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The r e l a t i v e  importance o f  magnetospheric cu r ren ts  and low f r e -  

quency waves f o r  pulsar b rak ing  i s  assessed and a m d e l  i s  developed 

which t r i e s  t o  account f o r  the  a v a i l a b l e  pulsar t im inç  data under the 

u n i f y i n g  aspect t h a t  i 3 1 1  pu lsars  have equal masses and magnetic moments 

and a re  born as rap id  I -otators.  Four epochs o f  s low-  down a re  d i s t i n -  

guished which a r e  dominated by d i f f e r e n t  braking niechanisms. Accord ingto  

the model no d i r e c t  r e l a t i o n s h i p  e x i s t s  between "slow down age" and t r u e  

age o f  a pu lsar  and leads t o  a pu lsar  b i r t h - r a t e  o f  one eventper hundred 

years. 

A importância r e l a t i v a  de correntes macjnetosféricas e ondas de 

baixa freqüência para o freiamento de pulsares é examinada. Sob a idé ia  

un i f i cado ra  de que todos os pulsares tem massas e momentos m a g n é t i c o s  

igua is  e nascem como ro tores  râpidos, desenvolve-se um modelo para ten- 

t a r  dar conta dos dados d ispon ive i  s do "t iming" do pu lsar .  Quatro épocas 

de desacel eração são d i  sti'ngu idas, dominados por necani smos de f reiameri- 

t o  d i f e ren tes .  De acordo com o modelo nenhuma relação d i r e t a  e x i s t e  en- 

t r e  a "slow down age" e a i dé ia  verdadeira de um pu lsar .  I s t o  leva a uma 

taxa de nascimento de pulsares de um evento para cada sSculo. 

Based on theo re t i ca l  arguments about t he  progen i to rs  o f  pulsars 

there  e x i s t s  the p o s s i b i l i t y  t h a t  a l l  neutron s ta rs  have e s s e n t i a l l y  the 
i 

same  mas^"^ M and the same magnetic ~ n o m e n t ~ ' ~  M. The best  O i rec t  deter-  
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m i n a t i o n ~ ~ ' ~  suppor t  t h i s  v iew and g i v e  M = 1 0 ~ ~ " ~  ( t h e  Chandrasek- 

har  mass) and 3 = 1 0 3 0 ' 5  Gauss cm3 and t h e o r e t i c a l  l y  i n f e r r e d  va lues  

f o r  a c c r e t i n g  b i n a r y  systems7"  show a  s u r p r i s i n g l  y  smal l s c a t t e r .  Can 

t h i s  apparent  u n i f o r m i t y  f o r  t h e  b i n a r y  p u l s a r s  be r e c o n c i l e d  w i t h  t h e  

t i m i n g  da ta  f o r  ( s i n g l e )  r a d i o  pu lsa rs ,  o f  which many may a l s o  have been 

b i n a r i e s  f o r  some t ime? A f t e r  t h e  i d e n t i f i c a t i o n  o f  r a d i o  p u l s a r s  w i t h  

r o t a t  ing,  magnet i zed  neu t ron  s t a r s 8  and t h e  p roo f  t h a t  they  m s t  be sur -  

rounded by a  magnetosphereg'10 independent o f  t h e  work f u n c t i o n  o f  t h e  

neu t ron  s t a r s  ~ u r f a c e l l " ~  progress i n  unders?ar:ding t h e  long- sca le  as- 

pec ts  o f  t h e  magnetosphere, which determines t h e  b r a k i n g  o f  t h e  neu t ron  

s t a r ' s  r o t a t i o n ,  has been s low13.  The t h e o r e t i c a l  a n a l y s i s  o f  p u l s a r  b ra -  

k i n g  i s  hampered by two f a c t s :  no s e l f - c o n s i s t e n t  s o l u t i o n  f o r  a  p u l s a r  

magnetosphere has been found and t h e  p u l s a r  c im ing  data seem t o  revea l  

more about t h e  neu t ron  s t a r ' s  i n t e r i o r  than  about  i t s  magnetosphere. The 

p r o f u s e  w e a l t h  o f  r a d i o  observa t ions  can a t  bes t  be used as a  diagnos- 

t i c 1 3  f o r  t h e  slow-down process. There i s  never the less  no l a c k  o f  theo- 

r e t i c a l  rnodels t r y i n g  t o  e x p l a i n  t h e  o b s e r v a t i o n a l  da ta  and i n  mos t theo-  

r i e s  i t  i s  assurned t h a t  t h e  neu t ron  s t a r  i s  slowed-down by t h e  combined 

a c t i o n  o f  a  p lasma- current- torque and a  vacuum-wave-torque. T h i s  leads 

t o  t h e  wel l-known r e s u l t  t h a t  t h e r e  i s  a  d e f i c i e n c y  i n  "o ld"  p u l s a r s  (as 

measured by t h e i  r "Slow-down age" P/+). and t h e  i n f e r r e d  magnet i c  mo- 

rnents v a r y  bv two o r d e r s  o f  magnitude. Worse s t i l l  i s  t h e  d e r i v e d  p u l s a r  

b i r t h  r a t e 2  o f  one event  per ten  years i f  t h e  h a l f - l i f e  o f  a  p u l s a r  i s  

106 years as f o l l o w s  f rom t h e  s tandard slow-down theory .  These f a c t s  

a r e  the  main excuse t o  p resen t  a  new model f o r  p u l s a r  slow-down and i t  

seems a p p r o p r i a t e  t o  l i s t  t h e  assumptions on wh ich  t h e  model i s  based : 

1. "young" p u l  sa rs  produce so much plasma by means o f  "spark ing"  "' 

t h a t  within t h e  plasma no low- frequency wave can p ropaga te15 '16 .  2. as 

p u l s a r s  "grow o l d e r l '  spark ing  becomes l e s s  e f f e c t i v e  so t h a t  e v e n t u a l l y  

low- frequency waves can be e m i t t e d  w i t h i n t h e p l a s m a .  3. o u t  t o  t h e  v e l o -  

c i t y - o f - l  i g h t - c y l  i nder  ( i  .e. t h a t  p a r t  o f  the  magnetosphere which, were 

i t  t o  c o r o t a t e  r i g i d l y ,  would r o t a t e  a t  t h e  speed o f  I i g h t )  t h e  Gol- 

d r e i c h- J u l  i a n 9  model as extended t o  t h e  o b l  ique r o t a t o r  by ~ e s t e l "  

desc r ibes  t h e  long- term aspects  o f  t h e  magnetosphere. M inor  m o d i f i c a -  

t i o n s  such as a  c u r r e n t - r e g u ! a t  

d i a t i o n  f r i c t i o n  w i l l  be worked 

p e r p e n d i c u l a r i t y  between magnet 

i12 

i n g  n e t  charge and d ischarges  due t o  r a -  

l a t e r  i n t o  t h e  model. 4 .  Considerable 

i c  moment and t h e  s p i n  o f  t h e  neu t ron  s t a r  



occurs dur ing  the f i r s t  epoch, where the torque i s  dominated by cur rents  

i n  the  plasma. The present model accounts f o r  t h i s  p e r p e n d i c u l a r i t y  i f  

the s ta r  can be t rea ted as a sphere so tha t  f r e e  nu ta t i on  i s  not  possi-  
b l  e1 7 7 1 8  . However any o ther  ( i n t e r n a l )  mechanism which leads t o  consi-  

derable perpend icu lar i  t y  w i  1 1  lead t o  the same consequences ( c f .  r e f .  18 

and the fu i -ther references quoted the re in ) .  The Goldreich- J u l  i a n  model 

o f  the  pulsar magnetosphere p red i c t s  an excess charge-density i n  the  mg- 

netosphere 

and an average cu r ren t  

a long the open f i e l d  l i n e s  which leave away from the surface area AF cen- 

te red on the  rnagnetic poles ("polar caps") . Here 8, i s  the  sp in  angular 
+ 

v e l o c i t y ,  B the  magnetic f i e l d ,  c the v e l o c i t y  o f  l i g h t  and a u n i t  

vector  i n  the  d i r e c t i o n  o f  È. For the s t a r  no t  t o  charge up i n d e f i n i t e l y  

there  must be a back-current which f lows along magnetic f i e l d  l i n e s  f u r -  

ther  away form the cent re  of the  po lar  cap. I t  w i l l  be regulated by a 

net  charge as discussed below. To c lose  the cu r ren t  charges must f l ow  

w i t h i n  the neutron s t a r  across the magnetic f i e l d  l i n e s  and i t  i s  t h i s  

cur rent  which breaks the neutron s t a r l s  r o t a t i o n .  I n t h e  Goldreich- Jul ian 

model i t  i s  assurned t h a t  energy and angular momentum are  d iss ipa ted be- 

yond the v e l o c i t y - o f - l i g h t - c y l i n d e r .  Wi th in  the velocity-of-light-cylin- 

der the charges move along the magnetic f i e l d  l i n e s  l i k e  beads on a w i re  

and by t h e i r  cur rent  provide thus a "magnetic spr ing" between the neu- 

t r on  s t a r ' s  surface and the matter  beyond the v e l o c i t y - o f - l i g h t -  c y l i n -  
-+ 

der. I t s  torque T i s  g iven by 

+ 
where r i!; the radius vector  counted from the cent re  o f  the s t a r  

and the i n teg ra l  i s  over a sphere o f  rad ius  r .  The cur rent  o f  eq. ( 2 )  
-+ + 

leads t o  a oounteral ignment t0 rque l8  between i2 and M, i n  con t rad i s t  inc-  

t i o n  t o  the torque exerted by low-frequency waves propagating i n  vacuo, 

which ( i f  not  impeded by nuta t  ionl 7, leads t o  a l iqnment The coun- 



t e r a l i g n m e n t t o r q u e  i s  e a s i l y  understood i f  one notes t h a t  a c u r r e n t  f l o -  

wing th rough  a magnetized sphere w i l l  s e t  t h e  sphere i n t o  r o t a t i o n  about  

magnetic d i p o l e  a x i s  f t  and t h e  c u r r e n t  o f  eq. (2) i s  so d i r e c t e d  (Lenzt  

r u l e )  t h a t  i s  reduces t h e  r o t a t i o n  about t h e  o r i g i n a l  a x i s .  Both i n  t h e  

plasma and i n  the vacuum case the s t a r  a c t s  so as t o  m in im ise  t h e  ap- 

p l  i e d  to rque  and s t o r e s  some r o t a t i o n a l  energy i n t o  r o t a t i o n  about  a new 

r o t a t i o n  a x i s .  l n  t h e  d i p o l e  approx imat ion  t h e  p o l a r  cap s u r f a c e  a r e  AF 

i r  g iven  bygl" A F  = 2nil2(%) w h e r e i l  = 10 cm i s  t h e  r a d i u s  o f  t h o  

s t a r  and i n  a c o o r d i n a t e  systern cen te red  on  t h e  magnet ic  d i p o l e - a x i s  we 

f i n d  f o r  t h e  t o r o i d a l  component o f  t h e  magnetic f i e l d  

which leads by means o f  eq. ( 3 )  t o  

-+ -+ 
where M = R ~ B  i s  t h e  magnetic d i p o l e  moment and a - 1 .  From t h e  c o r o t a -  

t l n g  p a r t  o f  t h e  magnetosphere we o b t a i n  an induced magnetic f i e l d  pa- 

r a l l e l  t o  t h e  r o t a t i o r :  a x i s  which leads t o  an e x t r a  to rque  (by means o f  
-+ 

t h e  magnetic d i p o l e  moment 18) on t h e  s t a r  

where y = 1 .  Eqs. (5) and (6) may be compared t o  t h e  vacuum wave to rque  

(Refs.17,19,20) 

w i t h  B = 2/3. I t  has been cornmon t o  assume t h a t  b o t h  plasma and low- f re -  

quency waves wi  I 1  (soniehow) c o n t r  i b u t e  (more o r  l e s s  equal l y) t o  t h e  low 

-down torque,  which leads t o  t h e  well-known l a r g e  s c a t t e r  i n  i n f e r r e d  

magnetic d i p o l e  moments. T h i s  assumption w i l l  be shown now t o  be . q u i t e  

wrong. I f  low- frequency waves cannot  propagate w i t h i n  t h e  plasma they 

cannot  e x i s t  o u t s i d e  e i t h e r .  Apar t  f rom a t r a n s i t i o n  p e r i o d  where t h e  

plasma rnay j u s t  a l l o w  f o r  low f requency wave p ropaga t ion  ( t h e  d u r a t i o n  

o f  which i s  d i f f i c u l t  t o  e s t i m a t e  as i t  depends on t h e  s p a r k i n g  mecha  - 



nism) a pulsar i s  slowed-down exc lus i ve l y  by e i t h e r  the plasma- cu r ren t -  

-torque eq. ( 5 )  o r  the vacuum-torque eq. ( 7 ) .  

The most favourable cond i t  ions f o r  low-frequency wave -emi ssion 

ob ta in  f o r  the orthogonal r o t a t o r  and we assume tha t  the plasma which 

f lows out  o f  the v e l o c i t y  o f  l i g h t  cy l i nde r  f i l l s  the space about the e- 

qua to r i a l  plane, consequently the waves a r e  emit ted i n t o  a plasma dead- 

zone centered on the r o t a t i o n s  ax i s .  Le t  us assume tha t  the two zonesare 

separated by a cone o f  tia1 f-angle $ (counted' from the r o t a t i o n  ax i s )  and 

as a f i r s t  approximation16 t h a t  the  plasma i s  i n f  i n i t e l y  we l l  conduc- 

t i n g .  This problem can be solved exact ly .  The s o l u t i o n  o f  the vec tor -  

-Helmhol tz-equat ion  may be taken f rorn Morse and ~ e s h b a c h ~ ~ .  One f inds 

tha t  the TEM-mode dominates and the dominant r a d i a t i o n  mode i s  g iven by 

the lowest n f o r  which 

F i n  eq.(9) i s  the hypergeometric f u n r t i o n  which f o r  noninteger n i s  re-  

gu lar  i n  the upper hemisphere where eqs (8) and (9) hold.  I f  we l e t  the 

conduct ing  cone shr i nk  t o  the equator ia1 plane one obta i ns  the,wel l -known 

Deutsch s ~ l u t i o n ~ ~  w i t h  n = l .  For a t h i n  plasma sheet ($=n/2-E) one f i n d s  

approximatel y 

which shows t h a t  n i s  la rger  than one. The rad ia ted energy r a t e  i s  

For a f i n i t e  thickness o f  the plasma sheet the emission o f  low-frequency 

waves i s  so s t rong l  y reduced (n=2 f o r  $=~r/4) t ha t  the wave pressure can- 

not  balance the plasma pressure a t  the boundary and the plasma f i l l s  the  

whole space. As an as ide  we note however t ha t  i f  the plasma i s  asymme- 

t r i c a l l y  d i s t r i b u t e d  i n  the two hemisphere, such t h a t  one cone has $m/2  

(plasma swept back ward e.g. by the p u l s a r ' s  proper i n ~ t i o n ? ~ ~ )  r a d i a t i o n  



emission i s  enhanced and such a s t a t e  may be c a l l e d  superradiant .Ayoung 

pulsar w i l l  there fore  be slowed-down exc lus i ve l y  by the plasma cur rent ,  

an o l d  one by the wave-torque and i n  the  t r a n s i t i o n  epoch we rnay have 

where 5 i s  the angular momentum and I the moment o f  i n e r t i a  o f  the  neu- 

t r on  s ta r ,  I = ]Ob5 gcm2. Together w i t h  the "equation o f  motion" f o r  the 

d ipo le  moment f i ,  which i s  f rozen i n t o  the s ta r  

one obtains e a s i l y  the evo lu t i on  o f  the slow-dom. With the he lp  o f  the 

f i r s t  in tegra l  

( ~ ~ s i n ~ ~ ) ~  = 

( ~ ~ ~ 0 5 ~ ~ )  
const 

-+ 
where x i s  the angle between 8 and M we ob ta in  f o r  young pulsars,  f o r  

which @=O, 

which reads f o r  small times 

where T = 2a.Q; s i nZX  - M2 T = T / T  i s  a dimensionless p a r a m e t e r  which i Ic3 e 
measures the observer 's  t ime t i n  u n i t s  o f  the e - f o l d i n g  t ime T o f  the e 
model. The index i re fe rs  t o  i n i t i a l  values. Before we tu rn  t o  a d i s -  

cussion o f  eq. (16), which (apart  from the demonstration tha t  plasma and 

vacuum waves cannot coex is t )  i s  our main resu l  t, l e t  us discuss b r i e f l y  

one f u r t h e r  impor tan t parameter f o r  pul sar t iming observat ions. The so 

ca l  led braking index N = k / R 2  i s  g iven i n  our model by 

and i s  never smaller than three due t o  torque mhi 'misa t ion .  Observatio- 



n a l l y  N i s  kriown o n l y  r e l i a b l y  f o r  t h e  Crab p u l ~ a r ~ ~ ' ~ ~  where N : 2,5. 

R e w r i t i n g  t h e  energy balance equa t ion  i n  t h e  form 

where F = 4 ~ 1 7 ~  i s  t h e  s u r f a c e  area o f  t h e  neu t ron  s t a r ,  we see t h a t  a  

b r a k i n g  index sma l le r  than t h r e e  may be exp la ined  i f  t h e  p u l s a r ' s  c r u s t  

i s  ~ h r i n k i n ~ ~ ~ ' ~ ~ ' ~ ~  a t  a  r a t h e r  l a r g e  r a t e ,  o r  by  a  SI i g h t l y  l a r g e r  po- 
A  F  

a r  c  = ( ~ ) z 3 .  I n  f a c t  i n  some t h e o r i e i Z g  t h e  p u l s e  w i d t h  AP and 

t h e  p e r i o d  P a r e  r e l a t e d  as (w/P)' = AF/ F and t h e  o b s e r v a t i o n s  o f  t h e  

Crab p u l s a r ,  w h e r e A P / P -  1 / 5 u s  r a t h e r  la rge2 ' ,  would f i t  b e t t e r  w i t h  

AF/F (QR/c)~/~ l e a d i n g  t o  a  b r a k i n g  index N = 3  - 2/3 + 2  tgZx. 

L e t  us  show now t h a t  t h e  model i s  f l e x i b l e  enough t o  account 

f o r  t h e  a v a i l a b l e  t i m i n g  d a t a  under t h e  severe r e s t r i c t i o n  t h a t  a l l  p u l -  
4 5 

sa rs  have t h e  same moment o f  i n e r t  i a  I=10  gcrn2 and t h e  same magnet i c  

moment M = 1 0 ~ ~ ' ~  Gauss cm ? To o b t a i n  t from t h e  o b s e r v a t i o n s  we iden- e 
t i f y  those  p u l s a r s  w i t h  anomalously low p e r i o d  d e r i v a t i v e  w i t h  t h e  s t a r s  

i n  our  model which pass through t h e  end o f  t h e  f i r s t  epoch. We have f rom 

t h e  observa t ions  R  = 2~rsec- '  which g i v e s  R . .s inx .  = 2 ~ s e c - '  so t h a t  
Z Z 

O b s e r v a t i o n a l l y  t h e  two most extreme cases a r e  t h e  Crab p u l s a r  

and t h e  b i n a r y  p u l s a r .  Eq. (20) would lead  f o r  them t o  s i n  x - 1 0 - l ' ~  
- 1 , 5  

i - 
and cos xi = 10 r e s p e c t i v e l y  i f  we assume t h a t  b o t h  a r e  young ob- 

j e c t s .  To e x p l a i n  t h e  b i n a r y  p u l s a r  i n  t h i s  way one needs a  n e a r l y  o r -  

thogonal r o t a t o r  and one may worry  i f  eq. (12) i s  s t i l l  v a l  i d  f o r  t h i s  

case. I t  r e q u i r e s  6<l0- '  and cos2 X <  I O - ~ .  F o r  t h e  b i n a r y  p u l s a r  

( w / c ) ~ < I o " ~ ,  which accord ing  t o  t h e  p rev ious  anal  y s i s  guarantees t h a  t 

@<IO-' and i n s p e c t i o n  o f  t h e  c u r r e n t  as g i v e n  by eq. (2) shows t h a t  i t  can 

be c l o s e d  a long  t h e  magnetic f i e l d  l i n e s  through t h e  s t a r  so t h a t i t d o e s  

n o t  lead t o  a  to rque .  The b r a k i n g  i s  then no longer  e f f e t e d  by t h e  c u r-  

r e n t  of eq. (2) b u t  comes about through ~ e c o n d a r y  energy losses such as 

spark ing.  Tak ing Ruderman's est imate ' '  o f  t h a t  energy f o r  t h e  ( f a s t e r )  
- 1 

Crab p u l s a r  o f  1 0 ~ ~ - 1 0 ~ \ r ~ s  sec we see t h a t  t h i s  would j u s t  l ead  t o  

t h e  observed b r a k i n g  o f  the  b i n a r y  p u l s a r .  The f i r s t  epoch, which l a s t s  

some 106 years aceounts f o r  r o u g h l y  one h a l f  o f  t h e  p u l s a r s  under t h e  



assumption tha t  a l l  a r e  born as f a s t  r o t a t o r s .  The o ther  h a l f  can be ex- 

p la ined í n  the periult imate epoch o f  pu lsar  slow-down, where vacuum waves 

can be emit ted i n  the presence oP plasma so tha t  the per lod  d e r i v a t i v e  

goes back t o  i t s  "norrnal" value. 

Note tha t  i n  the present model the "slow-down age" i s  not  re-  

ia ted  t o  the t r u e  age, o n l y  the per iod  i t s e l f  i s  a  crude measure o f  i t .  

The mean a c t i v e  l i f e  as determined by Ohmic d iss ipa t ioncanexceed e a s i l y  

10' years18,  which br ings  down the  pu lsar  b i r t h  r a t e  by a  f a c t o r  o f  ten, 

i n  comfortable agreement w i t h  the more conservat ive estimates o f  super- 

nova r a t r s  and the lack  o f  discovered neutron s ta rs  a t  t h e i r  ~ e n t e r - 5 ~ ~ .  

Before we discuss the f i n a l  epoch l e t  us discuss some sub t l e  

po in ts  o f  the present model. We have so f a r  on l y  assumed tha t  the cur-  

ren t  o f  eq. (2) f lows on the average wi thout  demonstrating how i t  comes 

about. C f  course a r igarous dernonstration requ i res  a  se l f - cons i s ten t  so- 

l u t i o n  o f  the msgnetosphere problem, so o n l y  the fo l l ow ing  q u a l i t a t i v e  

argument can be given. According t o  the Gol dreich- Jul  ian  rnodel pa r t  i c l e s  

cannot stay w t t h i n  the v e l o c i t y  o f  l i g h t  cy l i nde r  f o r  the same reason 

tha t  they cannot stay w i t h i n  the  s t a r :  l a rge  e l e c t r i c  f i e l d s  would p u l l  

them out .  The e f f e c t  i s  such t h a t  the charge w i t h  the  co r rec t  s i g n  as 

given by eq. ( 1 )  w i l l  be pu l l ed  out, charges w i t h  the opposi te s ign  howe- 

ver are  pul led in on the saine f i e l d  1 ine. This shows tha t  a  pu lsar  must 

have a  net  charge30 Q t o  regu la te  the plasma ou t- f l ow  such tha t  the s t a r  

does not  charge up i n d e f i n i t e l y .  Some o f  the  charge w i l l  be d i s t r i b u t e d  

over the po la r  cap AFand most o f  i t  over the boundary o f  the co ro ta t i ng  

magnetosphere and a5 i t  must be ab le  t o  in f luence the dynamics o f  the 

plasma a t  the v s l o c i t y - o f - l i g h t  cy l i nde r  i t  must be o f  the order  o f  

Such a charge re introduces what the Goldreich- J u l  i a n  model  

t r i e d  t o  avoid: la rge e l e c t r i c  f i e l d s ,  so tha t  we have e s s e n t i a l l y  s h i f -  

ted the whole problem from the surface o f  the neutron s t a r  t o  i t s  velo-  

c i t y - o f - l i g h t - c y l i n d e r ,  s i i f f i c i e n t l y  f a r  away however t h a t  the  s t a r  does 

not get heated too  r n ~ c h " ~ ?  Note tha t  the  net  charge as given by eq. 

(21) w i l l  not  g i ve  r i s e  t o  a  back-current f.rom the i n t e r s t e i l a r  m a t t e r t o  

the pu lsar  dur i r ig i t s  "ac t ive  l i f e "  as the pu lsar  i s  we l l  shie lded by 



the el.mag.f ields o f  the magnetosphere o r  the vacuum waves w h i c h  both  

f a l l  o f f  1 i ke  r-' whereas the monopole f i e l d  f a l l s  o f f  1 i ke  F2 so t h a t  

the fo rce  balance i s  i n  f a c t  a t  the v e l o c i t y  o f  l i g h t  cy l i nde r .  I n  the 

penul t imate slow-down era, which i s  dominated by low-frequency waves th is 

charge and the co ro ta t  ing  (quadrupole) charge o f  the magnetosphere wi l l 
a lso  r a d i a t e  and t h i s  leads t o  a f r i c t i o n  fo rce  on the magnetic f i e l d  l i- 

nes w i t h  non-vanishing c u r l .  To compensate f o r  t h i s ,  the p a r t i c l e s  must 

d r i f t  across magnetic f i e l d  l i n e s  g i v i n g  r i s e  t o  a net  c u r r e n t o u t o f  the 

c o r o t a t i o n  zone. For the quadrupole r a d i a t i o n  from the c o r o t a t i n g  magne- 

tosphere we get  f o r  t he  t ime-scale o f  the  ensuing discharges some 106 

pu lsar  per iods and a much shor ter  t ime scale f o r  the  d i p o l e  r a d i a t i o n  

due t o  the  charge given by eq. (21). These discharges may be r e l a t e d  t o  

the nu1 l ing  phenomenon and may g i ve  r i s e  t o  slow-down n ~ i s e ~ ' ' ~ ~  bu t  no t  

t o  any d i r e c t l  y  observable speed-ups as the  i n e r t i a  involved i s  t o  small . 
The present model does not  exp la in  why pu lsars  t u r n  o f f  unless sparking 

ceases t o  be regu lar  enough t o  a l l o w  an observer t o  detec t  the ob jec t  as 

a pulsar,  but  i t  appears t ha t  even acc re t i on  may inf luence the f i n a l  

era3' espec ia l l y  if the pu lsar  has become an a l i gned  r o t a t o r  by then. An 

a t t r a c t i v e  explanat ion i s  obtained i f  one combines the pu lsar  e x t i n c t i o n  

hypo thes i s32s33  w i t h  the decay o f  the magnetic d ipo le  moment18 which re -  

gu la tes  the physics a t  the v e l o c i t y - o f - l  i gh t - cy l  inder.  The observed cu t -  

- o f f  per iod  P - 4 sec would then not  be mainly a consequence o f  plasma 

i n e r t i a  bu t  ra the r  r e f l e c t  the t ime-scale f o r  Ohmic d i s s i p a t i o n  i n  the 

pu l sa r ' s  c r u s t  which may vary considerably from pu lsar  t o  pu lsar  depen- 

d ing  on i t s  thermal h i s t o r y  a t  b i r t h .  According t o  the p resen tmde l  such 

neutron s ta rs  w i l l  slow-down i n  the f i n a l  era by quadrupole radiat ion (or  

plasma cur rents )  on a t ime scaie exceeding the age o f  the universe and 

o n l y  if they t raverse dense i n t e r s t e l l a r  matter  rnay they be slowed-down 

more e f f e c t i v e l y  by accre t ion31.  The y- ray t r a n ~ i e n t ~ ~  w i t h  a per iod  o f  

8 sec could i n  f ac t  be such an o l d  pulsar,  whereas the y- ray source C G  
35 

195,5 + 4,5, i f  i t s  p e r i o d i c i t y  o f  59.35 sec should be confirmed ,should 

ra the r  no t  be i d e n t i f i e d  w i t h  an o l d  pulsar according t o  the present mo- 

de l ,  which p red i c t s  u l t i m a t e  per iods around 10 seconds f o r  dea pulsars,  

instead o f  60 seconds as deduced by ~ i c h e 1 ~ ~  under the  assumption t h a t  

the d ipo le  f i e l d  does not  decay. 
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