IAU Colloquium 191 - The Environment and Evolution of Double and Multiple Stars (© Copyright 2004: 1A, UNAM)

Editors: C. Allen & C. Scarfe

RevMexAA (Serie de Conferencias), 21, 109{115 (2004)

MODELING

ECLIPSING BINARIES

IN GLOBULAR CLUSTERS

E. F. Milone,! J. Kallrath, 22 C. R. Stagg!* and M. D. Williams*

RESUMEN

Describimos el uso de las binarias eclipsartes para derivar propiedadesfundamertales de las componertes de
las binarias en cumulos estelares. EI metodo requiere el uso de isocronas con ables y de propiedadesexactas

de las estrellas situadas en estas.

ABSTRACT

We describe the use of eclipsing binaries to derive fundamertal properties of the binary star componerts in a
cluster. The method requiresthe useof reliable isochronesand accurate properties of stars that lie along them.

Key Words: BINARIES:  ECLIPSING |

1. PROLOGUE, PURPOSE, AND PROBLEM

The determination of the orbital elemens and
stellar parametersfrom light curvesusually requires
multi-passband and radial-velocity data to resole
ambiguities and insure both high precision and ac-
curate results. Howewer, radial velocities of faint
objects are dicult to obtain, especially of systems
near the main sequenceturn-o in dense clusters;
moreover, multiple Iter acquisition, desirable for
the modeling, sometimesprecludes adequate phase
coveragein any one passband. In such cases,the
assumedand initial guessef adjusted parameters
needto be basedon alternative but adequateinfor-
mation. In our presen casestudy, with data in only
two passbands,modeling of HST data of eclipsing
binaries in the globular cluster 47 Tuc required the
useof information from theoretical isochrones, since
spectroscofy was unavailable. Bootstrapping opera-
tions were required to produce solutions for the sys-
tems, someof which are usedto illustrate the tech-
nique.

1.1 Purpose

The main purposehereisto nd the fundamertal
properties of stars with di erent metallicities than in
the solar neighborhood, viz., in a variety of erviron-
ments, such as globular clusters, through analyses
of eclipsing binaries. Photometry provides the ba-
sic data for the determination of the radii and of
the distortions due to proximity betweenthe com-
ponerts of the pair, and it is important to discover
how these basic properties depend on the chemical
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composition. Of particular interest are the masses
and radii of stars on the lower part of the main se-
quence. Accordingly, in this paper we will discuss
two such systemsin 47 Tuc.

1.2. Problem

The de nitiv e determinations of the massesthe
scale of the system, and v , which helps to decide
membership in a star cluster, all require radial ve-
locities. Evenfor adequatelight curvetreatment, the
latter are often important to determine which mini-
mum is an occultation and which a transit eclipse.

A major problem in achieving our avowed pur-
poseis that radial velocities are not always avail-
able. In sud casesthe weight of the solution must
be borne primarily by the photometry; this provides
a handle on the temperature di erence betweenthe
componerts but the absenceof a massratio makes
the extraction a dicult proposition, especially if
the stars are well-enough separated so that depar-
ture from longitudinal symmetry is minimal.

If the stars are little-enough separated so that
Roche geometry is readily perceptible in the light
variation outside eclipses,a massratio may be deter-
minable (more precisely able to be modeled), which
is why overcortact binaries and even systemswith
Lyrae-like light curveshave becomefashionabletar-
gets.

For a given system, if we have only one or two
light curves and the eclipsesare not well covered,
we may have a problem to extract the fundamental
properties, particularly from the systemsthat yield
potentially the bestfundamertal data| the longer-
period detached systems. This is especially true for
systemswith partial eclipses.In suc caseswe must
have excellert precisionin the data sothat the shape
of the minima is de nitiv e at speci c placeson the
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rising or falling branches,and at leasttwo of the con-
tact points can be established. These conditions are
not always found, so serendipity must play a role, in
a eld of many targets, in determining which systems
can be mined to yield fundamental properties.

For those caseswhere the light curves are well-
enoughconditioned to yield high-precision elemerts,
the main problem becomeshow we can avoid solu-
tion degeneracywhen full data sets(multi-passband
photometry and radial velocity data) are absen.

2. SOLUTION

For radiativ e properties, two passbandsare vastly
better than one. The leverage of the two in prying
out those properties depends somewhaton the sep-
aration of the e ective wave numbers of the pass-
bands, and, of courseon the relative ux distribu-
tions in the componerts. The relative depths of pri-
mary and secondaryminimum in the two passbhands
yields the ratio of the surfacebrightnessin eat pass-
band and this ratio is directly related to the colour
index di erence betweenthe componerts. Coupled
with the system's colour index, eat star's temper-
ature is then found, notwithstanding complications
intro ducedby colour excesseslue variously to metal-
licity di erences from standards, and interstellar and
circumstellar reddening.

Since the photometry provides only the relative
size, but the scale of the orbit is required for the
absolute size, the radii aswell asthe massesemain
problematic.

In clusters, even in crowded ones, isochrones
may allow the removal of this degeneracy If the
isochrones are well matched to cluster obsenations,
the modeling of interstellar extinction and metallic-
ity, if not circumstellar extinction and reddening, is
key. These permit complicating phenomenato be
treated, even if not uniquely, becauseparticular sys-
tems where circumstellar matter or third light may
still play a role can very well occur.

With the isochrone models, relative properties of
the componerts are attainable. Exactly how they
are extracted is not ertirely independert of the tools.
We make use of light curve modeling programs that
adequately model a system'sradiativ e as well as its
geometric and orbital properties.

2.1 Tools

The software padkageswe use are the University
of Calgary damped least-squaresversions of Wil-
son's (1998) base program: wd98k93hand WD2002
The basis for and philosophy behind the latter is
discussedextensively in Kallrath & Milone (1999).

Both make useof Kurucz atmospheremodelsto rep-
resert the relative passband uxes of the compo-
nernt stars at eat grid point. The padkage WD2002
permits auto-iteration of our version of the Wilson-
Devinney program which we call wd93k93 currently
including version g. Our latest version of the lat-
ter program, h, diers from g only in having a
larger range of grid sizesavailable to model eclipses
involving a componert as small as a Saturn-sized
planet. WD2002ermits computation of synthetic
light curvesand the other options of Wilson's base
code, but includes also a simplex program, with
which parameter space can be cheded for deeper
minima than were attained by the basemodel. The
padkagescan be run consecutiwely in various com-
binations, and may be run iterativ ely. WD2002uns
on PCs with WINDOWS LINUX operating systems;
wd98k93currently runs under AlX and LINUX

2.2. The Initial and Assumeal Parameters

Wilson-Devinney programs usethe following pa-
rameters from which absolute quartities are ulti-
mately derived:

semi-mgor axis, a

ecceltricit y, e

argumert of pericertre, !

inclination, i

massratio, q= M =M 3

passband\luminosit y", L1i( )

period, P

epoch, tg

modi ed potentials, 1.2

temperature(s), Ty

\third light", “3( )

limb-darkening coe cien ts, x1.2( ) (and some-
times yi.»( ) for square-rmt or logarithmic limb-
darkening laws), although x coe cien ts are usually,
(and y always) assumedrather than adjusted.

Additionally , in modern Wilson-Devinney codes
onemay solvefor a number of other parameters,suc
as: the albedos(A1.2), the rst derivativesof P and
I', gravity brightening coe cien ts (gi.2, hot to be
confusedwith gravitational accelerations),up to two
setsof spot parameters(longitude, latitude, angular
radius, and temperature factor), a phaseshift ( ) to
match obsenational phasevaluesif shifted from 0 at
primary minimum mid-eclipse,and the ratio of rota-
tion to revolution factors (F1.2). Giventhe tools de-
scribedin x 2.1, onecan properly assumesomequan-
tities, such asx (and y), which depend mainly on T
and log g and have usually only a small dependence
on chemical composition. If the light curvesare free
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of asymmetries,spots are probably ignorable. Values
may be taken for Aj.», gi1.2 for the relevant (radia-
tive/convective) stellar atmospheresmodel.

Quarntities which are calculated in DCor LCfrom
the parametersinclude:

stellar radii for the pole, point, side, and badk
facings, rp:pt:s;p ; and

gravitational acceleration,log gi.2

polar surfacebrightness of each componert

bolometric magnitude of eadr componert

massof each componert

Given appropriate isochrone models, and a rea-
sonable expectation that at least one componert is
on the (presumably) single isochrone for the clus-
ter, an initial temperature of that component can
be found, along with that star's absolute bolometric
and visual magnitudes and mass.

2.3. Modus Operandi for Obtaining Initial and
Unadjusted Parameters

The operations to achieve the initial parameters
are owcharted in Figures 1 and 2. For preser pur-
posesthe depths of the primary and secondarymid-
eclipseminima may bewritten in classicalterms (cf.,
Russell & Merrill 1952):

dp=1 "p=(Li+Ly) [La+(1 o)Li]l= olLy;

@)

ds=1 "s=(Li+Lz) [Li+(1 o)L2k* = ok?Ly;

&)
where ",.s are normalized light levels, k is the ratio
of radii, and ¢ is the \alpha-function", the eclipsed
areal fraction, evaluated at mid-eclipse. The geo-
metric terms are indeed simplied and inexact, but
approximately cancelout in the depth ratios.

In a single passband,the depth ratio is:

b _ L: _ _ .

where 1., are the passhandsurfacebrightnesses.

In these expressions, any dierences in limb-
darkening and “re ection' e ects between the stars
will show up in the surface brightnessratios, which
are therefore not quite direct indications of the tem-
peratures integrated over the ertire stellar disks.
This can be corrected later in the modeling. Given
two passbands.the ratio of the depth ratios in eah
is then:

_(dp=d) , _ (1= 2), _ [aC ) 2(2)],
(dp=ak) , (2=2), [ 20 2 2)](;1)

which is directly related to the dierence in the
colour index, Cj., of the components:

Ci. Cp= 25logQ: (5)

So given an initial value of C;, C; is found, and
from the corresponding isochrone model, an initial
value of T,. Modeling analyseswith WD2002an then
rene dierences in T and L and may lead to an
improvemen of C; with the caveat that radiative
di erences betweenthe stars will causedepartures
from the e ectiv e temperatures of the disks as seen
at quadraturesor asviewed from above the poles. Of
coursethe light-modeling code adequately corrects
for such e ects by treating the surfacebrightnessat
ead grid point with appropriate physics.

The proximity of Star 1 (taken as the star
eclipsed at the deeper minimum) to an isochrone
point and the deduction of the likely properties of
Star 2 from systemlight and colour su ce to estab-
lish starting values of the adjusted and unadjusted
parameters. The generalprocedureis outlined in the
o w-charts of Figures 1 and 2, which show, respec-
tively, the earlier and later stagesof setting up the
DCinput les. The stepsof Stage 1 are well known
to anyone who has done such analyses,but here we
are assumingthat the light of star 1 dominates the
system. Modest resolution spectral information is
sometimesavailable to provide this kind of informa-
tion, asthe GAIA satellite proof of concept seriesof
papers (e.g., Munari et al. 2001; Zwitter et al. 2003)
shows, but in this caseis not. Someof the steps of
Stage2 may be somewhatlessfamiliar; they provide
the main thrust of the method discussedhere.

One may begin by assumingthat Star 1 proper-
ties are those of the system. Then, given My and
(V 1.)o and the approximate colour index di er-
ence, C, computedfrom equation (5), C;., follow.
The location of Star 1 on the isochrone can then be
chedked. After initial modeling trials, the properties
of both stars can then be usedto ched that they
cortinue to fall on the sameisochrone or not.

In somecasesit is found that only one or neither
componert falls on the isochrone. Without RV and
proper motion data, non-menbership in the cluster
remains a possibility. If, though, suc a systemis
a member, third light must be cortributiv e to the
light of a componert lying above the isochrone; this
canarisefrom contamination either by a neighboring
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Fig. 1. The rst stage of establishing initial and unad-
justed parameters. The mid-chart squarescontain infor-
mation from cluster modeling. Star 1 is initially assumed
to dominate both light and massof the system.

Fig. 2. The later stage of establishing initial and unad-
justed parameters.

imagein atoo-crowded eld or by a real companion.
An example of the former is discussedin x 4 and an
example of the latter is discussedin x 3.3.

Thus by applying the preceptthat consistencyis
expected, boot-strapping in this way may be usedto
establish the properties of both componerts, and to
ag caseswhere third light should be investigated.
The eclipsingbinary portion of the 47 Tuc project is
at this point.

3. ECLIPSING BINARIES IN THE GLOBULAR
CLUSTER 47TUC

The detection of eclipsing variables was a by-
product of a seard for transiting planetsin this rich
globular cluster (Gillland et al. 2000). The searh
involved 8.3 days of obsenation with the Planetary
and Wide-Field Camerasaboard the HST.

The number of systemsstudied thus far is 22 out

Fig. 3. Two-passband light curve preliminary ttings
and converged solution parameters of the over-contact
system, WF2-VO05.

of more than 30 detectedin a eld of some 50,000
stars. The isochrone modeling was carried out by
D. VandenBerg (private comm., 2000; Bergbush &
VandenBerg 2001). The adopted cluster model has
the following properties:

(m M)o= 1337
Ev le = 0:036
[Fe=H]= 0:83

[ =H]= 0:3

Y = 0:2410

3.1 The Eclipsing Systems

A sample of the systems detected in this rich
globular cluster (R. Gilliland, private comm.) is pre-
sented in Table 1.

The rst column corntains the name of the chip
and a sequenceorder number. Some of these were
known from prior photometry of the cluster and will
not be discussedfurther here. The table indicates
the range of system brightness and colour, as cor-
rected for interstellar extinction and reddening.

3.2, 47 Tuc Binaries Fittings

The bulk of the ttings were carried out on a
1 GHz PC running Windows 98; the WD200Dack-
age tasks DG LG simplex , and wd98k93gwere run
auto-iterativ ely. Final adjustments and cheds were
carried out with wd98k93gon the University of Cal-
gary's IBMRS6000running AlX.

The tted light curvesof alow amplitude 0.224-d
over-cortact system, WF2-V05, can be seenin Fig-
ure 3.



IAU Colloquium 191 - The Environment and Evolution of Double and Multiple Stars (© Copyright 2004: 1A, UNAM)

Editors: C. Allen & C. Scarfe

MODELING BINARIES IN CLUSTERS 113
TABLE 1
PROPERTIES OF A SAMPLE OF 47 TUC ECLIPSING VARIABLES) 2
Variable Vo My (obg My (iso) M V Ido (VW 1) (iso) Mg (bo) M,
PC1-v0o4 17:32 3:95 4:.22 0:27 0:62 0:64 4.08 0:89
PC1-v07 1866 5:29 6:15 0:85 0:85 0:85 5.91 0:72
PC1-v08 1818 4:81 5:85 1:04 0:80 0:80 5:65 0:75
PC1-vi0 17:13 3:76 3:76 0:00 0:70 3:60 0:91
PC1-v11 17:19 3:82 2:79 1:04 0:90 0:90 2:48 0:93
PC1-v21 17:40 4:03 5:40 1:37 0:73 0:73 5:23 0:79
PC1-v22 1764 4:27 5:08 0:81 0:69 0:69 4:92 0:82
WF2-V01 1748 4:11 5:17 1:06 0:70 0:70 5:.01 0:81
WF2-V02 1885 5:48 6:15 0:66 0:85 0:85 591 0:72
WF2-V03 20:28 6:.91 6:91 1:41 1:02 6:52 0:65
WF2-V05 1898 5:61 6:77 1:16 0:98 0:98 6:42 0:66
WF3-V02 1973 6:36 7:09 0:73 1:08 1:08 6:71 0:63

aV and |, data from R. Gilliland

and isochrone models from D. VandenBerg (private comm.)

47 Tuc Wi2-V03 (Model V4)
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Fig. 4. Two-passbandlight curve preliminary ttings
the system WF2-V03, with secondary minima ttings

the two passbandsalso shown.

3.3. 47 Tuc Binaries Solutions

of
n

Preliminary ttings for WF2-V03 and the ttings

Fig. 5. The WF2-V03 parameters of the converged solu-
tion. The passbandluminosities, L1(V;B), are in units

of 4 .

for 47 Tuc, Figure 7. All the target stars plus a
handful of non-variable stars and previously known

systemsare showvn onthe My vs. (V

I c)o isochrone.

and solution for WF3-V02 obtained with the WD2002
padkageare shavn in Figures 4 and 6. The solution
for WF2-V03 is characterized by the details provided
in Figure 5.

WF2-V03 appearsto be a 10.09-d period Algol
system, with very red, low masscomponerts.

WF3-V02 appearsto bea 0.414-dperiod -Lyrae
system.

The placemerts of these systemsand their com-
ponerts are shovn on the color-magnitude diagram

The results of the analysesof two systemsare also
shown. The componerts are plotted with respect to
both ordinates. WF2-V03 is the reddest of the bina-
ries, and the lessmassive component of this system
falls beyond the reliable limits ofthe M vs. (V  1¢)o
isochrone curve.

Note that all four componerts appear to have
normal masses (if the mass models extrapolate
cleanly to the low secondarymassof the WF2-V03
secondary) but neither the primary nor the sec-
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Fig. 6. Preliminary initial, assumed,and computed prop-
erties of WF3-V02.

Fig. 7. The Colour-Magnitude Diagram for 47 Tuc, cour-
tesy of Don VandenBerg. The results of analysesof the
systems WF2-V03 and WF3-V02 are shown.

ondary of this system ts the isochrone well. This

system is therefore a candidate for third light mod-

eling. In cortrast, the componerts of the Wf3-V02

system fall on the CMD isochrone and its masses
agreewell with the modelsand both its componerts

appear on the the cluster's massvs. colour-index re-

lation.

4. POSTSCRIPT

The light curve modeling procedure yields rea-
sonably satisfactory results in nearly all caseswe
have worked on, but someof the low amplitude vari-
ations may be due to rotation of spotted stars or to
pulsation, rather than to grazing stellar eclipses.

The HST experiment with 47 Tuc found only one
planetary transit candidate, WF2-V02. Howewer,
the light curve ttings seenin Figure 8 demonstrate
that the low amplitude primary minimum is unlikely
to be dueto a planetary transit sincethe presenceof
a secondaryminimum and the slight curvature in the

Fig. 8. Light curves of the sole planetary transit candi-
date in the 47 Tuc experiment. Note the slight curvature
at maxima as well as the secondary minimum. Further
analysis revealedthe star to be contaminated by another
stellar image.

maxima matchesno template in a large array of test
models of planetary transits producedat the Univer-
sity of Calgary in support of this project. Results of
extended modeling suggestedinstead a stellar graz-
ing eclipse involving two bodies of stellar temper-
atures. Later investigation revealed that the star
image had been contaminated by that of a nearhy,
known variable (R. Gilliland, private comm., 2002).
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lation amongtemperature and log g for xed values
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DISCUSSION

Sarfe { How far out in the cluster were you working?
Milone { The main frameswerein the crowded core. The ideawasto nd two dozenplanets!

Sarfe { Soyou had to put up with lot of contamination!
Milone { That's the worry!
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