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Abstract—We have performed speckle interferometry with the 6-m telescope of the Special Astrophysical

Observatory and spectroscopy (at 3700—9200 A ) with the 2-m telescope at Peak Terskol of the spec-
troscopic and interferometric binary 9 Cyg, which is a composite-spectrum star with an orbital period of
4.3 yrs. The atmosphere of the system’s primary component is analyzed in detail. The luminosities of both
components estimated to be Ly = 103.8 Lg, Ly = 55.2 L, where L, is the solar luminosity, and their
effective temperatures to be T (1) = 5300 K and T,.(2) = 9400 K. The abundances of C, N, O, Fe, and
other elements in the primary’s atmosphere have been derived. The chemical composition shows signatures
of mixing of material from its atmosphere and the region of nuclear reactions. The evolutionary status of
9 Cyg has been determined. The binary’s age is about 400 million years; the brighter star is already in
the transition to becoming a red giant, while the secondary is still in the hydrogen-burning stage near the
zero-age main sequence. We suggest an evolutionary model for the binary’s orbit that explains the high

eccentricity, e = 0.79.

PACS numbers: 97.80.Af, 97.80.Fk, 97.10.Tk, 97.10.Tk

DOI: 10.1134/81063772908030050

1. INTRODUCTION

Binaries with high orbital eccentricities (e >
0.6—0.7) are of interest for theories of the formation
and evolution of multiple stars. Their studies provide
information about the internal structure of these
stars, whose apsidal motion is due primarily to the
mass distribution in the volumes of the stars forming
the binary.

Studies of high-eccentricity binaries with com-
posite spectra are of special interest. 9 Cyg, a sym-
biotic system consisting of a G giant and a hot
A dwarf, is a typical representative of this stellar
family. The spectral classification of 9 Cyg in the liter-
ature is very confused due to difficulties in separately
determining the spectral types of the hot and cool
components using spectra taken mainly at 3800—

4800 AHynek [1]was the first to suggest based on the
absence of hydrogen lines in the spectra that the bi-
nary’s primary had a very high rotation rate, whereas
Markovitz [2] demonstrated that the cool component
was an ordinary giant with moderate luminosity. Abt
and Levy [3] used Coudé spectroscopy to derive the
principal orbital parameters of 9 Cyg, which were

later considerably improved by Griffin et al. [4] using
radial velocity measurements made in Cambridge.
The latter authors found the system’s period (P =
4.303 years) and eccentricity (e = 0.7887), and esti-
mated the masses of the primary and secondary to be
2.9 M@ and 2.7 M@.

Interferometric observations of symbiotic binaries
are crucial for determining the components’ masses
and luminosities. However, the angular separation
between the 9 Cyg components is almost always less
than 0.04”, so that speckle-interferometric observa-
tions, even with the largest telescopes, have been at
the diffraction resolution limit, and have often turned
out to be erroneous. Based on only six interferometric
points, Baize [5] suggested an apparent orbit with
a period of P =4.56 years and an eccentricity of
e = 0.82, which should be considered tentative. The
most accurate speckle-interferometry measurements
with the 6-m telescope of the Special Astrophysical
Observatory indicated, along with positional informa-
tion, that the magnitude difference between the cool

and hot components in an 80 A band at 6560 A was
Am = 1.31™ [6]. Using far-ultraviolet [UE spectra,
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Parsons and Ake[7]estimated the hot star’s luminos-
ity and derived Amy = 1.1, whereas Griffin et al. [4]
computed a photometric model of the binary yielding
Amy = 0.75. It is also reported in [8] that the fluxes
from the two stars should become comparable near

4000 A.

Data on the luminosities and spectral types of the
9 Cyg components likewise do not agree well. Most
authors quote spectral types for the cool component
between F8III and G8III. The usual classification of
the hot star in the system is AOV—A2V; in partic-
ular, Parsons and Ake [7] derived the spectral type
AO from UV measurements. However, Ginestet and
Carquillat [9] find that this star could be an A2III
giant as well. Note that spectral types based on UV
data are often earlier than those derived from ground-
based data, since they are not influenced by the cool
components.

The Hipparcos [10] astrometric parallax of 9 Cyg
(mg = 6.06 milliarcseconds, d = 165 pc) has an un-
certainty of about 10%, and does not agree well with
the luminosity of the binary expected from the stan-
dard Schmidt—Kaler calibrations [11]: both compo-
nents turn out to be too bright by as much as a
magnitude.

To estimate the spectral types of the components
of 9 Cyg, improve their atmospheric parameters, and
determine the binary’s evolutionary status, we ob-
served it spectroscopically with the 2-m telescope at
Peak Terskol in a wide spectral range between 3500

and 9600 A. This paper presents our reductions of
the spectra and the resulting model of the symbiotic
binary. Using 9 Cyg as an example, we also discuss
one of the possible formation scenarios for binaries
with rapidly rotating hot components.

2. OBSERVATIONS AND REDUCTIONS

We obtained spectra of 9 Cyg on October 22 and
23, 2003 using the echelle spectrograph of the 2-m
telescope of the International Center for Astronom-
ical, Medical, and Ecologic Studies at Peak Ter-
skol [12] (currently the Terskol Branch of the Institute
of Astronomy, Russian Academy of Sciences) with a
1242 x 1152-pixel Write CCD camera (UK). On each
of the two nights, we made two one-hour exposures
of the star, at 18"41™ and19"42™ on October 22,
2003, and at 18"42™ and 19"43™ on October 23,
2003, at 3500—9600 A with a spectral resolution of
R = 45000. After summing the two exposures for the
individual nights, we achieved a signal-to-noise ratio
of about 200 for the spectra. We reduced the spectral
data using the DECHZ20 software package developed
at the Special Astrophysical Observatory [13].
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Fig. 1. Observed (points) profiles of the Haw and Hf lines
together with the combined synthetic spectra of the two
components calculated for models with the parameters
from Table 2. The curves in the top and bottom panels are
the spectra for the models with the parameters in the top
and bottom parts of Table 2.

Our spectra agree best with that of a G8III late-
type giant. No hydrogen lines from the hot component
are visible in the spectra, confirming its high rotation

rate (vsini > 200 km/s).

3. GENERAL PARAMETERS
OF THE COMPONENTS
AND CHARACTERISTICS

OF THEIR ATMOSPHERES

3.1. Effective Temperatures

To estimate the effective temperatures of the binary
components, we compared theoretically calculated

Table 1. Spectral types and effective temperatures of the
components

Reference Sp(l)  Sp(2) Tergas Tesras

K K

Griffin et al. [4] G8III A2V 4560 9150
Martin et al. [8] F8III  AOV 6050 9595
Parsons and Ake [7] F8—G8III A0V 5500 9600
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Table 2. Parameters of model atmospheres for the components of 9 Cyg

Component Ters, K log g Hy\(1)/Hx(2) Vi, kms™! vsinig, kms™?
1 4630 2.30 3.34—2.00 2.47 13.0
2 9140 3.74 2.0 200
1 5300 2.30 3.34—2.00 2.47 13.0
2 9400 3.95 2.0 200
1 5500 2.80 3.34—2.00 2.47 13.0
2 9400 3.95 2.0 200

hydrogen-line profiles to the observations. The cal-
culations were performed for model atmospheres with
temperatures between 4560 and 6050 K for the pri-
mary and between 9150 and 9600 K for the secondary,
in agreement with published data on the components’
spectral types and the corresponding effective tem-
peratures (Table 1).

Figure 1 compares the observed Ha and Hg pro-
files to the combined theoretical synthetic spectra
calculated using the SintVA code [14] and LLmod-
els [15]. The parameters of the three sets of models
used to calculate the profiles are given in Table 2; the
middle set is closest to the observed profile, while the
others demonstrate significant deviations.

The continuum flux ratio of the components
(Hx(1)/Hx(2)) varies with wavelength, and we as-
sumed Hy(1)/H)(2) = 3.34 when computing the
combined spectrum (coming from the two compo-
nents) near Ha and H)(1)/H(2) = 2.00 near Hg,
in agreement with estimates from the magnitude
differences. We estimated the surface gravities of the
stars (logg) from their masses [4] (M1 =2.9 Mg
and My = 2.7 Mg) and the radii corresponding to
their luminosities and temperatures. We used the
parallax of [8] to find the luminosities, which differs

Table 3. Ratios of the squared radii of the components at
various wavelengths

Hy(1) Hy\(2)

MNA (T =5300K, (Tupy = 9400K, Am Ri/R3

log g = 2.80) logg = 3.95)
4000  9.54 x 106 1.10x 108 0 11.5
5500  7.00 x 10° 450 x 107 1.10 17.7
6560  5.43 x 106 2.60 x 107 1.31 16.0

from the Hipparcos parallax [10] by less than 10%,
but is in better agreement with the positions of the
components on the isochrones of their evolutionary
tracks (see below).

Unfortunately, we are not able to achieve a full
agreement between the theoretical and observed
profiles, but can conclude from the coincidence of the
hydrogen-line wings that the atmospheric parame-
ters of the components are close to T¢py = 5300 &
200 K and log g = 2.80 £ 0.10 for component 1 and
Tepp = 9400 £200 K and logg =3.95+0.10 for
component 2, for solar abundances (i.e., z = 0.019).
A temperature change by 200 K leads to significant
differences between the theoretical and observed
hydrogen-line profiles; at the same time, luminosity
differences due to parallax uncertainties lead to the
same changes, by 200 K in the temperature and
+0.10 in the surface gravity. In addition, calculations
of the atmospheric iron abundance demonstrate that
the ionization equilibrium condition for Fel and Fell,
which is violated for other temperatures, is satisfied
within the errors for T,y = 5300 K. With all this in
mind, we take the temperature uncertainties to be
within £200 K and the uncertainties in the surface
gravity to be within £0.10. Note that our choice of
temperatures is close to the mean of various values
derived from the spectral type.

3.2. Radius and Luminosity Ratios
for the Components

We can use the brightness differences between
the components and our derived effective atmo-
spheric temperatures to estimate the ratios of the
components’ radii. We selected from the model-
atmosphere calculations the light fluxes per cm?
of surface for wavelengths with known magnitude
differences (H)). For the star’s measured fluxes,
Am = 2.5log(Hy(1)R?/H,(2)R3), and we can use
this relation to find R? /R3 (Table 3).
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Fig. 2. Iron abundances derived from Fel lines as func-
tions of the equivalent widths of the corresponding lines.
The data were obtained for a microturbulence velocity of

2.47 km/s.

The scatter of these results is large. However, if
the components’ equal brightness indicated by the
study of Parsons and Ake [7] (Am = 0) shifts in the
transition from 4000 to 3700 A, the ratio R?/R3
becomes 14.1. At the same time, according to various
studies (see above), Am at 5500 A (V' band) varies
from 0.645™ to 1.10™, so that estimates of R?/R3
can vary from 11.6 to 17.7. So, the value Am = 1.31
for A = 6550 A determined earlier from observations
with the 6-m telescope [6] seems the most accurate,
suggesting that R?/R3 is close to 16.0 and Ry /Ry =
4, especially since this value lies within the above
admissible range.

Using this radius ratio for the binary components
and the most probable effective temperatures, we ob-
tain the luminosity ratio

Li/Ly = T{R? /T4 R3 = 1.88.

3.3. Iron Abundance and Microturbulence Velocity
in the Cool Component’s Atmosphere

To determine the iron abundance, we measured the
equivalent widths of 48 Fel lines and 23 Fell lines
in the spectrum of 9 Cyg 1. These equivalent widths
were derived via the component-brightness ratio, [ =
E)3/E\q, and the widths observed in the combined
spectrum, using the relation Wyx; = Wiy ops(1 + 1),
where [ varies with wavelength between 0.5 and 0.25.
No lines of the secondary are visible in the spectrum
due to its high rotation rate (vsini =200 km/s).
The Fel equivalent widths, along with the atomic
parameters and log N(Fe) values for each line derived
assuming V; = 2.47 km/s, are presented in Table 4.

Our computations were made with the KONTUR
code [16] for models with T¢. ¢y = 5300, log g = 2.80,
and various microturbulence velocities. Using the
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Fig. 3. Observed parts of the spectrum with CI lines (the
points and crosses show the spectra on October 22 and
23, 2003) compared to synthetic spectra calculated for
9 Cyg, the Sun, and Procyon A. The middle curve of
the synthetic spectrum was calculated for the elemental
abundances from Table 6, and the top and bottom curves
for those abundances £0.3 dex.

log N(Fe) values for various V; values, we obtained
the linear regression fits

log N(Fe) =log N(Fe)y + kW),

enabling us to choose a realistic V; for the stellar
atmosphere. The corresponding fits show the micro-
turbulence velocity in the atmosphere 0f 9 Cyg 1 to be
close to 2.47 km/s (Fig. 2).

Table 5 presents equivalent widths for lines of
ionized iron, Fell, and the corresponding log N(Fe)
values for the atmosphere of 9 Cyg 1. The mean
atmospheric iron abundance 9 Cyg | based on the
Fel lines is

log N (Fe) = 7.56 =+ 0.02,

and that from Fell lines,
log N(Fe) = 7.49 £ 0.07.

The rms errors of the means describe the inter-
nal accuracy of the results, which agree within the
uncertainties. Thus, the atmospheric iron abundance
of 9 Cyg 1 essentially coincides with the solar abun-
dance (log N(Fe)s = 7.50)[17].
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Table 4. Parameters and equivalent widths of Fel lines and the iron abundance in the atmosphere of 9 Cyg | derived from

230
each line
A A g, eV loggf Wy, mA log N (Fe)
4389.24 0.05 —5.28 95.7 7.35
4445.47 0.09 —5.44 80.8 7.30
5044.21 2.85 —2.06 121.0 7.47
5247.05 0.09 —4.95 143.8 7.61
5250.21 0.12 —4.94 146.4 7.67
5253.46 3.28 —1.57 115.8 7.33
5329.99 4.08 —1.19 104.0 7.59
5412.78 4.43 —1.72 43.8 7.62
5491.83 4.19 —2.19 33.7 7.67
5525.54 4.23 —1.08 94.6 7.49
5661.35 4.28 —1.76 44.0 7.44
5701.54 2.56 —2.13 142.7 7.46
5705.46 4.30 —1.36 69.8 7.46
5778.45 2.59 —3.44 69.1 7.74
5784.66 3.40 —2.53 54.0 7.43
5855.08 4.61 —1.48 49.3 7.64
5956.69 0.86 —4.60 125.2 7.72
6082.71 2.22 —3.59 97.0 7.83
6136.99 2.20 —2.95 117.8 7.45
6151.62 2.18 —3.30 101.6 7.54
6173.34 2.22 —2.88 132.3 7.60
6200.31 2.61 —2.44 124.8 7.49
6219.28 2.20 —2.43 153.9 7.45
6240.65 2.22 —3.23 109.2 7.61

3.4. C, N, and O Atmospheric Abundances
for the Cool Component

The C, N, and O line intensities in the spectra
of stars with effective temperatures below the solar
value (T,yr = 5300 K for 9 Cyg 1) are very low, and
virtually all of these lines are blended with lines of
other elements, predominantly Fel lines. This makes
C, N, and O abundance determinations from equiv-
alent widths difficult for these stars and subject to

A A g, eV loggf Wi, mA log N (Fe)
6265.13 2.18 —2.55 158.0 7.60
6271.28 3.33 —2.70 51.5 7.47
6280.62 0.86 —4.39 131.8 7.56
6297.79 2.22 —2.74 142.0 7.59
6322.68 2.59 —2.43 130.0 7.52
6481.87 2.28 —2.98 130.9 7.71
6498.94 0.96 —4.70 117.5 7.76
6574.23 0.99 —=5.00 88.7 7.73
6581.21 1.48 —4.68 76.2 7.80
6593.87 2.43 —2.42 163.1 7.76
6609.11 2.56 —2.69 132.6 7.74
6625.02 1.01 —5.34 38.2 7.33
6667.71 4.58 —2.11 24.7 7.73
6699.14 4.59 —2.10 16.9 7.55
6739.52 1.56 —4.79 51.6 7.68
6750.15 2.42 —2.61 139.6 7.59
6793.26 4.08 —2.33 35.7 7.68
6804.27 4.58 —1.81 40.4 7.75
6837.01 4.59 —1.69 39.4 7.64
6854.82 4.59 —1.93 20.4 7.41
6945.20 2.42 —2.44 159.5 7.67
6971.93 3.02 —3.30 61.5 7.88
6978.85 2.48 —2.48 132.1 7.41
7189.15 3.07 =2.77 88.8 7.75

considerable uncertainties. Our abundance determi-
nations for 9 Cyg 1 were based on synthetic-spectrum

computations in the regions of CI, NI, and OI lines.
For comparison, we simultaneously also calculated
synthetic spectra for the same spectral regions for
the Sun and Procyon A. The observed spectra of the
Sun and Procyon A were obtained using the same
spectrograph and telescope as the spectra of 9 Cyg.

ASTRONOMY REPORTS Vol. 52 No.3 2008



BINARY 9 CYG 231

The characteristics of the stellar models are presented
in Table 6.

We selected line parameters from the VALD
database [18]. Spectral-line broadening mechanisms
were taken into account using the technique de-
scribed in [19]. The observed and calculated spectra
for regions with CI, NI, and OI lines are shown
in Figs. 3—5. Table 7 presents the line parameters
used to calculate the parts of the synthetic spectrum
used to derive the C abundance, together with the
elemental abundances derived from these lines.

We made comparisons with the Sun and Pro-
cyon A for all parts of the synthetic spectra. Fig-
ures 3—b show the observed spectra (points) together
with theoretical calculated curves for three abun-
dances: log N =log Ny + Alog N, with Alog N =
—0.3, 0, +0.3, where log Ny is the value from Table 6;
i.e., for abundances half, equal to, and twice the value
for the given model atmosphere. The calculated line
profiles fit the observations well, making it possible to
estimate the abundances of each of the elements. The
resulting mean carbon abundances are

log N(C)s = 8.46 £+ 0.07,
log N(C), cmi = 8.57 £ 0.10,
log N(C)g Cygl = 8.28 4+ 0.05.
Tables 8 and 9 present data analogous to those in

Table 6 for nitrogen and oxygen. We found the mean
nitrogen abundances to be

log N(N)g = 7.78 + 0.06,
log N(N)q cmi = 8.15 4 0.03,
log N(N)g cyg1 = 821 +0.10

and the mean oxygen abundances to be
log N(O)e = 8.96 =+ 0.10,
log N(O), cmi = 9.06 £ 0.10,
log N(O)g Cygl = 8.74 4+ 0.10.
A comparison of our solar abundances with those

published earlier indicates agreement within the un-
certainties for carbon and nitrogen:

log N(C)e = 8.46 £0.07 (our value)
and 8.46 % 0.07 [20],

log N(N)o = 7.78 £0.06 (our value)
and 7.83 £ 0.11 [20].

The oxygen abundances also coincide with earlier
data calculated without non-LTE effects:

log N(O)s = 8.96 £ 0.10 (our determination)
and 8.93 & 0.04 [20].

At the same time, estimates derived taking into ac-
count non-LTE effects give solar abundances that are

ASTRONOMY REPORTS Vol.52 No.3 2008

Table 5. Parameters and equivalent widths of Fell lines
and the iron abundance in the atmosphere of 9 Cyg 1
derived from each line

A A ei, eV loggf Wy, mA log N (Fe)
4583.83 279  —1.87 205.7 7.45
4620.52 283  —3.29 85.5 7.15
5100.66  2.81 —4.17 61.0 7.60
5234.63 322  —2.27 123.4 7.10
5264.79 325  —3.23 78.6 7.37
5316.62  3.15  —1.85 246.8 7.93
5325.55  3.22 —3.32 80.8 7.46
b337.73 323  —3.89 771 8.00
5362.87 320 =274 157.3 8.02
5408.82 596  —2.39 4.9 7.21
5414.07 322  —3.54 55.9 7.26
542526 320  —3.16 65.7 7.05
5525.13 327 -394 43.1 7.52
5529.93  6.73  —1.88 22.9 8.31
b534.85 324  —2.73 117.7 7.48
6369.46  2.89  —4.16 53.2 7.51
6383.72 555 =227 39.1 8.03
6416.93  3.89  —285 81.3 7.69
6432.68 289  —3.52 73.4 7.18
644295 555  —2.89 10.1 7.78
6446.40  6.22 —1.96 17.0 7.80
6456.39 390 —2.10 109.2 7.37
6516.08  2.89  —3.32 95.7 7.31

lower by 0.3 dex [22]. Thus, we consider the differ-
ences of the C and N abundances for the atmospheres
of the Sun and 9 Cyg 1 we have found to be real.
Taking into account non-LTE effects should make
our oxygen abundances lower for the Sun as well
as for 9 Cyg 1. On the other hand, the atmospheric
oxygen abundance for 9 Cyg 1 is log N(O)gcyg1 =
8.74 £+ 0.10, which coincides within the errors with
the non-LTE solar abundance, log N(O)s = 8.69 +
0.05[20], possibly indicating that non-LTE effects are
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Table 6. Model-atmosphere parameters for the Sun, Procyon A, and 9 Cyg 1

Star Terr, K log g Vi, km/s log N(C)o log N(N)g log N(O)g log N (Fe)o
Sun 5770 4.40 1.00 8.39 7.78 8.66 7.45
Procyon A 6530 3.96 2.20 8.73 8.18 8.86 7.40
9Cyg | 5300 2.80 2.47 8.52 8.01 8.89 7.63

small for 9 Cyg 1 (the effective temperature of 9 Cyg |
is lower than the solar value).

Our comparison of the observed and calculated
spectra also enables confident estimation of the iron
abundances in the atmospheres of the program stars:

log N (Fe)q = 7.43 =+ 0.05,
log N (Fe), cmi = 7.44 + 0.05,
log N (Fe)g cyg1 = 7.53 + 0.05.

We also estimated the abundances of other elements,
presented in Tables 7—9 and Fig. 6, where we com-
pare the atmospheric abundances of several elements
for9 Cyg 1, the Sun, and Procyon A. The abundances
of all the elements essentially coincide, with the ex-
ception of C, N, and O.

The higher abundances of C, N, and O in the
atmosphere of Procyon compared to the solar values
could be due to neglected non-LTE effects, which
should be stronger than for the Sun because of its
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Fig. 4. Same as Fig. 3 for the NI lines.

higher effective temperature, as well as to effects as-
sociated with the evolution of the chemical composi-
tion in binaries [23—25].

4. EVOLUTIONARY STATUS OF 9 Cyg

To estimate the binary’s combined luminosity, we
must know its parallax. There are several parallax
estimates in the literature, which lead to the com-
bined luminosities L/Lg = 201 for 7 = 0.00585" [4],
L/Lg =182 for 7 = 0.00606” [10], and L /L = 159
for 1 = 0.00641” [8]. As we noted above, the Hip-
parcos astrometric parallax of 9 Cyg [10] has an
uncertainty of about 10% and overestimates the lu-
minosities of the components. Therefore, we believe
that the parallax 7 = 0.00641”, which differs from the
Hipparcos value by less than 10%, is best available
estimate. In this case, L =159 Lg, and the com-
ponent luminosities are L; = 103.8 Ls and Ly =
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ASTRONOMY REPORTS Vol. 52 No.3 2008



BINARY 9 CYG 233

Table 7. Line parameters for synthetic-spectrum compu-
tations in the region of CI lines

lon A log gf €i, €V log N log N, cmj log Ng cyg 1
Fel 4930.32 —0.90 3.96 7.45 7.35 7.68
VI 4932.03 —0.87 1.22 4.26 4.11 4.06
Cl 4932.05—1.88 7.68 8.69 8.73 8.52
Fel 4933.29 —2.29 3.30 7.35 7.45 7.33
Fel 4934.01 —0.59 4.15 7.35 7.40 7.33
Ball 4934.08 —0.15 0.00 2.09 2.09 2.00
Fel 5049.82 —1.36 2.28 7.35 7.10 7.23
Nil 5051.51 —0.84 3.65 6.21 6.21 6.21
CI 5051.58 —2.48 8.54 8.24 8.43 8.22
Fel 5051.63 —2.80 0.92 7.30 7.40 7.23
Crl 5051.90 —=2.98 0.94 5.63 5.33 5.63
Cl 5052.17 —1.65 7.68 8.69 8.73 8.22
Til 5052.87 —0.24 2.18 4.95 4.95 4.95
Fel 5052.97 =3.04 3.27 7.30 7.40 7.73
Fel 5379.57 —1.51 3.69 7.45 7.25 7.63
CI 5380.22 —2.03 8.85

Cl 5380.26 —2.82 8.85 8.39 8.60 8.22
Cl 5380.34 —1.84 7.68

Till 5381.02 —1.67 1.57 4.95 4.65 4.95
Crl 5381.09 —4.06 4.45 5.63 5.33 5.63
Col 5381.10 —=2.37 1.96 4.88 4.73 4.88
Fel 5382.45—1.06 4.37 7.30 7.40 7.58
Fel 5383.37 0.64 4.31 7.40 7.35 7.35
Fel 7108.38 —=3.42 5.55 7.45 7.35 7.68
CI 7108.93 —1.59 8.64 8.69 8.53 8.32
Nil 7110.89 —2.98 1.94 6.21 6.21 6.21
Cl 7111.47 —1.09 8.64 8.69 8.53 8.32
Fel 7112.18 =3.00 3.00 7.50 7.40 7.63
Cl 7113.18 =0.77 8.65 8.39 8.43 8.22
Fel 7114.73 —2.38 545 7.45 7.40 7.63
Cl 7115.17 —0.94 8.64 8.39 8.53 8.22

Cl 7115.18 —1.47 8.64

55.2 L. With these luminosities and our derived
effective temperatures, the components fit the evo-
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Table 8. Line parameters for synthetic-spectrum compu-
tations in the region of NI lines

lon A, A loggf €i, eV log Ng log Ny cmi log Ng cye 1

Fel 8674.75 —1.80 2.83 7.45 7.50 7.72

Til 8675.37 —1.37 1.07 4.95 4.50 <5.25
—1.67

SI 8678.93 —0.40 7.87 7.14 7.29 7.57
—1.00

SI 8679.72 —0.26 7.87 7.14 7.14 717
—0.41

Fel 8679.64 —1.15 4.97 7.45 7.40 7.63
—1.45

Sil 8680.08 —1.60 5.86 7.51 7.41 7.41
—1.00

NI 8680.29 0.35 10.34 7.78 8.08 8.01

SI 8680.41 —0.21 7.87 7.14 7.04 7.07

Sil 8680.55 —2.34 6.10 7.51 7.41 7.41

Fel 8680.79 —2.41 4.19 7.45 7.35 7.63

NI 8683.40 0.07 10.33 7.78 8.18 8.31

NI 8686.15 —0.30 10.33 7.78 8.18 8.31

Fel 8688.63 —1.51 2.18 7.35 7.55 7.63

—1.21

lutionary isochrone [26] with log ¢ = 8.60 (where ¢ is
the evolutionary age in years) for stars with z = 0.019
and masses close to those estimated in [4]. The corre-
sponding isochrones and positions of the components
are presented in Fig. 7. It is not possible to place
both components on the same isochrone with other
luminosity and temperature combinations. Base on
the general belief that, as a rule, the components of
multiple systems have common origins and ages, we
conclude that the binary’s most probable luminosity
is 159 L), so that the components’ luminosities are
Ly =103.8 L and Ly = 55.2 L, their effective tem-
peratures T,y 1 = 5300 K and T,;f o = 9400 K, and
their masses M = 2.915 Mg, and My = 2.497 M.
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Table 9. Line parameters for synthetic-spectrum calcula-
tions in the region of the Ol lines

lon A, A loggf €i, eV log Ng log Ny cmi log Ng cyg 1
Ol 7771.94 0.37 9.15 8.96 9.16 8.59
Fel 7772.60 —2.03 5.07 7.45 7.50 7.33
Ol 7774.16 0.22 9.15 8.96 9.16 8.59
Ol 777539 0.00 9.15 8.96 9.16 8.59
Fel 7780.55 —0.45 4.47 7.45 7.40 7.73
—2.36
Sil 8443.97 —1.40 5.87 7.61 7.51 7.51
Ol 8446.25 —0.46 9.52 8.96 8.96 8.89
Ol 8446.36 1.72 9.52 8.96 8.96 8.89
Fel 8446.39 —1.16 4.99 7.65 7.60 7.53
Fel 8446.57 —1.50 4.91 7.65 7.60 7.53
Ol 8446.76 1.03 9.52 8.96 8.96 8.89

5. CONCLUSIONS

Thus, the components of the binary 9 Cyg have an
age close to 400 million years, effective temperatures
and surface gravities of T,y = 5300 K, log g = 2.80
for component 1 and T,y = 9400 K, log g = 3.95 for
component 2. The radii implied by the masses and
log g values are Ry = 11.2 R and Ry = 2.8 R.,.

logN
10

9L

N W R N o]
T

1 1 1 1 1
C N O Si S Ti V Cr Fe Co Ni Ba

Fig. 6. Comparison of the atmospheric abundances of
9 Cyg 1 (asterisks), the Sun (circles), and Procyon A
(squares).

BALEGA et al.

Hydrogen is completely depleted at the center of
component 1, the core is in the process of contract-
ing, and the star’s envelope is expanding: the star is
approaching the onset of core helium burning, but is
still moving along the asymptotic giant branch. At the
same time, component 2 is in the middle of its core
hydrogen burning, and the star itself lies within the
main-sequence strip.

Our data on the atmospheric abundances of
9 Cyg 1 are fairly accurate, as is confirmed by a
comparison of our abundances for several elements
forthe Sun and Procyon A with those derived by other
authors. Our iron abundances for the atmospheres
of the Sun and Procyon A coincide with the most
recent estimations of these parameters using the
most refined techniques [27, 28]. The metallicity we
find for 9 Cyg 1, [Fe] = +0.1, reflects the fact that, on
average, 9 Cyg has solar chemical abundances.

On the other hand, the significant differences in
the relative abundances of C and N in the atmo-
spheres of 9 Cyg | and the Sun are probably due to
mixing between the atmospheric material and matter
from the region of nuclear reactions, where virtu-
ally all carbon is transformed into nitrogen during
hydrogen burning in the CNO cycle. Such mixing,
probably stimulated by binarity [23], occurred during
this component’s evolution near the main sequence,
as well as its evolution towards the red-giant region.
Thus, all the chemical-composition peculiarities of
9 Cyg 1 can be explained by evolutionary changes in
the star itself.

Our self-consistent and fairly accurate estimation
of the fundamental parameters of the components of

logL/Lc
5 —

ab logt = 8.4, 8.%8.8
5

3+ 7

2t e

1 ]
4.1 40 39 38 37 36 35 34
log Teﬁc (K)

Fig. 7. Positions of the components of 9 Cyg on
evolutionary-track isochrones. The sizes of the squares
correspond to the rms uncertainties.
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9 Cyg for our observation epochs enables us to draw
some conclusions about the evolution of several pa-
rameters of the binary system. The fact that the com-
ponents lie on a single evolutionary-track isochrone
assures the accuracy of the component-mass esti-
mates and enables us to estimate the parameters of
the components at the onset of their main-sequence
evolution. The initial radii derived by interpolating
the evolutionary-track data [25] for the masses M7 =
2.915 Mg and My = 2.497 M, are R = 1.89 R
and RS = 1.75 Rg. Thus, the radii have increased
approximately sixfold for component 1 and by a factor
of 1.6 for component 2. If these radius increases oc-
curred without mass loss by the system’s components
and with conservation of angular momentum, the ini-
tial rotational rates of the components were vsini =
78 km/s for component 1 and vsini = 320 km/s for
component 2; the reason for this difference is not
clear.

Our study shows that 9 Cyg has the following
characteristic features.

1. The binary’s age is 400 million years, and its
orbit very eccentric: e = 0.7887.

2. Our abundance estimates provide evidence for
mixing of matter in component 1 during its main-
sequence evolution. Such mixing is possible for bi-
naries with short periods near 50 days or shorter. At
the same time, such mixing is improbable for systems
with periods near 1500 days and longer [24], and
currently 9 Cyg has precisely such a period.

3. The rotational rate inferred for component 2,
200 km/s, may indicate that the components’ rota-
tional rates at the onset of their evolution were rather
high.

The problem of the high orbital eccentricity of
9 Cyg cannot be solved by assuming resonance-like
processes that increase the eccentricity of the orbit:
the star is only a binary, and the presence of a third
body has not been established. At the same time,
the considerable mixing we have inferred may testify
that the binary’s orbital parameters have changed, in
the sense that the period and semi-major axis of its
elliptical orbit have increased.

To explain these observations, we consider the
following model. Let us suppose that, initially, the
system consisted of components with rotational rates
at the stability limit. For a mass of 3 M, and a radius
of R =1.9 R (the initial parameters of 9 Cyg 1),

this rate is ~540 km/s. This rate for 9 Cyg 2 (Mo =
2.5 Mg and Ry = 1.75 Rg) is approximately the same

at the same time: ~520 km/s. If the system had
a circular orbit with a radius equal to the current

periastron distance, r = a(1 —e) = 6 x 107 km, its
period was about 509, providing conditions suitable
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for mixing. The mass distribution in the stars is not
point-like, and gravity forms tidal bulges on each of
star, which move faster than the companion in its or-
bit; this leads to an acceleration of the orbital motion,
the energy for which comes from the axial rotational
energy of the components.

To get an orbit with a semi-major axis of 3 x
108 km, an eccentricity of e = 0.7887, and a period of
15004, as is observed now [4], from an initially circular
orbit, it is necessary to increase the binary’s orbital
energy, E,, = —GMiMs/2a, by 1.33 x 1017 erg.

I a star with a mass of 3 M, and a radius of R =
1.9 R, rotates at ~540 km/s, its rotational energy is
E,rot = 0.2M R%w? = 3.58 x 10*8 erg. The star’s axial
rotational period is ~0.17¢, considerably shorter than
the orbital period. Thus, about 4% of the rotational
energy of one of the components is sufficient for the
initially circular orbit to evolve into a highly eccen-
tric elliptical orbit. This mechanism for increasing
the orbital period and semi-major axis does work,
as is observed in the case of the increasing period
and semi-major axis for the Moon’s orbit around the
Earth [29, 30].

Consequently, first, we conclude that an initially
circular orbit can become elliptical in 400 million
years. Second, the initially small orbital radius and
short period (<509) can create conditions required
for mixing. Third, the difference of the component
masses gives rise to different mass distribution with
radius, and so different rotational-energy loss rates;
as a result, the rotational rate can currently be much
higher for the lower-mass star (component 2) than for
9 Cyg 1.
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