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ABSTRACT

Equivalent widths of lines with X > 4600 A were measured from a set of
4.5 A /mm Palomar plates and were used in performing a model atmosphere
abundance analysis of the mild subdwarf u Cas. Comparison with solar
abundances was made by computing abundances from individual solar lines
using the same set of transition probabilities as was used for the subdwarf.
Results of this analysis show that the iron-peak elements appear to be
deficient by a factor of 4, while the a-process in p Cas elements may be

enhanced with respect to these elements.

Because of its moderately large ultraviolet excess, 6(U - B) = 0. 16,
i Cas has been identified as a subdwarf by Sandage and Eggen (1959). This
star is also an astrometric binary (Lippincott and Wyckoff 1964), although
only a crude measurement of the separation of the two components is as yet

available (Wehinger and Wyckoff 1966).

Since p Cas has a large parallax, m = 0V127 + 3 (Lippincott and Wyckoff
1964), it can be accurately placed on the H-R diagram if its effective tem-
perature is known (Strom, Cohen, and Strom 1967, Paper I of this series).
Strom and Strom (1967) have determined the effective temperature to be
5000° £ 150°K from a comparison of scans made in the region 5000 to 8000 A

with the predictions of model atmospheres.
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Using Wallerstein's (1962) correlation between §(U - B) and metal content,
we deduce that u Cas lies less than 0.1 magnitude above the theoretical zero-
age main sequence (Faulkner and Iben 1966) appropriate to its metal content.
We do not consider this difference to be significant since either small changes
in the convective efficiencies or a slight error in the computed bolometric

magnitude can account for such a difference.

Unfortunately, no spectroscopic information on the surface gravity is
available, and, since the separation of the two components has not been
accurately measured, the mass of the primary is uncertain. We do not
expect and do not apparently find u Cas to have evolved from the main sequence
over a time scale comparable to the age of the Galaxy. By using the quasi-
homology relations of Faulkner (1967), the computed evolutionary tracks of
Faulkner and Iben (1966), we can therefore chose (5000, 4.4, 0.03, 0)for our
initial model. The system for designating models is (Teff’ log g, Z/ZO’ Vt)’

where Teff is effective temperature, g is surface gravity, Z/ZO is metal con-

tent relative to the Sun, and 2 is microturbulent velocity in km/sec. All mod-
els satisfy radiative equilibrium and LTE, and have been obtained with Strom's
programs as described in Strom and Avrett (1965) and in Paper II. No
detailed analysis of p Cas has been previously carried out; " hence the value
for Z/ZO is a guess, and the zero microturbulent velocity was chosen to
correspond with the results of Wallerstein (1962) and Aller and Greenstein

(1960) for Population II stars.

We obtained the equivalent widths from two 4.5 A /mm Palomar plates
and calibration wedges exposed by Dr. J. B. Oke. The spectra were traced
on the David Mann microphotometer of the Harvard College Observatory.
The transformation of the digitized transmission against position data into

intensities versus wavelength and then to equivalent widths was carried out
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At the time this paper was submitted, an analysis based on a differential
curve of growth analysis was published by Catchpole, Pagel, and Powell
(1967). The results of this work are in substantial agreement with the

model atmosphere analysis reported here as shown in Table 1.



on a CDC 6400 computer. Approximately 250 lines were chosen (in the wave-
length regions 4650 to 4900 A and 5100 to 6250 &) for analysis and a table of
equivalent widths is available from the author upon request. Errors of no

more than £20 per cent in W)\ are expected.

Lines falling at shorter wavelengths have been used in most previous
detailed analyses. As a result, many errors in the normalization of the
scales of transition probabilities for lines with A\ > 5000 A have not yet been
discussed. Furthermore, since we have used a selection of transition proba-
bilities from the recent literature, the absolute scale of our gf values is in
many cases different from that used by Goldberg, Muller, and Aller (1960)
(henceforth called GMA) in their study of the Sun. Since we wish to obtain
abundances in p Cas relative to the Sun as well as to determine the absolute
metal-to-hydrogen ratios, the normalization of the gf values is critical. We
have therefore adopted a procedure that preserves the advantages of a detailed
model atmospheric abundance analysis (Strom, Gingerich, and Strom 1966)
and also ensures the validity of comparisons with the solar abundances.

For each element, the solar equivalent widths for lines corresponding to
those observed in p Cas were obtained from the revised Rowland tables
(Moore, Minnaert, and Houtgast 1966). If more than 10 lines of an element
were observed in p Cas, a random selection from the subdwarf lines was
made. We then used the same transition probabilities as had been used for
the subdwarf analysis and performed the identical analysis for the Sun, using
the Utrecht reference model (URM) (Heintze, Hubenet, and de Jager 1964)
assuming a constant microturbulent velocity of 1.4 km/sec throughout the
solar atmosphere. Although the solar equivalent widths in the revised
Rowland tables are reported for the center of the disk, we have treated them
as if they were identical to those that would be obtained from the integrated
disk; the errors thus introduced will generally not be large, as can be seen
by comparing the widths for various values of cos 0 given by Withbroe (1967).
We shall call the abundances obtained using our transition probabilities, the
equivalent widths determined as above, and the URM, the new '"Yellow Sun"

abundances.



Sometimes the same abundance for a given element is not deduced from
each ionization stage even though the photospheric structure for the Sun is
rather well known in the region of formation of the weak lines. We therefore
assume that the difference in abundance between two ionization stages for
the solar analysis is caused solely by errors in the scale of the gf values.
We then proceed to choose the appropriate model for p Cas by adjusting the
atmospheric parameters until the same difference in abundance is achieved
for the two ion states in question. We stress the abundances listed in the
column "Yellow Sun' of Table 1 are not suggested revisions of the GMA solar
abundances. Rather, they indicate 1) differences and possible errors in the
absolute scale of the transition probabilities for this particular wavelength
region and for this selection of lines, or 2) possible errors in the solar
atmosphere, or 3) systematic errors in the solar equivalent widths given by
Moore et al. (1966). In all but a few cases, the first contribution is un-

doubtedly the largest.

The final model for p Cas (5100, 4.2, 0.2, 3) was chosen to produce
ionization equilibrium and a constant deduced abundance as a function of
both W)\ and X, the excitation potential of the lower level, fqr Fe I lines.
Note the rather high value of the microturbulent velocity (Vt = 3 km/sec),
which disagrees with previous results on other subdwarfs (Wallerstein 1962)
and the result of Ve = 1.5 ki /sec obtained by Catchpole et al. (1967). A
possible source of this disagreement is discussed in Paper II. We see in
Figure 1, which shows deduced abundance as a function of equivalent width
for Fe I lines, that the final model gives quite consistent results. We have
. eliminated all lines that fall on the damping part of the curve of growth in
making this plot. Owing to the lack of accurate damping constants (10 times
the classical value was used throughout this analysis), lines with equivalent

widths greater than 160 mA were not used in the abundance analysis.

No wavelength dependence greater than 0.15 in the logarithm of the
average abundance for lines in the two regions 4650 to 4900 A and 5100 to
6250 A has been observed for elements having sufficient number of lines to
make such a test (Fe I, TiI, Nil, and V I). This suggests that the Yellow
Sun and GMA abundances should agree for these elements. We shall see

that this holds, except for titanium.



In Table 2 we present the abundances log (NeI/NH) for p Cas for the

final model and the number of lines in p Cas for each element, the GMA

and the Yellow Sun abundances, and the number of lines that were used to

construct the Yellow Sun abundances. The results of Catchpole et al. (1967)

are also displayed, normalized to our Fe I abundance. Some comments on

the individual elements are given below:

Ba II:

CI:

Ce II:

Crl and Crli:

Cul:

Fel and Fell:

Nd II:

We have used the Corliss and Bozman (1962) tran-

sition probabilities (henceforth abbreviated as CB).
Garstang and Hill's (1966) gf values have the same ratio
for these two lines, although the absolute scale is
different.

All the lines in p Cas are quite weak. The only line in the
long wavelength region under study here gives an abundance
of -3.5. It is possible, though not probable, that the three
lines measured near 4800 A are misidentified. However,
we note that in Groombridge 1830, a slightly more metal-
deficient subdwarf of almost the same Teff’ these three
carbon lines are also enhanced (Greenstein 1966). From
comparison of CH and C I abundances we feel that the

gf scale (Griem 1964) is satisfactorily normalized.
The value given here for the Sun is that of Allen (1963).

Note the poor ionization equilibrium obtained for the Sun,
which seems to indicate an error in the normalization of

the absolute gf values for these two ionization stages.

There appears to be a large difference between the gf
scale of CB and that used by GMA. for the two lines
observed in p Cas, as has been noticed by Aller (1965).

The agreement between our abundance and that of GMA

is good.

The value given here for the Sun is that of Allen (1963).



Ni I: The same shift is found for lines in the visible, as
discussed in Paper II. We used Corliss' (1965) gf

values.

SI: The solar lines and those inp Cas are quite weak, so
that the difference between the Yellow Sun abundance,
obtained with gf values given by Kohl (1964), and

the GMA abundance may not be meaningful.

Sc: There appears to be a difference in the absolute
normalization of the CB and the GMA scales of

transition probabilities.

Ti: We have used CB values for Ti I and two of the four
Ti II lines. Transition probabilities for the other two
Ti II lines were taken from Tatum (1961). His scale
appears to differ from the CB normalization by 0.5 to

0.8 in the logarithm.

Y: There appears to be an error in the normalization of
the CB scale. We have noticed a similar problem for

Y I and Y II lines in the wvisual.

Zr I: These lines are so weak that the identifications are

doubtful (the largest W, of the four lines in the Sun

A
is 3.5 mA). If the identifications are correct, there
must be a large change in normalization. We have

used the CB scale for this element.

Note that for cerium, molybdenum, neodymium, and zinc no accurate
partition functions were available. The same value for each element has
been adopted in analyzing p Cas and the Sun. Thus, errors in the partition
function will appear as errors in the absolute value of the abundances if
the atom is partially ionized, but we feel that relative abundances of the

subdwarf as compared to the Yellow Sun should be largely unaffected.



Such uncertainties in the absolute scale of transition probabilities make
it difficult to ascertain the absolute deficiencies of elements representing the
various processes of nucleosynthesis. We have used the Yellow Sun abun-
dances deduced with the same set of transition probabiii’cies as were used
in the analysis of p Cas to construct Table 2, which displays the average
deficiencies of a-, e-, and s-process elements. Since the abundance of
zirconium is so uncertain, it has been omitted in obtaining the average,
as have all elements with only one observed line. Although the scatter is
larger than any of the differences between the average deficiencies, it is
clear that metals in u Cas are deficient by about a factor of 4, and it is
possible that the a-process elements are slightly enhanced, while the
s-process elements are slightly more deficient than the iron-peak elements.
The agreement between our result‘s and those of Catchpole et al. (1967),
using a differential curve of growth analysis is rather striking considering
that the equivalent widths and model parameters were separately determined

for each investigation.

We note that errors in the absolute calibration of Vega affect our choice
of effective temperature for p Cas from the scans. Calculations of ionization
equilibrium at various values of Teff and log g show that in this temperature
range, if we increase Teff by 250° K, to preserve ionization equilibrium we
must increase log g by . 4. Thus, in order to obtain agreement between the
spectroscopic determination of log g = 4. 2 for p Cas and a determination
based on the mass-luminosity relationship given in Catchpole et al. (1967) of
4, 4, we must have underestimated Teff as determined from the scans by
~150°K. Results on the recalibration of Vega must be awaited to clarify

this inconsistency.

The neglect of convection is a possible source of error in this analysis.
However, we expect that in this mildly metal-deficient subdwarf the

flattening of the temperature gradient will occur only at depths greater



than the line-forming region. It is possible that our difficulties with
zirconium and carbon are due to the change in temperature structure at
the comparatively large optical depths where these very weak lines are
formed.

In summary, the problems of line blending in stars with Tef£<5500° force
one to use spectral lines at longer wavelengths for detailed abundance analyses.
Uncertainties in the calibration of gf values for A > 5000 A are large and can-
not be neglected. Bearing in mind these differences between our transition
probabilities and those used by GMA, we obtain a metal deficiency of a
factor of 4 for p Cas as compared with the Sun. Comparison of the results
of Catchpole et al.(1967) and the present analysis for p Cas gives convincing
evidence of the validity of the methods employed in each investigation and

the accuracy of the final results.
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Fig. 1. — The deduced abundance for Fe I lines inp Cas as a function of

equivalent width for the model (5100, 4.2, 0.2, 3).
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TABLE 1

Average abundances for p Cas for the final model (5100, 4.2, 0.01, 3)
compared to Catchpole et al. (1967)

Number Number Abundances of
of . Subdwarf of Catchpole
Element Yellow Sun Lines GMA  Abundance Lines et al.
ClI - 3.21 4 - 3.28 - 3.01 4 ’
Na I- - 5.70 5 - 5.70 - 6.46 5 - 6.34
Mg I - 4.58 2 - 4.60 - 5.17 2 - 4.88
Al 1l - 6.12 1 - 5.80 - 6.81 1 - 6.9
Sil - 4,60 9 - 4,70 - 4.97 9 - 4.99
S1I - 5.06 3 - 4.50 - 4.90 3
Cal - 5.97 10 - 5.85 - 6.44 10 - 6.11
Scl - 8.69 6 - 9.18 - 9.35 6
Sc II - 8.80 - 9.27 10 - 9.22
Til - 7.67 18 - 7.32 - 8.07 23 - 8.02
TiIl - 7.14 4 - 7.68 4 - 7.48
VI - 8.29 10 - 8.30 - 8.62 23 - 8.81
Crl - 6.92 8 - 6.64 -~ 7.60 20 - 7.57
Cr I - 6.59 6 - 7.02 7
Mn I - 7.07 9 - 7.10 - 7.93 17 - 7.92
Fel - 5.45 9 - 5.43 - 6.02 62 - 5.91
Fe II - 5.34 9 - 5.90 9
Col - 7.77 11 - 7.36 - 8.30 11 - 8.33
Nil - 6.33 14 - 6.09 - 7.10 28 - 6.88
Cul - 8.15 2 - 6.94 - 8.95 2 - 6.02
Zn 1 - 5.32 1 - 7.60 - 6.10 1 - 5.78
YI - 8.94 1 - 9.75 - 9.62 1
Y II - 9.49 2 ~-10.10 4 -10.05
Zr 1 - 8.71 4 - 9.77 - 9.05 4 - 8.76"
Mo I -10.92 1 -10.10 -~ 11.96 1
Ba 1II - 9.58 2 - 9.90 -10. 41 2 -10. 35
Ce Il - 9.28 3 -10.4 - 9.88 3
Nd II - 8.29 4 -10.5 - 8.87 5 - 8.61*

3

mUpper limit owing to weakness of lines observed by Catchpole etal. (1 967)
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TABLE 2

Average process deficiencies in p Cas with respect to the Yellow Sun

Process Deficiency
a -0. 32
a, excluding Sulfur -0. 48
e -0.58
s -0. 65
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