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First, an apology...
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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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First, an apology...
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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

dtmax



First, an apology...
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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



First, an apology...
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Ø dtmax: 

Ø Example:
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Ø dtmax: 

Ø Example:



First, an apology...
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Ø dtmax: 

Ø Example:



First, an apology...
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Ø dtmax: 

Ø Example:

Please discuss & let me know if you 

would like different defaults, or 

different / new features



Magnetic fields: Motivation (for me & you!)

Ø Star forming regions are permeated with magnetic fields!

Ø Discs are magnetic!

Planck Collaboration (2016) Kwon+ (2019) Stephens+ (2017)



Continuum Magnetohydrodynamic Equations

15Pillars of Creation in Eagle Nebula

(source: APOD, Jan. 7, 2015)

Ø Continuum equations:
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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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∂B

∂t
= ∇ × (v × B)

{



Price & Bate (2007)

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
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Good (?) approximation for (e.g.) stellar atmospheres: High ionisation fraction.

Bad approximation for molecular clouds: ne/n ~ 10-14 (e.g. Nakano & Umebayashi 1986)

∂B

∂t
= ∇ × (v × B)

{



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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Ø Strong field, initially vertical magnetic field

Ø Large scale structure
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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

26

Ø Strong field, initially vertical magnetic field

Ø Small scale structure

Non-ideal MHDIdeal MHD



Non-ideal magnetohydrodynamics: Hall effect
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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...
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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
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Wurster, Bate & Price (2018c) Music: Jo-Anne Wurster

James Wurster
https://www.youtube.com/watch?v=2SQxgXbdJyg&t=8s
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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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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
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Rotationally supported discs
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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
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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
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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
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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
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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
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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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t=108400 yrs

Cluster Formation: Protostellar discs
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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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t=108400 yrs

Cluster Formation: Protostellar discs
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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
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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
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Wurster, Bate & Price (in prep)Wurster, Bate & Price (2019)

ØLarge protostellar discs form in all our models



t=108400 yrs

Cluster Formation: Protostellar discs
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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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James Wurster        jhw5@st-andrews.ac.uk     https://jameswurster.bitbucket.io/


