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EVOLUTION OF STARS TOWARD THE MAIN SEQUENCE

*)
B. Hidajat

RINGKASAN

Dalam tulisan ini diberikan suatu ulasan
mengenal evolusi bintang menuju ke deret uta-
ma. Yang dimaksud dengan periode evolusi di-
sini tialah periode sejak bintang - bintang
tersebut dibentuk, dari materi antar bintang,
hingga mencapai saat ketika energi bintang-
bintang tersebut dibentuk dengan reaksi nuk-
lir.,

ABSTRACT

A review on the knowledge of the stellar
evolution toward the main sequence is present-
ed. This is the period during which the stars
evolve from the beginning of their formation
to the phase of stabilization on the main se-
quence where nuclear reactions begin to pro-
vide the entire energy supply.

1. INTRODUCTION

It is generally accepted that the star formation begins
in the dense interstellar clouds. Immediately after the star
has been formed, the energy is derived at the expense of their
gravitational energy. This energy is released very rapidly,
as the star experiences hydrodynamic collapse. In the follow-
ing stages, the star contracts rather slowly, through a series
quasihydrostatic equilibrium states. '
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The cloud of gas, out of which the stars are formed, is-
thought to have low internal pressure. This condition makes
it undergoes gravitational collapse on the free - fall time
scale of 105-106 years. At the beginning, the cloud is trans-
parent to its own radiation. Therefore, rapid energy escape
is possible. As the density rises the gas becomes almost
opaque and the rate of radiation escape decreases.

In the course of time, as the more energy is trapped in-
side the cloud, the temperature increases. This increase of
temperature is accompanied in increase of density and pres-
sure. The collapse stopped when pPressure gradient becomes
large enough to stand against the gravity. But the central
regions continue to be heated, due to the compression exerted
by the material from the outer regions. The virial theorem
suggests that half of the released gravitational energy is ra-
diated from the surface. The other half goes into heating of
the interior.

The next evolution phases, through the quasiequilibrium
states, proceeds very slowly. At this state the surface tem—
perature may reache 3000°K, but, the central region tempera-
ture exceeds 10°°K. When the temperature in the central
region becomes high enough, the conversion of hydrogen atoms
to helium is possible. This is achieved through a proton-pro-
ton chain or through the CNO cycle. As the rates of energy
prodyction is high, the contraction slows down, and finally
stops, when the star reaches its transition phase, from the
pre-main sequence to the main sequence state.

The time needed to reach the main sequence depends on the
masses of the stars. TFor the sun, or the solar-like stars,
the time is 40 million years. The contraction time scale is
in the order of 100 times less that the time for the slow—-con-
traction.

In the following chapters, theory of stellar formation
will be briefly treated in Chapter 2. The theory of the early
phases of stellar evolution 1is presented Chapter 3. Compari+
son with observations is discussed in Chapter 4.

2. STAR FORMATION

The sources of information for this chapter are taken
primarily from the articles by Spitzer (1968, 1969), TField
(1970) , McNally (1971) and Penston (1971). It has been shown
by Spitzer (1968) that star formation seems to be general phe-
nomenon in our own Galaxy and in the spiral arms of other
Galaxies. Observations suggest that new stars are primarily
formed in clusters, but the isolated formation of a single
star from an individual interstellar cloud cannot be excluded
from the observation.
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A fundamental first step in star formation is the crea-
tion of condensation in the center of the cloud. This occur
when a pulling mechanism, the gravitational force, is at work.
Then, when a large cloud or group of clouds surpasses a cer-
tain limiting mass, it starts to collapse gravitationally un-
der the pressure of the surrounding material. Spitzer (1968)
assumes if pressure equilibrium with P equal to 1.4 x 10_13
dynes/cm3, then for a typical large HI cloud with a mean den-
sity of 20 H atoms per cm3, corresponding to a temperature of
125°K, collapse will begin if the mass exceeds 104M0. The
normal process of condensation produces a group of stars, ei-
ther a cluster or an association.

For an isolated cloud,

4
(KT/1)
P, = 1.40 (1D
m oM {1 - (MC/M)Z/S}B
o 25 Pp

R — (2)
R 1 23

For our Galaxy, the numerical value would be: p = 4 x

10723 g/cmz. B, the magnetic field, is taken as 3 x 10 ©
Gauss, M. is then 1.2 x 104M0. These values suggests that
clouds of the observed density are more 1likely to condense
into clusters of stars, rather than isolated objects.

3. THE EVOLUTION

The evolution toward the main sequence can be convenient—
ly divided into two groups:

3.1. The hydrodynamic phase: where the time scale of ev-
olution is very short.

3.2. The quasistatic phase: where the stars remain on
hydrostatic equilibrium to a very high degree of
approximation.

The second evolutionary phase has a fairly well _estab-
lished theoretical basis. Observationally, there are many
more objects that can be observed to prove or disprove the
theory of the 2nd evolutionary phase. On the contrary, obser-
vational material of objects in the protostellar phase, 1is
very limited. This makes a firm contact between theory and
observation is difficult to make. The rapid hydrodynamic time
scale of evolution is the major contributing factor.

3.1. The gravitational collapse, is probably caused by a
physical mechanism. These physical mechanism lead to insta-
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bility in the cloud. The first of which occurs when the den-
sity of an interstellar cloud, or fragment, gets high enough
so that the total energy of the system is negative. Beyond
this state internal pressure becomes less than gravitational
pull.

The collapse then continue to proceed and the energy is
generated by compression. The so obtained energy is radiated
awéy through the optically thin cloud and is not sufficient to
contribute something to the internal pressure. The collapse
begins to slow down until the pressure gradients increase rap—
idly relative to gravity. Then the material fall begin to
decelerate.

As early as 1939, Bierman and Cowling (1939) have intro-
duced the second instability, which occurs at a later stage of
evolution. This state is reached when T v 1800°K to dissoci-
ate the hydrogen molecules. According to Bierman and Cowling,
at the above mentioned temperature, the adiabatic exponent

_ ,&nP 4
1= (dlnp>s < 3’

which means that energy must be supplied to dissociate the
molecules faster than the stars can supply it.

Hayashi (1966) computes the maximum radius for stars at
the onset of hydrostatic equilibrium phase for a star. The
conditions that are necessary in order that a protostar ini-
tially in hydrostatic equilibrium can remain in this state:

1. The protostar must be dynamically stable (I'y > %0

2. The cooling and heating time must be longer than te
or to. Here tg and t, stand for "free fall time' and
"expansion time" respectively.

TheSe quantities are:
1
-2z

tg = C%g m6Gp)

and

w

.- (3M/47 )l (see Cox and Giulli, 1968)

(T1RT/1)*

The interstellar cloud has very low gravitational and
thermal energies, compared with those of the star when it
comes into equilibrium at radius R. The energy of this final
state can be derived from the total energy and the gravita-
tional energy, and is E = - 0.43 GMZ/R.

Using the basic assumption which ignores the rotation and
magnetic fields of the protostar, and make use of the fact
that evolution may proceeds adiabatically from the initial
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state to the state of radius R, the different in the energies
must be accounted for the energy which is used for dissociat-
ing the hydrogen molecules and for ionizing the atoms of hy-

drogen and helium. Then %Cg—%—ﬁ) Q%_ =X %ﬁu Here N is the
polytropic structure of index N, my 1s the mass of hydrogen
atom, and X is the ionization-dissociation energy. Taking N =
1.5, and adopting X (number of H atoms) = 0.70 and Y (number

of He atoms) = 0.28, Hayashi obtained:

For a star of IM,, this yield T, v 1.5 x 105°k. If the energy

loss during contraction 1is also taken into account, the value

of T, may be raised by a factor of 2. ~19 -3
A cloud of 1M,, which initially posseses p = 10 g cm

and a radius of 3 x 1017 cm, must go through a decrease in ra-
dius by a factor of,105, before it ends into equilibrium.
Furthermore, Hayashi (1966), explain that the total time re-
quired to reach the equilibrium is 20 years. Afterwards, the
star evolves slowly through a quasi hydrostatic equilibrium
stages.

Hayashi and Nakano (1965) argue that no matter what the
initial entropy distribution in the star, in a time of the or-
der of 102 years the star will have developed a convective
structure. In 1965 Hayashi and Nakano (1965) discussed the
essential features of the opaque phase of the cloud, A cen-
tral region of the protostar becomes optically thick when the

mean density is 107131074 g en™3. It should be kept in mind
that a formation of a star from the interstellar medium in-
volves a change in the mean density of 10-2%4 to 10° gm/cm3.
The uncertainty in the opacity is due to opacity contributed
by the grains. The free-fall time then becomes much shorter
as compared with the photon diffusion time. This will ensue
the adiabatic collapse in the opaque regions.

At one stage of evolution, the infalling layers moving
supersonically with respect to the core result in the forma-
tion of a shock front at the boundary of the core. The mass
in the core then increases, and continue to compress. This
will induce the increase of temperature which set the dissoci-
ation of molecular hydrogen. The central part of the core
begins a second phase of collapse and then the shock wave dies
out.

Hayashi (1970) reviews the calculations for 0.05, 1 and
20 Mg. The initial condition for 1M, is chosen as an opaque
protostar with T, = 100°K and p, = 7 x 1079 g ecm™3. The poly-
tropic index 4 has been taken. FEach mass shell is assigned to
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a velocity that correspond to free fall from infinity. When

P has increased to 10_2 g em™3 the dissociation of molecular
hydrogen is completed. The central regions comes to a phase
of hydrostatic equilibrium.

When the shock front approaches the surface layers, and
if it is located at optical thickness less than 100, the dif-
fusion time of photons behind the front becomes very short.
This will cause a "flare up" of the star, which will release
energy at a luminosity equal to 10'3LG to 5 x 103L@.

All of this release of energy occur in less than 1 day.
Fifteen years is needed by all material to finally settle into
equilibrium. The convective envelope at this point amount to
30% of the mass, while T, is equal to 10°°K.

In order to obtain a complete and detailed picture, at
the optically thick phase of evolution several factors should
be included: : '

1. radiation flow must be considered in conjunction with

hydrodynamics.

2. evolution in the center and at the surface may differ

by several order of magnitude in the time-scale.

3. a more complete treatment of shock wave.

3.2. According to Chandrasekhar (1939), in the simple
case of a spherical configuration in equilibrium, when PR = 0

2K+ W=20

where K = the total kinetic energy due to thermal motions of
particles, W = gravitational potential energy.

The total internal energy U (which includes vibrational
and rotational energies), for Maxwell-Boltzmann gas, is re-
lated to K by the relation.

K =

ofw

(T3 - DU

Here F3 is defined as

_ . _4@nD
T3 -1-= AGop) (at constant entropy)

Therefore the total energy becomes
3P3 -4

E=W-1 ='§?f§—:-I5'W

= - (3F3 - &)U
s long as 'y > ﬁ3 an increase in temperature implies.

It is to be noted that in the case of fully ionized gas,
onclusion that the temperature 1increase as a result of
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contraction should be modified. In this case, the majof por-
tion of U is received from the high kinetic energy of the
electron. Thus, a given decrease 1in volume may force the
electrons into such high momentum states that the temperature
of the 1ions, which are assumed to be in a non-degenerate
state, must actually decrease in order to satisfy the energy
requirements of the electrons. The discussion of this occur-
ence will not be included in this review.

In the following, a brief account on the slow quasi-
hydrostatic evolution, i.e. the Kelvin contraction, will be
discussed. The time scale for contraction can be derived from
energy consideration. First, consider the gravitational ener-
gYs

cM2
-4

where q is a number depending on the distribution of mass in
the object (which is close to unity). The total energy be-
comes

E=-o0q =

ar, - 4
3
Here o = §?T§—:—i7' Therefore the luminosity, which is

the rate of energy loss

dE _ ., _ _ a'qeM? dR -1
- It L= 2 at (in erg. sec™).

This expression holds true when o and q remain constant during
the process of contraction. The time required to contract,
to reach a radius of R is

dr' - aqGM2

t = OLqG1~42Rf°° ; 4
R'“L(R") LR

K

L is the average luminosity of star during the contraction.

3

The reasonable values for the sun are q = 3, T3 = %3 then

2 x 107
L R
CE;)Gig)

]

t M
K M, years

2 x 107 years.

It must be noted that this value is a rather rough esti~-
mate, due to the assumption on the constanty of L during the
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contraction of the sun. Evolutionary behaviour can only by a
carried out by a complete solution to the equations of stellar
structure. The four basic equations for structure are:

a, From the condition of hydrostatic equilibrium

dMr _ 2
3T 4mrp
c. The first law of thermodynamics applied to a spherical
shelil,
oL,
X = 4mr2p (- E _pd_d
ar 4mr®p { at ng(p)}

In this.equation the heat sources such as nuclear energy or
heat sinks (due to neutrino 1losses) are considered unimpor-
tant.

d. The Heat Tramsport

Lr o
T
4Tr

In the above equations, the symbols have the following
mening

P = the total pressure

p = the density of material

E = the interval energy per unit mass

K = the heat conductivity.
If energy is transportgd by radiation, the conductivity is ex-
pressesed by K = 1gig s where 0 is the Boltzmann constant, k

is the opacity of the material for radiation.

The systems of differential equations can be solved pro-
vided that the total mass M is known, the chemical composition
are specified, the four boundary conditions are chosen at the
surface of a star r = R, M, =M, pnv 0, T = Teff’

_ 2 4
= 47r OTeff .
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This 1s equivalent to stating that the star radiates into
space as a black body.

The detailed method of calculation will not be given
here. It has been found that general behaviour of quasistatic
evolutionary tracks for stars of 0.1 to 100 My is rather well
established. Cox and Giulli (1968) gives the contraction
times for stars of different masses:

%; tcontr . (yr) ﬁ_e tcontr . (yr)
100 2 x 10* 2 7 x 10°
30 3 x 104 1 4 x 107
12 8 x 10° 0.8 1 x 108
9 1.5 x 105 0.5 2 x 108
5 6 x 10° 0.3 4 x 10°
3 2.5 x 10° 0.1 1x 100

It can be seen that the lower the mass the longer is the
contraction time. Kumar (1963a, b) argues that for star hav-
ing mass less then 8% of the solar mass can never become hot
enough to consume its hydrogen. Such stars can never reach
the main-sequence state and must shrink directly to the white
dwarf state.

When the interior temperatures reach the order of lO7°K,
further evolutionary calculation must include the effects of
nuclear energy generations. The main nuclear reactions to be
considered are the proton-proton chain and CNO cycle, which
result in the conversion of H to 4H,. The CNO cycle occur
primarily in the stars of M > 1.5 Mg, while the proton-proton
reaction dominates the other end of the mass ranges (<1.5 Mg).

4. COMPARISON WITH OBSERVATIONS

In the last few years observations in the infrared part
of the spectrum have revealed many objects that are in the va-
rious stages of early evolutions. Reddish (1970) puts forward
the evolutionary scheme, according to masses.

Six objects have been suspected to be either protostars
or stars in the earliest phases of the quasistatic contrac-—
tion. One of these is the infrared nebulae in Orion, discov-
ered by Kleinmann and Low (1967) to a luminosity of about 105
Lg. This object appears to be a protoclusters, similar in
mass to the Orion Nebulae.
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globules
OH source
A
r 1
large mass small mass
infrared objects T-Tauri stars
dust embedded OB stars flare stars
WR stars dwarf emission stars

Also, compact HII regions and OH sources have been dis-
covered. While infrared maps of the sky have also suggested
an intimate connection between bright infrared stars ‘and com-
pact HIT (ionized hydrogen) regions. Only observations in ra-
dio wavelength can detect these small condensation of gas.
Scraml and Metzger (see Strom and Strom, 1973) have put for-
ward an argument which explains that the bright infrared
objects are extremely young HII objects just beginning their
outward expansion from a newly formed O star or cluster of O
stars.

On the contrary with the observations of objects at the
earliest phase of their life-time, observations of objects of
the quasihydrostatic phase are much more abundant. Clusters
of ages in the order 106-108 years have been found. On of the
objects in this second phase evolution is T-Tauri objects.

The nature of T-Tauri stars have been discussed by Kuhi
(1970) and by Herbig (1970). The evidence which points to the
basic conclusion that these stars are found objects, in the
order of 105-106 years old, in the phase of quasistatic con-
tractions are: '

i. They are associated with regions of gas and dust which
are the most 1likely sites for recent star formation.
They are often also found in clusters or associated with
0 and B stars which have been determined to be young by
independent nuclear energy considerations.

ii. They show unusually strong emission lines, irregular va-
riability and mass loss all of which of suggest the pre-
sence of very active chromosphere. These activities die
with age.
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iv.
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They posses high Lithium abundance. The presence of
element lithium in a star indicates the star is a young
object.

The presence of infrared radiation, is suggestive of an
early evolutionary phase. The infrared radiation is
caused by thermal emission from a disc of circumstellar
dust, a by product of star formation, which is supported
by centrifugal force. Moreover, T-Tauri stars fall in
the part of the diagram of luminosity and color through
which the contraction phase pass.

Herbig (1970 a) explains that the circumstellar regions

may in fact be the site in which condensation of solid parti-
cles take place. The nebulae eventually i1s dissipated by ra-
diation pressure and particle outflow from the star, leading
one to expect a decrease 1In the degree of infrared excess.

The authors should like to thank Mr. Ocid Soemantri for

his assistance and typing this manuscript.
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