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ABSTRACT. We present UBV photoelectric observations of the W UMa star BF Pav obtained between 
1987 and 1993. A time-of-minimum study allows detection of a likely period increase of about 0.015 s yr_1. 
The Wilson-Devinney code is employed to simultaneously model the Β and V light curves for several fixed 
values of the mass ratio q. From the quality-of-fit of the different solutions an approximate value of 
g = 1.4 ± 0.2 is derived. Absolute values of masses, dimensions, and luminosities are estimated by means of 
standard mass-luminosity relations for main-sequence stars. The detected period variation determines a 
lower limit of 5X10-7 M© yr-1 for the rate of mass transfer from the less-massive to the more-massive 
component. We speculate that BF Pav has recently become in contact and is now in a rapid phase of mass 
transfer. 

1. INTRODUCTION 

During the last two decades many authors have devoted 
their observational and theoretical efforts to the understand- 
ing of the W UMa contact binaries (cf. Rucinski 1993). 
However, many aspects (origin and final evolution, mass- 
transfer processes, angular-momentum loss, and probable 
stages of broken contact) remain uncertain. One way to con- 
tribute to a better interpretation of these puzzling interacting 
binaries is to obtain good quality parameters of as many 
systems as possible. Statistical analysis of their properties 
can provide important insights into their interpretation. In 
this paper we analyze the southern eclipsing binary BF Pavo- 
nis, and derive the photometric elements as well as absolute 
parameters in an effort to provide reliable information of a 
new W UMa, and enlarge the list of well-studied systems. 

The variability of BF Pavonis (a2ooo=l^h45m36s, 
^000=-59^8:7) was announced by Shapley et al. (1939). 
They classified this star as a W UMa-type eclipsing binary. 
Hoffman (1981) obtained the first photoelectric light curve 
showing very deep minima (Δ V~0.9 mag). This author also 
determined a period of 0.3056 days and derived some pre- 
liminary photometric parameters using a classical light-curve 
analysis technique. However, Hoffman's data do not cover 
the complete orbital period, and the density of the observa- 
tions is scarce to carry out a meaningful photometric analy- 
sis. 

We included BF Pavonis in our observational program of 
southern short-period eclipsing binaries to obtain new and 
complete light curves. In Sec. 2 we present the observations, 
accurate times of minima, and a period study. In Sec. 3 we 
describe a detailed photometric analysis using the Wilson 
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and Devinney (1971) code and a procedure to estimate 
masses, radii, and luminosities for both components from 
pure photometric solutions. We also calculated a lower limit 
of the mass-transfer rate from the detected period variation 
and the system configuration. In Sec. 4 we summarize the 
results and main conclusions about BF Pavonis. 

2. OBSERVATIONS AND PERIOD STUDY 

2.1 Observed Light Curves 

BF Pav was observed photoelectrically, in the UBV sys- 
tem, for several years. Our observations were carried out at 
the Complejo Astronómico El Leoncito with the 2.15-m re- 
flector and photopolarimeter VATPOL (Magalhaes et al. 
1984), at Las Campanas Station of the D. Dunlap Observa- 
tory, with the 60-cm telescope and a conventional RCA 1P21 
photomultiplier, and at the Bosque Alegre Station of Cor- 
doba Observatory with the 1.54-m telescope and a similar 
photometer. These observations total 40 hours distributed 
over the interval 1987 May-1993 August. 

A total of 118 U, 808 Β, and 768 V differential measure- 
ments with respect to the comparison star CPD — 59o7350 
=CoD -5906948 were obtained. We corrected these obser- 
vations for extinction using mean coefficients for each 
observing site. Differential magnitudes in the sense variable- 
minus-comparison were calculated by linear interpolation of 
the comparison in time. Standard stars from Cousins (1974) 
and Landolt's (1983) lists allowed the transformation to the 
UBV system: CoD -5906948 (7=10.771, B-V=1.170, 
U—Β = 1.080) and BF Pav at maximum (7=12.061, B — V 
=0.847, U—Β =0.413). Table I4 contains individual U,B,V 
observations. 

Unreddened colors for BF Pav were obtained following 
standard reddening lines in the Color-Color diagram up to 

^Table 1, containing Heliocentric Julian Dates and Δϋ,ΔΒ,ΔΥ magnitudes, 
is presented in the AAS CD-ROM Series, Volume 6, 1996. 
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the main sequence of Schmidt-Kaler (1982). The obtained 
values were: (/?-\O0=0.753 and (i7-5)0=0.345 corre- 
sponding to a G8 spectral type. 

2.2 £phemeris 

The present observations cover six primary minima and 
seven secondary ones. Times of minimum light were deter- 
mined using the bisection-of-chords procedure. The probable 
error of each measurement was about 3-6X10~4 days. The 
corresponding epochs were accurately identified and Table 2 
lists our minima along with the minimum published by Hoff- 
mann (1981). 

A least-squares linear fit through our times of minimum 
yields this ephemeris: 

Min 1= HJD 244 805 6.9007+ 0.302 318 64 Ε 

±0.0002± 0.000 000 07. (1) 

The residual (O—C) deduced from this equation are plotted 
in Fig. 1. They are nonrandomly distributed. In fact, a 
change in the slope of the point distribution is clearly notice- 
able, and this suggests a likely period variation. A second- 
order least-squares solution for all the available minima (see 
Table 1) results in the following quadratic ephemeris: 

Min 1= HJD 244 805 6.9003 + 0.302 318 57E+6.7X 10-1¾2 

π—ι—ι—ι—ι—^—r 

!:0.0002± 0.000 000 05 ±0.5. (2) 

This equation corresponds to a mean rate of period variation 
of 

Table 2 
Times of Minima  

Epoch Color HJD-2440000 O-C 
(days) 

-11968.0 
-3705.0 
-3705.0 
-3705.0 
-2636.5 
-2636.5 
-2636.5 
-2276.5 
-2276.5 
-2276.5 

-0.5 
-0.5 
0.0 
0.0 
3.0 
3.0 
6.5 
6.5 

3724.0 
3724.0 
3730.5 
3730.5 
3839.0 
3839.0 
3839.5 
3839.5 
3842.5 
3842.5 
3846.0 
3846.0 

B,V 
V 
Β 
U 
V 
Β 
U 
V 
Β 
U 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 
V 
Β 

4438.7611a 

6936.8122 
6936.8122 
6936.8124 
7259.8378 
7259.8384 
7259.8385 
7368.6714 
7368.6715 
7368.6717 
8056.7481 
8056.7481 
8056.9003 
8056.9002 
8057.8069 
8057.8068 
8058.8656 
8058.8650 
9182.7352 
9182.7354 
9184.7003 
9184.7000 
9217.5023 
9217.5024 
9217.6538 
9217.6543 
9218.5612 
9218.5604 
9219.6182 
9219.6184 

0.0097 
0.0020 
0.0020 
0.0022 
0.0002 
0.0007 
0.0008 

-0.0010 
-0.0009 
-0.0007 
-0.0015 
-0.0015 
-0.0004 
-0.0005 
-0.0008 
-0.0009 
-0.0002 
-0.0008 
-0.0001 
0.0001 

-0.0001 
-0.0004 
0.0003 
0.0004 
0.0007 
0.0012 
0.0011 
0.0003 
0.0000 
0.0002 
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Fig. 1—O—C diagram for all the available minima of BF Pav. Solid line 
represents the parabolic ephemeris (Eq. 2). 

/>=(1.34± 0.10)10-10 days/cycle 

= ( I4.0± 1,0) 10 3 s/year. 

We warn, however, that this preliminary period increase will 
have to be confirmed by future follow-up of this contact 
binary. 

3. LIGHT-CURVE ANALYSIS 

3.1 Synthetic Light Curves 

We applied Eq. (2) to calculate phases for light and color 
curves (see Fig. 2). They show the typical characteristics of 
the W UMa contact binaries with minima of similar depths. 
We derived 78 normal points from the individual Β and V 
measurements. The U observations were not included in the 
light-curve analysis because the data were insufficient to 
cover the orbital cycle well. 

The Β V light curves were analyzed simultaneously using 
the Wilson and Devinney (1971) code in mode 3 (the contact 
mode). Different sets of basic parameter values were selected 
to start the computations. Particularly, ten values of the 
mass-ratio q were tried in the range q=0.5-2.0. The remain- 
ing parameters were chosen to obtain acceptable first-order 
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Fig. 2—UBV light curves of BF Pav. 
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Table 3 
Photometric Solutions 

T2(K) i (η Ω Liv LiB 

0.5 
0.75 
1.0 
1.2 
1.3 
1.4 
1.5 
1.6 
1.8 
2.0 

5450 
5379 
5355 
5343 
5338 
5328 
5321 
5310 
5286 
5255 

90.0 
84.7 
83.8 
84.0 
84.4 
84.8 
85.2 
85.8 
90.0 
90.0 

2.804 
3.279 
3.695 
4.010 
4.172 
4.320 
4.470 
4.605 
4.910 
5.160 

0.240 
0.120 
0.101 
0.104 
0.091 
0.097 
0.097 
0.119 
0.095 
0.153 

0.650 
0.577 
0.517 
0.478 
0.461 
0.446 
0.433 
0.421 
0.400 
0.385 

0.645 
0.580 
0.522 
0.484 
0.467 
0.452 
0.439 
0.428 
0.408 
0.396 

0.704 
0.225 
0.195 
0.176 
0.171 
0.168 
0.166 
0.170 
0.280 
0.521 

approximations to the observed light curves. These prelimi- 
nary solutions were determined by means of the synthetic 
light-curve program, and taken as starting solutions of the 
iterative process of the differential-corrections program. The 
adjusted parameters were: i (orbital inclination), Ω (modified 
gravitational potential), Τ2 (polar temperature of the second- 
ary component), and L\,Lf (relative luminosities of the pri- 
mary component in V and Β passbands). 

The intrinsic color (B — y)0 was used to estimate the tem- 
perature of the primary component using Hauck's (1985) 
calibration, obtaining 7^=5430 K. The limb-darkening coef- 
ficients {x\=x\=Q.6<&1 , xf = xf = 0.825) were derived from 
Carbon and Gingerich's (1969) grid model atmospheres. Ru- 
cinskfs (1974) bolometric albedos (A1=A2 = 0.5) and 
Lucy's (1976) gravity-darkening exponents (gl = g2 = 032) 
for convective envelopes were adopted. All these parameters 
were not adjusted. 

The mass-ratio q was not treated as an adjustable param- 
eter. Instead, we derived one solution for every fixed value of 
q. The ten resulting solutions are shown in Table 3. Param- 
eter c is the degree of contact defined as c = {il 
-1^)/(11^-1¾ where Ω/ and are the values of the 
gravitational potential at the inner and outer critical enve- 
lopes, respectively. 

3.2 The Final Solution 

The goodness of fitting is described by the parameter 
S = 2vv(Fobs—Fcal)

2, where w are the weights of the normal 
points and Fobs and Fcal are the observed and calculated rela- 
tive fluxes, respectively. The S \s q plot (Fig. 3) shows a fiat 
minimum between q = \.2 and ¿7 = 1.6. 

We adopted as a final solution the one corresponding to 
¿7 = 1.4 (with a reasonable error of 0.2). This solution is pre- 
sented in Table 4; the error for each adjustable parameter 
was assigned considering the range given by solutions ^ = 1.2 
and ¿? = 1.6. The synthetic light curves of the adopted solu- 
tion are plotted in Fig. 4 along with the normal points. 

The obtained photometric solution corresponds to a W 
UMa system of W-type (the less massive component being 
the hotter one). In spite of the high orbital inclination, total 
eclipses are not reached. The system has a shallow contact 
(—10%) and the mass ratio is very close to the unity. The 
mean value of q for the W-type systems is around 2.0. 

Apart from the usual photometric parameters, in Table 4 
we include the mean densities of the components calculated 
from 
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Fig. 3—Dependence of the quality-of-fit parameter S on the mass-ratio q. 

(ρ)ι=Ρο ^1(1+^)]. (p)2=Po?/[f2(l+^)1- (3) 

where ρ0 = (2π/Ρ) IG and υ^ν^,α) is the volume of 
component i in units of a3, G is the gravitational constant, 
and a is the orbital semiaxis. 

Table 4 
Adopted Photometric Solution 

V(K) 
T2 (K) 

A2
3 

9I = g2s 

Xi = x2 (V)9 

Xl = X2 (B) â 

Liv 

LiB 

FVa (Polar) 
FVa (Side) 
FVa (Back) 
FVa (Volume) 
FVa (Polar) 
FVa (Side) 
FVa (Back) 
FVa (Volume) 

<p>i (g/cm3) 
<p>2 (g/cm3) 
<P>i+2 (g/cm3) 

1.4 ±0.2 

5430 
5330 ± 20 

0.50 
0.32 
0.687 
0.825 

84°.8 ± Γ.0 

0.10 ± 0.01 

0.445 ± 0.030 
0.450 ± 0.030 

0.334 ± 0.015 
0.350 ± 0.015 
0.386 ± 0.015 
0.355 ± 0.015 
0.390 ± 0.015 
0.412 ± 0.015 
0.445 ± 0.015 
0.414 ± 0.015 

1.93 ± 0.05 
1.70 ± 0.05 
1.79 ± 0.03 

3Non adjustable parameter 
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Table 5 
Absolute Stellar Parameters 

ΖAMS TAMS 

M^Mq) 0.79 ±0.10 0.60 ±0.07 
0.9 Μ2(Μθ) 1.11 ±0.04 0.83 ±0.06 

L, (L®) 0.55 ±0.11 0.46 ±0.09 
ΔΒ ί2(ίΘ) 0.70 ±0.12 0.58 ±0.11 

3(Πθ) 2.35 ±0.04 2.13 ±0.05 
14 Ri (R®) 0.83 ±0.04 0.76 ±0.04 

R2(Rq) 0.97 ± 0.02 0.88 ±0.03 

1.9 

Phase 

Fig. 4—Normal points of the observed light curves and synthetic light 
curves for the adopted photometric solution. 

3.3 Absolute Stellar Parameters 

To derive absolute parameters, it is necessary to comple- 
ment the photometric observations with radial-velocity 
curves. Unfortunately, spectroscopic data are not available. 
However, an observational value of the quantity LM~m, 
where L and M are the total luminosity and the mass of the 
system, can be derived from the photometric analysis. This 
expression allows estimations for masses, radii, and lumi- 
nosities of the components. 

The total luminosity of the system is 

L=S^T\+ 82σΊ4
2 =(T}S¡/α2+7¾ /α Va2, (4) 

where Sí and S2 are the stellar surfaces and σ is the Stefan- 
Boltzmann constant. Using Kepler's third law for the orbital 
semiaxis a, we obtain 

L=iG/4Ti2)2/3a(T4
1Si /a2 (5) 

L=KMm,(6) 

1.0 

β 0.5 

0.0 

-0.5 
0.0 0.2 0.4 0.6 

log Μ/Μθ 

Fig. 5—Total mass-total luminosity diagram for the system BF Pav. M-L 
relation corresponding to zero-age and terminal-age main-sequence compo- 
nents are indicated. The broken line corresponds to the observed M-L 
relation and dotted lines represent the uncertainty due to the error of Τ, 
(±200 Κ). 

where K=K{Rila,Tl,P) is derived from the photometric 
data. 

Theoretic values of L can be derived for each value of M 
using a stellar model for main-sequence stars and the esti- 
mated mass ratio. The luminosity radiated from each compo- 
nent is certainly affected by the physical contact. However, 
the amount of energy generated depends on the stellar-core 
structure, and this is not strongly affected by the thermal 
contact which takes place at the outer layers of the stars. We 
can assume that the luminosity produced by each component 
equals that of a main-sequence star of the same mass and 
evolutionary status. Considering that the individual core lu- 
minosities of the components are not obtained from the ob- 
servations, we compute their sum, which should be equal to 
the total luminosity radiated from the system. We employed 
the mass-luminosity relation of VandenBerg's (1985) grid 
models for main-sequence stars with solar abundances (T 
= 0.25,2=0.0169). Thus, the theoretic L{M) function was 
computed as 

L=LX +L2=Lth[M/( 1 + ¢)] + L^Mqti 1 + <?)], (7) 

where Lth denote the VandenBerg's mass-luminosity rela- 
tion. Figure 5 shows the computed L{M) function for the 
cases in which the components are both zero-age main- 
sequence stars or terminal main-sequence stars. The observa- 
tional relation L = KMm is also shown in Fig. 5. The inter- 
section of this line with the computed luminosities 
corresponding to the initial and terminal main-sequence 
stars, constrains the possible values of M and L for the sys- 
tem (heavy line). For these limits, values for all the funda- 
mental parameters were obtained in absolute units. They are 
listed in Table 5; the quoted errors include the uncertainties 
on M and L due to the errors of the adopted photometric 
solution and the estimated error on Γ7^2 = ±200 K). 

3.4 Mass-Transfer Rate 

We present in this section a physical interpretation of the 
detected period variation. The total angular momentum J of 
a binary system rotating synchronously and uniformly is 

β=Ο2Μ50?ΡΙ2τΓ, (8) 

where G is the gravitational constant, M is the total mass, Ρ 
is the orbital period, and ß is a dimensionless function de- 
pending on the system configuration Q = q/{1+ q)2 

+ k]ry(l + q) + klrlq/(\+q); rl and r2 are the relative 
radii of the components and k^i and /^2 the radii of gyra- 
tion (Motz 1952). We adopt ^ = ^ = 0.1 which is the typical 
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value for low-mass main-sequence stars (Webbink 1976). Q 
has a maximum near q= \. 

The temporal derivative of Eq. (8) leads to 

P/P+3Q/Q+5M/M=3j/J. (9) 

If there is no mass loss from the system (M = 0) and consid- 
ering that the total angular momentum never increases 
(/^0), we obtain the following expression: 

P/P+3Ö/ß^0. (10) 

Consequently, a secular increase of the period indicates 
that mass transfer occurs from the less massive to the more 
massive component. Mass-ratio q tends to be more extreme 
{Q diminishes when q moves away from q=l). Note that a 
decrease of Ρ does not imply necessarily mass transfer. From 
the derivative Ρ obtained in Sec. 2.2, a lower limit of the 
mass-transfer rate was derived: 

|Λ/ι/Μ1|>(7.2±0.5)Χ 10-7 yr-1 (11) 

which corresponds to a time scale of \M¡/Mt\
_ 1 =sl.4X 106 

yr. This estimate of the mass-transfer rate depends on our 
interpretation of the O—C diagram (Fig. 1). 

4. SUMMARY AND CONCLUSIONS 

Even though the photometric analysis of Β F Pav cannot 
be supplemented by spectroscopic data, some interesting 
characteristics of this star are deduced from the present 
study. The photometric solution adopted (see Table 4) shows 
that BF Pav has a mass ratio of 1.4 ±0.2, a shallow degree of 
physical contact (—10%), and an efficient thermal contact 
between the components (ΔΓ~100 Κ). The photometric 
mass ratio can be considered as highly confident within the 
adopted range of errors. Only by radial-velocity measure- 
ments of both components could this value be confirmed. 
But several tests have proved that the photometric and spec- 
troscopic q are very similar on a high percentage of contact 
binaries (Lapasset et al. 1992; Maceroni and van't Veer 
1995). BF Pav possess a mass ratio too close to unity as 
compared to the mean for W-type W UMa stars. Only 11 out 
of 48 W types listed by Maceroni and van't Veer (1995) 
possess <1.6. Absolute values of masses, dimensions, and 
luminosities were estimated by means of standard mass- 
luminosity relations for main-sequence stars. The uncertain- 
ties on the derived parameters are relatively small as can be 
seen in Table 5. These parameters, however, depend on the 
adopted stellar model, particularly on the choice of chemical 
composition. The likely variation of the period allowed to 
determine that a mass transfer of at less 5X10~7 Mö yr-1 

from the hotter less massive component to the more massive 
one is occurring. 

How old are W UMa stars and how long have they been 
in contact are two main puzzling subjects concerning this 
type of binary. The mean densities and the luminosities of 
main-sequence stars are considered to be reliable indicators 
of stellar evolution. However, in thermally coupled contact 
binaries, the radii and the temperatures of the components 
(and therefore the individual mean densities "and luminosi- 

ties) are substantially modified by the effects of energy trans- 
fer. Moreover, the nuclear evolution may not have occurred 
as would have happened to stars of the present masses. In 
particular, the evolutionary status of both components may 
not correspond to the same isochrone. For this reason, it is 
difficult to infer the evolutionary status of the components 
from a direct comparison of the observed stellar parameters 
with those of single main-sequence stars. 

Concerning the contact age of W UMas and according to 
current scenarios (Webbink 1985; Guinan and Bradstreet 
1988; Vilhu 1992; Rucinski 1993), most late-type contact 
binaries are the resulting products of short-period detached 
systems driven into contact by angular-momentum loss in a 
magnetic wind. When in contact, mass transfer between the 
components proceeds fast until a more stable configuration is 
attained. This stability must be around g =2.0 for W-type W 
UMa stars where most of them are found. With a mass ratio 
of L4±0.2, BF Pav is probably at an initial stage of contact 
and in a rapid phase of mass transfer. This also agrees with 
the detected period variation mentioned above. 

We thank the Directors and the staffs of Las Campanas 
and Complejo Astronómico El Leoncito Observatories for 
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partially supported by the CONICET and the CONICOR of 
Argentina. 
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