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ABSTRACT 
We have obtained an H-band infrared light curve of the low-mass X-ray binary 
transient Nova Muscae 1991. We model the light curve as being due to the tidal 
distortion of the secondary star in the gravitational field of a black hole, and thus 
deduce the binary inclination to be 54°, with 90 per cent confidence limits of 
+ 20°/ -15°. Combining this with previously published spectroscopic data, we 
determine the mass of the black hole to be in the range 4-11 M0 (90 per cent 
confidence). Using Bailey's relation and our estimates of the radius of the secondary 
star, we obtain a 90 per cent lower limit to distance of 2.8 kpc and a firm upper limit 
of 4.0 kpc. 

Key words: accretion, accretion discs - black hole physics - binaries: close -
binaries: spectroscopic - stars: individual: Nova Muscae 1991 - X-rays: stars. 

1 INTRODUCTION 

Nova Muscae 1991 is the optical counterpart of the X-ray 
transient GS 1124 - 68, which was discovered indepen
dently by the Ginga and Granat satellites on 1991 January 9 
(Lund & Brandt 1991; Makino et al. 1991). Similarities of 
the X-ray spectrum and decay time-scale of Nova Mus to 
the black hole binary A0620 - 00 suggested that it too may 
be a black hole candidate (Della Valle, Jarvis & West 1991a; 
Kitamoto et al. 1992). The optical counterpart was identi
fied as a bluish star (Della Valle, Jarvis & West 1991b) with 
V ~ 13 on 1991 January 13. Within a few days it brightened 
to ~ 13.4 mag and then declined at an approximate rate of 
0.1024 mag d-1 over the subsequent 45 d. Spectroscopic 
observations showed the presence of emission lines (Della 
Valle & Pakull 1991), which are characteristic of X-ray 
novae such as A0620 - 00, Cen X-4 and V404 Cyg. 

During the outburst decay, Bailyn (1992) discovered a 
10.5-h optical modulation, which was interpreted as being 
due to the precession of an elliptical accretion disc, 
analogous to the 'superhump' phenomenon in cataclysmic 
variables (Whitehurst 1988). In the quiescent state 
(V = 20.5), Remillard, McClintock & Bailyn (1992) mea
sured the radial velocity curve of the K-type secondary star 
and the orbital period. They determined the mass function 
to be 3.1 ± 0.4 MG, establishing the primary as a black hole 
candidate. Subsequent spectroscopy has refined the value 
for the mass function to 3.01 ± 0.15 MG (Orosz et al. 1996) 
and allowed the rotational broadening of the K4V star to be 
determined (Casares, Martin & Charles 1996). 

©1997 RAS 

Orosz et al. (1996) have determined the quiescent optical 
light curves which show a double-humped feature charac
teristic of the ellipsoidal variations of the secondary star. 
They model the broad-band (equivalent to a combined 
B + V band) light curve and determine the binary inclina
tion to be in the range 54°-65°. However, it should be noted 
that the large asymmetries in the optical light curves are 
difficult to interpret unambiguously due to the variable 
nature of the accretion disc (see Haswell et al. 1993 and 
Shahbaz, Naylor & Charles 1994a). They also measured the 
accretion disc contamination at 5000 A to be about 50 per 
cent; near Hoc it is about 15 per cent (Casares et al. 1996). 
Therefore, at longer wavelengths we expect the disc con
tamination to be less, as is the case in the other soft X-ray 
transients (SXTs) (see Shahbaz et al. 1996a, and references 
therein). 

Here we present the results of an infrared study of Nova 
Mus during quiescence. We fit the light curve which repre
sents the light from the K star with an ellipsoidal model and 
determine the binary inclination, which when combined 
with spectroscopic results allows the mass of the binary 
components to be determined. We have already applied this 
technique to Cen X-4, A0620 - 00 and V 404 Cyg and 
GS 2000 + 25 (Shahbaz, Naylor & Charles 1993, 1994a; 
Shahbaz et al. 1994b; Beekman et al. 1996). 

2 OBSERVATIONS AND DATA REDUCTION 

We obtained H-band data for Nova Mus in quiescence at 
the 3.9-m Anglo-Australian Telescope (AAT) during 1995 
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February 17-20 using the infrared array IRIS. The plate 
scale was 0.27 arcsecpixel- 1 at a focal ratio of //36. The 
conditions were variable throughout the observing run. 
Within each night the seeing ranged from 1 to 2 arcsec, the 
median seeing for each night being about 1.2 arcsec. We 
used the non-destrutive readout method (mode 4) to take 
the data. This method begins each exposure by resetting the 
whole array. During the exposure there are a series of non
destructive reads, before the final readout at the end of the 
exposure. This method is well suited for long exposure 
times, since the readout noise is low. In our case, we used an 
exposure time of a single cycle of 100 s, with 20 non-destruc
tive reads (i.e., every 5 s) during the exposure. For full 
details of this procedure see the IRIS Users Guide (Allen 
1993). 

A typical observing sequence consisted of nine consec
utive images of 100 s for Nova Mus, where the position of 
the object on the array was moved between exposures, so 
that the group could be median-stacked to produce a sky 
frame. Images of a tungsten lamp on a dome flat were taken 
with the lamp on and also with the lamp off, so that the 
thermal component could be subtracted from the flat-field. 
Photometric standards were observed on the last night. 

The first step in the data reduction procedure was to 
subtract off a sky frame from each image. This sky image 
was produced from a median stack of the images in each 
observing group. The sky-subtracted images were then flat
fielded using appropriate flat-fields; the numerous 
bad-pixels were accounted for by replacing the counts in the 
bad-pixel with the median of the counts in the surrounding 
eight pixels. 

The counts for two comparison stars, a local standard and 
Nova Mus, were then computed using the aperture-photo
metry routine described by Shahbaz et al. (1994a) with a 
5-pixel- (1.35-arcsec-) radius aperture. The positions of 
comparison star 1 (to be used as a check star) and local 
standard (in order to obtain relative photometry) with 
respect to Nova Mus are 0.3 arcsec north, 5.6 arcsec west 
and 6.0 arcsec south, 1.1 arcsec west respectively. We then 
calculated the relative counts for the comparison stars and 
Nova Mus by dividing their counts by those in the local 
standard. The H-band zero-point was calculated using the 
observed AAT photometric standards. The magnitude of 
the local standard was then calculated on frames that were 
taken during photometric conditions at similar times to the 
standards (H = 15.814 ± 0.009). This allowed us to deter
mine the apparent H magnitude for Nova Mus. 

3 MODEL FITTING AND DERIVED 
PARAMETERS 

3.1 The infrared light curve 

Using an orbital period of Porb = 0.432604 ± 0.000 003 d and 
a time at phase 0.0 (i.e., superior conjunction of the second
ary star) of To=HJD 2448812.6692±0.001 (Casares et al. 
1996), the data were folded and then binned into 15 phase 
bins. The standard error and mean were then calculated for 
each bin, after discarding the data points which were more 
than 4u away from the mean of each bin. This process 
removed 36, 33 and 75 spurious data points from Nova Mus 
and comparison stars 1 and 2 data respectively; the total 

number of data points was 471. These data were taken in 
poor seeing and/or cloudy conditions. Fig. 1 shows the 
resulting light curve, with the best fit to the data plotted as 
the dotted line. Also shown are the data for the comparison 
stars, treated in a similar fashion to Nova Mus. 

We fitted the orbital H-band light curve of Nova Mus with 
an ellipsoidal model similar to that used for the other 
objects in our programme. Basically, the model describes 
the light curve generated by a Roche-lobe-filling star, where 
each element of area on the surface of the star is assumed to 
emit blackbody radiation. The temperature distribution 
over its surface is assumed to vary according to Von Zeipel's 
(1924) gravity darkening law, and a linear limb darkening 
law is used. For a detailed description of the model see 
Shahbaz et al. (1993). A bright spot contribution was not 
included, as there is evidence that the bright spot is not 
visible near Hx (Casares et al. 1996). 

The model parameters were the binary mass ratio 
(q=Ml/Mz, where Ml and Mz are the mass of the compact 
object and secondary star respectively), the inclination (i) 
and the effective temperature of the secondary star (Teff). 
We performed least-squares fits to the data using this 
model, grid searching q in the range 3-25 and i in the range 
300 _90°. A Teff of 4500 K, appropriate for a K4V star, was 
used. We used a gravity darkening exponent of 0.05; Sarna 
(1989) finds the gravity darkening exponent for convective 
stars with M2~0.7M0 to be 0.05. The limb darkening 
coefficient for the H band (16500 A) and the varying tem
perature around the surface of the secondary star were 
interpolated from the tables given by Al-Naimiy (1978). The 
best fit gives a X~ of 5.4. Fitting a straight line to the compari
son stars 1 and 2 produced a X~ of 3.0 and 3.8 respectively. 

These high values of X~ probably reflect the systematic 
uncertainties in the sky subtraction and flat-fielding pro
cedures in the infrared. The extra noise in the data implies 
our error bars are optimistic; in order to obtain a X: of 1 for 
the comparison stars 1 and 2, we would have to increase the 
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Figure 1. The H-band light curve of Nova Mus 1991 and compari
son stars 1 and 2 folded on the orbital period. The dashed curve is 
the best-fitting model light curve, and the dashed straight lines are 
constants fitted to the comparison stars. The fluctuations about the 
straight-line fits demonstrate the systematic uncertainties in the 
data (see text). 
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error bars by factors of 1.73 and 1.95 respectively. By scaling 
this factor with the brightness ofthe object, we estimate that 
the error bars for a constant star at the same magnitude of 
Nova Mus would have to be increased by a factor of 2.28, 
i.e., the X~ for a linear fit would be 5.2. This accounts very 
nicely for the X~ value of 5.4 obtained when modelling the 
Nova Mus light curve. Similar effects were seen in our infra
red data on Cen X-4 (Shahbaz et al. 1993), but since Cen X-
4 is much brighter (H ~ 15.1), this systematic effect is at a 
lower level. For this reason we feel that Nova Mus (at 
H ~ 17) represents the limit for studies of this type. 

Fig. 2 shows the resulting (i, q) diagram with the 68 and 
90 per cent confidence regions marked, calculated accord
ing to Lampton, Margon & Bowyer (1976) after the error 
bars had been rescaled to give a fit with a X~ of 1. As one can 
see the ellipsoidal variation is only weakly dependent on q. 
The 68 and 90 per cent confidence regions for the binary 
inclination are 45°-83° and 39°-74° respectively. Also 
shown is the eclipse condition for an accretion disc with a 
radius that extends to 0.5Ru (where Ru is the distance from 
the compact object to the inner Lagrangian point) similar to 
the size of the accretion disc observed in other black hole 
SXTs (Marsh Robinson & Wood 1994; Casares 1995; 
Casares et al. 1995, 1996). 

3.2 The mass of the binary components 

We can now combine the ellipsoidal study with a spectro
scopic study to obtain the masses of the components of the 
system, in a similar manner to that described by Shahbaz et 
al. (1994a). Using the values for the rotational broadening 
of v sin i = 106 ± 13 km S -1 (Casares et al. 1996) and the 
radial velocity semi-amplitude of Kz = 406 ± 7 km S-1 

(Orosz et al. 1996), we obtain q = 7.2. Constraining the (i, q) 
relationship obtained from the ellipsoidal study with this 
value of q, we find i ~ 54°, which when combined with the 
value for the mass function allows us to obtain a complete 
solution for the component masses (M1 and M z), the orbital 
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Figure 2. The 68 and 90 per cent confidence regions (dashed and 
solid lines respectively) for Nova Mus 1991 in the i-q plane, 
obtained by fitting the infrared ellipsoidal light curve. Also shown 
(long-dashed line) is the eclipse condition for a disc that extends 
0.5RLl • 
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separation (a), and the radius of the secondary star (R2). 

The last two parameters were obtained using Kepler's third 
law and Paczynski's (1971) formula respectively. We present 
these in Table 1 along with their errors, derived using the 
Monte Carlo technique discussed in Shahbaz et al. (1994a). 
Fig. 3 shows the allowed mass of the black hole as a function 
of the secondary star mass. 

3.3 The distance to Nova Mus 

The distance to Nova Mus can be derived using the 
apparent K-band magnitude and the surface brightness S K 

ofthe companion star (Bailey 1981). Bailey gives a relation
ship between the star's surface brightness in the K band and 
its effective temperature. Since this relation is relatively 
insensitive to the evolution of the secondary, it can be used 
to determine the distance. The distance is given by 

logd= -- +1+log-. (K-SK) Rz 
5 Ro 

(1) 

Using the mean V-band magnitude of 20.33, and allowing 
for the accretion disc contribution (40 per cent: see Orosz et 
al. 1996) and reddening (E (B - V) = 0.29: Cheng et al. 

Table 1. Derived system parameters for Nova Mus 1991 at 
the 90 per cent confidence level. 

Parameter Most likely Lower Upper New Upper 
value limit limit limit' 

Ml (M0) 5.8 3.8 14.8 10.5 
M2 (M0) 0.8 0.3 2.5 0.7 
R2 (R0) 1.0 0.7 1.5 1.0 
a (R0) 4.5 3.8 6.2 5.4 
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Figure 3. The 68 and 90 per cent confidence regions (dashed and 
solid lines respectively) for Nova Mus 1991 obtained by combining 
the ellipsoidal light curve fits with spectroscopic results. Also 
shown (long-dashed line) is the upper limit of 0.7 Mo placed on the 
mass of the secondary star obtained from its observed spectral type, 
which then limits the compact object to lie in the range 
3.8-10.5 Mo' 
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1992), we obtain Vo = 19.98. Similarly, using our observedH
band magnitude of 17.08 and no disc contamination in the 
infrared, we obtain Ho = 16.94. Combining this with the 
(H -K)o colour of a KSV star (0.16: Koomeef 1983) gives 
Ko=16.78. Given that (V -K)o = 3.20, SK=3.80 (Ramseyer 
1994) and using the limits to the radius of the secondary star 
(see Table 1), we obtain a 90 per cent lower limit to the 
distance of 2.8 kpc and a firm upper limit of 4.0 kpc. For 
comparison, Della Valle et al. (1991a) derive a much 
smaller distance of 1.4 kpc. For comparison, Della Valle et 
a1. (1991a) derive a much smaller distance of 1.4 kpc based 
on the strength of the interstellar Na D line. Orosz et al. 
(1996) obtain a distance of 5.5 kpc, and point out that the 
value obtained by Della Valle et al. (1991a) is really a lower 
limit, since the line of sight to Nova Mus breaks out of the 
Galactic dust layer at a distance of about 1 kpc. 

4 DISCUSSION 

The fact that there is still mass transfer taking place implies 
that the secondary star must fill its critical Roche lobe. By 
combining the average density of a star that fills its Roche 
lobe with different evolutionary mass-radius relationships 
for the companion, we can determine its mass (Mukai 
1994). For a zero-age main-sequence (ZAMS) star we find 
M2 = 1.22 M0, which implies that the secondary star must be 
an F5 star if it is to fill its critical Roche lobe. However, for 
terminal-age main-sequence stars (TAMS) we find 
M2 = 0.47 M0, which implies that the secondary must be 
earlier than an MO star. Since the observed spectral type is 
a K3/5 star, we find that the Roche-lobe filling secondary 
probably lies between the ZAMS and the TAMS (see Fig. 4 
and Section 4.2). We can further constrain the mass of the 
secondary star from its observed spectral type of K3/5. The 
secondary star must be less massive than a main-sequence 
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Figure 4. The secondary star masses and radii (68 per cent confi
dence) are shown for those systems where it has been determined 
(see text). The stars represent the most probable solution obtained 
from the Monte Carlo simulations. The theoretical mass-radius 
relations for zero-age and terminal-age main-sequence stars 
(ZAMS and TAMS respectively) are also shown, along with the 
stripped giant (SG) model corresponding to the time when the 
secondary has just developed a degenerate core. 

K3/5 star of 0.7 M0. Combining this upper limit to the mass 
of the secondary star with the allowed mass range for the 
compact object from Fig. 3, we obtain a new upper limit to 
the mass of the black hole of Ml = 10.5 M0 at the 90 per cent 
confidence level. 

4.1 Comparison with other observations 

Orosz et al. (1996) determine the binary inclination of Nova 
Mus by modelling the broad-band combined B + Vellipsoi
dallight curve. However, it should be noted that their model 
fits do not describe the data well, even though they have 
allowed for the accretion disc contamination as a constant 
source oflight in their modelling. Other sources of contami
nation, such as that from the 'superhump' phenomenon 
(Haswell et al. 1993), also need to be taken into account if 
one is to model the optical light curves, where the effects of 
the accretion disc are significant. Orosz et al. (1996) also 
detennine a lower limit to the binary inclination of 47° from 
modelling the I-band ellipsoidal modulations. The I-band 
light curve is much cleaner, suggesting that the effects of the 
accretion disc are much smaller here than in the optical. 
However, in their modelling they did not take into account 
the disc contamination in the I band, so this value can be 
used only as a lower limit to the binary inclination. They 
estimate that the accretion disc contamination is about 50 
per cent at 5000 A; it is about 15 per cent near 6500 A 
(Casares et al. 1996), and so one would expect it to be less 
than 15 per cent at longer wavelengths, similar to the other 
SXTs (see Shahbaz et al. 1996a). If one removes the disc 
contribution, then this would increase the I-band ellipsoidal 
amplitude, resulting in a higher value derived for the inclin
ation. Using the ellipsoidal model with model parameters 
applicable to the I-band data of Orosz et al. (1996), and 
allowing for a disc contamination of 15 per cent, we esti
mate the binary inclination to be ~ 51°. This is consistent 
with the value obtained for the binary inclination from 
modelling the H-band ellipsoidal light curves. 

It should be noted that any disc contamination in the 
infrared makes our derived mass limits firm upper limits on 
the mass of the compact object. For example, if the infrared 
light curves were contaminated by up to 15 per cent, then 
this would reduce the mass of the compact object by 1.5 M0 
to 6.2 M0, which is still above the maximum mass for a 
neutron star. 

4.2 Black hole binary evolution 

Fig. 4 shows the masses and radii for the secondary stars in 
the black hole SXTs. The dotted lines mark the mass-radius 
relations for ZAMS and TAMS respectively (Kalogera & 
Webbink 1996). The case in which the secondary has just 
evolved off the main sequence and developed a degenerate 
core is also shown [i.e., the stripped giant (SG) model; see 
Webbink 1975 and King 1993]. The uncertainties were 
derived from the uncertainties in the mass of the binary 
components, and are at the 68 per cent confidence level. As 
one can see, the secondary stars in Nova Mus and in 
A0620 - 00 still lie near the main sequence, whereas the 
secondary star in V 404 Cyg is evolved. 

Pylser & Savonije (1988) suggest that the subsequent evo
lution of low-mass X-ray binaries (LMXBs) after the ejec-

© 1997 RAS, MNRAS 285, 607-612 
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tion of the common envelope depends critically on the 
orbital period of the binary after the termination of the 
spiral-in phase. The system reaches Roche-lobe contact and 
becomes an LMXB under the influence of nuclear expan
sion of the secondary star and the shrinkage of the orbit due 
to angular momentum losses. They suggest that there is a 
bifurcation period ~ 12 h which ultimately governs the evo
lution of the binary. 

The ultimate evolution of the binary can be summarized 
in three cases (see King, Kolb & Burderi 1996). 

(1) (POrb~2 d). The secondary star evolves off the main 
sequence as a supergiant, and the binary evolves to longer 
periods. 

(2) (Porb ;$12 h). The binary evolves to short periods 
under the influence of angular momentum losses; the 
secondary star remains as a main-sequence star. 

(3) (12 h ;$Porb ~ 2 d). The secondary star is initially 
evolved, but further evolution is halted as the binary evolves 
to short periods. 

We can compare this proposed scenario with the 
observed evolutionary state of the secondary stars in the 
transients. Since the neutron star transient Cen X-4 has an 
orbital period greater than the bifurcation period, the com
panion is therefore expected to be evolved, with the binary 
eventually evolving towards shorter periods through case 
(3). Observations support this scenario, since the secondary 
is observed as a subgiant (Shahbaz et al. 1993), and will 
probably remain at its present evolutionary status. The 
black hole LMXBs A0620 - 00 and V 404 Cyg have orbital 
periods that lie either side of the critical period. One there
fore expects A0620 - 00 to evolve through angular momen
tum losses to shorter periods (case 2) and V404 Cyg to 
evolve through nuclear evolution (case 1). 

The other black hole transient systems that have accurate 
orbital period determinations are listed below. 
GRO J0422 + 32 (5.1 h; Filippenko, Matheson & Ho 
1995b), Nova Vel (6.9h; Shahbaz et al. 1996b), 
GS2000 + 25 (8.3 h; Filippenko, Matheson & Barth 1995a) 
and Nova Mus 1993 (10.4 h; Orosz et al. 1996). All the 
systems contain near-main-sequence stars that should 
evolve towards shorter periods. BW Cir (15.6 h; Martin 
1996), Nova Oph 1977 (12.5 h; Filippenko et al. 1997) and 
Nova Oph 1977 (16.8 h; Martin et al. 1995) all have orbital 
periods much greater than the bifurcation period. These 
systems are expected to contain significantly evolved 
secondary stars, and the binary, systems are expected to 
evolve eventually to shorter orbital periods by case (3). 
Nova Sco 1994 (61 h; Bailyn et al. 1995) is expected to 
evolve in a similar manner as V 404 Cyg by case (1). Fig. 5 
shows the observed orbital periods and secondary star 
masses for the black hole SXTs. The theoretical period
mass relations for ZAMS and TAMS stars are shown along 
with the relation for stars at the base of the giant branch 
(Kalogera & Webbink 1996). 

4.3 The formation of black holes 

Fig. 6 shows the masses of all the black holes determined 
using the method described above. They all have masses 
greater than the maximum mass allowed for a neutron star 
(3.2 Mo: Friedman & Ipser 1987). The most likely mass for 
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Figure 6. The 68 per cent confidence regions in the MeM2 plane 
for all the systems in which the method described here has been 
used to determine the masses of the binary components (Shahbaz 
et aI. 1993, 1994a, b). For GS 2000 + 25 we used the (i-q) results of 
Beekman et aI. (1996) in conjunction with v sin i = 86 ± 8 km S-l 

(Harlaftis, Home & Filippenko 1996). We also show the results for 
the neutron star transient system Cen X-4, using 
vsini=45 ±3 km S-1 (Casares 1996, private communication). The 
dashed line is the maximum mass of a neutron star (Friedman & 
Ipser 1987). The most probable mass for the compact object in the 
black hole systems is ~ 10 Mo. 

the black holes in these system is ~ 10 Mo' In the classical 
scenarios of LMXB formation, the initial binary is a low
mass star ~ 1 Mo in a wide orbit around the neutron star or 
black hole progenitor. Brown & Bethe (1994) show that 
light black holes with mass ~ 1.5 Mo should result from the 
collapse of most stars in the mass range 18-30 Mo' Since 
the observed black hole masses are relatively high, this sug-
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gests that the black holes were formed by nearly instanta
neous collapse, without nucleosynthesis of large stars with 
masses ~ 30 MG. This implies that the progenitors of the 
black hole systems were binaries with extreme mass ratios, 
since the companion is a low-mass star ( '" 1 MG). Observa
tional data seem to suggest that the black hole systems may 
be more numerous than the neutron star LMXBs (Tanaka 
1992). If so, then the number of high-mass black holes 
relative to the number of neutron star systems implies that 
the number of extreme mass-ratio binaries will be high. This 
is in conflict with observations of wide detached binaries 
which show that extreme mass ratios are very rare (Halb
wachs 1987). However, there may be observational selection 
effects in the statistics of binary mass ratios which need to 
be addressed. 

Another possibility is that the black hole transients were 
originally high-mass X-ray binary systems which underwent 
a Thorne-Zytkow phase (Thome & Zytkow 1977), where 
the black hole merged completely with the massive com
panion star (Taam, Bodenheimer & Ostriker 1978). At the 
end of this phase the collapse of the envelope of the massive 
star may lead to the formation of a black hole with a massive 
disc, from which the stellar companion could have formed 
(Podsiadlowski, Cannon & Rees 1995). This evolutionary 
scenario has the advantage that it overcomes the problem of 
explaining how the binary system remains bound in the 
supernova explosion of the black hole progenitor. 
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