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AN ANALYSIS OF THE SPECTRUM OF THE ZETA
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Abstract. Four spectrograms of the cepheid { Geminorum at different phases have been analysed for the
determination of the abundances of various elements. The analysis shows that the atmosphere of { Gem
has an essentially solar composition.

1. Introduction

Studies of the chemical composition of stars are very important in understanding the
nucleosynthesis processes, occurring in the stellar interiors. Minor differences in the
chemical composition of stars at various evolutionary stages and different places of
formation can provide information about stellar as well as galactic evolution as a whole.
The classical cepheids constitute an important class of objects occupying the instability
strip in the H-R diagram representing sufficiently advanced stage of stellar evolution.
The amplitudes and the periods of pulsation of these stars increase as their position
moves up in the instability strip. In other words the cepheids with longer periods and
larger amplitudes have longer evolutionary ages away from the main sequence. This
difference in the evolutionary ages is expected to produce differences in the chemical
composition amongst these stars.

In the past, abundance analyses of cepheids have generally been carried out through
curve of growth method (Rodgers and Bell, 1963; Bappu and Raghavan, 1969; Schmidt,
1971; Van Paradijs, 1971; Rautela et al., 1981; and others). Luck and Lambert (1981)
and Giridhar (1983) have analysed a few cepheids using spectrum synthesis techniques.
The latter technique is more accepted and is preferred over the curve of growth method,
provided spectra of high resolution are available and accurate gf’ values for the lines are
available. The resolution of the spectra used in the Luck and Lambert (1981) study was
0.2 A whereas it was 0.4 A in the study of Giridhar (1983). Abundances derived by Luck
and Lambert (1981) are reported to be slightly higher by Hearnshaw and Desikachary
(1982) and by Giridhar (1983).

Luck and Lambert (1981) and Giridhar (1983) have calculated the oscillator strengths
for metallic lines from solar equivalent widths taking a solar model atmosphere and
depth independent microturbulance. Using the oscillator strengths thus calculated the
derived abundances of elements for a star depend on solar parameters also. Here we
have attempted the analysis of the spectrum of { Gem, using absolute values of oscillator
strengths that were available and the model stellar atmospheres given by Kurucz (1979).
The Cepheid variable { Gem has magnitude variation ranging from 3766 to 4716 and

Astrophysics and Space Science 123 (1986) 183-192.
© 1986 by D. Reidel Publishing Company

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System



1986Ap&SS. 123. . 183S

184 B. B. SANWAL ET AL.

spectral type varies from F7Ib to G3Ib. The period of light cycle variation is
10.150 82 days. The epoch used in computing the phases of the star has been taken from
Kukarkin et al. (1969).

2. Observational Material

The observational material for the present study consists of four spectrograms of the
star taken at a dispersion of 4.4 A mm ~' and covering the wavelength range approxi-
mately 15000-16800 A. These spectrograms were taken by Dr E. G. Schmidt and his
co-workers at Kitt Peak National Observatory using the 84” Coudé spectrograph and
recorded on the 098-02 emulsion. The spectrograms were kindly loaned to us by
Dr Schmidt.

Details of spectrograms are given in Table I.

TABLE 1

Details of spectrograms

Plate No. Date Exposure U.T. Phase

Beginning End

2502 14 Nov., 1970 9.55 11.05 0.17
2503 14 Nov., 1970 11.25 12.46 0.18
2607 5 Feb., 1971 6.52 7.18 0.34
2612 6 Feb., 1971 6.25 7.22 0.43

Density tracings for these plates have been obtained using Zeiss microphotometer.
The continuum level of these tracings were found by drawing lines through points that
have been located as line free or almost line free continuum points in the photometric
atlas of the spectrum of Arcturus (Griffin, 1968) and compared with our tracings. The
line lists given by Hearnshaw and Desikachary (1982) and Luck (1977) and photometric
atlas of the spectrum of Arcturus (Griffin, 1968) have been used for the identification
and selection of lines for our study. The densities of the lines used by us for this study
have been converted into intensities through necessary calibrations provided with the
plates. The intensity curves of the lines of interest have been planimetered to get the
equivalent widths.

3. Selection of Stellar Model Atmosphere

The basic requirement of the model atmosphere based fine analysis is to choose a model
atmosphere that most closely resembles the stellar atmosphere to be investigated. This
is usually done by the correct choise of the effective temperature, log g and chemical
composition of the model atmosphere. { Gem has been studied photometrically by
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Mitchell et al. (1964) and spectrophotometrically by Rautela and Joshi (1983). The
effective temperature of the star varies between 5625 and 6200 K with over all maximum
error of about + 220 K. Rautela and Joshi (1983) have taken an average log g = 1.8 for
the star, whereas Luck and Lambert (1981) have derived log = 1.5 at phases 0.17 and
0.78 and log g = 1.9 at phase 0.58. Based on the above, we have chosen Kurucz (1979)
model atmospheres for effective temperature 6000 K and log g = 1.5 for plates repre-
senting phases 0.17 and 0.18. For other two spectrograms at phases 0.34 and 0.43 we
have taken model having effective temperature 5500 K and log g = 1.5. Models have
solar chemical composition.

Although recent models are adopted, they still fall short of perfection in the
representation of cepheid atmospheres. The effect of pulsation on the atmospheres,
departure from plane-parallelism, non LTE phenomena and the depth and phase
variations of the turbulent velocity are neglected. The departure from LTE in low gravity
stars has been studied by Lites and Cowly (1974). They have shown that for the lines
of moderate strength, the departure from LTE causes only a small difference in the
equivalent widths and, hence, the assumption of LTE does not introduce significant
errors in abundances if strong lines are excluded.

Luck and Lambert (1981) have taken the microturbulent velocity as 3 and 4 km s~ ?,
respectively, for the corresponding two models whereas Giridhar (1983) has taken it to
be 6 and 4.5 km s~ ! for the same. We have adopted 4 km s~ ! as a mean value of the
microturbulence for the phases considered by us.

Experimentally determined accurate gf values for the lines under investigation have
been taken from different sources, because there is no such single source which can
provide gf values for all the lines. Where the experimentally determined gf values are not
available, we have used the values as calcaluted by Kurucz and Peytremann (1975).
Table II gives the gf values used in our analysis and the sources of these values.

4. Method of Analysis

To carry-out an abundance analysis, detailed computations of the equivalent widths of
selected lines have been done for different assumed abundances. The computed
equivalent widths are then plotted against the assumed abundances. The observed
equivalent width of a line of the element under investigation is then entered in this plot
and the abundance is read off. The weak line method used by Waddell (1958) has been
modified for the case of stars and has been used in the present work. The method is
as follows.

The residual intensity at a point on the line profile at a wavelength A and at a disc
position u(= cos 0) is defined by

line intensity at wavelength A
RH, A = 1 - Py

continuum intensity at line centre

(1)
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TABLE II
Wave- b log gf Ref. Measured equivalent widths Derived abundances
length (eV)
(nm) (—log W/4)
Phase Phase
0.17 0.18 0.34 0.43 0.17 0.18 0.34 0.43

Fel
565.23 4.26 -1.85 9 5.20 5.15 5.27 5.05 7.73 7.79 7.28 7.64
570.55 4.30 -1.98 7 5.20 5.03 5.02 4.99 7.85 7.94 7.83 7.88
575.20 4.55 -1.14 7 497 493 4381 4.77 7.40 7.44 7.26 7.30
591.63 2.45 -2.90 9 4.82 482 4.66 4.61 7.81 7.81 7.87 8.08
592.78 4.65 -0.99 9 5.10 4.90 487 4.86 7.36 7.78 7.83 7.88
593.47 3.93 -1.07 9 4.76 4.73 4.59 4.59 7.61 7.71 7.98 7.98
595.27 3.98 -1.34 9 4.81 4.77 4.68 - 7.73 7.85 7.85 -
607.90 4.65 -1.02 9 5.00 497 495 4.84 7.60 7.66 7.70 7.90
609.67 3.98 -1.82 9 5.15 5.05 496 4.84 7.53 7.69 7.83 8.00
616.54 4.14 —1.46 9 5.00 5.02 5.13 498 7.57 7.54 7.48 7.32
618.02 2.73 —2.68 9 481 4.71 473 4.65 7.88 8.09 7.73 8.00
620.03 2.61 -2.39 9 4.85 4.76 4.72 4.55 7.35 7.67 7.37 8.02
622.92 2.84 -299 7 493 491 4.76 4.77 7.97 8.00 797 7.94
630.25 3.69 -1.50 7 4.80 4.75 4.78 4.63 7.70 7.86 7.38 8.00
635.50 2.84 -232 9 4.80 4.69 4.69 457 7.49 8.15 7.74 8.16
656.92 4.73 -0.38 9 4.71 4.68 4.68 4.78 7.90 8.01 1.71 7.32
659.39 2.43 —243 9 4.69 4.64 4.58 4.61 7.87 8.08 8.03 7.82
659.76 4.79 -097 9 5.00 494 5.14 499 741 792 7.12 742

Feu
608.41 3.20 -4.11 7 4.78 4.68 5.00 4.75 7.63 7.98 7.33 7.54
611.33 3.22 —4.47 10 4.90 5.00 497 493 7.69 7.46 7.62 7.64
622.93 2.83 —4.82 10 4.83 4.90 4.78 4.74 7.83 7.67 7.66 7.83
623.94 2.81 ~4.54 10 4.96 493 5.11 5.02 7.18 7.04 7.26 7.16
645.64 3.90 -2.26 10 4.56 4.58 4.58 451 7.96 7.89 7.63 7.76
651.61 2.89 -3.18 10 4.58 4.55 4.50 458 7.48 7.67 7.72 7.51

Mg1
571.11 4.34 - 1.69 5 4.81 4.81 4.66 4.60 7.18 7.18 7.35 7.58
631.92 5.11 -2.20 8 - 5.27 5.12 5.11 - 7.62 7.62 7.60

Car
560.13 2.52 -0.69 12 4.88 4.80 4.62 4.64 5.65 5.98 6.42 6.31
610.27 1.88 -0.79 11 4.67 458 4.59 4.45 6.03 6.58 6.06 7.14
612.22 1.89 -0.41 12 4.52 4.58 4.55 4.38 6.51 6.08 5.81 7.87
616.22 1.90 -0.09 11 4.56 4.62 4.60 4.47 5.69 5.46 5.89 6.55
616.64 2.52 -1.30 8 4.94 4.86 4.96 4.60 6.35 6.54 5.89 6.75
61691 2.51 —-0.55 12 4.70 4.70 472 4.62 6.28 6.28 5.78 6.33
616.96 2.51 -0.27 12 4.68 4.70 4.59 4.51 6.08 6.04 5.56 7.06
64391 2.53 +0.47 12 4.59 4.69 4.48 4.49 6.50 6.54 6.67 6.97
645.56 2.52 -1.54 8 498 4.80 4.82 491 6.34 6.84 6.59 6.37
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Table II (continued)
Wave- X log gf Ref. Measured equivalent widths Derived abundances
length V)
(nm) (-log W/h)
Phase Phase

0.17 0.18 0.34 043 0.17 0.18 0.34 0.43

Scit
552.68 1.77 +0.06 7 4.53 448 4.65 4.49 2.99 3.32 3.28 2.65
555.22 1.45 ~237 7 5.15 5.24 4.96 5.05 322 3.11 3.38 324
566.72 1.50 -1.24 7 4.74 473 4,74 4.65 2.95 2.97 2.81 322
624.57 1.51 -0.98 13 4.59 4.64 4,62 4.53 348 3.23 3.22 3.76
660.46 1.35 -148 13 4.69 4.67 4.59 4.74 3.33 3.41 3.74 3.14
Tir
568.95 2.30 -0.29 7 534 5.27 5.16 5.13 5.29 5.37 5.13 5.17
586.65 1.07 -0.84 7 4.99 4.97 4.73 4.80 5.20 5.23 5.33 5.16
589.93 1.05 - 1.15 3 4.96 4.84 4,74 4.69 5.51 5.67 5.51 5.61
592.21 1.05 -147 3 5.22 5.09 4.84 5.05 5.46 5.61 5.46 5.23
612.62 1.07 -1.16 7 495 5.20 5.03 497 5.54 5.20 5.01 5.12
630.38 1.44 -1.76 7 5.31 5.52 5.02 5.06 5.50 5.32 4.96 4.88
Vi
567.09 1.08 -1.12 7 445 5.50 5.26 5.01 478 4.73 4.57 4.86
569.85 1.06 -0.37 7 4.87 4.88 4,78 4.79 4.79 4.79 4.59 4.58
570.36 1.05 -0.38 7 5.07 5.25 4.94 5.01 4.55 4.31 4.28 4.15
572.71 1.08 +0.05 7 4.88 4.95 4.76 4.74 4.52 4.38 4.31 4.38
608.14 1.05 -0.51 2 5.35 5.07 4.89 5.06 4.32 4.68 4.53 421
619.92 0.29 -1.61 7 5.22 5.51 5.35 493 4.83 4.51 4.13 4.62
Cri
578.18 332 -0.80 1 4.90 4.88 4.99 4.99 6.42 6.45 6.06 6.08
578.80 332 -0.14 1 5.00 5.26 4.87 4.82 5.74 5.25 5.69 5.84
Si1
564.56 493 -2.14 6 4.87 5.09 4.89 4.86 7.91 7.64 7.71 7.76
569.04 493 -1.87 6 491 4.99 5.01 4.88 7.65 7.53 7.21 7.46
577.21 5.08 -1.75 6 4.93 4.96 4.86 4.83 7.66 7.61 7.57 7.63
579.31 4.93 -1.48 12 4.89 4.96 4.85 4.80 7.35 7.18 7.11 7.26
594.86 5.06 -1.23 6 4.70 4.80 4.81 - 7.74 7.46 7.11 -
Co1l
555.38 1.71 -2.06 4 5.70 5.70 5.06 5.08 4.86 4.86 5.12 5.08
618.90 1.71 -2.45 4 5.58 5.50 5.41 5.24 5.36 5.46 5.05 5.26
628.26 1.74 -2.16 7 5.43 5.38 5.31 5.07 5.29 5.36 594 5.08
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Table IT (continued)

Wave- % log gf Ref. Measured equivalent widths Derived abundances
length (eV)
(nm) (—log W/4)

Phase Phase

0.17 0.18 0.34 0.43 0.17 0.18 0.34 0.43

Ni1
5.02 492 4.99 4.36 6.30 6.45 6.30 6.13
4.82 5.05 4.96 493 6.74 6.97 6.47 6.51
493 491 - - 6.51 6.54
5.29 - 5.10 4.97 6.41 - 6.18 6.38
4.93 491 497 4.84 6.48 6.51 6.11 6.41
- - 5.28 5.37 - - 6.37 6.27

559.37 3.90 ~-0.84
560.00 4.09 -1.08
574.834 1.68 -3.54
611.11 4.09 -1.18
617.54 4.09 —-0.68
653.29 1.93 -3.59

NN NN\
|
|

. Biemont (1977)

. Biemont (1978)

. Blackwell et al. (1982)

. Cardon et al. (1982)
Froese-Fischer 1975)

. Garz (1973)

. Kurucz and Peytremann (1975)
. Lambert and Luck (1978)
. May et al. (1974)

. Phillips (1979)

. Smith and O’Neill (1975)
. Weise et al. (1969)

. Weise et al. (1975)

00 AR W

—_— e
W N - O O

which can be written (cf. Waddell, 1958) as

R, , - f w(u)(ﬁ)gw d(f), @
0 Koo #

where g(u), weighting factor; K, line opacity at wavelength 4 on the line profile; K, ,
continuum opacity; 7, optical depth.

Using the expression for the residual intensity (Equation (2)) the equivalent width is
written as

[e o)

W, , = f J www(ﬁ)d(ﬂ)dz, 3)
K;, 7

- 0

where the saturation factor y(u) is given by

T

K T
= - | =24 2)]. 4
Y(u) eXP[ OJKAO (#ﬂ 4)
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Waddell (1958) suggests that the effect of saturation in weak lines should also be
considered. Though the equivalent widths of most of the lines in the present study fall
on the linear part of the curve of growth, still the effect of saturation has been taken into
account.

The weighting function g(z, ) is given by

J B(t)e ™7™ d(l) ~ B(t)e~ "
m

gl p) == , %)

[o e}

J B(t)e~ 7 d(z)
U

0

where B(7) is the source function which is taken as Planckian, assuming the case of a
gas in thermodynamic equilibrium.

The selective absorption coefficient K ; per atom of hydrogen may be explicitly written
as

2132 N. A 2
_ ﬁe }«oAf ia exp — (_’i_) , (6)

mc? N,Alp Ap

where A is the number of atoms of element A per hydrogen atom; f, the oscillator
strength of transition in question; N,,, relative number of atoms of element 4 at the lower

energy level of the transition in question; N,, the total number of atoms of element 4
and AJp is the Doppler broadening given by

b [T

C m

Adp = + &, M

s

where Ay, central wavelength; c, velocity of light; k, Boltzmann constant; m_, atomic
mass of the species; and ¢, microturbulence velocity.

Waddell (1958) has used the above formulation for a solar problem. For the case of
stars we need the radiation integrated over the entire disk of the star. Thus the equivalent
width is obtained by integrating over the line and then over the entire disk of the star.
Using Aller (1960) we can do so from

cont

w, 1 .
M = con vd(Ai) 8
P J' ®

Now, since

1

an= 2njlhe(0’ ﬂ)ﬂdﬂa (9)

0
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1
nF, =2n jlcom. (0, Wu du (10)
0
and
Wi ,= dew), (11)
u, cont.

from Equation (8) we get

W}. J\ W}L u Iu cont

— = BB udu, 12

) 2 Fem2 (12)

0
where

I, cont. = J Be~"d(tu), (13)
0

Fcont. = 2 J BEZ(T) dT: (14)
(0]

and E,(7) is the second integro-exponential function which is calculated using
Kourganoff (1952).

To estimate the continuous opacity K, , we have included the following sources of
opacity, which commonly operate in the atmosphere of the stars.

(1) Opacity due to negative hvdrogen ion.

(2) Opacity due to neutral hydrogen.

(3) Scattering due to H and H,.

(4) Thomson scattering.

We have used the general formulations given by Tsuji (1966) to carry out continuous
opacity calculations. Generally in stellar model atmosphere the optical depth is given
for the wavelength 500 nm. To obtain the optical depth at any A the following relation-
ship has been used:

K
T = J A d %500 nm - (15)

5. Results and Discussions

List of the lines selected in the present study along with the measured equivalent widths
and the corresponding derived metal abundances are given in Table II. Table III lists
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TABLE III

Mean abundances relative to Ny = 12.00

Element Solar Luck and Lambert Present

(1981) analysis
Mg 7.6 - 75402
Si 7.6 7.8 75+0.2
Ca 6.3 6.8 6.4+0.5
Sc 3.1 35 32+0.3
Ti 5.0 54 53+0.2
\% 4.1 4.8 45+0.2
Cr 5.7 6.1 5.9+04
Fe 7.6 7.8 7.7+0.3
Co 5.0 5.5 51+02
Ni 6.3 6.5 64+0.2

the average abundance of various species. Luck and Lambert (1982) and solar (Engvold,
1977) abundance values are also given for comparison. Luck and Lambert (1981)
abundance values are slightly higher than our results. The difference may be because
of two possible reasons. (1) Measured equivalent width may be on the higher side and
(2) the model atmosphere chosen are different. Hearnshaw and Desikachary (1982)
have pointed out that the Luck and Lambert equivalent widths are on the higher side,
which is reflected on the higher values of the derived abundances. Our analysis shows
that the atmosphere of { Gem has essentially solar composition. It can again be
mentioned that our analysis is independent of solar model atmosphere which has been
used to derive gf values by other authors. The chemical composition of the atmosphere
of { Gem does not exceed the predictions of the standard stellar-evolution calculations,
which is in contradiction to the Luck and Lambert (1981) results, but supports the
conclusions drawn by Iben and Renzini (1983) that CNO processed elements in
cepheids and supergiants do not come up to the surface layers of their atmospheres.
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