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Copernicm o b s c ~ ~ a r i o n s  of Eifg 31 h and k emission lb lcs  from M giants 
and supergiants a r c  described. Supergiants with extensive circumstellar gds 
sllells sliow an asynmictric k l ine .  The asytranetry is ascribcd t o  s u p e r q o s c d  
l ines  of Fe 1 and hh I. Tllc Mg I1 l i n e  wiiltl~ f i t  the  lViJ $011-Bappu re la t ion  
derived from observations of G and K s t a r s .  

Results of correlated gro~md-bascd obselvatiorrs include ( i )  the d is -  
covery of K I fluorescent cnussion from the Bctclgeusc, sllell; ( i i )  new ex t i -  
mates of the 11~3~s-loss  r a t e s ;  and ( i i i )  the proposal tha t  s i l i c a t s  dust 
grains must account fo r  rlle major f r a c t i o ~ i  of the S i  atolns i n  the Betelgeuse 
sllell . 

1. Introduction - 
NSG 5005 supgortcd a Guest 1rlves.tigator program with the OAO-3 "Coper- 

nicus' s a t e l l i t e  t o  observe emiss ion l ines  from chro~ilospheres around M 
supergiants . The u l  traviol o t  spectroscopy from Copcrnicus was correlated 
with grouncl- based spectroscopy co~rductcd a t  the blcDona1 d C b ~ e r v a t o ~ y .  

Our i n i t i a l  observAbg program was a scarclr for several l ines  including 
C I1 1037 A, C I11 977 A, N XI 1085 A, 0 1 1302 A, Fe 1 2380 A, Fe I 2395, 
Pe I1 1145  and CO l ines  ncar 1085 A. The bright FI su l~e rg imt  a Orionis was 
selected :[or t h i s  search. Xone of t.11ese I.ines were cletccted. F l u  uni ts  
a re  provided 11y Bcrnat and bmbert  (Ap . J . , 204, 830, 1976 - see Table 2) . 

Thanks to  ear l ie r  spcctrophotometry wit11 OAO- 2 ,  we lcnew tilnt the bfg I1 
h and k resonance l jnes  were prcse11.1: j.11 hJ s ~ q ~ c r g i a n t s .  Our i n i t i a l  stud)? 
covered a Orionis (Bctcl.geusc) mid a Scorpii. (Antares). 

The s t r ik ing  ncrv r e s u l t  was a pronoulccd asymmetry of the shorter 
wavelength k l ine .  e ~ ~ l o r e d  the  possibi.lity tha t  the k-line asynnletry 
was caused by .~vr?rl.ykirzg resonance 1.i1les of  MI^ 1 and Fe I Eonnerl in the cool 
circunlstcll.ar slzel-1s around these s t a r s .  Ncw high resolution spectra ob- 
tainccl a t  the blcl)onalcl Qbservatoly f o r  tile ).In I resonance t ~ i p l e t  a t  4030- 
4033 1 sl~awcd tlmt there a re  i n s u f f i ~ i c r : ~  l\ln ntonis i n  tlie she l l s  t o  produce 
the asymnlctry i n  tllc k lb l c .  On tlie very ~cason;lble assumption tha t  the 
Mn/Fe ab~ulrlancc ra t io  i n  the she l l s  i s  approxii~~ately so lar ,  a similar con- 
c lus io~ l  was rcac11ed for  the Fe I l i n e  rvi.thin the k emission. l i ne .  

However, our Stnorlald spectra conf.inned Spi-tzer's ea r l i e r  observa.tion 
( A x  --? J ,  - 90, 494, 1939) of a f i l l - ing-in by emission of n 1% I l i n e  a t  4308 x. 
The upper s t a t e  of thc 4 308 I.inc is  sl~ared ~ i i t h  l-hc resonance l j n e  a t  the 
k l i n e  position. I t  is diEIi-cult t o  avoid the  concL~~sio~l  tha t  the emission 
i n  the 4308 ,t l i n e  is fluorcsccnce clrive~l by d lc  absorption of k l i n e  pllotons. 
Our  quantitative ana1ysj.s slmwed tha t  the absoTl~ing 'iron atoms a re  not i n  
the circumstellar sllell . 



I\%ere arc tllcy? 1Ve speculated that  the iron atoms belong to  a cool 
turl)ulcnt region sandwiched between -tile base of the circumstellar she l l  and 
the top of the chromospl~ere, 

As a resu l t  of our i n i t i a l  study, \\re proposed a high resol.ution obser- 
vation o f  the k l i n e  i n  a Orionis. A t  high resolution, the Fe I/M1 I l ines  
witllin the  shorter wavelength ei~lission component of the double pealed k 
l ine  sllould be resolz.ablc as  a sha1~1 deep incision i n  the enlission pr0fil.e. 
In s p i t e  of several hours ( f observhing time, the obscrveu p ro f i l e  was 
rather noisy and detection cii:' the sllarp absorption feature was ulcertajn.  
Rather tllan c l u t t e r  the 1itei"ature with a nlarginal resul t ,  I decided t o  
terminate t h i s  study. The International Ul.traviolct Exl~lorer (IUE) sa t e l -  
l i t e  has a high rcsolut ion u l t rav io le t  spectrogrqll. Mg I1 prof i l c s  pub- 
l ished by other autllors indicate  t h a t  the IUE spectra lack tlic resolution 
t o  reveal the sharp absoq~t ion  feature.  Fortunately, j,t w i l l  be resolvecl 
easi ly  by the high resolution spectrograph on the Space Telescope. 

Our Copenlj.cus p r o p a n  of Irlg I1 low resolution observations was extended 
to  the bM2 giant f3 Fcg and tl'a M5 supergiant: a Ibr. The asylrmletric b!g 11: 11 
and k prof i les  i n  P Peg were a t t r ibuted  t o  fozmation i n  an expanding chrsnlo- 
sphere. The I< t o  11 r a t i o  of 1.. 4 suggests an aptical1.y-thick chron~osphere 
with tenlperature increasing with height above thc pl~otosphcre. 

The a Iler hlg I1 prof i les  were similar t o  our ea r l i e r  obscrvations of 
a Ori and a Sco: tho k l i n e  appears asymmetric but the h l i n e  is sy~mnet-ric. 
This lack of a conullon p ro f i l e  fo r  h and k I.ines is  not obviously reconcilab1.e 
~ d t h  expanding c l ~ r o ~ ~ ~ s p h e r e ,  The k l i n e  asynunctly was again contributed 
to  absorption lints of bh I and Fe I by atoins bet\\reeii the cool exl~ancling 
circunistellar she l l s  and the  cl~roinospl~ere. 

The Fe I absorption l i n e  coincident with the ~ieakeized half of the k 
l ine  is a weak interconlbination t ransi t ion.  Absorption i n  t h i s  Fe I reso- 
nance l i n e  will be followed by cn~ission i n  a more probable clo~in1varcI transi-  
tion. Spectra of a Qri, a Sco and a IIer show tha t  such fluorescence f i l ls  
in a l i n e  a t  4307 A. In  P Peg, the 4307 a l i n e  i s  not s ignif icant ly weakened 
re la t ive  .to other rncrnbers of the inul.tiplet. TI~erefore the 4307 8 observationc 
sho~i a rough correlation between the k l ine  asyrmnetry and the f i l l i n g  i n  of 
the photospheric absorption l i n e  by fluorescent emission. 

\!it11 the Elg I1 profi les  for  the four Fl s t a r s ,  we checked tha t  the ELlg I1 
l ine  ~vidths  obeyed a l i n e  width - absolute visual -mugnitudc relat ion,  the 
IVilson-Bappu ef fec t .  A published cal ibrat ion (Kondo e t  a l . ,  Ap. J . ,  207 
167, 1976) gave 

-, 

h$ = 29.97 - 12.58 log W 

where IV ( in hn/s) i : ~  t!lc l f u l l  1vidt11 a t  the base of the l ine .  a O r i  was the 
sole ?/I s t a r  used i n  establishing the calibration. The three new bl s t a r s  - 
ol Sco, a IIer a id  P Peg - liere coml~arccl wit11 tllis calibration. Al~solute ]nag- 
nitudcs were taken from Sruzrler (Ap. J. Suppl. 32, 115, 197G) and Bernat - 
(Ap. J. 213 759, 1977). -- -' 



?he agreelilcnt bet\:ccn our rcst i l ts  and t11c I(ondo c t  a l ,  cal ibrat ion was 
poor. '11ci.r cnlibratiorr was s y s t c ~ m t  ical l y  low l o r  tFee m g l l t e s  t s t a r s  
(a O r i  and a Aur) inc:luclcd i n  the S i t .  IIoricver, an ca r l i c r  calibration by 
bkC1intoc;k c t  a l .  (121~, 3.  T 202 733, 1975) Pi t tcd the new data ~ i e l l .  1Ve 
concluilecl t m t x c r e  was 110 cviclcncc for  sys tnmt jc  deviiltions by the lwni- 
nous s t a r s  fro111 the  hJg I1 1Vi.I.son-&lppu ef1cc-t as  dctemiincd from hot ter ,  
l e s s  I ~ i l l o ~ i  s t a r s .  

3. Circumstcllar Gas Shclls - 

In con ja~c t ion  wit11 the  Copcrnicus obsci~\rations, we began a program 02 
spectroscopic observations of ci.rcunlstcllar gas sllells. 

Tile spectroscopic signature of the gas i11 the eq~anding she13, j s  a 
narrow bluc-shifted absorption lirlc i n  the deep core of  pllotospheric reso- 
nance and low exci tat ion l incs .  'Illese sllell. l ines  were discovered by Adalns 
and blaccor~nack (Ap. 3 .  811, 119, 1939) and thc  first quantita.tive discussion 
provided by Spitzer (Ap. J. - 90, 4.94, 1939) . 

Our motivation fo r  a ncrlr study of tllc circunis.tellar absorption l incs  
spr~mg largely from the  c:llnbilities of the I\kI)onald Observatory's high 
resolution photoclcctric spectrometer. ice discovered a novel way i n  ~vllich 
to  probe the sllell .  

\!hen an atom i n  the  she l l  absorbs a resonance 3 inc plloton, the plloton 
must be rcemittcd a1 most si~m~ltancously . Collj.siona1 dcexcita t ion  a t  the 
very low pa r t i c l e  densi t ies  prevail2ng i n  the  sllcll is not competitive ~ i i t h  
photon reemission. If thc  sllcll subpkencls a largc enough a~zglc on the sly, 
rcsonancc 2. ine fl uoresccnt emiss j on should bc obsclvable . Noli, Deutscil 
(Ap. J. - 132, 210, 1956) i n  a c l a s s j c  paper dealing with thc binary system, 
a IIer A ancl 33, showed tha t  the s1:cll around the El supergiant (a I.Ier A) 
envelops the G-type conlpmion. A di rec t  inference was tha t  the sllell has 
an outer radius of a t  l e a s t  200 Rs wllere I?, i s  the radius of the E1 super- 
gicmt. Tile j,n~ler radius of a11 cxl~anding s h e l l  is not casi ly  estimated, 
Wey~mlm [Ap. J. - 136, 844, 1962) constructed an argument bascd on tile strcngth 
of the  cj.rcwilstellar coinporlents .to t11e Ca TI infrared t r i -plet  l ines . Our 
modifi.cation of I~is argument and application using our high resolution low 
noise spectra led to  an cstimatc fo r  thc inncr radius of the a Orior~is 
she l l :  R(inner) 2 30 Rs. Tie observod s t c l l a r  angular diametcr is  &, = 
07!05. Simple a r i t l~mct ic  suggested tha t  the she l l  sllould be spa t ia l ly  r c -  
solved on tlle sky: = Os I~i/Ils 2 1!'5 fo r  Rs > 30 Ri. 

Detection of K 1 fluorescent emission from the a Orionis shcS1. \ias 
f i r s t  clctected on Marc11 31, 1975. In Novcmber 1975, we mwppcd the I( I 
emissiolz out t o  5" from the  s t a r .  Ibre  recently, crnission has beer1 t raceJ  
.to a t  l eas t  50" from the  s t a r ,  (lleferencer; are give11 i n  5 C ) .  

A tl~orough exploitation of our clisco~rcry wi l l  be possible when a. f a s t  
spectrometer is coupled to  an arcn detecto~: and usccl wit11 a tel.cscope a t  a 
s i t e  of excellent seeing (or, be t t e r ,  from space), 



b) Ci rcw~etc l la r  --- Ahsos~t  - ion 1,ines 

A. P. Rernat (UT gra~ lmtc  s tu~lcnt)  undm. the P. I. I s  sul,c&ision 
rcarlalyzed .the sllcll  a1)sorption l jnos t o  obtain the  l>ll)rsicnl s t ructure of 
the  shc13s of four I\I supcrgiollts a Orionis, n Scorpii, a Ilerculis and 
I.I Cepl~ci. Spectra inclurlcd photofiri1ph.i~ pl ntes from tllc l In1 c Ol~scrvatori es 
p l a t e  f i l e s ,  IICW bkl)O~lalcl pllotogral)l~ic spectra and ~~liol 'or~lcctr ic  scans. I n  
h i s  anal,ysis, lle recog~lizerl tllc splcr ical  gco~nctry of the shcl 1s and nude 
detailccl calculutions of the racli n t ivc  t ransfer ,  

13cnlat Is an:.lysis showed thc  col unul dens? t i c s  clcrivccl from the shc l l  
absoq~ t ion  l i n e s  were lo\ier than previous e s t i ~ l ~ l t e s  I~ascd upon n 111ane- 
pa ra l l e l  approximtion. Tlic physical s i ze  01 the sllcll was inferred tll~ougll 
ion iza t j  on n~odcling , I\reyn~ann s Ca 11 tcclmiquc , and clircct observrlti on (I( I 
emission) . The s i z e  estimnrcs cxccedcd l>rcvious values. l'hc ~ m s s  -loss XI t e  , 
\vhich i s  groportional t o  tlle product of tllc coluunu clcnsity and the shc l l  s i ze  
(specifically,  thc inner mdius) , was found t o  be much 1:irgcr than previ.ous 
e s t i m ~ t e s .  Be.mnt1s r c su l t s  rangc fro111 0.7 x to  4.2 x b , yr- '  f o r  
the 4 s t a r s .  'rllesc r c su l t s  llave gcnerntcd nlucEl i l l tcrcst  . l3crn:~t b ]as con- 
tinuecl. t o  work i n  t h i s  area using obscrvtltional tools  from 113g11 rcsolution 
infrared spectroscopy t o  tlie International Ultl.aviolct 1ls~)lorcr. 
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