A MASSIF EFFORT TO DETERMINE THE MASS-LUMINOSITY RELATION FOR STARS OF VARIOUS AGES, METALLICITIES, AND EVOLUTIONARY STATES

Todd J. Henry Johns Hopkins University, Baltimore, MD 21218 (Georgia State University beginning August 2000) G. Fritz Benedict, Barbara E. McArthur McDonald Observatory, Austin, TX 78712 Douglas R. Gies Georgia State University, Atlanta, GA 30303 David A. Golimowski Johns Hopkins University, Baltimore, MD 21218 Philip A. Ianna University of Virginia, Charlottesville, VA 22903 Brian D. Mason United States Naval Observatory, Washington, DC 20392 Edmund P. Nelan Space Telescope Science Institute, Baltimore, MD 21218 Guillermo Torres Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138

A Key Project Proposal to the Space Interferometry Mission, May 26, 2000

Table of Contents

1. Executive Summary 3 2. Science Investigation and Technical Description 5 2.1. Science Objectives 5 2.2. Science Targets 8 2.3. Science Measurements 15 3. Education/Public Outreach Statement of Participation 22 4. Appendix: Resumes 23 5. Appendix: Individual Duties and Responsibilities 33 6. Appendix: Statements of Work 38 7. Appendix: References 46 8. Cost and Budget 50 9. Appendix: Letters of Endorsement 55

1. Executive Summary

The MASSIF (Masses and Stellar Systems with Interferometry) Team will investigate the mass content of the Galaxy — from huge stars to barely glimmering brown dwarfs, and from hot white dwarfs to exotic black holes. We will target various samples of the Galactic population to determine and relate the fundamental characteristics of mass, luminosity, age, composition, and multiplicity — attributes that together yield an extensive understanding of the stars. Our samples will include distant clusters that span a factor of 5000 in age, and commonplace stars and substellar objects that lurk near the Sun.

Mass is the most fundamental characteristic of a star. It is crucial to our understanding of stellar astrophysics that we determine stellar masses to high accuracy. The principal goals of the MASSIF Key Project are (1) to define the mass-luminosity relation for main sequence stars in five clusters so that effects of age and metallicity can be mapped, and (2) to determine accurate masses for representative examples of nearly every type of star, stellar descendant, or brown dwarf in the Galaxy. To reach these goals we will measure masses with errors of 1% or less for roughly 200 stars, which will allow us to challenge stellar astrophysics models more severely than ever before. There are currently only ∼40 stars with masses this accurately known, and 30 of those are components in eclipsing binaries with masses between 1 and 3 M_⊙. Thus, the range of our understanding of precise stellar masses is terribly limited. SIM can rectify this situation because it has the capability to measure precisely the largest known mass for a star, as well as the smallest known mass for a brown dwarf. The extrema of the H-R Diagram will receive intense scrutiny so that we can understand just where the stellar main sequence begins and ends. We will also investigate exotic targets such as supergiants and black holes to further our understanding of these rare but intriguing objects. In the process of carrying out this investigation, we will develop a well-stocked “toolbox” of mass-luminosity relations at optical and infrared wavelengths that can become the standards against which all stars are measured.

The MASSIF Team will provide the SIM Project a list of targets that have been wellcalibrated using various ground-based techniques. In some cases, the targets will allow the Project to check independently SIM’s ability to measure orbits, brightness ratios, and parallaxes. An important consequence of our program will be accurate masses for stars that have extrasolar planets. SIM will not “see” planets — it will only measure the effects that planets have on their host stars. Even when combined with high-precision radial velocity data, an estimate of the star’s mass is required to derive the mass of the planet. Our ensemble of mass-luminosity relations will allow accurate estimates for the masses of stars with extrasolar planets, and consequently, accurate estimates for the planet masses. Finally, the proposed observations of a variety of stellar binaries would provide simple, yet superb, test cases for the imaging and nulling capabilities of SIM.

The resources requested will be divided among our team experts at seven different institutions. This benefits the SIM Project because connections to students and the public can be made at each location, and because many affiliated observatories will support the proposed SIM science. Resources are concentrated at locations where much of the target selection work will be done, but each investigator has been allocated sufficient funding to get the job done. In total, we request ∼$500K/year.

One of the great strengths of the MASSIF effort is our team. Regarding stellar and substellar masses, our team has unrivaled expertise in knowing what astrophysical questions need to be answered, what targets must be investigated to answer them, and how we must carry out observations to obtain meaningful results. Since 1990, members of the MASSIF team have published over 50 papers on stellar masses in the refereed literature, and we have a rich history of cooperation and collaboration. We are familiar with every aspect of target selection — from characterization of stars in clusters and the field to careful identification of the few targets that will yield the best scientific results. We have experts on every type of star for which masses might be determined. Gies and Nelan are experts in the massive OB stars and the Trapezium. Golimowski, Henry, and Ianna are recognized as leaders in the field of low-mass stars and brown dwarfs. Mason and Torres are well known for their deep understanding of solar-type stars in the Hyades, Pleiades, and M67. The MASSIF Team knows exactly what data will be needed for successful determination of masses with SIM, how that data must be obtained, reduced, and combined. Our team is fortunate to include Benedict and Ianna, whose experience in astrometry spans decades. Moreover, our team (in particular, Gies, McArthur and Torres) has a rigorous understanding of the methodology required to combine spectroscopic, astrometric, visual, speckle, and interferometric data, and knows how to extract the most information from these data. The depth of our team’s experience in high-resolution techniques cannot be overstated. We have a wealth of experience using optical/infrared speckle interferometry, adaptive optics, and of particular relevance to SIM, space interferometry with the Fine Guidance Sensors on HST. Finally, we have demonstrated expertise in developing mass-luminosity relations. Our efforts are recognized as benchmarks for both nearby field stars (Henry) and the Hyades (Torres), the only two environments in which empirical mass-luminosity relations have been determined.

The MASSIF Team has access to state-of-the-art observing facilities that will be needed for both target selection and observations complementary to SIM. These facilities include the long-baseline CHARA Array (Gies, Henry) for interferometry, the Hobby Eberly Telescope (Benedict, McArthur) and the CfA telescopes including the newly converted MMT (Torres) for radial velocity measurements, the USNO Speckle Camera (Mason) for target characterization, and the Sloan Digital Sky Survey (Golimowski), and southern parallax programs in Australia (Ianna) and Chile (Henry, Ianna) for target discovery.

Finally, our team has a passion for outreach activities that will benefit the SIM Project. Benedict’s popular Shapley lectures span more than a decade. Gies and Ianna have been working in public schools and coordinating public nights in Georgia and Virginia for a similar time. Henry has worked with the media, both in print and film format, to bring accurate scientific results to the public.

Simply put, when it comes to determining masses for objects in the Galaxy, the MASSIF Team is up to the challenge.

2. Science Investigation and Technical Description

2.1. Science Objectives

Mass is the most fundamental characteristic of a star. It governs a star’s entire evolution — determining which fuels it will burn, what color it will be, and how long it will live. Knowing the masses of main sequence stars answers basic stellar astrophysics questions such as, What is the biggest star? How is the mass of a stellar nursery partitioned into various types of stars? and, What is the mass content of the Galaxy and how does it evolve? The public is keenly interested in stars because stars are the astronomical objects that can be pointed to in the night sky. It is therefore important for astronomers to know the masses of stars not only for astrophysical reasons, but so we can convey this information to any student, friend, or acquaintance who might ask about the stars.

The mass of a given star is difficult to determine, but its luminosity is not. To determine the latter, only a star’s brightness and distance must be known. However, simply determining a star’s luminosity does not provide a good handle on its mass because the relation between luminosity and mass depends upon the star’s age and metallicity. For most classes of stars, the mass can be estimated to 15–20% at best. This is insufficient to know precisely what type of star is being considered, and woefully inadequate for critical tests of stellar models, which require accuracies of ∼1% (Andersen 1991, 1998).

The dependence of luminosity upon mass — the mass-luminosity relation (MLR) — is one of the few stellar relations sufficiently fundamental to be applicable to many areas of astronomy. With the exception of the H-R Diagram, it is the single most important “map” of stellar astronomy. For single objects, the MLR allows astronomers to convert a relatively easily observed quantity, luminosity, to a more revealing characteristic, mass, that yields a better understanding of the object’s nature. In searches for extrasolar planets, the MLR provides masses for the target primary stars and consequently allows us to derive the unseen companion’s mass. In the broader context of the Galaxy, an accurate MLR permits a luminosity function to be converted to a mass function, and drives estimates of the stellar contribution to the Galactic mass.

Despite its broad utility, the MLR remains poorly defined for many regions of the H-R Diagram. Figure 1 (Henry & Torres 2000) shows that over most of the main sequence there is nearly a factor of two uncertainty for a mass if the luminosity (M_V in this case) is known, e.g. at M_V = 0, the mass estimates are 2.5–4.0 M_⊙; at M_V = 5, 0.8–1.4 M_⊙; at M_V = 10, 0.28–0.6 M_⊙; at M_V = 15, 0.12–0.22 M_⊙. The extrema of the main sequence are where the MLR needs rigorous investigation. At present, only a few masses are known for stars on the upper (M > 20 M_⊙) and lower (M < 0.20 M_⊙) main sequence, and these masses typically have errors in excess of 10% (Harries et al 1998; Henry et al 1999). For a truly meaningful investigation of the effects of age and metallicity, the accuracy of masses must be better than 1%. Of the ∼40 stars with masses this accurately known (all in eclipsing binaries), three-quarters have masses between 1 and 3 M_⊙. This is a terribly limited range over which to test stellar models. Another example of why the MLR must be improved is evident in Figure 1: at masses below 0.8 M_⊙ only one of the three eclipsing binaries known falls on the empirical MLR of Henry & McCarthy (1993). Clearly, efforts to disentangle the relations between mass, luminosity, age and metallicity have barely begun.

We have unified efforts under the team name MASSIF (Masses and Stellar Systems with Interferometry) to attack the basic problem of accurate stellar masses. The acronym is aptly chosen (a massif is a principal mountain mass that dominates a landscape) because the mission of MASSIF is to explore the entire range of stellar masses in the Galaxy, from the flashy O stars to the ubiquitous red and brown dwarfs. Our team is ideally suited to carry out this project because since 1990 we have collectively published 56 refereed papers that report binary orbits and/or masses (see §8). Moreover, the MASSIF Team has several dozen papers that report parallaxes for nearby stars and searches for companions to stars spanning the entire main sequence. We plan to observe these very targets with SIM.

The MASSIF Team will (1) determine MLRs for a range of clusters with known ages and metallicities, and (2) determine masses and luminosities of field stars and compare them to the cluster MLRs. Open clusters are excellent laboratories for the study of stellar astrophysics because they provide large numbers of stars with the same age and chemical composition. Mapping an ensemble of clusters to a grid of compositions, ages and kinematics will lead to a greater understanding of star formation, chemical evolution, and abundance gradients in the Galaxy. To date, the only cluster for which an MLR has been determined is the Hyades (Torres et al 1997c). However, the Hyades MLR extends only from 2.4 to 0.8 M_⊙ with mass errors of 5–10%. This MLR is insufficient for critical tests of the models and does not include the smallest stars for which the age and metallicity effects are most pronounced. SIM’s great accuracy is needed to reduce these errors to the 1% level needed for meaningful analysis.

To lay a solid foundation for stellar astronomy, the MASSIF Team has developed the following list of goals achievable with SIM. We will:

1. Use SIM to define the MLR for main sequence stars by observing a suite of carefully selected clusters for which ages and metallicities are known. These clusters have ages spanning a factor of 5000, from 1 Myr to 5 Gyr.

2. Challenge stellar astrophysics models by obtaining masses and luminosities accurate to 1%.

3. Provide a “toolbox” full of MLRs at UBV RIJHK wavelengths as a function of age and metallicity.

4. Map out the extrema of the MLR by measuring masses of the largest OB stars and the smallest red and brown dwarfs. This investigation will answer the fundamental question, What are the maximum and minimum masses for a star?

5. Determine masses for exotic objects such as supergiants, white dwarfs, and black holes. When combined with SIM observations of OB stars, we will illuminate the properties of the massive stars from birth to death.

6. Evaluate and compare the multiplicity fractions and structures in five key clusters. Preparatory work will result in radial velocities for cluster members and an accurate census of binaries in each cluster. When combined with SIM proper motions and parallaxes, the target binaries will have accurate space motions, and we can make first steps toward threedimensional dynamic maps of each cluster.

Figure 1: The Mass-Luminosity Relation at optical wavelengths for field stars is shown (Henry & Torres 2000). Masses from 30 M_⊙ to 0.08 M_⊙ are represented by open points for eclipsing binaries and solid points for astrometric binaries. The region from 0.092 and 0.072 M_⊙ marks the minimum main sequence mass range for objects with zero to solar metallicity. Three fits are shown — model fits for massive stars from Schaller et al (1992) and for low mass stars from Baraffe et al (1998), and empirical fits (dotted line) from Henry & McCarthy (1993) and Henry et al (1999). Each fit has a terminus near 1 M_⊙.

In addition to contributing fundamental science, the MASSIF Key Project will benefit the overall SIM Project because it will:

1. Provide a list of targets that have been well-calibrated using various ground-based techniques. Some of the targets will allow independent checks of the parallaxes, orbits, and brightness ratios obtained with SIM. For example, SIM parallaxes can be directly calibrated against the orbital parallax of an SB2 system that has been resolved with other techniques, such as the CHARA Array.

2. Calibrate the masses of stars around which planets are found using MASSIF’s grid of MLRs. SIM will not “see” planets, but will measure their effects on the host stars. Even when astrometric and radial velocity orbits are combined, the mass of the star must be assumed to determine the mass of the planet.

3. Provide simple, excellent test sources for imaging and nulling capabilities.

One of the clear strengths of this proposal is that it has a guaranteed payoff. Binary stars will be resolved, orbits will be mapped, mass-luminosity relations will be forthcoming. This is not a fishing expedition — this is guaranteed high level astrophysics. We will greatly advance our understanding of stellar structure and evolution because many aspects have not yet been seriously challenged with observations. In addition to mapping the complicated interplay between mass, luminosity, age, and metallicity, we will explore the convection prescriptions (including overshooting) for moderately evolved stars, compare the helium content of clusters, evaluate the opacities for relatively unevolved systems, and gain a further understanding of mass loss rates in early-type stars.

2.2. Science Targets

SIM’s exquisite accuracy comes with a price — only a limited number of targets can be observed. To achieve the 1% mass error required to reach our goals, significant effort must be devoted to careful selection and characterization of target stars. The MASSIF Team has the experience and capabilities needed to perform these tasks effectively and expeditiously.

Our ambitious goal is to determine masses for 10–20 objects in each of the 10 categories described below and listed in Table 1. All of the Cluster Sample targets and most of the Special Sample targets will be double-lined spectroscopic binaries (SB2s) having periods of 5 years or less. The SB2 criterion provides a nearly complete orbit (the inclination remains unknown) that when combined with SIM measurements will yield accurate masses. The 5 year criterion is set by SIM’s lifetime, during which a complete orbit can be observed. An evaluation of the 228 stellar systems known within 10 pc of the Sun indicates that finding suitable targets should not be a problem. In this sample, there are 164 singles, 46 doubles, 13 triples, 4 quadruples and 1 quintuple — 316 objects in all (Henry 2000). Thus, at least 28% of the nearby systems are multiple. In total, 23 of the 228 systems have periods less than 5 years, meaning that 10% or more of nearby systems are suitable for the MASSIF Key Project. Assuming that the clusters’ multiplicities are similar to that of nearby stars (the multiplicity fractions of the field and Trapezium stars are indistinguishable; Petr et al 1998), we should have no problem identifying suitable targets in the clusters.

For the five clusters, our minimum objective is to determine points on the MLR covering an order of magnitude in mass. Selected cluster binaries will have mass ratios of 0.4–0.9, which is advantageous because (1) the magnitude differences are not large, which is ideal for both imaging and radial-velocity measurements, (2) the photocentric orbits are sizeable (equal mass systems have near-zero magnitude differences and present little or no photocentric orbit), and (3) there will be no source confusion.

The scientific products from SIM will be parallaxes, proper motions, and orbits (absolute or photocentric) for each of the 100 systems targeted. These products will not only allow us to determine precise masses and luminosities, but also enable us to measure the depths of clusters. Thus, we will develop three-dimensional pictures of the five clusters, as well as map the motions of the stars within the clusters. Comparative studies of these clusters may reveal anomalous attributes that could explain the star formation history of each.

Table 1. Samples Targeted in MASSIF Effort

Sample Age Distance [Fe/H] # objects known # objects with # objects with # objects in cluster mass errors <5% mass errors <1% our goal

Trapezium 1 Myr 450 pc −0.12 500 0 0 20 TW Hydrae 10 Myr 50 pc ∼0 23 to date 0 0 20* Pleiades 120 Myr 110 pc −0.03 500 0 0 20 Hyades 600 Myr 45 pc +0.13 400 2 2 20 M67 4-5 Gyr 800 pc +0.02 >500 0 0 20

OB Stars <5 Myr >1000 pc various —– 9 0 10 White Dwarfs various < 20 pc various —– 1 0 10 Red Dwarfs various < 20 pc various —– 20** 4 10 Brown Dwarfs various < 50 pc various —– 0 0 10 Exotics various various various —– —– —– 10

* Tentative, subject to discovery of more members. ** More than half determined by members of the MASSIF Team.

We now outline the five clusters and five special samples that constitute the core of the MASSIF Key Project. These are presented in Table 1, for which we have taken results from Boesgaard & Friel (1990), Cunha et al (1995), Friel & Boesgaard (1992), Stauffer (1996), and Webb et al (1999). We stress that the cluster samples and special samples listed in the following sections are exemplary, not exhaustive. The MASSIF Team is committed to determining representative masses for every class of star, stellar descendant, or brown dwarf in the Galaxy. We expect to add or substitute other clusters or special samples of objects if those targets are astrophysically compelling.

2.2.1. CLUSTER 1: Trapezium — 1 Myr Old

The Trapezium Cluster in Orion is a very young (< 2 Myr; Palla & Stahler 1999), nearby (450 pc) open cluster containing many massive stars. It is an excellent benchmark for very young star astrophysics. Most objects with masses below 8 M_⊙ are in the premain sequence phase, so they are easier to detect than their main sequence counterparts. Preliminary high angular resolution surveys of the Trapezium reveal the presence of many binary stars (Preibisch et al 1999; Petr et al 1998), several of which will allow accurate mass determinations. One companion to θ^1 Ori C has been resolved with a separation of 33 mas (Weigelt et al 1999), which corresponds to a projected separation of 15 AU and a probable period of 11 years. Two of the four Trapezium stars are spectroscopic binaries (Abt et al 1991). These stars, θ^1 Ori A (SB1) and θ^1 Ori B (SB2), are also eclipsing binaries with periods of 65 and 6.5 days, respectively. Their masses, however, are only known to within a factor of two because obtaining precise velocities is difficult for such massive stars. Their estimated mass ratios indicate that the stars should exhibit reflex motions of ∼0.70 and ∼0.13 mas, respectively. Two other stars, θ^2 Ori (O9) and HD 37061 (B1V) are SB1s with periods of ∼20 days. Their mass ratios of ∼0.3 suggest reflex motions of ∼0.27 mas. SIM will easily measure the photocentric orbits for all five systems.

We will work to reveal massive (M > 10 M_⊙) binary stars in Orion with periods of up to ∼ 5 years. These systems will have separations of ∼ 5–8 AU (or ∼ 10–17 mas), which, along with the θ^1 Ori C system, will be easily resolved by the CHARA Array. CHARA’s map of the relative orbits will allow us to avoid the problems associated with inadequate precision in radial velocity studies and SB1 systems. SIM will complement the CHARA observations by mapping the photocentric orbit, and combining the photocentric and relative orbits will yield highly accurate masses for both components.

2.2.2. CLUSTER 2: The TW Hydrae Association — 10 Myr Old

Approximately 10 Myr old and ∼50 pc distant, the recently identified TW Hydrae association (TWA) is the closest cluster of its age to Earth. Uncommonly isolated from any known progenitor molecular clouds, TWA bridges the age gap between 1 Myr-old T Tauri stars that lie in clouds and ∼30 Myr-old open clusters like IC 2602 and IC 2391. There are already 23 probable members in TWA (Webb et al 1999), comprising 3 singles, 5 doubles, 2 triples and a quadruple. The companion to one close binary system, CD −33^∘7795, is probably substellar. Because of its proximity and recent star formation, TWA is an excellent target for seeking and studying the MLR for bright brown dwarfs.

The quadruple in TWA is HD 98800, a post T-Tauri star that is famous for its extreme infrared excess (Soderblom et al 1998a). Each of the visible K stars is a close spectroscopic binary, with periods of 262 and 315 days for the AC and BD components, respectively (Torres et al 1995). The BD binary provides an ideal opportunity to determine the relation between mass and luminosity for objects with an age of 10 Myr because of its modest brightness difference and SB2 orbit. Given approximate masses of 0.8 and 0.5 M_⊙, the predicted semimajor axis of the system is 21 mas, easily resolvable with SIM. An accurate parallax and semimajor axis will produce mass errors of only 0.1%. The current best estimates of the masses have errors of more than 40%.

2.2.3. CLUSTER 3: The Pleiades — 100 Myr Old

The Pleiades is a young (∼120 Myr old), nearby (∼110 pc) open cluster of stars with solar metallicity. Hipparcos measurements of the Pleiades have clouded our understanding of the properties of stars that have recently arrived on the main sequence because the Hipparcos distance modulus for the Pleiades (5.35) is 0.3 mag less than that expected from model fits of the cluster’s main sequence. This discrepancy cannot be attributed to the published uncertainty of the measured parallax (8.63 ± 0.24 mas; van Leeuwen & Hansen Ruiz 1997).

This result suggests two unsettling possibilities: zero-age main sequence (ZAMS) stars are 30% fainter than established theory predicts, or the Hipparcos measurements of the Pleiades are flawed.

SIM will measure the distance to the Pleiades with an accuracy 60 times better than that of Hipparcos. Thus, SIM will not only resolve the dilemma regarding Pleiades luminosities, but also impose strict constraints on ZAMS astrophysics. With a limiting magnitude of V = 20, SIM will be sensitive to Pleiads with masses greater than 0.1 M_⊙, corresponding to spectral types as late as M5. At least nine SB2s have already been identified in the Pleiades (Abt et al 1965; Mermilliod et al 1992; Soderblom et al 1993; Giannuzzi 1995; Soderblom 1998b). Of these, HII 173, a K0V SB2 with a period of 480 days, has a semimajor axis of ∼13.0 mas. SIM will be able to measure both orbits of this binary pair, and hence the component masses, to better than 0.2%.

2.2.4. CLUSTER 4: The Hyades — 600 Myr Old

The Hyades open cluster lies only 45 pc away and has a metallicity slightly higher than that of the Sun. Of the five binary systems in the Hyades with directly determined masses, only one (a double-lined eclipsing binary) has a mass better than 1%. The other four are astrometric-spectroscopic binaries with mass errors of 5–15%. Nonetheless, this is the only cluster in which a MLR (currently spanning 0.8–2.4 M_⊙) of any kind has been determined (Torres et al 1997c).

SIM’s astrometric accuracy will be orders of magnitude better than that of visual or speckle astrometry, which have been used to determine the orbital inclinations. As an example of the gains to be made in the Hyades, we examine the binary θ^2 Tau. As presented in Torres et al (1997c), the binary’s period is 140.7 days with negligible error. The semimajor axis is 18.6±0.2 mas and the mass errors are 12%, primarily due to errors in the semimajor axis and fractional mass. SIM can improve both quantities substantially because the large semimajor axis will allow the orbits of both stars to be mapped relative to the grid stars. Assuming errors of 0.04 mas (or 10 times the nominal astrometric accuracy of SIM for Global Astrometry) in the semimajor axis and parallax (current error 0.8 mas), and the fractional mass to a comparable relative precision (0.2%), the mass errors determined by SIM alone would be only 0.9%, a factor of 80 improvement.

2.2.5. CLUSTER 5: M67 — 5 Gyr Old

The open cluster M67 (NGC 2682) contains over 500 known members with spectral types B9–K4 and brightnesses 10 < V < 16. The turnoff of M67’s MLR suggests that the cluster is about as old as the Sun. M67 provides a unique laboratory in which to evaluate mass segregation from dynamical relaxation, as has been clearly shown by Mathieu & Latham (1986). By precisely measuring the distances to stars of various masses in M67, SIM will allow us to determine directly the mass distribution, and test models of relaxed mass distributions. As a bonus to the determination of the MLR in M67, its distance would be improved from the current 10% accuracy offered by Hipparcos to only 0.3%.

Assuming a 38% multiplicity fraction for M67 (Montgomery et al 1993), the cluster offers a large sample of binary stars spanning a wide range of spectral types from which to choose appropriate SIM targets. As an example, the SB2 binary S999 is composed of stars of brightness V = 13.0 and 14.0, in an orbit with a period of 10 days (Mathieu et al 1990). The photocentric orbit’s semimajor axis of 28 μas is well within reach of SIM. The inclination from this orbit combined with the spectroscopy will easily yield masses better than 1%.

2.2.6. SPECIAL SAMPLE 1: O and B Stars

Massive stars are key contributors to the energy budget and chemical enrichment of the Galaxy, but little is presently known about their masses. There are only five known eclipsing binaries among the O stars that have reasonably well established masses (Harries et al 1998), and this lack of data has seriously hindered our understanding of the evolution of massive stars. One unknown, for example, is the maximum mass possible for a star. Interior models for massive stars predict that stable stars can exist with initial masses of 120 M_⊙, but the most massive object among the five eclipsing binaries is only 33M_⊙. Furthermore, indirect methods of estimating mass by comparison with model evolutionary tracks and through spectroscopic diagnostics lead to discrepancies as large as a factor of two (Herrero et al 2000). SIM will record the photocentric and/or absolute orbits of many binaries and by combining this information with spectroscopic data it will be possible to determine accurate distances, inclinations, and masses. An excellent example is the massive binary, HD 93205, which consists of an O3V + O8V pair in a 6.08 day orbit. SIM observations will show a 45 μas photocentric variation that will yield the first accurate mass for a star at the top of the main sequence (only known to be in the range of 32–154 M_⊙; Antokhina et al 2000).

SIM will also provide the first accurate masses of the evolutionary descendants of massive stars. The most massive stars develop strong outflows later in life and appear as Wolf-Rayet (WR) stars. SIM measurements of the WR binary, WR 22 (WN7 + O9III; Schweickhardt et al 1999), will show a 250 μas astrometric variation through the 80.3 day orbit, and these measurements will provide the mass of this extraordinary object (currently estimated to be 55±7 M_⊙, the most massive star known). Intermediate-mass B stars in close binaries are believed to suffer extensive mass transfer and mass loss during the Roche lobe overflow phase. The best example of this evolutionary stage is the enigmatic binary, η Lyr (Bisikalo et al 2000), which consists of a bright, 3 M_⊙ star losing mass to a 13 M_⊙ gainer hidden in an extensive accretion disk. The astrometric orbital motion of the bright component will amount to 820 μas, and SIM will provide accurate mass estimates at this key evolutionary stage. Finally, two other examples of massive stars with longer periods include HD 15558 (O5e) and HD 193793 (WR), with periods of 1.2 and 7.9 years, respectively. At distances of 1.3 and 2.6 kpc, each system has a semimajor axis of 5–10 mas, easily within reach of SIM.

2.2.7. SPECIAL SAMPLE 2: White Dwarfs

At the end of a complicated stellar evolutionary process, white dwarfs are relics that slowly cool until they reach equilibrium with interstellar space. White dwarf cooling rates can therefore be used to place lower limits on the evolutionary ages of the disk, halo, and cluster populations. However, these cooling rates depend critically upon the mass of the white dwarf, the thickness of its envelope, and the compositions of its core and outermost layer. The mass of a white dwarf is usually derived from a spectroscopic determination of its surface gravity supplemented either with an estimate of its distance or through the application of a semi-empirical mass-radius relation (Wood 1995). Dynamical masses of modest accuracy have been determined for only 5 white dwarfs in binary systems, which is unfortunate because the masses determined from different methods often disagree by more than their errors (Koester & Reimers 1996). Such disagreement is primarily due to the difficulty in measuring surface gravities.

Calibrating the mass–radius relation for white dwarfs requires accurately known masses for a large sample of white dwarfs in binary systems (typically white and red dwarf pairs). The apparent distribution of periods for these systems is bimodal. The short-period systems are presumably a consequence of orbital shrinkage from common envelope evolution for stars with initial separations less than ∼ 3 AU. The long-period systems formed via orbital expansion from post AGB mass loss. SIM’s astrometric precision, coupled with its ability to disperse the fringes over its wide bandpass, will enable us to detect the reflex motions of both stars in short-period systems. A “visual” orbit can then be derived, and when combined with SIM’s Global Astrometry on reference stars, the masses of each component can be found. A system such as the hot white dwarf Feige 24 (Benedict et al 2000a) illustrates the need for SIM. Feige 24 has a distance of 69 pc, an orbital period of 4.23 days, an estimated separation of ∼0.7 mas, and a magnitude difference of ΔV ∼2. The components’ orbits are much larger than SIM’s expected measurement limits. Our recent experience (Benedict et al 2000b) with the HST-FGS suggests that 10 pairs of orthogonal SIM measurements over a few days will provide masses for the Feige 24 system with < 1% errors. This would represent a huge improvement over the present model-based mass estimates of 0.21–0.47 M_⊙.

2.2.8. SPECIAL SAMPLE 3: Red Dwarfs

Red dwarfs dominate the solar neighborhood, accounting for at least 70% of all stars, and represent nearly half of the Galaxy’s total stellar mass (Henry et al 1997). These stars have spectral type M, M_V = 9–20, and masses 0.08–0.60 M_⊙ (Henry & McCarthy 1993; Henry et al 1994). The MLR remains ill-defined for M dwarfs, so their contribution to the mass of the galaxy is a guess at best, and the conversion of a luminosity function to a mass function is problematic. At masses less than ∼0.2 M_⊙ an accurate MLR can provide a strict test of stellar evolutionary models that suggest the luminosity of such a low-mass star is highly dependent upon age and metallicity. Finally, the MLR below 0.1 M_⊙ is critical for brown-dwarf studies because accurately known masses can convincingly turn a candidate brown dwarf into a bona fide brown dwarf.

Over the last 10 years, several members of the MASSIF Team (Henry, Benedict, Nelan, and Torres) have determined the masses of red dwarfs using a combination of infrared speckle interferometry and HST-FGS. Our team has increased the number of stars on the lower main sequence with known masses from 4 to 12 (Henry et al 1999; Benedict et al 2000a). However, the masses of these stars are limited to errors of ∼5% because of “poor” parallaxes (errors ≥ 1 mas) and poor mass fractions (errors ∼1%). SIM is particularly critical for M dwarf systems because they are typically faint and do not allow high-precision radial velocity measurements due to their slow orbital motion and poorly separated spectral lines. As an example, we examine the nearby binary Gl 748, which currently has mass errors of 6% (Franz et al 1998). SIM can improve the masses by reducing the error in the semimajor axis of the absolute orbit (147.0 ± 0.7 mas) by a factor of 18 (to 0.04 mas, or 10 times the nominal astrometric accuracy of SIM for Global Astrometry) and the error in the parallax (99.2 ± 1.8 mas) by a factor of 45. The result would be mass errors of only 0.1%. The Gl 748 system has V = 11.12, so could be observed by FAME, but lower mass red dwarfs could not be, nor could the same system at the distance of the Pleiades.

2.2.9. SPECIAL SAMPLE 4: Brown Dwarfs

Two categories of brown dwarfs will be targeted in this Key Project: nearby L dwarfs, which represent the boundary between stars and brown dwarfs; and unseen brown dwarfs likely to be orbiting solar-type stars.

Mass is the best discriminator between stars and brown dwarfs. An object’s mass determines whether or not temperatures in the object’s core are sufficiently high to sustain hydrogen fusion — the defining attribute of a star. L dwarfs are objects with smaller masses and cooler temperatures (∼1500–2000K) than those of M dwarfs, but no masses of L dwarfs have yet been measured so the models of L dwarfs are completely untested by data. More than 100 L dwarfs have been discovered so far, and 3 of 10 targeted L dwarfs are resolved binaries (Koerner et al 1999) with periods of decades. L dwarf systems with smaller separations will almost certainly be found in the next few years. If L dwarfs are as prevalent as M dwarfs (and they appear to be), there will be ∼250 within 10 pc of the Sun and several will be bright enough to be targeted by SIM for mass determinations. Already, there are four L dwarfs with V = 19–23 and distances of 8–15 pc known (Reid et al 2000), and the search has barely begun.

The MASSIF Team will also target brown dwarfs found from radial-velocity surveys that are unseen companions of solar-type stars. These companions have minimum masses of M sin i = 12–60 M_{Jup}. We will derive the companions’ masses using SIM measurements of the system’s photocentric orbit, the radial velocity orbit, and an assumed mass of the primary star (from the accurate MLRs constructed from the MASSIF cluster studies). The few dozen known systems of this type are ideal targets for SIM science, and will be superb targets for testing the imaging capabilities of TPF as it marches toward its ultimate goal of imaging Earthlike planets around nearby stars.

2.2.10. SPECIAL SAMPLE 5: The Exotics

Additional exotic targets that can and should be observed with SIM include embedded stars, T Tauri stars, cataclysmic variables, subdwarfs and halo stars. We take time here to outline a few of the more compelling cases of exotic objects — the supergiants, black holes, and globular cluster stars.

Supergiants At a distance of 2.3 kpc, η Carinae is one of the most luminous and presumably most massive objects in the Galaxy. Damineli et al (2000) present radial-velocity data suggesting that η Car is a massive binary with a period of 5.53 years and a highly eccentric orbit. (These measurements are challenged by Davidson et al 2000, however.) The result of its explosion in 1843 can be seen today as the expanding “Homunculus Nebula,” a double-lobed structure (observed in exquisite detail by HST) bounded by a 15 M_⊙ equatorial torus (Morris et al 1999). The formation of this dense torus is possibly due to intense binary interaction. The binary orbit implies a maximum angular separation of 6 mas, which allows excellent mapping of the photocentric orbit with SIM (the primary star is much brighter than the predicted companion so the pair will not be resolved). Thus, SIM observations can potentially solve the mystery of the binary nature of η Car.

Black Holes The end-products of massive star evolution are neutron stars and black holes, and here, too, SIM observations will play a vital role in mass measurement. SIM measurements of the famous black-hole binary, Cyg X-1, will reveal a 36 μas variation over the 5.6 day orbital period. Combined with spectroscopic results (Gies & Bolton 1986), the MASSIF Team will learn the system’s masses, distance, and the runaway velocity imparted by the supernova event (Nelemans et al 1999).

Globular Cluster Stars As superb examples of low metallicity objects, a few binaries in the globular clusters ω Cen and/or 47 Tuc will be targeted for mass determinations. Together with ground-based SB2 orbits, the SIM measurements would allow us to get fairly close to our strict criterion of 1% errors in the masses. As an example, at a distance of 4 kpc for ω Cen, a 1.5/1.0 M_⊙ pair in a 3 year orbit would have magnitudes of V = 16.0 and 18.0, and a semimajor axis of the absolute orbit of only 0.7 mas. Although the system would not be resolved, the photocentric semimajor axis (186 μas) and the parallax (250 μas) would both be within the reach of SIM, and when combined with the velocities high quality masses could be derived.

2.3. Science Measurements

2.3.1. Methodology for Mass Determinations

Historically, the determination of highly accurate masses for binary stars has required a combination of spectroscopic and astrometric measurements. The advent of global astrometry with interferometers, such as HST’s Fine Guidance Sensors, has made the determination of such masses possible without radial velocities (Franz et al 1998; Benedict et al 2000a). Nevertheless, the best masses are found when complementary observing techniques are combined. For example, combined spectroscopic-astrometric solutions have been used in double-lined eclipsing binaries to reach mass errors of 2% (Andersen 1991). Unfortunately, small stars rarely eclipse and large stars are often interacting, so exemplary eclipsing binaries are not found for large portions of the main sequence (see Figure 1).

Table 2 lists the four types of binary orbits relevant to determining masses, as well as the orbital parameters that can be determined using the telescopes available to the MASSIF Team. To derive the dynamical masses of binary components using Kepler’s Third Law, four parameters must be known: the period, the semimajor axis (in arcsec), the mass ratio (M_2/M_1), and the parallax. The first three types of orbits yield some, but not all, of the required parameters. Only the absolute astrometric orbit yields all four parameters. Nevertheless, combinations of various orbits can be used to derive masses. Here we outline the most likely scenarios for determining masses in the MASSIF Key Project.

Table 2. Orbit Types in MASSIF Effort

Orbit Type specifics Telescope Parallax Period Semimajor Axis Fractional Mass Masses

Spectroscopic SB2 HET, CfA no yes asini only yes no Astrometric relative CHARA no yes yes no no Astrometric photocentric SIM yes yes photocenter only no no Astrometric absolute SIM yes yes yes yes yes

Cluster Targets — SB2 + SIM. All of our cluster targets will be chosen so that they exhibit double lines in their spectra (SB2s), from which the velocities of both components can be measured. SB2 solutions provide the period and fractional mass, but only lower limits to the semimajor axis (a sin i) and the masses of the individual stars (M sin^3 i). SIM will provide all of the orbital elements needed to compute the masses, including the inclination, i. Together, the SB2 + SIM data will yield the most accurate masses ever achieved. SIM will also provide a trigonometric parallax that can be checked against the orbital parallax derived from the SB2 orbit and a relative astrometric orbit from a telescope like the CHARA Array.

The Special Samples in §2.2 include objects for which SB2 orbits will be difficult or impossible to determine to high accuracy. They can be grouped into the following two subtypes:

Special Targets — Relative Orbit + SIM. This case includes systems for which the relative orbit can be determined via a narrow field technique (such as with the CHARA Array), but for which no parallaxes or fractional masses can be determined spectroscopically. Pairs of OB stars, white dwarfs, the coolest red dwarfs, and brown dwarfs fall into this category. SIM will provide the parallaxes and fractional masses by measuring the targets’ positions in Global Astrometry mode.

Special Targets — SB1 + SIM. This case includes systems for which only single-lined spectroscopic orbits are known because the companions remain unseen. Such systems include solar-type star/brown dwarf pairs and massive star/black hole pairs. The periods and parallaxes may be known a priori. SIM will yield the photocentric orbit, including the inclination, of the system relative to reference stars. The MLRs from the cluster work will be used to estimate the primary star’s mass, which is the last element needed to determine the unseen companion’s mass.

Many of the Cluster and Special Targets will be resolved by SIM (see Table 3), and the motions of each component will be measured against a grid of reference stars. In these cases, the SIM measurements alone will be sufficient to determine the masses and luminosity ratios. Spectroscopy will then provide a useful redundancy, particularly for systems close to SIM’s resolution limit. On the other hand, systems with angular separations less than ∼2 mas will not be spatially resolved by SIM. In these cases, the inclination angle (and hence the masses) will be determined from the elements of the photocentric orbit.

2.3.2. Methodology for Luminosity Determinations

The luminosity (or absolute magnitude) of a binary component is the result of three measurements: the magnitude of the system, the brightness ratio of the two components (if not resolved), and the parallax. SIM will provide the parallax, and in most cases, spectroscopy will provide a first measure of the brightness ratio. The MASSIF Team will check and supplement these measurements with direct observations of the components using SIM, HST-FGS, the CHARA Array, and the Mount Wilson Adaptive Optics program. SIM permits measurement of the brightness ratio in as many as 80 bandpasses. Our team has fully characterized HST-FGS in the V band for binaries with magnitude differences up to 3 and separations as small as 20 mas. The CHARA Array will measure brightness ratios in the standard V RIK bands for systems with separations as small as 1 mas, which is close to SIM’s resolution limit. (CHARA magnitude difference limits are not yet determined.) The Mount Wilson 100in Adaptive Optics program can provide UBV RI photometry for systems brighter than ∼10 mag with magnitude differences of up to 10 and separations as small as 100 mas.

2.3.3. The Power of SIM

With its 10m baseline, SIM’s fringes will be sensitive to structure in non-point source objects. By observing the fringe visibility as the delay line modulates across the object’s white light fringe maximum, SIM will resolve binary systems down to projected separations of 2 mas (for modest magnitude differences). SIM is therefore a superb instrument for studying close binary systems that could not be resolved previously. Given adequate delay line modulation, the fringe morphology obtained from the observation of a binary star can be used to determine the separation and relative brightness of the system’s components. Point source calibration fringes can be obtained by observing a grid star in the same field of regard, a capability we plan to exploit.

Table 3 lists the magnitudes and semimajor axes of hypothetical binaries in the five target clusters. The binaries have 3 year circular orbits and ΔV = 2.0. We consider up to three binaries – a large OB pair, a medium FG pair, and a small M pair – spanning each cluster’s main sequence. We have assumed worst-case absolute magnitudes, i.e., those of stars with ages of the old disk (see Figure 1). All stars in the younger clusters will be brighter than the listed magnitudes. We list the semimajor axes of both the relative orbit (relevant if resolved by SIM) and photocentric orbit (relevant if not resolved by SIM). Systems with shorter periods will allow “repeat” SIM observations of parts of the orbits, and those with longer periods will have correspondingly larger separations.

For example, an OB pair in the Trapezium (d = 450 pc) with masses 25 and 10 M_⊙ and a 3 year period has apparent magnitudes of 4.3 and 6.3. The semimajor axes of their relative and photocentric orbits are 15.1 mas and 2.3 mas, respectively. SIM will resolve this system and render masses without need for spectroscopy, although radial velocities would assist in reaching 1% error. At the other brightness extreme is the M dwarf pair in M67. Its combined magnitude is at SIM’s brightness limit (V = 20), and the system will be barely resolved. Nonetheless, accurate mass determinations are possible if the spectroscopic orbit is sufficiently accurate because SIM can provide the inclination of the photocentric orbit, which is 400 μas in size.

Table 3. Hypothetical Cluster Binaries with 3 Year Periods

OB Stars AFGK Stars ML Stars

Primary Secondary Primary Secondary Primary Secondary mass 25 M_⊙ 10 M_⊙ 1.5 M_⊙ 1.0 M_⊙ 0.4 M_⊙ 0.2 M_⊙ M_V −4 −2 3 5 11 13

Cluster Distance V magnitudes Semimajor Axes V magnitudes Semimajor Axes V magnitudes Semimajor Axes Pri + Sec Rel/Phot (mas) Pri + Sec Rel/Phot (mas) Pri + Sec Rel/Phot (mas)

Trapezium 450 pc 4.3 + 6.3 15.1 / 2.3 11.3 + 13.3 6.3 / 1.7 19.3 + 21.3 3.9 / 0.8 TW Hydrae 50 pc none none 6.5 + 8.5 56.5 / 14.9 14.5 + 16.5 35.1 / 6.9 Pleiades 110 pc none* none* 8.2 + 10.2 25.7 / 6.8 16.2 + 18.2 15.9 / 3.1 Hyades 45 pc none none 6.3 + 8.3 62.7 / 16.5 14.3 + 16.3 40.0 / 7.7 M67 800 pc none none 12.5 + 14.5 3.5 / 0.9 20.5 + 22.5 2.2 / 0.4

* The seven sisters of the Pleiades include B stars, but no O stars.

Table 4 lists several projects and their capabilities that may complement the MASSIF Key Project (the resolution limits listed represent sources of equal brightness that are generally brighter than the faint limits listed). The HST-FGS is currently being used by MASSIF Team members (Benedict, Henry, McArthur, and Nelan) to determine masses for red and white dwarfs. SIM will reach much fainter targets and determine orbits and parallaxes up to 100 times more accurately than FGS. The CHARA Array is a six-element optical/infrared interferometer with a maximum baseline of 354m. It will map accurate relative orbits of relatively faint objects, particularly at infrared wavelengths. The Array has no global astrometry mode, however, so parallaxes and fractional masses will not be obtained. Thus, binary masses will only be determined when the Array data is combined with radial velocity or global astrometry (e.g. SIM) data. The Keck and VLT interferometers have similar attributes. Both are large telescopes with baselines of ∼100m, and both employ outrigger telescopes. Both will assist with determining stellar and substellar masses, but generally not to 1% accuracy. Because it is located in the southern hemisphere, VLTI cannot effectively observe the important Pleiades and Hyades clusters, and the Keck interferometer does not currently have a plan for accurate parallax determinations.

2.3.4. FAME and SIM

FAME will provide parallaxes for 40 million stars with magnitudes 5–15 to an advertised accuracy of 50–500 μas. Although FAME will be an impressive mission, these specifications are inadequate for determining the MLRs of even the nearest clusters.

Tables 3 and 4 indicate that cluster red dwarfs are near or beyond FAME’s limiting magnitude of V ∼15. Because the metallicities and ages of red dwarfs are difficult to determine, nearby field stars will be inadequate to calibrate the important low-mass end of the MLR. Likewise, white dwarfs and candidate brown dwarf are too faint for FAME. With a limiting magnitude of V = 20, SIM does not suffer these handicaps.

Table 4. Projects Complementing MASSIF Effort

Date Target Resolution Parallax notes Brightness Limit Limit Accuracy

HST-FGS now V∼15 10 mas 500 μas 1 X 2.4m aperture

CHARA 2000 V∼10 0.3 mas none 6 X 1m apertures K∼11 1.3 mas none

KECK-Int 2001 K∼14 5.3 mas none 2 X 10m + N X 2m apertures

VLTI 2002 K∼12 3.5 mas 10 μas 4 X 8m + N X 2m apertures

FAME 2004 V∼9 400 mas 50 μas 1 X 0.6m aperture V∼15 400 mas 500 μas

SIM-NA 2006 V∼12 2 mas 1 μas 7 X 0.3m apertures SIM-GL 2006 V∼20 2 mas 4 μas

FAME’s end-of-mission astrometric accuracy is 50–100 times poorer than SIM’s. Thus, FAME will measure photocentric orbits too crudely for use in determining highly accurate masses. For example, the masses yielded by FAME for the OB pair in the Trapezium will have errors of 9.4% because the errors in the photocentric semimajor axis and parallax are 50 μas. Of all the binary’s in Table 3, FAME’s best result produces 1.1% mass errors for the the 1.5 and 1.0 M_⊙ pair in the Hyades. These examples assume no error in the periods and fractional masses. Thus, even at its best, FAME barely produces the 1% mass errors needed to challenge stellar models. Conversely, SIM’s Global Astrometry will yield mass errors of 1% for the OB pair if the parallax and absolute semimajor axis are accurate to 4 μas and 40 μas, respectively. For the 1.5 and 1.0 M_⊙ pair in the Hyades, SIM will yield mass errors of only 0.2%. Clearly, the MLRs obtained from FAME observations of clusters beyond 50 pc will be poor substitutes for those obtained from SIM.

With a resolution limit of 0.4^{′′} FAME will not resolve any cluster systems. Consequently, fractional masses cannot be directly determined. Although spectroscopy resolves this problem for many systems, it is difficult or impossible to obtain radial velocities for OB stars, white dwarfs, the coolest red dwarfs, and brown dwarfs of sufficient accuracy to reach 1% errors in the masses.

In summary, MLRs determined with FAME suffer the following limitations: (1) the cluster MLRs will lack low-mass stars, (2) mass errors will be much larger than 1%, and (3) most special sample targets will lack fractional mass determinations. Only SIM, with its faint limiting magnitude, exquisite astrometric accuracy, and high resolution capability, can provide the data required to derive accurate masses.

2.3.5. Observing with SIM

We will observe our targets in Global Astrometry mode. Our requirements for each Cluster Sample are (1) to observe 10 binary systems from which the masses of 20 components are derived, (2) to span at least an order of magnitude in mass, and (3) to determine masses to better than 1% so that stellar astrophysics models can be strictly challenged. Our requirements for each Special Sample are (1) to determine masses to better than 1% for 10 objects (the exact number of systems depends upon diversity of types), and (2) to span a factor of ten in metallicity for relevant samples. We will observe 50 systems from the five clusters and another 50 systems from the five special samples. These 100 binaries will be sprinkled among SIM’s Global Astrometry targets, including the grid stars.

Our experience with HST-FGS, visual, and speckle astrometry indicates that ∼20 observations along a binary orbit are sufficient to obtain accurate orbital elements. According to the SIM AO Support guidelines for Wide-Angle Astrometry (AOS-WAA), the minimum number of one-dimensional observations required to derive parallax and proper motion for a target is 20. Our nominal observing plan is to quadruple this number to 80 observations/target to permit (1) accurate measurements along both axes, (2) deconvolution of proper motion, parallax, and orbital motion, and (3) determination of exact locations of resolved components.

According to AOS-WAA Table 2, Mission Time Per Target, targets with V = 12, 14, 16, 18, and 20 require 0.6, 0.7, 2.2, 10.7, and 59.6 hours of aggregate observing time, respectively, for an end-of-mission accuracy of 10 μas (an accuracy sufficient for most of our targets). We require four times the number of hours, or 2.4–238.4 hours/target for our nominal observing strategy. Clearly, only a few V = 20 targets can be observed. Table 3 reveals that most of our cluster targets have V ≤ 16, corresponding to aggregate observing times of ≤ 8.8 hours/target, or 440 hours for 50 Cluster Sample targets. In the Special Samples, the bright OB stars (V <10, 10 targets, 24 hours) and solar-type stars with probable brown dwarf companions (V <10, 10 targets, 24 hours) will require little observing time. The faint red dwarfs (V ∼16–18, 10 targets, 260 hours) and white dwarfs (V ∼16–18, 10 targets, 260 hours) require substantially more time. We also allocate 1000 hours to observe some important brown dwarf targets that are near the detection limit of SIM. We therefore estimate 440 hours for the Cluster Samples, 568 hours for the Special Samples, and 1000 hours for the most important faint targets, for a total of ∼2000 hours. The timing of observations will be determined by the orbital periods and phases of the binaries, but we anticipate a fairly even spread throughout the 5 year lifetime of SIM. For ∼100 systems, this corresponds to 400 hours/year or about 8% of available observing time over the lifetime of the mission. Should the very faint objects prove too expensive in observing time, they will be sacrificed and the Cluster and Special Samples will be augmented. Finally, we intend to use the “chaff” from the grid stars — those that turn out to be binaries — to determine additional stellar masses and thereby increase the scientific payoff of the MASSIF Key Project.

2.3.6. Supporting Observations

CHARA Array — access by Gies, Henry; operational Fall 2000. Built by Georgia State University, the CHARA Array is dedicated to interferometry and imaging. It consists of six 1m telescopes in a Y-configuration with a 354m maximum baseline, and yields 0.3 mas resolution at V and 1.3 mas resolution at K. It uses standard V RIK filters, with limits of V = 10, K = 11 under average seeing conditions and adaptive optics. The CHARA Array will be used to map relative astrometric orbits and determine brightness differences. CHARA’s ability to observe in the IR mitigates the problem of potentially large magnitude differences present at visible wavelengths.

Hobby Eberly Telescope (HET) — access by Benedict, McArthur; operational now. Built by the University of Texas, Pennsylvania State University, and three minor partners, HET is a 9.2m telescope dedicated to spectroscopy. HET’s High Resolution Spectrograph (HRS, R = 60000) has throughput similar to Keck’s HIRES, giving S/N= 100 for a V = 14.5– 15.0 star in one hour. HRS was designed to make radial-velocity measurements to a precision of 3 m/s or better. We will use HET to determine spectroscopic orbits and determine brightness differences for a large sample of SIM targets. The HET/HRS combination along with its queue scheduling mode of operation is an ideal instrument for determining the radial velocity variability of a large sample of SIM targets.

CfA Telescopes — access by Torres; smaller telescopes operational now; MMT operational Fall 2000. The CfA telescopes will be used to select candidates in all clusters except the TW Hydrae Association. Long-term observing programs have already been carried out on the Hyades, Pleiades, and M67. Rich datasets are now available for target selection.

Adaptive Optics at Mount Wilson — access by all; operational now. Now run as a consortium, the Mount Wilson Institute utilizes the 100in Hooker Telescope. The adaptive optics program provides UBV RI photometry for systems brighter than mag∼10 with magnitude differences of up to 10 and separations as small as 100 mas. Observations at Mount Wilson will be used to resolve wide binaries at various wavelengths.

Sloan Digital Sky Survey — access by Golimowski; operational now. Operated by Princeton University, Johns Hopkins University and seven other partners, SDSS is an imaging and spectroscopic survey of one quarter of the northern sky to magnitude limits of 20 or more in five bands (ugriz). It is well suited for identifying stars spanning SIM’s range of sensitivity. Results from SDSS will be used to select new nearby white, red, and brown dwarf candidates for mass determinations.

CTIOPI — being carried out by Henry, Ianna; operational now. The Cerro Tololo Interamerican Observatory Parallax Investigation (CTIOPI) targets faint, southern stars — primarily white, red and brown dwarfs — that are missing from the sample of nearby stars. The CTIO 0.9m and 1.5m telescopes are used to obtain parallaxes, proper motions, and VRI photometry. When combined with Ianna’s observations over the past decade at Siding Spring Observatory, perturbations as long as 10 years will be revealed. Targets exhibiting perturbations from unseen companions will be ideal targets for the MASSIF Key Project.

USNO Astrograph — access by Mason; operational now. This all-sky survey by the United States Naval Observatory measures positions and proper motions to accuracies of 20 and 70 mas for magnitudes 14 and 16.5 (at 6100±630 Å), respectively. Results from the USNO Astrograph will be used to identify new members of all five clusters.

3. Education/Public Outreach Statement of Participation

Henry brings to the SIM Science Team not only expertise in tackling important astrophysical questions, but a high energy level and the prospect of continuity to the project. SIM is a long-term mission, and the advantage of having some younger members on the Science Team cannot be overlooked. Henry will contribute to the SIM Science Team in two roles, both for the science community and the public.

Henry is uniquely qualified to play the role of “star guru” for SIM Science Team. He has been working on the sample of stars nearest to the Sun since 1986, and leads an effort known as RECONS (Research Consortium on Nearby Stars) to characterize all stars within 10 pc. One of RECONS’ most important results to date is the discovery of the twentieth nearest star, GJ 1061 (Henry et al 1997), only 3.7 pc away. These experiences resulted in Henry being appointed as a Project Scientist for NASA’s NStars Project in 1999, for which he is providing the fundamental data for all stars within 25 parsecs. In this capacity he has already provided observing lists for HST, SIRTF, and (for proposals for) SIM. Henry has experience in VRIJHK photometry, optical spectroscopy, optical and infrared speckle interferometry, and CCD astrometry, all of which can and should be used to characterize the SIM targets. Henry has completed surveys for companions to nearby red dwarf and solar-type stars, has made measurements of stellar activity for ∼1000 solar-type stars, has established a fundamental spectral sequence for red dwarfs, and has provided the best available calibration of the stellar mass-luminosity relation. This last accomplishment includes leading the longest-term program (6 years) using the only interferometer currently in space — the Fine Guidance Sensors on HST. Henry is also leading a new initiative to discover ∼200 new nearby stars in the southern hemisphere via parallax work in Chile at CTIO, so is positioned to add many new targets to the SIM pool in the southern sky. After joining the Georgia State University faculty in August 2000, Henry has access to the CHARA Array on Mount Wilson to detect stellar companions to SIM candidate stars using both narrow-angle astrometric and imaging capabilities. Given his long-term commitment to discovering and characterizing the nearby stars, assuming the role of star guru for the SIM Project is a natural assignment.

Henry has a deep commitment to community and public service, and is a valuable liaison with the public. He has developed compelling articles and graphics for both the film (Cinenova) and print (National Geographic; Air and Space Magazine; Sky & Telescope; various textbooks) media. A unique contribution that Henry will make to the SIM Science Team is the possibility of creating dramatic visualizations of SIM’s scientific discoveries and technological accomplishments. Henry has already made a connection with the Georgia State University Film Department, which is one of the top-notch film departments in the nation. In collaboration with the Art, Film, and Computer Sciences Departments, we plan to create scientific films in formats ranging from VHS to IMAX that convey the wonders of our solar system, stars and stellar evolution, and the search for planets elsewhere. The first project, already outlined, is a fly-through of the solar system and the nearest stars, with close inspection of the Alpha Centauri system. Other scientific programs included in the SIM effort could be incorporated into the film work and provide an excellent way to inform the public about the SIM Project. For this role, Henry has specifically budgeted one month per year to work on public outreach efforts for SIM.

4. Appendix: Resumes Curriculum Vitae

TODD J. HENRY

PROFESSIONAL HISTORY

2000 Associate Professor, Department of Physics & Astronomy Georgia State University, Atlanta, Georgia (beginning August 2000) 1999 Project Scientist for NStars Johns Hopkins University, Baltimore, Maryland 1997 Research Astronomer Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 1994 Hubble Fellow Space Telescope Science Institute, Baltimore, Maryland 1991 Postdoctoral Fellow with Project Phoenix Space Telescope Science Institute, Baltimore, Maryland

EDUCATION

1991 Ph.D. in Astronomy University of Arizona, Tucson, Arizona 1986 B.A. in Physics/Planetary Sciences Cornell University, Ithaca, New York

LEADERSHIP POSITIONS

1999 Principal Investigator of CTIOPI, NOAO Surveys Program 1999 Project Scientist, NASA/NSF Nearby Stars Project (NStars) 1998 Member, SIRTF/IRAC Guaranteed Time Observer Team 1995 Director, Research Consortium on Nearby Stars (RECONS)

RECENT PUBLICATIONS

Henry, T.J. et al 1999, The Optical Mass-Luminosity Relation at the End of the Main Sequence (0.08 to 0.20 M_⊙), ApJ, 512, 864 Henry, T.J. et al 1997, The Solar Neighborhood IV: Discovery of the Twentieth Nearest Star System, AJ, 114, 388

COMMUNITY SERVICE

1999 HST Time Allocation Committee, at STScI in Baltimore Panel Member, Galactic Astronomy 1998 Origin of Solar Systems Review, at LPI in Houston Panel Member, Companion Detection 1997 Supporting Capabilities for Large Telescopes, at NOAO in Tucson Panel Member, Extrasolar Planets/Brown Dwarfs/White Dwarfs

RESEARCH

Research Consortium on Nearby Stars (RECONS): (1995–present) leading a group of eight astronomers in an effort to discover new members of the solar neighborhood via large scale ground-based and space-based surveys; characterizing the population of all 316 stars within 10 parsecs by 1) making fundamental photometric and spectroscopic observations at optical and infrared wavelengths, 2) investigating stellar multiplicity at scales from 1 to 1000 AU, and 3) determining the luminosity and mass functions of the complete sample

Exploring the End of the Main Sequence using the Hubble Space Telescope (1994–present) with G. Fritz Benedict (U. Texas), Otto Franz (Lowell Observatory), and David Golimowski (Johns Hopkins U.): as Principal Investigator, observing binary stars using the Fine Guidance Sensors on HST to determine component luminosities, map orbits, and calculate masses of red dwarfs and candidate brown dwarfs; also as Principal Investigator, searching stars within 10 parsecs using NICMOS on HST to discover brown dwarf companions in a 265-orbit SNAP program

Ages of Solar-Type Stars (1991–present) with David Soderblom (STScI): as a team member on Project Phoenix, responsible for developing and characterizing the target list for a large scale SETI effort; measuring stellar chromospheric activity and determining ages of solar-type stars within 50 parsecs

Studies of Nearby Stars Using Infrared Speckle Imaging (1986–present) with Donald McCarthy (U. Arizona) and Christoph Leinert (Max-Planck, Heidelberg): searching for very low mass companions orbiting nearby stars using high resolution imaging techniques; calibrating the mass-luminosity relation for stars with masses 0.08 to 1.0 M_⊙; empirically defining the low mass stellar/brown dwarf transition region

ACTIVITIES

Competitive Distance Running: completed 25 marathons, best time 2hrs 35min; ten-time qualifier and finisher of the Boston Marathon (1991–2000); 2nd place, Antarctica Marathon (1995); Baltimore Road Runners Club Runner of the Year (1993, 1996)

Curriculum Vitae

GEORGE FREDERICK (FRITZ) BENEDICT

PROFESSIONAL HISTORY

1997 Senior Research Scientist University of Texas, Austin, Texas 1993 Deputy P.I., Hubble Space Telescope Astrometry Science Team University of Texas, Austin, Texas 1981 Astronomical Data Reduction and Analysis System Manager University of Texas, Austin, Texas

EDUCATION

1972 Ph.D. in Astronomy Northwestern University, Evanston, Illinois 1969 M.S. in Astronomy Northwestern University, Evanston, Illinois 1967 B.S. in Physics and Astronomy University of Michigan, Ann Arbor, Michigan

LEADERSHIP POSITIONS

1999 Chairman, AAS Division on Dynamical Astronomy

RESEARCH

Astrometry; space astrometry; the search for and study of extrasolar planets and lowmass companions of stars; the application of astrometric and radial velocity techniques to the lower main sequence mass-luminosity relationship; the kinematics and evolution of star clusters and star-formation regions in NGC 4314; extraterrestrial life

RECENT PUBLICATIONS

Benedict, G.F. et al 2000a, Interferometric Astrometry of the Low-Mass Binary Gliese 791.2 (= HU Del) Using Hubble Space Telescope Fine Guidance Sensor 3: Parallax and Component Masses, ApJ, 512, 864

Benedict, G.F. et al 2000b Interferometric Astrometry of the Detached White Dwarf - M Dwarf Binary Feige 24 Using Hubble Space Telescope Fine Guidance Sensor 3: White Dwarf Radius and Component Mass Estimates, AJ, 119, 2382

Curriculum Vitae

DOUGLAS RUSSELL GIES

PROFESSIONAL HISTORY

1999 Professor, Department of Physics and Astronomy Georgia State University, Atlanta, Georgia 1994 Associate Professor, Department of Physics and Astronomy Georgia State University, Atlanta, Georgia 1988 Assistant Professor, Department of Physics and Astronomy Georgia State University, Atlanta, Georgia 1986 NSERC Canada Postdoctoral Fellow Astronomy Department, University of Texas, Austin, Texas 1984 McDonald Observatory Postdoctoral Fellow Astronomy Department, University of Texas, Austin, Texas

EDUCATION

1985 Ph.D. in Astronomy University of Toronto, Toronto, Canada 1980 M.S. in Astronomy University of Toronto, Toronto, Canada 1978 B.S. in Physics and Astronomy University of Toronto, Toronto, Canada

RESEARCH

High resolution spectroscopy of hot stars; line profile variability; stellar pulsation; stellar winds and disks; stellar abundances; interferometric observations of binary stars; binary star evolution; dynamics of star clusters

RECENT PUBLICATIONS

Gies, D.R. et al 1999, Ultraviolet and Optical Line Profile Variations in the Spectrum of Epsilon Persei, ApJ, 525, 420

Gies, D.R. et al 1997, The O-type Binary 15 Monocerotis Nears Periastron, ApJ, 475, L49

Curriculum Vitae

DAVID A. GOLIMOWSKI

PROFESSIONAL HISTORY

1995 Associate Research Scientist Johns Hopkins University, Baltimore, Maryland 1993 Postdoctoral Fellow Johns Hopkins University, Baltimore, Maryland

EDUCATION

1993 Ph.D. in Physics and Astronomy Johns Hopkins University, Baltimore, Maryland 1989 M.A. in Physics and Astronomy Johns Hopkins University, Baltimore, Maryland 1986 B.A. in Space Physics and Astronomy Rice University, Houston, Texas

LEADERSHIP POSITIONS

1998 PI, HST NICMOS Snapshot Survey for Substellar Companions 1996 Member, HST ACS Guaranteed Time Observer Team

RESEARCH

Discovering nearby stars and brown dwarfs with the Sloan Digital Sky Survey; discovering very low mass (VLM) companions to nearby stars using adaptive-optics coronagraphy and HST; monitoring photometric variability of VLM stars and brown dwarfs; coronagraphic imaging and study of protoplanetary debris disks; characterizing the loss of CCD chargetransfer efficiency in the HST trapped radiation environment

RECENT PUBLICATIONS

Golimowski, D.A. et al 2000, The Very Low Mass Component of the Gliese 105 System, ApJ Letters, in press

Golimowski, D.A. et al 1998, Wide Field Planetary Camera 2 Observations of the Brown Dwarf Gliese 229B: Optical Colors and Orbital Motion, AJ, 115, 2579

Curriculum Vitae

PHILIP A. IANNA

PROFESSIONAL HISTORY

1994 Professor The University of Virginia, Charlottesville, Virginia 1979 Associate Professor The University of Virginia, Charlottesville, Virginia 1973 Assistant Professor The University of Virginia, Charlottesville, Virginia 1970 Research Associate The University of Virginia, Charlottesville, Virginia 1967 Postdoctoral Fellow, Center for Advanced Studies The University of Virginia, Charlottesville, Virginia

EDUCATION

1968 Ph.D. in Astronomy The Ohio State University, Columbus, Ohio 1962 M.A. in Astronomy Swarthmore College, Swarthmore, Pennsylvania 1960 B.A. in Astronomy Swarthmore College, Swarthmore, Pennsylvania

LEADERSHIP POSITIONS

2000 Member, IAU Working Group on Extrasolar Planets 1997 Member, Executive Board, International Dark-Sky Assocation 1996 Member, IESNA Outdoor Environmental Committee 1995 Chair, Division of Dynamical Astronomy, AAS 1993 Vice President, Commission 24 of the IAU 1992 Associate Director, McCormick Observatory 1990 Founder and Chair, Virginia Section, International Dark-Sky Association

RESEARCH

Measuring stellar parallaxes, orbits and masses with photographic and CCD techniques in the northern and southern hemispheres; characterizing physical properties of nearby stars and brown dwarfs; making fundamental photometric and spectroscopic observations at optical wavelengths; carrying out open cluster proper motion membership studies; monitoring effects of light pollution on local observatories

Curriculum Vitae

BRIAN D. MASON

PROFESSIONAL HISTORY

1997 Astronomer U.S. Naval Observatory, Washington, DC 1994 Postdoctoral Fellow, Center for High Angular Resolution Astronomy (CHARA) Georgia State University, Atlanta, Georgia

EDUCATION

1994 Ph.D. in Astronomy Georgia State University, Atlanta, Georgia 1986 B.S. in Physics Georgia State University, Atlanta, Georgia

LEADERSHIP POSITIONS

1999 Principal Investigator, USNO SIM Grid Star Program 1998 Principal Investigator, USNO Double Star Program 1998 Member, IAU-WG on International Celestial Reference System

RESEARCH

Observing and discovery of double stars through speckle interferometry, long-baseline optical interferometry, adaptive optics, CCD, and CMOS techniques; cataloging of double star data (astrometric, photometric, and orbital) and the effective dissemination of same; discrimination between optical and physical binaries by observation with significantly less than full-orbital coverage and proper motion studies; mass determinations of individual systems and multiplicity studies of groups

RECENT PUBLICATIONS

Mason, B.D. et al 1998, ICCD Speckle Observations of Binary Stars. XIX. An Astrometric/Spectroscopic Survey of O Stars, AJ, 115, 821

Mason, B.D. 1997, Binary Star Orbits from Speckle Interferometry XI. Orbits of Twelve Lunar Occultation Systems, AJ, 114, 808

Curriculum Vitae

BARBARA E. McARTHUR

PROFESSIONAL HISTORY

1984 Research Scientist, Hubble Space Telescope Astrometry Team University of Texas, Austin, Texas 1981 Research Scientist, Department of Botany University of Texas, Austin, Texas 1978 Research Scientist, Department of Microbiology University of Texas, Austin, Texas

EDUCATION

1977 B.A. in Molecular Biology University of Texas, Austin, Texas

RESEARCH

Hubble Space Telescope (HST) astrometry; determination of parallaxes, proper motions, masses and orbits; calibration and characterization of HST Fine Guidance Sensors (FGS); creation of HST-FGS Position mode pipeline calibration program; creation of flexible analytic least squares modeling software with the capability for robust estimation; advanced simultaneous modeling of astronomical observations from different instruments and techniques (e.g., astrometry and radial velocities)

RECENT PUBLICATIONS

McArthur, B.E. et al 1999, Astrometry with Hubble Space Telescope Fine Guidance Sensor 3: The Parallax of the Cataclysmic Variable RW Triangulum, ApJLett, 520, L59

Curriculum Vitae

EDMUND P. NELAN

PROFESSIONAL HISTORY

1997 Associate Scientist Space Telescope Science Institute, Baltimore, Maryland 1987 Research Scientist University of Texas, Austin, Texas 1983 Operations Astronomer Space Telescope Science Institute, Baltimore, Maryland

EDUCATION

1984 Ph.D. in Physics Dartmouth College, Hanover, New Hampshire 1975 M.S. in Physics Stevens Institute of Technology, Hoboken, New Jersey 1974 B.S. in Physics Stevens Institute of Technology, Hoboken, New Jersey

LEADERSHIP POSITIONS

1998 Group Lead, STScI Observatory Science Group

RESEARCH

Astrometry; space astrometry; the study of extrasolar planets and low-mass companions of stars; white dwarf stars; high mass stars; application of interferometric techniques to study the incidence of stellar multiplicity

RECENT PUBLICATIONS

Nelan, E.P. et al 1998 Fine Guidance Sensors Aboard the Hubble Space Telescope, SPIE, 3350, 237

Curriculum Vitae

GUILLERMO TORRES

PROFESSIONAL HISTORY

1998 Astronomer Smithsonian Astrophysical Observatory, Cambridge, Massachusetts 1992 Postdoctoral Appointment Smithsonian Astrophysical Observatory, Cambridge, Massachusetts 1980 Teaching Assistant National University of Córdoba, Argentina

EDUCATION

1991 Ph.D. in Astronomy National University of Córdoba, Argentina 1982 Astronomy Licentiate National University of Córdoba, Argentina

PROFESSIONAL ORGANIZATIONS

International Astronomical Union American Astronomical Society Astronomical Society of Argentina

RESEARCH

Determination of highly accurate stellar parameters in astrometric-spectroscopic binaries and double-lined eclipsing binaries; tests of internal structure and stellar evolution; development of software to derive three-dimensional orbital solutions through combination of astrometric (speckle, lunar occultations, Hipparcos intermediate data, HST-FGS) and radial velocity data; determination of mass-luminosity relations in the field and in the Hyades cluster; radial-velocity studies of young stars identified in X-ray surveys; searches for premain-sequence binaries to test models of stellar evolution

RECENT PUBLICATIONS

Torres, G. 1999, Substellar Companion Masses from Minimal Radial Velocity or Astrometric Information: A Monte Carlo Approach, PASP, 111, 169

Torres, G. et al 2000, Absolute dimensions of eclipsing binaries. XXIII. The F-type system EI Cephei, AJ, 119, 1942

5. Appendix: Individual Duties and Responsibilities

G. Fritz Benedict brings to the MASSIF Key Project his two decades of experience in preparing for and conducting space astrometry using Hubble Space Telescope’s Fine Guidance Sensors, which he has used to search for extrasolar planets and to obtain parallaxes for objects difficult or impossible for HIPPARCOS or ground-based observers. His prime objective is to ensure the astrometric integrity and scientific utility of the data we receive from SIM. Benedict’s experience with Hubble white-light interferometers has sensitized him exquisitely to the potential problems and pitfalls with SIM, particularly in the areas of calibration, orbital verification, and other pre-launch and post-launch project activities. Benedict’s specific duties for the MASSIF Key Project include leadership roles in (1) defining and conducting SIM’s exploration of the masses of white dwarfs, (2) selecting targets based on final SIM capabilities and the most recent scientific information, and (3) recommending changes in observing strategy, and (4) monitoring the ongoing results of all team investigations. He also will continue to obtain telescope time at McDonald Observatory (including the 9.2m Hobby Eberly Telescope) to characterize the astrometric suitability of our northernhemisphere targets. Benedict has enjoyed a long association with the AAS Shapley Lecture Series and welcomes future opportunities to communicate to the public the ideas and results of SIM and the MASSIF Key Project.

Doug Gies brings to the MASSIF Team a strong background in spectroscopic, radial velocity, and high resolution imaging studies of massive binary stars. He will have primary responsibility for directing the SIM investigations on massive binaries and for obtaining important complementary spectroscopic observations of SIM targets. Gies made a seminal radial velocity study of the OB runaway stars and showed that most are single objects, either ejected in the supernova disruption of a binary or in the close gravitational encounters of binaries in the natal cluster. He has made numerous spectroscopic studies of other massive binaries including the famous black hole binary, Cygnus X-1, a prime candidate for the Exotics sample. Gies has pioneered the application of Doppler tomography algorithms to disentangle the individual spectral components of spectroscopic binaries (and even triple systems such as 55 UMa). This isolation of the individual spectra is essential in determining the system flux ratio and in interpreting the center of light orbital motion in binaries unresolved by SIM. Gies has also made binary surveys of the massive stars with CoI Mason (and others) using the GSU speckle interferometry camera at 4m class telescopes. He is currently directing a multi-year program of Hubble Space Telescope Fine Guidance Sensor interferometric observations of the massive binary, 15 Mon, the first O-type star to bridge the period gap between spectroscopic and astrometric binaries. Gies and PI Henry at GSU (under the leadership of Hal McAlister) will be directing the scientific mission of the CHARA Array, a state-of-the-art optical/infrared interferometer at Mount Wilson Observatory, and the expertise and tools that are being developed in this ground-based effort will play a major role in supporting and interpreting SIM observations of binaries.

David Golimowski’s primary responsibilities are to develop the target list of Pleiades binaries and discover nearby red and brown dwarf multiples that will be incorporated into the MASSIF Key Project. To accomplish this, he will search the literature and work with CoIs Benedict and Torres (who lead the velocity programs) to compile a list of binary stars in the Pleiades. As a research scientist at Johns Hopkins University, Golimowski has access to proprietary data from the Sloan Digital Sky Survey (SDSS). He has built a multi-institutional collaboration to identify candidate nearby stars and brown dwarfs from SDSS imaging data, and maintains a web-based database of nearby M, L, and T dwarf SDSS candidates from which a large team of affiliated astronomers draft follow-up observing plans. He is therefore uniquely positioned to provide this SIM program with the coordinates and characteristics of nearby red and brown dwarf for inclusion in the SIM target list. Golimowski brings to the MASSIF effort nearly a decade of experience searching for and studying very low mass stars and brown dwarfs. He was a major participant in the 1992–1998 Palomar Observatory search for faint companions to stars within 8 pc of the Sun using an adaptive-optics coronagraph. This search led to the detection of seven new companions, including the first bona fide brown dwarf, Gliese 229B. Golimowski and PI Henry currently lead a large NICMOS snapshot survey of all stars within 10 pc of the Sun. When completed during HST Cycle 10, this program will be the largest, most sensitive, volume-limited search for low mass companions ever undertaken. First results include the detection of Gliese 54B, a low mass companion at 8 pc that will be an ideal target for SIM.

Todd Henry brings to the team a long history of cutting edge work on the determination of stellar and substellar masses. He has developed the industry standard calibration of the stellar mass-luminosity relation for stars of with masses between 0.08 and 2.0 M_⊙, a crucial relation against which all low mass stars are compared. This work has led to the first accurate determination of the nearby stellar luminosity and mass functions. As a leader in the discovery and characterization of the local Galactic population, he has discovered the 20th nearest star, carried out searches for low mass companions to red dwarfs and solar-type stars, established a fundamental spectral-typing sequence for red dwarfs, and maintains the definitive list of all stars within 10 parsecs of the Sun as leader of RECONS (Research Consortium on Nearby Stars). This work led directly to his appointment as a Project Scientist for the NASA/NSF NStars (Nearby Stars) Project, a program that lists and characterizes all stars to a horizon of 25 parsecs. Henry brings unique capabilities to the star characterization effort, including 14 years of experience observing nearby stars with VRIJHK photometry, optical spectroscopy, optical and infrared speckle interferometry, CCD astrometry, and HST-FGS astrometry. As leader of the MASSIF Key Project, Henry will oversee and coordinate all aspects of the scientific program carried out by our team of world experts in mass determinations. He will be specifically responsible for target selection of the red and brown dwarfs special samples. In addition, Henry is leading a large parallax program in Chile that will reveal several hundred new southern nearby stars, any of which might be added to the SIM program. Crucial to the proposed work, once he joins the Georgia State University faculty in August 2000, Henry has access to the CHARA Array to detect stellar companions and image SIM candidate stars to an unprecedented resolution of 1 mas.

Phil Ianna brings to the MASSIF Team more than forty years of experience in all aspects of long-focus astrometry. His primary responsibilities for the MASSIF Key Project will be to select targets in the TW Hydrae cluster, and provide insight into the observing protocol for SIM. He became involved in astrometry as an undergraduate at Swarthmore’s Sproul Observatory studying with Peter van de Kamp, which included a pioneering study of systematic instrumental errors from thermal instabilities in the telescope. Most of his career has been spent at the McCormick Observatory at the University of Virginia, where he took over the direction of the trigonometric parallax program and was involved in the design and construction of the Fan Mountain astrometric reflector. In addition to the parallax work, he undertook a number of binary studies, cluster proper motion studies, supervision of graduate student research in these areas, and he also carried out photoelectric photometry of parallax and reference stars at the national observatories. In the late 1970’s he re-initiated photographic parallax observations with the Yale-Columbia refractor at the Australian National University’s Mount Stromlo Observatory in Canberra, and in the late 1980’s began CCD observations with the 1m telescope at the Siding Spring Observatory. This is the only long term parallax program in the southern hemisphere and has produced several new low mass binaries. This program has also already discovered a number of new solar neighbors closer than 10 pc. Ianna is an integral part of CTIOPI with PI Henry. Ianna’s Siding Spring program and CTIOPI are two out of only three significant parallax efforts in the world today.

Brian Mason brings to the MASSIF Team a long history of double star work. His specific responsibilities will be target assessment for stars in the M67 cluster and characterization of binaries using optical speckle and adaptive optics techniques. As PI of the most comprehensive database of multiple stars available in the world, for the Washington Double Star Catalog, Mason has access to every differential measure ever made of binary stars (well over a million), the Δm Catalog (magnitude differences of double stars not associated with astrometric measures), and the Orbit Catalog (the 5^{th} version of which is currently in preparation). Mason is also a co-author of the 3^{rd} Catalog of Interferometric Measurements of Binary Stars, and although this contains no differential measure not in the WDS, it does have a vast number of systems unresolved through interferometry. This database will obviously prove beneficial in target selection. Mason is one of the most experienced observers of resolved double stars active in the field today. Papers where he is an author have resulted in discoveries (or first resolution) of 90 new binary stars, and over 14,000 measures of known binary stars. These have been obtained with well over one-hundred nights of observing with speckle interferometry, adaptive optics, as well as a plethora of other techniques. Mason has experience with a wide variety of small (GSU 0.4m, USNO 26in), medium (Starfire 1.5m, McDonald 2.1m, HST 2.5m, Hooker 100in), and large (CFHT 3.6m, KPNO 4m, CTIO 4m) telescopes. Mason is also involved in many aspects of the studies of select samples binary stars, including members of the Hyades, Pleiades, and Praesepe clusters, and O and Be stars. He is also well-versed in the synergy of multiple techniques to maximize the scientific output, including information from occultation, visual, and spectroscopic programs.

Barbara McArthur brings to the team a wealth of experience characterizing, reducing, and analyzing space astrometric data through her work on the HST Astrometry Team. She plays a pivotal role in all aspects of HST interferometry, and will do the same for our team’s SIM observations. She has already combined different modes of HST-FGS astrometry (fringe tracking and fringe scanning) with ground based astrometry and radial velocity measurements to derive simultaneous solutions, and therefore plays a crucial role in the MASSIF Key Project in the area of combined solution orbits. These techniques can be directly applied to data acquired with SIM. McArthur co-authored the software package known as GaussFit, a flexible tool that is the lynchpin in the analysis of HST-FGS astrometry (McArthur et al 1999). GaussFit is specifically designed for expressing complex least-squares problems in a way that allows the user to emulate and derive accurate models of actual astrophysical sources. McArthur has already simulated SIM data in the open cluster M35, a field used extensively for HST-FGS calibration. The model already includes one-dimensional SIM measurements and terms for spacecraft attitude, baseline and bias, and terms for proper motion and parallax can easily be added, as has been the case for HST-FGS data.

Edmund Nelan will have primary responsibility for the detailed scripting of the observations to be carried out by SIM in support of this Key Project. For more than a decade, Nelan has carried out detailed work on space interferometry as a critical member of the Space Telescope Astrometry Team, which is responsible for the operation of the Hubble Space Telescope’s Fine Guidance Sensors. His duties for the MASSIF Key Project will include leading the effort on target selection in the Trapezium, and participating in the prelaunch development of special observing modes that are optimized for observing multiple star systems. He will also have primary responsibility for the analysis of the data from the individual exposures with special attention being paid to the observations of the binary stars. He will develop algorithms and software that will be used to analyze the effects of resolved or marginally resolved objects and bright backgrounds on SIM’s observed fringes and the subsequently derived astrometric measurements. He will use these analysis techniques to build tools that will be needed for uncoupling a system’s parallax and proper motion from the observed orbital reflex motion. This will be a critical step in obtaining orbits of the resolved binary systems we propose to observe with SIM to the level of accuracy needed for this Key Project to achieve its scientific objectives.

Guillermo Torres is a leading expert in highly accurate mass determinations in binary systems in a variety of populations. His broad experience in this area represents a vital contribution to this project, and includes determinations for a number of astrophysically important systems good to better than 1% in the masses, the current state of the art. Among his responsibilities will be to lead the effort to characterize and select the optimum targets in the Hyades cluster, and in the Pleiades, M67, and other samples as needed. He will search for suitable SIM cluster targets in the extensive database of velocities obtained using CfA telescopes during the past 15 years, and continue to make necessary spectroscopic observations that will complement the SIM astrometric measurements. Torres’ experience in spectroscopic observing and analysis includes the development and application of sophisticated two- and three-dimensional cross-correlation techniques for measuring radial velocities. These techniques have been shown to be extremely effective in reducing systematic errors, a critical concern for mass determinations of the highest accuracy. One of the crucial elements that Torres will bring to this project is his expertise in the art of combining astrometric and spectroscopic information on binary systems in an optimal fashion to derive orbital elements and basic properties of the stellar components, with realistic error estimates. Torres has developed the only mass-luminosity relation in a cluster, the Hyades, which essentially relies upon mass determinations made by Torres in recent years. His work included the determination of orbital parallaxes for several systems that rival the accuracy of the Hipparcos measurements, and have been quoted by the Hipparcos team as being among the best available external checks on the satellite results. Torres’ duties also include the comparison of the observed mass and luminosity determinations with models of stellar structure and stellar evolution, another area in which his knowledge and expertise are well demonstrated by his latest papers.

6. Appendix: Statements of Work

Statement of Work for G. Fritz Benedict and Barbara McArthur As CoIs on the MASSIF Key Project, Benedict and McArthur will work as a team at McDonald Observatory to support the effort in several ways:

(1) They will insure the astrometric integrity and scientific utility of the data we receive from SIM. Their experience with Hubble white-light interferometers has sensitized him exquisitely to the potential problems and pitfalls with SIM, particularly in the areas of calibration, orbital verification, and other pre-launch and post-launch project activities.

(2) Benedict will define a program of and conduct ground-based radial velocity investigations of our primary SIM targets. Benedict will obtain telescope time at the McDonald Observatory 9.2m Hobby Eberly Telescope to derive required radial velocities and to characterize the astrometric suitability of our targets and reference stars. He will also extract metallicities for SIM targets.

(3) They will apply modeling techniques to combine astrometric and radial velocity data to obtain the most accurate stellar orbits, parallaxes and masses possible.

(4) They will define and conduct a program on the masses of white dwarf stars, helping to select targets based on final SIM capabilities and the most recent scientific information.

(5) Benedict will monitor the ongoing results of all team investigations, recommend changes in observing strategy.

(6) Benedict will participate fully in Education and Public Outreach activities associated with SIM. Benedict has enjoyed a long association with the AAS Shapley Lecture Series and will lead our team’s EPO effort to communicate to the public the ideas and results of SIM’s Mass-Luminosity Relation Key Project.

Statement of Work for Doug Gies As CoI on the MASSIF Key Project, Gies will have primary responsibility for directing the SIM investigations on massive binaries and for obtaining important complementary spectroscopic observations of SIM targets. During the mission itself, Gies and colleagues would monitor the orbital phases of observation and provide guidance on scheduling upcoming observations, assess the SIM astrometric results as they become available, and develop software for combined astrometric spectroscopic solutions. He will also play a supporting role as a consultant and software developer for the MASSIF Team and as a producer of materials for education and public outreach. Each year support is requested for one month of summer salary and fringe benefits for Gies to support this work. Support is requested for graduate students at GSU to pursue the planned complementary spectroscopy and SIM observations. Funding is requested report on this work at one scientific conference each year. Support is requested for several papers to be published during the course of the MASSIF Project.

Gies’ main tasks will be to determine orbital and mass solutions of massive binaries based on combined SIM and radial velocity data. The preparatory work will include the assembly of a preliminary target list of massive stars in the field and in the Orion Trapezium Cluster, followed by high dispersion and high S/N spectroscopic studies of these targets. The main goals of the spectroscopic survey are: (1) to obtain high quality radial velocity data and re-determine modern spectroscopic orbital elements (many systems have elements that were obtained decades ago and are unreliable for comparison with SIM astrometry), (2) re-determine mass ratios in double-lined systems using numerical techniques that fully account for line blending problems, (3) use cross-correlation techniques to search for faint companion spectra in existing single-lined systems, and (4) use a Doppler tomography algorithm (Penny et al 1999) to reconstruct the individual spectra of each star. This last step is critical to determine the primary to secondary flux ratio needed to interpret the center of light motion detected by SIM in these unresolved binaries. The spectra will be obtained at several observatories including the GSU 1m Multiple-Telescope Telescope, the McDonald Observatory 2.1m and Hobby Eberly Telescopes, the KPNO 4m and CTIO 4m telescopes, and the Mount Stromlo Observatory 1.9m telescope. Gies will also develop an multi-year observing program to obtain high dispersion spectroscopy of potential targets in the Trapezium using the WIYN 3.5m telescope and Hydra multi-object spectrograph. This instrument has a high dispersion configuration in which spectra are made using narrow band filters to isolate a single echelle order. The observing program would consist of repeated radial velocity measurements of some hundred stars per exposure that would sample orbital motion for binaries with periods from days to years (using the WIYN queue observing mode).

Gies and colleagues at GSU will also begin a binary survey of massive stars (O-type, B-type, Wolf-Rayet, Luminous Blue Variables) using the new GSU Center for High Angular Resolution Astronomy (CHARA) Array, a six-element optical/infrared interferometer with a maximum baseline of 354m. This program will discover binaries that remain undetected in period gap (of order years) between the classical spectroscopic and astrometric regimes. This effort will help us refine the SIM target list (of the northern targets at least) by removing the difficult triple or higher multiplicity objects.

Statement of Work for David Golimowski As CoI on the MASSIF Key Project, Golimowski’s contribution to the proposed work is twofold. First, he will be responsible for preparation and analysis of the SIM observations of the Pleiades open cluster. Preparatory duties include selection of appropriate SIM targets from a list of double-lined spectroscopic binaries compiled from published literature and unpublished and planned radial-velocity surveys. These surveys have been and will be conducted with the Hobby Eberly Telescope and various telescopes jointly operated by the Harvard-Smithsonian Center for Astrophysics. Consequently, Golimowski will be working closely with co-investigators Benedict and Torres toward this end. Golimowski will assume the lead role in analyzing the SIM data of the Pleiades and forward his results on the massluminosity relation of the cluster to the co-investigators of this program.

Golimowski’s second contribution to the program will be the identification of new, nearby binary stars and brown dwarfs from Sloan Digital Sky Survey (SDSS) imaging data. His work over the last year has contributed to the discoveries of several very low mass stars and/or brown dwarfs, commonly termed L and T dwarfs. As SDSS moves from its commissioning phase to full-survey mode, dozens more of these objects will be found per year. Those binaries that are sufficiently near bright, and will and bright will be added to the target list for duration of the proposed SIM program.

To accomplish these tasks, Golimowski will employ a graduate student research assistant. The student’s principle duties will be searching the SDSS imaging data for nearby substellar candidates and assisting Golimowski with subsequent high-resolution imaging and spectroscopy. This work may contribute to the student’s Ph.D. dissertation. Follow-up observations will be conducted at the Apache Point Observatory 3.5 m telescope.

Progress on both the preparatory and programmatic work will be discussed at annual meetings of the co-investigators to be held at Georgia State University in Atlanta. Scientific results will be presented annually at meetings of the American Astronomical Society and published in The Astrophysical Journal.

Statement of Work for Todd Henry As Principal Investigator of the MASSIF Key Project, Henry will be supported three months salary each year. This support will be used for several purposes:

(1) Henry will coordinate the overall progress of the team. Before launch he will be responsible for critical evaluation and selection of ∼100 targets in the 10 samples outlined in this proposal. He will lead efforts to develop observing protocols for SIM and the necessary supporting telescopes on the ground, and organize efforts for SIM data analysis. After launch his duties will include evaluation of SIM data, collection and merger of supporting data from ground-based efforts, data management and publication of results. Throughout the mission, Henry will work with the other members of the SIM Science Team.

(2) Henry is specifically responsible for the selection of the red and brown dwarfs observing programs to be carried out by SIM. To reach this goal, he will make interferometric observations using the CHARA Array on Mount Wilson in California and astrometric, photometric, and spectroscopic observations using various telescopes at CTIO in Chile to identify the best low mass targets for the MASSIF Project. He will also carry out measurements using the CHARA Array for other samples included in the Project.

(3) Henry will play the role of “star guru” for the SIM Science Team. He will provide characterization data to other Key Project members, including astrometry, photometry, spectroscopy, and multiplicity as they are available or can be acquired. In his position as a Project Scientist for NStars, he can provide the needed data for stars within 25 pc. He will also communicate results of the SIM Project and MASSIF Key Project to astronomers and the public in collaboration with the Film, Art, Computer Sciences, and Physics & Astronomy Departments at Georgia State University. Work will be carried out to develop compelling visualizations of SIM science programs in both print and film formats.

A Postdoctoral Fellow will be supported 3/4 time to construct and maintain a database of observations from SIM and supporting observatories for the entire MASSIF Team. The Fellow will assist in target characterization efforts (organizing observing lists, data reduction, etc.), target selection, and the generation of scientific results. Observing programs that will form a large part of the Fellow’s duties include interferometric observations using the CHARA Array and astrometric, photometric, and spectroscopic observations using various telescopes at CTIO in Chile. A graduate student will be supported full time to carry out observations, analyze data, and target specific subsamples in thesis projects that are relevant to the MASSIF Project, e.g. southern red dwarfs.

Travel: The PI, Fellow, or student will carry out two observing runs/year in Chile that are 10 days in duration. Observing runs are used to determine parallaxes, photometry at VRI and spectroscopy for nearby star candidates. Support is included for two domestic trips for the PI to travel to one science meeting and one SIM Science Team meeting.

Miscellaneous: Support is included for incidental supplies and toll calls to support the MASSIF Team organization effort as well as observing runs. Funding for computer system support, network connection fees, and software maintenance at approximately $100/month. Page charges are included for one 10-page paper per year.

Statement of Work for Phil Ianna As CoI on the MASSIF Key Project, Ianna will continue ground-based astrometry to establish the proximity of nearby star candidates in the southern hemisphere and to extend the program to monitor the nearest objects for perturbations indicative of low mass companions through the launch date of SIM. The CCD observations are carried out at the Siding Spring Observatory in Australia (1m) and at CTIO in Chile (0.9m and 1.5m telescopes). The observing programs consist of M dwarfs, L dwarfs, and white dwarfs. Ianna will also lead the effort to select and characterize the TW Hydra targets.

The value of a parallax cannot be overestimated because it definitively establishes the distance to a potential SIM target. The Australian and Chilean programs will produce several hundred new parallaxes by the time SIM is launched, considerably adding to and refining the nearby star target list. By that time, we will have had at least 6 years in Chile to monitor the stars for perturbations, and up to 15 years for several dozen stars on the Australian program that has been running since about 1990. The statistical likelihood of finding several important very low mass companions for this data is high.

Support is requested for a technician for 9 months per year from the FY01 to FY05. State law mandates the technician be in a state classified position, and the fringe benefit rate is 33.5% of the salary. One month summer salary support is requested for Co-I Ianna through FY05 and two months per year thereafter when he will do a larger share of data analysis. Budgets for the second and third years of the proposal include an increase of 4% per year for the support salaries for the first 3 years and 3% per year for the remaining years.

The technical support position is vital to making progress with the project and keeping up with data reduction. Essentially all of the data reduction will be done in Virginia. We call attention to the fact that parallax programs are relatively labor intensive, and require periodic observations over several years for each parallax. The monthly Chilean observing runs fully occupy ten days, and in addition a fair amount of record keeping and auditing of observing progress is required. The technician would cover much of that and most of the image processing and data reduction. This person will relieve the primary investigators of some of the observing (other co-investigators for the Chile work cover observing runs as well).

Travel money is requested for one team meeting each year in Atlanta, one trip per year to Australia (Ianna) for observing and data analysis, and two trips per year to CTIO for the technician, with costs estimated as described on the budget worksheets. The latter are based on recent experience and rates set by CTIO. The observing support is presumed to continue until FY06.

Statement of Work for Brian Mason As CoI on the MASSIF Key Project, Mason will carry out several duties to support the effort:

(1) He will prepare a potential target list of objects in M67 and consult with other co-investigators on other potential targets.

(2) He will observe potential targets from all of the samples with optical speckle interferometry using 4m telescopes. He will reduce the observations and (in consultation with other co-investigators) develop final target list.

(3) He will observe all observable and potentially resolvable final targets with the AO system at Mt. Wilson to obtain magnitude differences at UBV RI, and reduce the data.

(4) He will use results from the USNO Astrograph to assist in target identification in the clusters as well as in a few cases where reference stars might be needed for SIM observations.

(5) He will interpret and report on speckle, AO, and SIM observations, including publication of scientific results.

(6) He will attend and participate in Team Meetings, email and phone discussions, and scientific meetings. Support is specifically requested for travel to these meetings.

Support is also requested for a summer student throughout the grant periods to assist with these duties.

Statement of Work for Ed Nelan Nelan will help achieve the objectives of the MASSIF Key Project by building upon the expertise he has developed over the past 12 years using the Hubble Space Telescope’s Fine Guidance Sensors for astrometry and high angular resolution observing. As STScI’s FGS Instrument Scientist he has had extensive involvement with using these interferometers to observe a wide variety of astronomical objects in pursuit of a diverse range of scientific objectives. The observational and technical challenges facing this Key Project have in some sense already been confronted, admittedly at a much lower accuracy, by observers using the HST’s FGS to study resolved binary systems. By analyzing FGS’s observed fringes at milliarcsecond sampling, the components of resolved close binary systems can isolated relative to one another. This allows for a proper interpretation of the astrometric measurement of the system’s photocenter relative to field reference stars. In addition, Nelan will lead the effort to characterize and select the Trapezium targets.

In the pre-launch years Nelan will develop the algorithms and software appropriate for the analysis of SIM’s fringes obtained from observations of resolved sources. He will interact with SIM developers and will provide assistance as needed in the specification and implementation of observing modes that are optimized for close multiple star systems, such as having the flexibility to fine tune the delay line modulation range for a given observation. He will work with JPL to assure that the necessary data needed for the binary star analysis are included in the downlink (e.g., fringe visibility as function of delay line modulation).

In the pre-launch years Nelan will also analyze this Key Project’s candidate target list to assure that the final selection is reliably observable by SIM. This will specifically address issues of crowded fields, bright backgrounds, nebulosity, wide ( > 10 mas) binary systems, etc.

After launch Nelan will apply the software packages he will have developed to analyze the observations of the binary systems. It is fully anticipated that, once real spacecraft data are being processed, additional algorithm and software development will be necessary. Nelan will play a key role in this regard.

Statement of Work for Guillermo Torres As a Co-Investigator on the MASSIF Key Project, Torres will determine accurate masses and luminosities with SIM and supporting observatories for selected binary targets in a variety of stellar populations, with the goal of characterizing the mass-luminosity relations in those populations. Specific preparatory work that will be carried out by him include groundbased observations to determine the spectroscopic orbits required for the mass determinations, and also the analysis of the astrometric data provided by SIM and the combination with spectroscopic observations to derive the final masses and luminosities.

As part of the preparatory work, Torres will:

(1) Select a list of the most favorable targets among the binary stars in the Hyades, Pleiades, and M67 clusters to be monitored spectroscopically to determine their radialvelocity orbits. He will lead the effort on the Hyades sample.

(2) Lead the effort to obtain and review spectroscopic observations of these stars as well as targets in other categories of objects included in this proposal as needed, primarily with existing facilities at the Harvard-Smithsonian Center for Astrophysics, including the Hectochelle multi-fiber spectrograph on the 6.5m MMT.

(3) Reduce and analyze the spectroscopic data to determine the most suitable and astrophysically important objects for accurate mass determinations with SIM. Solve for the spectroscopic orbital elements and determine the minimum masses for the components as well as the light ratios needed to establish the mass-luminosity relation.

After the launch of SIM, Torres will:

(4) Participate in the effort to evaluate the spectroscopic and astrometric results that will be used to derive the individual masses and luminosities of the binary components.

(5) Participate in the development of special-purpose software to combine the SIM astrometric measurements with ground-based radial-velocity measurements from one or more telescopes into a global solution yielding accurate masses and realistic error estimates.

(6) Participate in the effort to compare the masses and luminosities of objects observed with SIM in the Hyades, Pleiades, M67, and in the other samples covered by this proposal with the predictions from the best available models of stellar evolution. The main goal of this is to test various aspects of the theoretical calculations, including convection prescriptions, opacities, the helium content, and how it scales with metallicity.

(7) Participate in the publication of results.

7. Appendix: Reference List — Team Members’ Publications since 1990 that Report Masses

Benedict, G.F., McArthur, B.E., Franz, O.G., Wasserman, L.H., & Henry, T.J. 2000a, Interferometric Astrometry of the Low-Mass Binary Gliese 791.2 (= HU Del) Using Hubble Space Telescope Fine Guidance Sensor 3: Parallax and Component Masses, ApJ, 512, 864

Benedict, G.F., McArthur, B.E.,, Franz, O.G., Wasserman, L.W., Nelan, E.P., Lee, J., Fredrick, L.W., Jefferys, W.H., van Altena, W., Robinson, E.L., Spiesman, W.J., Shelus, P.J., Hemenway, P.D., Duncombe, R.L., Story, D., Whipple, A.L., & Bradley, A. 2000b Interferometric Astrometry of the Detached White Dwarf - M Dwarf Binary Feige 24 Using Hubble Space Telescope Fine Guidance Sensor 3: White Dwarf Radius and Component Mass Estimates, AJ, 119, 2382

ten Brummelaar, T.A., Mason, B.D., Bagnuolo, Jr., W.G. Hartkopf, W.I., McAlister, H.A., & Turner, N.H. 1996, Differential Binary Star Photometry Using the Adaptive Optics System at Starfire Optical Range AJ, 112, 1180

ten Brummelaar, T.A., Mason, B.D., Hartkopf, W.I., McAlister, H.A., Roberts, Jr., L.C., Turner, N.H., & Bagnuolo, Jr., W.G.

2000, Differential Binary Star Photometry Using the Adaptive Optics System at Mount Wilson Observatory, AJ, 119, 2403

Coppenbarger, D.S., Henry, T.J., & McCarthy, Jr., D.W. 1994, Ross 614AB: A Redetermination of the Masses One Orbit Later, AJ, 107, 1551

Eaton, J.A., Hartkopf, W.I., McAlister, H.A., & Mason, B.D. 1995, Winds and Accretion in δ Sagittae, AJ, 109, 1856

Fekel, F.C., Scarfe, C.D., Barlow, D.J., Duquennoy, A., McAlister, H.A., Hartkopf, W.I., Mason, B.D., & Tokovinin, A.A. 1997, New and Improved Parameters of HD 202908 = ADS 14839: A Spectroscopic-Visual Triple System, AJ, 113, 1095

Franz, O.G., Henry, T.J., Wasserman, L.H., Benedict, G.F., Ianna, P.A., Kirkpatrick, J.D., McCarthy, Jr., D.W., Bradley, A.J., Duncombe, R.L., Fredrick, L.W., Hemenway, P.D., Jefferys, W.H., McArthur, B.E., Nelan, E.P., Shelus, P.J., Story, D.B., van Altena, W.F., & Whipple, A.L. 1998, The First Definitive Binary Orbit Determined with the HST Fine Guidance Sensors: Wolf 1062 (Gliese 748), AJ, 116, 1432

Gies, D.R., Kambe, E., Josephs, T.S., Bagnuolo, W.G., Jr., Choi, Y.J., Gudehus, D., Guyton, K.M., Hartkopf, W.I., Hildebrand, J.L., Kaye, A.B., Mason, B.D., Riddle, R.L., Sowers, J.W., Turner, N.H., Wilson, J.W., & Xiong, Y. 1999, Ultraviolet and Optical Line Profile Variations in the Spectrum of Epsilon Persei, ApJ, 525, 420

Gies, D.R., Mason, B.D., Bagnuolo, W.G., Jr., Hahula, M.E., Hartkopf, W.I., McAlister, H.A., Thaller, M.L., McKibben, W.P., & Penny, L.R. 1997, The O-type Binary 15 Monocerotis Nears Periastron, ApJ, 475, L49

Gies, D.R., Mason, B.D., Hartkopf, W.I., McAlister, H.A., Frazin, R.A., Hahula, M.E., Penny, L.R., Thaller, M.L., Fullerton, A.W., & Shara, M.M. 1993, Binary Star Orbits from Speckle Interferometry. V. A Combined Speckle/Spectroscopic Study of the O Star Binary 15 Monocerotis, AJ, 106, 2072

Golimowski, D.A., Burrows, C.J., Kulkarni, S.R., Oppenheimer, B.R., & Brukardt, R.A. 1998, Wide Field Planetary Camera 2 Observations of the Brown Dwarf Gliese 229B: Optical Colors and Orbital Motion, AJ, 115, 2579

Golimowski, D.A., Henry, T.J., Krist, J.E., Schroeder, D.J., Marcy, G.W., Fischer, D.A., Butler, R.P. 2000, The Very Low Mass Component of the Gliese 105 System, ApJ Letters, in press

Hartkopf, W.I., Mason, B.D., Gies, D.R., ten Brummelaar, T., McAlister, H.A., Moffat, A.F.J., Shara, M.M., & Wallace, D.J.

1999, ICCD Speckle Observations of Binary Stars. XXII. A Duplicity Survey of Wolf-Rayet Stars, AJ, 118, 509

Hartkopf, W.I., Mason, B.D., & McAlister, H.A. 1996, Binary Star Orbits from Speckle Interferometry VIII. Orbits of 37 Close Visual Systems, AJ, 111, 370

Hartkopf, W.I., McAlister, H.A., & Mason, B.D. 2000, Third Catalog of Interferometric Measurements of Binary Stars, Center for High Angular Resolution Astronomy, Contribution No. 4, (http://www.chara.gsu.edu/DoubleStars/Speckle/intro.html)

Henry, T.J., Franz, O.G., Wasserman, L.H., Benedict, G.F., Shelus, P.J., Ianna, P.A., Kirkpatrick, J.D., & McCarthy, Jr., D.W. 1999, The Optical Mass-Luminosity Relation at the End of the Main Sequence (0.08 to 0.20 M_⊙), ApJ, 512, 864

Henry, T.J., Johnson, D.S., McCarthy, Jr., D.W., & Kirkpatrick, J.D. 1992, Red/Infrared Observations of Wolf 424AB: Are the Components Substellar?, A&A, 254, 116

Henry, T.J. & McCarthy, Jr., D.W. 1990, A Systematic Search for Brown Dwarfs Orbiting Nearby Stars, ApJ, 350, 334

Henry, T.J. & McCarthy, Jr., D.W. 1993, The Mass-Luminosity Relation for Stars of Mass 1.0 to 0.08 M_⊙, AJ, 106, 773

Henry, T.J., McCarthy, Jr., D.W., Freeman, J.D., & Christou, J.C. 1992, A Nearby Solar-Type Star with a Low-Mass Companion:

New Sensitivity Limits Reached Using Speckle Imaging, AJ, 103, 1369

Henry, T.J. & Torres, G. 2000, The Stellar Mass-Luminosity Relation at Optical Wavelengths, in preparation

Lacy, C.H., Torres, G., Claret, A., Stefanik, R.P., Latham, D.W., & Sabby, J.A. 2000, Absolute Properties of the Eclipsing Binary Star FS Monocerotis, AJ, 119, 1389

Lacy, C.H.S., Torres, G., Latham, D.W., Zakirov, M.M., & Arzumanyants, G.C. 1997, Absolute Dimensions and Masses of IT Cassiopeiae, AJ, 114, 1206

Latham, D.W., Mazeh, T., Stefanik, R.P., Davis, R.J., Carney, B.W., Krymolowski, Y., Laird, J.B., Torres, G., & Morse, J.A.

1992, A Survey of Proper Motion Stars. XI. Orbits for the Second 40 Spectroscopic Binaries, AJ, 104, 774

Latham, D.W., Nordström, B., Andersen, J., Torres, G., Stefanik, R.P., Thaller, M., & Bester, M. 1996, Accurate mass determination for double-lined spectroscopic binaries by digital cross-correlation spectroscopy: DM Virginis revisited, A&A, 314,

864 Liu, N., Gies, D.R., Xiong, Y., Riddle, R.L., Bagnuolo, Jr., W.G. Barry, D.J., Ferrara, E.C., Hartkopf, W.I., Hooda, J.S., Mason, B.D., McAlister, H.A., Roberts, Jr., L.C., & Sowers, J.W. 1997, Tomographic Separation of Composite Spectra. V. The Triple Star System 55 Ursae Majoris, ApJ, 485, 350

Marschall, L.A., Stefanik, R.P., Lacy, C.H., Torres, G., Williams, D.B., & Agerer, F. 1997, The Eclipsing Double-Lined Spectroscopic Binary System V505 Persei, AJ, 114, 793

Mason, B.D. 1997, Binary Star Orbits from Speckle Interferometry XI. Orbits of Twelve Lunar Occultation Systems, AJ, 114, 808

Mason, B.D., Douglass, G.G., & Hartkopf, W.I. 1997, Binary Star Orbits from Speckle Interferometry. I. Improved Orbital Elements of 22 Visual Systems, AJ, 117, 1023

Mason, B.D., Gies, D.R., Hartkopf, W.I., Bagnuolo, W.G., Jr., ten Brummelaar, T., & McAlister, H.A. 1998, ICCD Speckle Observations of Binary Stars. XIX. An Astrometric/Spectroscopic Survey of O Stars, AJ, 115, 821

Mason, B.D., McAlister, H.A., & Hartkopf, W.I. 1996, Binary Star Orbits from Speckle Interferometry IX. The Nearby Solar-Type Speckle-Spectroscopic Binary Fin 347 Aa, AJ, 112, 276

Mason, B.D., McAlister, H.A., Hartkopf, W.I., Griffin, R.F., & Griffin, R.E.M. 1997, Binary Star Orbits from Speckle Interferometry X. Orbits of HR 233, 36 Tau, and 73 Leo, AJ, 114, 1607

Mason, B.D., McAlister, H.A., Hartkopf, W.I., & Shara, M.M. 1995, Binary Star Orbits from Speckle Interferometry. VII: The multiple system XI Ursae Majoris, AJ, 109, 332

Mason, B.D., ten Brummelaar, T., Gies, D.R., Hartkopf, W.I., & Thaller, M.L. 1997, ICCD Speckle Observations of Binary Stars. XVIII. An Investigation of Be Stars, AJ, 114, 2112

McAlister, H.A., Hartkopf, W.I., & Mason, B.D. 1992, Binary Star Orbits from Speckle Interferometry. IV. The Old Disk Population Star HR 1071, AJ, 104, 1961

McAlister, H.A., Hartkopf, W.I., Mason, B.D., Fekel, F.C., Ianna, P.A., Tokovinin, A.A., Griffin, R.F., & Culver, R.B. 1995, Binary Star Orbits from Speckle Interferometry. VI. The Nearby Solar-Type Speckle-Spectroscopic Binary HR 6697, AJ, 110, 366 McAlister, H.A., Mason, B.D., Hartkopf, W.I.,& Shara, M.M. 1993, , ICCD Speckle Observations of Binary Stars. X. A Further Survey for Duplicity Among the Bright Stars, AJ, 106, 1639

McCarthy, Jr., D.W., Henry, T.J., McLeod, B.A., & Christou, J.C. 1991, The Low Mass Companion of Gliese 22A: First Results of the Steward Observatory Infrared Speckle Camera, AJ, 101, 214

McKibben, W.P., Bagnuolo, W.G., Jr., Gies, D.R., Hahula, M.E., Hartkopf, W.I., Roberts, L.C., Jr., Bolton, C.T., Fullerton, A.W., Mason, B.D., Penny, L.R., & Thaller, M.L. 1998, A Long Period Spectroscopic Binary in the O-Star Multiple System HD 193322, PASP, 110, 900

Metcalfe, T.S., Mathieu, R.D., Latham, D.W., & Torres, G. 1996, The Low-Mass Double-Lined Eclipsing Binary CM Draconis: A Test of the Primordial Helium Abundance and the Mass-Radius Relation Near the Bottom of the Main Sequence, ApJ, 456, 356 Penny, L.R., Gies, D.R., & Bagnuolo, W.G., Jr. 1999, Tomographic Separation of Composite Spectra. VI. The Physical Properties of the Massive Close Binary HD152248, ApJ, 518, 450

Schroeder, D.J., Golimowski, D.A., Brukardt, R.A., Burrows, C.J., Caldwell, J.J., Fastie, W.G., Ford, H.C., Hesman, B., Kletskin, I., Krist, J.E., Royle, P., & Zubrowski, R.A. 1999, A Search for Faint Companions to Nearby Stars Using the Wide Field Planetary Camera 2, AJ, 119, 906

Soderblom, D.R., King, J.R., Siess, L., Noll, K.S., Gilmore, D.M., Henry, T.J., Nelan, E., Burrows, C.J., Brown, R.A., Perryman, M.A.C., Benedict, G.F., McArthur, B.J., Franz, O.G., Wasserman, L.H., Jones, B.F., Latham, D.W., Torres, G., & Stefanik, R.P. 1998a, HD 98800: A unique stellar system of post-T Tauri stars, ApJ, 498, 385

Torres, G., 1995, A Visual-Spectroscopic Orbit for the Binary Σ248, PASP, 107, 524

Torres, G., 1999, Substellar Companion Masses from Minimal Radial Velocity or Astrometric Information: A Monte Carlo Approach, PASP, 111, 169

Torres, G., Andersen, J., Nordström, B., & Latham, D.W. 2000, Absolute dimensions of eclipsing binaries. XXIII. The F-type system EI Cephei, AJ, 119, 1942

Torres, G., Henry, T.J., Franz, O.G., & Wasserman, L.H. 1999, The Nearby Low-Mass Visual Binary Wolf 424, AJ, 117, 562

Torres, G., Lacy, C.H.S., Claret, A., Zakirov, M.M., Arzumanyants, G.C., Bayramov, N., Hojaev, A.S., Stefanik, R.P., Latham, D.W., & Sabby, J.A. 1999, Absolute dimensions of the A-type eclipsing binary V364 Lacertae, AJ, 118, 1831

Torres, G., Stefanik, R.P., Andersen, J., Nordström, B., Latham, D.W., & Clausen, J.V. 1997, Absolute dimensions of eclipsing binaries. XXII. The unevolved F-type system HS Hydrae, AJ, 114, 2764

Torres, G., Stefanik, R.P., & Latham, D.W. 1997a, The Hyades Binary 51 Tauri: Spectroscopic Detection of the Primary, the Distance to the Cluster, and the Mass-Luminosity Relation, ApJ, 474, 256

Torres, G., Stefanik, R.P., & Latham, D.W. 1997b, The Hyades Binary Finsen 342 (70 Tauri): A Double-Lined Spectroscopic Orbit, the Distance to the Cluster, and the Mass-Luminosity Relation, ApJ, 479, 268

Torres, G., Stefanik, R.P., & Latham, D.W. 1997c, The Hyades Binaries θ^1 Tauri and θ^2 Tauri: the Distance to the Cluster and the Mass-Luminosity Relation, ApJ, 485, 167 Torres, G., Stefanik, R.P., Latham, D.W., & Mazeh, T. 1995, Study of Spectroscopic Binaries with TODCOR. IV. The Multiplicity of the Young Nearby Star HD 98800, ApJ, 452, 870 Woitas, J., Leinert, Ch., Jahreiss, H., Henry, T.J., Franz, O.G., & Wasserman, L.H. 2000, The Nearby M Dwarf System Gliese 866 Revisited, A&A, 353, 253 Zucker, S., Torres, G., & Mazeh, T. 1995, Study of Spectroscopic Binaries with TODCOR. III. Application to Triple-Lined Systems, ApJ, 452, 863

7. Appendix: Reference List — Additional References in Text

Abt, H.A., Barnes, R.C., Biggs, E.S., & Osmer, P.S. 1965, ApJ, 142, 1604 Abt, H.A., Wang, R., & Cardona, O., 1991, ApJ, 367, 155 Andersen, J. 1991, A&ARev, 3, 91 Andersen, J. 1998, Proceedings of IAU Symposium 189 on Fundamental Stellar Properties: The Interaction between Observation and Theory, eds. T.R. Bedding, A.J. Booth and J. Davis, Kluwer, Dordrecht, p. 99 Antokhina, E.A., Moffat, A.F.J., Antokhin, I.I., Bertrand, J.-F., & Lamontagne, R. 2000, ApJ, 529, 463 Baraffe, I., Chabrier, G., Allard, F., & Hauschildt, P.H. 1998, A&A, 337, 403 Bisikalo, D.V., Harmanec, P., Boyarchuk, A.A., Kuznetsov, O.A., & Hadrava, P. 2000, A&A, 353, 1009

Boesgaard, A.M. & Friel, E.D. 1990, ApJ, 351, 467 Boesgaard, A.M. & Friel, E.D. 1990, ApJ, 351, 467 Cunha, K., Smith, V.V., & Lambert, D.L. 1995, ApJ, 452, 634 Damineli, A., Kaufer, A., Wolf, B., Stahl, O., Lopes, D.F., & de Araújo, F.X. 2000, ApJ, 528, L101 Davidson, K., Ishibashi, K., Gull, T.R., Humphreys, R.M., & Smith, N. 2000, ApJ, 530, L107 Friel, E.D. & Boesgaard, A.M. 1992, ApJ, 387, 170. Giannuzzi, M.A. 1995, A&A, 293, 360 Gies, D.R., & Bolton, C.T. 1986, ApJ, 304, 371 Harries, T.J., Hilditch, R.W., & Hill, G. 1998, MNRAS, 295, 386 Henry, T.J. 2000, Research Consortium on Nearby Stars (RECONS) Database 2000.0 Henry, T.J., Ianna, P.A., Kirkpatrick, J.D., & Jahreiß, H. 1997, AJ, 114, 388 Henry, T.J., Kirkpatrick, J.D., & Simons, D.A. 1994, AJ, 108, 1437 Herrero, A., Puls, J., & Villamariz, M.R. 2000, A&A, 354, 193 Koerner, D.W., Kirkpatrick, J.D., McElwain, M.W., & Bonaventura, N.R. 1999, ApJ, 526, L25 Koester, D., & Reimers, D. 1996, A&A, 313, 810 Mathieu, R.D., Latham, D.W. 1986, AJ, 92, 1364 Mathieu, R.D., Latham, D.W., & Griffin, R.F. 1990, AJ, 100, 1859 McArthur, B.E., Benedict, G.F., Lee, J., Lu, C.-L., Van Altena, W.F., Deliyannis, C.P., Girard, T., Fredrick, L.W., Nelan, E., Duncombe, R.L., Hemenway, P.D., Jefferys, W.H., Shelus, P.J., Franz, O.G. & Wasserman, L.H. 1999, ApJLett, 520, L59 Mermilliod, J.-C., Rosvick, J.M., Duquennoy, A. & Mayor, M. 1992, A&A, 265, 513 Montgomery, K.A., Marschall, L.A. % Janes, K.A. 1993, AJ, 106, 181 Morris, P.W., Waters, L.B.F.M., Barlow, M.J., Lim, T., de Koter, A., Voors, R.H.M., Cox, P., de Graauw, Th., Henning, Th., Hony, S., Lamers, H.J.G.L.M. & Mutschke, H. 1999, Nature, 402, 502

et al 1999, Nature, 402, 50 Nelemans, G., Tauris, T.M., & van den Heuvel, E.P.J. 1999, A&A, 352, L8 Palla, F., & Stahler, S.W. 1999, ApJ, 525, 772 Petr, M.G., Coude Du Foresto, V., Beckwith, S.V.W., Richichi, A., & McCaughrean, M.J. 1998, ApJ, 500. 825 Preibisch, T., Balega, Y., Hofmann, K.H., Weigelt, G., Zinnecker, H. 1999, New Astronomy, 7, 531 Reid, I.N., Kirkpatrick, J.D., Gizis, J.E., Dahn, C.C., Monet, D.G., Williams, R.J, Liebert, J., & Burgasser, A.J. 2000, AJ, 119, 369 Schaller, G., Schaerer, S., Meynet, G., Maeder, A. 1992, A&ASuppl, 96, 269 Schweickhardt, J., Schmutz, W., Stahl, O., Szeifert, Th., & Wolf, B. 1999, A&A, 347, 127

Soderblom, D.R. 1998b, private communication.

Soderblom, D.R., Stauffer, J.R., Hudon, J.D., & Jones, B.F. 1993, ApJS, 85, 315 Stauffer, J.R. 1996, in Proceedings of the 9th Cambridge Workshop on Cool Stars, Stellar Systems and the Sun, eds. R. Pallavicini & A. Dupree van Leeuwen, F., & Hansen Ruiz, C.S. 1997, in Proc. ESA Symp. Hipparcos — Venice 1997, ESA SP-402, p. 689 Webb, R.A., Zuckerman, B., Platais, I., Patience, J., White, R.J., Schwartz, M.J., & McCarthy, C., 1999, ApJLett, 512, L63 Weigelt, G., Balega, Y., Preibisch, T., Schertl, D., Scholler, M., Zinnecker, H. 1999, AA 347, L15 Wood, M.A. 1995, in White Dwarfs, eds. D. Koester & K. Werner (Springer-Verlag:Berlin), p. 41