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-  ' | Star formation: From the beginning

Orion Molecular Cloud. (image credit: Drudis & Goldman via APOD)
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Pillars of Creétion: Hubble.Space Telescope [visible] vs JWST [near IR] vs JWSTF [mid-IR].
(image credit: webbtelescope.org) ; - '



Dec. (J2000)
J2000 Declination

30°45'09"

03"25™M228%.7 2285 22%.3 2251
J2000 Right Ascension

Taurus Molecular Cloud

(Credit: ESO/APEX
(MPIfR/ESO/OSO)/A. Hacar et Taurus Molecular Cloud: H, column Magnetic field morphology around

density map with positions of young L1448 IRS 2 (Kwon+ 2019)

al./Digitized Sky Survey 2. .
stars (Goldsmith et. al., 2008)

Acknowledgment: Davide De Martin)



Cluster Formation: Effect of MHD

Time: 1.9%103 Myr

Non-ideal MHD, py=3

0.50 pc

Hydro

0.50 pc

Music by Jo-Anne Wurster
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Available at https://youtu.be/VZixbkDMZO8
Wourster, Bate & Price (2019)
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Music by Jo-Anne Wurster


James Wurster
Available at https://youtu.be/VZixbkDMZO8

James Wurster
Available at https://youtu.be/VZixbkDMZO8


L W Magnetic fields in star forming regions

» Large-scale magnetic fields are perpendicular to dense structures
» Large-scale magnetic fields are parallel to low-density structures

-4 -2 0]
log column density [g/cm?]

Planck Collaboration (2016)
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L W Magnetic fields in star forming regions

5 4 3 2
log < |B| > &

Data from Wurster, Bate & Price (2019)



Magnetic fields in star forming regions:

lonisation fraction

log < ne/n >
Data from Wurster, Bate & Price (2019) - /



O . Ideal magnetohydrodynamics

» Highly ionised plasma: OB

»Zero resistivity & infinite conductivity
»lons & clectrons are tied to the magnetic field
» Neutral particles are tied to the magnetic field due to interactions with the ions & electrons
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® ¢ |ldeal magnetohydrodynamics

Lo = 100 (weak field) Lo = 3 (strong field)

5x10'6 I || ll
0

—_5%x10'6

z [em]

—5x10'8 0 5x10'® —5%x10'° 0 5x1016

x [em] x [em]

Price & Bate (2007)

log column density [g/cm?]



® g |ldeal magnetohydrodynamics

» Highly ionised plasma: OB

»Zero resistivity & infinite conductivity
»lons & clectrons are tied to the magnetic field
» Neutral particles are tied to the magnetic field due to interactions with the ions & electrons

titetit et

Reasonable (?) approximation for (e.g.) stellar atmospheres: High ionisation fraction.
Bad approximation for molecular clouds: n./n ~ 10-14 (e.g. Nakano & Umebayashi 1986)
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@. Non-ideal magnetohydrodynamics

> Partially ionised plasma: @ - ‘+ N

» Non-zero resistivity & conductivity
»lons, clectrons & neutrals behaviour is environment-dependent

A to r




@. Non-ideal magnetohydrodynamics

» Partially ionised plasma: @ + ‘ + o —B>
» Non-zero resistivity & conductivity P
»lons, electrons & neutrals behaviour is environment-dependent _
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@. Non-ideal magnetohydrodynamics

» Partially ionised plasma and dust: @ + ‘+ o + —B>

» Non-zero resistivity & conductivity ) P

»lons, electrons & neutrals behaviour is environment-dependent _
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@. Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Large scale structure

z |AU]

deal MHD Non-ideal MHD ' 14

1000
O '16
-1000 18

-1000 0 1000 -1000 0 1000
X [AU] x [AU]

16

log density [g/cm?3]



@. Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Small scale structure

\  IdealMHD / ' Non-ideal MHD
10
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@‘ Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Small scale structure

\ Ideal MHD / ' Non-ideal MHD
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@. Non-ideal magnetohydrodynamics: Hall effect

»Depending 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
A A A A A A
( <> Direction of initial rotation TS
Hall-induced rotation &5

19
see also: Braiding & Wardle (2012a,b) v v ¥ v v ¥
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@ | Continuum Magnetohydrodynamic Equations

» Continuum equations:

» Relevant processes:

d_,o V. % Gas
dr “Dust
+» Radiation
5 % Magnetic fields
% :_lv, [( —I—B—>I—BB] _Vq)_i_g +» Kinematics
p

dr 0 2 C

d /B (B - V)|t dB

— —_ = . v -
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d /[ F
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@‘ Continuum Magnetohydrodynamic Equations

» Non-ideal MHD terms hide considerable micro-physics:

dB
P = —V X [nor (V x B)]
d non—ideal
—V x [nue (V x B) x B]
+V x {nap [(V x B) x B] x B}
d
- = 1% g « BP
d? non-ideal P

NAD ) ao2
+7{|vx3| ~[(vx B)- B’}



@ . |Magnetic fields in star forming regions:
®| Non-ideal Effects

log p, (g cm”)
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» Values dependent on microphysics: Grain size, ionised species, cosmic ray ionisation rate
» Solid: NICIL v2.1; dotted: NICIL v1.2.6. -
Wurster (2021)



@ . |Magnetic fields in star forming regions:
®| Non-ideal Effects

Ambipolar
(dissipative)

log(B) [G]

Ohmic
(dissipative)

20 15 10 5 0
log(p) [g cm™]

» Cyan lines is typical star forming tracks
» Values dependent on microphysics: Grain size, ionised species, cosmic ray ionisation rate

23
Adapted from Wardle (2007); constructed using NICIL v2.0 (Wurster, 2016)



Cluster Formation: Effect of Non-ideal MHD

Time: 1.9%x10°3 Myr

Non-ideal MHD, py,=5

0.50 pc

Wourster, Bate & Price (2019)

Ideal MHD, py,=5

0.50 pc

Music by Jo-Anne Wurster
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Available at https://youtu.be/HRrFknoqfac
Wourster, Bate & Price (2019)
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Music by Jo-Anne Wurster


James Wurster
Available at https://youtu.be/HRrFknoqfac


» Star forming regions have a wide range
of initial magnetic field strengths, that are
approximately independent of the global
environment

Waurster, Bate & Price (2019)

B [G]

B [G]

102 109 108 107 106 105 10" 103 1072
gas density [g cm'3]
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L W Cluster Formation: Stellar Mass

»No trend when stars form
»Excluding NO3 & 103, there is more mass in stars with weaker initial magnetic field strengths
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. W Cluster Formation: Protostellar discs

» Large protostellar discs form in a/l our models
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Waurster, Bate & Price (2019)



NGC 1333 IRAS 4A 1.3 mm

1.0" (300.0 AU)

L1448 IRS2 1.3 mm
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N 1.0" (300.0 AU)
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1.0" (300.0 AU)



" W Cluster Formation: Protostellar discs

» Stellar & disc hierarchy is continuously evolving
» There exist circumstellar discs, circumbinary discs, and circumsystem discs

»>Left: O = circumstellar disc; x = circumbinary disc; A (O)= circumsystem discs about 3 (4) stars
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" W Cluster Formation: Protostellar discs

» Large protostellar discs form in a/l our models

. 1
-1.5 -1
log < IBI [G] >

Waurster, Bate & Price (2019)
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Relevant processes:
, , . % Gas o
Molecularcloudcore  First core formation Protostar formation/Class 0 2
s Dust
mass accretion Z\\f ﬁ ** Radlptlon
i L *% Magnetic fields
. = %, % Kinematics: Rotation" -
%} o ematics: Turbulence
j ‘\\ T RN
first core 3] \

)| = o B

~ 10*AU 1—-10AU = 1R
200 - 2000R,,, Second collapse -
Isothermal collapse M ~ My iier after T,,.. > 2000K
» Disc formation is a natuial' coii?sequence of star formation - ¥ R
! " $ b \ o
R By

Larson (1969) Illustratlon by Y. Tsukamoto ‘
Background Orion Molecular Cloud. (image credit: Drudls & Goldman via APOD)



Ll Formation of a low-mass star

Time: 244 .47 yrs ; 4% Time: 244.47 yrs : 8 Time: 244.47 yrs

Available at: https://youtu.be/2SQxgXbdJyg

32
Waurster, Bate & Price (2018c¢) Music: Jo-Anne Wurster


James Wurster
Available at: https://youtu.be/2SQxgXbdJyg

James Wurster
Available at: https://youtu.be/2SQxgXbdJyg


Rotationally supported discs

»Discs form in the hydrodynamics model and the non-ideal model with —B,

-5 0 5 -5
x [AU] x [AU] x [AU]

» Discs form during the first hydrostatic core phase
» Similar disc structure obtained by Tsukamoto+ (2015a) with B,

Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c)
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Rotationally supported discs

» Discs form in the hydrodynamics model and the non-ideal model with —B,
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» Discs form during the first hydrostatic core phase
» Similar disc structure obtained by Tsukamoto+ (2015a) with B,

x [AU]
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Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c); inset: Tsukamoto+ (2017)
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@. Non-ideal magnetohydrodynamics: Components

Ambipolar
(dissipative)

log(B) [G]

-20 -15 -10
-3
log(p) [gcm 7]

Ohmic
(dissipative)

Multiple conclusions in the literature
regarding disc formation with Ohmic
resistivity and/or ambipolar diffusion
Likely possible to form small 1-5au discs
in the long term with only Ohmic and/or
ambipolar (Dapp and Basu 2010,
Machida+ 2011, Dapp+ 2012,

Tomida+ 2015, Tsukamoto+ 2015a,
Masson+ 2016)

Hennebelle et al. (2016) predicts 18au
discs for ambipolar diffusion only

Open question: When do discs form?

35

Adapted from Wardle (2007); constructed using NICIL v2.0 (Wurster, 2016)



@. Non-ideal magnetohydrodynamics: Components

» Despite the apparent simplified phase space, many processes
are important simultaneously, specifically the Hall effect &
ambipolar diffusion

Ambipol B W
"o -4 2 0 2

(dissipative) log Nor/Nap

log(B) [G]

Ohmic
(@isipaive — e .
-1 0.5 0 0.5

log Nue(<0)/Nap

-20 -15 -10 5 0
-3
log(p) [gcm 7]

-0.5 0
log Nue(<0)/Nap 36

Adapted from Wardle (2007); constructed using NICIL v2.0 (Wurster, 2016)  Wurster (2021)



Non-ideal MHD Components:
Rotationally supported discs

»Discs form in the hydrodynamics model and the non-ideal model with —B,

y [AU]

y [AU]

y [AU]

ohaMHD-

-5 0 5 -5 0

x [AU] x [AU] x [AU] x [AU]
» Discs form during the first hydrostatic core phase
» Similar disc structure obtained by Tsukamoto+ (2015a) with +B,

Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,¢)

y [AU]
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Non-ideal MHD Components:
Rotationally supported discs

» Large discs form in the hydrodynamics model and the non-ideal model with —B,

[ve [km/s]|

0.5yr 4yr

-5 0 5 -5 0 5 - -5 0 5 -5 0 5 - 5 -
x [AU] x [AU] X [AU] x [AU] x [AU] X [AU] x [AU]

»The Hall effect with —B, is primarily responsible for forming large discs early
»Ohmic resistivity & ambiploar diffusion will form small discs later

Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c); see also Wurster, Price & Bate (2016)



Non-ideal MHD Components:
Angular momentum

» All non-ideal components, except the Hall effect with +B, increase the angular momentum of
the first core, thus promote disc formation

1053
a Hydro
S‘ﬁ 1-—\ : <
107 1 ] Anti-aligned
e .................................... ) Aligned
T — Ideal MHD
)
,_]é) 1050
iMHD ———
§ A OMHD v
hMHD-: -Lgp, o
109 H 22 hMHD+ 1
i hMHD+: +Lgp oo
hMHD-
{ ol aMHD
E - ohaMHD+ === -
1% i | | | ~ ohaMHD- v v
1072 10710 10® 10° 10 107 10°

Pmax [g/cm3]
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Waurster, Bate & Bonnell (2021)



Non-ideal MHD Components:
Magnetic field evolution

ohaMHD+ T ohaMHD-

log |B| [G]

0
x [AU] x [AU] x [AU] x [AU] x [AU] x [AU] x [AU]

»Magnetic walls (Tassis &Mouschovias, 2005) form in non-ideal MHD models
»Ohmic resistivity & ambipolar diffusion cause the formation of magnetic walls

» The Hall effect creates dispersion that creates spirals
Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018d)




Non-ideal MHD Components:
Magnetic field evolution

»Magnetic walls (Tassis &Mouschovias, 2005) form in non-ideal MHD models
» Walls are resolution dependent; higher resolutions resolve faster whistler waves

log |B] [G]

x [AU] x [AU]

Waurster, Bate, Price & Bonnell (2022)



8 Conclusions

» Star forming molecular clouds are only weakly ionised
»Ideal MHD is a poor description

» Star cluster formation:
» No trends amongst most of our parameters
» Discs form in all of our models, suggesting that the magnetic braking catastrophe is a
result of poor initial conditions

»Isolated, low-mass star formation:
» Large discs only form in the hydrodynamic and non-ideal MHD model with -B,.
» this resolved the magnetic braking catastrophe
» All non-ideal MHD terms play a role, with AD & HE the most significant
» The Hall effect is the primary driver for transporting angular momentum
» Diftfusive / dispersive terms create walls / spirals in the magnetic field
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