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1. I n t r o d u c t i o n 

The magnetic field and the angular momentum are major obstacles against cloud 
contraction. I will review recent results on magnetic flux loss ra te and angular 
momentum loss ra te and will investigate a gross feature of cloud contraction. 

2. M a g n e t i c F l u x Loss 

2.1. M A G N E T I C F L U X P R O B L E M S 

In an oblate cloud penetra ted by magnetic fields parallel to its minor axis , the mean 
magnetic force is weaker than the self-gravitational force only when its magnetic flux 
Φ is less than a critical flux 

Φ $ « 2 π 0 1 / 2 Μ , (1) 

where G is the gravitational constant and M is the cloud mass (e.g., S t r i t tma t t e r 

1966). Thus , a cloud with Φ > Φ$ must lose some of its initial flux before it can 
begin dynamical contraction (for more accurate criterion, see §4). Moreover, the 
magnetic flux to mass ratio for an interstellar cloud is est imated to be several 10 2 to 
10 5 t imes greater than the ratio for a magnetic s tar (Nakano 1983, 1984). Therefore, 
clouds, or more exactly, cloud cores, must lose most of their initial flux at some stage 
of star formation. 

2.2. P R O C E S S E S O F M A G N E T I C F L U X L O S S 

As is well known, ohmic dissipation is quite inefficient in ordinary clouds. Mestel 
and Spitzer (1956) pointed out tha t in a slightly ionized cloud the magnetic field and 
ions, which are frozen to the magnetic field, drift in a sea of neutral gas, and magnetic 
flux decreases gradually. Elmegreen (1979) investigated the effect of charged grains, 
which may be only weakly coupled to the magnetic field, on magnetic flux loss. At 
very high densities even ions are not frozen to field lines. T h e transit ion from strong 
coupling to weak coupling of particles with magnetic fields occurs gradually, and the 
density at which this transition effectively occurs depends sensitively on the kind 
of particles, being especially influenced by the particle mass. Since various kinds 
of charged particles are contained in a cloud and their relative abundances change 
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greatly with density (see §2.4 below), the study of magnetic field dissipation requires 
careful t rea tment . Nakano (1984) and Nakano and Umebayashi (1986a) introduced 
a formalism with which magnetic field dissipation can be treated quite generally. 

2.3. CLOUDS WITH REALISTIC GRAIN SIZE DISTRIBUTION 

With this formalism Nakano (1984), Nakano and Umebayashi (1986a, b) , and Ume-
bayashi and Nakano (1990) investigated magnetic field dissipation assuming tha t all 
grains have the same radius, typically a = 0.1 //m. In reality, however, interstellar 
grains have a wide size distribution. For example, Mat his, Rumpl, and Nordsieck 
(1977, referred to as MR.N hereafter) deduced a power law size distribution for 
graphite and silicate grains, 

= i4nHa~3-5, a m i n < a < a m a x , (2) 

where UR is the gas density by hydrogen number, a m m & 100 Â, a m a x « 2500 Â, 
and A « 1.5 x 1 0 ~ 2 5 c m 2 5 (Draine and Lee 1984; Mathis 1986). In addition, recent 
observations suggest the existence of very small "grains" with a as small as 3Â 
(Sellgren 1984; Leger and Puget 1984; Draine and Anderson 1985). 

l o g n H ( c m " 3 ) f o r (=10-{7s~l 

3 5 7 9 1 1 13 15 

—6 ι 1 1 1 1 1 1 1 1 1 1 1 1 

l o g [nH/<T ( c r r f 3 s ) ] 

F i g u r e 1. Abundances of various charged particles in clouds with ice-mantled 
grains (model 2) as functions of the density, rift. Grains are denoted as G with a 
superscript representing their electric charge. 
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Tiny grains have two effects on magnetic field dissipation. First, the large total 
surface area of tiny grains allows efficient recombination of ions and electrons on 
grain surfaces. This suppresses the ion density in clouds and has an effect of en-
hancing field dissipation. Second, most grains are electrically charged, and smaller 
grains couple more strongly with magnetic fields. This has the effect of suppressing 
field dissipation. Since both effects are large but operate in opposing directions, a 
detailed investigation is needed in order to determine which effect is dominant and 
how efficient field dissipation can be. The following is a summary of the recent work 
by Nishi, Nakano, and Umebayashi (1990). 

We adopt the following four grain models: (1) the standard MRN distribution 
(50Â < a < 2500Â); (2) the MRN distribution with ice-mantles (90Â < a < 4500À); 
(3) the extended MRN distribution without ice-mantles (3Â < a < 2500À); (4) the 
standard MRN distribution plus an additional population of grains of size a = 4Â 
with number density 2 χ 10 7 7 ? Η · Although a particle as small as 3-4Â may have 
properties quite different from ordinary grains, we neglect the effects due to such 
properties. Models 3 and 4 should be regarded as extreme cases for the effects of 
tiny grains mentioned above. 

2.4. D E N S I T I E S O F C H A R G E D P A R T I C L E S 

In clouds shielded from ultraviolet radiation, ions are first formed by ionization of 
hydrogen molecules and helium atoms by cosmic rays. Many of molecular ions, 
denoted as m + , recombine with electrons dissociâtively. But some of them undergo 
charge-transfer reactions with metal atoms, forming metal ions, denoted as M . 
Metal ions recombine radiatively with electrons. All ions can recombine with elec-
trons which have been adsorbed on grain surfaces. This reaction scheme is nearly 
in steady state. Figure 1 shows steady state abundances of various charged parti-
cles for model 2 (ice-mantled grains). In this model, molecular ions and metal ions 
are dominant charged particles at densities T?H ^ 107cm~3. At higher densities, 
however, charged grains are more abundant than ions. 

2.5. M A G N E T I C F L U X L O S S F R O M C L O U D C O R E S 

Quasistatic contraction of a cloud due to magnetic flux loss is highly nonhomolo-
gous. Nakano (1979) showed that a high-density core appears, which subsequently 
contracts much faster than the other parts of the cloud. The timescale of such 
nonhomologous contraction is nearly equal to the timescale of magnetic flux loss 
from the core whose size across field lines is nearly equal to the size along field lines. 
Figure 2 shows the timescale, iß, of magnetic flux loss from cloud cores as a function 
of the core density, TIR, for each of the four grain models. We have assumed that 
the magnetic flux, Φ, of the core is nearly equal to the critical flux φ£^ given by 
equation (1). The flux loss time, iß, is 10 to 102 times the free-fall time, f̂, at den-
sities lower than a critical density n£). For model 2, « 109cm~\ for example. 
The flux loss time is smaller than t{ only at densities higher than aiother critical 
density n£). For model 2, n^) « 1010cm"3. Since a cloud cannot contract faster 
than free fall, the magnetic field is decoupled from the gas at η Η ^ We find 
that charged grains are more efficient than ions in preventing the drift of magnetic 
fields at densities T?H ^ 2 χ 104cm~3 for model 2. Thus, even at ordinary densities 
of molecular clouds, grains are important in preventing magnetic flux loss. 

When Φ < Φ$, tB is proportional to Φ 2 at rtu <C η£ΐ\ and is almost indepen-
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dent of Φ at r?u ^ η£Γ . In the lat ter density range, ohmic dissipation is dominant . 

Since a cloud with Φ < Φ̂Ρ contracts dynamically, or nearly freely, assuming 
tha t the cloud mass is much greater than the Jeans critical mass, and also iß i{ at 

n\i ^ r i c r \ flux loss down to far below Φ^τ does not occur at densities ηπ ^ 1 0 9 c m - 3 

for any of the four grain models. 

2.6. FRAGMENTATION OF CLOUDS DUE TO MAGNETIC FLUX REDISTRIBUTION 

As shown in §2.5, the flux loss time, iß, is a decreasing function of the density, rift. 
This means that a part of a cloud with higher density loses magnetic flux faster, and 
then contracts faster, than a part with lower density, assuming tha t the high-density 
part has a mass exceeding the Jeans critical mass. Therefore, a density fluctuation 
in a cloud is amplified by magnetic flux redistribution, and the cloud breaks into 
fragments. This process was first pointed out by Nakano (1976) using his old results, 
and also works with our new results. 

3 . A n g u l a r M o m e n t u m Loss 

The most efficient process of removing cloud's angular momentum is t ranspor t of it 
to an ambient medium via. magnetic torque. Magnetic braking of cloud's rotat ion 
has been investigated for some cases of magnetic configuration around a cloud. 

3.1. CLOUDS WITH UNIFORM MAGNETIC FIELD 

T h e first investigation of magnetic braking was for a cloud penetra ted by a uniform 

10 ι 1 1 1 r— 1 1 1 1 1 1 

8 h 

log nH (cm'3) 
F i g u r e 2 . The magnetic flux loss time for cloud cores in which magnetic force 
nearly balances the self-gravitational force as a function of the core density, Π Η , for 
each of four grain models. 
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magnetic field with a rotation axis parallel to field lines. The angular momentum 
of such a cloud is lost in a time taken by a torsional Alfvén wave to cross a domain 
in the ambient medium whose column density is equal to the column density of 
the cloud (Ebert et ai 1960; Mouschovias and Paleologou 1980). However, such a 
magnetic configuration is realized only around a cloud with strong magnetic field 

(Φ > · $cr^), or with weak gravity, where field configuration is hardly affected by 
cloud's gravity. Stars hardly form in such a cloud. 

3.2. C O N T R A C T E D C L O U D S 

The magnetic field around a cloud with strong gravity is distorted considerably. 
Gillis, Mestel, and Paris (1974, 1979) investigated angular momentum loss from such 
a cloud assuming tha t the poloidal component of magnetic field is fixed. However, 
the assumed poloidal field is not force-free, and magnetic configuration changes in 
an Alfvén-crossing t ime, which is usually much shorter than the spin-down t ime of 
the cloud. These pioneering works are insufficient in this sense. 

3.3 . C L O U D C O R E S 

As mentioned above, contraction of a magnetized cloud is highly nonhomologous 
and only a core finally contracts to form a star. Therefore, angular momentum loss 
from a cloud core is essential in s tar formation. Let us consider an axisymmetric 
cloud with a core at the center. Although the magnetic field may be nearly uniform 
very far from the cloud, there is an intermediate zone where field lines anchored to 
the core are nearly radial and decline only slightly from the symmetry axis. We 
can take the field in this zone nearly force-free. Assuming tha t the intermediate 
zone is sufficiently large, Nakano (1989) investigated the t ranspor t of core's angular 
momentum to this zone. The density in the intermediate zone is assumed to be 
proportional to 7 , - n , where 7* is the distance from the cloud center. It is convenient 
to introduce ν = 1/(6 — η) . The results are as follows. 

For ν — 1/2 (n = 4), propagation of torsional Alfvén waves can be solved 
analytically, and the rotation velocity of the core, Q c c , is given by 

Ω«:(τ) = Q[ e x p ( - 5 1 / 2 r ) , (3) 

where r is a dimensionless time, Ω\ is the initial rotat ion velocity of the core, and 
sv is a quanti ty determined by the ratio of the density jus t outside the core and the 
mean core density. 

For ν between 0 and 1/2 (?? < 4), the solution is obtained semianalytically as 

ο / \ Ω ί l π \ ( · π \ Ω ί ΐ / / ( 1 - ι / ) 

M r ) « — e x p ^ r c o s ^ - ^ c o s ^ r s i n ^ - ^ ) - ( 1 + w ) 2 - 2 „ (4) 
where av is a constant of order unity. The first term oscillates with t ime with the 
amplitude decreasing exponentially. The second term decreases with t ime only by 
a power law and finally prevails over the first term. 

In all cases most of the initial angular momentum is lost in a timescale equal 
to s~l. This is the t ime taken by a torsional Alfvén wave to cross a domain whose 
moment of inertia is equal to the moment of inertia of the cloud core. 

3.4. D I S T R I B U T I O N O F R O T A T I O N V E L O C I T Y I N C L O U D S 

In cases other than η = 4, spin-down of a core is ra ther complicated. The η = 4 case 
is special; the Alfvén velocity is constant along field lines, and the moment of inertia 
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of the gas in a magnetic tube with unit length is also constant along field lines. This 
is why waves propagate smoothly and the core loses angular momentum smoothly. 
In other cases wave propagation is ra ther complicated. Reflection of waves occurs 
everywhere. This is why the core behaves in a complicated way. 

The second term of equation (4) represents a rotation reverse to the initial 
rotat ion. Because a core has a much smaller moment of inertia than the outer par t 
of the cloud, the core loses angular momentum faster than the outer par t . Therefore, 
after a few spin-down timescales, the core rotates reversely to the outer par t , though 
this retrograde rotat ion gradually decays afterwards. Thus, there must be a stage 
in which a core rotates reversely to the outer par t . Wi th minute observations we 
may be able to find clouds with such rotational s t ructure . 

4 . C o n t r a c t i o n of R o t a t i n g M a g n e t i z e d C l o u d s 

A gross feature of contraction of rotat ing magnetized clouds can be obtained by 
comparing the contraction t ime with the magnetic flux loss t ime and with the an-
gular momentum loss t ime, as done by Nakano (1990). The following is a summary 
of the results. 

First , let us consider a cloud core whose initial magnetic flux, Φι, is greater than 

a critical flux, defined by equation (6) just below. The cloud is embedded in a 
medium which has uniform magnetic field and uniform density far from the cloud. 
The timescale of quasistatic contraction of the core with flux Φ is given by 

where i ? c c is an equilibrium radius of the cloud core, which we determine from the 
virial theorem, and tß is the magnetic flux loss t ime investigated in §2. Contract ion 
can be regarded quasistatic only when / C O N T > U> Ο Γ Φ

 1S greater than 

When Φ decreases to Φ^Γ , dynamical contraction sets in as long as the core mass, 
M c c , is considerably greater than the Jeans critical mass, M j . 

An outline of contraction is shown in Figure 3. In an early s tage of a core with 

ΦΊ > Φ Ο Γ \ the angular momentum loss time, is much smaller than <CONT> and so 
the core loses angular momentum, L, rapidly, and soon settles down in corotation 
with the ambient medium. After this, contraction is induced by magnetic flux 
loss, and L decreases with contraction keeping corotation with the ambient medium 
because ti < <Cont- As contraction proceeds, the ratio ^Acont increases. When the 

Alfvén velocity, VJ^\ in the ambient medium is greater than the sound velocity, V ,̂ 
in the core, a condition ti > <cont is realized and angular-momentum-conserving 
contraction sets in while the core is still contracting quasistatically. Afterwards, Φ 

decreases to Φ ^ , and dynamical contraction sets in. When ^ V8, dynamical 
contraction begins while the core is still in corotation with the ambient medium. 
Afterwards, the core shifts to angular-momentum-conserving contraction. 

A cloud with Φ\ slightly smaller than contracts dynamically from the be-
ginning losing angular momentum because ti is nearly equal to the magnetically 
diluted free-fall t ime, assuming the cloud mass M >> M j . However, it is unclear 
whether corotation with an ambient medium is realized or not. 

(6) 

https://doi.org/10.1017/S0074180900198791 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900198791


73 

c 
Ο 

Ο 

σ 

Ο 

Ο 
Ο 

It 

Ω 

[ Φί > φ £ } ] 

Rapid Decrease of L (ti <C ĉont) 
Φ « const 

Corotation with Ambient Medium 
Φ : decreasing 
L : decreasing (ÎL < *çont) 

(centrifugal force <C gravitational force) 

for V f £ Vs 

L « const (<£ > <cont) 
Φ : decreasing 

at n H < 1 0 1 0 c m - 3 

L « const ( i l ^ ) 
Φ « const (<# > t{) 

at n H > 1 0 1 0 c m - 3 

B : decoupled (tß < t{) 
L « const (ÎL > *f) 

for v r j 0 ) £ v ; 

Corot at ion 
L : decreasing (< l < *cont) 
Φ « const 

— > t 

L : decreasing (î£ « t'^) 

L « const (ti > ïf) 

F i g u r e 3 . Gross feature of contraction of rotat ing magnetized clouds. The dashed 

line corresponds to the stage of magnetic flux Φ = φ£ Γ « ΦΟΓ ; (1 + U/iß)- i n stages 
above this line the clouds contract quasistatically, and below this line they contract 
dynamically. 

A cloud with Φ\ <C Φα· contracts dynamically from the beginning, as long as 
M > M j , nearly conserving L. 

In dynamically contracting clouds, magnetic flux Φ is nearly conserved at ran 

less than the critical density n$, which was obtained in §2 and is 10 1 0 cm"" 3 for 

model 2 (ice-mantled grains). At UR ^ the magnetic field is decoupled from the 
neutral gas and Φ decreases rapidly. Angular momentum is conserved in this stage. 

Let us go back to the case of Φί > Φ ^ with Vs. The angular-momentum-
conserving contraction effectively sets in at a stage ii « <cont? a n d angular momen-
tum of a core is fixed at this stage. If binary stars form from this core, we can 
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predict the orbital period of the binary stars. Assuming tha t s tars of equal mass 
are formed, Nakano (1990) found tha t the orbital period is 

r, ο / Ω 0 \ 3 / 1 0 5 c m " 3 \ 2 / Ω 0 \ 3 / l 0 2 c m - 3 \ 2 

where πι is the core density at the stage ti « ^ c o n t and is about 10 3 t imes the 
density, no, of the ambient medium, and Ωο is the rotation velocity of the ambient 
medium. If we take no as a mean density of a molecular cloud complex whose 
rotation velocity Ωο is nearly equal to the shear of galactic rotation, we obtain 
observed orbital periods of binary stars . Thus, the magnetic flux loss ra te and the 
angular momentum loss ra te shown above are consistent with orbital periods of 
binary stars. 
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