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Effects of Magnetic Field on Star Formation 

magnetic field and most rapid rotation, the cloud does not col-
lapse to form the first core.

In the first fragmentation models (blue region), the cloud frag-
ments into several pieces in the adiabatic phase (1011 cm!3P
ncP 1016 cm!3). Typical separations between two fragments are
Rsep ’ 20 200 AU in these models. In general, these models have
high rotational energies but low magnetic energies at the initial
state. In the second fragmentation models, the cloud fragments
after the second collapse phase (nck 1016 cm!3). The separations
between the fragments in these models are Rsep " 0:01 0:5 AU.
Compared with the first fragmentation models, the second frag-
mentation models have lower rotational energies and higher
magnetic energies. In nonfragmentation models (gray region),
protostars are formed without fragmentation. Compared with
the fragmentation models, nonfragmentation models have lower
rotational energies and higher magnetic energies in the initial state.

Figure 5 shows that fragmentation occurs in the lower density (or
large scale; 20–200 AU) in the clouds having larger rotational
energies and smaller magnetic energies, and fragmentation rarely
occurs in clouds having smaller rotation energies or larger mag-
netic energies. In the models shown in Figure 5, the clouds evolve
keeping an axisymmetry for a long time because the small non-
axisymmetric perturbations were added to the initial state. Thus,
fragmentation is induced via ring structure in many models, and
the formed protostars have outer axisymmetric disks.

5.2. Models with A’ # 0:2

Figure 6 shows cloud structures around the center of the cloud
at the end of calculations for models with A’ # 0:2. In the up-
per left region (weak magnetic field and fast rotation), fragmen-
tation occurs in the adiabatic phase, and two fragments have
wide separations (20 AUPRsepP 100 AU). On the other hand,

Fig. 5.—Final states for models with A’ # 0:01 against parameters b and !. The density (color scale) on the cross section of the z # 0 plane is plotted in each panel.
The grid level, maximum number density (nmax), and grid scale are denoted inside each panel. Background colors indicate that fragmentation occurs in the adiabatic
phase (blue), fragmentation occurs only in the second collapse or protostellar phase (red ), no fragmentation occurs through all phases of the cloud evolution (gray), and
the cloud no longer collapses (green).
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The magnetic field 
stabilizes the gas cloud.

Single star

If the energy of the magnetic field is 
weaker than the rotational energy

If the magntic field is sufficiently 
strong



Importance of Dissipation on Star Formation in ISM

Machida+ 09
• Ideal model

- The magnetic field continues to increase, while the angular momentum 
decreases by magnetic breaking.

• Resistive model

- The magnetic field begins to decrease, since the magnetic field is effectively 
removed from the adiabatic core.

- The adiabatic core has a larger angular momentum than that in the ideal 
model.
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Figure 1. (a) Resistivity (!; left axis), magnetic Reynolds number (Re; right axis), and temperature (T; outer right axis) as a function of the number density. The
magnetic field well couples with the gas in the “coupled” region, while the magnetic field decouples from the gas in the “decoupled” region (gray zone). The first core
formation epoch is plotted by the arrow. (b) The magnetic field strength Bz,c (left axis, black lines) at the center of the cloud, and the angular momentum J (right axis,
red lines) in the region of n > 0.1 nc, where nc is the central number density, against the elapsed time after the first core formation for ideal (dotted lines) and resistive
(solid lines) models.

namb = 1.2 ! 105 cm"3. The mass inside r < Rc is 0.8 M#.
The cloud rotates rigidly with !0 = 2.7 ! 10"13 s"1 around
the z-axis in the region of r < Rc, while the uniform magnetic
field (B0 = 32 µG) parallel to the z-axis (or rotation axis) is
adopted in the whole computational domain. In the region of
r < Rc, the ratio of thermal "0, rotational #0, and magnetic $0
to gravitational energies are " = 0.5, # = 0.04, and $ = 0.06,
respectively. With these parameters, fragmentation and wide
binary formation are expected (Machida et al. 2008b).

For a realistic evolution of the magnetic field in the collaps-
ing gas cloud, we adopted the resistivity (!) derived in Machida
et al. (2007). Figure 1(a) shows the resistivity ! and magnetic
Reynolds number Re against the central number density (for de-
tailed description see Section 2.2 of Machida et al. 2007). In ad-
dition, for gas pressure, the barotropic equation of state derived
by Masunaga & Inutsuka (2000) is adopted (see Equation (5)
of Machida et al. 2007), in which the isothermally collapsing
gas becomes adiabatic at n $ 1010 cm"3 with a minimum Jeans
mass of $ 0.01 M#. The gas temperature adopted in this study
also plotted by the dotted line in this figure.

To calculate a large spatial scale, the nested grid method is
adopted (for details see Machida et al. 2005b, 2005a). Each level
of a rectangular grid has the same number of cells (64!64!32).
The calculation is first performed with five grid levels (l = 1–5).
The box size of the coarsest grid l = 1 is chosen to be 25Rc.
Thus, a grid of l = 1 has a box size of $ 1.5 ! 105 AU. A new
finer grid is generated before the Jeans condition is violated.
The maximum level of grids is lmax = 13 that has a box size of
35 AU and a cell width of 0.54 AU.

We calculate two models: (1) resistive and (2) ideal MHD
models. Hereafter, we call the former “resistive model,” and
the latter “ideal model.” Both models have the same initial
condition shown above. The former includes a resistive term
in the induction equation, while the latter does not.

3. RESULTS

As shown in Figure 1(a) (the dotted line), the molecular gas
obeys the isothermal equation of state with a temperature of
$10 K until nc % 1010 cm"3, then cloud collapses almost
adiabatically (1010 cm"3 ! nc ! 1016 cm"3; adiabatic phase),
and a quasi-static core (hereafter, first core) forms during the

adiabatic phase (Larson 1969; Masunaga & Inutsuka 2000).
The first core forms both in resistive and ideal MHD models
when the central density reaches nc % 2 ! 1012 cm"3, and have
a radius of $10 AU and a mass of 0.017 M#. By coincidence,
the first core formation epoch almost agrees with the epoch at
which the Ohmic dissipation becomes effective (i.e., Re < 1),
as seen in Figure 1(a). Therefore, in the resistive model, the
magnetic field dissipates inside or around the first core with
time after its formation.

The evolutions of the magnetic field Bz,c and the angular
momentum J after the first core formation tc both in ideal and
resistive models are plotted in Figure 1(b). The figure shows
that Bz,c and J have the same evolution track in both models
for tc ! 100 yr but different tracks for tc " 100 yr. In the ideal
model, the magnetic field continues to increase to reach Bz,c %
1 G at tc % 1000 yr, while the angular momentum decreases to
have J % 7 ! 1047 cm2 s"1 at the same epoch. The decrease in
the angular momentum for the ideal model owes to the magnetic
braking which transfers the angular momentum outward along
the magnetic field lines (Basu & Mouschovias 1994; Tomisaka
2002). The first core is formed around the center of the cloud
after the gas becomes adiabatic. Since the first core collapses
very slowly due to large thermal pressure, the rotation timescale
becomes shorter than the collapsing timescale inside and around
the first core. As a result, the magnetic field lines are strongly
twisted and the angular momentum is considerably transferred
owing to the amplified field. On the other hand, in the resistive
model, the magnetic field begins to decrease at tc % 300 yr,
while the angular momentum continues to increase. Since the
density of the first core exceeds n " 1012 cm"3, the magnetic
field is effectively removed from the first core by the Ohmic
dissipation as shown in Figure 1(a). Thus, the region around
and inside the first core has a weak field that little contributes to
the magnetic braking, thus, the first core in the resistive model
has a larger angular momentum than that in the ideal model. As
shown in Figure 1, the magnetic field in the resistive model is
about two orders of magnitude weaker than that in the ideal
model, while the angular momentum in the resistive model is
about two orders of magnitude larger than that in the ideal model.

Figures 2 and 3 show the distribution of density and magnetic
field for the resistive model on z = 0 and y = 0 planes
after the first core formation. The first core has a disk-like
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Dissipation Velocity
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τν : viscous damping time
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ρν : density of charged particles

R : radius of the cloud (Jeans scale)



Ohmic dissipation

vB �
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The electric conductivity become larger, 
as the mass of main charged particle is large.

Velocity of dissipation

Dissipation Velocity by the ohmic dissipation

If the main charged particles is the grains, 
ohmic dissipation is grater.

The mass of main charged particle is crucial for 
the dissipation velocity.



Dissipation of Magnetic Field in 
Primordial Gas Clouds

Maki & Susa (2004)

nonequilibrium calculations are indispensable to evaluate the
ionization degree of collapsing primordial gas.

3.2. Drift Velocity of the Maggnetic Field

We calculate the drift velocity of the magnetic field using the
results of the time-dependent ionization degree in Figures 1–4.
The results are shown in Figures 7–10. The dotted curves in
Figures 7–10 show the contours of the logarithmic value of
the drift velocity normalized by the free-fall velocity, vBx=uA,

on the NH-B plane. The solid curve represents the locus along
which vBx ! uA is satisfied. Here uA denotes the free-fall
velocity.

The condition j!e!ej ! 1 holds for electrons at the field
strength

Be !
c"enNnh#vien

e
: "12#

The field strength Be is also shown by the dashed line. When
the magnetic field is stronger than Be, i.e., j!e!ej>1, the
ambipolar diffusion is the dominant process for the field dis-
sipation. On the other hand, when the magnetic field is weaker
than Be, i.e., j!e!ej<1, magnetic flux is lost because of the
Ohmic dissipation.

The dot-dashed line in Figures 7–10 represents the critical
field Bcr. As mentioned above, since we are interested in the

Fig. 5.—Fractions of various chemical species, after the time integration
assuming fixed density and temperature over 103 Gyr, superimposed on Fig. 1.
Curves with symbols represent the fractions after a long time integration, and
the other curves represent the nonequilibrium fractions.

Fig. 6.—Timescale of equilibration, shown for several species.

Fig. 7.—Drift velocity vBx of the magnetic field as a function of the density
NH and the field strength B for a collapsing cloud in model A. The dotted
curves represent the contours of constant vBx normalized by the free-fall ve-
locity uA, and its logarithmic values are labelled on those curves. The solid
curve shows the locus along which vBx ! uA is satisfied. The dashed line
represents the locus j!$!$ j ! 1 for electrons. The dot-dashed line represents
the critical field Bcr , given by eq. (3).

Fig. 8.—Same as Fig. 7, except that the initial temperature is 100 K
(model B).
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situation, we have the approximate expression, from equa-
tions (5)–(8), that

vBx !
c2

4!"cR
; "9#

where "c is the electrical conductivity,

"c $
X

#

q2#$#n#
m#

; "10#

and q# and m# are the electrical charge and the mass for a
charged particle #, respectively. Thus, the drift velocity is
independent of B. On the other hand, when j$#!#j>1, the
ambipolar diffusion is one of the main processes of dissipa-
tion. In such a case, we obtain

vBx !
$i
%i

B2

4!R
; "11#

where the subscript i is the specific ion particle. Note that the
drift velocity is proportional to B2 in this case.

Tan & Blackman (2004) have evaluated the drift velocity
of the magnetic field in the quasi-hydrostatic core in Abel
et al. (2000, 2002) when its density is a certain value. However,
this system is very much in nonequilibrium, and the ionization
degree gets smaller and smaller as the collapse proceeds.
Thus, it is not trivial at all whether the frozen condition is
satisfied or not at much higher densities. Therefore, we have to
perform detailed nonequilibrium calculations of the chemical
reaction network in order to obtain the correct ionization de-
gree in the collapsing gas.

2.3. Chemistry

In order to investigate the evolution of an ionized fraction
during the collapse in detail, we solve a nonequilibrium
chemical reaction network in the primordial gas that involves
not only H, but also D, He, and Li. Furthermore, we introduce
the following 24 species: e%, H&, H, H%, H2, H

&
2 , H

&
3 , D, D

&,
D%, HD, HD&, H2D

&, He, He&, He&&, HeH&, Li, Li&, Li&&,
Li&3, Li%, LiH, and LiH&. We employ the latest reaction-rate
coefficients fromGalli & Palla (1998), Omukai (2000), Stancil
et al. (1998), Flower (2002), and Lepp et al. (2002). For ra-
diative recombination we use rate coefficients based on Spitzer
(1978).

2.4. Initial Conditions

We employ two different sets of initial conditions, A and B.
For model A, we set NH; ini $ 103 cm%3 and Tini $ 250 K as
initial conditions of the prestellar core. We use the fraction of
the chemical composition in the early universe given by Galli
& Palla (1998) as the initial condition for the cloud. This model
is on the evolutionary track (Z $ 0, fiducial model) in Omukai
(2000). On the other hand, as was shown by Palla et al. (1983)
and Omukai (2000), the paths in the NH-T plane rapidly con-
verge to an identical trajectory from various initial conditions.
Note that the almost hydrostatic prestellar core found in the
numerical simulations in Abel et al. (2000) is also very close to
the above trajectory. Thus, this choice of initial condition is
quite natural for the formation of Population III stars.

On the other hand, there is a case that does not converge
rapidly to the trajectory, as was pointed out by Uehara &
Inutsuka (2000) and Nakamura & Umemura (2002). In this

case, the gas is initially heated up to 104 K during the collapse
of a rather massive host galaxy, and H2 is formed efficiently,
utilizing the residual electrons as catalysts (e.g., Susa et al.
1998). Afterward, HD is formed from H2, and the gas is cooled
down to!100 K. Furthermore, the gas temperature is kept at a
relatively low level (!100 K) in the course of the collapse. We
employ this case as our model B, in which we set the initial
conditions as NH; ini $ 103 cm%3 and Tini $ 100 K, and the
initial fractional abundances are taken from the results of
Nakamura & Umemura (2002).

The initial magnetic field strength for the primordial star-
forming environment has been investigated by many authors
(e.g., Pudritz & Silk 1989; Kulsrud et al. 1997; Widrow 2002;
Langer et al. 2003). However, the initial field generation is
still a controversial question. Thus, the initial magnetic field
strength is given as a model parameter in our calculations.

3. RESULTS

3.1. Ionization Deggree

Figure 1 shows the fractional abundance of various species,
e%, H&, H, H2, H

&
3 , Li, and Li& for model A. At low densities,

NH P1011 cm%3, the ionization degree decreases as the den-
sity increases because of the recombination of electrons with
protons. However, since the Li& recombination rate is lower
than that of H&, the reduction of the ionization degree is al-
most quenched at NH ! 1012 cm%3. Moreover, the ionization
degree increases at the higher density, because the collisional

Fig. 1.—Evolution of fractional abundance of main species, e%, H&, H, H2,
H&

3 , Li, and Li&, plotted for model A. The vertical axis denotes the fractional
abundance of each of the above species, and the horizontal axis is the density
of the cloud.
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Magnetic field is always frozen to the gas.
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Dissipation of Magnetic Field in 
Interstellar Gas Clouds
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• In primordial gas, the magnetic field is frozen to 
the gas.

• In interstellar gas, the magnetic field  dissipate 
from the gas for nH > 1012[cm-3].

➡What is critical metallicity above which the 
magnetic field dissipate from the gas?

We investigate the dissipation of the magnetic 
field for the collapsing gas clouds with various 
metallicities.



Method

• 1 zone

• Energy eq. + nonequilibrium chemical reaction

• H,He,D,Li,C,O....

    Dust grain : 0, ±e, ±2e( Density:3[g cm-3, standard MRN distribution)

            →63 species

• Mass fraction of grain : 0.939×10-2 (Z/Z⊙)

• Cosmic Ray :  10-2 × ISM (ξCR = 1.3 × 10-19 [s-1])

• Radioactive Elements : Short+Long lived (ξRA=7.6×10-19 [s-1])
Umebayashi & Nakano 09

Stacy & Bromm 07



Results
(Chemical evolution)
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Dissipation of Magnetic Field
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Effects of the cosmic ray
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The cosmic ray not affect the critical density, 
since the cosmic ray is shielded at high density .



Effects of the radioactive elements
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Summary

• We  calculate the dissipation of magnetic fields 
in low-metallicity clouds.

• The critical metallicity above which the 
magnetic field dissipate from the gas is 10-7 - 
10-6 Z⊙ .

• The radioactive elements affect to the 
dissipation of the magnetic fields.


