viii Boulder-Munich II

Boulder-Munich II ix

Filamentary structure west of R136 in the 30 Doradus Nebula. This region is believed to be a site of triggered massive-star formation. The image is a falsecolour composite of Hα (green) and S [ii] (red) exposures with the HST/WFPC2, prepared by R. H. Barbá and N. R. Walborn (see p. 336, and particularly Fig. 1 of that paper). The circles mark IR sources and a dense nebular knot with an embedded O star.

Boulder-Munich II xi xii Boulder-Munich II

Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

INFRARED VIEWS: FROM YOUTH TO OLD AGE

ZAMS O Stars

Margaret M. Hanson . . . . . . . . . . . . . . . . . . . . . . . . . 1 The Extreme Mass-Loss Signatures of Massive Young Stellar Objects J. E. Drew . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 Near-Infrared Observations of Hot Stars, and Applications to Galactic H ii Regions Peter S. Conti and Robert D. Blum . . . . . . . . . . . . . . . . . 24 Near-IR Diagnostics and Tests of Blanketing in Early-Type Stars Paul A. Crowther, Bruce Bohannan, and Anna Pasquali . . . . . 38 High-Resolution Near-Infrared Spectroscopy of Hot Supergiants A. W. Fullerton and F. Najarro . . . . . . . . . . . . . . . . . . . 47 Quantitative IR Spectroscopy of Hot Stars Observed by ISO F. Najarro, R.-P. Kudritzki, D. J. Hillier, H. J. G. L. M. Lamers, R. H. M. Voors, P. W. Morris, and L. B. F. M. Waters . . . . . . 57 The Neon Abundance in Wolf-Rayet Stars: A Test of Massive-Star Evolution Theory Allan Willis, Luc Dessart, Paul Crowther, Pat Morris, and Karel van der Hucht . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

ROTATIONAL MIXING

The Evolution of Surface Parameters of Rotating Massive Stars Norbert Langer and Alexander Heger . . . . . . . . . . . . . . . . 76 The Physics of Rotational Mixing in Massive Stars

A. Maeder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 Massive-Star Models With Rotation: New Numerical Results G. Meynet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

“NON-LTE, BLAH, BLAH, BLAH. . .

LINE-BLANKETING, BLAH, BLAH, BLAH. . .”

Non-LTE Line-Blanketed Model Atmospheres of O Stars I. Hubeny, S. R. Heap, and T. Lanz . . . . . . . . . . . . . . . . . 108 Non-LTE Model Atmospheres with Line Blanketing and Photon Loss W. Schmutz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 Spherical Non-LTE Line-Blanketed Stellar-Atmosphere Models of the Early-B Giants ϵ CMa, β CMa, and α Vir J. P. Aufdenberg, P. H. Hauschildt, and E. Baron . . . . . . . . . 127 Non-LTE Line Formation for Iron-Group Elements in A Supergiants S. R. Becker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

OBSERVATIONS OF HOT, LUMINOUS STARS

The Helium Fractions of Blue Supergiants and the Effect of Microturbulence N. D. Mc Erlean . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 Microturbulence in O Supergiants

Keith C. Smith, Ian D. Howarth, and Kaj Siebert . . . . . . . . . 153 Spectroscopic Analyses of Galactic O Stars

A. Herrero, M. R. Villamariz, and E. L. Martín . . . . . . . . . 159 B-Type Stars as Tracers of Galactic Chemical Compositions Philip Dufton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 A-Supergiant Abundances in Local-Group Galaxies

K. A. Venn, J. K. McCarthy, D. J. Lennon, and R. P. Kudritzki . 177 The Oxygen-Abundance Gradient in M33

M. I. Monteverde . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 Studies of Blue Supergiants in M31 and M33 with HIRES on the Keck I Telescope James K. McCarthy, Kim A. Venn, Daniel J. Lennon, Rolf-Peter Kudritzki, and Joachim Puls . . . . . . . . . . . . . . . . . . . . . 197 A UV Survey of B Supergiants: Continuum Properties

D. Massa and R. K. Prinja . . . . . . . . . . . . . . . . . . . . . 208 A UV Survey of B Supergiants: Time-Averaged Stellar-Wind Properties Raman K. Prinja and Derck L. Massa . . . . . . . . . . . . . . . 218 Asymmetry in the Winds of Ofpe/WN9 Stars

Anna Pasquali . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

STELLAR-WIND MODELS

Effects of Gravity Darkening on Radiatively Driven Mass Loss from Rapidly Rotating Stars S. P. Owocki, K. G. Gayley, and S. R. Cranmer . . . . . . . . . . 237 Spectral Diagnostics of Blue Stars with Winds

J. Puls, R.-P. Kudritzki, A. E. Santolaya-Rey, A. Herrero, S. P. Owocki, and J. K. McCarthy . . . . . . . . . . . . . . . . . . . . . 245 Realistic Models for Expanding Atmospheres

A. W. A. Pauldrach, M. Lennon, T. L. Hoffmann, F. Sellmaier, R.-P. Kudritzki, and J. Puls . . . . . . . . . . . . . . . . . . . . . 258 The X-ray Emission from Cloud Collisions in O-Star Winds A. Feldmeier, A. Pauldrach, and J. Puls . . . . . . . . . . . . . . 278 Models of Radiatively Driven Wolf-Rayet-Star Winds

U. Springmann and J. Puls . . . . . . . . . . . . . . . . . . . . . 286 Stellar-Wind Momentum in Galaxies and a New Parameterization of the Radiative Line Force R. P. Kudritzki, U. Springmann, J. Puls, A. W. A. Pauldrach, and M. Lennon . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

The Ionizing Fluxes of Early-Type Stars and Their Impact on H ii Regions and the ‘Diffuse Ionized Gas’ Daniel Schaerer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

HOT STARS IN THE LMC

Predicted O-Star Lyman-Continuum Emission vs. H ii-Region Luminosities in the LMC M. S. Oey and R. C. Kennicutt, Jr. . . . . . . . . . . . . . . . . . 322 Evolutionary Links Between Ofpe/WN9 Stars and Other Massive Stars in Clusters N. St-Louis, A. F. J. Moffat, L. Turbide, and J.-F. Bertrand . . . 326 A New Stellar Generation in 30 Doradus

Nolan R. Walborn and Rodolfo H. Barbá . . . . . . . . . . . . . . 336 Constructing an Empirical Isochrone for the Massive Stars in the Core of the Starburst Cluster R136a Alex de Koter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343 R136: A Cluster of O3 Stars!

Philip Massey and Deirdre A. Hunter . . . . . . . . . . . . . . . 355 The Low-Mass Stellar Content of 30 Doradus

Marco Sirianni, Antonella Nota, Claus Leitherer, Mark Clampin, and Guido De Marchi . . . . . . . . . . . . . . . . . . . . . . . . 363 Quantitative Comparisons Between Wolf-Rayet Stars in HD 97950 and R136a Luc Dessart and Paul A. Crowther . . . . . . . . . . . . . . . . . 368

DOUBLE, DOUBLE, TOIL AND TROUBLE

Big-Game Hunting: Massive Binaries in 30 Dor

J.-F. Bertrand, N. St-Louis, and A. F. J. Moffat . . . . . . . . . . 376 O Stars in Binaries

D. R. Gies, W. I. Hartkopf, B. D. Mason, W. G. Bagnuolo, Jr., T. ten Brummelaar, and H. A. McAlister . . . . . . . . . . . . . 382 Fundamental Parameters from O-Type Binaries

L. R. Penny, D. R. Gies, and W. G. Bagnuolo, Jr. . . . . . . . . 392 Detached and Interacting OB-Star Binaries

Tim J. Harries and Ron W. Hilditch . . . . . . . . . . . . . . . . 401 The Detection of Binary Companions to Subdwarf B Stars C. S. Jeffery and D. L. Pollacco . . . . . . . . . . . . . . . . . . . 411 Mass-Loss Rates from Hα Emission: A Caution for Binary Systems Michelle L. Thaller . . . . . . . . . . . . . . . . . . . . . . . . . . 417 Stellar Winds in High-Mass X-Ray Binaries

L. Kaper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427 Kinematics and Photometry of O and WR Stars with HIPPARCOS A. F. J. Moffat, S. V. Marchenko, et al. . . . . . . . . . . . . . . . 437

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445 Object Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449 xvi Boulder-Munich II

Preface xvii

Preface

The first Boulder-Munich Workshop on ‘Properties of Hot, Luminous Stars’ was held at JILA in 1989 August. The purpose was “to consider at some depth the parameters of hot stars . . .from the perspective of standard models.” A second meeting was originally intended to consider issues of time dependence and non-sphericity; those topics have indeed been the focus of several subsequent meetings, though not under the aegis of ‘Boulder-Munich’. There have also been a number of meetings devoted to the rarer denizens of the upper part of the Hertzsprung-Russell diagram: Wolf-Rayet stars and Luminous Blue Variables. However, astronomers had not gathered with the principal purpose of discussing the more ‘normal’ hot, luminous stars since Boulder-Munich I.

At the time of the first Workshop the Hubble Space Telescope had yet to be launched; no infrared observations were reported in the Proceedings; and, in the hot-star context, the few ‘extragalactic’ observations available were firmly limited to the Magellanic Clouds. Much progress has been made since that time, and a meeting to review that progress was clearly overdue. The opportunity arose to hold such a meeting in 1997 July, in the pleasant surroundings of Cumberland Lodge, in the heart of Windsor Great Park. (We have followed the precedent of the ‘Cambridge Cool-Star Workshops’, in taking the content, not the geographical location, to define a ‘Boulder-Munich Workshop’.) Availability of accommodation limited participation to a relatively small group of specialists, the great majority of whom gave oral presentations. Those presentations, plus a handful of poster papers, form the basis of this Proceedings volume.

Scientific and local organizing committees were never formally constituted, but in practice consisted of Peter Conti, Ian Howarth, Rolf Kudritzki, and Allan Willis. Our thanks go to the session chairs (Mike Barlow, Ron Hilditch, Simon Jeffery, Antonella Nota, and Dave Stickland); to Linda Smith, who navigated the participants’ coach through the wilds of darkest Berkshire; and to the sound crew – Kaj Siebert, Matt Stroud, and Rich Townsend – who made the tape recordings from which the Discussions were transcribed. Those discussions have been edited for conciseness (‘de-ummed’ in BBC parlance) but are otherwise almost verbatim. The colour frontispiece was kindly provided by Nolan Walborn, and evening ‘hospitality’ was sponsored by the Perren Fund, through the generous co-operation of the current encumbent of the Perren Chair, David Williams. Given the enthusiasm with which that hospitality was embraced, from an etymological viewpoint our Workshop might have been better styled a ‘symposium’!

Ian Howarth, UCL 1997 October xviii Boulder-Munich II

Participants

Jason Aufdenberg jaufdenb@sara.la.asu.edu Dept. Physics & Astronomy, Arizona State University, Tempe, AZ 85271- 1504, USA Mike Barlow idh@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Sylvia Becker becker@usmu01.usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Jean-Francois Bertrand bertrand@astro.umontreal.ca Département de Physique, Université de Montréal C.P. 6128, Succ. Centre Ville, Montréal, (Québec), H3C 3J7, Canada Bruce Bohannan bruce@noao.edu

National Optical Astronomy Observatories, 950 N. Cherry Ave., PO Box 26732, Tucson, AZ 85719, USA Simon Clark jsc@phastr.soton.ac.uk

Dept. of Physics, Southampton University, University Rd., Southampton SO17 1BJ, UK Peter Conti pconti@jila.colorado.edu

JILA, Box 440, University of Colorado, Boulder, CO 80309, USA Paul Crowther pac@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Alex de Koter dekoter@astro.uva.nl

Astronomical Institute ‘Anton Pannekoek’, University of Amsterdam, Kruislaan 403, 1098 SJ Amsterdam, The Netherlands Luc Dessart ld@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Janet Drew j.drew@ic.ac.uk

Physics Dept., Imperial College of Science, Technology & Medicine, Blackett Laboratory, London SW7 2BZ, UK Philip Dufton P.Dufton@qub.ac.uk

APS Division, Dept. of Pure & Applied Physics, The Queen’s University of Belfast, Belfast BT7 1NN, N. Ireland Achim Feldmeier feld@usmu01.usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Alex Fullerton alex@usm.uni-muenchen.de Dept. Physics & Astronomy, The Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218, USA

Rudi Gabler rug@usm.uni-muenchen.de

Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Doug Gies gies@chara.gsu.edu

Center for High Angular Resolution Astronomy, Georgia State University, Atlanta, GA 30303-3083, USA Margaret Hanson mhanson@as.arizona.edu Steward Observatory, University of Arizona, Tucson, AZ 85721, USA Tim Harries tjh@msslac.mssl.ucl.ac.uk

Mullard Space Science Laboratory, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK Artemio Herrero ahd@ll.iac.es

Instituto de Astrofísica de Canarias, E–38200 La Laguna, Tenerife, Spain Ron Hilditch rwh@st-andrews.ac.uk

School of Physics & Astronomy, University of St. Andrews, North Haugh, St. Andrews, Fife, Scotland KY16 9SS Ian Howarth idh@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Ivan Hubeny hubeny@hrs.gsfc.nasa.gov

NASA/GSFC, Code 681, Greenbelt, MD 20771, USA Simon Jeffery csj@star.arm.ac.uk

Armagh Observatory, College Hill, Armagh BT61 9DG, N. Ireland Lex Kaper lkaper@eso.org

European Southern Observatory, Karl-Schwarzschild-Straße 2, D–85748 Garching bei München, Germany Rolf Kudritzki kud@usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Norbert Langer ntl@leo.astro.physik.uni-potsdam.de Institut für Theoretische Physik und Astrophysik, Universität Potsdam, D–14415 Potsdam, Germany Chris Lloyd cl@ast.star.rl.ac.uk

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK André Maeder Andre.Maeder@obs.unige.ch Geneva Observatory, CH–1290 Sauverny, Switzerland Derck Massa massa@xfiles.gsfc.nasa.gov

Hughes STX, NASA/GSFC, Greenbelt, MD 20771, USA Jim McCarthy jkm@optkos.caltech.edu

Palomar Observatory, California Institute of Technology, M/S 105–24, Pasadena, CA 91125, USA Neil Mc Erlean N.McErlean@qub.ac.uk

APS Division, Dept. of Pure & Applied Physics, The Queen’s University of Belfast, Belfast BT7 1NN, N. Ireland

Georges Meynet Georges.Meynet@obs.unige.ch Geneva Observatory, CH–1290 Sauverny, Switzerland Ilusion Monteverde imonteve@ll.iac.es

Instituto de Astrofísica de Canarias, E–38200 La Laguna, Tenerife, Spain Paco Najarro imonteve@ll.iac.es

Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Antonella Nota nota@stsci.edu

Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA Sally Oey oey@ast.cam.ac.uk

Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, UK Stan Owocki owocki@brivs2.bartol.udel.edu

Bartol Research Institute, University of Delaware, Newark, DE 19716, USA Anna Pasquali pasquali@stsci.edu

European Southern Observatory, Karl-Schwarzschild-Straße 2, D–85748 Garching bei München, Germany Adi Pauldrach uh10107@usmu01.usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany

Laura Penny pennyl@cofc.edu

Department of Physics and Astronomy, College of Charleston, Charleston, SC 29424, USA Raman Prinja rkp@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Joachim Puls uh101aw@usmu01.usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Paul Roche pdr@star.maps.susx.ac.uk

Astronomy Centre, CPES, University of Sussex, Falmer, Brighton BN1 9QH, UK Daniel Schaerer schaerer@stsci.edu

Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA Werner Schmutz schmutz@astro.phys.ethz.ch Institute of Astronomy, ETH Zentrum, CH–8092 Zürich, Switzerland Kaj Siebert kws@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Linda Smith ljs@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK

Uwe Springmann uh101bx@hal15.usm.uni-muenchen.de Universitäts Sternwarte München, Scheinerstraße 1, D–81679 München, Germany Dave Stickland ds@ast.star.rl.ac.uk

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK Nicole St-Louis stlouis@astro.umontreal.ca

Département de Physique, Université de Montréal C.P. 6128, Succ. Centre Ville, Montréal, (Québec), H3C 3J7, Canada Matt Stroud mps@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Michelle Thaller thaller@chara.gsu.edu

Center for High Angular Resolution Astronomy, Georgia State University, Atlanta, GA 30303-3083, USA Richard Townsend rhdt@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK Kim Venn venn@clare.physics.macalester.edu Dept. Physics & Astronomy, Macalester College, St. Paul, MN 55105, USA Charo Villamariz ccid@ll.iac.es

Instituto de Astrofísica de Canarias, E–38200 La Laguna, Tenerife, Spain Nolan Walborn walborn@stsci.edu

Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA Allan Willis ajw@star.ucl.ac.uk

Dept. Physics & Astronomy, University College London, Gower St., London WC1E 6BT, UK

Boulder-Munich II xxiii xxiv Boulder-Munich II

Boulder-Munich II xxv xxvi Boulder-Munich II