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Chapter 1 

Introduction 

B s i s  L p r i i t  i d  a i  in t l i t  r i s  3 t 1.3 1 . and 3 to 7 R . . 

rtyitv-ti\-i.ly i Slt~trrtxrk 1986). Tlip Iiirriinosity range is approxiriiatcly '25 log L /LO $ 4 and 



.\ r:iric'ty o f  o r  1ii.r typtas of stars popiilatt. ttir iipptlr triairi srqiicric.~. Tii tw iric.liirit.: O. 

( I f  : r r i ( l  (IV st;irs. O B  ii1ptlrgi;rrits. Bk.! stars. Hrrbig .\rliBr stars. nri(i LBL-s i liiniinoiis b l i i ~  

v : i r i a i ) l t ~ ! .  Th O. Of. OP srars and O B  sup~rg ia~ i t s  arr wry lurriirwus : i d  CVP distirquishtld 

I ) I -  I i i q t i  rri;tsc; 10s.; rattas frorii strlllar wirids ciriven radiation prrssiircx. O stars arta c.iiar- 

:ic.ttlriztvl 1,'- t h  prrstlric.r o f  ioriizcci HP lines. Othcr spectral Iincs oftcri observrti inçliidc: 



1 .2 T heoret ical Models ~ i l ( 1  i w r ; i i  prot)lctti is t(i <iilttwiiiriil tilt' cirrisity. 

r011 y. ;m(i t ornpwit urv iri t h  (~ir(wriist(~11iir m v ~ l o p m  o f  Bc stars a furi(.tiuri of !lot ti 

1 )  i i 1 r i  r r i  5Io~itbls t o  ricsc.rilitb t h r  ptiysic+aI cwticiitioris i r i  t l i w ~  clisk-lik(1 wirids 

1 x 1 1  i l1  pri~wipltb 1111 c,t)t;iiric>ci frorn soliitioris of  rqiratioris whidi Psprrss t h  w~isrrvation o f  

rll;i.+s. 111, , ~ r i c ~ ~ ~ t i i t ~ i .  ;inci tlrwrq-. siippltlni~nteri by ttic solution of t h  ~tittistic'd cqtrilibriiiiri 

t v  1ii;ii i l  1115 v.-iiich <lw-ribt>  tic itli(~osropic prwrsws that g;ts parti(*Ics iincicrgo. If rriagiictic 

ticll(i> :in. prcwrit. thrri \ I~.wcll 's  eqtiations niiist be solveci sirrliiltancously witli tliosc listctl 

; i I ) c  )vil. 1 t i~ rior r h i r  w trct hcr visrous forws arc irriportant. Ttirrr ni- tw ot lier non- 



.Ar t ~ : ~ c * l i  Iocxtioii withiri  th^ wvelopt~ the t3ricrgy drnsity of radiation is detcririiricd 

: L - . ~ ' . I I I I ~ ~ I ~ L , '  r Ili1 s t i l r  is t hc only soirrre of erwrgy input. Thc stt>IIar siirfaw \vas ciivirltvi into 13 





. \ r i  ; i i l c l i t  ioti:i l  roriiplcsity ir i  c.alc.iilatiii;. th(. rlricrgy Miiricr iri thcl c.irc.rirrist~I1~ wirici is 

t o  i ~ i c ' l ~ i c i c b  t t i t b  r:uii;iti~n f i ~ l d  p r o ( l i ~ ~ ~ ( I  withi~i ttitl r i r(- t i~~istr lhr  j;';~! itsvlf. This radiation 

i i  ~ - I ) I I ~ I I I o ~ ~ ~ ~  (-;illoci t tic. cliffirscl radiatiori ficld. ;mcI iri  ;iririitiori to  ttitl riirrr-t radiation ficlri 

f'rc ) t i i  r l i t '  1.r111r r d  st;tr. proviri~s ;111 adriitional m i r w  o f  hcat in%. 1 havr irir-liidcd tlic ciiffiisc 

f i t ' l (  l liy t 1111 im- t titl-spot npproxi~riatiori nrid t icrrioristratcd t hat it  is (-ritical i r i  dctcrniining 

t t ~ t l  c*orrtXc*t t1ir~rr1i;tl striic:trirrl ;iriti ionizatiori balaricc within the wirid. 



11y iiwt h l  for r i i ~ r n i i i i i n g  t h ~  tcnipcrntiirc iiot oiily provides i i  st4f-rorisistimt teriipcr- 

; ~ t ~ i r ( l  'itriicmtlirtl tlut also (';in bc tiscci to  test the trmpcratiires asstirii~rl for othcr  Bc s tars  

1)'. o t  twr r o ~ i ' i t ~ i ' h t ~ r ~ .  The rletailetl niodtls 1 have dcvclopcd are  ari cssciitial step t o  deter- 

i r i i ~ i c b  t l i t>  111iy.sii.d pararritltcrs of strl lar wiricls. r o  cliscbowr liow t t h t w  nlgioiis artl forrrltvi a n d  

1 1 ~ t i 1 1 t  : l i t i c h ( f .  ; m i  to  i ~ i t t l r p r ~ t  obscrva t io~~s .  

1.4 Temperat ure as a Diagnostic Tool ~ i l ~ l  rtaii i l>tntiinl  

1 invar IL+ 4 l ( > r  o r ~ ~ i i ~ i ( b s  t t i t x  ( l t y w  o f  iouimt ion m t i  h i w  t lit1 s t r ~ r i g t  11 o f  q ) w t r a l  lirws. O r i c ~  

T ~ H L  ttlttll)tsr;it Iir[i is ( i t l t t w ~ l i ~ w i  stllf-(*o~isistt>~itly. t h  ~ i l t i t ~  o f  otlior f r t ~  p;u-:wiott~rs m ~ i  htl 

t > ?  t i 111;tt t i ~  i ivi t 11 qrwt ib r  ( w t  a i~i ty .  For ox;mipltl. t lith v d ~ w  o f  p ~ .  t il(\ ( h i s i t y  xt ;L part  i(.llIiir 

p ~sit ion il1 rlio tvlu;itori:~l plane wtiir.11 nitist tw :wsiirricd twfortl t h  tqii ; i t io~i o f  cwritiiiiiity 

i I l .  1 1  i l  j t i t i  1 s r  I r i t  l i s  t I f  O I I V  i~~t-lli(ltas 

, . l ~ t l t ~ i i ( - ; ~ l  ~>It>ttii~rits i11 ; ~ ( t ( i i t i o ~ i  to h y d r o g ~ n  in thth r1io(it4. t h > t i  o r 1 0  KLII  prtatikt t 1w lo(xtio11 of 

i 1 1 t h  v ~ r i ,  11 i3  i l  )~iiz:i; i o r i  s t q ~ s  i ri thil i w v ~ l l o p ~ .  T h  I)ro:i(imirig of l i w s  of (liffflri tlg i o ~ i i m t  ion 

- + r ; ~ ~ f ( l l g  ;il11 A V ~  thib rot;ttion;d v(>lo(-ity of t t i r  t l~iv~Lopt~ ;LS ;L fiiri(.tiori of t i i~it i~~i(.(l  frotri thfa s t a r  

r i ,  t ~ '  \ ) t l t t c ~  c.o~~.str:tinocI. .At t h  prrstwt tirrirl. ii sit~ipltb vt~lority ciistrit)utio~i ;U a fi i~ic ' t ir)~~ 

I i i ~ i  I I  1 s r  i 1 s i 1  S I ~  Iriiprovcvf kriowltrigv ;d)orit thil pliysiral 

1 ~ 1 ~ 1 1 ~ i i t i o 1 1 ~  ; ~ ~ i ( i  ~ ) i i~ :~I I i t a t t~ rs  of Be s ta r  taiiv~loptl R-il1 ;tllcnv v:irio~~s t~lo( i i~is  wtii(-li (ftw-ritw 

t l ~ i v  r liiwl ciisks f ; ) r r~ i   rici ci itrv rri;iirit;tirir1ii to btl ttlstt4 with I;rrvntt1r c-tlrt;iirity. 
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Chapter 2 

Self-Consistent Temperature Distribution 

for 7 Cas1 

I j t b  51 xrc; ~lsliii)ir tiyciroiyri twiissiori 1irit.s iit optical : m i  irifriirtl(i ~ a v ~ l t w g t  11s m ( l  frta- 

( l ~ l i ~ ~ i t  I V  i!~~iic;sio~i fro111 sinqlj- ionizcci r1ict;tls ;LS w ~ l l .  Thc  hyrirogcri t-niissiori liritas iiriw t)y 

I - I V . ~  1 1 1 1 l ) i [ i ; i t  ion il1 ion izd  rirmr~istvllar r~latcrial. and arp frwptmtly variahitl on a widtl rangp 

t 1 1 i  1 i i t r i l  r i  D o  8 ) .  Flirt h w  ciiwiissiori o f  t lit. miission lines and 



. \ il  ; ici<li t iori ; i l  5i1riplific~~ion. alrriost ;il~v.-iys niarfc. 11;~s hcen to bypass ttir. cqtratioii for 

tlic1 c ' ~ ) ~ w r \ - i ~ t i o ~ t  of  tmerq and instead usiimp a value. o r  a sirriplti. tiinc.tiorinl form. for 



itti position iii 

o f  ttio clrmsity 



1'11 ~ ) r o ( i ~ i ( - t l ~ i  ;i (l(ltiiiltl([ 1i1o(h~l of this kitid for tlio Bi1 star -1 C~LS ( BO[i.tlj. T t i ~  s to lhr  

tii ; t>h. r;tcli~ls. cbfftv'~ivc1 t(ltup~lr;tt iirtl ;inci log 5 w t w  (4iow1i t o  h i ~ v ~  t h  ~;111ii>s LT 11 . . 10 R . . 

'>.-,.l )i )l l K. ;tri( i :l..?. rtlspwt ivoly. P 1 I  assiirrird n stcwly stato. c.irrw~~isttdl;ir rrivchptx w h i d i  

\V;LF 3!-111~[lt~tri(- ; i t ) t ) i i t  t ) o t l i  t h  roti~tiori ; u i s  ari(1 ttitl tq~iator ia l  p i a ~ i ~ .  T l i ~  c- i r r i i~~isc~~l la r  

rti;ltttbr i v ; ~  itss~itiitvf to ti;n-cl a kirictic- tcwipciriitiirv of  20000 K. ttitl 1;ittc.r c-hoic-tl ht~irig 

c . 1  itl~istotlr ({i~;tlitat ivtbly wit li Kloi~i x i c l  Castor ( 197S). 







Tzihlc 2. I : C'orit inucd 

( O  1.6(09) ( O )  3.6( 10) 1 .l(OO 
6.4(04) 1.9(05l ( 4  S.1(04) 7.5( 11 
1 0 )  O )  1 . )  l . l (O3)  le:{( 11 
4 . 1 -  1 )  ( - 2  ( - 2  O - )  1.0( IO 

( O - )  0 6.9(04) O ( 0 )  ;J-9( 1 1 )  
( 2 )  O :  X ( 0 2 )  S O )  (3.1 ( 10)  
( 1 )  ( - 1 )  ( - 2  ( - 2 )  7.:1(09) 



1 . 0  0 0  4 ( 0  4 ( 0 1 )  1 . 1 0 )  ( 0 0 )  7 . 4 )  1.9(0<3) 
1 .  1.7(06) 7.S(OO) 4 ( O l )  1 . -  ) ( - )  L.2(09) 
3-66 O :1.*Tii-2) 3.3(-2) 2.1(-,5) :1.3(-5~ ?.O(O8) 
3 .  ( O )  1.9--1) 7 -  l ( -  2 . 5 -  2.0(07) 

0 . 0 0  0.00 l . i(O6) I.T(Ol) e?.O(Ol) 9.3(-1) L.4(-3) 9.9(0$) 
1 7.9(0,5) ( I O )  ( 0 0 )  1 )  4 . 4 )  fj.l(O8) 
4.tj2 4 9 -  1 -  ( - 6 )  d.?(-6)  l . l(O8) 
7 9 . 7 -  1 1 .  - 4  1 . 0 -  1 . 7 -  0 -  t .ocor) 



2.3 Energy Gains and Losses of the PM Mode1 
\\il : L ~ S U I I ~ P  r h t  11111 giis ( iy r ia~~i i ra l  ternis i r i  tlir t q u a t i o ~ i  for thtl coriacrvatiori of ener ,q  

; inb .iiHic-irlritiy sirial1 t h  the gas in the circtr~ristc~llar t~rivcllopc riiIi bc zissiinied t o  be in 

i.;~iii;~r ivo ivliiilihriiiiii. 50 ttiat ;it t1;u.h poitit in t h  iwvelupe t h  rwiiittivt. liwtirig and  rooliiig 

r:ir i.3 1 );iI:~iii-il. Kltiii ail(! C ~ L S ~ O T  ( 1978 ) dtwotist  r:itoiI t k i t  t tiis ;ü.siiriipt i o ~ i  WLS ;L good onr 

L i  )i t l i t .  r:il)irlly vspimiirtg. Of st;ir wirids t1itjy i r ivwig ;~ t id .  Ii i  t lit) PLI riiuiic!l r lit. r;iciial 

(.( 1 1 1 1 1 ~  ) t 1 t h t l t  I )f  volt bt-ity o f  t kit> (*irrirt~istolI;u 111ii.t tvr is c-o~lsi(itlrat)ly sriialkr ; i~i( i  th(> partirlt> 

~ l c ~ ~ l h i l \ -  q*111lr;tlly h r < ( ' ~  t i i i i~i thta SiLIIitl qil i t~it i t i(~s in t h  o f  Sti\r ~vilt(is. SU otlr iki~l111l~t i ~ l l  i~ 

tixl)cv-~ i v l  1 0  t v;iiici ;it l ~ ; ~ s t  for t 1 i c l  tytiatorial rcyioiis of t tic) c.irc.iiriistc4ar twvt~lopt~s of Bta 

\ r ; ~ r i .  I r  I I I ; L ~  ; ~ l s o  \ ) O  i1 rtvwoiiitt)lo ;issuiriptiori hi. tlitl hiilk o f  t h  c.irc.~iriistc.ll;tr c'rivt~lcip~. 

2.3.1 Energy Rate Calculations T l i ~  c r i e r g  gain ppr dec t ron  froni photoioniza- 

tic ,II. El!. , . K;LS clvtclrtriiried bu niiiltiplyirig the  iritilgrand of t tic s tandard  intcgral i i s d  to  





Tiiti iL1it)rq- loss liy frcv-frrr tlriiissiori o r  brcriisstrahlimg (.ail t w d y  htl c-al(wl;icc~d iisi~ig 

t l i t '  ~t ;ui(i;~r<i ~ ~ x p r t ~ s s i ~ r i .  ( O s t ~ r b r o ~ k  L!Jï'-l). . \ I t ( ~ m t  ivtlly. a frw c>lwtro~i rriay at)sc,rt) ;i 

[ I I I (  ~t ( J I )  : triri  1 r i ;~k~  ;i tritlisitioii tr) a higIi~r s t a t ~  wtlidi i~i(w;ws thta t?tit~m of the g u .  t bat 

i - h i  t s r  t i i or i t  r t i t  r i 1 1 1  (Tirrktlr L 1 ) Z ) .  Thtw frtv-frw tcrtris ;tri. 

~ i o t  t~s~itv-tcvl t o  tw cio11iit1;itit c.orltrit)utors to tlio twLrgy gains iiiid 1t)sst~s btrt hivo I ) t w i  

i11(.111( i t l f  i fi ) r  ( - 1  ) ~ ~ ~ p I o r t ~ ~ i t * s s .  

I I I  I ~t'clt'r r o  cic~rorrliiritl thcl ttarnpf~riitllr(~ c*orrtqoridiflp to t~qiial ratm of rtwrgy gai11 ;~ncl 

I I  M .  t 1 1 t h  Pl[ (.o(it~ wxs r~iodifit~ci to pcrniit t h  talwtron ttmiperature t o  btl a fïinrtion of 

1)'  , * i r  i l  111. ; \ r i  i r i i t  i d  qiiclc;s for t t i ~  tempcrntilrc grid was tlrtrrrriintd in t iic followirig rriannrr. 

Ttitb r:tt io o f  r lit* r;itty o f  cricar,? gairi to loss w,u rorripiitcci nt t w d i  gici point for isot hernial 

111 ,  ,( i c i 1  I 1l11.f.l~)p*s c.fiara('twiztd by a sptvbifir c.fioic.e for t lit. kirict ic- terripcrat iire of t hc %as. 

Tliiy prc ) c w c ;  K ; L ~  t 11~11 rtlprattd for a rarigc of kiriet ic tenipcrat urrs. Thereforr. at each grid 



T l i t l  ~iiiriil)c>r t,f qricl points i r i  clic z dirwtii,ri. cad i  o f  wtiicti is rdtwcd to t)y its .J valilcl 

IV i t 11 . f  = 1 in r l i t )  ilci 11;itciriitl plariv. wrts i~ic.rri~st.ci f r rm 4 cqiially spaccci points i r i  t ho origiriaI 

I ' \ I  i i i ~  ,( i 1 l 1  r c J 20 q i r l  poirits. 'ipacwl i i r i t ~~~ i id ly  iri ortlrr to  sarriplc hct tvr t fic rlxponriit i d  

c I t 2 1 1 3 i  ty c irv.stl;~~..;cl i i i  t lit> Pl1 riio<lrl pcrptmiicxlaï CO t hc cqiiatorid plaric. Thiis t l i t w  are  

1 r i  t i r s .  0 J 1 s  or x h  of t i r  4 ~ 1 s  At positicms iri tht. tlrivrlopc 

( - 1  >rrc-po[i~ii~iq to .J = 20 (.J = 1 in t h  P l1  niociol). it w u  cwsiinicld chat thcrr  wu no 

~ii;lr(~ri;il ;tt,ovil tlitlstl locations. This  aw i~np t i o r i  is iinphysical sinçc there will certainlu bc 

-ortlcl t l i a t rv3 ; i l  t)t>yori(i t l i t s ~  positi011~. T l i e r ~ f ~ r e .  the qrid points rorrrsporidiri;. to  .J = 20 

lv(irtb i1xc~l1l(itvl froni t Iic f i d  iinnlysis. 
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i r  >llot~l(i \ ) O  t ~ ~ ~ i p h ~ i m i  t tiat r l i t w  is ~iot  a tnorwto~iir i~wrwstl in t ~ m p t w t  tlrtb twtiwtw 

1 I I ;  i l  p i  a i  r i  i t I t h  i o p .  In t t i t b  I I P ~ T  portions of thtl 

o~ivt~lopt~. i'11tlr1,"- q:ti~is ;triri lossrs are dorriiri;ittvi by radiatiw prowsstls. i r i  parric*iilar. ptio- 

t 1 ) l (  ~tii,mt i( 1 t i  XII(!  rmiiat ivtl r w m h i ~ i a t  im. Alung t lit? t q ~ ~ a t o r i a l  ~l i i11t ' .  c t  bllkit~t~iil p r o c ~ s s ~ s  

(1, ~ t i i i i l ; t t r ~  rhv cwtyy tmris out to it ciistnrirc of  approxirnatcly 4.5 sttlllar radii. Iri frict. t hc 

I I I (  c ' c  )t~.s;pic~ic ) I  15 f m t  lirt1 in Figiirtl 2.1 is ;i ttlnipcLratiirra irirrtvw ;irid sii bsqiicrlt cit~rtliir;~ 

t rf ;tppri )sirri;ttclly 3.000 K in t h  tqiratorial plmc htw(1cri 1 anti 5 strllar riidii wiicw cwlli- 

hic r t  i;tl I)ro(-ww': cioi~iiriattl. Bctwçwi 4..j iirid 8 stcllxr r;iriii. cwllisiorial twcrgy trrnis zirr t lit1 

~ 1 1 1 t l  i)srl(lr ~ ) f  ~ t i ; l ~ t ! i t ~ d v  as thtl riidiatiw tcrms. A t  increaing hcigtits nbove t h  i?qiiatorial 

pl;intl. rfw r~ l~~ ipc~r ;~ t i i r c~  striicturt> is quite coniplicated b w a i i s ~  i.ollisiona1 terrns qradiiallu 

~ lcv~r r~ tw iri i~~lpr)rt;iiiw as the particle nimber densitu decreases. Generally. thtl tenipcra- 
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F i q i m ~ s  2.4 ; L I N  i 2.3 s tiow t lit> rtllat ivtl i i i ipor tmw o f  pliotoioriimt ion fror~i l ~ v ~ l s .  11 = 1. 

3. 21). :j. ;uul -1 ;iIorlg tht) t ~ q m t o r i d  plmiv anci ;do~ig  ttic lipptar tldgtl c)f ttiv otivtlloptl. 

111 r t i t l  oc 11i;~r  t ,ri;iI pI;t~it> rwiu t h  star.  t hcl clmsit iw  ; L ~ C  liigti niirl t lie tbiivrloptl is cipt imlly 

r 1iic.k i t i  l i i i t h  r;itii;itiori. Col1isiori;~l proc.t3sstls ; m i  sc.iittertd lirit l  radiatiuri rtlsiilt in iiic*rcv~wl 

I)I ) 1 ) 1 i I ; ~ r  i( ,113 ; i t ~  )t-tb tiio qro~irid st;ittl r;idiatiori is av;tilxt)ltb iii t lit1 Ba111it~ : m i  loriqlr 

~ ; ~ \ t h i q r  ti (* i , i i r i i i i i : t  t o  ioiiizc. th()  toiri ris. Ce~risc~c~iir~titiy. piiotoioriiz;lti<>ri frotri t h  2p ;iii(f 

11 = . j  l ~ ~ v t ~ l s  ~ ~ ) [ k r  rit)~lttbs t lit1 111ost titit1rgy Ïriput t o  t lit% vr iv t~ lop~  i r i  t i i ~  t ~ q ~ i i i t o r i d  p h i i ~ .  

P\l( ) r  c ) i i  ~ n i m t  iori  froiri ri = L is siit)staritirilly rcvitiwcf t~tltwtarri radial clist;tiic.c~s of 1 .O5 anci 

* .i I 4ttlil;~r r:ici i i  w ti(~ro t . h  o r ~ v ~ l o p r  is [lot i .o t~q~l (~ t r ly  ionizcd. Flirt hcr froni t hi. mliintorial 

1)l:iiit. r l i t )  ~ i i v i ~ l o p o  riiorr rlcis~ly nwriiblrls n rid)iila. witti riiost of  t tir iot i i~nt ion roiiiirig 

~ I ' I ) [ I ~  t tic' qroi~rici s t a t r .  



Thirri. ;i c;iiiipkl npproxiniation was iiseci t o  walmttl the local prirrgy ricnsity of linr 

r;icli;it i o r i :  i t  is i i t w - r i t 4  in detail bu \Iarlboroirgh ( 1969). Essent ially t his procrdiirc as- 



\\;' ;in3 c-orisiclt~i~ig tx twci i~ ig  this ; i ~ i i i l y ~ i ~  to t t l c  disk I I ~ O ~ C I  ( Ikt tvrs  1986. l i - a t t n  (lt ;il. 

I ! I sT i  i r i  ;i c ; i i \ ) l . t l c l~ i (>r i t  dirtpttlr. T h  rt.siilts of tticstl analyses will bc useri t o  wristriict an 

i i ~ i ~ ) r o v t v t  ~ioiit.1. Tliccitl irriprovements will incliitfe cliarigcls to t i i c  cierisity distribution abovtl 

r tic. t . t l~~; i~or i ;~ l  pIa11tl : m l  f l ~ x i b i 1 i t ~  to allow thc upper edgr of the envcloptl to mry in stinpr. 
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Chapter 3 

'.\ ~ - o r ~ i o n  o f  this rhaptrr  h i ~  bwn p u b l k h ~ d :  1Iiliar C. E.. ,\Iarlboroiiqh .J. \ I . .  i 1399) R a t ~ s  of 

I 1 r i r . r q -  liitin ;incl 10;s in  th^ rirciinist~llar envelopes of Be stars: 1 Delphini. -\P.J. 516. 280. 



1 1 1  r h i> (-ti;ipr(lr LW txtrnd oiir analysis of the Pl1 niode1 to in(-liicic cl cool Bt- star in 

(trtlor ro iiivc>';tirgiittl fiirtticr thcl dairri of .\pparao arid Tztrafciar ( 1987. 1Wta. 199%). Tiic 

t'nt'rq- r;ittl c~;tl(=iil;itio~ls and c.orrrspondiiig terriperatures within the c.irçiinistcllar envelope 



:in1 qivtlii t i t w  for t h .  star 1 Del. This star has a spectral type. iii the r:irigtx BS-9 e s h r l l  

i SIN t i t t~ik :irid Carpriiter 1983): it was prrviously riiorlrletl by LIarlboroiigli aiid Cowley 

( l!)74 ). lit.rtliiftc1r SIC. 



3.3 Result s ~ i w  ki~ictic. tttrriprratimi iierivcri froiii tlir (.ritrrioti of tlq~i;i~ rntcs o f  

tlIitlri,"' ~ ; L ~ I I  ; m i  Ioss is show11 in Fiyirti 3.2 as a fiinction of  radial  ciistanc-tl iri t h !  tyiiatorial 

1il;iiitl. : i t  :i positiori tinlf w- htl tw~en thc rqiiatorial plane arid iipptr d g r .  a ~ i d  at the iipper 

o(ig(> o f  th i l  tmvt~lopcl. Sirux there is an  ~xporiential decr~asc iri the tfcrisity distribution 

p~rpiwciirw1;tr t o  ttit. qiiatorinl plane. niust of the rriatwial in a particiilar coltirriri lies 





*I.Iicl s:ic l h l  i icqit~iictciic~l of  prowsse~.; w1iic.h cwrit rit)iitt~ to t.ritqy gxiris ;irid 1ossc.s is showri 

i i i  Ficirrt. :j.:I ;mi Figiirtl 3.4 ;LÏ a fiirii.rio~i of (1istaric.c frorri t tic. s ta r  for t h .  cqïi;itr)ri;il pliiriil 

L I  r v i e .  r t i v l  Th[> cionii~iarit wiirw of tlncrS'; gairl mci loss iit ;ilrriost 

d.ill 11 l ( x r  i l  bris i i i  t l i t )  ~ i v ~ l o p v  is ~)iiotoii)iitz;~ti~~ii ii~i(l r:idii~tiv(l rtwmihiriat iori. rvspwt iwl:;. 

( ', 111 i ~ i ~  ) ~ i ; ~ l  prl ){WS(Y [ior~iiriattl in a vpry srilail rcqiori in t lit> qua to r i a l  plarit~ t ~ v t w w ~ ~  ti(1 

-r~lll;tr ?irrh-tl  ;mci ;L r;icti:il clista1ic.r~ of 1.05 stcllar rnrlii. Collisional prot=esscs ;rrcl oriiy 

ir i i [ )c  )rr ;irit w t i t w  l ~ , t  ti t lw cltlrisity arid ttwptlratiirtl artx Iargv. .\t rxfial riistiiric.cls grclatw 

r I i ; i t i  1 .O.? 3ttlll;~r raciii. r r i c r q  p i n  froni ptiotoioriization h a  the  lrtrgest nbsoltitc valiic of  al1 

t t l i l  1 i o ; ~ r  irlg ;ml ivolirig tcrnis. From t lie radial distancr of 1.05 to 1.N stelIar radii in the 

t~cl~t:itori:il pl:tiicl. t tir. rateb of  enPr,;'- Ioss due tu rollisions is Iargtlr thau the recombiriation 

,l1icbrq- r;ito. Howvtlr. itt al1 othtlr locations the piiotionizatiori and radiativr rwornbination 

t tlrnis ;in1 t i l t l  Iiirgrst. Stw Figure 3.3. 
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Fiqiirib 3.3: Th soiirrcs of c n e r g  sain aiid loss alorig t l i ~  equaturial plane (.J= I ) .  





miration energy trom n=1 

Tticl p r t i o t i  o f  r l i i l  t~iivcll1)pt~ r i t w w r  thcl tlqii;ttorinl pl;iric. is ricwtrxl. Tho q r t w t w  c i t y w  

1 I[ i l  1 t i11:i t  i f  ) I I  i t i  t l i t )  (q~ ta tor ia i  p h t ~  is 1.3 (X rwar t h  star. i k t  il11 otlior ra l ia l  ( i i s t a ~ i ( * v ~  in thv 

1 ~ 1 1 i a t  ~ ) r i d  1)l;~tio. t lit1 ( i t lpvl of ion imt im is l ~ s s  t ha11 t h  v:d~it>. Thcw is sir~iply riot (~1o11gi1 

;otii/iiiq r ;~ ( i i i ~ t i o r l  fro111 t h  star nhlc to  r r ad i  ttir ch i s r  ;trr;ts to k t ~ p  t h  gxs iotiizrti. \Vit11 

~iic.i.iuiiiq titliqiit ;i\)ovtb t lit1 tl(1ii;itorii~l planc. tht. ionizrrtitiri frxctioti itic.rcascs grrrci~~ally ;LS 

r l i t )  <;L> t i w i  )riic1'; o p  t ic.;rlly r hin diie t i ~  t hc rxpori~r i t  ial clcrrri~w in (icrisity. Howcvr .  orily 

: l i t >  i i l )~i t~r t iost  2.5 ''< i ) f  t kic. ilrivrlopc is rriorc t h r i  80 '2 ioriizcd. 



J 5 10 
saaiai Distance :Steiiar Rach11 
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for i:io( l(.lirig ..;iic.Ii st rong lines. Thcsc effects are also disrusseci bu van Kerkwij k. \Vaters. 

i c i  l r l o r o i i  ( 1 9 . 5 )  Finnlly. wr note tliat obscrvrti fliixrs t h  ;\ppiir;to k Tiirnfdar 

i i B  p ~ t ~ u ~ i t l t ~ r  d' <=~~liitly affwts  th^ distribution of gris: perpt.ridiriil;u t» tlir tlqiiatorinl 

This. i i i  tiirti. rmiilts i r i  r.hang~s to tht! terriperxtiirc! distrihtiori.  111 p a r t i d a r .  liirg~r 

Tlitl roi1ipor;ttiiri1 ; h t i g  t htl iippw t~igcl o f  th0 onvt5lopt. is qiiitc s c ~ i s i t i v ~  t o  niinor chmgos 

i l i  r 1 1 0  ~iioti(bl. T h .  tlriilr,q tcrms arr d l  vcry srrixll i r i  rringnitridc b w a i ~ s r  of  tiw ~~xporicritinl 

c h s r e ~ ; w  i r i  ricwsity. ,411y srriail c-hangtt iri mode1 pararrictcrs. wtiicti influcrir-es r h  Icvel pop- 

111;ltic~tl.s. ;tfftit-ts t h  rtllativr vali~c of  cricrgy tcmris. This. in turn. rricxiifics thc tcnip(mtiirc 

- i ~ i c - r .  i r  i' 1-;ilriilatcvi frorii ttir assimiprion of cqiial cxnorc +ri and loss rnttls. For txmiplc. 

c.ti;t~igiiit. r titi cipiuirig of the ,grid locations in the radial tiircrtion lias no sig1iificbiirit c*ff'x.t clri 

r l i t '  i - ; i l c - i i l ; i t cv~  teliiipt~ratiirt.s iri the cnvelopc exïrpt along the iippermost edge. Tliercforc. 

; L I (  1 1 1 ~  r tltl t tppcmrios t t d f i c '  the quotcd tmiperat rires rnust be viewrci as est ir~iatcs. Howrvrr. 



si~ic-cl i t i c w  rtlgioiis tixve relatiwly srriaIl densitics and since gcrieraIIy the tmissiori qots LU 

t tic. r i i i~i i t )c lr  tiilrisicy sqiiared. the upperniost r~giliri does [lot contribiitr t o  tfic obscrvrd 

t11tlic;siotl I i   tic^ iri  t lit. optical portion of the spetrtrilni. 
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Diffuse ~ a d i a t  ion3 
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tir~tlrz>. i-l;tiri ;m(i losc; in  r t w  c.ircumstellar ~ n v ~ l o p c  of BP stars: ciiffuse radiation. -1p.J. .516. 276. 



Ut> stars li;iv(> t ) (~ '11 ~ C S O ~ V P ~ .  providing support for t his vicw of a Be star: Doiigherty and 

T;tylor ( 1992 1. Qt~irreribach et al. ( 1993). alid Stee et al. ( 1995). 
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Fiqiii.t> 4.2: TIiil tiwipntiirt> for nliidi the crirrgy p i 1 1  t>iil;iri( .t '~ rtir t w w g  loss as a 
fi111c.r i o ~ i  c ) f  (iisr;~~ii-cl from thta rotatiori xxis i ~ t  a lo(.atim Iixlf way t~ctwctw tlic fyiiatorial 
~ ) l ; i ~ i o   ricl cl r l i t >  tLpptar ivlqtx for thcl star 7 Cifi. T h  prrdic.ti.rl ttlrnprrritirrc. rktcrniintd by 1111 
:111(i r I l i l  prcltiic-rtvf tompcar;lturt> with t h  inrliisiori of t h  ciiffiistl r;itiiatiori firM art> stiowti 



S:anaard Temperature Calcularion 4 
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Figi ir~ 4.4: Thp snirie as Figiirc 4.2 for the star 1 Del. 



;If r i tlII1~)IiStfXtt'S th;tt 4.3 Discussion and Conclusion Txblr -1.1 (.itl 11- I 

t Ii(t iiic-lilsioti o f  t iit) i liffriw radiation f i ~ l d  iticrmses t ht. average mvelope terripcratirrc. The 

tiitfi~>o r:iiii;itioii t i i ~ l c l  proviclrs additioiial heatirig duc to t hc iric.rcCwc in photoionization froni 

1(1\-(11 r i  = 1 .  Thi3 itir-rwscs tlit) ioriization fr;ic-tiori w h - t i  siibst~qiicritly inrrraws thtl riiirribtlr 

i l f '  rtv-c i r r i t ) i l i ; ~ t  ions. wit fi t tir' rt-wllt t fiat t hr tlniission lines also iric.rcase in strvngt ti. Ttie 

iricm>;i..;cl i11 ~ t r t ~ ~ i < : ~  1 1  o f   th^ H,, 1i1w with the iric-liision of t tic. diffuse field is qiiite ciraniatic. for 

t ~ o t l i  C'as i t ~ i c i  1 Dd. For exaniple. in order to rcproduçr the obserwd line with t h e  ciiffiiw 

titlitf irit~liidt~ri for I Del. the nuniber dcnsity miist be rediiced bu a factor of approxiniately 
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Chapter 5 

The Disk Mode14 

' .4 \ - c v i o r i  t i f  r h i c  c-tinptrr lias b w n  pirbliih~tf: l l i l lar  C. E.. .\Iarlborori=;h .J. LI.. i 1999) Ratcs of 

t i r i t l i . q \ .  g:.;liri ;i1i(1 io..;c; in t h  c-ircrinist~llar ent.elopt15 o f  Btl sari :  rht1 rfick modrl. . \pl .  3'26. 400. 



nlii.nl {J is t l i t1  ~ i w s i t y .  r is t h  riuiial ( l i ~ t i i n w .  R. is t 1 1 t h  sttllliir radius.  p: is t h .  <bwsity lit 

1. = R.. i i i i i i  i i  is a iiiiiiit)t~r typi<.:ilIy bc t~vr~ tw 2 ;irici 3 . 5 .  T h  &iisity r imairis  iwtistatit frorri 

r l i t )  oi~~ix[uri : i l  p l ; l i i~  tu  tlic iippixr dg. o f  t l i ~  imvillt~pc ori ;trt-s of i7orist;iiit radia l  ciist;iiiw 

f i . ~ i t i  r L t >  s tar .  Thcl outHow vt?lority is g i v ~ ~ i  by 



5.2 CalculatioIl~ T i l r r ; i t r ~ ) f r a d i n t i ~ c ~ r i c r ~ g a i n n a d  lossir i  t l i r p i i r r  

tiv(lrc~<c>~i W:LS citwrrriiritvf rit various lorations in the circiinistellar tm-elop. At aliy 

pi )si t i c  )II :i I init vo11111i(l of ps <airis cncrgy froni p hotoionization. rollisionai dc-cxritat ion 

c r f '  i w - i  t i l (  f l ( ~ ~ l s  anci frw-frw disorpt  ion: it ~ O S P S  enPr,-' from rerombinat ion. milisional 

t";cbi f  ; I  t l o r i  ~ 1 ~ 1  fr{~t~-frw (~~riission. In a stcady s t ; i t~ .  t tit  kiritlt ic .  ttlrripwat iirt* of t lit, g;is itt 

;i ~i:trtic.iil;ir 1oc:itiori is that  trnipcratilrc for wtiidi the rates of mer=  gairi ami  loss a r r  

ivl1i;il .  .-l\(i(iitio~iid cicxtitil~ ma? b r  found in ll i l lar ancf lfarlborough ( 1998). 



S i i l i ~ ~ ~ ~ i t ~ r i t  1y. t 1 1 t h  progrmi w a  niociifitd t o  iillow :i ttwipcratiirv to  b t >  spwifitvi at cw.h 

l o i - ; ~ t  i l  111 ( .o~lsi(ltmd in t twvdopt~. For t w - 1 1  star. tilt1 kirwtic tmipt~ratiirv ass11rxicv1 by L\-a- 

r tb i -3  i h r  ; L I .  i l!)S7) u.;~5 I I S ~ Y ~  ;LS tlw initi:il giiess ;tt t d i  lot-xtiori. T h  ioriiz;itiori-tlsc.itririori 

I I  i i  1 r i  O t e  a i  t o  o s  for 1 - 1 1  r i  t i t i .  'Ththri t l i tx ttwi- 

] ) i1 r : i r  ; l t  ;L  ptrt  i(*~il;w loratior~ RYLS ;~cijristt~ri. i r i  s t q x  of ~ 5 0 0  K d(~p(m(lirig o f  t h  valt~t) 

, f  t I l i l  r ; ~ t  io 1 litw~, T h  proqrml WLS tlitt11 rcarlin usit~g t h  rrlo(iifitv1 tcwiptbr;ltlmx qri(1 : m i  

T l i t )  t b ~ i o r ~ ~ m  <ai11 r , l(  ISS rxt ios rt~-aIc-ul;ttt~i ilt tm-ii lwat  iori. This i t t m t  ivt- protvss NX.S rta- 

1 ~ 1 : t r t v i  1i11t il t titl r;u io o f  qiiitl t o  toss ;tt o;ic.ii locxiorr wrisidcwct w u  I r .O?. Howcwr. t h  

i tic 1 ivic ir i;iI t t*tiipcxr;ir irrtls itrtl wrti~irily riot t his acc-iiratc. Thc twor in t tic1 lilv~l popiiiiit,iriris 

is ; ~ l ) l i r c  )siiii;rtcjly .?'X ( I i i t .  to t lit1 trior hoci 1)'- wtiic4i t 1it.y w t v  c~il(~11;tttlci: t his will rcwlt in 

t n i  ) r ~  111 t 110 ttwiptSrat lma of  approximat~ly LO'X. 

5.3 Results 

5.3.1 Isot hermal Envelope Results Ttit: ratios of c n t r 9  gain to m e r 3  los  for the 

ist i r  Iitmii;ll c~tivvliqir~ rnocirls assiinid tiy LVatcrs et al. ( 1987) CWP giwn in M i e  5.1. For 

;il1 ( i f  r tio ;t;iri; iiivcstigatd. the average of t tir ratio of t w x g  sain to t w r q  loss is less 

r 1 ~ 1  or10 ir~ipiyiii,q that thc trniperaturcs assiii~ieri bu \Vaters wcre d l  too large. 111 ordw 

r o  ;tc.i~irlvt\ t l c ~ t i ; i l  riltcs of gain and loss. the usurned wind temperatures aiiist be rducrd. 



Xhlr .i.1: .-\wragc. cnvdopr  c n r r 3  gain to loss ratios 

T l i c l  S I ~ ~ I  ilr s for bot h t siruplcl glotml avtiragt3 rat io mid th(. cierisity weightrd :it.w;Lgft 

r :  i r r r i  o r  t h  s r .  Th is  siniply rc~Htv-ts t iiti fart t l i i ~ t  at a part ic-iilnr 

sxcii;iI posi t io~i  thcl ciisk riii)cicil t i u  :L cftwsity clistrihiitiori w1iidi vi~rios vilru slotvly witli 

i t ~ c - r o m i i ~ g  [ i k t ; ~ ~ i ( * ~ ~  ~ ) ~ l r ~ ) t l ~ i c i i ( + ~ i l ; ~ r  to t t i ~  ty11atori;~l [)I i i~i t i .  This  is in iw~itrast  to t h  P o w k t ~ t  

:ttlr i L Ix r  l t)oroiiqti r ~ i o ( i ~ 1  ( 1978). liorcviftrr PLI. i r i  wh id i  t hl (itwsity ciistribiit ioii ciwrcxst~s 

t b x i ) o ~ ~ t 3 i ~ r  i d l y  ~ ) t ~ r ~ ) t ~ t i ( i i t . ~ i l ; ~ r  t o  tlw (%cpatori;d p h i t > .  
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Radial Position. [Steliar Radil] 

B;l>imlly ;L* a first ort1i.r approximation. the trmpwatiire in cile cqriamrial plane is fairly 

c ' c  r r w r  ;mt  tiir d l  s cars irivestigatccl. il'it ti iricrczsirig htligtit ;rbovt> the cqiiatorial planc. t hc 

r ia~~ipilr: ir  ~ i r t ~  irlc-rtxws at locations whert. opt irai dcpt hs arc riot too largr. grncrally at radial 

t i i > f ; l ~ l ( - r l i  clowr to t l i t l  star: ;kt largcr radial distaric.rs tht> tcnipttratiirtb niay ti~crcasc dire to 

t i t  i r  li iiirrr;wiiiq opt i d  ikpths and the geonietrical dilution of stellar radiation. This cffect 

i i  rriost pro~ioiiiicd fur t h  troolest stars wiiich have fcwer ioriizing cmtiniirini photoris. 
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Fiyirtl 2.3: Tlir sarrir as Figiirc 5.1 for thc star c v  Pm. 



-Tg- - * - - - _  - \ 

L . 
% - - 

$3000 - \ 

E J= i . Equatonal Pfane - - -  - - 3  - - - - - ,  
2OGO - - - - J=B Mid-Way 

- - .  :mo- J= 19 Upwr Edge 

C) --- 
d 'O 20 M JO 50 60 70 80 40 700 

Radial Position. [Stellar Raâii] 

'COO- 

3 
3 3 3 -t 5 6 8 9 !O -, 

Radial Position, [Stsltar Raâii] 

ioriiziriz pliotoris to  k w p  the oiiter rcigc hottcr t h a n  the int~rior. Sinh.rIy for thr B5 star. 

!: Por. r t i c w  il; ;i sligiit clecrease in tcniperatiire at Large radial riistarirw alon% t h e  ripper 





-5.3.3 Sources of Energy Gain and Loss Eiii~rgy gain :iiicl loss :ma (1otiiiri;ittvi t ) ~  

] ) I I (  ~ t ,  l i t  , ~ i ~ ; i t  i o ~ i  A I ~ ~ I  r;i(lii~tiv(1 rtw)[ribirixt iolk a t  :dl l i ~ ~ i t  ions of t hl t w v ~ l o p ~  for :dl 4 StiUS 

1 t l v ~ ~ ~ r  i c y t v i .  P h  , r  (~iotiizat iori is t hcl ch t i i na~ i t  w u r w  of tl11~rqy gairi to t hl q w  for (w4i  star. 

Dih~l>ir i c x >  x t l  Ilcbvtlr hi<:ti m o ~ i q h  for c.ollisioria1 c1rit3rgy ttmiis to  cioriiiiiatca. S t ' v c~ t  h~ltlss.  

( * ~ I \ i > i ,  )~m.! pro(-ew>s art1 irriportarit in pop111ating llppcr t lri tqy \t>vih fr[)rti i vh - l i  f k t r u t ~ s  

I I M Y  t I I ~ ~ I I  I I I \  ojtb(-r(vi t)y ~)tlotoio~iiz;itioti. A raciiativt> f w i t a t i m i  of a I N  ~ i i r i ( !  t~ltv-trori fo~lowod 

I )v :i ( + (  ,il i5ioti;d ( \cl-oxc-i t ;it ion rcprwarits i i  ~ i c t  rarior<:y girin to t tic gxs. Coriwrst4y. r.ollisiona.1 

~ ~ x c ' i ~  i, i11 l; >llowi*cf t)y ;t r;uii;ttivt> cft1-cxc-it;~tion wiIl rcsiilt in ; irl  twvrg,v loss. Siri(-r t hc 

i i t 1 t i ~ i  t t -  i3 I ' I I I ~ ~ ~  x i r  ; i l(  )ri!: radial a r r s  t l i tw  is ;t rriocfr~st rtdiic-r ion i r i  citwsity [vit ti iric.rcartsirig 

tic>i:Iir ~~c*r~)t*~iilic.itl;ir t o  tht. cqiiatoriai planc. A s  a rwiilt. cvdlisiciiiirl prowsscls arc  sonicwhat 

111ori~ 1 1 1 i ~ ) i i ~ ~ ; l 1 l t  in  r f i t l  tvliiatorinl plririt> tfiari at tfic iippi'r tïigr. Gtmcrally. for ;dl -4 stiirs 

( . I  ~llisic ,rial cLriilrq- <:lin i c.ollision;~l ciivxc.itntion) is grcatcr r tinri iwllisiorial rXnrrg,v 105s. For 

i C'cl11 ; t ~ i ( i  -. CL$. liowcver. t1ric>rgy Ioss is q c a t c r  tlian t3ricrgy gairi duc  to  wllisions a t  

i 111' 1 rppt'r cv iqt1 of r i i c b  t>nvi>lope. Thesc 2 c; t ars  havc1 t hc higiicr tlfftft.ct ivi. tcmipwat lires. 

TIitl (.i,llic;it,ri;il rr;t~isitiori ratc c.ot>ffic.ic~rit for thta transition froni lcvcI 1 to  2 for t i w  rriocit~l 

\ I V (  trc )lr;tlri : r r o r i l  c.on.;iricwd mici thc cwllisionnl transitioris zillowrd in this mode1 are t hc niost 

.t rc,1!21y ; ~ f f c ~ - t  ivi hy rclriipt.rat iirtl. -1s a resiilt . the  higher kinct ic trnipcrat iircs d iie t o t lie 

!iiqlit~r d F w r  ivt. tcmptlrat iirtls of  t liese stars ,qt.at ly irir*rmse t his corffic.ienc and (-onsrquent ly 

r Il(' t c , r  ;il ; i ~ i l o ~ ~ r i t  ( ) f  c~ollisiorial tmtqg'. loss is increcascd. 
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Chapter 6 

Energetics of Be Star Envelopes5 

Tlicb t ) r igi~i  , )f t hl ( h s ~ r v ~ r i  B d ~ i i t ~ r  (mission in BP stars is prin(.ipally dw t o  rx(1iativv 

r ~ ~ ( . ~ ~ ~ ~ t ) i r i i ~ t i o i i  i ~ i  ;L (lisk-likc crivrlopc of ioriiztd i.irc.rirristt~llttr <as. BP stars  cari txliibit 

~ ~ : ~ r i ; t t  i l  ,115 i r i  clriiissiori  ri a ividtl r;irigtl of  tirtic. sc.nltls. Tho niwhariisni wtiich cwéitcls arid 

~ii;iilit;iiris t hiwl ciisks is rlot fiilly iirid(ntoori. Rapid rotiitioii wrtainly coritribiittls. hiit 

~rcic~;~ilc;o rot x t  ion is typicdly oril! - 0.Y o f  thv i.ritic.al vclot.ity. ;iriotlic~r riic~c~liiiriisrri rriiist h c ~  

f ~ ~ i i i ' t  iorii~iq. Proposcd r~iucirlls t o  osplairi thc  formation of t t i ~ s c  riisks incliitit~. for rxamplc. 

r iw !vinci c.orriprcsscci ciisk rriociel (Bjorkrriari and CassirieIli 1993). non-radial piilsntions 

I \;  IL,.^ ; L I I (  i Pt1iiri)(I 19S3 ). itriti riori-ciplivrid. ratiiat ivtxly-drivtlri wirid niotids ( Pi~ls .  Pt.t r t w .  

4borough .J. 

of BF Star 



Fi )r- rtiost iri i  ~i ltlls of t lic piist. it h s  h l r i  viistoniary t o  assimir cit h r  ;i c-r,rist:irit tiwi- 

1 ~ ~ r ; ~ r  11w fi JI- t I l c h  t ~ t  irv onwli~pi~ or i l  si11ip1~ ttmporat.iirtl distribut ion wit h T lw r m i p ~ r a t u r ~  

( liv.1-11:~~i11q ;is ;i I M  IWPI-  LW wit li i rwr~;~s i~ig  clist;i~icx> frotri t ho (v1ltr;il star. [ri c+otitrist t o  this. 

.\lill;ir :tiicl Si;irli)oroiiqh ( 1[3'3?3), hcrt.aftt.r 1111. (1t~vtllr)ptlcl n nit~tliocl to clcttniiricl t h  ciiiik 

ritr11~)(lr;it l l I - ( I  >(~lf'-(-o~isistt~ritj-. tlitwby t1liniiririting tilt. riecd to issiiIric ari tmvtdoptb tcrtiptlra- 

T iin\ ~iic;rri\iiiriori. \ I I I  niodificci t h e  Pl1 (:ode to c.alciilritc the m e r , q  gain anci loss rates nt 

p)sitioris i t i  rht~ <:W. If the rorrect tcniperatiirr wrC a,ssti~ried at a particular position. the 

r;ttil 4 )f i1tit1rq- <,rilin tiicrr \\miilri eqtial th. rate of tlricrgy loss. If not.  t he  ttmprratiirc was 

1.1 I 1.s t i l (  i i r  tlrxt ivtlly anci atoriiic- IrvrI popiilat ions rc.-c.dr~tilatcri tint il t hc e n e r g  gain and loss 

r;Ltcbl; \vc>rcl i~liid. Tilt1 rt.siilt of tliis procrriiire is a self-consisterit riet of terriperatiirps for 

v;irio~i> positio~ls t tirouglioi~t t t i ~  ~rivc10pé. Sec 1111 and 1IilIar é m f  liarlboroiigh ( 1'309b1 

for ftlstlior ilvr;iils its applied to Cas. an early-type Be star (BO 1j-e). and Mllar and llarl- 



t>(~rOiiqh ( 19'39a AL 19Wb). for 1 Del. a latetype Be star (B8-9e). This work dernonstrates 

t t i a t  i t  is possit~lr to reproduce relative lige strengths. namely Hrr. with a self-corisistent 

r(wiplr;it I L ~ P  (iistrihutiori. 

t i i  r Iiis t-1i;iptt'r. wc. twl i ia t t~  ttir. total flux escapin:: frorii oiir irioticl Br tlrivi~lopcw. in con- 

r rxsf r i )  r tiat ;tloriq a pi~~t ic t i lw lirir o f  sigiit. i r i  t t i t  irriportant Hn. Po. anri Br0 trarisitioris. 

Tt, ( I f ,  M J. \wL tlst iiliatcci a local rsrape probability for liric photoris i r i  cadi transition froni 

t 1 ; i c - t t  i.oIii1110 tlItwit~rit in the  rire-iirristt~llar clisk. This siniple treatnient is cwrisisteiit witti ttir 

itic*llisio~i o f  r:iciii~tivtl line losses in thc seif-consistent teniperattire disk niodcls of  'clSI. arici 

~1ioii1~1 tw o f  siiHiri~1iit nrciirncy tu  addrrsu t hr Ixgr  iicfiriericics 1 -  10') (.liiimed I>y AT for 

r licl l:trcl-typt~ Bt. stars. This work rrprcsmts the first tinie that the flux calcdatioris havc 

l wtl~i ( ii )t;~iritvi ~i t Il rliodt4s w hich havr self-corisistcnt terriperat iinas det~rrnined t hroriglioirt 

t 11,' c.irc~~imst(*ll;if rmv~lopr. O t h ~ r s  have calculated these fli~xes. but in cadi c.cs,se ttic en- 

i-01, J ~ H '  t (~ r~ ip t~ :~ t i i ros  w r e  c~~sunied ( K a t n c r  and LIcuzali 1989. Stee et al. lW5). Btlfore 

p r r w ~ i t i ~ ~ q  C ~ C S C  HILY estimates we %-il1 first discuss the role playxi bu h i e  optical deptIis. 



6.2 Calculations: Ha, Pa, and Bra Line Fluxes 

6.2.1 Pure Case B Recombinat ion hi tlieir aiialysis. AT assiiirir t hat t tic obsemtxi 

c ~ r i i i s s i ~ ~ i  lim's ;lrtl f o r t ~ l ~ d  hy purp r~'conlbi~li~tiori. iiiider c-iwc B coriditiuns. If this assiirription 

is (s~,rroc-t, thcl to t ; i l  fius w-apirig iri thc j - i trarisition of hytlrogtm is givrn t)y 

1 1 1  this ;r~~prosiiiiiitiori. t h  Hti BILY. for cxarriple. is c.oritrollcri orily by E.\fDirk ii~id 

r I i i i 5  ;in tlstirrinri. o f  ,\-, is rrqriirrti ttiroiigtioirt thr  ciisk. ,lT iriclride photoionizatiori froni 

liyclroqti11 lt~vt>l.; ri= L :iiid 2 and also approxirriately account for the therr~ialization of Lyo.  

t h  I;ittcr is w l l  knowri to significantfy increase the n= 2 population. making Balmer 

i~iioroioriiz;ttions rriorr important (for esample see Kwan and Krolik 1981 iii the c a e  of 



.-\C;S ). AT c.o~ir~liidc t hat case B reconibiriatiori f lues  do not reproduce the maximuni Ha 

ffiiscls o f  .lstiok t>t al. (1984) for Be stars lacer tlian - B5. Howrvcr. thcir calçulatiori is 

~)tbrk)riritvi ;rt oiily onc positio~i in the envelope liaving an :usuriied i'onstant rlwsity. a11d a n  

~ L S S I I I ~ I ~ ~ ( ~  ti~IIiE)il~ilttlr~. 

Tliib t iy( i r~  qw Liric Hiisrs of cquat ion ( C i .  1) ilrt3 prescntcd in c-oltinin 3 o f  Table 6.2 for 

-. C ' ; ~ S  ;trici 1 Dt.1. botli of w1iic.h tiaw self-consistently cleternlinrci mvelope tmipcratiires. 

1 ri ;uI [ l i  t ion. iirilikr .AT. n rmlist ic disk gcorrietry bas beeri use& For cuniparisori. typical 

1 1 t iwrvivl v : i I i i~s  o f  t lir H o  ltiiiiiriosi ty range froni approxiniately 10n"'erg s- ' for ~ n r l y  type 

Bti st:irs t o  l O . " t ~ ~  s - '  for late type Be stars I-Ashok et al. 1984). 



Fiqiircb r i .  1: T t i ~  tcwiprratiirp for wiiic-li thr  lot-al m('rgy gairi t)al~~irt?s t m q y  loss for t l i ~  

c-irc-ii~listc~llx clisk o f  -. Cas :is x functiori of distarirc frorri the rotatiori axis ( R )  ariri twiglit 
;LI ic J V ~ '  t h i '  i~tlil;~tori:~i plaric- ( 2 ) .  



I i i  [lit. folloaiiig sections. ive stiall denionstrate that trian- of ttie above assuiuptioiis are 

iiii-orrtv.r :iriiI tliirt the emission line fii~ues cannot be reliably computed with x i  cxprrssion 

1 1  L t  0 6 1 . In addit ioii to iisiiig t lie correct geoiiictry of r hr  ciliittiiig regioii 

( ; t  c h k l .  optic.ai ~ i c p t h  effccts and other lirie forniation 11iec.1iariisnis. sirch as collisioid 

6 . 2 2  Inclusion of Line Optical Depths i t  is nssiirtieif in iqtiation (6.1) aiid by 

.'il+ r h t  a11 pliororis qrrierated by rcr.ornbination escape. i v e  have foiind. howrv~r.  that for 

1 jilr ; I I (  )I r t i t w  arc port ions of the ~nvelapc! bot h near the star and t he tyiiatorial plane 

r I ixt  arci opt ic*;illy t 1iic.k in sonie or a11 of Htr. Po. a ~ i d  Bro. Figure 6.2 s1ioit.s t tic line centre 

~ ; p  t i m l  t i t~p  t 11 frorti t lic cqtiatorial plane to the upper cdge of the envcIopc for each tiydrogeri 



r rxribit ion. ivt1r>. largr optical dept hs are predicted. part iciilarly close to the star where t be 

i i  1 1  Y see figiire irisert ) arc large. Frorn Figiir~ 6.2 it is clear t tiat ttiti liric 

fliisos ib;riiirot Iw givrii b -  eqiiation (6.1) as rrot al1 the photoiis cari escape. 

Al; a11 x l  I i w  wrrcctioii for tbis effect. we have roriipiited the H u e s  iisirig 

fi J p;;c-vp~(~l-. F / ; i  1 = / L P , ~  
Disk 

ivliimb .\-. is r l i t l  ii111til)tlr r i~~is i ty  of  lcvel n = j and .d,, is the spoiitaneoiis radiatiw transition 

psi)t);diiiity (c;w T;tblt. 6.1).  Tiic resiilts of this (:alculatioti are displ-etf in c:olunin 5 of 

T:iIiIt. fj.2. Sort1 t tir. large incrr.asc owr cquation (6.2). everi with the P;' fartor. to wliies 

nl i ic - i i  roiiqtily ; iqrtl  with the observations of -Ashok et al. (1984). 



- .  
1. ic~lro  (j.2: Tlitl log o f  t hc l ir it .  cwltrrl o p t  i d  ci~pt~fi. 7,). for t htl i~iclicxtml hyclrogtm t ri~risi- 
r i c  ,115 I.c , [ i l  thcl tyl~;ttorial plarirl t u  thil iipper ccigc? of t h  c~irt-iirristclinr ciisk kir Cas as R 

fiiric.tii,ri o f  ciist;uic.r frorri t h r  rotatitm xuis ( R ) .  S h w n  in t h  iriscm is t h  h g  t i f  docwon 
!(31i>iry 1 1 1  t t l i l  o(111;~tori;d plmo. 

6.3 D iscussion AS pr~vioiisiy notrd. tupical obsrrvetl \.;iiurs of Hn  Iiiniinosit ies 

r:iiiqil froiii ;rpproxiriiately 10.'.'ergs-' for early type De stars to l0."ergs-' for latc type 

..;t;trs ( .\stiok rt al. 1984. Kastner and 1Ia;szali 1989). Coniparing to the fli~xes listed 

i ~ i  T;tt)ltl 6.2 wtiic-11 rcpreseut the total m e r 2  losses in these liries from the cirriimstellar 

i~rivi~lopc~. NT sclt' t h  our best estimates for F ( H o ) .  those comptited with cqiiation (6.3).  



;in. i i i  qoo(l ;ixgrepiiient with tliesc obs~rwtioris  for both e'irly and late-type Be Stars. For 

t tic. l;itcl-typv Br. stars. we are in disagreenicnt with the theoretical flux estiniatcs of XT who 

qivii - 2': 1 O"' tlr: s - ' as t heir btlst est iniate for - B8e. The dis(wpaii<y is evrn Iarger if OIE 

c-oiiipircl-.; with oiir fliis cstiinatr bascd un equatiori (6.1). a rcsult wiiich by c-aiistructiori. 

i i i ,  ii 1hi 1 ) t i  i i i (  w t  iwi iparnbl~  to ;\T. Howrwr. t his HLV cs tinlnte is n largtl ov iws t i~mte  of 

iyl~ii-:illy ol)wrvcvi HIIYPS. il~l(i t h  inclusion of rollisiorinl writntion and opt.iw1 (Irptti c1ffcv.t~ 

('rit icdly il~iport;ixit tu t lie format ion of t I i c a  Ho lirw. 

T h  c,ti;ir;ic*ti.ristic. size of thc H o  ~rriitting region cian now be coristrained clirectly by 

iritcxrtiiroiiicitric. r~bscrvat ions wliicli resolve the c.irriirristeIIar dirks of ncrirby BP Stars (Qiiir- 

rv~itni-ti i3t a1.1994. 1'397: Stee et al. 1995). Iri Figiire 6.3. we plot the radial integrand. 

c lF (iR. c-orrtiq)onding to  eqiiation ( 6 . 3 )  for the HCL fluxes of -i Cas and 1 Del. In the case 



- Diffuse 4 

Nü Diffuse 

- Ditfuse 
No Diffuse + 

r:i(f i i .  Tlitw arc> ~ i o  c ,t)sitrvations to (.orripare wit 11 oiir rnodels for 1 Dcl. alt tioiigii t tiis radial 

C'ortip;iririq oiir rcsiilts in  Table 6 .2  with thcse observations. WC find no rlear c-asr for a n  

;ulc i i t  i i  ) I ~ ; L I  sollrw o f  iiiriizing radiation in order to produce t hc ohscrvd  H o  emission for oiir 

1i;u-t il-iiliir c.iioicv o f  rriotfrl paranleters for either Cas or 1 Del. The discrepancies b e t w e n  

--ipp;ir;~o'c; wc ~ r k  ;incl oiir c~alciilat ions are dile rnairily to oiir reaIistic 2D geornctry. and the 



iric.liic;iori of cwllisiorial excitatioii and optical depths in Ho.  Tha t  case B reço~ribination is 

iii;il>~)rrsl)riiitt~ for thc cxlculation of hydrogeri lirie B u e s  from Be envelopcs has also b w n  

(Iis(~iisw1 \)y Horiy et al. (20001. The iuiportarice of optiçal dcpths for liue eniissiori in Be 

c;r:irs ic; d s o  (iiwiissv(i by v;ui Kcrkwijk ct ai. ( 1995). 

C'orriiric'risiir;it(l n-it ti t hese observat iorial unwrtniritics arc  t hcoretiral iirircrtairititxs in the 

l i t  1 O t h  l i t  t .  The esçapc probribility npproxiniatiori bas btwi i is t~i .  with 

i w - l i  ~ Y I I I  1 1 1 1 ~  illt~r~ltvit assigt~erl a n  cscapr probability bascd solely ori t lit. op t icA clcpt li to  t lie 

I 1p11(~ t~ 17'' ( ) f  t iitl (iisk. ;lloriq il riiy prrpcndictilar to t tit. cqrratorial plarir: t his approxiniat iari 

i. i'i,~isii;rc~~it \vit11 t t i t i  t r c i t t ~ ~ i ~ t i t  of rariiativr line losscs iri t h  iiri(ic~r1yirig r i io( i tk  T h  

, ~ ~ ~ I l ; i ~ i c . i ~ ~ ~ i i ' l ~ t  i i f  t 1 1 ~  tls(xptx probabilit ies duc to t lit) Doppler shift iiig of riiattbrid hy t kit1 

1 1 1 ; i c ~ i  fii-opic. vrlloc.ity ficlti of t tic. ciisk tixs bccri igricmvi. itlt hoiigh iric.ltisiori of t tiis t6v . t  r i r i  

r iirl l i r i t l  fliisoci iiii(1 tlio ilisk ~riricit~l itstdf woiil(i wrt;tirily t>c wortiiwtiiltb. Stlvt~rtkit1lcss. wtl ( io 

i l (  t~ t a s i ) c l c ' t  t l i ; i t  ttii~o;c' imc-t~tai~ititas wil1 i ~ f f t ~ t  t.lit> t);i,sir c-orit-Iusio~is o f  this work tiiiit thth 

1 ' \ '  tliicy'. i r i ~ ~ i t  O C  the iiririerlyirig s ta r  is Iriorcb t h r i  si~fficimt to cxplaiti tlit1 o t ) s t ~ r ~ c d  H o  

f11lstl.s. ;L=; ~pposcvi  t~ fiiilir~g to (10 so hy scvcrd orricrs o f  rri;igriitiirlr> ;LS siiggcisttvi by AT. 



art. i . i~i is i i ; r~t i t  \vit l i  the iinderlying stellar photosphere as t hr only source of pliotoionization 

iIritlr,qy input irito the circtirnstekir disks. 
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Chapter 7 

Conclusions 

.\ 11'. rocliic-f ion in t lit. riiirritwr o f  frw paramctcrs o f  a part irdar  riiocitll hclps to fiirthrr 

c . r  ~tlsr r;iiri r l l i l  riioiiili mici tiopt4illy h i  one t hat is satisfactory. 1 I y  trchniqucl. which satisfics 

r Ii(1 i v ~ t i ; ~ t  i c  ) I I  o f  ciritlrqy mns~rvation. cnat)lcs t lie t  titwri;il s trwti irr  of the c~rivthpt~ r o  tw 

c ~ ; ~ l ( ~ i i l ; ~ t t v l  h i , c i [ ' c l  or1 c~tuating t h !  r a t ~ s  of e[itarg- gain ariti loss. Ili orcicr to prtriirt spwtral  

I I I H > + ;  1 ) n t h  rtv 1 iiirtly ;tri iic*cmiirattl cicsr-riptiori of t lie intrrnal striirtiinh of the envclopc inclririirig 

I I I L I I ~ ~  )or cit1ric;it itls  LI^ ioriimtion frartitms. [ r~ iprovrr~l~nts  in dctwrriinirig t heur: qiiaritit ies 

i~rl;tbltl p r ~ r i w  c.alcrilation of optical ciepths. lot-atioris in the envelope wlicre various 

l i ~ w  ;ml forr~itd ailci btltter estirnates of the rotational veloçity of the disk from the Doppler 

? ~ r o a ~ i t ~ r ~ i ~ i g  o f  t h t w  l in~s .  



11'- i~ivclst ig;ititit~.; h;iw foc~isscd on -, Cas. an carly-typtl Br. star. and L Drl. a 1:itr-typt. 

h l  s tar .  + i r l c , c '  hot li o f  t t i t w  strars havc hrwi  WH stiidicd and cuvcr th r;ini;c of typicxl Bc 

-t  ;ire;. 

T h '  t  c b r i i p n t  iirc avcraqes givcn iri Table 7.1 are based on self-consisterit rriodel terri- 

p w t  iw c1ic;trihiitiaris (-alciilated tising the Ph[ mode1 density distribution ( Poeckert and 



qlol~iil avclrngc global averagtl cierisity wci$itcd cieiisity wt!iglittd 
iric.liicliiig diffiistl avcragt: avoragc iri~ludirig 

radiation ciiffiisc radiation 
h;: :Ki . ,  :Ki 

s o n ~ i l i  1 C~liirti~i.c, 2 ;11i(1 3 : i r ~  sii~iplfb gloha1 ; tvt~;qt~. ;  o f  th(% t ~ > m p ( m t i i r ( ~  ; ~ t  

r I l i '  cric i i ) (  ii11t 3 c.i ,tisifltlrcci x i c l  c~)l i i~i ins  4 ;iritl 5 ml cicrtsit y wvigtittvi ;Lt.ingcls c6;il(wlat~1ci 

l,v ivoiqtir iiiq r lit. rtwipilritr iirtl ;it ;L position by tlic chis i ty  t h tw.  T h  ciiwsit). wigt i t t~t l  

, i ~ t ~ ; i q ~ h  ; u t b  {h~~ i i im to f l  t)y rvgioris bot11 w a r  t h  star x i ( i  tlw t1qilittorial p1;~rw. T h a  11io(i~1 

~ ) : ~ I - X I I H ~ ~ ~ ~ ~ Y  ~v i rh  : m i  \vit tioiit (i iffiw rmiixtio~i icitmtiral i r i  o r ( h  t o  ilv;tIii;ttt~ t l i t>  (hit1igt1 

I I I  1 ( ' I I  il)cbr;ir iirv prociiicwi hy t hi.; rnciiat iori. Tiicsix nvrv-;qtX trwipbr:it iircas ; u t 3  c.orisidtlr:~tily 

1, t Iixti r tw i s o t h ~ r i ~ i a l  t t l r l ip~r ; t t i~r~s  of 20000 K xrid 10000 K. ~~ss i l r r i (~ f  hy Pl1 ancl 

l I i~sl t )or(  i~iqh m c i  C'OWIP- ( 1'374). for T C;W ;inri 1 Dcl. rt>sp(vSt ivvly. Th ciiffiistl r:iciintiori 

I'rociiic.tvi [vit hi11 t lit1 tlrivt1lopt1 is inc.liirlcd i~siiig tht. ori-tlir-spot spprosirriatioi.i (0c;tt~tiror.k 

1 ! ) Y  1 tvliic.li rtwiovili; t hcl ritvwsity o f  solviri; t hr trrtrisftlr tyiixtiori about  4;r stt1r;rciinris. 

I ' ; t l ) l o  7 .  1 t.ltw-iy iliwiorist riitt1s t tiat t t i f 1  iric.liision of  t lio ciiffiiw rntiiitt ion fivld iric.roxws t lit. 

~ v t ~ r ~ ~ t ~  +111vt>h)po r (wp1ra ture .  Ttw (iiEust1 ra(lii~tio11 fit+! provi(it1s atiditional h t~ t t i ng  d w  

tc i r tu1  iiicbrtwt3 i ~ i  ~ilioroioriization froni lcvcl r i  = 1. This iric*rtwtls t h ~  ioriizat ion frwtiori 

1vtiii4i - i i t )scvplc~ Iy iric.rr.aws t tic riiimbtlr of rrcorribi~iations. with the resiilt that t hc ~rriis- 

'ioii Iiiiob ; t l w  iri i-rmx in strength. -4s x resiilt. i r i  ortlt~r to match prediçttd liriris with 

4 , t )wr~-(vl  l i t i w  r tic\ ;~+i i i rntd va11i~ of 11:.  wliich is iisrd to c-aI(:ulatc> the dcnsity distribution 

,11< r Ili' tvltiiitc )ri;d p1;inr iising t h  tyiiatiori of  c-oritiriiiity. niiist bc  rcdiicrd \)y approxi- 

l i t  t 1 o r  f 3. This illristratc>s t h  fwt  ttirtt al1 pror.rssc.s which affwt t h  ttitlrrrial 

-rsiicmtiml r~ii ic; t  bt1 im.11idcl.d if a reaso~iable range ol muciel paranieters is to be axertained.  



1 h v t .  ;LIS~J c-oriipiitc~i hycirogen line ~ ~ I L Y ( ~ S  ernitted in the iniportarit Ho .  P c ~ .  a11d Br0 

t r;1114it ious hy t ht1 <-ir~111iistellar envelopes of early-type and Iate- type Be stars. Thcse line 

t f ~ r s i ~ ~  :ml t)awrl on niwiels x i t h  self-consistent etivelope teniperatirres which balanrc local 



thIltlrqy loss ; i ~ i , i  c p i ~ i  xrid w h h  individ~~dly.  r~iatdl  t h  r~lat iv(> H(t litw profil(~s of C'lu 

; I I I ( I  1 Del, T*siri= rh tw riiocitbls ;fi tupiml of Bv stiiïs of ttirir rtlspwtivrl spwtr:il t.qws. 

fi I i c  i t li;i t I c - ; ~ r i  ;LI';() ~iic~c.clssftilly niatdi t lit1 ;~l)soliitt' Hr i  liiic fiiixrs of . h h c ) k  clt al. ( 198-4 

f i ) s  I i o r t l  iwly  ;11ic1 h t v  t y p ~  BP Stars. 11'. rrstilts art5 iri cfisaqwnicnt with tiiv si~qqlstion 

1 if : \ I ) I ~ - ; L ~  ;L INI  T;ir;iM;tr ( 1987) t h t  ari ;ulciitioriitl soitrrci of C i *  ptic~toioriizirig r:rcliatiori is 

rtvl~~irrvf r c )  ilspl;ii~i r l i t l  ; i h c ~ l t i t t ~  Htr firic Aiixtv frurri latc-typè Bc stars. T h  ohsorvc>d Hrk 

fl~ixt~s : is i i  ( - 1  )~isisr(wt \vit ti t k i ~  iiririrrlyirig stc~llar photcisplicrr as t h  orily soiirw of wicwgy 

i11111ir i11t1)  t l i t >  ( ~ i r ~ ~ ~ i ~ n s t c ~ l l ~ i r  (iisks. 

('(>tiip;tririq rriy rt'siilts iri Tabk 6.2 ivith tfirsc observations. I firici no r.lrw for an 

;u iir iori;il so i i r c~  of ionizing radiation iri onfer to prodiice the obscrved H a  eriiissiori for oiir 

part ii.ii!:ir i-tioic*tl of riiodcl parametrrs for cithcr 7 Cas or 1 Del. Thr ciiscrcpanrics bctwrcn 

. l p p ~ r ; ~ (  J 'S  LU )rk ;1m1 tliy ra i~i i la t  ims  arp dur rriairiIy r o  rny rczilist ic. 2D geonict ru. and t hc 

iiic*lil..;ioii ( i f  c.tjllisiorial twbitat iori arid opt ical dept iis in H[i. Iri adriitiori. I ;ilso r.nric-lrrticd 

frc ,111 t hi.; ;~~i;iIysis t iiat c-=r B rrconibination is inappropriate for t lie calcidation of hydrogen 

liw tius~c; frotri Btl mvrlopcs. and this issue is also discussed by Hony et al. (2000). 



7.4 S ~ m m a r y  The cicveloprrient of iny technique to det~rrnine self-consisteutly 

t hcl ttiriiptlr;itiiri~ distribution iri Be star envclopes is an  important and necessary step to 



ril\.twl t h  t licrriial striic:tiire in Be star disks ~vhich will ult iriiately Iead to iriiprovcrrients in 

~ i i o ( i i + .  Phyc;ic;tl diarac*terization of the disk is crucial to undrrstandirig the processes by 

ivllich h i i ( 4 i  c t isks irrr forrried and niaintairied. 
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