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A B S T R A C T . We briefly review the Kiev p r o g r a m for de te rmin ing oscil lator s t r eng ths 

of Fraunhofer lines from the opt ical solar spec t rum, which has recently resul ted in a 

compilat ion of solar values for 1958 lines from 40 chemical e lements (Gur tovenko and 

Kostik 1989). These gf-values were de te rmined empirical ly by fitting solar lines using 

s tandard plane-paral le l L T E model l ing. Er rors in this model l ing p r o p a g a t e in to t h e gf-

values; reversely, t he deviat ions in t he l a t t e r m a y serve as diagnost ics of t h e model l ing 

and thus of spect ra l line format ion in t he solar pho tosphere . For a small subse t , com-

parison wi th reliable l abo ra to ry d a t a can be made ; for o ther lines the re is in format ion in 

the differences between fits of t he line a rea and of t h e line dep th . 

1 . T h e K i e v o s c i l l a t o r s t r e n g t h p r o g r a m 

The solar pho tosphere m a y be regarded as a n a t u r a l furnace from which Fraunhofer lines 

originate in order t o enable the measurement of thei r oscil lator s t r eng ths . As such a 

furnace, t h e pho tosphere provides i m p o r t a n t advantages : ( i )—the n u m b e r of measurab le 

lines is large; ( i i )—the measurab le lines are often precisely t h e ones needed in a b u n d a n c e 

de te rmina t ions for o ther s ta rs ; ( i i i )—the furnace proper t ies a re r a t h e r well known. In 

cont ras t , l abo ra to ry measuremen t s used t o have very large errors unt i l t h e precise Oxford 

measurements became available (Blackwell et ai 1982 and references the re in ) , while t he 

l a t t e r are mos t ly for lines t h a t are less sui table for stel lar abundance de t e rmina t ions (see 

Gro t r i an d iag rams in R u t t e n and Kost ik 1988). 

In t h e early eighties a p rog ram was s t a r t ed a t Kiev t o de te rmine empir ical solar 

oscillator s t r eng ths , following the classical example set by Holweger (1967). I t s first 

results were two extensive lists of Fe I ^ / -values (Gur tovenko and Kost ik 1981a, 1981b). 

They were found t o be of good quali ty, b o t h in comparisons wi th l abo ra to ry d a t a (Wiese 

1983, Cowley and Corliss 1983) and in s tudies of their in te rna l consistency ( R u t t e n and 

Kost ik 1982, R u t t e n and Zwaan 1983, R u t t e n and Van der Zahn 1984). 

T h e sensi t ivi ty of such fits t o t he choice of a tmospher ic model and t o N L T E effects 

was analysed by R u t t e n and Kost ik (1982). T h e y resolved t h e appa ren t conflict be tween 

t h e qual i ty of these L T E fits and the large depar tu res from L T E derived for Fe I lines by 

Lites (1972, A t h a y and Lites 1972). R u t t e n and Kost ik found t h a t t h e empir ical L T E 
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Figure 1. Logar i thmic differences 

be tween gf-values de te rmined by fit-

t ing line dep ths in t h e Jungfraujoch 

At las of t h e solar spec t rum and lab-

o ra to ry measu remen t s from Oxford. 

F igure 2. Logar i thmic differences 

between <//-values de te rmined by fit-

t ing solar equivalent wid ths and lab-

o ra to ry measu remen t s from Oxford. 

F igure 3 . Logar i thmic differences 

between solar gf-values from line 

wid ths a n d line dep ths respectively, 

for t h e lines of overlap wi th Oxford 

measu remen t s . 
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model pho tosphere of Holweger and Müller (1974) "masks" N L T E depa r tu res in i ron 

lines even if t h e l a t t e r are large—as they should be if t h e solar a tmosphe re has as cool a 

t empera ture m i n i m u m as it has in t he HSRA and VAL3C s t a n d a r d models (Ginger ich et 

al. 1971, Vernazza et al. 1981). However, recent N L T E model l ing wi th b e t t e r u l t raviole t 

line b lanket ing indicates t h a t t he upper photosphere is not so cool after all (Avre t t 

1985, Mal t by et al 1986, Anderson 1989), and t h a t t he LTE Holweger-Mül ler mode l has 

actually furnished a correct descript ion of spat ial ly-averaged photospher ic line fo rmat ion 

all along ( R u t t e n 1988a). This issue is reviewed a t length in R u t t e n (1988b); t h e poin t 

here is t h a t t h e Kiev fits assuming LTE and the Holweger-Müller model provide accura t e 

gf-values for mos t i ron lines whether their ac tua l depar tu res from L T E are large or smal l . 

Thus, t h e solar furnace is an excellent one, wi thou t t he sensi t ivi ty t o devia t ions from 

LTE t h a t beset earlier l abo ra to ry measuremen t s of i ron lines using free-burning arcs . 

In add i t ion , the re are o ther error sources. T h e most i m p o r t a n t ones are unresolved 

blending and t h e use of empir ical fitt ing pa rame te r s ( m i c r o - and macro tu rbu lence , colli-

sional d a m p i n g enhancemen t ) t o correct for t he effects of spa t ia l and t e m p o r a l averaging 

(Gurtovenko and Sheminova 1986). The i r influence on t h e iron-line fits was t e s ted by 

Rut ten and Kost ik (1988), who found t h a t 0.1 dex precision is ob ta inab le for mos t i ron 

Unes. Nord lund (1984) found larger differences when compar ing such s t a n d a r d model l ing 

with line profile fits based on his numerical s imulat ion of t h e solar g ranu la t ion . However, 

we expect t h a t such differences will be smaller for his new elast ic s imula t ions ( R u t t e n 

1988b). In summary , t he Kiev Fe I gf-values are generally reliable t o wi th in 0.1 dex 

(25%). 

2 . N e w r e s u l t s 

The success described above has led t he Kiev workers t o cont inue thei r effort. A new 

compilat ion wi th solar gf-values for 1958 Unes from 40 elements has jus t appea red (Gur -

tovenko a n d Kost ik 1989). These are obviously useful for steUar a b u n d a n c e de te rmina-

tions, b u t they m a y also serve as diagnostics of photospher ic line format ion . We address 

the l a t t e r usage here. Since t he fits are ob ta ined from t h e compar ison of theory and ob-

servations, they conta in errors due t o modelUng assumpt ions of which t h e character is t ics 

may vary wi th solar Une s t r eng th and wi th a tomic p a r a m e t e r s . Such errors and the i r 

dependences can be employed to tes t t he validity of t he s t a n d a r d modelUng and t o s tudy 

Fraunhofer Une format ion adding o ther spec t ra t h a n Fe I. 

T h e measured quan t i ty per Une is logL = log( Agf) where log Λ = log(Nei/Nji) + 12. 

Thus , each measurement error SlogL has δ logL = δ log gf + Δ log A where Δ log A is 

a correct ion t o t h e adop ted e lemental abundance value which is t h e same for all Unes 

from t h a t e lement . T h e remaining error-per-Une δ log gf is t h e one which concerns us 

here. The re are two sets of gf measuremen t s , ob ta ined from fi t t ing equivalent wid ths 

and cent ra l dep ths respectively: gfw values and gfd values. T h e r e are two ways of 

s tudying errors in these: analysing the differences of each set wi th resul ts from o the r s , 

and analys ing t h e differences between t h e two sets . We haven ' t performed such analysis 

yet in deta i l ; here , we show first results t h a t are indicat ive of t h e in format ion content of 

the new measuremen t s . 

F igures 1 and 2 show the differences between the Kiev resul ts and the Oxford mea-

surements for t he gfd and gfw values respectively, against t he corresponding height of 
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formation in t he photosphere . These d iagrams contain averages for all lines for which 

Oxford resul ts are available, from Fe I (51 l ines) , Ti I (78 lines) and Cr I (45 l ines) . T h e 

bars denote one-s igma s t a n d a r d deviat ions . T h e absence of a t r end in t h e Fe I lines is 

to be expected because t he non the rma l broadening p a r a m e t e r s in t he model l ing were 

derived by fi t t ing representa t ive Fe I lines using t h e Oxford gf-values and t h e Holweger -

Müller model itself was originally derived from iron lines. T h e differences are also small 

for the T i I and Cr I l ines, except for t he s t rongest lines formed in t h e uppe r pho tosphere 

which have deeper cores in t he observed spec t rum t h a n t h e model l ing provides for if we 

assume t h a t t h e Oxford values are correct . 

F igure 3 displays t he s ignature of these t rends in a log gfw—log gfd plot agains t height 

for t he same lines. Note t he difference in t he weak-line p a r t s be tween t h e Cr I and t h e 

Ti I resul ts . 

F igure 4 shows t h e composi te averages for all lines of i ron (793 l ines) , t i t a n i u m (199 

lines), ch romium (172 l ines) , nickel (179 lines) and calcium (47 l ines) , respectively from 

their neu t r a l s tages (full lines) and first ionizat ion stages (dashed) . Fe I now shows a 

slight t r end , due t o t he addi t ion of numerous o ther lines t h a n the Oxford ones. A similar 

t rend is shown by Ni I. T h e s t ronger lines of Cr I and Ti I display t h e downtu rns a l ready 

evident in t he smaller samples discussed above. C a I shows similar behaviour bu t wi th a 

much larger amp l i t ude . All ions show posi t ive differences. Fe II displays a slight oppos i te 

t rend, increasing wi th height . 

It is a l ready clear t h a t these features have t o do wi th solar line format ion and not 

with inaccuracies in a tomic pa rame te r s such as ionizat ion po ten t i a l s , pa r t i t i on functions 

etc. (see Grevesse 1984). Also, t he t rends cannot be removed wi th in t h e cons t ra in t s of 

the s t a n d a r d model l ing, i.e. by changing the t e m p e r a t u r e s t ruc tu re or t h e tu rbu lence 

pa rame te r s . The i r exp lana t ion requires a t least t he in t roduc t ion of depa r tu re s from L T E 

in t he exc i ta t ion or ionizat ion equil ibria or b o t h , and possibly of inhomogeneous s t r u c t u r e 

not mimicked t h rough non the rma l broadening . 

A final point is t h a t such difference plots m a y also serve t o display hyperfine and 

isotope s t ruc tu re . These influence spect ra l line profiles ju s t as micro turbu lence does; in 

general , the i r underes t ima t ion resul ts in too large gfw and t o o small gfd values and in a 

specific p a t t e r n in t he difference plots : first an increase and then a decrease (Gur tovenko 

and Sheminova 1988). Such behaviour is seen in Figure 5 which displays log gfw — log gfd 

differences for Μ η I and Co I lines wi th hyperfine s t ruc tu re . 

3 . C o n c l u s i o n 

Our display of difference plots from the new Kiev compi la t ion shows t h a t t he re is inter-

est ing behaviour poin t ing t o deficiencies in t h e s t a n d a r d model l ing. A l though t h e i ron 

lines and probably also t he nickel lines are represented qui te well assuming L T E and t h e 

Hol weger -Mül le r model , there are significant deviat ions for t he s t rong lines from o the r 

spec t ra , requir ing more detai led analysis . For Ti I and Cr I these devia t ions m a y s imply 

display s t rong- l ine pho ton losses in excess of typical Fe I behaviour , b u t t he re is no 

immed ia t e explana t ion for t he very large deviat ions in C a I and for t h e spli ts be tween 

a t o m and ion lines. We conclude t h a t , again , empirical solar values m a y be employed 

as a diagnost ic of line format ion in the solar a tmosphere . 

https://doi.org/10.1017/S0074180900043977 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900043977


40 

References 

Anderson , L. S.: 1989, Astrophys. J. 3 3 9 , 558 

Athay , R. G. and Lites , B . W. : 1972, Astrophys. J. 1 7 6 , 809 

A v r e t t , E . H.: 1985, in Lites , B . W . ( E d . ) , Chromospheric Diagnostics and Modeling, 
p . 67, Na t iona l Solar Observatory Summer Conference, Sac ramento Peak Observatory , 
Sunspo t , New Mexico 

Blackwell , D . E . , Petford, A. D. , Shallis, M. J . , and S immons , G. J . : 1982, Monthly 
Notices Roy. Astron. Soc. 1 9 9 , 43 

Cowley, C. R. and Corliss, C. H.: 1983, Monthly Notices Roy. Astron. Soc. 2 0 3 , 651 

Gingerich, O. , Noyés, R. W . , Kalkofen, W . , and Cuny, Y.: 1971, Solar Phys. 1 8 , 347 

Grevesse, N. : 1984, Physica Scnpta T 8 , 49 

Gur tovenko , E . A. and Kost ik , R. I.: 1981a, Astron. Astrophys. Suppl. 4 6 , 239 

Gur tovenko , E . A. and Kost ik , R. I.: 1981b, Astron. Astrophys. Suppl. 4 7 , 193 

Gur tovenko , E . A. and Kost ik , R. I.: 1989, Fraunhofer Spectrum and the System of Solar 
Oscillator Strengths, Naukova Dumka , Kiev 

Gur tovenko , E . A. and Sheminova, V. Α.: 1986, Solar Phys. 1 0 6 , 237 

Gur tovenko , E . A. and Sheminova, V. Α.: 1988, Kinematika i Fizika Nebesnich Tel. 4 , 
18 

Holweger, H.: 1967, Zeitschr. f. Astrophysik 6 5 , 365 

Holweger, H. and Müller , Ε . Α.: 1974, Solar Phys. 3 9 , 19 

Li tes , B . W . : 1972, Observation and Analysis of the Solar Neutral Iron Spectrum, N C A R 
Coopera t ive Thesis No. 28, High Al t i tude Observatory, Boulder 

Mal tby , P . , A v r e t t , E . H. , Car lsson, M. , Kjeldseth-Moe, O. , Kurucz , R. L., and Loeser, 
R.: 1986, Astrophys. J. 3 0 6 , 284 

Nord lund , Â.: 1984, in Keil, S. L. (Ed . ) , Small-Scale Dynamical Processes in Quiet Stellar 
Atmospheres, p . 181 , Nat iona l Solar Observatory Summer Conference, Sac ramen to 
Peak Observatory , Sunspot , New Mexico 

R u t t e n , R. J. : 1988a, in Cayrel de Strobel , G. and Spite , M. (Eds . ) , The Impact of 
Very High S/N Spectroscopy on Stellar Physics, p . 367, IAU Sympos ium 132, Reidel , 
Dordrecht 

R u t t e n , R. J. : 1988b, in Vio t t i , R., V i t tone , Α. , and Friedjung, M. (Eds . ) , Physics ο) 
Formation of Fell Lines Outside LTE, p . 185, IAU Col loquium 94, Reidel , Dordrecht 

R u t t e n , R. J . and Kost ik , R. I.: 1982, Astron. Astrophys. 1 1 5 , 104 

R u t t e n , R. J . and Kost ik , R. I.: 1988, in Vio t t i , R., V i t t one , Α. , and Fr iedjung, M. 
(Eds . ) , Physics of Formation of Fell Lines Outside LTE, p . 83 , IAU Col loquium 94, 
Reidel , Dordrecht 

R u t t e n , R. J . and van der Zalm, E . B . J. : 1984, Astron. Astrophys. Suppl. 5 5 , 143 

R u t t e n , R. J . and Zwaan , C : 1983, Astron. Astrophys. 1 1 7 , 21 

Vernazza, J . E. , A v r e t t , Ε . H., and Loeser, R.: 1981, Astrophys. J. Suppl. Ser. 4 5 , 635 

Wiese , W . L.: 1983, in West , R. M. ( E d ) , Highlights of Astronomy, 6, 795 

https://doi.org/10.1017/S0074180900043977 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900043977

