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Stars like the Sun form in a turbulent, magnetised plasma. 
But what roles do turbulence and magnetic fields play in 
the birth of stars? And could the magnetic fields in the 
Sun be a fossil leftover from its birth?  
 
I will discuss recent attempts to model the birth of stars 
from first principles in turbulent, magnetized clouds 
[1-4]. We employ the smoothed particle 
magnetohydrodynamics technique in order to adapt the 
numerical resolution to the huge range of length and 
timescales involved [6,7].  
 
The plasma regime is out-of-this-world: Typical motions 
are both supersonic and super-Alfvenic, and the plasma 
is weakly ionized. Recent work [1-5] has revealed how 
plasma effects including Ohmic resistivity, ion-neutral 
drift and Hall drift can solve the `magnetic braking 
catastrophe’ where swirling discs of gas – from which 
planets are born – failed to form in models. We have 
recently been able to simulate for the first time the entire 
dynamic range in the gravitational collapse, over 17 
orders of magnitude in density, to understand the 
magnetic field implanted in stars at birth [1,2]. 
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Figure: Magnetic field geometries during the formation 
of a protostar, showing the field structure just after birth 
(left) compared to the later evolution (right), and for 
different assumed cosmic-ray ionization rates (top to 
bottom, from most to least ionized), showing the effect 
of partially ionized plasmas on the launching of jets and 
winds from the newborn star. Reproduced from [2].

 

Collapse to stellar densities using radiative non-ideal MHD 17

Figure 15. Visualisations of the magnetic field geometry in the stellar core
outflows, for 12 < |B|/G < 1.2 ⇥ 104. The images are inclined by 10�

out of the page, and the panels have a horizontal dimension of 3 au. The
left-hand column is at dtsc ⇡ 0.5 yr, while the right-hand column is at
the final time of each simulation, as listed in the bottom-right corner. At
dtsc ⇡ 0.5 yr, the magnetic field lines are more tightly wound for models
with lower ionisation rates due to the reduced magnetic braking.

a more oblate first core and more extended outflows. The midplane
magnetic field strengths are similar for both models, however, the
magnetic field strength is weaker in the envelope and stronger in the
inner regions of ⇣+16 than ⇣�16, and the magnetic tower is more mag-
netically dominated in ⇣�16. Thus, again, aligning the magnetic field
with the rotation axis gives a similar result to increasing the ionisa-
tion rate (i.e. both result in larger central magnetic field strengths).

4.3.2 The stellar core

Fig. 20 shows the cross sections of the density, magnetic field
strength, plasma �, radial velocity and azimuthal velocity at dtsc ⇡
0.5 yr. At this time, the stellar core in ⇣�16 is rotating ⇠20 per cent
faster, is slightly more dense and has a weaker central magnetic
field strength than ⇣+16. Both models have similar disc scale heights
but the vertical infall velocity is faster for ⇣+16.

By dtsc ⇡ 4 yr, the gas structure and flow around the core
differs between the two models, which results in different stellar
accretion rates. Although this may have implications for the evolu-
tion of the spin rates of young stellar objects (YSOs; see review by
Bouvier et al. 2014), our models end very early in the Class 0 phase
and do not progress far enough for us to predict the long term effect
of the Hall effect on the spin of YSOs.

For the duration of our simulations, the non-ideal MHD coef-
ficients are similar for both ⇣�16 and ⇣+16. Thus, the Hall effect acts
in the opposite sense for the two models.

4.3.3 Magnetic braking

The model with B0,z < 0 should have less magnetic braking since
the Hall effect will induce a rotation in the same direction as the
initial rotation of the cloud. Indeed, the azimuthal speed, v� (see
Fig. 19), in ⇣+16 is significantly lower than in ⇣�16 at radii 1 . r/au .
7; this decrease in azimuthal velocity is similar to ⇣15 (see Fig. 6).
This is the transition region where the Hall effect switches from
negative to positive. Since ⌘HE > 0 and B0,z < 0 for ⇣15, the Hall
effect at r & 7 au is contributing to the toroidal magnetic field in
the same direction for ⇣+16 and ⇣15, but the effect is stronger for ⇣+16
due to its lower ionisation rate. This decrease in rotational velocity
directly leads to the faster radial infall and overall rate of evolution.

In the inner regions during the first core collapse, the rotat-
ing core of ⇣�16 is slightly more diffuse, thus to conserve angular
momentum, the larger core rotates slightly slower than ⇣+16.

As the stellar cores evolve, both continue to collapse and to
spin up. By dtsc ⇡ 0.5 yr, the core of ⇣�16 is more dense and is ro-
tating faster than ⇣+16. Magnetic braking occurs in the core after this
time to decrease the spin rate. Since the magnetic field is stronger
in the inner core of ⇣�16 (r < 0.01 au) due to its higher density,
this model undergoes more magnetic braking, thus by dtsc ⇡ 4 yr,
the rotational profiles of the cores has converged, such that the az-
imuthal velocity for r . 0.1 au differs by less than three per cent
(Fig. 19).

5 CONCLUSIONS

We have presented a suite of radiation non-ideal magnetohydro-
dynamic simulations studying the collapse of a molecular cloud
through the first and second core phases to stellar densities. Our
models were initialised as 1 M�, spherically symmetric, rotating
molecular cloud cores with magnetic field strengths such that the
initial mass-to-flux ratio was µ0 = 5, corresponding to B0 =
1.63 ⇥ 10�4 G. For most calculations, the magnetic field was ini-
tially anti-parallel to the rotation axis to maximise the influence of
the Hall effect.

We included all three non-ideal MHD terms (ambipolar diffu-
sion, Ohmic resistivity, and the Hall effect), with coefficients calcu-
lated by the NICIL library, and analysed 4 different cosmic ray ion-
isation rates, ⇣cr. At low densities and temperatures, the cosmic ray
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