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Abstract

I have modelled th e  sp e c tra  of T y p e  la  supernovae w ith  a  d e ta iled , non-local therm o

d y n am ic  equilibrium  (N L TE) m odel a tm osphere  and rad ia tive  tra n s p o r t  code, PH O E N IX . 

I have m odelled sp e c tra  of th e  norm al. T y p e  la  supernova. SN  I994D  in NGC 4625 for 

epochs from 12 days before m axim um  brightness to 12 days a fte r m axim um  brigh t

ness using the deflagration  m odel VV7. T h e  synthetic sp e c tra  an d  th e  derived syn thetic  

p h o to m etry  perm it th e  analysis of the  W 7 model and  deriv a tio n  of th e  d istance to  

SN  1994D. I have also m odelled the sp e c tra  of SN 1984A . which is a  T y p e  la  supernova 

w ith  norm al sp ec tra l features, bu t unusually  large line-w idths. T h e  large line-w idths 

were reproduceable using delayed-detonation  models which have h igher densities in th e  

fast-m oving layers im p o rtan t to  the  form ation of the  w ide sp ec tra l lines. I have also 

s tu d ied  possible effects of p rogenitor evolution on the sp e c tra  of T j'p e  la  supernovae.

I have m odified th e  heavy elem ent con ten t of the unburned  m ateria l and  studied  th e  

effects on the  sp ec tra . 1 found th a t p rim ordial m etals a re  im p o rta n t to  line form ation 

in ea rly  spec tra . I have also m ixed hydrogen rich m ateria l in to  th e  o u te r atm ospheres of 

T y p e  la  supernovae an d  found th a t hydrogen m ust be a t  least o n e-ten th  of the m ass of 

th e  o u te r  envelope to  affect sp ec tra  a t 10 days a fte r explosion. I describe an extension 

of th e  energy balance m ethods used in these  quasi-static  ex p an d in g  m odel atm ospheres 

to  include the tem pora l evolution of th e  tem p era tu re  s tru c tu re  an d  lum inosity o f th e  

supernova.

v u i



Part I

Introduction and Theory



Chapter 1

Supernovae

Supernovae, of various types, are in teresting  an d  dynam ic ob jects . T hey  ap p ear in th e  

sky  w ithout w arning and  quickly rival the  o p tica l o u tp u t of th e  en tire  host galaxy.

1.1 W hat are Supernovae?

T ransien t and  variable ob jects had been seen  in the  n ight’s sky since before recorded 

history. O ften  regarded  as om ens, novae (new  stars) were jo ined  in th e  sky by com ets 

an d  m eteors. E arly  scientific astronom y found  novae in two po p u la tio n s w ith  d ifferent 

p roperties , those in sp ira l an d  o th er nebu lae , and  those in th e  field. T h e  reso lu tion  

of th e  g reat d eb a te  on the  d istance to  th e  sp ira l nebulae .sliowed th a t  one p o p u la 

tion  (supernovae or SNe) was thousands o f  tim es brighter th a n  th e  o th e r (classical 

novae). C oincident were the  first spectroscopic observation o f SNe. T h e  sp e c tra  of 

SN e showed unusual features relative to o rd in a ry  s ta rs . T he featu res were excep tionally  

w ide and  m any seem ed to  lack any identifiable spec tra l lines, ch arac te ristic  of these was 

SN 1937C.' Soon it was ap p aren t th a t th e re  were two types o f SN e. T ype I d id  not

'Supernovae are named by the year of discovery and  lettered in sequence within.



show  lines from hydrogen and  T y p e  II (SNe II) d id  show  hydrogen lines. T h e  sh ap e  

o f th e  features an d  the  hydrogen identification im plied th a t SN e were expanding  a t 

~  5000 — 10000 km  s ~ ^  In th e  decades th a t have followed im proved and  m ore ex ten 

sive d a ta  along w ith  im proving theo ry  and  analysis techniques have led to  an  im proved 

u n d ers ta n d in g  of these explosive objects. G eneral reviews of supernovae can be found  

in Petscheck (1990) and  supernova sp ec tra  in F ilippenko (1997b).

1.2 Core Collapse Super novae

T h e  big question  is obvious— w hat causes supernovae? S te llar evolu tion  theory  leads to 

p a r t  of th e  answ er for single s ta rs . S ta rs  w ith  approx im ate ly  eight tim es the mass of th e  

su n . ~  SM/r,. o r less, proceed no fu rth e r th rough  th e  sequence o f po ten tial nuclear 

b u rn in g  phases th an  helium  b u rn ing  then  shed th e ir envelopes crea tin g  a  p laneta ry  neb

u la  an d  leaving beh ind  a  w hite dw arf. S ta rs  w ith larger initial m asses have enough m ass 

to  com pressionally  hea t th e  ca rb o n  and  oxygen, the  p ro d u c ts  of helium  burning, an d  

begin  b u rn ing  carbon . Once th is has begun th e  s ta r  proceeds th ro u g h  an accelerating 

sequence of b u rn ing  stages until a  large core of iron develops a t th e  center, unable to 

g en e ra te  m ore energy for the  su p p o rt of th e  envelope d u e  to  th e  tig h te s t nuclear b ind ing  

o f iron  g roup  nuclei." T h e  degenerate  iron core will b e  hea ted  by th e  com pression of 

th e  envelope an d  th e  nuclei will photo-dissociatc. E lectrons will c a p tu re  on p ro tons 

red u cin g  th e  degeneracy  pressure^ an d  th e  core will begin to collapse as the  process ac

ce le ra tes. T h e  n eu tro n s form a  p ro to -n eu tro n  s ta r  (N S). T h e  pro to-N S  occupies m uch

"S tars in a  small mass range at the light end of carbon burning can avoid further burning if the 
pressures do not get large enough for oxygen burning and leave a  ON'e or ON'e.Mg white dwarf.

^Degenerate m atte r, also found in w hite dwarfs, is very dense and the pressure to  support degenerate 
gasses against collapse come from the degeneracy of the electrons. The phase space (positions and 
m om enta) of the electrons fills up and the Pauli exclusion princple against two electrons with the sam e 
m om entum  occupying the same space provides a force, or pressure, against compression.



less space  th an  the  iron  core, so the  su rround ing  m a tte r  begins falling inward. M a tte r  

falling o n to  th e  pro to-N S  forms a  shock above the  surface. T h is dense nuclear m a tte r  

is even opaque to  n eu trin o s. In th e  classical p ic tu re  o f th e  core collapse supernova, th e  

n eu trin o s form  a  'n e u tr in o sp h e re ' th a t pushes th e  shock ou tw ard  an d  ejects the  envelope 

an d  triggers ad d itio n a l nucleosynthesis. In som e core collapse supernovae the  proto-N S. 

possib ly  d u e  to  accre tion  of large am ounts of th e  envelope, collapses to  form a black 

hole. A n a lte rn a tiv e  m odel is a  je t  formed by accretion  onto  the  proto-N S, th a t propels 

th e  envelope ou tw ard . T h is  m odel has th e  advan tage of providing a  n a tu ra l m echanism  

for th e  asy m m etry  seen in the observation of som e core collapse supernovae.

T h e  evolution  of m assive s ta rs  to explosion s ta rtin g  from various masses, m etallici- 

ties. an d  b in ary  associa tions, will lead to  m any configurations a t th e  poin t of explosion 

and  even different s tren g th s , and  possibly shapes, of the  explosions. M any of the  pro

g en ito rs will have large hydrogen envelopes and  therefore show stro n g  hydrogen lines in 

th e ir sp ec tra . T hese a re  observed as SNe II. A no ther charac teris tic  th a t  affects th e  lu

m inosity  o f SNe II is th e  rad ius of the  progenitor s ta r. T h e  optical light curves of SNe II 

a re  largely powered by energy deposited  by th e  shock wave in th e  envelope. Progeni

tors w ith  larger radii a t  th e  tim e o f explosion have m ore energy dep o sited  by the shock 

and  are  b rig h ter. T h e  fam ous, an d  intrinsicly faint, supernova in th e  Large M agallanic 

C loud. SN  I987A. su rp rised  theorists when th e  progen ito r wiis found to  be a  previously 

observed b lue su p e rg ian t, ra th e r th an  the  larger red superg ian ts  th a t  were expected to  

be th e  p rogen ito r s ta te  o f SNe II. All supernovae produce som e ^®Ni in the  explosion, 

typ ically  ~  O.lM-r, for SN e II. ^'^Ni decays to  ^®Co in ab o u t a  week an d  finally to  ^®Fe 

in ab o u t two m onths (N adyozhin  1994). T h is decay provides som e add itio n al power to  

the  light curve. ^®Fe from  th e  decay of ^®Ni in supernovae is th e  source o f the  dom inan t 

iron iso tope, ap p ro x im ate ly  ha lf from core collapse supernovae. M ass loss from m assive 

s ta rs  is ra th e r  u b iq u ito u s leading to  objects like W olf-Rayet s ta rs  an d  Be stars. W ind



driven  m ass loss as well as b in ary  m ass transfer can result in th e  loss of som e or all of 

th e  hydrogen envelope and  even th e  helium  shell. From these m assive s ta r s  th a t have 

lost significant am ounts of hydrogen (and  helium ) come two sub-classes o f th e  T ype I 

supernova. T y p e  Ib supernovae (SNe Ib) show  characteristic lines o f helium  in their 

sp ec tra , b u t no hydrogen lines. W h a t hydrogen th a t may rem ain in SN e Ib  does not 

form  sp ec tra l features. T^^pe Ic supernovae (SNe Ic) do not show hydrogen  or helium  

features in th e ir spec tra . T h e  sequence of m ass loss is enhanced by th e  spec ia l sub-class, 

th e  T y p e  Ilb  supernovae (SNe I lb ). T he protot^ 'pe SN Ilb  is SN 1993J , th e  only o ther 

supernova w ith an observed progenitor. SN I993J in itially  had the  fea tu res  o f a norm al 

SN II. b u t la te r th e  features changed to  resem ble the  typical SN Ib. T h is  transition  is 

due to  the  presence of a th in  layer of hydrogen th a t initially forms fea tu res  bu t later 

becom es tran sp a ren t and w hat rem ains visible looks like a  SN Ib. .\d d itio n a lly . all core 

collapse supernovae (SNe II. SNe Ib. and SNe Ic) are associated w ith  sp ira l galaxies and 

s ta r  form ing regions w ithin those galaxies.

Tw o peculiar SNe Ic have been discovered recently, SN 1997ef an d  SN 1998bw, each 

show ing s tran g e  features at early  tim es and  th en  later resem bling norm al SN e Ic. These 

o b jects  were enigm atic, until it was shown th a t the  early  sp ec tra  cou ld  be fit using 

very fast m ateria l w ith shallow density  g rad ien ts o r large asym m etries (B ranch  2000: 

Hdfiich e t al. 1999; Iw am oto e t ai. 2000). T h e  m ore peculiar of th e  two, also  requiring 

m ore ex trem e e jec ta  velocities, SN I998bw was also coincident w ith  a  w eak gam m a ray 

b u rs t (G R B ) (e.g.. Li and C hevalier 1999). Subsequent analysis show ed several o ther 

supernovae to  possibly coincide w ith  GRBs. T h e  energies required by th e  high velocity 

e jec ta  of these extrem e SNe Ic, along w ith po larization, light curve fittin g , and  some 

anom alies in th e  velocities o f ce rta in  elem ents, led to  a  renewed in te re st in  asym m etric 

explosions including the  je t m odels. T h e  je t  induced explosion m odels can  make an 

sim ple sequence from spherical SNe II to  ex trem e. as\Tnm etric SNe Ic w ith  associated



G R B s. T h e  less mass th a t rem ains th e  less th e  v e lo c ity /en e rg j'/d en s ity  co n trast along 

th e  je t ax is will be dam ped.

SN e II also have a  few m ore sub-classifications b ased  on the  th e  sh ap e  of the light 

curve an d  th e  presence of ce rta in  em ission lines. SNe II light curves sh ap es  are classified 

as p la te a u ' (IT P ) or linear' (II-L ). In  th e  II-P  ob jects th e  hydrogen recom bination  zone 

moves inw ard slowly in velocity along  w ith  the p h o to sp h ere ' and  rem ains approxim ately  

fixed in rad iu s . T his keeps the  lum inosity  nearly  co n stan t for a  couple o f m onths. In th e  

II-L o b jec ts  th e  absolute m ag n itu d e  falls linearly an d  sooner th an  in th e  II-P. A nother 

group of SN e II. T ype Iln  supernovae (SNe Iln ). show em ission lines which are narrow er 

th an  th e  regu la r supernova featu res. T hese lines arise  from  the p ro g en ito r illum inated 

by th e  light em itted  from the  supernova. D epending on the  charac te ris tic s  of the pre- 

explosion w ind the  streng th  an d  w id th  of the  em ission lines will vary. T h e  in teraction 

can release add itional shock energy  in photons and th e  light curve of SN I98SZ shows 

a  very b rig h t and  flat light curve for ab o u t one year an d  then  falls quickly. O thers, like 

SN 199SS, observed by th e  H ubble Space Telescope (H S T ) (see C h a p te r  10). show very 

weak in te rac tio n  w ith little  affect on  th e  light curve.

1,3 Thermonuclear Super novae

T h e rem ain in g  sub-type has been connected  to  a  d ifferent explosion m echanism  th an  

the  core collapse supernovae. A s larger d a ta  sets accum ulated . T y p e  I supernovae 

showed rem arkab le  similarity. M ost o f the  ob jects h ad  sim ilar sp e c tra  an d  light curve 

shape . T h is  gave rise to the  subd iv ision  of T y p e  I in to  th e  sim ilar T y p e  la  supernovae 

(SNe la) an d  th e  rem aining SNe Ib  an d  SNe Ic which w ere more ra re . T h e re  are m any 

collections an d  reviews of SNe la . including  conference proceedings (R u iz-L apuen te  et al. 

1997; T ru ra n  an d  Niemeyer 2000). review s of sp ec tra  an d  lightcurves (F ilippenko  1997c:



L eib u n d g u t 2000), reviews of explosion m odels (H illebrandt an d  N iem eyer 2000), and  

reviews for use in cosmology (B ranch  e t al. 1997: Branch 1998; Livio 2000: T am m ann 

e t al. 2000). T h e  sp ec tra  of SNe la  showed features not seen in th e  hydrogen- and  helium - 

free SNe Ic. M ost im p o rtan t was th e  charac teristic  SN la  featu re w ith  a  m inim um  near 

6100 A identified  as Si 11.̂

T h e  search  for th e  SN la  p ro g en ito r was a bit m ore com plicated . T h e  explosions 

an d  p rogen ito rs  needed to  fit th e  observed p roperties: uniform  light cu rves (faster and  

b rig h ter th a n  typical SNe II). sing ly  ionized lines from a-chain  elem en ts (m agnesium , 

silicon, su lfu r, calcium ), no hydrogen or helium , and  be found in ellip tica l galaxies as 

well as all regions of spiral galaxies. T he initial, and  still favored, p rogen ito r was a  

C h an d ra sek h a r m ass (Mc/i) ca rb o n  an d  oxygen w hite dw arf (C-t-O WD)."^ T he initial 

ca lcu la tions involved the d e to n a tio n  of a  M./, C -fO  \VT) inside a  m ain  sequence s ta r. 

T h e  ca lcu la tions moved to deflagrations of .Me/, C f O  \VD. includ ing  th e  W7 m odel 

which was show n to fit the sp ec tra l features of m axim um  light SNe la . . \  detonation  

is com bustion  front, in th is case nuclear com bustion , th a t  p ro p ag ates  fas te r than  the  

local speed  o f sound. A deflagration  is com bustion front th a t  p ro p ag ates slower th an  the  

speed  of so u n d . A detonation  in a  w h ite  dw arf, would bu rn  all of th e  VVD a t the original 

density. T h e  energy released by th e  burn ing  will no t have tim e to  h e a t th e  unburned  

layer because  the  com bustion fron t travels faster th an  the  th erm al in fo rm ation . T h is 

leads to  th e  b u rn in g  of the en tire  Me/, C-t-O W D to ®®Ni, Fe-peak nuclei, a n d  Q-particles 

(■‘He nuclei). W hile th is would p roduce  an  energetic explosion, the  a -c h a in  elem ents 

ch a rac te ris tic  o f SNe la  sp ec tra  w ould not be produced.

A deflag ration  in  a C-t-O W D  allows th e  W D to  therm ally  ex p a n d  ahead  of th e

■'i.e., singly ionized silicon, the ionization stage is given as the positive charge plus one. .Astronomy 
is full of spectroscopic notation.

®The C handrasekhar mass. Me/,, is the  largest mass a self-gravitating, degenerate s ta r  can have. For 
C-rO  VVDs. .\Ich ~  L-LM.r..



burning fro n t, or flame, and  lower the  density  of u n b u rn ed  C + 0 .  A t lower densities 

the end  p ro d u c ts  are lighter e lem ents and below a  critica l d en sity  an d  tem p e ra tu re  

the b u rn in g  stops. This gives th e  elem ental ab undance s tru c tu re , iron  in the core w ith  

successively ligh ter a-chain elem ents a t the  o u ter and  faste r layers, derived  from sp ec tra l 

analysis. T h e  sub-sonic burn ing  o f th e  deflagration m odel leaves th e  b u rn ing  C-t-O VVT) 

subject to  several hydrodynam ic instabilities. T h e  ho t, bu rned  m ate ria l beh ind  th e  

lam inar flam e a t the center, or ash , w ith cold C-t-O, fuel, above in th e  g rav ita tional field, 

leads to  Rayleigh-Taylor (R -T) instab ilities. R -T  in stab ilities cause large scale p lum es 

of ash an d  fingers of descending fuel. T he sheer betw een the  rising an d  sinking fluids 

will cause th e  Kelvin-Helm holtz sheer instability. T h e  in trinsic ly  th in  lam inar flam e is 

also su b jec t to  th e  L andau-D arius bending instability . T h e  num erous instabilities b en d  

and s tre tc h  th e  flame sheet an d  provide the  increase in surface a rea  an d  m ass-burn ing  

rate requ ired  by models th a t fit th e  spec tra . B ut. the  large dynam ic range of the leng th  

scales in  th e  tw isted and ben t flam e require careful sub-grid  m odels and  flame fron t 

tracking to  m ake 3-D m odeling possible. Though 3-D m odels in th is  "flamelet' regim e 

have been com pu ted  (Khokhlov 2000: Lisewski et al. 2000a: Reinecke e t al. 1999). th e  

necessary cond itions eventually b reak  down into w hat is called th e  d is trib u te d  b u rn in g  

regime (see Lisewski et al. 2000b, for exam ple). At th is po in t, no lam in ar flame b u rn in g  

cold fuel to  h o t ash. regardless o f th e  level of folding, accu ra te ly  rep resen ts  the b u rn in g  

conditions.

W hile d is tr ib u te d  burning is being pursued by som e hydrodynam ic m odelers o f 

SNe la. o th e rs  have chosen to  m odel th e  post-fiam elet b u rn in g  in SNe la  w ith a  sp o n ta 

neous d eflag ra tio n  to detonation  tran s itio n  (D D T) (Hdfiich et al. 1995: Khoklilov e t al. 

1997: D om inguez and Hdfiich 2000). D DTs require even m ixing of fuel and ash in a  

region o f w ith  a  critical volume an d  a sm ooth  tem p e ra tu re  g rad ien t a n d  have been o b 

served in te rre s tr ia l experim ents. T h e  possibility o f D D T s and  th e  availability of th e



prerequ isite  conditions in SNe la  are su b jec t of d eb a te  am ong  therm onuclear SN explo

sion hydrodynam ic m odelers (Niemeyer 1999). M odels using  a  DDT in Me/, C 4-O  V\T)s 

are  known as delayed detonation (DD) m odels. A final Me* model type are  th e  pulsed 

delayed de tonation  (FD D ) models. In a  FD D  the in itia l deflagration is n o t energetic 

enough  to unbind th e  V\T) and  it collapses, heats, an d  detonates. B oth DD an d  FD D  

m odels have deflagration  burning to  ^^Ni an d  Fe-peak elem ents in the  core an d  then  

use a  detonation  to  b u rn  to  lighter a -ch a in  elem ents in  th e  expanded, lower density  

o u te r  layers and  un b in d  the \VD. T he DD m odels offer a  global param eter, which varies 

am ongst SNe la , to  provide the diversity now seen in SN e la.

T h e  clearest, an d  perhaps m ost fundam ental. SNe la  observable is the ra te  of fading 

an d  its relation to  th e  absolute lum inosity (Fskovskii 1977: Fhilips et al. 1987; Fhillips 

1993). T h e  chosen observable. A m i s ( B ) .  is th e  decline in  B  m agnitudes from  th e  peak 

in B  to  15 days la te r  an d  independent of d istance an d  reddening. B righter SN e la  have 

slower declining light curves, sm aller A tn i s { B ) .  and  d im m er SNe la  have faster light 

curve declines, larger A m ts (B ). W hen SNe la  have been used as 'co rrectab le ' s ta n d a rd  

candles, the use o f th e  1 um inosity-decline relation, o r re la ted  observable param eters , the 

d ispersion  of the d a ta  has been greatly  reduced. T he s p e c tra  of SNe la are also correlated  

w ith  th e  lum inosity-decline relation. T h e  sp ec tra  show  a  tem pera tu re  sequence from 

th e  p ro to type b righ t, ho t and slow declining SN 199IT . to  the  p ro to type dim . cool, 

an d  fast declining SN  1991bg (Nugent et al. 1995). T h e  lum inosities, o r A m i s { B ) .  

have been correlated  to  galaxy type, galaxy  color, an d  rad ia l projection (B ranch  and  

van den  Bergh 1993: B ranch e t al. 1996: H am uy e t al. 1995. 1996: Howell e t al. 2000: 

S ah a  et al. 1997; W ang e t al. 1997a). In sp ira l galaxies, SNe la  have been correlated  

to  star-form ing  regions, bu t not as tigh tly  as SNe II. V ariations in the velocities of 

th e  spec tra l features a re  not correlated to  th e  lum inosity  param eter. Clearly, th e re  are 

varia tions in SNe la  th a t  can affect our u n d erstan d in g  o f th e  progenitors an d  th e ir use as



d istance ind icato rs. W ith in  th e  fam ily of M,./, C + 0  W D  m odels, th e  h igher lum inosity 

arises from m ore ^®Ni production . T h e  add itional ^®Ni a n d  its decay  p ro d u c ts  are m ore 

opaque th an  th e  lighter a -ch a in  elem ents an d  th e  rad ioactive decay  h ea tin g  makes the  

core h o tte r an d  also m ore opaque. T h e  increased opacity  will delay  th e  diffusion of light 

to  escape an d  broaden th e  light curve. T h e  in itia l m ass o f th e  W D  (a  function of the 

in itial m ass o f th e  larger s ta r  in the  b inary), the  m etallicity. an d  th e  carbon/oxygen  

ra tio  in the  W D  have all been used as param eters  to  explore possib le variation and  

evolu tionary  effects.

P rogen ito r evolution to  a Mc/i C + 0  W D is no t a  sim ple m a tte r  (for a  review see. 

B ranch et al. 1995). Single s ta r  evolution does not p roduce Mc/i C + 0  W D s. Therefore, 

b inary  ste lla r evolution is required  to  reach O nce th e re  is a  W D + n o rm a l s ta r '

configuration, m ass can be transfered  by a  w ind or R oche-lobe Overflow (RLOF).*^ If the 

m ass transfer ra te  is too low th e  transfered  hydrogen will build  up on th e  WD surface 

un til a hydrogen therm onuclear runaw ay is triggered, a  classical nova. T h is does not 

build  up C + 0 ,  b u t p robably  slowly reduces th e  W D  m ass w ith  each nova cycle. If the  

m ass transfer ra te  is too high, th e  W D will swell up  into a  red g ian t s ta r  an d  engulfs the 

com panion in a  com m on envelope creating  dynam ic friction an d  ejec ting  the  common 

envelope. Betw een th e  lim its hydrogen burns stead ily  to  helium . However, if the net 

helium  accre tion  ra te  is too  low it will not bu rn  to  C + 0  and  will accum ulate  until a 

th ick  layer, ~  0 .1 - 0.3 M g has accum ulated . T h is th ick  layer of helium  will eventually 

undergo runaw ay helium  burn ing . T h is helium  d eto n a tio n  is an o th e r m odel proposed for 

SNe la. In th e  helium  igniter, o r sub-M c/,, m odels th e  th ick  helium  layer burns to ^®Ni 

an d  the  shock e ith er converges a t the  cen ter of th e  sub-Mc/, W D , o r s ta r ts  burning a t

Roche-lobe, or surface, is a  surface with a constant gravitational potential connected to both 
stars in the binary system. .Mass can pass through the contact point between the Roche surfaces of the 
two stars if the donor sta r has expanded to fill its Roche lobe.
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th e  H e /C + 0  edge. Helium  ign ite r m odels have sp ec tra  w hich are  too blue an d  contain 

fast moving helium  an d  ^^Ni, w hich is not seen in any  SN la  spec trum . If transfer 

o f hydrogen or helium  to C + 0  W D s is the  prim ary SN  la  evolu tionary  m echanism . 

C + O  W Ds w ith  th ick  helium  layers would seem to be inevitable. If we do not see 

helium  ignition SNe la. then  p erh ap s th e  helium layer can  b u rn  w ithou t ign iting  the 

C + 0  and  form a  b righ t 'he lium ' nova.

T h e  co n stra in ts  on s tab le  m ass tran sfe r are seen as p rob lem atic  for achieving suffi

c ien t rates. A new m odel th a t  in co rp o ra tes  a  wind to  p e rm it m ass tran sfers  a t  g reater 

ra te s  than  norm ally  allowed w ithou t form ing a  com m on envelope phase (H achisu  et al. 

1996. 1999). Since th e  w ind ra te  d ep en d s on metallicity. th e  am ount of in itia l progenitor 

configuration  phase space opened by th e  W D wind m odel varies w ith m etallicity . O th 

ers have followed th e  evolution of th e  d onor s ta r and o rb it an d  th e  mass ra te  associated 

w ith  the  system  th ro u g h  w hatever m ass transfer phtises arise  (Langer et al. 2000). This 

re su lts  in a  non-constan t transfer ra te  and  system s are  allowed to pass th ro u g h  nova 

phases and  o th er non- productive" evo lu tionary  pluise an d  still con trib u te  to  grow ing the 

C + O  WD m ass to  T h is d e ta iled  consideration of th e  donor and  o rb it evolution 

com bined w ith a  d eta iled  trea tm en t o f th e  recipient s tag e  an d  possible w inds would be 

com plex, b u t u ltim ate ly  should  yield resu lts on the evo lu tionary  p a th  to  SN e la.

T h e  last way to  get to  Mch is to  m erge two sub-M ch C + 0  W Ds. T h e  variation 

in  m asses would give different m asses o f ^®Ni and som e ty p e  of lum inosity-decline re

la tio n . T h is double degenera te ' scenario  has been used as a  possible ex p lan a tio n  of 

superlum inous SN 1991T-like ob jec ts  w here estim ates of ^"^Ni-mass app roach  o r exceed 

C + 0  W D b inary  system s th a t  can  spiral together by g rav ita tional rad ia tio n  in 

less th an  a  H ubble tim e ' are still ra re  and  the pop u la tio n  is not well know n. From

'approxim ately the ago of the universe
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a  p o p u la tion  synthesis view, system s th a t would m erge fast enough for th e  tu rn  on of 

SNe la  is p robab ly  to  low. T hough  C + 0  W D m ergers could be part of a  secondary, la ter 

popu lation . T h e  final concern w ith C + 0  W D m ergers is the speed of th e  coalescence. 

In the  m erger the  sm aller and  m ore m assive W D  will tea r  up  the  larger an d  ligh ter W D 

by m ass transfer. O ne likely post-m erger configuration is a  thick disk ab o u t th e  heavier 

W D. T h e  accretion of th is disk of C + 0  on th e  heavier W D  m ay s ta r t  slowly burn ing  

the ca rbon . T h is will crea te  a  ONe W D. which will collapse by electron c a p tu re  to  a  

neu tron  s ta r .  T his is known as accretion induced collapse (A IC) and m aybe responsible 

for all o r p a r t of an im p o rtan t nucleosynthetic process called the r-process. A IC  m ay 

also p roduce some kind of transien t electrom agnetic phenom enon, perhaps even a  GRB.
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Chapter 2

R adiative Transfer

N early all in fo rm ation  available on ob jects ou tside the so lar system  comes in th e  form  of 

electrom agnetic  rad ia tio n , or ligh t.' For m any  objects, includ ing  stars and  supernovae, 

th e  how of energy in the form of light is crucial to  th e  evolution of the  o b jec t. It 

is therefore im p o rtan t to  understand  th e  relevant rad ia tiv e  processes in supernovae. 

G eneral tex ts  on rad ia tive  transfer include M ihalas (1978) and  Mihalas and  M ihalas 

(1984).

2.1 Basics

At its core, rad ia tiv e  transfer is nothing m ore than  th e  ca lcu la ting  the em ission and 

ab so rp tio n  of light at a  particu lar wavelength o r frequency along a  particu lar p a th . T he 

equation  for th e  in tensity  of m onochrom atic light of frequency, u. along an  arbitrai"}" 

p a th  can  be w ritten :

=  Hu ~  X v^v  (2.1)

' Like any good rule there are a few exceptions: astrom etry, cosmic rays, the neutrinos from SN 1987.4. 
and soon gravitational radiation.
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w here is th e  m onochrom atic in ten s ity  (cgs units: erg s~^ cm~* str~^ Hz~^), s  is the  

d is tan ce  coord inate  along the  p a th , rji, is th e  m onochrom atic em issiv ity  o f th e  m a tte r  

a t s  (cgs units: erg c m “  ̂ s t r “ ‘ H z~^), and  y,, is th e  m onochrom atic  ex tinction  (cgs 

un its: cm “ ^), the sum  of abso rp tion  (x^) and  sca tte rin g  (cr^). A useful q u an tity  is the  

op tica l d ep th .

Tu = j  Xu ds (2.2)

an o p tica l d ep th  of one corresponds to  one m ean free p a th  and  is norm ally  defined a t 

zero a t  th e  outside of an a tm osphere . T h en  we ean d iv ide E qn. 2.1 by and  rew rite 

as.
d iu

— ^u — ^u- (2.3)

T h e  q u an tity  =  r\u!Xu is the  source  function. It con ta ins th e  am o u n t of rad ia tion  

ad d ed  to th e  beam . If 5^ =  0 th en  th e  so lu tion  to Eqn. 2.3 is

4  =  / o c - - .  (2.-1)

T h is  is an extinction  only solution for a  beam  with in itia l in tensity  a t  -j, =  0.

O n e  sim ple source function is th e  LTE. local therm al equ ilib rium , source function. 

A dditionally , LTE assum es th a t th e  every atom ic process is equally  balanced by th e  

o p p o site  process and  the  ionization an d  excitation  s ta te s  of th e  a to m s, molecules, or 

d u s t ..an be described by B oltzm ann  popu lations and  th e  S aha  ion ization  equation. 

T h e  source function in a  tru e  LTE a tm o sp h ere  is the P lanck  function. which

describes a  radiative blackbody.

T ru e  LTE atm ospheres can still have sp ec tra l lines. S ince lines are  m ore opaque th an  

th e  nearb y  continuum  the  optical d e p th  in a  line will be larger th a n  for th e  continuum . 

Tiine >  Tcon- &t the  Same physical d ep th . All a tm ospheres have an  ex terio r to which
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th e  ra d ia tio n  flows an d  no rm ally  a  declining tem p era tu re  g ra d ie n t toward the  ou tside . 

T h e  observed  flux a t any  w avelength or frequency is equal to  th e  blackbody flux a t  a  

specified  dep th .

K i~ u  =  0) =  = ^ )- (2.5)

B ecause lines are m ore opaq u e  th an  continua, th e  =  2 /3  p o in t will occur fu rth e r o u t 

in th e  a tm osphere  where it is cooler and  the P lanck  function , an d  therefore th e  source  

func tion , is sm aller and  an  absorp tion  line will form.

2.2 Other Source Functions and the Eddington M om ents

.A.nother sim ple form for th e  the  source function  is the sc a tte r in g  source function.

Si, =  (t/Bi, -r ( 1 — €u)Ju- (2 .6)

6. =  =  —  (2.7)
T  (T1/ \t/

w here is the therm aliza tion  coefficient represen ting  th e  frac tion  of absorbed  light 

w hich is changed to th erm a l energ}' and  is th e  m ean in tensity . A ngular m om ents a re  

co m p u ted  by in tegrating over all d irections, o r angles, d esc ribed  by p  in one-dim ensional 

a tm o sp h eres , where /z is th e  projection  of th e  ray  along th e  n o rm al to  the surfaces, o r 

th e  cosine  o f the angle to th e  upw ard norm al. In teg rating  /̂ z from  p  =  — I (dow nw ard) 

th ro u g h  /z =  0 (tangen t), to  ^  =  1 (upw ard) in tegrates over a ll directions in a  one

d im ensional atm osphere. T h e  angular m om ents of th e  in tensity . are defined as 

follows:

-4  =  X f  (2.8)
mm J    [ T/l
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where J^, is th e  zero th  m om ent or 'm ean in ten s ity ' an d  Ei, is th e  energy density ;

Hu = \ j  (2.9)

wliere Hi, is th e  first m om ent or E dd ington  an d  Ft, is the  dux;

I<u = ^ /" =  -^P r(i')  (2.10)
J v  —I “t/*

where /v't, is th e  second m om ent and  Pr(i^) is th e  ra d ia tio n  pressure a t frequency u:

Nu = ^ J   ̂ (2.11)

where .\'t, is th e  th ird  m om ent of the  intensity.

W ith  a  sca tte rin g  source  function, th e  so lu tion  to  th e  RTE is dependen t on  n o t only 

on the in tensity  along th e  ray, or path , described  by one angle, b u t also by th e  m ean 

in tensity  at every point along the ray and  therefore all of th e  rays passing th ro u g h  each 

point w ith all of th e  possib le angles. T his e x tra  coupling  is indicative of th e  general 

problem  involved in solving the R TE— to solve th e  intensity , along one ray  we need 

the  m ean in tensity . Jt,. a t  ever}" point and  ergo th e  so lu tion  to  the RTE a long  every 

ray th rough  every p o in t. M any m ethods have been designed to  solve th is  coupled , 

integro-differential eq u a tio n  problem, m any of which are  itera tive. T h e  in tro d u c tio n  

of n on-therm al sources is a  step tow ard b e tte r  tre a tm e n t of th e  source function . If we 

know the  source function  a t all points along th e  ray. th e  form al solution of th e  R T E  is 

given by solving Eqn. 2.3.

One ty p e  of sca tte rin g  source function is th e  equivalent two-level a to m  ap p ro x i

m ation (E T L A ). In E T L A , a  line transition  is tre a te d  as a scattering , ab so rp tio n  and  

re-em ission, o r as a  therm alization , absorp tion  followed by any  o th er outcom e th a n  re
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em ission of a photon a t th e  sam e w avelength. The relative ra te s  o f scattering , (1 — e^), 

an d  therm alization . e^, are  calculated by trea ting  the  tra n s itio n  as a  two-level atom . 

T h is  d iscards the  effects o f the  o ther levels in a atom  on  th e  transition  and  usually  

co n tin u u m  effects. T h e  large scale use o f independently  ca lcu la ted  ETLA  p aram eters  

can  im ply  an  inconsistent d istribu tion  of level occupation n u m b ers  in a  atom ic species. 

W hen  we require a sim ple source function th a t  is not pure  L T E , we choose a  single value 

for e for all line transitions trea ted  w ith  a  sca tte ring  source function .

2.3 Non-Local Thermodynamic Equilibrium

To consisten tly  trea t the  effects of every tran sitio n  in an  a to m ic  species on every o th er 

a to m  we m ust solve for th e  level populations o f each species. T h is  is known as non-Local 

T h erm o d y n am ic  E quilibrium  (NLTE). T h e  num ber of a b so rp tio n s  is no longer th e  sam e 

as th e  corresponding em issions and th e  num ber of a tom s o f any  ionic species in any 

a to m ic  level, the  level populations, is no longer given by th e  B oltzm ann therm al level 

p o p u la tio n s. To use a N LTE source function , the ra te  eq u a tio n s  containing all of the 

processes th a t  can affect th e  population of each level m ust b e  solved for each level. 

T h e re  are five basic rad ia tive processes an d  three basic collisional processes th a t affect 

th e  p o p u la tio n  of the atom ic levels. T h ey  are: radiative ex c ita tio n  (an absorbed photon 

excites an  a tom  from a  lower level to h igher level), rad ia tiv e  ionization (an absorbed  

ph o tu n  ionizes an ar.om,). spontaueoua em ission (an atom  in an  excited  level decays to a  

lower level em itting  a pho ton), s tim ulated  emission (an a to m  in an  excited s ta te  drops 

to  a  lower level em itting  a photon because a photon of th e  sam e energy stim ulates 

th e  tran s itio n ), and recom bination (an e lec tron  recombines w ith  an  ionized species and



em its  a  pho ton), co llisional excita tion  (an e lec tron - collides w ith  a  a tom  an d  excites the 

a to m  into a  h igher level), collisional de-excitation (an electron  collides w ith  an  excited 

a to m  and  removes energ}" lowering it into a lower level), and  collisional ionization (an 

electron  collides w ith  an  a tom  and  ionizes it).

A ra te  eq u a tio n  is w ritten  by including all of the  processes th a t a d d  o r su b trac t 

from the popu la tion  o f a  pm ticu la r atom ic level. All o f th e  term s in each equation 

depend  on the  p o p u la tio n  of the  initial s ta te  for each process and  the  re levant atom ic 

d a ta . Some processes also depend  on (rad ia tive  exc ita tion  and  ion ization  and  stim 

u la ted  em ission), th e  te m p e ra tu re  (the collisional processes), and  th e  e lec tro n  density 

(recom bination and  th e  collisional processes). T h e  full set of equations, one for each 

level, are non-linear an d  can be closed by m aking the  th e  level p opu lations, n,. time- 

independent. d n j d t  =  0. .A.fter calculating the  level popu lations, the  sou rce  function 

can be co n stru c ted  a t  each wavelength using the  com puted  level p o p u la tio n s . .Again, 

th e  solution to  th e  ra te  equations, needed to  calcu lated  th e  intensity, d ep en d s  on the 

angle in tegrated  in tensity .

W hen are N LTE effects im p o rtan t to calcu lating  the source function? If th e  radiation  

field incident on a  volum e of gas is P lanckian. w ith th e  sam e te m p e ra tu re  as

th e  gas. the level p o p u la tio n s  will are driven to  th e  B oltzm ann  form ula. If th e  collisional 

ra te s  w ith th erm a l e lec tro n s are very high and  d o m in a te  th e  ra te  eq u a tio n s , the  level 

populations will also  be B oltzm ann populations. If th e  collision ra te  w ith  therm al 

electrons are no t high enough to drive the level popu lations to a  B oltzm ann  d is trib u tio n  

an d  the rad ia tion  field is non-P lanckian or a t a  different tem p era tu re . N L T E  effects will 

change th e  source fu n c tio n  and  solution of th e  RTE, m aking  a  NLTE so u rce  function 

necessar}" to accu ra te ly  solve the  R TE and  th e  atm ospheric  problem .

“or other particle, b u t electrons are usually the dom inant source of collisions in ste lla r atmospheres 
because their flux is higher than  for other particles
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2.4 G eom etry and the Lorentz Transformation

S te lla r a tm osphere  problem s come in m any  different geom etries, therefore we need to 

express th e  RTE in various geometries- T h e  s ta n d a rd  form in a  p lane-paralle l geom etry  

uses z for the  perpend icu lar axis and  is defined along th a t axis. T h e  plane-paralle l 

R T E  is th en  w ritten  as:

^1/ ~  \ v l u -  (—i-2 )

o r w ith  th e  source function  an d  optical d ep th  as:

Olt,
(2.13)

For a  spherical geom etry  in spherical sy m m etry  th e  coordinate r  is th e  position  along 

the  rad ia l axis. T h e  spherically  sym m etric R T E  is w ritten  as:

d i
r  ( - U )

T h e  spherically  sym m etric  R TE (SSRTE) con tains an  additional te rm  for the  cu rv a tu re  

of th e  spherical geom etry.

For m oving atm ospheres we can ap p ly  a  Lorentz transfo rm ation  to th e  SSRTE

(E qn. 2.14) and  including th e  time d ep en d en t term s we get in th e  co-m oving fram e.
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or local rest frame for the matter:

+
1 +  ,J/£

d

+

+ 7 - ^ ( 1 +

r 2fi + 3(3 -  li^)

lu

V
+ 7 - ( l  +  fL- +  -f t [2̂ l +  J (  I +  ; r  | | ^  j-

=  Hiy -  \u3u-

(2.13)

(2.1G)

w here c is th e  speed of light. 3  =  v / c  is th e  velocity, and  - =  ( I -  3'-) h j y  tjn, Lorentz 

factor (M ihalas and  M ihalas 1984. Eqn. 95.80).
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Chapter 3

Expansion, Opacity, and Lines

T h e large expansion velocities of supernovae require specia l consideration  when m o d el

ing th e  atm ospheres and  sp ec tra .

3.1 Homologous Expansion

T h e  expansion o f SNe is so s tro n g  th a t the tra jec to ry  of a  parcel of gas can  be describ ed  

as ballistic. For any parcel th e  radius can be given as r  =  vt.  In  core-collapse SN e. 

th e  shock th a t  propels th e  explosion typically takes a b o u t a  day  to  b reak  th ro u g h  th e  

surface of th e  s ta r . In therm onuclear supernovae th e  b reak -ou t is faster. For th e  first 

few days, in terna l shocks p rov ide  forces on th e  ex p an d in g  gases as d o  rad ia tion  p ressu re  

forces in SNe. T h e  g rav ita tio n  self-attraction  is not im p o rtan t, an d  th e  gas parcels a re  

m oving m uch faster th an  th e  escape velocity' o f th e  SN . O nce th e  rad ia tion  p ressu re  

an d  in terna l shocks have dim in ished , the gas will ex p an d  w ithou t ex ternal forces a n d  

expansion will be hom ologous. O ne direct consequence o f hom ologous expansion is th a t  

th e  fastest expand ing  m ate ria l is always the fu rth est d is tan ce  from th e  center.

Hom ologous expansion has o th er consequences. For a  d is tan t observer, surfaces o f
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constan t line o f s ig h t velocity are p lan es  perpend icu lar to  the line of s ig h t. T h is  comes 

from  the the re la tio n  between velocity  and  radius, for planes of co n s ta n t d istance to 

th e  d istan t observer are aJso planes p erpend icu lar to  th e  line of sight. A hom ologously 

expanding  m ed ium  is like the ex p an d in g  universe, th e  points th a t are  eq u a lly  far away 

a re  moving away a t  an  equal velocity an d  more d is ta n t points are m oving away faster 

th a n  nearby p o in ts . T h e  supernova un iverse ' has a  H ubble  co n stan t' of 1/ t .  where t is 

th e  tim e since th e  explosion.

3.2 The Sobelev Approximation

A photon em itted  a t  one wavelength will appear to get redder to th e  m a tte r  it passes in 

th e  expanding gas. T h is  com plicates th e  solution to  th e  RTE since th e  m ean  in tensity  

an d  opacity, in th e  rest frame of th e  m a tte r , change as th e  beam  of light passes through 

th e  expanding a tm o sp h ere . O ne so lu tio n  is suggested by the  following gedanken  exper

im ent. Suppose a  pho ton  is em itted  from  deep w ith in  th e  a tm osphere of a  SN w ith an 

in itia l wavelength from  some initial rad iu s . Initially we will discard all b u t  line opacity. 

Since we are on ly  including line o p ac ity  th e  photon will travel freely u n til th e  m a tte r it 

passes through red -sh ifts  the original w avelength to th e  rest wavelength o f an  absorp tion  

line. If the line is w eak only a  sm all fraction  of our pho to n s might be s c a tte re d . If the 

line is strong th e  ph o to n  will be a lm ost always be ab so rb eu . VVe con tinue o u r  gedanken 

experim ent by assum ing  the  pho ton  is always re-em itted  by the a tom  a t  th e  absorbed 

wavelength (p u re  coherent sca tte rin g ). If the line is s tro n g , the ph o to n  is likely to  be 

re-absorbed by a n o th e r  nearby a to m . T h is will h ap p e n  repeated ly  u n til th e  photon 

finally wanders fa r enough away in velocity  space to  red-sh ift out o f resonance w ith the 

transition . T h e  p h o to n  will continue u n til it again red-shifts into resonance w ith an

o th e r transition . To know how s tro n g  each  resonance is we can ca lcu la ted  th e  Sobelev
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o p tica l d e p th  of a  line tran sitio n  in a  hom ologously expanding  a tm o sp h ere  (Sobolev 

1960: C as to r 1970: Jeffery and  B ranch  1990).

f  ~e ' - \

Q un iJ .
(3.1)

w here rii an d  are the  num ber densities of the lower and u p p er s ta te s  respectively, 

/  is th e  o scilla to r s tren g th , t is th e  tim e since explosion, and  th e  o th e r  sym bols have 

th e  usual m eanings. To be useful, th e  resonance region m ust be sm all enough th a t th e  

physical cond itions do not vary.

T h e  S obelev  optical d ep th , r^oh- can be used to  co n stru c t sp ec tra l synthesis codes. 

O ne such code is used by o thers a t  OU  called SYNOW (F isher 2000: H a ta n o  2000). SYNOW 

assum es a  sh a rp , blackbody photosphere . B oltzm ann level popu lations, and  only pu re  

sca tte rin g  line opacity  using Sobelev optical dep ths. T h e  user can  then  fit sp ec tra  

by choosing a  photospheric velocity an d  tem p era tu re , and  the ion ization  tem p era tu res  

an d  re la tive s tren g th s  of various ionic species. T h is  has proven to  b e  a  useful tool in 

ana lyz ing  SN sp ec tra . M onte C arlo  sjT ithetic sp ec tru m  codes can  also  be construc ted  

by following o u r gedanken experim en t. T h e  m ost de ta iled  to  d a te  is by Mazzali and  

L ucy (M azzali and  Lucy 1993: Lucy I999b.a: M azzali 2000) and  includes continuum  

opacity , th e rm a l equilibrium , an d  pho ton  b ranching  an d  th erm aliza tio n  (ra th er th a n  

pu re  scautering).

3.3 P Cygni Line Profiles

S p ec tra l line form ation  in expand ing  atm ospheres show th e  ch a rac te ris tic  shape first 

observed in th e  s ta r  P  Cygni: em ission peaks a t th e  rest wavelength a n d  corresponding 

blue sh ifted  absorp tions. We can th in k  of how these lines form in  expanding  a tm o 

spheres w ith  an o th e r gedanken experim en t. S ta rtin g  w ith  a  hom ologously expanding
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V

Figure 3.1: S chem atic  d iagram  of a SN photosphere a n d  line form ation. T h e  observer 
is on the  far left. T h e  A ' region is the  blue-shifted ab so rp tio n  region. T h e  ‘E ’ region 
is th e  em ission region. T h e  O ' region is the  occu lted  region wliicii is blocked by the  
photosphere . T h e  opaque region below the  pho tosphere is grey. T he vertical dashed  line 
is th e  p lane a t  rest relative to  the d is tan t observer. T h e  line below is a  pu re  sca tte rin g  
line form ed by th e  illu stra ted  a tm osphere . T he h o rizan ta l positions of the  planes of 
co n stan t velocity  relative to  th e  observer are aligned w ith  the  corresponding D oppler 
sh ifts  in th e  sam p le  F Cygni line. Special thanks to  K azu h ito  H atano for th is figure.
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a tm o sp h ere  w ith only a single line transition  for opacity, we add  a  sh a rp  photosphere 

em ittin g  som e sm ooth  sp ec tru m  (a b lackbody is fine) and an  o u te r  edge (for sim plic

ity). W e can  divide this a tm osphere  into regions: an  occulted region which is blocked 

from th e  observer line of sight by the pho tosphere , an  absorp tion  region between the 

observer an d  the  photosphere, and  an annulus aro u n d  the  cylinder con tain ing  the pho

tosphere. absorp tion , and  occulted  regions, th is is th e  sca tte ring  or em ission region (see 

Figure 3.1). T h e  photosphere creates a  base con tinuum  level and  th e  ab so rp tio n  region, 

which is all moving tow ard the  observer, creates an  absorp tion  b luew ard  of the rest 

w avelength. Aq. T he sca tte rin g  region em its pho tons th a t were sca tte red  toward the 

observer. T h e  scattered  photons have points of last sca tte ring  th a t  were b o th  moving 

tow ard an d  away from th e  observer and the  volum e of th e  last sca tte rin g  region at any 

line of sigh t velocity changes, being largest a t th e  zero velocity. T h is  m akes the line 

spread from  large blue- to  large red-shifts w ith peak emission a t th e  rest wavelength. 

Ao. W hen th e  emission an d  th e  absorption  com ponen ts are ad d ed  th e  P Cygni line 

profile has th e  characteristic  blue-shifted ab so rp tio n  an d  the em ission peak  a t the rest 

w avelength of the line (th ere  is no absorp tion  a t th e  rest w avelength). T h is  does not tell 

the whole s to ry  since m ost SN features are blends of (a t best) a  s tro n g  Une and  m any 

weak lines an d  frequently are  blends of m any s tro n g  lines often o f d ifferent elem ents. A 

very d e ta iled  discussion of th e  variations in P C ygni line profiles, includ ing  density  pro

file effects, a tm osphere sh ap e  effects, m ulti-line b lend ing  effects, an d  shells of m aterial 

detached  from  the photosphere, can be found in Jeffery  and  B ranch (1990). C ontinuum  

opacity. N L T E  effects, and  th e  non-existence of a  tru e  photosphere a re  add itional com

plications. D espite these com plications, this th in k in g  abou t the  fo rm ation  of P Cygni 

lines is q u ite  useful to und erstan d in g  SN spec tra .
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3.4 Expansion Opacity

To solve the  evolution of the  tem p era tu re , lum inosity, and  sp ec tra l sh ap e  of a  supernova 

all existing calculations o fS N  light curves have involved single- o r m ulti-group rad ia tion  

hydrodynam ics (R H D ). S ingle-group RHD needs a  single value for th e  opacity  a t each 

radial point, and innlti-gruup needs one value for eacii frecpiency group . T he groups are 

broad bands of frequency space and  m odels typically  use 20-100 groups. T h e  opacity  

needed to  m ake accu ra te  calculations depend on the  ac tua l so lu tion  to  the  RTE except 

when rad iative diffusion is th e  ap p ro p ria te  so lu tion  (i.e.. deep in th e  a tm osphere below 

th e  •photosphere'). T his is tru e  of the deeper layers in SN'o. T h a t  is un til they become 

transparen t! E xpanding  ob jec ts  have an o th er com plication, th e  s tro n g  streng then ing  

of line opacity  by the velocity gradient (§ 3.2). To account for th is  we can calculate 

expansion opacities to  replace the  type of m ean opacities used in RHD calculations 

for objects th a t d o n 't have stro n g  velocity grad ien ts. .An expansion  opacity  in the  

Eulerian fram e was developed by K arp  et al. (1977). .A co-m oving. or Lagrangian 

fram e. Rosseland m ean op ac ity  was developed by Baron et al. (1996b).
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Chapter 4

Temperature Correction and 

Evolution

To ca lcu la te  th e  tem p era tu re  s tru c tu re  in energ}' balance in th e  ste lla r a tm o sp h ere  I 

will first have to  derive th e  m om ents of th e  rad ia tive tran sp o rt equa tion  (R T E ) an d  

then  the  tem p era tu re  correction  procedure, I also propose a  new m ethod  for so lving 

the  te m p e ra tu re  and  lum inosity  evolution of supernovae using a  m odification o f th is  

m ethod.

4.1 M om ents o f the Radiative Transfer Equation

I s ta r t  w ith  th e  full RTE for spherically  sy m m etric  flows w ritten  in th e  co-moving fram e 

(E qn. 2.15) as derived in M ihalas and  M ihalas (1984) using com plete derivatives for th e  

term s con tain ing  d / d ^  an d  d / d u .  W hen in teg ra ted  by y. and  v  respectively  these te rm s  

will vanish since they have zero valued su rface  term s. T he variables have th e  usual 

values used in radiative tra n sp o r t and o th e r  fields: c is the  speed  o f light: 3  =  v/c .  

where v is th e  velocity: 7 =  (1 — d '-)~C '.2 is th e  Lorentz factor: r  is the  rad ius: y  is
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the u n it vector pro jection  of th e  ray  to  th e  norm al to  the  sphere  of constan t radius: 

L  is th e  in tensity  a t frequency u: J^ .  Hi,. K„.  an d  are th e  ze ro th , first, second, 

and  th ird  a n g u la r  m om ents of Ii,. respectively  (Eqns. 2.8. 2.9. 2.10. &: 2 .II ) :  is th e

m onochrom atic  em issivity; and  \ i ,  is th e  m onochrom atic ex tinction .

T h e  first s te p  is to  com pute th e  m onochrom atic ze ro th  and  first m om ent equations. 

T h e  m onochrom atic  zeroth  m om ent

].dJ„ 3 d  Hi, ^dJi, l d { r - H )
c~ dF  +  c ~ â T

3{Ji, -  Ki. 0 3 I 0 3
+  -r 3Hi , )— r  ~~{Hi, -f- 3 [ \ i , ) -  —

r Or c Ot

-f + A'. + 23H i,)^  + y\2Hi, + J(./, 4- A 'J ) ^  
r  or  Ot

= >lu -  Xu-Kiiv

(4.1)

is the  in teg ra tio n  of Eqn. 2.15 w ith  respect to T h e  m onochrom atic  first m om ent

\ 0 H „  A O K i ,  0 H i , \ 0 { r - K )
+  J    h J

c Ot c Ot Or r-  Or

—  -  +  7 -(iV . +  3 K „ } ^  +  7 -(A '. +  J A 'V ) - ^
r  o r  c at

3{3H„  -  ^  ^  +  2 3 K i , ) ^  +  f ( 2 A ' ,  +  i ( / / ,  +  A ' J ) ^
r  O r Ot

=  - \ u H „ d u

is th e  in teg ra tio n  of Eqn. 2.15 m ultip lied  by n  w ith  respect to  ji.

In teg ra tin g  th e  m onochrom atic m om ents by v  gives th e  zero th  m om ent.

(4.2
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\ d j  a j  3  OH  \ d { r - H )
-r 3 —  +  :------- ’ '

c d t  dr  c d t r-  d r

+ 7 (3 J  -  A') -  +  ~ ; \ J  +  A  +  2 3 H ) ^  -f - r ( 2 H  -r 3 { J  +  A ' ) ) ^  
r  d r  d t

r , .
=  J  'lu -

(4.3)

an d  th e  first m om ent.

- ( 3 / /  -  .V)
r

\ d H  d H  A d K  \ d { r - K )
 ̂•'~d7 * ĉ~âT  ̂7^~ôT

[H +  -r '2 J /v  ) 7T r + .1{H T  A )) " ^
d r  d t

(4.5)

(4.6)

A dding  the assu m p tio n  of tim e-independence. d l i , / d t  =  Ü. th e  zerotii m om ent 

(E qn . 4.3) is w ritten  as

+ 7

' d J  I d ( r - H )
"0“  4- — — 7-----o r  r -  o r

(33  -  A') -  4- r i J  +  A  -f 2 3 H ) ^  
r o r

= j  lu- Xu-Judu.
(4.7)

an d  th e  first m om ent (E qn . 4.5) is w ritten  as

d H  l d ( r - K  
+  ; ^d r

~ ( 3 H  -  :V) 4- 7 -( A  4- N  f  2 3 K ) ^  
r d r

= -  x ^H ^d u .

(4.8)
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For the derivation o f th e  tem p e ra tu re  correction it is useful to  reduce th e  R T E  and 

m om ents to  0 ( 3 ) .  To 0 ( 3 ) .  the R T E  (E qn . 2.15) is

+

+  (1 -  M')

■ . , 3  3 3  3
"  ' 7  ■  '  7

. 3  3 3 ^  I 1 8 J 1  31^
" ' 7 - 3 7 '  +  7 - : a 7 j

r _ ^ _  3 3  31 ,
1 3  In t/ '' j  3 t  3  [au

—  Hu \ v ^ v

(4.9)

To 0 { 3 ) .  the zeroth m om ent of the R TE is

I a /  3.1 \ 3 ( r - H )  3
 r  3 ----  H-------- :----  ' ■
c 3 t  3 r  r- 3 r f  4 - . /  -  J  Hu - \ , 3 , 3 u . (4.10)

a n d  the  first m om ent o f th e  RTE is

(4.11)

W ith  tim e-independence an d  to  0 ( 3 ) .  th e  zero th  m om ent o f the  RTE is

3 J  1 d ( r - f f )  J ,  f
+  4 - J  -  y  r?, -  x M u . (4.12)

a n d  th e  first m om ent o f th e  RTE is

3 H  3 K  3 / v - J
3 ^  +  ^  + ------------3 r  3 r  r r - I

\ , H , d u . (4.13)
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4.2 Unsôld-Lucy Temperature Correction Scheme

To converge th e  te m p e ra tu re  s tru c tu re  of a  m odel a tm osphere  requires a  m echanism  

for correcting  erro rs in th e  in itial assum ptions. O ne com m on technique for rad ia tive

balance convergence is th e  U nsold-Lucy te m p e ra tu re  correction scheme. I will show a

s tan d a rd  dcriv a tiu u  fur e.tpanding  spherical a tm ospheres used m PHOENIX.

T h e first m om ent of th e  spherically  sym m etric , s ta tic  rad ia tive tran sfe r eq u a tio n  to 

0 ( 3 )  can be w ritten

^  ,4 .,4 ,

W hen frequency in teg ra ted  th e  result is

3 ^  =  ,4.15)

where we define th e  flux m ean ex tinction

\ F =  J  (4.16)

the  E dd ing ton  facto r =  K ^ / J y .  an d  th e  spheric ity  factor, q such th a t

In(rV) = /  ^d /  + ln r;^ e (4.17)
* ' cure ^ J If

and  Tcore is th e  inner rad ius of th e  m odel atm osphere . T h e  m onochrom atic  zeroth  

m om ent is

=  - \ u r \ J u  -  5 . ) .  (4.18)
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and the frequency integrated version is

K j r - J  =  K p r ' S  -  (4 . 19)

In teg rating  E qn. 4.15 from any  specific rad ius in th e  a tm osphere to  th e  ex ternal bound

ary, R.  gives

^ < j f i r ) q i r ) r - J ( r )  = - K j  [  q{r’)r ' ' -XFir ' )H{r’)dr'  + 2 K j f { r ) q ( r ) r - H ( R ) .  (4.20)
JR

S u b stitu tin g  Eqn. 4.19 into E qn. 4.20 and  re-arrang ing  gives

K-pS[r) =  — q{r' )r' ' -xp{r’) H { r ' ) d r ' ~ 2 k j H {R )  + ^ ^ { r - H { r ) )  (4.21)
f ( r ) q { r ) r - J n  r - d r

Now w rite  th e  equation  for th e  ideal, converged case where 5 ( r )  =  C ( r )  -r A S ( r ) .  noting 

th a t the d ivergence of th e  lum inosity. r'-Ho. is zero, where Ho is th e  'ta rg e t ' E dd ington  

flux ca lcu la ted  by in teg ra ting  E qn . 4.7.

Kp [B(r)  +  A B (r ) | =  r y  ■ f  q { r ' y \ p { r ' ) H o ( r ' ) d r ’ +  2 k j H o ( R )  (4.22) 
f { r ) q { r ] r -  Jp

Now s u b tra c t  E qn. 4.21 from  E qn . 4.22 to get th e  approx im ate expression  for A S ,

K p A B { r )  % y  f  g ( r ') / - % f ( / ) ( ^ o ( r ')  -  H { r ' ) )d r '  
f ( r ) q { r ) r -  J r

+ 2 k j {Ho(R)  -  H { R ) )  -  L ^ y - H { r ) ) .  (4.23)
r -  or

R e-arrang ing  th e  expression an d  replacing th e  ^ ^ ( r ' - / / ( r ) )  te rm  w ith  th e  equivalent 

from th e  ze ro th  m om ent (E qn . 4.20) gives th e  resu lting  expression for change in the
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Planck function.

A 5  % —  I k jJT  — KpB  +  -— ]
K p  \  A ~ )

— — — ’Ho (R ))  + —  f  \ p { T i  — H o ) d r ' \ . (4.24)
K-p I f q  J r )

w here B  =  r ~ B . J  = r - J . H  = r~H.  and S  = r~S. S  is th e  non-therm ai energ}' 

deposition  from 7 -rays per volum e. It enters the  energ}' balance as a  positive source of 

energ}'. W ith  7- ray deposition  th e re  is energy balance ra th e r  th a n  rad ia tive equilibrium . 

T h e  rad ia tive energ}' th a t  flows o u t o f a  volume is equal to  the  inflow plus the  deposited  

7 -ray  energ}'.

4.3 An Evolving Temperature Structure

To solve the  evolution  of the te m p e ra tu re  s tru c tu re  and  the lum inosity  of the  supernova, 

o r o th e r ob ject, requires inclusion o f th e  tim e-dependent term s into the U nsold-Lucy 

te m p e ra tu re  correction and coupling of the  m atte r energ}' an d  rad ia tion  energ}' equa

tions. T h e  F irst Law of T herm odynam ics for rad ia ting  gas is w ritten  as (from  M ihalas 

an d  M ihalas 1984. Eqn. 96.9)

1 D_
c D t

w here -̂§1 = is the L agrangian  derivative, e is th e  m a tte r  energ}' per g ram .

p  is th e  gas pressure, an d  p is th e  density. T he equation  describ ing the  m a tte r  energ}' 

is w ritten  as (from  M ihalas and M ihalas 1984. Eqn. 96.7)

I D e ^ p _ D  / I
c D t  c D t  \ p  J I  r -
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where the heating of the gas bv radiation is

Q  =  J { c X i , E ^  - (4.27)

T his can also be w ritten  in term s of the m a tte r  q u an titie s  as

Q  =  —S  +  p
I D e  p D ( \  
c~Dt ^  c D t  U

(4.28)

T h e  zero th  m om ent eq u a tio n  of the RTE to 0 ( 3 )  (E qn . 4.10 can be w ritten

I I I D o , 1 d ( r - H )
c r- c D t  r - o r

= J  T]̂  -  XiJudu. (4.29)

Eqn. 4.19 can  be rew ritten  as

■’ r ’ c  ^  ' I I  I E )  )K j r ~ J  = K p r ' S  — — r ‘ / i  —  r~J.
o r  c D t

(4.30)

and  used to  derive th e  U nsold-Lucy tem p era tu re  correction . S u b s titu tin g  Eqn. 4.30 

in to  Eqn. 4.20 gives E qn . 4.21 (plus the  add itional tim e derivative of J ) .  W riting  

th e  eq u a tio n  for the converged case (like E qn. 4.22). {d/dr ) 'H  is no longer zero, b u t 

{d/dr ) 'H  -i- { \ / c) {D/ D t ) J  = QjAn.  Eqn. 4.22 has th e  add itional te rm . —Q /4 - .  T h e  

new expression fur th e  co rrec tion  Lu the P lanck  function  is

A 5  % —  I K j J  — K p B  -f —— — 
K p  \  4 -  ^

{ 2 (H (i? )  -  K o iR ) )  + X F i n  -  n o ) d r ' j (4.31)

w here Q — r~Q.

34



Chapter 5

PHOENIX

All o f the  w ork I have undertaken  in this thesis (except C h ap te r  I I )  requires th e  solution 

to  th e  rad ia tiv e  tran sp o rt equation  (R T E . E qn. 2.15) to  ca lcu la te  m odel a tm ospheres 

and  sy n th e tic  sp ec tra . For supernovae, th e  special re la tiv ity  including D oppler shift, 

advection. an d  ab e rra tio n  are  im p o rtan t an d  m ust no t be neglected (see B aron e t al. 

1996b. for a  d iscussion). For these calcu lations I have used th e  general non-LTE ste lla r 

atm ospheres co m p u ter code PHOENIX (H auschild t 1992. 1993: H auschild t an d  Baron 

1995; H ausch ild t e t al. 1995; A llard and  H auschild t 1995: H ausch ild t e t al. 1996; B aron 

et al. 1996c; H ausch ild t e t al. 1997; B aron an d  H ausch ild t 1998). In add ition  to  p roper 

trea tm en t of special relativ ity , PHOENIX uses large lists o f b o th  a tom ic an d  m olecular 

lines for line b lanketing  in b o th  LTE and  N LTE trea tm e n ts . PHOENIX can also solve 

the  ra te  eq u a tio n s (§ 2.3) for several dozen ionic species of m any elem ents. PHOENIX 

has been used  to  com pute m odel atm ospheres an d  sy n th e tic  sp e c tra  for m any ty p es  of 

ob jects includ ing  novae, supernovae, hot s ta r  w inds, g ian t s ta rs  from  O to M an d  dw arf 

s ta rs  from  p lanetar} ' nebulae cen tral s ta rs  th ro u g h  w hite  dw arfs, O  to  M dw arfs, brow n 

dwarfs, all th e  way to  g ian t p lanets. PHOENIX has been op tim ized  for para lliza tion  in 

m any of its  ta sk s  and  used on num erous com pu ters from  single processor w orksta tions
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(even lap tops) to  th e  massively p ara lle l supercom puters w ith  hundreds o f  processors.^ 

In  th e  nex t few sections I describe th e  nested  solution u sed  in  PHOENIX to  ca lcu la te  the 

in terd ep en d en t tem p era tu re  and  level popu lation  so lu tions which jie ld  th e  opac ities  and 

rad ia tiv e  q u an titie s  th a t  are used to  com pu te  the sy n th e tic  sp ec tra  an d  a lso  needed to 

solve th e  th e  tem p e ra tu re  and  level populations. A d e ta iled  review of th e se  techniques, 

focusing on th e  expand ing  a tm o sp h eres problem , is fo u n d  in H ausch ild t an d  Baron 

(1999).

5.1  R ad ia tive  T ransport E quation

T h e  inner loop in PHOENIX is the  w avelength loop w here th e  RTE is so lved an d  wave

len g th  dependen t quan tities are  ca lcu la ted  from the so lu tio n . In a m o no ton ica lly  ex

p an d in g  a tm o sp h ere  where tim e-independence is assum ed, d l y j d t  =  0 . th e  source  func

tion  a t  any w avelength depends on th e  intensities a t th e  w avelength b e in g  calculated 

an d  b lu er w avelengths since pho tons can  only  red-shift a n d  no t blue-shift in to  th e  wave

len g th  being calcu lated . Since th e  in tensities are the  so lu tio n  to the  ca lcu la tio n s , the 

p rob lem  is efficiently calculated s ta r t in g  w ith the b lu est w avelength a n d  proceeding 

to  th e  reddest. T h e  source function  is calculated using  th e  abso rp tion  a n d  emission 

from  th e  tem p era tu res  and  level p o p u la tio n s of the p rev ious itera tion . T h e  la s t quan

tity  needed tu calcu late  th e  source function , 5a, is th e  m ean  intensity, J \ ,  b u t  J \  is a  

fu n c tio n  o f S \  as well. T he R TE can  b e  w ritten  as

A  =  Aa5 a, (5.1)

R alm ost got it to  compile (and then  run) on my Power Mac Clone running Linux w ith, but I 
cou ldn 't find the flags to compile two routines containing non-default sized in te g e r  variables used to 
read the  line list files properly in the pdf docum entation before the tr ia l license ran o u t for th e  FORTRAN 

90 compiler I used.
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w here A,\ is th e  A -operato r which solves the  RTE in th is form . D ropping th e  A su b scrip ts  

for simplicity, A, can b e  used itera tively  to  solve th e  tra n sp o r t equation , u p d a tin g  th e  

new solution from th e  old as

*Ateu; — (d.2 )

Snew call tlieii be calculated  fluui Jnew  cJufuiLuuately. inform ation only p ropagates 

J r  ~  1 per itera tion . P roblem s th a t de-couple J  from  th e  therm al pool, B .  a t large 

op tica l dep ths, t \ ,  like strong  sca tte ring , make th e  A -itera tion  m ethod  prohib itively  

costly. T h e  solution is to  b reak  th e  A -operator into two p a rts  including th e  sim pler 

app rox im ate  A -operator (ALO) A*.

A =  A ' 4- (A -  A"). (5.3)

T h e  approxim ate A -iteration (ALI) is w ritten  as

J n e w  =  A*5„eu, +  (A -  i V ) S o U -  (5.4)

For the  sca tte rin g  source function, this becomes

[1 -  A*(l  -  e)]JneiD =  A5oW -  A*(l  -  e)Joid- (5.5)

By inverting th e  new o p e ra to r on Jnew and  apply ing  it to  th e  right h an d  side of th e  

E qn . 5.5 J  can be converged w ith  m any fewer steps th a n  w ith  E qn. 5.2. T h is  will 

tak e  less com putations if the  inversion is quick an d  th e  con stru c tio n  o f A* is no t tim e- 

consum ing. Typically  th e  ALO, A*, is chosen to  be narrow  in band  w id th , diagonal, 

trid iagonal, etc.. for th e  fastest inversion balanced by th e  num ber of ite ra tio n s  required  

for convergence. A fter convergence of J  and  S  the  form al so lu tion  of th e  R T E  is com 
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p u ted  from th e  source  function (E qn. 2.1) an d  used to  com pute th e  various m om ents 

an d  rad ia tive ra tes.

5.2  R ate  E quations

O nce the  waveleiiglh loop is cuuipleted and  die rales dep en d en t on th e  ra d ia tio n  field are 

com pu ted . PHOENIX can solve the  ra te  equations for th e  new level p o p u la tio n s . T h e  ra te  

eq u a tio n s  (§ 2.3) d ep en d  on the tem p era tu re , electron density. Mg, an d  th e  upw ard, Rij,  

an d  dowmward rad ia tiv e  rates. A ra te -o p era to r, for upw ard tran s itio n s  analogous 

to  th e  .\-o p e ra to r is defined as

R,j  =  (5.6)

w here [n] is th e  vec to r containing all level popu lations a t  all points in  th e  atm osphere. 

B ecause of the coup ling  of all levels w ith each o th er, an  app rox im ate  ra te -operato r, 

is defined as =  [R'j] +  -  [/2,j]) =  [^ ,j]  +  w ith  a  corresponding

eq u a tio n  for the  dow nw ard radiative ra tes. T h e  ra te  is now rew ritten  as

(5.7)

T h e  ra te  equa tions can then be rew ritten  in term s o f an d  re-arranged  and

th e  [/i*j|[nneu;]-containing term s are inverted . T h e  so lu tio n  is converged'to 'SoIve for the  

level popu lations, n^, an d  a new electron  density, rig, w hich was held fixed. T h e  inverted 

ra te  equations are  solved again w ith th e  new  Ug an d  rep ea ted  until th e  convergence of 

rzg an d  n , m eet som e convergence crite ria . T hen  th e  tem p era tu re  co rrec tio n  is applied 

(§ 4.2) an d  the  R T E  is solved again using th e  new level populations an d  tem pera tu res. 

T h is  is repeated  u n til convergence of th e  tem p era tu re  s tru c tu re  is satisfactorv*.
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5.3  M od elin g  P aram eters

For all of the  m odel atm ospheres ca lcu la ted  and sy n th e tic  sp ec tra  presented here th e re  

a re  som e basic p aram ete rs  th a t  have been  used in m odeling. Each m odel atom  includes 

p rim ary  N LTE tran sitio n s, which are  used to  calculate th e  level p o pu la tions and opacity, 

an d  w eaker secondary  N L TE  tran sitio n s  which ore a re  included in the  opacity  and  

im plicitly  affect th e  ra te  equations v ia  th e ir effect on  th e  so lu tion  to  the  tra n sp o r t 

eq u a tio n , b u t are n o t explicitly  included in  th e  so lu tion  o f th e  ra te  equations. In ad d itio n  

to  th e  N LTE tran sitio n s, a  num ber of LTE line opacities for a tom ic  species not tre a ted  

in N L T E are trea ted  w ith  th e  ETLA  source function, using  a  therm aliza tion  p aram eter. 

Q o r e =  0.1. as in N ugent et al. (1997) for LTE lines for all m odels. A pproxim ately  

0.5 m illion or m ore background lines are  included in  all o f th e  m odels. T h e  lines are  

selected  which are s tro n g er th an  som e m ultip le of th e  local con tinuum  opacity  in several 

rad ia l points. T h e  rad ia l po in ts are chosen to  get background opacity  fully sam pled  for 

all th e  of relevant com positions and  ionic stru c tu res . C a re  is norm ally  taken  to  avoid 

line selection in the  very  opaque Fe-rich cores which c o n trib u te  m illions of lines from  

m ultip ly  iron group ions th a t  only affect th e  optically  th ick  layers, b u t can unnecessarily  

increase th e  co m p u ta tio n al effort w ith  o u t affecting th e  o u tp u t sp ec tra . T h e  m odels w ith  

sem i-tran sp a ren t Fe-cores do need th e  line selection in th e  cores to  get accura te  opacity , 

tem p era tu res , and  o u tp u t  sp ec tra . T h e  atm ospheres a re  ite ra te d  to  energy balance in 

th e  co-m oving fram e,

7 d { r - H )  a j
r -  d r  dr

S
- ( 3 J  - K )  +  r ~ { J  +  K  + 2 p H )
r  o r 47T

(5.8)
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T h is  equation neglects th e  explicit effects of tim e d ep en d en ce  in the  ra d ia tio n  tran sp o rt 

eq u a tio n , however th e  te rm  on th e  right hand  side im p lic itly  includes th e  effects of 7 -ray 

hea ting .

T h e  m odels are  p aram eterized  only by th e  day, w hich determ ine th e  radii and  

am o u n t of radioactive decay, an d  by the  lum inosity  param eter, t], w hich  is defined 

as,

Lm  =  .

w here is th e  instan taneous deposition  of rad ioac tive  decay 7-ray  energy. T h e  

deposition  of 7 -rays is determ ined  by solving a  grey tra n s p o r t  equation  (N ugen t 1997: 

N ugen t et al. 1997: S u th erlan d  and  W heeler 1984) as a  function  of tim e, u sin g  th e  single 

A -itera tion  technique of N ugent (1997) which is based on th e  m ethod o f S u th e rlan d  and  

W heeler (1984). We used an  effective 7-ray opacity , k~, =  0.06 Yg c m ’ g~^ (Colgate 

e t al. 1980) for all calculations. I have tested , in a  few m odels, an  u p d a te d  m ethod for 

ca lcu la ting  th e  7 - ray deposition  using a  solution of th e  spherically  sy m m etric  radiative 

tran sfe r equation for 7 -rays w ith PHOENIX, an d  found  no difference in deposition  or 

tem p e ra tu re  convergence relative to  the  older m eth o d  (see .Appendix A ). T h is  approach 

has been shown to  be of sufficient accuracy  for use in a tm o p h eric  models, w hen  com pared 

to  d eta iled  M onte C arlo  calcu lations (Swartz e t al. 1995).

T h ere  are two different inner b o u n d ary  cond itions in  PHOENIX for SN m odels. For 

m odels which are op tically  th ick  a t  the  core, there  is a  diffusive inner b o u n d a ry  condi

tio n . T h is is used for th e  SNe II m odels in § 10 an d  SN e la  models u p  to  20-30  days 

a f te r  explosion. If  th e  to ta l optical dep th , r^td , is la rg er th a n  3 the  ra d ia tio n  field will 

be  approx im ate ly  diffusive a t the  inner boundary. For m odels which have a  lower to tal 

o p tica l depth , a  'n e b u la r ' inner b o u n d ary  is m ore a p p ro p ria te . T h e  n eb u la r boundary" 

cond ition  takes th e  dow nw ard in tensity  of any  ray  an d  assum es th a t it passes unim peded
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th ro u g h  the  core o f th e  atm osphere, becom ing th e  upw ard in tensity  on th e  o th e r side, 

w ith  only  the  necessary  Lorentz transfo rm ation .

5 .3 .1  V ersion 9 .1

T h e  p ro jec ts  th a t w ere s ta rted  earlier (C h ap te rs  6 and  8 ) use version 9 .1  of PHOENIX. In 

version 9 .1  the  following species have been tre a te d  in NLTE: H I (10 levels/37 tran s i

tio n s), He I (19 /37), He 11(10/45), C I (228/1387), O I (36 /66), Ne I (26 /37 ), N a I (3 /2 ), 

M g II (73/340). Si II (93/436), S II (84 /444), T i II (204/2399). Fe II (617/13675), and  

Co II (255/2725).

5 .3 .2  V ersion 10 .x

Version 1 0 .8  is used in C h ap ter 7. T he d iscre tization  of th e  d / d \  te rm  has been changed 

to  co rrec t problem s w ith  the  line shapes in fast s tellar winds. T h is , o r som e o th e r 

m odification, has m ade the  code more sensitive to the  Tstd , or û r / r ,  d iscre tization  a t 

th e  inner boundary. T h e  N a I atom  has been im proved to  53 levels an d  142 transitions. 

Version 1 0 .7  is also used in C hapter 10 w ith  NLTE species ap p ro p ria te  to  hydrogen 

rich com positions. C h ap te r 9 uses 1 0 .8  hybrid ized  with the  s tru c tu ra lly  m odified R TE 

solver (does not affect results) described in A ppend ix  A. and  only H I, He I, an d  He II.
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Part II

A nalysis of Type la  Supernovae
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Chapter 6

SN  1994D in NGC 4526

VVe have fit the  norm al, well observed. T ype la  Supernova SN 1994D w ith  non-LTE 

sp e c tra  of th e  deflagration m odel W7.^ We find th a t well before m axim um  lum inosity 

W 7 fits th e  optical sp ec tra  of SN 1994D. After m axim um  brightness th e  quality  of the  

fits weakens as the  sp ec tru m  form s in a  core rich in iron peak elem ents. We show the 

basic s tru c tu re  of W 7 to be rep resen ta tive  of the  typical SN la . We have shown th a t 

like W 7. th e  typical SN la  has a  layer of unburned  C 4 -0  com position  a t  v  >  15000 

km  s ' l .  followed by layers o f C -b u rn ed  and 0 -b u rn e d  m ateria l w ith  a  d en sity  s tru c tu re  

s im ilar to  W 7. We presen t U V O IR  syn thetic  pho tom etry  an d  colors an d  com pare w ith 

observation . We have com puted  th e  d istance to  th e  host galaxy, N G C  4526, ob tain ing 

a  d is tan ce  m odulus o i  fi =  30.8 ±  O.3.- We discuss fu r th e r ap p lica tio n  o f this direct 

m easurem ent o f SNe la  d istances. We also discuss som e sim ple m odifications to W 7 

th a t  could  im prove th e  quality  o f th e  fits to the  observations.

‘T he work in this chapter is being published with my collaborators in Lentz e t al. (2001b). 
"In this Chapter, fi is the distance m odulus, the distance in astronom ical m agnitude units.
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6.1 In trod u ction

SN 1994D. in N G C 4526. was discovered 2 weeks before m axim um  brightness (Treffers 

e t al. 1994). It was one of th e  best observed SNe la. w ith near-daily  sp ec tra  s ta r t in g  

12 days before m axim um  brigh tness (-12 days) and  continuing th ro u g h o u t th e  p h o to - 

spheric  phase. SN 1994D has been weii observed phocom ecricaiiy (R ichm ond et ai. 1995; 

P a ta t  e t al. 1996: Meikle e t al. 1996; Tsvetkov an d  Pavlyuk 1995) an d  spectroscopically  

(F ilippenko  1997c; P a ta t  e t al. 1996; Meikle e t al. 1996). W ang e t al. (1997b) found  no 

significant po larization  in SN 1994D 10 days before m axim um  light. G um m ing e t al. 

(1996) placed a  limit on a  solar-com position progenitor wind of 1.5 x 10“ '’ M.t) y r “  ̂

for a  10 km  s " '  wind. SN 1994D has been previously m odeled w ith  syn thetic  sp e c tra  

an d  light curves by several g roups (H atano et al. 1999; Hoflich 1995; M eikle et al. 1996; 

M azzali an d  Lucy 1998).

SN e la  w ith  spec tra l coverage this frequent and  early  are still q u ite  rare, o th e r 

SNe la  w ith  excellent sp ec tra l coverage are; SN 1989B (Wells e t al. 1994), discovered 

ap p ro x im ate ly  7 days before m axim um  light. SN 1996X (Salvo e t al. 2000), discovered 

6 days before m axim um  light, and  SN 1998bu (Jh a  e t al. 1999; H ernandez et al. 2000), 

discovered 10 days before m axim um  light. B o th  of these well observed, norm al SN e la  

were d iscovered afte r th e  phase in SN 1994D when daily  spec tra l coverage had  a lread y  

begun . T h is  aspect of th e  available d a ta  for SN  1994D m a k e it  still th e  best can d id a te  

for d e ta iled , m ulti-epoch sp ec tru m  synthesis of th e  photospheric phase, especially  a t 

th e  ea rliest d a tes . T h is deta iled  and  early se t o f sp ec tra  allow us to  p ro b e  the  sp e c tru m  

fo rm ation  a t  early  epochs, an d  therefore th e  o u te rm o st layers o f th e  supernova.

T h e  m odel W 7 was p repared  by hom ologous expansion using a  rise tim e o f 20 days 

a f te r  explosion to  m axim um  light (e.g., Riess e t al. 2000; A ldering e t al. 2000). T h e  

hydrodvTiam ic o u tp u t was ex tended  from ~  24000 km  s~^ to  30000 km  s “  ̂ w ith  th e
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un b u rn ed  C + 0  white dw arf com position as in previous PHOENIX ca lcu la tions using W 7 

(N ugent e t al. 1997; N ugent 1997, also in C h ap te rs  8 & 9). At each epoch , we have fit th e  

lum inosity  to  m atch th e  sh ap e  an d  color of th e  observations, while solv ing for th e  energy  

balance an d  converged NLTE ra te  equations. To fit th e  spec tra , a f te r  having fixed th e  

d a te  of explosion (20 days before m axim um  brightness in B), th e  m odel (W 7), an d  

the  N LTE species, the only p aram ete r we allow to  vary is the  bo lom etric  lum inosity  

of th e  m odel. We have found th a t  w ith lum inosity  changes of less th an  20% it is 

difficult to  discern  differences in th e  quality  o f th e  fit, except in ce rta in  cases w ith good  

observed sp ec tra l coverage an d  good syn thetic  sp ec tra l fits. T his corresponds to  ab o u t 

5% differences in tem pera tu re  an d  ab o u t 0.2 m agnitudes in th e  abso lu te  lum inosity  

ca lib ra tion . T h is  m ethod is sensitive to  much sm aller variations o f o rd e r 0.02 m ag w hen 

applied  to  SNe II (R. M itchell et al., E. B aron et al., in p repara tion ).

6.2 S y n th etic  S pectra

We have ca lcu lated  syn thetic  sp ec tra  from -12 days afte r m axim um  light (day 8 af

te r explosion) to  12 days afte r m axim um  light (day 32 after explosion). T h e  p lo tted  

sy n th e tic  sp e c tra  have been m ultip lied  by an  a rb itra ry  constan t to  give the  best fit 

to  th e  de-redsh ifted  and  de-reddened  observation . We have ad o p ted  th e  reddening, 

E { B  -  V') =  0.06, of P a ta t e t al. (1996). T h e  quo ted  erro r, ±0.02, is consistent w ith  th e  

o th e r e s tim ates  of E { B  — V)  (cf. D renkhahn  an d  R ichtler 1999). U sing E { B  — V)  =  0.06, 

we have app lied  the  Cardelli e t al. ( 1989) redden ing  law to deredden  th e  observations 

for com parison  w ith the  syn thetic  sp ec tra . T h e  observed sp ec tra  a re  de-redshifted  by 

V =  830 km  s “  ̂ (Gum m ing e t  al. 1996) for th e  heliocentric velocity o f th e  supernova. 

S y n th e tic  op tical and infra-red p h o to m etrj' a re  listed  in Table 6.5. O bserved colors an d  

reddened  sy n th e tic  colors a re  listed in T able 6.5 for com parison.
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F igure  6.1: SN I994D on  9 M arch 1994 (solid line, F ilippenko 1997c) an d  W 7 best fit 
sy n th e tic  sp ec tru m  for d ay  8 after explosion (dashed line).

6 .2 .1  Before V isual M axim um  

9 March 1994

W e plot th e  9 M arch 1994 observed spec trum  o f SN 1994D w ith  o u r best syn thetic  

sp ec tru m  a t  day  8 a f te r  th e  explosion in F igure 6.1. T h e  fea tu res  o f the  sy n th e tic  

sp ec tru m  m atch  the observations in stren g th  and  shape , excep t th e  large C a II H-f-K 

ab so rp tio n  a t  3800 Â. T h is  feature is not well p roduced  in  th e  ea rliest syn thetic  sp ec tra  

d u e  to  over-ionization, w hich we discuss in § 6.4.3. T h e  6000 Â Si II abso rp tion  is sh ifted  

upw ard  som ew hat by a  sm all difference in the  con tinuum ' betw een th e  m odel an d  

SN  I994D. b u t th e  s tre n g th  and  shape are o therw ise fine. O f spec ia l no te is the  broad
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Fe II feature a t  4500-5000 Â. H a tan o  et ai. (1999) a ttr ib u te  th is fea tu re  to  high-velocity 

iron in th e  u n b u rn ed , or a t  least unenhanced by fresh iron, layers of th e  supernova. We 

concur w ith  th is  conclusion, an d  no te th a t if any  m in im a exist in th e  Fe II opacity, as 

they  needed to  fit th e  sh ap e  th e  feature, th e  m in im a arise n a tu ra lly  from  th e  rad ia tive 

equilibrium  an d  NLTE trea tm e n t w ithin the  W 7 m odel. T h e  red m in im um  in th e  

absorp tion  is w eaker in ou r fit th a n  in the observation , bu t th e  two m in im a are clearly 

indicated. T h is  feature is ro b u st. In  a  m odel w ith  one-half the  lum inosity , the Fe II 

feature rem ains stro n g  an d  continues to form in high-velocity m ateria l, th o u g h  the to ta l 

fiux bluew ard o f th a t  feature (syn the tic  spec trum  n o t p lo tted) is g rea tly  reduced  relative 

to  the red fiux. We have also te s ted  the Fe II hypothesis. In a  sp ec tru m  contain ing  

only Fe II line opacity  th e  fea tu re  appeared w ith  th e  sam e sh ap e  an d  s tren g th . T h is  

technique is d iscussed in § 6.4.1.

T he overall sh ap e  of th e  sy n th e tic  spec trum  fits the  peaks in th e  sp ec tru m  as well 

as the continuum " flux level b lue o f the  C a II H-t-K feature and  red o f th e  Si II feature. 

T h e  B — V  an d  V  — R  colors a re  w ithin 0.1 m ag of th e  observed values, which is less 

th an  the e s tim a ted  errors, and  therefore in agreem ent. T h e  w eakness o f th e  C a  II H-f-K 

feature in th e  sy n th e tic  sp ec tru m  decreases (b righ tens) M y  by ab o u t 0.2 m agnitudes.

10 March 1994

We plot th e  10 M arch 1994 observed spec trum  o f SN 1994D w ith  o u r b est syn thetic  

spec trum  a t  d ay  9 in Figure 6.2. T h e  continuum " levels and  sp ec tra l features of th e  

syn thetic  ag a in  m atch th e  observation  except for th e  C a II H-f-K ab so rp tio n . T h e  

features a re  s im ila r to  th e  9 M arch spec trum  an d  th e  day  8 syn thetic  sp ec tru m , including 

th e  deep, fast Fe II feature. T h e  colors are consisten t w ith observations except U — B .  

which is to o  sm all, clearly  caused  by the weak C a  II H-f-K featu re  in  th e  syn thetic  

spectrum .
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F ig u re  6.2: SN 1994D on 10 M arch 1994 (solid line. Filippenko 1997c) an d  VV7 best fit 
sy n th e tic  sp ec tru m  for day 9 a fte r explosion (dashed  line).

11 M a r c h  1994

W e p lo t th e  11 M arch 1994 observ^ed sp ec tru m  of SN 1994D w ith  o u r best syn thetic  

sp e c tru m  a t day  10 in  Figure 6.3. Again the m odel an d  observation a re  q u ite  sim ilar to  

th e  prev ious two dates. However, th e  Fe II fea tu re  is changing in sh ap e  an d  is no longer 

as s tro n g . T h is is reflected in th e  syn thetic  sp ec tru m . T he sy n th e tic  sp ec tru m  again  

falls sh o rt of the  peak  of the observed flux n ea r 4000 Â, bu t th is w ould b e  com pensated  

if th e  C a II H + K  feature were stro n g er. T h is  m odel has been chosen for th e  fit to  th e  

s tre n g th  and  sh ap e  o f the  Si II features and  o u r es tim ate  of the  flux from  th e  previous 

ob serv atio n s b luew ard of the  C a  II H + K  featu re . T h e  synthetic a n d  observed op tical
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F igure  6.3: SN 1994D on 11 M arch 1994 (solid line. P a ta t  e t al. 1996) an d  VV7 best fit 
sy n th e tic  sp ec tru m  for day  10 a fte r explosion (dashed line).

colors a re  consistent. A good fraction o f the  0.4 m ag difference in th e  U  — B  colors is 

re la ted  to  the weak C a  II H + K  feature.

12 March 1994

T h e  12 M arch 1994 observed sp ec tru m  o f SN 1994D a n d  o u r best sy n th e tic  spec trum  

a t d ay  11 are displayed in F igure 6.4. M ost of the fe a tu res  in  the  sy n th e tic  spec trum  fit 

q u ite  well a t th is epoch. T h e  C a II H + K  feature is s till  w eaker th an  th e  observed, b u t 

th e  re la tive s tren g th  has im proved over th e  previous day. T h is  is reflected in the b e tte r  

m atch  of th e  U  — B  sjT ithetic color to  th e  two observations. T he rem ain ing  colors are
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F ig u re  6.4: SN 1994D on  12 M arch 1994 (solid line. F ilippenko  1997c) an d  VV7 best fit 
sy n th e tic  spec trum  for d ay  11 after explosion (dashed line).

consisten t w ith observations.

13 March 1994

F ig u re  6.5 shows the  13 M arch  1994 observed spectrum  o f SN 1994D w ith  o u r best syn

th e tic  spec trum  a t day  12. T h e  syn thetic  sp ec tru m  fits th e  observation very  well, w ith  

n ea rly  all features rep resen ted , although som e s tren g th s  a re  incorrect. T h e  C a II H + K  

fea tu re  is still weaker th a n  th e  observation, b u t it now show s th e  ‘s p li t’ which we have 

prev iously  shown to be genera ted  by a  b lend of C a II H + K  an d  Si II A 3858 (N ugent 

e t al. 1997: Lentz et al. 2000). T h e  blue Si II feature a t 5800 À is s tro n g er th a n  in th e  ob
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F igure 6.5: SN 1994D on 13 M arch 1994 (solid line, F ilippenko 1997c) a n d  W 7 best fit 
sy n th e tic  sp ec tru m  for day 12 afte r explosion (dashed line).

servation . N ugent e t al. (1997) have show n th a t the re la tive  s tren g th  of th e  two features 

a re  an  effective tem p era tu re  d iagnostic. T h e  stronger b lue Si II fea tu re  in th e  model 

ind icates th a t  th e  Si II line-forming region is cooler in th e  m odel th a n  in  SN  1994D. We 

can  im prove th e  ra tio  of the two Si II features by increasing th e  lum inosity  an d  therefore 

th e  tem p era tu re  o f th e  model, b u t th is  would change th e  overall sh ap e  o f  th e  spectrum . 

T h e  fiux levels in  th e  red, and blue o f  th e  C a  II H + K  featu re, would n o t b o th  m atch the 

observation . T h e  p a r t of the sp ec tru m  ju s t  bluew ard of C a  II H + K  is a  very  sensitive 

tem p e ra tu re /lu m in o s ity  diagnostic. T h e  photom etric colors o f the  sy n th e tic  spec trum  

an d  observations a re  consistent.
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F igure  6.6: SN 1994D on 15 M arch 1994 (solid line. F ilippenko 1997c) an d  VV7 b est fit 
sy n th e tic  sp ec tru m  for day  14 afte r explosion (dashed line).

15 March 1994

T h e  SN I994D observed spectrum  o f day  14 (15 M arch 1994) w ith  o u r b es t sy n th e tic  

sp ec tru m  is shown in F igure 6.6. T h e  fit to  th e  shape an d  featu res is good. T h e  colors 

a re  in agreem ent, except R —I,  w hich is b luer th an  th e  observations. T h is  is th e  re su lt 

o f a  m odest red  deficit red ward o f th e  Si II features. In  o rd e r to  es tim ate  th e  accu racy  

o f o u r p a ram e te r determ ination , we d isp lay  the  best fit m odel and  observation  w ith  

th e  m odels w ith  lum inosities ±7%  from  th e  best fit in F igure 6.7. T h e  differences a re  

largest a ro u n d  the  C a II H + K  feature. T h is  shows how accu ra te ly  th e  fits can  b e  m ade 

if sp ec tra  are  available extending b luew ard  of the C a  II H + K  feature an d  th e  in p u t
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Figure 6.7: SN 1994D on 15 M arch 1994 (solid line, F ilippenko 1997c), W 7 best fit 
(dashed line), b es t fit -7% lum inosity  (dot-dashed line), and  best fit 4-7% lum inosity  
(do t-do t-dashed  Une) synthetic sp ec tra  for day 14 a fte r explosion.

m odel provides a  well fit spectrum .

16 March 1994

VVe plot the  16 M arch 1994 observed spec trum  o f SN  1994D w ith o u r best s\T ithetic 

spec trum  a t d ay  15 in Figure 6.8. T h e  fit has a good sh a p e  and  m any of th e  features fit. 

T h e  C a II H-f-K featu re  does no t absorb  blueward enough , an d  the feature ju s t  bluew ard 

absorbs m uch to o  strongly. T h e  sy n th e tic  colors are  good , especially th e  U  — B  which 

agrees very well w ith  P a ta t  et al. (1996). T h e  R —I  color is significantly b lu er th an  the 

observations, possib ly  due to th e  s teep e r slope a t th e  red  edge of the  Si II feature.
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F igure 6.8: SN 1994D on 16 M arch 1994 (solid line. F ilippenko 1994, p rivate  com m uni
cation) and  VV7 b es t fit synthetic  sp ec tru m  for day  15 afte r explosion (dashed  line).

17 March 1994

T h e  17 M arch 1994 observed sp ec tru m  of SN 1994D with o u r b e s t syn thetic  spec trum  

a t  day  16 are  show n in Figure 6.9. T he sjm thetic  sp ec tru m  fits the  observation  very 

well. T h e  sh ap es  o f th e  features m atch  very well. O f note is th e  fit in th e  C a  II H-f-K 

an d  bluew ard. an d  th e  fit of the  Si II feature a t  6150 A includ ing  the  slope an d  ‘ben d ’ 

in  th e  con tinuum  red  w ard of th e  feature. T h e re  is only the  sm all dow nw ard continuum  

sh ift betw een these  two well fit regions. T h is  sh ift is reflected in th e  V  — R  color which 

is 0.10 to  0.15 m agn itudes redder depend ing  on th e  com parison observations. T h e  rest 

o f th e  colors coincide w ith  the observations. For this m odel th e  to ta l  continuum  optical
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Figure 6.9: SN 1994D on 17 M arch  1994 (solid line, F ilippenko 1994, p r ira te  com m uni
cation) an d  W 7 b est fit syn thetic  sp ec tru m  for day 16 afte r explosion (dashed  line).

dep th  a t 5000 A, , is un ity  a t  9000 km  s ^  T h is is th e  tran sitio n  po in t between 

the  p artia lly  b u rn e d  m aterial an d  th e  ^®Ni-rich core.

18 March 1994

We plot th e  18 M arch 1994 observed  sp ec tru m  of SN 1994D w ith ou r b es t syn thetic  

spectrum  a t d ay  17 in Figure 6.10. Like day  16, the day  17 sp ec tru m  fits th e  C a  II H + K  

feature very  well. T h e  rem aining fea tu re  shapes are also good, b u t th e  sligh tly  lower 

continuum  level betw een the C a  II H + K  an d  Si II features rem ains. Again, th is  makes 

th e  V  — R  color red d er than  th e  observations.
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Figure 6.10: SN  1994D on 18 M arch 1994 (solid line. F ilippenko 1997c) an d  VV7 b es t fit 
syn thetic sp e c tru m  for day 17 a f te r  explosion (dashed  line).

19 March 1994

Figure 6.11 d isp lays the 19 M arch 1994 observed sp ec tru m  o f SN 1994D w ith  o u r best 

syn thetic s p e c tru m  a t day 18. T h e  shape of th e  fit is good, especially  b luew ard  of 

4000 Â an d  red  w ard  of 6000 Â. T h e  sh ap e  of th e  featu res betw een th e  C a  II H-t-K and  

6150 Â Si II fea tu res  is good, b u t th ey  are shifted  to  lower flux. T h is lower flux m akes 

the V —R  co lo r redder than th e  observations.
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F igure 6.11: SN 1994D on 19 M arch 1994 (solid line, P a ta t  et al. 1996) an d  W 7 best fit 
sy n th e tic  sp e c tru m  for day 18 a f te r  explosion (dashed line).

20 March 1994

P lo tted  in F igu re  6.12 is the 20 M arch 1994 observed sp ec tru m  of SN  1994D with ou r 

b est sy n th e tic  sp ec tru m  a t day  19. T h e  shape of th e  syn thetic  sp ec tru m  is good. T h e  

fit is good b luew ard  of 4000 Â a n d  red ward of 6000 A. T he sh ap es o f m any of the  

features betw een are  poor. T h e  overly strong  blue Si 11 feature a t 5750 A indicates th a t 

th e  te m p e ra tu re  o f the  line-form ing region is too low. B y  increasing th e  lum inosity  by 

40% . th e  resu ltin g  tem p era tu ic  change improves th e  fit of the b lue  Si II feature and  

th e  S II " W  fea tu re  a t 5000-5500 A. T his badly changes the shape o f th e  blue part of 

th e  sy n th e tic  sp ec tru m . These fea tu res form in the  o p tica lly  th in  zone a t  th is  and la te r
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F ig u re  6.12: SN 1994D on 20 M arch 1994 (solid line, d a ta  ob ta ined  on th e  W H T w ith 
ISIS by Nic W alton an d  reduced a t the  RGO by J im  Lewis, p rivate  com m unication) 
an d  W 7 best fit sy n th e tic  spec trum  for day 19 afte r explosion (dashed line).

epochs. If we could hea t th is zone w ithou t affecting th e  lum inosity  th e  quality  of th e  

sp ec tru m  could be im proved. A viable way to  achieve th is  would be to  m ix add itional 

®®Ni into the zone, which is expected  in m u ltid im en s io n a l burn ing  m odels. T h e  colors 

a re  all redder th an  th e  observations, p articu larly  B —V  an d  R - L  th u s  suggesting th a t  

th e  lum inosity or m odel tem p era tu re  is too low.
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F igure 6.13: SN I994D on 23 M arch 1994 (solid line, P a ta t  e t al. 1996) a n d  W 7 best fit 
sy n th e tic  sp ec tru m  for day 22 a fte r explosion (dashed  line).

6.2 .2  A fter  V isual M axim um  

23 March 1994

W e plot th e  23 M arch  1994 observed sp ec tru m  o f SN  1994D w ith  o u r b e s t syn the tic  

sp ec tru m  a t d ay  22 in F igure 6.13. T h e  sh ap e  of th is sp ec tru m  is good, b u t  th e  s tren g th  

o f som e of th e  o p tica l features is exaggerated . T h e  S II “W ” is far to o  weak in our 

sy n th e tic  sp ec tru m . T he observation show s a  sh arp  edged  featu re w hich ind ica tes th a t  

th e  opacity  s tro n g ly  cuts off a t  h igher velocities. T h is  is consisten t w ith  th e  su lfur 

d is trib u tio n  in W 7. In the  region o f s tro n g  sulfur concen tra tion , th e  su lfu r in th e  W 7 

m odel has an  ion ization  ra tio  ~  2. T his, along  w ith  the  te m p e ra tu re  sensitive
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F igure  6.14: SN I994D on 26 M arch 1994 (solid line. P a ta t e t al. 1996) and  W 7 b est fit 
sy n th e tic  sp ec tru m  for day  25 afte r explosion (dashed line).

s tre n g th  of th e  red Si II feature a t 5800 A. suggests th a t  th e  ion ization  te m p e ra tu re  

shou ld  be h igher in th e  zone between th e  Fe-core and  th e  u n b u rn e d  region in these  

epochs w here they  are op tically  th in . T h e  colors are consisten t w ith  th e  tren d s in th>‘ 

observations, except th e  V  - R ,  which is affected by the  larger fluxes a t  th e  S II “W"’ 

feature.

26 March 1994

W e plot th e  26 M arch 1994 observed sp ec tru m  of SN 1994D w ith  o u r best sy n th e tic  

sp ec tru m  a t day  25 in F igure 6.14. As in  d ay  22. the  S II "VV~ is w eak an d  th e  red Si II
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F igure  6.15: SN 1994D on  28 M arch 1994 (solid line. P a ta t  e t al. 1996) and  W 7 b est fit 
sy n th e tic  sp ec tru m  for day  27 afte r explosion (dashed line).

fea tu re  is too  strong . T h e  overall shape of the  sp ec tru m  ap p ea rs  to be good, b u t th e  

lim ited  range of the  sp ec tra l d a ta  m ake a  m ore ce rta in  fittin g  of the blue peaks near 

C a  II H + K , and  therefo re  th e  to ta l lum inosity, difficult. T h is  is reflected in the  colors, 

which are  erra tic , an d  do  no t follow any general trend . O f p a rtic u la r  note is th e  sh ift in 

th e  sy n th e tic  U —B  color to  redder th an  th e  observations, ind icating  a  near-U V  deficit 

in th e  sy n th e tic  sp ec tra .
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28 March 1994

P lo tted  in F igure 6.15 is th e  29 M arch 1994 observed sp ec tru m  of SN  1994D w ith our 

b est syn thetic  sp ec tru m  a t  d ay  27. As on day  25 th e  lim ited  range o f th e  available ob

served sp ec tru m  makes precise fitting  of the lum inosity  difficult. T h e  g en era l difficulties 

in m aking th e  rest of th e  sp ec tru m  fit may be due to  problem s w ith th e  W 7 model or 

w ith  th e  tem p era tu re  s tru c tu re  we have calculated  in o u r quasi-static , en erg y  balanced 

m odels. T h e  spec trum  is also m aking the nebu lar tran sitio n , ~  4. Like day 25, th e  

colors disagree w ith th e  observed  photom etry.

31 March 1994

We plot th e  31 M arch 1994 observed spectrum  of SN 1994D w ith o u r  b est synthetic  

sp ec tru m  a t day 30 in F igure  6.16. The m inim um  w avelength of the  31 M arch  spec trum  

is only 5500 À, so we have scaled  th e  2 April sp ec tru m  an d  added  it to  F igu re  6.16. We 

have now sw itched to n eb u la r boundary  conditions because r^td ~  3. T h is  m eans th a t  

we assum e th a t  th e  space inside th e  innerm ost zone, a t  ~  1000 km  s " L  is com pletely 

tran sp a ren t. T h e  shape of th e  spectrum  is good an d  th e  line features a re  acceptable. 

T h e  largest discrepancy is th e  com plete lack of th e  N a I D feature. T h is  feature has 

been slowly growing in th e  observations, bu t is not rep lica ted  in th e  sy n th e tic  spec tra . 

W e discuss th is in § 6.4.3. T h e  colors are still erra tic , b u t  th e  U —B  is n o t as  excessively 

red as before.

2 April 1994

F igure  6.17 shows the  2 A pril 1994 observed sp ec tru m  o f SN 1994D w ith  o u r best syn

th e tic  sp ec tru m  a t  day  32. T h is  spectrum  fits a  b it less well th an  for d a y  30. Again the  

s tro n g  Na I D feature is m issing. Like the day 30 m odel, th e  day  32 m odel uses nebular
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F igure  6.16: SN I994D  on 31 M arch 1994 (solid line, red po rtio n , P a ta t  e t al. 1996) 
an d  VV7 best fit sy n th e tic  sp ec tru m  for day  30 afte r explosion (dashed  line). T h e  scaled 
sp ec tru m  from 2 April 1994 (solid line, blue po rtion , P a ta t et al. 1996) has been added  
to  a id  in fitting.

b o u n d a ry  conditions an d  th e  lum inosity  corresponds to  in stan tan eo u s re-processing of 

dep o sited  -r-ray energy. T h e  continuum  o p tica l d e p th  continues to  decline an d  for th is  

m odel is Tstj ~  2. T h e  colors continue to  be e rra tic , and  th e  deficit in th e  near-U V  is 

reflected by the  very red  U — B.

6 .2 .3  P re-observation  Sp ectra

We have ex tended  th e  lum inosities found by fittin g  th e  earliest sp e c tra  using a  parabo lic  

lum inosity  law. L oc t~. as used by Riess e t al. (2000) and  A ldering  e t al. (2000).
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Figure 6.17: SN I994D on 2 April 1994 (solid line, P a ta t  e t al. 1996) an d  VV7 best fit 
syn thetic  sp ec tru m  for day  32 afte r explosion (dashed  line).

T h is form approx im ates th e  early  SN la  as a  fixed te m p e ra tu re  ob ject w ith  a  constant 

velocity p ho tosphere . We p lot ou r sy n th e tic  sp ec tra  using  o u r ex tended  lum inosities in 

Figure 6.18. To avoid com pu tational problem s caused  b y  th e  sh arp  d en s ity  ‘spikes’ at 

the  edge of th e  u n b u rn ed  C + 0  which are  close to  th e  pho to sp h ere  for the  d a y  1 an d  day 2 

m odels, we have used an exponential density  law, p  cc where Ug =  2700 km  s~^

to m atch  th e  sh ap e  o f th e  W 7 density  profile. T h e  th ree  exponentia l m odels (dashed 

lines) ex ten d  to  ~  60000 km  s~^ and  show a  m uch larger UV-deficit a t th e  C a  II H +K  

edge. We have com puted  an o th er m odel a t  day  3 w here th e  o u te r edge o f th e  ejecta 

was a t ~  30000 km  s " L  as it is in W 7, d em o n stra tin g  th a t  th e  s tren g th  o f th e  large UV
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F igure  6.18: S y n th e tic  sp ec tra  for th e  projected  lum inosities for days 1 -7  (from  bo ttom  
to  top) a fte r explosion. T h e  d ash ed  lines are th e  exponen tia l models, an d  th e  do t-dashed  
line in day  3 is th e  exponentia l m odel th a t has been tru n c a te d  a t um ax =  30000 km  s “ .̂
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deficit is re la ted  to  th e  extension of the atm osphere. T h is  will be an  in te re stin g  topic 

for fu ture m odeling  o f early  SNe la  UV sp ec tra  and pho tom etry . T h e  o th e r  significant 

difference betw een th e  exponential an d  regular \V7 m odels is the  C a I I I R  tr ip le t feature 

a t  8000 A.

T h e features in  the  sy n th e tic  sp ec tra  evolve during  th e  week afte r explosion. T h e  

Si II feature becom es weaker for earlier spec tra . T his behav io r is the  sam e as found in 

C h ap te r 8, w here som e features, including Si II, were form ed m ostly  in th e  in term ed iate  

velocity regions con tain ing  freshly form ed silicon. . \ t  ea rly  tim es, th e  o u te r  layers are 

m ore opaque to  th e  deeper, silicon-rich m aterial and  th e  Si II featu re  form s in the 

unenriched C -t-0  layers. A dditionally  a t earlier times, th e  m ass of silicon o u tside  the 

"photosphere” , loosely defined as ~  L i s  less th a n  la te r times. T h is  decrease 

in absorp tion  is also likely the  reason for th e  decreasing s tren g th  of th e  O I featu re  a t 

7500 A. T he Fe II feature at 4800 A is formed in the fast C 4 -0  layer as we have discussed 

in § 6.2.1. T h e  C a  II IR  trip let is likely sa tu ra te d  an d  o n ly  changes w ith  th e  sw itch to  

an  exponential d en sity  profile.

6.3 Synthetic Photom etry

W e have com pu ted  syn thetic  U B V R I  (Bessell 1990) using  th e  p rescrip tion  o f H am uy 

e t  al. (1992), an d  J H K  (M. Hamuy, p rivate  com m unication) photom etry ' from  th e  syn

th e tic  sp ec tra  p resen ted  in  § 6.2. T h e  syn thetic  p h o to m etry  are  p lo tted  in F igures 6.19, 

6.21, &: 6.23, an d  th e  colors in F igures 6.20. 6.22. k. 6.24.

6 .3 .1  U ltra -V io let P h o to m etry  and Colors

W e have ca lcu lated  the  p h o tom etry  for ou r syn thetic  sp e c tra  in th e  LW using  th e  Ad

vanced C am era for Surveys (ACS), scheduled to be installed  in the  H ubble Space Tele-
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scope in  2001. We used th e  ACS E xposure  T im e C alcu lator^  to  o b ta in  coun t rates 

in each filter an d  ca lib ra ted  the  resu lts  w ith a  Vega ca lib ra tio n  sp ec tru m  a t  V =  15. 

T h e  ACS ab so lu te  pho tom etry  an d  th e  count ra tes for o u r sp ec tra  w hen observed  at 

7.5 X 10-5 ^  =  31.93, are rep o rted  in Table 6.5. VVe can see th a t w ith  th is  in s tru 

m ent, accu ra te  UV pho tom etry  of SNe la  which are  a  few days old a re  possib le  w ith 

sh o rt exposures.

T h e  UV light curves in F igure 6.19 peak  3 -6  days before m axim um  light in  th e  visual 

band . T h is  is approx im ate ly  consistent w ith the  U -b an d  peak  disp lacem ents o f -1 day 

(R ichm ond et al. 1995) and -2 days (P a ta t  et al. 1996) in th e  SN 1994D observations 

and  - I d ay  in th e  light curve analysis o f Vacca and  L e ibundgu t (1996). T h e  p ea k  tim ing 

of th e  U V  light curves is also consisten t w ith th e  re p o rt of K irshner et al. (1993).

T h e  colors (F igu re  6.20) betw een th e  th ree  ACS filters are  fairly fiat w ith  no con

sisten t tren d , b u t w ith  some oscillations as the  UV region is th e  m ost sensitive to  sm all 

fitting  erro rs  in m odeling the sy n th e tic  spec tra . T h e  F330W -U  color is th e  difference 

betw een th e  "ACS U'  and  the  Bessell (1990) U.  T h o u g h  th e  filters are  in ten d ed  to 

be equ ivalen t, th e  large, strong , featu res of SNe la  m ake sim ple tran sfo rm atio n s diffi

cu lt. T hese  difficulties can be overcom e by apply ing  th e  relevant tran sfo rm atio n s for 

the  o b je c t 's  redden ing  and  red-shift. an d  for the  observational filter an d  d e tec to r, to 

the  s jm th e tic  sp e c tra  when g enera ting  syn thetic  p h o to m etry  for com parison  w ith  ob

servations an d  illu s tra te  the  need for syn thetic  sp ec tra  w hen com paring  p h o to m etric  

observations.
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F igure 6.20: U ltra-violet syn the tic  colors from th e  syn the tic  spec tra .

6.3.2 O ptical Light C urves and Colors

Figure 6.21 show s th a t  th e  (7-ban d , like th e  F330W  band, peaks ab o u t 3 -6  days before 

m axim um  light consisten t w ith th e  observations. T h e  B ,  V,  R.  an d  I  light curves do 

not fall as fast afte r m axim um  as th e  observations (P a ta t  e t al. 1996; R ichm ond e t  al. 

1995: M eikie et al. 1996). T h is  is likely due  to  th e  large features of th e  post-m ax im um  

sp ec tra  th a t d id  not fit as well as th e  pre-m axim um  spec tra .

^ h ttp  ; / / g a m e t . s t s c i . edu / ACS/ETC/acs-img.etc. htm l
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Figure 6.21: S yn the tic  o p tica l/n ea r-IR  photom etrv ' from  the s\-n thetic  spec tra .
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F igure 6.22: Syn thetic  colors from th e  sy n th e tic  sp ec tra .
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T h e  colors are  p lo tted  in F ig u re  6.22. T h e  U — B  cu rve corresponds well w ith  th e  

observations (P a ta t  et al. 1996), g e ttin g  bluer until U — B <  - 0 .5  a t  a b o u t -5 days, 

th e n  becom ing red d er un til U  — B  ~  0. T h e  final few m odels becom e too  U  — B  red, 

b u t th is  is clearly  seen in th e  U V -deficits in the re la ted  syn thetic  sp ec tra . T h e  B  — V  

curves show th e  sam e shallow blue m inim um  near m axim um  light an d  slow reddening 

afte rw ard  as in th e  observations (R ichm ond et al. 1995: P a ta t  et al. 1996). T h e  V  — R  

curves follow th e  sam e blue evo lu tion  from  K —ft ~  0.2 a t -10 days to  V' —i? ~  —0.3 a t 

4-10 days as observed (R ichm ond e t al. 1995: P a ta t e t al. 1996). T h e  R  — I  color falls 

from  ~  0 a t  -10 days to  R  —I  ^  - 0 .4  and then  re tu rn s  to  ~  0 afterw ards 

as do the  observations (R ichm ond e t  al. 1995). bu t th e  tim ing  of the  sy n th e tic  colors is 

am biguous and  possibly earlier th a n  th e  observations.

6 .3 .3  IR  P h o to m etry  and C olors

VVe have p lo tted  th e  syn thetic  in fra-red  light curves in F igure  6.23. T h e  A '-band pho

to m etry  seems to  be consistent w ith  th e  light curve tem p la tes  of Elias e t al. (1985). T h e  

J -b a n d  is flat ra th e r  th an  falling d u rin g  the  post-m axim um  period we m odel, and  the  

f f -b a n d  rises ra th e r  th an  rem ain ing  flat. T h is is likely d u e  to  the difficulties noted in 

§ 6.2.2 w ith features no t fitting  well. T h e  pre-m axim um  IR  p h o to m etry  is flat w ith in  

fittin g  sca tte r for all bands in th e  10 days before m axim um  consisten t w ith  the  IR  

ph o to m etry  of SN 1998bu (H ernandez e t al. 2000). T h e  IR  colors a re  p resen ted  in 

F igure  6.24.

F igure 6.25 displays the  bo lom etric  lum inosity which is clearly too  flat a fte r m axi

m um  (C ontrado  e t al. 2000). We su sp ec t th a t  bo th  th e  p eak  is a  little  too  sublum inous 

an d  th a t  if th e  postm axim um  fits b e t te r  reproduced th e  observed colors, we would have 

b e t te r  agreem ent w ith  observed bo lom etric  light curves a f te r  m axim um . T h is shows 

th a t  while th e  density  s tru c tu re  a n d  com position of th e  o u te r  layers o f W 7 do a  good
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Figure 6.23: Infra-red  syn thetic  pho tom etry  from  th e  synthetic  sp ec tra .

jo b  of reproducing th e  observed sp ec tra , th e  s tru c tu re  o f th e  inner layers is no t q u ite  

co rrec t.

6.4 Analysis

6.4.1 Identification of the 10500 Â Feature

T h e  identification of th e  absorp tion  featu re  a t 10500 Â in th e  sp ec tra  o f SN e la  has 

b een  th e  su b jec t of d ebate . T h e  p rim ary  candidates are: He I AI0830. O I A11287.

73



u,_o
O

U

1

0.5

G

-0 .5

1

H f- l-J
X—  X J —H 
- t  Ne H-K-1 .5

-2
2010 250 5 15 30 35

Days since Explosion 
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F igure 6.25: B olom etric light curve o f syn thetic  spec tra . T h e  flatness of th e  bolom etric 
light curve is likely d u e  to  th e  fact th a t  the  lum inosity o f th e  peak  o f W 7 is too  low 
because th ere  was not enough m ixing o f ^®Ni, which w ould force ou r fits to  a  larger 
lum inosity  a t m axim um  (see § 6 .2 .1).

M g II A10926, an d  Fe II A10926. All of these, except He I, a re  found in W 7. We have 

trea ted  all of these species in N LTE. M eikie e t al. (1996) an d  M azzali an d  Lucy (19981 

find b o th  M g II an d  He I as equally  probable . H atano  e t  al. (1999) found th e  feature 

best fit w ith  M g II. W heeler e t al. (1998) and  M arion e t a l. (2000) have used delayed 

d e to n a tio n  m odels of C + 0  w hite dw arfs and  found th a t  th e  M g II provided a  good fit 

an d  could be used as a  d iagnostic o f th e  o u te r edge of th e  b u rn e d  m ateria l in SN la . We 

have also used a  m odel. W 7, th a t  does no t contain helium  an d  found th a t th e  fea tu re  fit 

well. We have p lo tted  th e  near-IR  sp ec tru m  of SN 1994D o n  20 M arch w ith  o u r best fit
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Figure 6.26: N eax -/i?  spec trum  on 20 M arch 1994 ( th in  solid line P a ta t  e t ai. 1996), 
best fit sy n th e tic  sp ec tru m  (thick d a sh e d  line), and b est fit m odel using o n ly  M g II line 
opacity. We believe th a t  this firm ly estab lishes the  id en tity  o f this feature.
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m odel an d  a  diagnostic sp ec tru m  in F igure  6.26. T he d iagnostic sp ec tru m  is g en era ted  

from  th e  converged a tm osphere  m odel an d  calcu lated  w ith  only M g II line op ac ity  an d  

no o th e r  line opacity. VVe can see th a t th e  10500 À feature in all th ree  sp e c tra  a re  of 

th e  sam e s tren g th  and  a t  the  sam e w avelength. This feature, which does no t sh ift in 

w avelength in the  observations a t  earlier epochs (Meikie e t al. 1996), is c learly  form ed by 

M g II in o u r syn thetic  sp ec tra  of VV7. T h is also shows th a t th e  ab u n d an ce  o f m agnesium  

an d  th e  velocity range in VV7 corresponds well to  th a t in SN 1994D.

6.4.2 Distance to NGC 4526 and the Luminosity of SN 1994D

VVe have applied  our syn thetic  ph o to m etry  o f SN 1994D an d  th e  m any available ob

served p ho tom etric  d a ta  to  derive th e  d is tan ce  to  NGC 4526 using th e  S p ectra l-fittin g  

E x p an d in g  A tm ospheres M ethod (SEA M ). SEA M  determ ines th e  d is tan ce  to  a  su p e r

nova by fitting  the sp ec tra  of a  supernova an d  deriving a  d istance  m odu lus, /i. from 

th e  sy n th e tic  pho tom etry  (B aron e t al. 1993, 1994, 1995a,b. 1996a, 2000). VVe have 

used all U, B . V , R , I  pho tom etry  from  R ichm ond et al. (1995), P a ta t  e t al. (1996), 

M eikie e t al. (1996), and  Tsvetkov and  F av lyuk  (1995) th a t co rrespond  to  th e  d a tes  of 

th e  sp e c tra  we have fit in § 6.2. VVe plot th e  ind iv idual d istance m oduli o b ta in ed  from  

each observation  paired w ith th e  ap p ro p ria te  syn thetic  sp ec tru m  in F ig u re  6.27. T h e  

e rro r bars include th e  s ta ted  observational e rro r and  ou r es tim ate  o f th e  fittin g  e rro r 

of th e  m odel luminosity. For th e  £ /-band d a ta  o f R ichm ond e t al. (1995) we have used 

an  e rro r of 0.5 m agnitudes to  reflect th e  sy stem atic  erro r su sp ec ted  by th e  observers. 

VVe have com puted  an  error-w eighted m ean  o f the  d istance m odulus a n d  have found 

th e  value, fj, =  30.8 ±  0.3, where 0.3 is th e  1-cr error. T h e  ind iv idual b an d  averages 

range from  /z =  30.71 for the  /-b a n d  to  /z =  30.94 for the  //-b a n d . T h e  horizon tal line 

in F igu re  6.27 is a  weighted least-squares fit to  th e  d istance m odulus as a  function  of 

epoch . T h e  fit varies by ~  0.01 m agnitudes over the  range o f epochs considered  (th e
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F ig u re  6.27; D istance m oduli calculated  from  available observed  p h o to m etry  an d  asso
c ia te d  pho tom etry  from syn thetic  sp ec tra . T h e  error b a rs  com bine the  observers quoted  
e rro rs  an d  our estim ate  o f the  errors in o u r calculated lum inosities. T h e  so lid  line is a 
fit to  th e  d a ta  which yields y. =  30.8 ±  0.3, consistent w ith in  errors w ith  th e  resu lt of 
D ren k h ah n  and  R ichtler (1999).
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slope o f th e  fitted line is 0 to  2 p a r ts  in 10''). The lum inosity  o f th e  m odel a tm osphere  

d epends on th e  rad ius which is a  function  of time. Sm all changes in th e  tim in g  of the  

explosion will affect th e  derived d is tan ce . T h e  sp ec tra  change slowly enough  th a t  a  

fit can be nearly  rep licated  w ith a  m odel expanded to  an  ea rlier (la ter) epoch  w ith  a 

lower (h igher) lum inosity. Each day  e rro r  in the risetim e generates an  e rro r  of ~  0.15 

m agnitudes. T h ere  a re  also errors th a t  m ay arise from deficiencies in th e  chosen m odel 

and  th e  o th er in p u ts  to  th e  syn thetic  sp ec tra . We derive th e  d is tan ce  m odu lus to  be 

I.L =  30.8 ± 0 .1 0  (in terna l) ±0.20 (tim in g ). T h is result is consisten t w ith in  e rro rs  w ith 

th a t o f D renkhahn  and  R ichtler (1999) who find /i =  3 0 .4 ± 0 .3  using  th e  g lo b u lar cluster 

lum inosity  function.

6.4.3 Weak Ca I I  H +K  and Na I D Features

Tw o concerns ab o u t th e  svTithetic sp e c tra  are  the general w eakness of th e  C a  II H + K  

featu re  in th e  m odels for th e  first 12 days a fte r the explosion, an d  th e  com plete  absence 

of th e  N a  I D feature, which begins to a p p e a r  abou t one week a fte r m axim um  light. To 

overcom e these deficiencies we have a tte m p te d  m any m odifications to  th e  m odels. For 

th e  ea rly  C a  II H + K  problem  we have tr ied  extending th e  m odels to  h igher velocities. 

T h is does increase th e  s tren g th  of th e  C a  II IR trip le t an d  C a II H + K  features for 

th e  very ea rly  exponentia l m odels in F ig u re  6.18, b u t does no t affect th e  m odels which 

correspond  to  th e  observed spectra , because a t those la te r epochs th e  line form ing region 

has m oved into th e  velocities of ou r n o rm al W 7 model. Increasing  th e  d en s ity  of the  

C + 0  region by decreasing the  slope o f th e  density decline d id  no t have a  significant 

effect. W e also tried  increasing the  d ep o sitio n  o f 7 -ray energy, b u t as th e  p rob lem  is over

ionization  ra th e r  th a n  under ionization, th is did not im prove th e  C a  II H + K  feature 

shape . We have also tried  ex trem e ab u n d an ce  enrichm ent in calcium  an d  sod ium  to 

m ake th e  correspond ing  features s tro n g er w ith  inadequate resu lts . T h u s, overall it will
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requ ire  m odifications to  W 7 to  im prove the  lineshapes of the  C a  II H + K  and  N a I D 

featu res. T h is could be an  ind ication  th a t non-spherical effects, such  as com position 

asym m etries an d  c lum ping  are  p lay ing  a  role.

6.4.4 How Good is W7?

T h e  sy n th e tic  sp e c tra  m ade w ith  W 7 fit the  observed sp ec tra  of SN 1994D quite  well in 

th e  pre-m axim um  epoch, except for th e  above discussed problem  w ith  C a  II H + K . A fter 

th e  con tinuum  'p h o to sp h ere ', Tsta ~  1, recedes into th e  Fe-peak elem ent rich core th e  

q u a lity  of the  sp ec tra l fits begins to  break down. O ne possible effect is th e  d ep artu res  

from  equilib rium  caused by th e  tem p o ra l evolution o f th e  tem p e ra tu re  s tru c tu re . T h is  

is described  in § 12.1. A m ore significant possibility is th a t  the  p a r tic u la r  density  an d  

ab u n d an ce  s tru c tu re  o f W 7 in th e  Fe-rich core is no t fully reflective o f SNe la  an d  

SN 1994D. Some n eu tro n  rich isotopes have been show n to be overproduced  in VV7 

(Iw am oto  e t al. 1999; B rachw itz e t al. 2000).

T h e  o th e r m odest deficiency is in the  la ter pre-m axim um  sp ec tra  w here the 4000- 

6000 À fiux is sligh tly  low and  ce rta in  tem p era tu re  sensitive features, such as Si II, 

in d ica te  th a t  th e  line form ing region should be ho tte r. We found th a t  these  problem s 

could be a t  least p artia lly  solved by increasing the  lum inosity, which seem s to  be required  

by th e  sy n th e tic  pho tom etry . However, these higher lum inosity  m odels fit th e  blue flux 

poorly. A m odel w ith  m ore ®®Ni m ixed into the p a rtia lly  burned  silicon and  su lfu r 

rich zones would ra ise th e  effective tem p era tu re  of th e  region th a t is above rgtd =  1, 

w hich could help b o th  th e  fea tu re  sh ap e  and  the  overall agreem ent w ith  th e  inferred 

m axim um  brightness o f SNe la . T h is  type of m ixing w ould be expected  in th e  tu rb u len t 

3-D m odels (K hokhlov 2000; Lisewski et al. 2000a: Reinecke et al. 1999).
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6.5 Conclusions

T h e  SN la  C + 0  w hite d w arf deflagration m odel works well in fitting th e  n o rm al SNe la  

S N  1994D. T he fits are  p articu la rly  good for th e  week before m axim um  ligh t. T h ere  are 

so m e m odest problem s w ith  the post-m axim um  spec tra  th a t  are  e ither d u e  to  differences 

be tw een  the vV7 Fe-rich core com position a n d  s tru c tu re  an d  th a t  of SNe la , specifically 

S N  1994D, or due to  significant d epartu res from  LTE in th e  tem p era tu re , ion ization , and  

level populations o f th e  Fe-peak species in th e  core which requires a  m ore d e ta iled  NLTE 

tre a tm e n t. From th e  sy n th e tic  sp ec tra  we have com puted syn thetic  pho to m etry . T h is 

sy n th e tic  pho tom etry  com bined w ith the syn thetic  sp ec ra  allow us to use th e  SEAM  

m e th o d  to  calculate th e  d istance to  NGC 4526, which we find to  be =  30.8 ± 0 .3 . T his 

is a  very encouraging dem o n stra tio n  of th e  poten tial of th e  SEAM  m eth o d  applied  to 

S N e la.
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Table 6.5 Synthetic Photometry of Best-Fit Models

Epoch^ U B V R J H K

1 ‘ -11.57 -12.13 -13.03 -13.30 -13.19 -13.76 -13.80 -13.80
2-1 -13.42 -13.82 -14.55 -14.66 -14.60 -15.08 -15.07 -14.94
3^ -14.69 -14.97 -15.45 -15.46 -15.45 -15.77 -15.73 -15.51
3^ -14.82 -14.90 -15.45 -15.45 -15.43 -15.74 -15.75 -15.50
3 -15.01 -14.95 -15.41 -15.44 -15.52 -15.73 -15.73 -15.59
4 -15.89 -15.63 -16.02 -16.02 -16.11 -16.24 -16.23 -16.06
5 -16.48 -16.16 -16.45 -16.47 -16.56 -16.63 -16.60 -16.41
6 -16.97 -16.55 -16.79 -16.83 -16.90 -16.95 -16.90 -16.67
7 -17.38 -16.88 -17.09 -17.15 -17.19 -17.21 -17.13 -16.86
8 -17.58 -17.09 -17.29 -17.38 -17.42 -17.41 -17.31 -16.96
9 -18.39 -17.68 -17.69 -17.79 -17.78 -17.67 -17.45 -16.90
10 -18.87 -18.04 -17.98 -18.17 -18.19 -18.14 -18.03 -17.82
11 -18.84 -18.12 -18.03 -18.14 -18.06 -17.85 -17.63 -16.98
12 -19.26 -18.49 -18.39 -18.55 -18.47 -18.25 -18.10 -17.79
14 -19.71 -18.84 -18.69 -18.76 -18.43 -18.15 -17.93 -17.54
15 -19.43 -18.76 -18.71 -18.76 -18.44 -18.02 -17.78 -17.30
16 -19.88 -19.10 -18.95 -19.12 -18.88 -18.42 -18.23 -17.94
17 -19.43 -18.76 -18.71 -18.76 -18.44 -18.02 -17.78 -17.30
18 -19.68 -19.11 -18.99 -19.15 -18.94 -18.55 -18.41 -18.12
19 -19.43 -19.02 -19.09 -19.10 -18.93 -18.69 -18.64 -18.44
22 -19.36 -19.06 -19.11 -18.73 -18.33 -18.19 -18.11 -17.39
25 -18.55 -18.74 -19.11 -18.75 -18.57 -18.42 -18.60 -17.67
27 -18.19 -18.66 -19.13 -18.76 -18.62 -18.44 -18.78 -17.72
30 -18.57 -18.75 -19.18 -18.74 -18.64 -18.23 -18.82 -17.15
32 -17.57 -18.27 -19.02 -18.59 -18.68 -18.36 -19.16 -17.24

^Davii after explosion.
■* Exponential density profile of C +O  composition
 ̂Exponential density  profile with C + 0  composition. Maximum velocity,

®As can be seen the value of the peak luminosity is a  bit low ( ~  0.3 m ag), which reflects
some shortcom ings o f the intermediate velocity parts o f the VV7 model.
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T a b le  6 .5  C olor C om parison

U-B B-V V-R R-I

E p o ch ' s\m obs syn obs syn obs sy n obs
-.45 • * • .27 .21 .13 .07 .09

g 10 -.67 -.22 .07 -.07 .15 .17 .04 -.08
9 ‘i * • • .15 .12
10* -.78 ■ • ' .01 -.05 .23 .12 .07 -.04
IQS -.37 -.01 .16 -.13

10* -.43 -.04 .13 -.02
10“ .16 .09
11* -.67 -.97 -.04 .00 .16 .14 -.03 -.06
119 -.47 -.02 .23 -.14

1 1 * -.47 .00 .18 .06
11“ .30 .23
12* -.73 -.85 -.04 -.01 .21 .12 -.04 -.08
129 -.56 .00 .24 -.17
14* -.83 -.62 -.09 -.01 .11 .08 -.27 -.07
149 -.62 -.03 .14 -.12

1 4 * -.58 -.10 .10 -.05
14“ * * * * • * .15 -.03
15* -.63 * * • .02 -.06 .09 .03 -.27 -.02
159 -.60 -.07 .13 -.14

1 5 * -.59 -.14 .17 -.07
16® -.74 . . . -.08 .00 .21 .03 -.18 -.09
169 -.58 -.09 .10 -.17

1 6 * -.58 -.12 .17 - 15
17* -.76 -.95 -.09 .00 .19 -.03 -.21 -.16
179 -.58 -.09 .06 -.26
18* -.53 -.95 -.06 .00 .21 -.03 -.16 -.18
189 -.56 -.07 .03 -.31
19* -.36 -.89 .12 -.03 .06 -.03 -.12 -.27
199 -.51 -.08 .01 -.31

19“ • • • -.11 .05 -.23
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T a b le  6 .5  C olor C om parison  (cont.)

U-B B-V V-R R-I

E p o ch ' syn obs syn obs syn obs syn obs
22 -.25 .11 -.34 -.34

25® .24 -.30 .42 .11 -.31 -.09 -1 3 -.35
25^ .05 .01

-.06 -.38
27® .51 -.42 .53 .16 -.32 -.15 -.09 -.35
279 .15 -.05

-.06 -.35
30® .22 -.26 .49 .23 -.39 -.18 -.05 -.22
30=) • • • -.37
32® .74 -.31 .81 .39 -.38 -.16 .14 -.12
329 -.05 .27 . . .

‘ Days after explosion.
®Data from Richmond e t ai. (1995).
®Data from P ata t et al. (1996).

^°D ata from Meikie e t al. ( 1996) using Jacobus Kapteyn Telescope. 
" D a ta  from Meikie e t al. (1996) using Issac .Vewton Telescope.
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Table 6.5 HST ACS Synthetic Photometry

M agnitude C ount R a te  (s ')

;h^' F330VV F25ÛW F 220W F330W F250VV F220W
113 -10.47 -8.86 -6.73 5.73 .87 .07
)13 -12.46 -11.18 -8.96 35.56 7.35 .58
j - -14.24 -12.89 -11.16 183.97 35.47 4.42
3 I4 -14.63 -13.28 -11.50 262.76 50.72 6.02

3 -13.61 -12.26 -10.02 102.93 19.81 1.55
4 -15.75 -14.30 -12.47 740.02 129.45 14.77
5 -16.36 -14.92 -12.81 1298.30 230.24 20.20
6 -16.93 -15.54 -13.37 2195.12 407.04 33.79
7 -17.41 -16.16 -14.07 3422.05 722.22 64.44
S -17.54 -16.03 -14.01 3839.12 638.16 60.60
9 -18.52 -17.11 -14.83 9466.57 1724.80 128.85

10 -19.22 -18.35 -16.65 18108.65 5403.09 690.96
II -19.07 -18.00 -16.12 15671.64 3900.93 423.30
12 -19.57 -18.58 -16.75 25029.80 6712.84 757.36
14 -20.11 -19.14 -17.31 40829.55 11160.32 1271.70
15 -19.57 -18.26 -16.54 24985.13 4960.63 625.50
16 -20.22 -19.17 -17.30 45226.13 11464.97 1257.49
17 -20.34 -19.22 -17.18 50561.80 12045.89 1129.03
18 -19.86 -18.80 -16.93 32516.13 8165.91 897.51
19 -19.38 -17.65 -15.48 20898.99 2826.09 236.23
22 -19.00 -17.05 -14.85 14799.15 1634.24 131.61
25 -17.68 -16.03 -13.76 4364.39 635.58 48.50
27 -17.00 -15.65 -13.42 2328.59 450.16 35.16
30 -17.92 -16.25 -13.96 5445.12 783.58 58.06
32 -16.37 -15.22 -12.94 1310.45 302.33 22.61

‘"Days after explosion.
‘^Exponential density profile of C +O  com position

Exponential density  profile with C + O  composition. Maximum velocity.
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Chapter 7

SN 1984A and Delayed  

D etonation M odels of Type la  

Supernovae

SN  1984A show s unusually large expansion velocities in lines from  freshly synthesized 

m ateria l, re la tive to  typical T y p e  la  Supernovae. SN 1984A is an  exam ple of a  group of 

SN e la  which have very large blue-shifts of th e  P C ygni features, b u t o therw ise norm al 

sp ec tra . VVe have modeled several early  sp ec tra  o f SN 1984A.^ VV’e have used as in p u t 

tw o delayed d e tonation  m odels: CS15DD3 (Iw am oto  et al. 1999) and  DD21c (Hoflich 

e t  al. 1998). T hese  models show  line expansion velocities which are larger th an  th a t  

for a  typical deflagration m odel like W 7, which fits sp ec tra  of norm al SNe la  qu ite  well 

(C h ap te r  6 ). VVe find these delayed d e to n atio n  m odels to  be reasonable approx im ations 

to  large ab so rp tio n  feature b lue-sh ift SNe la , like SN 1984A. H igher densities of new ly 

synthesized in term ediate  m ass elem ents a t h igher velocities, v >  15000 km  s~K are found

*The work presented in this chap ter is being published with my collaborators in Lentz et al. (2001c)
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in delayed d e to n a tio n  m odels th a n  in  deflagration  m odels. We find th a t  th is  increase in 

density  a t h igh velocities is responsib le for th e  larger b lue-sh ifts in th e  sy n th e tic  sp ec tra . 

We show th a t  th e  variations in line w id th  in observed SN e la  are  likely d u e  to  density  

variations in th e  o u te r, high-velocity  layers of th e ir  a tm ospheres.

7.1 In tro d u ctio n

M ost SNe la  show  a  correlation  betw een lum inositj' an d  light curve sh ap e , b u t some 

SNe la  show u n co rre la ted  sp ec tra l p ro p erties  (B ranch  a n d  van den  B ergh 1993; H atano  

e t al. 2000). E ven ts like SN 1984A (B ranch  1987: B arb o n  et al. 1989) an d  SN  1997bq 

(G arnavich e t al. 2000b) show unusually  large b lue-sh ifts in the  sp ec tra  (for m ore see 

H atano  e t al. 2000). T hese SNe la  have o therw ise norm al p roperties  an d  th e  usual 

spec tra l features. T h ey  only ap p e a r  different u n d er close inspection . We have m od

eled SN 1984A using delayed d e to n a tio n  m odels, in w hich an  in itia lly  sub-son ic flame 

(deflagration) tran s itio n s  to  a  super-son ic shock (d e to n a tio n ). We found th a t  delayed 

detonation  m odels have abnorm ally  large b lue-shift velocities in th e ir sy n th e tic  spec

tra . T hus, these  delayed d e to n a tio n  m odels w ould seem  to be ideal for SN e la  w ith 

abnorm ally  high expansion  velocities.

7.2 M o d el P rep aration

7.2.1 C S 15D D 3

T h e  m odel C S15D D 3 was p rep ared  from  th e  h y d ro d y n am ical ca lcu la tion  o f Iw am oto 

e t al. (1999) by hom ologous expansion  o f th e  hydro  m odel an d  by assum ing  a  rise tim e 

of 20 days a f te r  explosion to  m axim um  light (e.g., R iess et al. 2000: A ldering  et al. 

2000). A few layers near ~  6000 km  s~^ having non-m onoton ic velocities have been re
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m apped , w hile we have included  th e  corresponding density  spike from  th e  hydrodynam ic 

in teractions. T h e  models, w hich ex tend  to  velocities >  100,000 k m  s “ ^  have been 

tru n c a te d  a t  40,000 km s~^ for the  pre-m axim um  sp e c tra  (13, 15, a n d  17 days afte r 

explosion) an d  for the  post-m axim um  sp ec tru m  (28 days a fte r explosion) to  save m odel 

po in ts to  resolve p arts  of th e  a tm osphere which are relevant to s p e c tra l  fo rm ation. In 

tests , we have found th a t th e  excluded portions of th e  a tm o sp h ere  d o  no t affect the  

sp ec tra . A t each epoch, we have fit th e  lum inosity to  m atch  th e  sh a p e  an d  color of the 

observations, while solving for th e  energy balance and  converged N L T E  ra te  equations.

7.2 .2  DD21C

T h e  m odel DD21c (Hoflich e t  al. 1998) has also been hom ologously exp an d ed  to  the 

epoch of th e  observations w ith  th e  sam e 20 day  rise tim e. T h e  h y d ro d y n am ica l models 

have been ex tended  from th e  largest velocity of ~  25.000  km s “  ̂ to  30.000 km s “ ' 

using a  s teep  power law an d  th e  sam e com position as th e  last m odel layer. Because 

o f th e  steepness of the power law  th e  ex tra  m a tte r d id  no t affect th e  s p e c tra  in tests. 

T h e  ex tension  was necessary to  provide a  b e tte r  o u ter s tru c tu re  for th e  a tm osphere  to 

increase num erical stability. W e have used th e  lum inosities prov ided  in Hoflich et al. 

(1998) for D D 21c w ithout m odification or fitting, thus d irec tly  in c lu d in g  th e  effects of 

tim e-dependence in the SN atm osphere .

7.3 R esu lts

We have p lo tte d  the  syn thetic  sp ec tra  from DD21c for days 13. 15, 17. an d  28 afte r 

explosion ag a in st the observations from -7, -5. -3. and  -t-8 days re la tiv e  to  m axim um  

light respectively  in Figure 7.1. We use the  -7 day  sp ec tru m  from  W egner an d  M cM a

han  (1987). T h e  epoch of m ax im um  light and  rem ain ing  sp ec tra  a re  from  B arbon  e t al.
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F igure 7.1: Synthetic  sp ec tra  for DD21c (dot-dashed  lines) p lo tted  ag a in st observed 
s p e c tra  for SN 1984A (solid lines).

(1989). The. sp ec tra  fit rem arkably  well. T h e  excellent ag reem ent of the  s y n th e tic  spec

tra l  color to  th e  observations shows b o th  th a t  the ca lcu la ted  bolom etric lum inosities in 

Hoflich et al. ( 1998) are accurate , an d  th a t  PHOENIX does an  excellent jo b  o f  rep roduc

ing tim e-dependen t calculations using the  ex ternally  ca lcu la ted  bolom etric lum inosities. 

T h e  Si II featu re  near 6000 Â, the  defining characteristic  of SN e la . fits very  well in  b o th  

velocity (wavelength) range an d  shape. T h e  general fit o f th e  28 day  sy n th e tic  sp ec tru m  

over 4500-5600 A is qu ite  good, especially since th e  m odel is m aking the  tra n s itio n  be
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tween optically  th ick  and  optically th in  an d  therefore is m ore difficult to  m odel. T h e  

S II •‘\ V  fea tu re  a t  5100-5400 A is shifted a  little  to  th e  red in the pre-m axim um  spec

tra , ind icating  th a t  th e  sulfur in the  m odel shou ld  be m oving faster to  fit SN 1984A. 

T h e  4400 A an d  5000 A Fe II features in th e  pre-m axim um  sp ec tra  are  b o th  too weak, 

b u t seem to have th e  correct velocity. T h e  C a II H-f-K feature in the  day  13 sp ec tru m  is 

b o th  a  b it too  weak an d  too slow. T his indicates th a t  higher abundance o f calcium  may 

be  needed a t  these  ex trem e velocities. T h e  C a  II H + K  feature is also q u ite  sensitive to 

th e  m odel tem p era tu re . T he velocity ex ten t o f th e  m odel is large enough to  form the 

observed C a II H-f-K line blue-shift.

O ur best fits to  SN 1984A w ith CS15DD3 are p lo tted  in Figure 7.2. .A,gain the fit 

to  the  Si II fea tu re  a t 6000 A is excellent. T h e  S II " W  in the pre-m axim um  sp ec tra  

shows im provem ent over DD21c. bu t is a little  slow on day  13 and weak on day  17. T he 

5000 A Fe II featu re  fits much b e tte r  in all sy n th e tic  sp ec tra  th an  DD21c. especially 

in showing th e  b road , deep-bottom ed shape of th e  feature. T h e  pre-m axim um  4400 A 

fea tu re  again is a  b it weak and  possibly a  b it slow on day  13. T h e  C a II H-i-K feature 

shows the sam e weak and  slow line as DD21c. T h e  day  28 sp ec tru m  fits fairly well 

excep t for th e  d ep th  of the  6100 A Si II featu re  an d  the  sm all con tinuum  deficit ju s t 

b luew ard of th a t  feature. This m odel has a  co n tinuum  op tical d ep th . =  1.7.

C om paring  o u r resu lts to  those of F igure 8 in Hoflich et al. (1998) (H \V T 98), the  

general features are  th e  same, bu t th e  velocities o f th e  lineshapes in H W T 98 appear 

significantly  slow er th a n  in our synthetic  sp ec tra . F igure 7.3 displays th e  17 day spec

tru m  in a  fo rm at th a t  facilitates direct com parison  w ith Figure 8 o f H W T 98. T here  

a re  differences in th e  C a II IR  trip let, which is significantly  stronger in H W T98. also 

th e  silicon ra tio  (N ugent et al. 1995) is m uch larger in our calculations. We also find 

significantly  m ore flux near 4000 A th an  do H W T98.

To d em o n stra te  th e  sim ilarities between th e  two delaved d e to n a tio n  m odels and
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Figure 7.2: S yn the tic  sp ec tra  for CS15D D 3 (dashed lines) p lo tte d  against observed 
sp ec tra  for SN 1984A (solid lines).

th e  co n tra s ts  to  th e  deflagration m odel, W 7, we have p lo tted  th e  d ay  15 sp e c tra  for 

DD21c, CS15D D3. and  W 7 with th e  -5 d ay  SN  1984A spec trum  in F igure 7.4. We have 

also p lo tted  W 7 w here we have artific ially  enhanced  the m eta llic ity  o f th e  u n b u m ed  

C + 0  layer by a  factor of 10 (see § 8.5.1) w here I discuss how p rogen ito r m etallicity  

varia tion  could  affect th e  silicon line |len tzm etal2000, clearly even a n  ex trem e value for 

the  m etallic ity  can not be th e  cause o f th e  h igh  velocities o f SN  1984A. We can  see th a t 

a lthough  CS15DD3 is a  b it b e tte r  in th e  Fe II. S II “W ” . and  5700 A Si II features, the
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Figure 7.3: Synthetic  sp e c tra  for CS15DD3 (dashed lines) p lo tted  on th e  sam e scale of 
F igure 8 of HW T’98.

two delayed de tonation  m odels are  otherw ise qu ite  sim ilar.

T h e  sy n th e tic  VV7 sp ec tru m , which has been carefu lly  fit to  th e  ordinary ' SN la  

SN 1994D (§ 6.2.3), has th e  righ t color, bu t th e  sp e c tra l features are  all too  slow. To 

u n d ers tan d  these differences, we have plo tted  th e  in teg ra ted  co lum n d ensity  for all th ree  

m odels in F igure 7.5. T h e  delayed detonation  m odels show  larger colum n density  for 

V >  15.000 km  s " ^  bu t are  like W 7 a t slower velocities. In  W 7, th e  high velocity region 

is u n b u rn ed  C + 0 ,  bu t in th e  delayed detonation  m odels it also includes som e freshly 

synthesized  in term ediate  m ass elem ents including calc ium , su lfu r, an d  silicon. It is th is
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Figure 7.4: D ay 15 synthetic sp ec tra  for CS15DD3 (sho rt-dashed  line), W 7 (th ick  long- 
dashed  line). W 7 with the m etallicity  in the u n b u rn ed  C-t-0 layer enhanced  by a  facto r 
o f 10 from § 8.3.3 (th in  long-dashed line), an d  D D 21c (do t-dashed  line) p lo tted  ag a in st 
observed -5 d ay  spectrum  for SN  1984A (solid lines). Clearly, m etallicity  effects can n o t 
produce th e  extrem ely  high velocities seen here.
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Figure 7.5: C o lum n density  for CS15DD3 (trip le  do t-dashed  line), W 7 (solid line), an d  
DD21c (d o t-d ash ed  line) p lo tted  against velocity.

increased density  of in term ediate  m ass elem ents a t high velocities to which we a ttr ib u te  

the  high blue-shift features in SNe la  like SN 1984A. We suggest th a t th e  varia tions in 

uto(Si II), th e  b lue-shift velocity o f the  m ain Si II feature 10 days a fte r m axim um  light, 

noted in H atano  e t al. (2000) m ay be due to  higher densities in the o u te rm o st layers of 

the supernova.

Figures 7.6 an d  7.7 com pare th e  silicon an d  iron num ber densities o f th e  th ree  

m odels. C learly, DD21c and  CS15DD3 fit th e  silicon feature well because they  b o th  

have significant silicon (nearly  th e  sam e) up to  v  =  30.000 km  s ~ ^  T h e  sm o o th ly  rising 

iron density  o f CS15DD3 produces a  b e tte r  fit to  the  Fe II features th an  does th e  m ore
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Figure 7.6: R elative silicon n u m b er density  for CS15DD3 (trip le  d o t-d ash ed  line), 
VV7 (solid line), and  DD21c (dot-d tished  line) p lo tted  against velocity.

com plicated  profile of DD21c.

7.4 D iscussion

We have ca lcu la ted  synthetic s p e c tra  from the  delayed d e tonation  m odels, DD21c and 

CS15DD3. to  m atch  the observed sp ec tra  of SN 1984A. T h e  sy n th e tic  s p e c tra  have suc

cessfully rep ro d u ced  the  high b lue-sh ift absorp tion  features, an d  for D D 21c, th e  colors 

using th e  p ro v id ed  bolom etric lum inosities. T h e  e x tra  colum n d en sity  in  th e  interm e

d ia te  m ass e lem en ts causes th e  lines to  form w ith  larger blue-shifts. T h e  im p o rtan ce  of 

line fo rm ation  in  th is  region o f W 7 is discussed relevent to  th e  s tu d y  o f C-t-O m etallicity
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F igure 7.7: R elative iron num ber d ensity  for CS15D D3 (trip le d o t-d ash ed  line).
VV7 (solid line), and  DD21c (do t-dashed  line) p lo tted  ag a in s t velocity.

in C h ap te r  8 . T h e  variations in line velocities in SNe la  w ith  otherw ise norm al sp ec tra  

a re  m ost likely d u e  to  the ad d itio n  o f a  sm all am ount of m ass a t  high velocity, possibly 

con tain ing  fresh ly  sjm thesized m ateria l. W hile the delayed detonation  m odels we have 

used do  show  th e  higher line b lue-shifts an d  high-velocity densities, and  th e  deflagration 

m odel does n o t, we do not consider th is as conclusive ev idence th a t the v aria tio n  is re

la ted  to  th e  different explosion m echanism . I t  m ay reflect a  continuous v aria tio n  in the 

e jec ta  densities  a t  high velocity w ith in  a  single family o f m odels. A delayed d e tonation  

m odel w ith  less density  a t high velocities, s im ilar in o u te r  d en s ity  s tru c tu re  to  W 7, may 

fit th e  n o rm al velocity SNe la  w ith  th e  sam e o r b e tte r  q u a lity  than  W7.
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Part III

Param eter Studies on T ype la

Supernovae
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O ne very relevant question  for SNe la  is how th e  effects of th e  p rogen ito r an d  its 

h is to ry  can affect th e  explosion an d  b e  de tec ted  in the  sp ec tra . In th is p a r t, I will rep o rt 

th e  on studies into two of p rogen ito r efifects and  th e  sp ec tra l signatures. T h e  m etallic ity  

o f th e  progenitor or th e  accreated  m a tte r  will affect th e  s tre n g th  of certa in  fea tu res and  

change some nucleosynthesis. D uring  th e  explosion, th e  circum ste llar m ateria l will be 

sw ep t up. If the  com panion d onates hydrogen or helium  to  th e  w hite  dw arf, w hy has 

hydrogen  or helium  not been seen in th e  sp ec tra  of SNe la?

98



Chapter 8

M etallicity Effects

T o explore th e  effects of progenitor m etallicity  on SNe la, we have ca lcu la ted  a grid  o f 

pho tospheric  phase atm ospheres of T y p e  la  supernovae (SNe la) w ith  m etallicities from  

ten  tim es to  one th irtie th  the  so lar m etallicity  in th e  C + 0  layer of th e  deflagration  

m odel. W 7. a t epochs 7. 10. 15. 20. and  35 days a fte r explosion.^ T h e  sp ec tra  show 

varia tion  in th e  overall level of th e  UV con tinuum  w ith  lower fluxes for m odels w ith  

h igher m etallic ity  in the  unburned  C + 0  layer. T h is  is consisten t w ith  th e  classical 

su rface cooling and  line blocking effect due to  m etals in the  o u ter layers o f C + 0 .  T h e  UV 

features also move consistently  to  the  blue w ith  h igher m etallicity. d em o n stra tin g  th a t  

th ey  are form ing a t shallower and  faster layers in th e  atm osphere . T h e  p o ten tia lly  m ost 

useful effect is th e  bluew ard m ovem ent of th e  Si II fea tu re  a t  6150 Â w ith  increasing 

C + 0  layer m etallicity. We also d em o n stra te  th e  m ore com plex effects of m etallic ity  

varia tions by m odifying th e  ^ F e  conten t o f th e  incom plete b u rn in g  zone in W 7 a t 

m axim um  light.

'T h e  work presented in this chapter has been published w ith my collaborators in Lentz e t al. (2000).
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8.1 Introduction

W e probe th e  possible effects of progenitor m etallicity  v aria tio n s  on th e  observed spec tra , 

by m odifying the  deflagration  m odel, W 7 (Nom oto e t a l. 1984: T h ie lem an n  e t al. 1986). 

U sing base fits to  observations (§ 8.2.2) we have scaled  a ll elem ents heavier th an  oxygen 

in the  u n burned  C + 0  iayer o f vV7 to sim ulate th e  erfects of various m etallicities in 

th e  p rogen ito r system . Hoflich e t al. (1998) exp lo red  th is  question  by m odifying the 

pre-explosion m etal content of a  particu la r SNe la  m odel an d  no ted  th e  differences in 

final com position , light curves, and  spec tra . T hey  fo u n d  th a t  th e  com position  of the 

p a rtia lly  b u rn ed  layers of the  e jec ta  yielded larger q u a n ti t ie s  o f  ̂  'Fe. A sim ilar effect can 

be seen in th e  lowered ^ 'F e  abu n d an ce  when W7 is c a lcu la ted  using a  p u re  C + 0  m ixture 

w ith o u t o th e r m etals (Iw am oto et al. 1999). We have m odified  th e  '^‘Fe ab undance of 

th e  p artia lly  bu rned  layers of W 7. to  replicate th is effect. WTiile Hoflich e t al. (1998) 

focused m ain ly  on th e  effects o f m etallicity  variations o n  th e  light curve an d  energetics, 

here  we co n cen tra te  exclusively on its  effects on th e  observed  sp ec tra , p articu la rly  at 

ea rly  tim es w here the  form ation of the  spec trum  o ccu rs  in th e  u n b u rn ed  C + 0  layer, 

which is m ost sensitive to  in itia l progenitor m etallicity.

8.2 M ethods

8 .2 .1  A bundance M odification

To m odel th e  effects of m etallicity  on  SNe la. we have m odified  th e  base W 7 m odel 

a t several epochs. W7, while clearly not the  co m p le te  m odel for SN e la, is a good 

s ta r t in g  poin t for spec tra l m odeling. T h e  com position s tru c tu re  o f W 7 as a  function of 

velocity does reasonably well in reproducing the o b se r\'ed  sp e c tra  o f SNe la  (H arkness 

1991a.b: B ranch  e t ai. 1985; N ugent e t al. 1997. an d  C h a p te r  6 ). B y m aking  separa te
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calcu lations to  consider th e  d irec t (C + 0  m etallicity) an d  the  ind irect explosive nucle- 

o syn thetic  consequences (^'*Fe enhancem ent), ou r com pu ta tional m ethods allow us to  

p robe these effects of p rogen ito r m etallicity independently . Hoflich e t al. ( 1998) changed  

th e  com position  before co m pu ting  the hydrodynam ics and  explosive nucleosynthesis of 

th e  m odel. T h is  gives th em  consistent nucleosynthesis an d  energetics w ith in  th e  co n tex t 

of th e ir chosen in p u t physics. However, it is difficult to  sep a ra te  effects in sp ec tra  th a t  

arise from different consequences of the in itial m etallic ity  variation.

To m odify th e  m etallic ity  o f th e  unburned  C + 0  layer we have scaled the  n u m b er 

abundances of elem ents heavier th an  oxygen in the  velocity range 14800-30000 km  s “  ̂

by a  co n stan t factor C- such th a t  for all species i heavier th an  oxygen, th e  new n u m b er 

abu n d an ce  n ',  is given by

n ' =  ( n , .

T h e  m ass fractions a re  th en  renorm alized.

Y i

in each layer. For all epochs we have used C + 0  m etallicity  factors. Ç. o f 10. 3. 1, 1 /3 , 

1/10, and  1/30.

T h e  nucleosynthesis resu lts of Hoflich e t al. (1998) show th a t m odifying the  m e ta l

licity of th e  p rogen ito r w hite  d w arf changes th e  q u an tity  of ^ F e  p roduced  in the  incom 

plete b u rn ing  zone in a  m an n er approxim ately  p rop o rtio n al to  th e  m etallicity. T h is  is 

due to  excess n eu tro n s in  th e  progenitor over a  pure  C + 0  m ix tu re , p articu la rly  " N e  

(see for exam ple A rn e tt 1996: N om oto et al. 1984: Iw am oto et al. 1999. and  references 

there in ). To sim ula te  th is  effect in W7. we have scaled the  "’"*Fe ab u n d an ce  in th e  in

com plete b u rn in g  zone o f VV7. 8800-14800 km  s~^. in th e  sam e m an n er as th e  C + 0
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layer m etallicity,

=  ^"54 F g .

T h e  m ass fractions a re  then  renorm alized  in  each layer. We have used ^ ‘Fe abu n d an ce  

factors. of 3. I. 1 /3 . 1/10, and  1/30  for th e  epochs 20 an d  35 days a fte r explosion . For 

th e  rem aining epochs we have on ly  com puted  m odels for 1/10 '"'•Fe ab u n d an ce  (Ç =  0.1).

Finally, we sim u la te  the  full effects of progen ito r m etallicity  on th e  o u tp u t  sp ec tra , 

by com bining th e  two effects, C + 0  layer m etallicity  an d  incom plete b u rn in g  zone ^*Fe 

abundance, into a  single series o f m odels. For each m odel we have used th e  sam e factor 

for b o th  C + 0  m etallic ity  and  ^ 'F e  ab undance = C). T hese factors a re  th e  sam e as 

for th e  ■’■‘Fe ab u n d an ce  m odifications above.

8.2.2 Baseline Models

To perform  num erical experim ents on the  m etallicity  effects in the  s p e c tra  o f SNe la, 

we need reasonable base m odels for each epoch. T h e  m odels used in th is  C h a p te r  are 

pre lim inary  fits d u rin g  early  w ork on C h ap te r 6 (L entz et al. 2001b, also) an d  some 

of th e  fitted lum inosities and  even th e  tim ing  have changed. T h is does no t affect the 

resu lts discussed in  th is C h ap ter. Hoflich an d  K hokhlov (1996) find q ( th e ir  Q ) in the 

range 0.7 < q < 1.8 . W hen q > I s to red  rad ia tiv e  energy  is being re leased  an d  when 

q < 1 rad ia tive energy  is being s to red .

T h e  m axim um  light (epoch d ay  0 for th e  observations) fit for SN 1994D to  W 7 

(w ith  q  =  1.0) a t  day  20 afte r th e  explosion is th e  sam e as in N ugent e t al. (1997). 

For th e  two m odel fits a t  days 10 (which we com pare  to  day -9 w ith  re sp ec t to  B 

m axim um ) an d  15 (com pared to  d ay  -4 w ith  respect to  B m axim um ) for W 7 we have 

used lum inosity  p aram eters  o i q =  0.4 and  q =  0.8 respectively. For th ese  tw o m odels 

th e  fits are generally  good, b u t w ith  all of the  pre-m axim um  sp ec tra , th e  red  edge of
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th e  Si II  feature a t 6150 À does no t ex tend  far eno u g h  to  th e  red. For m odel day 7 

(fit to  day  -12) we chose th e  th e  m odel w ith lum inosity  t] =  0.1. T h is  m odel fits the  

lum inosity  an d  m ost features well. For ou r post-m ax im um  model, d ay  35 ( 15 days afte r 

m axim um ), we fit th e  observation  w ith  a m odel w ith  lum inosity, 77=  1.5. T h is  m odel 

fits generally; however, the  large fea tu re  a t 4800 Â (p ro b ab ly  Fe II) is n o t seen in the 

observations. T h e  observed N a I D feature is m issing, probably  d u e  to  deficiencies in 

th e  sod ium  m odel atom , or a tom ic d a ta  (§ 6.4.3). For days 7, 10, an d  15, which are 

o p tica lly  th ick  a t th e  core, we use a  diffusive inner b o u n d a ry  cond ition . For days 20 

an d  35 which have lower to ta l op tica l d ep th  we use a  'n e b u la r ' inner boundary .

8.3 M etallicity of Unburned C-J-O Layer

T h e  sim plest effect of m etallicity  on  th e  spectral fo rm ation  in SNe la  is th e  change in the 

m etal con ten t of th e  unburned  C -t-0  layer neglecting changes in th e  d en sity  s tru c tu re  

an d  d eep er layers. In th is section we exam ine these effects independen tly  o f o th er effects 

o f p rogen ito r m etallicity  on SNe la. Since ongoing su p ern o v a  searches a re  expected  to 

discover SNe la  early, and  early  sp e c tra  probe the  o u te rm o st layers only, th is  approach 

is sensib le and  yields physical insight th a t is som ew hat m odel independen t.

W hen  we look a t th e  overall U V O IR  syn thetic  s p e c tra  (Figures 8.1, 8 .6 , 8 .8 , 8.11, 

an d  8.13) o f th e  m odels w ith varia tions in the C + O  layer m etallicity. we see two con

sis ten t an d  significant effects; sh ifts  in the  UV pseudo-con tinuum  level (expanded  view 

for d ay  7 in F igure 8.2) and  varia tions in the Si II line a t  6150 Â (ex p an d ed  views in 

F ig u re  8.5).

T h e  general effect in the UV is th e  increase in th e  U V  pseudo-continuum  level w ith 

decreasing  m etallicity. S im ultaneous is the red w ard (b luew ard) sh ift o f  m ost UV fea

tu re s  w ith  decreasing (increasing) m etallicity. In th e  U V . th e  line-form ing region is in
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th e  C + 0  layer. As th e  m etallic ity  decreases, th e  line form ing region m ust reach deeper 

in to  th e  a tm osphere to  have th e  sam e line opacity, re su ltin g  in sm aller line velocities. 

M odification of th e  C + O  layer m etal abu n d an ce  gives a  classic surface cooling effect, 

lower tem p era tu res  for h igher m etallicity. T h e  h igher te m p e ra tu re s  of th e  lower m etal

lic ity  C + 0  atm ospheres give higher therm al fluxes, m oving the  UV pseudo-continuum  

h igher w ith lower m etallicity . T h e  surface cooling an d  th e  resu lting  shifts in UV pseudo

co n tin u u m  are ev ident a t  every  epoch. T h ere  is th e  com plem en tary  effect of add itional 

m eta ls  increasing th e  line blocking. We m ake no a t te m p t to  sep a ra te  these two effects 

in th is  paper.

T h e  Si II line a t 6150 Â (F igure 8.5) shifts b luew ard  w ith  increases in m etallicity  

for epochs th rough  day  20. T hese shifts d em o n stra te  th a t  som e line form ation in th is 

fe a tu re  takes place in th e  C + 0  layer. T h e  earlier epochs show  large varia tions in th e  

to ta l  d ep th  of the  featu re  which implies th a t  the  line form s less in the  incom plete burn ing  

zone w ith  its large, unchanging  silicon abundance, an d  m ore in the  C + 0  layer where 

th e  silicon abundance changes. At la te r epochs these cond itions are reversed, resu lting  

in  sm aller changes w ith  C + 0  layer m etallicity  varia tion . T hese  effects a re  discussed 

fu r th e r  in § 8.5.1.

T h e  Mg II h + k  fea tu re  a t  2600 A (F igure 8.2) does no t move to  th e  blue or red 

as th e  m etallicity  varies. T h e  decrease in M g II h + k  fea tu re  s tren g th  w ith  increasing 

m eta llic ity  is caused by th e  increasing UV line b lanketing  from  background line opacity  

in th e  C + 0  layer. T h e  M g II absorp tion  occurs m ostly  in  th e  deeper, p a rtia lly  burned  

layer th a t  is highly en riched  in m agnesium . We have confirm ed th is hypothesis by 

ca lcu la tin g  diagnostic o u tp u t  sp ec tra  w ithou t using any  background opac ity  (see B aron 

e t a l. 1999. for a  d iscussion o f the  m ethod). T hese d iagnostic  sp ec tra  suggest th a t th is 

fe a tu re  (and  the  featu re  n ea r 2800 A) m ay ac tu a lly  be d u e  to  a  com plicated  blend of 

M g II UV 1-4 tran sitio n s: h + k  (U V  1) A2798, (UV 2) A2796. (UV 3) A2933. and  (UV
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F igure 8.1: M odels w ith various m etallicities in C + 0  layer a t 7 days a f te r  explosion. 
T h ick  solid deno tes 10 tim es the norm al C + 0  m etallicity , thick d o tte d — 3 tim es, short 
dash ed — norm al, long dashed— 1/3, d o t-d ash ed — 1/10. an d  th in  solid— 1/30.

4) A2660.

8 .3 .1  D ay 7

O u r g rid  o f sy n th e tic  sp ec tra  of W 7 on day 7 w ith  C + O  m etallicity  varia tions are 

show n in F igure  8.1. T h e  case ^  =  10 is likely ex trem e and  is show n for illustrative 

purposes only, we d o n ’t consider it fu rth e r a t  th is epoch . T h e  UV sp e c tra  (F igure 8.2), 

show varia tions in the pseudo-continuum  due to  su rface  cooling, line blocking, and
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F igure 8.2: E xpansion  of ultraviolet region o f F igure 8.1

fe a tu re  shifts due to  changes in th e  featu re  form ation d e p th  (velocity). T h e  pseudo

co n tin u u m  level in th e  optical an d  IR  vary w ith m etallicity . Lower m etallic ities have 

low er pseudo-continuum  fluxes. F igures 8.3 and 8.4 d isp lay  op tical an d  in fra red  spec

t r a  which illu stra te  th is effect m ore clearly. This is d u e  to  baclavarm ing. F igure 8.3 

show s th a t the  line features a t  3650 Â (C a II H + K ), 4250 A (Fe II. M g II, & Si III), 

4700 A (Fe II). an d  5650 A (Si II) n early  d isappear as th e  m etallic ity  d ro p s to  1 /30 of 

n o rm a l. The 4700 A Fe II fea tu re  is weak and d o esn 't ex ten d  far enough to  the  blue 

in  th e  base m odel fits (§ 8.2.2). Increasing  the  m etallic ity  by even a  facto r o f  10 does
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Figure 8.3: Expansion o f o p tica l region of F igure 8.1

no t ex tend  th e  featu re  b luew ard enough (to  sufficiently large velocities) to  m atch  th e  

observations. T h e  sam e is tru e  of the C a II H + K  lines. T his ind icates th a t  m ore m ass 

ex tend ing  to  h igher velocities is needed to  fit th is  feature. T h e  Si II fea tu re  a t  6150 A 

(F igure  8.5a) shows th e  b luew ard  m ovement o f th e  feature m inim um  an d  blue-edge wall 

w ith  increasing m etallicity. T h e  slope of th e  red  edge of the  featu re  changes a n d  a t  th e  

lowest m etallicities th e  featu re  is no t strong  eno u g h  to  form the  red  em ission w ing  o f  th e  

P  Cygni feature. T h e  infrared  sp ec tra  (F igure  8.4) show several featu res th a t  weaken 

w ith  lower m etallicity . M g II A9226 A and  Si I com plexes a t A10482 an d  A10869 A (cf. 

M illard  et al. 1999). as well as two features th a t  strengthen  w ith low er m etallicity . T h ese
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Figure 8.4: E xpansion  of infrared region of F igure 8.1

two O I fea tu res  (7400 Â and  8150 Â) weaken as th e  oxygen ab u n d an ces decreases in 

favor of h igher Z m etals.

8 .3 .2  D ay  10

O u r grid o f sy n th e tic  sp ec tra  o f W 7 on day 10 w ith m etallic ity  v aria tio n s  in the  G + 0  

layer (F igure  8.6) display sim ilar varia tions to  those in th e  day  7 sp e c tra  (F igure 8.1). 

T h e  UV v aria tio n s again show  th e  blue-shifted featu res an d  lower co n tin u a  w ith in

creasing m etallicity . T he op tical pseudo-continuum  effects (F igure 8.7) a re  still present, 

b u t sm aller. We again see lines th a t  deepen w ith increased  m etallic ity  such  as 3650 A
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F igure 8.5: E xpansion of Si II  6150 A région of a. F igure 8.1 (D ay  7). b. F igure 8.6 
(D ay 10). c. F igure 8.8 (D ay 15), and d. F igure 8.11 (D ay 20).
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Figure 8.6: M odels w ith various m etallicities in C + 0  layer a t 10 days a f te r  explosion. 
Labels are th e  sam e as Figure 8.1.

(C a  II H + K ), 4250 A (Fe II, Mg II, & Si III), and  6100 A (Si II), b u t th ese  effects are less 

d ram atic  th an  a t day  7. T he Si II fea tu re  (F igure 8.5b) .still shows th e  changing  depth  

and  slopes o f th e  line edges w ith m etallicity, b u t, a t  d a y  10 th e  d ep th  of th e  Si II feature 

in the  lowest m etallicity  m odel is larger than  in th e  sam e m odel on d ay  7, relative to 

th e  highest C + 0  layer m etallicity in  th e  respective epoch. T hese effects o n  th e  optical 

lines indicate th a t  line form ation for certain  s tro n g  lines is now tak in g  p lace  in layers 

below th e  C + O  layer. T he effects o f line form ation below  th e  C + 0  layer becom es more 

im p o rtan t as th e  supernova a tm o sp h ere  expands an d  becomes less op aq u e .
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Figure 8.7: E xpansion o f op tical region of F igure 8.6

8.3.3 Day 15

O u r g rid  of syn thetic  sp ec tra  o f W 7 on day  15 w ith C + 0  m etallic ity  varia tions (F ig 

u re  8.8) are  again sim ilar to  those in th e  d ay  7 and  10 sp ec tra  (F igu res 8.1 8.6). T h e

d ecreasing  effects o f C + 0  layer m etallicity  a re  ap p a ren t. T he UV pseudo-con tinuum  

v a ria tio n  w ith  m etallicity  rem ains s trong . T h e  optical (F igure 8.9) a n d  th e  near in fra red  

(F ig u re  8.10) show th e  backw arm ing o p tic a l/IR  pseudo-continuum  flux effect w hich o c 

cu rred  in  th e  optical a t  day 10, and  ex tended  well into th e  IR a t d ay  7. Features w hich 

increased  in s tren g th  w ith increasing C + O  m etallicity  are a  b lend  o f Fe II. M g II. &

1 1 1
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F igure  8.8; M odels w ith various m etallicities in C + 0  layer a t 15 days a fte r explosion. 
Labels a re  th e  sam e as F igure 8.1.

Si III a t  4250 Â, the  m ulti-species blend a t  3300 A. M g II a t 8850 A, an d  an  unidentified  

fea tu re  a t  10400 A (possib ly  Si I). T h e  fea tu re  a t 3300 A is a  b lend  o f weak lines th a t  

form s in th e  C + 0  layer. F igure 8.9 illu stra tes th e  b lue shifting  of featu res as changes 

in m eta l co n ten t move th e  d ep th  (and thus velocity) o f line form ation .

T h e  tw o com ponent fea tu re  a t  3700-3900 A is usually  labeled C a  II H + K . N ugent 

e t a l. (1997) have identified th is “C a sp lit ' as arising  from a  b lend o f C a  II H + K  w ith  

Si II A3858. We have ca lcu la ted  a  series of d iagnostic  sp ec tra  a t  th is  epoch  using  th e  

sam e te m p e ra tu re  s tru c tu re , b u t w ithou t background  opacity. W e have confirm ed th e
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F igure  8.9: Expansion of b lue regions o f F igure 8.8

iden tifica tion  of th e  b lue  w ing w ith the  Si II line. W hen sp e c tra  are calcu lated  w ithou t 

an y  o th e r  line opacities. C a  U forms a  p a ir  o f features. T h e  blue C a II ab so rp tion  forms 

from  th e  A3727 line, th e  red absorp tion  from  th e  H + K  lines. T h e  Si II featu re  fails on 

th e  p ea k  betw een th e  two C a  II absorp tions. As th e  Si II fea tu re  s tren g th en s, the  flux 

d isp laced  by its ab so rp tio n  ‘fills-in' th e  C a  II H + K  ab so rp tio n  creating  a  s p l i t :  W ith  

enough  Si II only th e  blue absorption fea tu re  rem ains, while th e  red featu re  becom es an  

inflection. T h e  lack o f a  sp lit in some SN e la  indicates th a t  e ith er th e  Si II featu re  is 

w eaker o r th e  C a II H + K  is stronger, p reven ting  the fo rm ation  of a  sp lit. T h is  helps to

113



14.6

14.4

u.

I

14.2

7000 80007500 8500 9000
Â (Angstroms)

F igure  8.10: E xpansion of near infrared  region o f F igure 8.8

illu stra te  th a t  in supernovae o f all types, features are o ften  th e  resu lt of m ore th a n  one 

m ultip let, o r even ionic species.

T he Si II fea tu re  a t  6150 Â (F igure 8.5c) shows m uch sm aller, b u t still significant, 

effects due to  C + O  m etallicity. T h e  blue edges are  paralle l an d  th e  red edges nearly  

so. T h e  d ep th  co n tra s t is now much sm aller th an  before. T h is  is s tro n g  evidence th a t  

th e  feature is form ing  p rim arily  below th e  C + 0  layer a t th is  epoch. F igure 8.10 shows 

th e  displacem ent of oxygen by m etals in th e  O I lines a t 7450 A. 8100 A. an d  8250 A, 

th e  la tte r two o f which are  superim posed  on th e  s tro n g er C a  II IR  trip le t which, like
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F igure 8.11: M odels w ith various m etallicities in C + 0  layer a t  20 days a fte r explosion. 
Labels are th e  sam e as F igure 8.1.

the  C a II H + K  absorp tion , form s in th e  calcium  rich incom plete  b u rn in g  zone and  is 

unaffected by th e  C + 0  metallicity.

8.3 .4  D ay  20

O u r grid  o f sy n th e tic  sp ec tra  o f VV7 on day  20, app rox im ate ly  m axim um  B m agn itude, 

w ith C + 0  m etallic ity  variations (F igu re  8.11) shows th e  con tinu ing  reduction  in im

portance  of th e  C + 0  layer m etallicity  as th e  a tm osphere becom es m ore o p tica lly  th in . 

T h e  UV pseudo-continuum  and  fea tu re  sh ift effects are still s tro n g . T h e  only  rem ain ing
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Figure 8.12: E.^pansion of op tical region of Figure 8.11

features w hich display C + 0  layer m etallicity  effects in th e  optical (F ig u re  8.12) are 

th e  C a  II H + K . th e  4250 Â (Fe II. Mg 11, &: Si III), an d  6150 À Si II features. As a t 

d ay  15. th e  C a  sp lit’ rem ains, th e  blue com ponent increasing in s tre n g th  and  the  red 

com ponen t decreasing w ith increasing C + 0  m etallicity. T h e  Si II fea tu re  a t 6150 Â 

(F igure  8.5d) now shows parallel edges (b o th  blue an d  red) for the  various C + 0  layer 

m etallic ities. T h e  relatively sm all changes in th e  line s tre n g th  ind icate  th a t  th e  feature 

form s m ostly  in th e  deeper, silicon rich layers, b u t som e m easurable  effects due to  C + O  

layer m etallic ity  are  still evident.
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F igure  8.13: M odels w ith  various m etallicities in C + 0  layer a t  35 days a fte r explosion. 
Labels are th e  sam e as F igure 8.1.

8 .3 .5  D ay 35

O u r grid  of sy n th e tic  sp ec tra  of W 7 on day 35 w ith C + 0  m etallicity  varia tions are  

p lo tted  in F igure 8.13. T h e  UV features still show th e  sam e pseudo-continuum  an d  line 

sh ifting  behavior seen  in  the  previous epochs. T h is  illu s tra te s  th a t  even a t  th is  epoch 

th e  pseudo-continuum  form ation in the  UV is still in th e  u n burned  C + 0  layer. T h e  

Si 11 feature a t  6150 Â has only sm all variations which can  n o t be separated  from  th e  

pseudo-continuum  effects. It shou ld  be noted th a t th e  Si II fea tu re  at th is epoch  fits
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th e  observations ra th e r  poorly.

In the o p tica l we see the b lue-sh ifting  o f the 4800 A (Fe II) fe a tu re  w ith  increasing 

m etallicity w ith o u t significant changes to the  overall w idth, shape , o r  d ep th  of th e  

feature. T h is ind icates th a t it form s m ostly  a t d eep er layers, w ith sm alle r effects from  

th e  C + 0  layer. W hen looking for a  base fit for th is  epoch, we find th a t  while th e  line 

shapes near 5000 Â are b e tte r w ith  som ew hat h o tte r  m odels, those m odels had poor 

overall sp ec tra l sh a p e  or color. To diagnose this su d d en  change in m odel behavior, we 

have p lotted  th e  tem p era tu re  profile o f the  th ree  m odels w ith the lowest m etallicity, th e  

density  profile, an d  th e  carbon abu n d an ce  (F igure S. 14). We can see th a t  th e  Ç =  1/30 

m odel has a  defin ite  tem p era tu re  inversion. T his inversion corresponds to  th e  position of 

th e  density  spike in  W 7 arising from  th e  deflagration wave. The h igher d en s ity  coincides 

w ith  the change from  the  more efficient cooling available by in term ed ia te  m ass elem ents 

to  th a t of th e  less efficient cooling of C + 0  crea tin g  the  tem p e ra tu re  inversion. In 

m odels w ith h igher m etal conten t th e  effectiveness o f cooling by m e ta ls  in the C + 0  

layer provides th e  needed cooling to  prevent the  fo rm ation  of an inversion.

8.4 Content of Incomplete Burning Zone

8.4 .1  P re-M axim um  Light E pochs

W e have co m p u ted  m odels w ith  ^ F e  abundance reductions of 1/10 in  %he in term ediate  

b u rn ing  zone an d  m odels w ith th e  com bined 1/10 C + 0  m etallicity  an d  1 /10  ^ F e  ab u n 

d ance reductions for th e  epochs 7, 10, and  15 days. W hen  we com pared th e  ^ F e  reduced 

abundance m odels w ith  th e  re la ted  m odels con tain ing  th e  sam e C + 0  m etallic ities (no r

m al and  1/10 norm al, respectively) we found no changes in feature s tren g th . Som e 

slight differences in  pseudo-continuum  levels were seen in the  day  10 a n d  15 com par

isons. These m ay  b e  due to weaker versions of the  ’’'F e  abundance cau sed  backw arm ing
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F ig u re  8.14: P anels from  top to  b o tto m  d isp lay  carbon  abundance, density , an d  tem p er
a tu re  profiles for low m etallicity m odels a t  d ay  35. T h e  line styles for th e  tem p era tu re  
profiles are the  sam e as for the  co rresp o n d in g  sp ec tra  in F igure 8.13.

119



described in § 8.4.2. Since each  com parison p a ir  includes two m odels w ith different 

com position in th e  incom plete b u rn in g  zone th is  m ay slightly  affect th e  tem p e ra tu re  

s tru c tu re .

8.4 .2  D ay 20

O u r grid of sy n th e tic  spec tra  o f VV7 on day 20, ap p ro x im a te ly  m axim um  B m agnitude, 

w ith  incom plete burning zone ^ F e  abundance v a ria tio n s is show n in F igure 8.15. Som e 

sm all vertical displacem ents o f th e  UV flux, w ith o u t blue- o r red-shift. can be u n d ers to o d  

by th e  effects of surface cooling/backw arm ing in th e  incom plete b u rn in g  zone. As 

in te rm ed ia te  m ass elem ents a re  replaced by ^'*Fe, th e  larger line opacity  of iron cools 

th e  ^ F e  rich m odels. Since th is  does not affect th e  te m p e ra tu re  g rad ien t in the  C + 0  

layer, th e  tem p era tu re  shift rem ains constan t th ro u g h o u t the  C + 0  layer.

In th e  op tical (Figure 8.16) we can see a  few fea tu res th a t decrease w ith  increasing 

^■*Fe, such as th e  Si II and  S II in the 4850 Â fea tu re , th e  S II “W " a t  5300 .4. an d  

th e  Si II featu re  a t  6150 .4. T h is  is caused by d isp lacem en t of th e  species form ing th e  

line by ad d itio n al ^ ‘Fe. Several features can be seen  to  s tren g th en  w ith  g rea ter ^ ‘Fe 

abundance. T h is  indicates th a t  th ey  are formed a t  least in p a r t by iron in th e  incom plete 

b u rn in g  zone. T hese  features included  the  featu re  a t  4100 Â th a t  erodes the  peak  o f a  

neighboring  fea tu re  and the  red  w ing of the  4300 Â feature.

O u r grid of synthetic  sp e c tra  o f W 7 on day 20 w ith  incom plete b u rn ing  zone ^ F e  

ab u n d an ce  varia tions and C + O  layer m etallicity  a re  show n in F igure 8.17. T h e  effects 

o f th e  com bined m odifications m ostly  sep a ra te  in to  th e  effects seen in F igures 8.11 

& 8.15. T h e  UV  displacem ents in flux and  th e  effects on th e  Si II 6150 A featu re  in 

th e  com bined m odels reflect th e  effects of m etallic ity  varia tion  in the  C + 0  layer alone. 

T h e  S II “W ” a t  5300 A and th e  "peak  erosion” line a t  4100 A show  th e  p rim ary  effect 

o f ^ F e  ab u n d an ce  on the o p tica l sp ec tra  (F igure  8. IS) w hen b o th  th e  ’̂ 'F e  abu n d an ce
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F igure 8.15: M odels w ith  various ^ F e  abundances in th e  incom plete b u rn in g  layer a t  20 
days a fte r explosion. Solid denotes 3 tim es the norm al ^ F e  abu n d an ce  in th e  incom plete
b u rn ing  zone, th ick  d o tte d —norm al, sh o rt dashed  1 /3 , long d ash ed — 1/10, and  dot-
d ashed— 1/30.
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Figure 8.16: E xpansion  of optical region of Figure 8.15

and  th e  C + 0  layer m etallicity a re  varied sim ultaneously. T h e  effect o f the  com bined 

m odifications on th e  C a II H + K  fea tu re  are sm all. T h e  4350 Â fea tu re  in  the  com bined 

m odification has th e  com bination  effects of deeper red wing s tre n g th  w ith  increasing 

^ F e  ab u n d an ce  and  a deeper b lue  w ing (Mg II) w ith increasing C + 0  layer m etallicity. 

T h e  changes in th e  C + 0  layer m etallic ity  and  in the  ‘̂‘Fe abu n d an ce  o f th e  incom plete 

b u rn in g  zone each have effects w hich are  separa te  from  one an o th er a n d  com bined effect 

is essentially  th e  sum  of the  two effects.
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F ig u re  8.17: M odels w ith  various ^ F e  abundances in th e  incom plete b u rn ing  layer and  
m etallic ities in th e  C + 0  layer a t  20 days a f te r  explosion. T hese  m odels com bine the  
effects in the  m odels in F igures 8.11 & 8.15. Solid deno tes 3 tim es th e  norm al ^ F e  
ab u n d an ce  in th e  incom plete b u rn in g  zone an d  C + 0  layer m etallicity, th ick  d o tte d —  
norm al, short dash ed  1/3, long dashed— 1/10, and  d o t-d ash ed — 1/30.
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F igure 8.18: E xpansion  o f optical region o f F igure 8.17 

8 .4 .3  D a y  3 5

O u r grid  o f sy n th e tic  spec tra  o f W 7 on  day  35 w ith  incom plete b u rn ing  zone ^ F e  

ab u n d an ce  varia tions are shown in F ig u re  8.19. T h e  U V  pseudo-continuum  varies due 

to  th e  su rface ' cooling and  ad d itio n a l line blocking in  th e  incom plete b u rn in g  zone. 

T h e  O I fea tu re  a t  8000 A and  th e  Si II feature a t  6150 A become weaker as oxygen 

an d  silicon are  d isplaced by ^ F e .  T h e re  are several sign ifican t effects in th e  infrared , 

however, observations which ex tend  fa r enough into th e  IR  to  com pare w ith  real SNe la  

a re  not available.
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Figure 8.19; M odels w ith  various ^ F e  abundances in th e  incom plete  b u rn in g  layer a t 
35 days a fte r explosion. Labels a re  the  sam e as in F igure 8.15.

O ur grid  o f syn thetic  sp ec tra  of VV7 on d ay  35 w ith  com bined incom plete burn ing  

zone ^ F e  ab u n d an ce  and  C -fO  layer m etallic ity  varia tions a re  show n in F igu re  8.20. 

T h e  effects of th e  com bined m odifications m ostly  sep a ra te  in th e  th e  effects show n in 

Figures S. 13 & 8.19. T he UV pseudo-continuum  variation , changes near th e  5000 Â Fe II 

feature, an d  th e  changes to  the 11000À featu re  reflect th e  C-t-O m etallic ity  m odification 

alone. T h e  sm all shift in  th e  Si II feature a t  6150 A and  th e  su rro u n d in g  pseudo

continuum  show  the  con tribu tions of ^^Fe abundance m odification .
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F ig u re  8.20: M odels w ith various ^^Fe abundances in th e  incom plete  burn ing  layer an d  
m etallic ities  in the  C + 0  layer a t  35 days a fte r explosion. T h ese  m odels com bine th e  
effects in th e  models in F igures 8.13 & 8.19. Labels are th e  sam e as in F igure 8.17.

8.5 Discussion

8.5.1 Evolution of Si II

F ig u re  8.5 shows the  evolution of the Si II 6150 A featu re  to  m axim um  light. T h e  

fe a tu re  grows stronger and  s teep e r as line form ation o f th e  Si II A6355 fea tu re  moves 

in to  th e  silicon rich layers of VV7. As line form ation moves in to  th e  silicon rich zones, th e  

effects of C + 0  layer m etallicity  on line form ation , are reduced, b u t no t e lim inated . T h e
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F igure  8.21: B lueshift velocities of Si II 6150 A  feature as a  function  of epoch . Down 
trian g le  sym bols rep resen t 1 /30 norm al C + 0  layer m etallicity, left triangles 1 /10  nor
m al. up  triang les 1/3 norm al, diam onds norm al, squares 3 tim es norm al, an d  circles 10 
tim es norm al m etallicity . D a ta  are from lines show n in F igure 8.5.

b lue-shift velocities of th e  deepest points o f th e  Si II feature a re  p lo tte d  for th ese  m odels 

in F igure  8.21. E xcept for th e  extrem e case, Ç =  10, th e  b lue-sh ift velocities increase 

m onotonically  w ith  C + 0  layer m etallicity th ro u g h  day  20. T h e  increasing o p ac ity  from  

th e  C + 0  layer moves th e  feature bluew ard. T h e  velocity sh ifts  due to  m eta llic ity  are 

d eg en era te  w ith  changes th a t  could be exp ected  from  silicon rich m ateria l ex ten d in g  

to  h igher velocities. However, the  effects of p rim ary  line fo rm ation  in th e  C + O  versus 

silicon rich layers can  be d istinguished  by line shapes. T hese general tren d s a n d  sp read s
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in b lueshift velocities are  sim ilar to  those  seen  in the  d a ta  by B ranch  an d  van d en  Bergh 

(1993). T h ey  found th a t the slower b lu esh ift velocities tended  to  be found in earlier 

galax}’ types. A sim ilar s tudy  co rre la tin g  blueshift velocities, p eak  m ag n itu d e  (or a  

su itab le  p roxy), an d  a  m ore q u an tita tiv e  estim ate  of th e  p re-supernova env ironm ent 

m etallicity  will be th e  sub ject of fu tu re  w ork.

8.5.2 O th er Features and E ffects

T h e  UV pseudo-con tinuum  shows th e  effects of m etallicity th ro u g h  th e  su rface  cool

ing of th e  C -f O layer, additional line b locking  and the  sh ifting  o f lines which form  at 

faster m oving layers w ith  higher m etallicity . T h e  UV pseudo-continuum  disp lacem ent 

is relatively  co n stan t and  still present a t  35 days after explosion. T h e  UV d isp lacem ent 

over the  en tire  range of models is ty p ica lly  ~  0.5 dex. For th e  m ore likely range  of 

m etallicities. 1 /3  to  3 tim es solar, th e  change is up to  ~  0.2 dex  o r 0.5 m agnitudes. 

U nfortunately , we canno t use near-U V  flux as a  m etallicity ind icato r. T h e  U V  flux is 

d iagnostic o f th e  tem p era tu re , density, a n d  rad ius (velocity) of th e  C -l-0 layer, b u t is 

no t un iquely  d e term in ed  for any one q u an tity . T he related  backw arm ing causes pseudo

continuum  sh ifts  in th e  optical and  n ea r infra-red  for th e  ea rly  epoch sp ec tra . T h is 

backw arm ing sh ift in  continua fades in s tre n g th  as pseudo-continuum  form ation  moves 

to  deeper layers. A sm aller surface coo ling /backw arm ing  effect exists in th e  p a rtia lly  

burned  layers from  changes in ^ F e  ab u n d an ce , beginning a t day  20.

Hoflich e t  a l. (1998) also report a  change  in UV pseudo-continuum  for m odels w ith 

different m etallic ity  by noting  decreases in  th e  {/-band m agn itude  w ith  increasing m etal

licity. T h ey  show  a  change in flux in th e  U V  sp ec tra  presented, b u t th e  change occurs 

in th e  o p p o site  d irection  w ith m etalicity  to  th a t which we find here. T h is is d u e  to 

th e  difference in  th e  density  s tru c tu res  betw een delayed d e to n a tio n  m odels (D D ) they  

em ploy an d  th a t  of th e  param eterized deflag ration  m odel W 7 th a t  we use here. In  the
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DD m odel th e  lower m etallic ity  m odel form s th e  UV pseudo-con tinuum  a t a  sm aller 

radius and  so th e  hux is lower for sm aller m etallicities. since th e  rad ia l effect wins ou t 

over the  opacity.

Some features which had  significant im pact from C-hO m etallic ity  a t  early  epochs 

are  nearly  unaffected at la te r epochs. At d ay  7 we find th a t m ost o f th e  optical features 

nearly  d isap p ea r when th e  m eta l content is d ropped  to  1 /30 no rm al. T h is  indicates 

th a t  m uch o f line form ation for these features takes place in th e  C -l-0  layer. In la ter 

epochs th e  im pact of the C + O  layer m etallicity  on m ost op tical fea tu res becomes quite  

sm all, since line form ation occurs m ostly in th e  deeper layers.

T h e  influence of ^ 'F e ab u n d an ce  in the incom plete burn ing  zone is very  sm all at early 

epochs, since significant sp ec tru m  form ation occurs in the  C + 0  layer. At maxim um  

light and  la te r. '’■‘Fe abundance variations change Fe feature s tren g th s , have some small 

tem p era tu re  based effects on  th e  pseudo-continuum , and  change th e  s tre n g th  of certain  

features from  species, e.g. su lfu r, which are  displaced by ^ ‘Fe ab u n d a n ce  changes.

We have confirmed th e  N ugent e t al. (1997) identification of Si II A3858 as a  com

ponent of th e  C a II H +K  'sp li t '.  To the b lue of the C a II H + K  fea tu re  is th e  emission 

peak  from  an o th e r C a II line. W hen the Si II line forms, th e  Si II ab so rp tio n  falls on 

th a t  peak an d  the  emission from  th e  Si II line forms a  peak  in th e  cen te r of the ‘sp lit’. 

For m odels w ith  a  strong  Si II feature, the absorp tion  m inim um  of th e  red  wing of the 

C a  II H + K  will seem to d isap p ea r. For W 7, changes in m etallic ity  a lte r  the  streng th  

o f th e  Si II line and  thus, th e  sh ap e  of th e  C a  'sp lit ' feature. In  real SNe la, o ther 

factors m ay prevent the fo rm ation  o f a  ‘sp li t’ such as s tronger C a  II H + K , weaker Si II, 

o r te m p e ra tu re  effects. J h a  e t a l. (1999) show  sp ec tra  for several n o rm al SNe la. T h e  

C a  II H + K  featu re  in the observations d isp lay  a  range of m orphologies sim ilar to those 

seen in o u r sy n th e tic  spectra . W e do not requ ire  any ab u n d an ce  o r ion ization  effect to  

produce th is  feature. W hile th is  in te rp re ta tio n  is s tric tly  correct in  th e  m odel W7, we
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su sp ec t it also produces the  observed feature in SNe la , however, deta iled  com parisons 

of th e  calcu lated  velocities to  those  of the observed features are  required.

8.6 Conclusions

B y calcu lating  a  series of m odel atm ospheres w ith  ab u n d an ce  varia tions aro u n d  th e  base 

W 7 m odel for SNe la, we have d em o n stra ted  u n expected  an d  com plex effects on th e  

o u tp u t sp ec tra . T h e  UV sp ec tra  show  lower flux an d  b lueshifting  lines as surface cooling, 

ad d itio n a l line blocking, and  ou tw ard  m ovem ent o f the  line-form ing region occur w ith  

h igher m etallicity  in th e  u n burned  C-f-0 layer. We have d em o n stra ted , a t epochs well 

before m axim um  light th a t line form ation occurs largely in the  C-t-O layer for species 

th a t  will la ter form  in newly synthesized m ateria l. T h e  ‘sp littin g ’ of th e  C a  II H-t-K 

fea tu re  we can now b e tte r  u n d erstan d  as a blend of a  Si II feature w ith  the  s tro n g er C a  II 

lines, w ithou t abundance or ionization effects in th e  W 7 m odel. We have shown th a t  

th e  stren g th , profile, an d  velocity o f the SNe la  ch arac te ris tic  Si II 6150 A featu re  are  

affected by C + 0  layer m etallicity. T h is provides a  m echanism  for th e  varia tion  in th e  

b lueshift of th e  Si II feature w ith o u t variations in the  explosion energy. For exp lod ing  

w h ite  dw arfs of different m etallicities Hoflich e t al. (1998) an d  Iw am oto e t al. (1999) 

find changes in nucleosynthesis. We tested  these effects on  sp ec tra  by varying th e  ^ F e  

ab u n d an ce  in th e  incom plete b u rn in g  zone. We have found th a t  th e  ^ F e  ab u n d an ce  

h as negligible effect on pre-m axim um  sp ec tra  an d  re latively  little  effect afterw ards. T h e  

effects of progenitor m etallicity  variations can  m ostly  be sep a ra ted  in to  effects d u e  to  

^ F e ,  and  those due to  C + 0  m etallicity.

T h e  tem p era tu re  s tru c tu re  inversion in th e  lowest m etallicity  m odel a t  day  35 dem on

s tra te s  th e  im portance of changes (% 20%) in th e  tem p era tu re  s tru c tu re . We see th a t  

d en s ity /te m p e ra tu re  s tru c tu res  a re  im p o rtan t in fitting  sp ec tra l features.
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We have show n th ro u g h  param eterized  abundance m odifications of th e  SN e la  m odel 

W 7 th a t pre-explosion m etallicity  can  have detec tab le  effects on the  o u tp u t sp e c tra  at 

every  epoch. D ue to  th e  uncerta in ty  in hydrodynam ic m odels and  severe b lend ing  of 

lines in SNe la  sp ec tra , we cannot give a  prescrip tive analysis tool for m easu rin g  the 

pre-explosion m etallic ity  o f SNe Tn. However, hopefully  th is  can  co n trib u te  to  th e  u n 

d erstan d in g  o f th e  d iversity  of SNe la , an d  th e  ways th a t  various progenitor m etallic ity  

effects can affect SN e la . S tudies co m p u tin g  detailed sp e c tra  o f hydrod jm am ic m odels 

th a t  include p rogen ito r m etallicity  in th e  evolution o f th e  s ta r  and  the  h y d ro d y n am 

ics and  nucleosynthesis o f the  supernova should  show w h a t effects overall p rogen ito r 

m etallicity  have in c rea tin g  SNe la  diversity.
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Chapter 9

Hydrogen M ixing in Type la

Super novae

T h e  lack of hydrogen linos in the  sp e c tra  of SNe la  has im p o rtan t consequences for 

th e  progenitor system s and  circum ste llar environm ents. Solar com position  m aterial 

transfered  from a  com panion or blown away in a  w ind can  be possib ly  m ixed into 

th e  o u te r layers of th e  SN la  d u ring  th e  explosion. In th is  C h ap ter, I will show th a t 

for m odels correspond ing  to  some o f the  earliest observed sp ec tra  of SN e la  show no 

difference from th e  sp ec tra  w ith o u t so lar m aterial for < 0 . 1.

9.1 M ethods

I have s ta r te d  w ith  th e  W 7 m odel (N om oto e t al. 1984) an d  m ixed so lar com position 

m ate ria l into th e  C + O  layer, v > 15000 km  s ~ \  a t  two pre-m axim um  ligh t epochs 

w ith  th e  new 7-ray  deposition  m eth o d  an d  m odel bu ild ing  an d  m odification  bu ilt into 

PHOENIX version 11 (A ppendix  A). T h e  two m odels use lum inosities s im ilar to  § 6.2.3. 

O n ly  H I. He 1. an d  He II have been tre a te d  in NLTE to  get th e  effects o f th e  non-W 7
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F ig u re  9.1: Synthetic  sp ec tra  for VV7 a t 10 days after explosion an d  various am ounts of 
so la r com position m ateria l, X h , m ixed in to  th e  C + 0  layer.

m ate ria l. Four m odels th a t  replace from  0.1% to 30% of th e  m ass of the  C + 0  layer 

w ith  so lar com position m ateria l are  ca lcu la ted  for each epoch.

9.2 Day 10 After Explosion

T h e  four synthetic sp ec tra  for day 10 a f te r  explosion are  p lo tte d  in F igure 9.1. T h e  four 

p lo tte d  m odels are nearly  identical excep t for the  unidentified  con tinuum  effect in  the  

30% solar m odel red w ard o f 8000 Â. T h e  10% and  30% so la r m odels show th e  effects of 

th e  H q  line as a  d is to rtio n  of the Si II featu re  em ission a t  6250 Â. A hint o f a  H/3 line 

is seen  in  the  30% so lar m odel a t 4600 À. T h is  feature w ould b e  com pletely lost in  th e  

observational noise and  im perfection o f  even th e  best fits. T h e  H q  feature is a  little  b it
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F igure 9.2: S yn the tic  sp ec tra  for VV7 a t  15 days a f te r  explosion and  various am oun ts of 
so lar com position m ateria l. X u .  m ixed into the C + O  layer.

m ore prom ising, b u t even Hq  is ju s t  a  den t for 10% so la r w ith evidence for a  P  Cygni 

sh ap e  a t 30% solar.

9.3 Day 15 After Explosion

T h e  four sjm the tic  sp e c tra  for day  15 a fte r explosion a re  p lo tted  in F igure  9.2. T he 

s itu a tio n  is even m ore bleak  for hydrogen lines a t d a y  15. At day  15 th e  H q  has such a 

sm all effect th a t  it ap p ears  to 'b e n d ' th e  Si II em ission peak , w ithou t show ing a  clearly  

defined Hq  P  C ygni line. T h e  sp ec tra  otherw ise n ea rly  ind istinguishable.
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9.4 Discussion

T h e  presence o f up to  10% so lar com position in th e  C + 0  layer o f VV7 an d  SNe la  is 

v irtu a lly  u n d e tec tab le  10 days a fte r th e  explosion an d  la te r. If we assu m e a  rise-tim e 

of 20 days to  m axim um  brightness, th en  only a  few SN e la  have been  observed earlier. 

F u rth er s tu d y  to  expiore the  even earlier epochs is needed . T h is m ay tell us if it will be 

possible to  lim it th e  presence o f hydrogen in SNe la  sp ec tra .
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Part IV

Other Supernovae and R elated

Things
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Chapter 10

A nalysis of the Type Iln  

Supernova 1998S: Effects of

Circumstellar Interaction on

Observed Spectra

We present sp ec tra l analysis of early  observations of th e  T y p e  Iln  su p ern o v a  1998S 

by m odeling b o th  th e  underlying supernova sp ec tru m  an d  the  overlying c ircum stellar 

in teraction  region an d  p roducing -spectra  in good agreem ent w ith  observations.^  T he 

ea rly  sp ec tra  are  well fit by lines p roduced  p rim arily  in th e  circum ste llar region itself, 

an d  la ter sp e c tra  a re  d u e  prim arily  to  th e  supernova e jecta . In term ed ia te  sp e c tra  are 

affected by b o th  regions. A mass-loss ra te  of o rd er A / ~  0.0001 — O.OOIM© yr~^ is 

inferred  for a  w ind speed of ICO — 1000 km  s “ ^  We discuss how fu tu re  self-consistent 

m odels will b e t te r  clarify  the underly ing p rogen ito r s tru c tu re .

‘The work in th is chapter is being published with my collaborators in Lentz et al. (2001a).
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10.1 Introduction

SN 199SS was discovered on 3 M arch 1998 LIT by Zhou W an (Li e t ai. 1998) as p a rt of 

th e  Beijing A stronom ical O bservato ry  (BAG) Supernova Survey (Q iao  e t al. 1997). T h e  

discovery w as confirm ed by th e  K a tzm an  A utom atic  Im aging T elescope (K A IT ) d u ring  

the Lick O bservato ry  S upernova Search (TrefFc-rs et al. 1997, F iiippeiiku  et al. 2000). 

SN 1998S is located  in N G C  3877, a  sp iral galaxy classified as SA , w ith  a  heliocentric 

velocity of 902 km  s“  ̂ (N ilson 1973) and  a  G alactic ex tin c tio n  o f .4g =  0.01 m ag 

(B urstein an d  Heiles 1982).

Filippenko Sc M oran (Li e t al. 1998) ob ta ined  a  h igh-resolution sp ec tru m  of SN 1998S 

on 4 M arch w ith  the Keck-1 telescope and  classified SN 1998S as a  T ypo  II supernova 

(SN II) on th e  basis of broad  H a  em ission superposed  on a  featureless continuum . 

F urther s p e c tra  were obtained  a t  th e  Fred L. W hipple O bservato ry  (FLW O ) (G arnavich 

e t al. 2000a) a n d  a  cam paign to  m onito r SN 1998S in th e  UV from  th e  Hubble Space 

Telescope { H S T )  was m ounted by th e  S upernova IN tensive S tu d y  (SIN S) team . T hree  

epochs have b een  observed w ith  H S T  — 16 M arch. 30 M arch, an d  13 May. SN 1998S 

is a T ype I ln  supernova (SN Iln : Schlegel 1990). a  classification which shows wide 

variations in  th e  spec tra  (F ilippenko 1997a), b u t includes narrow  lines on top of an  

underlying b road-line supernova sp ec tru m . T h is has been taken  as s tro n g  evidence th a t  

the  supernova e jec ta  were in te rac tin g  w ith a  slow-moving c ircu m ste lla r w ind (Leonard 

e t al. 2000). p robab ly  in a  fashion sim ilar to  (b u t possibly m ore ex trem e th an ) th a t of 

SN 1979C an d  SN 1980K (Lentz e t al. 1999a; Liu e t al. 2000).

Figure 10.1 shows a schem atic rep resen ta tion  o f SN 1998S. Som e o f th e  im p o rtan t 

coupling betw een  the two regions is no t included in th e  ca lcu la tions an d  therefore no t 

all of the  fea tu res  observed can be expected  to  be reproduced  by  th e  svm thetic spec tra . 

However, o u r m odels serve to  confirm  th e  basic p ic tu re  of a  SN I ln  as a  T y p e  II supernova
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Red Giant W ind

H igh V elocity CS W ind

SN  Atm osphere

Opaque SN  C ore

Fast/Slow  W ind S hock S N /h v C S  Shock

F igure  10.1: Schem atic  d iagram  of SN 1998S. hvCS s ta n d s  for high velocity c ircum ste llar 
m ateria l which was likely rad ia tively  accelerated to  th e  h igh  velocities seen in SN 1998S. 
T h e  Red G iant w ind is assum ed to  have been ejected  a t  low velocity (% 10 km  s “ ^).

th a t  in teracts s tro n g ly  w ith a  near-constan t velocity w ind . We are ab le  to  identify  

im p o rtan t physical effects th a t need to  be included in  fu tu re  sim ulations.

W hile ou r m odels are spherically  sym m etric, L eo n a rd  e t al. (2000) have show n th a t  

th e  sp ec tra  of SN 1998S are significantly  polarized, w h ich  could be due to  asy m m etry  

in th e  ou term ost SN  ejecta, the circum ste llar m edium  (C S M ). or bo th . G e ra rd y  e t al. 

(2000) suggest th a t  d u s t and  CO are  likely to  have fo rm ed  in  th e  SN e jec ta  while Fassia 

e t a l. (2000) a rgue  th a t  th e  early  d u s t  is likely to  com e from  th e  CSM.

139



10.2 M odels

In  th is p ap e r we focus on three epochs in particu lar; an  ea rly  epoch on 16 M arch, 

~  20 days a fte r explosion, using com bined H S T  and g ro u n d -b ased  sp ec tra , w here effects 

from  th e  c ircu m ste lla r region dom inate; 30 M arch, ~  34 day s a fte r explosion, again 

where th ere  are com bined H S T  an d  ground-based  d a ta , an d  w here effects from  both  

p ho tospheric  SN  e jec ta  and  the  circum ste llar region are im p o rta n t, and  a  la te r ground- 

based sp ec tru m  from  17 A pril, ~  50 days a f te r  explosion, w here th e  densest c ircum stellar 

gas has been largely, b u t not com pletely, overrun by th e  supernova e jecta . In the 

earlier sp ec tru m  m ost of th e  observed lines are  formed in th e  low-velocity c ircum stellar 

m ateria l, w hereas in th e  later sp ec tru m  th e  lines show th e  ch arac te ristic  w id th  of a 

T y p e  II supernova. D etailed analyses of th e  light curve an d  o th e r  observed sp e c tra  are 

presented  elsew here (G arnavich e t al. 2000a: Leonard e t al. 2000: Fassia e t al. 2000. 

2001 ).

10.2.1 16 March 1998

VVe have m odeled th e  circum stellar region as a  constan t-velocity  w ind w ith  a  density  

profile p cx r~~. W hile th e  underly ing rad ia tio n  below th e  c ircu m ste lla r region is in fact 

d ue to  th e  su p ern o v a  itself and should  show  b ro ad  P  Cygni profiles as well as a  UV deficit 

due to  line b lan k etin g  in th e  d ifferentially  expanding  supernova, a tm osphere , we ignore 

these com plications for th e  present d iscussion and  assum e th a t  th e  underly ing  rad ia tion  

is given by a  P lan ck  function, w ith  =  13250 K. In  fu tu re  work we will trea t

th e  effects o f th e  c ircum stellar in teraction  region on th e  su p e rn o v a  itself, an d  couple 

th e  p ro p e r su p ern o v a  boundary  condition  in to  the c ircum ste lla r region. Nevertheless, 

o u r present decoupled  prescrip tion  allows us to  m odel th e  im p o rta n t physics, an d  to 

es tim ate  velocities, d ensity  profiles, an d  th e  rad ia l ex ten t of th e  c ircum ste lla r in teraction
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F igure 10.2: T h e  calculated sy n th e tic  spectrum  (dashed  line) from th e  c ircum ste llar 
shell is com pared  w ith  the H S T  U V  observations and  th e  op tical sp e c tra  tak en  a t th e  
FLW  O bservato ry  on M ar. 16. 1998. T h e  observed sp ec tru m  has been  dereddened  
assum ing E { B  — V )  =  0.15 m ag an d  deredshifted assu m in g  a  heliocentric velocity of 
902 km s~^ in th is  and  subsequen t figures th a t include sy n th e tic  spec tra .

region and th e  supernova. T h e  region m odeled in these calcu lations coincides w ith  th e  

region labeled “H igh Velocity CS W in d ” in Figure 10.1. H igh-resolution s p e c tra  (Fassia 

e t al. 2001) have show n th a t th e re  m ay be several velocity  com ponents p resen t in th e  

c ircum stellar m edium  w ith  velocities as low as 80 km  s ~ ^  We focus here  on  only  th e  

h igher velocity (b u t possibly s till unresolved) com ponents o f the  CS sp ec tru m .

F igure 10.2 presents an  overview  of o u r best m odel fit com pared w ith  th e  observed 

H S T  UV +  FLW O optical sp ec tru m  taken  on 16 M arch 1998. T he observed  sp ec tru m  

has been dereddened  using th e  red d en in g  law of C ardelli, C lay ton , an d  M ath is  (1989) 

an d  a  color excess E { B  — V )  =  0.15 m ag (G arnavich e t al. 2000a). T h e  assum ed
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extinction  is also in agreem ent w ith th e  resu lts of Fassia e t al. (2000) w ho find E ( B  — 

V )  — 0.18 ±  0.10 mag. T h e  overall agreem ent in th e  line positions an d  sh a p e  o f the 

sp ec tru m  is excellent, p articu la rly  th e  pseudo-continuum  near 2000 A .  T h e  m odel 

consists of a  constant-velocity  circum ste llar w ind w ith  Cu,ir.j =  1000 km  s~^, an  inner 

density  of po =  2.0 x 10“ '̂’ g cm “ ^. an inner rad ius Rmner =  1 0  x 10*̂  cm . an d  an 

o u te r radius Router =  1 5  x 10^^ cm. T h e  to ta l con tinuum  optical d e p th  a t  5000 À is 

fstd =  0.2, an d  th e  m ass of th e  w ind is 6 x 10“  ̂ M,0 . A ssum ing the  ejected  w ind  velocity 

was 100 km s~^ th is corresponds to  a  m ass-loss ra te  of 0.0012 Mr, y r “ ^  which should 

be  accurate to  an  order of m agnitude. We believe th a t  the  high velocity  seen here is 

d u e  to rad ia tive acceleration o f a  w ind th a t  was ejected  a t a  lower velocity. S ince the 

mass-loss ra te  depends inversely on th e  w ind velocity a t ejection an d  w ind  velocities 

typical of red-g ian ts are % 10 km  s ~ ^  we th in k  th a t  assum ing an  ejec tion  velocity 

of 100 km s~^ allows us to  es tim ate  th e  m ass loss ra te  to  an order of m ag n itu d e .

In Figures 10.3a-f we expand th e  w avelength scale an d  identify th e  fea tu res  in the 

observed sp ec tru m . Several of them  are clearly  pairs of in terstellar ab so rp tio n  features 

where one m em ber is due to  abso rp tion  in o u r G alaxy an d  the  o ther is d u e  to  ab so rp tion  

in the parent galaxy  (Mg II h-t-k shows th is  effect clearly). Table 10.2.1 lists th e  line 

identifications. We note th a t th e  “in ters te lla r” ab so rp tio n  lines in th e  p a ren t galaxy 

m ay also have a  circum stellar con tribu tion . Close exam ination  of F ig u re  10.3 shows 

th a t  the observed lines are significantly  w ider th an  those in the  sy n th e tic  sp ec tru m .

O n the o th e r  hand , Fassia e t al. (2001) observed IR  features w ith  velocities as low 

as 90 km s “ ^. an d  Bowen et al. (2000) observed UV P  C ygni features w ith  velocities of 

~  100 km  . Convolving the  sy n th e tic  sp ec tru m  w ith  a  G aussian o f w id th  400 km  s~^ 

im proves the  fit, b u t since we have assum ed a velocity higher th an  th a t  o f th e  lowest 

velocity observed (Fassia e t al. 2001), it is difficult to  separa te  ou t th e  in s tru m en ta l 

resolution (~  300 — 400 km s “ )̂ from  th e  velocity o f th e  circum stellar m edium . It could
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F igure  10.3: T h e  calculated  syn thetic  sp ec tru m  (dashed  line) from th e  c ircum ste llar shell 
is com pared  w ith  th e  H S T  UV observations of 16 M arch  1998 an d  lines a re  identified. 
C arefu l ex am in a tio n  of the  figure reveals th a t  there  is an  underly ing b ro a d  com ponent 
to  th e  lineshapes due to  the faster supernova ejecta. However, th is  is n o t included in 
th e  present m odel.

be th a t  th e  velocity  s tru c tu re  of th e  circum stellar region is qu ite  com plicated  w ith a  

h igher velocity  com ponent radiatively  accelerated by th e  supernova, as  was suggested 

for SN 1993J  (F ransson  ct al. 1996), an d  a  lower velocity  com ponent w in d  fu rth er away 

from  th e  p ro g en ito r s ta r .

O u r m odel sp ec tru m  clearly does an  extrem ely  g ood  job  in rep ro d u c in g  the  overall 

sh ap e  an d  p o sitio n  o f th e  observed features: nevertheless, th e  line fea tu res a re  som ew hat 

w eaker in general th an  those observed. T h is  could be d u e  to  the effects o f  th e  rad ia tion  

from  th e  c ircu m ste lla r in teraction. T h e  effects of th is rad ia tio n  are no t included  in these 

sim ple p re lim in ary  calculations. T h e  effects of th e  "top-lighting" o r “shine-back" are
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n o t lim ited  to rad ia tive  transfer effects alone, but will also affect th e  ionization s ta te  

of th e  m atte r, p articu la rly  if th e re  is significant X-ray em ission from a  reverse shock. 

In fu tu re  work we will include th e  effects o f external irrad ia tio n  from th e  circum ste llar 

region and  replace th e  sim ple inner P lanck  function b o u n d ary  condition  th a t we have 

used here w ith a  m odel supernova sp ec tru m . Such a  sp ec tru m  would b e  ho tte r, b u t 

d ilu te d  and  contain  b o th  th e  UV deficit o f a  norm al T y p e  11 supernova as well as b road  

P  C ygni features for which there  is evidence in the observed spec trum .

10 .2 .2  30 M arch 1998

F ig u re  10.4 displays th e  com bined H S T  sp e c tra  w ith an  optical sp ec tru m  o b ta in ed  a t  

th e  FLW O. It is in teresting  to  no te th a t  th e  narrow  featu res present on  16 M arch seem  

to  have d isappeared , an d  th e  broad  lines a re  all quite weak. A sim ple an a ly tica l expla-

146



Ca II
5e-l4 F ell

4e-I4

H a3e-I4

S il l

2e-l4

le-14

2000 4000 6000 8000

A. (Angstroms)

F igure 10.4; T h e  observed sp ec tra  from  H S T  an d  th e  FLW O  on 30 Mzirch. T h e  sp ec tra  
have been sm oothed  using a  40 p o in t boxcar average, b u t  no deredden ing  o r deredsh ift- 
ing  has been applied .
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Table 10.2.1 Line Identifications

A (A) Species A (A) Species

1168 N I 1168? 1550 C IV  1550
1668 S II 1668 1561 C I 1561?
1176 C III 1176 1601 Fe III 1601.1607
1192 Si II 1192. S III 1198 1625 Fe II 1625
1216 Ly Q 1657 C I 1657
1234 s 'il 1324 1666 S I 1666?. 0  III 1665. Al  II 1671
1243 N I 1243? 1698 Si I 1698?
1227 C III  1247 1719 N I V  1719
1249.5 Si II 1250, 1263 1750 N III  1750
1252 S II 1256 1805 S II 1805
1299 Si III  1299 1815 Si II 1815
1304 0  I 1304 1854 .A.I III 1854.1862
1335 C II 1335 1892 Si III 1982?
1338 0  IV  1338 1930 C I 1930?
1342 Si III 1342 2287 Co II 2287
1346 N II 1346? 2297 C III  2297
1364.3 Si III 1364 2344 Fe II 2344
1371 0  V 1371? 2374 Fe II 2374
1394 S IV  1394 2383 Fe II 2383
1403 S IV  1403 2396 Fe II 2396
1428 C III 1428? 2406 Fe II 2406
1493 N I 1493? 2586 Fe II 2586.2600
1527 Si II 1527.1533? 2798 M g II h + k  2796.2804

2853 M g I 2853

n a tio n  o f th is is p resen ted  in Branch e t al. (2000), which show s th a t  w ith  th e  add itional 

em ission ( “top ligh ting"  or "shine-back” ) from  th e  c ircu m ste lla r shell, one expects th e  

sup ern o v a  featu res to  a p p e a r m uted. F igure  10.5 displays a  PHOENIX spec trum , along  

w ith  th e  resu lts o b ta in ed  when it has been m uted accord ing  to  th e  prescrip tion  in  

B ranch  e t al. (2000). T h e  regular PHOENIX sp ec tru m  is based  upo n  th e  sim plest as

su m p tio n s: hom ogeneous so lar abundances, a  m odel te m p e ra tu re  Tmodei =  6000 K ( th e  

m odel te m p e ra tu re  is sim ply  a  way o f param eteriz ing  th e  to ta l  bolom etric  lum inosity  

in th e  observers fram e, see H auschildt an d  B aron 1999), a  velocity  o f 5000 km s “  ̂ a t
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Figure 10.5: C alcu lated  sy n th e tic  sp ec tra  from the supernova are  com pared  w ith  th e  
observed sp e c tra  in F igure  10.4. T h ree  sp ec tra  are show n: th e  observed spec trum ; 
a  raw  "supernova only" sy n th e tic  sp ec tru m  (denoted '‘regu la r m odel” ); an d  a  “to p lit” 
sp ec tru m  (deno ted  “E  =  0.9” ). T oplighting significantly m utes th e  featu res, as expected  
(see B ran d i e t al. 2000, for a  clear exp lanation). E  =  0.9 is th e  ra tio  o f th e  CS continuum  
in tensity  to  th e  supernova in tensity  a t  a  wavelength near H q .
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T’std =  L and  a  density  s tru c tu re  p cc Using Eqn. 23 of Branch e t a l. (2000), we 

have calculated th e  m uting, using E  =  0.9, where E  is the  ratio  of th e  C S in tensity  to 

th a t of the SN in tensity  given in Eqn. 22 o f B ranch e t al. (2000), we have assum ed a 

ra tio  of R c s / R p h  =  1 3 , where the  ra tio  is the  rad ius o f the  c ircum ste lla r shell to  the  

rad ius of the "SN photosphere” . W hile the  fit is not te rr ib ly  good, th e  tre n d  is evident. 

Naturally, a  fully consistent m odel would be b e tte r , b u t it would req u ire  significant 

com putational resources to  resolve b o th  th e  ejec ta  an d  circum stellar region. Fransson 

(1984) calculated lineshapes expected  from  th e  CS w ind and  the cool, dense  shocked 

m aterial and com pared them  w ith  those observed in SN  1979C.

Leonard e t al. (2000) suggest th a t  SN 1998S underw ent a sign ifican t mass-loss 

episode th a t ended  ab o u t 60 years prior to  explosion and  th a t th e re  was a  second, 

weaker mass-loss episode 7 years prior to  explosion. T h u s , we may be seeing  the over

running of th e  closest CS shell and  still observing effects of the more d is ta n t CS shells.

10.2.3 17 A pril 1998

D uring the early  evolution  the  nearest circum stellar m ateria l is overrun  by th e  super

nova ejecta so th e  effects of th e  CSM  on th e  op tical an d  UV sp ec tra  becom e sm aller. 

Inspection of th e  observed optical sp ec tra  (L eonard e t al. 2000: G arnavich  e t al. 2000a) 

shows an increasing co n trast in  th e  broad features typ ical of T ype II SN e during  the  

tim e from th e  in itia l H S T  observation, 16 M arch, to  th e  FLWO sp ec tru m  o f 17 April. 

Blaylock et al. (2000) show  th a t  the  stren g th en in g  o f  these  features d u r in g  this tra n 

sition  is well rep roduced  by including the  effects o f rad ia tio n  from th e  circum stellar 

in teraction region along w ith  th e  sca tte rin g  of light from  th e  supernova pho tosphere  in 

th e  circum stellar region.

Figure 10.6 displays our best m odel fit to  the  observed  optical sp e c tru m  taken a t 

th e  FLWO (G arnavich  e t al. 2000a). We again use sim p le  assum ptions: hom ogeneous
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F igure  10.6: T h e  calculated sjT ithetic sp ec tru m  from  the  su p ern o v a  (dashed  line) is 
com pared  th e  op tical spectrum  taken  a t  th e  FLW O on 17 A pril 1998.
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so lar abundances, a  m odel tem p era tu re  Tmodei =  3700 K. a  velocity of 5000 km  s~^ a t 

■̂ std =  I- and  a  density  s tru c tu re  p  cc r “ ^. T he highest velocity  in th e  m odel is only 

6,000 km  s ~ ‘, which gives an ind ication th a t  the  ejecta are  en tra in ed  by th e  c ircum ste llar 

m ateria l, bu t th is is no t well constra ined  by our m odels. A gain, overall th e  fit is very 

good . T h e  N a I D line in the observed sp ec tru m  is too  w eak in our syn thetic  sp ec tru m , 

w hich m ay ind icate  th e  need to  self-consistent ly include th e  effect of th e  circum ste llar 

region or m ay be d u e  to  enhanced sod ium . T h e  extended ab so rp tio n  w ing of H q  is due 

in o u r m odel to  blending of weak Fe II lines, although som e o f the  abso rp tion  m ay be 

d u e  to  Si II. In any  case it is not evidence for high-velocity hydrogen.

10.3 Conclusions

We have shown th a t  a sim ple m odel of an  o rd inary  T y p e  II supernova a tm o sp h ere  

in terac tin g  s trong ly  w ith  a rad ia tively  accelerated w ind reasonab ly  well rep roduces th e  

observed line-w idths and  m any of th e  observed features in b o th  the  UV an d  th e  op tical 

sp ec tra . T h is m odel is robust in th a t it works well a t b o th  very early  tim es an d  m ore 

th a n  a  m onth  afte r th e  explosion. T h is  confirm s the general p ic tu re  of SNe Iln  as being  

th e  core collapse o f m assive s ta rs  th a t  have experienced a  significant m ass-loss epoch 

an d  th u s  are su rro u n d ed  by a  c ircum ste llar m edium  w ith  which the supernova e jec ta  

in te rac t. As expected  from  our m odels (L entz et al. 1999a), SN  1998S has been d e tec ted  

a b o u t 600 days a fte r explosion a t 6 cm  (V an Dyk e t al. 1999). A lthough SN 1998S is 

a b o u t 5 tim es less lum inous th an  SN 1988Z, further m o n ito rin g  of the  radio light curve 

will be very in teresting  an d  will help d e te rm in e  the m ass-loss ra te . From  th e  light curve 

Fassia et al. (2000) find th a t th e  m ass o f th e  ejected envelope was q u ite  low an d  th e  

w ind was weaker th an  th a t of SN 1988Z. SN 1998S m ay well b e  m ore closely re la ted  to  

SN 1979C an d  SN 1980K.
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Chapter 11

M onte Carlo Sim ulation of the  

Galactic ®̂A1 Gamma-Ray M ap

A n o th er way to observe th e  effects of SNe is the decay o f freshly s\Tithesized rad ioactive 

nuclei. A review o f gam m a-ray  line em ission from rad ioactive  isotopes includ ing  sources, 

p a s t observations, and  fu tu re  m issions can be found in D iehl and  T im m es (1998).

T h e  observed m ap  o f 1.809 M eV gam m a-rays from  rad ioactive "®A1 (O berlack  et al. 

1996) shows clear evidence of a  G alactic plane origin w ith  an  uneven d is trib u tio n . We 

have sim ulated  th e  m ap using a  M onte C arlo technique together w ith  sim p le  assum p

tio n s  ab o u t the  sp a tia l d is trib u tio n s and  yields of Al sources (clustered core-collapse 

supernovae and  W olf-Rayet s tars: low- and  high-m ass AGB stars; an d  novae).^ Al

th o u g h  observed s tru c tu re s  (e.g., tangen ts to  spiral a rm s, bars, and  know n star-fo rm ing  

regions) are no t included  in th e  m odel, our sim ulated  gam m a-ray  d is tr ib u tio n  bears 

resem blance to  th e  observed d istrib u tio n . T h e  m ajor d ifference is th a t  th e  m odel d is tri

b u tio n  has a  stro n g  sm o o th  background along the  G a lac tic  p lane from d is ta n t sources in

'T h e  work in this chapter has been previously published with my collaborators in Lentz e t al. (1999b).
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the  d isk  of th e  Galaxy. W e suggest th a t th e  sm o o th  background is to  b e  expected , and  

p rob ab ly  has been suppressed  by background su b trac tio n  in th e  observed m ap. We have 

also found  an  up p er lim it of IM© to  th e  co n trib u tio n  of Aux from  low-yield, sm oo th ly  

d is tr ib u te d  sources (low-m ass AGB sta rs  an d  novae).

11.1 Introduction

T h e  1.809 MeV g am m a-ray  from the  decay o f "®A1 to -®Mg was first de tec ted  by the  

HEA O -3 satelite  (M ahoney e t al. 1982, 1984). C lay ton  and  co llaborato rs showed th a t 

g am m a-ray  lines from  r-process (C layton an d  C raddock  1965) an d  o -process (C lay ton  

e t al. 1969) might be d e tec tab le  in supernova ejecta. A rnett (1969) listed "®A1 am ong 

the nuclei produced in explosive nucleosynthesis. ’ .̂4,1 was exp lictly  m entioned as a 

good can id a te  for gam m a-ray  line detec tion  by R am aty  and  L ingenfelter (1977) and  

A rn e tt (1977). T h e  -®A1 nucleus decays by p o sitro n  emission to  th e  first excited  s ta te  

of **"Mg, which subsequen tly  decays to th e  g ro u n d  s ta te  em ittin g  a  1.809 M eV gam m a- 

ray. T h e  m ean lifetim e o f -^Al, r  =  1.05 x  10^ years, makes th e  1.809 M eV g am m a ray 

line an  excellent tracer for new ly synthesized m ateria l released in to  th e  ISM  over the 

last several million years.

T h e  m ain p roduction  m echanism  of '®A1 is p ro to n  cap tu re  on -^M g. A strophysical 

environm ents th a t can p roduce •'’Al include h y d ro sta tic  H -burn ing  in the  convective 

cores o f m assive s ta rs  an d  th e  H -bum ing shells o f in term ediate  m ass s ta rs , and  explosive 

H b u rn in g  in novae. T h e  ca rb o n  and  neon rich shells of massive s ta rs  a re  also a  s ite  for 

Al p ro d u c tio n  b o th  s ta tic a lly  and  explosively. In  addition  to its p roduc tion , th e  fresh 

■®A1 m u st be tra n sp o rte d  in to  the  ISM before it decaj's in o rder to  b e  observable. T h e  

explosive m echanism s p resen t no problem s, b u t th e  tran sp o rt tim escale in AGB s ta rs  

is of s im ilar order to  th e  decay tim escale causing  a  reduction in  th e  am ount of -®A1
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released into the ISM.

D iehl et al. (1995) m apped  th e  1.809 M eV gam m a-ray  in tensities w ith in  30° of the  

G a lac tic  plane from  th e  first 1.5 years o f C O M P T E L  observations. P rev ious m odel 

pred ic tions (P ran tzo s 1993) and  analyses of the m ap (D iehl e t al. 1995, 1996: C hen 

e t al. 1995) conclnrled that, m assive s ta rs  are the  m ost likely m ajo r co n trib u to rs  to  the  

-®A1 flux. T h e  first all-sky m ap  o f G alactic  1.809 M eV g am m a-ray  em ission from  ^®A1 

w as published  by O berlack  e t al. (1996) using the  first 3.5 years of C O M P T E L  d a ta . 

T h is  m ap  has a  l a  angu lar reso lu tion  o f 1.6°. or 3.8° F W H M . T h e  m ap  was produced  

using  a  M axim um -E ntropy  m ethod  a f te r  background su b trac tio n . A sim ilar m ap  using 

5 years  of C O M P T E L  d a ta  can  be found in O berlack (1998). T h e  1.809 M eV gam m a- 

ray  m ap  has several im p o rtan t charac te ristic s , including th e  concen tra tion  of em ission 

in th e  G alactic plane, a  strong , irregu la r emission region tow ard  the  inner Galaxy, and  

a  generally  uneven, or clumpy, em ission d istribu tion . T h is  em ission has been found to  

be p ro p o rtio n a l w ith  a  m ap of th e  ionizing power of m assive s ta rs  (K nodelseder 1998). 

A long th e  G alactic p lane there  are  several disconnected em ission regions, som e of which 

have been associated  w ith 0 -B  associa tions, spiral arm  tan g en ts  (C hen e t al. 1996). and  

th e  Vela. Cygnus. an d  C arin a  regions O berlack  et al. (1994): Diehl e t al. (1995): del Rio 

e t al. (199): K nodelseder et al. (1996a): O berlack  (1998). K nodelseder e t al. (1996b) find 

th a t  a t  least 28% o f th e  “®A1 m ass can  be a ttr ib u te d  to  m assive s ta rs  in a rm s fitting  

to  th e  sp iral arm  m odel of Taylor an d  C ordes (1993). A review  of th e  observations, 

sources, and  d is trib u tio n  o f ^®A1 can  be found in P ran tzo s  an d  Diehl (1996) an d  Diehl 

an d  T im m es (1998).

T h ese  observations can best be exp lained  w ith sources th a t  a re  sp a tia lly  concen tra ted  

an d  rare . If th e  m a jo r sources o f em ission had sm all yields an d  a  sm oo th  G alactic 

d is tr ib u tio n , the  em ission would b e  q u ite  uniform . T h is  is not seen in th e  published  

re su lts  O berlack e t al. (1996). which show  large gaps along  th e  G alactic  p lane betw een
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em ission regions. W’e have therefore b u ilt a  M onte C arlo  m odel for th e  G alactic  -®A1 

em ission contain ing all po ten tial astronom ical sources. W e have also allowed th e  m ost 

m assive s ta rs  to  form  clusters  th a t do n o t d issociate in th e  lifetim e of those s ta rs . We 

have m ade only th e  sim plest of assum ptions ab o u t G a lac tic  s tru c tu re , an  ex p o n en tia l 

d isk  and  a  spherical b u lg e . W e h av e  not a ttem p ted  to  rep resen t any specific cb sc r.'cd  

s tru c tu re s  in th e  G alaxy. All non-uniform ities arise from  th e  random  n a tu re  o f th e  

s im ula tion . T h is  p roduces a  map th a t, to  th e  eye, has a  s tro n g  resem blance to  th e  

observations, w ith th e  exception of a  p e rs is ten t uniform  background  not found in th e  

reduced  observational d a ta .

11.2 Model

O u r m odel of G alactic Al 1.809 M eV g am m a-ray  flux uses a  M onte Carlo m odel o f th e  

G a lax y  to generate  th e  raw  flux d a ta  (§ 11.2.1). and  a  g au ss ian  sm ooth ing  techn ique to  

p lo t th e  d a ta  on an equal-area  projection o f the  sky(§ 11.2.2).

11.2 .1  M onte C arlo M odel

W e have modified th e  M onte Carlo m odel of the  G alaxy  developed  by H a tan o  e t al. 

(1997b) to  s tu d y  sup ern o v a  visibility. T h e  d a ta  are  g en e ra ted  as a series o f po in t 

sou rce  events. For each poin t in th e  d isk  th e  radial an d  vertical positions a re  d raw n  

from  exponentia l d is trib u tio n s . Each p o in t in th e  bulge is d raw n  from the  d is tr ib u tio n  

{R^ +  a^)~^, w here R  is th e  d istance to  th e  G alactic cen te r an d  a =  0.7 kpc. T h e  age 

o f th e  event is selected uniform ly from  a  fixed sim ula tion  leng th . T he -^Al y ield  of 

each  event is reduced to  account for th e  rad ioactive decay  an d  th e  curren t decay  ra te  

is co m p u ted  to  give th e  cu rren t gam m a-ray  lum inosity. T h e  lum inosity  is geom etrically  

d ilu te d  to  com pute th e  flux a t the E a r th . T h e  d a ta  a re  saved individually  o r in b ins
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smaller than the detector resolution vs. 1.6°).

T h e  com putation  of th e  flux from  clusters of massive s ta rs  requires ad d itio n a l steps. 

E ach  s ta r  cluster is assigned a  ran d o m  size and  age. T h e  age of th e  c lu s te rs  is draw n 

from  a  span  which is longer th an  th e  sim ulation  length  by th e  ev o lu tio n ary  tim escale 

o f th e  slowest evolving co n stitu en t s ta r . W ith  th e  assum ption  of coeval s ta r  form ation, 

th is  allows the  ste lla r d e a th  rates to  be in  equilibrium  across th e  sim u la tion  leng th . T he 

m ass of each s ta r  in a  clu ster is d raw n  from  a  power-law in itia l m ass fu n c tio n  (IM F) of 

th e  form  / ( m )  c c m ~ - ' ' . T h e  m ass of th e  s ta r  will d e term in e  th e  ev o lu tio n ary  tim escale 

an d  yield of the  subsequen t supernova. T h e  age of each co n trib u tin g  event is com puted 

by su b trac tin g  th e  evolu tionary  tim escale from the age o f th e  cluster. S ta rs  th a t have 

no t yet reached the  end  of their evo lu tionary  tracks are rem oved from  th e  sim ulation. 

T h e  **̂ A1 gam m a-ray  fluxes are com pu ted  from the yields as described  above. If the 

s ta r  is a  W olf-Rayet progenitor, th e  ap p ro p ria te  -‘’.A.I y ield  will be added  a t  a  fixed tim e 

before th e  end of s te lla r evolution. T h e  values of the  yields, scales, etc. will be given in 

th e  section describing th e  sim ulât ion (§ 11.3).

11.2.2 F lux M apping M eth od

We have also developed a  procedure to  tran s la te  the  ran d o m ly  placed d a ta  po in ts into 

an  in tensity  m ap. T h e  d a ta  generated  in § 11.2.1 were first so rted  in to  b ins one degree 

on each side to  speed la te r  calculations. To com pute th e  local in ten sity  a t  any  point, 

th e  flux from each po in t w ith in  a  c ircu lar window o f fixed rad iu s was su m m ed  using 

a  G aussian  weight dep en d en t on th e  d istance  between th e  d a ta  po in t an d  evaluation 

po in t. T h e  rad ius o f th e  fixed circle was chosen to  be th ree  tim es th e  sm o o th in g  length  or 

G aussian  w idth, a .  T h is  value was found to  be good to  a b o u t 0 . 1% by sim p le  tests  w ith 

cen tra lly  peaked and  flat tes t functions. All distances w ere com pu ted  in  degrees of arc. 

an d  th e  d a ta  bins th a t  were used to  com pu te  each flux po in t w ere carefu lly  selected to
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cover th e  en tire  a rea  of the  c ircu lar window. T h e  local flux was co m p u ted  a t one degree 

in tervals in G alactic coordinates, and  p lo tted  w ith  contours of 1.57 x 10“  ̂ 7  cm ~" s~^ 

in F igu re  11.1.-

11.3 T h e  S im ulation

In  co n stru c tin g  o u r model of th e  G alaxy we have chosen a  bulge w ith  rad ius 3 kpc. an d  

a  d isk  th a t  ex tends to a  radius o f 20 kpc w ith a  rad ia l scale length  o f 5 kpc. T h e  E a r th  

is p laced in th e  G alactic plane a t  a  radius of 8 kpc. O b jec ts  w ith low-m ass progenitors, 

(novae, A G B s ta rs) , have a  d isk  com ponent th a t  ex tends to  th e  cen te r of th e  G alaxy  

w ith  a  vertical scale height of 350 pc. T he low-mass AGB s ta rs  an d  novae also have a  

bulge com ponen t with a  7:1 disk-to-bulge ra tio . T h e  sam e ra tio  was used to  s im u la te  

novae in H atano  et al. (1997b). High-m ass ob jec ts  (SN. W -R) consist only o f a  d isk 

com ponen t w ith  a  50 pc scale height th a t does not include th e  inner 3 kpc of the  G alaxy  

w here th e  bulge is located. A dditionally, th e  high-m ass ob jects are  c lustered  in to  g roups 

of 10 ±  2a  s ta rs , where a  is four.

11.3.1 Source Frequencies

To co m p u te  th e  ra te  of the com ponent sources in th e  m odel we have followed the  analysis 

o f P ran tzo s  an d  Diehl (1996) on th e  ra te  of *^A1 production . We therefore choose an  

in itia l m ass function of / (m )  oc m ~ -  ‘ for progenitors w ith  Af >  1A/q, and  a  s ta r  

fo rm ation  ra te  of ~  5 s ta rs  y r“ .̂ This is sim ilar to  th e  s ta r  fo rm ation  ra te  derived  

by T im m es e t al. (1997) using th e  observed -®A1 flux. We also refer to  AGB s ta rs  

w ith  1-4 M q  progenitors as low-mass and  those w ith  4 -9  M,-  ̂ p rogen ito rs as high-m ass. 

S upernova an d  Wolf-Rayet progenitors will be those s ta rs  from 9 A /^ up to  120 A/@.

“P lo ts m ade using routines from the  PGPLOT G raphics Subroutine Library by T . J. Pearson.
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Table 11.3.1 Sources of -®A1 in Model.

Source R ate Yield Model F lu x
(cen~^) ( l  cm -2 s - i )

Novae (C O ) 2800 5 X 10-^° 3 X 1 0 - ' bulge
6 X 10-3 disk

Novae (O N e) 1200 8 X 10-9 2 X 10-3 bulge
4 X 10-3 disk

Low-M ass AGB 40 IQ-a 10- " bulge
2 X 10-3 disk

H igh-M ass AGB 3 3 X 10-s 5 X 10-*
M assive Steurs 3.2 X 10-3
Supernovae 1 10-s  to  10-^
W olf-Rayet^ 10-3 to  10-3

For novae we have adop ted  th e  value 40 suggested by H a tan o  e t ai. (1997a) using 

th e  sam e m odel geom etry. Table 11.3.1 sum m arizes th e  ra te s , yields, a n d  m odel fluxes 

for th e  *®.A,1 sources used to  m ake F igure 11.1.

11.3.2 26A l Y ields

T h e  yields of W eaver and  Woosley (1993) are  used for supernovae. T hese  m odels use a  

large g rid  of nuclei, to give m ore accu ra te  results in th e  syn thesis  o f various isotopes, 

in th e  pre-supernova phase and  the explosive phase. T h e  yields o f M eynet e t al. ( 1997) 

are  used for W olf-Rayet phase  sources. T hese  m odels also  use an  exp an d ed  netw ork of 

nuclear reactions to  cover th e  M gAl chain. M odels were ca lcu la ted  for th re e  m etallicities, 

Z  =  0 .008,0.020,0.040. O u r  m odel G a lax j' includes th ree  rad ia l zones, w ith  inner rad ii 

o f 12 kpc, 6 kpc, and 3 kpc respectively for the th ree  m etallic ities. AGB s ta rs  are  

d iv ided  in to  low- and high-m ass w ith th e  division a t  4 M q  as in  P ran tzo s  an d  Diehl 

(1996). W e follow their use o f 3 x 10~^M q  2®A1 per h igh-m ass A G B s ta r  from  B azan  

e t al. (1993) an d  10~®Mg 2®A1 per low-m ass AGB s ta r  from  Forest ini e t a l. (1991). For 

novae we use 5 x lO~^°A/0  2®A1 for CO  novae and 8 x 1 0 " ^ 2 6 ^ )  for O N e novae from
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Figure 11. 1: C ontour plot of sim ula ted  in tensity  using an  all-sky p ro jec tio n  w ith a 
con tou r interval of 1.57 x 10"^ 7  c m " -  T h is plot is to  be com pared to  th e  observed 
m ap  of O berlack et al. (1996).

th e  m odels of José et al. (1997). C oc et al. (1995) have show n th a t th e  y ie lds of -®A1 

in novae a re  good to  a facto r o f two when considering varia tions in the n u clea r reaction 

ra tes. VVe discuss a  lim it to  th e  sm oo th  source co n trib u tio n  in  § 11.4.1.

11.3 .3  B est M odel

C om bining  the sources w ith  th e  self-consistent frequencies in § 11.3.1 a n d  th e  yields 

in § 11.3.2 gives the m ap in F igure 11.1 using th e  sam e con tours as in O b erlack  et al. 

(1996) for com parison. F igures 11.2a,b.c are th e  sm o o th  (novae and low -m ass AGB 

s ta rs  p lo tted  with contours o n e-ten th  th e  s ta n d a rd  value), high-m ass A G B  s ta r ,  and  

m assive s ta r  (VV-R an d  SNe) com ponents respectively, used to  make F igu re  11.1 using 

th e  sam e contours. VVe see th a t  high-m ass AGB s ta rs  p rov ide som e of th e  irregu larity  

seen in th e  observations an d  th a t  m assive s ta r  sources prov ide the co n cen tra tio n  of flux 

from  th e  inner region of th e  G alaxy, |f | <  30°. T h e  SNe/VV-R com ponent provides most
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F ig u re  11.2: In tensities o f model com ponen ts in Figure 11.1 p lo tted  w ith  con tours of 
1.57 X 10“  ̂ 7 c m " -  sT^. T hese include, a. th e  sm ooth  com ponent (novae and  low-mass 
A G B  s ta rs) m ultiplied by 10. b. high-m ass A G B  stars, and  c. o b jec ts  w ith  m assive s ta r  
p rogen ito rs (SNe an d  W -R  stars).
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of th e  observed irregularity. T h e  sm oo th , low-yield com ponen t (novae an d  low-mass 

AGB s ta rs) does no t make a  d e tec tab le  contribu tion  in  th is  sim ulation . T h e  ex ten t to  

w hich larger con tribu tions can be m ade by these sou rces w ith o u t d is to rtin g  th e  results 

in F igure 11.1 is discussed in § 11.4.1. T h e  to tal flux from  each sub-com ponen t can be 

found in T ab le  11.3.1. T he com ponen t contributions a re  0.12 M q  -®A1 from  th e  sm ooth  

com ponen t, 0.93 A/© ^®A1 from high-m ass AGB s ta rs , a n d  0.76 A/© ~®A1 from  massive 

s ta rs .

11 .3 .4  D etecta b ility

For a po int source the 3cr detection  flux for narrow lines a t  1.8 M eV w ith  C O M P T E L , 

Fza- is 3 X 10“ ^ 7  cm "- (Schdfelder e t al. 1993) for a  10® second exposure. W hen 

inco rpora ted  w ith  the Gaussian sm oo th ing  kernel (in s tru m en t response function) of 

cr =  1.6° th e  3cr intensity  lim it, is 6 x 10"^ 7 c m " -  s* s r " '  for a  10® second 

exposure. T h e  d a ta  used in O berlack  e t al. (1996) rep resen ts  3.5 years of C O M P T E L  

observations w ith  exposures along th e  Galactic plane from  ~  35 -55 x  10® seconds. We 

have chosen 45 x 10® seconds as th e  representative exposu re  tim e for th e  sim ulated  

m ap . Using th is exposure, the 1er detection  limit, is 3 x 10"^ 7  c m " -  s"^  s r" L  

T h is  is a b o u t tw ice the  contour in terva l used in the  m ap  o f O berlack e t al. (1996) and 

in F igures 11.1 an d  11.2. These co n to u rs  then  represen t app rox im ate ly  one-half sigm a 

confidence con tours.

11.4 Comparison with Observations

T h e  m ain  goal o f th is  paper is to  rep ro d u ce  the '‘look a n d  feel" of th e  observed  in tensity  

m ap  o f O berlack  e t al. (1996). I t  shou ld  be noted th a t  we have m ade no a ttem p t 

to  reproduce ind ividual features o f th e  observations by  placing ind iv idual sources and
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clusters in specific places. Such an approach  would lead to  an  artific ial rep ro d u c tio n  of 

th e  observation by in troducing  too m any free param eters .

Like th e  observations, the inner ±60° of th e  sim u la tion  th e  shows a  s tro n g  region 

of em ission closely restra ined  to the  G alactic p lane w ith  in terna l irregu larities. (See 

F igure 11.1). As in th e  observations, th e  cen tra l em ission region ends rap id ly  ~  60° 

from  th e  G alactic cen te r in agreem ent w ith th e  observations. D isconnected peaks and  

em ission regions along  th e  G alactic plane ou tside  of th e  inner G alaxy  a p p e a r  in b o th  

observation an d  sim ula tion .

G ehrels and  C h en  (1996) com puted pred ic ted  velocity  profiles for "®A1 em ission w ith 

G alactic ro ta tion . T h e  results of the GRIS widefield (100° x 75°) balloon experim ent 

(N aya et al. 1996, 199) show a  line w id th  of a t least 450 km  s “ ',  ab o u t th ree  tim es 

th e  expected ro ta tio n a l broadening. K inetic expansion  o f th e  "®A1 e jec ta  for 1 M yr a t 

500 km  s ~ ' would b roaden  the emission region by ~  10°. T h is  type o f b roaden ing  is 

n o t visible in th e  observed  m ap. T his makes th e  s ta tio n a ry  po in t source app rox im ation  

(convolved w ith  th e  in strum en ta l response function) we have ad o p ted  in th is  s im ula tion  

ad eq u ate  for com parison  w ith the C O M P T E L  m ap. T h e  to ta l flux from  th e  sam e region 

o f the  sky as th e  G R IS  field of view gives a  to ta l flux o f 3.3 x lO'"* 7 cm ~ “ s “ ^  or

1.9 X lO""* 7 cm ~" s “  ̂ per radian of th e  G ala tic  p lane. T h is  is closer to  th e  value 

o f ~  3 X 10“ “* 7  c m “  ̂ s “ * per rad ian  for C O M P T E L  th a n  4 -5  x  10“ ‘* 7  cm “ ^ s “ * 

p e r  rad ian  for w ide-field instrum ents (e.g. G R IS ). However, all th e  d a ta  a re  consisten t 

w ith in  th e  quoted  e rro r (see Fig. 5.13 P ran tzos an d  D iehl 1996. for a  su m m ary  o f this 

d a ta ) .

T h e  m ain difference between the  sim ulation  an d  observation  is th e  presence o f an  

ex tended  background a long  the G alactic p lane a t  th e  level o f th e  first p lo tted  con tour 

in  th e  sim ulation. A s n o ted  in § 11.3.4, th e  first p lo tted  co n to u r is roughly  equivalent 

to  one-half sigm a confidence. We suspect th a t  th e  com plex an d  difficult ex trac tio n
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o f th e  1.8 M eV gam m a-line m ap  from  th e  significant background h as  resu lted  in the  

d isap p ea ran ce  of th e  low-level background. We also suspec ted  th e  m axim um  entropy 

m eth o d  (M EM ) m ay be responsib le for suppressing  th e  low-level background , bu t th e  

ap p h ca tio n  of M EM  to th e  sim u la ted  d a ta  did no t cause th e  low-level background to  

d isap p ear. T h is  leads us to  su sp ec t th a t  th e  background su b tra c tio n  is th e  likely cause 

for the  d isap p earan ce  of the low-level background from  th e  observ a tio n s.

O nly po in ts w ith in  the second con tour in ou r sim ula tions w ould have even a  2 /3  

chance o f being observed in th e  cu rren t C O M P T E L  d a ta . We su g g est th a t  w ith the  

sensitiv ity  to  see 10"^ 7 cm “ " s “  ̂ sr~* intensities w ith  1er confidence o r  better, abou t 

400 X 10^ seconds of exposure, a  low-level background along th e  p lan e  from  distan t and  

ind istingu ishab le  sources would be  inevitab ly  found, however C O M P T E L  is not likely 

to  be in o p era tio n  th a t long.

11.4.1 L im it on  Sm ooth ly  D istr ib u ted  Sources

T h e  “sm oo th"  com ponent, low -m ass AGB sta rs  and  novae (F ig u re  11.2a), contains 

a b o u t 1/8 M q  of "®A1 which em its  ab o u t 5 x 10“  ̂ 7 c m “ ~ s ~ ^  or a b o u t 1% of the to ta l 

flux. We have tested  how much o f th is  sm ooth  com ponent can be a d d e d  to  th e  rem aining 

sources w ith o u t d isto rtin g  th e  su m  from the best m odel (F igure 11.1) to  som ething 

incom patib le  w ith  the  m ap in O b erlack  e t al. (1996). W e have p ro d u c ed  three models 

show n in F igures 11.3a,b,c th a t  co n ta in  4, 8 , and  12 tim es th e  sm o o th  com ponent of 

o u r regular m odel respectively. T h e  4-fold m odel (F igu re  11.3a, 0.5 M© *®A1) has only 

m inu te  differences from  Figure 11.1, th a t  require the  two p lots to  b e  overla id  to  be seen. 

T h e  8-fold m odel (F igure 11.3b, 1 M q  ^®A1) shows a  th ickening o f  th e  inner G alaxy 

em ission region an d  a sm all ex tension  of the  l a  (second contour) background  outside 

th e  inner G alaxy  which is accep tab le , b u t near th e  lim it w here it w ould  be detectable 

w ith  th e  cu rren t observations. T h e  last m odel, F igure 11.3c w ith  1.5 iVf© -®A1, shows
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F ig u re  11.3: C on tou r plot of s im u la ted  in tensity  using 1.57 x 10 ’ 7 cm ’ s  ̂ contours 
with. a. 4 tim es, b. 8 times, c. 12 tim es th e  sm ooth  source com ponent in F igure 11.1.
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considerable th ickening of the inner G alaxy  emission a n d  an  unacceptably  long extension 

o f G alactic p lane  background a t the  l a  detection level. I f  such a  large background  were 

p resen t, the  O berlack  e t al. (1996) ana lysis should have show n stronger evidence of its 

existence. T herefo re  despite uncertain ties in yields a n d  ra te s  for all ob jects, ab o u t 0.5 

M q  A1 can be easily  hidden in the sm o o th  background w ith o u t detection  o r m odifying 

th e  results o f th is  sim ulation, w ith an  u p p er limit o f a b o u t  1.0 M q "®A1 in th e  sm ooth 

background.

11.5 Conclusions

O u r sim ulation  has shown th a t as exp ected  by p rev ious au th o rs  (P ran tzos an d  Diehl 

1996. e.g..). th e  sources with massive progenitors m ake m ost of the flux an d  provide 

th e  irregular s tru c tu re  seen in the observed m ap O b erlack  e t al. (1996). We have found 

th a t  a  background of strong sources d ilu ted  by d is tan ce  should  be detec tab le , w ith a 

longer exposure tim e. While the source rates emd y ields are uncertain  we can  limit 

th e  am ount o f -°A 1 generated by th e  frequent b u t sm all sm o o th ' sources to  be ab o u t 

1.0 A /j . T his agrees w ith the conclusion of Diehl an d  T im m es (1998) w hen evaluating  

th e  results o f K nodelseder (1998). T h e  to ta l mass o f “®A1 for the high-yield, massive 

p rogen ito r sources is abou t 1.7 M q . T h is  m odel p ro d u ces a  reasonable app rox im ation  of 

observation . T h e  ra te s  and  yields of th e  massive p ro g en ito r s o u rc e  are also uncertain , 

b u t changes in y ields can be com pensated  for by changes in ra te s  as long as th e  num ber 

of d istinc t em ission sites (clusters o r high-m ass AGB s ta rs )  does not change by a  large 

facto r.
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Chapter 12

Light Curves

In  all of the m odel atm ospheres described  here a  q u asi-s ta tic  ap p ro x im a tio n  is used in 

th e  solution of tem p e ra tu re  th e  energy  balance eq u a tio n . T he tim e-dependen t term s 

a re  excluded from  th e  energy balance. T he tem p era tu re  s tru c tu re  does n o t include th e  

effects of energy sto rag e  and re lease by the  gas. To include the possib le  effects of th e  

exchange of energy betw een th e  rad ia tio n  would requ ire  a  tim e-dependen t tem p era tu re  

so lu tion . T hese can  b e  ob ta ined  from  light curve calcu lations. Light cu rv e  calculations 

solve for the lum inosity  of the su p ern o v a  and  therefore m ust calculated  th e  tem p era tu re  

as  a  function of tim e.

M ost light curves are  cu rren tly  calculated  using som e form  of m u lti-g ro u p  rad ia tion  

hydrodynam ics (R H D ). These codes need m ean opacities, averaged over some set of 

wave bands or groups, and  usually  use some form of th e  expansion o p ac ity  (§ 3.4). T h e  

P lanck  and  Rosseland m ean opacities  used in these calcu lations are rep lacem ents for th e  

energy  density  {kj) and  flux m ean  opacities respectively. T he energy d en s ity  and flux 

m ean opacities are th e  ap p ro p ria te  values for the  frequency averaged R H D  equations. If 

th e  rad ia tion  field is P lanckian an d  th e  tran sp o rt is diffusive the P lan ck  an d  Rosseland 

m ean opacities respectively  are  ap p ro p ria te  and  ac cu ra te  app rox im ations. These are
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good choices for th e  interiors o f s ta rs  and  th e  deep, optically  th ick  cores of supernovae, 

b u t for th e  o u te r  layers of SNe, an d  th e  inner core a t la te  tim es, th ese  approxim ations 

breakdow n.

12.1 Light Curves w ith PHOENIX

If th e  tim e d ep en d en t solution for th e  in terna l energy of an  ex p an d in g  gas and  tem p er

a tu re  correc tion  procedure described  in § 4.3 are useful in co m p u tin g  th e  tem p era tu re  

evolution, an d  com putationally  stab le , then  PHOENIX can  be sim ply  m odified to  be a  

light curve code th a t uses th e  m ore accu ra te  m ean opacities to  solve for th e  tem p era tu re  

an d  lum inosity  evolution.

T h e  ca lcu la tion  a t a single tim estep  would proceed som eth ing  like this. Each 

tim estep  w ould s ta r t  w ith e ith e r th e  converged solution a t th e  p rev ious tim estep. or 

w ith  an equ ilib rium  or o th er s tru c tu re  for the  initial tim estep . T h e  m odel would be 

expanded  hom ologously for th e  new tim estep  and the 7 -ray  d eposition  calculated . T h e  

in itia l te m p e ra tu re  for the new tim estep  would be the  tem p era tu res  from  the previous 

tim estep  m odified by ad iabatic  cooling and  7 - ray heating . T h en  th e  te m p e ra tu re  would 

be ite ra ted  as follows. As w ith  th e  regular m ethod, first th e  R T E  w ould  be solved given 

th e  cu rren t tem p era tu re , density, ionization, and  level popu lations. N ext, the  flux a t 

each rad ia l p o in t n eeds 'to  be ca lcu la ted . C urrently , th is is done by in teg ra tin g  E qn. 4.7 

inw ard w ith  th e  constra in t th a t  r~ H  in th e  ou ter layer is specified by th e  user. To 

include the  tim e  dependent effects E qn. 4.3 is in tegrated  ou tw ard , w ith  zero flux a t th e  

center. T h e  im plicit forward differencing o f th e  tim e derivative o f th e  flux will a t con

vergence solve th e  lum inosity a t  th e  new tim estep. T h e  rad ia tive q u an titie s  com puted  

d u rin g  th e  so lu tio n  of the R T E  w ould be used to com pute  th e  te m p e ra tu re  correction 

(E qn . 4.31) as norm al w ith th e  add itional hea ting /coo ling  te rm  from  net transfer o f
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en e rg j' between rad ia tio n  an d  m atter. W hen th e  tem p era tu re  convergence an d  th e  first 

law o f therm odynam ics for th e  combined ra d ia tio n /m a t te r  gas (E qn . 4.25) a re  satisfied  

for th e  predeterm ined crite ria , the  tim estep will be com pleted . T h en  th e  ca lcu la tion  can 

p roceed  to the nex t tim estep . From  the converged models, o u tp u t  sp ec tra  an d  sy n th e tic  

p h o to m etrj' for any  b an d  can be calculated.

T h is  m ethod is so far un tested . It would need to be te s ted  on problem s w ith  an a ly tic  

so lu tions. T he size o f th e  tim estep  is no t controlled by th e  C o u ran t condition  as the  

forw ard solutions of th e  tem p era tu re  and  flux can be w ritten  as im plicit fo rw ard  tim e 

differences Press e t al. (1992). T he allow able size of th e  tim estep  would be lim ited  

by th e  scale of th e  changes in the  differenced and ca lcu la ted  q u an titie s  such as th e  

tem p era tu re , flux. e tc . T h is  would require testing  w ith sam ple  problem s.

How long would such a  calculation take? Using a  cu rren t single processor scientific 

w orksta tion  and ab o u t 20000 wavelength po in ts , an LTE calcu lation  w ith  th e  typ ical 

50 rad ia l zones takes ab o u t 10 m inutes per itera tion . From  scra tch , (i.e.. using a  cru d e  

in itia l tem p era tu re  s tru c tu re ) m odels take ab o u t 20-40 ite ra tio n s  to  converge. B u t. in 

a  light curve calcu lation  each tim estep  would be s ta rted  w ith  th e  converged m odel from  

th e  previous tim estep . which would be close to  convergence for th e  new tim e s te p  (or 

it is likely to fail). M odels w here the  lum inosity  has been changed  by 20-30%  typ ically  

tak e  10-20 itera tions to  converge. T his w ould give ab o u t 2 -3  hours per tim estep . For 

sim plicity . I will assum e th a t each tim estep  increases th e  age o f th e  supernova by  3%. 

T h is  would age a  one day  old SN to 20 days, th e  canonical rise tim e, in 100 ite ra tio n s . 

T h is  calculation would take ab o u t 200-300 hours or 8 -12  days on a  single processor. 

T h is  is a very reasonable invœ tm ent of co m p u ter time.
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12.2 NLTE Light Curves

O ne in teresting  possib ility  is the  inclusion of N L T E  effects in th e  ligh t curve. To the  

b est of m y knowledge I have no group  has ever co m p u ted  NLTE light curves. To include 

N LTE effects in th e  light curve th e  ra te  eq ua tions m ust be solved. T h e  calcu lation  of 

the  rad ia tive  ra tes requires th a t is in teg ra ted  over th e  shape of each p rim ary  tran s i

tion . To include all of th e  ions im p o rtan t to  th e  o p ac ity  o f SNe la  requ ires ab o u t 200000 

w avelength po in ts to  num erically  resolve th e  lines o f th e  p rim ary  N L T E  tran sitio n s. T h e  

com pu ta tional tim e scales linearly w ith  the n u m b er o f wavelength p o in ts  and  th e  full 

NLTE light curve would now take 80-120 days on a  single processor. N L T E  calcu lations 

also tend  to  converge m ore slowly. O ne way to  lower th e  co m p u ta tio n a l requirem ents 

would be to  recom pute th e  NLTE rad ia tive  ra te s  less often. T h e  level popu lations are 

affected by th e  rad ia tio n  field and  also by th e  collisional ra tes and  e lec tron  density. If 

it could be d em o n stra ted  th a t th e  rad ia tive  ra te s  d id  not need to  b e  u p d a ted  every 

tim estep  then  som e o r even m ost of th e  tim esteps could be co m p u ted  w ith LTE-like 

itera tions th a t used th e  sm aller num ber of w avelengths, bu t included th e  level popu la

tions w hen solving th e  RTE. At th e  end  of each  ite ra tio n  the  level popu la tions could 

be u p d a ted  to  keep up w ith the  changes in th e  e lec tron  density  an d  tem p era tu re , while 

assum ing th a t th e  rad ia tive  ra tes haven’t changed  significantly. Full N LTE tim esteps 

could be inserted  a t  a  p re tested  ra te . If full N L T E  (w here th e  ra d ia tiv e  ra tes a re  cal

cu la ted) tim esteps were only needed once every 10 itera tions, then  th e  exam ple would 

take ab o u t 15-25 days to  com plete on a  th e  exam ple  single processor w orksta tion .

I do no t expect th e  deviations in  th e  te m p e ra tu re  s tru c tu re  from  th e  q u asi-sta tic  

energy balance so lu tion  to  significantly  a lte r  th e  sy n th e tic  sp e c tra  ca lcu la ted , b u t it 

would generate  light curves for th e  explosion m odels an d  elim inate th e  lum inosity  free 

param eter.
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Chapter 13

Conclusions and Summary

I have presen ted  my work o f the  last five years. It concen tra tes on SNe la  b u t frequently  

w anders in to  related  territo ry . I have ca lcu la ted  SNe la  s p e c tra  for la te r epochs, 32 days 

afte r explosion, then have been done previously  w ith PHOENIX (C h ap te r 6). S p ectra  for 

la te r epochs should be possible, bu t th e  m odel a tm ospheres a re  qu ite  sensitive to  th e  

s tru c tu re  an d  com pu ta tional resolution of th e  progressively tra n sp a re n t Fe-core of th e  

SN la  as it progresses tow ards a fully n eb u lar phase. In th e  n eb u la r phase the  sp ec tru m  

is dom inated  by forbidden lines of Fe-peak elem ents. T h e  inclusion of forbidden lines is 

fairly sim ple, find the  a tom ic d a ta  an d  add  it to  th e  N LTE m odel atom . F u tu re  m odeling 

of SNe la  shou ld  include th e  full set o f ions in  th e  atm osphere , an d  not ju s t the  strongest 

in th e  sp e c tra  (i.e., Fe I-III in place o f ju s t Fe II) and  new ly available elem ents like nickel. 

T h e  VV7 m odel th a t has proved so useful in th e  analysis of SN e la  has been fairly well 

exhausted . F u tu re  spec tra l m odeling needs to  focus on SN e l a  m odels th a t  have a m ore 

consisten t explosion physics. T h e  o u te r s tru c tu re  of W 7 has show n to  work qu ite  well, 

b u t the  Fe-core is not q u ite  right. A nalysis o f th e  Fe-core will requ ire  com parison w ith  

m odel atm ospheres and sy n th e tic  sp ec tra  from  o th er explosion m odels. T h e  applica tion  

of th e  SEA M  d istance m eth o d  to  SN 1994D and  W 7 was an  u n expected  by -p roduct o f
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th e  fitting. O th e r  m odels an d  o th e r SNe la  offer th e  chance to  fu rth e r use th is m ethod  

to  d irectly  m easure  the  d is tan ce  to  SNe la, and  th e ir  host galaxies. By fitting  th e  

unusually w ide features of SN 1984A (C h ap ter 7), I have d em o n stra ted  th a t  the cause 

o f th a t varia tion  is likely d u e  to  th e  density of the  o u te r  layers.

W ith  changes to  th e  W 7 m odel I have explored som e of the  possib le variations in 

SNe la  th a t m ight be caused by progenitor system . T h e  m etallicity  o f th e  progenitor 

(C h ap ter 8) m anifests p rim arily  in the  UV sp ec tru m  an d  in the  Si II feature th a t  is 

th e  identifying charac te ristic  of SNe la. T hese m odels h ad  the  ad d itio n a l consequence 

o f dem o n stra tin g  th e  im p o rtan ce  of the prim ordial m etals in th e  C + 0  layer to th e  

form ation o f th e  SN la  sp ec tra l features a t early  tim es. T h e  m ixing o f so lar or helium  

rich m aterial (C h ap te r  9) it to  th e  ou ter layers shows very  little  changes to  the  sp ec tra  

in early com pu tations. T h e  effects need to be s tud ied  in m ore deta il, p articu la rly  for 

early  epochs, to  determ ine th e  prospects for observational detec tion  of th e  effects.

T he ex tension of PHOENIX to  calculate light curves (C h ap te r 12) is w ith in  reach 

in the  im m ediate  fu tu re . T h e  m ethod  proposed is different th an  those typically  used 

by o ther groups. T h e  possible extension to include N L T E  effects, and  forbidden lines, 

m ake the co m p u ta tio n  o f SN e la  light curves into th e  nebu lar phase possible. T rad i

tional light curve calcu lations are  lim ited in th e  n eb u lar phase by th e  L T E  assum ptions 

m ade. S pecu lating  fu rther, th e  possibility exists to  a d d  molecules an d  d u s t form ation 

to  light curves. T hese  a re  know n to  be present in SN e II . T h e  physics h as already  been  

included in PHOENIX to  solve problem s in cool s ta r  atm ospheres. T h is  would require 

large com pu ta tional resources, b u t m aybe realistic in th e  fu ture.

T he deta iled  s tu d y  o f su p ern o v a  spec tra  and  light curves is rich w ith  o p p o rtu n ity  

for follow up w ork an d  th e  ad d itio n a l topics identified here.
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A ppendix A

Gamma-ray D eposition

T h e  deposition  of 7 -ray  energy into th e  a tm osphere  is im p o rta n t in th e  calcu lation  of 

energy-balanced  a tm ospheres and  as a  source  of input energy  in tim e-dependen t calcu

la tions. T h e  n o n -th erm al electrons g en e ra ted  by the  ab so rp tio n  of 7 -rays are im p o rtan t 

to  th e  ionization an d  level populations o f a  supernova a tm o sp h ere . P revious calcula

tions, an d  m ost in th is  thesis, have used a  s ta n d  alone p ro g ram  by P e te r  N ugent ( 1997) 

to  ca lcu la te  th e  7-ray  tra n sp o r t  and  p rep are  an  explosion m odel provided by o th ers  to  a  

form  usable in PHOENIX. In  th is m odel th e  deposition  of 7 -rays is app rox im ated  by solv

ing  th e  R T E  using a  co n stan t 7-ray  opacity , k-, (S u th erlan d  an d  W heeler 1984), w here 

th e  typ ical value \s =  0.06 Yg cm - g “  ̂ (C olgate e t al. 1980). Yg is the  ra tio  o f elec

tro n s  to  nucleons an d  is approx im ate ly  0.5 for m aterial th a t  does n o t contain  significant 

hydrogen . T h e  R TE was solved using k -̂ w ith  a  m ethod  th a t  is like a  single ite ra tio n  

o f th e  A -operator techn ique. T h is m ethod  has been show n to  be o f sufficient accuracy  

for use in a tm osphere  m odelling, when com pared  to  d e ta iled  M onte C arlo  calcu lations 

(Sw artz  e t al. 1995).

One of my projects has been to incorporate the preparation of models and depo

sition of 7-rays into the  main PHOENIX code. This will m ake the com putation of the
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7 -ray  depostion  a t  a  new tim e-step  an d  m odel regridd ing  easier. To ca lc u la te  th e  7- 

ray  deposition  by solving th e  RTE w ith  PHOENIX, the  m odel had  to  read  in to  memory, 

hom ologously expanded  to  th e  epoch  o f in terest, and  th e  th e  decay of th e  radioactive 

isotopes m ust be calcu lated  to  d e te rm in e  the  local 7 -ray  em issivity. T h e  R T E  solver, 

like th e  rest of th e  code, was p rog ram m ed  to use a fixed num ber of zones. Since the 

num ber o f zones varies am ong explosion m odels this was a  problem . To m ake th e  RTE 

solver m ore flexible, I replaced th e  hxed-size arrays in com m on blocks w ith  variable

sized ( a l l o c a t a b l e )  arrays in m odules. W hile this m ig h t seem  to b e  overkill for a 

sm all process like 7 -ray  deposition  (an d  it is), we are now a  few weeks w o rth  of work 

from  a  fully resizeable code w ith th e  n um ber of radial zones specified by th e  user. This 

will be of enorm ous value when co m p u tin g  light curves a n d  using au to -g rid d in g . T he 

new  m eth o d  for com puting  7 -ray  dep o sitio n  is faster a n d  shou ld  scale b e t te r  w ith  the 

num ber of zones. T h e  7-ray  d eposition  ra te s  calculated w ith  the  old an d  new  m ethods 

are  consisten t, I have taken the  o p p o rtu n ity  to in co rp o ra te  several useful featu res to 

th e  m odel construc tion . T hese include th e  mixing o f an y  specified com position , ^®Ni, 

an d  ‘p h an to m ' ^®Ni (i.e., w ithout chang ing  the com position, b u t including an  invisible 

source of 7 -ray s),
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