
Resolving numerical star formation: 
A cautionary tale 

James Wurster
Collaborator: Matthew Bate

SPHERIC 2019, Exeter, United Kingdom.
June 27, 2019



Numerical star formation
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Wurster, Bate & Price (2018,ac) Music: Jo-Anne Wurster

Ø Code sphNG
Ø M4 Cubic spline kernel
Ø Fully compressible SPH
Ø Sphere-in-box setup 

with periodic boundary 
conditions

Ø Evolved density over 
17 orders of magnitude

Ø Includes:
• adaptive h
• individual timesteps
• radiation non-ideal

magnetohydrodynamics

video available: https://www.youtube.com/watch?v=duaA1bu2wf8&t=1s



Global Evolution
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Ø ρ ~10-12 g cm-3: Beginning of first core phase
Ø ρ ~10-8 g cm-3: End of first core phase
Ø ρ ~10-4 g cm-3: Birth of protostar
Ø Evolution diverges around ρ ~10-12 g cm-3 due to the different physical processes



To get a nice, consistent form of the equations for the presentation:

1 Induction equation
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Ø Induction equation (continuum):

Ø Induction equation (discretised):

Ø Artificial resistivity (from Price, Wurster + 2018):

Ø Density (discretised):

Magnetohydrodynamics

4Pillars of Creation in Eagle Nebula
(source: APOD, Jan. 7, 2015)



Orszag-Tang vortex: Resolution
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Price, Wurster + (2018)

Ø Main features are visible at all resolutions, but better defined for higher resolutionPhantom 53

Figure 32. Density in a z = 0 cross section of the Orszag-Tang vortex test performed in 3D. Results are shown at t = 0.5 (top) and t = 1 (bottom) at a
resolution of 128 × 148 × 12, 256 × 296 × 12 and 512 × 590 × 12 particles (left to right). Compare e.g. to Figure 4 in Dai & Woodward (1994b) or Figure 22
in Stone et al. (2008), while improvements in the SPMHD method over the last decade can be seen by comparing to Figure 14 in Price & Monaghan (2005).

Figure 33. Horizontal slices of pressure shown at t=0.5 in the Orszag–Tang
vortex test. We show cuts along y = 0.3125 (top) and y = 0.4277 (bottom)
in the z = 0 plane for three different numerical resolutions (see legend).

For SPMHD, this is mainly a test of the shock dissipa-
tion and divergence cleaning terms, since in the absence of
these terms the advection can be computed to machine pre-
cision [c.f. 2D results shown in Rosswog & Price (2007)

and Figure 11 of Price (2012a), shown after one thousand
crossings of the computational domain]. Figure 35 shows the
results of this test in PHANTOM with 128 × 74 × 12 parti-
cles after two box crossings, computed with all dissipation
and divergence cleaning terms switched on, precisely as in
the previous tests including the shock tubes (Sections 5.6.2–
5.6.4). Importantly, our implementation of artificial resistiv-
ity (Section 2.10.6) guarantees that the dissipation is iden-
tically zero when there is no relative velocity between the
particles, meaning that simple advection of the current loop
is not affected by numerical resistivity. However, the problem
remains sensitive to the divergence cleaning (Section 2.10.2),
in particular to any spurious divergence of B that is measured
by the SPMHD divergence operator, (174). For this reason,
the results using the quintic kernel, (19), are substantially
better than those using the cubic spline, because the initial
measurement of ∇ · B is smaller and so the evolution is less
affected by the divergence cleaning.

5.6.6. MHD blast wave
The MHD blast wave problem consists of an over-pressurised
central region that expands preferentially along the strong
magnetic field lines. Our setup uses the 3D initial condi-
tions of Stone et al. (2008), which follows from the work of

PASA, 35, e031 (2018)
doi:10.1017/pasa.2018.25
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Global Evolution: Resolution
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Ø Magnetic field strengthØ Gas Density 

First hydrostatic core: end stage

Ø Particles
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Ø Magnetic field strengthØ Gas Density 

Stellar core: Resolution

Ø Particles
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Computational expense
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Conclusions

ØCollapse time and magnetic field strengths are governed by physical processes
ØEvolutions diverge during first hydrostatic core phase 

ØDecreasing resolution permits faster collapses; relative collapse time is is preserved
ØDuring first hydrostatic core:

ØDensity structures are qualitatively similar 
ØMagnetic field structure resolution-dependent, especially nB+z

ØAt stellar birth:
ØDensity and magnetic field structure are resolution-dependent

ØPerforming very high resolution simulations can quickly become prohibitively expensive
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