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Importance of Stars: Stellar Nurseries

2

Taurus Molecular Cloud 
(Source: Credit:	ESO/APEX	(MPIfR/ESO/OSO)/A.	Hacar
et	al./Digitized	Sky	Survey	2.	Acknowledgment:	Davide
De	Martin)

pre-main-sequence stars divided by the mass of dense gas, and
we obtain a SFE equal to 1.2%. These low values confirm that
Taurus is a region of relatively low star formation efficiency.

Since star formation is an ongoing process in Taurus, the SFE
as defined will evolve with time. A more meaningful quantity is
the star formation rate per unit molecular gas mass. The star for-
mation history of Taurus is a topic of some controversy (cf. Palla
& Stahler 2000, 2002;Hartmann et al. 2001), particularly the ques-
tion of whether the star formation rate is currently accelerating or
has already reached a peak and is declining. Nevertheless, there
does seem to be agreement that star formation has been rapid.
Star formation in Taurus began over 10 Myr ago, but most of the
identified pre-main-sequence stars have formed in the past 3Myr
(Palla & Stahler 2002). The average star formation rate over the
past 3 Myr within the region of Taurus included in this study has
been ’8 ; 10!5 stars yr!1.

Assuming as before an average mass of 0.6 M", we derive a
star formation rate of 5 ; 10!5 M" yr!1. Thus, the star formation
rate per unit molecular gas mass is approximately 2 ; 10!9 M"
per year per solar mass of molecular gas. If this rate were to con-
tinue, the gas consumption timescale would be over 400 Myr.
However, most of the dense gas is likely to be dispersed by the

winds from the newly forming stars long before a significant frac-
tion of the cloud mass is converted into stars. It is intriguing that
the star formation rate per unit molecular gas mass in Taurus is
very similar to that found globally in the MilkyWay (assuming a
total molecular mass of 2 ; 109 M" and a star formation rate of
3 M" yr!1).

7. MORPHOLOGY OF THE MOLECULAR GAS

7.1. General Structure of the Gas

7.2. Regions of Interest

In this section we discuss several of the regions of particular
interest that stand out in the carbonmonoxide emission fromTaurus.
These are to some degree reflections of the complex structure seen
on a large scale, but highlight some of the varied structures that
can easily be identified. The present discussion is by no means
complete, but does illustrate the varied and complex structures
found in this region, where only low-mass star formation is taking
place. These are grouped together by location within the cloud so
that they can be highlighted by detailed images, but this does
not necessarily reflect any physical relationship between different
features.

Fig. 14.—Locations of young stars in Taurus superimposed on map of the H2 column density. The stellar positions are from Kenyon (2008). The diamonds indicate
diffuse or extended sources (of which there are 44 in the region mapped), the squares indicate Class I or younger stars (18), and the asterisks indicate T Tauri stars (168). It is
evident that the diffuse and younger sources are almost without exception coincident with regions of relatively large column density, while the older stars show a much
larger probability of being found in regions of lower column density.

GOLDSMITH ET AL.440 Vol. 680

Taurus Molecular Cloud: H2 column density map with 
positions of young stars (Goldsmith et. al., 2008)



Importance of Stars: Outflows

3
Large scale Herbig-Haro jet driven by a proto-brown dwarf (Riaz et. al., 2017)

– 9 –

Fig. 2.— The combined H↵ (red), [SII] (green), and R-band (blue) image for HH 1165. The

image size is 30⇥30 (⇠ 0.3⇥ 0.3 pc). North is up, east is to the left.

Spectrograph (GHTS) installed on the SOAR 4.1m telescope. The GTHS is a highly

configurable imaging spectrograph that employs all transmissive optics and Volume Phase

Holographic (VPH) Gratings. We used the 400 l/mm grating in its 400M1 preset mode,

that provides a wavelength range ⇠ 3100–7050 Å. We kept the 0.1500 pix�1 pixel scale in the

dispersion direction, and binned the CCD by 2 in the spatial direction, providing a scale of

0.300 per pixel. Combined with the 1.0300 wide slit, this configuration produced a FWHM

spectroscopic resolution of 6.3 Å. Because time allowed only for obtaining a spectrum along

a single orientation, we placed the slit at a position angle of 321.5 deg as shown in Fig. 3,

a position that targets most of the features of the jet out to ⇠5000. We obtained three



Importance of Stars: Planetary Discs
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HL Tauri and surroundings (credit: NASA/HST) HL Tau: Dust disc



Star Formation: from the beginning
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Richard Larson



Disc Formation: Hydrodynamics

Video not publically available.



Disc Formation: Magnetohydrodynamics

7Video not publically available.



8No magnetic field Strong magnetic field

The Magnetic Braking Catastrophe:
discs do not form in numerical simulations 

containing strong, ideal magnetic fields

Disc Formation: Magnetohydrodynamics



Ideal Magnetohydrodynamics

ØFully ionised plasma

ØZero resistivity & infinite conductivity
ØIons & electrons are tied to the magnetic field
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Non-ideal Magnetohydrodynamics

ØPartially ionised plasma

ØNon-zero resistivity & conductivity
ØIons, electrons & neutrals behaviour is environment-dependent

10
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Non-ideal Magnetohydrodynamics

Adapted from Wardle (2007)
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2 Wurster,

however, from axi-symmetry, this becomes

r = r̂dr + ẑdz. (4)

Specific values of importance are calculated in the next few
subsections.

3.1 Magnetic current
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dr 0 dz
0 drBz 0

3

5

= �⌘OR
�

�dzdrBzr̂ + d2rBzẑ
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3.3 Hall Effect
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3.5 Summary of terms

Summary assuming B = �Bzẑ, as calculated above:
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Summary assuming B = +Bzẑ (left as an exercise for the reader):
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4 DISCUSSION

From the above equations, Ohmic resistivity and ambipolar diffu-
sion are independent of the initial conditions Bzẑ or �Bzẑ; this is
not true for the Hall effect, since the right-hand side remains posi-
tive, while the left-hand side changes with the initial sign. Further,
note that OR and AD contribute only to the radial and vertical com-
ponents of the magnetic field. Thus, these terms are independent of
direction of rotation of the disc.

The Hall effect, however, returns only a �̂-component from
an initially vertical magnetic field. Thus, there is no diffusion, just
redirection. Now, assuming that the coordinates align with the ro-
tation axis (i.e. ⌦z > 0) would yield a counter-clockwise rotation
when looking from above. Thus, rotation should wind the magnetic
field, giving generating +B�.

The magnetic field gets less dense as r increases, if starting
from a point near the inner edge of the disc at the mid-plane. Thus,
drBz < 0. At a higher elevation, the radial density decrease is
shallower, thus drBz < 0, but less negative than in at lower ele-
vations. Thus vertical gradient of drBz is positive, thus the entire
term is negative, i.e. dzdrBz < 0. Therefore, ⌘HEdzdrBz�̂ takes
the sign opposite of the sign of ⌘HE (recall ⌘HE can be positive or
negative).

MNRAS 000, 1–3 (2016)



Non-ideal Magnetohydrodynamics

Image credit: Tsukamoto et al (2017); see also: Braiding & Wardle (2012a,b)12

The impact of the Hall e↵ect during cloud core collapse: implications for circumstellar disk evolution 3

Figure 1. Schematic diagram of the central structure of a collapsing magnetized cloud core. A protostar resides at the center and a

circumstellar disk surrounds it. A flattened disk-like structure, so called “pseudo-disk” surrounds the circumstellar disk at the “neck” of

the hourglass-shaped magnetic field. The midplane of the pseudo-disk corresponds to the current sheet. The direction of the Hall-induced
magnetic field drift and Hall-induced rotation are drawn by assuming ⌘H < 0.

Table 1. List of the models that we used. The model names, the relative angle ✓ between the initial magnetic field and the initial angular

momentum vector of the cloud core, and whether the Hall e↵ect is included (“Yes”) or not (“No”) are tabulated.

Model name Relative angle ✓ With Hall e↵ect

Model0 0� Yes
Model45 45� Yes

Model70 70� Yes

Model90 90� Yes
Model110 110� Yes

Model135 135� Yes
Model180 180� Yes

Model0NoHall 0� No
Model45NoHall 45� No

Model70NoHall 70� No

Model90NoHall 90� No

P is the Plank mean opacity, e = ⇢u+ 1
2
(⇢v2 +B2) is the

total energy where u is the specific internal energy, and �
is the gravitational potential. The parameters ar and G are
the radiation and gravitational constants, respectively.

To close the equations for radiation transfer, we employ
the flux-limited di↵usion (FLD) approximation,

Fr =
c�
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2
,
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2
I+ 3�� 1

2
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2
R

2
,
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rEr

|rEr|
,

where R is the Rosseland mean opacity.

We use the smoothed particle hydrodynamics (SPH)
method (Monaghan & Lattanzio 1985; Monaghan 1992)
in our simulations. The numerical code has been devel-
oped by the authors and been used in our previous stud-
ies (e.g., Tsukamoto & Machida 2011, 2013; Tsukamoto
et al. 2013b, 2015c). The ideal MHD part was solved
with the Godunov smoothed particle magnetohydrodynam-
ics (GSPMHD) method (Iwasaki & Inutsuka 2011). The
divergence-free condition is maintained with the hyperbolic
divergence cleaning method for GSPMHD (Iwasaki & Inut-
suka 2013). The radiative transfer is implicitly solved with
the method of Whitehouse & Bate (2004) and Whitehouse
et al. (2005). We treated the Ohmic and ambipolar dif-
fusions with the methods described in Tsukamoto et al.
(2013a) and Wurster et al. (2014), respectively. Both the
di↵usion processes were accelerated by super-time stepping

c
� 0000 RAS, MNRAS 000, 000–000

Price & Bate (2007)



Non-ideal Magnetohydrodynamics

13Wurster (2016): NICIL code.  Available at https://bitbucket.org/jameswurster/nicil/wiki/Home

Cosmic ray ionisation:                      Thermal ionisation:                    Coefficients:

Ø Includes
Ø Heavy & light ions
Ø grains

Ø Includes
Ø 5 singly ionised elements
Ø 4 doubly ionised elements
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Phantom

14

Ø Phantom
Ø Publically available at 

https://phantomsph.bitbucket.io
Ø Reference:
Ø D. J. Price, J. Wurster, C. Nixon, T. S. 

Tricco, and 22 others. (arXiv:1702.03930)



Disc Formation: Ideal & Non-ideal MHD

15Video available at https://www.youtube.com/watch?v=j2032OTknvY



Disc Properties

16Wurster, Price & Bate (2016)
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Disc Properties

17Wurster, Price & Bate (2016)
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Non-Ideal MHD Components

18Wurster, Price & Bate (2016)
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Wurster, Price & Bate (2016); see also Tsukamoto et al (2015)
Ø Hall effect induces the formation of a counter-rotating envelope



ØCurrent model
ØSimplified ionisation algorithms
ØBarotropic equation of state
ØIdealised |B.Omega| = 1
ØIdealised v
ØIdealised B
ØForm a single star
Ø1 Msun of gas

Induced Rotation
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Ø Hall effect can induce coherent rotation from a zero-angular momentum initial condition



t = 24910 yrs

Ideal

t = 24990 yrs

t = 24900 yrs

ζ=10-10s-1 -15

-14

-13

-12

-11

lo
g 

de
ns

ity
 [g

/c
m

3 ]

t = 25080 yrs

Collapse to stellar densities

2121
Ø Ideal MHD.  Video available at 

https://www.astro.ex.ac.uk/people/mbate/Animations/BateTriccoPrice2013_MF05.mov
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23Wurster (2016)

Cosmic ray ionisation:                      Thermal ionisation:                    Coefficients:

Ø Includes
Ø Heavy & light ions
Ø grains

Ø Includes
Ø 5 singly ionised elements
Ø 4 doubly ionised elements
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Cosmic ray ionisation:                      Thermal ionisation:                    Coefficients:

Ø Includes
Ø Heavy & light ions
Ø grains

Ø Includes
Ø 5 singly ionised elements
Ø 4 doubly ionised elements



t = 24910 yrs

Ideal

t = 24990 yrs

t = 24900 yrs

ζ=10-10s-1 -15

-14

-13

-12

-11

lo
g 

de
ns

ity
 [g

/c
m

3 ]

t = 25080 yrs

Collapse to stellar densities

2828

t = 24910 yrs

Ideal

t = 24990 yrs

t = 24900 yrs

ζ=10-10s-1 -15

-14

-13

-12

-11

lo
g 

de
ns

ity
 [g

/c
m

3 ]

t = 25080 yrs

Wurster, Bate & Price 
(submitted)

10-16

10-12

10-8

10-4

100

n i
/(n

i+
n n

)

ρmax=10-10g cm-3

ζ12
ζ14
ζ15
ζ16

10-16

10-12

10-8

10-4

100

n i
/(n

i+
n n

)

ρmax=10-7g cm-3

10-16

10-12

10-8

10-4

100

n i
/(n

i+
n n

)

ρmax=10-4g cm-3; dtsc=0

10-16

10-12

10-8

10-4

100

10-4 10-3 10-2 10-1 100 101 102

n i
/(n

i+
n n

)

r [au]

dtsc=0.5yr

10-6
10-2
102
106

1010
1014
1018

η
 [c

m
2  s-1

]

ζ16
ζ12
ηOR

ηHE > 0
ηHE < 0

ηAD

10-6
10-2
102
106

1010
1014
1018

η
 [c

m
2  s-1

]

10-6
10-2
102
106

1010
1014
1018

η
 [c

m
2  s-1

]

10-6
10-2
102
106

1010
1014
1018

10-4 10-3 10-2 10-1 100 101 102

η
 [c

m
2  s-1

]

r [au]



t = 24910 yrs

Ideal

t = 24990 yrs

t = 24900 yrs

ζ=10-10s-1 -15

-14

-13

-12

-11

lo
g 

de
ns

ity
 [g

/c
m

3 ]

t = 25080 yrs

Collapse to stellar densities: 
Stellar core

2929
Wurster, Bate &  Price (submitted)

Ideal MHD

dtsc=0.25yr dtsc=0.5yr dtsc=0.75yr dtsc=1.25yr dtsc=3.6yr dtsc=17yr

ζcr=10-12s-1

ζcr=10-14s-1

ζcr=10-15s-1

ζcr=10-16s-1

-12

-10

-8

lo
g 

de
ns

ity
 [g

/c
m

3 ]

3 au



t = 24910 yrs

Ideal

t = 24990 yrs

t = 24900 yrs

ζ=10-10s-1 -15

-14

-13

-12

-11

lo
g 

de
ns

ity
 [g

/c
m

3 ]

t = 25080 yrs

Collapse to stellar densities: 
Stellar core

3030

Collapse to stellar densities using radiative non-ideal MHD 13

28 au

ζcr=10-12s-1

dtsc=0.5yr

28 au

ζcr=10-14s-1

dtsc=1.25yr

-10 -5 0 5 10
vr[km/s]

7 au

-5 0 5
vφ [km/s]

-14 -12 -10 -8
log density [g/cm3]

-5 0 5
vr[km/s]

7 au

-5 0 5
vφ [km/s]

-14 -12 -10 -8
log density [g/cm3]

28 au

ζcr=10-15s-1

dtsc=3.6yr

28 au

ζcr=10-16s-1

dtsc=17yr

-5 0 5
vr[km/s]

7 au

-5 0 5
vφ [km/s]

-14 -12 -10 -8
log density [g/cm3]

-5 0 5
vr[km/s]

7 au

-5 0 5
vφ [km/s]

-14 -12 -10 -8
log density [g/cm3]

Figure 12. Overall outflows morphologies at the end of the calculations: The four groups of panels depict the end states of ⇣
12

at dtsc ⇡ 0.5 yr, ⇣
14

at
dtsc ⇡ 1.25 yr, ⇣

15

at dtsc ⇡ 3.6 yr and ⇣
16

at dtsc ⇡ 17 yr. The colour ranges are consistent across groups, except for ⇣
12

, which extend to vr,max =
±12 km s�1 to show the detail of the outflow from the stellar core. The velocity vectors are different in each plot to emphasise the gas motion. The top row
in each group has frame size (84 au)2 and the bottom row has frame size (21 au)2; the white box in each upper panel gives the extent of the region shown
in the corresponding lower panel. From left to right in each group is the radial velocity vr, rotational velocity about the axis of rotation v�, and gas density
over-plotted with velocity vectors to trace the flow. Model ⇣

12

is presented at the same time as in Fig. 11, but at different frame sizes. The large-scale conical
first core outflows and small-scale stellar core outflows are clearly visible in the models with ⇣cr � 1015 s�1. The stellar core outflow is strong and collimated
at the highest ionisation rate, but becomes slower and broader at lower ionisation rates. An outflow from the surface of the first core is also present in the ⇣

14

and ⇣
15

models. With the lowest ionisation rate (⇣cr = 1016 s�1) there is no distinct small-scale outflow. Instead a circumstellar disc drives a vr ⇡ 4 km s�1

broad conical outflow.

Fig. 13 shows the magnetic field strengths (|B|, |Bp|, |B�|
and |B�/Bp|) in a cross section through the centre of the core at
dtsc ⇡ 0.5 yr for the ionised models. Ss with the first hydrostatic
core, the magnetic field is strongest in the outflows, with stronger
magnetic fields associated with the stronger outflows (and hence
with higher initial ionisation rates). However, unlike the first core
outflows, the magnetic field in the second core outflows at dtsc ⇡
0.5 yr is dominated by the toroidal component, which can be up to
⇠10 � 100 times stronger than the poloidal component. Although
⇣

16

has not formed an outflow by dtsc ⇡ 0.5 yr, B� ⇠ 100Bp in
the rotating disc that has formed. In this longer term, this toroidal
flux may be crucial for producing a collimated jet.

In the ideal MHD models of Bate et al. (2014), decreasing
the initial mass-to-flux ratio from µ

0

= 20 to µ

0

= 5 had mini-
mal effect on the second core outflow. Their second core outflows
also had stronger toroidal than poloidal components, and the ra-
tio |B�/Bp| decreased with decreasing mass-to-flux ratio. In our
non-ideal MHD models, the ratio |B�/Bp| in the outflows tends

to decrease with decreasing ionisation rate; decreasing ionisation
rates lead to weaker magnetic fields, thus this trend for decreas-
ing ionisation rates at a fixed initial mass-to-flux ratio is opposite
that of decreasing mass-to-flux ratios in ideal MHD. However, we
must be cautious since in Bate et al. (2014) all three ideal MHD
models have similar second core outflows at the comparison time
of dtsc ⇡ 1 yr, while the outflows from our non-ideal MHD models
vary significantly at dtsc ⇡ 0.5 yr.

At dtsc ⇡ 0.5 yr, the maximum density between ⇣

12

and ⇣

16

differs by a factor of ⇡83, and the temperature differs by a factor of
⇡6. Since the thermal ionisation rate is dependent only on density
and temperature, the ionisation fractions are highest in ⇣

12

, with
ni,e/(ni + nn) ⇡ 0.30 in the core; for comparison, the fractions
in ⇣

16

are ⇡ 0.012. The ionisation fraction approximately traces
the temperature profile — the highest ionisation fractions are in
the hottest part of the outflows (c.f. Fig. 14, which shows the cross
section of the gas temperature).

Despite the ionisation fractions differing by a factor of ⇡25,
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Conclusions

ØLarge disc forms with no magnetic fields
ØNo disc forms with strong, ideal magnetic fields

ØLarge discs with strong magnetic fields are observed

ØDecreasing M/Φ decreases mass and size of resulting disc 
ØFormation of discs and outflows is anti-correlated
ØChanging initial magnetic field direction + Hall effect is strongest affect
ØLarger discs form with lower ionisation rate
ØHall Effect causes the formation of a counter-rotating envelope

ØNon-ideal MHD suppresses first and second core outflows

ØThis is just the beginning!
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