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ABSTRACT

In this paper, the orbital parameters of the near-by stars within 20 pc of the sun
were statistically investigated. The main results are: (i) All of these parameters
show clearly the age-effect as seen in Figs. 3,4 and 5. (ii) The frequency distribution
function of each orbital parameter is well represented by the respective theoretical
distribution function derived on the assumption of the velocity-ellipsoid. (iii) From
the kinematical view-point all the near-by stars are classified in large into two categories
of (A, F) and (G, K, M).

The possible causes of the age-effect of the orbital parameters were discussed in
connection with the evolutional development of our Galaxy. The variation of the
force-field is likely to have played an important role for the age-effect, though the
velocity dispersion of the stars at the birth time as well as the encounters with
massive clouds afterward might also have taken some part.

1. Introduction

Hitherto, the relations between the kinematical parameters and physical
quantities of the stars have been investigated from various view-points. In
order to get some statistical clues to the problem concerning the physical state
and the evolution of the Galaxy, however, it is convenient to choose some
parameters of the stellar orbit as the indication of the kinematical stellar
character. Such investigations have been carried out basing on the parameters
of the Keplerian orbit or alike orbit (1, 2, 3), the epicycle one (4), the orbit like
as given by Contenpoulos (5). The present study with reference to the formulae
for the two-dimensional orbit by one of us (S-1) (6) was also intended to examine
statistically the kinematical characters of the near-by stars in details for the
purpose of discussing the kinematical evolution of the Galaxy.

The contents were arranged as follows: The five sections from $2 to $6
were devoted to the statistical study on the kinematical character of the near-by
stars. Beginning with the description of the original statistical data as well as
the ways for obtaining the various orbital parameters in §2, we examined the
H-R diagrams for the groups of the stars due to their values of the respective
orbital parameters in §3. It was shown there that the H-R diagram changed
quite systematically depending on each of all the orbital parameters. In §4 the



334 T. SHIMIZU and K. TAKAHASHI

frequency distribution of every orbital parameter was compared with the corre-
sponding theoretical one derived by us and it was found that the agreement
was respectively satisfactory. The differences of the orbital parameters among
the spectral groups were examined in §5 according to the significance tests.
And in §6 the dependence of each orbital parameter on the stellar age or its
age-effect was investigated rather closely.

In §7 the possible causes for producing the age-effect, such as the encounters
with the massive clouds, the variation of the force-field and the initial velocity-
dispersion, were discussed.

2. The statistical data and the ways for getting the orbital parameters

All the original data were taken from Gliese’s Catalogue of the near-by
stars within 20 pc of the sun (7), in which 463 single stars with space velocities
were chosen. As for the physical quantities of the stars such as their absolute
magnitudes and spectral types, the catalogued values were-used as they were.

The fundamental orbital parameters in our case are the peri- and apo-
galacticon distance a and £ (measured inward and outward respectively from
the local standard of rest) and the velocity-component perpendicular to the
Galactic plane at the time of its passage Z 0. It is remarked that since we made
use of our two-dimensional velocity-diagram for deriving a and £% the actual
peri- and apo-galacticon distances may differ more or less unless ¢ o 1s small, but
we sometimes use the terms in stead of these parameters.

The first thing to do was the conversion from the listed three rectangular
velocity-components, #(/=148°, b=0°), v(/=58°, 6=0°) and w(h==90°) to &,, %, and
C.o*. But, because the stars in question were within 20 pc of the sun, it held
with a good approximation that

Eo = U—U@, o = V—Vp, (o = W—We,

where u@, ve and we are the components of the solar motion for which the
following standard value was adopted :

# Qur velocity-diagram has been made with the following assumptions (see S-1). (i) The local
standard of rest moves along a circular locus around the Galactic center, keeping the radius
w,=8.2 kpc and the angular velocity w,=26.4 km/sec/kpc. (ii) The force is axially symmetric
about the axis passing the Galactic ceter perpendicularly to the plane. Letting £(/==148°, b=
0°), 7(1=58°, b=0°) and ((6=90°) be the rotating cylindrical coordinates with the local
standard of rest as the origin, the force is expressed by

Q.Ezi‘fz5716—1os4.9g+134.6152 [km?/sec?/kpc] (£ in kpc)

corresponded to the case of ¢=d==---=0. (iil) Each star is now passing the circle £=0 with

E=Ey, f=1lp.
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Ve = 19.5 km/sec, lg = 23°, b = +22°;
or ug = —10km/sec, vg = +15km/sec, we = +7 km/sec.

After getting &, 7, C » we read both o and # on the velocity-diagram given
in S-1* as Fig. 6 for all the available data, but the seven stars such as Nos.
191, 239, 451, 764, 827 and 861 were omitted because of their too large values of
a or/and B to be allowed for our approximation.

As the auxiliary orbital parameters the mean distance from the Galactic
center a, the eccentricity of the radial motion e defined respectively by

g 2T—atB L4 ,_ ot

2 Z'Cdo_a+ﬁ’

and the amplitude of the radial motion a- # were also evaluated.

3. The relations between the kinematical parameters and the HR-diagrams

In their work Wooley and Eggen (8), by grouping the near-by stars taken
from Gliese’s Catalogue according to their peri-galacticon distances and by
plotting the CM-diagram for each group, found an interesting fact that the
upper-left end of the main sequence for each group appeared to displace quite
systematically toward the lower-right as the group’s peri-galacticon distance
increased. This prompted us to examine the fact more in detail not only for
the groupings due to the peri-galacticon distance but also to all the other orbital
parameters.

Fig. 1 represents the changes of the HR-diagrams according to the parameter-
values of the successive groupings such as (a) by the peri-galacticon distance a,
(b) by the apo-galaction distance £, (c) by the mean distance qa, (d) by the eccen-
tricity e and (e) by the amplitude (a+pg). The full curve in each diagram
indicates the so-called initial or zero-aged main sequence given by Johnson and
Hiltner (9).

It is readily seen in Fig. 1(a) that the steady variation of the main sequence
with the peri-galacticon distance looks just the same as in the diagram of
Wooley and Eggen. But with respects to the other parameters too, the similar
systematic change can be traceable as seen in Figs. 1(b)~1(e).

In Table 1 are given the numerical quantities for every group, namely both
the spectral type Spur and the absolute magnitude Mvyr of the upper end of
the main sequencce, the number of stars x, the mean value of the parameter
and o; or the dispersion of ¢,. As for Spyr and Mvyr are given those of the
first upper-left end star as well as the means from the first three ones (Spuyrs,
Mvurs) within the strip of 1mag. below the zero-aged main sequence, by letting
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Table 1. Numerical data for the groupings due to the values of the respective parameters.

(a)

a (kpc) 0.0~1.0 1.0~2.0 2.0~3.0 3.0~4.0 4.0~5.0 5.0~
_n 221 97 67 39 23 9
a (kpe) 0.38 1.39 2.46 3.40 432 5.50
SpuL A3 F3 F6 G1 GO G6

{MVUL (mag.) 1.8 2.9 35 4.6 4.1 5.7
@ality b~c c d c d c
SpuLs A3 F5 9 G2 Gl K5
Mvyrs (mag.) 1.8 3.7 4.3 4.8 4.4 7.7
a; (km/s) 15.6 19.8 235 26.8 26.2 30.6

(1)

B (kpc) 0.0~1.0 1.0~2.0 2.0~3.0 3.0~4.0 4.0~5.0 5.0~
n 211 116 58 29 12 30
A (kpc) 0.35 1.32 2.39 3.28 440 6.59
Spur A3 A7 A3 Ab F2 F7

{MVUL (mag.) 1.7 2.2 1.9 2.6 3.5 3.9
Quality b~c a c e d b
SpuLs A4 F2 FO F2 G2 F8
MVULS (mag.) 2.0 28 3.0 34 5.1 3.9
a; (km/s) 175 20.8 16.8 23.7 21.3 30.6

(e)

a (kpc) ~6.7 6.7~7.7 7.7~8.7 8.7~9.7 9.7~
n 39 87 182 93 55
a (kpc) 6.28 7.13 8.13 9.10 10.58
SpuL G2 F6 A3 A3 A5

{MVUL (mag.) 4.8 4.0 1.7 1.9 2.6
Quality b~d b~c c e
SpuLs G3 F9 A4 FO A9
Mvyrs (mag.) 4.9 4.5 2.0 3.0 2.9
a; (km/s) 23.6 22.8 16.5 175 25.4

(d)

e 0.00~0.10 0.10~0.20 0.20~0.30 0.30~0.40 0.40~

n 101 176 106 43 30

e 0.057 0.141 0.241 0.335 0.486
SpuL A3 A3 F2 F7 GO

{MVUL (mag.) 1.7 1.9 3.3 4.0 4.1
Quality b~c c d b d
Spurs Ad A6 F5 GO G2
Mvyrs (mag.) 2.0 24 3.8 45 4.6
o¢ (km/s) 11.8 174 224 24.8 33.8

(e)
a+ 8 (kpc) 00~10 1.0~20 20~30 30~40 40~50 50~60 6.0~

n 47 100 112 81 55 23 38

a+f (kpe) 0.63 145 244 3.35 441 5.49 7.62
Spur, A5 A3 A3 A5 F2 F8 7
{MVUL (mag.) 2.2 1.7 1.9 2.6 3.3 3.8 4.0
Quality c~d b~c c e d d b
Spurs Ab A4 FO FO 6 G6 G2
Mvyrs (mag.) 21 1.8 3.0 3.0 3.9 5.4 4.6

a; (km/s) 10.7 145 18.0 19.2 247 26 4 30.8
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Fig. 1. HR-Diagrams for the groupings due to the values of the respective orbital parameters.
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Table 2. Numerical data on the less luminous stars in each group corresponded
to Table 1.
(a)

a (kpc) 0.0~1.0 1.0~2.0 2.0~3.0 3.0~4.0 4.0~5.0 5.0~
n 221 97 67 39 23 9

a (kpc) 0.38 1.39 2.46 3.40 4,32 5.50
g 14 4 5 2 1 3

. 1,¢1,d3 1,cl,e2
Quality (27’ < ) (b2, e2) @1 cle ) (d1, £1) (al) (b1, c1, 1)
Percentage 6.3 41 75 5,1 44 33.3
(»)

A (kpc) 0.0~1.0 1.0~2.0 2.0~3.0 3.0~4.0 4.0~5.0 5.0~

n 211 116 58 29 12 30

F (kpc) 0.35 1.32 2.39 3.28 440 6.59
Ny 18 6 2 2 0 1

R a2, bl, cl al,bl,cl
Quality ( ey 4) (63 ) (c1, £1) (b1, d1) (el)
Percentage 85 5.2 34 6.9 0.0 3.3
(e)

a (kpc) ~61 6.7~7.1 7.7~81 8.7~9.7 9.7~

n 39 87 182 93 55

a (kpc) 6.28 7.13 8.13 9.10 10.58
Wy 7 4 10 7 1

. al, b1, cl . bl,cl,d2 al, bl cl
Quality (&1 or ) (al,e2,£1) (o561 %) (@2 (d1)
Percentage 179 4.6 5.5 75 1.8
(d)

e 0.00~0.10 0.10~0.20 0.20~0.30 0.30~0.40 0.40~
n 101 176 106 43 30
e 0.057 0.141 0.241 0.335 0.486
Hs 8 12 4 2 3

R a2,bl, cl bi,cl,el
Quity | @2estty () (20 (al,d1) (b1, c1, 1)
Percentage 7.9 6.8 3.8 4.7 10.0
(e)
a+pB (kpe)| 00~10 1.0~20 2.0~3.0 3.0~40 4.0~5.0 5.0~6.0 6.0~
n 47 100 112 81 55 23 38
a+ B (kpe) 0.63 145 2.44 3.35 441 549 7.62
ns 4 7 8 2 4 2 2
i a2, bl, cl al,bl,cl
Quality die8) @esft) (320 L (3P0 (ene)  GufD
Percentage 85 7.0 7.1 25 7.3 8.7 5.3
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into account the intrinsic scatter seemed to be of this order (10, 11).

The distinct change of Spyr or Myyw is found in the grouping of @, but some
sort of a systematic trend is also clearly recognized for each of the other
groupings. Hence, it is likely true that the a-grouping may serve as measure
of the stellar age as Wooley and Eggen’s suggestion, but as for the kinematical
age-parameter of the stellar grouping either of groupings due to {; and o; seems
to be preferable as will be shown later.

By the way let us pay attention to the stars being fainter, say by 1mag.
or more than the initial main sequence in Figs. 1(a)~1(e). A general tendency
is noticed there that their percentage number increases as the mean distance a
decreases and their apo-galacticons are likely concentrated towards #=0.0~1.0
kpc (Table 2). But the existence of another group of the subdwarfs moving
nearly in common with the local standard of rest is also suspected, judging from
that the percentage number in a=7.7~8.7 kpc or ¢=0.0~0.1 does not necessarily
correspond to the respective minimum value and yet the percentage number of
(a+ B)=0.0~1.0 kpc appears as maximum.

4. The frequency distribution of the orbital parameters for the whole stars

For all the available data the frequency distributions of (a) the peri-galacticon
distance a, (b) the apo-galacticon distance £, (¢} the mean distance a, (d) the
eccentricity e and (e) the amplitude of the radial motion (a+/4) were derived
as shown by the block diagrams in Fig. 2. As for the mean distance a its
observed frequency distribution appears nearly as Gaussian but those for the
other parameters turn out not to be normal but take particular forms respectively.
Then, it was next considered what type of the frequency distribution is expected
for each orbital parameter.

As regards the whole near-by stars the frequency distribution of the velocity
components parallel to the Galactic plane may be in the first approximation
represented by

P, idéddin = 5o ~2) exp{ L ~Boég + w)atidin, (1)
where w, and B, denote the angular velocity and the Oort’s constant of the
Galactic rotation at the local standard of rest (w,=8.2kpc). If (1) is assumed,
we are able to derive the analytical expression of the frequency distribution of
each orbital parameters.

The velocity-components &, and 7, defined at the reference circle w==, are
written by means of our formulae [S-1] in terms of a and e as follows :
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1 1
« (kpc)

ol 1. 1 =
5.0 100 a (kpe)

0
0.00 0.50 e

S

00 5.0 1B thpo

Fig. 2. The frequency distribution of each orbital parameter for all the stars.

The histrogram : the observed frequency distribution

X : the theoretical frequency integrated in a range of 0.5 kpc

- 1 the theoretical value at the midpoint of a range (multiplied by
the necessary factor)
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£ = 40)30092;0{2 (33..9—1)2},c%=<@0+7'70)2=_%@3{%(1-(33)-(”%)}.(2)

Putting %=1+x(—1§x_§1)"‘ we get

22 . __‘%Eg 2 p2 a2 __230 _ ﬁ) 2 2 ~,
o= = O e?—x2), 7, { (1+wo)x +e), (e =x). (3)
With the aid of (8) the formula in (1) is transformed into
— i B() 80 e BD @9 2 2
G(x, e)dxde (wo )1/‘? — X p{ ( o a) e}dxde \ »
2 e 2 By 6,
S exp( 2e¥dxde, h=,"9 ( o o ) s

where @,=w,w, or the linear velocity of the Galactic rotation at w,.
Integration of (4) with respect to e or x brings out the required distribution
function of x=1+w/a or e respectively. Neglecting higher order terms we obtain

fola)da = 5—%(1:—")2 exp‘{-—lz2 (%’—1)2}%% = j% exp{—h2 (%9~1)2}d(%9) , (5)

feledde = 2hte exp(—lte®)de/[1—exp(—I2)J**. (6)

It is noticed that so far as the present approximation concerns the frequency
distribution of % is of the normal type or N(1, 1/,/2p), while that of e appears
practically to be of x-distribution with its degree of freedom v=2, or saying
alternatively, the distribtion of €* is of the normal type like as N(0,1/,/ 2 ).

In order to get the other required formulae, &, and 7, must be expressed
by a=w,—a(l—e) and f=a{l+e)—w,. After some reductions from (2) we have

£2 = —4Boa)0aﬂ(1 +%g) - ,

_2af
= B pa268) (1 Be)fy B iu_,,,}_ -

~wy 27, Wy 2wt f—a

By taking only the principal order into account, namely
é% = _4B0w0aﬂ) 7.]0—;—-’ "‘B()(ﬂ_a)’ ( 7/)
and by changing the variables from (&,, 7%,) to (a, 5) we get

Ha, f)dadp = %(1/'{% J %) exp{— (B +ay)dadf, k= 71_~(—§_°) . (8)

It is seen there that the bivariate frequency distribution turns out in the

* None of stars with a<m2r° can reach to w=w,.

put the te}'m exp(—7?) contul?ute% lgttle in the present case of ];2 25,
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first approximation to be symmetric. The frequency distribution of u=a+2 is
readily obtained by adopting #, ¢ as the independent variables and integrating
with respect to a.

farela+B)d(a+B) = 2k (a+ Fexp{—ka+ B} dla+p) (9)
This is the same type as (6).
Whereas the integration with respect to a is given in terms of Weber’s
function such as D.,, and D_y,, accordingly it is expressed by a power series.
If we put u/a—1=,"5 and expand exp (—2Fas*?) in a power series, we get

Hy(s, a)dsda = —i—za exp( —Fa)dal — sVt + 573 exp{—Fa¥(2sV +s)ds, (10)

oy k2 2.2 1 3 1 2 3 4
Hence  fula)do = ;exp(—/e (03 )m[l’ (4>{1 — m,i(ka) 4 ~—,(/ea)
(4”_5)” 21 e 1 s 3
o (ka ) — } } 5 ( ){(laa) + 2 (La)
'f‘%!*@(ka)"‘ e gﬁ?;’ (ka4 }]da , (11)
; 2 2 1225 (haf (ka) 7 _
. floye = 7 CXP(—Fa )[ ka {1 T T T8 —m(ka) }
+ 1.479,/735{ n (kgL) F(k(f }]da

On the other hand, if we put #/a—1=¢ and expand exp(—Fa’#?) into a power

~ series we have alternatively

1 15, (D=9, ] g

— 4k o B2A2 R
fola)da expl ’“”[1 " 16lkay ST2lkar A ke

v 2

Thus the analytical formulae of all the orbital parameters have been obtained.
By means of these formulae (11) or (11%), (5), (6) and (9), and by adopting as
trial, the following round values:

h=5.0, k=0.30 (corresponding to —B,/o=043, (w,= 8 2kpc), —By/o =042,
respectively, then o=22km/sec (B,= —9.5 km/sec/kpc)) the theoretical frequencies
for the five orbital parameters were calculated in every 0.5kpc interval, and
these were indicated by crosses in Fig. 2. It is found there that agreement
between the observed and the calculated distribution is quite satisfactory.

5. The dependences of the orbital parameters on the spectral type

Here is taken up the dependence of the spectral type on the orbital
parameters. In Table 3 the means and the dispersions of the respective orbital
parameters are given for every spectral group in comparison with those for all
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the stars combined together. The frequency curves of each orbital parameter
for successive spectral types were proved not to differ fundamentally in type,
so we eliminate showing the diagrams of the frequency curves for every
spectral subgroup.

Table 3. The means and the dispersions of the orbital parameters in
each spectral group.

Sp AO~AS8 FO~F9 GO~G8 KO0~K3 MO~M6
n 20 48 94 123 171
(a) & (kpe) 0.70 0.78 1.47 1.64 1.60
os (kpc) 0.96 0.76 1.37 1.33 148
(b) B (kpc) 1.21 1.81 1.57 1.27 1.75
op  (kpe) 0.95 2.06 1.64 153 1.87
(e) a (kpe) 8.47 8.75 8.28 8.08 8.29
o, (kpc) 0.63 1.21 1.21 1.13 1.31
(d) e 0.114 0.139 0.187 0.185 0.210
0, 0.092 0.083 0.114 0.115 0.135
(ey ath (kpc) 1.91 253 3.04 2.91 3.37
ow+p (KDC) 1.43 1.92 1.82 1.67 2.15

But it is worthy of test whether the apparent differences of both mean and
variance among various spectral type groups may be ascribed to the sampling
error or not.

In carrying out these tests, for the sake of simplicity, the /- and the F-test for
the normal distribution were made in common use, but as for ¢ o and a directly
by regarding their observed distribution as normal, while with regards «, #, ¢
and (a+ /) indirectly by transforming their observed distributions into the almost
normal ones with the aid of the variable conversion from x’s to log x’s. That

the ’s distribution was regarded as normal is Table 4. Significance test.

merely because its apparent distribution looks as a (A, F)—(G, K, M
nearly normal. After such transformations, the B:(A F, G KxM)
uniformity of the variance at first and then that a: A—(F X G, K, M)
of the mean among the spectral type groups were e: (A, F xG, K M
examined with the aids of the I~ and the #test a+B8:(A_F X G K M)
respectively. {: A-F - G-K-M

The results of these tests are schematically summarized in Table 4. The
symbols found there signify as follows: the spectral groups in a pair of paren-
these or those underlined together have no significant differences among their
variances or the means respectively, and both sides of the bar or the cross are
significantly different in the variance or the mean respectively with its signi-
ficance level of 1% if the marks are written as thick, or of 5% if thin.

A general view of the above diagram might be reduced to such a conclusion
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that the near-by stars are divided into two large categories of (A, F) and (G,
K, M) just essentially the same as Parenago’s result (12) or Shimizu’s one (13),
though the more detailed classifications such as (A), (F), (G, K, M); (A), (F), (G,
K), (M) and finally each of the spectral type would make of course a smaller
dispersion in each class.

6. Some relations befween the stellar age and the orbital parameters

Even though the star members in each of our HR-diagram have been selected
merely by the values of some orbital parameters among the near-by field stars,
the age corresponding to the turning point in each HR-diagram may serve as
a measure of the mean age of the group members. On this view-point we tried
to inquire into the age-effect on the orbital parameters with the aid of the
data in Table 1.

In order to estimate the age #yr) for the turning point we made use of
Schwarzschild’s table on the life time of the main sequence stars (14) and the
mean log¢ interpolated independently from both arguments Sp and Mv was
adopted as the representative age of the group in question. The similar mean
log ¢ corresponding to Spurs and MvyL, was also evaluated for checking how our
assigned Spyr and Mvyr were reliable. Against these log#s the means in
successive subgroups for every orbital parameter given in Table 1 were plotted
as in Fig. 3. The upper limit of ¢ may be (1.5+0.5)x10%yr, so that only for
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Fig. 3. Age-effect of the corbital parameters.

With respect to each pair of marks, the left and the right
correspond to Spyr(Mvyr) and Spyr.(Mvaurs) respectively. The
upper limit of ¢ may be ~1.5x10Yyr, then for #==15X10%yr
only the dependence on Spyy, may be meaningful,
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#<(1.540.5) x10®yr the dependence on Spyr may be meaningful.

Some interesting features are noticed here: (i) The stars moving nearly in
a circular orbit or a==-w,(=82%kpc) are likely the youngest of all, and for those
with a being the larger or the smaller than 8.2 kpc their log#'s turn out always
the larger though in a respective way rapidly or slowly. It must be taken
account, however, that the stars passing through some bounded region are
limited according to the value of a. (ii) As regards the other parameters, the
parameter value increases in general as log ¢ increases. (iii) There is an evidence,
however, that the curve associated with £ such as those of g, a+4 and e
undulate in an interval of 9<{log #<(9.5. This may be, unless due to sampling
errors, corresponding to a discontinuity of the kinematical character between
both spectral groups {A, F) and (G, K, M) mentioned in $4.

It is certain that the correlations found in Fig. 3 may be represented ex-
aggeratedly somewhat, since the parameter means have been taken from the
groupings due to the very parameter values. Nevertheless, as a general conclusion
from Fig. 3, it may well be said that the orbital parameters depend not only
on the age but also possibly on the kinematical condition at the time of the
stellar birth, namely how the arm of gas clouds from which the stars were
born had moved deviatedly from the circular orbit.

Next let us examine the dependences of ¢; or the dispersion of the vertical
velocity component C'o on the orbital parameters. These are represented as Fig.
4 which is also another way of plotting of Table 1. It is seen that there exists
some clear correlation between o¢ and each of the orbital parameters. The
similar clear correlation as for the mean of fo was proved too, even though its
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Fig. 4. The dependence of ag' on the orbital parameters.
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illustration is omitted here. Reflecting upon the age effect on the orbital
parameters, the fact may mean that o; as well as C—o serve as the kinematical
age-indicators, even though their use is limited. Before going to this problem,
however, it must be remarked that our orbital parameters had referred to the
two-dimensional orbit and consequently their strong correlations with ¢, or o¢
ought to be expected regardless of the age effect.

For the purpose of seeing the age-effect on o¢, the values of o¢ were plotted

A0 A5 FO TS5 GO G5 KO Seut
10 20 3.0 40 50 6.0 Myuy,

0 R . ) | —=1.5 1010y
85 9.0 9.5 10.0 logt

Fig. 5. The age-effect of o;.

against log¢ as shown in Fig. 5 with the aid of Table 1 over again. We can
readily ascertain there that the age-effect on oz is almost straightforward against
logt, even if some fluctuations from the linearity might be pointed out. In
connection with this it may be advisory to mention that Fig. 5 is almost unbiased
in a sense remarked as for Fig. 3.

7. Possible causes for the change of the orbital parameters

Up to now we have seen how each of the orbital parameters depends on
the stellar age, then our next concerns are what has brought about such state
of affairs. The differences in orbital parameters may be caused by (4&, 4%,) or
the velocity change of each star and by (dw,, 44,) or the change of the force.
The circumstance of how each factor affects the respective orbital parameters
is approximately estimated by deriving the differential formulae from the
expressions of the parameters. If we make use of the formulae given in S-1
and put 1—:/—0=1 by adopting the reference radius to be equal to the star’s mean
radius, we arrived at, after some calculations,
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da_ @
a 4B0 O
de _ 20_] @ 1
e SBO 4Bo
datp)_ A&+ 473 @ 1 483
(@+8) 8B, =% T\ 1B ¢ o
da _ _@ 1
a 430(1 + 2)] 1B, o(1—e)
.4!5:__@20_(1__‘?_‘) _w 1
g 4B, 2 4B, e(1+e)
Do
5] 0
[ i
2 Cl)o 2 2B0
5 _ Ao\ wy doy, )~ 2 | 44 \
+ [(2 0)0)2 0] X”(‘l;."o’}‘ 2B, X—m‘f- (12)
_@fq (3 A\ ¥ _D
230{1 (2 wo)e} 2B,
@ f1 4 (3 _As _ @
[230{1 | (2 w‘))‘fﬂ 2B,°
R . . : % . P 3 1
emark: [ J: negative always. * : nagative if A,< 5~ @0
but positive if Ao>(%—~i—)o)o. The other terms: positive always.

We have already the evidence that the age-effect on the orbital parameters,
letting @ whose observed distribution must be influenced strongly by our present
position in the Galaxy be out of consideration now, has worked so as to increase
the parameter values, so consequently 4£3>>0, dw,< 0 and/or 4A4,>0 for 4¢>0
should be satisfied. In order to see the effect numerically, the change of (4£&3+

Acoo 4& . . da de Aa+p)
4%%), 488, or necessary for an increment of 1/10 in e’ e’ @ip)’

42 or %@ respectlvely was estimated in Table 5 (w,=26.4 km/sec/kpc, A,=16.9
km/sec/kpc).
This table may give a general idea concerning the relative importance of

the respective effect, though the values tabulated could hardly be accepted as
A,
@y
or 440 jg comparable with that of 10°~10%km/sec)? in 4(&%-+%2) but with that of

0
the far less value of 4£% if e approaches to zero (or to 1 too for da). In the

they are on account of our approximate foundation. The effect of 0.1 in

present case where the orbital parameters except for e tend to zero for the

circular orbit, it may be more convenient to see the increment itself rather than
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Table 5. Changes of the constants correspond to 10% change of each orbital parameter.

2201 489=o.1 4%!5%=0.1 ﬁ’aﬁ —01 4ﬁﬁ =01 it
A(EE+32) | +6.Tx108| —13x10¢ | +1.3x104 ——(6|.7~4.5) +108| + (6.7~13) x 103 [km?/sec?
e;() ei—'l eiO eL1
4¢P e=0.01 0 +0.67 +0.67 +6.6%10 +68%X10  {km?/sec?
0.05 0 +17%x10 | +1.7x10 +3.2x102 +3.5X102
0.1 0 +67%10 | +6.7+10 +6.0% 102 +74%102
0.2 0 +274+10% | +27+102 [41.1%10%] [+1.6%10%]
05 0 |[+L7x10%]] [4+1.7x10%] | [+1.7x10%] [+5.0%10%]
08 0 |[+43x10%]] [+43%108] | [+1.1x10%] [+9.7x10%]
0.9 0 |[+54%10%]| [+5.4x10%] +6.0% 102 [+1.1%10%]
0.95 0 |[+6.1x10%]| [+6.1x10%] +3.2%102 [+1.2x104]
¢=0.99 0 |[+66x10%]| [6.6%10%] +6.5x10 [+1.3%x10%]
Awg —0.072 —0.084 —0.039 0.072~051 | —(0.072~0.039)
@y { \
e=0 e=1 e=0 e=1
44, 0 +0.072 +0.072 0~ 0072 0 ~ 0.072
“wo Voo { )
e=0 e=1 e=0 e=1

the percentage one. In the next table the changes of A(£3+73) etc. necessary
for 4e=0.01 for the successive values of e are shown as an example.

We can notice in both tables that the encounter effect is mainly due to the
coefficient of 4¢¢4 which turns out appreciable only when the eccentricity is
small (or near to 1 too for 4d). '

Now we consider the effect due to the change of the squared velocity com-
ponents which are supposedly caused by the encounters with the gas clouds.
According to Spitzer and Schwarzschild’s view that the increase of the vélocity
dispersion with advancing spectral type along the main sequence might be ex-
plained as the result of the random encounters with the cloud complex having
the mass of an order of 10° solar mass, the root-mean-square velocity (referred

Table 6. Changes of the constants correspond to de=0.01.

e 0.01 0.05 0.1 0.2 05 08 0.9

_— —13  —27  —13  —67  —27  —84  —74 .
AEP+a0)  qor k1P x10°  x108  x100  x10 w10  (km/sec)?
4E 67 o-s 34 67  13x10 34x10 54x10 61x10 (km/sec)?
deoo -84  —17 -84 —42 —17 —10 —93
o %1072 x10-2  x10-® x10-3 x10-% x10-®  x10-4
44, —72  —36 —72  —36 —14  —90  —80
- x10~2  x10-2 x10-% x10-3 %103  x10-* x10-4

2]
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to the local standard of rest) of a star at #yr after its birth is expressed by

Vit = VOXL+ /1, s = PO, w
35 Gnemit-Tn a-F(E)

where V(0) is the initial r.m.s. velocity and the parameter {g is estimated as
2x10%yr with V(#=15%x10°yr)=20km/sec and V(0)=10km/sec (15). Von Hoerner
has supported this view by applying (13) to the near-by stars (16). In Spitzer
and Schwartzschild’s treatment, however, the term relating the dynamical friction

(17) has not been taken account, which is nearly proportional to 77":(1/ 14 4_5262
@o

-1 )@0<0 (w,=a) on the average in a round of the epicyclic orbit, and accord-
ingly as e increases the dynamical friction works so as to reduce the velocity.
We treat the matter simply without regard to the Galactic differential rotation
but including the dynamical friction implicitly. The increment of the squared
velocity 4V*=V?— V3% due to the encounters with the clouds is written by

AVE =4V U4V P+ 54V R

The expressions for the last two terms are given by Chandrasekhar (18) and
the first one can be derived in a similar way to the others (in the three-
dimensions).

AV = 8 nGgm? (1 + _”1)1“ gVZ[xoqb’(xo)—— D(x0)14t,

STAVIR = 8 nGPngm2 2 gV 1 - [O) — (),

SNV = 8 2Gongmz I I‘J,V 1 3 [ () +2aA— 1))t

where x,=

14 -1 . . .
T—V: Gm (1 + ——) , O(x): the error integral. Then, assuming

that m.»m and IngV?==3 and ngn.=3x10~* gr/cm?, we have

2 2 2 D (xo) _ 4.3X%X10 @’ km\?
AV* = 2hnGluam Vo v 747 = (‘/Vz/lo)km/seC)( ) (x )(IOByr> (sec) - (4

The numerical values of 4V? for m,=10° solar mass and ,/ ’V"zc‘L—lO km/sec are
shown in Table 7. This table gives a favourable evidence for our anticipation
that the encounter effect is sensitive only when e remains small. With reference
to the formula (14) the table also informs us what order of the encounter effect
~may be expected from the assumed cloud’s mass.

The numerical values of 4V? for m.=10°s0lar mass, ,/72=10km/sec are shown
in Table 7.
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Table 7. Increment of the squared velocity of a star due to the encounters with the clouds.
(4t=10%r)

%o 0 02 04 06 08 10 12 14 16 18 20 25 30 35 4.0
Tz (km/sec) 0 28 57 85 11.3 14.1 17.0 19.8 22,6 25.5 28.3 354 424 495 56.6
4V? (km/sec)? 17 17 17 14 12510 8 65 5 3 2 08 024x107% 6x10-3

The table gives a favorable evidence for our anticipation that the encounter
effect is sensitive only when e remains small. With reference to the formula
(14) the table also informs us what order of the encounter effect may be expected
from the assumed cloud’s mass.

Thus, we are inclined to think that if the star had formed from the cloud
moving almost in a circular orbit, the encounters with the massive clouds of
an order of 10° solar mass would have changed its orbital parameters appreciably,
but with increasing the eccentricity the action might have grown weak. In our
view, therefore, even though the increase of the velocity dispersion with the
stellar age up to 5X10°yr is represented well empirically by the first formula
of (13) with fg=2x%10%yr, this may not be necessarily because of the encounter
effect only.

On the other hand, there is a possibility that the pair of the factors Ao,

Wo
and % describing the change of the force field may affect appreciably the
orbital0 parameters as seen in Table 6. Then, we are likely to imagine that
the age-effect on @ may be overwhelmingly due to the secular decrease of w,,
while that of the other parameters owes to the encounters in a certain period
of the early stage when e is kept as small, but not before long the role to
enlarge these parameter-values is replaced by influence of the variation of the
force field. This variation is something like that w, decreases but A, increases.

In the above discussion with respect to the initial velocity dispersion or
the turbulent motion of the clouds from which the stars were born was not
especially mentioned. The difference in the initial velocity is included in either
Eay Tos &, or dé,, A7, 4¢, in our formulation. Of course this must be also
taken into account.

For a detailed discussion based on our anticipation, the matters connected
with the variation of the force-field should be examined, but it will be done in

a future paper.
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