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A B STR A C T

S ta r form ation in th e  C am  O B I region is investigated. S ta r  fo rm atio n , in general, 

is considered in te rm s of th re e  elem ents: a) the  s tru c tu ra l re la tio n sh ip  betw een 

th e  paren t m olecular clouds a n d  newly formed stars , b) th e  te m p o ra l evo lu tion  

of th e  paren t m olecular clouds, and  c) the  probability  of the  o ccu rren ce  o f s ta r  

fo rm ation . S ta r fo rm ation  in  C am  O B I. over the range in  I an d  6  considered  in 

th is  work, is concen tra ted  in th e  v icin ity  of Cam R l and  appears to  hav e  led to  th e  

fo rm ation  of th ree  d is tin c t s te lla r  groups: a) Group I. form ed ~  I — 50 x 10® y r ago. 

and  located  spatia lly  and k inem atica lly  between two CO com plexes, b) G roup  II. 

form ed ~  1 — 3  x 1 0 ® yr ago. an d  coincident w ith one of th e  p rev iously  m en tioned  

com plexes, and  c) G roup III. th e  youngest group, form ed ~  I — 20 x 10"* y r  ago. and  

located  a t the  cu rren t point o f in tersection  between th e  two com plexes in (a ). T he  

m ass function (M F) for G roups I and  II is sim ilar to  th e  cloud m ass fu n c tio n  of th e  

paren t m olecular clouds, i.e.. a  power-law  w ith exponent q  ~  2. .A. s im ila r  analysis 

for th e  G roup III s ta rs  and  associa ted  m olecular clouds cannot be p e rfo rm ed  due 

to  th e  relatively  sm all num bers in bo th  sam ples. T he s ta r  form ing efficiency (SEE) 

in all cases is ~  1%. It is proposed  th a t cloud-cloud collisions be tw een  th e  CO 

com plexes in th e  region triggered  th e  form ation of G roups I and  III. w hile  G roup  II 

was produced by a shock in d u ced  by th e  radiation pressure and  s te lla r  w inds from  

th e  s ta rs  in G roup I. .An analysis of th e  m olecular cloud s tru c tu re  in C a m  O B I and  

th e  background Perseus a rm  also shows th a t the clouds in b o th  regions a re  tu rb u le n t, 

and  typ ical of clouds seen elsew here in th e  Galaxy. However, th e  clouds in  C am  O B I 

show a  large d ispersion in th e  degree w ith  which they  are se lf-g rav ita ting , w ith  th e
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la rger, w arm er clouds being grav 'itationally  bound .

T h e  principal d a ta  set for th is  work com prises fully sam pled ( J = l-0 )  ob­

servations of th e  w estern half of C am  O B I. w hich were obta ined  a t th e  C en ter for 

.Astrophysics during  th e  w inter of 1992-1993. T hese d a ta  have an  effective resolu­

tio n  of 10'. a velocity resolution of 0.6-5 km  s~ ‘ . and  a sensitiv ity  of 0.11-5 K. High 

reso lu tion  (20") observations of th e  *^C0 ( J = 2 - l )  transition  of th e  m ost active  s ta r  

fo rm ing  region were ob ta ined  w ith th e  Ja m e s  C lerk Maxwell Telescope during  th e  

w in te r of 1994-199-5. These observations led  to  th e  discovery of a  second outflow. 

.AFGL 490 — iki. associated  w ith  IR.AS 032344-5843. in the im m ed ia te  v ic in ity  of 

th e  very  w ell-studied m olecular outflow .AFGL 490. .Additional observations of th e  

C H 3 O H  m aser (5i — Oo-A'*’ ). taken  w ith th e  26m telescope at th e  D om inion R adio 

•Astrophysical O bservatory  during  the  fall o f 1994. d id  not reveal any  such m aser- 

ing ac tiv ity  in th e  C am  O B I region, b u t d id  lead to  th e  discovery of a new m aser. 

a ssoc ia ted  w ith IR.AS 024-5-54-6034. in th e  background  Perseus arm .
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Introduction
T he H istorical D evelopm ent o f  O ur U n d erstan d in g  

o f  Star Form ation

T h e  first m odel of s ta r form ation can be a ttr ib u te d  to  Im m anuel K ant an d  

P ierre  Simon Laplace who, in the eighteenth  century , proposed th e  nebula th e o ry ' 

to  account for th e  form ation  of the  solar system . In th e ir orig inal m odel, th e y  

envisioned a large th in  disk of gas. approx im ately  the  size and  méiss of the  cu rren t 

so lar system , undergoing contraction, from w hich the  Sun form ed a t the  cen ter w ith  

th e  p lanets  form ing in rings of m aterial which had  broken away from  the  con trac tin g  

disk. Problem s w ith  th e  d istribu tion  of angular m om entum  in th is system , th e  

in ab ility  to  explain  p lan e ta ry  orbits inclined to  the  plane, as well as the  in ab ility  

of th e  rings of the  proposed size to  avoid being d isrup ted  by tid a l forces proved 

insurm ountab le . F urtherm ore, the m anner in which th e  disk first formed was not 

addressed . However, th e  work of K ant and  Laplace has served to  plant th e  seed 

for con tem porary  m odels of s ta r form ation and  the  re la ted  p rob lem  of p la n e ta ry  

fo rm ation .

In th e  n ine teen th  century , the  contem porary  m a th em atica l fram ew ork for ta c k ­

ling th e  problem  of s ta r  form ation was fo rm ulated  by R. J . E. C lausius in his deriva­

tion  of the  virial theorem . .A. very in teresting  exposition  of th e  historical develop­

m ent of this theorem  is given by Collins (1978). .A rigorous developm ent of th is  

form ulation  is not th e  focus of this thesis bu t th e  underly ing princip le  is clear if one 

considers tha t th e  change in the dynam ical s ta te  of a system  is a  balance betw een 

th e  forces which are  try ing  to  disperse th e  system  and  those try in g  to  condense it. 

C lausius was able to  show th a t the  m a them atica l descrip tion  of th is  balance is:

1 d^I
5 5 ^  =  2 r  +  n ,  ( U )

w here I  is the m om ent of inertia  of the  system . T  th e  k inetic energy  of the  system  an d  

Q th e  po ten tia l energy of the  system . T he sim plest app lication  of th is  form ula to  th e  

p rob lem  of s ta r form ation  weis first carried  ou t by Sir Jam es Jean s  who considered  

a  cloud of gas w hich was stab le  (i.e., a system  in which th e re  is no change in its  

ro ta tio n a l inertia), in which th e  kinetic energy o f th e  system  w ould be due to  its  

th e rm a l m otion and  its  po ten tia l energy would be de term ined  by its  self-gravity. For



such a  system . Eq. I .l  reduces to:

G \ P

where \ I .  th e  virial m ass, is th e  to ta l mass con ta ined  w ith in  rad iu s  R . v is the 

m ean th ree-d im ensional velocity  of the particles due to  th e ir  th e rm a l m otion , q is 

a factor included to  genera lize  th e  equation to  allow for d ifferen t geom etries and G  

is N ew ton’s g rav ita tio n a l co n s tan t. The m inim um  m ass w hich m u st be contained 

w ithin radius R  such th a t  th e  force due to  self-gravity of th e  sy stem  a t least equals 

its  tendency to  d isperse d u e  to  its  therm al m otion is given by Eq. 1.2 an d  is known 

as its Jeans m ass. m ass la rger th a n  this, for a  given gas te m p e ra tu re  and  radius, 

will undergo collapse w hile for a  sm aller mass the  sy stem  will d isperse .

Of course it was realized  th a t  Eq. 1.2 did not co n ta in  all o f th e  possible con­

trib u tin g  forces to  th e  sy stem . O ver a period of tim e  th e  influence of add itional 

forces, e.g.. m agnetic  fields and  ro ta tion  (C handrasekhar Sc L ebovitz 1962). tu rb u ­

lence (von W eizacker 1951), an d  ex ternal pressure (E b e rt 1955. B onnor 1956). have 

been included. A  m ore co m p le te  form ulation of th e  p rob lem , assum ing  a  stable 

system , m ay now be given éis:

P  - n = 2 T  + B  + 2L.  (1.3)

where P  represen ts th e  co n trib u tio n  to  the  energy of th e  sy s tem  d u e  to  any  ex ternal 

pressure. Q. represen ts th e  p o te n tia l energy of th e  sy stem  as before. T  represents 

th e  kinetic energy of the  sy stem  which m ust now inc lude th e  co n trib u tio n s  due to 

therm al m otion  and  tu rb u le n t m otion . B  is th e  to ta l n e t m ag n e tic  energy  of the 

system  and L represen ts th e  energy  due to ro tation .

C on tem p orary  A p p roach es to U n d erstan d in g  S tar  F orm ation

Various assum ptions have to  be m ade in approaching  a  th e o ry  of s ta r  form ation 

for a given region. It is q u ite  com m on for a  p a rticu la r m odel o f th e  s ta r  form ing 

process to  rely upon a  reduced  form  of Eq. 1.3 in th a t  on ly  som e of th e  (relevant) 

forces a t play are  considered . As an  exam ple, in the  ana ly sis  o f th e  s ta r  form ation 

in C am elopardalis p resen ted  in th is  thesis, th e  role of e x te rn a l p ressu re  is not con­

sidered even though  m any  of th e  CO clouds found in th e  region do not ap p ea r to 

exceed th e ir v irial m ass a n d  should  quickly d issipate  w ith o u t th is  ad d itio n a l force. 

However, one of th e  m ain  p o in ts  of in terest in th is thesis  is th e  re la tio n  betw een
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th e  m olecular clouds and  newly form ed s ta rs , no t necessarily  th e  longevity of th e  

clouds (w hich would requ ire  details of th e  ex te rn a l p ressure). T he assum ption  th a t 

th e  ex te rn a l pressure is constan t th roughou t th e  field is com m on to m ost stud ies of 

s ta r  form ing regions and  is adequa te  for th e  analysis conducted  in this thesis.

F urtherm ore , u nders tand ing  s ta r  fo rm ation  is inheren tly  difficult as it is difficult 

to  define w hat constitu tes a  'sy s tem ' ex ac tly  in a  p a rticu la r situa tion . For exam ple, 

an  ex trem e case would be a  s ta rb u rs t galaxy, in  w hich case th e  whole galaxy, o r a t 

least a  significant po rtion  of it. constitu tes  th e  sy stem  undergoing  the transfo rm ation  

from  gas to  stars. T h e  com plex ity  of th is  sy stem  changes as it evolves and  th e  

im p o rtan ce  of the  different forces m ay vary w ith  tim e.

C on tem porary  m odels of s ta r fo rm ation  have approached  th e  problem , for th e  

m ost p a rt, from two different points of view. O ne point of view considers s ta r  

form ation  in term s of th e  s tru c tu re  of th e  m olecu lar clouds from which th e  s ta rs  

cam e (von W eizacker 1951. Larson 1979. 1981. 1991. 1992). i.e.. they are  produced 

as a n a tu ra l consequence of th e  s tru c tu re  seen in th e  in te rs te lla r  m edium  (ISM ). T he 

o th e r po in t of view considers s ta r  fo rm ation  in te rm s of th e  de ta ils  of th e  form ation  

and  evolu tion  of ind iv idual stars (M yers & B enson 1983. Shu et al. 1987. M yers 

1991). T he two approaches are  not m u tu a lly  exclusive. O n th e  contrary, one of the  

m ain  th ru s ts  of con tem porary  s ta r  form ation  th eo ry  is an  a tte m p t to synthesize th e  

observations and theories developed from  these  tw o po in ts o f view.

On th e E volution o f M oleculsir C louds

H istorically, the re  w ere two schools of th o u g h t on th e  organization  o f th e  ISM. 

w hich can be now be ex ten d ed  to m olecular clouds. Von W eizacker ( 1951 ) proposed a 

m odel of th e  ISM w here in th e  s tru c tu re  of th e  clouds could be  described by classical 

tu rb u len ce  (K olm ogorov 1941). w hereby differences in th e  velocity field served to  

organize m ateria l in a  series of eddies w ith  a  tran sfe r of energy, via viscous heating , 

from  th e  largest scale to  th e  sm allest. At  th e  sm allest scale, heat is then  d issipated  

v ia rad ia tiv e  cooling. If th e  sm allest clouds can  sa tisfy  th e  Jean s criterion  then  th e  

sm allest clouds will collapse and  form  a  s ta r. O n th e  o th e r hand . Hoyle ( 1953) argued  

for a g rav ita tionally -d riven  s tru c tu re , i.e.. tu rb u len ce  in a  g rav ita tiona l field ra th e r  

th a n  a  p ressure field, w here fragm en tation  a t all levels of o rganization  occurred  cis a 

n a tu ra l resu lt of th e  gas cooling. A gain, th e  final u n it in th is fragm en ta tion  scenario 

was a  Jean s mass cloud w hich produced a  s ta r . T h e  difference betw een these two



propositions is su b tle  bu t very im p o rtan t, and  one w hich will be addressed in  som e 

d e ta il in this chap ter. . \s  Hoyle (1953) very succinc tly  sum m arized:

“T he rise of pressure [in a velocity field] due to  com pression in o rd in a ry  

tu rbu lence tends to  d isrupt th e  denser elem ents of m ateria l. It is for th is  

reason th a t th e  density  of a  p a rticu la r sam ple of m a te ria l fluctuates in o r­

d inary  tu rbu lence, som etim es being denser th an  th e  general average and  

som etim es less dense. T he form ation  of a  denser elem ent in g rav ita tio n a l 

turbulence, on  th e  o ther hand , only increases th e  ab ility  of the  elem ent to  

hold itself toge ther. Thus there  is a rooted difference betw een the  tw o cases: 

denser elem ents are  evanescent in o rd inary  tu rb u len ce , denser elem ents ten d  

to  become p erm anen t condensations in g rav ita tio n a l tu rbu lence .”

W  hile the von W eizacker and  Hoyle m odels of m oleculax clouds are  useful they  

canno t entirely  represent the  tru th  of th e  m a tte r. B o th  o f these m odels a re  essen­

tia lly  top-dow n' views of the organization  of m olecu lar clouds in the  G alaxy  an d  are 

very lim ited  in th e ir  application. If e ith er the von W eizacker or Hoyle m odel were 

s tr ic tly  correct th en  th e  s ta r form ation  associated w ith  these  clouds, and  all clouds 

in th e  Galaxy, should be rapid, w ith th e  m olecular m a te ria l being quickly converted  

in to  s ta rs . This is not seen in the  G alaxy today  w here th e  observed s ta r  form ation  

ra te . ~  3 .\I j, y r " ^  is conspicuously low and th e  lifetim e of m olecular clouds. I -  

3 x 1 0 ' y r (B litz & Shu 1980. E lm egreen 1985) is apprec iab le . This difficulty  w ith  

tim e  scales for bo th  th e  von W eizacker and Hoyle m odels was first no ted  by O ort 

(1954) and m odelled by Field & Saslaw (1965). In th e  m odification to  th e  theory  

proposed by O ort (1954) it was proposed th a t th e  largest m olecular clouds were 

continually  being replaced by sm aller ones which coalesced and  which, in th e ir  tu rn , 

had  been built up from  even sm aller clouds, and  so on , down to  the sm allest cloud 

scale. It should be noted  th a t app lication  of O o rt's  (1954) 'b o tto m -u p ' m odel alone 

is also unsatisfactory  as it does not allow for a realistic  b reak  up of the  m ost m assive 

clouds by stellar w inds after th e  form ation  of a  sufficiently  m assive s ta r  (E lm egreen 

1987) '  an d /o r supernovae (Tenorio-Tagle & B odenheim er 1989). Nor does it ad-

 ̂ E lm egreen (1993) considers th e  form ation of clouds v ia  ‘pressurized’ even ts as 

being a  separate  process, a  discontinuous  ra th e r th a n  a  continuous process, from  

th e  two described here. However, th e  ob jects he a t tr ib u te s  to  these even ts  -  shells, 

sheets, com etary  globules and galactic chim neys -  m ay  be m odelled ju s t as well in



dress, in any de ta il, how such a  s ta r  is form ed from  th e  m ost m assive clouds (Field 

& Saslaw 1965). o r allow for destructive  collisions betw een clouds (S truck-M arcel & 

Scalo 1984).

Hence, any m olecular clouds we observe, e.g.. th e  C am  O B I clouds or Perseus 

clouds, represent a snap-shot of th e  curren t s ta te  of affairs, which is a  balance 

betw een the  tendency  for the  clouds to  break up in to  sm aller clouds and  th e  tendency 

for sm aller clouds to  conglom erate to  form larger m olecular com plexes.

On th e Form ation o f  Ind iv idual S tars

T he form ation of an  indiv idual s ta r is still a  very poorly  understood  process 

bu t th e  s tan d ard  m odel for th is process a t present (Shu e t al. 1987) involves the 

inside-out collapse of a  ro ta tin g  isotherm al m olecular cloud core which has a  1 /r^  

density  profile. Collapse of such a  core leads to  th e  fo rm ation  of a  p ro to -s ta r and 

disk a t the cen ter of the  core. M aterial from  th e  infalling core continues to  accrete 

onto  the  p ro to -star after first falling upon the  m uch la rger disk. T erm ination  of 

th e  infall occurs when outflows from  the  p ro to -sta r, e ith e r from  bipolar outflows or 

s te lla r winds, disperse th e  rem aining core m ateria l.

In the  m odel of Shu et al. (1987) m agnetic fields serve as th e  m ain  support 

m echanism  regulating  th e  size of th e  initial core and  subsequen t p ro to -s ta r formed. 

Cores which are  g rav ita tionally  unstab le  bu t supported  by th e  local m agnetic field 

(m agnetically  sub-critical cores), collapse slowly as th e  su p p o rtin g  m agnetic  field 

gradually  escapes (am bipo lar diffusion). Cores in which th e  m agnetic  field support 

exceeds the  m inim um  to prevent g rav ita tional collapse (m agne tica lly  super-critical 

cores), avoid collapse un til th e  m ass contained w ith in  th e  m olecular core exceeds 

w hat can be suppo rted , afte r which rapid  collapse occurs. G iven th a t th e  super­

critica l cores can be m ore m assive than  th e  sub-critical cores before th e  onset of 

collapse, it is believed th a t th e  super-critical cores p roduce m assive stars.

W hile the  m odel of Shu e t al. is a ttra c tiv e  in th e  sense th a t  it provides a 

com prehensive fram ew ork in w hich to  s tudy  th e  evolu tion  o f th e  p ro to -s ta r and is 

observâtionally consistent w ith  th e  density  profiles seen in cloud cores, as least as 

m easured by present techniques (M yers 1983), it is by no m eans universally  accepted. 

G oodm an et al. (1990) note th e re  is no unequivocal ev idence for an  alignm ent of

te rm s of the  two general processes operating  in th e  evo lu tion  o f th e  ISM so there  is 

no add itional insight to  be gained  from m alting th is d is tin c tio n .
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cloud featu res w ith  th e  am b ien t m agnetic field. This a rg u m en t was ex ten d ed  to  

cloud cores (M yers e t al. 1991) and  bipolar outflows (H eiles e t al. 1993). w here 

it was shown th a t  n e ith e r  th e  axis of ro ta tion  nor th e  d irec tio n  o f th e  outflow s 

was co rre la ted  w ith  th e  am b ien t m agnetic field. F u rtherm ore , th is  m odel o f s ta r  

form ation leads to  th e  fo rm ation  of single s ta rs  (B odenheim er et al. 1993) and  

cannot account for th e  high frequency (~  50%) of m u ltip le  sy stem s seen in very  

young s ta r  form ing  regions.

.A.n a lte rn a tiv e  m odel by .\d a m s  & Fatuzzo (1996) proposes th a t th e  Shu et 

al. m odel be genera lized  to  include o ther support m echanism s, e.g .. tu rb u len ce  

and th e rm al p ressu re , in w hich case th e  rate of build  up on to  th e  p ro to -s ta r from  

the su rround ing  core  m a te ria l is re la ted  to th e  ra te  of ro ta tio n  of th e  core an d  th e  

effective sound speed  a , / / ,  i.e.. th e  ra te  a t which m ateria l can  be  tra n sp o rte d  to  th e  

pro to -star from  th e  su rro u n d in g  m olecular core. In his early  w ork, Larson (1981) 

proposed th a t  th e  p ro to -s te lla r core was built up en tire ly  by acc re tio n  processes, in 

a m anner som ew hat rem in iscen t of th e  Oort m odel for c loud  evo lu tion , w ith  th e  

te rm ination  of infall again  occurring  when the rad ia tive  p ressure a n d  s te lla r w inds 

prevented fu rth e r accre tion . In th is model Larson argued  th a t  th e  in itia l p ro to- 

ste llar m ass should  be a  function  of the  core density  and  te m p e ra tu re  {p >  1 0  ̂

cm~^. T  % 10 K) w hich for typ ical cores should yield a  p ro to -s te lla r m ass ~  1 

Mr,. F inally , in a re -ex am in a tio n  of the  problem . Larson (1991. 1992) suggested  an 

a lte rn a tiv e  so lu tion  in w hich tu rbu len ce  was th e  dom inan t force for organizing  th e  

ISM and  m o lecu la r cores rep resen ted  the  sm allest organized u n it o f th is  s tru c tu re .

None of these  m odels address th e  problem  of m u ltip le -s ta r fo rm ation  d irectly . In 

the original work of H oyle ( 1953) no ro ta tion  was assum ed in th e  cloud  frag m en ta tio n  

process bu t th is  m odel was ex tended  by Zinnecker (1984) to  th e  sm allest fragm ent 

sizes, resu lting  in th e  fo rm ation  of b inary stars. In all th e  m odels of ind iv id u a l 

s ta r form ation  d iscussed  so far. it is assum ed th a t any com pan ion  s ta rs  w hich form  

around th e  m ain  p ro to -s ta r  form  in th e  disk produced as a resu lt o f th e  collapse o f a  

ro ta tin g  core. D eta ils  of th e  m echanism  for the form ation of th e  d isk , its size re la tiv e  

to the  p ro to -s ta r, th e  am o u n t of th e  system 's angular m o m en tu m  it con ta ins, a re  

still very poorly u n d e rs to o d  (B odenheim er et «d. 1993). F u rth e rm o re , w hether any  

successful m odels for th e  fo rm ation  of m ultiple s ta r  system s can  be ex ten d ed  to  

explain th e  fo rm atio n  of c lusters  or w hether they  form by som e o th e r  m eans, e.g . 

fragm en tation  o f th e  core before collapse, rem ains to  be seen.
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F ig u r e  I . l  A schem atic  d iag ram  of the  re la tionsh ip  betw een th e  ISM a n d  stars. 

T h e  cycle o f clouds represen ts th e  possible s ta tes  o f  th e  m olecular clouds, w hile th e  

cycle of s ta rs  illu s tra te s  the  evo lu tion  of stars for d ifferent masses. T h e  conversion 

o f th e  ISM into  s ta rs  is shown as a  solid arrow, w hile th e  enrichm ent o f th e  ISM  by 

th e  s tars  v ia s te lla r  w inds and  supernovae rem n a n ts  a re  shown as b roken arrow s. 

T h e  fu n dam en ta l e lem en ts of th e  problem  of s ta r  fo rm ation , structural, temporal,  

an d  stochastic, axe h ighlighted in th e  insert.
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Figure I .l  provides a  p ic to ria l sum m ary  of th e  cu rren t s ta te  o f s ta r  form ation 

theory. In th is overview of th e  prob lem , th e  relationship  between th e  ISM and th e  

s ta rs  -  the  G alactic ecology -  is represen ted  by two cycles: the  cycle o f clouds and  

th e  cycle of stars. T he  cycle o f clouds is not really a closed cycle because  low m ass 

s ta rs , and to  a  lesser ex ten t h igh  m ass s ta rs , perm anently  rem ove gas from  the ISM. 

However, th is tim e scale. ~  10* — 10® yr, is long in com parison w ith  th e  length of a  

single s ta r form ing event, e .g .. th e  tim e  to  form an association. ~  10' y r  (H illenbrand 

e t al. 1993).



O b servational C onstraints on  the F orm ation  o f  S ta rs
T here  are several observations which are useful in constra in ing  an y  m odel for 

th e  conversion of th e  ISM into stars.

1 . Larson (1981. 1982. 1991. 1992) no ted  th a t th e re  was a re la tio n sh ip  betw een 

th e  m ost m assive s ta r  formed in a s ta r  form ing region and  th e  m ost m assive

m olecular cloud associated  with th e  s ta r  form ing region, based upo n  a  li te ra tu re

search of th e  d a ta  then  available. T his relationship  is described  by

M .  3C .M l . , .  (1.4)

w ith  n =  0.43. Larson argued th a t if th e  stars were form ing in an  h ie ra rch ica l 

m anner i.e.. th e  m ost massive s ta r  form ed from a  given su b sy stem  was re la ted  

in a  sim ilar fashion to  th e  mass in th e  subsystem , th en  th e  d is tr ib u tio n  of s ta rs  

would follow a  power-law  d istribu tion  given by.

d \
2C.VC". (1.5)

dlogM .

w here i  =  1 /n  =  2.33. Larson allows for bo th  accretion , which w as th e  prem ise 

of his early  work (Larson 1981). and  tu rbu len t fragm en ta tion , w hich is the  

prem ise of his m ore recent work (Larson 1992). to  be th e  responsib le  agen ts.

2 . O bservations of m any s ta r  forming system s, including bo th  h igh -m ass s ta r  and  

low-mass s ta r  form ing regions, th roughou t th e  G alaxy show an  in itia l m ass 

function (IM F) * which is relatively constan t w ith j* =  1.7 ±  0.5 (Scalo  1987).

3. S ta r  form ation  is going on throughout th e  G alaxy in two m odes: “loosely aggre­

gated" s ta r  fo rm ation  occurs in sm aller and sparser clouds w ith  p red o m in a te ly  

low-mass s ta r  fo rm ation  scattered  th roughou t th e  region, e.g .. T au ru s  (L arson 

1982. Evans 1991). whereas “tigh tly  packed" s ta r  form ation o ccu rs  in denser, 

iso lated m olecular clouds and results in th e  form ation of m ore m assive  s ta rs  from  

th e  m ore m assive cores, e.g.. p O phiuchi (Lada et al. 1993). H ow ever, n e ith e r 

m ode is com plete ly  absen t in a s ta r  form ing region w here th e  o th e r  m o d e  is m ost 

ev iden t, e.g.. O rion  (Evans 1991).

 ̂ T h ere  is som e confusion in the lite ra tu re  about th e  calcu la tion  o f th e  IM F  in 

te rm s of m ass bins o r logarithm  m ass bins. T hroughou t th is  thesis  th e  IM F is 

defined in te rm s of th e  change in th e  n um ber of s ta rs  (and  clouds) p e r  m ass b in . in 

which Ccise oc
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4. Not all g ian t m olecu lar clouds (G M C . M >  10® M@) produce s ta rs  (B litz  1993), 

and  som e are  doing  so a t a  very low ra te . e .g .. th e  G M C  d e tec te d  by M addalena 

e t al. (1986).

5. S ta r fo rm ation  is no t coeval b u t ra th e r  con tem poraneous (S ta iile r  1985. P alla  &: 

S tab ler 1990, 1991. G arm an y  1994). T here  is also evidence for th e  form ation  of 

low-mass s ta rs  a f te r  large m ass s ta rs  have a p p e a re d  (H illenbrand  e t al. 1993).

6 . It is necessary b u t not sufficient th a t th e re  be h igh-density  cores present to  

ensure s ta r  fo rm ation : s ta r  fo rm ation  is s trong ly  favored in regions possessing a  

su b stan tia l to ta l m ass (L ada  e t al. 1993).

7. Cores a p p ea r to  be e longated  and  dom inated  by ro ta tio n a l m o tio n  which does 

not ap p ea r to  be  well co rre la ted  w ith  the  large-scale  s tru c tu re  o f th e  m olecular 

cloud (M yers e t al. 1991). As s ta te d  in th e  p rev ious section, th e re  is no over­

w helm ing ev idence for th e  a lignm en t of th e  cores w ith  the  am b ien t m agnetic  field 

(Heiles e t al. 1993. G oodm an  e t al. 1990). b u t th is  point is s till conten tious. 

Recent work by Vallée & B astien  (1996) suggests such an a lig n m en t m ay be 

in effect bu t th e re  are  a  large num ber of possib le m agnetic field configurations 

proposed and  th e  u n ce rta in ty  in the  m easu rem en ts  is large. F u rth erm o re , th e  

m agnetic field w hich they  have m easured m ay  no t be th e  one deep  inside th e  

m olecular cloud.

8 . T he largest cores ap p ea r to  be em bedded in th e  cen ter of th e  m ost m assive 

clouds w ith  sm alle r cores d is tr ib u te d  abou t th e m  (B litz  1993).

9. T he s ta r  fo rm ing  efficiency for a  m olecular com plex  as a w hole is low. typically  

only a  few p ercen t, bu t is very high, g rea te r th a n  50%, for th e  s ta r  form ing 

m olecular cores (E vans 1991).

10. .A.t least half of th e  s ta rs  s tu d ied  which can  be  associated  w ith  s ta r  form ing 

regions are  m u ltip le  s ta r  system s: of these 87% a re  b inary  sy stem s (B odenheim er 

e t al. 1993).

T h e  observational co n stra in ts  listed  above suggest th a t  the s tar  fo r m in g  process 

is regulated in three dif ferent ways; s tructurally (as suggested by points  1 through 

3), temporally (points 4 ond 5) and  stochastically (points 6 through 10).  A sim ­

ple overview  of a  typ ica l s ta r  form ing event m ay  be as follows; m o lecu la r m ateria l 

form s, by w hatever m eans, an d  arranges itse lf qu ick ly  in to  a h ie ra rch ica l s tru c tu re  

w ith  s tars  being p roduced  d irec tly  from  the  cores o f th e se  s tru c tu re s . M assive cores, 

form ed a t th e  cen te r o f large m olecu lar clouds ten d  to  form  th e  m o st m assive s ta rs .
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These cores in te rac t via tid a l o r hydrodynam ic m echanism s, and  in a  sm all num ber 

of encounters, one. som e o r all cores involved becom e unstab le  and  collapse. S ta r 

form ation is favoured in regions of high density gas as th e  to ta l n um ber of in te rac­

tions increases an d  th e  cross-section  for a  s ta r form ing in teraction  increases (due to  

th e  decreased re la tive  velocity  of th e  in teracting  cores). Cores ap p ea r to  be fla ttened  

and are p ro b ab ly  disk-like w hich  m ay be th e  result of ro ta tion  or am b ipo lar diffusion 

bu t the ir collapse, in genera l, appears  to  be unstab le , in which case m ultip le  s ta r  

system s or possib ly  ste lla r c lu s te rs  are formed.

W h y C am elopardalis?  W hat can  it te ll us ab ou t  
th e  S tar Form ing P rocess?

C am elopardalis  O B I (C a m  O B I) is a very ex tensive  OB association  (134° <

<  151°. —3° <  <  -1-7°)  ̂ lying a t a d is tan ce  of 975 pc (see C h ap te r 4.

H um phreys 1978. D am e et a l. 1987). S ta r form ation in the v ic in ity  in th e  recent 

past ( ~  I — 5 X 10' yr) can  be traced  ou t by th e  O B association itse lf as well as 

by large, ex tensive  and  old Hii regions, e.g. S202 (Sharpless 1959) or supernova 

rem nants (q  C am  is a very well s tud ied  runaway s ta r  in th e  region believed to  have 

orig inated  in XGCT5Q2 bu t th e  rem nan t of the  com panion  s ta r  to  a  C am  is no 

longer visible. B laauw  1964). M ore recent star fo rm ation  in the  region ( ~  10° — 10® 

yr) includes th e  very en erge tic  outflow AFGL490 (C am pbell e t al. 1986. M itchell 

et al. 1995). th e  newly d e te c te d  outflow AFGL490-iki (P u rto n  et al. 1995). th e  R- 

.A.ssociation C am  R l (R acine  1968). as well as infrared sources de tec ted  by th e  I R A S  

sa tellite  (B eichm an  et al. 1988) which have the in frared  colors of (u ltra  com pact) 

UC H ii  and Hii regions, m asers. outflows, etc. (W alker Sz Cohen 1988). Hence. C am  

O B I appears to  be an active  s ta r  form ing region producing  in te rm ed ia te  m ass s ta rs  

(3 to  25 M g . early  .•\- to  la te  0 - ty p e )  albeit a t a  m uch less prodigious ra te  th a n  

som e of th e  m ore energetic  in te rm ed ia te  and m assive s ta r  form ing regions in th e  

Galaxy, e.g. O rion  and  M onoceros (Larson 1982).

Cam  O B I is w orthy of s tu d y  for several reaisons. F irstly , very little  is known

 ̂ In regards to  conventions; all G alactic  coordinates refer to  th e  new G alac tic  

coordinates and  w ill be referred to éis {Lb)  th roughou t th is  thesis, th e

radial velocities m easured  in th e  Local S tandard  of R est are based upon s tan d a rd  

solar m otion , and  all eq u a to ria l coordinates are referred  to  th e  m ean  equinox and  

equator of B 1950.0 unless o th e rw ise  specified.
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about th is  region of th e  Galaxy. Exam ining the  P a lom ar O bservatory  Sky Survey 

(PO SS) p rin ts  shows th a t Cam  O B I. in projection, lies near to th e  very  energetic 

VV'3/4/5 s ta r  fo rm ing  region and m ost studies carried  ou t along th is  line-of-sight 

have co n ce n tra te d  on th is  dynam ic region. S tudying C am  0 8 1  is an  excellen t op­

p o rtu n ity  to  in v estig a te  a  relatively poorly known region of the G alaxy  w here the 

possibility  of new  discoveries, e.g.. .\FG L490-iki. is g rea t. Secondly. C am  O B I. by 

v irtue  of being a  som ew hat quieter and  gentler s ta r  form ing region allow s th e  s tudy  

of the  fo rm ation  o f an  OB association in which the  fo rm ation  of very m assive stars 

and  th e ir  ev o lu tion , via s te llar winds or supernova rem nan ts , have no t destroyed 

th e  p rim ary  m echan ism  responsible for producing th e  s ta rs . T hirdly , as in studies 

of o th e r s ta r  fo rm ing  regions. Cam  O B I can be tested  for consistency w ith  th e  ob­

servable co n s tra in ts  ou tlined  in the previous section. A n exhaustive  ex am in a tio n  of 

s ta r  form ation  in th e  C am  O B I region would require observations a t m an y  different 

w avelengths w ith  different instrum ents and  is beyond th e  scope of th is  thesis. How­

ever. w hat th is thesis  a tte m p ts  to do is provide a fram ew ork for ou r u n d ers tan d in g  

of s ta r  fo rm ation  w ith in  the  Cam  O B I region. T his thesis also suggests fu rther 

observations, w hich will support or reject the  claim ed m ethod  of s ta r  fo rm ation . 

Finally, it also com m en ts on the applicability  of the  s ta r  form ing m echan ism (s) seen 

in C am  O B I to  elsew here in the Galaxy.

O utline o f  the T hesis

Since th e  p rim a ry  d a ta  for this thesis consist of a  CO survey of th e  C am  O B I 

region, th e  first th ree  chap ters will focus on this m a te ria l. C h ap te rs  4 th rough 

7 identify  th e  site s  of s ta r  form ation in the  region an d  consider th e  s ta r  form ing 

process in te rm s o f th e  th ree  elem ents proposed to  charac terize  it. i.e.. th e  s tru c tu ra l 

re la tionship  be tw een  th e  paren t m olecular clouds and newly form ed s ta rs , tem pora l 

evolution of th e  clouds, and  the probability  of th e  onset of s ta r  fo rm ation . C h ap te r 

S com pares th e  s tru c tu re  of the clouds in Cam  O B I w ith  th e  m ore d is ta n t Perseus 

region. T he final ch ap te r provides a sum m ary  of th e  cu rren t know ledge of s ta r  

form ation in C am  O B I and  makes som e suggestions for fu rther observations. T he 

ou tline of th e  th e sis , in deta il, is as follows:

C hapter 1 discusses th e  physics of th e  radio em ission by the  CO  m olecule as 

well as essen tial defin itions used throughout the  rem ain d er of th e  thesis. It also 

presents background  m ateria l necessary to  provide som e insight in to  th e  underly ing
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assum ptions and  lim ita tio n s  o f CO  m olecular observations.

C h ap ter 2 presents th e  C O  d a ta  for th e  thesis. These d a ta  have been published  

(Digel e t al. 1996) and  form  p art of a  larger survey of th e  second q u ad ran t being 

u n d ertak en  a t th e  C en ter for A strophysics (CfA).

C h ap ter 3 deals w ith th e  im provem ent in quality  in th e  present CO  d a ta  over th e  

previously  available CO d a ta  for th is  region. The im provem ent in d a ta  qu a lity  is 

exam ined  via Fourier tran sfo rm  techniques and  s truc tu re  tree  s ta tis tic s . R esults of 

th is  analysis suggest th e re  is no preferred  scale size and  th e re  ex ists  a  h ierarch ica l 

s tru c tu re  in a t least one of th e  m olecular clouds in the C am  O B I region.

C h ap ter 4 exam ines th e  op tica lly  identified  stars in th e  C am  OBI region taken  

from th e  SIM B A D  d a ta  base. . \  fit to  th e  d a ta  shows th a t th e  d is tance  to  th e  

association  is 97-5 ± 9 0  pc a n d  th e  association  has been evolving con tem poraneously  

for th e  last 1 —.50 x 10“ y r. T h ere  is strong  evidence for th e  presence o f bo th  pre-m ain  

sequence and  evolved s ta rs  in th e  association.

C h ap ter 5 considers th e  m ost recent s ta r  form ation in th e  region by analyzing  

th e  in frared  sources se lec ted  from  th e  I R A S  d a ta  base (B eichm an et al. 1968). T he  

cu rren t s ta r  form ation , tra c e d  out by these  sources, is shown to  coincide w ith  the  

cu rren t s ite  of in te rac tio n  betw een  two m olecular com plexes. . \  po in ted  survey, 

u n d ertak en  w ith  th e  D om inion  R adio  .Astrophysical O bservatory  26m  telescope, of 

m ethano l m asers of th e  e n tire  survey  region failed to detect any  new sources in th e  

C am  O B I region, b u t a  new  source associated  w ith IRAS 02455+6034 was d e tec ted  

in th e  Perseus arm  (near W 5 ). D a ta  for these  observations have been published  

(L yder & G alt 1997). H igh reso lu tion  observations of selected sites in th e  C am  

O B I region of CO em ission, u n d ertak en  w ith  the Jam es C lerk M axwell Telescope, 

revealed th e  presence of a  second pow erful outflow. .AFGL490-iki. An announcem ent 

of th is  discovery has been m ad e  (P u rto n  e t al. 1995).

C h ap ter 6 deals w ith  confirm ing  th e  association betw een th e  s ta rs  assigned to 

C am  O B I and  CO  em ission featu res. T h is  is accom plished from  m orphological 

a rgum en ts  and  physical a rg u m en ts , i.e.. th e  ionization of th e  C am  O B I gas by th e  

hot C am  O B I sta rs  and  th e  w arm ing of th e  dust associated w ith  th e  C am  O B I 

clouds by th e  C am  O B l s ta rs .

C h ap ter 7 analyzes th e  s ta r  form ing h isto ry  of the C am  OBI region and  argues 

th a t s ta r  fo rm ation  in C am  O B l has had  th ree  epochs of activ ity . T h e  first occurred  

over a  period  of 1 — 50 x 10® y r  ago an d  p robab ly  involved th e  collision of tw o m olec­
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u la r com plexes. A  second epoch o f s ta r  fo rm ation  appears to have been triggered  

by shock com pression o f one of these  com plexes 3 — I x 10® yr ago. T h e  m ost re­

cent epoch  of s ta r  fo rm ation  is co inciden t w ith  th e ir  current points of in tersection . 

T he  IM F for th e  s ta rs  in C am  O B l agrees w ith  th a t  seen elsewhere in th e  G alaxy. 

T h e  cloud m ass function  for m any of th e  CO  com plexes in the region, includ ing  the  

in te rac tin g  com plexes, shows a  s im ilar scaling  law as the  IMF. In all cases th e  s ta r  

form ing efficiency is low (less th an  a  few p ercen t).

C h a p ter  8  com pares th e  m olecular clouds in C am  O B I w ith those in Perseus. It 

is show n th a t th e  clouds in C am  O B l can n o t be d istinguished from  those in Perseus 

on th e  basis of th e  degree of th e ir  tu rb u le n t su p p o rt, bu t m any of th e  clouds in C am  

O B l are  not g rav ita tio n a lly  bound. I t is also argued  th a t this last group  of clouds 

are  th e  youngest clouds in C am  O B l.

C h a p ter  9 is a  su m m ary  of the  ana ly sis  of th e  C am  O B l region provided in the  

thesis and  m akes som e suggestions for fu r th e r  stud ies.

A p p en d ices  of techn ica l details deem ed  necessary  to  the thesis, bu t not to  the  

m ain  body  of work, a re  also included, .\p p e n d ix  B contains d a ta  on Perseus s ta rs  

not d irec tly  re la ted  to  th e  thesis bu t d iscussed  in th e  published survey (Digel et al. 

1996). w hich referenced th is  work.
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Chapter 1
General Overview of CO Observing

T h e basic p h ysics o f  CO em ission  is review ed; this includes th e  
m od ellin g  o f  CO  em ission assum ing s ta tistica l equilibrium  and  
ap p lication  o f  th e  equation o f  radiative tran sfer. T he d e tec tio n  o f  
CO em ission  b y  ground based te lescop es is also d iscussed  ta k in g  
into account th e  attenuation  o f  th e  CO sign a l by the a tm o sp h ere  
and th e  efficiency o f  the coupling  o f  th e  te lescop e b eam  to  th e  
CO signal. P h y sica l quantities o f  im p ortan ce characterizing a  CO  
‘c lo u d ’ are a lso  defined, i.e ., radius, lin ew id th , CO m ass, v iria l 
m ass and lu m in osity .

1.1 In trod u ction

M olecular hydrogen . H t. is one of th e  m ajo r com ponents of th e  in te rs te lla r  

m edium  (ISM ). It is also th e  m ajor constituen t of m olecular clouds, w hich are  th e  

sites of s ta r  fo rm ation . U nfortunately, d irect detec tion  of via v ib ra tional o r ro ta ­

tional (quadrupo le ) tran s itio n s  is not easy due to  th e ir  relative weakness o r location  

in a  sp ec tra l region o f poor atm ospheric transm ission . W ith  the first successful d e­

tection  of J  =  1 — 0. f/ =  11.5.2712 GHz. A = 2 .6  m m  (W ilson e t al. 1970). 

hereafter referred to  as C O . there becam e available a useful probe of th e  m olecu lar 

environm ent of s ta r  form ing  regions. In th is chap ter, th e  underlying basic physics of 

the CO m olecular tra n s itio n , and the  lim ita tions and  assum ptions m ade in observ ­

ing it. will be discussed . Physical quan tities  of in te res t, e.g .. the m ass of a  m olecu lar 

cloud, based upon th e  observations will also be derived. This chap ter will be lim ­

ited to  a  highly idealized  system  in o rder to  present th e  m ain concepts relevant to  

observing C O . w hile a  discussion of th e  uncerta in ties  in th e  quan tities dep en d en t 

upon th e  observing p rocedure , e.g.. th e  accep tab le  noise level for a given sp ec tru m , 

will be deferred  u n til C h ap te r  2.

T he  layout of th is  ch ap te r will be as follows; §1 .2  p resen ts the physical princip les 

applied  in observ ing  th e  em ission from a  CO cloud assum ing the CO line em ission 

is purely  th e  resu lt o f collision processes. T his section also discusses th e  eq u a tio n  of
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rad ia tive  transfer for th e  CO line em ission when illum inated  by a  weak background 

source (2.7 K background rad ia tio n  field), and the  d e tec tion  of th e  CO line by a 

ground based telescope. §1.3 discusses th e  m easured physical q u an tities  (§1.3.1). 

e.g.. th e  linew idth  of th e  CO  line, as well as derived physical q u an tities  (§1.3.2). 

e.g.. th e  CO lum inosity  of a C O  cloud. §1.4 sum m arizes th e  m ain assum ptions and  

constra in ts m ade in CO observing.

1.2 Physiced P rincip les

M olecular transitions are  m ore easily  modelled if it is assum ed th a t th e  m otion 

of th e  rela tively  light electrons can be com pletely decoupled from th a t of th e  much 

heavier paren t nuclei ( B orn-O ppenheim er approxim ation). U nder such conditions 

the  to ta l energ}' of a  m olecular system  is given by (Lang 1980):

E t o t  =  E e l C  r ^  ) +  E v i b  +  E r o t . ( 1 . 1 )

where Eei(re) represents th e  e lectron ic  binding energy a t th e  equ ilib rium  separation  

r«,. Evib th e  v ib ra tional energy  and  Erot the  ro tational energy. T ypical values for 

Ee((Ce) are -5 — 10 eV  at r^ ~  1 X.  T h is  contribution  to  th e  to ta l energy does not 

play a role in the  curren t observations and will not be considered fu rther. For a 

sim ple d ia tom ic m olecule. Evib ~  ^^Vib(i’ +  j )  with v ib ra tional q u an tu m  num bers

V =  0 .1 .2 .......  W hile these tran s itio n s  can be observed and  are useful they  are not

responsible for th e  line-em ission considered here. The ro ta tio n a l energy of a  sim ple 

d iatom ic m olecule or linear po lya tom ic  molecule assum ed to  ro ta te  rigidly can be 

w ritten  as E^^  ̂ =  h B J { J  +  1) where J  =  0 .1 ,2 ... .  is th e  ro ta tiona l q u an tu m  num ­

ber. B  is th e  ro ta tio n a l co n stan t (in Hz) and  h is P lanck 's  constan t. For a  m olecule 

like CO th a t possesses a  p erm an en t electric  dipole m om ent, i.e.. a  separa tion  of the  

centers of charge and  m ass, th e  m olecule can undergo a s trong  electric  d ipole tra n ­

sition obeying th e  selection ru le  Jupper - ■Slower =  A J  =  - f l .  F igure 1 .1  is a sim ple 

schem atic illu s tra tin g  th e  lower tran s itio n  states of CO.

O bservât ionally, th e  prob lem  is one of viewing a cloud of CO gas against the  

background rad ia tion  field an d  being in terested  in th e  con tribu tion  to  th e  net rad i­

ation  field, as viewed along a  line-of-sight through the  cloud, due only to  th e  cloud. 

If th e  incident rad ia tion  im ping ing  upon th e  far side of th e  cloud possesses a  specific 

in tensity  defined as (th is is th e  energ}' being em itted  by a  source per un it solid 

angle of th e  source which th en  falls on to  som e area of th e  cloud per u n it bandw id th
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F igure 1.1 R o-vibrational levels for the  lower transitions of ^^CO. A d ap ted  from  

G enzel (1992) and  Scoville Sanders (1987)._____________________________________

per sec. e.g., in cgs un its  th is  would be in ergs s“  ̂ c m “  ̂sr~^ H z"‘ ) th e n  th e re  should  

be  som e m oderation  of th is  rad ia tio n  due to  th e  add ition  of sources rad ia tin g  w ith in  

th e  cloud and som e depletion  due to  som e sources absorbing w ith in  the cloud. If 

th is  is the  case, th en  an eq u a tio n  for the change in rad ia tion  in ten s ity  as it passes 

th ro u g h  the  cloud (th e  tran sfe r o f rad ia tion) is given by (Rybicki &: L igh tm an  1979, 

B ohm -V itense 1989):
r /T

( 1.2 )

w here ds  is the  increm ent in d is tance  along th e  line-of-sight th ro u g h  th e  cloud from  

th e  far side (say a t som e d is tan ce  So as viewed by an  observer) to  th e  near side (say  

a t som e distance s as viewed by am observer). T h e  first te rm  on th e  rig h t-h an d  side 

of Eq. 1.2 represents th e  ad ded  em ission to  th e  inciden t rad ia tion  a n d  is defined as 

th e  em ission coeflBcient (ergs s~* cm~^ sr~^ H z“ ^) while th e  second te rm  rep resen ts
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the  a tte n u a tio n  of th e  inc iden t rad ia tion  (hence th e  negative  sign) w here  is 

defined as th e  ab so rp tio n  coefficient (cm “ ^). In som e form ulations of th e  problem , 

a te rm  is included  to  acco u n t for photon sca tte rin g  along th e  line-of-sight (R ybicki 

& L ightm an 1979). H owever, it is assum ed for th e  m olecular clouds ex am in ed  here 

th a t th e  op tica l d ep th  is g rea te r than  one (em itted  photons do not tra v e l far before 

being re-absorbed) a n d  th a t  collisions dom inate  th e  equ ilib rium  s ta te  o f th e  cloud 

so th a t sca tte red  ph o to n s, on average, do not co n trib u te  to  th e  rad ia tiv e  transfer. 

This would not be th e  case  for diffuse clouds w here th e  co n trib u tio n  from  sca tte re d  

light could m ake a  co n trib u tio n  to  the rad ia tio n  field.

It is som etim es s im p le r to  th in k  of th e  a tten u a tio n  o f th e  incident ra d ia tio n  in 

term s of th e  rela tive loss of in tensity  as it passes through th e  cloud ra th e r  th a n  as a 

function of position  in th e  cloud. This change of variables can  be accom plished  by 

defining th e  op tical d e p th , d r^ (s ). as th e  to ta l absorp tion  per in c rem en t o f leng th  
ds. i.e..

dT^(s) = a^ds .  (1.3)

and. hence, for th e  w hole cloud

Tu = Tu(s) = j  at, [s ' )ds .  (1.4)
J So

It is now a  sim ple m a tte r  to  rew rite Eq. 1.2 in te rm s of th e  change  in o p ti­

cal dep th  th rough  th e  cloud , i.e.. the change of th e  incident rad ia tion  in te n s ity  as 

function of op tical d e p th , given by

- — — bu — lu- ( l-o)
dTu

where is defined as th e  source function, th e  ratio  of th e  em ission coefficient to 

the absorp tion  coefficient, i.e..

5 ,  =  ^ .  ( 1 .6 )
Ctu

Eq. 1..5 can now be solved m aking  use of an in teg ration  fac to r e ’’ an d  in teg ra tin g  

over th e  leng th  of th e  cloud , from  r  =  0  to  r  =  r .  to  o b ta in

It, =  l„(0)e  ̂ Si , (l  — e ^). ( I . l )

Hence, th e  in tensity  of ra d ia tio n  em erging from  th e  cloud is com posed o f  th e  in itia l 

incident rad ia tion  a t te n u a te d  by th e  cloud 's to ta l ab so rp tion  plus th e  c lo u d ’s con­

trib u tio n  to  th e  rad ia tio n  (assum ing S„ is spatia lly  constan t -  a  c o n trib u tio n  from
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sca tte rin g  could be inserted  at th is point in which case  is now the  ra tio  o f th e  

em ission coefficient to  th e  sum  of the  absorp tion  and  sca tte rin g  coefficients, bu t then  

Eq. 1.5 m ust be solved by m ore sophisticated  an a ly tica l or num erical m ethods) over 

the  leng th  of th e  cloud. T he solutions to  th is eq u a tio n  include th e  ‘op tica lly  th in ' 

Ccise ( r  <  I) when Eq. 1.7 reduces to =  /^(O) +  S^^r. and  th e  op tica lly  th ick ' 

case ( r  >  1 ) when th e  cloud 's em ission dom inates th e  background em ission giving 

= Su- Finally, th e  excess line in tensity  above th e  ‘2.7 K background con tinuum  

em ission. Alune-  is given by

=  [lu -  /.(O)] =  [5 . -  /,(0 )][1  -  e - '] .  ( 1. 8 )

T h e  equation  of rad ia tiv e  transfer describes only  one aspect of th e  physics of 

CO em ission. com plete  solution to  th e  problem  also  requires an understand ing  

of th e  s ta te  of th e  gas in term s of th e  s ta te  of each m olecule. Such know ledge 

cannot be ob ta ined  d irec tly  but m ay be inferred from  a  s ta tis tic a l approach . T he 

sim plest approach  (G enzel 1991. 1992) considers a tw o level system  to  describe the  

CO ro ta tio n a l transition : a  lower s ta te  / (no ro ta tion ) an d  an upper s ta te  u (ro ta tin g ) 

w ith a  change in energy between th e  two sta tes  given by A E  =  hi/ (pho ton  a t 115 

GHz). If collisions are  th e  sole agent for producing tran s itio n s  betw een th e  two 

states (u —V L I  — u) and  there are n m olecules (collision partn e rs  -  th ese  would 

be p rim arily  m olecules) per un it volum e (cm “ ^). th e n  the  transition  ra tes  per 

molecule per collision p a rtn e r  per sec are given by

C'ui =  Cu—i =  n~iui = n < (Tull' >  ( 1.9)

and

C , u  =  =  C u t ( g u / g i ) e - ^ ‘' ^ ' ^ ^ ' ‘ ' ’' .  ( 1 . 1 0 )

(7u/ (cm^) is th e  cross section  for a collision u —»• / a t velocity  v (cm  s“ ^). 7 „/ (cm^ s“ )̂ 

is th e  overall collision ra te  coefficient for u 1. gu and  gi are th e  s ta tis tic a l weights 

for th e  u p p er and lower s ta tes , respectively, given by 2 J  +  1. and  k  is B o ltzm ann 's  

constan t. If th e  d is tr ib u tio n  of collision energies is g iven by a  M axw ell-B oltzm ann 

d is trib u tio n  at kinetic tem p era tu re . Tkin- th en  th e  average collision ra te . <  cTuIV > , 
will be given by

7 u /= <  o’u/i’ > = -^ j  (1.11)
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w here /z is th e  reduced mass of the  m olecule and  collision p a rtn e r  system . T yp ica l 

values of for CO w ith H2 as its collision p a rtn e r are  1 .8  x 1 0 ~^^ cm^ s“ * an d  

3.7 X 10“ ^̂  cm^ s " ‘ a t 10 K and 100 K respectively (S p itzer 1978).

If th e  system  is also allowed to be de-excited. i.e.. to  undergo u I tran s itio n s  

by e m ittin g  a photon, then  the  relative populations in th e  u and  I s ta te s  for a  sy stem  

of n m olecules may be found by the principle of deta iled  balance to  be

nihiuiT.) = n U lu in  + ( 1 . 1 2 )

w here A^i  is the E instein  coefficient for spontaneous em ission. A^i  m ay be found 

from

(1-13)

where c is th e  speed of light, z/ is th e  radio frequency a t which th e  line is observed  

(=  2 B ( J  +  1 ) where J  is th e  lower s ta te  J )  and  P^i is th e  dipole m a trix  elem ent for 

th e  tran s itio n  u I. In th e  case of a pure ro ta tional tran s itio n  for a  linear m olecule 

such as C O . \Pui\^ has been determ ined  to  be (S p itzer 1978)

=  (1.14)

where M  is th e  perm anen t dipole m om ent for the  m olecule which m ust be d e te r ­

m ined experim entally . For CO M  =  0.112 Debye (1  D ebye =  1 0 "^® e.s.u-cm ). For 

th e  J  =  1 — 0  transition  of CO B  =  .57.6 GHz and  hence. .410 =  6  x 1 0 “* s“ C

Defining ritot =  n/ -f «u and the critical density, =  .4uz/7uz. it is now possible 
to  re-w rite  Eq. 1.12 in th e  form

ntot 1 -I- (5ru/5z)e‘“'“'^* '̂”"' +  n^r/n

T he critica l density  is an  im portan t p aram eter as it defines th e  density  a t which th e  

popu la tion  becomes therm alized . i.e..

{nu/ni)thcTmai = {gu/gi)e (1.16)

O ne of th e  problem s in analyzing CO em ission is th a t th e re  is no consensus am ong 

radio astronom ers on exactly  when Eq. 1.16 is applicable. Values betw een 1 an d  2 

for th e  assum ed ra tio  of n to  Ucr are not uncom m on in th e  lite ra tu re . For th is w ork 

it is assum ed th a t n =  n„ .
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A fu rth e r m odification w hich m ust be tak en  into account in d e te rm in in g  th e  

equ ilib rium  s ta te  of th e  C O  gas is the effect of line blocking. T he above deriv a tio n  

for the  d is tr ib u tio n  of m olecules in each energy  s ta te  assum es th a t  a  p h o to n  a t a 

particu la r frequency (or velocity ), once p roduced , will escape from  th e  gas cloud 

w ithou t re-com bining, i.e.. th e  gas is op tically  th in  to  the  e m itte d  rad ia tio n . For 

em ission regions which are  op tically  thick, i.e.. regions w here th e  p h o to n  does not 

travel far before being abso rbed , the E instein  coefficient is effectively reduced . If 

th e  optical d ep th , r  a t a  p a rticu la r velocity can be determ ined  th en  th e  red u c tio n  

in the A^i can  be calcu la ted . .Assuming 3 rep resen ts  the  effective line b lock ing  and  

3  -X l / r  th en  A^i —»• A ui3 ( t ) and  Eq. 1.15 can  be re-w ritten  such th a t

ritot 1 + + n„ 3 { T) / n

M easurem ents of r  for m ost g ian t m olecular clouds in the  G alaxy  suggest th a t  it 

is >  10 (de Jo n g  et al. 1980. Scoville & Sanders 1987) and  w ith  >  3000 cm ~^ 

assum ing no line blocking, th en  th e  effective den sity  when th e  CO line is th e rm alized  

will be % 300 c m “ .̂

T he observed rad ia tion  in tensity  from a  tran s itio n  which is in th e rm a l eq u i­

librium . such as CO observed in the radio region, can be expressed  in te rm s  of th e  

excita tion  te m p era tu re . Tex- o r R ayleigh-Jeans rad ia tio n  te m p e ra tu re  a t rad io  w ave­

lengths. Tr j . w hich will equal th e  kinetic te m p e ra tu re . Ttm. as well as th e  ro ta tio n a l 

tem p era tu re . Tnc,t- i.e..

K lex

T he background rad ia tion  will also follow a s im ilar prescrip tion  w ith  Tback in place 

of Tex- Hence, th e  in tensities  (E q. 1.8) m ay be  w ritten  in te rm s of ra d ia tio n  te m ­

peratu res.

Time =  [Tflot — Tback) [1 “  CX/J ( —T̂ ,)]. (1 1 9 )

Finally, one last effect which m ust be taken  in to  account is th e  fact th a t  th e  clouds 

are  not uniform  bu t are usually  very fragm ented  and  hence they  m ay o r m ay  no t fill 

th e  beam  of th e  telescope. In o rd er to generalize Eq. 1.19 to  tak e  th is  in to  accoun t, 

it m ust be m odified so th a t

T ro, =  r « . , ( ^ )  +  ( 0 | p ! î ï i ) . ( 1 .2 0 )
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w here Vtdoud represen ts th e  area of th e  CO  cloud. ciô id represen ts th e  a re a  w ith in  

the  beam  b u t o u ts id e  th e  cloud and  naeam represents th e  beam  of th e  te lescope. In 

principle, one can d e te rm in e  th is m odify ing  ratio , or filling facto r, by  observ ing  

w ith successively sm aller beam s w ith  h igher velocity resolution u n til T/,„e does not 

change. In p rac tice , th e re  are usually  no t enough data  available to  check  th is  point 

and norm ally  it is assum ed  th a t th e  filling factor is unity, «is was «issumed in th e  

present survey (D igel e t al. 1996).

So far th e  discussion has considered  only th e  physics of CO em ission  a t th e  

source bu t th is is not th e  en tire  p ic tu re . O ne com plication is th a t  th e  C O  signal 

m ust also pass th ro u g h  th e  E arth 's  a tm o sp h ere  where it is su b jec t to  a tte n u a tio n  

th a t is highly w eather dependen t. It is also necessary to  consider how effic ien tly  th e  

telescope d e tec ts  th e  rad ia tio n  in o rd e r to  determ ine  the  tru e  rad ia tio n  te m p e ra tu re  

(Ttine)- W hat th e  te lescope will m easu re  is com m only referred  to  as th e  a n te n n a  

tem p era tu re . Ta - If th e  effects of th e  a tm osphere  are first ignored, i.e .. if th e  te le ­

scope were p laced above th e  a tm osphere , th en  th e  response of th e  te lescope  is given 
by:

f  Tr{9.  a>)Pn{9 — 9o-o— Oo)dü 

r^ie^.Oo) = 7h‘‘ j  p^(e.o)dQ '

w here is th e  efficiency w ith w hich th e  source couples to  th e  te lescope. T r { 6 . o )  

represents th e  rad ia tio n  te m p era tu re  o f  th e  source and Pn{9. 0 ) rep resen ts  th e  pow er 

p a tte rn  (sensitiv ity ) of th e  telescope, b o th  as a  function of position  in  th e  sky in 

(d .o )  coord inates, an d  dQ represents th e  solid angle of in tegration . E ssen tia lly . Eq. 

1.21 is the  convolution o f the  te lescope beam  w ith the source. If th e  te lescope is 

well designed th en  m ost o f th e  power is in th e  m ain beam  and it is usefu l to  define 

the forw ard looking beam  efficiency. . by:

/  Pn{0.o)dQ.

4r
and w hat th e  te lescope de tec ts  in th e  forw ard direction  ̂ is given by:

r ;  =  ^ .  (1.2.3)

 ̂ It was po in ted  ou t by the  referee for th e  present survey (Digel e t a l. 1996) th a t 

the  lim its in th e  forw ard direction for th e  CfA survey was not '2tt b u t r a th e r  down 

to  th e  first nulls in th e  forw ard d irec tion . G iven th a t m ost of th e  se n s itiv ity  in th e
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If th e  effects of th e  a tm osphere  are  th en  included it follows th a t Ta. m ay  b e  found 

from:

Ta =  ’’ +  T]^TAtm{^ — e

— Hl ^A^  ̂+  n ^ ^)- ( 1.24)

w here r  is th e  op tica l d ep th  of th e  a tm osphere  for th e  source e levation  and  TAtm is 

th e  tem p era tu re  of th e  atm osphere.

In principle. Eq. 1.24 could be solved directly  for each observation  b u t th is  is 

not th e  usual procedure a t the Cf.A.. W h a t is done is known as th e  chopper wheel 

ca lib ra tio n ', where T a for a  source is found relative to  th e  te m p e ra tu re  of a chopper 

wheel m om entarily  p laced in front of th e  receiver. This procedure, in  d e ta il, is as 

follows:

1 . C alcu late  the  receiver tem p era tu re . Tftc- and gain G  using a  ho t (am b ien t te m ­

peratu re) and  cold ( .\ ’2.Uq) load. T h e  voltages from  the  receiver for th ese  tw o 

loads are given by:

^Cold =  G{Tcold +  Tftr)- ( l . ‘2 ô)

and

^Hot =  G{THot +  Tflj). ( I 26)

Eq. 1.25 and  1.26 m ay be solved sim ultaneously  to  ob ta in  a n d  G.

2 . D eterm ine the  p aram eters  TAtm and  r  by an ten n a  tip p in g '. In th is  p roce­

dure. m any observations of th e  sky a t different elevations are ta k en  in o rd er to  

form a system  of equations w ith each equation of th e  form:

 ̂Sky  =  G ( r ] ^ T A t m i ^  ~  ^ ’”) +  (1 ~  ^t_)TAmb  +  ÎR t ) .  ( 1-27)

w here T^mb is th e  am bien t te m p era tu re . T he first te rm  in Eq. 1.27 rep resen ts  

th e  con tribu tion  to  th e  signal from th e  sky. the  second te rm  th e  co n tam in a tio n  

of the  signal from ground rad ia tion  and  the  th ird  te rm  the noise co n trib u tio n  

from the  receiver. In solving Eq. 1.27 r  is assum ed to  be com posed  of two

forw ard direction was contained in th e  first nulls th is  d iscrepancy is not serious, 

however, for clarity  th e  te m p era tu re  scales in the  Digel e t al. (1996) were given as 

to  ind icate  they  w ere tem p era tu res  derived from th e  response of th e  m ain  beam  

of th e  telescope.
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com ponen ts, and  is due to  oxygen in th e  u pper a tm o sp h ere  an d

is re la tive ly  co n stan t % 0.378 a t 115 GHz: K u tn e r 1978. D igel 1991) w hile 

is due  to  w ater vapor in th e  lower a tm osphere  and  is highly variable. T h is  

p rocedure  is repeated  every four to  six hours, or m ore frequen tly  when th e  

w eather is chang ing  rapidly (K u tn e r 1978. K u tn er & Ulich 1981). in o rd er to  

u p d a te  th e  so lu tion  for T ^ m  and  r.

3. D eterm ine using the chopper wheel calib ration . By looking a t a second 

source, such as a  chopper wheel a t tem p era tu re  tem porarily  placed in front 

of th e  receiver, while pointing a t th e  sam e position in the  sky w here I'sky was 

o b ta in ed , th e  response of the  system . Vi., is found to  be:

Vl = G { T l + Tr^).  (1.28)

From  Eq. 1.27 and  1.28. a ca lib ra tion  signal. AVca/. defined by:

A V c a /=  Vi -  Vi'fcy. (1.29)

m ay be form ed. If it is assum ed th a t Ti  ~  TAmb ~  TAtm th en  it follows th a t Eq. 

1.29 m ay be re -w ritten  as:

AVco/ ~  (1.30)

S im ilarly, th e  voltage m easured a t the  back end  of the  receiver when looking a t 

a source is given by:

^ s o u r c e + s k y  =  ( 1 ~  ^ ^  )  +  ( I  ~  q  i ^ ) T A m b  +  T p i r ) .  ( 1 3 1 )

and  th e  difference between Eq. 1.31 and 1.27. AV]^. m ay be found to  be:

fjûurce+3 /ty ~  Vsky =  AV \ 4  ~  G q^T ^e'''. ( 1 .3 2 )

H ence, for an y  source. m ay be obtained  from  a com parison o f Eq. 1.30 and  

Eq. 1.32. i.e..

T l  = ^ ^ T A m b .  (1.33)
-iVCo/

Eq. 1.33 is a  first-order approx im ation  of T \ .  In general, th e  assum ption  th a t  

Tl ~  TAmb ~  TAtm does not hold so th a t  a correction factor. C F .  of th e  form  (BEST 

H andbook):

C F =  1 +  ( — ~  -  1 ) +  ( ±  -  l ) ( ^ ÿ p ^ ) e \  (1.34)
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m ust be app lied  to  AVca/. i.e..

=  C F A V ca /, (1.35)

and Eq. 1.34 becom es

r ;  =  - T ^ ^ r . w .  ( i.3 6 )
C r  -AV Ca/

T he q u a n tity  as derived  from  Eq. 1.36 is essen tia lly  w hat is m easu red  a t  th e  

backend of th e  receiver as th e  source te m p era tu re .

Finally, in o rd er to  recover the line te m p e ra tu re  for th e  C O  em ission, as coupled  

to th e  m ain  beam , a  last correction  for forw ard spillover a n d  sca tte rin g  efficiency of 

the  su p p o rt s tru c tu re  m u st be applied to  give

=  (1-37)

where =  0.82 for th e  CfA an tenna  (B ronfm an  e t al. 1988). In th e  l i te ra tu re  

Tilne is often  referred  to  as and  for consistency th is  p rac tice  will now be followed.

1.3 P h ysica l Q u a n tities  o f  Interest

T here  are  several physical quan tities of w hich are  of fun d am en ta l im p o rta n c e  to  

the  descrip tion  of C O . M easurab le  quan tities  inc lude th e  linew id th  for th e  observed  

CO line, th e  bou n d ary  of th e  CO em ission as defined by th e  half-m ax im um  rad iu s  of 

the peak em ission ( th e  d e ta ils  of th e  selection m e th o d  of th is  radius will be p rov ided  

in C h ap te r 7) and  th e  cen tro id  of an  em ission fea tu re  w eighted by te m p e ra tu re . 

From these  m easured  q u an titie s  it is possible to  derive th e  CO lum inosity  for a 

given em ission fea tu re  (p rov ided  the d istance is know n), as well as th e  CO  m ass. It 

is also possible, assum ing  th a t  th e  features are  in v iria l equ ilib riu m , to  derive  a  v iria l 

m ass. An e s tim a te  of th e  un certa in ty  in these  p a ram e te rs  is provided in .A ppendix 

A.
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1 .3 .1  M easured P h ysica l Q u an tities

i. L inew idth F igure  1 .2  shows a  typ ical spectrum  for an em ission  fea tu re  in the 

C am  O B l region (velocity  coverage of -5  to -22 km  s“ ^). T h is  fea tu re  is defined 

by a  rec tangu lar box in (/, 6 . c) co-ord inates as a spatia lly  and  k in em atica lly  single 

featu re . G iven th e  iden tification  of a CO feature, th e  linew id th  is defined as the 

full w id th  at half m ax im um  ( F W H M )  for a G aussian profile f it te d  to  th e  average 

sp ec tru m  contained w ith in  the  defining boundary. In p ractice , th is  was perform ed 

in a  program , cloud-find.  w ritten  by th e  au tho r which called th e  in -house  In teractive 

D a ta  Language (ID L) lib rary  to  m ake use of the resident line f ittin g  ro u tin e  curvefit. 

T h is  program  requ ired  an  inpu t function  in the  form of a G aussian , i.e..

(v — V elocity  of Peak)^
. ■

(1.38)

w here F W H M  =  2.3556 cr (L ang 1980). as well as its  deriva tive  (co n tra ry  to  the 

IDL disclaim er) in o rd e r to  fit th e  d a ta  properly.

However, th e  ap p aren t F W H M  for a  given sp ectrum  requ ires  one m ore cor­

rection  before it can be  used. .A.11 observations ob ta ined  w ith th e  Cf.A instrum ent 

involve the convolution of the  in s tru m e n t's  spectra l response (0.65 km  s “ ^) w ith  the 

tru e  velocity profile of th e  em ission line. Hence, th e  tru e  F W H M  for any  em is­

sion feature will be given by the  de-convolution of th e  ap p aren t F W H M  w ith  the 

co rre la to r channel w id th  or

FWHM{X.vne.  km  s"^) =  (FH 'W A f(apparent, km  s"^)^ — 0 .65^)^^^. (1.39)

In add ition , th e  tru e  F W H M  is derived from th e  one d im ensional line-of-sight 

velocity, and hence is referred to  as -Vt’ij .  In som e instances, a  th re e  dim ensional 

F W  H M  is required  in deriving a  physical q u an tity  of in te res t. In these  cases, 

assum ing  random  m otions, then  A  vzd is given by (M yers 1985)

A c 3</ =  ( ^ ) ‘ '̂* A n , .  (1.40)

For brevity , any fu tu re  references to  Au%j will sim ply be A c.

ii. R adius T he selection of a  cloud radius is certa in ly  m ore p ro b lem atic . There 

a re  several m ethods w hich have been  em ployed to  define such a  ra d iu s  includ ing  the 

rad iu s for a c ircu lar a re a  equivalen t to  th e  area of th e  cloud defined  a t som e arb i­

tra ry  threshold  average te m p e ra tu re  or in tensity  (D am e 1983, S anders  e t al. 1984,
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0.5
M axim um  
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F ig u r e  1 . 2  Sam ple sp ec tru m  for th e  Cam  O B I em ission cen tered  on ( L b . c )  =  

(141 .9 .+ 6 .5 . —12.0). Each channel represents th e  m ean em ission fitted  over a re c t­

angle selected to encom pass only  th e  emission featu re  of in te rest. T he h istog ram  

is the  actual d a ta  while th e  dashed  line represents th e  fitted so lu tion  characterized  

by: the peak m ean em ission (0.45 K ). the F W H M  (2.7 km s“ ^). th e  position of th e  

peak value (-12.3 km s~^) an d  baseline offset (-0 .0  K). _____

M addalena et al. 1986. P e te rs  &: Bash 1987. Digel 1991. Dobashi e t al. 1992). In 

som e cases, th e  radius is re la ted  in som e geom etric fashion to  th e  observed em ission  

feature, e.g.. as a  w eighted m ean  of the  spatia l d ispersion (Solom on et al. 1987). 

while in o thers  th e  cloud rad ius is derived from  th e  num ber of detections on th e  

survey grid  spacing (Tereby e t al. 1986. C hair e t al. 1994) or by the  chord cu t 

along a p a rticu la r axis of th e  survey (Sanders et al. 1985) or by th e  longest axis 

seen (Larson 1981).

In th is thesis th e  defin ition  of a  cloud radius is essentially geom etric  bu t now 

it is assum ed th a t th e  observed cloud radius is th a t derived from  an equivalen t 

circu lar area  as traced  ou t by th e  half-m axim um  in tensity  co n to u r for a se lec ted  

em ission featu re  identified in an  in tegrated  m ap over a given velocity  range (D igel
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F igu re 1.3 Sam ple m ap for th e  C am  O B I em ission centered  on { l . b . c )  = 

( 1 4 1 .9 ,+ 6 .5 .—12.0). bounded  as indicated  by the broken line and  in te g ra te d  from 

-•5 to  -22  km  s“ L Each dark  contour represents a :3cr level (1.17 K km  s ~ 0 -  T he 

p ro jec ted  cen tro id  of em ission is shown by th e  w hite cross and  th e  ha lf-m ax im um  

co n tou r level (3.48 K km  s ~ 0  by th e  w hite contour.

et al. 1996). i.e..

Obierved
^ .Area^^^-m&zimum mteniity (1.41)

T he advan tages of th is  p rocedure  over previous m ethods are  th e  ease w ith  w hich the 

rad ius can be defined, and  its relative independence of th e  sensitiv ity  of th e  survey. 

•Again, as in th e  case of th e  linew idth , a correction for th e  finite beam  w id th  m ust 

also be  taken  in to  accoun t. T he  d a ta  p resen ted  in this thesis and  p resen ted  as a 

p a rt o f a recent su rvey  (Digel e t al. 1996) have been sm oothed  to  a  reso lu tio n  of 

lOL H ence, a  tru e  ha lf-m ax im um  radius tak in g  into account the  convo lu tion  w ith 

th e  1 0 '  beam  is given by

served  ̂^T̂rue \ Ôbjcrved (1.42)

w here th e  observed rad ius is m easured in m inu tes of arc. F igure 1.3 is a  sam ple  

m ap  for th e  cloud used for constructing  th e  spec trum  shown in F igure 1.2.
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iii. C entro id  of Em ission It is im p o rtan t to  d e te rm in e  th e  centroids as th ey  m ay  

b e  used to  in d ica te  w heth er th e re  are any  in te res tin g  tren d s  in th e  m otion  of c louds 

seen in th e  field, e.g.. d iscontinuities in th e  velocity  field indicative of a  shear o r 

possible cloud-cloud collision. T he defin ition  used for th e  centroid of a  cloud is th e  

em ission w eighted cen te r of th e  cloud in ( Lb .  v) space, i.e..

p ixe ls  in  cloud
E  T r ,  I.

‘ = — • i ‘ « )
E  T h ;
1=1

pixe ls  in  c loud
E  T ». 6 ,

6  = — — 1 • (1.44)p ixe ls  in  cloud

E  Tp,.
J=1

an d
pixe ls  in  c loud

E  Tric '■'Ic

^ ' =  p i x t i n c l ^ u d ------------- :

E  Tp,,
k = l

w here th e  lim its  are  d e te rm in ed  for each cloud  aa previously  discussed (§1.3.1.i). T h e  

cen tro id  for a  cloud is ca lcu la ted  in th e  p rog ram  cloud-f ind  and the  designation  o f 

th e  cloud is m ade based upon  th e  centroid  (/. 6 . v) values (to  the first decim al p lace), 

e.g .. G I4 1 .9 + 6 .5-12.1 refers to  th e  cloud cen tered  on (141.934. 6.473. -12.10).

1.3 .2  D erived  P h ysica l Q uantities

i. L um inosity  T he lum inosity  of a m olecular cloud (K  km  s“  ̂ pc^) is th e  in teg ra ted  

C O  line in ten s ity  over th e  to ta l area of th e  cloud. T his is given by

L c o  =  D^ J  j  T ^ d v d Q .  (1.46)

S o l id  angle o f  c loud velocity  range

w here D  is th e  d istan ce  to  th e  cloud in pc, is th e  rad ia tio n  tem p era tu re , dv  is th e  

increm ent in velocity  in km  s “  ̂ and dQ is th e  increm en t in angular a rea  in rad ian s. 

T h is  equation  m ay th en  be w ritten  in te rm s  of th e  m ax im um  line te m p e ra tu re  seen 

in the  cloud, r ^ (m a x ) ,  th e  a rea  under th e  G aussian  curve fitted  to  th e  velocity
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d is tribu tion  and  th e  F W H M  of the velocity profile fitted  by a G aussian profile. 

A  L\ (D am e 1983). i.e..

Le o  =  L)^ 2  T^ { ma x )  A c  J  dü.  (1.47)

Solid  angle  o f  cloud

In the  course of w riting th is  thesis it was noted  th a t th e re  was a slight d iscrepancy 

between th e  m ethod  o f ca lcu la ting  Leo-  m ethod  1 . used by th e  au thor and th a t of 

Digel et al. (1996). m e th o d  2. In m ethod 1 . th e  au th o r fitted  a G aussian profile 

to  th e  average value of all of th e  pixels contained  w ith in  th e  cloud boundary  at 

each velocity and  m u ltip lied  by th e  to tal a rea  contained w ith in  th e  cloud boundary. 

In m ethod  2. a G aussian  profile was fitted to  th e  sum  of all pixel values w ith in  th e  

cloud boundary  which was then  m ultiplied by th e  area of one pixel (m ethod 2) . T he 

ratio  betw een th e  two so lu tions should, in principle, be unity , b u t it was determ ined  

by a least-squares fit to  th e  d a ta  tha t

Z c o (m e th o d  1) =  Z co (m e th o d  2 )/1 .0 7 . (1.48)

i.e.. m ethod  1 u n d eres tim a ted  L e o  by ~  7% relative to  m e th o d  2 . It is not clear 

what is th e  source of th is  discrepancy but all of the L cqs  quo ted  throughout th is 

thesis have been scaled to  be in agreem ent w ith  m ethod  2. footnote^ One possible 

exp lanation  is th a t was used in Eq. 1.47 ra th e r th a n  th e  proper coefficient -

L. B. Knee, p rivate  correspondence.

ii. Mass T here  are  tw o m ethods of m ass d e te rm in a tio n  used throughout the  

thesis. T he first. M co- is th e  CO m ass' of th e  m olecular cloud derived from th e  CO 

lum inosity  (Eq. 1.40). T h e  second. is th e  virial m ass of th e  m olecular cloud

as determ ined  from th e  v iria l theorem .

a .  CO Mass It is well es tab lished  tha t CO is a  good trac e r  of th e  m olecular m ass 

of a cloud (C om bes 1991. and  references there in ). T he fundam ental q u an tity  of 

in terest is th e  constan t o f proportionality . A’, betw een th e  in teg ra ted  line-of-sight 

CO in tensity . W ( C O ) .  an d  th e  colum n density. N ( H 2). T h is  constan t, defined

m
where

W { C O )  =  J  T ^ { m a x )  dv,  (1.50)
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can be d e te rm in e d  in several different ways. T he first direct d e te rm in a tio n  of X  

m ade was based  upon  u ltrav io let absorption by H2 of nearby background stars (Sav­

age e t al. 1977). S ince th is technique could only be applied to  nearby  stars and  

to  diffuse clouds, m ore indirect m ethods were then  em ployed. T hese  included pho­

tom etric  ex tin c tio n  m easurem ents (Bohlin e t al. 1978. Elias 1978) an d  s ta r  count 

m easurem en ts (D ickm an  1988). In both  of these m ethods there  is an  assum ption  

th a t th e  g as-to -d u st ra tio  is constant, which does not necessarily hold true . F u rther­

m ore. in th e  case of pho tom etric  ex tinction  surveys, inform ation is only  gained for 

a sm all area , w hile  in th e  case of s ta r count m easurem ents, a trem endous effort is 

required in tre a tin g  a  large area, which m ay also suffer from calib ration  and inherent 

s ta tis tic a l u n ce rta in tie s  (D ickm an 1988).

M ore recen tly , th e re  have been high-energy 7 -ray observations of th e  Milky Way 

which exam ined  th e  7 -ray  intensity  and  its correlation to  N ( H 2) and  W{ C O ) ,  and. 

consequently  X  (L eb run  e t al. 1983. Bloem en et al. 1984, B loem en e t al. 1986. 

S trong e t al. 1988). T h is  technique, which assumes th a t  cosmic rays s trik e  hydrogen 

nuclei in the  ISM producing  tc mesons which in tu rn  decay into 7 -rays on a  one-to- 

one basis, i.e.. one  7 -ray  per nucleus, is still not estab lished . T here  has been som e 

debate  as to  w h e th e r th e  7 -rays fully p en e tra te  the cores of m olecular clouds to yield 

a tru e  count o f th e  hydrogen nuclei (B loem en 1989) as well as th e  ca lib ra tion  of th e  

rela tionship  ta k in g  in to  account th e  variation of m eta llic ity  a n d /o r  te m p era tu re  of 

the  CO clouds w ith  galactocentric  radius (Digel et al. 1990. Digel e t al. 1996). 

T he ca lcu la tion  o f CO masses determ ined  in this thesis will assum e th a t the best 

es tim a te  of X  is given by Strong e t al. (1988) w ith  a  correction due  to  the  fact 

th a t th e  CO d a ta  used in the  com parison, which had  been g a thered  a t the  CfA, 

assum ed an inco rrec t in tensity  scale by a factor of 1.2. Hence, for th is  thesis it will 
be assum ed th a t

-V =  1.9 X 1 0 ^° (molecules cm “ ^[K km  s“ ‘]“ *). ( 1.31)

Finally, it follows from  Eq. 1.47, 1.49 and  1.50 th a t  th e  CO m ass { Mc o )  for a 

m olecular cloud is given by (Digel 1991, Digel et al. 1996)

M co =  4.2 (^Yq )  [Mq] (1.52)

w here X  is in u n its  of 10^° cm “  ̂ [K km  s“ ‘]“ F T h is  includes m ultip lica tion  of 

th e  colum n density , N { H 2). by a factor of 1.36 to  account for helium  and heavier 

e lem ents (A llen 1973).
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b. Virial Mass T he v iria l mciss. of a  m olecular cloud of rad ius r  and  F W H M  

velocity dispersion A u is defined as th e  m ass of an equivalent un iform ly dense, non­

ro ta ting . spherical cloud w hich possesses th e  sam e velocity d ispersion  and  size and  is 

in g rav itational virial eq u ilib riu m . W ith  th e  additional constra in ts  th a t  th e re  a re  no 

m agnetic fields present nor am b ien t m edium  producing an ex te rn a l pressure, then  

Eq. 1.4 m ay be w ritten  as (D am e 1983)
o f~ '  v r 2

\ F , r  A r ^  -  =  0.0 . (1..53)

Com bining Eq. 1.40 a n d  1.53 it follows th a t for such a cloud

= \ J g m )

Finally. m ust be m u ltip lied  by (4/3)^/^ to take into account th a t th e  r m easured

is th e  half-m axim um  r  (D igel e t al. 1996). Hence.

Tfuir =  242.5 r  A i’̂ . (1.55)

w here is in solar m asses, r is m easured  in pc and  Ai» in km  s~V

1.4 Sum m ary o f  A ssu m p tio n s  an d  C onstraints

The m ain  points ra ised  in th is  ch ap te r w ith regard to  CO observing are:

1 . The CO m olecule is assum ed  to  be associated w ith  m olecular hydrogen gas w here 

the  local density  exceeds th e  c ritica l density  to  ensure th e rm al equ ilib rium .

2 . The CO gas is assum ed  to  be op tically  thick.

3. The filling factor for th e  CO  clouds is assum ed to  be unity.

4. The observed line rad ia tio n . T^. is th e  difference betw een th e  line rad ia tion  

produced by th e  C O  m olecule and  th e  background rad ia tion  afte r correction  for 

spillover and  sc a tte rin g  as d e tec te d  in the  m ain  beam  of th e  telescope.

5. The line profiles for a  CO em ission feature are assum ed to  be well m odelled  by 

a single G aussian profile.

6 . The radius of a  CO cloud is derived  from the area  of th e  cloud con ta ined  w ith in  

the half-m axim um  co n to u r level.

7. A value of A =  1.9 x (m olecules cm ~'[K  km s"^]"*) is used th roughou t

this thesis.

8 . It is assum ed th a t  th e  clouds a re  spherical and  non -ro ta ting  w ith  no add itio n a l 

support from  m ag n e tic  fields or ex te rn a l pressure in th e  d e te rm in a tio n  of th e ir  

virial m ass.
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Chapter 2
The Present Survey

R ecen t d a ta  (D ig e l et al. 1996) taken w ith  th e  C fA  1.2 m te le­
scop e o f  ( J = l - 0 )  are p resented . T h e a u th o r  was resp on si­
ble for m ap p in g  a  significant p ortion  (~  40 deg^) o f  th is  survey  
( ~  100 deg^). M aps m ade firom th is  survey  p resen t the CO  em is­
sion  taken  from  different perspectives; 1 vs. v , b vs. v and 1 vs. b 
for difi'erent reg ion s defined in th e  survey  —  L ocal, C am  O B l,  
In terarm , P erseu s  and O uter G alaxy. Each reg ion  is d iscu ssed  
in so m e d eta il em p h asizin g  the m ain CO stru ctu res  seen .

2.1 In trod u ction

O bservations o f th e  m olecular gas associated  w ith th e  ex tensive OB association 

Cam  O B l (H um p h rey s 1976) were carried out as p art of a  m ore ex tensive survey 

of th e  second q u ad ran t o f th e  G alaxy which included the  VV'3/4/ô com plexes (Digel 

et al. 1996. h erea fte r Di96). T he second q u ad ran t is excellent for study ing  th e  CO 

em ission as it lies in a  d irec tion  th a t is su b jec t neither to  velocity  am biguities (i.e.. 

near and  far side d istan ces) nor velocity crow ding associated  w ith m ost previous 

surveys w hich sam pled  th e  inner G alaxy (see Com bes 1991 for a  good su m m ary  of 

those surveys). In th is  chap te r, the details of th e  C en ter for .Astrophysics ‘ (Cf.A) 

survey will be p resen ted , w ith an em phasis on the  C am  O B l CO  em ission.

This ch ap te r is broken in to  four sections: §2.2 deals w ith  the Cf.A telescope 

describ ing th e  various com ponents of the  telescope in a  fairly  brief m anner. M ore 

details  on th e  te lescope can  be found elsew here (D am e 1983. Digel 1991. Leung & 

T haddeus 1991). §2.3 sum m arizes the details of th e  observing run: dates, p rocedure, 

ca lib ra tion , e tc . In §2.4, m aps of the survey in various useful pro jections. / vs. v, 

b vs. V and  I vs.  6 . a re  p resen ted . A com plete set of m aps is available upon request 

from  th e  au th o r, w hile th e  d a ta  are also included in th e  com plete  survey of th e

 ̂ H arvard -S m ithson ian  C enter for .Astrophysics. MS 72, 60 G arden  S tree t, C am ­

bridge. MA 02138.
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Second Q u ad ran t to  be released by th e  CfA. Finally, in §2.5 a  brief su m m ary  o f th e  

m ain  po in ts raised in th is  ch ap te r regarding the  CO em ission is provided.

2.2 T h e  C fA  T elescope

T he C f.\ m in i-te lescope ' is a 1.2 m m illim eter-w ave radio telescope lo ca ted  on 

th e  roof of B uilding D a t th e  H arvard College O bservatory, C am bridge. M ass. T h e  

te lescope was originally  located  a t C olum bia U niversity in New York C ity  b u t was 

m oved to  H arvard  in 1986. F irst light for th e  telescope a t its cu rren t location  w as in 

Jan u a ry  of 1988. A  typ ica l observing season for the telescope in its present lo ca tio n  

is from  O ctober to  May. T h e  telescope is easy to use and  is well su p p o rted  by  th e  

excellent staff a t th e  CfA; in p articu la r Tom  Dame (softw are developm en t). S am  

P alm er (hardw are) and  S eth  Digel (daily  operations), were in s tru m en ta l in m ak in g  

th e  a u th o r ’s s tay  p leasan t and  productive. A sum m ary  of th e  m ain  co m p o n en ts  

of th e  telescope: th e  an te n n a  and  m ount, receiver, sp ec tro m ete r and  c o m p u te r  

c o n tro l/d a ta  retrieval sy stem  is provided below.

Figure 2 . 1  is a sim ple schem atic  d iagram  highlighting the  m ain  com po n en ts  of 

th e  an ten n a  and  m ount. F igure 2.2 shows th e  au thor next to th e  te lescope d u rin g  

his stay  a t th e  Cf.A.. T he  telescope possesses a  1.2 m parabolic p rim ary  and  17.8 cm  

hyperbolic secondary o p era tin g  in a C assegrain configuration providing an effective 

f/D  of 2.8. T he  p rim ary  is a m onolithic alum inum  casting  providing a  f/D  of 0.375 

which has been m illed to  high precision (b e tte r  than  A/65 a t 115 G Hz) and  is q u ite  

stiff (Digel 1991). In 1988 th e  p rim ary  beam  was m apped  and  shown to  possess a 

m ain  beam  FW H M  of 8'.7. T his p a tte rn  had not been re-checked up to  th e  observ in g  

season w hen th e  present survey  was com pleted  but repea tab ility  of th e  observations 

for s ta n d a rd  calib ra tion  sources suggested no m ajor degradation . T he te lescope  

an tenna , receiver, and  m oun t are contained  in a 5.2 m .Ash dom e w ith  a  191 cm  

en trance  slit covered by a  G oretex  screen to  pro tect th e  in s trum en t from  th e  e lem en ts  

and  m ain ta in  a  re la tively  constan t te m p era tu re  w ithin th e  dom e (P a lm er 1993).

A sim ple schem atic  of th e  receiver is shown in F igure 2.3. A brief su m m a ry  for 

th e  system  is as follows:

1 . A  sca lar feed couples th e  m icrowave signal (i^co) th e  m ixer.

2. A G unn  oscillator provides a  local oscillator (LO) frequency ~  1.4 G H z below  

th e  frequency of in te re s t, i.e.. ~  115 GHz. T he  LO is frequency co n tro lled  

in a phase locked loop c ircu it by com paring the  difference betw een th e  o u tp u t
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F ig u r e  2 . 1  Schem atic d iag ram  of CfA 1.2 m telescope showing 1.2 m  p rim ary , 

secondary, m ount and  d rive  ap p ara tu s  (D am e 1983). T he receiver box is d e ta iled  in 

Figure 2.3.
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F ig u r e  2 .2  A u th o r s ta n d in g  next to th e  CfA 1.2 m  te lescope. T h e  b o tto m  of th e  

m ain d ish , th e  receiver, m o u n t and  drive assem bly are  c learly  visible. T he  au th o r is 

stand ing  on a  h yd rau lic  hoist used to lift th e  Heuq a n d  N'2,iiq to  th e  receiver dew ar. 

(P ho to  by S. Digel)



37

of th e  G unn oscilla tor an d  a  reference frequency.

3. A superconducting -insu la ting -superconducting  (SIS) ju n c tio n  serves as a  m ix er 

for the  two signals (t/^o and  operating  as a  he terodyne  receiver. M any  

harm onics o f th e  in p u t signals and  the ir products are  produced  in th e  m ixer b u t 

only one is passed ou t th ro u g h  a  low pass filter as IF  ( in te rm ed ia te  frequency). 

T he  IF is produced  a t th e  b ea t frequency of

4. T he IF is am plified by a 27 dB am plifier.

5. T he  IF is m ixed a  second tim e  w ith  a second LO ~  1.24 G H z) down to  a

frequency of ~  150 M H z an d  again  am plified before passing to  th e  sp ec tro m e te r.

S teps 1 - 4  occur w ith in  th e  receiver front-end which is con ta ined  in a He^q cooled 

dew ar o pera ting  a t ~  4 K. T h is  dew ar is surrounded by an o u te r  ja ck e t dew ar w hich 

is cooled by -N’2 .Uq-

T he sp ec tro m ete r consists  of two filter banks, each con ta in ing  256 channels , 

w hich can be selected in softw are. T he  high-resolution sp ec tro m ete r, w hich was 

used for this survey, sam p led  only th e  cen tral 64 MHz of th e  150 M Hz second in te r ­

m ed ia te  frequency signal. T h is  cen tra l portion was divided in to  16 bands of 4 M H z 

bandw id th  which were in tu rn  fu rth e r divided into 16 contiguous channels of 0.25 

M Hz by tw o-pole B u tte rw o rth  filters. Each spectrom eter channel had  a  velocity  res­

o lu tion  of 0.65 km  s~* for a  to ta l coverage of 166 km s " ‘ a t th e  CO signal frequency. 

T he  low-résolut ion sp ec tro m e te r  o p era ted  in an analogous m an n er b u t w ith b an d s 

S M Hz wide and  channels 0.5 M Hz wide. T he low -resolution sp ec tro m e te r was used  

only for double-checking baselines and  off positions.

C om puter contro l of th e  telescope was m ain tained  by contro l sy stem  softw are 

on an  .Apple M acintosh Ilfx . T h is system  was essentially  the  sam e as th e  o p e ra tin g  

system  used during  th e  ea rlie r  D am e (1983) survey but has been con tinuously  u p ­

d a ted  to  incorpora te  m ore safety  features, e.g., a  He^q dew ar te m p e ra tu re  m o n ito r. 

As each sp ec tru m  was g a th e red  it could be m anipu lated  im m ediately , e.g ., baseline 

fitting  of various orders, o r sim ply  exam ined  to m ake sure it looked reasonable. A t 

th e  end  of the  shift o r a fte r  several sh ifts th e  d a ta  were passed to  an  H P .Apollo w ork­

s ta tio n  where they  could be  viewed as a d a ta  cube o r w ritten  to  a  F IT S  (F lex ib le  

Im age T ransport System ) tap e .
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Figure 2 .3  Schem atic d iag ram  of th e  receiver for th e  CfA 1 .2  m  telescope.
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Figure 2 .4  Survey boundaries showing th e  boundaries for th e  present survey  

(D i96). D a ta  gathered  are shown by the  shaded  regions. T he  au th o r was solely 

responsib le for the  dark ly  shaded area  and assisted  w ith  th e  lightly  shaded area .

2.3  T h e O bservations

O bservations included in the  present survey were carried  out du ring  th e  1992- 

1993 observing season, i.e.. from O ctober 1992 to  .-\pril 1993. T he  survey covered 

~  100 deg^ (from I =  131° to  I =  144°, 6 =  —2° to  6  =  4-4° and  from  I =  139° to  

/ =  144°. b =  4-4° to 6  =  4-8 °) and  com prised a  to ta l of 25.248 spectra . T he  au th o r 

was solely responsible for collecting th e  d a ta  from  / =  139° to I =  144°. 6  =  4-0° to  

b =  4-8 ° ( ~  10768 spectra , including bad scans) shown in F igure 2.4. T he  au th o r 

also assisted , to a  m uch lesser degree, in observing th e  rem ainder of th e  survey. \  

su m m ary  o f the  observing run  for th e  au th o r is provided below:

N ovem ber: 6  shifts.

D ecem ber: 15 shifts.

Jan u ary : 5 shifts.

Total: 26 shifts. —* 414 sp ec tra /sh ift.
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2.3 .1  O bserving P ro ced u re

T he observing p rocedu re  a t  th e  CfA m ay be loosely broken  down in to  tw o com ­

ponents: occasional observations requ ired  for poin ting  ca lib ra tio n  and  d a ily  obser­

vations for d a ta  gathering .

i. O ccasional O bservations T hese  observations check th e  po in ting  of th e  te lescope, 

p rio r to  th e  s ta r t of th e  observ ing  season, by observations w ith  a  sm all op tica l 

telescope, aligned w ith  th e  m a in  axis of th e  telescope (D am e 1983). of 50 o r  so s tars  

located  a t various positions th ro u g h o u t th e  sky. T he resu lts  of th is  check in d ica ted  

th e  telescope achieved a  b lind  po in ting  accuracy  of b e t te r  th a n  I ' (P u c h e  1993). 

Periodic observations of th e  rad io  con tinuum  em ission from  th e  lim b of th e  Sun 

were also perform ed on a  weekly basis in o rd e r to  double-check the  s ta b ility  o f the  

pointing.

O bservations were also m ade a t th e  beginning of th e  season in o rd e r to  select 

su itab le  off positions, i.e.. positions free from  CO em ission to  be used in so lv ing  Eq. 

1.9. C and id a te  positions were selected  by first exam ining  an  Infrared As tronom ica l  

Satellite. I R A S  (B eichm an  et al. 1988) 60 fxm m ap for regions ap p a re n tly  devoid 

of em ission and  hence, w arm  d u st and  gas. T hese can d id a te  positions w ere checked 

for CO em ission by frequency sw itch ing  for a  period of a few m inutes. P rom ising  

off positions were checked by frequency  sw itching down to  a  level of 0.07 K (rm s) 

per channel. Table 2.1 lists th e  off positions used for th e  p resen t survey.

T able 2.1: O ff P osition s

I

[deg.]

b

[deg.]

I

[deg.]

b

[deg j

131.0 -3 .0 137.0 -3 .0

132.0 -3 .0 137.5 3.0

134.0 -5 .0 138.0 -3 .0

134.5 2.5 139.0 -5 .0

135.0 -5 .0 142.0 6 .0

135.0 3.0 143.0 6 .0

136.0 -5 .0 144.0 -3 .0

136.5 3.0 145.0 2 .0
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ii. D aily O bservations O bservations for all sh ifts followed a s ta n d a rd  procedure to  a 

large ex ten t. T hese were:

a. Cryogenics and  D om e M aintenance . \ t  th e  beginning  of each sh ift, and during  

th e  sh ift, as required , th e  He,_̂  and  dew ars w ould have to  be  filled to ensure

th a t  an operating  te m p e ra tu re  of ~  4 K was m a in ta in ed  in th e  He,^  ̂ dewar. T he 

He,_q level in the receiver dewar was checked by m eans of a flu tte r tu b e  afte r each fill. 

^  kept in an  o u te r  jacket dew ar and was sim ply topped  up u n til overflowing.

It was also necessary  to m on ito r w eather cond itions th ro u g h o u t the shift to 

m ake sure the equ ip m en t in th e  dom e did not becom e too cold o r th a t tracking 

by th e  telescope w asn 't affected by gusty w ind conditions. .A. do m e tem p era tu re  

m a in ta in ed  near 10°C was ideal for th e  proper runn ing  of the  e lectron ics housed in 

th e  dom e. Even th o u g h  th e  en trance  slit was covered w ith  G oretex  on  cold evenings 

w hen th e  dom e te m p e ra tu re  d ropped  appreciably , heaters  were used to  m ain tain  

th e  ideal dom e te m p era tu re . For those evenings when the  te lescope was tracking  

poorly due to gusty  w ind conditions closing th e  u pper a n d /o r  lower sh u tte r  usually 

a llev ia ted  the  problem .

b. C alib ration  C a lib ra tio n  of th e  telescope for CO observations followed a s tandard  

chopper wheel ca lib ra tio n  (see C h ap te r 1 ) w hich com prised  of essen tia lly  three steps:

1. T he  de te rm in a tio n  of the receiver tem p era tu re . T rjc. and sy stem  gain. G. using 

a hot and cold load. Normally, the receiver te m p e ra tu re  w ould be between 60 

K and  70 K if p roperly  tuned . If the receiver te m p e ra tu re  was too  high then  

th e  coupling betw een the G unn oscillator and  receiver had to  be  reduced.

2 . D eterm ination  of th e  system  param eters 7 ^. TMm and  r  by "an tenna tipp ing '. 

This is calcu la ted  a t the beginning of an observ ing  shift and  th e n  every 4 - 6  

hours thereafte r unless the w eather is changing rapidly.

3. T he chopper w heel calib ration . This com parison of th e  on- and  off-source power 

(voltages) w ith a  chopper wheel of known te m p e ra tu re  provides a  na tu ra l scale 

for th e  conversion betw een voltage and te m p e ra tu re  for th e  receiver.

.As a last check, to  m ake sure th e  telescope was p roperly  ca lib ra ted , observations 

w ere m ade of a s ta n d a rd  source, e.g.. VV'3(0H) or NGC753S. .A p lo t o f tem p era tu res  

p reviously  observed for th is source, a  G aussian d is tr ib u tio n  of observed  in tegrated  

line in tensities, p rov ided  an es tim a te  of the accep tab le  dev ia tion  in th is  quantity .

c. D a ta  Collection .An observation consisted o f sam pling  an off' position , an on '
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position, and  then  a  second off position. S p ec tra  were th en  o b ta in ed  by su b trac tin g  

a  reference spec tru m , o b ta in ed  from  a w eighted average of th e  two off positions' 

spectra , from  th e  on position  sp ec trum  (Eq. 1.15). T he average of two off positions 

for each on position , one above and  one below th e  on position in elevation, were taken  

as the  reference sp ec trum  as it should be rep resen ta tive  of a  reference sp ec tru m  

which would be ob ta ined  a t th e  on position. In th e  case w here there  were no 

known off positions available, e ith e r  above or below th e  source, such th a t th e  source 

position could be bracketed  by tw o off positions, then  th e  tw o closest off positions, 

regardless of rela tive position , were used to com pose the  reference spec trum . Finally, 

to  correct for any variation in th e  sensitiv ity  of the  sp ec tro m ete r, a  linear baseline 

was fit th rough  th e  final source spectrum  afte r reference su b trac tio n .

The to ta l tim e required  for an  observation follows from  th e  s tan d ard  m easure 

of the  sensitiv ity  of a system  given by K raus (1986)

(A(, f)V2"

w here Tay, is th e  to ta l system  tem p era tu re . S u  is the  b an d w id th  per channel (250 

KHz) and  t is th e  to ta l in teg ra tio n  tim eon  th e  source. W ith  th e  add itio n a l constra in t 

th a t the  tim e  observing th e  off positions equals th a t for th e  on position  it follows 

th a t the  to ta l tim e per observation  is 2t. For sources a t th e  u p p e r tran sit a to ta l 

observing tim e  of typically  % 1 0  seconds was adequa te  to  achieve a  S T ^  =  0.29 K. 
For a source a t th e  lowest p rac ticab le  elevation the to ta l tim e  was % 300 seconds 

per observation.

Finally, in order to  increase th e  sensitiv ity  of the survey w ith o u t a great loss in 

resolution, th e  original d a ta  (w hich had a resolution of S'.?) w ere convolved w ith  a 

beam  of 4'5. resu lting  in a final d a ta  cube which possessed a  reso lu tion  of 1 0 '  and  a 

sensitiv ity  of ~  0.14 K per channel. Table 2.2 sum m arizes th e  relevant param eters  

for the survev.
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Table 2.2: S u m m ary  o f  S u rvey  Param eters

O bserv ing  M o d e  P osition  Sw itching

S patia l C o v e r a g e ..................................................................131° <  / <  139°: —2° < b < 4-4

............................................... 139° <  / <  144°: - 2 °  <  6  <  +S°

B eam w idth  O rig ina l/S m oo thed  ( FW H M ) ........................................................  8 (7 /KXO

Sam pling  Interval ....................................................................................................A /. A 6 : 3(75

T otal N um ber of S p ec tra  .............................................................................................. 25.248

V elocity Coverage (L S R )“  -133 to  4-33 km  s“ ^

S ensitiv ity  per C hannel O rig in a l/S m o o th ed  .......................................=  0.29 K /0 .14  K

a) Based upon s ta n d a rd  solar m otion.

2 .4  T h e D ata

.As m entioned  in §2.3 the au th o r was responsib le for m apping ~  40 deg^ of th e  

survey  which en ta iled  tak ing  m ore th a n  10.000 spectra . Some of th e se  (277) were 

bad  for several reasons including: poorly fit baselines, offsets, m issing d a ta  or very 

noisy d a ta . F igure 2.5 illustrates an  exam ple  of each of these problem s as well as a 

good sp ec tru m  for com parison.

T he  m ain  regions de tec ted  in the survey  are  sum m arized in F igure 2.6. These 

are  th e  'L ocal' em ission, defined over th e  velocity  range 4-10 to  -5  km  s “ C th e  C am  

O B l em ission, defined from -5  to  -22 km  s~C th e  'In te ra rm ' region, defined from 

-22  to  -30  km  s~C and  the 'P erseu s ' em ission , defined over th e  velocity  range -30  

to  -70  km  s~C O th e r represen tations w hich are  useful include a plot of G alactic  

long itude vs. rad ia l velocity  (LSR ). / cs. v (F ig u re  2.7). G alactic la ti tu d e  vs. radial 

velocity  (LSR ). b vs. v (F igure 2.8) and  G alac tic  longitude vs. G a lac tic  la titu d e . 

I vs .  6 . for th e  various identified regions (F igu res  2.9 through 2.14).
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F i g u r e  2 .5  B ad  sp ec tra  d e tec te d  th roughou t th e  observing run . S ta rtin g  a t th e  

u p p e r left co rner an d  m oving clockwise these are: a  bad  baseline (S -shaped  g rea ter 

th a n  the  accep tab le  noise, 0.29 K. per channel), a  bad  baseline (lin ea r fit bu t tilte d ), 

im p ro p er offset betw een th e  250 kHz and 500 kH z filterbanks, m issing  d a ta , and  

noisy  d a ta  (u sually  due to  a sho rt in tegration). T h e  last sp ec tru m , cen te r left, is an  

accep tab le  one.
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F ig u r e  2 . 6  .Average CO spectrum  (corrected  for a tm ospheric  a tten u a tio n  an d  cou­

pled to  th e  m ain  beam . Eq. 1.37) for th e  surveyed region. Several em ission features 

are c learly  visible and are labelled appropria tely :

Local Em ission: 4-10 to  -5  km s“ C

C am  O B l Em ission: -o  to  -22 km  s~C

In te ra rm  Region: -22 to  -30 km s“ C

P erseus Em ission: -30 to  -70 km s~C

O u te r  G alaxy: -70 to  -130 km s~C (N ot labelled in F igure 2.6)

The overall linear baseline fitting  is excellen t, suggesting a good selection of off posi­

tions. i.e .. free from CO em ission and close to  the  on position . Two bad sp ec tro m ete r 

channels a re  visible a t ~  -.55 and -65  km  s “ C
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2 .4 .1  b vs. V

Figure 2.7 illu s tra te s  th e  CO em ission obtained by in teg ra ting  over th e  longitude 

range of the survey {/ =  131° to 144°). . \s  in the  case o f Figure 2.6 th e re  are  several 

d is tin c t regions of em ission . The Local em ission {v =  +10  to —5 km  s“ ^) is very 

well defined over m ost b w ith  some blending w ith th e  C am  O B l em ission  (v =  —5 

to  —22 km s~^) n ear 6 =  +4° and  6 =  —1°. In th e  case of the b =  —1° region the 

b lending m ay be confined to  a single identifiable fea tu re  near v =  —7 km  s“ C It 

is also apparen t from  th is  figure th a t not all of the  Local em ission in th is  direction 

has been detected , i.e.. it extends to  g rea ter la titudes. In the  case o f th e  C am  O B l 

em ission, the  em ission decreases substan tia lly  at the edge of the field, n ear b =  + 6 °. 

b u t it cannot be ru led  ou t tha t the re  is m ore em ission a t higher la titu d es . In the 

case of th e  Perseus em ission (v =  —30 to —70 km s“ *) th is is not th e  case. The 

Perseus em ission ends q u ite  ab rup tly  near b =  +2.5° w hich for an assum ed  distance 

of 2500 pc (C h ap te r 4) corresponds to  r  ~  100 pc.

In Figure 2.7 it is also clear th a t the  arm -in te ra rm  con trast is very  s trong  with 

only  a few sm all c louds present in th e  In terarm  region (v  =  —22 to  —30 km s~‘ ). 

T h e  m ajo rity  of th ese  features are near b =  —2° which a re  also co inciden t w ith  some 

pecu liar velocity fea tu res in Perseus. If these features were really associa ted  with 

th e  Perseus em ission th ey  would be suggestive of a shell-like s tru c tu re . However, 

exam ination  of o th e r views, e.g.. F igure 2.8. shows th e  features in th e  In te ra rm  and 

Perseus regions are a t  two different longitudes and are  not associated.

T here also appea rs  to  be some em ission near -55 km  s“ ‘ (from  6  =  + 2° to  +4°) 

and  -65 km s~^ (in th e  Perseus region). However, from  Figure 2.6 it is c lear that 

th e re  are  some bad  sp ectrom eter channels at these velocities w hich suggests that 

these  features m ay no t be real. O ther features a t m ore  negative velocities defining 

th e  O u te r Galaxy, i.e .. v =  —70 to —130 km  s~*. have been  detected  (D i96) using a 

m om ent analysis schem e, which are not apparen t in th is  rep resen ta tion . In Di96. a 

m om ent analysis was used to  em phasize the  faint fea tu res but th is  tech n iq u e  does 

not follow G aussian s ta tis tic s  and it is difficult to  e s tim a te  the u n c e rta in ty  for any 

d e tec ted  feature. H ence, the more classical m ethod o f  detecting  fea tu res  seen in 

in teg ra ted  m aps is p referred  by the  au thor.
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Figure 2 .7  b vs. v for survey. contouring scheme has been selected to show a
minimum 3<t level over the entire range of the survey. Contours increase by a factor
of 1.58 to yield 5 contours per decade.
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2 .4 .2  1 v s . V

Figure 2.8 p rovides a  view of th e  C O  em ission in th e  I vs. r p lane  o f th e  G alaxy. 

As in th e  case of th e  6  cs. v plot (F igure  2.7) the  various identified regions are  clearly 

delineated . B lending  does occur betw een th e  Local an d  C am  O B l em ission  over the 

long itude range / =  131° to  I = 136°. w ith  a p rom inen t spur of Local em ission  near 

/ =  132° which ex ten d s  in to  the velocity range defining th e  Cam  O B l em ission . This 

fea tu re  corresponds to  th e  6  =  — 1° fea tu re  seen in F igure  2.7. It also ap p ea rs  th a t 

th e  Local em ission is sligh tly  broader in th is long itude range which m ay  be due to 

p ro jec tion  effects, i.e .. th e  superposition  of features a t slightly d ifferen t velocities, 

e.g .. th e  b =  + 4° em ission as seen in F igure 2.7. w hen viewed from  th e  / cs. c 

perspective.

T he  brightest fea tu re  seen in th e  field lies in th e  C am  O B l em ission n ea r / =  142° 

and  is coincident w ith  one of the m ost energetic m olecu lar outflows in th e  G alaxy. 

.\F G L 490 (Snell e t al. 1984. C am pbell et al. 1986). O ne strik ing  fea tu re  of the 

CO em ission associa ted  w ith  this outflow , from th is  perspective, is its  cavity-like 

appearance  w ith  a  large scalloped fea tu re  opening tow ards more neg a tiv e  velocities. 

In th is  case th is fea tu re  is th e  superposition  of CO a t different la titu d es  an d  velocities 

(C h ap te r  6 ).

In th e  In te ra rm  region there are tw o m ain em ission features: tw o clouds near 

/ =  144° and a re la tive ly  isolated fea tu re  near / =  135°. T here also ap p ea rs  to  be 

som e very weak an d  broken em ission from  / =  132° to  / =  135° w ith  c % -25  km 

s~C These frag m en ta ry  em ission featu res may be associated  w ith  th e  C am  O B l 

em ission.

T he  Perseus em ission  (arm ) is very  well defined and  d o m inated  by th e  VV3 

m olecular com plex cen tered  on / =  133.5°. . \ t  s ligh tly  higher long itudes a re  \V4 

(/ =  135°) and  W 5 (from  / =  136.5° to  / =  139°). W 5 also ap p ea rs  to  have a 

shell-like featu re  cen te red  on / =  139° w ith  the front of th e  shell a t c =  —30 km  s“  ̂

and  th e  back of th e  shell a t v =  —50 km  s“ L Most of th e  CO em ission is con tained  

in th ese  th ree  com plexes w ith the  excep tion  of one fea tu re  at / =  141°. . \ t  higher 

longitudes th e  em ission is much m ore fragm entary .

T h ere  are no obvious features in th e  O u te r G alaxy , i.e.. in th e  ve loc ity  range 

-70  km  s“  ̂ to  -130 km  s"L
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2 .4 .3  1 vs. b : L ocal E m ission  (-|-10 to  —5 km  s~ ‘)

T he general im pression  of the Local em ission (F ig u re  2.9) is th a t it is very 

fragm ented and  com plica ted , with a large portion o f it lying along th e  G alactic  

equator. T here  a re  em ission features seen a t higher la titu d e  which m ay m ake a 

significant co n trib u tio n  to  th e  to tal am ount of m olecular gas seen in th is p a rt of the  

G alaxy, bu t it is not possible to assess this con tribu tion , given the  survey boundaries.

P rom inen t th ro u g h o u t th is region is a long filam entary  feature s tre tch in g  from 

I =  144° and  6 =  —2° to  / =  131° and 6 =  0° which shows localized peak  em ission 

at / =  142Î7. 6 =  —1 ?6  ( there  is some weak nebulosity  on th e  FOSS p la tes  a t this 

location). / =  140ÎS. 6  =  —1?2 and / =  13-5?0. 6 =  —0^2. This last fea tu re  is in a 

com plicated  region bu t appears to be related  to LD .\ 1363. 1370 and 1365. and  L B .\ 

656 and  657 (Lynds 1962). O ther noticeable features in th is  velocity range include 

sm aller filam entary  featu res which possess brightened  cores a t / =  142Î6. 6  =  +0?S. 

/ =  142^7. 6 =  +4?7. I =  143°9. 6 =  +6?7. / =  140Î4. 6  =  +7?S. I =  132?S. 6  =  +3?S. 

and / =  131°2. 6 =  +2?0 (possibly associated w ith LBX 341).

Figure 2.10 is a velocity  mom ent m ap of the Local em ission, i.e.. th e  velocity 

m om ent calcu la ted  for each pixel in the in tegrated  m ap w hich has been w eighted by 

the sum  of th e  rad ia tio n  tem p era tu re  along the  line-of-sight over the Local em ission 

velocity range. T his is given by:

V
velocity channels  f o r  each p ix e l   ̂ ^

^'each p ixe l  ~  y . .  • ( ------- )

velocity channels  f o r  each p ixe l

where th e  su m m atio n  over each pixel is carried  out over th e  velocity range in question  

(in this case from + 1 0  to  -5  km s~^). . \  m inim um  cutoff of 5 o‘(=  0.70 K) has been 

used in selecting pixels in constructing the  m ap. to  en su re  th a t only tru e  em ission 

features add  to  th e  m ap. . \  lower cutoff does provide th e  sam e in fo rm ation  but 

the  background becom es heavily m ottled  by noise which m akes in te rp re ta tio n  of the  

velocity features d ifficult. In Figure 2.10, it can be seen th a t  for the  m ost p a rt the  

Local em ission does lie near 0 km s " \  w ith some m a jo r features betw een I =  131° 

and  I =  136° closer to  -5  km  s " ‘ . T here are no clear g rad ien ts  or d istingu ish ing  

features in the  velocity  field of the m ap.
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features.
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2.4 .4  I vs. b: C am  O B I  E m ission  (—5 to  —22 km  s “ )̂

M olecular em ission associa ted  with C am  O B I (F igure 2.11) is also very frag­

m ented and  com plex. O verall, th e  em ission is divided into two m ain  features: one 

running along th e  ga lac tic  p lane from / =  131° t o /  =  136° and  a second from 

/ =  139°. 6  =  -f-6 ° down to  / =  144°. 6 =  —2°. N ote th a t the re  is a tu rn  southw ards 

in th e  d irec tion  of th e  lower em ission featu re  from I =  136° t o /  =  138°. This 

m ay also possibly be seen in the  m ore northerly  em ission bu t the boundaries of the 

survey preven t confirm ing th is observation. F urtherm ore , the re  is a suggestion of 

this tu rnover in th e  Local em ission (F igure 2.9) and in the  Perseus em ission (F ig­

ure 2.14). In th e  case o f th e  Perseus arm  th is is usually a ttr ib u te d  to  a w arp in 

the galactic  p lane (see B u rto n  (1992). C h ap te r 7. for a  discussion of th is poin t). 

Usually th e  w arp is not shown to  extend in to  th e  m olecular em ission in th e  solar 

neighborhood but the  p resen t observations suggest otherw ise.

C am  O B I em ission is d o m in a ted  by the  very bright com plex a t / =  142^0. 6 =  

4-1? 8  which is also associa ted  w ith  the very energetic m olecular outflow .\FG L 490 

(C am pbell et al. 1986). From  th e  POSS p la tes it would appear th a t th is  feature 

is also associated  w ith LBN  681. 682 and 684 (Lynds 1962). . \n  unidentified  dark  

nebula visible on the PO SS p la tes may also associated w ith this com plex. Lying 

above th is feature th e re  is a  long arc-like em ission feature which s tre tches from 

/ =  140?ô. b =  4-2?6 to  / =  143°. b =  4-8 °. T he m ost southerly  em ission of this 

feature appears  to  be re la ted  to LBN 676 and  LDN 1377. O ther em ission features 

of im portance  in th is region include a long filam ent which stre tches from / =  140?8 

to / =  137?9 along 6 =  4-2?4. T his is a com plicated  s tru c tu re  which appears  to  be 

associated w ith LDN 1378 -  1386. . \ t  longitudes below / =  138° th e  em ission is 

generally w eaker th an  a t h igher longitudes. T h e  dom inant feature is a  long arc-like 

filam entary  s tru c tu re  ru n n in g  from  / =  136?4. 6  =  —2 ? 0  to  / =  132°. b =  0?0. On 

the POSS p la tes th is fea tu re  m ay be associated w ith the  weak nebula LBN 665 and 

an unidentified  bright n eb u la  near / =  13:3?0. 6  =  0?0. M ore details on th e  m olecular 

clouds and  th e  associated  p opu la tion  I ob jects are  provided in C hapters 4 - 6 .

F igure 2.12 displays a  velocity  m om ent m ap  of th e  C am  O B I em ission. T here  

appear to  be two d is tin c t velocity  com ponents, i.e.. well fit by G aussian  velocity 

profiles, one app ro x im ate ly  a t -9  km  s 'U  and  th e  o the r approx im ate ly  a t -14  km 

s“ U T hese two com ponen ts  ap p ea r to m eet in th ree  places: firstly, along a d is tin c t 

ridge of CO  em ission ru n n in g  along b = 4-2 ° from  / =  138° to  / =  143° (w hich shows



54

a m arked  d iscon tinu ity  of ~  4 km s~^ in the  velocity  s tru c tu re  of th e  em ission ), 

secondly near / =  134°. 6 =  0°. and thirdly, near / =  140°. 6  =  + 6 °. In th e  first tw o 

cases, th e  velocity co n tra s t between the  two com ponen ts  is quite d ram a tic , w hile 

in th e  th ird  case th e  con trast is sm aller and is developed  over a m uch larger a rea . 

It is not possible on th e  baisis of Figures 2 .II  and  2.12 alone to d e term ine  w h e th e r 

th e  two (velocity) com ponents of CO em ission are  physically  in teracting , or overlap  

due to  a line-of-sight coincidence. In C hapters 6  an d  7. it will be shown th a t on ly  

in th e  case of th e  em ission along b =  +2° from  I =  138° to  / =  143° are th e  tw o 

com ponents of m olecu lar gas interacting.
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Figure 2 .11 I vs, b for Cam  OBI emission. A contouring scheme has been selected
to show a 3<J level over the  indicated velocity range. Contours increase by factors
of 1.58 to yield 5 contours per decade.
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F ig u r e  2 .1 2  T e m p e ra tu re  weighted m om ent m ap of th e  C am  O B I em ission. \

m inim um  cu to ff o f 5 cr(= 0.70 K) has been set for selecting real fea tu res  from  th e

noise. T he  g ray  scale ind ica tes  the em ission-w eighted velocity  of th e  m olecular
features.
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2.4 .5  I vs. 6: Interarm  E m issio n  (—22 to  —30 km s “‘)

T he In te ra rm  em ission show n in F igure 2.13 is very sparse and  lies in two well- 

defined regions. T he m ain  fea tu re , near / =  144°. 6 =  —1.-5°. is seen in F igure 2.8 

to  be com posed of two com ponen ts. O ne com ponent lies a t th e  edge of th e  C am  

O B I em ission, i.e.. a t -22 km  s~C while th e  second lies a t th e  edge of th e  Perseus 

em ission, i.e.. a t -30 km  s” C It is tem p tin g  to  assign the m ore negative featu re  to 

Perseus on th e  basis of m orphology but its velocity suggests it is an  In te ra rm  ob ject. 

Som e m eans, o th e r th a n  k in em atic  inform ation, is required to  se ttle  th is m a tte r .

T he second m ain featu re  in  th e  field com prises a cluster of th ree  sm all features 

centered  on / =  134°.6 =  4- 1°. T h e  b righ test of the  three, near I =  134.-5°.6 =  4-2° 

lies a t slightly  m ore positive velocities and  a t higher la titu d es  th an  th e  W 3/V\’4 

region in Perseus. This fea tu re  is seen in Figures 2.7 and  2.8. T he o th e r two 

features in th is group are  m ore p rob lem atic . It is not easy to  d e term in e  where these 

features lie in e ith e r Figures 2.7 or 2.8. In bo th  of these figures it is possible to  

identify  Perseus em ission w hich m ay ex tend  into the  In terarm  region and  account 

for these last two features.
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F ig u re  2.13 / vs. b for Interarm region. contouring scheme has been selected to
show a 3(7 level over the indicated velocity range. Contours increase by factors of
1.58 to yield 5 contours per decade.
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2 .4 .6  I vs. b: P erseu s E m ission  (—30 to  —70 km  s"^)

Perseus em ission (F ig u re  2.14) is q u ite  com plicated  w ith  features th a t  are  frag­

m entary . shell-like and  filam entary. H owever, the re  are  four m ain b rig h t featu res. 

T he first is th e  VV'3 (IC I795 ) region w hich is centered on / =  134°. 6  =  -1-1° (L ada  

et al. 1978. B rau n sfu rth  1983) and is th e  b righ test and  m ost m assive region seen 

in th e  survey. O n th e  PO SS plates VV’3 s tan d s  out as a very bright em ission  fea­

tu re  an d  is associa ted  w ith  m any LDX an d  LBN. The second is th e  VV4 (IC  1805) 

region w hich lies next to  VV3 and com prises a  th in  band of m olecular clouds w ith  

constan t long itude a t / =  135°. T he th ird  is th e  VV5 (IC  1848) region w hich is a 

long filam en ta ry  fea tu re  s tre tch ing  from  I =  136° to / =  139° ap p ro x im ate ly  along 

b =  -1-2°. Below th is m ain  feature th e re  is a  th in  ridge of em ission w hich is also 

p art of VV’5 (B rau n sfu rth  1983) which, to g e th e r  w ith the  m ain upper ridge, form  a 

shell-like s tru c tu re . B oth  th e  upper and  th e  lower ridge of VV’5 are seen on  th e  PO SS 

p la tes as ex tin c tio n  featu res. Finally, th e re  is a long filam entary  fea tu re  ex tend ing  

from I =  140°. 6  =  -1-1° t o /  =  142°. 6  =  —1°. This feature m ay b e  associa ted  

w ith LB N 140.77-1.42 (G reen  1989) and  a  spur" evident in th e  Perseus Hi em ission 

(B rau n sfu rth  &: R eif 1984). It is very s tr ik in g  how quickly and  clearly th e  m olecular 

em ission seen along th is  ridge changes d irec tio n , tu rn ing  southw ard  aw ay from  th e  

VV3/4/5 com plex.

T h ere  also appea rs  to  be a considerable num ber of sm aller clouds w hich follow 

th e  genera l p a tte rn  estab lished  by th e  m ain  features, m entioned above, bu t w ith  

a  m uch la rger d ispersion  in / and b. C h a p te r  8  will deal in some d e ta il  w ith  th e  

Perseus em ission in a com parative  s tu d y  of th e  cloud s tru c tu re  in P erseus an d  th e  

C am  O B I region.

In F igure  2.15 velocity  m om ent m aps for th e  Perseus em ission a re  p resen ted . 

T here  are  tw o prom inen t features. F irstly , th e re  is a large velocity g rad ie n t seen in 

th e  VV'3 com plex w hich has been d e tec ted  before (Lada et al. 1978) a n d  discussed 

in som e d e ta il (E lm egreen  & Wang 1988). Secondly, a fea tu re  which h as  not been 

previously  d iscussed, to  th e  au th o r’s know ledge, is th e  appearance of tw o d is tin c t 

velocity  com ponen ts  a t approx im ate ly  -35  km  s~^ and  -55 km  s“ ‘ w hich are  seen 

over th e  en tire  field. T h e  m ore negative com ponent of the  em ission a p p e a rs  to  lie 

above and  below th e  m ore positive em ission, except in th e  czise of th e  VV’3 com plex 

w here th ev  seem  to  m eet.
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Figure 2 .14  I vs. b for Perseus emission. A contouring scheme has been selected
to show a 3cr level over the indicated velocity range. Contours increase by factors
of 1..5S to yield 5 contours per decade.
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F ig u r e  2 .1 5  T em p era tu re  w eighted m om ent m ap  of th e  Perseus em ission. m in ­

im um  cutoff of 5 cr =  0.70 K has been set for selecting  real features from  the noise. 

T h e  gray scale ind icates th e  velocity coverage o f th e  m olecular featu res.
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2 .4 .7  / r s .  bi O u ter G alaxy (—70 to  —130 km  s~ ‘)

T h ere  are two features read ily  ap p aren t in th e  O u te r  G alaxy from  a  I vs. b 

perspective  (F igure 2.16). T hese w ere de tected  in Di96 as well as som e sm aller, 

fa in ter ones ranging in velocity from  -60  km s~^ to  -104 km s~*. T h ere  is th e  

suggestion of a th ird  featu re near I =  135°. 6 =  + 3° which Di96 also de tec ted  

but th is  feature is not easily d istingu ishab le  from noise. It should be no ted  th a t 

in Di96 a m om ent analysis was em ployed which only  adds em ission above som e 

a rb itra ry  threshold  to  an in teg ra ted  m ap . This tech n iq u e  is m ore sensitive to  faint 

s tru c tu re  and is very useful for search ing  for can d id a te  ob jects bu t it is difficult to 

assign uncerta in ties to  such featu res. By fu rther subd iv id ing  a region in velocity 

to  encom pass only one p articu la r can d id a te  ob ject it is possible to  m ake use of 

th e  m ore classical in teg ration  m e th o d  to  determ ine ex ac tly  how well th e  can d id a te  

ob jec t really s tands out above th e  noise.



63

CM

CM

Qi OO CJX

O

CM

O
CÛ

oo o
CM

GALACTIC LATITUDE 

Figure 2.16 / r 6 . b for O u ter G alaxy. co n tou ring  schem e has been selected to  

show a 3<t level over th e  indicated  velocity range. C ontours increase by factors of 

1..5S to  yield 5 con tou rs  per decade.
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2.5 C on clu sion s

New d a ta  from a recent survey (Di96) are  presented. T h e  m ain  points of this 

survey noted in this chapter  are:

1. T h e  survey was fully sampled and taken  w ith  sufficient sensitivity to  provide a 

useful da tabase  for continuing studies.

2. M aps were presented from various perspectives il lus tra ting  the  richness in s t ru c ­

tu re  seen in the CO emission.

3. Several distinct regions -  Local. Cam  O B I .  In terarm . Perseus and O u te r  G alaxy  

-  were clearly identified as separate k inem atic  (velocity) entities.

4. In th e  case of Cam  O B I emission there ap p ea r  to be two d istinct velocity com po­

nents. w ith  mean velocities of ~  —9 and ~  —13 km s“ C It is not possible on the 

basis of th is data  set alone to de term ine  w hether the  tw o velocity com ponents  

in C am  O B I are in teracting  or are line-of-sight coincidences.

•5. T here  appears  to be a  warp in the CO emission clearly seen in the Perseus region 

and possibly seen in the  Cam O B I region.

6 . T he  CO  emission in th e  Perseus region also shows two dis tinct velocity com po­

nents which appear to  be spatially separa te  except in th e  VV’3 region.
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Chapter 3
Why the New Survey?

A fully sam pled , sensitive survey o f  th e  CO m olecular gas in th e  
C am  O B I region recently taken w ith  th e  CfA 1.2m  te lesco p e  
(D igel et al. 1996) reveals a rich stru ctu re com pared to  th e  
original CfA survey (D am e et al. 1 9 8 7 ). A Fourier analysis o f  
th is structure su ggests  that it follow s a  sim ilar d istrib u tion  o f  
pow er w ith scale length  to  that seen  in Hi in th e region. A  
stru ctu re tree analysis o f  a sam ple c lou d  in the region  su g g ests  
it is sim ilar to th e  Taurus star form ing region and hierarchical 
in nature.

3.1 Introduction

Dame et al. ( 1987. hereafter referred to as DaS7 or the original survey) published  

a  com posite survey of the  galactic plane of th e  Milky Way (all I. |6 | <  3°) taken  

from Ô m ajo r  surveys and studies of II individual regions. The intent of the  original 

survey was to provide some insight into the  large scale s truc tu re  of the  Milky Way. 

e.g.. location of spiral arm s and scale height of CO  gas. In this regard the  original 

survey must be considered a success as it has proven to be a s tanda rd  reference in 

m any  studies of Galactic s truc tu re  (Burton 1992).

However, there are several observational lim ita tions to the  original survey. For 

the  most part ,  the d a ta  were gathered using th e  "superbeam" technique (D am e &: 

T haddeus 1985) in which spectra  were ob ta ined  on a square grid of points ab o u t 

one beam w idth  (8/7) apar t ,  followed by the su m m atio n  of all spec tra  within 30'. i.e.. 

the  final pixels were 30' square. This led to a final resolution som ew hat greater th a n  

30' with a 3cr brightness tem p era tu re  sensitivity of 0.1-0.35 K in the  original survey  

te m p e ra tu re  scale (the  range in sensitivity is indicative of the  com posite n a tu re  of 

the  original survey). .A.11 fu rther references to tem p era tu res  from the  original su rvey  

will be divided by 0.82 to  bring them  onto the  sam e  tem p era tu re  scale as the  present 

survey of Digel et al. 1996 (hereafter D196 or th e  present survey). E xam ina tion  of
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emission-free channels in the  original survey over the a rea  considered in the  present 

survey led to  an  estim ation  of a 1er rms noise of 0.26 K.

By com parison , the  present survey was fully sam pled a n d  has a sensitiv ity  of

0.14 K afte r  being sm oothed from S.'T to 10' (T ^  is the rad ia t io n  te m p era tu re  or the  

observed a n te n n a  tem pera tu re  after correction for a tm ospheric  a t ten u a t io n ,  spillover 

and beam  coupling). Both surveys were observed with a  velocity  resolution of 0.65 

km  s~ ^  Hence, it is expected  th a t  the  present survey should  have bo th  higher 

spatial resolution  and g reater  sensitivity th a n  the original survey, and therefore 

should reveal more detail of the  CO emission.

Previous studies of the  s tru c tu re  of the  ISM in the C a m  O B I  region have only 

considered th e  atomic com ponent of the  ISM. i.e.. Hi. in an  a t te m p t  to discern 

w hether th e re  are  any preferred scale lengths over which th e  Hi is organized (G reen  

199-3. he rea fte r  Gr93). T he  lack of any such preference suggests  th a t  the m echanism  

regulating th e  s truc tu re  of the  atom ic com ponent of the ISM . e.g.. tu rbu lence (Scalo

1987). is opera t ive  and equally  effective over all scale lengths. It is also im p o rtan t  

to  know w h e th e r  the CO emission in the region also follows th e  sam e scaling law. or 

if not. a t w ha t scale lengths the  CO emission is clumped. .A. com prehensive m odel 

of the s t ru c tu re  of the ISM and  its im plications for the G alac tic  ecology requires a 

good m easu rem en t of bo th  of these com ponents  of the ISM. .A related question is 

w hether th e  s tru c tu re  of the  CO emission, or more generally  th e  ISM. is self-similar 

or hierarchical: i.e.. w hether the  num ber of cloud fragm ents is identical at all scale 

lengths or th e  contrast in intensity  between levels of f ragm en ta tion  is constant (Scalo

1988). Self-similarity in a tu rbu len t ISM has been claimed before (Larson 1981) but 

never considered  in the case of the C am  O B I region.

In this  ch a p te r  some of the  questions regarding the s t ru c tu re  of the  CO emission 

in C am  O B I  will be addressed in a com parative  s tudy  be tw een  the  present and  

original surveys. Details of the  relationship of the CO to  individual s ta r  forming 

regions, e.g.. s ta r  forming efficiencies. CO cloud mass function , etc.. as well as a 

discussion of possible s ta r  forming m echanism s will be p resen ted  elsewhere (C hap te rs  

7 and 8 ). T h e  analysis of the  s truc tu re  of th e  CO emission will be both qua lita t ive  

(§3.2.1) and  quan tita t ive , using a two dim ensional Fast Fourier  Transform (F F T )  

(§3.2.2.1) a n d  s truc tu re  tree  s ta tis tics  (§3.2.2.2). .A discussion of the  analysis will 

be presented in §3.3. and a  sum m ary  will be presented in §3.4.



67

3 .2  C om parison  o f  O riginal and P resen t Surveys

3 .2 .1  Q ualitative C om parison

In tegra ted  CO em ission and velocity moment (Eq. 2.2) maps from th e  two

surveys are  shown in Figures 3.1 an d  3.2. respectively. From an exam ina tion  of

these  two d a ta  sets th e  following observations can be m ade:

i. M orphology In Figure 3.1 several features stand out:

1. T h e  present survey clearly contains more diffuse em ission and small emission 

features. . \  com parison of th e  average intensities for th e  velocity-integrated 

m aps  taken in Figure 3.1 (2.10 K km  in the original survey versus 2.24 K 

km  in the present survey) suggests tha t ~  93 % of the  emission de tec ted  in 

th e  present survey had been d e tec ted  in the previous work.

2. Sm all emission features detected  in the present survey are  sca tte red  th ro u g h ­

ou t th e  field but in m any  cases were not detected  in th e  original survey, e.g.. 

th e  emission near / =  134°.6 =  4-1°. In some cases th e  emission featu re  was 

de tec ted ,  but was com plete ly  m isrepresented and  ou t of position, e.g.. in the 

original survey the  emission near / =  137^5.6 =  -t-0°5 has no clear analog in the 

present survey, but m ay  be a  com bination  of two or th ree  features or possibly 

due  to  noisy spectra .

3. In bo th  surveys th e  emission is div ided into two m ain  s tream s'.  In th e  present 

survey  these s tream s are  running parallel to each o th e r  and  appear to  follow the 

warp in the  plane of th e  Milky Way seen in this d irection  (see Weaver & W illiams 

1973. Kerr et al. 1966). The no rthern  stream  ex tends  from ~  / =  144°. 6 =  0° 

to  / =  136°. 6  =  4-4° and the  sou thern  stream  from I =  136°. 6  =  —2° to 

I =  131°. 6 =  0°. T h e re  does a p p e a r  to be a tu rn  over in the d irection  of the 

sou thern  stream  near I =  135°. 6  =  0°. There are no d a ta  in the  present survey 

to  de term ine w hether  this also holds for the no rthern  s tream . In th e  case of 

th e  original survey it is not easy to  see the warp in th e  more northerly  s tream  

as th e  com ponents are  very block-like in appearance an d  could equally  well be 

m odelled as running  parallel to  one another at constan t G alactic la titudes .

4. B righter, core-like features are shown in more detail in th e  present survey, e.g.. 

th e  feature near I =  142°. 6 =  4-1° appears as a roughly  circular feature  in 

th e  original survey, while in the  present survey it is com posed of a t least three 

different emission peaks.
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F igu re 3.1 In teg ra ted  CO emission in C am  O B I — present survey (Di96). upper, 

and  original survey (DaS7). lower. Differences in the peak  te m p era tu re  values can 

be a t t r ib u te d  to  different observing m ethods  (sampling and  gridding strategies) and  

te m p e ra tu re  scales (calibration).
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ii. \ e lo c i ty  S tru c tu re  In the  case of the  velocity s tru c tu re  in Cam  O B I  as d e te r­

m ined from the  two surveys (F igure  3.2) it follows tha t:

1. In the  present survey, a t least at higher longitudes (/ >  137°). th e  velocity 

s tru c tu re  is well represented by two m ain  features, cen tered  on r  =  —9 km  s~ ‘ 

and  c =  —13 km  s“ C which appear  to  be superim posed upon one an o th e r .  In 

the  original survey this s tru c tu re  is not clear as the  emission appears to  be very 

heavily blended. Only in th e  case of the  emission near / =  134°. 6  =  0 ° are  the 

velocity features very sim ilar in appearance between the  two surveys.

2. T here  appea r  to  be several cases of single pixels at m ore negative velocities in the 

original survey, e.g.. near / =  135°. b =  +1°. which have no analog in th e  present 

survey. In some cases, th e  broader beam  of the original survey has b lended  in 

nearby emission which can be seen in the  field of the  present survey, as in the 

case m entioned  in point 1 above. In o the r  cases, the  beam  has probably  blended 

emission from nearby regions, which are jus t out of the  field of view, o r  possibly 

from regions which are a t slightly more positive or negative velocities, e.g.. the 

feature near / =  134°. 6 =  +3°.
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F i g u r e  3 .2  Com parison  of velocity m om ent m aps for the  C am  O B I  region between 

the  original survey (DaS7. lower) and  present survey (D196. upp er)  using a s im ilar 

shading  scheme. T h ere  are similarities in the  m akeup  of th e  two m aps, bu t  in 

general the  contrast between regions of differing velocity in th e  original survey is 

less pronounced and  m ore difficult to  in terpret.
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3.2 .2  Q u an titative A nalyses

3 .2 .2 .1  A  F F T  A nalysis o f  th e  C O  E m ission  Structure

A q u an ti ta t iv e  measure of the  s t ru c tu ra l  information contained  in th e  present 

survey (Di96) and  the original survey (DaST) was made from a  Fourier analysis of 

th e  two. In this analysis, it is assum ed  th a t  any source in the  sky consists of an 

ensemble of point sources with coord ina tes { x . y )  of different brightnesses which may 

be equally well represented by an in tensity  d istr ibution  which is co n s ti tu te d  by the  

superposition of sine waves at different wavelengths and am plitudes .  In th e  two 

dim ensional case, this in tensity  d is tr ibu tion  m ay be w ritten  as (Leinert 1994):

+ X:

I { x . y )  = j  j  (3.1)

where u and  v are the  spatial frequencies in the  x  and y  direction, respectively, 

which m easure the  num ber of wavelengths fitting into a unit length or unit angle. 

In astronom ical applications the  spa tia l  frequency is taken as [arcsec"^] or [(image 

size)"^]. I { u . v ) .  the  com posite  of sine wave am plitudes at different wavelengths,

i.e.. the Fourier transform  of I ( x . y ) .  m a y  then  be obtained from:

It is also possible, as was used in the  analysis presented below, to  w rite  th e  Fourier 

transform  of I ( x . y )  in te rm s of a m odu lus  | / ( u . i ’)| and phase o. i.e..

f { u . v )  =  | / ( u . f ) | e ‘° ‘“- '̂. (3.3)

Fourier transform s of the  two d a ta  sets were obtained using a s ta n d a rd  Fast 

Fourier Transform  (F F T )  algorithm  (P ress  et al. 1989). Since th e  d a ta  for th e  two 

surveys being com pared cover identical areas any unwanted effects due  to  th e  shape  

or extent of the  boundaries should be s im ilar  in the  two resu ltan t transform s. T he  

am plitude  com ponents  of the  F F T s  o f  the  two d a ta  sets are given in Figures 3.3. 

3.4 and 3.5. T he  input m ap for both  surveys had  to be padded to  a 2" x 2”* grid (/ 

and  b) in o rder  to use th e  F F T  a lgo ri thm  and  was set at 1024 x 1024. T h e  border 

area , and  also any non-data  pixels in th e  input were set to  zero before perform ing
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th e  F F T .  The rela tionship  between the  grid spacing  in the  o u tp u t  m ap of the  F F T  

and  the  input image or sky plane, is given by:

A .  = Y 3 7 -  '3.4,

w here A u is the  F F T  grid spacing in a particu la r  direction, i.e.. the spatia l frequency 

o r  sam pling  ra te  in the  o u tpu t F F T  m ap in m e te rs  (or wavelengths if it is recalled 

th a t  I A =  2.6 X 10“  ̂ m ). X is the  dimension (1024 for bo th  directions) of the  F F T . 

a n d  A /  is the grid spacing in the  sky (A / =  s i n ( A 0 )  where A 0  = angu lar  spacing 

between grid points in th e  sky plane: for small A 0 .  3 i n ( A6)  ~  A0).

i. Present Survey Figure 3.3 shows the am p litu d e  of the  two dimensional F F T  for 

th e  present survey (upper  plot), which has a pixel size of 3.'75 and resolution of 10'. 

T he  F F T  image was obta ined from an input m a p  consisting of average radia tion  

tem pera tu res .  T he  lower plot shows the log of th e  square of the  average rad ia tion  

te m p e ra tu re  ( the  power at a particular scale length . Gr93) as a  function of the  log of 

th e  radius from the  central pixel of the  a z im u thally  averaged bins in the  F F T  image 

used to  calculate the  average radia tion tem p era tu re .  Figure 3.4 shows the  F F T  for 

th e  present survey but only considers the sm aller scale lengths (or conversely, the 

larger scale s truc tu re  in the sky).

In Figures 3.3 and  3.4 there are four d is tinct F F T  features:

1. T he  very broadest F F T  s truc tu re ,  seen only  in Figure 3.3. extends out to a 

scale length of ~  1 m  (roughly the  an tenna  d iam ete r)  and  is associated w ith  the 

smallest resolved features ( ~  10') in the  sky. This s t ru c tu re  is sym m etr ic  abou t 

the  origin with no apparent preference in o rien ta tion , bu t it is qu ite  weak.

2. Two finger-like s tructures, seen over the  sm aller  scale lengths ( ~  0.2 m ) shown 

in Figure 3.3. run parallel to one ano ther  ou t at a position angle of ~  —20° as 

m easured clock-wise from the top of the  figure. In Figure 3.4. this s tru c tu re  

is more pronounced but appears more p la teau-like with the  central portion  of 

the  'p la teau ' fairly well filled in out to  a scale length of ~  0.1 m  ( ~  1?S). The 

o rientation and shape  of this F F T  s truc tu re  strongly suggest tha t it represents 

th e  two stream s of CO emission seen in th e  image plane, i.e.. the  p la teau  is 

elongated for the  correct scale length to  span  the  length of the two s tream s and 

it is a t an angle of 90° to th e  CO image in th e  image plane, as expec ted  for a 

F F T .

3. .A. bright 'S ' shaped  feature at the  center of th e  F F T  p lane which is associated
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F i g u r e  3 .3  Two dim ensional F F T  of present survey (Di96). Top view shows the  

F F T  (am plitude) of the square  of th e  average rad ia tion  te m p e ra tu re .  T ^ .  over the  

velocity range, v =  —5.5 to — 2 2  km  s “ ^  Shading levels are a t  140. 11344. 31511. 

87532 and 504184 with shad ing  weights selected to  enhance th e  cen tra l  features. 

T h e  bo ttom  view is an azim ut hally  averaged representation of th e  log of th e  square  

of the  am plitude  of the  sam e d a t a  as a  function of the  log of th e  d is tance from  the  

centra l pixel. T h e  line fitted to  the  d a ta  represents an  unw eighted least-squares fit 

while the error bars  represent a  1<7 deviation  in the  azim uthaJly  averaged d a ta .
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Figure 3 .4  Close up of two dim ensional F F T  of present survey (Di96) shown in

Figure 3.3. Shad ing  levels are  at 35. ST  20522 K- with the  shading weights chosen

to em phasize  the  'p la teau '- l ike  s tru c tu re  seen running almost vertically  th ro u g h  the  

image over th e  scale length  -0 .2  m to 0 . 2  m.
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with the  broadest scale s t ru c tu re  in the  sky. The alignm ent of th e  a rm s  of this 

feature is at a position angle of 1-5° (clock-wise from the  top) and  ex tends out 

to  ~  0.025 m  (7125 in the  sky). Note th a t  the  position angle of th e  a rm s  of this 

s tru c tu re  differs from th a t  of the  p la teau  by ~  35° as it is not obvious from the 

CO m ap th a t  th e  best representa tion  of the  da ta  a t the  largest scale sampled is 

not dom inated  by the  p la teau  described in point 2  above.

4. T he  vertical and  horizontal stripes through the  center of the  F F T  shown in 

Figure 3.3. which run along 0 scale length in both  coordinates, are  due  to edge 

effects. T he  asy m m etry  in the  weighting of these stripes can be a t t r ib u te d  to 

the a sym m etry  of the field, i.e.. the absence of d a ta  in the  upper right hand 

corner of the  field.

.•\zimuthally averaged d a ta  in th e  lower diagram  of Figure 3.3 provide additional 

inform ation on clustering at pa r ticu la r  length scales in the  m ap  but a t th e  cost of 

losing any inform ation on o rien ta tion  angles. The quan tity  p lo tted  in th a t  diagram 

is the log of the  square of the  am p li tu d e  of the F F T  as a  function of th e  radii of the 

azim uthally  averaged annuli. F i t t in g  an unweighted least-scjuares fit to  this da ta  

leads to the  solution:

log (Power [K*]) =  (1.73 ±  0.10) -f ( —2.52 ±  0.08) log (Scale Length [m]). (3.5)

where the  uncerta in ty  in the  slope and intercept are l a  values. T he  uncerta in ty  in 

each point in the  azim utha lly  averaged F F T  is a l a  variation in the  m ean  binned 

value, i.e.. the log of (n ‘^̂  x 0.14 K) where n is the num ber of pixels in each bin.

In order to  exam ine  the  s tren g th  of the  claim of a 'p la teau '  shape in the  FFT  

plane highlighted in Figure 3.4. it is useful to plot solutions from s tr ips  or wedges 

of d a ta  taken along the  p la teau  and  perpendicular to it. Taking str ips ~  100 pixels 

wide in these two directions leads to:

log (Power [K'D =  ( 1 .8 8  ±  0.03) +  ( —2.42 ±  0 .0 2 ) log (Scale Length [m]). (3.6)

along the  p la teau, and

log (Power [K^]) =  (1.74 ±  0.06) 4 - ( —2.51 ±  0.05) log (Scale Length [m]). (3.7)

perpendicular to the  p lateau. T h e re  is only weak evidence th a t  there  is a  difference 

in the slope of the  overall fit to  the  da ta .  Eq. 3.5. and  the  d a ta  fit ted  along the 

p la teau (the difference is ju s t  w ithin the l a  limit). Reducing the  w id th  of the
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test strip along th e  p la teau  increases the difference in slopes for the  F F T s  between 

the  plateau-aligned and  pla teau-perpendicular solutions b u t  w ith a com m ensurate  

increase in the  uncerta in ty  of the  fit to the  slope of the  p la teau-aligned  solution.

comparison of the  slope for the  data  taken along th e  p e rpend icu la r  s tr ip  is in 

very good agreement w ith th e  overall fit and well w ithin th e  limits  to  the  fit along 

th e  plateau. Hence, the re  is no difference in the slope of th e  ht for th e  azim uthally  

binned d a ta  along the p la teau  or perpendicular to it.

In the case of the  y -in tercep t for the solutions h tted  to  along th e  p la teau, per­

pendicular to it and th e  overall ht there is a signihcant difference between the ht 

along the plane and  the  overall ht. . \  similar difference ex ists  between the  ht along 

th e  plateau and perpend icu lar  to  it but the uncertain ty  is too  large in the  case of 

the  perpendicular-ht y -in tercep t to determine w hether th is  difference is signihcant.

W hat does it mean? T he  similarity  of the solutions for all of th e  cases considered 

suggest th a t  the  d is tr ibu tion  of material, i.e.. the  num b er  of features at any size 

scale, is the  sam e regardless of direction in the sky. T he  difference in th e  offsets or 

y-intercepts for the  solution along the  plateau and perpend icu la r  to  it suggest there 

is simply more m ateria l,  at all scale lengths, along the p la teau .

ii. Original Survey Figure 3.5 shows the two dimensional F F T  for the  original survey 

(DaS7). In order to  simplify the  comparison of the original survey w ith  the  present 

survey, the  original survey has hrst been re-gridded. us ing  an in-house software 

package mapconvrt  (this m akes use of a cubic spline rou tine  to  in te rpo la te  the da ta  

on to  the new grid), so th a t  it lies on the same grid as th e  present survey, i.e.. 3.'75 

pixels. . \  comparison of th e  modified original survey im age  with th e  original did 

not reveal any m a jo r  discrepancies between the two. T h is  was confirm ed from a 

visual inspection of F F T  images m ade from the original a n d  modified original maps 

which were in agreem ent over the  scale lengths for which th e y  could be compared,

i.e.. the inner 0.2 m of F igure 3.5. . \  sum m ary of some o f th e  key features seen in 

th e  original survey is as follows:

1. In contrast to  the  F F T  of the  present survey there is no  discernable  asym m etry  

over the  in term ed ia te  or large scale lengths, i.e.. there  is no com parab le  plateau" 

feature de tec ted  in th e  F F T  of the original survey. Indeed , the  high degree of 

sym m etry  at these scale lengths suggests th a t  there  is no preferred position angle 

or size for CO emission over these scale lengths. This m a y  be a t t r ib u te d  to the 

coarse binning of the  original survey where inform ation over these scale lengths
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has been seriously dim inished.

2. T here  is an ’S' shaped  feature seen at the  cen ter  of F igure 3.5 which is not as 

well defined as for the  present survey. T he  o r ien ta tion  angle and ex ten t of the  

feature  are s im ilar to  the  present survey and  have p robab ly  been produced  by 

the  sam e emission feature in the image plane. T h is  suggests th a t  on the  largest 

scale the  d is tr ibu tion  of CO is similar in both  surveys, as modelled by an  F F T .

3. Like the  present survey, edge effects and  the  a s y m m e try  of th e  field produce the  

vertical and horizontal stripes seen a t the  very longest scale lengths.

It is very instruc tive  to  now consider the a z im u thally  binned  F F T  for the  original 

survey (lower d iag ram  in F igure 3.5). In this czise. th e  least-square  fit to  th e  log of 

the square  of the  power ( th e  broken line in Figure 3.5) is given by:

log (Power [K ’j) =  (2.63 ±  0.24) +  ( — 1.71 ±  0.14) log (Scale Length [m]). (3.6)

It is clear, from the  com parison  of the  solution ob ta in ed  from th e  present survey 

(Eq. 3.5. solid line in F igure 3.5). tha t inform ation on th e  s t ru c tu re  of CO emission 

is missed at the  largest scale lengths, i.e.. th e  sm allest angu lar  s tru c tu re  in the  sky. 

as indicated  by the sharp  drop off of the  F F T  in th e  a z im u t hally binned F F T  for the  

original survey, com pared  to  th e  new. The drop off occurs a t a log scale length  of 

~  —0.62 ( 1 ? 2 2  on the  sky), and represents the  effective lim it of th e  original survey 

if a circular beam  is assum ed (a square beam  would yield a limit of 1°). More 

surprisingly, there  is a  considerable am ount of in form ation  regarding the  largest 

s tru c tu re  in the  sky. i.e.. a t the  smallest scale lengths, which is missed in the  original 

survey when com pared  to  the  present survey. T he  difference in the  slopes and  the  

intercepts of the  present and  original survey exceeds th e  uncertain ties  in bo th  of 

these quan tit ies  which suggests tha t the  solution o b ta in ed  from th e  present survey 

represents a real im provem ent in the description of th e  s t ru c tu re  of CO emission in 

Cam  O B I.

In sum m ary , the  present survey shows a  m arked  im provem ent over the  original 

survey in the  inform ation  it provides through F F T  analysis leading to  a  b e t te r  

measure of CO s tru c tu re  a t all scale lengths.
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F i g u r e  3 .5  Two dim ensional F F T  of original survey (DaST). N ote th a t  the scale 

is the  sam e as for F igure 3.4 as th e  original survey only sam ples th e  largest scale 

s t ru c tu re  accessible by the  present survey. Top view shows th e  F F T  (am plitude) 

of th e  average rad ia tion  tem p era tu re .  Tp . over the  velocity range, v =  —.5.5 to  — 

22 km  s~ ^  Shading levels are the  sam e as for Figure 3.3. T h e  b o t to m  view is an 

az im ut hally averaged representation  of the  log of the  square of th e  am p li tu d e  of th e  

original survey as a  function of th e  log of the radius. The broken line represents 

an unweighted least-squares fit to  th e  original d a ta  (Eq. 3.8) while th e  error bars 

represent a 1er dev ia tion  in the  average. The solid line represents th e  similar fit to  

th e  present survey (Eq. 3.5). which is the  solid line shown in F igure 3.4.
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3 .2 .2 .2  S tru ctu re T ree S tatistics

Struc tu re  tree  s ta t is t ics  are a useful tool for detecting  s truc tu re  in a two d im en ­

sional image of a th ree  d im ensional object. typical astronom ical app lica tion  is to 

consider the  image of a  CO cloud' as viewed from its in tegrated  CO em ission. .A. 

two dim ensional image of such an object will appea r  to  be an "island" w ith  m any  

emission peaks. However, it may also be the case th a t  th e  island really is com posed  

of many separa te  features which are not physically related to each o the r ,  bu t are  

the  result of a chance alignm ent along the line-of-sight. By looking at th e  p a re n t­

age of the  peaks, i.e.. considering an emission peak to be th e  progeny of a b roader 

emission feature (paren t)  if it is contained within the  boundary  of the  paren t ,  it is 

possible to distinguish between such scenarios as a random  distr ibu tion  of clouds 

or a perfectly geom etrical hierarchy of clouds (Scalo I9S5. 1988: Houlahan & Scalo 

1990. 1992). This type  of investigation is ex trem ely im p o rtan t  in so far as som e 

models of s tar  form ation  are  based upon the fragm entation  of molecular clouds in 

which the  smallest fragm ents, stellar-mass cores — the  precursors to  s ta rs  — are 

produced in a single s tage (Shu et al. 1987. Solomon et al. 1987. Mouschovias 1991) 

as opposed to  m ulti-s taged  fragmentation models (Xakano 1976. 1977. C arlberg  & 

Pudritz  1990. Henriksen 1991). The former case would be identified with s trongly  

random  s truc tu re  trees while the la tter  with hierarchical s tru c tu re  trees.

This section will not exhaustively examine all of th e  clouds d e tec ted  in the  

present survey (Di96) b u t  will consider one feature, centered on / =  142^5. b =  -t-0?ô. 

to serve as an  exam ple of the  s truc tu re  in CO clouds in C am  O B l not de tec ted  in 

the original survey (Da87). Figure 3.6 shows the  CO emission and the corresponding  

s truc tu re  trees for the original and present surveys.

.An a lgorithm  for construc ting  the  structure  tree is detailed  in Houlahan <L" Scalo 

(1992). T he  s truc tu re  trees presented here are derived using a simplified version of 

th a t  a lgorithm . A su m m a ry  of the procedure employed is as follows:

1 . Select a m in im um  con tour level to establish a  root. In bo th  cases of th e  present 

and original survey th is  was set at their respective 3cr levels.

2. Increase the  con tour level and determine w hether any progeny clouds exist a t  

the new contour level. .A progeny is first identified as a cloud' if it is a t least 

two beam  widths across in any direction. T he  only exception to  th is  are  th e  

small isolated features detected  in the original survey a t  the root level which 

were reta ined for il lus tra tion  but not used fu rther  in th e  analysis.
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F i g u r e  3 .6  V iew of sam ple  cloud and s truc tu re  tree from original survey (top) and 

present work (b o t to m ) .  Contouring is as for Figure 3.1. i.e., a m in im um  contour of 

3<t w ith an increase by a factor of 1..58 for each step  thereafter. .A.n equivalent lOO/xm 

optical dep th  has been derived for the CO emission assum ing it is optically  th in , 

has a  s tan d a rd  dust-to-gas  ratio  ( 1 0 0 ). and th e  dust follows a  em issiv ity  law. 

W ith  N’lH j)  =  1.25 x 1 0 ^CA.v[cm~^] (Scheffler & Elsasser (1987). ,A.v = ‘-OOGtjoo^^ 

(H oulahan &: Scalo 1992) and  N'lHj) =  1.9 x 10^°W(CO) (S trong et al. 1988) it

follows th a t 100pm =  7.4 X 10  °W (CO ). In bo th  s truc tu re  trees the  positional offset

is taken  in th e  G alac tic  la ti tude  direction from the  centroid of the  lowest intensity  

contour level.
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3. Increment the  contour level until the whole tree has been  traversed. For th is  

analysis 100 levels were selected between the  m in im um  3<r level and  th e  m a x ­

im um  de tec ted  signal. T h e  top of a branch (a single cloud) is p runed  w hen it 

falls below th e  detection  criterion set in Step 2. This will clip the  t ip s  of th e  

trees but does not a l te r  th e  conclusions derived below. ( . \ s  a  check of th is  po int,  

an  exam ination  of each b ranch  tip was performed and  it was found th a t  in all 

cases the emission fell to zero within three contour levels of th e  claim ed tree  tip .

i.e.. the emission fell to  zero within a very small change in tree  height.)

4. Construct th e  tree, identify  the  main com ponents and  ca lcu la te  th e  relevant 

statistics.

There  are several definitions required to perform the  analysis of a  s t ru c tu re  tree  

and  its statistics. These inc lude (Houlahan & Scalo 1992):

Root This is the  lowest in tens ity  level in the s tru c tu re  which serves to  define th e  

largest extent of the  cloud as a  simply closed contour.

P a th  .A line connecting tip  to  root through all in te rm ed ia te  clouds as d e te rm in e d  

by the  lineage.

N ode This is the  position in th e  tree of an in term ediate  cloud in te rm s of its m ean  

in tensity  and centroid. T he  cloud 's  intensity has been converted  into an  op tica l 

d e p th  in Figure 3.6 in order to  allow a direct comparison of th e  s tru c tu re  tree  from 

H oulahan & Scalo (1992).

Branching Node .A node a t which two or more paths  merge. T h is  corresponds to  a 

paren t cloud with at least two children.

Segm ent .A sequence of b ranch ing  nodes with similar weight, i.e.. size and cen te r  of 

mass above the  root.

Paren t Xode T he  lowest b ranch ing  node in a  segment. If th e re  a re  similar segm ents  

in a tree  then the  lowest b ranch ing  nodes in o ther segments a re  referred to  as uncles.

T h e  analysis of the s t ru c tu re  tree statistics, presented in th is thesis, will be 

lim ited  to a com parison of idealized models of perfectly geom etr ic  hierarchies. In 

th is case, there are four p a ram e te rs  which are necessary to charac te r ize  the  s t ru c tu re  

— ?/. D. L and  Q (Scalo I9S5. 1990). 7  is the  num ber of progeny per g enera tion  

above the  root (for a  self-similar hierarchy this num ber is co n s tan t) .  D m easures  

th e  intensity  con tra s t  betw een levels. L is the  num ber of levels in the  im age an d  Q 

measures the spatia l d is tr ibu tion  of children around the ir  co m m o n  parent. L is set 

as th e  num ber of planes m ak ing  up  the  image as seen along th e  line-of-sight in M onte
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Carlo  s im ula ted  d a t a  or th e  num ber of different emission regions th a t  can  be  isolated 

k inem atica lly  along th e  line-of-sight of th e  present survey. These p a ram e te rs  are not 

m easured  directly, w ith  th e  exception of L. bu t can be obta ined from m easurem en ts  

of properties  of th e  tree. In term s of these  properties, these pa ram ete rs  a re  given 

bv:
\  -  1

n =  - g - .  (3.9)

where X is the  to ta l  n u m b e r  of nodes in the  system  and B is the  num ber of branching

areas (a b ranching  node w ith  the branches a t slightly different heights, or optical

dep ths ,  but still believed to  have a com m on node).

^ _  m ean  displacement of th e  children in a segment
m ean  displacement of th e  parents in a segment

w here th e  position of th e  feature in question is measured from the  position of the 

root and
(3.11)

C is th e  change in p a th  length in going from one tree level to the  next. In practice. 

C is de te rm ined  from:

m ean height of the  tips of the  children above parent node ^
mean height of th e  tips of the  paren t (and uncles) above root

From Figure 3.6 th e  difficulty in deriving any meaningful s tru c tu re  s ta t is t ic s  for 

th e  CO  cloud based upon th e  original survey is obvious, since the  tree is com posed  of 

only one segment an d  only one node at th e  tree  tip. Only one segm ent was detected  

due to  the  lower sensitiv ity , i.e.. the second segment at the root of the  tre e  was not 

de tec ted ,  while th e  poorer resolution only allowed detection of the  b r igh te r  features 

sepa ra ted  by ~  1° (one beam  width). Furtherm ore , the  tip of the  tree  appears  to 

occur a t a lower op tica l d ep th  due to the  gross averaging th a t  occurs w hen binning 

th e  observations in th e  original survey. From the original survey it is on ly  possible 

to derive a value for q ( =  0). L (=  3) and  D ( ~  -5). 6 is not defined for th is  s tru c tu re  

as the re  is only one paren t in the tree.

In th e  case of th e  present survey, the  s truc tu re  tree is m ore inform ative . W ith  

th e  resolution an d  sensitiv ity  of the present survey it is possible to  see a  definite 

p a t te rn  to  the  s t ru c tu re  tree  emerge. T he  m ain  difficulty in in terp re ting  th e  tree lies 

in th e  t re a tm e n t  of th e  cen tra l branching region of the  larger segment ( ind ica ted  by 

th e  broken line in F igure  3.6). The nodes in this region do appea r  a t apprec iab ly
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different heights above the  root, but the  height of the  tips all fall w ithin a very  

narrow range, certain ly  com parab le  in extent to  th e  range seen elsewhere in th e  tree . 

Hence, in characterizing th is  branching  region it has been assumed th a t  it is indeed 

a  branching node with th ree  children. W ith this assum ption , it follows th a t  th e  

s truc tu re  tree for the  present CO d a ta  is characterized by the following param eters :  

rj =  2 .3 .6) =  0.33. and  D =  U .S . L is set at 3 as the re  appear to  be th ree  m ain  C O  

features m aking up this cloud com plex (C hapter 7). If the assum ption  regarding 

the  central branching region does not hold, then B. the  num ber of branching areas, 

will increase for th e  same n u m b e r  of branching nodes and thus, reduce the  value o f

n-
Houlahan &: Scalo (1990. 1992) also showed th a t  clouds which have a  self-similar 

hierarchical s t ru c tu re  will have a frequency d is tr ibu tion  for the ir  cloud sizes and  a  

density-size relationship re la ted  to the ir  hierarchical structure . For a  self-similar 

hierarchy, the  frequency d is tr ibu tion  of clouds as a function of radius, r .  is given by:

/ ( r )  X r ' \  (3.13)

where q may be obta ined from

^ (3.14)

and  T] is the num ber  of fragm ents  per level of h ierarchy and 6 is the  relative size 

of fragments a t successive levels. T h e  density-size scaling law for a  self-similar 

hierarchy is given by:

p y . r ^ .  (3.15)

where p may be obta ined from

D =  (3.16)

where D  is the  volume density  con tras t ,  i.e.. the con tras t  in the density  of successive 

levels in the hierarchy. Hence, for the  molecular cloud considered here it follows from 

from Eq. 3.14 and  3.16. th a t  it has a size d is tribu tion  with q  ~  —1 .8 . and  density- 

size scaling law with p ~  —2 .2 . It is interesting to no te  tha t the  value of p derived

here, which is based upon a relatively large cloud s truc tu re ,  i.e.. ~  3 — 20 pc. is

s im ilar to th a t  detected  in high-resolution studies of molecular cores (M yers 1983). 

which lends support to the  c la im  th a t  this s truc tu re  holds over a  large range of scale
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sizes and  is com m on. High-resolution studies of the  en tire  cloud sy s tem  are  required  

to confirm this.

From Figure 3.6 it is qu ite  clear th a t  the s truc tu re  tree s ta t is t ic s  derived from 

the original survey cannot be used for this type of analysis. However, th e  richness 

of s tru c tu re  seen in the  s truc tu re  tree revealed in the  present su rvey  suggests th a t  

the Cf.A. 1.2 m telescope is very useful for gathering d a ta  su itab le  for this  ty p e  of 

analysis, even given its m odera te  resolution, provided th e  d a ta  are  fully sam pled  

with good sensitivity.

3.3 D iscu ssion

In §3.2.2.1 and  §3.2.2.2 two quan tita t ive  m ethods . F F T s  an d  s t ru c tu re  tree  

s tatis tics, were used to  m easure the improvement in image qua lity  of th e  present 

survey over the  original survey. It is now worthwhile to  ex tend  th is  analysis  and  

com pare the  results g leaned from the present survey by com paring  these  results  to 

o ther surveys conduc ted  on the  surveyed region and elsewhere in th e  Galaxy. To this 

end. th e  first com parison  will be with the Hi (Gr93). in o rder to  consider w hether  

the  power-law describ ing the  distribution of power with scale leng th  derived for CO 

from the  present survey  is similar to th a t  for Hi. second com parison  will be of 

the  s tru c tu re  tree  s ta t is t ic s  derived from I R A S  (Beichm an et al. 1988) 60/im  and  

100/im emission for th e  Taurus star forming region (H oulahan  & Scalo 1992). in 

order to provide som e frame of reference for the results ob ta ined  for th e  C am  O B I 

region.

T he  analysis of Hi in C am  O Bl (Gr93) was perform ed on d a ta  ob ta in ed  with 

an in terferom eter. -A.s such, the s tructura l inform ation conta ined  w ithin  th e  d a ta  

had to  be carefully t re a te d  in order to account for the  correlation betw een  signal 

s treng th  and noise, as well as a  difference in the  sensitiv ity  of the  corre la to rs  m aking  

up the  spec trom ete r.  .After these corrections had been applied. Gr93 found th a t  the  

exponent, m. of th e  power-law distribution of power of Hi. P hj- as a  function  of scale 

length, r .  norm alized to  the  power at a scale length of lOOA. i.e..

p„, =  (3.17)

is given by m  = —2.57 ±  0.18 over the velocity range -5 .7  to  -10 .7  kms~^. m  =

—2.18 ±  0.11 over th e  velocity range -10.7 to -15.7 k m s“  ̂ and  m  =  —2.33 ±  0.13

over th e  velocity range  -15.7  to -20.7 k m s 'C  From these  values it is reasonable to
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assum e th a t  m  =  —2.36 ±  0.16 is representative of th e  e x p o n e n t ,  m .  for the  power- 

law d is tribution of Hi as a  function of scale size over th e  velocity  range defining 

the  Cam  O B I CO emission. T h is  value of m  is in ag ree m en t w ith  the  value of 

the  exponent of the  power-law fit to  the CO em ission de r ived  from the  present 

survey, i.e.. —2.52 ±  0.08 ( Eq. 3.5). and m ay suggest th a t  th e  force(s) responsible 

for organizing the  Hi is also opera tive  and equally effective in organiz ing the CO. 

at least down to  the  resolution of the  present survey (at a  d is tan ce  of 975 pc for 

C am  O B l this corresponds to  a  scale ~  3 pc). Scalo (1987) has suggested th a t  

turbulence could be th e  p r im ary  support m echan ism  in m o lecu la r  clouds which 

follow a Kolmogorov prescrip tion  (Larson 1981). If th is  is th e  case, th e  d istribu tion  

of power with scale-length shou ld  be described by a  power-law  w ith  an  index ~  —8 /3  

(Leinert 1994). This is in good agreem ent w ith  observations  for b o th  Hi and CO.

. \  second q uan tity  of in te res t suggested by Gr93 is th e  to ta l  power seen at some 

particu lar physical length. In th e  case of the  Hi survey  a leng th  of 100 pc was 

chosen as a s tandard  length, as th e  power over this length  cou ld  be  de te rm ined  over 

a large range of distances: from  Figure 4 of Gr93 it is possib le  to  derive a m ean 

power at a scale length of 100 pc  for Hi of 820 ±  300Jy^ over th e  range of velocities 

quoted  above. Conversion of th is  quan tity  to  the  sam e u n its  as th e  CO  power m ay 

be obta ined from (DR.AO in-house m em orandum . 1996).

Flux Densitv[m.Jv per  beam ] x - ^  : =  F lux  D ensitv fK j. (3.18)

where F is the  ratio  of m inor to  m a jo r  axis of the  DR.A.0 S u p e r  Synthesis  Telescope 

(SST) beam, u is the observing frequency in GHz and  R is th e  m inor  axis, in arcm in. 

of the  SST beam . For Gr93 th e  d a ta  were sm oo thed  to  2 ' x 2'  a t an  observing 

frequency of 1.42 GHz. T he  pow er in the Hi emission, seen a t  100 pc scale lengths, 

in C am  O B l region is (1.46 ±  0.53) x 10® K^. From Fq. 3 .5. th e  power in the CO 

emission at a scale length of 100 pc (R. the radius of th e  co rrespond ing  scale length 

in the  Fourier plane is 0.062 m ) is (6.03 ±  0.20) x 10^ K^. T h u s ,  th e  ratio of the  

power in Hi to CO at a  scale leng th  of 100 pc is ~  25. It is difficult to  interpret 

what exactly this ratio m eans, o r  indeed w hat the  pow er' is for e i th e r  com ponent of 

the  ISM. as the  F F T  im age of th e  d a ta  is not a s im ple co m p o s i te  of sky brightness 

or intensity. However, this ra tio ,  and the value for th e  pow er in each com ponent, 

m ay prove useful in constra in ing  any models or s im ulations  o f  th e  ISM in the  C am  

O B l region.
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T here  is ad d i t io n a l  in form ation  on the s tru c tu re  of the  CO emission in the  C am  

O B l region to be gained  from the  s truc tu re  tree  s tatistics. T he  analysis of the  

s truc tu re  tree s ta t is t ic s  for th e  Taurus s ta r  forming complex based upon  th e  I R A S  

60/im and  lOO^m em ission (Houlahan &: Scalo 1992) serves as a  good exam ple 

of ano the r  w ell-studied s ta r  forming region in the  Galaxy. From th e ir  analysis of 

îoo<im versus positional offset from the root. Houlahan & Scalo (1992) de term ined  

tha t the  Taurus s t a r  form ing complex has a s truc tu re  tree best characterized  by 

q =  9.8 . 9  =  0.16. L =  2 an d  D =  9.6. The n a tu re  of these clouds was de te rm ined  by 

com paring th em  to  M onte  Carlo  simulations of: a) ideal clouds, i.e., uniform ly dense 

cores w ith  r~^ varia tion  in the ir  envelopes, which were constrained to be hierarchical 

in their  physical m a k eu p  an d  spatial position (hierarchical models), b) the  sam e 

models bu t  ran d o m ly  d is tr ib u ted  in space (random  models), o r e )  a  m ix tu re  of the 

two (m ixed). T he  so lu tion  for the  Taurus region turned  out to be best represented 

by a  m ixed-m odel, b u t  one dom ina ted  by hierarchical s truc tu re .  O ne com plication 

in the  analysis of s t ru c tu re  in th e  Taurus region was the  difficulty in separating 

foreground from background  m ateria l solely from integrated dust emission maps. In 

principle, applying th e  s t ru c tu re  tree  analysis to CO emission has the  advan tage over 

a dust emission s tu d y  for th e  sam e region, as the  additional CO velocity information 

may be used to e l im in a te  foreground and background contam ination .

A  com parison of th e  s tru c tu re  tree for th e  sample C am  O B I cloud {q =  2.3. 

6 =  0.33. L =  3 an d  D =  11.8) to th a t  of Taurus suggests th a t  the  C am  O B l cloud 

is sparser than  T au ru s  (sm aller q). possesses b e t te r  defined branches (larger 9). with 

more levels (larger L) bu t  w ith  approxim ately  the  same density con trast  per level 

(D). In o rder to  check w he the r  the  sample C am  O B l cloud is b e t te r  modelled as 

being hierarchical o r  ran d o m  or mixed, Houlahan & Scalo (1992) suggest th a t  a 

branching factor. Eo. which is equivalent to 7  as it is calculated in Eq. 3.9, is a 
useful diagnostic, i.e.. a  value for Eq of less than  5 is a good indicator of hierarchical 

s tructure . T he  so lu tion  provided by the CO d a ta  taken in the  present survey does 

suggest such a  s t ru c tu re ,  b u t  it m ust be kept in mind th a t  it was only derived 

from a coarse s t ru c tu re  tree  for one cloud. However, on the  o the r  hand  the  CO 

data  do have th e  ad v an tag e  over a  dust emission s tudy of being less susceptible to 

contam ination  by foreground and  background m aterial. In Figure 3.6, the  range 

of optical dep th  is s im ilar  to  th a t  covered by Houlahan & Scalo (1992) for Taurus 

(■Tioofim : 1 X 10“ ® — 4.4 X  10“ ^), while the velocity maps for th e  region (C h ap te r  2)
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show th a t  the  CO emission is well contained within the  C am  O B l  velocity  range. 

This is only assum ed in the  case of the  Taurus emission. W ith  these considerations 

in mind, it would appear th a t  some of the  C am  O BI CO emission, like th e  Taurus 

region, has a strong hierarchical com ponent to its s tructure . Higher resolution CO 

d a ta  and additional M onte C arlo  s im ulations are required to refine th is  solution.

3.4 Conclusions

The following conclusions can be draw n from this com parison of th e  present 

(Di96) and original (DaST) surveys of the  C am  OBI region:

1. T he im provement in d a t a  quality  expected  from the present survey is clearly 

seen in both  the in teg ra ted  m ap  of the  emission and the velocity m o m en t maps 

(Figures 3.1 and 3.2).

2. . \n  F F T  analysis of the  region from the  two surveys suggests the re  is consider­

able additional s tru c tu re  seen in the  new survey. The d is tr ibu tion  o f  power as 

a function of scale length  for the  present survey is given by:

log (Power [K'D =  ( 1.73 ±  O.IO) -t- ( —2.52 ±  0.06) log (R adius  [m]).

3. . \  comparison of the C O  s tru c tu re  to the s tructure  seen in Hi suggests that 

bo th  the  CO and Hi have the  sam e s truc tu ra l scaling law. This suggests  that 

the  force(s). e.g.. tu rbu lence , operative  in organizing the  Hi m ay be  equally 

operative  and  efficient for organizing the  CO.

4. .A. comparison of the  s t ru c tu re  trees taken  from a sample cloud in th e  C am  O B l 

region suggests th a t  it can  be modelled as possessing a  hierarchical s truc tu re  

similar to th a t  found for th e  Taurus s ta r  forming complex. Xo com m en t on this 

sam ple cloud is possible from the  original survey.

5. The s tru c tu re  tree s ta t is t ic s  for th e  sample cloud have a solution  rj =  2.3. 

6 =  0.33. L =  3 and D =  U .S .

6 . .An analysis of the  cloud density  profile shows p % r~^-^ which is sim ilar to 

molecular cores seen elsew here in the  Galaxy (Myers 1963). This is consistent 

with the  model of m olecular clouds in which they are tu rbu len t a n d  have a 

self-similar hierarchical s tru c tu re .
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Chapter 4
Population I Objects

A n in vestigation  o f  th e  optically  identified  P o p u la tio n  I ob jects  
w ith in  th e  b ou n d aries o f  the p resen t survey (D ig e l et al. 1996) is 
carried ou t. From  th e  analysis o f  th ese  o b jec ts  it is d eterm in ed  
that th e  d istan ce  to: I )  the L ocal em ission  is 250 ±  50 p c, 2) th e  
P erseus em ission  is 2500 ±  200 p c, and 3) th e  C a m  O B l em ission  
is 975 ±  90 p c. A n  H R  diagram  for the C am  O B l stars reveals 
that sta r  form ation  has occurred  in  the region  for ~  1 — 50 x 10® 
yr. A t p resen t, th e  m ost active s ite  o f sta r  form ation  is C am  
R l,  w hich show s an asy m m etry  in th e  d istr ib u tio n  o f  optically- 
identified P op u la tion  I objects: th e  m ajority  o f  th e  pre-m ain  
sequence stars lie in th e  n orthern  half o f  th e  asso cia tio n  w hile  
the m ain  seq uence and  evolved sta rs  lie in th e  so u th ern  half.

4 .1 In trod u ction

Population I ob jects  were first identified as a stellar popu la tion  closely associated 

w ith spiral arm s by B aade (1944a. 1944b) in his exam ination  of nearby galaxies. .A. 

com plete  discourse on these  objects is beyond  the scope of this thesis (Mihalas & 

Binney 1961 provide an overview), but for practical purposes Population I ob jec ts  

will be divided into two categories. P opula tion  I ob jects  and  ex trem e  Population  

I objects (hereafter referred to  as PIo an d  ePIo. respectively). PIo will include 

O B associations. R associations, galactic clusters. OB field s tars . Be stars, classical 

cepheids and Herbig A e /B e  (H.Ae/Be) s tars . eP Io  will be designated  as non-stellar ' 

objects which are associated  w ith  s tar forming regions, i.e.. th e y  trace  out the cu rren t 

epoch of s ta r  form ation. These  include p re-m ain  sequence stars , i.e.. T-Tauri and  

H.Ae/Be stars  identified by the ir  infrared emission, m asers . m olecular outflows, as 

well as reflection nebulae an d  emission nebulae  (Hii regions).

It is im p o r tan t  in th e  analysis of any  s ta r  forming region th a t  both PIo and  

eP Io  be considered for two reasons. F irstly, if the PIo con ta in  a  relatively young 

population of s tars  (say I — 10 x 10® yr) which can still be associated with the ir
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paren t cloud on  th e  basis of the  interaction between th e  s ta rs  and parent cloud (via 

dissociation fron ts ,  ionization fronts or reflection nebu lae) ,  positional coincidence 

and  s im ilar sp ace  velocities, then the fundam ental p rob lem  of assigning a d is tance  to 

th e  paren t c loud  an d  an y  ePIo  em bedded in th e  cloud m ay  be confidently addressed. 

If th e  PIo form  a  c lu s te r  or association, as is the  case for th e  Cam O B l s ta rs ,  then  

it is best to  fit a  s ta n d a rd  m ain  sequence to  these ob jec ts  (Blaauw 1963. M ermilliod 

1981. G a rm a n y  &: S tencel 1992. hereafter GS92). th e re b y  reducing the  effect of 

uncer ta in ties  of an  ind iv idual m easurem ent, to  ob ta in  th e  d istance to th e  P Io  (and 

associated  p a re n t  c loud). Secondly, the association of th e  P Io  with the  paren t cloud, 

an d  th e  p resence  of eP Io  in tha t cloud provide an o p p o r tu n i ty  to s tudy  th e  long 

te rm  evolu tion  o f  a  s ta r  forming region, including th e  in terp lay  of possibly d istinct 

genera tions  of s ta r s  (C h ap te rs  6  and 7).

If it is not possib le  to  obta in  a d istance to a paren t cloud and  its associated 

eP Io  from asso c ia ted  PIo. then  it is necessary to d e te rm in e  this d is tance  by one 

of two m eans. If sufficient da ta  exist, th en  it is possible to  consider departu res  

from a s ta t is t ic a l  m odel of stellar densities an d  obscuration , to  infer the  location of 

excess obscu ra tio n  a long the  line-of-sight. e.g.. the  ex t in c tio n  survey in the  region 

by Heeschen ( 1951 ). T h is  m ethod  is best su ited  to the  d e te rm in a tio n  of the  d istance 

to the  Local em ission  in the  present survey (Digel et al. 1996. hereafter Di96). For 

m ore d is tan t  em iss ion , where there are no known PIo p resen t,  the d istance to  the 

em ission m ust be  d e te rm in e d  from a s tandard  k inem atic  m ode l of the  G alaxy  (B rand  

& Blitz 1993). T h e  Local emission (—5.5 km  s~‘ <  <  -t-10 km  s“ )̂ and  C am

O B l em ission ( —22 km  s~^ <  < —5.5 km  s“ )̂ are  well s itua ted  in th e  second

q u ad ran t  of th e  G a la x y  for this type of analysis, which avoids the distance-velocity  

am bigu ities  in h e re n t  to  studies of the first and fourth  quadran ts .  However, the  

Perseus a rm  ( — 70 k m  s"^ <  <  —30 km  s “ ^). which lies beyond C am  O B l .  is

known to show d e p a r tu re s  from the circular motion (s tream in g  motions) assum ed 

in s ta n d a rd  k in e m a tic  models (Roberts 1972).

This  c h a p te r  will consider only the PIo: eP Io  will be  considered in C h a p te r  5. 

T h e  b reakdow n o f  th is  c h ap te r  is as follows: §4.2 will deal w ith  the  selection of P Io  in 

th e  field an d  th e  d is tances  to  the different regions of th e  G alaxy  seen along th e  line- 

of-sight. i.e.. Local em ission  will be discussed in §4.2.1. Perseus emission in §4.2.2 

an d  finally. C a m  O B l  emission in §4.2.3. In §4.3.1 an  observer 's  H R d iag ram  for 

th e  C am  O B l  s ta r s ,  inc luding  Cepheids and  classical Be s tars ,  will be construc ted .
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In §4.3.2 the  observer's H R  d iagram  will be transform ed into a theore tic ian 's  HR 

d iagram  in o rder to  derive t im e  scales for the  evolution of these stars. In §4.4 the  

findings from this chapter will be sum m arized.

4.2 P op u la tion  I O b jects

Selection of PIo has m a d e  extensive use of the S1MB.A.D da tab ase  (hereafter 

s im ply S1M B.\D )  ̂ as the  principal source of stellar da ta .  F igure 4.1 shows all 

of the  stellar objects  (2260) de tec ted  w ithin the boundaries of the  present survey 

(Di96) at th e  t im e  of w riting. Previous experience working w ith S1M B.\D  shows 

th a t  while it is not com plete , typically ~  S0 % of the  s tellar ob jects  s tudied  and 

available in th e  li te ra tu re  a re  included in it. From a com parison of Figure 4.1 and 

Table 4.1. which contains in form ation  on known open clusters and R-associations 

included in th e  surveyed region, it follows th a t  the most prom inent open clusters 

have been identified, and on ly  the  smallest and least s tud ied  ones were om itted .

4 .2 .1  T h e D istan ce  to  th e  Local E m ission

T he  de te rm ina tion  of th e  d istance to the  Local CO emission m ade use of the 

s tar-count analysis of Heeschen (19-51) which extended to s tars  down to  15'^ m ag­

nitude. In his work. Heeschen exam ined  selected areas in the  Perseus region of the  

Galaxy, including the region considered in the  present survey, and  deduced. " ...The 

obscura tion  is ascribed to  tw o  clouds; one cloud is at a d is tance of 200-300 parsecs 

and  the  o th e r  at the  d is tance  of 800 parsecs from the  sun. T he  nearer cloud ac­

counts for m ost of the patch iness  of the  region, while the  cloud at 800 parsecs is 

nearly uniform  in density." F igure  4.2 is an integrated m ap of th e  Local CO emis­

sion in which several regions, identified in the  original work of Heeschen. have been 

indicated  using his original designation.

From Figure 4.2 and T ab le  4.2 it is evident th a t  the  Local emission lies at 

a d is tance of 300 pc for th e  emission a t lower galactic la titudes, and at 200 

pc for emission a t  higher la titudes. For this thesis it will be assum ed tha t

 ̂ S1MB.A.D is operated  at CD S. O bservatoire de Strasbourg 1 1 . rue de I'L niversite. 

67000 S T R A S B O U R G . France. T he  C anadian  link to the  CDS is provided by the  

C anad ian  .Astronomical D a ta  C en tre  (C.ADC) located a t the  Dominion Astrophys- 

ical O bservatory. Herzberg In s t i tu te  of .Astrophysics. N ational Research Council of 

C anada . 5071 West Saanich R d.. R.R. 5. Victoria. British Colum bia. Canada.
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Figure 4.1 Ail s te l la r  ob jects  in SIMBAD contained w ith in  th e  survey boundaries 
(Di96). Some obvious clusterings of objects have been identified in the  Sky Catalogue 
2000.0 (Hirshfeld & S inno tt 1985) and are tabu la ted  below (w ith  th e  exception of 
Cam R l which is tak en  from Herbst 1975). D refers to the ap p a re n t  cluster d iam eter. 
No. to the  nu m b er  of cluster members and R. the  quoted d is tance  to the cluster.
Not easily identified ' m eans the  cluster is located in a busy field, "easily identified' 

means the  contrast between the  cluster and surrounding field is great,  "not included' 
indicates there  is no obvious cluster of objects at the ind ica ted  position (a sparse 
cluster).

Table 4 .1: O p en  C lusters and R -A ssociât io n s in Field

Name 1 [ 1 b[°] D ['] No. R [kpc] .Appearance

NGC 743 131.21 -1.60 5 12 N /A Not easily identified
Stock 6 132.88 -f"2.79 2 0 2 0 N /A Not easily identified
Stock "2 133.44 -1.89 60 50 0.32 Ecisily identified
IC 1805 134.73 +0.92 "22 40 2 .1 0 Easily  identified
Cz 13 135.66 -L2.31 6 ~ 10 N /A Easily identified
NGC 1027 135.78 -hl.49 2 0 40 1 .0 0 Easily identified
Cz 8 135.80 -1.58 7 10 2.40 Not included
Berk 65 135.83 +0.27 5 2 0 3.30 Not included
King 4 136.02 - 1 .2 0 3 2 0 2 .2 0 N ot included
IC 1848 137.19 +0.92 12 10 2 .2 0 Easily identified
Cr 33 138.10 +  1.35 40 25 N /A Easily identified
Cr 34 138.26 +  1.46 25 N /A N /A Easily identified
Stock "23 140.11 +2.08 15 25 N /A Easily identified
Cam R l 142.00 + 2 .0 0 N /A 5 0.87 Easily  identified
King 6 143.36 -0.08 7 35 N /A Not included
NGC 1502 143.66 +7.65 8 45 0.95 Easily  identified
Tombaugh 5 143.94 +3.57 17 60 1.80 Easily identified
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Figure 4.2 Overlay of Heeschen s ( 1951) areas of obscuration onto th e  Local em is­

sion. T he  d a ta  describing th e  obscu ra tion  due to the Local emission in each region 

are given below according his original scheme. Positions in are  inc luded in

parentheses. Details of the  obscu ra tion  due to  the  Cam  O B l  emission (assigned a 

constan t d is tance of 800 parsecs by Heeschen) will be dealt w ith  in §4.2.3.

Table 4.2: O b scu ration  in Surveyed R egion  
(a fter  H eesch en  1951)

Region O bscuration [Mags]

.At 200 pc .At 300 pc .At 800 pc

Zone B.-E2.°5 (1 4 3 ° .- l . ° 5 )   1 .6

Zone .A. 0.°0 (13S°.0.°0)  1.5

Zone Z.-b2.°5 ( 133°.-f-3.°5) 1 . 0 ........................

Zone Z.+5.°0 (140°.+7.°0) 1 .0 ........................

0.9

1.1
.1.4

1.3
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th e  Local em ission lies a t a  d istance  of 250 ±  50 parsecs a t ail la titu d es  considered 

in th e  present survey.

4 .2 .2  T he D istan ce  to  th e  P erseu s E m ission

T he Perseus em ission, in th e  d irec tion  covered by th e  present survey, is dom i­

nated  by th e  g iant m olecu lar com plexes associated w ith  the  g iant Hii regions VV'3. 

VV4 and W ô. GS92 conducted  an  extensive lite ra tu re  search of O B associations 

in th e  n o rthern  M ilky W ay in o rder to  ascertain  th e  ex ten t of in trin sic  sca tte r  in 

th e  0 - s ta r  ca lib ration : th is  s tu d y  included two rich associations. C as 0 B 6  and  Per 

O B l. in th e  Perseus region covered in th e  present survey. C am  O B I was considered 

briefly in th e  s tudy  of GS92. bu t th e  paucity  of 0 -s ta rs  in its m em bersh ip  precluded 

it from being useful in th e  ca lib ra tion  of th e  0 -s ta r  classification schem e. F igure 4.3 

is an overlay of the  s ta rs  identified  as belonging to  C as 0 B 6  and P er O B I (GS92. 

H um phreys 1978). con ta ined  w ith in  th e  present su rvey  boundaries, over th e  CO 

em ission from  th e  present survey. A  tab le  of the  s te lla r  d a ta  for th ese  associations 

is included in .Appendix B.

T he techn ique em ployed by GS92 to  determ ine th e  d istance  to  th e  Perseus s ta rs , 

and  by association, th e  Perseus CO em ission, was to: a) com pare th e  m a in  sequence 

B sta rs  in th e  associations P er O B I and  Cas 0 B 6  w ith  a s tan d ard  m odel of m ain  

sequence sta rs  (B laauw  1963. M erm illiod I98I). and  th e n , b) transfo rm  th e  observed 

HR d iagram  to  a  theo re tica l one (Flow er 1977) in o rd er to  d e te rm in e  th e  s ta te  of 

evolution of th e  c luster (M aeder & M eynet 1988). T h e  published (G S92) d istances 

for these associations are 2.3 kpc for Per O B I and 2.4 kpc for Cas 0 B 6 . G iven th a t 

th e  stars in Cas 0 B 6  clearly  lie in front of the  associated m olecular gas. an d  assum ing 

th e  gas is of com parab le  d e p th  to  th e  w id th  of the  largest com plexes. ~  1 0 0  — 2 0 0  pc. 

th en  a resonable m ean d is tan ce  for the  Perseus CO em ission is ~  2500 pc. E xam ining  

th e  fit of th e  s tan d ard  m ain  sequence to  th e  d a ta  for P e r O B I and C as 0 B 6  (F igure  

I in GS92) it appears th a t  an  u n ce rta in ty  of ~  CK"2 in th e  fit is not unreasonable, 

w hich tran sla tes  into ~  ± 2 0 0  pc in th e  d istance d e te rm in a tio n . H ence, a good 

e s tim a te  of the  d istance to  th e  Perseus CO  em ission is 2500 ±  200 pc.

.Additional in form ation  w hich m ay be gleaned from  the  GS92 su rvey  includes 

s ta tis tic s  on physical p a ram ete rs  of th e  two associations which can aid  in d iscrim ­

ina ting  betw een th e  Perseus a rm  sta rs  and  foreground. C am  O B I s ta rs . T he two 

p aram eters  which are  of relevance to  th is  work are  th e  d istance derived  from  th e
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Figure 4 .3  L ocation  of s tars  in Cas 0 B 6  and Per O B l. as listed  by GS92. in the  

Perseus arm  (—30 >  k m s ' ^  > —TO). T he d is tan ce  to  th e  associations (and 

associated m olecu lar gas) has been determ ined by c lu ste r m ain  sequence fitting  to 

the B sta rs  in th e  associations. The spatial positions for th e  s ta rs  have been taken 

from H um phreys ( 1978)._________________________________________________________

distance m odulus re la tionsh ip  and  the m easured s te lla r rad ia l velocity.

The d istance m odu lus relationship is given by

m\- — My  =  2.Ô log (d) — 5 +  .4v. (4.1)

where my  and  .\/v  a re  th e  apparen t and absolute V m ag n itu d es  of th e  star, respec­

tively. d is the  d is ta n c e  in pc. and .4v is the  ex tinc tion  of th e  s ta r  light in the  V 
band due to  in terven ing  m ateria l (prim arily dust): form ally. .4v is given by

-41 — R [{B — V )Observed ~ [B — \  )o]. (4.2)

where [B — V')observed and  [B — V')o refer to the  observed  and  in trinsic color, re­

spectively. for th e  s ta r . In .Appendix B. the  d istance to  th e  Perseus s tars using Eq.

4.1 is given as D ist 1 and  has been derived using the  in trin s ic  colors and abso lu te  

m agnitude-color re la tio n sh ip  due to  Schm idt-K aler (1982) as found in Lang (1992),
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w ith R  =  3.1 (F itzp a trick  & G arm any  1990). T hese  rela tionsh ips are  for stars 

which are very young, i.e.. they  have ju st arrived  on th e  zero-age m ain  sequence 

(Z.A.MS). GS92 chose th e  in trinsic colors as listed in F itzG era ld  (1970) and  absolute 

m agnitude-color rela tionship  given by Blaauw (1963) and  M erm illiod  (1981). with 

R  =  3.0. The very close agreem ent between th e  values of Dist 1 . on  average (see 

.Appendix B). and  the  claim ed distances for th e  associations suggests th a t: a) Dist 

1 is a reasonable first guess for the  d istance to th e  s ta rs  in th e  associa tions, and  b) 

the  stars in the associations are relatively  young.

From an inspection of the  d is tribu tion  of th e  rad ia l velocities for P er O B l and 

Cas 0 B 6  (see .Appendix B -  the re  are  very few B m ain  sequence s ta rs  in GS92 from 

which to  derive any m eaningful s ta tis tic s), the d ispersion  in the m ean  rad ia l velocity 

appears to  be qu ite  large in th e  case of Cas 0 B 6  (som ew here betw een  11 and 14 

km s~^ ). but m uch less for Per O B l (less than  2  km  s~*). The best e s tim a te  for the 

m ean velocity of bo th  associations, derived from all of th e  s te lla r rad ia l velocities, 

suggests th a t Perseus s ta rs  should, on average, have a  velocity of ~  —13 km  s“ ‘ .

As a final note regarding radial velocities for th e  Perseus s ta rs , it has already 

been pointed out th a t the  Perseus arm  is known to  be undergoing a s tre a m in g  m otion 

(R oberts 1972) which will lead to  a peculiar d is ta n ce /ra d ia l velocity re la tio n sh ip , i.e.. 

ro ta tion  curve, for th e  m olecular gas. T he most recent es tim a te  of th is  relationship  

was carried out by B rand & Blitz (1993) who considered Hii regions th ro u g h o u t the 

Galaxy. They ob ta ined  the following value for O o rt's  constan t A:

where d is m easured in kpc. and  I and  6 are th e  G alac tic  long itude and  la titude, 

respectively. Using th is average value for .4. th e  m olecular gas in  Perseus (w ith 

a =  —43km s~ ‘ a t / =  138°.6 =  4-2°) would be placed a t a d is ta n c e  of ~  3.4 

kpc. This is significantly fu rther away than  the  d is tan ce  derived assu m in g  th e  gas 

is associated w ith Per O B l and  Cas 0 B 6 .
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4 .2 .3  T he D ista n ce  to th e  C a m  O B l E m ission

D eterm ination  of the d is ta n ce  to  th e  Cam  O B l m olecular em ission  follows the  

sam e algorithm  as th a t  for th e  Perseus em ission as ou tlined  in G S92. i.e.. by m ain  

sequence fitting  to  B stars asso cia ted  with it. . \n  overview of th e  m ain  sequence 

fittin g  m ethod to  o b ta in  th e  d is ta n ce  to  the C am  O B l sta rs  is as follows:

1. Select all B m ain  sequence s ta rs  in SIM BAD w hich have good i ' B V  m easure­

m ents and  fall w ithin  th e  su rvey  boundaries (40 in to ta l).

2. E lim inate  those s ta rs  from  S tep  1 which are listed  as being in Perseus in GS92 

( IS stars).

3. E lim inate  those s ta rs  from  S tep  1 known to be in th e  Perseus a rm  from  SIMB.AD 

(3 stars, from H aug 1970).

4. T abu la te  th e  d a ta  for those s ta rs  which surv ive S teps 2 and  3 (19 sta rs . T able 

4.3) and plot an  observational H R diagram  (F ig u re  4.4) of th e m .

•5. D eterm ine th e  best fit to  an  em pirica l m ain sequence. .\n  in itia l guess of .\/v  

for the can d id a te  s tars is m a d e  from Eq. 4.1 assum ing som e in itia l d is tan ce  

(D IST  1 was useful here an d  suggested th a t 1000 pc was a good in itia l guess). 

. \n  observed m ain  sequence will lie below th is em pirica l m ain  sequence if th e  

in itia l guess for th e  d is tan ce  is too  high and above it if too low. From  the  offset 

between th e  e s tim a ted  so lu tion  and  the em pirica l solution, d e te rm in e  th e  cor­

rection necessary to  the  d is ta n ce  to  bring the  e s tim a te d  solution in to  agreem ent 

w ith  the em pirica l fit and  u p d a te  the value of th e  distance. In th e  fitting  pro­

cedure. give the  m ost w eight to  those stars a lread y  listed in SIMB.AD as being 

m em bers of C am  O B l an d  th e  least to those w hich are  known to  be variable. 

Include em ission line sta rs  in th is procedure as th e ir  re la tive ly  narrow  em is­

sion lines should not have adversely  affected th e  b road-band U B V  p h o to m etry  

(.Jaschek & Jaschek  1987).

6 . E stim ate  th e  u n certa in ty  in th e  m ain  sequence fit from  the  range w ith  w hich it 

is possible to  slide the  em pirica l m ain  sequence above and  below th e  best fitting  

solution and  still o b ta in  a  reasonab ly  good fit to  th e  data .

D etails of how th e  s ta rs  are  p laced  on the  observer's  H R d iagram  a re  th e  sam e as 

followed in GS92. T hese  are:

1 . D eterm ine th e  reddening  free p aram eter (th e  abscissa). .Johnson's Q  (Johnson  

1958. Sharpless 1962). w hich is a  m easure of th e  s ta r 's  color a f te r  tak ing  in to  

account th e  effects of d ifferen tia l reddening. T h e  Q  value, for B -type m ain
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sequence s ta rs  is defined cis:

Q = (i — 5)obsened "  [B — V )Observed. (4.4)
t , y

w here (for m ain  sequence s ta rs  up to  spectral ty p e  AO)

=  0.72 +  0.0.5 Ey. (4..5)

and

B y  =  ( B  — \  )Observed ~  ( B  — I )o- (4.6)

In keeping w ith GS92. th e  ( B  — V)o  value is taken from  th e  in te rp o la ted  values of 

F itzG era ld  ( 1970). For m ain sequence stars of sp ec tra l ty p e  BO to  BS. inclusive, 

th e  in trinsic color is given as:

( 5 - V)o = - 0 .3 1 8  +  0.017 X. (4.7a)

w here x  is th e  num erical inc rem en t for the sp ec tra l ty p e . i.e. BO =  1. BO..5 =  

2. e tc . For m ain  sequence s ta rs  from  BS to .\4 . inclusive, the in trin s ic  color is 

given by:

{B  -  V)^ =  -0 .1 3 8  +  0.032 y.  (4.76)

w here y is now increm ented  such  th a t B8  =  1. B9 =  2. e tc . N ote : For B8  stars 

th e  m ean of th e  two solutions from  Eq. 4.7a and 4 .7b was used.

2. T h e  o rd ina te  for th e  observer's  H R diagram  is th e  s te lla r  absolu te m agn itude. 

My.  T he  em pirica l m ain sequence, given by Blaauw (1963) for s ta rs  e a rlie r  than 

B1..5 and  by M erm illiod (1981) for s ta rs  later th a n  B l.o . can be p laced  on this 

im m ediately .

From  th e  fit of th e  C am  O B l B m ain  sequence stars to  th e  em pirical m ain  sequence 

(F igure  4.4). it is a reasonable e s tim a te  th a t the d is ta n ce  to  the  associa tion  is 97-5 

pc. T h e  u n certa in ty  in th e  fit. as fitted  by hand, is ~  ±CP2 which tra n s la te s  into 

an  u n ce rta in ty  of ± 9 0  pc. T his u n ce rta in ty  is rep resen ta tiv e  of th e  u n certa in ty  

in th e  fit to  th e  m ain sequence for th e  association. T h e  uncerta in ty  for an  indi­

vidual s te lla r m easurem en t can b e  considerably m ore th a n  this; any g iven  C B V  

m easurem en t has a typ ical u n ce rta in ty  of ±0?*01 — 0^02 (O chsenbein  1974) while 

th e  u n ce rta in ty  in (B  — V) due to  th e  u ncerta in ty  in sp e c tra l ty p e  (one sub-division) 

is ± 0 ^ 0 2  and  for th e  u n ce rta in ty  in lum inosity  class (say  betw een class V  an d  III)
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B S ta r s  For Mein S e q u e n c e  Fitting 
Cam OBI 

Known Luminosity C lass  V: -|-
Peculiar  (e,p,n,v): Q

- 7

- 6

- 5

- 4>

+ ++++

BO B3 B9

1.2 0.8 0.4 0.0  0 .4 0.8 1. 2 1.6 2.0
0

F ig u r e  4 .4  O verlay of B m ain  sequence stars -  n o rm al B s ta rs  ind icated  by crosses 

and  peculiar B s ta rs  by crosses overlaid w ith  a  circle -  against em pirical m ain 

sequence -  solid line (Blaauw 1963, M erm illiod I9S1). T here  is excellent agreem ent 

betw een the  two for an assum ed d istance of 97-5 pc. T he large cross indicates 

th e  m axim um  possible u n certa in ty  of an ind iv idual m easurem ent due to  incorrect 

labelling, etc .. bu t th e  reasonably good fit to  th e  th e  d a ta  argues against such large 

uncerta in ties  for anv  of the  d a ta  included in th is  s tu d v .
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No. Name"
1'I<‘K] W'K 1

.\IK Des.' I : '
(mag)

II'
(mag]

V '
[mag] [km s ']

Dist V (U 11)1! 
(kpc) [mag]

(H V)ï 
(mag!

c r
[mag]

M'v
(mag|

1 HI)+01 ;IS2 l.R.ilO +0.20 R1:V: 1 1 ..I!) II ..1:1 10.70 1.20 0.01 0.27 O.SS 2.00
2 RD+OO 00:1 l:H.!)2 +0.10 III.IV io .:ii 10.01 0.01 0.07 o .ss 0.21 0.S7 2.S1
:i LS 1 +li) 1.10 l:L1.2t) 0.12 II0..1V 11.00 11.00 10.12 0.00 1.02 0.20 0.!)1 :i.o i
1 HI}+.1S ‘ISS 1:1.1.70 0.7S IIO.IV 10.27 10.1:1 O.Sl 1.21 1.02 0.2!) O.Sl :i.os
.') 111) 17111 1:17.20 0:12 111 Vvar !).2I !).00 0.10 +11.0 0.00 0.01 0.27 0.S7 :i.l7
(i III) 2:1701.') I:i7.:is +0.!)7 ROV O.l.l !).0S 0.11 11.0 1) 0.07 0.10 0.11 0.12 1.70
7 HD+Ol .100 1:17.17 +2.1.1 ll!)V 10:10 lo .:ii It).IS +0.0 0.70 O.IS 0.07 0.12 0.12
S MD+Ol .12!) LIS.IS +.1.11 li:iV !)..i:i !).S1 0..11 17.0 O.Sl 0.07 0.20 0.17 l.!)S
!l DD+Ol .1:11 LIS.S7 + :i.L i RSV !)..l!) !).o:i 0.17 :i.t) 0.00 0:11 0.11 0.10 i.:ii
10 RSI) !) 1102 1:1!). 1:1 +2.S0 RO.IV 12.1:1 11.02 11.IS 0.S2 0.10 0.01 0.11 0.01
11 RD+Ol .11!) l:l!).:l:i +.I.S1 R.IV 10.12 10.12 0.01 20.0 1.0:1 0.10 0.10 0.11 1.07
12 RD+Ot) (MS i:i!)..i!) +2.0!) R.1V 10.00 10:11 10.1:1 1.00 0.10 0.10 0.12 1.00
LI III) 2IS00 i:i!).70 +0.1S IllVn... 7.11 s.oo 7.71 22.0 1) o.os 0.01 0.27 O.Sl) :i.!)!)
11 RS I)!) 1:11.1 i:i!).!)7 +.I.-17 R!)V 10:1:1 10.11 0.00 0.0 0.01 O.IS 0.07 0.01 o.so
1.1 III) 2:170!) 1 110.00 + 1.02 II1 : V:nnpe S.O.I 0:11 S.70 +7.0 K 0.00 0.01 0.27 ().!)0 1.07
10 III) 20701 1 10.12 +.I.7S R!)V !).!)7 !).S0 0.71 + 10.0 0.10 O.IS 0.07 0.0:1 t).!)0
17 RD+.l!) 021 110.21 +2.07 R.IV 10.70 10.S2 10.11 111 0.10 0.10 o.:il ().!)t)
IS III) 2.171.Ll IIO.OI +2.S0 R.lVe !).01 O.Sl 0.10 0.02 0.10 0.10 0.10 2.10
Ii) III) 2:17121 111.21 + l.:l!) RO.lVs S.SS 0.10 s.o:i 12.0 ( ’ I.IO 1.02 0.2!) 0.!)1 :i.:il

a, ('alalog dc.signalioii of star as given liy, in order of |»referenee, its 11 If, Hi), LS 1, US!) or I'UV enti y. 
ii. (iaiaetii co-ordinates {I",l>") of star.
c. MK classilicalion of star as listed in (1S02.
d. I'UV pliotoinetric indices.
e. Radial velocity of star corit cted to Local Standard of Rest assnniing standard solar motion. I lie letter index, when listed in 
Sl.VIHAl), gives the (jiiality of the spectra: A extcllent to !•’, poor.
f. Distance from in,,-A/,. -  ,'i l<jj/(il)-fH .t,,, assuming the intrinsic dolors and ahohite magnit nde-color relat ionship of Schmidt-Kaler 
(1!)82) as given in Lang (l!)!)2), and R = .LI (Kit/.patrick & Carmany IIKHI).
g. Intrinsic colors interpolated from L'it/.derald (IH70).
h. Q parameter as derived from K<|. 1.1.
i. Ahsohite magnitnde of star from I/p  LI, given distance from main seipience (itting.

CO
CO
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is ±CP0*2 (FitzGercild 1970). T hese uncerta in ties  w ould be th e  e x tre m e  case if th e  

d a ta  were of very poor quality . T he reasonably good ag reem en t betw een  th e  em p ir­

ical m ain  sequence and  th e  m ain  sequence B sta rs  for C am  O B l show n in F igure

4.4 argues against such an even t. However, for com pleteness, th e  u n ce rta in ty  in 

Q.  assum ing the m axim um  pred ic ted  uncerta in ty  from  Eq. 4.4 ( ± 0 ^ 1 1 ). and  th e  

u n ce rta in ty  in assum ing it is only affected by evo lu tio n ary  effects (b righ ten ­

ing by ~  Q?*50. M aeder & M eynet 1988) or m isid en tid ea tio n  ( ~  —17*00 for class V 

s ta rs  m isidentihed  as class III. Lang 1992). is also show n in F igure 4.4 by the cross 

in th e  lower right hand  corner. From  Figure 4.4 it is reasonab le to  conclude th a t 

th e  d is tance  to  the C am  O B l s ta rs  is 97-5 ± 9 0  pc.

4 .3 .1  T h e  O bserver’s H R  D iagram  for C am  O B l

C onstructing  th e  observer's HR diagram  for th e  C am  O B l s ta rs  em ploys basi­

cally  th e  sam e m ethod as used in th e  d istance d e te rm in a tio n  in th e  prev ious section. 

T h ere  is only one slight m odification: now th e  defin ition  of Q m ust be  generalized 

to  include stars  o ther th a n  m ain  sequence sta rs . T h e  s tep s  for co m p le tin g  th e  ob­

servational HR diagram  are:

1. Select all stars in S IM B .\D  w hich have good i ' B V  m easu rem en ts  an d  fall w ith in  

th e  survey  boundaries (214 in to ta l).

2 R eject those stars a lready  identified as being P erseus sta rs  in GS92 ( 6 8  s tars  in 

GS92 in to ta l), or identified as Perseus s ta rs  in SIMB.AD (27 s ta rs , these are 

included in .Appendix B).

I  sing  th e  above algorithm  th e re  were 119 s ta rs  w hich su rv ived  th e  se lec tion  process, 

inc lud ing  th e  19 B m ain  sequence sta rs  identified in th e  previous section , which are  

p robab ly  p a rt of the  C am  O B l association. C o m p le tin g  the p lacem en t of these  

c an d id a te  s ta rs  on th e  observer's  HR diagram  requ ired  th e  following steps:

1 . S tars w ithout a lum inosity  class identification a re  assum ed to  be  class V (th e  

m ost probable assignm ent).

2. In th e  case of non-m ain  sequence sta rs , use th e  m ore  general defin ition  of th e  Q 

p a ram ete r given by:

Q =  ((■ -  g ) o b . . .w  -  ! i  ~  ~  ! n  ~  f  !° x ( B - V ) o b . . r v « , .  (4.S)
[ B  — V )obsen,ed ~  [ B  — \ )o

For these stars, th e  in trinsic  colors were taken  from  F itz p a trick  & G arm any  

(1990) for lum inosity  classes la . lab  (by in te rp o la tio n ) and  Ib an d  spectra l type



101

earlier th an  GO. as well as th e  lum inosity  class II s ta rs  earlier th a n  spectra l 

ty p e  AO. For lum inosity  class II s ta rs  of sp ec tra l ty p e  .\0  and  la te r , and  for 

lum inosity  classes III and  IV. th e  in trinsic colors were taken from  F itzG era ld  

(1970). D eterm ination  of th e  ( f  — B)^  color for m any  of these classes of s tars 

was de term ined  from  a hand-fit sp line through th e  values of F itzG era ld  (1970).

. \f te r  the  first pass th rough  the d a ta  it was found th a t  17 stars lay well below the 

m ain  sequence for C am  O B l. It was assum ed these s ta rs  are not m em bers of Cam  

O B l. and  they  have been rem oved from  the  d a ta  set for any  fu rther analysis (they  

are included in .Appendix B). Table 4.4 presents a su m m ary  of th e  s te lla r  d a ta  for 

those s tars  which have been selected  as m em bers of C am  O B l. F igure 4.5 is the  

observer’s HR d iag ram  for th is d a ta .
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—  1.2  — 0.8 ■0.4 - 0 . 0 0 .4
Q

0.8 1.2 1.6 2.0

F ig u r e  4 .5  O bserver's HR d iag ram  of C am  O B I. T here is clear evidence for evo­
lu tio n  along th e  en tire  length  o f th e  m ain sequence sam pled. T h e  m ain sequence 
tu rno ff occurs a t app rox im ate ly  BO. One s ta r  (H D  13686) is a  K 3Ib s ta r  w ith  Q 
value too blue for its sp ec tra l ty p e  (as ind ica ted  by the  arrow ). T his is p robably  
du e  to  the  fact th e  ( f  — B)o  color changes very rap id ly  at th is sp ec tra l type  for Ib 
superg ian ts (F itzG era ld  1970) and  a sm all e rro r in the i ’ or B  p h o to m etry  could 
easily  produce a large shift in Q.  T he excellent agreem ent w ith th e  em pirical m ain  
sequence over th e  en tire  range o f Q  sam pled also strongly  suppo rts  th e  d istance  de­
te rm in a tio n  of 975 pc. . \s  for F igure 4.4. th e  m ax im um  possible u n certa in ty  for an 
ind iv idual s te lla r m easurem ent is ind icated  by cross in the lower righ t hand corner.
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1:18 : i8+ : i .o5 118 8 (1:1 (425 0 .1 8 (450

i: i8 .48+:i . : i4 ii:iv 0 5:1 0 .85 (451 17 0 (481

1:18.(14+:i.(to 110 10.7(1 11.00 1(477 (477

1:18.87+:i 15 118 V 0 .50 (40:1 0 .47 :i.(i 0 .00

1:18.01+2(1(1 I17III 0.0(1 (47:1 0 .5 0 :io.o (400

1:10.07 +  2 .28 AOIII 11.52 11 20 1(40(1 0 8:1

1:10.10 +  1.84 118 12.44 12 12 11.40 0 .05

1:10.1:1+2 80 110.5V 121:1 11.02 11 48 0 .8 2

i : i o . i 4 + : i  2:1 I18III 0.8(1 (488 (457 (478

1:10 .104:110 11(1111 (488 1(405 (477 1 14

1:10 2 0  +  4 40 118 0 21 0 40 0  20 (450

1:10 28  4 2 87 1101II 1 1 :10 11.10 1(400 1 :i:i
1:10.28 +  4 .02 110 11 (11 10.80 10.51 0 .0 0

1:10:12+2.82 AO 12.77 12.47 12(10 1.10

1:10:1:14:184 115V 10 12 1(412 (404 20(1 1 (1:1

1:10 4 0 + 2  27 IIOIII 10.40 10 24 0 .0 2  + 1 0 . 0 (472

1:10 4 1 4 1 :18 110 12.57 12 2:1 11 74 0.01

[iiiagl (iiiagl [iiiagl (magi

0 .05 (427 (488 2 .00 4 48

1.54 1.41 (41 •2'.' 4:10 5.01

0 88 (425 (487 •2 81 I 47

0 .08 (4:18 1.0:1 2 .50 5 82

1 (12 (4'20 0.115 :i.(15 4 5:1

1.02 (4'20 0.85 :i.08 4.45

0.05 (427 (487 5 17 I 47

0.50 (415 (442 1.70 I 14

0 .18 (407 0.12 (452 5 .02

(415 (414 (440 (40:1 4 17

(401 (402 (40:1 0 .05 5 85

0 .50 (410 (44:1 1 :io 4 .15

(410 (411 0 .22 0 .12 5 .00

(4:17 O i l (4:17 1 :12 4.10

(407 (4 •20 0 .57 1.08 4 2 5

0 .18 (407 (45:1 (4:10 4 .•22

0:15 O i l (410 1.51 5 .05

(445 0 .12 0:12 1.5:1 4 .08

(404 011:1 0 .02 (4:15 5 .00

0 .17 O i l (420 I I I I (14

0 .1 0 0.04 0 .14 0 .04 :i 0:1

14:18 0  10 (420 1 (15 4 .08

(447 ( I I I (4:17 1.48 4.1:1

(427 0 11 (427 1 5:1 4 (1:1

(420 (408 (412 (405 4 (12

0 .18 (407 0 .02 (450 5 .85

0 .04 0 .02 (401 1 (1:1 :i 8:1

0 .50 (410 (414 1.07 :4o:i

0 20 (408 (415 1 27 4.01

0 .18 (407 0 .0 0 (405 5 88 O
W



Tal)l(! 4.4 ooiit.: D ata for Cam O BI P oixila tio ii I O hjects

No. N a i i i r ' '

I' l' K ] I'I' g I

M K  n , h . '  II ' '  I I '  V" B is ,  | / ( l l . | l ) %  ( H - V ) ;  

iiiJigl [nm gl  (aing) (kill s ' l ]  (k |i r ) [iiiiig] jiiuig]

V  K  l"K Tf „
(llUlg) (lllilg)

MLi I'oiiiiiii'iiî
[i iiagl  [10''  yr)

:u USB 0-1155 1:10.42 +  2.84 A2111 11 :i4 11.08 10.77 0.80 0.07 0.00 0.01 0.14 5.00 0(10 4 0 0 /2

;i'j IIB  10008 1:10.40+2.07 115111 7.25 7.01 7 55 7.0 { ' 0.70 0.51 0.1(1 0 45 5 17 4 10 1.57 47 /

;i;i H B+O I 554 1:10.40+ :t.02 118 0.05 0.7,1 0,50 ,'1.0 0.05 0.18 (111 0.10 1.15 5.07 1 2 5 / I
USB 0-18,50 1:10.48+4:11 115 1:102 12.01 12.10 101 0 ,50 0.10 0.51 0.40 I 21 1.00 50 /5

.'i.i USB 0-1174 1:10.40+2.02 110 11.82 1 1 5 7 11.20 0.04 0.18 0.07 0.01 0.12 5.85 0.12 / I
;i() H B + 0 0  055 1:10.51+ :i.20 1181V 10.40 10.20 0.08 '20.0 0.78 0.41 0.10 0.'24 1.14 4.01 1:10 2,50/1

;i7 1I1H 50 00:1 1:10 ,52+2.02 AOlll 10.72 10.00 10:10 0.74 0.04 0.0:1 0.0:1 0.1)1 5.00 0 8:1 ,500/2

;i« H B +01 5,52 i:io .,50+:i ,55 110 10 40 10.08 10:12 0.85 0.15 0.15 0.51 1.10 4.21 2 (15 50 /2

;i!i USB 0-1101 1:10,58 + 2.57 112 II 112 11.17 10:11 (I 78 0.81 0 2:1 0.88 2.00 4.48 5.0,5 « /
40 IIB  l OO 048 1:10.50+2.00 115V 10.00 10:15 10.1:1 1.00 0.50 0.10 0 52 1.00 4 21 2.48 100/ S202

41 USB 0- 5:15 1:10.01+2.14 AOV 1 150 11 :io 11.10 0.70 0.04 0.02 0.08 0:12 5.80 0:12 / I
12 USB 0-1820 i:io .o :i+ ;i.o :i 110 11.,50 11.1:1 1125 1.00 0 18 0.07 0.08 0.14 5 80 (I 14 / I
4:1 H B +01 ,500 1,'10.04+4.40 115 0.75 10.14 0.75 0.70 0,50 0.10 0.70 1.01 4.54 11:1 10 /

44 USB 0-1842 i:io .7 2 + :i.7 i AO 11.70 11.47 11.10 0.70 0.04 0.02 0.01 0 :12 5 84 0:12 / I
4.1 USB 0-1801 1,10.72+4.42 AO 12:12 12 III 11.05 (I !I2 0.01 0.02 (I (1:1 0.05 5 81 0(15 / I
40 MB 10 I I I 1:10.7:1 +  1.20 11:1111 7.00 8.21 7.87 ,'10.0 ( : 0(10 0.72 0.20 (I.,50 5.84 1:10 5.08 25 / S202

47 HHV :io:ii 1:10.7:1+141 110 12.81 12.42 11.82 0.80 0.18 0.07 0.08 0 22 5.80 0.22 / I
48 USB 0-1004 1:10.75+4,52 110 11.07 10 0:1 10 7:1 0.80 0.18 0.07 0.01 0.07 5.84 0.07 / I
40 IIB  21800 1:10.70+0.48 H lV ii... 7.51 8.00 7.75 '22.0 1) 0.08 0.05 0 27 0.80 5.00 4.42 0.00 « /
50 USB 0-1840 i:io .78+:i.,57 110 11.20 11.01 10.71 0.74 0.18 0.07 0.05 0.40 5.80 0.10 / I
51 IIB+.50 01:1 1:10.00+2.10 A i m 11.05 10 8:1 10,52 0.70 0.01 0.00 0.01 0.50 5.00 0.01 5 0 0 /2

5'2 USB 0-1-202 1:10.00+2.01 AO 12.01 11.70 11.15 0.02 0.04 0.02 0.01 0.01 5.85 0.01 / I
5:1 USB 0-1:115 i : io o 7 + : i  47 IIOV 10:1:1 10.15 0.00 0.0 0.01 0.18 0.07 0.04 0.8(1 5.80 0.80 / I
54 USB 0-1280 140 .04+ :102 117 11 0:1 11.81 11 .,'18 1.11 0.1:1 0.1:1 0,5:1 0:10 4 22 1.85 ,50 /5

55 111) 2:17000 140.05+1 01 110.51V:iiinar 0.15 1+55 0.01 0.0 1 :io 1.02 0.'20 0.80 5.51 1.42 7.10 12 / S202, Varialil,
50 111) 2:17001 140.00+1 02 lll:V :iiii|ii 8.0:1 0:14 8.70 +  7.0 1: 0.00 0.05 0.27 0.0(1 4.07 1.5 7.47 •1 / S202, 11, Htar
57 USB 0- 015 110 08 +  2 .41 AO 12.02 12:1:1 11.87 0.88 (1.04 0.02 0.07 0,50 5.88 0 ,50 7 0 0 /2

58 USB 0-1270 140 .00+ 2 .84 AO 12,48 12.10 11.7(1 0.82 0.04 0.02 0.04 0  :io 5.80 0:10 / I
.50 111) '20708 140 11 + :187 112111 IV 8.00 8 0:1 8 :17 2.0 ( ' 1 :io 0.02 0.24 0.75 5.15 4 10 5 (10'25 / Cam 1(1, DC 1:1
00 111) 10820 110.12 +  1.,54 OOlV 7.10 7.02 7.11 1 2  A 0.00 1.1:1 0:11 0.00 5 :18 1.10 8,50 T / S'202,Algol lyi». O

4k



Tnlil)! 4.4 I'liiit.; D ata  for C am  O D l P o |iiila liitii I Olijc-cti>

N o .  N a i i i i  " /‘ b‘‘
I'l'K 1 M''k1

M K  I I ' I I ' V
Iiiiiik) (nmsl |m"Kl [km i

l ) w l  

' 1  | k | "
(11-11)' ( n - v ) '  i r  m ;. logTf„
(|"«k1 1"i«k1 (iin'gl (llK'gl

M ‘m,i < ' o a i l l i r i l lH

| i i m g )  I I d "  yr)

III II n  2(17(11 l i d . 124:1  7d DdV d 0 7 d.dd d 74 4  I d d 0,3d (I.Id 0 .0 7 (4(1:1 (l.dO :i.d,3 (4110 / I
(1:1 III) 2 i i i :m 1-10.1(142.1(1 D2.,3IV-V 7(11 7 ,33 7 :ld 12,3 C 0.04 0.77 (422 (402 3.07 1 2d ,3 ,3d 2,3 / S202 ,  D, Ktiir

(1:1 U SD  d-UIdd 14(1.17 4:1.(12 AO 12.00 11 .70 11 35 0 .72 0 .04 (402 (414 (111 :id:i (407 5 0 0 / 2

III II.SI) d- l2d(l 1 Id I d 4 2 .7 ( l Dd 12.,3d 12 II 11 -Id (107 (I.Id 0 .07 (40:1 0.01 :i.d,3 (401 / I
11,3 II 1)4 ,3d (121 14d.2 l  42. (17 D,3V 10.70 10 d2 10,31 I I I (I.,30 0 .10 0.31 Odd 4.00 1 40 1,30/2

(III U S D  d- (Idd I l d . 2 2 4 l . d 2 AO 13 31 12.d-l 12.13 (I 70 0.04 0.02 0 .12 0.0,3 3.02 (402 / I
(17 U S D  d- (II I 14(1.24 4 1  d7 AO 13. Id 13.11 12:10 0 .73 0.04 (402 (41,3 (410 :i.d-i (410  ,300/3

(Id U S D  d- (i;id 140.2,3 4 2 0 4 AOIII II.-Id II Id 10.dl (I.d2 0.04 0 .0 3 0.01 o : id :i.dd 0 .0 0  ,300/2

(Id U S D  d - 1:12(1 l4 d .2 d 4 : IO ( l AO 13 dd 13.01 12.dO (I 02 0.04 (402 (4:10 0 .00 4 .10 (4:1(1 2 0 0 / 3

7(1 U SD  d- (1(1(1 1 4 d . 2 d 4 2  22 A i m 11.43 11.11 10.72 0.74 0.01 1400 0.01 (44:1 3 dd (400 ,300/2

71 HD 1,3d 571 14(1:124(104 HI 10 :io 10.71 KKId d .o  1: I 20 0 .0 5 (427 O dd 2 .05 4 Id 5 d 5 « / S202

n U S D  d- (Id2 14(1:1,342(10 Dd 11 ,30 II 41 II .  14 O.d-I (I Id 0 .07 0  12 0 .13 3.d2 0.0(1 7 0 0 / 2

7.1 U S D  d - 1:177 140.44 4:(.(l(l Dd 12.0,3 11.71 11 2d O dd O l d (407 0 .00 (42:1 3 d:i (423 / I
71 U S D  d-i:i(l(l I4d .4d 4: i . : id AO 12 d:i 12.-Id 12 III (I 0:1 0.04 0.02 0 .02 0 .07 3 d,3 (407 / I
7.3 III) 202d,3 I 4 d . , 3 d 4 l . d l D3III d.22 d 01 d:i,3 32(1  1) Odd 0,31 0 10 (440 2 d ( l -I Id -I 2(1 47 /

7(1 III) 2d,3(ld 140.(10 4 2  :ld Dl.,3IVviir d.0,3 d.-l7 d 2:1 2d.(l ( ’ Odd Odd 0.2,3 (40,3 3 2:1 4.31 ,3.23 2d / S202, V ariai,1,

77 U S D  d-i:i:i(i 1 4 0 . (1142 .77 AO 13.04 12.70 12.1,3 o .d i 0 .04 (402 0 .22 0 :id 3 dd (41,3 ,3(io/:i

7d U S D  d- 1,3(1 140.7,3 4 1 . ,3d DO 11.3-1 11 ,3,3 11.00 Odd (1,30 (41,3 0 .07 1 10 4 .32 3.1,3 22 /

7d III) 2dddd I4(l.d(l4:l.(l(l D ill lv a r 7.07 d.4(l 7.07 2 .0  1) ( I dl 0 .02 0 .2 4 (475 -1.05 I 37 0 .27 17 / S202, V ariai,1,

dll l .s 1 4,3d l i d I 4 0 . d ( l 4 l . 4 d D,3 10.72 11.02 1(1,311 (I.d2 (1,30 (410 0 .73 1 ,30 -1.37 :i.(id 1,3 / S202

d l D S D  d- 7dd 14() .d ( l42 .d7 AO 12.02 12 Id 12.04 0 07 (1.04 (402 (422 (477 3 (Id (4,3,3 ,3oo/:i

d‘2 D S D  d-i:tdd I40 .d ( i4 : i . l ,3 AO 13 20 I2.d3 12.2-1 o.d7 (1.04 (402 0.0,3 (4,3:1 3 d 7 (4,3:1 / I
d:l III) 2:17131 I 4 ( l . d l4 2 .d ( l D,3\3 d.0,3 d.d4 d 40 (402 (4,30 (410 (4,30 2 10 4 ,20 3.,3d 0(1 / Dr Ntar

d l DSD  d- 7d(l 140.1)742.(10 Dd 11.73 11.03 11 ,34 (I dO 0.47 ( I I I (4,31 (400 4,21 I I I 3 / 3

d.3 D S D  d- 7d(l 1 4 1 . 0 4 4 2  71 DO 11.40 11.00 11.21 1 12 (4,30 ( I I I (4,37 (4,3d 4.2,3 2.2d ,30 / I

dll III) 2(1,3-17 I 4 l . 0 d 4 l . ( l d D3III d.(l7 d.,3,3 d i d 1,3.0 1) 0 .70 (472 (420 (404 35:1 -I :KI ,3.3:1 25 / S202 ,  Hillary

d7 III)  2:17121 141 21 4 1  3d D0.,3Vs d.dd d 40 d d : l 12.0 ( ' 1 10 1 (12 0 .2 d ( I dl :i.:i,3 -I.,30 0 .5 0 « / S 202

dd D SD  d- ddd 141 2 3 4 2  4(1 Dd 11.dd 11 dO II 1:1 0 .77 (42d ( I I I (4:1:1 O l d 4.07 (i.do 1 0 0 /2

dd D SD  d- 77d 141 3 1 4 2 .0 ,3 DO 10 .do 11.10 10.dll 1.00 (4,30 (41,3 (4,3,3 (471 4 2-1 2.31 3(1 / I

dd III) 2dd,3d 141.44 4 2  23 D3III 7.dd d.2d d (12 Id.O ( ' (4d2 (472 (42(1 (4,3d 3 ,1,3 4 .20 ,3.(10 IT / S202 O
ca



Tnl»l<! 4.4  o ii it .:  D a ta  fo r C am  O D l P o p u la tim i I OIiJimUk

No. N am e" /‘ t ‘ MK Des.-- H ' 11' V " L „ Dist |/ ( H . |1 ) «  (H-V)« g ' ' M', l"A T fn M L , lui) ( 'om m eiits

(deg.) [deg.] (mag] [mag] [mag] (km  s ' 1 (k|"-| [mag] [mag] [mag] [mag] [m agj (lO" yr]

91 III)  21291 141 ,50+ 2  23 H 9la 4.39 4.02 4.21 0.8 11 1.02 II A7 0.03 OAA 7.10 4.01 7.48 9 / S 202 ,C am  HI

92 H D +O I 023 1 4 1 ,5 0 + A. 22 H2e 9.02 9.51 9.03 0.71 0.81 0.24 0.89 3.1,5 4.48 0.20 A / 111 s ta r

93 III) 20041 141,57 11.41 AOIa 0.00 II A2 A.79 11.9 11 1.37 0 39 0.01 0.40 (I 39 3.99 0.71 lA / I ) ( ; i2 , ( 'a m  HI

94 HD+AA O il 112 .12+ 2  A2 HAH 12.04 11 AI 10.19 1.00 0.40 0.09 0.38 2.90 4.00 3,50 80 / S202

9A 111)21389 142.19 + 2.00 AOIah: 4.99 A. 10 4 A4 0 .0  A 0.03 0.31 0.02 0.311 7.20 3.99 7.,52 II / l) ( J I7 .( 'a m  HI

90 111) 2A090 143.19 + 7.34 HO Alll 7.09 7.04 7.31 3.0 C 1.08 1.0,5 0.29 0.82 I.,50 4.43 7.30 22 /
97 N (JC  I.A02 49 143.01+7.0A H3 10.99 11.22 10,72 1.00 0.07 0.20 0.(14 1.39 4.30 3.39 22 / N(:CIAII2

98 HHV M 30800 143.04+7 .03 113 10.09 10.99 10.49 0.90 0.07 0.20 0,71 1 02 4.3A 3 80 22 / N IK ! 1,502

99 HHV M 30804 1 4 3 .0 0 + 7 .t)2 HI 9.MA 10.23 9.00 A 1.0 1) 1.13 0.9A 0.27 0 All 2.M8 4.40 A. 78 8 / N (J ( ’1.502

100 HD-F02 OAA 143.08 +  7.70 112 9.03 9.99 9,50 0.97 0.81 0.23 0.71 2 41 4.3A 4 74 lA / N IJ I '1,502

101 H D -K il 078 143 .70+7.09 112 9.47 9.A9 9.41 23.0  C 0.84 0.81 0.24 0.82 2 74 4.43 A,54 8 / Hinary

102 A (I+ 0 2  344 143 7 1 + 7  02 113 11.23 11.34 10.72 0.90 0.07 0.20 O.lil 1.70 4 30 3.70 22 / N C I ’1,502

n. C n la lo g  di-sigiinlioii o f s ta r  at) given l>y, in ordiT  o f  (iri'ferenre, ils  IIH , HI), l,S  I, HSI) o r HHV entry .

I), ( in la r t i r  ro -o rilin a tea  { I "  , b " )  o f  s ta r.

0 . MK rjaas itira tio ii o f s ta r  as lisli'd  in (iS il2 .

d . HHV iiiio to in e tr if  indiri-s.

e. H ad ia l velocity  o f s ta r  corn  r li  il to  I .o ra l .S tandard  o f H is t assu m in g  s ta n d a rd  so lar m o tion . Tin lei 1er index, when listed  in SIM H A I), gives th e  u nality  

o f  th e  sp e c tra ; A - excellen t lo  K - poor.

f. D istan ce  from  m,, -  M„  =  A loii{(l) -  A +  .1,,, a ssu m in g  th e  in trin s ic  d o lo rs  an d  a h o ln te  m agn itn d e-co lo r re la tio n sh ip  o f Schm idI K ah r (1982) as given 

in l.a n g  (l!)!>2), an d  H =  A.I (b’itz p a lr ic k  ,V ( ia rm a n y  199(1).

g. In trin s ic  colors in te rp o la te d  from  F ilz t Jerald (1970).

h. Q  p a ra m e te r  as derived from  K<|. 4 1

1. A liso ln ie  m a g n itu d e  o f s ta r  from  Kq. 4.1, given d istan ce  from  m ain  seipience liltin g , 

j .  'I',.If ca lc id a ted  from  (H - V) (F low er 1977), a f le r  conversion from  Q  (.lohnson I9A8).

k Miioi o h la in e d  from  Mi- after ap p lic a tio n  o f  ho lom etric  co rrec tion , H ( ' (F low er 1977).

I. Ages for m ain  seipience s ta rs , from  th e  m odels o f  M aeder ,V M eynet (1988), and  for p re-m ain  seipience s ta rs , /,,m , from  I’a lla  & S tab le r (1993). 

S ta rs  w hich have an  am liignons age d e te rm in a tio n  have an  en try  for h o th  t,„ a n d  f,,m

O
O)
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4 .3 .2  T h e T h eoretic ian ’s H R  D iagram  for C am  O B I

In order to  es tim a te  th e  s ta te  o f evo lu tion  of th e  Cam  O B I dissociation it is 

necessary  to first transform  the O bserver's  H R  d iag ram  found in §4.3.1 into a  T h e ­

o re tic ia n 's  HR diagram , i.e.. ( Q . M y )  —*■ ( Teff.-V/boi)- Once transfo rm ed  in to  th is 

form  it is possible to  e s tim ate  th e  ages of th e  s ta rs  by com paring th e m  to  s ta n d a rd  

evo lu tionary  tracks. For m ain sequence s ta rs  an d  evolved stars th e  s ta n d a rd  m od­

els of M aeder &: M eynet (1988) were used, a n d  for th e  pre-m ain sequence s ta rs , of 

in te rm ed ia te  m ass (2 M : -  8  M j ). th e  m odels o f P alla  & S tab ler (1993) were used. 

T h e  evo lu tionary  tracks for lower m ass s ta rs  will not be considered as th e re  are  none 

in th e  sam ple.

T h e  algorithm  for converting from  the  o b serv er 's  HR diagram  to th e  th e o re ti­

c ian 's  d iagram  is as follows:

1. For class V th rough class 111 s ta rs  convert Q to a {B  — V) value using th e  

re la tionsh ip  Q = {B  — V’)/0.332: for class II and  class 1 s tars  th is  re la tionsh ip  

does not ap p ea r to  hold (Johnson 1958). In  th e  la tte r  case, th e  in trinsic  (B — V ) 

colors for a given spectra l type  have been derived  by in terpo la ting  in th e  tab les  

of F itzG era ld  (1970).

2. C onvert th e  de-reddened (B — V ) for all s ta rs , found in s tep  1 . to  an  effective 

te m p era tu re  by m eans of in te rp o la ted  values fit to  the  tables of Flower ( 1977).

3. C onvert M y  to  -V/boI using th e  ho lom etric  corrections. BC  (A/bo1 =  A/v +  BC) .  
again  by m eans of in terpo la ted  values from  th e  tab les of Flower (1977).

F igu re  4.6 is a  plot of this transfo rm ation  and  th e  p lo tted  d a ta  are  included in T able

4.4 ( th e  th ird - and  second-last colum ns). .Analyzing Figure 4.6. in te rm s of s te lla r  

m asses, suggests the  following conclusions:

1. S ta rs  m ore massive th an  6  .Mr

a. T he u pper m ain sequence is very well defined with a  turnoff th a t coincides 

w ith spectra l type  BO which suggests an  age som ew hat less th a n  10' yr. 

This is in agreem ent w ith M erm illiod (1981) who derived a  s im ilar resu lt for 

XGC 1502, a m em ber c luster of C am  O B I.

b. T he  position of th e  superg ian ts in th e  H R  d iagram  indicates th a t add itio n a l 

s ta r  form ation m ust have been going on  in  th e  region for a t leeist 1 -  2  x 1 0 ' 

y r. Furtherm ore , th e  presence of m any  evolved m ain sequence s ta rs  and  post 

m ain sequence sta rs  in th e  6 - 9  M? ran g e  ind icate  th a t s ta r  fo rm ation  in th e  

region can be pushed back to  ~  5  x 1 0 ' y r. C hap ter 6  deals w ith  ev idence
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F ig u r e  4 .6  T h eo re tic ian 's  H R  d iag ram  of Cam  O B I. T h e  m ain  sequence and  

evolved s te lla r tracks (solid lines) a re  from  M aeder & M eynet (1988) w hile the  pre- 

m ain  sequence tracks (dashed  lines), w hich represent th e  p a th  of stairs once they  

em erge from th e ir  n a ta l cocoon and  have ceased to  accre te  m ateria l (dash -do t line), 

a re  tak en  from  P alla  & S tab ler (1993). T h e  sym bols a re  th e  sam e as for Figures 4.5.
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supporting  th e  physical connection between th ese  m ore evolved stars w ith 

the Ccim O B I em ission.

c. T here does ap p ea r to  be a gap in the  popu la tion  of m ain  sequence sta rs  

between 9 and  12 M j . bu t given th e  incom pleteness of th e  survey it cannot 

be ruled ou t th a t these stars exist, but have been m issed. It is also possible 

th a t m isiden tihcation  of some stars could co n trib u te  to  th e  presence of such a 

gap, e.g.. HD 20798 is assum ed to  be a  class III s ta r  to  sim plify  its placem ent 

on the  HR d iagram  (just below the  12 M ? m ain sequence evolu tionary  track), 

while in fact it is classified as a class III-IV" s ta r . T he  change in BC for 

the very early  s ta rs  differs dram atically  betw een lum inosity  classes (a full 

m agnitude for a  B3 s ta r  between lum inosity  class HI an d  class V - Flower 

1977) and  con tribu tes to  some of th e  sca tte r in F igu re  4.6.

d. It should also be noted th a t there are no known C epheid  variables (late F- to 

early G -type superg ian ts) in the C am  O B I region considered in the present 

survey nor were any identified in th is work.

2. S tars betw een 6  .\It, and  2  M?

a. There are 6  s ta rs  which lie to the right of the m ain  sequence bu t are classified 

as m ain sequence stars. These s tars  fit ex trem ely  well on to  th e  pre-m ain 

sequence evolu tionary  tracks of Palla & S tab ler (1993). T he  placem ent of 

these s ta rs  in th e  theore tic ian 's  HR diagram  canno t be exp lained  as due to 

errors in e ith e r co-ord inate (the erro r in log Teff ~  ± 0 .05  w hile the error in 

.l/soi ~  07^2 — 1“ 0 ) or th e  conversion to th e  th eo re tica l p lane or o ther effects 

such as rap id  ro ta tion  (F inkenzeller L  M undt 1984) or d up lic ity  (De Geus 

1990). b o th  of which will tend to  brighten the  s ta r .  Hence, these stars are 

alm ost certa in ly  pre-m ain  sequence stars.

b. There is a second popula tion  of s tars in the  th eo re tic ian 's  HR diagram  in this 

mass range which have poorly determ ined  or am biguous ages and  fit equally 

well on to  bo th  th e  pre-m ain sequence and m ain sequence evolu tionary  tracks. 

W ith in  th is group there  is a group of class III s ta rs  c lustered  about Tcft =

4.0 and  fa in ter th an  .l/goi ~  —1™. This collection of s ta rs  is present in 

the  observer's H R  diagram  (Figure 4.5), bu t does not s tan d  ou t as such a 

d istinct fea tu re  cis it does in the  theore tic ian 's  d iag ram . H erbig (1985) has 

noted th e  presence of class III stars in the  v ic in ity  of th e  T rapezium  C luster 

(see also F inkenzeller & M undt 1984 and  B errilli e t al. 1992) which he
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argues are p re-m ain  sequence stars, ra th e r th a n  evolved s ta rs , on the  basis 

of th e ir overabundance of Li I (6707 A). However, it is not exp ec ted  th a t this 

elem ent will surv ive for an  appreciable leng th  of tim e  (less th a n  10  ̂ y r) in 

th e  a tm ospheres of stars m ore m assive th an  ~  2.5 M,j (H illenbrand . p rivate 

com m unication). It m ay be th a t th e  tran sfo rm a tio n  from  th e  observer's HR 

d iagram  to th e  theo re tic ian 's  HR diagram  has p roduced  th e  clustering of 

these  objects b u t they  still are alm ost certa in ly  p re-m ain  sequence stars.

It is useful to plot th e  spa tia l d is tribu tion  of all s ta rs  in th e  C am  O B I region in 

order to  discern any p a tte rn s  in th e ir  d is tribu tion  as well as to  p rovide some clue as 

to the n a tu re  of the  s ta rs  below 6  M ; which have poorly  d e te rm in ed  o r am biguous 

ages. F igure 4.7 (u p p er d iagram ) shows a plot of th e  position  of th e  s ta rs  in Cam  

O BI as a function of th e ir  ages, while F igure 4.8 is a  plot of th e  C am  O BI stars 

by lum inosity  class. F rom  th e  spa tia l d istribu tion  o f s ta rs  shown in Figure 4.7 it 

would ap p ea r th a t, for th e  m ost p a rt, the re  are s ta rs  of all age groups scattered  

throughout th e  region. T he two obvious concen tra tions of s ta rs  in th e  region are 

XGC 1502 (upper left hand corner) and Cam  R I (boxed  region). X G C 1502 has 

been previously discussed (M erm illiod I98I) bu t C am  R I has not been  discussed in 

any great detail.

. \  h istogram  of th e  age d istrib u tio n  of stars in C am  R I is also provided in F igure 

4.7 (lower d iagram ). From  this d is trib u tio n  it would ap p ea r th a t th e  oldest stars 

(age IV s tars) are sca tte red  uniform ly throughout C am  R I. It is also apparen t th a t 

there is a  concen tra tion  of younger m ain sequence and  evolved s ta rs  (ages I -  III 

stars) in C am  RI S. It is in teresting  th a t th e  ra tio  o f ages I. II and  III stars is the  

sam e in C am  R I S and  C am  R I X. bu t th e  to ta l nu m b er of s ta rs  in  C am  R I S (15) 

and Cam  R I X (4) is prohib itively  sm all and  does no t allow a  s ta tis tic a l analysis 

to  test this observation. If th is ra tio  does indeed hold  th e n  it suggests th a t both  

populations com e from  th e  sam e paren t popula tion , bu t th e re  a re  sim ply not as 

m any s ta rs  in Cam  R I X. and  th a t m ost, bu t not all. of th e  s ta r  form ing activ ity  in 

the Cam  R I region w ith in  th e  last ~  I — .30 x 10^ y r  ago. o ccu rred  in C am  R I S.

T here is also a very in teresting  correlation of s ta rs  w ith  poorly  determ ined  ages 

in th e  C am  R I region w ith  th e  o th e r s te lla r popu la tions. In C am  R I S. the to ta l 

num ber of such stars (14) equals th e  com bined n u m b er of p re-m ain  sequence stars 

(6 ) and class III stars (7) -  th e  two dom inant popu la tions of s ta rs  w ith  known ages. 

In Cam  R I X. there is a  large increase in th e  num ber o f s ta rs  w ith  poorly  determ ined
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Figure 4.7 T he upper d iag ram  is th e  spatia l d istribu tion  of s ta rs  in th e  C am  O B I 

region by ages. T he  defining boundaries  for Cam  R l N and  C am  R l S are  illu s tra ted  

in th is  diagram . In th e  lower d iag ram  th e  num ber d is trib u tio n  o f s ta rs  in th e  C am  R l 

region, i.e.. in th e  region h igh ligh ted  by th e  rectangu lar grid  in  th e  u p p er d iag ram , 

is p lo tted . T he sym bols used in th e  lower diagram  are: 

asterisk : m ain  sequence or evolved sta rs  

open circle: p re-m ain  sequence stars 

solid squares: s ta rs  w ith  poorly determ ined  ages.
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ages (25). b u t this is very well m atched  by th e  increase in pre-m ain  sequence s ta rs  

(24). w hile th e  num ber of age class III s ta rs  decreases (2). On th e  basis o f th e  

popu la tion  d is trib u tio n , and  w ith no add itional in fo rm ation , it w ould ap p ea r th a t ,  

in C am  R l S. the  stars w ith  poorly determ ined  ages p robab ly  are  aji equal m ix  of 

pre-m ain  sequence s ta rs  and  evolved s ta rs , while in C am  R I N. th e  s ta rs  w ith  poorly  

de te rm in ed  ages are p robably  pre-m ain sequence sta rs .

T he  question  rem ains, are th e  old stars (say 30 -  100 xlO^ y r) in th e  m ass 

range 2 - 6  Mr. identified as lying in th e  C am  R l region really p a rt o f C am  O B I? ' 

The orig inal spectra l survey of th e  region (Schw assm ann & van R hijn  1947). as well 

as th e  follow up  work by Jonas (1971). where m any of th e  cleiss III s ta rs  were given 

the ir lum inosity  classification, was com plete for s ta rs  as faint as ~  1 2 ™ w ith in  

the b o u ndaries  considered here. If th is  is th e  case, th e n  th e  enhancem en t in la te  B- 

and early  .\- ty p e  stars seen in th e  C am  R l region is in fact a  real en h an cem en t over 

the no rm al space d is trib u tio n  for these stars in th is region. T here m ay  very well 

have been  som e dispersion of these stars into th e  su rro u n d in g  space, w hich we see in 

the presence of age class IV stars, bu t for th e  m ost p a rt th e  stars a re  well con ta ined  

w ithin th e  C am  R l boundaries. W hatever th e  s ta r  form ing  process, it seem s to  be 

gentle enough  and sufficiently long lived to have p roduced  stars w ith in  a rela tive ly  

small space  over several 1 0 ' yr.

4.4 C on clu sion s

S um m ariz ing  the  resu lts of this chap ter we have th e  following:

1. In ag reem en t w ith Heeschen (1951). th e  Local CO  em ission identified  in th e  

p resen t survey (Di96) is at a  d istance of 2.50±ô0 pc.

2. In th e  case of th e  Perseus CO em ission, th e  work o f GS92 places th e  tw o as­

so c ia ted  ste llar groups Cas 0 B 6  and Per O B I a t a  d istance of 2.40 kpc and  

2.30 kpc. respectively. Since these two groups lie in front of th e  Perseus CO 

em ission , a  represen ta tive  d istance for th is em ission is 2500±200 pc. This dif­

fers significantly  from  th e  k inem atic  d istance ( ~  3.5 kpc) derived  from  B rand  

k  B litz  (1993).

3. It is possib le to construct a  m ain  sequence of B -type  stars in th e  C am  O B I 

region in an observer's HR diagram . From  th e  fit of this m ain  sequence to  

s ta n d a rd  em pirical m odels it follows th a t th e  d is tan ce  to  the C am  O B I s ta rs , 

and  by  association th e  C am  O B I CO em ission, is 975± 90  pc.



114

4. It is possib le to  ex tend  th e  observer's H R  d iag ram  to  include th e  m ore evolved 

sta rs , h o tte r  and  cooler s ta rs  on the  m ain  sequence and  pre-m ain  sequence s ta rs  

down to  an  M v  ~  4-1” .

5. It is also possible to  construct a well defined theo re tic ian 's  H R  d iagram  for 

th e  C am  O B I sta rs  w hich suggests th a t s ta r  fo rm ation  has been going on in th e  

region for ~  50 -  I x 1 0 ® yr. as judged from  th e  m ain  sequence sta rs  and  evolved 

sta rs  in th e  m ass range 6  -  25 M j .

6 . T here  is a  well defined popula tion  of pre-m ain  sequence sta rs  w ith  ages ~  3 -  

1 X 10® y r concen trated  in th e  C am  R l region. In particu lar, these  sta rs  a re  

co n cen tra ted  in the  no rthern  half of th is  com plex (C am  R l N).

7. T he m ore  evolved stars in th e  C am  R l region are concen tra ted  in th e  so u th ern  

half of th is  com plex (C am  R l S).

S. T here  ex ists  a  population of s tars which have poorly defined ages whose sp a tia l 

location suggests they are prim arily  p re-m ain  sequence stars in th e  n o rthern  half 

of th e  C am  R l region (C am  R l N) an d  equally  m ixed pre-m ain sequence and  

m ain  sequence stars in th e  southern  half of th e  C am  R l region (C am  R l S).

9. W h atev er th e  s ta r  form ing m echanism  a t play in C am  0 8 1  it appears to  be 

a re la tive ly  gentle and long-lived process and  has produced a concen tra tion  of 

s ta rs  in th e  C am  R l region.
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Chapter 5
Extreme Population I Objects

A n analysis o f  sources in th e  IR A S  p oin t source ca ta lo g , co inci­
dent w ith  th e  C am  O B I reg ion , is p resen ted . A  n um ber (1 6 ) o f  
th ese  sou rces can  be characterized  as can d id ate ex trem e  P op u ­
lation  I o b jec ts  on  th e  basis o f  th e ir  infrared colors. A d d ition a l 
ob servation s look ing for m eth a n o l meisers and m olecu lar outflow s  
are also p resen ted . N o m asers w ere d iscovered  in th e  C am  O B I  
region , b ut a  new  one, a sso c ia ted  w ith  IR A S 024 5 5 4 -6 0 3 4 , was 
discovered  in th e  background P erseu s arm . A  new  m olecu lar o u t­
flow, A F G L 490-ik i, which is a sso c ia ted  w ith  IR A S  032344-5843 , 
was d etec ted  in th e  C am  O B I reg ion .

5.1 In trod u ction

In C h ap te r 4. a  th eo re tic ian 's  HR d iag ram  was construc ted  for th e  C am  O B I 

stars in o rder to  p rovide som e insight in to  th e ir  evo lu tionary  s ta te . In th is  chap te r 

the o b jec ts  in C am  O B I associated w ith  s ta r  form ing regions will be identified  on 

the basis of th e ir  in frared  em ission, in o rd e r to  trace  out th e  m ost recen t epoch of 

s ta r form ation. T hese  ex trem e P opu la tion  1 o b jec ts  (eP lo) include: H .\e /B e  stars, 

m ethanol (C H 3 O H ) m asers. m olecular outflow s, reflection nebulae  and  Hii regions. 

Together w ith  C h a p te r  4. it should th en  be possible to  com pile a  record  of th e  s ta r  

form ation th a t has occurred  in th e  C am  O B I region from  a few x i O'  y r  ago to  th e  

present tim e. T h e  I R A S  point source ca ta log  (B eichm an e t al. 1988). served as th e  

principal d a ta  set for all of the  analysis in th is  ch ap te r, . \d d itio n a l observations of 

m ethanol m asers and  m olecular outflows, carried  ou t by th e  au th o r, w ere m o tiva ted  

to  a  large degree by th is  analysis. C onfirm ation  of th e  association betw een  th e  eP lo  

and P lo  (P o p u la tio n  1 ob jects) in th e  C am  O B I region, as selected  in C h ap te r 4 

and 5. will be m ade in C h ap te r 6 .

e P lo  are a  very diverse group of o b jec ts , d riven  by different physical processes. 

H A e/B e s ta rs  inc luded  in th is list, i.e., identified  by th e ir  in frared  em ission, repre­

sent in te rm ed ia te-m ass s ta rs  w hich still have residual dust from  th e ir  n a ta l cocoon
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su rround ing  th em  in th e  form  of shells or disks (H illenbrand  e t al. 1993). For s ta rs  

less m assive th an  6  M.t, th e re  is a 'b ir th lin e ' w here these s ta rs  cease to  accrete  m a­

te ria l and becom e optically  visible (P alla  &: S tab le r 1993). w hile s till undergoing 

fu rth e r  con traction  until th ey  arrive  on th e  m ain  sequence. T hese  op tically  visible

H .\e /B e  stars  have been identified and  discussed in C hap ter 4.

M ethanol mrisers were first de tec ted  in s tud ies tow ards th e  g a lac tic  center (B all 

e t al. 1970) and  th e  O rion s ta r  form ing region (B arre tt e t al. 1971). W hile it is 

poorly  understood, it is believed th a t th e  pum ping  m echanism  for th e  m ethanol 

m aser considered here (the  5i — fio.d'*' tran s itio n  a t 6 .6  GHz) is due  to  the  am plifi­

ca tio n  of th e  infrared  con tinuum  em ission com ing from an  UC (u ltraco m p ac t) Hii 

region (M enten 1991). i.e.. from  the  Hit region generated  by a  m assive  s ta r du ring  

th e  earliest stage of its evolution (t <  lO"* yr. W ood & C hurchw ell 1989). O bser­

vations of can d id a te  ob jects selected  on th e  basis of their in frared  colors (Lyder & 

G alt 1997) did not reveal any m ethano l m asers in th e  C am  O B I region, w ithin th e  

boundaries of th e  present CO survey (Digel e t al. 1996. hereafter D i96). This would 

suggest th a t the re  are  no m assive s ta rs  (say M  >  2 0 .1 /7  ). a t least a t th is  early  stage  

of evolution, in th e  C am  O B I region considered in the p resen t survey. However, 

th ese  observations did lead to  the  discovery of a new m ethano l m aser associated  

w ith  th e  infrared source 1R.A.S 024554-6034 located  in the Perseus region.

M olecular outflows are believed to be associated  with th e  very  earliest evolu­

tio n a ry  period of a  p ro to -star while it is still accre ting  m ateria l (F uku i et al. 1993). 

Indeed , it has been argued th a t these  outflows are  u ltim ate ly  pow ered by th e  po­

te n tia l energy released by th e  accretion  process (S trom  et al. 1988). and  serve as 

th e  only m eans to  rem ove sufficient angular m om entum  to  allow th e  grow th of th e  

s te lla r  core (H artm a n n  &: M acG regor 1982). T h e  lifetim e of an  outflow  is typ ically  

~  5  X lO"* y r  (Fukui 1989). in agreem ent w ith th e  accretion tim e  scales. Hence, an  

outflow  is the  surest signatu re  of th e  very earliest stages of s ta r  form ation . As it 

tu rn s  out. there  a re  a t least two outflows in th e  C am  O B I region covered by th e  

p resen t survey (Di96) — th e  well known and very energetic outflow  A FG L  490 (Snell 

e t al. 1984. K aw abe e t al. 1984. C am pbell e t al. 1986. H asegaw a 1986. M itchell et 

al. 1992. M itchell e t al. 1995) and  its newly discovered com pan ion  outflow .AFGL 

490-iki (P u rto n  e t al. 1995).

Finally, reflection nebulae and  Hii regions represen t the  in te ra c tio n  of th e  in te r­

s te lla r  m edium  (ISM ) w ith stars: reflection nebu lae  are p roduced  by th e  sca tte red
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s ta rlig h t from  neighboring dust, while Hii regions are  p roduced by em ission  from 

gas w hich has been ionized by hot stars. T h e  tim e scales for these ob jec ts  a re  m ore 

diflBcuIt to  estim ate . Reflection nebulae can  be p roduced  e ither by re la tive ly  old 

s ta rs  w hich are  recent in terlopers into the  region, e.g.. th e  Pleiades, o r by rela tively  

young s ta rs  which are  know n to be part of a  s ta r  form ing region, e.g .. O rion . Well 

developed  Hll regions can  be identified a t op tical w avelengths by their ch arac te ris tic  

Ho em ission , and  they  m ay be relatively old. i.e.. as old as th e  lifetim e of th e  m ain 

sequence s ta r(s )  energizing them  (C hap ter 6  identifies th ese  sources in d e ta il) . UC 

H i i  reg ions are  associated  w ith the very earliest evo lu tion  of massive s ta rs  an d  are 

very sh o rt lived (see th e  discussion on outflows above).

T h e  o u tlin e  of th is ch ap te r is slightly different from th e  o thers in th is  thesis, as it 

includes ad d itional observations of m ethanol m asers and  m olecular outflow s, which 

are of in te re s t in th e ir  own right. Hence, th e  sections dealing  w ith th ese  ob jects  

are p resen te d  in th e  form  of m ini-papers w ith in  th e  ch ap te r. §5.2.1 w ill describe 

the  se lec tion  of infrared  ob jects  in the  C am  O B I region, w hile in §5.2.2 th e  infrared  

sources w hich have been selected will be characterized , i.e.. w hether th ey  a re  UC Hll 

regions, o r H .\e /B e  s ta rs , e tc . §5.3 will present an investigation  of th e  eP Io  in C am  

O B I on th e  basis of th e ir  optical and radio  em issions. In §5.4 the  results o f a  survey 

for 6 .6  G H z m ethanol m asers. undertaken in the  Fall o f 1994 with th e  26m  dish  at 

th e  D om in ion  Radio .A.strophysical O bservatory  (DR.AO). will be presen ted . In §5.5 

high reso lu tion  (20") observations of ^^CO ( J = 2 - I )  of se lec ted  regions w ith in  C am  

O B I. g a th e red  in J a n u a ry  1995 with th e  Jam es Clerk Ma.xwell Telescope (JC M T ). 

will be  p resen ted . T hese  high resolution observations led to  the discovery of the  

m olecu lar outflow  .AFGL490-iki (P u rton  e t al. 1995). §5.6 will provide a  su m m ary  

of th e  s tu d y  of ePIo. identified  by th e ir I R A S  colors, in th e  C am  O B I region.

5.2 In frared  O b jects in Cam  O B I

5 .2 .1  S e lectio n  o f  C andidate Infrared O bjects in C am  O B l

T h e  p rincipal source of inform ation in th is  ch ap te r is a  catalog of d a ta  taken  

w ith  th e  Infrared As tronomical  Satellite ( IR A S ) ,  w hich o rb ited  the  E a r th  du ring  

1983 a n d  m ap p ed  96% of th e  sky a t 12. 25. 60 and  100 ^ m . Reliable d e tec tio n s  of 

245,889 p o in t sources an d  extended s tru c tu re s  sm aller th a n  8 '  were o b ta in e d  in at 

legist one o f th e  bands. T h e  sensitivity  of th e  survey for po in t sources, aw ay from  

sp a tia lly  confused regions of the sky. was ~  0.5 J y  a t 12, 25 and  60 /im  an d  ~  1.5
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Jy  a t 100 /im . T h e  angular reso lu tion  of th e  in s tru m en t varied betw een ~  2' a t 12 

/im  to 6 ' a t 1 0 0  /zm while th e  positional accuracy  was typ ica lly  b e tte r  than  2 0 ". 

T h e  band w id ths (FVVHM) for th e  four bands, from  12 to  100 /im  respectively, were 

7.0, 11.2, 32.5 and  31.5 y.m (B eichm an e t al. 1988). All o f th e  infrared sources 

(1639) listed  in SIMB.A.D w ith in  th e  boundaries o f th e  p resen t survey  are  shown in 

F igure 5.1. w hich includes a few sources which have been d e tec te d  only a t 2 /zm 

from  ground based  observations.

The s tra te g y  for selecting those  objects associated  w ith  th e  C am  O B I em ission is 

slightly different from  th a t em ployed for the  P lo . in th e  sense th a t  it is assum ed th a t  

th e  ePIo of in te res t are indeed very young ob jects  an d  m ust be very  closely coincident 

w ith  the m olecu lar gas from w hich they  form ed. F urtherm ore , th e  association of th e  

eP lo  w ith th e  m olecular gas m ust be unique and  real, i.e., th ey  should  be associated  

only with th e  C am  O B I moleculeur gas. they  m ust represen t a  rea l enhancem ent over 

th e  background source count, and  it m ust be possible to  ch arac te rize  th e  sources in 

te rm s of th e ir  in frared  colors.

The selection  of cand ida te  eP lo  in the  C am  0 8 1  region requ ired  two passes 

through th e  d a ta . T he first pass, th e  initial selection of in frared  sources, m ay be 

sum m arized as follows:

1 . . \  control region in th e  p resen t survey, judged  to  be free o f ongoing s ta r  form ing 

activ ity  on th e  basis of its random  coverage, was selected. T h e  chosen region is 

bounded by 144° > I > 139°. 4 -8 ° >  6 >  4-4° (see F igure 5.1).

2. The con tro l region, selected in Step 1 . wéis th en  divided in to  cells of reasonably 

large size, in o rder to  o b ta in  m eaningful s ta tis tic s  on th e  varia tion  of source 

counts in a  cell. .A. cell size of 0?5 x 0?5 was judged  to  be  ad equa te , resu lting  

in 80 cells in th e  control region. A ssum ing th a t  th e  s ta tis tic s  for th e  num ber 

of sources p e r cell followed a  Poisson d is trib u tio n , th e  background  source level 

away from  any  s ta r form ing regions was found to  be 1.96 sources cell"* w ith  a  

l(T dev ia tion  of 1.40 sources cell"*. T he ‘b ackground’ sources included a  m ix 

of tru e  background  sources, e.g .. background galaxies, as well as sources which 

may be in th e  foreground or in Cam  O B I b u t are u n re la ted  to  s ta r  form ing 

regions, e .g .. carbon stars  o r p lanetary  nebulae.

3. A density  m ap  covering th e  en tire  survey, b u t w ith pixels o f 0?5 x 0?5, was th en  

generated  by placing th e  sources in F igure 5.1 into th e  ap p ro p ria te  cell. An 

enhancem ent was defined on  th is grid as such, if th e  to ta l n u m b e r of sources in
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o ^  ÔSàrp „ OO O o
„ ® o Q Q5b

\o==

_  _*= % Af %
3>. X S ■ . . f  ^  % 0

:%  -a■■̂° B__o 'fljgo°§ => ®
142' ir.o ■ 3s° 136°

GALAC'iC _ 0 \ C r L D E
1 3 4 °

Figure 5.1 Location of all infrared ob jects (1639) w ith in  th e  p resen t survey  bound­

aries (D i96) as se lec ted  from th e  SIM BAD . Som e clustering  is obv ious in th e  field 

bu t a  m a th em a tica l tre a tm e n t is required to  sep ara te  tru e  en h an cem en ts  from  the  

background  (see te x t) .____________________________________________________________

th e  cell lay a t least 3<t above th e  m ean. i.e.. 6.16 sources cell“ L T h is  in te rm ed ia te  

s tep  is not show n.

4. T h e  density  m ap genera ted  in S tep  3 was th en  regridded on to  a  grid  sim ilar to 

th e  present survey, i.e.. 0°0625 x 0?0625 pixels, using th e  DR.AO inhouse rou tine 

mapconvrt  (cubic sp line) and th e  enhanced  regions were then  com p ared  w ith  th e  

th re e  d is tin c t zones o f CO em ission, i.e.. Local. C am  O B I an d  Perseus. F igure

5.2 shows these  com parisons.

5. C an d id a te  eP Io  w ere then  selected  if it was de te rm in ed  th ey  lay  w ith in  an  en­

hanced  region w ith  respect to  th e  background source counts, i.e .. w ith in  th e  first 

co n to u r level in F igu re  5.2. In F igure 5.2. the  num ber of sources (132) included 

in  th e  enhanced  region (to ta l area  ~  3.3 deg^) suggests an average density  of ~  

40 infrared  sources deg 'A . an  enhancem ent by a  fac to r of five over th e  contro l 
region.

In Figure 5.2 there are several obvious clusters of infrared sources which can be as-
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F ig u r e  5 .2  O verlay  of enhanced  density  of infrared  features on to  CO em ission. T he 
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F ig u r e  5 .2  c o a t .  50.00. 70.00. 90.00 sources cell“  ̂ (w here a cell is defined as a 

0?5 X 0^5 region). T he  I R A S  sources in th e  C am  O B l region, w ithin th e  enhanced  

infrared source regions, are  also shown (open circles) for illustration .

T he  CO em ission is shaded at a m inim um  (.3<r) level ap p ro p ria te  for each region 

and increased by a  facto r of 1.58 thereafter. T h e  ap p aren t cutoff in th e  density  

contours a t lower G alac tic  b and  higher G alac tic  I is an  a rtifac t of th e  p lo tting  

program .________________________________________________________________________

sociated  w ith CO em ission. T he dom inant in frared  clustering  in the survey field 

takes th e  form of an  enhanced  band of sources w hich are very well co rre la ted  

w ith th e  Perseus CO em ission betw een I — 133° and  I =  139° and  from b =  —2° to 

b =  + 3°. The strongest enhancem ent in th e  num ber o f sources seen in th e  d a tase t 

(/ =  13:3?5. 6  =  +1°) is associated w ith th e  VV3 region. Two sm all enhancem ents 

near / =  L34°75.6  =  —0?5 and I =  135Î75. b =  +0^25 can  be associated w ith  features 

in Perseus or the  Local em ission. However, given th e  s ta r  form ing ac tiv ity  along 

th is line-of-sight (G arm any  & Stencel 1992). these  sources are probably associated  

w ith  th e  Perseus em ission. T he sam e argum ent can  b e  applied  to  th e  enhancem ent 

cen tered  on / =  140?5, 6 =  0?0. which closely follows th e  tu rnover in the Perseus CO 

em ission near / =  138T5,6 =  +1?5.

T h ere  are th ree  infrared features which s ta n d  ou t as probably  being associated
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w ith  th e  C am  O B l CO em ission. These featu res, in o rd e r  o f decreasing  size, a re  

centered  on / =  142T0.6 =  +2?0. I =  14Œ 0.6 =  +2^.5 and  I =  13S?5.6 =  +:3?5. T h e  

largest is co incident w ith  th e  active s ta r  form ing region C am  R l (C h ap te r 4). It 

should  be n o te d  there  are som e Perseus CO em ission fea tu res  w hich could  be associ­

a ted  w ith  th ese  enhancem ents, bu t the morphology' (large w id th ) of these  en hance­

m ents and  a  b e tte r  positional coincidence w ith  C am  O B I C O  em ission  suggest th a t  

th e  m a jo rity  of the  infrared sources com prising these en h an cem en ts  a re  associated  

w ith  the  n earby  C am  O B I em ission (and in p a rticu la r w ith  th e  fea tu re  defined as 

C om plex F in C h ap ter 7 for th e  first in frared  en h an cem en t, and  Com plex B for 

th e  second an d  th ird  infrared  enhancem ents). T here  m ay b e  som e con tam in a tio n  of 

these  th ree  enhancem en ts by Perseus infrared sources, w hose co n trib u tio n  is difficult 

to  estim ate , b u t this will be m inim ized in a second pass th ro u g h  th e  da ta .

O ther fea tu res which requ ire  some com m ent include tw o s tro n g  infrared source 

enhancem en ts  near / =  I4I?0. 6  =  CT?0 and / =  I4:3îô. 6  =  —2T0. w hich are p robab ly  

Perseus sources as they  are  located  near s trong  Perseus C O  em ission. Finally, th e re  

is an enhancem en t near I =  132? 5. b =  w hich is well co rre la ted  w ith  Local an d  

C am  O B I em ission. T here do not appear to  be any young s ta rs  o r c lusters in th is  

region (C h a p te r  4) ind icating  w hether th is fea tu re  m ay b e  associa ted  w ith a  s ta r  

form ing region in Cam  O B I or th e  Local em ission. G iven th e  lack of co rrobora ting  

evidence th a t  these  objects are  associated w ith  th e  C am  O B I em ission they  will not 

be  included in any fu rther analysis.

The second pass of th e  selection process was to  select from  th e  list of in frared  

sources identified  as probably  associated w ith  th e  C am  O B I em ission a subset of 

th e  best q u a lity  possible, in w hich the  sources can be well m odelled  from th e ir  

infrared  em ission, and in w hich any  possible con tam in a tio n  from  background sources 

is m inim ized. T here  are th ree  steps to th is  process:

I. .An in itia l tria l selection process was chosen which req u ired  th a t  all in frared  

sources in th e  Cam  O B I enhanced regions have a t least a  m o dera te  q u a lity  

flux m easurem en t in two ad jacen t I R A S  w avelength b an d s  (63 sources in to ta l) . 

Figure 5.3 (lower two d iagram s) shows two color-color p lanes ([60 -  25] vs. [25 

-  12] and  [100 -  60] vs. [60 -  25]) for those sources w hich  could  be  placed on a t 

least one o r bo th  of these diagram s. I R A S  colors a re  defined  in th is  thesis to  be  

non-color corrected q u an titie s , i.e., th e  flux density  ca lcu la ted  a t th e  nom inal 

cen ter of each  bandpass has assum ed a source flux d en s ity  S \  oc A, and  are given
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by:

[2ô -  12] = l o g ( ^ ) ,  (5.1)
^ 1 2

[60 — 25] =  log{——). (5.2)
^25

an d

[ 1 0 0 -  60] =  M ^ ) .  (5.3)
te a

For com parison, th e  control region infrared p o in t sources subject to  a sim ilar 

c o n s tra in t are also shown in F igure 5.3 (u p p er tw o  d iag ram s).

In F ig u re  5.3 it would ap p ea r th a t, on th e  whole, th e  sources selected  in th e  enhanced  

in frared  density  regions in C am  O B l do differ in th e ir  loca tion  in both  color-color 

p lo ts from  those of th e  control region. In the  case o f th e  [12-25-60] plane, th e  control 

region s ta rs  are c lu ste red  around a  value of [25 — 12] ~  —0.3. [60 — 25] ~  —0.2, which 

are suggestive of s te lla r photospheres (W alker e t a l. 1989. hereafter VVS9). T h ere  

do a p p e a r  to  be a  few control region sources w hich a re  red d er, i.e.. [60 -  25] >  0.5. 

in th e  [12-25-60] p lane b u t the uncerta in ties  in  th e ir  fluxes m ilita te  against draw ing 

any firm  conclusions as to  their n a tu re . It also a p p e a rs  th a t  th e  cand idate  C am  

O B l sources are redder, as a  group, in th e  [25-60-100] p lan e  th a n  the control region 

sources. In m any cases th e  Cam  O B l sources have u n c e rta in tie s  which suggest th a t 

they  m ay  indeed be redder than  shown, which would increase  th e  difference betw een 

th e  tw o d a ta  sets.

2. E ven  given th e  s tro n g  evidence for the  d ifference betw een the  control region 

an d  C am  O B l in frared  sources using the  tw o flux c r ite r ia  illu stra ted  in F igure 

5.3. th e re  are still too  m any degrees of freedom  in th e  placem ent of the C am  

O B l sources in b o th  color-color planes. To red u ce  th is  uncertain ty , th e  final 

list of infrared sources will be fu rth e r re s tr ic ted  to  sources (26) which have a t 

least th ree  m odera te-quality  I R A S  flux m easu rem en ts . T h e  rem aining sources 

(37), possibly associated  w ith th e  C am  O B l em ission , a re  certain ly  in trigu ing , 

b u t th e y  require fu rth e r  observations in th e  in fra red  in o rder to  ascertain  th e ir  
n a tu re .

3. T h e  final step  in th e  selection of C am  O B l in fra red  sources is to  reconsider th e  

chance  th a t som e of th e  selected sources m ay n o t ac tu a lly  be associated w ith  

th e  C am  O B l em ission. In F igure 5.2 it ap p e a rs  th a t  th e  only  o ther p o ten tia l 

co n tam in a tin g  sources are those w hich are asso c ia ted  w ith  th e  Perseus em ission. 

As has been previously  argued in th e  section d iscussing  F igure 5.2, th e  w id th
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F ig u r e  5 .3  Color-color plo ts for infrared sources which have a t least tw o adjacent 

w avelength I R A S  fluxes of m odera te  quality . Sources in the con tro l region are 

shown in th e  upper two d iagram s, while those in the  enhanced regions associated 

w ith Cam  O B I (see Panel 3 of Figure 5.2), a re  shown in the lower two. .-\n open 

diam ond indicates a source capable of being reliably  positioned in  th e  [12-25-60] 

plane and an open square ind icates a source w hich m ay be positioned reliab ly  only in 

th e  [25-60-100] plane. F ive-point stars ind ica te  sources capable of being positioned 

in bo th  plots. An arrow  a tta c h e d  to  a sym bol ind icates the  d irec tion  th e  source 

moves in th e  plot due to  th e  quo ted  un certa in ty  or lim its in the fluxes.
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of th e  infrared enhancem ent regions assigned to  th e  C am  O B l region is m uch 

la rger th a n  th a t typ ical of th e  Perseus infrared  source regions, suggesting th a t 

m ost o f  th e  infrared sources associated w ith th e  C am  O B l region are correctly  

p laced. In order to  e lim inate  any Perseus sources, can d id a te  C am  O B l sources 

w ere no t considered for fu rther study  if they  h ad  a lready  been assigned to  th e  

P erseus region in th e  lite ra tu re  (VV'outerloot B rand  1989. M cC utcheon e t al. 

1991. VVouterloot et al. 1993). or if they  were zdso coincident w ith a  'icr level of 

P erseus CO em ission as shown in Figure 5.2. T h is s tep  e lim in a ted  9 sources from  

th e  in itia l list of 63. or 7 sources from th e  final list o f 26, leaving 19 can d id a te  

sources considered to  be probably associated w ith  C am  O B l.

5 .2 .2  T h e  N ature o f  th e  Infrared O bjects in  C am  O B l

T h e  availability  of infrared d a ta  on s ta r  form ing regions from  I R A S  led to  th e  

rap id  g row th  of the charac teriza tion  and u nders tand ing  of these  ob jects. T ypical 

exam ples o f th e  work on ePIos. based to a large e x te n t on I R A S  d a ta , include Hii 

regions (C h an  & Fich 1995), UC Hii regions (W ood & C hurchw ell 1989). T -T auri 

s ta rs  (R ucinsk i 1985. Beichm an et al. 1986, W ilk ing  e t al. 1992, P ru sti 1992).

H .A e/Be s ta rs  (W eintraub 1990. Berrilli et al. 1992). outflows (H asegaw a 1986). 

reflection nebulae (C astelaz et al. 1987) as well as m ore general surveys of s ta r  

form ing regions including I R A S  d a ta  (S trom  e t al. 1989. C arp en te r e t al. 1993. 

L ada e t al. 1993. O denw ald Sz Schw artz 1993). In all of these  cases the  analysis had 

to  con tend  w ith  the confusion and  sensitiv ity  lim its inheren t to  IR A S .  Im provem ent 

to  th is  s itu a tio n  can be m ade w ith specially enhanced  versions of th e  IR.AS  d a ta . e.g.. 

H IR ES (L aughlin  1991). or from using d a ta  ga th ered  in po in ted  observations from 
new er spacecra ft, e.g.. ISO. N evertheless, th e  observations p resen ted  in th e  second 

version o f th e  IR.AS po int source catalog (B eichm an e t al. 1988) still represen t th e  

largest d a ta b a se  from which to  draw  infrared d a ta  on s ta r  form ing regions.

.A.t th e  present tim e th e  m ost com plete analysis of I R A S  po in t sources, on th e  

basis of th e ir  colors, is due to W 89. In the ir analysis th e y  construc ted  a  se t of 

‘O ccu p a tio n  Zones' (OZs) for sources which possessed a t least a  good q u a lity  flux 

m easu rem en t a t 12, 25 and  60 /im , and  whose id e n tity  was already  known. T able

5.1 sum m arizes these resu lts using th e  I R A S  colors as defined in Eq. 5.1 -  5.3.

T h e  conversion betw een the  colors in W89 and th e  p resen t work is given by:

p a -  .21 =  ,'a.4,
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T able 5.1: O ccu p a tio n  Z ones for IR A S  P o in t S o u rces  

(ad ap ted  from  W alker et al. 1989)

Source [25 -  12] [60 -  25] [100 -  60] Designation
.Mean± l<r(no) Mean± l<r(no) Mean± l<r(no)

Bright stars -0 .5 9  ±0.05(1022) -0 .9 2  ±0.08(3142) -0 .42 ±0 .11 (509) a
O-rich stars -0 .3 0  ±0.14(2679) -0 .9 2  ±0.08(3142) -0 .42 ±0 .11 (509) b
Optical C-rich -0 .5 2  ±0.05(308) -0 .7 0  ±0.09(270) -0 .28 ± 0 .1 6 (7 9 ) c
LRS C-rich -0 .3 0  ±0.13(282) -0 .8 1  ±0.07(306) -0 .52 ± 0 .0 8 (5 2 ) d
HII 0.87 ±0.13(42) 0.84 ±0.18(60) 0.24 ± 0 .1 7 (4 9 ) e
Blue ref. neb. 0.11 ±0.13(31) 0.80 ±0.32(22) 0.43 ± 0 .1 8 (6 ) f
Red ref. neb 0.61 ±0.19(35) 0.61 ±0.33(27) 0 .1 8 ± 0 .15(17) S
Blue PN 0.15 ±0.20(41) -0 .1 8 ± 0 .3 1 (4 1 ) 0.02 ± 0 .4 0 (1 7 ) h
Red PN 0.85 ±0.30(159) -0 .0 2  ±0.36(170) -0 .34  ± 0 .12 (102) i
Blue galaxies 0.18±0.11(179) 0.80 ±0.06(179) 0.28 ± 0 .12 (343) j
Red galaxies 0.48 ±0.10(95) 0.68 ±0.05(95) 0.28 ± 0 .12 (343) k
Seyferts 0.48 ± 0 .1 4 0.42 ±0 .13 0.20 ± 0 .2 4 1

Quasars 0.31 ±0.18(49) 0.15 ±0.20(56) 0 .18±  0.16(37) m
T Tauri 0.14 ±  0.11(43) 0.02 ±0.22(46) 0.16 ± 0 .2 4 (1 6 ) n
LRS=3 stars 0.20 ±0.10(127) -0 .6 6  ±0.15(140) -0 .54 ± 0 .0 9 (2 1 ) o
LRS= 6  stars -0 .0 9  ±0.11(49) -0 .9 2  ±0.06(40) -0 .35 ±0 .4 0 (1 4 ) P
HHES 0.57 ±0.29(26) 0.34 ±0.34(29) 0.25 ± 0 .3 1 (2 8 ) q
Bipolar neb. 0.23 ±0.33(20) -0 .0 1  ±0.48(21) 0.39 ± 0 .3 1 (1 9 ) r

and

[60 -  25] =

[ICO -  60] =

[25] -  [60] -  2.26
i.o

[60] -  [1 0 0 ] -  1 .1 1

2.5

(5.5)

(5.6)

T h e  b racketed  q u an tities  on th e  righ t hand  side of Eq. 5.4 -  5.6 are  th e  q u an titie s  

o rig inally  presented  in WS9 (th e ir  Table I). In T able 5.1 th e  o ccu p a tio n  zones are  

defined by th e  m ean and s ta n d a rd  dev iation  of th e  sam ple, w hose size is given in 

paren theses. T he  designation  for th e  zones a re  as follows: a) o p tica lly  identified  

b rig h t stars , b) op tically  identified  oxygen-rich s ta rs , c) o p tica lly  iden tified  carbon- 

rich  s ta rs , d) carbon-rich  s ta rs  identified from  th e  Low R eso lu tion  S p e c tra  (LRS) 

A tlas  (1986), e) Hii regions, f) b lue and  g) red  reflection n eb u lae  as d e te rm in e d  

from  th e ir  fit in th e  [12-25-60] p lane and  th e ir  [25 - 12] co lor, h) b lue  an d  i) red 

p la n e ta ry  nebulae de term ined  from  th e ir fit in th e  [12-25-60] p lane, j )  b lue  and  k) 

red  galaxies, again determ ined  from  th e ir fit in th e  [12-25-60] p lane. 1) seyferts, 

m ) quasars, n) T  Tauri s ta rs , o) s ta rs  w ith  L R S = 3 , i.e., evolved  s ta rs  w ith  silica te
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absorp tion  a t 10 f im .  p) s ta rs  w ith  L R S = 6 , i.e.. evolved s ta rs  w ith  silicate em ission  

an d  a red co n tin u u m , q) s ta rs  believed to  be exciting  H erbig-H aro o b jec ts  an d  r) 

b ipo lar nebulae. T h e  last tw o designations, q) an d  r). a re  assigned by th e  a u th o r  

based  upon th e  work of VV S9.

In order to  m ake the OZs as com plete as possible, a t least in regards to  eP Io . 

th e  OZs defined by W89 were supp lem ented  w ith  th e  following add itional zones:

Hii regions were selected from  I R A S  using th e  filter devised by H ughes & 

M acLeod (1989). T hese are g iven by:

[25 -  12] >  0.40. (5.7)

[60 -  25] >  0.25. (5.8)

w ith  the ad d itio n a l constra in ts  th a t Fioo ^  80 Jy  and  th e  qualities of th e  25 an d

60 f im  fiuxes a re  a t least m od era te . Using th is filter. H ughes & M acLeod (1989)

determ ined  th a t they  would select a Hii region w ith  a  con tam ina tion  ra te  o f 1 1 % 

(th is  includes a 5% con tam ina tion  ra te  by o th e r eP Io . e.g.. reflection nebu lae , and  

a con tam in a tio n  of 6% by obviously  non-ePIo. e.g.. galaxies and  PN ). It shou ld  

also be noted  th a t  th is filter does agree w ith  th e  Hii region OZ in VV89. b u t it is 

a  m ore general ch arac te riza tio n  o f th e  position of Hii regions in both  of th e  I R A S  

color-color p lanes.

L C Hil regions were investigated  extensively by W ood &: C hurch  well (1989) who 

de term ined  th a t these  ob jects could be identified using th e  following filter:

[25 -  12] >  0.57. (5.9)

[60 -  12] >  1.30. (5.10)

w ith  no re s tric tio n  on the 12 n m  d a ta  but a t least a good q uality  flux index a t  25 

an d  60 fim.  U sing th is  filter, W ood &: Churchwell (1989) de te rm in ed  th a t th e y  w ere 

co n tam in a ted  by non-ePIo. i.e., galaxies and op tically  visible s ta rs . 8 % of th e  tim e . 

T h is  category of eP Io  was no t considered by W 89, bu t it is im p o rtan t as it m ark s  

th e  very earliest s tage  of m assive stair form ation, and  thus should  be included .

Finally, an  OZ for H .\e /B e  s ta rs  has been included w hich is baised upon  th e  

m ost probable identification of th ese  objects as such, from  B errilli et al. (1992). 

T h is  filter is defined as:

[25 -  12] =  0.27 ±  0.37 (26 sources), (5.11)
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[60 — 25] =  0.25 ±  0.65 (26 sources), (5.12)

[100 -  60] =  0.31 ±  0.27 (14 sources). (5.13)

w here the dispersion is th e  m easure of the  range seen in a  ra th e r  uniform  d is trib u tio n  

of colors about th e  q u o ted  m ean value. Berrilli et al. (1992) checked w hether the  

large range found in Eq. 5.11 -  5.13 could be a t tr ib u te d  to  confusion by com paring  

th em  to sim ilar colors derived  from K uiper A irborne O bservato ry  ( K .\0 )  50 ^ m  

observations in con junction  w ith ground-based N b an d  (10 fim )  and Q band  (20 

/im ) photom etry , bo th  o f w hich had higher resolution. T h e  sc a tte r  persisted , which 

suggests th a t th e  large range seen in the  I R A S  colors for H.Ae/Be s ta rs  is real.

F igure 5.4 illu stra tes  th e  p lacem ent of the  OZs as defined in Table 5.1 and  Eq. 5.4

-  5.13 in the  two color-color planes ([12-25-60] and  [25-60-100]) derived from  the  

I R A S  data.

Figure 5.5 shows th e  graph ical placem ent of th e  19 ca n d id a te  ePIo in C am  O B I 

in th e  [12-25-60] p lane, w hile Figure 5.6 presents th e  sam e sources in the [25-60-100] 

p lane. It is qu ite  a p p a re n t from Figures 5.5 and  5.6 th a t  it is not a sim ple m a tte r  

to  characterize m ost of th e  infrared sources in e ith e r  color-color plane. G iven the 

sp a tia l confusion which can  exist a t the 1 0 0  /zm band  d u e  to  its re latively  broad 

beam  (6 ') . th e  g reatest w eight should be given to  th e  position  of the sources in the  

[12-25-60] plane.

In the  [12-25-60] p lane , shown in Figure 5.5. th e re  a re  3 objects w hich have 

been identified as having colors suggestive of a  s te lla r p h o tosphere  (the  open stars 

in Figure 5.5 and  5.6). Tw o of these sources are well sep a ra te d  from th e  rem ain ing  

17 sources in bo th  colors, while th e  th ird . IR.AS 03208-1-5812. can only be p laced in 

th is  group if th e  u n ce rta in ty  in its [60 -  25] color is large. T hese  3 objects are  also 

very sim ilar in th e ir position  in the  [12-25-60] p lane to  th e  contro l region sources, 

w hich are probably  d o m in a ted  by unevolved stars. H ence, th e se  ob jects are probably  

unevolved stars. It is not possible on th e  basis of I R A S  d a ta  alone to  decide w hether 

these  sources really  are  associated  w ith the  C am  O B I em ission , however, given th a t 

th e re  is no fu rther in fo rm ation  in th e  lite ra tu re  suggesting  th a t  they  are  nearby, 

b right stars, it will be assum ed  th a t they  are associated  w ith  th e  Cam  O B I region.

T he rem aining sources occupy positions in th e  [12-25-60] plane, and  in m any 

cases in the  [25-60-100] p lane, suggestive of eP Io . In th e  [12-25-60] p lane, there  

ap p ea r to be tw o groups of sources. X  group cen tered  on  [25 -  12] =  0.5, [60

-  25] =  0.4, con tains four sources, IRAS 032364-5836. IRA S 031114-5938, IRAS
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Figure 5.4 O ccupation  zones (O Zs) for non-ePIo (top) and  eP Io  (b o tto m ), as 
defined in T able 5.1 and Eq. 5.4 -  5.13. OZs for the  non-eP Io  include ga lac tic  
o b jec ts  not associa ted  w ith s ta r  form ing regions (do t-line boxes): a  -  b right s ta rs , 
b -  0 -r ich  s ta rs , c -  op tical C -rich stars, LRS C-rich stars, h -  b lue PN , i -  red  P N . 
o -  LRS =  3 s ta rs , p -  LRS =  6  stars, and and  ex tra -g a lac tic  o b jec ts  (dash -line  
boxes): j -  b lue galaxies, k -  red galaxies. 1 -  seyferts. m -  quasars. eP Io  associa ted  
w ith  s ta r form ing regions (solid-line boxes) include: e -  Hii regions, f -  b lue ref. 
neb., g -  red ref. neb ., n -  T -T auri stars, q -  H erbig-H aro em ission  line s ta rs , r  -  
b ipo lar neb. A dd itiona l OZs for Hil regions, UC Hii regions and  H A e/B e  s ta rs  as 
defined in th e  te x t (dash-dot-line).
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F i g u r e  5 .5  Positions of th e  19 can d id a te  eP Io  in C am  O B I in th e  [12-25-60] p lane, 

w ith  th e  occupation zones (O Zs) as shown in F igu re  5.4 superim posed . So lid -line 

a n d  dash-dot-line boxes ind ica te  OZs for eP Io  associa ted  w ith  s ta r  fo rm atio n . D ash- 

line  and  dot-line boxes in d ica te  e ith e r OZs ch a ra c te ris tic  of ex tra -g a lac tic  o b je c ts  

o r O Zs for galactic ob jec ts  not associated  w ith  s ta r  form ing  regions. S ym bols for 

th e  o b jec ts  are as follows: open s ta rs  - s ta rs; filled s ta rs  - H .-\e/Be; filled tr ian g le s  - 

b lu e  reflection nebulae (B R N ); filled circles - outflow s. E rrors in th e  colors d u e  to  

u p p e r  lim its  in the fluxes are  in d ica ted  by th e  arrow s.
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F i g u r e  5 .6  O ccupation  zones (O Zs) in [25-60-100] p lane for C am  O B I. Boxes and 

sym bols are the  sam e as for F igures 5.4 and 5.5.
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03234+5843. IR.AS 03243+5829. which include th e  two know n outflows. T h e  o th e r 

group of sources, cen tered  on [25 -  12] =  0.0. [60 -  25] =  +0 .75 . coincides w ith  th e  

OZs for H A e/B e  stars an d  blue reflection nebulae (B R N ).

Table 5.2 provides th e  results of the  te n ta tiv e  assignm ent of the sources to  OZs 

as well as som e o the r basic physical param eters . .Assignment of a  source as e ith e r 

an  H.Ae/Be s ta r  or a B R N  is som ew hat a rb itra ry . T his is not su rprising  as one 

of the  original c rite ria  used  to  classify H .A e/Be sta rs  cis such is th a t th ey  m ust 

be associated w ith reflection nebulosity (H erbig 1960). In fact, given th a t  C am  

O B I is an  active  s ta r form ing  region, it is possible th a t all th e  BRN a re  associa ted  

w ith  young, hot lum inous s ta rs  in Cam  O B I. .As a  resu lt o f a search th ro u g h  the  

optically  identified s tars  know n to be in the C am  O B I region (C h ap te r 4). th e re  is a 

reasonably strong  positional coincidence betw een 5 of th e  H A e /B e  and  BRN  sources 

and  these s ta rs: IR.AS 03111+6041 w ith B D + 60 648 (B 5V ). IR.AS 03116+5951 w ith  

HD237091 (B IV ). IR.AS 03111+5938 with HD 19820 ( 0 9 IV ) . IR.AS 03164+5839 and 

IRAS 03167+5840 w ith HD 237121 (B0.5V).

T here m ay be som e ad d itional inform ation on the  p robab ility  of th e  association  

of the op tically  identified s ta rs  w ith /R .4S sources te n ta tiv e ly  identified as H .Ae/Be 

s ta rs  or BRN on the  basis of their IR A S  lum inosities. T hese  lum inosities (T able 

5.2). w hich are  derived from  C arpenter et al. (1995). are  given by

. , „  =  0 . : 3 0 4 , A , . Ç ( ^ k | ,  (.5.14,

w here D  is th e  d istance to  th e  source (0.975 kpc. C h ap te r  4). and and

St,, are th e  bandw id th  an d  flux density, respectively, of th e  A, I R A S  band . T he 

infrared lum inosity  for each  source has a  lower bound e s tim a te . jL/a.l- given by- 

sum m ing up th e  co n trib u tio n  from the 12. 25 and  60 f im  b ands alone, and  an u pper 

bound. (to  w ithin a  factor of 2  -  C arp en te r et al. 1995). ob ta ined  by also

adding th e  con tribu tion  from  th e  1 0 0  ^ m  em ission when th is  is of a t least m o d e ra te  

quality. W hen th e  100 ^ m  em ission is of a t least m odera te  qu a lity  then  th e  accep ted  

lum inosity . L i r âcc- is th e  sam e as the upper bound lum inosity . L i r ,u . W hen th e  

1 0 0  /xm flux density  is an  u p p er bound (poor q uality  index), L[r ,acc is tak en  to  be 

th e  m ean of th e  upper an d  lower bound lum inosities. A com parison of th e  infrared  

lum inosities listed  in Table 5.2 for the  eP Io  identified as H .A e/Be stars o r B R N  and  

th e  bolom etric lum inosities of th e  proposed associated  sta rs  shows th a t th e  in frared  

lum inosities are  significantly  less (at m ost, only a few percen t of th e  bo lom etric
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m an n er from  all four bands, L iu a h  rep resen ts th e  accepted  value o f in frared  lum inosity  in th is  p aper. In th e  ca.se o f good 10(1 /n il fluxes Lm n an d  Lm a ,,  a re  eipiivalent, 

while Lm.A ii is (he m ean  o f Lm  ii and  L m j, when the 100 /n n  flux is an  upper bound.

e) M ass o f s ta rs  assum ing  the  accep ted  in frared  lum inosity , Lui a , ,  , is erpiivaleut to  th e  bo lom etric  lum inosity  and  L, -  M;| " (C asoli cl al. 108(1).
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lum inosities). It has been  observed w ith  o th e r BRN th a t  a  significant am o u n t of 

stellar rad ia tio n . 10 -  50%. is reprocessed and  em itted  in the  in frared  (Sellgren 

1984). T h is  is not th e  case  here, which suggests th a t e ith e r , a) the  s ta rs  are  qu ite  

far away from  th e  B R N  an d  m ay not be associated  w ith  th e  infrared sources or b) 

the  iden tification  is in c o rre c t, or c) th e  rad ia tion  is being  em itted  o u ts id e  of the

IR A S  bands. Sellgren s m odel suggests a  peak  in th e  em ission  near 3.3 -  3.4 /zm

due to  sm all ( ~  10  .A.) partic le s. .Additional infrared observations, p a rtic u la rly  in 

the  1 - 1 0  pim range, a re  requ ired  to  exp lore th is possib ility  fu rther.

W hile th e  I R A S  d a ta  provide only lim ited  in fo rm ation  on th e  presence and

n a tu re  of e P lo  it can  be  concluded th a t:

1. T here  is an  excess o f in frared  sources w hich can be associated  w ith  th e  C am  

O B I CO em ission . T h is  excess is co ncen tra ted  in th re e  specific a rea s  cen tered  

on I =  142?0. b =  + 2?0 . I =  142?0. b =  +2?5 and / =  13S?5. b =  +:3?5.

2. T he [12-25-60] a n d  [25-60-100] color-color planes co n stru c ted  for sources w ith 

a t least 3 m o d e ra te  flux density  m easurem ents in th ese  regions suggest th a t the  

m a jo rity  of th e se  sources are eP lo .

3. T he e P lo  asso c ia ted  w ith  the C am  O B I em ission a p p e a r  to  lie in two groups 

in th e  [12-25-60] p lane : th e  first g roup of 4 sources includes th e  tw o known 

outflows in th e  reg ion  w hile the  second group possibly consists of H A e /B e  stars  

or B R N . H igher reso lu tio n  observations, particu la rly  in th e  infrared, a re  required  

to  m odel th e  in te ra c tio n  of the illum inating  s ta r(s) w ith  a tte n d a n t d u s t.

5.3 eP Io  Id en tified  by  th e ir  O ptical or R adio E m ission

In th e  prev ious sec tio n  e P lo  have been  identified on th e  basis of th e ir  in frared  

em ission. H owever, m a n y  e P lo . especially Hii and  BRN. a re  ex tended  o b je c ts  which 

can be identified  by th e ir  o p tica l or radio em ission. T hese o b jec ts  have tra d itio n a lly  

served not only  as in d ica to rs  o f recent s ta r  form ation bu t also as tracers o f th e  spiral 

s tru c tu re  in th e  G alaxy . In  particu la r, th e  sem inal work of Georgelin & G eorgelin 

(1976) has served as a  s ta n d a rd  reference for the  co n stru c tio n  of ro ta tio n  curves 

of the  G alaxy, w hich has on ly  recently  been superseded by th e  work of B litz  e t al. 

(1982) an d  B ran d  & B litz  (1993). T he  region of the  G alaxy  stud ied  in th e  p resen t 

survey (D i96) is rich  in  H ii regions identified in op tical su rveys (Shajn  & G aze 1951. 

Gaze &: S h a jn  1953, 1954. 1955. Sharpless 1959, D ubou t-C rillon  1976, P a rk e r e t al. 

1979), and  rad io  reco m b in a tio n  surveys (R eifenstein  et al. 1970, L ockm an 1989).
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B R N  have also been  extensively  s tu d ied  in the region presently  u n d er investigation , 

p rim arily  from  th e  P alom ar O bservatory  Sky Survey (PO SS) p la tes  (van den B ergh 

1966. R acine 1968. H erbst 1975. van den Bergh & H erbst 1975).

O p tical su rveys of Hii regions range in design from those w ith  low sp ec tra l 

selectiv ity . AA ~  100 — 200.4. w ith  m odera te  sensitiv ity . ~  50 cm"® pc. e.g.. S hajn  &: 

G aze  1951. G aze &: S hajn  (1953. 1954. 1955). Sharpless (1959). to  tho se  w ith h igher 

selectiv ity . AA ~  10 — 50.4. and  h igher sensitivity. ~  30 c m ” *" pc. e.g .. D ubout- 

C rillon  (1976). a n d  P arker et al. (1979). V ariation in the  op tica l su rvey  p aram ete rs  

can  be  a t tr ib u te d  to  th e  questions addressed in each survey. Surveys w hich serve to  

m ake  th e  in itia l identification  of Hii regions (Shajn  & G aze 1951. G aze &: Shajn  1953. 

1954. 1955. Sharp less 1959) m ade use of low selec tiv ity  to  allow a large th ro u g h p u t 

of photons a t o r n ear Hq. while surveys considering th e  con tribu tion  from  p a rticu la r 

em ission  lines (D ubou t-C rillon  1976. Parker et al. 1979) iso lated  those  lines w ith  

very  narrow  filters.

D ete rm in a tio n  of the  velocity of th e  em ission has been carried  ou t p rim arily  

v ia  F abry-P ero t in terferom etry  (G eorgelin &z G eorgelin 1976, F ich  e t al. 1990). 

U nfo rtunate ly , th e  em ission profile can be very broad, w hich m akes it difficult 

to  de te rm in e  its  cen tra l velocity. In som e cases (R eifenstein e t al. 1970. Lockm an 

1989). radio recom bination  lines have been used to  determ ine  th e  velocity of th e  

Ha em ission, w ith  th e  proviso th a t th e  peak of th e  radio recom bination  line m ay  

no t coincide ex ac tly  w ith  the peak of th e  em ission (Fich e t al. 1990). It is also 

possib le  to  m ake use of H jO  or OH (or bo th) m aser em ission associa ted  w ith young, 

m assive s ta rs  (G enzel &: Downes 1979. Cesaroni e t al. 1988. Felli e t al. 1992) to  

in fer th e  velocity  of th e  Hq em ission. However, the  H gO /O H  maisers m ay  also have a  

velocity  com ponen t due to  bulk m otion , i.e., an  outflow, which reduces th e  re liab ility  

o f th is  m easu rem en t. T he  m easurem ent given th e  m ost weight in th is  s tu d y  for th e  

velocity  of th e  Hii regions is th e  velocity  of associated  CO em ission (B litz  e t al. 

1982. VV'outerloot & B rand 1989. F ich  e t al. 1990). CO profiles a re  narrow er, an d  

hence  give a  m ore  accu ra te  m easurem ent of th e  cen tra l velocity th a n  H^ em ission 

profiles, while s till being coincident w ith  one ano ther, i.e., typ ica lly  =

0.5 ±  0.5km  s“  ̂ (F ich  e t al. 1990). In the case of m ultip le  CO em ission featu res 

seen  along th e  line-of-sight, th e  CO  feature w ith  th e  b righ test te m p era tu re , a f te r  

scaling  for beam  d ilu tion , is the  CO fea tu re  which is assum ed to  be associated  w ith  

th e  Hii region. T ab le  5.3 sum m arizes th e  d a ta  available for th e  op tica lly  identified
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H ii regions (4) w i th  w e ll-d eterm in ed  d istances .

In m any cases, th e  cataloged optical Hii regions have only  been im aged , and  no 

cross-identification has been a ttem p ted  w ith  th e  op tica l Hii regions o f know n dis­

tance. .A com parison  of th e  two sets of d a ta  suggests th a t  in m any cases th e  im aged 

only ' op tica l Hii regions are  coincident w ith m any of th e  b e t te r  stud ied  Hii regions. 

Differences in th e  im age shape and size can be a ttr ib u te d  to  differences in  sensitiv ity  

betw een th e  surveys, aa well zis the deta il w ith  which each survey described  a p a r­

ticu la r Hii region. In th e  cases where there  is som e am b ig u ity  regarding w hich CO 

featu re is associa ted  w ith  an  Hii region, it is necessary to  consider th e  q u a lity  of th e  

im age. If th e  Hii region is faint it is assum ed to  be associated  with th e  m ore  d is tan t 

CO featu re, w ith  th e  d ust associated w ith th e  foreground CO  obscuring  th e  H^ 

em ission. . \  b rig h te r Hii region is assum ed to  be closer and  free from o b scu ra tion . 

T his cissignment is consisten t w ith th e ir appearance on th e  POSS p la tes. Hence, 

a p a rticu la r op tica l Hii region which has only been im aged can alm ost always be 

assigned a  d is tan ce  based upon a positional coincidence w ith  an  Hii region of known 

d istance or a  CO fea tu re  of known distance. Table 5.4 sum m arizes th e  d a ta  available 

for th e  two op tica lly  identified Hii regions w ithout well d e term ined  d istances.

O ptically  identified  BRN  have been extensively s tu d ied , to  a large e x ten t from  

the  PO SS p la tes (van den Bergh 1966. R acine 1968, H erbst 1975). in o rd e r to  trace  

out th e  sp iral s tru c tu re  of th e  Milky W ay th rough  the  illum ination  of th e  associated  

dust by hot lum inous s ta rs . Table 5.5 presents th e  su m m ary  of th ese  d a ta  for 

C am  O B I. taken  p rim arily  from van den Bergh (1966). van den Bergh (1966) heis 

c laim ed th a t th e re  is a  rela tionsh ip  betw een th e  size of a  reflection nebu la  and  th e  B 

m agn itude of th e  illu m in a tin g  s ta r (B =  1 1 .0 -5  log R (B ), w here R(B) is th e  angu lar 

rad ius of th e  nebu la  in arcm in  as m easured on th e  blue PO SS plate). In tw o cases 

shown in Table 5.5 (H D  20041 and HD 20798) this holds tru e . However, in  th e  case 

of th e  o th e r two s ta rs  (HD 21291 and HD 21389). th e  illum inating  s ta r  is fain ter 

th an  expected . T h is  m ay be an indication th a t there  a re  m ore stars co n trib u tin g  

to v B l4  and  v B l5 . A n o th er point of in terest is th a t th e re  is a spatia l coincidence 

betw een th e  op tica l Hii region BFS29 and  th e  optically  identified  BRN v B l5 . B oth  

these ob jec ts  are  co incident w ith the  .A.OIa s ta r, HD 21389.

F igure 5.7 shows a  m ap  of the  eP Io  selected on th e  basis o f the ir I R A S  colors or 

rad io /o p tica l iden tification  against th e  associated  C am  O B I C O  em ission. It is very 

ap p aren t from  th is figure th a t  the eP Io , by and  large, a re  c lustered  in tw o groups



Table 5.3: O ptically Identified Hil llegioiiH in Cam GDI (w ith Rxdiable D istances)

O lijc rl N am e" Alli riia lc  D esignation  " / ‘ A‘ "L.„ If '" IK K e f / ( '«m m enls

|d cg .| I'lcg.J [km s ’ '] |k |.r | [nrrm in]

HKS24 134.34 3.50 0.7 (0.77) 20 Ill'S C O  line em ission.

S202 140.50 1.02 170 SI, ll„  im age.

140.1)0 1.0(1 170 DC Il„ im age.

140.50 1.02 11 5 (0.03) 170 HI'S ( '( )  line em ission

140,57 1.04 •2.0 F I D 11„ Faliry-Ferol

140.50 1.02 1 1 5 O.ON 170 T h is paper.

HKS2N 1 11 73 2 70 10.2 (0.N3) •20 HFS C O  line em ission. I’arl o f S202.

141.73 2.70 10.2 O.ON •20 T h is  paper.

H FS2!»,D (il7 142 IN 2.(10 10.0 (O.NO) 30 HFS C O  line em ission. I’arl o f S202.

142.IN 2.(10 10.0 O.ON 30 T h is paper.

Table ÙA:  O ptically Identified fill Kegions in Cam OBI (w ithout K eliable D istances)

O lijccI N am e" I’ossihli' Assin ia ird "  

fill l(i giiiHs

S{i3.()l7

SC3.01K

/‘
|dcg .|

6‘ 
|dcg  I [kin I

H'
[kpr]

D '

|arciiiiii|
Kef/ ( iim m i Ills

S7(f2

S'iIVi

l;i!).li2

140.3»

•2.7(1
•2.40

O.OH

O.OM

•20

30

SC 3

S (i3

II,. im age. 

Il„  im age.

a) Object name or alternative found in .SIMHAI).
b) Ciaiactif roordinates
r) Radial velocity of object corrected to the bocal Standard of Rest based upon standard solar motion.
d) For ('am 01)1 the distance (no parentheses) has been obtained from main secpience fitting, of associated stars (Chapter 4), 
Distance obtained from a Drand rotation curve (l)rand K’ Dlitz 1!)!).')) are also given, i.e., from U = i’i,sn/.t sm(2/)r»s^(6), where 
.4 =  12.0 km s " ‘.
e) Angular diameter of object.
f) BFSiBlit'z ft al. ( 1!I8̂ 2), IKhDuliout-Crillion ( ll)7(i), I "I'D.Fich r i  al. ( [!)!)()), Sh.Shnrpless ( lllh!)), and S(i3: Dixon k  Sonneborn 
(1!)80).

CO
"4
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T able 5 .5: P ro p er tie s  o f  O p tica lly  Id en tified  B R N

Name" 1

[deg]
b
[deg]

Neb. Type*R(B)' R(R)" 
[arcmin] [arcmin]

Associated Star‘d Sp Type'' B''
[mag]

vBlO 141.6 -0.04 I 8.0 5.4 HD 20041 AOIa 6.52
v B ll 140.1 +3.9 II 3.1 2.3 HD 20798 B2III-1V 8.63
vB14 1413 +2.9 II 23 23 HD 21291 B9Ia 4.62
vBl5 142.2 + 2.1 II 27 17 HD 21389 AOIa 5.10

a) Number in catalog of van den Bergh (1966).
b) Nebular type -  I: illuminating star is embedded in the associated nebula. II - illuminating 
star is outside the associated nebula.
c) Angular radius on blue POSS plate -  R(B). and red POSS plate -  R(R).
d) Stellar data for illuminating star.

centered  on 1 =  142°. b =  + 2 ° (CO  Complex F in C h ap te r 7) a n d  1 =  140°. b =  +2?5 

(CO C om plex B in C h a p te r  7). T he form er appea rs  to  be  th e  m ore ac tive  o f th e  

two regions as it con ta in s th e  only known outflow s. A FG L490 and  .AFGL490-iki. 

while th e  la tte r  is com posed  of lower lum inosity  H.Ae/Be o r  BRN . S202 clearly  

dom inates th e  field an d  is coincident with m any  of the  o th e r eP Io . Only one source. 

IR.AS 03118+6144. from  th e  th ird  density enhancem en t o f in frared  sources near 

I =  139°. 6  =  +3?5 su rv ived  th e  stringent selection process a n d  it is a star.
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5.4 M ethanol M asers

5.4.1 In trod u ction

M ethanol m asers occur during the  early  stages of evolu tion  of meissive s ta rs  when 

th e  stars are still em bedded  in their paren ta l cocoon. In som e cases th ese  m asers are 

positionally offset from  UC Hii regions, as m easured by th e  position o f th e ir  infrared 

em ission and  OH m asers. and  are believed to be associated  w ith m o lecu la r outflows 

(Class 1. M enten 1991). In o ther cases, such as the  m ethanol m asers considered 

throughout th e  rem ain d er o f this thesis (5i — 6 o .4^. u =  6.668518 G H z), they  are 

coincident w ith  and  p u m p e d  by the infrared em ission from  UC Hit regions (Class

II. ibid). T he m echanism  for producing these m aser em issions is s till very poorly 

understood. Ellingsen e t al. (1996) have argued, on th e  basis of th e  positional 

coincidence of th e  peak  rad io  continuum  em ission w ith th e  m aser source, th a t one 

can m ake a  d istinc tion  betw een a m aser produced in a  disk (m aser co inciden t w ith 

th e  peak radio em ission) and  in an outflow (m aser rad ia lly  d is tr ib u ted  along the 

axis of the outflow). H owever, of the  two exam ples stud ied  in deta il by E llingsen et 

al. (1996). only one could  be m odelled unam biguously as being assoc ia ted  w ith a 

disk, while the  o the r could  possibly be due to  a disk or outflow or b o th . In e ither 

case it was not clear w here the  infrared source pum ping th e  m aser was located  or 

how it was produced. T h is  is indicative of our ignorance of how these  m asers are 

formed and fu rther investigation  is obviously w arran ted .

Given the  great d is ta n ce  to regions of m assive-star form ation in th e  G alaxy 

(O rion is the  closest a t ~  400 pc) it follows th a t one needs h igh-reso lu tion  observa­

tions to  understand  th e  physics of these m asers. .4 p re lim inary  survey o f cand ida te  

regions was undertaken  w ith  the  D R .\0  25.6m telescope * during th e  fall of 1994 to 

identify m asers which m ay be associated w ith m assive s ta r  form ation in th e  ou ter 

Galaxy. T he lim its of th e  survey were set by th e  boundaries of th e  p resen t CO 

survey (discussed in C h a p te r  2 ) while cand ida te  sources were selected on  th e  basis 

of their infrared colors and  flux densities. One new m aser. associated  w ith  1R.4.S 

024554-6034. was d e tec ted .

' T he D RAO 25.6m  telescope is o pera ted  by th e  N ational R esearch C ouncil of 
C anada éis a  national facility.
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Table 5.6

S u m m ary  of M ethanol Survey P a ram e te rs  

w ith  DR.A.0 25.6m  Telescope

O bserving D a t e s ...........................................................S ep t. -  Dec. 1994

O bserving M o d e  F requency  Sw itching

................................................................. +0.50 M Hz. >  —30 km  s “ ‘

................................................................. -0 .50  M Hz. <  —30 km  s~^

P o la r iz a t io n s .........................................................Left and  R ight C ircu lar

B a n d w id th  0.50 MHz

Frequency R e s o l u t i o n ....................................................................... 2.0 kHz

Velocity R e s o l u t i o n ............................................................. 0.09 km  s“ *

B eam w idth  ( F W H M ) ...........................................................................  7'.4

T,ys .......................................................................................................  84 K

5 .4 .2  O bservations

T he 25.6m telescope a t DR.A.0 is su itab le  for p re lim in ary  surveys of m ethanol 

m asers a t 6 . 6  GHz provided one is cautious abou t its su b s ta n tia l e rro r beam  and 

large sidelobes. It has a  m o d e ra te ly  large collecting a rea , low noise receiver and  

a su itab le  sp ec tro m ete r and  la rg e  blocks of observing tim e  for observations a t 6 . 6  

G H z can be ob ta ined . Table 5.6 sum m arizes th e  relevant d a ta  for th e  m ethanol 

observations. Sources stud ied  a re  listed  in Table 5.7.

Source selection was m ade on th e  basis of in frared  colors taken  from  IR A S .

Class .A' sources are  designated  as those sources w hich have colors an d  satisfy the  

m in im um  flu.x density  requ irem en ts to  be classified as b o th  UC Hil regions (W ood 

& Churchw ell 1989) and  Hii regions (Hughes & M acLeod 1989). Tw elve Class B ’ 

sources m et th e  color c rite ria  for b o th  UC Hli regions an d  Hil regions b u t failed th e  

m in im um  flux density  requ irem en ts. Six ‘Class C ’ sources m e t only  th e  Hii regions' 

in frared  color and  flux density  requ irem ents. F igure 5.8 shows th e  positions of th e  

can d id a te  IR.AS  sources searched  in th is  survey superim posed  on th e  p resen t survey 

(D i96). In m ost cases CO em ission  could be  associated  w ith  th e  I R A S  sources,
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Table 5.7

Positions Searched for the 5i — 60 A+ Methanol Maser

N am e / 6

[deg] [deg] [km s"

Range

‘][k m s -‘]

Flux':
Peak

[Jy]

Flux'-
rms

[Jy]

Comments'*

C lass A“
IRA S 02230+6202 133.79 +  1.42 -10 2.91 W 3N .Contam inated by W 3(0H )
IRA S 02232+6138 133.95+1.06 -14.3 -12,-46.5 3880 9.01 W3(OH), HmO maser
IRAS 02395+6244 135.28+2.80 -71 3.09 AFGL 5077, H^O m aser
IRA S 02383+6241 135.81+2.69 -71 3.72
IRA S 02461+6147 136.39+2.27 -13 2.16 .AFGL 5085, H jO  maser
IRA S 02455+603-1 136.84 +  1.14 -45.4 -11,-46 35.0 0.73' New maser
IRAS 02575+6017 138.30 +  1.56 -38 2.21 OCL 369, H2 O maser
IRA S 02593+6016 138.50 +  1.64 -39 2.22 S201
IRA S 030354-5819 139.91+0.20 -10 2.43 BFS 26, H2 O maser
IRA S 03235+5808 142.25 +  1.43 -17 2.25 AFGL 5095
C lass B"
IRA S 02171+6058 133.49+0.18 -40 2.21
IRA S 02244+6035 134.46+0.13 -14 2.10 C ontam inated by W 3(O H)
IRAS 02333+5930 135.90-0.46 -30 2.22 H2 O maser
IRA S 02437+6145 136.14+2.12 -49 2.20
IRA S 02407+6029 136.35+0.82 -60 2.20
IRAS 02541+6208 137.07+3.00 -52 2.27 HtG maser
IRA S 02503+6025 137.44 +  1.26 -40 2.29
IRA S 02589+6130 137.87+2.70 -11 2.23
IRAS 02598+6008 138.62 +  1.56 -10 2.13
IRA S 03101+5821 140.64 +0.67 -36 2.22 HjO maser
IRAS 03211+6018 140.80+3.06 -10 2.28 HD 12750 (B8)
IRA S 03306+5825 1-12.87+2.18 -8 1.55 HD 24109 (B8)
C lass C “
IRA S 022-15+6115 134.24+0.75 -10 2.10 C ontam inated by W 3(O H)
IRA S 02421+6233 135.63+2.76 -72 2.22
IRA S 02531+6032 137.69 +  1.52 -40 1.37
IRAS 03064+5638 141.08-1.06 -10 2.25 AFGL 5090
IRA S 03236+5836 1-12.00 +  1.82 -14 1.77 AFGL 490, H jO maser
IRA S 03211+.54-16 143.83-1.56 -32 1.94 AFGL 5094

a) C lass .A. refers to sources which meet all conditions to  be UCHlI regions (Wood t  Churchwell 1989): [25 -  
12] >  0.57. [60 -  12] > 1.30 with at least a  good quality flux density measurement at 25ftm and 60 /xm. and HlI 
regions (Hughes k  MacLeod 1989): [25 -12] >  0.40, [60 -25] >  0.25 with Fioo >  80 Jy  and a t least a  m oderate 
flux density m easurem ent a t 25^m  and 60/im. Class B sources meet the color criteria as above but no t the flux 
density  requirem ents. Class C sources satisfy only the conditions to be a H ll region (Hughes k  MacLeod 1989).
b) C en tral velocity o f  observation or, when a maser was detected, the velocity o f peak m aser emission and range 
in velocity over which it was detected.
c) Peak and  3 <r rm s flux density o f maser line.
d) HnO masing from the indicated sources has been detected by Brand ct at. (1994) or C om oretto  et al. (1990). 
No HoO m asing from sources indicates the sources have been examined for HnO masing but none has been 
detected .
e) T hese observations were obtained w ith frequency sw itching by 0.25 MHz in order to increase the  signal-to- 
noise ratio .
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F ig u r e  5 .8  O verlay of I R A S  sources exam ined for m e th a n o l em ission over the  

in tegrated  CO em ission in th e  Perseus (—70 <  Vj^-j^/kms“ * <  —30) and  C am  O BI 

( —22 <  Vj^^j^/kms"^ <  —5.5) regions. The CO contours for b o th  regions s ta r t a t the  

3 a  level, i.e.. 1.37 K km  s“  ̂ for Cam  O B I and  2.18 K km  s“  ̂ for Perseus, and 

increase by a facto r 1.58 the reafte r.
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which would su p p o rt th e ir  selection as candidate s ta r  form ing regions.

T he  observing frequency  was switched every S seconds betw een  th e  p red ic ted  

frequency of th e  line  and  an offset reference frequency one b an d w id th  (0.5 M H z) 

away (+ 0 .5  M Hz for sources associated with C am  O B l em ission  i.e.. —22 <  

i \ 3j^/km s~^ <  —5.5. and  —0.5 MHz for sources associated  w ith  Perseus em ission . 

—70 <  i^^p^/km s“  ̂ <  —30). Records were averaged over sufficient tim e to  ensu re  

detection  of m o d e ra te ly  weak m asers (typically 24 hr). C olum n 7 o f Table 5.7 shows 

the rm s noise level (3 cr) for each observation. In a  few cases th e  signal was identified  

as o rig inating  in W 3 (0 H )  and  d e tec ted  by the te lescope’s sidelobes. Such sources’ 

were d ropped  from  fu r th e r  investigation.

For th e  new ly d e te c te d  m aser. a source associated w ith  IR.A.S 02455+6034, fu r­

ther observations w ere m ade. In th is case, four brief p re lim in a ry  observations, 

one beam w id th  aw ay in each card inal direction from  th e  I R A S  position , were 

first taken . From  these , a  m ore accurate  position for th e  m ase r source was de­

duced: R.A.(2000) =  2^49'"09^4. DEC(2000) =  60°50'30" or. in g a lac tic  coord ina tes 

I =  136?786. 6  =  1?177. T his source was then re-observed for several days at th e  u p ­

dated  position  w ith  th e  frequency switched by only one half (+ 0 .2 5  MHz) in o rd er 

to increase th e  signal-to-noise ra tio  by folding th e  sw itched signal. T he re su ltan t 

spectrum  is shown in  F igure 5.9.

5.4.3 D iscu ssion

T he new m aser (F ig u re  5.9) is clearly double-peaked and  is rem in iscen t of w hat is 

seen in O H /IR  s ta rs . T h ere  is no sim ple classification for th e  sp e c tra  from  m eth an o l 

m asers as they  show considerab le  range in intensity and  m u ltip lic ity  of com ponents 

(van der W alt et al. 1995). It is not possible from  th e  p resen t observations to  

determ ine w hether th e re  are  two physically d istinct m asers along th e  line-of-sight 

or one m aser e m a n a tin g  from  two locations in th e  sam e region. M enten (1991) 

proposed th a t th e  5 i — 6o.4‘*' m aser is due to the pum ping by th e  in frared  flux n ear 

50 ^m . T his is co n sis ten t w ith  th e  observed m ethano l flux d en s ity  (35 Jy )  and  

60 /im  fiux density  (168 Jy ) for IRAS 02455+6034 if th e  efficiency of th e  pu m p  

is ~  20%. T his efficiency is in good agreem ent w ith th e  m asers found  by M en ten  

(1991). which ranged  in efficiency from  5% (NGC 7538) to  42% (W 3 (0 H ))  for th e  

five sources w ith  m easu red  I R A S  flux densities. T he peak flux d ensity  also falls 

w ithin th e  range of observed  flux densities found by M enten (1991). M ore ex tensive
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F ig u r e  5 .9  S p ec tru m  for new m eth an o l meiser associated  w ith  IR A S  02455+6034.

surveys, p a rticu la rly  tow ards S ou thern  H em isphere ob jec ts , have  been  ca rried  out 

by S chu tte  et al. (1993) and van der W alt e t al. (1995). IR A S  02455+6034 is 

located  in th e  [12-25-60] IR A S  color-color p lane (see F igure 4 in  van d e r W alt et 

al. 1995) a t th e  sh o rt w avelength end  of the d is trib u tio n  ty p ica l for th e se  sources. 

H ence, th e  m aser associa ted  w ith I R A S  02455+6034 appears  to  b e  a  ty p ica l ob ject 

of th is  class.

It is difficult to  te s t th e  proposal of Ellingsen et al. (1996) reg a rd in g  th e  location 

of th e  m aser fo rm ation . T here should  be a co rre la tion  b e tw een  th e  p eak  radio 

con tinuum  em ission an d  méiser em ission if th e  m aser is p ro d u ced  in  a  d isk  around  

a  m assive s ta r. If th e  m aser is being produced in an  outflow  th e n  it should  be
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F ig u r e  5 .1 0  Positions of th e  m ethanol m a se r (open s ta r) . IRAS 02455+6034 (filled 

square). CS em ission (open circle) and  th e  only know n rad io-detected  Hli region. 

Lo2 (asterisk ), superim posed  on the associa ted  CO em ission. T h e  con tour in tervals 

for the  CO are  th e  sam e as F igure 5.8.___________________________________________

d is trib u ted  in a rad ia l fashion about th e  peak  radio  em ission along th e  axis of th e  

outflow. A m o dera te  reso lu tion  (9 '). low sensitiv ity  (130 m Jy ) radio co n tin u u m  

survey of th e  region a t 1420 MHz (K allas  Reich 1980) clearly  shows a  s tro n g  

con tinuum  featu re  (W 5) w hich is very ex ten siv e  and  closely follows th e  CO em ission. 

T h e  peak rad io  em ission of W 5 is near th e  m aser bu t th e  resolution and  sen s itiv ity  

a re  too poor to  discern any  rad io  em ission featu res associated w ith  th e  m aser. T h e  

lim ita tions of the  1420 M Hz survey a re  c lear w hen o th e r well know n m asers a re  

considered, such as Cep A w hich is a s tro n g  m aser source (Speak =  1420 Jy , M en ten  

1991) bu t shows only weak em ission (5 -  10 m Jy ) a t 20 cm  (Hughes 1988). T h e  on ly  

o th e r radio con tinuum  observation  in th e  region, a  3 cm  radio con tinuum  observation  

a t  slightly h igher resolution (3 '), d e tec ted  one Hii region -  Lo2 (L ockm an 1989).
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Figure 5.10 p resen ts  th e  u p d a ted  position of th e  new ly d e tec te d  maiser as well as 

the  published  po sitio n  of IR.A.S 02455+6034 and  th e  position o f Lo2 overlaid  on the 

associated CO  em ission  (D i96). Given th e  resolution w ith  w hich Lo2 was de tected  

and th e  offset in p osition  betw een Lo2 and  bo th  IR.A.S 02455+6034 and  th e  m aser. 

it is not likely th a t  Lo2 is associated w ith  the  new m eth an o l m aser. H ence, the 

radio con tinuum  sou rce  associated  w ith th e  m aser has not been  p roperly  identified 

to  date , if it ex ists.

T he only  a d d itio n a l inform ation on IR .\S  02455+6034 availab le  in th e  lite ra tu re  

are som e high reso lu tion  CS (2-1) observations by B ronfm an et al. (1996). These 

observations o f I R A S  sources w ith UC Hll colors show th a t IR.A.S 02455+6034 is 

a  faint source in CS (T^ô =  0.25 K) bu t w ith  one of th e  b roadest lines in CS 

(A c =  9.5 km  s~*) -  th e re  were 843 sources d e tec ted  and  IR.AS 02455+6034 ranked 

15‘* in linew id th . T h e  peak velocities of th e  méiser em ission (-4 5 .4  km  s“ ^) and  CS 

em ission (-39 .8  km  s “ ^) do differ, but th e  CS em ission m ay s till be  associated  with 

the  m aser given th e  b ro ad  linew idth of th e  CS em ission. F u rth e r w ork is requ ired  on 

the  correlation  of th e  linew idths in the CS sam ple w ith well s tu d ie d  m aser regions 

before th e  significance of th is  ranking is understood .

5.4.4 C on clu sion s R egard in g  M ethanol M asers

.A recent su rvey  w ith  th e  DRAO 25.6m  telescope has d e te c te d  a  new 5i - 6 o 

.A"*" m ethano l m aser in th e  Perseus region associated w ith IR.AS 02455+6034. .A 

sum m ary  of th e  key p o in ts  regarding th is m aser are:

1. It is of m o d e ra te  s tre n g th  ( ~  35 Jy ), spans a velocity  range o f —41 to  —46 km 

s“  ̂ and  is lo c a ted  a t / =  136^786.6 =  +1Î177.

2. It does ap p ea r to  be a typical Class II m aser (M enten  1991) as it is closely 

associated  w ith  an  UC Hii region, as determ ined  from  its I R A S  colors.

3. T he  cen tra l ve loc ity  of th e  m aser is slightly  offset from  th a t  of th e  CS em ission 

feature.

4. H igher reso lu tion  rad io  and  continuum  observations w ith  good sen s itiv ity  of the 

m aser are  req u ired , in o rder to test th e  m odel of E llingsen et al. (1996) as to 

w hether th e  m a se r  is being produced in a  disk o r outflow.
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5.5 M olecular O utflow s

5.5 .1  Introduction

M olecular outflows were first de tec ted  in th e  la te  1970 s, an d  were quickly rec­

ognized as being a s ignatu re  of a  s ta r  very early  in its  fo rm ation . Indeed, th e  obser­

vation th a t th e  available force for accelera ting  th e  outflow from  rad ia tive  pressure 

alone [ L . / c  -  th e  s te lla r lum inosity  divided by th e  speed of lig h t) is always less th an  

th e  required force, had  been used as evidence th a t  th e  source o f energy for driving 

th e  outflow is due to  th e  infall of m ateria l being accre ted  by th e  new ly form ed proto­

s ta r  and  disk (B ally  &: Lada 1983). O bservations o f th e  b rig h te r outflow s were m ade 

in rap id  succession afte r th e  n a tu re  of these o b jec ts  wcis recognized: a list of ~  60 

of these  outflows was com piled  by 1985 (L ad a  1985). Fukui et al. (1993) extended 

th is list to  include ~  160 outflows, which n u m b e r has been  su rpassed  recently by 

VVu e t al. (1996). who have com piled d a ta  for 264 outflows.

T h e  observations p resented  here are  of a  new  outflow. A FG L490-iki (P u rto n  ei 

al. 1995). serendipitously  discovered during  a  recent C.ANFLEX (C anad ian  flexible 

high-frequency tim e  allocation) observing run  conducted  in J a n u a ry  1995 with the  

Jam es Clerk M axwell Telescope (JC M T ). '  P a r t of those observations was of molec­

u lar clouds in th e  C am  O B l region (Di96. see C h a p te r  2), an d  em ployed , for the first 

tim e in operational m ode, the  on-the-fly" ras te r-scan  capab ility  of th e  telescope. It 

was known at th e  tim e  th a t th e re  was a  very energe tic  outflow. A FG L490 (Hasegawa 

1986. C am pbell et al. 1986, M itchell e t al. 1992. M itchell e t al. 1995), in the re­

gion. which appeared  to  be associated  w ith  m u ltip le  com ponen ts  of CO em ission 

(M itchell et al. 1992). T hese observations w ere undertaken  to  d e te rm in e  w hether 

the  m ultip licity  of such CO com ponents ex isted  th roughou t th e  p aren t cloud, or 

was restric ted  to  th e  neighborhood of .A.FGL490. T he observa tions reported  here 

d e tec ted  the  presence of m u ltip le  CO em ission on ly  in the  v ic in ity  of .A.FGL490 and 

led to  th e  discovery of .\FG L 490-iki. T h is su p p o rts  the  a rg u m e n t th a t  s ta r for­

m ation  in the region is enhanced  in th e  v ic in ity  of A FG L490, a n d  m ay have been 

p ro m p ted  by the  collision of tw o CO com plexes (see C h ap te r 7).

 ̂ T h e  JC M T is o pera ted  by th e  Royal O bservatory . E d inbu rgh , for the  Particle 

Physics and .\s tro n o m y  R esearch Council, th e  N ational R esearch C ouncil of C anada, 

and  th e  N etherlands O rgan iza tion  for P u re  R esearch.
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Table 5.8

S u m m ary  of Outflow Survey P aram e ters  

w ith  the  JC M T  15m Telescope

O bserv in g  D a t e s ................................................... Jan . 20 -  28. 1995

O bserved  L i n e ............................................................................... ^ ^ C 0 (2 -I )

O bserved  C en tra l F r e q u e n c y ......................................... 230.5380 GHz

S p ec tra l R e s o l u t i o n ............................................. 189 kHz (0.25 km  s“ ^)

C h an n e l S p a c i n g ..................................................156 kHz (0.20 km  s “ )̂

O bse rv ing  M o d e   ’on-the-fly ' Position  Sw itch ing

B eam w id th  ( F W H M ) ................................................................................21"

Tsys ..........................................................................................................  80 K

In teg ra tio n  T i m e / S p e c t r a .................................................................. 5 sec.

TR.nns/Channel ..............................................................................0.95 K

O ff-Positions

P o s i t i o n ............................................................................................ I . 6

.A ................................................................................................... 142T3T. +2?3T

........................................................................................... U l°70 .+ 1?60

C ......................................................................................................141?40.+2?T0

D .................................................................................................. 142T90.-bl?30

E ......................................................................................................141?80.+1?S0

1 . T h e  B off-position was observed to  have som e em ission  a t -40

km  s ~ '.  b u t it was free of em ission over th e  velocity range  o f th e

q u iescen t CO gas in C am  O B l: —5 >  r y ^ /k m  s “ * >  — 2 2  (see 

C h a p te r  2).
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5 .5 .2  O bservations

O bservations of th e  C am  O B l region presented here were the  first to  use th e  

‘on-the-fly’ raster-scan  techn ique . In th is m ethod, the  telescope sweeps th rough  a 

constan t arc in th e  sky  (usually  in R .A .), in tegrating  as it does so. A row of such 

observations is preceded  and  followed by observations a t an off-position, w hile a grid 
o f observations co n s titu te s  several rows offset in declination. For th e  observations 

presented  here th e  to ta l  in teg ra tio n  tim e  for each position was 5 seconds, which 

resu lted  in a  typical TR^rms ~  0.95 K. Position switching was used to  linearize the  

response of th e  sp ec tro m e te r, w ith  off-positions sam pled a t th e  beginning and  end of 

each row. T he off-positions w ere selected  a t th e  beginning of th e  run  a fte r  a  check, 

v ia frequency-sw itching, of positions believed to be free of CO em ission (Di96). 

Table 5.8 provides th e  re levan t d a ta  for th e  outflow observations.

T he tim e  a llo tted  allow ed tw o passes through the region. In th e  first pass, a 

series of observations each  com prising  a  9 x 9 grid, w ith each grid  po in t separated  

by 40", were m ade. T h e  cen tra l position  for each grid was selected on th e  basis of 

e ither: a) a  coincidence w ith  an I R A S  point source (B eichm an et al. 1988) which 

had  a t least th ree  m o d e ra te -q u a lity  flux m easurem ents, which allows a  p relim inary  

classification as to  its n a tu re  (W alker e t al. 1989, see §5.3), or. b) th e  coincidence 

w ith  CO em ission (peaks and  troughs) known to be in C am  O B I (Di96, see C hap ter 

2). Table 5.9 lists th e  resu lts  of these  observations. F igure 5 .II  provides an overlay 

o f the  observed positions, I R A S  positions and  off-positions onto  the  CO  em ission. 

In th e  second pass, th e re  was tim e  to  investigate fu rther only th e  new ly detected  

outflow, ,AFGL490-iki (P u r to n  e t al. 1995), which was labelled as C am  4 in the  

first pass (Table 5.9). To th is  end, a  13 x 17 grid (17 rows, each consisting  of 13 

observations) was m ade , w ith  th e  cen tra l position now coincident w ith  AFGL490- 

iki, but w ith  th e  grid  po in ts  sep ara ted  by 10". Figure 5.12 shows th e  sp ec tra  for 

.AFGL490-iki, from  th e  second grid , while F igure 5.13 is an in teg rated  m ap  of th e  

CO  em ission from  A FG L490-iki m ade from  these spectra , showing th e  red  and  blue 

lobes of CO em ission.
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Positions Scan tied for Mvdtiplc-lVakcd (!() Emission

Name I b
[dog] [dog]

Assoc. Source** Hof. Oil* ('oiniiionts

Cam 1 142.19-pl.88 C142.1 +  1.8 12.3 Cam A

Cam 2 142.34-P 1.90 IRAS 03261+5829 Cam A
Cam It 142.22-pi.1)5 ( 1142.1+ 1.8 12.It Cam It

Cam 4 141.92 +  1.91 IRAS 03234+5843 Cam It

Cam 5 142.09 +  1.74 C l 42.1 +  1.8 12.3 Cam It

Cam 6 141.81+2.66 C 142.0+2.6 10.4 ( lam C

Cam 7 141.80+2.12 C 142.0+2.6 10.4 Cam It

Cam 8 141.16+2.23 C 141.1+2.1 12.6 Cam A

Cam 9 142.16+2.08 C 142.1+1.8 12.3 Cam A

Cam 10 142.49 +  1.33 C142.5+1.1 13.4 Cam D

Cam 11 142.64 +  1.13 C142.5+1.1 13.4 Cam D

Cam 12 142.69+2.04 C 142.5+1.1 13.4 flam A

l‘oakod omission at -1 2  and - 9  kin s“ ' which is broad (An ~  It -  5 kin s“ ') ,  and 

heavily blended, r„,»x ~  () K.
I)oublo-|)oakod spectra throughout, as for Cain 1, 'r,,,,,* ~  8 K.
As for Cam 1, T,„ax ~  8 K.
'I'liird, narrow (An ~  2 -  It km s " ‘ ), component at -1 8  km s“ ' , 'l’i,,nx ~  d K. 
AHiLdUO -  iki. Very broad wings (An ~  ±It() km s” *), with central, (piiescenl 
clouds from — iO to -  IT) km s” ',  which are self-al)sorbed ('l',i„,x ~  8 K, while! 
neighboring position has 'r,„ax ~  1'-̂  K).
Double-peaked spectra, as for Cam 1, seen in NW part of held, 'i',„„x ~  8 K.
As for Cam 1, with possible self-absorption.
A third, narrow feature, at -2 2  km s“ ‘ , 'r,„Bx ~  8 K. 
two narrow features at -1 0  and - l i t  km s~ ',  T„,ux ~  0 K.

Double-peaked spectra, as for Cam I, 'r,„ux ~  0 K.

Mostly single-peaked spectra at - 9  km s“ ' ,  'r,„Bx ~  3 K.
A few double-peaked spectra in W part of held, 'r,„nx ~  0 K.
Narrow features at - 9 ,  -11  and -1 3  km s“ *, heavily blended in some places,

I'liiBx ~ 6  K. Some spectra very noisy.
Two broad features at -1 1  and -1 0  k n is " '.  Itoth features possibly self-absorbed, 
T,„„x ~  5 K.
Single, broad feature at -11  km s~' ,  T,„ux ~  3 K.

Second weak peak at -1 3  km s " ' in 10 part of field, r,„„x ~  2 K.
Double-peaked, narrow spectra at —9 and —11 km s “ ',  in SW corner of field,

'I'n.Bx ~  f) K. Cn
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Positions S raiclird  for M ultiple-Peaked (!() HinisHloii

Naiiit; / b
[degl [(leg]

Assoc. Source" Itef. Oil* ('oinnieiits

Cam 13 143.074-1.70 C143.3-H.7 10.3 ( ’am I) Strong, broad feature at - 9  km s“ *, which is possibly self-absorbed, T„ 7 K.

4 K)

Cam 14 142.00+0.87 C 142.0+1.0 15.3 ( Cam 1C

('am 15 142.21+0.67 (i 142.0+0.6 15.6 (Cam 1C

Cam 16 142.21+0.93 C 142.0+1.0 15.3 (Cam 1C

Cam 17 142.82+0.80 (1142.5+1.1 13.4 ( Cam 1C
Cam 18 142.71 +  1.73 (1143.3+1.7 10.3 (Cam D
Cam 19 141.90+0.60 C 142.0+0.6 15.6 (Cam 1C

(Cam 20 142.65 +  1.65 (1142.5+1.1 13.4 (Cam D
Cam 21 143.30 +  1.65 (1143.3+1.7 10.3 (Cam D
Cam 22 142.20+2.67 (1142.0+2.6 10.4 ( Cam A

(Cam 23 142.20+2.08 (1142.1 +  1.8 12.3 ( Cam A

(Cam 24 142.'20 +  l.77 (1142.1 + 1.8 12.3 ( Cam A

Cam 25 142.20+0.80 IRAS 03203+5740 (Cam 1C

Cam 26 141.15+2.15 (1141.1+2.1 12.6 ( Cam (C

(Cam 27 140.10+2.10 (1139.8+1.7 13.6 ( Cam (C

Two other narrow features seen at -11  km s~ ' (NIC comer, '1',,, 
and — It) km s“ * (SW corner, 'r„„,x ~  4 K).
lleavily-bleudtxl, very broad (Ae ~  8 km s" ' ) feature centered on -  If) km s ” ',  

'r,„.,x ~  f) K.
As for Cam 14. 'r,„ux ~  4 K.

Weak feat ure at 0 km s“ ',  'I'timx ~  '2 K.
As for ('am  14, 'I'lmix ~  3 K. Two peaks, well delined at -2 0  and -1 4  km s“ ' in 
NW corner, 'r,„„x ~  4 K.
As for ('am  15.
Double-peaked spectra with broad lines at -1 3  and -2 0  km s“ *, T,,,,,* ~  II K. 
Broad, self-absorbed feature at -1 4  km s“ ',  'r„,ux ~  7 K.

Weak emission at —II,  -1 3  and -2 0  km s“ *. 'r„,nx ~  3 K.
Very broad, self-absorbed feature at —10 km s " ' .  'I'niKx ~  4 K.
Narrow feature at -1 0  km s “ ‘ , 'I’mBx ~  5 K.
Some noisy spectra.

Weak emission at —10 km s“ ' in W half of lield, T,„„x ~  5 K.
Broad, heavily blended double-peaked spectra centered at - 8  and —10 km s“ *, 

'I'liiiix ~  8 K.
Weak emission features at 0, —10 and -1 3  km s“ ‘ , 'l'„„.x ~  4 K.
Weak emission feature at -1 5  km s“ ' , 'I'miix ~  3 K.

Weak emission feature at -11  km s“ ‘ , 'r„,ax ~  3 K.

a) Associated sources: III IRAS source (IRAS 1988), C centroid {l,b, o) of (!0  emission from byder (1997).

b) Off-positions, as listed in Table I, used during observation.

Ca
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F igure 5.11 O verlay  of observations on to  in teg ra ted  C O  em ission ( —5 >  

fLsft/km s “ ‘ >  —22) in C am  O B I region. T he  w hite  crosses show all positions 

searched (Table 2). th e  w hite  triangles show I R A S  point sources (IR A S 1988) which 

have a t least th re e  m odera te-quality  flux m easurem ents, and  th e  b lack  asterisks are 

th e  off-positions (T ab le  1 ). The contour levels for th e  C O  em ission  are: 1.39 (3cr). 

2 .20. 3.48. P.O. 10.0. 15.0. 20.0. 24.0. 28.0......  54.0 K km  s~E______________________

5 .5 .3  D iscu ssion

5 .5 .3 .1  G eneral P ro p ertie s  o f  th e  CO S p ectra

It is possible to  derive  some s ta tis tics  on th e  physical p ro p e rtie s  of th e  CO 

em ission in C am  O B I from  the d a ta  in Table 5.9. F irs tly , it w ould ap p ea r on 

the  basis of F igure  5.11 th a t th e  CO em ission can be se p a ra te d  in to  tw o spatial 

groups, em ission ly ing  to  th e  north  or to  the  sou th  of 6 ~  -I-1T5 (F ig u re  5.11: these 

correspond to  C om plexes F  and G. respectively, in C h a p te r  7). T h e  first g roup , the 

n o rthern  em ission, has an  estim ated  m ean peak  te m p e ra tu re , Tmax =  5.95 ±  0.50K,
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while th e  sou thern  em ission is considerably colder, w ith an  e s tim a ted  meain peak 

te m p e ra tu re  given by Tmax =  -I-IO ±  0.41K. This is not su rprising , as th e  n o rth e rn  
em ission (C om plex F. C h ap te r 7) contains bo th  AFGL490 and  .\F G L 490-ik i. which 

can  act as in terna l heat sources. Furtherm ore, a num ber of la te  0 -  an d  early  B- 

ty p e  s ta rs , which are m em bers of Cam  O B I. are probably  in close p rox im ity  to  th e  

no rth ern  em ission (H um phreys 1978. see C hap ter 6 ). and  serve as an a d d itio n a l heat 

source to  th e  am bient rad ia tio n  field. Secondly, the  sp ec tra  taken  of th e  so u th ern  

em ission, for th e  m ost p a rt, can  be  well fit by a single G aussian profile w hose peak 

em ission lies in th e  velocity range ~  —13 to —16 km s“ .̂ while th e  s p e c tra  of th e  

n o rth ern  em ission appears to  be  bim odal w ith  peak velocities ~  — 8  to  — 1 0  km  s“  ̂

o r — 11 to  —13 km  s“ .̂ F inally , all the  spec tra  of th e  sou thern  em ission featu res 

have rela tively  broad lines (At* ~  3 — 5 km s " ‘ ). while the  sp ec tra  of th e  n o rth e rn  

em ission is m ade up of a  m ix tu re  of em ission features w ith narrow  ( A r  ~  2 — 3 km 

s~^) and  broad lines.

N ote th a t all the  sp ec tra  of northern  em ission w ith  narrow  lines w ere taken  

from  sites which are well aw ay from  the  s ta r  forming region con tain ing  .AFGL490- 

iki. and  are associated w ith  sm aller CO em ission features, e.g .. th e  em ission  near 

I =  140T10.6 =  -t-2?10 and  I =  141Î81.6 =  +2?66. The rem ain ing  n o rth e rn  em ission 

features, which are associated w ith  .■\FGL490-iki. all have rela tively  broad lines. T he 

difference in the  linew idth  of th e  spectra  am ongst the  no rthern  em ission fea tu res  can 

be a ttr ib u te d  to  a difference in th e  tu rbulence present (Larson 1981). i.e.. th e  sp ec tra  

w ith  b roader lines are probing  larger, m ore tu rbu len t features. T he b ro ad  lines of 

th e  sp ec tra  taken  from  th e  so u th ern  em ission features, which also belong to  a  large 

CO com plex, can be exp lained  in a  sim ilar m anner.

5.5.3.2 AFGL490-iki

It can be seen from F igure 5.12 th a t .A.FGL490-iki is qu ite  an energetic  outflow , 

w ith  a  peak  rad ia tion  te m p e ra tu re  of ~  8  — 10 K and  a  large velocity  outflow  

~  ± 40  km  s “ ^. T he outflow looks sym m etric, and there  are no ap p aren t velocity  

features which could be construed  as ejecta  from the  outflow (M itchell e t a l. 1992). 

T h e  observational grid  did no t cover all of th e  outflow em ission bu t th e  general 

m orphology of the  outflow can  be discerned.

F igure 5.13 shows an in teg ra ted  m ap of th e  outflow em ission. T he  b lue-sh ifted  

em ission (-37  to  -16 km  s~^), shown by th e  solid contours, appears s lig h tly  larger
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Figure 5.12 ^^C 0 (2 -l) em ission for AFGL490-iki centered on  I = 141°5S0,6 =  

+  l?47ô. N orth  is to  the  top and  east is to  th e  left. T he positiona l offset betw een 

each sp ec tru m  is 10" and Tpt.mis =  0.95 K. T he  cen tral velocity  o f th e  outflow is 

~  —16 km  s“ ^. th e  red-shifted em ission (upper left-hand corner) ex ten d s to  0  km 

s “ ‘ , w hile th e  blue-sh ifted  em ission (lower m iddle to  righ t-hand  corner) ex tends to 

-30  km  s " i .
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F ig u r e  5 .1 3  A verage *^C 0(2-1) em ission for A FG L490-iki, as shown in F ig u re  

5.12, over th e  velocity  range -3 7  to  -16  km  s“  ̂ (solid-line, b lue-shifted  em ission) 

and  -10  to  -t-11 km  s “ * (do tted-line , red-sh ifted  em ission). C ontours are  a t every

0.3 K. T h e  reso lu tion  o f th e  survey is ind ica ted  by th e  cross in th e  lower le ft-h an d  

corner w hile th e  grid  coord ina tes  are in eq u a to ria l coord ina tes (B1950).
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th a n  th e  red-shifted em ission (-10  to  4 -1 1  km s“ ^). B oth  lobes o f th e  outflow appear 

to  be  elongated and  have axial ra tio s  of 1.8 (b lue lobe) and  2.0 (red  lobe). It is also 

c lear from  th e  m ap  th a t  th e  peaks o f the  em ission for b o th  lobes a re  well separa ted  

along th e  line-of-sight. which suggests th e  two lobes a re  inclined  to  th e  line-of-sight 

an d  th a t  the angle o f inc lination  to  th e  line-of-sight. 9, is Icirge. F u rth erm o re , there  

is a  sm all red-shifted  em ission fea tu re  near the  sou thern  tip  of th e  b lue-sh ifted  lobe 

th a t  has spilled over in to  the  red-sh ifted  velocity range w hich could  occur if the 

inc lination  angle is high and  th e  outflow broad. T he  am oun t o f CO  contained  in 

each lobe, assum ing op tica lly  th in  gas. may be ob ta ined  from  sum m ing  th e  to ta l 

co lum n density  con ta ined  w ithin each  lobe. For *^C 0(2-I) th e  to ta l  colum n density  

is given by (Snell e t al. 1984):

^totai =  1.04 X J  T r {2 -  l )dv ,  [c m " 2] (.5.1.5)

w here T r {2 — 1 ) is th e  d e tec ted  rad ia tion  te m p era tu re , a fte r co rrec tion  for a tm o­

spheric  a tten u a tio n  an d  beam  coupling, is the ex c ita tio n  te m p e ra tu re  of the 

(2 - 1 ) transition , an d  dv  is the  increm en t of th e  velocity  of th e  gas em ission, i.e..

0.25 km  s" i. W hen th e  lobes are  no t aligned exac tly  w ith  th e  line-of-sight to  the 

observer, as is th e  case here, th en  dc  is foreshortened by cos 9 a n d  hence. Eq. 5.15 

m u st be divided by cos 9. A ssum ing ~  15 K . w hich is ty p ica l for these sources 

(W u et al. 1996). an  inc lination  ang le of 4-5° and  a d istance  of 975 pc (C h ap te r 4). 

th e n  th e  mass con tained  in th e  wings of .A.FGL490-iki is 0.85 M j, (red  lobe) and  2.50 

Mr, (b lue lobe), suggesting a to ta l ejection of ~  3.4 M®. T hese  values are a lower 

b o u n d  as they  assum e th e  gas is op tically  th in . O p tically  th ick  em ission m ust be 

scaled by r / (  1 — e " ’’) while assum ing  Tex =  20 and  25 K scales all solu tions by 1.02 

and  1.07. respectively. Finally, th e  kinem atic tim escale  of th e  outflow , assum ing a 

sm o o th  continuous flow of ~  15 km  s~^. is ~  2  x lO'* yr. for b o th  lobes, while the 

to ta l  k inetic energy of th e  outflow is ~  2.7 x 10“*® erg.

T h e  driving source behind  .\FG L 490-iki. IRAS 032344-5843. has I R A S  colors 

suggestive of a  p re-m ain  sequence s ta r  (W alker e t al. 1989, see §5.3). T h e  lum inosity  

of th is  source, bcised upon its I R A S  fluxes (C arp en te r e t al. 1995, see Table 5.2), 

is ~  1100 L,r. If it is fu rth e r  cissumed th a t the  cen tra l s ta r  pow ering th e  outflow is 

close to  th e  m ain  sequence, th en  its  m ass may be found assum ing  L@ =  Mr® (Casoli 

e t al. 1986). i.e., th e  cen tra l s ta r  pow ering .A.FGL490-iki hcis a m ass ~  7 Mr, (a  33 
-  3 4  s ta r) .
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In com parison to  o th e r  outflows in th e  G alaxy (F ukui e t al. 1993. VVu et al. 

1996). it would ap p ea r th a t  AFGL490-iki is typical for high-m ass sta rs . It is m ore 

energetic th an  average (Fukui et al. 1993). bu t considerably  less en erg e tic  th an  

.•\FGL490 (M itchell e t al. 1992). O ther outflows w hich agree very well w ith  the  

above derived p a ram ete rs  for .\FG L490-iki. e.g.. m ass in lobes, lum inosity  o f source 

and outflow velocity, inc lude NGC 2024/Q ri B. L kH ol98 . 1R.A.S 01133-1-6434. 1R.\S 

00259-^6510. .\G C 7129 F IR  and  .\G C  230324-5937 (W u e t al. 1996).

It is in teresting  to  n o te  th a t if it is assum ed th a t th e  large-scale C am  O B I CO 

em ission features a t —9 an d  — 11 km s“  ̂ (see C hap ter 7) a re  of dep ths co m p arab le  to  

the ir w idths (say. one degree across or ~  17 pc). and  th ey  a re  a t th e  sam e d istance , 

which is supported  by b o th  com ponents being w arm ed, th e n  th e  tim e scale  possible 

for an in teraction  betw een  th e  two would be of the  o rd er of a crossing tim e . i.e.. 

~  S X 10® yr. T he tim e  scale for AFGL490-iki as an  outflow , or as a  pre-m ain  

sequence s ta r (F a lla  & S tab le r 1993) is considerably less th a n  th is. H ence, it cannot 

be ruled out from a considera tion  of tim e scales, th a t an  in terac tio n  betw een th e  two 

CO com plexes a t —9 a n d  — 11  km  s“  ̂ (see C hap ter 7) was responsible for triggering  

the  form ation of bo th  .AFGL490-iki and AFGL490. It will require m ore ex tensive 

observations of th e  region to  determ ine w hether the  so u th ern  em ission fea tu re  a t 

— 15 km  s“ ‘ could also possibly be in truding , and  playing a  role in th e  ongoing s ta r  

form ation.

5.5 .4  C onclusion  R eg a rd in g  Outflows

. \  recent h igh-reso lu tion  survey carried ou t w ith th e  JC M T  has d e te c te d  a  new 

outflow. .A.FGL490-iki. in  th e  C am  O B I region. T he m ain  resu lts  of th is  su rvey  can 

be sum m arized  as follows:

1. .A.FGL490-iki is a m olecu lar outflow w hich has been ac tive  for ~  2  x lO"* yr. 

and  has e jected  ~  3.4 M ? . injecting ~  2.7 x 10’’® erg  into th e  su rro u n d in g  

ISM. A dditional observations of different m olecular isotopes and  tran s itio n s , 

e.g.. ^^CO and  ‘^C O (3 -2 ), are  required to  refine th e  so lu tion  fu rther.

2. M olecular em ission seen in the  vicinity of AFGL490-iki shows m u ltip le  com po­

nents a t sim ilar velocities to  .\FG L490-iki (a t ~  —9, —11 and  —15 km  s~^). 

AFGL490-iki and  also .A.FGL490 m ay have been p roduced  as a resu lt o f th e  in­

te rac tion  betw een th e se  various m olecular com ponents. A m ore ex tensive  m ap­

ping of th e  region is required  to delineate  th e  in terface  betw een th e se  various
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com ponents.

3. T he  ‘on-the-fly’ m ode of o p e ra tio n  at JC M T  is a very efficient m e th o d  for m ap­

ping large areaa contain ing b righ t emission features.

5 .6  C onclusions R egard ing e P Io  in C am  O B I

In this ch ap te r an  investigation  of candidate ex trem e P o p u la tio n  I ob jects as 

selected on the  basis of the ir I R A S  colors, was carried o u t. F rom  th is  s tu d y  it can 

be  concluded th a t:

1. T here does ap p ea r to  be an  enhancem ent of infrared o b jec ts  associa ted  w ith the  

C am  O B I em ission.

2. T he infrared ob jec ts  selected as being associated w ith  th e  C am  O B I em ission 

( 6 6  ob jects) do appear to lie in different parts  of th e  I R A S  color-color planes 

from those in a  nearby con tro l region.

3. 19 of th e  selected  infrared sources can be characterized  on th e  basis of th e ir  I R A S  

colors: 16 of th em  are prom ising candidates to  be eP Io  w hile 3 are  p robab ly  stars.

4. .A. search for m ethano l m asers, associated w ith infrared  sources in th e  survey 

field (D i96). led to  the discovery of a new m aser in th e  P erseus a rm . associated 

w ith IR.AS 02455-f6034.

5. A  search for m olecular outflows in the C am  O B I region led to  th e  discovery of 

a new outflow. AFGL490-iki. associated w ith IR.AS 032344-5843.
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Chapter 6
On the Association of Cam OBI Stars 

with Cam OBI Molecular Gas

A n  in v estig a tio n  o f  th e  relationship  b etw een  o p tica lly -id en tified  
stars in C am  O B I  and th e  Cam  O B I CO em issio n  is p resen ted .
It is show n th a t  H D  19820 is th e  principal sou rce o f  L ym an -  
con tin u u m  p h o to n s  for S 202 , the m ain Hii reg ion  in C am  R l .  I t  
is also show n th a t  a num ber o f  stars are p h ysica lly  re la ted  to  
C am  R l  CO em iss io n  v ia  th e w arm ing o f  its  a sso c ia ted  d u st .

6.1 In trod u ction

In C h ap te rs  4 a n d  5. C am  O B I stars identified by th e ir  op tica l em ission  and  

infrared em ission, respectively , were assigned a  d is tance  of 97-5 ±  90 pc on th e  basis 

of m ain  sequence fittin g  to  th e  optically-identified  s ta rs . T h e re  was som e d iscussion  

in C h ap te r 5 as to  w hich s ta rs  could be associated w ith  th e  C am  O B I m o lecu la r 

gas on th e  basis of th e  ion ization  of this gas (see T able 5 .3), or by th e  w arm ing  

of th e  d ust associa ted  w ith  th e  m olecular a n d /o r  a tom ic gas by neighboring  C am  

O B I s ta rs  (see Table 5 .5). However, the d a ta  cu rren tly  availab le  on th e  in te ra c tio n  

betw een C am  O B I s ta rs  and  associated  gas are very lim ited . In o rder to  u n d e rs ta n d  

the  s ta r  form ing h is to ry  of th e  region, it is im p o rtan t to  ex ten d  th is analysis  to  th e  

rem ain ing  s ta rs  in th e  region and  establish , w here possible, th e  associa tion  be tw een  

the  C am  O B I op tica lly -iden tified  s ta rs  and th e  CO em ission. T h ere  are  tw o m ain  

ways to  do th is: a) on  th e  basis of morphology, and  b) from  ev idence o f physical 

in terac tion  betw een th e  s ta rs  and  gas. In (a), th e  young, op tica lly -id en tified  s ta rs  

should be nearly  co inciden t w ith  th e  CO em ission in w hich th e y  o rig in a ted , a lth o u g h  

they  m ay be heavily  reddened  an d  dim m ed by th e  d u s t associa ted  w ith  fo reg round  

CO em ission. In (b ), ev idence for physical in te rac tion  w ould include Hil regions 

su rround ing  th e  s ta rs  w ith  s im ilar velocities and  co m p lem en ta ry  m orphology to  th e  

CO em ission, o r ev idence o f th e  d u s t having been w arm ed by  th e  ra d ia tio n  from  th e  

stars. F u rth erm o re , from  an  analysis of th e  physical in te rac tio n  betw een th e  s ta rs
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an d  gas. it m ay  be possible to  place some constra in ts  on th e  likelihood th a t th e  s ta rs  

d id  indeed com e from  th e  neighboring gas on th e  basis of tim e-scales and  en erge tics  

of th e  in te rac tio n s .

T he  lay o u t of th is  ch ap te r will be as follows: In §6.2 m orphological a rg u m e n ts , 

b o th  sp a tia l and  k inem atic , supporting  the  association  of th e  m olecular gas w ith  

th e  op tica lly -iden tified  s ta rs  will be presented. In §6.3 evidence for any  physical 

in te rac tio n  betw een th e  s ta rs  and m olecular gas. on th e  basis of Hii regions (§6.3 .1). 

o r w arm  d u s t (§6.3.2) will be discussed. §6.4 will provide a sum m ary  of th e  p ro b a ­

b ility  of th e  association  of optically-identified s ta rs  w ith  th e  m olecular gas. a n d  th e  

likelihood th a t  these s ta rs  originated in th is gas.

6 .2  M orp h olog ica l A rgum ents

W hile it is not possible to  associate th e  C am  O B I CO em ission unam biguously  

w ith  op tica lly -iden tified  C am  0 8 1  stars solely on th e ir  sp a tia l coincidence o r  s im i­

la rity  in ra d ia l velocities, a great deal can be learn t from  such a com parison . S tars  

th a t  a re  re la tiv e ly  young should be close to  th e  CO cloud in which they  fo rm ed , 

e .g .. a ssu m in g  a canonical value of 10  km s~^ for th e  velocity of separa tion  o f th e  

new ly fo rm ed  s ta r  from its parent CO cloud (Leisaw itz e t al. 1989) then  a f te r  1 0 ® 

y r th e  s ta r  will lie at a  d istance of ~  10 pc from  its b irth  site. For th e  C am  O B I 

em ission, a t  a  d istance of 975 pc. this transla tes  in to  an  angu lar separation  o f ~  0°5 

if all th e  m o tio n  is tan g en tia l to the  observer.

F igure 6 .1  shows a  CO m ap of 1 vs. b. taken  a t different velocities, from  th e  

velocity  ran g e  defining th e  C am  O B I em ission ( —5.5 >  (.^^p^/km s~ ' >  —22). w hich 

have been overla id  w ith  th e  Plo selected in C h ap te r 4. For sim plicity, s ta rs  in 

F igure 6 .1  c an  be loosely assigned to  th ree  possible regions: a) m ost s ta rs  can  be 

associa ted  w ith  th e  dom inan t star-form ing region cen tered  on / =  140°. b =  -1-3°. 

w hich com prises C am  R l X and C am  R l S (see F igures 4.7 and  4.8), b) a  second 

group of s ta rs  m ake up th e  com pact c luster XGC 1502 a t / =  143Î5. b =  -|-7?5. 

while, c) th e  rem ain d er of the  stars, which are p rim arily  found a t longitudes below  

I =  138°, a re  sca tte red  throughout th e  field.

O f th e  g roup  (c) field s ta rs  m entioned above. 9 lie a t longitudes below / =  138° 

an d  are ra n d o m ly  d is trib u ted  throughout th e  field, w ith  no strong  coincidences w ith  

th e  C am  O B I CO em ission in this region. Several of th e  s tars  (HD 15000. LS I-I-59 

136. BD-t-58 488, HD 17114 -  see Table 4.4), m ay show som e clustering  a ro u n d
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CO  emission near I =  135°. 6  =  —1°. bu t CO em ission is also seen a t  very positive 

velocities, i.e.. in th e  Local gas velocity  range, as well as being  presen t in the  C am  

O B I velocity range. It is not possible on the basis of m orphology alone to  decide 

w hether these s ta rs  are associated  w ith  the Local or C am  O B I em ission. Given the  

ex tinction  is a t least ~  I™ for m ost of these stars (see Table 4 .4). th ey  probably  lie 

beh ind  the Local em ission bu t no t behind the  Cam  O B I em ission. L nfortunately . 

very little  add itional radial velocity  or proper m otion in fo rm ation  is available on 

these  stars to  help w ith  th is problem .

O ther s ta rs  in th e  region (H D  13666 and HD 237015) do not ap p ea r to be 

strong ly  associated  w ith  e ith er Local or Cam  O B I em ission. R adial velocity m ea­

surem ents for these  s ta rs  are no t of much help. HD 237015 has a  rad ia l velocity. 

— 15.0 km s~*. consisten t w ith  th a t  of the  C am  O B I em ission, bu t it is sufficiently 

old. 96 X 10® y r (T able 4.4). th a t it could have travelled a considerab le  d istance from 

its  origin. HD 17114. th e  s ta r  w ith  th e  most positive radial velocity. -1-51 km  s~*. in 

th e  field would have to  be classified as a runaway s ta r  if it o rig in a ted  in Cam  O B I 

CO emission. Even given its re la tiv e  youthfulness, 6  x 10® y r  (T able 4.4). this s ta r  

could have travelled  a  considerable d istance from its origin. T h e  rem ain d er of th e  

s ta rs  in this region have very l i t t le  inform ation to  assist in th e ir  p lacem ent.

Hence, m orphological, k inem atic  or tim e-scale a rgum en ts fail to  provide any 

com pelling evidence for th e  close association of Cam  O B I s ta rs  w ith  th e  C am  O B I 

CO  emission below / =  136°.

T here are th ree  o th e r "field" s ta rs  which w arrant som e discussion. Firstly. HD 

20041 is an early  ty p e  superg ian t ( / =  I41T57. 6 =  —0^41) w hich has been previously 

identified as being associated  w ith  reflection nebulae in C am  O B I (see Table 5.5). 

T h e  strongest sp a tia l correlation  of HD 20041 w ith  th e  CO em ission occurs over th e  

velocity  range of —13.3 to  —17.2 km  s"L  A velocity of —I I .9 km  s~* for HD 20041 

(a  search of SIMB.AD reveals a  varia tion  of only a  few km  in th e  rad ia l velocity 

for th is star) suggests th a t it is m oving away from us, re la tive  to  th e  CO em ission, 

a t ~  3 km s” .̂ T h e  relatively  young age of this s ta r. ~  15 x 10® y r  (Table 4.4). 

also suggests th a t it should be close to  its origin. It is in trigu ing  th a t  HD 20041 lies 

ju s t  below C am  R l S. which has a  num ber of s tars of sim ilar age, an d  it would have 

been possible for HD 20041 to have traversed the  30 to  40 pc sep a ra tio n  in th e  plane 

of th e  sky, if it h ad  a  very sm all re la tive  transverse velocity  of ~  2  km  from 

C am  R l S. Secondly, th e re  are  tw o early  type stars w hich lie to  th e  n o rth  of th e
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C am  R l N ajid C am  R l S com plex. HD 21806 (/ =  139TT6.6 =  +6?4S), amd B D + 61 

623 [I =  141°o0.6 =  +5°22). which m ay be associated w ith  th e  CO em ission. HD 

21806 has a rad ia l velocity of —2 2  km  s~^ which would suggest it is m oving tow ard  

us re la tive  to  the  C am  O B I CO em ission, i.e.. CO em ission a t ~  —12 km  s"^ . . \n  

ex tinction  of 17*8 for this s ta r  suggests th a t it m ay be on th e  far side of th is em ission  

and  given its re la tive  m otion, also be moving tow ards it. W ith  an  age of ~  8  x 10® 

yr it is also possible th a t HD 21806 originated in C am  R l. If th is  is th e  case, it 

would suggest th a t  th e  CO em ission lying in the  no rthern  half of th e  field is closer 

to  us th a n  th e  CO  em ission in th e  vicinity of C am  R l. BD +61 623 lies a t a  sligh tly  

lower la titu d e , closer to  th e  C am  R l region and  it is sufBciently old ( ~  .5 x 10® y r). 

th a t it could have com e from C am  R l. There are  no radial velocity  m easu rem en ts  

available to  d e te rm in e  its m otion relative to the  CO em ission, bu t its  ex tin c tio n  of 

27"̂  suggests it is beh ind  th e  C am  O B I emission, as was the  case for HD 21806.

N ext, considering th e  group (b) stars, i.e.. the  open cluster NG C 1-502. it is 

clear from  F igure 6.1 th a t th e re  axe no striking positional coincidences of C am  O B I 

CO em ission w ith  th is c luster. T he  only CO em ission of any consequence in th e  

v icinity of NGC 1502 can be seen over the velocity range of —1 2 .0  to  —14.6 km  

s“ ‘ . and  lies a t sligh tly  lower longitude. The radial velocity m easurem ents for s ta rs  

assigned to  NGC 1502 in th e  lite ra tu re  vary trem endously, e.g.. HD 25090 has a  

radial velocity of —3.0 km s~^. while UBV M 30864 has a rad ia l velocity  o f —51.0 

km s~U and  B D +61 678. a  known binary, has a radial velocity of —23.0 km  s “ ‘ 

(Table 4.4). T he  position  of HD 25090 (/ =  143?19.6 =  +7?34) is well aw ay from  

NGC 1502 ( ~  / =  14:3?68.6 =  +7?65), which suggests th a t it differs sign ifican tly  in 

space m otion  from  NGC 1502. In  F igure 6 .1 . th e  only distinguish ing  ch a rac te ris tic  

of CO em ission in th e  vicinity  of N GC 1502 is th a t it hcis a  slight cu rv a tu re  b es t seen 

at —13.3 km  s~U B laauw  ( 1964) argued tha t NGC 1502 is th e  origin of th e  runaw ay  

s ta r  Q C am . If th is  is th e  case, th en  there was probably  a supernova explosion in 

NGC 1502. which e jected  a  C am  from the cluster. U nfortunately , th e  m orphology 

of th e  CO em ission is really too nondescript to  m ake any claim s abo u t th e  possib le 

effect of th e  supernova on th e  neighboring CO em ission.

Finally, th e  C am  R l staxs, group (a) above, show a  s trong  sp a tia l co rre la tion  

w ith th e  C am  O B I CO em ission. A t a velocity of —5.5 km  s“ \  th e  s ta rs  a re  

bounded by th e  CO  em ission to  th e  north, which is ju s t becom ing visible. A t 

m ore negative velocities, th e  spa tia l coincidence between th e  sta rs  and  CO em ission
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becom es m ore  m arked . For C am  R l X. th is coincidence is strongest a t —8.1 km  s“  ̂

and  I =  140°.6 =  + 3 ° . as well as / =  139?5.6 =  +4°. (T h is CO featu re  is referred  

to  cis C om plex  B in C h a p te r  7). The s ta rs  of C am  R l S. w hich are m ostly  evolved , 

lie below  th is  em ission, and  are  alm ost perfectly  spatia lly  an ti-co rre la ted  w ith  it. 

T he m ost no rth ern  m em bers of C am  R l S g roup  (located  n ear I =  141°. b =  -t-2?7-5) 

overlap  w ith  som e C am  R l X CO  em ission, b u t for th e  m ost p a rt, are well confined 

by th e  C O  em ission co inciden t w ith th e  C am  R l X stars.

It is in te restin g  to  no te  th a t an analysis of th e  radial velocities of B -ty p e  s ta rs , 

which a re  p resum ab ly  young and  close to  th e ir  origin, con ta ined  w ith in  th e  b o u n d ­

aries of C am  R l X an d  C am  R l S (Table 4.4 and  Figure 4 .7). shows th a t  th e  C am  

R l X B -ty p e  stars (7 s ta rs  in to ta l) have a  m ean  radial velocity  —5.1 ±  0.5 km  s “ *. 

while th e  C am  R l S B -type  s ta rs  (3 s ta rs  in to ta l)  have a m ean rad ia l ve loc ity  of 

— 11.2 ±  0.9 km  s " i .  T h is suggests a  real difference in th e  m otion of th e  B -type  

stars for th e  two regions, w hich could in d ica te  th a t they  o rig inated  in d ifferen t CO  

clouds.

. \ t  —9.4 km  s " i .  th e re  is a  d ram atic  increase in th e  am oun t of CO  em ission  

associated  w ith  th e  C am  R l S stars. This increased CO em ission is com posed  of 

four m a in  features:

. \ t  / =  139°.6 =  4-2Î5. th e re  is an elongated  em ission fea tu re  which b reak s  up 

into severa l sm aller fea tu res a t m ore negative velocities bu t it is best defined  a t 

*̂’l3r  == —9.4 km  s“  ̂ (p a rt of C om plex B defined in C h ap te r 7). T he s ta rs  in C am  

O B I sk irt th is  fea tu re  bu t th e re  are none visible in front of it (the  one ex ce p tio n . 

BD-l-61 506. hcis a a rad ia l velocity of 0 .0  km  s~^ [Table 4.4]. which suggests a  large 

m otion re la tiv e  to  th e  m ain  CO em ission associated  w ith  C am  R l X an d  C am  R l 

S). T h is argues strong ly  th a t  th is  p articu la r fea tu re  ac tua lly  consists of fo reg round  

em ission re la tiv e  to  th e  C am  O B I stars, b o th  C am  R l S and  C am  R l X.

A t / =  140°.6 =  4-2 °. a  second prom inen t CO feature w hich resem bles a  large 

tr ian g u la r shape, is first identifiable (again, p a r t of C om plex B). T he m orpholog ical 

connection  betw een th is  fea tu re  and  th e  C am  R l S stars is p a rticu la rly  fasc in a tin g . 

At —9.4 k m  s~^ the  s ta rs  in C am  R l S sk irt so u th  of th is fea tu re , w ith  th is  sp a tia l 

an ti-co rre la tio n  relaxing a t m ore negative velocities w here th e  stars of C a m  R l S 

becom e sp a tia lly  well m ixed  w ith  th e  CO em ission. T he  C am  R l S s ta rs  fo rm ing  

the sk irt a re . for th e  m ost p a rt, g iants (C lass III) stars an d , if th is  c lassification  

holds tru e , represent m ore evolved stars in C am  R l. H ence, it would a p p e a r  th a t
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th e  m ore positive velocity  com ponent of th is CO em ission featu re is in  fron t of. and  

obscuring , m ost o f th e  o lder stars in C am  R l S.

T h e  largest CO  em ission  feature contained  w ith in  th e  survey b o u n d arie s  be­

com es visible first a t —S.I km  s“ ‘ . bu t is best seen a t —10.7 km s“ ‘ (p a r t  of C om ­

plex D defined in C h a p te r  7). The no rthern  half of th is  com plex resem bles a  large 

arc-like s tru c tu re  cen te red  on ~  / =  142°. 6  =  -1-5°. A large part of th is  com plex  has 

th e  sam e o rien ta tio n  as th e  o ther CO features w hich a re  coincident w ith  C am  R l 

S. indeed  blending in w ith  th e  previously m entioned  CO  em ission. C o m p o n en ts  of 

th is  em ission persist o u t to  a  velocity of —IS.5 km  s “ *.

T h e  last CO  fea tu re  to  be considered is aligned a t constan t lo ng itude  along 

I =  142?5 cen tered  on  ~  / =  142°. 6 =  4-1°. and  is best defined over th e  velocity  

range —12 to  —14 km  s “  ̂ (p a r t of C om plex G in C h ap te r  7). This fea tu re  p ersis ts  out 

to  a  velocity  of —19.8 km  s"^. There are  th ree  evolved s ta rs  coincident w ith  it. HD 

21291 (/ =  141?50,6 =  4-2?23. Table 4.4), BD-t-58 611 (/ =  142Î12.6 =  -h‘2?52. Table 

4 .4). and  HD 21389 (/ =  142? 19.6 =  -j-2?06) -  recall th a t  HD 20041. a  superg ian t 

seen a t th e  ex trem e so u th e rn  end of th e  com plex was not considered p a r t o f C am  R l. 

T h ere  a re  no obvious correlations betw een th e  CO em ission and th ese  s ta rs . They 

do ap p e a r to  be sp a tia lly  coincident w ith  CO em ission over the velocity  range —12 

to  —14.6 km  s~^ b u t th e re  are  no rem arkable sp a tia l coincidences to  sp eak  of. T he 

ex tin c tio n  for th e  su p erg ian ts  is also com parable . ~  1™5. while it is considerab ly  

h igher for the  b righ t g ia n t. ~  3™4. This would suggest th a t th e  su p erg ian ts  are 

in front of the  CO  em ission , while th e  bright g ian t p robab ly  lies b eh in d  it o r is 

em b edded  in it. F u rth e rm o re , the available rad ia l velocity  m easu rem en ts  for the  

su p erg ian ts  (none a re  know n for the  bright g ian t), w ith  a m ean value of ~  —6.5 km 

s~ ‘ . would also suggest th a t  the  superg ian ts are m oving tow ards th e  C am  0 8 1  CO 

em ission.

6 .3  P h ysica l In tera c tio n  betw een th e C am  O B I CO E m ission  and
P opulation  I O b jects

6 .3 .1  H ii R egion s

W hile th e  m orpholog ical argum ents supporting  th e  association o f th e  selected  

C am  O B I s ta rs  (C h a p te r  4) with th e  C am  O B I CO  em ission (C h a p te r  2) a re  very 

in te res tin g , a com pelling  case for th e ir association  m ay  be m ade from  ev idence of 

th e ir  physical in te rac tio n . These argum ents are  based  on the p rem ise  th a t  th e
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presence of hot s ta rs  should quickly dissociate and  ionize any  n ea rb y  m olecular gas 

to  form H ii  regions (Spitzer 1978. Roger & Dew dney 1992). as well a s  w arm  any  

dust associated w ith  th e  atom ic a n d /o r  m olecular gas (Leisaw itz & H auser 1988. 

Scoville G ood 1989). In C h ap te r 5 candidate Hii regions, iden tified  on the  beisis 

of their op tica l, in frared  and rad io  continuum  surveys, were p resen te d . It rem ains 

now to d em o n stra te  th a t these were formed as a result of th e  in te ra c tio n  w ith C am  
O B I stars.

In Tables 5.3. 5.4 and 5.5. and  in Figure 5.7. details and  positions of e P lo  

believed to  lie in  th e  C am  O B I region are provided. W h at will be  em phasized  

in the  discussion provided here is S202. This very large, fain t H li region, w hich 

dom inates C am  R l .  is clearly visible on the POSS p la tes as a  large c ircu la r em ission 

feature w ith a  d ia m e te r  of 170' cen tered  on / =  140Î59.6 =  +1?92 (see Figure 5.7 

for the ou tline  o f th is  feature). However, the  nebula is not un ifo rm  in brightness, 

bu t shows a  b righ ten ing  tow ards th e  northern (S202 N) an d  so u th e rn  (S202 S) 

edges.  ̂ From  T ab le  4.4 it is possible to  determ ine which o p tica lly  identified s ta rs  

could po ten tia lly  fall inside th e  boundaries of S202. as seen in p ro jec tion . T able

6 .1  provides a  su m m a ry  of the relevant inform ation for those c a n d id a te  s tars w hich 

have an app rec iab le  L ym an-continuum  flu.x.

A. 1420 M Hz rad io  continuum  m ap for th is region (K allas & R eich 1980). p re­

sented  in F igure 6.2. shows a weak continuum  featu re co incident w ith  the  position 

of S202. whose b righ test em ission is from regions to  the  sou th  of th e  C am  O B I CO  

em ission near / =  140°5.6 =  -1-1?0 (S202 S) and coincident w ith  th e  C am  O B I CO  

em ission near / =  139?5. 6 =  4-2?5 (S202 X).

S2 0 2  X covers an  area  of ~  1 .2  x 1 0 ' arcsec^ and . has a  to ta l  flux density  of 

~  25 Jy. T he ion density  producing this flux density  m ay be  found  from (G enzel 

1992).

5 .  =  2.4 X 10-" “  EM |J y |,  (6.1)

w here T4 is th e  ex c ita tio n  te m p era tu re  of the  nebula in 10“* K (assu m ed  to  be 0.8. 

O sterbrock 1989). u is th e  observed frequency in GHz (1.42), a n d  9^ is the  solid 

angle of th e  source in th e  sky in square  arcsec. EM is th e  em ission m easure  for th e

 ̂ On th e  PO SS p la tes  S202 S is no t as clear cis th e  S202 X. T h is  could  be in p a rt 

due to: a) v igne tting , as S2G2 S is located  near th e  b o tto m  of th e  p la te , and b) th e  

lack of con trast w ith  th e  background Perseus H^ em ission w hich is enhanced  in th is  
region.
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Table 6.1: C an d id ate  C am  O B I Stars w ith  S ignificant L ym an F lu x
A ssocia ted  w ith  S202

X am e /

[deg]

6

[deg]

Sp. T ype LSR
[km s"i]

log X I ^Bol
[1 0" L . ]

HD 19968 139.46 +2.97 B5HI -T.O(X) 42.79 1 .8
BSD 9-1161 139.58 +2.57 B2 44.89 5.7
B D +60 648 139.59 +2.69 B5V 42.36 0 .8
HD 19441 139.73 +  1.26 B3IH -30.0(S) 44.30 5.0
HD 237090 140.05 +  1.91 B0.5IV - 6 .0 (S) 46.65 60.0
HD 237091 140.06 +  1.92 B IV +7.6(S) 45.52 16.0
HD 19820 140.12 +  1.54 0 9 IV -4 .2(S ) 48.50 1 0 0 .0
HD 20134 140.16 +2.16 B2.5IV-V -12.5(X ) 44.70 8 .0
B D +59 624 140.21 +2.07 B5V 42.36 0 .8
B D +58 574 140.32 +0.94 B 1 -9 .0(S) 45.52 14.0
HD 20295 140.58 +  1.91 B5HI -32.0(S) 42.79 1 .8
HD 20508 140.60 +2.39 B1.5IV -28.0(X ) 45.60 1 0 .0
HD 20898 140.80 +3.06 B2HI -2 .0(X ) 45.25 17.0
LSI + 58  119 140.86 +  1.48 B5 42.36 0 .8
HD 237134 140.91 + 2 .8 6 B5V 42.36 0 .8
HD 20547 141.09 +  1 .6 8 B3III -15.0(S) 44.30 5.0
HD 237121 141.21 +  1.39 B0.5V -12.0(S) 46.50 30.0
HD 20959 141.44 +2.23 B3III -IO.O(S) 44.30 5.0

a) M em bership of th e  s ta rs  in C am  R l N or C am  R l S (see F igures 4.7 and  4.8) are 

ind icated  by (N) an d  (S) respectively.

b) X l is th e  to ta l nu m b er of ionizing photons s~ ‘ as d e term ined  by P anag ia ( 1973).

c ) LboI is th e  s te lla r bolom etric lum inosity, as listed  by Lang (1992)._____________

nebula defined as

EM =  J  nl dl [cm~® pc]. (6 .2 )

w here n , is th e  e lec tron  density  per cm^. and  th e  in teg ra tion  is perform ed over th e  

length  of th e  nebula, in pc. along th e  line-of-sight. If th e  nebula is assum ed to  be 

as deep as it is wide, th e n  this dep th  is ~  22 pc. for an  cissumed d istance of 975 

pc to  C am  O B I. H ence, it follows from Eq. 6 .1  and 6.2 th a t,  for S202 X. th e  EM 

is ~  830 cm “ ® pc. and  th e  electron density, n^ ~  6.1 cm "^. T he calcu la ted  value 

for th e  EM of S202 X, and  its appearance on th e  POSS p la tes, axe in ag reem ent 

w ith  o th e r well know n Hii regions, e.g.. S187. IC5146. XGC281 and  S142 (R oger & 

D ew dney 1992).

T he num ber of L ym an-continuum  photons which could be absorbed  th ro u g h
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recom binations p e r second per u n it volum e (cm ~^) in  an Hii reg ion  is 3.4 x 
Iq-13 J - - 0 ..5  ^ 2  (O sterb rock  1989). H ence. S202 N. w ith  a  volum e of ~  1.7 x 10®® cm® 

and  Tig = 6 .1  cm"®, would absorb ~  2.5 x IQ"** L ym an-continuum  p h o to n s  s~*. Sev­

era l s ta rs  in T ab le  6 .1  have considerable L ym an-continuum  fluxes w ith  HD 237090 

being  th e  closest to  S202 X. However, th e  available ionizing flux from  th is  s ta r  is 

several o rders o f m agn itude less th a n  w hat is requ ired . HD 19820. th e  strongest 

source of ionizing pho tons could provide th is flux if ~  80% of it w ent in to  ioniz­

ing 8202 X. H ow ever. HD 19820 has a p ro jec ted  stan d -o ff d istance o f ~  1?2 or 21 

pc a t 975 pc w hich  would lim it th e  available flux w hich could energ ize S202 X to  

~  10% of its  to ta l.  O th e r stars in th e  C am  O B I region, in p a r tic u la r  HD 237090. 

p robab ly  could  no t a llev ia te  this difficulty to  the e x te n t required . X or a re  th e re  any 

ad d itio n a l s ta rs  d e tec ted  in Perseus (.Appendix B) w hich could be c o n trib u tin g  to 

th e  rad io  c o n tin u u m  em ission. T here  are  th ree  sources of u n ce rta in ty  in th is  calcu­

la tion . F irs tly , an  e rro r in the selection of the b o u n d ary  of 8202 X w ill affect bo th  

th e  e s tim a te  of th e  to ta l flux in th e  nebu la  and th e  volum e of the  neb u la . 8 econdly. 

th e  ionizing flux for HD 19820 m ay be u n d eres tim a ted , th is  is still open  to  debate  

and  is an  ac tiv e  a rea  of research. Finally , th e  s ta r 's  w ind m ay have d ep le ted  th e  gas 

in its  v ic in ity  to  som e ex ten t (B orland  e t al. 1986).

X evertheless. given th e  lim itations of th e  m app ing  o f 8202 X a n d  th e  absence 

of any  o th e r  significant sources of ionizing photons. H D  19820 must  be the principal  

source o f  ionizing photons in S202  -V.

If th e  above analysis is applied to  8202 8 . it can  be  shown th a t  th e  to ta l flux 

density  for th e  n eb u la  is ~  212 Jy. ex ten d ed  over an  a re a  of ~  2.3 x 10' arcsec®. 

w hich leads to  an  EM  ~  2900 cm"® pc. If it is assum ed  th a t 8202 8  is as deep as 

it is wide ( ~  26 pc). then  it follows its  e lectron  d en sity  is ~  11 cm"®. Finally , the  

n u m b er of L ym an-con tinuum  photons required  to  energ ize 8202 8  is ~  2.8 x 10"*® 

sec"*, which is com p arab le  to  th a t of 8  202 X. F u rth erm o re , as is th e  case o f 8  202 X. 

8  202 8  does no t ap p e a r to  have any o th e r significant sources of L ym an-con tinuum  

photons th a n  HD 19820. Hence, w ith  th e  sam e caveats which were ap p lied  to  the  

analysis of 8  202 X it follows tha t HD 19820 must  be the principal source o f  ionizing 

photons in 5202  5 .
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6.3 .2  D u st W arm ed by th e  Cam  O B I Stars

As m en tioned  earlier, th e  w arm ing effect of th e  C am  O B I s ta rs  on th e  dust 

associated  w ith  the  m olecular gas is fu rther evidence of th e ir  close p rox im ity . F igure

6.3 p resen ts  a  dust te m p e ra tu re  m ap for th e  region, o b ta in ed  by a com parison  of 

the  I R A S  6 0 ^ m  and lOO/im emission. These m aps are m ad e  from co-added  H CO N  

d a ta  from  th e  I R A S  survey  (Laughiin 1991). which have m ore sen s itiv ity  th a n  th e  

original survey, but have th e  sam e resolution, i.e.. typ ically  th e  m in im um  d e tec tab le  

flux density  decreased from  1 - 1 .5  Jy  to  0.8 J y  while th e  resolution rem ain ed  a t ~  4' 

a t 60/im  an d  ~  6 ' a t 100/zm. T he dust te m p era tu re , o b ta in ed  from a com parison  of 

these two flux densities, m ay  be found from (Evans 1980)

Ù£( J  L)
^ , . (6.3)

where h, c an d  k  are P lanck 's  constant, the  speed of light an d  B o ltzm an n 's  co n stan t, 

respectively, Ai =  60/zm and  Ag =  lOO/zm. J  is a  m easu re  of th e  em issiv ity  of 

the  d ust w hich is assum ed to  be 2 . i.e., Q { \ )  oc A~^ w ith  th e  flux d en s ity  of th e  

dust given by 5,\ =  Q(A) x B ( \ . T ) .  where B ( X . T )  is th e  P lanck function . In o rder 

to  calcu la te  th e  dust te m p e ra tu re  as a function of position , as shown in  F igure  6.3. 

two co rrections need to  be m ade to  the  d a ta . F irstly , th e  60/im em ission  m ust 

be convolved to  m atch  th e  resolution of th e  1 0 0 //m  m ap and . secondly, b o th  th e  

60//m and lOO/im m aps m ust be flat-fielded to  rem ove th e  ex traneous background  

em ission. For th e  60/im  em ission a constan t background com ponent o f 7 M Jy /s r . 

e s tim ated  by averaging several positions away from  th e  region of in te rac tio n , was 

assum ed. S im ilarly , for th e  lOO^m em ission a constan t background o f  45 M Jy /s r  

was assum ed. T h e  effect of th is  removal can be seen in F igure 6.3 as 'w h ite ' pixels 

which ap p e a r a t the  edge of th e  em ission, where th e  im age has been c ropped  by th e  

background su b trac tio n . It should be noted th a t th e  very w arm  sources (very  dark  

pixels) a long th e  edges shou ld  not be given any  weight eis th e ir  im plied te m p e ra tu re s  

are p robab ly  due to  edge effects in one or b o th  bands, i.e.. when tak in g  th e  ra tio  of 

two fluxes in  a  pixel near th e  edge, where th e  fluxes m ay be p a rticu la rly  sensitive 

to  an im p ro p erly  fit baseline, th e  calculated  te m p era tu re  m ay be erroneous.

In F igure  6.3, th e re  a re  a  num ber of sites where th e  s ta rs  of C am  O B I ap p ea r 

to  be w arm ing  th e  dust associated  w ith  th e  C am  O B I CO  gas. T h ese  sites a re  

res tric ted  to  th e  region I =  138° to  / =  144° and  6  =  — 1° to  6  =  4-4°. i.e.. th e
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C am  R i region (see F igu res 4.7 and 4.8), and  sligh tly  fu r th e r  south . In  F igure  6.4. 

de ta iled  m aps of eight o f th e se  regions of in te rac tio n  éire p resen ted . T hese p a r tic u la r  

regions have been se lec ted  as being typ ical, as well as provid ing  a sam pling  across 

th e  en tire  sp a tia l ex te n t o f th e  C am  R1 region. A ccom panying  each m ap  is a  plot 

of th e  d u st te m p e ra tu re  profile w hich has been o b ta in ed  by az im u tha lly  averaging  

aro u n d  th e  cen tra l s te lla r  position in bins ~  one pixel w ide ( ~  1.06 pc a t 975 pc). 

In o rd er to  d e te rm in e  th e  excess' w arm ing th a t  a  s ta r  has on nearby d u s t, over th e  

background rad ia tio n . the  rela tionsh ip  (L eung 1975. C astelaz e t al. 1987)

is used. T h e  left han d  side of Eq. 6.4 represen ts th e  ra tio  of em issivities of th e  d u s t 

a t 60fxm an d  IGO/xm, a n d  has been set equal to  2100. i.e.. s im ilar to  th e  dust seen in 

th e  v ic in ity  of th e  P le iad es  (C astelaz e t al. 1987). a  is S tefan -B o ltzm an 's  co n stan t 

and  L boI is th e  b o lo m etric  lum inosity  of th e  s ta r ,  as listed  in Lang (1992). T h ere  

are tw o p a ram ete rs  left to  be fit to  th e  da ta ; rep resen ts th e  excess d u st

te m p e ra tu re  due to  th e  influence of th e  s ta r, a n d  th e  stando ff d istance, r , .  o f th e  

s ta r  from  th e  dust in o rd e r  for it to  provide th is  ad d itio n a l flux. T he  expec ted  d u st 

te m p e ra tu re . „ p  is re la ted  to  an d  th e  background  dust te m p e ra tu re ,

th ro u g h  th e  conservation  o f flux. i.e..

(6.5)

In solving Eq. 6.5 th e  m in im u m  standoff d is tance , r^.o is set to be th e  d is tan ce  a t 

w hich th e  dust is w arm est, i.e.. the  closest poin t betw een  s ta r  and  dust. .\11  o th e r  

s tandoff d istances, r, .  a re  calcu la ted  assum ing th e  d u s t lies en tirely  in a p lane, in 

w hich case,

=  r l o  +  r j r .  ( 6 .6 )

T he Faceon Offset, rp .  is th e  d isp lacem ent, seen in th e  p lane of th e  sky. of th e  

az im u th a lly  averaged an n u li from th e  cen ter (w arm est p o in t) of dust em ission.
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A su m m a ry  of th e  results of th is analysis is p rov ided  in Table 6.2. while a  b rie f 

d iscussion  for each s ta r(s )  is provided below:

T ab le 6 .2  P aram eters for C am  O B I S ta rs  W arm ing D u st  
A ssocia ted  w ith  C am  O B l C O  Em ission

N am e I b Sp. T ype L boI , r,.o
[deg] [deg] [1 0 " L .]  [K] [pc] [K] [K]

HD 21389 142.19-1-2.06 .AO lab 35.0 35.8 3.1 27.3 32.4
H D 20041 141..57-0.41 .AO la 35.0 36.0 3.0 27.2 32.7
HD 237121 141.21-1-1.39 B0.5V 30.0 35.9 3.1 30.8 29.6
BSD 9-796“ 141.04 +2.71 B6 0.50 40.3 1 .1 31.7 35.7
BSD 9-786“ 140.97 +2.69 BS 0.18 40.3 1 .1 31.7 35.7
HD 20898 140.80 +3.06 B2I1I 17.0 42.8 1.5 31.8 39.2
HD 20798* 140.11+3.87 B21II-IV 17.0 37.3 2 .2 30.4 32.2
HD 20761* 140.12+3.78 B9V 0 .1 0 37.3 2 .2 30.4 32.2
HD 237090 140.0.5+1.91 B0.51V 60.0 32.5 8 .2 30.5 2 2 .6
BSD 9-1161 139.58+2.57 B2 5.70 34.1 2 .1 31.0 25.6
BD-b60 648 '  139.59 +2.69 B5V 0.80 34.1 2 .1 31.0 25.6

a) T he  lum inosities  of BSD 9-796 and  BSD 9 - 786 were added toge ther in th e  cal-

cu la tio n  o f th e  standoff d istance and  excess flux a t a  poin t coincident w ith  th e  m ore

lum inous o f th e  two s ta rs . BSD 9-796.

b) S im ilarly  HD 20798 and  HD 20761 are  considered  together.

c) S im ila rly  BSD 9-1161 and BD-t-60 648 are considered  together.

HD 21389 : T h is  b righ t supergiant s ta r  lies a t th e  ea s t end  of the C am  R l region, 

an d  is w arm ing  th e  C am  O BI dust. It is in te res tin g  th a t the rad ia l profile for 

th e  lOO^m em ission shows a depletion of em ission w ith in  the first ~  2 pc. T h is 

d ep le tion  is h ighly sym m etric  in appearance, eis d e te rm in ed  from an inspection  of a 

lOO/im em ission  m ap  and  is suggestive of a  shell o r bubb le . Note: T h e  bum p in th e  

rad ia l d is tr ib u tio n  plots a t ~  .5 pc is due to  th e  presence of the energetic  outflows 

A FG L490 an d  .\FG L 490-iki (C hap ter .5).

HD 20041 : T h is  b right supergiant lies a t th e  so u th -east end  of Cam R l and  appears 

to  be  s lig h tly  offset from  th e  Cam O B I CO em ission. However, th e  excellen t fit to  

th e  te m p e ra tu re  profile suggests th a t the  sim ple m odel for w arm ing th e  dust is 

e ssen tia lly  correct.

HD 237121 : T h is hot s ta r  is also alm ost certa in ly  w arm ing  the  dust associated  w ith  

th e  C am  O B l CO em ission. Like HD 21389, th e re  is a  depletion of lOO/^m em ission
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do se r to  th e  s ta r , b u t in th e  case of HD 237121 this depletion  appears to  ex tend  out 

to  ~  4 pc. G iven th a t  HD 237121 (BO.5 V) is a  m uch h o tte r s ta r  th a n  HD 21389 

(AOIab). it m ay sim ply  be th a t the  d u st grains in th e  vicinity of HD 237121 are 

being w arm ed ou t to  a  g rea ter d is tance th an  in the  v icin ity  of HD 21389.

BSD 9 — 796. BSD 9 — 786 : These two stars  are superim posed upon  th e  m ost ex­

tensive and  w arm est dust em ission seen in th e  region. T he  dust could  not have been 

w arm ed to  the  ex ten t shown in F igure 6.4 by these s ta rs  alone, nor by  all th e  add i­

tional C am  O B l s ta rs  possibly associated  w ith it (BSD 9-800. HD 237134 and BSD 

9-780. Table 4.4). It is rem arkable how sym m etric th e  tem p era tu re  profile is about 

the  position of BSD 9-796 which argues against the  presence of any  a d d itio n a l heat 

source, e ith er ex te rn a l and  in ternal (em bedded stars  o r p ro to-stars) being  present. 

T he solution to  th is  d ilem m a m ay lie in th e  fact th a t th e  em ission, b o th  60/xm and 

lOO^m. is very w eak and  m ay be sensitive to  the  correction for background em ission. 

T he sym m etry  of th e  dust tem p era tu re  profile argues in favor of BSD 9-796 being 

the  source of heat for w arm ing th e  dust in this region, bu t a m ore carefu l analysis 

of the  dust em ission is required to  confirm  this.

HD 20898 : This ho t g ian t lies to th e  no rth  of the  BSD 9-796. BSD 9-786 com plex 

and appears to  be w arm ing the dust in Cam  O B l in a  very p red ic tab le  m anner. 

.\s  in th e  case of HD 21389 there is a  decrease in th e  lOO^m em ission closer to HD 

20898 but th e  d rop  off is shallower, and  the re  is no ap p aren t bright lOO/zm em ission 

ridge encom passing it.

HD 20798, HD 20761 : Em ission is peaked about th e  position of HD 20798 (HD 

20761, a  m uch cooler B9V star, alm ost certain ly  provides no ad d itio n a l w arm ing), 

but the  d u s t- te m p e ra tu re  profile is very com plicated . W ith in  a few pc o f HD 20798 

the  dust em ission does dim inish, but a t a  much slower ra te  th an  ex p ec ted . .A.t an 

offset position of ~  4 pc th e  dust te m p era tu re  profile is severely affected  by edge 

effects. T h ere  ap p ea r to  be  no o the r know n sources in th e  field c o n trib u tin g  to  th e  

w arm ing of th e  d u s t and  th e  coincidence of the  w arm est dust peak w ith  HD 20798 

does suggest it is responsib le for w arm ing the  dust associated  w ith  C am  O B l.

HD 237090 : T h is very  h o t, lum inous s ta r  appears to  be adding a  sm all am ount of 

flux to  the  C am  O B l d u st. The fit to  th e  dust te m p era tu re  profile m ap  is very 

good, suggesting th e  sim ple model of d u st em ission is essentially  co rrec t and  th a t 

HD 237090 lies a t a  d is tance  of 8 .1  pc from  the C am  O B l dust. . \s  was po in ted  out 

in §6.3.1. th is s ta r  is probab ly  not m aking  a  significant con tribu tion  to  th e  ionizing
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flux of S202 N, which lies s ligh tly  to  the  north-w est a t a  d is tan ce  of ~  17 pc. It 

is still curious th a t ,  given th e  ionizing flux of th is s ta r, no m ore radio co n tin u u m  

em ission is observed  in its im m ediate  vicinity. T he absence o f such em ission m ay 

be in p art due to  its close p rox im ity  to th e  CO em ission w here th e  a tte n d a n t d u st 

m ay  serve to  quench  the flux of Lym an-continuum  photons (M ath is  1986).

BSD 9 — 1161. BD +  60 648 : T he  emission for th is region peaks a t the position  of 

BSD 9-1161. th e  h o tte r of th e  two stars. However, th e  rad ia l profile of th e  dust 

em ission does not d im inish as rapidly  as predic ted  by th e  sim ple model.

6 .4  C onclusions

In th is c h ap te r  it was shown th a t the optically  identified C am  O B l sta rs  m ak ing  

up Cam  R l N and  Cam  R l S are  indeed associated w ith th e  C am  O B l m o lecu la r 

gas seen along th is  line-of-sight. Evidence supporting  th is c laim  follows from :

1 . M orphological argum ents. T here  are two m ain  s te llar groups best seen in re la ­

tion to  th e  m olecular gas a t a  radial velocity of -9 .4  km  s~^. O ne group, w hich 

appears to  be fairly young (1  — 3  x 1 0 ® yr) is well co rre la ted  w ith a  C O  fea­

tu re  seen near / =  140°. 6 =  4-3°. A second, older (3 — 50 x 10® yr) an d  m ore  

extended group appears to  lie slightly to  th e  south  of th e  first group (cen te red  

on I =  140°. 6  =  4-2°). T h e  absence of older stars in th e  first group suggests 

th a t th e  second group ac tu a lly  lies behind th e  CO em ission contain ing  th e  first 

group.

2 . Physical a rgum ents. T he  presence of Hii regions coincident w ith  the  CO em ission  

suggests th ey  have been produced by hot C am  O B l sta rs , p rim arily  HD 19820. 

Furtherm ore, dust associated  with the  m olecular gas in th e  Cam  R l region is 

clearly being  w arm ed by th e  nearby C am  O B l stars.

3. To the  n o rth  or west of C am  R l it is not possible to  get any  evidence of physical 

in teraction  betw een the  s ta rs  and gas from radio or in frared  em ission, as th ese  

regions are  e ith e r  too confused with background em ission or th e  d a ta  a re  not 

available.
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Chapter 7
Star Formation in Cam OBl

S ta r  form ation  in C am  O B l is con sid ered . It is sh ow n  th at  
th ere  are th ree d istin ct sp a tia l and tem p o ra l star  form in g  re­
g io n s which ap p ear to be restr icted  to  th e  poin t o f  in tersection  
o f  tw o, or p ossib ly  th ree, CO com p lexes. It is also show n th a t the  
stru ctu re  o f  th ese  CO com p lexes is sim ilar to  th a t o f  th e  new ly  
form ed  stars, and th a t th e  sta r  form ation  is rela tively  inefficient.
It is proposed  th a t star form ation  in th e  region  has b een  trig­
g ered , either d irectly  or ind irectly , by a co llision  b etw een  th e  CO 
com p lexes.

7.1 In trod u ction

In th e  In troduction  to  th is thesis, it was proposed th a t  th e  s ta r-fo rm in g  process 

in th e  G alaxy  could be considered in te rm s of th ree  elem ents: a) th e  s tru c tu ra l rela­

tionsh ip  between th e  newly form ed s ta rs  and  th e  m olecu lar clouds from  w hich they  

cam e, b) th e  tem poral evolution of th e  m olecular c louds leading to  s ta r  fo rm ation , 

and  c) th e  probab ility  of s ta r  form ation occurring a t a given site . T h is  ch ap te r will 

consider th e  s ta r form ation  in Cam  O B I and  will a t te m p t to  assess th e  app licab ility  

of th is  analysis, w ith in  th e  lim ita tions of th e  available d a ta , to  th is  region.

In regard  to (a) above, th e  s tru c tu ra l elem ent o f th e  s ta r  form ing process, it was 

show n in C hap ter 3 th a t th e  present CO survey (D igel e t al. 1996, h e rea fte r 0196) 

co n ta in ed  considerably m ore inform ation  abou t th e  s tru c tu re  of m olecu lar clouds in 

th e  C am  O B l region th a n  previous CO surveys of th e  region (D am e e t al. 1987). It 

was also shown th a t th e  d is tribu tion  of CO  em ission followed a pow er-law  sim ilar to  

th a t  found in the  Hi em ission in th e  region (G reen 1993). F inally , from  an analysis 

of th e  s tru c tu re  of several of th e  CO com plexes in th is  region using s tru c tu re  tree  

s ta tis tic s  (H oulahan &: Scalo 1990. 1992), it was show n th a t  th e  CO em ission in these 

com plexes appeared  to  have a h ierarchical d is trib u tio n  suggestive of tu rb u len ce . In 

th is  c h ap te r  a  com parison will be m ade of th e  d is tr ib u tio n  o f CO  cloud m asses w ith 

th e  d is tr ib u tio n  of s te lla r masses in various regions o f C am  O B l.
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In regard  to  the  second elem ent of th e  s ta r  form ing process, (b) th e  tem p o ra l 

evolution o f th e  clouds, it was shown in C hap ters  4. 5 a n d  6  th a t th e re  are  th ree  

spatia lly  d is tin c t groups o f s ta rs . In th is chap ter it will be  estab lished  th a t  th e re  is 

a corresponding  age difference for these groups, d e te rm in ed  on the  basis of H R d ia ­

gram s co n stru c ted  for tw o o f th e  groups which are  com posed  of op tica lly -iden tified  

stars, o r on th e  basis of th e  infrared  em ission from  th e  th ird  group of sources w hich 

suggests th ey  a re  very young  pre-m ain sequence s ta rs  s till associated  w ith  th e ir  

paren ta l cocoons. H ence, th e  difference in th e  ages of th ese  groups m ay  be used to  

m ap ou t th e  evo lu tion  of th e  cloud com plexes.

F inally, in regard  to  (c) above, the p robab ility  o f th e  onset of s ta r  fo rm atio n , it 

has been suggested  by prev ious au thors th a t th e  onset of s ta r  fo rm ation  is triggered  

by th e  in te rac tio n  betw een m olecular cloud cores, which leads to th e  d issipa tion  

of the ir an g u la r m om en tu m  and  their subsequent collapse (Larson 1982. Evans et 

al. 1991. B odenheim er e t al. 1993). It is not possible, w ith  th e  reso lu tion  o f th e  

CO d a ta  p resen tly  availab le (Di96). to  consider th e  s tru c tu re  of th e  C O  em ission 

a t scale-lengths <  2 .8  pc. However, c ircu m stan tia l evidence, such as th e  low s ta r  

form ing efBciency (SE E ), th e  preservation of th e  cloud s tru c tu re  over th e  course of 

s ta r  fo rm ation  in th e  region, and  the  location of th e  s ta r  fo rm ation  a long  th e  region 

of contact betw een two C O  com plexes, can be exp la ined  if th e  ra te  o f favorable 

in teractions, i.e .. m olecular core in teractions which lead to  th e  collapse o f a t least 

one core, is enhanced  at th e  in tersection  of th e  colliding com plexes.

T he o u tlin e  of th is c h a p te r  will be as follows: §7.2 will identify  and  ch arac te rize  

th e  CO  clouds and  CO com plexes in th e  C am  O B I region. §7.3 will p resen t an 

analysis of th e  s ta r  fo rm atio n  in term s of th e  th ree  e lem en ts describ ing  th e  s ta r  

form ing process, in each s te lla r  group: §7.3.1 will consider G roup I. §7.3.2 will 

consider G roup  II. and  §7.3.3 will consider G roup III. §7.4 will d iscuss th e  s ta r  

form ing m echanism (s) possib ly  active in th e  region. §7.5 will provide a  su m m a ry  of 

th e  analysis of s ta r  fo rm ation  in the  C am  O B l region.
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7.2 T h e M olecu lar C louds and Cloud C om p lexes o f  C am  O B l

In C h a p te r  I the  idea th a t  CO emission could  be classified as being  m ade up of 

a set of sim ple geom etrical c louds' was in troduced . T he  basis of th is  classification 

schem e was th e  assum ption  th a t a CO featu re, say a 6 <r peak  which could  be  isolated 

from  an in teg ra ted  profile of th e  emission (see F igure 2.11) at som e a rb itra ry  noise 

level (3 cr). in fact represented  a  physical en tity . If th is  was the  case, th en  these 

clouds could be  characterized  by a set of b o th  m easured  and  derived q u an titie s . T he 

m easured q u an titie s  include A c . th e  cloud 's velocity  dispersion, i.e.. th e  F I V H M  

of a  G aussian  fit to  the  velocity  profile of th e  cloud, th e  radius of a  cloud  as fitted  

to  th e  half-m axim um  of its in teg ra ted  CO in tensity . VVco- and th e  cen tro id  of the 

cloud in (/. 6 . c ). while the derived  quan tities  include th e  cloud 's lum in o sity  in the  

CO line (E q. 1.47). the c loud 's  CO mass (E q . 1.52) and  the cloud 's  virial mass 

assum ing it is spherical and  uniform  in den sity  (Eq. 1.55). D etails of th e  cloud 

selection p rocedure  and an e s tim a te  of the  u n ce rta in ty  in th e  derived q u an titie s  for 

these clouds are  given in .\ppendi.x  . \  (in brief, these uncerta in ties  a re  o f th e  order 

of 10 -  25%. w ith  the  largest uncerta in ty  for th e  sm allest clouds).

Seventy-nine CO clouds' or em ission featu res were selected in th e  C am  O B l re­

gion which could be reasonably well m odelled as spherical s tru c tu res, w ith  a G aus­

sian velocity profile. C louds were rejected if they  were too sm all, if it was too 

difficult to  iso la te  one 6  a  peak , or if they could  not be fitted  by a sim ple  G aussian 

profile. T able 7.1 provides th e  resu lts of th is analysis and  includes a  c lo u d 's  cen tral 

position (designation), w hether o r not it has been  assigned to  a com plex (see below), 

th e  cloud’s velocity  dispersion, radius, CO lum inosity . CO m ass, v iria l m ass, peak 

te m p e ra tu re  and  m ean partic le  density. T he  last 3 colum ns of Table 7.1 provide th e  

in teg ration  boundaries in (/. 6 . c) for each cloud. N ote from  the u lt im a te  row in T a­

ble 7.1. which are  the  sums of th e  indicated q u an titie s , th a t the  to ta l C O  lum inosity  

for th e  selected  clouds is ~  42 x 10^ K km  s~ ‘ pc^. w hile th e  to ta l lum inosity  for 

th e  surveyed region is ~  69 x 10^ K km s~^ pc^ (i.e.. th e  to ta l a rea  o f th e  survey, 

in pc. tim es th e  average of 2.43 K km s“ ^). H ence, th e  sam ple of se lec ted  "clouds' 

represents ~  61% of the  to ta l C O  emission in  th e  region.

An ad d itio n a l classification schem e has been  used to  characterize th e  CO  em is­

sion by p lacing  th e  clouds in to  'com plexes’, a n d  in som e cases, a co llection  of com ­

plexes. C louds were considered p a rt of a com plex  if they  had  sim ilar m ean  velocities, 

and  spa tia l positions. The s tre n g th  of this c la im  was th en  checked by considering



Table! 7.1: Physical Paranicteas for the Cam O B l CO Clouds
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1 <1131.0-1.5 13.ti 2.05 4.09 0 .00 2.52 6 .97 2..59 180 1.31.1250/132.0000 1.87.50/ 01.12.50 5 .5 0 / 22.00

2 < 1131.0+2.5  9.2 1.53 2.90 0 .02 0 .08 1.65 1.44 160 131 .3750/131 .8125 + 2 .3 1 2 5 /+ 2 .6 8 7 5 5 .5 0 / 22.00

3 (1 1 3 2 .1 + 0 .2  15.1 2.07 2.73 0.27 1.1.3 2.84 2.07 270 131.7500/1.32.4.375 0 .1 2 5 0 /+ 0 .4 3 7 5 1 0 .6 6 / 22.00

4 <11.32.1+2.0 7.8 1.90 2.50 0.0.3 0.1.3 2.24 .3.0.3 38 131.87,50/132.3125 + 2 .3 1 2 5 / +  2.8125 5 .5 0 /  22.00

5 < 1132.2+0.8  10.2 2.80 2.39 0.11 0 .46 1.54 1.49 160 131 .9375 /132 .5000 +0..5625 /+ 0 .9 .375 5 .5 0 /  22 .00

0  <1132.4 1.1 11.7 3.40 2.05 0 .03 0.1.3 5.75 1.10 73 132 .3125 /132 .5000 1 .1875 / 0 .9375 5 .5 0 / 22 .00

7 G l.32 .9  0 .8  14.1 3 .50 3.24 0.24 1.01 9.62 2.14 140 132 .6500/133 .1875 1 .0 6 2 5 / 0 .6250 9 .3 6 /  22 .00

8  <1133.1 1.0 12.0 7.45 2.39 0.1.3 0 .55 .32.2 1.09 200 1 .32 .8750/1.33.2.5CX) 1 .7 5 0 0 / 1.3750 6 .5 0 /  22 .00

9  0 1 3 3 .1  1 .0 -1 1 .8 1.65 2.73 0.15 0 .63 1.80 1.42 150 132 .8750 /133 .2500 1 .7 5 0 0 / 1.3750 6 .1 1 / 2 2 .0 0

10 0 1 3 3 .3  0 .1 -15 .1 2.4.3 4 .09 0.85 .3.57 5.86 4.53 250 132.8125/13.3.6875 0..3125/+0.2.5tXl 8 .7 1 /  22.00

11 0 1 3 3 .8  1.0 13.1 .3.91 1.88 0 .27 1.1.3 6.97 1.79 830 1.33.37.50/134.1875 1 .8125 / 1.3750 8 .0 6 /  22.00

12 0 1 3 3 .8 + 0 .2  14.3 4.03 2.39 0 .19 0 .80 12.4 2.60 290 133 .6250/133 .9375 + 0 .0 6 2 5 /+ 0 .3 1 2 5 9 .3 6 /  22 .00

13 0 1 3 4 .0  0 .5  7.3 2 .70 .3.07 0 .18 0.76 5.67 2.07 1.30 133.7500/134.251KI 0 .7 5 0 0 / 0 .3750 5 .5 0 / 10.66

14 0 1 .3 4 .0 + 0 .9  11.2 3.64 3.41 0.32 1.34 11.0 1.43 160 133 .6250/134 .3125 + 0 ..5 6 2 5 /+ 1 .1 8 7 5 5 .5 0 /  22.00

15 0 1 3 4 .1  0 .0  13.8 2.81 2.50 0 .23 0.97 1.90 2.24 280 1.33.7500/1.34.251X1 0 .7 5 0 0 / 0 .3750 1 0 .6 0 / 22.00

10 0 1 3 4 .3 + 3 .8  9.2 2.71 3.07 0 .00 0 .25 5.47 2.03 42 1.34.0000/134.6250 + 3 .4 3 7 5 / +  4 .0000 5 .5 0 / 22.00

17 0 1 3 4 .4 -1 .1 -1 2 .7 2.71 2.00 0.15 0 .63 5.16 1.74 1,30 134.187.5/134.6250 1 .3 1 2 5 / 0.9.375 5.,50/ 22.00

18 0 1 3 4 .4 + 0 .1  14.4 1.88 2.22 Ü..30 1.26 1.90 2.97 560 1.34.1875/134.562.5 0.12.5Ü /+0.3125 8 .7 1 /  22.00

19 0 1 3 5 .1  1.2 9 .8 4.0.3 5.97 0.9.3 3.91 2.3.5 3.28 89 134.8125/1.35.4375 1 .6 8 7 5 / 0 .8125 5 .5 0 / 22.00

20 0 1 3 5 .0 + 3 .6  9 .7 3 .99 2.22 0.07 0 .29 8.57 2.08 130 135 .2500/135 .8125 + 3 .3 1 2 5 /+ 3 .8 1 2 5 5 .5 0 / 22.00

21 0 1 3 5 .9 -0 .8  8 .3 3.01 2.90 0.25 1.05 9.16 2.27 210 1.35.62.50/136.2500 1 .0000 / 0 .6250 5..50/ 22.00

22 0 1 .3 0 .2 + 0 .4  10.8 5.15 3.07 0.32 1.34 19.8 3.05 2.30 1 .35 .8125 /1.36..50(X) + 0 .0 0 0 0 /+ 0 .9 3 7 5 5 .5 0 /  22.00

23  0 1 3 0 .4  1.7 10.6 3 .20 5.0.3 1.47 6.17 14.0 .3.72 170 135.8125/137.00(X I 2 .0 0 0 0 / 1.3125 5 .5 0 /  22.00
00
CO
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2(i (11.37.0+2.0 12.0 A 2,50 2.50 0 .07 0.20 3 .88 2.58 210 137 .3750/137 .8750 +  1 .8 1 2 5 /+ 2 .1 2 5 0 5 .5 0 / 22 .00

27 (1 1 3 7 .8 + 2 .5  12.3 A 4.72 3.02 0.48 2.02 21.2 3.20 100 137 .3125/138.1875 +  2 .0 0 2 5 /+ 2 .8 1 2 5 5 .5 0 / 22.00

28 G 138.2 1.1 12.3 3.02 1.88 0.08 0..34 4.10 1.10 250 1.37.0375/138.3750 1 .5025/ 1 2500 5..50/ 22.00

20 G 13 8 .3 + 3 .8  10.0 B 3.00 3.57 0.04 .3.05 11.0 3.03 420 137 .3750/138 .0375 +.3.5ÜOO/+4.OÜ0Ü 5..50/ 22.00

30 (1138.5 1.0 13.7 2.00 2.30 0.11 0 .40 4 .10 1.53 100 138.2500/1.38.751X1 2 .0 0 0 0 / 1.0875 5 .5 0 / 22.00

31 (J 138.8 0 .4  10.5 1.43 3,41 0.20 0.84 1.00 2.14 100 138 .5000/138 .0375 1 .0 0 0 0 /+ 0 .3 1 2 5 5 .5 0 / 22.00

32 G 1 3 0 .0 + 0 .0  0 .0 1.50 1.88 0 .10 0.42 1.11 1.80 .300 138.5025/130 .1875 + 0 .0 8 7 5 /+ 1.0025 5 .50/ 22.00

33  G 1 3 0 .2 + 4 .0  10.8 B 2.07 3.74 0.43 1.81 8 .00 2.07 170 1.30.0000/1.30.4375 + 4 .2500/+ 5 .ü0(M ) 5 .5 0 / 22.00

34 G  1 3 0 .2 + 5 .0  12.5 G 2.70 3.23 0.20 1.00 0 .10 1.07 100 1.30.0000/1.30.37.50 + 5 .0 2 5 0 /+ 0 .12.50 5 .5 0 / 22.00

35 G 1 3 0 .2 + 0 .3  13.5 C 7.48 3.23 0 .18 0.70 43 .8 0.05 110 1.30.0000/130.4375 + 0 .1 2 5 Ü /+ 0 .0 2 5 0 5 .5 0 / 22.00

30 G 1 3 0 .3 + 2 .0  13.4 A 3 .2 8 3.75 0 .32 1.34 0 .78 2.47 120 1 .30 .0025 /130..5(MXJ +  1 .0 8 7 5 /+ 2 .1 8 7 5 5 .5 0 /1 8 .1 7

37 G 13 9 .3 + 5 .3  12.0 G 0 .00 2.72 0.05 2.73 23.8 2.70 050 130.0000/130 .0875 +  I .0 3 7 5 /+ 5 .0 2 5 0 5 .5 0 / 22.00

38  G 1 3 0 .5 -1 .5  13.3 3.35 2.73 0.73 3.07 7.43 3.42 720 130 .1250/140 .1250 2 .0 0 0 0 / 0.9.375 5 .5 0 / 22.00

30 (1 1 3 0 .0 + 1 .3 -1 2 .0 A 4.20 2.50 0.28 0 .88 11.0 2.02 250 1 30 .1875/130 .8125 +  1 .0 0 2 5 /+ 1.5000 5 .5 0 / 22.00

40 G 130 .7+ 4 .U  0 .0 B 4.40 5.70 0.88 3.70 27.0 2 .28 01 1 3 0 .4 3 7 5 /140.00(H) + 3 .4 3 7 5 /+ 4 .5 0 2 5 5 .5 0 / 22.00

41 G 130 .7+ 0 .U  12.0 G 5.71 2.21 0 .23 0 .07 17.5 1.20 430 130.4375/1.30.0375 + 5 .8 1 2 5 /+ 0 .I2 5 0 5 .5 0 / 22.00

42 G 1 3 0 .8 + 1 .7 -1 3 .0 A 1.80 2.05 0 .08 0.31 1.01 1.02 100 1 30 .0250/130 .0375 +  1 ..5025/+ 1 .8125 5 .5 0 /1 9 .1 2

43 G 1 3 0 .8 + 5 .7 -1 2 .0 G 2.48 3.23 0 .10 0 .80 1.82 2.80 110 1 .30 .5000/IIO.OO(X) +  .5..5000/ +  5 .8 I2 5 5 .5 0 / 22.00

44 G 130 .0 + 2 .8  10.5 B 4.28 3.41 0.04 3.05 15.1 3.00 480 130.5000/140 .3125 + 2 .5 0 0 0 /+ 3 .1 2 5 0 5 .5 0 / 22.(K)

45 (1 1 4 0 .0 + 2 .2  12.1 A 4 .73 4.27 1.15 4.83 23.2 3„58 .300 130 .5025/140 .4375 +  I.9 .375 /+2 .375Ü 5 .5 0 / 22.00

46 G  1 4 0 .3 + 4 .8 -1 3 .1 G 3 .38 3.74 0.41 1.72 10.4 3.71 100 140.0025/140 .4375 + 4 ..5 0 0 0 / +  .5.()000 5 .5 0 / 22.00
CO
O



Table 7.1 coat.: Physical Paiaaieters far the Cam O B l CO Clouds

N o D ésig n a i io n “ C om plex*  A l) ,

[ k i n s - ' ]  [pcj [lO-

Mror
p . -) 11 0 "  M ,.,l 11 0 "  M,

'I'/l
* muK

,1 [Kj
(>'
[II;; ( i n '

(iiiiii/iim x) 

"] [(Icg ./dcg .)

^ im ii  /  max I 

[d eg ./d eg .j

''(iiim /m B x)

[kin  s -  ' / k i l l  s~  ']

47  a n o . - l + d . d  8 .9 B 3.13 3.50 0 .28 1.18 8 .10 2.29 1.30 140 .1875/140 .5625 + 3 .0 6 2 5 /+ 3 .4 3 7 5 5 .50/ 22.00

(18 t i l 'I O .S f  1.5 13.9 A 3.98 5.97 1.26 5.29 22.4 .3.61 120 139.9375/141.12.50 +  1 .12 .50/+  1.8125 5 .5 0 / 22.00

49  C l 4 0 .5 + 3 .9  11.2 H 4.47 3.91 0.72 3.02 19.0 2.87 240 140 .1875/140 .8125 + .3 .62 .50 /+ 4 .1875 5 .5 0 / 22.00

50 C  1 4 0 .7 + 2 .2  12.7 A 2.87 3.75 0 .48 2.02 7.49 .3.56 180 140.5000/140.9.375 +  2.IXI00/+2.4.375 5 .5 0 /  22.00

51 C l  4 0 .7 + 3 .3  10.0 H 4.17 3.24 0.29 1.22 1.3.7 2.35 170 140.5625/140.9.37.5 + 3 .1 2 5 0 /+ 3 ..5 0 0 0 5..50/ 22.00

52 C l 4 0 .7 + 4 .9  13.3 C 2.40 3.57 0.56 2.35 4.99 4.31 250 140 .5000 /141 .0000 + 4 .6 2 5 0 / +  5 .I2 5 0 5 .5 0 / 22.00

53 C 1 4 0 .7 + 5 .9  12.9 C 2.94 5.62 1.73 7.27 11.8 4.00 200 140.0625/141.12.50 + 5 .5 6 2 5 /+ 6 .1 2 5 0 5 .5 0 / 22 .00

54 C 1 4 1 .1+2.1  12.1! A 4.31 2.,56 0.32 1.34 11.5 2.60 380 140 .9375 /141 .3750 +  1 .9 3 7 5 /+ 2 .3 7 5 0 5 .5 0 /  22.00

55 C 1 4 1 .2 + 3 .9  10.8 B 5.46 3.74 0.28 1.18 27.0 1.69 110 141 .0000 /141 .3750 + .3 .5 6 2 5 /+ 4 .2 5 0 0 5 .50/ 22.00

50 C 1 4 1 .2 + 5 .4  10.9 D 1.85 2.55 0.25 1.05 2.12 3.92 .300 141 .0625 /141 .3750 +  .5 I8 7 5 /  +  .5..56.50 5 .5 0 / 22.00

57 C 1 4 1 .2 + 0 .3  11.1 D 2.17 2.72 0.34 1.43 .3.11 3 .96 340 1.10.9.375/141.4375 +6.I2 .50/+6.501H I 5 .5 0 /  22.00

58 C 1 4 1 .4 + 2 .0  11.5 C 2.07 1.71 0 .08 0..34 1.78 2.05 330 141.3125/141..5625 +  1 .9375 / +  2 .1250 5 .5 0 /  22.00

59 G 1 4 1 .0 + 4 .4  9.1 D 3.95 3.57 0 .45 1.89 13.5 2.38 200 141 .3750 /141 .8750 + 4 .0 6 2 5 /+ 4 .6 2 5 0 5 .5 0 / 22.00

60  C 1 4 1 .9 + 6 .5  12.2 C 3.91 2.38 0.31 1..30 8.82 2.92 460 141..5625/142.3750 + 6 .1 8 7 5 /+ 6 .8 1 2 5 5..50/ 22.00

61 C  14 2 .0 + 0 .6  15.6 II 4.37 4.95 1.80 7.56 22.9 5.06 300 141 .5000 /142 .3750 + 0 .3 1 2 5 /+ 0 .7 5 0 0 5 .5 0 /  22.1X1

62 C l 4 2 .0 + 1 .0  15.3 II 3.64 5.12 1.82 7.64 16.5 5.67 270 141 .6250 /142 .2500 + 0 .7 5 0 0 /+  1.3125 5 .5 0 / 22.00

63  C  14 2 .0 + 2 .6  10.4 I-' 2.84 3.58 1.40 5.88 7.00 5.18 610 141.1375/142.687.5 + 2 .3 1 2 5 /+ 2 .8 7 .5 0 5..50/-22.(K)

64 C 142.1  1.5 17.7 1.95 2.90 0.12 0 .50 2.67 2.00 100 141 .4375/142 .3125 2 .0 0 0 0 / 1.3750 5 .5 0 / 22.00

65 C 1 4 2 .1 +  1.8 12.3 C 4.33 3.07 2.78 11.7 14.0 9.67 690 1 41 .6250 /142 .3750 +  1 ..5000/+ 2 .1250 5 .5 0 / 22 .00

66  C 1 4 2 .2 + 5 .2  9 .6 1) 1.40 4.08 0.32 1.34 1.91 3.17 94 141 .8750 /142 .4375 + 4 .8 1 2 5 /+ 5 .7 5 0 0 5 .5 0 / 22.00

67 C l 42.4 1.1 15.2 II 2.62 4.44 0.41 1.72 7.39 2.27 94 141.9375/142.87.50 1 .3125 / 0 .8125 5 .50/ 22.00

68  C 142 .4  0 .4  13.8 11 3.32 1.71 0.15 0.6.3 4.57 2.25 603 142.2.500/142.5625 0 .5 0 0 0 / 0 .1875 5 .5 0 /  22.00

69  C l 4 2 .4 + 4 .0  11.2 B 3.78 1.87 0.07 0 .29 6.48 0.95 210 142 .1875 /142 .5000 + 3 .8 7 5 0 /+ 4 .2 5 0 0 5 .5 0 /  22.00 CO



Table 7.1 cont.: Pliysical Parameters for the Cain O B l CO Clouds

N o D e s ig n a tio n " C om plex*  A n ,  r “* I 't 'O M i i r  ' l « , a . p''  (iiiiii/innx)
y

(null /iiiHX) "(iiiin/niax )

[km  s “  ' ] [pc] [1 0 ^  K km  s~  ' p c - j [ I O - ‘ M h ] [ l ü ‘* M e ,j [K] [11-j c in “ ^j [d e g ./d e g .j [d e g ./d e g .j [km  s “  ' / k i l l  s “  *j

7Ü a i 4 2 .5 - H . l  1:1.1 0 4.52 5.40 2 .10 8.82 27.1 0 .08 180 142 .3125/142.0875 + 0 .7 5 0 0 /+  1.5000 5 .5 0 / 2 2 .0 0

71 (114'2..5-l-7.5 1.1.8 2.04 3.74 0.02 2.00 o .:i2 .1.54 100 141.0:175/142.0:175 + 0 .0 .1 7 5 /+ 8 .0 0 0 0 5 .5 0 / 22.00

72 C I4 2 .U  0 .1 1:1.0 11 4:10 3.75 0.52 2.18 10.8 2.05 200 142.5025/14:1.1875 0 .0 8 7 5 / 0 .1250 5 .5 0 / 22.00

73 C l 4 3 .0 + 0 .0  11.(i O 4.20 4.05 1.00 0.72 22.1 4.00 270 142.087.5/143..50tK) + 0 ..5 0 0 0 /+ 1.12.50 5.,50/ 22.00

74 C l 4:1.3+1.7 10.3 1' 4.05 3.41 1.40 0 .20 13.0 5.88 700 142.87.50/14:1.87.50 +  1..37.50/+ 1.0.375 5 .5 0 / 22 .0  0

75  0143 .3+ 4 .11  10.8 1C 5.81 2.72 0.10 0.80 22.3 1.41 100 14:1.0025/143.4:175 + 4 .4 :1 7 5 /+ 4 .8 1 2 5 5 .5 0 / 22 .0  0

70 014 :1 .5  0 .7  14.0 11 2.04 1.71 0 .07 0.20 2.80 1.31 280 143.3125/143.02.50 0 .8 1 2 5 / 0.4.375 5 .5 0 / 22 .00

77 014:1 .0  1.5 1:1.5 11 3 .80 1.78 0.02 .1.80 17.5 2:10 170 1 1:1.1250/144.0000 2 .0 0 0 0 / 0.0:175 5..50/ 22 .00

78 0 1 4 3 .7 + 3 .0  10.0 B 4.07 4.08 0.02 2.00 10.4 2.00 180 14:1.1875/144.0000 + 3 .1 8 7 5 /+ 3 .8 1 2 5 5 .5 0 / 2 2 .0 0

70 0 1 4 3 .7 + 4 .3  10.2 1C 5.52 5.28 1.14 4.70 .10.0 2.24 100 14:1.3750/114.0000 + 3 .8 1 2 5 /+ 4 .7 .5 0 0 5..50/ 22 .0  0

Total 41.8 175 014

n) M ean  p iw ilin n  o f  em ission  fe a ln re  in  ( / ,  6 , I') cooriiiiw ttes.

b ) C o m p lex  to  wliii-li t loiiti h a s  b e e n  assigneti.

c) F W IIM  o f th e  ( ia i is s ia n  fit. tY sii < a le n la le il  a ssiin iin g  s la n d a n l  so la r  n io lio n .

d )  C lo u d  ra d iu s  a t  th e  h a lf-m a x im u m  c o n to u r  o f  IV V o . c o rre c te d  fo r b e a m  size, a n d  a s su m in g  I) =  U75 pc.

e) C O  lu m in o sity , in te g ra te d  fro m  th e  fit to  th e  c lo u d 's  c o m p o s ite  sp e c tru m .

f)  C lo u d  m ass d e riv ed  from  1 .,.,, o n  th e  a s su m p tio n  th a t  .Y =  1.!) X 1()~ " c m ” " (K  km  s “  ’ ’ w ith  an  a d d it io n a l  fa c to r  o f 1 ..((I fo r h e liu m .

g) M ass o f  a  u n ifo rm , sp h e ric a l c lo u d  in v iria l ecp iilib rium  — 5 / ( S  (1  / » 2 ) ( ' l / 3 ) * ^ "  V A t '" ,  w here th e  fa c to r  ( 4 / 3 ) * ^ "  i o r re c ls  th e  h a lf-m ax im u m  ra d iu s , r, to

th e  full ra d iu s  o f  a  u n ifo rm , sp h e ric a l c lo u d .

h )  P e a k  T ^ .  N o t o : I h is  p eak  c lo u d  le m p e ra lu re  d o es  no t nei e&sarily occ iir a t  th e  c lo u d  p o s itio n  su g g e ste d  by its  d e s ig n a tio n .

i) K quivalenI m e a n  llv  p a r t ic le  d e n s ity  fo r c lo u d  Jissiim ing M ||  ̂ =  Il.U'2 X 1 0 ” " “'  gm .

j )  B o u n d a rie s  o f  c lo u d  in  ( / ,  6 , t ',^ , ,  ) c o o rd in a te s  u sed  in i a lc u la l in g  th e  c lo u d ’s c o m p o s ite  s p e c tru m .

(0to
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th e  position of th e  various s te lla r groups identified in C h a p te rs  4, 5 an d  6  in relation 

to  these  com plexes. As an  exam ple, all of the  s ta rs  of G ro u p  I (o lder, m ore evolved 

s ta rs  -  see §7.3.1) in th e  v icin ity  of C om plex A, lie in  fron t o f th is  com plex  and are 

known to  be in terac ting  w ith it (see th e  discussion o f F ig u re  6 .1), w hich places all 

of th e  clouds in C om plex A  a t the  sam e d istance and  asso c ia ted  w ith  one another. 

As ano ther exam ple. C om plex C lies a t m ore negative velocities th a n  Com plex B. 

and  Com plex C lies in front of C om plex B. since th e re  is a  m arked  enhancem en t of 

G roup II s tars (younger, p re-m ain  sequence sta rs  -  see §7.3.2). w hich are  coincident 

w ith  Com plex B but obscured by C om plex C. Finally. C om plex  B lies in front of 

C om plex .A., as th e  G roup I s ta rs  associated  w ith  C om plex  A a p p e a r to  be obscured 

by Com plex B. T h e  classification of com plexes has been  re s tr ic te d  to  th e  clouds in 

th e  C am  R l region.

T he  m ost detailed  descrip tion  of th e  CO cloud com plexes is p rov ided  by the 

assignm ents given in Table 7.1. .A sim ple schem atic  rep re sen ta tio n  of these com ­

plexes is shown in Figure 7.1. T he shading schem e and  positio n a l overlay  of emission 

features, e.g.. Com plex C in front of C om plex B. have been  chosen to  reflect the 
re la tive  positions of the  com plexes.

In this rep resen ta tion  of th e  d a ta , and  tak ing  into acco u n t th e  s im ila r velocities 

of som e of th e  com plexes, it would ap p ea r th a t th e  com plexes m ay  be organized into 

even larger CO stru c tu res. T his is not easily seen in th e  m ap  of th e  in teg ra ted  CO 

em ission (F igure 2.11), nor in th e  velocity-m om ent m ap  (F ig u re  2.12). F igure 7.2 

shows a histogram  of th e  m ean velocity d is trib u tio n  for th e  clouds in these  larger 

CO structu res.

O ne larger CO s tru c tu re  com prises the  C om plexes .A. C an d  G . and  has a 

cen tro id , w eighted by m ass, of ( 141? 1 ,+ 2 ?S .—12.7 k m s “ ^) w ith  a  dispersion of 

~  0.6 km s“ ‘ . and  a m ean radius of 2?1 or ~  37 pc. .A second large C O  struc tu re , 

m ade up of Com plexes B. D. E and  F. has a centro id  of ( 141?6. 4-:3?6. —10.3 km s"^ ), 

a  dispersion in its  velocity of ~  0.3 km s " \  and  a  m ean  rad iu s  o f 1?9 or ~  33 pc.

T he s tru c tu re  of C om plex H is m ore difficult to  u n d e rs ta n d  given th e  paucity  

of clouds defining this com plex. It m ay be th a t C om plex  H is e ith e r  ro tating , 

o r possibly is m ade up of several different com ponents a t  d ifferent velocities. A 

deta iled  survey of s tars  counts in th is region m ay serve to  d is tin g u ish  betw een these 

tw o possible scenarios.
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H i s t o g r a m  of Veloci t ies  fo r
CO C o m p l e x e s  in C o m  OBI

C o m p l e x e s  A, C a n d  C

(f)
"O

Z3
_o
o

C o m p l e x e s  B, C, D 

a n d  F

C o m p l e x  H

9.75 - 1 0 . 7 5 - 1  1 . 7 5 - 1 2 . 7 5 - 1 3 . 7 5 - 1 4 . 7 5 - 1 5 . 7 5- 8 .7 5

LSR [ k m  s ]

F ig u r e  7 .2  H istogram  of m ean velocities for th e  th ree  m ain  CO com plexes seen 

in th e  C am  R l region. N ote th a t th e  height of the  bin for th e  C om plex H clouds at 

‘̂’lsr — —13.75 km s~^ has been slightly  reduced for clarity._______________________

7 .3  T h e  S te l l a r  G r o u p s  in  C a m  O B l

7 .3 .1  G r o u p  I

In C h a p te r  4. a descrip tion  of the d is trib u tio n  of optically-identified  s ta rs  asso­

c ia ted  w ith  Cam  R l was m ade on th e  basis of age, which p laced  the  s ta rs  in one 

of tw o g roups. Cam  R l N or C am  R l S. i.e.. s tars  in C am  R l N. on average, were 

ap p rec iab ly  younger th an  those in C am  R l S (see F igures 4.7 and  4.8). It th en  

becam e ap p aren t in C h ap te r 6  (see discussion in §6 .2 ) th a t th e  o lder p o p u la tio n  of 

s ta rs  th a t  had  been placed in C am  R l N all ap p ear a t th e  edge of C om plex B. and  

w ere p ro b ab ly  located behind it. T his suggested th a t these s ta rs  really a re  m ore 

typ ica l o f th e  stars in C am  R l S, i.e.. o lder and  placed beh ind  Com plex B. H ence, 

a  m ore  m eaningful descrip tion  of th e  d is trib u tio n  of s ta rs  in C am  R l would include 

th e  o lder s ta rs  of C am  R l N w ith  the  s ta rs  of C am  R l S. T h is  group of o lde r s ta rs
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will be designated  as G roup I. F igure 7.3 is an  overlay of G roup  I over the  CO 

em ission seen a t -9 .4  km  s“ C This velocity cu t has been chosen as it m ost clearly 

illu stra tes  th e  position  of the various G roups o f s ta rs  re la tive  to  th e  CO com plexes. 

An H R d iag ram  is p lo tted  in F igure 7.4 w hich shows th e  evo lu tionary  s ta tu s of the  

group. S te llar d a ta  for all of the  figures are  ta k en  from  Table 7.2.

In th e  m odel of s ta r  form ation as a process charac terized  by th ree  fundam ental 

e lem ents, i.e.. s tru c tu ra l, tem poral and sto ch astic , th e re  are  several observations 

which can be m ade w hich dem onstra te  th e  role of these  e lem en ts. For the  G roup I 

s tars, these observations can be sum m arized  as follows:

.A. T em poral

1. Age Using th e  m odels of Palla & S tab le r (1993) for p re-m ain  sequence stars, 

and G arm any  & Stencel (1992) for evolved s ta rs , one can deduce from Figure 7.4 

th e  ages for th e  ind iv idual stars for G roup I. F igu re  7.5 is a  h istogram  of th e  age 

d is trib u tio n  for those G roup I stars whose p lacem en t on th e  H R  diagram , in term s 

of age. is unam biguous. T here m ay be ev idence from  F igure 7.5 for a break in the  

frequency of s ta r  form ation  from 30 -  45 M yr. T h e  reality  of th is  break is difficult 

to  e s tim a te  as it depends upon the  u n ce rta in ty  in th e  ages of th e  stars  and relies on 

sm all num ber s ta tis tic s . For a  given s ta r  an  u n ce rta in ty  of ~  1 0 % in its d istance, 

an  e rro r in its p ho tom etry  and reddening of ~  07*1. plus an  e rro r in in terpolating  

its position  in th e  theore tica l m odels of ~  1 0 % w ould suggest an uncerta in ty  of 

~  20 — 30%. .An u ncerta in ty  of this o rder w ould argue th a t th e  general d istribu tion  

of s ta rs  is real b u t th e  gap m ay not be.

S tars older th an  45 M yr represent th e  earliest epoch of s ta r  form ation which 

can be seen in th e  C am  R l region. T he sta rs  w hich did  form  p rio r to  45 M yr. and 

are still d e tec tab le , a re  all of in term ed ia te  m ass ~  6  — 8  Mr, (see Table 4.4). For 

s tars younger th a n  30 M yr, there  is a  larger range  in th e  m asses, ~  3 — 30 M ? . T he 

s ta r  form ation ra te  for these s ta rs  also appears  to  be s tead ily  increasing since its 

onset. Hence, it would appear that the Group I  s tars  fo rm ed  in a contemporaneous  

manner,  i.e., over a  period  of tim e, in agreem ent w ith  cu rren t theore tical m odels of 

s ta r  form ation  (S tab ler 1985, Palla & S tab le r 1990. 1991). an d  w ith w hat is seen 

elsewhere in th e  G alaxy (H illenbrand e t aJ. 1993).
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log ^eff
F ig u r e  7 .4  H R d iag ram  for th e  s ta rs  designated  as G roup I in th e  Cam  R l region. 
T h e  p re-m ain  sequence tracks are  taken  from P a lla  & S tab le r (1993) -  d o tted  lines -  
as is th e  ‘b irth lin e ’ -  dash-do t line -  below which s ta rs  first becom e optically  visible. 
A n accretion ra te . cT^l/dt =  1 x 10“  ̂ Mm yr"^ has been assum ed  in d e term in ing  
th e  position of th e  b irth line  on th e  HR diagram . A lower acc re tion  ra te  will move 
th e  b irth line  to  th e  right in  th e  d iag ram  (S tab le r & W alter 1993). T he post-m ain  
sequence evo lu tionary  tracks -  solid lines -  a re  ta k en  from  G arm any  & Stencel 
(1992) for th e  m etallic ity  in d ica ted .



Tallin 7.2: C am  O O l - S te lla : Gi‘iiu|) 1

No,“ Name* r  y
(den.] (deg.)

MK De*.'' "L,,
[km 1 IK)

M L, loK M"
|magj [M/Mi.jlO"^ yrj

No.“ Name* r  b'
[deg.] [deg.j

MK De*-*
[k m s~ '| [Kj

MLl M* tm/t,'„i, 
[mag] [M/Mi.JlO® yr)

9 HD+Ol 500 137.47+2.45 B9V +0.0 3.92 -0 .54  0.54 / I 37 BD+59 003 139.52+2.02 AOlll 3.99 -0 .83  0.57 500/2
lU BSD 9 1528 137.84+2.99 BO 4.17 -2 .180.71 100/1 39 BSD 9-1101 139.58+2.57 112 4.48 -5 .95  1.10 8 /
11 BSD 9-1541 138.04+2.95 AO 3.85 -0 .0 2  0.48 / I 40 BD+ÜÜ 048 139.59+2.09 B5V 4.21 -2 .48  0.74 100/

12 BSD 9-1000 138.17+3.40 B5 4.15 - 2  53 0.75 100/1 41 BSD 9- 535 139.01+2.14 AOV 3.89 0.32 0.45 / I
19 BSD 9-1037 138.38+3.37 B8 3.99 -0 .34  0.52 300/2 40 111) 19441 139 73+1 20 B3II1 4.30 -5 .08  1.08 25 /

14 BD+Ol 533 138.38+3.95 B8 4.10 -2 .170 .71 170/1 47 UBV 3031 139.73 + 1 41 119 3.89 -0 .22  0.50 / I
15 BD-kOl 529 138.48+3.34 B3V -1 7 .0 4 25 -3 .7 0  0.87 75 / 49 IID 21800 139.70+0.48 BlVii.. -2 2 .0  1) 4.42 -0 .09  1.18 8 /
10 BD+01 530 138.04+3.09 B9 4 22 -1 .8 4  0.07 87 /3 51 BD+59 013 139.90+2.19 A 1111 3.99 -0 .01  0.54 500/2

17 BD+01 534 138.87+3.15 B8V -3 .0 3.95 -0 .2 5  0.51 500/2 55 111) 237090 140.05 + 1.91 B0.51V:imvar 4.42 -7 .101 .23 12 /

18 BD+00 035 138.91+2.90 B7111 -3 0 .0 4.08 -2 .1 3  0.70 174/1 50 111) 237091 140.00 + 1.92 111 :V:mi|ie +7.0 4.54 -7 .471 .20 4 /
19 BSD 9-1042 139.07+2.28 AOlll 3.99 -0 .5 7  0.54 400/2 00 HI) 19820 140.12 + 1.54 091V -4 .2  A 4.49 -8 .50  1.37 7 /
■20 BSD 9- 448 139.10 + 1 84 B8 4.04 -1 .01 0.05 / I 02 111) 20134 140.10+2.10 112.51V V 12.5 0 4 29 -5 .59  1.07 25 /
■21 BSD 9-1102 139.13+2.80 B9.5V 3.93 0.00 0.48 500/2 05 BD+59 024 140.21+2.07 115 V 4.00 -1 .40  0.03 150/2
22 BD+ÜO 045 139.14+3.23 B8I11 4.08 -2 .2 5  0.72 174/1 00 BSD 9- 000 140.22 + 1 82 AO 3.92 0.02 0.48 / I
23 BD+ÜO 040 139.19+3.19 BOlll 4.13 -2 .5 8  0.75 99 / 07 BSD 9 014 140.24 + 1.87 AO 3.94 0.10 0.40 500/3

25 BSD 9-1134 139.28+2.87 B9I11 4.02 -0 .2 5  0.51 450/3 08 BSD 9- 038 140.25+2 04 AOlll 3.99 -0 .00  0.54 500/2
27 BSD 9-1137 139.32+2.82 AO 3.83 1.03 0.37 /:( 70 BSD 9 000 140.29+2.22 A im 3.99 -0 .00  0.55 500/2
29 BD-t-59 004 139.40+2.27 BOlll + 10.0 4.01 -1 .55  0.04 200/1 71 BD+58 574 140.32+0.94 111 -9 .0  K 4.48 -5 .85  1.09 8 /
30 BSD 9- 453 139.41+1.38 B9 3.88 0.05 0.47 / I 75 111) 20295 140.58 + 1.91 115111 -32 .0  1) 4 19 -4 .20  0.92 47 /
31 BSD 9-1155 139.42+2.84 A211I 3.99 -0 .0 9  0.49 400/2 70 111) 20508 140.00+2.39 111 51Vvar -2 8  0 C 4 31 - 5  23 1.03 28 /
32 IID 19908 139.40+2.97 BOlll -7 ,0  ( ' 4 10 -4 .3 7  0.94 47 / 78 BSD 9- 150 140 75 +  1.50 110 1 32 -3.150.81 22 /

35 BSD 9-1174 139.49+2.92 B9 3.83 0.12 0.47 / I 79 111) 20898 140.80+3.00 B211lvar -2 .0  1) 4 37 -0 .27  1.14 17 /

30 BD-fOO 055 139.51+3.20 B81V -2 9  0 4.01 -1 .3 9  0.03 250/1 80 1,S 1 +58 119 140.80 + 1.48 115 4 37 -3 .98  0.90 15 /

(D
CD



Tallin 7.2 cont.: C am  O B l - S to lla r G ro u p  1

N o .“ N am e* r  6'
Ideg.) (deg.)

MK D e s / "L s '"K '* eft 
( k m s " ‘ ) |K )

Ln/lj.in
[m ag] |M/M;.,|10" yr)

N o." Nam e* r  6"
jdeg.) [deg.j

MK D.s.-' " L ,  1
[km  s " ‘ )

"8 'f ir  
IK) (iiiag j [M/M,.,|10® yrj

83 111) 237134 140 y i +2.80 l)5Ve 4.20 3.58 0.80 00 / 00 111) 20050 141 44+2.23 H3I1I 18.0 C 4.20 5.00 1.10 17 /
84 USD 'J- 780 140.07+2.00 118 4.21 1.41 0.03 3 /3 01 111) 21201 141 50+2 23 HOla 0.8 H 4.01 7.48 1.27 0 /
85 RSI) y- 7'JO 141.04+2.71 HO 4.25 -2 .28  0.72 50 / I 02 HD + Ol 023 141.50+5.22 H2e 4.48 -0 .2 0  1.13 5 /
80 III) 20547 141 00 + 1.08 1)3111 -1 5 .0  1) 4.30 -5 .33  1.04 25 / 03 111) 20041 141.57 -0 .41  AOla -11 .0  H 3.00 -0 .71 1.18 15 /

87 III) 237121 141.21+1 30 H0.5VS -1 2 .0  C 4.50 -0 .5 0  1.10 « / 04 HD+58 011 142.12+2.52 H8II 4.00 -3 .5 0  0.85 80 /

88 B S D  U- 8ÜU 1 4 1 .2 3 + 2 .4 0 118 4 0 7 -0 .80  0.57 100/2 05 111)21380 142.10 + 2.00 AOIah: -0 .0  A 3.00 -7 .5 2  1.27 11 /
8<J USD y- 778 141.31+2.05 110 4.24 -2.31 0.72 30 / I

a) Catalog entry for star as listed In Tnlile 4A

b) Catalog designation of star as given by, in order of preference, its III), III), I.S I USD or UHV entry.
c) Galactic coordinates of star

d) MK classification of star.
e) Radial velocity for star, ui.sii (assuming standard solar motion)
f) l.ogaritbm  of the effective tem perature of star.
g) Uolometric luminosity for star.

h) Logarithm of the mass of the star in solar units as determined from (oy(M/M,., ) = (J.dh -  (I. Ml!) Mtoi for stars with - b  < M|K,| < ID.5 (M ct:|uskey & Kondo IU72).

i) Lifetime of star if it is a main sequence star, t,„ (Garm any & Stencel I'JU’J), or a pre-main sequence star, t,„„ (I 'alla  & Stabler I!)!)!!).

too o
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Dist r ibut ion by Ages
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Age [ M y r ]
F ig u r e  7 .5  Age d is trib u tio n  of s ta rs  in G roup I w hich can  be assigned  an  age 

unam biguously.___________________________________________________________________

B. S tru c tu re

1 . Location From  F igure 7.3 it is clear th a t,  on average, th e  Group I  s tars  lie. 

both spatially and  kinematically, between CO Complexes  .4 and B. T h is  app lies to  

all age groups of G roup I s ta rs . T he centro id  for th e  G roup  I stars, w eigh ted  by 

m ass, is ( 140?3,+2?2. — iO.S km  s~ 0 - and  appears to  lie betw een th a t  o f C om plex  

.4 (140?0,4-2?0. —12.9 km  s ~ 0  and  C om plex B (139?S.+;î?7. —10.3 km  s “ 0 -

2. S tellar M F and  C loud Mass Spectrum  Larson (1992) sum m arized  th e  re la tio n ­

ship between new ly form ed s ta rs  and  the  paren t clouds from  which th e y  cam e by 

describ ing th e  clouds as large g rav ita tional po ten tia l wells whose d ep th  (m ass) u lt i­

m a te ly  d ic ta te d  th e  meisses of th e  s tars  w hich form ed from  them . T he  local sites of 

s ta r  form ation in th e  clouds, dense m olecular cores, could  have th e ir in itia l m asses 

m od era ted  by tu rb u len ce  (Larson 1982), m agnetic  fields (Shu e t al. 1987) o r ro ta ­

tion  (Scalo 1990), bu t s till th e  m ass of th e  p ro to -ste lla r core and th e  m ass o f th e
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C a m  OBI:  S t e l l a r  Gr oup

Mass  F un c t i on  (MF)
2 5

C om p le teness  L im it  (3  Mg)

20
U)
o

0 0
- 0 . 9 5  ±  0 . 1 3N (M J  =  4 4  M

O
Z

2420
S t e l l a r  M a s s ,  M^ [ ^ © ]

F i g u r e  7 .6  T h e  cu rren t m ass function of th e  G roup  I s ta rs ._____________________

paren t cloud are in tim a te ly  re la ted  (Larson 1982. 1992).

F igure 7.6 is a  plot of th e  cu rren t m ass fu n c tio n  (M F ) of G roup I stars. If there 

has been no significant m ass loss from the  s ta rs , an d  th e  s ta rs  form  a representative 

sam ple  down to  th e  observational lim its. M y  ~  12?3 (Schweissmann & van Rhijn. 

1947). (i.e., s ta rs  w hich have dispersed from  th e  associa tion  have been rem oved in a 

p ro p o rtio n a te  m anner, w eighted by the ir frequency, an d  th a t  no significant num ber 

of m assive s ta rs  have been rem oved via supernovae), th e n  th e  M F and th e  IM F 

are identical. From  th e  d a ta  in Table 7.2 an d  F igure  7.6 a  com pleteness lim it for 

th e  m in im um  m ass is e s tim a ted  to  be ~  3 M ^ . o r a B9 -  AO V sta r. To calcu la te  

th e  slope of th e  d is tr ib u tio n  of s ta rs  cis a  function  o f s te lla r  m ass, the m ethod  of 

C raw ford e t al. (1970) hzis been  em ployed, w hich is in d ep en d en t of the  choice of bin 

sizes. A fit to  th e  equation  of th e  form

jV(Af.) oc M r '" ,  (7.1)

for all of the  G roup I s ta rs  w ith  iV/. >  3 M,?, y ie ld s a  value of a  =  —0.95 ± 0 .1 3 . T he
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choice of a  power-law fit to  th e  M F can be justified  as it allows a  d irec t com parison 

to  th e  theoretical m odelling for fragm en tation  of a m olecular c loud  in  a single stage 

(q  =  —3, Belresene 1970) or m ultip le stages (o  is variable. Larson 1972). or allowing 

for th e  fragm ents to in teract via collisions once they  have form ed (q  is variable. Silk 

an d  Takahashi 1979). T he com plete solu tion  to  Eq. 7.1. given by  an average fit over 

all of th e  bins, above the  com pleteness lim it, as p resented  in F ig u re  7.6. gives

.V( M . ) =  44 4/-o-95±o.i3 ( 7.2 )

H ence, th e  ra te  of change of the  num ber of s tars  per m ass in terva l, th e  M F. follows 
as

=  - ( 4 2  ±  6 ) (7.3)d M .
In fitting  Eq. 7.1 to the  d a ta  it has been assum ed th a t th e  m asses of the s ta rs  are 

ex ac t, w hile in fact there  is a possible e rro r of up to  ~  1 0 % on any  given s te lla r m ass 

value, a t least for the  m ain sequence s ta rs  (B ohm -V itense 1989). T h is  u ncerta in ty  is 

less th a n  th e  uncertain ty  in th e  exponent and  sm aller th a n  th e  se lec ted  s te lla r m ass 

bin  sizes for th e  d a ta  shown in F igure 7.6. and  hence, argues th a t  th e  u n certa in ty  

in th e  exponent does reflect the  quality  of fit to  th e  da ta .

F igure 7.7 is a plot of the  CO cloud m ass d is tribu tion  for th e  clouds in Com plexes 

A  and  B (see Table 7.1). th e  com plexes involved in th e  fo rm ation  of the G roup I 

s ta rs . . \  com pleteness lim it for all the  clouds in C am  O B I h«is been  e s tim a ted  from 

a  plo t of th e  d a ta  in Table 7.1 (not shown) to  be ~  1 x 10^ M ?. T h e  so lution for 

th e  cloud m ass function for th e  clouds of Com plexes A and  B was found to  be:

=  - (9 .4  ±  2.5) X (7.4)

It can  be seen from a com parison of F igures 7.6 and  7.7 th a t the m ass distribution  

f o r  the stars in Group /  is sim ilar to that fo r  the clouds in Complexes  .4 and B.

C .S tochastic

1 . S ta r  Form ing Efficiency (SEE)

T h e  SEE is defined as:

A ssum ing th a t the  Group I s ta rs  (to ta l s te lla r m ass 442 M ,j) fo rm ed  from  Com plexes 

A and  B (to ta l m olecular m ass 3.97 x 10“* M©). th en  the S F E  f o r  the process which
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1 0
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3 52 4
C loud  M o s s ,  M^i [ 1 0 ^  M ^ ]'Q .

F ig u r e  7 .7  CO cloud mass function  for th e  clouds m ak ing  up C om plexes A and B .

produced Group I, is ~  l9c. This is a  very low SFE. w hich is sim ilar to  th a t  seen in 

low-m ass s ta r form ing regions, e .g .. T aurus (Larson 1982).

7 .3 .2  G roup II

In C hap ter 4. an in itia l m odel of th e  d istribu tion  o f s ta rs  in th e  C am  R l region 

placed th e  stars in one of two sub-regions. Cam  R l N or Cam  R l S. In §6.2. it 

was shown th a t m any of th e  younger s ta rs  in Cam  R l N showed a  s tro n g  positional 

coincidence w ith CO em ission now te rm ed  Com plex B. Hence, G roup  II s ta rs  are 

those s ta rs  which are  relatively  young, say <  3 M yr, and  appear to  be  spatia lly  

coincident w ith C om plex B. F igures and  tables for th e  G roup II s ta rs  a re  organized 

in a  sim ilar m anner to  th a t for th e  G roup I stars. F igu re  7.8 shows th e  position of 

th e  G roup II s ta rs  rela tive to  th e  C O  em ission a t -9 .4  km  s“ L F igure 7.9 is an HR 

d iag ram  showing th e  evolu tionary  s ta te  of the G roup II stars , while th e  d a ta  for
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ail o f th e  figures a re  provided in Table 7.3. T he  elem ents of s ta r  form ation  for th is  

g roup  of s ta rs  a re  given by:

A. T em pora l

1. .A.ge In th e  H R d iagram  for th e  G roup 11 s ta rs  th e  tw o o ldest an d  most m assive  

s ta rs  assigned to  th is  group. BD +61 566 and  HD 20798. s ta n d  o u t as being  th e  

on ly  two m ain  sequence or evolved sta rs  in th e  list. T he re la tive ly  young age o f th e  

rem a in d e r o f these  s ta rs  supports th e  argum ent th a t  they  are p ro b ab ly  m em bers of 

G ro u p  I, an d  th ey  are  not included in any fu rth e r  analysis. T h e  age d is tr ib u tio n  

o f th e  rem a in d er of these stars is shown in F igure 7.10. From  th is  figure, it w ould 

a p p e a r  th a t  the Group I I  stars have been fo rm in g  in Complex B  f o r  the last S  M yr .

B. S tru c tu re

1 . L ocation  O ne of th e  principal defining features of the  G roup II s ta rs  is th a t  th e y  

are  co inciden t w ith  Com plex B and  appear to  be d is tr ib u ted  in a  random  fash ion  

b u t th e re  are  two in teresting  spatia l enhancem ents w orth  noting . F irstly , th e re  is a 

g roup  o f s ta rs  near I =  139?3.6 =  +4?2. near th e  edge of th e  C om plex  B em ission . 

If these  s ta rs  a re  very young, it would appear th a t  th e  s ta r  fo rm atio n  is enhanced  in 

th is  region. Secondly, there is a c lu ste r of s ta rs  (s ta rs  53. 55. 59. 64. 65. 70. 78 a n d  

82 in T ab le  7 .3), cen tered  on I =  140? 1, 6  =  4-2?8. which is seen aga in st the  d en ses t 

p a r ts  of th e  C om plex  B CO em ission. In the  H R d iag ram  for G roup  II stars (F ig u re  

7.9) th ese  s ta rs  also form a relatively  tigh t group of pre-m ain  sequence s ta rs . It is 

in te re s tin g  to  see th e  form ation of such a  cluster of s ta rs , which has an  age ( 1 .6  ±  0 . 8  

M yr) s im ila r to  th a t  seen for th e  rest of th e  G roup  II s ta rs  (1 .5  ±  0.8 M yr). b u t 

a p p ea rs  very com pact spatially. M ore d a ta  on th e  velocity  d ispersion  of these  s ta rs  

a re  requ ired  to  de te rm in e  w hether th is cluster is bound  or not.

T h e  s ta rs  w ith  m easured rad ia l velocities in G roup II suggest th a t G roup  II 

has a  velocity  of ~  —4 ±  18 km s~C but th e re  are  too few s ta rs  (only  3 in to ta l)  

to  d e te rm in e  w heth er th e  difference in m ean velocity  betw een th e  G roup I s ta rs  

( — 10.8 k m s “ ‘ ) and  th e  G roup II s ta rs  is significant. However, th e  trend  in th e  

m ean  velocity  to  a  m ore positive value is consisten t w ith  th e  s ta rs  o rig ina ting  in  

C om plex  B. H ence, w ith  the  exception of BD-f-61 566 and  HD 20798. Group I I  s ta rs  

are all relatively young (less than 3 M yr) and are probably spatially and  kinem atically  

coincident with Complex B.
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C a m  OBI : Group II
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log  ^eff
F ig u r e  7 .9  HR d iag ram  for th e  s ta rs  designated as G roup  II in the  C am  R l  region. 
T he p re-m ain  sequence tracks are taken  from  Palla & S tab le r (1993) -  d o tte d  lines -  
cis is th e  'b ir th lin e ' -  dash -do t line -  below which stars first becom e op tica lly  visible. 
An accre tion  ra te . d ^ I /d t  =  1 x I0 “ ° y r“ ' has been  éissumed in de term in ing  
th e  position  of th e  b irth lin e  on th e  H R diagram . A lower accretion  ra te  will move 
th e  b ir th lin e  to th e  righ t in th e  d iag ram  (S tabler & W alter 1993). T h e  post-m ain  
sequence evo lu tionary  tracks -  solid lines -  are taken  from  G arm any  & Stencel 
(1992) for th e  m eta llic ity  ind icated .



TitliKi 7.3: C uui O D l - Slc.lUu' G roup  11

N o" Name* r y
(deg.) (deg.)

MK ' L a
[km s“

l”K 1 eir
M IK)

log M'" t,„/t{„„ 
[mag] |M /M ,,,|19'' yr)

No." Name*

[dog.) jileg.)
MK Des.-* "La

[kill s " '
l"KTf,r 
1 IK)

M^oi l"K M* t„,/tj,„, 
[mag] |M/M,,,119‘' yr)

24 HD+OI 557 139.29+4.49 118 4.93 -1 .0 9  9.05 299/1 54 USD 9 1289 149.04+3.92 H7 4.22 -1 .85  9.07 59 /3

20 HSl) 9-1814 139.28+4.02 119 3.85 -9 .50  9.54 / I 57 USD 9 045 149.98+2.44 A9 3.88 9.50 9.42 799/2

28 HD+01 549 139.33+3.84 115 V -20 .9 3.93 -1 .119 .59 /I 58 USD 9-1279 149 99+2 84 A9 3.80 9.39 9.44 / I
33 HD+Ol 554 139.40+3.92 118 3.97 -1 .259.01 / I 59 III) 29798 149.11+3.87 H2III-IV -2 .0  C 4.49 -5 .09  1.97 25 /

34 HSl) 9-1850 139.48+4.31 115 4.21 -1 .9 9  9.09 59 /:! 01 III) 29701 149 12+3.78 H9V + 19.0 3.85 -9 .99  9 58 / I
38 HD+01 552 139.50+3.55 110 4.21 -2 .05  0.70 39 /■■i 03 USD 9 1399 119.17+3.92 A9 3.93 0.07 9.47 509/2

42 HSl) 9-1829 139.03+3.03 119 3.89 9.44 9.43 / I 04 USD 9-1280 140.19+2 70 H9 3.85 - 9.01 9.54 / I
43 HD+01 500 139.04+4.49 115 4.34 -4 .1 3 9  92 10 / 09 USD 9 1320 140.28+3.00 AO 4.10 -0 .3 9  0.52 299/3
44 USD 9 1842 139.72+3 71 AO 3.84 0.32 0.45 / I 72 USD 9 092 140 35 + 2.00 HO 3.92 0 (19 9.47 709/2
45 USD 9-1891 139.72+4.42 AO 3.81 0.05 0.41 / I 73 USD 9-1377 140.44+3.00 H9 3.83 -9 .2 3  9.59 / I
48 HSl) 9-1904 139.75+4.52 119 3.84 -9 .0 7  0.49 / I 74 HSl) 9-1300 149.49+3.39 AO 3.85 9.07 9 41 / I
59 HSl) 9-1849 139.78+3.57 119 3.89 -9 .4 9  9.52 / I 77 USD 9 1330 149.01+2.77 A9 3.99 9.15 9.40 599/3

52 HSl) 9-1202 139.90+2.91 AO 3.83 9.01 9.42 / I 81 USD 9 780 149.80+2.87 All 3.99 0.55 0.42 509/3
53 HSl) 9-1315 139.97+3.47 119V -0 .0 3.89 -0 .8 9  0.50 / I 82 USD 9-1399 149.80+3.15 A9 3.87 9.53 9.42 / I

a) t'a la lo g  entry for star as listed in I'alile 4.4

l>) Catalog designation of star as given by, in order of preference, its III), HI), I.S I, USD or HHV entry

c) Galactic coordinates of star.

d) MK classilirntiun of star.

c) Radial velocity for star, I'l.su (iwsiiining standard solar m otion).

f) Logarithm of the effective tem perature of star.
g) Holomeiric luminosity for star.

h) Logarithm of the mass of the star in solar units as determined from /o(;(M/M .,)

i) Lifetime of star if it is a main seipience star, t,„ (C arm an y & Stencel l!)!)2), or a
-  U 4M -  ll.lUf) M|,„i for stars with -H  < Mi,„i < 1(1.1) (McClnskey Kondo 1972). 

pre-main seipience star, t,„„ (I'alla & Stahler 1993).

to
o
00



209
C a m  OBI :  S t e l l a r  Group

Dis t r ibut ion by Ages

2 3  4

Age  [ M y r ]

F igu re 7 .10 Age d is trib u tio n  of s ta rs  in  G roup  I excluding B D + 61  566 and  HD 

2079S. In ail cases th e  ages have been a ssu m ed  to  be those given by th e  p re-m ain  

sequence track  (P alla  & S tah le r 1990). N o te  th e  difference in th e  scale  from F igu re

1 . 3 .

2. S te llar ME and  C loud M ass S pectrum  In  a n  analogous m an n er to  the  G roup I 

s ta rs . F igure 7.11 shows th e  cu rren t m ass function  for the  G roup  II stars. It is 

c lear from th is  figure th a t  th e re  is not a  la rg e  range in masses w ith  which to  fit a  

re la tionsh ip  for th e  num ber of s ta rs  a t a  g iven  s te lla r mass. N evertheless, assum ing  

a  com pleteness lim it of 3 as was th e  case  for th e  G roup I s ta rs  (see F igure 7.6). 

it follows th a t  an  M F fit to  th e  d a ta  show n in F igure 7.11 is given by

d N { M .)
d M .

=  - ( 1 5  ± 4 )  M, - 2 . 1 3 i 0 . 3 0 (7.6)

T h is  is in rela tive ly  good agreem ent w ith  th e  M F  found for th e  G ro u p  I stars. T h e  

la rger u n ce rta in ty  in th e  fit, com pared  to  th e  G roup  I s ta rs , reflects th e  lim ited  m ass



2 1 0

C a m  OBI:  S te l l a r  Group
Mass  Func t i on  (MF)

14

1 2 ^ 

M 1 0
o

CO 8 -

°  6 -  

6

Z  4 -

2 -

0

C o m p l e t e n e s s  Limit (3  Mq )

N (M ^) =  1 3 — 1.13  ±  0 .3 0

2 .7 5 3 .75 4 .75 5 .75

St e l l a r  Mas s ,  M^ [ M ^ ]* L ' 0 -
F ig u r e  7 .1 1  T he  cu rren t mass function of the  G roup II stars.

range and  sam ple size.

T he  paren t c louds of the  G roup II s ta rs  appear to  have come only from C om plex

B. T he  d is tr ib u tio n  o f masses for th e  clouds of C om plex B is given in F igure 7.12. 

W hile it is possib le to  fit a power-law to  th is d is trib u tio n , th e  lim ited  range of 

m asses an d  sm all n u m b e r of clouds suggest caution be taken  when in te rp re tin g  it. 

T he power-law  fit to  th e  Com plex B clouds, as shown in Figure 7.12. is given by

d - \  ( ^ I c lo u d ) 3  1 r - 1 .9 8 ± 0 .3 5=  - ( 3 .6  ±  1.5) X l O ^ v œ (7.7)

D espite th e  large uncerta in ties  in th e  fit to  bo th  th e  s te lla r masses for the  G roup 

II s ta rs  and  C O  m asses for the associated  CO clouds, it would s till appear th a t the 

m ass distribution f o r  the stars in Group I I  is s im ilar to the mass distribution o f  

molecular clouds in Com plex B. It should  be noted th a t  bo th  of these  d istrib u tio n s  

axe consisten t w ith  th e  sim ilar d is trib u tio n s  calcu la ted  for the G roup I ob jects.
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C a m  OBI:  0 0  Compl ex  B
Cloud Moss  Funct ion

<------  C o m p l e t e n e s s  Limit ( 1 0 ^  Mq)

\
A .

V.

1 2  3 4  5

C l o u d  Moss ,  Mp. [ 1 0 ^  Mp.]

F igure 7.12 CO cloud m ass function for th e  clouds m aking up  Com plex B.

C. S tochastic

1. S ta r Form ing Efficiency (SFE ) The to ta l m ass of stars in G roup II. excluding  

B D +61 566 and  HD 20798, is ~  8 6  M®, and  th e  sum  of th e  masses of th e  CO 

clouds in th e  B C om plex is 20.3 x 10^ M r,. H ence, the S F E  fo r  the Group I I  stars, 

i f  they fo rm ed  from  Complex B, is ~  0.4%. T his is lower th a n  th e  G roup I s ta rs  but 

no t inconsistent w ith  o th e r regions in th e  G alaxy  (Larson 1982).
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7 .3 .3  G roup III

T h e  G roup III o b jec ts , if th e y  are  stcirs. represent th e  youngest s ta rs  in th e  C am  

R l region. T hey  are  very different in n a tu re  to  th e  G roup I and  II s ta rs  as th ey  

are em ittin g  p rim arily  a t in frared  w avelengths. T he d a ta  for these  ob jec ts  have 

been taken  from  th e  Infrared A stronom ica l Satellite, I R A S  (B eichm an e t al. 1988): 

deta ils  are provided in C h ap te r  5. T he  G roup III o b jec ts  listed in T ab le 7.4 have 

been tak en  from  T able 5.2. exclud ing  those objects listed  in Table 5.2 which are  

known to  have been p roduced  by a  G roup I or II s ta r. e .g .. IRAS 03116+5951. a 

blue reflection nebu la  (B R N ) associa ted  w ith  HD 237091.

It is not possible to  construc t an  HR diagram  for these o b jec ts , assum ing  they  are  

em bedded sta rs , w ithou t ad d itio n a l inform ation on th e  te m p e ra tu re  of th e  cen tral 

source (M cC utcheon e t al. 1991). T h e  m asses of these ob jec ts  have been derived 

from I R A S  em ission and  hold tru e  only if th e  source is an  em bedded  s ta r  which 

is close to th e  m ain  sequence (C asoli e t al. 1986). T he  only  two ceises w here th is 

is known to  hold tru e  are for th e  outflows .A.FGL490 (C am pbell e t al. 1986). and  

-A.FGL490-iki. given its  sim ilar evo lu tionary  s ta te  to .A.FGL490 (C h ap te r  5). Given 

this lim ita tio n  th e  d iscussion regard ing  the  G roup III s ta rs  is m ore re s tric ted .

F igure 7.13 shows th e  position  of th e  G roup III o b jec ts  re la tive  to  the CO 

em ission a t -9 .4  km  s ~ '.  .A.11 o f th e  relevant d a ta  for th ese  stars a re  provided in 

Table 7.4. T he  e lem en ts of s ta r  fo rm ation  for this group o f s tars  are  given by:

A. T em poral

1. .\g e  If the  G roup III ob jects a re  p ro to -ste llar objects th en  they  are m uch  younger 

th an  e ither th e  G roup I or II s ta rs . For pro to-stellar o b jec ts  the  relevant tim e  scales 

over which they  can be observed  are  e ither the free-fall tim e. t j j .  for th e  very 

youngest ob jects , (i.e .. m olecu lar cloud cores), or th e  K elv in-H elm holtz tim e. t[^. 

for th e  last stages of m olecular core collapse when a  p ro to -ste llar core forms bu t 

nuclear burn ing  hcis not yet com m enced, e.g.. during th e  outflow phase  (Bally & 

Lada 1983). For m olecular cores w hich produce OB sta rs  such as th e  s ta rs  in G roup 

III, f / /  ~  2  — 2 0  X 10"* y r (M yers 1985). t ^  for the  m ore evolved cores m ay  be found 

from  ~  {APG/RL) (Bowers &c D eem ing 1984). where M  is th e  p ro to -s te lla r core 

m ass, G is N ew ton’s g rav ita tio n a l co n stan t, R  is the  p ro to -s te lla r core rad ius and  L 
th e  lum inosity  available from  g rav ita tio n a l contraction. As an  exam ple, if AFGL490 

has M  =  12 M@, R  = 5 Rq (a  ty p ica l p ro to-stellar core rad iu s, Shu et al. 1987) and
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Figure 7.13 O verlay of G roup  III o b jec ts  over CO em ission a t -9.4 km  s~^.



Tallin 7.4; Cam ODl - Stnllar G roup III

No. N am e

I'h'Kl
1 b

1>i<*r1 (Jyi
12pm "

\ h ]

25pm "

|Jy|
00/ini"

|Jyl
I0 0 p m " |2 5  12]'* |00 25 ]'* |I0 0 00]'* ()'/* 

[1.,.,]
•'tH.I. 
11-,-.1

l-'tli.u
L,.,j

I'lll.Ao
|M,.,j

, Mitt Identity  Aaaiiciated S ta r

1 IH AS 03119+00*25 139.77+2.55 0.251. 0.22: 2.00 12.03 -0 .0 0 1.08 0.00 f 8 45 45 2.9 HHN

2 IHAS 03119+0017 139.84+2.44 0.40 0.07 10.30 24.05 0.10 1.19 0.38 f 39 107 107 3.7 HHN

.1 IH A S 03139+0005 140.15+2.40 0.30 0.40 5.201. 24.83 0.12 1.12 0.07 f 21 90 90 3.5 HHN

4 IHAS 0318*2+0017 140.51+2.80 0.281, 0.18: 1.03: 10.24 -0 .1 9 0.70 1.00 f ,l lA e /l)e 8 30 30 2.7 11 Ae/H e

5 IR A S 03189+58*28 141.50 +  1.37 0.251, 0.20 3.08 10.09 0.02 1.07 0.52 f 13 00 00 3.2 HHN

0 IH AS 03234+5843 141.91 +  1.91 0.50 1.81 5.00 784.901. 0.50 0.59 2.14 R ,l,< |,r ,lltl,llA e /l)e  30 2200 1100 7.0 oiitlliiw :A l'(il.490-ik i

7 IH A S 03230+5830 142.00 +  1.82 82 39 278.40 710.70 784.90 0.53 0.41 0.04 R ,l,( |,r ,lltl,llA e /H e  5100 7300 7300 12 iin tlhiw :A l''(il.490

8 IH A S 03227+5824 142.02+1.,59 0.201. (l.,30 2.31: 17.15 0.00 (1.89 (1.87 f,llA e /H e 12 59 59 3.1 11 A e/H e

9 IH A S 03207+5855 142.10+2.30 0 52 0.38 3.92: 42,571. -0 .14 1.01 1.04 V 20 137 79 3.4 HHN

10 IH AS 03243+5821 142.22 +  1.05 0.09 1.42 2.74 38.821. 0.31 0.29 1.15 r,i |,llA e /H e 27 134 81 3.4 llA e/H e

11 IH A S 03201+5829 142.34 +  1.90 1.07 1.14 10.70 50 17 0.03 0.97 0.72 f 51 200 200 4.4 HHN

ii) I l t A S  (Ik 'irliiiu iii f t  al. ID8A) fliixe» u( 1*2, ‘25, (10 and 100 p m . A : followiiiR a  Ilux valiir iiidirati-s a  R o o d  q u a lily  lliix ini-asun-mciit wliilc a  1. n  p nn i iili, an n |i|ii r lim il. 

I>) ( 'u lo ra  from  IHAS lliixi-s; (*25 1*2) =  loRfl’j s / l 'u ) ,  (00 *25] =  loRfl’.u i/l 'as) and  [100 - 00] =  loR(l*|(iii/l'nii)

c ) ( ) r r i i |in t io n  Zoni’a aa jn d R id  liy VValloT r l  al. (1 0 8 9 ). S iT  T a lilc  5.1 fo r d i la i la .  In  a n in n ia ry  I In- O Z a am : a  - liriRlil a (a ra , li - O -ricIi a lu ra , c - o p lic a l  at a m , d - I.IIS  C r i r l i  

a ta ra , e  - l l l l  m Riuna, f  - liliif m fr ld io n  m  lin liw  ( l l l ) N ) ,  R - red  m llia  lio n  n< linlai", li - liliif p la in  la ry  n i'lin lac , i - r r d  p la n a la ry  n rln iliw , j  - lilnc  R alaxica, k - red  Riilaxii-a, 

I - aey fcrla , in  - tp iaaara , o  - T  T a iir i  a ta ra , o  - 1.1IX=5 a ta ra , p  - l . l l X - 0  a ta ra , i| ( a n t l io r 'a  d fa lR iia tlu n ) - lli-rliiR  l l a r o  < iiiiaaion lilii- a ta ra , r ( iin tlio r 'a  d ra iR iia tio ii)  - liip o la r 

n td m lae . A d d itio n a l o i r n p a t io n  xonna a re  R iven for l i t t  reRiona ( lln g lie a  K’ M ae l.ia id  1989), IK U Itt reRiona (W o o d  A' C lin rc liw ell 1989) a n d  l lA e / l l e  a ta ra  (B e rr il li  t l  al. 199*2).

d) Lim iinuaity o f auiireea from  Ilf AS eiiiiaaion. I .jn i. Iiaa been ca lriila ted  from  th e  1*2, *25 and 00 p m  lianda ( ( 'a rp e n te r  t l  al. 1995), l.m .ii liiia been calcu lated  in a  aim ilar 

m an n er from  all four banda, Lii i .ah' rep rew nta  the accepted  value o f infrared  Inm inoaity in tb ia paper. In the caae o f Rood Kill p m  llnxea I,m  u an d  l-m are eipiivident, 

while Ain.Acc ia (lie m ean o f I.m  u and  l.m  j .  when th e  10(1 p m  linx ia an ii|iper bound.

e) Maaa of atara aaaniiiiiiR the accepted in frared  Inm inoaity, l-m ac . ia eipiivident to  the  bo lonietric Inm inoaity an d  1,,.. -  M;! " ((btaoli r l  al. 1980).

to
t—tfk
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L equivalent to  its infrared lum inosity ( =  7300 L,? ), th en  tfc ~  1.2 x 10^ yr.

B. S tru c tu re

1. Location T here  are  two clusters of in frared  sources m aking up th e  G roup III 

ob jects. T he  first, cen tered  a t / =  139?84. 6  =  +2.54. is coincident w ith  th e  sou thern  

end  of m olecular C om plex B. This c lu s te r of objects is com posed m ostly  of low 

lum inosity  sources. T he second cluster is centered a t / =  141Î92.6 =  +1?S2. and  is 

associated  w ith  th e  two known outflows in  th e  region. AFG L490 and  .A,FGL490-iki. 

T he  cen tra l velocity for bo th  these ob jects is ~  —15 km s “  ̂ (M itchell e t al. 1992: see 

also §5.5). This velocity is consistent w ith  these objects being located in m olecular 

Com plex H bu t spa tia lly  they  lie slightly  above Com plex H. However, th e  cen tral 

velocity profiles are broad and  it cannot b e  ruled out. on th is basis, th a t th e  ob jec ts  

a re  actually  associated  w ith  m olecular C om plexes F. G or a blend of these clouds. 

High resolution CO observations of th is region may be ab le to  delineate  w here th e  

boundaries of these com plexes are. and  if  they  are re la ted  to  the  outflows in any 

in teresting  fashion, e.g., if the  outflows a re  a t the junc tio n  of two com plexes.

2. S tellar M F and C loud Mass Spectrum  As s ta ted  earlier, it is not possible to  de­

rive th e  m asses for the  G roup HI ob jects w ith  any re liab ility  except, possibly, for 

AFGL490 and  .AFGL490-iki. Furtherm ore , th e  sam ple size for study ing  th e  m ass 

d is trib u tio n  of these ob jects is small. H ence, no m eaningful MF m ay be derived 

for the G roup III ob jects from the present d a ta . H igh-resolution observations of 

these ob jects at in frared  and  near infrared  wavelengths m ay be able to  help w ith  

th is  problem .

The s tu d y  of th e  m ass d istribu tion  for th e  m olecular clouds associated  w ith 

th e  G roup III ob jec ts  is also not possible w ith  the cu rren t da ta . It is possible to  

identify  th e  clouds associated  with the  G roup  III ob jects (C louds no. 36. 42. 44, 

45. 58. 62 and  65 in Table 7.1) but th e  clouds are heavily blended and  th e  sam ple 

size is very sm all. T here  is evidence for an  enhancem ent of low-mass clouds rela tive 

to  th e  large-méiss clouds in th e  region b u t th e  d a ta  are too sparse to  conduct any 

m eaningful analysis.

C. S tochastic

1 . S ta r Form ing Efficiency (SFE) If it is assum ed th a t th e  m asses for th e  G roup 

III ob jects listed  in Table 7.4 are close to  th e  true  p ro to -ste llar m asses th en  th e



Tabic 7.5: Siiiniiiary for Cam OBI: Cam B 1 Stellar Groups

CJrou|) Ago 
[lU" yr]

Sp. 'I'ypo (l,b,v)
s - 'j

1̂ .
(Mw‘1

,IN Sl'K
%

C roup I 1 50 0 9 AO (140.2(),+2.19, 1 0 .8 ) - ( 4 2 ± ( i ) -(9.4 ±2.5)  X 10- M~' 1

G roup 11 1 3 H5 AO (HO.07,+3.35, 4.0) - (15  + 4) M -- -(;{.()+ 1.5 ) X 10-' + / - 1  ««±''^5 0.4
G roup 111 0.1  0 . 2 7 (139.84,+2.54,?) 7 7 < 0.2

(141.92,+1.82, 12.0) < 0.2

to
0)
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to ta l s te lla r  m ass in  G roup III is ~  50 M .j. T he to ta l m olecular m ass in th e  clouds 

associated  w ith  G roup  III is ~  3.0 x 10^ M<7,. Hence, th e  SFE  for G roup III is 

~  0.2%. This S F E  is low and  may be an upper bound for th e  SFE  given  th a t som e 

of th e  c an d id a te  sources in Table 7.4 m ay not be s te lla r ob jects . O n th e  o th e r hand, 

if s ta r  fo rm ation  is ongoing in this region then  the  S F E  should increase.

T able 7.5 sum m arizes  th e  findings for th e  s ta r  fo rm ation  in th e  C am  R l region.

7.4 D iscu ssion

It was suggested  in th e  in troduction  th a t s ta r  fo rm ation  could be considered 

in te rm s of th re e  e lem ents: the  relationship  betw een th e  s tru c tu re  o f th e  parent 

m olecular clouds an d  m ass d istribu tion  of th e  newly form ed  s tars , th e  evo lu tion  of 

th e  m olecular clouds, and  th e  probability  of s ta r  fo rm ation  occurring. W ith  respect 

to  th e  first e lem en t. Larson (1982. 1992) suggested th a t  m ore m assive  s ta rs  should 

be p roduced  by m ore m assive clouds because th e  m ore m assive clouds serve as 

deep p o ten tia l wells w hich are successful in accreting m a te ria l on to  th e  p ro to -ste llar 

cores. Tw o know n exam ples of very young stars  w hich a re  form ing in  th e  region,

i.e.. .A.FGL490 an d  .A.FGL490-iki. are m assive s ta rs  w hich have form ed from  massive 

clouds, w hich is consisten t w ith the  proposed re la tionsh ip . In a d d itio n , th e  results 

of the  analyses of G roups I and II in the  previous sections are also co nsisten t w ith 

th is scenario, b u t clearly  th e  present d a ta  cannot provide evidence to  confirm  the  

causal re la tionsh ip . T he  second elem ent suggests th a t if a  m olecular cloud is left 

for sufficient tim e  it will form some stars. If th is  holds, then  th e  absence  of any 

s ta r  form ation  in a G M C  is th e  signature th a t th e  cloud is very young  and  m ay not 

have had  enough tim e  to  form any sta rs , e.g.. th e  GM C found by M addalena  et al. 

(1986). T he  last e lem en t, th e  probability  of s ta r  fo rm ation  occurring , is th e  m ost 

sub tle  of th e  th re e  e lem ents. In som e cases. GM Cs have form ed m o lecu la r cores 

b u t have not p ro d u ced  any stars which m ay be ind icative  of th e ir re la tiv e ly  young 

ages (B litz  1993). or th e  absence of an efficient m echanism  for rem oving  angular 

m om en tum  from  th e  cores (B odenheim er e t al. 1993). o r possibly th e  presence of 

m agnetic  fields also regu la ting  the final collapse of th e  cores (Shu e t a l. 1987). If a 

m olecular core does produce stars the  SFE of th e  m olecular core is q u ite  high (Evans 

1991). T he e lem en t of th e  probability  of s ta r  fo rm ation  occurring  rea lly  addresses 

th e  c ircum stances u nder which s ta r form ation is p ro m o ted  a t th e  m olecu la r core 
level.
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In com parison to  o the r regions in th e  G alaxy, th e  cloud m ass function  for th e  

C am  O B I clouds, i.e.. dN/d.Mcioud ^  good ag reem en t w ith  o the r
surveys: e.g., Solom on et ai. ( 1987) found a  cloud mass function  w ith  exponent ~  1.5 

for 273 CO clouds in th e  first G alactic q u ad ran t. Sim ilarly, th e  M F determ ined  for 

th e  Cam  0 8 1  s ta rs , excluding th e  G roup 111 objects, i.e. d N / d \ I .  cx 

is also in agreem ent w ith s tud ies of the  IM F. Salpeter (1955) d e te rm in ed  th e  IM F 

for stars betw een 1 - 1 0  M r in the solar neighborhood to  be d N j d M .  oc 

M ore recent work by M iller &: Scalo (1979) on field s ta rs  and  c lu ste r s tars over a 

larger range of m asses led to  an  IM F. d N / d M .  x  jf  th e  s te llar survey

of th e  Cam O B I region (Schw assm ann & van Rhijn 1947) is incom plete  then  the 

M F derived for th e  C am  O B I s ta rs  m ay be too flat due to  m issed low-mass stars  in 

th e  survey. M ore sensitive im aging of the  region is required  in o rd er to  confirm  the 

com pleteness lim it of the  orig inal stellar survey, bu t it w ould seem  to  be an  unusual 

coincidence for th e  m ass d is trib u tio n  of clouds and stars  in  C am  O B I to  be sim ilar 

if the re  was a serious und erestim ate  of evo lu tionary  effects and  com pleteness for th e  

s ta rs . Hence, it follows th a t the mass distribution o f  the Cam  O B I  stars and the 

molecular clouds fro m  which they form  are similar.

In the proposed m odel for s ta r form ation  in C am  O B I. it has been argued 

th a t the  evolution of these clouds into s ta rs  has been influenced by th e  collision of 

various m olecular com plexes in the  region. If a  cloud-cloud collision is responsible 

for triggering th e  s ta r  form ation  in Cam  O B I. there m ust have been sufficient tim e 

for th e  collision to  occur and  th e  stars to  form . In the  case of th e  G roup 1 s ta rs , if 

it is assum ed th a t the  s ta r  form ation in itia lly  began upon co n tac t of C om plexes .A. 

and  B and if they  are as deep as they are w ide ( ~  25 p c). and  th e  re la tive  velocity 

betw een the  two com plexes is ~  2 ±  I km s“ ^. then  th e  d u ra tio n  for th e  collision is 

~  10 Myr. which is roughly in agreem ent w ith  the  ages of th e  G roup 1 stars. O nly a 

sm all increase in th e  d ep th  o f th e  in teracting  clouds or decreeise in re la tive  velocity 

is required in o rder to  account for the full sp read  in ages. ~  1 — 30 x 10® yr. seen in 

th e  Group 1 stars.

In the case of th e  G roup II stars, th e  s ta r  form ation ap p ea rs  to  be restric ted  

to  Com plex B and  there  does not appear to  be a second com plex  along the  line-of- 

sight which could have triggered  the s ta r fo rm ation  via a cloud-cloud collision. O ne 

explanation  m ight be th a t th e  G roup I s ta rs , which are  o lder th a n  th e  G roup II 

s ta rs  and positioned beside an d  behind th e  CO  em ission associa ted  w ith  th e  G roup
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II s ta rs , m ay have induced th e  G roup II s ta r  form ation v ia enhanced ionization  

pressure o r s te lla r  w inds. .A. m odel for th is  ty p e  of s ta r  fo rm ation  has been te rm ed  

sequen tial s ta r  fo rm atio n ' and  has been seen elsew here in th e  G alaxy (B laauw  1964, 

E lm egreen &: L ada 1977. Sargent 1977. 1979). It is in teresting  to  note th a t  th e  age 

difference betw een  sub-groups in such a m odel is ~  4 M yr and the  d isp lacem ent 

betw een successive ste lla r groups is ~  20 pc. T he ages of th e  Group I an d  II stars , 

and  th e ir  re la tiv e  d isp lacem ent are consistent w ith  th is scenario  of s ta r  fo rm ation . 

D etails of how th e  ionization fronts from th e  G roup I s ta rs  or th e ir  ste llar w inds could 

have induced  th e  G roup  II s ta r  form ation is beyond th e  scope of this thesis. O ne 

com m ent th a t  m ay  be m ade regarding th is event is th a t it m ust have been sufficiently 

strong  to  be effective in triggering th e  s ta r  form ation, w hile gentle enough to  have 

preserved th e  s tru c tu re  of th e  m olecular clouds associated w ith  the G roup II stars.

For th e  G roup  III s ta rs  (.AFGL490 and .\FG L 490-iki). th e ir  young age ( ~  1 — 

2 X  10^ yr) suggests th a t if a cloud-cloud collision were responsible for triggering  

th e ir fo rm ation  th e n  these clouds should still be close a t hand and  the  new ly form ed 

s ta rs  should have velocities sim ilar to  those of the  in te rac tin g  clouds. T here  is 

evidence for th is  being th e  case, as clouds from  Com plexes F . G and H as well as .A 

and  B. which are  known to  be in the im m ediate  vicinity  of th e  newly form ed stars 

(on th e  béisis of th e  gas in these com plexes being w arm ed by nearby s ta rs ) , have 

sim ilar velocities. H igher resolution observations of th e  m olecular em ission in the  

region m ay help refine th e  m odel of this cloud-cloud collision. N evertheless, it does 

ap p ea r th a t collisions between molecular clouds in Cam O B l  may have influenced  

the evolution o f  these clouds and been the trigger fo r  subsequent star fo rm a tion .

Finally, as m en tioned  earlier it is not possible to identify  th e  m olecular cores in 

th e  C am  O B I clouds d irectly  w ith the  resolution of th e  p resent data , bu t th e re  are 

several pieces of c ircu m stan tia l evidence which ind icate  th a t they  exist. It has been 

shown in §7.3 th a t  th e  power-laws for the  m ass d is tribu tion  of th e  paren t m olecular 

clouds and  th e  new ly form ed stars are sim ilar, while in C h ap te r 3 it was shown from  

s tru c tu re  tree  s ta tis tic s  (H oulahan &: Scalo 1990, 1992) for th e  clouds associated  

w ith  th e  G roup  III s ta rs  th a t their density-size rela tionship , i.e., p cx r~^'^ where 

p is th e  volum e d en sity  and  r  is the cloud rad ius, was self-sim ilar and h ierarch ical. 

T his analysis was conducted  on clouds over th e  size range of ~  20 — 3 pc, which 

is apprec iab ly  la rger th a n  th e  size of m ost cores, ~  0.3 pc. However, th e  density  

profiles of m olecu lar cores seen elsewhere in th e  GaléLxy have a sim ilar density-size



2 2 0

re la tionsh ip  (M yers 1983) and . if th e  cores in C am  O B I are  not unusual, th en  

th e  h ierarch ical self-sim ilar rela tionsh ip  for th e  C am  O B I clouds investiga ted  here 

should  persist down to  th e  scale-lengths of th e ir  m olecular cores. It is necessary  to  

o b ta in  h igh-reso lu tion  m olecu lar observations of th is region to  te st th is  hypo thesis.

Sim ilarly, th e  role th a t  th e  m olecular cores play in s ta r  fo rm ation  in C am  O B I 

also has to  be inferred  from  th e  observations available. T he  low SFE  for th e  m olec­

u la r clouds does su p p o rt th e  argum ent th a t th e  cores, which c o n s titu te  only  a  sm all 

po rtion  of th e  m olecu lar clouds, are  th e  regions of active  s ta r  fo rm ation . W h e th e r 

th e  s ta r fo rm ation  ra te  is regu la ted  as a  resu lt of am bipo lar diffusion (Shu e t al. 

1987) or core in te rac tio n s  ( B odenheim er et al. 1993) rem ains open to  d eb a te . How­

ever. th e  lack of a lig n m en t of th e  two know n outflows in th e  region (see C h a p te r  

5). w hich are  re la tive ly  close together ( ~  3 pc). suggests th a t am b ip o la r diffusion 

is not responsible for regu la ting  th e  collapse of th e  p aren t m olecular cores as th is  

w ould also lead to  som e alignm ent of th e  outflow sources w ith th e  am b ien t m ag­

netic  field. F u rth e rm o re , th e  relatively  low relative velocities betw een th e  m olecu lar 

cores in th e  clouds w hich are  colliding would be favorable c ircum stances for core­

core in terac tions lead ing  to  th e ir subsequent collapse (H abe & O h ta  1992. K im u ra  

Tosa 1996). Hence, th e  observed s tar  form ation  in Cam  O B l  is consistent with 

the hypothesis that it has  been regulated by the interaction o f  molecular cores.

7 .5  C o n c lu s io n s

O bservations of s ta r  form ation  in C am  O B I were considered in te rm s of th ree  

elem ents: th e  s tru c tu ra l re la tionsh ip  betw een m olecular clouds and  the  s ta rs  w hich 

form  from  th em , th e  evo lu tion  of th e  p aren t m olecular clouds and  th e  p ro b ab ility  of 

s ta r  form ation  occurring . It was shown th a t this charac teriza tion  of s ta r  fo rm ation  

is ap p ro p ria te  and  useful in  understand ing  th e  s ta r form ing process. D etails of th e  

resu lts  of th is  analysis a re  as follows:

1. T here  are  a  n u m b e r of CO cloud com plexes in th e  C am  R l region w hich can 

be selected  on th e  basis of th e ir  sp a tia l position and  m ean velocities.

2. T h ere  are  th ree  d is tin c t s te llar groups: G roup I is th e  o ldest group and  form ed 

1—30 X ID® y r ago from  m olecular C om plexes .A. and  B; G roup II form ed 1—3 x ID® 

y r ago from  m olecu la r C om plex B; and  G roup III form ed I — 2 x ID® y r ago 

from  clouds in C om plexes A .  B, F, G and  H.

3. T he  m ass function  of th e  m olecular clouds from  w hich th e  C am  O B I s ta rs
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form ed, i.e .. d S / dMcioud oc s im ila r to  the s te lla r M F. i.e..
d N / d M .  3c a / - ( 2  °o±o.30)

4. S ta r fo rm ation  in th e  region can be in te rp re ted  as being  the d irec t result of 

cloud-cloud collisions for th e  Group 1 and  III stars. T h e  G roup II s ta rs  probab ly  

form ed cis a  resu lt of ionization-shock fronts a n d /o r  s te lla r  winds from th e  o lder 
G roup 1 s ta rs .

•5. T he  lack o f a lignm en t of the  m olecular outflows in th e  G roup III s ta rs  favors a 

collisionally enhanced  s ta r  form ation m odel over one using am bipo lar diffusion 

to  regu la te  th e  s ta r  form ation ra te  in th e  region.
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Chapter 8
On the Importance of Turbulence and Gravity 

to Molecular Cloud Structure in Cam OBl, 
Perseus and Elsewhere in the Galaxy

A stu d y  o f  th e  m olecu lar clouds in th e  present su rvey  (D igel et al 
1996) is undertaken  in  order to determ ine w h eth er  th ese  clouds  
are su p p orted  by tu rb u len ce  a n d /o r  are in virial equilibrium .
It is show n th at all o f  th e  clouds are con sisten t w ith  su p p ort  
by turbulence b ut so m e  o f  th e  Cam  O B l clouds show  a m arked  
departure from  v iria l equilibrium . A  d iscussion  o f  th is  resu lt in 
term s o f  ev o lu tion ary  and  selection  effects is p resen ted .

8.1 Introduction

In the  In troduction  to  th e  thesis H oyles m odel for th e  s tru c tu re  of Hi in th e  

G alaxy (Hoyle 1953) was briefly discussed. In th is m odel, Hoyle proposed th a t  

gravity  and  tu rbu lence  com bined  to  preserve any enhancem ents o f m ateria l w hich 

occurred. W ith  th e  rea liza tio n  th a t  a  large com ponent of th e  ISM  was in  th e  form  

of m olecular hydrogen, w hich could be traced out using th e  CO m olecule (W ilson e t 

al. 1970). th is  m odel was ex ten d ed  to  the  investigation of th e  m olecular com ponent 

of th e  ISM w here it was found th a t  the  m olecular com ponent also appeared  to  be 

tu rbu len t and  followed a  K olm ogorov prescription (Larson 1978. 1979. 1981). In 

C hap ter 3 an analysis of th e  m olecular clouds in C am  O B l using s tru c tu re  tree  

s ta tis tic s  (H oulahan  & Scalo 1990, 1992) led to  th e  conclusion th a t  they  appeared  

to  have a h ierarchical e lem en t to  th e ir s truc tu re , cdso possibly due to  tu rb u len t 

support. In C h ap te r 7 it weis shown th a t th e  power-law describ ing  th e  s tru c tu re  

of th e  clouds Wcis sim ilar to  th e  IM F for the newly form ed s ta rs  in C am  O B l and  

th a t this power-law was s im ila r  to  th a t elsewhere in th e  G alaxy. In th is ch ap te r 

th e  relative im portance  of g ra v ity  an d  turbulence in organizing m olecular clouds in 

C am  O B l. Perseus and  e lsew here in th e  Galaxy will be discussed.

Given th e  resolution of th e  cu rren t CO d a ta  set (Digel e t al. 1996, hereafter 

Di96) it is not possible to  ana ly ze  th e  s truc tu re  of th e  CO em ission in th e  region of



223

P erseus covered in Di96 using s tru c tu re  tree  s ta tis tic s. However, th e re  is an  a lte rn a ­

tiv e  approach to  th e  problem  w hich does allow som e estim atio n  of th e  im portance  

o f g rav ity  and  tu rbu lence  in organ iz ing  m olecular clouds. In th e  sem in a l work of 

Larson (1981. hereafter LSI), p a ram ete rs  for es tim atin g  th e  influence o f tu rbu lence  

an d  gravity  on th e  s tru c tu re  of m olecu lar clouds were determ ined  from  th e  d a ta  then  

availab le  in th e  lite ra tu re  for a large num ber of CO clouds th roughou t th e  Galaxy. 

T h e  m easure of tu rbu lence  for an  ensem ble of clouds is given by th e ir  linewidth-sizt 

re la tionsh ip , i.e.. th e  relationship  betw een their th ree-d im ensional velocity  d isper­

sion. and  length . L. as m easured  along the ir longest axes. This re la tio n sh ip  heis 

th e  functional form:

0 - 3 ^  o c  ( 8 . 1 )

For th e  sam e ensem ble of clouds, th e  influence g rav ity  has on th e ir  s tru c tu re , as a 

function  of cloud length  L. was m easured  by the  Virial Parameter-size  re la tionsh ip  

w here th e  Virial Param eter is defined as th e  ratio  of th e ir  po ten tia l energ ies. . 

to  tw ice th e ir k inetic energies. 2  . where G  is N ew ton 's co n stan t and  M  is

th e  m ass of th e  m olecular clouds. T h e  functional form of this re la tio n sh ip  is:

^  oc L \  (8.2)

For clouds in or near virial equ ilib rium  th e  ratio  of th e  left-hand s id e  o f Eq. 8.2 

should  be approx im ate ly  unity. If th is  condition holds over a large range  of cloud 

sizes th en  d ~  0 .

T here  are four d a ta  sets w hich will be analyzed in th is  chap ter: T h e  C am  O B l 

clouds in situ  (see C hap ter 7). th e  C am  O B l clouds, if th ey  were m odified  to give 

th e m  th e  appearance th a t they  w ould have a t the  d is tance  of th e  P erseus clouds, 

th e  Perseus clouds, and  the clouds in L81. T he layout of th is c h a p te r  will be as 

follows. In §8.2. deta ils  of the  a lg o rith m  for transform ing  the  C am  O B l clouds to  

allow  th e  d irect com parison w ith  th e  Perseus clouds will be provided. In §8.3. the  

m odified  C am  O B l clouds and th e  Perseus clouds will be selected an d  q u a lita tiv e ly  

com pared . In §8.4. th e  com parison of th e  linewidth-size re la tionship  a n d  th e  Virial 

Parameter-size  re la tionship  for th e  CO clouds in th e  present survey a n d  in LSI will 

be discussed. In §8.5. a  brief discussion of th e  results in light of H oyle 's hypothesis

an d  L8 Ts claim  will be presented . F inally , in §8 .6 , th e  conclusions o f th e  analysis

will be presented.
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8 .2  ‘M o v in g ’ th e  C am  O B l CO C louds to  P erseu s

In o rd er to  m odify  th e  m olecular clouds in C am  O B l to  m ake th e m  appear 

as if th ey  lie a t th e  sam e d istance as th e  Perseus clouds it is necessary  to  know 

th e  d is tan ce  to  b o th  regions. In C h ap te r 4. a  d is tance  value of 2500 ±  200 pc 

was assigned to  th e  Perseus em ission on th e  basis of asso cia ted  O B associations 

(G arm an y  & S tencel 1992). and a s im ilar analysis of th e  s ta rs  in C am  O B I led to a 

d is tan ce  e s tim a te  for th e  C am  O B l CO em ission of 9 7 5 ± 9 0  pc. G iven th e  distances 

to  th e  two regions, th e  general p rocedure  for m odifying th e  in situ  C am  O B l CO 

clouds to  m ake th e m  ap p ea r as if they  lay a t th e  d is tan ce  o f th e  P erseus em ission 

is as follows:

1. Convolve w ith  th e  ap p ro p ria te  beam  (DR.A.0 in-house softw are convolve) the 

orig inal C am  O B l m ap  which has been in teg ra ted  in velocity  over th e  range -5 

to  -22  km  s~^ (see F igure 2.11). w hich has a  reso lu tion  o f 10'. In th e  original 

d a ta , all s tru c tu re  g rea te r th an  ~  2.84 pc can  be resolved, i.e .. 10' a t 975 pc. but 

if p laced a t 2500 pc only s tru c tu re  g rea te r in size th a n  ~  7.27 pc (10 ' a t 2500 

pc) w ould be resolved. Hence, the  inpu t m ap  m ust be  convolved w ith  a  beam  

such th a t o u tp u t m ap  can at best resolve ~  7.27 pc fea tu res , i.e.. an  angular 

reso lu tion  of 2.5'.6. .Assuming a G aussian  beam  for th e  in p u t and  o u tp u t maps, 

th e  w id th  of th e  convolving beam  can  be found from:

25'.6Finai Beam =  (10'^ +  C onvolving Beam ")''^^. (8.3)

w hich leads to  a  convolving beam  of ~  23'.6.

2. P lace th e  m odified  m ap  on th e  sam e grid as th e  o rig inal one (D R A G  in-house 

softw are mapconvrt)  keeping in m ind  the  m odified  m ap  haa now been  m oved to 

a d is tan ce  of 2500 pc. This en tails  re-gridding  th e  m odified  m ap  by assum ing 

th e  in p u t grid  is really  (975/2500) x T.75 a p a r t ,  and  th e n  converting  it to  a 

new m ap  w ith  th e  pixels spaced T.75 ap a rt. Such an  o p e ra tio n  is effectively a 

su m m atio n  of th e  pixels w ithin th e  final beam  w ith  a  su b seq u en t increase in the 

S / 'S  given by (3 .75 /1 .46) or ~  2.5.

8 .3  C loud  S e lec tio n  in C am  O B l and  P erseu s

8 .3 .1  T h e in s itu  an d  M odified  C am  O B l C lou d s

C om ple te  d e ta ils  of th e  selection o f in situ  C am  O B l clouds m ay  be found 

in C h a p te r  7, an d  th e  d a ta  used for th e  analysis p resen ted  here  m ay  be  derived
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Figure 8.1 In situ  O rig inal C am  O BI d a ta  (above) and  m odified C am  O B I d a ta  
(below). T he  con touring  schem e for the  m odified d a ta  is 2.05, 3.23,... K km  s~^. 
C and idate  C am  O B l clouds (T able 8 . 1 ) are enclosed by a  solid bo rder while clouds 
blended w ith  "Local" em ission  are  bounded by a  broken b o rder. Note th a t  th e  
velocity range of in teg ra tio n  is —5 to  —22 km  s“  ̂ for bo th  m aps. It should  also 
be noted th a t th e  p lacem en t of th e  modified d a ta  in th e  lower righ t-hand  co rn er is 
entirely  a rb itra ry  and  a  re su lt of th e  m odification procedure.
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MC;j 0 1 3 2 .7 -1 .8  11.5 132.7144 1.8421 11.49 .1.44 5.07 0.80 0.49 0.31 i;i2 .51X10/1.32.9375 2 .0 0 0 0 /1 .0 8 7 5 5 .5 0 / 2:1.00

MC4 01:13.1 0.2 11.2 1.13.3745 0.1451 -11.21 4.07 5.2:1 0.31 0.19 0.09 1:1:1.0025/1:1:1.0250 0.250(1/ 0.0025 5 .5 0 / 2.3.00

MC5 0 1 3 3 .0 + 0 .4  1:1.7 1:13.0171 0.:i809 1:1.71 5.24 0.98 0.57 o.:i5 0.08 1:1:1.,51X10/1:1:1.0875 0 . 1 2 5 0 /  o.o875 5..50/ 2.3.00

M C« 01:13.7  1.9 14.1 1:13.0940 1.8451 14.10 3.14 4..10 0.31 0.19 0.19 1.3:1.5000/1:1:1.8750 2 .0 0 0 0 / 1.0875 5 .5 0 /2 :1 .0 0

M C7 0 1 3 4 .0  0 .7 -13 .5 1:13.9817 0.0852 - 1:1.48 5.32 11.78 3..35 2.07 0.27 1:13.0875/1.34.3125 1 .0025/ 0.3750 5 .5 0 / 2:1.00

M C 8 0 1 3 4 .1 + 0 .2  12.9 134.1023 0.2249 12.91 4.57 11 .14 0.04 .1.7:1 0.08 1:13.0875/134.0250 0.3125 /0 .9 :175 5..50/ 23.00

M C9 0 1 :1 4 .7 + 1 .0  15.2 1:14.0843 1.0:109 15.22 2.59 3.9:1 0 .28 0.17 0 .28 1:14.5000/1:14.8125 0 .8 7 5 0 / 1.2500 5 .50 / 2:1.00

M C lO  01:11 .7  0 .9  H  O 1:14.0721 0.9278 1:1.95 0.90 9.59 10.90 0.77 0.0:1 1:14.3125/1:15.12.50 1 .0250/ 0.3125 5 .5 0 / 2.3.00

M C ll 01:15.0  0 .0  11.0 1.15.0218 0.0209 -1 1 .0 0 5.41 0.54 0.88 0.54 0.12 1:14.87.50/1:15.12.50 0 .2 5 0 0 / 0 .2500 5 .5 0 / 23.00

M C I2  a i : i5 .0 - 1 .8 - H .9 134.9944 -1 .8279 -1 4 .8 8 3.82 5.2:1 0.48 0.29 0.10 1.34.8125/1.35.1875 2 .0 0 0 0 / 1.0875 5 .5 0 / 23.00

a . For th e  M C O B l c louds th ese  c o o rd in a te s  a rc  n o t real b u t a re  a  resu lt o f th e  u iod ilh  a tio u  iirocess. T h e  re la tiv e  positio n  of th e  c lo in is a n d  th e ir  ap p e a ra n c e  a rc  co rrec t b u t 

they  cou ld  have been  p laced  anyw h ere  in th e  o u tp u t  grid .

b . F W IIM  velocity  w id th , c o rre c ted  for th e  O.tiS kin s “  * chan n e l size,

c. r  — ( A r e a / i r )* ^ '^ ,  w here A rea is th e  a re a  o f th e  cloud w ith in  th e  h a lf-n iax in n u n  co n to u r  o f th e  in ten sity  I V , , co rrec ted  for th e  b eam  size o f th e  te lescope, a t a  d is ta n c e  1) 

=  2.5 kp c .

d . C O  lu m in o sity , in te g ra te d  from  th e  fit to  th e  c lo u d 's  co m p o site  sp e c tru m .

e. =  4 . 2 ( , Y / i . 9 ) L , . „  w here A =  1 .9  X 10 * * 'cm  * (K km  s (S tro n g  e t a l. IUH8), w ith  an  a d d itio n a l fac to r of I .-I for helium .

f. V irial P a ra m e te r  as defined  by L arson (IU 8 I).

g. B o u n d a ry  in ( / ,  6 , v)  for c loud .

*. N ot u sed  in an y  an a ly s is  a s  c loud  s p e c tru m  is (p iestionab le .

to
to
O)
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from  th e  values listed  in Table 7.1. Selection of th e  m odified C am  O B I (hereafter 

MC O B I) clouds followed essentially th e  sam e p rocedu re  but now s ta r t in g  w ith a 

m odified m ap of in te g ra te d  em ission (see the  lower panel o f Figure 8 .1). A sum m ary  

of th e  physical p a ra m e te rs  for the  MC O B I clouds is provided in T ab le  8 . 1 . Some 

observations regard ing  p a rticu la r MC O B I clouds a re  as follows:

1. T h e  b righ test m o lecu la r clouds are alm ost ce rta in ly  blended, e .g .. M ClO . but 

a re  included as all of th e ir  em ission lies in th e  velocity  range -5 .5  to  -22 km  s"C  

and  can be fitted  well by a G aussian profile.

2. W eaker features a re  generally not blended bu t reaisonably well ap p ro x im a te d  by 

G aussian  profiles.

3. In the  case o f one very weak feature. M C2. b lending  of m u ltip le  k inem atic  

com ponents is a p p a re n t and severe. This fea tu re  is a t th e  th resh o ld  level for 

selection and  will no t be included in any fu rth e r analysis.

F igure 8 .1  shows th e  M C O B I CO em ission and  th e  in situ  Cam  O B I C O  em ission. 

T he  effect of th e  m odification  is qu ite  strik ing  considering  it is on ly  a change in 

resolution by a  fac to r o f 3. .As expected , fine details  in th e  s tru c tu re  o f  th e  original 

em ission are not v isib le in the modified im age, b u t th e  trend  in th e  large-scale 

s tru c tu re , i.e.. th e  C O  em ission being gathered  in to  several bands w hich sweep 

from  north  to  so u th  w ith  increasing longitude, is also lost in th e  m odified  image. 

It is in teresting  to  n o te  how well m atched  in ap p ea ran ce  the  MC O B I em ission 

is to  th e  Perseus em ission  (see F igure 2.14). p a rticu la rly  the  Perseus em ission in 

th e  v icin ity  of ~  / =  141°.6 =  0°. This suggests th a t from purely  m orphological 

considera tions it w ould not be possible to  d istinguish  betw een th e  P erseus clouds 

and  MC O B I clouds. However, the b righ ter features in Perseus have h igher average 

peak tem p era tu res  th a n  th e  MC O B I coun terparts , an d  tend  to  b e  com posed  of 

m u lt ip le-velocity com ponen ts .

8 .3 .2  T h e P erseu s C louds

T h e  selection s tra te g y  for Perseus clouds is very s im ilar to th a t for th e  MC O B I 

clouds. E x tra  care  was tak en  in analyzing the m ost com plicated  regions, e.g.. W3. 

and  th e  cloud defin ition  had  to be relaxed slightly, in th e  sense th a t a  c loud had  to 

have a  closed co n tou r a t  least at the half-m axim um  em ission level and . if possible, a t 

th e  3(7  level. For th e  m a jo rity  of com plicated  featu res in Perseus th e se  tw o contour 

levels d id  not differ by m uch as th e  cloud profile te n d ed  to  be very  s teep  a t the
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cloud boundary . Finally, a visual inspection of F igure 2.14 was m ade to  confirm  

th a t  the  cloud boundaries w ere represen ta tive  and  reasonable. T able 8.2 p rov ides a  

su m m ary  of th e  CO clouds in Perseus covered by the  present survey (D i96).

8 .4  A  C om p arison  o f  th e  S tru ctu re o f  M olecular C lou d s in  C a m  O B I
and P erseu s

In th e  in tro d u c tio n , tw o m ethods for e s tim atin g  th e  significance of b o th  tu r ­

bulence via th e  linewidth-size  relationship  (Eq. 8 .1 ). and  g rav ity  via th e  Virial 

Parameter-size  re la tionsh ip  (E q  8.2) were in troduced . T hese m ethods m ay  now be 

app lied  to  th e  d a ta  for th e  MC O B I clouds, th e  C am  O B I clouds, th e  P erseu s  clouds 

a n d  th e  clouds found in L81. an d  th e  results a re  discussed below.

8 .4 .1  T h e T urbulence Law.

In L81. an  investigation  of th e  relationship  between th e  th ree -d im en sio n a l ve­

locity  d ispersion , of th e  clouds and th e ir  m axim um  e x ten t. L. was c o n d u c ted . 

T h ere  were 46 clouds included in th a t study, and  from a hand-fit curve to  th e  d a ta  

it was found th a t:

log (cTj^) =  0.04 4- 0.38 log L. (8.3)

w here is in km  s“ '  and L is in pc. Tables 7.1. 8 .1  and  8.2 list th e  one-d im ensional 

velocity  d ispersion . A c. and  rad ius for Cam  O B I clouds (79 clouds). M C O B I  clouds 

(11 clouds) and  Perseus clouds (48 clouds), respectively. In o rd er to  m ak e  a  d irec t 

com parison  betw een L81 and  these  data . LSI's result m ust be expressed  in  s im ila r 

u n its . This is done by first assum ing  tha t:

1. all of th e  clouds are spherical, in which case th e  m axim um  ex ten t of a  cloud . L.  

is given by tw ice th e  cloud rad ius. 2 r .  and

2. (T3d =  (3 /(8  /u2))^ /^A c (M yers 1985).

W ith  the  ap p ro p ria te  changes to  th e  LSI d a ta , a  least-squares fit to  his d a t a  gives: 

Larson (1981) :

log A c  =  (0.19 ±  0.03) -f (0.36 ±  0.03) log (2 r) , (8.4)

w here A c is in km  s~* and  r  is in pc, w ith a  correlation  coefficient of ~  0 .89. T h e  

p o in t of in terest is th e  exponen t, 0.36 ±  0.03, which is in good ag reem en t w ith  th e  

clouds if they  w ere supported  by Kolmogorov tu rbu lence, i.e., w ith  an  e x p o n en t of

0.33.



Taille 8.2: Siiitiiiiary of Physical Parameters of Perseus Clouds

No DesigiiA lioii /“ 6“ K s n
f 2<ZA/V is 
' A ll’ /. > (m iii/iiiax)

A"
(null /m ax  ) (iiiiii/iiiax)

(ilcg.) (dcg.) (km »“ ’(km a~ ’ (pr) (lo-* K km ‘ l»-'l (U)' M,,l (dcg./ilirg.) (ilt-g ./drg .) (km 8~'/km »“*)

P I ( i i a i . d - l . l  ;il ,5 131.3494 -1.1371 34.54 1.70 4.35 0.2.3 0.14 0.48 131.1875/1.31.5025 1..3125/ 1.0000 2 9 .8 4 / 44.80

P'2 CM31.8 0.7 131.8105 -0 .0854 53.45 3.09 3.50 0.04 0..39 0.35 131.0250/1.32.0000 0 .8 1 2 5 / 0.4375 4 4 .5 5 / 04.55

P3 (J 132.2 0 .9 51.8 132.2333 0 .8449 54.81 2.03 9.15 1.09 0.07 0.45 132.0000/1.32.,501X1 1.1875/ 0.5000 4 0 .1 0 /(1 0 .2 5

P4 0 1 3 2 .0  1.5 38.1 132.5404 1.5444 38.10 2.70 3.05 0.00 0.41 0.79 132.1875/132.87.50 1.8125/ 1 2500 2 9 .8 4 / 4(1.1(1

P5 0 1 3 2 .7  0.1 50.3 132.0405 0.3937 50.31 2.70 .3 05 0.1 1 0.09 0.17 1.32..5(X)0/1.32.8125 0 .5 0 0 0 / 0.2.5(H) 4 0 .0 0 / 01.05

P(i 0 1 3 3 .2 + 0 .9  12.8 133.1893 0.9188 42.70 4.07 10.90 9.00 5.59 1.01 1.32.1825/1.33.02.50 0 .0875 /1 .1250 3 0 .0 0 / 70.00

P 7 0 1 3 3 .2  1 .1 37.9 133.1945 1.14.10 37.89 2.54 1..35 0.15 0.09 0.14 13.3.0025/13.3..50(X) 1.2500/ 1.01X10 2 9 .84 / 42.20

P 8 0 1 3 3 .3 + 2 .1  12.0" 133.2409 2.0808 -42.57 4.08 0.87 0.13 0.08 N /A 1.33.0025/133.3750 2 .0000 / 2.1875 .33.75/ 53.25

P9 0 1 3 3 .3  1.3 38.5" 133.2849 1.3198 38.40 2.34 1.74 0.12 0.08 N /A 133.0025/133.5000 1.1375/ 1.2500 2 9 .8 4 / 42.2(1

PIO 0 1 3 3 .4 + 0 .3  19.7 133.4271 0.2027 49.05 4.17 7.85 3.03 2.24 0.70 133.1875/133.0250 0 .0 0 0 0 / 0.51X10 30.0(1/ 70.00

P U 0 1 3 3 .7 + 1 .2  11.2 133.0757 1.2298 41.18 5.87 4.35 5.00 3.12 0.89 133.3125/133.9375 1.1250/ 1.3750 3 0 .0 0 / 70.1X1

P12 0 1 3 3 .9 + 0 .4  .17.1 1.13.8890 0.4273 47.35 5.80 9.0 5.89 3.03 0.48 133.0250/134.12.50 0 .1 8 7 5 / 0.0250 .30.00/ 70.00

P13 G 133.9+1.1 41.3" 1.13.9242 1.0710 44.29 8.10 4.35 2.21 1.37 N/A 13.3.8125/1.34.0025 0 .9 3 7 5 / 1.1875 .30.00/ 70.00

P H 0 1 3 4 .1  0 .9  39.4 134.0500 0.9332 .39.41 2.30 4.35 0.20 0.12 0.21 1.33.7.500/134.1875 1.1875/ (1.7500 2 9 .8 4 / 50.00

P15 0 1 3 4 .1 + 0 .8  18.2 134.1125 0.7019 48.10 4.83 5.25 4.72 2.91 1.02 1.33.8750/1.34 ..37.50 (1.02.50/ 0.9.375 .30.00/ 70.(X1

PIG 0 1 3 4 .3 -1 .7 -1 9 .3 134.3219 1.0891 49.28 3.70 7.00 1.18 0.7.3 0.33 1.34.0000/131.02.50 2.000(1/ 1.375(1 3 0 .3 5 / 59.10

P17 0 1 3 4 .5 + 0 .3  47.0 1.14.5147 0.2770 47.58 3.31 5.05 0.39 0.24 0.17 1.31.3750/134.087.5 0 .0 0 2 5 / 0.4375 .38.05/ 50.50

P IS 0 1 3 4 .0 + 1 .9  37.2" 131.5858 1.881.5 37.10 2.52 1.71 0.19 0.12 N /A 134.4.17.5/134.8125 1.7500/ 2.(1(K10 .13.10/ 42.85

P19 01 .3 4 .7 + 2 .2  40.5 134.0772 2.1540 40.45 2.4.3 5.25 0.28 0.17 0.24 1.34.2.500/131.8750 2 .0000 / 2.4.375 3 4 .4 0 / 48.05

P20 0 1 3 4 .7 -0 .7  42.8 134.7377 0.7003 42.81 3.08 7.85 1.37 0.85 0.31 131.4375/135.0000 1.0000/ 0.5000 3 3 .1 0 / 53.25

P 2 I 0 1 3 4 .9 + 1 .5  40.1 134.8558 1.5030 -40.11 4.51 3.5 0.93 0.57 0..35 1.34.0875/1.35.0000 1.1875/ 1.8125 2 9 .8 4 / 50.00

P22 0 1 3 4 .8  0 .0  44.8 134.8154 0 .0219 14.70 3.50 4.35 0.34 0.21 0.10 134.0250/134.9375 0 .1 8 7 5 / 0.1875 3 8 .9 5 / 58.95

to
to
(0



Table 8.2 coiit.: Sum mary o f Pliysical Parameter* o f Perseus Clouds

No Dffsigiiatioii I"

(< l'g |

6"

H cr.) [kill s ” ‘ l k l i i « - ‘ I H [l()-‘ K k i l l » " '

A / ; . ,

[ lü 4  M h I

1 2(.'M W iH 
'  '  (iMiii/nm*)

[clc!g./<irg.]

(llllll/lllilX)

[ilfg ./dcg .)

(llllll/lllUX)

[kill «“ ’ /k ill  s “ ’ ]

P23 0 1 3 5 .0  0 .0  30.5 1.35.0.374 0.0321 -.30.52 2.87 .3.95 0..32 0.20 0.27 1.34.0250/1.35.2.500 0.1875/0 .1875 2 8 .9 5 / .38.95

P 2 I 0 1 3 5 .1  0 .0  44.2 1.35.1203 0.0288 44.24 3.45 I..35 0.00 0.41 0.31 1:14.9:175/1:15.3125 0 .1875/0 .1875 .38.95/ 58.95

P2S 0 1 3 5 .3 + 1 .1  44.7* 135.2702 1.0874 44.71 4.51 2.18 1.14 0.79 N /A l:15.0025/1.35..5000 0 .8 1 2 5 / 1..37.50 .34.40/ 54.55

P2Ü 0 1 3 5 .0 + 0 .2  .30.9 135.5811 0.2207 .30.87 2.71 .3.95 0.1:1 0.08 0.12 1.35..37.50/I,35.7.500 0.12.50/ 0.37.50 2 9 .8 4 / 11.55

P27 0 1 3 5 .5 + 0 .3  4.3.5 135.5089 0.2.50.3 4.3.47 2.24 .3 05 0.2:1 0.14 Ü..39 I:i5 .:i75o /i:i5 .75oo 0 .1 2 5 0 / 0.51X10 :i8..30/ 52.00

P 28 0 1 3 5 .7  0 .2 38.7 135.7:181 0.2059 :i8.05 5.27 5.05 0.01 0..38 0.10 1.35..5025/135.9375 0.4.375/ 0.0025 2 9 .8 1 / 50.(X)

P29 0 1 3 0 .1 + 2 .1  15.2 1:10.1101 2.0890 45.15 3.2.3 .3.05 0..30 0.19 0.20 1.35.87.50/1.30.3125 1.9:175/ 2.3125 .30.35/ 57.80

P30 0 1 ,3 0 .4 + 0 .2 -5 0 .2 1:10.3735 0.2020 50.17 3.5.5 4..35 0.11 0.27 0.21 1:10.1250/1:10.5025 0 .0 0 2 5 / 0.:17.50 4 0 .1 0 / 00.25

P 3 I 0 1 3 0 .5 + 1 .2  37.4 1:10.4019 1.1743 -.37.42 3.00 0.55 :i .i9 2.10 1.09 1:10.0000/1.30.731X1 0 .7 5 0 0 / 1.7.500 2 9 .8 4 / 18.05

P32 0 1 3 7 .0 + 1 .3  38.0 1:10.9500 1.2549 38.58 0.13 5.25 8.80 5.4.3 1.19 1:10.7000/1.37.3750 0 .7 5 0 0 / 1.7.500 2 9 .8 4 / 48.05

P:13 0 1 3 7 .3 + 2 .7  45.2 1:17.2900 2.0081 45.17 2.71 :i.05 0.24 0.15 0.29 1:17.1875/1:17.4:175 2 .5000/ 2.8125 .15.05/ 51.95

P34 0 1 3 7 .2 + 3 .1  50.8 1.37.2288 3.0818 50.81 1.80 3.05 0.25 0.15 0.01 1 3 0 .8 7 5 0 /1.3 7 . 1 :1 7 5 2 .9500 / :i.:i75o 12.20/ 01.70

P35 0 1 3 7 .7 + 1 .5  39.1 1.37.7049 1.4702 -.39.10 3.09 4..35 .3..18 2.09 1.51 137.4.375/i:i8.(Mi25 1.0025/ 1.7500 2 9 .8 4 / 50.(X)

P3(i 0 1 3 7 .8  0 .7  43.9 137.7404 0.7117 -43.89 2.00 5.25 0:18 0.23 0.28 1:17.4375/137.9:175 0 .8 7 5 0 / 0.4.375 11.55/ 57.15

P 37 0 1 3 8 .0 + 0 .8  .37.8 1.38.0020 0.8089 -.37.78 2.90 l.:15 0.77 0.47 0.55 1.37.7,500/1:18.3125 0 .5 0 0 0 / 1.1250 29 .84 / 18.05

P;i8 0 1 3 8 .5 + 1 .0  38.7 138.4857 1.0419 -38.71 2.77 4..35 3.80 2.:i8 .3.05 1.38.0025/1.39.0000 1.3750/ 1.9.375 2 8 .8 4 / 47.40

P 39 0 1 3 8 .5 + 2 .2  39.9 138.4007 2.1803 39.89 2.50 5.05 0.54 0.31 0.41 1.38.12.50/1.38.02.50 2 .0025 / 2.1:175 2 9 .8 1 / 50.00

P40 0 1 3 8 .4 -0 .8  37.0* 1:18.4200 -0 .7819 37.01 3.42 1.75 0.14 0.09 N /A 138.:1000/1:18.0500 0 .9 0 0 0 / 0.0.375 2 9 .8 4 / 42.85

P I  I 0 1 3 8 .8 + 2 .3  39.5 1.38.81.50 2.3070 .39.52 2.00 5.05 0.42 0.20 0.29 1.38.087.5/1.38.9.375 2 .0025 / 2.5025 2 9 .8 4 / 47.40

P42 0 1 3 9 .2 + 0 .4  39.8"' 1.39.2280 0.4393 .39.83 1.91 2.18 0..31 0.19 N /A 1:18.9:175/1:19.5000 0 .2 5 0 0 / 0.0250 2 9 .8 4 / 50.00

P 43 0 1 3 9 .2 + 1 .1  .39.3 1.39.2420 1.040.3 .19.31 2.80 7.85 1.72 1.00 0.71 1:18.7500/1.39.0875 0 .7 5 0 0 / 1.37.50 2 9 .8 4 / 50.00

P44 0 1 3 9 .7  0.4 39.0 1.39.0118 0.4:19:1 - :i9.o:i 5.14 9.15 .3.20 1.97 0..35 1.39.0000/140.27.50 1.0000/ 0.0000 2 9 .8 4 / 50.1X1

to
CO
o



Table 8.2 cent.: Sum mary o f Physirai Parameter« of Pcrseu.s Clouds

No D eaignation /'■

(•leg)

b“

(deg.)
"LS8 
(kin s~ ' I k n i a - '

r*' I ' L
(IÜ-’ K k i n a - '

K o
' pc-'l ( 1 0 ' M ,,l

/ 2 t;5 / ' /  iH 
'  '  (iniii/iim s)

(deg ./deg .]
(iiiin /inux)

(deg ./deg .)
(iiiiii/nm x)

[km a ” ’ /k m  a " ’ )

B45 0 1 3 9 .0 + 0 .2  39.9" 139.90.13 0.2080 39.92 3.07 0.87 0.88 0.54 N /A 139.02,50/140.1250 0 .0 0 0 0 / 0.4.175 2 9 .84 / 50.05

P-lti 0 1 3 9 .9 + 2 .0  51.5 139.9313 2.0279 51.47 2.17 3.50 0.33 0.20 0.40 139.7500/140.3750 2 .0 0 0 0 / 2.8750 4 0 ,25 / .59.75

P47 O l lO.ti 0.2 39.0 140.5920 0.1402 39.01 1.08 0.1 2.05 1.04 0.09 140.2750/140.9275 -0 .5 0 2 5 / 0.2500 2 9 .8 4 / 50.00

P48 0 1 1 0 .0 + 0 .7  37.9 140.0177 0.0725 37.92 3.57 0.55 3.51 2.10 1.11 110.2125/141.0025 0 .2 5 0 0 / 1.2500 2 9 .81 / 50.00

P l9 0 1 1 0 .9  1.1-40.8 1 10.8080 1.0959 10.82 4.05 0.55 5.28 3.20 1.31 110.1375/141.1875 1.0250/ 0.5000 3 1 .1 4 / 50.05

P.50 0 1 4 1 .5  1.2-41,1 141.5387 1.1750 11.00 2.03 3.95 3.00 1.85 2.92 1 11.2500/142.1250 1.5000/ 0.0250 3 1 .1 4 /5 0 .0 5

P51 0 1 4 1 .8 + 1 .0  47.7 141.7.541 1.02 10 47.05 2.80 3.95 0.39 0.24 0.38 141.4375/142.0000 1 .4375/ 1.8125 3 0 .3 5 / 57.15

P52 0 1 4 2 .2 + 1 .4  44.8"' 142.2032 1.4434 41.77 2.84 1.74 0.25 0.10 N /A 142.0000/142.37.50 1.3125/ 1.8125 3 0 .3 5 / 54.55

P 5 J O 142.0+0.5  43.4 142.0.187 0.5215 13.25 3.42 3.05 0.70 0.47 0.50 1 12. llXXI/1 12.9375 0.312.5/ 1.8125 10.35/ 54.55

P54 0 1 4 2 .8  1.0 42.0 142.7475 0.9881 42.00 3.97 8.3 2.35 1.45 0.18 142.2.51X1/143.1875 1.2500/ 0.5025 3 1 .7 9 / 50.05

P55 0 1 4 3 .4  +  1.0 38.0 143.4278 0.9520 38.03 2.83 5.25 0.47 0.29 0.30 143.1875/113.7000 0 .0 8 7 5 / 1.1250 2 9 .84 / .50.1X1

P5fl 0 1 4 3 .0 + 0 .2  34.5 143.5880 0.1850 34.45 2.77 5.25 0.37 0.23 0.25 113.1250/1 l l.tXlOO 0 .0 0 2 5 / 0.3750 27 .89 / 37.00

P57 0 1 4 3 .9  1.5 30.7 143.8473 1.4975 30.05 2.51 5.7 1.00 0 .99 1.19 143.5000/144.0000 1.1X100/ 1.0025 2 7 .89 / 48.70

A. B i u i s i i i o n  w o i g l i l e d  i i i c a i i  V A liica . I ',  ia  i i t c a a i i r c d  n r lA l i v e  t u  H t a n d A i d  a u l a i  n i o l i u i i .

b . rW IIM  velocity  w id th , r o ire c tc d  fur th e  0.(15 k in a “ * ch an n e l ai/.e.

c. V =  ( A r e a /7 r )* ^ ‘ , w here A rea  ia th e  a re a  o l th e  c lo u d  w ith in  th e  half-in ax iin n in  c o n to u r  o f th e  in ten a ity  co rre c ted  for th e  b eam  aize o f th e  teleacopc, a t  a  d is tan c e  I)

=  2.5 kpc.

d . C O  lu in inoaity , in te g ra te d  fron t the. (it to  th e  c lo u d 's  cun tpoaile  ap ec tru n i.

e . A /l’o  ~  A .2( A / 1  w here a  =  1 .9  X 1 0 " * 'c in ” " (K km  a ”  * ) ”  * (S tiu n g  e t  a l. I08H), w ith  a n  a d d itio n a l fac to r o f 1.-I for he lin in .

f. V iria l P a ra m e te r  aa delined  by I .a rson  (1981).

g. B o u n d ary  in ( / ,  6, |i )  for cloud .

*. N ot uaeil in an y  analyaia as c loud  a p e d  t u tu  is (p iestionab le .

ts9
W
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T u r b u l e n c e  a s  M e a s u r e d  by t h e  S i z e  — L inewid th  R e l a t i o n s h i p
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Figure 8.2 C om parison of the lineividth-size re la tionsh ip  as found by Larson ( 1981. 

44 clouds) with th e  C am  O B l clouds (79 clouds), m odified C am  O B I clouds ( 1 1  

clouds) and  Perseus clouds (46 clouds). More d a ta , over a la rger range in cloud 

radii, a re  required to  find a com plete solution to  th e  d a ta  taken  from  th e  present 

survey (Di96). _________________________________________________________________

F igure 8.2 shows an  overlay of th e  d a ta  in the  present work ag a in s t th a t in LSI. 

It would appear th a t th e  clouds from  all sam ples fall on to  th e  LSI linew idth-size 

rela tionsh ip . However, th e  sca tte r  in log (A c) is large, p a rticu la rly  for th e  C am  

O B l clouds, and th e  range of cloud sizes is com parab le  to  th e  s c a tte r  in log (A c). 

Hence, w ithout ad d itio n a l inform ation  on clouds spann ing  a  larger ran g e  of sizes the  

only observation which can be m ade is th a t the degrees o f  turbulence, as measured  

by the linewidth-size relationship, fo r  molecular clouds taken from  the present survey  

(Di96) have mean values which are consistent with L S I .

A sum m ary  of th e  key points regard ing  th e  influence of tu rb u len ce  in suppo rting  

th e  clouds taken from  th e  present survey, and  those in LSI, are:

1. T h e  sca tte r  in th e  linewidth-size re la tionship  for th e  C am  O B l clouds appears 

to  be appreciab ly  g rea te r th an  th a t  in LSI or for th e  o the r reg ions considered 

in th e  present survey.

2. B ecause of the  sm all range of cloud sizes, it is not possible to  te s t ,  in  a  s ta tis tic a l
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sense, w hether there  is any  difference betw een th e  lintwidth-size  re la tio n sh ip  for 

the m olecular clouds taken  from th e  p resen t survey and those of LSI. However, 

the m ean values for all of the popu la tions considered in th is work do agree w ith  

the resu lts derived in LSI.

8 .4 .2  V irial Equilibrium

In order to  m easure th e  degree to  w hich clouds are in virial equ ilib rium . LSI 

suggested th e  use of a Virial Parameter-size  relationship , i.e.. Eq. S.2. LSI found, 

from  a hand-fit solution to  his d a ta , th a t  th e  Virial Parameter, as a  function  of 

cloud size is given by:

log{ —  ' y  ) =  -0 .0 4  4- 0.14 log {L\pc]). (S.5)

value g rea ter th an  one for the  V irial P a ra m e te r . indicates th a t th e  sy stem  is

g rav ita tionally  bound and  susceptible to  g rav ita tio n a l collapse provided th a t  th e re  

are  no o the r forces present, e.g.. due to  m agnetic  fields, or ro ta tio n . C onverting  

th is relationship  to the  quan tities consisten t w ith  those presented in Tables 7.1. S. I 

and  S.2. and using the  sam e assum ptions as in §8.4.1, it follows th a t an  unw eighted  

least-squares solution to  th e  LSI d a ta , found by th e  author, is:

Larson ( I9SI) :

=  (0.00 ±  0.07) +  (0.07 ±  0.08) log (2r[pcj). (8 .6 )

In Figure 8.3 plots of th e  Virial P aram eter  îov th e  three cloud sam ples. Perseus.

C am  O BI and  MC O B I. together w ith  th e  LSI da ta , and th e  least-squares re la ­

tionship derived from the  LSI d a ta  (Eq. 8 .6 ). are presented. In o rder to  q uan tify  

w hether the  d a ta  come from  sim ilar p a ren t populations, a s ta tis tic a l analysis was 

undertaken  to  m easure th e  absolute difference in th e  mean values for various com bi­

nations of th e  d a ta  as well cis the d ev ia tion  in th e  difference. Form ally, th e  abso lu te  

difference in th e  m ean of two populations. V'l and  is given by

L> =  |V 'i - V 2 |. (8.7)

which has a  deviation given by

(8.8 )
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w here th e  (T, and  n ,  refer to  the  s tan d ard  d ev ia tio n  and  sam ple size, respectively, of 

th e  two popula tions being com pared (M endenhall e t al. 1981). T he resu lts  of th is  

com parison are p resen ted  in Table 8.3.

Table 8.3: S tatistics for C om p arison  o f  V irial Peiram eter

L81 Per C am  O B l MC O B l
D ±  (T£) D ±i a  D D  ±  (Td Z) ±  <td

L81 -N'/A 0.06 ±  0.08 0.50 ±  0.07 0.39 ± 0 .1 2

Per 0.06 ±  0.08 N /A 0.44 ±  0.07 0.33 ± 0 .1 0

C am  O B l 0.50 ±  0.07 0.44 ±  0.07 N /A 0 .1 1  ± 0 . 1 0

MC O B l 0.39 ±  0.12 0.33 ± 0 .1 0 0 . 1 1  ± 0 . 1 0 . \ /A

T h ere  are several conclusions which can  be  draw n from the s ta tis tic a l resu lts 

shown in Table 8.3 and  from an exam ination  of F igure 8.3. These include:

1 . It is not possib le to  derive a form al so lu tion  for th e  Virial Param eter  aa a 

function of cloud size for th e  Perseus clouds (to p  panel. Figure 8.3) because of 

th e  lim ited  range  in cloud sizes s tud ied . However, th e  m ean value of th e  Perseus 

clouds' d is tr ib u tio n  and th a t of L81 a re  in agreem ent and would suggest th a t 

th ey  cam e from  th e  sam e parent p opu la tion .

2 . .\g a in . owing to  th e  lim ited range in cloud sizes sam pled, it is not possible to  

o b ta in  a form al solution for the  Virial Param eter-size  relationship for th e  MC 

O B l clouds (m idd le  panel. Figure 8.3). In th e  case of the  MC O B l clouds, th e  

m a jo rity  of th e m  lie below the  th resho ld  to  be  self-gravitating (dashed  line in 

F igure 8.3). T h e  com parison betw een th e  M C O B l m ean and th a t of L81 and  

Perseus shows th a t  th e  clouds do not com e from  th e  sam e parent popula tion .

3. In the  case of th e  in situ Cam  O B l clouds, th e  difficulty persists w ith  th e  sm all 

range of cloud sizes. In this case, th e  difference betw een the  two popula tion  

m eans (D) from  L81 and Per is even m ore  pronounced than  in th e  case of MC 

O B l.

4. T h e  com parison of the  MC O B l clouds to  th e  in situ  Cam  O B l clouds shows 

th a t  the  difference in the  m eans of th e  tw o popu la tions is not significant. Fur­

therm ore , th is  suggests th a t the essen tia l ch a rac te r of the in situ  C am  O B l 

clouds, as being  clouds which have a  m ean  Virial P a ram e te r  different from  L81 

or Perseus, has been preserved in th e  m odification  process to form th e  MC O B l
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size. T he condition  for v iria l equilibrium  is shown by th e  dashed  line. For th e  C am  
O B l clouds (b o tto m  panel) th e  m ean in th e ir d is tr ib u tio n , as a  function  of th e  Virial 
Parameter, is shown by th e  d o tte d  line.
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clouds. T herefore, th e  in situ  C am  O B l clouds a re  essen tially  d ifferen t from 

th e  LSI an d  Perseus clouds in th e  im portance  g rav ity  has on reg u la tin g  the ir 

s tru c tu re .

In o rd er to  exp lore  the cause of the  large range in th e  Virial P aram eter  for the 

C am  O B l clouds, an exam ination  of th e  clouds m aking  up th e  C am  O B l d a ta  

was u n d ertak en . In this analysis, the  C am  O B l clouds w ere placed in to  one  of two 

groups, depend ing  on w hether they  are above" or "below" th e  m ean Virial Param eter  

for th e  C am  O B l clouds (i.e.. log{2G M /Sv^{ '2r))  =  —0.77. th e  d o tte d  line  shown 

in th e  lower panel of Figure S.3). T here are  40 clouds w hich lie above, a n d  39 clouds 

w hich lie below th is  dividing line. Table S.4 provides a  su m m ary  of th is  analysis. 

.A.11 of th e  values listed  in Table 8.4 are m ean values, w ith  th e  erro r show n being  the 

e rro r in th e  m ean.

T able 8.4: P h ysica l P roperties o f  C am  O B l C louds  
w ith  A bove- and Below -average V iria l P aram eters

G roup / 6 A c r M co Tmax
[deg.] [deg.] [km s“ ]̂ [pc] [x l(P  Mr,] [K]

.Above 139.4 ±  0.5 1.8 ± 0 .3 3.0 ±  0.2 3.7 ±  0.2 3.3 ±  0.4 3.5 ±  0.2

Below 138.1 ± 0 .6 1.8 ±  0.4 4.0 ±  0.2 3.0 ± 0 .1 1 .1  ± 0 . 2 2 . 0  ± 0 .1

T h e  p roperties  of the two groups of C am  O B l clouds a re  q u ite  different. T h ere  is 

an  ind ica tion  th a t the  above-average Virial P a ra m e te r  clouds m ay be p referen tia lly  

loca ted  a t h igher longitudes bu t the difference in th e  m ean longitude of th e  above- 

and  below -average groups is only m arginal and  m ay not be significant. T h e  clouds 

in th e  above-group also ten d  to  have larger m asses and  narrow er velocity  linew idths 

th a n  th e  below -group. B oth of these tendencies will co n trib u te  to  th e  p lacem en t of 

th e  above-group as being g rav itationally  bound and . conversely, for th e  below -group 

to  be g rav ita tio n a lly  unbound. The above-group clouds also tend  to  b e  w arm er, 

w hich is ex p ec ted  for m olecular clouds which are  form ing s ta rs , i.e.. m o lecu la r clouds 

associa ted  w ith  C am  R l.
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8.5 D iscu ssion

In Hoyle s m odel of Hi (H oyle 1953). now extended to  m olecular c louds, the  

perm anence of a  cloud in tu rb u le n t flow is due to th e  cohesive effects o f g rav ity  

dom inating  over th e  d issipative  force of tu rbu lence. In p rincip le, th is perm anence  

could be m easured d irec tly  if th e re  w ere som e way of observing a cloud over its 

lifetim e and  confirm ing th a t th e  c loud was long-lived, persisting  for a t least the  

order of a  dynam ical tim e (L arson 1994). In practice, this is not possible, b u t the  

perm anence of s tru c tu re  m ay be in ferred  in two ways: a) by th e  presence of s ta r 

form ation , in which case it is assum ed  th a t  th e  clouds m ust have surv ived  sufficiently  

long for s ta rs  to  form , or b) by th e  d is tr ib u tio n  of cloud m asses, i.e.. if th e re  is a 

large n um ber of clouds present w hich exceed th e ir  virial maisses.

T he  descrip tion  of th e  balance betw een  d isrup tion  and con trac tion  of a  m olecular 
cloud is given by th e  virial eq u a tio n , i.e..

P  -  fi =  2 r - h F  +  2L, (8.9)

where P  is energy due to  ex te rn a l p ressure, fl is the  po ten tia l energy of th e  system . 

T  is th e  k inetic energy of th e  sy stem  d ue  to  therm al and tu rb u len t m o tion . B  is the  

energy due to  m agnetic  pressure an d  L  is now th e  energy due to  ro ta tio n . M olecular 

clouds considered in th is s tu d y  are  a lm ost certain ly  tu rb u len t, bu t th e  questio n  of 

w hether they  are bound  or not is m ore  problem atic . LSI claim ed th a t all m o lecu lar 

clouds a re  g rav ita tionally  bound , over a  large range of scale sizes. T h e  Perseus 

clouds support th is claim  bu t not th e  in situ  Cam  O B I clouds or th e  M C O B l 

clouds. In fact, the Cam O B l  clouds are a mixture, which vary in the degree to 

which their  structures are regulated by gravity. It has been argued  th a t  d ram a tic  

d epartu res  from conditions for being  g rav ita tionally  bound have been seen in very 

vigorous s ta r  form ing regions elsew here in th e  Galaxy, e.g., O rion and  C ep 0 B 3  

(Falgarone 1995), w here an  ad d itio n a l force to  constrain those clouds is provided 

by ex te rn a l the rm al pressure. In th e  case of C am  O B l. th e  s ta r  fo rm ation  is not 

as vigorous and  th e  clouds involved in  th e  s ta r  form ation te n d  to  be g rav ita tio n a lly  

bound. It is the  sm aller clouds in C am  O B l, which are not ac tive  s ta r  form ing 

regions, th a t  appear to  be ou t of v iria l equilibrium . Since these sm aller clouds are 

not associated  w ith any recent s ta r  form ing ac tiv ity  and have no t d ispersed  they  

m ay represent a  young popu la tion  o f m olecular clouds in C am  O B l.
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8 .6  C onclusions

In th is  chapter several aspects of th e  s tru c tu re  of m olecular clouds in the  present 

survey  were considered. From th is analysis it was possible to  conclude th a t:

1 . T h e  appearance of the  C am  O B l m olecular clouds would be  sim ilar to  those 

of th e  Perseus clouds if they  were placed a t th e  sam e d is ta n ce  as the  Perseus 
clouds.

2. .A.11 of the  m olecular clouds considered in th e  present survey  a re  consisten t w ith  

th e  linew idth-size relationship  derived by Larson (1981). T h is  rela tionsh ip  is 

suggestive of Kolm ogorov-type tu rbu lence.

3. T he  essential charac ter of the  in situ  C am  O B l clouds, as m easured  by th e ir 

m ean  Virial Parameter, is preserved w hen they  are scaled to  ap p ea r as if they  

were a t the sam e d istance as th e  Perseus clouds.

4. Not all of the m olecular clouds considered in th e  present su rvey  are  g rav ita tio n ­

ally  bound. In particu la r, th e  in situ  C am  O B l and  MC O B l clouds show a  

s tro n g  departu re  from virial equilibrium . It is suggested th a t  th e  clouds showing 

th e  strongest dep artu re  from being self-gravitating  m ay be th e  youngest clouds 

in th e  field.
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Chapter 9
Conclusions and 

Suggestions for Further Observations

A  su m m ary  o f  th e  th esis  in term s o f  th e  th ree  e lem en ts  o f  star  
form ation  is provided. S u ggestion s for fu rth er stu d ies  in th e  
reg ion  are also given .

T h is  thesis has a tte m p te d  to  ex am ine  the  s ta r  fo rm atio n  in th e  C am  O B l region, 

covered by a recent CO survey (D igel e t al. 1996). in te rm s  of th ree  elem ents: a) th e  

s im ila rity  of th e  s tru c tu re  of th e  m olecular clouds from  which s ta rs  form  w ith  th e  

new ly form ed stars  as m easured  by th e  cloud m ass function  and  IM F . respectively : 

b) th e  tem pora l evolu tion  of th e  m olecular clouds, an d  c) th e  p ro b ab ility  of s ta r  

fo rm ation  occurring. It has been show n th a t th e  C O  em ission in th e  C am  O B l 

region appears to  be hierarchical in s tru c tu re  and  is probab ly  su p p o rted  against 

collapse by tu rbu lence. It has also been shown in th is  thesis th a t  th e  m echan ism  

which governs th e  p robab ility  of s ta r  form ation , in th e  case of C am  O B l. opera tes  

at th e  m olecular core level and  is p robab ly  a resu lt o f an  enhanced  n um ber of core 

collisions in the  region, leading to  an  enhanced  n u m b e r of core collapses and  an  

increase in the  subsequen t s ta r  fo rm ation  ra te . T h e  princip le  m echan ism  for th is  

en hancem en t is th e  collision of m olecu lar com plexes in th e  region a n d  ionization- 

shock fronts produced by the  m ost m assive s ta rs  in th e  region. It was also show n 

th a t th e  m olecular clouds in Perseus have a s im ilar s tru c tu re  to  those  seen in C am  
O B l.

T h e re  are. of course, fu rth er observations w hich should  be m ad e  of the  C am  

O B l region in o rder to  s tren g th en  th e  a rgum ents  p resen ted  in th is  thesis. T hese  

include:

1. E x tend ing  th e  CO observations to  th e  en tire  C am  O B l region. T h e  p resen t 

observations cover only app ro x im ate ly  half of th e  C am  O B l region, as defined by 

th e  C am  O B l association (H um phreys 1978), a n d  it would be in te restin g  to  see 

if C am  R l represen ts a  un ique region of con tac t for m olecular m a te ria l in C am
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O B I or w hether there  are  num erous such regions. It w ould also be in teresting  to  

see if the C am  O B l em ission can be separa ted  from  th e  Local em ission over its 

en tire  ex ten t, ajid  w hether o r not the re  is any age d ifferen tia tion  of C am  O B I 

s te lla r groups over th is scale. Such a s tu d y  m ay reveal w h e th e r Cam  R l is p a rt 

of a  larger shell-like s tru c tu re  where s ta r  fo rm ation  is th e  resu lt of expansion  of 

m olecular shells (Digel et al. 1996) or w hether th e  m o lecu la r m ateria l is m ore 

fragm ented  and  s ta r  fo rm ation  is localized.

2. Infrared im aging of th e  regions of con tact w here th e  G ro u p  111 stars are  form ing 

is badly needed. T he I R A S  d a ta  (B eichm an e t al. 1966) provides only  an 

indication of th e  enhancem en t of infrared sources, above th e  background, in th e  

surveyed field. A n analysis of these sources bcised upon th e ir  infrared em ission 

from  b e tte r d a ta  is requ ired  in order to  classify th em  a n d . in the  cases o f pre- 

m ain  sequence s ta rs , to  de term ine  th e ir lum inosity  and  possible ste llar m asses.

3. H igh-resolution observations, in various m olecular tran s itio n s , of the  m olecular 

cloud interface in th e  v ic in ity  of .A.FGL490 and  .A.FGL490-iki could serve to 

im prove the  physical m odel of the  outflow .A,FGL490-iki. as well as to  d e te rm in e  

exactly  where in th e  cloud th e  outflows lie. It is also possib le  tha t ab u n d an ce  

differences betw een th e  various com plexes m ay be d e tec te d  which would su p p o rt 

th e  hypothesis th a t  th e  colliding clouds are  expand ing  shells.

4. P relim inary  work on th e  Perseus clouds suggest th a t th e y  have a sim ilar s tru c ­

tu re  to th e  C am  O B l clouds. H igh-resolution observations of selected clouds in 

Perseus and a  com para tiv e  study  of th e  s tru c tu re  tree  s ta tis tic s  for these clouds, 

an d  th e  en tire  C am  O B l region, are required  to  confirm  th is  result.

5. . \  com parison of th e  CO em ission to  th e  Hi em ission in th e  region (G r 1993) 

showed th a t th e y  followed sim ilar power-laws. It would be in teresting  to  analyze  

th e  H i d a ta  using s tru c tu re  tree  s ta tis tic s  to  see w hether o r  no t these s ta tis tic s  

are  also th e  sam e as those of th e  CO . This would p rovide m ore inform ation  on 

th e  s tru c tu re  of th e  ISM , and  the  in terp lay  betw een various com ponents of it, 

th a n  is available from  an F F T  analysis alone.
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Appendix A

A .l  T h e  U n certa in ty  in th e  M easured  an d  D eriv ed  Q uantities  
U sed  to  C haracterize M olecu lar C lou d s

In C h a p te r  1 . th e  mecisured and  derived physical q u a n titie s  used to  characterize  

m olecular c louds w ere in troduced . In brief, th e  m easu red  q u a n titie s  are  the  F \ V H M  

of the velocity  profile of a  cloud as fitted by a  G aussian  profile, th e  radius of a cloud 

as fitted to  th e  ha lf-m ax im um  of its in teg rated  CO  in ten s ity . IVco-  and  the  cen tro id  

of the  cloud in /. 6  an d  v. T he  derived q u an titie s  consist of th e  cloud 's lum inosity  

in the  CO line (E q . 1.47). th e  cloud 's CO mciss (E q . 1.52) and  th e  cloud 's virial 

mass assum ing  th e  cloud is spherical and uniform  in d en s ity  (E q . 1.55).

In p rac tice , d e te rm in a tio n  of these q u an titie s  is a  m u lti-s te p  process. C loud 

cand idates are  in itia lly  selected  from an in teg ra ted  m ap . e .g .. th e  C am  O B I em ission 

shown in F igu re  2.11. by first identifying sim ple closed " ia '  fea tu res which con ta in  

only one '6a '  peak . B oundaries for the  can d id a te  clouds are  th en  set as a sim ple 

box so as to  inc lude all of th e  em ission associated  w ith  th e  fea tu re . Ideally the  cloud 

boundary  should  te rm in a te  near enough to  th e  fea tu re  to  inc lude only the featu re  

bu t far enough aw ay to  include im portan t co n trib u tio n s  from  any  ex tended  features. 

.A. detailed  analy sis  o f th e  effect th a t cloud b o u n d ary  se lec tion  has on the  derived 

cloud p a ram e te rs  is included  a t th e  end o f th is section . M ore com plicated  regions, 

i.e.. cloud c an d id a te s  w ith  m ore th an  one 6a  peak, a re  b roken  in to  separa te  featu res 

if there  is som e suggestion  from the ir m orphology th a t  such d is tin c t features are 

easily identifiab le.

Given th e  in itia l list of cloud cand ida tes, o r m o re  co rrec tly  cloud can d i­

d a te  boundaries, each  can d id a te  cloud is th en  an a ly zed  using  a  softw are package. 

cloud.find. w ritte n  by th e  au th o r to  d e term ine  w h e th e r it was possible to  o b ta in  

a closed h a lf-m ax im u m  rad ius and  a sim ple, sing le-peaked  sp ec tru m  fitted  well by 

a G aussian. For th e  cases w here there are m u ltip le  p eaks  th a t  could be k in em ati­

cally iso la ted , i.e .. m ore th a n  one F W H M  a p a r t in velocity , m u ltip le  clouds were 

obta ined  w ith  th e  sam e long itude and  la titu d e  b o u n d arie s  b u t w ith  the  velocity  

ranges reset ap p ro p ria te ly . If a  spatia lly  well defined fe a tu re  is well fit by a  G aus­

sian but a  second velocity  fea tu re  appears in th e  w ings o f th e  firs t's  velocity profile,
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then  the  velocity  b o u n d a ry  between th e  two was deem ed accep tab le . For th e  most 

com plicated  em ission  featu res the brightest one is exam ined  first as th e  prim ary 

cloud and  h a lf-m ax im u m  radius d iscrim inator. T he  b rig h test em ission featu re is 

then  rem oved an d  considered  counted, a fte r which th e  nex t b rig h tes t fea tu re  is ex­

am ined  in a s im ila r fashion, and  so forth un til the  com plica ted  em ission  fea tu re  has 

been com plete ly  an alyzed .

It is also necessary  to  es tim ate  th e  effect th a t th e  cloud selec tion  process has on 

th e  m easured  physical p aram eters  of the clouds. O bviously, if th e  box boundaries are 

set to  be too  b road  in  all dim ensions then m any features will be  encom passed , while a 

too-narrow  b o u n d a ry  will fall w ithin the  cloud and  possibly cu t th e  half-m axim um  

contour. In o rd e r to  quan tify  the  uncerta in ty  in troduced  in  e s tim a tin g  a  cloud 

boundary, an  ex p e rim en t w hereby the  effect o f varying th e  cloud  b o u n d ary  by one 

pixel in each sp a tia l co o rd in a te  was com puted  for two clouds, one rep resen ting  large 

clouds of a t least severa l beam w idths in rad ius (tes tone). a n d  one rep resen ta tiv e  of 

sm all clouds co m p arab le  to  a  beam w idth in radius (tes ttw o). T h e  gu id ing  principle 

to  know w hen th e  choice of a cloud boundary is ap p ro p ria te  for a cloud is to  consider 

th e  range of b o u n d arie s  possible for which a rela tively  s tead y  cloud half-m axi mum 

radius is o b ta in ed . T h e  m ean and range over which th e  cloud ha lf-m ax im um  radius 

is slowly varying se rv e  as m easures of th e  m ean and u n ce rta in ty  in th e  cloud radius. 

T he  values of th e  physical quan tities of in te rest, e.g .. v irial m ass. e tc .. and  their 

associated u n ce rta in tie s , are  found com m ensurately . R esults o f th is  ex p erim en t are 

presented in T able .A..1. In th e  m ajority  of cases, th e  errors in th e  derived  quan tities,

i.e. the cloud 's lum inosity . CO mass and virial m ass, are  ty p ica lly  10 -  25% w ith a 

larger re la tive  u n c e rta in ty  associated w ith th e  sm aller clouds.

T able A . l :  Sum m ary o f  T ypical C loud U n certa in tie s

Case

[km  s~*]

R adius.r 

[pc]
Leo

[10^ K km  pc^l
-Vico VI...

te stone 4 .7 9 ± °;“^ 4 .43±g:^ 9 . 4 2 ± i f S .Soi};!? •24.6±};i

te st two •2.72±8:?o 0.47±8;ii 0 .44± 8 ;il 2 .76± 8 ;[|

T here is one la s t source of uncertainty, which has th e  p o te n tia l to  p roduce very 

large un certa in ties  in  th e  determ ined  physical q u an tities  of sm all clouds. In C hap ter
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Figure A . l  Effect o f th e  finite resolution of the beam  on th e  m eeisurem ent of cloud 

radii. .A. tu rnover in th e  rela tionsh ip  between r.p̂ ^̂  and   ̂ defined by equation

1.31 (in degrees), i.e. r.j.̂ ^̂  =  - 0.083^)^^^. takes place in th e  v icin ity  of

O b ic r v e d 0.1 deg. A t  th is  point a sm all change in r^ 1 0 % leads to  a change

of ~  .50% in r.Trut '

1 it was shown to be necessary  to  convert the  observed cloud rad ius to  a 't ru e ' cloud 

radius (Eq. 1.42). w hich involved tak ing  the square of th e  difference betw een th e  

squares of th e  observed  rad ius and  th e  survey beam  size. . \  sm all erro r in th e  

observed cloud rad ius can  produce a larger uncerta in ty  in th e  tru e  cloud rad ius for 

a  cloud com parab le  in  observed radius to  the survey beam  size. Hence, clouds w ith  

observed radii of th is  m ag n itu d e  or sm aller should not be included in any analysis. 

F igure . \ . l  illu s tra tes  th is  point.
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Appendix B
B .l  Per O B I and Cas O B6

In C h a p te r  4. th e  d istance to  the  Perseus CO clouds is s ta te d  to  be 2500 ±

200 pc on th e  basis of m ain sequence fitting  to  th e  B s ta rs  in th e  associations Per

O B I and  C as 0 B 6  (GS92). Tables B 1 and  B 2  provide de ta ils  taken  from GS92 

useful in ch arac te riz in g  the  two associations. In the last co lum n in b o th  tables are 

th e  d istances to  th e  s ta rs . Dist 1 . derived on th e  basis o f th e ir  d is tan ce  m odulus, 

while th e  p e n u ltim a te  colum n lists th e  rad ia l velocities for th e  s ta rs , w hen available. 

P roper m otions a re  not included, even though som e are  listed  in SIMB.A.D. as th e  

uncerta in ties  exceed  th e ir quoted  values.

M aking use o f th e  values of D ist 1 and  th e  radial velocity  listed  in Tables B I 

and  B2 it is possible to  derive th e  m ean and  associated  e rro r  in th e  m ean  for bo th  

of these q u an titie s . In general, for som e quan tity , x.  these  values are  o b ta in ed  from 

(Taylor 1982):

X  =  X  ± 6j:. ( B . l )

w here z  =  Y is th e  m ean of th e  sam ple of xs and  6 .̂ =  cr^/\AV. For a  sam ple size.

. the  s ta n d a rd  dev ia tion  in th e  d is tribu tion . <Tj.. is given by:

For th e  Cas 0 B 6  and  Per O B I sta rs  it follows th a t:

G a s  O B  6
Stars: B M ain Sequence .A.11 B .-Ml S tars
Noist i: 14 24 42
D ist I [kpc]: 2.26 ± 0 .1 0  2.69 ± 0 .1 8  2.70 ± 0 .1 6

1 6  15

[km s - ‘]: -4 0 .0 ± ?  -3 3 .8  ±  13.8 -4 2 .4  ±  10.9

P e r  O B I
S tars: B M ain Sequence All B All S tars
Noist i: 2 17 26
Dist 1 [kpc]: 1.83 ±  0.17 2.52 ±  0.18 2.89 ±  0.32

0 8 13
0 ^ , ,  [km s - '] :  ? ± ?  -4 2 .0  ± 1 .3  -4 4 .1  ± 2 .0
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T able B l:  C as 0 0 6

No. Object Name'' /* 6‘ MK Des." 
[deg.] [deg.] [mags] [mags] [Itm s '-]

Dist. I '  

[kpc]

I BD +60 470 133.883 -0.075 08V var 10.-58 9.88 2.24
2 BD +62 411 133.883 +2.700 Bllb-11 8.78 8.16 -52.9 3.47

3 BD +62 419 13-1.169 +2.999 BOA': 10.08 9.72 2.23

1 BD +60 478 134.417 -0  034 M llb 14.02 10.77 1.36

Î 1C 1805 23 13-1.470 +0.552 BIV 12.31 11.47 1.87

6 B D +60 496 l i e  1805 104) 13-1.582 +1.035 06V 9.36 8.79 -50.3 2.08
7 1C 1805 111 13-1.594 +1.070 B2V 12.0-1 11.-55 2.30
A BD +60 496 (1C 1805 103) 134.608 +0.965 BOV 1103 10.-53 2.67
9 BD +60 493 (1C 1805 70) 134.623 +0.583 B0.5U 9.22 8.13 -396 2.13
10 B D +60 498 (1C 1805 112) 134.629 +0.990 0 9 \ ' 10.45 9.92 2.40
11 B D +60 499 (1C 1805 118) 134.6-10 1-0.995 09.5V 10 80 10.26 2.48
12 1C 1805 161 134.673 +1.112 B l 5V 11.31 10.8-5 2.01
13 1C 1805 136 134.683 +0.995 BIV 11.62 11.01 2.07

11 1C 1805 113 134.693 +0.819 09V e 11.80 10.92 2.34

15 BD +60 501 (1C 1805 138) 134.706 +0.937 06.5V 10.0-5 9-59 -47.0 E -3.-34
16 HD 15558 (1C 1805 148) 134.724 +0  925 0.5111(f) 8.35 7.86 -50.0 C 222
17 1C 1805 174 134.76-1 +0.9-56 B2V 12.06 11-56 2.28

18 B D +60 506B (1C 1805 185) 134.778 +0.9-19 B2V 12 15 11.61 2.21
19 BD+60 596 (1C 1805 183) 134.780 +0.941 B il l 11.7-1 11.1-5 6.31
20 1C 1805 169 13-1.790 +0.8-59 B21V 12.39 11.71 2.-57

21 1C 1805 211 134.843 +0  9-53 BIV 11.47 10.89 2.0-5

22 B D +60 513 (1C 1805 232) 134.898 +0.922 0 9 \ ' 9.90 9.11 2.00
23 1C 1805 260 134.907 +1.0-51 B2V 11.97 11.51 2.36

21 1C 1805 221 13-1.929 +0.772 B811-111 12.12 11.57 3.-50

25 1C 1805 308 134 960 +1.23-5 G-51b-ll 12.46 10.93 6 14
26 1C 1805 288 134.975 +1.0-13 B1.5V 11.58 11.11 2 29

27 B D +59 497 134.99-1 -0.693 BOV: 11.21 10.17 3.39

28 UD 15785 135.306 +0.188 B llab 8.91 8.-34 -37 0 D -3 10
29 BD +59 510 135.439 -0.331 B ll l l 10.84 10.28 2.76

30 HD 16429 13-5.678 +1.1-16 09.5111 8 29 7.67 -62.0 D 1.09

31 HD 16778 136.634 -0 023 .4.21a 8.61 7.71 -36 0 C 2.88
32 HD 237007 (1C 1848 3) 137 136 1-0.8-58 BOV 9.76 9.43 -10.0 E 2.03

33 HD 17520 (1C 1848 2) 137.216 +0.880 09V 8 54 8.24 -52.0 1.-52

34 LS 1 +59  153 137 -376 +0.194 09.5V 11.72 11.10 -3.27

35 HD 18409 137 119 +3.460 091b 8.78 8.36 -42.3 C -3.10

36 B D +60 594 137 379 +2.119 09V 9.66 9-30 2.28

37 BD +60 586 137.120 +1.279 08111 8.76 8.46 -12.-3 -3.06

38 HD 17971 137 727 +1.147 F51a 8.82 7.7-5 -51.0 1.94

39 LS 1 +59  15-1 138.1.38 +0.091 BIV 11.23 10.66 1.87

10 HD 18076 138 137 +0.046 BOll-Ill 9.64 9.06 -59.0 D 2.69

41 BD +58 547 138.848 +0..552 B311-111 10-05 9.61 +26.0 -3.1-5

42 UBV 2842 139 098 -0.723 Blll-111 10.84 10.0-1 2 83

a. C atalog  designation o f sta r as given by. in order of preference, its  EID. BD. LS !. BSD or I  BV 
entry
b. G alactic co-ordinates o f star.
c. MK classification o f sta r, as listed in GS92. 
d B and V pho tom etric  indices.
e. R adial velocity o f s ta r  corrected to Local S tandard  of Rest assum ing standard  solar m otion. T he 
le tter index, when listed in SIMBAD. gives the quality o f the spectra: A - excellent to E - poor.
f. Distance from  — I f ,  =  5 /oy(d) — 5 +  .4 (. assuming the  intrinsic colors and abolute m agnitude- 
color relationship of Schmidt-Kaler (1982) as given in Lang (1992). and R =  .‘Ï.1 (Fitzpatrick A: 
G arm any 1990). T he distance claimed by GS92 for Cas OB6 is 2.40 kpc
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Table D2: Per OBI

No. O bject N am e' 1‘ 6*
[deg.j [deg.)

■\1K D es.'
[mags] [mags) [km s '" )

Dist. 1-'

[kpc|
1 B D +59 372 131 .304 -1. 506 K5Ia 11.-57 9 29 -59.7 8.91
■1 B D +60 116 1.31.3.36 -0.666 B0.5III 10.23 9-56 2.01
3 B D +59 .387 131.704 -1.574 B3II 10.22 9 59 2.09

1 B D +59 388 1.31.732 -1.675 B3II 10.21 9.61 2.20
h HD 13036 (Stock 2 ll 132.678 -1.763 BO 5 :111 9.08 8.-55 -39 0 D 1 19
1) LS 1+59 112 132.938 -1.385 09V 12.00 11.03 2.0-5
7 HD 1.3402 (Stock 2.31) 1.33.105 -1.713 B0.-5Ib 8.66 8.07 -.39.0 ( • 2.08
S B D +59 451 (Stock 2 115) 133.115 -1.445 B ill 9.99 9.30 2.3-1
9 B D +59 456 (Stock 2 146) 133.651 -1 250 B0.-5V 10.43 9.88 1-58
10 B D +59 461 (Stock 2 158) 1.33.811 -1.274 B ill 10.60 10.09 4-33
11 HD 11242 (.4Ü+59 258) 133.950 -1.284 M2lab 10.79 8.36 -34 2 2.23

12 HD 14442 13-1.206 -1.321 05.5N (f)p 9 62 9.21 3.19
13 HD 141-12 (BD+58 439) 134.067 -1.997 ■\l2lab 10.86 8.-52 -13.0 2.79
I t B D +58 451.4 134.1-54 -1.456 B llll: 10-59 10.07 2.6-5

1.5 B D +58 453 134.264 -1.-549 BIV 10.98 10.-53 2 07
16 HD 2.36960 134 -592 -1.-520 BO-5111 10.21 9.76 -1-5.0 C 3.0-5
17 HD 14947 13-1.99-5 -1.7-15 0-51F+ 8.16 8.01 -5-1.0 ( ' 1.73
16 B D +57 586 13-5.902 -1.679 B ill 10.72 10.11 3.80

19 HD 15752 (A47r58 27.3) 1.36 06-1 -1.821 BOlll 9.23 8.74 -l-l.O E 1.98
20 BD +58 501 (.4(1+59 284) 136.261 -0.439 -M2lab 12.22 9.37 -51.-3 2.0-1
21 HD 16808 137.287 -1.369 BO 5lb 9.16 8.60 -36.6 C 2.77

22 HD 2.36995 137 30-5-1 113 .40la 9.15 8.63 -52.0 C 7.01
23 HD 16779 137.4-10 -1.847 B2lb 9-59 8.8-5 -49.0 D 2.28
24 HD 17088 1.37 868 -1.7-51 B9la 8.32 7.-50 -40.-5 B 2.68
25 HD 17145 137 9-59 -1.771 B8la 8.98 8.1-5 -13.0 r 3.48
26 HD 237010 (BD+57 6-17) 138 320 -1.396 M2lab 12.11 9 3s -39 0 2.42

a. C ata log  designation of star as given by. in order of preference, its HD. BD. LS I. BSD or l*BV 
entry.
b. (ra iac tic  co-ordinates of star.
c MK classification of star as listed in GS92 
d. B and  V photom etric indices.
e R adia l velocity of star corrected to  Local Standard of Rest assuming standard  solar motion. The 
letter index, when listed in SIMBAD. gives the quality of the spectra: A - excellent to E - poor, 
f. D istance from nit -  A/t =  5 /o ^ (d ) -5 - i - .4,. assuming the intrinsic colors and abolute magnitude- 
color relationship of Schmidt-Kaler (19821 as given in Lang (1992). and R =  3.1 (Fitzpatrick .C 
G arm any  1990). The distance claimed by GS92 for Per O B I is 2.30 kpc.
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B.2 Candidate Perseus A rm  Stars
T here were s ta rs  rejected  as being outside th e  C am  O B I region w hich w ere not 

listed  in GS92. In som e cases, th e se  stars were known to  lie in th e  P erseus a rm . Most 

of these stars have been identified as Perseus ob jects  in S IM B .\D  from  th e  work of 

H aug (1970). T here  was also a  th ird  group of stars rejected , as no t being  associated  

w ith  C am  O B I. on th e  basis of th e ir  position in th e  observer's H R  d iag ram  for C am  

O B I (§4.2.3). It has not been estab lished  in this w ork th a t these  s ta rs  are  Perseus 

ob jects  but they  do appear to  lie beyond Cam  O B I. In Table B .3 th e  s te lla r d a ta  

for bo th  the  know n and  possible Perseus objects a re  presented. .A.n ind ica tion  in the  

com m ents colum n of m em bership  in Perseus is tak en  from SIMB.A.D.
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T able B .3: O th e r  C a n d id a te  P erseu s S ta r s

No. Objeft Name'* 1*
[deg.] [deg.]

MK Des." U ' B" V '
[mag] [mag] [mag] [ k m s " ‘

Dist L

] (kpc]

' Com m ents

1 LS I +60 209 131.08 -1.17 B lV pe 10 53 10.89 10.15 -38.0 111 Be star. Perseus
2 HD 12302 131.81 -1.95 B l :V:pe 7.82 8.31 8.05 + 7 .0  C 0.8-1 Be sta r. Perseus
3 n o  13590 131.95+2.63 B2IIIe 7.84 8.25 7.90 -32.0 C 1.04 Perseus
1 BD+58 158 131 57 -1.81 B lpe 9.75 10 34 9.80 1.26 Perseus
3 BD+60 562 136.21+1.31 B9 10.91 11.05 10.79 +9.0 0.74 Variable
6 BSD 9-1101 137.41+2.08 B9 11.39 11.14 10.76 0.68

BSD 9-1426 137.41+2.38 B8 11.72 11.76 11.30 0.90
8 BSD 9- 838 137.55+2.02 AO 12.84 12.57 12.12 1.01
9 BSD 9- 861 137 72 +  1.96 B9 11.70 11.67 11.09 0 5 9
10 BD+60 598 137.84+1 44 B6 9.76 10.29 9.96 0.75 S199. Perseus
11 BSD 9- 915 137.86+2.28 B8 11.08 11.28 10 89 0.83
12 BSD 9- 863 137.92 +  1 63 AO 13.50 13.16 12.53 0.94 S199. Perseus
13 BSD 9- 893 137.93 +  1.86 AO 13.30 12.84 12.15 0.72 S199. Perseus
14 BSD 9- 908 137.93+2.07 B9 11.44 11.09 10.69 0.64
15 BSD 9- 933 137.98+2.30 B9 11.29 11.02 10.72 0.74
16 LS 1 +60 287 138 00 +  1 29 B9e 11.06 11.40 1104 0.79 S199. Perseus
17 BD+60 606 138 01+1.52 BOe 9 48 10.04 9.45 1.37 S199. Perseus
18 BSD 9- 879 138.05+1.51 BS 12.0-1 12.26 11.67 1.27 S199. Perseus
19 BSD 9- 868 138.08 +  1.38 B8 10.43 10.27 9.98 0.63 S199. Perseus
20 BSD 9- 862 138 09+1.31 AO 12.57 12.25 11.76 0.81 S199, Perseus
21 BSD 9- 874 138.12 +  1 34 AO 13.28 12.83 12.31 0.99 S199. Perseus
22 BSD 9- 878 138 12 +  140 B4 10.70 11.17 10.82 1.28 S199. Perseus
23 BSD 9- 943 138.14 +2.26 B9 11.70 11.79 11.42 0.93
21 BSD 9- 247 138.36+0.66 AO 13.13 12.80 12 27 0.96 8198. Perseus
25 BSD 9- 11 138 44 +0.78 AO 13.76 13.36 12.45 0.61 S198. Perseus
26 BSD 9- 342 138.56 +  1 39 B9 11.86 11.46 10.97 0.6-1
27 LS I +59 162 138 61+0.56 B-1 10.89 11.16 10.53 -14.0  D 0.7-5 8198. Perseus
28 BSD 9- 12 138.67+0 37 AO 12.92 12.40 11.76 0.65 8198. Perseus
29 BSD 9- 3-14 138.88 +0.84 AO 12.82 12.52 12.04 0.93 8198. Perseus
30 BSD 9- 341 138 89+0.81 B9 11.74 11.45 11.05 0.75 8198. Perseus
31 BSD 9- 360 138.93+0.94 B9 12.38 12.10 11.68 0.98 8198. Perseus
32 BSD 9- 365 139.00+0.85 B9 12.09 11.81 11.26 0 67 8198. Perseus
33 BSD 9- 399 139.04 +  1.25 B9 12.27 11.90 11.35 0.70
31 BD+58 554B 139 13+0.82 B9 12.02 11.81 11.37 0.82
35 BD+59 591 139.19 +  1.11 B81II 10.98 10.78 10.48 1.21
36 BSD 9- 37 139.21+0.70 B9 11.73 11.49 10.98 0.62 8198. Perseus
37 HD 237052 139 36 -0.33 B3 8.50 8.82 8.45 -21.0 C 0.69
38 BSD 9- 46 139.46+0.78 B9 12.66 12.16 11.-52 0.66 8198. Perseus
39 LS I +59 168 139.69+0 95 B5 12.26 12.11 11.73 1.15 Perseus
10 LS I -1-58 115 139.72+0.86 B5e 12.35 12.48 1157 0.77 Be sta r. Perseus
11 HD 237056 139.80 -0.90 B0.5:V:pe 8.86 9.34 8.66 -22.0 C 0.72 Be star. Perseus
12 LS 1 +59 172 139.90+1.64 B5c 12.59 12.71 11.77 0.81 Be star. Perseus
13 BSD 9- 69 139.91+0.63 B5HI 10.96 10.91 10.32 134

a. Catalog designation of sta r as given by. in o rder of preference, its HD. BD. LS I. BSD or C SV  entry.
b. Galactic co-ordinates o f star.
c. MK classification o f s ta r as listed in GS92.
d. UBV photom etric indices.
e Radial velocity of s ta r  corrected to  Local S tan d ard  o f Rest assuming stan d ard  solar motion. T h e  le tte r 
index, when listed in SIMBAD. gives the quality  o f  the spectra: A - excellent to E - poor,
f. Distance from m , — .U, =  5 log{d) —5 +  A , . assum ing the intrinsic colors and abolute m agnitude-color 
relationship of Schm idt-Kaler (1982) as given in Lang (1992). and R =  3.1 (F itzpatrick  k. G arm any 1990).




