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ABSTRACT

We discuss evolution of the magnetic flux density and anguddocity in a molecular
cloud core, on the basis of three-dimensional numericaliitions, in which a rotating
magnetized cloud fragments and collapses to form a veryedepsically thick core of
> 5 x 10'%cm™3. As the density increases towards the formation of the alpyithick core,
the magnetic flux density and angular velocity converge tdea single relationship between
the two quantities. If the core is magnetically dominatsdrtagnetic flux density approaches
1.5(n/5 x 10'° em~3)/2 mG, while if the core is rotationally dominated the anguleioe-

ity approacheg.57 x 1073 (n/5 x 10'% em=3)/2 yr=1, wheren is the density of the gas.
We also find that the ratio of the angular velocity to the maigrfiix density remains nearly
constant until the density exceetlsc 10'° cm 3. Fragmentation of the very dense core and
emergence of outflows from fragments are shown in the sulesegaper.
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1 INTRODUCTION

It has long been recognized that magnetic field and rotaffecta
collapse of a molecular cloud, and accordingly, star foromafThe
magnetic and centrifugal forces, as well as the pressuce fap-
pose the self-gravity of the cloud and delay star formatidag-
netic field and rotation are coupled. Magnetic field is twdstéed
amplified by rotation. The twisted magnetic field brakes dloo-
tation and launches outflows.

In spite of its importance, only a limited number of numeri-
cal simulations have been performed for the coupling of raign
field and rotation in a collapsing molecular cloud. The firgt n
merical simulation of self-gravitating rotating magnetizclouds
were performed by Dorfil (1982). He found formation of bar-
like structure for a cloud rotating perpendicular to the netie
field and that of ring-like structure for an aligned rotatdiow-
ever, the grid resolution was limited so that the simulatizes
stopped when the density increased by 200 times from the ini-
tial value. The spatial resolution was limited also in ote&nu-
lations in 1980’s by Phillips & Monaghhn (1985) and Dlorfi (£93
who studied the cloud with toroidal magnetic field and thathwi
oblique magnetic field, respectively. The spatial resolutvas im-
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proved greatly by Tomisaka (1998, 2002). He considered &an in
tially filamentary cloud ofimax = 10* cm™2 and followed the
evolution up to the emergence of magnetically driven outflow
from the first core ofimax > 10 cm™2, wherenmax denotes
the maximum density. However, his computation was two dimen
sional and could not take account of asymmetry around tla¢ioot
axis. | Basu & Mouschovias (1994, 1985a,b) and Nakamure & Li
(2002,12003);_Li & Nakamural (2002) have got rid of the sym-
metry around the axis but introduced the thin disk approxima
tion. The magnetic braking could not be taken into account in
these simulations because of the thin disk approximation. A
thoughLBossL(2002) has performed three-dimensional stionig

he has employed approximate magnetohydrodynamical emsati
The approximation neglects torsion of the magnetic field @sad
places magnetic tension with the dilution of the gravity. Wlyf
three-dimensional numerical simulation has just beemateitl by
Machida, Tomisaka & Matsumaoto (20043), Hosking & Whitworth
(2004), and_Matsumoto & Tomisakia (2004).

The recent fully three-dimensional simulations have demon
strated that fragmentation of the cloud depends on the ntiagne
field strength. When the magnetic field is weak, a rotatingic¢lo
fragments after the central density exceeds the critigasithe 5 x
10*° cm ™3, i.e., after the formation of Larson’s first cole_(Laison
1969). The magnetic field changes its direction and stresgitimg
the collapse of the cloud. Thus it is important to study hawrsg
a magnetic field the first core has.



2

M. N. Machida, T. Matsumoto, K. Tomisaka and T. Hanawa

In this and subsequent papers, we show 144 models cs = 0.19 km s, Thus, this equation of state means that the gas

in which a filamentary cloud collapses to form a magne-
tized rotating first core. All the models are constructed us-
ing the fully three-dimensional numerical simulation caased

in IMachida, Tomisaka & Matsumoto_(2004a, hereafter MTMO04).
This paper shows the evolution by the first core formatiogesta
i.e., the stages before the maximum density reaches theatrit
density,5 x 10'° cm™3. The later stages, i.e., fragmentation of

the first core and emergence of outflows, are shown in the sub-

sequent papel_(Machida, Matsumoto, Hanawa & Tomisaka 2004c
hereafter Paperll).

From analysis of 144 models, we find two variables which
characterize the evolution of magnetic field and rotatidme Tirst
one is the ratio of the angular velocity to the magnetic fidlais
remains nearly constant while the maximum density increfieen
5 x 102cm™3 to 5 x 10'° em™3. The second characteristic vari-
able is the sum of the ratio of the magnetic pressure to thprgas
sure and the square of the angular velocity in units of thefdie
timescale. This variable converges to a certain value. feée tethe
convergence as the magnetic flux - spih-{ 2) relation in the fol-
lowing. We discuss the evolution of the magnetic flux denaitd
angular velocity by means of these two characteristic et

This paper is organized as follows: Section 2 denotes the
framework of our models and the assumptions employed. @ecti
3 describes methods of numerical simulations. Section depits
typical models in the first four subsections and compare®usr
models in the last subsection. Section 5 discusses imiglicabf
the magnetic flux - spin relation and some applications ofhood-
els to observations.

2 MODEL

We consider formation of protostars through fragmentatioa fil-
amentary molecular cloud by taking account of its magnei fi
and self-gravity. The magnetic field is assumed to be coupltd
the gas for simplicity although the molecular gas is onlytipfy
ionized. Then the dynamics of the cloud are described bydbal i
magnetohydrodynamical (MHD) equations,

dp _
S+ (pv) =0, @
i (V~V)v—7VP7LB><(V><B)f Vo, (2)
p@t P = i P y
oB
Eva(UXB), (3)
V2p = 4nGp, (4)

where p, v, P, B, and ¢ denote the density, velocity, pres-
sure, magnetic flux density and gravitational potentiagpee-
tively. The ideal MHD approximation is fairly good as long as
the gas density is lower thanr 10'' cm™3 (Nakanb|1988;
Nakano, Nishi & Umebayashi 2002). The gas pressure is agsume

to be
)2/5]

n

P=cp |:1+( 5)

Necri

wheren denotes the number density and is related to the mass den-

sity p by
p=23x167x10"** xn. (6)

The critical number density is set to bg,; = 5 x 10®cm ™3

is isothermal af” = 10K for n < n.i and adiabatic fon > nei.
Our initial model is the same as that of Tomisaka (2002) ex-
cept for the azimuthal perturbation. It is expressed as

peo [1+ (r2/8H?)] 2 [1+ 8p2(2)] [ + 6po(r, )(7)

p

v o= Qe [L+(28HY)] ey, ®)
B = Beo[l+(r?/8HY)] ' [1+6B.(r,9)] e, 9)
where

g2 _ G+ BZ/8p. (10)

o 471'Gpc’0 — QQ‘% ’

in the cylindrical coordinatesy, ¢, z). This initial model denotes
a magnetohydrodynamical equilibrium (Stodotkiewicz 2p&hen
0p=(2), dp,(r, ) anddB.(r, p) are not taken into account. The
initial density isn.o = 5 x 10> cm™> on the axis ¢ = 0). The
filamentary cloud is supported in part by the magnetic field an
rotation. This equilibrium is unstable against fragmenotain the
z-direction. The perturbation in thedirection is assumed to be

dp. = A.cos(2m2/Amax) , 11)

where

N cs 2r(1 4 a/2 + §)*/? (12)
max — (47TGPC,0)1/2 0.72 [(1 + a/2 + 5)1/3 _ 0.6] )

and

B=2w H?/c. (13)

The symbol \n,.x, denotes the wavelength of the fastest growing
perturbationi(Matsumoto et al._1994).
The azimuthal perturbation is assumed to be

{ Ay (r/H)™ cos(mep),

Ag cos(mp),
where the azimuthal wavenumber is assumed tmbe2. The ra-
dial dependence is chosen so that the density perturbaioains
regular at the originr( = 0) at one time step after the initial stage.
The ratio of density to the magnetic flux density is constarthi
-direction for a given andz [see equation§l7) andl(9) ].

The initial model is characterized by four nondimensiorad p
rameters: twice the magnetic-to-thermal pressure ratio,

for r. < H,
for r. > H,

= (14)

0pe, 6By,

o = BZQC,O/(47T/)C,OC§,O)7 (15)
the angular velocity normalized by the free-fall timescale
w = Qec.0/+/47Cpe.0, (16)

the amplitude of the perturbation in thedirection, A, and that
of the non-axisymmetric perturbatiod,,. The former two specify
the equilibrium model, while the later two do the perturbas. We
made 144 models by combining values listed in Thble 1. Thétes
depend little on the values of,, thus A, is fixed to be 0.1 in most
models.

3 NUMERICAL METHOD

We employed the same 3D MHD nested grid code as that
used in MTMO4. It incorporates the 3D nested grid code of
Matsumoto & Hanawal (2003b) for a hydrodynamical simulation

(Masunaga & Inutsuka 2000) and the sound speed is assumed to band the approximate Riemann solver for the MHD equation

(© 0000 RAS, MNRASD00, 000—-000
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(Fukuda & Hanawa 1999). This 3D MHD nested grid code inte-
grates equations (1) through (5) numerically, with a finiiféed
ence scheme on the Cartesian coordinates. The solutiones-a s
ond order accurate, both in space and in time by virtue of the
Monotone Upstream Scheme for Conservation Law (see ergh Hi
1990). The Poisson equation is solved by the multigrid fiena
(Matsumoto & Hanawa 2003a). We have used Fujitsu VPP 5000,
vector-parallel supercomputers, for 40 hours to make ac#&pi
model shown in this paper.

The nested grid consists of concentric hierarchical regtan
lar subgrids to gain high spatial resolution near the oriiach
rectangular grid has the same cell number 128 x 128 x 32)
but a different cell widthh(¢) 2775 Amax, Where/ denotes
the level of the grid and ranges from 1 £g... Thus the coars-
est rectangular grid of = 1 covers the whole computation re-
gion of —Amax < 2 < Amaxs —Amax < ¥ < Amax, and
0 < z < Amax/2. The solution inz < 0 is constructed from
that inz > 0 by the mirror symmetry with respect to = 0.
The maximum level number is set@t.x = 3 at the initial stage
(t = 0). A new finer subgrid is generated whenever the minimum
local Jeans length; becomes smaller thali(¢max ) /8. Since the
density is highest always in the finest subgrid, the ger@ratf the
new subgrid ensures the Jeans condition with a margin oftarfac
of 2 (c.f.ITruelove et all 1997). We have adopted the hypérbol
divergence cleaning method lof Dedner et al. (2002) to olitan
magnetic field ofV - B free.

4 RESULTS

We have followed all the models shown in this paper until the
central density exceeds. > 10'® cm™3. This paper describes
the first half of the evolution for each model, i.e., the stagé

ne < nee = 5 x 101°cm™3. The second half is described in
the subsequent paper (Paper ).

Our models are characterized mainly by the strength of the
magnetic field ¢) and the angular velocity.). They are classified
into four groups: (A) models having smaill (< 0.1) and small
w (< 0.1), (B) those having large,(> 0.1) and smalkw (< 0.1),

(C) those having smalk (< 0.1) and largew (> 0.1), and (D)
those having larger (> 0.1) and largev (> 0.1). In other words,
the model cloud has a weak magnetic field and rotates slowly in
group A, while it has a relatively strong magnetic field anth+e
tively large angular momentum in group D. Each group is dbedr
separately in the following subsections, in each of whicb typi-
cal models ofA, = 0.01 (S) and 0.2 (L) are shown. The typical
models are named after the group (A, B, C, or D) ahd(S or L).
Model AS hasae = 0.01, w = 0.01, andA,, = 0.01, for example.
Table[2 shows the values of, w, A, and A, for the 8 typical
models shown in the following subsections. It also showsrtitial
magnetic field B..0), the initial angular velocity{.o), the wave-
length of the perturbation in the-direction Amax), the mass /)

of the gas contained in the region|ef < Amax/2, and the epoch
at which the density becomes infinits).

4.1 Weak Magnetized and Slowly Rotating Cloud

This subsection displays model AS as a typical model having a
weak magnetic field and slow rotation. Model AS has pararseter
a = 0.01, w = 0.01 and A, = 0.01. Fig.[d shows the cloud
evolution in model AS by a series of cross sections.

(© 0000 RAS, MNRASD00, 000-000
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As shown in Fig[L, a gas cloud is transformed from a pro-
late one to an oblate one on the= 0 plane (see lower panels),
while it maintains a round shape on the= 0 plane (upper pan-
els) in the period 06.5 x 10°cm ™ < n. < 7.6 x 10’ cm™3.
The velocity field is almost spherically symmetric while ttentral
density increases fromx 10° cm ™3 to 2 x 10° cm 3. The dense
cloud is prolate and elongated in thalirection in the lower panel
of Fig.[ (b), while it is nearly spherical in the lower panéFag. [

(c). In this early collapse phase, the cloud contracts atbagna-
jor axis (i.e.z-axis), regardless of the magnetic field and rotation as
discussed in Bonnell et all (1996). An oblate core is seeraiep
Fig.O (e) and a thin disk is seen in the lower panel of Elg. 1 (f)
The collapse is dynamical at the stages shown in[fFig. 1 (oudir
Fig.Od (f). The radial infall velocity reaches. = —0.52 km s™!

on thez = 0 plane in Fig[L (e), while the vertical infall velocity
doesv, = +0.58 km s™* on thez-axis. The rotation velocity is
v, = 0.047 km §' at maximum and much smaller than the infall
velocities. This means gas contracts spherically in thasphThe
difference between the radial and vertical infall velastis still
small (vrmax| = 0.61 km s7* and|v: max| = 0.8 km s7!)in
Fig.O (f) although a high density disk is formed.

The density increase is well approximated Iy
2.2/[47G (t — t¢)?] in the period of5 x 10*ecm™ < n
10° cm 3 as shown by the thick solid curve in F[3. 2. The offset
is taken to be¢ 5.96 x 10°yr so that the central density in-
creases in proportion to the inverse square of the time imittiest
span inlog p¢, as shown in_Larson (1969). Remember that the sim-
ilarity solution of Larson (1969) and Penston (1969) giges=
1.667/[4nG (t — t¢)?] for spherical collapse of a non-magnetized
non-rotating isothermal cloud. We have checked that theitien
increase is well approximated by ~ 1.65/[4nG (t — t¢)?]ina
non-magnetized and non-rotating cloud of our test calmriaf he
density increase is 15 % slower in model AS than in the siiitylar
solution, since(2.2/1.667)"/? 1.15. This small difference is
due to the rotation and magnetic field.

To evaluate the change in the core shape shown inlfFig. 1,
we measure the moment of inertia for the high density gas
of p > 0.1p.. We derive the major axish{), minor axis
(hs), and z-axis (h.) from the moment of inertia according to
Matsumoto & Hanawel (1999). The oblateness is definedas=
(hihs)Y/? /R and the axis ratio is defined as. = h;/hs — 1.

The oblateness is denoted by the thick solid curve as a fumcti
of time in Fig[3 (a) and as a function of the central densitlig[3
(b). The oblateness is nearly constantat = 0.27 in the period
oft <4x10%r(or5x102em™® < ne <5 x 10%em™®). It
increases and reaches, = 1 at the stage ofi. = 2 x 10° cm ™3,
which is shown in the lower panel of Fifl 1 (c). The oblateness
reacheg,, = 2.9, when the disk-like structure is formedsat =
7.6 x 10'° cm™? as shown in the lower panel of Fig 1 (f). The
increase ireop, is monotonic in the period af. > 5 x 10% cm 3.

The axis ratio is denoted by the thick solid curve as a functio
of time in Fig.[3 (c) and as a function of the central density in
Fig.[ (d). The axis ratio decreases fram = 0.01 to7 x 1074
after oscillating once over the period bf 5 x 10° yr (or n. <
5 x 10% cm™3). It increases in proportion to./® over the period
of ne > 5 x 10°cm™2. The growth rate of,, coincides with
that of the bar mode growing in the spherical runaway co#laps
(Hanawa & Matsumoto 1999). The axis ratio grows uBio x
10~? in the isothermal collapse phase as shown in Hig. 3 (d). In
order to examine dependence on the axis ratio, we comparelsnod
AS and AL, of which model parameters are the same exceptéor th
amplitude of the non-axisymmetric perturbatioh,. The value of

N
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gar IS 20 times larger in model AL than in model AS at a given
stage and reaches, = 6.8 x 1072 atn. = n.. The axis ratio

is proportional ta4,,. The oblateness is nearly the same in models
AS and AL. The non-axisymmetric perturbation grows linganl
models AS and AL.

M. N. Machida, T. Matsumoto, K. Tomisaka and T. Hanawa

the magnetic field is not twisted but pinched at the stages cf

10° cm™* as shown in panels (d) - (f) of Figl 5. Each panel denotes
the magnetic field lines for the corresponding stage shoveaah
panel of Fig[l. This weak magnetic field has no significareaff
Whena < 0.1 andw < 0.1, the effects of magnetic field and

The magnetic flux density increases as the density increases rotation are very small.

The left panel of Figll4 shows the square root of the ratio ef th
magnetic pressure to the gas pressBg/ (8mp.c2)/?, as a func-
tion of n.. Note that the ordinate is normalized by the initial value.
It increases in proportion to one sixth the power of the dgnisé.,
BZC/(871'pCc§)1/2 o ni/e, in the period ofl0° cm ™2 < n. <

10° cm™*. This means that the magnetic field increases in pro-
portion to B,e o n2/®. This increase inB,. is consistent with
the spherical collapse of the core. When the collapse isrigaifig
symmetric, the density and magnetic field increase invensed-
portional to the cubic and square of the radius, respegtigaice
the magnetic field is frozen in the gas. Hence, the magnetitifie
proportional to two thirds the power of the densiBj. o p2/>.

After the central density exceed$® cm ™3, the growth of
the magnetic field slows down. This slowdown coincides wlitd t
change in the core shape. The core is significantly oblatéen t
period ofn. > 10° cm™3. Remember that the magnetic field is
proportional to the square root of the densif,{ o n./?) when
a magnetized disklike gas cloud collapses (Scott & Black0198
This is because the disk is nearly in a hydrostatic equilifarin the
z-direction and the isothermal disk has the relationc X2, We
use the terminology, the “disk collapse”, for this radiallapse of
a disklike gas cloud. In the disk collapse, the magnetic flemxsity
increases in proportion to the surface densBy.(x X.) since the
gas is frozen in a magnetic flux tube. The relations,x -2 and
Bye X, yield B,e o ni’?. Inthe period ofne > 10° cm ™3, the
growth rate of the magnetic field is intermediate betweesetfor
the spherical collapse and for the disk collapse. This isistent
with the density change over the same period.

As well as the magnetic flux density, the angular velocity
of the core increases as the density increases. The riglet pan
Fig. 4 shows the ratio of the angular velocity to the magniiid
(Qc/B,c) normalized by the initial valueflc,o/B..,0) as a func-
tion of n.. The ratio is nearly constant at the initial value. This is
because both the specific angular momentygafd the magnetic
flux (®) are conserved for a central magnetic flux tube. Both the
angular velocity and magnetic field increase proportigntdlthe
inverse square of the tube radius. Hence the ratio is caristhoth
the spherical and the disk collapse. The conservation cffibeific
angular momentum implies that none of the magnetic torquaes/-g
itational torque, ang-component of the pressure force are signifi-
cant.

Since Q. /B, is nearly constant, the angular velocity in-
creases in proportion a2/ in the period ofl0° cm ™3 < ne <
10°cm ™3 and the growth ofQ). slows down in the period of
ne > 10° cm™2. When measured in units of the free fall timescale,
the angular velocity increases in proportior(te(4rGp.) ~*/?
nt/® in the former period. The angular velocity in units of thesfre
fall timescale denotes the square root of the ratio of theriéen
gal force to the gravitational force. The magnetic field aptation
strengthen in the same manner during the spherical collaps=
both B,.(8mp.c?)~/? and Q.(47Gp.)~'/? increase in propor-
tion to pe/°.

Model AS is similar to model B of Matsumoto etlal. (1997),
although our model AS includes a very weak magnetic field. The
magnetic field influences little the cloud collapse. Elg. v that

4.2 Strongly Magnetized and Slowly Rotating Cloud

Model BL is shown as a typical example of models in this sub-
section having largex and smallw. Model BL has parameters
a = 0.1, w = 0.01 and A, = 0.2. The parameters of model BL
are the same as those of model AL exceptdpwhich is 0.01 for
model AL and 0.1 for BL (TablEI2). When > 0.1, the magnetic
pressure becomes comparable to the gas pressure in the aburs
cloud collapse and decelerates the radial collapse signtfic The
magnetic braking is also effective in models BL and BS.

Also in model BL the high density core changes its form from
prolate to oblate as the central density increases, as shdvig.[d,
which is the same as Fifll 1 but for model BL. The change in the
core shape is due to the magnetic field, which is amplifiednduri
the spherical collapse. The ratio of the magnetic pressutestgas
pressure is 0.11 at the stageraf= 2 x 10°, while it is only 0.05
at the initial stage. Each panel of F[g. 6 denotes the demsity
velocity distribution at the stage of (a) = 8.2 x 103 cm™3, (b)

5.6 x 10*em™2, (¢) 7.9 x 10° cm ™2, and (d)6.0 x 10'° cm™>.

At the stage ofn. = 8.2 x 10% cm~3, the oblateness is., =
0.58 in model BL [Fig. 6(a)] whiles,, = 0.45 in model AL [Fig.
1(b)] . The core is more oblate in model BL than in models AL and
AS when compared at a given stage with the same central gensit
[Fig. 3(b)]. The oblateness i, = 5.3 at the stage 0. = 5 X

10*° ¢cm ™3 in model BL, whiles,,, = 2.9 in model AS (see Fig. 3).
The oblateness increases slowly over the perigkbof0® cm =2 <

ne < 10*° em ™3 in model BL and is saturated arounag, ~ 5 in

the period of. > 10'° cm ™3,

As well as in models AS and AL, the axis ratio decreases
from the initial value ofe,, = 0.2 to 0.015 in the period of
ne < 10*cm™2 in model BL. Then it switches to growing in
proportion tont/® in the period ofn. > 10* cm™2. The core is
elliptic on thex —y plane and the axis ratio és, = 0.23 at the stage
of n. = 5x10'° cm™?, as shown in the upper panel of Aig. 6 (d).
The amplitude of the non-axisymmetic perturbation is Imhepro-
portional to the initial amplitude. The axis ratio is alwagmaller
by a factor of 20 in model BS than in model BL when compared
at the stage of a given central density. Models BS and BL Hae t
same model parameters except fos.

Since the core is appreciably oblate, the infall velocity is
higher in the vertical direction than in the radial direatioAt
the stage ofi. 5 x 10*° cm™3 the radial infall velocity is
v, = —0.46km s~ at maximum inz = 0 plane while the verti-
cal infall velocity isv, = 0.7km s™' at maximum on the:-axis.
The radial infall velocity is smaller and the vertical infaelocity
is larger than in model AS. This asymmetry is due to the magnet
field. The rotation velocity is quite smalb{ = 0.03 km s~') and
the centrifugal force is negligible. The density increase tb col-
lapse is slower in model BL than in model AS. The growth of the
central density is well approximated py = 2.5/[4nG (t — t¢)?].
The growth rate is 7 % smaller than that of model AS at a given
central density.

Also in model BL, the magnetic field strengthens as the den-
sity increases. The ratio of the magnetic pressure to thprgasure

(© 0000 RAS, MNRASD00, 000—-000



Collapse and Fragmentation of Molecular Clouds |

increases very slowly in the period of < 10° cm ™3 (see Fig. 4).

It is saturated aroun@B,c/B.c,0)?/(pe/peo) ~ 1.3 in the pe-
riod of n. > 10° cm™?. The magnetic field decelerates the radial
collapse appreciably as shown earlier.

Fig. @ shows the magnetic field lines at the stageiof =
6 x 10'° cm~3. The magnetic field lines break at the levels of
z ~ 15 AU and 30 AU near the disk surface. The latter break
corresponds to a fast-mode MHD shock, which is essentib#y t
same as the shock waves seen in Norman, Wilson & Ealrtoni(1980)
Matsumoto et al. [(1997), arld Nakamura et al. _(1999). They are
squeezed and vertical to the midplane below the shock froilew
they are open above the shock front. The disk formation istdue
the magnetic field.

The magnetic field extracts angular momentum from the core.
As shown in Fig[ (b), the ratio of angular velocity to the metic
field decreases by 30 % in the period5k 102 cm™ < n. <
5% 10'° ¢cm ™2 in model BL, although it remains constant in model
AL. The decrease is due to the magnetic braking. The twistgtm
netic field transfers the angular momentum of the core outsvar
The specific angular momentum of the core is 70 % of the initial
value atthe stage of. = 5x10'° cm~3. The angular velocity nor-
malized by free-fall timescalél. /(47Gp.)*/?] increases slightly
from 0.01 to 0.015 in the period 6fx 10% < n. < 5x10% cm™3
in model BL, while it spins up from 0.01 to 0.06 in model AL. We
discuss this difference again #4.5 in which we compare the in-
crease i, for various models.

The efficiency of the magnetic braking is qualitatively dami
in models BS and BL.

Models BL and BS are similar to model Clof Tomisaka (1995)
and model B1 of Nakamura et Bl. (1999), although the earl@-m
els include neither rotation nor non-axisymmetric peratidn. The
rotation and non-axisymmetric perturbation have littfeetfon the
cloud collapse in our models BL and BS. When the initial mag-
netic pressure is larger than a tenth of the gas presauge (.1),
initially weak magnetic field is amplified during the collapand
affects the evolution of the core. The magnetic pressureldextes
the radial collapse and leads to disk formation. Also the matig
braking is appreciable.

4.3 Weakly M agnetized and Rapidly Rotating Cloud

This subsection describes model CS as a typical exampleddr m
els having smalla and largew. Model CS has parameters of
« 0.01, w 0.5, and A, 0.01. Whenw > 0.1, rota-
tion affects the collapse of the cloud significantly.

In model CS, a rotating disk forms at an early stage of low
central density. Each panel of F[g. 8 denotes the densityvand
locity distribution at the stages of (@, = 5.2 x 10®> cm 2, (b)
6.5 x 10 cm ™3, (¢) 5.7 x 10°cm ™3, and (d)8.3 x 10'° cm 3.
The rotating disk is clearly seen at the stagé.6fx 10* cm ™. The
oblateness reaches, = 3.0 at the stage 04.0 x 10* cm 2 and
is saturated aroung,;, ~ 3.5 in the period of5 x 10° cm™® <
ne < 5 x 10'° ecm™ as shown in Fidl3 (b).

The axis ratio increases up4¢e. = 0.2 by the stage ofi. =
5 x 10'% cm ™2 in model CS (see Fig. 3). At the stagef =
5 x 10*° cm ™3, the axis ratio is larger in model CS than in model
AS, while it is the same at the initial stage. The differendses in
the period ofn. < 5 x 10* cm™3. The axis ratio remains around
0.01 in model CS, while it decreasesTax 10~* in model AS.
The axis ratio grows roughly in proportion 13’ in the period of
n > 5 x 10* cm ™3 both in model AS and in model BS. We have
confirmed that the non-axisymmetric perturbation is prtpoal

(© 0000 RAS, MNRASD00, 000-000

5

to the initial perturbation by comparing with model CL of whi
initial parameters are the same as those of model CS except fo
A,. The axis ratio is 20 times larger in model CL than in model
CS in the period ofic < 1.0 x 10° cm™3. The axis ratio reaches

ear = 10.2 and the high density core has a bar shape at the stage of
ne = 5 x 10*° cm ™2 in model CL.

The increase in the central density is approximategby=
6.2/[4nG (t — t¢)?]. The rate of the increase is appreciably smaller
than those of models AS and BS. It is 1.93 times smaller thah th
of the spherical collapse at a given central density. Thatively
slow collapse is due to fast rotation.

In the period ofi. < 5x10° cm ™2 the cloud collapses mainly
in the vertical direction along the magnetic field. Accoglinthe
magnetic field increases a little and the ratio of the magnets-
sure to the gas pressure decreases in this period (sdd Fitpté)
that the square root of the ratio of the magnetic pressureo t
gas pressure decreases in proportiop;tb/ % when the collapse is
purely vertical along the magnetic field. Also, the angulalogity
increases a little and decreases in proportio;ajb/2 when mea-
sured in the freefall timescale.

In the period of5 x 10°cm™® < n. < 5 x 10 cm™3,
the magnetic field B,.) strengthens and the angular velocity of
the core {2.) continue to increases. However, the ratio of the
magnetic pressure to the gas pressure remains nearly obnsta
around (Bc/Bye,0)?/ (pe/pe,o) 0.5 for 5 x 10°cm™ <
ne < 5 x 10'° cm™2 as shown in FiglJ4. The angular velocity
measured in the freefall timescale is also nearly constantnal
Q.(47Gpe)~'/? = 0.2. In other words, both the magnetic field
and angular velocity increase in proportiondti*. These depen-
dences ofB.. and{2. on p. indicate that the core collapses in the
radial direction while maintaining a disk shape. They aegame
as those in the similarity solution for a self-gravitatibpaollaps-
ing gas disk (Tomisaka 1995, 2002; Nakamura et al. 1995; Mat-
sumoto et al. 1997; Saigo & Hanawa 1998).

The ratio of the angular velocity to the magnetic field is con-
stant in the period ofi. < 107 cm™>. It increases up to 1.2 by
the stage ofz. = 5 x 10'°cm™2. This increase is due to the
torsional Alfvén wave. The magnetic braking is not sigmifitin
model CS. The ratio of the angular velocity to the magnetid fie
constant during the collapse as shown in Elg. 4 (b). This oosfi
that the specific angular momentum is conserved. The magneti
field is twisted by fast rotation as shown in Hig. 9. It is alembat
the shock front as well as in model BS. The twisted magnetid fie
is too weak to have any appreciable dynamical effects.

The infall velocity is higher vertically than radially. Theax-
imum infall velocity iS v, max = —0.37km s~! radially and
Vsmax = 0.59km s~! at the stage ofi. = 5 x 10*° cm™3.

The maximum rotation velocity is, = 0.36 km s~! and exceeds
the sound speed at the same stage. Thus both the infall atigbrot
are supersonic. This dynamically infalling gas disk is mio in-
falling envelopes observed in HL Tau (Hayashi etlal. 1993} an
L1551 IRS5 [(Ohashi et al._1995; Saito ef al. _1996) in the sense
that the radial infall velocity is comparable with the radatveloc-

ity. The vertical inflow along the-axis forms shock waves twice,
once at the stage of. = 5.7 x 10° cm~2 [see Fig[® (c)] and at
that ofn. = 8.3 x 10'° cm™3 [see Fig[® (d)]. The former forms
atz = 44 x 10® AU, and the latter at = +40 AU. These
shock waves are essentially the same as those seen in Madsumo
et al. (1997). The oblateness has a temporal maximum vathe at
stages of the shock formation.
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4.4 Strongly Magnetized and Rapidly Rotating Cloud

This subsection describes model DL as a typical example a@fmo
els having largex and largev. Model DL has parameters = 1.0,
w=0.5andA, = 0.2. Whena > 0.1 andw > 0.1, both mag-
netic field and rotation affect the collapse of the cloud Sigantly.
The magnetic braking is also effective.

Fig.[I3 shows formation of a magnetized rotating disk that de
forms to an elongated high density bar in model DL. Each panel
denotes the density and velocity distribution at the staigéap
ne = 5.6 x 10°cm ™3, (b) 6.8 x 10* cm ™3, (€) 5.1 x 10% cm ™3,
and (d)5.3 x 10*° cm™3. The high density gas has an oblateness
of e, = 4.2 at the stage of. = 6.8 x 10* cm 2. The oblateness
reaches its maximum at. ~ 4 x 10% cm ™2 and oscillates around
€ob ~ 5 in the period of4 x 10°cm ™3 < n. < 5 x 10% cm =3
(see Fig[B). As a result of the strong magnetic field and fatst r
tion, the disk forms at an earlier stage in model DL than iroitfer
models shown in the previous subsections.

The increase in the central density is approximatechby=
4.9/|47 G (t — t¢)?|. This is slower than in models AS and BS,
although faster than in model CS. The density increase isrfas
a model having a largex for a givenw > 0.1. This is because
a stronger magnetic field brakes the rotating core moreteféde
and the centrifugal force is reduced more. Remember thatehe
sity increase is slower in a model having a largewhenw < 0.1.
When the angular momentum of the cloud is very small, the cen-
trifugal force is negligible and its reduction due to the metic
braking is unimportant. A stronger magnetic field decetsahe
collapse through higher magnetic pressure and tensionmétge
netic field plays two roles: acceleration of the collapseuigh
magnetic braking, and deceleration of the collapse thraugh-
netic pressure and tension. The former dominatesJfop 0.1
while the latter dominates fay < 0.1.

As shown in Fig[ZID (d) upper panel, the disk is elongated
into a bar ofe,, = 15 at the stage 05.3 x 10° cm~2. As well
as in model CL, the axis ratio remains nearly constant at ¢he b
ginning and increases in proportion t3’° from an early stage
of n. < 5 x 10° cm™ in model DL (see Fig[13). An elongated
bar forms in the models in which the non-axisymmetric pdxadur
tion is relatively large 4, > 0.2) and does not diminish in the
early phase. Remember that the axis ratio decreases in tiogl pe
of n. < 1.0 x 10* cm™2 in models AL and BL. The axis ratio in-
creases in proportion tot’® in all models while the core collapses
dynamically. The final axis ratio depends on the initial eaAnd
the amount of damping in the early phase. The initial damsng
smaller when either the initial magnetic field or rotatioteiger.

A similar bar structure is also seenlin_Durisen et al. _(1986)
andiBatel(1998). The bar structure develops as a result dfahe
mode instability, when the ratio of rotational to gravitetal en-
ergy (5) of the core exceeds8 = 0.274. This (3 is related tav by
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Ap)=(3,0,0.2), which is listed as model 56 in Table 2 of Paper Il
The bar formation can not be due to rotation since the clows do
not rotate in this model. (See Table 2 of Paper Il for the lfighe
models in which the bar forms at the end of the isothermal@has

As well as in models CS and CL, the vertical infall dominates
over the radial infall in the period af. < 7 x 10* cm ™2 in models
DS and DL. The ratio of the magnetic pressure to the gas pres-
sure normalized by its initial value decreases to 0.5 in tagod
as shown in Figld4. Then it oscillates around 0.5 in the peoibd
10° < ne <5 x 10 ecm™3. The epoch of disk formation coin-
cides with that at which the ratio of the magnetic pressurth¢o
gas pressure reaches its first local minimum value.

The vertical inflow also forms shock waves twice in model
DL. Fig.[Id(c) shows the outer shock locatec:at +7000 AU.
The flow is nearly vertical above the front while it is horizah
below. The epoch of shock formation coincides with that & th
temporarily maximum oblateness as in model CL.

The magnetic braking slows the spin of the collaps-
ing disk in model DL. The initial central angular velocity is
Q./(47Gpc)'/? = 0.5 in both models CL and DL. The central
angular velocity decreases®h./(47Gp.)'/? = 0.21 by the stage
of ne = 5 x 10* cm™2 in model DL, while it decrease to 0.24 in
model CL. The ratio of the angular velocity to the magnetitdfie
(Q¢/B-.) normalized by the initial valueSi.,o/B.c,0) decreases
to 70 % of the initial value in model DL (see Fig 4). The mag-
netic braking is effective in the period af. < 7 x 10°cm™? as
in model BL. The ratio of the angular velocity to the magnégtd
increases in the period 6fx 10° cm™ < n. < 5 x 10% em™.
This spin is due to the magnetic torque. The twist of the mégne
field is bounded by the shock front and the torsional Alfvéavey
is reflected there. Thus the angular momentum is not reldesed
the core in model DL.

The ratio of the magnetic pressure to gas pressure decreases
from 0.5 to 0.1 in the period 0§ x 10°cm™® < n. < 7 x
10° cm ™%, and remains around 0.1 in the periodsaf > 7 x
10° cm 3. Thus, importance of the magnetic force relative to the
centrifugal force decreases in models DS and DL.[Elh. 1&tifates
the magnetic field for the stages shown in i@ 10. The magneti
field lines are twisted but less pinched than in model CS. E&ney
twisted at a higher in model DL than in model CS. As shown in
Fig.[Ia (d), the magnetic field is squeezed to stem vertidediyn
the bar and the magnetic flux density is large in the bar. In[Elg
(d), magnetic field lines are bent.at~ 40AU, which corresponds
to the shock front. Inside the shock front, the magnetic fiielels
are ran vertically and hardly twisted, while twisted modelpgout-
side of the shock front.

Models DL and DS have the same initial model parameters
except forA,, which is smaller by a factor of 20 in model DS.
As a result, only the axis ratio differs appreciably betweedels
DL and DS. A high density disk is seen at the stageof= 5 x

B = w?, when the cloud is spherical and has constant density and 10'° cm ™ in model DS while the elongated bar is seen in model

angular velocity. Thus, the criterion for the ‘bar mode atmlity’,

[ > 0.274, corresponds t@ > 0.523. The value ofv continues to
decrease until it converges ¢o~ 0.2 as denoted in the following
subsection. Therefore, the conditiean> 0.523 is never fulfilled,
and the bar should form in model D by another mechanism. While
the bar mode instability of Hanawa & Matsumnioto (1999) works
only in a dynamically collapsing cloud, the bar mode indtgbi

of Durisen et al. [(1986) and Bate (1998) does in a cloud indwdr
static equilibrium.

DL. The axis ratio is smaller by a factor 20 in model DL throagh
the evolution.

4.5 Magnetic Flux - Spin Relation

The filamentary cloud fragments to form a high density core of
ne > 5 x 10'° in all the models computed. The formation of the
core is dynamical and the central density increases in ptiopo
to the inverse square of the time. As the central densityeasas,

There is another evidence that the bar is formed not by fast the magnetic field increases roughly in proportion to a pafer..

rotation in our models. The bar forms also in the modelwafy,

The power index, however, differs and depends on the gegroktr
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the collapse as shown in the previous subsections. Alsorthe-a
lar velocity increases in proportion to a powerménd the power
index depends on the geometry of the collapse and the strefngt
the magnetic field. To summarize the increase3in and (). we
have plotted the evolutionary locus of the core in Fig. 12 &b-
scissa denotes the square root of the ratio of the magnetssyre
to the gas pressur®,. (8wc2p.)~*/?, inthe logarithmic scale. The
ordinate denotes the angular velocity normalized by thefdie
timescale Q. (47Gp.)~'/?, on the logarithmic scale. Each curve
denotes the evolutionary locus for a model. The asterisketdehe
initial stages. The circles, squares and triangles dehetstages of
ne =5x100em™3, 5 x 10°cm ™3, and5 x 10% cm 3, respec-
tively. Models without magnetic field are shown inside th@eip
left box. Models without rotation are shown inside the lowight
box.

The evolutionary loci are systematically ordered in Fig. 12
They are aligned to evolve toward the upper right in the lolefr
region. Models AL and AS belong to this region of weak magneti
field and slow rotation. On the other hand, the loci are aligtwe
evolve toward the lower left in the upper region (fast ramajiand
in the right region (strong magnetic field). Models CL, CS,,DL

els havinga ~ 0.1. The effect of the magnetic braking is
evaluated from the slope on the diagramhlog Q/dlog Bsec.
When the specific angular momentum is conserved, the slope is
dlog Qc/dlog B, = 1 as discussed in subsection 4.3. The slope
differs appreciably from unity near the lower part of the— 2
relation in Fig. 12. It is appreciably smaller than unity be teft-
hand side of theB — 2 relation, while it is appreciably larger on
the right-hand side. When the initial magnetic field is veryak,

its magnetic torque is negligible. When the initial magoéeld is
strong, the vertical collapse dominates. The magneticihgate-
duces the specific angular momentum3fy— 40% by the stage of

n. = 10°cm™3. However, it does not operate effectively beyond
the stage. We will discuss the implication of equatibd (1v)he
next section.

5 DISCUSSION

As shown in the previous section, the magnetic flux density an
angular velocity converge on equatidod(17) in Fig. 12, fhe-
Q) diagram. Thus, we can evaluate the magnetic flux density and

and DS belong to these regions. Models BL and BS appear in the angular velocity of the first core to be

middle of the panel. Their loci are nearly horizontal andahgular
velocity measured on the freefall timescale does not ireres a
result of the magnetic braking.

BZC

Q 2 2
(2.57 x 1073 yr—1> * (1.50 x 101 MG> =h (18)

We can deduce several rules for the collapse of a magnetizedby substitutingp. = 1.92 x 10~ gem ™2 (equivalent ton. —

rotating gas cloud from Fig. 12. First all the loci seem tovayge
on the curve,

95 B2
C zC — 1
(0.2)2 47Gp. + (0.36)2 8mcZp.

Equation [I¥) is denoted by the thick solid curve in Fig. 12 W
call this curve the magnetic flux - spin relationBr— €2 relation in
the following. The first term of equatiof{}L7) is proportibt@the
square of the angular velocity normalized by the freefallescale
and accordingly is proportional to the ratio of the centyduforce
to the gravity. The second term is proportional to the rafithe
magnetic pressure to the gas pressure. The numeratorsop@-pr
tional to the anisotropic forces which suppress only thetaafall.
Convergence to equatidin{17) indicates that the sum of thigifte
gal and magnetic forces are regulated to be at a certain.vBhig
rule involves the rules found by Matsumoto et al. (1997) aaéaN
mura et al. (1999) as a special case. The former showed thedth
tio of the specific angular momentum to the core mass conséoge
a half of the critical valug = 0.5(2rGM/c;) for models having
no magnetic field. The latter showed that the ratio of the raign
field to the surface density tends to be a half of the critica,o
i.e., B,e = 0.5(2r@)'/%%, for collapse of a non-rotating cloud.
See the models shown inside the upper left box and thoseeitteid
lower right box to confirm that they also converge to equafiod).
The magnetic flux - spin relation is related to formation & th
shock waves. The first shock wave forms exactly when the evolu
tionary locus reaches thg — Q) relation. After the shock formation,
the evolutionary locus leaves it temporarily and reachagdtin at
the formation of the second shock wave. The shock strengtisdas
related to the distance between the initial stage andthe? rela-
tion on theB — Q2 diagram. The shock wave is stronger in a model
starting from a more distant place from equatibnl (17) on tlae d
gram. No shock wave forms in a model of which the initial stage
is close to equatior{17) on the diagram (see, e.g., the nafdel
a = 0.1 andw = 0.1 shown in Fig. 12).

17

Second, the magnetic braking is appreciable only in mod-
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5x 10 ecm™) andes = 0.19 km s™!, into equation [[T7).
equation [(IB) implies that the first core has either the thadii
magnetic flux density (15 mG) or the ‘standard’ angular veloc
ity (2.57 x 1072 yr='), unless the initial magnetic field is very
weak and the rotation is very slow. When both the magnetic flux
density and angular velocity are negligible, the cloudayjmes al-
most spherically and hence bofh,. and Q2. increase in propor-
tion ton2/®. Thus, either the magnetic flux density or the angular
velocity reach the standard valuerat = 5 x 10'° cm ™2 when
either B > 1.50 uG or Q. > 2.57 x 1077 yr~ ! at the stage
of ne = 5 x 10*cm™3. The latter condition is equivalent to
|V x v| > 2.49 x 10> kms™" pc™!.

The standard magnetic flux density is approximately a half
of the critical one, as mentioned in subsection 4.4. Thelag
evaluated to be

Be = 2mVGYS (19)
= +/8mpc (20)

at the limit of the geometrically thin self-gravitationatbound gas
disk (Nakano & Nakamura 1978). Also, the standard angular ve
locity is approximately a half of the critical one. The ardl angu-

lar velocity is defined so that the centrifugal force balane#h the
gravity. Then it is evaluated to be

47 Gp
V 3

for a uniform gas sphere. Thus, equatipnl (17) implies thieei
the magnetic flux density or the angular velocity is reguatebe
a half of the critical value.

Equation [[IFV) also predicts anti-correlation between thg-m
netic flux density and angular velocity of the first core. Iihet
words, only one of the magnetic flux density or the angulaowel
ity is close to the standard value. Then we can make a new ,index
the ratio of angular velocity to the magnetic flux density,iéenti-
fying whether the magnetic field dominates over rotationrdpthe

ch -

(21)
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cloud collapse. Ifit is larger than the ratio of the standaahlies,

st 0.39VGes ™
Bst

(22)

Cs
0.19 kms™?

the centrifugal force dominates over the magnetic forcee@tise
the magnetic force dominates over the centrifugal forcés @hal-
ysis suggests that there exist two types of first core: magfiett
core and spinning first core. We discuss the difference @twe
them in Paper Il

-1
) v @)

1.69 x 1077 (

M. N. Machida, T. Matsumoto, K. Tomisaka and T. Hanawa
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Table 1. Model Parameters

parameter

values

0, 1073, 5x1073, 0.01, 0.05, 0.1, 0.5, 1, 2, 3

0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6

1073, 0.01, 0.1, 0.2, 0.3
5x102cm~3, 5 x 10*cm™3, 5 x 108 cm—3

Table 2. Parameters and Initial Conditions for Typical Models

M. N. Machida, T. Matsumoto, K. Tomisaka and T. Hanawa

Model « w A. A, Ne,0 Buc,0 (uG) Q0 (108yr=1) M (Mg) L@odau) tr 1%y M/Mp e
A AS 0.01 0.01 0.1 0.015 x 102 0.295 1.26 12.2 6.92 5.96 13.2
AL 0.01 0.01 0.1 0.2 5x 102 0.295 1.26 12.2 6.92 5.99 13.2
B BS 0.1 0.01 0.1 0.015x 102 0.931 1.26 12.5 6.82 5.92 4.2
BL 0.1 0.01 01 0.2 5x102 0.931 1.26 12.5 6.82 5.95 4.2
c CS 0.01 05 0.1 0.015x 102 0.295 63.1 20.6 5.94 5.35 14.4
CL 001 05 01 0.2 5x102 0.295 63.1 20.6 5.94 5.38 14.4
D DS 1 0.5 0.1 0.015x 102 2.95 63.1 28.7 571 4.69 1.4
DL 1 05 0.1 0.2 5x102 2.95 63.1 28.7 5.71 4.69 1.4
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Figure 1. The density (grey-scale and contour) and velocity distidms (arrows) in model AS §, w, A,)=(0.01, 0.01, 0.01)]. Panels (a) through (f) are
snapshots at the stages of fg) = 5.5 x 102cm =3 (I = 1,2), (b)5.3 x 103cm™=3 (I = 2,3), (¢)5.1 x 10*cm™3 (I = 3,4), (d)9.7 x 105 cm—3
(I=6,7), (€)8.3 x 108 cm~3(l = 9,10), and (f)7.6 x 1010 cm—3(l = 12, 13), wherel denotes the level of subgrid. The level of the subgrid is show
in the upper left corner of each solid square which denote®titer boundary of the subgrid. The upper and lower panels e cross sections at0 and
y=0 planes, respectively. The grey-scale is different fehgzanel as shown above the panels. Thick contours denotietisity ofn = 1/10 n., wheren.
means density at the center. The elapsed time, density aettier and arrow scale are denoted in each panel.
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Figure2. The central densities are shown as a function of time for tso&®, BL, CS, and DL. The value @f is shown in Tablgl2. See text for the definition
of t¢. The relation ofn. oc (t — ¢;) 2 is also plotted for comparison.

51@)
r —— AS(thick), AL (thin)
........ BS(thick), BL(thin)
= = = CS(thick), CL(thin)
=== DS(thick), DL(thin)
S gl
05 IIITIITTIT T
© ¥
1t P
£ ; [
1
e
-1
101% e
w8 5 :
10'27 W
10°E E

t (yr) n, (cm™)

Figure 3. The oblateness (upper panels) and axis ratio (lower paass)lotted against the elapsed time (left panels) andaletensity (right panels) for
models AS, AL, BS, BL, CS, CL, DS and DL. The relationsgf o« n};/S is also plotted in panel (d) for comparison.
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Figure 4. The square root of the ratio of the magnetic pressure to tsepgessure normalized by the initial valugB,c/Buc,0)/(ne/ne,0) /2, is
plotted against the central density., in the left panel. The ratio of the angular velocity to thegmetic flux density normalized by the initial value,
(Q/9%,0)/(Bac/Bac,0), is plotted against the central density in the right paibk relation(n. /n.,0)'/® is also plotted in the left panel.
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Figure 5. The magnetic field lines are shown from a bird’s eye view fodelAS. Panels (a) through (f) denote the same epoch as thésg. @l (a) — (f),
respectively. The density (gray scale) and velocity (agjow z = 0 plane are also shown on the bottom. The level of subgrid anttaalensity are shown
in the upper section of each panel. Each frame denotes a dtibsigle lengths of (a).7 x 10% AU, (b) 1.7 x 10° AU, (c) 8.4 x 10* AU, (d) 1.1 x 10* AU,
(e)1.3 x 103 AU, and (f) 1.6 x 102 AU, respectively.
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Figure6. The density (gray scale and contours) and velocity digiiobs (arrows) for model BL [, w, A,)=(0.1, 0.01, 0.2)] are shown on the= 0 (upper
panels) and, = 0 (lower panels) planes. Panels (a) through (d) are snapahtis stages of (@) = 8.2 x 103cm ™3 (I = 2,3), (b)5.6 x 10*cm—3
(1 =3,4), ()7.9x105cm™=3 (I = 6,7), and (d)6.0 x 1019 cm =3 (I = 12, 13), The contours, arrows, and notation have the same measing~ag [].
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Figure 7. The magnetic field lines are shown at the same epoch dfJFig. Glfe level of subgrid and central density &re 13 andn. = 6.0 x 10'° cm—3,
respectively. The frame denotes a cube with a side lengtb@®L. The gray scale and arrows have the same meaning as.[d.Fig
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Figure8. The density (grey scale and contours) and velocity digiiibs (arrows) for model CS{y(, w, A,)=(0.01, 0.5, 0.01)] are shown on the= 0 (upper
panels) and;, = 0 (lower panels) planes. Panels (a) through (d) are snapahtie stages of (@) = 5.2 x 103cm™3 (I = 2,3), (b)6.5 x 10* cm—3
(1 =3,4), (c)5.7x108cm™3 (I = 6,7), and (d)8.3 x 1019 cm~—3 (I = 12, 13), The contours, arrows, and notation have the same measing~ag 1.

(a) L=3 Nnc=5.2x10° (cm?) (b) L=4 ne=6.5x10* (cm3) (¢) L=7 ne=5.7x10° (cm™ (d) L=13 Nc=8.3x10" (cm3)
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Figure 9. The magnetic field lines at the same epoch of Hig. 8. Each fidenetes a cube with side lengths of {aJ x 10° AU, (b) 8.4 x 10% AU, (c)
1.1 x 10* AU, and (d)1.6 x 102 AU, respectively. The gray scale and arrows have the samainggas in Fig[b.
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Figure 10. The density (grey scale and contours) and velocity disiobs (arrows) for model DL [, w, A,)=(1, 0.5, 0.2)] are shown on the= 0 (upper
panels) and; = 0 (lower panels) planes. Panels (a) through (d) are snapahtis stages of (a)c = 5.6 x 103 cm ™3 (I = 2,3), (b)6.8 x 10*cm—3
(1 =3,4), ()5.1x10cm=3 (I =6,7), and (d)5.3 x 1019 cm—3 (I = 12, 13), The contours, arrows, and notation have the same measiingig 1.

(a) L=3 nc=5.6x10° (cm™) (b) L=4 Nc=6.8x10" (cm™?) (¢) L=7 ne=5.1x10%(cm?¥) (d) L=13 ne=5.3x10" (cm?)

Figure 11. The magnetic field lines at the same epoch of Eld. 10. Eachefidenotes a cube with side lengths of 1&) x 105 AU, (b) 8.4 x 10% AU, (c)
1.1 x 10* AU, and (d)1.6 x 102 AU, respectively. The gray scale and arrows have the samainggas in Fig[b.
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Figure 12. The evolutions of the magnetic flux density and angular vsiat cloud center. The lower axis indicates the square abtite magnetic pressure
(Bzc/+/8) normalized by the square root of the thermal pressqu:ch) and the left ordinate does the angular speegd) (hnormalized by the freefall
timescale {/47Gp.), respectively. The upper axis indicates the parametefhe symbols, o, ¢, anda, represent at. = 5 x 102 cm—3 (initial state),

5 x 102cm™3, 5 x 105 cm—3, and5 x 108 cm 3, respectively. Each line denotes the evolutional path ftoeninitial state ¢c,0 = 5 x 102 cm~3) to
the end of the isothermal phase.(= 5 x 10'° cm—3). The characters 'A, 'B’, 'C’ and 'D’ denote the model shovim Table[1. The thick curve denotes
the magnetic flux and spin relatio? /[(0.2)2 x 47Gp.] + B2./[(0.36)2 x 8mc2p.] = 1 [see Equation[[A7)]. The thin line indicates the relation of
Qo/(47Gpc)/? o B, /(8mc2 pc)t/2. The models with no magnetic field are shown inside the uggebox, while those with no rotation are shown inside
the lower right box.
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