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| Importance of Stars: Stellar Nurseries
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4 | Importance of Stars: Outflows
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Large scale Herbig-Haro jet driven by a proto-brown dwarf (Riaz et. al., 2017)



4 | Importance of Stars: Planetary Discs

HH 150 _
HL Tauri
. FE
-
XZ Tauri

HL Tauri and surroundings (credit: NASA/HST) HL Tau: Dustdisc



Star Formation: from the beginning




Disc Formation: Hydrodynamics

Hydro
t=0.95t

100 AU
Wurster, Price & Bate (2016)

T T T - ' v T
l . . . . . : . : L i
0 1 2 3
log column density [g/cm?]

!

—

Video not publically available.



Disc Formation: Magnetohydrodynamics

Hydro Ideal MHD: py=5
t=0.95t t=0.95t¢

100 AU ' ' 100 AU

Wurster, Price & Bate (2016)
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Disc Formation: Magnetohydrodynamics

The Magnetic Brakin

No magnetic field



Ideal Magnetohydrodynamics

»Fully ionised plasma ‘+ .

»Zero resistivity & infinite conductivity
»lons & electrons are tied to the magnetic field

o @



® | Non-ideal Magnetohydrodynamics

»>Partially ionised plasma @ o ‘+ .

B
»Non-zero resistivity & conductivity P
»lons, electrons & neutrals behaviour is environment-dependent
Ohmic Resistivity Hall Effect Ambipolar Diffusion v




Non-ideal Magnetohydrodynamics

dB
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Hall Effect

log n

Adapted from Wardle (2007)
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Price & Bate (2007)

Image credit: Tsukamoto et al (2017); see also: Braiding & Wardle (201122a,b)



Non-ideal Magnetohydrodynamics

Cosmic ray ionisation: Thermal 10nisation: Coefficients:
log p, (g cm™) log p, (g cm™) log p, (g cm™)
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Waurster (2016): NICIL code. Available at https://bitbucket.org/jameswurster/nicil/wiki/Horlte



PHANTOMSPH Phantom

The Phantom SPH code zvovsiues REIE

Daniel Price’, James Wurster'2, Chris Nixon?, Terrence Tricco', Stéven Toupin®, Conrad Chan’, Rebecca Nealon', Guillaume Laibe®, Alex Pettitt27, Clare Dobbs?, Simon Glovers,
Hauke Worpel®s, Clément Bonnerot', David Liptait, Giovanni Dipierro™®, Enrico Ragusa'', Duncan Forgan¢ , Roberto laconi'2, Thomas Reichardtz and Giuseppe Lodato!!
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Propagation of warps in thin accretion discs
Lodato & Price (2010) (Nixon, King & Price 2012; Nealon, Price & Nixon 2016)

‘companion (Dogan, Nixon, King & Price 2015)

Mach 10 isothermal turbulence at 512° particles
Price & Federrath (2010)

" s"’g:’:“;“f‘::""‘es in thin Kozai-Lidov oscillations
in hydrodynamical discs
(Rogusa, Locto & (arin, . Lo
Hos 2015) Amiage. Pizs, Dogan :
&King 2014) Disc formation from tidal disruptions of stars on
eccentric orbits by Schwarzschild black holes

PHANTO MS PH (Bonnerot, Rossi, Lodato & Price 2016)

Well-posed Kelvin-Helmholtz instability test
from Robertson et al. (2010), performed in 3D

. ‘ = : o b ant
‘ - - : o o T
[ Phantom will be free - 3
N Pl and open source = R Gap carving by mulple planets in dusty discs, showing
Pe B . " face density in grains of different sizes
{1 once this paper is . Dipierro, Price, Laibe, Hirsh, Ceriol & Lodato (2015)

it = v i published
Sod shock tube, performed in 3D with 256 x 12x 12 @)
particles initially in -0.5 <x <0 and 128 x 12 x 12
initiall i 0 < x < 0.5. Exact solution = red ine.

Collaborate now!

Dipier et al. (2015), comparison of Phantom simulations
\ (right) with observations of HL Tau (ieft)

\ ' . Gapopening
" 1" bylowmass
planets in dust
. but not gas

Dustybox
from Las & Prce (2011)

Phantom shows 2nd orcer Advection of a current loop (Gardiner &
Magnetic rolor tost (Balsara & Spicer 1995),  Convergenco even withall Stone 2008). Performed with all shock
issipaion t fched
‘ performed in 3D using 256 x 203 x 12 particies "% ¥ dissipation on.

Galibration of
alpha viscosity
Measurement of
disc diffusion
rate (alpha_ft)

MHD Orzsag-Tang vortex test, performed in 3D

Effect of ambipolar diffusion, resistivity and the Hall c«cm on
0
Jets from
the first

protostellar disc formation (Wurster, Price & Bate
Barred-spiral
core

Miky Way
N 20 simulation with
( A 1SM chemistry
£ 2 (Petit, Dobbs,
Acreman & oot 2076)
Price, 2014) 1000 AU

(Wurs‘(ev

Hydrodynamlcs — Accretion discs — Sink particles — Self-gravity
Magnetohydrodynamics (MHD) — Two fluid dust-gas — One fluid dust-gas
Non-ideal MHD — Hz and CO interstellar medium chemistry — Wind injection

Misaligned acretion discs around spinning black holes  Tearing up a misaligned accretion disc with a binary

» Phantom
» Publically available at

https://phantomsph.bitbucket.io
» Reference:

» D. J. Price, J. Wurster, C. Nixon, T. S.
arXiv:1702.03930

Tricco, and 22 others.
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Disc Formation: Ildeal & Non-ideal MHD

Ideal MHD Non-ideal MHD; Q.B<0

t=0.95t t=0.95t¢
Ho=5 ' 100 AU ' ' 100 AU
Wurster, Price & Bate (2016)
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Video available at https://www.youtube.com/watch?v=)20320TknvY



Disc Properties
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sl Non-Ideal MHD Components
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-4

Waurster, Price & Bate (2016); see also Tsukamoto et al (2015)
» Hall effect induces the formation of a counter-rotating envelope 1



Induced Rotation

> Hall effect can induce coherent rotation from a zero-angular momentum initial conditiofin o -



Collapse to stellar densities

Time: 0 yrs

- a

i -18 -16 -14 -12
Bate, Tricco & Price (2013) 100 AU log density [g/cm’]

» Ideal MHD. Video available at

https://www.astro.ex.ac.uk/people/mbate/Animations/BateTriccoPrice2013  MF05.mov
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Collapse to stellar densities:
First Hydrostatic Core
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Collapse to stellar densities: FHC:
Non-ideal Magnetohydrodynamics

Cosmic ray ionisation: Thermal 10nisation: Coefficients:
log p, (g cm™) log p, (g cm™) log p, (g cm™)
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t=25080 yrs

Collapse to stellar densities:
First Hydrostatic Core

Pmax=10"°g cm Pmax=10g cm Pmax=10%g cm™ Pmax=107g cm 1
{115
Ideal MHD t=24912yrs t=24964 yrs t=24988 yrs t=24991yrs
412

7,=10"2s" t=24912yrs t=24964 yrs t=24988 yrs t=24991 yrs 125

| -

,=10"s" t=24912yrs t = 24964 yrs t=24991 yrs t=24995 yrs

-135

— - - -

=107 t=24910yrs t=24979 yrs t=25007 yrs t=25010yrs

-145

- - - -»

—_—
40 au -15
=105 t = 24904 yrs t=24994 yrs t=25071yrs t=25077 yrs

log density [g/cm3]}

Waurster,

Bate & Price
(subr%fitted)



Collapse to stellar densities:

t = 25080 yrs
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Collapse to stellar densities:
Stellar core
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Collapse to stellar densities: SHC:
Non-ideal Magnetohydrodynamics

Cosmic ray ionisation:

log p, (g cm™)
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Wurster (2016)
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t =25080 yrs

Collapse to stellar densities
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Collapse to stellar densities:
Stellar core
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Collapse to stellar densities

Stellar core
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= Conclusions

»Large disc forms with no magnetic fields
»No disc forms with strong, ideal magnetic fields
»Large discs with strong magnetic fields are observed

»Decreasing M/® decreases mass and size of resulting disc

»Formation of discs and outflows is anti-correlated

»Changing initial magnetic field direction + Hall effect is strongest affect
»Larger discs form with lower ionisation rate

»Hall Effect causes the formation of a counter-rotating envelope

»Non-ideal MHD suppresses first and second core outflows

»This is just the beginning!
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