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e Magnetic fields play a critical role
— Pag is 30—100 times P, in molecular clouds

va ~2 km/s, cs ~ 0.2 km/s
— energy density of magnetic field, fluid motions and self-gravity are similar

— field removes angular momentum from cloud cores and protostellar/
protoplanetary disks




Low fractional ionisation

log n, (cm™)

for ¢=10"s™"

4 6 8 10 12 14 16 18
J I Ll T 1 1 1 ! ' t 1 1 1 L] ¥ 1
-6 | W. e 81"—' 0. 2 i
i &,=0.02 |
H+
RN H*. o a=0.1um |
-10 } -
:= —12 | G(—1) Grain(Q) |
N %
S N\ } -
P G(0) _
- Thr B(#1) A
e ] - -
o
T 16+ -
- G(+1) i
...18 - -
e
—20 .
- N
—22 L He i
20 22 24 26 28 30 32 34

log (n,/¢) (cm?3s)

0.1um grains

Umebayashi & Nakano 1990



Microphysics
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ZjeE’ -+ Zje ’v?'? X B — Yim;ipv; = 0

<0V >y
Vi =
m; +m
ZjeB 1  gyrofrequency

B =

mjc jp  collision frequency

Bil>1: ZjeE ~—Z; el x B particles tied to field
C

Bj < 1: ZjeE, ~ Y;mMipU; particles tied to neutral fluid
Cowling 1957



fully ionized

weakly ionized

Ideal MHD

ions and electrons
tied to field

ions, electrons and neutrals tied
to field

Ambipolar diffusion

neutrals decoupled

Hall drift

ions decoupled
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Ohmic diffusion

ions and electrons
decoupled

ions, electrons and neutrals
decoupled

Pandey & Wardle 2008




Magnetic drift

regime UERIATEES ) HTUEL IS B drift through neutrals
component component
Ideal MHD neutrals, ions, B 0
electrons
JXxXB
. . Vi — V, =
Ambipolar | ions, electrons neutrals i Y0P
. J
Hall electrons neutrals, ions Ve — Vi = — P
e
. neutrals, ions, E'xB 4nn JxB
Ohmic N electrons B T ¢ B




IB -
‘% = VX(v X B) — VX [l} VXB +nu(VXB) X B + '7“‘('\7)(3)4
dl

e |f the only charged species are ions and electrons,

niZ;=ne na= |Beln ~ ZjeB 1  gyrofrequency

8,
18| > B = Bi|Be|n g

My mjc ~v;p  collision frequency

» Three distinct diffusion regimes: \ Bi =1

log B .
B; < |Be]| < 1 — Ohmic (resistive) ambipolar
~M1 r~e
B; <1k |B,| —Hal

1 < f; < |B,| —Ambipolar hall

— see Pandey & Wardle (2008) for generalisation ohmic
to all levels of ionisation

log n



The solar chromosphere
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_ ZjeB 1  gyrofrequency

Ji = -
mjc vjp  collision frequency

e For ions,

m; ~30my <ov>;~16x10"cm3s™!

. ( B nH —1
46 %1073 [ = ( )
& 8 (1(}) 1035 cm—3

e For electrons,

9mrm,

B -1 \TY?
PR (L VTR
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<OV >er 1 X 10~1° cm? (128kT)
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B L+ 85 — ;P cB
= (TX P/Py)? + (B, + B:P)? drmen.

B 1 c?
1+ P/P, 4no.

Y



C'type * a v
shock . . .

1P
%
)_
>
= ==
>
4’
—>-
—>
>
>
r
>

I
t=0 !
|
| |
|ow a"j | "".3‘\ F:naa
" o ol del f lons + €~
. < 4 <— 1= ﬂt.ux.‘ft‘o.\ca
B A A AN AAARAANR AR A
t>0 [ *
! : l#/b J

shock Mullan 1971: Draine 1980



[1-s wy] 43100197

[(Pu="°u) /(W) u)**Bor

—On_om: (H)/n :H_
o o
) T{K] =] (W < ©
3 - <) _ _ _
" B o b ! | 1 L e R i L\ |57 | L T L] Ll L) T 8
| | IR R L | , _~ | _ |
- | —
T o% , | |
- w m m m — —
T . |
pe .m o) _ H_ — \\1
o © _ _ \ V\
[ Il ! . oLe
: 2 _ [ 97 Ny =
! ' ( ~.
: i | :
B -
-
: o s
- - | \ .\.\\ — <
: L >
! _ U !
. | /X % -
! : \ :
........ | ‘l—llll/
.ﬁ”.. . .‘.l\l‘l‘l\l‘.\"‘hw."ﬂlll "lIL
- THREERT L S 0 _ il a
.:. Hz _ l
- VII - _
= —— _ -4
!
- I.T _ A
nu- | B =3 & —h L 11 — AL bl 1l — 2 L 1 1 1 — 1 i1 _ 1 1 -» — L 1 1 r 0
(- o o o o oV} - ©
< ap} o v | | |

Kaufmann & Neufeld 1996

Distance [10'® cm]



0.14F Y v ' '- 0.05F —A g
0.12F 0,=95A i o.00f — :
- .:_ 09— 3 7':* j - E E
i 0.10 E : & ",;_ EE -0.05 ':' _5'
= 0.08f A 0,=3456A " —o.10F :
+ = A . 3 y " : p
3 0.06f 0,=4276 drift x +° - drift y :
S o " o _0n15 L_ -“
0.04 T b ]
0.02F 1 °%F f
0.00 " e m— -0.25 . A 4 + - - :
0.0 | [ g
! 1 1S ]
-0.2F q [ 3
g drift z | sof :
~ > " )
b =0k = 3
-0.6f = o ]
-0.8L 0 ‘
100 Siid — o ;
e 10.0F e
N - Hall parameter :

10F !

s b
1 0.1 7

0.0

0.1

0.2

0.3 0.4 0.5 0.6
z (10"%m)

Chapman & Wardle 2006



Fast vs slow MHD shocks
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Field line drift: collapsing cores / protoplanetary disks

— Hall drift is “sideways”
tends to induce or reduce twisting in B
— Sense depends on sign of B

Ambipolar: JxB
cYPip
. 4mn JxB
Ohmic: P
Hall: — L

en,
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Magnetorotational instability (MRI)

e Satellites joined by a spring
— angular momentum transferred from inner --> outer
— gpiral inwards and outwards, respectively
— stretch spring, increases torque
— runaway process

* Buckled magnetic field
— couples fluid elements at different radii
— tension plays role of spring
— buckling increases
— generates MHD turbulence
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Dead Zones

X-rays

Collisional ionization
atT> 103K (r<1AU),
MRI turbulent

Dead zone

Cosmic
rays?

Nonthermal
ionization
of full disk column

Resistive quenching
of MRI, suppressed
angular momentum
transport

MRI-active
surface layer

Ambipolar diffusion
dominates

Armitage 2011



MRI — with
dead zone e

Toroidal Magnetic Field (Gauss)

FiG. 2.—Snapshot of the toroidal magnetic field strength at 55 orbits in a
resistive MHD calculation of a patch of the protosolar disk at 5 AU including
well mixed 1 wm grains. The undead zone at center is filled with a uniform,
0.1 G shear-generated toroidal magnetic field while patchy fields are found in
the turbulent layers above and below. The star lies off-page to the lower left
and the disk midplane is horizontal through the image center. Turner & Sano 2008



MRI growth rate - ohmic and/or ambipolar diffusion
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low density:
va too large
A ~VaT >> h

MRI-active layer:

low ionisation: A~vaT< h

n too large
A~nvaT >>h
Model X1, pﬁvszn
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MRI growth rate - ohmic (and/or AD) vs Hall
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Charged particle abundances
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Column density of active layer

—4
Maust / Mgas =10
a=1um

ohm+amb+

hall (B, > 0 ohm

— — N\

— \ Ohm+_§
u | amb 1
N

— - | —
—” *\ =

102

-

\

- B |
100t __--~"ohm+amb+ |
|

|

active column (gcm
2,

hall (B, < 0)

1073 1072 10~ 109

Wardle & Salmeron 2012



Column density of active layer
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no Hall
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Magnetically-driven jets

Blandford & Payne 1982



thermal

onisation

- = |= = = radioactivit)

0.1 AU

1 ] 1 l 1 | ] I 1 | ]

————— —

lllllllll

LI |

lllllllll 1 1 11

B
<D

2

-
o)

I B o
W N = O = o O =
MI.I_IIIIIIIII LR

o TRTTIRTT AT yreeyresy
| |

cosmic-ray
jonisation

10 AU

LI B B | I LN B B | ' L B B

-
—
-
-

— ——— —— — — — — — — —

llllnlllllll

(TR

Ly, 2

3

Wardle 1997



ao=0.97 1\024.7 €e=0.68 68:0 a,=0.97 A,=4.7 €=098 ¢€,=0
(T AL LA LN L B B B | T T T T T T T T T T T T T T
: . - B,/B, .
- B,/B, N . A
1 k- . | |
\ _ . . 4
K F,=10 =4 : 3 3,=10 ¥,=-4 :
N ¥,=3  ¢,/v,=0.05 ) i ¥=3  c/v,=0.05 :
0.5 H\ P/Po — 0.5 H{ P/Po .
\.\ Byl/B, ] | ‘.’r . IByl/B, ]
PR tbuininininiuaeuin: SRR 5 A = :
b Lo o e T T N R R B
: T 1 1 T ] T | T T l 1 1 T T l T T/: 2 [ T T T | I T T T I/I, I./I. T T ] T T i
L ~ 7
. - . ’ i
. . ’5
: / i Z L+ ]
N Z ) 0 2 —
0 —Z B [ 4 .
- e - .
- - . 4 é ~
S -2 ] ST 4 vV — V.0 |
-~ . . I 7 K )
-1 N\ _——" .7 o~ -] \ /' c
N N A \'K"{) - -2 / “ —
: /./ Cs : - \ /-/ ~
_2 :—— ./. ¢ —-: \/./¢ _
-/ - K4
-3 of PURE TR SN T N TN TN ST TN SN NN TN SN T N W T —4 \‘1/ PR RN T NN SRR SR N T SN SN SN SN S N T
0 1 2 3 1 2 3
Z/h.r Z/h'r

Salmeron, Konigl & Wardle 2011



Bai & Stone 2013
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magneto-centrifugal wind

unsteady unsteady |
outflows?‘& outflows? cosmic-rays
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Summary

e |deal MHD breaks down on scale of molecular cloud cores and
protoplanetary disks (not just in localised current sheets!)

— dissipation of fluid motions, structure of shock waves

— core collapse: angular momentum, magnetic flux

— protoplanetary disks: distribution and nature of MHD turbulence
— disk-driven jets: launching, coupling between jet and disk

e Determined by well-defined microscopic processes

— “low” densities (clouds, cores): ambipolar diffusion (Mestel & Spitzer 1956)
— high densities (protoplanetary disks): ohmic resistivity (e.g. Hayashi 1981)

— Hall effect overlooked (shocks, collapsing cores and disks) (Wardle 1998,
1999, Wardle & Ng 1999)

— uncertainties: grain population, ionizing sources, “turbulent” transport
Amb: v ~JxB ~ B?
Hall: v~ x=J~B ;depends on sign of B ; no dissipation
Ohm: vs ~JxB /B2 ~ BO; important only for high density, weak fields

o cf solar chromosphere
— Hall ~ Ambipolar >> Ohm



