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Abstract

The theoretical frame developed by A. S. Eddington is used in this paper in order to study the
problem of internal structure and stars stability. A new hypothesis is developed that consists of
assume that at early stage of their evolution, all gaseous stars generate an intense magnetic field
whose mission is to contribute to their stability. A simple methodology is shown to calculate the
magnitude of the self-generated magnetic field at any point of the star, and diagrams are built for
two specific cases, where the way in which this field varies from the center to the surface can be
seen. Finally, the problem of the Cepheid type variables is studied obtaining an expression for the
oscillation period carried out from the differential equation of the simple harmonic movement in
terms of the appropriate parameters of the star.
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1. Introduction

The theory developed by Eddington considers the case of a star composed by a fluid which from the thermody-
namic viewpoint behaves as an ideal gas. To determine the state of the material, two ordinary differential equa-
tions are proposed in order to mathematically express the following conditions [1].

The mechanical equilibrium of the star. In order to fulfil this condition, it is necessary that at any internal re-
gion of the star, the pressure has the right value in order to support the weight of the material above it; and The
existence of thermal equilibrium. This condition requires that temperature distribution in the star is capable of
maintaining itself automatically not with standing the continual transfer of heat from one part of the star to
another.

The proposed equations are integrated and conditions of the material at any point are determined. This way
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the distribution of pressure, mass density and temperature are obtained. As work hypothesis, it is considered that
at first approximation, the scheme distribution is homologous from star to star. This means that all gaseous stars
copy the same stellar model within its appropriate scale of mass, length, temperature, etc. [1]. In order to, once
and for all, simplify the task, a general solution to the problem is formulated and then the question is reduced to
adapt it to the scale of the particular star being studied. It is important to notice that Eddington abandons J.
Homer Lane’s hypothesis [1] [2] when he does not consider that the thermal equilibrium in a gaseous star is due
to the existence of internal convective streams. The hypothesis of convective equilibrium is replaced by the ra-
diative equilibrium and this last basic principle is applied to the internal conditions of the sun and the stars [1].

In this work, a magnetic field as the fundamental element for the stars equilibrium will be introduced. It is
proposed as a basic hypothesis, that all gaseous stars generate an intense magnetic field at an early stage of their
evolution. Thus, a large mass of compressible gaseous fluid, viscous and conductor isolated in space and at very
high temperature and pressure conditions that remain together by its own gravitational attraction and at dynamic
equilibrium with the force produced by the sum of the pressures of radiation and the hot gases are considered.
The source of power generation lies on the central part of this huge mass of gas and a little closer to the surface
the so called convective zone [3] [4]. The convective streams generated there are responsible of removing the
heat produced and the ashes of the thermo nuclear process, feeding at the same time the power source with new
nuclear fuel [5]. It is assumed that these convective streams are made up by neutral atoms and a lot of electri-
cally charged particles both positive and negative. It is also assumed that these convective streams contain a
steady-state current distribution localized in some region inside the convective zone, produced by a process of
maximum ionization, which by hypothesis is the generator of the magnetic field that in a first approximation,
may be considered similar to the bipolar magnetic field produced by a magnetized bar. Irregularities observed in
the magnetic field should be attributed to the fact that the structure of the localized steady-state current distribu-
tion is not always the same; this is because the condition of the convective streams is not always the same either,
and can be dependent on the magnitude of the thermonuclear explosions produced in the oven. The solution of
the problem of the magnitude and topology of the self-generated magnetic field by gaseous stars can be seen in
Appendix Il. It is significant to emphasize the importance that the self-generated magnetic field has for the equi-
librium and the stability of this object. Additionally, this enormous concentration of matter is found distributed
in a configuration that has spherical symmetry. A heavenly object with the above mentioned characteristics is a
star.

It can be assured that at any point of the stellar fluid in equilibrium, there is a hydrostatic pressure which is
the same in every direction. If a closed surface with in this configuration is drawn, the reaction of the external
fluid to that surface over the internal fluid consists of a force per unit area exerted on the surface and along the
inward normal. So that for the dynamic equilibrium existence, it is necessary for these surface forces to be ba-
lanced by body forces such as the gravitational which acts towards the inside of the star. It is also necessary to
consider the contribution of the magnetic field. Its contribution to the state of equilibrium must be included in
the theory in the way of a force per unit area known as the magnetic hydrostatic pressure [5]-[7]. As it is well
known [8], a magnetic field has the property of generating in a conducting fluid, a magnetic viscosity that con-
fers it to certain rigidity. That rigidity in the conducting stellar fluid may be interpreted as if the star were sup-
ported by a superstructure made up by the magnetic lines of force. It will be assumed in this paper that this
magnetic superstructure has the mission of keeping the shape of the star even when this object should be ani-
mated by a rotation movement, since the magnetic lines of force are frozen in the stellar fluid and move along
with it [5] [9].

2. The Internal Structure and the Stability of a Gaseous Star

In order to make an appropriate theoretical treatment of the problem of the stability of a star and of its internal
structure, it is necessary to include the self-generated magnetic field in the fundamental equation that governs
the state of equilibrium [1] which in this case is magneto mechanical [5], i.e.

d[p ! ]=—pg @)

dx| " 8n

where p (X, t) is the whole pressure, o(x, t) the mass density, g the constant value of gravity acceleration and
H?/8n the hydrostatic magnetic pressure, with H (x,t) being the magnetic field self-generated by the star [5].
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The previous functions depend on time t and of an x distance measured from any internal region of the star to the
center of it [1]. The other relationship that must be considered is the equation for the radiative equilibrium [1]
[10]

dp kpe
r_ . 2
dx c @)

In the previous formula p.(x, t) is the pressure of radiation, ¢ the velocity of light in the empty space, ¢ the
radiation energy by cm? and by second and k the coefficient which determines radiation absorption by stellar
fluid [1]. From (1) and (2) it is easy to see that

o(iH-2)

Let us consider a fluid mass distribution within the star contained in a radius sphere equal to x. In a stationary
state, the amount of energy released per second within the sphere is equal to L(x) and it is such that

_L(®
B Anx?

where 4nex® is the whole of the radiation that flows per second through the surface of the sphere and it is
clearly equal to the amount of energy released by the central thermonuclear oven [1]. On the other hand, the
gravitational force at the position x is only due to the mass M(x) which is found in the inside region to x [11], so
that

)

g=—5—". ®)

With G is the universal gravitational constant. From (4) and (5), the following result is obtained:

e_ 1 L
g 4nG M (x) ©

where L(X)/M(X) is the average rate of energy release per gram from the inner region to x [1]. It is assumed that
this energy release is greater in the dense center of the star than in its external parts, in such way that this reason
decreases as x is increased when succeeding layers of colder material are added to the average [1].

Be M the total mass of the star and L the total emission of energy per second from its surface in such way that
L/M is the boundary value that reaches the reason L(x)/M(x). For all of the above mentioned it is possible to
write the following relation [1]

L _ L @
M(x) "M

There are reasons to state that 7 is a magnitude which is increased from 1 on the star surface up to an un-
known value although not very big in the center of it [1]. Its analytical form depends on the law of energy re-
lease by the thermonuclear oven [1]. Nevertheless, it is possible to assume that this law is approximately of the
same kind for all the stars since presumably the nuclear energy releasing mechanism is basically the same for all
of them [1]. If (7) is substituted in (3) the following result is obtained

Lnk H?
dp. = dl p——|. 8
Pr 4nGecM [p 8n ] ®

This last relation is an exact equation which allows establishing an upper limit for the value of the opacity for
any star for which magnitudes L and M are known as a result of observation, regardless of whether the star is or
not constituted by a fluid obeying the thermal equation of perfect gas [1].

In any case it is expected that the values of temperature and mass density are increased towards the inner part
of the star [1]. Consider that the whole pressure p is such that [1]

p=p,+p, )
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where py(X, t) is the pressure of hot gases. As on the other hand it is clear that

H? H?2
d| p——|=dp, +d -—— 10
[p o J Pr (pg o ] (10)
in (8) the following fundamental relation is obtained
Lk H?
dp, =— gl p, -1}, 1)
4nGeM — Lyk 8n

Since the tendency of temperature and mass density is that of increasing its values towards the inner part of
the star, it can be stated that the pressure of the material py and the magnetic hydrostatic pressure H%8r should
increase their intensities so that the stability of the star is kept. Under these conditions the following inequality is
expected to be fulfilled

H2
dpr < d( pg _QJ . (12)

According to (1)
Lk <1.
47GCM — Lnk

Since 7 is always positive [1] we have that 77 > 1, in such way that from the previous relation the following is
obtained

(13)

k <2nGcM/L (14)
that with the constants numerical values is transformed into

k < 12500% . (15)

The previous numerical factor is only half of what is reported in the specialized literature [1]. For the most
brilliant component of Capella’s binary system we have the following basic data:

M =8.3x10% gr
L =4.8x10% ergs-seg™
In that case
k <216 cm?-gr.

For the Sun we have that k < 6564 cm?-gr *. The physical reason for the existence of that upper limit known
by the name of Eddington limit [1] [10] is the following. So that the radiation is observed has to be emitted
reaching its way through the star, and if there were too much obstruction it would blow up the star [1]. However,
the existence of the self-generated magnetic field is a determining factor for the star to keep its stability. In fact,
the superstructure built by the magnetic lines of force is a dynamic obstacle which prevents the star from col-
lapsing because of gravitational compression or exploding because of the added effect of the radiation pressures
and of the hot gases. Ultimately, the role played by the magnetic hydrostatic pressure in this part of the theory is
that of diminishing to a half the limit value of k.

This fact is important since it indicates that in general gaseous stars must be more luminous than it is believed
and therefore that their age can be less than that which has been determined by Eddington’s theory [12]. In spe-
cialized literature [12] it is stated that the age of stars is inversely proportional to luminosity [12]. Since lumi-
nosity is inversely proportional to opacity [1] as it will be seen further on, if the value of the Eddington limit of
the opacity is in fact smaller than the one calculated so far, luminosity will be greater and therefore the age of
the stars will be smaller.

Incidentally, an increase in luminosity is indicative of the fact that the star will live less since it is burning its
fuel at a greater rate. With this result the apparent paradox of the stars which are older than the Universe itself,
can be solved. In conclusion and within the present theoretic scheme, it can be stated that the age of gaseous
stars is ruled by the modified Eddington limit of the coefficient of opacity.
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3. The Magnetic Field on the Surface of a Star

On the surface of any gaseous star the magnitude of the self-generated magnetic field follows a very simple law
as we shall see next. Its absolute value can be determined from the condition of magneto mechanical equilibrium
(1) and considering that p = p(R, t), with R the star’s radius. When that relation is integrated it is easy to obtain
the following result [5]

2

p_H_: £g- X +constant . (16)
8n
On the other hand, it is known that the pressure of hot gases p, (x,t) satisfies the hydrostatic equation [5]
[13], i.e.

Py (X,t) = pg- x+constant . a7

In that case and with the help of the relation (9) it can be proved that

H 2

= 18
P =g (18)

The preceding formula must be considered as a relation of equivalence more than an equality. From it and
with the help of the expression for the pressure of the radiation, the absolute value of the magnetic field can be
calculated. Since for a perfect gas it is fulfilled that

1

p, = EaT4 (19)
where a = 7.64 x 10 is Stefan’s constant [1], of (18) it can be proved that
H=mT? (20)
with
gna
2]
a universal constant that has the following numerical value
m=2.53x10"" gauss-K™2. (22)

The relation (20) allows calculating the absolute value of the average magnetic field on the surface of a any
gaseous star if its effective temperature T, is known. The effective temperature can be calculated from the radia-
tion theory of the black body [1] [14]. If E is the energy density radiated by the black body, it can be shown that

E=aT*. (23)

The former result is known as the name of Stefan’s law [1]. Since for a perfect gas E = 3p, [1], the relation
(19) is satisfied. On the other hand, the radiation emitted by a radius sphere r every second is [1]

acT?
L =(4nr? ¢ | =macrT}. 24
(4n )[ 4 J macr’T, (24)
Therefore, the effective temperature of a star is defined by the following relation [1] [10]
1/4
L
T = . 25
¢ [nach} (25)

since it gives the black body temperature which produces the same amount of radiation emitted by the star [1].
In (24) and (25) L is the luminosity. It is important to clarify that the effective temperature is a conventional
measurement that specifies the reason of radiant flux heat per unit area. It must not be considered as the temper-
ature at any particularly significant level in the star [1] [10] [12]. Finally, it is known that the temperature of the
photosphere of the Sun is equal 5.741 x 10° K. Consequently H, = 8.4 gauss on its surface. Another example is
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that of the most brilliant component of Capella’s binary system for which it is known that its effective tempera-
ture is equal to 5.2 x 10° K [1]. In that case H, = 6.8 gauss.

4. The Mass-Luminosity Relation and the Opacity Coefficient

Let us suppose that in the Equation (11) the product 7k is a constant through the star. In order to support that
hypothesis it is required that the absorption coefficient k be practically constant decreasing a little towards the
center to counterbalance the increase of 7, in that way assuring that the product of these two quantities remains
constant [1] [10] [12]. It is said that there are very good reasons to believe that in general k behaves in this man-
ner [1], wherefore it is possible to state that the constancy of this product is a good approximation [1]. Be there-
fore

nk =k, (26)
with k, a constant that somehow represents the boundary value of k [1]. It is important to emphasize that the

value of k in the stellar photosphere could be very different from the one that it would have there k, [1]. Using
the approximation (26) in (11) and integrating, the following result is obtained

Lk H?
=2 -— 27
Pr 4nGcM — Lk, [pg 8n j @
that with the help of the relation (18) is transformed into what follows
Lk
= 0 ) 28
Pr 47GcM Py (28)
Clearly, it fulfills the fact that for a particular star the ratio p,/py always maintains the same relation. Conse-
quently
L _ 4nGe| p, . 29)
M ko | Py
At this moment it is important to introduce a constant S defined as follows [1]
=(1-
p=(1-8)p (30)
Py =P

where p is whole pressure. S represents the ratio between hot gas pressure and whole pressure, whilst (1 — f) is
the ratio between radiation pressure and whole pressure. Therefore, the ratio (1 — £)/ can be considered as a
measurement of the degree of stability of a star. Substituting (30) in (29) we have that

L _4nGe(1-p . (31)
Mok LB
For gaseous stars the value of gis determined from the following quadric equation [1]
1-f=3.09x10°(M/®) g’ (32)

where the symbol ® indicates the mass of the Sun and g the average molecular weight [1] [10]. The relation (32)
can be solved for various values of mass M in terms of the sun’s mass, e.g. M = 1/4, 1/2, 1,... times ®; and also
for some average value of y. It is important to point out that £ only depends on the mass and average molecular
weight of the material forming the star and it is independent of its radius and its opacity [1]. Once obtained the
value of g by solving the Equation (32) it is possible to determine the opacity k, from the relation (31). In spe-
cialized literature [1] there are tables which can be consulted to use in numerical calculations which contain
values from (1 — p) for different masses and molecular weights.

5. Luminosity and Opacity

If the possible small changes of u with the temperature and density [1] are neglected, it is possible to see from
(32) that (1 — p) is a function only of the mass of the star. In that case and according to (31) it can be stated that
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for gaseous stars of the same mass, the luminosity is inversely proportional to the opacity k, [1].

However the approximate constancy of k, from star to star should be distinguished from the approximate con-
stancy of the product 7k within a single star [1]. According to theoretical analysis carried out by other research-
ers [1] [10] [12], it can be stated that for a particular star the following relation is satisfied [1]

k K
TV S 33
1 "k 33)

C C

where k; refers to density and temperature conditions in the center of the star. On the other hand, the law of ab-
sorption of the radiation commonly accepted [1] [10] [12] has the following analytical form

k =kpT "? (34)
with ky is a constant. In that case it is customary to write that [1]
k, = ak, (35)
whereq is a constant that according to (33) is equal to
a=nT"2, (36)

The constancy of 7T 2 depends on the ratio of energy release; release which is likewise related to the distri-
bution of energy sources in the inner part of the star. What it normally does is to consider various degrees of
concentration of those sources and to examine how the ratio of energy release per gram, ¢, for different temper-
ature powers varies [1] [10]. However, even when the constancy of that factor is better for &~T, it is customary
to explore other possibilities [1]. For cases in which #T2 is not absolutely constant, the best approximation to
the ratio ko/k. may be obtained from the average. From specialized literature [1] we have that

a=132 1.74 2.12 2.75

37
for & ~ constant T T? T* 37

respectively. It is said that when the sources are very concentrated in the center of the star brightness diminishes.
In the case in which numerical calculations are required, the value o = 2.5 is adopted, which is indicative of an
intense and uniform concentration of sources of energy release in the center of the star [1]. Consequently in (31)
the modified mass-luminosity relation is obtained

| 4nGeM [ﬂ} 38)

ak, B
When numerical calculations are made it is customary to assume that k. = k [1].

6. The Central Temperature

In order to calculate the central temperature in any gaseous star, relations (16) and (17) are used as well as the
fact that the relation of equivalence (18) is always fulfilled as much on the surface as in any inner region of the
star. Since for gaseous stars the thermal equation of ideal gas is fulfilled [1] [10] [15]

Py = (39)
where R = R/my is the gases universal constant [1] [15], R, is Boltzmann’s constant, my, hydrogen atom mass

and u the molecular weight which is generally taken as a constant numerically equal to 2.2 [1] [10] [12], of (9)
and from relations (30) the following result is obtained

5 3R (1-
T _Rp) 0
p aup
The previous relation is equivalent to the equation
T3/p =153x10"k, L/M (41)

where results (38) and (40) were used.
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In general, ratio T%/p which is a constant through any star is also the same for all the stars that have the same
mass; whenever it is possible small differences in the average molecular weight « that may exist among them,
should be ignored [1] [10] [12]. Consequently in stars of the same mass, the temperature at homologous points
in the interior varies as the cube root of mean density measured at these points does [1] [10]. As it is easy to see
from paragraph 2, effective temperature is subject to a different law.

7. The Problem of Variable Stars of the Cepheid Type

The theory commonly accepted about the variable stars of the Cepheid type [1] [10] attributes the variation in
their brightness to a regular pulsation they experiment.

In order to make an adequate theoretical analysis of the problem, it will be assumed that they are gaseous ob-
jects where the self-generated magnetic field has lost much of its original intensity but, that in the position of
maximum compression keeps enough of it, so as to reduce the oscillation preventing the final collapse. Next,
and with the help of radiation pressure and that of hot gases, that diminished magnetic field bounces, starting the
subsequent expansion. If it is admitted that the Cepheids are in a stage of their evolution such that the fluid that
forms them is no longer totally supported by the superstructure formed by the magnetic lines of force, it can be
stated that the important dynamic agents acting on them are the huge gravitational force as well as the combined
pressures of radiation and hot gases. Subject to these dynamic conditions, the Cepheids variables oscillate
around some equilibrium position losing and recovering brightness alternately, as they expand and contract
themselves with a noticeable regularity and with a perfectly determined period.

In accordance to the laws of gases, when the star collapses because of the effect of its huge weight and reach-
ing even an extreme position or minimum size, the gaseous fluid heats up and the brightness of the Cepheid is
increased. Right after that the hot gases, the radiation pressure and the residual magnetic field which behaves as
a spring, act against gravity distending the star as far as another extreme position of maximum amplitude, caus-
ing the stellar fluid to cool and the Cepheid to lose brightness.

The cycle is repeated once and once again with regularity very much alike that observed in the movement of a
simple harmonic oscillator [15]. To obtain the differential equation governing the phenomenon and also an ex-
pression for the period of harmonic oscillation, Equations (11), (18) and (26) must be considered in order to ob-
tain the following relation:

Lk
dp, = ° dp, . 42
P = e OPs (42)
Integrating the above equation the following is obtained
(o] Lko (o]
P+ P =Py + ) (43)

where p; and pg are integration constants with unities of force per unit area. Besides p, satisfied the hy-

drostatic Equation (17). Let us now consider a radius sphere r concentric with the star and with its surface al-

most coinciding with that of the star in such a way that the amount of mass M(r) contained in it is practically

equal to the total mass M of the star. Under these conditions, the gravity acceleration on the surface of the star is
GM

r2

It is proposed that as much on the surface of the sphere as on that of the star, p; and the constant in (17) be
equal to zero. However, there is p; =0 because the pressure of radiation does not disappear on the surface [1].
According to the first of the definitions (30), in (43) the following result is obtained

o] Lko
(-p)p+p; =2 (44)
where p is whole pressure such that
f
P aR? ()

with f the magnitude of total force, 4nR? the area of the surface of the star and R its radius. Be
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f
0= 46
Pr=g (46)
in such way that in (44) the following is obtained
2 2
f {1_,3+R_2} __LkpR®
r c r
Inr = R we have that
__tep (47)
¢(2-45)
According to Newton’s second law, of (47) the following result is obtained [15]
Mi+Kr=0 (48)

where = dzr/dt2 . The above relation is the differential equation that governs the harmonic oscillations ob-
served on the Cepheid variable stars. In it,
_ Lk,p
c(2-5)
is a constant which depends on some basic parameters of the particular star being studied. The oscillations pe-
riod is given by the relation 7= 2r(M/K)"?, namely

(49)

(50)

Tze.zs{wr

Lok pp,

where the relation (35) was used. Since M and L are total mass and luminosity respectively, in (50) average den-
sity o must be used. From the mass-luminosity relation (38) and given that 4nG = 8.3 x 10" ergs-cm-gr 2, it is
easy to see that

1/2
pY27(days) = 0.08x {M} . (51)

As it was to be expected [3] [16], the product of the period in days and the square root of the mean density is
equal to a constant that can be calculated from the theory. Next the periods of three known Cepheids are calcu-
lated and each result is compared to the one measured by direct observation.

1. 6 Cepheid

For this intrinsic variable there are the following data (See Appendix)

P, =3.5x10" gr-cm™
B =0.545
1-3=0.455
2—f=1.455
Then,
r=>5.61days.

The period directly measured is of 5.366 days. As it is easy to see, theoretical calculation and direct measur-
ing are practically equal.
2. Polaris
For this case we have that [1]
p, =8x107 gr-cm™
£ =058
1-5=042
2-p=142
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Therefore,
7 =3.97days .

The period measured for this variable is equal to 3.968 days.
3. B Cepheid
The data we have are as follows [1]

p, =1.05gr-cm™
£ =067

1- =033
2-f=133

Consequently, z=0.127 days ; while 7 (measured) = 0.190 days. It is possible that discrepancies observed
in the two last mentioned cases are due to the fact that there are not more accurate data for these stars. However,
the magnitude order is adequate.

The long-period variables have, with some exceptions, periods ranging from 100 to 500 days, with a strong
preference for periods near 300 days. The periodicity in not perfect and the stars may be some weeks behind or
ahead of the predicted phase, the amplitude of the variation is not always the same in successive periods. Nev-
ertheless, there is enough evidence that long-period variation and Cepheid variation are essentially the same
phenomenon. The very low mass density and temperatures of the long-period variables exaggerates and renders
more erratic the effects of the same kinds of pulsation as in the Cepheids [1]. In general, the longer the period of
a red variable, the less regular is its pulsation; as in the cases of Betelgeuse and Mira. So, for that class of va-
riables the period-mass density relation is

12
z'plm/2 =0.24x% {M} . (52)

This is so, because if 1 sec = 0.1157 x 10 * days, and the period of the red variable star which will be use as
the unit measure is equal to 3 x 10° days, it has that

0.1157x107* x3x10* = 0.347x107°.

Hence from (50), 6.87 x 10° x 0.347 x 10 % = 24.Then, and given that the long-period variation and Cepheid
variation are the same phenomenon, it is fulfilled that

1/2 1/2
24{“} —0.08x 3x10? {M}
1-8 1

in such o way that 0.24 = 0.08 x 3. It is easy to see that is enough to multiply the numerical factor of the relation
(51) by 3, in orden to obtain (52). Next, the results for the red variable Betelgeuse are given:

Betelgeuse
7 =3.65x10” days p, =45%x107 gr-cm™
0" = 0.245 P =067x10"
£=0.392 M =4.1x10% gr
1- 8 =0.608 R=3x10"cm
T, =3x10°K u=211
H, = 2.28 gauss M,, =-5.5

M, =+0.41

r =150 parsecs = 500 light-years .
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Omicron Ceti, also called Mira, is a red variable star which has a period equal to 3.3 x 107 days, that is to say,
its period is less that the one of Betelgeuse and hence, its average mass density must be greater than the Betel-
geuse’s average mass density. In consequence and given that 7, = 0.9 z, it follows that pn, = 1.110yg; and then,
for the case of Omicron Ceti the following results are obtained.

Omicron Ceti
7 =3.3x10° days 0, =5.4x107 gr-cm™
7ol =0.244 o =0.74x10"
£ =039 M =4.1x10% gr
1-p5=061 R =2.8x10"cm
T,=26x10°K p=211
M,, =-0.45 M,, = 4.7

r =70 parsecs = 230 light-years .

8. The Magnetic Field in the Inner Part of a Gaseous Star

Just as temperature follows different laws on the surface and in the inner part of a star, something similar hap-
pens to the self-generated magnetic field. On the surface of the star its behavior is ruled by the relation (20)
whereas in the inner part of it, it follows another different law as it will next be seen. In order to calculate the
magnitude of the magnetic field at the center of the star as well as at any other inner point of it, it is necessary to
use the polytropic gas sphere theory [1] [10]. In terms of the gravitational potential #(x), the acceleration of
gravity is by definition [1]

g= —g—f . (53)
Be P = p — H%/8m, in such a way that in (1) the following result is obtained
dP = —g pdx
that with the aid of (53) is transformed into what follows
dP = pdg. (54)
From Poisson’s equation for the gravitational potential [17]
Vp=—-4nGp

with V2 =divgrad the laplacian operator [9], we have that for spherical symmetry the above relation takes the
following form,
d’p 2dg
99,25 _ G 55
dx?  x dx P (55)

Now we have the relations (54) and (55) in order to be able to determine the three following unknown func-
tions of x: P, py ¢. Then, a third equation is also required in order to take into account the thermodynamic state
of the star. In general and regardless of whether the stellar gas is perfect or not, it is always possible to make any
value of P correspond to a given mass density if temperature is adequately fixed. What is usual [1] is to use as a
third relation the following

P=xpo” (56)

wherex and yare disposable constants. Thus and for different values of xand yit is possible to investigate a va-
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riety of temperature distributions. It is said that distribution is polytropic [1] if it obeys an equation such as (56).
The problem is reduced to redoing the analysis carried out by Eddington [1], task that will not be repeated in this
paper. However, and following that methodology, we have that the whole pressure p in terms of gravitational
potential has the following

___ P9
P= (n+1)p ®7)

where n is a positive integer number. Given that the thermal equation of the state of the ideal gas (39) is fulfilled,
from (57) we have that

ug
“RneD) (58)

As it is easy to see, T = constant ¢. Be ¢, the gravitational potential in the center of the sphere and T, the cen-
tral temperature so that T, = constantg,; where the constant is the same as before. It can be seen that according to
(58) and with the results of specialized literature [1], it is easy to see that for a particular star

oK _GMR 59)
R, (n+1) M" R
where M'y R are parameters calculated from the polytropic gas sphere theory [1] and
GM R’
=, 60
%= R (60)

The relation (59) is used to calculate the central temperature of any gaseous star for which its radius and mass
are known [1]. Apart from this and according to the first of the relations (30), from (57) the following result is
obtained

pp(1-p

o, = £000) (61)
(n+1)B

For gaseous stars the relation (56) takes the following form [1]
P~ p* (62)

in such a way that n = 3 [1]. With this result and with the relation of equivalence (18), it is easy to see from (58)
that for a particular star
2

sl = constant (63)
ol
where
constant = 27{1—ﬁﬂ ) (64)

Consequently, for stars of the same mass as well as for homologous points in the inner part of a given star,
the self-generated magnetic field varies like the square root of the product of the mass density and the gravita-
tional potential; both calculated at those points.

For any inner region of the star, the magnitude of the self-generated magnetic field can be calculated from

(63), namely
1/2
1-5
H=|2 — . 65
{“’) ¢( s H )

It is customary for numerical calculations to use the values given in Table 1 [1].
Usually the problem is reduced to finding the internal distribution for the density as well as for the pressure, in
a star for which its mass and its radius or its mean density are known. The expressions used are the following [1].
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Table 1. (n = 3, y=1.3333).

z u u" The —du/dz —zdz/3du —Z°du/dz
0.00 1.00000 1.00000 1.00000 .00000 1.0000 0.0000
0.25 0.98975 0.96960 0.95966 0.08204 10.0158 0.0051
0.50 0.95987 0.88436 0.84886 0.15495 1.0756 0.0387
0.75 0.91355 0.76242 0.69650 0.21270 1.1754 0.1196
1.00 0.85505 0.62513 0.53451 0.25219 1.3218 0.2522
1.25 0.78897 0.49111 0.38747 0.27370 1.5224 0.4276
1.50 0.71948 0.37244 0.26797 0.27993 1.7862 0.6298
1.75 0.64996 0.27458 0.17847 0.27460 2.1213 0.8110
2.00 0.58282 0.19796 0.11538 0.26149 2.5195 1.0450
2.50 0.46109 0.09803 0.04520 0.22396 3.7210 1.3994
3.00 0.35921 0.04635 0.01665 0.18393 5.4370 1.6553
3.50 0.27629 0.02109 0.005828 0.14859 7.8697 1.8203
4.00 0.20942 0.009185 0.001923 0.11998 11.113 1.9197
4.50 0.15529 0.003746 0.000582 0.09748 15.387 1.9740
5.00 0.11110 0.001371 0.000152 0.08003 20.826 2.0007
6.00 0.04411 0.000086 0.000004 0.05599 35.720 2.0156
6.80 0.00471 0.000001 0.000000 0.04360 51.987 2.0161

6.9011 0.00000 0.000000 0.000000 0.04231 54.360 2.0150
R'=(2),.,: M':(—zzj—uj . (66)
Z Ju=o

The condition u = 0 indicates the boundary of the star, whereas the numerical values of the parameters R' and
M' may be consulted in the last line of the table. Another important relation is the one for the ratio between the

mean and central densities
Pn _ (_Ed_uj _ (67)
Po z dz u=0

Its numerical value can be found at the bottom of the sixth column. On the other hand and since ¢/¢, = u, it is
easy to see that [1]

LY (68)

where T, is the central temperature which can be calculated from the relation (58) for a constant value of the av-
erage molecular weight x4 equal to 2.2 [1]. The numerical value of u can be looked up on the second column of
the table for different points within the star. For density we have the following relation [1]

Loy, (69)
P

With p is the density at some inner region of the star. It is calculated from p, and using the numerical values
of u" for different points within the star which are recorded on the third column. In order to show how the for-
mulas above and the table should be used, consider as the first example that of Capella’s brightest component.
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Amongst the many data known of her we have that M = 8.3 x 10** gr and R = 9.55 x 10™* cm. Its mean density is
pom = 0.00227 and in column sixth it can be seen that the ratio p,/ oy is equal to 54.36; so that in the center of the
star

p, =0.1234gr-cm™,
Also from the last line of the table the following values are obtained
M'=2015
R'=6.901
According to (60) the gravitational potential in the center is [1]
_ 6.66x10°° x8.3x10% x6.901

&, I =1.982x10".
2.015%x9.55%10
On the other hand it is known that [1]
1-3=0.283
£ =0.717,

in such way that the magnitude of the self-generated magnetic field in the center of the star is, according to (65)

oo |:2>< 3.14x0.2446x10' x 0.283

1/2
} —(6.063)"* x10";
0.717

in such way that
H, = 2.46x10" gauss.
Consider another point inside the star, like for example the line z = 3.5 of the table. From (66) it is easy to see
that
2_35 4507,
R’ 6.901

The point considered is found situated a little further from half the center of the star. From column sixth of the
table we have that

M(r) 1.8203
M 2.0150

In other words, with that choice 90%of the star mass is being taken into account. The gravitational potential at
that point is

=0.90.

_ 6.66x10° x8.3x10% x3.5
1.8203x9.55x10"

It is obtained from the third column of the table that
p =0.02109, = 0.00260 gr - cm™

p =1.113x10% .

and
pp=2.6x10"°x1.113x10" = 2.8938x10".

The magnetic field at that point has the following absolute value

H - [6.28>< 2.8938x10' x0.283

1/2
} = (7.1729)" x10°
0.717

Namely
H = 2.68x10° gauss
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If H and H, are compared, it can be seen that
H=011H,;

which means that the magnitude of the magnetic field at the middle part of the star has been reduced to 11% of
the value that it has in the center. Since due to boundary condition ¢ = 0 is always taken on the surface, in that
region the magnetic field must be calculated with the Formula (20). That way it is obtained that on the surface

H, =6.8gauss

With these three points it is possible to build Figure 1 showing the general behaviour of the field.
Consider the case of the Sun, for which we have the following data

M, =1.985x10% gr
R, =6.951x10" cm
1- 4 =0.0498
S =0.9502
Py =1.4149gr-cm™’
p, =76.9gr-cm™
In the center of the Sun the gravitational potential has the following value

B 6.66x107° x1.985x10% x 6.901
2.015x6.951x10"

@, =6.51x10% ;

and then
¢,p0, =5.01x10" .
The central magnetic field has a magnitude equal to
H, = 4.06x10° gauss .
Consider the same point used in the above calculation in such way that
p=162gr-cm>.
In that position the gravitational potential has the following value
¢ =3.66x10"°,
and of course
pp=5.93x10".

Besides,

Figure 1. Capella’s magnetic field.
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=5 _ 0.0524
B

=

In consequence
H =4.4x10" gauss .

Comparing H to H, we have that for the case of the Sun
H=0.11H,.

As it was expected, the magnitude of the solar magnetic field diminishes in the same proportion as Capella’s
magnetic field. Indeed, its value is again equal to the 11% of the one it has in the center. Consequently the cor-
responding graphic is equal to that of the previous example, as it is easy to see in Figure 2.

The behavior of the magnetic field is in general very similar to the behavior observed in the density of the
stellar mass in A.S. Eddington’s theory [1] [4].

From the theoretical scheme developed in the above paragraph, it is possible to derive an expression to calcu-
late the average value of the residual magnetic field which acts in the Cepheid type variable stars, in the maxi-
mum gravitational compression as well as in that of maximum expansion. If the absolute value of total force is
considered, of the equations (45) and (47) as well as the mass-luminosity relation (38), it is possible to demon-
strate thatinr =R

B(2-B) R

where the bar indicates the average values of those quantities; H is the residual magnetic field absolute value, p
the mass density and R the star radius. Besides, the first of the definitions (30) was used. On the other hand,
from the result (51) it is easy to see that

H =[8xGM (1- 8) ] {MTZ (ljw (70)

[(1—/3)5}”2 _ 687x10° -
B(2-P) 4
in such way that in (70) the following is obtained
A= TF% (72)
where
0-889x[M(1-5)]"* (73)

is a constant which depends on the basic parameters of the particular star being studied.

Therefore, it is possible to state that for each particular Cepheid, the residual magnetic field is inversely pro-
portional to the product of the period and the square root of the radius; so that for the situation of maximum
compression we have that

H

o

Figure 2. Sun’s magnetic field.
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- 0
Hoo =7 (74)
ma; TR:T]/IZI,]
whereas for the maximum expansion
- 0
Hoin = gy (75)

max

The maximum and minimum values of the radius reached by the star in its extreme volumes can be calculated
from the relation (25) and from the observational data obtained for the luminosity and the effective temperature
at the position of maximum and minimum amplitude of the harmonic oscillations carried out by the particular
Cepheid being observed.

9, Conclusions

In the present paper, a fundamental hypothesis is made which consists of assuming that all gaseous stars at some
early stage of their evolution, and in a natural way, generate an intense magnetic field whose magnitude dimi-
nishes from the center of the star to the surface of it in a very peculiar manner. This field generates in the con-
ducting stellar fluid, a magnetic viscosity which gives it a great rigidity that can be interpreted as a rigid super-
structure formed by the magnetic lines of force, whose mission is to keep the shape of the star.

That internal magnetic superstructure prevents the star from collapsing gravitationally or exploding because
of the added effect of radiation pressures and those of hot gases. In some way, the magnetic lines of force of the
self-generated magnetic field behave in the inner part of the star as a powerful shock absorber acting in both
ways: against gravitational compression as well as against hot gases and radiation expansion.

When the magnetic field is introduced in the theory in the form of a magnetic hydrostatic pressure [5]-[7], the
results previously obtained by Eddington are slightly but substantially modified [1], particularly, it is reduced to
half the value of Eddington limit for k [1].

With the help of this result, it is easy to point out the important role the modified limit has in the problem of
the stars age and at the same time to indicate a possible solution to the paradox consisting of the existence of
stars that are apparently older than the Universe itself. The present theoretical frame derives a simple formula to
calculate the magnitude of the average magnetic field on the surface of any gaseous star for which its effective
temperature is known.

Since the behavior of the self-generated magnetic field follows a different law in the inner part of the star, a
formula is deduced which shows that this field varies like the square root of the product of mass density and the
gravitational potential, in both, the center of the star as well as in inner homologous points. Numerical calcula-
tions are carried out and the results are presented and then drawn for two specific cases: that of Capella’s brigh-
test component and that of the sun.

As it is easy to see, the graphs are exactly alike; which shows that the magnetic field self-generated by the
gaseous stars, has the same general behavior for all of them.

Another interesting result refers to the solution of the problem of the Cepheid type variable stars. For those
cases, it is proposed that the magnetic field is much weakened due to the fact that those stars are in their last
evolutionary stage. However, it is not so much so as not to be able to stop the gravitational collapse acting as a
spring which is compressed when the star reaches a certain minimal size. From that minimal volume, the resi-
dual magnetic field and the sum of radiation pressures and those of hot gases, inflate the star up to a certain
maximum volume from which the compression-expansion cycle is again initiated.

Given the regularity of the oscillations, it is assumed that the process is simple harmonic with a perfectly de-
termined period. Integrating the fundamental result of the theory, which is the relation (11), an ordinary diffe-
rential equation of simple harmonic oscillator and the expression for the oscillations period in terms of the basic
parameters of the star are obtained. In perfect agreement with the observations carried out by other researchers
[3] [16] and from the mass-luminosity relation (38), it is shown that the product of the period and the square
root of the mean density is equal to a constant.

The numerical value of the constant depends on the star being studied, and it is easily obtained from the
theory. It is important to make clear that the above relation is empirically proposed and recorded in the specia-
lized literature as a fact perfectly well established in the different models that on the stars internal structure have

been proposed [1] [3] [16].
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Suppose that the gravitational collapse suffered by a star that is in the last stage of its evolution is so fast and
vigorous that the magnetic field noticeably weakened does not have any more an intensity powerful enough so
as to stop it initiating the rebound. Under these conditions, the star collapses, and due to the combined effect of
material and radiation pressures as well as the sudden hydrogen combustion still present in large amounts in the
regions of the star atmosphere, a huge explosion is produced which can send into the space up to 9/10 parts of
the star total mass. In that case, it is said that a nova or a supernova has risen depending on the magnitude of the
sidereal catastrophe. Whether one thing or another should occur possibly depends on how massive the star is.

The final outcome of the catastrophe will also depend on that last condition. It is possible to have a recurrent
nova, a white dwarf, a pulsar, or even a black hole.
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Appendix I

Equation (1) which governs the magneto mechanical equilibrium can be used to calculate some formulas by
means of which it is possible to estimate pressure, temperature and the magnetic field magnitude orders in the
center of any gaseous star in terms of its relevant parameters. Consider then that it is possible to draw within the
star, a radius sphere r which contains an amount of mass equal to M(r). When the result (5) is used in (1), that
relation is transformed into the following

2 GM (r
d[p—H—J:—p 2( )dr. (A-1)
8n r
From the relation of equivalence (18) and from the first of the definitions (30), it is easy to obtain in (A-1)
that
GM (I‘) dr
dp=- —. A-2
p=—p 5 (A-2)

In order to simplify the calculation, consider that the surface of the sphere is located in the middle region be-
tween the center of the star and its boundary, in such way that M(r) ~ M/2, with M the total mass of the star. For
dp, the difference between the central whole pressure and the pressure on the surface will be taken, and the latter
will be considered as zero.

Be, —dr/r? ~ 2/R with R the star radius. In that case from (A-2) the following result is obtained

Pt
pc = % (A_3)
where subscript ¢ refers to the star center and
GM
¢, = = (A-4)
is the gravitational potential. Central mass density is obtained from the following ratio [1]

Pe 5436 (A-5)

Prm

with pn, the average mass density.
From the relation (A-3) and from the second of the definitions (30) the following result is obtained

T M, A6

*=R (A-6)

where u is the average molecular weight, R the gases universal constant and thermal equation of the ideal gas
(39) was used.

Finally, in order to obtain the formula which allows estimating the magnitude of the magnetic field, the rela-

tion of equivalence (18) and the first of the definitions (30) are used in the Formula (A-3). Thus, for each partic-

ular case
H, = constant(p,¢, )" (A-7)
where
1/2
2n(1-
constant = 2x {M} . (A-8)
B
It will be considered as first example the brightest component of Capella’s binary system. Its relevant data are
the following

M =8.30x10% gr
R =9.55x10" cm
u=22

£ =0.717

1- 4 =0.283
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Besides we have that
G =6.66x10" ergs-cm-gr>
R, =8.26x10" ergs-mol-gr*-K™

1/2
2{M} =3.15
)]

¢, =5.8x10" ergs-gr.
Since it is also known that 0,=0.00227, we have that
p. =0.1234gr-cm™.
With all previous numerical data it is easy to obtain the following results
p. =9.96x10" dyne-cm™
T, =15.4x10° K
H, =2.7x10" gauss
On the other hand and since
L =4.8x10* ergs-sec*
4nGe = 2.51x10* ergs-cm? -gr? -sec ™.
a=25
we have that
k, =69 cm?.gr
As second example consider the case of the Sun for which we have the following data
M, =1.985x10% gr
L. =3.78x10% ergs-sec™
R. = 6.951x10" cm
S =0.9502
1- 4 =0.0498
¢, =2.0x10" ergs-gr.
u=1
P, =1.414gr-cm™
p.=T77gr-cm™
Consequently
p, =1.6x10" dyne-cm™
T, =24.2x10° K
H. = 4.5x10° gauss
k, =276 cm®-gr™

On the other hand, from the absolute bolometric magnitude determined for the intrinsic variable & Cepheid [1],
the following data are obtained

L =2.81x10* ergs-sec™*
R =2.32x10" cm.

Next, to calculate its mass, the mass-luminosity relation (38) will be used as follows
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| _4ncGM (1-f) _4mcGM (1-)T°

T
ak.p ak,p p
_4nG 3R (6 R u)" 0 (12A)
ak, au 4R M'R B
where the relations (34), (40) and (59) were used. From the equation [1]
1_ﬂ — CM 2ﬂ4ﬁ4
with
B nG’a
48R4M 12

a constant, mass M can be eliminated. In that case, it is easy to see that

M 32 _ 48R4M 2 \¥ (1_/3)3/4
nGla s

in such way that

4R, M’

| _4mcG 3R, ( G R JM(%R“M“ T/A @-p"

ak, Ta nG’a uPRY B

With constant values we have that

| 1.443x10™ (1- p)*
L= aklRl/Z,umﬂs
For k; the value found for the brightest component of Capella’s binary system will be used [1] and it will be

taken for the average molecular weight 4 the usual numerical value 2.11 [1]. Since gis the only unknown quan-
tity in the above relation; the equation obtained finally is

(1-B)** =0.909° (A-9)
From its numerical solution the following data are obtained
3 =0.545
1- 8 =0.455
2—f3=1.455.
Using those values in the quadric Equation (32) it is easily obtained that
M =1.82x10* gr.
On the other hand and since the volume is
V =5.23x10¥ ¢cm®
the mean density of the intrinsic variable & Cepheid has the following value
Py =3.5x107 gr-cm™

To conclude, it is easy to prove that using the relation of equivalence (18) and the formulas (30) and (26), the
following equation is obtained

1/2
H :{SE%T (1—5)} (A-10)

up

by means of which it is also possible to calculate the magnitude of the self-generated magnetic field, in both, the
center as well as the inner homologous points of any gaseous star.



A. Fierros Palacios

From the results of paragraph 7 and with the help of numerical data from the table, from relations (59) and (67)
it is obtained for the Capella case that

T. =13.2x10° K
p. =0.1234gr-cm™;
In such away that in the center of the star, the magnitude of the self-generated magnetic field is again
H, =2.46x10" gauss.
From the second column of the table we have that for z = 3.5, u = 0.27629 so that at this point
T =3.65x10° K
p=26x10"gr-cm™
H =2.0x10° gauss.
Likewise, for the center of the Sun the following results are obtained
T.=19.7x10° K
p. =77gr-cm™
H, = 4.06x10° gauss.
It can be proven that in the point z = 3.5,
T =5.4x10° K
p=162gr-cm™
H =3.1x10" gauss.

It is easy to see that for the calculated values of H and H, with this last method, it is also fulfilled that in both
examples the ratio H/H, always keeps the same proportion. In other words, it can be proved that

H=(u")"H,. (A-11)

The numerical values of u™* can be looked up on the fourth column of the table for different points within the
star.

From the Equations (20), (22), (25) and from the mass-luminosity relation (38), the following expression to
calculate the mass for any gaseous star, using some of their basic parameters is obtained

! :(%j'bﬁej'm“)z

With the numerical values of the constants, the next result is obtained

aa 6 .2 -4 -2
=1.12x10" gr°-cm™ -gauss
(4szj 9 g

Consequently, for a particular star is fulfilled that

M = constant x (RH )2 (A-12)

where

constant =1.12x10° (&j . (A-13)

In other words, the mass of a gaseous star is proportional to the square of the product of its radio and the
magnitude that the self-generated magnetic field has on its surface. From the data we have from the Sun it is
easy to verify by direct calculations that M = 2.0 x 10* gr; whereas for Capella we have that M = 8.3 x 10% gr.
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Appendix I1

The self-generated magnetic field of gaseous stars.

Let’s consider the case of any gaseous star of radius R., composed by a viscous and conducting compressible
gaseous fluid, which from the thermo dynamic viewpoint behaves as an ideal gas. The stellar fluid is insolated in
space, at very high temperature and pressure conditions and remains together by its own gravitational attraction
and at dynamic equilibrium with the force produced by the sum of the pressures of radiation and the hot gases.
The astronomical observations, seems to indicate that in general is under the influence of a poloidal magnetic
field B, (x,t); [18]. In addition, the star revolves on its own axis with a velocity v, (¢,,t), with ¢, the stellar
latitude.

In order to determine the dynamic state of a viscous and conducting compressible gaseous fluid, that moves
with velocity v(x,t) in some region of space where a magnetic field H (x,t) exist, the following equations
are used

divH =0 (B-1)

and

a—V+(v -grad)v = 1 grad p + vy +l(§ +177j grad divv
ot p p p 3 (B-2)
1
——(H xrotH);
4dnp
where p(x, t) is the total pressure, p(x, t) the mass density and 7, ¢ the coefficients of viscosity [6] [9]. The rela-
tion (B-2) is the momentum balance equation of magnetohidro dynamics (MHD). For any gaseous star, the mass

density is in general, a function of time t and the radius R., such that, p. = p(R., t).
It can be directly shown that (B-2) takes the following equivalent form

ov 1 1 0 HiH,
—+(v-grad)v+—grad(p+p,)=——| o +— B-3
p (v-grad) 9 (p+p) p*ax{” 4n} (B-3)
where 6'(x,t) is the viscosity stress tensor [6] [9], the relation of equivalence (18) and the following well
known formula in vector analysis

(H -grad)H = grad(HZ/Z)— H xrotH were used; after integration by parts and taking into account the

condition (B-1). Suppose that the star revolves in such a way that the flux of the stellar fluid is steady, and then
ov, /ot =0. In this case, it is fulfilled that (v* . grad)v* = grad (vf/z)—v* xrotv, =0; because v, is indepen-
dent of x.

Using this last result in (B-3) and with the help of Equations (9), (19) and (39), it can be directly obtained that

_4mp.RT. 8ma
y7, 3

HZ

T (B-4)

because divv(f*,t) =0. This last result is valid for any gaseous star with radius R., that revolves with a rotation-
al velocity v, (é*,t) . On the other hand is easy to see that in the inner regions of a given star, the first term is

greatest than the second one, and therefore that term can be neglected.
Consequently and for any inner region of the star, the magnitude of the magnetic field can be calculated from
the following equation

12
H. = {—4"”‘@*} . (B-5)
7

At the surface of the star, the mass density is practically zero, and then, the magnitude of the magnetic field
can be obtained from the next relation

2
H,, =mTg
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which is Equation (20) of the text. Let’s, consider that H. is the magnitude of the self-generated magnetic field
by gaseous stars. Then, it is easy to see that in the inner regions of gaseous stars, the self-generated magnetic
field varies like the square root of the product of the mass density and the absolute temperature; both calculated
at those regions. On the other hand, at the surface, it depends on its effective temperature; according to different
laws perfectly established.

In the theoretical frame of MHD and because the magnetic permeability of the media differs only slightly
from unity, and the difference is unimportant [6] [9], it is consider that, H = B, and then, the self-generated
magnetic field fulfill the basic laws of magneto statics; that in their differential form are the condition (B-1) and
the following relation

rotB, = 2% i (B-6)
c

where j is the steady-state current distribution localized in some region of the convective zone and c is the
velocity of light in empty space. According to (B-1), B, (x) must be the curl of some vector field A (x),
called the vector potential [7]; that is,

B.(X)=rotA (x) (B-7)

For a steady-state current distribution localized in a relative small region of space, the vector potential is giv-
en by the following expression [7]

A (x) :%j i(x ),| d*x’; (B-8)

|x—x

where X' is a distance measured relative to a suitable origin in the localized current distribution [7]. Starting
with (B-8) it expands the denominator in powers of X', until the lowest order of approximation. Then for a
given component of the vector potential will have the next expansion [7]

A, (x):c—l)(jji (x’)dsx’+%-jji (") X'd*X +-++; (B-9)

where X is the coordinate of a point at a great distance of the localized current distribution. The fact that j is
a localized divergenceless current distribution, allows simplification and transformation of expansion (B-9). Let
f(x’) and g(x’) be well-behaved functions of x'. Then, if j(x’) is localized and has zero divergence, it

has [7]
[(fi-grad'g +gj-gradf )d*x' = 0.

This can be established by an integration by parts of the second term, followed by expansion of fdiv’~(gj).
Withf=1and g=x |, the last expression establishes that

[ 5 (x")d*x =o0.

The first term in (B-9) corresponding to the monopole term in the electrostatic expansion is therefore absent.
The integral in the second term of (B-9) can therefore be written in the following form

[H ! 1 ’ H ’
x.ijid3x Z—E[XXI(X x j)dSX:I
It is customary to define the magnetic moment density or magnetization as [7]
1 .
Wl(x):z[x”(x)], (B-10)

and its integral as the magnetic moment m; that is

m =%IX’>< j(x")d*x. (B-11)

()
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Then, the vector potential from the second term in (B-9) is the magnetic dipole vector potential

A (x)= "8 (8-12)

X

This is the lowest nonvanishing term in the expansion of A, for a localized steady-state current distribution.
The corresponding magnetic induction B, can be calculated directly by evaluating the curl of the last equation
[7]; that is

(B-13)

where n is a unit vector in the direction X . The magnetic induction B, has exactly the form of the field of
adipole. Faraway from any localized steady-state current distribution, the magnetic induction is that of a magnetic
dipole of dipole momentum given by (B-11). Additionally, from Equation (B-2) it can be shown that

T=2J(xx[ixB.))d (B-14)

where T is the total torque and only the magnetic part of the force was used and taking into account the Equa-
tion (B-6). From this last result and writing out the triple vector product, it can be directly obtained that

T:%I[(X“B*)j—(x'-j)B*]on’. (B-15)

The second integral vanishes for a localized steady-state current distribution, as can be seen from equation
before (B-9) with f = g = x' [12]. The first integral is therefore [12]

T =mxB, (B-16)

This is the familiar expression for the torque on a dipole; it’s one of the ways of defining the magnitude and
direction of the magnetic induction B, [7].

Consequently, the self-generated magnetic field of gaseous stars, is produced by some special kind of me-
chanism. In fact, according to density and temperature conditions, it can exist some region into the convective
zone that has a maximum of ionization.

The electrically charged particles are moved by the convective streams across that region, making its contri-
bution to the steady-state current distribution localized and goon; and they are continuously replaced by other
particles.

That is an effect likely in form to the one that produce the rainbow. The drops of water moved across the re-
gion where the rainbow is produced, making its contribution to the phenomenon and continuing with its fall; and
they are continuously replaced by other drops.

It is for that effect, that the rainbow is a steady-state and localized optical phenomenon; like is too, the pro-
posed steady-state current distribution localized.

Since this current distribution is produced by the high ionization of the region and the process of ionization
depends on density and temperature conditions of the region, the self-generated magnetic field of gaseous stars
is a function of these variables, as is easy to see form Equation (B-5).

To conclude, it is important to mention what follows: concerning the elaboration of an alternative theoretical
scheme on the origin and structure of the magnetic field self-generated by gaseous stars, many researches have
engaged themselves, throughout 40 or more years, to the self-exited dynamo models [19].

Unfortunately, the theoretical results obtained by then are far from satisfactory even now [20]. The model was
initially proposed in 1919 by J. Larmor [21] with the purpose of giving an explanation to the phenomenon of
Sunspots. That suggestion was quickly rejected for being inadequate and inconsistent to the astronomical obser-
vations about the phenomenon [22].

Also, by means of this model, the idea is to explain the origin and structure of the magnetic field self-gener-
ated by the Earth. Neither in this case it has been possible to give any explanation which is satisfactory concern-
ing the basic characteristic of the above mentioned magnetic field [23].

()
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Appendix III

Calculation of the absolute magnitude.
The absolute magnitude of any variable star of the Cepheid type can be calculated from the average effective
temperature and also from the constant of the period-mass density relation (51). That is to say

1/2
constant = 0.08 x {M} . (C-1)
1-p

The methology is as follows. It is necessary to propose a numerical value for the constant, which will depend
on the period measure din days. Generally, it is estimated that the value goes from 0.1 to 0.13. Thus, the value is
near to lower limit if the period is of days, and to the uppler limit if it is of hours. In other words, that value is
small if the period is large, and big if it is short. Then, according to the relationship (42)

A
r == (C-2)

where A is the numerical value of the constant, zis the period measured in days, and py, is the average mass den-
sity.

With the use of 4 in (C-1), a second degree equation is obtained, and from it, the values of fand 1 — S can be
calculated. Then, for any gaseous star the value of the stellar mass M, in terms of the Sun’s mass, is determined
from the quadric Equation (32). That relation may be solved with the average value of the molecular weight u
which is generally taken as a constant numerically equal to 2.2. For a red variable star, = 2.11. The value of
the radius R is given by the following expression in terms of p, and M

13
3M
R=[4npmj | (€3)

From the observed average effective temperature and with the help of relationships (20), (21) and (22), it is
easier to calculate the magnitude that has at the stellar surface the self-generated magnetic field by the variable
star of the Cepheid type. Finally, the absolute magnitude of any variable star of the Cepheid type and also for a
red variable, is found directly from the relationship existing between the radius and the self-generated magnetic
field at the surface, and with the help of the Sun’s parameters, considering it as the unit measure.

M, o —M
|Og RH — bol® bol (C_4)
R.H, 5.024

In order to estimated the distance at which the variable star is found, it visual and absolute or bolometric
magnitudes are used in the following expression

VIS

r
m,. —M, , =5.024log— C-5
bol g 10 (C-5)

where r is the distance in parsecs. The relationship (C-5) is the distance modulus.
For the long-period variables the period-mass density relation (52), and the last methodology can be used to
obtain absolute magnitudes and other data of that class of variables.
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