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Abstract. Binary stars provide us with the means to measure stellar mass.
Here I present several lists of known O-type stars with reliable mass estimates
that are members of eclipsing, double-lined spectroscopic binaries. The masses
of young, unevolved stars in binaries are suitable for testing the predictions
of evolutionary codes, and there is good agreement between the observed and
predicted masses (based upon temperature and luminosity) if the lower temper-
ature scale from line-blanketed model atmospheres is adopted. A final table lists
masses for systems in a wide variety of advanced evolutionary stages.

1. Introduction

There are two direct techniques for measuring stellar mass. The first is based
upon radial velocity curves of binaries where the spectral lines of both compo-
nents are readily observable. The orbital elements for such double-lined spec-
troscopic binaries (SB2} yield M sin3 i for each star, but we need to determine
the orbital inclination i in order to estimate the mass M. If our line of sight
lies close to the orbital plane and the stars display mutually eclipses, then the
inclination and stellar radii R can be determined by fitting the photometric
light curve. Binaries with separations small compared to their radii will be
tidally distorted, and the resulting 'ellipsoidal' light variations can also be used
to find the orbital inclination (with lower precision because the light curve am-
plitude depends on the inclination and the estimated stellar radii). Analyses of
combined spectroscopic and photometric data are generally restricted to short
period binaries because the probability of eclipses decreases with increasing sep-
aration. However, the masses of close binaries may be altered by mass transfer
or binary-related mass loss, so we need to restrict our sample to unevolved bina-
ries when comparing the observed masses with predictions for single stars. The
second method is based upon the measurement of the astrometric orbit through
high angular resolution techniques. The total system mass can be derived from
the angular orbit and distance, but if radial velocity curves are available then
the individual masses follow as well as an independent estimate of the distance.
We are entering a new era of high angular resolution astronomy using optical
interferometers, and we can anticipate some exciting observations of the small
angular orbits of massive binaries. An example is the long period binary 15 Mon
(Gies et ol. 1993, 1997), the first massive system discovered to fall in the period
range suitable for spectroscopic and astrometric study.

There are a number of indirect techniques for determining stellar mass in-
volving apsidal motion in binaries (Benvenuto et al. 2002), placement in the H-
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R diagram with respect to evolutionary models (Burkholder, Massey & Morrell
1997), and spectroscopic diagnostics of the photosphere and wind (Herrero, PuIs
& Villamariz 2000). We can use the results from direct methods to test the valid-
ity of the indirect schemes, and study, for example, the mass discrepancy between
evolutionary and spectroscopic masses (Herrero ei ala 1992). This review ex-
tends work by Batten (1968), Hutchings (1975), Popper (1980), Hilditch & Bell
(1987), Andersen (1991), Figueiredo, De Greve & Hilditch (1994), Sch6nberner
& Harmanec (1995), Harries & Hilditch (1998a), and Ribas et ala (2000).

2. IJnevolved stars jn bjnaries

Table 1 lists data on 12 important SB2 systems containing unevolved stars. The
columns give the name of the system and the spectral classification, mass, ef-
fective temperature, radius, and equatorial rotational velocity for the primary
and secondary, respectively. The final column gives a reference code based on
the first three letters of the leading author's name and last two digits of the
publication date (repeated in the reference list). Generally only one reference
is given, but there are several cases (Y Cyg, DH Cep) where I give the results
from multiple studies which display good consistency. The 'record holder in this
group is R 136-38 which resides in the R 136 cluster in. the Large Magellanic
Cloud. Massey, Penny & Vukovich (2002) estimate that the 03V primary in
R 136-38 has a mass of 56.9± 0.6 M0 . This is the most reliable estimate of mass
among the candidates for the most massive star ever measured (Plaskett's star:
;G48±5M0 , Bagnuolo, Gies & Wiggs 1992; WR47: rv60M0, Lamontagne et
all 1996; WR22: 55.3 ± 7.3M0 , Schweickhardt et ala 1999).

I used the values of Tefl' and R given in Table 1 to determine the predicted
mass by interpolating in (logTeH' log L/L0 ) plane within the evolutionary grids
of Schaller et ala (1992; Z = 0.020 for Galactic stars) and Schaerer et al. (1993;
Z =0.008 for LMC stars). The resulting evolutionary masses are plotted against
the observed masses in Figure 1a. The agreement is reasonable but there is
an uncomfortable trend for the evolutionary masses to be larger than the ob-
served' ones. Harries & Hilditch (1998a) suggested that residual problems with
the adopted temperature scale for O-stars could explain this trend. Martins,
Schaerer, Hillier (2002) demonstrated that hitherto neglected sources of line
blanketing tend to reduce the effective temperatures associated with any given
spectral subtype, and so I repeated the calculation of evolutionary masses using
their spectral type - Teff relation for dwarf stars. The resulting better agreement
between the evolutionary and observed masses (Figure Ib) indicates that the
evolutionary models are fully consistent with the available data. Recent models
by Meynet & Maeder (2000) and Heger & Langer (2000) show how rapid rota-
tion can alter a star's evolutionary track in the H-R diagram, so a more careful
comparison should account for the rotational velocities given in Table 1. Table 2
lists nine other non-eclipsing systems with M sin3 i > 10M0 that generally have
lower mass limits which are consistent with the data in Table 1.

3. Evolved stars in binaries

Table 3 lists mass estimates for a sample of 30 binaries that contain evolved 0-
type stars (for a list ofWR+O systems, see van der Hucht 2001). I attempted to
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Table 1. Young detached binary systems (primary/secondary).

name/ spectral M Teff R Veq

HD/other type (M0 ) (kK) (R0 ) (kms- l ) Ref.

R136-38 03V 56.9 (6) 48.5 (49) 9.3 (10) 132 (20) MAS02
(LMC) 06V 23.4 (2) 42.2 (42) 6.4 (7) 92 (20)

R136-42 03V 40.3 (1) 48.5 (49) 7.4 (8) 100 (20) MAS02
(LMC) 03V 32.6 (1) 48.5 (49) 6.7 (7) 130 (30)

R136-77 05.5 V 28.9 (3) 43.2 (43) 5.8 (5) 141 (20) MAS02
(LMC) 05.5 V 26.2 (3) 43.2 (43) 5.8 (5) 131 (20)

CPD -59°2628 09.5 V 14.0 (20) 32.0 (5) 5.3 (3) 172 (10) FREOl
BO.3 V 11.7 (18) 30.0 (8) 4.4 (2) 152 (10)

CPD -59°2603 07V 22.7 37.5 (15) 7.1 (9) 167 RAU01
09.5 V 14.5 32.8 (13) 4.9 (5) 116

EM Car 08V 22.9 (3) 34.0 (20) 9.3 (2) 152 (20) AND89
HD97484 DaV 21.4 (3) 34.0 (20) 8.3 (2) 131 (15)

08V 22.3 . 145 (10) STI94a
08V 20.3 135 (9)

VI036Sco 06V 32. (4) 42.5 9.4 (8) 196 (20) PAC96
HD159176 07V 32. (4) 35.0 9.4 (8) 196 (20)

V3903Sgr 07V 27.3 (6) 38.0 (19) 8.09 (9) 253 (25) VAZ97
HD165921 09V 19.0 (4) 34.1 (17) 6.13 (6) 187 (19)

V1182AqI 08V 37.8 (16) 35.6 (15) 8.8 (2) BEL87
HD 175514 Bl V 13.5 (5) 27.5 (15) 5.9 (1)

V478Cyg D9.5V 16.6 (9) 30.5 (11) 7.4 (1) POP91
HD193611 09.5 V 16.3 (9) 30.5 (11) 7.4 (1)

YCyg 09.8 17.6 (3) 34.5 (6) 5.93 (7) 142 (2) SIM94
HD 198846 09.8 17.0 (3) 34.2 (6) 5.78 (7) 138 (2)

09.3 17.5 (4) 31.0 (20) 6.0 (3) 147 (10) HIL95
09.4 17.3 (3) 31.6 (20) 5.7 (3) 138 (10)

09V 16.8 (5) 35.9 (21) 8.4 (28) BUR97
09.5 V 17.7 (4) 34.9 (10) 7.7 (25)

DHCep 29.4 (4) 44.0 (10) 8.31 (6) 263 (20) STU94
HD215835 25.0 (3) 43.0 (10) 7.76 (6) 247 (20)

05.5 V 32.7 (17) 41.0 (20) 8.7 (3) HIL96
06.5 V 29.8 (16) 39.6 (20) 8.6 (3)

06V 41 (4) 42.0 (30) 10.2 (6) 258 (10) PEN97
07V 34 (3) 39.0 (15) 9.7 (6) 226 (9)

05.5III(f) 34.4 (27) 41.3 (20) 13.9 (13) BUR97
06III(f) 29.8 (25) 40.2 (20) 13.4 (12)

Note: numbers in parentheses give ·the error in the last digit quoted.

group these according to evolutionary status (Vanbeveren, van Rensbergen & de
Loore 1998), but in many cases the evolutionary status is open to debate. The
first group represents an early stage where the initially more massive primary
has evolved away from the main sequence but has not suffered large scale mass
loss. The second group consists of the LMC star Sk-67°105, which may be just
beginning mass transfer, and two short-period contact systems. The third and
largest group represents the post-mass transfer ('Algol') stage where we find a
semi-detached system consisting of a hot, massive gainer and a cool, evolved
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Figure 1. Left: A comparison of the observed and calculated evolutionary
masses of O-stars in binaries made using the temperatures and radii given in
the papers cited in Table 1. Diamonds indicate stars in the LMC. Right: A
similar comparison but with evolutionary masses calculated using the lower
temperature scale advocated by Martins ei all (2002).

Table 2. Non-eclipsing young detached binary systems (primary/secondary).

name/
HO/other

spectral
type

Teff R
(kK) (Re) Ref.

48.5 (49) 8.1 (6)
43.2 (43) 7.1 (6)

12.
12.

R136-39
(LMO)
ST1-98
(LMO)
H075759

HD-93205

H0101131

HD152218

HD 191201

HD206267

03V
05.5 V

04V
04V
09V
09V
03V
08V
08V
09.5 V

06.5 V«f»
08.5 V
09.5 IV
09.5 V
09 IV

09.5 V-III
09.5 V-III

05V
07/8 V
06.5 V«(f»
09.5: V

27.2
20.5

45.
45.

17.8
14.3

33.0 (16)
15.2 (15)

15.5
11.4

25.3 (25)
14.1 (15)
14.2 (6)
10.6 (5)

13.6 (13)
12.6 (17)

12.9 (29)
11.0 (9)
12.8 (6)
12.2 (5)
22.1 (25)
12.3 (8)

28.4 (15)
17.3 (15)

51.3
38.0

38.5
34.6

40.5 (15)
35.0 (15)

31.6
31.6

33.9 (7)
33.9 (7)

41.2 (10)
4.9 (10)

9.1 (4)
6.5 (5)
9.5 (9)
7.7 (8)

11.2
7.9

13.0 (13)
9.9 (9)

13.9 (26)
8.9 (16)

102 (10)
164 (12)

152 (10)
133 (30)

MAS02

BER9S

THA66

MORD1
ANTOO
ALBOl

GIE02

STI97a

GAR01

BUR97

STI01

STI95a

BUR97
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Table 3. Evolved systems (primary/secondary).

name/ spectral M Teff R Veq

HD/other type (M0 ) (kK) (R0 ) (kms- i ) Ref.

before interaction stage
CCCas 08.5 III 18.3 (5) 34.5 (20) 10.08 (14) 165 (5) HIL94
HD19820 BO.5 V 7.6 (2) 28.3 (20) 4.02 (23) < 100
05:34:41.3 03IfI' 41.2 (12) 50.0 9.56 (2) OST01a
-69:31:39 06: V 27.0 (12) 47.2 (17) 7.99 (5)
KXVel 09.5 II >14.5 MAY97
HD75821 > 8.4
HD93403 05.5 I >15.5 39.3 (11) ... RAUOO

07V > 8.8 38.1 (11) ...
contact or first intemction

Sk-67°105 04f 47.2 (8) 44.6 (13) 15.6 (1) HAE94
(LMC) 06V 29.8 (6) 41.0 12.2 (3)
TUMus 08V 17.2 258 (26) STI95b
HD100213 08V 10.8 201 (20)
V382Cyg 07 32.6 (18) 37.6 (18) 8.8 (6) POP91
HD228854 ... 22.9 (13) 36.7 (17) 7.4 (6)

07.3 V 26.0 (7) 36.0 (5) 9.6 (1) 258 (3) HAR97
07.7 V 19.3 (4) 35.0 (5) 8.4 (1) 226 (3)
06.5 V«f» 29.7 (11) 41.2 (6) 11.1 (20) BUR97
06 V«f» 20.3 (9) 42.2 (10) 9.2 (17)

hot Algol types
AzV73 08.5 V 25.3 (7) 37.0 11.5 (5) OST01b
(SMC) BOIII 22.0 (8) 27.1 15.5 (4)
HV1620 09V 20. 33.0 (45) 6. PRI98
(SMC) 09.5 III 15. 24.4 (35) 11.
HV2241 07 III 36.2 (7) 39.9 14.9 (4) OSTOlc
(LMC) BOIII 18.4 (7) 30.7 13.7 (4)
HV2543 08 25.6 (7) 34.7 15.5 (4) OSTOO
(LMC) 09 15.6 (10) 28.2 14.0 (4)
AOCas 09.5 III 12.4 (17) 32.0 10.3 (8) GIE91
HD1337 08V 18.3 (18) 36.0 7.9 (23)

09.5 III > 7.0 (2) STI97b
08V >12.0 (2) ...

ABCru 08V 19.8 (10) 35.8 (5) 10.5 (3) LOR94
HD 106871 BO.5 7.0 (7) 27.2 (5) 8.9 (3)
V961Cen 09.5 V 11.6 (11) 32.0 (20) 6.5 (2) 134 (13) PEN02
HD115071 BO.2 III 6.7 (7) 29.0 (15) 7.2 (2) 176 (20)
HHCar 08V 17. 45. 6.1 MAN85

BOIII 14. 38. 10.7
V448Cyg 09.5 V 25.2 (7) 30.0 (5) 6.7 (2) 52 (2) HAR97
HD 190967 B1II-Ib 14.0 (7) 20.5 (6) 16.3 (3) 127 (2)
LZCep 09V 18. (4) 34.0 10.7 (11) 205 (13) HOW91
HD209481 09V 6.8 (17) 34.0 7.8 (8) 139 (13)

08.5 III 15.1 (4) 31.9 (5) 9.0 (2) 147 (4) HAR98b
09.5 V 6.3 (2) 30.1 (5) 7.5 (1) 125 (1)

XZCep 09.5 V 15.8 (4) 30.0 (5) 7.0 (2) 69 (2) HAR97
B1 III 6.4 (3) 23.1 (4) 10.5 (3) 105 (2)
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Table 3. (Cont'd.) Evolved systems (primary/secondary).

name/ spectral M Teff R Veq

HD/other type (M0) (kK) (R0 ) (kms- i ) Ref.

peculiar mass/luminasity systems
SZCam 09.5 V 18.5 (7) 29.7 (5) 8.5 (3) 158 (5) HAR98b
HD25638 BO 16.1 (6) 27.2 (5) 7.9 (3) 148 (6)

09 IV 15.3 (5) 33.0 9.0 (9) LOR98
BO.5 V 10.8 (4) 27.5 (3) 6.6 (7)

LYAur 09.5III:n 24.0 (4) 32.1 190 STI94b
HD35921 BO III 12.7 (3) 28.8 170
60riA 09.5 II 11.2 (18) 33.0 13. (4) 171 (7) HAR02
HD36486 BO.S III 5.6 (8) 27.6 5. (2) 150 (17)
zOri 09 III 23. (10) 32.5 8.3 (20) 127 (17) MAROO
HD37043 B1 III 13. (6) 24.0 5.4 (7) 81 (11) BAG01
8Cir 07 III-V 21.6 (20) 37.5 (15) 10.2 (10) 156 (10) PENDI
HD135240 09.5 V 12.4 (10) 33.0 (10) 6.4 (7) 147 (21)

supergiant systems
Plaskett's * 07.5 I >41. (8) 35.1 21.5 78 BAG92
HD47129 061 >48. (5) 38.4 18. (4) 310 STI97b
UWCMa 07.5-8 lab 16. 33.8 13. BAG94
HD57060 09.7Ib 19. 29.0 10. STI97b
V1007Sco 071 24.2 (20) 35.0 (15) 13.4 (20) 171 PEN99
HD152248 071 25.8 (20) 37.0 (15) 12.9 (20) 182

28.4 15.6 MAYOl
29.5 17.1

07.5III(f) 29.6 37.1 (10) 15.4 (4) SAN01
07III(f) 29.9 38.1 (10) 14.9 (4)

HD 166734 07.5 If >29. 23. CON80
09 I >31. 24.

V729Cyg 07 Ianfp 47. (9) 31. (4) RAU99
06-7Ia 13. (3) 28. (5)

massive X-my binaries
LMCX-4 07 III-V 15.8 (23) 8.0 (10) 188 (50) VAN95
(LMC) NS 1.5 (4)
CenX-3 06.5 II-III 18.9 (40) 11.1 (18) 274 (30) VAN95

NS 1.1 (5)

donor star. Most of the gainer stars have spectral subtypes later than 07 which
suggests that either this stage is too short-lived or bypassed altogether in more
massive systems. The fourth group is a diverse sample with unusually low masses
or peculiar overluminosities that appear to implicate some past interaction. This
group also includes the system zOri which may have swapped binary partners
in a past binary-binary collision (Bagnuolo et al. 2001). The fifth group consists
of pairs of supergiant stars in which mass transfer may be partially mitigated
by colliding winds outflow. The final category consists of two X-ray binary
systems for which the orbital motion was measured by pulsar timing. These
diverse categories offer us a glimpse of the kinds of evolutionary processes that
determine the fate of massive close binaries.
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Discussion

KAPER: You showed that hot Algols are overluminous for their mass. In high-mass
X-ray binaries, which have undergone a hot Algol phase and are presently in or near
to their second phase of IIUl.S8 transfer, the systems experiencing Roche-lobe overflow
also have a OBI companion which is luminous (e.g., CenX-3, LMCX-4). However,
those HMXBs which are just about to start Roche-lobe overflow (wind-fed systems like
VelaX-l, 4Ul170-37) do not seem to be overluminous for their mass (Kaper 2001).
How can we reconcile this with a previous hot Algol phase?

GIES: The visible stars in HMXBs represent the mass gainers during the earlier, hot
Algol phase. The masses of these gainers are often consistent with the luminosities and
spectral types of single stars with similar mass. It is possible that some of these gain-
ers are re-jeuvenated by mass transfer and have assumed the luminosity appropriate
for their new mass. Then, when they evolve to larger radii in the HMXB phase, their
masses will be consistent with single star luminosities, at least until they suffer large
mass loss.

WALBORN: How was the inclination of 60riA determined, and what are the uncertain-
ties of the low derived masses?

GIES: The inclination was derived by fitting the partially eclipsing light curve. There
is a range in the acceptable radii which can be adopted in the light curve analysis,
and this leads to mass estimates of 11.2± 1.8M0 and 5.6 ± 0.8 M0 for the primary and
secondary, respectively. "Thus, both stars are very overluminous for their masses.

CHEREPASHCHUK: Could you explain the definition of the luminosity of a rapidly ro-
tating star? A rapidly rotationally star has a complicated temperature distribution due
to gravitational darkening. How do you calculate the luminosity of such a star? Do you
have some information about v sin i for investigated stars?

GIES: Luminosity is still defined by the energy emitted over the entire surface (even
though the temperature varies from hot to cool from the pole to the equator). Ideally,
we need to measure the projected rotational velocity, radii, and temperatures in a way
that accounts for rotational distortion effects and our orientation to the system. This
will require profile-fitting techniques that have not yet been widely adopted.

KUDRITZKI: It is interesting to see that the mass-discrepancy for O-type MS objects
has been resolved. But what is the situation for supergiants?

GIES: Unfortunately, there are only a few supergiant systems available for investigation.
The LMC binaries MACHO*05:34:41.3-69:31:39 (031£* primary) and Sk-67° 105 (04f)
have masses that agree with single star evolutionary tracks. Both of these are probably
systems in a stage before large scale mass transfer. The remaining systems containing
supergiants are interacting binaries, and the supergiant masses are generally lower than
the predicted masses for single stars.
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MAIZ-ApELLANIZ: Hoogerwerf et ol. (2000, ApJ 544, L133) showed recently that i Ori
has indeed been a victim of a dynamical ejection, as you suggested when you mentioned
that the two components could not be coeval. They used Hipparcos data to trace back
the trajectories of two runaway stars to the point where i Ori was 2 Myr ago.

GrES: The proper motions given by Hoogerwerf et al. do indeed show that the runaway
stars AE AUf and J.t Col were coincident with i Ori some 2 million years ago. This
evidence, combined with the apparent no-coeval ages of the binary components and
the large orbital eccentricity of the binary all indicate, that a binary-binary collision
occurred that led to an exchange of binary components and the ejection of runaway
stars.

Artemio Herrero and Norbert Langer, contemplating massive binaries
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