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Abstract

Halo Planetary N ebulae

r.s ing  pub lished  spec tra l  line d a ta  for nine halo p lan e ta ry  nebulae  I H P X e).  1 have 
c a lc u la te d  pho to ion iza tion  m odels  in an  a t te m p t  to ga in  insigh t into the physica l  
cond it ions  a n d  chem ical abundances  of these nebulae. T h e  nine H P X E  r e p o r te d  
upo n  a re  K64S. DdD m-L. X G C2242. X G C 416L  P.X243.S-37.1. PXOOW l.!). .\I2-2!). 
BB-L, a n d  H4-1. T h e  derived abundance  ranges for th e  H P X e  are: ( ’ b.bO-S.4-'). 
X 7.1S-S.0Ü, 0  7.Ô6-S.-56. Xe 6.24-7.71. .Ar 4.12-7.70. a n d  S 4.00-7.00 [ log (x i^L 2] .  
T h e  t e m p e ra tu re  range for the  cen tra l  s tars  of these  n e b u la e  is 40.000 to i4Ü.0001s.. 
Specihcally . w ith  a  few exceptions. I find that all nine o b je c t s  exh ib i t  subso la r  0 / H :  
m ost show e n h a n c e d  C / 0  and  X / 0 .  and  a  constan t X e/ 0  ra tion . 1 also n o te  the

ip o se d  to disk 
lalo  fo rm a tion  
Dundances and

e x is te n ce  o f  co m p ara t iv e ly  larger abundance  sca t te r  in th e  H P X e  as o 
P.Xe. and  suggest th a t  this is cons is ten t  with the accre tion  m odel of 
fo rm u la ted  by  Searle  & Zinn. In add it ion . 1 test the effects on derived  a; 
cen tra l  s ta r  te m p e ra tu re s  of a  va rie ty  o f  model a tm o s p h e re s  as well as b lackbod ies  
for inpu t  ionizing spec tra .  I find th a t  nebular  line s tre n g th s  a re  rela tively  in sens i t ive  
to a tm o sp h e r ic  details: thus b lackbody  spec tra  are  su itab le  for cen tra l  s ta r  c o n tin u a .

N ear-Infrared Virgo Cluster Spiral Colors

X e a r- in fra re d  ( .XIR) surface p h o to m e try  in .J f 1.2/vm I. H ( 1 .6 //m l an d  K 12.2//m  ) have 
been o b ta in e d  for a sam ple  of Virgo c lus te r  spirals: X G C 4321 . XGC4303. .XG C457I, 
.XGC4689. an d  X G 042-34 which span  a large range in HI deficiency. T h e  sp ira ls  
range from  a norm al gas conten t to a deficiency of a  fac tor o f  10 c o m p ared  to n o rm a l  
ga lax ies. Using previous HII region abundance  s tud ies  a lo n g  with  the X IR  colors 
an  a t t e m p t  has been m ade to ca l ib ra te  any correla tion b e tw e en  the .I-I\ index  to 
the  overall ^as phase  abundance  g rad ien ts  as a first s tep  to p robing  the underly ing  
s te l la r  m eta llic ity . D ecom posit ion  techn iques  have been u sed  to produce e s t im a te s  of 
sp ira l b u lg e /d is k  m asses  and lum inosit ie s  in all th ree  I. H. &: K bands, as well as to 
explore  the  varia tion  of m ass-to-light ratios within the s e p a r a te  ga laxy  c o m p o n e n ts .  
.An ana lys is  o f  the  X IR  colors is p e rfo rm ed  in an a t te m p t  to  un rave l the s im ila r  effects 
th a t  s te l la r  ages, d us t  content, m etallicity . and som e non -s te l la r  em ission  p rocesses  
has upon  colors. T h e  derived color grad ien ts  for the  .J-K index  are  very shallow  and  
show a  range of behaviors  across the  galaxy  sample.

T hes is  .Author: Jo sep h  VV. Howard 
T h es is  .Advisor: Dr. Richard  C. H enrv
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Chapter 1 

W hy go Prospecting?

C h e m ic a l  abundances  in sp ira l  ga lax ies re p re se n t  the result of  billions o f  years  of 

d y n a m ic a l  and chem ical evolution. F u n d a m e n ta l  processes such as s ta r  fo rm ation , 

s te l la r  nucleosynthesis , an d  gas infall o p e ra te  s im u ltaneously  at rates u 'h ich  a re  both  a 

function  o f  t im e an d  location to u l t im a te ly  p ro d u ce  the  abundance  p a t te rn s  o b se rv ed  

today . Therefore, un d e rs tan d in g  the genera l  form  o f  a n y  differing a b u n d a n c e  p a t te rn s ,  

how it varies from galac tic  bulge to halo  to d isk , ga laxy  to galaxy, a n d  indeed  the 

o rig in  of the differences is ex tre m e ly  im p o r ta n t  for learn ing  ab o u t  th e  ind iv idual 

p rocesses  as well as how they  work to g e th e r  w ith in  a  galaxy.

It is to  this end  th a t  two rea lm s of re se a rc h  have been undertaken: the  ra th e r  local 

s tu d y  of galactic  halo p lan e ta ry  nebu lae  an d  the  large d is tance  and  t im e  rem oved  

s tu d y  o f  rad ial ab u n d an ce  p a t te rn s  in e x t r a -g a la c t ic  spiral galaxies.

1. Halo P lan etary  N ebulae

P la n e ta ry  nebulae  (P N e)  are  sphe rica l  shells of low-density  gas th a t  have been 

blown off by the d ea th  sp asm s of the ir  ve ry  hot c en tra l  s tars . T he  p rogen ito rs  of 

P N e  a re  in te rm ed ia te  mass s ta rs  with zero-age  m a in  sequence m asses rang ing  from 

0.8.1/ r to  nearly  S . O\ f  ~ .  T h e  s ta n d a rd  m o d e l  for the  form ation of a p la n e ta ry  nebula  

follows th e  idea th a t  as in te rm e d ia te  m ass  s ta rs  leave their  even tua l  red g ian t  phase  

a n d  before  the cen tra l  core becom es a  w h i te  d w a r f  the  rem ain ing  o u te r  enve lope  of

I



rhe s ta r  is e je c te d ,  forming the s t r u c tu r e  of a p lane tary  n eb u la  (P e im b e r t  19901.

T h e  s tu d y  o f  th is  gaseous re m n a n t  an d  its behavior c a n  p rov ide  the chem ical 

com pos t ion  o f  som e  fourteen different e lem en ts :  H. He. C. X. O . Xe. Xa. .\Is. Al .  Si. S. 

. vr. Ca. and  so m e t im e s ,  but not o f ten  even  Fe, a n d  Xi. T he  gas th a t  m akes up the P.Xe 

has. to som e e x te n t ,  undergone som e  p rocess ing  during the s te l la r  chemical evo lu tion  

o f  the p ro g en i to r  s ta r .  C urren t ideas  a b o u t  the  evolution o f  chem ical con ten t  as 

in te rm e d ia te  m ass  s ta rs  evolve to p ro d u c e  P X e  place those e le m e n ts  into two groups: 

those in e x t r ic a b ly  linked and affec ted  by s te l la r  nucleosyn thesis  even ts ,  such as H. 

He. C. X. a n d  poss ib ly  0  and those  no t th o u g h t  to be a l te re d  by fu rthe r  processing , 

such as Xe. S. a n d  .Ar (Buell 1998. B oo th royd  & S a c k m a n n  1.988b Q u a l i ta t iv e  

an d  q u a n t i ta t iv e  research  on the first g ro u p  can lead to fu r th e r  u nders tand ing  and  

co n s tra in ts  on  the  chemical yields o f  s te l la r  evolution m odels , while  the abundances  

o f  the second  g ro u p  o f  e lem ents a re  m o s t ly  indicative of th e  p ro g en i to r 's  e lem en ta l  

com pos i t ion  as it originally  form ed.

Since a P X  is ju s t  a low-density  gas th a t  is heated  and  ion ized  by the in tense  

rad ia tion  field of th e  central w hite  dw arf,  it is possible under th e se  c ircum stances  to 

use p ho to ion iza t ion  codes to p red ic t  the  physica l  conditions, ion iza tion  s tru c tu re ,  gas 

an d  e lec tron  dens ity ,  tem p e ra tu re ,  e le m en ta l  abundances , and  its resu lting  em ission-  

line s p e c t ru m  once  com pared  to ob se rv a t io n  in a  unique and  self-consisten t  process. 

By s im u lta n e o u s ly  solving rigorous e q u a t io n s  perta in ing  to th e rm a l  and  s ta t is t ica l  

equ il ib r ium  along  with  the acco m p a n y in g  hea ting  and  cooling p rocesses  in the P X e  a 

definitive sy n o p s is  of the  basic s t r u c tu r e  o f  th e  PX e can be o b ta in e d  ( Ferland 1990).

Halo p la n e ta ry  nebu lae  (H P X e) a re  a  fu r th e r  subset of P X e  th a t  a re  a classification 

un to  them se lves  because  of their  m a rk e d ly  different chemical a n d  d y nam ica l  m ake-up  

co m p a red  to reg u la r  d isk  and bulge P N e  (P e im b e r t  1990). H P X e  offer the chance  to 

s tu d y  a  g roup  o f  p lane ta ry  nebulae  th a t  a re  m eta l  deficient, th e  s te l la r  p rogen ito r 's  

chem ical evo lu tion  under  such cond it ions ,  a n d  to  explore the  chem ica l  com position  of



rhe rem o te  iialacric su b u rb s .  O nce  com parisons and  differences are  d raw n  to g a la c t i r  

d i 'k  and  buliie PX e. th e re  can  be no doub t that a  g rea t  deal can be ' o n c lu d e d  from 

the respec tive  chem ical  h is to ries  o f  H P X e.

P la n e ta ry  nebulae  offer a chance  to s tu d y  a large range in nuc leosyn thetic  h is to ry  

and  evolu tion , differences in m an y  s te l la r  populations with various range o f  a se s .  and 

the  ab il i ty  to explore a s ign ificant range in initial m etallic ities  especially  w ith  H P X e. 

T he  de te rm in a tio n  o f  th e  chem ica l  com positions  of halo p lan e ta ry  nebulae  is e ssen t ia l  

to 'h e  fu rthe r  pursu it  in u n d e rs ta n d in g  the  chemical evolution of. at least. , ,u r  galaxy.

2. V irgo C luster Spiral G alaxies

Spiral galaxies have  found an  elite  s ta tus  in helping to d e te rm in e  th e  chem ical  

and  physical p a ra m e te rs  govern ing  galac tic  evolution. For m an y  years th e  physica l  

p a ra m e te rs  of spiral ga lax ies  have been de te rm ined  in a  m u lt i tu d e  of ways: b ro a d b a n d  

colors have been used to  e s t im a te  the  s te l la r  populations i W orthey  1‘hM .. HII regions 

have been used to find a b u n d a n c e  \ 'a r ia t ions  within galaxies i H enry  et al. 1992. H enry  

et al. 1994. Henry &: H ow ard  1995. Skillm an et al. 1996. V ila-C ostas  & E d m u n d s  

1992 I. and  k inem atical p ro p er t ie s  have been used to explore not only p ro cesses  tha t  

m igh t  lead to the chem ica l  s t ru c tu re  o f  the  galaxy b u t  also its pas t  and fu tu re  chem o- 

s te l la r  populations  i W o rth e y  1994. \ ’azdekis  et al. 1996. G u h a th a k u r ta  e t al. 19SS. 

M atteucc l  1992. D oplta  & R yder  1994 ).

T h e  \  irgo C luster,  due  to  its p ro x im ity  and its high galac tic  a lt i tude , p rov ides  the 

logical s ta r t in g  point for a  s tu d y  re la ting  Xear-InlTared fX IR )  colors a n d  chem ical  

a b u n d a n ce  ^'ariations. T h e  X IR  range  of wavelengths have the a d v a n ta g e  over 

b ro a d b a n d  colors in th a t  it is re la tive ly  free of ex tinc tion  effects, a n d  the  X IR  

com es from  the old s te l la r  p o p u la t io n  which grea tly  d om ina te s  the  ga lac tic  s te l la r  

m ass  I C har io t  &: B ruzua l  19911. .Although m ultiband  im aging and  any d e r iv e d  color 

varia tions  have been u sed  to  s tu d y  th e  dynam ics of different s te l la r  p o p u la t io n s  in

3



ell ip tica l  galaxies, little has been done  us ing  color in fo rm ation  to derive  dv n am ica l  

and  chem ica l  da ta  in la te - ty p e  sp ira l g a lax ies  (de .Jong KJiJbl.

It is m uch easier to m easu re  a b u n d a n ce s  an d  an y  respec tive  g rad ien ts  in the  HU 

region gas phase in spiral galax ies, so w h y  look for a m ea su re  of .-.ttllar a b u n d a n ce  

g rad ien ts?  Simply, an ana lysis  o f  HU regions can not take  place to  d e te rm in e  

ab u n d an ces  where there  is not m uch gas o r  m an y  large O an d  B m ain  sequence  s ta rs  

to pho to ion ize  the clouds into em ission . F ind ing  a XIR. co lo r-m eta llic ity  re la tion  is 

of obvious im portance  in areas  were a  sp ira l  ga laxy  m ay  have had m ost  of its üas 

s t r ip p e d  away, such as one finds in \ ' i r g o  c lu s te r  sp ira ls  < Skillm an et al. L'.lflbi. 

In a d d it io n ,  there are a  num ber  o f  p rocesses  tha t  can  a l te r  the abundances  of the 

gas phase  of a galaxy differently  than  th a t  o f  its c o n s t i tu e n t  s te l la r  c o m p o n e n t .  A 

con tinua l  infall of unenriched  gas from  a ga lac tic  halo would d ilu te  the  d isk  gas 

p e rh a p s  leading to possib ly  h igher m eta ll ic i t ie s  in the  s ta r s  than  the gas (T ins ley  

1980. R om anish in  1990). Likewise, s ta rs  m a y  form in a reas  of enhanced  m eta ll ic i ty  

causing  a difference in s te l la r  to gas a d u n d a n c e s .  ,\11 o f  these  possible behaviors  could 

resu lt  in different abundances  and  an y  g ra d ie n ts  be tw een  w hat m ay  be d e te rm in e d  

by HU regions and the s ta rs  w ith in  a  galaxy. It is also q u i te  possib le  th a t  the  form of 

a b u n d a n c e  gradients found in in te rs te l la r  gas will be very s im ila r  to those  in the s tars . 

Thus ,  th is  s tu d y  is m o tiva ted  to explore  th e  idea  th a t  NTR color g rad ien ts  m ay  link 

w ith  m eta ll ic i ty  along with HU region a b u n d a n c e  g rad ien ts .  Specifically, a  handful of 

\ ' i r g o  c lus te r  spirals. N G C4321. X G C 4303 . X G C 4254. X G C 4 5 7 I .  k  XGC46S9. have 

been  obse rved  in the X IR  (J .H .K )  p a s sb a n d  to  inves tiga te  the  idea th a t  the  X IR  .J-K 

color can  be partially  linked w ith  m eta ll ic i ty  in the s ta r s  a n d  co m p ared  to  HU region 

abundances .  T he  .J-K index is used  for th is  s tu d y  because  it is d irectly  re la ted  to  the  

te m p e ra tu re  of giant b ranch  s ta rs  and  there fo re  also sensit ive  to  the m eta ll ic i ty  o f  the  

s ta rs  because  of the effect th a t  m e ta ll ic i ty  has on the  effective surface te m p e ra tu re s  

o f  s ta rs ,  and  since the X IR  suffers m uch less ex tinc tion  th a t  can erroneouslv  a lter



color d e te rm in a t io n s .

T h e r e  a re  c e r ta in  ch a ra c te r is t ic s  of the  V irgo  C lu s te r  sp ira ls  that m ust he  taken  

into a c c o u n t  so as to  identify  a n y  sam ple  b iases  th a t  m ay  ex is t .  On the whole spira ls  

in the  c lu s te r ,  as o p p o se d  to Held spirals, show v a ry ing  degrees o f  HI deficiency i H enrv  

et al. l!i!)2. Ciiovanelli &: H aynes  I!j85. U a r m e ls  19S6) and  a p p e a r  to he re d d e r  and 

m ore  m e ta l  rich for a  g iven m orphological ty p e  (Sk il lm an  e t  al. I9!)fi). T h e re  is 

am p le  e v id e n c e  th a t  c lose  encoun te rs  and  t ida l  d is tu rb a n c e s ,  s tr ipp ing , a n d  shak ing  

have in fluenced  \  irgo g a lax y  evolution (H e n ry  e t  al. 1994) as well. T he  c lu s te r  also 

shows a  g ra d ie n t  in m orpho log ica l  ty p e  m ov ing  o u t  in the c lu s te r  from e a r ly  to late 

H ubble  ty p e s  (K e n n ic u t t  1985). .-\.ll of th ese  c lu s te r  env ironm en ta l  influences can 

a lte r  th e i r  re sp ec tiv e  chem ica l  an d  d ynam ica l  s t ru c tu re s  d ifferen tly  th an  w ha t m ay  

be o c c u r in g  in n o rm a l  field ga lax ies . However, m o s t  of th ese  effects are sm all enough  

not to c a u se  any  g rea t  h a rm  to the  s tu d y  a t  h a n d  because  the  differences a re  sm all 

c o m p a re d  to  the  in tr in s ic  varia tions  betw een d iffe ren t ind iv idua l galaxies.

2.1. Age? M etallic ity? D ust?

W h a t  cou ld  cause  color s t ru c tu re s  or g ra d ie n ts  w ith in  a  galaxy.' It is a ra ther  

d i sa p p o in t in g  s i tu a t io n  th a t  m eta ll ic i ty  effects in the  light o f  galaxies can very  well 

be m a sk e d  and  con fused  w ith  differing age effects in the  s te l la r  population  m ix  and  

by the  in fluence  of a n y  d u s t-c o m p o n e n t  r e d d e n in g  tha t  m ay  be present (O 'C onne ll  

1986). S e a rc h in g  for a  m e ta l  a b u n d a n c e - lu m in o s i ty  re la t ionsh ip  requires looking for 

a n o n -d eg e n e ra te  c a l ib ra te d  m ea su re  of m e ta l l ic i ty  th a t  is rela tively  in sens i t ive  to 

the changes  in the  m ix  o f  young  and  old s te l la r  po p u la t io n s  caused  by ongoing s ta r  

fo rm ation  in the  sp ira l  a rm s  o f  d isks , a  m easu re  t h a t  is far  less a t te n u a te d  th a n  op tica l  

o b se rv a t io n s  to r e d d e r  w avelengths  by any  d us t  c o m p o n e n t  in th e  galaxy 's  s t ru c tu re ,  

and  is sens i t i ve  to  a n y  va ria t ion  in m ean  s te l la r  m eta llic ity . T h e  nea r- in fra red  color 

indexes (H -K ) .  ( J -H ) .  an d  specifically  (J -K )  m a y  m e a su re  u p  to  this challenge.



W h a t  general color behav io r  m igh t one  e x p e c t  of la te - type  face-on spirals'.' O f ten  

v isual hand  plates o f  sp ira ls  suggest,  an d  cause  the pe rcep tion , that  the  o u te r  p a r ts  

are  b luer  and the  bu lges  a re  redder  ( Pe le t ie r  &: Balcells l!h)6). but is th is  e n t i re ly  

t ru e  as a function of rad iu s?  Since h igher m eta ll ic i ty  often leads to red d e r  colors, to 

w h a t  e x te n t ,  range, a n d  p o p u la t io n  does  any  color behavior occur? T h is  has o ften  

lead to  the  a ssu m ed  idea  th a t  the  inner  ga laxy  has higher m eta ll ic i ty  th an  the  o u te r  

d isk  because  of its re d d e r  color (de Jo n g  1996). W hat th ree  factors could  c o n t r ib u te  

to such redden ing  color behavior?

•  Various m ixes  o f  s te l la r  popu la tions  can  cause color grad ien ts .  .A m ix  w ith  

an  older p e rc e n ta g e  of s ta rs  will p roduce  redder in teg ra ted  colors. Y ounger 

popula tions  a re  b luer. .A rad ia l g ra d ie n t  in the age m ix  of s ta rs  will be  ref lec ted  

in the  colors (W o rth ey  1994. V azdekis e t  al. 1996. C har io t  & B ruzua l 1991 ).

•  M eta llic i ty  g ra d ie n ts  will p roduce  a reddening  of color with inc reas ing  

ab u n d a n ce  o f  m eta ls .  M etals a re  the  p r im ary  e lec tron  donors in the  o u te r  

envelopes of s ta r s  and  hence the opacity . T h is  com bination  controls the  s te l la r  

rad ius  and  as a consequence  the su rface  te m p e ra tu re  and  color ( B o thun  e t  al. 

1984).

•  If in spirals the  concen tra t ion  o f  d u s t  density  decreases  as a  func t ion  of 

increasing  d is ta n c e  from  the spira l bu lge this will also produce a  red d e n in g  

of color inw ard  in to  the  galaxy  (de Jong  1996. Peletier  e t  al. 1994. P e le t ie r  & 

Balcells 1996).

It has long been  e s ta b l ish e d  th a t  N ea r - In f ra re d  (NTR) wavelengths, longw ard  of 

1^/m. e m phas ize  the  o lder  and  m ore  s ta b le  s te l la r  population of K & .VI g ian ts  and  

dw arfs  in the  in te g ra te d  light of spiral ga lax ies  (R auscher 1995. T h u an  1983). T h e  

m o re  num erous o lder s te l la r  co m p o n en t  is a  m uch  be tte r  m easu re  of the  overall m ea n



m eta ll ic i ty  in s te l la r  popu la tions  within sp ira l  galaxies ra the r  than the sp a rs e  young 

and  m ass ive  s ta rs  tha t  d o m in a te  the  optical b a n d s  which reveal only the very  recent 

s ta r  fo rm a tion  history . Since galaxies are  d o m in a te d  by the num ber of the  old ste llar  

c o m p o n e n t  the N'lR is hopefully  sam pling th e  largest population  and  thus  gaining 

the largest  average  m eta ll ic i ty  behavior of th e  galaxy. T he  .VIR colors m a y  provide 

a g rea t  tool to m ea su re  the m ean  effective su rface  tem p e ra tu re s  of the  K & M giant 

branch  a n d  dw arfs . Surface  tem p e ra tu re s  a re  sensit ive  to m etallic ity  abu n d an ces ,  

lower m eta ll ic i ty  s ta rs  p roduce  higher effective te m p e ra tu re s  (b luer) w hile  higher 

ab u n d a n ce s  o f  m eta ls  cause a  g rea te r  pe rcen tage  of the s ta r 's  energy to r a d ia te  away 

at longer w avelengths causing lower (redder) su rface  tem p era tu re s .

3. Thesis G oals

T he  p r inc ipa l  goals o f  th is  thesis  are:

• T re a t  G a lac t ic  Halo P la n e ta ry  N ebulae  as a  d is t inc t  group of o b je c ts  and 

co n s is ten t ly  m odel th e ir  abundances  using  photo ioniza tion  models.

•  E s tab l ish  an y  tren d s  w ith in  halo p la n e ta ry  nebu la  chem is try  an d  any 

co m p a r iso n s  a n d /o r  s im ila ri t ies  with ga lac tic  disk and  bulge PNe.

•  Inves t iga te  the  physics and  im plica tions  beh ind  using m ore  physical 

rep re sen ta t io n s  for the w h ite  dwarf c e n tra l  s t a r ’s sp e c tru m  upon the  m odeling  

of p lan e ta ry  nebu la  abundances .  Essentia lly , is the re  is any ju stif iab le  reason 

to p refe r  m ore  rigorous s te l la r  a tm o sp h e re  a ssum ptions  o ther  th an  th a t  of a 

s im p le  b lack b o d y  radiator'?

•  P ro b e  the  efficacy of using near- in frared  colors of a handful of face-on \  irgo 

C lu s te r  g rand-des ign  sp ira l galaxies as a  m eans  to  m ap  stellar m eta ll ic i ty  in 

sp ira l  disks. E s tab lish  w hether  the J -K  color can be used as an a b u n d a n ce



p robe  while rem ain ing  insensitive  to  the  changes in the  s te l la r  age population  

m ix  and  red d e n in g  from dust.

•  Deconvolve th e  lum inos ity  profiles of the spiral ga lax ies  in all th re e  .]. H. &' 

K pa ssb a n d s  to  derive  e s t im a te s  of the ir  respec tive  b u lg e /d i s k  m asses and 

lum inosit ies .  E xp lo re  w hether  an y  conclusions can be d ra w n  f rom  the  galaxy 's  

basic physica l  pa ra m e te rs .

•  Discuss the  genera l  s t ru c tu re  of the  spira l ga laxy 's  n e a r - in f ra re d  m agn itude  

profiles.

•  L'se the  X I R  to  derive  new physica l p a ram ete rs  of the  ind iv idua l  ga laxy 's  

b u lg e /d isk  m ass  an d  lum inosity  and  com pare  to p rev ious  resu lts  in a hope 

to tes t  the q u a n t i ta t iv e  ag reem en t .

•  Establish  w h e th e r  there  is m easu re  o f  consis ten t  X IR  color g ra d ie n ts  present in 

an y  s t ru c tu re s  o f  the  sam ple  of face-on sp ira l galaxies an d  w h e th e r  any  strong 

linkage can be  m ad e  to abundance  g rad ien ts  from HII region d a ta  on the same 

s tu d ied  ga lax ies .



Chapter 2 

Planetary Nebulae; Halo &: Disk

1. Halo P lanetary  N ebulae Introduction

P la n e ta ry  n ebu lae  form du ring  th e  a sy m p to t ic  g iant b r a n c h  e v o lu t io n a ry  s tage  

of m ed iu m  m ass  s ta rs  experienc ing  he lium  shell flashes a ro u n d  th e ir  c a rb o n  cores. 

T h e se  flashes effectively eject m ost  o f  th e  o u te r  envelope of th e  s ta r ,  leav ing  beh ind  

a  hot p o s t- s te l la r  o b jec t  at the  core  a n d  an  ex tended  n e b u la  c o n ta in in g  som e of 

the nuc leosyn thetic  p roducts  of th e  p rogen ito r  s ta r 's  evo lu t ion . . \ n  ana lys is  of 

a b u n d a n ce s  in the  nebu la  can p rov ide  co n s tra in ts  on the m ix in g , d red g e -u p .  and  

nuc lear  p rocesses  th a t  occurred  d u r in g  the  evolution of the  p ro g e n i to r  s ta r ,  as well 

as in fo rm ation  regard ing  the chem ical  e n r ic h m e n t  processes a ffec ting  the a b u n d a n ce s  

of the  in te rs te l la r  m ed iu m .

Halo p la n e ta ry  nebu lae  (H P N e)  fo rm  an  im p o r ta n t  and  d i s t in c t iv e  group  o f  m eta l  

deficient sy s te m s  w ith in  the galaxy. H P N e  not on ly  provide the  o p p o r tu n i ty  to  s tu d y  

evolu tion  o f  ind iv idua l  m eta l-poor  s ta r s ,  bu t  in add ition , b e c au se  the  p rogen ito r  

s ta r 's  original c o n te n t  of elem ents such as neon, argon, su lfur a n d  p e rh a p s  oxygen is 

u na lte red  d u r in g  evolu tion , they  also se rve  as probes of halo m e ta l l ic i ty  a t  th e  t im e  

of the ir  fo rm a tion  (T o rre s -P e im ber t  & P e im b e r t  1979).

Halo or T y p e  IV p lane ta ry  ne b u la e  a re  charac te r ized  by th e i r  he ight above  the 

galac tic  plane, th e ir  k inem atic  ch a ra c te r is t ic s ,  a n d /o r  the ir  low m eta ll ic i ty  re la tive  

to d isk  p la n e ta ry  nebulae. Specifically. |z | >  O.Skpc.  |A f p r |  >  60A:m/s. and



l t j (j \0 ' H)-r[ '2 < s . I .  w here  |z | is rhe d is tance  aw ay  from the  galac tic  plane ( P e im ber t  

IhhOi and  jAVpri is the p e c u l ia r  rad ia l  velocity re la tive  to the  galac tic  ro ta tion  curve 

at the  o b je c t 's  g a la c to c e n t r ic  d is tance .  Basic physical da ta  for rhe known H P N e 

are p rov ided  in Table  2.1. (.’o lum n  ( I)  gives the  ob jec t  n am e  followed bv its PK . 

Cata log  num ber  in co lum n (2). while additional nam es are  listed in C olum n (2). 

In co lum ns 14) th rough  (S) I p rovide  nebular d iam e te r ,  raiiial velocity, d is tance ,  

a p p a ren t  v isual m ag n i tu d e ,  a n d  logarithm ic  ex tinc tion  for each  ob jec t .  T h e  hnal 

colum n gives references from  w hich the  inform ation  on each  H P . \  was ob ta ined .

H alo  P la n e ta r y  .Vebiilae P h y s ic a l D a ta .

O b jiîc t

I I I

P k . .No. 

Ci)

U t h r r  .N am es 

|3 )

R D

(4)

\ ' { k m / s }

(5)

d f tp c )

(8)

rr.v-

(7)

C l H c ,

181

R e f

(9)

K6-18 8 5 -2 7 .1 Ps-1 1.0 - 1 4 1 10 14.9 0.U8 8 .1 2 .1 3 .1 5
D dD m -1 81 + 4 1 .1 0.5 - 3 0 4 17 13.8 0.0 5.1 1
P N 0 0 6 -4 1 .9 8 - 4 1 .9 PR .M G -1 8.4 — 17.0 0.13 3
.NGC22-J2 1 7 0 -1 3 .1 22 30 8 15.0 0 .18 7.8
N G C 4361 29 2 + 4 3 .1 81 30 1 2 13.2 0 .10 8.9
M 2-29 4 - 0 3 .1 3.6 - 1 0 3 4 17.7 0.97 1.2.14
B B -l 1 0 8 -7 6 .1 B o B n - 1 3.0 196 10.8 — 0.23 1.15
H4-1 4 9 + 8 8 .1 2.7 - 1 4 .1 — 19.5 — 10.15
PN 243.8-3T .1 2 4 3 .8 -3 7 .1 23 — 5.0 15.8 0.09 10
G JJC -1 9 .8 - 0 7 .5 4 - 1 3 .3 3.1 14.3 0 .53 1

Table 2.1: 'R efe rences :  I. P e n a  et al. (1991), 2. and  3. Pena  et al. (1 9 8 9 )4 .  Gillett 
et al. (1989). Cohen & G il le t t  (1989) 5. Clegg et al. (1987) 6. A dam s et al. (1984) 
7. Shaw iC B idelm an ( 1987). .Vlaheara e t al. ( 1987) 8. T o rre s -P e im ber t  et al. ( 1990) 
9. M endez e t  al. (1988) 10. P e n a  e t  al. (1990). B arker  (1980). T o rre s -P e im ber t  et al. 
(1979) 11. Dolidze & D zhim selejshvili  ( 1966) 12. O 'D e ll  et al. (1964) 13. Pe im bert  
I 1973) 14. B oeshaar  & B ond (1977) 15. Barker (1983).

K’648 is the p ro to - type  H P N  often  used  as a c om par ison  to o th e r  p lane tary  nebulae 

and  has been s tu d ied  by n u m erous  authors including Pease  (1928). O 'D ell (1964). 

Pe im bert  (1973). .Miller (1969), .Adams et al. (1984). and  Henry. K w itter. & Howard 

(1996). D dD m -1 was d iscovered  by Dolidze and  Dzhim shelejshvili (1966) an d  has 

been ana lyzed  by Barker a n d  C u d  w orth  (1984) and  Clegg et al. (1987). Papers  have 

been p resen ted  on NG C2242 by  H uchra  (1984). .Maheara e t al. (1986.1987). Shaw
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an d  B idelm an (1987). G a rn e t t  and  D iners te in  (1988.1989) a n d  T o r re s -P e im b e r t  et 

ai. (1990). w hile  XGC4.161 has been ana lyzed  by . \ l le r  et al. (l!)78). .Adam and 

K dppen  (L98ÔI. and  T o rre s -P e im b er t  et al. (1990). P N 249 .S -97 .1 an d  PXOOb-41.9 

w ere recently  d iscovered  and  ana lyzed  by P ena  et al. ( 1989.1990). .\l2-29 is located  

tow ard  the ga lac tic  cen te r  and  has been s tud ied  by W ebste r  (1988). .Acker e t al. 

( 1989). and P e n a  and  T o rre s -P e im b er t  ( 1991 '). Papers on B B -l  include B a rk e r  ( 1980). 

T o rre s -P e im b er t  et al. ( 1981). and  K w it te r  & Henry ( 1996). H4-1 was d iscove red  In- 

H aro  ( 19Ô1 ) an d  s tu d ied  by Hawley a n d  .Miller ( 1978). T o rre s -P e im b er t  a n d  P e im b e r t  

(1979). and H en ry  et al. (1996). Finally. G.J.JC-1 was d iscovered  and  iden tif ied  by 

G il le t t  et al. (1989) and  ana lyzed  by Cohen & Gillett (1989). S p ecu la t io n s  ab o u t  

G.J.JC-1 do not a p p e a r  in this work because  the observations were nor a d a p ta b le  to 

th is  study.

T h e  p r im a ry  goal of this c h a p te r  is to use published sp e c tra l  line in tens it ie s  

to  model nine halo p lane ta ry  nebulae , using detailed  pho to ion iza t ion  ana lys is  

techn iques . In do ing  so a hom ogeneous set of abundances  and  physica l  c h a ra c te r is t ic s  

by em ploying  a  cons is ten t  m odeling p ro ced u re  for each  o b jec t  can be d e r ived . T he  

resu lts  are  then  c o m p a red  with s im ila r  available d a ta  for d isk  PN e. In th e  end  it 

is hoped  tha t  an  inference abou t the  chem ical properties  of each  nebu la  as well as 

chem ical  evolution differences and  s im ila r i t ie s  betw een the d isk  and  halo of the  ga laxy  

can be d iscussed .

M ost p lan e ta ry  nebu la  models t r e a t  the  central s ta r  as a s im ple  b lack b o d y  

rad ia to r .  T h is  is a  good first ap p ro x im atio n ,  bu t pe rhaps  not a very physica l  one. 

because  there a re  m any  com plex processes  occuring in the a tm o s p h e re  w hich  can 

influence the fo rm ation  of spec tra l  lines. O n  the o ther  hand, m ore  de ta i le d  m odel 

s te l la r  a tm o sp h e res  which t re a t  non-L T E  and  non-grey effects as  well as s te l la r  winds 

a re  now available in the  lite ra tu re . T h us ,  in §4 a  probe of different cen tra l  s ta r  m odels  

was done to te s t  the  relevence of a tm o sp h e re  grids pub lished  by K urucz  (1991).
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Hii.sHeld and  K u d r i tz k i  (l!kS4). W erner  (1991). an d  Clegg and  .M iddlemass t l 9 8 7 i .  

w here  the last set o f  m odels  includes th e  d y n a m ic a l  p roper t ie s  of s te l la r  a tm o s p h e re s  

in the cen tra l  w h i te  d w a rf  star.

The m odeling  p rocess  and model resu l ts  for each  H P.\’ a re  d iscussed  in Td- In 

■>5 1 p resen t  a  d iscuss ion  of inferred a b u n d a n c e s  and  s te l la r  properties  fo llowed by 

a  de ta iled  c o m p a r is o n  of s te llar  a tm o s p h e re  g r ids  is p resen ted  in §4- F ina lly .  Çï 

con ta ins  a s u m m a ry  of conclusions for th is  c h a p te r .

2. H alo Planetary N ebulae: Theoretical M odels

D etailed  p ho to ion iza t ion  models have been  c o m p u te d  for the nine H P X e  d e s c r ib e d  

in §1. using the  pho to ion iza t ion  code C L O U D Y  ( Ferland  199U: Baldwin e t  al. 1991) 

a n d  em ploy ing  p u b lished  em ission line s t r e n g th s  as cons tra in ts .  T h e  c a lc u la t io n  

proceeds by s te p p in g  ou tw ard  th ro u g h  th e  nebu la  from  the cen tra l  s t a r  and  

d e te rm in in g  bo th  an  ionization and  t e m p e ra tu re  ba lance  a t  each  poin t.  T h e  la t te r  

is done by e q u a t in g  the  heating and  cooling  ra te s  from  all ions and g ra in s  a t  each  

location. T he  p ro g ra m  includes effects o f  charge  exchange  as well as r a d ia t iv e  an d  

d ie lec tr ic  reco m b in a t io n  processes.

2.1. Input Param eters and A ssum ptions

T he  p r inc ipa l  in p u t  pa ram ete rs  a re  the  s te l la r  effective tem p e ra tu re ,  gas dens ity ,  

an d  abundances  o f  fourteen  elements: H. He. C. X. 0 ,  Xe. Xa. Mg. .-\1. Si. S. .A.r. 

C a . Fe. and  Xi. D u r in g  the  calcu lation , th e  g e o m e try  o f  the  nebula was a s s u m e d  to 

be spherical,  o f  c o n s ta n t  density, and  to  be d y n a m ic a l ly  expand ing  o u tw a rd s  from  

the  cen tra l  s ta r .  T h e  filling factor was e i th e r  tak e n  d irec tly  from the o b se rv a t io n s  

o r  a ssum ed  to  be 0.1. T h e  s ta r ting  rad iu s  o f  the  m odel, i.e. the d is tance  f ro m  the  

s ta r  to the  inner  su rface  of the nebula , was also tak e n  from  previous o b se rv a t io n a l  

d e te rm in a t io n s  w hen  possible. If there  w ere no p revious e s t im a tes ,  these  p a r a m e te r s
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were t r e a te d  as free p a ram ete rs  a n d  were varied  until the  spec tra l  line in tens it ies  

were well m a tc h e d .

T h e  ca lc u la t io n  produces the line s t r e n g th s  o f  hund reds  of em ission fea tu res  for 

m any  ions as o u tp u t .  T hese  are  then  c o n ip a re d  to the observa tions , and if necessary , 

the  ca lcu la t ion  is rep ea ted  with a l te re d  inpu t  p a ra m e te rs  until a reasonable  m atch  

betw een m odel a n d  observations is a c h ie v e d .

B lackbody  fo rm  for all of the in p u t  s te l la r  s p e c t r a  has been adop ted . T h is  choice 

is ju s t if ied  by ca lc u la t in g  models of e a c h  o f  the  n ine H P X e  fiuxes from four different 

g rids o f  d e ta i le d  a tm o sp h e re  ca lcu la tions .  T h e  resu lts  of this s tu d y  are p re s e n te d  in 

^d. where it is show n that cu rren t  o b se rv a t io n a l  d a ta  canno t d isc r im ina te  be tw een  

b lackbody  a n d  o th e r  theoretical a tm o s p h e r ic  in pu t  fiuxes. T hus , the d iscuss ions  

to  follow refer on ly  to  results using b lack b o d y  ionizing s p e c t ra  as inpu t to the 

pho to ion iza t ion  m odels .

2.2. R esu lts

T he  re s u l ta n t  m odel calculations for each  H P X  a re  shown in Tables 2.2a a n d  2.2b. 

w here the first tw o  colum ns conta in  th e  w aveleng th  and  assoc ia ted  ion em ission  lines 

used  in the a n a ly s is .  O bserved  line s t r e n g th s  taken  from  the references in co lum n (9) 

o f  Table 2.1 a re  lis ted  in the colum ns lab e led  " o b se rv e d ." while the  columns labeled  

"m odel"  show th e  resu lting  line in ten s it ie s  p ro d u ce d  by the  bes t  m odel. Line s tre n g th s  

in Tables 2 .2a  to  2.2c have been sca led  to  a  s y s te m  w here  the s tre n g th  of H d  =  100. 

Included  in the  lower panel of each ta b le  a re  e lec tron  t e m p e ra tu re s  and  densities  from  

both  previous s tu d ie s  and  the theo re tica l  m odels .

A bundance  ra t io s  inferred from th e  m odels  a re  g iven in Table 2.3. where H e /H  

a n d  0 / H  values a re  expressed  in l o g (x )  -f- 12 form , while the rem aining ra tios  a re  

p resen ted  as l o g (x ) .  where x  is one o f  the  ratios in the  heading. T he  last co lum n 

gives the inpu t  s te l la r  effective te m p e ra tu re .  For p u rp o se s  of com parison , th e  solar
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atul iii.sk P X  values a re  provicied in the last t u o  rou-.s of tlie tab le  ( G rev esse  & Anders 

l!)S!j; P e im b e r t  L!)!)0).

Finally. Table  2.4 p resen ts  a  com parison  of abundances ,  s te l la r  t e m p e ra tu re s ,  and 

nebu la r  d e n s i t ie s  w ith  p rev ious ly  published values whose sou rces  a re  g iven in the 

b o t to m  row. X ote  th a t  the  d e rived  abundances , a l though  reasonab ly  c o n s is ten t  with 

earl ie r  pub lished  resu lts , show som e varia tion , espec ia lly  in the  cases  of argon  and 

neon. D isc repanc ies  be tw een  the results p a r t icu la r ly  for Xe and  .Ar m a y  a rise  because 

the m odel ana ly s is  is m ore  t igh t ly  constra ined  th an  previous s tu d ie s ,  an d  thus  forced 

to a dop t  s ligh tly  different a bundances  to sa tisfy  th ese  constra in ts .  .Specifically, in the 

case o f  a rg o n , no t only  was th e i r  an  a t te m p t  to m atch  [.Arlll] A7I.3Ô. bu t also  [ A r l \ ’| 

A4740 an d  [ArV] A7006. .Also, including an d  m a tc h in g  such lines as [X e\ ']  A2424 

[.XII] A17-50. and  XIV] AI485 ten d e d  to p roduce  differing a b u n d a n c e  resu lts  for the 

sam e e le m en ts  when c o m p a re d  to  previous results  th a t  did not m a tc h  all of  these 

lines. T h e  d isa g re em e n t  be tw een  some of the  p rev ious ly  published  e lec tro n  densit ies  

and the  m o d e le d  e lec tron  dens it ies  is m ost likely a  resu lt  of the p a u c i ty  of obse rved  

su lp h u r  lines. Specifically, for PX 006-4I.9 . .XGC436I. and  P.X243.S-37.1 the dens ity  

is an u n c o n s tra in e d  p a ra m e te r  because of the  lack of an y  good [SII] ob se rv a t io n s  for 

these H P X e . B ut dens ity  is ind irectly  c o ns tra ined  in th a t  ce r ta in  dens it ie s  p roduce  

poor fits to  th e  data .

T h e  accu ra cy  of the  de rived  abundances  depends  on the u n c e r ta in t ie s  of the 

observed  l ine  in tens it ies ,  the  accu racy  of the  m e a su re d  atom ic  t r a n s i t io n  ra tes  for 

the  e lem en ts  and  the ir  ions, an d  sim ply  from  how m uch  the a b u n d a n c e s  could  be 

varied w ith in  the pho to ion iza tion  models to  still o b ta in  a reasonab ly  well fit model 

to the obse rva t ions .  .An e s t im a te  of the overall u n c e r ta in ty  is 0.1 - 0.25 dex for C. X. 

and O . and  0.2-0.3 dex for .Ar. Xe. and  S.
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Table  2.2a. Line In tensit ies .

Object K648 DdDm-1 P.Ni)U6-41.9
W’.avelength Ion Observed Model Gbserved Model Gbserved Model

.5876 He I 13.0 13.2 14.1 14.6 11.0 11.5
1640 He II 0.45 0.45 77.5
1686 He II < i .o 0.05 0.05 13.0 8.17
4267 C II <1.0 0.29 <0.13 0.01 0.00
1909 C III 640.0 637.3 0.53 36.4
1549 C IV 21.9 0.53 1481.9
4658 C IV 0.0 0.0 0.01
6548 [N II 1.70 1.28 16.2 0.62
6584 !N II 3.90 3.83 53 7 48.5 <3 00 1.85
1750 [.\ H 2.26 14.2
1485 N IV' 0.04 0.08 361.2
1240 .\ V 0.0 0.0 113.3
:I727 [0 II] 26.0 26.1 112.0 107.7 0.40 0.78
436.4 [0 III 

G III 
G III

2.70 2.72 4.57 4.45 28.6 24.5
5007 210.0 208.4 417.0 439.9 1119.8 1081.7
4959 70.0 69.5 144.0 146.6 407.0 360.6
3869 .Ne III 11.1 11.0 29.0 29.7 107.0 104.4
3968 .N e H 2.5 3.40 24.0 9.1 34.0 32.0
4720 Ne IV 0.0 0.0 0.20
2424 Ne IV 0.0 0.0 6.64
7135 .Ar 111; 0/20 0.21 7.60 7.58 3.00 0.19
4740 Ar IV 0.03 <0.24 0.33 12.9 12.7
7006 [Ar V] 0.0 0.0 0.16
6716 S II 0.82 3.00 3.20 0.21
6725 S H <2.00 1.75 1.20 <3.00 0.49
6731 S II 0.93 5.20 4.93 0.28
9069 S III 13.1 36.9 1.15
9532 S III 34.1 96.1 3.01

Temp.
T (0 + ) 10.600 K 13.000 K 11.900 K 14.100 K

T ( 0 + + ) 12,500 K 12.700 K 11.800 K 11.400 K 15.000 K 16.000 K
\ e 1700 999 4400 2938 750 1936

' Blended com bination o f(S //]A 6 7 1 6  +  [S/ZjAdTSl

15



Table  2 .2b. Line In tensit ies .

Object NGC2242 NGC436I M2-29
Wavelength Ion Observed Model Observed Model Observed Moflel

5876 He I < I 50 1.48 <0.60 0.57 14.3 14.9
1640 He II 812.0 881.9 812.0 794.6 15.1
4686 He II 107.0 92.5 110.0 84.2 1.40 1.59
4267 C II 0.01 0.48 0.01 0.02
1909 C HIl 316.0 260.6 218.0 284.4 231.1
1.549 C IV 2340.0 2499.9 2630.0 2364.3 89.1
4658 C IV 0.05 1.30 0.04 0.01
6548 N II 0.06 0.09 5.90 5.81
6584 ’.\ Il <3.00 0.19 <0.80 0.27 17 0 17.4
1750 N II 30.0 11.3 <63.0 15.0 29.3
1485 .\ IV 117.0 110.7 119.4 6.80
1240 .V V 100.0 109.5 <63.0 70.6 0.00
3727 [0 11] <2.00 0.91 <1.40 1.12 34 0 32.9
4363 0  III 5.40 6.25 6.00 7.07 15.0 ll.O
5007 0  III 200.0 183.7 204.0 220.2 452.0 182.4
4959 0  III 66.0 61.4 68.0 73.4 149.0 160.8
3869 Ne III 16.0 20.8 19.0 21.3 58.0 55.7
3968 Ne III 19.0 6 40 20.0 6 53 32.4 17.1
4720 Ne IV 2.00 6.78 2.20 4.42 0.01
2424 Ne IV 323.0 207.9 234.0 142.8 0.24
71.35 i.\r III 3.80 0.50 2.00 0.60 9.20 9.37
4740 [At IV 6.90 6.61 6.40 6.58 1.67
7006 [.\r V 6.30 4.08 5.00 2.92 0.00
6716 S 11 0.06 0.14 1 38 1.44
6725 S H] 0.10 0.25 3.38
6731 S 11 0.04 0.11 2.00 1.95
9069 [S III] 

s  III
1.01 2.63 9.35

9532 2.63 6.84 24.4
Temp.
T (0 + ) 20.400 K 19.700 K 14.300 K

T ( 0 + + ) 17.600 K 20.300 K 19.300 K 19.700 K 9900 K-
.\e 1400 1191 1500 1200 3000 2111

‘ Blended combination ofl^"//]A6716 +  [5//]A6731 

■ Pena 1996. Recent HST observations.
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Table 2.2c. Line In tensities .

Object BB-l H4-1 PN243 5-37.1
Wavelength Ion Observed Vlodel Observed Model Observed Model

.5870 He I 14.2 15.4 14.5 1.70 1.23
1640 He H 245 5 311.5 103.9 776.0 732.4
-1686 He II 25.7 15.9 10.4 11.0 104.7 76.8
4267 C II 1.10 0 39 0.12 0.0
1909 C III] 

C IV
1585.0 1189.0 484.0 535 7 <100.0 33 6

1549 2089.0 1896 6 144.0 128.1 <117.0 182.2
4658 C IV 0.71 0.0 0.0
6548 [N II] 9 80 11.7 35.9 37.6 0.19
6584 N II 30.9 35.2 <116.0 112.9 0.56
1750 ,N II 44.7 30.6 31.8 32.4 34.8
1485 N IV 30.8 5.72 < 141.0 170.3
1240 N V 64.6 4.13 0.08 <158.0 33.6
3727 [OH] 13.2 11.2 247.0 200.5 1.70 1.64
4363 fO III 5.60 5.16 12.9 12.9 13.2 18.4
5007 0  III 0.30 669.0 722.8 562.3 496.2
4959 0  III 109.6 117.2 213.0 240.9 199.5 165.2
3869 !Ne HI 166.0 167.5 8 30 8.19 75.9 78.1
3968 [Ne III 67.6 51 J 2.51 34.7 24.0
4720 1Ne IV 0.30 0.01 8.99
2424 fNe IV 17.0 0 25 240.2
7135 !A t III 0.30 0.23 1.05 1.40 1 16
4740 [ A t IV 0.50 0.47 0.37 7.40 8.40
7006 LAr V] 0 03 0.01 1.49
6716 [S II] 0.00 0.11 0.68 0.74 0.57
6725 [S II 

[ s  H
0.28 1.46 1.61

6731 0.10 0.17 0.71 0.72 1.04
9069 rs III] 0.63 1.12 33 5
9532 [s III 1.66 2.94 87.3

Temp.
T (0 + ) 12.700 K 13.000 K 21.300 K

T (0 + + ) 14.500 K 13.200 K 11.700 K 14.400 K 19.000 K 21.300 K
Ne 3000 2903 1000 669 1000 6274

Blended combination of[5//]A67l6 +  [ S I /]A6T3l



Model Abundances & C en tra l  S ta r  T e m p e ra tu re s

O b je c t H e /H 0 / H C / 0 X / 0 X e / 0 A r / 0 S / 0 T.l  lOMO

K64S 10.96 7.61 0.89 - 0 .8 9 - 1 .0 4 - 3 .8 9 -1 .5 0 45.6
DdD m -1 10.98 8.12 - 0 .9 2 - 0 .5 3 - 0 .9 2 - 2 .3 5 -1 .5 2 45.6
PN 006-41.9 10.96 8.06 - 0 .0 6 0.12 - 0 .8 3 - 2 .5 6 -1 .0 6 102.3
XG C2242 10.99 8.19 - 0 .3 4 -0 .9 1 - 0 . 7 7 - 2 .6 7 - 2 .1 9 137.0
XGC4361 11.00 8.15 - 0 .2 6 —0.80 - 0 .9 0 - 2 .7 5 - 1 .8 5 121.2
M2-29 10.97 7.71 - 0 .1 6 - 0 .4 5 —0 . 1 1 - 2 .0 5 -1 .7 8 73.3
B B -l 11.05 7.83 1.12 0.17 - 0 .1 1 - 3 .3 3 - 2 .3 3 125.0
H4-1 11.06 8.09 0.11 - 0 .4 5 - 1 .8 2 - 3 .1 7 -3 .0 4 112.5
P.V243.S-37.1 11.00 8.10 - 1 .5 0 - 0 .6 0 - 0 .7 4 - 2 .5 7 <  -1 .1 0 99.7

Sun 11.00 8.90 - 0 .2 0 - 0 .9 0 - 0 .8 0 -2 ..30 - 1 .7 0
< D is k  P \ > 11.04 8.70 0.00 - 0 .5 5 - 0 .6 0 - 2 .1 0

Table 2.3: D erived  abundances  for best fit m odels  u s ine  a b lackbodv  as the central
s ta r 's  rad ia tio n  field.
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Table 2.4. C om parisons :  .Abundances. S te llar  T em p ..  & X ebu la r  D ensities .

K648 DdDm- 1 PX006-41.9
Current Other Current Other Current Other

He 10.98 11.02 10.95 11.00 10.94 10.96
C 8.42 8.73 7.23 7.23 >.08 —

.N 6.63 6.50 7.45 7.40 >.00 —

O 7.56 7.67 8.03 8.15 8.62 H.IO
Xe 6.50 6.70 7.08 7.30 7.23 7.50
S 5.86 — 6.36 6.53 5.49 — -
.Ar 4.12 — 5.72 5.86 7.00 5.80
r.(io=>/v) 43.9 40.0 44.7 38.0 80.6 75.0
L o g S , [ c m ~ ^ ) 3.0 3.2 3.8 3.6 3.4 2.7
Ref* A B.D H

XGC2242 XGC4361 M2-29
He 10.46 11.00 10.15 1 1 . 0 0 11.07 10.97
C 8.06 8.40 8.09 8.10 7.58 —

X 7.59 7.65 7.06 7.30 7.27 7.17
o 7.63 8.05 7.70 7.85 7.80 7.31
Xe 6.74 7.80 6.83 7.55 7.08 6.72
S 6.30 6.30 6.30 6.20 5.86 5.91
Ar 5.58 5.90 5.51 5.80 5.93 5.26
r . (  10'/t ') 124.8 80.0 96.6 80.0 183.3 50.0
Lug s . [cm~'^) 3.6 3.2 3.4 3.5 3.6 3.5
Ref* E E C

BB-l H4-1 PX243.8-37.1
He L 1.03 T T . o - r  ■■ 11.12 TO .'99 10.32 11.00
C 8.95 9.16 8.08 9.29 6.78 7.60
X 7.81 7.89 7.52 7.87 7.45 8.00
o 7.82 7.68 8.03 8.50 7.66 8.40
Xe 7.71 7.76 6.24 6.80 6.97 7.90
S 5.47 5.80 4.89 5.90 <6.90 —

.Ar 4.57 4.74 4.99 5.20 5.26 6.20
r . ( i o ^ R ' ) 125.0 — 127.9 — 90.0 90.0
L o g y \ ( c m ~ ^ ) 3.6 3.5 — — 3.6 3.0
Ref* C F G

CA: s . .Adams et ai. (L984), B: T .B arker & Cudworth (1994). C: .\I. Pena et al. ( 1991). 
D: R.E.S. Clegg et al. ( 1987). E: Torres-Peimbert et al. (1990). F; Torres-Peimbert ( 1979). 
G: -\l. Pena et al. (1990). H: M. Pena et al. (1989).
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3. D iscussion

In te rp re t in g  ab u n d an ce  resu l ts  such  as those p re se n te d  here is c o m p lic a ted  by the 

p resen ce  of several known fac to rs  which influence the  levels of those  e le m e n ts .  For 

ex a m p le ,  an  e lem en t 's  a b u n d a n c e  in a  p lane tary  n eb u la  is due  not on ly  to  th e  a m o u n t  

p resen t  in the  s te llar  p ro g en i to r  a t  the  t im e  of its b i r th ,  bu t  also to a n y  nuc leosyn the t ic  

process w ith in  the s ta r  which e i th e r  enhances  or d es tro y s  certa in  a m o u n ts  o f  th a t  

e lem en t .  F igu res  2 .1a - 2 . l e  show plots of five a b u n d a n c e  ratios versus lo g (0 /H ) - i -1 2  

for o u r  n ine H P N e  as de r iv ed  f rom  o u r  models. ,\11 a b u n d a n ce  ratios a re  n o rm a l iz e d  

to  solar values (G revesse  & .Anders 19891. Each H P N  is deno ted  by a u n iq u e  sym bol 

while a g roup  of d isk  PN e. s tu d ie d  by .Aller and C z y z a k  (198-3). a re  all d e n o te d  as 

a plus m ark .  .A few genera l t re n d s  can be seen. F irs t .  0 / H  is c learly  su b so la r  in all 

n ine o b jec ts ,  a  tren d  which is ve ry  consis ten t  with  the  idea that these  P N e  fo rm ed  

in the  halo ou t  of m e ta l-p o o r  m a te r ia l .  T he  size o f  th e  deficiency, i.e. a fac to r  of 10 

or so. is typ ica l  of w hat is found in the  halo.

In Fig. 2.1a. we see th a t  m o s t  of the objects  e x h ib i t  ca rbon  e n r ic h m e n t  re la tive  

to the  solar values. T h is  seem s espec ia lly  true  for K648 and  B B -l .  H ow ever, the  

o p p o s i te  effect is seen for D dD m -1  an d  P N  243.8-37.1. w here  carbon  has no t e n r ic h e d  

the  nebula . T h is  m ight be  e x p la in ed  if DdDm-1 e x p e r ien c e d  fewer d red g e -u p  ep isodes  

th an  K64S and  B B -l .  thus leav ing  DdDm-1 and  P N  243.8-37.1 with less c a rbon  

e n r ic h m e n t  (C legg <L' M id d lem ass  1987). N itrogen shows much the sam e  behav io r  

re la tive  to solar v'alues as show n in Fig. 2.1b. i.e. all ob jec ts  ex cep t  K648 and  

N G C 2242 ex h ib i t  n i trogen  e n r ic h m e n t .

O f  course , one m ust  also cons ide r  effects of oxygen  depletion on the  C / 0  and  

N / 0  ra tio s .  Simply, the  p resence  o f  less oxygen req u ires  less carbon  or n i t ro g e n  to  

be m ixed  ou t  into the (even tua l)  n e b u la r  m ateria l to inflate  the  C / 0  and  N / 0  ratios. 

[For e x a m p le ,  the  m ore  oxygen-r ich  the  progenitor s ta r  is. the  m ore  difficult it is to
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•  K64&
DdDm-1

■  PN006-41.9 
O NGC2242 
ANGC4361 
□  M2-29 
ABB-1
♦  H4-1
O PN 243.8-37.1 
-  Disk PN

-1.0 -0.8 -0.5
Log(0/HL^^-Log(0/H)_

Fig. 2 .1a .—  P lo t of L o g ( C /0 )  vs. L o g ( 0 /H )  +  L2. Each  H P N  is d eno ted  by a  unique 
sym bol while a  group of d isk  PN e  are  show n as plus m arks. T h e  legend for th is  figure
is valid for all figures.
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Fig. 2 .1c .—  S am e as Fig. 2.1a but for N e / 0 .

2 3



-1.0 “0.8 -0.5
L o g (0 /H U ^ -L o g (0 /H )_

Fig. 2 . I d .— Same as Fig. 2. l a  bu t  for S / 0 .
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Fig. 2 . l e .— Sam e Fig. 2 .1 a  b u t  for . \ r / 0 .
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riirn it in to  a rarbori s ta r  ( B oo th royd  & S ack m an n  likSSi.î If oxygen dep le tion  were 

the p r inc ipal  factor in e levating o b se rv e d  C / 0  and  N / 0 .  then we would ex p ec t  to 

see an inverse rela tion be tw een  C a n d  N. and  O in Figs. 2 . l a  and  2.1b T h e  ab sen ce  

of such a relation suggests  th a t  t r u e  e n h a n c e m e n t  is tak ing  place.

T h e  low carbon a b u n d a n ce  a p p a re n t  in D dD m -1 a n d  P.\24d.S-.'}7.1 m ay  set the 

low end  for m ixing an d  d red g e d -u p  c a rb o n  e n r ic h m e n t  | Iben 11)83. Iben & Renzini 

11)831. It has been suggested  (C legg  &: M idd lem ass  1987) tha t  the p rogen ito r  of 

DdD m -1 was a s ta r  of low m ass. T hus ,  fewer th e rm al  pulses o c c u rre d  before PN 

form ation  (Clegg &: M idd lem ass  1987), an d  less c a rb o n  was d red g e d  up.

R esults  for N 'e /0 .  S / 0 ,  an d  .A.r/0 a re  shown in Figs. 2.1c. 2 . Id .  and  2 . le .  

respectively . .V e/0  in Fig. 2.1c is rough ly  co n s is ten t  with the solar value for all 

bu t two HPNe. R ela tive  to the  so la r  value. B B -l  shows a high N e / 0  ra tio  while 

H l -T s  ra tio  is low. .All o ther  o b jec ts  are  w ith in  0.2 dex  of the solar value. For S / 0  

in Fig. 2 . Id  we no te  th a t  the sp re a d  in values for ha lo  and disk P N e  is nea rly  the 

sam e; for the  H PN e. excep ting  H4-1. the  sp re a d  is sy m m e tr ic  ab o u t  the  solar value. 

In Fig. 2. le  we see th a t  m ost of the  H P N e  have values o f  A r / O  below the solar value.

Figs. 2.1 suggest the  H P N e  a re  significantly  enriched  with C and  N but 

show a sp read  in N e / 0 .  S / 0 ,  an d  .Ar/O  which is la rger  than  can be exp la ined  

by uncerta in ties . T he  bu lk  of the  ca rbon  p resen t  in p resum ab ly  comes from 

nucleosynthetic  processes ex p e r ien c e d  by the p rogen ito r  s ta r  pr ior  to p roducing  a 

p lan e ta ry  nebula. D uring  hydrogen  b u rn in g  in the  C N  cycle, c a rb o n  is dep le ted  as 

n i trogen  is produced  bu t  la te r  p ro d u ce d  by  helium  b u rn ing . T he  key is ge tt ing  this 

ca rbon  to the  ste llar  su rface  a n d  m o re  im p o r ta n t ly  f rom  there  to the  p la n e ta ry  nebula . 

In H P N e  the  am oun t of c a rbon  in th e  nebu la  can supp ly  cons tra in ts  to th e rm al  pulse 

m echan ism s, mixing, and  d redge -up  processes. (R enzin i et al. 1981). T hus .  K64S 

and  B B -l  m ay  set the  u p p e r  l im it o f  c a rb o n  yield for successful d redge-up .

In c o n tra s t  to the  e n r ic h m e n t  e x p e c te d  for C and  iN during  the  life tim e of a PN
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p rogen ito r  s ta r ,  ra t io s  o f  X e / 0 .  S / 0 ,  an d  .Ar/ O should re Meet th e  cond it ions  at the 

t im e  of p rogen ito r  b i r t h '

Fig. 2.1c shows th a t  X e / 0  is rough ly  c o n s ta n t  am ong  H P X e . a Hnriing consis ten t 

w ith  tha t  of H enry  (1989) for a la rge  sam p le  o f  p lan e ta ry  n e b u la e .  T h is  finding 

im plies  bo th  th a t  X e  a n d  O a re  p ro d u ced  by s ta rs  w ith in  the s a m e  m ass  range, and  

fu rthe rm ore ,  in m o s t  H P X e  s tu d ied  here , nucleosynthesis  in th e  s te l la r  progenitors  

d id  not a lte r  the  s t a r ’s in h e r i te d  a m o u n ts  o f  these  two e lem ents . O n  the  o th e r  hand. 

H4-1 and  B B -l  do n o t  follow this behav io r  a t  all. X e / 0  for H 4 - l 's  is subso la r  while it 

exceeds  the  solar level in B B - l .  T h is  m ig h t  im p ly  different o r ig ina l  neon abundances  

for the  p rogen ito r  s ta r s .  It is in te res t ing  to  no te  th a t  the average  d isk  va lue  for X e / 0  

is higher th an  the  a v e ra g e  value for th e  H P X e . T h is  would su g g e s t  th a t  the  e x tra  

neon in the d isk  s ta r s  is com ing  from  an  a d d it io n a l  source a n d / o r  m ec h a n ism  which 

is u n im p o r ta n t  in th e  halo , or tha t  th e  neon p roduced  by s ta rs  in the  halo is not 

suffciently m ixed  a n d  e n h a n c e d  in the  in te rs te l la r  m ed ium  of the  halo. .Alternatively, 

the  younger and  s ligh t ly  m o re  m assive  p ro g en i to r  s ta rs  of P X e  in th e  d isk  m ay  destroy  

oxygen in e x t r a  O X  cycling .

W ith  respec t  to .A r/O  in Fig. 2. Id .  th e re  seem s to be two g ro u p s .  H4-1. K648. and 

B B - l  all show very  low a rg o n  a b u n d a n ce s  c o m p a re d  to the o th e rs ,  i.e. . A r / 0 <  - 3 .0 .  

a finding no ted  by P e n a  e t  al. (1991). .Also it seem s th a t  those o b je c t s  w ith  ex trem ely  

low .Ar/O show som e o f  th e  h ighest c a rb o n  e n r ic h m e n t  rela tive to  so la r  values of C / 0 .  

T h is  is especially  t r u e  for K648 and  B B - l .

Finally, no te  th a t  re su l ts  in F igures 2.1 show a  relatively large  a m o u n t  of scatter  

in abundances  for th e  halo  ob jec ts  w hen  c o m p a re d  with the  d isk  P X e. This  is 

p a r t icu la r ly  in te re s t in g  in the  cases o f  X e / 0  and  .Ar/O (F igs . 2.1c and 2 . Id.

' P rocesses which c o u ld  o s tens ib ly  change  these  ratios inc lude  th e  p roduction  of 
•^.Xe from ' ‘*X a n d / o r  th e  d e s tru c t io n  o f  "’O in the  OX  cycle.
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respec tive ly ) ,  since, as a l r e a d y  m entioned , these  ra t io s  a re  expec ted  to be  c o n s ta n t  

am o n g  all P X e .  assum ing  th a t  the  halo and disk sy s te m s  a re  each hom ogeneous when 

s ta rs  form  w ith in  them . X o te  tha t  the sca tter  o b s e rv e d  in H PX e is q u a l i ta t iv e ly  

s im ila r  to  w ha t  is seen by G ilroy  et al. (1988 ) in th e i r  analysis  of '20 m eta l  poor 

P o p u la t io n  II s tars  as well as Cowan et al. (1996). Interestingly. S ea rle  and 

Zinn ( 1978) have suggested  halo form ation m odels  w hich  include the a c c re tio n  of 

e x tra g a la c t ic  m ateria l  in to  the  p r im ord ia l  halo m a te r ia l .  Such a process m igh t 

p roduce  H P X e  which w ould  reflect the  differing a b u n d a n c e s  of the halo m a te r ia l .

4. The A tm ospheres of Planetary N eb u la  Central Stars

P la n e ta ry  nebula  c e n tra l  s ta rs  have hot a tm o sp h e re s  th a t  are  highly non-g rey  and  

w here  n o n -L T E  effects m a y  be very  im p o r tan t .  In th e  case  of local th e rm o d y n a m ic  

e q u il ib r iu m , the re  is no reaso n  to assum e that we m a y  a p p ly  the equ il ib r ium  rela tions  

of th e rm o d y n a m ic s  and  s ta t is t ic a l  mechanics for local t e m p e ra tu re  and  d e n s i ty  to  all 

po r tions  o f  the  a tm o sp h e re  o f  these  .AGB stars. T h e  rad ia t iv e  processes p roducing  

the s ta r 's  co n tin u u m  d e p e n d  d irec tly  upon the s t r u c tu r e  o f  the  s ta r 's  rad ia tion  field, 

and  thus e q u il ib r ium  e q u a tio n s  app ly  only if the  r a d ia t io n  is isotropic a n d  has a 

P lanck  d is t r ib u t io n .  Indeed  a  m uch  different s i tu a t io n  ex is ts  in the ou te r  obse rvab le  

layers of th e  s ta r .  R ad ia tion  flows freely from the  s te l la r  su rface  to e m p ty  space , the  

rad ia tion  field has an a b so lu te  intensity , d irection, a n d  frequency  d is t r ib u t io n ,  and  

the a tm o s p h e re  has a la rge  t e m p e ra tu re  grad ien t. T h u s  the  rad iation  field is very 

non-local a n d  an iso trop ic  in n a tu re  (M ihalas 1978).

Severa l g r ids  of de ta iled  m odel a tm ospheres  a re  ava ilab le  in the l i te ra tu re ,  an d  we 

consider if obse rved  n e b u la r  p roper t ie s  are ex tens ive  a n d  sensitive  enough  to allow 

a choice to  be m ade  am o n g  th e m  an d  blackbodies as th e  p roper  ionizing sou rce  for 

each  of the  H P N e. Thus, various  s te l la r  con tinuum  m ode ls  were e x p e r im e n ted  w ith  

to te s t  b lackbod ies  and  four different model a tm o s p h e re  grids  by using p re d ic te d
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fluxes as ionizing sources  to com pute  ind iv idua l  best-fit  m odels  of each  o f  the nine 

HPN'e in the sam p le .  T h e  four grids te s te d  were an  LTE grid  ( Kurucz l!)9 l) . plus 

th re e  different n on -L T E  grids f W erner &: H eber 1991: Clegg & .Middlemass 1987: and 

Husfield & K u d r i tz k i  1984).

Kurucz (1991) p ro d u ce d  a  set of LTE. line b lan k e ted , s ta t ic  p lane-parallel s te l la r  

a tm o sp h e res  which spans  te m p e ra tu re s  8 .500  A to 50 .000  A.' and lofjig)  0.0 to

5.0. These  m odels  inc lude  up-to -date  line opacities ,  c o n tinuous  opacities, and  an 

a p p ro x im a te  t r e a tm e n t  of convective overshooting . T h e  m odels  are co m p u te d  for 

solar abundances  a n d  cover an effective range in sp ec tra l  ty p e  from K to 0  s tars .  

I em ployed  m odel a tm o sp h e res  from th e  u p p e r  t e m p e ra tu re  range of the grid . i.e. 

35.COOK to 50.00GK in o u r  tests.

T h e  grid of W e rn e r  & H eber ( 1991) spans  te m p e ra tu re s  o f  SO. 000 A' to  200. 000 A' 

and  log[g)  5.0 to  8.0. .All the  models a ssu m e  solar a b u n d a n ce s ,  include H and  He 

line opacities, and  use  a de ta iled  t r e a tm e n t  of m odel a to m s  for C . N. and 0  w ith in  

the  a tm osphere . W ern e r  & Heber n o te  th a t  C N O  line b lanke t ing  g rea t ly  affects 

b o th  the  t e m p e ra tu re  s t ru c tu re  of the  s ta r  and  level p opu la t ions  o f  atom s w ith in  the 

a tm osphe re ,  as b o th  a re  governed by the  non-local behav io r  of the  .N'LTE rad ia tion  

field produced.

Clegg and  M idd lem ass  (1987) p ro d u ced  a  hot non-L T E  model a tm o sp h e re  

g rid  with H an d  He opac ity  sources sp ann ing  te m p e ra tu re s  of 4 0 .0 0 0 A' to 

ISO. OOOA'./o^rf ̂ r) 4.0 to  8.0. and H e /H  of 0.10 to 0.01 by num ber. T he  models 

include  H line b lanke t ing , excep t for s ta rs  with T , / /  >  10" A'. T he  sp read  in T , / /  

an d  log(g)  was based  on  Schonberner’s (1981, 1983) evo lu t ionary  tracks for p lane ta ry  

nebu la  central s ta rs .  T h e  plane parallel m odels  a re  in rad ia tiv e  equ il ib r ium , and  H"’. 

He", and  He"^ d e p a r t  from  LTE by 5, 5. and  6 levels, respective ly . Bound-free and 

six bound-bound  t ra n s i t io n s  were inc luded  for H°. and  b ound -free  transit ions  were 

inc luded  for He" a n d  He'*’.
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Finally . Hustield  and  K u d r i tz k i  tL'.)S4| ca lcu la ted  a  sm all  grid  of m odels w hich 

'p a n s  50. ()()() A to  115.000A" a n d  l(xj[(j\ d.S to 5.75. T h e s e  m odels  are  iion-LTE. 

s ta t ic ,  p lan e  para lle l ,  and  a re  in h y d ro s ta t ic  and  rad ia tiv e  eq u il ib r iu m , with a chem ical 

c o m p o s i t io n  o f  \ '= u (  helium  I, ni h y d ro g en  1=0.1 an d  so lar  C N O . T he  m odels use  the  

c o m p le te  l in ea r iza t io n  techn ique  deve loped  by .Auer a n d  .Mihalas i 1060. 10701 w ith  

details  d e s c r ib e d  by K udritzk i  ( 1 0 7 6 1.

I 's in g  d u x e s  from  each o f  th e  four  grids of m odel  a tm o s p h e re s .  .An a t te m p t  to 

m atch  the  o b s e rv e d  line s treng th s  for each  of the nine H P N e  was undertaken .

Fig. 2 .2  p lots the  log of the  ra t io  of p red ic ted  to  o b se rv e d  line s treng ths  for 

seven i m p o r ta n t  lines. Individual H P N e  are  uniquely  r e p re s e n te d  by a symbol shape  

defined in the  legend. For any  one  line s treng th ,  sym bols  co rre spond  from left to  

r igh t to  b lack b o d y .  Kurucz or W e rn e r .  H usf ie ld -K udritzk i .  and  C legg-M iddlem ass . 

respec tive ly . (T h e  o rder  is e x p lic i t ly  shown for the  line C  HI] A1909.) .A few ratios 

of o b s e rv e d  to  p red ic te d  line s t r e n g th s  were not p lo t ted  because  the  observed  line 

was very  u n c e r ta in  an d  differed m a rk e d ly  from the p r e d ic te d  line in tens ity  in the  

m odel. N o tice  there  is close a g re e m e n t  betw een m odel an d  obse rva t ion  for these  

r e p re se n ta t iv e  lines, w ith excep tions  in the  cases of [Nil] A6564 and  [OH] A3727 for 

PN 006-41.9 . Line in tens ity  d isc rep an c ies  for [NH] A65S4 m ay  be due  to  de-blending 

p rob lem s w ith  the  observations s ince  [NH] A65S4 is very  n e a r  H o (T o rre s -P e im ber t  

et al. 1990). w hile  the  d isc repancy  for [OH] A3727 m ay  b e  a  s y m p to m  of poor signal 

to noise d u e  to  the  line’s w eakness. C learly , the resu lts  ind ica te  th a t  observed  line 

s treng th s  a re  su itab ly  co m patab le  w i th  all four m odel a tm o s p h e re  g rids  as well as 

b lackbody  c o n t in u u m  shapes a d o p te d  in the  earlie r  sec tions .

F igu res  2 .3a  a n d  2.3b show differences in inferred  a b u n d a n ce s  an d  cen tral  s ta r  

t e m p e ra tu re s  d e r ived  for each m odel.  Fig. 2 .3a plots the  log o f  the  best fit abundances  

derived  us ing  each  ty p e  of s te l la r  c o n tin u u m  no rm a lized  to  the  analogous results  

for b lac k b o d y  in p u t  spectra . For a n y  one model a tm o s p h e re  along the  horizontal
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scale, the  u n iq u e  sym bol for each  H PX  ind ica te s ,  from  left to r igh t,  the d ifference in 

carbon , n i trogen , and  oxygen abundances  used  in the  two pho to ioniza tion  m odels 

inco rpora ting  th e  m odel a tm o sp h e re  and  b lackbody . Tfie points p lo tted  refiect 

only the  resu lts  th a t  fell w ith in  the span  o f  s te l la r  t e m p e ra tu re  for the  theore tica l  

a tm o sp h e re  g r ids  for th e  specific m odeled  H P N e . Taken  together, the a bundances  

im plied  when using the  s te l la r  a tm o sp h e re  m odels  for the  cen tra l  s tar  c o m p a red  to 

those assoc ia ted  with b lackbod ies  genera lly  a re  lower.

F igure  2.db shows the  difference in in fe rred  effective te m p e ra tu re  be tw een  the 

model a tm o s p h e re  and  blackbody. For m o s t  m odels , a lower stellar te m p e ra tu re ,  

c o m p ared  to  b lackbody . was necessary, p e rh a p s  due  to the  influence of line b lanke t ing  

in the m odel a tm o sp h e res .  T h e  flux p ro d u ced  by  the  s ta r  is conserved, so the  flux 

blocked by fo rm ing  lines m ust  em erge  at o th e r  f requencies , thus altering the e m erg en t  

con tinuum  of th e  s ta r  l M ihalas 1978). Line b lanke t ing , or the  blocking effect, caused  

by the  p resence  of heavier  e lem en ts  in th e  a tm o s p h e re  effectively cools th e  surface 

layers of the  s ta r .  B lackbody  models will there fo re  tend  to im ply  higher effective 

Tem peratures of cen tra l  s tars.

T he  set of K urucz  LTE m odels  i K urucz  1991 1 c o m p a red  to  b lackbody  tend  to 

lead to slightly  lower de rived  oxygen a b u n d a n c e ,  h igher n itrogen  abundance , and  

cooler cen tra l  s ta r  te m p e ra tu re s .  In the  case  of c a rbon  for K648 and D dD m -1 the 

Kurucz m odels  im p ly  a  lower ca rbon  a b u n d a n c e  for ca rbon  rich K64S. and  yielded 

a higher e s t im a te  of ca rbon  abundance  for c a rb o n  poor D dD m -1. LTE m odel lines 

in the cen tra l  s ta r  are  d ep en d en t  on the local t e m p e ra tu re  and density  of the  line 

producing  region, thus the  em erg en t  co n tin u u m  th a t  la te r  i l lum ina tes  the nebu la  will 

reflect the  sam e  local behavior. How the c a rb o n  hea ting  and  cooling is t r e a te d  in the 

ou te r  layers of the  s ta r  v ia  LTE equ il ib r ium  a p p ro x im at io n s  m ay  influence likewise 

the la ter  c a rbon  a b u n d a n ce  resu lts  in the nebu la .

T he  se t  of Husfield - K u d r i tz k i  models (H usfie ld  & K udri tzk i  1984) c o m p a red  to
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Fig. 2 .3 b .—  P lo t  o f  the  s te l la r  a tm o s p h e r ic  m odel t e m p e ra tu re s  used  for the  central 
s ta r  c o m p a re d  to  the  b lackbody  resu l ts .
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b lac k b o d y  resu l ted  in sm a l le r  to the sam e c a rb o n  an d  n itrogen  abundances . O nlv  

- \G C 2 2 4 2  and  BB-1 using  these  models re su l te d  in s lightly  increas ing  nitrogen and  

oxygen  a bundances  significantly. .As for oxygen , the  Husfield - K udritzk i  m odels 

y ie lded  nearly  the  s a m e  a b u n d a n ce  for the P N 's  w ith  hot cores, and  lower abundances  

for the  P N ’s w ith  coo le r  c en tra l  stars. T hese  d ifferences m ay  be the  res id t  of the .NLTE 

rad ia t io n s  field’s non-local dependence  on t e m p e r a tu r e  and  density . T h e  hotter  s tars ,  

as opposed  to the  cooler, m a y  include m ore  h igh  ionization lines th a t  cause the s t a r ’s 

e m e rg e n t  flux to be r e d is t r ib u te d  to frequenc ies  which oxygen is m o re  sensitive.

W e rn e r ’s s te l la r  a tm o s p h e re  models (W e rn e r  & H eber l!J9I) w hen com pared  to 

th e  b lackbody  m ode ls  resu l ted  in m ostly  coo le r  ce n tra l  s te l la r  com ponen ts  for the  

P N ’s a n d  only s ign if ican tly  influenced n i tro g en  in abu n d an ce .  B B -l  and  PN243.8- 

37.1 had  lower n i t ro g e n  abundances  with th e se  m odels . In fac t ,  the  W erner set of 

m odels  tended  to s t r a y  the  least in abundance  a n d  t e m p e ra tu re  resu lts  to those sam e 

resu lts  under a b la c k b o d y  m odel.

Finally. Clegg - M id d le m a ss  (Clegg & M id d le m a ss  1987) m odels  when com pared  

to the  b lackbody  c o u n te rp a r t  lead to lower P N  c en tra l  s ta r  t e m p e ra tu re ,  higher 

c a rb o n  abundance  for c a rb o n  poor D dD m -1 . lower c a rb o n  a b u n d a n c e  for carbon  

r icher  K648 and  H4-L, genera lly  lower oxygen  ab u n d a n ce ,  and  th e  sam e  to slightly  

lower n itrogen  a b u n d a n c e s .  O n ly  DdDm-1 show ed  m uch  lower n i trogen  abundance  

w hen co m p a red  to th e  n itrogen  abundance  d e r iv e d  using a b lackbody.

B ecause  of the  re la t ive ly  close a g reem en t  on  de rived  a b u n d a n ce s  and s te l la r  

t e m p e ra tu re s  b e tw e en  m odel a tm opsheres  a n d  b lackbody. no p a r t icu la r  input 

s p e c t r u m  in obv iously  preferab le  given ava ilab le  c ons tra in ts .  T h u s  for purposes of 

s im plic ity ,  b lackbody  s p e c t r a  have been co n s is ten t ly  a d o p te d  as in p u t  for the models 

p re s e n te d  in the  e a r l ie r  sections  of this c h ap te r .
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5. Halo P lan e tary  N ebulae C onclusions

T heoretica l  pho to ion iza t ion  m odels have been c a lcu la ted  for the nine H P . \ e  and  

c o m p a re d  to observa tions  because  of the ir  d is t inc tive  m eta l  poor chemical a bundances  

a n d  th e ir  po ten tia l  c o n tr ib u t io n  to  unders tand ing  s te l la r  nucleosynthesis  as well as 

ga lac tic  chemical e vo lu tion . For the m ost part ,  e lem en ta l  ab u n d an ces  are  found which 

a re  re la tive ly  cons is ten t  w ith  pas t  resu lts  for these  o b jec ts  in the  litera ture .

Specifically, resu lts  show tha t ,  rela tive  to the sun . all n ine  ob jec ts  show subso lar  

0 / H .  m ost  show e n h a n c e d  C / 0  (excep t DdDm-1 and  Pn243.8--'17.T) and .N’/ O  (excep t 

.\’G C 2242 and  K64S). a n d  seven of the  nine HP.N'e show a re la tive ly  c o ns tan t  value 

for X e / 0 .  In teresting ly . .A.r/0 h in ts  at possibly two differing groups w ith in  th e  nine 

H P . \e .  those  that a re  e x tre m e ly  .Ar poor (H 4-I. K648. and  BB-11 and those which 

a re  no t.  .All trends  a re  reasonab ly  consis ten t with nuc leosyn thes is  ideas re levant to 

in te rm ed ia te -m ass  s ta rs .

In §4 the  effects u p o n  n ebu la r  sp e c tra  of various a ssu m p tio n s  regard ing  the 

p ro p er t ie s  of the a tm o sp h e re s  of cen tra l  stars were conside red . The results  show 

th a t  n ebu la r  em ission  line s treng th s  are  relatively in sens itive  to  a tm ospheric  details . 

T herefore , b lackbodies a re  cu rren tly  qu ite  suitable  rep re sen ta tiv es  of a cen tra l  s ta r  

con tinuum .

Finally, in c o m p a r in g  the  m odel results  of HP.N’e to a  sa m p le  of disk P.N'e there  

is show n tha t  a bundances  at the  t im e  o f  progenitor fo rm ation  a p p ear  to have been 

less hom ogeneous in th e  halo th an  in the  disk. Specifically, th e re  is m ore a b u n d an ce  

sc a t te r  for halo than  d isk  P N e. consis ten t  with recen t findings for halo and  disk  

s tars .  T h is  suggests a  m o re  com ple te  m ixing of m ate r ia l  in the  disk of the ga laxy  

and  is qua li ta t ive ly  co n s is ten t  with  halo form ation theories  involving the accre tion  of 

m a te r ia l  with differing chem ical  abundances .
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Chapter 3 

IR Imaging of Virgo Spiral Galaxies.

1. In troduction

M uch resea rch  has ad d re s se d  the  qu es tio n  of abundance  g ra d ie n ts  ac ro ss  the  disks 

of sp ira l ga lax ies  using HII region e m is s io n  s p e c t ra  to m e a su re  gas  p h ase  abundances . 

Little is know n, ou ts ide  the M ilky  W ay. ab o u t  possible g ra d ie n ts  in m e a n  ste llar 

m etal ab u n d a n ce .  However. X e a r - ln f ra re d  (N IR ) observa tions  m a y  p ro v id e  a  golden 

o p p o r tu n i ty  to  p robe  the  m eta ll ic i t ies  in the  largest s te l la r  c o n te n t  w ith in  spiral 

galaxies, the  old K and  .M giants  a n d  dw arfs  tha t  by num ber a n d  s te l la r  m ass  dom ina te  

the sp ira l galaxy, and  c o m p a re  th e  s te l la r  abundances  to a b u n d a n c e  in form ation  

a lready  o b se rv e red  for the  ga laxy  in te rs te l la r  gas com ponen t .  T h e  a d v a n ta g e s  of the 

.\TR w avelength  range a re  the re la tive  independence  from e x t in c t io n  and  the  fact that 

the light in the  NTR arises  from  the  o ld  s te l la r  population  w h ich  g rea t ly  d o m in a te s  the 

galactic  s te l la r  m ass  (C h a rio t  B ru z u a l  1991. VVbrthey 1994). So the  use  of -NTR may 

m ore easily  avoid  a n y  confusion d u s t  m a y  cause in the d e te rm in a t io n  o f  g a la x y  color 

s tru c tu re s ,  as well as p robe  the  d o m in a t in g  ste llar  mass of th e  g a lac tic  s tru c tu re s .  

T he  basic  hypo thes is  of th is  re sea rch  is: is it possible to iden tify  a n d  c a l ib ra te  any 

corre la t ion  th a t  m ay  ex is t  be tw een th e  NTR colors of a sp ira l g a la x y 's  s te l la r  con ten t,  

especially  (-l-K). and  the gaseous H II  region abundances  in its  r e sp e c t iv e  in te rs te lla r  

m ed iu m  as a first s tep  to using N IR  colors  as p robes  of m ean  s te l la r  m e ta ll ic i ty ?  There  

are  a  n u m b er  of reasons to find a  m e a s u re  o f  m ean  stellar a b u n d a n c e  d is t r ib u t io n  in
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the  bulges  and  disks o f  e x tra g a la c t ic  sp ira l  ga lax ies .

HII regions can not be used  to d e te rm in e  a b u n d a n ce s  where th e re  is no t  m uch  gas 

o r  m a n y  large OB s ta rs .  A bundance  in fo rm a t io n  is im p o r tan t  in u n d e rs ta n d in g  some 

sp ira ls  w hich have had  m o s t  of their gaseous  c o m p o n e n t  s tr ipperl aw ay . i.e. such 

as in rich clusters  w here  effects of the e n v iro n m e n t  m ay  have s t r ip p e d  a w a y  a  spiral 

g a la x y ’s gas phase an d  g rea t ly  a ltered  its c h e m ic a ’ -nmlution IS k il lm a n  et al. 11)96. 

W h i tm o r e  1990. H aynes 1990. Sarazin 1988). Indeed , finding a c a l ib ra t in g  m e a s u re  of 

s te l la r  m eta ll ic i ty  is d i re ly  needed  where a gaseous  com ponen t is no t p r e s e n t .  Stellar  

m e ta l l ic i ty  d a ta  can be im p o r ta n t  to m an y  c u r r e n t  theories and  o b s e rv a t io n s  abou t 

e x tr a g a la c t ic  chem o-evo lu t ionary  processes.

O n e  can  probe the connec tions  be tw een a b u n d a n c e  ratios of gas a n d  s ta rs  in the 

ga laxy . T h e  chemical evo lu tion  h istories o f  s t a r  fo rm ation  and  p ro ce s se s  occurr ing  

to  in fluence  the in te rs te l la r  m ed iu m  such as s t r ip p in g ,  inflow, s u p e rn o v a e  ra tes ,  and 

s te l la r  a b u n d a n ce  yields cou ld  provide inva luab le  inform ation . S p ira l  ga lax ies  are 

know n to have radial m e ta l l ic i ty  g rad ien ts  in  th e ir  cu rren t gas c o n te n t  I Skillm an 

e t  al. 1996). These  g ra d ie n ts  have been d i re c t ly  m odeled  using o b s e rv e d  s p e c t ra  

o f  HII regions con ta ined  in the  spiral a rm s  o f  th e  galaxies and  a k n o w le d g e  of the 

p h o to io n iza t io n  p rocesses going on in the  gaseo u s  m ix  (H enry  & H ow ard  1995, \ ' i la -  

C o s ta s  & E dm unds  1992). T h e  origin o f  these  g ra d ie n ts  is still very m u ch  u n d e r  s tudy  

a n d  re m a in  unclear. How ever, various chem ica l  m odels  can e m p i r ic a l ly  rep roduce  

the  g ra d ie n ts  by various com bina tions  of rad ia l  varia tions  in s ta r  fo rm a tio n  ra tes ,  gas 

f ra c t io n  c oncen tra t ion , rad ia l  flows of gas, in i t ia l  m ass  functions a n d  ev o lu t io n a ry  

s te l la r  y ie lds , and  a c cu m m u la t io n s  of u n p ro c e s s e d  gas relative to the  s t a r  fo rm ation  

ra te  (P a g e l  1989, Phill ips  & E dm unds  1991, G lis ten  &c Mezger 1982. D iaz  &: Tosi 1984. 

P i t t s  & T ay le r  1989). It w ould  seem  likely t h a t  the  s ta rs  that c u rre n t ly  fo rm  from  the 

in te r s te l la r  m ed ium  would  also likely have s om e  s im i la r  m etallic ity  g ra d ie n t .  S ince  the 

. \ e a r - In f ra re d  (N IR ) is e x p e c te d  to be d o m in a te d  by the older s te l la r  p o p u la t io n  of
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s ta rs  res id ing  in the ga laxy , it would m ake  a  wonderful ca lib ra ting  m e a s u re  to c o m p a re  

the  c u r r e n t  m eta ll ic i ty  c o n ten t  in the gas o f  a galaxy to the  s te llar  m eta ll ic i ty  of th e  

old popu la tion  o f  s ta r s .  O ne  could provide ideas about the form , sp e e d ,  and  ex te n t  of 

e n r ic h m e n t  that has ta k e n  place since the  c u rre n t ly  living old s te l la r  c o m p o n e n t  a n d  

young  s te l la r  c o m p o n e n t  form ed. .Almost a ll  closed box chem o-evo lu t ionary  m odels  

p red ic t  the  curren t gas c o n te n t  of a g a laxy  to  be m ore enriched  th an  th a t  of the s te l la r  

c o m p o n e n t ,  but w here  and  how this e n r ic h m e n t  takes place is a ve ry  convolu ted  

p rob lem  (T ins ley  1980). U nders tand ing  th e  ac tu a l  stellar m eta ll ic i ty  a b u n d a n ce s  an d  

a n y  s tru c tu ra l  dep en d en c ies  can shed light on what m ust be done  to  un tang le  the  

chem ical  evolution puzz le  as supernovae , inflow, and s tr ipp ing  occu r  to provide the  

c u rre n t  gas m eta llic ities  and  any  grad ien ts  th a t  might exist.

Possib le  info rm ation  a b o u t  where s ta rs  form  could be inves t iga ted .  S tars  m a y  

p refe ren t ia l ly  form in g a lac tic  regions o f  e n h a n ce d  metal a b u n d a n ce .  In fact, the  

s ta rs  m igh t  then have  h igher  abundances  th a n  the gas because  o f  a  form ing bias 

( R o m a n ish in  1990). If th e  above is t ru e ,  b e in g  able to m easure  the c u r r e n t  m eta ll ic i ty  

in the  older stellar p o p u la t io n  would help find any  spa tia l-m etallic ity  effects p resen t  in 

the  s t r u c tu re  of spira l ga lax ies . M any g a lax y  form ation and evolution m odels  p red ic t  

s te l la r  m eta ll ic i ty  g rad ie n ts .  .As the s ta rs  live and  die. slowly en r ich ing  the  m ateria l  

th ey  a re  con ta ined  in. th e y  m ay  also be chang ing  the preferred  t im e  a n d  place they  

form  la te r  s te llar  genera tions .  This  chem ica l  fingerprint could be left locked in the 

functional form o f  a b u n d a n c e  in the older s te l la r  population.

Infall o f  in tergalactic  gas will con tinua lly  d ilu te  the ga laxy 's  in te rs te l la r  m ed ium  

a lte r in g  the  en richm en t  ra t io  of the disk gas. A com parison of the old s ta r s  to cu rren t  

m eta ll ic i ty  can co n s tra in  the  am oun t  and  s t r e n g th  of infall. T h e  m eta l l ic i ty  behaviors  

o b se rv e d  for the s te l la r  c o n te n t  of a ga laxy  will depend on the  ty p e  a n d  hom ogen ie ty  

of infall (Glisten Sz M ezger 1982. Diaz Tosi 1984). U nd e rs tan d in g  th e  chemical 

m ix tu re  a n d  differences be tw een  the s ta rs  t h a t  dom inate  the  s t ru c tu re s  o f  a  galaxy
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and  the  gaseous content which rule the  c u rre n t  s ta r  fo rm a tio n  will yield  be tte r  m odels 

a n d  ex p lan a tio n s  of the com plex  processes  th a t  push the  ho lis t ic  evolution of a ga laxy  

an d  how its ga lac tic  env ironm en t m ay  con tr ibu te .

It is possib le  to ac tua lly  m a p  ind iv idual spiral a rm s  a lo n g  the  spiral disk and get 

very  local (J -K )  color in fo rm ation  and  thus possibly very local m etallicity . T he  ( .I- l\ i  

color techn iques  m ay  be the o n ly  way to s tu d y  ste llar  a b u n d a n c e s  in some galaxies, 

espec ia l ly  those  with varying degrees of HI deficiency. It would  be worthwhile  to 

p ro b e  the various s truc tu res  w ith in  a  ga laxy  and the  in fluences  of the old ste l la r  

p o p u la t io n  w ith in  the galaxy. Is there  any  difference in the  m etallic ities  of the  old 

s te l la r  popu la tion  betw een the  bu lge  and  disk? Is there  a n y  degree  o f  metal varia tion  

a long  a sp ira l a rm  radially  o u tw a rd ,  or across an a rm ?  M ig h t  th e re  be any ab u n d an ce  

differences betw een  arm s an d  in tra -a rm s?  T hese  are  t h e  qu e s t io n s  that m igh t  be 

answ erab le  i f  th is  .\TR tech n iq u e  proves fru itfu l.

T he  p r im a ry  ob jec tive  of th is  s tu d y  is to m easu re  a  handfu l of Virgo c lus te r  

sp ira l  ga lax ies  which span a large  range in HI deficiency in the  .1 (1 .2^). H ( l.G/i). 

a n d  lx( 2.2 f-i) bands, and to a t t e m p t  to  es tab lish  a  link b e tw e e n  any  color g rad ien t  

a s so c ia ted  with the stellar c o m p o n e n t  of a  ga laxy  to th e  gas co n ten t  abundances  

a n d  the ir  respec tive  gradients . T he  Virgo c luster  is p re fe rab le  for this undertak ing  

because  of its rela tive  closeness to o u r  own galaxy, its r ic h  a r r a y  of spiral galax ies, 

a n d  its high galac tic  latitude. .All o f these  benefits help fu r th e r  reduce  any problem s 

th a t  m ig h t  a r ise  from ex tinc tion . T h e  sp ira l galaxies chosen  rep re sen t  a wide range 

o f  gas con ten t  for com parison  p u rposes .  T h e  spirals r a n g e  from  no rm al gas con ten t 

to  a  deficiency of a factor of 10 c o m p a re d  to  field g a lax ies  of the  sam e  type. T he  

list of spira ls  includes galaxies c learly  deficient in HI (N G C 4 6 8 9  and  . \G C 4 5 7 l ) .  

to  in te rm e d ia te  ob jec ts  (X G C 4254  an d  N G C4321). and  to  a  ga lax y  located on the 

o u tsk ir ts  o f the  c luster  ex h ib i t in g  a p p a re n tly  norm al HI d i s t r ib u t io n s  ( .\G C 4303) 

(W arm e ls  L988.Cayatte et al. 1990). P rev ious  HII region s tu d ie s  have been c a rr ied
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out on all th e se  galaxies I H e n ry  et al. 1994. Skillman et al. 19961. T h is  p o r t io n  of 

the thesis  will a t t e m p t  to iden tify  an d  ca l ib ra te  any corre la tion  th a t  ex is ts  b e tw een  

the .NTR colors, especially  (.J-K). a n d  HII region abundances  as a  Hrst s te p  to  using 

.NTR colors as p robes  of m ean  s te l la r  m etallic ity . .As pa rt  of th is  s tu d y  p hys ica l  and  

d y n a m ic a l  p roper t ie s  th a t  m ig h t  help  lead to a further u n d e rs ta n d in g  of th e  g a la x y 's  

s t ru c tu re  will also be d e te rm in e d .  Finally , all o f  the in fo rm ation  will be c o m p a r e ,1 to 

previous resu l ts  and  s te llar  p o p u la t io n  m odels  to fu rther  tes t  the  search  for a useful 

m easu re  o f  s te l la r  abundance .

Table 3.1 su m m arizes  the p ro p e r t ie s  o f  the  Virgo galaxies chosen . T h e  ta b le  lists 

p ro je c te d  se p a ra t io n  from M87. rad ia l  velocity . RS.A and  RC3 ty p e s  (de \  a u c o u le u rs  

et al. 1991). lum inosity , ro ta t io n  velocity , optical d iam e te r  as is defined in th e  RC3 

catalog. HI deficiency rela tive to  field sp ira l  galaxies of the  s am e  ty p e  as de fined  by 

C a y a t te  e t  al. I 1994). and the effective ga lac tic  radius derived  from  the p h o to m e t r y  

of K o d a ira  e t al. (1986). M87 is a  g ian t  elliptical ga laxy  tha t  d o m in a te s  th e  Virgo 

c lus te r  ga lax ies  and  provides a  t r e m e n d o u s  portion  of the  en tire  c lu s te r 's  g ra v i ta t io n a l  

po ten t ia l  well. F igure  3.1 shows the  local spatia l  d is t r ib u t io n  o f  the  ga lax ies  under  

s tu d y  re la t ive  to .\I87 in the V irgo  C lus te r .

T he  V irgo  C lus te r  is in i ts e lf  an  im p o r ta n t  s tru c tu re  to exp lo re  because  o f  its 

a p p ro x im a te  2000 m em ber ga lax ies  w h i‘ dom ina tes  our  in te rga lac t ic  n e ig h b o rh o o d ,  

it rep re sen ts  the  physical cen te r  o f  o u r  local superc luste r  (C o m a - \ ' i r g o  S u p e rc lu s te r ) ,  

an d  influences all the galaxies a n d  g a lax y  groups by the g rav i ta t io n a l  a t t r a c t io n  of 

its e n o rm o u s  m ass.

1.1. N4321

. \G C 4 3 2 I  (.\IIOO) is the  b r ig h te s t  and  possibly the largest sp ira l  ga la x y  in the 

Virgo c lu s te r  (Sandage 1961) a n d  has been  extensively  obse rved . G ian t  b lu e  s ta rs  

d o m in a te  th e  sp ira l  a rm s and  h ig h lig h t  recen t s ta r  form ation th a t  m a y  be  from  d e n s i ty
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p e r tu r b a t io n s  caused by in te rac t io n s  with ne ig h b o r in g  c lu s te r  galaxies.

T h e  d is t r ib u t io n  of the HII regions w ith in  the  ga lax y  has been s tud ied  by .Anderson 

et al. ( l!)80) while the  chem ica l  c o m p o s i t io n s  of several HII regions and  any  d isk  

a b u n d a n c e  gradien ts  they  m ay  im p ly  have been  exp lo red  by Henry et al. ( IÜ94). 

S k i l lm a n  e t  al. 11996i. and  V 'ila-Costas &: E d m u n d s  (1992). G i ih a th a k u r ta  et al. 

(1988) have  ob ta ined  ro ta tion  cu rv es .  N 'GC432I is o f ten  used , as well as the  o ther  

g a lax ies  in this sample, to  exp lo re  the  e n v iro n m e n ta l  effects of the c lus te r  upon  HI 

d i s t r ib u t io n  and  the chem ical c o m p o s i t io n s  o f  c lu s te r  ga lax ies  as c o m p a red  to  field 

g a lax ies  I H enry  et al. 1992). F inally . .Arsenault e t  al. ( 1988) find good ev idence  for 

a  b a r  an d  an H a  ring h igh ligh ting  e n h a n ce d  s ta r  fo rm ation  w ithin the s t ru c tu re s  of 

X G C 4321 .

1.2. N 4303

\ G C 4 3 0 3  (.\I6I) was d iscovered  by  O rian i  on M ay  5. 1779 when following the 

c o m e t  o f  th a t  year. 6 days before C h a r le s  M ess ie r 's  discovery. . \G C 4303  is a la te - tv p e  

b a r r e d  sp ira l classified as S .A B(rs)bc a n d  is also one o f  the  largest spiral ga lax ies  in 

the  \ ' i r g o  scluster . T he  ga laxy  has num erous  g ian t  HII regions posit ioned  along its 

sp ira l  a rm s  (Hodge &: K enn icu tt  1983) which m akes  it an  a t t ra c t iv e  o b jec t  to s tu d y  

chem ically . T h e  galaxy is loca ted  in the  o u tsk ir ts  of the  c lus te r ,  seem s to  have HI 

a m o u n ts  typ ica l  of a norm al field galaxy , and  is undergoing  a  prodigous b u rs t  o f  s ta r  

fo rm a tio n  ( K ennicutt  1989. M a r t in  & Roy 1992) w ith  a  ra te  o f  1 4 . \ / r  //yr ( K enn icu tt  

1983). In th is  regard, the  ga laxy  has a  high ob se rv ed  ra te  of supernovae . 8X1926.A. 

19611. &: 1964F. Supernova 19611 a p p e a re d  in the  sp ira l a rm s  about 82" from  the 

c e n te r  (B a rb o n  et al. 1989). C a y a t te  e t  al. (1990) note  th a t  NGC4303 could  be 

w eak ly  in te rac t ing  with two n e a rb y  neighbors .
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1.3. N 4571

XGC4Ô71 was one of the  discoveries of W il l iam  Herschel. T h e  >4alaxy has a 

high p ecu lia r  m o tion  to w ard  the local group, as it is reced ing  from  us with only 

2!)8 k m /s e c .  c o m p a re d  to the  c luster 's  overall 1100 k m /s e c  ( Binggeli et al. 1087). 

.\ 'GC457L is a m o d era te - lu m in o s i ty  sp ira l classified as SBc II with  a co rresponding ly  

lower d isk  su rface  b r ig h tn e ss  (van den Bergh et al. 1990). . \G C 4 ô 7 l  is though t  to be 

loca ted  very nea r  -MS7 an d  the  core o f  the  Virgo c luste r  because  it shows significant 

signs o f  HI s t r ip p in g  I C a y a t te  et al. 1990)

T h e  ga laxy  has a  sufficiently low d isk  lu m in o s ity  th a t  ind iv idua l s ta rs  can be 

reso lved  (Sandage  & Bedke 1988) and  the d isk  conta ins  a  n u m b er  o f  observed  of 

C ep h e id s  (P ie rce  e t al 1992). Most recently  researchers  a t  C a n a d a  France  Hawaii 

Telescope (C F H T )  used  observations o f  these  C epheid  variab le  s ta rs  to de te rm ine  

e s t im a te s  of the  Hubble  flow constan t (P ie rce  e t  al 1992).

1.4. N 4689

X G C 4689  is a n o th e r  m odera te  lum inos ity  sp ira l much like . \G C 4 5 7 1 .  T here  is a 

g rea t  pauc ity  of p rev ious  de ta iled  observa tions  of th is  Virgo m em b e r .  Sk illm an  et al.

( 1996) a n d  V ila -C ostas  & E dm unds (1992) have HII region chem ica l  a bundances  and 

have in fe rred  a fairly  shallow gradient from  the few HII regions th a t  can be  observed. 

D evereux  et al. (1987) has in tegrated  H band  observa tions  o f  the  inner  250pc of the 

bulge.

1.5. N 4254

X G C 4254  was the  second galaxy to be recognized  as a sp ira l  by Lord Posse 

in 1848. N G C4254 (M 99) is classified as an  Sa(s)c  ty p e  g a la x y  and  is unusually  

a sy m m e tr ic ,  which m ay  be due  to recent encoun te rs  with o ther  m em bers  o f  the  cluster 

(R au sch e r  1995). T h e  ga laxy  is undergoing large  scale and  v igorous s ta r  form ation
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I Keel 198-5. R auscher  199-5). T h re e  supernovae  have been  r e ro rd e d  in .\’C!C l2ô4. 

l!)67H and 1972Q bo th  ty p e  II. a n d  19861 a type  I su p e rn o v a  (H e n ry  et ah 1994).

T he  spiral a rm a  of the  g a la x y  show g rea t  flocculence a n d  ev id e n c e  of large dust 

lanes cu tt ing  ac ross  the  a rm s. T h e  so u th e rn  arm  shows m uch  m o re  ev idence  of s ta r  

form ation th a n  the  less defined n o r th e rn  a rm  (Keel 198-'5).

2. N ear-IR  Observations

.All .\TR obse rva t ions  in .1. H. a n d  K were ob ta ined  d u r in g  a n  .April 199:5 observ ing  

run at K itt P e a k  N ational O b s e rv a to ry  (K P X O )  by Dr. W il l ia m  R o m an ish in .  using 

the . \ 0 .A 0  S im ultaneous  Q uad -co lo r  In fra red  Imaging D evice (S Q IID )  on the l.-'5m 

telescope. T he  field of view was ~-5.-5 a rc m in  with an  im age sca le  of l.:}66 arcsec / pixel 

(at H). Cold dichro ics  allow the  four s e p a ra te  de tec to rs  w i th in  S Q IID  to image the 

infrared  .]. H. &: K windows s im u ltaneously .  Each d e te c to r  is a H ughes 2-56 x 256 

hybrid  p la t in u m  silicide S cho tty  b a r r ie r  d iode a rray  w ith  pixels. Dark cu rren t 

is less than  2 e / s e c .  read  noise is rough ly  60 electrons, an d  well c a p a c i ty  is a million 

electrons. Q u a n tu m  efficiency is a b o u t  6.6% at J . 5.5% at H. and  :5.4% at K. Each 

channel is solely o p t im ized  specifically  over  a  very narrow  b a n d p a ss  so the  in s trum en t  

has high th ro u g h p u t  and  any  gh o s tin g  is thoroughly  m in im iz ed .  T h e  SQ IID  de tec to r  

area, overall s tab i l i ty ,  ad e q u a te  q u a n tu m  efficiency, signal to  noise  capability , and 

dark signal c o n tra in ts  combine to  m ak e  th e  detec tor a  g rea t  tool for s im u ltaneous  full- 

field o b s e r \^ t io n  of -J. H. and  KC F u r th e r  details of the  S Q IID  c a m e ra  a re  discussed 

bv Ellis et al. 1992.

'U n fo r tu n a te ly ,  the  SQ IID  dev ice  is no longer in o p e ra t io n  at K P X O  and is no
longer able to be  used  further.
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T ab le  3.1. \  irgo C lus te r  Sp ira l  G a lax y  P ro p e r t ie s

X a m e R.vfsr’ \  e locity* T y p e ' T - T y p e ' L b '̂ 1Ç D /

XGC42.54 3X7 2354 Sci's) 5 42 307 5.6 0.87 0.17
X G C 4303 8.2 1486 Sc(s) 4 43 216 6.5 1.11 0.08
XG C4321 4.0 1.540 Sc(s) 4 47 201 7.6 1.39 0.42
XGC4.571 2.4 298 Sc( s ) 6.5 9 165 3.7 0.87 0.44
X G C 4689 4.6 1578 Sc(s) 4 13 185 4.4 1.11 0.75

‘ P ro je c te d  d i s ta n c e  f rom  M 87 in degrees .

•R a d ia l  velocity  w i th  r e s p e c t  to  the  Galactic  c e n te r  of res t f ro m  the  RC 3 in k m i  

^M orphological t y p e  f ro m  the  RSA.

■‘M orphological t y p e  f rom  th e  RC3.

'’B lue  lum inosity  in u n i ts  of 10“ /I 7 assum ing all ga lax ies  at th e  d is ta n c e  of 16.S 
M pc  an d  using f ro m  the  RC3.

‘’M a x im u m  ro ta t io n  c u rv e  ve locity  in k m / s  f rom  W arm els  1986.

C o rrec ted  op tica l  d ia m e te r  Do from  the RC3 in a r c m i n .

“D isk effective r a d iu s  d e r iv e d  from  the p h o to m e try  of K o d a i ra  et al. 1986 in 
a r c m i n .

“HI deficiencv in d e x  as defined bv C avatte  et al. 1994.
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Fig. 3.1.—  M ap  o f  the  positions o f  the  five Virgo spiral ga lax ies  and  the s tru c tu re s  
identified by Binggeli e t .  al. (1987). T h e  po in ts  represent th e  ga laxy  pos itions  with 
m a jo r  groupings of galaxies w ith in  the  Virgo cluster m arked  off by ovaled squares .
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2.1. Dark Frames and Standard Stars

P ro p e r  d a ta  reduc t ion  requires accu ra te  solutions for the sm all add it ive  effects 

o f  in te rn a l  i l lum ina tion  and charge generation  from  the SQ IID  device itself t Dark 

F ram es)  so as to  rem ove  any signal noise in tro d u c ed  to the o b jec t  signal. T h e  C C D  

chip  will sp o n ta n e o u s ly  em it  e lectrons which are  recorded  along with  the signal from 

the  o b je c t  light source. T he  in s tru m en t  is cooled with liquid n itrogen  to help rerluce 

th is  signal noise. S ince the SQ IID  dark  c u rre n t  has bo th  a  base  level and  a  t im e 

d e p e n d e n t  c o m p o n e n t ,  a dark fram e m ust be c re a te d  for each  detec tor for each 

e x p o s u re  t im e. D ark  images were taken  with the  s h u tte r  closed and the in te rnal  

cold d a rk  slide in p lace a t the beginning and  the  end  o f  each n ight.  Exposure  tim es 

of 5 seconds and  ISO seconds were used in the c rea tion  of the da rk  frames. T h e se  are  

la te r  u sed  with the  .J.H. and K images to d e te rm in e  p roper  da rk  level sub trac tion . 

S ince  d a rk  counts  rem a in ed  stable over a n igh t 's  ob se rv in g  run, da rk  fram es consis ted  

o f  9 im ages for each  exposure  per night.

A t  various t im es  th roughou t  each  night, obse rva t ions  were m ad e  in each of .]. H. 

& K o f  s ta n d a rd  s ta rs  from a s ta n d a rd  m a g n i tu d e  tab le  of .\TR stars  by Elias et. 

al. I 1982) so as to la te r  calibrate  the  galaxy  m a g n i tu d e  de te rm in a tio n  done du r ing  

o b jec t  im age  reduc t ion . Each observation  cons is ted  of m ak ing  im ages of the s ta r  at 

the  c e n te r  o f  the  C C D . M ultiple observations were m ad e  at d ifferent a irm asses  to  be 

used  for d e te rm in in g  an  a tm ospheric  e x t in c t io n /a i rm a ss  slope w hen later converting  

pixel coun ts  to a c tu a l  m agn itude  values.

2.2. Object and Sky Offsets

O b je c t  an d  sky im ages were taken  with equa l  exposu re  tim es  of 180 seconds. 

■\t first the  o b jec t  o r  portion  of the  ob jec t  im age under  s tu d y  was centered  on the 

C C D . T h e  sky  im ages were taken by offsetting the  te lescope from  anyw here  from  350



to  lÜOO arcsec. in a  p a r t i c u la r  d irec tion  (X .S .E  o r  W ). to o b ta in  re la tive ly  blank" 

background sky. T h e  size  a n d  d irec tion  o f  the  offset from the  o b je c t  was d e te rm in e d  

by exam in ing  the a r e a  n ea r  each  o b je c t  on the Pa lom ar O b s e rv a to ry  Sky S u rvey  

(PO SS) plates to find a  region re la tive ly  free of s tars  or galaxies. .After a p a r t ic u la r  

sky image was c o m p le te d ,  the  te lescope  was re tu rned  to the o b je c t  ga laxy  for the  

nex t ob jec t  image, a l th o u g h  the o b je c t  was no t cen te red  in the nex t  im ag e ,  but offset 

by 1Ü-20 arcsec. e i th e r  E/VV or  N /S .  T h is  d i the r ing  of the im age was rlone to help  

ba tt le  signal lost by non -func t ion ing  pixels  with  each CCD image. T h is  process was 

repea ted  until s a t i s fa c to ry  o b je c t  and  sky  images were ob ta ined .

2 .3 . R elative Channel Alignm ent

-An im age of g lo b u la r  c lu s te r  M5 was taken  du r ing  the obse rva tion  run . .A single 60 

second e xposu re  of th e  core  of M5 p rov ided  enough  inform ation  to  m a p  the  c o o rd in a te  

t ran sfo rm ation  th a t  was u sed  to align (sh ift  an d  rotate)  the  im ages f ro m  two of th e  

IR  channels ( J .K )  so th e y  would overlay  the  im age in the th ird  c h a n n e l  ( H) because  

each  C C D  is a ligned s ligh t ly  d ifferently  w ith in  the SQ IID  device. T h is  process also  

b rought each of the im ages  to a  c o m m o n  arcsec to pixel scale.

3. Im age Preparation & Reduction P rocess
3 .1 . IR A F-SQ IID  Im age Processing

.All image reduc t ion  a n d  analysis  was done  and  perform ed by m y se l f  using the  

packages and  tasks w ith in  the  IR .AF-SQ IID  package. T he  SQ IID  p a c k ag e  is not an  

officially re leased  nor s u p p o r te d  IR.AF package: further in fo rm ation  on  the  S Q IID  

package can be o b ta in e d  from  N O A O . T h e  package and all n e c essa ry  in fo rm ation  

can be o b ta in ed  by a n o n y m o u s  ftp a t  m ira . tu c .n o ao .ed u  an d  r e t r ie v in g  a ta r  file 

called 'sq i id . ta r . '  T h e  d iscuss ion  and  p rocesses  th a t  will be d e sc r ib e d  a re  con ta ined  

in the SQIID-IR.AF package . T h e  following procedures  for each  of th e  .I.H. and K
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w aveleng ths  is the sam e , th u s  the  process below was s im p ly  rep e a te d  for each  N’e a r - IR  

p assh an d .

3.2 . Dark, Flat, and Sky Im ages

D.A-RK fram e red u c tio n  is accom plished  w ith  the  IR.A.F-SQI1D ta sk  ' s q d a rk . '  T h e  

’s q d a rk '  task  was used  to  com bine  9 images o f  the  in te rn a l  cold d a rk  slide  from  the  

beg inn ing  and end o f  e ach  n igh t in to  a single a v e rag ed  da rk  image. T h is  d a rk  f ram e  

im age  was then used  for th a t  n ig h t 's  exposures  to  co rre c t  for sm all  a d d i t iv e  effects 

o f  in te rn a l  in s t ru m en t  i l lu m in a tio n  and  charge g e ne ra tion  from  the  dev ice 's  ow n heat 

a n d  e lec tr ica l  noise. T h is  w as done  for both 5 second  and  ISO second d a rk  ex p o su re s .

.Vear-IR C C D  obse rv a t io n s  a re  different from  op tica l  C C D  o b se rv a t io n s  in th a t  

d o m e  flats are not rea lly  p ra c t ic a l  for the  flatfielding of the  form er. R a th e r ,  by  tak in g  

the  m ed ia n  of a reasonab le  n u m b er  of blank sky  fields o b ta in e d  at d ifferen t t im es  

an d  different locations on  the  sky. a  very p rec ise  a n d  sa tis fac to ry  m e a s u re  of the  

d e te c to r  flatfleld can be c a lc u la te d .  Division by flat f ra m e  im ages tak e  into a ccoun t  

non-un ifo rm  responses to  light by each  pixel a n d  u n ifo rm ly  n o rm alizes  the  field of 

view the  in s tru m en t  records . T h e  ’sqfla t ' task  was u se d  to m ake  the  flat f ram es .

Background  i l lum ina tion  in th e  N ear-IR  is very  u n s ta b le  with t im e  a n d  location . 

In the  X ear-IR . .J is very se n s i t iv e  to  cloud sc a t te re d  m o o n lig h t  while H and  K can  be 

g rea t ly  influenced by n ig h t  sky  em iss ion  and is va riab le  w ith  prevailing  t e m p e ra tu re  

and  hum id ity . To c o m b a t  th is  p rob lem  a sufficient n u m b er  of o b se rv a t io n s  were 

o b ta in e d  to c rea te  sky f ra m e s  for a  p roper  c a lib ra t io n  of these  effects. Sky  fram es  

a re  es tab lished  from o b se rv a t io n s  with  the sam e  in te g ra t io n  t im e  a n d  n e a r  in t im e  

and  p lace to the  o b jec ts ,  w hich  provides an  a c c u ra te  m ea su re  of sky  i l lum ina tion  

d u r in g  the  individual sou rce  o b je c t  obser\"ations. T h e  sky signal, s in ce  the  sky  is 

be tw een  the in s t ru m en t  a n d  o b je c t ,  m ust be rem o v ed  from  the  o b je c t  im ages . T h e  

sky  f ra m es  for each o b je c t  w ere  m ad e  using the  's q s k y ’ task .  T h is  ta sk  co m b in e d  the
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Fig. 3 .2a .— Sam ple corrective im age fram es. G o ing  top  to bo ttom : dark . f lat, and 
sky f ram es . Notice th a t  the  bad  pixels are  c lea r ly  ev iden t  in the  sky f ra m e  before  
thev  are  fixed.
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sky images tak e n  w ith  each o f  the ob jec t  im ages. T h is  was repea ted  each  n ight for 

each  individual o b je c t .

So as to p rov ide  a n  idea of what these  co rrec tive  images look like for fu ture  

researchers, refer to figure 3 .2a. The dark , flat, and  sky  fram es shown a re  typ ica l  of 

types  of signal c o rrec tions  app lied  to p roduce  m ore  a c c u ra te  source im ages.

3.3 . F ixing B ad/N on-F unctionai P ixels

Bad pixels a re  s im p ly  d am aged  areas  on  a  C C D . T h e  iraf task  h x p ix '  e ither  

used  directly  o r  w ith in  o ther  SQIID-IR.A.F packages can  in te rpo la te  sm all  broken 

pixel areas. .A s e p a r a te  bad  pixel file. Table  3.2. was m ad e  for each  color w here  the 

(x I .x 2 .y L y 2 )  C C D  co o rd in a te s  of bad pixels was ta b u la te d .  The c o o rd ina te s  x l  and 

x2 are  the first a n d  last co lum ns of the bad  reg ion  a n d  y I a n d  y'2 a re  the  first an d  last 

lines of the bad  region. T h e  de te rm ina tion  o f  bad  pixels is done by v isual inspection  

o f  an  image in each  o f  the colors. To h ighlight the  bad  a reas  on the C C D  the  pixel 

values that were o r ig ina lly  g rea te r  than an  a rb i t r a r y  value ~  -100.0. (good pixels), 

were set equal to  zero. T he  good pixels would  then  all be  the  sam e color and  the  bad 

pixels would re m a in  b lack  in the  resulting im age . T h e  (x l .x 2 .y l .y 2 )  c o o rd ina te s  of 

the  bad pixels cou ld  th e n  be read  off the im age  an d  s to re d  into a file. T h e  sky images 

a re  part icu la r ly  s u i te d  to easily  find the poor C C D  pixels.

T he  ’fixpix' in te rp o la t io n  o f  bad  pixels is c a lcu la ted  as follows:

•  If the bad  pixel region spans en tire  lines then  the  in te rpo la tion  is from 

neighboring  lines.

•  If the bad  reg ion  spans entire  co lum ns then  the  in te rpo la tion  is from  the 

neighboring  co lum ns.

•  If the bad  region con ta ins  more lines th a n  co lum ns then the  in te rpo la tion  is 

from ne ighbo ring  colum ns.

5 1



•  If the  bad  region c o n ta in s  the  sam e  or m ore  columns than  lines the  in te rp o la t io n  

is from  n e ig h b o r in g  lines.

•  If the bad  region borders  the  edge of the  image then the  in te rp o la t io n  is by 

rep lica tion  o f  the  first good pixel in the  direction o f  in te rp o la t io n  a n d  o the rw ise  

l inear in te rp o la t io n  be tw een  the  bo rder ing  lines or co lum ns is used.

3.4. Producing Fully Processed  Im ages

T he  first s tep  in p rocess ing  the  m an y  ind iv idual galaxy ex p o su re s  in the  ind iv idua l  

■I. H. and  I\ ch an n e ls  can  now proceed . T h is  is done with the .SQIID-IR.A.F s f |p roc ' 

task. T h e  o rder  o f  th e  s tep s  app lied  to the  ob jec t  images in th is  ta sk  is as follows:

1. S u b t ra c t  th e  in d iv idua l  S K Y  images.

2. N orm alize  by  th e  a p p ro p r ia te  FLA T images.

d. Fix any  b a d  p ixels  for each  J .  H. &: K images.

4. R eorien t th e  im age!s)  as requ ired .

T he  D . \R K  im ages  were enab led  and  s u b tra c te d  in the  c rea tion  of the  SK 'T  im age, 

so any  da rk  c u r r e n t  no ise  is rem oved  w hen the  SKY im age  is s u b t r a c te d  to  rem ove  

any  sky bias. T h e  ta s k  ‘sq p ro c '  uses the  raw  exposures to c rea te  m a n y  in d iv idua l ly  

processed  .1. H. &: K o b je c t  im ages for each  galaxy.
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Table  3.2. SQ IID  C C D  Bad Pixels -

H Coordinates .1 Coordinates K Coordinates

A'i AÇ V'i V'2 A, AÇ Vi V'i A'i AC V'i

251 254 254 256 198 199 235 235 11 12 237 237
250 254 250 254 222 223 218 219 29 29 227 228
249 250 250 253 252 252 204 205 41 43 177 178
248 249 251 252 253 253 205 205 114 114 235 236
251 254 248 250 206 206 185 187 115 115 236 236
252 254 248 250 205 205 186 186 186 186 235 236
253 254 245 248 182 182 145 145 185 185 237 237
251 252 242 243 181 182 137 137 118 120 146 147
250 254 238 242 182 182 136 136 130 130 125 125
249 250 239 241 128 128 108 109 125 127 32 33
250 253 237 238 129 129 108 108 242 242 94 94
247 248 244 245 118 119 73 74 209 210 3 3
104 165 187 188 139 139 71 71 224 224 4 4
210 212 108 110 149 150 72 74 236 236 10 10
211 231 107 109 129 130 10 11 20 21 66 66
129 131 222 223 154 154 39 39 236 236 26 26
102 103 lE f 24 235 240 17 21 248 248 28 28
55 56 45 46 156 156 176 176 232 232 146 146

101 101 19 19 247 247 148 148
249 254 238 243 248 248 176 176
22 23 21 22 125 127 32 35

248 251 246 251
248 251 234 240
247 248 147 148
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4. G eom etrical Im age Scales O rientations
4.1. Im age Offsets

T h e  next s tep  in the  im age  red u c t io n  is to  combine the in d iv idua l  p rocessed  o b je c t  

im ages  into a single im age o f  e i th e r  .J.H. o r  K. T he  rela tive sp a tia l  differences be tw een  

ind iv idual observations , or offsets, m u s t  be de te rm ined  so tha t  each im age can be 

[)roperly overlayed an d  p roduced . R e m e m b e r  these offsets were done in ten tiona llv  

so as to fully receive signal from all po r t io n s  of the o b jec t  a n d  not lose a n y th in g  to 

physica lly  d am aged  pixels w ith in  the  S Q IID  device. T he  SQIID-IR.-XF task  's q m o s '  

is used  to build  a  d a ta b a se  of th e  various  observations o f  a single o b jec t  in to  a 

m osa ic  of images each  w ith  s lightly  d ifferent spacial o r ien ta t ions .  A d a ta b a s e  of 

offsets between different im ages of a  s ing le  ob jec t  is used to gain  the c o o rd in a te s  

needed  to bring the ind iv idual e x p o su re s  in each channel to g e th e r  into a final s ingle  

im age and  to bring  each channel in to  reg is tra tion . T he  ta sk  'sq m o s '  c rea tes  a tiled  

m osaic  of images for a  specific o b jec t  w ith  1-pixel boundaries  be tw een  each ind iv idua l 

im age. To com bine the  different o b je c t  im ages in the d a ta b a s e  m osaic  into a  s ingle 

final image, the re la tive  offsets ( A x .  A yjbetvveen  the ind iv idual images with resp ec t  

to a reference im age, m ust be  d e te rm in e d .  T he  task  'x y g e t '  d isp lays the reference  

im age  an d  then the  offsets a re  in te rac t iv e ly  de te rm ined . T h e  ta sk  pe rm its  the  user  to 

identify  a num ber of po in t sources ( s ta rs )  w ith in  the reference image. T he  p rocessed  

o b je c t  images are  then  e x a m in e d  to  find a  single source th a t  is v isible in each  of the  

la te r  sequen tia l ly  scrolled p rocessed  im ages. T he  relative offsets. ( A x .  A y ) ,  from  the 

reference image, are  then  d e te rm in e d .

4.2. CCD: R elative Channel A lignm ent

Im ages of g lobu lar  c lu s te r  M5 w ere  used  with the IR.A.F ta sk  'g e o m a p ' to c re a te  

a d a ta b a se  of s te l la r  ob jec ts  to  c o m p u te  a  spatia l  t ran s fo rm at io n  function w hich  can 

be used  by its com pan ion  ta sk  g e o t r a n '  to  transfo rm  one im age  to overlay  a n o th e r
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im age. D eterm in ing  the rela tive channel a l ignm en t  was clone to c-ompiite how th e  .J 

an d  K channels t ra n s la te  and  overlay  upon  the H im ages . In th is  way. the  effects of 

re la tive  spatial offset, ro ta t ion , an d  m agnif ica tion  can  be  co rrec ted .  In each  .J.H. &: 

K  g lobular c luster  im age. SO c o m m o n  s te l la r  o b jec ts  th a t  were ( l is tr ib u ted  o v e r  the  

e n t i re  .J. H. &: K M-5 e xposu res  were ind iv idua l ly  tagged  w ith  specific I x.y) c o o rd in a te s  

for each  of the th ree  [R colors. .\’o  reference  poin ts  w ere  chosen near the  c e n te r  of 

.\[-5 because the s te llar  dens ity  of th e  c lu s te r  cen te r  p rev e n ts  the  cJeterm ination  of 

ind iv idual o b jec t  coord ina tes . In F ig u re  3.3 an  im age  in H for .\I-5 is show n with  

the  objec ts  tha t  were used  w ith in  the  exposu re  th a t  the  g eo m ap ' ancl g e o t r a n '  

com bina tion  used to c o m p u te  the p ro p e r  overlay o f  channels .  In each .J. H. & K 

color, the IR.AF im e x a m in e '  task  was used to d e te rm in e  ind iv idual s te l la r  o b je c t  

1 x .y) pixel coordinates. T h e  ‘g e o m a p '  ta sk  c o m pu tes  p ro p e r  im age  overlay  ro ta t io n ,  

a n y  shift between images in (x .y) c oo rd ina te s ,  and  n o rm a lize s  the  images to the  sa m e  

im age  scale.

Since the relative geom etrie s  of th e  de tec to rs  rem ain  c o n s ta n t  over an  o b se rv in g  

run . once the H band  rela tive  offsets a re  know n, the  offsets in the  o th e r  p a ssb a n d s  can 

be au tom atica lly  d e te rm in e d  and  ap p lie d  to  the  o th e r  colors using the SQ IID -IR .A F  

ta sk  ’.xyadopt.' This  also d e te rm in e s  the  rela tive a l ig n m e n t  be tw een  the  H. J. and  

K C C D s in the SQ IID  IR  in s t ru m e n t .  .All of the  in d iv idua l  p rocessed  im ages can 

now be com bined into a single im age , for each p assb a n d .  W hen  the co n s tru c t io n  

o f  the  datase t  files con ta in ing  the offsets and  tra n s fo rm a t io n s  is com ple te , the  final 

com bined  images can be p roduced  w ith  the SQ IID -IR .A F ta s k  n ircom bine . '  T h e  final 

resu lting  galaxy images, once  all the  p rev ious  reduc tion  has been app lied , will b e  in 

the  respective J .  H, & K channels all c a l ib ra ted  to  th e  H channel reference f ram e. 

F ig u re  3.4 is an exam ple  schem atic  for the  process.
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Fig. 3 .3 .— G lo b u la r  c lu s te r  M5 u sed  to correct for re la tive  spatia l offset, ro ta t ion , 
a n d  m agnif ica tion  b e tw e en  J .H .  and  K channels. T h e  c irc led  s te llar  p o in t  sources 
w ere those  chosen for re la t iv e  channel a lignm ent.
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K Channel

.] C hannel

H Channel

Fi^. 3 .4 .—  Schem atic  of overlay  process be tw een  channels . The changes a re  in the 
ind iv idual im ages with a bu ilt-in  ca lib ra tion  b e tw een  the  o ther  channels. T h is  allows 
p ro p er  p rocess ing  betw een im ages in the d ifferent bands . T h e  offsets in th is  ex am p le  
a re  exaggera ted .
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5. Im age Preparation & A nalysis
5.1. Extraneous Source Blanking and Im age M asking

Before analysis o f  the com bined  final images can begin it is necessa ry  to rem ove 

a n y  s te l la r  ob jec ts  'n o t *  assoc ia ted  with the  spira l galaxy u n d e r  s tudy . This  m ust 

occu r  because any  ex traneous  light p rovided  by galactic s ta r s ,  s t r e a k s ,  image edge 

effects, cosmic rays, and  o ther  ga lax ies can pollu te  the a c tu a l  g a lax y  source. In 

F igu re  3.Ô you can see a typ ica l  e x a m p le  of a b lanked  image o f  . \G C 4 3 2 1  where all 

in ap p ro p r ia te  sources and  edge effects have been rem oved from  the  im age.

B lanking  is done with the task  ’im e d it . '  This  [R.A.F ta s k  is u sed  to replace 

the  ex traneous  o b jec t  with c ircu la r  a n d /o r  rec tangu la r  a p e r tu re s  o f  various sizes. 

E x tra n e o u s  ob jec ts  a re  identified first by eye. foreground s ta rs  a n d  s t r e a k s  are  easy 

to  identify  in this way. F u r the r  e x tra n eo u s  ob jec ts  were d iscovered  in later  image 

reduc t ion  and  then  rem oved. For in s tance , there  is a  fo reground s t a r  near, in the 

im ages, the  bulge of .\4303  which could  only  be found du r ing  the  su rface  in tensity  

profiles perfo rm ed  la te r  and  notic ing  a large peak  in the s ignal" . To replace (or 

'b la n k ')  an  object m eans  to set the  pixel values within the a p e r tu r e  to  —l x I 0 ‘^. . \  

large negative value was chosen because  the  p rogram  (F .\ . \ ’l th a t  will be used to 

d e te rm in e  the in tens ity  profile of the  ga laxy  will ignore pixels w ith  such  values.

T h e  procedure  for m ak ing  these b lan k e d ' images is carr ied  o u t  u s ing  the  following 

steps.

•  B lank  out the  e x t r a  ob jec ts  in the  H im age from the o b je c t 's  obse rva t ion . From 

th is  blanked im age a  'm a s k '  is m ade  by se tting  the value of p ixels tha t  where 

not b lanked ou t equal to 0. T h e  m ask  image then has pixel values of 0 for 

pixels to keep, an d  \'alues of — 1 x 10*°. for the pixels to be  exc luded .

^.•\ctually. I though t  the  image h a d  caught a  NTR image of a  supernovae . 1 was 
la te r  able to  rule it a  foreground s ta r  because  of its appearance  in various  optical and 
o th e r  wavelength im ages of N4303
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Fig. 3 .5 .—  N G C4321 - A n  ex a m p le  of a b lanked  a n d  fully  p rocessed  g a la x y  im age.
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•  T h is  m ask  im a g e  is added  to the J im age  from  the o b je c t 's  o b se rv a t io n .  T he

im e d i t '  task  is u se d  to remove any  o b je c ts  visible in the .J im age  th a t  a re  not

visible in the H im age. .A. m ask is th e n  m a d e  from  this im age.

•  T h is  m ask  is a d d e d  to the K im age f rom  the  o b jec t 's  ob se rv a t io n s ,  and  fw tra

ob jec ts  are  r e m o v e d  as needed. .A m a sk  is m ad e  from this im age.

•  T h e  process is r e p e a te d  for each n igh t th e  o b jec t  was o b se rv e d .

T h e  resulting  c u m u la t iv e  mask is used to  rem ove  ob jec ts  from  all ga la x y  images 

in all colors. .A s ing le  im age  mask is the  reason  all of the  im ages  in the  different 

colors a n d  different n igh ts  were all sh if ted  to a  c om m on  c o o rd in a te  sy s tem . L’sing 

the  sam e  m ask on e a ch  im age  also insures th e  s a m e  p a r t  of the  g a la x y  would  be used 

to de te rm in e  each p rofile  and the sky ' va lue  w ould  also come from  nea rly  the  sam e 

p a r t  of each image.

C um ula t ive  b lan k in g  m asks for each o b je c t  in all th ree  p a s sb a n d s  can then  be 

app lied  to  the final co m b in e d  images from each  single nightly  o b se rv a t io n .  O nce  the 

foreground and  b a c k g ro u n d  objects are  b la n k e d  out and  rem oved  from  the  im age 

all the  rem ain ing  in fo rm a t io n  and light shou ld  be  tha t  of tne in d iv idua l  ga laxy  and 

its s ta rs ,  s t ru c tu re s ,  a n d  dust con tr ibu tions .  T h e  edges of the ind iv idua l  images 

were also carefully  a n a ly z e d  for any fringing effects in the in te n s i ty  signals. It was 

im p o r ta n t  to check th e  p ixels  a t  the edge o f  th e  im ages because the  sky  d e te rm in a t io n  

is ex tre m e ly  sen s i t iv e  to  th e  pixel values a n d  s ignal sens i t iv i ty  a t increas ing  d is ta n c e  

from  th e  galaxy 's  c e n t r a l  regions. T hus , th e  edges  were often fu r th e r  t r im m e d  abit 

to  help al levai te  th is  p rob lem .
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6. A zim uthally  Averaged M agnitude Intensity Profiles
6.1. P ixel Count Inten sity  Profiles

O nce  a fully red u c e d ,  ed g e - t r im m e d , b lan k ed , and  .satisfactory final im age  is 

p ro d u ced  the num b er  c o u n t  in tensity  profiles c a n  be ca lcu la ted .  .A. spec ia lly  des igned  

fort ran program  e n t i t le d  "F.A.N”’ originally  w r i t te n  by Dr. VV'. R o m a n ish in  was used 

upon  the .J.H. an d  K im ages  to d e te rm ine  the  in te n s i ty  profiles. T he  p ro g ra m  was 

a lte red  from its orig inal form  to run on c o m p u te r  m ach ines  using the L IN U X  floating 

po in t  a rch itec tu re .  T h e  p ro g ram  is w r i t te n  so as to em ploy  IR.AF red u c t io n  and  

im age routines to p ro p e r ly  de te rm ine  the in ten s it ie s  from  given inpu t p a ra m e te r s  in 

con juc tion  with the  final im ages. The p ro g ra m  m ust  be com piled  inside th e  IR.AF cl' 

c o m m a n d  s tru c tu re  so as to  properly  link w ith  the  [R A F  packages th a t  th e  p ro g ra m  

utilizes. The in ten s ity  p ro g ra m  F.AN needs the  following initial da ta :

•  T h e  (x.y) f rac tiona l  pixel coordinates o f  the  ga laxy  center.

•  Position angle  o f  th e  galaxy. P A °

• E llip tic ity  - b / a  m in o r /m a jo r  axis ratio .

•  Image pixel scale in arcsec/pi.xel ( " / p ixel) .

T he  (x.y) cen te r  coo rd ina te s  of each  im age 's  ga laxy  were found with  the 

im exam ine ' task  w ith  im age  d isp lay  (S.AOimage) se t  so th a t  the im age c o n t r a s t  only  

d isp layed  the b r igh te s t  p ixel values of the  inner  ce n tra l  bulge. T h is  effectively m ark ed  

the pixels conta in ing  th e  h ighes t  counts w hich  were a ssum ed  to re p re se n t  the  exact  

(x .y) cen te r  of the  galaxy . T h e  [RA F im exam ine" task ,  which uses a  gauss ian  fit 

to the peak  in tens ity  level, could  then ca lcu la te  the  coord ina tes  o f  the  g a la x y  cen te r  

w ith in  the image th a t  F.AN needs to s ta r t  a n y  profiling. T he  gaussian  fit r e tu rn s  

values which are  the  f rac tiona l  pixel (x.y) c o o rd ina te s  of the ga laxy  cen te r .
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T h e  position  angle a n d  the  b / a  ra tio  were d e te rm in e d  in m ultip le  v a r ia t ions  

o f  a s im ila r  proceedure. A couple  o f  e llipse  fitting techn iques  as well as  using  

p r e d e te rm in e d  values f ro m  RC3 cata log  (de V aucouleurs e t al. l ‘)9 l )  w ere  used 

to a r r iv e  a t acceptih le  b / a  values. F irs t ,  the  d irect a p p ro a c h  of d isp lay ing  d iffering  

e ll ip t ica l  functions d ire c t ly  overla id  on the cen tra l  bu lge  of the  galaxy  im ages  was 

em p lo y ed .  T h e  position  ang le  an d  b / a  ra t io  of the overla id  ellipses were i te r a te d .  

In- in spec t ion , until there  was a sa tis fac to ry  c om pos i te  m a tc h  with the ga laxy  im age. 

T h is  resu lt  was then c o m p a re d  to a n o th e r  ob ta ined  by us ing  the  IR A F  ta sk  "ellipse." 

T h e  "ellipse" task  fits e ll ip tica l  isophotes  to ga laxy  im ages  an d  d e te rm ines  levels of 

c o m m o n  b righ tness  con tou rs  as a  function  of radius. It c a n  then  be used  to  he lp  refine 

th e  values adop ted  for th e  ga la x y  pos it ion  angle and  b / a  (.Jedrzejewski 1987). So 

us ing  p rev ious ly  pub lished  pos it ion  angle  a n d  b / a  ratio , those  derived  by in sp e c t io n ,  

a n d  those  derived  by isophota l  fitting, bes t  values for each  ga laxy 's  pos it ion  angle  

a n d  m in o r  to m ajo r  axis ra t io  were d e te rm in e d .  T he  values used  in the  rest o f  th is  

ana lv s is  are  include in T ab le  3.3.

G a laxy P..4.3 6/ a

NGCT321 75.0 0.85
.\G C 4303 90.0 0.89
.\G C 4 5 7 I 320.0 0.89
NG C4689 60.0 0.81
XG C4254 .3.30.0 0.85

T ab le  3.3; .Adopted values for the  pos it ion  angle  and  e ll ip t ic i ty  for each galaxy.

T h e  orig inal pixel scales  for each  im age  in each  o f  .J, H. and  K were 1.39-5. 

1.366. 1.361 in a rc se c /p ix e l  repectively . However, d u r in g  the  reduction  p rocess  all 

th e  im ages were t ra n s fo rm ed  in scale to  overlay  the H im ag e  o f  the  n ightly  in d iv idua l
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s^alaxy ob se rv a t io n  and  the  s a m e  im age  scale  o f  1..166 a rc s e c /p ix e l  ( for H). All im ages 

in each  color cou ld  be easily  profiled  a n d  c o m p a re d  w ith in  th e  s a m e  scale.

T he  p rocess  o f  p roducing  pixel n u m b er  count in tens ity  profiles can  proceed now 

th a t  the (x .y)  c o o rd in a te  cen te r ,  pos it ion  angle, ellipticity . a n d  scale  of the  im ages  

have been d e te r e m in e d  for each  galaxy. L'sing the values ab o v e  as inpu t a long w ith  

the  specific im age . F.AN reads each  im age  pixel by pixel us ing  for the  spiral g a lax y  

rad ius  a g e o m e tr ic a l  ave rage  o f  V u 6. d e te rm in e d  from the  b / a  ra t io s  given in Tab le

1.3. .-\t a p a r t ic u la r  rad iu s  the  p ro g ra m  p roceeds  to pixels w ith in  r — v u 6 ± Ü . ô .  

F.A.\ then c o m p u te s  the  pixel coun ts  in each  ellip tical annu lu s  bin w hich  should  have  

ap p ro x im a te ly  th e  sa m e  su rface  b r ig h tn e ss  a long tha t  e ll ip tica l  a n n u lu s  a round  the  

g a lax y  at th a t  rad ius . F.A.V will m ak e  som e a ssu m p tio n s  in the  profiling of the  im age . 

. \ n y  d a ta  from  a  bin th a t  is g re a te r  th a n  th re e  s ta n d a rd  d e v ia t io n s  ['.Irr) from  th e  

o th e r  d a ta  a re  e x c lu d ed  to reduce  the  r isk  o f  cosm ic ray  a r t i fa c ts  a n d /o r  any  o th e r  

e x t r a  a r t i fac ts  m is se d  in the  ea r l ie r  p rocessing . T he  n u m b e r  of d a ta  poin ts  th a t  

F . \ . \  rem oves a t th is  t im e  will be  very  sm all  due  to the p rev ious  w ork of b lan k in g  

all ex traneous  sources. F.A.N' t r e a t s  the  a l r e a d y  blanked pixel a re a s  by assum ing  th e  

values in the  b lan k e d  pixels a re  the  average  value of all the o th e r  unb lanked  pixels 

a long  tha t  p a r t ic u la r  e l l ip tica l  an n u lu s .  T h e  nex t s tep  is to d e te rm in e  the res idua l  

sky  su b tra c t io n  for each  profile. T h is  is the  m o s t  challenging p a r t  of the red u c t io n  

process.

6.2. Finding the R esidual Sky Values: C om plete Sky Signal Correction

D ete rm in ing  a  reasonab le  a n d  sound  value for any  res idual sk y  s ignal is the  m o s t  

a rd u o u s  ta sk  o f  the  reduc t ion  p rocess  in dea ling  with the  C C D  images o f  sp ira l 

galaxies. T h e  ga lax ies  in th is  sa m p le  a re  fair ly  close and  large. However, im ages 

were acqu ired  in such a  way as to  hopefu lly  contain  the  m a x im u m  ex ten t of th e  

galaxies all w ith in  the  image. .Although s te p s  were taken  to  c o n s id e r  the  radial size
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of the  galax ies w ith in  the  images so as to  include  c o n tr ib u tio n s  o f  th e  skv to the pixel 

fluxes, not all g a lax y  im ages (p a r t ic u la r ly  .\ 'GC430d) offered c o m p le te  and  obvious 

ways to faithfully  rep resen t  the  sky. Because  of the  difficulty of the  process, nearlv  all 

s y s te m a t ic  errors a re  a consequence  o f th e  res idua l sky ca lcu la tion  a n d  its su b trac tion  

from  the  in tens ity  profiles.

T h e  process of res idua l sky d e te rm in a t io n  can take place once  creates

in te n s i ty  profiles for each  night and  each  color. T h e  sky f ram e  im ages dealt  with 

e a r l ie r  on ly  do a  p a rt ia l  jo b  of rem oving  the  sky  illum ination  c o n tr ib u t io n s  from 

the  o b je c t  images. T h e  im ages are  still left w ith  som e residual sk y  flux tha t  m ust 

be rem oved  above and  beyond that d e te rm in e d  from  ju s t  the  sk y  fram es. Ideally 

the  in tens ity  m ea su re  beyond  the o u te r  rad ius  of the  spira l g a la x y  would be that 

o f  an  absolu te ly  flat profile. In p rac tice ,  the  po in t  where the  ch an g e  in s lope from 

steep  to nearly  flat o f  the num ber coun t  in te n s i ty  profile is lo ca ted .  T h is  po in t  is 

usua lly  obvious in the  profile, and thus w hen  the  slope becom es v e ry  shallow we have 

begun  to reach a  fairly  accu ra te ,  yet te n ta t iv e ,  value for the  sky. T h e  profiles for a 

p a r t ic u la r  galaxy in all th re e  passbands were c o m p a re d  to one a n o th e r  to de te rm ine  

a su itab le  portion  of the  profile that c o rre sp o n d ed  to the  a rea  over w hich  the profile's 

s lope b ecam e very shallow, nearly  flat. T h is  a re a  of the in te n s i ty  profile is used to 

e s t im a te  a reasonable  sky level. Two rad ia l  values were chosen, the  in n er  rad ius  which 

co rresponded  to the  sudden  lowering o f  the  in te n s i ty  g rad ien t in th e  image, and  the 

o u te r  rad iu s  which would re la te  to the m a x im u m  range  over which th e  in ten s ity  profile 

rem a in e d  reasonably  very flat. The o u te r  range  was chosen s im p ly  as the largest 

availab le  radius before  the  edge  and co rners  began  to reduce the  in fo rm ation  of the 

im age an d  had to be in co m m o n  to all th e  im ages of an ob jec t .  T h e s e  values were 

chosen such that they  were consis ten t w ith  each  o f  the  ga laxy 's  n ig h tly  observations 

as well as for each  color. .A. s im ple  .AWK c o m p u te r  language ro u tin e  was w ri t ten  to 

ca lcu la te  betw een these  two radii the average  sky  in tens ity  and  s ta n d a rd  deviation
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of the  pixel d a ta  over  the  se lec ted  range. T he  t ru e  g a lax y  rad ius  can he found 

between these  values and  all the  errors  of sky su b trac tion  a re  d e te rm in e d  from the 

s tan d a rd  dev ia tion  of the  po in ts  be tw een these radii. T ab le  bd  gives the values 

a dop ted  for Rm:n and  fimax- in arcsec for each  sky ca lcu la tion .

G a lax y
n //

^ ^ a x

NGC4321 205 225
N G C4303 195 220
N G C 457I 150 195
N G C 4689 175 220
NG C4254 210 240

Table 3.3: .Adopted Sky M in im u m /M a x im u m  Virgo Sp ira l  Radii; T h e  m in im un  
rad ius is the w here the in te n s i ty  profiles s ta r te d  to becom e very shallow , while the  
m ax im um  radius deno tes  the  larges t  possib le  rad ius of the  galaxy. T h e  real N ear-IR  
rad ius is som ew here  be tw een  these  values. T hese  are th e  rad ia l values over which 
sky background source  signal in te n s i ty  was de te rm ined .

-A sam ple  o f  th is  p ro ced u re  has been shown in Figure 3.6. O n ly  the ta i l  end of the 

num ber count in ten s ity  profile is d isp layed  in o rder  to show  in deta il  the  area  over 

which the sky su b trac tio n  was d e te rm in e d  as well as to ind ica te  the  locations of the 

two radial values Ftmm and  Rmax- Notice th a t  the profile s tays  nea rly  fiat beyond 

R-min As much as was possib le . Rmax was chosen to be c o m m o n  to all the  separa te  

images and not com ple te ly  to the  edge of the  image so FA N  would be profiling as 

m an y  pixels as possible. T h e  sq u a re d  image corners of the  e llip tica l profile are  not 

given as m uch weight in the  sky  d e te rm in a tio n  as the  inner image.
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Fig. 3 .6 .— X4571 - .A. sam ple  profile  range over which th e  sky su b tra c t io n  was 
d e te rm in e d .  A n y  s c a t te r  in the  coun ts  over the range  was used  to ca lcu la te  
u n c e r ta in tv .  s ta n d a rd  dev ia tion , in th e  skv value.
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7. Standard Stars - M agnitude C alibration  
7.1. O bservations & C alculations

C C D  im ages a re  ca lib ra ted  by using  a list of p rev ious ly  o b se rv ed  s tandard  s ta rs  

and th e i r  re sp ec tiv e  s tan d a rd iz e d  m a g n i tu d e s .  Elias ( 1982) p ro d u ced  a  list of infrareri  

s ta n d a rd  s ta rs  w hich  were also im aged  d u r in g  this ob se rv a t in g  run so as to c a l ib ra te  

the .1. H. an d  K m ag n itu d es  o f  the  o b je c t  images. T h e  s ta n d a rd  s ta r  m agn itudes  

are  u s e d  to  c a l ib ra te  and p roper ly  assign  m ag n i tu d e s  to  the n u m b er  count in te n s i ty  

profiles th a t  F.AN ca lcu la tes  for wach s p ira l  galaxy. T h e  s ta n d a rd  s ta rs  are o b se rv e d  

several t im es  d u r in g  every n igh tly  o b se rv a t io n  run  for th is  de te rm ina tion  an d  a re  

listed in Tab le  3.4 w ith  the s ta rs  d e s igna t ion  and  s ta n d a rd iz e d  in fra red  m ag n i tu d e  

listed in each  co lu m n . P rocessing of th e  s ta n d a rd  s ta r  im ages  was carr ied  out using  

the s a m e  tec h n iq u es  d iscussed  ea rl ie r  for the  o b jec t  im ages. S ta n d a rd  s ta r  in s t ru m e n t  

m ag n i tu d e s  a re  d e te rm in e d  from  the  IR.A.F p h o t '  p ackage  using the  'q p h o t '  task . 

The IR A F  task  q p h o t '  c o m pu tes  a c c u ra te  m ag n i tu d e s  from  the  SQ IID  s ta n d a rd  

s ta r  p ro ce s se d  im ages  once the (x .y) p o s i t io n  o f  the s ta r  in the  im age is know n. 

The 'q p h o t '  ta sk  uses the s ta n d a rd  s t a r  pos it ion  w ith in  the im age  to ca lcu la te  the  

in s t ru m e n t  m a g n i tu d e  of the s ta r .  T h e  S Q IID  reg is te red  in t ru m e n t  m agn itude  can 

then be  used  to d e te rm in e d  the  su rface  m a g n i tu d e  of th e  s ta n d a rd  s ta r  for each  o f  

the .]. H. &: K ban d s .  In this way. the  g a la x y  num ber  co u n t  in tens it ie s  can Infer be  

co n v e r ted  to  a c tu a l  surface  b r ig h tn ess  profiles.

7.2. Airm ass E xtin ction  and Zero Points

T h e  o b se rv e d  su rface  b r igh tness  m a g n i tu d e  of th e  s ta n d a rd  s ta rs  can  be ca lcu la ted  

via E q u a t io n  3.1 converting  in s t ru m e n t  m ag n i tu d e s ,  d e te rm in e d  by the  'q p h o t '  task , 

to a p p a re n t  m ag n i tu d es .

-  -  I). (3.1)



where

is the  s ta n d a rd  s ta r  a p p a re n t  m agn itude .

the  zero -po in t  of pho tom etr ic  ca lib ra tion , 

is the  to ta l  n u m b er  o f  counts  of the s ta n d a rd  s ta r  m inus sky counts .

r ,  is the  im age  in teg ra t io n  tim e.

is the  the  a irm ass  e x tin c tio n  in m a g n i tu d e s /a i rm a s s .  

a irm ass  a t th e  t im e  observation.

T h e  .JHK su b sc r ip ts  ind ica te  t h a t  this is done for e a c h  s ta n d a rd  s ta r  in each  p assb an d .  

T h e  zero p o in t  and  the a irm ass  e x tinc tion  te rm s  a re  d e te rm in e d  from the  s ta n d a rd  s ta r  

observations . T h e  last a irm a ss  correction is to co rrec t  the  in tens ity  for c o m p a r iso n  

pu rposes  to an  a irm ass  o f  1. w here  .4^ is the  a c tu a l  o bse rved  airm ass  d u r in g  which 

the image was being  collected .

T he  a irm ass  ex t in c t io n  te rm s .  c a lc u la te d  from  plots of in s t ru m e n t

m agn itude  verses a irm ass  so as to de te rm ined  th e  slope of m agn itude  e x t in c t io n  

per a irm ass  in its respec tive  channel. This was a c c o m p lish e d  by m ak ing  m ultip le  

observations  of the  sam e s ta n d a rd  s ta r  at various a i rm a s s  values du r ing  the  sam e  

nightly  obse rv ing  run. Table  3.5 lists the ca lc u la te d  zero -po in t  m ag n i tu d e s  from  

Equation . 3.1 by using  the  prev iously  published c a l ib ra t in g  m agn itudes  from  Elias 

I l!)S2 ) with the  respec tive  in s t ru m e n t  m agn itude  a n d  the observational a irm ass  of the  

image. It also lists the ex t in c t io n  slope values in m a g n i tu d e s  pe r  a irm ass in c rem en t .

8. Infrared M agnitude and C olor Profiles

T he ca lcu la tions  in the  prev ious sections lead  to the  p roduction  of su rface  

brigh tness  profiles. T h e  ga laxy  in tensity  (counts p e r  pixel) profiles can now be 

converted  in to  m a g n i tu d e  profiles via the following fo rm u la
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S tan d ard  S tar nij rrih

GL299 8.380 7.915 7.640
HD 162208 7.215 7.145 7.110
HD 1296.53 6.980 6.940 6.920
HD 161903 7.170 7.055 7.020
HD 77281 7.105 7.0.50 7.030

HD 129655 6.815 6.720 6.690
HD 10696.5 7.315 7.335 7.315
HD84800 7.560 7.530 7.5.30

ta n d a rd  stars used  to  c a lib ra te m agnitu*
ias 11982).

B A N D Error Er E rro r

.] 16.675 TO.02 0.142 ± 0 .0 2 5
H 16.313 f 0 .0 2 0.086 ± 0 .0 2 5
K 15.240 ? 0 .0 1 0.098 ± 0 .0 2 0

Table Tô: Z eropo in t  m agn itudes  and e x t in c t io n  slopes.

T,

fj-o =  IJ-ZPjhk +  2.5/oy[( 1.366')-]

(3.2)

i3.3)

W here:

f ijkhi R)  is the  ga laxy 's  surface b righ tness  [ m a g ! a r c s e c ' )  a t  rad iu s  R. 

gzpjt,k is the ze ro-po in t  o f  pho tom etr ic  ca lib ra tion .

Ho accoun ts  for the  pixel size of 1.366 x 1.366 arcsec ' .

R ^ jh k  is the  average  count in a pixel w id th  annulus  a t R. 

is the  sky value in its repective passband .
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T, is the  im a g e  in teg ra t io n  t im e.

is tiie th e  a irm ass  e x t in c t io n  in m a g n i tu d e s  / a irm ass .

■ is tlie a irm ass  a t the  t im e  observation .

T h e  s ta r t in g  po in t  for th is  is E q u a t io n  3.1. E q u a t io n  3.3 is what is used to p ro d u c e  

the m a g n i tu d e  profiles from  the  in te n s i ty  profiles as a  function  of radius, r  =  v nb. 

F igures 3.7a to  3.7e show the  c a lc u la te d  m a g n i tu d e  profiles for each  of the  five \ ' i r g o  

spirals. O ne  m u s t  also ca lc u la te  a m ag n i tu d e  u n c e r ta in ty  value for each po in t  a long  

the profiles f rom  an  e s t im a te  o f  e r ro r  inherent to th e  noise  in the signal a t  large  

galaxy  radii as  th e  signal to  noise  ra t io  decreases . E s t im a te s  o f  the m in im u m  e r ro r  

due to u n c e r ta in ty  in the sky  values were ca lcu la ted  b e tw e en  the  individual an d

/?mix radii  for e a c h  ga laxy  to  a r r iv e  a t  a s ta n d a rd  d e v ia t io n  I ) about the  m e a n  

sky value via E q u a t io n  3.4.

( -  1 )

The pixel va lues  be tw een  Rm,n a n d  Rmix  a re  the  d a ta  po in ts  x, over w hich  the 

u n c e r ta in ty  is c a lc u la te d  for th e  background  sky  d e te rm in a t io n .  This  u n c e r ta in ty  is 

r ep re sen ted  by  th e  e rro r  ba rs  in the  m ag n i tu d e  plots. . \ t  each  radius, m a g n i tu d e s  

were c a lc u la te d  u s ing  eq. 3.3. w ith .

/ (  =  /(

/( R)jhk  =  I { R)3jHk -  ±  '^sky I 3 fi I

where cr,ky r e p re s e n ts  our  u n c e r ta in ty  in the  m e a n  s k y  th a t  was s u b tra c te d  f rom  

the g a lax y 's  in tens ity .  T h e  final d e te rm in e d  m a g n i tu d e  profiles for .J. H. &: K are  

d isp layed  in F ig u re s  3.7a th ro u g h  3.7e.
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Chapter 4 

IR Image Analysis: Physical 
Parameter &: Colors

1. G alaxy B u lge /D isk  D ecom positions

Find ing  a way to exp lo re  the  physical and  chem ica l  properties  im p lied  by the  J . 

H. and  K m agn itude  profiles and  an y  NIR colors is the  goal of this ch a p te r .  It is 

also hoped th a t  by using  prev ious s tud ies  of the  chem ica l  com positions  of s t ru c tu re s  

with in  these  galaxies th a t  som e corre la tion  can be d ra w n  betw een m eta ll ic i ty  and  the 

X IR  colors. T he  a d v an tag es  o f  s tu d y in g  spiral ga lax ies  in the near in fra red  ( .XIR) 

have long been e s tab l ished  from  s te lla r  popu lation  m odels and m easu rem en ts :  1). 

Cool red giants  and dw arfs  in no rm al  s tellar p opu la t ions  dom ina te  the  e ne rgy  o u tp u t  

an d  the  bo lom etr ic  lu m in o s i ty  of a  galaxy a round  L/im. T h is  effectively allows the 

probing  o f  a  nearly hom ogeneous  se t  of stars  w h ich  share  m any  s im ila r  p roper t ie s  

and  is one of the  largest popu la t ions  within a galaxy . 2). E x tinction  from  d us t  is 

su b s ta n t ia l ly  reduced in the  X IR. T h e  obscura tion  a n d  reddening  of s ignal by dust  

is largly reduced  and will help rem ove  any  behaviors in ga laxy  colors c aused  by dust 

alone. T h is  is an e x tre m e ly  useful observation for t ra c in g  and  s tudy ing  the  old cool 

s te l la r  popu lation  m ass d is t r ib u t io n  in spiral ga lax ies . In add ition , s ince  the  X IR  

suffers less from  ex tinc tion  because  the a ttenua t ion  ove r  the  wavelengths conside red  

goes as I /A  (T hronson  e t  al. 1990). the I. H, and  K  profiles can reveal s ignificant 

s t ru c tu ra l  features which a re  not as easily  viewable in  the  visible wavelengths.
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T h e  in ten s ity  at any  po in t  a long the rad ia l profile of a sp ira l galaxy  is th e  su m  

of c o n tr ib u t io n s  from all the  lum inous  m ate ria l  f rom  the ga lac tic  h u k e .  sp ira l  d isk ,  

an d  halo  which m ay  lie a long the  line of s igh t.  T h e  d i s t r ib u t io n  o f  this light c a n  be 

f leconvolved into se p a ra te  a n d  d is t in c t  bulge and  d isk  c o m p o n e n ts .  In doing so. it is 

a s su m e d  tha t  the disk and  bu lge  a re  nearly  phys ica l ly  and  dy n am ica l ly  in d e p e n d e n t  

an d  th e  co n tr ib u tio n  from th e  halo is m in im al  w hen c o m p a re d  to the m uch  m o re  

b r i l l ia n t  bulge and disk.

To fit rad ial profiles such as those  reduced  in C h a p te r  1. a s su m p tio n s  a re  m ad e  

a b o u t  th e  m athem atica l  form o f  the  in tens ity  profile o f  each  ga laxy  co m p o n en t  ( bu lge, 

d isk ) .  T h e s e  com ponen t profiles a re  then s u m m e d  in an  a t t e m p t  to  fit the o b s e rv e d  

profiles. T h e  disk c om ponen t  is often t r e a te d  as a  flat ex p o n e n tia l  sy s tem  o f  s ta rs  

gove rned  by rotational p ro p er t ie s  while the bulge is m odeled  as a  much h o t te r  s y s te m  

with  a  spherica l  d is t r ib u t io n  u n d e r  ro ta tional dy n am ics .

M a n y  different m a th em a tica l  forms of the  light d is t r ib u t io n  have  been a t t e m p t e d  

in p rev ious  works, for exam p le ,  the  H ubble-R eynolds  law  (H ubb le  1930). the  r*'"* law 

I de \ a u c o u le u r s  1948). and  th e  King Law (K ing  1966). S ince sp ira l  bulges re sem b le  

the s t r u c tu r e  and light d i s t r ib u t io n  of ellip tical ga lax ies ,  the  m o s t  c o m m o n ly  u sed  

m odel for the  bulge in tens ity  profile is the well-know n de Vaucouluers law  (de 

\ ’aucou leu rs  1948, de Vaucouleurs 1958) which has been  app lied  very  successfu lly  to  

the  lu m in o s i ty  profiles of e ll ip tica l  galaxies. However, the  d y n a m ic a l  and  s t r u c tu r a l  

p ro p e r t ie s  of spiral bulges a n d  elliptical ga lax ies  a re  ce r ta in ly  d is t inc t  from  one 

a n o th e r .  T h e  presence of a considerab le  d isk  will defin ite ly  affect the h is to r ic a l  

p ro p e r t ie s  of a spiral bulge. T h e  spherical d i s t r ib u t io n  of s ta rs  in a sp ira l 's  b u lge  

is m u ch  m o re  ro ta tionally  s u p p o r te d  aga inst  g ra v i ty  as o p p o se d  to the  la rg e ly  

p re s su re  su p p o r te d  dynam ics  o f  e lliptical ga laxy  s t r u c tu r e  (K o rm e n d y  & Ill ingw orth  

1982. K o rm en d y  1993). T h e  s im ila r  t r e a tm e n t  a n d  functional forms of th e  light 

d i s t r ib u t io n s  of spherical c e n tra l  sp ira l bulges a n d  spherica l  e ll ip tica l ga lax ies  is
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w ith o u t  ques tion  from  the ideas linking s t r u c tu r a l  and  evo lu tiona l p roper tie s  of 

th e  sys tem s. However, as the a m o u n t  o f  ob se rv a t io n s  has g row n, m ore significant 

de v ia t io n s  from  the  r*''* law have b ro u g h t  in to  ques tion  th is  p rac t ic e  i .Jensen &: 

T h u a n .  Shaw & G ilm o re  1989. VV'ainscoat e t  al. 1989). It has b e c o m e  appa ren t  tha t  

it is necessary  to t r y  a l te rn a te  fitting form s a n d  p a ra m e te rs  for la te - ty p e  spirals w here  

th e  bulge is m uch  less elliptical-like in its p ro p e r t ie s .

. \ s  obse rva t ions  have grown in q u a l i ty  a n d  q u a n t i ty  the  ev id en ce  for m odeling  

th e  sp ira l  bulge profiles m ore  accu ra te ly  u s ing  exponen tia l  sphero id s  has in c reased  

( B ahca ll  & Kylafis 1985. Kent e t  al. L99L. .Andredakis & S anders  1994). T hus ,  

e x p o n e n t ia l  fitting of sp ira l bulges has g a in e d  favor.

T h e re  is less c on trove rsy  on fitting the  l igh t d is t r ib u t io n  of the  d isk  com ponen t .  

T h e  use of an  ex p o n e n tia l  to m odel the  o u te r  in te n s i ty  s t ru c tu re  of sp ira ls  is c o m m o n  

to  all fitting a lg o r i th m s  (K o rm en d y  1977).

T h e  d i sk /b u lg e  decom pos it ion  was done  u s ing  the  IRAF-STSD.A.S task N F l T l D  

a n d  assum ing  ex p o n e n tia l  rad ial light d i s t r ib u t io n s  for J . H . & K w ith  the two spira l 

c o m p o n e n ts  as follows:

/ ( r )  =  f i , exp{~r /r , , )  4- [ , i e x p { - r / r.i) (4.1 )

W here :

rt, is the bulge scale  length  in arcsec 

r.i is the d isk  scale  length  in arcsec

ff, is the bulge c e n tra l  surface  b r igh tness  in  m a g  j  arcsec^  a t  ri,

l i  is the d isk  su rface  b r igh tness  in mag j  arcsec '  at

l { r )  is the line o f  s igh t surface  b r ig h tn ess  a t  rad ia l d is tance  r

T h e  obse rved  profiles derived  in C h a p te r  3 and  d ecom posed  w ith  Equation  4.1
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are  shown in Figs. 4 .1a to  4 . lo  with  the fitting coefficients in Tab le  4.1. T h e se  figures 

si low the  raw  o b se rva t iona l  d a ta  by the solid line, the  bulge c o n tr ib u tio n  is the  d a s h e d  

line, the  d isk  is des ig n a ted  w ith  the dash -do t line, while the  bes t  fit co m b in a tio n  of 

bo th  em p ir ic a l  functions  is the  d o t ted  line. F i ts  were only o b ta in e d  inward f rom  the 

arrow, because  o f  e rro r  ranges considered  la te r  for derived  color grad ien ts  in these  

XIR. bands .  T h e  bes t  fit rep resen ts  the co m b in a t io n  of the bulge  and disk  e m p ir ic a l  

fits tha t  follow the  obse rved  raw d a ta  profiles w ith  the least e rro r .  T he  d a ta  for 

positions  beyond  the  arrow  exceeded  an a s su m e d  e rro r  to le rance  of 0.2 m ag for the 

colors and  were thus  not em p ir ica lly  fit.

T h e re  a re  som e  in te res t ing  behaviors to n o te  in the  ind iv idual m agn itude  profiles 

in 4 .1a to 4. lo . N G C4254. NGC4303. and  N G C 4689  rem a in  fairly close to  an 

exponen tia l  d isk  while N'GC4321 and  NGC4-571 seem  to t ra i l  off a  great deal as large  

ga lac to cen tr ic  d is ta n c es  are  reached . T h is  m ig h t  im p ly  som e varia tion  in the s te l la r  

popu la tions  a n d  or en v iro n m en ta l  effects from  the  c lu s te r  a r is ing  from the c loser  

p rox im ity  of N G C 4 3 2 I  and  NGC457L to the d o m in a te  ga laxy  in the Virgo c lu s te r .  

M87. T h e se  two galax ies, while being close to M 87 have been classified in d ifferen t 

HI classes. X G C 4321  is in te rm e d ia te  while X G C 4571  is c learly  HI deficient I Sk illm an  

e t  al. 1996). Also, it is c lear  from  the profiles th a t  X G C4303 a n d  XGC4321 a re  big 

and  very b r igh t  ga lax ies  as co m p a red  to the  o th e rs  in both  the ir  bulges an d  d isks .

.Another fea tu re  tha t  XG C4689. XGC4303. a n d  less obviously  .XGC4321 s h a re  is 

a b u m p  in the  in n er  po r tion  o f  the profiles. T h e s e  fea tu res  a re  often ind ica tive  of 

bar  s t ru c tu re s  in th e  sp ira l galaxies tha t  op tica l  observa tions  fail to yield (R a u sch e r  

1995).

I should  r e m in d  the  read e r  th a t  the  profile for NG C4254 is h ighly  suspect because  

of the pauc ity  of good  c lear  observations. O nly  on e  poorly  c e n te re d  image was ab le  to 

be c re a te d  from  th e  observa tions . T he  rise in s igna l th a t  the  XGC4254 profiles seem  

to  show in J .  H, &: K aw ay from  an exponen tia l  decline are  p ro b ab ly  a result  of no t



NGC4321 - Bulge/Disk
Decomposition

14.0
—  Profile
- - Bulge 
■ — Disk

Best Fit
16.0

o) 18.0

20.0

22.0

2400.0
Radius (arcsec)

Fig. 4 .1a .— . \G C 4321 :  .J Band surface  b r ig h tn e ss  profiles and  resu l t in g  fits. T h e  
dashed  line rep resen ts  the bulge c o n tr ib u t io n  and  the  dash-dot line re p re se n ts  the  
d isk  con tr ibu tion . T h e  d o t ted  line is the b e s t  fit from  Table 4.1

enough  good obse rva t ions  of the galaxy. H ow ever, s ince  XGC4254 is o f ten  d e sc r ib ed  

as undergoing e x t r e m e  am oun ts  o f  ac tive  s t a r  fo rm ation  this m a g n i tu d e  r ise  m ain ly  

in H and  K m ay  be  an  ac tua l  feature  an d  shou ld  be explored in the  fu tu re  i Binggeli 

e t  al. 1987. R auscher  1995).

I 'p o n  careful inspection , the profiles a lso  loosely follow the sp ira l  a rm  s tu c tu re .  

T h is  can be easily  verfied by perusal of th ree -d im en s io n a l  m a g n i tu d e  profiles c re a te d  

for .-Kppendix .A., figs. .A.lb to  .A.5b. T h e  N I R  t ra c in g  the s t ru c tu re  o f  th e  g a lax y  is 

d irec tly  re la ted  to the  dens ity  of s ta rs  t h a t  a re  found in the spira l a rm s  as opposed  

to  the  in tra -a rm s . C learly , the  older s ta rs  h igh ligh ted  by the N IR  o b se rv a t io n s  also 

corre la te  w ith  the  basic  spiral s tru c tu re s  w i th in  a ga laxy  and are  n o t  in d e p e n d e n t  of 

them .

It is useful to  note, as previously  s ta te d ,  w ha t stars  c o n t r ib u te  a t  w hat 

wavelengths. T he  fitting  p a ram ete rs  in T ab le  4.1 also point to the fo rm  o f  frac tional  

con tr ibu tions  of different s te llar  popu la tions . .J. H. & K fluxes are  d o m in a te d  by the 

I\ and  .\I g ian t  b ran c h  stars  and the c o n tr ib u t io n  to tha t  flux is seen  in Tab le  4.1
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NGC4303 - Bulge/Disk
Decomposition

14.0   Profile
 Bulge
 Disk

Best Rt16.0
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22.0

24.00.0
Radius (arcsec)

Fig. 4 .1 b .— N G C4303: J B and  s u r fa c e  b r ig h tn e ss  profiles and resu lting  fits. Sym bols
defined  s a m e  as F igu re  4.1a.

NGC4571 - Bulge/Disk
Decomposition

16.0

— Profile 
- -  Bulge
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— Best Rt
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2  20.0

22.0

24.0
25.0 5 0 . 0 7 5 . 0 100.0 125.00.0 150.0

Radius (arcsec)

Fig. 4 .1 c .—  \G C 4 5 7 1 :  J Band surface brightness profiles and resulting fits. Symbols
defined sam e as Figure 4.1a.
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NGC4689 - Bulge/Disk
Decomposition

  Profile
 Bulge
 Disk
  Best Fit

18.0 K

Oi
5  20 0

22.0

24.0
25.0 50.0 75.0 100.0 125 0 150 0 175 00.0

Radius (arcsec)

Fig. 4. I d .—  .\G C 4689: .1 B a n d  su rface  brightness  profiles and  resu lting  fits. Sym bols
defined sam e  as F igu re  4.1a.

NGC4254 - Bulge/Disk
Decomposition

16.0
  Profile
 Bulge
 Disk

Best Fit18.0

?
Z-, 20.0
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24.00.0
Radius (arcsec)

Fig. 4 . l e . — XGC42.54: .J Band surface brightness profiles and resulting fits. Symbols
defined sam e  as F igure  4.1a.
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NGC4321 - Bulge/Disk
Decomposition

14.0 -  Profile
- - Bulge
-  Disk 

Best Fit16.0

20.0

22.0

24.00.0
Radius (arcsec)

Fig. 4 . I f .— .\G C4321: H Band surface  brigh tness  profiles and  resu lting  fits. T he  
flashed line represents  the bulge co n tr ib u t io n  and  the dash-fio t line rep resen ts  the 
d isk  con tr ibu tion . T he  d o t te d  line is the  bes t  fit from 4.1

NGC4303 ' Bulge/Disk
Decomposition

13.0

  Profile
 Bulge
-  • -  Disk 

Best Fit

15.0

17.0

19.0

21.0

23.00.0
Radius (arcsec)

Fig. 4 .1g .— .\GC4303: H Band surface brightness profiles and resulting fits.
Symbols defined same as Figure 4 . If.
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NGC4571 - Bulge/Disk
Decomposition
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-  Profile
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Best Fit .
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2  20 0
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240
25.0 50.0 75.00.0 100.0 125.0 150 0
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Fig. 4 . l h . — NGC4.571: H B and surface b r ig h tn e ss  profiles a n d  resu l t ing  fits.
.Symbols defined sa m e  as F ig u re  4 . If.

NGC4689 - Bulge/Disk
Decomposition

16.0
  Profile

 B u l g e

 Disk
B e s t  F i t18.0

O)

r  2 0 . 0

22.0

24.0
25.0 50.0 75.0 100.0

Radius (arcsec)
0.0

Fig. 4 .1 i.—  .\G C 4689; H B a n d  surface b r ig h tn e ss  profiles and resu l t in g  fits. Symbols 
defined  sam e  as F igu re  4. If.
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NGC4254 - Bulge/Disk
Decomposition
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16.0
-  Profile
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- Disk 
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24.00.0
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Fig. 4 .1 j .— .\ 'GC4254; H Band surface  b r ig h tn ess  profiles and  resulting  fits. .Symbols
defined sam e  as F igu re  4 . If.

NGC4321 - Bulge/Disk
Decomposition
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Fig. 4 .1k .— N G C 4321; K B and  surface  b r ig h tn e ss  profiles and  resulting  fits. T he  
dash ed  line rep re sen ts  the bulge c o n tr ib u tio n  a n d  the dash -d o t  line r e p re s e n ts  the 
d isk  c o n tr ib u t io n .  T h e  d o t ted  line is the  bes t  fit f rom  4.1
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NGC4303 - Bulge/Disk
Decomposition
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  Profile
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Best Fit

15.0
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Fig. 4.11.— N'GC4303; K Band surface  b r ig h tn ess  profiles an d  resu lting  fits. Sym bols 
defined sam e as F igu re  4.1k.
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Fig. 4 .1m .— NGC4571: l \  Band surface brightness profiles and resulting fits.
Symbols defined sam e as Figure 4.1k.
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NGC4689 - Bulge/Disk
Decomposition
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  Profile
 Bulge
 Disk
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I
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Fig. 4 . I n .—  .\G C4689: K B and  surface  brightness profiles and  resu l t in g  fits.
S ym bo ls  defined sam e as F igu re  4.1k.
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Fig. 4 .1o .— NGC4254: K B and  surface  brightness profiles and  resu l t in g  fits.
Sym bols  defined same as F ig u re  4.1k.
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as  rising from .) to K. Notice that the J lum inosity  is the faintest. The populationpopi

sy n th e s is  m odels  of Wort hey (1994) th eo re t ic a l ly  confirm  th is  resu lt ,  specif ica lly  his 

F igures  41. show that  the in teg ra ted  J .  H. & K Huxes a re  by far d o m in a te d  by 

the  g ian t  s ta rs  with increasing  influence th ro u g h  the  .\TR passbands .  T h e  b e h a v io r  

o f  the  s te l la r  con tr ibu tions  th rough  .J. H. a n d  K helps ex p la in  the  slight v a r ia t io n  

be tw een  the  scale lengths in the various .\TR w ave leng ths .  Specificallv. th e  sca le  

leng ths  for each  band  m ust be different for th e re  to  be a n y  poss ib le  color g ra d ie n ts .  

If the  pop u la t io n  m ix  of s tars  provid ing  lu m in o s i ty  ac ro ss  .J. H. a n d  K were id en t ic a l  

w ith  iden tica l  scale lengths then  no color g ra d ie n ts  w ould  be  possible. T h u s ,  color

Bulge &: Disk L um inos i ty  Profile  F i t t in g  P a ra m e te r s

G a la x y h
( mag.  !  a rcsec ' )

R:
(arcsec )

1.1
( m a g . / a r c s e c '  )

R ,
(a r c s e c  I

. \ G T T f 2 T .1 14.9? 4.08 18.15 54.99
H 14.31 4.00 17..55 54.06
K 13.91 3.95 17.21 53.69

N'GC4303 .) 13.76 1.94 17.33 32.00
H 13.12 1.91 16.76 31.36
K 12.75 1.89 16.49 32.66

X G C4571 J 17.S2 6.36 19.01 43.51
H 17.10 6.03 18.49 45.80
K 16.88 6.09 18.22 43.43

N G C 4689 J 17.03 3.86 18.59 •36.16
H 16.36 3.79 18.04 36.91
K 16.05 3.70 17.73 35.80

NGC42.54 J 16.17 7.49 17.64 31.50
H 15.48 7.36 16.99 29.73
K 15.06 6.75 16.52 27.13

T ab le  4.1: T h e  resu lting  fitting coefficients from  th e  b u lg e /d is k  deco m p o s i t io n s .

g ra d ie n ts  m u s t  resu lt  from  a slightly  d ifferent m ix  o f  s ta rs  e i th e r  in m eta ll ic i ty  o r  age. 

o r  som e  o th e r  e x te rn a l  m echan ism  such as a  color v a r ia t io n  caused  by dus t  e x t in c t io n  

(W o r th e y  1994). It is solely the  d ifference in th e  sca le leng th s  be tw een  J .  H. a n d  1\ 

th a t  will resu lt  in any  color g rad ien ts  th a t  a re  be in g  looked for in this s tudy .
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2. Galaxy Calculations: Mass D istr ibution  &: Luminosities

At p re se n t  the d i s t r ib u t io n  and  ch a ra c te r is t ic s  o f  s ta rs  responsib le  for X IR  

em iss ion  in la te -type  sp ira ls  is no t very  well q u a n ti f ie d .  T h e  best rhat can b e  done  

in th is  regard  is to c o m p a re  the  chem o-evo lu t ionary  p opu la t ion  synthesis  m o d e ls  of 

C h a r io t  & B ruzua l (1991). W orthey  I 1994). and  V azdek is  et al. i I9!)fi) to sp ira ls  as 

bes t  as one can . This s tu d y  p rov ides  an  o p p o r tu n i ty  to  ca lcu la te  and  explore  s o m e  of 

the  physica l  dynam ics  of s te l la r  m ass  in the d isks a n d  bulges of sp ira l galaxies. T h e r e  

a re  som e good reasons to ex p lo re  the  mass an d  l igh t d is t r ib u t io n  in galaxies. F i rs t ,  

o f ten  the  M j L  ratio for a g a la x y  has some d e p e n d e n c e  on m orphology  w hich  links 

the lum inous  s t ru c tu re  o f  a g a la x y  to the d is t r ib u t io n  o f  m ass  w ith in  the galaxy . T h e  

M l  L ra tio  is then  a wonderful w ay to explore  lu m in o s i ty  behaviors  of the s ta r s  in 

c o n tra s t  to the  overall m ass th a t  d r ives  the  evo lu tion  o f  ga lax ies. Second, the m ass - to -  

light ra t io  is also a  m eta ll ic i ty  sen s i t iv e  p a ra m e te r  a n d  can help lend c redence  to o th e r  

m eta ll ic i ty  ca lib ra tions  ( W o rth e y  1994). Finally, s in c e  the  X IR  light is d o m in a te d  by 

the  g a la x y 's  ex p ec ted  largest  s te l la r  popu la tion  of la te - ty p e  s ta rs  one is ex p lo r in g  the  

largest  s te l la r  d is tr ibu t ion  w ith in  the  galaxy.

T h e re  is also reason to in v es t ig a te  how the m ass  to  light ratios vary from  bu lge  

to d isk  w ith in  a  galaxy. For in s tan ce .  Devereux e t  al. ( 1987) found th a t  for a  s a m p le  

of e ll ip tica l  galaxies. SO, a n d  sp ira l  bulges, all h a d  very  s im ila r  m ass  to light ra t io s .  

T h is  would  im p ly  that the  s ta r s  d o m in a tin g  the  X I R  lu m in o s i ty  are  s im ila r  b e tw e en  

the ty p es  of galaxies and  som e  o f  th e i r  respective  s t ru c tu re s .  .Also, since sp ira ls  can 

have various sty les of disks a n d  different overall s t r u c tu r e s  be tw een  galaxy  ty p e s ,  

clues a b o u t  an d  differences b e tw een  the  s ta r  p o p u la t io n s  in these  la te - type  sp ira l  

s t ru c tu re s  can be explored.
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2.1. Bulge: Mass

Tlu:re are a  ro u p ie  of s tandard  m e th o d s  for e s t im a t in g  the  mass in th e  cen tra l  

hu ige  regions o f  sp ira l galaxies: I) ro ta t io n  cu rv e  function  fitting assum ing  the

lu m in o s i ty  t ra c e s  m ass  in a s im ila r  m a th e m a tic a l  form: and  '2] using velocity  

d ispers ion  m e a s u re m e n ts  (D evereux  e t  al. 1987). P rev ious s tud ies  have conc luded  

th a t  fitting ro ta t io n  curves  are  less reliable  for ca lcu la t ing  the  spiral bu lge  m ass  

d is t r ib u t io n  b e c au se  these  fits often lead  to the  e rroneous  p red ic tion  of Hat ro ta tion  

cu rves  for the  in n e r  regions, while in fac t  the  velocity  is o bse rved  to increase  with  

rad iu s  in the  in n e r  regions of galaxies (F a b e r  & G allager  1979). .Also, insufficient 

a n g u la r  reso lu tion  and  an y  non-circu lar  m o tions  can m ake  ro ta tion  curve d a ta  very  

susep tib le  to e r ro r  o f  in te rp re ta t ion  ( D evereux  e t  al. 1987).

Nuclear ve loc i ty  d ispers ion  m easu rem en ts  of sam p le  ga lax ies  have been g a th e red  

from  Devereux e t  al. (1987) and  W h i tm o re  e t  al. | 1985). T h e  m ethods by which 

sp ira l  bulge m ass  e s t im a te s  have been d e te rm in e d  a re  d esc r ib ed  in detail bv B inney  

I 1982) and  R ausche r  ( 1995). For a spherica lly  s y m m e tr ic  s te l la r  d is tr ib u t io n  of s ta rs ,  

the  .Jean's m ass eq u a t io n  takes the form:

■^\p{r)cr;]  -f -  (cr| -f- cr;)] =  ( 4.2)
d r  r dr

r )  _  G\ [ { r } p { r )  
dr r^

W here:

fTr is the  ve loc i ty  d ispers ion  with various  co m p o n en ts  erg and  cr^. 

p( r )  is a  lu m in o s i ty  d is tr ib u t io n  function  for a  spherica l  bulge.

^ ( r )  is the  g ra v i ta t io n a l  potentia l a t  som e  d is ta n c e  r.

.V/(r) is the  rad ia l  m ass function to be solved.

For the e x p o n e n tia l  bulge profiles cons ide red  here , p{r]  takes  the form:
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p{r)  =  —  A',,( r/r>, ) 14.4!
zrt,

w here  Ao is rhe m odified Bessel function o f  o rd e r  ze ro  ( Arfken k. W eber

M aking  the  su b s t i tu t io n  o f  E qua tion  4.4 into E q u a t io n  4.4 and solving for M i r )  

we can  w ri te  an  express ion  for the  mass d is t r ib u t io n  o f  the  spiral cen tra l  b u lge  as a 

function  of rad ius.

p( r )  = — Ko( r j r ^ )  (4.6)
~ri,

By a s su m p t io n ,  cr; =  f r |  =  all velocity  d isp e rs io n  gradients  a re  o f  s im ila r  

e x te n t  and  form . Using the  series  expansion  a p p ro x im a t io n  for the m odif ied  Bessel 

function  A\, w ith  u = 0:

T h e  sp ira l bulge can th e n  finally be a p p ro x im a te d  via equation  4.8 w h ere  0  

rep re sen ts  h igher  o rder  te rm s  of ( l / r ) .

r a :  ( \  r , ^ , 1 

Th

C a lcu la ting  the  mass a d d s  add it iona l  a s su m p tio n s  (R au sch e r  1995. B inney  1982)

.V/(r) ~  — 4- Q { - t e r m s )  ) (4.8)

•  T h e  sy s te m  does not ro ta te .

•  T h e  bulge velocity  d isp e rs io n  is hom ogeneous a n d  isotropic.

•  .Any m ass - lum inos i ty  ra t io  is cons tan t over the  bulge.

•  T h e  disk  po ten tia l  can  be  neglected in a  sufficiently  sm all nuclear region.
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Since  no d a ta  ex is t  in the  l i te ra tu re  for the  bu lge  velocity  d ispe rs ion  for XGC4Ô7I 

a n d  X G CdhSd. <Tr. a value was a p p ro x im a te d  by c o m p a r in g  results  o f  s im i la r  galaxies

an d  a d o p t in g  a r e p re sen ta t iv e  average . T h e  value a d o p te d  for b o th  .XGC 1571 and

XGCdbS!) was îQ k r n / s .  .\11 o th e r  d ispe rs ion  m e a s u re m e n ts  are  from  W h i tm o r e  et al. 

( L9S5) a n d  D evereaux  et al. ( 1987).

2.2. Bulge: L um inosity

T h e  lu m in o s i ty  of the  bulge can  also be a p p ro x im a te d  a ssu m in g  the  m ass  and 

light follow the sa m e  functional d e n s i ty  form  (R au sch e r  1995) and  th e  bu lge  system  

is ta k e n  to  be com ple te ly  t r a n s p a re n t .

H r )  =  f  [  [  p{ r )r ' ^dr '  s m o d o d f )  (4.9)
J Q Jo Jo

=  I  f  f  — )r '^dr '  s in ododO  (4.10)
7ü Jo Jo ~r«, r*,

= f  x ~ I \ o ( x ) d x  (4.11)
Jo

For these  ga lax ies  in the  Virgo c lu s te r  the  a s su m p t io n  of negligble  e x t in c t io n  is 

p ro b ab ly  reasonable .

2.3. DisK: M ass

To a p p ro x im a te  the  m ass of the  d isk  we can  use a  ra the r  m o d es t  a p p ro a c h  once 

we have  o u r  bulge m asses. We can  c ons ide r  a  s im p le  m odel in w h ich  the  galaxy 

is sp h e r ica l .  T he  spherica l  m odel is m uch  s im p le r  th an  fla ttened  d isk  m odels , and 

f la t ten ing  genera lly  has only  a  sm all  effect upon  the  m ass c a lcu la t io n  (B in n ey  V 

T re m a in e  1987). Using the  basic  form ulae:
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6 ' .U ( r )
— , (4.1)1r"

r -  G M { r \
—  =  ------ ;—  (4.14)r  r*

=  - p r  I 4.15 I
Lt

E q u a t io n  4.15 will be the  m ass  of m a te r ia l  w ith in  som e radius ir)  which will be the 

bulge m ass  plus an y  d isk  m ass  ou t to som e rad ius  beyond the spiral bulge. F irs t ,  we 

need  a ro ta tion curve  for the  galaxies. F igu re  4.2 con ta ins  the ro ta tion  cu rves  for the 

ga lax ies  taken from  G u h a th a k u r ta  et al. I 198S).

Disk m asses have been ca lcu la ted  ou t to  w here  the rotation curves p e a k  (lir.ax)- 

T h e  Form ula 4.15 then  becomes:

=  -V/’( r )  — Mhnig,. (4.16) 

r V -
M-ltsk =   ~  (4.1 I )

2.4. Disk: Lum inosity

O nce  the functional form  o f  the bulge is d e te rm in e d  through decom pos it ion , the 

ca lcu la t ion  of d isk  lu m in o s ity  is ra ther  s tra ig h tfo rw ard .

Zi(c) =  [  f  I [ r ' ] r 'd r 'd9  ( 4 . IS)
2o Jo

= f  f  fdGxpi  )r 'dr 'dd  (4.19)
Jo Jo Cj

/■'■ —r'
=  2%fj /  r ' e x p {  )dr'  (4.20)

Jo Vd

T h e  results o f  these  ca lcu la tions  a re  in Tables 4.2 and 4.3. You can  see the 

re la tive ly  good ag reem en t  be tw een  the  ca lcu la ted  m asses and  lum inosit ies  with
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Fig. 4 .2 .—  .\va i lab le  ro ta tion  curves used in the  a p p ro x im a te  de te rm ina tion  of disk 
m asses  tak en  from  G u h a th a k u r ta  e t  al. (1988).
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\  irgo Spiral G a lax ies: Inner Bu ge .Masses A: L um inusity

G alaxy I r r l tÀTTl L lV l
\  G (.4321 .1 9.25 8.98 0.54

H 9.40 8.98 0.38 9.5 9.0
K 9.54 8.98 0.28 9.2 9.2

XGC4303 .1 9.45 9.12 0.47
H 9.59 9.13 0.35 9.7 9.0
K 9.71 9.13 0.26 9.5 8.9

XG C4254 .1 S. 99 9.51 3.31
H 9.15 9.50 2.23 9.3 9.4
K 9.26 9.48 1.66 8.9 9.4

XGC4571 .1 8.27 8.54 1.86
H 8.42 8.52 1.26
K 8.49 8.53 1.10

XG C4689 .1 8.42 8.46 1.10
H 8.57 8.46 0.78
K 8.66 8.46 0.63

(2) (3) (4) (5) (6) (7) (81 (9)

T ab le  4.2: Bulge lum inosity ,  m ass  and M j L  r a t io s  ca lcu la ted  ou t to r = 2 5 0 p c  to  
c o m p a re  to previous l i te r a tu re  results . M asses an d  lu m in o s ity  are  given in log form . 
C o lu m n s  (6). (7) are  s im i la r  resu lts  by  Devereux (1988) a t r=250pc . C o lum ns  fS). (9) 
a re  resu lts  by Rauscher (1995) a t r ~  2I4pc. T h e  ca lcu la t ions  were done for e a ch  of 
the  p a s sb a n d s  so as to  c o m p a re  results  derived for d iffe ren t wavelengths. L u m in o s i t ie s  
w ere c a lc u la te d  using the  so la r  lum inosity  in .J.H. a n d  K being 4-3.93. 4-3.65. an d  
4-3.59 respectively . T he  V irgo  d is tance  used  was 16.8 M pc. excep t  for X G C 4303  
w hich was 15.2 .Mpc. \ o  ve loc i ty  d ispers ion  d a ta .  cr. was available for . \G C 4 5 7 1  nor 
.\’G C 46S9 so an  e s tim a te  o f  50 k m /s  was a d o p te d  for analysis  purposes .

p rev ious  published  values. Table  4.2 only gives th e  results  for the  bulges o f  the  

g a la x y  sam ple .

T ab le  4.2 shows the r e s u l ta n t  inner  bulge maisses a n d  lum inosities . T h e  m asse s  

an d  lum inos it ie s  were all c a lc u la te d  out to the s a m e  ga lac tocen tr ic  d is ta n c e  o f  250 

pa rsecs  so as to  com pare  to  the  previous d e te rm in a t io n s  o f  Devereux e t al. ( 1987) in 

the  H b a n d .  .Also, s im ila r  m asse s  an d  lum inosities  w ere  done by R auscher  (1995) in 

K b u t  on ly  to  ap p ro x im a te ly  214 parsecs. T h is  s tu d y  has used all .1. H. & K b a n d s  

to  e s t im a te  the  lum inosity , m ass , and  mass to  l igh t  ratios so as to  c o m p a re  how 

the  various NTR w avelengths can  help  verify th eo re t ic a l  p red ic tions  for th e  re la t iv e
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\ ’irgo Spiral Galaxies. Full B u lg e /D isk  Masses & L um inosity

G a la x y R adius!") r 1 
1 V/ 7 i r 1

■ V : i
vU-

N G C 4321 .1 12.SI 10.03 9.87 10.95 11.36 0.69 2.57
H 12.89 10.17 9.88 11.06 11.36 0.51 2.00
K 12.92 10.30 9.89 11.17 11.36 0.39 1.55

N G C 4303 .J 6.78 9.81 9.65 10.81 11.07 0.69 1.82
H 6.82 9.96 9.65 10.91 11.07 0.49 1.45
K 6.90 10.07 9.66 11.03 11.07 0.39 1.10

N G C 4 2 5 4 .] 13.28 9.81 10.13 10.76 11.38 2.09 4.17
H 13.50 9.98 10.15 10.86 11.38 1.48 3.31
K 12.20 10.04 10.10 10.94 11.38 1.15 2.75

NGC4Ô71 .] 8.22 8.83 8.92 1.23
H 8.88 9.04 8.98 0.87
K S.71 9.09 8.97 0.78

N G C 4689 J 6.18 8.84 8.89 10.29 <  10.67 <  1.12 <  2 3 9
H 6.56 9.02 8.89 10.41 <  10.67 <  0.74 <  1.82
K 6.37 9.10 8.88 10.50 <  10.67 <  0.60 <  1.48

12} <3) (4) (5) (6) ( f ) (8) 19)

Table  4.3: Full bulge and  disk m ass  and  lu m in o s i ty  results. T h e  rad ius  o f  a d o p te d  
bu lge  s ize , w here  the  fit ted  bulge and  d isk  profiles a re  equal, is in co lum n (3). C o lu m n  
14 1 a n d  (5) is the  a d o p te d  full bu lge  lu m in o s i ty  and  mass in logs. (6) a n d  (7) are  
the  d i s k  m ass  and  lum inos ity  c a lc u la te d  ou t to r for and  finally (S ) a n d  I 9)
c o n ta in  the  M /  L ra tio  for the d isk  a n d  full bulge. No rotation curve in fo rm a t io n  was 
ava ilab le  for .NGC4571.

c o n tr ib u t io n s  o f  d ifferent s tellar ty p es  to  the  N IR. T he  agreem ent be tw een s tu d ie s  is 

q u i te  good .

To e s t im a te  the  m asses  of the sp ira l  disks of the galaxies a  s lightly  different m e th o d  

was a p p lie d .  Using the  decom pos it ions  of the  light d is tr ibu t ion  in the  r e s p e c t iv e  J . 

H. a n d  K bands  an  a ssum ed  full bu lge  m ass  was calculated  ou t to w here  th e  d isk  

and  b u lg e  decom pos it ions  were equa l.  In o th e r  words, the end  of the  region w here  

the  b u lg e  m ass  d o m in a te d  the ga laxy  to  w here  the  d isk  mass began  to d o m in a te  was 

defined as the  po in t  w here  the s e p a ra te  co m p o n en ts  d is tr ibu t ions  were e q u a l.  T h is  

po in t  w as used  in th is  s tu d y  to define  a  full bulge size rather th an  ju s t  som e  sm a l le r  

p o r t io n  as was done ea rl ie r  in this c h a p te r  for com parison  pu rposes  to D ev e reu x  e t  al.
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I 1957) and  Rauscher ( 199.5). O n c e  a  m ass for the bulge was d e te rm in e d ,  an  e s t im a te  

for the  d isk  m ass ou t to r for I ’rr.aj: could be ap p ro x im ated  by s u b t r a c t in g  the bulge 

m ass  via E quation  4.17.

T h e  results  show that the , \ f /  L decreases  going from .J to  K for b o th  the  bulge an.: 

d isk . T he  ,\TR lum inosities  a re  d o m in a te d  by old g iant s ta rs  a n d  th e ir  c o n tr ib u t io n s  

in flux increase  going from .J to K (W orthey  1994). T he  d y n a m ic a l  m ass  d e rived  for 

each  sp ira l  c om ponen t  s tays re la t ive ly  the sam e as the lu m in o s i ty  increases  across 

the  ,\TR thus the .V/ / L  ratio is d r iv e n  down.

M ass to light (M /L )  ratios a re  also m etallic ity  sensit ive  p a ra m e te r s  ( \ 'a z d e k is  et 

al. 1996. W orthey  1994). Lower M /L  m eans  b r igh te r  popu la t ions .  W orthey  (1994) 

has shown th a t ,  while M /L  in o p t ic a l  wavelengths increases w ith  m eta ll ic i ty . a round  

l / /m  the t re n d  reverses and in th e  N IR  M /L  decreases w ith  m eta ll ic i ty .  T h a t  is. 

m ore  m eta l  rich populations  a re  d im m e r  in U. B. k, bu t  b r ig h te r  in .J. H. &: k .  

C onsequen tly , the  values d e rived  above  for the M /L  ratios can suggest  w hich  galaxies 

and  the ir  s t ru c tu re s  when c o m p a re d  to one ano ther  are  m ore  m e ta l  rich. T hus , this 

w ould  im ply  th a t  the  s te llar c o m p o n e n t  of NGC4321 and  N G C 4303  bu lges  m ay  tend  

to be m ore  m eta l  rich than  th e  o th e r  th ree  galaxies, likewise for th e i r  respec tive  

disks. .Additionally, by c o m p a r in g  the  change in N IR  M /L  ra t io  be tw een  the  bulge 

an d  d isk  o f  an  individual ga laxy  a n  id ea  about how m uch change  in m eta ll ic i ty . and 

an y  g rad ien ts ,  be tw een the bulge a n d  disk  can be e s t im a ted  if one  a ssu m e s  tha t  the 

difference is not re la ted  to any  change  in s te llar  popu lation . Specifically , in looking 

at N G C4321 as c om pared  to N G C 4303  there  is a  larger M /L  in c rease  be tw een  bulge 

an d  d isk  for NGC4321 which m a y  im ply  a larger difference in m eta ll ic i ty . If. in 

fact. .J-K is a  sensit ive  m easu re  o f  m eta ll ic i ty  then  it should  show m o re  varia tion  

in color for N G C 432I .  G iovanard i  k  H un t  (1996) also d e te rm in e d  th a t  m eta ll ic i ty  

an d  .J-K seem  to correla te  with m ass  m ore  strongly  than  with  H ubb le  T y p e .  T he  

cen te rs  of galaxies with the m o re  m ass ive  bulges are  also m ore  m eta l  rich. In this



sa m p le  this u'ouicl im p ly  th a t  .\ 'GC42ô4. having the  m ost m assive  bulge, m ay  have 

som e o f  the  reddes t  colors, due to the high m eta llic ity . and because  the M /L  ratio  

difference be tw een  bulge and  disk is one o f  the  largest  m ay  consequen tly  have a s tro n g  

m eta ll ic i ty  g rad ien t  in the  . \ IR .  So. the  M /L  behav iors  fu rther  lead to the hope the  

N IR  c a n  be  used  as a p ro b e  of the m eta l  co n te n ts  of the  stars  w ith in  the  galaxies.

3. Color A bundance Analysis

Colors have long been  used as a  tool to  s tu d y  various physica l  a n d  chem ica l  

ch a ra c te r is t ic s  of s te l la r  popu la tions  o f  ga lax ies  ( T in s ley  1980. Frogel 1985. T e rn d ru p  

et a l . l9 9 4 .  Pe le t ie r  1989. Balcells & P e le t ie r  1994. H eraudeau  e t  al. 1996). Colors 

are  o f ten  u sed  as p robes  of dust,  s te l la r  age. a n d  m etallicity . bu t  because  o f  the 

s im i la r i ty  in effects th a t  each  can have on  the  in te g ra te d  light of s te l la r  popu la t ions ,  

it is o f ten  a  very  ha rd  ta sk  to d isen tang le  th e ir  s e p a ra te  effects. For in s tance ,  if one 

assum es  th a t  dus t  is m ore  c o n cen tra ted  tow ards the  cen te r  o f  sp ira l  ga lax ies and  

the ir  bu lges , the  h igher  ex tinc tion  can c o n t r ib u te  to a  color g rad ien t  th a t  m akes the 

ga laxy  re d d e r  c loser to the  bulge. S im ilarly , a g rad ie n t  or m ix in s te l la r  popu la t ion  

a n d /o r  m eta ll ic i ty  can  p roduce  color g rad ie n ts  th a t  m ay  o r  m ay  not be  phys ica l ly  or 

chem ica lly  ind ica tive  of th e  s tars  in the  g a lax y  bu t  closely m im ic  an y  o b se rv ed  color 

g rad ien ts  ( \ a z d e k i s  e t  al. 1996. W orthey  1994. C h a r io t  & Bruzual 1991).

.N ear-Infrared (N IR )  wavelengths have a  d is t in c t  ad v an tag e  over op tica l 

w avelengths w hen it com es to m in im iz ing  the  effects of ex tinc tion  by  d u s t .  .J. H. 

and  K a re  m uch  less a t te n u a te d  than  th e ir  U, V. a n d  B cousins because  e x t inc tion , 

over the  w avelengths  considered , goes as 1/A (T h ro n so n  e t  al. 1990). T hus ,  the  N IR  

can p e n e t r a te  a reas  th a t  m a y  have h igher d us t  co n te n t  th an  the v isual w avelengths  

and  can peer  m ore  a c cu ra te ly  into areas  th a t  have h igher dust co n cen tra t io n s ,  such 

as those  e x p e c te d  in the  nuclear  regions o f  sp ira l  ga lax ies. However, one can not 

exp lic itly  ru le  o u t  a n y  con tr ib u tio n  to th e  colors from  dust  even in the  N IR. For
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in s tance ,  d e  J o n g  ( 1996) has found that dus t  can p roduce  color g rad ie n ts  in face-on 

galaxies, ev en  in the  N IR . bu t  th a t  it would require  q u i te  high c e n tra l  op tica l depths  

and  e x t r a  long d u s t  scale  lengths.

T h e  a n a ly s is  of color profiles begins with Figures 4 .3a to 4.3e an d  a t te m p ts  to 

s e p a ra te  th e  c o n tr ib u t io n s  to  colors of the sp ira l bulge and  d isk ,  ana logous  to what 

was done e a r l ie r  to  a p p ro x im a te  the  m asses and  lum inosit ies  o f  e a ch  c om ponen t  .

O nce  we a re  c e r ta in  o f  the  m ag n itu d e  profiles for each  o f  J ,  H, an d  1\ c rea ted  

in C h a p te r  3 it b eco m es  a  s im p le  m a t te r  to p roduce  the  a z im u th a l ly  averaged  color 

profiles for J - K .  J -H .  a n d  H-K from  the  raw d a ta  points . .Any e r ro rs  in the d e te rm in ed  

colors a re  a  d i re c t  resu l t  o f  the  s tan d a rd  dev ia tion  in s ignal o f  the  residual sky 

d e te rm in a t io n  o f  C h a p te r  3. T h e  error  bars  in the  color profiles were de te rm ined  

by co m b in in g  th e  e rro rs ,  in q u a d ra tu re ,  from  each  s e p a ra te  in te n s i ty  profile before 

they  a re  c o n v e r te d  to  log b ased  num bers  for a ga laxy 's  se t  of ob se rv a t io n s ,  as shown 

in the following eq u a tio n s :

( . /  -  A '),rr =  y  (.Arrj^ +  ( /vVrr)‘ (4 .JC

( J  -  H)rrr  =  I 4.32)

{ H  — [\)err =  \ J { H , r r f  K-rr )' (4.23)

W here:

./,rr is th e  J  in te n s i ty  e r ro r  in troduced  by residual sky e rro r .

H^rr is th e  H in te n s i ty  e r ro r  in troduced  by res idual sky  e rro r .

[\\_rr is th e  K in te n s i ty  e r ro r  in troduced  by residual sky  e rro r .

(Color)r_rr is th e  e r ro r  in tro d u c ed  by residual sky s ta n d a rd  d e v ia t ion .

M any  o f  th e  c o m p lex it ie s  of the  profiles are , for the  m o m e n t ,  overlooked  because 

we are  co n s id e r in g  the  m e a n  behaviors  in the  color plots. For in s tan ce ,  a  careful
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Fig. 4 .3a .—  NGC4321 - J -K ,  H-K, & J -H  Color profiles. The filled c irc les  rep resen t  
the  raw  d a ta  points a long the  profile with  the  a p p ro p r ia te  error bars in t ro d u c e d  from 
the  u n c e r ta in ty  in the sky su b tra c t io n .  T h e  d o t te d  line follows the bulge  color profile 
in te n s i ty  fit while the dashed  line follows the  d e c o m p o se d  disk color fit. T h e  com bined  
color fits a re  the  solid line. T h e  effective rad ius ,  R f / j  is as defined in T ab le  3.1. Only 
th o se  po in ts  with  error ba rs  less th a n  ab o u t  0.2 m ag n i tu d e s  are  p lo tted  for on ly  those 
rea llv  can definitively show an v  color behav ior  on th is  fine color scale.
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Fig. 4 .3 b .—  .VGC4303 - J-K, H-K, J-H Color profiles. Description the sam e as
Figure 4.3a.
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Fig. 4 .3 c .—  .\'GC4571 - J-K, H-K. & J-H Color profiles. Description the sam e as
Figure 4.3a.
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Fig. 4 .3d .—  NGC4689 - J-K . H-K, & J-H Color profiles. Description the sam e as
Figure 4.3a.
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Fig. 4 .3e .— N G C 4254  - J-K . H-K. & J-H  Color profiles. D escrip tion  the  sam e  as
F igure  4.3a.
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exam ination  of the  ga laxy  images p re s e n te d  in figures A.La to  A .5a along with a 

com parison  of the  average  profiles will a l lu d e  to the  co n tr ib u t io n s  of the spiral a rm s  

a n d /o r  o ther  s t ru c tu re s  to the b u m p in e s s '  o f  the profiles. T he  a im  now is to discuss 

and  probe the m ea n  color behaviors r a th e r  th an  the in tr ica te  de ta ils .  T he  in tr ica te  

details of the NTR profiles can be exp lic it ly  seen in the 3-D m a g n i tu d e  plots. . \ . l b  to 

A .ôb. shown la te r  w here  d irec t image to  profile s tru c tu re s  a re  c lea r ly  ev ident.

.Another m o re  in te res ting  way to  ex p lo re  the  color behav io rs  h idden  within the 

profiles is to use the  decom positions  d e r iv e d  ea rl ie r  to s e p a ra te  ou t the bulge and 

disk  from one a n o th e r  and  discover how they  behave with color. L'sing E quation  4.1 

for each of the  s e p a ra te  J .  H. & K channels  we can derive a n a ly t ic a l  form ulae from 

the deconvolved fits to give the fitted color behaviors  of the  s e p a r a te  spira l ga laxy 's  

s truc tu re s .  For in s tance ,  the fits d e r iv e d  for the bulge can lea d  to the following 

em pirica l color fo rm ulae  for the bulge a n d  d isk  which can then  be  c om pared  to the 

observed  data:

■J — I\ — 1.44 ' l .hlog ^ 4- I .086 r  ^ --------- — ^ 4- l \ j - k  (4.24)

J  — H  =  0.36 4" 2.blog ^ 4- 1.086r ^ —- — — ^ 4- h. j - k  (4.25)

H  — h. =  1.08 4" 2.blog ( 4- I .086r  ( ------ — \  4- f \ k - k  (4.261
V ^ /  \ rh  f k J

Where:

fjkk is the respec tive  bulge or d isk  c e n tr a l  surface  b r igh tness  fit ting  p a ram ete r .  

Vjkk is the resp ec tiv e  bulge or d isk  sca le  length  fitting p a ra m e te r .

K^oior is the  redsh if t  K-correction for th e  N IR  colors for each  ind iv idual galaxy.

T h e  redshift K -correc tions  are given b y  K j - k  =  —4.Or, I \ j - h  =  —0.5r . and 

f\ 'k-k =  —3 .5 r  w ith  r  being  the g a la x y ’s redsh if t .  Even though  th e  Virgo C luster  is
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n e a rb y  a n d  any  redshift co rrec tion  will be  sm a ll ,  it was deem ed  necessa ry  to include 

rhe redsh ift  color correc tion  because  o f  the  sm all  scale  over  which the  co lo r  behaviors  

occur.  T h e  inclusion of the  redshift  co rrec tion  also he lped  reduce  th e  s c a t te r  of 

d a ta  po in ts  betw een the different ga lax ies because  o f  the  slightly  d ifferen t recessional 

' '"locities.

W hen  looking at F igures 4 .3a-4.3e it becom es a p p a re n t  that there  a re  two color 

behav io rs , one of the bulge, the o th e r  the  d isk . T hus ,  the  color behav io rs  o f  each 

g a lax y  c o m p o n e n t  will be  exp lo red  separa te ly .  T h e  resu lts  of this color d e c o m p o s i t io n  

for th e  bulge a n d  disk are  g iven in Tables 4 .4a  an d  4.4b.

Bulge Color Gradients

Gala.xv ,)(./ -  k ) Int(.J — K) 6{,J — H  ) Int{.J  — H ) 6(H -  K) — K)
.NGC43-31 -0.71 I.U6 -0.4-5 0.69 -0.29 0.38
.\GC4303 -LOO 0.99 -0.47 0.64 -0.53 0.35
.\GC4.571 -0.40 0.93 -0.50 0.72 -t-O.lO 0.21
.\GC4689 -0.79 0.97 -0.33 0.68 -0.46 0.29
.\GC4254 -0.83 1.08 -0.13 0.68 -0.69 0.40

.Slope given per R /  R , f j

Table  4.4a: Bulge g rad ien ts  w ith  the a sso c ia ted  in te rce p t  g iv ing reddes t  b u lge  cen tra l  
color.

Disk Color Gradients

Galaxv d[.j -  k ) I n t ( J  — A ) <)■(.; -■■//) I n t ( J  -  H) 3( H — K) [ n t [ H — K)
.\GC45TT" ■ -’OTOTU ■ 0.93 -0.037 0.6O "-0.(112 ' 0.32
NGC4303 -r0.046 0.82 -0.046 0..58 -80.092 0.25
.\G C 457 l -0.002 0.79 -fO.065 0.53 -0.065 0.26
NGC4689 -0.020 0.84 -80.040 0..54 -0.061 0.30
XGC4254 -0.275 1.08 -0.107 0.65 -0.183 0.43

Slope given per R / R ^ j j

Table  4.4b: Disk grad ien ts  with  the  assoc ia ted  in te rce p t  giving reddes t  d isk  cen tra l  
color.

The fits to the color profiles derived above have been added to the color plots of

the raw data. 4.3a to 4.3e. The filled circles represent the raw observed data points
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a long  the  profile with the a p p ro p r ia te  e rro r  ba rs  in troduced  from th e  u n c e r ta in ty  in 

the  res idua l  sky  su b trac tio n .  T h e  d o t te d  line follows the  bulge color profi le  in tens ity  

fit w hile  rhe dashed  line follows the d e c o m p o se d  d isk  color fit. T h e  c o m b in e d  color 

fits a re  the  solid line. T he  effective rad ius , R , / / .  is as defined in T ab le  1.1 | K odaira  

19S6). O n ly  those  points  with e rro r  bars  less th a n  a b o u t  0.2 m a g n i tu d e s  a re  p lo tted  

for on ly  those  really can defin itively  show a n y  color behavior on th is  fine color scale.

It becom es fairly obvious in figures 4 .3a to  4 .3e th a t  the  color g ra d ie n ts  of th e  bulge 

a n d  d isk  a re  different. T h e  disks have shallow  color g rad ien ts  th a t  show  n e a r ly  no 

color change  while the  bulges ce r ta in ly  show a  g ra d ie n t  tha t  does ge ts  b lu e r  rad ia lly  

o u tw a rd .  Individual g rad ien ts  in the  sp ira ls  a re  still both  sm all e n o u g h  however 

th a t  no e x tr e m e  changes in m eta ll ic i ty  nor age  is likely betw een the  d isk  a n d  bulge 

c o m p o n e n ts  o f  these la te - ty p e  spira ls . O ne  can  also notice th a t  th e  overa ll  color 

d ifferences betw een sp ira l disks and  bulges a re  sm all  by inspecting  F ig u re s  4 .3a to 

4 .3e. O n ly  at the  very cen tra l  m o s t  regions o f  the  bu lge  are  the colors r e d d e r .  Indeed 

th is  is a t  odds  with w hat one expec ts  if d isks a re  la rgely  b luer th a n  bu lges  because 

th e re  a re  no easily  s eparab le  color behaviors  b e tw e en  the  individual d isk s  a n d  bulges, 

a t  least for the  \ e a r - I R  observa tions  in this s tudy .

Color-color plots have been used  to  show as m uch  in form ation  as p o ss ib le  in the 

p lots, i.e. F igures 4 .4a-4.4c. T h e  plots also show colors in ternal a n d  e x te rn a l  to 

th e  full bu lge radius from  Table 4.3. In th is  w ay  one can follow the  s e p a r a te  color 

behav io rs  of bulges an d  disks as a  group. O n ly  by  inspecting  color-color p lo ts  can 

th e  genera l  behavior of the  all th e  bulge an d  d isk  colors betw een all o f  th e  sp ira ls  in 

.J-K can  be seen.

T h e re  a re  previous observa tions  in the  N IR  for E, SO . and Sc g a la x ie s  w ith  which 

to  c o m p a re  results. In F igure  4.4a, a re  the  c u r re n t  results  plus, for c o m p a r iso n ,  

reg ions m a rk e d  for a p e r tu re -p h o to m e try  of g lo b u la r  c lusters  and  Sc nuclei (Frogel

1985). e ll ip tica l  galaxies (de Vaucouleurs & Longo 1988) and  non-.A,G.N spirals
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I \  é ro n -C e tty  & \ 'é ro n  1993). Regions occup ied  by Held Sc bulges, ellipticals, and  

g lobular c lus te rs  a re  s u b ju g a te d  by dashed , do t-dashed , a n d  dotterl lines, respectively. 

T h e  areas all rep resen t  in te g ra te d  colors for the ind iv idual o b jec ts .  T he  Hlled da ta  

points for the  ga laxy  bulges  rep re sen t  the  local colors in te rn a l  to the  bulge rad ius 

given in Table  4.3 while open  d a ta  points  represen t th e  d isk  colors beyond those  

values. T he  plot shows th a t  as a  g roup  these  ga laxy  bulges do have a  slightly t igh te r  

color behav ior  than  the  d isk  colors. However, there is no large scale separa tion  

betw een the  colors, and  no ind iv idua l color behaviors o f  the  ind iv idual galaxies can 

be seen. T h e se  \  irgo sp ira l  ga lax ies all seem  to have s o m ew h at  b luer  .J-H colors while 

ra ther  redde r  H-K th a n  the  field Sc bulges, ellipticals. T h e  J-H colors are s im ila r  to 

the g lobular c lu s te r  values while m uch m ore  red in H-K.

How do we in te rp re t  th e  im plica tions  o f  F igure  4.4a? H un t  e t al. (1997) (and  

references the re in )  have n ice ly  t a b u la te d  various theore tical m ix tu re s  o f galaxy colors 

and  nonste lla r  em ission  p rocesses  includ ing  HII regions, th e rm a l  d us t  emission, as 

well as in te rm e d ia te  age s te l la r  .A.-type s ta r  populations, th e  effects of ex tinc tion , and 

the  im plications of various s tre n g th s  of aged s ta r  bu rs t  colors upo n  th e  overall .\TR 

colors. T h e se  m odels a re  also  inc luded  in F igu re  4.4a. T h e  non-ste lla r  effects of HII 

region em iss ion  on the  X IR  colors of galaxies a re  from W iline r  e t  al. ( 1972). T h u a n  

11983). and  Sibille e t  al. ( 1974). T h e  HII nebu la r  em ission  line in F igu re  4.4a shows 

tick m arks which ind ica te  f rac tiona l  co n tr ib u t io n  to the K b a n d  in un its  of 0.2 relative 

to the galaxies c o n tr ib u t io n  (H u n t  et al. 1997). T he  line e m iss io n  con tr ibu tion  from 

HII regions is negligible ( T h u a n  1983). N IR  HII region colors a r ise  p r inc ipally  from 

free-free em iss ion  of e lec trons  in the Coulom b Held of hydrogen  and  helium  ions, the 

free-bound em iss ion  resu l t ing  from  recom bina tion  of e lec trons  on to  exc ited  s ta tes  of 

hydrogen and  helium  ions, an d  from  tw o-photon  em ission  from  trans it ions  in HI. 

Extinction  curves  of Cardelli  e t  al. (1989) along with the zissum ption th a t  ex tinc tion  

behaves as an  e x te rn a l  sc reen  a re  used  to show the influence upon  N IR  colors with
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t ick  m arks c o rre sp o n d in g  to unit  in c re m e n ts  o f  .4,,. Hot d us t  was a ssu m e d  to be 

op tica lly  th in  a n d  m o n och rom atica l ly  a p p ro x im a te d  at 6ÜÜ K by W ilson  et al. ( 19721. 

.Additional po p u la t io n s  of any in te rm e d ia te  age  .A s tars  were a s su m e d  to have colors 

of 0.0. T h e  s te l la r  aged -bu rs t  line c o n ta in s  tick  m arks co rre sp o n d in g  to order-of- 

m ag n i tu d e  in c re m e n ts  in fractional c o n t r ib u t io n  of the  s ta rb u rs t  c o m p o n e n t  rela tive 

to the ga laxy 's  a n d  rep resen ts  vary ing  s tre n g th s  o f  a s ta rb u rs t  c o m p o n e n t  at, a post-  

s ta rb u rs t  age o f  3 x I0*yr (H un t  e t  al. 1997). Finally, the  d o t t e d  line beg inn ing  

with the s ta r re d  po in t  represents  a  s ingle p o s t- s ta rb u rs t  age o f  10”y r  of s ta rs  and 

the curve ends  at 3 x LO'^yr where it co incides with  the a g e d -b u rs t  line d o m in a te d  

by the s ta r b u r s t  (L e ith e re r  &: H eckm an  1995. H u n t  et al. 1997). T h e  p lacem en t  of 

the  theore tica l  t ra c k s  in the  plot is a rb i t r a ry ,  they  a re  only there  to  show th e  possib le  

effects and  influences on the ga laxy  colors  from  the  respective  s t ru c tu re s .

Clearly, m o s t  of the  local bulge a n d  d isk  colors for the g a la x y  sa m p le  a re  b luer  in 

.J-H and red d e r  in H-K th a n  the in te g ra te d  a p e r tu re  p h o to m e try  o f  th e  a re a  m a rk e d  for 

field Sc bulges f rom  Frogel e t  al, (1985). R oughly  c o ns tan t  .J-H colors, to g e th e r  with 

red  H-K. in d ic a te  hot d us t  while b luer  th a n  n o rm a l J -H  and red  H -K  suggest  nebu lar  

em ission  p ro b ab ly  from  HII regions ( H u n t  e t  al. 1997). Color-color d ia g ra m s  enab le  

us to d iscern  colors eissociated with an  in te rm ed ia te -ag e  p o p u la t io n  a r is in g  from  a 

past s ta r  b u rs t  fo rm ation . Hunt e t al. (1997) a t t r ib u te  H-K excess  to  hot d us t  in the 

sy s tem  from  recen t  a n d /o r  on going s ta r  fo rm ation . Virgo galax ies a re  often d esc r ibed  

as being red d e r  th a n  field galaxies (K e n n ic u t t  1985) leading m a n y  to  conclude  tha t  

Virgo galaxies a re  m ore  m etal rich. N G C 4254 , NGC4321, and  N G C 4303  are  often  

descr ibed  as undergo ing  "prodigous"’ a m o u n ts  of s ta r  fo rm ation  in th e  sp ira l a rm s  

(A rsenau lt  e t  al, 1988. M art in  &: Roy 1992, & Rauscher 1995) p ro v id ing  a m p le  flux 

from  large hot b lue  s ta rs  to ligh t-up  a n d  c re a te  vigorous and  b r ig h t  HII regions. 

C a y a t te  et al. (1994) have classified the  HI deficiency o f  N G C 4303 , \G C 4 2 5 4 ,  

XGC4321, \ G C 4 5 7 1 .  an d  XGC4689 by 0.08, 0.17, 0.42, 0.44. 0.75. respectively.
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T h e  d a ta  points o f  F ig u re  4 .4a  have been size  sca led  inverse ly  by HI deficiency. 

B y  carefu l  co n s id e ra t io n ,  the  HI deficiency t r e n d  is c a p tu re d  in the  color-color plot. 

. \ s  HI a b u n d a n c e  in c reases  from  one ga laxy  to  the  nex t,  all the  d a ta  points o f  the  

bu lg e  a n d  disk for th e  respec tive  galaxy  m oves b lu ew ard  in .J-H and  red  ward in H-K 

p a ra l le l in g  the th eo re tica l  HII region c o n tr ib u t io n  to the  .\ 'IR  line. Thus, it would 

s e e m  th a t  the p ro d ig io u s  s ta r  form ation , e spec ia l ly  in .\’G C 4 3 ‘2L and  . \G C 4303 . are  

lea d in g  to som e .NTR c o n tr ib u t io n  from HII reg ion  n e b u la r  em iss ion , and th a t  the  

n e a r  n o rm a l  HI d is t r ib u t io n  in XGC4303 m akes  its d isk  po in ts  the  b lues t  in .J-H and  

r e d d e s t  in H-K. F inally , s ince  NGC4.57I and  N'GC4689 have undergone  the m o s t  HI 

s t r ip p in g  and  have no t  e x p e r ien c e d  large scale s t a r  fo rm ation , th ey  have nearly  the  

m o s t  field Sc bulge-like  colors.

F ig u re  4.4a includes  the  J-H and  H-K colors o f  X G C 4303 's  bu lge, an  average  of 

s o m e  b r ig h t  HII reg ion  colors, a long with likewise av e rag e  colors found in the in t r a 

a r m  regions of the .\TR im ages as a  test to th e re  be ing  color d i lu t ion  by nebu la r  

e m is s io n  from  HII reg ions a n d /o r  o ther  m ec h a n ism s  ( th re e  d a ta  po in ts  with e r ro r  

b a rs ) .  HII region e m is s io n  will increase  with  th e  a m o u n t  o f  HI gas w ith in  the ga laxy  

a n d  from  the g re a te r  ava ilab il i ty  of stars  f rom  s ta r  fo rm ation  to photo ionize  the 

c louds . N G C 4303 's  b u lg e  colors show up as th e  r e d d e s t  in J-H. T h e  far left d a ta  

p o in t  rep re sen ts  an  a v e ra g e  of a  few in tra -a rm  colors while th e  lower right is an  

a v e ra g e  for som e b r ig h t  H II regions within N G C 4303 . A l though  the  e rro r  bars  a re  

la rge ,  th e  sam e  sense  o f  b luew ard  J -H  and red  w a rd  H-K is followed as HI a bundance  

in c re ase s  an d  NTR e m is s io n  from  HII regions becom es  m ore  im p o r ta n t .  T hus , it 

s e e m s  th a t  HII region em iss io n  will produce a  m e a s u re a b le  an d  large  enough shift in 

th e  overa ll  N IR  colors to  skew s te l la r  NTR colors. L ikewise the  colors of the bulge 

a r e  r e d d e n e d  in the s a m e  sense  as by e ither  ho t d u s t  or g r e a te r  ex tinc tion .

S om e o f  the inner  m o s t  bulge poin ts  in the g a la x y  m a y  be red d e r  because of hot 

t h e rm a l  d u s t  and  an incrpase  in ex tinc tion  as a l lu d e d  to  in F igu re  4.4a. T h ese  galax ies
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often get d u s t ie r  as ga la c to c e n tr ic  d is tance  decreases ( \ ’ila-Costas & E d m u n d s  1992. 

de .long 1996. Balcells & Pe le tie r  1994). Som e of the X G C4d21. . \G C 4 3 0 3 .  and  

. \G C 4254  bu lge  po in ts  show this behavior by tra iling  up  to the r igh t in the  figure. T h e  

inner m ost  colors of the  bulge po in ts  are  m ost p robab ly  reddened  by  a  c o m b in a tio n  

of dust a n d  m eta llic ity .

F igure  4 .4b  includes  the  colors p red ic ted  by the  single burst m odels  of W orthey  

(1994). T h e  po in ts  a long each  m eta llic ity  rep resen t population  ages  of 8. 12. and  

17 g igayears  an d  the  m eta llic ities  s tre tc h  from [ Fe j  H\  =  —1.50 to [ F e j  H] =  —0.25. 

T h e  resu lts  for the galax ies a re  b lu e r  in .J-H. bu t  run along to nea rly  the  sa m e  e x te n t  

over the .J-K colors. It should  be n o ted  that the high m etallicities m odels  a re  needed  

to  show the  s a m e  range in .J-K. T h is  probably  results  because W’o r th e y ’s s ingle  b u rs t  

s te lla r  m odels  a re  a t te m p t in g  to m odel the s tars  of elliptical galaxy  p o p u la t io n s  ra th e r  

th an  disks a n d  bulges of sp ira l  Sc galaxies. It can also be noted  th a t  as a  whole the 

bulge d a ta  po in ts  (filled) of these  Virgo galaxies are  redder  in J-K  than  the  d isk  

d a ta  poin ts  (open ) .  T h is  plot also shows how NGC4571 and . \G C 46S 9  and . to som e 

e x te n t .  N G C 4254  colors are  m ore  like the W orthey  (1994) single b u r s t  m odels  for 

elliptical s te l la r  d is t r ib u t io n s .  T h e se  two galaxies are  classified in th is  g roup  as the  

m ost HI defic ien t and  it seem s th a t  as the HI becom es m ore d e p le te d  at g rea te r  

d is tances  f ro m  the  bu lge  the  colors becom e m ore  like those of e ll ip tica ls  | a lso  refer 

back  to F ig u re  4.4a). It is in te res t ing  to note  tha t  bo th  .\ 'GC4571 and  .VGC46S9 

also show a  red w a rd  J -H  profile. Table  4.4b and  Figures 4.3c an d  4.3d. Likewise. 

NGC4303 a n d  N G C 4254 have b luew ard  J-H values in the Figures 4 .3b  a n d  4.3e as 

g a la c to c e n tr ic  d is ta n c e  increase  an d  are  the least HI deficient as well. T h is  kind 

o f  J-H b e h a v io r  in o ther  ga lax ies m a y  signal s im ila r  HI deficiency behaviors . T h e  

add it ion  o f  s ign if icant HII region em ission  m ay  be d ilu ting  the .NTR color g rad ien ts  

in the s ta rs  o f  no rm al  field galaxies. In fact, N G C  4303 which is the  m o s t  like spira ls  

in the field has  a  very  shallow J -K  grad ien t tha t  moves redw ard  fa r  from  the  bulge.
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T h e  d e n s i ty  of s tars  decreases  o u tw ard  from  th e  galactic  bulge so it is poss ib le  that, 

the  HII region emission m ay  be c o n tr ib u t in g  m o re  than the s ta rs  in o u tsk ir s ts  o f  the 

sp ira l d isks  with vigorous s ta r  form ation .

Finally . F igure  4.4c c lea rly  shows th a t  as a  group the bulge poin ts  do a p p e a r  

red d e r  in I-I \  than  the d isks, w hile  in H-K the colors rem ain  s im ila r  be tw een  bulge 

and  d isk . .Any individual g rad ie n ts  for a re sp e c t iv e  galaxy tha t  could  even be seen in 

these  plots if the  behavior was large enough  a re  lost in the general sc a t te r  of d a ta .  T he  

d e l im ited  areas  represent the  ga laxy  bulge and  d isk  colors w ith  dashed  a n d  d o t te d  

lines, respectively . Most all th e  d isk  po in ts  a re  found below the d o t te d  line w hile  the  

bu lge  colors a re  above the d a sh ed  line. T h e re  is also a fairly large and  b ro ad  a re a  of 

com ing led  colors, so a large f rac tion  of bu lge a n d  disk colors a re  very s im ila r .  It is 

on ly  in the  inner most regions of the  bulges th a t  some of the  galaxies a re  r e d d e r  in 

.J-K th a n  their  individual re sp ec tiv e  d isks JX G C 4321. . \ 'GC4254j while o th e rs  show 

very  s im ila r  colors i XGC4303J on average. T h e  figure shows tha t  genera lly  the  bulges 

of the  sa m p le  of spirals a re  in fact so m ew h at  re d d e r  and the disks a re  b luer  in .J-K. 

w hile the  o ther  color plots revea l  very s im ila r  .J-H, H-K colors. Ind iv idua l g rad ien ts  

in the  respec tive  galaxies a re  not large b u t  the  bulges as a whole have a s teepe r  

g rad ie n t  th a n  disks between all the  observa tions . .At least as a group , the  bu lges  do 

a p p e a r  red d e r  in .J-K than  th e  d isks, no t  by a t re m en d o u s  a m o u n t ,  bu t  w hich  does 

im p ly  som e color behavior in J -K  c o m p a ra t iv e ly  betw een spira l d isks and  bu lges  as a 

class. P e rh ap s  this indicates th a t  there  is som e .\ 'IR  color s en s i t iv i ty  with m eta ll ic i ty  

im p ly ing  th a t  spiral bulges m a y  be som ew hat  h igher  in m eta ll ic i ty  th an  d isks  as a 

g roup  o f  ob jec ts ,  but it is p ro b a b ly  a c o m b in a tio n  of m etallic ity  an d  dus t .
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Fig. 4 .4 a .—  (J -H )  vs .(H-K). T h e  d o t te d  region m arks  in te g ra te d  .\TR a p e r tu re  
p h o to m e t r y  o f  g lobu la r  clusters, the  d o t -d a s h e d  m arks  the  colors for e llip ticals , while 
the  d a s h e d  line region is in teg ra ted  a p e r tu r e  p h o to m e try  of Sc T y p e  sp ira l  bulges 
from  Frogel (1985). .All are field ga laxy  sam ples .  T h e  d a ta  po in ts  a re  the local 
.NTR colors  o f  the  Virgo galaxy sam ple  p lo t ted  versus each  o th e r  a n d  also de n o te  
g a la c to c e n t r ic  d is tance .  Various theo re tica l  m ixes of ga laxy  colors a n d  n ons te l la r  
em is s io n s  p rocesses  such as HII regions, hot th e rm a l  d u s t ,  ex t in c t io n ,  a  popu la t ion  
of in te r m e d ia te  age .A s tars ,  and  aged b u rs ts  from  H un t e t al. (1997) w here  the tick  
m ark s  a long  th e  Tines m ark  the increas ing  c o n tr ib u t io n  to the  colors in a d d it io n  to 
the g a la x y ’s. .Additionally, the  sizes of the  d a ta  po in ts  a re  sca led  inverse ly  to  HI 
defic iency  o f  the  g iven galaxy  as given by  C a y e t te  (1994). .An average  o f  a  specific 
few N G C 4303  in t ra -a rm .  bulge, and  b r ig h t  H II  region colors a re  d e n o te d  by the  d a ta  
po in ts  w ith  e r ro r  bars . T he  lower r igh t a re  specific HII region colors, u p p e r  cen tra l  
is r e p re s e n ta t iv e  of the  bulge color, while th e  far  left is a  s a m p le  o f  in t r a -a rm  colors.
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Fig. 4 .4 b .— (J -H )  vs (J -K )  plot. S ingle  b u rs t  s te l la r  models from W o rth e y  ( 1D94) 
with  m eta ll ic i ties  f ro m  [Fe/H ]=-L .50  to  [F e /H |= -0 .2 5  of single s ta r  fo rm a tion  b u rs ts  
aged from  S to 17 g igayears  are  inc luded .
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Fig. 4 .4c.— (J -K )  vs. (H -K ) Plots. N otice  th a t  m ost b u lge  colors of the  sam ple  
galaxies are  r e d d e r  in J -K  and  have a  s ligh tly  s teep e r  d i s t r ib u t io n  while all the disk 
colors a p p e a r  b luer  w ith  a  more shallow d is t r ib u t io n  of p o in ts .  T he  d e l im ited  areas 
rep resen t the  g a lax y  bulge and  disk colors w ith  dashed  and  d o t te d  lines, respectively. 
M ost all the  d isk  po in ts  a re  found below th e  d o t te d  line while  the  bulge colors are 
above the d a s h e d  line.
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4. Virgo H II Region Abundance Gradients & J-K  Color

Direct physical in te rp re ta t io n  of color g rad ien ts  w ith in  sp ira l ga lax ies  can be based  

on two sets of observa tions :  1). T he  c u rre n t  s ta r  form ation  ra te  (S F R )  as m easu red  

by the  Ho. Hux has a  la rger  scale length than  the  underly ing older s te l la r  popu la tion  

(R y d e r  L  D opita  1994). T h e re  are re la tive ly  m ore  young s ta rs  in the  o u te r  regions 

of sp ira l  galaxies where ac tive  s ta r  fo rm ing  regions a re  ap p a re n t  in th e  b righ t spiral 

a rm s  than  in the cen tra l  regions where large scale s ta r  fo rm ation  has g re a t ly  slowed. 

T h is  difference in s te l la r  population  shou ld  also be reflected in the  co lor  profile of 

sp ira l  galaxies. 2). F rom  m etallic ity  m ea su rem e n ts  o f  HII regions it is known that 

th e re  a re  abundance  g rad ie n ts  as a function  of ga lac to cen tr ic  d is ta n c e  w ith in  the  disks 

of sp ira l  galaxies. R ad ia l  abundance  g rad ie n ts  are  a well known p r o p e r ty  o f  spiral 

ga la x y  disks (Searle  1971. Pagel &: E d m u n d s  1981. Diaz 1989. Z a r i t s k y  e t  al. 1989. 

Scowen et al. 1992. a n d  H enry  & How ard 199-5). Specifically, oxygen  a b u n d an ce  

dec reases  as g a lac to cen tr ic  radius increases . If the  m eta ll ic i ty  g ra d ie n ts  in the  gas 

a re  also partly  p resen t  in the  stellar co m p o n en ts ,  the  effects m igh t  be  obse rvab le  in 

the  N IR  colors. S te llar  popu la t ion  syn thes is  m odels  inco rpora t ing  bo th  age. d us t ,  and 

m eta ll ic i ty  effects are  needed  in the c o m p a r is io n s  w ith  observa tions  of rad ia l color 

(de Jo n g  1996).

L'sing (J-K ) as a m eta ll ic i ty  ind ica to r  has been p roposed  by A a ro n so n  et al. 

(1978). Frogel et al. (1985), and  W orthey  (1994) because the o bse rved  ( J -K )  index 

seem s to increase in m ea n  color with increas ing  m eta ll ic i ty  while r e m a in in g  som ew hat 

insensitive  to c o n tr ib u t io n s  from young s te l la r  popu la tions  (B o thun  e t  al. 1984. 

V’azdek is  e t  al. 1996). To te s t  the efficacy of using  infrared  (J -K )  to a p p ro x im a te ly  

p lace boundaries on the  s te l la r  ab u n d an ce  g rad ien ts  across sp ira l  ga lax ies  we are  

a rm e d  with the  cu rren t  color profiles found in th is  work as well as m a n y  previously  

c a lcu la ted  HII region gas abundance  g rad ien ts  of the sam e se t  of sp ira ls  ( H enry  et
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al. 1!)92. H enry  e t al. 1994. Skillm an et al. 1996. \ 'ila-Co.stas  & E d m u n d s  19921. 

T he  following plots a re  a n  a t t e m p t  to c o m p a re  th is  w ork 's  o b se rv a t io n a l  resu lts  and 

Hll region rad ia l a b u n d a n c e s  with som e th eo re tica l  s te l la r  p o p u la t io n  m odels  that 

p red ic t  s im i la r  co lo r-m e ta l l ic i ty  (age) re la t ionsh ip s .

C h a ra c te r i s t i c  O xygen .Abundances and  G ra d ie n ts

G a la x v Slope In te rce p t Kef.
.\GC4.321 -0.17 9.27 83.4 (1)
N G C4321 -0.14 9 39 83.4 C2)
.\G C 4321 -0.27 9.26 83.4 (3)
X G C 4303 -0.29 9.27 66.6 ( I )
. \G C 4 3 0 3 -0.39 9.54 66.6 (2)
X G C 4303 -0.45 9.42 66.6 (3 )
. \G C 4 2 5 4 -0.26 9.35 52.2 (11
X G C 4234 -0.20 9.43 52.2 C2)
N G C 4254 -0.22 9.33 52 2 (3)
. \G C 4 5 7 1 -0.06 9.29 52.2 (•2)
N G C 4689 -0.19 9.42 66.6 t'2)

Slope in dex  per  / ? / / ? , / /
(1). V 'ila-Costas &: E d m u n d s  (1992)
12). S k il lm an  e t.  al (1996)
(3). H e n ry  e t  al. (1992)

Table 4..5: .Abundance g rad ie n ts  from HII Regions over which th e  g rad ie n ts  were 
ca lcu la ted .

M an y  m odels  and  theo r ies  on ga laxy  fo rm ation  and  their  c o n t in u e d  evolution 

pred ic t  g ra d ie n ts  in m eta ll ic i ty  abundances  a n d  in s te l la r  p o p u la t io n s ,  o r  some 

com bina tion  thereo f  ( .Matteucci 1989. M atteucc i  1992. K en n icu tt  1989. D op ita  & 

Ryder 1994). .Accordingly th ese  g rad ien ts  m ig h t  lead  to  g rad ien ts  in th e  colors of 

the s te l la r  c o m p o n e n t  in ga lax ies . S te lla r  effective te m p e ra tu re s  a re  se n s i t iv e  to 

m eta ll ic i ty  because  m eta ls  becom e d o m in a n t  e le c tro n  donors  in the  e n v e lo p e s  of stars 

and  as a  consequence  the  overall ou ter  enve lope  o p a c i ty  ( R o m a n is h in  1991). The 

envelope o p a c i ty  d e te rm in e s  the  ste llar  rad ius  a n d  effective surface  t e m p e r a tu r e ,  thus
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higher  m eta ll ic i ty  s ta r s  will have a  lower ( re d d e r)  surface  t e m p e r a tu r e  while lower 

m eta ll ic i ty  s ta rs  will have a  higher (b luer)  su rface  t e m p e ra tu re  for a g iven lum inosity  

I B othun et al. l!)S4). So unders tand ing  the  color s t ru c tu re  and  behav io rs  in galaxies 

m a y  also be p ro b in g  th e ir  m etal con ten t  and  s te l la r  popu la t ions .  T h e  question is 

ha rd  to decode, for b o th  age and m eta ll ic i ty  g rad ie n ts  can p ro d u ce  very  s im ila r  color 

g rad ien ts .  T he  color s t ru c tu re  of the ga laxy  m u st  also follow c u r r e n t  ideas about how 

m uch  colors a re  a ffec ted  by e ither  p a ra m e te r .

W h a t  kind of co lor  behav io r  m ight be e x p e c te d ?  Spiral ga lax ies  have two distinct 

c om ponen ts :  the  d i s k  a n d  the bulge. T h e  s te l la r  popu la tions  in th e se  s tru c tu re s  are  

also different. T h e  bu lge  is dom ina ted  by o lder  Popula tion  II s ta r s  an d  the disk is 

d o m in a te d  by y ounge r  bluer Popula tion  I s ta rs  (P e le t ie r  & Balcells  1996). O ne m ust 

exp lo re  these d ifferences  to  discover over w ha t  e x te n t  various p o p u la t io n  m ixes can 

vary  the  color d y n a m ic s  o f  the  s tru c tu re .  T h e re  is also the v a r ia t io n  on  m etallicity  

th a t  can c rea te  color differences. M any  ga laxy  evo lu tion  m odels have  g rad ien ts  that 

p ro d u ce  larger m eta ll ic i t ie s  in the bulges of ga lax ies  th an  in the  o u tsk i r ts .  It is the 

sub tle tie s  of ob se rv a t io n  and  theory th a t  need  to de te rm ine  j u s t  how much more 

m eta l  rich the bulges  o f  spiral galaxies a re  c o m p a re d  to the d isks .  If d us t  is more 

c o n c en tra te d  in w a rd ly  then  the bulge is also re d d e r  th an  the d isk  (de  Jo n g  1996). . \ t  

first hand , these ideas  can  lead to the  decision th a t  colors get b lu e r  rad ia lly  outward 

from  the  nucleus of a  sp ira l galaxy  w ithou t,  necessarily , any conc lu s ion  on ju s t  how 

large the  effects m ig h t  be in any  p a rt icu la r  a r e a  o f  the  sp e c tru m  a n d  which p a ram ete r  

is affecting the colors the  m ost or at all.

How can we a t t e m p t  to untangle  these  behav iors?  Large a ll- inc lus ive  stellar 

p op u la t io n  synthesis  m odels  have been used  to inves t iga te  the effects o f  s ta r  formation 

h istory , s tellar p o p u la t io n  age differences, d u s t  con ten t ,  and  m e ta l l ic i ty  on the 

in te g ra te d  colors of ga lax ies .  (T insley  1980. T h u a n  1983, Frogel 198-5. Pe le tie r  1989. 

W orthey  1994. V azdekis  e t  al. 1996. Peletier  e t  al. 1994). W ha t  o n e  needs a re  models
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th a t  com bine the effects on  in te g ra te d  light o f  the  evolution of a s te l la r  p o p u la t io n  with 

age and  m etallicity. M odels such as th ese  m ake  use of s ta n d a rd  isochrones o f  various 

m etallic ities  and  can help d e c ip h e r  the  chem o-evolu tionary  changes o f  the  s te l la r  

p opu la tion  as well as the  in te rg ra te d  light (A rim oto  & Yoshii L!)86, W o rth ey  1994. 

\ ’azdekis  e t al. 1996). T h e  m odeling  techn iques  must s ta r t  with som e know ledge  of. 

or assum p tions  a b ou t,  initial m ass  func t ions  (IM F ):  the in itial d is t r ib u t io n  of s te l la r  

m asses  within the  m odel galaxy, s t a r  fo rm ation  history iS F H ):  the  functional form  if 

s ta rs  form ed in the p a s t ,  and  the  s t a r  fo rm ation  ra te  (S F R )  since th a t  t im e. Finally , 

if one  wants to p roduce  a  final s p e c t r u m  for a  model galaxy  th a t  has evolved  in t im e, 

m etallic ity . and  po p u la t io n  m ix . it  m u s t  in teg ra te  over the isochrones in t im e  the  light 

of all the s ta rs  living a t  the  c u rre n t  m o m e n t  (W orthey 1994).

T h is  s tu d y  provides the un ique  o p p o r tu n i ty  to com pare  theo re tica l  p red ic tions  

o f  s te l la r  popu la tion  syn thes is  s tu d ie s ,  the  observations of s te l la r  colors an d  the ir  

rad ia l  dependence  in face-on sp ira l  ga lax ies , and  the radial a b u n d a n c e  g rad ie n ts  in 

H l l  regions. Table 4.5 lists H l l  reg ion  a b u n d a n ce  gradients  found in the  l i te ra tu re  

from  \ ' i la -C o s ta s  and  E dm unds  (1992). H enry  (1992). and  Sk illm an  e t  al. (1996) 

showing the varia tion  o f  l o g { 0 / H )  4- 12 verses radius with the  a sso c ia te d  g rad ien t  

slope and m ax im u m  a b u n d a n ce  in te rc e p t .  T h e se  data  can be used  in un ison  with 

the  d a ta  derived  ea rl ie r  for .J-K versus  rad iu s  for the sam e  set of V irgo sp ira ls  to 

p roduce  an observed  .J-K versus m eta ll ic i ty  plot. L'sing l ag ( Z)  =  1.42 -f- l o g { 0 / H )  

as descr ibed  by V ila-C ostas  & E d m u n d s  (1992) the .J-K radial ob se rv a t io n s  can  be 

a p p ro x im ate ly  ca lib ra ted .  R e m e m b e r  tha t  the  H ll  abundances  r ep re sen t  the  gas 

com ponen t  of the  ga laxy  while th e  J -K  m easurem en ts  ind ica te  p r im a r i ly  the  old 

s te l la r  population  w ith in  the galaxy. Also, using l o g { 0 ! H )  r ~  —.3.08 (G rev esse  & 

.Anders 1989) along w ith  [Oj Fe]  ~  0.3 from  s te lla r  Population 11 s tu d ie s  ( W’yse  & 

G ilm ore  1988) the  0 / H  \"alues can  b e  t ra n s fo rm ed  to [Fe/H] values.

Figures 4.6a to  4 .6c show the  resu l ts  o f  th is  linking of HII oxygen  a b u n d a n ce
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g ra d ie n ts  (m e ta l l ic i ty )  to J -K  colors in the  s tars . F igures  4 .6a th ro u g h  4.6c reflect 

the  d e rived  a b u n d a n c e  grad ien ts  of V'ila-Costas k  E d m u n d s  I 11J9‘J ) .  S k illm an  e t  al. 

( 1996). an d  H enry  ( 1992) respectively.

W h y  m ake  such a com parison?  O n e  hopes tha t  the  a b u n d a n ce s  and  m eta ll ic i ty  

th a t  a re  ind ica tive  o f  the  gas w ith in  a  g a la x y  can give clues a b o u t  the  m eta ll ic i ty  a n d  

poss ib ly  any  g rad ien ts  associa ted  with th e  s ta rs  w ith in  the  galaxy. .All s ta n d a rd  c losed  

box m odels  o f  sp ira l galaxies p red ic t  m o re  m eta ll ic i ty  w ith in  the  gas of a  ga laxy  th a n  

in the  s ta rs  (T in s ley  1980). T he  gas is s im p ly  the m o re  p rocessed  m ate ria l  in the  

g a la x y  while s ta rs  still hold onto  m ore  o f  the p r im ord ia l  m ix  o f  m ate ria ls .  T h is  will 

e sp ec ia l ly  be t ru e  for the  older s te l la r  po p u la t io n  tha t  d o m in a te s  the  N'lR (V azdek is  

e t  al. 1996. W orthey  1994). So by m ak in g  this c o m p a r iso n  one can  deduce  th e  

m a x im u m  e x te n t  to  which J -K  colors m a y  be linked to the  m eta ll ic i ty  w ith in  th e  

s ta r s  a n d  how the  colors behave with a b u n d a n ce .  However, if we a re  unlucky, it m u s t  

be  rea l ized  th a t  the  cu rren t  gas m eta ll ic i t ies  in HH regions, a n d  any  functional form  

they  m ig h t  have, m a y  be com plete ly  d iffe ren t from  the  underly ing  s te l la r  c o m p o n e n t  

b ecau se  p rocesses  such as m eta l  e n h a n c e d  s ta r  fo rm ation  or infall of low a b u n d a n ce  

gas in to  the  ga laxy  can  dilute a n d /o r  reverse  how J -K  in th e  s ta rs  m ay  scale with 

m eta ll ic i ty  in the  gas phase  (R o m an ish in  1991).

T h is  s tu d y  is also a  rare o p p o r tu n i ty  to co m p are  theo re tica l  s te l la r  popu la tion  

syn thes is  m odels . T h e  models of W orthey  (1994) a re  b a sed  on a  a m a lg am a tio n  

of s te l la r  evo lu t ionary  isochrones by V andenB erg  (1995) a n d  th e  Revised  Vale 

Isochrones (G reen  e t  al. 1987) an d  use  flux d is t r ib u t io n  l ib ra ries  from  theore tica l  

s te l la r  a tm o sp h e res .  T h e  models are  ca lcu la ted  using the  s ta n d a rd  S a lpe te r  IM F  

(S a lp e te r  1955). w ith  lower m ass cut off a t  0.1.M r  an d  u p p e r  l im it  of 2 .0 .1 /r  . 

T h e  m odels  a re  s ing le-burs t s te l la r  po p u la t io n s  of an in itia l  m eta ll ic i ty . [Fe/H]. th a t  

a re  th en  aged. T h e  models of Vazdekis e t  al. (1996) also have single-age. single- 

m e ta ll ic i ty  s te l la r  population  models bu i l t  in much the  sam e  w ay  as W orthey  (1994).
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M etallicitv Z = 0 .008 1..M.F I .M .F . T v p e
Color/.Age (G y r) I 4 8 12 17 M odes

(J-K ) 0.8:3 0.83 0.87 0.85 0.84 1.35 I ’n im oflal
0.80 0.85 0.86 0.85 0.85 2.35

(J-K ) 0.8:3 0.85 0.87 0 .9.3 0.82 1.35 B im o d a l
0.79 0.8:3 0.85 0.83 0.82 2.35

Z = 0 .0 2

(J-K ) 0.91 0 .9:3 0 .9:3 0.93 0.92 l.:35 C n im o d a l
0.87 0.91 0.92 0.92 0.91 2.35

(J-K ) 0.91 0 .9:3 0 .9:3 0 .9:3 0.92 1.35 B im o d a l
0.86 0.91 0.91 0.92 0.91 2.35

Z = 0 .0 5

(J-K ) 0.97 1.04 1.00 0.98 0.95 1.35 C n im o d a l
0.92 1.01 0.97 0.96 0.94 2.35

( J-K ) 0.98 1.05 1.00 0.98 0.95 1.35 B im o d a l
0.92 1.00 0.98 0.96 0.94 2.35

Table  4.6a; P re d ic te d  J -K  observab les  for single burst  s te l la r  p o p u la t io n  sy n th es is  
m odels  by V azdekis  e t  al. (1996).

T h e  models inc lude  a  u n im oda l,  S a lpe te r ,  IM F  and a b im odal IM F  th a t  varies  the  

in itia l  m asses of s te l la r  ty p es  on different assum ptions  on the d i s t r ib u t io n  o f  s tars .  

Vazdekis  et al. (1996) also includes  m odels  th a t  com bine ev o lu t io n a ry  p o p u la t io n s  

p red ic tions  with co n s id e ra t io n s  o f  chem ical  evolution. T hese  m odels  follow the 

evo lu tion  of the  gas a n d  s ta rs  and  m ake  use of isochrones o f  m ore  th a n  one m e ta ll ic i ty  

a n d  assum ptions  a b o u t  S F H . chem ical  y ields. SNR. a n d  S F R  ( .A rim oto & \ d s h i i

1986).
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S F R
C'olor/.Age (G yr) 4

1/ =  i 
10 17

l .M . t .  l y p e  
M odes

Z Ü.007 0.019 0.030 C n im o d a l
(.J-K) 0.32 0.92 0.92
Z 0.011 0.025 0.042 B im odal
(.J-K) 0.82 0.92 0.95

1/ =  n

Z 0.036 0.076 0.084 C n im o d a l
(.J-K) 0.94 0.95 0.93
Z 0.049 0.102 0.121 B im odal
(J -K ) 0.95 0.97 0.94

^  =  lU

z 0.066 0.057 0.053 C n im o d a l
(.J-K) 0.94 0.93 0.91
Z 0.088 0.094 0.087 B im odal
( J -K ) 0.97 0.95 0.92

u  =  2U

Z 0.075 0.058 0.042 C n im o d a l
(.J-K) 0.94 0.92 0.91
Z 0.106 0.088 0.068 B im odal
(J -K ) 0.96 0.94 0.91

u =  5 U

Z 0.063 0.100 0.022 C n im o d a l
(J -K ) 0.92 0.91 0.90
Z 0.09 L 0.134 0.042 B im odal
(J -K ) 0.95 0.92 0.90

Table  4.6b: P re d ic te d  .J-K observables for a  full s te l la r  popu lation  syn thes is  m odels  
by Vazdekis e t  al. (1996). T h e  model observab les  are  for c o n s ta n t  un im ode l  and  
b im oda l  IM F with ^  =  1.3.5. T h e  S F R  coefficient u  is in units o f  while
the  age is in Gyr. Z ind ica tes  the  m eta ll ic i ty  o b ta in ed  at the a s s u m e d  p opu la t ions  
age.
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C olor Age (GyT) M eta llic itv
S 12 17 Z

f J -K ) 0.565 0.587 0.604 0.01
(J -K ) 0.604 0.627 0.652 0.03
1 J -K ) 0.677 0.702 0.731 0.10

Table  4.6c: P red ic ted  .J-K observables for s ing le  bu rs t  s te l la r  popu la t ion  synthesis  
m odels  by W orthey et al. ( 1994).

F igures 4.6a to 4.6c inc lude  the various resu l ts  of the  s ingle  age -m eta ll ic i ty  s te llar  

popu la t ion  models of W orthey) 1994) and  the s ing le  bu rs t  a n d  full chem o-evo lu tionary  

m odels  of Vazdekis e t  al. (1996). The d o t te d  boxed  a re a  m arks all the  m odels  by 

Vazdekis et al. (1996) for s ing le-burs t po p u la t io n s  while the  dashed  region is th a t  of 

the  W orthey  (1994) syn thes is  m odels while T ab les  4.6a to 4.6c have the  ran g e  o f  the 

two different s tudies in .J-K, Age, and Z. T h e  full evo lu tionary  models o f  Vazdekis 

e t  al. (1996) that follow a  popu la tion  with va ry ing  s ta r  fo rm ation  ra tes  a re  deno ted  

by the  dash-dot along w ith  the  app rop ria te  va lues o f  age an d  s ta r  fo rm a tion  rate 

coefficient, u.  listed on th e  plots. T he  S F R  coefficient, u.  will be large w hen  the  rate 

is vigorous. The ga laxy  su rface  N IR  color d a t a  po in ts  follow the legends o f  Figure 

4.4a, It is clear tha t  the re  are  definite d ifferences be tw een the  color p red ic t io n s  for 

1-K o f  bo th  models. Color an d  m etallic ity  a r e  pa rt ia l ly  un tang led  in t h e  m odels 

o f  Vazdekis et al. (1996), bu t  degenerate  in th o se  of W orthey  (1994). T h e  results  

o f  th is  s tu d y  drive a long s lightly  b luew ard o f  th e  two theo re tica l  m odels  o f  s im ila r  

m eta ll ic i ty  but show n early  the  sam e behavior in J -K  color and  m eta ll ic i ty  as the 

t re n d s  in the  da ta  and  th e  theore tical m odels a re  s im ilar.  T h e  oxygen a b u n d a n ce  

and  g rad ien ts  ca lcu la ted  by V ila-Costas & E d m u n d s  m atch  the  best in color to the
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th eo re tica l  p red ic tio n s  while those o f  Skillm an et al. i l!)9h) being th e  m o s t  m eta l  

rich a re  the  m o s t  b luew ard  of the thore tica l p red ic t io n s  for a given m e ta l l ic i ty  and  

o b se rva t iona l  color. However, the chem o-evo lu t ionary  syn thes is  m odels  o f  \ 'a z d e k is  

e t  al. ( 11)96) (m a rk e d  in Figures 4 .6a to 4.6c with  d o t-d a sh e d  lines) w ith  a  m o d e ra te  

s t a r  fo rm ation  coefficient, u  =  10. begin to m atch  the  colors an d  a b u n d a n c e s  p red ic te d  

for the  ga lax ies  by H enry  et al. ( 1992) and  V 'ila-Costas &: E dm unds  ( 1992).

For c o m p a r iso n  p u rp o se s ,  blue c o m p a c t  dw arf  ga lax ies  ( B C D G  ) have  b een  a d d e d  

to  the  ( ./  — f \ )  v s . l o g ( 0 / f { )  + 12 plots. T he  B C D G  are  all e x t r e m e ly  m eta l  

defic ient with respec t  to the  solar ne ighborhood . C sing  the  in te g ra te d  N IR  colors 

a n d  m eta ll ic i t ies  from  T h u a n  (1983), we can use the  J -K  B C D G  colors  and  the ir  

re sp e c t iv e  low m eta ll ic i t ie s  to  see if the  sense  of the  J -K  tren d  with  m e ta l l ic i ty  is 

s im ila r .  F igures 4 .6a  show th a t  m ost o f  the  B C D G  colors, shown as half-filled circles 

w ith  e r ro rb a rs  o f  0.2 m ag. are  redder  than  the m odels  o f  W orthey  (1994) bu t  th a t  

th e y  again  follow a s im i la r  t rend  of increasing  m eta l l ic i ty  and  J -K  in b o th  s te l la r  

sy n th e s is  m odels  and  the  N IR  surface color d a ta  po in ts  for the  Virgo c lu s te r  g a lax y  

sam p le .

If the  J -K  index  is t ru ly  sam pling  the  sam e s te l la r  p o p u la t io n  of K a n d  M g ian ts  

th a t  a re  e x p e c te d  to  d o m in a te  the N IR  wavelengths th en  it is possib le  to  c a l ib ra te  

th e  oxyen a b u n d a n ce  g rad ie n ts  from HII regions w ith in  th e  d isk  to the  J - K  d isk  color 

g rad ie n ts .  C au tions  do  ex is t  for this assertion . T h e  N IR  bands are  th o u g h t  to  be 

s a m p l in g  a  m ix  of s ta r s  w ithou t  large differences in ages. F rom  the  W o r th e y 's  ( 1994 ) 

m o d e ls  G iovanard i  & H u n t  (1996) have e s t im a te d  th a t  th e  s ta r s  will be no  m o re  th an  

a b o u t  3 G y r  different in age for a change o f  .11 in J -K .  .A.lso. we m u st  a s su m e  tha t  

a n y  d us t  or HH region N IR  color po llu tion  is not a large  enough  fac to r  to  g rea t ly  

a l te r  any  conclusions a b o u t  the  trends  of m eta llic ities  co n ta in ed  w ith in  th e  ga laxy  

d isk s  from  their  re spec tive  J -K  color profiles. So. we w ish  to use J -K  as a nearly  

c o n s ta n t  age. hopefu lly  d u s t  free, ca lib ra t ion  of m eta ll ic i ty . It is u n fo r tu n a te  th a t
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Gmlajcy Smmplm: J—K , r*. 12+log(0/H )
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Fig. 4 .6a .— (J-K ) C olor  vs. 12-i-LogfO/H] P lo t .  T h e  colors a re  th o se  d e te rm in e d  
for the  s ta rs  within th e  g a la x y  while tne oxygen  d a ta  a re  the  HII reg ion  a b u n d a n ce  
g rad ie n ts  ca lcu la ted  by  V ila-C ostas  & E d m u n d s  (1992). T h e  reg ion  d e l im ited  by 
the  d o t te d  a rea  encompaiss the  whole of V azdek is  e t  al. (1996) s ing le  b u rs t  s te l la r  
syn thes is  models while  those  of W orthey (1994) of 8 - I7 G y r  is th e  region m arked  
by dashes . Full chem o-evo lu t ionary  m odels  p ro d u c e d  by V azdekis  e t  at. ( 1996) 
a re  m arked  with d o t -d a sh e d  lines with the  a p p ro p r ia te  ages in g igayears  and  the 
S F R  coefficient lis ted . T h e  larger the  \7ilue for u  the  m ore  v igorous th e  ra te  o f  s ta r  
fo rm ation . Filled d a ta  p o in ts  a re  bulge po in ts  w hile  open  are  d isk  values . In ad d it io n ,  
N IR  d a ta  for ex tre m e ly  m e ta l  poor blue c o m p a c t  dw arf  galaxies ( T h u a n  1983) are  
r e p re se n te d  by the h a lf -m oon  da ta  points. T y p ic a l  e rro rs  for the  local ga laxy  color 
d a ta  is less than  0 .2 m ag  in J -K , while for th e  B C D G s is on o rd e r  of 0 .2m ag. T h e  
solid line is the  best fit J - K  to m etallic ity  c a l ib ra t io n  o f  the  d isk  co lor  g rad ien ts  to 
HII region oxvgen a b u n d a n c e  gradien ts  for all ga lax ies.
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CMmxy Smmplm: J—K, vy. I2+ log(0 /H )
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Fig. 4 .6 b .— (-J-K) Color vs. 12+ L ogfO /H ] Plot. T he  colors a re  those d e te rm in e d  
for the  s ta r s  w ith in  the  ga laxy  while the oxygen d a ta  a re  the  HII region ab u n d an ce  
g rad ie n ts  ca lcu la ted  by Sk il lm an  e t  al. (1996). D ata  p o in t  d e sc r ip tion  is the sam e as 
F irgu re  4.6a.
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the  scale  o f  the  .I-K color g ra d ie n ts  is ra the r  shallow m ak in g  the  untang ling  of th e se  

d e g e n e ra te  effects a very  d e s p e ra te  p rob lem  (V azdek is  e t  al. 1996).

T h e  HII region a b u n d a n c e  g rad ien ts  in Table 4.5 a n d  the  d isk  .)-I\ color g rad ie n ts  

in T ab le  4 .4b can be used to  fit the  obse rved  t re n d  of so m ew h at  redder  .J-K w ith  

in c reas in g  oxygen a b u n d a n ce .  A lre a d y  there  is a h in t  th a t  an  em pir ica l  c a lib ra t io n  

m igh t  b e  possib le  because th e  oxygen  g rad ien t  for N’G C 4 5 7 I  and  XGC46S9 are  a m o n g  

the shallow est  as is their  respec tive  J -K  g rad ien ts  in th e  d isk  c o m p o n en t .  T he  fits for 

the ind iv idua l  galaxies app ly ing  the  N IR  disk J -K  g ra d ie n ts  an d  oxygen a b u n d a n c e  

yields;

.VGC4321 : (./  -  K )  = + Q . 2 2 3 ( ± 0 m ) { l o g ( O / H )  +  12) -  I . I5 (± 0 .5 4 )  (4 .27)

.VG'C4303 : (./  -  K )  =  - Q . m ( ± 0 m ) ( l o g { O / H )  +  12) 4- 2 .12 (±0 .22) (4 .28)

.VGC4571 ; ( J  -  K )  =  + 0 m 5 { ± 0 . Q 7 ) ( l o g { O / H )  +  L2) +  0 .62 (± 0 .50)  (4 .29)

,V 6 'C 4689 : (./ -  K )  =  + 0 .1 0 8 ( ± 0 .0 7 ) ( /o g ( O / / / )  +  12) -  0 .06 (±0 .50) (4 .30)

.V G C 4254 : [J  -  K )  =  - r l . 2 3 { ± Q . l 0 ) ( l o g ( 0  /  H )  +  12) -  I0 .58 (± 1 .26 )  (4 .31)

with a  fa ir ly  large sca t te r  of s lopes a n d  the  very large s lope  ca lcu la ted  for N G C 4254. 

T he  s lope for N G C4254 is ve ry  un ce r ta in  because of p o o r  d a ta  aqu is i tion  of one p o o r  

image. F u r th e r  calculations do  not inc lude  NGC4254 un til  such a  t im e  tha t  m ore  d a t a  

can be o b ta in e d  and  the  large  g rad ie n t  can be verified, b u t  the  d a ta  points up un til  

now have  been  included for c o m p a r iso n  purposes . T h e  fits of NGC4321. N G C 4303. 

and  N G C 4254  a re  averages o f  the  th ree  different HII reg ion  oxygen  abundance  resu lts  

of S k i l lm an  e t  al. (1996), V ila -C ostas  & Edm unds  (1992) a n d  H enry  et al. (1992) 

while th o se  o f  NG C4689 a n d  N G C4571 a re  derived  solely from  Skillm an  et al ( 1996). 

It is obv ious  a t  this po in t  th a t  the  individual c a lib ra t io n s  of s te l la r  J-K  to sp ira l  

disk oxygen  abundance  in HII regions for each respec tive  g a la x y  a re  widely sc a t te re d  

with vary ing  tren d s  and  in te rcep ts .  T h e  large s c a t te r  in the  fits only adds m o re
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Fig. 4 .6 c .—  (J -K )  Color vs. r2-(-LogfO/H] Plot. T h e  colors a re  those  de te rm ined  
for th e  s ta r s  w ith in  the  g a la x y  while  the  oxygen d a t a  a re  the  HII region abundance  
g ra d ie n ts  ca lcu la ted  by H e n ry  et al. (1996). T he  a re a s  a re  m a rk e d  off the sam e  as 
d e s c r ib e d  in Fig. 4.6a.
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com plica tion  a n d  casts  doub t u p o n  a firm m eta ll ic i ty  ca lib ra t ion . However, u s ing  the 

various s lopes a n d  in te rcep ts  of th e  galax ies as a  group the  averaged  fit (exc lud ing

.\"GC4254) to the  d a ta  gives:

( ./  -  K]  = Q M i ± Q . V 2 ] { l o g { 0 / H )  4- 12) 4 - 0 .3 2 (± 1 .2 )  |4.:)2)

. \n d  if we use  l o g i O / H ) , r  ~  —3.08 a long with  [ 0 / Fe]  ~  0.3 the 0 / H  values can 

be t ra n s fo rm ed  to  [Fe/H] values a n d  a  s im ila r  relations for [Fe/H] can be o b ta in e d .

( . /  -  K )  =  0 .0 6 { ± 0 . l2 ) ( [ F e / f f ] )  +  0 .8 8 (± 1 .2 )  (4.33)

The fit to E q u a t io n  4.32 has b een  ad d ed  to  the  plots of 4 .6a  to 4.6c with a solid 

line in each  p lo t  showing the  ca lib ra t io n .  T h e  fit is more shallow th a n  the theo re tica l  

population  sy n th e s is  models bu t follows the  sp ira l  galaxy disk  .J-K colors well. T he  

line also follows the  reddes t  and  m o s t  m e ta l  rich B C D G s well. T h e  fit does  not 

m atch  the b lu es t  B C D G s. Clearly , the  erro rs  for the  ca lib ra tion  are  larger th a n  the 

ca libra tion  values which is a  s t ro n g  ind ica tion  th a t  .J-K is no t a  s trong  m eta ll ic i ty  

ind icator over th e  obse rved  a b u d a n ce s  w ith in  the HII regions of the  repec tive  disks, 

so this c a lib ra t io n  should  be reg a rd e d  as h ighly  suspect. T he  large sc a t te r  in J -K  

color g rad ien ts  m u s t  be com ing f ro m  a  host o f  influences and  not ju s t  m eta llic ity .

How can we c o m p a re  this e m p ir ic a l  ca lib ra tion?  The NTR B C D G s obse rva t ions  

by T huan  ( 1983) th a t  a re  shown in th e  figures have a s im ila r  ca lib ra t ion  of in te g ra te d  

colors of [ J  — K )  =  0 .2 0 ( ± 0 .0 7 ) ( [ F e / / / ] )  +  0 .92 (±0 .10) and  . \a ro n so n  et al.

( 1978) a rr ive  a t  a s im ila r  resu lt  for g lobu la r  clusters and  e a r ly - ty p e  ga lax ies  of 

( . /  -  K)  =  0 .L 4 ( ± 0 .0 2 ) ( [ F e / / / ] )  +  0 .85 (± 0 .04 ) .  In fact, if the  B C D G  N IR  colors 

a re  included w ith  the  disk J -K  g rad ie n ts  of the  Virgo ga laxy  sam p le  then  it y ields 

a very close [ J — K)  =  0 .1 3 ( [ F e / / f ] )  +  0.88 em ip irca l  ca lib ra tion . U nfo r tuna te ly , 

the  error ba rs  for all the B C D G  d a ta  po in ts  a re  large, 0.2 m ag. c o m p a red  to  the
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J -K  g rad ien ts  th a t  m ay  be revealed , so these  calibrations also have a large enough 

s c a t te r  tha t  a color ca lib ra tion  can be  lost. .Again. J-K  fails to  show a s trong  enough 

influence to defin itively  s ta te  that it scales  well enough with a b u n d a n ce .

.Author C a lib ra ting  R ela tion Held C o n s ta n t

Vazdekis S{ J  — K )  j  5{ l og{z) )  =  0.17 .Age
Vazdekis S[.J — K )  !  8{ log{t ) )  =  —0.06 Z
W orthev 8{.J — K) I S { l o g { z ) )  =  0.29 .Age
W orthey S(.I — K )  !  5( log{t ) )  =  0.16 Z

Table  4.7: C hem o-evo lu tionary  s te l la r  popu lation  model resu lts  t ry in g  to s e p ara te  
th e  effects upon  the  in teg ra ted  colors o f  ga lax ies by m eta ll ic i ty  an d  s te l la r  age m ixes 
(V azdek is  e t  al. 1996 and  W orthey  e t  al. 1994).

We can also c o m p a re  the J -K  verses  metallicity  c a lib ra t io n  results of the 

theo re tica l  s te l la r  p opu la t ion  syn thesis  m odels  of W orthey ( 1994) a n d  Vazdekis e t  al. 

( 1996). Table 4.7 has the results  o f  how J -K  varies with m eta ll ic i ty  for each  theoretical 

m odel if the age of the  popula tion  o f  s ta rs  is held constan t a n d  likewise shows the 

va ria tion  of s te l la r  ages if one assu m es  a  constan t metallicity . Unfortunately , the 

theo re tica l  m odels  show th a t  J -K  can  vary  with m etallic ity  a n d  age within nearly  

th e  sam e  scales, thus  one influence c a n  m ask  the other in . \ I R  colors. The models 

revea l  th a t  J -K  is no t im m u n e  to changes in the stellar age differences between stars. 

In the  ca lib ra tion  o f  th is  p a p e r  we have  assum ed  that the s ta r s  th e  .NTR picks out 

in the  d isk  are  close enough (sam e) in age tha t  they would no t influence the  J- 

K a d e q u a te ly  to  w ash-out the  m eta ll ic i ty  de term inations , bu t  th is  is no t en tirely  the 

case. .Additionally, the  color-color plots reveal tha t  the inner-m ost bu lge  points redden  

a  g rea t  deal. T h is  redden ing  is a p robab le  consequence of in c reased  dustiness  a n d /o r  

m eta ll ic i ty  of the  bulge, thus  driv ing  th e  colors red as c o m p a re d  to the  bulge. HII
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region con tinuum  em ission  m a y  sh ift  the  X IR  colors depend ing  o n  the  am oun t  of s ta r  

fo rm ation  and  a m o u n t  of HI deficiency, refer back  to figure 4.4a. T iie  X IR  J - [ \  color 

index  in these  sp ira l galaxies d oes  n o t  a p p e a r  to  corre la te  s tro n g ly  enough  to  singly 

s e p a ra te  ou t only  the  m eta ll ic i ty  in the  s te l la r  co m p o n en t  as the  o n ly  influence in color 

o r  any  associa ted  g rad ien ts .  T h e  effect is j u s t  too small and  p o ss ib le  com plica tions

too  large.

5. N IR  Color Sum m ary

O bserved  J -K  color g rad ien ts  have been  o b ta in ed  for a h a n d fu l  o f  five Virgo 

c lu s te r  la te - type  sp ira ls  and  c o m p a r e d  to  theo re tica l  p red ic tions  for X IR  colors from  

s te l la r  popu la tion  synthesis  m ode ls  in an  a t t e m p t  to tes t  the efficacy o f  using the 

J -K  index as a s trong  s te llar  m e ta l l ic i ty  in d ica to r  as has been p ro p o se d  by B othun  

et al. I l!JS4). For the  m ost p a r t ,  v a ria t ions  in the  m echanism s th a t  can  lead to the  

p roduction  o f  X IR  colors g rad ie n ts  such  as s te l la r  age m ixes, a  va ria t ion  in d u s t ,  

a n d  the possib le  d ilu t ion  of s te l la r  colors by o th e r  non-ste llar  e m is s io n  processes, 

m ak e  the firm ca lib ra t ion  of J -K  to  m eta ll ic i ty  im possib le . T h is  is in a g reem en t  with 

s tu d ie s  done by H unt e t al. (1997) an d  P e le t ie r  & Balcells ( 1996) w hich  found very- 

sm all  color differences in and  b e tw e en  sp ira l  bu lges  and  disks, b u t  d isagrees  with  

B o thun  & G regg (1990) who found  larger  color varia tion.

Specifically, resu lts  show th a t ,  th e  a m o u n t  o f  HI s tr ip p in g  co rre la tes  with observed  

X IR  colors. X ebu la r  em iss ion  f ro m  b r ig h t  H II  regions in the  sp ira l  galaxies has 

a  m easu reab le  effect on the overa ll  o b se rv e d  colors, which will te n d  to  part ia l ly  

in te rfe re  with  an y  X IR  s te l la r  colors. It a p p e a rs  tha t  when th e re  is m ore  gas 

(X G C 4303 ,X G C 4254 ,N G C 4321) ,  th e re  is m o re  s ta r  form ation , w hich  in tu rn  can 

p roduce  colors th a t  a re  not e n t i r e ly  re la te d  to  the  old s te l la r  c o m p o n e n t  tha t  was 

e x p e c te d  to  m ore  s trong ly  d o m in a te  the  X IR  wavelengths. T h is  resu l t  is also m ore  

likely the case  in the  com plex e n v iro n m e n t  of sp ira l  disks than  in e ll ip tica l  galaxies
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w here  th e  X IR  m ay  be m ore  free o f  o th e r  X IR  sou rces .  In a d d it io n ,  the  colors in 

the  bu lg es  a re  a lte red  fu rthe r  m o s t  likely because o f  h ig h e r  d us t  co n cen tra t io n  thus 

h igher  e x t in c t io n  in the bulges. It is in te res t ing  to n o te  th a t  in the galax ies that are  

d e sc r ib e d  as the  m ost HI s t r ip p e d  ( X G C 4.57I .X G C 4689) ,  thus m ore  e llip tica l like in 

gas c o n te n t ,  the  X IR  colors b e c o m e  m o re  s im ilar.  B u lge  X IR  color differences are  

p ro b ab ly  a  resu lt  of som e m e ta l l ic i ty  difference be tw een  it and  the sp ira l disk, along 

with in c re a se d  ex tinc tion  an d  red d e n in g  from  dust a n d / o r  hot th e rm a l  em ission . The 

sp ira l  d isk  does  have a shallow .J-K g rad ie n t  that can p ro b a b ly  best be expla ined  by 

a co m b in a t io n  of m eta ll ic i ty  a n d  age g rad ie n ts  based  on o b se rv a t io n a l  and  theoretical 

colors w h ich  in tu rn  itself m a y  be fu r th e r  influenced by th e  a m o u n t  o f  HI deficiency 

a n d  v igo rous  s ta r  form ation th a t  is o ccu r in g  in the d isk . S ince  we can not be sure as 

to the  specific  source  of X IR  lu m in o s i ty ,  especially  in th e  sp ira l  disks w here  a  color to 

a b u n d a n c e  l inkage is a t t e m p te d ,  a  s t ro n g  ca lib ra tion  b e tw e en  J-K and  m ean  stellar 

m e ta l l ic i ty  is lost.

T h e  m a in  conclusion o f  th is  sec t ion  is that,  c o n s is te n t ly  from  the color-color 

and  th e  HII region oxygen a b u n d a n c e  com parisons ,  th e  .J-K X IR  index  can not be 

confiden tly  u sed  by itself as a  s te l la r  m eta ll ic i ty  m e a s u re  in these  la te - type  V'irgo 

spira ls . T h e  .J-K index does no t have  enough  wavelength  leverage  to s e p a ra te  out the 

in fluence  of m eta ll ic i ty  caused  s te l la r  X IR  colors from  th e  s im ila r  effects upon  these 

colors b y  o th e r  physical p rocesses  a n d  popula tion  v a r ia t io n s  w ith in  these  late-type 

sp ira l ga lax ies .
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Chapter 5 

Conclusions & Summary

T h is  thesis  cam e in tw o  d is t inc t  flavors: 1). T h e  s tudy  of H P X e  and  the ir  re sp e c t iv e  

phys ica l  a n d  chemical p roper t ie s ,  an d  2). T he  exploration  o f  spiral g a lax y  p ro p e r t ie s  

a n d  c h e m is try  using NTR surface  p h o to m e try  a n d  HII region a b u n d an ce  g ra d ie n ts  in 

th e  d isks. T h e  m ajo r  conclusions o f  th is  work are:

1. Halo P lanetary Nebulae

1. Rela tive  to the  sun . all n ine HPN’e ob jec ts  show subsolar 0 / H .  m ost show 

en h a n ce d  C / 0  (ex c e p t  D d D m -I  & Pn243.S-37.I) and  N / 0  (excep t N G C 2242  

&: K64S). and  seven  o f  the  n ine show a  relatively c o ns tan t  value for N e / 0 .

2. T h e  H P N e  .A.r/0  h in ts  a t  the  poss ib ili ty  of two differing groups. T he re  a re  those  

H P N e  that  are  e x tre m e ly  .-\r poor (H4-1, K468. &: BB-L) and  those  w hich  a re  

not.

3. .A.11 chem ical t re n d s  a re  reasonab ly  cons is ten t  with cu rren t  nucleosynthesis  ideas 

re levant to in te rm e d ia te  mass s tars .

4. T h e  results  of th e  pho to ion iza tion  m odels for the H P N e  show tha t  n e b u la r  

em iss ion  line s tre n g th s  are  re la tive ly  insensitive  to the  a tm o sp h e r ic  d e ta i ls  of 

the  cen tra l  w hite  d ra w f  s tar . T h us ,  using a  b lackbody sp e c tru m  is qu ite  s u i ta b le  

and  rep re sen ta tiv e  of the  cen tra l  s ta rs  con tinuum .
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. H P N e  show m ore  a b u n d a n ce  s c a t te r  than disk PX e. Im plying that a b u n d a n c e s  

w ere  less hom ogeneous in th e  halo a t the tim e o f  the p rogen ito r  fo rm ation  a n d /o r  

poss ib ly  less thorough m ix ing  occured  in the  galaxy  halo.

2. N IR  P h otom etry  of Virgo Spiral G alaxies

1. T h e re  is good ag reem en t b e tw een  the  masses and  lum inosit ie s  tha t  th e  in te n s i ty  

d e c o m p o s i t io n  techn iques  d e te rm in e  in this s tu d y  to prev ious resu l ts .  Plus, 

physica l  p a ra m e te rs  have been  calcu la ted  for two galax ies for the  first t im e  

(N G C 4 5 7 l  and  NGC4689).

2. T h e  NTR m ass-to-ligh t ra t io s  do hint at som e varia tion  with m eta ll ic i ty . 

T h e o re t ic a l  s te l la r  popu la t ion  syn thes is  models im ply  th a t  m eta ll ic i ty  increases  

as .\I/L decreases . T he  obser^ 'a tional results for the  s a m p le  Virgo c lu s te r  sp ira ls  

leads  to a  s im ila r  conclusion w hen com paring  to the NTR color b e h a v io r  in .1.

H. & K to m ass-to-ligh t ra tios.

3. Bulge  .\TR colors and  an y  color gradients  a re  p robab ly  a d irec t  resu lt  of 

c om b ina tions  of m eta llic ity  an d  d u s t ,  while d isk  colors a re  p robab ly  less affected 

by dus t  and  m ore  influenced  by  HI decificiency and  c u rre n t  levels of s ta r  

fo rm ation . T h e  Virgo c lu s te r  env ironm en t m ay  a c tu a l ly  affect the  o b se rv ed  

.J-K colors in individual galaxies.

4. T h e  J -K  vs. .Metallicity ca l ib ra t io n  de te rm ined  for the d isk  colors a long  with 

Hll region abundances  is m o re  shallow than those derived  for in te g ra te d  colors 

o f  e ll ip tica ls ,  g lobular c lus te rs ,  a n d  blue com pac t  d w a rf  galaxies. T h e  e rro rs  

c i te d  for m a n y  previous s tu d ie s  a re  nearly as large as the g rad ien ts  th a t  are  

identif ied . T h e  errors for th e  d isk  J -K  colors in this s tu d y  are  below 0.2 mag. 

B u t .  th is  still falls short  o f  p rov id ing  a s trong NTR to m eta ll ic i ty  m ea su re .
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ô. Color-color s tu d ie s  show th a t  , \ I R  colors o f  th e  o ld  s te l la r  c o m p o n e n t  can  be 

m ea su rea b ly  in fluenced  by o th e r  non-ste llar  affects  such  as nebu lar  em iss io n  

and  e x t in c t io n ,  the  a m o u n t  of HI gas w ith in  th e  ga lax ies ,  and v a ria t ions  of 

s te l la r  age w i th in  the  s tars .  T h is  prevents  a  s t ro n g  o b se rv a t io n a l  non -degene ra te  

ca lib ra tion  o f  m e ta ll ic i ty  to the  .J-K index b e c au se  th e re  is no firm reason  to 

believe the  co lo r  g rad ien ts  a re  the  sole resu lt  o f  m e ta l l ic i ty  conten t w ith in  the  

s ta rs .  In a d d i t io n .  HI deficiency trends are  c a p tu r e d  in the  color-color p lo ts , as 

deficiency in c re ase s  the  N IR  colors becom e m o re  ellip tical-like .

6. In the  co m p lex ,  flocculent. and  dynam ic  s t r u c tu r e s  o f  sp ira l type  Sc ga lax ies  

the  NIR .J-K index  does not have enough w av e len g th  "leverage"  to  u n tan g le  

the  color effects o f  s te l la r  ages, d us t  c o n tr ib u t io n ,  a n d  o th e r  non-ste lla r  N IR  

em iss ions  f ro m  the  influences tha t  m e ta ll ic i ty  ha.s u p o n  colors. J-K vs. 

•Tietallicitv c a n n o t  be sufficientlv ca lib ra ted .
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Appendix A  

Images, Contours, and Profiles

T h is  app en d ix  con ta ins  th e  NTR J .  H. &: K b lan k e d  im ages and  c o n to u r  plots that 

were u sed  to help a n a ly z e  the  d a ta  within th is  thes is .  T he  im age p la tes  a re  listed 

from  top to b o t to m  in o rd e r  from  .1, H. to K im age. .A.Iso. d irec tly  a f te r  th ese  images 

a re  th re e  d im ensional su rfa c e -b r ig h t  ness profiles for each  galaxy. T h e  m ore  complex 

de ta il  d iscussed  for each  g a la x y  refer to these  m o re  involved  d-d profiles. Specifically, 

one  can see tha t  all the  .NTR passbands  do also t ra c e  th e  sp ira l s t r u c tu r e  of the  galaxies 

inc lud ing  bulges, bars , d isk s ,  an d  spiral a rm s.
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Fig. A . l b .—  NGC432I - .J.H, and K 3-D Profiles.
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Fig. A .2b .—  NGC4303 - J.H, and K 3-D Profiles.
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Fig. A .3a.—  NG C4689 - J,H, and K Image and respective contour.
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Fig. A .3b.—  NGC4689 - J.H, and K 3-D Profiles.
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Fig. A .5b .—  N G C 4254 - J.H, and K 3-D Profiles.
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