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Ø dtmax: 
Ø The simulation time between dump files
Ø What most people want
Ø What star formation simulations require
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Ø dtmax: 
Ø The simulation time between dump files
Ø What most people want
Ø What star formation simulations require
Ø This (           ) can also be used for optimal use of HPC clusters & prevent against from 

lost time due to wall-time limitations, power failures, codes crashes, etc... 

time
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Ø dtmax: 
Ø Now introducing the 
Ø External value of dtmax (i.e., the simulation time between dumps) 
Ø External value of dtmax for rapidly increasing density (optional)
Ø Internal value of dtmax to optimise computer performance (24h by default)

Ø i.e., this should protect against failures/crashes while not affecting dtmax (and is 
completely under the hood now)

time

dtmax
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Ø dtmax: 
Ø Example:
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Ø dtmax: 
Ø Example:

Please discuss & let me know if you 
would like different defaults, or 

different / new features



Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and col-
umn density measured by Planck

towards the Taurus MC. The
colours represent column den-
sity. The “drapery” pattern, pro-
duced using the line integral con-
volution method (LIC, Cabral &
Leedom 1993), indicates the ori-
entation of magnetic field lines,
orthogonal to the orientation of
the submillimetre polarization.

a common calibration scheme, for studying the morphology of
the magnetic field in MCs and the surrounding ISM, as illus-
trated for the Taurus region in Fig. 1. We present a quantitative
analysis of the relative orientation in a set of nearby (d < 450 pc)
well-known MCs to quantify the role of the magnetic field in the
formation of density structures on physical scales ranging from
tens of parsecs to approximately one parsec in the nearest clouds.

The present work is an extension of previous findings, as
reported by the Planck collaboration, on their study of the po-
larized thermal emission from Galactic dust. Previous stud-
ies include an overview of this emission (Planck Collaboration
Int. XIX 2015), which reported dust polarization percentages up
to 20% at low NH, decreasing systematically with increasing
NH to a low plateau for regions with NH > 1022 cm�2. Planck
Collaboration Int. XX (2015) presented a comparison of the po-
larized thermal emission from Galactic dust with results from
simulations of MHD turbulence, focusing on the statistics of the
polarization fractions and angles. Synthetic observations were
made of the simulations under the simple assumption of homo-
geneous dust grain alignment e�ciency. Both studies reported
that the largest polarization fractions are reached in the most dif-
fuse regions. Additionally, there is an anti-correlation between
the polarization percentage and the dispersion of the polarization
angle. This anti-correlation is reproduced well by the synthetic
observations, indicating that it is essentially caused by the turbu-
lent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2016) analysed the relative orientation between density struc-
tures, which is characterized by the Hessian matrix, and po-
larization, revealing that most of the elongated structures (fila-
ments or ridges) have counterparts in the Stokes Q and U maps.
This implies that in these structures, the magnetic field has a
well-defined mean direction on the scales probed by Planck.
Furthermore, the ridges are predominantly aligned with the
magnetic field measured on the structures. This statistical trend
becomes more striking for decreasing column density and, as
expected from the potential e↵ects of projection, for increas-
ing polarization fraction. There is no alignment for the highest
column density ridges in the NH & 1022 cm�2 sample. Planck
Collaboration Int. XXXIII (2016) studied the polarization prop-
erties of three nearby filaments, showing by geometrical mod-
elling that the magnetic field in those representative regions has
a well-defined mean direction that is di↵erent from the field ori-
entation in the surroundings.

In the present work, we quantitatively evaluate the relative
orientation of the magnetic field inferred from the Planck po-
larization observations with respect to the gas column density
structures, using the histogram of relative orientations (HRO,
Soler et al. 2013). The HRO is a novel statistical tool that quan-
tifies the relative orientation of each polarization measurement
with respect to the column density gradient, making use of
the unprecedented statistics provided by the Planck polarization
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Magnetic fields: Motivation (for me & you!)

Ø Star forming regions are permeated with magnetic fields!
Ø Discs are magnetic!

Planck Collaboration (2016)

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and col-
umn density measured by Planck

towards the Taurus MC. The
colours represent column den-
sity. The “drapery” pattern, pro-
duced using the line integral con-
volution method (LIC, Cabral &
Leedom 1993), indicates the ori-
entation of magnetic field lines,
orthogonal to the orientation of
the submillimetre polarization.

a common calibration scheme, for studying the morphology of
the magnetic field in MCs and the surrounding ISM, as illus-
trated for the Taurus region in Fig. 1. We present a quantitative
analysis of the relative orientation in a set of nearby (d < 450 pc)
well-known MCs to quantify the role of the magnetic field in the
formation of density structures on physical scales ranging from
tens of parsecs to approximately one parsec in the nearest clouds.

The present work is an extension of previous findings, as
reported by the Planck collaboration, on their study of the po-
larized thermal emission from Galactic dust. Previous stud-
ies include an overview of this emission (Planck Collaboration
Int. XIX 2015), which reported dust polarization percentages up
to 20% at low NH, decreasing systematically with increasing
NH to a low plateau for regions with NH > 1022 cm�2. Planck
Collaboration Int. XX (2015) presented a comparison of the po-
larized thermal emission from Galactic dust with results from
simulations of MHD turbulence, focusing on the statistics of the
polarization fractions and angles. Synthetic observations were
made of the simulations under the simple assumption of homo-
geneous dust grain alignment e�ciency. Both studies reported
that the largest polarization fractions are reached in the most dif-
fuse regions. Additionally, there is an anti-correlation between
the polarization percentage and the dispersion of the polarization
angle. This anti-correlation is reproduced well by the synthetic
observations, indicating that it is essentially caused by the turbu-
lent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2016) analysed the relative orientation between density struc-
tures, which is characterized by the Hessian matrix, and po-
larization, revealing that most of the elongated structures (fila-
ments or ridges) have counterparts in the Stokes Q and U maps.
This implies that in these structures, the magnetic field has a
well-defined mean direction on the scales probed by Planck.
Furthermore, the ridges are predominantly aligned with the
magnetic field measured on the structures. This statistical trend
becomes more striking for decreasing column density and, as
expected from the potential e↵ects of projection, for increas-
ing polarization fraction. There is no alignment for the highest
column density ridges in the NH & 1022 cm�2 sample. Planck
Collaboration Int. XXXIII (2016) studied the polarization prop-
erties of three nearby filaments, showing by geometrical mod-
elling that the magnetic field in those representative regions has
a well-defined mean direction that is di↵erent from the field ori-
entation in the surroundings.

In the present work, we quantitatively evaluate the relative
orientation of the magnetic field inferred from the Planck po-
larization observations with respect to the gas column density
structures, using the histogram of relative orientations (HRO,
Soler et al. 2013). The HRO is a novel statistical tool that quan-
tifies the relative orientation of each polarization measurement
with respect to the column density gradient, making use of
the unprecedented statistics provided by the Planck polarization

A138, page 3 of 29

Kwon+ (2019) Stephens+ (2017)



Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and col-
umn density measured by Planck
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colours represent column den-
sity. The “drapery” pattern, pro-
duced using the line integral con-
volution method (LIC, Cabral &
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entation of magnetic field lines,
orthogonal to the orientation of
the submillimetre polarization.

a common calibration scheme, for studying the morphology of
the magnetic field in MCs and the surrounding ISM, as illus-
trated for the Taurus region in Fig. 1. We present a quantitative
analysis of the relative orientation in a set of nearby (d < 450 pc)
well-known MCs to quantify the role of the magnetic field in the
formation of density structures on physical scales ranging from
tens of parsecs to approximately one parsec in the nearest clouds.

The present work is an extension of previous findings, as
reported by the Planck collaboration, on their study of the po-
larized thermal emission from Galactic dust. Previous stud-
ies include an overview of this emission (Planck Collaboration
Int. XIX 2015), which reported dust polarization percentages up
to 20% at low NH, decreasing systematically with increasing
NH to a low plateau for regions with NH > 1022 cm�2. Planck
Collaboration Int. XX (2015) presented a comparison of the po-
larized thermal emission from Galactic dust with results from
simulations of MHD turbulence, focusing on the statistics of the
polarization fractions and angles. Synthetic observations were
made of the simulations under the simple assumption of homo-
geneous dust grain alignment e�ciency. Both studies reported
that the largest polarization fractions are reached in the most dif-
fuse regions. Additionally, there is an anti-correlation between
the polarization percentage and the dispersion of the polarization
angle. This anti-correlation is reproduced well by the synthetic
observations, indicating that it is essentially caused by the turbu-
lent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2016) analysed the relative orientation between density struc-
tures, which is characterized by the Hessian matrix, and po-
larization, revealing that most of the elongated structures (fila-
ments or ridges) have counterparts in the Stokes Q and U maps.
This implies that in these structures, the magnetic field has a
well-defined mean direction on the scales probed by Planck.
Furthermore, the ridges are predominantly aligned with the
magnetic field measured on the structures. This statistical trend
becomes more striking for decreasing column density and, as
expected from the potential e↵ects of projection, for increas-
ing polarization fraction. There is no alignment for the highest
column density ridges in the NH & 1022 cm�2 sample. Planck
Collaboration Int. XXXIII (2016) studied the polarization prop-
erties of three nearby filaments, showing by geometrical mod-
elling that the magnetic field in those representative regions has
a well-defined mean direction that is di↵erent from the field ori-
entation in the surroundings.

In the present work, we quantitatively evaluate the relative
orientation of the magnetic field inferred from the Planck po-
larization observations with respect to the gas column density
structures, using the histogram of relative orientations (HRO,
Soler et al. 2013). The HRO is a novel statistical tool that quan-
tifies the relative orientation of each polarization measurement
with respect to the column density gradient, making use of
the unprecedented statistics provided by the Planck polarization
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Continuum Magnetohydrodynamic Equations

15Pillars of Creation in Eagle Nebula
(source: APOD, Jan. 7, 2015)

Ø Continuum equations:

1860 J. Wurster, M. R. Bate and D. J. Price

The introduction of magnetic fields provides another mecha-
nism to transport angular momentum, reducing the rotation rates
of first hydrostatic cores. Magnetic fields can also drive outflows.
Outflows can be launched from the first core with typical speeds
of v ∼ 2 km s−1 (Tomisaka 2002; Machida et al. 2005; Baner-
jee & Pudritz 2006; Machida, Inutsuka & Matsumoto 2006, 2008;
Hennebelle & Fromang 2008; Commerçon et al. 2010; Bürzle et al.
2011; Price, Tricco & Bate 2012). After the formation of the stellar
core, outflows with speeds of v ≈ 10–30 km s−1 have been obtained
in magnetohydrodynamics (MHD) simulations (Banerjee & Pudritz
2006; Machida et al. 2006, 2008).

Many of the three-dimensional calculations mentioned above
used approximate barotropic equations of state to model the thermal
evolution of the gas. The first three-dimensional calculations to fol-
low the collapse of a molecular cloud core to stellar densities while
including a realistic equation of state and radiative transfer were
those of Whitehouse & Bate (2006) and Stamatellos et al. (2007).
Bate (2010, 2011) showed that the high accretion rates immediately
following the formation of the stellar core could produce tempera-
tures sufficient to launch short-lived bipolar outflows even without
magnetic fields (see also Schönke & Tscharnuter 2011). However,
in reality, magnetic fields are expected to be the primary mechanism
for generating outflows from low-mass protostars.

Tomida et al. (2010a,b) and Commerçon et al. (2010, 2012) have
studied first core formation and the associated magnetically driven
outflows using calculations that include both magnetic fields and
radiative transfer. Recently, Tomida et al. (2013) and Bate, Tricco &
Price (2014) performed radiation magnetohydrodynamics (RMHD)
calculations that followed the collapse to stellar core formation and
the launching of both the slow outflow from the first core and the
faster outflow from the vicinity of the stellar core. Although the
former of these studies was only able to follow the fast outflow
for a fraction of an au, the latter followed the fast outflow until it
had escaped the remnant of the first core (≈4 au). Bate et al. used
ideal RMHD, whereas Tomida et al. performed both ideal RMHD
calculations and some that included physical Ohmic resistivity.

Most recently, attention has turned to the effects resulting from
partial ionization, initially in an attempt to prevent the magnetic
braking catastrophe – the failure to produce rotationally supported
Keplerian discs when magnetic field with realistic strengths (e.g.
Heiles & Crutcher 2005) are accounted for (e.g. Allen, Li & Shu
2003; Price & Bate 2007; Hennebelle & Fromang 2008; Mellon & Li
2008; Wurster, Price & Bate 2016). In addition to Ohmic resistivity,
the magnetic field evolution is affected by ion-neutral (ambipolar)
diffusion and the Hall effect. Tsukamoto et al. (2015b) and Wurster
et al. (2016) performed non-ideal MHD calculations that followed
collapse to the scales of the first hydrostatic core. They showed that
the Hall effect promotes disc formation when the magnetic field is
anti-aligned with the rotation axis, whereas it inhibits disc forma-
tion when the field and rotation axes are aligned, confirming earlier
analytic studies (e.g. Braiding & Wardle 2012). Tsukamoto et al.
(2015a) performed non-ideal RMHD calculations that followed the
collapse until just before stellar core formation that included both
Ohmic resistivity and ambipolar diffusion (but not the Hall effect).
They found that Ohmic resistivity dramatically reduce the mag-
netic field strength in the first hydrostatic core compared to using
ideal RMHD, and also prevented the outflow from the first core.

In this paper, we follow up Bate et al. (2014) with non-ideal
RMHD calculations that include all three effects from partial ion-
ization, namely Ohmic resistivity, ambipolar diffusion, and the
Hall effect. The calculations were performed using smoothed par-
ticle RMHD (SPRMHD), combining the radiation hydrodynam-

ics algorithm from Whitehouse, Bate & Monaghan (2005) and
Whitehouse & Bate (2006), and the non-ideal MHD algorithm from
Wurster, Price & Ayliffe (2014) and Wurster (2016), an extension
of the ideal smoothed particle magnetohydrodynamics (SPMHD)
method of Tricco & Price (2012).

We focus on the evolution of the magnetic field and the charac-
teristics of the outflows during and after the formation of the first
hydrostatic core and the stellar core. We describe our method in
Section 2, initial conditions in Section 3, results in Section 4, and
conclusions in Section 5.

2 N U M E R I C A L M E T H O D

2.1 Radiation non-ideal magnetohydrodynamics

We solve the equations of self-gravitating, radiation non-ideal MHD
in the form
dρ

dt
= −ρ∇ · v, (1)

dv

dt
= − 1

ρ
∇ ·

[(
p + B2

2

)
I − B B

]
− ∇" + κF

c
, (2)

ρ
d
dt

(
B
ρ

)
= (B · ∇) v + dB

dt

∣∣∣∣
non-ideal

, (3)

ρ
d
dt

(
E

ρ

)
= −∇ · F − ∇v:P + 4πκρBP − cκρE, (4)

ρ
du

dt
= −p∇ · v − 4πκρBP + cκρE + ρ

du

dt

∣∣∣∣
non-ideal

, (5)

∇2" = 4πGρ, (6)

where d/dt ≡ ∂/∂t + v · ∇ is the Lagrangian derivative, ρ is the
density, v is the velocity, p is the gas pressure, B is the magnetic
field, " is the gravitational potential, BP is the frequency-integrated
Plank function, E is the radiation energy density, F is the radiative
flux, P is the radiation pressure tensor, c is the speed of light, and G
is the gravitational constant, and I is the identity matrix. Non-ideal
MHD contributes to both the induction equation (3) and the energy
equation (5) via (Wurster et al. 2014)

dB
dt

∣∣∣∣
non−ideal

= −∇ × [ηOR (∇ × B)]

− ∇ ×
[
ηHE (∇ × B) × B̂

]

+∇ ×
{
ηAD

[
(∇ × B) × B̂

]
× B̂

}
, (7)

and
du

dt non-ideal
= ηOR

ρ
|∇ × B|2

+ηAD

ρ

{
|∇ × B|2 −

[
(∇ × B) · B̂

]2
}

, (8)

respectively, where ηOR, ηHE, and ηAD are the non-ideal MHD co-
efficients for Ohmic resistivity, the Hall effect, and ambipolar dif-
fusion, respectively. Our previous studies, Wurster, Price & Bate
(2016, 2017), did not include (8) since we assumed a barotropic
equation of state. We assume units for the magnetic field such that
the Alfvén speed is vA = |B|/√ρ (see Price & Monaghan 2004).

We use the same flux-limited diffusion method to model radiation
transport that we used in Bate et al. (2014). Further details of the

MNRAS 475, 1859–1880 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/2/1859/4791581
by University of Exeter user
on 31 January 2018

Ø Relevant processes:
v Gas
v Dust (self-consistent) 

[ignored]
v Radiation
v Kinematics
v Magnetic fields

v non-ideal MHD 
implicitly includes 
non-self-
consistently 
evolved dust



Ideal magnetohydrodynamics

ØHighly ionised plasma:

ØZero resistivity & infinite conductivity
ØIons & electrons are tied to the magnetic field
ØNeutral particles are tied to the magnetic field due to interactions with the ions & electrons
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280 Y. Tsukamoto et al.

conductivity and non-ideal magnetohydrodynamic effects, or in
short, non-ideal effects arise.

The non-ideal effects appear as the correction terms in the induc-
tion equation. They can be derived by calculating the drift velocity
of the charged particles. Here, we derive the induction equation for
the weakly ionized plasma according to Wardle & Ng (1999) and
Wardle (2007).

We start with
∂B
∂t

= −c∇ × E, (1)

J = c

4π
∇ × B. (2)

where B is the magnetic field, J is the current density, E is the
electric field, and c is the speed of light. By the Lorentz transforma-
tion to the rest frame of the fluid (that is essentially the rest frame
of bulk of neutral particles), the electric field becomes

E′ = E + v × B
c

. (3)

Here, v and E′ are the fluid velocity and the electric field in the
rest frame of the fluid, respectively. The conductivity in the weakly
ionized plasma can be calculated using the balance of the force that
acts on the charged particles,

Zje

(
E′ + vj × B

c

)
− γjρmjvj = 0. (4)

Here, subscript j denotes the species of charged particles, Zje is the
charge, vj is the relative velocity of charged particles in the fluid
rest frame, γ j = 〈σv〉j/(mj + m) where 〈σv〉j is the rate coefficient
for momentum transfer, mj is the mass of charged particles, m is
the mean mass of neutral particles, and ρ is the density of neutral
particles. Note that, in the weakly ionized plasma, most of the
particles are neutral and the inertia of the charged particles and the
collisions with other charged particles are negligible. Note also that,
under the MHD approximation, the difference between the magnetic
field and the current density in computation frame and those in the
rest frame is negligible. We assumed the local charge neutrality∑

jnjZj = 0. By inverting equation (4) for vj and calculating the
current density, J =

∑
j njZj evj , we obtain

J = σO E′ + σH B̂ × E′ − (σP − σO)B̂ × B̂ × E′, (5)

where

σO = ec

B

∑

j

njZjβj , (6)

σH = ec

B

∑

j

njZj

1 + β2
j

, (7)

σP = ec

B

∑

j

njZjβj

1 + β2
j

, (8)

are the Ohmic, Hall, and Pedersen conductivities, respectively. Here,
β j = ZjeB/(mjcγ jρ) is the Hall parameter which is the product of
the cyclotron frequency and stopping time. Finally, by inverting
equation (5) for E′ and using equations (1) and (3), we obtain

∂B
∂t

= ∇ × (v × B)

−∇×
{
ηO(∇ × B) + ηH(∇ × B) × B̂ − ηA((∇ × B) × B̂) × B̂

}
.

(9)

This is the induction equation with non-ideal effects. The second,
third, and fourth terms on the right-hand side of equation (9) de-
scribe the Ohmic diffusion, Hall term, and ambipolar diffusion,
respectively. Here,

ηO = c2

4πσO
, (10)

ηH = c2σH

4π(σ 2
H + σ 2

P )
, (11)

ηA = c2σP

4π(σ 2
H + σ 2

P )
− ηO, (12)

are the Ohmic, Hall, and ambipolar diffusion coefficients, respec-
tively. In this paper, the Hall term is neglected owing to the numer-
ical difficulty associated with it. The effect of the Hall term will be
investigated in future works.

We constructed the data table of the diffusion co-
efficients by calculating a chemical reaction network of
H+

3 , HCO+, Mg+, He+, C+, H+, e− in gas phase and the posi-
tively charged, neutral, and negatively charged dust grain of uniform
size using the methods described in Nakano, Nishi & Umebayashi
(2002) and Okuzumi (2009). We assumed that the dust to gas ratio
is 10−2. We also assumed that the dust grain size and density are
a = 3.5 × 10−2 µm and ρd = 2 g cm−3, respectively. We considered
non-thermal ionization by the cosmic rays and thermal ionization
in our calculations. The cosmic ray ionization rate was fixed to be
ξCR = 10−17 s−1. When the temperature reaches T ∼ 1000 K, ther-
mal ionization is the dominant source of ionization. In this paper,
we consider the effect of the thermal ionization by considering the
thermal ionization of potassium. The coupling between the mag-
netic field and the gas quickly recovers around T ∼ 1000 K because
the thermal ionization provides a sufficient ionization degree.

In Fig. 1, we show the Ohmic and ambipolar diffusion coefficients
under the typical evolution of the gas. To make Fig. 1, we assumed
that the temperature and magnetic field change as,

B(ρ) = 100
(

ρ

10−15 g cm−3

)2/3

µG,

T (ρ) = 10

{
1 +

(
ρ

10−13 g cm−3

)2/5
}

K. (13)

Figure 1. Diffusion coefficients, ηO (solid) and ηA (dotted) as a function
of density. For this plot, we assumed that the temperature and magnetic field
are functions of density (see equation 13).

MNRAS 452, 278–288 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/452/1/278/1749777
by University of Exeter user
on 03 July 2018
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to contribute significantly to the self-gravity of the cloud (i.e., c2
s >

GM/R). The initial setup is shown in Fig. 1, showing a cross-section

slice of density at y = 0 with overlaid magnetic field lines for a field

initially oriented in the z-direction.

Both the spherical cloud and the surrounding medium are set up

by placing the particles in a regular close-packed lattice arrangement

(e.g. Hosking 2002) which is a stable arrangement for the particles

(Morris 1996b). Whilst such regularity introduces some undesirable

side effects due to the lattice regularity in the initial collapse phase,

these small and transient effects are largely eliminated by the time

star formation occurs. The exact positions of the box boundaries

are adjusted slightly to ensure continuity of the lattice across the

ghosted boundary.

The magnetic field strength is characterized in terms of a mass-

to-flux ratio expressed in units of the critical value (2). The corre-

sponding magnetic field strength is given by

B0 = 814 µG

(

M

!

)−1(

M

1 M"

)(

R

0.013 pc

)−2

, (13)

where M/! is the mass-to-flux ratio in units of the critical value.

For both the axisymmetric and binary star formation problems,

we calculate a sequence of collapse models with magnetic field

strengths corresponding to mass-to-flux ratios, in units of the critical

value (2), of ∞ (i.e., hydrodynamic), 100, 20, 10, 7.5, 5, 4, 3, 2 and

1. For our choice of cloud mass and radius, these correspond to field

strengths of B = 0, 8.1, 40.7, 81.3, 108.5, 163, 203, 271, 407 and

814 µ G, respectively. The initial Alfvén speeds in the cloud are

therefore 0, 8.4 × 10−2, 0.42, 0.84, 1.12, 1.68, 2.10, 2.80, 4.21 and

8.42 km s−1 respectively. We compute these sequences in each case

both for a magnetic field initially aligned with the rotation axis (i.e.

oriented in the z-direction) and for a magnetic field initially oriented

in the x-direction, thus bracketing two geometric extremes. We find

that, whilst there are similar global trends in both cases due to the

effect of magnetic pressure, the orientation of the magnetic field with

respect to the rotation axis plays an important role in determining

the outcome.

Simulations are performed using 300 000 particles in the cloud

itself. Including the external medium as discussed above, this results

in a total of 451 233 particles in each simulation. We have also

performed simulations using 30 000 and 100 000 particles in the

cloud, which show only minor differences in results (see discussion

in Section 4.2). In order to resolve the local Jeans mass throughout

the calculations, we require at least 30 000 particles for our chosen

equation of state (Bate & Burkert 1997). Thus, all our calculations

resolve the local Jeans mass, and the high-resolution calculations

presented here do so by an order of magnitude in particle number.

4 R E S U LT S

4.1 Axisymmetric collapse

For an axisymmetric collapse, we set the initial cloud to be uniform

density in uniform rotation with an angular velocity of " = 1.77 ×

10−13 rad s−1 corresponding to a ratio of rotational to gravitational

energy β r % 0.005 and "tff = 0.136.

The initial cloud temperature is set such that the ratio of thermal

to gravitational energy α = 0.35 (where by gravitational energy we

mean the magnitude of the gravitational potential energy). This cor-

responds to an internal energy of 7.04 × 108 erg g−1 and, assuming

a mean molecular weight for molecular hydrogen (i.e. µ = 2), cor-

responds to an isothermal temperature of 11.3 K. The initial sound

Figure 2. Column density and projected magnetic field lines in the collaps-

ing, axisymmetric cloud, showing results at tff = 1.01 using mass-to-flux

ratios in units of the critical value of (left-hand panel) 100 (i.e. a very weak

field) and (right-hand panel) 3 (i.e. a very strong field) with an initial field

aligned with the rotation (z) axis. In the weak field case (left-hand panel),

the magnetic field lines are deformed by the cloud, leading to an almost-

spherical collapse, whereas for strong fields (right-hand panel) material is

strongly channelled along magnetic field lines, leading to an bipolar-shaped

cloud and a pancake-like collapse.

speed in the cloud is cs = 2.16 × 104 cm s−1 (for comparison the

sound speed in the external medium is cs,medium = 11.9 × 104 cm s−1,

i.e. c2
s,medium % 4.2 GM/R).

Expressed in terms of the ratio of gas to magnetic pressure, βm,

our chosen sequence of mass-to-flux ratios of ∞, 100, 20, 10, 7.5,

5, 4, 3, 2 and 1 in this cloud corresponds to βm = ∞, 983, 39, 9.8,

5.5, 2.5, 1.6, 0.85, 0.39 and 0.098, respectively.

We compute these sequences for initial magnetic fields thread-

ing the cloud which are aligned parallel and perpendicular to the

rotation axis (i.e., in the z- and x-directions, respectively, in our

computational domain).

4.1.1 Initial field aligned with the rotation axis

As an illustration of the global cloud evolution for runs with the

field aligned with the rotation axis, Fig. 2 shows the column den-

sity and projected magnetic field lines in the collapsing cloud at

t = 1.01 free-fall times for two runs with a very weak (M/! =

100, left-hand panel) and very strong (M/! = 3, right-hand panel)

magnetic field, projected in the z − x direction (integrated through

the y-direction). For runs with weak magnetic fields (M/! ! 10),

the collapse is almost spherical and the magnetic field lines are

bent by the infalling gas flow, developing a toroidal component of

similar magnitude to the Bz field. For very strong magnetic fields

(M/! " 3), the collapse is strongly channelled along the magnetic

field lines, producing a pancake-like collapse and developing only

a small toroidal component in the large-scale magnetic field. In the

latter case, the interaction between the strong magnetic field and the

rotating cloud is also evident by the shape of the cloud in the right-

hand panel of Fig. 2, which has evolved to a bipolar configuration

as material is flung outwards along the magnetic field lines.

The magnetic field strength in the collapsing cloud is found to

scale with density approximately as B ∝ ρ0.6, with a pronounced

flattening off in the disc itself for the higher field strength runs. This

is in good agreement with a similar result found by Banerjee &

Pudritz (2006) who considered only a collapse with a relatively low

field strength, as here with the initial field aligned with the rotation

axis.

The results from axisymmetric collapse calculations using an

initial field aligned with the rotation axis are shown in Fig. 3,

showing column density through the cloud (integrated through the

z-direction) at five different times (left- to right-hand panel) for a

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 377, 77–90

µ0 = 100 (weak field)                          µ0 = 3 (strong field)    

Ideal magnetohydrodynamics



Ø Magnetic simulations require boundaries
Ø If not, simulations will

Ø at best: Blow up and crash
Ø at worst: Run to completion with the wrong answer

Ø How big of boundaries are needed?
Ø Not always easy to determine a priori:

Ø See dynamic boundary conditions as introduced in Wurster & Bonnell (in prep)

Aside: Magnetic boundary conditions
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Ideal magnetohydrodynamics

ØHighly ionised plasma:

ØZero resistivity & infinite conductivity
ØIons & electrons are tied to the magnetic field
ØNeutral particles are tied to the magnetic field due to interactions with the ions & electrons

20

Good (?) approximation for (e.g.) stellar atmospheres: High ionisation fraction.
Bad approximation for molecular clouds: ne/n ~ 10-14 (e.g. Nakano & Umebayashi 1986)

280 Y. Tsukamoto et al.

conductivity and non-ideal magnetohydrodynamic effects, or in
short, non-ideal effects arise.

The non-ideal effects appear as the correction terms in the induc-
tion equation. They can be derived by calculating the drift velocity
of the charged particles. Here, we derive the induction equation for
the weakly ionized plasma according to Wardle & Ng (1999) and
Wardle (2007).

We start with
∂B
∂t

= −c∇ × E, (1)

J = c

4π
∇ × B. (2)

where B is the magnetic field, J is the current density, E is the
electric field, and c is the speed of light. By the Lorentz transforma-
tion to the rest frame of the fluid (that is essentially the rest frame
of bulk of neutral particles), the electric field becomes

E′ = E + v × B
c

. (3)

Here, v and E′ are the fluid velocity and the electric field in the
rest frame of the fluid, respectively. The conductivity in the weakly
ionized plasma can be calculated using the balance of the force that
acts on the charged particles,

Zje

(
E′ + vj × B

c

)
− γjρmjvj = 0. (4)

Here, subscript j denotes the species of charged particles, Zje is the
charge, vj is the relative velocity of charged particles in the fluid
rest frame, γ j = 〈σv〉j/(mj + m) where 〈σv〉j is the rate coefficient
for momentum transfer, mj is the mass of charged particles, m is
the mean mass of neutral particles, and ρ is the density of neutral
particles. Note that, in the weakly ionized plasma, most of the
particles are neutral and the inertia of the charged particles and the
collisions with other charged particles are negligible. Note also that,
under the MHD approximation, the difference between the magnetic
field and the current density in computation frame and those in the
rest frame is negligible. We assumed the local charge neutrality∑

jnjZj = 0. By inverting equation (4) for vj and calculating the
current density, J =

∑
j njZj evj , we obtain

J = σO E′ + σH B̂ × E′ − (σP − σO)B̂ × B̂ × E′, (5)

where

σO = ec

B

∑

j

njZjβj , (6)

σH = ec

B

∑

j

njZj

1 + β2
j

, (7)

σP = ec

B

∑

j

njZjβj

1 + β2
j

, (8)

are the Ohmic, Hall, and Pedersen conductivities, respectively. Here,
β j = ZjeB/(mjcγ jρ) is the Hall parameter which is the product of
the cyclotron frequency and stopping time. Finally, by inverting
equation (5) for E′ and using equations (1) and (3), we obtain

∂B
∂t

= ∇ × (v × B)

−∇×
{
ηO(∇ × B) + ηH(∇ × B) × B̂ − ηA((∇ × B) × B̂) × B̂

}
.

(9)

This is the induction equation with non-ideal effects. The second,
third, and fourth terms on the right-hand side of equation (9) de-
scribe the Ohmic diffusion, Hall term, and ambipolar diffusion,
respectively. Here,

ηO = c2

4πσO
, (10)

ηH = c2σH

4π(σ 2
H + σ 2

P )
, (11)

ηA = c2σP

4π(σ 2
H + σ 2

P )
− ηO, (12)

are the Ohmic, Hall, and ambipolar diffusion coefficients, respec-
tively. In this paper, the Hall term is neglected owing to the numer-
ical difficulty associated with it. The effect of the Hall term will be
investigated in future works.

We constructed the data table of the diffusion co-
efficients by calculating a chemical reaction network of
H+

3 , HCO+, Mg+, He+, C+, H+, e− in gas phase and the posi-
tively charged, neutral, and negatively charged dust grain of uniform
size using the methods described in Nakano, Nishi & Umebayashi
(2002) and Okuzumi (2009). We assumed that the dust to gas ratio
is 10−2. We also assumed that the dust grain size and density are
a = 3.5 × 10−2 µm and ρd = 2 g cm−3, respectively. We considered
non-thermal ionization by the cosmic rays and thermal ionization
in our calculations. The cosmic ray ionization rate was fixed to be
ξCR = 10−17 s−1. When the temperature reaches T ∼ 1000 K, ther-
mal ionization is the dominant source of ionization. In this paper,
we consider the effect of the thermal ionization by considering the
thermal ionization of potassium. The coupling between the mag-
netic field and the gas quickly recovers around T ∼ 1000 K because
the thermal ionization provides a sufficient ionization degree.

In Fig. 1, we show the Ohmic and ambipolar diffusion coefficients
under the typical evolution of the gas. To make Fig. 1, we assumed
that the temperature and magnetic field change as,

B(ρ) = 100
(

ρ

10−15 g cm−3

)2/3

µG,

T (ρ) = 10

{
1 +

(
ρ

10−13 g cm−3

)2/5
}

K. (13)

Figure 1. Diffusion coefficients, ηO (solid) and ηA (dotted) as a function
of density. For this plot, we assumed that the temperature and magnetic field
are functions of density (see equation 13).

MNRAS 452, 278–288 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/452/1/278/1749777
by University of Exeter user
on 03 July 2018



Non-ideal magnetohydrodynamics

ØPartially ionised plasma and dust:

ØNon-zero resistivity & conductivity
ØIons, electrons & neutrals behaviour is environment-dependent
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Non-ideal magnetohydrodynamics
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Non-ideal magnetohydrodynamics
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Ø Strong field, initially vertical magnetic field
Ø Small scale structure
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Non-ideal magnetohydrodynamics
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Ø Strong field, initially vertical magnetic field
Ø Small scale structure

Non-ideal MHDIdeal MHD



Non-ideal magnetohydrodynamics: Hall effect

27

ØDepending on the relative orientation of L & B, the Hall-induced rotation will contribute to or 
detract from the initial rotation

L & B are aligned                                                          L & B are anti-aligned

Direction of initial rotation 

Hall-induced rotation

see also: Braiding & Wardle (2012a,b)



These simulations brought to you by...

28

ØThe smoothed particle radiation non-ideal magnetohydrodynamic code sphNG (Benz 1990)
ØThese studies were performed prior to Phantom having radiation transport as flux limited 
diffusion

ØMagnetic stability
Øartificial resistivity: Tricco & Price (2014)
ØdivB cleaning: Tricco, Price & Bate (2016)
Øartificial resistivity: Price+ (2018)
ØdivB cleaning stability: Dobbs & Wurster (2021)

Øto activate, set hdivbmax_max = 512 in the .in file 
(don’t worry, a warning will appear if you need to do this)

ØNon-ideal MHD (via Nicil Library)
Øversion 1: Wurster (2016)
Øversion 2: Wurster (2021)

Øv2 is in the current version of Phantom



Formation of a low-mass star

2929
Wurster, Bate & Price (2018c) Music: Jo-Anne Wurster

James Wurster
https://www.youtube.com/watch?v=2SQxgXbdJyg&t=8s
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Rotationally supported discs

3030
Wurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c)

ØDiscs form in the hydrodynamics model and the non-ideal model with –Bz

ØDiscs form during the first hydrostatic core phase
ØSimilar disc structure obtained by Tsukamoto+ (2015a) with ±Bz
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Rotationally supported discs

3131
Wurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c); inset: Tsukamoto+ (2017)

ØDiscs form in the hydrodynamics model and the non-ideal model with –Bz

ØDiscs form during the first hydrostatic core phase
ØSimilar disc structure obtained by Tsukamoto+ (2015a) with ±Bz

y 
[A

U]

-50

0

50
iMHD

10-10g/cm3

oMHD hMHD+ hMHD- aMHD ohaMHD+ ohaMHD- Hydro

y 
[A

U]

-50

0

50

10-9g/cm3

y 
[A

U]

x [AU]
-50 0 50

-50

0

50

10-8g/cm3

x [AU]
-50 0 50

x [AU]
-50 0 50

x [AU]
-50 0 50

x [AU]
-50 0 50

x [AU]
-50 0 50

x [AU]
-50 0 50

x [AU]
-50 0 50

0

2

4

|v
φ [

km
/s

]|



Rotationally supported discs

3232

ØSub- and trans-sonic turbulence is not enough to permit the formation of rotationally supported 
discs when employing ideal MHD
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Star formation: From the beginning

33
Orion Molecular Cloud.  (image credit: Drudis & Goldman via APOD)

Ø Stars do not form in isolation
Ø Star forming environments, on the large scale, are turbulent



t=108400 yrs

Cluster Formation: Effect of non-ideal MHD

34
Wurster, Bate & Price (2019) Music by Jo-Anne Wurster

James Wurster
https://www.youtube.com/watch?v=VZixbkDMZO8&t=2s



t=108400 yrs

Cluster Formation: Stellar Mass

35
Wurster, Bate & Price (2019)
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ØNo trend when stars form
ØExcluding N03 & I03, there is more mass in stars with weaker initial magnetic field strengths



t=108400 yrs

Cluster Formation: Protostellar discs

36
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)

ØLarge protostellar discs form in all our models
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t=108400 yrs

Cluster Formation: Protostellar discs

37
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)                                                       Discs in Perseus (Tobin+2018)

ØLarge protostellar discs form in all our models
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east; this was a weakly detected feature at 9 mm with the VLA
(Tobin et al. 2016b).

Finally, there is less prominent extended emission toward
NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large

Figure 1. ALMA images of Class 0 multiple protostar systems in Perseus at 1.3 mm. The white or black crosses mark the VLA source positions in each image. A
1″scale bar is also drawn in each panel denoting 300 au. The beam of each image is drawn in the lower right corner, corresponding to approximately 0 27×0 17
(81 au×51 au). The noise level in each image is approximately 0.14 mJy beam−1, but this varies somewhat between sources depending on dynamic range limits. The
approximate outflow directions (when known) are drawn in the lower right corner with the red and blue arrow directions corresponding to the orientation of the
outflow. Note that the outflows apparently originate from the bright continuum peaks, but the arrows are drawn offset for clarity.

4

The Astrophysical Journal, 867:43 (32pp), 2018 November 1 Tobin et al.



t=108400 yrs

Cluster Formation: Protostellar discs

38
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)                                                       Discs in Perseus (Tobin+2018)

ØLarge protostellar discs form in all our models
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east; this was a weakly detected feature at 9 mm with the VLA
(Tobin et al. 2016b).

Finally, there is less prominent extended emission toward
NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large

Figure 1. ALMA images of Class 0 multiple protostar systems in Perseus at 1.3 mm. The white or black crosses mark the VLA source positions in each image. A
1″scale bar is also drawn in each panel denoting 300 au. The beam of each image is drawn in the lower right corner, corresponding to approximately 0 27×0 17
(81 au×51 au). The noise level in each image is approximately 0.14 mJy beam−1, but this varies somewhat between sources depending on dynamic range limits. The
approximate outflow directions (when known) are drawn in the lower right corner with the red and blue arrow directions corresponding to the orientation of the
outflow. Note that the outflows apparently originate from the bright continuum peaks, but the arrows are drawn offset for clarity.

4

The Astrophysical Journal, 867:43 (32pp), 2018 November 1 Tobin et al.
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t=108400 yrs

Cluster Formation: Protostellar discs

39
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2018c, 2019); Wurster (2021)

ØDiscs are larger & more varied in these cluster simulations than the isolated simulations
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t=108400 yrs

Cluster Formation: Protostellar discs

40
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)

ØStellar & disc hierarchy is continuously evolving
ØThere exist circumstellar discs, circumbinary discs, and circumsystem discs
ØAll discs are strongly magnetised
ØLeft: ⭕ = circumstellar disc; x = circumbinary disc; △ (!)= circumsystem discs about 3 (4) stars
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t=108400 yrs

Cluster Formation: Protostellar discs

41
Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)

ØLarge protostellar discs form in all our models



t=108400 yrs

Cluster Formation: Protostellar discs

42
Wurster, Bate & Price (2019); see also Bate (2018) for a video the formation and evolution of 183 hydro discs

ØLarge protostellar discs frequently form and interact



Conclusions

ØStar forming molecular clouds are only weakly ionised
ØIdeal MHD is a poor description

ØIsolated, low-mass star formation:
Ø Large discs only form in the hydrodynamic model and weakly ionised model with -Bz.

Ø this resolved the magnetic braking catastrophe
Ø The Hall effect can cause counter rotating envelopes to form
Ø When using non-ideal MHD, the maximum magnetic field strength is not coincident with 

the central magnetic field strength
Ø Star cluster formation:

Ø No trends amongst most of our parameters
Ø Discs form in all of our models, suggesting that the magnetic braking catastrophe is a 

result of poor initial conditions

Ø WARNING: Microsoft now considers BitBucket links to be malicious and blocks emails 
containing them
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