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Introduction

Russell [1] famously described eclipses as the “royal réadtellar astrophysics (see also [2]). From photometric
and spectroscopic observations it is possible to measarm#sses and radii (to 1% or better!), and thus surface
gravities and mean densities, of stars in eclipsing bingstesns (EBs) using nothing more than geometry. Adding
an effective temperature subsequently yields luminosity then distance (orice versa) to high precision. This
wealth of directly measurable quantities makes EBs thegmiraource of empirical information on the properties
of stars, and therefore a cornerstone of stellar astrop$iysi

In this review paper | summarise the current standing of Ef@aech, present an overview of useful analysis
techniques, and conclude with a glance to the future. Foepeataliscussion | recommend the peerless reviews by
Popper [3] [4], Andersen [5] and Torres et al. [6], and thetiexk by Ron Hilditch [7].

1. TheGhost of Christmas Past

John Goodricke (ably supported by his assistant Edwardtfpigas in 1783 the first to invoke the concept of
stellar eclipses, in order to explain the variations in thhtlof 3 Persei (Algol). William Herschel [8] christened
the term “binary star” in the course of his work on resolvettasetric binaries. In 1889, Edward Pickering
triggered the study of close binary systems when he notltattihe star Mizar exhibited spectral lines which not
only moved in wavelength but were sometimes doubled. Cage\fP] proved the binary nature @f Persei by
detecting spectral line shifts before and after an ecligaéng rise to the term “spectroscopic binary”. Finally,
Stebbins [10] discovered the first EB with a double-linedcspan, 8 Aurigae (Menkalinan). His measurements
of the masses and radii of the two component stars are simglyi€lose to the modern values [11].

Whilst it is comparatively straightforward to interpret@snetric and radial velocity measurements of binary
systems, their eclipses are more challenging. Henry NRussell [12, 13] provided the first rigorous mathematical
structure for their comprehension and progressively agpea the method before encapsulating it in a textbook
[14]. Zderek Kopal expounded a similarly encyclopaedic knowledgeigndwn textbook [15]. His methods
differed greatly from Russell's approach, and the two merewmt on good terms [2]. The late 1960s and early
1970s saw the production of the first computer programs toefimdary systems, which have revolutionised the
study of eclipses by laying them on a proper physical baskgefGrchitects of the revolution were Wilson and
Devinney [16], the flexibility of whose code arises from thelusion of full Roche geometry. An honourable (but
slightly biased) mention goes to Paul Etzel [17, 18], whesePr code is orders of magnitude faster but restricted
to systems whose stars are well-separated and thus onlysthodistorted. A large number and variety of other
codes exist, although few are widely used and many are nowlgfistorical interest.

2. TheGhost of Christmas Present

From this point | concentrate on detached eclipsing bisgid&Bs), whose component stars are not undergoing
mass transfer except for the interception of stellar wintisese objects evolve as if they were two single stars,
so are the most appropriate reference points for stelles@sysics (specifically theoretical models of stellar evo-
lution). The lack of mass transfer also makes them genenadlye tractable, although semi-detached (Algol)
systems can be rather straightforward and also bettemdistadicators [19]. A full study of one dEB requires
both photometric and spectroscopic observations, coyeriarge fraction of its orbital phases.

2.1 Photometric analysis of eclipsing binaries

The detailed shape of the two eclipses is related to the phlyproperties of the stars. The primary eclipse
occurs, by definition, when the hotter star is behind theewstiar (superior conjunction). The primary eclipse is
therefore deeper than the secondary eclipse (inferiouomtipn). Exceptions to this rule are possible if the orbit



Differential magnitude

2t g

e
V—
Y=

-0.2 -01 00 01 02 03 04 05 086 0.7

(km/s)

Radial velocity

100F

wu
(@]
L —

|
w
o
I

—100F

150

0.0

0.2 0.4

0.6 0.8

Orbital phase

Orbital phase

Figure1: Example observational data, for the dEB WW Aurigae [25%¥t panel: light curves in the Stromgren
uvby passbands plotted as a function of orbital phase. The bilae& $how the best-fitting model generated with
theJkTEBOPCOde. The residuals of the fit are plotted at the base of thegfjgifset from zero for clarityRight
panel: RV curves for WW Aur. The measured RVs are shown with bludesrand the fitted curves with red lines.

is not circular, in which case different surface areas caedtipsed during primary and secondary minimum thus
altering their relative depth (or making one vanish enyieety. SW CMa [20]).

The most important quantities which can be constrainedreréractional radii of the two stars, defined as the
actual radii divided by the orbital semi-major axis:

_ A - _° 1
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ra andry can be quite correlated, so in practice it is often convdn@recast them as their sum and ratio:

h  Rp
ra+rp k T Ra (2)

The orbital inclination,i, is another important photometric parameter. The reladipths of the primary and
secondary eclipses yield the ratio of the surface briglse®®f the two stars], a quantity which is usually
implicitly interpreted in terms of d¢ ratio. Total eclipses allow very precise photometric paters to be
obtained k andJ can be strongly correlated when eclipses are not totalltiegin uncertain fractional radii and,

in particular, a poorly constrained light ratio between tiiwve stars. This problem can be solved by procuring an
external measurement of the light ratio, such as from thetsgddines of the stars (e.g. [21]).

Eccentric orbits present a complication by adding two more parameters to thearbital eccentricityg, and
the longitude of periastrony. These are best treated using the combination tegnsw andesinw, which are
much less strongly correlated thaandw themselves. In the approximation of small eccentricity er®0°, the
times and durations of the eclipség;(andtsec andd,i anddseg give the combination terms [15]:

Osec— dpri (3)

esinw =
dsec+ Dpri

1T (tsec— tpri
ecosw~ — | ——— —0.5

The quantityecosw is therefore dependent on the time of secondary minimurtivel® primary minimum, which
is easy to measure very precisely. Conversedinw is given by the relative durations of the two eclipses, which
is much less precise. Whilst photometry is good for consingiecosw it is poor for specifyingesinw. The
opposite situation exists for radial velocities, so a vibdhaved solution incorporates both types of observations.
Limb darkening is a significant contributor to the shape of eclipses. Wiailsainge of limb darkening laws
exist, the linear law is satisfactory for the light curves of moBSEThe slightly more complex non-linear laws are
important for studying the transits of extrasolar plan28j pnd perform similarly well to each other in practise. A
wide range of theoretically-calculated coefficients far imb darkening laws are available for observations taken
in a standard photometric passband (e.g. [24]). When oltens are of good quality, it may be better to fit for
the coefficients of the laws rather than fixing them at théceily-expected values (e.g. [25]).

1See [22] anthttp: //www.astro.keele.ac.uk/~jkt/codes/jkt1ld.html
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Figure2: Kepler satellite observations of the semi-detached EB KIC 1068 1&8o0se primary star exhibits over
50 frequencies arising from Scuti pulsations [68].

The extraction of photometric parameters from a light curve requires a physical representation of the
binary system. The ‘industry standard’ computer programtlitss process is the Wilson-Devinney code [16],
whose implementation of Roche geometry allows detached;detached and contact binaries to be tackled. The
input/output processes for this code are rather dated mgatian intimidating option for inexperienced researchers
An improved and extended version with a graphical user fateris now availablePHOEBE, maintained by
Andrej Pr8a [26]. If one has a system whose stars suffer oiily tidal distortions and no mass transfer, the
JKTEBOP code is a good option. This code is a developmemgibr[17, 18], maintained by the current author
[27]. Its chief advantages are simplicity and speed, whiekes it well-suited to datasets which are large or require
a high numerical precision. Another asset of speed is tHiyatoi run extensive error analysis algorithms.

Correlations between photometric parameters are inescapable, and lie in the binary stars’ message to us
rather than our methods of decoding the message. In suahagiait it is important to perform careful error anal-
yses which explore these correlations and return reliafote bars. Formal errors from a covariance matrix, as
outputted by many analysis codes, are unreliable as theptaacount well for parameter correlations. Alterna-
tives includey?-chase, Monte Carlo simulations [27], Markov Chain Montel€§28] and residual permutation
[22]. TheNumerical Recipes® textbook [29], chapter 14, is an excellent starting poimiriterested readers.

2.2 Radial velocity analysis of eclipsing binaries

Photometry is only half the story: a full analysis requiradial velocity (RV) measurements to measure the
masses of the stars and the overall scale of the system. gatypiquirement is thirty spectra of sufficient quality
to reliably detect the spectral lines from both stars. Theyutd be evenly distributed in orbital phase, but with
a concentration on the quadrature phases when the vetocftibe two stars are most divergent. Semi-detached
EBs (such as Algol) are less demanding, as RVs are only ndedede of the stars. This is because the surface
of the secondary star coincides with its Roche lobe, allgvitsiradius to be directly connected to the mass ratio.

For late-type stars, which rotate slowly, échelle spectapls can provide marvellous results (e.g. [30]). For
early-type stars, which tend to have high rotational veiesiand few spectral lines, moderate spectral resolution
is sufficient but a high signal to noise ratio (S/N) is a neitgs§or these, the mutual interference (blending) of
lines from the two stars is a long-standing issue which coesdllt in masses underestimated by 25% [31].

RV measurements can be obtained in many ways:
Fitting Gaussian functionsto individual spectral lines (using a double-Gaussian fartde lines) works well for
isolated lines [21].

2http://phoebe.fiz.uni-1j.si/
Shttp://www.astro.keele.ac.uk/~jkt/codes/jktebop.html
“http://www.nr.com



Cross-correlation [32, 33] allows one to include multiple spectral lines, kequires a template spectrum to com-
pare to the observed spectra. It also suffers more from lieeding, as contributions arise from the template as
well as the observed spectra.

TODCORtwo-dimensional cross-correlation [34] uses different template spectra for the two stars. Ehiseful

if the stars have quite different spectral characteristiosis no better than normal cross-correlation if the siaes
very similar [21].

Broadening functions[35] is a comparable approach to cross-correlation. Thidiaily requires a template spec-
trum but does not suffer from excess line blending due to this

Spectral disentangling [36] is a fundamentally different method which considetsoliserved spectra simulta-
neously and does not require a template spectrum. It asstinaesach observed double-lined spectrum can be
represented by the individual spectra of the two stars whale been shifted in RV and added together. This
allows the best-fitting individual spectra to be calculas@dultaneously with the orbital solution. Spectral dis-
entangling does not suffer from line blending and returmghiquality spectra of the individual stars, but can be
sensitive to continuum normalisation and may require afl@fU time. A detailed review is given by [37].

2.3 Spectral analysisof eclipsing binaries

Whilst analysis of light and velocity curves is sufficientdive the masses and radii of the stars in an EB, they
do not give luminosities or distance yet. For that we reqgaifective temperaturel{s) measurements. These
can be obtained from calibrations against photometricuroladices (e.g. [38]) but this does not work well for
early-type stars (partly due to the sensitivity to reddghiand requires colour indices for the individual stars.
An alternative is to deduce spectral types and convert tleefggt once again using calibrations, but this suffers
from the discreteness of the spectral classification syatemell as uncertainties in tigg scale (particularly for
high-mass and low-mass stars).

A better approach is to model the spectra of the stars dyrextlis frequently done for single stars, in order to
determine their atmospheric parameters. The details ohtthod vary widely depending on the type of star to be
analysed, so | will not dwell on the methods here. Spects#@ntangling holds an advantage for these analyses,
as one can use the high-quality disentangled spectra thidnethe individual composite spectra. EBs themselves
show a major asset over single stars, in that their surfaaétggs are measure to such high accuracy that they can
be fixed at the known values and thereafter ignored. Thisriicpéarly useful when measurins, which is often
strongly correlated with surface gravity.

Once the surface gravity aridi of each star is known, its spectrum is well suited to derivtimg chemical
composition of its photosphere. This can be performed thyren the observed spectra in many cases (e.g. [42]).
Disentangled spectra are once again a useful alternatietaltheir high S/N, but have a complication. The
continuum light ratio of the stars cannot be determinedataison, as such information simply does not exist in
the observed spectra, so their continuum levels are unknokia can be solved either by including the continuum
level as an additional parameter to be fitted for [39] or byhgshe light ratio(s) known from the photometric
analysis to specify the continuum level directly (e.g. ¥@bundance analyses can then be carried out using the
usual methods for single stars [41].

2.4 Putting it all together

Analysis of the light curves generally give®qm, ra, g, inclinationi and ecosw

Analysis of the RV curves normally gives: velocity ampliasdka andKg, plusesinw

Then: ecosw and esinw = e and w

Then: Ko andKg andi and e = massesMp and Mg and a

Then: rp andrg anda = Ra and Rg

Then: Ma and Mg and Ry and Rg = surface gravities and densities

Now we add inTes: Tega and Tegg @and Ry and Rg = luminositiesLa and Lg and distance

Distance measurement is an important result, and alscrefighe existence of reliable apparent magnitudes in
standard photometric passbands. Redder passbands ae(patticularly near-infraredHK) as they are less
sensitive to interstellar extinction. The traditional waymeasure distance is by using bolometric corrections to
covert absolute bolometric magnitudes (which are caledl&om the luminosities) td-band absolute magnitudes
and then relating these to the observetiand apparent magnitude (see [43]). Alternative methsdgsurface
brightness calibrations have been outlined by [44] and, [@5Jong others.
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Figure 3: Plot of the masses and radii of well-studied dEBs. The prystars are shown in red and the
secondaries in blue. The green lines show the zero-age a@iresce relation from the Cambridge models for a
solar metallicity (unbroken line) and a half-solar metiti (dotted line).

3. TheGhost of Christmas Yet to Come

The primary use of dEBs is as checks on the success of theadrptiedictions (e.g. [46]) or to investigate the
physical processes included in the models, such as miximgthe[47], convective core overshooting [48], the
chemical enrichment law [49] and limb darkening coefficésinbm model atmospheres [50]. The study of dEBs
in stellar clusters is a promising avenue [51] — recent tsgal dEBs in the open cluster NGC 6791 are of such
high precision that the primary uncertainty in its age anenaital composition is now the variation between the
predictions of different sets of stellar models [52, 53]. déés of low-mass stars have recently enjoyed renewed
interest as vital ingredients in analyses of transitingasdlar planets [54].

The cosmological distance scale rests on distances toygataxies [55] which are generally found using
‘standard candles’ such @&Cepheids — objects whose luminosities can be determinealiyating them on
nearby specimens. EBs can be direct indicators, ratherstiaaaard candles, because we do not need to calibrate
them on neighbouring examples. Distance and reddeningnst@aid be determined simultaneously using their
measured luminosities (frofes and radius) and apparent magnitudes in multiple passb&$shave been used
to measure distances to the nearby galaxies LMC [56, 57], $88(59], M 31 [60] and M33 [61], as well as many
open clusters within our own Milky Way.

The studies of EBs cited above are primarily distinguisbdiyl the amount of effort required for each object:
they can devour a lot of telescope time. Detailed analysdsBsf have now been available for roughly a cen-
tury, during which only 127 objects have been studies inibdéecatalogue of well-studied dEBs [DEBCat] is
maintained by the author attp://www.astro.keele.ac.uk/~jkt/debcat/). By comparison, th&eneral
Catalogue of Variable Sars lists nearly 1000 ‘EA’ systems, so supply already greatigeeds demand.

Observational astronomy is currently undergoing an ovetmig shift towards survey projects, and in the
future this will fundamentally change the opportunitiesstady EBs. Myriad large-scale photometric surveys
are already being performed, and many more are planned. dbtagin repeated photometric measurements of
point sources and so are able to discover new EBs. As an egaBplscience has already been extracted from
the ground-based planet search projects TrES and Super\[#2SB3, 64, 65], and the similarly-targeted space
missions CoRoT anHepler [66, 67, 68]. These missions hold the advantage of obtaithiogsands of datapoints



per object, often of extremely high quality, thus allowingpiortant results to be obtained with modest or no
reliance on follow-up observationKepler represents the current state-of-the-art for EB studies.

Further into the future, major missions such as GAIA and LS#&Tdiscover millions of EBs [69, 70] but
obtain very few datapoints per object. A detailed study atheane is clearly hopeless. Automated methods
will be able to deliver a limited number of parameters for jmaifi these millions of EBs [62, 71, 69], so the
major advances will probably relate to statistical studiglarger populations of these objects. However, it will be
possible to cherry-pick the most interesting or importaBs Eor further study. Areas meriting attention include:
Low-mass EBs, as the properties of the known examples differ from thécabpredictions by up to 15% in radius
[72] and low-mass stars host most of the known extrasolargiéa
High-mass EBs, as massive stars are major contributors to the chemicdtiapthatic population of galaxies.
Asteroseismology of EBs, which will allow pulsation frequencies to be measured tarsof known mass, radius,
Te and photospheric chemical composition.

Giant-star EBs, to provide constraints on stellar evolution [73].
EBsin open clusters, again for stellar evolutionary studies.
EBsin external galaxies, for improving the local calibration of the cosmologicastdince scale.

References

[1] Russell H. N., 1948, Harvard Observatory Monograph4 82,
[2] Batten A. H., 2005, Ap&SS, 296, 3.
[3] Popper D. M., 1967, ARA&A, 5, 85.
[4] Popper D. M., 1980, ARA&A, 18, 105.
[5] Andersen J., 1991, A&A Rev., 3, 91.
[6] Torres G., Andersen J., Giménez A., 2010, A&A Rev., 18, 67
[7] Hilditch R. W., 2001, An Introduction to Close Binary $saCambridge University Press, Cambridge, UK.
[8] Herschel W., 1802, PTRAS, 92, 477.
[9] Vogel H. C., 1890, AN, 123, 289.
[10] StebbinsJ., 1911, ApJ, 34, 112.
[11] Southworth J., Bruntt H., Buzasi D. L., 2007, A&A, 46 215.
[12] Russell H. N., 1912, ApJ, 35, 315.
[13] Russell H. N., 1912, ApJ, 36, 54.

[14] Russell H. N., Merrill J. E., 1952, The Determinationtbé Elements of Eclipsing Binaries, Princeton Uni-
versity Press, USA.

[15] Kopal Z., 1959, Close Binary Systems, Chapman & Hallntion, UK.

[16] Wilson R. E., Devinney E. J., 1971, ApJ, 166, 605.

[17] Etzel P. B., 1975, Masters Thesis, San Diego State WsityeUSA.

[18] Etzel P. B., 1981, NATO ASI Ser. C., 69, 111, Kluwer, Drcht, Netherlands.
[19] Wilson R. E., 2008, ApJ, 672, 575.

[20] Torres G., etal., 2011, arXiv:1112.3974.

[21] Southworth J., Clausen J. V., 2007, A&A, 461, 1077.

[22] Southworth J., 2008, MNRAS, 386, 1644.

[23] Southworth J., 2011, MNRAS, 417, 2166.



[24] Claret A., Bloemen S., 2011, A&A, 529, A75.

[25] Southworth J., Smalley B., Maxted P. F. L., Claret Az&tP. B., 2005, MNRAS, 363, 529.
[26] Prsa A., Zwitter T., 2005, ApJ, 628, 426.

[27] Southworth J., Maxted P. F. L., Smalley B., 2004, MNRAS1, 1277.

[28] Gregory P. C., 2005, Bayesian Logical Data Analysistfar Physical Sciences: A Comparative Approach
with ‘Mathematica’ Support, Cambridge University Presan@®ridge, UK.

[29] Press W. H., Teukolsky S. A., Vetterling W. T., Flann&yP., 1992, Numerical Recipes in FORTRAN 77.
The Art of Scientific Computing, 2nd edition, Cambridge Wity Press, Cambridge, UK.

[30] Konacki M., Muterspaugh M. W., Kulkarni S. R., Hetmiki&. G., 2009, ApJ, 704, 513.
[31] Andersen J., 1975, A&A, 44, 355.

[32] Simkin S. M., 1974, A&A, 31, 129.

[33] Tonry J., Davis M., 1979, AJ, 84, 1511.

[34] Zucker S., Mazeh T., 1994, ApJ, 420, 806.

[35] Rucinski S., 1999, A. S. P. Conf. Ser., 185, 82.

[36] Simon K. P, Sturm E., 1994, A&A, 281, 286.

[37] Pavlovski K., Southworth J., 2011, arXiv:1108.3952.

[38] Casagrande L., Portinari L., Flynn C., 2006, MNRAS, 373.

[39] Tamajo E., Pavlovski K., Southworth J., 2011, A&A, 526,6.

[40] Pavlovski K., Southworth J., 2009, MNRAS, 394, 1519.

[41] Pavlovski K., Tamajo E., Koubsky P., Southworth J., §&, Kolbas V., 2009, MNRAS, 400, 791.
[42] Clausen J.V, et al., 2008, A&A, 487, 1095.

[43] Southworth J., Maxted P. F. L., Smalley B., 2005, IAU C&b6, 361.

[44] Lacy C. H., 1977, ApJS, 34, 479.

[45] Southworth J., Maxted P. F. L., Smalley B., 2005, A&A A B45.

[46] Pols O. R., Tout C. A., Schrdder K.-P., Eggleton P. P.nh&xrs J., 1997, MNRAS, 289, 869.
[47] Ludwig H.-G., Salaris M., 1999, A. S. P. Conf. Ser., 1239.

[48] Claret A., 2007, A&A, 475, 1019.

[49] Ribas I., Jordi C., Torra J., Giménez A., 2000, MNRAS3399.

[50] Claret A., 2008, A&A, 482, 259.

[51] Southworth J., Maxted P. F. L., Smalley B., 2004, MNRA89, 547.

[52] Grundahl F., Clausen J. V., Hardis S., Frandsen S., 2888, 492, 171.

[53] Brogaard K., Bruntt H., Grundahl F., Clausen J. V., Elsen S., Vandenberg D. A., Bedin L. R., 2011, A&A,
525, A2.

[54] Southworth J., 2009, MNRAS, 394, 272.
[55] Freedman W. L., et al., 2001, ApJ, 553, 47.
[56] GuinanE. F,, etal., 1998, ApJ, 509, L21.
[57] Bonanos A. Z., etal., 2011, ApJ, 729, L9.



[58] Hilditch R. W., Howarth I. D., Harries T. J., 2005, MNRAS57, 304.

[59] North P., Gauderon R., Barblan F., Royer F., 2010, A&RQSA74.

[60] Vilardell F., Ribas I., Jordi C., Fitzpatrick E. L., Gan E. F., 2010, A&A, 509, A70.

[61] Bonanos A. Z., et al., 2006, ApJ, 652, 313.

[62] Devor J., Charbonneau D., O’'Donovan F. T., Mandushevi@res G., 2008, AJ, 135, 850.
[63] Fernandez J. M., et al., 2009, ApJ, 701, 764.

[64] Southworth J., Pavlovski K., Tamajo C., Smalley B., WRsG., Anderson D. R., 2011, MNRAS, 414, 3740.
[65] Norton A. J., etal., 2011, A&A, 528, A90.

[66] Maceroni C., etal., 2009, A&A, 508, 1375.

[67] Derekas A., etal., 2011, Science, 332, 216.

[68] Southworth J., et al., 2011, MNRAS, 414, 2413.

[69] Tingley B., Sadowski G., Siopis C., 2009, IAU Symp. 2882.

[70] Prsa A., Pepper J., Stassun K. G., 2011, AJ, 142, 52.

[71] PrSa A., etal., 2008, ApJ, 687, 542.

[72] Loépez-Morales M., 2007, ApJ, 660, 732.

[73] Pietrzynhski G., et al., 2011, ApJ, 742, L20.



