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NUMERICAL SIMULA TIONS OF COLLAPSE AND FRA GMENT ATION OF
MA GNETIZED MOLECULAR CLOUD CORES | FORMA TION OF BINAR Y

SYSTEMS

Kohji Tomisaka,1 Masahiro N. Machida,2 Tomoaki Matsumoto,1,3 and Kazuya Saigo1

RESUMEN

Se estudia el procesode fragmentaci�on con simulaciones MHD en mallas 3D. En la fase del colapso desen-
cadenado,la nube se contrae y forma un disco perpendicular a las l��neas localesdel campo magn�etico, a�un
cuando el campo-B inicial y el momento angular no seanparalelosentre s��. El momento angular estransferido
e�cientemente por el campo magn�etico en esta faseas�� comoposteriormente durante la fasede acrecentamiento
adiab�atica. El discosevuelve cadavezm�asdelgado. Si su aspecto (o cociente de eje mayor sobreel eje menor)
al �nal del colapsodesencadenadoesmayor que4, el discosefragmenta al volverseadiab�atico. Seforman 
ujos
bipolaresdespu�esde la contracci�on de los fragmentos. Otro candidato a la fragmentaci�on ocurre alrededor del
segundon�ucleo. Las simulacioneshidrodin�amicas con�rman que durante el segundocolapsocon 
 � 1.1 se
forma un disco soportado por rotaci�on, aunque este no est�e presente durante el primer colapsoisot�ermico (

= 1). Como el disco esmuy �no, seespera sefragmente.

ABSTRA CT

The fragmentation processis studied with 3D nestedgrid MHD simulations. In the run-away collapsephase,
the cloud contracts and forms a disk perpendicular to the local magnetic �eld lines, even if the initial B-�eld
and the angular momentum are not parallel to each other. Angular momentum is transferred by the magnetic
�eld e�cien tly in this phaseas well as in the adiabatic accretion stage afterward. The disk becomesthinner
and thinner. If the oblateness(major to minor axis ratio) at the end of the run-away collapsephaseis larger
than 4, the disk fragments after the disk becomesadiabatic. Binary out
o ws are formed after the fragments
contract. Another candidate for fragmentation is around the secondcore. Hydrodynamical simulation con�rms
that in the secondcollapsewith 
 ' 1:1 a rotation supported disk is formed, although we have no rotation
supported disk during the isothermal �rst run-away collapse (
 = 1). Becausethis disk is thin, the disk is
expected to fragment.

Key Words: ISM: JETS AND OUTFLO WS | MA GNETOHYDR OD YNAMICS: MHD | STARS: BI-
NARIES: GENERAL | STARS: FORMA TION

1. INTR ODUCTION
Since binary and multiple stars are much more

popular than singlestars, binary/m ultiple formation
must be understood to explore the star formation
process.Fragmentation is consideredone of the key
physical processesto understand how the binaries
and multiple-star systems are formed. In this pa-
per, we focus on the fragmentation of m = 2 (bar
or spiral) mode, which leads to binary stars, paying
attention to the e�ect of magnetic �elds.

It is well-known that two kinds of collapsesolu-
tion appear in the courseof star formation. A mas-
sive cloud which is not supported against its self-

1National Astronomical Observatory , Mitak a, Tokyo,
Japan.

2Center for Frontier Science, Chiba Univ ersity, Chiba,
Japan.

3Facult y of Humanit y and Environmen t, Hosei Univ ersity,
Tokyo, Japan.

gravit y experiencesthe run-away collapse in which
the central density increasesgreatly in a �nite time-
scale. After the �rst core is formed the contrac-
tion with accretion proceeds(Whit worth and Sum-
mers 1985). How fast does the cloud forgets its
initial condition and converge to the self-similar
solution (Larson 1969; Penston 1969)? Ogino et
al.(1999) comparedthe solutions with various initial
� = gravitational-to-pressure force ratios and found
that the convergencedepends on � and the cloud
with � = 4, which coincides with that of the self-
similar solution, convergesmost quickly. It should
be noted that the isothermal clouds with/without
magnetic �elds or rotation experiencethe run-away
collapse (Norman et al.1980; Narita et al.1984;
Tomisaka 1996). For the rotating cloud, the rota-
tion speed at the center convergesto 
 c ' (0:3 �
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COLLAPSE AND FRAGMENT ATION OF MAGNETIZED CLOUDS 19

( a) ( b) ( c)

Fig. 1. Collapse of aligned (a) and non-aligned [(b) and (c)] rotating magnetized cloud. The anglesbetween J 0 and B 0

are � = 0� , 45� , and 90� .

0:1)� (2� G� c) � 1=2 4 irrespective of initial conditions
(Matsumoto et al.1997). While, magnetized clouds
show that the central mass-to-
ux ratio converges
to 2� G1=2� c=Bc ' 1:0 � 1:5 (Nakamura et al.1999).
These facts suggestthat the structure at the �rst-
core formation is well described by a small number
of parameters.

2. ALIGNED VS NON-ALIGNED ROTATOR

To show another exampleof convergence,we dis-
cuss here how the angular momentum J and the
magnetic �elds B becomeparallel to each other. In
the caseof an aligned rotator in which initial J0 of
the cloud and B 0 are parallel, a disk is formed in the
run-away collapsephasein the direction perpendic-
ular to B 0 and J0. In this con�guration, after the
�rst coreis formed, gasis ejectedalong the magnetic
�eld lines by the magneto-centrifugal wind mecha-
nism (Tomisaka 1998). How about the non-aligned
rotator? Figure 1 shows the di�erence between (a)
� =0 � , (b) 45� , and (c) 90� , where � represents the
angle betweenJ0 (z-direction) and B 0 (Matsumoto
et al.2004). In the caseof � = 45� (b), although the
global J0 points in the z-direction, local J around
the disk di�ers from the global oneand is parallel to
the direction of the local B which coincideswith the
global B 0 in � 20� . An out
o w is alsoejectedin the
direction perpendicular to the disk or parallel to the
local B and J. This is valid even for � �< 80� . In the
caseof a perpendicular rotator � = 90� (c), an out-

o w is ejected in the direction perpendicular to the
global J0. This is similar to the magnetocentrifugal
solar wind mechanism working in the rotation plane
of the Solar system. In this case,a disk is formed
perpendicular to the global J0! Except for extreme
casesof � �> 80� , it is concludedthat the local J and
B are parallel to each other when the �rst core is

4The subscript c denotes the value at the center.

Fig. 2. Magnetic braking. Speci�c angular momentum
to mass ratio is plotted against the central density. The
cloud evolves from the left to the right. Four models are
plotted: from the top to the bottom, nonmagnetic case
B0 = 0, � = 0� , 45� , and 90� .

formed. The angular momentum is e�cien tly trans-
ferred by the magnetic �eld. Figure 2 shows the time
evolution of the speci�c angular momentum to mass
ratio, evaluated for the gaswith � > 0:1� c. The �rst
core formation epoch is denotedby a diamond. This
�gure indicates that J is reduced drastically after
the �rst core formation via the out
o w. However,
even in the isothermal run-away collapsephase,J is
transferred from the contracting core.

3. FRAGMENT ATION OF THE MAGNETIZED
CLOUD

In x1 and x2, we have shown two opposite e�ects
of the magnetic �eld: encouragingformation of the
pseudodisk and discouragingthe disk formation via
magnetic braking and thus decreasingthe angular
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20 TOMISAKA ET AL.

Fig. 3. Three typical examplesof the adiabatic core (core-type: left, disk- or ring-t ype: middle, bar-t ype: right). Model
parameters are (A � ; � ; ! ) = (a): (0.0, 0.1, 0.1), (b):(0.01, 0.01, 0.5) and (c):(0.2, 1.0, 0.5). Density (contour and false
color) and velocity vectors (arrows) are plotted on a plane including the major axis of the core and the z-axis (lower
panels) and on the z=0 plane (upp er panels). Thick lines in the upper panels denote the outline of the adiabatic core
as � = � cr , while those in the lower panels mean the isovelocity curves representing the out
o w region (vz = 0:1; 1 and
4 km s� 1).

momentum. A thin disk is necessaryfor fragmen-
tation, as shown later. It is not straight forward
whether the magnetic �elds encouragesthe fragmen-
tation or discouragesit.

To study the non-axisymmetric evolution (binary
star formation processesand the out
o w), we con-
sider a cylindrical isothermal cloud in hydrostatic
balance as the initial condition. The cloud is as-
sumedto rotate with a rotation axis which coincides
with the cylindrical axis and the magnetic �eld lines.
And the length of the cylindrical cloud L is chosen
equal to the wavelength of the most unstable Jeans
mode acquired by the linear analysis (Matsumoto et
al.1994). We chose a magneto-hydrostatic solution
for the isothermal cylindrical cloud by Stod�o lkiewicz
(1963) (for more detail, see Machida et al.2004).
To begin the dynamical contraction, we added non-
axisymmetric and axisymmetric density perturba-
tions. The relative amplitude of the axisymmetric
perturbation is chosen as Az = 0:1. The solution
has two parameters for the hydrostatic model, the
magnetic to thermal pressureratio � � B 2

c =4� � cc2
s

and the angular rotation speed normalized by the
free-fall timescale as ! � 
 c=(4� G� c)1=2, and one
parameter for the amplitude of m = 2 perturbation,
A � = max0� � � � j� �=� j. We usean equation of state
(EOS) composed of two power-laws as isothermal
EOS as p = c2

s � for � < � cr while adiabatic EOS
as p = c2

s � cr (�=� cr )7=5 for � > � cr , in which we take
� cr = 1010cm� 3 (Masunaga& Inutsuka 2000).

In the runaway collapse phase, the axisymmet-
ric perturbation grows and forms a disk. The non-

axisymmetric perturbation alsogrows in this isother-
mal run-away phase. However, fragmentation never
occurs. This is de�ned when a density maximum
develops elsewhererather than at the center. Af-
ter reaching the density � cr , an adiabatic (�rst) core
is formed and the isothermal gas outside rotates
around the core and accretesonto it. This is the
phasein which fragmentation occurs.

It is found that the evolutions are divided into
three types as shown in Figure 3: a) (core type)
in the caseof slight non-axisymmetric perturbations
A � � 1, the adiabatic core continues to be axisym-
metric. (b) (disk fragmentation type) in the case
of weak magnetic �eld and fast rotation, a thin ax-
isymmetric disk is formed in the run-away collapse.
After the core formation, a spiral pattern grows in
the disk and two densecoresare formed in this disk.
(c) (bar fragmentation type) strong magnetic �eld
transfers the angular momentum, which inducesse-
vere non-axisymmetry. Such a bar fragments into
several piecesafter the core formation epoch.

In Figure 4, the evolutions of the oblateness(� ob )
and axis ratio (� ar ) are plotted by solid lines.5This
shows (1) the cloud forms a disk (evolution verti-
cally upward) �rst and (2) a non-axisymmetric pat-
tern grows (evolution horizontally rightward) next.
In this �gure, the shapesof the core at the fragmen-
tation (or at the end of simulations) are indicates by
the symbols. Further, the models that experience
fragmentation are denoted with crosses. This �g-
ure clearly shows that the model whoseoblatenessis
larger than 4 (� ob > 4) seemsto fragment. In other
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COLLAPSE AND FRAGMENT ATION OF MAGNETIZED CLOUDS 21

Fig. 4. The axis ratio and oblatenessare plotted at the
core formation epoch � c = � cr . Cross represents a core
which experiencesthe fragmentation. Fragmentation oc-
curs above the horizontal dashed line (� ob > 4). The
domains in large circles mean that fragmented coressur-
vive to form binary or multiple stars. Several evolution-
ary tracks are plotted; solid and dotted lines represent
respectively isothermal (� c < � cr ) and adiabatic phases
(� c > � cr ) and asterisks indicate the point of fragmen-
tation. The symbols 2 (core), 3 (disk), 
 (ring) and
4 (bar) denote the shape of the adiabatic core when the
fragmentation occurs or the calculation ends.

words, a thick core with � ob < 4 doesnot show frag-
mentation as in Figure 3(a). The corewhich reaches
the region of axis ratio � �> 4 forms a bar and frag-
mentation occurs in such a cloud through the bar
type (Fig.3[c]). The core thin enough � ob > 4 but
slightly non-axisymmetric (� ar �< 4) leads to frag-
mentation via the disk type in Figure 3(b).

4. FRAGMENT ATION AROUND THE SECOND
CORE

In x3 section,we focusedon the fragmentation in
the �rst adiabatic core. Another site of binary star
formation is expected around the secondcore. Bate
(1998)performedSPH simulations from the �rst run-
away collapse, the �rst core, the second collapse,
to the secondcore. He concluded that the second
core does not fragment. However, this conclusion
is strongly biased to the casein which a large part
of the angular momentum seemsto be transferred
by strong spiral density patterns grown in the �rst
core (Fig.3 middle panel of Bate 1998). We re-study
the runaway collapseof polytropic gaswith 
 = 1:1
which is realizedin the secondcollapsephaseinduced
in the �rst adiabatic core, using a 2D hydrocode.

As an initial setup, a hydrostatic equilibrium for
rotating polytropic gas with 
 = 7=5 is prepared
(for more detail, seeSaigo & Tomisaka 2004) using
a self-consistent �eld method developed by Hachisu
(1986). As the EOS we assumea double polytrop e
as 
 = 7=5 for � < � B = 5:6 � 10� 9gcm� 3 and

 = 1:1 for � > � B . Hydrodynamical calculations
show us that the angular rotation speedat the cen-
ter of the �rst corecontrols the evolution. (a) When
! c � 
 c=(2� G� c)1=2 > 0:4 at � c ' 2� B , the �rst core
doesshow no contraction. (b) If 0:3 < ! c < 0:4, the
secondrun-away collapseoccurs but a rotation sup-
ported disk or a ring is made before reaching the
stellar density � �< 10� 3gcm� 3, which is similar to
Bonnell & Bate (1994). (c) If ! c < 0:3, the second
run-away collapseproceedsto the secondcore. Since
a thin disk is necessaryfor fragmentation, fragmen-
tation seemsto take placebeforegasdensity reaches
the stellar density, if appropriate angular momen-
tum is left in the �rst core ! c > 0:3. This is another
possible occasion for the fragmentation. If the an-
gular momentum is transferred e�cien tly in the �rst
core, contraction does not stop till the secondcore
is formed.

Numerical calculations were carried out at
ADAC-NAOJ.
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