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CHAPTERR I V 

PULSARR STATISTIC S 

G.M..  Stollma n 

Astronomica ll  Institut e "Anto n Pannekoek" ,  Universit y o f  Amsterda m 

Astron ..  Astrophys. ,  i n pres s 

Suaaar y y 

I tt  i s  show n tha t  fo r  radi o pulsar s th e observe d probabilit y  distribution s 

off  periods ,  magneti c fiel d strengths ,  characteristi c age s an d heigth s abov e th e 

galacti cc  plan e ca n b e wel l  understoo d if : 

(1 ))  pulsar s ar e bor n clos e t o th e galacti c plane ,  withi n a  ban d o f  scal e heigt h 

1755 pc ,  an d wit h a  maxwellia n velocit y distribution ,  havin g a  standar d deviatio n 

off  10 7 km/s , 

(2 ))  thei r  initia l  magneti c fiel d strengths ,  B 0» hav e a  gaussia n distributio n i n 
12 2 

I nn BQ ,  wit h standar d deviatio n 0.6 9 an d centere d aroun d B Q =  3. 2 1 0 G, 

(3 ))  thei r  initia l  period s ar e short ,  typicall y betwee n 1  an d 5 0 msec , 

(4 ))  thei r  magneti c fiel d strength s deca y o n a  timescal e o f  5. 3 1 0 yr ,  an d 

(5 ))  thei r  radi o luminositie s ar e proportiona l  t o B/ P fo r  B/P 2 <  1 0 3  Gs an d 

constan tt  abov e thi s value . 

Importan tt  difference s wit h previou s studie s o f  pulsa r  statistic s ar e tha t 

th ee adopte d luminosit y la w i s consisten t  wit h th e observation s an d tha t  pulsar s 

ar ee no t  bor n wit h lon g period s (i.e .  n o "lat e injection") . 

I tt  is ,  furthermore ,  show n tha t  ther e may b e evidenc e fo r  th e existenc e o f  a 

smal ll  populatio n o f  recycle d pulsars .  These ,  probably ,  compris e 1 0 t o 15 % o f  th e 

tota ll  pulsa r  population . 

Keyy  words :  pulsar s 

1..  Introductio n 

Recentl yy  i t  ha s becom e clea r  tha t  ou r  understandin g o f  th e origi n an d 

evolutio nn o f  radi o pulsar s i s greatl y affecte d b y th e precis e wa y i n whic h thei r 

radi oo luminosity ,  L ,  depend s o n th e mor e basi c propertie s o f  th e underlyin g 

neutro nn star ,  suc h a s it s rotatio n perio d P ,  it s perio d derivativ e P ,  an d it s 

magneti cc  fiel d strengt h B .  I n earlie r  studie s (e.g .  Gun n an d Ostriker,1970 ; 
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Lyne ,,  Mancheste r  an d Taylor,1985 )  th e assumptio n wa s mad e tha t  th e luminosit y i s 

proportiona ll  t o th e squar e o f  th e magneti c fiel d strength .  Usin g thi s law ,  Lyne , 

Mancheste rr  an d Taylo r  (1985 )  showe d tha t  th e observe d distribution s o f  P ,  P ,  T 

( == P/2P ,  th e so-calle d characteristi c ag e o f  th e pulsar )  an d Iz j  (th e heigh t 

abov ee th e galacti c plane )  coul d b e wel l  understoo d i f  i t  i s  assume d tha t  pulsar s 

ar ee born : 

(1 ))  clos e t o th e galacti c plan e wit h a  Maxwellia n velocit y distribution ,  havin g 

aa standar d deviatio n o f  10 7 km/s , 

(2 ))  wit h a  gaussia n distributio n i n I n B  wit h a  standar d deviatio n o f  a ~  0.69 , 

andd centere d aroun d B  =  0.7 5 10 1 2 G, 

(3 ))  wit h shor t  periods , 

andd furthe r  by : 

(4 ))  assumin g tha t  thei r  magneti c fiel d strength s deca y o n a  timescal e o f  9. 1 

millio nn years . 

However ,,  i t  wa s show n b y Vivekanan d an d Naraya n (1981 )  an d Proszynsk i  an d 

Przybycie nn (1985 )  tha t  th e above-mentione d luminosit y la w i s no t  consisten t  wit h 

th ee observe d luminositie s o f  pulsars .  Thes e author s foun d tha t  a  la w o f  th e for m 
-1 »» 1/ 3 

LL «  P  P  i s i n bette r  agreemen t  wit h th e observations .  Base d upo n thi s la w 

Chevalie rr  an d Emmerin g (1986 )  made a  ne w stud y o f  th e galacti c pulsa r 

population ..  The y foun d tha t  thi s luminosit y la w lead s t o th e conclusio n tha t 

pulsar ss  ar e bor n wit h magneti c fiel d strength s equall y distribute d betwee n 9. 4 

10 L1( 44 lO^r/Tjj) ^  G  an d 6. 3 10 12(4  10 6yr/T D/ 2 G» «her e T D i s  th e deca y tim e o f 

th ee fiel d i n year s and ,  furthermore ,  tha t  bot h x D =  4  1 0 y r  an d 9  1 0 y r  giv e a 

goodd fi t  t o th e observe d distribution s i n T  an d P .  However ,  thei r  mai n 

conclusio nn wa s tha t  i f  on e adopt s thi s luminosit y law ,  pulsar s ar e bor n wit h 

muchh longe r  period s (i.e. ,  betwee n 0.0 9 an d 0.2 5 sec )  tha n wa s assume d b y Lyne , 

Mancheste rr  an d Taylo r  (1985) .  Thi s so-calle d lat e injectio n o f  pulsar s i n th e 

observabl ee populatio n seem s t o b e a  natura l  consequenc e o f  th e assume d 

luminosit yy  la w an d wa s als o propose d b y Vivekanan d an d Naraya n (1981) . 

I nn orde r  t o examin e whic h o f  th e tw o luminosit y law s mentione d sofa r  (i.e . 

LL a  B  oc PP ,  versu s L. « p  p  )  give s th e bes t  fi t  t o th e statistica l 

characteristic ss  o f  pulsars ,  I  hav e mad e a  compariso n o f  th e B  vs .  P  diagram s 

predicte dd b y bot h law s (Stollman ,  1986a) ,  an d I  hav e show n tha t  th e la w L i  lead s 

t oo a  B  vs .  P  diagra m tha t  mor e closel y seem s t o resembl e th e observe d diagra m 

tha nn doe s L2 .  Th e latte r  la w predict s to o many pulsar s tha t  hav e bot h a  shor t 

perio dd an d a  lo w fiel d strength .  I  assume d i n my stud y tha t  pulsar s ar e bor n 

wit hh th e sam e shor t  period s a s adopte d b y Lyn e e t  al .  (1985) .  When thi s las t 

constrain tt  wa s droppe d an d pulsar s wer e assume d t o b e bor n wit h period s betwee n 

0.0 99 an d 0.2 5 seconds ,  a s suggeste d b y Chevalie r  an d Emmerin g (1986) ,  th e 
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theoreticall yy  predicte d B  vs .  P  diagra m improve d somewha t  bu t  stil l  showe d a n 

exces ss  o f  pulsar s wit h weak ,  fields .  A  wa y t o solv e thi s proble m wa s suggeste d i n 

aa recen t  pape r  (Stollman ,  1986b) ,  wher e i t  wa s show n tha t  th e luminosit y o f 

pulsar ss  may b e proportiona l  t o th e potentia l  dro p acros s th e pola r  ga p i n th e 

pulsa rr  mode l  o f  Ruderma n an d Sutherlan d (1975) .  Th e potentia l  dro p i n thi s mode l 

i ss  proportiona l  t o B/ P belo w a  certai n valu e o f  thi s quantity ,  an d mor e o r  les s 
o o 

constan tt  abov e tha t  value .  Plottin g th e observe d radi o luminositie s versu s B/ P 
77 1 3 -" 2 2 

i tt  wa s foun d tha t  belo w B/ P -  1 0 Gs th e luminosit y i s proportiona l  t o B/ P 

andd abov e 1 0 Gs th e luminosit y i s approximatel y constant .  Usin g thi s ne w 

luminosit yy  la w t o generat e th e B  vs .  P  diagra m i t  wa s foun d (Stollman ,  1986b ) 

tha tt  thi s la w ca n explai n th e observe d distributio n o f  pulsar s i n thi s diagra m 

quit ee well ,  withou t  th e constrain t  tha t  pulsar s shoul d b e bor n wit h lon g 

periods ..  I t  wa s als o foun d tha t  thi s luminosit y la w doe s no t  generat e to o many 

pulsar ss  wit h weak ,  fields . 

I nn thi s pape r  a  mor e detaile d statistica l  stud y i s made o f  th e pulsa r 

population ,,  usin g th e luminosit y la w foun d b y Stollma n (1986b) .  I n sectio n 2  th e 

metho dd use d (i.e .  a  Mont e Carl o method )  i s describe d an d justified .  I n sectio n 3 

th ee theoreticall y predicte d distribution s o f  P ,  B ,  T  an d jz |  ar e fitte d t o th e 

observe dd one s an d th e appropriat e fittin g parameter s determined .  A  critica l 

compariso nn i s made wit h th e result s o f  Lyne ,  Mancheste r  an d Taylo r  (1985 )  an d 

Chevalie rr  an d Emmerin g (1986) .  I n sectio n 4  th e Mont e Carl o metho d i s use d t o 

examin ee whethe r  th e observe d P -  an d B-distributio n o f  pulsar s ar e influence d b y 

aa possibl e existenc e o f  a  populatio n o f  recycle d pulsars .  I n sectio n 5  ou r 

conclusion ss  ar e summarized . 

2..  Th e compute r  mode l 

I nn thi s pape r  th e expecte d radi o pulsa r  populatio n i s generate d b y usin g a 

Mont ee Carl o method .  Choosin g cylindrica l  coordinate s wit h th e cente r  o f  th e 

galax yy  a t  th e origi n an d th e z-axi s perpendicula r  t o th e galacti c plane ,  th e 

pulsar ss  ar e generate d b y selectin g the m fro m a  probabilit y  distributio n 

n(p 0>eo,z 0,v,lnB 0,P 0))  tha t  ca n b e writte n a s 

n(po)eo,z0,v,inB0,P0)dp0deodzodvdinBodPo o 

== R(p 0,e 0)Z(z 0)V(v)B(lnB o)P(P 0)dp 0d9odz 0dvdlnB odP0 (1 ) 

Her ee R(p n,G n)dp_d 8 i s th e probabilit y  tha t  a  pulsa r  i s bor n wit h coordinate s p ^ 

andd 9 0 i n th e rang e (P 0 , 6Q )  a n d (p o +  d Po*  9 0 +  d ®0^"  I c w i l 1 b e assume d tha t  R 

i ss  independen t  o f  p 0 an d 6 Q fo r  p Q <  1 5 kp c an d 0  <  9 Q <  2 u an d tha t  R  i s zer o 
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fo rr  p 0 >  1 5 kp c (Her e i t  I s assume d tha t  th e radiu s o f  th e galacti c dis k i s 

approximatel yy  1 5 kpc) .  Z(z Q)dz 0 i s  th e probabilit y  tha t  a  pulsa r  i s bor n wit h 

coordinat ee z Q i n th e rang e (ZQ ,  Z Q +  dz 0 ) .  I n accordanc e wit h th e wor k o f  Gun n 

andd Ostrike r  (1970) ,  Lyne ,  Mancheste r  an d Taylo r  (1985 )  an d Chevalie r  an d 

Emmerin gg (1986 )  thi s probabilit y  distributio n i s define d a s 

Z < 2 ü> d z 0 == 2Ï Ï  e Xp(-|z 0|/H )  dz Q (2 ) 

wher ee H  i s th e scaleheigh t  o f  th e pulsa r  progenitors . 

I nn equatio n (1 )  V(v)d v i s th e probabilit y  tha t  a  pulsa r  i s bor n wit h 

velocit yy  component s v x ,  v  an d v z i n th e rang e ( v
x . v

v»v z)  an d ( v +  d v , v + 

dvv  , v +  d v )  an d i s give n b y 

22 2  2 
^^  i  V  +  V  +  V 

V(v)d vv  d v d v =  — j  ̂ex P[ -  - *  ^  5 -  ]  d v d v d v (3 ) 
77 Z  a(2ny11 2 a x  y  z 

VV v 

Thee standar d deviatio n ay wil l  b e se t  equa l  t o 10 7 km/s ,  whic h i s consisten t 

wit hh th e distributio n o f  transvers e velocitie s a s measure d b y Lyn e e t  al .  (1982 ) 

andd whic h i s equa l  t o th e valu e use d b y Lyne ,  Mancheste r  an d Taylo r  (1985 )  an d 

als oo consisten t  wit h th e velocit y distributio n applie d b y Chevalie r  an d Emmerin g 

(1986) . . 

B(lnB 0)dlnB QQ i s th e probabilit y  tha t  a  pulsa r  i s bor n wit h a  valu e lnB 0 i n 

th ee rang e lnB Q t o lnB Q +  dlnB Q,  wher e B Q i s  th e dipol e magneti c fiel d strengt h 

att  th e pol e o f  th e neutro n star .  Followin g Gun n an d Ostrike r  (1970 )  th e for m o f 

B(lnBg ))  i s chose n t o b e gaussian ,  i.e : 

ll (In B -  < lnB>) 2 

B(lnB 0)dlnB 0== ^  ex P[  \ J  d  lnB Q (4 ) 
a B( 2 7 l ))  2  CT B 

wher ee <lnBQ > i s th e averag e valu e o f  lnBQ ,  wit h whic h pulsar s ar e bor n an d o R i s 

th ee standar d deviation . 

I nn equatio n (1 )  P(P 0)dP 0 i s  th e probabilit y  tha t  a  pulsa r  i s bor n wit h 

rotatio nn perio d P Q i n th e rang e betwee n P Q an d P Q +  dP Q.  I n thi s pape r  i t  i s 

assumedd tha t  thi s probabilit y  i s  th e sam e fo r  al l  period s betwee n 1  an d 5 0 

millisecond ss  an d zer o outsid e thi s range ,  excep t  i n thos e case s indicated . 

I tt  i s  the n assume d tha t  i n ou r  galax y onc e ever y 10 0 yr s a  pulsa r  i s bor n 

(Taylo rr  an d Stinebring ,  1986) .  Afte r  a  certai n tim e t  a  populatio n o f  t/10 0 

pulsar ss  i s created .  Fo r  eac h i  pulsa r  i n thi s 

respec tt  t o th e galacti c cente r  i s determine d b y 

pulsar ss  i s created .  Fo r  eac h i  pulsa r  i n thi s populatio n th e positio n r  wit h 

r 0ii  +  V i  <5 ) 
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wher ee r_ .  i s  th e plac e o f  birt h an d t .  i s  th e ag e o f  th e pulsar .  A t  thi s 

positio nn al l  th e characteristic s o f  th e pulsa r  tha t  ar e o f  Interes t  ca n b e 

calculated ..  Th e valu e o f  it s  magneti c fiel d strengt h B.(t. )  i s  give n b y 

WW - Boiexp(-W  (6) 

wher ee BQ .  i s th e initia l  magneti c fiel d strengt h an d T D i s  th e deca y tim e o f  th e 

field ..  Th e valu e o f  th e rotatio n period ,  P ,  an d perio d derivative ,  P ,  ar e give n 

byy  (se e e.g .  Stollman ,  1986a ) 

WW " Pit1" exp(-2ti/V  + Poi^i ] 1 / 2 <7> 
a a 

P1(t i ))  -  ~ exp(-2t 1/T D)/[ l  -  exp(-2t i /x D)  +  P^/p J ] l / 2 (8 ) 

22 2  2 
wher ee p j  i s  define d a s p  =  B n t n/ a an d a  b y th e equatio n B J (t. )  •  a  P*(tj ) 

P^tj ))  (cf .  Mancheste r  an d Taylor ,  1977) ,  wit h th e canonica l  valu e a  -  1. 0 10 3* 

OO s 
2 2 

Thee radi o luminosit y o f  pulsar s i s usuall y define d a s L4Q 0 =  S^Q Q d  ,  wher e 

SAQQQ i s th e mean flu x densit y a t  40 0 MHz i n mJy an d d  i s th e distanc e t o th e 
2 2 

pulsa rr  i n kp c I t  wa s show n b y Stollma n (1986b )  tha t  L^Q Q depend s o n B/ P i n th e 

followin gg wa y 
,,  -10.0 5 ±  0.84 ,  2,0.9 8 ±  0.0 3 .  ,  2  .. . 

L 4 0 00 =  1 0 (B/ P J  mJ y kp c (9a ) 

fo rr  B/P 2 <  10 1 3 Gs - 2 an d 

2.7 11 ±  0.6 0 2 
L4() 00 =  1 0 X  mJy kp c (9b ) 

fo rr  B/P 2 >  10 1 3 Gs - 2 . 
9 9 

Forr  th e pulsar s i n th e computer-generate d populatio n th e valu e o f  B/ P i s 

determine dd fro m equation s (6 )  an d (7 )  an d the n th e valu e o f  LAQ O i s calculate d 

fro mm eithe r  eq .  (9a )  o r  (9b )  dependin g o n th e valu e o f  B/ P .  Fro m it s positio n 

rr  wit h respec t  t o th e cente r  o f  th e galax y th e distanc e o f  th e pulsa r  t o th e 

eart hh ca n b e determine d fro m 

dd -  |ri(t ±)  ~  r Q|  (10 ) 

wher ee r  i s  th e positio n vecto r  o f  th e sun .  I t  i s  assume d tha t  th e su n i s 

situate dd i n th e plan e o f  th e galax y a t  a  distanc e o f  1 0 kp c fro m th e center . 

Oncee th e distanc e d  t o th e pulsa r  i s known ,  on e may evaluat e It s mean flu x 
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d e n s i tyy S^QQ from 

s4ooo  W d2 mJy <u> 

I nn orde r  tha t  th e computer-generate d populatio n ca n b e compare d t o th e observe d 

one ,,  on e ha s t o exclud e fro m bot h population s thos e pulsar s fo r  whic h SAQQ i s 

smalle rr  tha n a  certai n minimu m valu e S  ,  .  Thi s shoul d b e don e becaus e th e 
mln n 

pulsa rr  sample s tha t  ar e compare d mus t  b e complet e dow n t o a  certai n limitin g 

flu xx  value .  Fo r  th e observe d populatio n thi s i s no t  th e cas e becaus e i t  include s 

aa numbe r  o f  survey s wit h differen t  limitin g fluxes .  Th e valu e o f  S  .  i s 

uncertain ..  Chevalie r  an d Emmerin g (1986 )  hav e assume d i t  t o b e equa l  t o 1  mJy , 

whic hh i s th e minimu m detecte d flu x liste d i n th e pulsa r  catalo g o f  Mancheste r 

andd Taylo r  (1981) .  I n th e mai n sectio n o f  thi s pape r  th e valu e o f  S  .  i s  se t 

equa ll  t o 5  mJ y i n orde r  t o obtai n a  mor e complet e sample . 

I tt  i s  generall y assume d tha t  pulsar s d o no t  puls e forever .  I n th e theor y o f 

Rudermann an d Sutherlan d (1975) ,  o n whic h th e luminosit y la w use d i n thi s pape r 

i ss  based ,  i t  i s  foun d tha t  th e pulsa r  radiatio n mechanis m stop s whe n th e 

potentia ll  differenc e acros s th e pola r  ga p drop s belo w a  certai n critica l  value . 
22 1 1 —2 Thi ss  amount s t o a  minimu m valu e fo r  B/ P o f  2  1 0 Gs ,  whic h define s th e so -

2 2 
calle dd deat h lin e i n th e B  vs .  P  diagram .  When th e valu e o f  B/ P drop s belo w 

thi ss  critica l  valu e fo r  pulsar s i n th e computer-generate d populatio n the y ar e 

exclude dd fro m th e sample . 

Forr  th e thu s generate d computer-populatio n o f  radi o pulsar s i t  i s  possibl e 

t oo fin d th e distribution s o f  P ,  B  et c an d t o compar e thes e t o th e observe d 

distributions ..  Sinc e th e ag e o f  th e galax y i s muc h large r  tha n th e expecte d 

lifetim ee o f  pulsar s i t  seem s likel y tha t  th e pulsa r  populatio n ha s reache d a 

stead yy  state .  Thi s require s tha t  th e age ,  t ,  o f  th e computer-generate d 

populatio nn mus t  b e chose n large r  tha n a  certai n valu e t  ,  suc h tha t  fo r  al l  t 

>> t m ax th e distribution s i n P ,  B  etc .  ar e constan t  i n time -  I t  i s  foun d tha t  fo r 

al ll  th e distribution s calculate d i n thi s pape r  t  i s  o f  th e orde r  o f  5  t o 6 

time ss  th e deca y tim e o f  th e magneti c field . 

I nn orde r  t o se e whethe r  th e compute r  model ,  describe d sofar ,  doe s indee d 

generat ee th e correc t  pulsa r  distributio n function s (i.e .  thos e predicte d 

analytically) ,,  th e distributio n o f  expecte d period s i s calculate d usin g firs t 

th ee assumption s o f  Lyne ,  Mancheste r  an d Taylo r  (1985 )  an d secondl y thos e o f 

Chevalie rr  an d Emmerin g (1986) .  Th e P-distribution s thu s calculate d ar e the n 

compare dd t o th e (semi- )  analytica l  distributio n function s obtaine d b y thes e 

authors . . 

Too calculat e th e P-distributio n obtaine d b y Lyne ,  Mancheste r  an d Taylo r 

(1985 ))  an d Chevalie r  an d Emmerin g (1986 )  i t  i s  firs t  o f  al l  assume d tha t  th e su n 
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i ss  a t  th e cente r  o f  th e galax y an d tha t  th e plan e I n whic h pulsar s ar e bor n 

extend ss  t o infinity .  I n th e studie s mentione d thi s assumptio n ha d t o b e mad e i n 

orde rr  t o fin d analytica l  expression s fo r  th e distributio n functions .  I n th e cas e 

off  Lyne ,  Mancheste r  an d Taylo r  (1985 )  th e followin g additiona l  assumption s ar e 

made: : 

(1 ))  th e pulsar s ar e selecte d fro m th e sam e distribution s a s presente d abov e i n 

eq..  (2 )  wit h a  scaleheigh t  H  equa l  t o 10 0 pc ,  eq .  (3 )  wit h o y -  10 7 km/ s an d eq . 

(4 ))  wit h <lnB 0> -  27.34 3 an d a B =  0.69 . 

(2 ))  th e initia l  period s ar e selecte d fro m a  fla t  distributio n wit h 1  mse c <  P Q < 

500 mse c (i.e .  n o lat e injectio n i s  assumed) . 

(3 ))  th e deca y tim e o f  th e magneti c fiel d i s T D =  9. 1 1 0 yr . 

(4 ))  th e luminosit y i s  proportiona l  t o th e squar e o f  th e magneti c fiel d strengt h 

andd i s give n b y (se e Stoilma n an d va n de n Heuvel ,  1986 ) 

L 4 0 QQ =  2 3 (B/10 12 ) 2 mJy kpc 2 (12 ) 

(5 ))  th e minimu m detectabl e flux ,  S m i n > i s  se t  equa l  t o 1  mJy . 

(6 ))  n o deat h lin e i s  assumed . 

Forr  th e cas e o f  Chevalie r  an d Emmerin g (1986 )  i n additio n t o th e assumptio n 

off  a n infinitel y extendin g galacti c plan e th e followin g assumption s ar e made : 

(1 ))  th e pulsar s ar e selecte d fro m th e sam e distributio n function s a s presente d 

abov ee i n eq .  (2 )  wit h H  equa l  t o 22 5 p c an d eq .  (3 )  wit h a y =  10 7 km/s .  (Not e 

tha tt  Chevalie r  an d Emmerin g d o no t  us e equation s (2 )  an d (3 )  t o calculat e th e P -

distribution ,,  bu t  assum e tha t  th e pulsar s sta y i n th e plan e o f  th e galaxy :  th e 

value ss  fo r  H  an d a v ,  use d here ,  ar e obtaine d fro m thei r  Jzj-distribution. ) 

(2 ))  th e perio d P Q i s  selecte d fro m a  fla t  distributio n i n P Q,  wit h 0.09 1 se c < 

P00 <  0.25 0 sec . 

(3 ))  th e magneti c fiel d strengt h B Q i s  selecte d fro m a  fla t  distributio n i n B Q, 

wit hh 9. 4 10 1 1 G  <  B 0 <  6. 3 10 1 2 G. 

(4 ))  th e deca y tim e o f  th e fiel d T D i s  4  1 0 yr . 

(5 ))  th e luminosit y o f  th e pulsar s i s  give n b y th e relatio n foun d b y Proszynsk i 

andd Przybycie n (1985) ,  i.e . 

..6.9 44 ±  0.6 1 , - 3 ->0.34 8 ±  0.04 3 .  ,  2 
L,,., ,,  -  1 0 ( P P J mJy kp c (13 ) 

4000 * • 

(6 ))  th e minimu m flu x densit y i s se t  equa l  t o 1  mJy , 

(7 ))  an d als o th e assumptio n o f  n o deat h lin e i s  made . 

I nn Fig .  l a th e computer-generate d lo g P  -  distributio n obtaine d wit h th e 

assumption ss  o f  Lyn e e t  al .  (1985 )  i s  plotte d togethe r  wit h th e P  -  distributio n 
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obtaine dd analyticall y b y thes e authors . 

Fig ..  la .  Th e compute r  generate d 

lo gg P  -  probabilit y  distributio n 

(bars ))  an d th e on e predicte d 

analyticall yy  (curve) .  I n bot h 

case ss  th e mode l  o f  Lyne , 

Mancheste rr  an d Taylo r  (1985 )  i s 

used . . 

0.4 0 0 

-0.3 0 0 

0.2 0 0 

010 0 

0.0 0 0 
-1 00 0. 0 

logP(sec ) ) 

Th ee f igur e show s tha t  th e lo g P  -  d i s t r i bu t i o n genera te d b y th e Mon t e Car l o 

metho dd doe s fi t  th e ana l y t i ca l  d is t r ibut io n ver y w e l l .  I n F ig .  l b th e compute r 

g e n e r a t e dd d i s t r i b u t i o n an d th e on e foun d b y Cheva l ie r  an d Emmer in g (1986 )  ar e 

p l o t t e d ..  Cons ide r i n g th e fac t  tha t  th e latte r  on e wa s a ls o ca lcu la te d 

numer i ca l l yy  bot h d i s t r i bu t i on s ar e remarkebl y s imi la r  t o on e ano the r . 

040 0 

:o.3 0 0 

CD D < < 

0.2 0 0 

0.1 0 0 

0.0 0 0 
-2. 0 0 1.00 0. 0 

LOGG P(SEC ) 
1.0 0 

F ig ..  lb .  Th e compute r  genera te d 

lo gg P  -  p robab i l i t y  d i s t r i bu t i o n 

(ful l yy  d rawn )  an d th e on e 

pred ic te dd semi -ana l y t i ca l 

( d a s h e d ) ..  I n bot h case s th e mode l 

off  Cheva l ie r  an d Emmer in g (1986 ) 

i ss  used . 
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Thee abov e calculatio n show s tha t  th e Mont e Carl o metho d describe d abov e 

doess  Indee d generat e th e analyticall y predicte d distributio n functions .  I n th e 

followin gg sectio n thi s metho d wil l  b e use d t o fi t  th e theoreticall y predicte d P 

--tt B  - ,  T -  an d |z |  -  distribution s a s wel l  a s possibl e t o th e observe d ones ,  an d 

t oo thu s obtai n th e bes t  value s fo r  T D,  <lnB Q>,  c f l  an d H ,  assumin g tha t  th e 

luminosit yy  o f  pulsar s i s give n b y eq .  (9 )  an d tha t  the y ar e bor n wit h shor t 

periods ,,  typicall y betwee n 1  an d 5 0 msec . 

3..  Fittin g th e observe d distribution s 

Thee observe d probabilit y  distribution s fo r  th e perio d P ,  magneti c fiel d 

strengt hh B ,  characteristi c ag e T  an d heigh t  |z |  ar e foun d fro m th e catalo g o f 

Mancheste rr  an d Taylo r  (1981) ,  wher e th e pulsar s wit h S^Q Q <  5  mJ y ar e excluded . 

Thee perio d distributio n i s correcte d fo r  th e selectio n agains t  shor t  period s a s 

suggeste dd b y Lyne ,  Mancheste r  an d Taylo r  (1985) ,  usin g formul a A 3 i n th e 

appendi xx  A  o f  tha t  paper .  The n th e expecte d distribution s ar e calculate d usin g 

th ee metho d describe d i n sectio n 2  i n combinatio n wit h th e luminosit y la w foun d 

byy  Stollma n (1986b )  a s give n b y eq .  (9) .  Th e variable s tha t  ar e t o b e determine d 

ar ee T D (i.e .  th e deca y tim e o f  th e field) ,  <lnB Q> (i. e th e averag e magneti c 

fiel dd strengt h wit h whic h pulsa r  ar e born) ,  a B an d th e scaleheigt h H . 

I nn orde r  t o determin e th e qualit y o f  th e fit s  th e followin g quantit y i s 

u 8 e dd 2  k  ( x -  N f  ) 2 

22  m Y  (observe d -  expected )  =  y  i  L _ (14 ) 
XX "  2 ,  expecte d £  N  f 

wher ee x .  i s  th e observe d numbe r  o f  pulsar s i n th e i  lo g P- ,  lo g B- ,  lo g T -  o r 

lo gg Iz l  -  bin ,  f £ i s th e expecte d probabilit y  o f  findin g pulsar s i n th e i  bi n 

andd N  I s th e tota l  numbe r  o f  observe d pulsars .  Th e qualit y o f  th e fit s  i s 
22 2  2 

determine dd b y th e probabilit y  Prob( x »v )  o f  findin g a x >  X  fi t » wher e v  i s th e 
numberr  o f  degree s o f  freedom .  Thi s probabilit y  i s  give n b y 

Prob(x **  ,v )  = — T T 1 ƒ  ( X 2 ) V / 2 ex P(- X
2/2 )  d X

2 (15 ) 
fi tt  2 v/Z r(v/2 )  2 

Xfi t t 
I nn genera l  th e differenc e betwee n th e expecte d distributio n an d th e observe d 

distributio nn i s calle d "probabl y significant "  fo r  Pro b =  5  X, "significant "  fo r 

Pro bb -  i  % an d "ver y significant "  fo r  Pro b -  0. 1 % (se e e.g .  Carnaha n e t  al. , 

1969) . . 

I nn th e fittin g procedur e no t  al l  o f  th e parameter s x D,  <lnB Q>,  a f i  an d H  ar e 

usedd a s independen t  fittin g parameters .  Sinc e pulsar s ar e observe d t o b e 

significantl yy  confine d t o th e galacti c plan e th e distribution s i n P ,  B  an d T  ar e 

nott  muc h influence d b y th e valu e o f  H ,  an d thi s valu e wil l  initiall y  b e se t 
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equa ll  t o 17 5 pc .  Als o th e valu e o f  Og wil l  b e fixe d t o 0.6 9 sinc e thi s i s 

approximatel yy  th e widt h o f  th e observe d distributio n o f  In B -  (thi s amount s t o 

a' BB -  0. 3 fo r  th e distributio n i n lo g B ,  whic h wil l  b e plotte d i n thi s paper ) 

--  an d th e valu e foun d b y Lyne ,  Mancheste r  an d Taylo r  (1985) .  Wit h thes e 

parameter ss  fixed ,  t D an d <lnB Q> wil l  b e determine d b y fittin g th e expecte d 

distributio nn function s o f  lo g P  an d lo g B  t o th e observe d one s an d maximisin g 
2 2 

Prob( xx  fit» v ) *  Wit h th e valu e o f  T D an d <lnB Q> thu s foun d th e distributio n 

function ss  o f  lo g T  an d | z ar e determine d an d compare d t o th e observe d ones . 

I nn Figs .  2  an d 3  th e expecte d an d observe d probabilit y  distribution s ar e 

plotte dd fo r  lo g P  an d lo g B .  Th e bes t  value s foun d fo r  th e fittin g parameter s 

are ::  T D -  5. 3 10 6 y r  an d <lnB Q> -  28. 8 (o r  <lo g B Q> =  12.5) .  I n th e cas e o f  th e 

lo gg P  -  distributio n th e valu e fo r  x  w a s calculate d usin g eq .  (14) .  Th e bin s 

wer ee chose n a s plotte d i n Fig .  2  excep t  tha t  th e range s lo g P  <  -0.7 5 an d lo g P 

>> 0.2 5 wer e considere d a s on e bi n each ,  t o improv e th e statistic s (i.e .  th e x 

determine dd i n eq .  (14 )  i s distribute d a s give n b y th e probabilit y  distributio n 

unde rr  th e integra l  i n eq .  (15) ,  whe n fo r  eac h I  bin ,  Nf  i n eq .  (14 )  i s large r 

tha nn approximatel y 10) .  Th e numbe r  o f  degree s o f  freedo m wa s therefor e 4  an d th e 

fi tt  o f  Fig .  2  ha s th e valu e x 2 "  4. 8 leadin g t o Prob(4.8,4 )  =  3 2 %,  whic h 

implie ss  a  ver y goo d fit . 

I nn th e cas e o f  th e lo g B  -  distributio n th e bin s wer e als o chose n a s 

plotte dd i n Fig .  3  excep t  tha t  als o her e th e edge s o f  th e distributio n ar e 

rebinne dd suc h tha t  th e range s lo g B  <  11.2 5 an d lo g B  >  12.7 5 wer e considere d 1 
2 2 

bi nn each .  Th e fi t  presente d i n Fig .  3  ha s th e valu e x  ™ 9. 5 whic h implie s a 

probabilit yy  o f  15%,  whic h i s als o ver y acceptable . 

Forr  al l  othe r  value s o f  T D an d <lnB Q> tha n presente d abov e th e fit s t o th e 

observe dd distribution s o f  lo g P  an d lo g B  wer e wors e i n th e sens e tha t  th e 
2 2 

averag ee valu e o f  Prob( x fi t »v )  -  ( Prob x 0g P  +  Prob lo g B ^ 2 w a s a  m a x i m u m fo r 

thes ee values .  I t  wa s fo r  exampl e notice d tha t  fo r  T D ~  5. 5 1 0 y r  th e fi t  t o th e 

lo gg P  distributio n wa s improve d bu t  tha t  i t  mad e th e fi t  t o th e lo g B 

distributio nn worse . 

Too obtai n th e range s o f  acceptabl e value s o f  T D an d <lnBQ > th e minimu m 
2 2 

valu ee o f  Prob( x fit>v )  wa s se t  equa l  t o 10 % leadin g t o 

4. 55 10 6 y r  <  T D <  6. 0 10 6 y r  (16 ) 

and d 

28.6 55 <  <lnB n> <  28.9 0 

12.4 44 <  <lo g B 0> <  12.5 5 (17 ) 
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Fig ..  2 .  Th e probabilit y  distributio n o f  lo g P ,  generate d wit h th e mode l 
2 2 

describe dd i n sectio n 2 ,  an d th e observe d on e (hatched) .  x 

P rob ( X
2

f i t , v ))  =  32% . 

CO O 

030 0 

'02 0 0 

0. 00 0 
11. 55 12 5 

LOGG B  (GAUSSI 

Fig ..  3 .  Th e probabilit y  distributio n o f  lo g B ,  generate d wit h th e mode l 
2 2 

describe dd i n sectio n 2 ,  an d th e observe d on e (hatched) .  x 

P rob( X
2

f i t , v ))  =  15% . 

9. 55 an d 

75 5 



Usin gg  th e value s T D =  5. 3 1 0 y r  an d <lnB 0> =  28. 8 th e value s o f  a& an d H  wer e 

change dd an d agai n th e range s  determine d b y settin g Pro b =  1 0 X. Th e range s foun d 

ar e e 

0. 66 <  a B <  0. 8 (18 ) 

and d 

1000 p c <  H  <  22 5 p c (19 ) 

I nn Fig .  4  th e observe d an d expecte d distribution s o f  lo g T ,  wher e T  i s th e 

characteristi cc  ag e P/2P ,  ar e plotte d usin g T D -  5. 3 10 6 yr ,  <lnB Q> =  28.8 ,  a B = 

0.6 99 an d H  =  17 5 pc .  Th e valu e o f  % i s calculate d usin g th e binnin g presente d 

i nn Fig .  4 ,  wher e th e range s lo g T  <  5  an d lo g T  > 8  ar e considere d a s on e bi n 
2 2 

each ..  Th e valu e o f  x  foun d i s 20 ,  leadin g t o Pro b -  1  %.  Therefore ,  th e qualit y 

off  thi s fi t  i s  no t  ver y good .  However ,  explorin g th e paramete r  spac e define d b y 

equation ss  (16 )  t o (19 )  di d no t  lea d t o a  bette r  fit .  Sinc e bot h B  an d T  ar e 

simpl ee function s o f  P  an d P ,  i t  i s  no t  clea r  wh y th e fit s fo r  lo g B  an d fo r  lo g 

PP ar e s o muc h bette r  tha n th e on e fo r  lo g T .  I t  shoul d als o b e notice d tha t  th e 

fit ss  fo r  lo g T  presente d b y Chevalie r  an d Emmerin g (1986 )  wer e considere d a s 

acceptabl ee b y th e authors ,  whil e th e valu e fo r  th e probabilit y  i s  les s tha n 0. 1 

%% an d th e fi t  i s  therefor e eve n wors e tha n th e on e presente d here . 

300 5 0 7. 0 9. 0 1. 0 
LOGG CHARACTERISTI C A G E Y R 

Fig ..  4 .  Th e probabilit y  distributio n o f  lo g T ,  generate d wit h th e mode l 

describe dd i n sectio n 2 ,  an d th e observe d on e (hatched) .  x^ =  2 0 an d 

Frob( x
2

flt ,v ))  =  1%. 
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Thee distributio n i n z  generate d b y th e Mont e Carl o method ,  usin g T D =  5. 3 

10 66 yr ,  <lnB 0> =  28.8 ,  a B =  0.6 9 an d H  =  17 5 pc ,  i s  plotte d i n Fig .  5  an d i s 

compare dd t o th e observe d one .  Th e latte r  on e i s affecte d b y th e uncertaintie s i n 

th ee distance s an d i n Fig .  5  fo r  eac h I z -bi n th e uncertaintie s ar e indicate d ar e 

give nn b y Lyne ,  Mancheste r  an d Taylo r  (1985) .  Th e las t  bi n i n Fig .  5  contain s al l 

ii  I  2 

th ee pulsar s wit h z  >  1. 1 kpc .  Th e valu e o f  x  i s determine d usin g th e bin s i n 

Fig ..  5  ,  wher e th e rang e Iz l  >  0. 9 i s considere d a s on e bin .  Th e valu e foun d i s 

299 leadin g t o Pro b =  0. 1 %.  Th e fi t  therefor e i s no t  ver y good .  However , 

considerin gg th e uncertaintie s i n th e observe d |zI-distributio n an d comparin g th e 

fi tt  t o thos e foun d b y Lyne ,  Mancheste r  an d Taylo r  (1985 )  an d Chevalie r  an d 

Emmerin gg (1986 )  -  i n bot h case s Pro b i s muc h les s tha n 0. 1 % -  th e fi t  seem s 

quit ee acceptable .  Changin g th e valu e o f  H  withi n th e rang e give n b y (19 )  di d no t 

improv ee th e fit . 

0.4 0 0 

tt  0. 3 0 
_J J 
CD D 
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co o 
o o 
OT T 
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0.1 0 0 

0.0 0 0 
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ZIKPC) ) 

Fig ..  5 .  Th e probabilit y  distributio n o f  zl ,  generate d wit h th e mode l  describe d 

22 2  o 
i nn sectio n 2 ,  an d th e observe d on e (hatched) .  % = 2 9 an d Prob( x f i t> v )  =  0.1% . 

I tt  i s  interestin g t o se e whethe r  th e assumption s mad e b y Lyne ,  Mancheste r 

andd Taylo r  (1985 )  an d Chevalie r  an d Emmerin g (1986 )  an d th e value s whic h thes e 

author ss  us e fo r  th e differen t  parameter s i n thei r  fit s  (se e sectio n 2 )  lea d t o 

bette rr  fit s  t o th e observe d distribution s o f  P  an d B  tha n thos e presente d above . 

Thee calculation s wil l  b e th e sam e a s th e one s use d t o generat e th e distribution s 

i nn Figs ,  l a an d lb ,  excep t  tha t  no w th e minimu m valu e fo r  S ^ Q Q i s se t  equa l  t o 5 
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mJy,,  a s wa s don e fo r  th e observe d pulsar s an d i n th e calculation s above . 

Furthermore ,,  th e finit e dimension s o f  ou r  galax y an d th e positio n o f  th e su n 

awayy  fro m th e cente r  ar e take n int o account .  I n orde r  t o calculat e th e value s o f 
2 2 

XX fo r  th e variou s fit s th e sam e binnin g i s assume d a s i n th e abov e 

calculations . . 

I nn Figs .  6  an d 7  th e compute r  generate d distribution s ar e plotte d an d 

compare dd t o th e observe d ones ,  usin g th e assumption s o f  Lyne ,  Mancheste r  an d 

Taylo rr  (1985 )  a s wel l  a s th e value s fo r  T D,  o B,  <lnB Q> an d H  derive d b y thes e 

authors ..  Th e fit s look ,  quit e acceptable .  However ,  th e value s o f  % a r e muc h 

large rr  tha n fo r  th e fit s  i n Figs .  2  an d 3 .  Fo r  th e lo g P  -  distributio n thi s 

valu ee i s 14. 5 an d fo r  th e lo g B  -  distributio n 66.5 .  I n bot h case s th e valu e o f 

Prob( xx  ,v )  i s  therefor e unacceptable ,  eve n considerin g th e fac t  tha t  th e numbe r 

off  th e degree s o f  freedo m i s large r  tha n i n th e cas e o f  Figs .  2  an d 3 .  Mayb e th e 

fit ss  coul d b e improve d b y changin g th e appropriat e parameters .  However ,  thi s wa s 

nott  th e objec t  o f  th e calculation ,  fo r  th e ide a wa s t o se e whethe r  th e mode l 

plu ss  it s parameters ,  a s derive d b y Lyne ,  Mancheste r  an d Taylo r  (1985 )  doe s giv e 

bette rr  fit s  t o th e observations ,  tha n th e mode l  presente d i n thi s paper .  Th e 

conclusio nn i s tha t  i t  doe s not . 

0. 44 0 

;o.3o o 
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m m 
o o 
or r 
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0.1 0 0 

0.0 0 0 
-2. 0 0 -1. 00 0. 0 

LOGG P(SEC ) 

Fig ..  6 .  Th e probabilit y  distributio n o f  lo g P ,  generate d b y usin g th e mode l  o f 

Lyne ,,  Mancheste r  an d Taylo r  (1985 )  wher e S m l n i s  se t  t o 5  mJy an d wher e th e 

finit ee dimensio n o f  th e galax y i s take n int o account ,  togethe r  wit h th e observe d 
2 2 

distributio nn (hatched) ,  x =
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Fig ..  7 .  Th e probabilit y  distributio n o f  lo g B ,  generated ,  usin g th e mode l  o f 

Lyne ,,  Mancheste r  an d Taylo r  (1985 )  wit h th e sam e assumption s a s i n Fig .  6 ,  an d 
2 2 

th ee observe d distributio n (hatched) ,  x  =  66.5 . 

I nn Figs .  8  an d 9  th e computer-generate d distribution s o f  lo g P  an d lo g B 

ar ee plotte d togethe r  wit h th e observe d ones ,  usin g th e mode l  o f  Chevalie r  an d 

Emmerin gg (1986) ,  fo r  whic h th e mos t  importan t  ingredien t  i s th e lat e injectio n 

off  pulsars .  Th e firs t  thin g tha t  i s  eviden t  i s tha t  wit h respec t  t o Fig .  l b th e 

perio dd distributio n ha s shifte d t o somewha t  longe r  periods .  I n th e luminosit y 

modell  use d b y Chevalie r  an d Emmerin g (1986 )  th e pulsar s wit h th e highes t 

luminosit yy  hav e o n averag e shor t  periods .  Th e highes t  luminositie s expecte d ar e 
2 2 

off  th e orde r  o f  700 0 mJ y kp c .  Wit h a  flu x limi t  o f  5  mJ y thi s implie s a  maximu m 

distanc ee o f  abou t  4 0 kp c t o th e pulsar ,  whic h i s large r  tha n th e dimension s o f 

th ee galaxy .  I n th e calculatio n o f  Fig .  8  th e finit e dimensio n o f  ou r  galax y ar e 

take nn int o account ,  whil e i n Fig .  l b thi s wa s no t  th e case .  Thi s implie s tha t 

th ee relativ e numbe r  o f  hig h luminosit y pulsar s decrease s somewhat ,  which , 

therefore ,,  lead s t o a  smal l  shif t  i n th e perio d distribution ,  a s observed .  Thi s 
2 2 

effec tt  i s  no t  see n i n Fig .  6 ,  sinc e i n th e L  <*  B  mode l  th e highes t  expecte d 

luminositie ss  ar e o f  th e orde r  o f  75 0 mJ y kp c ,  leadin g t o a  maximu m distanc e o f 

abou tt  1 2 kpc ,  whic h fall s withi n th e dimension s o f  ou r  galaxy . 
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Fig ..  8 .  Th e sam e a s Fig .  6  bu t  no w usin g th e mode l  o f  Chevalie r  an d Emmerin g 
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Fig ..  9 .  Th e sam e a s Fig .  7  bu t  no w usin g th e mode l  o f  Chevalie r  an d Emmerin g 

(1986) ..  x 2 =  80.6 . 
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Anothe rr  importan t  thin g t o b e notice d i s th e distributio n o f  lo g B , 

expecte dd fro m th e mode l  o f  Chevalie r  an d Emmerin g (1986) .  Her e i t  i s  clearl y 

see nn tha t  th e mode l  predict s to o many pulsar s wit h wea k fields ,  a s pointe d ou t 

byy  Stollma n (1986a,b) . 

I tt  i s  clea r  fro m Figs .  8  an d 9  tha t  th e mode l  o f  Chevalie r  an d Emmerin g 

(1986 ))  give s ver y poo r  fit s  t o th e observation s especiall y i f  th e finit e 

dimension ss  o f  th e galax y ar e take n int o account .  Th e value s foun d fo r  % ar e 

98. 11 an d 80. 6 fo r  th e fit s  t o lo g P  an d lo g B  respectively .  Agai n th e conclusio n 

i ss  tha t  th e mode l  o f  Chevalie r  an d Emmerin g (1986 )  doe s no t  lea d t o bette r  fit s 

t oo th e observe d distribution s i n lo g P  an d lo g B ,  tha n th e mode l  presente d i n 

thi ss  paper .  I n fac t  th e conclusion s draw n b y Stollma n (1986a,b )  fro m th e 

expecte dd B  vs .  P  diagra m ar e confirme d b y th e presen t  calculations . 

Thee conclusio n fro m th e calculation s presente d sofa r  i s tha t  th e 

evolutionar yy  model ,  describe d i n sectio n 2 ,  lead s t o perio d an d magneti c fiel d 

strengt hh distribution s tha t  see m t o fi t  th e observation s quit e well .  Onl y th e 

fit ss  t o th e observe d distribution s i n characteristi c ag e an d heigh t  abov e th e 

galacti cc  plan e ar e no t  excellent ,  bu t  thes e fit s ar e stil l  acceptabl e whe n 

compare dd t o fit s  foun d i n th e earlie r  studie s b y Lyne ,  Mancheste r  an d Taylo r 

(1985 ))  an d Chevalie r  an d Emmerin g (1986) .  Th e importan t  difference s wit h th e 

forme rr  analysi s ar e tha t  th e luminosit y la w use d (se e eq .  (9) )  i s  no t  a n 

assumptio nn bu t  i s consisten t  wit h th e observe d radi o luminositie s o f  pulsar s 

and,,  furthermore ,  tha t  pulsar s ar e bor n wit h considerabl y stronge r  magneti c 

field ss  (Lyne ,  Mancheste r  an d Taylo r  fin d <BQ > =  7. 5 1 0 G  an d th e mode l 

presente dd her e give s <BQ > =  3. 2 10 1 2 G) ,  an d tha t  th e magneti c fiel d strengt h 

decay ss  o n a  somewha t  shorte r  timescal e (5. 3 1 0 y r  versu s 9. 1 1 0 yr) . 

Thee difference s wit h th e mode l  o f  Chevalie r  an d Emmerin g (1986 )  ar e th e 

inclusio nn o f  th e finit e dimension s o f  th e galax y an d mos t  importantl y th e fac t 

tha tt  pulsar s ar e no t  injecte d int o th e observabl e populatio n wit h longe r  period s 

tha nn generall y accepted -  I t  i s  foun d tha t  pulsar s ar e bor n wit h shor t  periods , 

typicall yy  betwee n 1  an d 5 0 mse c 

4..  Recycle d pulsars ? 

Afte rr  th e discover y o f  severa l  radi o pulsar s i n binar y system s an d th e 

singl ee 1. 6 msec ,  pulsar ,  i t  i s  no w generall y believe d tha t  par t  o f  th e observe d 

populatio nn consist s o f  so-calle d recycle d pulsars .  Thes e ar e th e produc t  o f 

binar yy  evolutio n i n whic h mas s wa s transferre d fro m a  companio n sta r  t o th e 

neutro nn star ,  thereb y spinnin g i t  up .  A t  th e en d o f  thi s mass-transfe r  phas e th e 

neutro nn sta r  may b e observabl e a s a  radi o pulsa r  i n a  binar y o r  a s a  singl e 

pulsa rr  (se e fo r  a  revie w va n de n Heuvel ,  198A ,  1985) .  Th e exac t  valu e o f  th e 
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spi nn perio d an d th e magneti c fiel d strengt h o f  th e neutro n star ,  afte r  thi s 

mass-transfe rr  phase ,  depen d o n th e parameter s o f  th e binar y syste m a t  th e onse t 

off  th e accretio n (se e fo r  detail s d e Koo l  an d va n Paradijs ,  1986) .  Bu t  i t  i s 

generall yy  assume d that ,  dependin g o n thei r  magneti c fiel d strengt h an d th e mass -

accretio nn rate ,  th e neutro n star s ar e spu n u p t o a  minimu m perio d P  .  ,  give n b y 

(Ghos hh an d Lamb ,  1979 ;  Henrichs ,  1983 ) 

P ^ -- (2.4 „sec.) ( V 6 / 7 M - 5 / 7 £ - r 3 / 7 R^ 5/7 (20) 

*Ed d d 

Her ee B Q,  M an d R ^  ar e th e surfac e dipol e magneti c fiel d strent h o f  th e neutro n 
Q Q 

sta rr  i n unit s o f  o f  10 '  G,  it s mass i n sola r  masses ,  an d it s radiu s i n unit s o f 

100 cm ,  respectively .  Mp.. .  i s  th e maximu m possibl e "Eddington-limit "  accretio n 

rate ..  Equatio n (20 )  show s tha t  fo r  a  "standard "  neutro n sta r  wit h M =  1 ,  R ,  =  1 , 

th ee shortes t  possibl e spin-perio d P m i n tha t  ca n b e reache d -  fo r  M =  Mp -

depend ss  onl y o n th e valu e o f  B Q,  a s P  n  B „  .  Thi s relatio n define s a  lin e i n 
''  mi n 9 

th ee B  vs .  P  diagra m abov e whic h n o recycle d pulsar s ar e expected .  Thi s lin e i s 
th ee so—calle d spin-u p line .  Furthermore ,  a s explaine d i n sectio n 2 ,  n o pulsar s 

22 1 1 — 7 

ar ee expecte d unde r  th e so-calle d deat h lin e (i.e .  B/ P -  2. 0 1 0 Gs ) . 

Therefore ,,  on e expect s th e recycle d pulsar s t o b e situate d i n th e wedge-shape d 

regio nn betwee n thes e tw o lines .  Indeed ,  al l  th e know n recycle d pulsar s li e i n 

thi ss  regio n o f  th e B  vs .  P  diagra m (cf .  Taylo r  an d Stinebring ,  1986) .  Abov e th e 

spin-u pp lin e on e expect s onl y so-calle d "normal "  pulsar s (tha t  is :  non-recycle d 

pulsars) ..  Th e mode l  presente d i n sectio n 2  i s onl y vali d fo r  thes e "normal " 

pulsars ..  However ,  th e result s i n sectio n 3  wer e obtaine d fro m fit s o f  thi s mode l 

t oo th e observe d pulsa r  population ,  whic h consist s o f  bot h recycle d an d "normal " 

pulsars . . 

Too se e whethe r  th e expecte d populatio n o f  recycle d pulsars ,  situate d belo w 

th ee spin-u p line ,  migh t  affec t  th e observe d distribution s i n perio d an d magneti c 

fiel dd strength ,  th e result s o f  sectio n 3  ar e use d t o creat e a  sampl e o f  pulsar s 

fo rr  whic h th e period ,  P ,  an d fiel d strengt h ,B ,  li e abov e th e spin-u p line .  Thi s 

sampl ee i s the n compare d t o th e observe d sampl e o f  "normal "  pulsar s abov e th e 

spin-u pp line .  Usin g T D =  5. 3 10 6 yr ,  <lnB Q> =  28.8 ,  a f i  =  0.6 9 an d H  =  17 5 pc , 

th ee mode l  distribution s o f  lo g P  an d lo g B  an d th e observe d one s ar e plotte d i n 
2 2 

Figs ..  1 0 an d 11 .  Th e % value s ar e respectivel y 1. 0 an d 8.4 ,  leadin g t o Pro b = 

988 % fo r  th e lo g P  -  fi t  an d Pro b =  4 0 % fo r  th e lo g B  -fit .  Therefor e thes e 

fit ss  ar e bette r  tha n thos e fo r  th e complet e population ,  a s presente d i n Figs .  2 

andd 3 . 
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040 0 

••  1. 0 0 0 
LOGG P(SEC ) 

Fig ..  10 .  Th e observe d (hatched )  an d expecte d probabilit y  distributio n o f  lo g P , 

fo rr  pulsar s abov e th e spin-u p line .  Fo r  th e expecte d distributio n th e mode l  o f 

sectio nn 2  i s use d wit h i D D 

X22 = 1.0 and P r o b ( x2
f i t , v) = 98%. 

5.33 10° y r, <lnB0> 28 .8,, aB = 0.69 and H = 175 pc. 

0.40 0 

030 0 

"0.20 0 

010 0 

0.00 0 
9.5 5 10.5 5 11.55 12.5 

LOGG B IGAUSSI 
135 5 

Fig .. 1 1. The same as F ig. 10, but now for the log B d i s t r i b u t i o n, x = 8.4 and 

P r o b (x
2

f i t , v )) = 40%. 
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However ,,  i t  ha s t o b e remembere d tha t  th e tota l  numbe r  o f  pulsar s considere d i n 

thi ss  cas e i s somewha t  smaller ,  whic h may lea d t o somewha t  smalle r  value s o f  x 

andd i t  i s  therefor e no t  clea r  whethe r  thi s resul t  i s  significan t  enoug h t o 

conclud ee tha t  th e mode l  fit s  t o th e complet e populatio n ar e influence d b y th e 

presenc ee o f  a  clas s o f  recycle d pulsars .  One may ,  however ,  conclud e tha t  i f 

ther ee i s suc h a  populatio n o f  recycle d pulsar s i t  doe s no t  compris e a  larg e 

percentag ee o f  th e tota l  population .  An d i t  may als o b e conclude d tha t  th e 

parameter ss  T D,  <lnJJ 0>,  a f i  an d H ,  derive d i n sectio n 3 ,  d o describ e th e origi n 

andd evolutio n o f  radi o pulsar s quit e well . 

Wit hh th e abov e i n min d on e may no w generat e th e expecte d populatio n o f 

"normal ""  pulsar s belo w th e spin-u p lin e an d compar e i t  t o th e observe d one .  Th e 

expecte dd an d observe d distribution s o f  lo g P  an d lo g B  fo r  pulsar s belo w th e 
2 2 

spin-u pp lin e ar e plotte d i n Figs .  1 2 an d 13 .  Th e x  value s ar e respectivel y 17. 2 

andd 7.0 . 

0.A 0 0 

0.3 0 0 

< < 

0.2 00 • 

0.1 0 0 

0. 00 0 
-1. 00 0. 0 

LOGG P(SEC ) 
1.0 0 

Fig --  12 .  Th e sam e a s Fig .  1 0 bu t  no w fo r  pulsar s belo w th e spin-u p line .  % = 

2 2 
17. 22 an d Prob( x fit> v)  =  0.97.. Th e draw n curv e represent s th e expecte d 

distributio nn rescale d suc h tha t  th e rati o o f  th e area s o f  th e observe d an d 

expecte dd distribution s correspon d t o th e rati o o f  th e numbe r  o f  observe d an d 

expecte dd pulsar s (se e text) . 
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< < 

0.2 0 0 

0100 • 
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11. 55 12 5 

LOGG B  (GAUSS) 

Fig ..  13 .  Th e sam e a s F ig .  1 1 bu t  no w fo r  pulsar s belo w th e spin-u p l ine .  \ = 

7. 00 an d P r o b ( x 2
f l t , v )  =  3 2 % . 

Forr  F ig .  1 3 th e valu e o f  x  w a s ca lcu late d wi t h a  somewha t  d i f feren t 

binnin gg tha n use d previously ;  i.e. ,  th e range s wi t h lo g B  <  11,2 5 an d lo g B  > 

12.2 55 wer e considere d a s on e bi n each .  Sinc e th e parameter s T Q ,  < lnBQ> ,  o" g an d H 

wer ee fixe d an d no t  use d a s fre e parameter s th e numbe r  o f  degree s o f  f reedo m fo r 
2 2 

eac hh plo t  i s  6 .  Togethe r  wit h th e calculate d value s o f  x  thi s lead s t o 

Prob(17.2 ,6 ))  =  0.9 % fo r  th e lo g P  -  fi t  an d Prob(7 .0 ,6 )  =  3 2 % fo r  th e lo g B  -

f i t ..  There fo re ,  th e mode l  fi t  t o th e observe d d is t r ibut io n o f  lo g B  i s 

acceptabl ee whi l e th e on e fo r  lo g P  i s clearl y not .  Th e latte r  i s  mainl y du e t o 

th ee doubl e peake d characte r  o f  th e observe d lo g P  d is t r ibut io n fo r  pulsar s belo w 
2 2 

th ee spin-u p l ine .  Th e smal l  valu e o f  th e probabi l i t y  Prob( x ,v )  ( i .e .  0.9% )  als o 

implie ss  tha t  i t  i s  ver y unl ikel y t o fin d thi s double-peake d d is t r ibu t io n i f  th e 

rea ll  under ly in g d is t r ibut io n i s give n b y th e non-hatche d on e i n F ig .  12 . 

Fro mm th e abov e on e may ,  therefore ,  conclud e tha t  th e observe d doubl e peake d 

d is t r ibut io nn i n period s belo w th e spin-u p l in e i s probabl y rea l  an d l ikel y t o b e 

du ee t o th e presenc e o f  recycle d pulsar s i n th e observe d sample .  On e wa y t o mak e 

aa roug h est imat e o f  th e expecte d percentag e o f  thes e recycle d pulsar s i s th e 

fo l lowing ..  I f  on e make s th e assumpt io n tha t  th e lef t  "hump "  i n Fig .  1 2 i s du e t o 

recycle dd pulsar s the n thi s amount s t o approximatel y 3 5 % (al lowin g fo r  som e 
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overla pp betwee n th e tw o "humps") •  Sinc e th e numbe r  o f  pulsar s i n th e sampl e 

belo ww th e spin-u p lin e i s 7 8 an d i n th e tota l  sampl e i s 277 ,  10 % o f  al l  observe d 

pulsar ss  coul d b e recycled .  However ,  i t  i s  clea r  fro m Fig .  1 2 tha t  th e maximu m o f 

th ee expecte d distributio n i s somewha t  shifte d t o th e lef t  i n compariso n wit h th e 

right-han dd maximu m i n th e observe d distribution ,  whic h on e woul d no t  expec t  i f 

th ee left-han d pea k i s onl y du e t o recycle d pulsar s an d th e right-han d on e onl y 

t oo norma l  pulsars .  Therefore ,  i t  i s  probabl y bette r  t o compar e th e expecte d 

numberr  o f  pulsar s belo w th e spin-u p lin e wit h th e numbe r  observe d (i.e. ,  78) . 

Onee may fin d th e numbe r  o f  expecte d pulsar s b y usin g a  scalin g facto r  tha t  i s 

determine dd b y th e rati o o f  observe d ove r  expecte d pulsar s abov e th e spin-u p 

line ..  Th e numbe r  o f  expecte d pulsar s belo w th e spin-u p lin e i s the n ~  4 0 and ; 

therefore ,,  50 % o f  al l  pulsar s belo w th e spin-u p lin e may b e recycled ,  leadin g t o 

~~ 15 % o f  al l  singl e pulsars .  (Notic e tha t  al l  binar y pulsar s wer e lef t  ou t  i n 

th ee analysi s i n thi s paper) .  I n Fig .  1 2 th e expecte d distribution ,  rescale d t o ~ 

50%% o f  th e observe d one ,  i s als o drawn . 

Thes ee roug h estimate s see m t o b e consisten t  wit h th e finding s o f  Stollma n 

andd va n de n Heuve l  (1986) ,  wher e i t  wa s foun d tha t  th e observe d correlatio n 

betwee nn th e transvers e velocitie s an d th e magneti c fiel d strength s o f  pulsars , 

foun dd b y Anderso n an d Lyn e (1983 )  an d Corde s (1986) ,  coul d b e understoo d i f  1 0 

t oo 2 0 percen t  o f  th e pulsar s i s recycled . 

5..  Conclusion s 

I nn thi s pape r  i t  i s  show n tha t  th e observe d distribution s i n P ,  B ,  T  an d 

zz  o f  radi o pulsar s ca n b e understoo d i f  the y ar e born : 

(1 ))  clos e t o th e galacti c plane ,  havin g a  typica l  scaleheigh t  o f  17 5 pc ,  an d 

wit hh a  maxwellia n velocit y distribution ,  havin g a  standar d deviatio n o f  10 7 

km/s , , 
12 2 

(2 ))  wit h a  gaussla n distributio n i n I n BQ ,  centere d aroun d B Q =  3. 2 1 0 G  an d 

wit hh a  standar d deviatio n o f  0.69 , 

(3 ))  wit h shor t  periods ,  typicall y i n th e rang e o f  1  t o 5 0 milliseconds , 

andd i f  i t  is ,  furthermore ,  assume d tha t 

(4 ))  th e magneti c fiel d decay s o n a  timescal e o f  5. 3 1 0 yr , 

(5 ))  th e radi o luminosit y i s proportiona l  t o B/P 2 fo r  B/P 2 <  10 1 3 Gs~ 2,  an d 

constan tt  abov e tha t  value . 

Thee mos t  importan t  differenc e wit h th e wor k o f  Lyne ,  Manchste r  an d Taylo r 

(1985 ))  i s  tha t  th e luminosit y la w use d i n th e presen t  analysi s i s consisten t 
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wit hh th e observations .  Furthermor e i t  i s  foun d tha t  th e averag e initia l  magneti c 

fiel dd i s a  facto r  4  stronge r  an d th e deca y tim e a  facto r  1. 7 smaller . 

..  Wit h regard s t o th e analysi s o f  Chevalie r  an d Emmerin g (1986 )  i t  i s  show n 

tha tt  th e distribution s i n initia l  period s an d magneti c fiel d strength s use d b y 

thes ee authors ,  combine d wit h th e luminosit y la w o f  Proszynsk i  an d Przybycie n 

(1985) ,,  lea d t o expecte d distribution s i n lo g P  an d lo g B  tha t  ar e differen t 

fro mm th e observe d ones .  Fo r  th e perio d distributio n thi s i s probabl y du e t o th e 

fac tt  tha t  i n thei r  (semi- )  analytica l  calculation s thes e author s assume d th e 

galacti cc  disk ,  t o b e infinitel y extended .  Fo r  th e lo g B-distributio n th e 

differenc ee i s probabl y du e t o th e luminosit y la w used ,  whic h confirm s th e 

conclusion ss  o f  Stollma n (1986b) ,  base d o n th e compariso n o f  th e expecte d an d 

observe dd B  vs .  P  diagrams .  Therefore ,  th e mos t  importan t  difference s betwee n th e 

result ss  o f  th e analysi s presente d i n thi s pape r  an d th e wor k o f  Chevalie r  an d 

Emmerin gg (1986 )  ar e tha t  firstl y i t  i s  foun d tha t  pulsar s ar e no t  bor n wit h lon g 

period ss  bu t  typicall y hav e initia l  period s i n th e rang e 1  t o 5 0 msec ,  an d 

secondl yy  tha t  th e luminosit y la w whic h i s use d i n thi s pape r  i s consisten t  wit h 

th ee observation s bu t  doe s no t  predic t  a n exces s o f  pulsar s wit h shor t  period s o r 

weakk  fields ,  a s i s predicte d b y th e luminosit y la w use d b y Chevalie r  an d 

Emmerin gg (1986) . 

I nn general ,  a n importan t  differenc e betwee n th e mode l  presente d i n thi s 

paperr  an d th e wor k don e sofa r  i s tha t  th e Mont e Carl o method ,  use d here ,  allow s 

fo rr  a  bette r  modellin g o f  th e luminosit y law ,  sinc e th e larg e statistica l 

deviation ss  fro m th e genera l  law s ca n b e take n int o account .  Th e latte r  i s  no t 

possibl ee i n a n analytica l  calculation .  Th e sam e hold s tru e fo r  th e finit e 

dimension ss  o f  th e galaxy .  Thes e ar e probabl y no t  s o importan t  i n th e analysi s o f 

Lyne ,,  Mancheste r  an d Taylo r  (1985 )  bu t  probabl y d o affec t  th e result s foun d b y 

Chevalie rr  an d Emmerin g (1986) . 

I tt  is ,  furthermore ,  show n tha t  ther e i s som e evidenc e fo r  a  smal l 

populatio nn o f  recycle d pulsar s o f  orde r  1 0 t o 20 % o f  th e tota l  (single )  pulsa r 

population ..  Thes e ar e believe d t o hav e ha d a  differen t  evolutionar y histor y an d 

canno tt  b e treate d b y th e mode l  presente d i n thi s paper . 
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