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ABSTRACT 

The rotational angular momentum of an asteroid or planet 

and the average orbital angular momentum of binary stars for 

a given mass is known to be proportional to the 5/3 power of 

the mass of the body or system in question. The average rota¬ 

tional angular momenta for given masses of single stars do 

not follow this law. It is shown that single stars would 

follow this law if correction were made for the angular momen¬ 

tum which lies hidden in their planetary systems. This cor¬ 

rective factor leads to the conclusion that the amount of 

angular momentum which exists in the planetary systems is on 

the average proportional to the mass of the star. 

The infrared spectra of two stars, R Monocerotis and NML 

Cygnus is interpreted, as being due to preplanetar nebulas 

which surround the stars and convert most of the visible light 

into thermally radiated infrared emission. In the case of 

R Mon, the shape of the spectra is analyzed to determine the 

mass density distribution of the preplanetary nebula. It is 

shown that the density falls off as the inverse 1/-I- power of 

the distance from the star and that the maximum temperature 

which the preplanetary grains can withstand is 2d00°K. 

A theory of the origin of the solar system is presented 

which is consistent with the information developed in the 

angular momentum and. the R Mon analysis. It is shown that 

the sun is braked from a large original rotational angular 

momentum to its present small value. This braking is caused 

by magnetic interaction between the sun and the preplanetary 



nebula which causes the nebula to either corotate or par¬ 

tially corotate with the sun. 

Planets are shown to have been braked by the same type 

of magnetic torque that was applied to the sun. 

Both component stars of a binary star system are shown 

to have a common origin. The average eccentricity of a 

binary star is 0.6. This is given as evidence that binary 

stars were formed by neither free fall collapse nor a slow 

agglomeration process but by a process intermediate between 

these two. As the stars contract, they transfer angular 

momentum by magnetic torque to the surrounding nebula. The 

observed small ratio of rotational angular momentum to 

orbital angular momentum is shown to be a consequence of the 

inability of stars to carry a large rotational angular momen 

turn and the, therefore, necessary occurrence of extensive 

planetary systems. 
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INTRODUCTION 

The rotational rates of lower main sequence stars are 

much less than those of upper main sequence stars. This has 

often "been interpreted as being due to the presence of plane¬ 

tary systems associated with lower main sequence stars which 

have removed most of the angular momentum of these stars. 

Huang (1965) has statistically analyzed the distribution of 

anular momenta of stars in given spectral classes and con¬ 

cluded that a star ha.s lost angular momentum to its planetary 

system by an amount proportional to the mass of the star. 

The more popular explanations conclude that this feature is 

associated with convective envelopes which occur only in 

lower main sequence stars. These convective envelopes pre¬ 

sumably cause the stars to suffer a magnetic braking. -It is 

concluded here that the angular momentum of a star was origi¬ 

nally proportional to the 5/3 power of its mass and that it 

lost angular momentum to its planetary system by an amount 

approximately equal to the mass of the star in solar units 

multiplied by the angular momentum of our sola.r system. This 

indicates that planetary systems normally occur around a star 

This could lead to speculation concerning earth like planets 

and extraterrestrial life. However, no such discussion is 

included here. 

The infrared detection of a preplanetary system is con¬ 

sidered in section two. Poveda (1965) predicted that a pre¬ 

planetary dust cloud should be an infrared source. Mendoza's 

(I966) observations of infrared excesses among T Tauri stars, 
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which are very young stars, indicated something of this 

nature. Low and Smith (1966) identified the star R Monocer- 

otis as such a preplanetary system. The material presented 

here contains much of this earlier work by Low and Smith 

with more interpretative material. The results are somewhat 

different in that the effect of opacity is included, in this 

these but not in the earlier work. 

The next section deals with the origin of the solar 

system. The idea of a magnetic interaction between the 

primitive sun and the preplanetary nebula was first developed 

by Alfven (1950) who considered the interaction to be due to 

hydromagnetic waves. Numerous other authors have considered 

magnetic coupling between the sun and the preplanetary 

nebula. The nature of this field throughout the preplanetary 

nebula is considered here by an application of the virial 

theorem. The resultant time for the sun to be braked from 

its originally high rotational rate from this considerstion 

is much shorter than previously calculated. ' 

The last section is generally an extension of the con¬ 

cepts of the preceding sections. It deals with the origin of 

planetary rotation, the origin of binary stars and the exist¬ 

ence of planetary systems associated with binary stars. 
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CHAPTER I 

OCCURRENCE 0? PLANETARY SYSTEMS 

Indirect, observational evidence of planetary systems 

comes from their effect on the rotations of stars. This be¬ 

comes apparent from the striking dependence in the observed 

mean'equatorial surface velocity of stars vg as a function 

of their mass M. The spectral class of stars, M, their 

radius R and vg along with other quantities for later use 

are shown in table 1, ve is taken from Kraft (196?), and M 

and R are from Allen (1962). Prom this table it is seen 

that the starts may be separated into three groups; spectral 

classes 3 and A with relatively high values of ve of about 

200 km/sec; the transistion group, spectral class F with 

intermediate values of ve; and the late spectral classes A 

and G and beyond, which have barely detectable or undetecta¬ 

ble values of ve. 

Struve (1930) interpreted this feature as evidence that 

the angular momentum of lower main sequence stars is associ¬ 

ated with their planetary systems. Struve showed that if the 
9 

angular momentum of the entire solar system x^ere placed in 

the sun its v would be raised from 2 .km/sec to 100/km sec 
V 

(more recent knowledge of the internal structure of the sun 

would place this value at 300 km/sec). 

Three alternative explanations will be briefly dis¬ 

cussed. All three are related to the fact that the spectral 

class F marks the separation between those stars with con¬ 

vective envelopes, in the lower main sequence and those with 
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radia.tive envelopes in the upper main sequence. The first 

theory has been advanced by Schatzman (1962). It relies on 

the expectation that a convective envelope would produce an 

outwardly streaming plasma such as the solar wind. This 

plasma would carry away angular momentum from the star by 

virtue of its long moment arm which extends to approximately 

the distance of corotation with the star. This process, 

theoretically, takes billions of years to slow down a star 

from even moderate speeds and its ability to slow down the 

sun, as an example, from about 200 km/sec to 2 km/sec is 

doubtful. Further, no young G stars have been observed with 

a high value of ve. The second theory was proposed by Hoyle 

(1963). It assumes that a convective envelope is necessary 

to hold the magnetic field, lines which transfer, angular mo¬ 

mentum to the plasma surrounding a star during planetary 

formation.' This remains to be theoretically established. 

The last explanation is due to Dicke (196^0. He proposes 

that the angular velocity of the sun's interior is much 

greater than that observed on the surface. This is the sub¬ 

ject of much controversy at present. The sun could contain 

as much angular momentum as the solar system and remain ro- 

tationally stable. If the sun were rigidly rotating with 

this quantity of angular momentum, it's shape would be 

similar to that of Jupiter. : 

It will be assumed in this section, as did Struve, that 

the rotational rate of stars is due both to their original 
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rotational rate and that lost to their planetary systems. 

The conclusions reached will be somewhat different in that 

stars of all masses will be showii to have planetary systems. 

The angular momentum L will prove to be a more useful 

quantity than ve. For rigidly rotating stars, 

Lrot 
(1) 

where is the rotational angular momentum and I is the 

moment of inertia. I is given by 

■ . I = M (kR)2 (2) 

? 
where kR is the radius of gyration. Values of k~, I and L, , 

rot 

are given in table 1 and Lro£ as a function of M is shown in 

Fig. 1. was calculated from Iben's stellar models. Also 

shown in Fig. 1 is the angular momentum of the stars plus 

the theoretical orbital angular momentum of the planets L^ot* 

This quantity will be determined later in this analysis. 

One of the salient features of Fig. 1 is that the points 
« 

for B5, BC and 05 stars lie on approximately a straight line 
> 

on a log graph, the slope of this line is near 5/3. The 

Lroj. of these stars if much greater than those of less 

massive stars so that it is possible that these stars have 

not lost 8 large fraction of their Lrot to their planetary 

systems. It is thus conceivable that the original Lro£ of 

stars varied as M^/3, This power law has been previously 

observed to be approximately true for the of the plan- 
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ets and asteroids by Fish (19&7) and Hartman and Larson 

(196?). Eggen (1963) has shown that it holds true for the 

average'orbital angular momentum of binary stars. It seems 

reasonable to assume that the amount of angular momentum 

existent in planetary systems is that which causes a devia¬ 

tion from the power law for the stars. 

An indication of what this angular momentum may be is 

provided by a study by Huang (1965). Huang has compared the 

observed projected, rotational velocity distribution of a 

set of stars for a given spectral class with a theoretical 

distribution based on the assumption that the stars of a 

given spectral class were originally of a Maxwellian distri¬ 

bution and that all stars of the spectral class had been 

braked by the same amount, except where this amount was 

larger than the original angular momentum of the star. The 

comparison was done for three class groups with good agree¬ 

ment in all cases. The 0, B group was found to have been 

braked by the smallest amount in comparison to its original 

angular momentum and the latest group, F, the most. Huang’s 

result is important because it indicates that not only lower 

main sequence stars, but all stars have been braked. Huang 
ve 

introduces the Quantity y=«r~ . to measure the relative v rn 

strength of the braking, where v refers to the current value 

and v^ is the most probable value of v0 in the original dis¬ 

tribution of the values of v. in a given spectral class. 

Huang assumed that x was constant in any given spectral class 
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except, of course, where the original v of a star makes this 

impossible. This constant value of x is referred to as x^ 

and is equal to 0.3 for 0 and 3 stars, 0.4 for A stars, 0.8 

for P0 - F5 stars and >2.6 for stars later than F5 and v m 

was about 200 km/sec in all cases. Huang also introduces 

the concept of an eouivalent planet which contains all of 

the mass of the planetary system and has the same angular 

momentum density as the total planetary system and moves at 

a distance a from the star. For the case of the solar 

system as is 1.04 x 10^ cm which is between Jupiter and 

Saturn. Using the previously given values of x^ and v 

the equation 

a.g (6 x IQ"*) 2 M H ,e. 
nr 

(3) 

is approximately true for all classes where M is the mass of 

the star and m is the mass of the preplanetary system. Huang 

concludes that this "states that the maximum size of the 

planetary system is directly proportional to the mass of its 

parent star and inversly proportional to the square of its 

total mass." _ 

The braking may also be expressed as 

Ltra = K'M W 

vrhere L^.rs is the amount of angular momentum transferred to 

the surrounding nebula. Although Huang does not determine 
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50 2 
K' its '/slue is easily determined to be 1.5 * 10^ gm-cm / 

sec-H© . The angular momentum of the solar system is 3.15 
c; o 2 

y 10" gm-cra /sec-K, a value not'in good agreement with the 

value that follows from Huang's work. 

The total angular momentumis that of the star 

plus that transferred to the planetary system, 

Ltot Lrot + Ltra (5) 

If Sq. 3 based on Huang's work is combined with the Lro^ 

given in table 1, 

hot -f- kh5/3 (6) 

However, if equation 3 is used but \*rith K' equal to 4.0 y 

1050 gm-cm‘Vsec-Id© the equation 

hot = 
ra5/3 (7) 

cr o 2 
is closely followed. K then becomes 4.0 y 10-3 gm-cm /sec- 

5/3 M or to two significant figures equal to K'. The agree¬ 

ment in this case is never worse than seven percent - less 

than the eyperimental uncertainty. This value of K* is 

realistic because it gives a value for the angular momentum 

in the solar system which is close to the actual value. 

Hhy the value of K' should vary from the result based, 

on Huang's work by a factor of 2.7 is not entirely clear. 

Part of the discrepancy is due to the fact that Huang's value 
r> 

of k was 0.05 which in all cases is smaller than that used 
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here (see table 1). The method used here requires a more 

precise valxae of K' for the fitting than in Huang's method 

so that part of the discrepancy may arise for this reason. 

This power rule can be given a simple physical inter¬ 

pretation. Consider a homogeneous spherical gas and dust 

cloud out of which a multiple star system is to form with 

the geometry shown in Pig. 2. Let the velocity v of an 

element of mass vary as its distance 1 from the plane which 

is parallel to the flow vectors and contains the center of 

the sphere, i.e., 

v » Cl (8) 

where C is a constant. This.is known as laminar flow, it 

often occurs in fluid mechanics when the flow is nonturbu¬ 

lent. A differential element of angular momentum is given 

by 

dL = lvdm (9) 

where dm is a differential mass element. The angular momen¬ 

tum is given by the integration of dL over the volume 

<i>2/3 «5/ 3 D-2/3 
(10a) 

(10b) 

where p is the density. Interestingly, it can be shown 

that if stars were to form out of turbulent regions of size 

small compared to the total prestar cloud, L would vary 
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as 

This then 

ferred angular 

amount on the 

is strong evidence that the stars 

momentum to the surrounding plasma 

average given by 

Jtra = 4.0 10 50 pro-cm sw M 

have trans- 

by an 

(11) 

This quantity for the sun is only 27 percent greater than 

the angular momentum of the solar system. If it is a normal 

occurrence that most of the angular momentum received by the 

plasma surrounding a star is ret?,ined in the planetary 

system, then it is reasonable to conclude that most stars have 

planetary systems and on the average this amount is given by 

equation 3. If the radial extent of the system is 40 a.u., 

independent of !i, the mass of the planetary system is ap¬ 

proximately equal to Mmss where m is the mass of the solar 

system. 
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CHAPTER II 

•INFRARED DETECTION OF PREPLANETARY SYSTEMS 

Two stars, R Monocerotis and NML Cygnus are observed to 

radiate most of their energy in the infrared. For 3 Mon the 

percentage of emission that is in the infrared, is 99.^ per¬ 

cent and for the NML Cygnus considerably higher. Low and 

Smith (1966) have shown for the case of R Mon that this 

emission may be interpreted as thermal radiation by grains 

which surround the star. Figure 3 shows the power output in 

the visual and infrared of H Mon. These data are based on the 

measured intensity and a distance of H-77 pc. This data was 

taken by Dr. Low with his infrared bolometer at the Univer¬ 

sity of Arizona observatory. ' Curve B is that of a black 

body which has the same intensity as that of R Mon at the 

peak value of ‘its spectrum (3. 4^u). 

The large excess at 22 shows that the spectrum is not 

that of a single body or group of bodies at the same temper¬ 

ature. The infrared, spectra may, however, be interpreted as 

being due to a number of black body radiators at different 

temperatures. In particular R Mon's infrared spectrum may 

be interpreted as being due to'thermally reradiated emission 

of grains at different temperatures. The temperature of the 

grains follows most simply from the inverse square law 

applied to radiation intensity from the central star and the 

fact that the temperature is proportional to the one fourth 

power.of the radiation. Hence, 
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T(r) = Te (D/r) ^ (12) 

where T(r) is the temperature of the grains at a radius r 

from the star, SC is the luminosity of the star in solar lumi¬ 

nosities, Te is the temperature that a grain attains which is 

in radiative equilibrium at one astronomical unit D from the 

sun, this depends on the albedo, Tg is taken here as equal to 

266°K. 

A reasonable form for the grain distribution is one 

similar to that of the zodical particles around the sun. 

Ingham (1961) has shown that this may be given by 

n(a,r) = C a"p (D/r) (13) 

where a is the radius of a spherical dust particle, C is the 

density of unit particles at one a.u. and « and p are dimen¬ 

sionless parameters. For zodical particles^ was found to 

lie between 1.0 and 1.5 and p was between 4 and 5. The min¬ 

imum radius aQ of zodical particles is about 0.5/4.. Smaller 

particles are expelled, from the solar system by radiation 

pressure. 

For mathematical simplicity the grains are initially 

assumed to be spherically distributed around R Hon. The 

differential thermal flux for a thin spherical shell is then 

given by 

dl(a,rd) = n(a,r)3U ,r) (4rrs2) (4rrr2) dadrdl (14) 
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where X is’ the wavelength and B is the brightness spectrum. 

This spectrum can be approximated by Wien's law 

B(X,r) “ ^^?-exp(^A)) (15) 

where h is Blank's constant and. k is Boltzman's constant. 

The amount of flux reaching the earth must be corrected for 

the distance between R Mon and the earth and also for the 

absorption by the grains themselves. 

If the circumstellar nebula is optically thin the mag¬ 

nitude and spectral shape can be obtained by integrating Eq. 

14 for given values of C and . For this integration the 

maximum inward and outward extent of the nebula must be 

known. The radiation is not very sensitive to the outward 

extent, this quantity is somewhat arbitrarily taken as 80 

a.u.. The inward extent is determined by the maximum tem¬ 

perature that the grains can withstand, this temperature is 

the vaporization temperature T . The unknowns which can be 

determined from the spectral shape are dt. and T . The mini¬ 

mum value of the grain radius aD affects the value of C but 

not the spectral shape. 

If the nebula is optically thick a correction must be 

made for the opacity. Other things being equal the stellar 

output is then given by ' • . 

I 13 C-j6Xp(-C/C2) (16) 
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where c-^ and c2 are constants. The correct value of C can 

be determined as that value which gives the correct percent¬ 

age output of radiation of the grains relative to that of the 

star. 

The spectral shape of the thermally reradiated energy 

must be determined by a step by step integration over a 

series of thin spherical shells. The thickness of these 

"I O 

shells is taken as 5.0 x 10 cm for wavelengths between 

5.0 and 25.0 and 2,5 i 10-^cm for wavelengths between 2.5 

and 5.0. The procedure to be followed in determining the 

spectral shape is outlined below. It is assumed that values 

of P0.<< and T have been set and C has been determined. 

1. The total output dl(r) of the outermost shell, 

henceforth called shell one, is calculated as well as the 

output at different wavelengths dl(r,x). Opacity is not a 

factor in this case. 

2. The fraction of attenuation f(r) is determined 

which will be applied to the next lower shell, shell two. 

This attenuation is taken as the fraction of the output of 

shell one to the total output of the star dl(r)/l, 

3. The dl(r) and dl(r,i) of shell two is calculated. 

This output contains the multiplicative factor ( f(r) -l) 

determined in step two. 

k-. The f(r) to be applied to shell three is determined 

by adding dl(r)'s of shells one and two and dividing by 

I. 
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5. The dl(r,x)'s and dl(r)'s of the remaining shells are 

determined for the remaining shells in a manner which is 

obvious if the preceding steps are understood. 

6. The output at the different wavelengths is found by 

adding all of the dl(r,x)’s. 

When this procedure is followed on a computer for dif¬ 

ferent values of « and Tv> the values of these quantities is 

obtained which most closely represents the experimental data. 

For R Mon these values are = 1.4 and Tv = 2400°K. It is 

perhaps significant that this is also the vaporization tem¬ 

perature of graphite. The important relations then .become 

dl(p,r,x) =32ir-;'CD^*^ ^■•^dahhc^ y-l.4x-l.5eyp 

(-her ) 

(X.kLtT0Df) ’ (17) 

dl(r,X) =X75^3CD1'if 0~
1,5hc2d X “5 eypjx^TTDf) r°‘6clr 

dl (r) = 512v'3CD1,i'!'a "1,3hc2 (kL *TeD^ r°*6dD 
hert? 

(13) 

(19) 

The individual quantities have the following values in 

cgs units. 

D = 1.496 x 1013 

= 0.0224 (see following discussion) 

k - 1.3805 x 10~16 

L = 415 

P = 4.5 

01 1.1 
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Tv = -240 0°K 

Te = 266°K 

'•ha 6.625 X 10“2? 

c = 2.998 x 1010 

R0 - 3.7437 x 10
13 

C » 4.0240 x lO-1? 

A value of C of 8.0 x 10“^-7 is used in Eq. 25 because 

an albedo of 0.5 was used in this case. 

The theoretical spectrum is compared with the. data in 

figure 3. Considering an albedo of 0.5, the grain number 

density distribution is 

n(ar)dp = 8.0 x 10"-*-7 a“4.5(D/r)^,4(ao/220^u. )^*^dp 

The grain mass density is 

p « 4,5 x 10“15(D/r)1-/4'(ao/220y4. ) . (20) 

If radiation pressure is responsible for driving out small 

particles, &.Q can be shown to be 220. 

In order to justify that it is. correct to use a value 

of 220 for aQ it is necessary to digress into a study of the 

effect of radiation pressure. 

The motion of the grains under the influence of radia¬ 

tion pressure, gravitation and viscous drag with no magnetic 

effects will now be considered. The radiation pressure at 

the earth’s orbit is 4.7 x 10“^ dynes/cm2. The actual radia¬ 

tion pressure experienced by a dust particle will depend on 
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the lumino'sity of the star, the particle’s shape, orienta¬ 

tion, reflectivity and whether the reflection is specular or 

diffuse. When the particle becomes near or below the wave¬ 

length of the light, classical optics begins to break down 

and the more complicated Mie should be used. This however 

would make the problem to be solved very difficult. The 

analysis of radiation pressure to be presented here follows 

that of McCracken and Alexander (1965) 'for black dust parti¬ 

cles in the interplanetary region with an extension for R 

Mon as an example. 

The radiation force is radical from the star an'd has a 

magnitude • 

Fr = (vt/l6rrcr2) (3m/0ff ) (21) 

where m is the mass of the grain. The gravitational force 

is radially inward and has a magnitude 

Fg = GMra/r2 (22) 

The radial force is simply Fr - F^. This force is sufficient 

to quickly accelerate small grains to near light speeds. 

The grains will never reach a relativistic velocity but 

will be stopped, far short by drag forces. In fact the par¬ 

ticles will very soon reach terminal velocity with respect 

to the gas. The cause of the drag will be the striking of 

atoms, ions, and electrons on the grains. The dust parti¬ 

cles will be in a domain called free molecular flow where 
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the molecules or atoms emitted from the surface of the dust 

vrill have no further effect. This will occur if the mean 

free path of the emitted atoms is much longer than the diam¬ 

eter of the dust. In this case the dust is very small and 

the mean free path of the atoms is large because of near 

vacuum conditions. 

A dust particle of area A moving at a speed v vrill 

sweep out a volume Avdt in a time dt. Let N be the number / 

of atoms per unit volume with an average mass of m. The 

momentum transferred to the grain in time dt vrill be AvNrav. 

If the incident particles are then brought to a speed nearly 

2 
equal to the dust velocity, the drag force vrill be raNAv - 

Trpp^v where p is the density of the gas. Terminal velocity 

vrill be reached when the radial force equals the drag force. 

.(jf/loncr^) (3m/p) ~GMm/r2 = rrp2v2 (23) 

hence, 

v2 _ D-1.4r-0.6 ( (J£/4TTC) - (4MGp/3)) (24) 

The minimum particle size for inward acceleration occurs 

when the left hand side of Eq. 19 equals zero which occurs 

when a = 0.0225 crn or 225 microns. 

A graph of terminal velocity for different a and r is 

shown in Fig. 4. To convert the speed from .km/sec - to a.u./ 

year multiply by 0.201. It is then evident that the grains 

below the minimum size will be pushed beyond 40 a.u. from 
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. one a.u. in about 200 years or captured by the protoplanets. 

If aQ may indeed be taken as 220 and the grains are 

spherically distributed about R Mon their total mass within 

40 a.u. is 7.2 M© where M© is one earth mass. 

R Mon is situated in Hubble's variable nebula NGC 2261. 

Its distance measurement is somex\That anomalous. If NGC 226], 

is near the stellar association NGC 2264 then its distance 

should be near to that determined by Johnson (19^7) for the 

latter, which was 670, parsecs, Hall (1964), however, has 

determined its distance to be 477 parsecs by observing the 

angular rate of travel of light spots in the nebula. The 

maximum distance may then'be determined by assuming that the 

light spot is traveling no faster than the speed of light. 

Assuming the distance of 477 parsecs, R M011 has a luminosity 

of 415 times that of the sun,and the nebula has a linear size 

1 P 
of about 10 cm. This distance is not critically important 

to the model. Its effect is to determine the size of the 

preplanetary nebula. 

There is a body of evidence to support the view that 

NGC 2261 is a reflection nebula. Dibai (1966) and others ! 

have found that the spectrum of the nebula is bluer than 

that of R Mon and that it becomes bluer with increasing dis¬ 

tance from the star. This effect is typical of reflection 

nebula. Dibai has also taken spectral measurements of the 

nebula and star. Pie concludes that on the whole the spectra 

of the two are similar with the exception that some of the 
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absorption lines are enhanced in the nebula. This enhance¬ 

ment increases with distance from the star. Hall (19^5) has 

measured the degree of polarization at three different wave¬ 

lengths in the visual throughout the nebula. The polariza¬ 

tion increased with increasing distance from R Mon and in¬ 

creasing wavelength. This behavior is similar to other 

diffuse or reflection nebula (Gehrels and Tasken (1963)). A 

synchrotron source, on the other hand, should show a de¬ 

creasing degree of polarization with increasing wavelength. 

The spectral lines are similar to those of a T Tauri 

star although it is not classified as such. T Tauri stars 

are thought to be very young. 

The total integrated visible light from the nebula is 

about forty times as great as that of the R Mon. This fact 

was used by Johnson to argue against the possibility of the 

nebula being, a pure reflection type. This argument is no 

longer valid when it is realized that most of the visible 

light of the star is converted into infrared emission. 

To become acquainted with the variations in the nebula 

the author has studied a film of the nebula. This film was 

made by Dr. Richard Hall of Northern Arizona University. It 

was made by putting in chronological order about one hundred 

plates taken by E. 0. Lampland at Lowell Observatory over 

the time period from 1916 to 19^. Variations in structure 

were very apparent. Variations in total magnitude of the 

nebula of up to about one magnitude were also evident. 
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It is- not possible to explain all of the variability in 

this film. If it is accepted, however, that the nebula, is a 

reflection type it may be possible to being to understand the 

variable nature of the nebula. Three possible basis then 

exist to produce the variability: 1. The reflecting surface 

itself changes, 2. The light emitted by the star changes, 

3. Some mechanism close to the star modulates the light. 

The first explanation, although possible, appears unlikely 

because it would require structural changes in the nebula to 

propagate at the speed of light. The second explanation 

does not seem to correspond to observations because there is 

no simple correlation between star and nebula variations. 

The third explanation is not inconsistent with, observations 

and will be developed here. The modulating influence will 

be considered to be the preplanetary nebula which surrounds 

the star. The variations in the apparent structure of the 

nebula could then be explained in terms of large dust con¬ 

centrations or pre-planets casting shadows or reflections on 

the nebula. The time periods characteristic of such a proc¬ 

ess should be' somewhat less than the period of the pre¬ 

planets. The characteristic observed time period is of the 

order of several months so that this is somewhat consistent 

with theory. 

The permanent shape of the nebula has a cone shaped 

appearance indicating that the preplanetary nebula has a 

disk shape, allowing direct visual light to escape through 
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the top and bottom of the nebula. The light escaping through 

the top (defined as the direction into Hubble’s nebula) is 

much more apparent than light escaping through the bottom, 

but this is because there is much more reflecting material 

toward the top. An antitail is, however, present, although 

this does not appear on most plates of the nebula. 

The color index of the star is 0.2 magnitudes redder 

than that of the reflected light near the star. This is 

consistent with the idea that the preplanetary nebula is at 

a near edge on angle as viewed from the earth. The redness 

being due to the larger amount of grains which the light 

that comes directly from the star must pass through. This 

effect is more commonly known as interstellar reddening and 

is due to the greater absorption of shorter.wavelength light 

than longer. 

Most of the characteristics of NGC 2261 cs.n be inter¬ 

preted in terms of a preplanetary nebula. On the other hand 

no solid evidence ha.s been presented which refutes this idea. 

The mass of the preplanetary nebula may now be more 

accurately estimated. For this purpose it will be necessary 

to make some ad. hoc, numerical assumptions. Assume that the 

mass is reduced by a factor of six because of the disk shape 

and. increased by a factor of six because of the concentra¬ 

tions in the nebula and by a factor of 100 to account for 

the ratio of gas to dust; the result is a mass of 300 Kg, 

within 40 a.u. compared to the mass of our solar system of 
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448 M<$. 

Another preplanetary system candidate is the very "bright 

infrared star NHL Cygnus. Johnson (1966) has shown that the 

shape of the spectra of this star could be interpreted as 

that of a very cold, very large, and highly reddened star. 

There are, however, reasons to believe that this is not so. 

Evidence will be given here to support the view that NHL 

Cygnus is a preplanetary system similar to R Eon but with a 

thicker preplanetary nebula. 

If Johnson's theory of a highljr reddened supergiant is 

correct, it is evident that the reddening agent must be 

closely associated with the star itself because none of 

nearby stars on the Palomar Sky Charts, the closest of which 

is only 6" away, are highly reddened. Although it is possi¬ 

ble that all of these stars were in front of NHL Cygnus, it 

would seem unlikely. If some of these stars are behind NHL 

Cygnus, this requires that the reddening occur in a cloud 

which does not extend further than 6” from the star. If the 

star is a late M supergiant as Johnson proposes it can be no 

further than a couple of hundred parsecs from the earth in 

order to- give the observed infrared intensities. This in 

turn requires that the obscuring cloud be of order of only 

hundredths of a parsec. 

Forbes has measured the infrared polarization.of NHL 

Cygnus to be 5 percent, 4 percent and 1 percent at wave¬ 

lengths of 1.6, 2.2 and J.k- respectively. The high degree 
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of polarization indicates that the grains which cause the 

polarization must be at least as well aligned as those in 

interstellar space. This in turn requires a high magnetic 

field to align the grains. Penston (1968) has devised a 

method to estimate the strength of this field. He shows 

that the magnetic field in Gauss is given by 

t, 10“-5nt = 4 x lO^pt (25) 

where n is the number density of atomic size particles, and 

t is the temperature in °K and p is the density in gm/c.m3 

Penston shows that the light of NHL Cygnus must have pa.ssed 

through 4 gra/cnr' of gas to account for the absorption in 

Johnson’s model. Using the previously estimated size for 

the cloud leads to n-^10 cm . If t is taken to be 100°K, 

which is typical of the interstellar medium, then B > 10“^ 

Gauss. This value is much greater than the 10"^ or 10“5 

Gauss which is typical of interstellar space. On the other 

hand, there is no prior reason why a large magnetic field 

could not be present in a preplanetary system. In fact, it 

will be shown in the next section that there probably is a 

strong magnetic field in the preplanetary nebula. 

The strong wavelength dependence of the polarization 

may have an explanation within the preplanetary theory. The 

short infrared emission must have predominately originated 

as thermal radiation from hot grains near the star while 

the longer infrared emission must have predominately origi- 
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nated from cooler regions further from the star. The shorter 

wavelength radiation may have a higher original polarization 

because it originated in regions of a higher magnetic field. 

Also, the short wavelength radiation has travelled through 

more material and hence obtained a higher polarization by 

being reflected a greater number of times from grains. 

If NHL Cygnus has been correctly identified here as a 

preplanetary system, it probably represents a stage of evo¬ 

lution earlier than that of 3 Mon. 



-27- 

CHAPTER III 

A THEORY FOR THE FORMATION OF THE SOLAR SYSTEM 

The theory of the origin of the solar system presented 

here is not meant to be a step by step account of the evolu¬ 

tion from the most primitive condition to our present day 

solar system. Rather it is a theory emphasizing difficulties 

associated with angular momentum and neglecting the actual 

physical processes involved in the formation of the planets. 

It relies on the indirect information presented in the pre¬ 

vious sections, whereas, of course, previous theories have 

not done this. 

After the sun has left a state of rapid collapse, the 

solar system will consist of the sun, with a much larger size 

than present, containing most of the present angular momen¬ 

tum of the solar system and a solar nebula of ah ionized 

plasma and grains, which contains little angular momentum 

and is, therefore, moving toward a near sun orbit. 

It is generally believed that a magnetic field of the 

order of Gauss surrounds a protostar. The origin and nature 

of this field has been discussed by Spitzer (1963). The 

magnitude of the field will depend on the rate at which the 

magnetic field diffused out of the prestellar material during 

formation; this rate is not well known and the magnitude of 

the magnetic field, therefore, can not be estimated with 

accuracy. If the sun has not completed many rotations, the 

major components of the field will be azimuthal and radial. 

As is well known, an ionized plasma is usually associ- 
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ated with 'a frozen in magnetic field, in this case over a 

time period of many years and distances of a.u.. As the sun 

is rotating faster than the nebula, a differential rotation 

will cause the field lines to twist into a spiral. This 

will apply an accelerating torque to the nebula and. a decel¬ 

erating torque to the sun. This is the process responsible 

for the transfer of angular momentum to the planetary system. 

Eventually a state of corotation is reached in which the 

solar nebula is rotating at a constant angular velocity which 

is the same as that of the sun. The outer limit of the solar 

system is reached in the preplanetary nebula when the corota¬ 

tion velocity equals the circular Kepler velocity at that 

distance, any greater velocity would cause the material to 

dissipate into space. The limit of the preplanetary system 

must, therefore, be about the same as that of the present 

planetary system, i.e., 40 a.u., corresponding to a rota¬ 

tional period of 253 years. It seems probable that only a 

small amount of angular momentum has been lost. This follows 

because the present angular momentum of the solar system of 

3.14 y 10-^®gra-cm^/sec is not greatly less than the indi¬ 

cated original angular momentum of the solar system of 4.0 x 

lO-^gm-cm^/sec derived from the study of angular momentum of 

main sequence stars in section II. 

An important point to note is that the curl of the mo¬ 

mentum vector field of the nebula is up (defined as the 

direction of the sun’s spin vector), as are the spin vectors 
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of the planets (excepting Uranus) and nearly all asteroids. 

However, if rotation or near corotation were not reached, 

there would be regions where the' curl vector was down; or 

if the mass elements of the nebula were in simple circular 

gravitational orbits, the curl vector would always be down. 

This presents a strong argument for corotation, because the 

spin vector of a planet is derived from the curl vector of 

the material out of which it is formed. The spin vector of a 

planet is equal to the curl vector of the material out of 

which the planet was formed minus the vector sum of the an¬ 

gular momentum transferred to the nebula by the planet. 

It is assumed here that the present mass of the solar 

system is equal to that of the solar nebula at the time of 

planetary formation. That this assumption is not exactly 

correct is not basically important, but it is necessary to 

assume some mass for a quantitative discussion and this is 

a reasonable estimate. This mass is very much less than 

previously assumed in other theories of solar system origin. 

In particular Hoyle (19&3) has shown that if hydrogen and 

helium are added to the planets other than Jupiter and Saturn 

to bring their composition to that of the sun, one obtains a 

mass for the solar system of O.O12M0, A higher original 

mass requires a higher original angular momentum. As 

mentioned previously, the analysis of the rotational veloci¬ 

ties of main sequence stars has shown that the present angu¬ 

lar momentum is not greatly different from the original. One 
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possible explanation for overcoming this difficulty may be 

that the magnetic field at the time of the formation of the 

solar nebula may have been of subh a strength to selectively 

repel hydrogen and helium from entering the solar nebula, 

particularly in the outer regions, while allowing heavier 

elements in the form of grains to enter. 

The density distribution in the preplanetary nebula will 

be assumed to have the same exponential dependence as that 

around R Mon, normalized to have the same mass as the present 

.solar system concentrated by a factor of ten to the ecliptic 

plane and. to extend to 40 a.u.. The density distribution 

along the ecliptic plane would then be given by 

If the nebula were all compacted to the ecliptic plane while 

maintaining the same r, the area density would, become 

The angular momentum of the solar nebula with the above den¬ 

sity and. previously given radial size and rotational period 

present value. The final magnetic field, strength may be 

estimated from.an application of the virial theorem con¬ 

sidering only rotational, magnetic and. gravitational ener¬ 

gies, 

p = 2.80 x 10~^-^(D/r)^,^'gm/cm^ (26) 

o - I.56 x 10^r~^*^gm/cm^ (27) 

would be 3.36 x 10^0 gra-cm^sec, in good agreement with the 

(28) 
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vrhere I is the moment of inertia about the origin and Kr, 

and JTare the rotational, magnetic and gravitational ener¬ 

gies respectively. A quasistatic case will be considered so 

i 2T 
that (S——) is equal to zero. The gravitational, rotational 

dt2 

and magnetic energy densities are given by, 

n GItp 
r (29) 

Kr - pvr (30) 

1<- B
2 

'Z~ (3D 

The resultant magnetic field from previously given quantities 

is 

B2 = 49.8 (g)“2-4 - 1.97 x lO-^g)0-6 (32) 

The second term is negligible for (^) less than ten. 

It is possible to roughly compare -theoretical and obser¬ 

vational values of B in a preplanetary by the method devised 

by Penston. 

Assuming that NKL Cygnus has a luminosity of 500 times 

that of t?ie sun and tha,t the temperature of the grains which 

cause the polarization are'typically at 220 °K, the polar¬ 

izing grains are at a distance of 35 a.u.. The density in 

the nebula of circumstellar gas or R Kon at this distance is 

about 3*1 x 10“^5. If the infrared polarization measure¬ 

ments of NKL Cygnus apply also to R Kon, the result would 

be B t 0.017 compared to a theoretical value of 0.037. 
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If the sun had. a period of 253 years at the time of 

planetary formation, it is evident that it must have had a 

much .larger radius. In addition, it is likely that the sun 

was not so compacted toward the center as at present result- 

ing in a larger value of k , a value of 0.1 will he used here 

as compared with the present value of 0.07. The resultant 

radius to give a period of 253 years with the present angular 
Jj,Q O IP 

momentum of 1.7 x 10' gin-cm is 3.3 x 10 cm or 0.22 a.u.. 

The magnetic field at this distance would he 49 Gauss. 

The ma.gnetic energy out to 40 a.u. is 

P * 

JlX = j0 ~ 4rrr2dr = 1.55 x 10,!'2ergs (33) 

where is the geometric concentration factor, i.e., the 

decimal fraction of space that'the planetary disk occupies 

compared to a sphere. The sum of the magnetic, gravitational 

and rotational energies is twice this value or 3.10 x 10^2 

ergs. The loss in rotational energy during planetary forma¬ 

tion is 

AE (3^.) 

or, 

AE = 
0. 2 

(3.2 x 10^ ) 

2(0.1)(3.3 x 1012)2(l,98 x 1033) 
- _ 2.4 x 10^3ergS 

(34b) 
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It would -thus appear that the energy supply'is adequate. 

Much of the braking, however, may have occured at a larger 

solar radius where the energy supply is much less. 

The torque on the sun will be caused by tension in the 

field lines. Magnetic tension is given by, 

F = ir (a'5') 2 (35) 

or, 

IWP.- 
~ r ^Tr r r sin# tf0 (36) 

inhere F is the tension force, B is the magnetic field strength, 

and the coordinates are as shoi'in in Fig. 2. Taking only the 

tangential component and considering a simple case where the 

field does not vary with e and neglecting the second term of 

equation 11, 

B^. B, 
F = r H 8 lift r (37) 

The 'torque is given by 

N = FQ (moment arm) drdA (38) 

where dA. is a differential area element. Hence, 

N = ^ 8r(rsin )2djrfde (39) 

The torque will be mainly confined to an equatorial belt. 

Considering and Br to be constant over this belt and the 

belt to extend to latitudes of + 20°, the integral becomes, 
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= \ BBR3 

5 r .0 

where R is the radius of the protostar. 

The time required to brake the protostar to a value 

negligible compared to that of the total nebula is approxi¬ 

mately 

All of the necessary quantities are known to estimate T with 

the exception of Br (BQ^B). The resultant braking time is 

2.8 x lO^B^-l years. Since B^ is of the order of Gauss, T is 

of the order of thousands of years. This period is long 

enough to allow large changes in the radius of the star 

according to the stellar formation theories of Hayashi et al. , 

(1962), Ezer and Cameron (1963)1 Iben (19^5) and others, 

making apparent the approximate nature of the theory. It 

would also allow several hundred rotations of the sun. 

If the energy of equation 35h is used, rotational energy 

is being dissipated at the rate of 5 x 103^Br ergs/sec. 

As the nebula receives the angular momentum of the 

primitive sun a state of corotation will be approached. If 

not constrained by plasma further out, the plasma will sub- ■ 

sequently rotate faster than the sun because a torque still 

exists. This process may be more easily visualized as a 

ball with rubber bands connected to a series of rings where 

the ball initially rotates faster than the rings. The dy- 
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namical process will be considered to stop with corotation 

since the sun is .known to rotate in the same direction as the 

planetary orbits. 

While the Lorentz force on an ion is much greater than 

the gravitational, the opposite will be shown to be true for 

the grains. The electrical potential may be estimated from 

a formula given by Beard and Johnson (i960), which gives the 

potential of a satellite moving through a plasma with speed 

v as 

§ = - (M)log (^g) (l|-2) 
9e e 

where .k is the Boltzman constant, q is the charge of an 
• " V 

electron t is the temperature of the gas in °K and v is the 
6 

average thermal speed' of the electrons in the gas. Using 

typical values of 500 °K for t and one km/sec for v, $ be¬ 

comes 6.1 x l'0“^e.s.u.. The resultant charge on a grain is 

approximately 

q = 6.1 x 10“®a e.s.u. (43) 

where a is in microns. This gives a Lorentz force less than 

one percent of the gravitational for grains with p larger 

than one half. As pointed out by Whipple (1964) and Safronov 

(1967), in criticisms of Hoyle's tidal shedding theory, the 

grains would therefore suffer an inward motion if the nebula 

were rotating with a speed less than the Kepler velocity at 

that point. The terminal velocity of inward motion v^ for a 
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grain moving at the rotational speed of the nebula is found 

by equating the gravitational minus the centrifugal and drag 

forces. 

2 2 GM m mv2 
"P vd = ~zr - — 

(44) 

Using the previously given density and rotational period, 

2 
Id_ _ 
a = 2.8 x 1010(g)-0,6 - 4.4 x lC)5(g)2-^cm/sec (45) 

where p is in cm. The obvious result would be a rapid deple¬ 

tion of grains. 

This difficulty might be surmounted if the grains were 

conductors, such as graphite, in which case motion across 

field lines would produce an effect on the field lines re¬ 

sisting the motion. Field lines in front of the grain would 

be compacted and those behind rarified, creating a pressure 

difference which would produce an outward radial force and 

tension in the field lines would further resist motion. A 

-2 
difference in magnetic field across a grain of only 10 

« 

Gauss would halt gravitational acceleration of a one /I par¬ 

ticle and one Gauss would halt* gravitational acceleration of 

a one cm particle. The terminal inward velocity of a grain 

would depend on the strength and rigidity of the field and 

the rate at which the field, could diffuse through the grain, 

but the actual diffusion time of the grains is difficult to 

determine. 

There remains a tendency for grains to move in from the 
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area in which the rotational velocity equals the Kepler 

velocity. If this area occurred at about 40 a.u.f it could 

account for the greater specific density of the three outer 

planets in comparison with the two giants. 

As a planet forms it moves in, during which time it has 

the opportunity to sweep out most of the material in its 

area of the solar nebula. In order to conserve linear and 

angular momentum, the new planet must have had an equal 

to that of a planet of the same mass, moving at the distance 

of the radial centroid of mass out of which the planet was 

formed, and moving at the same speed that the plasma had at 

that distance. The remaining angular momentum goes into Lro£. 

Lrot equal to the sum of the angular momentum of all of 

the mass which formed the planet about its centroid or roughly 

that of a spherical planet of diameter equal to that of the 

difference of the two radial limits from which the planetary 

material was derived with a period of rotation equal to that 

of the total nebula (258 years). 

In order to ‘give the correct rotational velocity at 40 

a .-u. 

where v is the velocity in units of the Kepler velocity at 

one a.u. (29.8 Km/sec) and r is a.u.. The vis-viva equation 

is 

v = 0.00395r (46) 

(4?) 
r a 
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where a is in a.u.. Substituting equation 45 into equation 

46 

a 
2.0 - 1.56 X icr^p 

(48) 

where a is the axis of a resultant planet formed at r. Since 

a normally is considerably different than r, the planetary 

orbit will be eccentric. This will allow the protoplanets 

to collect material from a large volume of space and will 

allow1 one planet to have most of the mass. 

Equation 47 sets a limit on the radius of the preplanet¬ 

ary nebula of 53 a.u. because the nebula is rotating at 

escape velocity at greater radii, the virial theorem further 

restricts the radius to 40 a.u.. It is possible, however, 

that corotation deteriorated at this or a'lesser radius. The 

requirement for the cessation of corotation is that the 

magnetic energy cease to equal the gravitational either 

through the depletion of the source of energy, the sun, or 

from to rapid an escape of energy by diffusion. This diffu¬ 

sion rate, unfortunately is uncertain (Spitzer, 1963). 

Presumably the magnetic field will partially diffuse out 

as the protoplanets are contracting. This increases the ratio 

of the magnetic energy to the gravitational to beyond the pre¬ 

planetary value of one. This will cause the remaining nebula 

and magnetic field to expand and subsequently dissipate into 

interstellar space. 

The planets normally will have orbits of high eccen- 
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tricity after forming from the solar nebula. However, the 

present orbits have low eccentricities with the exception of 

Mercury and Pluto which have eccentricities of 0.21 and 0.25 

respectively. Most perturbation will reduce the eccentric¬ 

ities. This is reasonable since a circular orbit has a lower 

energy for the same amount of angular momentum than an ec¬ 

centric one. Bodies at perihelion would most likely be 

slowed down because of gravitational interaction with bodies 

of lesser velocities and at aphelion speeded up because of 

interaction with bodies of greater velocities, both occur¬ 

ences reduce the eccentricity since they bring the body 

close to circular velocity at the radius at which interaction 

occurs. 
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CHAPTER IV 

RELATED TOPICS 

Three other topics will be ^briefly treated here because 

of their close similarity to the processes involved in the 

origin of the polar system. These topics are the origin of 

the planets, the origin of binary stars and the possibility 

of planets in binary star systems. 

As mentioned previously, Lro^. of the planets and aster- 

oids generally follow a Vi ^ power law. This law may be ex¬ 

pressed as 

Lrot = *m5/3 (49) 

where k is 1.6 x lO"^ in cgs units and M is the planetary 

mass. This behavior might be explained because, insofar as 

the density is constant, the material out of which a planet 

was formed had the same rotational velocity as did the sun 

independent of position and the radius of the preplanetary 

1/3 material varied roughly as M , so that 

•Lrot 88 f MH2 oc MM2/3 = f,;5/3 (50) 

As shown in equation .96, the density effects the angular 

momentum by the factor p“2//3. Since p for the planetary 

system is 1/743 that of the total solar system, one would 

5/3 expect L/K to be 82.0 times greater than that of the total 

solar system. However, this ratio is close to one for most 

planets and asteroids - the ea.rth-moon system, is considered 

as a planet in this scheme. 



The planets must have had the same braking mechanism 

applied to them that the sun had so that equations 39 and 40 

may be used to estimate the braking time. The virial theorem 

shows that BrB^ will vary roughly as H
2^. If R^cc M,N will 

be proportional to M^/3. If all of the planets were braked 

over the same time interval, it might seem probable that they 

were all reduced in Lro-t by the same factor since N and the 

original Lro^. are both proportional to M^/3# However, it 

vrould seem likely that the braking times were not exactly 

equal so that equation 48 is not the result of all planets 

being braked to 1/82 of the original Lro^- because of a torque 

proportional to M^/3 occuring over the same time interval. 

Another possible explanation, pointed out by Fish, for 

the validity of this rule.becomes apparent when it is real¬ 

ized that all of the planets would be unstable with their 

original Lro*^. The rotational velocity may, therefore, be 

set by the rotational stability limit. Thus, 

OJ2 = 2TTGpf (51) 

where $ is a constant between 0.19 and O.36 depending on the 

structural model. Hence, 

L . ^ = IVJ oc MR2 oc M(M2/-Vp2/3) p1//2<§ cc M^/3/pl/6 
r°° (52) 

Since the dependence on p is so small, L will depend on 

5/1 J at instability. If the planets were subsequently braked 
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by a factor of three, the values of Lro.j- given in equation 

48 would be reached. 

Of great importance is the fact that the nebula sur¬ 

rounding a planet is likely to have a linear extent propor¬ 

tional to and a mass proportional to M. The nebula is 

hence able to carry angular momentum by an amount proportional 

to K-^ for a given . Therefore, if the planets produced 

corotation in their nebula, the final of the planets would, 

be the same. If their radius at braking were proportional 

to final L ^ would be proportiona.1 to M^/3, 

Lrot of Mercury, Venus and Mars are large exceptions to 

equation 4.5. However Golereich and Soter (1966) and Pish 

(1967) have shown that Mercury and Venus could have been 

further decelerated by tidal interaction with the sun. This 

leaves only Mars as a major exception. 

The braking time may be estimated, for the planets in the 

same way as was done for the sun itself. Using Jupiter as an 

example, the appropriate value of R is that which gives a 

rotational period equal to that of the period of its most 

distant satellite, i.e., 631 days. If BrB0 is taken as 100 

and Lrot has the original value previously indicated then 

the braking time is about 2 x 10^ years. 

As mentioned previously, the orbital angula.r momentum 

of binary stars is proportional to the 5/3 power of the mass 

of the system as was true for single stars. This suggests 

that both components of a binary system had a common origin. 
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The alternative of fission and capture will not be considered 

here. 

Huang (195?) has proposed that a star nucleus could 

consist of an agglomeration of dust particles and that two 

such nuclei could be responsible for the subsequent fragmen¬ 

tation and collapse into a binary star. A primary difficulty 

associated with this theory is the dissipation of angular 

momentum as may be seen from the virial theorem considering 

only rotational, magnetic and gravitational energies (Eq. 27) 

This problem a.rises because once the total nebula has 

reached rotational equilibrium, the virial becomes zero not 

only for the nebula itself but also for any part of it. The 

slow agglomeration process will slightly change this, but 

it will not allow any stars to quickly form. It is evident, 

however, that members of binary stars were not slowly formed, 

because a slow formation implies a gradual collection of 

material from throughout the nebula, with a resultant near 

zero e. This follows because there would be ho preferred 

direction for the’orbit. The observed average e, however, 

is.about 0.6. , 

If the two halves of a'nebula were to fragment during 

the collapse of the total nebula, the orbit would have to 

be more eccentric than would be the case if the nebula had 

rea.ched rotational equilibrium. This is a consequence of 

the fact that the velocity vector would have a radial com¬ 

ponent at the initiation of the orbit. It will later be 
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shown that'e is already very large for binary stars which 

were formed after rotational equilibrium had been established. 

This shows that formation during free fall of the nebula is 

not possible. 

Assume now that the contraction of the total nebula has 

ceased. This will result in the minimum apofocus and hence 

minimum e. 

Cameron (1963) has suggested that binary stars are 

formed from disk shaped nebulas in which the area density 

varies as 

'■'0 l1 - <f>2]1/2 <53) 

where oQ is the central density, r is the distance from the 

center and H is the radius of the nebula. This disk could 

have been formed from a uniform sphere with conservation of 

angular momentum, and has a constant rotational speed of 

2rrGo “l 1/2 

T*] (5'+> 

where G is the gravitational constant. This disk could be 

formed if the. nebula stalled while contracting and flattened 

8 4 
through rotation. In this case, L.j. ^ ^ TTOOR', L = 

< Aj, 3 li 3 
ygvj TraQR , Lor-b = ^4 TTaQR and the centroid is at -g R. 

The ratio of the velocity of the centroid of the resultant 

star to that necessary for a circular orbit v/v . : is ^ 2. 
circ lo 

The relationship between the velocity at apofocus and e is 
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e = 1 - -~x 2 (55) 
circ 

For this example e is, thus, 0.930. Since for binary stars, 

e is typically 0.6, v should be equal to about 0.645v . 
circ 

Only for material near the rim of the disk does v approach 

this large a value, showing again that a rapid collapse is 

not responsible for the formation of binary stars. 

It is now evident that the formation of bina.ry sts.rs 

must occur by a process intermediate between a slow collec¬ 

tion of material and a free fall collapse. As pointed out 

by Mestel (1967) and Kuang (1962), who considered the pre¬ 

viously mentioned decelerating mechanism proposed by Schatz- 

man, magnetic fields are likely to have a major effect on 

the angular momentum in the early evolution of close bina¬ 

ries. Only a small degree of ionization of the nebula will 

constrain the plasma and magnetic field to move together. 

Once a protostar has begun to form, it will rotate faster 

than the nebula in order to conserve angular momentum. This 

will cause the field lines to twist and apply a decelerating 

torque to the protostar and an accelerating torque to the 

stellar nebula. Because of the large size of an early proto¬ 

star, the moment arm should be large enough to make this a 

very effective process in transferring angular momentum. 

Equations 40 and 4l may again be used to estimate the braking- 

time for a component star where Lrot refers to the original 

value. As an exa.mple, if and Bft were one gauss, R was 
J- u 
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ten a.u. and L 
rot 

compared to a free fall time of 5.6 years if the mass -were 

one M 

If the previous interpretation concerning the origin of 

binary stars is correct, it is possible that other stellar 

nuclei formed, but did not attain stellar size, because of 

depletion of material by the main star. These substellar 

nuclei could have remained as permanent features and evolved, 

to black dwarfs. The term black dwarf is defined here to 

include bodies which have formed by contraction of a region 

of the nebula, and therefore have high eccentricities, and 

if massive enough a high percentage composition of hydrogen 

and helium. The minimum size of black dwarfs would be de¬ 

pendent on the physical state of the nebula, however, Siraoda 

et al. (1966) have shown that the minimum mass for contrac¬ 

tion of a gaseous sphere may be as low as zero. If the 

medium is homogenous Jeans (1929) has shown that the critical 

mass is dependent on temperature t and density in a form 

which can be stated as 

•where t is in °K. If the nebula is in the shape of a homo¬ 

genous sphere of R a.u.., 

(56) 

M cr = 0.054 (t/100)^
2(R/100)^2M (57) 

or, 
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M = 40 (t/100)3/2(R/ioo)3/2M (58) cr 

where M is the mass of Jupiter.- There is probably a high 

density of material near a newly formed black dwarf which 

would allow the formation of even less massive objects. The 

continued existence of a black dwarf is dependent on its 

having enough to escape collision with the central star. 

Such an object could not have survived in our own solar 

system, because of a lack of angular momentum. 

As shown, Lcen is comparable with It is observed, 

however, that Lro-fc is less than one percent of L^^.- It is 

reasonable to expect that.most of Lcen resides in black 

dwarfs and planets and possibly in material expelled from the 

system through magnetic torque. The number.of planets in a 

multiple star system could be much larger than in our own 

system, or the planets could be more massive, or more distant 

from the central star, or, as is most probable, a combination 

of the preceding. 

Black dwa,rfs have not been detected in multiple star 

systems, but this is not surprising, since the position of 

one star is already highly perturbed by another, and the 

technique used in the discovery of astrometric binaries is 

already near its limit for single stars. 



-48- 

CONCLUSIONS 

A study of the rotational rate of single main sequence 

stars shows that they have planetary systems. The angular 

momentum of these systems is approximately equal to the angu- ■ 

lar momentum of our own solar system multiplied by the mass 

of the star in units of Mgj . 

Two stars which emit most of their radiation in the 

infrared were shown to be surrounded by prelanetary systems. 

A theory of the origin of the solar system was presented 

which was consistent with angular momentum data. In this 

theory, the sun was braked by magnetic coupling with the 

solar nebula and the planets were formed after the sun and 

nebula attained a state of corotation. The planets were sub¬ 

sequently braked until they attained corotation with their 

planetary nebula, 

Consideration of the orbital properties of binary steers 

shows that their formation could have occurred by a contrac¬ 

tion of a nebula around nuclei composed of agglomerations of 

d.ust. Angular momentum considerations show that the component 

stars must have lost most of their original Lro^ by direct 

magnetic coupling with the, stellar'nebula. Further, most of 

the original L ^ resides in extensive planetary systems 

composed of black dwarfs and true planets. 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

FIGURE CAPTIONS 

Angular momenta of single stars. The lower set 

of points represent the observed L £. The upper 

set represents the sum of F>rot and . The 

straight line is derived from the theoretical 

original angular momentum of the stars. 

Space Coordinates and velocity coordinates of 

material just prior to initiation of star 

formation. 

Power spectra of R Monocerotis. The data is 

based on the observed photometric measurements 

using a distance of 477 parsecs. Curve A repre¬ 

sents the visual spectra. Curve B is a black 

body spectra normalized to peak at the same 

value as the star. Curve C is the spectra of 

the theoretical grain spectra. 

Terminal velocity of grains in a corotating pre- 

planetary spectra at four different distances 

from R Mon. 
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