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ABSTRACT. We present BV light-curve synthetic analyses of three short-period contact (W UMa) 
binaries: HY Pavonis (P— 0.35 days), AW Virginis (P— 0.35 days), and BP Velorum (P— 0.26 days). 
Different possible configurations for a wide range of the mass ratio were explored in each case making use 
of the Wilson-Devinney code. The photometric parameters of the systems were determined from the 
synthetic light-curve solutions that best fit the observations. AW Vir has two components of very similar 
temperatures and therefore the subtype (A or W) remains undetermined. HY Pav and BP Vel are best 
modeled by W-type configurations and the asymmetries in the light curves are reproduced by introducing 
cool spots on the more massive secondary components. Although BP Vel lies in the region of the open 
cluster Cr 173, its distance modulus, in principle, rules it out as a cluster member. 

1. INTRODUCTION 

W UMa stars are short period (^0.5 days) late-type bina- 
ries. The proximity of the components (usually two solar- 
type stars filling their Roche lobes and in physical contact) 
favors the occurrence of eclipses. One may obtain complete, 
well-covered light curves of variables in a few days of ob- 
serving. Modern techniques of synthetic light-curve analysis 
(e.g., Wilson 1990) have been used to model the observed 
light curves of many systems and to determine the photomet- 
ric parameters. 

Normally, for binaries displaying total eclipses, a unique 
light-curve solution is obtained after a few iterations (cf. Mo- 
chnacki and Doughty 1972a,b; Wilson and Devinney 1973; 
Wilson 1978; Lapasset and Sistero 1984). However for those 
systems with partial eclipses, it is necessary to perform a 
more detailed analysis, intensively exploring a wide range in 
the space of the adjustable parameters. Basically, the mass 
ratio "q" (q = m2lm1; m1 is the mass of the component 
eclipsed at phase 0, and m 2 is the mass of the star eclipsed at 
the secondary minimum) is the most uncertain parameter. 
However, if the light curves display deep enough minima 
calculating a grid of solutions for different fixed values of 
the mass ratio (applying the so-called grid technique) it is 
possible to determine ''the <7" that produces the best fit to 
the observations, i.e., that minimizes the sum of the weighted 
squared residuals -Swr2- (cf. Maceroni et al. 1983, 1985; 
Kaluzny and Caillault 1989; Lapasset et al. 1992). 

In this paper we apply the grid technique to the photomet- 
ric analysis of three contact binaries. Times of minimum 
light, improved ephemerides, and preliminary light curves 
for these binaries have already been published: H Y Pavonis 

^art of the observations reported in this paper were obtained at the 
Complejo Astronómico El Leoncito operated under agreement between the 
Consejo Nacional de Investigaciones Científicas y Técnicas de la República 
Argentina and the National Universities of La Plata, Córdoba, and San 
Juan. 

(Lapasset and Gómez 1988a), AW Virginis (Lapasset and 
Gómez 1995), and BP Velorum (Lapasset and Gómez 
1988b). 

In Sec. 2 we brieñy summarize the observations and pre- 
vious results, in Sec. 3 we present our photometric analyses, 
and in Sec. 4 we sum up the present results. 

2. OBSERVATIONS 

The eclipsing binary HY Pavonis (a = 20h23in47s; 
<5= -73042:2; 2000.0) was discovered photographically by 
Hoffmeister (1963). Gessner and Meinunger (1974) classi- 
fied this variable as a W UMa type and determined an orbital 
period of 0.351653 ±0.000027 days from 12 photographic 
times of minimum. 

We observed HY Pavonis with the 76-cm telescope at the 
Carlos U. Cesco Station (San Juan, Argentina) from 1987 
June 19 to July 1, and with the 1.54-m telescope at the 
Bosque Alegre Station (Córdoba, Argentina) on 1987 July 
26. At the first site, a photon-counting system was used with 
a thermoelectrically cooled RCA 34031(A) PMT. A dry-ice 
cooled RCA 1P21 with pulse-counting electronics was used 
at the second. A total of 653 observations in both Β and V 
were included in our analysis and 16 new photoelectric times 
of minimum were calculated (Lapasset and Gómez 1988a). 
The following linear ephemeris was determined: 

Min 1= J.D.hel 2446972.82149+0.3516555 E. 

±0.00027± 0.0000027 (1) 

Unfortunately not enough data exist to conduct a meaningful 
period study and considering the precision of both period 
determinations (Gessner and Meinunger and Lapasset and 
Gómez) no variability can be asserted. 

AW Virginis (a= 13h27m32s;<5=03o02:5; 2000.0) was 
discovered by Hoffmeister (1935) and classified as a W UMa 
star by Jensch (1935). He derived 14 times of minimum light 
from the first photographic light curve. Whitney (1955) and 
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Fig. 1—(a), (b), and (c). BV light curves for HY Pavonis, AW Virginis, and 
BP Velorum. The differential magnitudes Δ V and Δ# are given in the sense 
variable minus comparison. 

Koch (1961) obtained additional times of minimum light and 
the first author derived an orbital period of 0.3539968 days. 

This eclipsing binary was observed with the 60-cm tele- 
scope of the David Dunlap Observatory at Las Campanas 
(Chile) from 1989 April 6 to April 17 and with the 2.15-m 
telescope at the Complejo Astronómico El Leoncito 
-CASLEO- (San Juan, Argentina) on 1989 March 30. An 
RCA 1P21 photomultiplier refrigerated by dry ice, and 
photon-counting system were used at Las Campanas Obser- 
vatory. The Vatican Observatory Photo-polarimeter 
VATPOL (Magalhaes et al. 1984), used in the photometer 
mode, along with two dry-ice cooled RCA 31034 Ga-As 
PMTs were employed at the CASLEO. A total of 608 
(BV) observations were obtained and from 17 times of mini- 
mum light the following ephemeris was calculated: 

Min 1=J.D.hel 2447269.82175 + 0.35399736 Ε 

±0.00012± 0.00000029 (2) 

(Lapasset and Gómez 1995). This ephemeris was used to 
phase observations in Fig. 1(b). According to the precision of 
the present ephemeris no variation in the orbital period of the 
system seems to have occurred since Whitney's determina- 
tion. However, additional times of minimum and a longer 
elapse of time are needed to confirm this preliminary result. 

BP Velorum (^=8^18^7^=-45^3:5, 2000.0) was 
identified as a W-UMa star by de Kort (1941). He obtained 
29 photographic times of minimum and derived a period of 
0.26498597 days for the system. The Popova and Kraicheva 
(1984) catalog lists BP Vel as a candidate member of the 
sparse cluster Cr 173 in the Vela sheet region (Eggen 1983). 

We observed BP Vel photoelectrically at the CASLEO 
from 1988 March 8 to March 12, and on 1989 March 30, and 
at Las Campanas Observatory on 1988 April 7. The instru- 
ments used at both observatories were the same as mentioned 
above. A total of 537 observations in each (BV) filter were 

obtained and 12 times of minimum were calculated (Lapas- 
set and Gómez 1988b). A linear least-squares fit of our data 
yielded the following ephemeris for the system 

Min I=J.D.hel 2447232.58031 + 0.265092 E. 

±0.00015 ±0.000026 (3) 

This ephemeris was used to compute the phases for the 
(BV) light curves in Fig. 1(c). Because of the shortness of 
the period and the elapse of time passed since de Kort's 
minima and our observations we find it difficult to join both 
sets of data without ambiguities. The times of the primary 
minimum for both ephemerides do not correspond to each 
other, consequently any period-variation analysis would be 
necessarily speculative. We prefer to postpone the period 
study until additional times of minima have been determined. 

In all cases, a standard UBV set of filters was used. The 
measurements were made differentially with respect to a 
comparison star. For HY Pav the comparison star is identi- 
fied as star 1 in the finding chart of Lapasset and Gomez 
(1988a). The comparison star for AW Vir is the closest star 
located to the SE in the finding chart of Hoffmeister (1935). 
Finally, for BP Vel the comparison is the closest faint star 
directly north of the variable in the finding chart of de Kort 
(1941). Nightly measurements of the check stars indicated 
that the comparison stars stayed constant throughout the ob- 
serving interval. The variable and comparison stars were sys- 
tematically observed several times during each night in U, 
though complete light curves were not obtained. All the ob- 
servations were corrected for first- and second-order differ- 
ential extinction applying standard techniques (Schulte and 
Crawford 1961). Since each comparison star was in close 
proximity with and of similar spectral type as their respective 
variable, the extinction corrections were small. 

Absolute photometry of the comparison stars was ob- 
tained during two nights (1988 April 9 and 19) at Las Cam- 
panas Observatory (see Table 2). Several UBV standard stars 
from the list of Landolt (1983) were observed to transform 
magnitudes and colors to the standard system. Colors for the 
variable stars at the quadratures were de-reddened by the 
standard interstellar extinction (Savage and Mathis 1979; 
Bessell and Brett 1988). The color-spectral type calibration 
for main-sequence stars of Schmidt-Kaler (1982) was used to 
assign spectral type to each system. 

Figures 1(a), 1(b), and 1(c) show the BV light curves for 
the three stars. The light curves are typical of contact bina- 

Table la 
Individual Observations of HY Pavonis0 

J.D.(hel) 
2440000.+ Phase Δν ΔΒ 
6965.8298 0.1178 -0.124 -0.026 
6965.8298 0.1178 -0.144 -0.029 
6965.8305 0.1198 -0.128 -0.031 
6965.8312 0.1217 -0.137 -0.074 
6965.8361 0.1356 -0.154 -0.058 

"Tables la, lb, 1c will be included in their entirety in Vol. 6 of the AAS 
CD-ROM Series. The first few lines of the Table la are presented here to 
show the form and content of these tables. 
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Table 2 
Photometric Data 

HY Pavonis AW Virginis BP Velorum 

Discovery 

P(days) 
No. oí BV Observations 
Spectral Type 

phase =0.00) 
^/(phase=0.25) 
^r(phase=0.50) 
^(phase^O.TS) 
B-V( 
B-V{ 
B — V{ 
B-V{ 
U-B(I 
U-Bl 

(phase=0.00) 
(phase =0.25) 
(phases 0.50) 
(phase=0.75) 

(pha&e~0,75) 
Y comp.star 
B-V ^ Y comp, 
^ ^comn 

Hoffmeister (1963) 

2446972.82149 
0.3516555 

653 
K1 

12.156±0.021 
11.434±0.009 
12.014± 0.024 
11.412±0.071 
0.903 ±0.029 
0.842± 0.024 
0.881±0.031 
0.854± 0.025 
0.654± 0.037 
0.699± 0.027 
11.716±0.022 
0.743 ±0.015 
0.196 ±0.024 

Hoffmeister (1935) 

2447269.82175 
0.35399736 

606 
GO 

11.631 ±0.038 
10.918±0.008 
11.611 ±0.020 
10.923 ±0.009 
0.749± 0.057 
0.685± 0.013 
0.724± 0.031 
0.681±0.013 
1.781 ±0.022 
1.790± 0.020 
9.519± 0.033 
0.544± 0.007 

-0.093 ±0.021 

de Kort (1941) 

2447232.58031 
0.265092 

537 
Kl 

13.403 ±0.026 
12.644± 0.010 
13.226± 0.023 
12.589± 0.010 
0.341 ±0.035 
0.274± 0.021 
0.308 ±0.032 
0.266± 0.017 
0.862± 0.035 
0.884± 0.025 
12.396± 0.028 
0.632±0.016 
0.136± 0.029 

ries exhibiting a continuous variation in the light throughout 
the orbital cycle and nearly equal depths in the primary and 
secondary minima. Tables la, lb, and 1c list individual BV 
observations for the variables. The extinction-corrected dif- 
ferential magnitudes Δ V and Δ 5 are given in the sense vari- 
able minus comparison. Table 2 summarizes the main pho- 
tometric characteristics of each system as well as previous 
data. 

3. PHOTOMETRIC ANALYSES 

We performed photometric analyses for the three binaries 
using the Wilson-Devinney code (Wilson and Devinney 
1971; Wilson 1979, 1990). All calculations were carried out 
in mode 3 (the contact mode). The analyzed light curves 
consisted of 59 (HY Pavonis), 61 (AW Virginis), and 67 (BP 
Velorum) normal points of uniform weight. Β and V light 
curves were treated simultaneously. Tables 3a, 3b, and 3c 
give the normals (for HY Pav, AW Vir, and BP Vel) in 
intensity. 

We obtained a grid of solutions for several different fixed 
values of the mass ratio. Fifteen solutions with fixed values 
of q between 0.4 and 3.0 were adjusted for HY Pav, 14 with 
q between 0.5 and 2.0 for AW Vir, and 18 with q between 
0.3 and 3.0 for BP Vel. The values of <?< 1 correspond to a 
transit at the primary minimum (A-type systems) and the 
values oí q>\ to an occultation (W-type systems). 

By varying inclinations and Δ Ts, we obtained preliminary 
fits which provided the parameters needed to initiate the dif- 
ferential corrections algorithm. Approximately 20 integra- 
tions were performed to obtain each solution. We were un- 
able to calculate the ¿?'s outside the range given above. 

The adjustable parameters for a given q were: the inclina- 
tion (i), the non-dimensional potential (íl^í^), the polar 
temperature of the secondary component (7^), and the rela- 
tive monochromatic luminosities (¿1ν, LlB). The non- 
adjustable parameters were: the polar temperature of the pri- 
mary component (7^), the gravity-darkening coefficients 

(^i^ ^2)' the bolometric albedos (A1=A2), the limb- 
darkening coefficients {Xxv=X2y, XxB = X2b)i an(i the mass 
ratio {q). Table 4 shows the adopted values for each star. 
The temperature of the primary component (7^) was fixed 
according to the U—B and B — V colors at the quadratures, 
corrected by interstellar reddening, using the calibration of 
Morton and Adams (1968). We estimate a photometric error 
in of ± 80 K. The limb-darkening coefficients (X) were 
determined from a linear cosine law using the atmospheric 
model of Van Hamme (1993) corresponding to a main- 
sequence star of solar composition and of the same tempera- 
ture as the primary component. For the gravity-darkening 
coefficients (g) and the bolometric albedos (A) we assumed 
standard values for contact binaries with common convective 
envelopes (Lucy 1976; Rucinski 1974). 

The plots of the goodness-of-fit parameter S{q), defined 
as the sum of the weighted squared residuals 
1S(^) = Swr2 = Xw(7obs-7th)2, vs q are shown in Fig. 2. The 
locations of the global minima in these plots allow us to 
define the photometric solutions that best model the observed 
light curves for each system. AW Vir shows a narrow mini- 
mum and the photometric solution is well determined. For 
HY Pav and BP Vel the goodness of the fits is almost inde- 
pendent of the assumed q over a wide range. 

Table 4 lists the adopted (unspotted) photometric solution 

Table 3a 
HY Pavonis Normal Points0 

Phase Iv IB 

0.0098 0.5059 0.4843 
0.0247 0.5323 0.5076 
0.0444 0.6029 0.5779 
0.0563 0.6500 0.6407 
0.0727 0.7111 0.6956 

^Tables 3a, 3b, 3c are presented in their complete form in Vol. 6 of the AAS 
CD-ROM Series. The first lines of the Table 3a are shown here regarding 
its form and content. The Tables 3b and 3c have similar forms and contents. 
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Table 4 
Photometric Solutions 

HY Pavonis AW Virignis BP Velorum 

unspotted spotted unspotted unspotted spotted 
solution solution solution solution solution 

q 2.125* 2.127 ±0.005 0.675* 1.900* 1.8778+0.0004 
i 80.46±0.14ο 80.49±0.13ο 82.98±0.09ο 81.60±0.24ο 82.08±0.13ο 
Τγ 5000οΚα 5000οΚα 6000oKö 5000οΚα 5000οΚα 

T2 4726±50K 4739 ±4''Κ 5980±5οΚ 4705±7οΚ 4717±40Κ 
5.390±0.008 5.384±0.006 3.207±0.003 5.047±0.006 4.998±0.007 

6.3±0.8% 7.8±0.6% 2.1±0.3% 10.5±0.6% 14.0±0.7% ηϊη-ίΐ F=—   
in ^ out 

8^82 032a 032a 032a 032a 032a 

A1=A2 0.50a 0.50Ω 0.50a 0.50a 0.50a 

0.721a 0.721a 0.573a 0.712a 0.712a 

Xib = X2b 0.866a 0.866a 0.709a 0.866a 0.866a 

Li m 0.405 0.401 0.584 0.440 0.439 
(L1 + L2) } 

1 0.413 0.409 0.585 0.449 0.448 

rapóle) 0.298 0.299 0.391 0.309 0.312 
reside) 0.312 0.312 0.414 0.324 0.327 
r! (back) 0.346 0.348 0.446 0.360 0.364 
r2(pole) 0.422 0.423 0.332 0.415 0.416 
r 2 (side) 0.450 0.451 0.348 0.442 0.443 
r 2 (back) 0.479 0.470 0.383 0.472 0.474 

Note: aNot adjusted. 

for each system corresponding to the q's that produce the 
best fits to the data (the minima in Fig. 2). For AW Vir the 
residuals were small and, in general, randomly distributed. In 
the final iterations we also adjusted the ' ' and the solution 
quickly converged to the one showed in Table 4. For HY Pav 
and BP Vel the theoretical light curves did not fit satisfacto- 
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Fig. 2— Goodness-of-fit parameter [S{q) = X wr2 = X w(/obs -/^)2] vs. 
the mass ratio {q = m2/mi) for the three contact binaries of 
Figs. 1(a)-(c). 

rily the normal points and the residuals turned out to be 
systematically negative around phase 0.25 and systematically 
positive around phase 0.75. Both light curves show differ- 
ences in magnitude between the maxima of —0.004 mag and 
—0.05 mag in Β and V, respectively. We tried to obtain a 
better fit by means of cool spots on the stellar surfaces. The 
spot regions were placed at the equators of the largest com- 
ponents while the other stop parameters (longitude, angular 
radius, and temperature factor) were adjusted with the 
Wilson-Devinney code to reproduce the observed asymme- 
tries in the light curves. Once the spotted parameters were 
determined we re-adjusted the original subset (/, Ω, Γ2, and 
Li) including in these final runs the 'V as an adjustable 
parameter. In both cases a single cool spot satisfactorily im- 
proved the fitting of the observations. Other spot parameter 
combinations produced slightly better or similar fits; how- 
ever we chose the simplest possible spot configuration. Mac- 
eroni et al. (1990) and Maceroni and van't Veer (1993) cau- 
tioned about the uniqueness and the reliability of the spotted 
solutions. The introduction of each spot adds four more free 
parameters to be adjusted and makes more difficult to assert 
the uniqueness of the solution. Table 4 lists the final spotted 
solutions and Table 5 the spot parameters. Figure 3 shows 
the residuals corresponding to the spotted solutions for HY 
Pav and BP Vel and to the unspotted solution for AW Vir. 
Figure 4 displays the normal points in intensity along with 
the synthetic light-curve solutions (spotted for HY Pav and 
BP Vel, unspotted for AW Vir) listed in Table 4. 
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Location 
Colatitude 
Longitude 

Spot Radium 
Temperature Factor 

Note: aNot adjusted. 

Table 5 
Starspot Parameters 

HY Pavonis 

Secondary 
90oa 

128.6±0.2o 

10±2.5o 

0.92±0.01 

BP Velorum 

Secondary 
90oa 

99.8±0.1Ö 

14.7±3.0ο 

0.76±0.09 
0.0 0.5 

Phase 
0.0 0.5 

Phase 

4. SUMMARY 

The photometric observations reported in this paper rep- 
resent the first well-covered Β, V light curves for three sys- 
tems studied. However multi-band light-curve analyses 
would be desirable to better constrain the solutions. The pa- 
rameters obtained from the light-curve synthetic analyses can 
be used to infer some physical properties. The three variables 
show the typical characteristics of W UMa binaries: marginal 
contact configurations (F^ 10%) and small difference of 
temperatures between the components (ΔΓ ^ 300 Κ for Η Y 
Pav and BP Vel and near equal component temperatures for 
AW Vir). For HY Pav and BP Vel, the goodness-of-fit pa- 
rameters indicate W-type configurations but the q's are not 
precisely determined. This might be due to the asymmetries 
present in both light curves. The best solution for AW Vir- 
ginis formally corresponds to an A-type configuration (the 
more massive component eclipsed at the primary minimum) 
and its mass ratio appears to be well determined by the pho- 
tometric analysis carried out. However, radial-velocity 
curves are needed to confirm all the q's. 

Rucinski's (1985a,b, 1993) reviews of the observational 
properties of W UMa binaries emphasized the existence of 
some statistical differences between the A and W sub-types 
even when the nature of such division is still controversial. 
The A-type systems tend to have orbital periods ^ 0.35 days 
and spectral types A-F whereas the W-type systems have 

0 0.5 1 
Phase 

0.0 0.5 
Phase 

Fig. 3—The (/0bs~Ah) residuals for the simultaneous BV solutions of Table 
4 for HY Pavonis, AW Virginis, and BP Velorum. The left panels show the 
residuals for the V light curves and the right panels for the Β light curves. 

Fig. A—The normal points in intensity for HY Pavonis, AW Virginis, and 
BP Velorum. The solid lines are the synthetic light-curve solutions corre- 
sponding to the parameters listed in Table 4. For HY Pavonis and BP 
Velorum we adopted the spotted solutions. 

values of periods ^ 0.35 days and spectral types G-K. Cor- 
responding to this, both subtypes are segregated in the 
period-color diagram (cf. Eggen 1967; Rucinski 1993). The 
transition occurs around {B — V) ~ 0.5 and Ρ ~ 0.35 days. In 
general A-type systems have <7^0.4 and W-type systems 
show a larger dispersion of values but the statistical mean is 
around 2. Both subgroups show modest or low degree of 
contact. However there seems to exist a slight indication that 
the A-type systems have larger degree of contact {F 
^15%) than the W-type systems (F^ 15%). 

HY Pav and BP Vel show the typical values of q and F 
for W types systems. The asymmetries in the light curves are 
also common features that have frequently been interpreted 
as enhanced solar magnetic activity (Mullan 1975; Rucinski 
1992). In the present study, the fittings of the light curves 
were improved by introducing cool spots on the surfaces of 
the more massive components. AW Vir, on the other hand, 
has some parameters that differ from the mean values for the 
A-type systems. Its spectral type roughly corresponds to the 
limit between the A and the W types. The mass ratio is larger 
and the degree of contact is smaller than the statistical means 
and in fact closer to W-type values than to A-type. However, 
there are other previously known A-type systems S Ant {q 
=0.59; F=9%, Russo et al. 1982) AU Ser (^=0.80; F=7%, 
Kaluzny 1986), and XZ Leo (^=0.73; F=7%, Niarchos et al. 
1994) with similar characteristics. We notice that AW Vir 
has minima of very similar depth. The scarce difference of 
temperatures between the components (see Table 4) makes it 
difficult to determine if the minimum at phase 0 corresponds 
to the transit (A-type systems) or the occultation (W-type 
systems). Therefore we are unable to assess unambiguously 
the W UMa subtype of this binary. 

There are several ways of estimating values of masses, 
radii, and luminosities for the W UMa stars using the photo- 
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metric solutions (Mochnacki 1981; Maceroni et al. 1985). 
We prefer however to postpone these determinations until 
the spectroscopic data be available. In particular precise de- 
terminations of the g's are necessary to accurately deduce the 
absolute elements and the evolutionary status. 

As mentioned in Sec. 2, BP Vel lies in the field of the 
open cluster Collinder 173. Eggen (1983) estimates age of 
4.48X107 years and a distance modulus of 8.25±0.25 mag 
for this cluster. The K-type W UMa stars, similar to BP Vel, 
listed by Maceroni and van't Veer (1995) have a mean lumi- 
nosity of ~ 0.75Lo · The distance modulus for the system 
would then be ~ 7.5 mag. In principle, this value rules out 
BP Vel as a Cr 173 member though radial-velocity measure- 
ments are required to confirm this suggestion. 

We are grateful to the staffs of the CASLEO, Las Cam- 
panas, and the Bosque Alegre observatories for their assis- 
tance during the data acquisition. We thank Dr. R.E. Wilson 
for providing the 1993 version of the Wilson-Devinney code 
and Dr. W. Van Hamme for sending us his (1993) limb- 
darkening coefficients tables. We are also grateful to an 
anonymous referee for many comments and suggestions that 
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