INFALLING PLANETESIMALS IN PRE-MAIN SEQUENCE STELLAR SYSTEMS

CAROL A. GRADY EUREKA SCIENTIFIC and NOAO/STIS, NASA/GSFC, GREENBELT, MD

MICHAEL L. SITKO UNIVERSITY OF CINCINNATI

RAY W. RUSSELL and DAVID K. LYNCH THE AEROSPACE CORPORATION

MARTHA S. HANNER JET PROPULSION LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY

MARIO R. PÉREZ SPACE APPLICATIONS CORPORATION

KAREN S. BJORKMAN UNIVERSITY OF TOLEDO and DOLF DE WINTER CENTRO DE ASTROFISICA DE CANARIAS, ESPAÑA

Recent ultraviolet and optical observations have identified a large class of late-stage, pre-MS and zero-age main sequence (ZAMS) stars having circumstellar material with a disklike geometry. These structures possess many of the characteristics expected for objects that will eventually evolve into planetary systems, including high velocity, infalling gas features exhibiting prominent departures from “cosmic” abundances. A complementary view of the near-stellar disk material can be obtained by probing the mineralogy of the small grains via infrared spectroscopy. We review the ground-based and ISO data on the small-grain components of the inner disk regions. The available models for infall activity in these stars are compared with the spectroscopic data of the gas and dust, and the mineralogy of interstellar dust particles.

[1]

I. INTRODUCTION

These are exciting times in the study of planetary system formation with a steadily expanding inventory of exo-planet detections, and imaging of dust disks around nearby young and main sequence stars. While these discoveries imply that our Solar System is far from unique, linking the data for the protoplanetary and debris disks to mature planetary systems requires a demonstration that disk evolution proceeds via planetesimal production and growth to the formation of planets (Beckwith & Sargent 1996, see chapter by Beckwith et al., this volume). Theoretical studies of planet formation indicate that planetesimals grow, via runaway accretion, to lunar-sized (≈2000 km) embryos in 10^5 years (see, e.g. Boss 1996). Recent gas giant planet formation studies have suggested that most of the action in planet formation occurs over 1-16 Myr, with formation of planets similar to Jupiter in t≤10 Myr (Pollack et al. 1996), within the time interval that infrared (IR) and optical emission line studies have demonstrated that circumstellar material remains detectable around both solar mass and intermediate mass stars (Strom et al. 1989; van den Ancker et al. 1997). Direct imaging of exoplanetesimals is not feasible with current and foreseeable technology, since such bodies have substantially less surface area than micron-sized grains distributed in a disk, and thus are inefficient IR emitters. However, such bodies may be indirectly detectable.

A. β Pictoris: The prototypical disk system

The nearby (d=19.28 pc, t≥8 Myr (Crifo et al. 1997)) β Pic system provided the first indication that exo-planetary systems are among field stars near the Solar System (see chapter by Lagrange et al., this volume). As a result of 15 years of intensive study following its detection as an IR excess source by IRAS and subsequent imaging of the disk (Smith & Terrile 1984), the β Pic system is currently the best-studied external disk system, with strong indications that the disk already harbors one or more giant planets (Heap et al. 1999; Artymowicz 1997). The star also possesses IR silicate emission features resembling cometary materials (Knacke et al. 1993), and optical polarization (Gledhill et al. 1991) similar to the zodiacal light in our Solar System (Leinert et al. 1981). β Pic also has spectroscopic absorption features due to circumstellar gas at rest with respect to the star and redshifted components in UV and optical spectra (Ferlet et al. 1987, Hobbs 1987). These components have been interpreted as absorption by the comae of swarms of comet-like bodies. Multi-year fluctuations in the frequency of exocometary activity may point to perturbations produced by gas-giant planets (Deleuil et al. 1995; Mouillet et al. 1997). The spectroscopic signatures for the presence of planets are of particular interest, since such markers for the presence of planets can sample a larger volume of our Galaxy than can be surveyed by imaging techniques.

B. The Other Intermediate-Mass Stars

While its exact age remains controversial, there is general agreement that β Pic is a main sequence (MS) star (Crifo et al. 1997; Lecavalier des Etangs et al. 1997; Jura et al. 1993; Backman et al. 1997). If the infall activity in the β Pic disk is a remnant of earlier disk evolutionary phases, similar activity must be present around other young, A and B stars, and should also be detectable in association with young solar analogs, the T Tauri stars (TTS).

There is a population of pre-main sequence (PMS) to ZAMS A and B stars which are young β Pic analogs, the Herbig Ae/Be (HAeBe) stars (Waters & Waelkens 1998; Pérez & Grady 1997; Thé et al. 1994). The nearest HAeBe stars are 100-140 pc from the Solar System (van den Ancker et al. 1997, 1998a). These stars are surrounded by circumstellar dust and gas disks with typical radii of several hundred AU (see Natta, Grinin, & Mannings, this volume, for a discussion of disk imaging, masses, and the gas content; Mannings et al. 1997; Mannings & Sargent 1997; Henning et al. 1998), comparable in diameter to lower mass, dust disks around MS Systems with typical radii of 100 to several hundred AU (Holland et al. 1998; Jayawardhana et al. 1998; Koerner et al. 1998; Greaves et al. 1998). Compared to the TTS, the HAeBe stars offer a number of advantages for line-of-sight absorption studies similar to the β Pic studies. First, the HAeBe stars have substantially higher T_{eff} and L_∗ than young Suns. Coupled with the minimal foreground interstellar extinction and low circumstellar optical depths toward the nearest HAeBe stars, the luminosity of these objects permits us to carry out line-of-sight studies from the IR through the far-UV. The UV-bright HAeBe stars are also quiescent, with little indication of stellar activity, continuum veiling or any of the other complications of T Tauri spectra. HAeBe stars rotate more rapidly than young Suns, resulting in washing out of the photospheric absorption features and enhancing of the contrast of circumstellar features against the stellar background. To date, the bulk of the UV absorption line studies of circumstellar gas around young stars, which provide a wider range of elemental diagnostics than are accessible in the optical, have been carried out for HAeBe stars and a few nearby, ostensibly main sequence A and B stars with circumstellar gas.

II. THE SPECTROSCOPIC DATA

The first detections of redshifted absorption features in the spectra of HAeBe stars date to 1992 (Welty et al. 1992; Graham 1992; Pérez et al. 1993; Grady et al. 1993, 1996a,b; Grinin et al. 1994, 1996).

The inventory of stars with infall detections continues to expand. At the time of writing, 13 of 33 HAeBe stars with IUE data have infall detections, as well as similar activity in 3 non-emission B stars (Grady et al. 1996a), and optical detections toward an additional 12 stars (Grady et al. 1996; Grinin et al. 1996, 1994; Graham et al. 1992). The optical detections are preferentially associated with objects with a history of large amplitude (ΔV > 2 mag.) photometric and correlated polarimetric variability (Bibo & Thé 1991; Herbst et al. 1994, who termed such systems UXORs after the class prototype UX Orionis, see the paper by Natta et al., this volume; van den Ancker et al. 1999). At this time redshifted features have been observed in all of the better monitored UXORs, and have subsequently been detected in one star, AB Aur, not currently exhibiting such variability, but with a history of large amplitude light variations in the 1920s (Grady et al. 1999a).

The close association of the UXOR phenomenon and infall activity suggests that the phenomenon is associated with the circumstellar disk. Both the IUE data (35% of sources) and the frequency of large amplitude variability among the Hipparcos HAeBe stars (35% van den Ancker et al. 1998) are consistent with detection of disk material up to 15^∘ above the disk mid-plane, if we model the disks as having constant opening angles. More flattened distributions are possible if the disks are flared, as has been observed in HST observations of T Tauri stars (McCaughrean et al., this volume). These limits are compatible with the inclination data provided by the polarimetrically identified systems with infall, and suggest that infall activity is restricted to the disk plane among the HAeBe stars (Grinin & Rostopchina 1996; Grady et al. 1996a, 1997, 1999a,b). The true inclination dependence of infall activity in these stars is likely to be further constrained as data on disk inclinations, based on imaging of the disks, are obtained.

A. Characteristics of the Infalling Gas

Infalling, circumstellar gas is observed in a wide range of atomic ions in the spectra of HAeBe stars and related MS stars (Fig. 1-3). Redshifts as large as 200-400 km s^{−1} are typical, with velocities as high as 500 km s^{−1} in some cases. For the HAeBe stars, redshifted absorption is usually observed in tandem with absorption at the stellar radial velocity and blueshifted absorption features due to a stellar wind. The strength of the absorption, velocity range over which infall can be detected, and ions exhibiting infall are typically reduced in the MS stars with “shell” spectra, relative to the PMS stars. In a number of systems (HD 100546, AB Aur, HD 37806) infalling gas is observed in transitions of higher excitation gas than the outflowing material, suggesting that the infalling gas has substantially higher density than the high velocity wind material. In some cases, the neutral atomic gas is restricted to the infalling material (Fig. 2).

Multiple ionization stages, including neutrals through triply ionized species, of a given element (e.g. C I, C II, C IV, see Fig. 2) are usually seen in the same velocity range, and frequently with similar or only slightly different profiles. Triply ionized species (C IV, Si IV) can only be produced by collisional ionization in the spectrum of a late B or A type star (Bruhweiler et al. 1989). While there is a tendency for the neutral atomic gas features to be observed at lower velocities (typically ≤150 km s^{−1}), and higher ionization stages can range up to the maximum observed velocity, we do not see a trend of progressive ionization with increasing infall velocity.

When normalized either by a photospheric comparison spectrum or by a spectrum of the same star in a low infall state, the infalling gas profiles have uniform absorption depth for a given ion, largely independent of transition excitation and oscillator strength. The infalling gas features usually show flat absorption troughs which are substantially above the instrumental scattered light levels. These features are similar to those seen toward β Pic (Vidal-Madjar et al. 1994; Vidal-Madjar & Ferlet 1995) and have been interpreted as detection of optically thick, saturated absorption from gas clouds which do not fully obscure the star. The depth of the saturated absorption measures the percentage obscuration of the stellar disk, or covering factor, and can be used to probe the spatial extent of the gas clouds in different elements.

B. Composition Constraints on the Infalling Material We have begun to probe the composition of the infalling material.

While the high optical depths and saturation of the infalling gas profiles preclude conventional column density estimates, departures from expected abundances can be noted where absorption in strong transitions of elements is missing or anomalously weak. This approach to constraining the composition of the infalling material was first exploited by Grinin et al. (1994) and Sorelli et al. (1996). They noted that the detection of infalling Na I with high covering factors in the absence of heavy continuum line blanketing and prominent infall signatures in transitions of H I and He I indicated that the infalling material showed signifcant departures from cosmic abundances. Subsequent analysis of high infall state data for HD 100546 showed that the infalling material in that system was underabundant in Fe, Cr, Mn, and Al relative to Si, Mg and Zn (Grady et al. 1997), with Cr underabundant relative to Zn by at least a factor of 12. The UV data for this system implied that any silicates in the disk should be strongly Mg-rich, a result borne out by ISO LWS data (Malfait et al. 1998a).

Similar analyses have been carried out for the younger HR 5999 (0.6 Myr), AB Aur (2-4 Myr, Grady et al. 1999a), HD 163296 (4^{+6}_{−2.5} Myr, Grady et al. 1999b), and HD 100546 (t≥10 Myr) systems (Fig. 3). These systems exhibit prominent UV line blanketing due to Fe II transitions, and show no indication of underabundances in the siderophile and super-refractory elements. Covering factors for the magnesium or silicon ions tend to be comparable, and typically larger than for the iron ions, suggesting that the silicates in these systems may also be Mg-rich. The effect is not, however, as dramatic as for HD 100546. A larger sample of objects is needed to determine whether the trend of more prominent departures from cosmic abundances is an evolutionary effect for all young A and B star systems, or is peculiar to HD 100546.

C. Variability and Synoptic Observations

At present, only a few HAeBe stars have been observed on a daily or higher frequency basis, as opposed to more sporadic observations separated by months to years. The dense time series indicate that infall events are comparatively frequent in young HAeBe stars, and become more sporadic with increasing system age (Table 1). Episodes of enhanced infall typically last tens of hours (>35 hours, AB Aur, Fig. 4; >48 hours, BF Ori, de Winter et al. 1999; 24-48 hours, HR 5999, HD 142666; and 15-≥45 hours, HD 163296, Grady et al. 1999b). The UV data provide some suggestion that episodes of enhanced infall are correlated with suppression of the high velocity (v≥200 km s^{−1}) portion of the stellar wind, although lower velocity wind material is apparently unaffected.

III. MODELLING THE INFALL ACTIVITY

A number of models for accretion activity have been proposed for PMS Stars. In this section we review their applicability to the data.

A. Accretion Models

Star formation studies predict that the star grows in mass by accretion of material from a circumstellar disk which can be modelled as a classical accretion disk. This disk may be embedded, especially if the system is still comparatively young, in a larger, and possibly spherical envelope which may continue to rain material onto the disk, but with velocities below 1 km s^{−1}(Bodenheimer 1997; chapter by Mundy et al., this volume). Higher infall velocities and ionization stages are expected if the infall is accompanied by classical accretion disk activity. Early on, the bulk composition of the disk should resemble the molecular cloud from which it formed. Accretion of material onto the star at this point should, therefore, be dominated by those elements which are numerically most abundant in the disk, and the infalling material should closely follow the stellar abundance pattern. This implies that the derived abundances should be dominated by volatiles such as hydrogen and helium.

The magnetospherically-channelled accretion models (see Edwards et al. 1994) further predict that the bulk of the accreted material should have remained in the gas phase since disk formation, and that accretion should be modulated by the stellar rotation period, with the bulk of the accretion onto localized hot spots on the stellar photosphere. An important prediction of this model is that accretion activity should be observed at high latitude, and not be restricted to the disk mid-plane. This latitude independence is observed in classical TTS (Edwards et al. 1994) where there is also the expectation that the outer convective region in the stellar atmospheres should produce magnetospheres.

B. Star-Grazing Comets

The star-grazing cometesimal hypothesis was initially developed for β Pic (Beust, et al. 1990; Beust et al. 1996) to account for the presence of episodic, high velocity infall in a wide range of transitions of refractory elements (see Lagrange et al., this volume). This model predicts that a large velocity extent should be seen in any ionic species for which the ratio of the radiation pressure force to that of gravity, F_{rad}/F_{grav} ≥1. This model also predicts that infall events should be preferentially detected in the disk plane, unless the system is both sufficiently old that an Oort cloud has been populated and there has been enough time for bodies resident in an Oort cloud to be perturbed into cometary orbits. (t≈10 Myr, with full isotropization in ≈100 Myr, see Duncan et al. 1987). The model also predicts that any species which can be produced by outgassing of primary volatiles and/or the dissociation and subsequent vaporization of grain materials should be represented in the infalling material, and that the abundance pattern should resemble cometary materials rather than the full stellar abundance pattern (see Greenberg 1998). For older systems, resonances introduced into the disk by the presence of massive planets are expected to cause episodic infall events and perturbation of swarms of bodies (Roques et al. 1994; Lescavelier des Etangs et al. 1996; Mouillet et al. 1997). The swarms should produce absorption features at characteristic velocities which are a function of the orbital characteristics of the perturbing bodies.

C. Comparison with the Data

Infalling material with velocities up to 60% of the free-fall velocity from infinity, in both the HAeBe stars and in the older A-shell star systems, is preferentially observed close to the stellar equatorial plane (Grady et al. 1996a,b; 1997; 1999a,b). Infall activity in the HAeBe stars does not exhibit the latitude independence seen in young solar analogs (Edwards et al. 1994). The infall events do not seem to show any sustained, periodic modulation on the stellar rotation period (Grady et al. 1999a,b). Detection of multiple ionization stages over the same velocity range (Fig. 2) is consistent with the behavior of bow shocks. The presence of infall activity associated with stars having extremely inhomogeneous disks (the UXORS, see discussion by Natta et al. this volume), and the similarity of the infall activity in ionization, velocity, and profile shapes to that observed toward MS stars with debris disks, such as β Pic, suggests that the infalling gas is not associated with accretion disk activity.

The presence of neutral atomic gas species at velocities of order 100 km s^{−1} (e.g. deep in the star’s gravitational well) where such species should have extremely short photoionization lifetimes, of order seconds to minutes (Sorrelli et al. 1996) provides one of the most important clues to the source of the infalling material. The presence of such species is consistent with in situ production of the gas. Transport to the observed location of the neutral atomic material in the form of diatomic gases (such as H_2 and CO) is excluded because the photodissociation lifetimes for these species are even shorter than the photoionization lifetimes of their daughter products. An origin in grains is implied both by the prominence of refractory elements in the infalling material, and small covering factors for primary volatiles (e.g. He I), and by the expectation that such elements will be preferentially depleted onto grains under the conditions of a protoplanetary disk (Owen 1997) around HAeBe stars. Thus, the infalling material is likely to be preferentially associated with grains and/or larger solid bodies.

The covering factor data also provide additional information on the nature of the solid material. There is a trend for refractory species (Mg II, Si II, Ca II, Al II, Al III) to have similar covering factors to the carbon ions. Both sets of ions can have large covering factors (60-80%). Semi-refractory species such as Zn II and S II (when detected) exhibit smaller covering factors, roughly comparable to the iron ion covering factors. N I and He I have the smallest covering factors, with the He I data consistent with obscuration of at most 10% of the stellar disk. If we assume that the bulk of the iron is associated with semi-refractory grains such as FeS and FeO, the Zn with ZnS, and the carbon associated with refractory organic materials, the covering factor data suggest a good correlation with with the sublimation temperatures of simple minerals, under the assumption that the parent bodies have not been substantially heated above 350-400 K over the evolutionary lifetimes of the stars (≈1-10 Myr). If the N I and other volatile (see §5 below) gas species (O I, H I, and C I) originate in low-temperature icy condensates, their presence implies that heating has not been systematically >120 K. They may also be produced by the dissociation of CHON particles. Regardless of the origin of the N I, the presence of He I (Grinin et al. 1994; 1996) in a number of HAeBe star spectra is consistent with release of helium trapped in icy clathrate structures. The suggestion that the silicates in the parent bodies are preferentially Mg-rich, together with the presence of large amounts of carbon originating in a refractory parent, is also consistent with predictions for the composition of comets (Greenberg 1998) and with data on Solar System comets such as P/Halley and C/Hale-Bopp. We conclude, therefore, that the infall signatures reflect the presence of high levels of star-grazing cometary activity.

IV. DYNAMICS OF THE INFALLING MATERIAL

The infalling material is routinely observed with velocities nearing the free-fall velocity (100s of km s^{−1}). In contrast, other grain acceleration mechanisms produce velocities orders of magnitude smaller, e.g. Poynting- Robertson drag (10s of m s^{−1}), the behavior of small grains in the presence of gas drag, or infall from a larger, extended envelope (v≤1 km s^{−1}).

As a consequence of the strong radiation fields of these stars, grains which are smaller than several microns are subject to radiation pressuredriven outflow (Sitko et al. 1994) rather than infall. The presence of grains which are smaller than the blow-out radius, would therefore imply a replenishment mechanism, since under equilibrium conditions such grains are expected to be removed from the immediate vicinity of the star, and thus not contribute appreciably to the polarization, or IR emission spectrum of the inner disk. Sub-micron grains in the disks of HAeBe stars are manifested via their optical (Grinin et al. 1991) and UV (Bjorkman et al. 1995) polarization characteristics, and via the presence, in some systems of mild UV-excesses consistent with dustscattered light. The most dramatic signatures of such grains are the IR emission features due to small grains (see §V, below). Particularly for the UXORS, where the inner disks are apparently quite inhomogeneous, such grains are likely to be a byproduct of the cometary activity producing the infall signatures.

The velocity data imply that the solid bodies associated with the gas features are sufficiently large to maintain free-fall velocities until they disintegrate (Grinin et al. 1994; Sorelli et al. 1996), providing a lower bound to the size of the parent bodies. An upper bound to the size of the parent bodies is provided by the composition of the infalling material. The mixture of low temperature condensate dissociation products, super-refractory grains, silicates, and intermediate temperature materials suggests the presence of parent bodies which, while sufficiently large to achieve substantial fractions of the free-fall velocity, are not so large that density differentiation has occurred and/or that insufficient time has elapsed for any such effect. The observed non-equilibrium mixture of materials is consistent with cometary composition and meets our expectations for planetesimals.

V. THE SMALL GRAIN COMPONENT OF THE DISKS

UV-IR spectra of HAeBe star disks provide ample evidence for the presence of small grains in the immediate vicinity of the star. A number of the nearest HAeBe stars lack associated reflection nebulosity and/or provide no indication of extensive envelopes (Henning et al. 1998). ISO data have greatly augmented the sample of stars with PAH and UIR band detections, but indicate that for these stars the band features do not provide the bulk of the 2-8μm IR emission (Waelkens et al. 1996; Waters & Waelkens 1998; van den Ancker et al. 1999). Moreover, not all HAeBe stars exhibit PAH features (van den Ancker et al. 1999).

The more extensive silicate data can also provide additional constraints on the location of some of the small grains. Silicate emission bands are routinely detected in the spectra of a number of HAeBe stars, and have been spectacularly revealed by the ISO SWS (Waelkens et al. 1996; van den Ancker et al. 1999), where in some cases the optically thin emission dominates the IR excess of the star shortward of 60 μm. The SWS data however, lack spatial resolution on a scale comparable to the size of the disks inferred from the mm-data. Ground-based IR measurements of the 9.5 μm Si-O band show that such features are routinely detected in small aperture (e.g. 3.4^{′′} diameter hole used by the BASS at the IRTF), corresponding to a radial distance r≤200 AU for stars, such as HD 163296, at distances of 120 pc. Widening the aperture (to 11^{′′}, Sitko 1981b) does not increase the detected flux or change the silicate features, implying that the bulk of the silicate emission is located within 200 AU of the star. In addition, the continuum fluxes in the disks resolved with millimeter-wavelength interferometry are the same as those derived from single-dish measurements (Natta et al., this volume), indicating that the dust emission is not coming from extended material around these stars.

Model fits to the ISO IR emission spectra of several of the nearest HAeBe stars are consistent with optically thin, warm (T=210 K) silicate grains (Malfait et al. 1998; van den Ancker et al. 1999). Such warm grains must be comparatively near the star, and thus provide a probe of the solid state material in the innermost portions of the disk. In particular, grains which are below the radiation-pressure blowout radius require replenishment on time scales which are short compared to the PMS evolution of stars. These transient grains hold the key to understanding the mineralogical composition of the dust, which gives rise to the infalling gas signatures that are observed.

A. Size Distribution

Extinction by dust in the HAeBe stars is unlike that of the general interstellar medium. This difference is due to the fact that the mean grain size is considerably larger in these disks than in interstellar dust

(Sitko et al. 1981a; Sitko et al. 1984; Sitko et al. 1994). This difference in grain size affects the strength and shape of the 10μm silicate band. Small optically-thin grains produce a strong emission feature, while big optically thick (in the continuum) grains do not. Interstellar grains (with a large component of small particles) are observed to produce an emission band with a band/continuum ratio of about 3, as in the Trapezium. The same feature seen in solar system comets has a smaller ratio, usually less than 2 (Hanner et al. 1994), while that observed in the zodiacal light of the solar system has a ratio of about 1.15 (Reach et al. 1996). Such a trend toward a smaller ratio is expected as the spectrum becomes dominated by larger and larger particles. Smaller grains are removed by radiation pressure from the star, while larger ones are not.

The majority of HAeBes observed so far have band/continuum ratios intermediate between those of Trapezium-like and solar system zodiacal dust, and are similar to those of comet comae. Due to the large ratio of luminosity to mass in the HAeBe stars, small grains (less than a few μm in size) are easily removed by radiation pressure on time scales of centuries. The fact that we see a large silicate emission band while grain blowout is so efficient indicates that the small grains must be replenished on similar time scales by the erosion of larger bodies that were presumably built at an earlier epoch. This is consistent with the grains coming from cometary objects in the HAeBe stars.

B. Mineralogical Composition

The IR spectra of the stars showing cometary activity contain a wealth of information concerning the mineralogical composition of the refractory and volatile solids that are present and which are presumably the source of the high-velocity gas. The solids detected fall into three broad classes: refractory inorganics, refractory organics, and ice.

Mineralogy of the Silicates

These catagories are also representative of the material in solar system comets and (except for ice) are present in interplanetary dust particles (IDPs) of (presumed) cometary origin. The most ubiquitous spectral feature seen in these stars is the 10 μm emission band due primarily to silicate materials (Waelkens et al. 1996; van den Ancker et al. 1999; Butner et al. 1998; Malfait et al. 1998a). The same feature is also present in solar system comets (Fig. 5). By comparing the spectral structure observed in these objects with those of materials prepared in the laboratory (for example Stephens & Russell 1979; Stephens et al. 1995; Jager et al. 1994; Dorschner et al. 1995; Henning et al. 1995; Hallenbeck et al. 1998), and with anhydrous chondritic interplanetary dust particles (IDPs) of known mineralogy (Sanford & Walker 1985, Bradley et al. 1992) it is possible to identify the features seen in the stellar spectra with general mineralogical classes. This emission band is consistent with a mixture of silicate material composed primarily of pyroxenes - (Mg,Fe,Ca)SiO_3 - and olivine - (Mg,Fe)_2SiO_4. The longwavelength wing of this band, with a local maximum near 11.2 μm, is due to crystalline olivine (Fig. 5.). When spectral information longward of 14 μm is included, the identification can be made even more specific. In HD 100546 (the Rosetta Stone of HAeBe IR spectra), the data indicate that the crystalline olivine is forsterite - Mg_2SiO_4 (Sitko et al. 1996; Waelkens & Waters 1996; Malfait et al. 1998a; Sitko et al. 1999).

Even stronger in the majority of the 10 μm bands in HAeBes than the olivine feature is another feature that peaks near 9.5 μm (Fig. 6). In laboratory-produced silicates, IDPs, and in C/Hale-Bopp (Wooden et al. 1998) this feature is due to pyroxenes, with enstatite - MgSiO_3 being a likely candidate. The time-of-flight impact-ionization mass spectrometers on the Giotto (PIA) and Vega (PUMA) Comet Halley probes found that the silicates in Halley were Mg-rich and Fe-poor (Jessberger & Kissell 1991; Schulze et al. 1997 and sources therein). Also, detailed chemical analysis of IDPs with comet-like (HAeBe-like) spectral features indicate that most of the Mg is tied-up in silicates (Bradley et al. 1992). Thus, the silicates in both HAeBes and comets are Mg-rich, and that is where most of the Mg resides.

Crystallinity of the Silicates

The crystallinity of the olivine in the spectra of β Pic, HAeBe stars, and solar sytem comets is perplexing, because it is not seen in the interstellar medium grains from which these objects formed. Where is it made? Annealing of amorphous pre-solar grains in the inner protostellar nebula (or condensing them there directly from the gas), transporting them to the region where comet formation is occuring, and then mixing them with ice grains that probably condensed only at temperatures ≤30 K (Crovisier et al. 1997) appears to be required. The mechanism for producing such mixing is not well-understood, but a similar mechanism is also required to explain the degree of deuterated water in Comet Hyakutake (Bockelée-Morvan et al. 1998). This difficulty is analogous to that of getting melted silicates, i.e. chondrules, into the volatile-rich material which eventually gave us the carbonaceous chondrites. Many models have been suggested; none are without difficulties (Hewins 1997).

Iron

The IR spectra of HAeBes, chemical analysis of the “cometary” IDPs, and mass spectrometer data on Halley indicate that Fe is not exclusively tied up in silicates, but occurs in significant abundance in a variety of other materials. In the case of both Halley dust (Schulze et al. 1997) and the “cometary” IDPs, Fe is primarily present as metal (kamacite), oxides (magnetite), and sulfides (see Bradley et al. 1992). Fe-rich oxides (but not silicates) are also consistent with the IR spectra of HD 100546 (Malfait et al. 1998a), HD 163296 and AB Aur (van den Ancker et al. 1999) and with the UV data.

Refractory Organics

The spectra of some HAeBes have emission features located at 3.28, 6.2, 7.7, 8.6, and 11.3 μm, which are indicative of organic materials. Sometimes additional bands at 3.4 and 3.5 μm are also present. The most popular explanation of these features are that they arise from vibrational transitions in Polycyclic Aromatic Hydrocarbons (PAHs), a refractory organic material that can range in size from a dozen atoms (like benzene) to molecules so large that we might consider them to be small grains. Other related organics, such as Hydrogenated Amorphous Carbon (HAC) and quenched Carbonaceous Composites (QCC) have also been suggested. Among those HAeBes with infalling gas, HD 100546 stands out with very strong organic features. In another HAeBe, HD 97048 (not known to have infalling gas at the present time), speckle observations of the 3.5 μm band indicate that the emitters are located within 8 AU of the star (Roche 1986).

Comets contain a significant component of refractory organic material. In Halley dust, a significant fraction of the refractory material is organic, composed of a mixture of C, H, O, and N (“CHON”). Cluster analysis of the PUMA-1 and PUMA-2 data indicates the presence of pure carbon, hydrocarbons and polymers of cyanopolyynes, and multicarbon monoxides (Fomenkova et al. 1994). In the IDPs, the refractory organic material is present as metal (FeNi) carbide and graphitic carbon as well as a disordered carbonaceous matrix (Bradley 1994). This carbonaceous matrix also contains N with an N/C ratio of about 0.1, i.e. chondritic (Keller et al. 1996). The CHON material may thus be one of the most important sources of N seen in the infalling gas. This CHON material is probably the source of most of the atomic and ionic C and N observed in the UV spectra of the accreting gas in these systems, and may be related to the organic emission features seen in the IR of the HAeBe stars. It is important to note that the ubiquitous IR bands seen in the HAeBe stars and the interstellar medium are weak (or absent) in solar system comets. The 6.2, 7.7, 8.6, and 11.3 μm bands that are so apparent in the ISO spectrum of HD 100546 are not visible in the spectrum of Comet Hale-Bopp (see Fig. 5 of Malfait et al. 1998a). Nor is the 3.3 μm band seen in the ISO spectrum of Hale- Bopp (Crovisier et al. 1997). While the 3.2-3.6 μm region of comets does possess an emission band, it seems to be dominated by methanol and the 3.4 μm emitter (whatever its nature), with the 3.3 μm band being the weakest, if present at all (Fig. 3 of Bockelée-Morvan et al.

1995). Joblin et al. (1997) have estimated the lifetimes of gas-phase neutral PAHs at 1 AU from the sun to be on the order of only 15 seconds. PAHs are, however, found in organic-rich meteorites, along with fullerenes and fulleranes (Becker and Bunch 1997). The chemical processing of organics in both the protosolar nebula and larger condensed bodies is a ripe field for further investigation.

Ices

Finally, we know that ≈50% of the mass of comets is in the form of water ice (which does not survive in captured IDPs), and ought to be present in the dust in accreting-gas HAeBes. While the high temperatures and small optical depths make observing the 3.1 μm ice absorption band difficult in these stars, the HD 100546 ISO data for 50≤ λ ≤80 μm are consistent with emission by cold ice (Malfait et al. 1998a). The ice may also be a reservoir for trapped volatile gases in clathrate hydrates.

The evaporation of cometary materials from parent bodies on highly eccentric orbits towards HAeBe stars will naturally give rise to the observed, redshifted absorption features, partial covering factors, and wide range of observed atomic ions.

VI. IMPLICATIONS

Both the infalling circumstellar gas and the small dust grains which can be remotely sensed around young, intermediate-mass stars bear a close resemblance to cometary materials in our own Solar System (see Table 2). Dynamically, the closest analog to the infalling bodies are the Kreutz family of Sun-grazers which not only have their eccentricities pumped up by encounters with Jupiter, but also exhibit rich emission spectra from refractory elements (see Table 1).

Infalling circumstellar gas, similar to β Pic’s, is routinely detected in the PMS (HAeBe) and young main sequence (Shell-Star) systems viewed within ≈14^∘ of their disk mid-planes. This limit is consistent with recent determinations, from imaging of the disk, of the system inclination for HR 4796 (Koerner et al. 1998) and Fomalhaut (Holland et al. 1998). Infall detections are routine among the 1-4 Myr old systems, but show signs of transitioning to more episodic infall between 6 (HD 163296) and 10 Myr (HD 100546), similar to that reported for β Pic (Deleuil et al. 1995) (Fig. 7). There are only more sporadic detections of infalling material in the lines of sight to older, dated systems, with one detection toward the primary of a Lindroos (1986) double at t=79Myr, and infalling material present in the UV spectrum of Pleione (t≈100 Myr). There are some suggestions that close binaries make the transition to main sequence star levels of cometary activity earlier than the isolated systems, with low levels of infall present in 51

Oph (t=0.3 Myr, van den Ancker et al. 1997), and HD 176386 (t=2 Myr, Wilking et al. 1985; Grady et al. 1993).

Models for the β Pic system suggest that both long-term fluctuations in the infall rate and the presence of preferred velocities for the star-grazing cometesimals are signatures of perturbations on the disk by one or more Jupiter-mass planets (Deleuil et al. 1995; Beust et al. 1996). The HAe star data suggest that episodic infall, together with the development of prominent mid-IR “gaps” in the IR spectral energy distributions (Malfait et al. 1998b) become macroscopically detectable by 10 Myr (HD 100546). If multi-year fluctuations in the frequency of optical minima in younger HAe stars with UXOR light variations (Schevchenko et al. 1993a,b; Schevchenko & Herbst 1998; Grinin et al. 1998) represent similar activity, the effects of large bodies on the disk become detectable by 1-4 Myr in systems with no known close stellar companions. These observational contraints are broadly consistent with theoretical estimates of the time needed to produce a Jupiter (Pollack et al. 1996), and are consistent with identification of TMR-1C as a planet (Terebey et al. 1998).

Studies of the circumstellar material around intermediate- mass stars have greatly benefitted from access to data from the FUV through the far-IR. We anticipate that more detailed studies of many of these objects will continue with current and new instrumentation and will begin to give us a full view of the dynamics of these systems as forming planetary systems. However, infall activity and the related signatures of larger bodies within circumstellar disks do not appear limited to intermediate mass stars. Several weak-line T Tauri stars have been identified with large amplitude polarimetric and photometric variability similar to that observed toward suitably oriented, young HAeBe stars (Gahm et al. 1993; Alcalá et al. 1993; Guenther & Hessman 1993; Grinin et al. 1995). These stars have evolutionary ages spanning 3≤t≤10 Myr (Gahm et al. 1993; van den Ancker et al. 1998a), making them contemporaries of the HAeBe systems. Comparatively weak optical emission features, and IR excesses indicative of central clearing of the disks (Alcalá et al. 1993) argue against gas-phase accretion from a classical accretion disk in these systems. However, these objects exhibit prominent infall signatures in transitions such as Hα and Na I D. The available data for these stars suggests that we are seeing β Pic-like cometary activity in the disks of these stars. The presence of cometary activity in one system with an age of ≥10 Myr suggests that high rates of cometary bombardment continue for longer times around these isolated, young Suns than for the HAeBe stars. The presence of such activity has important implications for the potential delivery of volatiles to terrestrial planet cores in such a disk, and thus potentially to the development of life-bearing worlds. We anticipate that detailed studies of these objects will be as pivotal to studies of planetary system evolution in the next decade as β Pictoris has proven to be in studies of intermediate-mass stars. Exciting times lie ahead.

Acknowledgements: Support for this study for CAG was provided by NASA Contract NASW 4756 and PO Z78611Z to Eureka Scientific and HST STIS GTO funding through support to AURA/NOAO in response to NASA A/O OSSA -4-84 through the Hubble Space Telescope Project at Goddard Space Flight Center. MLS was supported by the University Research Council and Physics Department of the University of Cincinnati. DKL and RWR were supported by the Aerospace Corporation’s Independent Research and Development Program. The work of MSH was carried out at the Jet Propulsion Laboratory, California Institute of Technology, under contract with NASA. This study is based on observations made with the International Ultraviolet Explorer, The European Southern Observatory, the NASA Infrared Telescope Facility, the Infrared Space Observatory, and the Cerro Tololo Interamerican Observatory. We wish to thank S. Hallenbeck and J. Nuth for contributing some of their pre-publication laboratory measurements of silicate emission, D. Biesecker for a valuable conversation regarding Sun-grazing comets, and J. Nuth and D. Devine for critical readings of the manuscript. We wish to thank the anonymous referee for his/her helpful comments. This study has made use of SIMBAD and the Astrophysics Data System.

TABLES

Table 1. Comparison of Sun-grazing comet properties, (based on 2 years of observation by SOHO/LASCO, Biesecker 1998, priv. comm.) with the line of sight (LOS) infall events in HAeBe and MS disks.

Table 2. Summary of Herbig Ae/Be Star Properties.

FIGURES

Figure 1. Infalling, circumstellar gas profiles for HD 100546 at two epochs: 7 March 1995 (high infall state, bold) and 25 May 1995 (thin line). Infalling gas is seen over a wide range of ionization stages, ranging from neutral atomic gas species such as O I and N I, through intermediate ionization stages such as Si II, and including species which are produced by collisional ionization in the radiation field of the B9 star, such as C IV.

Figure 2. Infalling gas is routinely observed in multiple ionization stages of the same element. In the case of HD 100546 and other HAeBe stars, neutral atomic gas may be restricted to the infalling material. Collisionally ionized species, such as C IV may also be preferentially observed in the infalling gas. Here C I (4) (thick,bold) and C IV (thin line) in HD 100546 from 1995 March 7 are shown with C II (dot-dash) in the same spectrum. The zeropoint of the radial velocity scale corresponds to the laboratory wavelength for the shorter wavelength component of the C IV resonance doublet, the longer wavelength member of the C II doublet, and the transition to the O eV level of the ground configuration in C I (4).

Figure 3. Schematic display of the elements detected in the infalling gas, ordered by gas phase sublimation temperature (after Jenkins 1987), toward some of the nearest Herbig Ae/Be stars with the most complete wavelength coverage and β Pic. Filled symbols indicate firmly detected elements, with the small symbols indicating the elements which have anomalously weak covering factors. Open symbols indicate elemental non-detections. Gaps indicate elements lacking suitable data coverage. Several of the stars (e.g. HD 163296 and AB Aur) have emission in H I, He I, and Na I (AB Aur). With the exception of HR 5999, the displayed stars lack nearby stellar companions. The stars are ordered roughly from bottom to top in terms of increasing system age.

Figure 4. Dynamic spectral image of the Mg II resonance doublet in the Herbig Ae star AB Aur, from a dense time series obtained by IUE in 1990 (from Pérez and Grady, 1997). Time increases upward and wavelength increases to the right. The spectral data have been normalized by the mean spectrum (shown at the bottom of the figure). Gaps in data coverage are denoted by black horizontal bands. The dark absorption in both members of the Mg II resonance doublet are due to saturated absorption in the stellar wind, which is typically observed in spectra of this star. During the time series, enhanced absorption redward of line center developed to the right of each of the Mg II emission components, beginning halfway through the series and continuing until the end of the observations.

Figure 5. Continuum normalized, and continuum subtracted 10μm silicate profiles of a range of HAeBe stars (left), laboratory silicates (center), and comets (right). The astronomical data were normalized to a local continuum fit as a gray body at 8.5 and 12.3 μm. The most prominent emission, peaking at 9.5 μm, is seen in young (tß1 Myr) systems such as UX Ori. Intermediate emission levels are seen in BF Ori (2-3 Myr), AB Aur (4 Myr), HD 163296 (4^{+6}�_{2:5} Myr), with the most prominent feature at 11.2 μm in HD 100546 (>10 Myr, dark, bold). The central panel shows laboratory Mg-silicate smokes which have been annealed 2 and 7 hours at 1030 K (Hallenbeck and Nuth 1998, priv.comm.). The right panel shows silicate emission features from Solar System comets Wilson, Borrelly, Levy, Bradfield, and Halley (bold, dark).

Figure 6. The spectrum of HD 163296 compared to a model comprised of glassy enstatite (small dash), glassy olivine (dot-dot-dash), crystalline olivine (large dash), and an underlying blackbody continuum component (solid line), all at T=440K from Sitko et al. (1999).

Figure 7. The evolutionary interval over which high covering factor infall is detectable in UV/optical spectra of young, intermediate-mass stars spans the age range from the point that the stars become directly observable at

ß0.1Myr with Lada (1987) class II IR excesses to the point at which the IR

excess resembles that of Vega. The frequency of infall detections ramps down rapidly from 3-4 Myr to the age of β Pic. Infalling gas and material at the system velocity have not been reported for stars older than 200 Myr (Lecavelier des Etangs et al. 1997). Similarly, dust detections become increasingly scarce for stars in this age range (Abraham et al. 1998).

REFERENCES

Abraham, P., Leinert, Ch., Burkert, A., Lembke, D., and Henning, Th. 1998, Search for cool circumstellar matter in the Ursae Majoris group with ISO, Astron. Astrophys. 338, 91-96.

Alcalá, J.M.et al. 1993. T-Chamaeleontis - a Weak-Line YY Orionis Star?

Astron. Astrophys. 272: 225-234.

Artymowicz, P. 1997, β Pictoris: An Early Solar System? Ann. Rev. E. P.

Sci., 25: 175 Backman, D.E., Werner, M.W., Riecke, G.H., and Van Cleve, J.E. 1997, Exploring Planetary Debris Around Solar-Type Stars. From Stardust to Planetesimals Ast. Soc. Pacific. Conf. Ser. 122: 49-66.

Becker, L., and Bunch, T.E. 1997, Fullerenes, fulleranes, and polycyclic aromatic hydrocarbons in the Allende meteorite. Meteor. Planet. Sci. 32: 479–487.

Beckwith, S.V.W. & Sargent, A.I. 1996,Circumstellar disks and the search for neighbouring planetary systems. Nature, 383: 139–144.

Beust, H. et al. 1990 The β Pictoris Circumstellar Disk. X. - Numerical Simulations of Infalling Evaporating Bodies. Astron. Astrophys. 236: 202-216.

Beust, H. et al. 1996, The β Pictoris circumstellar disk. XXII. Investigating the model of multiple cometary infalls. Astron. Astrophys. 310: 181– 198.

Bjorkman, K.S. et al. 1995, Diagnosing the Circumstellar Environments of Herbig Ae/Be Stars Bull. Am. Astron. Soc. 187, 10604.

Bibo, E.A. & Thé, P.S. 1991, The Type of Variability of Herbig Ae/Be Stars.

Astron. Astrophys. Suppl. 89: 319–334.

Bockelée-Morvan, D., Brooke, T.Y., and Crovisier, J. 1995, On the origin of the 3.2- to 3.6 μm emission feature in comets. Icarus 116: 18–39.

Bockelée-Morvan, D., Gautire, D., Lis, D.C., Young, K., Keene, J., Phillips, T., Owen, T., Crovisier, J., Goldsmith, P.F., Bergin, E.A., Despois, D., and Wootten, A. 1998, Deuterated water in Comet C/1996 B2 (Hyakutake) and its implications for the origins of comets. Icarus , 133:147–162.

Bodenheimer, P. 1997, The Role of Dust in Star and Planet Formation:

Theory. in From Stardust to Planetesimals, Astron. Soc. Pacific Conf. Ser. 122: 37–48.

Boss, A.P. 1996, Extra-Solar Planets. Physics Today 49: 32–38. Bradley, J.P. 1994. Nanometer-scale mineralogy and petrography of finegrain aggregates in anhydrous interplanetary dust particles. Geochim. Cosmochim. Acta 58: 2123–2134.

Bradley, J.P., Humecki, H.J., and Germani, M.S. 1992. Combined infrared and analytical electron microscope studies of interplanetary dust particles. Astrophys. J. 394: 643–651.

Bruhweihler, F.C., Grady, C.A., Chiu, W.A. 1989. Highly Ionized Species and Circumstellar Shells in B8-A1 Stars. Astrophys. J. 340: 1038–1048.

Butner, H. et al. 1998, The Comet-Like Mid-Infrared Spectra of Vega-Like Stars. Astrophys. J. (in preparation).

Crifo, F., Vidal-Madjar, A., Lallement, R., Ferlet, R., Gerbaldi, M. 1997, β Pictoris revisited by Hipparcos. Star properties.Astron. Astrophys. 320, L29–L32.

Crovisier, J., Leech, K., Bockelée, D., Brooke, T.Y., Hanner, M.S., Altieri,

B., Keller, H.U., and Lellouch, E. 1997. The spectrum of Comet Cale- Bopp (C/1995 O1) observed with the Infrared Space Observatory at 2.9 astronomical units from the sun.Science , 275: 1904–1907.

Deleuil, M. et al. 1995, 10 Years of UV Observations of the β Pictoris.

Circumstellar Disk in Circumstellar Dust Disks and Planet Formation, (eds. A. Vidal-Madjar & R. Ferlet 1995, (Paris: Editions Frontiéres), p. 29–34.

de Winter, D. et al. 1999, Episodic Accretion Around the Herbig Ae Star BF Ori: Evidence for the Presence of Extra-Solar Comets. Astron. Astrophys. (in press).

Dorschner, J., Begemann, B., Henning, Th., Jager, C., and Mutschke, H.

1995. Steps toward interstellar silicate mineralogy. II. Study of Mg- Fe-silicate glasses with variable composition. Astron. Astrophys. , 300: 503–520.

Duncan, M., Quinn, T., and Tremaine, S. 1987, The Formation and Extent of the Solar System Comet Cloud. Astron. J.94: 1330-1338.

Edwards, S., Hartigan, P., Ghandour, L., and Andrulis, C. 1994, Spectroscopic Evidence for Magnetospheric Accretion in Classical T Tauri Stars. Astron. J. 108: 1056–1070.

Ferlet, R., Vidal-Madjar, A., Hobbs, L.M. 1987. The β Pictoris Circumstellar Disk. V. - Time Variations of the Ca II-K Line. Astron. Astrophys. 185:267–270.

Fomenkova, M.N., Chang, S., and Muhkin, L.M. 1994. Carbonaceous components in the comet Halley dust. Geochim. Cosmochim. Acta 58: 4503–4512.

Gahm, G.F., Liseau, R., Gullbring, E., Hartstein, D. 1993, The Circumstellar Gleam from the T Tauri Star RY Lup. Astron. Astrophys. 279: 477– 484.

Gledhill, T.M., Scarrott, S.M. and Wolstencroft, R.D. 1991, Optical polarization in the disc around β Pictoris. Mon. Not. R.A.S. 252: P50–P54.

Grady, C.A. et al. 1993. The Accreting Circumstellar Gas Envelope of HD 176386: A Young Star in the R Coronae Austrinae Star Formation Region. Astron. Astrophys. 274: 847–850.

Grady, C.A. et al. 1996a, The β Pictoris phenomenon among Herbig Ae/Be stars: UV and optical high dispersion spectra. Astron. Astrophys. Suppl. 120:157–177.

Grady, C.A. et al. 1996b, The β Pictoris Phenomenon in A-Shell Stars:

Detection of Accreting Gas. Astrophys. J. 471: L49–L52. Grady, C.A., Sitko, M.L., Bjorkman, K.S., Pérez, M.R,., Lynch, D.K., Russell, R.W., and Hanner, M.S. 1997,The Star-grazing Extrasolar Comets in the HD 100546 System. Astrophys. J. 483: 449–456.

Grady, C.A., Pérez, M.R., Bjorkman, K.S., and Massa, D. 1999a, Transient Infall Events in the AB Aur Disk: The β Pictoris Phenomenon at 2-4 Myr. Astrophys. J. (in press).

Grady, C.A. et al. 1999b, The β Pic Phenomenon at 4 Myr: HD 163296, Astrophys. J. (in preparation).

Graham, J.A. 1992, Clumpy accretion onto pre-main-sequence stars. Pub.

A.S.P. 104: 479–488.

Greaves, J., Holland, W., Moriarty-Schiven, G., Dent, W., Zuckerman, B., McCarthy, Ch., Webb, R., Butner, H.M., Gear, W., and Walker, W. 1998, A dust ring around Epsilon Eridani : analogue to the young Solar System. Astrophys. J. (Letters) (submitted) Greenberg, J. M. 1998, Making a comet nucleus. Astron. Astrophys. 330:

375–380.

Grinin, V.P. et al. 1991, The investigations of “zodiacal light” of isolated AE-Herbig stars with nonperiodic algol-type minima. Astrophys. Space Sci. 186: 283–298.

Grinin, V.P. et al. 1994,The β Pictoris phenomenon among young stars. 1:

The case of the Herbig Ae star UX Orionis. Astron. Astrophys. 292: 165–174.

Grinin, V.P. et al. 1996,The β Pictoris phenomenon among young stars.

III. The Herbig Ae stars WW Vulpeculae, RR Tauris and BF Orionis. Astron. Astrophys. 309: 474–480.

Grinin, V.P. and Rostopchina, A.N. 1996, Orientation of circumstellar disks and the statistics of Hα profiles of Ae/Be Herbig stars. Astron. Rep. 40: 171–178.

Grinin, V.P., Kolotilov, E.A., and Rostopchina, A.N. 1995, Dust Around Young Stars. Photopolarimetric Observations of the T Tauri Star BM Andromedae. Astron. Astrophys. Suppl. 112: 457-473.

Grinin, V.P., Rostopchina, A.N., and Shakhovskoy, D.N. 1998, On the nature of cyclic variability of the UX Ori type stars. Pisma v Astronomicheskii Zhurnal (in press).

Guenther, E., Hessman, F.V. 1993. Variable Redshifted He I Absorption Lines in BM Andromedae. Astron. Astrophys. 276:L 25–L28.

Hallenbeck, S.L., Nuth, J.A., III, and Daukantas, P.L. 1998. Mid-infrared spectral evolution of amorphous magnesium smokes annealed in vacuum: comparison to cometary spectra. Icarus 131: 198–209.

Hanner, M.S., Lynch, D.K., and Russell, R.W. 1994, The 8-13 micron spectra of comets and the composition of silicate grains. Astrophys. J. 425: 274– 285.

Heap, S.R. et al. 1999, Hubble/STIS Coronographic Imagery of β Pictoris.

Astrophys. J. (submitted).

Henning, Th., Begemann, B., Mutschke, H., and Dorschner, J. 1995. Optical properties of oxide dust grains. Astron. Astrophys. Suppl. 112: 143–149.

Henning, Th., Burkert, A., Launhardt, R., Leinert, Ch., and Stecklum, B.

1998, Infrared imaging and millimetre continuum mapping of Herbig Ae/Be and FU Orionis stars, Astron. & Astrophys 336: 565-586.

Herbst, W., et al. 1994, Catalogue of UBVRI Photometry of T Tauri Stars and Analysis of the Causes of their Variability. Astron. J. 108: 1906– 1923.

Hewins, R.H. 1997. Chondrules. Ann. Rev. Earth Planet. Sci., 25: 61–83. Hobbs, L.M. 1987, Observations of Gaseous Circumstellar Disks. III., Astrophys. J. 308: 854–858.

Holland, W.S., Greaves, J.S., Zuckerman, B., Webb, R.A., McCarthy, C., Coulson, I.M., Walther, D.M., Dent, W.R.F., Gear, W.K., and Robson, I. 1998, Submillimetre images of dusty debris around nearby stars. Nature, 392: 788–790.

Jager, C., Mutschke, H., Begemann, B., Dorschner, J., and Henning, Th.

1994. Steps toward interstellar silicate mineralogy. I. Laboratory results of a silicate glass of mean cosmic composition. Astron. Astrophys., 292: 641–655.

Jayawardhana, R., Fisher, S., Hartmann, L., Telesco, C., Pina, R., and Fazio, G. 1998, A dust disk Surrounding the Young A Star HR 4796A. Astrophys. J. (Letters) 503: L79–82.

Jenkins, E.B. 1987, Element Abundances in the Interstellar Medium. Ap.

S. S. 134: p. 533–560.

Jessberger, E.K., and Kissell, J. 1991. Chemical properties of cometary dust and a note on carbon isotopes. In Comets in the post-Halley era, eds. R.L. Newburn, Jr., M. Neugebauer and J. Rahe (Dordrecht: Kluwer Academic Publishers), pp. 1075–1092.

Joblin, C., Boissel, P., and de Parseval, P. 1997, Polycyclic aromatic hydrocarbons lifetime in cometary environments. Planet. Space Sci. 45: 1539–1542.

Jura, M., Zuckerman, B., Becklin, E.E., Smith, R.C. 1993, Constraints on the Evolution of Remnant Protostellar Dust Debris around HR 4796. Astrophys. J. 418: L37–L40.

Keller, L.P., Thomas, K.L., Bradley, J.P., and McKay, D.S. 1995. Nitrogen in interplanetary dust particles. Meteoritics 30: 526–527 (abstract).

Knacke, R.F., Fajardo-Acosta, S.B., Telesco, C.M., Hackwell, J.A., Lynch, D.K., Russell, R.W. 1993, The Silicates in the Disk of β Pictoris. Astrophys. J. 418: 440–450.

Koerner, D.W., Ressler, M., Werner, M., and Backman, D.E. 1998, Mid- Infrared Imaging of a Circumstellar Disk Around HR 4796: Mapping the Debris of Planetary Formation. Astrophys. J. 503: L83-86.

Lada, C.J. 1987, in Star Forming Regions, eds. M. Peimbert and J. Jugaka, (Dordrecht: Kluwer Academic Publishers), 1 Lagrange, A.M., Backman, D.E., and Artymowicz, P. 1999, Planetary Material Around main sequence Stars. PPIV (in press).

Lecavelier des Etangs, A., et al. 1997, A Search for β Pictoris-like Ca II Circumstellar Gas Around Ursa Major Stream Stars. Astron. Astrophys. 328: 602–605 Lecavelier des Etangs, A. et al. 1996. Perturbations of a Planet on the β Pictoris Circumstellar Dust Disk. Icarus 123: 168–179 Leinert, C., Richter, I., Pitz, E., and Planck, B. 1981, The Zodiacal Light from 1.0 to 0.3 AU as observed by the Helios Space Probes. Astron. Astrophys. 103: 177-188.

Lindroos, K.P. 1986, A Study of Visual Double Stars with Early-Type Primaries. V.- Post-T Tauri Secondaries.Astron. Astrophys. 156: 223- 233.

Malfait, K., Waelkens, C., Waters, L.B.F.M., Vanderbussche, B., Huygens, E., and de Graauw, M.S. 1998a. The spectrum of the young star HD 100546 observed with the Infrared Space Observatory. Astron. Astrophys., 332: L25–L28.

Malfait, K., Bogaert, E., Waelkens, C. 1998b, An ultraviolet, optical and infrared study of Herbig Ae/Be stars. Astron. Astrophys. 331: 211–223.

Mannings, V. & Sargent, A.I. 1997, A High-Resolution Study of Gas and Dust around Young Intermediate-Mass Stars: Evidence for Circumstellar Disks in Herbig Ae Systems. Astrophys. J. 490: 792–802.

Mannings, V., Koerner, D.W., and Sargent, A.I. 1997 A rotating disk of gas and dust around a young counterpart to β Pictoris. Nature, 388: 555–557.

McCaughrean, M., Stapelfeldt, K., and Close, L. 1999, High-Resolution Optical and Near-IR Imaging of Young Circumstellar Disks, this volume.

Mouillet, D. et al. 1997, A planet on an inclined orbit as an explanation of the warp in the β Pictoris disc. Mon. Notices R.A.S., 292: 896–904.

Natta, A., Grinin, V.P., and Mannings, V. 1998, Properties and Evolution of Disks around Pre-Main-Sequence Stars of Intermediate Mass, PPIV, (this volume) Owen, T.C. 1997 From Planetesimals to Planets: Contributions of Icy Planetesimals to Planetary Atmospheres. in From Stardust to Planetesimals, Astron. Soc. Pacific Conf. Ser. 122, p. 435–452.

Pérez, M.R., Grady, C.A., and Thé, P.S. 1993, Ultraviolet Spectral Variability in the Herbig Ae Star HR 5999 - Part XI - the Accretion Interpretation. Astron. Astrophys. 274: 381–390.

Pérez, M.R. and Grady, C.A. 1997, Observational Overview of Young Intermediate -Mass Objects: Herbig Ae/Be Stars. Space Sci. Rev. 82: 407–450 Pollack, J.B., Hubickyj, O., Bodenheimer, P., Lissauer, J.J., Podolak, M.

and Greenzweig, Y. 1996, Formation of the Giant Planets by Concurrent Accretion of Solids and Gas. Icarus, 124: 62–85.

Reach, W.T., Abergel, A., Boulanger, F., Dèsert, F.-X., Perault, M., Bernard, J.-P., Blommaert, J., Cesarsky, C., Cesarsky, D., Metcalfe, L., Puget, J.-L., Sibille, F., and Vigroux, L. 1996. Mid-infrared spectrum of the zodiacal light. Astron. Astrophys., 315: L381–L384.

Roche, P.F., Allen, D.A., and Bailey, J.A. 1986. The spatial extent and nature of the 3-μm emission features in HD 97048 and CPD -56^o8032. Mon. Not. Roy. Astron. Soc., 220: 7P–11P.

Roques, F. et al. 1994, Is there a planet around β Pictoris? Perturbations of a planet on a circumstellar dust disk. 1: The numerical model. Icarus 108:37–58.

Sanford, S.A., and Walker, R.M. 1985. Laboratory infrared transmission spectra of individual interplanetary dust particles from 2.5 to 25 microns. Astrophys. J. 291: 838–851.

Schultze, H., Kissel, J., and Jessberger, E.K. 1997, Chemistry and Mineralogy of Comet Halley’s Dust. in From Stardust to Planetesimals, Astronom. Soc. Pacific Conf. Ser. 122: 397-414.

Shevchenko, V.S. et al. 1993a, Periodic Phenomena in Ae/Be Herbig Stars Lightcurves - Part 1 - Light Curves Classification and Digital Analysis Methods.Astrophys. Space Sci. 202: 121–136.

Shevchenko, V.S. et al. 1993b, Periodic Phenomena in Ae/Be Herbig Stars Lightcurves - Part 2 - Results and Probable Interpretation for Selected Stars. Astrophys. Space Sci. 202: 137.

Shevchenko, V.S. & Herbst, W. 1998, Photometric Variations of T Tauri and Herbig Ae/Be Stars: Classification and Interpretation. Astron. J. (in preparation).

Sitko, M.L., Savage, B.D., and Meade, M.R. 1981a. Ultraviolet observations of hot stars with circumstellar dust shells. Astrophys. J. 246: 161–183.

Sitko, M.L. 1981b. Spectral energy distributions of hot stars with circumstellar dust. Astrophys. J. 247: 1024–1038.

Sitko, M.L., Simon, T., and Meade, M.R. 1984. Ultraviolet spectroscopy of hot stars with infrared excesses: NGC 2264-W46, W90, and W100. Publ. Astron. Soc. Pacific 96: 54–61.

Sitko, M.L., Halbedel, E.M., Lawrence, G.F., Smith, J.A., and Yanow, K.

1994. Variable extinction in HD 45677 and the evolution of dust grains in pre-main sequence disks. Astrophys. J. 432: 753–762.

Sitko, M.L., Lynch, D.K., Russell, R.W., Hanner, M.S., and Grady, C.A.

1996. Partially crystalline silicate dust in protostellar disks. In From Stardust to Planetesimals: Contributed Papers, eds. M.E. Kress, A.G.G.M Tielens and Y.J. Pendleton (NASA CP 3343), pp. 19–22.

Sitko, M.L., Grady, C.A., Lynch, D.K., Russell, R.W., and Hanner, M.S.

1999, Cometary Dust in the Debris Disks of HD 31648 and HD 163296: Two “Baby” β Pics. Astrophys. J. (in press).

Smith, B.A. and Terrile, R.J. 1984, A circumstellar disk around β Pictoris Science, 226: 1421–1424.

Sorelli, C. et al. 1996, Infall in Herbig Ae/Be stars: what Na D lines tell us.

Astron. Astrophys. 309: 155–162.

Stephens, J.R., and Russell, R.W. 1979. Emission and extinction of ground and vapor-condensed silicates from 4 to 14 microns and the 10 micron silicate feature. Astrophys. J. 228: 780–786.

Stephens, J.R., Blanco, A., Bussoletti, E., Colangeli, L., Fonti, S., Mennella, V., and Orofino, V. 1995. Effect of composition on IR spectra of synthetic amorphous silicate cosmic dust analogues. Planet. Space Sci. 43: 1241–1246.

Strom, K.M., Strom, S.E., Edwards, S., Cabrit, S., Skrutskie, M.F. 1989, Circumstellar material associated with solar-type pre-main-sequence stars - A possible constraint on the timescale for planet building. Astron. J. 97, 1451-1470.

Tereby, S., van Buren, D., Padgett, D.L., Hancock, T., and Brundage, M.

1998, A Candidate Protoplanet in the Taurus Star-Forming Region Astrophys. J. 507, L71.

Thé, P.S., de Winter, D., and Pérez, M.R. 1994, A new catalogue of members and candidate members of the Herbig Ae/Be (HAEBE) stellar group. Astron. Astrophys. Suppl. Ser. 104: 315–339.

van den Ancker, M.E., de Winter, D., and Tjin A Djie, H.R.E., 1998, Hipparcos photometry of Herbig Ae/Be stars. Astron. Astrophys. 330: 145–154.

van den Ancker, M.E., Thé, P.S., Tjin A Djie, H.R.E., Catala, C., de Winter, D., Blondel, P.F.C., and Waters, L.B.F.M. 1997, Hipparcos data on Herbig Ae/Be Stars: An Evolutionary Scenario. Astron. Astrophys. 324: L33-L36.

van den Ancker, M.E., J. Bouwmann, et al. 1999, ISO-SWS Observations of Circumstellar Dust in Herbig Ae/Be Stars. Astron. Astrophys. (in preparation).

Vidal-Madjar, A. et al. 1994, HST-GHRS observations of β Pictoris: additional evidence for infalling comets. Astron. Astrophys. 290: 245–258.

Vidal-Madjar, A. and Ferlet, R. 1995, β Pictoris: the Gaseous Circumstellar Disk. in Circumstellar Disks and Planet Formation, eds. A. Vidal- Madjar and R. Ferlet, (Paris: Editions Frontiéres), p. 7–18.

Waters, L.B.F.M. & Waelkens, C. 1998, The Herbig Ae/Be Stars, Ann. Rev.

Astron. Astrophys. 36, 233.

Waelkens, C., and Waters, L.B.F.M. 1997. First ISO-SWS results: ¿From stardust to planetesimals. In From Stardust to Planetesimals, Astron. Soc. Pacific Conf. Ser. 122: 67–74.

Waelkens, C. et al. 1996, SWS observations of young main-sequence stars with dusty circumstellar disks.Astron. Astrophys. 315: L245–L248.

Welty, A.D., Barden, S.C., Huenemoerder, D.P., and Ramsey, L.W. 1982, BF Orionis - Evidence for an infalling circumstellar envelope. Astron. J. 103: 1673–1678.

Wilking, B.A., Harvey, P.M., Joy, M., Hyland, A.R., Jones, T.J. 1985 Far- Infrared Observations of Young Clusters Embedded in the R Coronae Australis and Rho Ophiuchi Dark Clouds. Astrophys. J. 293: 165-177.

Wooden, D. et al. 1998, Mg-Rich Silicate Crystals in Comet Hale-Bopp: ISM Relics or Solar Nebula. Icarus (submitted).

30 Grady et al.