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A B S T R A C T . W e report on preliminary numerical M H D simulations of magnetic disk 
accretion surrounding a compact protostar in which the disk and the hydromagnetic wind 
interact self-consistently. W e show that an outflow is indeed produced, but that its 
properties are sensitive to the assumed initial poloidal magnetic field structure. In particular, 
we reconcile the apparently disparate models of Pudritz and Norman (1983,1986) and 
Uchida and Shibata (1985) concerning the mass ejection mechanism. 

1. Introduction 

It is now well established observationally that the late stages of star formation are 
accompanied by energetic outflows over a wide range of protostellar luminosities, and 
consequently, masses (Lada 1985). The most dramatic examples of these outflows are 
molecular bipolar outflows and optical jets. A key observation that rules out the possibility 
that the molecular outflows are radiatively driven, especially in low mass systems, is that 
their momentum exceeds the momentum of the protostellar radiation field by two to three 
orders of magnitude (Lada 1985). The possibility that the (observed) ionized protostellar 
wind drives the molecular outflow can also be ruled on energetic and momentum grounds. 
The current view is that there is a considerable (unobserved) neutral wind produced either 
by the protostar or its surrounding accretion disk which sweeps up ambient molecular 
material into a thin shell located around a wind-filled bipolar cavity. 

The most promising mechanism for driving the neutral wind is hydromagnetic mass 
ejection from the protostellar accretion disk. The detection of molecular tori orbiting the 
embedded protostars lends credence to this picture. Pudritz and Norman (1983,1986) have 
constructed an elaborate model for magnetic star formation which attempts to link magnetic 
breaking and wind ejection in the accretion disk to the bolometric luminosity and mass 
accretion rate of the central protostar. At the heart of their model is the centrifugally-driven 
hydromagnetic wind mechanism for jet formation in active galactic nuclei studied by 
Blandford and Payne (1982; hereafter BP) . BP showed for the case of a thin, Keplerian 
accretion disk, outflow is possible if the poloidal component of the magnetic field makes an 
angle of less than 60° with the disk surface. 

On the other hand, Uchida and Shibata (1985; hereafter US) have performed numerical 
simulations of magnetic disk accretion, and find mass ejection even though the magnetic 
field is initially perpendicular to the disk surface. They explain the outflow is being driven 
by the poleward relaxation of the highly twisted magnetic field just above the disk surface. 
Their argument, in essence, is that the process of winding up their initially poloidal magnetic 
field produces a large toroidal component just above the disk surface which has a magnetic 
pressure gradient sufficient to cause mass ejection. 
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W e have undertaken to reconcile these apparently disparate points of view through time-
dependent numerical M H D simulations which closely match those of US. W e find that these 
points of view can indeed be reconciled, and that both processes occur. W e find that mass 
ejection as described by US occurs in an early transient phase, thereafter a centrifugally-
diiven outflow ensues along those field lines which satisfy the geometrical constraint of BP. 
Our study emphasizes the importance of modeling the long-term evolution of the magnetic 
field in both the disk and wind regions, which is an exceedingly challenging problem 
numerically. 

2. Simulations 

W e numerically solve the time-dependent equations of ideal M H D (i.e., assuming flux 
freezing) in spherical polar coordinates assuming axisymmetry for a thin, Keplerian 
accretion disk initially threaded by a uniform axial magnetic field. Despite the reduction to 
two spatial coordinates, all three components of the velocity and magnetic fields are retained 
as the poloidal and toroidal components of V and Β couple strongly. The problem we 
consider is identical to that studied by US (however they used cylindrical coordinates), 

which is characterized by four dimensionless parameters: ζ=νφίο /Γ 0 =1; η = ν 8

2 / γ ν ψ 2 = 

2 .9x l0 - 3 ; ξ=νκ 2 /νψ 2 =1.6 ; Ô=VA 2/V<J> 2=4.7X10" 3. Here all variables subscripted with "o" 
are measured at the reference radius, which is taken to be the outer radius of the 

computation, and γ, νψ, v s , νκ , and VA are, respectively, the adiabatic constant=5/3, the 
sound speed, the disk rotation speed, the Keplerian rotation speed, and the Alfven speed, all 
evaluated at the reference radius. The accretion disk is embedded in a hot, spherically 
symmetric corona which is in hydrostatic equilibrium with respect to a gravitational point 

source at r=0. The computational domain comprises 0.1<r/r o<l, and 0<θ<π/2, which is 
spanned by 40 logarithmically ratioed radial zones (ratio=1.04) and 40 uniform angular 
zones. 

The simulations were performed using the ZEUS-2D code developed by the authors, 
which incorporates the hydrodynamic algorithms described in Norman and Winkler (1986) 
as well as the CT method of Evans and Hawley (1988) for magnetic field evolution. ZEUS-
2D is a time-explicit, Eulerian ideal M H D code which has been tested against a battery of 
problems including the 1-D magnetic Riemann problem of Brio and Wu (1988), a 1-D 
Weber-Davis (1967) wind solution, and the 2-D solar transient solution of Low (1984). 

3. Results 

Figure 1 shows density distribution and the poloidal magnetic field lines for the parameter 
set given above at dynamical time t/to=l. The bulge in the density isocontours in the inner 
regions of the disk indicate a region of mass ejection. A typical velocity in this feature is 2 in 
dimensionless units, which exceeds the local escape velocity of 3 1 / 2 . The figure shows that 
the poloidal magnetic field lines make a significant angle with respect to the rotation axis 
even though they are initially parallel. This is because the disk rotation is chosen to be 

initially sub-Keplerian (ξ=1.6) following US; as disk material subsequently settles into 
lower orbits, it drags the magnetic field in with it producing the observed distortion. 

Figure 1 is in good qualitative agreement with the results of US (cf. Fig 3, t=1.9). 
However we disagree with their interpretation of the mass ejection mechanism, which they 
ascribe to the transient relaxation of toroidal magnetic pressure as summarized above. 
Rather, we believe that we are seeing a quasi-steady centrifugally-driven wind of the sort 
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Fig. 1 Density isocontours (solid) and poloidal magnetic field lines (dotted) showing 
hydromagnetic outflow from an initially sub-Keplerian accretion disk at t/to=l (disk edge 
has rotated through one radian). Axis is horizontal and equator is vertical. 

FILE=10 DEN + Β FIELD AT TIME=1.00E+00 

Fig. 2 Same display as in Fig. 1 showing lack of hydromagnetic outflow from an initially 
Keplerian accretion disk at t/to=l. Note the considerable difference in magnetic field 
geometry with respect to Fig. 1, whose importance is explained in the text. 
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analyzed by BP. To test this conjecture, we repeated the calculation with a Keplerian disk in 
centrifugal balance and all other parameters held fixed. The results of this calculation are 
shown in Fig. 2. As can be clearly seen, the plume of éjecta is absent. Note that nowhere 
are the magnetic field lines inclined less than 60° to the disk normal as required for 
centrifugally-driven outflow. 

4. Implications 

W e have shown that the properties, and indeed, the existence of the hydromagnetic outflow 
is sensitive to the magnetic field orientation where it emerges from the disk surface. In 
particular, outflow is found to occur on those field lines which roughly satisfy the 
geometrical constraint [tan- 1(B z/B r)<60°] derived by BP. The late time outflow produced in 
the simulations of US can be understood as a consequence of their assumed sub-Keplerian 
initial conditions for the disk, which produces favorably oriented magnetic field lines as the 
disk adjusts to centrifugal equilibrium. 

It is hard to imagine how such a dynamic readjustment could arise during the quasi-static 
contraction of the molecular cloud via ambipolar diffusion as is currently envisioned 
(Mouschovias 1987). However, as shown by Tomisaka et al. (1988), when the mass-to-
flux ratio exceeds a critical value, equilibrium is no longer possible and gravitational 
collapse ensues. It is clearly important to follow this collapse to ascertain which magnetic 
geometries are produced in the resulting molecular disk. W e are planning simulations to 
address this dynamic phase, which are entirely feasible with our current numerical code. 
The calculation is simplified since one may ignore ambipolar diffusion effects as the collapse 
timescale is much shorter than the diffusion timescale. After centrifugal equilibrium is 
established, however, ambipolar diffusion is again important as its timescale is now shorter 
than the accretion timescale. Simulating this phase will be extremely challenging 
computationally, as implicit techniques will be required. At some point, the protostar will 
begin to influence the ionization and temperature structure of the inner portions of the 
accretion disk, requiring the inclusion of radiative transfer. Prospects for incorporating this 
physics into ZEUS-2D is discussed by Stone et al. (1989). 
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PUDRITZ: Y o u r s i m u l a t i o n s a r e v e r y b e a u t i f u l ! A f t e r t h e t r a n s i e n t phase 
ends , one shou ld p ick up t h e p r e s e n c e o f t h e s t e a d y c e n t r i f u g a l l y d r i v e n 
w i n d phase . T h e Uch ida and Sh iba t a w o r k s t a r t e d t o show t h i s . H a v e y o u 
c o n t i n u e d y o u r c a l c u l a t i o n s l o n g enough t o p ick up t h i s phase? 

M.L. N O R M A N : We b e l i e v e w e a re s e e i n g t h e b e g i n n i n g o f t h i s phase n e a r 
t h e end o f t h e s i m u l a t i o n s h o w n . N u m e r i c a l d i f f i c u l t i e s p r e v e n t e d c a r r y i n g 
t h e c a l c u l a t i o n t o g r e a t e r d y n a m i c a l t i m e s . We w i l l be w o r k i n g t o o v e r -
come t h e s e d i f f i c u l t i e s in t h e coming months , w i t h t h e i n t e r e s t o f s e e i n g 
w h e t h e r a s t e a d y - s t a t e f l o w i s a c h i e v e d . 

KUNDT: T h r o u g h w h a t d i s t a n c e s do y o u e x p e c t y o u r j e t s t o remain 
focus sed? ( M y r e s e r v a t i o n s a r e e x p r e s s e d , e .g . , in Blome and Kund t ( 1 9 8 8 , 
A s t r o p h y s . Space Sei . 148, 3 4 3 ) . 

M.L. N O R M A N : In a l l s t e a d y h y d r o m a g n e t i c w i n d s o l u t i o n s s t u d i e d thus 
fa r b y Sakura i , a h igh d e g r e e o f c o l l i m a t i o n is i n su red f o r s u f f i c i e n t l y 
l a r g e d i s t a n c e s a b o v e t h e d i sk s i n c e t h e y c a r r y a n e t c u r r e n t and 
t o r o i d a l f i e l d w h i c h p r o d u c e an i n w a r d V X B f o r c e . Shocks and n o n a x i s y m -
m e t r i c i n s t a b i l i t i e s m a y d e s t r o y j e t s b e f o r e t h e y become w e l l - c o l l i m a t e d . 
F u t u r e s i m u l a t i o n s w i l l a d d r e s s t h e s e q u e s t i o n s . 

P E R A T T : In t h e l a b o r a t o r y , m a g n e t i z e d h o l l o w j e t s or beams o f t e n su f f e r 
f i l a m e n t a t i o n and beam b r e a k u p i n s t a b i l i t i e s as t h e y p r o p a g a t e a w a y from 
t h e s o u r c e . Do y o u r s i m u l a t i o n s show th i s phenomena , or is a t h r e e -
d i m e n s i o n a l a p p r o a c h r e q u i r e d ? 

M.L. N O R M A N : T w o - d i m e n s i o n a l s i m u l a t i o n s c a n n o t s t u d y such a z i m u t h a l 
i n s t a b i l i t i e s . We a r e c u r r e n t l y d e v e l o p i n g a t h r e e - d i m e n s i o n a l MHD code 
fo r t h i s pu rpose . 

C A M E N Z I N D : P lasma in a c c r e t i o n d i sks has a f i n i t e c o n d u c t i v i t y . T o w h a t 
e x t e n t does t h e d i s t r i b u t i o n o f m a g n e t i c f i e l d s d e p e n d on a f i n i t e 
m a g n e t i c d i f f u s i v i t y and on t h e numer i ca l e f f e c t s ? 

M.L. N O R M A N : We w i l l be i n c o r p o r a t i n g a p h e n o m e n o l o g i c a l r e s i s t i v i t y in 

t h e d i sk t o add res s t h i s q u e s t i o n . 

KOUPELIS : ( a ) Is t h e r e a s p e c i a l r e a s o n fo r u s ing t h e form o f t h e e n e r g y 
e q u a t i o n t h a t d e s c r i b e s o n l y t h e e v o l u t i o n o f t h e i n t e r n a l e n e r g y i n s t e a d 
o f u s ing t h e fu l l e n e r g y e q u a t i o n w h i c h i n c l u d e s t h e m a g n e t i c ^ t e r m s ? 
( b ) I r e a l i z e t h a t t h e new c o d e w i l l be ab l e t o s a t i s f y t h e v . B = 0 e q u a -
t i o n . Could y o u t e l l us how w a s t h i s p rob lem r e s o l v e d ? 

M.L. N O R M A N : ( a ) T o t a l e n e r g y f o r m u l a t i o n s p r o d u c e i n a c c u r a t e e s t i m a t e s 
o f t h e i n t e r n a l e n e r g y in r e g i o n s w h e r e i t is a smal l f r a c t i o n o f t h e t o t a l 
e n e r g y , such as in t h e l o w β (= P / ( B 2 / 8 ï ï ) ) m a g n e t i z e d w i n d z o n e . In i d e a l 
f l o w s , t h i s is n o r m a l l y n o t a p rob lem, h o w e v e r w h e n i n c l u d i n g r a d i a t i o n , 
a c c u r a t e t e m p e r a t u r e s a r e n e e d e d t o e v a l u a t e t h e sou rce func t ion , 
o p a c i t i e s , e t c . 

( b ) We use t h e c o n s t r a i n e d t r a n s p o r t me thod o f E v a n s and H a w l e y ( 1 9 8 8 , 
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A s t r o p h y s . J. 322, 6 5 9 ) , w h i c h i n s u r e s v.B = 0 t o r o u n d o f f w h i l e a l l o w i n g 
o n e t o e v o l v e t h e m a g n e t i c f i e l d componen t s d i r e c t l y . We f ind t h i s m e t h o d 
t o be more a c c u r a t e t h a n o n e s b a s e d on t h e p o l o i d a l f l u x f u n c t i o n , s i n c e 
o n l y f i r s t d i f f e r e n c e s a r e r e q u i r e d t o e v a l u a t e t h e c u r r e n t d e n s i t y . 

PUDRITZ: T h e c r i t i c i s m o f Shu ( 1 9 8 5 , I A U Symp. N o . 115) and Shu e t a l . 
( 1 9 8 7 , A n n . R e v . A s t r o n . A s t r o p h y s . ) o f t h e mode l b y P u d r i t z ( 1 9 8 5 , 
A s t r o p h y s . J. 293, 2 1 6 ) and P u d r i t z and Norman ( 1 9 8 6 , A s t r o p h y s . J. 301, 
5 7 1 ) i s incorrect. In P u d r i t z ( 1 9 8 5 ) t h e s c e n a r i o w a s d e v e l o p e d for very 
massive star formation ( M c o r e = 1 0 2 M Q , L i r = 1 0 5 L Q , Rd = 1 0 1 7 cm) as 
f o r a 30 M Q s ta r . R e c e n t l y B a l l y e t a l . h a v e found such m a s s i v e o b j e c t s . 
T h e c r i t i c i s m o f Shu, t o w h i c h y o u r e f e r , w a s t h a t enormous d i sks w o u l d 
be n e e d e d t o a c c o u n t f o r low mass s t a r f o r m a t i o n . T h i s p o i n t i s i n c o r r e c t . 
I h a v e s c a l e d my c a l c u l a t i o n s t o r e g i o n s o f l o w mass s t a r f o r m a t i o n such 
as L I 5 5 , and f i n d t h a t a l l k n o w n a t t r i b u t e s o f l o w mass s t a r f o r m a t i o n 
( b i p o l a r f l o w e n e r g y , M d i s k < 1 M Q , w i n d momentum, L # , e t c . ) a re n e a t l y 
r e p r o d u c e d ( s e e P u d r i t z , 1988, in Galactic and Extragalactic Star Forma-
tion, e d s . R.E. P u d r i t z and M. F i c h , K l u w e r , D o r d r e c h t ) . T h e p o i n t i s t h a t 
s t r o n g m a g n e t i c f i e l d s e f f i c i e n t l y c o n v e r t g r a v i t a t i o n a l b i n d i n g e n e r g y o f 
a c c r e t i o n d i sk s i n t o o r d e r e d m e c h a n i c a l e n e r g y in b i p o l a r f l o w s . 

MOUSCHOVIAS: I s t r o n g l y d i s a g r e e t h a t P u d r i t z and Norman ( 1 9 8 6 ) 
s h o w e d t h a t t h e i r c a l c u l a t i o n on mass e j e c t i o n from a d i sk su r round ing a 
c e n t r a l s t a r can e x p l a i n t h e o b s e r v a t i o n s o f b i p o l a r o u t f l o w s . T h a t 
c a l c u l a t i o n e f f e c t i v e l y t r e a t e d t h e m a g n e t i c f i e l d l i n e s as r i g i d w i r e s 
a n c h o r e d in t h e d isk and o p e n i n g up a w a y from t h e a x i s o f s y m m e t r y 
( w h i c h i s a l s o t h e a x i s o f r o t a t i o n ) in t h e su r round ing medium. M a t t e r , in 
t h i s c o n f i g u r a t i o n , s l i d e s l i k e b e a d s a l o n g w i r e s unde r t h e a c t i o n o f t h e 
c e n t r i f u g a l f o r c e . So, t h e f a s t e r t h e disk ( a n d , t h e r e f o r e , t h e w i r e ) 
r o t a t e s and t h e l a r g e r t h e a n g l e o f t h e w i r e w i t h r e s p e c t t o t h e a x i s o f 
s y m m e t r y , t h e f a s t e r t h e b e a d w i l l be e j e c t e d . H o w e v e r , t h i s mode l 
v i o l a t e s N e w t o n ' s 3rd l a w , b e c a u s e i t i g n o r e s t h e f o r c e t h a t a b e a d 
e x e r t s on t h e w i r e ( i . e . t h e e j e c t e d mass w i l l m o d i f y t h e f i e l d l i n e s ) . In 
o t h e r w o r d s , t h e mode l must i n c l u d e F a r a d a y ' s l a w , dB/dt = vx(UxB), and 
d e t e r m i n e t h e e v o l u t i o n o f t h e m a g n e t i c f i e l d i t s e l f s i m u l t a n e o u s l y w i t h 
t h e e v o l u t i o n o f t h e v e l o c i t y f i e l d . 
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