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Abstract This paper presents and discusses a critical compilation of accurate, fun-

damental determinations of stellar masses and radii. We have identified 95 detached

binary systems containing 190 stars (94 eclipsing systems, and α Centauri) that satisfy

our criterion that the mass and radius of both stars be known to ±3% or better. All

are non-interacting systems, so the stars should have evolved as if they were single.

This sample more than doubles that of the earlier similar review by Andersen (1991),

extends the mass range at both ends and, for the first time, includes an extragalactic

binary. In every case, we have examined the original data and recomputed the stellar

parameters with a consistent set of assumptions and physical constants. To these we

add interstellar reddening, effective temperature, metal abundance, rotational velocity

and apsidal motion determinations when available, and we compute a number of other

physical parameters, notably luminosity and distance.

These accurate physical parameters reveal the effects of stellar evolution with un-

precedented clarity, and we discuss the use of the data in observational tests of stellar

evolution models in some detail. Earlier findings of significant structural differences

between moderately fast-rotating, mildly active stars and single stars, ascribed to the

presence of strong magnetic and spot activity, are confirmed beyond doubt. We also

show how the best data can be used to test prescriptions for the subtle interplay be-

tween convection, diffusion, and other non-classical effects in stellar models.
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The amount and quality of the data also allow us to analyse the tidal evolution of

the systems in considerable depth, testing prescriptions of rotational synchronisation

and orbital circularisation in greater detail than possible before. We show that the

formulae for pseudo-synchronisation of stars in eccentric orbits predict the observed

rotations quite well, except for very young and/or widely-separated stars. Deviations

do occur, however, especially for stars with convective envelopes. The superior data

set finally demonstrates that apsidal motion rates as predicted from General Relativity

plus tidal theory are in good agreement with the best observational data. No reliable

binary data exist that challenge General Relativity to any significant extent.

The new data also enable us to derive empirical calibrations of M and R for single

(post-) main-sequence stars above 0.6 M⊙. Simple, polynomial functions of Teff , log g

and [Fe/H] yield M and R with errors of 6% and 3%, respectively. Excellent agreement

is found with independent determinations for host stars of transiting extrasolar planets,

and good agreement with determinations of M and R from stellar models as constrained

by trigonometric parallaxes and spectroscopic values of Teff and [Fe/H].

Finally, we list a set of 23 interferometric binaries with masses known to better

than 3%, but without fundamental radius determinations (except α Aur). We discuss

the prospects for improving these and other stellar parameters in the near future.

Keywords Stars: fundamental parameters · Stars: binaries: eclipsing · Stars: binaries:

spectroscopic · Stars: interiors · Stars: evolution

1 Introduction

Stars are the main baryonic building blocks of galaxies and the central engines in their

evolution. Accurate knowledge of the masses, radii, luminosities, chemical composi-

tions, and ages of stars is fundamental to our understanding of their structure and

evolution. This, in turn, underlies our models of the nucleosynthesis in stars and their

interaction with their environment – the driving forces in the evolution of galaxies. It

is important, therefore, to establish the basic properties of stars using a minimum of

theoretical assumptions – preferably only geometry and Newtonian mechanics.

The required accuracy of these fundamental data depends on the intended appli-

cation. When estimating the bulk properties of large groups of stars, an uncertainty of

10% may be quite acceptable, while for other purposes such data are useless. Testing

models of stellar evolution is perhaps the most demanding application: The sensitiv-

ity of all properties of a stellar model to the initial mass is such that virtually any

set of models will fit any observed star, if the mass is uncertain by just ±5%. Only

data with errors below ∼1–3% provide sufficiently strong constraints that models with

inadequate physics can be rejected.

The aim of this paper is to present a critical assessment and summary of the

currently available fundamental determinations of stellar masses and radii of sufficient

accuracy for even the most demanding applications. Thus, this paper supersedes the

earlier review by Andersen (1991) (A91). As before, the stars included in our sample are

all members of detached, non-interacting binary systems: Only for stars with detectable

companions can the mass be determined directly and with errors of ∼1%, and only in

eclipsing binary systems can both the stellar masses and radii be determined to this

accuracy (with the sole exception of α Centauri). We identify 95 binary systems in the

literature that satisfy these selection criteria.
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Significant progress since the earlier review includes the large body of data pub-

lished since 1991, reflecting the improvements in observing and analysis techniques.

In this paper, we also systematically recompute the stellar masses and radii from the

original data with the same analysis techniques and modern, consistent values for the

associated physical constants. Similarly, we critically review the published effective

temperatures of the stars, which are used to compute their radiative properties. The

stellar parameters listed in Table 2 are therefore not necessarily exactly identical to

those given in the original papers.

To facilitate further discussion of the data presented here, we also provide individual

rotational velocities, reddenings, metal abundances and distances whenever possible,

and we compute approximate ages for all the systems. Finally, we list relevant addi-

tional data for the 29 systems that have well-studied apsidal motion.

Following a brief overview of the data, we discuss their use in testing state-of-

the-art stellar evolution models. We also discuss the effects of tidal evolution in these

systems, now from much-improved observational data, and explore the predictions of

tidal theory for the axial rotation of binary components and the Newtonian and general

relativistic contributions to the apsidal motion of the eccentric systems.

The data also allow us to devise calibrations that provide good estimates of mass

and radius for single stars with reliable determinations of Teff , log g and [Fe/H].

Progress in long-baseline optical interferometry offers much promise for the future

determination of stellar masses and radii, although the radii have not yet reached

the level of accuracy aimed at here. We therefore list a number of (non-eclipsing)

interferometric binaries in which the mass errors meet our selection criterion, but where

more work is needed for the radii to also do so.

The paper ends with a number of considerations for the future.

We emphasise here that the criterion for inclusion in this review is quality of the

data only, not any attempt to make the sample complete or unbiased in any sense. We

warn the reader, therefore, that it is unsuitable for any kind of statistical analysis, its

other qualities notwithstanding.

2 Selection criteria

The basic criteria for selecting binary systems for this review are, first, that the compo-

nents can be expected to have evolved as if they were single, second, that their masses

and radii can both be trusted to be accurate to better than 3%. We have endeavoured

to make an exhaustive search of the literature for such systems.

The first requirement excludes all systems with past or ongoing mass exchange,

and systems exhibiting an activity level far exceeding that seen in single stars, such as

cataclysmic, Algol, or RS CVn-type binaries. The second condition obliges us to per-

form an in-depth study of the pedigree of each eclipsing system, following the precepts

outlined in Sect. 3.

The choice of the upper limit of permissible errors is a matter of judgement. The

nominal limit in the compilation in A91 was 2% in both M and R, but several systems

did in fact have errors between 2% and 3%. We have adopted 3% as a hard cut-off for

the error in both parameters for the systems included in Table 2, recognising that an

error of 3% may be too large for firm conclusions in, e.g., the most demanding tests

of stellar evolution theory (see Sect. 6.2). However, if needed, readers will be able to

select subsamples with stricter limits from the data given here.
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Due to the advances in long-baseline optical/near-IR interferometry, a sizeable

number of visual binaries now have combined interferometric and spectroscopic orbits

yielding individual masses with errors below 3%. The orbital parallaxes and resulting

absolute magnitudes are also of high accuracy. However, the individual radii of these

stars are not accurate enough to be included in Table 2, whether determined from direct

angular diameter measurements (as for Capella) or from the absolute magnitudes and

effective temperatures, as the error of Teff is still too large.

Nevertheless, these systems contain a number of interesting objects with very well-

determined masses, and prospects are good that progress in interferometry over the

next few years may improve the accuracy of the radii to match that of the masses. We

therefore list and briefly discuss these systems in Table 5 and Sect. 9.

3 Analysis techniques

Results of the highest accuracy require complete, high-quality data, analysed with

appropriate techniques and with a critical assessment of formal and – especially – sys-

tematic errors. Criteria for and examples of suitable observational data were discussed

in A91 (chiefly, accuracy and phase coverage of the light and radial-velocity curves).

We have inspected all the original data used in the determinations listed in Table 2 to

satisfy ourselves that they are adequate to support the published accuracies.

A detailed discussion of state-of-the-art analysis techniques as of 1991 for both

spectroscopic and photometric data was given in A91. This need not be repeated here,

but in the following we briefly review the main developments in observational and

computational techniques since that time.

Mass determination. The most critical requirement for obtaining accurate masses is an

accurate determination of the orbital velocities from the observed double-lined spectra,

both for eclipsing and non-eclipsing binaries, because the derived masses are propor-

tional to the third power of these velocities. This requires spectra of good spectral

resolution and S/N ratio, properly analysed.

The most significant progress in the intervening two decades is the great advance in

digital spectroscopy, chiefly through the use of modern échelle spectrographs and CCD

detectors, coupled with the perhaps even greater advances in numerical analysis tech-

niques. Today’s binary star observers employ spectra of much higher resolution and S/N

ratio than the vast majority of the studies reported in A91, and accurate velocities can

be derived with sophisticated mathematical techniques. These include two-dimensional

cross-correlation techniques (Zucker & Mazeh 1994, extended to systems with three or

four components by Zucker et al. 1995; Torres et al. 2007), the broadening function

technique (Rucinski 1992), and several variants of the ‘disentangling’ technique (e.g.,

Bagnuolo & Gies 1991; Simon & Sturm 1994; Hadrava 1995; González & Levato 2006)

operating either in wavelength space or Fourier space.

The disentangling method takes advantage of the fact that a set of spectra dis-

tributed over the orbital cycle of a double-lined binary displays the same two spectra,

only shifted by different relative velocities. Best-estimate values for the two spectra and

the orbital elements are then extracted from the observations by a statistical analysis

technique. The individual spectra can then be further analysed by standard single-star

procedures to derive effective temperatures and chemical compositions for the two stars

– a significant additional advantage. The determination of individual radial velocities
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is optional in this technique, since the orbital elements can be fit directly to the spectra

with no need for an intermediate stage of measuring actual Doppler shifts (see, e.g.,

Hynes & Maxted 1998). Similarly, the orbital elements can be fit directly to an ensem-

ble of one- or two-dimensional cross-correlation functions, as done, e.g., by Torres et al.

(1997) and Forveille et al. (1999). A minor inconvenience is that the orbital fit cannot

easily be visualized, since there are no velocities to display.

The critical point, in line-by-line measurements as well as in the above more pow-

erful, but less transparent methods, is to ascertain that the resulting velocities and

orbital elements are free of systematic error. The most straightforward test today is

to generate a set of synthetic binary spectra from the two component spectra and the

orbital elements as determined from a preliminary analysis, computed for the observed

phases and with a realistic amount of noise added. The synthetic data set is then anal-

ysed exactly as the real data, and the input and output parameters are compared. The

differences, if significant, are a measure of the systematic errors of the procedure, and

can be added to the real observations to correct for them (see, e.g., Popper & Jeong

1994; Latham et al. 1996; Torres et al. 1997).

The least-squares determination of spectroscopic orbital elements from the ob-

served radial velocities is in principle straightforward. However, subtle differences exist

between various implementations, which may lead to somewhat different results from

the same data sets. We have therefore systematically recomputed orbital elements from

the original observations.

A point of minor importance, but still significant in mass determinations of the

highest accuracy possible today, is the value of the physical constants used to compute

the stellar masses and orbital semi-axis major from the observed orbital parameters.

The recommended formulae are:

M1,2 sin3 i = 1.036149 × 10−7(1 − e2)3/2(K1 + K2)
2K2,1P

a sin i = 1.976682 × 10−2(1 − e2)1/2(K1 + K2)P

where M1,2 sin3 i are in units of solar masses, the orbital velocity amplitudes K2,1

are in km s−1, the orbital period P in days, and the orbital semi-axis major in solar

radii; i and e are the orbital inclination and eccentricity, respectively. The numerical

constants given above correspond to the currently accepted values, in SI units, for the

heliocentric gravitational constant, GM⊙ = 1.3271244 × 1020 m3 s−2 (see Standish

1995) and the solar radius, R⊙ = 6.9566 × 108 m (Haberreiter et al. 2008). However,

some authors still use the old value of 1.0385 × 10−7 for the constant in the mass

formula – a difference of 0.23%, which is not entirely negligible by today’s standards.

Uncertainties in the solar radius itself also affect the stellar radii when expressed in

that unit, but at a level < 0.1%, at which the very definition of the radius of a star

comes into play.

Accordingly, we have recomputed all the masses and radii listed in Table 2 from

our own solutions of the original observations, using the constants listed above.

Light curve analysis. A variety of codes exists to analyse the light curves of eclipsing

binaries and derive the orbital parameters (i, e, and ω) and stellar radii in units of

the orbital semi-axis major. The most frequent obstacle to an accurate radius deter-

mination from such codes, notably in partially eclipsing systems, is the fact that a

wide range of combinations of stellar radii, i, e, and ω, may yield light curves that are

essentially indistinguishable.
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Whether or not convergence is easy, the results must therefore always be checked

against the spectroscopic determination of e and ω and the temperature and luminosity

ratio of the two stars. Because the luminosity ratio is proportional to the square of the

ratio of the radii, it is a particularly sensitive – often indispensable – constraint on the

latter (see Andersen et al. 1991, for an extreme example).

The relative depths of the light curve minima and the colour changes during eclipse

are usually robustly determined from the light curve solution and are good indicators

of the surface flux ratio between the two stars. Whenever possible, we have used these

data to check the published temperature differences between the two stars.

Formal error estimates from the codes rarely include the contribution of systematic

effects. Comparing separate solutions of light curves in several passbands is one way

to assess the reliability of the results; computing light curves for several parameter

combinations and evaluating the quality of the fit to the data is another.

Consistency checks. In all cases, it is important to verify the consistency of the differ-

ent types of information on a given system as thoroughly as possible. The values for

the period (rarely a problem except in systems with apsidal motion), e and ω of the

orbit must be internally consistent, as must the luminosity ratio of the components as

measured from the light curves and seen in the spectra.

Certain light-curve codes, e.g., the widely-used WD code (Wilson & Devinney

1971), allow one to input a set of light curves in several colours as well as the radial-

velocity observations, and return a single set of results for the stellar and orbital pa-

rameters. From a physical point of view this is clearly the preferable procedure, and the

resulting single sets of masses, radii, etc. often have impressively small formal errors.

However, such a procedure tends to obscure the effects of flaws and inconsistencies

in the data and/or the binary model, and consistency checks such as those described

above become difficult or impossible. If consistency has been verified independently, a

combined, definitive solution can be performed with confidence, but the basic philoso-

phy should always be that consistency is a condition to be verified, not assumed.

In compiling the data presented in Table 2, we have verified that the conditions

described in this section are satisfied in every system, usually by recomputing the

stellar parameters from the original data. The numbers presented here will therefore

not always be strictly identical to those found in the original analyses.

4 Additional data

Mass and radius are the data that can be determined directly from observation without

relying on external data or calibrations. However, to fully utilise the power of these

parameters, additional data are needed. These are, most importantly, the effective tem-

perature and chemical composition of the stars, followed by their rotational velocities

and the amount of interstellar reddening; the latter is needed when deriving effective

temperatures, luminosities, and distances. We provide these data for the systems in

Table 2 as far as possible, and briefly describe our selection of them here.

Effective temperature. Effective temperatures are usually determined from multicolour

photometry via an appropriate calibration, although spectroscopic excitation tempera-

tures are used occasionally when the two spectra can be separated. The determinations
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Fig. 1 Percentage difference between the distances D in Table 2 and as derived from the
revised Hipparcos parallaxes (both with errors <10%), as a function of mean system log Teff .

available in the literature are rather heterogeneous, being typically based on photom-

etry in a variety of systems as selected by the original observers, and using a variety

of calibrations as necessary to cover a temperature range from 3,100 K to 38,000 K.

It is an essentially impossible task to place all the temperature determinations on

a consistent – let alone correct – scale; this would require obtaining new optical and IR

photometry for many systems and an in-depth review of the corresponding temperature

calibrations, a task well beyond the scope of this paper. Instead, we have checked the

data, calibrations, and determinations of interstellar reddening, if any, in the original

papers, and have searched the literature for any other reddening determinations. When

known, our adopted E(B − V ) value for each system is listed in Table 3 and has been

used to estimate Teff and its uncertainty. The resulting values of Teff have typical errors

of ∼2%, but some stars have considerably larger errors, as indicated in Table 2.

From the measured radius R and the adopted value of Teff , the luminosity L of each

star is computed and listed in Table 2. Adopting the scale of bolometric corrections

BCV by Flower (1996) and a consistent value of Mbol,⊙ (essential!), the absolute visual

magnitude MV follows and is reported as well; note that the Flower (1996) BCV may

not be accurate for the lowest-mass stars.

Distances. From the apparent visual magnitudes Vmax listed in Table 2, MV as com-

puted above, and the reddenings listed in Table 3, the distance of each system follows

and is also given in Table 3. As seen, the accuracy of these distances is remarkably

good, with an average error of only 5% (disregarding a few outliers). This has led to

the use of extragalactic eclipsing binaries as distance indicators – including one sys-

tem listed here (OGLE 051019). It must be recalled, however, that these distances are

sensitive to any systematic errors in Teff , on which they depend as T 2
eff .

Fortunately, an external check of the distances (and hence of Teff) is provided by the

Hipparcos parallaxes (Perryman et al. 1997), revised recently by van Leeuwen (2007).

There are 28 systems for which the distances derived in Table 3 and from the revised

Hipparcos parallaxes are both known to better than 10%. Fig. 1 shows the difference

(in percent) between the two determinations, as a function of Teff . Weighting these

differences according to their errors, the mean difference and standard deviation are
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1.5% and 8.2%, respectively, and no systematic trend is apparent. This comparison

suggests that the adopted effective temperature scales are essentially correct and adds

strong support to the use of binary stars as distance indicators. However, close attention

to the determination of Teff and interstellar reddening is needed in every case.

Metal abundances. Knowledge of the chemical composition of a star is needed in or-

der to compute appropriate theoretical models for its evolution. Accordingly, we have

searched the literature for [Fe/H] determinations for the stars in Table 2; the 21 reliable

values found are reported in Table 3. Photometric metallicity determinations are sub-

ject to a number of uncertainties, including interstellar reddening, so we have elected to

include only spectroscopic determinations here. In most cases, they refer to the binary

itself, but we have included a few systems in open clusters with [Fe/H] determinations

from other cluster members.

Most of the systems in Table 3 have metallicities close to solar, so a solar abun-

dance pattern for the individual elements is expected (see, e.g., Edvardsson et al. 1993).

Hence, the Z parameter of stellar models should generally scale as [Fe/H].

Rotational velocities. Axial rotational speed is an important input parameter in light

curve synthesis codes as it enters the computation of the shapes of the stars. In addition,

the axial rotations and their degree of synchronisation with the orbital motion are direct

probes of the tidal forces acting between the two stars (e.g., Mazeh 2008), as is the

orbital eccentricity. Rotations are also needed to compute apsidal motion parameters

for binaries with eccentric orbits (see Sect. 7).

We have therefore collected the available direct spectroscopic determinations of

v sin i and its uncertainty for as many of the components of the stars in Table 2 as

possible (81 systems); the results are reported in Table 3. While the accuracy varies

from system to system, it is usually sufficient to detect appreciable deviations from the

default assumption of (pseudo-)synchronism.

Ages. The age of a star can, in principle, be determined from theoretical isochrones

when Teff , log g (or MV ), and [Fe/H] are known. Computing stellar ages and – especially

– their uncertainty in practice is, however, a complex procedure fraught with pitfalls

(see, e.g., the extensive discussion in Nordström et al. 2004). Some of the original

sources of the data in Table 2 discuss ages, but many are based on outdated models,

and their origin is necessarily heterogeneous. Determining truly reliable ages for the

stars in Table 2 would require (re)determination of effective temperature and [Fe/H]

for many systems and a detailed comparison with models (see Sect. 6) – a major

undertaking, which is well beyond the scope of this review.

Even a rough age estimate is, however, a useful guide to the nature of a system

under discussion, e.g., when assessing the degree of circularisation of the orbit and/or

synchronisation of the rotation of the stars. To provide such estimates on a systematic

basis, we have computed ages for all but the lowest-mass systems from the Padova

isochrones (Girardi et al. 2000), taking our adopted values of Teff , log g, and [Fe/H] as

input parameters and setting [Fe/H] = 0.00 (solar) when unknown. For the lowest-mass

systems and some of the more recent studies, we have adopted the ages reported in the

original papers. All the age estimates are listed in Table 3.

We emphasise that these values are indicative only: Errors of 25–50% are likely,

and in several cases they will be larger. Any accurate age determination and realistic

assessment of its errors would require a critical re-evaluation of the input parameters
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Teff and [Fe/H] – probably requiring new observations – and far more sophisticated

computational techniques than are justified with the material at hand. For this reason,

we deliberately do not give individual error estimates for the ages in Table 3.

5 Stars with accurate masses and radii

The basic and derived parameters for the 95 systems that satisfy all our selection cri-

teria are listed in Tables 2 and 3. This is more than double the number of systems in

A91 and includes improved results for several of the systems listed there. In addition,

Table 3 now also provides reddening, distance, v sin i, [Fe/H], and age whenever avail-

able, with references to the data for each system. In this section we illustrate various

relations between the data and comment briefly on each diagram.

Fig. 2 R vs. M for the stars in Table 2; error bars are smaller than the plotted symbols. A
theoretical zero-age main sequence (ZAMS) for solar metallicity from Girardi et al. (2000) is
shown by the dashed line.

The mass-radius diagram. Fig. 2 shows the mass-radius diagram for the stars in Ta-

ble 2; note that the error bars are smaller than the plotted symbols. Relative to A91,

the mass range has been expanded both at the higher (V3903 Sgr) and the lower end

(CM Dra), and the diagram is, of course, much better populated than before. For the

first time it includes an extragalactic binary, the two-giant system OGLE-051019.64-

685812.3 in the Large Magellanic Cloud (here called OGLE 051019 for short). It is

noteworthy, however, that the two stars in OGLE 051019 are the only new bona fide
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red giants since the two in A91 (TZ For A and AI Phe A). The large range in radius for

a given mass clearly shows the effect of stellar evolution up through the main-sequence

band, which in this diagram moves a star up along a vertical line as it evolves, if no

significant mass loss occurs.

Fig. 3 M vs. Teff for the stars in Table 2.

The temperature-mass-radius diagrams. Fig. 3 shows the observed M vs. Teff for the

stars in Table 2, corresponding roughly to the dependence of mass on spectral type.

The effects of stellar evolution are again clearly seen, with stars moving horizontally

to the right towards cooler temperatures as they evolve (assuming no mass loss). Note

again that only the errors in Teff are large enough to be visible, while main-sequence

masses for a given Teff may vary by 40% or more.

The evolutionary changes are seen even more clearly in Fig. 4, equivalent to a plot

of radius vs. spectral type. Here, however, as both temperature and radius change

during the evolution, the stars will move roughly diagonally towards the upper right.

The range in R for a given Teff is much larger than for M , up to a factor of ∼3 – again

far more than the tiny errors in the individual values of R.

The mass-luminosity diagram. Fig. 5 shows the mass-luminosity relation, i.e. the com-

puted log L vs. the observed mass, for the stars in Table 2. This relation is popular

in a number of modelling contexts and appears very well-defined here at first sight.

Note, however, that due to the high accuracy of the masses and large range in log L,

the error bars are smaller than the plotted symbols. Thus, the scatter seen is of astro-

physical, not observational origin, and is due to the varying effects of stellar evolution

and chemical abundance from star to star. We elaborate further on these issues in the

following section.
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Fig. 4 R vs. Teff for the stars in Table 2.

Fig. 5 The mass-luminosity relation for the stars in Table 2. Error bars are shown, and stars
classified as giants are identified by open circles. See Sect. 6 for a discussion of the effects of
evolution in this diagram.

6 Testing stellar models

Comparison with stellar evolution models is one of the most prominent uses of accurate

binary data (see, e.g., Pols et al. 1997; Lastennet & Valls-Gabaud 2002; Hillenbrand & White

2004) and features in most modern papers on binary system parameters. An extensive

discussion on the subject was given in A91, with a focus on what information can be
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obtained from data of increasing degrees of completeness. Only a few main points will

be repeated here, with a summary of recent developments.

The key point of the A91 discussion was that, while even the best data can never

prove a set of models right, sufficiently accurate and complete data can reveal signif-

icant deficiencies in the physical descriptions in stellar models: When the (preferably

unequal) masses and identical composition of two binary components are known, and

the age of the model of one star is fixed from its radius, requiring the model to match

the observed radius of the other star at the same age is a non-trivial test. Matching

the observed temperatures as well provides additional constraints, e.g., on the helium

content and mixing length parameter of the models. AI Phe, as shown in A91, probably

remains the best textbook example (but see Sect. 6.2).

In the following, we briefly review the ways that accurate and increasingly complete

binary data can be used to constrain stellar model properties. We begin with some

general considerations of the possible tests, then discuss fits to individual systems, and

finally review recent progress of more general interest.

6.1 General considerations

Information from M and R only. The change in radius with evolution through the

main-sequence band is clearly seen in the mass-radius diagram of Fig. 2. In the absence

of significant mass loss, evolution proceeds vertically upwards in this diagram, and a line

connecting the two stars in a given binary system indicates the slope of the isochrone

for the age of the system.

The level of the ZAMS (zero-age main sequence) and the slope of young isochrones

in this diagram depend on the assumed heavy-element abundance Z of the models, the

ZAMS models having larger radii at higher Z. Thus, any point below the theoretical

ZAMS curve in Fig. 2 would be interpreted as that star having a lower metallicity than

that of the models, and a binary with a mass ratio sufficiently different from unity can

constrain the range in Z of acceptable models. Obviously, the smaller the observational

errors, the stronger the constraints on the models (see, e.g., Vaz et al. 2007). But unless

Z (i.e. [Fe/H]) has actually been observed, one cannot check whether the model Z, and

hence the derived age, is in fact correct. And there is still no constraint on the helium

abundance and mixing length parameter of the models.

Information obtainable with M , R, and Teff . Adding Teff to the known parameters

allows one to go a step further. E.g., in the temperature-radius diagram (Fig. 4),

models for the accurately known mass of every star have to match not only the two

observed radii for the components of each binary system at the same age, but also

the two values of Teff . A match can often be obtained by adjusting the metal and/or

helium abundance (equal for the two stars) and/or the mixing-length parameter (also

the same unless the stars have very different structures), and plausible numbers will

usually result, but the test is weak without a reality check on these numbers.

Tests using M , R, Teff , and [Fe/H]. Having the complete set of observable data allows

one to make truly critical tests of a set of stellar models: M and [Fe/H] fix the basic

parameters of the model of each star (assuming a value for the helium abundance Y ,

which normally cannot be observed directly, and/or for the mixing-length parameter).

A model for the stars in a binary is then only successful if the temperatures and radii
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(or luminosities) of both stars are fit within the observational errors at a single age –

a non-trivial requirement.

Fig. 6 Close-up of the 1–2.5 M⊙ range of the mass-luminosity relation in Fig. 5. The very
significant scatter in log L at each mass value is due to the combined effects of stellar evolution
and abundance differences (see text). Open circles: stars classified as giants.

The significant effects of both stellar evolution and abundance differences are well

seen in the close-up of the deceptively tight mass-luminosity relation of Fig. 5 that

we show in Fig. 6. Making the error bars visible highlights the fact that the scatter is

highly significant and not due to observational uncertainties. The open symbols show

– not surprisingly – that the stars classified as giants are more luminous than main-

sequence stars of the same mass, but the more subtle effects of evolution through the

main-sequence phase are also clearly seen.

But evolution is not all, as seen by comparing either star in VV Pyx with the

primary of KW Hya (nos. 42 and 46 in Table 2). The stars are virtually identical

in mass and radius (or log g), hence in very similar stages of evolution, but their

temperatures are quite different and the luminosities differ by nearly a factor of two.

Clearly, the two systems are expected to have different compositions, with KW Hya

likely more metal-rich than VV Pyx. Unfortunately, no actual determination of [Fe/H]

is yet available for either system to test this prediction.

6.2 Fitting individual systems

The most informative comparison of stellar models with real stars is obtained when the

mass, radius, temperature, and [Fe/H] are accurately known for both stars in a binary

system. If the stars differ significantly in mass and degree of evolution, fitting both

stars simultaneously for a single age provides a very stringent test of the models. We

have calculated individual evolutionary tracks for the observed masses and metallicities

of the systems in Table 2, setting [Fe/H] = 0.00 if the metallicity is unknown. In

most cases, a respectable fit is achieved, and any modest deviations can usually be
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explained in terms of uncertain temperatures, reddening and/or metallicity. Resolving

the exceptional cases of large unexplained discrepancies will require detailed studies,

perhaps involving additional observations, which are beyond the scope of this paper.

In nearly equal-mass binaries, the requirement for consistency between the two

components is only a weak constraint on the models, at best. But the rare examples of

significant differential evolution can be very informative, as shown in the classic case

of AI Phe (Andersen et al. 1988) – see Fig. 7. With masses only 20% larger than that

of the Sun and a metallicity only slightly lower, solar calibrations were adopted in that

work for the helium content and mixing length of the Victoria models of the time, and

a picture-perfect fit was obtained for both stars at exactly the same age.

In order to see how modern stellar evolution codes fare in this comparison, we show

in Fig. 7 the observed properties of AI Phe together with tracks from the Yonsei-Yale

code (Yi et al. 2001; Demarque et al. 2004) for the measured masses and metallicity

(solid lines). As seen, these models fit the primary (cooler) star well, but the track

for the secondary (lower curve) is just outside the 1σ error limit of the observations.

Asterisks indicating ±1% age differences show just how sensitive the fit is.

At our request, Dr. D. A. VandenBerg kindly computed new models for AI Phe with

an experimental version of the Victoria code (VandenBerg et al. 2006), which includes

He diffusion in the outer layers; note that the adopted mixing length and overshooting

parameters of these models have not yet been adjusted to match the solar and other

constraints satisfied by the VandenBerg et al. (2006) model series.

These tracks are also shown in Fig. 7 (dashed lines) and now match the secondary

very well (lower curve), but not the primary – as expected for a non-optimised mixing

length parameter. The derived ages differ by 0.08 Gyr (1.6%) for the Yonsei-Yale

models, and by 0.20 Gyr (5%) for the experimental Victoria models (cf. the 1% age

differences shown with asterisks in Fig. 7). Because overshooting increases the main-

sequence lifetime, but accelerates the crossing of the subgiant branch, the constraints

provided by AI Phe will remain valuable for the next version of the models in which

the mixing length parameter, overshooting, and He diffusion will be tuned together to

match all the available observational constraints.

Two aspects deserve mention in this discussion: (i): What makes AI Phe so valuable

for stellar evolution is the tiny error of the masses (only 0.4%); with mass errors of 3%

the test would be far less conclusive. And (ii): The Yonsei-Yale models yield a mean

age for AI Phe of 5.0 Gyr, while the experimental Victoria models give 4.1 Gyr – a

non-negligible uncertainty in the context of age determinations for nearby solar-type

stars. The still-uncertain features of stellar evolution models that can be usefully tested

with the best binary data are therefore not just of purely academic interest, but have

significant implications for Galactic research as well.

6.3 Current topics in stellar evolution models

Convective overshooting. A91 discussed the comparison of stellar models with the bi-

nary data presented in that paper, with special focus on the then much-debated subject

of overshooting from convective cores. A reasonable consensus that the phenomenon

is indeed real developed in the following decade, and some formulation of convective

overshooting is now incorporated in most models for the evolution of stars above ∼1.15

M⊙ that have been published since then.
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Fig. 7 Detailed comparison of the observed properties of AI Phe (Andersen et al. 1988)
with models for the observed masses from the Yonsei-Yale (solid lines; Yi et al. 2001;
Demarque et al. 2004) and Victoria codes (VandenBerg, priv. comm.; dashed). The latter
extend only until they reach the measured values. Shaded areas indicate the uncertainty in the
track locations due to the 0.4% error in the masses. Models for the primary are drawn with
heavier lines. Asterisks on the Yonsei-Yale primary track indicate the best age of that star and
changes of ±1%, and are repeated on the secondary track to illustrate the different speed of
evolution.

More recently, attention has turned to the physical description of overshooting

and calibration of the parameter(s) describing its extent in stars of different mass and

metallicity (see, e.g., Claret 2007). The mass range 1.1–1.5 M⊙ is of special interest

here, as the convective core is small and overshooting potentially relatively important.

Stars in this mass range are also those that are used as age tracers in the range of

interest for Galactic evolution studies, 1–10 Gyr. The effects of slight changes in the

amount of overshooting or the detailed elemental composition of the stars are most

evident in the detailed morphology of the main-sequence turnoff, which is more clearly

revealed by well-populated cluster sequences (VandenBerg et al. 2007) than by the

point probes provided by binary systems (but note the discussion of AI Phe above).

Accordingly, recent stellar evolution models have tended to calibrate their overshooting

prescription from studies of stellar clusters – see, e.g., VandenBerg et al. (2006). The

ongoing programmes to obtain accurate data for eclipsing binaries that are members of

well-studied clusters will offer particularly strong constraints on the next generation of

models by combining the power of both approaches – see, e.g., Grundahl et al. (2008).

Current discussions of stellar models also focus on the applications of asteroseis-

mology, which led to the direct demonstration of the gravitational settling of He in

the outer layers of the Sun. One of the reasons for the recent spectacular success of

helioseismology is, in fact, that models are also constrained by the accurate values

for the solar mass, radius, luminosity and chemical composition. Asteroseismology of



16

other stars is, however, rarely performed on eclipsing binaries, hence on the stars with

the most accurate masses and radii. While there are obvious practical reasons for this,

the information content of the comparison of asteroseismic models with data for single

stars is limited by our uncertain knowledge of their masses and radii.

Activity in low-mass stars. Recent results on G-K-type eclipsing binaries have demon-

strated unambiguously that stars with masses just below that of the Sun and in short-

period binary orbits exhibit major discrepancies from standard stellar models that

provide satisfactory fits to similar stars in long-period orbits, hence with slower ro-

tation (Popper 1997; Clausen et al. 1999; Torres et al. 2006). The effect is even more

obvious for M stars (Torres & Ribas 2002; Ribas 2003; López-Morales & Ribas 2005).

In short, these stars are up to 10% larger than their slowly-rotating counterparts – a

huge effect when compared to observational errors of ∼ 1% – and up to ∼400 K cooler.

The two effects combine to yield the same luminosity as normal stars, indicating that

this is a surface phenomenon. Early hints of similar discrepancies go back at least

30 years (Hoxie 1973; Lacy 1977), but the recent accurate results have removed any

remaining observational ambiguity.

A shown convincingly by Torres et al. (2006), López-Morales (2007), Morales et al.

(2008), and others, these effects are caused by significant surface activity (spots) on the

faster-rotating stars. This is evident not only in the light curves, but also in the emission

cores of the Ca II H and K lines and sometimes in X-rays as well. The accepted cause

is strong surface magnetic fields, which inhibit efficient convection; and indeed, models

with artificially low values of the mixing-length parameter in the outer convective zone

(i.e., less efficient convection) fit the observations considerably better (Torres et al.

2006; Chabrier et al. 2007; Clausen et al. 2009). Metallicity has been discussed as an

additional cause (Berger et al. 2006; López-Morales 2007), but would not be expected

to affect fast and slow rotators differently.

It would appear that progress in observational accuracy has revealed a class of

mildly-active binary stars, intermediate between ordinary inactive stars and the more

extreme class of RS CVn binaries, but with properties clearly different from normal

single stars. It remains to be seen whether a continuum of properties exists between

these classes of stars, but new models are clearly needed which take these phenomena

into account in a physically realistic way. Some headway on this front has already

been made (see, e.g., D’Antona et al. 2000; Mullan & MacDonald 2001; Chabrier et al.

2007).

7 Tidal evolution and apsidal motion

Well-detached binaries with accurate absolute dimensions provide excellent data with

which to study the dynamical effects of tidal friction as well as to explore the internal

stellar structure. Tidal evolution is observed by measuring the degree of circularisation

of the orbit and the level of synchronisation of the rotational velocities, being a very

active field with discussions on alternative theories for the physical description of tidal

friction (see, e.g., Mazeh 2008, and references therein).

Internal structure constants log k2 are indicative of the degree of central density

concentration of the component stars and can be observed in eccentric systems by

measuring the apsidal motion period (e.g., Giménez 2007). In Table 4 we list all systems

from Table 2 with eccentric orbits, as well as those with measured apsidal rates dω/dt.
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References are given for the apsidal motion determinations. In three cases (EW Ori,

V459 Cas, and MY Cyg), the original values were corrected to an adopted eccentricity

consistent with the photometric and spectroscopic studies. Here we do not attempt

to perform a detailed analysis of the individual systems in this table, but rather to

provide a high-quality database satisfying the adopted selection criteria, allowing such

studies, including the confrontation with stellar evolution models.

7.1 Tidal circularisation and synchronisation

Our sample of detached binaries contains both circular and eccentric orbits; in fact, 44

of the 95 systems are eccentric. The left-hand panels of Fig. 8 show the distribution of

orbital eccentricity as a function of orbital period, separately for stars with radiative

and convective envelopes, adopting Teff = 7000 K as the limit between the two groups.

For clarity, the two longest-period systems, α Cen and OGLE 051019, are not shown.

Observational biases limit the sample to orbital periods mostly below 10 days. The

special case of TZ For, with two evolved stars in a circular orbit of period 75.7 days, was

explained in detail by Claret & Giménez (1995), who integrated the circularisation time

scales along the evolution of the component stars. The only other longer-period system

in this diagram, AI Phe (24.6 days), shows an eccentric orbit, but with synchronised

rotational velocities.

Fig. 8 Eccentricity as a function of period (left panels) and relative radius (right) for all
systems in Table 2 (except α Cen and OGLE 051019). Individual stars with convective and
radiative envelopes are shown separately, with Teff = 7000 K as the dividing line.

As expected, short-period systems present circular orbits while the longer-period

binaries show a wide range of eccentricities: No eccentric orbit is found for periods

below 1.5 days. It is also clear that systems with stars having convective envelopes

circularise more easily, and up to longer periods, than those with radiative envelopes.

Diagrams such as Fig. 8 are often used because periods and eccentricities are easily
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obtained, even for non-eclipsing systems. However, our data also allow us to plot the

orbital eccentricity as a function of relative radius (i.e., the radius of the star in units of

the orbital semi-axis major). We do so in the right-hand panels of Fig. 8, which is more

interesting from a physical point of view, given the dependence of tidal circularisation

time scales on high powers of the relative radii.

Our sample clearly shows a decreasing dispersion in eccentricity with increasing

relative radius, all orbits being circular for relative radii above ∼0.25. The long-period

system α Cen fits naturally into Fig. 8 as an eccentric system with near-zero relative

radii. Again, convective envelopes achieve circularisation for smaller relative radii than

radiative ones: Highly eccentric orbits are observed only for quite small relative radii in

stars with convective envelopes, while circular orbits are already rare among radiative

stars below relative radius 0.1.

Fig. 9 Measured v sin i as a function of the value expected for orbital synchronisation (equal
rotational and orbital periods). The one-to-one relation is shown as a dashed line, for reference.

The other stellar parameter of importance in understanding tidal evolution in bi-

nary systems is the level of synchronisation of the component stars. Fig. 9 shows the

relation between the observed values of v sin i and those expected from synchronisation

with the orbital period. Some deviating cases are found, taking observational uncer-

tainties into account, mainly in the sense of the observed rotations being faster than

synchronous, but some cases of sub-synchronous rotation are also seen. Only the high

quality of our data allows to identify these non-synchronous cases with confidence.

In eccentric systems, tidal forces vary over the orbital cycle, being strongest at

periastron. One thus expects the stars to rotate at a rate intermediate between the

orbital angular velocity at periastron and that expected for similar single stars. The
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Fig. 10 Ratio between measured and projected (pseudo-)synchronous rotational velocities for
stars with convective (top) and radiative envelopes (bottom). Stars in circular and eccentric
systems are shown by filled and open circles, respectively.

rotation period of single stars is generally shorter than the typical orbital period of the

systems in Table 2 for early-type stars with radiative envelopes, longer for late-type

stars with convective envelopes. The speed with which the stars are spun up or down

to their final rotational velocity will, of course, depend on the strength of the tidal

forces in each system, i.e., primarily on the relative radii of the stars.

Calculations of the average effect of the tidal forces over an eccentric orbit lead

to a prediction of the final net rotation of the components – the concept of pseudo-

synchronisation as defined by Hut (1981). Taking this as the best average prediction for

the observed rotation rates, Fig. 10 shows the level of pseudo-synchronisation achieved

by the stars as a function of relative radius (pre-main-sequence stars excluded). For

the sake of clarity, stars with convective and radiative envelopes are shown in separate

panels, and circular and eccentric orbits by different symbols.

As seen, pseudo-synchronisation is in fact an excellent approximation for the great

majority of the stars; most of the non-synchronous cases are found below relative radius

0.1, as expected from tidal evolution theory. Interesting exceptions are V459 Cas (no.

44 in Table 2) in the bottom panel of Fig. 10 at relative radius ∼0.07, with stars

rotating much faster than predicted, and the slightly eccentric RW Lac (no. 90) in the

top panel of Fig. 10 at relative radius 0.04–0.05, with highly sub-synchronous rotation.

These exceptions are consistent with the expected levels of synchronisation for such

small relative radii, given that the overall tendency in binaries is to slow down radiative

stars and spin up convective ones relative to their single counterparts.

The good quality of the data, as reflected in the near-invisible error bars, reveals

a smaller dispersion among stars with convective rather than radiative envelopes due

to the more efficient circularisation mechanism. The data also reveal a number of sub-

synchronous radiative stars with relative radii above 0.1 that cannot yet be explained

(e.g., V451 Oph or V1031 Ori). Detailed stellar models with integrated tidal evolution

calculations will be needed to address this issue.
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Using different symbols for stars in eccentric and circular orbits in Fig. 10 also

reveals any effects of overcorrection for eccentricity in convective stars when adopting

pseudo-synchronisation. EY Cep (Lacy et al. 2006) is an interesting case of a highly

eccentric young binary where theory predicts a non-circular orbit as observed, but not

that the two stars should rotate at the orbital rate. Presumably, synchronisation was

achieved by deep convective envelopes, now or during the pre-main sequence phase, or

the stars managed to slow down independently. In other cases, the two stars in the same

system show clearly different behaviours. For example, the primary of V364 Lac rotates

faster than expected, while the secondary rotates sub-synchronously; the opposite is

the case in V396 Cas.

Overall, the normal pattern is that the larger primary stars are synchronised while

the smaller secondaries are still on their way to the final state, either from faster

rotation in radiative stars (ζ Phe) or from slower speeds in stars with convective en-

velopes (BW Aqr). Nevertheless, cases exist that require special attention, including

new observations and additional tidal modelling (e.g. V539 Ara or CV Vel). For clar-

ity, the exceptionally fast-rotating secondary component of TZ For (spinning more

than 15 times above the synchronous rate) has been excluded from Fig. 10; the tidal

history and special evolutionary configuration of this system have been studied in de-

tail by Claret & Giménez (1995). Recent advances in tidal theory include the work

of Kumar & Goodman (1996), Witte & Savonije (1999a,b, 2002), and Willems et al.

(2003). An excellent summary of the topic and its applications can be found in the

proceedings of the 3rd Granada Workshop on Stellar Structure (Claret et al. 2005).

7.2 Apsidal motion

Important additional information about stellar structure is available if the rate of apsi-

dal motion in an eccentric binary system can also be measured. This is the case for 29

of the 44 eccentric systems in our sample, although for two of them the apsidal motion

has not been measured with enough precision to allow for a significant comparison with

theory. One of these systems is BP Vul (Lacy et al. 2003); the other is the extremely

interesting case of CM Dra, with the lowest stellar masses of the sample (Morales et al.

2009).

The much-discussed system DI Her requires special mention (see Claret 1998).

DI Her was excluded from our overall study because of the recent discovery, based on

the Rossiter effect, that the spin axes of the stars are almost perpendicular rather than

parallel to that of the orbit (Albrecht 2008). This configuration is, in fact, not unlikely

in such a young binary with small relative radii, provided that the stars were initially

formed with misaligned spin axes. In summary, when the observed misalignment, the

Shakura effect (Company et al. 1988), and the general relativistic contribution are

accounted for in the tidal and rotational terms of the predicted apsidal motion, excellent

agreement is obtained with the observed apsidal motion rate.

The observed apsidal motion in binary stars has two contributions due to the non-

Keplerian dynamical behaviour of the component stars. The classical term is caused by

the stellar distortions produced by rotation and tides, while the non-Newtonian term

corresponds to the predictions of General Relativity. For a recent comparison between

observed and predicted apsidal motion rates, including for the first time the effects of

dynamical tides, see Claret & Willems (2002).



21

Fig. 11 Observed vs. predicted apsidal motion rates for systems with a general relativistic
contribution of at least 40% of the total. The systems are, from left to right, EW Ori, V459 Cas,
GG Ori, V1143 Cyg, V636 Cen, and EK Cep.

The general relativistic term. The relativistic term of the apsidal motion was examined,

e.g., by Claret (1997), and reviewed more recently by Giménez (2007), who analysed

16 systems. He found good agreement between predicted and observed rates for 12

of them, but the sample was not of the same quality as that presented here. For our

comparison between predicted and observed apsidal motions, we have considered all

the systems in Table 2 with eccentric orbits and well-determined apsidal motions, and

with a predicted relativistic contribution of at least 40% of the observed total rate. This

allows us to minimize the influence of possible errors in the models used to compute

the tidal contribution.

Only six systems fulfil these conditions, excluding the special case of DI Her, dis-

cussed above. For these systems, the expected apsidal motion rates were computed

including the general relativistic contribution, using theoretical models of internal

structure as described below, and the observed rotational velocities (see Table 3). The

predicted and observed apsidal motion rates, in degrees per cycle, are compared in

Fig. 11. The good agreement seen there, together with the resolution of the ‘DI Her

enigma’, seems to indicate that apsidal motion as an argument in favour of alternative

theories of gravitation is a closed case.

The tidal terms. Applying the standard correction for the general relativistic contri-

bution to the observed apsidal motion for the rest of the systems in Table 4, we can

compute the average internal structure constant, log k2. In order to ensure that the

resulting values are of good accuracy, we consider only systems where the tidal and

rotational effects contribute at least 40% of the observed total apsidal motion. More-

over, pinpointing individual main-sequence systems between the ZAMS and the TAMS

(terminal-age main sequence) requires a precision of at least 0.1 in log k2. Only 18 bi-
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Fig. 12 (a) Measured internal structure constant as a function of the weighted mean logarith-
mic mass in each system. The ZAMS relation from the Claret (1995) models for solar metallicity
is shown. (b) Deviations of the measured internal structure constant from the ZAMS relation
in (a) as a function of the weighted mean surface gravity in each system. The dashed line is
for reference; no physical relation is suggested.

naries satisfy these quality criteria, and we list the derived values of log k2 for these

stars in Table 4.

Fig. 12a shows log k2 for these systems as a function of the mean mass of the stars

(using the same weighting procedure as implicit in the observed structure constant).

Theoretical values from ZAMS models for the solar chemical composition from Claret

(1995) are also shown. It is clear that the precision of the data allows us to follow the

stars as they evolve beyond the ZAMS, towards smaller values of log k2 (greater central

concentration); note that the lower-mass stars are generally less evolved. No correction

for variation in metal content has been made in this general plot.

That the downward shift of the points in Fig. 12a is primarily due to evolution is

clearly seen in Fig. 12b, which shows the difference between the observed and theoretical

(ZAMS) log k2 values as a function of the difference in the observed and ZAMS values

of the mean surface gravity, ∆ log g. The nearly linear correlation and increasing dis-

persion in ∆ log k2 with increasing ∆ log g were suggested already by the evolutionary

models of Claret (1995) (his Fig. 7). Corrections for mild degrees of evolution, derived

from this relation, were applied to the computed tidal contributions when assessing the

general relativistic terms above.

Given that differences in metal content or rotation of the stars were not taken into

account, the observed tight correlation is encouraging. Computing specific models for

the observed mass, chemical composition and degree of evolution of each of the compo-

nent stars would no doubt provide useful constraints on the adopted input physics when

compared with these observations. The next few years should see a significant increase

in the number of systems with reliably determined internal structure constants.

8 Calibration of single-star properties

With our new sample of nearly 200 accurate masses and radii, the question arises if

a calibration can be devised to estimate precise values of M and R for single stars



23

from observable indicators of the basic parameters mass, composition, and age. A91

speculated about the way such a calibration could be devised, but did not proceed

to action on the basis of the data available then. Our new, larger sample of binary

parameters – including [Fe/H] for many systems – allowed us to make a new attempt,

described in the following.

Fig. 13 Log g vs. Teff for the stars in Table 2, together with a 1-Myr isochrone for Z = 0.019
from Girardi et al. (2000). Error bars are shown. Open circles: Stars classified as giants.

Calibrations of M and R. Fig. 13 highlights the degree of evolution of each star in the

sample away from the ZAMS, which is roughly horizontal in this diagram, as a function

of temperature (≃ spectral type). Evolution without mass loss is generally upwards

and to the right in this figure, which suggests that suitable indicators of the degree of

evolution of a star are Teff and log g, which are observable by both spectroscopic and

photometric techniques, together with the metal abundance [Fe/H].

Accordingly, we have attempted to model first the radii of the stars in Fig. 4 by

fitting a ZAMS relation, then fitting the deviations from that relation as functions

of log g, with small additional terms in [Fe/H]. That strategy was quite successful,

as illustrated in Fig. 14, which shows the correlation between log g and the deviation

of the observed radii from a global polynomial fit including terms in Teff and [Fe/H]

only (i.e. not just a ZAMS fit to Fig. 4). Note that stars below 0.6 M⊙ and pre-main-

sequence stars (open circles) do not fit this relation and are excluded from the following

discussion.

We therefore proceeded to perform a full fit to M and R, expressed as the simplest

possible polynomials in Teff , log g and [Fe/H]. The resulting equations are given below

and the coefficients listed in Table 1, with one extra guard digit.

log M = a1 + a2X + a3X2 + a4X3 + a5(log g)2 + a6(log g)3 + a7[Fe/H]

log R = b1 + b2X + b3X2 + b4X3 + b5(log g)2 + b6(log g)3 + b7[Fe/H] ,
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Fig. 14 Deviation of the observed radii from a polynomial ZAMS relation in Teff and [Fe/H],
∆ log R vs. log g. Open symbols denote stars below 0.6 M⊙ and pre-main-sequence stars. The
dotted line represents the remaining fitted dependence on log g.

Table 1 Coefficients for the calibration equations above.

i ai bi

1 1.5689 ± 0.058 2.4427 ± 0.038
2 1.3787 ± 0.029 0.6679 ± 0.016
3 0.4243 ± 0.029 0.1771 ± 0.027
4 1.139 ± 0.24 0.705 ± 0.13
5 −0.1425 ± 0.011 −0.21415 ± 0.0075
6 0.01969 ± 0.0019 0.02306 ± 0.0013
7 0.1010 ± 0.014 0.04173 ± 0.0082

where X = log Teff − 4.1. The scatter from these calibrations is σlog M = 0.027 and

σlog R = 0.014 (6.4% and 3.2%, respectively) for main-sequence and evolved stars above

0.6 M⊙. The larger error in the mass, which varies over a smaller range than the radius,

suggests that mass may depend on the input parameters in a more complex way than

that described by these equations (see also below).

Testing and applying the calibrations. In principle, the above calibrations allow one

to infer the mass and radius of a single star to a few per cent from an observed set

of accurate values of Teff , log g and [Fe/H]. For example, when applied to the Sun

itself, the results are M = 1.051 M⊙ and R = 1.018 R⊙, well within the scatter of

the calibrations. These relations are particularly interesting for exoplanet host stars,

where the properties of the planet are normally obtained relative to those of the star.

We have therefore checked the results of our purely empirical calibrations with the

set of results obtained for the host stars of transiting planets by Torres et al. (2008).

For such stars, additional information about the radius and log g is available from the
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Fig. 15 Masses and radii as derived in this paper vs. those derived for host stars of transiting
planets by Torres et al. (2008).

transit light curves, and masses are then inferred from stellar evolution models. The

results of the comparison are shown in Fig. 15, and the agreement is very satisfactory.

To further explore the potential of our new calibrations, we have derived masses

and radii for the 1,040 nearby F, G, and K stars studied by Valenti & Fischer (2005)

from their spectroscopic determinations of Teff , log g and [Fe/H]. Their masses and

radii are derived in two ways: either directly, i.e., the radius from luminosity based

on the Hipparcos parallax (Perryman et al. 1997) combined with Teff , then the mass

from log g, or alternatively, M and R are derived from theoretical isochrones with the

luminosity and spectroscopic Teff and [Fe/H] values as input parameters. Their results

and our values are compared in Fig. 16.

Two features are prominent: First, the masses and radii derived from isochrones by

Valenti & Fischer (2005), and preferred by them, are indeed much more reliable than

those derived directly from parallax, Teff and log g; in particular, implausibly large

masses are found for the evolved stars in the latter case. Second, a small, but significant

deviation (∼5%) is seen for masses near 1 M⊙, in the sense that our calibrations give

slightly larger masses than the isochrones. Because the same effect is found for the Sun,

as noted above, the isochrones are probably not the cause of this difference.

We have attempted to refine our mass calibration with higher-order terms, but

without success. The number of systems with good [Fe/H] determinations is still too

small to support a more sophisticated approach, so we prefer to retain the simple

equations above, noting that the accuracy achieved is still very good and the equations

far simpler to use than interpolating in isochrone tables.

9 Systems with accurate interferometric masses

Progress in long-baseline optical interferometry of close visual binaries has resulted

in an increasing number of systems with accurate interferometric and spectroscopic

orbits. Table 5 lists the 23 systems in the literature in which the individual stellar

masses have been determined to better than the limit of 3% for stars included in this

review (Tables 2–3). Again, we have examined the original material on which these
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Fig. 16 Masses and radii as derived in this paper vs. those derived for 1,040 F, G, and K
stars by Valenti & Fischer (2005). Top panels: Mass and radius as derived directly from the
parallax-based luminosity, Teff , and log g. Bottom panels: Mass and radius as derived from
theoretical isochrones and luminosity, Teff , and [Fe/H] as input parameters. Dotted lines in
the left-hand panels indicate the approximate mass of an F0 star, the largest to be expected
in this sample.

masses are based and satisfied ourselves in each case – if necessary by independent

orbital computations – that the error estimates we list are indeed reliable. The orbital

parallaxes also yield accurate distances, which we list in Table 5 as well, along with

other information such as metallicity, when available.

However, only for Capella (α Aur) have the stellar radii been determined from

directly measured angular diameters and parallaxes, and even then not yet with the

accuracy we require. For the other systems in Table 5, radius estimates are based on

observed luminosities (from apparent magnitudes and distances) and temperatures.

Such estimates are indirect and scale-dependent, and their relative errors – twice those

in the temperature – exceed our limit of 3%. Indeed, in several cases the available

information on the individual temperatures and luminosities is too fragmentary for

any meaningful estimate of individual radii.

Fig. 17 shows the mass-radius diagram for the interferometric binaries in Table 5,

with the stars in Table 2 shown as well for comparison. Two salient features appear:

The much larger error bars in R than seen in Fig. 2, and the addition of significant
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Fig. 17 Mass-radius diagram for the interferometric binaries in Table 5 (filled circles), together
with those from Table 2 (open circles). The ZAMS relation is the same as shown in Fig. 2. See
text for the determination of M and R.

numbers of low-mass and evolved stars. The low accuracy of the radii prevents us from

including them in the types of discussion contained in the previous sections, but we list

them here as a stimulus to observers to complement the excellent mass determinations

with the missing essential data of matching quality.

Finally, we note that a fairly large number of single stars exist for which accurate

absolute radii have been determined from angular diameters and parallaxes. However,

as mass values of matching credentials cannot be determined for these stars, we have

decided to not discuss them in the context of this review.

10 Directions for future work

Based on our assessment of the current status of our knowledge of accurate stellar

masses and radii, we point out in the following a number of directions in which further

work appears especially promising.

Coverage of the stellar parameter space. Relative to the sample of A91, the number

of massive stars (M > 10 M⊙) has increased from 6 to 17, but only one star more

massive than the previous record holder has been added in these 18 years. Similarly,

the number of stars less massive than the Sun has increased from 5 to 25, but only
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four are less massive than YY Gem. And only one pre-main-sequence system and

one giant system (in the LMC) have been added since the earlier review. Additional

studies of these types of star do exist, but refinement of the stellar parameters to the

level adopted here is necessary for these systems to become truly useful. We note that

optical interferometry will be valuable in determining masses for low-mass and giant

stars, but radius determination of matching accuracy remains an issue.

Effective temperatures. Teff is a key parameter in all discussions of stellar and Galactic

evolution, directly affecting the location of a star in the HR diagram and the use of a

star to determine distances to other galaxies or age scales of galactic populations. Given

the current disagreement between several spectroscopic and photometric temperature

scales (see, e.g., Holmberg et al. 2007 for a detailed discussion), improvement of the

Teff scale via additional accurate angular diameter and flux measurements is the most

urgent priority. In the process, the interstellar reddening must be carefully determined

for both programme stars and calibrators.

Metallicity. As seen in Table 3, measurements of [Fe/H] still exist for only a minority

of the stars discussed here; more detailed abundances for even fewer. For all serious

determinations of stellar ages – and indeed for most astrophysical discussions of these

stars – the chemical composition is a key parameter. While acknowledging that the

analysis of double-lined spectra is more challenging than for single stars, we point out

that modern tomographic or disentangling techniques are now available to facilitate

the task. Chemical composition data are particularly urgently needed for the low-mass

stars, for which current models are the most uncertain.

Rotation. Accurate values of v sin i are needed in order to verify to what extent real

binary components rotate as predicted by stellar and tidal evolution theory. Some

outliers are explained by the stars being too young and/or too widely separated for

tidal synchronisation to have been fully effective, but in other cases other effects may

play a role, as suggested by Fig. 10. Clarification of such cases may require that v sin i

be redetermined on a homogeneous basis from modern high-quality spectra.

Stellar models. Better stellar evolution models will be needed to take full advantage of

the data presented here, especially for low-mass and active stars below 1 M⊙. For the

latter, models must address the influence of strong, rotation-generated magnetic fields

and large-scale surface inhomogeneities (spots) that affect the radius and luminosity of

the star significantly. For stars in the 1.1–1.5 M⊙ range, precise and tested prescriptions

for the combined effects of core overshooting and He diffusion are needed to further

consolidate the determination of stellar ages throughout the lifetime of the Galactic

disk.

11 Conclusions and outlook

The aim of this paper has been to summarise the status of accurate determinations

of stellar masses and radii, and of the quantities that are needed for the astrophysical

discussion of these data. The use of the data in checking models of stellar evolution and

tidal interaction in binaries was discussed in some detail in Sect. 6–7.1, and calibrations
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relating the observed Teff , log g and [Fe/H] of a star directly with its mass and radius

were derived in Sect. 8. Sect. 9 lists a number of interferometric binaries with accurate

masses, but still with insufficiently precise radii and other quantities. Finally, Sect. 10

points out a number of directions for future work in the field. Rather than recapitulate

these results, we wish to end the paper by taking a look at the future.

A new era of large-scale photometric surveys from space of unprecedented accuracy

has dawned on us with the launch and successful operation of the CoRoT and Kepler

space observatories. The boom in searches for transiting extrasolar planets – which had

not even begun at the time of the Andersen (1991) review – will ensure that such surveys

will continue in the foreseeable future. The prospect is an influx of tens of thousands

of well-covered light curves of binary and other variable stars with photometric errors

2–3 orders of magnitude below those discussed in this paper. What will this mean?

A first consequence will be that a thorough revision of the existing light curve

analysis codes will be needed: None of them is developed to model the effects of stellar

deformations, disk intensity distributions (including spots), and reflection and scatter-

ing of light in the system to the level of a few parts per million. A second consequence

will be increased demands on the spectroscopic follow-up, not only for more accu-

rate mass determinations (which will also have to consider proximity effects that are

now negligible), but also for the more accurate and detailed abundance determinations

which will be needed to interpret the more accurate masses and radii.

In turn, this will send the ball back in the court of the stellar evolution modellers,

as the observations will allow us to test the importance of a next level of effects that

are ignored in the current generation of models, such as magnetic fields, non-rigid

rotation, chemical fractionation, surface inhomogeneities, etc. Only when models and a

complete set of observations progress hand in hand will the full advance in astrophysical

understanding be achieved.

How will this influence the field of asteroseismology, which feeds from the same

space data as the extrasolar planet searches? Already a few cases are known (e.g., β Hyi

and β Vir; North et al. 2007, 2009) where an accurate parallax and angular diameter

led to an accurate absolute radius for the star which, via a seismological determination

of the mean stellar density, led to a precise value for the mass. We did not include these

stars in Table 3, because the mass rests more heavily on theoretical assumptions than

we have preferred to do, but such cases can be expected to multiply. The challenge for

the future will be to combine the accurate mass and radius determinations from binary

systems with the results of asteroseismological analyses, which are best performed on

single stars. We expect this to take less than another 18 years.
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Claret A., Giménez A. (1995) Stellar and tidal evolution of TZ Fornacis: a case of asynchronism.
A&A 296: 180-184
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Table 2: Observed parameters and derived quantities for 95 binary systems, with mean errors.

P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

1 V3903 Sgr 1.74 A O7V 27.27±0.55 8.088±0.086 38000±1900 4.058±0.016 5.088±0.087 −4.36±0.08
HD 165921 7.27 B O9V 19.01 0.44 6.125 0.060 34100 1700 4.143 0.013 4.658 0.088 −3.64 0.08

2 EM Car 3.41 A O8V 22.83 0.32 9.35 0.17 34000 2000 3.855 0.016 5.021 0.104 −4.55 0.10
HD 97484 8.38 B O8V 21.38 0.33 8.35 0.16 34000 2000 3.925 0.016 4.922 0.104 −4.30 0.10

3 V1034 Sco 2.44 A O9V 17.21 0.46 7.507 0.081 33200 900 3.9229 0.0082 4.789 0.048 −4.04 0.06
CD−41 11042 8.32 B B1.5V 9.59 0.27 4.217 0.089 26330 900 4.170 0.013 3.885 0.062 −2.44 0.09

4 V478 Cyg 2.88 A O9.5V 16.62 0.33 7.426 0.072 30479 1000 3.9173 0.0074 4.631 0.058 −3.91 0.07
HD 193611 8.63 B O9.5V 16.27 0.33 7.426 0.072 30549 1000 3.9080 0.0075 4.635 0.057 −3.91 0.07

5 AH Cep 1.77 A B0.5Vn 15.26 0.35 6.346 0.071 29900 1000 4.0166 0.0090 4.461 0.059 −3.54 0.07
HD 216014 6.81 B B0.5Vn 13.44 0.25 5.836 0.085 28600 1000 4.034 0.012 4.311 0.062 −3.29 0.08

6 V578 Mon 2.41 A B1V 14.50 0.12 5.149 0.091 30000 740 4.176 0.015 4.285 0.045 −3.09 0.07
HD 259135 8.55 B B2V 10.262 0.084 4.21 0.10 26400 600 4.200 0.021 3.888 0.045 −2.45 0.08

7 V453 Cyg 3.89 A B0.4IV 13.82 0.35 8.445 0.068 27800 400 3.7253 0.0056 4.583 0.026 −4.05 0.06
HD 227696 8.28 B B0.7IV 10.64 0.22 5.420 0.068 26200 500 3.9970 0.0095 4.094 0.035 −2.98 0.07

8 CW Cep 2.73 A B0.5V 13.05 0.20 5.64 0.12 28300 1000 4.050 0.019 4.263 0.064 −3.20 0.09
HD 218066 7.59 B B0.5V 11.91 0.20 5.14 0.12 27700 1000 4.092 0.021 4.145 0.067 −2.96 0.09

9 DW Car 1.33 A B1V 11.34 0.18 4.561 0.050 27900 1000 4.1747 0.0086 4.054 0.063 −2.71 0.08
HD 305543 9.68 B B1V 10.63 0.20 4.299 0.058 26500 1000 4.198 0.011 3.913 0.067 −2.50 0.09

10 QX Car 4.48 A B2V 9.25 0.12 4.291 0.091 23800 500 4.139 0.018 3.725 0.041 −2.29 0.08
HD 86118 6.64 B B2V 8.46 0.12 4.053 0.091 22600 500 4.150 0.019 3.585 0.043 −2.06 0.08

11 V1388 Ori 2.19 A B2.5IV-V 7.42 0.16 5.60 0.08 20500 500 3.812 0.016 3.697 0.044 −2.56 0.08
HD 42401 7.40 B B3V 5.16 0.06 3.76 0.06 18500 500 4.000 0.015 3.172 0.049 −1.48 0.08

12 V539 Ara 3.17 A B3V 6.240 0.066 4.516 0.084 18100 500 3.924 0.016 3.293 0.051 −1.83 0.09
HD 161783 5.71 B B4V 5.314 0.060 3.428 0.083 17100 500 4.093 0.021 2.955 0.055 −1.11 0.09

13 CV Vel 6.89 A B2.5V 6.086 0.044 4.089 0.036 18100 500 3.9991 0.0076 3.207 0.049 −1.61 0.08
HD 77464 6.69 B B2.5V 5.982 0.035 3.950 0.036 17900 500 4.0219 0.0078 3.158 0.049 −1.52 0.08

14 AG Per 2.03 A B3.4V 5.35 0.16 2.995 0.071 18200 800 4.213 0.020 2.946 0.079 −0.95 0.12
HD 25833 6.72 B B3.5V 4.89 0.13 2.605 0.070 17400 800 4.296 0.023 2.747 0.083 −0.55 0.12
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P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

15 U Oph 1.68 A B5V 5.273±0.091 3.484±0.021 16440±250 4.0759±0.0043 2.901±0.027 −1.07±0.06
HD 156247 5.87 B B6V 4.739 0.072 3.110 0.034 15590 250 4.1281 0.0087 2.710 0.029 −0.71 0.06

16 DI Her 10.55 A B5V 5.17 0.11 2.681 0.046 17000 800 4.295 0.015 2.732 0.083 −0.57 0.12
HD 175227 8.42 B B5V 4.524 0.066 2.478 0.046 15100 700 4.305 0.015 2.457 0.082 −0.16 0.11

17 V760 Sco 1.73 A B4V 4.969 0.090 3.015 0.066 16900 500 4.176 0.019 2.823 0.055 −0.81 0.09
HD 147683 6.99 B B4V 4.609 0.073 2.641 0.066 16300 500 4.258 0.021 2.645 0.058 −0.45 0.10

18 MU Cas 9.65 A B5V 4.657 0.095 4.195 0.058 14750 800 3.861 0.012 2.874 0.096 −1.25 0.12
HD 6582 10.80 B B5V 4.575 0.088 3.670 0.057 15100 800 3.969 0.013 2.798 0.094 −1.01 0.12

19 GG Lup 1.85 A B7V 4.106 0.044 2.380 0.025 14750 450 4.2983 0.0089 2.382 0.054 −0.02 0.08
HD 135876 5.59 B B9V 2.504 0.023 1.726 0.019 11000 600 4.3628 0.0092 1.593 0.095 1.22 0.12

20 ζ Phe 1.67 A B6V 3.921 0.045 2.852 0.015 14400 800 4.1210 0.0040 2.497 0.097 −0.37 0.12
HD 6882 3.95 B B8V 2.545 0.026 1.854 0.011 12000 600 4.3076 0.0046 1.806 0.088 0.90 0.11

21 χ2 Hya 2.27 A B8V 3.605 0.078 4.390 0.039 11750 190 3.7101 0.0067 2.518 0.029 −0.93 0.06
HD 96314 5.65 B B8V 2.632 0.049 2.159 0.030 11100 230 4.190 0.011 1.803 0.038 0.71 0.07

22 IQ Per 1.74 A B8V 3.504 0.054 2.445 0.024 12300 230 4.2060 0.0080 2.089 0.034 0.25 0.06
HD 24909 7.73 B A6V 1.730 0.025 1.499 0.016 7700 140 4.3247 0.0085 0.851 0.033 2.58 0.09

23 V906 Sco 2.79 A B9V 3.378 0.071 4.521 0.035 10400 500 3.656 0.012 2.332 0.084 −0.76 0.12
HD 162724 5.96 B B9V 3.253 0.069 3.515 0.039 10700 500 3.858 0.013 2.163 0.082 −0.27 0.11

24 OGLE 051019 214.37 A G4III 3.278 0.032 26.05 0.29 5300 100 2.1221 0.0096 2.682 0.034 −1.78 0.13
16.66 B G4III 3.179 0.029 19.76 0.34 5450 100 2.349 0.015 2.490 0.035 −1.34 0.12

25 PV Cas 1.75 A B9.5V 2.816 0.050 2.301 0.020 10200 250 4.1639 0.0063 1.711 0.043 0.74 0.08
HD 240208 9.72 B B9.5V 2.757 0.054 2.257 0.019 10190 250 4.1713 0.0067 1.693 0.043 0.79 0.08

26 V451 Oph 2.20 A B9V 2.769 0.062 2.642 0.031 10800 800 4.0368 0.0091 1.931 0.130 0.33 0.17
HD 170470 7.87 B A0V 2.351 0.052 2.029 0.028 9800 500 4.195 0.011 1.533 0.090 1.11 0.14

27 WX Cep 3.38 A A5V 2.533 0.050 3.996 0.030 8150 250 3.6385 0.0052 1.801 0.054 0.21 0.13
HD 213631 9.0: B A2V 2.324 0.045 2.712 0.023 8900 250 3.9378 0.0064 1.617 0.050 0.74 0.10

28 TZ Men 8.57 A A0V 2.482 0.025 2.017 0.020 10400 500 4.2236 0.0086 1.631 0.084 0.99 0.12
HD 39780 6.19 B A8V 1.5001 0.0097 1.433 0.014 7200 300 4.3018 0.0085 0.695 0.073 2.96 0.19
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Table 2: (continued)

P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

29 V1031 Ori 3.41 A A6V 2.468±0.018 4.323±0.034 7850±500 3.5587±0.0066 1.804±0.112 0.20±0.27
HD 38735 6.02 B A3V 2.281 0.016 2.978 0.064 8400 500 3.848 0.019 1.598 0.105 0.73 0.23

30 V396 Cas 5.51 A A1V 2.397 0.025 2.592 0.014 9225 150 3.9904 0.0041 1.640 0.028 0.73 0.07
HD 240229 9.56 B A3V 1.901 0.019 1.779 0.010 8550 120 4.2166 0.0046 1.181 0.025 1.78 0.07

31 β Aur 3.96 A A1m 2.375 0.027 2.765 0.018 9350 200 3.9303 0.0050 1.720 0.038 0.55 0.08
HD 40183 1.89 B A1m 2.304 0.030 2.571 0.018 9200 200 3.9802 0.0056 1.629 0.038 0.76 0.08

32 GG Ori 6.63 A B9.5V 2.342 0.016 1.854 0.025 9950 200 4.272 0.012 1.481 0.037 1.27 0.07
HD 290842 10.37 B B9.5V 2.338 0.016 1.831 0.025 9950 200 4.281 0.012 1.470 0.037 1.30 0.07

33 V364 Lac 7.35 A A4m: 2.333 0.014 3.309 0.021 8250 150 3.7665 0.0049 1.658 0.032 0.57 0.09
HD 216429 8.34 B A3m: 2.295 0.024 2.986 0.020 8500 150 3.8488 0.0059 1.621 0.031 0.68 0.08

34 YZ Cas 4.47 A A1m 2.317 0.020 2.539 0.026 10200 300 3.9937 0.0086 1.797 0.052 0.53 0.08
HD 4161 5.64 B F2V 1.3522 0.0092 1.350 0.014 7200 300 4.3082 0.0091 0.643 0.073 3.09 0.19

35 SZ Cen 4.11 A A7V 2.311 0.026 4.556 0.032 8100 300 3.4847 0.0060 1.904 0.065 −0.05 0.16
HD 120359 8.48 B A7V 2.272 0.021 3.626 0.026 8380 300 3.6757 0.0058 1.765 0.062 0.31 0.14

36 V624 Her 3.90 A A3m 2.277 0.014 3.031 0.051 8150 150 3.832 0.014 1.561 0.035 0.81 0.10
HD 161321 6.20 B A7m: 1.876 0.013 2.210 0.034 7950 150 4.022 0.013 1.243 0.035 1.60 0.10

37 V885 Cyg 1.69 A A4m 2.228 0.026 3.387 0.026 8150 150 3.7265 0.0058 1.657 0.033 0.57 0.09
BD+29 3637 9.96 B A3m 2.000 0.029 2.346 0.017 8375 150 3.9985 0.0058 1.386 0.032 1.26 0.09

38 GZ CMa 4.80 A A3m 2.199 0.017 2.494 0.031 8800 350 3.987 0.011 1.525 0.070 0.95 0.14
HD 56429 7.98 B A4V: 2.006 0.012 2.132 0.037 8500 350 4.083 0.015 1.328 0.074 1.41 0.16

39 V1647 Sgr 3.28 A A1V 2.184 0.037 1.832 0.018 9600 300 4.2517 0.0078 1.408 0.055 1.38 0.10
HD 163708 6.94 B A1V 1.967 0.033 1.667 0.017 9100 300 4.2879 0.0084 1.233 0.058 1.73 0.11

40 EE Peg 2.63 A A3m 2.151 0.024 2.090 0.025 8700 200 4.131 0.010 1.352 0.041 1.37 0.09
HD 206155 6.97 B F5V 1.332 0.011 1.312 0.013 6450 300 4.3266 0.0082 0.427 0.082 3.66 0.23

41 AI Hya 8.29 A F2m 2.140 0.038 3.916 0.031 6700 60 3.5827 0.0060 1.443 0.017 1.11 0.07
BD+00 2259 9.36 B F0V 1.973 0.036 2.767 0.019 7100 65 3.8492 0.0050 1.242 0.017 1.59 0.07

42 VV Pyx 4.60 A A1V 2.097 0.022 2.168 0.020 9500 200 4.0874 0.0078 1.536 0.037 1.04 0.08
HD 71581 6.58 B A1V 2.095 0.019 2.168 0.020 9500 200 4.0869 0.0077 1.536 0.037 1.04 0.08
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P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

43 TZ For 75.67 A G8III 2.045±0.055 8.32±0.12 5000±100 2.908±0.013 1.589±0.037 1.04±0.14
HD 20301 6.88 B F7IV 1.945 0.027 3.965 0.088 6350 100 3.531 0.018 1.361 0.033 1.34 0.10

44 V459 Cas 8.46 A A1m: 2.030 0.036 2.014 0.020 9140 300 4.1375 0.0080 1.405 0.058 1.30 0.11
TYC 4030-1001-1 10.32 B A1m: 1.973 0.034 1.970 0.020 9100 300 4.1444 0.0081 1.378 0.058 1.36 0.11

45 EK Cep 4.43 A A1.5V 2.025 0.023 1.5800 0.0065 9000 200 4.3473 0.0027 1.167 0.039 1.88 0.08
HD 206821 7.87 B G5Vp 1.122 0.012 1.3153 0.0057 5700 200 4.2499 0.0032 0.215 0.061 4.29 0.20

46 KW Hya 7.75 A A5m 1.973 0.036 2.126 0.016 8000 200 4.0781 0.0063 1.221 0.044 1.66 0.12
HD 79193 6.11 B F0V 1.485 0.017 1.480 0.013 6900 200 4.2694 0.0067 0.649 0.051 3.08 0.14

47 WW Aur 2.53 A A5m 1.9643 0.0096 1.929 0.011 7960 420 4.1607 0.0050 1.128 0.092 1.89 0.22
HD 46052 5.85 B A7m 1.8140 0.0081 1.838 0.011 7670 410 4.1682 0.0052 1.021 0.093 2.15 0.23

48 WW Cam 2.27 A A4m 1.920 0.013 1.912 0.016 8350 135 4.1587 0.0068 1.203 0.029 1.71 0.08
BD+64 454 10.16 B A4m 1.873 0.018 1.808 0.016 8240 135 4.1961 0.0074 1.131 0.030 1.89 0.08

49 V392 Car 3.17 A A2V 1.904 0.013 1.624 0.022 8850 200 4.296 0.011 1.162 0.041 1.87 0.09
CD−60 1966 9.48 B A2V 1.855 0.020 1.600 0.022 8630 200 4.298 0.012 1.105 0.042 1.98 0.10

50 AY Cam 2.73 A A0V 1.905 0.040 2.772 0.020 7250 100 3.8323 0.0035 1.280 0.025 1.50 0.08
BD+77 328 9.69 B F0V 1.709 0.036 2.026 0.017 7395 100 4.0576 0.0048 1.042 0.025 2.09 0.08

51 RS Cha 1.67 A A8V 1.854 0.016 2.138 0.055 8050 200 4.046 0.022 1.236 0.049 1.62 0.13
HD 75747 6.03 B A8V 1.817 0.018 2.339 0.055 7700 200 3.959 0.020 1.237 0.050 1.61 0.13

52 MY Cyg 4.01 A F0m 1.806 0.025 2.242 0.050 7050 200 3.994 0.019 1.047 0.053 2.08 0.15
HD 193637 8.31 B F0m 1.782 0.030 2.178 0.050 7000 200 4.013 0.020 1.010 0.053 2.18 0.15

53 EI Cep 8.44 A F3V 1.7716 0.0066 2.897 0.048 6750 100 3.763 0.014 1.194 0.030 1.72 0.09
HD 205234 7.53 B F1m 1.6801 0.0062 2.330 0.044 6950 100 3.929 0.016 1.056 0.030 2.06 0.09

54 BP Vul 1.94 A A7m 1.737 0.015 1.852 0.014 7715 150 4.1425 0.0065 1.038 0.034 2.11 0.10
HD 352179 9.80 B F2m 1.4081 0.0087 1.489 0.013 6810 150 4.2408 0.0073 0.632 0.039 3.13 0.12

55 FS Mon 1.91 A F2V 1.632 0.010 2.052 0.012 6715 100 4.0263 0.0049 0.886 0.026 2.50 0.09
BD−04 1937 9.60 B F4V 1.4618 0.0096 1.6293 0.0098 6550 100 4.1790 0.0051 0.642 0.027 3.12 0.09

56 PV Pup 1.66 A A8V 1.561 0.011 1.543 0.016 6920 300 4.2547 0.0088 0.690 0.076 2.98 0.21
HD 62863 6.89 B A8V 1.550 0.013 1.499 0.016 6930 300 4.2768 0.0091 0.668 0.076 3.03 0.21
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Table 2: (continued)

P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

57 V442 Cyg 2.39 A F1V 1.560±0.024 2.073±0.034 6900±100 3.998±0.014 0.942±0.029 2.35±0.09
HD 334426 9.72 B F2V 1.407 0.023 1.663 0.033 6800 100 4.145 0.017 0.725 0.031 2.90 0.09

58 EY Cep 7.97 A F0V 1.520 0.012 1.463 0.011 7090 150 4.2895 0.0059 0.686 0.037 2.98 0.11
BD+80 112 9.80 B F0V 1.496 0.016 1.470 0.011 6970 150 4.2781 0.0061 0.661 0.038 3.05 0.11

59 HD 71636 5.01 A F2V 1.5142 0.0068 1.571 0.026 6950 140 4.226 0.014 0.713 0.038 2.92 0.11
BD+37 1868 7.88 B F5V 1.2876 0.0059 1.363 0.026 6440 140 4.279 0.016 0.458 0.041 3.59 0.12

60 RZ Cha 2.83 A F5V 1.493 0.022 2.256 0.016 6450 150 3.9054 0.0055 0.898 0.041 2.48 0.12
HD 93486 8.10 B F5V 1.493 0.022 2.256 0.016 6450 150 3.9054 0.0055 0.898 0.041 2.48 0.12

61 GX Gem 4.04 A F7V 1.488 0.011 2.326 0.012 6195 100 3.8774 0.0042 0.855 0.028 2.62 0.10
HD 263139 11.33 B F7V 1.467 0.010 2.236 0.012 6165 100 3.9057 0.0044 0.812 0.029 2.73 0.10

62 BW Aqr 6.72 A F7V 1.479 0.019 2.062 0.044 6350 100 3.979 0.018 0.793 0.033 2.75 0.10
BD−16 6074 10.33 B F8V 1.377 0.021 1.786 0.043 6450 100 4.073 0.021 0.695 0.034 2.99 0.10

63 DM Vir 4.67 A F7V 1.4544 0.0078 1.764 0.017 6500 100 4.1076 0.0083 0.698 0.028 2.98 0.09
HD 123423 8.73 B F7V 1.4480 0.0078 1.764 0.017 6500 300 4.1057 0.0083 0.698 0.081 2.98 0.23

64 V570 Per 1.90 A F3V 1.4466 0.0086 1.521 0.034 6842 50 4.234 0.019 0.658 0.023 3.06 0.08
HD 19457 7.96 B F5V 1.3471 0.0081 1.386 0.019 6562 50 4.284 0.012 0.505 0.018 3.46 0.07

65 CD Tau 3.43 A F6V 1.442 0.016 1.798 0.015 6200 50 4.0874 0.0069 0.632 0.016 3.17 0.07
HD 34335 6.74 B F6V 1.368 0.016 1.584 0.018 6200 50 4.1743 0.0099 0.522 0.017 3.45 0.07

66 AD Boo 2.07 A F4V 1.4136 0.0088 1.613 0.014 6575 120 4.1731 0.0077 0.640 0.033 3.12 0.10
BD+25 2800 9.38 B F8V 1.2088 0.0056 1.2165 0.0097 6145 120 4.3503 0.0068 0.278 0.035 4.06 0.11

67 V1143 Cyg 7.64 A F5V 1.388 0.016 1.347 0.023 6450 100 4.322 0.015 0.450 0.031 3.60 0.10
HD 185912 5.86 B F5V 1.344 0.013 1.324 0.023 6400 100 4.323 0.015 0.422 0.031 3.68 0.10

68 IT Cas 3.90 A F5V 1.3315 0.0093 1.594 0.018 6470 100 4.1574 0.0096 0.602 0.029 3.22 0.09
TYC 3650-959-1 11.15 B F5V 1.3290 0.0078 1.562 0.018 6470 100 4.1740 0.0097 0.584 0.029 3.27 0.09

69 V1061 Cyg 2.35 A F9V 1.282 0.016 1.616 0.017 6180 100 4.1293 0.0092 0.534 0.030 3.42 0.10
HD 235444 9.24 B G8V 0.9315 0.0074 0.967 0.011 5300 150 4.4368 0.0096 −0.179 0.050 5.37 0.18

70 VZ Hya 2.90 A F3V 1.2713 0.0087 1.3141 0.0053 6645 150 4.3051 0.0033 0.480 0.039 3.51 0.12
HD 72257 8.95 B F6V 1.1459 0.0059 1.1129 0.0072 6290 150 4.4043 0.0055 0.241 0.042 4.14 0.13
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P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

71 V505 Per 4.22 A F5V 1.2719±0.0072 1.287±0.024 6510±50 4.323±0.016 0.427±0.021 3.66±0.07
HD 14384 6.88 B F5V 1.2540 0.0072 1.266 0.024 6460 50 4.331 0.017 0.399 0.021 3.73 0.07

72 HS Hya 1.57 A F4V 1.2552 0.0077 1.2753 0.0073 6500 50 4.3256 0.0049 0.416 0.014 3.69 0.06
HD 90242 8.08 B F5V 1.2186 0.0069 1.2169 0.0073 6400 50 4.3535 0.0051 0.348 0.015 3.86 0.06

73 RT And 0.63 A F8V 1.240 0.030 1.256 0.015 6100 150 4.3340 0.0095 0.292 0.044 4.03 0.14
BD+52 3383a 9.03 B K3V 0.907 0.017 0.906 0.011 4880 100 4.4813 0.0097 −0.379 0.037 6.04 0.15

74 UX Men 4.18 A F8V 1.2350 0.0058 1.348 0.013 6200 100 4.2703 0.0086 0.382 0.029 3.80 0.10
HD 37513 8.22 B F8V 1.1957 0.0072 1.275 0.013 6150 100 4.3049 0.0091 0.320 0.030 3.96 0.10

75 AI Phe 24.59 A K0IV 1.2336 0.0045 2.932 0.048 5010 120 3.595 0.014 0.687 0.044 3.29 0.17
HD 6980 8.61 B F7V 1.1934 0.0041 1.818 0.024 6310 150 3.996 0.011 0.672 0.043 3.06 0.13

76 WZ Oph 4.18 A F7V 1.2268 0.0071 1.402 0.012 6165 100 4.2335 0.0074 0.406 0.029 3.74 0.10
HD 154676 9.10 B F8V 1.2201 0.0062 1.419 0.012 6115 100 4.2203 0.0073 0.403 0.029 3.76 0.10

77 FL Lyr 2.18 A F8V 1.218 0.016 1.283 0.028 6150 100 4.307 0.019 0.325 0.034 3.95 0.11
HD 179890 9.33 B G8V 0.958 0.012 0.962 0.028 5300 100 4.453 0.025 −0.183 0.041 5.38 0.14

78 V432 Aur 3.08 A F9IV 1.2042 0.0058 2.429 0.023 6080 85 3.7479 0.0080 0.860 0.026 2.62 0.09
HD 37071 8.07 B F3V 1.0786 0.0053 1.2239 0.0072 6685 85 4.2955 0.0050 0.429 0.023 3.64 0.08

79 EW Ori 6.94 A G0V 1.174 0.012 1.133 0.011 5970 100 4.3992 0.0080 0.166 0.030 4.37 0.10
HD 287727 9.94 B G5V 1.1238 0.0089 1.083 0.011 5780 100 4.4198 0.0082 0.070 0.031 4.64 0.11

80 BH Vir 0.82 A F8V 1.1656 0.0082 1.247 0.024 6100 100 4.313 0.017 0.286 0.033 4.05 0.11
HD 121909 9.68 B G5V 1.0520 0.0058 1.135 0.023 5500 200 4.350 0.017 0.025 0.066 4.81 0.22

81 ZZ UMa 2.30 A G0V 1.1386 0.0052 1.513 0.019 5960 70 4.135 0.011 0.414 0.023 3.75 0.08
BD+62 1132 9.86 B K0V 0.9691 0.0048 1.1562 0.0096 5270 90 4.2984 0.0071 −0.034 0.030 5.02 0.12

82 α Cen 79.91y A G2V 1.105 0.007 1.224 0.003 5824 26 4.3059 0.0035 0.190 0.008 4.33 0.06
HD 128620/1 −0.29 B K1V 0.934 0.006 0.863 0.005 5223 62 4.5364 0.0058 −0.303 0.021 5.71 0.09

83 NGC188 KR V12 6.50 A G1V 1.1034 0.0074 1.425 0.019 5900 100 4.173 0.012 0.344 0.032 3.93 0.11
GSC 04619-00585 14.74 B G1V 1.0811 0.0068 1.374 0.019 5875 100 4.196 0.012 0.305 0.032 4.03 0.11

84 V568 Lyr 14.47 A G5V 1.0745 0.0077 1.400 0.016 5665 100 4.1774 0.0097 0.258 0.032 4.19 0.11
NGC6791 KR V20 17.51 B K3V 0.8273 0.0042 0.7679 0.0064 4900 100 4.5852 0.0071 −0.515 0.036 6.37 0.15
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Table 2: (continued)

P (d) Mass Radius Teff log g log L MV

System Vmax Star SpT (M⊙) (R⊙) (K) (cgs) (L⊙) (mag)

85 V636 Cen 4.28 A G1V 1.0518±0.0048 1.0186±0.0043 5900±85 4.4441±0.0036 0.053±0.025 4.66±0.09
HD 124784 8.70 B K2V 0.8545 0.0030 0.8300 0.0043 5000 100 4.5317 0.0044 −0.413 0.035 6.05 0.14

86 CV Boo 0.85 A G3V 1.032 0.013 1.263 0.023 5760 150 4.249 0.017 0.198 0.048 4.32 0.15
BD+37 2641 10.75 B G5V 0.968 0.012 1.174 0.023 5670 150 4.285 0.018 0.107 0.049 4.57 0.16

87 V1174 Ori 2.63 A K4.5V 1.006 0.013 1.338 0.011 4470 120 4.1877 0.0069 −0.193 0.047 5.84 0.22
Parenago 1478 13.95 B M1.5V 0.7271 0.0096 1.063 0.011 3615 100 4.2467 0.0075 −0.761 0.049 8.57 0.42

88 UV Psc 0.86 A G5V 0.9829 0.0077 1.110 0.023 5780 100 4.340 0.018 0.092 0.035 4.58 0.11
HD 7700 9.03 B K3V 0.7644 0.0045 0.835 0.018 4750 80 4.478 0.019 −0.497 0.035 6.41 0.14

89 CG Cyg 0.63 A G9.5V 0.941 0.014 0.893 0.012 5260 180 4.510 0.011 −0.261 0.061 5.59 0.22
BD+34 4217 10.08 B K3V 0.814 0.013 0.838 0.011 4720 60 4.502 0.011 −0.505 0.025 6.45 0.11

90 RW Lac 10.37 A G5V 0.9263 0.0057 1.1864 0.0038 5760 100 4.2564 0.0026 0.143 0.030 4.46 0.11
TYC 3629-740-1 10.63 B G7V 0.8688 0.0040 0.9638 0.0040 5560 150 4.4090 0.0034 −0.099 0.047 5.10 0.16

91 HS Aur 9.82 A G8V 0.898 0.019 1.004 0.024 5350 75 4.387 0.021 −0.130 0.032 5.24 0.11
BD+47 1350 10.16 B K0V 0.877 0.017 0.874 0.024 5200 75 4.498 0.024 −0.300 0.035 5.71 0.12

92 GU Boo 0.49 A M1V 0.6101 0.0064 0.627 0.016 3920 130 4.628 0.022 −1.079 0.062 8.68 0.38
GSC 02566-00776 13.7: B M1V 0.5995 0.0064 0.624 0.016 3810 130 4.626 0.022 −1.133 0.063 9.02 0.43

93 YY Gem 0.81 A M1Ve 0.5992 0.0047 0.6194 0.0057 3820 100 4.6317 0.0087 −1.135 0.046 9.01 0.33
BD+32 1582 8.92 B M1Ve 0.5992 0.0047 0.6194 0.0057 3820 100 4.6317 0.0087 −1.135 0.046 9.01 0.33

94 CU Cnc 2.77 A M3.5Ve 0.4349 0.0012 0.4323 0.0055 3160 150 4.805 0.011 −1.776 0.084 13.07 1.16
GJ 2069 A 11.89 B M3.5Ve 0.39922 0.00089 0.3916 0.0094 3125 150 4.854 0.021 −1.882 0.086 13.55 1.21

95 CM Dra 1.27 A M4.5V 0.23102 0.00089 0.2534 0.0019 3130 70 4.9942 0.0065 −2.257 0.039 14.46 0.55
GJ 630.1 A 12.90 B M4.5V 0.21409 0.00083 0.2398 0.0018 3120 70 5.0090 0.0062 −2.310 0.039 14.66 0.56

Note: References to the original sources of these data are given in Table 3.
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Table 3: Other parameters and references for the 95 binary systems in Table 2.

Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

1 V3903 Sgr 1389±73 0.44 230±23 170±17 · · · 6.3 Vaz et al. (1997)

2 EM Car 2190 120 0.60 150 20 130 15 · · · 6.6 Andersen & Clausen (1989)

3 V1034 Sco 1711 89 0.459 · · · · · · · · · 6.5 Bouzid et al. (2005)

4 V478 Cyg 1354 69 0.85 · · · · · · · · · 6.7 Popper & Etzel (1981)
Popper & Hill (1991)
Wolf et al. (2006)

5 AH Cep 687 82 0.58±0.08 185 30 185 30 · · · 6.7 Bell et al. (1986)
Holmgren et al. (1990)

6 V578 Mon 1385 70 0.455 0.029 117 5 94 4 −0.30±0.13 6.6 Hensberge et al. (2000)
Pavlovski & Hensberge (2005)

7 V453 Cyg 1775 89 0.46 0.03 109 3 98 5 −0.25 0.05 7.0 Popper & Hill (1991)
Southworth et al. (2004)
Pavlovski & Southworth (2009)

8 CW Cep 721 39 0.69 · · · · · · · · · 6.6 Popper (1974)
Clausen & Giménez (1991)
Stickland et al. (1992)

9 DW Car 2840 150 0.25 0.03 182 3 177 3 · · · 6.8 Southworth & Clausen (2007)

10 QX Car 767 40 0.049 120 10 110 10 · · · 6.8 Andersen et al. (1983)

11 V1388 Ori 928 32 0.15 0.01 125 10 75 15 · · · 7.5 Williams (2009)

12 V539 Ara 358 20 0.071 75 8 48 5 · · · 7.6 Andersen (1983)
Clausen (1996)

13 CV Vel 603 31 0.035 19 1 31 2 −0.14 0.15 7.6 Clausen & Grønbech (1977)
Yakut et al. (2007)

14 AG Per 339 20 0.19 94 23 70 9 · · · 6.6: Giménez & Clausen (1994)

15 U Oph 231.8 6.2 0.226 0.007 125 5 115 5 · · · 7.7 Holmgren et al. (1991)
Vaz et al. (2007)

16 DI Her 630 37 0.18 · · · · · · · · · 6: Popper (1982)
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Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

17 V760 Sco 297±16 0.33 95±10 85±10 · · · 7.2 Andersen et al. (1985)

18 MU Cas 1745 75 0.478±0.007 21 2 22 2 · · · 7.9 Lacy et al. (2004)

19 GG Lup 146.6 8.0 0.027 97 8 61 5 · · · 7.3 Andersen et al. (1993)

20 ζ Phe 83.7 3.8 0 85 8 75 8 · · · 7.6 Andersen (1983)

21 χ2 Hya 224 12 0.016 112 10 60 6 · · · 8.2 Clausen & Nordström (1978)

22 IQ Per 270.8 9.0 0.14 0.01 68 2 44 2 · · · 7.8 Lacy & Frueh (1985)
Wolf et al. (2006)

23 V906 Sco 253 11 0.078 0.010 80 5 62 8 +0.14±0.06∗ 8.4 Alencar et al. (1997)
Sestito et al. (2003)

24 OGLE 051019 51100 2200 0.146 0.002 · · · · · · −0.5 0.1∗ 8.4: Pietrzyński et al. (2009)

25 PV Cas 641 33 0.217 · · · · · · · · · 8.3 Popper (1987)
Barembaum & Etzel (1995)

26 V451 Oph 314 22 0.158 41 7 30 5 · · · 8.3 Clausen et al. (1986)

27 WX Cep 729 45 · · · · · · · · · · · · 8.7 Popper (1987)

28 TZ Men 118.3 5.9 0 16 4 12 · · · 8.0 Andersen et al. (1987)

29 V1031 Ori 177 17 0.034 43 4 22 2 · · · 8.8 Andersen et al. (1990)

30 V396 Cas 545 17 0.160 0.010 16 2 21 2 · · · 8.6 Lacy et al. (2004)

31 β Aur 25.03 0.73 0 34 3 33 3 · · · 8.6 Smith (1948)
Nordström & Johansen (1994)
Lyubimkov et al. (1996)
Southworth et al. (2007)

32 GG Ori 425 18 0.547 0.022 24 2 23 2 · · · 7.8 Torres et al. (2000)

33 V364 Lac 449 15 0.068 0.010 45 1 15 1 · · · 8.8 Torres et al. (1999)

34 YZ Cas 99.5 5.8 0.07 27 1 16 2 · · · 8.4 Lacy (1981)
de Landtsheer & Mulder (1983)
Lacy & Popper (1984)
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Table 3: (continued)

Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

35 SZ Cen 607±41 0.065 60±5 44±4 · · · 8.7 Andersen (1975)
Grønbech et al. (1977)

36 V624 Her 135.8 5.3 0.05±0.01 · · · · · · · · · 8.8 Popper (1984)

37 V885 Cyg 836 33 0.079 0.014 104 3 70 2 · · · 8.8 Lacy et al. (2004)

38 GZ CMa 296 20 0.07 0.03 24 2 18 2 · · · 8.7 Popper et al. (1985)

39 V1647 Sgr 160.6 8.9 0.04 80 5 70 5 · · · 8.0 Andersen & Giménez (1985)

40 EE Peg 139.3 6.0 0 40 1 26 2 · · · 8.6 Lacy & Popper (1984)
Linnell et al. (1996)

41 AI Hya 573 15 0 · · · · · · · · · 9.0 Popper (1988)

42 VV Pyx 175.7 9.0 0.022 23 3 23 3 · · · 8.5 Andersen et al. (1984)

43 TZ For 186 11 0.034 4 1 42 2 +0.10±0.15 9.2 Andersen et al. (1991)

44 V459 Cas 616 27 0.255 0.016 54 2 43 2 · · · 8.5 Lacy et al. (2004)

45 EK Cep∗ 164.0 9.5 0.01 23 2 10.5 2.0 +0.07 0.05 7.4 Popper (1987)
Martin & Rebolo (1993)

46 KW Hya 87.6 4.1 0 15 2 13 2 · · · 8.8 Andersen & Vaz (1984)
Andersen & Vaz (1987)

47 WW Aur 82.8 7.1 · · · 35 3 37 3 · · · 8.8 Southworth et al. (2005)

48 WW Cam 378 14 0.397 0.014 42.8 0.5 41.9 0.9 · · · 8.7 Lacy et al. (2002)

49 V392 Car 397 22 0.101 27.6 3.5 23.6 3.6 · · · 7.8 Debernardi & North (2001)

50 AY Cam 502 26 0.06 52 3 40 3 · · · 9.0 Williamon et al. (2004)
Lacy (1987)

51 RS Cha∗ 108.1 4.8 0 64 6 70 6 +0.17 0.01 6.9 Clausen & Nordström (1980)
Alecian et al. (2005)
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Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

52 MY Cyg 228±15 0.048±0.03 · · · · · · · · · 9.1 Popper (1971)
Williamon (1975)
Tremko et al. (1979)
Popper & Etzel (1981)
Tucker et al. (2009)

53 EI Cep 190.7 6.4 0 13±2 17±2 · · · 9.1 Torres et al. (2000)

54 BP Vul 390 17 0.030 0.014 45.4 0.9 40.5 1.4 · · · 8.9 Lacy et al. (2003)

55 FS Mon 319 11 0.023 0.008 52 2 43 3 · · · 9.2 Lacy et al. (2000)

56 PV Pup 84.6 5.8 0 43 4 43 4 · · · 8.6 Vaz & Andersen (1984a)
Vaz & Andersen (1984b)

57 V442 Cyg 334 18 0.085 46 3 33 3 · · · 9.2 Lacy & Frueh (1987)

58 EY Cep 300 13 0.049 0.012 10 1 10 1 · · · 8.0 Lacy et al. (2006)

59 HD 71636 118.5 7.1 0.02 12.5 1.0 12.4 1.0 · · · 9.0 Henry et al. (2006)

60 RZ Cha 187 11 0.004 39 5 39 5 · · · 9.3 Jørgensen & Gyldenkerne (1975)
Andersen et al. (1975)

61 GX Gem 669 25 0.092 0.011 29.5 1.5 29.0 1.5 · · · 9.4 Lacy et al. (2008)

62 BW Aqr 415 23 0.04 13.5 0.8 9.6 1.3 · · · 9.4 Clausen (1991)

63 DM Vir 193 14 0.023 20 20 · · · 9.3 Latham et al. (1996)

64 V570 Per 120.2 3.6 0.023 0.007 40 5 40 5 +0.02±0.03 8.8 Tomasella et al. (2008)

65 CD Tau 68.9 1.8 0 28 3 26 3 +0.08 0.15 9.5 Ribas et al. (1999)

66 AD Boo 205 10 0.027 0.021 38 1 31 1 +0.10 0.15 9.2 Clausen et al. (2008)

67 V1143 Cyg 39.3 1.4 0 19.6 0.1 28.2 0.1 · · · 8.9 Andersen et al. (1987)
Albrecht et al. (2007)

68 IT Cas 493 27 0.062 0.031 19 2 17 2 · · · 9.3 Lacy et al. (1997)

69 V1061 Cyg 157.5 6.7 0 36 2 20 3 · · · 9.5 Torres et al. (2006)

70 VZ Hya 146.9 8.5 0.027 0.027 21 2 20 3 −0.20 0.12 9.2 Clausen et al. (2008)
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Table 3: (continued)

Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

71 V505 Per 60.9±3.1 0.005 15.3±1.0 15.4±1.0 −0.12±0.03 9.2 Tomasella et al. (2008)

72 HS Hya 102.9 2.6 0 42 2 41 2 · · · 8.6 Torres et al. (1997)

73 RT And 107.5 6.2 0 100 80 · · · 9.4 Popper (1994)

74 UX Men 100.6 5.2 0.027±0.027 16.4 1.0 15.1 1.0 +0.04 0.10 9.4 Andersen et al. (1989)

75 AI Phe 173 11 · · · 6 1 4 1 −0.14 0.10 9.6 Andersen et al. (1988)

76 WZ Oph 156.0 6.5 0.045 0.016 18 1 17 1 −0.27 0.07 9.5: Clausen et al. (2008)

77 FL Lyr 133.0 5.9 0.007 0.005 30 2 25 2 · · · 9.4 Popper et al. (1986)

78 V432 Aur 145.3 5.0 0 50 5 20 5 −0.60 0.05 9.6 Siviero et al. (2004)

79 EW Ori 170.3 6.9 0.014 0.012 · · · · · · · · · 9.6 Popper et al. (1986)
Imbert (2002)

80 BH Vir 155 10 0.036 79.7 4.5 68.3 4.5 · · · 9.9: Popper (1997)

81 ZZ UMa 188.8 6.7 0.008 0.004 32 2 26 2 · · · 9.8: Lacy & Sabby (1999)

82 α Cen 1.348 0.035 0 2.7 0.7 1.1 0.8 +0.24 0.04 9.6 Söderhjelm (1999)
Pourbaix et al. (2002)
Kervella et al. (2003)
Porto de Mello et al. (2008)

83 NGC188 KR V12 1910 110 0.034 15 17 −0.10 0.09∗ 9.8 Meibom et al. (2009)

84 V568 Lyr 3970 220 0.15 0.02 · · · · · · +0.40 0.10∗ 9.9: Grundahl et al. (2008)

85 V636 Cen 71.9 3.0 0.007 0.011 13.0 0.2 11.2 0.5 −0.20 0.08 9.1 Clausen et al. (2009)

86 CV Boo 259 14 0 71 10 67 10 · · · 10.0 Torres et al. (2008)

87 V1174 Ori∗ 378 39 0.10 26.2 0.6 20.5 1.6 · · · 6.9: Stassun et al. (2004)

88 UV Psc 84.4 5.4 · · · 68.3 1.4 53.3 1.5 · · · 9.9 Popper (1997)

89 CG Cyg 81.4 6.7 0.11 80 5 66 5 · · · 10.0: Bedford et al. (1987)
Popper (1994)

90 RW Lac 194.0 9.0 0.068 0.012 2 2 0 2 · · · 10.0 Lacy et al. (2005)
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Distance E(B − V ) vA sin i vB sin i log age
System (pc) (mag) (km s−1) (km s−1) [Fe/H] (yr) References

91 HS Aur 121.3±5.1 0.015±0.010 · · · · · · · · · 10: Popper et al. (1986)

92 GU Boo 133 18 · · · 65 58 · · · 9: López-Morales & Ribas (2005)

93 YY Gem 13.6 1.4 0 36.4±2.0 37.8±2.0 · · · 8.6 Torres & Ribas (2002)

94 CU Cnc 7.4 3.0 0 · · · · · · · · · 8.5 Ribas (2003)

95 CM Dra 6.6 1.2 0 9.5 1.0 10.0 1.0 · · · 9.6 Morales et al. (2009)

Notes: An asterisk after the name indicates one or both components are in the pre-main sequence phase. An asterisk after the metallicity
indicates a value adopted from the binary’s parent population (cluster or galaxy).
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Table 4: Systems in Table 2 with eccentric orbits, and systems with apsidal motion.

dω/dt
System e (deg cycle−1) log k2 Flag Ref

2 EM Car 0.0120±0.0005 0.081±0.005 −2.31±0.07 1
4 V478 Cyg 0.0158 0.0007 0.1047 0.0010 −2.26 0.03 2
6 V578 Mon 0.0867 0.0009 · · · · · · 0
7 V453 Cyg 0.022 0.002 0.054 0.003 −2.28 0.04 3
8 CW Cep 0.0293 0.0006 0.0582 0.0005 −2.10 0.05 2

10 QX Car 0.278 0.003 0.01222 0.00022 −2.15 0.05 4
12 V539 Ara 0.053 0.001 0.0193 0.0010 −2.32 0.06 5
14 AG Per 0.0709 0.0006 0.0262 0.0004 −2.14 0.06 2
15 U Oph 0.00305 0.00008 0.07919 0.00001 −2.28 0.01 6
16 DI Her 0.489 0.003 0.00030 0.00004 · · · 1 7
17 V760 Sco 0.0270 0.0005 0.0443 0.0004 −2.19 0.05 8
18 MU Cas 0.1930 0.0003 · · · · · · 0
19 GG Lup 0.150 0.005 0.0181 0.0006 −2.16 0.04 9
20 ζ Phe 0.0113 0.0010 0.0280 0.0010 −2.36 0.03 10
22 IQ Per 0.0763 0.0008 0.0138 0.0003 −2.36 0.03 2
23 V906 Sco 0.0054 0.0015 · · · · · · 0
24 OGLE 051019 0.0395 0.0025 · · · · · · 0
25 PV Cas 0.0322 0.0005 0.0190 0.0004 −2.46 0.03 11
26 V451 Oph 0.0125 0.0015 0.0120 0.0007 −2.45 0.05 12
28 TZ Men 0.035 0.007 · · · · · · 0
31 β Aur 0.00182 0.00040 · · · · · · 0
32 GG Ori 0.2218 0.0022 0.00065 0.00005 · · · 2 13
33 V364 Lac 0.2873 0.0014 0.00258 0.00050 · · · 3 14
39 V1647 Sgr 0.4130 0.0005 0.00546 0.00006 −2.38 0.03 15
41 AI Hya 0.2301 0.0015 · · · · · · 0
42 VV Pyx 0.0956 0.0009 0.00142 0.00045 · · · 3 16
44 V459 Cas 0.0244 0.0004 0.00057 0.00006 · · · 2 13
45 EK Cep 0.109 0.003 0.00101 0.00015 −2.07 0.09 17
46 KW Hya 0.0945 0.0001 · · · · · · 0
48 WW Cam 0.0097 0.0015 · · · · · · 0
52 MY Cyg 0.010 0.001 0.0026 0.0003 · · · 3 18
54 BP Vul 0.0345 0.0015 0.0052 · · · 3 19
56 PV Pup 0.0503 0.0011 · · · · · · 0
58 EY Cep 0.4438 0.0032 · · · · · · 0
62 BW Aqr 0.1760 0.0047 0.0009 0.0001 · · · 3 20
67 V1143 Cyg 0.540 0.003 0.00078 0.00008 · · · 3 21
68 IT Cas 0.0797 0.0016 0.00117 0.00007 −2.42 0.07 22
74 UX Men 0.0026 0.005 · · · · · · 0
75 AI Phe 0.188 0.002 · · · · · · 0
79 EW Ori 0.0681 0.0031 0.00032 0.00005 · · · 2 13
82 α Cen 0.5179 0.00076 · · · · · · 0
85 V636 Cen 0.1348 0.0012 0.00080 0.00005 −1.61 0.05 23
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Table 4: (continued)

dω/dt
System e (deg cycle−1) log k2 Flag Ref

90 RW Lac 0.00927 0.00096 · · · · · · 0
95 CM Dra 0.0054 0.0013 0.00023 0.00014 · · · 3 24

Flags: 0 - Apsidal motion not detected; 1 - Rotational axes misaligned; 2 - Apsidal
motion dominated by General Relativity component; 3 - Significance of apsidal
motion too low for reliable determination of log k2.
References to apsidal motion: 1 - Andersen & Clausen (1989); 2 - Wolf et al. (2006);
3 - Wachmann (1974); 4 - Giménez et al. (1986); 5 - Wolf & Zejda (2005);
6 - Vaz et al. (2007); 7 - Albrecht (2008); 8 - Wolf (2000); 9 - Andersen et al. (1993);
10 - Zasche & Wolf (2007); 11 - Švař́ıček et al. (2008); 12 - Clausen et al. (1986);
13 - Wolf, M. (2009, private communication); 14 - Torres et al. (1999);
15 - Andersen & Giménez (1985); 16 - Andersen et al. (1984); 17 - Claret et al. (1995);
18 - Wolf (2009); 19 - Csizmadia et al. (2009); 20 - Clausen (1991);
21 - Dariush et al. (2005); 22 - Kozyreva & Zakharov (2001); 23 - Clausen et al. (2009);
24 - Morales et al. (2009).
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Table 5: Parameters for 23 astrometric binary systems.

V (mag) πorb (mas) Dist (pc) Mass log L Teff Radius
System P (d) a (mas) [Fe/H] Star SpT (M⊙) (L⊙) (K) (R⊙) Ref

1 ζ1 UMa 2.27 39.4±0.3 25.38±0.19 A A2V 2.50±0.07 1.522±0.027 9000±200 2.38±0.13 1
HD 116656 20.54 9.83 0.03 · · · B A2V 2.43 0.07 1.522 0.027 9000 200 2.38 0.13

2 α Aur 0.07 76.67 0.17 13.042 0.028 A G8III 2.466 0.018 1.900 0.026 4920 70 11.87 0.56 2
HD 34029 104.02 56.408 0.025 −0.34 0.07 B G0III 2.443 0.013 1.858 0.022 5680 70 8.75 0.32

3 o Leo 3.52 24.2 0.1 41.4 0.1 A F9III 2.12 0.01 1.595 0.027 6000 200 5.8 0.4 3
HD 83808/9 14.50 4.46 0.01 · · · B A5m 1.87 0.01 1.188 0.028 7600 400 2.3 0.3

4 λ Vir 4.52 18.81 0.10 53.16 0.29 A A1m 1.897 0.016 1.319 0.005 8280 200 2.22 0.11 4
HD 125337 206.73 19.759 0.079 · · · B A1m 1.721 0.023 1.100 0.005 8280 200 1.73 0.08

5 HR 8257 6.25 13.632 0.095 73.4 0.6 A F0V 1.561 0.021 0.974 0.014 7030 200 2.07 0.12 5
HD 205539 12.21 2.028 0.013 · · · B F2V 1.385 0.019 0.672 0.014 6560 200 1.68 0.10

6 V819 Her B 5.57 14.57 0.19 68.63 0.90 A F2V 1.469 0.040 0.827 0.035 6800 150 1.87 0.12 6,7
HD 157482 B 2.23 0.666 0.010 · · · B G1V 1.090 0.030 0.281 0.068 5900 150 1.32 0.13

7 12 Boo 4.82 27.72 0.15 36.08 0.19 A F8IV 1.4160 0.0049 0.890 0.019 6130 100 2.47 0.10 8
HD 123999 9.60 3.451 0.018 −0.06 0.07 B F9IVw 1.3740 0.0045 0.671 0.069 6230 150 1.86 0.15

8 µ Ori B 4.13 21.69 0.13 46.11 0.28 A F5V: 1.389 0.019 0.456 0.063 6450 150 1.36 0.12 7
HD 40932 B 4.78 1.661 0.016 · · · B F5V: 1.356 0.019 0.456 0.063 6450 150 1.36 0.12

9 12 Per 4.90 41.19 0.21 24.26 0.12 A F8V 1.382 0.019 0.514 0.023 6100 150 1.62 0.10 9
HD 16739 330.98 53.18 0.15 · · · B G1.5V 1.240 0.017 0.300 0.024 5850 150 1.38 0.09

10 ι Peg 3.76 86.9 1.0 11.51 0.13 A F5V 1.326 0.016 0.470 0.028 6600 150 1.32 0.08 10
HD 210027 10.21 10.33 0.10 · · · B G8V 0.819 0.009 −0.49 0.12 5100 200 0.73 0.13

11 64 Psc 5.07 43.29 0.46 23.10 0.24 A F8V 1.223 0.021 0.328 0.028 6250 150 1.25 0.08 11
HD 4676 13.82 6.527 0.061 · · · B F8V 1.170 0.018 0.266 0.028 6200 200 1.18 0.10

12 δ Equ 4.49 54.41 0.14 18.379 0.047 A F7V 1.192 0.012 0.353 0.024 6200 150 1.30 0.08 7,12
HD 202275 2084.03 231.965 0.008 −0.07 0.09 B F7V 1.187 0.012 0.317 0.024 6200 150 1.25 0.08

13 HD 202908 Aab 7.02 19.16 0.24 52.2 0.6 Aa F8V 1.138 0.021 0.150 0.045 6100 150 1.06 0.08 13
BD+10 4514 3.97 · · · Ab F8V 1.078 0.020 0.066 0.045 6100 150 0.97 0.08
HD 202908 B 78.5y 517.7 4.6 B G1.5V 0.974 0.021 −0.077 0.046 5800 150 0.91 0.08
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V (mag) πorb (mas) Dist (pc) Mass log L Teff Radius
System P (d) a (mas) [Fe/H] Star SpT (M⊙) (L⊙) (K) (R⊙) Ref

14 HD 9939 6.99 23.68±0.12 42.23±0.21 A K1IV 1.072±0.014 0.389±0.007 5050±100 2.05±0.08 14
BD+24 239 25.21 4.944 0.018 · · · B K0V 0.8383 0.0081 −0.373 0.023 4950 200 0.89 0.07

15 χ Dra 3.57 120.05 0.15 8.33 0.10 A F7V 1.029 0.026 0.270 0.047 6150 150 1.20 0.09 15
HD 170153 280.55 122 1 · · · B K0V 0.748 0.017 −0.54 0.11 4940 200 0.73 0.11

16 HD 195987 7.08 46.08 0.27 21.70 0.13 A K0V 0.844 0.018 −0.202 0.020 5200 100 0.98 0.04 16
BD+41 3799 57.32 15.378 0.027 −0.5 B K7V 0.6650 0.0079 −0.82 0.12 4200 200 0.73 0.11

17 GJ 765.2 8.08 31.0 0.5 32.26 0.52 A K2V 0.831 0.020 −0.391 0.035 5060 130 0.83 0.07 17
HD 186922 11.919y 189 2 −0.35 0.15 B K4V 0.763 0.019 −0.574 0.050 4690 160 0.78 0.10

18 GJ 570 BC 8.10 169.8 0.9 5.889 0.031 A M1.5V 0.586 0.007 −1.216 0.054 3500 100 0.67 0.06 18
HD 131976 308.88 150.7 0.7 +0.04 0.02 B 0.390 0.005 −1.726 0.054 3270 100 0.43 0.04

19 GJ 644 A 9.02 154.8 0.6 6.460 0.025 A M3Ve 0.4155 0.0057 −1.659 0.055 3370 100 0.44 0.04 19
HD 152751 627.0 227.3 0.4 · · · Ba M3.5V 0.3466 0.0047 −1.78: · · · · · ·

GJ 644 Bab 2.97 Bb M3.5V 0.3143 0.0040 −1.98: · · · · · ·

20 Wolf 1062 11.12 98.0 0.4 10.20 0.04 A M3.5V 0.379 0.005 −1.78: · · · · · · 20
GJ 748 901.77 148.5 0.3 · · · B 0.192 0.003 −2.32: · · · · · ·

21 GJ 791.2 13.06 112.9 0.3 8.857 0.023 A M4.5V 0.2866 0.0061 −2.56: · · · · · · 21
HU Del 538.05 108.8 0.7 · · · B 0.1258 0.0029 −3.68: · · · · · ·

22 GJ 747 11.26 120.2 0.2 8.319 0.014 A M3V 0.2137 0.0009 −2.163 0.054 3170 100 0.28 0.03 19
LHS 471 2110.0 288.1 0.5 · · · B 0.1997 0.0008 −2.207 0.054 3130 100 0.27 0.02

23 GJ 866 Aab 12.18 293.6 0.9 3.406 0.010 Aa M6V 0.1187 0.0011 −3.11: · · · · · · 19
LHS 68 3.79 · · · Ab 0.0930 0.0008 −3.92: · · · · · ·

GJ 866 B 822.6 347.3 0.5 B 0.1145 0.0012 −2.720 0.054 2650 200 0.21 0.04

References: 1 - Hummel et al. (1998); 2 - Torres et al. (2009); 3 - Hummel et al. (2001); 4 - Zhao et al. (2007); 5 - Fekel et al. (2009);
6 - Muterspaugh et al. (2006); 7 - Muterspaugh et al. (2008); 8 - Boden et al. (2005); 9 - Bagnuolo et al. (2006); 10 - Boden et al. (1999);
11 - Boden et al. (1999); 12 - Muterspaugh et al. (2005); 13 - Fekel et al. (1997); 14 - Boden et al. (2006); 15 - Tomkin et al. (1987);
16 - Torres et al. (2002); 17 - Balega et al. (2007); 18 - Forveille et al. (1999); 19 - Ségransan et al. (2000); 20 - Benedict et al. (2001);
21 - Benedict et al. (2000).
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