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EVOLUTION OF SINGLE STARS WITH MASS LOSS 

C. de Loore 
Astrophysical Institute, Free University of Brussels 

1. EVIDENCE FOR NASS LOSS 

A. riass loss has been observed by means of UV, optical, IR and radio ob­
servations. 
B. There exists also indirect evidence that stars lose matter during 
their evolution. 

1.1. Mass determination of binaries 

For stars on or near the ZAMS the masses agree well with the mass lumi­
nosity relation Csee for instance Stothers, 1972). The effective tem­
peratures and luminosities correspond with models of these stars for 
luminosity class V. For some evolved systems the masses and luminosities 
are such that mass exchange and mass loss might have occurred, since one 
of the members does not fit the mass luminosity law [Examples : Ly Aur 
[Andersen et al., 1974), HD 47129 [Hutchings and Cowley, 1976), HDE 228766 
[Massey and Conti, 1977), BD+40°4220 [Bohannan and Conti, 1976)). For 
this last star the mass loss could have been as large as 60 M,-, in 3.106 

years, corresponding with a mass loss rate of ~ 2.10"5 r^yr'^ [Conti, 
1978). 

1.2. Overluminosity of supergiants and Of-stars 

The luminosities of early type supergiants and of Of-stars seem to be 
considerably higher than expected from the observed masses, derived from 
evolutionary tracks or the mass luminosity relation [Hutchings, 1976, 
Conti, 1976). Also the optical companions of massive X-ray binaries are 
overluminous; this was ascribed to mass loss by a strong stellar wind 
during the hydrogen burning stage by de Loore, De Greve, Lamers [1977), 
de Loore, De Greve, Vanbeveren (1978), Ziolkowski [1977). This has im­
portant repercussions on the evolution and the evolutionary status of 
massive X-ray binaries and WR stars. 
More evidence is furnished by the mechanism for the production of the X-
rays; these may either be produced by the accretion of matter expelled by 
a stellar wind acting on the hot companion [Lamers, van den Heuvel, 
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Patterson, 19763 or by a stellar wind enhanced by Roche overflow from 
the hot companion of the neutron star. 
The surface composition of supergiants can show products of nuclear 
burning; it might be that these products were brought from the interior 
to the surface by convection or that the outer layers were expelled, so 
that the inner regions which have undergone nuclear burning are revealed. 
Early type supergiants do not have convective envelopes hence in the 
stars of this group showing evolved surface abundances probably conside­
rable mass loss occurred (Walborn, 1976; Dearborn and Eggleton, 1977). 
Another possibility to bring processed material to the surface, meridio­
nal mixing may be ruled out, since at no time during the evolution the 
envelope convection penetrates through the hydrogen burning shell (Lamb, 
Iben, Howard, 1976; Lamb, 1978). 

1.3. Features of the HRD which cannot be explained by usual evolutionary 
computations 

a) an uninterrupted distribution of stars with spectral types 0 through 
AO for log L/L0 < 5.3 

b) a relative lack of stars with spectral types later than B3 for log 
L/L0 > 5.3 

c) the absence of stars of spectral type N for log L/L0 > 5.3. 

If instead of using a conservative assumption upon the mass, mass loss 
is taken into account, most of these characteristics may be explained : 
the strange features as overluminosity (or undermassiveness) disappear 
and a new mass luminosity relationship may be derived, the X-ray produc­
tion in binaries can be explained at least qualitatively, the position 
in the HRD becomes clear, certainly for the points b and c, i.e. the 
thinning out of more luminous stars with spectral type later than B3 and 
the absence of stars of spectral type N for log L/L0 > 5.3. Different 
assumptions for the mass loss may be adopted. The effect of these as-

assumptions 
I no mass loss 
mass loss only important during 
late type supergiant phase 
sudden mass loss at some criti­
cal effective temperature 
imass loss occurs continuously 
in all parts of the HRD 

opacities 
Cox Stewart 

no 
no 

Carson 
no 
no 

no | 

can account for the presence of OBN 
and WN stars and the absence of very 
luminous M supergiants 
no satisfactory 
explanation of 
WN stars with 
large H-defi-
ciencies 

effective temperature 
for the ZANS too low 
to account for the ob­
servation of blue su­
pergiants of the lowest 
luminosity | 

Table 1. Survey of various assumptions concerning mass loss and their 
influences on the features of the HRD. "No" means that the observed fea­
tures of the HRD are not in agreement with the assumption. 
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sumptions is shown in Table 1. It turns out that only mass loss occur­
ring continuously in all parts of the HRD explains these characteristics, 
and neither mass loss occurring only during the late type supergiant 
stage, nor sudden mass loss starting at some critical effective tempera­
ture. 

2. EVOLUTION OF SINGLE STARS WITH MASS LOSS 

Although evidence for mass loss in stars of different spectral types was 
discovered many years ago [Morton, 1967; Hutchings, 19763, with mass loss 
rates between 10"' and 10"^ M0yr"' for luminous stars, mechanisms for the 
explanation of this phenomenon have been developed recently, or are still 
being developed. It is clear that mass loss rates of this order will 
affect the evolution of the stars. Evolution of stars decreasing in 
mass was computed by Massevich [1958] in order to explain statistics for 
stars of the galaxy and the assumption that the mean molecular weight 
changes along the main sequence. She assumed that the star loses mass 
continuously owing to corpuscular radiation and calculated sequences of 
equilibrium models with decreasing mass. A mass loss rate, M = -kLR/M 
was proposed by McCrea in 1962. Tanaka [1966] calculated the evolution 
of two massive stars [~ 15 M0 and - 47 M0] from ZAMS to core H exhaustion. 
Hartwick [1967] used the McCrea relation with k such that for main se­
quence stars fl = 10~6 M0yr~1. Chiosi and Nasi used the same relation 
with various k for the calculation of the evolution of stars with initial 
masses of 20 and 40 M0. The tracks are shown in Figure 1. The most 
striking features are the following : 
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Figure 1. Evolutionary sequences with mass loss for initial masses of 
20 and 40 M0. The tracks a and b are tracks without mass loss [Chiosi 
and Nasi [1 974] . 

https://doi.org/10.1017/S0074180900013693 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900013693


316 C. Dt- LOORli 

1. for moderate M the evolutionary tracks are similar to those at 
constant mass but with decreasing luminosity for higher M. 

2. for very high M the evolutionary tracks show similarities with 
those of the mass losing primaries in massive close binaries with Roche 
lobe overflow. Dearborn and Eggleton (1977) paid especially attention 
to the problem of CNO abundances in stars that lost matter. According 
to their computations a 32 M0 star, losing mass at a rate of ~ 1.5 10~6 

M0yr""1 can be converted into an OBN star (Walborn, 1976) : the burning 
products of the CNO cycle show up at the surface. This is particularly 
interesting in connection with the problem of the WR abundances. The 
status of evolutionary computations with mass loss is given in Table 2. 

Table 2. Survey of evolutionary computations including mass 
loss . 

Massevich 1958 mass loss 
McCrea 1962 mass loss 

Tanaka 

Hartwick 
Chiosi & 
de Loore, 
de Loore, 
: Dearborn 

evolution 

evolution 
Nasi 1974 
De Greve, 
De Greve, 
& Eggleton 

by corpuscular radiation 
dM 

r a t e " dt 

of 46.8 Mc 
15.6 M C 

of 15 M 0 

evolution of 20 
Lamers 1977 
Vanbeveren 1978 
1977 

Chiosi & Nasi, Sreenivasan 1978 
Sreenivasan, Wilson 1978 
de Loore, De Greve, Vanbeveren (Dec. 
Stothers & Chao wen Chiu 
Czerny, Michal (Poland) 

Falk, M itala s 

= kLR/M (L,R,M in solar units, 
k in M0yr~1) 

) 

and 4C 
20-
50-

20-
15 

1978) 

40-

30 

N0 

50 M0 

100 n 0 

100 M0 

^0 
20-100 n Q 

180 N0 

^ o 

3. COMPUTATIONS OF EVOLUTIONARY TRACKS WITH MASS LOSS 

3.1. Mass loss rates 

A considerable number of observations on mass loss exists but the number 
of stars with accurately determined rates is less extended (Snow, T., 
these proceedings). For the determination of the theoretical mass loss 
rates we calibrated the values of Hutchings (1976) and of Barlow and 
Cohen (1977) by means of 7 standard stars. Rather large errors (up to 
1 magnitude) may be expected since discrepancies up to a factor of 10 
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might exist for the standard stars, and since extrapolation is necessary 
(standard stars of spectral type 09f to B1a) . Barlow and Cohen (1977) 
derive an expression for the mass loss rate (from the IR excess of 34 
OBA supergiants and 10 Of and Oe stars, together with a velocity law 
derived from the observations of P Cygni). For our computations we 
started with the equations proposed by Barlow and Cohen : 

M = a(L/L 0) 3 

a = 6.8 10~13 NQyr 3 = 1.1 ± 0.06 for the 0-stars 
a = 5 10"13 HQyr 3 = 1.2 ± 0.08 for the B and A 

These values are about a factor of 2 smaller than those quoted for super­
giants in the literature. Also the values of Sterken (1977), derived 
from the Ha profile of B1a and B2a supergiants agree within a factor of 
2. 3 is approximately 1, hence we assumed the mass loss nearly propor­
tional to the luminosity, and expressed the mass loss rates in terms of 
a parameter N defined as 

N = -ri C 2 / L 

The N values derived from the mass loss rates of Barlow and Cohen are 
shown in Figure 2. In the figure are also given the values of £ Pup and 
T Sco and the 6 supergiants of Sterken (underlined]. The lower limit 
for mass loss for 0 and B stars (Snow and florton, 1976) is MDOi = -6. 
In the late B and A stars Rosendhal (1973) found a lower limit at Mboi= 
-7.8. From the figure it may be seen that M is of the order of 100±50 
throughout the whole spectral range. The figure does not show variations 
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Figure 2. Observed mass loss rates converted into N-values. The lower 
limits for significant mass loss observed in the far UV (dashed line) 
and in the visual (dash-dotted line) are indicated also. 
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Figure 3. Evolutionary tracks in the HR-diagram of mass losing stars 
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Figure 4 . 
5 
M 

Evolutionary tracks for mass losing stars of 100, 80, 60 and 
The numbers at the tracks are the remaining masses in 

Between brackets is indicated the hydrogen content of the atmosphere. 
50 N 0 (N=300). 

is some 10^ years. Figure 5 shows the masses at the end of the core 
hydrogen burning as a function of the initial masses. For the three N-
values used for the computations a linear relation between final mass 
and initial mass may be obtained. The limiting value for the mass cor­
responding with vanishing mass loss is ~ 13 M 0 (where UV observations 
point to ~ 15 N 0 (Snow and Norton, 1976)). 
Chiosi, Nasi and Sreenivasan (1978) have calculated evolutionary tracks 
with mass loss using the mass loss rates predicted by Castor, Abbott and 
Klein (1975). 

CV th 
a 
T 

1-a 
LL2.I a 

M-r1 (KD 1/a 

with L, N stellar luminosity and mass, c the light velocity, v^.n the 
thermal velocity of random motion, r the ratio of the luminosity to the 
Eddington luminosity. 

(T = 
a L e 
47TGI1 with a e the mass scattering coefficient for free electrons, 

K and a were used as adjustable parameters). The a-value of 0.76 used 
by Chiosi et al. seems to correspond with our case N=100, and the value 
of a=0.9 is slightly smaller than our N=300 case. The agreement between 
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ZAMS 
Figure 5. Mass at the end of core hydrogen burning as a function of 
the initial mass for three N-values. 

the two sets of computations (de Loore et al. and Chiosi et al. (1978)) 
for the hydrogen burning stage is very good. Chiosi et al. have treated 
semi-convection in a very extended way, while in the computations of de 
Loore et al. only convection, but not semi-convection, is treated proper­
ly. However this has little effect on the evolution as the layers in­
volved are removed. Chiosi et al. [1978) have also incorporated mass 
loss during the red giant phases when the evolutionary tracks cross the 
acoustic flux dominated region. As already calculated before (de Loore, 
1970; Castellani et al. 1971) the acoustic flux is a sharply peaked 
function of Teff, so that the switch from predominantly radiation 
pressure driven mass loss to acoustic flux driven mass loss occurs 
quite suddenly. The mass loss rate is given by 

ac 
v v e c 

with ve the escape velocity of the star, vs the sound speed, L a c the 
acoustic flux and e is the efficiency parameter (Fusi-Pecci and Renzini, 
1975a,b, 1976). Chiosi et al. adopted a value of 10~4 for e. 
Evolutionary tracks were computed for initial masses of 20 - 100 
no, lowered by stellar wind losses (a=0.9) with further mass loss due 
to acoustic fluxes when log T e f f equals 3.84, 3.83 and 3.795 respective­
ly. The mass loss rates involved have values of 5 to 6 10~3 N0yr_/l, 
5 10~3 Moyr"'1 and 2.5 10"4 H0yr~1 respectively. This is shown in Fig. 
6 and 8. 
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60 

5.5 

5.0 

4.8 

Figure 6. Theoretical HR diagram of the 20, 30, 40, 60, 80, 100 n 
stars with mass loss by radiation pressure (a=0.76) during the main 
sequence and shell H-burning phases (Chiosi, Nasi, Sreenivasan, 1978). 

The same set of calculations was repeated for a=0.76 (shown in Figure 7], 
The tracks show the following characteristics : 

6.0 

-J 
55 

o 

5.0 h 

4.8 

Figure 7. Theoretical HR diagram of the 20, 30, 40, 60, 80, 100 N0 
stars with mass loss by radiation pressure (a=0.90) during the main 
sequence and shell H-burning phases (Chiosi, Nasi, Sreenivasan, 1978). 
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1) as long as layers with the initial chemical composition are ex­
pelled the stars move towards lower effective temperatures. The acoustic 
flux increases hence the mass loss rate becomes higher. This stage ends 
when layers that have undergone internal mixing or CNO processes appear 
at the surface. This stage does not occur in higher masses since CNO-
processed layers reached already the surface before 

2) two competing effects occur now, leading to loops in the HRD : 
on the one hand gravitational core contraction and consequent He-burning 
causes an expansion of the envelope and a decrease of the effective tem­
perature; the star tends to move to the right. On the other hand He-
enriched layers will tend to shift the star to move to the left. The 
result is that the star describes loops (Figure 8). 

3] as a consequence of the mass loss and the H-burning shejLl moving 
outwards,the outer layers are eaten from two sides. Consequently the 
relative He-core mass increases. When this value exceeds values of 0.6-
0.7 the star moves towards the left, and again the high temperature mass 
loss mechanism takes over. 

6.0 

-» 5 5 

o 

50 

100 

80 

60 

a - 0 90 
6 * 10 - 4 

30 

42 

Figure 8. Theoretical HR diagram for the set a=0.90 during the phase of 
acoustic flux driven wind (e=10~4) and early stages of central He-burning. 
Each sequence is labelled by the initial mass in solar units (Chiosi, 
Nasi, Sreenivasan, 1978]. 

Recently Stothers and Chao-wen Chiu (1978) carried out evolutionary com­
putations including mass loss for different assumptions 

1) mass loss occurs in all regions of the HRD, according to (NcCrea, 
1962) 

M = -kLR/N 

(for k a value of lO"^ l^yr"1 is used) 
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2) mass loss only occurs during the late type supergiant stage 
Clog T B f f < 3.85) 

3) sudden mass loss occurs at a critical effective temperature 
CT ff - 5000K)(Bisnovatyi-Kogan and Nadezhin, 1972) for (1 > 20 MQ. 

60| 1 1 1 1 1 1 1 1 1 1 H 

361 1 I 1 I I I I I I I L J 
4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 

LOG Te 

Figure 9. HR diagram showing the evolutionary tracks for initial masses 
of 60, 30 and 15 MQ. The dashed lines represent conservative tracks, 
the solid lines represent the case with mass loss occurring continuously 
in all parts of the diagram with M given by the McCrea expression 
(Stothers and Chao-wen Chiu, 1978). 

Evolutionary tracks are shown in Figure 9. The results are similar to 
those of Tanaka (1966), Chiosi and Nasi (1974), Dearborn and Eggleton 
(1977), de Loore et al. (1977), Sreenivasan and Wilson (1978), Chiosi 
et al. (1978), de Loore et al. (1978). 
The evolution of a 15 N 0 star is shown in Figure 10, with the assumption 
that mass loss is only important among late type supergiants. The star 
executes a long blue loop and ends as a star of 3.6 M0. The hydrogen 
envelope has X=0.36. For very high masses the evolution is similar to 
the case of sudden mass loss : the star describes loops in the HRD (see 
Figure 10, 2 upper tracks) with rapid leftward motion and motions to­
wards the right on a nuclear time scale. Nuch of the time is spent in 
an unstable area, bordered by log Teff = 3.63 and log Teff = 3.73, for­
ming a yellow supergiant region. In contrast to this, a star losing 
mass continuously spends most of the time as a blue supergiant. 
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6 0 | 1 1 1 1 1 I I I I I 1 1 1 1—I 

LOG Te 

Figure 10. HR diagram showing the evolutionary tracks up to the stage 
of helium exhaustion for the conservative case (dashed curves), for the 
case of mass loss during the late supergiant stage (dotted curves) and 
for the case of sudden mass loss in the region of yellow supergiants of 
very high luminosity (Stothers and Chao-wen Chiu, 1978). 

5. COMPARISON WITH OBSERVATIONS 

5.1. Mass-luminosity relation 

a) Masses of stars in the core hydrogen burning phase 
A careful compilation of masses, luminosities and temperatures of a 
large number of OB-stars was carried out by Snow and Morton (1976); 
these data can be used for a comparison with the results of our calcula­
tions, and since the computations of Chiosi et al. (1978) and Stothers 
and Chao-wen Chiu (1978) are comparable, also with those. In Figure 11 
are shown equal mass curves (EMC). These EMC are not identical with 
evolutionary tracks as is the case for conservative evolution. The EMC 
are in the case N=300 much steeper than the EMC for N=0. During shell 
burning the evolution is so fast that although the mass loss rates are 
considerable the stars lose only marginal fractions of their mass; for 
this stage the EMC may be considered as evolutionary tracks. In Figure 
11 are shown also the stars of Snow and Morton's list, of classes V, IV 
and III with masses, derived by comparison with Stothers' conservative 
tracks. These values are compared with the EMC derived from our calcula­
tions for N=300. The agreement is very good. At the end of core in­
huming the EMC are again very close to the conservative evolution tracks 
for the same mass. Consequently here again the mass estimates for both 
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^boi 

- 9 0 

- 8 5 

- 8 0 

- 7 5 

- 7 0 

- 6 5 

-6.0 

4 6 45 4 4 log Teff 

Figure 11. The equal mass curves for hydrogen core burning (dotted lines} 
for the case N=300 are compared with masses of stars of luminosity classes 
III, IV and V derived from the observations by using conservative evolu­
tionary tracks (Stothers, 19723. The arrows indicate the luminosity of 
the equal mass curves during hydrogen shell burning. 

cases are similar. The largest differences are found near the start of 
the contraction phase. Hence mass estimates of stars in the core hydro­
gen burning phase based on conservative tracks will differ only slightly 
from estimates based on tracks with mass loss, even if the mass loss is 
large (N=300). 

b) QBA-Supergiants 
During hydrogen shell burning the luminosity of the star remains nearly 
unchanged as well for mass losing tracks as for the conservative case. 
This enables us to establish a mass-luminosity relation for supergiants 
not dependent on the spectral type. No masses of supergiants are known 
accurately enough; only 6 supergiants could be found for which a reaso­
nable accurate mass can be derived (£ Ori, e Ori, r\ CNa, o2CTIa, HD 7583, 
HD 33579). The masses and luminosities of these stars, with 1a error 
bars are plotted in Figure 12. The uncertainty in the masses is too 
large to draw any firm conclusion about the exact value of N. 
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c) The lack of very luminous stars with M b o l < -9 (log L/L0 > 5.5] and 
log T < 4.25 cannot be explained by a luminosity decrease during H shell 
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-10 

M bol 

- 9 

- 8 

- 7 

1.0 1.5 2.0 
logM/M0 

Figure 12. The observed masses and luminosities of six supergiants 
[with 1a error bars] compared with the predicted mass-luminosity rela­
tion for different mass loss rates (N=0, 100, 300, 500). 

burning since this phase is too short to allow a significant mass de­
crease, nor can this be explained by a speeding up of the evolution on 
the horizontal track (de Loore et al. 1977). 

d) The assumption of a strong stellar wind has the consequence that in 
the main sequence band a variety of stellar remnants are produced that 
should be observed as "overluminous"(= undermassive), helium enriched 
or nitrogen rich. Among the population I stars of the galaxy, helium 
stars, OBN stars and Wolf Rayet stars show these characteristics. This 
is valid for Cox-Stewart opacities as well as for Carson opacities 
(Stothers and Chao-wen Chiu, 1978). Table 3 shows the changing atmosphe­
ric abundance and the N(H)/N(He) ratio for various evolutionary stages 
and different initial masses (N=300). Figure 13 shows again the evolu­
tionary tracks for massive stars and the regions of the HRD where the 
WN 7 and 8 stars are located, the WR CWC) stars as well as the position 
of the optical companions of 5 massive X-ray binaries (Conti, 1978). 
As can be seen from the figure, single WN 7 and 8 stars mi&ht have 
evolved in a natural way from 0 stars with masses between 80 and say 
120 M0 with strong stellar winds. The formation of other WR stars, 
with more helium in the atmosphere cannot be explained by this mechanism. 
The evolutionary scenario of Conti (1976) implying that Of-stars would 
evolve into transition WR stars and further into WR stars is only par­
tially confirmed. It is not easy to explain how such hydrogen deficient 
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X 4-
at 

0.7 
0.6 
0.5 
0.4 
0.36 

0.7 
0.6 
0.5 
0.4 
0.36 

1 J 

N(H)/ 
NCHe) 

10.37 
6.5 
4.25 
2.8 
2.5 

10.37 
6.5 
4.25 
2.8 
2.5 

I 100 M 80 M ' L o o 

It/106 log L log TQff t/106 log L log T 

0 6.06 4.72 0 5.90 4.71 
1.785 5.95 4.67 2.253 5.80 4.63 
2.430 5.94 4.64 2.858 5.80 4.61 
2.882 5.94 4.63 3.230 5.92 4.27 
2.992 6.06 4.34 

60 M 50 M 1 
0 0 

t/106 log L log TQff t/106 log L log T 
0 5.67 4.68 0 5.52 4.66 
2.954 5.59 4.59 3.726 5.45 4.53 
3.657 5.61 4.56 

Table 3. Atmospheric hydrogen abundance (Xat) and the ratio N(H)/N(He) 
for various evolutionary stages and different initial masses (N=300). 

■■ > 1 ■ 
1 7 4.6 4.5 4.4 log Teff 4.3 

igure 13. Evolutionary tracks for stars with initial masses 
etween 30 and 100 N0 losing mass, and the position of WN7 
tars, WR stars and companions of massive X-ray binaries. 
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Figure 14. The evolutionary track for an initial mass of 30 M0, first 
losing mass by stellar wind, leaving a remnant of 17.8 M0. During the 
stage of red supergiant when log Teff reached a value of 3.85 a sudden 
mass loss (4.10~3Moyr~1) was adopted, causing the star to move towards 
the left, with decreasing luminosity. 

Supergiant Scale- BO Bl B3 B5 B8 

logk 

3h 

I 

Cox-Stewart 
ZAMS 

60 M ^ \ 

i 1 

I l 

Carson Cox-Stewart 
ZAMS \ TAMS 

/ \ / \ \ / \ \ 1 \ 
X * \ \ \ \ \ \ \ 

30M©V \ \ 

^^ N \ 
X. X X. \ 

\ \ 

i i 

I i 
1 1 

Cox-Stewart 
Bluest 
Helium-Burning 
Supergiants 

/ 
N. \ \ \ 

x. \ 
\ \ x. 

x ^ 
8 M Q % . 

1 _l 

N 
X 

X. N \ 

1 1 1 
1 1 1 

Carson 
TAMS 

X X 
\ X \ \ 

x \ -
X . X 

4.8 4.7 4.6 4.5 4.4 

logTe 

4.3 4.2 4.1 4.0 

Figure 15. The ZAflS, the end of the hydrogen burning stage and the place 
of the bluest He-burning supergiants (Stothers, 1977). 
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for the explanation of the low number of very luminous blue supergiants 
of spectral type later than B3 are smaller. However they lead to effec­
tive temperatures for the ZAMS that seem to be rather cool (Figure 15] 
(log Tgf-p ~ 4.58]. The observed spectroscopic and Zanstra effective 
temperatures of 0 stars seem to favor smaller opacities; the Carson opa­
cities fail to account satisfactorily for the observations of the blue 
supergiants of lower luminosities. 

5. EVOLUTIONARY CONFUTATIONS FOR LATE STAGES 

Evolutionary computations for a 15 M0 and 25 M0 star were carried out by 
Lamb, Iben and Howard (1976] from main sequence through core carbon 
burning. The results of the processes of nuclear burning are dependent 
on the physical conditions in the star (temperature, density as function 
of radius, energy transport, and neutrino emission (pair, plasma, photo]]. 
A very detailed treatment of convection is required; this was done by 
Lamb et al. (1976], not only for the later phases but also for previous 
burning stages. It turns out that a star of 15 M0 evolves across the 
Hertzsprung gap burning carbon as a red supergiant, while a 25 M0 star 
finishes its C-burning at higher effective temperatures, and does not 
reach the red-supergiant region. This explains not completely the mini­
mum of nD02 ~ -9 for red supergiants; it would be very interesting to 
repeat the calculations, including mass loss. 

6. INFLUENCE OF ROTATION 

The influence of rotation on the evolution of stars losingmass was com­
puted by Sreenivasan and Wilson (1978] for a 15 M0 star. Rotation was 
considered as a factor leading to enhanced mass loss by assuming that 
gravity is weakened by the centrifugal force. Loss of angular momentum 
is carried through in the computations and conservation of energy and 
angular momentum are used to derive the spin down of such stars. Nor­
mally the effect of mass loss for an initial 15 M0 star is marginal. 
Inclusion of rotation increases the mass loss rates to 3-4 10"' M0yr~1 
(ZAMS] and 4 10"9 Moyr""1 (red giant phase]. The mass decreases to -10 MQ. 

7. INFLUENCE OF CONVECTION 

One of the main features caused by mass loss is an increase of the main 
sequence lifetime. In that respect the treatment of convection, causing 
mixing and hence more efficient hydrogen burning is important. Very 
recently Roxburgh (1978] developed a new convection theory, retaining 
the Kinetic energy flux and assuming the viscous dissipation to be small. 
The calculations show that with this new treatment the convective cores 
contain now 50 to 70% more mass than other models and the stars have 
slightly lower luminosities. The net effect is that the extension of 
the main sequence of stellar evolution is about 70% larger than in pre­
vious determination, hence the main sequence lifetime is larger by ~ 70%. 
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D I S C U S S I O N FOLLOWING DE LOORE 

M a r lbo rou_g^h : Do t h e e v o l u t i o n a r y c a l c u l a t i o n s i n c l u d i n g 
m a s s l o s s , c a l c u l a t e d b y S t o t h e r s u s i n g C a r s o n ' s o p a c i t i e s 
a g r e e w i t h e v o l u t i o n a r y c a l c u l a t i o n s i n c l u d i n g m a s s l o s s b y 
o t h e r w o r k e r s s u c h a s C h i o s i e t a l . ? 

d e L o o r e : T h e y s h o w t h e same o v e r a l l c h a r a c t e r i s t i c s 
a s o u r t r a c k s a n d t h o s e o f C h i o s i e t a l . i n t h e s e n s e t h a t 
m o d e l s w i t h b o t h s e t s o f o p a c i t i e s c a n e x p l a i n some s p e c i a l 
f e a t u r e s o f t h e HRD. H o w e v e r , t h e r e a r e d i f f e r e n c e s i n t h e 
i n t e r p r e t a t i o n : t h e C a r s o n o p a c i t i e s u s e d b y S t o t h e r s a n d 
C h a o - w e n - C h i u a r e s o d o m i n a n t t h a t o t h e r p a r a m e t e r s a s 
t h e r m o d y n a m i c f u n c t i o n s a n d e v e n t h e m a s s l o s s e s a r e o f 
m i n o r i m p o r t a n c e . T h e i n f l u e n c e o f t h e C a r s o n o p a c i t i e s 
i s so o v e r w h e l m i n g t h a t a l l o t h e r f a c t o r s a r e n o t s i g n i f i ­
c a n t , a n d t h e s t a r s e x p a n d t o t h e i r l a r g e s t p o s s i b l e c o n ­
f i g u r a t i o n . 

G a r m a n y : I w a n t t o a s k a q u e s t i o n a b o u t t h e p h y s i c s 
b e h i n d t h e i n c r e a s e d l e n g t h o f t i m e a s t a r s p e n d s on t h e 
m a i n s e q u e n c e i n t h e c a s e o f m a s s l o s s c o m p a r e d t o t h e c o n ­
s e r v a t i v e c a s e . I s t h e r e a s o n f o r t h i s s i m p l y t h e d e c r e a s e d 
m a s s o f t h e s t a r , o r i s i t m o r e c o m p l i c a t e d ? 

de L o o r e : I t i s j u s t t h e d e c r e a s e d m a s s o f t h e s t a r . 

G a r m a n y : I a s k t h i s b e c a u s e I h a v e s e e n t h e t i m e s f o r 
t h e c a s e s o f d i f f e r e n t r a t e s o f m a s s l o s s , a n d t h e r e s e e m s 
t o be a v e r y b i g d i f f e r e n c e b e t w e e n t h e c o n s e r v a t i v e c a s e 
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and the cases of different mass loss rates. 

(la s sey : In the slide you showed of real stars on your 
HR diagram, you said that the numbers listed were the "ob­
served" masses - since at least some (if not all] of those served " ma s ses 
stars are single, could 
served"? 

ou clarify what you meant by " o b -

d e Loore: The stars are selected from the list of Snow 
and Morton, and from spectral type and luminosity the masses 
are derived. 

ŷ an den Heuvel: The masses in your diagram must be 
semi-empirical ones (i.e. not purely theoretical ones, de­
rived from evolutionary tracks, because then you would be 
using a circular argument) obtained from a fine-ana lysis of 
the spectrum, for stars for which the distance is known. 
For such stars we have L, Teff and g = &Q which allows one 
to d etermine M. R' 

Hutchings: Please clarify what supergiant masses you 
used to determine N. (The X-ray primaries are all under-
massive by ~ 50%, and the mass of Cen X~3 is certainly not 
well known at present). 

de Loore: The supergiant masses were derived from ef­
fective temperatures and g-values (or radii) from ^ Ori, 
e Ori, n CNa, HD 7583 and HD 33579. The optical companions 
of X-ray binaries were not used for this purpose. 
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L/Lffl 

60 

5.5L 

5.0L • X - ray binaries 
A HD 153919 
B KRE 
C HDE 226868 
D Sk 160 
E HD 77581 

J_ JL 
1.0 1.5 2.0 

log M/M© 

may well loose mass by a stellar wind at a more rapid rate 
than single stars. This has been also suggested by Hutchings 
using other Kinds of data. Note that the mass loss suffered 
by those four stars with neutron star companions cannot have 
transferred to the collapsed object, it must have been re­
moved from the system. 

Z io1kows ki: Would you like to comment on the point we 
discussed privately? 

de Lo ore : The idea of Dr. Ziolkowski is that N-values 
of the order 100 are better in agreement with the observa­
tions than higher values. However the observed overlumino-
sity can only be explained by rather large mass loss rates 
during the hydrogen burning stage. 
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Bisiacchi: From the observations of the number of CD-
type supergiants to dwarfs, we infer that only evolutionary 
models with large mass loss rates are able to reach, while 
burning hydrogen, the low gravity region of the log g, log 
Teff plane where the supergiants lie. Our data agree with 
the tracks by Chiosi with a = 0.9Q, which apparently corres­
ponds to your tracks for N = 300. 
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