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The r e a c t i o n  o f  a  homogeneous sphere o f  a  neu t ron  m a t t e r ,  s e t  i n  a ro -

t a t i o n a l  mot ion  under t h e  i n f l u e n c e o f  an ex te rna1  to rque  a c t i n g  on 

i t s  su r face ,  i s  i n v e s t i g a t e d .  For neu t ron  mat te r ,  w i t h  a t y p i c a l  neu-

t r o n  s t a r  d e n s i t y  o f  1 0 ~ ~ 9  cm-3 and a temperature v a r y i n g  between 106 

and 10' K, o r i g i n a l l y  i n  u n i f o r m  r o t a t i o n ,  a  t ime  dependent d i f f e r e n -

t i a l mot ion s e t s  i n ,  which l a s t s  a t ime s c a l e  o f  hours t o  some decades, 

r e s u l t i n g  f i n a l l y  i n  c o - r o t a t i o r Dur ing  these t imes,  t h e  b r a k i n g  i n -  

dex o f  a  magnetic neu t ron  sphere depends very  sensi  t i v e l y  on t ime.  

Inves t iga- se  a reação de e s f e r a  homogênea de n e u t r o n s  pos ta  a g i r a r  

p o r  ação de to rque  e x t e r i o r  a  a g i r  em sua s u p e r f í c i e .  Para a m a t e r i a

de neutrons,  com densidade e s t e l a r n e u t r o n i c a de 1015g ~ m - ~ ,  e  tempe- 

r a t u r a  a v a r i a r  e n t r e  106 e 109 O K ,  em movimento de ro tação  uni forme , 
estabelece- se um movimento d i  f e r e n c i a l  , dependente do tempo, que per-  

dura por  um tempo que v a i  de horas a décadas, r e s u l t a n d o  em uma co-ro-

tação Durante esse movimento, o  í n d i c e  de f re iamento  de una e s f e r a  

de neutrons magnética apresenta dependência mui sens íve l  no tempo. 

* Pos ta l  address: ZU lp icher  S t r .  77, Kt l ln,  Germany. 

** Av. Wenceslau Braz, 71, 20000 - R io  de J a n e i r o  RJ. 



1. INTRODUCTION 

I t i s  general l y  accepted tha t  pulsars are r o t a t i n g  neutron s ta rs .  As a 

ru le ,  the i n t e r i o r  o f  such a neutron s t a r  contains a l i q u i d  phase which 

consists mainly o f  neutrons and a l so  contains protons, e lec t rons  and 

negative muons. l n  more massive neutron s tars ,  wi t h  a cen t ra l  densi t y  

o f  pc> 10" gcm-3 a l s o  hyperons becorne importante const i tuents (Ruder- 

manl, Baym and peth ick2 ) .  However, we are in teres ted i n  t ha t  p a r t  of 

a neutron s t a r  which contains normal (i .e. nonsuperf l u i d )  neutron matter. 

Between densi t i e s  o f  about 5 X 10'' g c ~ n - ~  and 2 x 1014 cm-3 the neu- 

t rons are supe r f l u i d  because o f  the ' s ,  - a t t r a c t i o n  ( ~ r o t s c h e c k ~ ,  Chao 

e t  a L 4  ) .  The neutrons are supposed t o  be supe r f l u i d  again, a t  den- 

s i t i e s  which exceed the nuclear densi t i e s ,  because o f  the 3 ~ 2  - neutron 

pai  r i n g  (Tamagakis , Tamagaki and ~ a k a t s u k a ~  ) . I t should be pointed 

out, however, t h a t  a1 l these ca lcu la t ions ,  concerning the 'S -pai r i n g  
o 

as we l l  as the an i so t rop i c  3 ~ ,  - s u p e r f l u i d i t y ,  should be regarded as 

f i r s t  estimates, s ince the energy gaps depend very s e n s i t i v e l y  on the 

nuclear p o t e n t i a l  used. Deta i led  ca l cu la t i ons  performed by ~ a k a t s u k a ~  

conf i rm t h a t  the onset o f  an i so t rop i c  s u p e r f l u i d i t y  i s  a d e l i c a t e  func- 

t i o n  o f  t h e  neutron e f f e c t i v e  mass. Moreover,  i t  has been i n v e s t i -  

gated by w e y e r 7 "  t ha t  i n  the high dens i t i es  regime, i n  neutron matter  

(p 2 5 X 10'" ~ m - ~ ) ,  a c e r t a i n  p a i r i n g  c o r r e l a t i o n  o f  neutrons i n  re-  

l a t i v e  s i n g l e t  s ta tes  may occur. This p a i r i n g  i s  due t o  the asymmetry 

o f  nuclear forces between even and odd states,  which suggests the pre- 

ference o f  s i n g l e t  s ta tes  f o r  neutrons w i t h  equal momentum quantum num- 

bers. These co r re la t i ons  b u i l d  up the so c a l l e d  dineutron c lus te rs  , 
analogously t o  the a - p a r t i c l e  p i c tu re .  The decis ion,  whether the d i -  

neutron c o r r e l a t i o n  o r  the an i so t rop i c  s u p e r f l u i d i t y  p r e v a i l s  i n  neu- 

t r on  rnatter, s t i l l  remains unset t led.  Therefore we assume
g - even i n  

the presence o f  the 3 ~ ,  - superf  l u i d i  t y  - a t  l eas t  a normal component 

between - 2 x 1014 and 4 x 1014 g ~ m - ~ .  

Our f o l l ow ing  m d e l  ca l cu la t i on ,  which re fers  t o  a normal neut ronf lu id ,  

may be app l ied  t o  the normal component i n  the i n t e r i o r  o f  a neutron 

s ta r .  



The quest ion we would l i k e  t o  answer i s  how the surface angular velo-  

c i  t y  i'$(+), and the brak ing  index n, def ined by 

are modif ied by the existence o f  viscous normal matter  i n  the i n t e r i o r  

o f  a  neutron s t a r .  This analysis i s  usefu l ,  s ince the experirnental ly 

found values o f  n are about 2.5, and spec ia l  and general r e l a t i v i s t i c  

e f f e c t s  have been proven t o  be too smal 1  t o  g ive  a  co r rec t i on  o f  the 

desi red order (P far r " ) .  

I n  the f i r s t  Section, we g ive  a  shor t  epitorne as t o  the c a l c u l a t i o n  o f  

the f i r s t  v i s c o s i t y  which we need i n  the second Section f o r  an appro- 

ximate s o l u t i o n  o f  the Navier-Stokes equation. 

2. VISCOSITY OF NORMAL NEUTRON MATTER 

I n  t h i s  Section, we b r i e f l y  review the essent ia l  steps f o r  the evalua- 

t i o n  o f  the f i r s t  v i s c o s i t y ,  i n  neutron matter, i n  the framework o f t h e  

Landau theory (Nitschl*, Heintzmann and Ni tschg and the l i t e r a t u r e  c i -  

ted the re in ) .  I n  doing so, we der ive  as a  f i r s t  step, a  simple repre- 

senta t ion  o f  Landau's i n t e r a c t i o n  func t i on  o f  the quas i - pa r t i c l es  which 

we need as the most important ingred ient ,  i n  the B o l t z m a n n- t r a n s p o r t  

equation, t o  approximate the c o l l i s i o n  i n t e g r a l .  There, t h i s  func t ion  

i s  re la ted  t o  the forward sca t te r i ng  ampl i tude o f  two quas i -par t ic les '~  

The second step on ly  gives a  rough sketch o f  the g e n e r a l  assumptions 

f o r  the eva luat ion  o f  the f i r s t  v i scos i t y .  

The t o t a l  energy, E, o f  an i n t e r a c t i n g  system i s  a  func t iona l  o f  the 

d i s t r i b u t i o n  funct ion n (p) o f  the quas i- par t ic les .  I f  the f u n c t i o n  
CJ 

n (p) i s  s u f f i c i e n t l y  c lose t o  the  ground-state d i s t r i b u t i o n  func t ion ,  u 
n;(p), we car ry  out  an expansion o f  ~ l n ]  (Pines and ~ o z i ê r e s ~ ~ ) ,  v iz . ,  



where the  q u a s i - p a r t i c l e  energy, E,(P), i s  the  f i r s t ,  and the  i n t e r a c -  

t i o n  f u n c t i o n  between t h e  q u a s i - p a r t i c l e s ,  f o a l ( p , p r )  , t h e  second, va- 

r i a t i o n a l  d e r i v a t i v e  o f  the  t o t a l  energy ~ [ n ] ,  i .e.,  

and 

The d e v i a t i o n ,  ó'n ( p ) ,  f rom na(p) i s  d e f i n e d  by o 

A j i m p l e  approx imat ion  o f  the  q u a n t i  t i e s  E (p) and foOr (p,pr)  , by means o 
o f  the Hartree-Fock theory ,  g i ves  

and 

We des 

t a r i  1 y  

t e n t i a  

c r i b e  the  i n t e r a c t i n g  f o r c e s  between t h e  neutrons u s i n g  t h e  u n i -  

t ransformed (Mi t t e l s t a e d t  e t  aZ. 14) Gammel-Christ ian-Thaler po- 

1 (Gamrnel e t  a ~ .  l 5  ) .  

t h e  c o n s i d e r a t i o n s  above 

ions ,  f o r  which the  func 

i n  

b u t  
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, we d e a l t  w i t h  s t a b l e ,  homogeneous d i s t r i -  

t i o n  n ( p )  n e i  t h e r  depended on t ime n o r  on 
O 



the r e l a t i v e  p o s i t i o n  o f  the quas i- par t ic les .  In  a  more general case, 

however, we consider a  weak time dependent inhornogeneous pe r tu rba t i on  

o f  the ground s t a t e  o f  our system. As a  consequence, the d i s t r i b u t i o n  

func t i on  o f  the quas i - pa r t i c l es  becomes, i n  the c l a s s i c a l  I i m i t ,  ex- 

p l i c i t  dependent on time and pos i t i on :  n = n o ( p , r , t ) .  
0 

We determine n ( p , r , t )  by so l v ing  the Boltzmann equation 
0 

where I (n)  i s  the co l  1 i s  

approxirnate, i n  the case 

ion i n t e g r a l  o f  the quas i- par t ic les ,  which we 

o f  b inary  c o l l i s i o n s ,  spec i f i ed  by 

i n  terms o f  Born c o l l i s i o n  cross sect ions using the i n t e r a c t i o n  func- 

t i o n  o f  Eq.(8). The l oca l  e x c i t a t i o n  energy o f  a  quas i - pa r t i c l e  i s  

equal t o  

E o (P , - )=  E ~ ( P )  + 1 f o O , ( p , p f ) f i n o ,  ( p l , r ) .  (1 I )  
o ' ; p l  

Once the c o l l i s i o n  i n teg ra l  i s  known, we can study the t ranspor t  pro-  

p e r t i e s  o f  the system such as v i scos i t y ,  thermal conduc t i v i t y  o r  spin 

d i f f u s i o n .  I f  we impose on the system an inhomogeneous s t a t i c  perturba- 

t i o n ,  conta in ing  a  v e l o c i t y  gradient ,  t h i s  gradient  induces a  f l ow  o f  

mrnentum which i s  on ly  l i m i t e d  by the c o l l i s i o n s  between quasi- part ic les,  

and which i s  - i n  the co-mving coordinate system - propor t iona l  t o  the 

imposed v e l o c i t y  gradient .  Thus, the f i r s t  v iscos i ty ,n ,  i s  def ined as 

the p r o p o r t i o n a l i t y  c o e f f i c i e n t  between the momentum f l u x  dens i ty  ten- 

sor ii and the expression ik 

Since the c a l c u l a t i o n  o f  q i s  somewhat lengthy and cumbersome, we here 

on ly  quote the f i n a l  r esu l t 16 :  



The dens i t y  dependent func t  ion  w(p) contains mai n l  y  a1 1 'those quant i t ies 

which a r i s e  from the i n t e r a c t i o n  o f  the neutrons such as forward scat-  

t e r i n g  amplitudes, and the e f f e c t i v e  mass m* o f  the quasi-part ic les.The 

expl  i c i  t expression fo r  w(p), as w e l l  

given i n  the work by Heintzmann and N 

can be e a s i l y  understood by some qual 

tron-neutron sca t te r i ng  i s  r e s t r i c t e d  

( k B T ) ,  around the Fermi surface ( i . e .  

t e r e s t  are t o  be found i n  t h i s  layer )  

as a Table f o r  some ri-values, are 

tsch3 . However, the r e s u l t  (13) 

t a t i v e  arguments: s ince the neu- 

t o  l i e  w i t h i n  a layer  o f  w id th  

a1 1 elementary exci  t a t i o n s  o f  i n -  

the t r a n s i t i o n  p r o b a b i l i t y  f o r  

the process ( t o ) ,  i n  the "thermal 1 i m i t " 1 3 ,  i s  o f  order ( k B ~ I 2 .  This 

leads t o a  quas i - pa r t i c l e  l i f e t i r ne ,  .r. p ropor t iona l  ~ o T - ' .  Moreover, 
P' 

-r represents a q u a l i t a t i v e  rneasure f o r  the c o l l i s i o n  t ime o f  quasi-  
P 

- p a r t i r l e s  which i s  p ropor t iona l  t o  the f i r s t  v i s c o s i t y ,  ri ,  according t o  

the elementary k i n e t i c  theory o f  gases. We s h a l l  see, i n  the next Sec- 

t i o n ,  t h a t  the temperature dependence o f  very s e n s i t i v e l y  a f f e c t s  the 

dura t ion  o f  the d i f f e r e n t i a l  r o t a t i o n  i n  neutron matter .  

3. DIFFERENTIALLY ROTATING NEUTRON FLUID 

We want, f i r s t ,  t o  describe our model. We consider a un i fo rmly  r o t a t i n g  

sphere, o f  neutron f l u i d ,  w i t h  a s o l i d  ou ter  layer .  At  a c e r t a i n  tirre, 

to , we apply a torque from outs ide  t o  the surface . o f  the sphere, by 

swi tch ing  on a homogeneous magnetic f i e l d  i n  i t s  i n t e r i o r .  This torque 

causes a brak ing  a t  the surface and thereby produces - because o f  the 

v i s c o s i t y  ri - a v e l o c i t y  gradient  w i t h i n  the s t a r  matter  (Fig.l).We de- 

termine t h i s  v e l o c i t y  f i e l d  by so l v i ng  the "specia l"  Navier-Stokes equa- 

t i o n ,  

where we have al ready assumed tha t  the densi ty,  p, as we l l  as the v i s -  

cos i t y ,  n ,  does not  depend on ,pos i t i on  and time. For V = 0, Eq.14 re-  

duces t o  the well-known cond i t i on  f o r  the hyd ros ta t i c  equ i l i b r i um:  





where p i s  the  pressure o f  t h e  neu t ron  m a t t e r ,  and @ i s  the  Newtonian 

g r a v i t a t i o n a l  p o t e n t i a l .  From the form o f  Eq.14, we get  a  rough e s t i -  

mate o f  the  d i s s i p a t i o n  t ime o f  t h e  v iscous f o r c e s ,  which i s  

T . = p ~ ~ , , - - ' ,  
v i s '  (16) 

10' sec 

We simp 

f o r  the 

where L  i s  the  c h a r a c t e r i s t i c  l e n g t h  s c a l e  o f  the  v e l o c i t y  f i e l d .  T h i s  

t ime, T i s  independent o f  the i n i t i a l  c o n d í t í o n  f o r  the  d i f f e r e n t í a l  
v i s '  

equa t ion  (14) .  For L-R, where R  i s  t h e  r a d i u s  o f  the  neu t ron  s tar ,and 

f o r  a  d e n s i t y  p = 1015 gcm-3 and a  temperature T = ~ o ' K ,  we ge t  T " 
v i s  

. = 3 years .  Af terwards,  the  rnat ter  i s  r i g i d l y  c o - r o t a t i n g  again. 

l i f y  (14) u s i n g  the  f o l l o w i n g  Ansatz ( c f .  Heintzmann e t  a ~ . "  ) 

v e i o c i t y  f i e l d  v ( r , t ) ,  

I n  spher 

f e r e n t i a  

i c a l  coord ina tes ,  we o b t a i n  f rom (14)  the f o l l o w i n g  p a r t i a 1  d i f -  

1  equa t ion  f o r  R( r , t ) :  

Here, we have a l r e a d y  assurned vp = - @v@ . Accord ing t o  the  r e s u l t s  o f  

Heintzmann e t  aL. 1 7 ' 9 8 ,  t h i s  assumption i s  j u s t i  f ied.  

For the  complete s o l u t i o n  o f  Eq.18, we need i n i t i a l  and boundary con- 

d i t i o n s ,  which we d e f i n e  as f o l l o w s :  

I n i t i a l  c o n d i t i o n :  

boundary condi t i  on: 

( i )  The s o l u t i o n  has t o  be r e g u l a r  a t  the  o r i g i n ,  r = 0 .  

( i i )  R(R,t) = R S ( t )  i s  a f u n c t i o n  o f  t ime,  w i t h  R (O+)= R,,.which w i l l  
S 

be s p e c i f i e d  by t h e  torque e q u i l i b r i u m  c o n d i t i o n  e x h i b i t e d  below Eq.!24). 
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The v a r i a b l e  R denotes t h e  r a d i a l  c o o r d i n a t e  a t  t h e  s u r f a c e  o f  the  s t a r .  

The s o l u t i o n  o f  t h e  Lap lace- t rans fo rm o f  t h e  d i  f f e r e n t i a l  equat i o n  (18) 

reads 

and t h e  q u a n t i t y  V= p-'n i s  t h e  k i n e m a t i c  v i s c o s i t y .  The torque,  a t  t h e  

s u r f a c e  o f  t h e  sphere, induced by t h e  v e l o c i t y  f i e l d  o f t h e  v i s c o u s f l u i d  

g iven  by Eq. 19 can eas i  l y  be g i v e n  by ( c f .  Landau and ~ i f s c h i  t z l q )  

C 8 D (S)= m ( a n L ( p , s )  l a r )  R s i n  0.2~rR%in'0& = - d n  (an,] a r )  I r ,  . 
L I r=R 3 

(20 

Using Eq.(19), we e x p l i c i t l y  ge t ,  f o r  DL(s ) ,  t h e  express ion  

As a l r e a d y  mentioned i n  t h e  I n t r o d u c t i o n ,  we a r e  i n t e r e s t e d  i n  the  i n -  

fluente o f  the  v iscous fo rces  on t h e  b r a k i n g  index, n ( t ) .  Using the  ba- 

lance condi t i o n  f o r  t h e  torques we e v a l u a t e  R S ( t )  i n  t h e  f o l l o w i n g  way. 

The f u n c t i o n  D L ( ç ) ,  i n  Eq. (21), cannot be t ransformed a n a l y t i c a l l y  i n t o  

the  o r i g i n a l  space o f  the  Laplace- transform.  We, t h e r e f o r e ,  g i v e  t h e  

r e p r e s e n t a t i o n  o f  D ( t )  i n  t h e  two 1 i m i t i n g  cases: 



here 6 means t h e  depth o f  p e n e t r a t i o n  o f  t h e  v e l o c i t y  f i e l d ,  a t  t i m e  t t 
( c f .  Landau and L i f s c h i t z  [lg]). 

For 6 << R, we g e t  f rom Eq.21, t h e  r e s u l t  
t 

8 
~ ( t )  = - n ~ ' ( n - '  no) 'I2 d r ( Q s ( ~ )  I&). (t-r)-lh , 3 6 (23) 

i kewise, represen ts  t h e  s o l  u t  i o n  o f  the  analogous "plane" pro-  which, l 

b1emlg. I n  Table 1, we e x h i b i t  some values o f  t imes when t h e  r e l a t i o n  

(a )  i s  v a l i d .  I f  we assume now t h a t ,  a t  t ime  to, t h e  b r a k i n g  a t  the  

1 o 6  1.6 x 106 1/2 hour  3 x 106 

1  0  1.6 x 10' 2  days 3 x l o 4  

108 1.6 x 102 1/2 year  3 x 102 

1 o 9  1.6 50 years 3 

Table 1. A11 va lues a r e ,  here,  g i ven  f o r  cons tan t  d e n s i t y ,  p = 1 0 ' ~ ~ c m - ~ .  

The t ime parameter,  tc, i s  c a l c u l a t e d  by equa t ing  the r a d i u s  R and t h e  

depth o f  p e n e t r a t i o n  15~:. 2 (qp- ' t )  I/': t = 4 - ' ~ - ' P R .  The two cases, (a) 

and ( b ) ,  i n  the  t e x t ,  r e f e r  t o  t < < t c  and t > > t c ,  r e s p e c t i v e l y .  

s u r f a c e  o f  o u r  f l u i d  sphere i s  caused by t h e  to rque  o f  a  magnetic d i p o -  

l e  f i e l d ,  i . e . ,  

we ge t  the  f o l l o w i n g  i n t e g r o - d i f f e r e n t i a l  equa t ion  f o r  R S ( t ) :  



Here, x means the angle between the ax i s  o f  r o t a t i o n  and the magnetic 

d ipo le  ax is ;  = B , R ~  i s  the magnetic d ipo le  moment, and c the v e l o c i t y  

o f  l i g h t .  Two-fold i t e r a t i v e  i n teg ra t i on  o f  (25), w i t h  the s t a r t i n g  

Anscztz ~ 4 ' )  ( t )  = no + const. ( t ) ' I2 ,  leads t o  an approximate solut ion, for  

small values o f  t: 

n i 2 ) ( t )  = no - (n;lcQn) t 1 / 2 ( l - ~ n 2 ~ 1 t 1 h ) ,  2 0 11 (26) 

Hence, i t  fo l lows f o r  the braking index, n, i n  the l i m i t  t + O ,  the ex- 

pression : 

n ( t )  = c nni2 t-lI2 - I . 
i1 

(27) 

Obviously, the braking index, n, diverges t o  + as t goes t o  nought. 

And p u t t i n g  no " 
' c r i t  

= ( R - ~ G M ) ~ ~  = 0.8 X 1 0 ~  sec-' (Heintzmann e t  a2.l') 

we see tha t  n decreases from + a t o  values o f  about 100 t o  10, w i t h i n  

the al lowed t ime scales (c f .  Table 1) .  

I n  case (b) , the f i n a l  s t a t e  o f  a r o t a t i n g  viscous sphere o f  neutron 

s t a r  matter  has already been s tud ied by Heintzmann e t  a2. 17. We, howe- 

ver, are in teres ted i n  a dynamical process which corresponds t o  t h i s  

f i n a l  s ta te .  

For 6 >>R, the expansion o f  (21), and the f o l l o w i n g  transforrnation i n t o  
t 

the o r i g i n a l  space, leads t o  the r e s u l t :  

I n  the l i m i t  Q + a, we get the torque o f  a r i g i d l y  r o t a t i n g  sphere w i t h  

a momnt o f  i n e r t i a  



Using t h e  t o r q u e e q u i l i b r i u m c o n d i t i o n ,  DVis(RS) = Delm(RS), we now 

o b t a i n  an o r d i n a r y  d i f f e r e n t i a l  equat i o n  o f  t h e  second o r d e r ,  f o r  R S ( t ) ,  

which reads 

whe r e  

a  : = ( 3 5 1 - l ~ ~ n - l ~  , and a: = (3c3) - ' .  2u2sin2X . ri (31) 

Those t imes f o r  which (30) i s  a  v a l  i d  approx imat ion  can be taken f rom 

Table 1. I t  i s  u s e f u l  t o  w r i  t e  (30) i n  terms o f  d imensionless parame- 

t e r s  and v a r i a b l e s .  For t h a t  purpose, we d e f i n e  t h e  f o l l o w i n g  q u a n t i -  

t i e s  

b :  = (a I)-'cx(~~R~)'. (32) 

S  A  
A , a: = a - ' t  2: = t / t A ,  nA: = R  ( t ) ,  y: = R / Q  

ri A '  

The cons tan t  t ime,  tA, d e f i n e s  t h e  onset  o f  t h e  v a l i d i t y  f o r  t h e  l i m i -  

t i n g  case (b 1. Equat ion (30)reads, now 

The c o e f f i c i e n t s ,  a and b ,  a r e  o f  t h e  same o r d e r  o f  magnitude, b u t  b o t h  

a r e  ve ry  l a r g e  compared t o  1  (see Table 2 ) .  For t h a t  reason, we i n t e r -  

-- -- 

Table 2. The c o e f f i c i e n t s ,  a  and b ,  o f  t h e  d i f f e r e n t i a l  equa t ion  (33) 

a r e  g i v e n  f o r  some s p e c i a l  va lues o f  ternperatures, a n d  i n i t i a l  d a t a  

tA and RA. 



p r e t  the con t r i bu t i on  due t o  the second de r i va t i ve ,  i n  Eq. (331, as a  

pe r tu rba t i on  o f  the d i f f e r e n t i a l  equation 

I t s  s o l u t i o n  corresponds t o  the slow down law o f  the r i g i d l y  r o t a t i n g  

magnetic d ipo le  and leads t o  the braking index n = 3. The approximate 

s o l u t i o n  o f  Eq. (33) i s  yó =-a-'by: , and 

whence we der ive  the braking index 

Since we cannot g ive  the complete s o l u t i o n  R ç ( t ) ,  f o r  a1 1 values o f  t, 

we are  not  able t o  g i ve  the exact i n i t i a l  value R*. I f  we assume the 

per iod  o f  the crab pu lsar  t o  have the value R s ( t ) ,  the a d d i t i v e  term i n  

(35) i s  o f  the order o f  t o  I t  on ly  gives a  p o s i t i v e  c o n t r i -  

bu t ion  o f  the order o f  percents t o  the brak ing  index o f  the magnetic 

d ipole.  

4. RESULTS AND DISCUSSION 

As we have seen i n  the f i r s t  Section, the f i r s t  v i s c o s i t y  o f  neutron 

matter  depends on the nuclear forces and on the dens i ty  o f  the matter  . 
l t  i s  p ropor t iona l  t o  T2. Especial l y ,  the temperature inf luences the 

dura t ion  o f  viscous forces i n  the case o f  d i f f e r e n t i a l  r o t a t i o n  o f  the 

neutron matLer. Wi th in  a  more d e t a i l e d  i nves t i ga t i on ,  i n  the second 

Section, we come t o  know t h a t  viscous forces cannot be r e g a r d e d  as 

ac t i ng  dur ing  astronomical t ime scales (r!:: = I00 years). From Table 2, 

we see t h a t  the coupl ing o f  the d i f f e r e n t i a l  r o t a t i o n  t o  the r i g i d  one 

takes time scales o f  years t o  decades. However, i n  the above treatment 

we d i d  not  consider turbulences as a  poss ib le  mechanism t o  destroy the 

v e l o c i t y  f i e l d 1 7 .  In Section 2, we have a l s o  answered the quest ion o f  



how f a r  t h e  presence o f  d i f f e r e n t i a l l y  r o t a t i n g  v iscous rnat ter  i n f l u e n -  

ces t h e  slowdown law o f  a p u l s a r .  The r e s u l t i n g  f a c t  t h a t  the  b r a k i n g  

index, n ( t ) ,  i s  always l a r g e r  than 3 i s  a consequence o f  o u r  model c a l -  

c u l a t i o n :  w h i l e  t h e  s u r f a c e  o f  t h e  s t a r  i s  a l r e a d y  braked by t h e  d i p o l e  

r a d i a t i o n ,  t h e  i n t e r i o r  ma in ta ins  i t s  o r i g i n a l  angu la r  v e l o c i t y  and 

t h e r e f o r e  h u r r i e s  on i n  advance o f  t h e  s u r f a c e  (F ig .  l b ) .  As a conse- 

quence, angu la r  momentum i s  t r a n s p o r t e d  f rom t h e  i n s i d e  t o  t h e  s u r f a c e  

due t o  c o l l i s i o n s  o f  t h e  p a r t i c l e s  w i t h i n  t h e  v i scous  f l u i d .  T h i s  t rans-  

p o r t e d  angu la r  momentum leads t o  a b r a k i n g  index  l a r g e r  than 3. 

The i n t e r a c t i o n  of t h e  rnagnetic f i e l d ,  i n  t h e  i n t e r i o r  o f  t h e  s t a r , w i t h  

t h e  neutrons,  rnay be neg lec ted  because o f  t h e  l a r g e  Fermi energy o f  t h e  

neutrons i n  comparison t o  (yB) ( c f .  p f a r r Z 0 ) .  A more d e t a i  l e d  d iscus-  

s i o n  would have t o  i n c l u d e  t h e  e x i s t e n c e  o f  e l e c t r o n s ,  p r o t o n s  and ne- 

g a t i v e  muons, as c o n s t i t u e n t s  o f  a n e u t r o n  s t a r ,  t o g e t h e r  w i t h  t h e i r  in- 

t e r a c t i o n s  w i t h  t h e  magnetic f i e l d .  

H.H. i s  g r a t e f u l  t o  Conselho Nacional de Pesquisas f o r  f i n a n c i a 1  suppor t  

and s p e c i a l l y  t o  Mar io  N o v e l l o  f o r  h i s  k i n d  h o s p i t a l i t y .  
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