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ABSTRACT

The evolution of a magnetized, rotating, isothermal cloud is studied assuming quasi-static evolution. The
evolution is driven by the plasma drift (ambipolar diffusion) and magnetic braking. Mass and angular momen-
tum are transferred inwardly across the magnetic flux tube due to the plasma drift. Since the rotating cloud
winds the magnetic field, torsional Alfvén waves transport angular momentum away from the cloud. We con-
sider the cloud rotating with an angular momentum parallel to the magnetic field, which is immersed in a
static external pressure and is threaded by a uniform magnetic field at infinity. The problem is characterized
by four parameters which determine the initial equilibrium structure (cloud mass, magnetic flux, ratio of
thermal pressure to magnetic pressure, and total angular momentum) and a parameter which expresses the
efficiency of magnetic braking, i.e., density of the ambient medium p,. Due to the plasma drift, the mass-to-
magnetic flux ratio at the center increases and, accordingly, the central density p, increases. After the epoch
when the mass-to-flux ratio exceeds a critical value, there exist no equilibrium solutions and the cloud begins
to collapse dynamically. This occurs in tp >~ 16(Gp,)'/* ~ several Myr for molecular cores with density 2 x 10*
cm 3. The angular momentum is lost by magnetic braking in a time T = 6/(2p, Va) ~ several Myr, where o
and V, denote, respectively, column density of the cloud and Alfvén speed in the ambient medium, in agree-
ment with the analytical result by Mouschovias and Paleologou. Depending on the relative magnitude of 7,
and 7, the final angular momentum kept in the cloud varies. In the final phase of the quasi-static evolution,
as long as the magnetic flux decreases by ~% to the critical value, the cloud central density increases by a

factor of more than 100.

Subject headings: hydromagnetics — interstellar: magnetic fields — nebulae: general —

nebulae: internal motions

I. INTRODUCTION

Dense parts of the molecular cloud, in which the star forma-
tion process seems to proceed, are often found with elongated
shape (e.g., Taurus molecular cloud; Heyer et al. 1987). This
suggests that the cloud collapsed preferentially along the direc-
tion parallel to the global magnetic field and/or parallel to the
cloud’s initial angular momentum. Actually the magnetic field
strength in the cloud has been measured recently with Zeeman
splitting (Crutcher et al. 1988; Goodman et al. 1989). The
authors indicate the magnetic field of 10-30 uG exists in the
cloud. Further, the observation of polarization in the near-IR
from background stars shows that the magnetic field runs per-
pendicularly to the major axis of the cloud (Tamura et al.
1987). As for the angular momentum, the rotation rate of 0.2-6
km s~! pc~! is reported (Goldsmith and Arquilla 1985) in 16
dark cloud regions, and the directions of angular momen-
tum are often found perpendicular to the major axes of
clouds (Heyer et al. 1987). If the cloud were to collapse from the
diffuse cloud with density n ~ 1 cm ™3, strictly conserving the
angular momentum which was shared from the galactic
rotation, the rotation rate of the cloud would be Q;_ ...
~ 3(n/1000 cm 3?3 km s~ ! pc ™! (Mouschovias 1987). There
is a possibility that the effect of rotation becomes important
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in molecular clouds. In the present paper, we will study the
evolution of the rotating magnetized cloud.

The evolution of the cloud can be sketched to a certain
extent by studying the hydrostatic equilibrium solutions of the
cloud. There exists a maximum mass which can be supported
against the self-gravity by magnetic field, thermal pressure, and
rotation. We will call it the “critical mass” M. The cloud
with mass greater than the critical mass, i.e, M, > M, has no
hydrostatic equilibrium solution and collapses dynamically
(supercritical cloud); on the other hand, the cloud with M, <
M., will settle into an equilibrium state (subcritical cloud) (e.g.,
Mouschovias and Spitzer 1976). Here we summarize how the
critical mass is related to the external pressure, the magnetic
flux threading the cloud, and the specific angular momentum
of the cloud. As for the isothermal spherical cloud with no
magnetic field nor angular momentum, the critical mass is
expressed as (Bonner 1956; Ebert 1955)

C4

6 —a7s, 1.1
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where ¢,, p.,, and G represent, respectively, the isothermal
sound speed, the external pressure, and the gravitational con-
stant. For a magnetized but nonrotating cloud, Mouschovias

My = 52

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...362..202T

) - -362- SZ02T!

LRI

MAGNETIZED, ROTATING, ISOTHERMAL CLOUDS. IV

and Spitzer (1976; see also Spitzer 1978, p. 239) first obtained
the expression of the critical mass using the numerical results
of Mouschovias (1976b) as

0126\ o
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which is related to the mass-flux ratio of the cloud M, /®p.
Further, related to the distribution of mass against the mag-
netic flux in the cloud, Mouschovias (1978) pointed out that
the magnetic flux threading the cloud core plays more impor-
tant role to support the cloud than that threading the outer
layer. Recently Tomisaka, Ikeuchi, and Nakamura (1988b;
hereafter Paper II) has exactly confirmed this point by compar-

(12)

ing the magnetohydrostatic solutions with different mass dis-

tributions against magnetic flux other than Mouschovias
(1976b). Finally, fitting by the same functional form as equa-
tion (1.2), the critical mass M, is adequately written in terms
of the mass-flux ratio at the center of the cloud | dM/d®y|, as

017\ o
M~ Y 5%
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(1.2a)

which becomes identical with equation (1.2) when we take the
same mass distribution against flux as that of the spherical
cloud threaded by the uniform magnetic field. Finally, in the
most general case of the magnetized cloud with a specific
angular momentum j parallel to the global magnetic field, the
critical mass is approximated by

4.8¢,j\* ]
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using M., of equation (1.2a) (Tomisaka, Ikeuchi, and Naka-
mura 1989; hereafter Paper III). Using a relation between the
column density and the central density in gravitating thin disks
(eq. [3.6] of Paper II), the condition that M, = M, , =
4.8¢,j/G gives an almost similar condition that the uniform
rotating disk is marginally stable for fragmentation (Spitzer
1978, p. 291).

Here we study the evolution of subcritical clouds (M, <
M_,)). Processes driving the evolution of subcritical clouds are
plasma drift and magnetic braking:

1. Plasma drift—In the weakly ionized cloud, ions are
coupled with the magnetic field, but neutral atoms and mol-
ecules are coupled with it only indirectly, i.e., through two-
body collisions between ions and neutral particles. Thus, the
neutral particles drift across the magnetic flux. Since the mass
and simultaneously angular momentum in a flux tube are
transferred by this plasma drift, the distribution of mass and
angular momentum changes. The cloud evolves so as to follow
the new distribution of mass and angular momentum.

2. Magnetic braking—The rotating cloud twists the mag-
netic field and drives torsional Alfvén wave propagating along
the magnetic field. The torsional Alfvén wave transfers the
angular momentum of the cloud away. Thus, the cloud spins
down. Magnetic braking changes the angular momentum itself.

Evolution of nonrotating isothermal clouds has been studied
by several authors. Shu (1983), Scott (1984), Paleologou and
Mouschovias (1983), and Mouschovias, Paleologou, and
Fiedler (1985) studied the plane-parallel cloud extending infi-
nitely with the magnetic field parallel to the slab. Nakano
(1979, 1982) studied the evolution of a realistic axisymmetric

(1.3)
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cloud threaded by magnetic field parallel to the symmetric axis.
He showed that as the mass-to-flux ratio at the center increases
due to the plasma drift, the central density increases (see also
Lizano and Shu 1989). With the increase of the density, plasma
drift is accelerated, since the ionization rate decreases. When
the central density reaches 10°~1° ¢cm ™3, at that time the cloud
almost reaches the critical state (M ~ M), the mass-to-flux
ratio at the center increases only 1.3-2 times that of the initial
state, while the central density increases by a factor of 100
(Nakano 1982). From equation (1.2a), the increase of the
central mass-to-flux ratio reduces the critical mass. After the
critical mass becomes smaller than the cloud mass itself, there
is no equilibrium configuration (Paper II) and the central part
of the cloud begins to collapse dynamically. Therefore, the
central part of a cloud cannot lose more than 50% of its initial
magnetic flux before the central density reaches ~10°-1°
cm ™3, when the initial state is not so far from the critical state.
(Contrarily, the plane-parallel cloud can increase its mass-to-
flux ratio, p/B, by several orders of magnitude, when the
density ~ 108 cm 3. We will discuss this difference in § IV.)

In the case that angular momentum is parallel to the mag-
netic field, the time scale in which the angular momentum is
transferred away by magnetic braking has been studied by
Mouschovias and Paleologou (1980). When the disk-shaped
cloud with half-height Z and uniform density p, is immersed in
the ambient medium with the density p, and magnetic field B,
the time scale becomes

pclz
Pa VA ’

where V, = B,/(4np,)'/? represents the Alfvén speed in the
ambient medium. This just corresponds to the time scale at
which the moment of inertia swept by torsional Alfvén waves
becomes comparable to that of the cloud (Mouschovias and
Paleologou 1980). In the case that the angular momentum
plays a role in supporting a cloud, loss of the angular momen-
tum will cause a change of the structure of the cloud. As far as
we know, this effect has never been studied. Further, in the
rotating magnetized cloud, the change of mass distribution by
plasma drift and decrease of the angular momentum by mag-
netic braking occur simultaneously. In the present paper, we
will show the evolution of the cloud driven by these two pro-
cesses. Since the evolution time scale driven by the plasma drift
is ~ 10 times longer than the free-fall time scale (Nakano and
Umebayashi 1980), we assume that the evolution is slower than
the dynamical time scale of the cloud (we will discuss the valid-
ity of this assumption in § II), and we study the quasi-static
evolution similar to the previous study on the plasma drift (e.g.,
Nakano 1982). ,

The plan of the present paper is as follows: In § IT we
describe the model and the numerical method. At the same
time, the applicability of the quasi-static assumption is dis-
cussed. In § III, evolution of typical clouds is shown. We
discuss the angular momentum loss rate and the difference
between the present case and the plane-parallel cloud in § IV.
Section V is devoted to a summary of the paper.

(1.4)
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II. MODEL AND METHOD

Tomisaka, Ikeuchi, and Nakamura (1988a; hereafter Paper
I) formulated the method for determining the hydrostatic equi-
librium solution of the rotating, magnetized isothermal cloud
with an angular momentum parallel to the global magnetic
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field. Using this formulation, we can obtain hydrostatic equi-
libria of the clouds with arbitrary distributions of mass and
angular momentum against magnetic flux. To study the quasi-
static evolution of subcritical clouds, we must know how the
distributions of mass and angular momentum change.

a). Plasma Drift

Quasi-static evolution driven by the plasma drift in the
rotating cloud is formulated by generalizing the method for the
nonrotating cloud by Nakano (1979) which adopted the
scheme of magnetohydrostatics by Mouschovias (1976a).
Neglecting the inertia term, the equation of hydrostatic
balance for the neutral component becomes

—Vp, —p, V¥ +p,Q%e, + F=0, .1

where p,, p,, ¥, and Q represent, respectively, the pressure and
density of the neutral component, the gravitational potential,
and angular rotation speed. F means the force exerted on the
neutral component in unit volume through two-body colli-
sions with ions. On the other hand, the hydrostatic balance of
the ionic component becomes

1
—(VxBxB—-F=0, (2.2)
47

where the gravitational force, centrifugal force, and pressure
force on the ionic component are all small compared with the
magnetic force and neglected. Summing up equation (2.1) and

(2.2), we obtain a hydrostatic equation for two-component
fluid as

1
~VPu = pu V¥ + 9, Q% + - (Vx By x B=0. (23)

Noticing total density p ~ p,, this equation is identical with
the magnetohydrostatic equation for one-component fluid (eq.
[1.2.1]; this means eq. [2.1] of Paper I). Therefore, there is no
alteration on the method for obtaining equilibrium structure.

Friction force F is assumed proportional to the drift velocity
of ions relative to neutral components v, = v, — v, and is
written as

F=pip,yv;—v,), (24)

where the coefficient y represents the momentum exchange rate
in a collision between a neutral atom and an ion. We take here
y =428 x 10'* g~! cm~3 s™! (Nakano 1979). From equa-
tions (2.1) and (2.4), the drift velocity of the magnetic field (and
ions) relative to neutral components is expressed as

_ F __Vpn+anl//_anZrer
PiPnY PiPu¥ '

Tonization degree in the cloud is dependent upon the density
and temperature of neutral components, ionization flux (stellar
light, cosmic ray, etc.), and depletion fraction (Elmegreen 1979
Nakano 1979). Here we adopt a model by Nakano (1984) of
temperature T = 10 K, ionization rate { = 107 !7 s~ 1, deple-
tion of carbon and oxygen ¢, = 0.2, and depletion of heavy
metal 6y, = 0.02. In the range of 102 cm ™3 <n < 108 cm 3,
the ion density in the cloud is shown to be well-approximated
as

o 2.5)

pi=Cp,', (2.6)

where the numerical factor C is equal to 4.46 x 10716 gl/2
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cm %2, Note that the values of C and the power of p, are not
universal constants; e.g., for n 2 108 cm~3 the power of p,
decreases gradually, and it reaches zero in the dense cloud as
n 2 10%° cm 3. Further, C may vary by about a factor of 10
for clouds in the physical state different from that we adopted.
We will use equation (2.6), noticing that a single power law is
restricted for density 10> cm ™3 < n < 10® cm 3. Using equa-
tion (2.6), the right-hand side of equation (2.5) can be evaluated
after the equilibrium solutions obtained.

Time evolution of the mass contained inside a magnetic flux,
m(< ®p), is obtained by integrating the mass flux flowing
across the magnetic flux tube as

D
wzj poy -dS |
t o5

where the surface integration is done along the magnetic flux
tube (@5 = constant). The evolution of the angular momentum
inside a flux tube, L(< ®p), is also expressed as

OL(<®p)
a

(2.7a)

I priQuy, - dS . (2.7b)
Dp

b) Magnetic Braking

Here we formulate the angular momentum loss rate due to
magnetic braking. Because the wave front of torsional Alfvén
wave propagates with the Alfvén speed V,, angular momentum
flux flowing in the magnetic flux tube between R and R + AR
at a large distance from the cloud is estimated as (Spitzer 1978,
p- 291)

1/2
2V, p,Ro, 2R AR = Bo<%1> Rv,2tRAR,  (2.8)

where p, and v, represent, respectively, the ambient density
and rotation speed of the ambient matter after the torsional
Alfvén wave front reaches. Further, we assume that the wave
accelerates the envelope matter to the angular velocity of the
cloud Q(®) (Spitzer 1978). Then the angular momentum
AL(®p)in @y — @y + ADy decreases according to

9 AL(®y) p.\12 R
== _B(22) Ru,27R 2= A0
ot Bo{ ) Rve2nR 5o A®s

1/2 [0))
=_ <&> —2 QAw,.
T nB,

We assume that the cloud evolves in quasi-static fashion due to
the change of angular momentum, and we will not study actual
propagations of waves and angular momentum in the present
paper.

In the cloud we assume “isorotation,” i.e., Q = const alonga
field line. The time scale necessary for angular momentum
redistribution to establish the isorotation in a magnetic tube
was estimated in equation (IIL2.1) as © ~ ¢/[(2nGp,)/*V,] ~
(2nGp,)~'/* at the central part of the cloud, which is shorter
than characteristic evolutionary time scale. Outside of the
cloud we assumed that | B,| < (B? + B?)"? and j, =0. In
reality there exists B,, like Mouschovias and Paleologou
(1980). So, in § I1d we will describe the validity of this assump-
tion, that is, whether B, plays an important role or not.

¢) Numerical Method

Using the magnetic potential ® = ®4/(2n), in terms of
g(®) defined by equation (1.2.19), effective potential y =
[¥ — (r?/2)Q*]/c?, and rotation angular speed Q, equation (2.7)

29)
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is rewritten as

om(<®) 1 [ 1

m(a: )=c—yfpﬁ(e_‘vq+ﬂr29VQ)-dS, (2.10a)
D

W(<®) Q@) [ r

L(aj - c(,,) #(e"‘VHPﬂQVQ)-dS, (2.10b)

.

where we used the Ferraro’s “isorotation law” (Priest 1982,
p- 107), i.e., Q is only a function of ®. Using the cylindrical
coordinate (z, r), we can rewrite the integrant of equation (2.10)
as

om(<®) 4n J"’(o’ rdz

— —_p X

o Cyls

p
dg q , dQ or\ 00
44, 9 20 21, e
x(dq>+c§’ d(p)[ or (az)q, 62]’ (2.11a)

41tQ((I) f z(®) 3dz

dq ¢ dQ\| o or\ 00
Q R
<d(l> tar dd))[ or (a;.),, az]’ (2.11b)

where z,(®) represents half-height of the cloud surface.
From the distributions at time ¢, m(<®, t) and L(<®, t),
those at t + At are obtained by

< D) _
ot

®
m(<<b,t+Az)=m(<<1>,¢)+a'"(af Jae, (212a)
L(<(I>,t+At)=L(<<I>,t)+w—a<tql)At
(]
+_[ ‘M’(;/M’ dDAr.  (2.12b)
0

The time step At is chosen short enough to restrict the varia-
tion of central density less than 20% in one time step. Normal-
izing variables as equation (1.2.34), we rewrite equations (2.9)
and (2.11) as

om(<®) An(4nG) 2 J rid
’ = ’ e
ot Cy o P

dg .o, d\[0®'  (or\ o0’
—_— ’. Q, wae (o oe '
X (d(bl + qr dq)l>|: arl (62,)0: azl] s (2 13&)
A< ®)  4n(4nG)'PQ’ = ridz
o Cy P12 4

(]
dg a0, dXNO (o o0
) (d HarR dcb')[ o~ <6z’>¢, 62’]’ (2.13b)

1\ 1/2
2 (AL) e <2p ) o
o' \A®’ Bo
with p, = p./p,, Bo = c2p./(B3/87). Here the numerical factor
in equation (2.13) is equal to 4n(4nG)'/?/(Cy) = 0.603. Here-
after, all quantities are normalized as equation (I.2.34) and
primes attached to the normalized quantities are omitted.
Evolution is fully specified by four parameters to determine
the initial equilibrium state (Papers I and III) and ambient
density p,. We assume virtually that a uniform spherical cloud

(“ parent cloud”) relaxes to the equilibrium state conserving
the angular momentum and mass in each flux tube. In this

-X

(2.14)
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case, the former four parameters are reduced to the mass of
cloud M, the radius of the “parent cloud” R, the rotation
speed of the “ parent cloud ” Q_;, and the ratio of thermal pres-
sure to the magnetic pressure in ambient medium S, =
Pex/(B3/87).

The numerical code was checked by comparing results of
nonrotating quasi-static evolution with that by Nakano (1979).
Equilibrium structures of the cloud agree with each other
within 15% relative error of density. The time scales at which
the central density increases agree within 25% relative differ-
ence. These differences are regarded as coming from those of
mesh number and mesh size.

d) Applicability

The system is thought to evolve in nonhomologous fashion,
i.e., the cloud contracts from the center. Therefore, the dynami-
cal time scale in this case is the free-fall time at the center, 7 ..
The assumption of “quasi-static” is valid only when the mag-
netic flux and angular momentum vary slower than 1/7 .. The
time scale of plasma drift in an axisymmetric cloud is given
using two time scales at the center of the cloud: the mean
collision time of a neutral particle with ions 7,; and the free-fall
time 74 as

8 ‘cff

Tp=

2.15
1.4n2 7,; 215)
(Mouschovias 1989). In the present case, since 7,; is expressed
as 7,; = 1/(Cypl/?), the time scale of plasma drift is given in
terms of the central density p_ as

yC
Tp N ————
P 1.57Gpl?

which is similar to the value estimated from one-dimensional
slab simulation by Shu (1983) within 10%. Thus, it is shown
that the time scale for plasma drift is much longer than the
free-fall time at the center of the cloud.

The time scale in which the angular momentum is lost by the
plasma drift is estimated by equation (1.4) as

ey S (4,
1P @nGp) \p,) T

ﬂO 1z pc/ps ps/ a 1z
~70(10-2 102 N102) T 1D

which is ordinary longer than 7 .

Here we have assumed that neutral particles are frozen to
the magnetic field and decelerated by magnetic braking. The
angular momentum of the ionized matter, which is coupled
with the magnetic field, is lost by magnetic braking. However,
the magnetic braking of neutral matter is not a priori evident.
Mouschovias and Paleologou (1986) showed that in molecular
cloud cores the collision time scale of a neutral particle in a sea
of ions t,; is much shorter than 7|, and that the plasma drift
has only a small effect on the magnetic braking. The plasma
drift in the azimuthal direction is shown to be unimportant in
molecular cloud cores.

The configuration of the magnetic field outside of the cloud
is assumed to be obtained by neglecting the toroidal field. This
holds in the case of B,/B, ~rQ/V, < 1. Since the Alfvén speed
in the envelope is equal to

cs ﬁO -1z pa/ps -~z
Vy=——"—— ~ 144 .
AT (AnBy pl)ti? CS(0.0385) 102 > (218)

~15.7(Gp,) V2, (2.16)
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TABLE 1
TAKEN MODEL PARAMETERS

Case M, Bo R, Q, Pa
AO .o 150 0.0385 24 0.571 0
A2 e 150 0.0385 24 0.571 1072
Ad .. 150 0.0385 24 0.571 1074
)3 ) I 200 0.0385 24 0.571 0
B2 oo 200 0.0385 2.4 0.571 10-2
[ @ 150 0.385 292 0.452 0
[ O 150 0.385 292 0.452 1072
NA2® .. 150 0.0385 24 0.571 1072
NC2® ... 150  0.385 2.92 0.452 1072

* This case simulates the evolution without plasma drift.

if the rotation speed is < sound speed c;, this assumption is
valid. (We take here the values taken in case A2 of § IIIb as
typical ones.)

III. RESULTS

a) Evolution of Molecular Cores Driven by the Plasma Drift

We studied nine cases as shown in Table 1. First we will see
cases A0 and A2 which have parameters M = 150, §, =
0.0385, Q. = 0.571, R, =24, and p, = 10"2 (case A2). To
clarify the effect of magnetic braking, we will compare results
of case A2 (magnetic braking switch-on) and those of case AQ
(switch-off: p, = 0). The critical mass for this cloud with the
initial mass distribution is ~220. These nondimensional
parameters are translated to the dimensional values: tem-
perature T = 10 K, density at the surface of the cloud n, = 103
cm 3, threading magnetic field strength B, = 20 uG, radius of
“parent cloud” R, = 0.26 pc, cloud mass M, = 10.7 M,
angular rotation speed of “parent cloud” Q,=1 km s~*
pc L, and envelope density p, = 10 cm~3,! in which we model
the molecular cores with density n ~ 10* cm ™3 embedded in
envelopes with pressure p,, = 10* K cm ™3 (Goldsmith 1987).
In this case, the unit of time is (4nGp,)~ /2 = 5.585 x 10° yr. In
the present paper, we use the molecular weight 4 = 2.3.

First, we will see the evolution of the cloud taking only the
plasma drift into account (p, = 0). In Figure 1, we plot the
structure, i.e., density and magnetic field distribution (upper
panel) and rotation law of the cloud (lower panel). Figure la
shows the initial (t = 0) state, that is, the equilibrium structure
of the cloud to which the rigidly rotating uniform spherical
cloud, threaded by a uniform magnetic field, settled with con-
servation of mass and angular momentum in each flux tube.
The initial central density p, is 16, which means the density
contrast between the center and the surface is 16, and the cloud
rotates almost rigidly. This is understood as follows: since the
“parent cloud” collapses mainly in the z-direction without
squeezing the magnetic field, the cloud at t = 0 shows the same
rotation curve as that of the “parent cloud.” Figure 1b shows
the structure at the time ¢t = 7.2. Due to the increase of the
mass-to-flux ratio at the center by the plasma drift, the central
density has increased (p, = 45). With the increase of the central

! In case A2 the envelope density is assumed as p, = 10 cm ™3, but it does
not necessarily mean that actual envelope density in a dark cloud is as low as
this. This is because since p, has the effect of an angular momentum absorber,
only if the angular momentum is transferred with high efficiency ~1 as eq.
(2.14), p, coincides with an actual envelope density. Thus, it is not inconsistent
if actual density outside cores is larger than 10 cm 3. Although the initial value
of the rotation rate, Q, = 1 km s~ ! pc™!, may be larger than the actual value,
we dare to take this value to explore the process of angular momentum loss.
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density, the rotation curve approaches flat rotation (v, =~
const) from the initial almost rigid-body rotation (v, ~ Q7).
This is partly because the matter with relatively large specific
angular momentum is transferred inwardly, and partly because
the cloud collapses radially, keeping the central density high.
Figure 1c shows the final state at which we can marginally
obtain the equilibrium solution (¢ = 12.8). The central density
reaches p, = 2153, which is 135 times as large as initial central
density. However, the central mass-to-flux ratio,
G'/?| dm/d®p|., increases from 0.137 (t = 0) to 0.31 (t = 12.8).
Only 56% of the magnetic flux near the center was lost in
t = 12.8. As shown in Paper III, when the density contrast is
very high (p, > 1), the rotation curve approaches the flat rota-
tion, and the radial density distribution approaches p(r) oc r 2
(Paper III and Kiguchi et al. 1987). In Figure 2, we show the
evolution of mass and angular momentum differential distribu-
tions against magnetic flux by solid lines for case AQ. This
shows clearly that the mass and angular momentum are both
transferred inwardly against magnetic flux.

The plasma drift seems to have two different effects: (1) to
increase the mass-to-flux ratio at the center, which permits the
collapse; (2) to transfer angular momentum inwardly, which
opposes the collapse. As shown in Papers II and III, the struc-
ture of the cloud is affected essentially by the mass-to-flux ratio
at the center not by the average one (Mouschovias 1978; Paper
I1) and essentially by the total angular momentum not by the
angular momentum distribution (Paper III). Thus, the plasma
drift plays a role in the evolution of a cloud through the
increase of mass-to-flux ratio at the center, as originally argued
by Mouschovias (1978), and as we also show here in the case of
rotating cloud cores.

b) Evolution in the Case with Magnetic Braking

In the previous subsection, the evolution driven only by
plasma drift was shown. Here we take the same cloud param-
eters as in case A0, but with finite ambient density p, = 1072,

Since the cloud parameters, M, Q, Bo, and R, are the
same as for case AO, the initial structure (¢t = 0) is the same as
Figure la. In Figure 3a, we show the structure at the time
t = 3.8. The central density reaches p, = 33, which corre-
sponds to the value at ¢t = 5.5 for case AO. This indicates that
the central density rapidly increases due to the magnetic
braking. As for the velocity field, since a part of the angular
momentum was lost from the cloud, the rotation velocity v,
becomes smaller than that of case AO. Further, v, decreases
with r in the outer part of the cloud (r 2 0.7R_,). The angular
momentum distribution in this case is also shown in dashed
lines in Figure 2. Comparing with the initial angular momen-
tum distribution, we can see that in the outer part ® = 0.50,
almost one-half of the initial angular momentum was lost. This
is understood as follows: (1) The moment of inertia per unit
magnetic flux and thus initial angular momentum decrease
rapidly for ®/®,, > % (see Fig. 2). (2) The moment of inertia of
ambient matter increases in proportion to @ (eq. [2.9]). (3) The
angular momentum was transferred inwardly by the plasma
drift. Due to the third effect, the inner part (& < 0.2, of the
cloud has almost the same angular momentum, although the
angular momentum was lost by the magnetic braking.

Figure 3b illustrates the final state at which we can margin-
ally obtain the equilibrium solution (t =7.7). The central
density attains to p, = 1.4 x 103, which is 85 times as large as
the initial density. On the other hand, the mass-to-flux ratio at
the center increases only from 0.137 (t = 0) to 0.27 (t = 7.7),
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FiG. 1.—The evolution of magnetized rotating clouds of case A0 (no magnetic braking) at (a) t = 0, (b) t = 7.2, and (c) t = 12.8. In the upper panel, the magnetic
field line, which runs almost vertically, and the density contour are plotted. Each magnetic field line is labeled by the radius where the magnetic field runs far from the
cloud (z = o). The contour level of the density is taken as log p = [(log p.)/5]n, for n = 0-4. The horizontal and vertical axis mean, respectively, the normalized
distance as /R, and z/R,,. In the lower panel, the normalized rotation velocity v,/(R.,Q,,) is plotted against the normalized radial distance r/R,,. We plot the
rotation velocity on the equatorial plane (z = 0) by a solid line and that on the plane at z = Z;, by a dashed line, when Z;, means the half thickness of the cloud on

the z-axis. Parameters used here are summarized in Table 1.

which denotes that about one-half of the flux in the cloud core
is lost in t = 7.7. This result is very similar to that of the
previous case A0. As for the structure, the density distribution
resembles Figure 1c. Although the rotation is much deceler-
ated due to the magnetic braking compared with case A0, the
velocity structure is characterized by a rigidly rotating core
plus a slowly rotating envelope, which is similar to the struc-
ture appearing in the case of p, > 1. Above 80% of the initial
angular momentum of the cloud has been lostin t = 7.7.

We show the time evolution of the central density in Figure
4. It shows that there exist two phases in evolutionary charac-
teristics, i.e., in the first phase the density increases gradually
and in the second phase density grows rapidly. The time
elapses mainly in the first phase. In case A2 the cloud reaches
the “critical state” faster than in case A0 because the cloud
loses angular momentum due to the magnetic braking during
the evolution. After the equilibrium solution is no longer
obtained, in other words, after the cloud mass surpasses the
critical mass, the cloud will begin to collapse dynamically
(Mouschovias 1976b; Nakano 1979). Time scales in which the
quasi-static collapses proceed are, respectively, 12.8 (p, = 0;
case A0), 11.4 (p, = 10™%; case A4, not illustrated), and 7.7
(p, = 1072; case A2). Noticing the previous normalization, we
can say that in 4.3 x 10°~7.2 x 10° yr the central density
increases by ~100 times and the mass-to-flux ratio at the
center increases by ~2 times. After that, the dynamical col-
lapse begins in the cloud core.

¢) Effect of Mass Difference

To see the effect of mass differences, we will study the evolu-
tion of the cloud core with M, = 200 (14.2 M, in a dimension-
al form). The purpose of this subsection is to clarify the
evolutionary difference between the core with a mass near the
critical mass and that with smaller mass. The critical mass of
this cloud for the initial mass distribution is equal to ~220.

Figure 5 shows the structural change of the cloud with
M =200 and p, = 10"2 (case B2). The initial equilibrium
structure (¢t = 0) is shown in Figure 5a. To support more mass
than case A by the same magnetic flux, the central density
must be higher than that of case A to keep the hydrostatic
equilibrium (p, = 59). The initial cloud rotates almost rigidly.
At t = 1.0 (Fig. 5b), the deceleration of rotation in the outer
part (r = 0.8R_;) becomes conspicuous due to the magnetic
momentum loss and transfer. The mass-to-flux ratio increases
from 0.183 (initial) to 0.199. At the same time, the central
density increases up to p, = 100 and the vertical thickness of
the cloud decreases. Figure 5¢ shows the final state t = 2.4.
Compared with the final state of case A2 (Fig. 3b), it is easily
seen that the angular momentum is fairly left in the cloud. In
case A2, only 20% of the initial angular momentum remains in
the cloud. In contrast, the final total angular momentum, J, is
161 versus the initial value 263. The maximum rotation speed
remains as large as v, ~ 0.6R;Q,, = 0.82c. The radial density
distribution is well-approximated as p(r) oc r ~ 2, which is char-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...362..202T

208
0.4 . — 20
t=11.0
0.3 415
omn
= o
£02 4102
o e
IQ ..........
0.1 45
t=7.45:"-.,.4
QTS
04 0

0.5
(818 )2

FiG. 2—The evolution of distributions of mass and angular momentum
against magnetic flux. Distributions of mass per unit magnetic flux and
angular momentum per unit magnetic flux are shown for cases A0 (without
magnetic braking, solid lines) and A2 (with magnetic braking, dotted lines). The
lines which start from the origin show the angular momentum distributions.

acteristic of the cloud with high central density, seen in cases
A0, A2, and A4. At the final state, the central density attains
p. =4 x 10® and the mass-to-flux ratio is 0.25. Also in this
case, although p, increases by ~70 times that of the initial
state, the mass-to-flux ratio does only by 40%.

The characteristic points in case B2 are as follows: (1) The
cloud/cloud core with the mass near the critical mass, i.e., the
cloud with large mass-to-flux ratio, has a high central density
to counterbalance the self-gravity. (2) Since the time scale in
which the plasma drift changes the mass-to-flux ratio is pro-
portional to the dynamical time scale as 7, ~ 15.7(Gp,) ™'/ (eq.
[2.16]), the plasma drift works effectively in such a high-
density cloud.? (3) The time scale in which the cloud loses its
angular momentum by the magnetic braking is estimated as
(Mouschovias and Paleologou 1980)

_ ag
PR

where o denotes the column density of the cloud threaded by a
magnetic field. Comparing this case with case A2, 7 should be
4/3 times as large as that of case A2 because o of this case is 4/3
times larger. The above three points characterize the evolution
of the cloud, that is, before the angular momentum is consider-
ably lost, the mass-to-flux ratio at the center becomes larger

3.1)

2'This estimate is fairly correct. From the initial t, it is expected that the
e-folding time of G'/%|dm/d®y|. is t, ~ 7. This estimate of the time scale can
explain the result that in time ¢ = 2.4 the mass-to-flux ratio increases by 40%.
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than the critical value due to the plasma drift and the quasi-
static evolution ends. Available time left to the cloud for quasi-
static evolution is short.

Since the mass-to-flux ratio corresponds to the magnetically
supported mass M,,,, (eq. [1.2a]), the final value of mass-to-
flux ratio depends upon a fraction at which the cloud is sup-
ported by magnetic field and thus by the rotation (eq. [2.3]).
The final mass-to-flux ratios at the center for cases B0 and B2
resemble each other as ~0.25 (case B0) and ~0.27 (case B2).
This fact indicates that the lost angular momentum (~40% of
the initial value) does not play an important role to support the
cloud. Using the initial cloud parameters and equations (1.2a)
and (1.3), we can estimate magnetically supported mass
M, ~ 62{1 — [0.17/(G"*|dM/d®p|.)]*} /> ~ 1200 and
rotationally supported mass M, = 4nJ/M/(0.043)!/% ~ 80.
Therefore, in this case, the magnetically supported mass is
much larger than that supported by the rotation.

d) Diffuse Cloud

As the case C, we study the cloud evolution with M, = 150,
Q. = 0452, R, =292, and B, = 0.385. This is the weak mag-
netic field case, and the critical mass for this cloud is estimated
as ~170. These parameters correspond to the dimensional
values as M, = 34 M, B, = 3 uG, n, = 102 cm™3,Q_, = 0.25
kms~!pc™! and R, = 1 pc. The unit of time is (4nGp,) "1/ =
1.77 x 10° yr. These parameters correspond to the typical
values of diffuse dark clouds (Goldsmith 1987). Cases CO and
C2 correspond, respectively, to the cases with p, = 0 and p, =
1072 (1 cm ™3 in dimensional units). Figure 6a shows the initial
structure of case C2. The central density is not so large (p, =
13), and the cloud rotates almost rigidly. The initial mass-to-
flux ratio at the center is 0.293. In ¢ = 1.7 (Fig. 6b), the cloud
rotation is decelerated, especially in the outer region (2 0.8R ;).
Figure 6c shows the final state (¢ = 3.3). The central density
attains p, = 110, and the mass-to-flux ratio reaches 0.34. The
rotational velocity field is divided into a rigidly rotational core,
flat rotation envelope, and decelerated outer zone.

At the final state, a fair part of the angular momentum
remains in the cloud (actually 150 out of the initial 231). This
shows that the cloud reaches the critical state before much
angular momentum is lost by the magnetic braking. As seen in
Figure 4, the time scale in which the cloud evolves quasi-
statically is much different between cases CO and C2. This
shows that magnetic braking plays a more important role than
in the cases A and B. Comparing cases C0 and C2, the final
values of the mass-to-flux ratio at the center are much different
as 0.43 (case C0) and 0.34 (case C2). The cloud in case C2
becomes unable to support beyond G'/2|dm/d®g|. > 0.34,
because only 35% of the initial angular momentum was lost.
This is understood from equations (1.2a) and (1.3), that is, the
cloud mass which could be supported only by the rotation
M., = 4nJ/M/(0.043)}/2 ~ 93 is comparable to that by mag-
netic field M,,,, ~ 114.5. To the evolution of the cloud with
M.~ M,,, the decrease of angular momentum has an
important role.

e) Evolution Driven Purely by the Magnetic Braking

To clarify the effect of the plasma drift to the evolution of the
cloud, we will see here the evolution driven only by the mag-
netic braking. As in case NA2, we take Cy — oo in equation
(2.13) and keep other parameters the same as in case A2. Case
NC2 represents the non—plasma drift version of case C2.

Figure 7a shows the structure and rotation velocity at the
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F1G. 3.—Same as Fig. 1, but for case A2 at (a) t = 3.8 and (b) t = 7.7. The initial state is the same as Fig. 1a. Due to the effect of magnetic braking, the rotational
velocity v, decreases gradually. As the plasma drift proceeds, the cloud becomes thin, especially near the z-axis. Oscillation in v, near r =~ R, is spurious. This is
mainly due to a small moment of inertia r ~ R,,. The state (b) corresponds to the final epoch, after which equilibrium solutions exist no more. The final structure is

divided into a rigidly rotating dense core and a slowly rotating envelope.

time ¢t = 10.9 of case NA2. Although the rotation velocity is
much slower than that of the initial stage (Fig. 1a, lower panel),
the structure is very similar to the initial one (Fig. 1a, upper
panel). The angular momentum decreases from 197 (t = 0) to
23 (t = 10.9). As shown in Figure 4, the central density keeps
almost constant, i.e., within 20% relative variation. Figure 7b
shows the final stage of the quasi-static evolution of the case
NC2 (t = 7.5). Compared with the initial stage (Fig. 6a), it is

3.5

FI1G. 4—The time evolution of the central density p,. It is shown that at
first p, increases gradually, but finally it increases abruptly, almost vertically,
in this figure.

seen that the central density much increases (13 — 54) and the
cloud contracts as a whole. From Figure 4, it is shown that in
contrast to case NA2 this cloud evolves even without plasma
drift. In this case, the structure is largely changed only by the
effect of magnetic braking.

From what does the difference between cases NA2 and NC2
come? As shown in § IIlc, in case A the cloud is mainly sup-
ported magnetically (M,,,, > M,,), whereas in case C the
cloud rotation plays a comparable role to the magnetic field
(Mg ~ M. In the latter case, the decrease of angular
momentum greatly affects the structure of the cloud. Thus the
cloud evolves even without the plasma drift. Contrarily, in the
former case (M,,,, > M,,) the magnetic braking lets the cloud
rotate slowly but does not change the structure of the cloud.

f) Density—Magnetic Field Relation

Comparing a sequence of solutions with the same magnetic
flux, it is shown that the magnetic field at the center B,
increases in proportion to pl/? for p, 2 5! (§ Ile of Paper II;
Mouschovias 1976b). This corresponds to the fact that the
density increases with keeping p, oc 62 oc B? (see Paper II).
Here we will see how the cloud evolves quasi-statically in the
(p. — B.)-plane.

Figure 8 shows the evolutionary tracks in the (p, — B,)-
plane. For p, 2 300 (in the case of 8, = 0.0385) and p, = 10 (in
the case of §, = 0.385), B, correlates well with the power of p,,
as B, oc pZ. The power index « is estimated as a ~ 0.43-0.44 for
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F1G. 5—Same as Fig. 1, but for case B2 at (@) t = 0, (b) ¢ = 1.0 and (c) ¢ = 2.4. Because this cloud has a larger mass than case A, the plasma drift works efficiently.
Therefore, the cloud evolves much faster than case A2. From the figure of v,, it is shown that even in the final phase (c) the cloud contains a fairly large angular
momentum.
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FiG. 6.—Same as Fig. 1, but for case C2 at (@) t = 0, (b) t = 1.7, and (c) t = 3.3. Since the magnetic field is weaker than cases A and B, the maximum density when
the cloud departs from the quasi-static evolution is smaller than those of cases A and B.
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FiG. 7.—Same as Fig. 1, but for cases NA2 (a) t = 10.9 and NC2 (b) t = 7.5. In these cases, we simulate the evolution of the cloud when the plasma drift is
artificially forbidden. The cloud of case NA2 always keeps stable and loses the angular momentum completely. On the other hand, the cloud of case NC2 becomes
unstable and enters the dynamically contracting phase ([b] corresponds to the final epoch of the quasi-static evolution), because the angular momentum necessary to

support is lost by magnetic braking.

Bo = 0.0385 and a ~ 0.49 for B, = 0.385. Case NA2 does not
show any significant evolution in this plane. For case NC2, the
power index a ~ 0.55 is slightly larger than previous cases.
Similar to the result of nonrotating cloud (Nakano 1984), for
the rotating cloud the central magnetic field and density correl-
ate well with each other, and the cloud evolves keeping the
relation B, oc p2470-3.

log R

FiG. 8.—The relation between the central density p, and the magnetic field
strength at the center B,

IV. DISCUSSION

a) Evolutioninthe p, — G'*|dm/d®y|, Plane

Figure 9 shows the evolutionary paths of cases A0, A2, B0,
and B2 in the plane of the central density, p.,and the mass-to-
flux ratio at the center, G'/2| dm/d®p|.. The evolutionary direc-
tion is shown in arrows. Comparing the cases with and without
the magnetic braking, the central density for the case with
p. = 1072 is larger than that for p, = 0. This is because the
rotation becomes unable to support the cloud, since the
angular momentum is lost by the magnetic braking. Figure 9
also shows that the gradient of each evolutionary path
becomes small as the cloud evolves (goes to the right). The
mass-to-flux ratio at the center increases by a factor of 2 from
the initial value, while the central density increases by a factor
of >100. The final stage, in which p, increases rapidly in
Figure 4, corresponds to the stage in which the cloud evolves
almost horizontally in Figure 9, that is, p, increases greatly,
whereas G'/?| dm/d®p|, increases slightly.

The “ parent clouds ” of cases A—C have mass distribution

' N/2
(X 1)Ma (- 2)",
do 2 D, D

cl

(4.1)

with N = 1. In the case of N = 1 this equation becomes identi-
cal with equation (44) of Mouchovias (1976a). In Figure 9, we
also plot the p, — G/2|dm/d®y|, relation for the sequence of
equilibrium solutions which have a different mass distribution
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F1G. 9.—The relation between the central density p, and the mass-to-flux
ratio at the center G'/2| dm/d®|,. Evolutionary paths of cases A0, A2, B0, and
B2 are plotted. A series of equilibrium solutions which has distributions of
mass and angular momentum like egs. (4.1) and (4.3) are also illustrated in
dashed lines (Q,, = 0.571) and in dotted lines (Q = 0). A thin line shows a
series of equilibrium solutions which have the same magnetic flux but different
masses. This shows that the central density increases by a factor of more than
100, whereas the mass-to-flux ratio increases only by a factor of 2.

m(®) from that in § I1, i.e., N # 1. Since the mass-to-flux ratio
at the center is expressed as

e \2 2°%(nR,)*’
by increasing N from unity, we can obtain a series of equi-
librium solutions with the same mass and magnetic flux but
larger mass-to-flux ratio at the center. Does the equilibrium
solution with N > 1 mimic the cloud in the evolved stage, in
which the mass-to-flux ratio at the center increases due to the
plasma drift? The angular momentum distribution against

mass is taken to be the same as the rigidly rotating uniform
spherical cloud. This is reproduced by taking

dL (N M, @ \V?
(2 41) 2 R20(1-—
a0 (2 * )mc. Ra ( oc)

@ \(N+2)3
xl:l—(l—ac) :| 4.3)

We show the sequence of these equilibrium solutions with dif-
ferent N and Q_, = 0 by dotted lines, and the solutions with
Q., = 0.571 by dashed lines in Figure 9.

From this figure, it is seen that the evolutionary tracks of the
cases with no magnetic braking, A0 and B0, almost follow the
dashed lines, that is, the sequence of equilibrium clouds with
the same angular momentum but various central concentra-
tions of mass and angular momentum. As for cases A2 and B2,
since-the cloud has a finite angular momentum, the evolution-
ary paths are different from the equilibrium series without rota-
tion, but it seems that they gradually approach the dotted lines
as the angular momentum is lost due to the magnetic braking.

4.2)
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b) Evolutionary Path of Magnetized Clouds

As for the degree of diminishing magnetic flux at the con-
traction stage of magnetized clouds, previous works show
some controversy. That is, Mouschovias, Paleologou, and
Fiedler (1985) asserted that the mass-to-flux ratio increases by
several orders of magnitude in the rather low-density cloud
n < 10778 cm ™3, Contrarily, Nakano (1982, 1984) showed that
the increase of the mass-to-flux ratio is less than about a factor
of 2, until the ionization degree becomes extremely low due to
the high density, say, n = 10! c¢cm™3. Here we will show
that the discrepancy can be reconciled by using the
p. — G2 dm/d®yg|, relation (Fig. 9) in consideration of the
cloud geometry.

Mouschovias, Paleologou, and Fiedler (hereafter MPF;
1985) examined the plane-parallel disk threaded by a parallel
magnetic field. The mass-to-flux ratio, p./B., in one of their
cases increases by a factor of 170, while the central density
increases from the initial 10° cm ™3 to the final 7 x 10° cm ™3 (a
factor of 70; their model 2r). The evolution proceeds essentially
in quasi-static manner. On the other hand, Nakano (1982)
considered quasi-static evolution of a flat axisymmetric cloud
which collapsed from the spherical cloud penetrated by a
uniform magnetic field. In this case, while the central density
increases from the initial 4 x 10® cm~3 to the final 3 x 108
cm ™3 (a factor of 80), the mass-to-flux ratio at the center
G'/2| dm/d®p|. increases only by a factor of 2.1 (his model 4).

As shown in § IId, the time scales of plasma drift for a
one-dimensional slab (Shu 1983) and an axisymmetric cloud
(Nakano 1984; Mouschovias 1989) give similar values with
each other. That is, in the present case, the time scale is
expressed as 7p ~ O(1)t3/7,; (eq. [2.15]). However, the evolu-
tions are different. From which does the difference come? In
next section, we will show that the difference comes from the
difference between the evolutionary paths (route) not between
the evolutionary time scales (speed).

i) p. against Mass-to-Flux Relation for Plane-parallel Disks
As shown in § IVa, a series of equilibrium solutions with
different mass-to-flux ratios at the center will mimic well the
quasi-static evolution of the cloud. In the case of the plane-
parallel disk threaded by a magnetic field parallel to the disk,
taking the z-axis perpendicular to the disk and ignoring the
inertia term, the hydrostatic equation is written as

] B? o
— — )= —p —=-21G 4.4
% <p+8n) P, nGpo , (4.4)

with
4.5)

where other variables have ordinary meanings. Equation (4.4)
is integrated to obtain the relation at the center (z = 0) as

A
‘¢ 8n S 8n 2 %

where subscripts ¢ and s represent the quantities at the center
and at the surface, respectively. Thus, the relation between the
nondimensional mass-to-flux ratio y = (c¢y/p/*)p/B) and the
central density p. = p./p, is expressed as

A S S

Pet 8my? h 8ny? ~Pe @7

(4.6)
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FI1G. 10.—The relation between the central density p, and the mass-to-flux
ratio at the center y, for the plane-parallel layer, which is derived by quasi-
static model. The y-axis means the one-dimensional mass-to-flux ratio
(c/pL*)p./B.) at the midplane. The parameters are taken same as the dynami-
cal calculation by MPF, and crosses show the result of MPF’s model 2r. The
figure by the cross shows the elapsed time in Myr. This shows that when the
central density reaches p_, the mass-to-flux ratio increases much.

where p. = nGa2/(2p,c2) + 1 represents the central density
necessary for the disk to be supported without a magnetic field
(y = o). In Figure 10, we illustrate the p. — y, relation (eq.
[4.7]) for the cloud with the same parameters taken by MPF as
model 2r, which corresponds to the case of p. ~ 10 and y, ~
0.1. Further, we also show the result of MPF’s dynamical cal-
culation by crosses. In contrast to the dotted line which shows
the relation of B, = constant, this figure shows that the curve
of quasi-static model evolution nicely traces the result of the
dynamical calculation by MPF. While the central density is
much lower than p;, equation (4.7) indicates that p. oc y, oc
p./B., where we neglected the third term on the left-hand side.
This means that in the first phase the density increases while
the field strength does not increase, which is also similar to the
evolution studied by their dynamical calculation. Equation
(4.7) also shows for p. — p., y, = p. y, ~ 10*. Because in the
self-gravitating cloud p; must be > 1, the mass-to-flux ratio y,
increases much when the central density approaches p.. As
shown in this figure, at the final phase of the evolution of the
plane-parallel disk, the evolutionary path points almost verti-
cally upward. This agreement between the static model and
dynamical calculation is sufficient to conclude that the evolu-
tionary path shown by the quasi-static model well mimic the
true evolution.
ii) Difference of Evolutionary Paths

At the final stage of the quasi-static evolution, the plane-
parallel disk evolves vertically upward in Figure 10. Contrarily,
the flat axisymmetric cloud goes horizontally to the right in
Figure 9. That is, the evolutionary path of a one-dimensional
slab cloud is different from that of three-dimensional axisym-
metric cloud. This difference seems to come from “the satura-
tion of the gravitational field” in the one-dimensional slab
cloud, as discussed by Mouschovias (1987) and Nakano (1988).
The plane-parallel disk with a magnetic field parallel to the
disk studied by MPF is a system in which the magnetic flux
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decreases with the increase of the central density at the final
phase. On the other hand, in the case of the realistic axisym-
metric cloud, near the critical state (M, ~ M) the mass-to-
flux ratio does not increase easily, although the central density
increases. To estimate the increase of the mass-to-flux ratio in
the cloud, it is necessary to know the geometry of realistic (flat
axisymmetric) clouds. It is shown that the difference comes
from that of the evolutionary paths in p, — GY/2|dm/d®y|,
plane, like the difference between the Henyey and Hayashi
tracks in the H-R diagram.

¢) Angular Momentum Loss

If the cloud loses its angular momentum keeping the rigid-
body rotation, the time scale of spin-down of the cloud is
proportional to M /R%(Bo/p.)'"? (eq. [3.1]). Figure 11 shows
the calculated time evolutions of total angular momentum J,
which decreases in proportion to exp (—t/t;). The character-
istic time 7, is estimated as 4.9 (case A2), 43 (case A4), 4.9 (case
B2), and 7.6 (case C2). (Case A2 is fitted better with two time
constants as 7, ~ 4.3 for ¢t < 3 and T ~5.2fort 2 3. Here we
use the above value for convenience.) From this figure, the
e-folding time of the total angular momentum is approximated

as
M ﬂ 1/2
~(0.07 —0.1) =2 (=2} .
T” ( 0 ) Rfl (pa>

In dimensional form, the time constant becomes

M R, \?
~ 24 x 10° o >
Ty 24 % yr<10.7 Mo><0.26 pc

B, \! p -1/2
e . @49
X <30 yG) <3.8 x 1023 g cm—3> “49)

This shows that the simple estimation (3.1) is fairly correct.

4.8)

V. SUMMARY

We have studied the quasi-static evolution of magnetized,
rotating, isothermal clouds/cloud cores driving by the plasma
drift and magnetic braking.

The time scales of the plasma drift and angular momentum
loss are expressed, respectively, as tp ~ 15.7(Gp,)”/* ~ 3

100

I “NA2 -

1
100 5 ¢ 10

F1G. 11.—The time evolution of angular momentum J. This shows clearly
that the angular momentum decreases in proportion to exp (—t/t 1» Where 7
means a time constant of angular momentum loss.
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x 10° yr (p./10° cm~3)" /2 (eq. [2.15]) (Spitzer 1978; Mous-
chovias 1979; Shu 1983; Nakano 1984; Mouschovias 1989)
and 7 ~ 24 x 10° yr (M4/10.7 M) (R./0.26 pc)~2 (Bo/30
uG)  (p,/3.8 x 10723 g cm~3)~1/2 (eq. [4.9]) (Mouschovias
and Paleologou 1980). The evolution is determined by these
two time scales and available time to evolve to the critical state
(or how close the mass of the cloud is to the critical mass).

Cases A and B—The cloud core is mainly supported by a
magnetic field. (@) When the cloud core has the mass much less
than the critical mass, the cloud is long lived ~(4-7) x 108 yr
and loses almost all the angular momentum (80%) in the quasi-
static evolution phase. (b) When the cloud core has the mass
close to the critical mass, it enters the dynamically contracting
phase soon (~ 10° yr), after the plasma drift works effectively in
such a cloud core. A fairly large part of the angular momentum
(60%) remains in the cloud at the final phase of the quasi-static
evolution.

Case C.—The cloud (or cloud core) in which rotation also
plays an important role. Since the decrease of angular momen-
tum reduces the critical mass, the quasi-static evolution is ter-
minated by the magnetic braking in ~6 x 10° yr. In either

TOMISAKA, IKEUCHI, AND NAKAMURA

case, clouds enter the dynamical contraction phase within
several x 10° yr, after the magnetic flux of the clouds decreases
to several times as large as the critical flux.

The density and magnetic field strength at the center of the
cloud correlate well with each other as B, oc p2-4~-5 similar to
the nonrotating cloud models with frozen-in magnetic fields
(Mouschovias 1976b) and the nonrorating cloud models which
evolve driven by the plasma drift (Nakano 1979). From the
p. — G'?| dm/d®y|, relation, it is shown that, while the cloud
only loses its magnetic flux by a factor of 0.5, the density near
the center increases by a factor more than 100 before the
dynamical contraction phase.

The numerical calculations were performed mainly by
Hirac S820/80 at Computer Center, University of Tokyo, and
partly by Acos S900 at Information Processing Center,
Niigata University, and Facom VP200 at Computer Center,
Institute of Space and Aeronautical Sciences. This work was
supported in part by Grants-in-Aid for Science Research from
the Ministry of Education, Science, and Culture: 01740141 (K.
T.), 62540178 (S.1.),and 63611512 (T. N.).
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