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Abstract. We have written a light curve synthesis code thdie. predicting the radius and luminosity of a star as a function
makes direct use of model atmosphere specific intensities oinits mass and age) for stars other than the Sun are practical
particular theNEXxTGEN model atmosphere grid for cool gi-only for a small set of eclipsing binary stars (see, e.g., Pols et
ants (e < 6800 K andlog(g) < 3.5, Hauschildt et al."1999). al.[1997; Schider et all"1997; Lacy et &l._2000). In addition,
We point out that these models (computed using spherical ger knowledge of the masses of stellar black holes (and many
ometry) predict a limb darkening behaviour that deviates signifeutron stars and white dwarfs as well) depends on our ability
icantly from a simple linear or two-parameter law (there is le¢s interpret ellipsoidal and usually non-eclipsing light curves
intensity at the limb of the star). The presence of a significan{lg.g. Avni & Bahcall 1975; Avni_1978; McClintock & Remil-
nonlinear limb darkening law has two main consequences. Fitard[1990; Haswell et al. 1993; Shahbaz et al. 1994; Sanwal et
the ellipsoidal light curve computed for a tidally distorted gial.[1996; Orosz & Bailyn 1997). Finally, considerable observa-
ant using theNExTGEN intensities is in general different fromtional effort has been put forth recently to use detached eclips-
the light curve computed using the same geometry but with timg binaries as extragalactic distance indicators (Mochejska et
black body approximation and a one- or two-parameter linadh.[1998; Ribas et &l. 2000). Since close binary stars are of such
darkening law. In most cases the light curves computed withportance, it is crucial that we have the ability to construct
the NEXTGEN intensities have deeper minima than their blackccurate synthetic light curves for a variety of close binaries.
body counterparts. Thus the light curve solutions for binaries The light curve expected from a particular close binary de-
with a giant component obtained with models with near lirpends on the system geometry (i.e. the figures of the stars, their
ear limb darkening (either black body or plane-parallel modedlative sizes, separation, viewing angle, etc.) and on the radia-
atmosphere intensities) are biased. Observations over a wide properties of the stars, which are set mainly by their effective
wavelength range (i.e. both the optical and infrared) are péemperatures, surface gravities and chemical compositions. The
ticularly useful in discriminating between models with nearlgquations describing the basic system geometry for a close bi-
linear limb darkening and th¥ExTGEN models. Second, we nary are reasonably simple and have been known for along time
show that rotational broadening kernels for Roche lobe filling.g. see the text by Kopal 1959). In practice, however, the di-
(or nearly filling) giants can be significantly different from anrect computation of light curves requires a computer, and codes
alytic kernels due to a combination of the nonspherical shajpecompute light curves have been in use since the late 1960s
of the star and the radical departure from a simple limb darfe.g. Lucy 19617; Hill & Hutching§“1I9170; Wilson & Devinney
ening law. As a result, geometrical information inferred frorh971; Mochnacki & Doughty 1972; Avni & Bahcall 1975; see
Vot sini measurements of cool giants in binary systems aaso the review by Wilsan 1994). On the other hand, the detailed
likewise biased. computation of stellar atmosphere models which describe the

specific intensity of radiation emitted by the stellar surfaces is
Key words: methods: miscellaneous — stars: atmospheregyuite involved. As a result, approximations are frequently used
stars: binaries: close in the computations of light curves. The Planck function is usu-
ally used to compute the normal monochromatic intensity of a
surface element with an effective temperatiigg:

1. Introduction Io o [exp(he/kNTag) — 1] 71 )

The study of close binary stars is of interest for several reasofere \ is the effective wavelength of the observation &nd

For example, the understanding the structure and evolution:ofand & are the usual physical constants. Aftigris found,
stars is a basic goal of stellar astronomy, and is required in Mg specific intensities for other emergent angles are computed
other branches of astronomy. Critical tests of evolution theoiging a simple parameterisation (the “limb darkening law”):

Send offprint requests td.A. Orosz I(p) = Il — (1 — p)]. 2
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The coefficientz depends on the temperature, gravity, antheir model with some success@dd.yrae (Linnell et al 1998a)
chemical composition of the star being modelled. There aaad MR Cygni (Linnell etal. 1998b). Tjemkes et al. (1986) have
also many two-parameter limb darkening laws including wsed Kurucz{1979) models in their light curve synthesis code

“quadratic” law: by tabulating filter-integrated normal intensities for a grid of
5 effective temperatures and surface gravities. Specific intensities
I(p) = Io[1 = 2(1 — ) — y(1 = p)7], (3)  for other emergent angles are computed from a limb darkening
the “square root” law (Baz-Cordoes & Gimenez 1992): law tabulated from Kurucz models. This code has been applied
successfully to X-ray binaries such as LMC X-4 (Heemskerk
I(p) = Io[l — (1 — p) —y(1 — /), (4) & van Paradij$ 1989) and GRO J1655-40 (van der Hooft et al.

1998) and to the millisecond pulsar PSR 1957+20 (Callanan et
al.[1995). Shahbaz et al. (1994) mention of the use of Kurucz
I(p) =I[l — (1 — p) — yplnpl. (5) (1979) fluxes in a code used at Oxford, but this paper does not
i%(racifically describe how the model atmosphere fluxes are in-

or the “logarithmic” law (Klinglesmith & Sobieski 1970):

There are many tabulations of the coefficients for these varig porated into the light curve synthesis code. Similarly, Sanwal

laws for a wide variety of temperatures, gravities, and chemiceq 7 . .
o L . ! S al. (1996) mention the use of Bell & Gustafsson (1989) model
compositions (e.g. Al-Naimiy_1978; Wade & Rucingki_1985; N ) ) )

t here fl in the light- thesi I
Van Hammé 1993: Clarat 1998). atmosphere fluxes in the light-curve synthesis code developed

. oo : ... atthe University of Texas at Austin (Zhang ef al. 1986; Haswell
We discuss in this paper our technique for computing I|g${ al [1993) without giving specific details.

curves using model atmosphere specific intensities directly,
thereby eliminating the need for the black body approximation
and the one- or two-parameter limb darkening laws. Although2. Current work

our emphasis here is on stars with low effective temperatur\ﬁé use a technique suggested to us by Marten van Kerkwijk

and surface gravitieslly < G800 K andlogg < 3.5), the y,incorporate model atmosphere intensities into our light curve

technique is quite general. In the next section we discuss so, Rthesis code. In general, a detailed model atmosphere compu-

previous work in this area and_g|ve details of our meth_Od'.VY tion yields the specific intensify{\, 1) at a given wavelength
then discuss some of the basic results and their |mpI|cat|09\s

: ; ) and emergent angle = cos 6, wherey = 1 at the centre
and give a summary of this work. We have also included an g gv K

‘ . . ) . ‘ot the apparent stellar disk and = 0 at the limb. The total
pendix to the paper which gives some of the details of our lig fsk-integrated intensity(\) observed at the wavelengthis
curve code not directly related to the stellar atmospheres.

then

1
2. Computational technique I(\) :/ I(\, p)pdp. (")
0

2.1. Previous work
Normally, the light curves of a binary star are observedin a broad

The use of model atmosphere computations inside a light CUpggpass. The observed intendity.r in a given bandpass is
synthesis code is by no means new. The widely used Wilson-

Devinney (1971, hereafter W-D) code has routine which applies +°OI W, NdA

a correction to the normal (black body) intensity: FILT = W Wrir(3)
+oo 1

I(():orr _ I()'I’(Teff7 logg’ )\)7 (6) = / |:/ I()\, /L)/sz,U/:| WFILT(/\)d)‘a (8)
—o00 0

wherer(Te, log g, A) is the ratio of the filter-integrated stellar
atmosphere model characterisedy andlog g to the filter- whereWegrt is the Wavelength-dependent transmission of the
integrated blackbody intensity. The specific intensities for othBlfer bandpass in question. We can reverse the order of the in-
angles are then computed frof§f™ using the limb darkening tegrals in Eq.[(B) to give
law. The correction routine supplied with the W-D code is based 11 rtoo
on the Carbon & Gingerich (1969) models. R.E. Wilson (privig;;r = / {/ I, N)WFILT()\)CD\] pdp

0

comm. 2000) informs us he is in the process of updating the cor- oo
rection routine. Milone et al. (1992) have independently written _ / Terr (1) pdp. (9)
a correction routine for the W-D code based on the Kurucz 0

(1979) models. Linnell & Hubeny (1994, 1996) have written Rhe quantity in square brackets in Eg. (9), namel
series of codes to compute synthetic spectra and light curves g yinsq R y

for binary stars, including ones with disks. They use Hubeny’s Fo0
general spectrum synthesis cod® NSPEC (Hubeny et al. Irrir (1) Z/
1992) to generate the model spectra, using as input Kurucz
(1979) atmosphere models for cool staFsg( < 10000 K) and is independent of any geometry (for non-irradiated atmo-
TLUSTY (Hubeny 1988) and'LUSDISK (Hubeny 1991) spheres), and as such can be computed in advance of the light
models for hotter stars and disks, respectively. They have applienive synthesis computations.

I(A, w)Wrinr (A)dA (10)

— 00
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In our current implementation we compute for each model 3 ‘ ‘
characterised by a temperatudfig; and gravitylog ¢ a table of Togy=4000, log(g)=1.0
eight filter-integrated intensities for each specific angl&he v
eight filters currently are the JohnséhBV RIJH K system sp !
where we have used the optical filter response curves given in
Bessell [1990) and the infrared filter response curves given in_

Bessell & Brett[(1988). Using all of the models we then generate < |
a table of the form =
T1 g1 5
Nmu o -
mul I(1,1) 1(1,2) ... I(1,7) 1(1,8) S - ‘

> E T T
mu2 1(2,1) 1(2,2) ... 1(2,7) 1(2,8) @ T T,,~5000, log(g)=0.0
_8 e U
muN 1(N,1) I(N,2) ... I(N,7) I(N,8) & A K
T1 g2 i Ittt
Nmu e
mul I(1,1) 1(1,2) ... I(1,7) 1(1,8) o/
mu2 1(2,1) 1(2,2) ... 1(2,7) 1(2,8) ©
muN 1(N,1) I(N,2) ... I(N,7) I(N,8) z
T2 g1 LT

° ‘ AO‘2 0‘4 ‘ O“6 ‘ 0‘8 1

The first two numbers are the temperature and gravity of the first
model. The next line gives the number of specific intensities that
follow. The nextN,, lines give the value of: followed by the Fig. 1. Top: the filter-integrated specific intensitigsi.r (1) for John-
eightfilter-integrated intensities. The format is then repeated &V and for a model withT.s = 4000 K andlogg = 1. The
the additional models. The table is sorted in order of increasifigshed-dotted lines show the limb darkening behaviour predicted by

temperature, and for each temperature, the table is sortedfn Sauare root”law (EqL14)), where we have used coefficients (com-
order of increasing gravity puted from Kurucz models) given in Van Hamme (1993). Bottom: the

. . - filter-integrated specific intensitids .t (1) for Johnsor/ and K for
During the course of computing a synthetic light curve th odel withT.e — 5000 K andlog g — 0, and the corresponding

specific intensity of each surface element must be specifigdgare root limb darkening laws.
These values of (Tinp, log ginp, tinp) are interpolated from
the table using a simple linear interpolation procedure. First,
we locate the 4 nearest model,(, log gup), (Tup; 10g giow),  with masses 0.5 M, and7.5 M., and found no discernible
(Tiow, 10g gup), and [iow, 10g giow), WhereTio, < Tin, < Ty,  differences compared to thel = 5 M., models. For the mo-
andlog giow < log ginp < log gup. Next, within each of the 4 ment we restrict ourselves to the models with solar metallicity.
nearest models we find the filter-integrated intensities approfFor each model the specific intensities are computed for 64 dif-
ate fory;np,, using linear interpolation. Finally, the desired valferent angles over a wavelength range of 3000-240882 A
ues ofI(Tinp, 10og ginp, iinp) are found by linear interpolation steps. The distribution of the emergent angleis chosen by
firstin thelog g direction and then th&. direction. Returning the PHOENIX code based on the structure of the atmosphere
the filter-integrated intensities for eight different filters at onagnder consideration. Hence, in general, the 64 valugsare
is advantageous when modelling observations in several bagidferent from model to model.
passes since one has to search the intensity table only once peFig[d1 shows the quantitylpir(i) for two different
surface element per phase. NExXTGEN models and filter combinations. The top panel
As we noted above, the technique we just outlined &hows the integrated intensities in the Johngoand 1 filters
quite general. We now turn our attention to the recent grid fjr the model with7.g = 4000 K andlogg = 1.0 and the
NexTGEN models for cool giants computed by PHH using theottom panel shows the integrated intensities in the Johtison
parallelised version of his general purpose c6d€@OENIX  andK filters for the model withl,¢ = 5000 K andlog ¢ = 0.0.
(Hauschildt et al. 1997). The computational techniques and thér comparison, we also show the square root limb darkening
input physics used to compute thiexTGEN models for cool laws (Eq.[#)) computed using coefficients taken from the tab-
giants have been discussed elsewhere (Hauschildtet al. 1998)ion of Van Hammel{1993). These four curves essentially
and will not be repeated here. These spherical models req@iew the limb darkening behaviour predicted by the Kurucz
an input mass to compute the sphericity factor, and we usedels to within a few per cent, although is important to note
M =5 M, for all of the models. We did examine a few modelghat the intensities fqu = 1.0 are different between the Kurucz
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Fig. 2. Contour plots of the quantity... for the NExTGEN models Fig. 3. Contour plots of the “lost light,” expressed as a per cent, of the

in the B (top), I (middle), andK (bottom) bands. There are no statiNEXTGEN models in theB (top), I (middle), andK (bottom) bands.

models for the highest temperatures and lowest gravities, hence thErere is a large area of the parameter space foBtfiker (shown as

are gaps in the upper left parts of the contour maps. the large gap in the contours) where there is no lost light as defined in
the text.

models and th&lEXTGEN models (see Hauschildt et a.(1999)
for further discussion of this point). This figure is quite strikdecreases. Also, for a fixddg g, the hotter models tend to
ing. It shows the radically different limb darkening behaviousiave a slightly larger values of.,;. There is some irregular
predicted by the sphericlEXTGEN models and the plane-behaviour seen in the contoursf,; at temperatures between
parallel Kurucz models. ThREXTGEN model predicts a sharp about 3000 K and 4000 K. The reason for this seems to be that
decrease in the intensity at relatively lagggalues (as large asfor models in this temperature range, the fall-off in the intensity
~ 0.4), whereas the limb darkening parameterisations predisigenerally less sudden, especially in the bluer filters. Thus
substantial intensity all the way jo= 0. This sudden decreaseis less clearly defined in these cases.
in the intensity is a consequence of the spherical geometry: for Itis quite obvious that the quantifyrr (Eq. [3)) evaluated
sufficiently low gravities fog g < 3.5 for most temperatures) for theNeExTGEN intensities will be less than the corresponding
there is much less material near the limbs and hence much Igsantity evaluated for a one- or two-parameter limb darkening
radiation. The radiation that would have come out near the lindw. For each model and filter, we computed the “lost light” in
inthe redder bandpasses comes out at much shorter wavelengigsollowing way. We first “linearised” our table &fEXTGEN
(see Hauschildt et &al. 1999). intensities: We fitted a line to the intensities for the ten specific
The value ofu where the sudden fall-off in the intensitiesangles nearest to = 1.0. Then the specific intensities for the
occurs depends on the effective temperature and gravity of teenaining 54 angles were replaced by the intensities determined
stellar model, and on the bandpass. We define the slope of filaen the extrapolation of the fitted line. In most cases, the extrap-
intensities aj(¢) to be olated intensities at the limb were above zero. There were a few
TG +1)—I(i—1) cases suchas tligs = 5000,log g = 0.0 U-band model shown
s(i) = — - (11) in Fig.I where the extrapolated intensities at the limb would
pli+1) —pii—1) have been negative. In such cases we replaced all negative inten-
The locationu.,; Of the edge is defined to be the point whersities with zero. Eq[{9) was evaluated for the linearised table and
s(i) is the largest. Fidg.l2 shows contour plots.Qf; for three the regular table, and we define the lost lightta& ., log g)
different bands (JohnsaR, I, andK). In general, for a fixed = 100 x (Ieivr tinear (Teft, 108 g) — IFILT regular (Teft, 10g g))
effective temperature,.,. gets larger as the gravity ofthe mode)  Ivir tinear (Test, log g). Fig.[d shows contour plots of
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Fig. 4. Intensity maps for a spherical star withs = 5000 K andlog g = 0.0. The top images show intensities computed fromNiBXTGEN

models in the JohnsaoRB, V, andl bandpasses, while the bottom images show monochromatic black body intensities with the square root limb
darkening law (Eq[{4)) at the effective wavelengths of the same three filters. In each case the intensities have been normalised to 1.0 at the disk
centre.

D(T.g,log g) forthe B (top),I (middle), andk (bottom) filters. code, named ELC, can model any semi-detached or detached bi-
By our definition the lost light in many of th8-band models nary with a circular orbit (we will generalise the code to include
is zero. Otherwise, for th& band, the lost light is typically a overcontact binaries and binaries with eccentric orbits within
few per cent and about 3 or 4 per cent for the hottest moddlse next year). The second star can be surrounded by an accre-
On the other hand, the lost light in tHeand K bands can be tion disk. We will defer giving specific details of the code to the
quite substantial, up to 17 per cent for the models with lowesppendix and now turn our attention to the results related to the
gravities and the hottest temperatures. use of theNEXTGEN intensities.
We can easily make an image of the disk a model star as
it would appear in the sky. The intensity maps displayed i ; ;
Fig.[d compare th&VExTGEN intensities forl,g = 5000 K S1. Light curve amplitude
andlog g = 0.0 to monochromatic black body intensities (limbFor various test cases we computed light curves in four different
darkened using the square root law (E#. (4)) for three differemays: using our ELC code in the black body mode, using the
filters (JohnsonB, V, andI). The star with theNEXTGEN W-D code in the black body mode (we have added a phase shift
intensities appears smaller on the sky. The difference in tb£0.5 to the W-D models, see the Appendix), using our ELC
limb darkening closer to the disk centre is also apparent fragnde with the Kurucz intensity table, and using our ELC code
the figure. with the NEXTGEN intensity table. Fig.J5 shows four differ-
Finally, for comparison purposes, we generated an intensitgt normalised light curves (W, I, andK) for a single Roche
table from Kurucz models. We retrieved the file “ip00k2.pck1906be filling star in synchronous rotation wiifiz = 4000 K and
from Kurucz's public World Wide Web pad&4This file contains log g = 1.0. The mass ratio is 5, meaning the unseen second star
the specific intensities for 17 different angles for a grid of sol# five times more massive than the cool giant. The inclination is
abundance models. The coolest models HAye = 3500 K. 75 degrees. For the black body models we used the square root
All of these models are plane-parallel and LTE. limb darkening law with coefficients from Van Hamme (1993).
The gravity darkening exponent was = 0.08, appropriate
for a star with a convective envelope. (We note that the black
body light curves were computed using a single limb darkening
We have written a new light curve synthesis code which is badaw for the entire star, whereas the light curves computed using
on the work of Avni (Avni & Bahcall 1975; Avri 1978). This model atmosphere intensitieS{xTGEN or Kurucz) will have
location-specific limb darkening “built in”.) In all three cases,

3. General results

1 http://cfaku5.harvard.edu/
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° ; ; ; ; ;eX ?n ur;ucz ; - Fig. 6. The top curve is thé-band light curve for a single Roche lobe
- filling star with T.g = 4000 K and a mean gravity ofogg = 1.0
o f constructed using the “linearised” intensity table. As in Hig.5, 75°
St andQ = 5. The I-band black body light curve shown in Fig.5 is
2L overplotted with the dash-dotted line (there is essentially no difference
ok between the two curves). The middle curve is the light curve made using
2 F the regularNEXTGEN intensity table, plotted on the same intensity
ol scale. The bottom curve is the difference between the linearised curve
ol ELC, W-D black body and the regular curve.
| L | L | L | L |
0.4 0.6 0.8 1 1.2
Phase

tudes) than the corresponding black body light curves[TFig. 6
Fig. 5. Top: V-band light curves for a single Roche lobe filling staghows why this is so. The top curve is thdand light curve
computed in four ways. The mean temperature of the stdfi is=  of the single star described in the Fifj. 5 caption made with the
gogg(;%AS;E[:?;SO?{%V'W?'?&% ;;‘O#‘; ;’)'(ri‘sir;’;?ﬁzfer::i?yczczle linearised intensity table. Since the square root limb darken-
The two curves with the largest intensities at phase 0.5 are the ELC gﬁ\% law for this model {eq = 4000, logg ~ 10) and ban_d—
ass closely matches the actdax TGEN intensities near disk

W-D monochromatic curves computed using black body intensities (tR . ) . .
two curves are nearly identical). The curve in the middle drawn with tgntre (see Figl1), the corresponding black body light curve is

dash-dotted line is the light curve generated by ELC using the Kurdagarly identical to the “linearised” light curve. The middle curve
intensity table. The curve with the lowest intensity at phase 0.5 is tieFig.[@ is the light curve for the same star made with the regular
ELC curve computed using tRéEXTGEN intensities. Middle: Same NEXTGEN intensity table, plotted on the same intensity scale.
as the top, but for thé filter. In this case the curves computed usingd he average light level in this light curve is about 5 per cent
the Kurucz andNEXTGEN intensities are nearly the same. Bottomlower than the linearised one, which is roughly what we would
Same as the top, but for th¢ filter. The ELCNEXTGEN curve has expect from Fid.13. The bottom curve is the difference between
the deepest minimum at phase 0.5. the two top light curves. This lower curve is basically the light

lost near the limb, and it is essentially constant with phase. The

two top curves have roughly the same amplitude in these inten-
the two black body curves are nearly identical (the largest devsaties units. That is[j,.x — Imin IS the same for both curves.
tions between the two are on the order of 2 millimags). Typicalfowever, theelativeamplitude(Ii,ax — Imin ) / Tave fOr the reg-
theNEXTGEN curves have deeper minima than the black bodyar NEXTGEN light curve will be larger since its mean light
curves. Depending on the filter, teexTGEN light curves are levelis lower. Hence, the amplitude of this particdli&aXTGEN
different from the the light curves computed with Kurucz interlight curve (and most others) mormalised intensity or in mag-
sities, although for the example shown in [Fig. 5 the fisloand  nitudesis larger than the amplitude of the corresponding black
curves have only minor differences. body curve.

In general, the light curves computed using NexTGEN There are some situations such asith@odel shown in the
intensity table are different from light curves computed usirtgpttom of Fig[l where the square root limb darkening law does
the same geometry but with black body intensities. This comest match the slope of thNEXTGEN intensities neap = 1.
as no surprise, given the potentially large differences in the lirfor cases like this, the black body light curve can have a larger
darkening between tieExTGEN models and the one- or two-amplitude than th&ExTGEN light curve.
parameter limb darkening laws. It is usually the case (especially Fig[3 nicely shows the difference inthe light curves between
inthel, J, H, andK filters) that theNEXTGEN light curves black body intensities and model atmosphere intensities (e.g. ei-
have larger amplitudes (in normalised intensity or in magrtiher NEXTGEN or Kurucz). However, in the example shown,
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the NEXTGEN light curves and the Kurucz light curves had g
only minor differences. To illustrate how large the difference ' ¢
between &NEXTGEN light curve and a Kurucz light curve can
be we consider a binary similar to RZ Scuti. This semidetached,, |
binary consists of a B3Ib star which rotates near its centrifg-<
gal limit and a Roche lobe-filling A2? star (e.g. Olson & EtzeE I
1994). The mean gravities of the two starslaggg; ~ 3.2and 3
log go ~ 2.4, so sphericity effects should be important her% 81
As a result of its rapid rotation near the critical limit (see Vag !
Hamme & Wilson 1990 for a discussion of “critical rotation"),g
the B-star is significantly flattened. Furthermore, the surface
gravity near its equator is relatively low, giving rise to a rela- =
tively large range in temperatures owing to the increased gravity | |
darkening. We currently cannot model the real RZ Scuti binary o2 06 o8 1T 1z
using theNEXTGEN intensities because the mean temperature
of the B-star is well outside our current model grid. Indeed,
there are parts on the B-star where the temperature and gra§|
combination fall outside the Kurucz grid, so we cannot modﬂ*‘f
. . T . etr
the real bmary W'th the Kurucz grid either. For this examE)Ie W t” mass-gaining star rotating near its critical limit), but with altered
therefore modified the temperatures of the two stars and “slowg peratures. The adopted parametersiare:85.65°, Q = 0.216,

down” the mass gaining primary slightly so that the temperatuge — 15 5 days,a = 61.89 Ry, 1 = 6000 K, T» = 5000 K,

and gravity combination of each point on each star is containgd— 0.66045, f, = 1.0,Q; = 4,Q = 1,61 = 0.25, 3> = 0.08,and

in both theNEXTGEN and Kurucz grids. The adopted modelietailed reflection with albedos of 1.0 and 0.5 for the hotter and cooler
parameters are summarised in the caption ofFFig. 7[Fig. 7 itseHr, respectively (see the Appendix for a detailed discussion of the free
shows the difference between th&xTGEN light curve and parameters of the model). The resulting physical masses, radii, and
the Kurucz light curvén magnitudegor three filters. There are mean gravities of the two stars aké, = 11.3 Mo, R1 = 14.4 Ro,

large differences between the two models, and the size of thggr = 3.17 andMs = 2.45 M, Ry = 16.2 Ro, log g2 = 2.42,
difference depends on the filter bandpass. The difference [feEPectively.

tweenK-band light curves is as large as 0.05 mag near phase

0, when the cooler star is eclipsed by the hotter star. One Ggthe potential problems associated with measuring the rota-
also note from Fid.l7 that th&' and V' difference curves have tional velocity of a tidally distorted cool giant, and in view of
means which are less than zero. In other words the binantigs discussion the rotational velocity upper limit of Kenyon &
bluerin U — K andV — K whenNEXTGEN intensities are Garcia (1986) should be treated with caution.
used compared to when Kurucz intensities are used. TheJ andK band light curves of T CrB collected between
To quantify how much the difference in the light curve amt987 August and 1995 June are stable and representative of the
plitudes between th&lEXTGEN models and the black bodytrye ellipsoidal modulation (Yudin & Munali 1993; Shahbaz et
models might matter when fitting the light curves of a real by [1997). The full amplitude of thé light curve is about 0.2
nary star, we consider a model binary similar to T Coronae Bgragnitudes. On the other hand, thidight curve shows addi-
realis. T CrB is an S-type symbiotic binary where an M4 giafional sources of variability not associated with the underlying
orbits an optically faint hot companion with a period of abow|lipsoidal modulation (e.g. Lines et al. 1988). Nevertheless, be-
227.6 days (Kraft 1958; Kenyon & Garcia 1986; Fekel et alyween about 1989 and the beginning of 1996, thiight curve
2000). There are no eclipses observed in the UV (Selvelli et géemed to be reasonably stable. Hric et/al. (1998) refer to this
1992). Nevertheless, the large amplitude of the ellipsoidal lighériod as the “quiet stage”. The full amplitude of thelight
curves suggests the M giant fills its Roche lobe and is viewggdrve during this quiet stage is about 0.4 magnitudes. For this
at a large inclination (Bailey 1975; Lines etlal. 1988; Yudin &liscussion we will assume this light curve represents the true el-
Munari1998). Since the density of a Roche lobe filling star jpsoidal light curve. Both Shahbaz et al. (1997) and Befhsky
a function only of the orbital period to a good approximatiog Mikolajewska [1998) had difficulty fitting the optical{ or
(Faulkner etal. 1972; Eggletdn 1983), the surface gravity of thg|ight curves simultaneously with the infrared 6r K) light
M giant is only a weak function of its assumed mass. In the casgrves. If the amplitude of thé band light curve was matched,
of T CrB, log g ~ 0.7, so we expect the sphericity effects to béghen the model” and! light curves (computed using black body
important here. The mass ratio of the binary is not well knowphtensities) had amplitudes that were about a factor of two too
Kraft (1958) measured hydrogen emission line radial velocitiggall.
on seven plates and foudgian: /Meomp ~ 1.4. However, this A thorough analysis of existing T CrB data is beyond the
mass ratio implies a rotational velocity f, sini ~ 23 km scope of the present paper and will be deferred to a future pa-
s~!, which is much larger than the upper limitsf10 km s~ per. For now it will suffice to discuss simulated T CrB-like
measured by Kenyon & Garcia (1986). We discuss below sofght curves. For these light curves we will use the T CrB

Phase

,7. The difference curveB magnitudesetween theNEXTGEN
t curves and the Kurucz light curves for a binary with a geom-
y similar to RZ Scuti (i.e. a Roche lobe-filling “cool” star and a
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= 5.15° ‘ | the amplitude of the black body light curve is muctsmaller
than the amplitude of the simulat®d(NEXTGEN) light curve.
Thus we have reproduced the same problem that Shahbaz et
al. (I997) and Belczyski & Mikolajewska [1998) had when
they attempted simultaneous optical and infrared fits. Not sur-
prisingly, if we attempt to fit both our simulatdd and.J light
curves simultaneously using the inclination as the only free pa-
rameter, the fits to the light curve get worse (middle panel).
Finally, we fit both light curves simultaneously using both the
inclination and mass ratio as free parameters.@heC resid-
uals for both filters are not excessively large and might be com-
parable to the observational errors in the real binary. However,
the fitted parameters are quite different from the input ones:
Qgsy = 2.41 andig; = 67.2°, compared to input values of
Qinp = 1.67 andi;n, = 60.0°. Naturally, the derived compo-

‘ T U S ‘ ‘ nent masses from the fit are significantly different from the input
PV L Qe gy i =T R Qpym Qunp =074 MassesMgan (fit) = 0.32 M@ganndo):np(ﬁt) — 0.78 Mo, P
compared to input values a¥/gian(inp) = 0.71 Mg and
Meomp(inp) = 1.18 M.

. . . . .
| J fit only, i free, im -

1inp

0 -0.02

0.02

-0.02

0.02

Residuals (magnitudes)
0

-0.02

0

3.2. Rotational broadening kernels

0.02

‘ ‘ ‘ ‘ Measurements of the rotational velocities of the stars in close bi-
0.4 0.6 0.8 1 12 naries provide powerful constraints on the light curve solution.
Indeed, any light curve solution that specifies the mass ratio,
inclination, and the angular velocity ratios predicts specific val-
Fig. 8. The results of fitting &NEXTGEN light curve using black body yes for the observed values¥f, sin i, provided of course that
intensities. The input model parameters are single Roche lobe-filligg|east one radial velocity curve is available. In cases where a
star, Teg = 3560 K, Q = 1.6666, andi = 60°. Top panel: th® — ' g fills jts critical lobe exactly and is in synchronous rotation
r.es'du.als (in magn.'tUde.S) 9f a.f't to thbbandol'ght curve Only@ (generally safe assumptions in cataclysmic variables and low
fixed, i free). The fitted inclination i$ = 65.15°, and the amplitude mass X-ray binaries), a measurement of its rotational veloc-

of theV'-band light curve is nearly 0.03 magnitudes too small. Middl ; . .
panel: similar to top, but a fit to both andJ. The fitted inclination ity constrains the mass ratio of the binary (e.g. Wade & Horne

is nearly11° too large, and th&” residuals still have relatively large 1988).

systematic deviations. Bottom panel: similar to the middle, but both If spectra with high resolution and high signal-to-noise are

the inclination and mass ratio were free parameters. The residualsavailable, then one can use Fourier techniques to measure the

reasonably small, but the fitted parameters are quite different from tietational velocity (e.g. Grely 1992 and cited references). When

input parameters. only spectra of lower quality are available, then often one mea-
suresV, sini by comparing the spectrum of interest with a
spectrum of a slowly rotating template star (observed with sim-

system parameters adopted by Beftsli & Mikolajewska ilar instrumentation) that has been convolved with a broadening
(1998), namelyMiani/Meomp = 0.6, Which in our notation kernelG(}). Various trial values of the width of the broad-
isQ = 1/0.6 = 1.6666, i = 60°, T.g = 3560 K, and a €ening kernel are tried until the optimal match is found. Gray
gravity darkening exponent gf = 0.08, appropriate for a star (1992, pp. 370-374) gives a clear description of how to com-
with a convective outer envelope. We also used the orbital giLte the broadening kern@l(\) analytically for the case where
riod and K -velocity of the M giant given in Kenyon & Garcia the intrinsic line profileH (A) has the same shape over the en-
(1986). Using theVEXTGEN intensity table we computed lighttire disk. Essentially, one can place ayy coordinate system
curves for the Johnso¥i and.J filters. The model light curves ©n the apparent disk of the star on the sky whereytagis is
were converted to magnitudes for compatibility with our o;parallel to the axis of rotation. The disk of the star can then be
timising routines. We used ELC in its black body mode to filivided up into a number of strips parallel to theaxis, each
various combinations of the simulated light curves, and the feaving its own Doppler shift according to itscoordinate. The
sults are shown in Fi§l8. The top panel shows the resultsR§padening kernel is evaluated at a particular Doppler shift by
fitting the .J light curve only, using the inclination as the soldntegrating the intensity over the appropriate strip. Normally
free parameter. The fitted inclinationds.15°, and theD — ¢’ One assumes a linear limb darkening law with a coefficient of
residuals for the/ band are reasonably smaff(0.01 mag). = = 0.6 when computing=(A). Finally, the broadened line
However, if we take the predictdd light curve for this geom- profile is the convolution of the intrinsic line profile with the
etry and compare it to the simulatédlight curve, we find that kernel:Hot(A) = G(A) = H(A).

Phase
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bottoms near this phase (his Fig. 1)), and the kernel computed

with the NEXTGEN intensities has a local minimum at zero

velocity. The reason the kernels have flat tops or even central

depressions near phasg0° is quite straightforward. Thé

point is in full view near this phase, and for high inclinations

there are no points on the apparent stellar disk with 1. For

the example shown in FiQl §, < 0.924 everywhere on the star

at phasel80°. Hence the central parts of the apparent stellar

disk are fainter (owing to limb darkening) than they would have

been in the spherical case and there is less contribution to the

kernel near zero velocity. If the intensities are computed using

theNEXTGEN table and the gravity is sufficiently low, then the

central part of the star can be even darker. In some cases such

M/, as the one shown in Figl 9, tg point will be so dark that the

broadening kernel will actually have a central depression near

Fig. 9. Rptational_ broadening ker_ne@()\) for the star described in ;grq velocity.

the caption to Fig.b for three different phases: 0.0 (lower curves), Gjyen the variety of distortions in the broadening kernel as

90° (middle curves, offset by 0.5), ants0" (upper curves, offset shown in Fig[®, it would be prudent to compute phase-specific

by 1.0) (the giant is behind its invisible companion at pha’e’). broadening k I h tracti .. ¢
The solid lines are the kernels for Roche geometry BakTGEN roadening kernels when extractiigo; sin< measurements

intensities. The dash-dotted curves are for Roche geometry and b|E{aE“ spe.ctra (see aI;o .Shah'baz 1998). As a} spe_cmc example,
body intensities plus a linear limb darkening law with a coefficient ¥ consider the eclipsing binary UU Cancri, which consists
z = 0.6. The dotted curves are analytic kernels with a limb darkenirf @ K giant in a 96.7 day orbit about an essentially invisible
coefficient of 0.6. (in the optical) companion (e.g. Eaton et[al. 1991). There is
good evidence for an accretion disk around the unseen com-
The above discussion applies to spherical stars. A star tRafion (Zola et al._1994), so we will assume that the K gi-
fills a substantial fraction of its Roche lobe departs marked@t fills its Roche lobe exactly and that it is in synchronous
from spherical symmetry, and as such will have distorted lifigtation. Eaton et all (1991) obtained a series of high resolu-
profiles (e.g. Kopal 1959; Marsh et al. 1994; Shahbaz 1998pn spectra and noted a change in the Doppler broadening of
Furthermore, the degree of the line profile distortion depengrtain metallic absorption lines as a function of phase. This
on the Roche geometry (i.e. mass ratio and inclination) and fphaviour is consistent with expectations (Shatbaz/1998). Us-
orbital phase (Shahbaz 1998). The intensity maps that the EING a linear limb darkening law with: = 0.85, Eaton et al.
program can write (e.g. Figl 4) can be used to numerically ev&l991) determined a rotational velocity Bf.; sini = 25 + 1
uateG()), thereby accounting for both the nonspherical shasg s~ for a spectrum near a quadrature phase and derived a
of the star and the nonlinear limb darkening. Elg. 9 shows r@1ass ratio of) = Mcomp/Miant =~ 1.2 (using ELC, we de-
tational broadening kernet§()\) for the star described in thefive a mass rati@ = 1.235 from Vi sini = 25 + 1, where
caption to Fig b for phases 0.9)°, and180°, when the giant We have adopted a mass function for the unseen companion of
is behind its invisible companion. The situation is complicated (M) = 0.56 M, (Poppei 1977)). We plot in Fig. 110 the an-
Near phase 0.0, the projected surface of the giant in the plan@bfic broadening kernel for = 0.85 and a mean rotational
the sky is not too different from a circle (it is flattened slightly iryelocity of 2r R/ P = 25 km s™', whereR.g is the sphere-
they-direction). Thus the observed profile will be nearly synfquivalent Roche lobe radius. We also show a broadening kernel
metric. However, the kernel, computed using fiexTGen computed usinlEXTGEN intensities, assuming = 1.65 and
intensities, isnarrowerthan the analytic kernel and the kerne®m Rer/P = 20.7 km s™'. We have adopted an inclination of
computed using black body intensities and linear limb darkeniage 89-6° and an effective temperature of 3900 K for the K giant
since the star with th®EXTGEN intensities appears smaller or(Zola et al 1994). The two broadening kernels have nearly the
the Sky (F|g[n) At phasmo (quadrature)' the star is e|0ngate§ame full width at half maximum. However, the |mpI|ed com-
in the z-direction. As a result, the broadening kernel computé®nent masses for the two cases are quite different. Assuming
from the black body intensities isider than the analytic ker- ¢ ~ 90°, Q = 1.235 (the value from Eaton et al. 1991) implies
nel, and it is asymmetric. As a result of the sharp cut-off in thegiant = 1.49 M, Mcomp = 1.83 M), andlog ggiant = 1.25,
limb darkening, the kernel computed using tfiexTGEN in- Whereas our value of) = 1.65 gives Myjany = 0.88 Mo,
tensities in narrower than the black body kernel. However, f8fcomp = 1.44 Mg, andlog ggiant = 1.19. Zola et al. (1994)
this particular situation, th&[EXTGEN kernel has roughly the find a photometric mass ratio from their light curve solutions
same width as the analytic kernel. Finally, at ph&s@, when 0f ¢ = Mgiant/Meomp = 0.564 + 0.006, which in our nota-
the giant is behind its unseen companion, all three kernels h&#@& is @ = 1.77 £ 0.01. The case of UU Cnc is perhaps an
more or less the same full width at half maximum. However, tigxtreme example, but it serves to illustrate the importance of
kernel computed using the black body intensities is flat-topptiging broadening kernels which account for deviations from
(Shahbaz[(1998) also noted absorption line profiles with fléear limb darkening and spherical geometry.
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Fig. 10.Rotational broadening kernef$(\) for UU Cancri. The solid
line is the kernel computed for a mass ratio@f = 1.65, which
corresponds to a “mean” rotational velocity2f Reg /P = 20.7 km -
s~ 1. The dash-dotted line is the analytic kernel computed by Eaton et al._t
(1991), corresponding @ = 1.235 and27Reg /P = 25.0 km s~ 1. =F

I-band integrated intensity (10° cgs)

3.3. Accuracy of the integration and interpolation St

Given the relatively large differences in the predicted light ©;
curves and broadening kernels that we predict, it is worthwhile

to discuss the numerical accuracy of the output light curves. ) o )
Since the computation of tR§ExTGEN models is somewhat Fig. 11. The curves show the integratéeband specific intensity for

. . . various specific angles and effective temperatures as a function of the
time consuming, we cannot tabulate models for all effective

¢ t d ities. We h d tensive testi ravity. The intensity is generally a smooth function for a fixed tem-
emperatures and gravilies. Ve have done extensive tes 'nigpature and emergent angle. Thus a linear interpolatidngg is

the integration and interpolation procedures, and we beheggasonabW accurate.

the present table (steps of 0.5 dexldg g and 200 K inTeg)

is a reasonable compromise between CPU time and sampling

accuracy. There are various ways to see how “smooth” the filtésg g was 1 dex, rather than 0.5 dex. To compare the light curves,

integrated intensities are as a function of the effective tempevee define the “difference curve” d3 = 100(leg — Icut)/Iregs

ture and gravity. Fig§. 11 addl12 show two such representatiombere I, is the integrated light computed using the full in-

In Fig.[11 we show as a function of the gravity the integrated tensity table and. is the integrated light computed using the

band intensity for four effective temperatures (4000, 4400, 5000tensity table with thel.,gz = 4000, logg = 1.0 model re-

and 5600 K) at six different emergent angles=£ 0.05, 0.10, moved. We see that the systematic difference between the two

0.15, 0.20, 0.25, and 0.30). In general, these curves are smootinyes is usually about 0.3 per cent and is at most 0.75 per cent

and a linear interpolation of the intensity in the; g direction in V. The corresponding values férand K are even smaller.

gives reasonable accuracy. [Fig. 12 shows a similar plot, but witfe also computed light curves using two different grids of sur-

the intensities as a function of the effective temperature. As biaee elements: the “standard” grid witfj, = 40 andNz = 14

fore, the curves are quite smooth and a linear interpolationand the “fine” grid withN, = 120 and Ng = 40. Using the

T.q gives reasonable results. There is some irregular behavifine grid has little effect on the difference curves: the curves are

in the curves fop, = 0.05 andy = 0.10. In practice, however, smoother but the overall shapes are the same. The lowermost

the contribution to the overall integrated light curve from anglesirve in Fig[IB compares the reguldrlight curve computed

less than 0.1 is small since the intensities are weighted by theng the standard and fine grids. The two curves are the same

value of. to within 0.05 per cent (i.e. less than about 0.5 millimag). We
Another way to test the accuracy of the interpolation is wonclude that for most situations our regular intensity table and

leave specific models out of the table, compute a light curtbe standard grid are adequate.

and compare it to the light curve computed using the full in- There is nothing in our integration and interpolation tech-

tensity table. Fig. I3 shows results of this exercise for the staques that limits us te: 1 per cent accuracy. Since our interpo-

described in the caption of FId. 5. We computed “regular” lighation scheme does not have a fixed step size in the temperature

curves where we used all models in the intensity table and “cut’ gravity we can easily add a few models with the appropriate

light curves where th&.g¢ = 4000, log g = 1.0 model was ex- temperatures and gravities for special cases where the data de-

cluded from the table. Thus, &tz = 4000, the local step size in mand the highest accuracy. Other light curve codes also suffer

log(g)
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T,=4000, log(g)=1.0, Q=5, i=75°

Per Cent Difference

Phase

Fig. 13.“Difference” plots in the light curves for the star described in
the caption to Fid.J5. The top three sets of curves are difference curves
for V, K, and!. For each filter, there are two curves corresponding
to a “standard” grid of surface element¥{ = 40, Nz = 14) and

a “fine” grid (N, = 120, N3 = 40). The curves for the fine grids
are smoother. The curve at the bottom compares the regulandels
computed using the two different grids.

log I-band integrated intensity (egs)

linear limb darkening behaviour has previously been noted by
Scholz & Takeda[(1987), and more recently by Hofmann &
Scholz[(1998). We have shown that this strongly nonlinear limb
Fig.12. Similar to Fig[I1, except the intensity is now displayed agarkening has a large effect on the light curve amplitude. In
a fun_ction of the _effective temperature. l\!qte thexis scale here is general, the light curves computed using MiexTGEN inten-
logarithmic. Within each panel, the specific angles are from bOttoéTﬂties have larger amplitudes than the light curves computed
to topy: = 0.05, 0.10, 0.15, 0.20, 0.25, and0.30. In most cases the using the same geometry but with black body intensities and a

= 0.25 and thex, = 0.30 curves are nearly the same. As in Eid. 11 . .
K r y Eg (hge— or two-parameter limb darkening law. Also, the strongly

Lo e e
2000 3000 4000 5000 6000

the curves are quite smooth, and a linear interpolation of the intens . . . . )
in T,z is reasonably accurate. nonlinear limb darkening has an effect on rotational broadening

kernels in that for spherical stars the kernel computed using the

NEXTGEN intensities will be narrower than a numerical or an
systematic errors on the few per cent level. For example, masialytic kernel that has a linear limb darkening law. If the star
versions of the W-D code use a single limb darkening law fditls a substantial fraction of its Roche lobe, then the broadening
the entire star. Since the temperature and gravity are not ckernel will also be different than the analytic one owing to the
stant over the surface of a tidally distorted star, small systematinspherical shape of the star.
errors can be present when a limb darkening law for a single Thus we basically have two different types of models with
temperature and gravity are used. Van Hamme & Wilson (1994ich to fit close binary light curves: our ELC code with the
have discussed this point in more detail. NEXTGEN intensities, and codes that use either black body
intensities or plane-parallel model atmosphere intensities and
near-linear limb darkening (e.g. W-D, ELC in black body mode,
ELC with the Kurucz table, etc.). It should be possible to test
In this paper we have presented a way to include specific imhich class of models provides the better description of the ob-
tensities from detailed model atmosphere computations intgervational data available for binaries with cool giants. In this
light curve synthesis code. We have shown that using the mocetiard, we have shown that observations in several bandpasses
atmosphere intensities directly is almost required for cool giartse useful in discriminating between the models. For example,
since the limb darkening behaviour for a cool low-gravity atmd-igs[% anfll7 show how the difference inthe depths of the minima
sphere is radically different than simple one- or two-parameteetween th&ExTGEN and Kurucz light curves depends on the
limb darkening laws (Fi@]1). This departure from the near-linebandpass, while Fi§l 8 shows that black body light curves pro-
limb darkening law is a consequence of the spherical geonvéde a poor simultaneous fit SEXTGEN V andJ light curves
try used in the computation of tieexTGEN models. Other of a binary like T CrB. There is no shortage of potentially good
workers have computed spherical model atmospheres for cbimary stars to study. For example, T CrB, as we have already
giants before (e.g. Scholz & Tsuji 1984; Scholz & Takeda 198ioted, had/, I, J, and K light curves available (although the
Plez et all 1992; Jgrgensen et al. 1992), and the strongly nbight curves are perhaps somewhat noisy). RZ Ophiuchi is an

4. Discussion and summary
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eclipsing binary consisting of a hetB star anl a K supergiant. passed on to JAO from Ron Remillard sometime in 1994 when
The orbital period is 262 days. Reasonably good light curvesJAO was a graduate student at Yale. During the spring of 1995
the bluer filters exist (e.g. Knee et @l. 1986; Ol5on 1993), aitdbecame clear that the black hole binary GRO J1655-40 was
additional observations id, H, and K would be extremely an eclipsing system and that the Avni code in its original form
valuable. Kruszewski & Semeniuk (1999) present a catalogwés not adequate. The code was substantially modified by JAO
poorly studied eclipsing binaries with good parallaxes measutiedhe summer of 1995 to include light from an accretion disk
by the Hipparcosmission. Many of these binaries have longnd to account for eclipses (Orosz & Bailyn 1997).
periods (more than 10 days) and contain evolved cool compo- The code described in Orosz & Bailyin (1997) is somewhat
nents. Needless to say, we encourage observers to systematicalyieldy and it was becoming more and more difficult to read
study these binaries in multiple colours. With a binary of knowaind modify. Therefore a more general and more modular code
distance, one has the added challenge of obtaining the correas developed by JAO. Although we have used much of Avni's
integrated flux. notation, and we have followed his basic method of setting up
Our interest should not be confined to binaries with a supéite Roche geometry and integrating the observable flux, most
giant component. For example, there appears to be a small cla#fdhe code is new. Owing to space limitations, we cannot give
of “long period” Algol type binaries (periods between aboutelow each equation used. Rather, we give below some details of
10 and 20 days) where the mass losing cool star appears tdahzeparts of the code which have been substantially revised with
slightly underfilling its Roche lobe. Some examples are W\spect to the earlier versions (there are numerous other papers
Andromedae (Olson & Etzel 1993a), S Cancri (Olson & Etzeind texts which go into varying amounts of detail, Wilson &
1993b), and DN Orionis (Etzel & Olsan 1995). The cool staf3evinney 1971 ; Wilson 1979; Avni & Bahcall 1975; Avni 1978;
in these three systems have surface gravities logar ~ 2.5, Linnell[1984; Wilsori 1990; Orosz & Bailyin 1997).
so the sphericity effects are not as pronounced as they are in
s_ystems like T CrB. _On the other hand, all three of these bin&\_-z_ The potential
ries have excellent five-colouf (Kron)ybvu) photometry, and
S Cnc and DN Ori are totally eclipsing and are double-linetlVe assume surface of the star is an equipotential surface of the
Olson and Etzel report that in each case, the cool star seem®towing potential, which includes the gravitational, centrifu-
underfill its Roche lobe by about 10 per cent. It would be wortlgal, and Coriolis forces (Avni & Bahcall 19175):
while to re-evaluate the light curve solutions for these three stars

using ELC and th&VEXTGEN intensities to see if the spheric-,  GM; | 1 + Q Oz + 14Q ((wi \? (@® +4?)
ity effects can account for the apparent slight underfillingofthe =~ D |r; = 7 2 Worb 4
Roche lobes by the cool stars. (A1)
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presented in this paper were performed on the IBM SP and SGI Origiritical value of the potential..;; where the star exactly fills

2000 of the UGA UCNS, on the IBM “Blue Horizon” of the San Diegdits limiting lobe. Stars that are smaller than their limiting lobes
Supercomputer Center (SDSC), with support from the National Sgij|| have & > U_;;.

ence Foundation, and on the Cray T3E and IBM SP of the NERSC with To fully define the surface of the star, the user specifles
support from the DoE. We thank all these institutions for a generogs _ w1 Jwor, and the “filling factor” f = ZE nt /21, where
- orb» = <'point ’

allocation of computer time. Zpoint IS thez-coordinate of the “nose” of the star and; is

the z-coordinate of thd.; point. In our case, the filling factor
Appendix: brief outline of the ELC code f is exactly 1 for Roche lobe-filling stars and less than 1 for
detached stars. Situations with > 1 (the contact binaries)
are currently not allowed. Whefi < 1, the program computes
Yorham Avni was interested in, among other things, mass dgsin, from zpeine = fzz1 and then compute® (zpeint, 0, 0),
terminations of the compact objects in high mass X-ray bineich is the adopted potential for the star. Once the surface of
ries (e.g. Cyg X-1, Cen X-3, etc.). During the course of hihe star is defined, a grid of surface elements is made using a
research he wrote a FORTRAN code to compute the ellipsoigallar coordinate system witN,, latitude rows equally spaced
light curve of a single (usually) Roche-lobe filling star (Avni &n the angled and4 = Ng longitude points per latitude row
Bahcall 1975; Avni 1978). Avni passed on this code to Jeff Mequally spaced in the angle (Earlier versions of the code used
Clintock and Ron Remillard shortly before his death in Marca cylindrical coordinate system witN,, rings equally spaced
of 1988 (see McClintock & Remillard_1990). The code waslong the line of centres, running from the point to the back

A.l. Introduction and history
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of the star and *« N surface points per ring equally spaced ian irradiated stellar atmosphere, and the effect on the envelope
angle.) Itis convenient to use an internal rectangular coordinateucture. In this paper Wilson gives a complete description of
system centred on star 1 where theaxis points to the centre his “detailed reflection” scheme which treats the first two parts
of the other object and theaxis is parallel to the direction of of the theory essentially exactly. We have fully implemented
wi. The value of¥ and its derivatives are computed for eaclvilson’s treatment of the reflection effect, which is a big im-
element, and from these quantities the local graviffesy, z) provement over the scheme used by Orosz & Bailyn (1997).
and the surface normal vectors follow. There are two points about this scheme that are noteworthy:
(i) Wilson’s scheme makes usetmdlometridimb darkening
approximations. We have seen that the limb darkening in cool
giants is not well parameterised by the common limb darkening
The temperature of the secondary star was defined in the Alaws. Fortunately, in most practical situations, a relatively hot
code by its polar temperatufg,i.. Given'T,,.1e, the temper- star with a high surface gravitydg g > 4) irradiates a much
atures of the other surface elements followed from the wedleoler star. The irradiation of the hot star by the cool star can be

A.3. Mean temperature vs. polar temperature

known von Zeipel relation: neglected (in which case we don't care about the details of the
7( ) ( ) 8 cool star limb darkening), and the well-known limb darkening
5Y.2) {g 5y, 2 } ) (A.2) laws apply nicely to the hot, high-gravity star.
Thole Jpole (i) Wilson introduced the use of the-function in the reflec-

The exponent is 0.25 for stars with a radiative atmosphere (votion scheme to allow for multiple reflection. For each element,
Zeipel1924) and 0.08 for stars with convective envelopes (Lutye R-function is defined by
1967). Wilsonl(1979) has pointed out that the polar temperature

/
and themeantemperature of a distorted star will be differentR; (z,y,2) = 1+ _f (A.5)
In most cases, of course, one measures the mean temperature Fi(z,y,2)
via the spectral type or colour index. Therefore, following W“Rg(x y,2) = 1 Lt (A.6)
son [1979), we now have as input the mean (or equivalently =~ Fy(z,y,2)

effective) temperature of the star, denotedby. The effective

, . . s
temperature is computed from the bolometric luminosity where F/Fi (z, y, 2) IS the ratio of the total irradiating flux

from star 2 seen at the local surface element on star 1 and
L =0ST (A.3) F|/Fs(z,y,z)isthe reverse. The new temperatures of the irra-

whereS is the surface ared, . is then given by (Wilson 1979) diated surface elements are then

g 1/4 7% (x,y,2) = Tfld(x,y,z)R}/4(:c,y,z) (A7)
T - 3 A4 new 0. 1/4
pole = Zeff Jostace Ynorm (2., 2)48dS (x,y, 2) A4 I3 (2, y,2) = Tzld(%y’z)Rz/ (z,y,2). (A.8)

wheregnorm (2, v, 2) = g(x,y,2)/gpole anddS(z,y, z) is an Itis usually assumed that the specific intensity of an irradiated
element of surface area (Egs. (A8), (A9), and (A10) of Orosz gurface element is the same as the intensity of an unheated sur-
Bailyn[1997). face element with the same temperature. At some point the irra-
diation become intense enough that this assumption must break
down. Alencar & Vaz[{1999) have computed some irradiated at-
mosphere models and presented limb darkening coefficients for
Adding a second star to the code is relatively simple. We “flipise in light curve synthesis codes. The use of these coefficients
the mass ratio (defin@’ = 1/Q), and solve for the potential is perhaps somewhat limited as the widely available versions of
and its gradients using the same subroutines as for the first dta. popular W-D code have only a single limb darkening law
When integrating the observed flux, we adk)® to the phase for the entire star (which of course includes the unheated back
and use the same subroutines as for the first star. One compliwnisphere). One of us (PHH) is in the process of computing
tion occurs when the second star is not in synchronous rotatimadiated atmospheres with tRHHOENIX code. It should be
(Wilson [1979). In this case, the derivative of the potential relatively simple to include the irradiated atmospheres into the
that is used in the detailed reflection routine (see below) HAEC code, at least for specific binaries. There exist many eclips-
a different form. Thus the subroutine that returns the potentiaf close binaries where a hot subdwarf O/B star irradiates its
gradients returns two sets ofderivatives and the appropriateG-M main sequence companion (e.g. Hilditch et al. 1996). Such
one is used for the detailed reflection. systems can provide strong tests of irradiated atmospheres.

A.4. Addition of a second star

A.5. Detailed reflection scheme A.6. Flared accretion disk

Stars in a close binary can heat each other, and this mutlibk accretion disk used in the Orosz & Bailyn{1997) code was
heating leads to easily observed consequences. Wilson| (19 @®gttened cylinder. To make the disk perhaps more realistic,
divides the “reflection” theory into four main parts: the geometve have modified the disk so that its thickness as a function
ric aspect, the bolometric energy exchange, the intensity frahthe radius is proportional to the radius. The disk, if present,
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is always around star 2. Star 2 does not necessarily have t@B88), and in principle a separate intensity table for accretion
present (as in an X-ray binary). The disk is described by figksks can almost trivially be added to ELC. Indeed, Linnell &
basic parameters; .., the radius of the outer edge of the diskubeny [[19956) create light curves for binaries with disks by
in terms of the effective Roche lobe radius of star;;.., the first computing detailed spectra for the disk using the Hubeny
inner radius of the disk in the same units as the filling facteodes. However, the Hubeny code TLUSDISK is best suited for
of star 2 (f5); B.im, the opening angle of the disk rim aboveatmospheres hotter than about 10,000 K, and as such cannot
the planeTy;s, the temperature of thianerdisk (in the Orosz really be used to model the cool outer parts of many disks. As it
& Bailyn (1997) code the temperature of thater rim was is now, our treatment of the accretion disk is perhaps the most
specified); and, the power-law exponent on the temperaturgppropriate for systems where the disk is optically faint and its

profile of the disk: main effect on the light curves is geometrical (i.e. it eclipses
¢ the bright mass-losing star). Examples of such systems are W
T(r) = Taisk(r/Tinner)”- (A-9) " Crucis (Zold1996), GRO J1655-40 (Orosz & Bailyn 1997), and

For a steady-state accretion digks —3/4 (Pringlé 1981). For BG Geminorum (Benson et al. 2000).
a disk heated by a central source, the expogerdan take on

arange of values{3/4 < ¢ < —1/2 (e.g. Friedjung 1985; A.7. Third light

Vrtilek et al.[1990; Bell 1999)).

Since the surface of the disk is flared, each element on fRdnany Algol type binaries there is good evidence for a fainter
face of the disk will have different “projection factorE'to the hird star thatis gravitationally bound. For example, the C

line of sight. Herd" is equivalent to the angjediscussed above. residuals of the eclipse timings of SW Lyncis are periodic and

We define a polar coordinate system centred at the centre oftA8 be explained by the presence of a third body in a 5.8 year

disk. The angl@ is measured from the-axis in the direction eccentric orbit about the inner binary (Ogloza ef’al.1998). In

of the positivey-axis. For a given the orbital phagel'(r, §) is such triple systems, the “third light” dilutes the observed am-
given by plitudes of the light curves from the binary, provided of course

that the third star is sufficiently bright. We have a trivial way
I'(r,0) = —cos¢sinisin 3 cos b to self-consistently add third light to light curves in different
— sin ¢sinisin Bsin @ bandpasses. In ELC, the user specifies three parameters for the
, third light: the temperature of the third star, its gravity, and its
+ cosicos 5. (A.10) surface area relative to the surface area of star 1. The code in-
If T'(r,0) < 0, the point is not visible. terpolates the filter-integrated intensities for the third star from

There are several geometrical details which we mustaccotltt table, scales appropriately based on the surface area ratio,
for when the disk is flared and/or when star 2 has a relatived?d adds the light to each light curve.
large radius. First, for cases when the inclinatiois within
(3 degrees of 90, parts of the disk face that hive,6) > 0 A 8. Accuracy of light curves through eclipse
will be below the rim as seen by a distant observer. To account
for these hidden points, we define the “horizon” of the top rimhhe integration of the observed flux from a single star is straight-
of the disk. In this discussion the horizon of an object is tferward and is sufficiently accurate for a reasonably small num-
outline of the object in sky coordinates. A point on the disk fadeer of surface elements. However, quantisation errors can be-
is visible if its sky coordinates aiasidethe top horizon. Star 2 come noticeable in the light curve of a star going through an
can block parts of the disk if its radius is relatively large. Sinc@clipse. In many cases (e.g. grazing eclipses, no reflection ef-
we currently require the inner radius of the disk to be equal ¥ct) the number of surface elements can be modestly increased
the radius of star 2 (if present), some or all of the “bottom” pa$© that a smooth light curve can be obtained without a large in-
of star 2 may be hidden by the disk. Again, the shadowing féase in the CPU time required to compute the model. In other
the disk by star 2 and the lower part of star 2 by the disk is easf§Se€s (e.g. deep eclipses and several iterations of detailed reflec-
accounted for by defining the suitable horizons. Finally, a di§ien) the number of surface elements needed to get smooth light
with a large radius can inhibit the mutual irradiation of the twUrves becomes so large that the required CPU time becomes
stars since the “top” of star 1 cannot “see” the “bottom” of st&pxcessive. Thus ELC has two features which prove to be quite
2, and vice-versa. If a disk is present then inside the detaifefective in greatly reducing the numerical noise of light curves
reflection subroutine each line of sight between points on stafhPugh eclipse.
and star 2 is checked to see if it passes through the disk.

Currently we assume that each surface element on the disB1. Improved horizon definition for the eclipsing star
has a specific intensity that is the same as a normal stellar atmo- ) o . ]
sphere. Following Pringle et al. (1986) we use the model wii'® horizon of the eclipsing star (the one “in front”) is defined
the largest gravity for each effective temperature. Of courd@,Pe a collection of points on the star which have= 0. In
much more detailed model atmospheres specific to accretRJfvious versions of thﬁ code, the program would step though

disks are available (for example the grid of models for accré€ surface grid in thed” direction and record which surface
tion disks in cataclysmic variables presented by Wade & Hubefijgments were lastvisible (i.e. the last point witk- 0). The re-
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sulting collection of sky coordinates of these surface elemetit® star in back. As a result there will be “visible” points that
would then define the horizon of the star. There is a systeare actually centred in partially eclipsed surface elements and
atic error introduced when the number of surface elements'éxlipsed” points that are centred in partially visible surface el-
small since the numerical horizon of the star will be slightlgments. If the number of surface elements on the star in back is
smaller than the actual horizon. In the current version of therge enough, the contribution from the fractionally eclipsed sur-
code, the program steps along each latitude row and recordsfue elements will tend to cancel out. However, it is much more
¢-coordinate of the last visible poigt,;s and thep-coordinate computationally efficient to use a smaller number of surface ele-
of the first point hidden below the horizah,;q. A simple bi- ments and make a correction for the fractionally eclipsed pixels.
section procedure is used to find xeoordinate (with a given At each latitude row); on the star in back, the program deter-
latitude 6;) wheren = 0. Fifteen iterations of this bisection mines thep-coordinate of the last point visible before the hori-
procedure are enough to fing,., to better thanl0—° radians zon of the eclipsing body.;; and theg-coordinate of the first
whenNg = 6 (i.e. 24 longitude points). The corresponding arpoint hidden behind the horizon of the eclipsing bagly;. An-
glesp are all$ 5 x 1079, Thex andy sky coordinates of the other bisection procedure is used to determineticeordinate
point with the surface coordinatés ¢y,;q are then determined. on the star in back where the horizon of the eclipsing body in-
A similar procedure is done where the program steps througgsects thé; latitude rowgne,. If |dnor — dvis| < Ad/2, then

the 6 angle for each longitude; andé,,, is found fromé,;; the last point visible before the horizon is centred in a partially
andfy;q using bisection. After the list of points on the star witkeclipsed surface element and a negative correction is added to
1 = 0is generated, the andy rectangular coordinates of eactthe flux summation:

point on the sky are converted td?g© polar coordinate system N bnor — duis) — Adh
and sorted in the polar angfe The sorted array forms a convexr., ., = hor - Pvis
polygon on the sky. If the number of surface elements on the A¢
star is relatively small{, < 30 andNj 5 6), then the actual \yhereF;, is flux from the last visible point, i.e.

horizon of the star can have some curvature between adjacent

points on the polygon. Since the radilsas a function oB is  F,;, = IFILT(Mi,j)MZ.}jr?’jAGAw cos 3 ;. (A.13)
always a very smooth function, we use spline interpolation to

resampleR for every1° in ©. The new resampled polygon withLikewise, if [¢nor — dnia| < A¢/2, then the first point hidden
360 points always has enough points so that the horizon of frhind the horizon is centred in a partially visible surface ele-
star essentially has no curvature between adjacent points. Weht and a positive correction is added to the flux summation:
have done numerous tests and found that the horizons derived AG — 2(bnor — duia)

using a small number of surface elements with the new routifg,,. = or 2 Fuia (A.14)

are always the same as the horizons found by the old routine A¢

with a very large number of surface elemem,(~ 400 and where 4 is the flux the eclipsed point. If there is an annular

Fvis (A12)

N =~ 100). eclipse, then this procedure for finding,, may have to be
done twice for a given latitude row. We have tested this simple
A.82. Fractional surface elements on the eclipsed star interpolation procedure quite extensively and have found it to

) ) be quite effective. Smooth light curves through eclipse can be
To compute the observed flux in a given bandpass from a Si@ftained for grid sizes as small 85, = 14 and N = 6.
at a given phase, we numerically evaluate the integral inJEq. 9

using all of the surface elements wijth> 0: . . . )
A.9. Comparison with Wilson and Devinney

Na 4N5

We have done extensive testing of the ELC code in its black
Ierr = I i gre  AOA 5 (ALl . .
FILT Z Z PILT (K5 )i T ¢/ cos iy (A1) body mode against the W-D code. Unfortunately, there is some

confusion over the notation of some of the input parameters

where A9 and A¢ are the angular spacings of the elementsetween the two codes. In particul&,in ELC is the ratio of
in latitude and longitude, respectively, and whgrie the angle the star’s angular velocity to the orbital velocity, wheréni
between the surface normal and the radius from the centre of ieD refers to the potential. The W-R-potentials essentially
star. In other words, we perform a simple numerical quadratudefine the shapes of the stars. Perhaps to conserve pfrity,
along each latitude row where the points are equally spacedrirELC is the “filling factor” which has the same function as
the angleg. If there is an eclipsing body in front of the stathe Q-potential in W-D (i.e. it defines the shape of the star),
whose flux is being evaluated, then each point on the starwhereas in W-DF' is the ratio of the star’'s angular velocity to
back is projected onto the sky and a simple routine is usedth® orbital velocity (ELC'X?). The phase convention between
see if this point is inside the polygon representing the horiztime two codes is different. In ELC, star 1 is in front of star 2 at
of the body in front. If the point in question is eclipsed, its fluphase 0.0, whereas in W-D star Ibishindstar 2 at phase 0.0.
contribution is simply left out of the summation. To facilitate comparisons between ELC and W-D, we do

In general, the horizon of the star in front will not pass exwo things. First, since the internal form of the potential is the
actly between two adjacent points on a given latitude row @ame for both codes, ELC prints out the program values of the

i=1 j=1
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potentials which then are the inpQtpotentials for W-D. Sec- Hill G., Hutchings J.B., 1970, ApJ 162, 265

ond, we add a phase shift of 0.5 to the W-D light curves (th#&fmann K.-H., Scholz M., 1998, A&A 335, 637

‘pshift’ input parameter). We computed various model binatyric L., Petik K., Urban Z., Niarchos P., Anupama G.C., 1998, A&A
light curves using the two codes and compared them by normal- 339, 449

ising the light curves at phase 0.25 (quadrature). We of couf&Peny ., 1988, Comput. Phys. Comm. 52, 103

used exactly the same effective wavelengths, limb darkenth‘jbenyl" 1991, In: Bertout C., Collin S., Lasota J.-P., Tran Thanh Van

- . J., (eds.) Structure and Emission Properties of Accretion Disks.
laws and coefficients, and reflection schemes for both codes. In Fong & Sons, Singapore, p. 227

most cases, the _"th curves agreed to better t,han 0.1 per Ci-?tmeny I.,Lanz T., Jeffrey C.S., 1994, In: Jeffrey C.S. (ed.) Newsletter

(better than 1 millimag). If we compared the light curves by o5 analysis of Astronomical Spectra. No. 20, St Andrews Univ.,

adjusting the normalisation of one of the curves to match the . 30

other, then the largest deviations became even smaller. Jorgensen U.G., Johnson H.R., Nordlund A., 1992, A&A 261, 263
ELC also computes radial velocity curves (Wilson & Sofi&enyon S.J., Garcia M.R., 1986, AJ 91, 125

1976). The velocity curves from ELC agree with the W-D veKlinglesmith D.A., Sobieski S., 1970, AJ 75, 175

locity curves to better than 0.1 per cent. Knee L.B.G., Scarfe C.D., Mayor M., Baldwin B.W., Meatheringha
Finally, we compared computed geometric quantities be- S-J., 1986, A&A 168, 72 _

tween the two codes (i.e. the “polar” radius, “point” radiuic’pa'RZE)1iggécfsffz";agy2§y5tems-JOh” Wiley & Sons, New York

etc.). The agreement was essentially exact. We also comp P 2998, AP Lef,

sphere-equivalent Roche lobe radii and compared our res@?gszewsm A., Semeniuk ., 1999, Acta Astron. 49, 561

. . . rucz R.L., 1979, ApJS 40, 1
with Eggleton’s[(198B3) results and likewise found nearly exaEgcy CHS Torres(g Claret A., et al., 2000, ApJ 119, 1389

agreement. Lines H.C., Lines R.D., McFaul T.G., 1988, AJ 95, 1505
Linnell A.P., 1984, ApJS 54, 17
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