi
with a frequency of 2 Hz was applied to obtain the data
for the sky background subtraction. A more detailed descrip
tion of the observing procedure is given in Przygodda et al.
(2003), Leinert et al. (2004), Chesneau et al. (2005a, 2005b
and Ohnaka et al. (2005).

Calibration stars with known angular diameter were ob-
served for the calibration of the raw visibilities. Table Rep
an overview of these calibration stars, their uniform-disk
ameters as given in the CalVin fistand the MIDI observa-
tions that we used for the calibration of the raw visibiktief
HR 5999.

We utilized two diterent MIDI data reduction packages:
MIA developed at the Max-Planck-Institute for Astronomylan
EWS developed at the Leiden Observatory. While the MIA
package is based on the power spectrum analysis and measures
the total power of the observed fringes, the EWS package first
corrects for OPDs (instrumental, as well as atmospheric de-

between April and September 2004. In total, ten MIDI megays) in each scan, and then the interferograms are averaged
surements of HR 5999 were performed: SiX VISIbI'Ity measurghore detailed description of the MIA and EWS packages can
ments for observing program 073C-0248 (PI: Preibisch) apd found in Leinert et al. (2004) andfBa(2004), respectively.
four visibility measurements for program 073C-0720 (Ph van our analysis of the HR 5999 data, we found good agreement
Boekel). The combined data set is analyzed in this paper. Th&ween the results of both packages within the error bars. |

observation dates, the projected baseline lengths, thiégros

angles of the projected baseline on the sky, and the abledvia * available from ESO at httpwww.eso.orgpbservingety
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the following discussion we always refer only to the resolis
tained with the MIA software.

The errors of the calibrated visibility were estimated from
the 1o scatter of the visibilities calibrated with all individual
data sets of a night. In addition, to account for systemaitimre
contributions (e.g. due to imperfect beam overlap), werassl
a minimum visibility error of 15%. One of the ten visibility

measurements, the 4¢21° data set, wasftected by strong = o8

variations in the transfer function around the time of theame 3

surement. This particular data set could not be calibrat w ~

we decided to drop it from the following analysis. 0.4

3. Observed visibilities ook ]
: -2

As the first step of the analysis, we consider the dependdnce o
the observed visibilities on the wavelength, the projetiaske-

line length, and the baseline position angle. Figure 2 shbe/s
wavelength-dependence of the visibilities of HR 5999. Adlv
ibility curves are rather flat, i.e. the observed visib#itishow

no strong dependence on the wavelength.

Figure 3 shows the observed.B2@m visibilities as a func-
tion of projected baseline length. One can see that the data a
not consistent with simple uniform-disk or Gaussian brigisis 081
distribution models.

0.0 Leviiliriiinins T T T L, Lo
8 9 10 11 12 13

o
)}

3.1. Size of the emission region

Visibility

In order to derive an initial rough estimate of the size ofrie -
solved emission region, we fitted each observed visibikiyg 0.4~ 7
with two simple models: first, a uniform-disk model, and sec- i |
ond, a Gaussian brightness distribution. The resultingdia 1
ters range between 10 and 25 milliarcseconds (correspgndin 0.2 - N
to ~ 2 -5 AU at the distance of 208 AU) for the uniform | |
disk model and 5- 15 mas ¢ 1 — 3 AU) for the Gauss model L |
(FWHM). The Gauss-fit diameters as a function of wavelength 00 bbimomos bt bt Lt bt Lo
for the diterent MIDI observations are shown in Fig. 4. For all 8 ° lefengm [ ! 2 '
data sets, the diameters increase with increasing wavéléng

the MIDI band. This &ect can be understood as a consequence .
of the fact that the emission at longer wavelengths comes fr ig. 2. MIDI visibilities of HR 5999 plotted versus wavelength.

cooler material. which is located at laraer distances froen t he upper panel shows the data for the observations at beseli
lal, which 1 9 : lengthy position angles of 1025 (dots), 830 (crosses),

central star t_han the warmer material radiating at shorésew 63nY123 (boxes), and 46/20° (diamonds). The lower panel shows

lengths. Typically, the diameters at 4@ are~ 50%— 100% he data for the observations at 10861 (dots), 90rM6® (crosses),

larger than at @m. 46ny173 (boxes), 4262 (diamonds), and 39/86° (asterisks). The
Another notable fect is the trend that the longest baselinagick dash-dotted line and the corresponding scale on ¢ yi-axis

give the smallest diameters. Although one must not ignae tlin the upper panel show the flux-calibrated spectrum obtaimith

the diferent observations were obtained affetient position MIDI during the 39n156° observation.

angles (see next paragraph), this suggests a complex ggomet

for the emission region, as discussed in the next section.

that the emission has a more complicated structure, prgbabl
with substructure at flierent size scales. A more detailed anal-
ysis of size and shape of the emission region is describesvbel

In Fig. 5 we plot the Gauss-fit radii (at wavelength 1n%) as in Section 4.

a function of the position angle of the observation. The plot

suggests that the structure of the er_nis_sior_1 re_gion_ is not deg Comparison to MIDI data of other HAEBEs

scribed well by a spherically symmetric distribution, seems

to be asymmetric. An inclined ellipse with axis ratio 1:1&6 The visibilities measured for HR 5999ftér from those ob-
parently yields better agreement to the data than a cirdlie, bained by Leinert et al. (2004) for a sample of seven HAEBESs in
does not provide a particularly good fit either. The data ssygtwo ways. First, all MIDI measurements of HR 5999 give visi-

3.2. Shape of the emission region
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L ] Fig. 4. Gauss-fit FWHM diameters as a
L ] function of wavelength derived for the MIDI
L ] observations of HR 5999. The individual
ol 1 D observations are identified by their values
7 8 9 10 11 12 13 for projected baseline length and position
Wavelength [um] angle.
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Fig. 3. Visibility at 10.5um as a function of projected baseline lengthFig. 5. Gauss-fit FWHM diameters at Bum for the diferent obser-
The data points are annotated with their respective posiimgles. Vvations as a function of baseline position angle. The dathedie has
For comparison, we also plotted the theoretical visibitityves for a radius of 3.7 mas. The dashed ellipse has a minor axis of 488 m
uniform disk models with diameters of 10, 15, 20, and 25 makds and a major axis of 7.5 mas.

lines) and for Gauss models with FWHMS5, 10, and 15 mas (dashed

lines).

) The second dierence is the wavelength dependence of the
visibilities. While the visibility for HR 5999 is essentiglflat
over the &m to 13um wavelength range, most of the HAEBE

bilities > 0.5, whereas six of the seven HAEBES in the Leinedtars in the Leinert sample show a rather strong drop in the vi
et al. (2004) sample show much lower visibility valugs0.4 ibility between &m and 1Qum, in some cases followed by a
in the 8um to 13um wavelength range. Only 51 Oph showslight increase towards longer wavelengths. The latterewav
visibility values similar to what we find for HR 5999. This im-length dependence of the visibility is expected for objegth
plies that the angular extent of the mid-infrared emissiomf significant 1Qum silicate emission features (a strong emission
HR 5999 issmaller than that of most HAEBES in the Leinertfeature in the spectrum produces a minimum in the visibility
sample. due to optical depthfiects, because the apparently larger ob-
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ject size in the center of the emission line yields lowerhilsi  selected frequencies. The simulated images are then used to
ties). The flat visibility curves of HR 5999 are probably teth compute visibility maps in theu(v) plane, which finally can be

to its very weak silicate emission feature, which does nat cocompared to the MIDI measurements. We used 64 wavelength
tribute enough to produce a significant dependence of tlie vigoints between.Q um and 5 mm for our modeling of HR 5999.
bility (apparent object size) on wavelength over this femtu  The size of the numerical grid was set tox680 AU, which re-
sulted in a spatial resolution (i.e. the grid point spacioigtfie
innermost grid) of 0.016 AU. As a final check on the numerical
accuracy, we used images computed with the ray-tracing pro-
cedure at a large number ofidirent inclination angles to deter-
The true morphology of the mid-infrared emission is moshine the total flux (integrated over all wavelengths) as @fun
likely more complex than simple geometrical models for thgon of the inclination angle. Integration of these fluxesoall
brightness distribution, like uniform-disk or Gauss madé&or inclination angles then gives the total model luminositizjata
example, the existence of a dust-free hole inwards of the dfinally can be compared to the input luminosity. For the geo-
sublimation radius already implies that the brightnessridis metrical models described below, we find typical deviatiohs
bution cannot have a steadily decreasing profile. In order £01% in the case of spherical and thick disk models, increas-
see how much information on the spatial distribution of ciing up to~ 8% for the thinnest disk models (when the vertical
cumstellar material can be deduced from our MIDI data, whickness of the inner disk gets similar to the numericad gri
performed 2D radiation transfer calculations. We belidwag t resolution).

this approach provides more realistic constraints thanskef Note that our radiative transfer code not only accounts for
simple analytical models. Our radiative transfer modetifsp extinction by and emission from dust grains, but also treats
includes a self-consistent determination of the dust sudtion  scattering by dust grains; isotropic scattering is imgjicas-
radius, i.e. the inner disk edge, which is a crucial ingretlie sumed. Although the scatterinffieiency of dust grains is quite
any realistic modeling attempt. Note that the aim of the motbw at mid-infrared wavelengths, scattering of optic& pho-
eling in this paper is an exploration offférent geometries for tons in the region above and below the disk plane can lead to
the dust distribution and not a detailed disk modeling (Whéc significantly increased heating of the outer disk regiohss t
not warranted considering the rather large uncertainfiélseo can result in more extended thermal emission at mid-infrare
measured visibilities). wavelengths. If scattering is neglected (as is sometimes do
in other radiation transfer simulations), the extent ofeh@s-

sion can be significantly underestimated.

Our radiative transfer modeling assumes the disk is passive
For our simulations we used the 2D radiation transfer coiee. the temperature at each point is determined by thd loca
described in detail by Sonnhalter et al. (1995). In this ¢odadiation field) and does not take into account possibleovisc
the distribution of dust temperatures and radiation irtenglisk heating by accretion. This is appropriate becausetéte s
ties in an axially symmetric dusty circumstellar environmne lar parameters and the estimated accretion rate§(Semiggest
around a central radiation source is calculated withintiie&- that accretion does not contribute more thah0% to the total
work of the flux-limited difusion approximation (Levermore & luminosity.

Pomraning 1981). The equations are discretized on a qiadrat A self-consistent radiation transfer model should, of
equally spaced grid. As the density distribution is assutnedcourse, reproduce not only the observed visibilities, Isd the

be axially symmetric with respect to tleaxis and mirror sym- broad-band spectral energy distribution (SED). We theesfo
metric with respect to the plare= 0, cylindrical coordinates constructed the SED of HR 5999 from the UV to mm wave-
(r,z ¢) are used, because the symmetry reduces the reledangths from literature data (Hillenbrand et al. 1992; Hagn
information to the first quadrant of the— z plane. To im- et al. 1994; Acke & van den Ancker 2004). A complication
prove resolution and convergence, a system of 5 nested gadses from the presence of the companion Rossiter 3930,
with decreasing grid spacing is used. Th&atential equations which has an angular separation of only1from HR 5999.

for the radiation field are iterated together with the teraperThe fluxes for the SED points, which were obtained from
ture equations until a self-consistent equilibrium configion seeing-limited observations, therefore represent the efim
is reached. At the end of the iteration procedure, the tatiibr the fluxes from HR 5999 and Rossiter 3930. The adap-
tion flux (integrated over all frequencies) through the ouiast tive optics study by Stecklum et al. (1995) showed that the
grid cells was always within 1% of the stellar luminosity foflux of Rossiter 3930 is considerably smaller than that of
all computed models. We note that any non-spherical denditiR 5999 at optical and near-infrared wavelengths; they de-
distribution results in non-spherically symmetric tengiare terminedA(V, J H,K) ~ (4.6, 3.0, 3.1, 3.6) mag. At longer
distributions. For example, in models of a circumstellaskdi wavelengths, however, Rossiter 3930 may well contribute a
the disk surface is generally found to be warmer than the diskger fraction to the total flux, and it cannot even be exetud
midplane at the same radial distance from the star. that it may dominate the total flux, as is the case for the sev-

After determination of the dust temperatures for a multeral well-known “infrared companions” in binary T Tauri sta
component dust model, a ray-tracing procedure is used to cistems (e.g. Chelli et al. 1988). Although the latter gubsi
culate intensity maps for the appearance of the centratbbjgy does not appear to be very likely in the case of HR 5999
and its circumstellar environment at varying inclinatidos (since there is no strong increase in the flux contributiomfr

4. Constraints on the source shape from 2D
radiative transfer simulations

4.1. Modeling procedure
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Rossiter 3930 from the optical to the near-infrared rangk), We usedp = 15/8 for the radial density power-law index,
SED points longward of 2 um can only be considered as upand for the radial dependence of the vertical disk scalehteig
per limits to the flux of HR 5999. In our radiation transfer modh, we assumed, = 9/8, i.e. a slightly flaring disk shape. The
eling we therefore cannot require that the model SED matchmyameteh fixes the relative geometrical thickness of the disk.
the observed SED longward of2Z:m, but only thatitdoes not  In our modeling we consideredftiirent values for the rela-
exceed the observed SED. We note that the companion di@s disk thicknes$ (from very thin disks witth = 0.05 to very
not afect our MIDI data of HR 5999 since the interferometri¢hick disks withh ~ 0.8), different inclination angles(from
field-of-view is smaller than the separatfon i = 0° for a face-on view and= 90° for an edge-on view), and
As input for the radiation transfer calculations one has tfiso tried diferent values for the radial density power-law index
specify the luminosity andfiective temperature of the centralp. For each combination of model parameters, the depgity
radiation source (we usdg, = 87L, andTer = 7925 K fol-  restricted by the requirement that the model SED shouldeagre
lowing van Boekel et al. 2005), the optical properties of thgith the observed SED points for wavelengths 2.2 um and
dust, and the density structure of the circumstellar malterimust not exceed the observed fluxes for longer wavelengths
The dust composition around HR 5999 was recently invesfiwhere the observed SED points contain an unknown flux con-
gated by van Boekel et al. (2005), who found that thel8um  tribution from the binary companion).
spectrum is dominated by large silicate (olivine) graingiddd ~ The resulting brightness distribution in the simulated im-
by their results, we used a dust model here that consists-of siges is dominated by the central star and the inner diskregio
cate and carbon grains with sizes gfrh. The sublimation tem- of a few AU (see Fig. 6). The peak brightness is found at the
perature of both grain species is taken to be 1500 K. In thie raghner rim of the dusty disk at the dust sublimation radiusl an
ation transfer code, the destruction of grains throughiswbl jt drops smoothly outwards. Despite the quite compact appea
tion is simulated by setting the number density of the greansance of the simulated images, the weak emission from the oute
zero, if the temperature of that particular grain specigsciv parts of the disk contributes a significant fraction of thealto
is calculated simultaneously with the radiation field, ®@d® flux at mid-infrared wavelengths. This extended emissiadse
the sublimation temperature. to a large ective size of the emission and yields model visi-
Model images were computed with the radiation transfeflities that are considerably lower than some of the olesrv
code for those 15 wavelengths betwegm8and 13:m for visibilities. The characteristic size of the model brigiga dis-
which the visibilities were determined from the MIDI datatributions is up to twice as large as the sizes derived froen th
We then calculated visibility maps from the model images arhserved visibilities. Even if we change the power-law expo
compared them to the measured visibilities for HR 5999.&ingent for the radial density law (to values as steep as4) or
the orientation of the disk (i.e. the angle between the disk athe thickness of the disk, the extent of the emission in thégho
and the north-south direction on the sky, measured countgfiages is still considerably too large and inconsistent wit
clock wise and denoted here as the position agdlés un- observed visibilities.
known, any? fitting procedure was used to determine the po-
sition angle that results in the best agreement between mea- )
sured and simulated visibilities. For this we used all 9bilgy ~ 4-2-2- Truncated disk (Model TD)

curves, each consisting of 15 wavelengths points, i.6.485 i one possibility for decreasing the amount of extended emis-

vidual data points. sion in the outer parts of the images is to limit the circurifeste
mass distribution to a certain outer radius. For this, wel tise
4.2. Models for the density distribution disk model describe above (Equ. 1) and truncated the density

distribution at the outer radius. This truncation is performed

We consider here two fferent classes of models for the denhy myltiplying the density distribution with a Fermi-typerfc-
sity distribution of the circumstellar material, disk mé&leand  tjon:

spherical envelope models.

-1
PTD = Pp X (1 + eXP[Q]) . 2)
4.2.1. Extended disk (Model D) @
wherepp is the density distribution given in Equ. (1R =
Vr2 + 2 is the radial distance from the origin, whitedeter-
mines the width of the transition zone of the Fermi-type func
tion; we usedv = R;/10.

r\ P 2 With these models we were able to find acceptable fits to
PD =po(r—0) exp[—z (h_z) } (1) the observed SED up to ~ 10um (see Fig. 7) and the ob-

served visibilities for truncation radii in the range2 — 3 AU,

We started with models of a quasi-Keplerian disk (i.e. thekdi
structure is determined by the gravitationally dominatieg-
tral star), with the following density distribution:

) r\d inclination angles of ~ 60°, and position angles af ~ 25°.
with h; = (r_) xh-ro. The vertical thickness of the disk (governed by the parantgte
° is nearly unconstrained by the data (thin and moderatedk thi

2 To be sure, we inspected the acquisition images and found-no@isks seen under intermediate inclination angles “look’yve
dication of another source in the MIDI field-of-view. similar).
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Fig. 6. Radiation transfer modeling of HR 5999. The upper row shdwaodel images at 1n for the disk modelD, left), the truncated disk
model (TD, middle), and the spherical shell mod§] (ight). Each image shows a 52< 125 AU region with a negative logarithmic intensity
scale, seen under an inclination angle ef 59 and at position angl¢ = 24°. The mosaic of visibility versus wavelength plots compahes
observed visibilities of HR 5999 (solid dots with error haiar each individual MIDI observation to the model visili#is; the truncated disk
model (TD) is displayed by the solid line, the disk model without tratioan ©) by the dashed line, and the spherical shell mo8gb§ the

dotted line.

In Fig. 6 we show a model with parametdrs= 0.056, For comparison, we note that a model for the same disk
R =26 AU, i = 59, and¢ = 24°, which yields an acceptableparameters but without the truncation factor (mdd& Fig. 6)
(albeit not perfect) fit to the data wilff = 1.07. The V-band vyieldsy? = 18.3.
optical depth of this model along the disk planeris= 3.5.
Although models with larger vertical disk scale height give
marginally better fits to the visibilities (for exampjg? = 0.98 4.2.3. Spherical shell (Model S)
for a disk withh = 0.4), we prefer this specific thin-disk model
because the vertical scale height of the dusty disk agretas wAs already shown ir§3.2, the observed visibilities suggest
the formal condition of vertical hydrostatic equilibriureee, that the brightness distribution is not spherically syrmmindiut
e.g., Equ. 7. in Chiang & Goldreich 1997). rather somewhat elongated. In order to assess quantijative

how much the truncated disk model provides a better descrip-
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egories that can be ruled out by our data and modeling. The
following cases are inconsistent with the MIDI data:

i — Spherical shells —The observed visibilities suggest that

the brightness distribution is not circular symmetric but

rather somewhat elongated. This is confirmed by our radia-

tive transfer modeling, which shows that spherically sym-

- metric shell models cannot produce good fits to the ob-
served data.

— Disks seen at low inclination anglesi(< 30, i.e. nearly
“face-on”) — Such models produce a nearly circular sym-
metric brightness distribution and thus do not fit the data

vF, [erg/(cm? sec)]

N | well.
o — Very thick disks (h > 0.7) — Such models also pro-
s i duce only very slightly elongated, nearly circular symmet-
M | M | M| P VR | L H H H H H
o o I 00 0000 ric brightness distributions.

Wavelength [pm] — Geometrically thin disks (h < 0.2) seen close to edge-on
(i = 75°) — Such models predict strongly elongated bright-
ness distributions, which are inconsistent with the mogera

Fig. 7. Observed spectral energy distribution (SED) of HR 599 (kpxe
amount of asymmetry suggested by the MIDI data.

compiled from the references listed in the text) comparegbtikdicted
SED for the truncated disk model described in the text. Wtkike

model reproduces the SED reasonably well ug to 10um, it does . o P .
not account for the bulk of the cool dust responsible for tinéssion compact brightness distribution. One possibility for @sing

at> 13um. This cool dust may be associated to the companion S[Q'E amount of extended emission in the outer parts of the im-

Rossiter 3930 or perhaps widely distributed in the HR 398930 29€sS may be to introduce_ a denséfpd-up wall at the inner
system. (Note that dust at distanced00 AU from HR 5999 would €dge of the dust distribution that casts a shadow on the outer

be cool enough to produce excess emission only longward pfi10 parts of the disk. Such a shadow leads to a much steeper tem-
The beamsize of the far-infrared SED points correspondizes ©f perature profile in the disk regions behind the rim, and there
several 1000 AU, and the data do therefore not allow to caimsthe fore the region containing warm enough dust that radiates si
location of the cool dust.) nificantly in the mid-infrared is smaller than without an in-
ner rim. Models of this kind have, for example, been used by

tion to the data than spherical shell models, we also coraigePullemond et al. (2001) to fit the observed SEDs of HAEBEs.

models with a spherically symmetric power-law densityritist The resulting brightness_ distrit_)utic_m will depend on the de
bution, in which the density distributions were again tratec tailed shape of the inner rim, which is not well known (seg,,e.

Finally, we note that there may be other ways to explain the

at radiusR;: discussion in Isella & Natta 2005). Since such models intro-
duce several additional free parameters for the radiatarest
r\° R-R\?! fer modeling, they are beyond the scope of the present study
ps =po (r_o) X (1 + exp[ o ) (3) " and will be the topic of a forthcoming paper.

We found that spherical shell models always provide poorgr
fits to the data than the truncated disk models. A spherical
model (modeB in Fig. 6) with the same radial density powerQur MIDI interferometric study has, for the first time, ressd
law and truncation radius as in the truncated disk model d&e mid-infrared emission around the Herbig Ae star HR 5999.
scribed above yieldg? = 2.91. The most remarkable result is the compactness of thal0
emission, which has a characteristic radius of on— 3 AU.

The data also suggest that the emitting region is elong&ted.
radiative transfer modeling shows that a moderately thisk d
We find that dust distributions in which the radial densitl fowith outer edge at 2.6 AU, seen under an intermediate in-
lows a power law (with exponents in the range~ 1 — 4) clination angle, provides a reasonably good descripticthef
produce brightness distributions that are much too exétale data. We also find that disk models provide better fits to the
be consistent with our set of MIDI data. Disk models in whictata than spherical shell models.

the density is truncated at outer radii ©f2 — 3 AU, on the The derived outer disk radius of 2.6 AU is consider-
other hand, provide reasonably good fits to the MIDI data. ably smaller than canonical assumptions of disk sizes aoun

Given the large number of free parameters in the radiatiyeung stellar objects. This leaves us with the question of wh
transfer models and the relatively large visibility errosbich  the disk around HR 5999 is so compact. One possible reason
do not allow us to constrain model parameters very well, 8 wanay be that the disk was truncated by the gravitatioftalce
not our aim to scan the full multi-dimensional parametecspaof a companion to HR 5999. Dynamical disk clearing is ex-
in order to find the overall “best fit” model. We instead propected to truncate the disks around the stars in a binary sys-
ceed the other way round and summarize here those model t&h to roughly 13 of the orbital separation of the components

Summary and conclusions

4.3. Conclusions from the radiative transfer modeling
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(see, e.g., the numerical simulations by Pichardo et al5p00Hillenbrand, L.A., Strom, S.E., Vrba, F.J., Keene, J., 1982] 397,
The presence of the companion Rossiter 3930 is interesting i 613

this context, but the quite large projected separation betw
HR 5999 and Rossiter 3930 of 300 AU would require an
extremely elliptical orbit in order to explain a disk trurice

radius of only~ 3 AU. A more likely possibility would be the

presence of another, yet undetected, companion at cloge s

ep

Hofmann, K.-H., Balega, Y., Preibisch, Th., Weigelt, G. 200&A
417,981

Isella, A., Natta, A., 2005, A&A, 438, 899

Jdfe, W. 2004, SPIE Proc., 5491, p.715

Leinert Ch., Haas, M., Abraham, P., Richichi, A., 2001, A&ZS3

927

ration (~ 10 AU) from HR 5999. The MIDI data provide NO| ginert, Ch., van Boekel, R., Waters, L. B. F. M., et al. 2008A,
hint of the existence of a close companion, but we note that it 453 537

would essentially be undetectable in the MIDI data if its mid_evermore, C.D., & Pomraning, G.C. 1981, ApJ 248, 321
infrared emissiohis less than a few percent of that from theannings, V., & Sargent, A.l., 1997, ApJ 490, 792

material around HR 5999.
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