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1.INTRODUCTION: THE HR DIAGRAM OF LUMINOUS STARS

The composite HR diagram for luminous stars in our galéxy
and in the LMC by Humphreys & McElroy (1984) are shown in figure
1 and 2, respectively. Note, first of all, the upper luminosity

limit of OBA stars, which approximately goes from (M logT) =

BOL’

(-11,4.5) to (-9,4.0). The reality of this limit has been
somewhat questioned. It seems that among the most luminous stars
in each spectral type the least luminous are those at T=10000°K.
This corresponds roughly to zero bolometric correction, that is
to the best observable stars in visual wavelenghts. More luminous
stars are observed both at higher and lower temperatures. It has
been suggested that the bolometric corrections are not well
calculated and this is true at least for the hottest and coolest
stars.

This envelope has been tentatively explained ‘through  the
location of main sequence stars and/or core helium burning stars.
Figure 3 from Bressan et al. (1981) show the main sequence band
' for constant mass evolutionary models and in presence of mass
loss and/or overshooting. As it is seen in figure 4, the best
agreement is obtainable in the case of mass loss  and
overshooting. Surely no agreement is obtainable with constant
mass models as: is evidenced in figure 5 from Chiosi (1981),
expecially because of the theoretical location of core helium
burning models. This location is drastically changed if mass loss
is taken into account, as it is visible in figure 6, from Chiosi
(1981). The mpdification seems to go in the direction to explain

L

the observed HR diagram, but it is still insufficient. In fact
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FIGURE 1. The composite HR diagram of our galaxy (Humphreys &
McElroy, 1984).
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FIGURE 2. The HR diagram of LMC (Humphréys & McElroy, 1984).



FIGURE 8. The ZAMS and the coolest edge of the core H-burning

band (Bressan et al., 1981) for:

A: constant mass and overshooting;

Al " " " standard convection and semiconvection;
B: mass loss and overshooting;
B': " " " standard convection and semiconvection.
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FIGURE 4. The main sequence band in presence of mass loss and
overshooting and the observational HR diagram (Bressan et al.,
A

1981). v
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FIGURE 5. The main sequence band and core He-burning band for
constant mass evolution and the observational HR diagram (Chiosi,

1981).

FIGURE 6. The same as fig. 5, but taking into account the mass
loss (Chiosi, 1?81).



Nasi (1986) has computed synthetic HR diagrams in different
scenarios: neither evolution with mass loss nor with mass loss
and overshooting are able to reproduce the observed HR diagram.
It 1is necessary to introduce an extra-ingredient. Nasi (1é86)
showed that it could be a moderate increase of standard radiative
opacities in the region of CNO ionization (figure 7). This
solution was proposed by Bertelli et al. (1984) to explain the
stellar counts on the HR diagram: the ratio between the core
helium burning lifetime tHe and core hydrogen burning lifetime tH
is an estimate of the ratio between the stars outside and inside
the main sequence band. If the theoretical ratios tHe/tH“ are
right than the main sequence band has to be wider than
theoretically expected. Bertelli et al. (1984) found that the
discrepancy is reduced if we consider mass loss and overshooting,
but nethertheless the main sequence has to extend to 10gT=4;00
for —9<MBOL<—7, and it seems to be removed if we introduce the
CNO opacity bump. This hypotesis, however, has grown in the
controversy between Los Alamos and Carson's opacities, which
concluded with the confirmation of the usual opacities {Carson et
. al, 1984).

De Loore et al. (1982) suggested another possible cause: the
development of massive and, therefore, optically thick winds
which re-define the stellar photosphere. But it seems to apply
only to the stars located near the observed limit, such as the

Luminous Blue Variables, LBV (Hubble-Sandage Variables, HSV,

S Doradus type stars,...) whose mass loss rates change according
to the tempendtgre and visual luminosity (whereas LBOL is

constant).
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the HR diagram of The Galaxy (Humphreys & McElroy, 1984);
synthetic HR diagram for models with mass loss;

as b) plus overshooting;

as c¢) plus modified CNO opacities (Nasi, 1986).

'
1




Several authors have tried to explain the location of these
unusual stars, substantiating the physical reality of the
observed envelope since the two coincide (figure 8).

De Jager (1980a, 1984) observed that the Hayashy limit (the
locus of fully convective stars) at high luminosity is no longer
a vertical line, but turns to higher temperatures. FEven the
hottest stars develope convective envelopes (figure 9) which may
be considered as reservoirs of turbulent energy whose dissipation
powers the wind.

Appenzeller (1986) observed that for a constant luminosity
L=47R20T% the gravitational acceleration is expected to vary
approximately according to g«R-2«T4, The effective acceleration
can be written as

Boff ~ € "8~ -.. = € (1 - gR/g S |

If gr also varies as T% or more rapidly, it is easy to see
that the wind is stable against a temperature or mass loss rate
fluctuation. Instead, if gR varies less rapidly, the wind is
unstable. In this case, infact, a temperature decrease produces a
decrease of géff and therefore the mass loss rate may grow,
increasing the optical thickness of the wind and decreasing the
Teff and thus the fluctuation grows. Appenzeller noted that this
condition arises at temperatures approximately corresponding to
the LBV (figure 10).

P Cygni type stars, the supergiant stars with the highest
mass loss rates, have approximately the same location of LBV.
Lamers (1986) suggested that their high mass loss rates are due
to the development at T<25000°K of many efficient absorbing metal

\

g

lines in the Balmer continuum, resulﬁing, as long as the
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the relation gp A'Téff-




temperature decreases, in an increase in the mass loss rate and a
decrease of the wind velocity, since in efficient winds

Mv_ = L/c
and L 1is constant in these stars that are crossing the HR
diagram.

In any case, all these hypoteses support the idea that the
observed envelope is the 1locus of the reddest pointé of
evolutionary tracks because of mass loss. The surface temperature
evolution, infact, is regulated by some criteria:

a) the mirror criterium: when a burning shell is present, a
contraction of the core is accompanied by an expansion of the
envelope (and viceversa) and this is precisely what is happening
in stars that are crossing the HR diagram at constant luminosity,
after central hydrogen exhaustion;

b} the ratio MHe—core/Mtot of the mass of helium core to the
total mass favours redward evolution up to some critical value
and blueward evolution afterwards;

c) the surface composition: an increase of the superficial
heljum fraction Y tends to shift the star to the left of the HR
diagram toward the helium sequence.

A high mass loss rate, therefore, favours a blueward
evolution since, peeling away the hydrogen envelope, it increases

the ratio M /M

He-core’ Mtot and the superficial Y.

Another problem in the top of HR diagram is the paucity of O
stars. These are the hottest stars, apart the WR stars; and
therefore are not easy to detect and classify because of their
high bolometric‘cprrection. For the same reason, the methods to

determine their effective temperature are probably wunadeguate

i1




(Stasinska & Tylenda, 1986). So, it is not definitely clear if O
stars are really few or if they have been lost because of
selection effects or unadequate detection techniques. However,
some explanations have been proposed. These massive stars are so
short 1lived that when they emerge from their parental cloud they
could be already evolved away from the ZAMS (Appenzgller, 1980).
The high mass loss rates of these stars also contribute to move
them away from the ZAMS directly toward the WR phase.  But the
simulation of this fact in evolutionary models depends critically
on the mass 1loss rate parametrization adopted. It has been
suggested, too, that the theoretical ZAMS may be too blue. This
would imply either an overestimate of Teff due to neglecting
atmospheric effects caused by gas outflow or an underestimate of
the opacity in the outer layers.

It is seen that the HR diagram of luminous stars puts a lot
of problems to stellar evolution theory. But the problems are not
only on the observational side: there are evident unconsistencies
in the theoretical approach.

For example, usual stellar models adopt a thin plane
parallel hydrostatic grey atmosphere; on the contrary,
atmospheres of supergiant stars are evidently extended, non
hydrostatic and’non grey.

The observed mass loss rates, moreover, require supersonic
photospheric velocities, while envelopes of stars are usually
assumed hydrostatic.

Finally, the subphotospheric hydrostatic structure of models

out of the main sequence band exhibits, in some Teff range a

12




strange density inversion, that is there is a shell in which the
density decreases inward.

When evolutionary models are taken into account, it has been
claimed by Prantzos et al. (1986) that the mass loss rate
parametrization of Lamers (1981) is unconsistent because it has
been derived using evolutionary tracks (in order to estimate the
stellar mass) with a different mass loss parametrization.‘ So,
now, we doubt on the consistency of the other parametrizations,
too. See also chapter 2.3. Furthermore, there 1is often an
- unconsistency between the evolutionary phase to which a mass loss
rate 1is attributed and the type of star from which the rates are
derived, since stars in different evolutionary phases crowd the
same locus in the HR diagram. Finally, when cure is spent to
assure this consistency, the unpleasant sensation is that of an
"ad hoc" evolution, since many different mass  loss
parametrizations for different stellar phases are needed (Doom et
al., 1986) and we renounce to understand the physical connection
between, possibly apparent; different mass loss phases.

This scenario enforces the need of new self consistent
evolutionary models in which:

- the atmospheré‘is not hydrostatic and thin, but exhibits a
wind and therefore is extended;

~ the mass loss rate is not parametrized, but is an
'eigenvalue' of the structure itself;

- the subphotospheric structure, in case, 1is treated non-
hydrostatically. ‘

This projeqt is expected to improve the agreement between

'

stellar evolution theory and observation -and to develope a better

13



tool for galaxy evolution theory, since massive stars dominate in
the luminosity, produce most of helium and heavier elements and
affect deeply the dynamics of the gas through stellar winds,
ionization an supernovae.

The present study regards the individuation of the best
trusted wind model among those proposed in literature, able to
fix wunivocally the mass 1bss rate once stellar parameters are
specified, and the study of his behaviour on the HR diagram.

The second step, the development of a subphotospheric non-
hydrostatic structure, is presently in progress, since the

analysis of photospheric conditions has confirmed his necessity.

The next chapter reviews the methods to determine the mass
loss rates, the current mass loss parametrizations and, briefly,
mass loss theories. Some more word is spent about the fluctuation
theory of Andriesse.

In chapter 3 the radiative wind theory of Castor, Abbott &
Klein (1975) 1is described in detail together with 1its recent
improvements, some new implementations and his numerical
solution.

In chapter 4 the behaviour of the model in HR diagram is
discussed and some considerations on work in progress are made as

a word of conclusion.
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2. MASS LOSS: OBSERVATION AND THEORY

2.1 DIAGNOSTICS OF MASS LOSS

There are several usual indicators of winds around stars,
the most evident being the observation of emission lines,
eventually with P Cygni profiles. The violet edge of the
absorption component or the half-width of the emission line give
v_. An infrared excess reveals the presence of warm dust
envelopes originated by the winds or, alternatively, a free-free
emission by electrons in the winds. This free-free excess has
been detected in the IR region of the spectrum (1-20um) and in
the radio region (e.g. at 6 cm). Probably all stars loose‘mass,
notwithstanding the presence or absence of this wind indicators,
which depict huge mass loss rates. The solar wind, for example,
is not observable at normal interstellar distances,v but it is
present indeed, though the mass loss rate is so low (=1.4-10-14
Ms/yr) that it has no consequence on the stellar evolution nﬁr on
the interstellar medium and galaxy evolution. Theoretical
considerations of various type lead to the conclusion that stars
must have winds: conéistent models for spherical, non-expanding,
finite mass atmospheres cannot be derived (De Jager, 1980b; see
also chapter 3.1). A study of the LMC supergiants contained in
the catalog of Rousseau et al. (1978) has shown a dependence of
the color excess on luminosity, which can be understood with the
presence of circumstellar envelopes produced by the stars
themselves, whose mass loss grows, precisely, with luminosity,
increasing, cofr@spondingly, the mass ang the optical thickness

of the envelopes (fig. 11 from Veltroni, 1984).
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FIGURE 11. The color excess EC=(B-V)-(B-V), in the LMC. The mean
values in each magnitude interval are, respectively, from bottom
to top: 0.09, 0.12, 0.17, 0.30; (Veltroni, 1984).
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2.2 METHODS TO DETERMINE MASS LOSS RATE
1) UV method

Figure 12 show an idealized P Cygni profile, unsaturated
(i.e. some radiation escapes at all wavelenghts) and with a sharp

violet edge which unequivocally defines a terminal velocity.

) [

Voo "|IDEALIZED"

FIGURE 12. Ao Ao

Under the usual assumption of a Sobolev approximation (wind
velocity large compared to the sound velocity) a radial optical

depth for scattering may be written

. ne? 1
(1) T = o fi Ao n, (dv/dr)

]

(see chapter 3.1) where fi is the oscillator strenght, A, the
rest wavelenght of the transition, ni the number density of the
absorbers, dv/dr the radial velocity gradient. We can derive <
from the intensity profile (e.g. through <t=-1n(I/I,)) as a
function of v=(1-2/25)/c. If we have P Cygni profiles of the same
element in different excitation or ionization states, we have

n Ao. £. . (v
0 T, 7,(¥)

(2) n, = Fv) = Roy £y 75(V)

Using Boltzmann and Saha equations we can determine T(v)

and P (v). Assuhing the chemical composition or after having

17




derived it, we can obtain p(v), ni(v) and consequently dv/dr as a
function of v and, finally, through an integration, v(r) and
e{r). So, we have

(3) M=4mrnr?2 v(ir) p(r)

which should be constant over r for stationary accelerated winds.
A common uncertainty is introduced by the fact that the commonly
observed lines are not in the predominant ionization stages and
large corrections to the total element abundance must be made.

2) optical method

Klein and Castor (1978) derived the mass loss rate from the
core of hydrogen and helium optical emission lines. They found
that Ha equivalent width scales as the sguare of the mass ioss
rate. The largest uncertainties are the adoption of a scaled v(r)
relation and the contribution of the absorption part.

Olson and Ebbets (1980) developed an analysis of emission
line wings, which are optically thin, obtaining the mass loss
- rate and v(r). The method is probably very accurate but applies
only to stars with the highest mass loss rates.

3) radio method (cm)

Free-free emission of electrons in the fields of protons is
present in ionized hydrogen winds at T2>104°K. The emission
coefficient in IR and radio regions is &«xp~2., Assuming a density
n=nor—B Panagia & Felli (1975) and Wright & Barlow (1975) found
that the radio spectral index is
(4) a = (4B-6)/(2B-1)

For B=2 (i.e., wv=v ), «=2/3. If Ter ™, we have (Hartmann &
Cassinelli, 1977&

(5) a = (48-m-8)/{2B-1.5m~-1)

18



Barlow (1979) found that the expanding gas will start to
cool when the adiabatic cooling rate is comparable to the
radiative one and this happens only beyond

(6) r_ = 4.3-1022 N (Km)

V“Z
(Ms/yr) “(Km/s)
In the hypotesis v=v_ and T=const. Panagia & Felli (1975)

- and Wright & Barlow (1975) derived

0.095 u v, Si/4 d3/2

1/2 _1/2 1/2
. / e /e 1/

(7) M = Ms/yr

Z
with

number of electrons per ion;

/

-2
1

the gaunt factor = (31

s
i

2/%){ln[(2KT)3/2/(nZezvmel/2)]—1.44};

N
]

average (rms) charge of the ions;

(the weak dependence of g on v tends to flatten « from 2/3 +to

0.6)

d = distance from the Earth (Kpc);
v = the frequence (Hz);

v_ = terminal velocity (Km/s);

Su = the observed flux (Jy).

4) IR method (=20 um)

The method is the same as in the radio case, but in IR
region of the spectrum the free-free emission is added to the
possibly present thermal emission of dust shells and, contrary to
the radio case, the photospheric contribution cannot be
neglected. Moreover, the IR free-free emission comes from a

region of the stellar wind where v<v .
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2.3 MASS LOSS RATE PARAMETRIZATIONS

I will not refer here to the mass loss rates predicted by
some mass loss theory, .which I will consider in the next
paragraph. Here I refer to the ' empirical and semi-empirical
relations (in the sense that the choice of the parameters 1is
driven not only by observaticnal evidence, but also rests on some
theoreticél considerations more or less well-grounded) that
numerous authors have dérived correlating through a best fit
various stellar parameters and mass loss rates. In the first
case, the mass loss rate is expressed as a function of luminosity
alone (this is a wide group) or luminosity and . radius (or,
equivalently, temperature): these are the best known parameters
of stars. In the second case, a dependence on stellar mass M, the
effective gravity g, the ratio L/LE=P, the terminal velocity (in
very efficient radiative winds, L/C=MVw), the acustic luminosity,
etc., 1is introduced. The major part of these stellar quantities,
however, are poorly known.

Mass loss rate parametrizations have been derived for
different stellar groups, tipically: for 0-0f-B stars, for red
supergiants, for WR stars. Only two authors (Waldron, 1984; de
Jager et al., 1985) have derived a relation which holds all
across the HR diagram.

Table 1 lists current mass loss rate paramétrizations; The
differences from one another are quite evident in each stellar
group: look, for example, at the difference in constants and
coefficients when the same parameter dependence is‘assumed. The

i

most recent determinations should be  the better ones.

K
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TABLE 1 (modified from Chiosi & Maeder, 1986)

0-0f-B stars:

logM.=1.10logL+const.
logM.=1.561lo0ogL-14.10
logM.=1.5010gL-14.00
logM.=1.7310ogL-15.80
logM.=1.62lo0gl-14.97
logM.=0.721logL+2.51log(R/(1-T')/M)-9.59
logM.=-1.75logL+log(R/(1-T)/M)

logM.=1.410gL+0.0610gR~0.9910gM~-15.3
logM.=1logL+0.8logR+0.6logM-13.36
logM.=1.310gL+1.210g(vm/v )
logM.=log(L/v_)-10.63

Barlow & Cohen (1977)
Abbott et al. (1981)

de Loore (1984)

Garmany et al. (1981)
Garmany & Conti (1984)
Chiosi (1981b)

Chiosi & Olson (1983, in
Garmany & Conti, 1984)
Lamers (1981)
Garmany & Conti (1984)

1] " " "

Wilson & Dopita (1985)

Red Supergiants:
logM.=logn+log(L/g/R)
logM.=lognF +log(La/g/R)
logM.=log5+$og(L /v /v )
logM.=1.310gL+co%st? c s

Reimers (1975)
Fusi-Pecci & Renzini (1975)
Chiosi et al. (1978)
Maeder (1981a,b);

'

Bertelli et al. (1984)
-~ WR stars:
0.8-10-5<M.<8-10"5 Abbott et al. (1986)
<M.>=2+10"5
M.~7+10-8 (M/M )23
M.z7~10-14(L/ES)1'6
All across the HR diagram:
logM.=1.071ogL+1.7710gR-14.3 Waldron (1984)
logM.=-a,-a,X~azxX2-a,x3-asy-agy2-ary3-agXy-a¢x2y-a4oXy?
x=logT-4 y=logL-5 a,=6.3168 de Jager et al. (1985)
a,=0.1104 as=-0.4311 a;=3.579
as=-1.571 ag=-0.0109 ag=-0.2175
a10=0.8381 ag=-1.2487 a,o=1.5822
M. is in solar masses per year; L, M, R are in solar units;
thermal velocity; Vo terminal velocity; vesc’ escape

Vt, 7
ve&ocity; La’ acustic luminosity.
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Nethertheless, it seems desirable a re-analysis of the stellar
samples used by the different authors. The discrepancies could be
due to the use of poor stellar samples, in which case a bias is
introduced through the unexpressible, but present, dependence on
other stellar parameters, such as the mass, or to imprecise mass

loss rate determinations.

2.4 MASS LOSS THEORIES

There are fundamentally three different supposed driving
mechanisms for winds:

- gas pressure;

- radiation pressure;’

- waves.

In the fist case, we deal with an high temperature (of the
order of 10%5-10°°K) corona such as the solar one, therefore this
case 1is referred to as "solar type wind" or "Parker wind" since
he first proposed and developed the model (Parker, 1958) for an
isothermal, steady-state, radial flow. In his 'solution the
transonic point is at
(8) rC/RS = (8-10°/T) (M/M)

Assuming a density stratification as in the hydrostatic
equilibrium case

g-r/d 4 KT

(9) p(r) = po g

it is found rC=4RS, Mz10‘14MS/yr for the sun (T =2.10%°K).

corona
In the second case we have momentum transfer from the
radiation to the matter through:

i

a) dust grafns absorption; N
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b) electron scattering;

c)} line scattering.
a) In this case, after grain conaensation and growth, we have
first momentum transfer from the radiation field to the grains,
and then momentum transfer to the gas by grain-gas and then gas-
gas collisions. This process seems to be efficient only in late
type giants and supergiants.
b) Turolla et al. (1986) have developed an electron scattering
wind model, modifying a preceding model envisaged for jets,
assuming radiative transport. This kind of wind makes sense for
very hot stars in which electron scattering is the main source of
opacity. This wind has a critical point located at the adiabatic
or isothermal sonic point in the optical thin or thick case,
respectively. Moreover, in the optically thick case, it has a
subcritical point located at the adiabatic sonic point. However
it is not clear if this point is still present once Convgctive
transport is included and if the choice of a photospheric
temperature and luminosity is able to fix univocally the mass
loss rate.
c) This case is the best investigated and I extensively review it
in the next chapter.

The 1last case refers to momentum transfer from turbulence

~waves, shock waves or hydromagnetic waves. These , though
interesting - since there are indications they may play an
important role 1in certain stellar phases - are much less

developed than the preceding ones and need some "ad hoc"

assumptions.
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2.5 THE FLUCTUATION THEORY OF ANDRIESSE

This theory (Andriesse, 1981) moves from the observation
that the mass flows from the stars appear to be variable, often
in an erratic way. Then it is of fundamental importance the
concept of thermodynamic fluctuation. Thermodynamic fluctuations
are the fluctuations of a gquantity X such that the relaxation
time for the establishment of partial equilibrium for a giﬁen
value X is much less than the relaxation time requiped to reach
the equilibrium value of X itself (Landau-Lifshitz, 1969). There
are two tipical relaxation times:
(10) T = (R3/GM)1/2 o <p>_1/2
. is the dynamical time scale, an estimate of the free fall time or

the propagation time of a pressure wave throughout the star.

. 1l _ GMm2
(11) Ye * L T RL

is the thermal time scale, the Kelvin-Helmoltz time, an estimate
of the HR diagram crossihg time.

If rD«tT, the stellar atmosphere can reach a partial equilibrium
different from thermodynamic equilibrium. If the mass loss rate
is not fixed by some eigenvalue condition as in the CAK wind
model, than we must apply the theory of thermodynamic

fluctuations: X 1is the mass loss rate or the adimensional

quantity

_ GMI/R

(12) A I

that is the ratio of mechanical to luminous power.
We set in the case that a mass flow is present not regarding

to the physical céuse, which could reside'in the atmosphere, but
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we assume that the fluctuations onset under the photosphere,

“where momentum equation is

- 1dp  GM _
(13) u + vu + o dr + o2 —»0
with a friction term.
(14) v o= Evth/l = §vthn0 = &vth(p/uH)o

where vth=[KT/(uH)]1/2 is the thermal velocity, 1 is the mean

free path and ¢ the atomic collision cross section. Since

(15) M = 4nr3pu
we have
(16) M o= drr2pu + 4rrepu
and

¢ — 2 (11—
(17) M+ vM - 4nr2(pu PE )

Andriesse assumes u=1/rT, p=p/rD, and so the momentum

equation becomes

. . ~

(18) M M/t + 4rr2o(u/T =g c0)

or

(19) A= - R/tT + 4anMp(u/rD—geff)/L

where '
. _ M

(20) A = RL

This equation may be formally written as
(21) A=~ ﬂ/rT + A(t)
which has the formal solution

“t/T, b v/ T
(22) A = Age +| A(t-y)e dy
3
0

In absence of the stochastic term A(t), the mass loss rate

decreases to zero\in thermal timescale. In presence of A(t) the

[N

decrease is stopped at a value correspondiﬁg to
. & N
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ct —y/rT
(23) J A(t-y)e dy
4]

A(t) is of stochastic nature with a positive definite mean value.
Integrating, Andriesse finds

/2 <A>

B 1

(24) <A> = (rDrT)

Then he assumes equipartition of kinetic mechanical power
and thermal power in the atmosphere
(25) L = Q/rT = K/tD
where K is the total kinetic energy of the atmosphere. Since
stochastic force perturbs the gravitational energy, one expects
(26) K/tD o« <A>Q
and therefore

1/2

(27) <A> = x/tT i <A> = x(tD/rT) ;o x = 1

Substituting |

(28) M = 2.114-10—14(L/LS)S/Z(R/RS)9/4(M/MS)‘9/4 M, /yr
or

(29) log<M> = 3.250+2.6251og(L/LS)~4.5logT—2.2510g(M/MS)
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3. THE LINE DRIVEN WIND

3.1 THE LINE ACCELERATION

The total cross-section of an atom is

r e
30 = 2-Z2 2
(30) Jaudu no n (cm2)
all lines
(we are using Gauss units: 1C = 10c u.e.s. = 310° u.e.s.) where

n is the number of electrons which are able to perform some

transition. For a single line

(381) Iaudu =

21X

€5 £
i
eC

where fi is the oscillator strenght of the line, with Zifi=n. So,
the impulse transferred from the radiation to unit mass in the
line is

F
= 2
(32) g, =xne fi X v

where A is the atomic number of the element, X the fraction of
total mass in the element, being able to absorbe effectively in
line i. Since the flux is attenuated progressively in the 1line,

the mean acceleration is

T
’ r QF T
(33) <gi> = _e? fi X 1] _pe  dr
3
mec AmH rQ o C
= n e? f, . Fu 1-¢ ‘0
no An o e
e H f
F
~ q_e? £, X vy min(1,1/7))
mec AmH‘C

in the approximation of Castor, Abbott & Klein (CAK, 1975), with

f
(34) Ty=drerf, X | pdr
- J

') - Ve
Aquec AmH o
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where AVD = uovth/c is the Doppler width of the line. If 7, is

large

(35) <g.> = (F /C)‘(Au/{pdr)
i v J

that is the total impulse absorbed in the line divided the column

mass of the absorbers. If tQ is small

R
m Am
eC H ¢

~(38) <gi> =qxn e? f, X Fu

Let us compare it to the total electron scattering impulse

(37) g, =00 _1 FE=0 F
Cc C

(ae =~ 0,4 cm? gr-1). Assuming Zfi=A/2, being F/Fu =~ 2.5KT/h, we
have

4
(38) SEB2 5 0.4.108 (1% ) X
es

X is of the order of 10-4, so the ratio <g>/ges is of the

order of 103. Since the ratio

- g.10-5 W/Eg

47 cGM M/MS

(39) Bos = TeF

ggrav

is of the order of 10-! in supergiant stars, hydrostatic
equilibrium in the outermost layers is not possible and an
outflow of material must inevitably occur.

Once the gas in the uppermost layer begins to‘move outward,
its spectral lines will be Doppler shifted away from their rest
wavelenghts and will therefore begin to intercept ' the intense
photospheric flux in the adiacent continuum, which enhances the
momentum input to the material, hence increases its outward
acceleration. The underlying lavers must expand to fill the
rarefaction lefgb by the outward motion of the upper layers.

Furthermore, also the absorption lines in the 1ower layers begin
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to desaturate because of the Doppler shift. In this case, infact,

the optical thickness of the line at v = vy {1+v/c) is

(40) t.= 1xe2f, X P Ven

R s B

Ay m_c AmH dv/drjv
much smaller than in the static case, because the column mass is

smaller. Hence, the lower layers also begin to experience a

radiative force that exceeds gravity.

3.2 THE FORCE MULTIPLIER

The ratio /ge is the force multiplier M. Castor,

glines s

Abbott and Klein (1975) evaluated M for the lines of the CIII
spectrum assuming LTE, blackbody continuum, abundance of 10-3
(total of C, N and 0), at T=30000, 40000, 50000 as a function of

electron scattering optical depth t. They found M=kt-% with:

TABLE 2

30000 0.0076 0.742
40000 0.0026 0.737

50000 0.0021 0.811

Abbott (1982) wused Kurucz (1979) models instead of a
blackbody continuum and calculated the line acceleration using a
tabulation of atomic lines complete for the elements from H to
v Zn, up to the sixth stage of ionization. He tabulated the force
multiplier at'f=;1,—2,...~7 for 8 temperaﬁures betWeen 6000 and

50000 °K .and 3 different densities (tab. é)..
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The force multiplier decreases with t, increases with
density and is roughly constant over the temperature range 50000
to 10000 °K being smaller by a factor =3 at T=8000 and a factor
=6 at T=6000. However, at these temperatures, it is evident
observationally that molecules are absorbing a large amount of
radiation, but molecular lines are not included vyet in the
calculated line acceleration. 1In Abbott calculations, at
T>20000°K the acceleration is mostly provided by C, N, O lines
(but also Ne through Ca), in Balmer and Lyman (T>30000°K)
continuum; at 20000>T>8000 the acceleration is dominated by iron
group lines (Cr, Mn, Fe, Ni) in Balmer continuum. At T=6000, Ca,
Ti and H ére important. Assuming

* (N11/W)6

(41) M=kt
/2, . . .
where N11=Ne/1011 and W=0.5{1-[1-(R,/R)?] } is the dilution

factor, Abbott fitted his data with:

TABLE 4

50000 to 10000 0.28 0.56 0.09

(M is accurate within a factor of 3).

Pauldrach et al. (1986) used the data of Abbott {1982) +to
derive the constants k, a, § by the following iterative
procedure: with a first guess of k, &, § they resolved the wind
for the individual star and determined the relevant domain in the
(t, Ne/W) plane. Then the final values of k, a, 8 were fitted to
reproduce the:‘ﬁabulated force multiplier values just in this

[N

relevant. domain. They obtained:
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TABLE 5

T k o 1
20000 0.32 0.565 0.02
30000 0.17 0.59 0.09
40000 0.124 0.64 0.07
50000 0.124 0.64 0.07

Their procedure is interesting and should be used to obtain
accurate wind models. But the k, a«, & so obtained are inevitably
model dependent. In order to have both accuracy and generality, I
have performed a least squares fit of Abbott's data with the
expression
‘(42) logM = logk - a logt + & log(N4./W)
for all densities and optical depths but separately for each

temperature, obtaining

TABLE 6

T k a ] logh
6000 0.146 0.433 0.190 0.207
8000 0.150 0.500 0.022 0.128
10000 0.494 0.490 0.047 0.155
15000 0.524 0.489 0.126 0.129
20000 0.429 0.510 0.084 0.090
30000 0.222 | 0.561 0.107 0.084
40000 0.205 0.578 0.098 0.148
50060 ' 0.240 0.561 Q5083 0.154
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For intermediafe temperatures, I used spline interpolation,
as illustrated in fig. 13;a,b,c.

In fig. 14;a-h the Abbott's data (tab. 3) are rapresented
together with (42) according to the parameters of the preceding
table and densities tabulated by Abbott.

Abbott's data are for a solar composition: metallicity
enters in the acceleration (33) explicitly, through X, and
implicitly, through T, see (34). So the complete expression of
the force multiplier is

04

(43)  m(t) =k 7% (N 2z )t
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3.3 THE FINITE DISK CORRECTION

The CAK (1975) wind is calculated in the hypotesis of radial
streaming of the radiation. This is not the actual case since the
photosphere is not a point source but it has a finite angular
dimension. So the force multiplier has to be weighted over the

angle subtended by the photosphere:

Oy
| M cosf dQ
Jo
(44) M=
0%
| cos@ dQ
Jo
. 1/2
Since cosf,=[1-(R,/R)?] =i, and dQ=senfdfd¢ we have
1
r
M d
fu 1
2 3
(45) M = = luM ¢odu
J M
1 ; 1-us *
Jule
where
(46) M o= M(t)) = M(t) (tu/t)"“
_ dv/dr
(47) tu =t (1-u2)v/r+p2dv/dr
Finally, we obtain
(48) M= M(t) K
1 - [(Ry/r)z $BE 4y (r,/r)21*®
dinv
(49) K= dlnr
f 2 ettt
(1+a) (Ry/r)2 (1-4775)
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3.4 THE EQUATION OF MOTION OF CAK AND M-CAK WINDS: DISCUSSION OF

THE SOLUTIONS

The momentum equation is:

dv _ _1dP _GM
(50) Vir T p dr r2 Erad
where:
(51) P=paz -—> P _ga2 ., 5248
Y o
M=4nmnr2pv -—-> AL, de  dv
) v
g = -2L (.

(a is the isothermal sound speed). Therefore, we have:

(52) v dv _ _ da® 2a® a?dv _ GM . O L_ (1+M)

dr  dr r  vdr r2  4mrec

If we assume:

(53) u

]
1
=
*
~
3

=
I
<
r
~
<
~

we obtain:
2
(54) (1-58-) w' - 2h(u)/V2 - z=22— M = 0
V2w *

1) First, 1let us study the CAK (1975) wind, in which case the

Force Multiplier is simply:

(55) M=kt
where:

= - y 2!
(56) t opvthdr/dv onth/(ZnR*V w')

So, the equation (53) becomes

a?

5;) w' - 2h(u)/ve - cw'® =

(57)  F(w') = (i-g

with:
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Looking for finite positive w' solutions of F(w')=0, in the
hypotesis of a constant isothermal sound speed (da?/du=0;

~isothermal wind) and observing that:

(59) a<l
a? o C
Fgr =1 - — -~ 1%
Viw  w'
Fiy = a(l-a) C w172

we obtain the following:

TABLE 7
the sign of: | is the sign of:
i
F(0) | -2h/ve
1 >
a
F (o - 2
(=) | o
l
F&,(O) | -aC , always negative
l
a2
F' (= —
wl( ) l‘ 1 VZW
l
F;, | always positive
l

There are some cases:

2
a) h<0 (possible only if I'<l), that is u < llL = - '(—i‘:%);—g—M'/*’R‘;
2
and 1 - g;w < 0, that is v < a ;
Viw

F(0)>0, F(»)<0: 1 solution (see fig. 15).
b) h<0, v>a;

F(0)>0, F(«)>0: 2 or no .solution.

i
Al

c) h20, v<a; o
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F(0)<0, F(«)<0: no solution.
d) hz0, v>a;
F(0}<0, F(«»)>0: 1 solution.

If I'>1 no transonic flow is possible (unless we have outward
increasing temperature) but only supersonic wind (case d). So let
us consider the normal case: I<1.

The wind starts at the photosphere (u=-1) with subsonic
velocity (case a) or eventually at supersonic velocity (case b);
the sonic velocity has to be reached before u=u otherwise we

L

enter in case ¢ (If u <-1 we have solution only in case d: the

L
wind starts supersonic and we have no critical point; this is the
case of evaporating stars, near the Eddington limit). For v>a and
u<uL we have 2 solutions; for continuity we choose the minor one
as we enter in this region since F is a continuous function of w
and h, so its shape varies with continuity. However, passing
through uL, we loose this solution and we have a discontinuous
passage to the higher one. The only possibility for continuity is
that, before this happens, we have a transition from the lower to

the higher solution through the case of two coincident solutions

(fig. 16), that is, there have to be a point where:

where the fist two conditions assure continuity in w' and the
last one assures continuity in w".

This is called the critical point uC

i
s
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2) Let us now consider the Modified-CAK wind, which includes the
new Abbotf‘s force multiplier (Abbott, 1982), the finite disk
correction factor, as developed by Pauldrach et al. (1986) and
Friend & Abbott (1986), and the metallicity dependence. In this
case the complete force multiplier is:

(61) M=kt? (10'11ne/w)6(Z/ZS)1 «

where K is the finite disk correction factor (49). With the

positions (52), we have:

a2 6/2
(62) (1 - vg*) w' - 2h(u)/VZ - Cg(u,w,w )w
where:
(63) g(u,w,w') = K(u,w,w') [u?/(1-y1-uz)1°

_ o) L1011 21y~ 0 1-a _
(64) C CCAK M (2-10 nuemHR*V) (Z/ZS)

r 11-«
S A il et (v, )" w8 (2.10ttrp m R2V) O
c th e H'*

|27R VZ!
L 1

The discussion of the solution is identical to the CAK wind:

we have a critical point only for v>a and —1<u<uL.

3.5 THE CRITICAL POINT OF M-CAK WIND
Let us assume that g(u,w,w') is given as a function of u, as

in the iteratively approach of Pauldrach et al. (1986). We have:

a2 . 2h(u a -8/2

(65) F(u,w,w') = (1 - vga) w' - —~%51 - Cg(u)w' " 'w

o _ 4, _,a®* _aC g__
(66) Fw‘ =1 -3 6/2

o

, _ aw' _ oCgw!

(67) Fw VZw? 1+86/2
2w

(63)  pl - W de_ 2dn_ cw’dg

u V2w du V2 du W6/2 du

dh 2a? 2 da?  d?2a?

(69) du - o " uadu  duz N

a7



The critical point conditions are:

2 -
(1 - ~§§ w' - %%Lgl - cg(u)w'®w 8/2 0

Ve
aZ a Cg
1- = --22£&__9
2 —
V2w wa/zw,1 o
(70)
1+
a?w'? oCgw' . w' da? _ 2dh_Cw' dg

2002 2 2
Vay 2W1+<‘5/2 V2w du V2 du w6/2 du

e e e o e e e

that is, with the positions v(uc)=v, w(uC)=W, w'(uc)=W‘:

( - 2
| (1-a)cgw'® = - 2n/ve = 22% (1 - 2% g
| o V2
|
da? dh h dg
2yr2_r8a _ ' _ an NN ¢ S 2.3 - & TR
(71) i azw [du +6h/(1-a)W'+2] au + (1"a)s du] 0
I
| W=1
it
We have one positive definite solution W' and
2 - n2 _ _®_2h
(72) Y% a T
(73) C= - BB
(1-a)vegw'®
Consequently
r 11 1 -
ILkIOL/LS l1 « . _611/(a 5)
T S S S 1011 2
(74) M %CC}ZRR*VZ{ vth(z 10 nueHR*V) :
L L J Jd

Since F(u,w,w')=0, it is also:
(75) F'+F'w'+F' w"=0
u w W
and, therefore, we have:
"o _(RVLR'w! '
(76) W (F/+F 'w')/F,
In the critical point, (76) is undetermined (see (59)) so we

have to apply te rule of de 1'Hospital in order to obtain

w (uc)=W :

(77) W= - Lim (SRR ) 1/ ()
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3.6 THE INTEGRATION STRATEGY

First of all, the temperature fixes the values of k, a, 8.
The temperature structure is intended to be fixed previously. In
our case we assume T=const. throughout the wind. Second, we
choose a value for uC. Then we adopt a g{u) that is the one of
the preceding calculated wind model or, if it lacks,

1+a T
1-{1-u?) I u?

(1+a)u?

5

(78) gofu) = 1
1-(1-u2)"

5
| /2
g |
L i
obtained suppressing the dependence on w and w'.

We can now proceed to calculate W', V, C, the mass loss rate
and W". After, we integrate w, w' and r from the critical point
out to Uspr which is assumed, in the wind models presented here,

egqual to -0.001, corresponding to 1000 R,. We adopt a Runge-Kutta

procedure, with

bl QB o 1
(79) aa w
Flw'=F!'
dw' _ ., _ W ~u
(80) du " 7 F',
w
(81) %ﬁ = - W ( amRvow/? )7

So, we find the optical depth at the critical point. Next we

integrate toward the photosphere (the r=2/3 locus), that we want

to find at UFDTz_l' If we have 7=2/3 at u>-1, then
(82) (e dnew = Yo~ (U_py5™D)
If at UFOT’ 7<2/3 then
dul
) — — S =22
{83) (Uc)\FW = u, (2/3 Tu=—1ldz!

However, we control the change of uC with two sentinels,

1 . and u ., which at the beginning are n and u, or u
oMIN cMAX c € 12 FOT L

ouT’

respectively, and then are updated, if necessary, according to




T If the estimated (uC)NEW is outside the range u

u=-1" cMIN “cMAX’

- we choose the midpoint

(84) U wew = (oury™emax) /2
The equations for the critical point are solved again and
the integration is repeated (short iteration). When
= +
(85) Tuem1 2/3 * At
we have completed a grand iteration. We update g(u) and estimate

the convergence through the comparison of uC, the mass loss rate,
v, VFOT’ Vour with the same quantities in the preceding grand-
iteration. It is found that g(u) converges rapidly confirming the
validity of the iterative procedure. We assume Az=0.0005 since
dt/du|u=_1 is of the order of 102 and consequently dlogL=du/u is

of the order of 10°%: a high accuracy in tu =2/3 is not needed

=-1

to fix precisely the model on the HR diagram. Instead, it is

necessary to fix the wind parameters.



4. THE BEHAVIOUR OF THE MODEIL IN THE HR DIAGRAM

In order to study the behaviour of the model, I have
calculated the wind structure for a certain number of stellar
models which belong to three evolutionary tracks (Bertelli,
unpublished) of 20, 60 and 100 MS at the ZAMS, 7=0.02,
overshooting parameter A=1, mass loss rate according to Chiosi &
Olson (1983, in Garmany & Conti, 1984; fig. 17).

The summariziong data both of the stellar models and the
calculated winds are in tab. 8-10. The figures 18a-g describe the
progressive change of the wind structure along the evolutionary
track. I have choosed as rapresentative guantities, the velocity,
the force multiplier, the density and the optical depth. The
curves are labelled with the wind model number and the position
of the critical point is evidenced, too.

1) 20 MS case.

All the models rapresented are in order of decreasing
temperature. It is observed that the terminal velocity decreasesw
together with the velocity at the critical point which moves
outward in passing from a model to the subsequent one. This is
connected to the decrease of the force multiplier or, better,
with the outward shift of the force multiplier shoulder.

The optical depth of the wind follows the trend of the
density. The force multiplier, instead, has a dependence more
complicated: it increases with density, but decreases with the
optical depth and this one is the dominant factor. This explains
the decrease of the force multiplier in models 1 through 8 (the
optical depth'o§ the wind increases) and the subsequent increase

0t

in passing from model 9 to model 12 in sﬁife of the density fall,
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since the optical depth of the wind has fallen drastically, too.
2) 60 MS case.

The models 1, 5, 6, 8 and 12, 13, 15, 22 are in order of
decreasing temperature. Instead the temperature increases passing
from model 8 to 11 to 12. In models 1 through 12 it is observed
the same relations as in the 20 MS case between the velocity
curve and the shoulder of the force multiplier, between the‘force
multiplier and the optical depth, between the optical depth and
the density. The only exception is that the optical depth
decreases from model 8 to 11 in spite of the density increase:
this is due to the change of external chemical composition
(remember it is electron scattering optical depth).

The most interesting news is that in models 12 through 22 a
high photospheric velocity developes, which soon exceeds the
sound velocity: interpolating, VFOT=az17.4 Km/s at logT=4.48,
logL/Ls=6.08.

Finally, in models 13 to 22, the optical depth of the wind
grows notwithstanding the decrease in wind density. This is due
to the fact it is considered a wind extending up to 1000 R, and
the stellar radius is growing rapidly in these stellar phases.
This is a point to study: perhaps the wind has to be integrated
ub to the point where theAdensity falls below the interstellar
density; perhaps in the integration it has to be taken into
account the evolutionary time path and the time necessary to go
through the atmosphere.

3) 100 MS case.
The same,‘gonsiderations hold as in the preceding cases.

.

Vpop=a~21.3 Km/s at logT=4.69, 1ogL/LS=6?30. Note that in this
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case V.. grOws with increasing temperature, as it already

happened in model 12 of the 60 Ms case.

When high photospheric velocities develope, the photospheric

density falls correspondingly.

With the data of tab. 8-10 some important graphs may be
constructed:
Figure 19: terminal velocity and temperature relation. A terminal
velocity increasing with the temperature is the general trend.
But VOUT is higher for lower mass stars and it is higher in main
sequence band than in subsequent phases.
Figure 20: mass loss rate and luminosity relation. If we exclude
the last two models of the 20 Ms case, which are for logT=3.860
and 3.835, temperatures at which the force multiplier is surely
underestimated since molecular lines are not taken into account
(see chapter 3.2), we observe a linear relation that is in
agreement with the observations. In particular, figure 21 relates
the calculated mass loss rates with those of the Chiosi & Olson's
parametrization. It is evidenced that in the first stellar phases
the mass loss rate in M-CAK wind are higher. When the star leaves
the 7ZAMS, the difference is reduced and then disappeares.
However, since the main sequence is a long phase, the
evolutionary consequences may be very different. The average
logarithmic difference is 0.25.

Very interesting are the relations between the mass loss
rate and the:phptospheric velocity or the optical depth aﬁ the

critical point, in figure 22 and 23, respectively.
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The photospheric velocity VFOT is practically zero as long
as the mass loss rate is less than 10-5 Ms/yr. When the mass loss
rate goes from 2.-10°5 Ms/yr to 5-10-5 Ms/yr, Vpor £0€s from 2
Km/s to 40 Km/s, approximately. In this range of mass loss rates
the photospheric velocity exceeds the sound velocity. The optical
depth at the critical point has a similar behaviour.
Extrapolating the data, it is estimated that TAUC:2/3, that is,
uC=—1, for a mass loss rate of about 6.10-5 Ms/yr. This, therefore
seems to be the maximum mass loss rate possible in the M-CAK wind
model theory.

It is very interesting that instabilities and variability in
supergiants are observed precisely in stars which are loosing
mass at rates between 2:10°95 Ms/yr and 6-10-5 Ms/yr. If this is
not only a coincidence, it is argued that these phenomené are
connected with the developement of a non hydrostatic
subphotospheric structure. So in order to be able to follow this
evolutionary phases it is necessary, now, to develop this second
step. Since now, it is evident that there will be models with two
critical points: one of the M-CAK wind and the other undef the
photosphere at the isothermal sonic point. These models
correspond to stars with supersonic wind velocities at the
photosphere and TAU¢<2/3. But, soon, the M-CAK point will
disappear (TAUC>2/3, that is, uC<—1). In this situation, it is
not clear, now, if taking into account the convection, the
subphotospheric wind is able to fix the mass loss rate
univocally. If we will find that different choiches of the

critical point' (and mass loss rate) are able to fit the same

\
0

photospheric luminosity and temperatufé; we will have the
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conditions for thermodynamic fluctuations (see chapter 2.5).
Consequently the mass loss rate will be expressed no longer by
(74) but by (29) which has a steep dependence on the temperature,
perhaps generating a minimum temperature limit of evolutionary

tracks because of mass loss.
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REPORT ON RESEARCH ACTIVITY

During the academic year 1986/8T7, I have been mainly
engaged in two Jjobs.

First, the distribution of Cepheid Stars in period:
the role of convectlive overshoot and metallicity dispersion.
I have calculated the theoretical distribution of Cepheids
in period for the evolutionary tracks with convective over-
shoot of Bertelli et al. (1986, An.Ap.Suppl.Ser. 66,191).
It is found that overshooting models are able to account for
the position of the peak in the observed distributions, con-
trary to classical models. A small dispersion in metallicity
is needed to account both for the range between the observed
minimum and peak periods and for the overall shape of the
distribution. In particular, a metallicity Z=0.0090%0.0015
i1s estimated for the LMC.

Second, I started a program, currently in progress,
which should be the argument of the Ph.D. thesis.

Present theoretical models of massive stars are often
unadequate for several reasons:
1) usual atmospheres in structure and evolutionary calcula-
tions are thin, hydrostatic, plane parallel and grey. On the
contrary, massive stars are loosing mass at high rates and,
therefore, have winds, that is, extended atmospheres.
2) Stellar evolution with mass loss i1s usually calculated
through a sequence of hydrostatic models with decreasing
mass. The observed mass loss rates, however, require super-
sonic velocities at the photosphere. Therefore, at least the

outer subphotospheric layers of supergiant stars are not in



hydrostatic equilibrium.

3) The mass loss rates adopted in stellar evolution calcula-
tions are parametrized on stellar parameters. There are many
different parametrizations: which are the right ones? There
are several problems: bias, small numbers, crowding of stars
in different evolutionary phases. Up to now, no evolutionary
track has been calculated with a mass loss rate self-defined.
) Current models are not able to account the observed HR
diagram for supergiant stars.

So, the project isg:

1) to replace the thin hydrostatic atmosphere with the wind
structure in stellar structure and evolution calculations.
2) To develop a subphotospheric structure which takes into
account eventually the non hydrostaticity, and so:

3) to compute completely self-consistent evolutionary tracks
and to compare the mass loss rates obtained on the HR dia-
gram with the observations.

The first step 1is the subject of my thesis for the ti-
tle of Magister Philosophiae. The second step is currently
in progress.

Padova, 12-10-1987

Claudilio Veltroni



