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Abstract

Blue stragglers are enigm atic stars which appear to  have undergone some 

form of rejuvenation, bringing them  near the zero-age m ain  sequence o f the  

cluster in which they  reside. T he most likely explanation  for the  existence 

of these stars is th a t th ey  have formed recently, th rough  th e  m erger of two 

stars, either through a  d irect stellar collision, or th rough  b inary  m ass-transfer 

and coalescence. This thesis presents models o f the  rem nan ts  o f these pro­

cesses, and a com parison of th e  predictions of these m odels w ith observed 

blue stragglers in several clusters.

The predictions of sm oothed  particle hydrodynam ic sim ulations o f collid­

ing stars have been used to  create  models appropriate  for in p u t in to  a  stellar 

evolution code. Since these models develop only th in , short-lived, convective 

envelopes, angular m om entum  loss via a  m agnetically driven stellar wind is 

unlikely to be a viable m echanism  for slowing the  rapidly  ro ta tin g  blue strag­

glers predicted by the  coUisional scenario. A ngular m om entum  transfer to  

either a circum stellar disk (possibly coUisional ejecta) o r a  nearby  com pan­

ion remain plausible m echanism s for explaining the  low ro ta tio n  velocities 

observed for m ost blue stragglers.

In addition to  these m odels of coUisional m ergers, simpUstic models of the  

rem nants of binary coalescence and  m ass-transfer were also developed. T he 

predictions of b o th  sets o f m odels were com pared w ith  th e  observed blue 

straggler populations of six globular clusters (NGC 104, N GC 2419, NGC 

5024, NGC 6809, NGC 7099). W hile most of the c lu sters’ blue stragglers 

appear to be weU m atched  by the  predictions of the  coUisional m ergers, the  

blue stragglers in the  c luster w ith the highest central density, N GC 7099, 

appear to be a  hybrid population  o f both  coUisional and  b inary  m ergers. T he 

blue stragglers of NGC 2419 —  th e  least dense of the  c lusters stud ied  here —

u



m

are well m atched solely by the  predictions of the  coUisional m ergers o f equal 

mass stars. However, due to  the  low density of this c luster, it  is likely th a t 

some fraction of these blue stragglers are being form ed via b inary  mergers 

and  tha t the  simple models of b inary  mergers used here are  inadequate .
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C hapter 1 

In trod u ction

1.1 What are Blue Stragglers?

A simple definition of blue stragglers is th a t they  are ho t, bright, massive, 

main sequence stars  existing am ong a population of evolved stars.^ Figures

1.1 and 1.2 show colour-m agnitude diagrams for th e  globular clusters NGC 

6397 (Kcduzny, 1997) and  NGC 7099 (M30; G u h a th ak u rta  et a i, 1998). Ac­

cording to  canonical theory, th e  m ost massive, core hydrogen burning, m ain 

sequence stars in clusters such as these are located  a t the  main sequence 

turnoff, while the  o th er sequences (the sub-giant b ranch , the  red giant branch, 

and the horizontal branch) are defined by the evolution of stars after they 

have left the  m ain sequence. T he blue straggler sequence extends beyond 

the  turnoff to  where, in m uch younger clusters, main-sequence stars m ore 

massive th an  the  cu rren t tu rnoff stars would lie. F igure 1.3 shows the  sam e 

colour-m agnitude diagram  as shown in Figure 1.1 w ith theoretical evolution-

^This definition is som ew hat biased toward describing blue stragglers in clusters. Blue 
stragglers have been shown to  exist in the field of the G alaxy (Hobbs & M athieu 1991; 
Glaspey, P ritchet Sc Stetson 1994) where it is not unusual to  find ‘norm al’ stars m atching 
the same description.
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ary  tracks for stars of various masses overplotted. T he fact th a t  blue strag ­

glers appear to be m ore m assive th an  th e  turnoff stars (an  appearance  which 

is supported by spectroscopic observations), is the essence of th e  enigm a th a t 

blue stragglers represent: if  they  are massive stars, th en  th ey  should have 

evolved away from th e  m ain  sequence long ago.

B ut does the  presence of blue stragglers really ind icate  a  problem  w ith 

s tandard  stellcir theory? A fter all, the  agreement of cu rren t stellar calcula­

tions with observations o f stars in  our own Galaxy (e.g. R enzini & Fusi Pecci, 

1988) dem onstrates th a t  th e  models are quite adequate. O n th e  o th e r hand , 

there  are known omissions and  simplifications in the  s tan d a rd  theories, b u t 

none seem adequate to  explain how blue stragglers can ap p aren tly  rem ain 

on the  main sequence while the  the  bulk of the stars in th e ir p a ren t c luster 

happily evolve in accordance w ith the  theoretical predictions.

If blue stragglers were form ed a t the  same tim e as the  res t o f th e  stars in 

the  cluster, w ith the  sam e -  apparen tly  high -  masses as th ey  now possess, 

then  they must indicate a  problem  w ith our standard  tre a tm e n t of ste llar for­

m ation and evolution. C anonical stellar theory a ttem p ts  to  m odel s tars  as 

gciseous spheres which are  in hydrosta tic  and therm al equilibrium ; th e  ‘evo­

lu tion ’ of a star is a  resu lt o f th e  continuous ad justm ent o f th e  (quasi-static) 

equilibrium struc tu re  o f th e  s ta r  in response to th e  changing conditions in 

the  interior. Deviations from  th is idealised structu re , due to , for exam ple, 

ro ta tion  or the presence o f a  close companion star, will resu lt in th e  s ta r ’s 

evolution departing from  th e  predicted  course. In  general, however, depar­

tures significcint enough to  m odify the  lifetime of a  s ta r significantly will also 

result in the s ta r having o ther, observable, peculiarities: for exam ple, ex-
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Figure 1.1: C olour-m agnitude diagram for th e  globular cluster NGC 6397 
(Kaluzny et al., 1997). T he  various evolutionary sequences are labelled as 
follows: BS - blue stragglers, SOB - sub-giant b ranch , RGB - red giant 
branch, HB - ho rizon ta l branch , MS TO  - m ain  sequence turnoff.
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Figure 1.2: C olour-m agnitude diagram  for the  globular cluster NGC 7099 
(M30; G u h a th ak u rta  et oZ., 1997). Sequences are labelled as in Figure 1.1.
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Figure 1.3: CMD of NGC 6397 w ith evolutionary tracks overlaid. T he masses 
indicated are in solar masses.
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trem e rotation, which could ex tend  th e  lifetim e o f a star by a  factor o f tw o or 

m ore (C lem ent, 1994) by providing a  non-therm al form of pressure su p p o rt, 

reducing the  requirem ents for nuclear energy generation, would also resu lt 

in the  s ta r  having a  m uch lower lum inosity  an d  tem perature  th an  a  sim ilar, 

non-ro tating  star.

N atu re , perhaps being lo a th  to  follow theory, provides stars for w hich 

deviations at some level from  the  assum ptions implicit in the  s tan d a rd  th e ­

ories are  the  norm ra th e r th a n  the  exception. For instance: all stars ro ta te , 

m any stars are m em bers o f  b inary  system s, an d  composition variations are 

seen am ong stars even w ith in  clusters (w here we usually assum e all s tars  

form  w ith the same com position). A nd yet th e  standard  models have proven 

to  be quite  successful in th e ir  prediction o f stellar evolution: departu res from  

theory, due to the  aforem entioned processes an d  others, a re  observed (e.g. 

V andenBerg, Larson, & De Propris 1998), b u t are genereilly small. T h e  ob­

vious in terpreta tion  of th is is th a t, for th e  m ajo rity  of stars, canonical s te lla r 

theory  is an adequate approx im ation  to  reality.

Since the standard  theories seem sufficient, it may be th a t the  evolu tion  

o f blue stragglers, assum ing they  have m ain tained  the sam e mass over the  

course o f their lives, differs d ram atically  from  th a t of norm al stars. O n  th e  

o th er hand, if a  process could be found to  ex tend  the life of a  s ta r  by a  

large factor (such as in te rn a l m ixing or som e non-therm al pressure su p p o rt; 

W heeler 1979, Saio &: W heeler 1981), it  is unlikely tha t a s ta r, being affected  

by th is process, would follow the  norm al course of evolution (th a t p red ic ted  

by the  standard  models): since blue stragglers appear to  have masses consis­

te n t w ith their location in th e  colour-m agnitude diagram and  appear to  have
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norm al internal s tru c tu res  (Schoenberner & N apiw otzki, 1994) their evolu­

tion cannot deviate g rea tly  from  th a t  o f a  normal s tar. Recalling the exam ple 

of a rapidly ro ta ting  s ta r: due to  its  lowered tem p era tu re  an d  luminosity, it 

wül appear to be a lower m ass s ta r  th a n  it actually is, possibly preventing it 

from  being identified as a  b lue straggler.

If  blue stragglers do no t differ from  normed stars solely in their evolution, 

then  their form ation m ust differ also. This provides a  second answer to  the 

question posed earlier: if  b lue stragglers do not form  in  th e  sam e fashion as 

norm al stars, th en  th ey  do no t necessarily indicate a  flaw in our theories of 

steUcir evolution. If, for exam ple, blue stragglers do evolve cis norm al stars, 

and  perhaps form  in th e  sam e m aim er as normal s tars, b u t form ed la ter th an  

the  other stars in the  c luster, th en  they  would n a tu ra lly  appear as m ain 

sequence stars ex tend ing  above th e  tu rnoff (those s ta rs  form ing with a  mass 

less than  th a t o f a  tu rno ff s ta r  would likely blend in w ith  th e  less evolved, bu t 

norm al, cluster m ain sequence). In  o th e r words, if one could, through some 

hypothetical m echanism , form  an  otherwise norm al s ta r  long after s tars of 

the  same mass had  evolved away, th e  s ta r could then  evolve in the ‘co rrec t’ 

m anner and still ap p ear as a  blue straggler.

Since canonical th eo ry  is ap p aren tly  on sound footing, and  processes by 

which the evolution o f b lue stragglers can be a ltered  do not present them ­

selves, it is likely th a t it is in  th e ir form ation th a t b lue stragglers differ from 

norm al stars. This is no t to  say th a t  th e  processes w hich can a lte r the  evolu­

tion of a star (such as ro ta tio n  or bincirity) are not ac tin g  on blue stragglers 

—  in fact, there is no th ing  to  say th a t  these processes a re  not more effective 

am ong blue stragglers th a n  norm al s tars. T hroughout this work, I will be
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assuming the  sta tus quo: canonical theory  holds for blue stragglers as it ap­

parently does for norm al stars, and  th a t deviations from  th e  theory have no 

more an effect on blue stragglers th an  they  appear to  have on normal stars.

1.2 Scope of this Work

The m ain goal o f this work is to  develop and evolve models o f the rem nants 

of stellar collisions. Stellar collisions have been proposed as a  possible for­

m ation m echanism  for blue stragglers (Hills &: Day, 1976) and  are very likely 

to occur in globular clusters, especially if interaction ra tes  are enhanced by 

the presence o f a  population o f binaries (Leonard & Fahlm an, 1991). These 

models, once developed, will be  com pared to the observed populations of blue 

stragglers in several globular clusters w ith prom inent blue straggler popula­

tions.

C hapter 2 contains a  review o f blue stragglers, th e  theories proposed 

for their form ation and  the observations which have been  m ade of them . In 

C hapter 3 I will describe the m odels of stellar rem nants, which will be used 

in C hapter 4 in  a  com parison w ith  observed blue stragglers.

Executive sum m ary: Blue stragglers are blue and  tw inkly and, much like 

the little  s tar im m ortalised in song, we wonder w hat th ey  are.



C hapter 2 

B lue S tragglers

There have been m any m echanism s proposed for the  form ation of blue strag­

glers and, like any o th e r theory, the ir success is gauged by the ir agreem ent 

w ith observations. However, th e  situation seems som ew hat too com plicated 

to allow for a  single theo ry  to  explain all blue stragglers: no single m echanism  

is able to explain all o f th e  observed properties o f blue stragglers. Environ­

m ental factors (e.g. s te llar density, binary fraction an d  period d istribu tion , 

the  presence of gas an d  dust) play a  role in the  efficiency of m ost of the  

proposed form ation m echanism s, so it is reasonable to  require th a t a  m ech­

anism  be able to  explain th e  observations of blue stragglers in its  preferred  

environm ent.

In this C hapter, I will review the  observed properties of blue stragglers 

outside the  context o f any  of th e  proposed m echanism s; only a fte r the  obser­

vations have been reviewed will I describe these m echanism s in any  detail.
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2.1 Observed Properties of Blue Stragglers

2.1 .1  O bserved M asses

Because of their location on  the  colour-m agnitude diagram  (C M D ^) -  gen­

erally brighter th an  th e  p a ren t cluster’s m ain-sequence tu rnoff (M S  T O ) 

(see Figures 1.1 and  1.2) -  blue stragglers are usually  assum ed to  be massive 

stars. However, the  m ass o f a  s ta r  is one of th e  m ost difficult properties 

to  determ ine: the  only way to  m easure the  m ass o f a  s ta r w ithout resort­

ing to assum ptions ab o u t its  luminosity, or evolu tionary  s ta te , is th rough  its 

gravitational effect on nearby  objects. For stcirs o th e r th an  th e  Sun, th is is 

possible only in b inary  system s. Although th e re  a re  blue stragglers which 

are components o f b inary  system s (e.g. K aluzny 1997, K aluzny et al. 1996, 

Yan &: Reid 1996) none have been studied w ith  th e  in ten tion  o f obtaining 

m ass estim ates. D espite th is , there  are o ther, less d irec t m ethods, which can 

be used to  estim ate  th e  m ass of a  blue straggler.

Shara et al. (1997) and  Rodgers & R oberts (1995) a tte m p ted  to  de ter­

m ine the mass of blue stragglers in 47 Tuc and  N G C  6397, respectively, by 

spectroscopically m easuring the ir surface gravities and  tem p era tu res . The 

m easurem ents of Shara et al., which were m ore precise th an  those o f Rodgers 

& R oberts, showed th a t  BSS-19 in 47 Tuc (G u h a th a k u rta  et al. 1992) has 

a  mass of 1.70 ±  0.40Ai®, roughly twice the  m ain-sequence tu rnoff m ass of 

th e  cluster as inferred from  isochrone fits to  th e  c luster CM D. T he resu lts of 

Rodgers &: R oberts sim ilarly showed th a t the  blue stragglers in N G C 6397 

are, on average, m ore m assive th a n  the cluster tu rn o ff stars. U nfortunately ,

^See the Glossary of A bbreviations for the definition o f such acronym s
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the m ethod used in  bo th  studies required th a t  th e  absolute lum inosity o f th e  

stars be known, o r assum ed.

It is possible to  use the  surface gravities an d  tem peratures m easured by 

Rodgers &: R oberts  and  Shara et al. to  e stim ate  th e  masses of blue s trag ­

glers in a different, distance independent, m ethod . Figures 2.1 and  2.2 show 

log ÿ —log Tef f  d iagram s for NGC 6397 and  47 Tuc, w ith the m easurem ents o f 

Rodgers & R oberts  and Shara et al. also p lo tted . Since the surface gravities 

and tem peratu res are  derived &om spectroscopic observations by com parison 

with m odel atm ospheres, there  is no d istance dependence (although th e re  is 

a  reddening dependence on the  results of S hara  et al., but it is a  small effect). 

Rodgers & R oberts  found masses for the  b lue stragglers in NGC 6397 ran g ­

ing from 0.62M© to  1.15A/©, which are qu ite  different than the  fairly narrow  

range of masses inferred  from the log g — log T*// diagram  —  this difference 

is probably due in  p art to  the  poor pho tom etry  they  used for the  lum inosity  

inform ation necessary for their einalysis. T h e  mass Shara et al. found for 

BSS-19 agrees qu ite  well w ith the mass from  the  log g — log Te// d iagram  

(~  1.55M©) —  it is also ra th e r encouraging to  note tha t this mass agrees 

with the  pho tom etric  m ass derived from  th e  CMD in Figure 2.2, a lthough  

the appéirent evolutionary s ta te  of the  blue straggler is different in th e  two 

diagrams.

Strom gren 4-colour photom etry  has also been  used (Strom  & S trom  1970, 

Bond & M cConnell 1971, Bond & P erry  1971) to  show th a t blue stragglers 

have norm al surface gravities for their locations on the CM D, suggesting 

tha t they  m ust be  m ore massive than  th e  s ta rs  which are lower on th e  m ain- 

sequence —  including the  cluster turnoff s ta rs .
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Figure 2.1; Top - CMD for the  blue stragglers in  N GC 6397 from Alcaino 
et a/.(1987) (filled circles) which were studied by Rodgers & Roberts (1995). 
T he photom etry for th e  blue stragglers from Alcaino et al. is somewhat noisy, 
so the  photom etry shown from Lauzeral et a/.(1992), which is of much b e tte r 
quality, is shown for reference. The evolutionary tracks are of a m etallicity 
appropriate for NGC 6397 ([Fe/H]=-2.14, [a /F e]= 0 .3 ) and  have th e  same 
masses as those shown in the  bottom  diagram. B o ttom  - logy — log Te// 
diagram  for the  blue stragglers studied by Rodgers & R oberts. A typical l-<r 
error bar is shown in th e  diagram  for reference. T he  evolutionary tracks are 
labelled in units of solar masses.
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Figure 2.2: Top - CMD for the blue stragglers in 47 Tuc from G u h a th ak u rta  
et al. (1992). BSS-19 (filled circle) was the  blue straggler targeted  by S hara  
et al. (1997). T h e  evolutionary tracks are o f a  m etallicity  appropriate  for 47 
Tuc ([Fe/H ]=-0.83, [a /F 'e ]= 0 .3 ) and  have the  sam e m asses as those shown in  
the bo ttom  diagram . B ottom  - log g — log T*// d iagram  for the blue straggler 
studied by S hara  et al.. A typical \-<r error bar is shown in the diagram  for 
reference. T he evolutionary tracks a re  labelled in un its  o f solar masses.
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A n indication of w hether or not blue stragglers are more massive th an  

o th e r stars  in the  parent cluster can be found by comparing the ir radial dis­

tr ib u tio n  to  th a t of o ther cluster stars. D ue to  m ass segregation, the m ore 

m assive stars, whether they  are single s ta rs  o r tightly  bound binaries, will 

ten d  to  settle  to  the core of a  cluster on a  tim escale equal to  the relaxation 

tim e o f the  cluster. Blue stragglers are  found to  be more centrally con­

cen tra ted  th an  the cluster giants and  m ain-sequence stars (e.g. Sarajedini 

& F orreste r 1995, G uhathakurta  et al. 1994, Sarajedini 1994, Ferraro et al. 

1992, C ôté et al. 1991, Nemec & Harris 1987) and  as centrally concentrated 

as c lu ste r binairies (M athieu & L atham  1986, Edm onds et al. 1996).

W ith  several 10 m eter class telescopes available, or becoming available 

soon, it  should be possible to  make d irec t m easurem ents o f the  masses of 

those blue stragglers th a t éire in b inary  system s. Since obtaining spectro­

scopic m easurem ents of a  binary blue s tragg ler over its entire orbit -  neces­

sary  to  determ ine orbital param eters an d , hence, its mass -  would be tim e 

consum ing (on telescopes which are in ex trem ely  high dem and), mciss es­

tim a tes  for single blue stragglers, such as those obtained by Shara et al. 

(1997), would make more efficient use o f telescope time. Also, determ ina­

tion o f the  surface gravity and  effective tem p era tu re  of a  large num ber of 

blue stragglers in a cluster would be invaluable for studies of their evolution 

since these  m easurem ents could be com pared  directly  with stellar evolution 

calculations, w ithout having to  resort to  u n certa in  colour-tem perature and  

bolom etric  corrections (e.g. Figures 2.1 an d  2.2).



CH APTER 2. B L U E  ST R A G G L E R S  15

2.1.2 B inary B lu e  Stragglers

Between ~  15% (D uquennoy & M ayor 1990, Padget et al. 1997) and  50% 

(Abt 1979) of the  s ta rs  we see in th e  sky are actually  binaries. W hether a  

similar frequency of b inarity  exists among the stars in clusters, particularly  

globular clusters (G C ) , is still a  m a tte r of some debate  (e.g. Côté et al. 1994, 

Yan & M ateo 1994, Y an &: Reid 1996, Côté et al. 1996). A lthough th e  exact 

nature of the connection between blue stragglers and binaries is unclear, 

the m ore successful m echanism s for the production of blue stragglers are 

dependent in a t least some way on binaries, and  should m ake predictions 

about the  binary properties of the  blue stragglers themselves.

Surveys for binaries in clusters have been done either photom etrically  

or spectroscopically. Photom etric  surveys for binaries rely on the chance 

alignm ent of the  plane of the  orb it o f a cluster binary and  the  line of sight 

(i.e. inclination i  ~  90°) for detection. If such an alignm ent occurs, then  one 

com ponent of the  b inary  will periodically eclipse the  o ther, causing a change 

in the combined ap p aren t brightness of the object. This m ethod relies largely 

on serendipity: the  inclination  of the  binary to  the line of sight m ust be such 

tha t eclipses will occur, and  observations of the  s ta r m ust be done bo th  in and 

out of eclipse in order to  detect its binary nature . Spectroscopic surveys rely 

on radial velocity variations. As the  two com ponents of the  b inary  orbit their 

common centre of gravity, the  stars will undergo velocity shifts which will be 

visible to an observer as shifts of th e  com ponents’ spectral lines. A lthough 

this m ethod also requires th a t the  inchnation be large, eclipses do not have 

to occur.

Table 2.1 presents the  results of various surveys for variability o f blue
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stragglers. This table constitutes a ra th e r mixed bag o f observations: all 

bu t two (L atham  & Milone 1996, S tryker & H rivnak 1984) a re  photom etric  

surveys, m ost a re  o f ra th e r short (3-5 nights o f observations) duration , an d  all 

have different photom etric  accuracy a t th e  m agnitude of th e  blue stragglers 

and, hence, differing degrees of sensitivity to  photom etric variations. T h e  

columns in th e  table show the num ber of blue stragglers m onitored N b s  

(according to th e  au thors, or the num ber appearing in th e  survey’s C M D ), 

the  num ber of b inary  blue stragglers* N^bt detected  by th e  survey, and  th e  

num ber of pulsating  blue stragglers Npbt observed. T he n um ber of m onitored 

blue stragglers is som ewhat arb itrary  for some clusters (those  m arked w ith  a  

“ ’) due to contam ination  from foreground stars. The num bers presented in  

this table are by no means complete: only a  couple of the  c lusters have been  

surveyed over close to the ir entire area (e.g. w Cen, M67) a n d  none o f th e  

surveys are necessarily complete in their detections of variable blue stragglers, 

due to  the du ra tion  of the  observations a n d /o r  photom etric accuracy.

According to  the  num bers in Table 2.1, the observed fraction o f blue 

stragglers in globular clusters which are b inary  systems is fbin ~  0.03. T h is, 

however, is no t the  true fraction of b inary  blue stragglers: as m entioned 

above, a photom etric  search for binaries is com pletely dependent upon th e  

chance alignm ent of the  binary orbital plane near to  the  line of sight; th is  

m eans th a t these surveys are sensitive only to  a  small fraction  o f all b inaries. 

Also, because th e  chance of observing an  eclipse decreases as the period o f 

the  binary increases, these same surveys are sensitive only to  short period  

binaries. B ecause of these biases, the  correction needed to  estim ate  th e  tru e

*By ‘binary blue stragglers’ 1 mean ‘blue stragglers which are one com ponent o f  a 
binary system ’.
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Table 2.1: B lue Straggler Variability

C luster •Nb 5 Reference
G lobular C lusters

N G C 104(47 Tuc) 25 3 3 Edm onds et al. 1996
N G C 288 43 0 6 Kaluzny 1996 

K aluznyet al. 1998
NGC 5053 27 0 5 Nemec et al. 1995
NGC 5139(w Cen) 2 0 0 1 1 24 Kaluzny et al. 1996 

Kaluzny et al. 1997
NGC 5272(M3) 30 1 3 Nemec & P ark  1996

30 0 2 G uhath ak u rta  et al. 1994
NGC 5466 47 3 6 M ateo et al. 1990
NGC 5904(M5) 24 0 1 Drissen Shara 1998
NGC 6121(M4) 50 2 0 Kaluzny et al. 1997c
NGC 6366 27 0 0 Hcirris 1993
NGC 6397 49 0 2 K aluzny 1997

18 0 5 R ubenstein & Bailyn 1996
NGC6838(M71)* 1 0 0 0 Yan & M ateo 1994
R uprecht 106 35 0 3 K aluzny et al. 1995

O pen C lusters
N G C 188 14 0 K aluzny Sc Shara 1987
N G C 2420* 3 0 Kaluzny Sc Shara 1988
N GC 2682 1 0 6 0 L atham  Sc Milone 1996

6 1 2 Gilliland et al. 1991
N GC 6802' 6 0 Kaluzny Sc Shara 1988
N G C 6819' 2 0 1 Kaluzny Sc Shara 1988

1 1 R obb, C ardinal Sc O uelle tte  1997
M elotte  6 6 6 0 Kaluzny Sc Shara 1988
Berkeley 39' 25 4 0 Kaluzny et al. 1993
CoUinder 261' 40 1 0 0 M azur et al. 1995
N G C 6791' 25 3 0 Rucinski et al. 1996
NGC 7789 8 0 Stryker Sc H rivnak 1984
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fraction of b inary  blue stragglers &om th e  resu lts  o f photom etric surveys is 

large. Perhaps a  b e tte r  indication of th e  tru e  b inary  fraction comes from 

spectroscopic surveys, such as th a t of L a th am  & Milone (1996): of the  10 

blue stragglers th ey  have m onitored, 6  have tu rn ed  out to  be binaries w ith 

periods in the  range o f a  few days to  several years. Since spectroscopic 

surveys do not requ ire  as close an alignm ent o f th e  o rb ita l plane w ith  the  

line of sight, and  since velocity veiriations occur over the  en tire  orbit, not ju s t 

during eclipses, th e  size of the  correction needed  to  estim ate  the true fraction 

of binary blue stragglers is smaller.

The fraction of b lue stragglers in open  clusters (O C s) which are ap p ar­

ently  in binary system s is /wn ~  0.16 from  all of th e  open cluster surveys 

noted in Table 2.1, or fbin ~  0.13 from  only  th e  photom etric  surveys. Com­

parison of the  resu lts from  globular c luster surveys and  open cluster surveys 

is more correctly  done using only the  resu lts  o f th e  photom etric surveys in 

open clusters, since no spectroscopic surveys for binary  blue stragglers in 

globular clusters have been done, and  th e  biases in the  resulting photom etric 

vcilues for fbin should be roughly the  sam e. From  the  results of the photo­

m etric surveys, fbin in open clusters is roughly  four tim es th a t in globuleir 

clusters. A lthough p a r t of this difference could be due to  incompleteness in 

the  surveys them selves, the  change in fbin from  low density  open clusters to 

high density globular clusters implies th a t  th e  form ation mechanism(s) for 

blue stragglers differs w ith  the  local stellar environm ent a n d /o r cluster age.

For com parison, th e  fraction of s tars  th a t  are  eclipsing binaries in the  

solar neighbourhood is ~  0.003 (H ut et al. 1992). T he fact th a t the binary 

fraction in globular clusters is roughly ten  tim es th a t observed locally points
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to  binaries and  blue stragglers having some close connection.

O f those blue stragglers which are observed to  be eclipsing binaries, 

roughly 50% are actually  W  Ursae M ajoris (W U M a ) stars which are contact 

binaries -  binary stars in which the two com ponents are orbiting within a 

common envelope m ade of m aterial contributed from each star.

Spectroscopic surveys for blue stragglers in clusters are necessary to  ob- 

tciin a  be tter understanding  of the  binary nature of blue stragglers. Milone 

& Latham  (1994) have undertaken  such a  survey in several open clusters. To 

da te , results for only one cluster, M67, have been presented, bu t they find 

th a t of the ten  blue stragglers they have been m onitoring, six are in binary 

system s -  none of which are eclipsing binaries. O f these  six binary systems 

th a t Milone & Latham  have found, four are in eccentric orbits.

Stryker &: H rivnak (1984) obtained spectra for 7 blue stragglers in NGC 

7789 and detected  no rad ial velocity variations, on th e  basis of a  compari­

son between observed and  expected scatter in the  derived velocities. Their 

observations were spread out over ~  300 days, bu t only roughly a dozen 

spectra  were obtained per s tar. While their results a re  not as sensitive to  

long period binaries as those of Milone & Latham  (1994), S tryker & Hrivnak 

should have easily detec ted  shorter period binaries due to their much larger 

velocity am plitudes.

As will be discussed la te r, b inarity  among blue stragglers, and the prop­

erties of such binaries (e.g. period, eccentricity), are observations which can 

possibly be used to  discern betw een different blue straggler form ation mech­

anism s. Additionally, since it is possible tha t the  b inary  properties of blue 

stragglers will change w ith environm ent, knowledge of the  binary charac­
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teristics in, say, globular cluster cores would also be useful (e.g. Edm onds 

et a /.,1999).

2.1.3  P u lsa tin g  B lue Stragglers

An additional phenom enon which appears to have som e connection to  blue 

stragglers is pulsation. W ithin  a  fairly narrow, nearly  vertical band  in the 

CMD, called the  instability strip, s ta rs  are potentially unstab le  to  pulsations. 

.\m ong the  lum inous giants, th e  classical Cepheids an d  W  VIrginis stars 

pulsate with periods ranging from  ~  1 0  — 1 0 0  days; on th e  horizontal branch 

(the  location of the  low mass, core helium  burning s ta rs) , th e  R R  Lyrae stars 

pulsate w ith periods of ~  0.5 days; near the m ain-sequence, S Scuti and 

SX Phœnicis stars pu lsate  w ith periods of ~  0.03 — 0.3 days. T he pulsating 

blue stragglers belong to either th e  S Scuti or SX Phœ nicis class o f pulsating 

stars (collectively, these will be referred  to  as D w arf C epheids or D C s).

From Table 2.1, the  fraction of blue stragglers th a t  are  observed to  be 

pulsating is fpb, ~  0 . 1 0  in globular clusters and fpb, ~  0 . 0 2  in open clus­

ters. Of those blue stragglers which are  actually located  in  the  instability  

strip , ^  30% are actually  observed to  pulsate. A m ong stars in the  solar 

neighbourhood w ith  the  sam e spectra l type as the  D C s, ~  30 — 50% are  ob­

served to  pulsate (Breger 1979), while virtually all of th e  giant stars located 

in the instability s trip  pulsate. T he fac t tha t all o f th e  m ain-sequence stars 

located in the  instab ility  strip  do not pulsate could be re la ted  to  some phys­

ical process which stabilises those stars against pulsation . A lternatively, the 

pulsational am plitude of these stars  m ight be too low to  have been detected  

in the variability surveys.
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Solano & Fernley (1997) have shown th a t th e  pu lsation  am plitude and  

rotation velocity o f DCs are re la ted  in  th a t those w ith  low ro ta tion  velocities 

show a  m uch b roader d istribu tion  of pulsation am plitudes th an  those w ith  

high ro ta tion  velocities: fast ro ta to rs  show very sm all pulsation am plitudes 

(<  O.lOmag). I t  is possible th a t  those stars in th e  instab ility  s trip  which 

do not ap pear to  pulsate  are, in fac t, fast ro ta to rs , and  so have a  sm all 

pulsation am plitude . However, B reger (1979) points out th a t m any o f the  

non-pulsators in  th e  instab ility  strip  are spectroscopically anom alous Am 

stars, which a re  usually slow ro ta to rs . Kaluzny et al. (1997a) note th a t 

roughly 2 /3  o f th e  pulsating blue stragglers in the ir sam ple for w Cen have 

pulsational am plitudes below 0 . 1 0  m ag.

2.1.4 R o ta tio n  R ates

The ro ta tion  ra te s  o f norm al m ain-sequence stars, like our Sun, are  observed 

to  be roughly co rre la ted  w ith spectra l type: the average ro ta tion  velocity of 

early type stars (O  an d  B) in th e  solar neighbourhood is Vrot ~  2 0 0  k m /s ; for 

m id-spectral types (A to early  F ) the  average ro ta tion  velocity drops steadily  

with spectreil ty p e  down to  Vrot ~  70 km /s  a t spectra l type  F2; below spectra l 

type F , th e  average ro ta tion  velocity drops rapidly  below Vrot ~  10 k m /s . 

Since blue stragglers have spectra l types in the range o f A to  early F , we would 

expect them  to  b e  fairly rapidly  ro ta ting , with th e  average ro ta tio n  velocity 

in the range of ~ 1 0 0  — 180 k m /s . However, m easured ro ta tio n  velocities for 

blue stragglers typically  fall below this.

Peterson et al. (1984) find th a t the  rotation velocities o f blue stragglers 

in M67 (NGC 2682) vary from  10 k m /s  to  120 k m /s , w ith spectra l types
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from B8  to  A8 . Also, for a  sample of field blue stragglers, G laspey et al. 

(1994) found ro ta tion  velocities consistently below 100 k m /s . O f course, 

when a ro ta tion  velocity is determ ined for a  star, w hat is actually  m easured 

is VVotsini -  the  p ro jection  o f the  true ro ta tion  velocity. For th e  field stars, 

ro tation velocities have been obtained for a  large enough sam ple for each 

spectral type th a t a  s ta tis tica l correction can be applied to  estim ate  the 

tru e  ro tation velocity (t =  90°). Applying a  similcir sort of correction to 

the  average ro ta tion  velocity of blue stragglers shows th a t they  a re  slightly 

slower than  norm al ro ta to rs  (M athys 1991). O f course, a  com plete survey —  

measuring ro ta tion  velocities of a  large sam ple of blue stragglers in different 

environm ents —  would be useful in this instance, especially since rotation 

m ay be one way to  discrim inate between possible form ation mechanism s for 

blue stragglers.

The only reported  observation of the ro ta tion  velocity of a  blue straggler 

in a  globular cluster (S hara  et al. 1997) is V  s in i = 155 ±  55 k m /s  for BSS- 

19 in 47 Tuc (G u h a th ak u rta  et al. 1992). This is high, bu t not necessarily 

unusual for its spectra l type (A7V), nor is it ro ta ting  near to  its estim ated 

break-up velocity of ~  410 km /s.

2.1 .5  C hem ical A bundances

M athys (1991) analysed two of the  M67 blue stragglers, F153 and  F185, in 

detail. One of the  two stars studied, F153, was classified as an  Am star^ 

while the o ther star, F 185, was not strictly  classified as an  Am  star, but

^The Am phenomenon is a  chemical peculiarity am ong some A stars causing them to 
be underabundant in some elements (e.g. Ca, Sc, Si), relative to  iron, while normal (or 
‘solar') in others. The driving mechanism is thought to  be diffusion.
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had some of the  sam e peculiarities as F153. M athys found th a t the  two stars 

had nearly identical, roughly solar, abundances in m ost elem ents, except tha t 

F 153 was extrem ely underabundant in calcium and  scandium  while F185 was 

underabundant in  calcium, but not in scandium . An additional peculiarity 

of these stars is th a t , while the  abundance of nitrogen is roughly solar, the 

to tal abundance o f carbon, nitrogen and oxygen is lower th a n  solar. Adding 

to the growing list of chemical peculiarities of these s tars, they  have 0 /N  

and C /N  ratios sim ilar to  M67 giants which have brought nuclear processed 

m aterial to their surface (the  ‘first dredge-up’).

In addition to  those peculiarities observed by M athys (1991), P ritchet 

&: Glaspey (1991) and Hobbs & M athieu (1991) found th a t blue stragglers 

are underabundant in lithium , suggesting th a t some form  of m ixing of the 

surface layers of these stars has occurred. T he depletion of lith ium  can be 

used as an indicator of mixing for these stars because, for norm al, quiescently 

evolving stars in th e  same tem perature range éis the  blue stragglers studied, 

the lithium  abundance is expected to be enhanced, or depleted only slightly, 

by the effects of diffusion (Boesgaard, 1987) —  the  sam e holds for Am  stars. 

However, lith ium  is destroyed a t tem peratures g rea ter th a n  ~  2.5 x  10®K, so 

an observed depletion of lithium  can be explained by the  m ixing of m aterial 

from the interior to  the surface of the star. Since the  dredge-up of nuclear 

processed m ateria l during the  ascent of the giant branch results in 0 / N  and 

C /N  ratios which are lower than  those of m ain-sequence stars, th e  giant like 

composition ra tios observed by M athys and the  observed lith ium  depletion 

are strong indicators of some very deep mixing occurring during th e  blue 

straggler form ation process. As concluded by P ritch e t & Glaspey, all for­
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m ation  mechanisms which do not involve some sort o f m ixing o f m ateria l to  

the  surface of the blue stragglers can be ru led  out by these observations — a t 

least for the  M67 blue stragglers.

Very little  is known ab o u t the  surface abundances of any  o f blue s trag ­

glers o th e r than  those in M67 and a  few field blue stragglers (e.g. Hobbs 

&: M ath ieu  1991, G laspey et al. 1994 ). Sim ilar studies of b lue stragglers in  

globular clusters have yet to  be done, a lthough a  low resolution spectroscopic 

s tudy  of six blue stragglers in u> Cen by D a Costa, Norris & V illum sen (1986) 

found no evidence for chem ical peculiarities.

2.2 Formation Mechanisms

Several possible form ation m echanism s for blue stragglers have been  proposed 

since they  were noted by Sandage (1953) in the globular c lu ster M3 an d  by 

Johnson & Sandage (1955) in the  open cluster M67. T his section will ou tline 

the  proposed m echanisms an d  the  evidence for and against each  of them .

2.2 .1  Foreground C ontam ination

P erhaps the  simplest exp lanation  for blue stragglers, a t least those in clus­

ters, is th a t they are not physically associated with the  c lu ster a t all, b u t 

are m erely objects in the  foreground; such objects could easily fall in to  th e  

region on the CMD w here blue stragglers are observed if th ey  have th e  cor­

rec t colour. Although such contam ination  of the blue straggler region does 

occur, especially for those clusters which lie near th e  galactic p lane, m any 

blue stragglers can be shown to  be likely cluster m em bers on th e  basis o f 

proper m otion or rad ial velocity studies (e.g. G irard et al. 1989, Milone &
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Figure 2.3: E xam ple of foreground con tam ination  for NGC 5024 (1=333, 
b=79.8) using th e  B ah call &: Soneira (1984) m odel. T he  d is tribu tion  of model 
‘foreground s ta r s ’ {open squares) were found by finding th e  predicted num ber 
of stars, using B ahcall &: Soneira model, w ith in  sm all (0.1 x  0.5) colour- 
m agnitude bins and  th en  randomly d is trib u tin g  th e  approp ria te  num ber of 
points w ithin each bin. T he field size which was observed is 12' x  13'; th e  
observed CM D for N G C 5024 is plotted w ith  filled circles (Rey et al., 1998).
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Figure 2.4: Same as F igure 2.3, except for N G C 6397 (1=338.2,b= -12). T he 
field size is 13' x  13' (Kaluzny, 1997).
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Figure 2.5: Sam e as Figure 2.3, except for NGC 7099 (1=27.2, b=-46.8). 
Field size is 5.1 square arc-m inutes (G u hathku rta  et al., 1998).
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Latham  1994). For clusters a t  high galactic la titu d es , th e  probability o f con­

tam ination by brigh t, blue, foreground objects can  account for only a  sm all 

fraction of observed blue stragglers.

The Rahcall Ss Soneira m odel o f the G alaxy can  be used to  predict the  

num ber of s tars p e r square arc-m inute  as a  function  o f Galactic la titude  and  

longitude. In  essence, the  m odel assumes scale leng ths and  stellar densities 

for the G alactic disk, bulge, an d  halo, and assigns ap p ro p ria te  lum inosity and  

colour functions to  each com ponent: integrating along the  line o f sight gives 

the  num bers and  ap p aren t m agnitudes of stars. F igures 2.3,2 4, and  2.5 show 

the  CMDs for NGC 5024 (Rey et a/., 1998), NG C 6397 (Kaluzny, 1997), and  

NGC 7099 (G u h a th k u rta  et al., 1998), respectively, w ith  the  predicted d istri­

bution of foreground stars also p lo tted . W hile th e  B ahcall & Soneira m odel 

over-predicts the num ber of stars  a t small ( |6 | <  20°) Galactic la titudes, the  

predictions are  reasonable for higher la titudes. For th e  th ree clusters shown 

here, the num ber o f foreground stars predicted in  th e  blue straggler region 

is obviously sm aller th a n  th e  observed num ber of s ta rs , suggesting th a t the  

blue stragglers observed in these clusters are not foreground stars.

2.2.2 D elayed  Star Form ation

Since blue stragglers are  apparen tly  younger th an  th e  rest of the stars in the ir 

parent clusters, one obvious explanation is th a t th e y  form ed m ore recently  

than  the rest of th e  stars in the  cluster. If  th is mechzmism is acting in a  

cluster, then  the blue stragglers should be, except for the ir anomalous age, 

presum ably norm al stars: th ey  should possess no rm al abundances, b inary  

properties, ro ta tio n  ra tes , etc..
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For very young clusters, those younger than  a  few tim es 10*years, the  gas 

and  dust necessary to  form  blue stragglers is observed betw een th e  existing 

cluster stars. However, in  globular clusters, little or no gas or d u s t is observed 

(e.g. Smith et al. 1995, Borkowski e t al. 1991, Lynch & R ossano 1990, Bowers 

et al. 1979, Troland et al. 1978) from  which to  form fu ture  generations o f blue 

stragglers.

Also, a t least in M67, blue stragglers do not have ‘no rm al’ surface abun­

dances or ro ta tion  properties, as no ted  in the previous section. T he binary 

fraction of blue stragglers, in b o th  globular clusters and open  clusters, is also 

anomalously high w hen com pared to  th a t of normal stars.

2.2 .3  C hem ical M ixing and N on-therm al P ressu re  Sup­
port

Sandage (1953) no ted  th a t the  blue stragglers in the globular c luster M3 

were located in th e  CMD where one would expect to  see stars  which were 

evolving tow ard th e  helium  burning main-sequence. L ater, W heeler (1979) 

and  Saio &: W heeler (1981), found th a t stars which were undergoing some 

form of in ternal m ixing, or were being acted  upon by som e form  of non- 

therm al pressure su p p o rt, would evolve through the blue straggler region of 

a  cluster’s CMD. T here  is some observational support for in te rn a l mixing: the 

anomalous chem ical abundances observed in the M67 blue stragglers might 

be explained by large scale mixing. N on-therm al pressure support m ight be 

caused by ro ta tion , or perhaps by m agnetic fields.

It is fairly difldcult to  disprove the  claim th a t there  is some arb itra ry  

mechanism acting to  m ix a  blue stragg ler’s interior, or providing some ad­
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ditional support for the  star. It is, however, difficult to  explain the  source 

of the m echanism  itself. One possible source of e ith e r large scale mixing or 

pressure support is large m agnetic fields -  blue stragglers are not observed 

to have large m agnetic fields. R apid ro tation could provide pressure support 

and perhaps mix th e  s ta r through meridional curren ts -  blue stragglers are 

observed to  be slower th an  average rotators.

Additionally, Schoenberner & Napiwotzki (1994) have shown, based on 

surface gravity an d  tem pera tu re  m easurem ents, th a t  blue stragglers should 

have fairly norm al in ternal structures: a result which would not be expected 

if the stars were evolving homogeneously or were receiving some form of non- 

therm al pressure support. O uellette &: P ritchet (1996, 1998) have shown 

tha t the d istribution  of the  m ajority  of blue stragglers in the  CMD is readily 

explained by stars which are not highly mixed during the ir form ation, and  

tha t it is unlikely th a t ro ta tion  can be greatly prolonging their observable 

lifetimes.

2.2.4 B inary M ass Transfer

If the separation o f two stars in a  binary system is sm all enough, it is possible 

tha t one sta r m ay eventually  transfer some of its m ass to  its companion. Mass 

transfer is observed to  occur in m any close binaries and  it is possible th a t 

the mass gainer in such a  system  would eventually appear as a blue strag­

gler (M cCrea 1964, G iannuzzi 1984). In fact, m any binary blue stragglers 

are observed to  be in contact system s and sem i-detached systems (discussed 

earlier) which are undergoing mass transfer. A dditional direct evidence for 

mass transfer as a  source of blue stragglers comes from the evolved blue
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straggler S1040 in. M 67 (L andsm an et al. 1997): th is  s ta r  has a  hot, helium  

white dw arf com panion in  an  orbit which is close enough th a t  the stars m ust 

have exchanged mass as th e  prim ary (now the  w hite  dw arf) evolved from the  

main sequence.

B inary mass tran sfe r occurs in three flavours which depend  on the  evolu- 

tioneiry s ta te  of the  p rim ary : Case A mass transfer occurs w hen the  prim ary  

is still burning hydrogen in its core; Case B m ass transfer occurs when the  

p rim ary’s m ain energy source is a  hydrogen burn ing  shell surrounding an 

inert helium core; C ase C transfer occurs w hen th e  p rim ary  is undergoing 

helium burning or a  la te r  burning stage. Case A tran sfe r will, except under a  

few circum stances, resu lt in th e  coalescence of th e  two s tars; this is different 

enough from the  o th er tw o cases tha t it will be discussed in  a  la ter section 

on binary coalescence (W ebbink, 1976, 1977).

A fter a  m ass tran sfe r episode, the resu ltan t blue straggler should be left 

with a d istan t, low m ass com panion which should be detec tab le  through the  

radial velocity variations o f the  blue straggler. T he  type  o f rem nant left by 

the mass donor depends on its evolutionary s ta te  w hen th e  mass transfer 

commences: a  helium  w hite  dwcirf should rem ain a fte r Case B mass transfer, 

and a  CO w hite dw arf should be left after Case C m ass tran sfe r -  if the  mass 

transfer is incom plete, (i.e. th e  former p rim ary  is no t s tripped  to  the  inert 

core) a  hydrogen/helium  atm osphere will be re ta in ed  by th e  rem nant.

In addition to  a  s te llar rem nant as a  com panion, th e  newly form ed blue 

straggler will possess anom alous surface abundances: as m ass is stripped  

from the  donor, nuclear processed m aterial is exposed an d  transferred . This 

should result in a  d ep le ted  lith ium  abundance, CN O  abundance  ratios typical
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of evolved stars, an d  perhaps a  slightly increased surface helium  abundance 

-  all of which (excep t, perhaps, an  increased helium  abundance) have been 

observed in blue stragglers. On th e  o ther hand , it  is possible th a t circulation 

currents, in itia ted  by  the  accretion itself, m ay a c t  to  m ix the  envelope o f the 

accreting stm  (S arna 1992) which m ight lessen th e  chem ical peculiarities.

One lim itation o f the  binary m ass transfer m echanism  is th a t the  m ax­

im um  mass for a  blue straggler form ed in th is  way is twice the  cluster’s 

turnoff mass. M ost blue stragglers are  observed (or inferred) to  have masses 

less than  this; however, there are possible exceptions (no tab ly  F81 in M67 

which appears to  have a  mass roughly 2.5 tim es th e  c luster turnoff m ass).

Except for Case A mass transfer, binary  m ass transfer wUl not necessarily 

result in a  rem nant which is rapidly  ro tating .

The process o f m ass transfer (and , hence, angu lar m om entum  transfer) 

will tend to circularise the orb it o f a  binary; hence, we should expect th a t 

any  binary blue stragglers created  by mass tran sfe r should have very nearly 

circular orbits. O f th e  six M67 b inary  blue stragglers s tud ied  by Latham  & 

Milone (1996), two have eccentricities consistent w ith  being circular, while 

th e  other four are in  highly eccentric orbits. O ne possibility for explaining 

these highly eccentric binaries in the  m ass tran sfe r scenario is th a t their orbits 

have been p e rtu rb ed  by o ther stars in  the  c luster. Leonard (1996) exam ined 

th is possibility, using the  results of Rasio & Heggie (1995), an d  found th a t the 

induced eccentricity  would be on th e  order of 1 0 “  ̂ for a  typical binary blue 

straggler in M67. However, Leonard m isin terp re ted  th e  results of Rasio & 

Heggie: the  eccentricities produced by their resu lts  are  per  encounter w ith a  

perturb ing  s tar. Since a  binary in th e  core of a  c luster, even an open cluster
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such as M67, could undergo m any such encounters during the  lifetim e of 

a  blue straggler, an d  since the  increm ental increase in the eccentricity  is 

proportioned to  th e  eccentricity itself, the  eccentricity o f an initially circular, 

albeit wide, b inary  could become quite  signihcant.

W ebbink (1976, 1977) has m ade an extensive s tudy  of the  effects of 

mass loss and accre tion  on the com ponents in a  b inary  system . In  sum m ary, 

stars with rad ia tive  envelopes (or very thin, ^  5% M , by mass, convective 

envelopes) tend  to  expand in response to mass accretion and co n trac t in 

response to m ass loss; stars w ith very deep convective envelopes ten d  to 

contract in response to  mass accretion (the convective envelope also deepens) 

and  expand in response to mass loss. During Case B and Case C mass 

transfer, the p rim ary  wUl have a  deep convective envelope, resulting in  rapid 

mass loss. If the  secondary overflows its Roche lobe, th e  system  will en ter a 

com m on envelope stage  which m ay result in a  large fraction of th e  m aterial 

lost from the p rim ary  being ejected from  the system  ( ~  50%; Sandquist et al. 

1998, Term an & T aam  1996). If th e  secondary rem ains w ithin its R oche lobe, 

a  large fraction o f th e  m aterial lost from  the p rim ary  will be accre ted  and 

the  secondary will become a blue straggler w ith a  w hite dw arf com panion. 

T he new blue stragg ler will appear highly m ixed, due to the  high helium 

abundance of th e  m ateria l accreted from the evolved prim ary. W h eth er a 

significant fraction o f the mass lost from the  prim ary  is ejected from  the 

system  or accreted by  the  secondary is determ ined by th e  ra te  a t w hich mass 

is lost from the p rim ary  and by the  ability  of the  secondary to  accom m odate 

the  ra te  of accretion. Regardless of the  outcom e, if th e  secondary begins a 

new life as a blue straggler, it will be as one w ith a  degenerate com panion
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(the core of the  form er prim ary) and  w ith  unusual surface abundances (m ost 

notably a  high helium  abundance).

2.2.5 B inary C oalescence

Case A mass transfer in binary stars is som ew hat o f a  special case since it 

leads to a  different class o f rem nant th a n  e ith e r Case B or C mass transfer -  

a single s ta r, ra th e r th an  a binary. As th e  p rim ary  slowly expands to  fill its 

Roche lobe (or the  Roche lobe decreases in volum e due to  angular m om en­

tum  losses from the  binary system ) m ass is transferred  to the  secondary star. 

Eventually, the  secondary overflows its R oche lobe, either due to  its Roche 

lobe shrinking as the  orbit shrinks or by  a  rap id  expansion in response to  the  

mass accretion (W ebbink 1976,1977), a n d  th e  net mass transfer reverses di­

rection. The size of the  orbit will then  increase as mass is transferred  from  the  

secondary to  the  prim ary. However, th e  orb it a t this point will be too small 

to accom m odate the  prim ary as it evolves off th e  m ain-sequence — eventually, 

the two stars m ust coalesce. Also, when th e  m ass ra tio  {M„cotxdary/ Mprimary) 

becomes less th an  ~  0 .1 0 , an  orbital in s tab ility  develops and  th e  two stars 

merge on a  very short timescale (Rasio, 1995).

Assuming th a t there is little mass loss, th e  to ta l angular m om entum  of 

the  originéd binary will be contained in  th e  single rem nant after coalescence 

-  hence, it should be a  very rapidly ro ta tin g  ob ject. However, the  assum p­

tion of no mass loss is probably not correct — as the  two stars m erge, mass 

loss through the ou ter Lagrangian points will hkely occur, removing angular 

m om entum  from  the system . Also, because th e  direction of mass transfer is 

eventually from the  unevolved com ponent to  th e  evolved one, the  chem ical
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peculiarities should be less pronounced  them those after Case B or Case C 

mass transfer.

T here is some evolutionary ev idence which supports the  hypothesis th a t  

coalesced stars are re la ted  to blue s tragg lers: M ateo et al. (1990) com pared 

the observed fraction  of blue stragglers in N G C 5466 which are  in con tact 

systems w ith th a t expected  &om th e  th eo re tica l lifetime of a  con tact system  

and the lifetim e of a  blue straggler. M ateo  et al. assum ed a contact lifetim e 

of ~  5  X 1 0 ®years (as a  rough m edian  value between theoretical extrem es of

5 X 10" and  5 x  10® years required  for con tact systems to  coalesce) an d  a  

blue straggler lifetim e of ~  7 x  10® years  (from the  isochrones of VandenBerg

6  Bell, 1985) and  found th a t the  r a t io  o f these (~  0.07) agreed rem arkably 

well w ith the  observed ratio  of 3 /4 7 ( ~  0.064) for the  num ber of con tact 

b inaries/to ta l num ber o f blue stragg lers. If correct, this suggests th a t  th e  

observed num ber o f blue stragglers is not inconsistent w ith all of th e  blue 

stragglers in NGC 5466 having been fo rm ed by binary cocdescence. However, 

as the  models of O uellette  & P ritc h e t (1998) show, the average blue straggler 

lifetime used in the  above calculation is an  overestim ate by a  factor of as m uch 

as two to  five. So, e ither the  lifetim e o f a  contact system  is m uch shorter 

than  th a t assum ed by M ateo et al., or  only 10% — 50% of blue stragglers in 

globular clusters are  form ed by c o n tac t system s.

A similar argum ent to  th a t above  can be m ade for Case B eind Case 

C mass transfer, during which the  b in a ry  would appear as a  sem i-detached 

system. O f the  1 1  b inary  blue s tragg lers  in  w Cen^, two are  in a  semi­

detached phase (the  o ther nine a re  co n tac t system s). T he ra tio  of semi­

*cj Cen is used here purely because o f the  large number o f  observed binary blue 
stragglers.
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detached system s to  th e  to ta l num ber of blue stragglers (~  200, see Table 2.1) 

is ~  1 %, com pared to  the  ra tio  of the lifetime of a  system  undergoing Case C 

or Case B mass transfer, ^  iG y r, to the  average lifetim e of a  blue straggler, 

~  iG yr. Hence, roughly 1 % of the blue stragglers in w Cen can be explained 

by Case B or Case C m ass trzmsfer.

2.2.6  Stellar C ollisions

T he stellar density  in  the  cores of some globular c lusters is high enough th a t 

a  significant num ber of collisions between single s ta rs  should have occurred 

over the lifetim e of th e  clusters (Hills & Day 1976). T he fact that we see 

m any blue stragglers in th e  centres of the  densest clusters lends support to  

this (e.g. G u h a th ak u rta  et al. 1992, Lauzeral et al. 1992). In addition, Hoffer 

(1983) and Leonard (1989) have shown th a t, if even a small fraction of the 

stars in a cluster a re  binaries, the ra te  a t which collisions occur is greatly  

enhanced by th e  increased physical cross-section (essentially the semi-major 

axis of the bineury) a n d  th e  additional grav ita tional focusing due to the larger 

mass of the bound pair.

Leonard (1996) no ted  th a t the high frequency o f binaries observed among 

blue stragglers (e.g. K aluzny et al. 1997, K aluzny 1997, Edmonds et al. 

1996) could be accounted  for by binary-binary in teractions. A dynam ical 

encounter th a t is s trong  enough to result in a  d irec t collision between two of 

the  component stars  is also likely to result in a th ird  s ta r  being captured into 

an  eccentric orbit a ro u n d  the  newly formed blue straggler. As noted earlier, 

very little is known ab o u t the  orbital param eters o f b inary  blue stragglers in 

globular clusters, b u t four out of the six binary blue stragglers in M67 which
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have been studied  by L atham  & Milone (1996) are in highly eccentric orbits.

W hether a  stellar collision is the result of an encounter between two 

single stars or two binaries, the  actual im pact param eter of the  collision is 

essentially random : the  collision will occur, on average, off the  axis con­

necting the  centres o f the  two stars. Angular m om entum  conservation then  

requires th a t the resu ltan t m erger rem nant be rapidly  ro ta ting .

Early a ttem p ts  to  model the  hydrodynamics of th e  collision itself (Benz 

&Û Hills 1987,1992) found th a t the  m aterial from the  two parent stars could 

be highly mixed throughout the  merger rem nant. In a  collision between two 

equal mass stars, Benz & Hills found th a t the  rem nan t was a homogeneous 

m ixture of the  m ateria l from the  parent stars: this results in a  chemically 

homogeneous m erger rem nant, producing w hat is essentially a  zero-age main- 

sequence (Z A M S ) s ta r. A fter a  collision involving two unequal mass stars, 

the m aterial from th e  less evolved, low mass paren t s ta r will have settled 

to the  core of the  m erger rem nant; the m aterial from  the  high mass star 

will have been m ixed throughout. Again, the result o f such a  m erger results 

in a  rem nant which resembles a ZAMS star, due to  the  increased hydrogen 

content in the  core.

Lom bardi, Rasio & Shapiro (1996, hereafter L R S ) found th a t the high 

degree of m ixing which Benz &: Hills had observed in the ir m erger rem nants 

was largely an a rtifac t of their choice of n  =  3 /2  polytropes as approxi­

mations to  GC stars. LRS noted tha t evolved globular cluster stars would 

be m ore centrally  condensed th an  n =  3 /2  poly tropes and  so chose to use 

n =  3 polytropes to  approxim ate the structure  of tu rnoff stars, and n =  3/2 

polytropes for lower mass stars. Smoothed particle hydrodynam ic (S P H )
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simulations using these approxim ations dem onstra ted  th a t there should be 

little  or no hydrodynam ical m ixing during a  ste llar collision. So, in fact, 

the  rem nant should s ta r t  its  new existence as a  blue straggler as a slightly 

evolved star.

Both Benz & Hills an d  LRS found th a t the  rem n an t of a  stellar collision 

would be swollen to p re-m ain  sequence sizes a fte r th e  collision. Leonard & 

Livio (1995) noted th a t  th is provided a  possible solution to  the discrepancy 

between the  observed blue straggler ro tation  velocities and  those predicted  

by the coUisional m erger scenario: if the swollen m erger rem nant tru ly  does 

resemble a  pre-m ain sequence s ta r , it should possess a  th ick  convective enve­

lope, providing a possible m echanism  for angular m om entum  loss and slowing 

the  s ta r’s ro ta tion .

The highly convective, pre-m ain  sequence phase hypothesised by Leonard 

& Livio would have th e  add itional consequence th a t  th e  s ta r  should becom e 

highly mixed: fresh, hydrogen-rich  m aterial should be brought to the  core, 

while nuclear processed m ate ria l should be dredged-up to  the  surface. Bailyn 

& Pinsonneault (1995) an d  Sills, Bailyn & D em arque (1995) found th a t such 

a  high degree of m ixing is needed to  explain the  colours and  luminosities of 

blue stragglers seen in som e globular clusters. O n th e  o th er hand, O uellette & 

P ritchet (1996,1998) found  th a t blue stragglers te n d  to  avoid the ZAMS and  

th a t a high degree of m ixing during  a  pre-m ain sequence phase is essentially 

ruled out for m ost blue stragglers by their d is tribu tion  on the  CMD.

In a  similar fashion to  th a t  o f M ateo et al. (1990), Leonard & Fahlm an 

(1991) found th a t the  ra te  o f production of b lue stragglers in the globular 

cluster NGC 5053 needed to  be a t least one blue straggler every 2.5x10*
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years, assum ing th a t th e  average lifetime of a  blue straggler is ~ 6 x 1 0 ® years. 

From their scattering  experim ents, a strong b inary-b inary  in teraction  should 

occur every ~ 2 .2 x l0 ^  years, w ith only 1 in 20-40 such in teractions actually 

resulting in a  stellar collision. As noted earlier, the  blue straggler lifetime 

assumed here is a overestim ate , if the  calculations o f O uellette  & Pritchet 

(1998) are correct. U sing a  m ore accurate  e stim ate  for the  average blue 

straggler lifetime ( ~  1 x  1 0 ®years), the  production  ra te  becomes one blue 

straggler every ~  4 .1x10^ years. This implies, using Leonard & Fahlm an s 

rate  for binary-binary in teractions, th a t roughly 1 in 2  encounters eventually 

leads to  the  production  o f a  blue straggler.

Even though not every  strong dynam ical encounter will result in a  stellar 

collision, any strong in te rac tio n  may result in th e  p roduction  of a  blue strag­

gler. Sigurdsson &: P h in n ey  (1993) found th a t ‘near m isses’ would produce a 

gradual hardening of a  b inary  by transferring angu lar m om entum  from the 

binary to  the  passing s ta r . Potentially, a  b inary  could be hardened to the 

point where mass tran sfe r, or binary coalescence, becomes a  possibility. Also, 

Sigurdsson & P hinney found th a t the probability  th a t th e  two m ost massive 

stars involved in a  strong  interaction would be exchanged in to  a  binary — 

a binary w ith less net angular m om entum  th an  th e  original one —  is higher 

than the  probability o f a  significant angular m om entum  transfer to  a  passing 

star.



C hapter 3 

D evelopm ent o f  M odels

T he m ain goal of this work is to  develop and  evolve models of the  rem nan ts  of 

stellar collisions. This chapter focusses on the development of these  models, 

and  discusses them  in relation to  w hat we know about the  physical ch arac te r­

istics of blue stragglers —  m uch of th e  work in this chapter has a lready  been 

discussed in Ouellette & P ritch et (1998). In  addition to these m odels, simple 

models of the  rem nants of b inary  m ass exchange and binary coalesence are 

also developed.

I t should be noted th a t all calculations of stellar evolutionary tracks in 

this work were done using a  modified version of D. A. V andenB erg’s stellar 

evolution code (VandenBerg et al., 1999).

3.1 Remnants of Stellar Collisions

As m entioned earlier (Section 2.2.6), Lom bardi, Rasio & Shapiro (1996) 

(L R S  hereafter) have studied stellar collisions by performing sm oothed  par­

ticle hydronam ic (S P H ) sim ulations of colliding polytropes. T he ir results 

showed th a t little, if any, hydrodynam ical mixing occurred during  th e  col­

40
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lision. T he composition, profiles of th e ir m erger rem nants can  b e  described 

as a  stratification of the  stellar m ateria l during the collision: th e  gas from 

the  parent stars settles in the  m erger rem nan t such th a t th e  profile o f th e  

entropy-like quantity A  =■ P / ( h e r e a f t e r  referred to  as “hydrodynam ic  en­

tropy” ) increases from the core of th e  rem nan t outward. This hydrodynam ic 

entropy stratification (“hydrodynam ic stratification” ) can resu lt in  som e un- 

usucil chemical profiles (as shown by LRS), bu t also allows som e prediction 

of the  chemical profile of a  coUisional rem nant — which wUl be used in the  

creation of our models.

The collisions studied by LRS were betw een equal mass po ly tropes and  

unequal mass polytropes, for a  variety  of different masses. We have chosen 

here to  m odel only mergers between equal mass stars and  m ergers betw een a  

turnoff s ta r and  a lower mass star. T hroughou t the rest of th is  w ork, we wiU 

refer to these merger events as “equal-m ass mergers” and  “tu rn o ff  m ergers” , 

respectively. Although there are any  num ber of possible com binations o f 

paren t s tar masses which would resu lt in a  particular m erger m ass betw een 

IM to and 2M toi the mergers considered here represent th e  ex trem es of 

hydrogen content: equal mass m ergers wiU result in the  h ighest possible 

hydrogen content for a  particular m erger m ass, whereas tu rnoff m ergers will 

result in the  lowest possible hydrogen content. For exam ple, to  m odel a  

I .2 OM0  coUisional merger, two m odels wiU be created and  evolved: an  equal- 

mass m erger using two 0.60Af@ stars, an d  a  turnoff merger involving a  tu rnoff 

mass s tar (0.874Af@ for a  12 G yr old cluster with an [Fe/H] o f -0.83) and  a  

lower mass s tar (0.326Af@). The to ta l hydrogen content in  th e  equal-m ass 

m erger is higher (mass-averaged hydrogen mass fraction, X  =  0.729) th an
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th a t in the turnoff m erg e r { X  = 0.655).

3.1.1 P red ic tio n s from  H ydrodynam ic Stratification

In their simulations, L R S  approxim ated m ain-sequence tu rnoff stars by n =  3 

poly tropes while lower m ass stars were approx im ated  by n  =  3 /2  poly tropes 

or composite poly tro p e s . T heir initial polytropic models had  hydrodynam ic 

entropy emd density  profiles similar to  those shown in Figure 3.1. D ur­

ing a  collision involving an  n  =  3 polytrope (approxim ating  a ~  0.80Ai©, 

main-sequence tu rn o ff s ta r )  and a n  =  3 /2  poly trope  (approxim ating a  

M ^O .4 OM0 , lower m ain-sequence s ta r), hydrodynam ic stratification predicts 

(LRS) th a t the  m a te ria l o f the  lower m ass, and  presum ably  less evolved, 

n  =  3/2  polytrope will s e ttle  into the  core of th e  m erger rem nant, bringing 

w ith it a fresh supply  o f  hydrogen (F igure 3.2). T he subsequent evolution 

o f the  merger rem n an t will be strongly affected by the  am ount of hydrogen 

brought into the  core b y  the  hydrodynam ic stra tifica tion . This stra tifica­

tion of the m aterial a lso  provides a  simple exp lanation  of why no nuclear 

processed m aterial is b ro u g h t to  the surface o f th e  m erger rem nant during a 

coUision.

If the hydrodynam ic  entropy of the  stellar gas is not modified during a 

collision, the d is trib u tio n  o f th e  parent s ta rs ’ m ateria l th roughout the m erger 

rem nant can be found using  the hydrodynam ic en tropy  profiles in Figure 3.1 

—  this leads d irectly  to  th e  merger rem n an t’s chem ical profile if those of th e  

parent stars are also know n. However, shock heating  during th e  collision can 

modify the hydrodynam ic  entropy of the  gas depending on th e  dynam ics o f 

the  collision and  the  fo rm  of viscous dissipation chosen for the  hydrodynam ic
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Figure 3.1: Density (p) and  en tropy  (A) profiles for representative poly tropes. 
Shown are profiles for 0.80M® (solid line, n  =  3, Æ =  1.0i2©), 0.60M@ (dashed 
line, n = 3, R  =  0.56Æ@), and  0.40M q (do tted  line, n  =  3 /2 , R  =  0.37jZ@) 
polytropes, calcu lated  using the  radii and  polytropic indices given. The 
O.6 M 0  composite po ly trope  has an  n  =  3 core and a n  n  =  1.5 envelope w ith 
th e  boundary betw een the  two located a t  R^nd =  O.29i?0.
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Figure 3.2: H ydrogen mass fraction (X) profiles for mergers betw een poly- 
tropes shown in Figure 3.1 (from LRS). Thick solid line: profile for a  merger 
between a 0.80M© poly trope and  a  0.60M@ polytrope; thick dashed line: pro­
file for a  merger betw een a  O.SOM© polytrope and a 0.40 M© polytrope; th in  
solid line: profile for the  0.80M© polytrope ; thin dashed line: profile for the 
0.60M© polytrope; th in  d o tted  line: profile for the 0.40M© polytrope.
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simulations (LRS). D uring  relatively gentle collisions, such  as th e  head-on, 

parabolic collisions s tud ied  by LRS, little  shock heating  will occur and  so the  

hydrodynam ic en tro p y  of th e  gas at the  tim e of th e  collision can  be used to 

determ ine the  Anal m erger pro Ale.

3 .1 .1 .1  S te lla r  C o llis io n s  versu s P o ly tr o p ic  C o llis io n s .

During the  previous discussion we have tried  to stress th a t  th e  sim ulations of 

LRS and Benz & Hills (1987, 1992) describe polytropic collisions. T he reason 

for this pointed em phasis is th a t  stars, especially evolved ones in globular 

clusters, are not poly tropes.

The s tru c tu re  o f a  po ly trope is given by

P ( r )  =  (3.1)

where P  is the  pressure, p is the  gas density, n  is the po ly trop ic  index and 

/v is a  constant. U sing th is relationship as a  constreiint, p{r) an d  K  can 

be found using only two o f the  equations of stellar s tru c tu re : th e  equations 

of hydrostatic equilibrium  and  mass continuity. For a  sim ple polytrope, the  

molecular weight p. is uniform  throughout the  s ta r, in w hich case both K  

and n  are also constan ts . This allows the  s tru c tu re  of th e  po ly trope  to be 

determ ined w ith no inform ation  about sources of opacity  or nuclear pro­

cesses. Polytropes a re , by deAnition, in hydrostatic  equilibrium , b u t are not 

necessarily in th e rm a l equilibrium .

The hydrodynam ic en tropy  proAle of a  polytrope can  be found by as­

suming a  pressure eq uation  of s ta te  of the  form

P  = A p ^ \  (3.2)
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where F i is one o f th e  ad iabatic  exponents an d  is defined by

where th e  subscrip t ad  refers to  purely ad iaba tic  changes. I f  radiation pres­

sure w ithin th e  gas can be ignored then , for an  ideal, m onatom ic gas, F i =  

7  =  c p /c v  =  5 /3 . E quating  the pressure from  the  polytropic struc tu re  to  

the  pressure from the  equation of s ta te  yields A  th roughout the  gas. T he 

relationship betw een th e  therm odynam ic en tropy  S  and  A  can  be found by 

in tegrating  th e  first law of therm odynam ics, T d S  = dU  + P d V ,  using the 

definition of 7  and  E quation  3.2. This yields (A ppendix  B)

S  = —— InA 4 - const (3.4)
fi-f

where N q  is A vogadro’s num ber and k  is B o ltzm ann’s constan t. From the 

form of the  poly tropic s tru c tu re  equation (Eq. 3.1) and  th e  equation  of s ta te  

(Eq. 3.2), if 1 -I- 1 /n  is not equal to  7 , then  A ,  and  hence th e  entropy S, 

wUl not be uniform  th roughou t the stéir. Poly tropes w ith n  =  3 /2  will have 

1 -r 1 /n  =  7  and  so wiU have constcint entropy, S.

Polytropes are reasonable approxim ations to  zero-age m ain sequence 

(Z A M S ) stars since they, like polytropes (as defined above), are chemicaUy 

hom ogeneous, or a t least nearly so. As poin ted  ou t by LRS, n  =  3 polytropes 

approx im ate  th e  s tru c tu re  of radiative stars whUe n  =  3 /2  poly tropes have a 

s tru c tu re  simUar to  th a t  of fuUy convective stars. However, a lthough globular 

cluster tu rnoff stars a re  radiative, they  are  far from  being chemicaUy hom o­

geneous. Figure 3.3 shows the  hydrodynam ic en tro p y  and  density  profUes for 

a globular cluster tu rno ff s ta r and two lower m ain-sequence stars for a cluster 

Uke 47 Tuc. T he differences between the  hydrodynam ic en tropy  and  density
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profiles of globular cluster s ta rs  zmd the  polytropes shown in F igure 3.1 are 

largely due to the  chemical inhom ogeneity of the globular cluster s ta rs . T he  

increased molecular weight tow ard  the  centre of an evolved s ta r  resu lts  in  a  

lower pressure a t a  fixed density  and  tem peratu re , requiring the  s ta r to  ad ju st 

its internal s truc tu re  to m ain ta in  hydrostatic  equihbrium. A lower pressure 

a t a constant density results in a  decrease in the hydrodynam ic en tropy, A .

T he decrease of the hydrodynam ic entropy in the  core o f an  evolved 

s ta r wUl directly affect th e  final chem ical profile of a  m erger found th rough  

hydrodynam ic stratification. From  Figure 3.3, it is obvious th a t no m ate ria l 

from a low mass s ta r will be  able to  pen etra te  to the core of a m ain-sequence 

turnoff star, leaving the  m erger rem nant w ith a  helium-rich core, unlike the  

collision between two equivalent polytropes (Figure 3.4). T he evolution of 

two such merger rem nants would be com pletely different if no m ixing takes 

place in a subsequent convective phase o f evolution.

Comparison of Figures 3.1 an d  3.3 shows th a t an n =  3 po ly trope under­

estim ates the central density  o f a  tu rnoff s ta r by more th an  a  fac to r of ten . 

This in itself is enough to  argue th a t no hydrogen-rich m aterial from  a  lower 

mass s ta r wUl penetrate  to  th e  core of a  m erger involving a  tu rnoff s ta r  an d  

a  lower main-sequence s ta r  (an  tu rnoff m erger in our term inology). H ydro- 

dynam ic stratification of th e  m ateria l during such a collision will p roduce  a  

m erger rem nant w ith a dense, helium -rich core.

A collision involving equal m ass s tars or one involving equal m ass poly­

tropes should produce a  m erger rem nan t w ith a composition profile nearly  

identical to those of the p aren t stars.
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Figure 3.3: D ensity (p) and  hydrodynam ic entropy (A) profiles for real globu­
lar cluster stars. Shown are profiles for 0.874M@ (solid line), 0.60M® (dashed 
line), and 0.40M® (d o tted  line) stellar models a t an  age (12 G yr) and  m etal- 
licity ([Fe/H ]=-0.83) appropria te  for 47 Tuc.
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Figure 3.4; H ydrogen m ass frac tion  (X) profiles for m ergers betw een th e  stars 
shown in Figure 3.3. T h e  th in  lines refer to  the  same s ta rs  as shown in Fig­
ure 3.3. The thick solid line shows the  hydrogen mass profile for th e  rem nant 
of a collision betw een th e  0.874M© and 0.60M@ stars; th e  th ick  dashed Une 
shows the profile for th e  rem n an t of a  coUision betw een th e  0.874M@ and 
O.4 OM0  stars.
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3.1 .2  P h ysica l Structure o f  M erger R em nants.

Leonard & Livio (1995) have suggested th a t a  blue straggler form ed through 

a  stellar collision, would resemble a  pre-m ain sequence star im m ediate ly  after 

th e  collision. T h e  SPH sim ulations of LRS show th a t the  rem n an t of a 

collision involving two polytropes can be several times larger th a n  either 

o f the  parent stars; however, unlike a  pre-m ain sequence s ta r , th e  central 

density of the  rem nan t will be m uch higher th a n  th a t found on th e  Hayashi 

track . The decrease in central density  of polytropic mergers re la tive  to the 

paren t stairs is generally less th a n  50%, and  is as little  as ~10%  in head-on 

mergers (from th e  simulations o f LRS). Because of the  size an d  dense core of 

a  m erger rem nan t, it  will m ore closely resem ble a  red  giant b ranch  s ta r  than 

a  s ta r on the  H ayashi track.

3.2 Construction of Initial Models.

Despite the  facts th a t  the hydrodynam ic sim ulations of LRS use polytropes 

ra th e r than  evolved steirs, and  th a t  the  differences between th e  tw o species of 

objects can be ex trem e, their results can be used as the basis for producing 

models for inpu t in to  a  stellar evolution code. H ydrodynam ic en tro p y  stra ti­

fication of the  m ateria l, which is a  d irect consequence of the  dynam ics of the 

fluid interaction an d  a  requirem ent for the  SPH  fluid stability  (see LRS for 

a  discussion), can be used to  p red ict the  chem ical profile of th e  m erger rem­

nan t. Although th e re  is no equivalent procedure for predicting th e  density 

profile of the  rem n an t, the sim ulations of LRS show th a t th e  cen tra l density 

wül not, in general, be much lower th an  th a t  of th e  parent s ta rs  —  this can
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be used as an  additional constraint when constructing  models.

Since head-on collisions of stars on parabolic orb its are relatively gentle, 

they are  also the easiest to  approxim ate. We have chosen to  ignore mass loss 

during the  collision, the effects of ro ta tion  and  the d ep artu re  from  spherical 

sym m etry it produces. Because head-on collisions p roduce the  least am ount 

of mass loss and  lowest ro ta tio n  rates, these approxim ations are reasonably 

valid. We have also chosen to  ignore shock heating during the  collision and 

use the  pre-collision hydrodynam ic en tropy profiles o f the  paren t stars to 

define the  chemical profile o f the m erger p roduct using hydrodynam ic s tra t­

ification. T he  am ount o f shock heating during a  head-on collision is small 

(LRS) and  so should not strongly affect the  end resu lt.

T he in itial models to  be used to investigate blue straggler evolution were 

formed in th ree steps from  a  series of s tan d a rd  stellar models o f the  appro­

priate age and  metallicity. F irst, for collisions betw een a  tu rnoff s ta r and a  

lower m ain-sequence star, an  appropriate  tu rnoff m odel was scaled in mass 

so th a t its mass agreed w ith  the to ta l m ass of th e  two paren t stars; for 

equal-mass mergers, the  m ass of one of th e  parent s tars  was scaled. Next, 

the scaled m odel’s com position profile was replaced w ith  the  chemical profile 

found by hydrodynam ic stratification o f th e  parent s tars. This model was 

then expanded to sim ulate th e  expansion of th e  s ta r during th e  collision.

T he first step was accom plished by increasing th e  mass o f each shell 

in the grid o f mass shells which make up th e  stellar m odel by some small 

am ount (usually ~  0.1%), allowing the  m odel to re lax  for a  few very short 

tim esteps (w ithout allowing the com position profile to  change), and then 

repeating th e  procedure un til the desired m ass was reached. As it turns out
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(discussed later) this step is actually  quite un im p o rtan t: the  very simple 

approxim ation of starting  w ith a  m odel of th e  desired  mass and imposing 

the  correct chemical composition profile produces identical blue stragglers 

(Sandquist et al. 1997).

The second step, replacing the  initial m odel’s com position profile w ith 

th a t found by hydrodynam ic stratification  of the  p a ren t s ta rs ’ profiles, is the  

m ost crucial of the steps taken —  not in its ac tua l execution, but in the effect 

the  composition profile has on th e  resulting blue straggler. T he reason for this 

is explained by the Vogt-Russell Theorem , which s ta tes  th a t  the  struc tu re  of 

a  s ta r in hydrostatic and therm al equilibrium  is uniquely determ ined by the  

toted m ass and the run  of chemical com position th roughou t the  star (Vogt 

1926, Russell 1927; see e.g. Cox & Giuli, 1968). T hus, regardless o f the  

m ethod used to produce the  in itial model, as long as the  s ta r is allowed to  

come into equilibrium before being allowed to  evolve as a  blue straggler, the  

com position profile and to ta l m ass will determ ine th e  subsequent evolution.

The th ird  and fined step was done by adding an  additional term  e* to  

the  energy balance equation of stellar struc tu re :

d L  _
a w j T  —  ^ n u c  I ^ g r a v  t  ?o M

where Cnuc is the nuclear energy generation ra te , ê , is the  energy loss due 

to  neutrinos, and egrav is the  energy generation due to  contraction of the  

s ta r  (=  —T ^ ) .  This step is necessary to  sim ulate in jection o f orbital kinetic 

energy, which can am ount to  a  large fraction of th e  binding energy of th e  two 

stars, into the rem nant. This energy injection is n a tu ra lly  accounted for in 

the  SPH  simulations by the  acceleration of the  indiv idual SPH  particles, bu t 

needs to be approxim ated here. I f  e , were held co n stan t throughout th e  s tar.
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the  central density  would decrease rapidly  as th e  s ta r  expanded and  th e  s ta r 

would end up on, or near, the  H ayashi track  (th is  is similar to th e  procedure 

which Sandquist et al. (1997) used to  p roduce  th e ir  Hayashi m odels). As 

m entioned earlier, th e  density of th e  core does no t decrease by a  large factor 

during the collision; to  ensure th is, we assum ed th a t  e* falls off as 1 /p  (see 

below). During th e  expansion of our m odels, th e  central density does not 

decrease by m ore th an  20% which, as explained  below, results in the  final 

models being v irtually  independent of the  form  of e* after they have relaxed 

to  the  m ain-sequence.

One additional consideration is how m uch energy to  inject in to  th e  s tar 

before allowing it to  contract to  th e  m ain-sequence and  evolve normally. We 

have chosen to  use a  criterion which takes in to  account the binding energy of 

the  parent stars and  the kinetic energy of th e  collision. The binding energy 

of a  star can be expressed as

_ g m ^
Efyirui — ^ R  '

where M  and R  are  the  mass and  radius o f th e  s ta r , and  q is re la ted  to  the  

degree of central concentration (Cox & G iuli, 1968):

M ( r / R ) / M  d M { r / R )
=  Io r / R  M

In the centre of m ass frame of the  two stars th e  o rb ita l energy is

which, for a  parabolic orbit, is conveniently equal to  zero. (Here, M  is the  

to ta l mass of the  two stars, M 1 + M 2 , and  /x is th e  reduced  mass o f the  system .
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/j. = Hence, th e  kinetic energy of the  o rb it is

r

Assuming th a t one h a lf o f the  orbital kinetic energy goes into expanding the 

merger rem nan t, th e  final binding energy of th e  m erger rem nant is E f^^  =  

Ebindj, -r ■fi'&iruij -T \ K .  For th e  purposes of determ ining  the kinetic energy 

a t the tim e of the  collision, we have set the separation  of the  centres of the 

two stars r  equal to  th e  average of their radii, r  =  5i±52._ T he expansion 

of the model is h a lted  when its binding energy equals E '^ ^ .  For the  same 

reasons th a t the  form  o f e* is not critical, as long as the  density constraint 

is obeyed (discussed below), the  s truc tu re  o f th e  blue straggler a fte r it has 

contracted to its m ain-sequence is not highly dependent on the  exact value 

of although th e  dura tion  of any convective zones during th e  pre-m ain

sequence evolution is affected.

Figure 3.5 shows a  series o f tracks from a m erger between a  0.864iV/© and 

a 0.836M© star. T he  to ta l binding energy of th e  stars a t the  s ta rt o f th e  tracks 

varies, in term s of th e  to ta l binding energy of th e  parent stars, from  0.94 to 

0.11. As expected from  the  Vogt-Russell T heorem , when th e  stars have 

relaxed to  their m ain-sequence positions, they  are  alm ost identical: the  one 

track which deviates slightly became so d istended during its expansion tha t 

the convective envelope penetra ted  deeply enough in to  the  s tar to  m ix a small 

am ount of helium to  th e  surface. Obviously, th e  am ount of energy which is 

injected into a  m erger m odel is not critical in  determ ining the  evolution of 

the resu ltan t blue straggler, as long as no convective mixing takes place. The 

tracks labelled 0.70A, 0.46B, and O .llA  all developed convective envelopes 

which p enetra ted  to  0.96Af., 0.81M ,, and  0 .49M ,, respectively, and  lasted
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for 4 X lO^yr, 1 x  10®yr, and  4 x  10®yr, respectively.

One m ight be concerned about the  ram ifications for the models of as­

suming an energy injection term  proportional to  1/p.  We have investigated 

this by adopting  different energy injection schem es and  comparing the  resul­

tan t models (F igure 3.5). We find th a t, a lthough the tracks th a t the  models 

follow on the  colour-m agnitude diagram  (C M D ) as they expand and con­

tract can differ considerably, the final models th a t  satisfy the above criteria 

for energy and  central density are very sim ilar and  evolve identically after 

they have con tracted  to  the  main-sequence —  th is is again due to  the  Vogt- 

Russell T heorem . Thus, if the am ount of m ixing which takes place is not 

significantly affected by th e  form of the  energy injection term , the  evolution 

of the  m erger rem n an t, a t least after it  has con tracted  to the main-sequence, 

should also be unaffected by the choice. O ur tests  using different forms of 

Eg show th a t th is is the  case as long as the cen tral density does not decrease 

beyond w hat is indicated by the SPH sim ulations.

The energy injection scheme used here is similar to th a t used by Pod- 

siadlowski (1996) in his investigation of the  response of stars to  heating by 

tidal effects. In  his exploratory paper, Podsiadlowski investigated the  effect 

of various form s of energy injection (e.g. centrally  concentrated, uniform , 

surface) on a  O.SAf© globular cluster ZAMS s ta r  — the different forms of 

energy injection were intended to approxim ate the zones in which tidaüy 

excited oscillations m ight dissipate their energy. Podsiadlowski found th a t 

the response o f the  s ta r and  its struc tu re  a fte r a  fixed am ount of energy had 

been injected were strongly dependent upon th e  way in which energy was 

injected. O ur in itial experim ents into the various forms of e* were quite sim-
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Figure 3.5: E volu tionary  tracks for which the  am ount o f energy injected, 
and the  d istrib u tio n  w ith  which it is in jected , is varied . T he tracks are 
labelled w ith th e  ra tio  of the  s ta r’s initial binding energy  to  the  sum  of the  
parent s ta rs ’ (a  0.864M© and a 0.836M© star) b inding  energy. For those 
stars labelled ‘A ’, th e  energy injection term , e*, was p roportional to  1/p; for 
those s tars labelled  ‘B ’, it was proportional to  T h e  density  criterion,
discussed in th e  te x t, was obeyed in all cases. T he  a r r o w s  indicate the  
initial d irection  o f evolution, along the  ‘pre-blue s trag g ler’ portion  of the  
tracks. The th ick  solid line indicates the ‘blue straggler p h ase ’ for the  models 
labeUed 0.94A, 0.85B, 0.70A, and 0.46B.
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ilar to  Podsiadlow ski’s and  lend support to  his findings; th e  differences in th e  

final s tru c tu res  from  our early experim ents an d  those of Podsiadlowski's were 

sim ply due to  th e  fact th a t our initial m odels were evolved, whereas his were 

chem ically hom ogeneous. Unlike Podsiadlow ski’s investigation, however, the  

form  of for our models is constrained by  th e  results o f SPH: the cen tral 

density  of head-on  mergers does not decrease d ram atically  relative to  the  

cen tral densities of the  parent stars. From  ou r experience, which is sim ilar to  

w hat is rep o rted  by Podsiadlowski, forms o f e* which are  uniform throughout 

the  s ta r  or a re  centrally concentrated resu lt in  a  rap id  decrease in the cen tral 

density  —  by th e  tim e enough energy is in jec ted  to  m eet the  energy con­

s tra in t {E (^^  — discussed earlier), the  s ta r ’s s tru c tu re  would resemble th a t o f 

a  s ta r on th e  H ayashi track.

3.3 Evolutionary Tracks

Using the  above m ethods for creating m odels of coUisional merger rem nants, 

we have evolved sets of models for tw o different m etallicities and ages, one 

set ap p ro p ria te  for very metal-poor c lusters and  ano ther set appropriate for 

m etal-rich c lusters (Table 3.1), for b o th  equal-m ass and  tu rnoff mergers, and  

for masses up  to  twice the  turnoff m ass for th e  assum ed age. Figures 3.6 and

3.7 show th e  evolution of these models on th e  CM D. As would be expected, 

because of th e  chemical inhomogeneity o f th e  m erger rem nant due to  hydro- 

dynam ic stra tifica tion , the  stars tend  to  avoid th e  ZAMS; only the low m ass, 

relatively unevolved, equal-mass m ergers approach  w hat would appear to  be 

norm al ZAM S stars. The differences betw een th e  tracks for the m etal-rich 

and  metcil-poor mergers are largely due to  th e  difference in  assumed cluster



CH APTER 3. D E V E LO P M E N T  OF MODELS  58

metallicity.

Table 3.1: Assum ed Cluster Param eters

M etal-Poor M etal-Rich
[Fe/H] -2.14 -0.83
[a/Fe] 0.30 0.30
Age(Gyr) 14.0 12.0
M t o {M q ) 0.77 0.874

3.3.1 Surface C onvection

Leonard & Livio (1995) and Sills, Bailyn &: Dem arque (1995) have sug­

gested th a t blue stragglers m ust becom e largely convective during  the ir post­

collision, pre-m ain sequence phase of evolution to  explain b o th  the  observed 

rotation velocities and  colours. W hile the  blue straggler models of Sandquist 

et al. (1997) lend some support to  th is, our models do not, nor do the  similar 

models of SUls et al. (1997).

Sandquist et al. (1997) perform ed SPH simulations of m ergers o f equal 

mass polytropes and  evolved th e  products of these mergers by im posing the 

resultant com position profile on to  standard  stellar models o f th e  sam e mass 

as the m ergers, and  then  forcing th e  stars to expand until th ey  had reached 

the  Hayashi track . T heir models developed deep surface convection, enough 

to bring a t leeist some helium  to  the  surface of the stars. However, forcing 

the  stars onto the  Hayashi track  would decrease the central density  beyond 

w hat is observed to  occur in SPH  simulations (LRS) — thus requiring an 

additional energy source which would not be present in th e  ac tu a l collision.
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Figure 3.6: Evolutionary tracks (th in  solid lines) for equal-m ass (top ) and 
tu rnoff (bottom ) mergers models for m etal-poor clusters. Masses o f th e  m od­
els range from l.OOM© to  1.5Af@ in steps of O.lOA/©. The open circles are 
placed along the tracks a t equal intervals of O.OSGyr. Also shown are  th e  th e ­
oretical cluster ZAMS (thick solid line) and  a  14Gyr isochrone (thick dashed  
line). Note the lack of a  convective hook in all of the models, except for the  
m ost massive equal-mass m erger model.
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Figure 3.7: Similar to  F igure 3.6, except for metal-rich m erger rem n an ts . 
The m asses of the  models range from  I.IOM© to 1.7M q in s tep s  o f G.lGAf©. 
The open circles are placed along the  tracks a t equal intervals of G.GSGyr. 
Also shown are the  theore tical cluster ZAMS (thick solid line) and  a  14Gyr 
isochrone (thick dashed line). N ote th e  lack of a  convective hook in a ll o f the  
m odels, except for th e  m ost m assive equal-m ass merger m odel.
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In addition, th e  deep convective envelopes seen by Sandqnist et al. are  a 

consequence of the  fact th a t  their models are forced on to  th e  Hayashi track, 

a t which point the  low surface tem peratures will require surface convection. 

Surface convection will persist un til the opacity in th e  o u te r regions of the 

star decreases to  th e  point where radiative transfer becom es efficient —  either 

when the  s ta r  has evolved to  higher surface tem peratu res , or convection has 

brought a  significant am ount of helium  to the surface.

Sills et al. (1997) c rea ted  in itial blue straggler m odels directly  from  the 

hydrodynam ic en tropy  an d  density  profiles produced in  th e  hydrodynam ical 

simulations of LRS. N one o f the ir models developed any  surface convection 

until they  had evolved on to  th e  red  giant branch. T he  to ta l lack of sur­

face convection during th e  pre-m ain sequence phase p revents any helium -rich 

m aterial from being dredged up to  the  surface layers of th e  stcir, and  makes 

spin-down of a  rap id ly  ro ta tin g  blue straggler by a  m agnetic wind m echanism  

(Leonard & Livio, 1995) im plausible. However, because th e  ou ter portions 

of SPH m erger rem nan ts  are  not necessarily in dynam ical equilibrium . Sills 

et al. found it necessary to  ex trapo late  the ou ter s tru c tu re  of th e ir m erger 

models from the  purely  rad ia tive  in terior, forcing the  envelope to  be radiative, 

at least initially.

Surface convection does occur in some of our models during th e  pre-m ain 

sequence phase, unlike th e  m odels o f Sills et al., bu t not to  the  ex ten t found 

by Sandquist et al.. For th e  m etal-poor tracks, only th e  lowest meiss models 

[M  <  I .2 OA/0 ) develop any  surface convection; surface convection is some­

what m ore com m on in th e  m etal-rich models -  only th e  m ost m assive stars 

(M  >  1.50M©) never develop any  surface convection during  th e  pre-m ain
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sequence phase. T he surface convection which does develop never contains 

more than ~  1 0 % of the  s ta r ’s mass and  never lasts for more th a n  a few 

tim es 1 0 ®years.

3 .3 .1 . 1  C o n se q u e n c e s  o f  S u r fa c e  C o n v e c tio n  a n d  A n g u la r  M o m e n ­
tu m  L oss.

T he th in , short-lived surface convection seen in our models, an d  the  ab­

sence of surface convection in the  models of Sills et al. (1997), precludes any 

wind-driven angular m om entum  loss (A M L ) mechanism for slowing down 

the  rapidly ro tating  blue stragglers predicted by the collision scenario. How­

ever, blue stragglers are no t observed to  be rapidly ro ta ting  in open  clusters 

where, despite the  com paratively  low stellar density, it is possible for a  frac­

tion of blue stragglers in open  clusters to  be formed by collisions (Leonard 

1996, Leonard &: Linnell 1992). To account for the  low ro ta tion  velocities, 

there must be either an add itional angular m om entum  loss m echanism  ac t­

ing which is not dependent upon surface convection, or the  blue stragglers in 

open clusters are being form ed by a mechanism other than  collisions which 

might produce more slowly ro ta ting  blue stragglers (e.g. binary coalescence, 

binciry mass transfer), in which case the estim ated num bers of coUisionaUy 

generated blue stragglers in open clusters is incorrect. Even if the  production  

of blue stragglers by collisions is ruled ou t in open clusters o th e r form ation 

mechanisms can be assisted, or accelerated, by strong dynam ical in teractions 

(Sigurdsson & Phinney, 1993).

Little is known abou t th e  ro ta tion  of blue stragglers in globular clusters, 

although the stage has been set to  rectify this problem by the observations 

of Shara et al. (1997). BSS-19 (Paresce et al., 1991) in 47 Tuc is estim ated
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to have a mass of 1.70 ±  O.4 OA/0 ,̂  com pared to  th e  cluster tu rnoff m ass of 

~O.8 6 iV/0 , and  a  high ro ta tion  velocity { V sin i =  155 ±  55km /s). From  our 

models, this s ta r should not have h ad  a  convective envelope a t any tim e du r­

ing its “pre-blue straggler” phase, assum ing it was created by a  collisional 

m erger, and  so should contain th e  sam e angular m om entum  w ith which it 

was c rea ted , unless an angular m om entum  loss m echanism  o ther th a n  a  m ag­

netically driven wind has acted  upon it. D uring its contraction to  th e  m ain- 

sequence, its ro tational velocity should have increased from its in itia l value 

by a  fac to r of ~ 5  — 6 , due to  angular m om entum  conservation, im plying an 

initial ro ta tio n  velocity of ~  30km /s. From  the  results of LRS, th is would 

have requ ired  a nearly head-on collision which, although not unlikely, is less 

probable th an  an  off-axis collision. Hence, it is m ore probable th a t BSS-19, 

if created  by a  collision, is either inclined close to  th e  line of sight (sin i  ^  ^ ) ,  

has experienced some angular m om entum  loss, or was instead form ed th rough  

some m echanism  other th an  a collision, as suggested by Shara et al..

It is possible th a t angular m om entum  loss from  an initially rap id ly  ro­

ta ting  blue straggler could be achieved by angular m om entum  transfer to  

a circum stellar disk, possibly e jec ta  from th e  collision, or to  a  nearby  com­

panion, possibly captured during a  b inary  in teraction . Cam eron ei al. (1995) 

found th a t  angular m om entum  transfer to  a  circum stellar disk is an  ex trem ely  

efficient m echanism  for slowing th e  ro ta tion  of stars as they con tract to  the  

main sequence. This m echanism  does require th a t the  s tar have a  convec­

tive envelope for the  generation of a  m agnetic field, but the  field s tren g th

'■Comparing the  observations of effective tem peratu re (T e// =  7630±300K) an d  surface 
gravity ( lo g 5  =  4 .09± 0 .1 ) directly to  our models yields a  mass estim ate o f 1 .5 5 ±O.lOAf0 , 
independent o f distance, in reasonable agreem ent w ith the determ ination o f S hara e t  a l .  -  

see Figure 2.2.
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required to  shed  a  given amount of an gu lar m om entum  is not necessarily 

as high as th a t  needed for a wind-driven m echanism . Angular m om entum  

transfer to  a  nearby  companion has the advan tage  th a t  a  convective envelope 

is not requ ired  an d  dem ands tha t m any blue stragglers be in binary system s, 

as is observed. D uring the  distended con traction  phase of the  blue straggler’s 

evolution, a  nearb y  companion could ex ert a  considerable torque on the s ta r , 

forcing the  s ta rs  to  approach tidal lock. T h e  angular m om entum  transfer to  

the  com panion wUl ten d  to  force it into a  larger o rb it and  reduce any in itia l 

eccentricity in  the  o rb it, as well as slowing th e  ro ta tio n  o f the  blue straggler.

3 .3 .1 .2  S u r fa c e  A b u n d a n c e s .

A lthough it is questionable whether surface convection is sufficient to  explain 

the  m oderate  ro ta tio n  rates of most blue stragglers, any  am ount of surface 

convection could ac t to  alter the surface abundzinces of these stars. Since 

we find th a t surface convection does not occur in m any o f the  more massive 

m erger rem nzints, it is possible th a t abundance  anomaUes might be a  way 

in which to  d istinguish  between the  form ation  m echanism s, as suggested by 

Sills et al. (1997) —  b u t only for the  m ost m assive stragglers. The convective 

zones in som e of our lower mass models { M  ^  1.40 x  M t o ) can p en e tra te  

to  depths w here th e  tem perature is high enough to  destroy the more fragile 

elem ents, such as lith ium  (Pritchet & G laspey 1991, Hobbs & M athieu 1991, 

Glaspey et al. 1994 ). However, a lthough th e  am ount of hydrodynam ical 

mixing which occurs during a collision ap p ea rs  to  be sm all, sufficient m ixing 

should occur in  th e  envelope during the m erger th a t  some chemical anom alies 

m ight be exp ec ted , even in the absence o f convection. Additionally, m erid­



CHAPTER 3. D E V E LO P M E N T  OF MODELS  65

ional currents, which should occur to some ex ten t in  rapidly ro ta ting  stars, 

WÜ1 also mix the  surface layers even if the core is n o t p enetra ted  (Tassoul & 

Tassoul, 1984).

3.3.2 Core C onvection .

In the norm al m ain sequence stars of very m etal-poor globular clusters and 

m etal-rich globular clusters (i.e. those with m etallicities indicated  in  Ta­

ble 3.1), core convection should persist for the  en tire  m ain sequence lifetime 

of stars with masses g rea te r th an  ~1.50M q and  ~I.20A i© , respectively. Core 

convection does not occur a t any tim e in the  tu rno ff m ergers, whereas core 

convection appears in m ost o f the  metal-rich equal-m ass models. No core 

convection occurs during  the  distended pre-m ain sequence phase, bu t ra th e r 

starts when the m odel has contracted  close to  its m a in  sequence.

That no core convection occurs in our tu rnoff m ergers is not surprising 

due to the high central density and helium abundance . This is in contrast 

to the results of SUls et al. (1997) who find th a t tu rn o ff m ergers typically do 

develop core convection. T he simulations of Sills et al., however, are based 

on models produced using the  end-products of po ly tropic  collisions, which, 

as shown ezirlier in th e  discussion on hydrodynam ic stratification , will tend 

to have hydrogen-rich cores. T he increased hydrogen abundance in the  core 

results in a  higher cen tral opacity, making the cen tra l layers convectively 

unstable.

The differences in  th e  am ount of convection seen betw een th e  metal- 

poor and m etal-rich m odels are a  consequence of th e  fact th a t th e  m etal- 

poor mergers were chosen to  have a metaUicity w hich is ~ 1 5  tim es lower
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th an  tha t of the  m etal-rich  m ergers, reducing the efficiency of th e  CNO cycle 

for masses less th a n  ~1.50A /q. At th a t mass the m etal-poor equeil-mass 

mergers {M to ~  0.77M q ) have sufficiently low central hydrogen content 

th a t convective tra n sp o rt is not necessary.

3.3.3 C onsequences o f  C alculated M ixing Scales.

According to  the  Vogt-RusseU T heorem , the structure of a  s ta r in  hydrosta tic  

and therm al equilibrium  is determ ined by its mass and com position profile, 

which maps into a  po in t on the CM D. We would expect th a t a  s ta r  which is 

perturbed  slightly from  its position of equihbrium on the  CMD would relax 

back to the  same equilibrium  position an d  structure. If th e  s ta r is p e rtu rb ed  

from its equilibrium  s ta te  to  a  g rea ter extent, such th a t no add itional con­

vection occurs which m ight change its chemical profile significantly, and  such 

th a t no mass is lost during the p e rtu rba tion , we would still expect it to  relax 

back to the same equilibrium  s ta te  on a  timescale equal to  the s ta r ’s Kelvin- 

Helmholtz tim e scale. Similarly, two merger rem nants produced in collisions 

involving identical sets of stars and  having identical masses and chem ical pro­

files, but which are  in itially  a t different points in the  H-R diagram , should 

produce identical blue stragglers if no significant mixing occurs during  the ir 

pre-main sequence phase.

This sam e argum en t was used earlier to explain why the exact details of 

the  mechanism used to  expand th e  blue straggler models to  th e ir  in itia l pre- 

main sequence position are un im portan t. However, here it has th e  additional 

implication th a t two theoretical m erger rem nant models which have identical 

masses and chem ical profiles, bu t were produced using different assum ptions
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about the ir s tru c tu re , should produce identical b lue stragglers if no significant 

convective m ixing occurs during the ir p re-m ain  sequence phase. For th is  

reéison, we expect the  evolution of the  m odels o f Sills & Lom bardi (1997) 

and of Sills et al. (1997) to  be similar to  th e  evolution of our own tu rn o ff 

merger models an d  equal-m ass merger m odels, respectively.

3.4 Fully-mixed Models

Blue stragglers resulting firom binary m ass tran sfe r (Section 2.2.4) should  

appear to  be highly m ixed due to the  high surface helium  abundance w hich 

is a  consequence o f the  m ass transfer. H owever, since mass transfer will 

often leave a rem nan t o f th e  mass-donor, in th e  form  of an inert helium  

or Ccirbon-oxygen w hite dwarf, the surface abundances of the newly form ed 

blue straggler are  highly dependent upon the  zunount of nuclear-processed 

m aterial which was actually  transferred , and  th e  am ount of mixing w hich 

occurred in the  m ass-acceptor. As a  resu lt, a  b lue straggler form ed by b i­

nary m ass-transfer will lie somewhere betw een fully-m ixed models (in w hich 

the m aterial from  b o th  paren t stars is com pletely homogenised th roughou t 

the new star) and  unm ixed models (such as th e  tu rnoff and equal-m ass col­

lisional m erger rem nan ts  discussed in th e  previous sections). Blue stragglers 

formed through  b inary  coalescence (Section 2.2.5) should also appear to  sc a t­

ter betw een th e  two extrem es of unm ixed and  fully-m ixed models, a lthough  

one m ight expect th e  resulting merged s ta r  to  ap p ea r slightly m ore evolved 

(on average) th a n  a  newly formed m ass-transfer blue straggler (in analogy 

with the  collisional m erger rem nants, coalesced stars  wül appear to  have a  

truncated  m ain-sequence evolution, as do the  tu rn o ff mergers, w hereas m ass-
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transfer blue stragglers will ten d  to  have a longer m ain-sequence lifetim e, as 

do the equal-mass m ergers).

The exact am ount o f mixing which occurs during m ass-transfer an d  co­

alescence will be very dependent upon the initial stellar m asses, b inary  pa­

ram eters, evolutionary s ta tes , e tc. in the  initial system . This, unfortunately , 

means th a t there  is likely no single family of m odels which will adequate ly  

represent the rem nan ts o f these processes. It m ay be possible, by creating 

models for these m erger rem nants over a  wide range in m ass, sem i-m ajor 

axis, age, etc., to p roduce an  adequately  general fam ily of m odels which can 

be used to  investigate populations of these rem nants. However, in  modelling 

such systems, one m ust deal w ith m yriad effects which are poorly understood  

(e.g. the affect of accretion  o f m aterial in a  stream , ra th e r th an  th e  simple 

approxim ation of uniform  accretion, Sarna 1992); shock-heating o f  th e  enve­

lope of the accretor ; m ass-loss from  the  system; see Iben & Livio, 1993, for 

a  review of b inary coalescence).

R ather th an  a tte m p t to  m odel binary mergers over the  full range  in al­

lowable param eters —  which would be prohibitively tim e-consum ing —  the 

fact th a t these m erger rem nan ts  will exhibit a  com paratively h igh degree of 

mixing (relative to  collisional m ergers) will be used to  m ake a  general ap­

proxim ation. As was s ta ted  above, the  rem nants of binary  m ass-transfer and 

binary  coalescence should sca tte r between fully-mixed and  unm ixed models: 

w ith the turnoff zmd equal-m ass collisional m erger models rep resen ting  the 

unm ixed extrem e, tu rn o ff an d  equal-mass fully-mixed m odels will be  used 

to  represent the  o th e r ex trem e. W hile neither set o f models will adequate ly  

represent binary m ergers, th e  assum ption is th a t th e  increased helium  con­
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ten t in these s ta rs ’ atm ospheres will allow reasonable agreem ent w ith the 

fully-mixed models.

As with the  collisional m erger models, th e  chem ical content of the  par­

ent stars is used in th e  production o f the fully-m ixed models. However, the 

procedure used is quite  simple in comparison. G iven the  average elem ental 

abundances of the  paren t stars (i.e. hydrogen, helium , carbon, e tc .), a  mass- 

weighted average abundance^ is calculated for each elem ent: the elem ental 

abundances in a  chemically homogeneous model o f the  appropriate  mass are 

replaced with these averaged abundances. In  fac t, the  ‘chemically homoge­

neous model’ is a  Hayashi (pre-m ain sequence) m odel of the desired mass: 

this does m ean th a t th e  chemical abundances in th e  core will be modified by 

some small am ount by the  tim e th e  s ta r has con trac ted  to  its main-sequence 

structure , but the change is small.

Figures 3.8 and 3.9 show evolutionary tracks o f the  fully-mixed merger 

rem nants for bo th  m etal-rich and  m etal-poor c lusters. To distinguish be­

tween these merger models and  th e  equal-mass and  turnoff m erger mod­

els for collisional rem nants, these models will be referred to  as equal-mass 

and  turnoff binary mergers. Turnoff binary m ergers refer to  the fully-mixed 

m erger of a  turnoff s ta r and a  lower mass star.

'T h e  mass-weighted average uses the  parent s ta rs’ m asses for the weighting: X  =  
(% iA fi+ % 2 M :)/(A fi4 -Af2 ) where X  is the mass-fraction o f  the  element and the subscripts 
1 and 2 refer to the quantities for the prim ary and secondary stars.
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Figure 3.8: Evolutionary tracks for fully-m ixed m ergers. Masses for the  
mergers run  from O.OOA/q to  1.50M©.
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Figure 3.9: Sam e as F igure 3.8, except for m etal-rich mergers. T he range of 
masses is I.IOM© to  1.70A/©.



C hapter 4  

C om parison  w ith  O bservations

It was the  goal of the  previous chapter to  present evolutionary m odels for 

the products o f stellar collisions and  binary mergers.^ This ch ap te r will 

com pare these models w ith the observed distributions of blue stragglers in 

several clusters, w ith th e  hope of determ ining which most closely p red icts  the 

evolution, and  hence form ation m echanism , o f the  blue stragglers in these 

clusters.

Selection o f th e  clusters to be exam ined was made using several criteria:

•  The cluster m ust have a significant population o f blue stragglers. W ith  

only a  few blue stragglers, s tatistical comparisons w ith th e  models 

would be very uncertain.

•  The chosen dataset m ust have high photom etric quality. W hile th is is 

an obvious criterion, its need is twofold. F irst, w ith large photom etric  

errors, it  will be h a rd  to  distinguish between the  form ation m echanism s

^As defined in the  previous chapter, the rem nants of stellar collisions are referred to 
as c o llis io n a l m e r g e r s  (C M ), although this also refers to  the collision itself. B in a ry  
m e rg e rs  (B M ) refer to  the  rem nants o f binary coalescence and  binary m ass-transfer 
which are, in th is work, approxim ated by fully-mixed stellar models.

72
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which may yield sim ilar rem nan ts. Second, th e  m odels m ust be care­

fully aligned w ith th e  cluster photom etry (th rough  alignm ent o f th e  

cluster fiducial and  an  appropria te  isochrone in our case) to  avoid any 

bias due to  an  erro r in  the  assum ed cluster d istance o r reddening.

•  The cluster’s Galactic latitude and longitude m ust be such that fo re ­

ground contam ination will be low. Foreground stars will be easily m is­

taken for real blue stragglers. If  the  cluster pho tom etry  contains enough 

real blue stragglers, th en  a  sm all num ber of foreground stars can  be to l­

erated.

• The clusters m ust have m etallicities and ages close to those assum ed  

fo r  the production o f  the models. In fact, two clusters were chosen 

originally, NGC 6397 an d  47 Tuc, and the models were developed for 

these clusters: the  o th e r clusters were chosen la te r, w ith  this criterion  

in mind.

Based on these criteria , seven clusters were chosen. T h e  c luster colour- 

m agnitude diagrams (C M D s) are  shown in Figures 4.1 to  4.7 and  some of 

their published characteristics are shown in Table 4.1. It should be no ted  th a t  

the  photom etry shown in these  figures, which constitu te  th e  d a tase ts  used for 

the  following analysis, has been trim m ed to exclude th e  w orst pho to m etry  

(those stars w ith photom etric  uncertain ties greater th an  2.5 tim es th e  m edian 

for stars of the sam e m agnitude), and  the  photom etry of N G C  2419 an d  N G C 

5024 has been trim m ed to  exclude all stars within 50 arcseconds an d  100 

arcseconds, respectively, o f th e  clusters’ cores (the p h o to m etry  w ith in  these 

radii is quite poor relative to  the  photom etry  in the o u te r regions). Also, the
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Table 4.1: Selected Clusters

Approx. P h o to m etry
Cluster I 6 [Fe/H] # B S Source
NGC 104 (47 Tuc) 305.9 -44.9 -0.83 55 Rich e t  al. (1997)
NGC 2419 180.4 25.2 -2 . 0 2 19 H arris e t al. (1997)
NGC 5024 (M53) 333.0 79.8 -2 . 1 0 47 R ey e t al. (1998)
NGC 6397 338.2 - 1 2 . 0 -1.91 2 1 K aluzny  e t al. (1997a)
NGC 6809 (M55) 8 . 8 23.3 -1.82 25 M andushev  et al. (1997)
NGC 7099 (M30) 27.2 -46.8 -2.13 39 G u h a th a k u rta  e t al. (1998)

C luster (m. — M ) v E { B - V ) A (m  — M ) A (B  -  V)
NGC 104 13.38 0.04 13.454 0.038
NGC 2419 19.97 0.17“ 19.935 0.182“
NGC 5024 16.38 0 . 0 2 16.315 0.039
NGC 6397 12.36 0.18 12.457 0.197
NGC 6809 13.87 0.07 14.010 0.142

13.997 0.184“
NGC 7099 14.62 0.03 14.676 -0.009

“Reddening and  colour shifts a re  in V -I, not B-V

photom etry  o f N GC 6397 was trim m ed  of all stars fu rth er th a n  5 arcm inutes 

away from the  c luster center to  lessen the contam ination by field stars.

The m etal-poor clusters were chosen with an  add itiona l constra in t in 

m ind, one in tended to  allow a  direct comparison o f the  blue s tragg ler popu­

lations w ithout having to  rely on th e  agreem ent (or lack thereo f) w ith blue 

straggler models: The metal-poor clusters, or at least a subset o f  these, m ust 

be demonstrably coeval. T he  reasoning behind this criterion is th a t ,  since it 

is likely th a t blue stragg ler form ation mechanisms are  likely to  be  affected
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Table 4.3: C luster S tructu ra l and D ynam ical Properties - I

Param eter NGC 104 NGC 2419 NGC 5024
Cluster M ass, log(A/©) 6 . 1 5.6 5.7"
Central Density, log (M ©/pc^) 5.1 1.4 3.18“
Central Velocity D ispersion <Tq, (km /s) 11.5 3.0 6.50“
Central R elaxation T im e, log(yr) 7.99 1 0 . 0 2 8.9
Half-light R elaxation T im e, log(yr) 9.24 10.28 9.42
Core Radius, (pc) 0.50 8.51 2 . 0 0

Half-mass R adius, (pc) 3.84 18.62 6.31
Central C oncentration , log{Rtidai/Rcore) 2 . 2 1.4 1.7“

All values are from Djorgovski, 1993, unless otherw ise noted.
“From W ebbink, 1985.
^Assuming a  m ass-to-light ra tio  (in V) of 2.0, an d  an  integrated absolute 
m agnitude of M v  =  —8 . 6 8  (Djorgovski, 1993)

Table 4.4: C luster S tru c tu ra l and D ynam ical Properties - II

Param eter NGC 6397 NGC 6809 NGC 7099
Cluster M ass, log(M©) 5.4 5.3 5.3
Central Density, log (M ©/pc^) 5.3 2.5 5.9
Central Velocity D ispersion, <To (km /s) 4.5 4.9 5.6
Central R elaxation T im e log(yr). 4.93 9.40 6.34
Half-mass R elaxation T im e log(yr). 8.35 8.89 8.55
Core R adius, (pc) 0.03 3.98 0 . 1 2

Half-light R adius, (pc) 1 . 8 6 3.80 2.19
Central C oncentration , log(ilt,-<ia//RcOTe) 2 . 8 0.7 2.7

All values are from  Djorgovski, 1993, unless otherw ise noted.
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Figure 4.1: Colour-m agnitude diagram  of 47 Tuc (Rich e t al., 1997). Shown 
are the cluster da ta  (dots), cluster fiducial (thick solid line), chosen isochrone 
(12Gyr, thick dashed line), blue straggler selection polygon (th in  dashed line) 
and selected blue stragglers.
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Figure 4.2: Colour-magnitude diagram of NG C 2419 (Harris et al., 1997).
Lines and symbols have the same definitions as in Figure 4.1, except tha t the
isochrone (thick dashed line) is a 14Gyr isochrone.
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Figure 4.3: Colour-magnitude diagram of NGC 5024 (Rey et al., 1997). Lines
and symbols have the same definitions as in Figure 4.2.
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Figure 4.4: Colour-magnitude diagram of NGC 6397 (Kaluzny e t ad., 1997).
Lines aind symbols have the same definitions as in Figure 4.2.
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Figure 4.5: (V,B-V) Colour-magnitude diagram of NGC 6809 (M andushev
et al., 1997). Lines and symbols have the same definitions as in Figure 4.2.
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Figure 4.6: (V,V-I) Colour-magnitude diagram  of NGC 6809 (Mandushev et
al., 1997). Lines and symbols have the same definitions as in Figure 4.2.
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Figure 4.7: C olour-m agnitude diagram  of NGC 7099 (G u h a th a k u rta  e t al., 
1997). Shown are th e  c luster d a ta  (do ts), cluster fiducial (th ick  solid line), 
chosen isochrone (14G yr, thick dashed line), blue straggler selection polygon 
(th in  dashed line) and  selected blue stragglers.
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by cluster dynam ics, by ensuring th a t the  clusters are coeval (or a t least 

tha t their ages as determ ined from nuclear characteristics of the stars near 

the turnoff are  sim ilar), the  only initial differences am ong the  clusters should 

be dynam ical (i.e. to ta l cluster mass, concentration, binary fraction, etc). 

While it could be argued th a t the  requirem ent of coevality is perhaps not nec­

essary and  th a t  a  similar com parison could be done using clusters of varying 

age and metaUicity, doing so would add com plexity and  uncertainty into the 

comparison. For exam ple: the  distance of the  po in t a t which the  term ina­

tion of the  m ain sequence is reached (i.e. central hydrogen exhaustion) from 

the zero-age m ain-sequence (Z A M S ) is a  function of metaUicity for a  fixed 

mass; it is likely th a t the  blue straggler meiss function is itself a  function of 

age, since the  form ation of blue stragglers may often  involve stars near the 

turnoff.

Figures 4.8 and  4.9 show the  fiducials for the  meted-poor clusters aUgned 

in a m anner simUar to  th a t of Chaboyer et al. (1996). As discussed by 

Chaboyer e t al. (and VandenBerg, Bolte, & S tetson , 1990), the  colour of 

the turnoff can be determ ined to  high precision, given accurate photom e­

try, bu t the  m agnitude of turnoff is more difficult to  determ ine due to the 

shape of the  tu rnoff itself. Chaboyer et al. suggest using, instead of the  mag­

nitude of the  turnoff, the  m agnitude of the  point on the  cluster’s subgiant 

branch which is O.OSdex redder them the turnoff colour. The nearly horizon­

tal subgiant b ranch  greatly  simplifies the task  o f determ ining an  accurate 

m agnitude. Table 4.2 gives the  shifts in colour a n d  m agnitude necessary to 

align the  c luster fiducials to  a  12 Gyi isochrone, for 47 Tuc, or a  14 Gyr 

isochrone, for th e  m etal-poor clusters. An age spread  of ~  2Gyr is arguable
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Figure 4.8: Fiducials of m etal-poor clusters in  ( V ,B -V ), aligned in the  m anner 
of C haboyer e t al. (1996). The fiducials a re  all aligned w ith th e  14 G yr 
isochrone.
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Figure 4.9: Fiducials of m etal-poor clusters in (V,V-I), aligned in the manner
of Chaboyer et al. (1996). The fiducials are all aligned with the 14 Gyr
isochrone.
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from the alignm ent o f the fiduciais b u t, for th e  sake of having a sample of 

clusters spanning a  large range in dynam ical p roperties, it will be accepted. 

A difference in ages o f ~  2Gyr, relative to  an  age of 14Gyr, results in a  

difference in turnoff mass of only ~  O.OZMq . (N G C 2419 is the only cluster 

for which only Johnson V and Cousins I d a ta  are  available; NGC 6809 has 

Johnson U, B, an d  V, and Cousins I d a ta , w hereas the  rest of the  clusters 

have only Johnson B and  V data.)

In addition to  selecting clusters, the  blue stragglers within the cluster 

m ust be selected from the available photom etry . As has been noted by m any 

authors before, this is not always straightforw ard . Inspection of Figures 4.1 

to  4.7 show distinct blue straggler sequences ex tend ing  well beyond the m ain- 

sequence turnoff, so th e  selection of a t least som e blue stragglers in a cluster 

is an easy process: the  difficulty is in draw ing a boundary  between the blue 

stragglers and the  stars scattered  from th e  o th e r stellar sequences. The 

m ost difficult boundary  to place is th a t betw een the  blue stragglers and  the  

stars scattered from the  turnoff by pho tom etric  errors: if the  boundary is 

placed too close to  the  turnoff, too m any s ta rs  will be scattered into the  

blue straggler region; if  it is placed too far aw ay from  the  turnoff, m any real 

blue stragglers will be missed. T he chosen boundaries are indicated on the  

figures: they were chosen to  be conservative, preferring not to  risk including 

photom etric interlopers a t the  expense o f a  few blue stragglers.

In selecting blue stragglers by placing sharp  boundaries within the  CMD, 

the  in terpreta tion  of th e  blue straggler d istribu tion  m ay potentially be biased. 

The sections which follow present the  results o f M onte Carlo simulations in 

which fake blue stragglers have been created and  com pared to the real blue
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stragglers in the  clusters. In order to  account for th e  potential biases in tro­

duced by the selection of blue stragglers in the  cluster, the same biases have 

been introduced into the fake blue stragglers: th a t  is, the sam e boundaries 

which were used to  select real blue stragglers are  used to select viable fake 

blue stragglers.

The following sections will introduce each of th e  clusters in tu rn , w ith 47 

Tuc being chosen as the  prototype w ith which to  present the  m ethods used 

for the comparison of the  models and  cluster blue stragglers.

4.1 NGC 104 (47 Tuc)

4.1 .1  Are B lue Stragglers N orm al Stars?

In  the  Introduction it was hypothesised th a t th e  sam e assum ptions which «ire 

m ade when modelling the evolution o f norm al stars (i.e. hydrostatic  equilib­

rium , sphericity, therm al equilibrium, etc.) can be m ade when m odelling the 

evolution of blue stragglers. Furtherm ore, it was hypothesised th a t processes 

which might violate these assum ptions (i.e. ro ta tio n , diffusion, b inarity) do 

not affect the evolution of blue stragglers any m ore th an  they affect the  evo­

lution of normal stars. If these hypotheses are valid, then the evolutionary 

differences between blue stragglers and norm al stars  are a  consequence of 

differences in their form ation. Since the  form ation of a  blue straggler could 

cause its path  through the CMD to  differ from  th a t of a norm al s ta r , this 

final hypothesis can be tested by assuming th a t blue stragglers actually  form 

as norm al stars, then  comparing the  predictions o f this assum ption to  the 

observations of blue stragglers.

Figure 4.10 shows the  photom etry for the  GO 47 Tuc from R ich e t al.
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Figure 4.10: CMD of 47 Tuc, along w ith a  12 Gyr isochrone and evolutionary
tracks. The masses of the tracks ru n  from 1.0M@ to l.TM®.
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(1997) as well as an  approp ria te  isochrone (12 G yr), ZAMS, and  evolutionary 

tracks of various m asses. T he m arks along th e  tracks, which are spaced at 

equal intervals of 0.05G yr, serve to  in d ica te  how we might expect to  see 

blue stragglers d istribu ted  in the  CMD if  th ey  form  and evolve in  a  m anner 

identical to  norm al s tars. Since the m arks are  spaced equally in tim e  along 

the  tracks, the  chance o f a  blue straggler, c reated  a t some random  tim e in 

the past, being observed in any of th e  in tervals between the m arks is equal 

for every interval. Hence, we would ex p ec t to  see blue stragglers clustered 

near to the  ZAMS if the  tracks adequate ly  represented their form ation  and 

evolution: since the  blue stragglers in  47 Tuc appear to avoid th e  ZAM S, it 

is obvious th a t the  tracks are  not ad eq u a te .

The conclusion th a t blue stragglers (a t least those in 47 Tuc) a re  not 

normal stars is too qualita tive  to  allow any  real confidence. A sta tistica l 

comparison betw een th e  tracks and blue stragglers requires know ing what 

the d istribution  of blue stragglers on th e  CM D would look like if th ey  had 

been produced by the  tracks in question. Since we have im plicitly assum ed 

th a t the  blue stragglers have been c rea ted  a t  random  times in th e  p a s t, the 

predicted d istribu tion  o f stars from a single track  can be found by  simply 

drawing points from th e  tracks a t ran d o m . Given the mass of a  s ta r , the 

predicted d istribution  of stars  o f this m ass, c reated  a t random  tim es, is easily 

found. For exam ple. F igure 4.11a shows a  l.OOM© track with poin ts spaced 

a t equal O.OSGyr intervals; Figure 4.11b shows the cumulative d istribu tion  

of age as a  function of m odel index along  th e  track  (the cum ulative age 

distribution is defined here as

i=0 i=0
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Figure 4.11: a) A s tandard  l.OOM® track w ith equally spaced intervals of 
O.OSGyr m arked by th e  small open circles. T he  large open circle is a point 
drawn at random  from  the track  using the cum ulative age distribution, b) 
The cumulative age d istribution  o f th e  track shown above. A random  num ber 
was generated (~  0.8991) and  th e  corresponding index (276) in the track was 
found which then  yielded the  position of the  s ta r  in the  CMD. N o te ; The 
indices in Figure b) are not the  indices of the  equally spaced, 0.05 Gyr, points 
bu t rather are the indices of th e  com putational models along the track. The 
spacing of the models is generzdly smaller th an  0.05 Gyr.
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where is the  difference in age between m odel i and  m odel (i+ 1), N is the  

total num ber of models in  the  track, and n is th e  cu rren t m odel index). A 

random s tar can be d raw n from  this track  by generating  a  random  num ber 

between 0 and  1 as th e  random  cumulative age, an d  tak ing  the  model index, 

n, which has th a t cum ulative age. The only o ther requ irem ent for producing 

a distribution of fake blue stragglers from  a  set o f tracks is a  d istribu tion  of 

masses for the  blue stragglers.

There are two ways in  which a  mass d istribu tion  for a  population of blue 

stragglers cem be found: theoretically and observationally. T he theoretical 

route requires a com plete and  accurate m odel for th e  c luster (including mass 

function, binéiry fraction , velocity dispersions, e tc .) and  th e  dynam ics of the  

blue straggler form ation m echanism  (which m ay include in teraction  cross sec­

tions, binary sem i-m ajor axis distribution, b inary  eccentricity  distribution, 

binary m ass-ratio d is tribu tion , etc.). Given these , it  is possible to model, 

through dynam ical sim ulations, the expected blue straggler mass distribu­

tion. This is similar to  w hat SUls & Bailyn (1999) did  in th e ir study  of the  

blue straggler d is tribu tion  of M3. Although this is indeed th e  preferred way 

in which to  obtain  th e  m ass distribution, as it com bines b o th  the  dynam ical 

and evolutionary characteristics of a blue straggler form ation m echanism , it 

has the potentially  severe draw back th a t an  incom plete understanding  of any 

of the cluster dynam ical properties could lead to  an  incorrect mass d istribu­

tion. Also, any un certa in ty  in  th e  blue straggler form ation  mechanism s (e.g. 

incorrect in teraction cross-sections) could cause an  erro r in th e  perceived 

rates of form ation by those mechanisms, leading to  a  m is-in terpretation  of 

observations of blue stragglers.
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Figure 4.12: T he ph o to m etric  masses of the  blue stragglers a re  found by- 
finding the  tracks which in te rsec t the  position of the  s ta r  on th e  CMD. The 
tracks are spaced in m ass a t  intervals of O.OIM©, so th e re  is occasionally a  
slight shift betw een th e  position  of the  star and  the  closest poin t of the track.
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The second ro u te  to  obtaining the  blue straggler mass distribution is 

to m easure the  m asses of the  blue stragglers th rough  some observational 

m ethod. There a re  several ways of observationally determ ining the mass 

of a star: gravitationaU y, spectroscopically, an d  photom etrically. G ravita­

tional (e.g. observations of eclipsing binaries) and  spectroscopic (e.g. spec­

tral estim ates of su rface tem perature and  gravity) m ass determ inations are 

potentially the  m ost accura te  of the three, b u t, unfortunately , both require 

extensive observations which have not been done for a  large enough sam ­

ple of blue stragglers to  be o f use here. P ho tom etric  mass determ inations, 

while m uch less precise, are simply and  readily  done by finding the evolu­

tionary tracks which m ost closely m atch the pho tom etric  properties of the  

stars. For exam ple, using the  same standard  evolutionary tracks as those in 

Figure 4.10 the  m asses of th e  blue stragglers in  47 Tuc can be estim ated by 

finding which tracks in tersect the photom etric positions of the  blue stragglers, 

as shown in Figure 4.12. Obviously, different tracks from  different blue strag­

gler form ation m echanism s will yield different m ass estim ates. This m ethod 

of determ ining the  b lue straggler meiss d istribu tion  has the  advantage th a t 

no assum ptions a b o u t cluster dynamics have to  be m ade: th e  blue stragglers 

already include th e  effects o f cluster dynam ics, b inary  fractions, etc., and 

so no knowledge o f these cluster properties is necessary to  determ ine their 

masses in this way. A draw back of this m ethod of determ ining stellar masses 

is th a t, for it to  be  accura te , the cluster d istance and  reddening must also 

be known accurately.

R ather th an  determ ine  a  distance emd a  reddening for each cluster and  

then determ ine an  ap p ro p ria te  age through com parison w ith isochrones, the
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reverse hcis been done here: an age has been assum ed for the  clusters, and 

the appropriate  vertical and horizontal shifts necessary to  align the cluster 

fiducial to  the  chosen isochrone were then  found (Table 4.2). For the m etal- 

poor clusters, one age was assum ed for zdl (14 G yr), while an  age of 12 G yr 

was assumed for 47 Tuc. W hile we do not assume th a t  the  shifts are viable 

estim ates of the  tru e  distances and  reddenings of th e  clusters, the derived 

shifts are reasonable and , if the  chosen ages of the  isochrones are reasonable 

(compared to  the  published distance moduli and reddenings), we can expect 

an error in the  tu rnoff mass of only a  few hundred ths of a  solar mass (as 

mentioned above). T he effect of such a  small error in tu rno ff mass, due to an 

incorrect assum ed age, should merely be to  shift the  derived mass distribution 

to slightly higher or lower masses. Since the shape o f  evolutionary tracks 

which differ by only a  few hundredths of a solar m ass are very similar, it 

is unlikely th a t th e  comparison of the  models to  th e  observations will be 

strongly affected.

An additional concern w ith the  photom etric m asses determ ined here is 

the uncertainty in mass due to  the  photom etric uncertain ty . Figure 4.13 

shows essentially th e  saune diagram  as Figure 4.12, bu t the  uncertainties 

(1er) in colour an d  m agnitude have been included for each blue straggler. 

Typically, the  l<r uncertain ty  in the  masses of the  blue stragglers is less th an  

~  O.OSiV/©, which is com parable to  the  error in tu rn o ff m ass if the assum ed 

ages are off by ~  2G yr. In the  simulations which will be done to compare 

the predictions o f th e  various form ation mechanisms to  the  observations of 

blue stragglers, th is  uncertain ty  in the photom etric m ass of th e  stars will be 

taken into account.
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Figure 4.13: This figure is identical to Figure 4.13, except the  photometric
uncertciinties of several of the blue stragglers are also shown.
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Figure 4.14: D istribu tion  o f photom etric  m asses of th e  blue stragglers in 47 
Tuc, assum ing th a t  they  are  norm al stars. T h e  masses are in solar units.
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Figure 4.15: Comparison of fake blue stragglers (open circles), which have 
been draw n from s tan d ard  tracks, and  real blue stragglers (filled circles). 
T he distribution of the  fake blue stragglers is quite different from  th a t o f the  
real blue stragglers.
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Now th a t we have a  mass d is tribu tion  for the blue stragglers in 47 Tuc, 

assum ing they were form ed as norm al stars (Figure 4.14), fake blue strag­

glers can be drawn from  these  tracks and  their d istribu tion  on the  CMD 

com pared with th a t of the  observed blue stragglers. A n exam ple of such 

a  fake distribution is shown in  F igure 4.15 (the positions o f th e  fake blue 

stragglers, after being draw n from  th e  tracks, have had  ran d o m  photom etric 

sca tte r added). A lthough th e re  is som e overlap between th e  two distributions 

of blue stragglers, the  two populations ap pear to  populate som ew hat different 

regions relative to the  ZAMS. A t face value, this seems to  suggest th a t blue 

stragglers are not norm al stars. However, this statem ent is again  based on a 

simple, qualitative com parison, and  so needs some sta tis tica l verification.

4 .1 .1 .1  D ista n ce  from  th e  Z ero -a g e  M ain  S eq u en ce  — A z

A  possible statistic for a  m ore q u an tita tiv e  comparison betw een th e  models 

and  blue stragglers is the  d is tribu tion  o f the  stars relative to  th e  theoreti­

cal ZAMS. This sta tistic  is an  obvious choice since the m odels produced in 

C h ap ter 3 (coUisional m ergers, b inary  (fuUy-mixed) m ergers) will obviously 

produce different distributions relative to  the  ZAMS, and  th e  chosen clusters 

also have different distributions relative to  the  ZAMS (a sim ilar statistic  was 

used by Fusi Pecci et al., 1992, except th a t  they used a  s tra ig h t line exten­

sion of the  observed cluster m ain-sequence). The distance from  th e  ZAMS is 

defined here as

A z  =  -  m i z y  +  (m2, -  tti2 z)^

w here m i, and m 2,  are the  independen t m agnitudes o f the  b lue straggler (e.g. 

for BV data , m i, = B  and m 2 .  = V ), and  m i z  and m.2 Z a re  th e  equivalent
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Figure 4.16: Shown is a  M b ,M v  plot of the stars in 47 Tuc, along w ith the
ZAMS for the cluster (thick line). The length of the th in  lines connecting
some of the blue stragglers to the ZAMS define the A z  values for those stars.
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Figure 4.17: This figure is the  sam e as Figure 4.16, except th a t the  filled 
circles are the  sam e fake blue stragglers shown in Figure 4.15. C om pare 
the  distribution of fake blue stragglers to th a t of th e  real blue stragglers in 
F igure 4.16.
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Figure 4.18: Histograms of the  A z  d is tribu tion  of the real (thick line) and  
fake (th in  dashed line) blue stragglers 47 Tuc. The fake blue stragglers are 
the  sam e as those shown in Figure 4.15.
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m agnitudes for the  nearest point on th e  ZAMS (N ote: th is  is not necessar~ 

ily th e  same as the  ZAMS position o f th e  blue straggler, it is m erely th e  

po in t on the ZAMS which minimises A ^ ). A ^  is defined to  be negative for 

s tars  blue-ward of the  ZAM S. T he independent m agnitudes were used, ra th e r  

th a n  th e  colour and  m agnitude together, since this gives b o th  coordinates 

the  sam e scale (i.e. colours, such as B-V , a re  the logarithm  of th e  ra tio  of 

two fluxes, whereas m agnitudes are th e  logeurithm of the  flux itself) (Fig­

ure 4.16). Figure 4.18 shows th e  A z  distributions for th e  rea l and  fake blue 

stragglers shown in Figure 4.15: th e  two distributions are  obviously differ­

ent and  a  Kolmogorov-Smirnoff (K S ) te s t com paring the  tw o d istribu tions 

gives a  probability of 0.05% th a t th ey  were draw n from  th e  sam e paren t 

population.

T he fake blue stragglers shown in Figure 4.15 have the  sam e (pho tom et­

rically determ ined) masses as the  observed blue stragglers. However, since 

th e re  is an uncertainty  associated  w ith each mass, th e  lack o f agreem ent be­

tw een the  models and observations is also uncertain . In  o rd er to  take the  

uncertain ties in the  masses into account, th e  observed position  of each blue 

s traggler was random ly sca tte red , using its photom etric  u n certa in ty  in each 

m agnitude , and the  pho tom etric  m ass of the  blue straggler was re-determ ined 

using th e  chosen tracks.^ Using this new m ass, a  new fake b lue straggler was 

draw n from the track  using th e  procedure described above. P ho tom etric  

sca tte r  was added to  each fake blue s tragg ler’s m agnitudes an d  th e  A ^  dis­

tr ib u tio n  was again determ ined  and  com pared  to th e  observed d istribu tion . 

This ‘M onte Carlo’ procedure was repeated , typically 10,000 tim es, and  the

'T h e  photom etric scatter was added to  m i .  and  m j .,  no t to  the corresponding colour.



C H APTER 4. C O M P AR ISO N  W IT H  O BSERVATIO N S  103

m edian KS probability  was accepted  as the  final value.

Each tim e a  fake blue straggler was draw n from  th e  tracks an d  photo­

m etric scatter added  to  th e  s ta r’s m agnitudes, its  location  on the  CM D was 

checked to  determ ine if it was inside the boundary  used  to  select th e  clus­

te r  stragglers. If  th e  fake s ta r had  wandered out o f th e  boundary, it was 

discarded and an o th er fake s ta r  created.

There m ay be som e concern abou t the above procedure  for draw ing fake 

blue stragglers from  th e  chosen tracks. One m ight th in k  th a t  th e  m agnitudes 

of the fake blue stragglers are convolved w ith the  pho tom etric  uncertain ty  

three  times: once by th e  observations of the  blue stragglers them selves, once 

when determ ining ran d o m  masses, and once m ore to  sim ulate  observational 

sca tter again. This is n o t so. I t is tru e  th a t the  observed m agnitudes o f the 

blue stragglers are rem oved from their tru e  values by som e am ount which 

is (hopefully) norm ally d is tribu ted  with a  s tan d ard  dev iation  equal to  the 

m easured uncertain ty : since we do not know these tru e  values, we m ust 

assum e th a t the  observed values lie within 1 (t of th e  tru e  values ~  68% 

of the tim e, and  w ithin  2<r ~  95% of the tim e, e tc . H aving determ ined  a 

photom etric mass from  th e  observed m agnitudes o f th e  blue straggler, and 

the  equivalent uncerta in ties  due to  the  photom etric uncerta in ties, we can also 

only be certain  of arriv ing  a t  a  mass close to  the  tru e  value some fraction 

of the tim e. However, in  arriv ing a t an assum ed m ass an d  draw ing a  fake 

blue straggler from th e  app rop ria te  track, there is no uncertainty  in  th a t 

fake s ta r’s m agnitudes: we are  assum ing th a t th e  m agnitudes draw n from 

the  tracks define th e  values for a  s ta r form ed w ith th e  app ro p ria te  mass, 

age, and form ation m echanism . Hence, since these m agn itudes are th e  true.
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Table 4.5: 47 Tuc —  S tatistical com parison with, models
S tandard Turnoff Equal-m ass Equal-m ass

S tatistic  Models Mergers M ergers B inary  M ergers
P { A z )  3.3 X 10--» 0.245 0.032 8.0 X 10-®
In L t  -57.46 -46.45 -42.58 -60.00

error-free, values, we m ust add observational sca tter as has been done to the  

observed blue stragglers by N ature.

T he results of M onte Carlo sim ulations, as described above, are listed 

in Table 4.5 for standard  evolutionary tracks, as well as for tu rnoff mergers, 

equal-m ass mergers, and binary  m ergers. It can now be said, w ith some 

confidence, th a t blue stragglers, a t least those in 47 Tuc, are not norm al 

stars.

4 .1 .1 .2  M axim um  L ik elih ood  — L t

A concern raised by Sills &: Bailyn (1999) was th a t, w hen com paring dis­

tribu tions of stars on the CM D, failing to  use both  m agnitude and  colour 

inform ation could lead to a  m isin terpreta tion  of the observations. In  partic­

ular, they  found th a t using only the m agnitudes (e.g. B ailyn &: Pinsonneault, 

1995) or colours^ by themselves could resu lt in a  false agreem ent when com­

paring m odel CMDs with observations. W hile this is m ost probably true , 

the  A j  sta tistic  developed in the  last section does incorporate  all of the pho­

tom etric  inform ation which is otherwise contained in a  CM D; however, the  

one po ten tia l problem w ith using such a  s ta tis tic  is th a t th e  two-dimensional

^The au thors imply th a t Ouellette & P ritchet (1996) used colour inform ation only when 
com paring their models to  the observed blue stragglers in M3: in fact, a  quantity  similar 
to  A w h i c h  incorporated both  colour and lum inosity inform ation, was used.
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photom etric inform ation is com pressed into one dim ension perpendicular to  

the  ZAMS. It is possible th a t this will result in som e loss of inform ation and  

potentially bias the  m odel-cluster com parisons.

Tolstoy êc Saha (1996) have developed a ro b u s t m ethod  for com paring 

observed CMDs to  theoretical CM Ds, which we have decided to  use here. In 

the ir m ethod, each s tar in an  observed CMD has some likelihood, 

dependent upon the observational uncertainties an d  difference in m agnitude, 

of being represented by each s ta r in  a  theoretical CM D; th e  product of these 

Hkelihoods for the  entire set of observed stars gives the  likelihood th a t the  

observed ensemble is well represen ted  by the theore tical CM D. Given a  se­

ries of theoretical CMDs —  each produced  with different assum ptions about 

form ation history, mass functions, e tc . — the one which maximises this like­

lihood is the best m atch to the  d a ta . Since not every  possible perm utation 

of inpu t param eters can be explored (usually) w hen m aking the  theoretical 

CM Ds, the hkelihoods are not norm alised and so do not represent the  abso­

lu te  probabUity of a  particu lar theo re tica l model being a  m atch  to the  data; 

instead , the ranking of the  theore tical CMDs from  highest likehhood to  the  

lowest gives the order of preference.

The hkehhood of each s ta r in th e  observed CM D being well-represented 

by a theoretical CMD is given by

=

1 /  (mi^(Ti) -
Z ]ex p

r 1 /  (m i.(n )  -  m ir (O )  (m 2. ( n )  -  m 2r ( i ) )
2 \  <^mi.(n)2 <»"mj.(w)2t=i (4.1)

is simply the photom etric position o f  the star, given its m agnitudes m i  and  m j:
(n = (mi.mn).
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where and  a re  th e  observational uncertainties for observed

sta r n, m i,(n )  and  m 2,(n )  a re , as before, the independent m agn itudes for 

s ta r n , =  (m i,(n ) , m 2 . ( n ) ) , and  m ir ( i )  and Tn2r(*) are  the  in d ep en d en t 

m agnitudes for s ta r i  in th e  theo re tical CMD in which there  a re  N t  stars. 

T he combined likelihood o f th e  the  observed da tase t being well rep resen ted  

by the theoretical CMD is th e  p ro d u c t o f the  JV, likelihoods for th e  observed 

stars:

£  =  n  % )
n=l

or, as a logarithm ic quan tity :

l n £  =  £  In5 (en ). (4.2)
n.= l

A perfect m atch  to the  d a ta  would yield a likelihood which is dep en d en t 

upon the observational uncerta in ties of th e  data. In fact, a  perfect m a tch  to  

the  da ta  is th e  d a ta  itself: finding In L  for the d a ta  (In L 4 , found by  using th e  

observed d a ta  as the  ‘theo re tical d a ta ’, m i7’(i) and  n%2r ( i ) ,  in E q u ations 4.1 

and 4.2) allows us to  express th e  likelihoods of the  theoretical CM D s rela tive  

to  this ‘perfect’ dataset:

In L t  =  In L — In Ld- (4.3)

Some statistica l tests of th e  m eth o d  are  presented in A ppendix A .

It should be noted th a t ,  in con trast to the  sim ulations involving the  

distribution of A ^ , the  fake b lue stragglers in the  theoretical CM Ds used  here 

are not sca ttered  by their ind iv idual photom etric uncertainties a f te r  th e y  are  

drawn from the  tracks: th e  observed blue stragglers are com pared  directly  

to  the models, w ith the  pho tom etric  uncertainties o f the  observations taken
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into account in the  calcu lation  of the  likelihoods (E quation 4.1). However, as 

it tu rns o u t, erroneously including the  photom etric sca tte r in th e  theoretical 

CMDs changes th e  likelihoods for each form ation m echanism , b u t not the 

ranking.

The likelihoods given in Table 4.5 (InT y) are the  logarithm ic likelihoods 

for the  various form ation  m echanism s, and for the  hypothesis th a t  blue strag­

glers are norm al s ta rs . T he highest likelihood for a  best m atch to  th e  observed 

blue stragglers in 47 Tuc are  equal-mass mergers; the  hypothesis o f s tan d ard  

stellar form ation gives a  m uch lower likelihood, b u t it is ap p aren tly  not as 

unlikely as all of th e  blue stragglers having formed by binary m ergers. Again, 

the blue stragglers in  47 Tuc are not likely to  be norm al stars.

4.1.2  O ther P ossib ilities

Using the  A z  d istribu tions, tu rnoff mergers would appear to  be  th e  best 

m atch for the  blue stragglers in 47 Tuc of the  four form ation m echanism s 

presented. U nfortunately , the  probability of th e  observed A z  d is tribu tion  

being draw n from  a  p a ren t population of turnoff mergers is only 24.5% . This 

is not a  significant re jection  of the  turnoff m erger A z  d is tribu tion  as the 

parent d istribu tion , b u t it is unsatisfactory. Statistically, this is in  th e  ‘g rey’ 

level of probability  w here one m ay not confidently reject or accept th e  chosen 

hypothesis, bu t it m igh t indicate th a t som ething else is amiss.

The unsatisfac to ry  agreem ent of the 47 Tuc blue stragglers w ith the 

turnoff m ergers is som ew hat puzzling. O uellette & P ritchet (1998) used 

very sim ilar models to  find a  very significant agreem ent of 96% betw een the 

two populations. Also, th e  probability th a t equal-m ass m ergers could be
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the paren t popula tion  for the  blue stragglers in 47 Tuc is rejected here a t  

a significant 3.2%, whereas it was only m arginally rejected a t the  18% level 

by O uellette & P ritch e t. At first glance, this is somewhat worrisome, b u t, 

in fact, it is qu ite  understandable and the  relative ranking of the  form ation 

mechanisms (equal-m ass merger : turnoff m erger ; s tandard  form ation : 

binciry m erger) is acceptable , though not statistically  significant.

O uellette & P ritch e t used the pho tom etry  from G uhathakurta  et al. 

(1992) for the ir s tu d y  of 47 Tuc. While this was the  best photom etry  available 

for the blue stragglers in 47 Tuc a t the  tim e this study was done, the pho­

tom etric uncertain ties cire larger (by a factor o f ~  2) than  those in the d a ta  

from the  Rich e t al. (1997) study; also, there  were fewer stars in the sam ple 

(again, by a  factor of ~  2). The larger uncertainties in the G uhathaku rta  e t 

al. study  m ade it easier to  achieve an agreem ent between the  turnoff mergers 

and the  47 Tuc blue stragglers since slight differences were blurred. In Fig­

ure 4.19, which shows the  distributions for turnoff mergers and  the blue 

stragglers in 47 T uc, it is easy to see how larger uncertainties (in the  observa­

tions, and  incorpora ted  in to  the theoretical d a ta ) could improve agreem ent 

significantly. W ith  th e  higher quality d a ta  of Rich et al. it is obvious th a t 

the turnoff m ergers are  spread out too far to  th e  red (positive A z ) ,  although 

the reddest blue straggler in 47 Tuc is far too  red to be in agreem ent w ith 

the models. Also, th e  blue straggler which falls blueward of th e  ZAMS (neg­

ative A z )  is poorly m atched by the turnoff m ergers. The distribution of rea l 

blue stragglers appears  to  be somewhat m ore narrow than  th a t of the tu rno ff 

mergers, w ith a  possible enhancem ent on th e  blue side of the  theoretical 

distribution.
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Figure 4.19: H istogram s of the A z  d istribu tion  o f th e  real (thick line) blue 
stragglers and tu rn o ff m erger rem nants (th in  solid line). The turnoflf m erger 
d istribution  has a  broader distribution tow ard positive A z , while th e  real 
blue stragglers have a  slight enhancem ent tow ard sm all eind negative A z
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Table 4.6: 47 Tuc —  S ta tis tica l comparison with m odels using d a ta  subset
S tan d ard Turnoff Equal-m ass Equal-m ass

S tatistic Models M ergers Mergers B inary  Mergers
f ( A z ) 4.2 X 10-'* 0.220 0.029 1.2 X 10-4
In L t -52.14 -35.75 -37.66 -57.03

Could th e  two s ta rs  in obviously poor agreem ent w ith  th e  turnoff mergers 

— the two stars w ith  the  m ost negative and most positive values —  be the 

culprits? Rem oving these from  th e  d a ta  for 47 Tuc changes the  probabilities 

from  the KS com parison of th e  distributions to th o se  shown in Table 4.6. 

W hile the  significance of the  agreem ent between th e  tu rno ff mergers and  the  

observed blue stragglers has not improved, the  re la tive  ranking  of the  vzirious 

form ation m echanism s rem ains th e  same: turnoff m ergers are apparently  the  

m ost likely to  have produced th e  blue stragglers in  47 Tuc, although little  

statistical confidence can be placed in the appearance.

The weak confidence in th is result is fu rther w eakened by the fact th a t 

the  most likely form ation  m echanism  according to  th e  rank ing  of L t  is equal- 

méiss mergers (Table 4.5). Since this statistic is a rg u ab ly  more robust th an  

the P { A z )  s ta tis tic , we should be able to place som ew hat more confidence in 

the  results from  L t ', however, as these are likelihoods a n d  not probabilities, 

only the relative rankings of th e  formation m echanism s can be com pared. 

On the o th er hand , could th e  A z  statistic  be such a  poor indicator of the  

differences betw een th e  models th a t it would lead to  a  highly significant, bu t 

false, rejection o f th e  tru e  paren t population? Since A z  is an intuitively 

obvious way of com paring th e  models and blue stragg lers, and  since the  A z  

distributions of th e  tu rnoff m ergers and equal-mass m ergers are so obviously



C H APTER 4. CO M PARISO N W IT H  O BSERVATIO NS  111

different from  each o ther, this seems doubtful.

The source o f th e  high likelihood of the  equal-m ass mergers can be ex­

amined m ore closely by looking a t the likelihoods for th e  individual stcirs, 

the  5(^„) values (E quation  4.1). Figure 4.20 shows th e  likelihoods for the 

observed blue stragglers i.e. the likelihood obtained  by com paring

each observed s ta r  to  th e  entire observed datase t) p lo tted  against the  average 

likelihoods from  th e  com parisons w ith the theoretical CM Ds drawn from  the 

turnoff m erger an d  equal-m ass m erger tracks:

5 n =  E  % ) ,  -  & ((n ) , (4.4)

where N m c  is th e  num ber of M onte Carlo sim ulations perform ed. One s tar 

—  the s ta r m entioned  earlier as having a too negative to  be adequately 

represented by th e  tu rnoff mergers —  is assigned an  extrem ely  low likelihood 

relative to  th e  rest o f the  observed blue stragglers: om itting  this single s tar 

from the d a ta  set yields a  likelihood of —35.75 of th e  rem aining stcirs being 

adequately represen ted  by turnoff mergers, while th e  likelihoods for the  o ther 

form ation m echanism s do not show as much of a  change (Table 4.6). The 

extrem ely low value of 5(^„) for this star, and  th e  resulting low likelihood 

for turnoff m ergers when it is included in the  d a ta , is easily explained by the 

fact th a t only very rarely  will an  turnoff merger be photom etrically scattered  

near to its position on the CMD.

It is possible th a t the  deleted s tar is m erely a  photom etric interloper 

(its photom etric uncertainties are not unusually large or small, com pared to 

other stars o f sim ilar m agnitude). If  it has been sca tte red  from the cluster 

turnoff, th en  it is also possible th a t other stars have been scattered from the 

turnoff region in to  th e  blue straggler region. It m ay be th a t the polygon used
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Figure 4.20: Individual likelihoods for the real blue stragglers in 47 Tuc, 5^, 
plotted against the  likelihoods for turnoff mergers being an  adequate  m atch 
to  the observations (see T ex t).
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Table 4.7: 47 Tuc —  S ta tis tica l comparison w ith  models using restricted
nnl vcrnn

S tan d a rd Turnoff Equal-m ass Equal-m ass
S tatistic M odels Mergers M ergers B inary  Mergers
P i ^ z ) 5.9 X 10-4 0.41 0.046 1.3 X 10-4
In L t -45.54 -35.27 -32.28 -50.37

to select blue stragglers in  the  cluster is too generous and  extends too close to 

the scattered  stars a ro u n d  the  tumofF. Using a  som ew hat different polygon 

with the redw ard  side sh ifted  ~  0.05 bluer in B-V  (rejecting 10 stars from 

the da tase t), th e  rank ings from  the two tests  (Table 4.7) are  again what they 

were originally: the  A z  te s t shows th a t the  m ost likely form ation mechanism 

for the  blue stragglers in  47 Tuc is turnoff m ergers (w ith  a  probability th a t 

w arrants a m arginal accep tance  of the resu lt), w hereas the  L t  test now ranks 

equal-mass m ergers as being the most likely mechanism.®

A lthough this m inor fiddling with the  d a ta , w hich has produced signif­

icant changes in the  rank ing  of the various fo rm ation  mechanisms, might 

decrease the  confidence in the  m ethods being used to  com pare the models to 

the d a ta , w hat it should  do is indicate th a t the  th eo re tica l CMDs being used 

are inadequate. I t is possible th a t there is more th a n  one m echanism acting 

to produce blue stragglers in 47 Tuc: this would p roduce  an  unsatisfactory 

agreem ent betw een th e  models for an individual fo rm ation  mechanism and 

the d a ta , and  it would also cause the results to  be  highly dependent upon 

the selection c rite ria  (e .g . the  polygon used to  select th e  blue stragglers).

^Changing the datase t b y  including or excluding different s ta rs  changes the value o f L d ,  

the likelihood found when th e  d a ta  is compared to  itself. Because o f this, the likelihoods 
in Tables 4.5, 4.6, and  4.7 can n o t be compared directly.
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Figure 4.21: Likelihoods for varying tu rnoff m erger/equal-m ass m erger pop­
ulation ratios in 47 Tuc. T h e  th ree  sets of population  ra tio s  were found 
using different sets o f blue stragglers: one using th e  default selection polygon 
shown in Figure 4.1 (also used for th e  statistics in Table 4 .5), one using a  
subset of the selected blue stragglers in which th e  two s ta rs  w ith th e  m ost 
ex trem e (positive and  negative) A .z  values have been o m itted , and  one using 
a  modified selection polygon (also used for the sta tistics  in  Table 4.7). The 
th ree  sets of likelihoods have been  shifted  so th a t th e  m ost likely population 
ra tio  — tha t w ith 60/40 tu rn o ff m ergers/ equal-mass m ergers —  is equal in 
all sets. As explained in th e  te x t ,  only th e  likelihood rankings w ith in  each set 
are relevant. The likelihood values p lo tted  are th e  m edian  likelihoods from  
the  M onte Carlo sim ulations.
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One thing which the  earlier d a ta  m anipulations have shown is th a t the  

equal-mass and  tu rno ff m erger mechanisms are consistently  th e  m ost likely 

form ation m echanism s acting  in 47 Tuc. T heoretical CM Ds were created  

from both sets of tracks sim ultaneously by random ly assigning observed blue 

stragglers to  one population  or the  o ther and drawing fake blue stragglers 

from the tracks (a fte r determ ining the  photom etric m asses w ith  th e  assigned 

population’s tracks); again, this procedure (including random  cissignment 

of the  stragglers to  th e  different populations) was rep ea ted  typically 10,000 

times to generate th e  statistics. F igure 4.21 sum m arises th e  results of using 

hybrid populations o f tu rnoff mergers and  equal-mass m ergers, w ith the  rel­

ative populations o f th e  m erger rem nants being varied from  being nearly  all 

turnoff mergers to  nearly  all equal-m ass mergers. T he population  ra tio  w ith 

the highest likelihood of being the  parent population for the  blue stragglers 

in 47 Tuc is one which is 60% turnoff mergers and  40% equal-m ass m erg­

ers. Performing th e  sam e d a ta  m anipulations as were done when only single 

populations were being com pared to  th e  data  (om itting  the  one discrepant 

straggler w ith th e  negative A z  s ta tistic  and using a  m odified selection poly­

gon) changes the likelihoods, but does not change th e  population  ra tio  w ith 

the highest rank  —  th is is w hat we expect to find when th e  theoretical CMDs 

representing the correct paren t population are used.

Using the  A z  d istribu tions of these hybrid populations results in a  slightly 

different population receiving the  highest probability o f m atching  the  obser­

vations: 50% tu rno ff m ergers and  50% equal-mass m ergers. However, al­

though this population  ra tio  is close to  th a t found using In T r  (F igure 4.21), 

the fact th a t A z  com presses the  inform ation in the  CM D in to  one dim en­
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sion, ra ther th an  using th e  data  in an unaltered  form , lowers its perceived 

weight in the  selection of the  best-fitting population  ra tio . Since com parison 

of the A z  d istribu tions is nonetheless a  viable m eth o d  for weeding ou t popu­

lation ratios which a re  poor matches to the  d a ta , a  good m atch betw een th e  

theoretical and observed A z  distributions will be used as a necessary, b u t 

insufficient, criterion for «in acceptable m atch  betw een the  the models and  

observations.

4.1.3 D iscu ssion

Figure 4.22 shows th e  CMD of 47 Tuc, along w ith a  hybrid population of 

fake blue stragglers com posed of 60% turnoff an d  40% equal-mass collisional 

mergers (CM s). T his distribution of fake blue stragglers was selected from  th e  

theoretical CM Ds generated  for the M onte C arlo sim ulations with the  quoted  

population ratio; it  was selected a t random  from  those sets of stars w ith  

likelihoods near to  th e  m edian value for the  en tire  ru n  of 10,000 sim ulations 

(In L j  = —38.19). T h e  likelihood assigned to  th is  particul«ir set of fake stars 

is In L r =  —38.06. Also, photom etric sca tte r has been added to  th e  stars  

shown (recall th a t , in the  Tolstoy m ethod, the  theore tical CMDs do no t have 

photom etric sca tte r  included before com parison to  the  observations). T he 

visual agreem ent betw een the  two (real and  fake) distributions is quite  good 

( P ( A z )  =  0.899). T h e  obvious in terpreta tion  o f this agreem ent is th a t th e  

blue stragglers in 47 Tuc are being formed by collisional mergers.

4 .1 .3 .1  F o rm a tio n  R a te s

Sigurdsson & P h in n ey  (1993) and Bacon, Sigurdsson & Davies (1996) have 

a ttem pted  to  e s tim ate  the  theoretical collisional form ation rate of blue strag-
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Figure 4.22: The open circles are  fake blue stragglers d raw n from, a hybrid 
population  composed of 60% tu rnoff mergers and  40% equal-m ass mergers 
which best m atches th e  observed distribution of b lue stragglers in 47 Tuc 
(filled circles). The fake blue stragglers include the  effects of observational 
uncertainty.
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Figure 4.23: D istribu tion  of th e  masses, in solar un its , of the  blue stragglers 
in 47 Tuc. T he d istribu tion  shown is the  average m ass d istribution  from the  
Monte Carlo sim ulations.
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glers in globular clusters by determ ining the collision cross-section th rough  N- 

body simulations of binary-single s ta r and  binary-binary in teractions. Given 

the  cross-sections, the  collision ra te  can be estim ated using th e  observed 

stellar velocity dispersion and  stellar num ber density in the  c luster being ex­

am ined. Using the  relationships provided in those studies, th e  collision rate® 

in 47 Tuc should be one collision every ~  1.3 x 10^ years for b inary-b inary  

collisions and one collision every ~  4.5 x  10® years for binary-single collisions, 

assum ing an average binary  sem i-m ajor eixis of 0.1 astronom ical unit (A U ) 

and  a  binary fraction of ~  20%.

The blue straggler form ation ra te  can be estim ated from  the  models 

developed here by first finding the  average tim e a s tar will spend as an  

observable blue straggler. For th e  m erger population ra tio  found above for 

47 Tuc, this average tim e is ~  1.8 x  10® years. In order to  preserve the  

observed number o f blue stragglers, the  required production  ra te  m ust be 

one blue straggler (collision) every 1.8 x  10®/55 ~  3.3 x  10^ years. For the  

calculated binary-binary and  binary-single collision rates to  agree w ith the 

necessary blue straggler form ation ra te , the  binary fraction would have to  be 

reduced to ~  10%.

The above average ra te  for the  formation of blue stragglers is perhaps a  

bit simple. In 47 Tuc, the  blue straggler population is m ost likely com posed 

o f  roughly equal num bers of tu rnoff m erger rem nants and equal-m ass m erger 

rem nants: this does not m ean th a t the  rates of form ation of these rem nants 

are the  same. Turnoff m erger rem nants have an average lifetim e in  47 Tuc 

o f  ~  1.1 x 10® years, whereas equal-m ass merger rem nants have an  average

^These collision rates, and  those calculated for the other clusters, are calculated using 
the parameters for the cluster core (Tables 4.3 and  4.4) and the observed num bers of stars.
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lifetime of ~  2.8 x  10® years: m aintaining th e  apparen t popula tion  ratio 

requires collisions involving a  turnoff s ta r a n d  a  lower m ass s ta r  to  occur 

more than  twice as often  as collisions involving equal mass stars. In  fact, 

during a dynam ical in teraction , a collision, if  one occurs, is likely to  involve 

th e  most massive s ta r  in the  interacting system s, so a  higher collision ra te  for 

tumofF stars is p e rh ap s  not unexpected. T h e  relative ra tes a t w hich turnoff 

and  equal-mass collisions occur wUl be dependen t upon th e  dynam ical state 

of the cluster an d  th e  properties of the  surviving binaries.

In the  following sections, the models are  com pared w ith the  blue strag­

glers in the  rem ain ing  clusters. Since m uch of the  discussion is analogous 

to tha t for 47 Tuc, these sections will concen tra te  on m erely presenting the 

results o f the  analysis and  making note of any  special circum stances.

4.2 NGC 2419

T he blue straggler population  in NGC 2419 is d istinctly  different from  th a t of 

47 Tuc, perhaps a  consequence of the m uch lower central density  o f N G C 2419 

(Table 4.3). T he  population  which best m atched  the  blue stragglers in 47 Tuc 

— one com posed o f 60% turnoff collisional m ergers and  40% equal-m ass col­

lisional m ergers —  is ranked quite low as a  possible parent population  for the 

blue stragglers in  NGC2419 (Figure 4.24). In  fac t, there  are th ree  p a ren t pop­

ulations which a re  found to  be alm ost equally  likely to  be able to  reproduce 

the  observations (T able 4.8): 10%:90% turnoff:equal-m ass collisional mergers, 

a  single population  o f equal-mass collisional m ergers, and  90%: 10% equal- 

mass collisional m ergers:equal-m ass b inary  (fully-m ixed) m ergers (BM s).

It is perhaps n o t too surprising th a t th ese  th ree  population  ratios are
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Turnoff/E qual-m ass Equal-mass Equal-m ass C M /
Statistic CM CM Equal-m ass BM

(10:90) Only (90:10)
F (A z ) 0.972 0.894 0.902
In L t -27.418 -27.579 -27.630

almost equally ranked: the difference between these populations am ounts to  

two blue stragglers being form ed by  a  different m echanism  th a n  th e  rest of 

the  blue stragglers in the  c luster. T he A z distributions for th ese  popula­

tion ratios are  also all well m a tch ed  to  the  observations, b u t th e  popula tion  

composed of 10% turnoff collisional mergers and 90% equal-m ass collisional 

mergers provides the  m ost p robab le  m atch  to the observed A z  d is tribu tion . 

Figure 4.25 shows the  observed b lue  stragglers in NGC 2419 a n d  a  popula­

tion of fake blue stragglers w ith  th is  population ratio: these fake s ta rs  were 

drawn a t random  from the th eo re tica l CMDs which were used to  generate  

the  statistics shown in Figure 4.24 (which are the  median  likelihoods from 

the simulations) and  include th e  effects of observational uncerta in ty .

The time-sccde for b inary -b inary  collisions in NGC 2419 is one collision 

every ~  1.7 x  10^° years, while for binary-single collisions th e  tim e  scale is one 

collision every ~  1.8 x  10* years, assum ing a binary fraction o f 20% and  an 

average binary sem i-m ajor aixis o f  100 AU. In contrast, th e  average form ation  

tim e required to m aintain  the  observed  numbers and  population  ra tio  is one 

blue straggler every ~  1.8 x  10* years. For the assum ed b inary  p a ram ete rs , 

the  agreem ent betw een the  ra te s  calculated  from the  m odels a n d  th e  ra tes  

calculated from N -body sim ulations is excellent.
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Figure 4.24: Likelihoods for different population ratios in N GC 2419. The 
likelihood values p lo tted  are  the  m edian values from the M onte C arlo  simu­
lations: unlike the values p lo tted  in  Figure 4.21, these values have no t been 
shifted to  provide a  m atch for th e  m ost likely population ratio .
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Figure 4.25: CMD showing th e  observed blue stragglers in N G C  2419 (filled 
circles) and  a  hybrid population  of blue stragglers com posed of 10% turnoff 
CM and 90% equal-mass CM  population (open circles).
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As m entioned earlier, the  relative collision ra tes  between equal mass 

stars and betw een a  turnoff s ta r  and  a low m ass s ta r  is likely to be depen­

dent upon the  characteristics o f the  b inary  popu la tion  in the  cluster, as well 

as the dynam ics involved in th e  collisions. T h e  tu rn o ff merger ra te  in NGC 

2419 should be one per ~  8 x  10* ye«irs, w hereas th e  equal-mass merger ra te  

should be one per ~  2 x  10* years. This is in co n tra st to  the  situation in  47 

Tuc in which th e  form ation ra te  for tu rnoff m ergers is m ore than  twice th a t 

of equal-mass m ergers. While it is possible th a t  th is difference is due to  the  

different cluster dynam ics and binary populations, an o th er possibility is th a t 

the  blue stragglers in  NGC 2419 are not being fo rm ed by coUisions. Recalling 

the discussion in Section 3.4 regarding th e  fully-m ixed models, it is possible 

th a t these blue stragglers are being form ed via b inary  m ass-transfer a n d /o r 

coalescence: a lthough  we expect blue stragglers form ed in  this way to  be in 

reasonable agreem ent with th e  fully-mixed m odels, it was recognised th a t 

they  would, in fac t, sca tte r betw een the fully-m ixed (binary  merger) models 

and the  unm ixed (collisional) models. However, w ithou t knowing more abou t 

the dynamics w ith in  the  cluster it is difficult to  say w hether a population of 

alm ost solely equal-m ass collisional m ergers is likely —  although Sigurdsson 

& Phinney (1993) find th a t, during coUisions involving soft binaries, th e re  is 

less of a  bias tow ard  collisions involving th e  m ost m assive m em ber of the  sys­

tem  —  and w ithou t knowing more about the  am o u n t o f mixing which occurs 

during binary m ass-transfer and coalescence, i t  is difficult to say w hether 

such a population could mimic the  population seen in NGC 2419. W ith  the  

knowledge a t hand , and  the results of th e  sim ulations perform ed, we wUl 

accept th a t th e  b lue stragglers in NGC 2419 a re  com posed prim arily o f th e
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rem nants of equal-mass collisional m ergers.

4.3 NGC 5024

NGC 5024 has a  central density  which is interm ediate between th a t o f NGC 

2419 and 47 Tuc —  as it tu rn s o u t, its blue straggler population is m ore sim­

ilar to  th a t of NGC 2419. It is possible th a t both NGC 2419 and N G C 5024 

are  in dynamically similar s ta tes , w ith sim ilar binary populations and , hence, 

similar relative rates for the  different blue straggler form ation m echanism s.

As shown in Figure 4.27, two slightly different selection c rite ria  were 

used for the blue stragglers: one polygon was chosen to  include th e  two 

faint blue stragglers which lie ju s t  below th e  main population, and  th e  o ther 

polygon was chosen to exclude th em . T hese two blue stragglers, along w ith 

th e  two brightest blue stragglers, were consistently assigned low values of 

5  (Equation 4.4, Figure 4.28). From  the  results of the  com parisons w ith 

th e  models a t various population  ra tios, including or excluding these two 

stars drastically changed the  popu la tion  ra tio  with the highest likelihood of 

m atching the observed blue stragglers (Table 4.9), from a population con­

sisting mostly of equal-mass b inary  m ergers when the stars are included, to 

a  population consisting m ostly o f equal-m ass collisional mergers w hen the  

s tars are excluded. However, w hen th e  s tars  are included in the  blue strag­

gler selection polygon, the  highest ranked population provides a  poor m atch  

to  the  observed A z  d istribution  (Table 4.9): recall th a t a  necessary condition 

for the acceptance of a  given popu la tion  was tha t it m ust not only receive a  

high likelihood of m atching th e  observations, but th a t it m ust also provide a 

good m atch to  the observed A z  d istribu tion . W hether these two fain t blue
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Figure 4.26: D istribution of th e  masses, in solar units, of th e  blue stragglers 
in NGC 2419.
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Figure 4.27: CMD showing th e  observed blue stragglers in NGC 5024 (filled 
circles) and  a  hybrid population o f blue stragg lers composed of 20% tu rnoff 
and 80% equal-mass collisional mergers (open  circles). The two polygons 
show the slightly different blue straggler selection criteria  described in the  
tex t.
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Figure 4.28: Individual likelihoods for the  blue stragglers in  N G C  5024 for the 
populations listed in Table 4.9 using Polygon 1. The two b lue stragglers with 
the lowest values o f S  a re  th e  two faint blue stragglers w hich are  excluded 
when Polygon 2 is used for cand idate  selection.
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straggler candidates a re  included or not, a population consisting m ostly of 

equal-mass binary m ergers cannot satisfactorily reproduce th e  observed A z 

distribution and  so is likely not th e  parent population for th e  blue stragglers 

in NGC 5024.

Figure 4.29 and Table 4.9 show th a t, regardless of w hether or not the 

two faint candidates a re  included, a population consisting o f 20% tumofF 

collisional mergers an d  80% equal-mass collisional m ergers is consistently 

highly ranked (relative to  o ther populations consisting only of coUisional 

mergers) and also provides a  good m atch to the  observed A z  d istribu tion .

The fact th a t the  m odels do not provide a  good m atch  to  th e  two faint 

candidates does not im ply th a t they  are not blue stragglers (a lthough  they 

may be photom etric errors or foreground/background o b jec ts), b u t ra ther 

th a t they may come from  a  different population th an  th e  re s t of th e  blue 

stragglers in the  cluster. Including or excluding the two b righ test blue strag­

glers does not change th e  relative ranking of the  population ra tio s  shown in 

Figure 4.29, despite th e  fact th a t these two blue straggler cand idates receive 

values of 5  which are  as low as those found for the  two fa in t candidates. 

This is largely due to  th e  fact th a t all of the models which have been used 

here are equally (un)likely to  m atch the two bright candidates, whereas the 

collisional models are less Ukely to  be able to provide a  m a tch  to  th e  faint 

candidates th an  are th e  models of binary mergers.

The blue straggler form ation ra te  necessary to  m ain ta in  th e  observed 

numbers is one blue straggler every ~  7.9 x  lO^years, com pared  w ith  the 

binary-binary coUision ra te  of one collision every 1.4 x  10^ years and  the 

binary-single collision ra te  o f one collision every 3.1 x  10^ years assuming
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Figure 4.29: Likelihoods for different population ratios in N G C 5024. The 
likelihood values p lo tted  are  th e  median values from  th e  M onte Carlo simu­
lations. T he two d a ta  sets have been shifted so th a t th e  likelihoods for the 
highest ranked population  ra tio  m atch.
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Figure 4.30: D istribution of th e  m asses, in solar units, of th e  b lue stragglers 
in NGC 5024.
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Table 4.9: NGC 5024 —  S ta tis tics  for the most likely popula tion  ratios

S tatistic
T urnoff/E qual-m ass

CM
(20:80)

Turnoff C M / 
Equal-m ass BM  

(30:70)
Polygon 1

P (A z ) 0.84 0.36
In L x -49.12 -43.08

Polygon 2
P { A z ) 0.93 0.33
In L x -35.66 -36.37

an  average binary sem i-m ajor axis of lOAU and a b inary  fraction  of 20% 

(following Bacon, Sigurdsson, & Davies, 1996). For the  collision ra tes to  

agree with the necessary blue straggler form ation ra te , the  b inary  fraction in 

th e  cluster would have to  be ~  10%.

4.4 NGC 6397

T he blue straggler population  in  NGC 6397, along w ith th a t  of 47 Tuc, 

was investigated by O uellette & P ritch et (1998). It was found th a t turnoff 

collisional mergers provided a  b e tte r  m atch overall to  the  b lue stragglers in 

N GC 6397, although w ith a  low signihccince to the  resu lt. T he m atch  to 

the  observations is greatly  im proved by using a hybrid population  consisting 

of 80% turnoff collisional m ergers and  20% equal-mass collisional mergers 

(F igure 4.31, Table 4.10).

As with NGC 5024, two blue straggler selection polygons were used to 

te st the effect of including or excluding a  blue straggler cand idate  which 

was consistently assigned a  low value o f S  (Figure 4.32). W ith  th e  s ta r in
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Figure 4.31: CMD showing the  observed blue stragglers in NGC 6397 (filled 
circles) and a hybrid population  of blue stragglers com posed of 80% turnoff 
collisional mergers an d  20% equal-mass collisional mergers (open circles). 
The two polygons show th e  slightly different blue straggler selection criteria 
described in the  tex t.
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Figure 4.32: Ind iv idual likelihoods for the  blue stragglers in N G C  6397 for 
the populations lis ted  in Table 4.10 using Polygon 1.
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Figure 4.33: Likelihoods for different population ratios in  N G C  6397. T he 
likelihood values p lo tted  a re  th e  m edian values from  th e  M onte  Carlo sim­
ulations. The two d a ta  sets have been shifted so th a t th e  likelihoods for 
the  highest ranked population  ra tio  m atch. Shown are th e  likelihoods w hen 
the  blue straggler cand ida te  discussed in the tex t is included (filled circles; 
Polygon 1) and when it is excluded  (open triangles; Polygon 2).
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Table 4.10: NGC 6397 —  Statistics for the  most likely population  ratios

S tatistic
Turnoff/  Equal-mass 

CM
Turnoff C M / 

Equal-m ass BM

P { ^ z )
Polygon 1 
0.84 0.59

In L t -49.631 -47.24
Pop. R atio 70:30 80:20

f ( A z )
Polygon 2 
0.82 0.17

la  L t -41.80 -44.18
Pop. R atio 80:20 80:20

question included in th e  blue straggler sample, th e  population  assigned the 

highest likehhood of being the  parent population for N G C 6397 is one com­

posed of 80% turnoff collisional mergers and  20% equal-m ass b inary  mergers: 

however, this population  has a  very low probability  of being able to  m atch 

the  observed A z  d is tribu tion  (Table 4.10). Excluding this s ta r decreases the 

relative ranking of th e  populations involving binary  m ergers: th e  m ost likely 

parent population for th e  blue stragglers in NGC 6397 is now one composed 

of 80% turnoff collisional mergers and 20% equal-m ass collisional mergers. 

This final population provides a  satisfactory m atch  to  the  A z  distribution 

(Figure 4.33).

The average blue straggler formation ra te  in  this c luster is one blue 

straggler every ~  1.1 x 10* years — the form ation ra te  for tu rnoff mergers 

(~  6.3 X 10" years) is nearly  tw enty times the  form ation ra te  for equal-mass 

mergers (~  1.3 x 10® years). Assuming a  binary fraction of 20% and an 

average binary sem i-m ajor axis of 0.1 AU, the b inary-b inary  collision rate  

is ~  6.8 X 10* years per collision and the binary-single collision ra te  is ~
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Figure 4.34: D istribution o f th e  masses, in solar units, of th e  b lue stragglers 
in NGC 6397.
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4.7 X 10“ years per collision. To bring the  shorter binary-single collision ra te  

into agreement w ith th e  necessary blue straggler form ation rate , the  b inary  

fraction would have to  be decreased to  ~  1%.

4.5 NGC 6809

The photom etry of N G C  6809 (M andushev et aL, 1997) is unique am ong th e  

datasets used here in  th a t m agnitudes in B, V , an d  I are  available. This 

is convenient for tw o reasons: first, it allows us to  te st w hether the  sam e 

results are obtained  i f  th e  B and V (Figure 4.35) pho tom etry  is used or if 

the  V and 1 p h o to m etry  (Figure 4.36) is used; second, it will allow a m ore 

direct comparison w ith  N GC 2419 (for which V  an d  I photom etry, H arris 

et al. 1997, is used, w hereas the datasets for the  o th e r clusters use B and V 

photom etry).

Although care was taken  to ensure th a t th e  sam e blue stragglers were 

used in each d a ta se t, th e re  is a slight discrepancy betw een the m ost likely 

populations for th e  B V  and  VI photom etry  of N G C  6809: for the  BY  pho­

tom etry, the m ost likely parent population is one com posed of 55% turnoff 

collisional mergers a n d  45% equal-mciss collisional m ergers { P { A z )  =  0.84), 

whereas for the  V I photom etry , the m ost likely paren t population is one 

composed of 50% tu rn o ff collisional mergers and  50% equal-mass collisional 

mergers (P (A z ) =  0.93); see Figure 4.37). Since th is  difference is equivalent 

to  one or two blue stragglers having poor B or I pho tom etry , this difference 

is perhaps acceptable.

The two d a tase ts  yield similar average blue straggler form ation ra tes:

9.4 X 10' yecirs for th e  BV  dataset and  1.2 x 10* years for the VI d a tase t.
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The difference betw een th e  two rates can be ascribed  to  the slightly differ­

ent mass d istribu tions found by comparing th e  m odels to  the observations 

(Figure 4.38): th e  com parison w ith the BV d a tase t seems to  assign slightly 

higher masses on  average to  the  blue stragglers, which results in a  shorter 

average form ation ra te . T he difference in the  m edian  mass from the  two 

datasets is ~  0.02M©.

The expected  collision rates for this cluster a re  one collision every ~

1.4 X 10^° years for b inary-b inary  collisions and  one collision every ~  1.5 x  10* 

years for binary-single collisions. The shorter binary-single interaction ra te  

is in good agreem ent w ith  th e  blue straggler fo rm ation  ra te .

4.6 NGC 7099

NGC 7099 is dynam ically  quite  similar to NGC 6397 (Table 4.4), a lthough 

NGC 7099 is som ew hat m ore dense. Because of th is  similarity, one m ight 

expect th a t the  blue straggler populations would also be similar, assum ing 

th a t dyucimics play a  role in determ ining the  dom inan t blue straggler form a­

tion m echanism. As it tu rn s  ou t, the  blue straggler populations in the  two 

clusters are qu ite  different, though this does not m ean  th a t  cluster dynam ics 

are not playing a  role in determ ining the  form ation  mechanism (discussed 

later).

The blue stragg ler population in NGC 7099 is best m atched by a  par­

ent population com posed of 30% turnoff collisional m ergers and 70% turnoff 

binary mergers (F igure  4.40). Excluding the  one iso lated  blue straggler can­

didate which lies b luew ard of the  m ain population  changes the likelihoods 

for the various m odel populations, but does no t change the relative rank-
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Figure 4.35: BV CMD showing the observed blue stragglers in NGC 6809
(filled circles) and a  hybrid population of blue stragglers composed of 55%
turnoff CM and 45% equal-mass CM (open circles).
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Figure 4.36: VI CMD showing the observed blue stragglers in NGC 6809
(filled circles) and a hybrid population of blue stragglers composed o f 50%
turnoff CM and  50% equal-mass CM (open circles).
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Figure 4.37: Likelihoods for different population ratios in NG C 6809, for b o th  
BV and V I da tase ts . The likelihood values p lo tted  are the m edian values &om 
the M onte Carlo sim ulations. D espite  the fact th a t  the  two d a tase ts  contedn 
the sam e blue stragglers, th e  value o f In Ld is different for th e  two datase ts; 
this is the  cause of the shift betw een the BV and  VI likelihoods.
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Figure 4.38: D istribu tion  of the  masses, in solar un its , o f the  blue stragglers in 
NGC 6809. T he derived mass distributions for b o th  th e  BV and VI datasets 
are shown.
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ings. However, excluding this s ta r  changes the probability th a t the  above 

population m atches the  observed A j  distribution from P { A z )  =  0.89 to 

P{ A z )  = 0.94.

The fact th a t the  dom inant population  in NGC 7099 appears to  be com­

posed of binary mergers may m ake it fruitless to consider the  collision time- 

sCedes in this cluster. However, Sigurdsson &: Phinney (1993) have shown 

th a t, when the average binary sem i-m ajor axis becomes small enough — 

through disruption or dynam ical hardening of wider binaries —  it is possible 

for the  hardening time-scale to becom e shorter than the collision tim e-scale. 

G radual hardening of the binaries in the  cluster may accelerate the  onset 

of m ass-transfer or coalescence in  already close binaries. Since NGC 7099 

is a very dense cluster, it is possible th a t this stage has been reached in 

its binary population. An estim ate  of the  hardening time-scale should be 

comparable to the  collision tim e-scale (since the hardening tim e-scale only 

becomes much shorter than  the  collision time-scale a t very smedl values for 

the average binary sem i-m ajor ax is). M aking the same assum ptions for the 

binary population as for NGC 6397, the  binary-binary collision tim e-scale is 

one per 9.4 x 10®years and the binary-single collision time-scale is one per 

1.0 X 10® years. From the com parison w ith the models, the  average blue 

straggler form ation ra te  is one b lue straggler every 5.7 x 10^ years: reduc­

ing the binary fraction from 20% to  ~  10% would bring the  binary-single 

form ation ra te  into agreem ent w ith  the  blue straggler form ation ra te .
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Figure 4.39: CMD showing the observed blue stragglers in N G C  7099 (filled
circles) and a hybrid population of blue stragglers composed o f  30% turnoff
CM and 70% turnoff BM (open circles).
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Figure 4.40: Likelihoods for different population ratios in  N GC 7099. The 
likelihood values p lo tted  are  the  m edian values from th e  M onte Carlo simu­
lations.
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Figure 4.41: D istribu tion  o f the  masses, in  solar un its , of the  blue stragglers 
in NGC 7099.
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Table 4.11: Sum m ary of blue straggler fo rm ation  ra tes

Cluster
BS Form ation  

R a te  
(10® years)

B inary-binary 
Collision R ate  

(10® years)

B inary-single 
Collision R a te  

(10® years)

Approx.
Binary

Fraction"
NGC 104 33 13 4.5 >  10%
NGC 2419 180 1.7 X 10^ 180 20%
NGC 5024 79 14 31 < 10%
NGC 6397 110 6.8 0.47 ~  1%
NGC 6809^ ~  110 1.4 X 10'* 150 20%
NGC 7099 57 9.4 1.0 10%

“This is the  approxim ate  b inary  fraction necessary to  b ring  th e  shorter col­
lision ra te  into agreem ent w ith the  observed form ation ra te .
^Blue straggler form ation ra te  is an average of the  values derived from the  
two datasets.

C luster
Pcirent Population 

Composition
P opulation

R atio
NGC 104 Turnoff CMzEqual-mass CM 60:40
NGC 2419 Turnoff CM :Equal-mass CM 10:90
NGC 5024 Turnoff CM :Equal-mass CM 20:80
NGC 6397 Turnoff CM :Equal-mass CM 80:20
NGC 6809 Turnoff CM :Equal-mass CM ~50:50
NGC 7099 Turnoff CMzTurnoff BM 30:70

CM - Collisional M erger 
BM - Binary M erger
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4.7 Summary and Discussion

Of the  six clusters exam ined  here, aU bu t one have blue straggler popu­

lations which a re  consisten t w ith having been form ed via ste llar collisions. 

The blue stragglers in  th e  rem aining cluster, N G C  7099, are m ore consis­

tent w ith a popu la tion  which is mostly com posed of th e  rem n an ts  o f binary 

mergers. One cluster, N G C 2419, is slightly unusual in th a t  its  blue strag­

glers Eire consistent w ith  having been form ed solely by equal-m ass collisional 

mergers: however, since th e  binary m erger m odels used here are  adm itted ly  

over-simplified for th e  purpose of modelling th e  com plex processes of binary 

m ass-transfer an d  coalescence, it is possible th a t  th e  blue stragglers in this 

cluster are being form ed by binary mergers instead . R egardless, th e  overall 

agreem ent of th e  observations with the  fairly sim ple m odels developed in 

C hapter 3 is im pressive.

4.7.1 U n certa in ty  in derived p op u lation  ra tios

A word should be said  on th e  confidence in th e  assignm ent of a  given pop­

ulation ratio  based on  th e  calculated likelihoods. G iven th a t  on the  order 

of 10,000 M onte C arlo  sim ulations have been ru n  for each  population ra­

tio and  each com bination  of models for each c lu ster, th e  un certa in ty  in the  

hkelihoods from th e  sim ulations is quite small; in fac t, tak ing  subsets (of, 

say, 1000 sim ulations) of th e  sim ulated d a ta  an d  com paring these  subsets to  

the observations does not change the relative rankings o f the  various pop­

ulation ratios. H ow ever, as can be seen from th e  discussion of NGC 5024, 

NGC 6397, and N G C  7099, om itting even one b lue stragg ler can change the  

hkelihoods from th e  sim ulations significantly. In  th e  analysis o f these three
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clusters, the  blue straggler candidates which gave th e  lowest values of S  were 

excluded from the  d a tase ts  and  the  simulations w ere repeated  w ith the  re­

duced da tase t. Since these candidates were the least well m atched by the 

models, rejecting th em  produced th e  largest change in the  calculated likeli­

hoods for those blue straggler samples: rejecting any  of th e  o ther candidates 

would still chéinge th e  likelihoods, bu t not by as large an  am ount. For NGC 

5024 and NGC 6397 the  m ost likely parent populations were changed com­

pletely, from populations consisting of both  collisional mergers and  binary 

mergers, to  populations consisting solely of collisional m ergers. On the  o ther 

hand, for NGC 7099, rejecting its one discrepant blue straggler candidate 

did not change th e  m ost likely paren t population, b u t did change the  overall 

likelihoods. If  one looks only a t  the  population ra tio  for the  finally accepted 

populations (collisional m ergers for NGC 5024 an d  N GC 6397, collisional 

mergers and  b inary  m ergers for NGC 7099), only for NGC 6397 does the 

apparent population  ra tio  change w ith the m odification in the  accepted blue 

straggler sam ple (i.e. in N GC 6397, when the single e rran t blue straggler 

candidate is included, th e  m ost likely population ra tio  for collisional mergers 

only was 30% equal-m ass and  70% turnoff collisional m ergers; when this can­

didate was om itted , th e  collisional merger population  ra tio  changed to  20% 

and 80%. For the  o th er two clusters, the population ra tio  did not change.).

In addition to  these changes in the  likelihoods from  om itting one or two 

blue straggler candidates, several of the clusters (in  particu lar NGC 2419, 

NGC 6809, and  N G C  7099) have ra th e r flat d istribu tions of likelihoods as a  

function of population  ra tio . W hile om itting the  cand idates which the  models 

obviously fail to  m a tch  produces th e  largest shifts in  th e  likelihoods (although
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not necessarily the  re la tive  ranking), it is possible th a t sm all changes in 

the remaining blue straggler sample could result in sm all changes in the 

relative likelihoods: w ith  a  flat distribution of likelihoods, it is possible th a t 

a  significant change in  population ratio could occur. Small changes in the  

blue straggler sample could occur, for instance, betw een different d a ta  sets of 

the  same photom etric quality  simply due to  the  sca tte r in  th e  observations 

(i.e. NGC 6809). Also, there  is an  inherent uncertain ty  in the  blue straggler 

populations of m any clusters simply due to  the sm all num ber of stars.

The effect which uncertain ties in the blue straggler population o f a  cluster 

have on the derived likelihoods and  population ratios was investigated in the 

following m anner for N G C  2419 and NGC 7099 (the  Lt  distributions of 

these clusters are flat n ea r the  m ost likely population ra tio ). For each blue 

straggler da tase t consisting of N  stars, N  subsets were created  by om itting 

each star in tu rn  from  th e  original data set (i.e. the  i th  subset consists of 

the  stars num bered 1 ,2 ,3 , . . ,  i — l,z  l ,...,iV ). Using these d a ta  subsets, a  

num ber of the  original M onte Carlo simulations were redone (the simulations 

were redone only for those population ratios and  models which gave high 

likelihoods in the  original simulations). This procedure is similar to the 

jackknife m ethod for estim ating  biases and s tandard  errors in statistics drawn 

from limited samples (e.g. Efron & Tibshirani, 1993). T he results of these 

investigations are sum m arised in Figures 4.42 and  4.43.

In the tests of the  population  ratio for NGC 2419, the  accepted popula­

tion — 10% equal-m ass collisional mergers and  90% turnoff collisional merg­

ers — is ranked the h ighest 10 out of 19 times (52%). O f the 9 times this 

population ra tio  is not ranked  th e  highest, the  population ra tio  o f 20%turnoff



C H APTER 4. C O M P A R ISO N  W IT H  O BSERVATIO NS  152

collisional mergers and  80% equal-m ass collisional m ergers is ranked  the high­

est 7 times, a  ra tio  of 30% turnoff collisional mergers a n d  70% equal-mass 

collisional mergers is ranked  th e  highest once, and  a  pop u la tio n  consisting 

solely of equal-mass m ergers is ranked the  highest once. W hile  th e  accepted 

population ratio  (10% equal-m ass collisional mergers an d  90% turnoff colli­

sional mergers) is still th e  m ost likely to  be the p a ren t popu la tion  for the  

blue stragglers in N GC 2419, it is possible th a t the p o p u la tio n  ra tio  has been 

underestim ated.

From  the original sim ulations for NGC 7099 (F igure 4 .40), th e  accepted 

population com position —  one of tu rnoff collisional m ergers and  turnoff bi­

nary  mergers —  was th e  only population  composition te s te d  as described 

above. The accepted ra tio , 30:70, is ranked the highest 31 ou t of 39 tim es 

(79% ). Of the 8 tim es th e  accep ted  population ratio  is no t ran k ed  the  highest, 

a  population ratio  of 20:80 is ranked  the  highest 5 tim es, an d  a  population 

ra tio  o f 40:60 is ranked th e  highest 3 tim es. These rank ings are  based solely 

on th e  likehhood estim ates: if th e  probabUity of th e  g iven population ra tio  

also being able to  m atch  th e  observed A z  distribution is u sed  in conjunction 

w ith the hkehhood vzdues, th e  original population ra tio  o f  30:70 is accepted 

in 37 of the 39 tests. As m entioned earher, a  necessary condition for ac­

cepting a  given population  o f models as the  parent popu la tion  for the blue 

stragglers in a  c luster was th a t  it m ust provide a  good m a tc h  to  th e  observed 

distribution of A z -

It is apparent from  these tests  th a t  the  population ra tio s  which were 

assigned to the  various clusters are  possibly uncertain  b y  as m uch as 10% 

in e ither model population , zdthough th e  uncertain ty  is p ro b ab ly  smaller for
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Figure 4.42: U ncertain ties in the  population ratios for N G C  2419. The open 
circles are the  likelihood values for a population com posed of Turnoff CM 
and equal-m ass CM, in  th e  ratios indicated (T um off/E qual-m ass): the thin 
solid line connects th e  m edian values from these sim ulations. T he crosses 
are the  likelihood values for a  population consisting o f Equal-m ass BM and 
Equal-m ass CM  (B M /C M ): the  th in  dotted  line connects th e  m edian values 
from these sim ulations. T h e  thick solid line shows th e  m edian value of the  
simulations for a  population  consisting solely of equal-m ass CM.
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Figure 4.43: U ncertain ties in the  population ratios for N G C  7099. The open 
circles are th e  likelihood values for a  population com posed of Turnoff CM 
and Turnoff BM, in th e  ratios indicated  (Turnoff C M /T urno ff BM): the  th in  
solid line connects th e  m edian values from these sim ulations.
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clusters for which th e  distribution of In Lx is steep  (e.g. 47 Tuc, Figure 4.21).

4.7.2 R o ta tion  o f  Collisional M ergers

For those clusters w ith blue straggler populations consistent with having 

been form ed by collisions, this apparent agreem ent w ith  th e  models implies 

th a t th e  blue stragglers are not rapidly ro ta tin g , as is expected from the  

collision scenario. This is not to say th a t th ey  do not have high ro ta tion  

rates, as angular m om entum  conservation during a  collision would require, 

but ra th e r th a t the  ro ta tio n  ra te  cannot be high enough to  affect significantly 

the evolution of th e  blue stragglers.

F irst, rap id  ro ta tio n  will affect the  evolution o f a  s ta r  by providing a  

non-therm al form o f pressure support, which will lower th e  dem and for nu­

clear energy to  support th e  s tar. This wUl not only ex tend  th e  life of the  s tar, 

but wül also cause it to  be redder cind less lum inous th an  it would otherwise 

be (C lem ent, 1994). If  the  change in evolutionary  ra te  is significant, the  

distribution of stars in the  CMD (in particu lar th e  d istribution) will be 

altered from  the predictions of the non-rotating collisional models. N onethe­

less, this is a  weak argum ent against rapid ro ta tio n  since it is possible th a t 

such an alteration  o f the  evolutionary ra te  could sim ply cause the  blue strag­

gler population to  have a  different population ra tio  w hen com pared to  the  

models.

A stronger argum ent against significant ro ta tio n  am ong the  blue strag­

glers studied is th a t  a rapidly rotating population  of s tars (and the  aver­

age ro ta tion  ra te  am ong coUisionally form ed b lue stragglers should be quite 

high) should exhibit a  broader distribution of s tars  along th e  subgiant branch
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than  is observed. A fter a  s ta r  has exhausted th e  hydrogen in its core an d  

has begun to  bu rn  hydrogen in a  thick shell a round  an  isotherm al core, a  

larger core m ass will be reached before the  core begins to  collapse, a t which 

tim e the  s ta r  will evolve rap id ly  across the  subgian t branch (the Schonberg- 

C handrasekhar meiss, Schonberg & C handrasekhar, 1942; M aeder, 1971). 

The collapse o f th e  core, and  th e  subsequent rap id  evolution across th e  CMD 

toward the  red  giant branch, is w hat causes th e  ap p aren t truncation  in the  

num ber of blue stragglers which lie between th e  m ain  blue straggler popula­

tion and the  g iant b ranch  (see Figure 4.22 for th e  best example o f th is). If 

the average coUisionally form ed blue straggler is ro ta tin g  rapidly enough for 

the s ta r 's  Schonberg-C handrasekhar mass to  increase, then  this tru nca tion  

wiU be moved red  w ard, tow ard th e  giant branch: th e  agreem ent betw een th e  

non-rotating models and  the  observations suggests th a t  any change in th e  

core mass cannot be large.

AdditionaUy, rap id  ro ta tio n  could in itia te  m eridional circulation currents 

in a s tar, potentiaU y m ixing helium-rich m ate ria l to  the  surface o f the  s ta r, 

which would cause it to  be shifted toward the  ZAM S. M eridional circulation 

currents are a  consequence of the  distortion of th e  s ta r ’s gravitational po ten­

tial by th e  ro ta tion : th e  tem peratu re  gradient rem ains proportional to  the  

potential g rad ien t, resulting  in a  steeper tem p e ra tu re  gradient a t th e  poles 

than  a t the  equato r. I f  th e  tem peratu re  g rad ien t is greater th an  therm al 

equilibrium  requires, circulation currents m ay be in itia ted . If hydrogen-rich 

m aterial is b rought in to  the  core of the s ta r  by th e  currents, the  hydrogen- 

burning lifetim e of the  s ta r , and  so its lifetim e as a  blue straggler, could be 

greatly ex tended . Also, due to  the  increased cen tra l hydrogen abundance.
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th e  position of the  blue straggler on the  CMD should be m uch closer to  th e  

ZAMS th an  it would be otherwise. It is possible th a t m eridional circula­

tion currents could be in itia ted  in th e  envelope, with little  o r no helium -rich 

m aterial being transpo rted  to  the  surface.

Blue stragglers formed by stellar collisions should, on average, be ro ta tin g  

quite rapidly, as dem anded by angular m om entum  conservation during th e  

collision. Since the  com parison of th e  observations with th e  models would be 

quite sensitive to  such a  change in the  average characteristics o f a  blue s trag ­

gler population, the  evolution of the  stars is m ost likely no t being strongly 

affected. One avenue for th e  effects of ro ta tio n  to be m itiga ted  is th rough  

angular m om entum  loss. As m entioned earlier (in C hapter 3), angular m o­

m entum  loss by a  m agnetically driven wind is ruled out by th e  fact th a t only 

the  lowest m ass m erger models ever develop convective envelopes, and these  

are  too th in  and  short-lived to  be effective conduits for angular m om em tum  

loss. However, if  the  blue stragglers produced by collisions have bound com ­

panions, it is possible th a t angular m om entum  transfer to  th e  com panion 

stars could ac t to  reduce th e  ro ta tion  of the  stars. A consequence of a  large 

binary population among th e  blue stragglers would be th a t  th ey  would ap ­

pear brighter th an  the models predict, since it is the in teg ra ted  light of th e  

two stars which is m easured. However, th e  agreem ent betw een the m odels 

and  observations suggests th a t these com panions, if p resent, m ust be m uch 

less luminous th an  the blue stragglers them selves.
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4 .7 .3  B lue Stragglers as D ynam ical P robes

Since the ra te  of stellar collisions and  other strong dynam ical interactions 

is highly dependent upon the  local dynam ics (Leonard &: Fahlm an, 1991 ; 

Sigurdsson & Phinney, 1993 ; B acon, Sigurdsson, &: Davies, 1996), the  dom ­

inan t process for blue straggler form ation and the  ra te  a t which new blue 

stragglers are form ed should also be dependent upon the c luster dynam ics. 

As Table 4.11 sum m arises, the  calculated collision rates for b inary-binary 

and  binary-single s ta r  interactions can be brought in to  agreem ent w ith the  

observed blue straggler form ation ra tes w ith reasonable values for the  cluster 

b inary  fraction. A lthough the  calculated collision time-scales are not pre­

cisely known due to  the uncertain ties in cluster dynam ical quantities (e.g. 

c luster density, central mass density, the  true binary fraction and  binary pa­

ram eters), the coincidence of th e  ra tes from the dyncimical an d  evolutionary 

calculations allows us to speculate on the  dynam ical events occurring in the  

studied clusters.

In a dense cluster, collisions betw een stars are expected to  be dom inated 

by bincury-single s ta r interactions (Bacon, Sigurdsson & Davies, 1996), un­

less the  binciry fraction of the  c luster is quite high (/& > 0.5). Also, as the  

prim ordial binary population o f the  cluster is evolved by dynam ical in terac­

tions, we would expect the softest binaries (those w ith binding energies less 

th an  or com parable to the  average kinetic energy of a  star in  the  cluster) to 

have been disrupted: it is the  w idest rem aining binaries which are the  m ost 

likely to  undergo the  dynam ical interactions leading to a collision (Sigurds­

son & Phinney, 1993; Leonard & Fahlm an, 1991). In a  dynam ically evolved 

cluster, the binary population would have been significantly modified from
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its prim ordial s ta te  —  by disruption o f th e  softest binaries, heirdening of ex­

isting binaries, and  exchanges of field stars  in to  binaries. These dynam ical 

effects wiU either modify the  cluster p o ten tia l or inject kinetic energy into th e  

stellar population of the  cluster, supporting  th e  cluster from core-coUapse. 

Because a  dynam ically evolved cluster should have only very hard  binaries 

rem aining, any interactions strong enough  to  produce a collision should also 

result in the  binary (and the rem aining field s ta r  or binary w ith which th e  

interaction took place) receiving a  large recoil velocity (Sigurdsson, Davies 

& Bolte, 1994): this recoil is larger for harder binaries and  could kick th e  

newly formed blue straggler ou t to  th e  c luster periphery, or even com pletely 

out of the  cluster.

During the  initial dynam ical evolu tion  o f a  cluster tow ard equ ipartition  

of energies am ong its stellar populations, while its binary population is still 

relatively unmodified by dynam ical in te rac tions, a  strong dynam ical in terac­

tion between a  binary and  a  cluster s ta r  is m ost likely to result in an  exchange 

of stars -  typically an exchange of th e  tw o m ost massive stars into a  new bi­

nary  -  or a  break-up ra ther th an  a  strong  hardening of the  existing b inary  

or a collision. As these exchanges progress in the  binary population, an d  

the  cluster becomes dyueimically m ore evolved, the  time-scale for a  collision 

decreases until collisions dom inate over o th e r interactions: as these collisions 

effectively remove the  binary from th e  energy sink supplied by the binding 

energy of the  binary population, th e  c luster m ay evolve tow ard core-collapse 

more rapidly, especially if  the relaxation  tim e in the  cluster is shorter th an  or 

compeirable to  th e  time-scale for collisions. As th e  binaries w ith the  largest 

collision cross sections are destroyed, th e  rem aining binary population be­
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comes hardened  due to  dissipative encounters w ith c lu ster field stars, fu r th e r  

decreasing the cross section for collisions, bu t increasing th e  cross section for 

hardening interactions.

A strong  in teraction  between a  b inary  s tar and  field star, or a n o th e r 

binary, which results in  significant hardening of the  b inary  and a  significant 

kick, b u t no t a collision, can still produce a blue stragg ler. If a  very  h a rd  

binary is created  (e ither by hardening an  existing b in a ry  or creating a  b in a ry  

which is harder th an  any  of the  binaries involved in th e  in teraction), m ass 

transfer or coalescence m ay occur, probably  after a  delay. Since such h a rd ­

enings a re  more likely in clusters w ith very hard  binaries, such in teractions 

should also produce large velocity kicks, propelling th e  hardened b in ary  to  

the ou tsk irts  of the  c luster. However, this does not m ean  th a t, in very dense, 

dynam ically  evolved clusters, we should expect to  see an  extended d istri­

bution o f blue stragglers in the cluster halo: on th e  contrary, if  th e  delay 

betw een the  initial kick and  the onset of mass transfer/coalescence is longer 

than  or com parable to  th e  relaxation tim e of the  c lu ster, these blue stragglers 

may still be isolated in  th e  core.

I f  th e  kicks being delivered to  coUisionally form ed b lue stragglers a re  large 

enough th a t  there is a  significant population of these stars  in the  o u tsk irts  

of the  c luster as weU as in the core, there  may be differences betw een th e  

two populations. On average, the  kicks delivered to  th e  m ost m assive blue 

stragglers wiU be smaUer than  the  kicks delivered to  th e  less m assive blue 

stragglers, causing th e  m ost massive blue stragglers to  be more centraU y 

concentrated . Also, due to  their larger mass, and  th e  shorter re laxation  

tim e-scale near to  the  cluster core, any  massive blue stragglers kicked o u t to
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interm ediate radii will quickly settle  back into th e  core (similar to the  scenario 

described by Sigurdsson, Davies, &: Bolte, 1994, for th e  blue stragglers in 

M 3). Because o f th is bias tow ard lower mass blue stragglers in the outskirts 

of clusters in which the form ation m echanism  is dom inated by collisions, 

the  blue straggler lum inosity function wUl differ betw een the outskirts and 

the  core. Interestingly, the lum inosity function o f MS seems to exhibit this 

behaviour (BaUyn & Pinsonneault, 1995).

In low density clusters, the  situation m ay be quite different. A lthough 

collisions may still occur, a  binary is more likely to  be broken up th an  to  un­

dergo a collision (Bacon, Sigurdsson, & Davies, 1996). Those binaries which 

survive, or are hardened by such encounters, m ay  eventually undergo mass- 

transfer between th e  com ponents, and  the resu lting  blue straggler m ay look 

qu ite  different th an  a  coUisionally formed one. In  the  lowest density clusters, 

only a few blue stragglers will ever be formed by collisions, especially after 

th e  softest binaries have been disrupted by a  ra re  dynam ical encounter. In 

this case, blue stragglers will form only by m ass-transfer or coalescence, al­

though the m ajority  wül form by m ass-transfer, simply due to the fact th a t 

there  should be m ore binaries w ith wide orb its. In  somewhat denser clus­

ters, the num bers o f blue stragglers formed via stellar collisions will increase, 

bu t dynamical interactions will also have an effect on the general binary 

population in th e  cluster, accelerating the  form ation of blue stragglers by 

binary mergers. Increasing the binary fraction w ithin a  low density cluster 

wül also have a  d ram atic  affect on the  form ation of blue stragglers: since 

the  collision ra te  is a  non-linear function of th e  b inary  fraction (Bacon, Sig­

urdsson, & Davies, 1996; Sigurdsson & Phinney, 1993), whereas the  binary
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m ass-transfer/coalescence ra te  will be unaffected by the  binary fraction , in­

creasing the binary fraction in a  low density c luster will cause th e  relative 

fraction of coUisionally formed blue stragglers to  increase.

The lowest density cluster in the sample stud ied  here, NGC 2419, has a 

blue straggler population which is consistent w ith  form ation by equal-m ass 

coLUsional m ergers, although there  is a possibility o f some having been  form ed 

by turnoff coUisional mergers. For collisions to  dom inate in such a  low density 

cluster the  b inary  fraction would have to  be qu ite  high; nonetheless, there 

should stUl be strong evidence of binary (fully-m ixed) mergers. Since there 

is no evidence of highly m ixed stars —  and  th e  binary fraction necessary 

for a significant collision ra te  dem ands th a t th e re  be some in evidence — 

it is likely th a t th e  binary mergers which a re  occurring are being confused 

for equal-mass coUisional m ergers. Since incom plete m ass-transfer will leave 

the helium-rich core of the  m ass-donor o rb iting  th e  new blue straggler, it 

is possible th a t the  surface heUum abundance of th e  blue straggler wUl not 

be enhanced enough for it to  look Uke a  fuUy-mixed stéir, which is w hat our 

binary m erger models are. If  this is the  case, th e  binary fraction in  the 

cluster can be smaUer than  w hat has been estim ated  from com parison of 

the observed blue straggler form ation ra te  an d  the  expected coUision rates 

(Table 4.11).

The next m ost dense cluster, NGC 6809, is Ukely being affected by a 

similéir confusion between equal-mass coUisional m ergers and binary mergers 

which our fuUy-mixed models faU to m atch. T he  fact tha t there is strong 

evidence for a  population of coUisional m ergers suggests tha t the b inary  pop­

ulation in this cluster must be large and fairly unevolved. The binary popula­
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tion m ust be unevolved (dynam ically) otherw ise th e  average sem i-m ajor axis 

could have been reduced  by gradual hardening to  th e  po in t were collisions 

would be unlikely.

T he fact th a t N G C 5024, an in term ediate  d en sity  cluster, has a  blue 

straggler population which is heavily weighted to w ard  equal-mass m ergers, 

suggests th a t  binary m ergers may be contribu ting  to  th e  blue straggler popu­

lation. However, the  presence of a  significant popu la tion  of turnoff coUisional 

mergers suggests th a t coUisions are actuaUy occurring  a t a  significant ra te  in 

this c luster.

In  47 Tuc, however, the  fact th a t  there  are  few blue stragglers in the  

outsk irts o f the  cluster (Kaluzny et al., 1998a) suggests e ith e r the kicks being 

dealt to  th e  blue stragglers after form ation by collisions are  smaU on average, 

or th a t th e  scenario of delayed blue stragglers se ttlin g  to  th e  core is correct. 

Since th e  blue stragglers in 47 Tuc are apparen tly  being  form ed by collisions, 

and since th e  lifetime of a  coUisionaUy form ed blue stragg ler is com parable to  

the half-m ass relaxation tim e of 47 Tuc (m eaning th a t  these  blue stragglers 

would no t have tim e to  drift back to  th e  core), th e  collisions forming the  blue 

stragglers cire dom inated by wide binaries which a re  receiving relatively smaU 

kicks during  the  in teraction . This, along w ith th e  fac t th a t  th e  blue stragglers 

in 47 Tuc a re  weU-matched by the hypothesis th a t  th ey  form  as collisionaUy 

m erged s ta rs , also suggests th a t the  b inary  fraction  o f th e  cluster is not large: 

if it were, we would expect to see some fraction o f  th e  blue stragglers being 

formed by mass transfer or binary coalescence.

T he fact th a t N G C 6397 has a  fairly low b lue stragg ler form ation ra te  

(one blue straggler every 1.1 x  10* years), and  yet is one o f th e  densest clusters
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studied here, suggests th a t it m ust have a  very low binary  frac tion . Also, 

unlike 47 Tuc, NGC 6397 does have blue stragglers in the  c lu ster ou tsk irts . 

This suggests th a t the  blue stragglers in NGC 6397 are receiving sizeable 

kicks during form ation, requiring the  b inary  population in th e  c luster to  be 

quite  evolved.

NGC 7099 is perhaps the  m ost in teresting cluster stud ied  here. Its  blue 

stragglers are apparen tly  form ed very highly mixed, and so are  likely to  have 

been formed by b inary  m ergers. Also, although there  is a  large population 

of blue stragglers in the  core o f  the  cluster (G u h a th ak u rta  e t al., 1998), 

no blue stragglers are observed in  th e  outskirts of the  c lu ste r (Sandquist 

et al., 1999). For th e  blue stragglers to  be formed by b inary  m ergers, the  

binary population m ust be fairly  hard  (blue straggler fo rm ation  by mass 

transfer to very d is tan t com panions is ruled out: soft b inaries would be 

rapidly destroyed in this cluster); on th e  other hand , the  fact th a t  no blue 

stragglers are observed in the  c luster periphery means e ither th a t  th ey  are 

receiving small kicks during any  strong  interactions (which argues e ith e r th a t 

they  are so dynam ically hard th a t  they  very rarely undergo such  in teractions 

or tha t they are dynam ically soft: th e  la tte r  is extrem ely  unlikely) or th a t 

the  delay betw een th e  kick and  blue straggler form ation is m uch longer th an  

the  cluster relaxation  tim e.
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C onclusions

In Chapter 3, th e  resu lts of smoothed pariticle hydrodynam ic (S P H ) simu­

lations of coUiding polytropes (Lombardi, Rasio, & Shapiro, 1996) were used 

to create models app rop ria te  for investigating th e  evolution of stellar colli­

sion rem nants. In  creating  these models several assum ptions were m ade in 

order to facilita te  th e  incorporation of the  resu lts o f the  SP H  sim ulations 

into the stellar m odels: th e  assumptions include neglecting m ass loss, ro­

tation, and shock heating  during the collision. Because we have restric ted  

our a tten tion  to  head-on, parabolic collisions, these assum ptions should be 

reasonably valid: m ass loss and rotational velocity are small in  th is instance 

(Lombardi, Rasio, & Shapiro); shock heating, which could affect the  distri­

bution of m ateria l in  the  final rem nant, is also negligible for th e  bulk of the 

star, although it is likely th a t some mixing due to  shock heating  wUl occur 

neéir the surface o f th e  s tar. The form of the  energy injection te rm  e*, which 

was used to  expand  th e  merger rem nant models to  sim ulate th e  effect of the 

injection of o rb ita l energy into the rem nant during the  collision, is shown 

to  be un im portan t as long as significant mixing is not artificially introduced

165
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(Vogt, 1926; Russell, 1927).

FuUy-mixed steUar m odels were also evolved, under th e  assum ption  th a t 

these would approxim ate th e  rem n an ts  of b inary  mass transfer and  coales­

cence. These models are likely to  be g reatly  over-simpUfied: in th e  case 

of mass transfer, if coalescence does not resu lt, the helium -rich core of th e  

m ass-donor wiU be left o rb iting  th e  new ly form ed blue straggler an d  so little  

heUum wiU be transferred; in the  case of b inary  coalescence, m ass is tran s­

ferred from one star to  the  o ther, b u t the  two stars wiU merge before com plete 

mass transfer and mixing takes place. In  e ither case, the  rem nan ts  wUl be 

slightly evolved when they a tta in  ‘b lue straggler-hood’. I t was stressed  th a t 

these stars would, in reaUty, m ost likely be confused w ith equal-m ass colli- 

sional mergers. One possible way to  differentiate between coUisional m ergers 

and these binary mergers is th a t  in clusters in which coUisions should domi­

na te  the  blue straggler form ation process, the  ‘contam ination’ by  these s tars 

should be smaU.

In C hapter 4, the  evolutionary tracks created  from the  m odels were com­

pared w ith observations of b lue stragglers in six different clusters. T he  blue 

straggler populations in m ost of th e  clusters were best m atched  by hybrid 

populations of coUisional tu rnoff m ergers and  equal-mass coUisional m ergers 

in various proportions. One c lu ster, NGC 7099, had a significant popula­

tion of blue stragglers which was found to  be consistent w ith th e  fuUy-mixed 

models, indicating th a t b inary  coalescence or mass transfer is th e  dom inant 

blue straggler formation process. D espite  the  assum ptions which went in to  

creating the models (those for bo th  coUsional mergers and b inary  m ergers), 

the  agreem ent between the  predictions of the  models and th e  observations is
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rem arkably good. T he selection of the parent popu la tions for the  blue strag­

glers was done using tw o different statistical tests , b u t th e  g rea test satisfac­

tion comes from th e  v isual agreem ent betw een th e  observed  blue stragglers 

and  fake blue stragglers on  the  CMDs of th e  clusters.

Based on the agreem ent betw een the models an d  th e  observations, it was 

speculated tha t th e  blue stragglers in these clusters a re  no t being strongly 

affected by rotation. Since m ost of the blue stragglers were found to have 

been created  by collisions, and  since the collision scenario  predicts tha t such 

blue stragglers should be  rap id ly  rotating, the  effects o f  ro ta tio n  must be 

small; it is possible th a t  angular m om entum  is be ing  lost from  the star, 

presum ably to a  nearby com panion or circum stellar d isk . However, it is also 

possible th a t the stars a re  actually  affected by ro ta tio n  b u t some conspiracy 

of effects is causing the  ap p aren t deviation from  th e  p red ic ted  evolution to 

be small.

Since no assum ptions were m ade about th e  c lu ster dynam ics when the 

models were created, th e  comparisons between the  m odels and  observations 

is a  potentially useful p robe  of the  cluster dynam ics. U nfortunately, the 

effects of cluster dynam ics and  the  properties o f th e  b inaries in the cluster 

cannot be disentangled in  any  simple way. For N GC 7099, however, the fact 

th a t there  is a large population  of highly m ixed blue s tragg lers suggests th a t 

b inary  coalescence is th e  dom inant form ation m echanism  in th is cluster. For 

coalescence to dom inate in  such a  dense cluster m ust m ean  th a t the binaries 

in the  cluster have been hardened  to  the point th a t th e y  very rarely  undergo 

collisions: any blue stragglers th a t  are kicked ou t o f th e  c luster core during 

a  strong interaction are  very quickly brought back in to  th e  core due to  the
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short relaxation tim e. N G C 7099 is unique am ong th e  clusters studied here 

and  is obviously in a  very in teresting dynam ical s ta te .

5.1 Directions for Future Study

No astronom ical thesis would be com plete w ith out th e  cry for ‘More da ta!’ 

T he statistical com parisons carried out here are, for m any  of the clusters, 

fairly tenuous due to  th e  sm all num ber (~  2 0 ) of blue stragglers w ith high 

quality photom etry. F u rth e r observations to improve th e  quality  of the  pho­

tom etry  and to  ob ta in  a  full census of the blue stragglers in a  cluster would be 

invaluable. W ith  blue stragglers, it seems th a t the  ha rd er one looks, the  more 

one finds: NGC 7099 an d  NGC 6093 (M80) were, un til recently, quite devoid 

of blue stragglers in  th e  published photom etry  (e.g. Sandquist et al., 1999; 

B rocato et a/.1998). G u h a th ak u rta  et a/.(1998) and  Ferraro  et al. (1999) 

have recently found very  large populations of blue stragglers tucked away in 

the  cores of these c lusters. (T he blue straggler population  in M80 is so large 

th a t Ferraro et al. have, qu ite  rightly, claimed th a t it  is th e  largest sample 

of blue stragglers found in any cluster to  da te). Also N G C 288, which has 

shown only a  few blue stragglers in its CMD (e.g. A lcaino et a/. 1997), has 

recently revealed a  large population of blue stragglers in its core (Bellazzini 

& Messineo, 1999).

The prim ary source o f these newly found blue stragglers has been the 

Hubble Space Telescope. A lthough similar spatial resolution can be obtained 

on the ground using adap tive  optics, the H ubble is cu rren tly  unparallelled 

when one considers b o th  th e  size of its field of view ( ~  4 arcm inutes square, 

com pared to  ground-based adaptive optics cam eras, ~  30 — 60 arcseconds on
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a side) and th e  spatial resolution it can achieve. Its  place above the  clouds 

is of minor im portance  since the  large size of ground-based telescopes mostly 

compensates for atm ospheric absorption (at visual w avelengths, anyway). 

On the o ther h and , the  field of view of the H ubble is m i n u s c u le  compared 

to the views ob tainab le  w ith large format CCDs (charge-coupled devices) 

available a t m any  telescopes. If  a  census of all blue stragglers in a  cluster is 

to be m ade, an d  if  photom etric  quality is not to  be sacrificed a t  any point in 

the cluster, a  program m e which involves both the H ubble a n d  ground-based 

telescopes is th e  only solution. Such a survey has only been s ta rted  w ith M 3  

(Ferraro et of. 1995). A survey of the  complete stellar con ten t over several 

entire clusters would be invaluable to  many aspects of th e  study  of stellar 

evolution - i f  th e  photom etric  quality of the survey is m ade to  be the  best 

that is achievable w ith the  instrum ents a t hand. Poor pho tom etry  is of use 

to no one.

In addition to  m ore photom etry  for blue stragglers, th e  ty p e  of photom­

etry obtained should also be chosen to facilitate the  study. As discussed 

earlier (C hap ter 2), if gravity  and  tem perature estim ates could be obtained 

for the blue stragglers in a  cluster, the  data  could be com pared directly  with 

evolutionary calculations. W hile it would be quite expensive, in term s of tele­

scope tim e, to  m easure the surface gravity and tem peratu re  o f a  large sample 

of blue stragglers v ia spectroscopy, the Stromgren photom etric  system  offers 

an zdternative. T he  Strom gren filters are narrow band filters which have 

been chosen to  m axim ise the  sensitivity of the  photom etric  system  to  stel­

lar gravity and  tem p era tu re . Since this photom etric system  provides more 

sensitivity to  s tellar surface param eters than do the usual b road  band filters.
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comparisons betw een m odels and S trom gren d a ta  would sim ilarly be m ore 

sensitive.

On the theo re tical side, the inclusion o f ro ta tio n  into the  m odel calcula­

tions would allow an  im p o rtan t test o f the  coUisional scenario. A lthough it 

was speculated  th a t  th e  predicted ro ta tio n a l velocity of collisionaUy form ed 

blue stragglers is no t affecting the apparen t evolution o f the s tars, th e  ex ten t 

of the effect of ro ta tio n  on th e  models would aUow some quantification o f th is 

speculation an d  m ay aUow a more precise de term ination  o f the  popu la tion  

ratios.

GiUUand et a /.(1998) have used d a ta  from  a  photom etric  tim e-series o f 47 

Tuc to obtciin pu lsational m ass estim ates for several blue stragglers in 47 Tuc. 

In particu lar, th e y  have com puted theore tical pulsational periods for steUar 

evolutionary tracks for masses roughly corresponding to presum ed m asses 

for the blue stragglers in 47 Tuc and com pared  these theoreticzd predictions 

with th e ir observations. WhUe their use o f  th is pulsational analysis was 

primarUy to  assign pulsational mass estim ates to  the  blue stragglers a n d  to  

determ ine pu lsational m odes, this m ethod has th e  po ten tia l to  be ab le  to  

constrain the  form ation  mechanism for th e  blue stragglers m ore precisely 

than the  pho tom etric  analysis perform ed in  th is thesis. As an  exam ple, a  

similar set o f pulsational calculations were done on th e  two tracks show n in 

Figure 5.1 using a  version o f the GONG (G lobal Oscillation N etw ork G roup) 

oscillation code (e.g. C hristensen-D alsgaard, 1993). For each point along 

the SteUar track s, th e  G O N G  code yielded pu lsation  periods for th e  first, 

second, and  th ird  rad ial modes: these pu lsational periods are p lo tted  in  a  

Petersen D iagram  (F igure 5.2). O f p a rticu la r in te rest is the  point a t  w hich
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the  two tracks cross in  F igure  5.1, m arked by the open circle: th e  sam e 

point ia the tracks is m arked  in  th e  P etersen  diagrams in  Figure 5.2. T he 

points a t  which th e  evolu tionary  tracks coincided are well separa ted  in  th e  

pulsational diagram. G iven accura te  tim e series for pulsating blue stragglers, 

it m ay be possible to  use a  sim ilar m ethod  to  a ttem p t to differentiate betw een 

form ation mechanisms.
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Figure 5.1: E volutionary tracks for which pulsational periods have been com­
puted. The solid line is a  1.60M© coUisional tu rnoff m erger. The do tted  line 
is 1.415M© binary  tu rno ff m erger. The open circle indicates a  point a t which 
the two tracks cross. A sim ilar pair of tracks could be found for a  pulsating 
blue straggler in a  CM D: period calculations, such as those in Figure 5.2 
might help determ ine the  s ta r ’s origin.
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Figure 5.2: P etersen  diagram s for the two tracks shown in Figure 5.1. T he 
figure on the  top  shows the  Petersen diagram  —  which is a  plot of period 
versus period ra tio  —  for the  first and second rad ial modes. The figure 
on the bottom  shows th e  Petersen diagram  for th e  second and th ird  radial 
modes. The lines, and  the  open circle, have th e  sam e meanings as they  do 
in Figure 5.1.
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G lossary o f  A bbreviations and  
A stronom ical Terms
A M L : A ngular M om entum  Loss

A U : Astronom ical U nit (1.496 x lO^^m)

B M : Binary (fully-mixed) merger

B S: Blue Straggler

C M : CoUisional m erger

C M D : Colour-M agnitude Diagram

D C ; Dwarf Cepheid

G C : Globular C luster

G y r: Giga-year =  1 x lO^years

H B : Horizontal B ranch

K S: Kolmogorov-Smirnoff

L R S : Lom bardi, Rasio &c Shapiro (1996)

M q '. solar mass =  1.989 x 10^°kg

M S: M ain Sequence

M S T O : M ain Sequence Turn Off

N G C : New G eneral Catalogue

O C : Open C luster

R G B : Red G iant B ranch

180



G L O S S A R Y  181

S G B : Sub-G iant B ranch

S P H : Sm oothed P artic le  Hydrodynam ics

T M S : Term ination of th e  M ain Sequence

T O : Turn Off

W D : W hite D w arf

W U M a : W  U rsae M ajoris

Z A M S : Zero-Age M ain Sequence

a b s o lu te  m a g n i tu d e :  T he m agnitude  an object would have if it w ere a t a  
standcird d istance  of 10 parsecs. The difference in absolute m agn itude  
betw een two s tars  is a  m easure of the ra tio  o f their true  lum inosities: 
a difference in  apparent magnitude will include effects on the  ap p aren t 
brightness such as d istance and  interstellar absorption, and  so is no t, 
necessarily, a  tru e  relative lum inosity indicator.

a p p a r e n t  m a g n i tu d e :  T he magnitude of an o b jec t a t its tru e  d istance. 
Unless otherw ise ind icated , this m agnitude will often include th e  effect 
of in terste llar absorp tion .

c o lo u r -m a g n i tu d e  d ia g r a m  (C M D ): A plot o f m agnitude (abso lu te  or 
apparen t) versus colour (th e  difference in m agnitude m easured th rough  
two different passbands). T he colour of a  s ta r  is a  tem p era tu re  indica­
tor, as is spectral type, though the  sensitivity o f colour to  tem p e ra tu re  
is dependent upon  the  passbands used and  th e  spectral type.

d is ta n c e  m o d u lu s :  m  — M  = 5 log D  — 5, where m  is the ap p aren t m agni­
tude, M  is th e  absolu te m agnitude, and D  is the  distance in  parsecs. 
The m agnitudes m ust, of course, be m easured in the same p h o to m et­
ric band, an d  th e  ap p aren t m agnitude m ay have to be co rrected  for 
in terste llar absorp tion .

e v o lu tio n  ( s te l l a r ) :  T h e  g radual change of a  s ta r  &om one class, o r phase, 
to ano ther (e.g. m ain  sequence to  subgiant to  red  giant).
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e q u a l-m a s s  m e rg e r :  In  this work, an equal-mass m erger refers to the bo th  
the event and th e  rem n an t o f a  collision betw een two identical stars. 
Compare w ith tu rn o ff merger.

g ia n t :  See red giant.

H e r tz s p r u n g - R u s s e l l  D ia g r a m  ( H -R  D ia g ra m ): A plot of stellar abso­
lu te  m agnitude versus sp ec tra l type. Sim ila r  in in form ation  content to  
a  CMD.

in te r s te l l a r  r e d d e n in g :  T he  resu lt of short wavelength (blue) photons be­
ing preferentially sca tte red  from  the  line of sight to  an  object due to 
interstellar gas an d  d u st. M ainly due to Mie sca ttering . Since the sca t­
tering cross-section o f M ie scattering  is inversely proportional to  the  
wavelength o f th e  light (<tx oc A“ ^), the num ber o f short wavelength 
photons is decreased m ore th a n  the  num ber of long wavelength pho­
tons, causing an  ap p aren t reddening of the light em itted  from distan t 
objects.

is o c h ro n e : From  G reek: isos (equal) -|- khronos (tim e). A line of constant 
tim e ex tracted  from  theore tical tracks of stellar evolution. Given a 
sequence of evolu tionary  tracks for stars of the  sam e initial composi­
tion, but differing m ass, the  point on each track w hich corresponds to 
the desired age is ex trac ted  and  retained; this sequence of points is 
the isochrone. A n isochrone could be thought o f as a  theoretical H-R 
Diagram or CMD for an  ideal cluster: abundances, age, distance, red­
dening are cdl co n stan t, th e  only param eter which is allowed to vary is 
mass.

m a in  s e q u e n c e  (M S ) :  T he band  running across the  H -R  D iagram  in which 
most stars, in th e  field and  in clusters, are found. Also refers to  the  
phase (core hydrogen burning) of evolution in which stars spend m ost 
of their lifetime.

m a g n itu d e :  Defined as m \  =  —2.51ogio/A +  C, where f \  is the  flux m ea­
sured in a  w avelength region centred  on the  w avelength A, and 0  is 
a  constant necessary to  bring the  m agnitude on to  a  s tandard  system . 
For example, the  b righ test s ta r  (to  the eye) in th e  constellation Orion, 
Rigel (/3 O ri), has an  apprirent V (A ~  550nm) m agn itude  of ~  -f0.14. 
The faintest s tars visible to  th e  naked eye have a m agn itude  of ~  5 — 6 .
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p a ra lla x : The an nual parallax  of a  star is its apparen t m otion  relative to 
the background stars caused by the motion of the  E a r th  around the 
Sun. One arcsecond of parallax would place the  s ta r  a t  a  distance of 
one parsec.

p a r s e c (p c ) :  T he d istance a t  which one astronom ical un it (AU) subtends 
one arcsecond (206,264.8 AU).

re d d e n in g : See in te rste llar reddening.

re d  g ia n t:  T he phase of stellar evolution following the  m ain  sequence and 
subgiant phases. C haracterised by an inert helium core,a th in  hydrogen 
burning shell, an d  a  th ick  convective envelope.

s p e c t r a l  ty p e :  Originally, a  classification of stellar types based upon the 
strengths o f th e  hydrogen lines observed in steUar sp ec tra , w ith spec­
tra l type ‘A ’ having the strongest hydrogen lines, ‘B ’ th e  nex t strongest, 
etc. L ater, these spectra l types were rearranged by A nnie Ju m p  Can­
non (circa 1901) to  correspond to a sequence o f increasing tem perature: 
O BA FG K M  (m nem onic: in reverse, “M entioning K ep ler’s Great Finds, 
Astronom ers Bore O thers”).

s u b g ia n t:  T he phase of evolution immediately after the  m ain  sequence dur­
ing which th e  s ta r  is beginning hydrogen sheU burning (initiédly thick 
sheU burning). T he s ta r moves rapidly across the  H -R  D iagram  to 
cooler spectra l types, a t  nearly constant luminosity; in m assive stars, 
the evolution is so rap id  it leaves an apparent gap in th e  H -R  Diagram 
of young clusters (the  H ertzsprung Gap).

tu rn o f f  m e rg e r :  T hroughout this work, a  turnoff m erger refers to  the  col­
lision betw een a  s ta r a t  the  main-sequence turnoff (i.e. ju s t  having 
reached cen tral hydrogen exhaustion) and a s ta r of lesser m ass.
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The maxim um  likelihood m ethod  of Tolstoy & Saha (1996) is used in 

C hapter 4 to  com pare the  observed distribution of blue stragglers in the  

colour-m agnitude d iagram  (CM D) w ith the predicted  d istribution  from  the  

models in C hapter 3. In  particu lar, the m ethod is used to  determ ine if a  

hybrid population o f th e  models is a  be tte r m atch to  th e  d a ta  than  a  single 

population. This A ppendix  presents the  results o f te sts  designed to determ ine 

w hether the population ra tio  w ith  th e  maxim um  likelihood of m atching the  

observations is a reasonable indicator of the true  popu la tion  ratio.

If the m axim um  likelihood, L r  (Equation 4.3), is to  be used to recover the  

population ratios for observed blue stragglers, it should  be sensitive enough 

to  recover the com position o f fake blue straggler populations drawn from  the  

models using a known population ratio . To test th is , two sets of fake blue 

stragglers were draw n from  th e  m odels and were analysed in  a  m anner iden- 

ticcil to that used w ith  th e  observed blue stragglers. T h e  fake blue stragglers 

to  be used were chosen from th e  sets of theoretical CM D s generated for the  

comparison of the  m odels w ith  the  observations of 47 Tuc, and  so have the  

sam e masses as the blue stragglers in 47 Tuc. However, these fake blue strag­

glers were drawn from  population ratios which did no t necessarily m atch  the  

observations of 47 Tuc (com pare Figures 5.3 and  5.5 to  F igure 4.22).
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(B-VL

Figure 5.3: CM D o f fake blue stragglers (open circles): the  population con­
sists of 50% tu rn o ff coUisional mergers and  50% equal-m ass coUisional merg­
ers. Also shown a re  th e  d a ta  for 47 Tuc (smaU open  squares; Rich e t al., 
1997). N ote th a t  th e  fake blue stragglers a re  not m ean t to  be a  good m atch 
to the blue stragglers in  47 Tuc.
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Figure 5.4: Likelihoods for varying turnoff m erger/ equal-m ass m erger pop­
ulation ratios m atching  th e  fake blue stragglers shown in  F igure 5.3. The 
likelihoods for singular populations matching th e  input popu la tion  are -52.83 
for tu rnoff coUisional mergers and -45.74 for equal-m ass coUisional mergers.
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The first set of fake blue stragglers analysed consisted of 50% turnoff 

coUisional mergers an d  50% equal-mass coUisional m ergers and  are shown in 

Figure 5.3 (the m agnitudes of the fake blue stragglers have had  the appropri­

a te  am ount of photom etric  scatter added). Using th e  sam e methods as used 

with the real observations, these blue stragglers were com pared with the  pre­

dictions of the coUisional mergers models assum ing various population ratios. 

The input population ra tio  is recovered ecisUy, as shown in Figure 5.4. In  

addition to the input population of 50% turnoff coUisional mergers and  50% 

equal-mass coUisional m ergers having the maiximum likelihood of m atching 

the input population, th e  probabiUty th a t this popula tion  ratio  can provide 

a good m atch to  the ‘observed’ A z distribution is ~  97%.

The second set o f fake blue stragglers analysed in this way consisted 

of 90% turnoff coUisional mergers and 10% equal-m ass coUisional mergers 

(Figure 5.5). T he in p u t population ratio  is again recovered (Figure 5.6) w ith 

a probabiUty of m atching  the ‘observed’ A z d istribu tion  of ~  89%.
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- ; / • '

( B - V ) ,
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Figure 5.5: CM D of fake blue stragglers (open, circles): th e  population con­
sists of 90% txirnoff coUisional mergers and  10% equal-m ass coUisional m erg­
ers. Also shown a re  the  d a ta  for 47 Tuc (smaU open  squares; Rich et al., 
1997). N ote th a t  th e  fake blue stragglers are not m ean t to  be a good m atch 
to the  blue stragglers in 47 Tuc.
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Figure 5.6: Likelihoods for varying turnoff m erger/equal-m ass merger pop­
ulation ra tio s  m atching the  fake blue stragglers show n in Figure 5.5. T he 
thick solid line shows th e  likelihood for a  popu la tion  consisting solely of 
tu rnoff m ergers; th e  likelihood for a  population consisting solely o f equal- 
mass m ergers is -63.49.
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As m entioned in  C hap ter 3, it is possible to  derive th e  entropy o f an  ideal 

m onatom ic gas using th e  first law of therm odynam ics an d  a  few identities. 

This A ppendix contains a  short derivation of th e  equation:

S  =  —— InA +  const (5.1)
/^7

where S  is the  specific entropy of the  gas, N q and  k  a re  Avogadro’s num ber

and  the B oltzm ann constan t, respectively, /x is the  m ean  m olecular weight

of the  gas, 7  is the  ra tio  o f the  specific heats o f the  gas a t constant pressure 

and  volume ( 7  =  ^  =  | ) ,  and A  =

First, a  few handy  identities:

- The definitions of the  specific heats a t constan t volum e and pressure:

dU  =  cyd T  (5.2)

- The relationship  between the  above specific heats for an  ideal, m onatom ic
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gas:

dQ = d U + P d V

(i). = (i).-Q .
c p  =  c v  + P{ —  )

c p  =  cy +  N k  (5.4)

- T he work done on the  gas:

d V  
P d V  = N k T —

P d V  =  ( c p - c y ) r ^  (5.5)

- S tarting  w ith  th e  first law of therm odynam ics and  th e  definition of the 

entropy:

T d S  =  dU + P d V  

= CydT +  P d V  
d V

=  C y d T  +  { c p  — C y ) T —

dT  d V
d S  =  c y —  +  { c p — c y )  —

- In tegrating  th is  last expression,

S  =  cy In T  +  (c/> — cy) In V +  A"
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where K  is a  constant.

5  =  (cp -  cv) 

1

Cv

= N k

icp  — Cv 

In T  +  ln K
-7 ~  1

S  = N k l a { V T ^ ) + K

I n T  +  lnV"

+  AT

K

(5.6)

Now, using two of the  polytropic equations o f  s ta te ,

T  =  K p -'-^  (5.7)

P  = Kp-^ (5.8)

where th e  AT s in the  above expressions a re  no t th e  same. This leads to

T  =  K P ^  (5.9)

where K  is again constant, and  is not necessarily  the  same as in th e

above tw o expressions. Using this in E q . 5.6 an d  absorbing th e  con­

stan ts in to  one constant,

5  =  N k \ n ( V P ^ ) + K  

^^ln{P/p-^) + KS  =
7

(5.10)

where V  = 1/p is the  specific volume.

Now, using

N  =
pNo

th e  specific entropy, s = S / p  is

Nok
3 =   m A -f- co n st

P I

(5.11)

(5.12)




