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Abstract. This paper presents new observations of UX Ori oltillenbrand et al. (1992) as due to a circumstellar disk, similar
tained with the millimeter interferometer of Plateau de Bur® those associated with T Tauri Stars (TTS). A brief discus-
and with 1ISO. UX Ori is the prototype of a group of pre-mainsion of the stellar parameters, which are reported in Table 1, is
sequence, intermediate-mass stars, often indicated as precugivesn in Appendix A. The main interest in UX Ori lies in its
of 8 Pic. The interferometry observations at 1.2 and 2.6 maomplex spectrometric, photometric and polarimetric variabil-
show that UX Ori has a circumstellar disk, with outer radiugy, which has now been monitored for many years. The star
<100 AU. We determine the spectral index between these tigstrongly variable in the visual, with sporadic deep minima
wavelengths to be 2410.2, consistent with the disk being op{more than 2 mag in V) occurring roughly with a frequency of
tically thick at mm wavelengths. Alternatively, the disk solid—2 per year, with a duration of a few days (Bibo &€&rh990,
matter can be in the form of “pebbles” (radius0 cm). In both 1991). During these minima, the stellar light first becomes red-
cases most of the disk mass must be in gas form, and small graies then bluer again. At the same time, the fraction of polarized
must be present, at least in the disk atmosphere. In both cdig# increases to values of few percent (Moshchinnikov et al.
also, the disk must be rather massigeQ.1 My). The existence 1988). The current interpretation is that UX Ori is surrounded
of a circumstellar disk supports the model of the UXOR phéy a circumstellar flattened cloud of relatively small particles
nomenon in terms of a star+disk system. Self-consistent mod@en referred to as a disk), that scatters and polarizes a fraction
of almost edge-on disks account well for the observed emissiafrthe stellar light (Grinin 1988; Grinin et al. 1991). Normally,
at all wavelengths longer than aboutr8, if we include the this is only a small fraction of the total radiation received by
emission of the optically thin, superheated layers that enshrahd observer. The system contains also dense condensations of
the disk. These rather simple disk models fail to account for tHast (“clumps”), which occasionally occult the star and cause
strong emission observed in the near-IR (i.e., betwe@mand the deep minima. At that point, the fraction of stellar radia-
7 pm), and we suggest a number of possible explanations. tion received directly drops, while the fraction seen after being

scattered by the disk remains practically unchanged and rep-

Key words: stars: circumstellar matter — stars: formation — stansesents a significant contribution to the total. Estimates of the
individual: UX Ori mass of dust in such clumps are of the ordet@® — 102! g

(Voshchinnikov & Grinin 1991; Meeus et al. 1998), similar to
the largest comets in the Solar system. A necessary condition of

1. Introduction these modelsis that the disk is seen almost edgé-on70 deg;

Voshchinnikov et al. 1988).

UXOri is a Herbig Ae/Be (HAe/Be) star, i.e., a pre-main—  The |ine spectrum of UX Ori is rich in circumstellar lines
sequence star of intermediate mass, located at a distancg pfcal of all pre-main—sequence stars. Some of these lines, in
about 430 pc. It has spectral type A3, mass-\2.5Mo, and particular lines of low-ionization metals, show sporadic, highly
age~ 2 x 10°yr, based on its location on the HR diagram. Thesd-shifted absorption components. The presence of infalling
star is optically visible, with an estimated extinction of 0.3—0.gas in the vicinity of the star{10 R,; Grinin et al. 1994) has

mag in the visual. UX Ori has a strong IR excess, interpreted

¥en interpreted as due to the evaporation of large solid bodies

Send offprint requests toatta@arcetri.astro.it

(planetesimals or protocomets), in star-grazing orbits around
* Based in part on observations obtained with 1ISO. ISO is an Eé!&e star (Grady et al. 2000). According to this interpretation,

project with instruments funded by ESA Member States (especialyX Oriis a precursor_oﬁ Pic systems.
the PI countries: France, Germany, the Netherlands and the United UX Ori is not an isolated case; it is in fact the prototype
Kingdom) and with the participation of ISAS and NASA. of a quite large group of pre-main—sequence stars of similar



542 A. Natta et al.: The circumstellar environment of UX Ori

Table 1.UX Ori Parameters spectral resolution of 78 KHz, or equivalently 210 m'&t this
frequency.
D 430pc Visibilities were obtained using on-source integration times
ST A3 of 20 minutes interspersed with 4 minutes calibration on 0458—
I* igOLO K 020. The atmospheric phase noise on the most extended base-
* ©

lines ranged betweer’fand 20 at 2.6 mm (20 and 40 at

11
s* 32 >|\</|10 om 1.2 mm), consistent with seeing conditios4(’ — 0.8”) typ-
Aée 2I>< 1(?6 yr ical for winter weather conditions. The absolute flux density
Ay 0.5mag scale which was established on the basis of cross-correlations

0 >70deg on 3C273 and on the radio continuum of the post-AGB star
CRL618 (1.8Jy at 2.6 mm, 2.0Jy at 1.2 mm), is in full agree-
ment with the interferometric efficiency and should be accurate

mass, called UXORSs (after Herbst et al. 1994), which show ve[&m% at2.6 mmandto betterthan 20% at 1.2 mm. The receiver
similar phenomena. UXORs may provide the best sample Qﬂssband shape was determined on 3C273 and was better than

i . . . g i
stars to investigate the earliest stages of planet formation, Whg/gltjhroughlqbut the observat:cons. dinth based
one can see observational evidence of disk evolution. However, ata calibration was performed in the antenna-based man-

efforts in this direction have not provided conclusive resulf" Clegn%dlg:'\r/)lsdwere olbtz_iined frorg the \/Tif]ibilitiesh us_ingd
(Natta et al. 1997). In fact, the evidence for a circumstellar difRe Standar econvolution procedures. The synthesize

around UX Ori follows only from the interpretation of the visua eam, as deter/mlned/k/)y fitting aGaussw/m to th(/a/dlrty beam, was
variability described above. ound to be2.1” x 0.7 at 1.2mm and 3/8x 1.4” at 2.6 mm

This paper presents a new set of observations of the infraflifl IS orrlwented north-soqth. Due t? the Iovlv gec'llﬂatlon of the
and millimeter spectrum of UX Ori, which include interferomet=O4"Ce: t fe uv-co_verhage IS rl]meverr: é/_sam_p N V(\j”t f a maximum
ric observations of the continuum emission at 1.2 and 2.6 mrpRECING 0f 150 min the north-south direction and of 280 m east-
re-analysis of IRAS data at 60 and 10, and a set of SO ob- west. The corresponding east-west linear scale at the distance

servations: PHOT broad-band photometry over the wavelenglfhthz source forzan assumsd qisga@‘ﬁ 430 pC is 300 A_U
range 3.6-20Q:m, PHOT-S low-resolution spectra in the in- t1.2mm. At 1 mm, we aerived a omecontmu'um point
terval 2.5-11.6um and SWS high-resolution observations jgource sensitivity limit of 1 mJy/beam corresponding to an rms

some selected intervals in the mid-infrared. We propose an fi9Ntness temperature of 13'6?]1% I]ully cons(,jlstent with a to-
terpretation of these observations in terms of a rather mas on-source integration time o ours and a mean system

circumstellar disk enshrouded by an optically thin, hotter atm{zmperature of 350 K. At2.6 mm, we obtained a continuum sen-

sphere (Calvet et al. 1991; Chiang & Goldreich 1997 (CG9 i;tivity limit of ?60 uJy/beam, equivalent to an rms brightness
D’Alessio et al. 1998). This interpretation allows us to accou eL'mKeratu_re of 7mK. q datl2 426
for most of the observed properties of UX Ori itself, and may be continuum source was detected at 1.2mm and 2.6 mm

relevant to further studies of the UXOR phenomenon in gener@©Se 1O the position of the array’s phase tracking center (see
Table 2). The source was well-detected on all the baselines and

shows a size smaller tharb”. The source is likely to be point-
2. Observations and results like, the gaussian model fitted to the visibility profile at 1.2 mm
being fully consistent with the signal-to-noise level, and the
atmospheric seeing.

Observations of UX Ori were made simultaneously at 2.6 mm

and 1.2 mm in the interferometer’s (IRAM, Plateau de Bure>-5> |raS

France) standard BC set of 5-antenna configurations on Jan-

uary 25 and March 2, 1998. Visibilities were obtained in bothhe raw IRAS data at 60 and 1(@n were re-analyzed in view

C and D configurations of the array, yielding projected basef the moderate flux quality flag in the Point Source Catalog

lines which range from about 280 m down to the antenna dit 100um. As expected, the 6dm data showed a clear point

ameter of 15 m. The4” (20" at 1.2 mm) primary beam field Source at the position of UX Ori. At 1Qdm there was indica-

of the interferometer was centeredeatgoo =05:04:30.0 and tion of complex structure and we constructed high resolution

8 79000 = —03:47:14.0. images by using maximum entropy techniques by Bontekoe et
At 1.2 mm, data were taken in double sideband mode wigh (1994). For reference we produced also a similar high reso-

the receivers tuned to 240 GHz. The spectral correlator covetddion image for 6Q:m. These HIRAS images cover an area of

an effective bandwidth of 420 MHz, equivalent to a velocit$2 by 32arcmin with 15arcsec pixel size.

range of 520 km/s. At 2.6 mm, observations were made in upper The HIRAS image at 60m shows a clear point source at

sideband only, with the SIS receivers tuned to 110.201 GHz. THé position of UX Ori (FigL1L). This is consistent with the good

spectral correlator covered a continuum bandwidth of 280 Migiality flag of the 6Qum flux in the Point Source Catalog. As

with a 20 MHz high resolution unit centered at the rest fréxpected, the 100m HIRAS image shows more complex struc-

qguency of thé3CO(J = 1 — 0) transition providing a nominal ture (Fig[2). Instead of a point source there is a clumpy struc-

2.1. Millimeter interferometry
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Table 2. Millimeter interferometric observations

1.2mm

2.6mm

Position (J2000)

Flux densityS (mJy)

05:04:30.00 —03:47:14.3  05:04:30.00 —03:47:14.7
19.8:2.0

3.8£0.4

36

44

DEC

—3°52'

5 5™pS

RA

4™0°

Due to the clumps and the extended emission, the back-
ground emission around UX Ori is variable in the surroundings
of the star. In order to interpret the ISO data it is important to
note that the 10@m emission is strongest towards NE and W.
Towards N the emission is lower and the lowest background
emission is in the SE direction.

2.3. ISO-PHOT

The ISOPHOT observations were obtained March 22, 1998.
The photometric measurements of UX Ori were part of an
ISO programme aimed at studying the circumstellar environ-
ment of UXORs. The sequence contained a spectrophotomet-
ric measurement, a background photometric measurement two
arc minutes off target, a photometric measurement and small
maps at 150 and 200m. The spectrophotometric measure-
ment was done with 256 s integration time in the wavelength
ranges 2.5-4.8 and 5.8-11.8 with resolving power of about

90. The off measurement was done with 32 s integration time

Fig. 1.High resolution 6Qum IRAS image of the region around UX Ori per filter at 3.6, 7.3, 12, 25, 60 and 1061. The apertures were

36

44

DEC

—3°52'

—4° 0

50 5mQs

RA

4™0®

18 arcsec for the three shortest wavelengths, 52 arcsec fon25
and 120 arcsec for the two longest wavelengths. The on-target
photometric measurement was done with the same filter, aper-
ture and integration time setup. The 150 and 260maps were
made with the x 2 array in2 x 2 spacecraft raster mode with
steps of one pixel. This resulteddn 3 images with 92 arc sec-
ond pixels at 150 and 2Qdm. The on-target pointings were cen-
tred onaiya000 = 05:04:30.0 anddj2900 = —03:47:14.2 while
the background measurement wastglyop = 05:04:30.0 and
5J2000 = —03:49:14.2.

The data were reduced with PIA 7.3.1 (Gabriel et al. 1997).
In the reductions we followed the standard off-line process-
ing steps with the following exceptions. For the 3.6—100
photometry we sub-divided the ramps into 4 parts in order to
allow a better treatment of measurements where the response
was drifting during the integration. For the spectrophotometry,
we used so-called dynamic calibration where every wavelength
is calibrated individually against a standard star which has its
flux at the corresponding wavelength close to that of UX Ori.
In all cases, the statistical errors are much less than the quoted

Fig. 2. High resolution 10:m IRAS image of the region around calibration accuracies between 10 and 20 % which are listed in
UX Ori. The location of the star is marked with a circle

Table[3.
The photometric measurements at three wavelengths, 3.6, 12
and 25:m have specific problems causing errors larger than the

ture around the_ _star. UX Qri Is Iocate(_j on a ridge between tvéﬁ?loted 30 %. The 3.,6m on-target measurement has more than
clumps._lnog%czFf;éherzsls a ne_w pgg;g_‘;}@_ﬂ] source at , factor of two less power than in the calibration measurement
2000 = U0:02:26.0 aNy2000 = —Y5:49:14. TNEre ar€ NOg, 4 s s qualitatively understood as being due to non-linear
known sources close to this position. The clumps are likely B%haviour, but cannot be quantified at this stage. The 12 and

be partof an |r_1t_erste_llar cloud n the vicinity of .UX Ori, but thls25um measurements suffer from detector drifts and we cannot
cannot be verified without additional observations.
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Table 3.ISOPHOT photometry observed wavelengths. In order to estimate the background flux
level of the continuum in the spectroscopic measurements, we
A Flux Error scaled the photometric off-target measurements (Sect. 2.3) to
[pm]  [Jy] the nominal SWS aperture sizes used in this observation. This is
73 116 <+0.12 possible because the SWS measurements were done within one
60 2.15 +40.43 day of the ISOPHOT measurements with a solar aspect angle
100 2.70  upper limit change of less than a degree between the observations resulting
150 0.65 =+0.53 in equal zodiacal contribution. The background contribution is
200 0.64 =+0.27 about 20% of the observed flux at 176, and much less at the

other wavelengths. The SWS fluxes are presented in [ble 4.

be sure that a stable state had been reached in 32s. We willnet The UX Ori SED
use these measurements in the following.

The spectrophotometric observation was not accompanige spectral energy distribution (SED) of UX Ori of the whole
with an off-target measurement for a background estimate. Wavelength range from 0.3@m to 2.6 mm is shown in Figl3.
used the photometric background measurement assuming aYdg have complemented the data discussed above with three sets
tureless smooth continuum through the photometric points. TRisPhotometric observations in the visual and near-IR obtained
assumption is likely to be valid as the background is dominaté¢en the star was at its maximum brightness (Shevchenko et
by the zodiacal dust emission. The different apertures of tfil 1993; Kilkenny et al. 1985; Tjin A Djie et al. 1984).
spectrophotometric and off-target photometric measurements 1he agreement between different observations is remark-
were taken into account. ably good. In particular, the PHOT-S fluxes agree very well

The background subtracted photometry of UX Ori is prévith the SWS points at 3.4, 7 and Quh and with the ground-
sented in Tabl€]3. The 100n ISO measurement should pdased photometry. Also, the IRAS broad-band flux centred at
considered as an upper limit because the HIRAS map (Sect. 22):m is very close to the monocromatic flux measured by SWS
shows that extended emission dominates over any possible p8fr#8-2:m. o )
source contribution at the chosen 2 arcmin diameter aperture, At1.3mm, thereis asingle-dish measurement af28nJy,

The 150 and 20@m maps both show the same kind of patobtained with the IRAM 30m telescope (Natta et al. 1997), also
tern. The centre pixel, corresponding to the position of UX Oghown in FigiB. The beam size wBk'. This measure is, within
has a higher value than any of the surrounding pixels. The mébg calibration uncertainties, roughly .consistent w?th the_ inter-
are consistent with the background structure observed at tRgometric fluxreported above. There is no compelling evidence
100m HIRAS image (Fid2). Of the corner pixels the highesqf extended millimetric emission associated with UX Ori on
values are at NE and SW corresponding to the ridge betwedles of about0”.
the clumps seen at 1Q00n. We assume that the NE and SW
corners give a better estimate of the background at the posit®rEvidence for a circumstellar disk around UX Ori

of UX Ori than any of the lower surrounding pixels. With thisr . . .
. he detection of compact emission (radit& 25" or $105 AU
background estimate we deduté5 + 0.53 and0.64 £ 0.27 Jy aé D=430pc) at 1.2 and 2.6 mm with the PdB interferometer

at 150 and 20@m respectively. The error estimates are based . . : i
. : . rovides strong evidence for the existence of a circumstellar
on the fluctuation observed at the pixel corresponding to the . C .
. . : X 15k around UX Ori. The argument, which is a classical one
position of UX Ori at each of the four different raster points.

The mid-infrared spectrum of UX Ori shows a smooth ﬂégee for example Beckwith et al. 1990) goes as follows. Let as

continuum with the silicate feature in emission. The ISO da?ssume that the emission comes from a spherical shell of dust

) . . X of radius~ 100 AU around the star. We can evaluate its mass
is consistent with earlier ground-based ;&1 spectroscopy from the expression:
(Reimann et al. 1997). P ’

T —1
Maust ~ 4 x107°Mg, ()
2.4.1SO-SWS 15K
2
The SWS observation of UX Ori was obtained in an earlier X (D> B2 (mJy) 1)
revolution about 20 h before the photometry was done. The SWS 430pc

measurement was part of a larger programme aimed at detectifgre we have assumed that the emission is optically thin and
H, in disks around young stars (Thi etal. 1999). The observatigfs ,,,, = 1 cm? g~! of dust (Ossenkopf & Henning 1994).
was done by scanning a small wavelength range around F6r7 = 90K (which is approximately the dust temperature at
9.7, 17.0 and 28.2m. This configuration gave serendipitousha distance of 100 AU from UX Ori; see Appendix B), we obtain
also a measurement at 3uh. The observation was centredVy,; ~ 10~ M. This, if distributed uniformly, corresponds
oNn a yo000 =05:04:30.0 and jo000 = —03:47:14.3. The datato a visual extinction of about 850 mag, compared with the
reductionis described in Thi et al., in preparation. The data were(0.3-0.5 mag one observes toward UX Ori. Hence, the cir-
used to evaluate the continuum emission from UX Ori at tleeimstellar dust must have a highly non-spherically symmetric
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T T T T T T T T T T the parameter space is huge and the distribution of gas and dust
1 B UX Ori | cannotbe inferred from the SED alone.
L 4 Here we will follow a different approach. We start by ex-
- w & ° 1 amining the simplest disk models, similar to those which have
i ’ i 1 been successfully proposed for TTS (black-body disks) and we
0 B o X % _| will see if they can reproduce the interferometric millimeter ob-
i~ - 08 I 4 servations under the constraint that the UX Ori system is seen
NG B fﬁo@gm " 1 close to edge-on (Sect. 3.1). As we will show, any such black-
el 9 N\ —PdB ' | body disk model fails to account for the observed mid and near-
w 1 —/ \\\ GIRAM-30m IR — infrared fluxes. However, models including the emission of the
o o/ \ m [SO—-PHOT \\ﬂo 1 disk atmosphere, formed by the stellar radiation impinging on
— i \ o s \ 1 the disk surface, explain well the mid-IR emission (Sect. 3.2).
L \\ £ 1 We will then comment on possible origins for the near-IR flux
-2 \ O KilB5 R (Sect. 3.3). In this way, we hope to obtain the “simplest” model
r O TAD84 1 of the UX Ori environment. Although we do not claim that our
- \ . | models are unique, we think they provide a useful starting point
L \ v when discussing the complex properties of UXORs in general.
B T A summary of the equations that describe the structure of our
0 L 2 3 disk models and their emission is given in Appendix B.
Log A (um)

Fig. 3. Observed fluxes as function of wavelength. The symbols aBel. Disk properties from millimeter observations
described in the figure and have the following meaning: vertical bafs . . . -
are the Plateau de Bure observations, the open diamond is the 30m poi st estimate of the properties of the UXOri disk can be

(Natta et al. 1997); filled squares are the PHOT-S I1SO observatioRgtained from the observed mllllmetgr fluxes. In the range 1.2—
filled circles the four IRAS points; crosses the narrow-band continuus® MM, the dependence of the fluxbis close to that expected
SWS fluxes; open squares refer to the near-infrared photometry of it a black body, with a spectral indey;,,, = 2.1+ 0.2.

A Dijie et al. (1984); open triangles from Shevchenko et al. (1993); A first approach to explaining this behaviour is to assume
open circles from Kilkenny et al. (1985). The thin solid line shows thihat the disk is optically thick at these wavelengths. We can
stellar flux (Kurucz 1979) for the parameters given in Table 1.

Table 4. SWS Observations

make a rough estimate of the mass of such a dig§l(<*)
requiring that the optical dept ¢ m ~ k2.6 mm>/ cosf ~ 1
atthe disk outer radiuBp. To estimater ¢ .., We describe the
surface density as a power-law function of radius with exponent

A Flux p. We can then write:
(pm) (Jy) . S
34  1.040.1 Mpier ~ 2 == —— cos 6 R},
7.0  0.740.2 F2.6mm £ =P o\
9.7 35402 D
170  1.4+0.4 ~ 0.73Mo cost <50AU> @
282 4.6+0.6

whered is the viewing angled = 90 deg for an edge-on disk)
and we have assumed1.5, and dust opacity o< A~ with
B = landki 2 mm = 0.01cnm? g~ (gas-to-dustratio 100). The

distribution in order to allow the line of sight to the star to behick disk hypothesis requires a rather massive digg/(<* ~
unobstructed. It is reasonable to suppose that the dust is i0.26-0.13(Rp/50AU)? M) even for the large inclination of
circumstellar disk.
We will discuss now the properties of such a disk. Disk mod- We have computed the SED predicted by models of flat
els can have many different “flavors”: disks can be flat, warp€ide., geometrically thin) disks and of flared disks, assumed in
or flared, optically thick or thin; disk grains can be as small as hydrostatic equilibrium in the vertical direction (see Appendix
the interstellar medium or much larger. Disks can be rich or poB}. For Mp > M4 the flux at any given wavelength depends

UX Ori (6 ~ 70-80 deg).

in gas. The word disk is often used in a very loose way, just tmly onRp andd; more preciselyF), increases aBp increases
indicate a flattened distribution of matter around the star. Moraad decreases as the viewing ar@jlecreases. Tablé 5 provides
over, even if the observed millimeter emission is dominated lysummary of the values é&, andd and of the minimum\/p

the disk, at shorter wavelengths we may observe radiation cashmodels that fit the 1.2 and 2.6 mm fluxes. Note that an upper
ing from other components of the circumstellar environmedimit Rp ~100 AU is set by the Plateau de Bure observations;
Several authors have inferred from the SED the existencetloé smalles®z, corresponds t6 = 0. Flat disks require lower
spherical envelopes surrounding HAe/Be stars (Berrilli et alalues o) and higher masses than flared disks.[Big. 4 shows the
1992; Miroshnichenko et al. 1997; Pezzuto et al. 1998). In fa8ED predicted by models witk , =50 AU. Flat disks reproduce
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Table 5. Disks Fitting the Millimeter Fluxes R
Disk Models _|
Rp 0 Mp Geometry (edge—on) |
(AU)  (deg) (Mo)
100 63 0.32 flat
50 46 0.28 flat Py
33 0 0.45 flat ':\
100 86 0.12 flared e
50 83 0.11 flared [y
30 74 0.08 flared
13 0 0.07 flared %D
100 any 0.12 flat,“pebble” —
50 any 0.25 flat,“pebble”
the mm fluxes when seen @t~ 46 deg, flared disk models for
0 ~ 83deg. This high inclination agrees much better with the

values derived from the behaviour of UX Ori in deep minima;
this is a strong reason in favour of flared disks. The minimum
disk mass required (faRp = 50 AU) is ~ 0.1 M4.

A different family of disk models exists which can also _ i _ !
give am ~ 2. These are disks, optically thin at miIIimeterJ_:'g'4'PrEd'Cted SED of various disk models thatfitthe 1.2 and 2.6 mm

interferometric fluxes. All models havB =50 AU. The dotted line

wavelengths, where the dust opacity is independent of wayge, s - fiat disk of masslp — 0.28 M, inner radiusRo = 2.3

length (6 = 0). Large_ grain conglomerates with low filling R., seen at an inclination angle= 46 deg. The solid line is a flared
factor tend to have slightly lower values gfat long wave- isk of mass\p = 0.11 M, Ro=1.4 R., inclination angle 83leg.
lengths than compact grains (Pollack et al. 1994id€&l & |n these optically thick disks, the SED does not depend on the surface
Siebenmorgen 1994; Ossenkopf & Henning 1994; Henningdensity profile. The dot-dashed line shows the SED of a disk made
Stognienko 1996). However, no realistic models (i.e., ruling oot very large grains (radius10 cm) withd = 74 deg, surface density
those that assume homogeneous conglomeration; Henning<& ' *, mass isMp ~ 0.25 M. In this case, the flux at 2 10 um
Stognienko 1996) predic¢t ~ 0, unless the grains become veryloes not depend much éh The thin solid line shows the observed
large (size> ). In this case, it is likely that compaction ofstellar flux; the stellar pargmeter_s are given in Table 1. T_he lines plqt
the grain components will occur, and the resulting cross sectf&ﬁ sum of the stellar + disk emission. The observed points are as in
will resemble that of compact grains of similar size. From tHe9-5-
results of Miyake & Nakagawa (1993) we estimate that grains
of about 10 cm radius (“pebbles”) haye ~ 0 at millimeter
wavelengths; their opacity is 7 x 10~*cm? g~! of gas at all only disk parameter that varies is the disk mass required to fit
wavelengthsS1 cm; at 1.2 mm this is about 14 times lower thathe data, which is lower fgs=1 by about a factor of 2.
the value 0.01cmg—' usually assumed to model pre-main—
sequence disks. Figl 4 _shows_(dot-dashed line) t_he SED og_a_ The emission in the mid-infrared
disk made of 10 cm radius grains. The mass required to repro-
duce the observed millimeter fluxesisd.25 M, (Rp=50 AU), Both flat and flared disk models shown in Hiy. 4 fail to reproduce
independently of the disk inclination. The emission is opticallyhe observed fluxes at wavelengths shorter than abopins0
thin at all wavelengths longer than about;i. Note that small In the mid-infrared, the observed spectrum, dominated by the
“pebble” disks Rp <30 AU) are too weak at mm wavelengths strong emission feature at 1@, is immediately reminiscent of
We have assumed a flat disk, since grain growth to such latbe optically thin emission of relatively hot dust. A natural (but
sizes is likely restricted to the disk midplane. not unique; see, for example, the case of GW Ori; Mathieu et al.
The surface density profile adopted in computing the “peth995) location for this dust is in a disk atmosphere, as defined
ble” disk models $=1.5) has been derived empirically byby Calvet etal. (1991) and CG97. The advantage of these mod-
Hayashi (1981) for the early solar nebula, and is commordys is that they do not require aag-hocadditional geometric
used in computing power-law disk models (see, for examptmponent for the circumstellar dust, since the properties of the
Beckwith et al. 1990). Recent observational results from métmosphere depends only on the stellar parameters and on the
limeter interferometry and optical imaging with HST of diskslisk structure.
around T Tauri stars suggest in some cases a flatter surface denwWe compute disk models which include the emission of the
sity profile, at least for the outer disk (see Wilner & Lay 2000}isk atmosphere following CG97. In their model, the stellar
We have computed models wiil+1, and found that the con-radiation penetrates the disk outer layers to an optical defth
clusions reached in this paper do not change significantly. Thleng the disk plane. Dust in this outer region is superheated
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properties in UX Ori is hindered by the lack of a high-resolution
mid-infrared spectrum, such as those obtained by SWS for other,
brighter HAe/Be stars, and will not be discussed further in this
paper.
In computing these models, we have assumed that the emis-
sion of the optically thick disk midplane varies ass 6, while
the emission of the superheated layer is independefitiofa
recent paper, Chiang & Goldreich (1999) discuss the effects of
the inclination on their models. From their results, we can see
that the prescription we have adopted holds as longy a9,
whered, depends on the amount of disk flaringfap; for the
UX Ori disk itis 8y ~ 70 deg at Rp=50 AU, andfy ~ 73 deg
at Rp=30 AU. Forf > 6, the intervening outer disk occults
the short-wavelength emission of the inner disk and of the star
itself. The limiting valued, is close to the required inclination
for Rp=30 AU, and somewhat smaller fét,=50 AU. It may
be possible to use this information to further constajn This,
however, requires more detailed models, where the extinction
0 1 2 3 due to the intercepted outer disk layers is carefully taken into
Log A ( Mm) accout; they are beyond the scope of this paper.
The emission of the atmosphere of a flat disk is much
Fig.5. SED of the flared disk+atmosphere model (solid line). Thgeaker than that shown in F[d. 5, since its vertical extent is
disk has the same parameters of the flared disk shown by the solid {ipfcy smaller, and cannot account for the observed mid-infrared
in Fig[4, with the exception of which is in this case- 80deg 10 g, 05 This is a second, strong argument in support of flared

compensate for the fact that the disk midplane is slightly cooler than |n . -
a “naked” disk (see Appendix B). The separate contribution of the di I'(Sk models. It suggesits that most of the disk mass is in the gas.

midplane and of the atmosphere are shown by the dotted and das?ﬁga amount of f!aring in a disk in hydrostatic equilibrium is
lines, respectively. Observed points as in Elg. 3. inversely proportional to the half power of the mean molecular

weight (see Appendix B); if dust dominates the disk mass, the
flaring will be negligible. This argument also suggests that the

(with respect to the dust in the disk midplane) to temperatufdX Ori disk cannot be formed only by very large grains. We
typical of optically thin dust. The emission of the superheat&@ll come back to this point in the following section.
layer (i.e., the disk atmosphere), rather than direct stellar light,
heats the disk midplane. The expressions to compute the diSk The emission in the near-infrared
temperature are given in CG97 and summarized in Appendix
B. The models in Fid]5 have been computed for a flared diskhe main failure of all the disk models with large inclination
the dust opacity in the atmosphere is that pfilDraine & Lee with respect to the line of sight is their inability to account for
(1984) silicates; the disk parameters, including dust properti8§ strong near-infrared emission in UX Ori, which amounts to
in the disk, are the same as in the flared disk model displayedPut 4.9 L, (between 2.2 and 7,2m). This value is very close
Fig.[d. Note that the dust in the disk atmosphere can be differdftthe luminosity over the same wavelength interval of disks seen
less evolved, than that in the disk midplane. face-on, which is about 54.in all our disk models (flat, flared
The emission of the superheated layer peaks in the wa@gd “pebble” disks). Let us release for a moment the condi-
length region betweer10 and~40 um for disks withR > 30 tion of largef, derived from the photometric and polarimetric
AU (|t is narrower if Rp is Sma”er)_ Outside this Wave|engthvariabi|ity. The emission of mm-thick disks scales at all wave-
range, the SED is dominated by the emission of the disk mi§ngths ascos 6. They cannot account simultaneously for the
plane. These models reproduce well the observed strengtf!®®-IR and millimeter fluxes, since face-on disks predict mil-
the 10um silicate emission and the excess continuum flux (withneter fluxes by far higher than observed (unless they are very
respect to the emission of the optically thick disk) in the micgmall, in which case their atmospheric emission is negligible).
infrared. The intensity and qualitative shape of the atmospheritebble” disks are optically thin at mm wavelengths, but thick
emission depend on the stellar radiation field, on the disk fidf-the near-infrared. A “pebble” disk seen face-on provides the
ing, and on the ratio of the dust opacity at the peak of the stelRgst fitto both near-infrared and millimeter fluxes (Eig. 6). Note,
radiation (about 4608 in the case of UX Ori) to that in the however, that there is still observed excess emission around 5
mid-infrared. The details of the emission depend strongly & We will come back to this point in the following section.
the adopted dust properties. For example, the fit to the observedlt is likely that a contribution at near-infrared wavelengths
shape of the 1pm silicate feature could be improved assumingomes from scattered light, as the radiation emitted by the inner
1 um size glassy pyroxene (Reimann et al. 1997), rather thaigk (the stellar contribution is negligible) hits the outer surface
standard interstellar silicates. However, the analysis of the d@&tthe flared disk and is scattered toward the observer. Such

Log F, (Jy)




548 A. Natta et al.: The circumstellar environment of UX Ori

T We suggest here that the flattened cloud of small particles,
1 L Disk Models _| Which has been used to explain the blueing of the stellar colors
L (face—on) 1 and the increase in the polarization of the stellar light during
minima (Voshchinnikov 1998; Friedemann et al. 1994), is in
fact the optically thin atmosphere of an optically thick disk. If
confirmed by detailed calculations, this could provide an impor-
tant simplification in the description of the circumstellar matter
associated to UX Ori.

Log F, (Jy)

4. Discussion

The presence of a circumstellar dusty disk in UX Ori is well es-
tablished by the millimeter interferometric observations. They
can be fit by two families of disk models, one of disks with
standard grain properties, massive enough to be optically thick
at millimeter wavelengths (mme-thick disks), and one of disks
(optically thin in the millimeter) where most solids have grown
to large sizes (about 10 cm), so that their opacity does not de-
Log A (,u,m) pend on wavelength (“pebble” disks). In the previous section,
Fig.6. The solid line shows the SED of a disk made of very Iargveve have dlsgussed the mOdeI_predICted SED. for bo.th kind of
grains (radius 10 cm) seen face-om (= 0 deg). The disk has mass rhodels, m_aklng use of the additional cc_)nstralnt, de_rlved_from
Mp = 0.23 Mg, inner radiusRo = 2.7 R,, outer radiuszn = 50 the an_aIyS|_s of smultaneous pho_tometrlc and polarimetric ob-
AU, surface densitgc R~'3. The line plots the sum of the stellar andServations in the visual, that the disk must be seen almost edge-

disk emission. Observed points as in Elg. 3. on.

models provide the most straightforward interpretation of tﬁle'l' Pebble” disks

resolved images of disks obtained for several objects with HS¥ebble” disks, where most of the dust in the disk midplane has
in the visual and in the near-infrared (see McCaughrean etatcreted into very large grains-{0cm), requires a large disk
2000 and references therein). mass & 0.1-0.25 M) and the rather high ratio of the disk-to-
However, simple energetic considerations suggest that sedigr mass of- 0.04-0.1. Although we do not know the present
tered light cannot account for all the observed flux. If we cogras-to-dust mass ratio (all the disk masses quoted so far have
sider the most favorable case of a flared disk, its opening angien computed assuming a 100:1 ratio), our estimate/ pf
is about 20deg at Rp = 50 AU, so that the outer disk canshould, in any case, reflect the disk mass in its early stages, be-
intercept at most 6% of the inner disk emission or 03 b fore gas dissipation occurs. In fact, we have indirect evidence
value by far too low when compared to the observed luminosifiyom the strength of the mid-IR flux; see Sect. 3.2) that most
in this wavelength range. In fact, the TTS with resolved diskd the UX Ori disk mass is still contributed by gas. Very likely,
in the HST sample tend to be very weak near-infrared sourcasall grains are still mixed with the gas, at least above and below
(Stapelfeldt et al. 1997; Stapelfeldt & Moneti 1999). We wilthe disk midplane, where grain growth to cm sizes could have
briefly discuss alternative possibilities in Sect. 4. occurred. We can estimate an upper limit to the mass of small
grains considering that, in order to keep,,, ~ 2, the contri-
bution of the small grains to the mm opacity must be negligible,
let's say 10% of that of the 10 cm-radius grains. The correspond-
Animportant point we wantto stress is that scattering of the stetg limit to the mass of small grains is abdut 103 that of
lar radiation at visual wavelengths by the grains in the opticalliarge grains, i.e..~ 0.002 M. We cannot predict, using our
thin disk atmosphere is likely to be a significant fraction afimple models, the SED of disks with a vertical stratification
the observed light when the star is occulted by an interveninfjgrain sizes. In particular, we cannot estimate the extent and
clump. The mm-thick flared disks discussed in Sect. 3.1 intemission of a disk atmosphere in the simple way described in
cepts about 30% of L; assuming an albedo of 0.5, and thatAppendix B. The small grains, if they have a broader vertical
as for the atmospheric emission, all the light scattered by odistribution than the large ones, intercept a significant fraction
side of the disk reaches the observer, we obtain about3if L of the stellar radiation, so that it is possible that the atmospheric
scattered light, i.e5+10% of the flux received by the observerstructure is not changed much. Models more complex than those
However, in a deep minimum, when UX Ori fades by about 28e have used are clearly required to further discuss this hypoth-
mag, the contribution of this disk-scattered light dominates tlesis. However, it seems clear that disks made only of very large
observed flux. grains cannot explain the UX Ori SED. Rather, a mixture of

3.4. Scattered light in the visual
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large grains, smaller grains and gas are required. Such diskmetary clumps in eccentric orbits (Prusti & Mitskevich 1994).

will have to be rather massive. The possible relation between the near-infrared emission and the
clumps of dust responsible for the sporadic occultation of the
4.2. MM-thick disks star is exciting and certainly deserves further investigations. At

present, however, it is not supported by any quantitative analy-

Flared, mm-thick disks seen almost edge-on are successfusiin
accounting for the observed fluxes at all wavelengths longer than The constraint of higté-for the UX Ori disks derives from
~ 8 pm. Also in this case, as for “pebble” disks, the UX Orthe “occultation” interpretation of the deep minima. As men-
disk is rather massive0.1 Mg). tioned in the introduction, this appears to be, at the moment,

Few stars in the sample studied by Natta et al. (2000) hate best explanation. However, it is not unique. For example,
Mp 2 0.1 Mg, and they are all much more embedded thaferbst & Shevchenko (1999) suggest that UXOR phenomena
UX Oiri. may be related to variable accretion through a disk, as in FUORs.
When the UXOR is at maximum, we do not observe the stellar
photosphere but rather the emission of the inner disk; the deep
minima would then corresponds to periods of lower accretion.
The only serious shortcoming of our disk models is their failurehe main objection to this idea, that has not been developed
to account for the near-infrared emission of UX Ori (see [ibsid any quantitative way, is the lack of similarity of the opti-
and3B), if we accept the constraint that the disks are seen almggtspectrum of UX Ori to the accretion-dominated FUORS.
edge-on. However, the failure of the edge-on disk models to account

There are a number of effects that can possibly enhance tbethe near-IR emission of UX Ori invites us to investigate the
near-IR emission of the UX Ori disk. First of all, our disk modtXOR nature with open mind. We are intrigued by the fact that,
els have a very simple geometry. It is possible that the inr&s we have discussed, “pebble” disks seen face-on provide the
disk is more extended in the vertical direction than we have agest fit (although not a perfect one!) to the observed SED at alll
sumed (see, for example, Bell et al. 1997). Such disks intercegivelengths, provided that they can keep a flared atmosphere
and re-emit in the near-IR a larger fraction of the stellar radsf smaller grains.
ation. Also, disks can be warped, so that the viewing afigle
depends orR. § Pic, for example, has a strongly warped dislzrl
(Lagage & Pantin 1994; Heap et al. 1999); Armitage & Pringle
(1997) discuss warping induced by radiation pressure in pfEre picture we have been outlining for UX Ori is that of a disk
main—sequence disks. All our disk models neglect heating doferadius about 50-100 AU, very inclined with respect to the
to viscous dissipation of accretion luminosity. In a flared diskne of sight. The disk is rather massive({.1 M ). We cannot
viscosity can dominate the heating of the inner disk, and betermine on the basis of the SED if grain growth2td0 cm
negligible in the outer disk. However, we estimate that an aadius has occurred in the disk midplane or not. The disk emis-
cretion rateM,. ~ 10~% M, yr—!, corresponding to the very sion dominates the observed flux at all wavelengits-9um,
high accretion luminosity of about 10J(~ 0.25 L,; there is as emission of the thick disk midplane (gt 60 m) and of
no evidence of significant accretion in the spectrum of UX Orihe optically thin disk atmosphere that enshrouds the disk (at
will only increase the near-IR emission by a factor of 2. 89 < A < 30 um). Grains in these outer layers are likely to

Finally, we have examined the possibility that the neascatter a significant fraction of the stellar radiation, which is
infrared emission finds a natural explanation within the modedeen in the visual when the direct stellar light is occulted. There
which explain the visual variability of UX Ori as due to clumpss a significant near-IR excess, which is not accounted for by
of dust occulting the star. Such clumps intercept a fraction sfich simple disk models. Is this picture typical of UXORs, of
the stellar light and, when near the star, re-emit it in the ne&ferbig Ae stars in general, or just of UX Ori? At present, not
infrared. If the clumps are orbiting the star at a distance of ab@riough is known to answer this question. One needs accurately
10 AU (as derived from the observed duration of the deep mimeasured SED over the whole range of wavelengths, including
ima, which is of order of days; Voshchinnikov & Grinin 1991)jnformation on the silicate features, interferometric millimeter
they will be too cold £300 K) to emit significantly in the near- data that can clarify the disk properties, and good information
IR. However, letus assume that the clumps are related to a fanaitythe inclination from variability studies at optical frequencies.
of massive solid bodies (protocomets?) that approach the #&though HAe/Be stars have been the subject of increasing at-
on highly elongated orbits; an occulting clump is then just thention in recent years, the information is still sparse.
coma of some of such bodies. As they come closer to the star, Most of our results depend critically on the interferometric
they get hotter and emit in the near-IR, until all the grains afieixes at 1.2 and 2.6 mm. The only other UXOR for which this
evaporated. A correlation between the near-infrared emissiaformation exists is CQ Tau, a UXOR of spectral type A8—
and the minima of the star has been observed in two UXOR® at distance of 100 pc, where Mannings & Sargent (1997,
(Sitko et al. 1994; Hutchinson et al. 1994). There is also sorh@99) detected compact millimeter emission at 1.2 and 2.6 mm
hint of variability in the IRAS measurements at 12 and@%of with the OVRO interferometer. The spectral index in CQ Tau
two UXOR stars, AB Aur and WW Vul, possibly associated t& «,,,,, = 2.9 4= 0.2, entirely consistent with an optically thin

4.3. The near-IR puzzle

4. Comparison with other stars
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emission from grains witlt ~ 1, typical of most pre-main— alternative models for the UXOR activity, that do not constrain
sequence disks (Beckwith et al. 1990). The disk mass detifie angle of view, should be taken into consideration.
mined by Natta et al. (2000), assuming optically thin emission The UX Ori observations presented in this paper and their
at 1.2mm, is 0.03M. Thus, the CQ Tau disk does not havénterpretation may offer a valuable guideline for the analysis
B ~ 0, and is less massive than that of UX Ori. Howevenf other UXORSs. In particular, it is of great interest to find out
CQTau is unresolved by OVRO in the mm-continuum, witlwvhich (if any) of the UX Ori properties we have identified are
a limit Rp < 80 AU. It seems that CQ Tau and UX Ori bothtypical of UXORs and make them different from non-variable
have very small disks (in continuum emission). Is this typic&lerbig Ae stars. At present, as discussed in Sect. 5, the available
of UXORs? A much larger sample is certainly needed. data do not give any answer to this question. We expect, how-
ever, that this will change in the near future, as visual, infrared
and millimeter data of more and carefully selected objects will

i become available.
5. Summary and conclusions

We ha_tve dipussec! in this paper new observations of the %&@RnowledgementsThis work was partly supported by ASI grant
UX Ori obtained with the millimeter interferometer of PlateaArs.98-116 to the Osservatorio di Arcetri. V.P.G. was supported in

de Bure and with ISO. UXOri is the prototype of UXORS, @art by RFFI grant 99-02-18520.
group of pre-main—sequence stars of intermediate mass which
show large, irregular photometric variability (Herbst et al.
1994). UXORs have been indicated as possible precursors, of o
( Pic-systems, and, as such, have attracted considerable a@gﬁ_endlx A: stellar parameters
tion in recent years (see, for examplé&réz & Grady 1997; The distance to UX Ori has been estimated by Warren & Hesser
Waters & Waelkens 1998 and references therein). (1978) to be 430 pc. The spectral type A3 Il (Timoshenko 1985)
The interferometric observations at 1.2 and 2.6 mm sh@grresponds to an effective temperature8600 K (Schmidt-
that UX Ori has a circumstellar disk, with outer radigd00 Kaler 1982). We have fit a model stellar atmosphere with
AU. The spectralindex between these two wavelengihs( = T,=8600K and gravity Log;=3.8 (Kurucz 1979) to the pho-
2.1 £ 0.2) is consistent with the disk being optically thicktometric points in the bands U, B, V, R, | measured when the
at mm waveleghts. In this case, the disk is rather massiar was close to maximum light. We found good agreement for
(Mp 2 0.1Mg). A self-consistent model of mm-thick disk, 4;,=0.5 mag.
heated by stellar radiation, accounts well for the observed emis- For D = 430 pc, the corresponding luminosity is 36,L
sion at all wavelengths longer than aboun8 if we include the However, a circumstellar disk surrounding the star will inter-
emission of the optically thin, superheated outer layers (the disépt a fraction of its radiation and one must correct for that. The
atmosphere; see CG97). We suggest that the grains in these atgaection factor depends on the viewing agjlend is of order
layers can also account for the scattered light observed whendhe .5 for 9 = 70 deg if the disk extends to the stellar surface
star is in adeep minimum. The observed,, is also consistent (Adams & Shu 1986); it is smaller if the disk has an inner hole.
with emission from very large grains (radigsl0 cm). Also in  We find good agreement between model-predicted fluxes and
this caseMp 2,0.1 M. As in the case of mm-thick disks, mosiobservations for a correction factor 1.25; the resulting luminos-
of the disk mass must be gaseous and a small, but not negligibfés then 48 L. With these values of Jand L,, the location of
dust mass must be in small grains. UX Ori on the HR diagram corresponds to a mass of 2:5dvid
The disk models fail to account for the rather strong emian age o2 x 10 yr, when compared to the evolutionary tracks
sion observed in the near-IR (i.e., in the interval2—7 pm) of Palla & Stahler (1993). Note that the uncertainty gndue
if we take into account the constraint, set by polarimetric and the uncertainty on the inclination and inner disk radius may
photometric visual variability, that the disk must be seen almagffect somewhat the parameters of the best-fitting disk models
edge-on{ 2, 70 deg; Voshchinnikov et al. 1988). We suggest alerived in Sect. 3. However, none of the more general results
number of possible explanations, among them that this excegshis paper is affected.
could be associated to the “clumps” that sporadically occult the The inclination ¢ = 70 deg; § = 90 deg for a edge-on disk)
star. The nature and origin of the clump system is not clear. If,iggletermined by Voshchinnikov et al. (1988) from visual polari-
suggested in the case 8fPic, it is the young equivalent of themetric observations as the star goes through a deep minimum.
Oort cloud, then in UX Ori we have at the same time a “young”,
massive disk of small grains and gas and a component typical
of later phages of the plf_;met formation process. However, thirpeQendix B: disk models
are alternative explanations, where the near-infrared excess'i
due to changes in the disk structure with respect to our simjlet us consider a disk with inner radidg, outer radiuskp.
models. Let us also point out that the identification of the o@he disk is heated by a star of luminaosity,itemperature Jand
culting clumps with “protocomets” is not the only possibilityradius R.. R is the distance from the star in the disk midplane
“Clumps” could be density fluctuations in the disk vertical stru@ndx = R/R,. At all radii, the disk is optically thick to the
ture; this possibility should also be investigated further. Finallgtellar radiatiorandto its own emission.
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Under these assumptions, the temperature in the disk milbes. If the surface density can be described by a power-law

plane (forz > 1) can be computed as: (X =3gxz7P),itis:
o 1/4 —1/9 o 2 1 2—-p
Tp ~ (5) 2, (Bl) Mp =2mRi% 5;— — (2257 —1) (B8)
whereqx is the flaring angle at. In a geometrically flat disky ~ “Pebble” disks have an opacity= & which is constant at
0.4z~! and the temperature has the well-known dependerglewavelengths. The disk is thick to the absorbed and emitted
(Adams & Shu 1986): radiation up to radii of~12 AU (for & = 7 x 10~* cm?g~1)
_s/4 andTp is given by Eq. (B1). At larger radii, it is optically thin
Tp =0.68T, x (B2)  to bothemitted and absorbed radiation and it is:
If the disk is in hydrostatic equilibrium between gravity ang™, ~ 0.7 7, x~'/2 (B9)
thermal pressure, it will be flared (Kenyon & Hartmann 1987)r. o
The flaring anglex is given by: he observed flux is given by:
4/7 1 "D -
Y F, =cosh — B,(Tp) (1 — 21 xd B10
a=042"1 + 11 (;) £2/7 (B3) cosf 7 /LO 7B, (Tp) (1 —e ") 27 zdx (B10)
g
where
where (. is the mean molecular weight): )
T= YR (B11)
T, = GM, (B4) cosf
- KR,

In both cases (flat and flared disks), the flux received by &fferences
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1 o Beckwith S.V.W., Sargent A.l., Chini R.S.,iGten R., 1990, AJ 99,
F, =cosf — / B, (Tp) 2m xdx (B5) 924 _
D2 z0 Bell K.R., Cassen P.M., Klahr H.H., Henning Th., 1997, ApJ 486, 372
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