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Abstract. The broad band B and V light curves of the pre-cataclysmic eclipsing binary HW Vir were obtained. All the avail-
able eclipse timings, including the new ones, spanning 19 years were analyzed under the third-body hypothesis. The residuals
between the observed and calculated times of mid-eclipse show a long-term sinusoidal variation. The analysis yields the pa-
rameters of the third-body orbit, as well as limiting mass for the tertiary object. The result of this analysis gives a light-time
semi-amplitude of 112 s, an orbital period of 18.8 yr and an eccentricity of 0.12. The mass of the third star is below the theoret-
ical threshold of 0.07 M, for a hydrogen burning star. Its minimum mass is about 0.022 M, and for a wide range of inclinations
of third-body orbit, i.e. i > 19°, the mass is smaller than 0.07 M. Therefore, we suggest that the third star may be a brown
dwarf candidate. Combining the semi-amplitudes of the radial velocities and the photometric light curve solution has allowed
us to model the short-period detached binary HW Vir. The luminosity and radius of the dM companion are slightly larger than

that given by low-mass models.
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1. Introduction

The studies made by Maxted et al. (2002) and Saffer et al.
(2001) have revealed that many sdB stars are members of close
binary systems. Therefore, the eclipsing systems that contain
sdB stars are crucial both for determination of their masses and
evolution. However, there are only three eclipsing pairs known
to include a sdB companion. These are HW Vir, PG 1336-018
and HS 0705+6700 discovered, recently, by Drechsel et al.
(2001).

HW Vir was discovered as an eclipsing binary by Menzies
(1986). The first light curve published by Menzies & Marang
(1986) includes both primary and secondary eclipses but the
light curve displays a striking reflection effect. The light curve
analyses of the system were made by different investigators,
adopting different temperatures for the main sequence compo-
nent (Menzies & Marang 1986; Wood et al. 1993; Cakirli &
Devlen 1999). The temperature of the sdB companion was es-
timated in a wide range between 26 000 and 36 000 K. Later
Wood & Saffer (1999) derived the atmospheric parameters of
the sdB star using the spectra taken at either side of the primary
eclipse, where the contribution from the secondary star flux
is negligible. They found the temperature, gravity and helium
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abundance as T. = 28488 K, logg = 5.63 and N(He)/N(H) =
0.0066, respectively. The low helium abundance points out the
compact object in HW Vir is a normal classical sdB star.

The strong orbital period decrease in the sdB eclipsing bi-
nary HW Vir has been noted by Kilkenny et al. (1994). They
have analyzed the eclipse timings over a 9-year baseline and
concluded that the most favorable mechanism for the strong
orbital period decrease is a possible angular momentum loss
via magnetic breaking in a modest stellar wind. However,
they did not rule out a third body in the system as a pos-
sible mechanism for the orbital period change but this hy-
pothesis should be observationally testable with observations
to be made later. The eclipse timings obtained between 1984
and 1999 were re-analyzed by Cakirli & Devlen (1999) assum-
ing most plausible mechanism of the orbital period change is
the light-time effect. They suggested the period of revolution
to be about 19 years around the third body. Later on Wood &
Saffer (1999), Kilkenny et al. (2000), Kiss et al. (2000) and
very recently Kilkenny et al. (2003) discussed the O—C dia-
gram for HW Vir. Kilkenny et al. (2003) found that the avail-
able data indicate that the third body is likely to be a brown
dwarf unless the inclination of the outer orbit is i < 20 degrees.

We have continued photometric observations of this pre-
cataclysmic system: i) to clarify the most acceptable cause of
the orbital period change, ii) to redetermine the orbital and
physical parameters of the system using a good light curve ob-
tained with high accuracy.
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2. Observations and light curves

We observed HW Vir during the 2001, 2002 and 2003 ob-
serving seasons. Many light curves of the system in Johnson’s
wide-band B and V filters were obtained with a high-speed
three-channel photon-counting photometer HSTCP attached to
the 48 cm Cassegrain telescope at Ege University Observatory.
Such photometers, like HSTCP designed for the time-series
multicolor photometry of rapidly variable stars, are indispens-
able for investigation of rapid phenomena, especially in vari-
able stars. The monitoring was continuous for about three min-
utes, except for interruptions about once every three minutes to
check the comparison star on channel two (target star on chan-
nel one, sky-background on channel three). All three channels
of the photometer coincide with the telescope’s main axis. This
photometer allows us to observe target star, comparison and
sky background simultaneously in each filter. For a brief de-
scription of the equipment or detailed techniqual information
please see Kalytis (1999).

In order to have a high counting rate a ten-second integra-
tion time was chosen for each measurement and we used a fan-
cooling system in front of each Hamamatsu R1463P multiplier.
The main comparison star was HD 110647 (BD —8° 3411), as
used by Cakirli & Devlen (1999). The extinction coefficients
were obtained using the observations of the comparison star.
Then, all differential magnitudes, in the sense variable minus
comparison, were corrected for differential atmospheric extinc-
tion. The times were also reduced to the Sun’s center. The or-
bital phases were calculated using the light elements given by
Cakirli & Devlen (1999) as

HJID (Min I) = 2445 730.5565 + 00116719582 x E.

Our observations enabled us to determine 10 times of primary
and 8 secondary minima of HW Vir in two passbands. The
times of minima were determined separately for both filters us-
ing the method of Kwee & van Woerden (1956). These times of
minima are presented in Table 1 with their standard deviations.
The photoelectric light curves obtained in 2002 are depicted
in Fig. 1. During each observing night the star was observed
for more than four hours which covers one and half of the or-
bital period. As seen from Fig. 1, high-speed observations of
the system do not show any change in the brightness over short
time intervals. The light curve of the system is stable during
a three-year time interval and high-speed observations allow
us to better define the contact times and also to determine the
eclipse timings.

3. Period variation and its most probable cause

The evolutionary status of HW Vir has been discussed in de-
tail by Wood et al. (1993). They suggest that mass transfer
from the main sequence star to the compact object will be-
gin when the normal star fills its corresponding Roche lobe.
To bring into contact configuration the orbital period should
be decreased by angular momentum loss due to gravitational
radiation. Their calculation indicates that when the orbital pe-
riod decreases to 109 min the main-sequence component will
be in contact with the Roche lobe for a mass ratio of 0.3 and
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Fig.1. B and V light curves of HW Vir obtained on March 14, 2002.
The solid lines represent the best fit solution according to the pa-
rameters listed in Table 4. The V-light curve was shifted 0.25 on the
ordinate.

Table 1. New primary and secondary eclipse timings for HW Virginis.

D (Hel.) Type Filter o E 0-C

2400 000+

52348.43644 I B .00081 56699 —0100364
43651 I V. .00064 56699 —(0100357
49495 11 B .00111 56699.5 —(0700349
49505 11 vV .00100 56699.5 —(0100339
.55319 I vV .00091 56700 -0'00361
.55329 1 B .00089 56700 -0700351

52373.29764 I B .00077 56912 -0'00371
29775 1 vV .00068 56912 -0'00360
35617 11 B .00095 56912.5 —(0£00354
35624 11 vV .00093 56912.5 —(0100347
41431 vV .00088 56913 -0'00376
41435 B .00086 56913 —(0700372

52756.31274 11 B .00041 60193.5 —0'00392
31414 11 vV .00029 60193.5 —0700252
37116 I B .00009 60194 —0100386
37123 I vV .00003 60194 —0%00379
42936 11 B .00011 60194.5 —(0700402
42969 11 vV .00006 60194.5 —(0100369

the system will be seen as a cataclysmic variable. Therefore,
the variation in the orbtial period of HW Vir is important from
this point of view, i.e., creation of a cataclysmic system.
Kilkenny et al. (1994) studied the orbital period change for
the first time and concluded that the period of HW Vir was
decreasing. They have discussed possible mechanisms for the
period decrease but they could not reach a conclusion as to
which one was the most likely candidate. The only two possible
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mechanisms, i.e. a third body in the system or magnetic brak-
ing in a weak stellar wind, were suggested as the most plausible
cause for the period change. Later on Wood & Saffer (1999),
Kilkenny et al. (2000) and Kiss et al. (2000) re-analyzed all
the O—C residuals available. The former and the latter repre-
sented the residuals by two separate linear fits. These studies
indicate that the orbital period of the system changed abruptly
around 1991. On the other hand, Kilkenny et al. (2000) found
that HW Vir shows a clear and substantial period decrease over
16 years. The eclipse timings were fitted with polynomials of
up to sixth order. They found that the first three polynomial fits
to the eclipse timings — i.e. linear, quadratic and cubic — seem
to be insufficient. They tried to use a 6th-order polynomial
to achieve a good fit but this attempt failed and the residuals
showed systematic deviations. Therefore, they concluded that
the observed period change for HW Vir may be produced by
either orbiting of the binary system around a third companion
or mass loss from the system as weak stellar wind. Recently,
Kilkenny et al. (2003) analyzed all the available timings over
the past seventeen years. Although the cause of distinct period
change has not been obvious they conclude that a clear reversal
from decreasing to increasing period may be taken as indicative
of the third body in the system.

We collected all the available timings of both primary and
secondary eclipses published by different authors and added the
new ones given in Table 1. The typical errors of the new times
of the mid-eclipse are less than about 0.0009 d for the primary
eclipse, but a little larger for the shallower secondary eclipse.
The O—C residuals were obtained by using the ephemeris given
by Cakirli & Devlen (1999). These residuals seem to show
a sine-like change rather than linear or parabolic changes.
Sinusoidal variation in the orbital period of an eclipsing bi-
nary may be attributable either to an orbital motion around a
third-body or to an apsidal motion. Since the orbit of HW Vir
is circular, revealed by both the light and radial velocity curves,
and any shift of the mid-secondary eclipse with respect to the
mid-primary was detected, one may easily rule out apsidal
motion as a possible cause of period change. Therefore, the
mechanism remaining is the possibility of orbiting the eclips-
ing binary around a third body. For this reason, we analyzed
all the available times of mid-primary minimum under an as-
sumption of a third body and used the conventional formulae
given by Ibanoglu et al. (2000) and references therein. Since
the secondary eclipse is shallow, the times of mid-secondary
eclipses have larger uncertainties. Therefore, the O—C residu-
als for the secondary eclipse were excluded from the analysis.
By applying a least squares solution we obtained the parame-
ters for the third-body orbit, listed in Table 2 with their standard
deviations.

In this table, A is the semi-amplitude of the light-time effect
and a sini is the projected semi-major axis of the relative orbit
of the eclipsing pair around the common center-of-mass. i, e
and w are the inclination, eccentricity and longitude of the pe-
riastron of the third-body orbit, respectively. T3 and P5 are the
time of periastron passage and the third-body period. Ty and P
are the light elements of the eclipsing pair. The light-time ef-
fect due to orbit of the eclipsing pair around the third body has
been computed with the parameters given in Table 2 and
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Table 2. Orbital solution for the third component of HW Vir.
Parameter Value o
Ty (HID) 45730.55743  0.00005
Py (day) 0.1167195 41077
apsini(km) 3.05x 107  0.50 x 107
e 0.12 0.02
w (deg) 49 2
T5; (HID) 48112 119
Ps (yr) 18.8 0.4
A (day) 0.0013 0.0001
f(m) (M) 240%x07 1.08x107°
3(0-C)? 0.00018
0.006 C ]
0,004} {
0,002} {
% O,UUU} {
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Fig.2. Plot of the residuals of the eclipse timings using a linear
ephemeris. The best-fitting curve assuming a third-body perturbation
is shown as a solid line (upper panel). Residuals after subtracting the
third-body perturbation are also shown in the lower panel.

subtracted from each time of minimum. The remaining residu-
als are shown in the lower panel of Fig. 2.

The period of the revolution of the eclipsing pair around
the center-of-mass with the third body is 18.8 yr and the time
span following the discovery of the eclipsing nature of HW Vir
covers more than 100% of the period predicted in this study.

The O—C analysis allows us to determine the mass function
of the unseen component and to estimate its mass by

_(appsiniy’ _ (mzsini)’
Jm = P2 (mp+m)?

where m3 and f(m) are the mass and mass function of the third-
body and m; is the total mass of the eclipsing pair. We calcu-
lated the mass function to be 2.40(x1.08) x 107 solar mass us-
ing the aj, sini of 0.204 AU and a period of 18.8 yr. The masses
of the components of the eclipsing pair were recently derived
by Wood & Saffer (1999) as 0.48 and 0.14 solar masses. If the
eclipsing pair is orbiting around the common center-of-mass
with a period of 18.8 yr one may easily estimate the mass of
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Table 3. The normalized Fourier (I = 1.0 for 6 = 90°) coefficients.

Filter A() A As B B,

B 1.0164 -0.0848 0.0186 0.0021 -0.0015
+6 +9 +10 +6 +6
V. 1.0205 -0.0983 0.0206 0.0001 0.0006
+5 +118  +138 +5 +5

the tertiary body from the mass function. Its mass, of course,
depends on the inclination of the eclipsing pairs’ orbit. For the
inclination of 90°, 60° and 30° we calculate the third body’s
mass to be 0.022, 0.025 and 0.044 M. If this body is really
a star, i.e. its mass should be greater than 0.07 M, the lim-
iting mass for stable hydrogen burning, the orbital inclination
of the long period orbit should be smaller than 19°. The mass
of the tertiary component is of the order of a brown dwarfs’
mass for a very wide range of inclination. As pointed out by
Kirkpatric et al. (2000) more than hundred brown dwarf candi-
dates have been detected from the infrared surveys. Although
a number of different models have been published so far to ex-
plain their observed properties, the dynamical masses could be
derived only for a few brown dwarfs dynamically bound to a
star. The most well-known binary companion brown dwarf is
Gliese 229B, which has been studied by many observers. The
second multiple stars’ brown dwarf member was recently sus-
pected by Guinan & Ribas (2001) in V471 Tau, a white-dwarf
and red-dwarf eclipsing binary. Eclipsing binaries showing a
light-time effect present a possibility for detecting such low
mass companions, in addition to direct imaging and radial ve-
locity techniques.

As reported by Chamblis (1992) and recently by Demircan
(2000), a significant number of eclipsing binaries occur as com-
ponents of triple star systems or higher-order multiple-star sys-
tems. A definite but not cyclic orbital period variation of an
eclipsing binary can be regarded as evidence for the existence
of a third body. The orbital periods of such binaries are very
sensitive to the existence of a companion and are easily de-
tectable from the O—C analysis, unless the common center-of-
mass is too close to the mass center of the eclipsing pair.

4. Light curve analysis

As shown in Fig. 1, the most striking feature of the light curve
is the reflection as expected for a hot subdwarf plus cool low-
mass eclipsing binary. We made a Fourier analysis of the light
curve outside of the eclipses to estimate the reflection rate by
the cool companion. The coefficients of the truncated Fourier
series are given in Table 3.

The A and A, terms are the contribution to the reflection
effect. The latter coeflicient is partially affected by the oblate-
ness and the effect of tidal distortion on the light curves. The B,
and B, terms indicate a difference between the maxima of the
light curve and other perturbations, such as mass transfer, dark
spots on one or two components etc. The B-coefficients are too
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small when compared with the others, therefore the light curve
of HW Vir seems to be unaffected by other effects, such as the
reflection effect.

By using the Fourier coefficients we obtained the brightness
change from mid-primary to mid-secondary due to reflection
effects of 07178 in B and 07206 in the V band. These values
are in good agreement with those expected from the formula
given by Maxted et al. (2002). The reflection rate for HW Vir
gets stronger as we go to longer wavelengths. We compute the
disk-averaged temperature of the cool main-sequence star to
be 9000 and 10000 K for B and V-band light curves, respec-
tively. The temperatures for the illuminated hemisphere of the
cool companion that we estimate from the reflection effect in B
and V bands are a little smaller than that found by Kiss et al.
(2000) and in good agreement with the value of 10 800 K com-
puted from the formula given by Maxted et al. (2002).

We have analyzed the B and V light curves separately by
utilizing the Wilson and Devinney light curve synthesis code
(Wilson & Devinney 1971; Wilson 1998). First, we adjusted the
geometrical parameters and the effective temperature of the hot
primary. The minimum squared sum of residuals between ob-
served and calculated luminosities was obtained for a tempera-
ture of 28 700 + 200 K for the sdB star. This estimate depends
on the colour change during the primary eclipse and is close to
those obtained by Wood & Saffer. Since Wood & Saffer’s esti-
mation depends on the optical spectroscopy, which is more sen-
sitive to the temperature, we adopt a temperature of 28 500 K
for the sdB component. After the first analysis we adjusted the
bolometric albedo for the cooler companion. The effective tem-
perature of the cool companion was found to be 3378 + 91 K
for B and 3129 + 199 K for V band. The temperature estimated
from the V light curve analysis is in accordance with the main-
sequence models for low-mass stars published by Dorman et al.
(1989). However, the temperature found for the B light curve is
somewhat greater than that of models. It is clear that the unir-
radiated face of such a cool star will contribute negligible flux
to the total flux when compared with the contribution of a hot
subdwarf. We obtained the bolometric albedo for this star to
be 0.73 +0.04 in B and 0.98 +0.03 in V-band light curves. This
estimation clearly indicates that the heated secondary compo-
nent differs from the convective, low mass cool main-sequence
stars. Therefore, it was decided to treat the limb darkening co-
efficients for this heated cool star as adjustable parameter. The
analysis indicates that the limb darkening coefficients for this
star are 0.73 £ 0.03 in B and 0.43 + 0.01 in V-band. The coeffi-
cients are substantially reduced, as expected.

Table 4 gives a list of the fixed and adjusted parameters.
The light curves computed with these parameters are compared
with the observations in Fig. 1. This figure clearly shows that
the parameters found by light curve analysis represent very
well the observed light curve of the system. The pronounced
reflection effect is fitted very well.

We determined the fractional radii for the hot and cool com-
ponents as R;/a = 0.2307 £ 0.0011, Ry/a = 0.2122 + 0.0011
respectively, where a is the separation between the mass cen-
ters of the binary stars. Using the K; = 82.3 kms™', orbital
inclination of 81°07, and the mass ratio of 0.29 we derive a =
0.853 Ro, and R; = 0.197 Ry and R, = 0.181 Ry. The radius
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Table 4. The parameters obtained from the B, V light curves

of HW Vir.
Fixed B Vv
parameters
T1(K) 28500 28500
Ay 1.0 1.0
91 1.0 1.0
9> 0.32 0.32
X 0.266 0.212
q 0.29 0.29
Adjusted B Vv
parameters
i(®) 81.16 £ 0.10 80.97 £ 0.10
Q 4.7113 £ 0.0105 4.5849 +0.0109
Q, 2.7936 + 0.0111 2.6912 + 0.02143
T>(K) 3378 £ 91 3129 + 199
L, 0.9998 + 0.0011 0.9997 + 0.0011
L, 0.0002 0.0003
A 0.73 £ 0.05 0.98 £ 0.03
X2 0.73 £ 0.07 0.43 +0.03
ri(pole)  0.2258 +0.0010 0.2325 + 0.0011
ri(point)  0.2389 + 0.0011 0.2360 + 0.0011
ri(side) 0.2275 £ 0.0012 0.2344 + 0.0011
ri(back)  0.2286 +0.0011 0.2356 + 0.0011
ry(pole)  0.1989 + 0.0011 0.2135 +0.0011
ry(point)  0.2148 +£0.0011 0.2363 + 0.0011
ry(side) 0.2025 £ 0.0011 0.2183 +0.0011
ry(back)  0.2112 £ 0.0011 0.2304 + 0.0011

of the primary component determined in this study is 12%
greater than found by Wood & Saffer (1999). In contrast to
Wood & Saffer, the cool, less massive companion is slightly
smaller than the hot component and our solution is in agree-
ment with that of Wlodarczyk & Olszewski (1994). The low-
mass cool companion is about 9% oversized for its mass rel-
ative to the Dorman et al. model. The M-dwarf seems to be
more luminous in the mass-luminosity plane. Two posibble
reasons for the unusually large radius of the dM star may be
either i) irradiation of the dM star by the sdB component, or,
if) the dM companion is so covered by starspots that convec-
tive energy transport is inhibited, causing the radius to increase.
However, there are no clues about the magnetic activity of cool
companion; therefore, the former may be an appropriate expla-
nation, because not only the radius but also the luminosity of
this star is larger than the value expected from models.

5. Conclusions

The eclipsing binary HW Vir, consisting of a hot sdB and
a cool main-sequence star, was observed using a high-speed
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three-channel photometer. Many precise light curves and times
of mid-primary and mid-secondary eclipses were obtained. The
period change of the system and plausible causes were re-
examined. The last times of mid-eclipses revealed that the in-
stantenous period of the system indicates a sine-like change
over the past 19 years. The residuals from the linear fit are
clearly asymmetric which implies that a quadratic fit is inap-
propriate. Therefore, we analyzed all the residuals obtained to
date under the assumption of a third body hypothesis. Using
a least squares solution we obtained parameters for the third-
body orbit. The modeling yields an orbital period for the third-
body of P; = 18.8 + 0.4 yr, a light-time semi-amplitude
of 112 s, appsini = 0.204 + 0.033 AU and an eccentricity
of e3 = 0.12. Adopting a total mass for the eclipsing binary
of 0.62 My, we computed the mass function for the triple
system as f(m) = 2.40(x1.08) x 107 M. The mass of the
third-body is M3 siniz ~ 0.022 and its orbital semi-major axis
is as ~ 6.1 AU. As long as the inclination of the orbital plane
of the third body is i > 19°, the mass of this object is below
the theoretical threshold of ~0.07 M, for a hydrogen burning
star. The minimum mass of the third component was found
to be 0.022 My which would be too massive to be a planet.
Therefore, the third component in the HW Vir system is a pos-
sible candidate for a brown dwarf star.

The light curves obtained using HSTCP were analyzed for
the parameters of the eclipsing binary orbit and as well as for
the physical properties of the components. We have carried out
an analysis of the outside eclipse light curve and determined
disk-averaged temperatures for the cool companion facing the
hot sdB star. The effective temperature of the low-mass cool
companion is in accord with the theoretical models. However,
its luminosity and radius are slightly larger than the values pre-
dicted from the models. These differences were attributed to
either heating of the cool star by radiant energy coming from
the sdB star, or large spots on its surface.
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