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Abstract. The semi-detached eclipsing binary system BP Muscae has been analysed using the Wilson-Devinney program.
Light curves have been obtained in the GENEVA 7-colour photometric system, and radial velocity curves for both components
have been measured with the spectrograph CoraLIE. The physical and orbital parameters have been determined through a self-
consistent simultaneous solution of light curves in seven colours and of the radial velocity curves of both components. The
absolute elements of the components are, for the primary (mass gainer), M; = 2.40 + 0.01 Mo, R; = 2.64 = 0.01 Ro, Mpoi, =
0.66 + 0.04, Ter, = 9180 + 90 K, and for the secondary (mass loser), M, = 0.68 + 0.01 My, R, = 3.76 Ro, Mpo1, = 2.40 = 0.08,
Tewr, = 5160 £ 90 K. The semi-major axis A of the relative orbit is 13.617 £ 0.019 R,. The spectral type of the components are
A0.5/1.5 V (primary) and about G5 III. The distance to BP Mus is evaluated as 562 + 17 pc, and the colour excess E[B2-V1] as

0.220 +£ 0.014.
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1. Introduction

BP Muscae (CD —71°884, CPD -71°1392) is a semi-detached
eclipsing binary of period P = 3.320 days, with an evolved
secondary component. The total primary eclipse is 2.75 mag
deep in the V band. The variability of BP Mus was discov-
ered by Hoffmeister (1943), who derived a first estimate of the
period and established an Algol type light curve. The system
was monitored in UBV photometry by Kviz (1986), who made
a raw estimate of the spectral types of the components from
the colours, A5 V and K2 III. This classification is not com-
pletely confirmed by the detailed analysis made in this paper,
which gives A0.5/1.5 V for the primary and about G5 III for
the secondary.

Very little is known about BP Mus. In particular, no com-
plete light or radial velocity curves have been published yet.
For that reason, this star was measured intensively in the
7-colour GENEva photometric system (Golay 1980; Rufener
1988) using the 0.70 m Swiss telescope at La Silla (European
Southern Observatory, Chile) equipped with the two-channel
aperture photometer P7 (Burnet & Rufener 1979). Moreover,
the radial velocity curve of both components has been
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determined with the spectrovelocimeter CoraLIE installed on
the 1.20 m Swiss telescope at La Silla.

In this paper, the physical parameters of the two compo-
nents of this eclipsing system will be determined from the si-
multaneous analysis of the light and radial velocity curves.

2. Period

The orbital period listed in the GCVS (Kholopov 1985), P =
3.32058 days, is the value derived by Hoffmeister (1943) in
1936-1938. A slightly shorter value, 3.32046 d, was obtained
by Kviz (1986) in 1978-1979. On the basis of this too lim-
ited number of determinations, it was not possible to make an
extensive analysis of possible variation of the orbital period. A
new and independant determination of the ephemeris was made
on the basis of our photometric survey. From 1984 to 1991, no
significant variation of the period was noted, and the adopted
ephemeris is :

HIDMin1I) = (2446415.1700 + 0.0010)
+(3.3204949 + 0.0000040) X E.

ey

The uncertainty on the period corresponds to an error of 0.001
in phase over the 2707 days of the surveys (815-P).

The comparison of these values with those resulting from
the calculation of the orbital motion (see Table 4 and Fig. 1 in
Sect. 5) shows a difference A¢p = 0.00671 in phase between
the center of the primary eclipse (photometry) and the passage
at the systemic velocity, when the velocity of the secondary is
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Table 2. The seven mean GENEva apparent magnitudes of BP Mus, with the uncertainties. In parenthesis (column secondary) is given the value
of the uncertainties which ought to have resulted from a “normal” integration time of the measurements, i.e. 12 min (normal) instead of 6 min

(during the primary eclipse).
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Mag BP Mus A+B Secondary Primary
Observed Observed Calculated

U 11.302 £0.022 15930 +£0.210 (0.150) 11.317 £0.025
Bl 10.551 £0.016  14.983 +£0.062 (0.044) 10.570 £0.017
9.588 £ 0.012  13.562 £ 0.030 (0.021) 9.616 £ 0.013

B2 11.002 £0.013  14.638 £ 0.052 (0.037) 11.041 £0.015
Vi 10.861 £ 0.009  13.695 +0.044 (0.031) 10.944 £0.013
\%4 10.140 £ 0.008  12.908 + 0.009  (0.006)  10.228 + 0.009
G 11.238 £0.011  13.780 £0.034 (0.024) 11.348 +£0.016

increasing (radial velocity). This difference can be easily ex-
plained by a small variation of the period between the two
epochs of our measurements (1984-1991 for the photometry,
1999 for the radial velocities).

3. Photometric data and variability
of the components

GENEVA 7-colour photometric measurements of BP Muscae
were obtained from Jan. 06, 1984 to Jun. 05, 1991, using the
Swiss 70 cm telescope at the European Southern Observatory
(ESO), La Silla, Chile. During this period, 373 measurements
of weight ¢ > 1 have been obtained (see Rufener 1988, for the
definition of the weight ¢g). These data are listed in Table 1.

The magnitudes in each of the seven filters are obtained
from the visual magnitude V and the six colour indices in the
following manner:

i=V-[V-B]+[i- B] (2)

with i representing one of the seven filters U, B, V, Bl, B2,
VI, G. It is possible to calculate the magnitude of the pri-
mary (mass gainer) by subtracting the flux of the secondary
(mass loser), at the bottom of the total primary eclipse, from
the flux of the both components measured together (outside
the eclipses). This calculation has been made for each of the
7 GENEVA magnitudes and the results are given in Table 2, with
the uncertainties.

It is interesting to compare the observed uncertainties with
the mean precision of the measurements made in GENEvA pho-
tometry. Rufener (1988, Fig. 2) has shown the shape of the
mean relation oy vs. V obtained for the non-variable stars, in
particular the progressive increase of oy with increasing V/, for
stars fainter than V =~ 9.

From the values in Table 2 and the relation given by
Barblan et al. (1998, Fig. 2), it appears that the uncertainties
on the measurements of BP Mus are in agreement with the
expected precision of the measurements, with only one ex-
ception: the dispersion of the measurements in the band U is
rather large, by a factor 1.5, outside the eclipses, (i.e. in the
case BP Mus A+B, see Table 2), and thus affects primary val-
ues, t0o. This could be due to a variable disk around the mass
gainer.

4. Classification of the components
and interstellar extinction

A photometric classification of the components of BP Mus can
be obtained by using the general properties of the GENEVA pho-
tometric system. The same method has been applied to the anal-
ysis of two other eclipsing systems, RZ Eridani (Burki et al.
1992) and TZ Eridani (Barblan et al. 1998). Our analysis is
based on the technique of the photometric boxes (Golay et al.
1969; Nicolet 1981a), in which it is assumed that the stars that
have the same photometric reddening-free parameters as the
primary of BP Mus are intrinsically similar to it (twin stars).
These parameters, i.e. d, A and g (e.g. Golay 1980), have been
calculated from the magnitudes given in Table 2.

The entire GENEvA photometric database, which contains
roughly 48 000 stars, has been searched for stars very similar
to BP Mus A. With the value 0.015 mag for the radius of the
photometric box on the parameters d, A and g, 67 twin stars
have been found, of which 9 belong to open clusters having
well determined values of distance and interstellar reddening
by Nicolet (1981b). This is of course a necessary condition to
derive the photometric parameters of BP Mus A. These 9 twin
stars belong to NGC 2287, NGC 3532, NGC 6633, NGC 6281
(2 stars in each cluster) and NGC 7092.

From the mean intrinsic colours of these twin stars in open
clusters, we derive for the primary of BP Mus: [B2 - VI]y =
—0.123 + 0.012. According to the relations between spectral
types and intrinsic GENEVA colours or parameters by Hauck
(1994) and to the calibration of GENEva photometry based
on Kurucz’s atmosphere models by Kiinzli et al. (1997), a
first estimate of the parameters of the primary can be given:
A0.5/1.5 'V for the spectral type, 9180 + 90 K for the effective
temperature, logg = 4.14 + 0.10 for the mean surface gravity
(for a solar metallicity). On the other hand, the estimated colour
excessis E[B2 — V1] =0.220 + 0.014.

For the secondary, the intrinsic colours have been calcu-
lated by using the measured values (see Table 2) and the
colour excesses obtained for the primary. We derived in par-
ticular [B2 — VI]yp = 0.72 £ 0.11, an estimated spectral type
of G9/KO III (£2 subclasses) and an effective temperature of
4600 = 300 K. This estimate is imprecise, due to the faintness
of the secondary component. The values obtained by the analy-
sis of the eclipsing system are certainly better, i.e. 5157+ 23 K
and G5III (see Sect. 6).
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Table 3. Journal of the radial velocity observations of BP Mus. The
phases are computed by using the data given in Table 4.

HID Vit o (A) Vi+xo (B) phase
—2451200 [km s™!] [km s™!]

27.8039 -50.40 0.78 9322 3.03 0.3792
28.8642 25.54 0.72 -166.02 2.06 0.6986
29.7649 859 1.62 -44.24 275 0.9698
30.8363 -62.48 0.60 129.66 195 0.2925
31.7220 -036 1.71 -78.33  3.37 0.5592
32.8053 13.55 0.83 -123.65 2.51 0.8855
33.7291 -58.20 0.71 113.57 174 0.1637
34.8257 -2495 1.78 - - 0.4939
35.6369 27.70 1.25 -177.11 256 0.7382
35.8352 28.57 0.76 -169.89 197 0.7979
36.6392 -40.19 1.67 18.55 3.61 0.0401
36.8731 -50.02 0.89 85.55 230 0.1105
37.8934 -42.11  1.90 61.10 3.89 0.4178
38.6218 1648 098 -13946 259 0.6372
39.8249 - - -17.53 1.65 0.9995
40.8759 -62.27 0.73 125.65 2.53 0.3160
41.8355 11.74 094 -115.09 3.23 0.6050
42.8786 5.87  1.90 -91.54 425 09191
43.7764 -63.67 0.80 130.61 2.19 0.1895
43.8911 -62.77 241 139.24 595 0.2241
43.9069 -63.40 1.09 13442 345 0.2288
44.8794 -15.21 2.04 - - 05217
45.8530 24.02 090 -158.58 2.20 0.8149

5. Radial velocity curves

BP Mus was observed over a campaign of more than two weeks
(18 February—8 March 1999) with the CoraLIE high-resolution
fiber-fed echelle spectrograph (Queloz et al. 2001) mounted
on the Nasmyth focus on the 120cm Swiss telescope at La
Silla (ESO, Chile). CorALIE reaches, with a 3 pixel sampling,
a resolving power of 50000 (1/AA). CoraLIE data were re-
duced at the telescope, using a software package called INTER-
TACOS (INTERpreter for the Treatment, the Analysis and the
COrrelation of Spectra), developed by D. Queloz and L. Weber
at the Geneva Observatory (Baranne et al. 1996). 22 echelle-
spectra were obtained during the survey. These observations
cover 68 orders in the spectral range 3875-6820 A. S/N ratios
of spectra vary from 20 to 45 at 6000 A.

Radial velocities were obtained by cross-correlation be-
tween the considered spectrum and a reference mask. It is
important to use a template as similar as possible to the real
spectrum. Thus, two different masks were build from synthetic
spectra to determine the radial velocities of the primary and
secondary (spectral type A and G respectively). The spec-
trum synthesis of the spectral region 3875-6820 A was ac-
complished using the SYNSPEC (Hubeny et al. 1994) code
with ATLAS9 model atmospheres interpolated from Kurucz
grid (1994). The Vienna Atomic Line Database (VALD-2) was
used to create a line list for the spectrum synthesis (Kupka et al.
1999). First a synthetic spectrum is computed without rotation,
with a solar composition and with a microturbulent velocity
of 2 km s~'. Next this spectrum is broadened with profiles
to take the rotation and the resolving power of the observed
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Fig.1. Radial velocity curve and residuals of BP Mus. The black
squares refer to the primary component, and the open squares to the
secondary. The adjusted curves result from the solution of the Wilson-
Devinney program, based on the simultaneous photometric and radial
velocity analysis (see Sect. 6).

spectra into account. Many tests were conducted employ-
ing several templates to discover which yielded the strongest
and sharpest cross-correlation function. The radial velocities
were finally obtained by fitting the cross-correlation function
with two Gaussians. The radial velocities using AS5- and KO-
type masks were adopted respectively for the primary and the
secondary.

The log of the radial velocity observations is given in
Table 3 and the radial velocity curve is shown in Fig. 1. The
mass ratio is well constrained through the radial velocity mea-
surements (g = 0.299 + 0.008). The sharp discontinuity due to
the partial eclipse of a rotating star (the Rossiter effect) is seen
at phase zero. The orbital elements are given in Table 4.

6. Photometric solution

The photometric solution for BP Mus eclipses was obtained
with the Wilson-Devinney WD program (Wilson & Devinney
1971; Wilson 1992), using the version revised in 1995. We used
the WD program in MobE 5, adapted for semi-detached sys-
tems, allowing a simultaneous computation on the light curves
in the GENEvVA photometric system, based on 373 measurements
(see Sect. 3), and the radial velocity curves of both components
(see Sect. 5). Some tests have been made using the WD pro-
gram in MopE 2, used in the case of a detached system. The
similarities of the results, in particular on the radius 7point, (se€
Table 7), is confirmation that BP Mus is a semi-detached Algol
system, thus lobe filling of the cool losing component was as-
sumed. The procedure followed to find the best solution was
globaly described by Barblan et al. (1998). Only the main
points are given here for the case of BP Mus.
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Table 4. Orbital elements of the binary system, based on the radial velocity analysis. For each component, the second line gives the estimated
standard deviations of the parameters. The period has been fixed to the photometric value.

Star name P T, [HID e V, W) K M, sin® i appsini N (0-0)
[days] —2400000] [kms™'] [°] [kms™'] [Ms] [10° km] [kms™']
BP Mus A 3.3204949  51233.1858  0.000 —18.37 - 47.06 2.254 2.149 22 1.47
fixed 0.0028  fixed 0.31 - 0.45 0.028 0.021
BPMus B  3.3204949 51233.1858  0.000 —18.37 - 157.00 0.676 7.169 21 2.58
fixed 0.0028  fixed 0.31 - 0.74 0.010 0.034

F'luxes

0.5 1 0 0.5 1

Phaées

Fig. 2. Light curves of BP Mus in 6 of the 7 GENEvAa photometric passbands (U, BI, B, B2, VI, G). The light curve in V is given in Fig. 3.

The following parameters have fixed values: Table 5. Logarithmic limb-darkening parameters x and y.
— The primary te.mperature T, =9180 K. ‘ Passband m - ” o
— The bolometric albedos, taken at the theoretical values .
A = 1.0 (radiati dA =05 . fixed fixed fixed adjusted (except U)
1= 1. (I'E'l iative case) and A, = 0.5 (convective ca'se. . U 0240 0856 —0299 0572
— For both primary and secondary components, a logarithmic BI 0325 0854 —0.021 0.795 £0.008
limb-darkening law of the form: B 0325 0854 —0.021 0775  +0.006
I = Ip(1 — x + xcosf — y cos A1n(cos ) 3) B2 0325 0854 -0.021 0765  +0.007
Vi 0.287 0.801 0.131 0.599 +0.007
was assumed (van Hamme 1993). For the secondary, both % 0.287 0.801  0.131  0.595 +0.007
x and y parameters were fixed to their theoretical values, G 0.287 0.801 0.131 0.578 +0.010
interpolated from Table 2 of van Hamme (1993). Indeed,
the secondary minimum is too shallow to allow the deter-
mination of x,. The adopted values of y;, x, and y, and the The other characteristics of the parameters necessary to the
adjusted values of x; are listed in Table 5. calculations are: i) the grid resolution values were taken as 30,

— The exponent g of the gravity darkening law, taken equal 30, 30, 30 for N1, N2, N1L and N2L respectively (see WD pro-
to 1.00 for the primary (radiative case, see Wilson & gram); ii) for both components, the stellar atmosphere models
Biermann 1976). of Kurucz (1994) integrated through the GENEvA photometry

— The orbital eccentricity e = 0. passbands (Rufener & Nicolet 1988) have been used.
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Fig. 3. The light curve of BP Mus in magnitude V, with an enlargement of the primary eclipse.

Table 6. Adjusted parameters of the system BP Mus from the Wilson-
Devinney program. Indices 1 and 2 refer to the primary (hot) and
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Table 7. Computed parameters of the system BP Mus. Indices 1 and 2

secondary (cool) components. The primary temperature 7, is fixed

to 9180 K.

T, [K]

A [Re]

i[°]

q=M/M,

Q

Q

92

Li/(Li + L)
U
Bl
B
B2
Vi
%
G

Ly/(Ly + L)
U
Bl1
B
B2
Vi
\%
G

5157

13.617
87.02
0.2840

5.450
2.43

0.644

0.9819
0.9772
0.9642
0.9517
0.9010
0.8930
0.8692

0.0181
0.0228
0.0358
0.0483
0.0990
0.1070
0.1308

+23

+0.019
+0.02
+0.0004

+0.006

+0.005

+0.0019
+0.0002
+0.0002
+0.0002
+0.0002
+0.0002
+0.0003

+0.0019
+0.0002
+0.0002
+0.0002
+0.0002
+0.0002
+0.0003

The adjustable parameters are the semi-major axis A, in-
clination i, cool star temperature 7, hot and cool star lumi-
nosities L; and L, in each passband, hot star limb darken-
ing coefficient x1, cool star gravity darkening exponent g, and

refer to the primary (hot) and secondary (cool) components.

M, [Mo]
M,

Ry [Ro]
R,

log g4
logg»

Mboll
Mbolz

Tpole; [A]
Tpointy
Fside;
Tback,

Tpole, [A]
Tpoint,
Fside,

U backy

2.40
0.68

2.64
3.76

3.97
3.12

0.66
2.40

0.1934
0.1950
0.1943
0.1948

0.2572
0.3737
0.2678
0.3004

+0.01
+0.01

+0.01

+0.01

+0.04
+0.08

+0.0002
+0.0002
+0.0002
+0.0002

+0.0001
+0.0005
+0.0001
+0.0001

potential Q; at the hot star surface. The value of the poten-
tial Q; is determined by the semi-detached solution. Recall that
Q is a non-dimensional parameter that is a linear function of the

true potential ¥ (Kopal 1959; Wilson & Devinney 1971).

No satisfying solution was obtained when the U light curve
was included. This could be due to the following reasons: i) the
U luminosity is very faint during the primary eclipse, thus the
precision is insufficient and biases the whole adjustment; ii)
the U luminosity is affected by a physical effect which is not
taken into account by the WD program, as e.g. a chromospheric
activity and/or a disk around the primary component (see
Sect. 7) contributing significantly to the global U luminosity.
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Due to this problem, the calculation was made in two steps:
first, a solution was obtained simultaneously on the B, B, B2,
V1, V, G light curves (thus without ) and the 2 radial velocity
curves; second, with the obtained parameters, a solution includ-
ing the U light curve was calculated.

The light curves for the seven filters are shown in Figs. 2
and 3. The quality of the fits is clearly very good, thus the val-
ues of the physical parameters obtained in this paper are se-
cure. However, a slight asymmetry of the U light curve during
the primary eclipse is noted (see Fig. 2), probably due to the
characteristics of the U luminosity of the disk.

The values of the adjusted and calculated parameters are
given in Tables 6 and 7. The following comments are to be
made:

— The temperature T is higher than the value determined in
Sect. 4. Thus, the estimated spectral type of the secondary
component appears to be close to G5III.

— The uncertainties on the calculated parameters are probably
underestimated, because they are obtained for a fixed value
of T,. For that reason, in the following, the uncertainty on
T, has been taken equal to 90 K (same value as the T}
uncertainty).

— The value of the semi-major axis of the relative orbit A =
aj+ap is 13.617+0.019 Ry from the WD program (Table 6)
and 13.40 + 0.06 R, from the orbital solution (Table 4).
The difference between the two determinations corresponds
to 2.7 times the sum of the uncertainties. This looks a bit
too large, taking into account the quality of the data, but is
nevertheless acceptable.

— A similar remark can be made for the mass ratio ¢ =
M, /M, which takes the values 0.299 +0.008 from the radial
velocity curves (see Sect. 5) and 0.2840 = 0.0004 from the
WD analysis (this section). This ratio was left as a free pa-
rameter to be adjusted in the photometric solution because
the aim of this study is to find a solution from a simultane-
ous analysis of the light and radial velocity curves.

— The adjusted values of x; are in rather good agreement with
the theoretical predictions of van Hamme (1993). Indeed,
the adjusted (see Table 5) and theoretical values (for 7| =
9180 and log g; = 3.97) are respectively 0.775 + 0.006 and
0.743 in B, 0.595 +0.007 and 0.636 in V (see Barblan et al.
1998 for a general comment on these discrepancies).

— Recall that the uncertainties on the derived parameters are
of three types: i) Intrinsic, i.e. resulting from the math-
ematical analysis of the light and radial velocity curves
(e.g. £23 K on T>); ii) Strongly correlated with the deter-
mination of A (e.g. the errors on M|, R;> and logg;);
iii) Depending on the photometric determination of 7' (e.g.
the values of My).

7. He line profile variations

Figure 4 shows the profile of the He line at phase 0.9995 +
0.0034 (exposure time 1980 s), i.e. during the primary eclipse,
at phase 0.4939 + 0.0031 (1760 s), i.e. during the secondary
eclipse, and at intermadiate phases 0.2288 + 0.0022 (1263 s)
and 0.7382 + 0.0031 (1800 s). As expected, the luminosity of
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Fig.4. Ha line profile at orbital phases 0.9995 (during the primary
eclipse), 0.2288, 0.4939 (during the secondary eclipse) and 0.7382.

20

—20

Fig. 5. Schematic view of the system in the equatorial plane (coordi-
nates in Ry) of the BP Mus system. Some equipotential lines and the
Lagrange points are indicated. The secondary star fills its Roche lobe.

the disk around the gainer hot primary star is large enough to
produce the emission of the He line during the primary eclipse,
when the primary component is eclipsed. From the ratio be-
tween ryige, and rsige,» We deduce that the extension of the disk
radius is larger than 1.4 R;.

Note that the mass transfer from the secondary to the pri-
mary has been important in the history of BP Mus. Taking into
account the present masses of the components, i.e. 2.40 My
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Fig. 6. Schematic view of the gravity potential Q (see Sect. 7 for
the definition) of the BP Mus system. The horizontal coordinates are
in Ro.

and 0.68 M., the minimum value of this transfered mass is
given by:

AM = M, —(M1 +M2)/2 ~ (.86 M@.

8. Discussion and conclusion

Figures 5 and 6 present two views of BP Mus. Figure 5 is a
“classical” representation of the two components in the equa-
torial plane. The 3-dimentional representation of the potential
(Fig. 6) allows a better understanding of the meaning of the
Lagrange points and of the path for the flow of the material
from the secondary when it fills its Roche lobe. Recall that the
L4 and L5 points are stable only in the case of a mass ratio
M>/M; < 0.0385 (Boccaletti & Pucacco 1996).

From the values of V (Table 2), My, (Table 7), E[B2-V1]
and [B2-VI]y (Sect. 4), we derive a distance of 562 + 17 pc for
BP Mus, by adopting the value —0.025 + 0.01 for the bolomet-
ric correction BC of the primary, according to the BC-colour
relation of Flower (1977).

The simultaneous adjustment of the light curve model on
high precision photometric data in seven passbands, ranging
from 3400 to 6000 A, puts strong constraints on the physical
and orbital parameters of BP Mus. The essential results are pre-
sented in Figs. 2 and 3, Tables 6 and 7 and in the Abstract. The
quality of the fits on the light curves and the uncertainties on
the parameters show that this analysis has been successful.

The number of Algol-type binary systems for which the
absolute parameters are determined on the basis of a self-
consistent solution of both the light and radial velocity curves is
very limited. There are now only 11 systems for which masses,
radii and luminosities are known to accuracies typically better
than 5%: the 9 systems mentioned by Maxted & Hilditch
(1996), TZ Eri (Barblan et al. 1998) and BP Mus (this paper).
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In this context, it is important to enlarge the sample of very well
known Algols, and this will be done in the near future with the
analysis of 8 additional systems for which the photometric and
spectroscopic campaings have been successful.
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