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Abstract. A circular arm with elliptical cross-section is used as a model of the spiral arm. It is demon-
strated magnetohydrodynamically that interstellar gas may flow in a helical path along the axis of the
arm and interstellar helical magnetic lines of force can spiral around it. It is pointed out that though
the rolling motions of gas do not always indicate the existence of the helical magnetic field, the latter
cannot be in a stationary state without the former. Some observational supports to the present model
are given.

1. Motions of Gas in a Spiral Arm

A circular arm is assumed as a model of the spiral arm, whose density g, is uniform
and whose cross-section is elliptical with semi-major axis, a, in the galactic plane and
semi-minor axis, b, perpendicular to it. As shown in Figure 1, a local Cartesian coordi-
nates system (x,y,z) is introduced with the origin at the arm axis which is situated at
galactocentric distance ry. This local coordinate system rotates in the direction of
the y-axis with the angular velocity Q of galactic rotation at r=r,. Since ry> a, b,
in general, we can restrict our discussions only to a small portion of the galaxy near
the arm axis. In deriving equations of motion of gas, we expand the pressure and
gravitational forces in Taylor series around the arm axis, and take the first two terms.
The first term balances the centrifugal force due to the rotation of the local coordinate
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Fig. 1. Helical magnetic fields and rolling motions of the gas.
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system, and the second term is linear in x and z. Then the y- and time-independent
equations of motion are written as follows,

UaU"+UaU" 2QU,~C-x+ F )
it IVx _ —C-x ,
T ox * 0z y !
au, U,
U 2+ U, 7 ==20U, + F, ()
Ox 0z
and
au, ou,
e+ U, — = —D-z+F;, (3)
dx 0z

where C and D are constants evaluated at r=r, and F,, F,, and F; are accelerations
due to the Lorentz force. It has been shown by Fujimoto and Miyamoto (1969) that
the following motion and helical field satisfy Equations (1)=(3),

U =(Lz, Mx, Nx) 4

B =(B,Lz, B, + B4Mx, B,Nx), for (x*/a®)+ (z}/b})<1, 0
and

B=0, for (x%/a®)+(z*/b*)>1, 6)

where L, M, N and B, are constants still to be determined by Equations (1)-(3), and
B, denotes a uniform field parallel to the arm. In an inertial frame, the motion
U,=Lz, U,=Mx and U,=Nx gives a helical motion along the arm. Note that we
have rot(UxB)=0 and UxB#0 for U and B in Equations (4)—(6). Substituting
Equations (4)-(6) in Equations (1)~(3), we have, in the case of the tightly wound
helical fields,

L= JD(1 - Ew/E) " ()

M =—2Q(1 — Eyg/EQ)™", ®)
and .

N =:F£\/D(1 _EMg/EK)_l/Z’ )

with the constraint on the model,
D—C=4Q%(1 — Epy/Eg)"". | (10)

which implies that stream lines are closed in the local coordinate system. We have the
following identities,

Energy density of the poloidal components
Eyg _ By _ of the helical field

E( 4an " Energy density of the poloidal componenté'
of the rolling motion of the gas
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TABLE I

M. FUJIMOTO AND M. MIYAMOTO

Velocities of rolling motions of gas and helical magnetic field for various values of Ewg/Ex

EMg/EK

0.0 0.1 0.3 0.5 0.7

Uz + 8.0z kms™! +10.0z + 15.5z 4-25.1z +46.6z

Uy —5.0z — 5.5x — 7.1x —10.0x —16.7x

U, +0.9x F 1.1x F 1.7x F 2.8x F+ 5.2x

B 0 + 21X107%2G £ 5.6x 1076z + 1.2x105z 4+ 2.6x10-5z
By 0 — L.1Xx108% — 26%x10% — 46x106 — 9.1 x106x
B. 0 F 23x1077x F 62x1077x F 1.3x106x TF 2.8 x10-6x
V<v2>  9.5kms! 9.5 9.1 8.1 52

(1) x and z are measured in 100 pc; (2) 4/<v%) is the root mean square molecular (or random)
velocity of the gas at the arm axis; (3) the constant B, is taken as positive. When it is negative,
the signs in Bz, By and B; are to be reversed.

Table I lists numerical solutions for the characteristics of the models of the arm at
ro=10 kpc in our Galaxy, in which we have assumed o,=2 hydrogen atoms cm 3
and b/a=1/3 with =250 pc. The uniform component B, can be estimated from the
observed pitch angle of the helical field. They are about B;=3x10"7~2x107° G,
corresponding to Ey,/Ex =0.1~0.7 in Table I. We find from Table I that the velocities
of the rolling motion and the magnitudes of the helical field amount to 10~20 km
s™!and 107~ 107 ° G, respectively, near the arm surface.

2. Conclusions and Comparisons with Observations

Magnetohydrodynamical treatments have been made on interstellar helical magnetic
fields in a spiral arm. It is concluded that interstellar gas can flow in a helical path
around the arm axis and that a stationary helical magnetic field can be maintained
with such rolling motions. The helical magnetic field as well as the velocity field in
our stationary model are demonstrated schematically in Figure 1. Equations (7)—(9)
show that rolling motions in the gas do not always indicate the existence of a helical
field.

It is possible to compare the present models with observations of the peculiar
motions of the gas and with the local magnetic fields in spiral arms in our galaxy. The
neutral hydrogen gas in the 4-kpc arm exhibits a rolling motion, as first found by
Oort. This same type of motion has been found in the Perseus arm by Westerhout
(1970) and Kerr (1970). The velocity difference in the line-of-sight component
amounts to |6v,|~20 km s™! above and below the galactic plane in the region
I"=110°~130°. Velden (1970) has observed radial velocities of neutral hydrogen gas
in intermediate latitudes (|6"|=10°~30°) toward the direction of the galactic anti-
center. The radial velocities take the values F4.5 km s~ ! for 5"=10°~30° and
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b"= —10°~ —30°, respectively; this implies the existence of rolling motions, at least,
in the solar neighbourhood. The sense of this motion is that of a right-handed helix
in both the Orion and the Perseus arms. The velocities of these rolling motions are
compatible with those derived in the present models (see Table I).

Mathewson (1968) has combined his polarization data on 1400 stars with those
measured in the northern hemisphere, to deduce a magnetic field model for the solar
vicinity. His model construction was carried out by trial and error with different
configurations until a good approximation was obtained to the observed E-vector
distribution for polarized starlight. The best model, in which magnetic field lines are
tightly wound around the spiral arm, can explain not only the distribution of the
E-vectors, but also sign-reversals of rotation measures for polarized extragalactic
radio sources outside the galactic plane and polarization planes for the non-thermal
galactic radio continuum. Since Mathewson has already made extensive comparisons
between his helical field models and the observations, and has obtained good fits,
we need not discuss these in more detail. We shall, however, point out some differences
between these models and those discussed in the present paper.

The helical pattern in the Mathewson’s models is sheared through an angle of 40°
in the galactic plane, in a counter-clockwise sense when viewed from the north pole,
and it is vertical to the galactic plane. In the present models, on the other hand, the
helical pattern is not sheared and it is tilted with respect to the galactic plane by an
angle of 20° (Figure 1). Another discrepancy between observations and: the results of
the present model is observed in the positions of sign-reversal for the rotation meas-
ures. Actual sign reversals are observed at /" ~40° and ~220° (Gardner and Davies,
1966; Berge and Seielstad, 1967; Gardner et al., 1967), while the theory presented
here predicts directions of /" ~0° and ~ 180°.

Many other observational characteristics of the local magnetic field can be explained
by the present model.

A more extended paper with the same title has been published in Publ. Astron. Soc.
Japan (Fujimoto and Miyamoto, 1969).
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