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Protoplanetary discs

Credit: C. Burrows and J. Krist (STScl),
K. Stapelfeldt (JPL) and NASA

Artist view

@ Size: 1011-101% cm (0.1-100 AU)
© Temperature:10-103 K
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Figure 4: Scattered light images in the near infrared using polarimetric differencital imag-
ing (PDI). Left: spiral structures observed in MWC758, from Benisty et al. (2015). Right:
multiple ring structures observed in HD97048, from Ginski et al. (2016).



Structures
N themal emission from grains
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Figure 5: Top left: Ring-like structures observed in TW Hydra. From Andrews et al. (2016).
Top right: multiple ring structure in a deprojected image of HL-Tau from Partnership et al.
(2015). Bottom left: horsehoe-like structure observed in Oph IRS 48 at sub-mm wavelengths
(green, tracing mm-sized dust) and corresponding scattered light infrared emission (yellow,
tracing um size dust) from van der Marel et al. (2013). Bottom right: spiral structures seen at
sub-mm wavelengths in the young and massive disc of Elias 2-27, from Pérez et al. (2016)



Young disc are often observed in association with outflows

< Atomic Jet
My =2 x 1077 Mg /yr

N
)
*  — +— Molecular wind

" Mying = 9 x 1078 Mg /yr

<+— Disc seen edge on
Mace =2 x 1078 Mg /yr

HH30: a disc+jet+wind seen edge on
[Louvet+ 2018]
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Accretion rate onto the stellar surface

A Variable extinction
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Mass accretion requires ang
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« VIscous » disc

. Angular momentum 2H I

® Angular momentum transported in the disc
bulk (via turbulence or waves)

© One defines a « turbulent » viscosity

vy = ocgH

«turbulent transport»  «sound speed» «1/2 disc thickness»

a € [1073,107*] to explain observed accretion rates |

— =

Magnetised wind

q*

Angular momentum

@ Angular momentum extracted from the disc

by a magnetic wind
[Blandford & Payne 1982, MNRAS, 199, 883]

© Magnetic field exerts a torque on the disc

which generates accretion
(not described by o-disc!)
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[Balbus & Hawley 1991]

One didn’t have to wear Viscous disc model was justified by
masks a-t a” tlme MRl-driveﬂ turbL”ence 10



lonisation sources In protoplanetary discs
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Thermal D
|

lonisation L
~1AU ~30AU
« non Ideal » MHD effects

© Ohmic diffusion (electron-neutral collisions)
® Ambipolar Diffusion (ion-neutral collisions)
© Hall Effect (electron-ion drift)

Amplitude of these effects depends strongly on location & composition
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Ohmic resistivity
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o MRI-driven turbulence
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== « Historical » dead zone [Gammie 1996
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Ambipolar diffusion

0.1 1.0 10.0 100.0 [Thi+2018]
r [au]

* Am<1OO * MR' |S Suppressed [Perez-Becker & Chiang 2011]

Discs are too diffusive to sustain MHD turbulence.
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Line broadening

o e —————

® Emission lines from the gas are broaden by: | |
Measuring line
broadening due to

® Keplerian rotation V%
| * turbulence requires very
® Thermal velocity Vtp =~ €5 < Vi precise measures/estimates

of Vi and cg

® Turbulence Viurb = V OCq

Turbulence velocity smaller
¥ o than 0.04 cs

-6 -4 -2 0 2 4 6
Velocity (km/sec)

Figure 6. CO(3-2) high resolution spectra (black line) compared to the median
model when turbulence is allowed to move toward very low values (red dotted—
dashed lines) or when it is fixed at 0.1 km s~' (blue dashed lines). All spectra
have been normalized to their peak flux to better highlight the change in shape.
The models with weak turbulence provide a significantly better fit to the data
despite the fact that the turbulence is smaller than the spectral resolution of

[Flaherty+2015]



Dust settling (1)

The thickness of the dust layer depends on the
competition between settling and turbulent mixing
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Dust settling (l1)

Assume the disc Is organised into rings

Thick dust disc Thin dust disc

In a thick disc seen inclined, the dark bands are strongly non-axisymmetric
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Dust settling (Ill)

Thin disc model

HL tau, as seen by ALMA observatory
[ALMA partnership 2015]

©® HL tau dust disc is very thin (H/R<0.01)

@ Very strong settling

Thick disc model

[Pinte+20106]
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Dust settling
N edge on discs

HST
ALMA band 6

A6 (arcsec)

Aa (arcsec)

mm-sized dust grains are strongly settled »Iow level of turbulence

19



Summary: Failure of the turbulent disc model

Theoretical Observational

Discs are very weakly ionised ® Turbulent line broadening (CO, DCO+) smaller

than expected from MHD turbulence

=P “Non-ideal” MHD effects [Flaherty+2015, 2017)

© \Vertical dust settling stronger than expected

= MHD turbulence too weak to explain from MHD turbulence [Pinte+2016]

observed accretion rates
[Turmer+2014, PPV]

-} Turbulence (if it exists) is much weaker than
anticipated in the turbulent disc model

Key questions

® What drives accretion in protoplanetary discs”

® Which process is responsible for the large scale structures we observe”
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Origin of a large scale field
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Collapse calculation (initial phases of star+disc formation)
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Large-scale magnetic field

«Dead zone»

[Bai+ 2013, Lesur+ 2014, Simon+ 2015] 24



GGlobal simulations
Numencal sstup.

Poloidal field threading
the disc

Disc including Ohmic diffusion,
Hall effect & Ambipolar diffusion

lonised corona thanks
to UVs and Xrays

3D grid

Pluto code, static mesh \/
refinement /
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GGlobal simulations
Accretio

Macc — Mturb _I_ MMHD Wlnd
Total accretion rate « Turbulence » MHD wind
contribution contribution
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5 Accretion rate is mostly controlled by the poloidal field strength
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© Wind mass loss rate defined as

R °
Mwind — 277/ dR R[puz]surface Mwind
Rin
© Ejection efficiency is ‘ ‘ ‘ Macc
B e —

_ 27 R7[pus]surtace |
3 Mo Rin ’ ’ ’ R

@ Typically have § = 0.2—1

[Béthune+2017, Bai 2017, Wang+2018, Lesur 2021]

‘ I\/Iass accretlon rate onto the star can be S|gn|flcantly

smaller than the wind mass loss rate
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Dust Dynamics

gas

dust grains
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[Riols & Lesur 2019,

Riols+2020]

,’.

' Levels of turbulence in models are compatible with observed dust settling ;'
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f-organisation
Nd-emiting Aiscs

Magnetic field lines
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Consider a small density deficit This induces a radial flow which tend to fill the deficit

PSS 7
" é\é\i\ N\ ->
4.
" é\é j<<\ <«

The increased magnetic flux The radial flow advects both mass and poloidal field lines
enhance the mass loss in the
outflow, which empties the initial

density deficit 30
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Conclusions and take home message

© Observations indicates that discs are @ It is possible to reconcile observed accretion
weakly turbulent, but are accreting rates and lack of turbulence, with a
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, magnetised wind launched from the ionised
surface

Accretion stream

Aé (arcsec

Very weak disc turbulence

Wind

© The inclusion of all non-ideal MHD effects
leads to an extended dead zone. Only
the disc surface « sees » magnetic fields. @ Self-organisation is a natural consequence
of surface winds, which could explain some
of the observed « ring » features
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