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A B S T R A C T 

Different ia l ly ro ta t ing a c c r e t i o n disks t h r e a d e d b y a un i fo rm 
m a g n e t i c field have b e e n n u m e r i c a l l y s imu la t ed . F a s t r e c o n n e c t i o n 
followed b y c o a l e s c e n c e allows the m a g n e t i c field to dr ive s m a l l ampl i ­
tude rad ia l osc i l l a t ions in the disk. These osc i l l a t ions m a y be observ­
able as t he v i s cous s t r e s se s c a u s e the disk to b r i g h t e n a n d fade as the 
disk expands a n d c o n t r a c t s . Ep isodes of r e c o n n e c t i o n m a y also be 
observable as ho t spo ts p r o d u c e d loca l ly at t h e s i tes of c o a l e s c e n c e . 
C a t a c l y s m i c va r i ab les , a n d in pa r t i cu l a r dwarf novae, provide a na tu ra l 
i n t e rp re t a t ion for t h e s e ca l cu l a t ions . 

1. I n t roduc t ion 
A c c r e t i o n d isks , i n o rder to t rans fe r mass , m u s t diffuse angu la r m o m e n t u m 

outwards and th is r equ i r e s a v i s cous coup le b e t w e e n ad jacen t radia l zones. The 
d y n a m i c s of a c c r e t i o n d i sks a re p resen t ly u n c e r t a i n b e c a u s e the k e y e lement , the 
viscosi ty , is not well unde r s tood . Ord inary m o l e c u l a r v i scos i ty is too s m a l l to 
a c c o u n t for t he a p p a r e n t r ad ia l inflow r a t e s a n d luminos i t i e s of s te l lar d isks and it 
is gene ra l ly c o n s i d e r e d n e c e s s a r y tha t s o m e a n o m a l o u s v i scos i ty due to t u r b u l e n c e 
or m a g n e t i c fields b e p resen t . A c c r e t i o n disks a re n a t u r a l env i ronmen t s for the 
ampl i f i ca t ion of field fluctuations t h r o u g h different ial r o t a t i o n and radia l inflow. 
S t u d i e s of m a g n e t i c v i s cos i ty have thus gene ra l l y c o n c e n t r a t e d on chao t i c field 
g e o m e t r i e s (Eard ley a n d L i g h t m a n 1975; I c h i m a r u 1976; S a k i m o t o a n d Coroni t i 
1981; Coroni t i 1981). A l t h o u g h the evolut ion of c h a o t i c fields is c en t r a l t o the 
v i scos i ty p rob l em, it s e e m s worthwhile to inves t iga te the m u c h s impler , bu t s t i l l 
qui te formidable , p r o b l e m of the a c t i o n of a d isk u p o n a field with a definite 
g e o m e t r y . The p r o b l e m s tha t a re p o s e d in this p a p e r c o n c e r n t h e windup of a uni­
fo rm field by a di f ferent ia l ly ro t a t ing disk. E v e n in th is m u c h r e s t r i c t e d domain , 
t he re are severa l i n t e re s t ing p h e n o m e n a ; m a g n e t i c field r e c o n n e c t i o n and c o a l e s ­
c e n c e , and l a rge s c a l e d isk osc i l la t ions . In addi t ion, t he r e p e a t e d ep isodes of 
r e c o n n e c t i o n c a u s e a ne t diffusion in the p l a s m a . A l t h o u g h the g e o m e t r y of t h e uni­
fo rm field is con t r ived , m a n y of the observa t ions m a d e he r e c a r r y over to m o r e 
c o m p l e x a n d c h a o t i c m a g n e t i c field conf igura t ions . 

2. S i m u l a t i o n of a Disk P l a s m a T h r e a d e d by a U n i f o r m Magne t i c F ie ld 
The ini t ial cond i t ions in the s i m u l a t i o n d e s c r i b e d he re were those appropr ia te 

to a "co ld" disk t h r e a d e d b y a un i fo rm field at r = 0. " C o l d " he re re fe rs to p u r e l y 
Kep le r i an mot ions . The p l a s m a is in i t ia l ly conf ined to a to rus sur rounding the 
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c o m p a c t star, which is no t p r e s e n t on the g r id e x c e p t a s a s o u r c e of gravi ta t ion . In 
o the r s imula t ions , t he disk was al lowed to have a l a r g e r ex ten t , with the inner 
r eg ions filled with a r ig id ly ro t a t ing p l a sma . The con t inuous d i sks were not dis t in­
gu i shab l e f rom the tor i in the field evolut ion nor in t he t y p e s of osc i l la t ions tha t 
were set up in the p l a s m a . I n the s imula t ion d i s c u s s e d he re , t h e ini t ia l field 
s t r e n g t h was c h o s e n so t ha t the Kep le r i an veloci ty , v# was abou t 10 t i m e s the Alfven 
s p e e d iy^ = B/ V4TT/O). This a l lowed the torus to ro ta t e without be ing d i s rup ted b y 
t he m a g n e t i c field. In s imu la t ions employ ing m u c h weake r fields, it was found tha t 
e l e c t ro s t a t i c effects b e c a m e very i m p o r t a n t and t e n d e d to o b s c u r e the role of the 
field. These l a t t e r s imula t ions will be d i s c u s s e d in a future pub l i ca t ion . 

Two c r i t i ca l m o m e n t s in the evolu t ion of t he p l a s m a and field a re shown in F igs . 
1A a n d I B . These p lo ts show m a g n e t i c field l ines a long with the non-Kep le r i an c o m ­
ponen t s of the ion v e l o c i t y field. 

Fig. 1A Fig. I B 

F igu re 1: S i m u l a t e d d isk and field for the r e c o n n e c t i o n and c o a l e s c e n c e epochs in 
the ini t ia l revolut ion of t h e torus . The to rus in Fig. 1A has c o m p l e t e d revolut ion 
while in Fig. I B the to rus has c o m p l e t e d % revolut ion. 

The field l ines, wh ich a re f rozen to the p la sma , are wound up b y t h e orbi ta l mot ions 
in t h e torus. The c o m p r e s s i o n of t he field c a u s e s the p a r t i c l e s to be s l ight ly 
de f l ec ted f rom pure ly K e p l e r i a n orbi t s . During th is phase , t he de f lec t ion is inward 
s ince the field is r e t a rd ing the i r mo t ion . O n c e t h e field h a s r o t a t e d t h r o u g h rr radi­
ans, X t ype neu t ra l po in t s are f o r m e d and the field u n d e r g o e s fast r e c o n n e c t i o n . 
We e m p h a s i z e he re tha t t h e r e c o n n e c t i o n o c c u r s o n a t i m e s c a l e m u c h shor te r t h a n 
the res is t ive t i m e s c a l e se t by p a r t i c l e col l is ions (which have b e e n r e d u c e d t h r o u g h 
the finite size pa r t i c l e e f fec t ) . I n F ig . 1A t he f o r m a t i o n of m a g n e t i c i s lands is evi­
dent . These is lands r o t a t e wi th the p l a s m a a n d t h e n c o a l e s c e as shown in Fig. I B . 
The t e n d e n c y of the m a g n e t i c field dur ing c o a l e s c e n c e is to snap b a c k to a m o r e 
un i fo rm conf igurat ion. This c a u s e s the pa r t i c l e s wh ich were a c c e l e r a t e d inwards 
dur ing field c o m p r e s s i o n to now drift outwards . This c y c l e is r e p e a t e d in subse­
quent ro ta t ions of the to rus . R e c o n n e c t i o n in this g e o m e t r y c o n s e r v e s flux; the 
n u m b e r of field l ines l inking the to rus is cons tan t . 

The fir^L c y c l e of r e c o n n e c t i o n is spec i a l in the sense t h a i t he to rus was s t a r t ed 
cold . Ion iner t ia c a u s e s the p a r t i c l e s pos i t ions to lag beh ind the i n s t an t aneous field 
g e o m e t r y . A s teady s t a t e is even tua l ly r e a c h e d when the p a r t i c l e s are at their 
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m a x i m u m rad ia l e x t e n t a t p e a k field c o m p r e s s i o n and at m i n i m u m rad ius w h e n t h e 
field is r e t u r n e d to un i formi ty . This re la t ionsh ip is m o s t c l e a r l y s e e n in Fig . 2 w h i c h 
dep ic t s t h e e n e r g y h i s to ry of the field and p l a s m a . T i m e i n t h e s e c a l c u l a t i o n s i s 
m e a s u r e d in t e r m s of the inverse e l e c t r o n p l a s m a f requency , cops - V47rneVm 8. 

kinetic 

time (in units of cjpe *) 
Figure 2.: E n e r g y h i s to ry of a n osci l la t ing disk p l a s m a . P e a k s in the m a g n e t i c field 
e n e r g y o c c u r jus t p r ior to r e c o n n e c t i o n and at t he s a m e t i m e as m a x i m u m disk 
expans ion . 

The pa r t i c l e s pos i t ions c a n be d e d u c e d f rom the kinetic a n d gravity t r a c k s . A t 
m a x i m u m radius , t he p a r t i c l e s have a m i n i m u m of b ind ing e n e r g y a n d consequen t ly 
a m i n i m u m orbi ta l ve loc i ty ; the k ine t i c e n e r g y and b ind ing e n e r g y a re in phase wi th 
one another . The m a g n e t i c field e n e r g y is TT out of phase , a r e l a t ionsh ip w h i c h t a k e s 
severa l ro ta t ions to a c h i e v e . A t p e a k c o m p r e s s i o n ( m a x i m u m field ene rgy ) the par­
t i c l e s are g iven a n inward a c c e l e r a t i o n , but it t a k e s ^ c y c l e for the pa r t i c l e s to drift 
inwards. S imi la r ly , dur ing m a g n e t i c field c o a l e s c e n c e ( r e tu rn to m i n i m u m field 
ene rgy) t h e p a r t i c l e s a r e a c c e l e r a t e d outwards with the i r pos i t ions lagging b y J£ 
per iod. 

The c y c l e of r e c o n n e c t i o n followed by c o a l e s c e n c e c a u s e s the to rus to rad ia l ly 
osc i l la te . The m a x i m u m rad ia l e x c u r s i o n is e s t i m a t e d b y the p r o d u c t of the n o n -
K e p l e r i a n drift ve loc i t y a n d the orb i ta l per iod. The n o n - K e p l e r i a n ion drif ts 
i n d u c e d by c o a l e s c e n c e are o n t h e o rder of t he Alfven v e l o c i t y of the p l a s m a at 
p e a k m a g n e t i c field c o m p r e s s i o n . S i n c e r e c o n n e c t i o n o c c u r s every half c y c l e of 
revolut ion, the m a x i m u m field s t r e n g t h is rough ly twice the ini t ia l field s t reng th ; 
t he re is twice as m u c h flux p e r unit v o l u m e th read ing t h e to rus af ter it has t u r n e d 
t h r o u g h TT r ad i ans . The re la t ive a m p l i t u d e of the osc i l l a t ion is there fore 
bR/R ~ ZTTV^/VQ. The effect of th i s osc i l l a t ion o n t he l u m i n o s i t y of the to rus c a n 
be e s t i m a t e d b y a s s u m i n g tha t the to rus e m i t s t he e n e r g y d e p o s i t e d b y v i scous dis­
s ipa t ion as b l a c k b o d y rad ia t ion . The v i scous d i s s ipa t ion r a t e p e r uni t a r e a pe r uni t 
t i m e in a n a x i s y m m e t r i c d i sk is (Pr ingle 1981) D{R) = 2 . 2 5 A f G t / £ / i ? 3 , where v is 
the v iscos i ty (whatever i ts source ) , M is t he m a s s of t h e c o m p a c t star , a n d E is the 
su r face m a s s dens i ty of t he torus . The d isk will b r i g h t e n acco rd ing to 
M)/D ~ 6TTVA/V^. Evident ly , d i sks which a re only mi ld ly superal fvenic , will 
unde rgo s ignif icant c h a n g e s in the i r b r igh tnes s if th is t ype of osc i l l a t ion is driven. 
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3. A s t r o p h y s i c a l Disks a n d Quas i -Per iod Osci l la t ions 

A pa r t i cu l a r ly in t e res t ing a p p l i c a t i o n of these c a l c u l a t i o n s is t o the osci l la t ions 
obse rved i n a s u b c l a s s of t h e c a t a c l y s m i c var iab les , t h e dwarf novae . These osci l la­
t ions are observed only dur ing erupt ion , lose thei r c o h e r e n c e eve ry few c y c l e s (and 
are the re fo re r e fe r red t o as quas i -per iodic osc i l la t ions) , las t t y p i c a l l y about 5 
d a y s , a n d have pe r iods abou t 50 s a n d a m p l i t u d e s of abou t 0.005 m a g (Robinson and 
Warner 1983; Rob inson a n d N a t h e r 1979, P a t t e r s o n 1981). In s o m e dwarf novae , 
quas i -per iod osc i l la t ions with seve ra l different pe r iods a re p r e s e n t s imu l t aneous ly 
(Robinson and Warner 1983). The r a n g e of per iods , t he mu l t i p l i c i t y of osc i l la t ions , 
a n d the i r i n c o h e r e n c y a l l s u g g e s t that the osc i l la t ions a re p r o d u c e d in the disk. 
The du ra t i on of t he osc i l l a t ions is t y p i c a l of t he t i m e it t a k e s for t he d isk m a t e r i a l 
to d r a i n onto the c o m p a c t s t a r in a s t a t e of h i g h v i scos i ty (for a d i scuss ion of the 
ins tabi l i ty leading t o e r u p t i o n see B a t h and Pr ing le 1982; Meye r and Meyer -
H o f m e i s t e r 1981). The pe r iod l e n g t h s t h e m s e l v e s s u g g e s t s o m e t y p e of o rb i ta l 
p h e n o m e n o n a l t h o u g h v e r t i c a l osc i l la t ions (see C o x 1981) will n ece s sa r i l y have 
per iods tha t appea r to b e orb i ta l if the disk is p r e s su re s u p p o r t e d a n d not self-
g rav i t a t ing . 

Magne t i c field r e c o n n e c t i o n provides a m e c h a n i s m for driving d isk osci l la t ions . 
The obse rved b r igh tnes s va r ia t ions requi re re la t ive ly m o d e s t fields; vk/v#~ 10~ 4 . 
There are two diff icul t ies tha t any t heo ry m u s t f ace ; t ha t t he osc i l l a t ions appea r 
only dur ing e rup t ion (when the disk is draining onto the c o m p a c t s ta r ) and tha t 
only a few d i sc re te pe r iods a re p r e s e n t and these pe r iods are re la t ive ly s table . The 
s imp l i c i t y of our m o d e l p r even t s a c o m p l e t e a c c o u n t i n g bu t we c a n s u g g e s t severa l 
ways in which these p r o b l e m s m a y be resolved. S i n c e fieid r e c o n n e c t i o n should 
a lways be o c c u r i n g (field diffusion is v e r y slow due to the re la t ive ly h i g h dens i t i es in 
these d i sks) it m a y be t ha t it is e i the r m a s k e d by o the r osc i l l a t ions ( the orbi t ing of 
the hot spot ) or t ha t t he osc i l l a t ions are too weak in a quiet d isk s ta te to be 
observed . Once the d isk is des t ab i l i zed and beg ins to a c c r e t e at a fas t ra te , flux 
conse rva t i on will e n h a n c e the field ( ~ Rl~2) and the osc i l l a t ion ampl i tude will 
i nc r ea se . The d i s c r e t e n e s s of the pe r iod m a y be r e l a t e d to t h e obse rva t ion tha t 
i n c r e a s e d v i scos i ty c a u s e s the disk to s imul t aneous ly e x p a n d as t h e bu lk of the 
p l a s m a dra ins onto the c o m p a c t s tar . The per iod of the osc i l l a t ion is not set by 
where the p l a s m a is c o n c e n t r a t e d , bu t b y where t h e field is suff ic ient ly twis ted to 
fo rm X poin ts . In the twist ing of a un i form field by p l a s m a e x t e n d i n g over widely 
d i spa ra t e radii , t he re m a y be severa l s i tes where r e c o n n e c t i o n o c c u r s wi th a pe r iod 
appropr i a t e to the c h a r a c t e r i s t i c r ad ius of e a c h si te . These s i t es m a y be fixed in 
space a l t h o u g h shifting with r e s p e c t t o the m a s s profile of the disk. In future c a l c u ­
la t ions we hope to inves t iga t e the possibi l i ty of mul t ip l e s i tes of r e c o n n e c t i o n and 
also t o i nc lude a c h a o t i c c o m p o n e n t i n the m a g n e t i c field. 

This r e s e a r c h was s u p p o r t e d by N S F g r a n t s ATM-82-14730 a n d PHY-82-17352 
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D I S C U S S I O N 

W i l s o n : C o u l d y o u p l e a s e d e s c r i b e t h e o u t e r b o u n d a r y c o n d i t i o n on 
t h e m a g n e t i c f i e l d i n y o u r m o d e l ? 

G i l d e n : P e r i o d i c b o u n d a r y c o n d i t i o n s w e r e u s e d . A mesh s u f f i c i e n t l y 
l a r g e t o m i n i m i z e t h e e f f e c t s o f t h i s symmetry was n e c e s s i t a t e d . 

V a s y l i u n a s : I n y o u r s i m u l a t i o n , t h e r o t a t i o n p e r i o d i s a b o u t 20 
i n v e r s e p l a s m a p e r i o d s . T h i s means t h a t t h e s y s t e m i n t h e s i m u l a t i o n 
i s r e l a t i v e l y s m a l l i n r e l a t i o n t o t h e m i c r o s c o p i c p l a s m a l e n g t h s c a l e s , 
s o t h a t non-MHD e f f e c t s a r e much more i m p o r t a n t t h a n t h e y w o u l d b e i n 
t h e r e a l , l a r g e s y s t e m . T h i s may b e t h e r e a s o n f o r t h e r a p i d r e c o n n e c ­
t i o n s e e n i n t h e s i m u l a t i o n , w h i c h may n o t s c a l e up t o t h e r e a l c a s e . 

G i l d e n : N u m e r i c a l l i m i t a t i o n s do n o t a l l o w p r o c e s s e s w i t h w i d e l y 
d i s p a r a t e t i m e s c a l e s t o b e s i m u l a t e d i n a s i n g l e m o d e l . Y o u r c r i t i c i s m 
i s v a l i d , b u t o n l y u n d e r s c o r e s t h e d i f f i c u l t y i n i n t e r p r e t i n g n u m e r i c a l 
r e s u l t s , and i n d e s i g n i n g a n u m e r i c a l e x p e r i m e n t . We h a v e e x p l o r e d a 
r a n g e o f r a t i o s o f t h e r e l e v a n t t i m e and l e n g t h s c a l e s , and h a v e n o t 
o b s e r v e d any s e n s i t i v i t y i n t h e r a t e o f r e c o n n e c t i o n . H o w e v e r , i t c a n ­
n o t be s a i d w i t h c e r t a i n t y what t h e r a t e w o u l d b e w i t h t h e r a t i o s o b ­
s e r v e d i n n a t u r e . 

H e y v a e r t s : C a n y o u g u e s s what t h e d i f f e r e n c e may b e b e t w e e n y o u r 
2-D ( s p a c e ) s i m u l a t i o n , and t h e r e a l f l a t d i s k b e h a v i o r ? 

G i l d e n : One i m p o r t a n t d i f f e r e n c e w i l l b e t h e v e r t i c a l m o t i o n o f 
b o u y a n t f l u x t u b e s o u t o f t h e p l a n e o f t h e d i s k . A s e c o n d i m p o r t a n t 
3-D ( s p a c e ) e f f e c t w i l l b e t h e t w i s t i n g o f t h e f i e l d component n o r m a l 
t o t h e d i s k . 

K e n n e l : W i l l t h e e x c h a n g e o f g r a v i t a t i o n a l e n e r g y w i t h m a g n e t i c b e 
s o i m p o r t a n t i n t h e r e a l c a s e where t h e K e p l e r i a n t i m e i s v e r y much 
l a r g e r t h a n t h e p l a s m a p e r i o d ? 

G i l d e n : Our r e s u l t s do n o t r e l y on t h e r e l a t i v e m a g n i t u d e s o f t h e 
p l a s m a and o r b i t a l p e r i o d s , a s l o n g a s t h e y a r e n o t c o m p a r a b l e , i n w h i c h 
c a s e e l e c t r o s t a t i c e f f e c t s become i m p o r t a n t . The e x c h a n g e b e t w e e n 
m a g n e t i c and g r a v i t a t i o n a l e n e r g y p r o c e e d s t h r o u g h w i n d u p and t h e n 
r e c o n n e c t i o n o f t h e m a g n e t i c f i e l d . A l t h o u g h o u r s i m u l a t i o n c o d e c a n n o t 
r e p r o d u c e t h e r a t i o o f p l a s m a t o o r b i t a l t i m e s c a l e s o b s e r v e d i n n a t u r e , 
we h a v e a t t e m p t e d t o u s e a r a t i o , ^ 10~ 2 , w h i c h a l l o w s t h e e n e r g y t r a n s ­
f e r t o n o t b e c o r r u p t e d b y p u r e l y n u m e r i c a l e f f e c t s . 

Tajima: B e c a u s e o f t h e s m a l l e r d i s p a r i t y o f p l a s m a t i m e and 
K e p l e r i a n t i m e t h a n i n t h e a c c r e t i o n d i s k , t h e e l e c t r o s t a t i c e n e r g y i s 
p e r h a p s u n r e a l i s t i c a l l y l a r g e . H o w e v e r , t h e r e i s n o s t r o n g e v i d e n c e 
t h a t t h e e l e c t r o s t a t i c n o i s e w i p e s o u t o t h e r p h y s i c s . H o w e v e r , t h e two 
t i m e s c a l e s a r e s e p a r a t e i n t h e c o d e . O n c e a g a i n , we s h o u l d u s e o u r 
t h e o r e t i c a l i n s i g h t t o i n t e r p r e t t h e raw d a t a . 

K r i s h a n : H a v e y o u i n c l u d e d r a d i a t i o n p r e s s u r e i n y o u r s i m u l a t i o n s , 
s i n c e mos t o f t h e s e a c c r e t i o n d i s c s a r e r a d i a t i o n s u p p o r t e d ? 

G i l d e n : We h a v e n o t i n c l u d e d r a d i a t i o n p r e s s u r e . H o w e v e r , t h e 
a c c r e t i o n d i s k s a s s o c i a t e d w i t h t h e c a t a c l y s m i c v a r i a b l e s a r e n o t 
r a d i a t i o n p r e s s u r e s u p p o r t e d t h r o u g h o u t . I n t h e i r q u i e t s t a t e , t h e y a r e 
c o o l enough s o t h a t g a s p r e s s u r e i s d o m i n a n t . 

Van Hoven: What i s t h e s o u r c e o f t h e f l u c t u a t i o n s w h i c h t h e s i m u l a ­
t i o n p r o d u c e s , h a v i n g s t a r t e d from a m i x t u r e o f c y l i n d r i c a l and p l a n a r 
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symmetries? Is this numerical noise? 
Gilden: Fluctuations are not caused by the symmetries in the cal­

culation, but by the use of a finite number of particles. The finite 
size particle technique is designed to minimize this noise. 

Steinolfson: You remarked that the reconnection in your results was 
fast. What is it fast relative to? 

Gilden: Fast relative to the collision timescale in the plasma. 
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