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ADVANCEDD EVOLUTION OF HELIUM STARS AND MASSIVE CLOSE BINARIES. 

I.. INTRODUCTION AND SUMMARY. 

Inn this thesis the advanced evolution of helium stars and of massive 

closee binaries is investigated. Special attention is given to the origin of 

thee B-emission/X-ray binaries. The mass range in which stars terminate life as 

aa neutron star is estimated. 

Heliumm stars are expected to be the mass-exchange remnants of the original 

primaryy (i.e. more massive) stars after a Roche-lobe overflow phase in massive 

binaries.. The B-emission/X-ray binaries are systems composed of a neutron star 

andd a B-emission (Be) star (i.e. a rapidly rotating, early-type star with 

hydrogenn lines in emission); the X-rays originate from accretion onto the 

neutronn star of mass ejected by the Be star. Among the known massive X-ray 

binariess the Be/X-ray binaries form the most abundant sub-class (Van den 

Heuvel,, 1983). 

Inn the second chapter we describe the evolutionary program and the input 

physicss with which we have calculated the evolution from the helium Zero Age 

mainn sequence up to neon ignition in the core. Whenever we used other input 

physicss in the subsequent chapters this is specifically mentioned there. We 

tookk special care to calculate the changes in time of the interior composition 

byy using a diffusion approximation for convective mixing and by simultaneously 

solvingg for compositional changes and for the changes in the four variables 

whichh describe the stellar structure. Previously such an approach has never 

beenn undertaken and there have been made sometimes rather crude approximations 

forr changes in the composition. However, for a precise determination of the 

lowerr mass limit for neutron star formation an accurate treatment of 

compositionn changes is needed. The evolutionary code is devised in such a way 

thatt the variation of the stellar radius with time can be followed. Thereby 

cluess can be derived for the mass range of helium stars which do or do not 

formm neutron stars and which can undergo a (second) mass-transfer phase in 

binaries.. In all (except one, but only partly) previous investigations of the 

evolutionn through the core-carbon and carbon-shell burning phases the 

behaviourr of the stellar radius with time could not be studied accurately due 

too limitations of the evolutionary code. 

Inn the third chapter we present the numerical calculations and discuss 

thee possible identification of intermediate-mass helium stars, and the lower 
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andd upper mass limits for neutron star formation. 

Inn part A of Chapter III the evolution of a 2.5 M 0 helium star as a 

singlee star and in a binary is described. We give special attention to the 

numericall problems encountered during the carbon-burning phase. A scenario is 

presentedd for the formation of a Be/X-ray binary in which the helium star (the 

originall primary) transfers matter to the secondary. Thereby the core of the 

2.55 M @ helium star remains massive enough to collapse and to leave a neutron 

starr remnant. The effects of the (second) mass-transfer phase by Roche-lobe 

overfloww and of a symmetric supernova explosion on the orbital parameters are 

considered.. The characteristics of the system resulting from this scenario are 

comparedd with those of the observed Be/X-ray binaries (with known orbital 

parameters)) and possible progenitor systems among non-X-ray Be-star binaries 

(withh known orbital parameters) are identified. 

Inn part B of Chapter III we describe in detail the advanced evolution of 

2.00 to 4.0 M 0 helium stars. We compare our results with those of others in 

orderr to investigate the differences due to different Input physics. 

Particularly,, deviations due to convective overshoot at the boundary of the 

convectivee helium-burning core are studied. The development of steep density 

gradientss is found In helium stars of 2.2 - 2.5 M@, which may be a requirement 

forr the formation of neutron stars (Hillebrandt, 1984). 

Inn part C of Chapter III we review the theoretical and observational mass 

limitss for the formation of white dwarfs, neutron stars, and for complete 

disruptionn of the stars In single star evolution as well as In binary 

evolutionn (including formation of neutron stars and disruption of white dwarfs 

inducedd by mass accretion). We derive from our results a lower mass limit for 

neutronn star formation which is consistent with the upper mass limit for white 

dwarff formation as deduced from observations, but not with all estimates of 

thee theoretical lower mass limits as made by other authors. 

Inn part D of Chapter III the lower mass limit for black hole formation in 

aa binary (possibly the same for a single star) is derived by combining the 

resultss of stellar evolution calculations with observational data on massive 

X-rayy binaries. 

Inn part E of Chapter III we consider the identification of the 2.0 to 4.0 

M 00 helium stars with observed single and binary stars. Only the helium stars 

withh masses less than 2.7 M Q have a red-giant phase in which they may enter 

thee regime of the Cepheid variables and in which they may resemble R Coronae 

Borealiss (R CrB) pulsational variable stars. The birthrate of the R CrB stars 
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andd of the so-called extreme helium stars (with almost no hydrogen in their 

envelopes)) are investigated assuming that these stars originate from the 

heliumm stars in the mass range 2.0 - 2.7 M0. This birthrate is compared with 

birthratess derived from other evolutionary scenarios for the formation of 

thesee stars [e.g. the CO-He double white dwarf scenarios of Webbink (1984) and 

Ibenn and Tutukov (1984c)]. 

Inn Chapter IV the results of our stellar evolution calculations are 

comparedd with those of other authors in order to determine whether different 

resultss are due to the computational method or due to the input physics (or 

both).. We show that deviations in the model sequences can be traced back in 

mostt cases to differences in the input physics and assumptions regarding 

convectivee overshoot and convective mixing. However, some differences remain 

unexplained.. Finally, the results of previous chapters are combined to 

investigatee the modifications to the expected bulk yield of stellar 

nucleosynthesis. . 
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