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Abstract. In 1999 and 2000 we obtained spectroscopic and photometric observations of the A-type binary star
HD 169981. The observations were part of a campaign to search for short-term photometric and radial-velocity
variations among early-type binaries. From the radial velocities of 18 metal lines we derived more precise orbital
elements. Quite unexpectedly, our photometric data show a dip that could be caused by an eclipse. The same
feature is also visible in the Hipparcos data. From our analysis of the available observations we have estimated
the physical parameters of the binary. Neither the spectroscopic nor the photometric observations hint at any

short-term variations.
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1. Introduction

HD 169981 (HR 6917, GC 25165, Boss 4669, HIP 90342)
was announced in 1918 as showing variable radial velocity
(hereinafter RV), and spectroscopic orbital elements were
first derived by Young (1919). No further efforts appear to
have been made to refine the orbital parameters. Young
gave the following elements: P = 9.6120 + 0.0004 d, e =
0.4684 £ 0.0083, K = 28.49 + 0.37 kms™!, w = 326°43 &+
0°85, v = 7.54 + 0.23 kms~!, and f(M) = 0.016 Mg,
where P is the period, e the eccentricity, K the semi-
amplitude, w the longitude of periastron, v the system
velocity, and f(M) the mass function.

According to Abt & Morrell (1995), the spec-
tral/luminosity class of the visible star is A2 III and the
projected rotational velocity, v sini, is 10 kms~!. Rufener
& Bartholdi (1982) mentioned that the star shows small
brightness variations, but gave no details.

In the present paper we summarize the results of an
investigation to study the binary nature of HD 169981 and
to look for short-term RV and photometric variations.

Send offprint requests to: G. Scholz,
e-mail: gscholz@aip.de

* Based on spectroscopic observations made with the 2-m
telescope at the Thiiringer Landessternwarte Tautenburg,
Germany, and photometric observations made with the 0.6-m
telescope of the National Astronomical Observatory Rozhen,
Bulgaria.

2. Observations and reductions

384 CCD spectrograms of HD 169981 were obtained
in 1999 and 2000 with the coudé échelle spectrograph
of the 2-m telescope of the Thiiringer Landessternwarte
Tautenburg (hereinafter TLS) by one of us (H.L.).
Throughout, the time sampling was 5 min, allowing 4-min
exposures for each spectrogram. The spectrograms have
a two-pixel resolution of 37000 and a mean S/N ratio
=250. The spectrograms were reduced with a modified
MIDAS procedure. For the wavelength calibration we used
a Th-Ar lamp, and determined the RV zero-point from of
a large set of telluric lines. The RVs were derived from
18 metal lines between Ha and HS that included 6 lines
of Fel, 7 of Fell, 1 of Crl, 1 of Till, 1 of MgI and 2 of
SilIl. The RVs derived from the various chemical elements
showed no differences, so we averaged the values for each
spectrogram.

The photometric observations were carried out
with the 60-cm cassegrain telescope of the Bulgarian
Astronomical National Observatory at Rozhen. The
computer-controlled photometer is equipped with an EMI
9789QB multiplier, a set of filters which correspond to
the ubv color system and a diaphragm of 28”. The inte-
gration time was ten seconds per measurement and fil-
ter. Reductions included the corrections for dead-time,
background, differential extinction, and the correction of
the data to the standard UBYV system. The observations
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Table 1. Journal of the observations of HD 169981.

Observations JD 2410000+ N: Nn
spectroscopy

Young’s data

Mt. Wilson/Ottawa 9913-11501 - 8
Victoria 11769—12154 - 31
new data

CCD TLS 41367—41818 8 384
photometry

Hipparcos 37900—-39053 41 155
Rozhen 41367—41818 29 849

of HD 169981 included the comparison star HD 168913
and the check star HD 168914.

The logs of the observations are summarized in
Table 1. N, denotes the number of runs and N, the num-
ber of spectrograms or the number of photometric mea-
surements, respectively. JD is the heliocentric Julian Date.

3. Orbital variations

For the orbital calculation we used the method of dif-
ferential corrections after Schlesinger (1908). Solutions I
and II of Table 2 list the orbital elements derived from the
RVs noted in Young’s paper. Solution I includes only the
Victoria RVs and solution II includes the Victoria, Mt.
Wilson, and Ottawa RVs, respectively. Comparing with
Young’s elements of 1919, mentioned in Sect. 1 of the
present paper, the results are in good agreement with each
other. But, we have to consider that Young derived his el-
ements alone from the RVs obtained at Victoria, whereas
he included all RVs for the determination of the orbital pe-
riod, i.e., the RVs from Mt. Wilson, Ottawa, and Victoria.

Solution III gives the orbital elements derived from the
TLS RVs. The rms is smaller by a factor of about ten and
reflects the much higher accuracy of our CCD spectra.
Because we carried out our calibration of the instrumen-
tal RV zero point on the telluric lines — this procedure has
been tested on various RV standard stars — we can assume
that our RVs are on the TAU velocity standard. The agree-
ment of the y-velocities of solution I and III is quite well
though we account the result to be more or less fortuitous,
however. Within the measuring accuracy there exists also
a good agreement of most of the other orbital elements.
Only the period and the time of periastron passage are
outside of the accuracy range.

To use the large time basis between the data sets we
combined the 39 photgraphic RVs given by Young and
the values of our 384 CCD spectrograms. For the inves-
tigation we correct Young’s RVs according to the derived
difference in the vy-velocity and weight the data according
to the observed rms ratio. So our data get a weighting fac-
tor of 100 compared to a weighting factor of 1 for Young’s
RVs. Owing to the extreme weighting scheme we do not
expect to get any more accurate information on the or-
bital elements except for the period P and for the time of

Table 2. Orbital elements for HD 169981 for single and com-
bined data sets. In parenthesis we give the deviation from the
combined solution IV in units of 1 o of the individual solu-
tion. Epochs of eclipses are listed at the bottom, where ¢ is
the position in the orbital curve.

Solution I, Victoria RVs

P [d] 9.6163 + 0.0014 (3.6)
Tperiastron 2438776.5 + 2.5 (1.7)
K [kms™!] 28.2 £+ 0.61 (0.1)
e 0.467 £ 0.016 (0.7)
w [deg] 3269 + 23 (1.0)
v kms™'] 7.55 4+ 0.32

rms [kms™?] 1.75

Solution II, Mt. Wilson, Ottawa, Victoria RVs

P [d] 9.61185 + 0.00035 (1.7)
Tperiastron 2438773.36  + 0.61 (1.7)
K [kms™!] 2844 + 0.71 (0.4)
e 0.458 + 0.017 (0.2)
w [deg] 3282 + 28 (0.3)
v [kms™!] 7.73 £ 0.39
rms [kms™?) 2.34

Solution ITI, TLS RVs
P [d] 9.61192 + 0.00013 (5.1)
Tperiastron 2438771.43 + 0.18 (5.0)
K [kms™!] 28.146 4+ 0.017
e 0.45510 £  0.00069
w [deg] 329.09 4+ 0.15
v [kms™) 8596 + 0.022
rms [kms™?] 0.23

Solution IV, all RVs

P [d] 9.6112534 =+ 0.0000061
Tperiastron 2438772.3306 4+  0.0086
K [kms™!] 28.146 4+ 0.017

e 0.45510 £  0.00054
w [deg] 329.09 + 0.14

v [kms™!] 8596 =+ 0.015
rms [kms] 0.25

Torim.cclipse 2438774.139 £ 0.010
Tec.cclipse 2438771.741 £ 0.010
Gprim.eclipse 0.1882 + 0.0010
¢sec.eclipse 0.9387 + 0.0010

periastron passage T, for which the larger time basis plays
a crucial role. The result is listed in the orbital solution IV
of Table 2. Here all elements but P and T have been fixed
to the values of solution III.

Whereas the periods derived for the old data set (solu-
tion IT) and the new one (solution IIT) are in good agree-
ment, it is striking that both data sets can be linked in
phase only by a period which significantly differs from
the periods of the individual data sets (the deviations
are given in Table 2 in parenthesis). The presence of
apsidal motion can be excluded because of two reasons:
first, our computer program handles apsidal motion as
well and the resulting contribution is not significant at all
(dw/dt = —0.002 4 0.030°/y); second, and this is a phys-
ical reason, the phase lag of about 0.2 between the two
data sets corresponds to an apsidal advance of about 72°.
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Fig. 1. Orbital solution IV for HD 169981. Dots: TLS data.
Plus signs: Young’s RVs from Victoria.

Table 3. Mean error of a single Hipparcos measurement resp.
of a single Rozhen magnitude difference value, rmsm, and av-
eraged deviation of the time series from the mean, rms;. In
parenthesis we give the mean scatter calculated without the
values inside the assumed eclipse.

photometry IrmSm rmss
mmag] _[mmag]
Hipparcos: HD 169981 6.6 8.2 (6.8)
Rozhen: HD 169981 — HD 168913 4.3 7.2 (6.2)
Rozhen: HD 168913 — HD 168914 4.3 4.0

During this time interval the shape of the orbital curve
should have essentially changed. Comparing the orbital
solutions II and IV the orbital curves are almost identi-
cally, however.

As our photometric observations show (see Sect. 4),
HD 169981 could probably be classified as an eclipsing
binary. Accordingly, at the bottom of Table 2 we give
the parameters of the eclipse. Unfortunately, no spectro-
grams were taken sufficiently near to the phase of primary
eclipse.

4. Photometric behaviour

In the upper panel of Fig. 2 we show the measurements
comparison (HD 168913) minus check star (HD 168914),
normalized to zero, of the Rozhen photometry. In the
panel under it we give the Rozhen and Hipparcos photom-
etry of HD 169981. Table 3 lists the rms obtained from the
individual errors of measurement as well as the rms of the
time series. The rms for the Rozhen photometry were es-
timated from the scatter of the comparison — check star
values within single nights. The given accuracy was also
established for the U and B filters. For the Hipparcos data
we used the individual errors given in the catalogue.
According to the ground-based data published in the
literature, the brightness of HD 169981 should show
only a weak variability of at most 10 mmag (Rufener
& Bartoldi 1982). But among the Rozhen observations
is a set near June 5, 2000 (N, = 25), which shows a dip
of about 30 mmag near ¢ = 0.20. A few Hipparcos ob-
servations were made near to the Rozhen minimum and
they confirm the dip, although both photometric data sets
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Fig. 2. Photometry versus orbital phase (phase 0 corresponds
to periastron passage). Top: comparison minus check star of
the Rozhen photometry. The mean difference in magnitude
was already subtracted. Center: light curve of HD 169981
folded with the 9361 orbital period. Plus signs: Hipparcos data;
circles: Rozhen data, in the sense HD 169981 — HD 168913.
Bottom: reduction in the sum of squares by a free Gaussian
fit centered at various phase positions. Solid line: Gaussian fit
with negative amplitude (dips); dashed line: Gaussian fit with
positive amplitude; see text.

show considerable scatter. Comparing the predicted phase
of the primary eclipse given in Table 2 with the observed
light minimum, we find a good agreement.

No photometric variability is known of the comparison
star HD 168913 though the star is a 5.5-d spectroscopic bi-
nary. The constancy of brightness within the derived limit
of accuracy of about 4 zo 5 mmag is well confirmed by the
values of rms,, and rms; of Table 3. Also the mean scatter
of the time series of the Hipparcos data of HD 169981 is
comparable to the mean error of measurement if we ex-
clude the data taken during the presumed eclipse. Only
the scatter of the time series taken at Rozhen is larger by
a factor of 1.4 than the mean photometric error.

The latter fact rises some doubts if the presumed
eclipse is one single event or if there are further signifi-
cant instances of dips or peaks in the light curve. So one
could argue that other combinations of fluctuations and
neighboured gaps can be interpreted as dips caused by an
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occultation as well. In that case the coincidence of the
strongest dip with the time of primary eclipse predicted
by the orbital solution would be a pure accident.

To check this we have computed Gaussian fits to the
observed light curve, with free amplitude and half width,
at various positions in orbital phase. In the bottom panel
of Fig. 2 we show the reduction in the sum of squares
following from these fits in the form of a phase diagram.
The ordinate is S = 1 — 02/03 where o2 is the variance of
the residuals of the fit and o2 is the total variance of the
data. A remarkable reduction in the sum of squares (of
nearly 30%) is only achieved at the phase position of the
primary eclipse. All other contributions practically van-
ish (for completeness we have also allowed for Gaussian-
like peaks in the light curve (dashed line) which reach
about 5% in maximum).

The coincidence of the dominating peak in the phase
diagram with the position of the primary eclipse follow-
ing from the spectroscopic orbit is striking and so we think
that there is a strong likelihood that the observed decrease
in brightness was caused by the occultation of one compo-
nent. Unfortunately, the eclipse is not well covered by our
photometry. The solid curve in the middle panel of Fig. 2
shows the best Gaussian fit (maximum reduction of the
sum of squares) to the presumed eclipse minimum with
the most observations occurring on its ascending branch.

5. Physical elements of the binary

In the following, pursuing our assumption that HD 169981
is an eclipsing binary, we will assume that the orbital in-
clination of the system is 7/2. For simplicity we will ne-
glect influences of a variable cross-section or any reflection
effects of the two photospheres.

5.1. Stellar masses and absolute orbit

The mass of the secondary is related to that of the primary
(in Mg) by the mass function

M3

m =1.0359 x 10_7Kf P (1 — 62)3/2 (1)

f(M)=
where the orbital period P is expressed in days and the RV
semi-amplitude K in kms~!. Inserting the corresponding
values of orbital solution IV in (1) we obtain f(M) =
0.0157 Mg. The semi-amplitude Ky of the fainter star
follows from the mass ratio, and the semi-major axis a of
the orbit, expressed in Rg, from

a = 0.01976 (K, + K2) P\/1 — e2. (2)

5.2. Expected central depths of the eclipses

One can also estimate the expected depths of the primary
and secondary eclipses. Outside eclipse we observe the to-
tal luminosity Liotal = L1 + Lo, but which is reduced
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during eclipse to L = Li 4+ Lo — AL. The decrease in
magnitude is given by

AL )
Ltotal

For the primary eclipse we have to integrate over the cen-
tral part of the primary covered by the secondary. For
a rough estimation we will assume undistorted spherical
stars with a central symmetric surface light distribution:

Am = —2.5 log (1 - (3)

"
AL =27 | Ii(r)rdr 4)
/

where ) = Ry /Ry is the ratio of the stellar radii. In addi-
tion, we assume a limb-darkening law

o 1—|—ﬁ\/1—r2 L1
N 1—|—§ﬁ T

where 3 is the limb-darkening coefficient. The expression
is normalized so that the integral of I; over the entire sur-
face of the primary yields Ly. The integration of Eq. (4),
together with Eq. (3), gives the central depth of the pri-
mary eclipse, i.e.

Li(r) ()

(1+36Vr)a Ly

Am; = —2.51
mq og = %ﬁ

Ltotal (6)
where z = 1—n2. The decrease depends on the ratios of the
stellar radii and luminosities, and on the limb-darkening
coeflicient.

Since we assumed ¢ = w/2 and Ry < Ry, the secondary
eclipse is total and the minimum light of the central depth
is simply given by

L
L,

5.3. Expected total duration of the primary eclipse

Figure 3 shows the secondary at the positions of first (S7)
and last (S2) contact of primary eclipse. The orbital ge-
ometry reflects the orbital elements given in Table 2 and
the stellar radii are scaled to the components composition
A2 IIT + K3 V as listed in Table 3. The total duration
Aty of the primary eclipse can be easily estimated if we
assume constant orbital velocity during the eclipse, set-
ting r1 and 72 (Fig. 3) equal to r = const. (otherwise we
have to use the more complicated formulae given by Kopal
1959). We approximate further the orbital section L by the
sum of the stellar diameters. The duration of the eclipse
is then

®)

where v is the relative velocity between the two compo-
nents at the moment of minimum light. It is given by

2
At = E (R1 + RQ)

V= G (M, + M) (2 - 1) 9)

r a
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Fig. 3. Orbital geometry of HD 169981 showing the primary
(P) and the positions of the secondary at the moments of first
(S1) and last (S2) contact during primary eclipse. The radius
vector r points towards the observer. L is the orbital section
passed by the secondary during the eclipse.

Table 4. Calculated stellar parameters, absolute semi-major
axis, and expected properties of the eclipses (see Sect. 5.4).

model I II
primary A2V  A211I
My [Mo] 2.8 4.0

Ry [Ro] 2.2 5.0
secondary K7V K3V
Mo [Mo] 0.56 0.70
R [Ro) 0.65 0.75
K kms™'] 141 161

a [Ro] 28 32
Amin [Rl] 6.9 3.5
Am [mag] 6.8 6.3
Amg [mmag] 123 30
Amg [mmag] 2.1 3.3
Aty [hr] 7.6 13.6

and the radius vector r by

a(l—e?)
_ 10
1+ecosv ( )

where v is the true anomaly. At the moment of superior
conjunction it is w 4+ v = w/2 and, substituting the semi-
major axis a using the third Keplerian law, we finally get

Ri + Ry) P1/3\/
(M + My)'/3

1—e2?

1+e2+2esinw

Aty —1.82° (11)

where At; is expressed in hours (masses and radii are
again in solar units and the period P in d).

5.4. Results

With the value of the mass function f(M) = 0.0157 Mg,
given in 5.1, and the spectral type A2 of the primary
the binary configuration of HD 169981 can be estimated.
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However, some uncertainty exists about the luminos-
ity class of the primary. In the older literature spectral
types A2 V (Osawa 1959; Eggen 1960) and A2 IV (Cowley
et al. 1969) can be found, whereas Abt & Morell (1995)
or Grenier et al. (1999) give A2 III. Therefore, in Table 4
we have calculated the eclipse parameters for two mod-
els which fulfill the mass function: one with A2 V +
K7 V, the other with A2 IIT + K3 V. The masses, radii
and semi-major axis a are expressed in corresponding so-
lar units, and the minimum distance of both components
amin = (1—e) a in radii of the primary. Am is the expected
difference in magnitude between primary and secondary.
For the radii and the luminosities of the component stars
we adopted the values tabulated by Schmidt-Kaler (1981).
The depths of the primary and secondary eclipses, Amq
and Amsy, were calculated assuming a limb-darkening co-
efficient of 1.5. The last column gives the expected time of
total duration of the primary eclipse in hours. Comparing
the given values with the observed dip in the lightcurve it
is clear that only model 2 fits the photometric data and
that the primary should be very probably a giant star.

6. Discussion

HD 169981 has been known for more than three-quarters
of a century to be a spectroscopic binary. Based on this
time period of about 80 years, the combination of the old
RVs given by Young and our RVs allows us to derive pre-
cise orbital elements. However, a phase shift of about 2 d
between both data sets exists so that the orbital period
has possibly to be corrected. The origin of this phase shift
cannot be clearified on the basis of the present observa-
tional material, although apsidal motion can be ruled out.
One possible explanation could be a temporary variation
of the orbital period between the two epochs of obser-
vation caused by the interaction with a third component
at a great distance. Such sinusoidal variations had been
observed e.g. for U Oph or AK Her (Panchatsaram &
Abhyankar 1982).

Our recent photometric observations characterize the
star probably as an eclipsing binary as well. From Table 4
we can see that, independent of the exact luminosity class
of the primary, the hypothetical secondary is a low-mass
star which cannot give rise to a measurable contribution to
the spectrum at the wavelengths observed, and the depth
of the secondary eclipse should not exceed about 3 mmag.
Both the depth of the primary eclipse and its total dura-
tion strongly depend on the luminosity of the primary. The
calculated depth of about 30 mmag for a giant of spectral
type A2 is in good agreement with the depth of the dip
observed in the HD 169981 light curve and with the lumi-
nosity class given by Abt & Morrell (1995). The predicted
duration of about 14 hours, which spreads over 0.06 in
orbital phase, is also compatible with our measurements.
Without doubts more observations are necessary, but the
time to cover the expected eclipse is extremely limited.

Outside the eclipse a few Hipparcos and Rozhen data
deviate significantly from the mean behaviour, however.
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As we have shown these deviations are not correlated with
the orbital phase. A search for periods in the residuals of
the orbital solution gives no periodicity; only the 1 d alias
peaks are present.
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