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Abstract. The idea that comets of the Oort (and also Hills) cloud were al-
ready formed in the interstellar molecular cloud, which was the parent cloud
of protosolar nebula, is suggested. The dynamics of comets in the free-falling
collapse of this nebula is described on the basis of a simplified model. It ap-
pears that, if a homogeneous gas nebula collapses in this way, its border falls to
the centre freely, whereby the nebula always remains homogeneous, no matter
escapes outward, and the motion of a chosen cometary nucleus. located into
the nebula, can be described analytically (the decelerating effect of the nebular
material is assumed to be insignificant). This description is given. Based on the
idea suggested and the above-mentioned simplified model of collapse, which al-
lows only qualitative conclusions to be drawn, one can claim that the resultant
conception of the cometary population as a whole does not differ from that
regarded as real. 8
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1. Introduction

The question of the origin of comets in the Qort cloud still remains unanswered.
The primordial theory, assuming the creation of comets in the Uranus-Neptune
region (Kuiper, 1951; Safronov, 1972; Greenberg, 1982) has some difficulties.
The first is the manner in which the Qort cloud comets gained their angular
momentum (Marochnik et al., 1988). A problem is also the ejection of comets
from the region last-mentioned into the region of the Oort cloud. The mass of
this cloud was estimated at between 0.1 and 1 Mg, (Earth mass) at the time the
primordial theory was created. However, the best estimate of the mass of the
original Oort cloud is now given as 100 to 250 Mg, (Weissman, 1990). Therefore,
the orbital energy of planet-ejectors (mainly of Neptune (Fernandéz, 1985)) was
too low for complete ejection (Neslusan, 1992).
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The weakness in the theory of interstellar origin of comets (McCrea, 1975;
Club and Napier, 1982) is the low probability that interstellar comets would be
captured by the Solar System.

In this paper, in an effort to answer the question of the cometary origin,
it is suggested that the primordial and interstellar theories be combined. We
shall assume that comets are generally created in interstellar molecular clouds
as McCrea and other authors did. However, at the same time we shall assume
that the Oort cloud comets were created in the very parent molecular cloud of
the protosolar nebula.

The collapse of the nebula was the consequence of kinetic energy loss of
atoms, molecules, and microscopic dust grains by radiation at the time of their
deceleration, or thereafter. However, this mechanism of kinetic energy loss was
not eﬂ'ectlve in the case of such large bodies such as cometary nuclei. Thls is
the basic idea of the deliberations that follow.

It has been found that the solution of our problem is too difficult in models
of the protosolar nebula collapse such as those of Hayashi (1966), Bodenheimer
(1968, 1981), Larson (1969, 1972), and Shu (1977). We shall, therefore, restrict
ourselves to a qualitative analysis of the problein by using a very simplified
model of protosolar nebula collapse (see Section 2). Consequently, our results
should, of course, be only considered as quanlitative.

2. Initial scheme

Drawing on the models of protosolar nebula collapse mentioned in Section 1, it is
assumed that the protosolar nebula was spherically symmetric and homogeneous
with a mass roughly equal to the present solar mass and with a radius of about
1 x 10* AU before its collapse. It consisted mostly of hydrogen and helium.
Heavier chemical elements were rare, their abundances amounting about 1% to
2%.

During the first period, which we are interested in in this paper, the collapse
of nebula was of a free-falling character. In more detail, the shock wave spread
as a free-falling body from the border of the nebula to its centre. The internal
part of the nebula (front of the shock wave) remained roughly homogeneous,
and the density in the external part depended on distance r from the nebula’s
centre as o< r~2,

As in the Introductigp, we assumed the existence of cometary nuclei in the
protosolar nebula alxea&y before its collapse began. Since the nebula was ho-
mogeneous, the distribution of nuclei was most probably homogeneous too, the
nuclei moved randomly in all directions, and took part in nebular rotation.

In the model used here, the border of the protosolar nebula falls to the neb-
ula’s centre freely, whereby the nebula will always remain homogeneous, and no
matter will escape outward. The rotation is insignificant during the free-falling
collapse (flattening will always be negligible). Gravity will be the only force,
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which will act on the nuclei during the whole period we are interested in. Once
the deceleration effect of the nebular environment becomes significant, the comn-
putation will be terminated. (The rate of the deceleration effect in comparison
with gravity is estimated in Section 3.) We shall assume that all nuclei still
located within the nebula at this time were incorporated in the protoplanetary
disc and that they did not become a part of the later cometary population.

In contrast, the nuclei which left the nebula earlier, moved along Keplerian
orbits with different semi-major axes. We shall determine the distribution of the
orbits.

3. An estimate of deceleration effect

We shall denote the cross-section of the assumed cometary nucleus by o. Let
the nucleus move with velocity v, within time interval At, the velocity being
consider constant during this time interval.

If v, = 0, the mean momentum imparted to the nucleus by all particles col-
liding with it within At is zero, since the momenta from opposite directions com-
pensate one another. If v, # 0, the particle imparts momentum (ov, At).(pv,)
to the nucleus within time interval At. The momentum is imparted in the di-
rection opposite to that of the motion of the nucleus. Quantity p is the density
of the nebular environment.

The momentum divided by time interval At is in fact the acting deceleration
force Fy. Thus,

(ovnAt).(pvy) _

Fy= AL apv;, (1),

We shall assume that the deceleration effect can be neglected, if force Fy is
small in comparison with the gravitational force, Fy.

The description of the dynamics of a mass point in a stable, thin, spherically
symmetric, homogeneous, material nebula with mass M, and radius R repre-
sents a simple, completely analytically manageable, celestial mechanics problem,
which we shall, therefore, not deal with here. It has been found that, the period
of mass point motion about the nebular centre is the same for all mass points
in the nebula. Hence, velocity v, is maximal along the longest orbit, i.e. it is
circular with its radius almost equal to R. The velocity

/k"’M,, .
Up = R (2)

in this case, where k is the Gauss gravitational constant.
If the mass of the assumed nucleus is denoted m,,, the ratio pr of the max-
imum deceleration and gravitational forces is

Fq opR
PF= 47 =
Fy my

(3)
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The density of the nebula p depends on radius R as
JAl,
47 R3

in our model. If pp < p., the radius of the nebula R, at which the deceleration
effect may still be negleet, is limited by the inequality

p (4)

JoM,
47 p.an,

Quantity p. 1s the maximun critical ratio, at which the deceleration effect. may
still be neglected.

We estimate circular cross-section o, which can be expressed as w2, where
Ry, 1s the radius of a typical cometary nucleus. We shall regard a nucleus whose
mass my, = 1 x 10' kg and density p, = 200 kg/m? to be a typical cometary

nucleus. Since R, = [3m,,/(47p, )]‘/3, we can modify (5) to read

(6)

We shall regard the value p. = 0.001 as the appropriate value of the critical
ratio. Relation (6) then yields the limit of radius R > 2 x 10° AU. (We have put
M, = 2 x 103? kg.) By using other admissible values of p., my, pn, we obtain
the lower or higher limiting value of radius R, but the value will always be of
the same order. Thus, we shall use the above-mentioned value in our qualitative
analysis.

Note that the free-falling collapse of the protosolar nebula terminated, when
its density achieved a value of the order =~ 107! kg/m?® (Gaustad, 1963). The
radius of the nebula with density =~ 1071% kg/m?3 is roughly 1 x 102 AU in
our model. We can see that the deceleration eflect of the nebular material on
cometary nuclei is negligible almost. during the whole of the free-falling collapse.

4. Motion of a particle in a collapsing homogeneous nebula

Let us consider the simplified model of a collapsing nebula mentioned in Section
2. Let the nebula be homogeneons, spherically symmetric with mass A,. The
rotation of the nebula will be assumed enough to avoid flattening of the nebula
during the whole of its free-fall collapse period. (We shall, therefore, not consider
it in this section.) The nebula’s radins is R, at time ¢ = 0 and its border begins
to fall inward, freely, the nebula remaining homogeneous. At time ¢t (t > 0) the
nebula’s radius will be K.
The acceleration R of the nebular border is given by the equation

k*M,

R=-
R

(7)
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. / 2
B 2k2M, |R, | (8)
at time ¢.

Let the position of the chosen mass point, mass m, be given by vector r =
(z,y,2). The first time derivative of this vector is = (2, y, ) and the second
r = (2,9, ). The equations of motion can then be expressed as

and its velocity by

k2mM,
m
Now, let us replace the time derivatives of vector = by derivatives with

respect to R. It holds that # = #.R and # = r”.R? + r'.R, where v’ = dr/dR

and 7 = d?r/dR?. Now, using (7) and (8) the equations of motion (9), after
simple mathematical handling, can be modified to

mr = —

(9)

2R, R*r” — 2R3r” — R,Rr' + Ror =0 (10)

We shall first seek the solution of this vector differential equation in the form
of power expansion

[o o]
r= E a; R’ (11)
j=0
where each of the vectors a; = (aj,ay;,a.;) is a constant vector for j =

0,1,2,.... If we substitute expansion (11) as well as its time derivatives into
equations (10), we can easily show that all vectors a;, except a,;, are equal to
the zero vector. Hence in this case the solution of equations (10) is

r=a1R (12)

Solution (12) describes the motion of such a mass point, which was at rest
relative to the nebular material at time ¢ = 0. If the position of the point was
described by vector 7, at time t = 0, then @y = r,/R,.

Therefore, it is necessary to find a more general solution of equations (10)
in the form of a more complicated non-integer power expansion

[a 0]
r=) bR+ (13)
j=0
where each of the vectors b; = (bzj,by;j,b.;) is again a constant vector for

J =0,1,2,.... Quantity s is a real constant. If we substitute solution (13) with
its time derivatives into equations (10), neither vector b,, nor vectors b; with
J > 0 need be zero vectors if

25(s—1)—s+1=0 (14)
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and provided s = 1 or s = 1/2. If s = 1, then b, # o, generally, but b; = o for
j=1,2,3,.... We have thus in fact obtained solution (12).
If s = 1/2, it is possible to prove that

27 — 3\ R
r_b\/_{l—ﬁ }:[(’2”') (Ro)]}sboﬁ 1-1—5 (15)

We shall regard the superposition of solutions (12) and (15) as the definitive
solution of equations (10), i.e.

r=a;R+b,VR 1—R£ (16)

(The drawback of solution (15) itself that the mass point can be positioned at
time ¢t = 0, when R = R,, only if the origin of the coordinate system r» = o.

If the position and velocity of the mass point at time ¢ = 0 are given by
vectors T, = (Zo, Yo, 2,) and v, = (Vzo, Vyo, Vz0), respectively, vectors a,, b, can
then be expressed in terms of r,, v,, and relation (16) becomes

2R R
= Top +'v,, \/kzM \/1—-—R— (17)

We obtain components &, y, z of velocity vector by differentiating vector (17)
with respect to time:

. 1 [2k2M, / R R,
T——TO—R'; R l—'R:-"’Uo (2'—?) (18)

The mass point cannot move in the internal part of the nebula during the
whole of the collapse period. It can leave the nebula. This happens at the mo-
ment, when the nebular border achieves a certain radius R,y:, Where © = R,yq
(we have put |r| = 7). Radius Roy:, as a function of vectors 7, and v,, can be
expressed as the solution of quadratic equation

AR, + BRoyt +C =0 (19)
where
= (R?, - rg)2 + 2c.,(R';’ - rf)v?, + czvg + 4c, (ro.vo)2 (20)
B = —2¢y Ro(R2 — 12) — 2¢2R,v2 — 4¢y Ro(7,.,)? (21)
C = ciR%?} (22)

We have put |r,| = 7o, |v5| = v,, and ¢, = 2R3/ (k2 M,).
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5. Distribution of cometary nuclei

We assume a quite uniform distribution of cometary nuclei in the protosolar
nebula before the beginning of its free-fall collapse. We also assume their random
motion in all possible directions and that the nuclei are taking part in the general
slow rotation of the nebula.

The distribution of the absolute values of velocities of the nuclei has proved
to be difficult. We shall assume they have a Maxwell distribution, although
it is not sure, whether we can apply this distribution to such large bodies as
cometary nuclei. The Maxwell distribution can be expressed as

A3N ,vl2
d®n = .m.ezp (— —'-)g-) 2'2.dv .dY.cosp.dp (23)

in coordinate system z’' — y’ — 2’ rotating with the nebula about the z'—axis.
This means that if the number of nuclei in an element of the nebula with volume
A3V is A3N, the number of nuclei moving with velocities ranging from v’ to
v’ + dv’ in directions described by the angular intervals from 9 to ¥ + dJ and
from ¢ to ¢ + dyp is equal to d®n. Constant v, is the so-called most numbered
velocity.

The position of volume element A3V can be described in rectangular coor-
dinates ,, Yo, 2, as well as in spherical coordinates r,, 8, ¢ in the non-rotating
coordinate system (the nebula rotates about the 2—axis, the z — y plane is the
nebular equatorial plane) at time ¢ = 0, where

T, = ry.cosl.cos¢ ' (24)
Yo = To.51n0.cosd (25)
2o = Tp.85IN¢Q (26)

If the border of the nebula at its equator rotates with velocity vpsy at time
t = 0, the rectangular components vz,, vyo, v;, of velocity of the assumed
nucleus in element A3V can then be expressed as

Vgo = Uy, (27)
VUyo = Uy + UPSN.COSO (28)
Vzo = V), (29)

in the last-mentioned coordinate system. Quantities vz, vy, v; are rectangular

components of velocity of the assumed nucleus in volume element A3V in the
rotating system:

vl, = v'.cosV.cosp (30)
v, = v'.sind.cosp (31)
v, = v .sinp (32)
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The element of volume A3V at distance from r, to r,+Ar, from the nebular
centre in the direction described by angular intervals from 8 to 8 + A8 and from
dtod+Adis

A%V = rf.Aro.AB.cos¢.A¢ (33)
and contains 2N
A3N = mrﬁ.Aro.Ao.cos¢.A¢ (34)

nuclei. Quantity N is the total number of nuclei in the whole nebula.

Since we shall be interested in the distribution of orbits at the end of the
free-fall collapse, the distribution being independent of direction, we can take
into account the axial symmetry of the problem and integrate distribution (23)
over all possible values of angle 8 (from 0 to 27 radians) at once. Then

2
d®n = 273;35%}—2—31'3.6181) (— -l;—g) V2. Ary.co50.Ad.dv' .dY.cosp.dp (35)
and we can make the computation in five-dimensional instead of six-dimensional
phase space.

The initial dynamics of the chosen cometary nucleus is given by relations
(24-29), therefore, we can easily determine radius R,,: from relation (19) and
calculate vectors », # (relations (17), (18)) characterizing the position and ve-
locity of the group of nuclei leaving the nebula in the same direction with the
same velocity. The group moves along a Keplerian orbit after leaving the nebula,
and we can determine the semi-major axis as well as pericentre and apocentre
of this orbit on the basis of calculated vectors », # in the routine manner. All
these Keplerian orbits are those, which were sought.

6. Numerical calculation

The distributions of the semi-major axes as well as of the pericentres and apoc-
entres of the cometary nuclei orbits were calculated on the basis of relation (35).
The result is their distribution at the end of the free-fall collapse of the nebula,
when its radius R = 200 AU (using relation (6)).

The integration was made over the whole five-dimensional phase space, where
the particular elements of volume were specified by the discrete limiting values
of quantities 7, (0 — 10000 AU, step 500 AU), ¢ (=90° — 90°, step 10°), v’
(vp/20 — b5v,, step v,/20), ¥ (0° — 360°, step 10°), and ¢ (=90° — 90°,
step 10°) for the chosen pair of free parameters v, and vpsy. We empirically
approximated the upper limit of velocity v’, actually equal to infinity, by the
value 5v, considering that ezp(—5%).5%2 < 1.

We assumed the number v of cometary nuclei in the element of the five-
dimensional phase volume to be equal to Ar,.A¢.dv’.dd.dp. If the total number
of nuclei is N = N;v, where Nj; is the number of nuclei for a given number of
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Figure 1. The distributions of pericentres (g), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v1/10, v, = v;/10. Quantity n is the number of nuclei with peri-
centres (semi-major axes, apocentres) of orbits in the given interval on the logarithmic
scale. (All these values are given in AlU/.) The number of nuclei whose orbits have apoc-
entres outside the nebula is 3.11 x 10%.», the number of nuclei captured in the nebula
is 9.31 x 10®.v, the total number of all nuclei is N;v = 2.23 x 10”.v, and the original
radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are described in

the text.)
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Figure 2. The distributions of pericentres (¢), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v;/10, v, = v;/100. Quantity n is the number of nuclei with peri-
centres (semi-major axes, apocentres) of orbits in the given interval on the logarithmic
scale. (All these values are given in AU.) The number of nuclei whose orbits have apoc-
entres outside the nebula is 3.11 x 10%.v, the number of nuclei captured in the nebula
is 8.83 x 10%.y, the total number of all nuclei is Niv = 2.23 x 10”.v, and the original

radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are described in
the text.)
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Figure 3. The distributions of pericentres (g), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v7/10, vp = v7/1000. Quantity n is the number of nuclei with
pericentres (semi-major axes, apocentres) of orbits in the given interval on the loga-
rithmic scale. (All these values are given in AU.) The number of nuclei whose orbits
have apocentres outside the nebula is 3.11 x 10°.», the number of nuclei captured in
the nebula is 1.02 x 107.v, the total number of all nuclei is Niv = 2.23 x 10”.v, and
the original radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are
described in the text.)
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Figure 4. The distributions of pericentres (¢), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v1/50, vp = v;/10. Quantity n is the number of nuclei with peri-
centres (semi-major axes, apocentres) of orbits in the given interval on the logarithmic
scale. (All these values are given in AU.) The number of nuclei whose orbits have apoc-
entres outside the nebula is 3.11 x 10%.», the number of nuclei captured in the nebula
is 1.37 x 10%.v, the total number of all nuclei is N;v = 2.23 x 10".v, and the original
radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are described in
the text.)
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Figure 5. The distributions of pericentres (g), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v;/50, vp = v1/100. Quantity n is the number of nuclei with peri-
centres (semi-major axes, apocentres) of orbits in the given interval on the logarithmic
scale. (All these values are given in AU.) The number of nuclei whose orbits have apoc-
entres outside the nebula is 3.11 x 10%.», the number of nuclei captured in the nebula
is 1.64 x 10”.v, the total number of all nuclej is Niv = 2.23 x 107 .y, and the original
radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are described in

the text.)
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Figure 6. The distributions of pericentres (9), semi-major axes (@), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for vpsy = v1/50, v, = v;/1000. Quantity n is the number of nuclei with
pericentres (semi-major axes, apocentres) of orbits in the given interval on the loga-
rithmic scale. (All these values are given in AU.) The number of nuclei whose orbits
have apocentres outside the nebula is 3.11 x 10°.v, the number of nuclei captured in
the nebula is 1.92 x 107, the total number of all nuclei is Niv = 2.23 x 10".», and

the original radius of the nebula is R, = 1 x 10* AU. (All mentioned quantities are
described in the text.)
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elements of the phase volume in a given numerical integration, and if we put the
actual total number of nuclei to be equal to Ny, then v = N, /N;. We considered
the first solution of quadratic equation (19) as the value of radius R,y:. (The
second solution yielded negative apocentres of the Keplerian orbits for some
input values.)

We express velocities v, and vpsy as multiples of velocity

k2M,
R,

vy = (36)

of the nucieus, moving along a circular orbit located at the border of the nebula
at the beginning of its collapse.

All combinations of discrete values v;/10, v;/50, v;/100, v; /500, v;/1000,
and v7/5000 were chosen as pairs of v, and vpsny. Thus, 36 integrations were
carried out summarilly. It was found that, the result was practically independent
of value vpsn, if vpsny < v7/50. Therefore, we present the result for vpsy =
= v;/10 and vpsny = vy /50, only.

No large differences between the individual results for various v, if v, <
< v1/1000. Therefore, we present 2 series of figures for vpsy = v;/10 and
vpsn = v1/50 as Figures 1-6, where each series contains 3 figures for v, = v;/10,
vp = v7/100, and v, = v;/1000.

The first, second, and third graphs illustrate the distribution of pericentres
(¢), semi-major axes (a), and apocentres (Q) of orbits, respectively, in every
figure. -

The first column of each graph, where 0 < log10X < 0.5 (the symbol X
represents either ¢, or a, or @), demonstrates the number of all such nuclei
where log10X < 0.5, i.e. the nuclei having orbits with log10X < 0 are included,
too.

All graphs are related only to the nuclei, which left the nebula even before
the end of its free-fall collapse and continued to move along Keplerian orbits.
The number of nuclei, which remained in the internal part of nebula at the end
of the collapse, is shown in the caption of every figure.

The numbers of nuclei whose original orbits had apocentres at a distance
larger than the nebula’s original radius R, are given in the caption of every
figure. Free parameter v, should have an upper limit, the last-mentioned number
being small in comparison with the total number of nuclei. Namely, we have
no reason to assume the existence of an extensive cloud of comets around the
protosolar nebula. The numerical computations indicate that v, < v;.

Free parameter vpgy can also be limited from above. If the ratio of the
centrifugal force in the nebula’s equatorial plane at distance R, from its centre
and of the gravitational force there does not exceed a critical value f. (the
flattening of the nebula has to be negligible) at time t = 0, then vpsy < /Fe.v;.

We can see that log;pe < 4 in Figures 1-6. The main part of the real Oort
cloud comets moves along more distant orbits, however. Therefore, we have
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Figure 7. The distributions of pericentres (¢), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for its original radius R, = 3 x 10* AU and low velocities vpsy = v7/100,
vp = v7/100. Quantity n is the number of nuclei with orbital pericentres (semi-major
axes, apocentres) in the given interval on the logarithmic scale. (All these values are
given in AU.) The number of nuclei whose orbits have apocentres outside the nebula
is 3.11 x 10%.0, the number of nuclei captured in the nebula is 1.40 x 107.v, and the
total number of all nuclei is N;v = 2.23 x 10”.v. (All mentioned values are described
in the text.)
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Figure 8. The distributions of pericentres (g), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for its original radius R, = 0.7 x 10° AU and low velocities vpsy = v /100,
vp = vr/100. Quantity n is the number of nuclei with orbital pericentres (semi-major
axes, apocentres) in the given interval on the logarithmic scale. (All these values are
given in AU.) The number of nuclei whose orbits have apocentres outside the nebula
is 3.11 x 10%.v, the number of nuclei captured in the nebula is 1.08 x 107.v, and the
total number of all nuclei is N;v = 2.23 x 107.v. (All mentioned values are described
in the text.)
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Figure 9. The distributions of pericentres (¢), semi-major axes (a), and apocentres
(Q) of cometary nuclei orbits at the end of the idealized collapse of the homogeneous
nebula for its original radius R, = 1.1 x 10° AU and low velocities vpsy = v7/100,
vp = v7/100. Quantity = is the number of nuclei with orbital pericentres (semi-major
axes, apocentres) in the given interval on the logarithmic scale. (All these values are
given in AU.) The number of nuclei whose orbits have apocentres outside the nebula
is 3.11 x 10%.v, the number of nuclei captured in the nebula is 8.71 x 10%.v, and the
total number of all nuclei is N;v = 2.23 x 10”.». (All mentioned values are described
in the text.)

illustrated the resultant distribution of orbits also for a few values of R, larger
than 1 x 10* AU for fixed values of, vp, vpsn (Vp = vpsny = v1/100; vy is
expressed for the corresponding value of R,) in Figures 7-9. The discussion of
the larger radius R, is in Section 7.

We also carried out a less precise integration for all 36 combinations of free
parameters v, and vpsy. In this integration the individual elements of the
phase volume were limited by discrete values of quantities », (0 — 10000 AU,
increment 500 AUY), ¢ (—90° — 90°, increment 15°), v’ (v,/4 — 5v,, increment
vp/4), ¥ (0° — 360°, increment 15°), and ¢ (—=90° — 90°, increment 15°). We
did not find any differences between the more and less precise results exceeding
1%. Hence, we can say that the inaccuracy of the numerical integration did not
exceed 1%.

7. Conclusion

As we mentioned in Section 1, our analysis had a qualitative character only.
It is possible to state that the simplified model of protosolar nebula collapse,
which was used, yielded almost all qualitative results, which were necessary for
outlined hypothesis of formation of cometary cloud to be right.

The calculated distance of the Oort cloud smaller than real one, was the only
disagreement. It will also probably be necessary to include in the considerations
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phenomena existing before the formation of the protosolar nebula with radii
roughly 1 x 10* AU and with densities &~ 10716 kg/m3.

We shall have to assume a uniform distribution of the cometary nuclei mov-
ing in randomly oriented directions the velocities, whose absolute values display
a Maxwellian distribution, already from the moment, when the nebula separated
from its parent interstellar molecular cloud. The density of such clouds is about
~ 1071° kg/m3 (Spitzer-jr., 1985), hence, the nebular radius, if homogeneity
and spherical symmetry of the nebula is assumed, would be ~ 1.1 x 10° AU.

In the Figures we have illustrated the resultant distribution of nuclei also on
the basis of assuming that the nebular radius was larger than ~ 1 x 10* AU at
the beginning of the collapse. The distance of the Oort cloud be qualitatively
in agreement with the actual in this case, although the problem, whether the
nebula began to collapse by free-falling already from the distance of its border
~ 1.1 x 10° AU, or whether it collapsed gradually down to radius =~ 1 x 10* AU
at first, which was then followed by the free fall, remains unsolved.

If we increase the original nebular radius, it is interesting, that the distribu-
tion of orbits has two maxima, as can be seen in Figures 8 and 9, where this
radius is already of the order of &~ 10° AU. The first, less numerous maximum
at the larger distance can be related 1o the outer Qort cloud, and the second,
more numerous at the lesser distance can be related to the internal Hills cloud.

The results of the calculations indicate that a rather significant group of
nuclei (mainly, if low values of v, and vpgn are considered) was captured in the
collapsed central part of the nebula, which gradually converted to the protosun
and protoplanetary disc. There had to exist an intermediate group of nuclei
between the groups of nuclei located outside the nebula and the captured nuclei.

The nuclei of this intermediate group were partly decelerated by the material
of the collapsed nebula and carried by it in the direction of nebular rotation.
However, these effects were not strong enough in the case of the intermediate
group of nuclei and, therefore, these finally remained outside the nebula, which
gradually collapsed further, but they moved along significantly shorter orbits.

In the case of the above-mentioned effects, it is possible to conclude that
the intermediate group contained the more nuclei, the less their orbits were
inclined relatively to the equatorial plane of the nebula. We can thus also explain
the existence of the Kuiper belt of comets beyond Neptune, if we assume the
presence of cometary nuclei already at the beginning of the existence of the
protosolar nebula (and also at the end of its free-falling collapse, of course).
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