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Introductionn and Summary 

Sinc ee mos t  star s ar e member s o f  binar y o r  multipl e stella r  system s 

(50%-100%;;  Abt ,  1983) ,  th e stud y o f  binar y system s i s a n importan t  topi c 

i nn astronomy *  Man y differen t  type s o f  star s ar e gravitationall y boun d i n 

nature ,,  an d a  grea t  diversit y o f  astrophysica l  phenomen a resul t  fro m 

interaction ss  betwee n binar y components » 

Onee grou p o f  interactin g binarie s o f  grea t  interes t  i s  tha t  o f  th e 

low-mas ss  clos e binar y system s wit h a  compac t  component .  Suc h system s 

consis tt  o f  a  low-mas s (i.e .  M w <  2. 3 M 0)  mostl y hydrogen-burnin g sta r 

accompanie dd b y a  whit e dwarf ,  a  neutro n sta r  o r  possibl y a  blac k hole . 

Whenn th e low-mas s (mostl y hydrogen-burning )  sta r  tranfer s mas s toward s 

it ss  compac t  companion ,  phenomen a suc h a s nova-outbursts ,  stron g emissio n 

off  X -  (an d possibl y Gamma-)  radiation ,  periodi c an d quasi-periodi c 

optica ll  and/o r  X-ra y oscillation s an d eve n supernova-explosion s may b e 

observe dd a s a  resul t  o f  th e depositio n o f  matte r  ont o th e compac t 

component . . 

Althoug hh som e 17 0 low-mas s interactin g clos e binarie s containin g a 

compactt  objec t  hav e bee n observe d (Ritter ,  1987) ,  th e formatio n o f  thes e 

system ss  i s stil l  poorl y understoo d an d probabl y a  ver y rar e phenomenon . 

Nevertheless ,,  i t  i s  clea r  tha t  th e compac t  componen t  i s th e remnan t  o f 

th ee originall y mos t  massiv e sta r  o f  th e system ,  th e so-calle d origina l 

primary ..  Furthermore ,  th e generall y ver y shor t  orbita l  period s o f  thes e 

low-mas ss  clos e binarie s strongl y indicate s tha t  extensiv e los s o f 

orbita ll  angula r  momentu m (an d mass )  mus t  hav e take n plac e i n th e 

formation-stag ee o f  th e syste m (Eggleton ,  1986) • 

AA ver y efficien t  proces s o f  extractio n o f  angula r  momentu m fro m a 

binar yy  syste m i s frictio n whil e i t  i s  imbedde d i n a  common envelope . 

Suchh a  situatio n may ensu e whe n th e expandin g primar y ha s becom e a  gian t 

sta rr  an d start s transferrin g mas s toward s it s (much )  les s massiv e 

companion ..  Sinc e mas s transfe r  occur s fro m th e mor e massiv e sta r  toward s 

th ee les s massiv e star ,  th e proces s o f  mas s transfe r  i s unstabl e an d ver y 

rapidl yy  th e binar y separatio n decreases .  Soon ,  th e giant' s envelop e 

engulf ss  th e low-mas s companio n an d form s a  common envelop e aroun d bot h 

th ee nuclearl y processe d cor e o f  th e gian t  an d th e low-mas s companion . 

Thee latte r  proces s i s accompanie d b y stron g mas s los s fro m th e syste m 

2 2 



throug hh th e oute r  Lagrangia n points ,  i f  th e mas s rati o o f  th e progenito r 

syste mm i s <  0, 3 t o 0. 4 (Packet ,  1988) .  Detaile d studie s o f  common-

envelop ee evolutio n ar e beyon d th e scop e o f  thi s projec t  an d non e o f  th e 

attempt ss  mad e s o fa r  hav e bee n abl e t o predic t  th e outcom e o f  suc h a 

phas ee wit h an y degre e o f  credibilit y (d e Kool ,  1987) .  Nevertheless ,  on e 

cann demonstrat e (se e e.g .  Webbink ,  1984 )  tha t  th e fina l  syste m ha s a 

relativel yy  smal l  orbi t  an d consist s o f  th e origina l  secondary , 

accompanie dd b y th e compac t  cor e o f  the -  origina l  primary .  Th e envelop e o f 

th ee primary ,  whic h forme d th e common envelop e ha s thereb y bee n remove d 

fro mm th e system . 

Dependin gg o n th e orbita l  perio d o f  th e low-mas s clos e binar y syste m 

afte rr  th e common-envelop e phase ,  th e subsequen t  evolutio n o f  th e syste m 

i ss  determine d b y eithe r  th e nuclea r  evolutio n o f  th e low-mas s hydroge n 

burnin gg sta r  (i.e .  th e secondary) ,  whic h cause s a  slo w expansio n o f  thi s 

star ,,  o r  b y orbita l  angular-momentu m los s (AML )  fro m th e system ,  whic h 

lead ss  t o a  decreas e o f  th e orbita l  period .  Bot h processe s decreas e th e 

separatio nn betwee n th e surfac e o f  th e secondar y sta r  an d it s  surroundin g 

Roche-lob ee an d inevitably ,  a  ne w mass-transfe r  phas e wil l  ensue .  I f 

stella rr  expansio n occur s mor e rapidl y tha n th e contractio n o f  th e Roche -

lob ee du e t o orbita l  angular-momentur n losses ,  i.e .  i f  th e evolutionar y 

timescal ee o f  th e secondary ,  T  t i s  shorte r  tha n th e timescal e fo r 

angula rr  momentu m loss ,  t A M I ,  th e mass-transfe r  phas e i s  likel y t o b e 

governe dd b y th e expansio n o f  th e secondar y sta r  an d wil l  lea d t o a n 

increasin gg orbita l  separatio n o f  th e binary .  Alternatively ,  i f  x AM-  i s 

les ss  tha n T  V ,  th e mass-transfe r  phas e i s  determine d b y th e orbita l 

angula rr  momentu m losse s an d th e binar y perio d wil l  decreas e secularly . 

I nn thi s work ,  thes e tw o type s o f  binar y system s wil l  b e referre d t o a s 

divergin gg an d convergin g systems ,  respectively . 

Par tt  o f  thi s wor k i s  devote d t o a  stud y o f  th e combine d effect s o f 

th ee secondary' s nuclea r  evolutio n an d th e orbita l  angula r  momentu m 

losse ss  o n th e evolutio n o f  thes e low-mas s clos e binar y systems *  We wil l 

introduc ee a  critica l  initia l  orbita l  perio d p bif '  whic h separate s th e 

system ss  wit h initia l  orbita l  perio d P ± >  P bif ,  an d thos e wit h P i  <  P faif , 

andd whic h evolv e a s divergin g an d convergin g systems ,  respectively . 

3 3 



Variou ss  mechanism s fo r  orbita l  angula r  momentu m los s i n low-mas s 

clos ee binar y system s hav e bee n proposed .  Th e proces s o f  gravitationa l 

radiation ,,  i n whic h gravitationa l  wave s ar e emitte d fro m th e syste m a t 

th ee expens e o f  th e orbita l  energ y (landa u an d Lifschitz ,  1959 )  occur s i n 

al ll  binar y systems ,  bu t  become s a n effectiv e mechanis m fo r  angula r 

momentumm remova l  onl y i n clos e binar y system s fo r  whic h th e orbita l 

perio dd doe s no t  excee d a  fe w hour s (Paczynski ,  1967 ;  Taa m e t  al. ,  1980 ; 

andd reference s therein) .  Althoug h th e proces s o f  gravitationa l  radiatio n 

i ss  ver y effectiv e an d eve n dominan t  i n som e specifi c  evolutionar y phase s 

off  ver y clos e low-mas s binaries ,  i t  ha s bee n show n t o b e insufficien t  t o 

explai nn th e observe d mass-transfe r  rate s i n cataclysmi c variabl e 

binarie ss  an d low-mas s X-ra y binarie s wit h orbita l  period s o f  a  fe w hour s 

t oo abou t  hal f  a  da y (Patterson ,  1984) . 

Thee existenc e o f  a  second ,  mor e efficien t  mechanis m fo r  orbita l 

angula rr  momentu m remova l  ca n b e inferre d fro m th e rotationa l 

characteristic ss  o f  singl e low-mas s main-sequenc e star s tha t  hav e a 

convectiv ee envelope .  Observation s sho w tha t  th e rotatio n o f  suc h star s 

i ss  brake d o n a  relativel y shor t  timescal e o f  orde r  10 7 t o 10 8 yr s 

(Skumanich ,,  1972 ;  an d reference s therein) . 

I nn a  clos e binary ,  suc h brakin g wil l  als o occu r  bu t  tida l  force s 

wil ll  continuousl y attemp t  t o spi n u p th e brake d star ,  t o restor e co -

rotatio nn wit h th e orbita l  motio n (Huang ,  1966) .  A s a  result ,  orbita l 

angula rr  momentu m wil l  continuousl y b e fe d int o th e rotatio n o f  th e main -

sequenc ee componen t  an d the n b e los t  b y mean s o f  th e rotationa l  brakin g 

mechanis mm (Verbun t  an d Zwaan ,  1981) . 

I nn orde r  t o understan d th e evolutio n o f  low-mas s clos e binaries ,  i t 

i ss  essentia l  t o stud y th e mechanis m o f  rotationa l  brakin g b y mean s o f  a 

magneticall yy  couple d stella r  win d o f  singl e low-mas s star s an d deriv e 

th ee physica l  parameter s whic h determin e thi s process . 

Forr  thi s reason ,  par t  o f  thi s wor k i s als o devote d t o th e stud y o f 

th ee evolutio n o f  singl e low-mas s stars ,  wit h rotationa l  braking . 

Thi ss  wor k ca n b e divide d int o th e followin g thre e mai n parts : 

1))  Studie s o f  th e evolutio n o f  singl e low-mas s star s wit h rotationa l 

brakin gg (Sectio n 1.1) . 
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2))  Studie s o f  th e evolutio n o f  low-mas s clos e binarie s wit h a  compac t 

componentt  i n whic h mas s transfe r  i s drive n b y interio r  evolutio n an d 

angula rr  momentu m losse s (Sectio n 1.2) . 

3))  Studie s o f  th e spi n evolutio n o f  magnetize d neutro n star s i n low-mas s 

clos ee binarie s wit h a  specia l  ai m t o understan d th e origi n o f  th e 

millisecon dd pulsar s i n binarie s (Chapte r  II) .  I n thi s Chapter ,  th e 

computationa ll  result s obtaine d i n Sectio n 1. 2 ar e applie d t o observe d 

systems //  i n orde r  t o understan d th e rotationa l  statu s o f  th e neutro n 

sta rr  i n thes e systems • 

Wee no w briefl y summariz e th e content s o f  eac h o f  thes e thre e part s 

off  thi s work . 

1.. The Internal and rotational evolution of single low-mass stars 

(sectionn 1.1) • 

Sinc ee th e origina l  suggestio n b y Schatzman n (1962) ,  enhance d 

magneti cc  activit y (an d henc e stella r  rotationa l  braking )  ha s bee n show n 

t oo b e presen t  i n al l  main-sequenc e star s wit h color-inde x B- V >  0.4 ,  i n 

subgiant ss  wit h 0. 4 <  B- V <  0. 6 an d giant s wit h B- V >  0. 6 (Rutten ,  1986 , 

1987) ..  Direc t  compariso n o f  thes e observationa l  propertie s wit h th e 

evolutio nn o f  th e interna l  structur e o f  low-mas s singl e main-sequenc e 

stars ,,  subgiant s an d giant s indicate s tha t  th e exten t  o f  th e convectiv e 

envelop ee can ,  i n a  firs t  approximation ,  b e use d a s a  singl e paramete r 

fo rr  th e occurrenc e o f  magneti c brakin g (Pylyse r  an d Savonije ,  1988a) . 

Main-sequenc ee star s wit h mas s M w >  1.2 5 M 0 d o no t  hav e convectiv e 

envelope ss  sufficientl y extende d t o yiel d magneti c braking .  However ,  i n 

th ee cours e o f  thei r  evolutio n toward s th e gian t  stage ,  th e convectiv e 

envelop ee grow s toward s th e cente r  o f  th e sta r  an d rapidl y exceed s th e 

minimu mm exten t  necessar y t o sustai n magneti c braking . 

AA stud y o f  th e evolutio nn o f  th e rotatio n rate s o f  subgiant s (Rutte n 

andd Pylyser ,  1988 )  indicate s tha t  th e observationall y derive d rotation -

rate/ag ee relatio n derive d fo r  G-typ e main-sequenc e star s (Skumanich , 

1972 ;;  Smith ,  1979 ;  Soderblom ,  1983) ,  als o approximatel y describe s th e 

evolutio nn o f  sub-gian t  rotatio n rates .  Indeed ,  reconstructio n o f  th e 
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distributio nn o f  rotationa l  velocitie s o f  low-mas s subgiant s an d giant s 

onl yy  i n term s o f  change s i n th e moment s o f  inerti a durin g stella r 

evolution ,,  wa s successful l  fo r  giants ,  bu t  necessitate d th e inclusio n o f 

th ee proces s o f  magneti c brakin g i n th e cas e o f  subgiants . 

2.. The evolution of low-mass close binaries (Section 1.2). 

a..  Mode l  computations . 

Thee abov e obtaine d result s o n th e rotationa l  evolutio n o f  singl e 

low-mas ss  star s allo w fo r  a n extensio n o f  low-mas s binar y calculation s 

toward ss  highe r  initia l  masse s an d mor e evolve d initia l  state s o f  th e 

secondar yy  component . 

Soo far ,  suc h calculation s include d gravitationa l  radiatio n 

(Paczynski ,,  1967 ;  Faulkner ,  1971 ;  Taa m e t  al. ,  1980 ;  an d reference s 

therein) ,,  an d i f  magneti c brakin g wa s included ,  th e initia l  mas s o f  th e 

hydrogen-burnin gg componen t  wa s chose n t o b e les s tha n abou t  1.2 5 M. 

(Taam,,  1983 ;  Ibe n an d Tutukov,1984) ,  sinc e mor e massiv e star s hav e 

B- VV <  0.4 ,  an d wer e though t  no t  t o hav e magneti c braking . 

I nn th e presen t  study ,  th e mass-losin g componen t  i s assume d t o b e 

moree massiv e (u p t o 2. 0 M 0 ) .  Suc h star s normall y d o no t  hav e extende d 

convectiv ee envelope s unti l  the y becom e (sub)giant s an d ar e therefor e no t 

expecte dd t o b e subjec t  t o magneti c braking .  However ,  durin g th e phas e o f 

mass-transfer ,,  w e follo w th e evolutio n o f  th e exten t  o f  th e convectiv e 

envelop ee o f  th e secondar y an d wheneve r  th e critica l  exten t  i s exceeded , 

magneti cc  brakin g accordin g t o th e descriptio n o f  Verbun t  an d Zwaa n 

(1981 ))  i s  include d i n th e binar y calculations . 

Thee numerica l  calculation s performe d i n Chapte r  I  indicat e tha t  th e 

bifurcatio nn perio d varie s betwee n abou t  0. 5 an d 0. 7 days ,  dependin g o n 

th ee initia l  masse s o f  bot h components .  Fo r  a  give n mas s o f  th e compac t 

star ,,  th e bifurcatio n perio d i s onl y a  functio n o f  th e mas s o f  th e dono r 

star ,,  bu t  fo r  eac h valu e o f  th e stella r  mas s o f  th e donorstar ,  i t 

correspond ss  t o a  differen t  initia l  evolutionar y stat e o f  thi s star .  Fo r 

example ,,  i n th e cas e tha t  th e secondar y sta r  i s initiall y  a  1. 0 MQ-star , 

i tt  may hav e develope d a  smal l  heliu m cor e a t  th e onse t  o f  mas s transfe r 
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andd subsequentl y stil l  for m a  convergin g binar y system ,  whil e a n 

initiall yy  2. 0 M 0 dono r  sta r  shoul d no t  hav e evolve d t o a  core-hydroge n 

abundanc ee X  <  0.30 ,  i n orde r  t o evolv e a s a  convergin g system . 

I ff  th e exten t  o f  th e convectiv e envelop e exceed s it s critica l 

value ,,  th e evolutio n o f  a  convergin g syste m an d th e mass-transfe r  rat e 

betwee nn bot h component s o f  suc h a  syste m i s a t  firs t  governe d b y th e 

proces ss  o f  magneti c braking .  Thi s situatio n last s unti l  eithe r  th e 

orbita ll  perio d o f  th e syste m ha s becom e s o shor t  tha t  th e proces s o f 

angula rr  momentu m loss ,  du e t o gravitationa l  radiatio n become s dominant , 

orr  th e suppor t  o f  th e magneti c field ,  i.e .  th e underlyin g radiativ e 

laye rr  (Parker ,  1955) ,  disappear s .whe n th e secondar y become s full y 

convectiv ee (Robinso n e t  al. ,  1981 ;  Sprui t  an d Ritter ,  1983 ;  Rappapor t  e t 

al ..  ,  1983) .  Fro m the n on ,  th e evolutio n o f  th e convergin g syste m i s 

determine dd b y gravitationa l  radiatio n only . 

I ff  th e sta r  i s o n th e Zer o Ag e Main-sequenc e (ZAMS )  whe n i t  become s 

full yy  convective ,  th e calculation s sho w tha t  i t  ha s a  mas s o f  abou t  0. 3 

MQQ whe n rotationa l  brakin g stops ,  an d tha t  th e sta r  briefl y detache s 

fro mm it s Roche-lobe .  Althoug h i t  i s  ofte n argue d tha t  th e subsequen t 

detache dd phas e correspond s wit h th e observe d perio d ga p o f  cataclysmi c 

variable ss  betwee n 3  an d 2  hours ,  th e calculation s sho w tha t  th e 

scenario ss  provide d s o fa r  i n orde r  t o mode l  th e perio d ga p ar e eithe r 

insufficien tt  o r  incorrect ,  sinc e the y fai l  t o reproduc e th e observe d 

exten tt  o f  th e perio d gap .  Furthermore ,  i n convergin g system s i n whic h 

th ee mass-losin g componen t  i s no t  a  ZAMS star ,  th e secondar y doe s no t 

becomee full y convectiv e a t  th e observe d uppe r  limi t  o f  th e perio d gap , 

butt  a t  a  lesse r  valu e o f  th e orbita l  period ,  an d th e subsequen t  detache d 

phas ee i s systematicall y shorte r  an d les s eviden t  i n cas e o f  mor e evolve d 

secondar yy  stars . 

Despit ee th e abov e failure s i n modellin g th e perio d ga p i n detail , 

th ee evolutionar y result s fo r  convergin g binarie s wit h P  b  >  3  hours , 

fo rr  whic h magneti c brakin g i s believe d t o determin e th e mass-transfe r 

rat ee an d gover n th e evolutio n o f  th e binary ,  provid e theoretica l 

characteristic ss  tha t  ar e qualitativel y i n goo d agreemen t  wit h th e 

observe dd ones .  Th e calculation s indicat e tha t  th e presenc e o f  secondar y 

star ss  wit h differen t  evolutionar y state s i n th e sampl e o f  observe d 

system ss  may contribut e t o th e observe d larg e sprea d i n M a s a  functio n 
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off  th e orbita l  perio d P or jj » Th e uppe r  boun d o f  th e observe d distributio n 

off  system s i n th e M/P orl 5 plan e i s the n produce d b y th e presenc e o f 

system ss  wit h Zer o Ag e Main-Sequenc e dono r  star s whil e th e lowe r  boun d i s 

produce dd b y system s wit h mor e evolve d dono r  stars ,  whic h probabl y ha d a n 

initia ll  perio d P̂ ^  clos e t o (bu t  shorte r  than )  th e correspondin g 

bifurcatio nn perio d P b i f  •  A n explanatio n i s presente d wh y th e proces s o f 

magneti cc  brakin g i s o f  essentia l  importanc e t o explai n thes e observe d 

characteristic ss  (Pylyse r  an d Savonije ,  1988b) . 

Gravitationa ll  radiatio n become s dominan t  whe n th e orbita l  perio d o f 

th ee syste m become s shorte r  tha n abou t  2  hours ,  eve n i f  i t  i s  assume d 

tha tt  th e proces s o f  magneti c brakin g i s stil l  present .  Wheneve r  th e 

decreasin gg tim e seal e o f  gravitationa l  radiatio n become s comparabl e t o 

th ee increasin g therma l  timescal e o f  th e continuousl y mass-spillin g 

secondar yy  star ,  th e dono r  sta r  depart s fro m therma l  equilibrium . 

Independently ,,  nuclea r  burnin g i n th e cor e o f  th e sta r  fade s an d th e 

sta rr  become s degenerate ,  whic h cause s i t  t o subsequentl y expan d a s 

reactio nn t o mas s loss .  A s a  result ,  th e binar y perio d begin s t o increas e 

andd th e stron g departur e fro m equilibriu m terminates .  I t  ha s bee n show n 

tha tt  th e minimu m orbita l  perio d attaine d i s abou t  8 0 minutes ,  i f  th e 

dono rr  sta r  ha s a  core-hydroge n abundanc e X  =  0.7 ,  an d abou t  4 0 minutes , 

i ff  X c «  0.0 0 (Paczynski ,  1981 ;  Pappapor t  e t  al. ,  1983 ;  Paczynsk i  an d 

Sienkiewicz ,,  1981) . 

Binar yy  system s startin g mass-transfe r  wit h P^  >  SV^ f  contai n 

secondar yy  star s whic h ar e relativel y evolve d (i.e .  X  <  0.3 3 fo r  a 

2. 00 MQ-sta r  an d X c <  0.0 7 fo r  a  1, 5 M0-star ;  se e Pylyse r  an d Savonije , 

1988a) ..  Thes e star s wil l  develo p a  heliu m cor e durin g th e mass-transfe r 

phase ..  Suc h binar y system s ca n the n b e observe d a s wid e cataclysmi c 

variable ss  i f  th e compac t  componen t  i s a  whit e dwar f  o r  a s brigh t  low -

masss  X-ra y binaries ,  i f  i t  i s  a  neutro n sta r  (Webbin k e t  al. ,  1983) . 

Althoug hh binar y system s wit h P ± clos e t o P b i f  ar e stil l  subjec t  t o 

significan tt  angula r  momentu m los s du e t o magneti c braking ,  th e 

importanc ee o f  magneti c brakin g durin g th e mass-transfe r  phas e decrease s 

wit hh increasin g initia l  perio d p .  an d may b e regarde d a s almos t 

insignifican tt  fo r  P .  >  1. 3 days . 

Whenn du e t o mas s transfer ,  th e hydrogen-ric h envelop e o f  th e 

secondar yy  ha s bee n exhausted ,  th e remnan t  heliu m cor e shrink s withi n it s 
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Roche-lob ee an d mas s transfe r  terminates .  I f  th e compac t  componen t  i n th e 

syste mm i s a  neutro n star ,  i t  stop s accretin g an d start s radiatin g awa y 

it ss  rotationa l  energy ,  du e t o magneti c dipol e radiation .  Th e syste m ca n 

the nn b e observe d a s a  binar y radi o pulsa r  (Paczynski ,  1983 ;  Savonije , 

1983 ;;  Rappapor t  an d Joss ,  1983) .  Thi s subjec t  i s  considere d i n Chapte r 

I II  (se e below) . 

b..  Application s t o observe d systems . 

Ass  a n applicatio n o f  bot h th e semi-analytica l  an d th e numerica l 

description ss  o f  th e evolutio n o f  low-mas s clos e interactin g binar y 

systems ,,  w e examin e an d discus s i n sectio n 1. 2 th e evolutio n an d curren t 

statu ss  o f  som e observe d systems .  I n summary ,  th e result s ar e a s follows . 

(i ))  Th e binar y syste m A0620-0 0 i s a  transien t  X-ra y sourc e wit h a 

possibl ee recurrence-tim e o f  abou t  7 0 years .  Th e orbita l  perio d i s 

7.7 55 hours ,  th e spectra l  typ e o f  th e secondar y i s K5 V an d mor e 

interesting ,,  th e compac t  componen t  i s th e bes t  binar y black-hol e 

candidat ee know n a t  present ,  it s  mas s bein g >  3. 2 M 0 (McClintoc k an d 

Remillard ,,  1966) .  I n a  firs t  approximation ,  th e evolutio n o f  th e syste m 

wass  approache d serai-analyticall y (d e Koo l  e t  al. ,  1986) .  Thes e author s 

foun dd tha t  th e primordia l  syste m consiste d o f  a  4 0 M 0 sta r  an d a  1. 0 M Q 

companio nn wit h a n orbita l  perio d o f  abou t  50 0 days .  Assumin g tha t  th e 

syste mm survive d th e common-envelop e phas e an d th e supernova-explosio n o f 

th ee massiv e componen t  an d tha t  durin g th e subsequen t  an d presentl y 

observe dd phase ,  th e mas s transfe r  i s drive n b y gravitationa l  radiatio n 

only ,,  limit s o n som e binar y parameter s coul d b e obtained .  The y foun d 

tha tt  th e initia l  secondar y an d primar y mas s wer e <  2. 0 M Q an d betwee n 2 7 

t oo 4 6 f̂ j ,  respectively . 

I nn a  secon d refine d investigation ,  som e o f  thes e limit s wer e re -

examine dd wit h th e us e o f  numerica l  calculations ,  includin g angula r 

momentumm losse s du e t o magneti c brakin g (Pylyse r  an d Savonije ,  1988a) . 

I tt  wa s foun d tha t  th e presentl y observe d secondar y ha s a  mas s o f  abou t 

0.4 33  MQ an d ca n hav e develope d a  smal l  He-cor e o f  abou t  0.0 1 M ,  eve n 

befor ee mas s transfe r  started .  Th e initia l  mas s o f  th e secondar y mus t 

hav ee bee n betwee n 1. 0 t o 1. 5 M Q an d th e lates t  mass-transfe r  phas e 
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starte dd whe n th e syste m ha d a n orbita l  perio d o f  abou t  0.5 5 days . 

(ii ))  A  discussio n i s give n o n th e evolutio n o f  th e low-mas s binar y 

radi oo pulsa r  PS R 1831-00 ,  which ,  accordin g t o Dewey e t  al .  (1986) ,  ha s a 

whit ee dwar f  secondar y componen t  wit h a  mas s o f  0.0 6 t o 0.1 3 M an d a n 

orbita ll  perio d o f  1. 8 days .  We fin d tha t  th e mas s o f  th e whit e dwar f 

coul dd b e somewha t  higher ,  i.e .  0.1 7 t o 0.2 0 M @.  Mas s transfe r  mus t  hav e 

starte dd whe n th e syste m ha d a n orbita l  perio d o f  abou t  0.7 5 days ,  ver y 

clos ee t o th e correspondin g bifurcatio n period . 

(iii ))  Th e numerica l  calculation s simulatin g th e evolutio n o f 

convergin gg systems ,  indicat e tha t  th e ultra-compac t  binar y system s 

4U1626-67 ,,  G16-29 ,  4U1916-0 5 an d 1E2259+59 ,  whic h al l  hav e orbita l 

period ss  <  1  hour) ,  contai n secondarie s whic h ar e mos t  likel y severel y 

hydrogen-exhauste dd (i.e .  X  *  0.0 ;  Savonij e e t  al. ,  1985 ;  Nelso n e t  al. , 

1986 ;;  an d reference s therein) . 

(iv ))  Ce n X-4 ,  a  syste m wit h a n orbita l  perio d o f  15. 1 hou r  an d a 

mostt  probabl e secondary-mas s o f  0.0 5 t o 0.2 0 M 0 possibl y i s a  syste m 

clos ee t o th e en d o f  mas s transfer ,  wit h a  mea n rat e o f  mas s transfe r  o f 

aa fe w 10 "  MQ/y r  (Chevalie r  e t  al. ,  1988) .  Th e secondar y i n th e syste m 

mustt  hav e starte d mas s transfe r  whe n th e binar y perio d P^  wa s ver y clos e 

to ,,  bu t  longe r  tha n P b i f  an d th e initia l  mas s o f  th e secondar y wa s the n 

probabl yy  highe r  tha n 1. 5 M 0. 

(v ))  We furthe r  presen t  indication s tha t  th e observe d 

characteristic ss  o f  Sc o X- 1 may b e i n accordanc e wit h a  presen t 

evolutionar yy  phas e a t  th e ver y en d o f  a  rapi d mass-transfe r  phase , 

whic hh occur s wheneve r  th e initia l  mas s rati o q  i s >  1 .  Th e initia l 

secondar yy  an d primar y component-masse s ca n the n hav e bee n 1. 5 an d 

1. 00 MQ,  respectively . 

(vi ))  Finally ,  w e sugges t  tha t  th e cataclysmi c variabl e G K Per , 

whic hh ha s a n orbita l  perio d o f  2  days ,  i s  i n a  stag e precedin g th e 

formatio nn o f  a  low-mas s X-ra y binar y b y accretion-induce d collaps e o f  a 

massiv ee whit e dwarf .  Th e secondar y ha s a  mas s o f  abou t  0.2 6 t o 0̂ 3 5 M 

andd i s likel y t o hav e develope d a  He-cor e o f  abou t  0.1 5 M~. 
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3.. Spin-period variation of neutron stars due to aass-accretion 

(Chapterr II). 

a..  Modellin g th e spin-u p evolutio n o f  neutro n star s i n low-mas s clos e 

binaries . . 

Thee mas s los t  b y th e hydroge n burnin g low-mas s sta r  flow s throug h 

th ee firs t  Lagrangia n poin t  toward s th e conpac t  component ,  aroun d whic h 

i tt  wil l  for m a n accretio n disk .  I n Chapte r  II ,  w e stud y th e evolutio n o f 

th ee spi n perio d o f  th e neutro n sta r  a s a  consequenc e o f  th e accretio n o f 

matte rr  wit h angula r  momentum.  I n thes e considerations ,  i t  i s  essentia l 

t oo kno w th e evolutio n o f  bot h th e neutro n sta r  magneti c fiel d an d th e 

mass-accretio nn rate ,  an d t o emplo y a n appropriat e descriptio n fo r  th e 

accretion-torque ss  resultin g fro m th e interactio n betwee n th e accretio n 

dis kk  an d th e magnetospher e (se e e.g .  Ghos h an d Lamb ,  1978 ,  1979) .  A n 

essentia ll  paramete r  i n thi s analysi s i s th e so-calle d "equilibrium "  spi n 

period ,,  a t  whic h th e accretio n torque s an d spin-dow n torque s cance l  on e 

another . . 

Thee evolutio n o f  th e magneti c fiel d o f  a  neutro n sta r  i s stil l  a 

matte rr  o f  debate ,  th e questio n bein g essentiall y  whethe r  th e surfac e 

magneti cc  fiel d decay s wit h tim e o r  no t  (Taylo r  an d Stinebring ,  1986 ;  va n 

denn Heuve l  e t  al. ,  1986 ;  Kundt ,  1988) .  I n thi s work ,  w e wil l  assum e tha t 
11 2 

neutro nn star s ar e bor n wit h stron g magneti c field s o f  abou t  1 0 t o 
13 3 

100 Gaus s whic h deca y i n th e cours e o f  time .  Observation s o f  radi o 

pulsar ss  i n low-mas s binarie s (Kulkarni ,  1986 ,  1987 )  the n indicat e tha t 

th ee fiel d deca y doe s no t  continu e indefinitely ,  bu t  stop s whe n a 
88 1 1 

"bottom"-valu ee o f  betwee n 5 .  1 0 an d abou t  1 0 Gaus s i s attained .  I t  i s 

possibl ee tha t  th e stron g initia l  fiel d i s th e "crustal "  fiel d o f  th e 

neutro nn star ,  whil e th e "buttons-valu e correspond s wit h th e fiel d 

associate dd wit h th e superconductin g interio r  o f  th e star .  Th e crusta l 

fiel dd i s believe d t o b e forme d a t  th e birt h o f  th e neutro n sta r  an d i s 
66 7 

though tt  t o deca y o n a  timescal e o f  1 0 t o 1 0 year s (Lyn e e t  al. ,  1985) , 

unti ll  th e "bottom"-valu e i s attaine d (cf .  va n de n Heuve l  e t  al. ,  1986) . 

Thus ,,  dependin g o n th e ag e o f  th e neutro n star ,  eithe r  th e crusta l  o r 

th ee cor e fiel d ar e observed . 

Forr  th e evolutio n o f  th e mass-accretio n rat e ont o th e neutro n star , 

th ee result s o f  Chapte r  I  ar e used .  A s lon g a s th e accretion-rate s ont o 
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th ee neutro n sta r  ar e no t  super-Eddington ,  on e may assum e tha t  al l  mas s 

los tt  b y th e low-mas s companio n i s accrete d b y th e neutro n star .  Sinc e 

th ee evolutio n o f  th e numericall y obtaine d mass-accretio n rate s may b e 

quit ee differen t  fro m thos e obtaine d (semi- )  analyticall y (se e e.g . 

Webbin kk  e t  al. ,  1983) ,  i t  appeare d t o b e interestin g t o exten d an d 

improv ee previou s spin-evolutio n calculations ,  suc h a s thos e performe d b y 

dee Koo l  an d va n Paradij s  (1987) . 

Qualitatively ,,  th e spin-evolutio n o f  a  neutro n star ,  forme d durin g 

ann accretion-induce d collaps e o f  a  massiv e whit e dwarf ,  ca n b e divide d 

int oo thre e phases : 

1))  spin-dow n du e t o magneti c dipol e radiatio n durin g th e detache d phas e 

followin gg th e accretio n induce d collapse ; 

2))  spin-u p and/o r  spin-dow n du e t o mass-accretio n whe n th e mass-transfe r 

phas ee resumes ; 

3))  a s i n 1 )  whe n th e hydroge n envelop e o f  th e dono r  sta r  ha s bee n 

exhausted ,,  an d mass-transfe r  i s terminated . 

Accordin gg t o ou r  calculations ,  th e spin-evolutio n o f  th e neutro n 

sta rr  durin g th e mass-accretio n phas e ca n i n genera l  b e divide d int o 

thre ee phases : 

i ))  evolutio n "i n equilibrium "  (i.e .  wit h a  spin-perio d equa l  t o th e 

"equilibrium ""  period )  whe n th e magneti c fiel d o f  th e neutro n sta r  ha s 

nott  ye t  decaye d significantly .  Thi s phas e last s fo r  abou t  on e fiel d 

deca yy  timescale . 

ii ))  evolutio n "ou t  o f  equilibrium "  (i.e .  slowe r  tha n wit h th e 

"equilibrium ""  period )  whe n th e magneti c fiel d i s rapidl y decaying ,  unti l 

it ss  bottom-valu e i s attained .  Thi s phas e ca n las t  fo r  a  fe w time s 

100 years ,  dependin g o n th e precis e valu e o f  th e cor e field , 

iii ))  evolutio n "i n equilibrium "  again ,  whe n th e bottom-fiel d ha s bee n 

reached ..  Durin g thi s phase ,  th e spin-evolutio n o f  th e neutro n sta r  i s 

completel yy  determine d b y th e evolutio n o f  th e mass-accretio n rate . 

Bot hh spin-u p an d spin-dow n phase s ca n occur ,  dependin g o n th e rat e o f 

chang ee o f  th e mass-accretio n rate .  A s a  consequenc e o f  long-lastin g 

phase ss  o f  a  decreasin g mass-transfe r  rate ,  th e neutro n sta r  ca n spi n 
g g 

downn o n a  timescal e o f  severa l  time s 1 0 years . 

If ,,  however ,  th e accretio n phas e i s relativel y short ,  du e t o a 

larg ee accretio n rat e an d a  lo w amoun t  o f  envelop e mas s availabl e fo r 
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transfer ,,  i t  i s  possibl e tha t  th e neutro n sta r  doe s no t  evolv e throug h 

phas ee iii )  o r  eve n phas e ii) . 

b..  Application s t o observe d systems . 

Thee neutro n sta r  i n th e low-mas s binar y radi o pulsa r  syste m 

PSRR 1855+09 ,  whic h ha s a n orbita l  perio d o f  12. 3 days ,  rotate s wit h a 

perio dd o f  5.3 6 millisecond s an d ha s a n approximat e magneti c fiel d 

strengt hh o f  3. 3 1 0 Gauss .  Th e whit e dwar f  companio n ha s bee n observe d 

andd ha s a  mas s o f  abou t  0. 2 t o 0. 4 M 0 an d a n effectiv e temperatur e o f 

abou tt  590 0 K  (Wrigh t  an d Loh ,  1986) ,  whic h indicate s tha t  i t  i s  ver y ol d 
g g 

(severa ll  time s 1 0 yrs) .  Consequently ,  th e neutro n sta r  i s als o ver y ol d 

andd it s observe d magneti c fiel d strengt h i s th e strengt h o f  th e cor e 

field ..  Fro m th e numerica l  calculation s performe d b y Pylyse r  an d Savonij e 

(1988a) ,,  th e evolutio n o f  th e mass-transfe r  rat e i n th e previou s low -

masss  X-ra y binar y phas e ca n b e inferre d an d use d i n th e spi n perio d 

calculation ss  fo r  th e neutro n sta r  i n thi s system .  Assumin g a  standar d 

formation-scenari oo fo r  th e system ,  i.e .  th e formatio n o f  a  neutro n sta r 

i nn a n accretio n induce d collaps e followe d b y a  mass-transfe r  phas e unti l 

th ee hydroge n envelop e i s exhausted ,  an d a  standar d deca y scenari o fo r 

th ee magneti c fiel d o f  th e newly-forme d neutro n star ,  i t  i s  possibl e t o 

modell  th e evolutio n o f  th e spi n perio d o f  th e neutro n star* ,  leadin g t o 

th ee presentl y observe d rotationa l  statu s o f  th e pulsar .  Our  calculation s 

indicat ee tha t  a  minimu m amoun t  o f  mas s o f  0.0 4 M 0 mus t  hav e bee n 

accrete dd b y th e neutro n sta r  a t  a  rat e o f  a t  leas t  abou t  7 .  10~ 1 0 M0/yr , 

whic hh indirectl y suggest s tha t  th e initia l  mas s o f  th e dono r  sta r  mus t 

hav ee bee n les s tha n 1. 5 M . 

Thee spi n perio d an d perio d derivativ e o f  th e low-mas s binar y radi o 

pulsa rr  PS R 1831-00 ,  whic h ha s a n orbita l  perio d o f  abou t  1. 8 days , 

indicate ss  tha t  th e neutro n sta r  i n thi s syste m ha s a n ag e o f  a  fe w 

100 years .  Th e bottom-fiel d i n thi s syste m i s foun d t o b e 8 .  10 1 0 Gauss . 

Wee fin d tha t  th e mass-transfe r  rat e i n a  low-mas s X-ra y binary ,  whic h 

terminate ss  mass-transfe r  wit h a n orbita l  perio d o f  1. 8 day s i s almos t  a 

facto rr  1 0 to o lo w t o spi n u p a  magnetize d neutro n sta r  t o a  perio d o f 

abou tt  0.5 2 seconds ,  a s observed ,  sinc e th e expecte d equilibriu m perio d 
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i ss  >  1  second .  We sugges t  a n alternativ e formation-scenari o i n whic h th e 

neutro nn sta r  wa s forme d durin g a n accretion-induce d collaps e afte r  whic h 

i tt  di d no t  accret e matte r  an y more .  Thi s i s expecte d t o b e th e cas e i f 

th ee rotationa l  perio d o f  th e newl y forme d neutro n sta r  wa s i n th e 

millisecon dd range ,  a  scenari o i n whic h th e remainin g hydrogen-envelop e 

off  th e orbitin g secondar y i s "evaporated "  an d los t  fro m th e syste m (va n 

denn Heuve l  an d va n Paradijs ,  1988 ;  Phinne y e t  al. ,  1988 ;  Kluznia k e t 

al. ,,  1988 ;  Ruderma n e t  al. ,  1988) . 

Finally ,,  i n th e las t  par t  o f  sectio n II.1 ,  w e briefl y analyz e th e 

observe dd rotationa l  characteristic s o f  th e X-ra y pulsar s He r  X-1 ,  GX1+4 , 

4U1626-6 77 an d 1E2259+5 9 i n th e contex t  o f  neutron-sta r  spin-perio d 

evolution . . 

c..  On th e relatio n betwee n low-mas s X-ra y binarie s an d binar y radi o 

pulsars . . 

AA determinatio n o f  th e birth-rat e o f  wid e low-mas s X-ra y binarie s 

and ,,  independently ,  low-mas s binar y radi o pulsar s b y Kulkarn i  an d 

Naraya nn (1988 )  indicate s tha t  possibl y no t  al l  low-mas s binar y radi o 

pulsar ss  hav e t o b e th e remnant s o f  low-mas s X-ra y binaries .  Thi s hold s 

especiall yy  fo r  th e relativel y shor t  orbita l  perio d system s (i.e .  P o r b 

abou tt  a  fe w day s o r  less) . 

Ass  th e mea n characteristic s o f  wide-low-mas s X-ra y binarie s an d 

thei rr  mass-transfe r  rates ,  obtaine d fro m ou r  numerica l  calculations ,  ar e 

quit ee differen t  fro m thos e obtaine d wit h analytica l  methods ,  we repeate d 

th ee analysi s b y Kulkarn i  an d Narayan ,  usin g ou r  ne w results .  We sho w 

tha tt  th e discrepanc y betwee n th e birt h rate s o f  bot h kin d o f  shor t 

orbita ll  perio d system s i s considerabl y smalle r  tha n tha t  obtaine d b y 

Kulkarn ii  an d Naraya n (1988 ;  i.e .  a  facto r  4 0 versu s 300-2000 , 

respectively) ..  Th e disrepanc y may possibl y eve n b e insignificant ,  i f  w e 

assumee tha t  par t  o f  th e hydrogen-ric h envelop e o f  th e secondar y 

companion ,,  instea d o f  bein g transferre d toward s th e neutro n sta r  ca n b e 

"evaporated ""  fro m th e secondar y b y th e larg e impingin g energ y flu x o f  a 

nearb yy  millisecon d pulsar .  Th e X-ra y lifetim e o f  a  low-mas s X-ra y binar y 

cann thereb y b e shortene d significantly ,  whil e simultaneously ,  th e radi o 

lifetim ee o f  th e syste m increases .  Thi s bring s th e birthrate s o f  th e tw o 

type ss  o f  system s i n bette r  agreement . 
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