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ABSTRACT 
A spectral analysis at high dispersion shows that the G8II star f Cygni is a Ba n star showing a rela- 

tively small enhancement in the abundance of carbon, strontium, yttrium, barium, lanthanum, and 
cerium. The possible evolution of such stars is briefly discussed. 

I. INTRODUCTION 

Although the agreement between observation and theory for the nucleosynthesis of 
heavy elements by slow neutron capture (^-process) is perhaps better established than 
such agreements for most other elements, it is still desirable to make further observa- 
tional tests. The theoretical work of Cameron (1955), Burbidge et al. (1957), Clayton 
el al. (1961) and Seeger, Fowler, and Clayton (1965) has supplied an apparently ade- 
quate basis for understanding the role of slow neutron processes in the building of heavy 
elements. Observationally, Burbidge and Burbidge (1957), Wallerstein and Greenstein 
(1964), Warner (1965), and Danziger (1965, 1966) have shown that the occurrence of 
the ^-process seems to be favored in K and M giants of both Populations I and II. This 
work generally involves the detection and detailed study of the most extreme examples 
of the Ba ii type, which are characterized by enhanced lines of ionized barium and an 
enhanced G band of CH. 

We present here the results of an analysis of the bright star f Cyg, an inconspicuous 
example of a Ba h star first brought to our attention by W. P. Bidelman, who pointed 
out the moderate enhancement of the Ba ii line at 4554 Â. 

II. OBSERVATIONS 

The spectra on which this analysis is based were obtained with the 3 2-inch camera of 
the coudé spectrograph of the 100-inch telescope at Mount Wilson. Three spectra in the 
blue region taken on IlaO plates had a dispersion of 4.5 Â mm-1, and three in the red 
region on 103aF plates had a dispersion of 6.7 Â mm“1. All spectra and calibration wedges 
were traced on the digitized microphotometer at Harvard College Observatory. In the 
reduction procedure a selection of relatively unblended lines was identified, and each 
tracing was reduced independently with regard to placement of the continuum and 
measurement of the line strengths. Table 1 contains the final mean values of these 
measurements. The analysis was then carried out independently by each of the first 
three authors as a check on the reliability of the method. Some of the results for indi- 
vidual elements depend on very few lines. More certain identification of necessary lines 
was not possible, probably because the line enhancements are not pronounced in this 
star. 

III. TEMPERATURES AND ABUNDANCES 

A differential curve-of-growth analysis was used, the details of which have been given 
by Danziger (1966). In the present work we have used e Vir as the standard comparison 
star, with the line strengths and curve-of-growth abscissae Xof published by Cayrel and 
Cayrel (1963). The curve of growth for e Vir was obtained by plotting log W/\ against 
log Xg' — for the Fe I lines, where e is the excitation energy. Here A# is the value 
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of 0exc (e Vir) — #exc(0) that minimizes the scatter in the curve of growth; #exc = 5040/ 
reXc5 where rexc is the excitation temperature. From the Wrubel (1949) curve of 
best fit we obtained values of log ??o(e Vir) for all lines, as well as the microturbulent 
velocity £ for e Vir, which is the same for both blue and red spectral regions. 

This procedure was followed in establishing a curve of growth for f Cyg. In this case 
log W/X for f Cyg was plotted against log Vir) — eA6ex.G, where A#exc is 0exc Vir) — 
Oexc (f Cyg). Here the best value of Adexc ~ —0.04 was obtained by the method of least 
squares for ah Fe i and Ti i lines. Since the value A#eff ~ —0.04 wa,s obtained from Eg- 
gen’s (1955) (P —• V) measure converted to (B — V) for e Vir, the Yale Caialogtie of 
Bright Stars value for f Cyg, and Johnson’s (1966) relation between {B — V) and Peff, 

TABLE 2 

Curve-of-Growth Parameters 
Parameter Value 

A0. . . . -0 04 
log Of Cyg . • -3.0 
log a. vir • —30 
A log PG . —0 23 

Parameter Value 
FfCyg... ■ 2.7 
V e Vir • • 2.2 
A log K . —0 19 

Fig. 1.—Curve of growth for the Fe i lines in the blue spectral region of £ Cyg. Solid line represents 
the Wrubel curve of best fit. 

this temperature difference has been employed throughout. We assumed AOexc — A#eff = 
A#ion. Parameters from the Wrubel curves of best fit are given in Table 2. The typical 
curves of growth are shown in Figures 1 and 2. 

When lines measured in f Cyg were not available in the list for e Vir, a secondary list 
given by Wallerstein and Greenstein (1964) was used. In some cases (log ??o)-values for 
the Sun (Utrecht equivalent widths and Goldberg-Pierce curve of growth) were used, 
after corrections for the difference in excitation, ionization, and continuous opacity were 
applied by comparing lines common to the Sun and e Vir. 

A combination of the expression for log and the Boltzmann and Saha equations 
for e Vir and f Cyg results in the following relation : 

= fITion] 

” [$ion(r ^yS) “ $ion(£ Vir)](x¿ €¿_{-!,y ”” €itk) , 
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where the quantities in square brackets indicate the difference between the logarithms 
of those quantities for f Cyg and e Vir. Here i and i + 1 indicate ionization levels, and 
j and k are excitation levels. Pe is the electron pressure, Tion the ionization temperature, 
and Xi the ionization potential of state i. Assuming A6exc = A#i0n? we calculated À log 
Pe by using all possible line pairs of neutral and ionized iron and titanium. 

Under the reasonable assumption that the continuous opacity is due to H-, we obtain 
the difference A log /c( = A[log Pe f(T)]) between these quantities in the two stars, as 
given in Table 2. 

An expression for Nei/Nu, the abundance of any element relative to hydrogen, is 
given by the following relation: 

[Nel/Nn] = ho] - [q] + €A0exe + M , 

where q represents the fraction of the total number of atoms of the element in the ioniza- 
tion stage being considered, and B is the partition function for that same ionization 
stage. 

Fig. 2.—Curve of growth for the Fe i lines in the red spectral region of f Cyg. Solid line represents 
the Wmbel curve of best fit. 

We present the final abundances in Table 3. Results for separate ionization stages 
are given, together with errors that mostly represent estimates of maximum systematic 
uncertainties. 

IV. DISCUSSION 

Inspection of Table 3 reveals that f Cyg has most of the characteristics of Ba n stars. 
It has apparent overabundances of carbon, as well as most of the heavy elements pro- 
duced by the ^-process, in particular, strontium, yttrium, barium, lanthanum, and 
cerium. However, the enhancement of ^-process material is less pronounced here than 
in previously known stars of the type. In fact some of the elements produced by the 
¿-process, particularly those heavier than barium, are not significantly overabundant, 
perhaps because the few available lines do not permit great accuracy. On the other 
hand, if we retain the concept of slow neutron processes in stars, this lack of enhance- 
ment may reflect a complicated history of neutron exposure and mixing. A review of 
these possibilities is given by Clayton (1968). With a spectral type G8 II and a trigono- 
metric parallax of 0?021, f Cyg appears to lie near the middle of the mass range í-4 Mo, 
and its position therefore lies within a similar range proposed by Warner (1965) for the 
phenomenon of the Ba n star. 
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There is some evidence suggesting that this enhancement of heavy elements has its 
origin, not in the G and K giant phase, but earlier in the main-sequence phase of these 
stars. For example, Danziger (Î966) has pointed out earlier that the abundance results 
for 63 Tau obtained by Van’t Veer-Menneret (1963) are in qualitative and perhaps 
even quantitative agreement with the concept of an extensive exposure of iron-peak 
elements to slow neutrons in this Am star. Presumably other Am stars share similar 
properties. More recently the work of Kohl (1964), Strom, Gingerich, and Strom (1966) 
and Conti and Strom (1968) indicates there may be many stars near AO that are charac- 
terized by enhancements in the ^-process elements. It is just these stars of approximately 
2 M® that eventually evolve into the region of the Ba n stars. If this possibility is ac- 
cepted, we can also assert that such enhancements are not surface phenomena since all 
evolutionary models of giant stars oil M® show deep outer convection zones and there- 
fore considerable mixing. This conjecture does not provide any insight into the possible 
physical details of the enhancements of heavy elements in A stars, but it suggests that 

TABLE 3 

Abundances in ç Cyg 

Element 
Logarithmic 
Abundance Element 

Logarithmic 
Abundance 

C I  
Na I... . 
Mg I. 
Si I . 
Cal.... 
Sc I... 
Sc II. 
Ti I 
Ti II. 
V I... 
Cr I.. 
Cr II. 
Mn I. 
Fe I.. 

+0.4 
-0.2 

0.0 
0.0 

-0.1 
+0.1 
+0 1 
-C 2 
-0.2 
-0.1 
-0.2 

0 0 
-0.2 
-0.1 

±0.4 
±0.2 
±0.3 
±0.2 
±0.2 
±0.4 
±0.2 
±0.2 
±0.2 
±0.2 
±0 2 
±0.2 
±0.2 
±0.2 

Fe II... 
Co I. 
Ni I. . 
Zn I ... 
Sr I... 
Yl. 
Zr I.... 
Zr II. . 
Ba II . 
La II.... 
Ce II. . 
Nd II 
Sm II.. 
Ge II. . 

-0.1 
-0.2 
-0.1 

0.0 
+0.3 
+0.2 
+0.2 
+0.1 
+0.8 
+0.2 
+0.2 
-0.2 

0.0 
-0 2 

±0.2 
±0.2 
±0.2 
±0.3 
±0.3 
±0.3 
±0.2 
±0.3 
±0.3 
±0.3 
±0.2 
±0.4 
±0.3 
±0.4 

the cause be sought in the possible peculiarities of structure of main-sequence A stars 
rather than of G and K giants. The reason that F giant stars with these peculiarities are 
not found may be that few F giant stars in general are found in the solar neighborhood 
because of relatively rapid evolution through the region of F giant stars. 

What seems clear, however, is that the phenomenon of the Ba n star is not a discrete 
and discontinuous one. This work suggests that there is a continuous range of properties 
of the Ban stars from the normal G and K giants to the most exaggerated examples of 
Ban stars so far detected. 

We thank Dr. W. P. Bidelman for pointing out the possible Ba n nature of f Cyg, and 
the Director of Mount Wilson and Palomar Observatories for making observing time 
available. 
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