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Summary. This paper consists of two parts: The firstis a
sequel to our earlier study of the tidal problem of the
Galaxy and the Large and Small Magellanic Clouds
(LMC and SMC). The second examines dynamically a
primordial-gas model for the Magellanic Stream of
hydrogen gas.

In the first part, we obtain several series of orbits for
the LMC and SMC round the Galaxy, along which the
two Clouds were in a binary state for the last 5 to 10 x 10°
years. Approximately eight hundred test particles are
distributed so as to simulate their continuous media
within the Galaxy, LMC and SMC. The dynamical
behavior of these particles is followed numerically and
compared with the observed bending of the galactic disk
and the Magellanic Stream. Two cases which assumes a
galactic mass of 2.7510'' M, and 1.4010''M are
examined. We conclude that if the bending of the disk is
due to the tidal effect of the Magellanic Clouds, the total
mass of our Galaxy (mass within 50kpc of the galactic
center) may be smaller than 2.710'' M, perhaps
<210 M.

From trials to reproduce the Magellanic Stream,
high-velocity clouds (HVC) and other gas complexes
(1=270° to 330°, b= —20° to 30°), we further conclude
that the LMC and SMC orbits are on a plane per-
pendicular to the line joining the present position of the
Sun and the galactic center (“overhead” attitude). Their
peri- and apogalactocentric distances are 20 to 30kpc
and 50 to 60 kpc, respectively. Such trials fail, however, to
reproduce the high negative radial velocity of the
Magellanic Stream.

In the second part of our paper, we examine dynami-
cally the primordial-gas model for the Stream proposed
by Mathewson, Cleary and Murray (1974) and
Mathewson (1976) to explain this velocity discrepancy
and the positional coincidence of the Stream and most
members of the Local Group.

*  Present address: Max-Planck-Institut fiir Radioastronomie, Auf
dem Hiigel 69, D-5300 Bonn 1, Federal Republic of Germany

Key words: the Galaxy — Magellanic Clouds — tidal
interaction — bending — Magellanic Stream

1. Introduction

Fujimoto and Sofue (1976; henceforth referred to as
Paper I) obtained several series of orbits for the Large
and Small Magellanic Clouds (LMC and SMC) passing
the center of the Galaxy at 20, 30 and 40 kpc and along
which the two Clouds were in a binary state for at least
the past 510° years. The tidal interaction between the
Galaxy, and the LMC and SMC in these binary orbits
was estimated by following the motion of several hun-
dred test particles distributed so as to simulate their
continuous media within these galaxies. :

The bending of the hydrogen gas layer in our Galaxy
was reproduced if we chose a suitable LMC orbit whose
perigalactic distance was. 30kpc. Furthermore, if the
LMC orbit was in an overhead sense round the Galaxy,
the test particles torn off tidally from the LMC and SMC
formed a streak along a great circle on the sky, resem-
bling the Magellanic Stream of Mathewson, Cleary and
Murray (1974). We noted there, however, that the high
negative velocity of hydrogen gas observed at/near the
tip of the Stream (I=90°, b=—35°) could not be
reproduced by this model. [See Kerr and Westerhout
(1965), Henderson (1966), Kepner (1970), Davies (1972),
Verschuur (1973) for observations of the bending struc-
ture ; Elwert and Hablick (1965), Avner and King (1967),
Hunter and Toomre (1969), Toomre (1972) for the
theories of the bending ; and Mathewson et al. (1974) and
Mathewson (1976) for the Magellanic Stream.]

In Paper I, the orbital computations were made only
for a single combination of the masses of the Galaxy,
LMC and SMC, namely

mg=1210"M,, m;=210'°M, and
mg=210° M.

It seemed likely, however, that such orbital computations
would be sensitive not only to the masses of the Galaxy,
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Fig. 1. Schematic bird’s eye view of the geometrical relationship of the
Galaxy, LMC and SMC (after Paper I). The center of mass is at C and
the x, y, z-axes are parallel to the X, Y, Z-axes. Positions of the Sun,
LMC and SMC at present (t=0) are indicated

Table 1

t: The time reckoned from the present epoch (¢=0 at present
and t>0 for future).

r(x,y,z): The position vector in the center-of-mass system.

¥g,rp, rs: The position vector of the Galaxy, LMC and SMC in the
(x, v, z) coordinate system. r2,r] and r? are their present

position vectors.

D: " The perigalactocentric distance of the LMC’s orbit.

v),v3:  The velocities of the LMC and SMC at t=0; their
components are v =(u;, vy, wy) and v3=(ug, vs, Ws).

® The angle between the LMC and its perigalacticon measyr-
ed in the direction of revolution of the LMC. ¢} is its
value at t=0.

4, b): The galactic longitude and latitude.

Table 2. Observed kinematical quantities of the LMC and SMC

4, b) (280°, —33°) (303°, —45°)
Distance from the Sun 52kpc 63 kpc
Observed radial velocity

corrected for the galactic 51kms™* 0

rotation and the motion

of the Sun in the LSR

Mass (assumed in the text) my=2x10*" Mg 2x10° Mg

and 10*° M,

LMC and SMC and but also to our speed of the galactic
rotation. This would be particularly apparent if a total
mass for the Galaxy were chosen more than twice as large
as the presently accepted value (Ostriker and Peebles,
1973). In the present paper we determine such effects in
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relation to our earlier results in Paper I. We also place
limits on the total mass of the Galaxy by finding
reasonable combinations of masses and other parame-
ters of these three galaxies.

The basic postulate in Paper I, that the LMC and
SMC arein a gravitationally bound state, is assumed here
again. This postulate is based on the common diffuse gas
around the LMC and SMC (Hindman, Kerr and McGee,
1963) and the polarization planes of bright stars and Hu
regions which are predominantly parallel to the line
joining the Clouds (Mathewson and Ford, 1970;
Schmidt, 1970).

Recently several other papers have appeared that
claim the Magellanic Stream could be pulled out of these
Clouds during a close encounter with the Galaxy, and
that some dwarf galaxies and a few outlying galactic
globular clusters are apparently associated with the
Stream (Lynden-Bell, 1976). At the same time cautionary
comments were made about the tidal theory and an
alternative explanation was put forward that the
diffuse gas clouds of the Stream are primordial,
moving along the unbound hyperbolic orbit of the
LMC about the galactic center (Mathewson and
Schwarz, 1976). In the second part of this paper we
discuss these two conflicting theories on the basis of our
binary orbits of the Magellanic Clouds and of the test
particles simulation.

The symbols and coordinates employed are the
same as those used in Paper I, and are not repeated at
length. Instead we reproduce a schematic bird’s-eye view
of the geometrical relationship of the Galaxy, LMC and
SMC, with simple interpretations of some symbols in
Fig. 1 and Table 1. Observed kinematical quantities of
the LMC and SMC are presented in Table2.

II. Parameters of the Triple System of the Galaxy, LMC
and SMC

Separate computations are made using the following
three combinations of masses,

Casel Case 11 Case III
mg=27510"" M, 275101 M, 1410 M,
m, =210'° 10t° 21010
mg=210° 210° 210°

Case I: The mass of the Galaxy is taken as 2.3 times
that taken in Paper 1. This choice of mass is made not
only to extend our earlier results but also to test the
hypothesis that our Galaxy possess a massive halo. The
mass of the LMC has been observationally estimated
as m;=510° to 210'° My (de Vaucouleurs, 1960;
Hindman, Kerr and McGee, 1963 ; Hindman, 1967). In
Case I we take m; =210'° M, as in Paper I ; this value of
m, is an upper value permitted by the present accuracy of
observations.

CaseIl: We examine the case of an intermediate
value m; =10'° M ,, leaving other masses unaltered from
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Fig. 2a. Possible velocities of the LMC »? and corresponding capture
windows of the SMC for Case L. Our orbit-computations refer to v{ at
the small circles on the ellipses of D=20, 30, 40 and 50kpc. The
velocities of the LMC at the open circles ensure a binary state with the
SMC for at least the past 510° years if the velocity of the SMC is
suitably chosen in the capture window, which is represented by the cross
joined with the assumed v (see also Figure 3). The z-components
of v} and v} are given by wy=—1.52 u;—0268 v,—87.3 and
ws~ —0.839 u,—0.545 vgkms™?!, respectively. The crosses joined
with C4 and D, show only the lower limits to the capture windows : Our
orbit-surveys could not cover the whole capture windows. Note the
directions of the (u, v) coordinates, chosen for convenient reference to
Figure 1

Casel, to see how the Magellanic dynamics depends on
the mass of the LMC.

Case I11: The mass of the Galaxy is nearly the same as
in Paper I, but our rotation curve decreases more slowly
outside the solar circle. This model was chosen to better
reproduce the bending of the galactic disk and the
Magellanic Stream. In all three cases, the rotation
velocity of the Sun V,, is taken as 250kms™! and the
distance of the Sun from the galactic center R, as 10 kpc.

CaseIV: The fourth case of V,=225kms™! and
R,=9kpc is only briefly discussed, associated with the
bending structure of our Galaxy. The total mass of the
Galaxy is almost the same as in Caselll,
mg=1.4310""M .

III. Approximate Orbits of the LMC for the Last Several
Billions of Years

As in Paper I, it proves convenient to know the approxi-
mate orbits of the LMC before entering into detailed
computations of the three body problem of the Galaxy,
LMC and SMC. Since m; > my, we can estimate the orbit
of the LMC in the near past without taking into account
the SMC. If the LMC does not closely approach the
galactic center, the gravitational potential due to the
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Fig. 2b. Same as Figure 2a, but Case II. w; =—1.52 u;,—0.268
v, —84.1kms
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Fig. 2c. Same as Figure 2a, but Case IIl. w, =—1.52 u, —0.268
v, —81.9kms™!
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Galaxy can be approximately represented by a point-
mass potential, which we assume in the present section to
compute the approximate orbit of the LMC. Since the
details of the orbit analysis were discussed in Paper I, we
present immediately some orbital elements in Table 3 in
the frame given in Fig. 1 for the assumed velocities of the
LMGC, v}, at the present position (Figs. 2a to 2c), which, of
course, satisfy the observed radial velocity. For all Cases I
to IV, we assume a solar motion of 20kms~! in the
direction [=56°, b=24°. The listed velocities on the
ellipses and the perigalactic distances of the LMC,
D =20, 30, 40 and 50 kpc, agree exactly with the assumed
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Table 3. Data on the orbits of the LMC* and the capture windows for the SMC

I II III v \% VI VII VI
uf (kms™?') n=(rd —rd)xvd/|(rd —rd)xv?| i** o? Jr,—rgl,,, Period Capture
10°y) window
(uL3 ')L’ WL) (nxQ ny; nz)
Case I
D=20kpc .
A —100.4 — 54 67.1 0.002 0.997 0.083 94.8° 150.0° 58 2.7 no
A, — 854 — 552 576 —0.248 0.857 0452 1169 155.8 55 2.6 no
A, — 59.6 - 932 28.7 —0.451 0.513 0.731 137.0 160.5 54 25 no
A, 38 — 920 — 617 —0.486 —0.531 0.694 1339 160.5 54 25 no
As 19.7 - 531 —1022 —0.306 —0.868 0.392 113.1 155.8 55 26 no
Ag 21.8 - 30 —1189 —0.065 —0.998 0.013 90.7 150.0 58 2.7 no
A, 15.1 34.1 —118.7" 0.117 —0.958 —0.261 749 145.8 60 29 no
Ag - 21 76.3 —103.9 0.327 —0.758 —0.564 55.7 1412 64 30 yes
Ay — 403 114.1 — 56.0 0.527 -0.217 —0.822 34.7 1372 68 33 yes
Ajo — 68.8 113.6 - 127 0.542 0.238 —0.806 36.3 1372 68 33 yes
Ay - 971 74.5 40.7 0.379 0.722 —0.511 59.3 141.2 64 30 yes
Ay, —103.3 31.8 61.6 0.181 0.964 —0.193 789 1458 60 29 yes
D=30kpc
B, —1111 - 37 829 0.014 0.998 0.064 - 93.7 126.0 63 1.9 yes
B, — 984 — 506 76.1 —0.188 0.912 0.364 1113 134.8 59 1.8 yes
B, - 711 - 91.0 54.7 —0.370 0.689 0.623 128.5 1432 56 1.7 no
B, - 31.7 —125.0 - 53 —0.542 0.102 0.834 146.5 150.9 54 1.7 no
B 20.6 — 89.0 — 941 —0417 —0.704 0.575 125.1 14322 56 1.7 no
Bg 314 — 480 —1214 —0.249 —-0921 0.300 107.5 134.8 59 1.8 no
B, 320 - 09 —1349 —0.053 —0.999 —-0.006 89.7 126.0 63 1.9 no
Bg 211 529 —132.8 0.172 —-0.924 —0.341 70.1 117.0 70 22 yes
B, - 13 101.1 —1116 0.372 —0.686 —0.626 51.2 110.0 79 2.5 yes
By, — 640 139.8 - 270 0.550 0.092 —0.830 339 104.9 89 2.8 yes
By, —104.2 99.1 449 0418 0.701 —0.577 54.8 110.0 79 25 yes
B, —114.1 50.3 73.1 0.234 0.932 —0.276 74.0 117.0 70 22 yes
D=40kpc
C, —122.1 — 041 98.6 0.030 0.999 0.041 923 83.1 81 1.9 yes
C, — 89.7 — 884 73.0 —-0.316 0.744 0.548 1233 105.6 62 1.4 no
C, 325 — 86.0 —1129 —0.369 —0.787 0.494 119.6 105.6 62 1.4 no
C, 421 2.8 —1512 —0.037 —0.999 -0.029 88.3 83.1 81 1.9 yes
Cs 28.2 74.0 —149.1 0.213 —0.891 —0.401 66.4 71.8 113 2.6 yes
Ce — 535 173.5 — 518 0.544 —0.082 —0.835 334 61.5 263 7.4 yes
C, —126.5 70.9 86.3 0.273 0.900 —0.339 70.2 71.8 113 2.6 yes
D=50kpc
D, —1770 — 016 1819 0.034 0.999 0.034 919 16.5 o0 0 yes
Case Il
D=20kpc
a, —1032 — 42 67.9 0.008 0.997 0.074 94.2 149.3 58 2.7 no
a, — 888 — 536 59.3 —0.235 0.870 0.433 1157 155.0 56 2.6 no
as — 56.3 - 99.2 225 —0474 0.443 0.761 139.6 160.6 54 2.5 no
a, — 06 — 981 — 626 —0.505 —0.426 0.729 136.8 160.6 54 2.5 no
as 19.8 — 514 —106.0 —0.294 —0.880 0.372 111.8 155.0 56 2.6 no
ag 214 - 18 —121.7 —0.059 —0.998 0.004 90.2 1493 58 2.7 no
a; 14.6 354 —1213 0.120 —0.957 —0.265 74.6 1452 61 29 no
ag - 28 71.8 —106.2 0.327 —0.758 —0.564 55.7 140.7 64 31 no
aqg L~ 407 1159 — 589 0.525 —-0.232 —-0.819 35.0 136.8 68 33 no
a, - 716 115.3 — 119 0.541 0.253 —-0.802 36.7 136.8 68 33 no
a;, — 995 759 410 0.379 0.772 -0.510 59.3 140.7 64 3.1 no
as, —1059 33.0 62.1 0.184 0.963 —-0.198 78.6 145.2 61 29 yes
D=30kpc
b, —114.2 - 10 83.9 0.026 0.999 0.047 92.7 1247 64 20 yes
b, —-101.3 — 502 714 —0.182 0917 0.356 1109 133.7 59 1.8 no
bs 314 — 476 —124.6 —0.244 —0.925 0.292 107.0 1337 59 1.8 no
b, 316 1.9 —138.1 —0.041 —0.999 -0.023 88.7 1247 64 2.0 no
bs 21.0 53.6 —1358 0.170 —0.925 —0.339 70.2 116.4 71 22 no
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Table 3 (continued)
I I 111 v \% VI VII - Vi
u? (kms™ 1) n=(r?—rd)xv?/|(rd —rd)xo?| i** oS lrp—rel,,, Period Capture
(10°y) window
(u,_ N ) Uy WL) (nx’ ) ny, nz)
be - 15 —102.3 —114.7 0.369 —0.691 —0.621 51.6 109.5 80 25 no
b, — 704 1414 — 208 0.548 0.152 —0.822 34.7 104.4 90 2.8 yes
by —107.1 100.2 459 0.416 0.707 —0.573 55.0 109.5 80 25 yes
by —-116.9 509 74.1 0.233 0.933 -0.274 74.1 116.4 71 22 yes
D=40kpc
¢y —1251 - 06 100.3 0.029 0.999 0.042 924 823 82 1.9 yes
c, - 928 — 89.0 74.8 —-0.312 0.781 0.542 122.8 103.9 62 1.5 no
Cc3 329 — 865 —116.4 —0.364 —0.794 0.487 119.1 103.9 62 1.5 no
s 424 2.7 —154.6 —0.038 —0.999 —0.028 88.4 82.3 82 1.9 no
Case III
D=20kpc
oy — 804 - 05 40.7 0.021 0.998 0.054 93.1 139.7 65 3.1 yes
D=30kpc
B — 884 - 08 52.9 0.022 0.998 0.052 93.0 111.6 77 24 yes
B — 836 - 217 511 —0.104 0.965 0.241 103.9 116.1 71 22 yes
B3 135 1.3 —102.1 —0.044 —0.999 —0.018 89.0 111.6 71 24 yes
Ba — 90.7 220 50.4 0.153 0.977 —0.150 81.4 107.2 84 26 yes
D=50kpc : '
71 —1554 — 118 154.7 0.031 0.999 0.039 922 15.0 o 0 yes
Case IV
D=20kpc
— 810 - 0.03 413 0.014 1.000 0.028 91.6 140.2 64 31 yes
D=30kpc
— 89.0 0.2 53.6 0.016 1.000 0.025 91.4 1122 76 2.3 yes

*  The orbital elements of the LMC in the point-mass potential in Section III, except for the eighth column. In the three-body problem in the
potentials (1) and (2) in Section IV, however, the maximum distance between the Galaxy and LMC often exceeds the values in the sixth column

by ten to twenty percent.

** Inclination of n relative to the rotation axis of the Galaxy: 0 <i<90°; direct revolution; i=90°, overhead; and 90° <i < 180°, retrograde

point-mass potential of the Galaxy. Some representative
values of »? are shown by circles on the ellipses and the
orbital elements specified by these points are given in
Table 3. When the circles are on the dashed lines in
Figs. 2, the LMC’s orbits are hyperbolic, and the LMC is
unbound to the Galaxy. Furthermore, when the y-
component of »? is zero or much smaller than the other
two components, the LMC’s orbits are in an overhead
sense round the Galaxy and the orbital plane is normal to
the line joining the Sun and the galactic center.

As is discussed in Section IV, such overhead orbits
best reproduce the Magellanic Stream, the high-velocity
clouds (HVC) and the bending of our galactic disk
(Paper I). Amongst them, an overhead hyperbolic orbit
with D=>50kpc was proposed by Mathewson (1976) in
order to account for both the geometry and the radial
velocities of the Magellanic Stream. When
mg=1210'"" M (Paper I) to 2.7510'! M, this orbit
is obtained. If Mathewson’s model orbit is correct, the
LMC passed its perigalacticon in the near past and is

moving away now from us. In this case, however, the
bending of our galactic disk can never be reproduced by
the tidal force from the Magellanic Clouds (Section V).
Hence, we would need to search for another mechanism
to warp the galactic disk.

From their overall study of the Local Group of
galaxies, Einasto, Haud, Joever and Kaasik (1976) pro-
posed an elliptical orbit of the LMC whose peri- and
apogalactocentric distances are respectively 14 and
100 kpc, but their orbit is not permitted from Fig.2 in
PaperI and Figs. 2a to 2c and Table 3. Furthermore, we
have concluded in Paper I that an approach of the LMC
as close as 14 kpc to the galactic center would cause too
large a noncircular motion (>50kms™!) in the solar
neighborhood.

IV. Three Body Problem of the Galaxy, LMC and SMC

The point-mass potential we have previously used is
inadequate for simulating the evolution of the actual
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Fig. 3a. Orbit computations of the SMC made for about 600 choices of
v§ from point C, in Figure 2a. The outer and inner ellipses refer to
[v? — v9| =100 and 40 km s~ *, respectively. The capture window defined
by the open circles is given approximately also by the cross in
Figure 2a. Note again the (us, vs) coordinates
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Fig. 3b. Same as Figure 3a, but the LMC velocity v{ corresponds to B, ,
in Figure 2a. The inner and outer ellipses refer to [v3—vJ|=40 and
80kms™*

triple system of the Galaxy, LMC and SMC. We
therefore assume here a generalized Kuzmin-Toomre
type potential (Miyamoto and Nagai, 1975; Nagai and
Miyamoto, 1976) '

2 Gm,
Po= i;1 R*+(a;+()*]'? _
.{1 afa;+8) _1 a}[R*—2(a;+ Cn)z]} ' (1)
R*+ (a;+ Ci)z 3 [R? +(a;+ Ci)z]z ’

M. Fuyjimoto and Y. Sofue: Galaxy-LMC-SMC

with
{;=(Z*+b})*> and R?*=X?+Y?,

where G is the gravitational constant. The constants m,
m, (mg=m, +m,), a,, a,, b, and b, are so chosen that &,
reproduces the rotation velocity on the galactic plane and
the velocity dispersion of stars near the sun.

For the potentials of the LMC and SMC, we follow
Plummer’s (1911) law as in Paper I,

@D, s=Gmys/[(r— "L,s)2 +K?; 5] 12, )]

where K; =3 kpc for the LMC and Kg=2kpc for the
SMC. Equations of motion for the whole system, in the
reference coordinate system with its origin at the center-
of-mass of these three galaxies, are then

. 0 o 3)
Fi= or, j;i lr; rj|)9 (
where the suffices i and j represent the three galaxies, and
@; the gravitational potential due to the j-th galaxy.

The past orbits of the LMC and SMC can be
determined by integrating equation (3) backward from
the present epoch (t =0) with the initial conditions of the
LMC and SMC satisfying their present observed po-
sitions and radial velocities. For the LMC we can take a
point in Figure2a to 2c as a reasonable approximation.
(The z-component of ») is evaluated as w,=
—1.52u; — 027 v, — 93.6 mg/(m, +mg) in kms™! by
equation (7) in Paper 1. Lines of constant value of w;,
given in Figure 2 in Paperl are deleted here in order to
avoid complicated figures). For the SMC we can take a
point on the (ug, v5, wg)-plane in Figures 3a and 3b, for
example, as an acceptable initial value.

The orbit computations are extended backward
through time -until t= —10'® years for various initial
values v indicated by the circles on the ellipses in Figures
2a to 2c; corresponding numerous initial values vg are
taken, such as are indicated by the circles in Figures 3a
and 3b. In the majority of cases indicated by filled circles,
the calculations reveal that the LMC and SMC could not
be bound to each other in the very remote past. However,
we found that certain specific choices of v2 for these
assumed v do permit a binary state of the two Clouds
over at least the past 5 10° years. These present velocities
v) have been indicated by the open circles in Figures 2.

Case I

We begin with the case of mg=27510"' M,
m;=210'" M, and mg=210° M. The parameters of
the Galaxy potential (1) are: a,=0, a,=7.26kpc,
b,=0495kpc, b,=0.520kpc, m,;=210"°M,, and
m,=25510"" My, or mg=m,+m,=27510"" M,
(Miyamoto and Nagai, 1975). The orbit computations
were made for the thirty two initial velocities v{ at the
circles 4;, A,,...,D; on the ellipses of D =20, 30, 40 and
50kpc, for each of which about 600 velocities v§ were
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assumed such as illustrated in Figures3a and 3b. The
“capture windows” thus obtained for the SMC velocities
are given in the form of crosses joined to the correspond-
ing v} in Figures 2. Note that every velocity in Figures 2
and 3 is referred to the center-of-mass system.

" As shown in Figure4a, when we choose vg corre-
sponding to about the middle of the capture window in
Figure 3a, the LMC and SMC accompany each other
throughout the past 10'° years. When we choose v9
outside the capture window, binary structure is disrupted
within the past 510° years (Figure 4b), mostly within the
past 2 to 310° years. Since m; <mg, the LMC always
maintains an approximately periodic motion. The in-
clination of the orbital plane and the position of the
perigalacticon ¢ of the LMC are given in the eighth and
ninth column in Table 3.

We have often encountered complicated orbits whose
binary structure is difficult to judge. Therefore we
decided that the system is not binary if the distance
between the LMC and SMC exceeds even slightly the
mean distance between the Galaxy and the LMC,
|rp—rg|2 {max (lrg—r.|)+min(rg—r.|)}/2. For exam-
ple, the orbits in Figure 4b are not regarded as binary for
more than the past 510° years.

When D=40 and 50kpc, the tidal force from the
Galaxy is much reduced on the LMC-SMC system and
the capture window becomes wider. We computed only
the orbits which circle our Galaxy in an approximately
overhead sense. Particularly when D =50kpc, the orbits
are hyperbolic, unbound to the Galaxy. These orbits will
be used in the latter part of the present paper, concerning
a new model for the Magellanic Stream of Mathewson
(1976).

The LMC and SMC could have been in a binary state
for the past 5 10° years and rarely the entire 10° years, if
the LMC’s velocity is at the open circle on the D=20 to
50kpc ellipses in Figure2a and if the SMC’s velocity is
chosen to lie in the capture window. It hardly needs to be
added here that, since the spacings between the neighbor-
ing points in Figure 3 are taken as 7.5kms™! or Skms ™!
if necessary in ug, vg and wg, the capture windows are not
mathematically strict but have uncertainties of this
magnitude. We cannot guarantee that no open circles
exist between those in the (ug, vg, wg)-space in Figure 3 but
their existence seems quite unlikely. The distribution
pattern of the capture window in the (ug, vg, wg)-space
may perhaps be understood in the same way as in Paper I
(p. 245).

Since we have been concerned with a Galaxy of
m;=2.7510"" My, 2.3 times that taken in Paperl
(mg=1.210"' M), the tidal force on the LMC-SMC
system is correspondingly larger and consequently the
capture windows are much narrowed and occasionally
even disappear. In fact, the arcs of the ellipses covering
the open circles become much shorter than those in
Paper 1. The probability that the Clouds have been in a
binary state is much larger for mg=1.210'* M, than for
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Fig. 4a. Distances between the galactic center and LMC and between
the LMC and SMC as a function of time. Case I is considered. v0 is at C,
in Figure 2a and v3=(42.5, 15.0, 44.1) kms~* in Figure 3a
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Fig. 4b. Same as Figure 4a, but 3 =(95.0, 15.0, 88.1) km s " ! outside the
capture window. When the SMC remains bound to the Galaxy, it is
sometimes difficult to estimate a binary state. Here we consider that the
LMC-SMC system is not a binary if |r,—r¢={max(r,—rgl)
+min (lr, —rgl)}/2 is realized. Accordingly, the LMC-SMC system in
this figure is regarded as disrupted before 510° years ago

mg=2.7510"* M, but at present we cannot say which
mass is the more realistic.

Case 11

The mass of the LMC is reduced to 10'° M. Other
kinematical parameters and orbit-calculations backward
through time remain the same as in Casel. The adopted
initial velocities »? and the resultant capture windows are
given together in Figure 2b. (The z-components of »? and
ve, w, and wg, are evaluated as in Casel.)

Since the binding energy of the two Clouds is reduced
compared with that for Case I, the corresponding capture
windows are much narrowed and many of them disap-
pear occasionally. Indeed, a comparison of Figures 2a
and 2b shows such tendency particularly for the circles
on the D =20 and 30 kpc ellipses. However, the positions
of the capture windows of the SMC relative to the
corresponding v? remain qualitatively the same.

We can confirm that the capture windows for the
SMC orbits are greatly dependent on the mass of
the LMC. For example, if mg~2.710'' M, and
m; $101° M o> the probability that the LMC and SMC
were in a binary state and passed the center of our
Galaxy at D=20kpc becomes extremely small; if
mg2 310" M (the mass within 50kpc of the Galaxy)
and m; $510° M, the hypotheses that the Magellanic
Clouds revolve round the Galaxy with D=20kpc can
certainly be ruled out.
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It is still difficult however to provide an upper limit of
the mass of the Galaxy from these results alone. For such
an estimate we must rely, as in Paperl, upon other
dynamical phenomena that would be associated with the
LMC and SMC. The following sections V and VI are
devoted to this problem.

Case 111

The parameters specifying the Galaxy potential (1)
are: a, =0, a,=11.0kpc, b;=0.50kpc, b,=0.34kpc,
m,=2.010'°M, and m,=1210"" Mg or mg=m, +m,
=1.410'! M, (Nagai and Miyamoto, 1976). The choice
of the Galaxy mass (1.410'' M) is made so as to
reproduce simultaneously both the bending of the hy-
drogen gas layer in the Galaxy and the Magellanic
Stream, with the hope reconciling our computed
bending with the observations on the latituderadial
velocity or (v,—b) diagrams (Henderson, 1966) (v,
and b denote the radial velocity and galactic latitude,
respectively). In Paper] the computed bending was
comparable to observations in magnitude and sense, but
no satisfactory coincidence was obtained on the (v,—b)
diagrams (see Figure 9 in Paper I). We thought it due to
our adopted Innanen’s (1966) model Galaxy (model 252-
10 in his terms) whose rotation velocity decreases steeply
outside the solar circle.

The search for the capture windows here was done for
the velocities only at o, on the D =20kpc ellipse, 8, to 8,
on the D=30kpc ellipse and y, on the D=50kpc ellipse
(Figure 2c). This is because we are interested in reproduc-
ing the bending of our galactic disk and the Magellanic
Stream due to the LMC and SMC circling the Galaxy in
an overhead sense. The capture windows are approxi-
mately the same as those in PaperI.

Case IV

Ro=9kpc and V,=225kms™! are often quoted as
possible galactic constants. We assumed a,=0,
a,=3.7kpc, b, =0 and b,=0.5kpc in equation (1), or
mg=1.4310'* M, only two percent larger than that of
CaseI1l. In order to examine the bending structure in this
Galaxy model, we tried to find'some binary orbits of the
LMC and SMC circling our Galaxy in an overhead sense
with D=20 and 30kpc. The capture windows in the vg-
space are almost the same as in CaseIIl.

V. Tidal Distortion of the Galaxy by the Magellanic
Clouds

In order to estimate the distortion of the galactic disk due
to the close passage of the Magellanic Clouds, we
simulate the galactic disk by five hundred test particles
rotating in the potential (1), and we follow their non-
circular and nonplannar motion caused mostly by the
LMC.

Our procedure is the same as in Paperl, closely
resembling various test-particle studies by Pfleider and
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Siedentopf (1961), Pfleider (1963), Yabushita (1971),
Clutton-Brock (1972), Toomre and Toomre (1972),
Wright (1972), and Eneev, Kozlov and Sunyaev (1973).
The exploratory orbits of the LMC and SMC used in the
following sections are taken from among those that
guarantee a binary structure for at least the past 510°
years.
The equation of motion of a test particle is then

PO Gmy(r —r,)
@z = o Yolr=rd g

_ Gmg(r—ry)
[(r—rgh®+ K313’

4

where @4(|r—rg|) is the gravitational potential (1). By
definition the gravitational interaction between the test
particles is negligible. The position of the LMC and
SMC, r; and rg in equation (4), are regarded as given
functions of time. These test particles were initially
located on discrete rings. Here we choose to employ
eleven rings, and to place them at equally-spaced radii
from R=6kpc to 15kpc on the galactic plane. An initial
circular motion was given to each particle so that the
centrifugal force exactly balances the gravitational force
of the Galaxy.

Again we report separately the numerical simulations
carried out for the three Cases], II and IIIL

Case I
The tidal distortions of the sheet of test particles were

.followed mostly for the LMC orbits in an overhead sense

round the Galaxy with D=20 and 30kpc. The in-
tegration of equation (4) started, in effect, at the instant
when the LMC passed the apogalacticon and was
performed toward the present (t=0).

Since the assumed mass of our Galaxy,
mg=2.7510'! M, is more than twice that in Paper I, the
tidal damage is correspondingly slight. Nevertheless,
spiral structures due to the horizontal noncircular mo-
tion are produced as in other numerical works by many

-authors cited above. Bending of the sheet of test particles

also takes place although its amplitude is quite small: by
t=0, they amount to, at most, |4Z|~ 150 pc at R=18 kpc,
|4Z]=100pc at R=14kpc and |4Z| <50 pc at the solar
circle. The sense of the bendings, 4Z <0 for the disk
facing the Magellanic Clouds and 4Z >0 for the op-
posite, is compatible with observations.

The amplitudes of the bending are, however, ob-
viously incompatible with observations. In order to
remedy this, we tried the same computations for the
LMC orbit in a direct sense with respect to the rotation of
the Galaxy, characterized by the point A4,, on the
D=20kpc ellipse in Figure 2a. However, no satisfactory
result was obtained. For the LMC orbit of D =30kpc, of
course, we could not reproduce bending structures with
amplitudes comparable to observations.
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In the discussions of the vertical distortions, we must
remember that the gravitational potential of our model
Galaxy was adopted beforehand and was assumed to
remain unchanged during the bending of the disk. The
restoring force of the bent disk upon the particles is,
therefore, larger than that of a self-gravitating disk. It
tends to result in an underestimate of amplitydes in the
present numerical studies. On the other hand, we have
defined vertical amplitude as the displacement of the
particles from an invariant plane. Yet, as Hunter and
Toomre (1969) stressed, the observed bending amplitude
refers to a galactic disk in which the Sun is located and
-which itself would already have been tilted appreciably
by the tidal force from the LMC. Even if we take these
effects into account, however, the computed bending |4z
is still too small to be compared to the observed flexure.

Case 11

From the results in Case I, we can confidently conclude
without further numerical computations that the bend-
ing of our galactic disk in the present Case cannot be
produced by the tidal force from the LMC whose mass is
less than 10'° M, and whose nearest approach to the
Galaxy is more than 20kpc.

The results in Cases I and II lead to the conclusion
that if the total mass of the Galaxy (within 50 kpc from its
center) is more than 2.75 10! m, (2.3 times that in Paper
I) and if the LMC and SMC have been in a binary state,
the bending of our galactic plane must be caused by
another, non-tidal force. Alternatively, if the bending is
due to the tidal force, the large-mass model of the Galaxy
(Ostriker and Peebles, 1973) must be rejected. We stress
that the current controversy concerning the mass of our
Galaxy is but part of a much larger problem involving the
mass of the LMC, the mechanism of the bending of the
galactic disk, and also the dynamical model of the
Magellanic Clouds—whether they are a steady binary
circling round the Galaxy or are accidental passers-by on
~ hyperbolic orbits.

Case 111

The tidal distortions of the Galaxy are determined
exclusively for the LMC orbits revolving in an overhead
attitude with D=20 and 30kpc. Since the computations
are the same as in Case I, we give immediately the results
of the bending on the (v,, b) diagrams, in comparison with
observations by Henderson (1966).

We anticipated better reproductions of the bending
structure by introducing a model Galaxy whose rotation
velocity decreases more slowly beyond the solar circle
than that of Innanen’s model Galaxy in Paperl. As
shown in Figures 5a and 5b, some qualitative agreements
with observations are found, particularly for the outer
parts of the disk, but the displacement of test particles in
the intermediate ranges of the radial velocity,
—80<v,<$—30kms™ in [=30° and —160
<$v,<—60kms™! in 1=90° (Figs. 5a and 5b) is still
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not entirely satisfactory. We tried the same computations
for the model Galaxy of Case IV; R,=9kpc,
V,=225kms™ ! and mg=1.4310'! M, (Figures 6a and
6b). A slight improvement is found, but the computed
bending and their discrepancy from observations are
essentially the same as in Case III. (See also Toomre’s
(1972) discussions on R, and ¥ in this context.) The test
particles in Figures 5 and 6 are distributed in several
groups along the abscissae represent spiral conden-

_ sations viewed in these directions.

If a comparison is allowed between our computed
outer bendings and the observations of Hi1 gas, a
reasonable combination of kinematical parameters, na-
mely 20 SD<30kpe, mg<210'' Mg (within about
50kpc from the galactic center) and m; >10'° M are
obtained. The value of m; will perhaps be near
210'% M . It is still difficult however to make a definite
choice between our two galactic models, Case III and IV.

The bending in the intermediate ranges of the radial
velocity on the (v,, b)-plane cannot be improved simply by
adopting the model Galaxy of Case II1. Neglected factors
such as the self-gravity of the disk and the definition of
the reference plane for the bending might, as we men-
tioned in Case I, contribute to such unsatisfactory results.
Our present study, however, cannot throw any further
light on these problems.

VI. Tidal Effect of the Galaxy on the Magellanic Clouds

We turn our attention to the dynamical behavior of
matter in and around the LMC and SMC under the tidal
influence of the Galaxy. Observational as well as
theoretical arguments have already been made about the
tidal disruptions of the outer parts of the Clouds and the
debris that would be observed emerging from them
(Mirable and Turner, 1973; Clutton-Brock, 1972;
Toomre, 1973, and Mathewson, Cleary and Murray,
1974). The discovery of the “Magellanic Stream” of
hydrogen gas (Warnnier and Wrixon, 1972 ; Mathewson
et al, 1974) seemed to provide support for the above
theoretical predictions. In Paper] we made use of such
results, enabling more probable orbits of the LMC and
SMC to be selected from the large number of binary-
orbits determined in the preceding sections. [For earlier
references to the discovery of the Stream, see Dieter
(1965), Hulsbosh and Raimond (1966), and van
Kuilenburg (1972)].

More recently, Mathewson (1976) proposed that the
Magellanic Stream is a band of primordial gaseous debris
left from the formation of the Clouds and moving alonga
hyperbolic orbit unbound to the Galaxy. The HVCs
which are observed on a great circle defined by the
Magellanic Stream should be then regarded as different
objects. This new model promises to explain the observed
radial velocity of the Stream. Indeed, the high negative
radial velocity near the tip of the Stream (I=90°,
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Figs. 5a and 5b. The computed and observed bendings of the galactic disk on the latitude-radial velocity (b, v,) diagrams at [ =30° and 90°. The LMC’s
orbit is overhead with D=20 and 30kpc characterized by «, and B, in CaseIII in Fig. 2c. The observation is after Henderson (1966)
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Figs. 6a and 6b. Same as Figs. 5a and 5b, but the LMC's orbit is overhead with D=30kpc in Case IV; mg=14310"'M, R,=9kpc and
V,=225kms™!
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Fig. 7a. Present (t =0) distribution of the test particles on the (I, b) plane

in the overhead, D =30kpc orbit of the LMC in Case III (8, in Fig. 2¢). .

The particles pulled out tidally from the LMC and SMC fall on a great
circle on the sky, resembling the HVC, some gas-complexes at the HC
region and a tail of hydrogen gas from the Clouds. Numbers show the
radial velocities (kms™!) to be observed at the Sun of the non-
rotating Galaxy. The present positions of the LMC and SMC are
indicated by L and S. In the dark area, the test particles occur too close
each other to be shown separately. Compare with Figure 8

180
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60 Case T

SGP D=20KPC

Fig. 7b. Similar to Figure 7a, but in the overhead, D =20kpc orbit of the
LMC in Case III («, in Fig.2c). The pulled-out particles are much
scattered on the sky. The HVC and the Magellanic Stream of hydrogen
gas are not reproduced

_Fig. 8. The Magellanic Stream of hydrogen gas, high-velocity H1clouds
and some H1 gas complexes at /=260° to 330°, b= —20° to 30° (HC
region) in galactic coordinates, after Mathewson et al. (1974). Numbers
refer to the observed radial velocity (kms™!) relative to the Sun of the
non-rotating Galaxy. The data of Mathewson et al. have been
recalculated according to our model of the Galaxy, R,=10kpc and
V,=250kms~1!
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b= —35°) could not be reproduced by a variety of models
simulating the tidal tearing of matter from the LMC and
SMC (Paper]).

In the present paper, however, we first take the earlier
model of the Magellanic Stream, and try to reproduce its
geometrical structure on the sky for the present choice of
mg, my, and mg. We will then touch upon, as the second
part of the present paper, the new model of the
Magellanic Stream by Mathewson et al. (1974).

Continuous media of the LMC and SMC are simu-
lated by distributing about five hundred test particles. As
in Paper I, they are placed initially (when the LMC is at
the apogalacticon) on eleven rings with radii 1 to 11kpc
around the center of the LMC and on eight rings with
radii 1 to 8kpc around the SMC. Again rotation was
given to test particles, so that the centrifugal force
balanced the gravitational forces due to the potentials (2).
The planes of the LMC and SMC were taken parallel to
our (y— z) plane (see Fig. 1), according to de Vaucouleurs’
(1960) observation. We also assume that the SMC rotates
in the same direction as the LMC at the initial epoch of
the integration. The orbits of the LMC and SMC chosen
for the following three subsections all ensure a binary
state for at least the past 510° years.

The test particles torn off from the LMC and SMC
are shown in Figure 7 projected onto the sky for two
orbits of the LMC with D=30 and 20kpc (8, and «, in
Fig. 2c); the SMC’s orbits accompanying the LMC are
characterized by the midpoints of the corresponding
capture windows. Since the dynamical behavior of
test particles is qualitatively the same as in Paper I,
we give the result only at the present epoch for a
convenient comparison with the Magellanic Stream
(Fig. 8) reproduced from Mathewson et al. (1974).

When D =30kpc, good reproductions are obtained of
the HVC and some H 1 gas complexes observed at [ =270°
to 330°, b= —20° to 35° on a great circle, extrapolated
from the Magellanic Stream. A few particles fall on
several places corresponding to the Magellanic Stream
extending from the Clouds to [=90°, b= —35°, passing
near the galactic south pole.

The radial velocities (in km s~ !) averaged over nearby
particles are given relative to the Sun of the non-rotating
Galaxy. When D=30kpc the radial velocities of the
particles in the HVC region are sufficiently high to regard
the particles as the high-velocity gas clouds. However,
those of the particles at the Magellanic Stream are,
although the sample number is small, much smaller than
the observed values by about 100kms~!. As stated
earlier, this discrepancy is exactly what Mathewson
(1976) stressed in his “non-tidal” theory of the Magellanic
Stream. We tried to remove this discrepancy in our tidal
theory by following the test particles for other orbits of
the LMC not in an overhead sense round the Galaxy
(i+01in Table 3). The procedure was unsuccessful, for the
LMC bound to the Galaxy. Indeed, the particle distri-
butions less resemble the Magellanic Stream. No particle
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Table 4. Summary
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Casel II 111 v Paper I Primordial Gas Model (D =50kpc)
ILD** ISD#*x*
Binary orbits of the LMC ] ) o] o} ) ©) ®
and SMC
Bendings of the Galactic disk
D=20, D=30kpc [ N J [ N ) [O)e] (o6} ® O [ [ ]
Magellanic Stream
geometry D =20, D=30kpc ® 0 — ® O ® O e O © [ )
radial velocities
D=20, D=30kpc [ N ] — [ X ) [ N [ N © [
High-velocity HI gas*,
geometry D=20, D=30kpc [ We) — [ Yo 0 [ ¥o! —t —t
radial velocities
D=20, D=30kpc [ Yo — e 0 [ Xe) ® 0 —t —t
® Compatible with observations or computationally realized (the first row)
O  Partly or qualitatively compatible with observations
® Incompatible with observations
*

Computational results depend on the initial epoch at which our test particles simulations started toward the present. However, we could

not find cases that black circles turn to white ones in our extensive experiments.
** JLD: Initially linear distribution; ISD: Initially spherical distribution.

' HVC are regarded as unrelated to the Magellanic Stream.

is found to fall on the portion of the Magellanic Stream
passing near the galactic south pole.

As done in Paper I, even if we take into account other
possible mechanisms, such as a drag force due to
intergalactic gas and temporary ejection of gas from the
Clouds, better agreement with the observed radial velo-
cities at the Magellanic Stream region cannot be ob-
tained. (See the Section VIII for the detailed effect of a
drag force on the Magellanic Stream.)

When D=20kpc in the same galactic model, the
particles are more dispersed on the sky (Fig. 7b). Neither
the HVC nor the Magellanic Stream passing by the
galactic south pole could be reproduced. Thus, if the
Magellanic Stream is to be explained by our tidal theory,
the case of D=20kpc seems to be excluded from the
model of the close passage of the Magellanic Clouds.

VII. Summary of Sections II to VI

Table 4 summarizes our extensive results in Sections II to
VI by scoring the models I, I, III and IV. The results in
Paper I are also given.

If we take D=20 to 30 kpc, particularly if D~ 30kpc
in an overhead sense of Caselll, many dynamical
phenomena can be explained coherently in terms of the
tidal interaction between the Galaxy, LMC and SMC.

We could not, however, reproduce in our tidal theory
the radial velocity distribution of the Magellanic Stream
trailing from the LMC and SMC. This is precisely what
Mathewson et al. (1974), Mathewson (1976) and
Mathewson and Schwarz (1976) stressed : they proposed
that the Magellanic Stream is a diffuse primordial gas left
from the condensation to the Clouds and moving on a

hyperbolic orbit whose closest approach to the Galaxy is
D~ S0kpc. If this is the case, aspects of our tidal theory
must be largely changed.

We consider that these conflicting conclusions must
be resolved not by examining only one or two aspects
separately, but by synthesizing the whole situation that
would be associated with the LMC-SMC system. At the
same time we must search for other possible mechanisms
which may produce the galactic flexure and/or remove
the discrepancies at the intermediate regions of the radial
velocity on the (v,, b) diagram shown in Figures 5 and 6. It
should be noted also that the non-tidal theory of the
Magellanic Stream has not been examined dynamically.

Bearing in mind such problems concerning the
Magellanic Stream, we now turn to the primordial-gas
model of the Stream, which constitutes the second part of
the present paper.

VIIIL. The Magellanic Stream

Following Mathewson and Schwarz (1976), we consider
here that a primordial gas cloud approaches us along
a hyperbolic orbit of the LMC. The orbital plane is
nearly perpendicular to the line joining the Sun and the
galactic center. The perigalactocentric distance that
satisfies these conditions is D=50kpc at least for
1210 M $sm 5275101 M.

If we simply project this orbit onto the sky, it makes
an arc on a great circle, spanning from [=90°, b= —10°
to 1=270°, b=70° for m;=2.7510'' M and from
I1=88°, b=-32° to 1=270°, b=50° for
mg=14010'" M, in both cases passing through the
present positions of the LMC and SMC and the galactic
south pole. These projected orbits coincide exactly with
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Fig. 9a. Present (¢t =0) distribution of test particles on the (J, b) plane in
the overhead, hyperbolic orbit of the LMC in Casel (D, in Fig.2a).
About two hundred test particles were distributed initially over 200 kpc
on the hyperbolic orbit of the LMC, with the LMC and SMC at the
extreme end nearest the Galaxy. Local velocity corresponding to this
orbit is also given to each particle. The integration of motion of each
particle started when the LMC and SMC were situated 500 kpc distant
from the Galaxy, and was performed forward through time to the
present
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Fig. 9b. Similar to Figure 9a, but in Case III (y, in Fig.2c)

the Magellanic Stream in Figure 8, and the radial velo-
cities of the nonrotating Galaxy observed from the Sun
coincide with the observed values given along the Stream
within a maximum deviation of 10kms™! for
mg=2.7510"* M, and 20kms ™! for mg=1.4010"* M.
It is obvious that the Magellanic Clouds approached our
Galaxy from the directions of the asymptotes [=90°,
b= —10° when my=2.7510"* M or 1=88° b= —32°
when m;=1.4010'! M. In this kinematical model, the
HVCat I=60°to 130°, b=30° to 70° must be regarded as
unrelated to the Stream ; however, the relationship to the
gas complexes at the HC region (I=270° to 330°,
b= —20° to 35°) is not clear, because the radial velocities
are too dispersed to be identified as the primodial gas
moving exactly along the hyperbolic orbits.

These kinematic arguments are examined dynami-
cally below. Special attentions are given to ascertain how
the observed narrow stream has survived without being
disturbed by the gravitational forces of the LMC and
SMC, and why the LMC and SMC trail the narrow gas
stream. '

First, we placed approximately two hundred test
particles in a line on the same hyperbolic orbit of the

M. Fujimoto and Y. Sofue: Galaxy-LMC-SMC

LMC, with the LMC at the end nearer the Galaxy. The
LMC and each particle were given velocities sufficient to
move them along the orbit. The SMC was placed in a
binary orbit with the LMC. The integration commenced
when the LMC was at 500 kpc distant from the Galaxy.

The particle distributions at =0 for CasesI and III
are shown projected onto the sky in Figures 9a and 9b. In
comparison with Figure 8, we find good reproductions of
the observed linear distribution of gas and its high
negative radial velocity with respect to the Sun of the
non-rotating Galaxy. Moreover, if such initial linear
distribution of gas is realistic, the hydrogen gas com-
plexes at the HC region (I=270° to 330°, b= —20° to 30°)
would be regarded as primordial gas clouds: they
overtook and passed the Magellanic Clouds from be-
hind, and are now in a disordered state. The radial-
velocity distribution of these test particles is rather
dispersed (70 to 100kms~! for CaseI), and not incon-
sistent with observations. Our computations also in-
dicate that a narrow band of gas behind the LMC has
been little disturbed by the gravitational force from the
Clouds. A further comparison between Figures8 and 9
suggests that Casel reproduces the velocity distribution
along the Magellanic Stream better than does Case III,

by 10 to 20km s~ . This velocity difference may not be

large enough, however, for a choice between Cases I and
IIT to be made.

Since the average velocity of the particles is at least
150km s~ ! and more on ahyperbolic orbit, the presence
of any intergalactic gas would create a drag force
influencing the overall distribution and motion of the
Magellanic Stream. As in Paper I, we assume a drag force
of — kv, where k is a constant for all particles, and1/kis a
decay time during which the initial velocity declines to its
1/e,if no other force operates. When1/k=210° to 6 10°
years, the test particles at t=0 become much more
condensed at both the Magellanic Clouds region and the
far end of the Stream, with a large-scale gap in the
distribution near the galactic south pole with an angle of
60° along the great circle as seen from the Sun.

The above distribution is not consistent with obser-
vations (Fig.8). Therefore, if our initial linear distri-
bution of particles represents more or less a real structure
of the primordial gas,1/k would exceed 6 10° years;; if we
tentatively assume 3 kpc as the typical diameter of gas
clouds in the Stream, the density of intergalactic gas
cannot exceed 1/300 of the mean density of the Stream.
The observed column density of the H1 gas of the
Magellanic Stream is about 2 102° hydrogen atoms cm ~ 2
(Mathewson et al., 1974). If we take Skpc as the depth of
the Stream, the above reasoning gives an estimated
intergalactic gas density of 4 10”5 hydrogen atoms cm ™ 3.
This gas density is about ten times as large as the
critical mass density of the expanding universe of
H=50km/s-Mpc.

We have assumed the LMC and SMC just at the head
of the Stream initially. It is presumptuous, however, to
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suppose such a particular distribution of gas a priori and
to accept the primordial gas model in the present form
without providing a specific mechanism to produce the
narrow band of gas. The mechanism that appears most
likely at present moment is a drag force operating only on
the primordial gas remaining after the condensation of
the Clouds. The primordial gas would be decelerated
relative to the LMC and SMC and stretched to the
observed structure.

In order to examine this mechanism, we distributed
initially about two hundred test particles within a huge
sphere of radius of 70 kpc having the LMC and SMC at
its center, and gave a random velocity of 10kms™! to
each particle, superimposed on the hyperbolic orbital
motion. A drag force due to the intergalactic gas is
assumed again as —kv. The computations started at
t=—2.510° years, when the primordial gas cloud was at
510kpc from the Galaxy. Other orbital elements re-

~mained the same as previously. Figure 10a—c shows the
numerically simulated Magellanic Stream at t=0 for
1/k=1.810'°, 610° and 210° years, respectively. A
trailing structure from the LMC and SMC can indeed be
recognized. However, a gap appears in the particle
distribution between the Clouds and the end of the

Stream, and the model Stream is too short and dispersed,’

particularly when k is small. (The spread and depth of the
particle distribution are about 25kpc.) It is to be noted
that such computed results are not observed along the
Magellanic Stream whose density decreases steadily from
the Clouds to the far end.

The radial velocities of the model Stream as observed
at the Sun of the non-rotating Galaxy are also given
along the distribution of the particles in kms™?.
Although the LMC orbit is the same as in Fig.9b, no
satisfactory agreement is obtained with the observed
values given in Figure 8.

As shown in Figure 10, the particles do not follow a
great circle. They are not on the orbital plane of the LMC
which is approximately equal to the (x, z) plane in
Figure 1, but are off from it on the opposite side to the
Sun (y <0). The distance of particles to the (x, z) plane is,
measured parallel to the y-axis, 15-45kpc at 1~330°,
b~ —45°to I~60°, b= —60° of the computed Stream in
Figure 10b. This displacement of particles is due to the
gravitational perturbation by the LMC and mostly by
the SMC. Note that the magnitude of perturbation due to
the LMC and SMC is different for cases in Figures 9 and
10: the test particles were distributed initially on a line
and most of them were already apart from the Clouds
region in case of Figure9.

Another important result is the deviation of particles
at the arrowed regions in Figure 10a—c from the smooth-
ed locus of the particle distribution, leading to the
galactic center. Such humps in the particle distribution
inevitably are associated with the assumed dynamical
state that the primordial gas cloud was stretched by the
drag force, — kv, in the gravitational potential from the
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NGP
60 60

180

. 60 Case I
SGP D=50KPC

1/k=18x10 years

Fig. 10a. Present (¢t=0) distribution of the test particles on the (I, b)
plane in the overhead, hyperbolic orbit of the LMC in Case III (y, in
Fig.2c). A spherical distribution of test particles is assumed initially
with the LMC and SMC at its center. The integration of motion of éach
particle started when the LMC was 510 kpc distant from the Galaxy.
1/k=1.810° years is assumed. Note a hump in the particle distribution
(arrow), and a gap arising at 310° to 340°, The particles do not fall on the
Magellanic Stream region adjacent to the south galactic pole -

NGP

180 180

60 Case I

D=50KPC
17k=6x10 years
Fig. 10b. Similar to Figure 10a, but 1/k=610° years. A hump occurs in
the particle distribution (arrow). The gap is more pronounced than that
in Figure 10a

NGP
60 60

30, 30

180

180

17k= 2x10' years

Fig. 10c. Similar to Figure 10a but 1/k=210° years. A hump is still
evident in the particle distribution (arrow). Most of the particles have
condensed into the LMC and SMC

Galaxy. No hump is, however, observed in the
Magellanic Stream. :

Moreover, if we try to reproduce a long tail compara-
ble with observations, we must increase k, which, against
our expectation, introduces even wider gaps between the
Clouds region and the Stream end.
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NGP
INTERGALACTIC 7— 60
HYPERHALO
PRIMORDIAL GALAXY /
GAS CLOUD
30

. LMC
« SMC

K= (2xICyear} in HYPERHALO

K=0 in INTERGALACTIC SPACE

We aimed to remove these discrepancies and obtain a
more realistic distribution of the particles, resembling the
Magellanic Stream both geometrically and dynamically.
However, the above-mentioned humps and gaps in the
particle distribution cannot be removed in principle even
if we take other hyperbolic orbits or different models of
the Galaxy. Since we do not have a more reasonable
mechanism to stretch out the spherical gas cloud, we
must take another dynamical circumstance, for which we
assume a spherical primordial gas cloud centered at the
LMC and SMC and approaching us without being
disturbed until finally entering into a hypothetical “hy-
perhalo” of the Galaxy. The primordial gas would be
decelerated by the drag force from the hyperhalo gas and
form a gaseous tail behind the LMC and SMC only near
the Galaxy.

We simulate this dynamical state again by using the
same cloud of test particles and a hyperbolic orbit in an
overhead sense. Radius of the hyperhalo is taken as
200 kpc and the gas density is characterized by1/k=210°
years. The result is given in Figure 11. (We did not try the
cases of 1/k=610° years and 210'° years, because, as
already known from Figures 10a and 10b these values are
of too long a duration to reproduce the Magellanic
stream spanning an open angle of more than 80° along
the great circle on the sky.) Unfortunately we could not
reproduce the Magellanic Stream. The computed stream
less resembles the observed one than do those displayed
in Figure 10, although the particle distribution has less

D=30 KF:C
|/k=2 x10 years

Fig. 11. Similar to Figure 10a, but 1/k=210° years in a hypothetical “hyperhalo” around the Galaxy. A spherical primordial gas cloud is
stretched by the drag force due to the hyperhalo gas. The hypothetical arrangement is shown schematically in the inset

gap and also passes near the galactic south pole. A small
hump is still present in the particle distribution. The
velocities of the particles at the south galactic pole (SGP)
to the tip of the model Stream are halved as compared
with the observed velocities at the corresponding po-
sitions in Figure8: the particles proceed on different
orbits from the hyperbolic orbit of the LMC. As
estimated previously, the gas density of this hyperhalo is
10~* hydrogen atoms cm ™3 for 1/k=2 10° years; about
1/100 of the observed gas density of the Stream. Note that
galactic longitudes are shifted by 60° to the right in order
to avoid apparent peculiar distribution of particles near
the south pole in the earlier coordinates.

IX. Discussion

We have examined a variety of models for the Magellanic
Stream by applying test particle simulation to the
kinematical model of Mathewson et al. (1974) and
Mathewson (1976) that the Stream is primordial gaseous
debris remaining after the condensation of the Clouds
and now moving on a hyperbolic orbit of the LMC.

If the primordial gas could be represented by our
particles distributed spherically around the LMC and
SMC, the elongation of the cloud can be reproduced by a
drag force due to intergalactic gas. However, a smooth
locus determined from averaging the positions of the
particles does not pass the galactic south pole, but
deviates from it by 30° in galactic latitude. The radial

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1977A%26A....61..199F

OF.

FRO77AGA 22610 T

M. Fujimoto and Y. Sofue: Galaxy-LMC-SMC

velocities along this locus are more positive than the
observed ones by 40 to 50kms~!. Moreover, a large-
scale gap and hump evident in the particle distribution
are not observed along the Magellanic Stream.

Mathewson et al. (1974) emphasized the importance
of the high negative radial velocities along the Stream
and advocated abandoning hypotheses for a tidal origin
of the Stream. Based on our extensive examinations of
the model Stream, however, we stress equally that it is still
quite unclear how a linear distribution of gas with no gap
and hump can be derived from a primodial gas cloud of
ordinary configuration.

We believe it urgent for us to find a more realistic
elongation-mechanism of a primordial gas cloud, and to
consider whether we should accept the non-tidal theory
of the Stream at the expense of abandoning the rather
good score for a tidally-flexed Galaxy of D=30kpc in
Case III and IV in Table 4.
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