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Outline

1. Introduction 
• Context	
• What has changed since 2014?	

!
2. From dense core collapse…. 

• Disc formation 	
• Comparison with ALMA observations	

!
3. To protostar and protoplanetary disc birth 

• Early evolution	
• Dust and gas mixture
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Star	formation	evolutionary	sequence

Vaytet et al. (2013) 
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Main	achievements	since	2014

• Observations by ALMA & NOEMA	

• down to a spatial resolution  <50 AU in Class 0 protostars 
=> the fragmentation and disk scales!	

• dust polarization                                                         
=> magnetic fields	
!

• New numerical tools:	

• non-ideal MHD : ambipolar diffusion, Ohmic diffusion, and 
Hall effect	

• multifrequency radiation hydrodynamics	

• dust and gas mixture 
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State-of-the-art	in	2010:	ideal	MHD

equatorial	
 plane

yz - plane

μ=5	
Strong B

Hydro	
B=0

μ=20	
Weak B

Magnetic field dominates	
NO DISK, NO FRAGMENTATION	

Magnetic braking catastrophe & Fragmentation Crisis  
(Hennebelle & Fromang 2008, Hennebelle & Teyssier 2008)

Commerçon et al. (2010)
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! Late formation 	
" end of class 0, Menv<<Menv,0 (e.g., Machida & Hosokawa 2013) 	
!

! Misalignment	
" no reason for the rotation axis and the magnetic field to be aligned (e.g., 

Hull et al. 2013)	
" reduces magnetic braking efficiency (e.g., Hennebelle & Ciardi 2009, Joos et al. 

2012, Li et al. 2013)	
!
! Turbulent diffusion	

" reconnection events fast with Ohmic diffusion only, collective effect at larger 
scale (e.g., Santos Lima et al. 2012, Joos et al. 2013, Seifried et al. 2013)	

!
! Non-ideal MHD	

" Ohm dissipation (Tomida et al. 2013, 2015, Machida et al.)	
" Hall effect (Krasnopolsky et al. 2011, Tsukamota et al. 2015,  Wurster et al. 

2016)	
" ambipolar diffusion (Tsukamota et al. 2015, Masson et al. 2016)	

!
!

Disk	formation	in	magnetised	cores



Commerçon Benoît                                                                                                                            PNPS2018

! Late formation 	
" end of class 0, Menv<<Menv,0 (e.g., Machida & Hosokawa 2013) 	
!

! Misalignment	
" no reason for the rotation axis and the magnetic field to be aligned (e.g., 

Hull et al. 2013)	
" reduces magnetic braking efficiency (e.g., Hennebelle & Ciardi 2009, Joos et al. 

2012, Li et al. 2013)	
!
! Turbulent diffusion	

" reconnection events fast with Ohmic diffusion only, collective effect at larger 
scale (e.g., Santos Lima et al. 2012, Joos et al. 2013, Seifried et al. 2013)	

!
! Non-ideal MHD	

" Ohm dissipation (Tomida et al. 2013, 2015, Machida et al.)	
" Hall effect (Krasnopolsky et al. 2011, Tsukamota et al. 2015,  Wurster et al. 

2016)	
" ambipolar diffusion (Tsukamota et al. 2015, Masson et al. 2016)	

!
!

Disk	formation	in	magnetised	cores



Commerçon Benoît                                                                                                                            PNPS2018
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Non-ideal	MHD

Non-ideal effects:	
	 - rearrangement of magnetic field lines	
	 - reconnection	
	 - magnetic flux diffusion	
	 - … needs gas-grain chemistry
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Equilibrium	chemistry	for	non-ideal	MHD

✓ Reduced chemical network dedicated for ionisation (based on the work 
by Umebayashi & Nakano 1990)	

• H, He, C, O, metallic elements (Fe, Na, Mg, etc..)	
• H+, H3+, He+, C+, molecular and metallic ions	
• bins in the dust grains size distribution (G, G+, G-)	
• dust evaporation at T>800 K	
• thermal ionisation of potassium (T>1000 K)	
• neutral elements have constant abundances	
!
!
!
!
!
!

!

✓ Goal: compute a 3D table of abundances:	
• depends on temperature, density and CR ionisation	
• used on-the-fly in 3D calculations to compute resistivities Marchand et al. (2016)

✓UMIST database for gas species 
(McElroy et al. 2013)	
✓Kunz & Mouschovias (2009) for 
interactions with and between 
grains
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Equilibrium	chemistry	for	non-ideal	MHD:	results

Marchand et al. (2016)

https://bitbucket.org/pmarchan/chemistry

https://bitbucket.org/pmarchan/chemistry
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1/ Grain evaporation is the most important effect	
2/ Needs at least 10 bins in dust grain size distribution to converge… Marchand et al. (2016)

https://bitbucket.org/pmarchan/chemistry

Equilibrium	chemistry	for	non-ideal	MHD:	results

https://bitbucket.org/pmarchan/chemistry
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Radiation-magneto-hydrodynamics	in RAMSES

✓ Adaptive-mesh-refinement code RAMSES (Teyssier 2002)	

✓ Non-ideal MHD solver using Constrained Transport (Teyssier et al. 2006, Fromang 
et al. 2006, Masson et al. 2012,2016). Resistivity from steady-state gas-grain 
chemistry (Marchand et al. 2016)              

✓ Multifrequency Radiation-HD solver using the Flux Limited Diffusion 
approximation (Commerçon et al. 2011b, 2014, González et al. 2015). In this work, 
just grey	

✓ See Lesur et al. (2014) for a full niMHD implementation in the PLUTO code. 

Gravitational force Radiative force Lorentz force
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Misalignment	&	ambipolar	diffusion

• formation of a plateau at B~0.1G	
• reorganisation of magnetic field lines (essentially 

poloidal)	
=> reduced magnetic braking	
• mass and radius of first core do not change	
• weaker outflows compared to ideal MHD	
!

Masson et al. 2016

• Rotationally supported disk formation 
(R ~ 50 AU) - consistent with obs.	

• Ptherm/Pmag>1 within disks	
• poloidal magnetic field	
=> initial conditions for protoplanetary 
disks studies	
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Commerçon et al. in prep.

• magnetisation & disc size does 
not depend on turbulence level, 
nor on the initial magnetic field 
amplitudeμ=5 μ=2

Turbulence	and	ambipolar	diffusion
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Magnetically	regulated	disc	size	with	AD

• disc size does not depend on 
turbulence level	

• weak dependance on the mass	
!

Hennebelle et al. (2016)
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Magnetically	regulated	disc	size	with	AD

• disc size does not depend on 
turbulence level	

• weak dependance on the mass	
!

✓ Works for massive stars as well!

Hennebelle et al. (2016)
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Magnetically	regulated	collapse?

Maury et al.  (2018)

- Source B335 Class 0	
- ALMA 0.8” @ 233 GHz (~60 AU)	
- data “consistent” with magnetised collapse 

model (2.5M⊙ ; 𝜇=6 ; low rotation)

Yen et al. (2015): No Keplerian disk with 
R>10 AU	
=> Magnetic braking or young age?
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Gerin et al.  A&A (2017)

Comparison	with	ALMA	observations

- Source Barnard 1b-N: first core candidate	
- ALMA 0.06” @ 350 GHz (~15 AU)	
- data “consistent” with collapse model 

(1M⊙ ; 𝓜=1.2 ; 𝜇=2)	
- data compatible with disc growth with 

time
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Evidence	of	disks	at	class	0	&	I	stages

1. Rappel de MHD 

2. MHD idéale 

3. MHD non idéale

Segura-Cox et al. (2016)

class I
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Second	collapse

Vaytet et al. (2018)

- Ohmic + ambipolar diffusion	
- non-ideal gas EOS 	
Saumon, Chabrier & Von Horn (1995)	
!
- maximum resolution : Δx~8x10-5 AU 
(21 AMR levels)	
- Comparaison ideal MHD (80 000 hCPU) 
vs. non ideal  MHD(180 000 hCPU)	
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Vaytet et al. (2018)

Second	collapse

— ideal MHD	
— non-ideal MHD
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Vaytet et al (subm.)

Disc	birth
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Vaytet et al (subm.)

Properties	of	the	radiative	accretion	shock
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What	is	next?

Dipierro et al. (2015)
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What	is	next?

• Follow the dust dynamics at all scales	

- dust growth	
- dust charge	
- gas-to-dust ratio	

• Couple the processes	

- magneto hydrodynamics: chemistry + dust + magnetic resistivities	
- radiation hydrodynamics: chemistry + dust + opacities	
- track cosmic rays ionisation	
!

• Couple the scales	

- galaxy evolution to molecular clouds (e.g., Renaud et al. 2013)	
- self-regulated ISM, from diffuse ISM to collapsing dense cores (Hennebelle 

et al.)	
- protoplanetary disc evolution with accreting envelop	

!

Small grains large grains

Zhao et al (2016)
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What	is	next?

Marchand et al. (2016)

• Follow the dust dynamics at all scales	

- dust growth	
- dust charge	
- gas-to-dust ratio	

• Couple the processes	

- magneto hydrodynamics: chemistry + dust + magnetic resistivities	
- radiation hydrodynamics: chemistry + dust + opacities	
- track cosmic rays ionisation	
!

• Couple the scales	

- galaxy evolution to molecular clouds (e.g., Renaud et al. 2013)	
- self-regulated ISM, from diffuse ISM to collapsing dense cores (Hennebelle 

et al.)	
- protoplanetary disc evolution with accreting envelop	

!
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Conclusion

Discs are back! Disc size regulated by ambipolar diffusion	
!
Magnetic fields cannot be neglected. Non-ideal MHD as well…	
!
Magnetised models compare well with observations	
!

➡ Dust evolution	

➡ Second collapse - parameter study	

➡ Massive stars
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