
S O U N D  W A V E S  IN A M A G N E T I Z A B L E  M E D I U M  

I .  E .  T a r a p o v  UDC 538.4 

This art icle considers  the propagation of small  perturbations in a medium which can be in-  
homogeneously and isotropicaUy magnetized under the action of an e lectromagnet ic  field. 
It is shown that in such a medium there is the possibil i ty of sound waves of the same kind 
as in a medium with a constant magnetic susceptibil i ty.  However, the phase velocities of 
fast  and slow magnetosonic waves can take on imaginary values so that, in strong magnetic 
fields, there may arise the phenomenon of instability. Investigations were made of the dia-  
g r ams  of the phase velocities for  pa ra -  and diamagnetic substances for a medium with mag-  
netic saturation; the case of an incompressible  medium is discussed.  

The equations of motion of a medium which can be inhomogeneously and isotropieal ly magnetized in 
an electromagnet ic  field can be written in the form [1] 

op 
0-Y + div pv = 0 

H 

d t aM d i l l  = Ov~ . v,~ 

0 

dv 4-~(rot H • B) ~]ihv T1]l)  V divv p--~- : -- V (p + ~) + + M V H +  + (+12 + i 

0B.B _-- rot (v • B)-- v~ rot rot H 
at 

H (OM~ ]dH~ (1) 
d i v B = O  ( r  [M -- P \ OP ]m, H] / 

o 

Here rik is the tensor  of the viscous s t r e s se s ;  ~?~, ~?~ are the constant coefficients of the p r imary  
and secondary  viscosi ty;  v m = c2/47r~ is the magnetic viscosi ty;  it is assumed that B = It + 4~M(p ,T, H); 
here ,  the function of the magnetization 

M(p, T, H) ~--- ~---~ [,a (p, T, H) - -  tl 

is assumed to be known (p is the magnetic permeabi l i ty  of the medium), and M ][ H. 

Let us consider  the propagation of smal l  perturbations in such a medium. 

Let the unperturbed state of the medium be charac te r ized  by constant values of its pa ramete r s  P0, 

re, To, So, Pc, Be 

Op OT OT 

[it is assumed that the equation of state of the medium may be written in the forms p = p(p, s), T = T(p,  s)]~ 

We select  the sys tem of reckoning in such a way thatv0= 0 and the vector  B 0 lies in the plane xy. 

Plane waves are being considered,  so that 

P = P o + P ' ( z , t ) ,  v = v ' ( z , t ) ,  T = T  0+T ' (x , t ) , . . . .  (2) 
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H e r e , t h e  s q u a r e s  of the p e r t u r b a t i o n s  p ' ,  v ' ,  T '  wi l l  be e v e r y w h e r e  n e g l e c t e d .  

Then,  f r o m  the t h i r d  and fou r th  equa t ion  of s y s t e m  (1) we can  obta in  Bx = Box. 

The f i e ld  H = B / ~ ( p ,  T, H) in the m e d i u m  r e c e i v e s  a p e r t u r b a t i o n  due to the i n h o m o g e n e i t y  of the 
m a g n e t i z a t i o n ,  so  tha t ,  in the a p p r o x i m a t i o n  u n d e r  c o n s i d e r a t i o n ,  th is  p e r t u r b a t i o n  wi l l  be a l i n e a r  funct ion 
of the  p e r t u r b a t i o n s  p ' ,  T, B'. Tak ing  into c o n s i d e r a t i o n  tha t  H o = B 0 / ~  0 l i e s  in the  p lane  xy,  we obta in  

B x ~  _, Bxilr __ T'  - -  BxByixl-I B~' 
Hx '  - -  [~---~-~-~p ~"- -= ~H B ~B (tl. ~ + ~tHB ) 

p,2B -]- ~i~IB x ~ BY~~ 9' B~iXT T'  + ~ ~ )  By '  (3) 

H~' = B~' t .~o 

Here  and in wha t  fo l lows  the s u b s c r i p t  z e r o  of quan t i t i e s  c h a r a c t e r i z i n g  the u n p e r t u r b e d  s t a t e  of the  
m e d i u m  i s  o m i t t e d .  

We note  tha t  the d e p e n d e n c e  of the p e r t u r b a t i o n  H' on p ' ,  T ' ,  and B'  was  not  t aken  into c o n s i d e r a t i o n  
in [2], w h e r e  w a v e s  in an i n c o m p r e s s i b l e  f e r r o m a g n e t i c  l iquid  w e r e  d i s c u s s e d .  In [3], sound waves  w e r e  
d i s c u s s e d  s t a r t i n g  f r o m  a s y s t e m  of equa t ions  in which  no accoun t  was  t aken  of the m a g n e t o c a l o r i c  e f f ec t .  

Subs t i t u t ing  e x p r e s s i o n s  (2) and (3) into s y s t e m  (1) and d i s c a r d i n g  the s q u a r e s  of the p e r t u r b a t i o n s ,  
we obta in  equa t i ons  f o r  the p e r t u r b e d  mot ion  which we w r i t e  in the  f o r m  

Ou i 0% 0".% (4) 
ot t -  xi~-82 z = d ~ - g ~  �9 

H e r e  

ul --~ P', u2 ~- g', u3 = uv', at = Vx', u5 = By ' ,  u6 = Vz', UT' = Bz" 

a r e  not  equa l  to z e r o ,  and the c o m p o n e n t s  of the m a t r i c e s  l]Xik H and ]l d ik  I] have the fo l lowing v a l u e s :  

Xl~ = p, X~3 = t.t.a T.mBxBy [ t  @ T.~ (ST* - -  rn~T~ B~) ] -1 

x24 = [~TP roB2 (i~p ~t- ]iTTp) - -  Nx~rmBy 2 - -  p (sp* 4- ST *Tp) ] [ l  + Ts (ST* - -  m g  r2 B2) ] -1 

x31 ---- p m  (pp -1- ~ TTp) B,.:By, xs~ = [xm~.tTTsB~Bu 
x~5 = - -  m (~t ~" + uHBx  u / B)  B x 

x41 = (pp -~- ~p -~- ~TT~) p-1 + rn (.~p -1- ~rY0)  (P,%B 2 - -  ~tB, ~) 
x,2 = (Ps 2r- ~ r r s )  p-1 + mp~TTs (p~pB 2 _ ~tBv~) 

x45 = m B  u (~t 2 + ~HBx 2 I B --pOlar,) 
x53= --B~, xs4.---- By, xGT= --B,:i4~pp,, xT~= --B~ 

d12= [~Tp I pT  + 4 gpmZ~'~trVm By 2 (~p -~ ~t v To) ] [i -t- Ts(sw* - -  btT2mB2)] -~ 

d~ = [~_T~ / pT -I- 4~9m~211:~ ~ vmT,B~ ~] [i -,!- T,(sr* -- mlxr~B~)] -i 
d~ = -- 4~pm%tl.t-:vmB ~ (,a~ -I- ~HB~ ~ /B) [I -7- T: (ST* -- rn~r~B~)]-" 

d33= ~h/P, d4~= il~/9-p-4r h/39 
d ~  = - -  4r~p~xvmBu m ( ~  + Tp~T), ds~ = - -  4 np~xvmm Bv~.tpT~ 

d ~  = 4~pvmrn (ix z + ~B~2 / B), d~ = ~h / P, d~7 = v.~ 1 

whe re 

(5) 

m = [4ap~t (B2 + ~t~B)l - 1  

H H 

n J tOT D.H = �9 
o o 

In wha t  fo l lows ,  we s h a l l  c o n s i d e r  s m a l l  p e r t u r b a t i o n s  wi thout  t ak ing  account  of d i s s i p a t i o n ,  i . e . ,  we 
s h a l l  a s s u m e  d ik  = 0. Seek ing  the so lu t i on  of s y s t e m  (4) in the f o r m  

ui = ui ~ exp I i ( k x - -  o)t)], 

we ob ta in  the r e s u l t  tha t  the p h a s e  v e l o c i t y  of a wave  ;t = co/k i s  an e i g e n n u m b e r  of the m a t r i x  II Xik II, 

whi le  the a m p l i t u d e s  ui  ~ in th is  wave  a r e  p r o p o r t i o n a l  to  the  r i g h t - h a n d  e igen  v e c t o r  r (k)  = (r} k ) ,  r 2 (X) . . . . .  r tX)) ,  
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) )). c o r r e s p o n d i n g  to a given value of h (xikrt~" = )t r ~  
equat ion 

[ xt~ - -  3,6~ I = 0 (6)  

and r~ X ) a re  p ropo r t i ona l  to the c o r r e s p o n d i n g  subde t e rminan t s  of the m a t r i x  [[ Xik - X6ik ]] . 

Expanding the de t e rm i na n t  (6), we obtain the c h a r a c t e r i s t i c  equation of s y s t e m  (4) in the f o r m  

(~,~ - -  B= ~ / 4ap~) (M --  2C~ ~ ~- C~) = 0 (7) 

The values of )t a re  the roo t s  of the c h a r a c t e r i s t i c  

whe re 

2 Ct = Bux45 - -  B=x3B + px41 -{- x~3xs~ + xux4~ (8) 

---- B X$1X$5 X$lX32 I X32X35 
Ox23 x ~ l x ~  + x ~ B ~ )  I " X42X45 

Equat ion (7) has  seven  roo t s  which give the phase  ve loc i t i e s  of the fol lowing waves :  

1) X (1) = 0 is an en t ropy  wave,  not  p ropaga t ing  with r e  spect  to  the medium;  the c o r r e s p o n d i n g  r igh t -hand  

e igenvec to r  has the f o r m  

r(1) = .x3ax3t O, O, 0 (9) 
X42Xa5 ' ] X r  ' , [ x 4 1 ; r a 2  ' . 

2) )t (~,3) = •  ~ - ~_ Ax a re  two Alfv~n waves ;  the r i gh t -hand  e i g e n v e c t o r  c o r r e s p o n d i n g  to 

the Alfv~n waves  has  the f o r m  

r(2,') = (0, 0, 0, 0, 0, t , - - B x t X  (~'3)).  

3) X (4,5) = •  + (C~ - C2) lfl a re  two fas t  magne toson ic  waves  in a magne t ic  subs tance ,  and 

~_(6 ,  ~ = -+- l /Cl - ( C l  ~ - C ~ ) V ,  

are  two s low magne toson ic  waves  in a magnet ic  subs t ance .  

The r i gh t -hand  e igenvec to r s  c o r r e s p o n d i n g  to these  waves  have the f o r m  

r ~ . ~  = r (~+('.~)),  rr = r C~_(*.o) 

where  the vec to r - func t i on  r (~) has  the componen t s  

[ X41X45 - -  X24 X~lX42 ) 

r4 (~) = ~, (~,~z41 - Bx x31x35 [ XalZ,~ 

r5 (~,) ~,~ By B= x31xa2 ] 
= xalx411 + (B~z~ + Bdc2a) x4~x4~ 

r, ()~) = r~ (3,) = 0 �9 

In the c a s e  of a h o m o g e n e o u s l y  magne t i zed  med ium (~ = 1), equat ions  (5)-(10) go over  into the c o r -  
responding  equat ions  of [4]. 

F r o m  equat ions  (5)-(10) it can be seen that  there  a re  subs tan t ia l  d i f f e rences  between the sonic  waves  
under  cons ide ra t ion  and waves  in a nonmagne t ic  med ium.  

In the f i r s t  p lace ,  in an en t ropy  wave,  not only p and s undergo  p e r t u r b a t i o n s ,  but  a lso the t r a n s -  
v e r s e  componen t  of the field By, so that  this wave is not now pu re ly  longi tudinal .  
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In the s e c o n d  p l a c e ,  the phase  ~ ~,5) and ~_(~,7) of f a s t  and s low m a g n e t o s o n i c  waves  in a m a g n e t i c  
s u b s t a n c e  m a y  take  on p u r e l y  i m a g i n a r y  v a l u e s ,  and c o n s e q u e n t l y ,  in a m a g n e t i z a b l e  m e d i u m  t h e r e  is  the 
p o s s i b i l i t y  of the d e v e l o p m e n t  of i n s t a b i l i t y  s i m i l a r  to tha t  which  was  i n v e s t i g a t e d  [5] in a p l a s m a  with 
t r a n s v e r s e  and long i tud ina l  p r e s s u r e .  U n d e r  t hese  c i r c u m s t a n c e s  s y s t e m  (4) b e c o m e s  p a r t i a l l y  e l l i p t i c a l ,  
and the m o t i o n s  of a m e d i u m  in th is  s t a t e  of i n s t a b i l i t y  obv ious ly  cannot  be d e s c r i b e d  by s y s t e m  (1). 

The phenomenon  of i n s t a b i l i t y  in a m a g n e t i z a b l e  m e d i u m  m a y  a r i s e  if  any one of the c o e f f i c i e n t s  CI,  
C 2 in E q .  (7) b e c o m e s  n e g a t i v e .  We note tha t  in the c a s e  of a nonmagne t i c  m e d i u m  ~ = 1) we have  

2 C , - -  A z ~ a S ~ O, C 2 ~ A~:Za 2 ~ 0 (A~=B2/4uolq 

so that, in ordinary magnetic hydrodynamics, the phenomenon of instability could not be recorded. 

Let us give examples . 

As the first illustration of the propagation of sound waves in a magnetizable medium, let us consider 

an ideal nonconducting gas (rotH = 0) gas which, in weak magnetic fields, satisfies the equations 

(~t -- I) / ~ = Cp / T (Mossoti equation) 

p = p R T ,  s = c ~ l n ( p / p •  (~=cp /%,  R = % - - % )  . 

F o r  such  a m e d i u m ,  by  v i r t ue  of g e n e r a l  equa t ions  (5), fo r  c o m p o n e n t s  of the m a t r i x  II Xik If d i f f e r i n g  
f r o m  z e r o  we obta in  

([~ --  t) BxB v 
Xla = P' Xu3 4uglxT (i -~ ~) 

(~t --  l) B~ (i --  • + sin2 if) a~ 
X24 = 4~p~tT ( i  @ ~) ' X41 - -  p 

x42 = (u - -  i ) T ,  x4~ = - -  (~  - -  i )  B ,  / 4 n p ~ ,  x53 = - -  B~, xs~ : B v 

whe re  

a ~ =  p p =  u p ~ p ,  B y =  B s i n  

a = H / a l /  4 ~ p ,  ~ = ~ t  (• - i )  (l~ - l )  ~z2. 

H e r e ,  s ince  r o t H  = 0, v z '  = B z '  = 0, and the m a t r i x  HXik H b e c o m e s  a m a t r i x  of the f i f th  o r d e r .  By 
v i r t ue  of (8), we have  

2 C , = a ~ I i  B (2W~-u)  / ( u - - i )  2 _~sin~b) ] C 2 : 0  �9 
n (u-- t) (i -q- ~) \ 2 + ~ - - n  

In the e x a m p l e  u n d e r  c o n s i d e r a t i o n  the c h a r a c t e r i s t i c  equa t ion  

s (~z __ 2 C1) : 0 

h a s  t h r e e  null  r o o t s ,  ~ (1) = ~(2) = ~ (3) = 0, and the t h r e e  l i n e a r l y  i ndependen t  r i g h t - h a n d  v e c t o r s  c o r r e s p o n d -  
ing to t h e s e  r o o t s  have  the f o r m  

r(~) = ( - -  p / •  i ,  0,  0,  0) 
r< 2) ( (F - -  l )  B .  / 4 n F a  2, 0,  0,  0,  i )  

r( 3 ) =  ( 0 , ( ~ - - t )  B u / 4 ~ ( •  0 , 0 ,  t )  
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so  tha t  in t h e s e  waves ,  which  a r e  f ixed  with  r e s p e c t  to the ga s ,  the d e n s i t y ,  
the  e n t r o p y ,  and the t r a n s v e r s e  f i e ld  By v a r y .  

The r e m a i n i n g  two c h a r a c t e r i s t i c  n u m b e r s  

c o r r e s p o n d  to w a v e s  whose  p r o p a g a t i o n  v e l o c i t y  depends  on the o r i e n t a t i o n  
of the wave  f ron t  wi th  r e s p e c t  to the  f i e l d .  Th i s  d e p e n d e n c e  is d i f f e r e n t  foz: 
p a r a m a g n e t i c  ~u > 1) and d i a m a g n e t i c  (~ < 1) s u b s t a n c e s .  

T y p i c a l  d i a g r a m s  of phase  v e l o c i t i e s  fo r  p a r a m a g n e t i e  s u b s t a n c e s  a r e  
shown on F i g .  1, w h e r e  c u r v e s  1-4  c o r r e s p o n d  to v a l u e s  of fi = 0.0, 0.3, 0.5, 
0 .655.  H e r e  and in wha t  fo l lows in p lo t t ing  phase  d i a g r a m s  i t  is  a s s u m e d  
tha t  ~r = 1.4, and only  the f i r s t  q u a d r a n t  of the d i a g r a m s  i s  g iven ,  s i n c e  they  
a r e  s y m m e t r i c a l  wi th  r e s p e c t  to the ax i s  ~ = 0, a long which  the m a g n e t i c  
f i e ld  is  o r i e n t e d ,  and to the  axis  ~ = ~ / 2 .  As  fo l lows  f r o m  (11), a m a g n e t -  
i z ed  p a r a m a g n e t i c  s u b s t a n c e  is s t ab l e  (k (4,5) a r e  r e a l  fo r  any v a l u e s  of ~ )  
only  in the c a s e  

= •  2 

Thus ,  if i t  is  a s s u m e d  for  a i r  t h a t #  - 1 ~ 10 -5 , p ~  10 ~ d y n / c m  ~, ~ = 
1.4, such  a s t a t e  of the m a g n e t i z a t i o n  is  s t a b l e  in f i e ld s  B ~ 106 G. 

If an idea l  gas  h a s  the p r o p e r t i e s  of a d i a m a g n e t i c  s u b s t a n c e  (~ < 1), 
i t s  s t a t e  is  a lways  s t ab le  in the above s e n s e  so  long as  a2--- 4 f z (~ )  , w h e r e  

A ( x )  - • (,~ _ ~) 

In the c a s e  ~2 > 4 f 2 ( ~ )  ' the s t a t e  is  s t a b l e  if  

2~ ~ (i - -  W t - 4x-2]~ (•  2tL > (1 + ~ f l  - 4=c~f~ ( x ) )  . (12) 

T y p i c a l  d i a g r a m s  of phase  v e l o c i t i e s  fo r  d i a m a g n e t i c  s u b s t a n c e s  a r e  
shown in F i g .  2, w h e r e  c u r v e s  1-5  c o r r e s p o n d  to v a l u e s  of fl = 0, - 0 . 5 ,  - 0 . 7 ,  

- 0 . 8 ,  - 0 . 8 5 5 .  

The do t t ed  c u r v e s  a r e  c h a r a c t e r i s t i c  d i a g r a m s  for  the  c a s e  ~ < -  
4 f2 (~  ) and for  a va lue  of p s a t i s f y i n g  i n e q u a l i t i e s  (12), whi le  the s o l i d  c u r v e ,  
i . e . ,  the s e m i c i r c l e ,  g i v e s  the d i a g r a m  fo r  2# = 1 • ~1 - 4~-2(2(~)o Thus ,  
in th i s  c a s e ,  in a s t ab l e  s t a t e  the v e l o c i t y  of the  p r o p a g a t i o n  of sound  w a v e s  
m a y  be g r e a t e r  than the v e l o c i t y  of sound  in a n o n m a g n e t i c  gas  (curve  1 fo r  

/3 = o). 
It  is  i n t e r e s t i n g  tha t  wi th  a v e r y  s h a r p l y  e x p r e s s e d  d i a m a g n e t i s m ,  

when fl -< - n  and ~2 > 4 / ( ~  - 1), the v e l o c i t y  of the p r o p a g a t i o n  of w a v e s  
a c r o s s  the f i e ld  b e c o m e s  g r e a t e r  than the l ong i tud ina l  v e l o c i t y  and r i s e s  in an u n l i m i t e d  m a n n e r  wi th  an in -  
c r e a s e  in I fi I. C h a r a c t e r i s t i c  d i a g r a m s  for  th i s  c a s e  a r e  g iven  in F i g .  3, w h e r e  c u r v e s  1-4  c o r r e s p o n d  to 
v a l u e s  of fi = 0, - ~ ,  - 2 ,  - 5 .  

The type  of waves  u n d e r  c o n s i d e r a t i o n ,  p r o p a g a t i n g  wi th  v e l o c i t i e s  k (4,5), c o r r e s p o n d  to p e r t u r b a t i o n s  
d e s c r i b e d  by  the v e c t o r  

r {~,5) = (p, x2~, 0, )r By) (13) 

so  tha t  in t h e s e  w a v e s  only  the t r a n s v e r s e  v e l o c i t y  Vy does  not  v a r y .  

L e t  us  c o n s i d e r  a s e c o n d  e x a m p l e .  If an i d e a l  nonconduc t ing  g a s  can  be m a g n e t i z e d  up to a s t a t e  of 
s a t u r a t i o n ,  so  tha t  the m a g n e t i z a t i o n  M c e a s e s  to depend  on the f i e ld ,  and if  i t  is  p o s s i b l e  to a s s u m e  a 
l i n e a r  dependence  of M on p and T, i . e . ,  
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M =  ~K ( o -  T), 

p ~ =  t + 4 u p K ( O - - T ) / H  ( o > i r )  , 

then,  f r o m  (5) we obtain componen t s  of the m a t r i x  ]]Xikl[ d i f fe r ing  f rom ze ro  

(~t -- l) BxB ~ 
Xl~ = p ,  X2a = - -  4=Vp0 (t - -  v) (t - -  ~') 

(I ~ - -  t ) B  ~ [ (~ - -  t ) ( •  - -  1) sin: 5] 
x~ : 4z~0 ~(1 -- ~) (t -- ~') ~t (t -- ~) r 

a~ (tl, - -  1) 'z (t - -  • B~ (~ - -  t)~I:B~ 
x~ = 7 -  + ~ : t :  (i - ~) x~ = (x --  t) T - -  ' 4,upOn%0 (t  - -  "0 

x ~ = - - B ~ ( ~ - - t ) / 4 n p ~ ,  x ~ a = - - B x ,  % 4 = B y  

(14) 

whe re 

= r / O , V  = •  

As in the case  of a magne t i c  subs t ance ,  in weak f ie lds  t h e  t r i p l e  roo t  
~(9 = X(2) = A b) = 0 of the c h a r a c t e r i s t i c  equat ion  c o r r e s p o n d s  to th ree  l i n e a r -  

ly i ndependen t  r i g h t - h a n d  v e c t o r s ,  which  now have the f o r m  

r(1) = ( - -  X42 / X41' l ,  O, O, O) 

r (~) = (0 ,  - -  x45 / x42, 0 ,  0 ,  t ) ,  r(8) = ( x ~  / x~x , 0 ,  0 ,  0 ,  i )  

where  the e x p r e s s i o n s  for  x~l, x~2 , x~5 , c o r r e s p o n d  to those wr i t t en  in (14). 

The r e m a i n i n g  two e igenvec to r s  are  a lso  the same  as in (13), but the e x p r e s s i o n  ~or x~  m u s t  be taken 
f r o m  f o r m u l a  (14), while the phase  ve loc i t i e s  have the fo rm 

;L(~,5)=__~a t +  (t--~-~-(~----1~(~-__--t)~2 t*(l--~) + s i n 2 ~  

The c o r r e s p o n d i n g  phase  d i a g r a m s  for a s a t u r a t e d  magne t i c  subs t a nc e  are  g iven in F i g s .  4 -6 .  

If ~ z > 1, a s a t u r a t e d  magne t i c  subs t ance  is s t ab le  with 

4=pKO / H <. (a'~) -1 [• (• - -  1)i-v, 

(see dotted c u r v e s  on F ig .  4) and with 

4ngKO/H >~ (• -- 1) (1 + V 1 + 4~ (3 - -  1) a -2 ) [2~ (z --  t)1-1 

(see c u r v e s  1-3 on F ig .  5; h e r e  cu rve  1 c o r r e s p o n d s  to 4~rpK 0 / H  = co, and cu rve  3 to the l i m i t i n g  value of 
this  quant i ty  f rom the i n t e r v a l  of s t ab i l i ty ) .  In the f i r s t  case ,  the ve loc i ty  of the p ropaga t ion  of sound waves 
is g r e a t e r  than in a nonmagne t i c  gas;  he re ,  if pKT = pl/~ [4 ~(% - 1)] - l f i ,  the ve loc i ty  of sound b e c o m e s  i n -  
f in i t e ly  g r e a t  with a s tab le  s ta te  of the g a s .  With p ~ 10 ~ d y n / c m  2, T ~ 3 0 0  ~  ~ ~ 1.4, An th is  e a s e  pK 

10 G / d e g ,  which exceeds  by  a l m o s t  t h ree  o r d e r s  of magni tude  the c o r r e s p o n d i n g  c h a r a c t e r i s t i c  of a r t i f i c i a l  
f e r r o m a g n e t i c  l iquids  [6]. 

In the case  %7 < 1 with 47:pKO/H <- (a T)- I [%(~  _ 1)] -1/2 , a magne t i c  subs t a nc e  is s tab le  if a - < a * 
and with 

4~pK0/H < (l --  xv) (1 -4- 1/1 + 4v(z --  l ) a  -~ ) [2v(z -- t)1-1 

if 

a > a *  (:~* = (• - -  i ) ' ; ' •  -';~ ( l  - -  •  -1 [ i  - -  • ( i  - -  • 

so that  the d i a g r a m  of the phase  ve loc i t i e s  is ana logous  in fo rm to the d i a g r a m  on F ig .  4 .  

F o r  value of 1 > ~ -> (2 - 7) -1, this  is the i n t e r v a l  of s t a b i l i t y  for  l a rge  va lues  of the magne t i za t i on ,  
tha t  i s ,  

4z~pKOl H > a - I  {• (2  - -  m) - -  i I - ' l ~ ,  

17 



The diagram for the phase velocities for this case is given on Fig. 6 (see curves  1-3; curve 3 c o r r e -  
sponds to 4 ~ p K O / H  = ~ ,  and curve 1 to the limiting value of this quantity f rom the interval of stabili ty 
under consideration).  

Finally, we note the case  of the propagation of small  perturbations in an incompressible  liquid. 
corresponding equations for this case can be obtained from (7)-(10) by a limiting transit ion with pp -- 
a2--~ ~ . 

The 

The charac te r i s t ic  equation (for finite values of ~) assumes the form 

(k2 _ B 2  / 4 n p ~ )  (k S - -x2 ,xa2  + B ~ 3 5 )  = . 0  �9 

Thus, in an incompressible  nonconducting medium (x3~ = x35 = xG7 = 0), except for entropy waves, 
there are no other small-ampli tude waves propagating with a finite velocity.  

In a nonmagnetic conducting liquid, together with purely t r ansverse  Alfv6n waves,  there exist  other 
waves which cannot be called purely longitudinal or purely t r ansverse .  Their velocity and the co r respond-  
ing r ight-hand eigenvector have the form 

t, = ~ ]/'x~axa~ - -  B~xa5 , r (x) = (x,a, ~, - -  Bx,  0,  0) �9 

Here the components of the matr ix I lXik[] can be obtained from the general  express ions  (5) if the 
equation of state of the liquid at T = T(s) ,  is known. 
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