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ABSTRACT

Aims. We present a technique to determine the orbital and phygarameters of eclipsing eccentric Wolf-Raye©O-star binaries,
where one eclipse is produced by the absorption of the Qigtarby the stellar wind of the W-R star.

Methods. Our method is based on the use of the empirical moments ofghedurve that are integral transforms evaluated from
the observed light curves. The optical depth along the lfr&ght and the limb darkening of the W-R star are modelledibypte
mathematical functions, and we derive analytical expogssior the moments of the light curve as a function of thetatipiarameters
and the key parameters of the transparency and limb-dadtéanctions. These analytical expressions are then iedén order to
derive the values of the orbital inclination, the stelladirathe fractional luminosities, and the parameters ofutlired transparency
and limb-darkening laws.

Results. The method is applied to the SMC W-R eclipsing binary HD 538fEmarkable object that underwent an LBV-like event in
August 1994. The analysis refers to the pre-outburst obienal data. A synthetic light curve based on the elemesriset for the
system allows a quality assessment of the results obtained.
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1. Introduction C.P.) tried to confirm the 25.56 day period found byffdmann

. . o et al. (1978) for the SMC star HD 5980, the first extragalactic
Photometric monitoring of Wolf-Rayet (W-R) binaries rel \\,|t_Rayet binary then known to display eclipses. This eier
that many of them display a shallow eclipse when the W-R Sty 15 the discovery of the correct orbital period of HD 5980,
PasSEs In front of its O-type companion (e.g. Lamontagné elB _ 19266+ 0.003 days (Breysacher & Perrier 1980), the light
1996). These so-called atmospheric eclipses arise whépar, e revealing, in addition, a rather eccentric orbiecf 0.47
the light of the O-type companion is absorbed by the wind ef thysq, ming = 8. However, because of the uncertainties in the
W-R star. In a few cases, the I'ght curve displays an ecIm’sed%pth of both minima, caused by an ifistient number of ob-
both conjunctions and the analysis of this phenomenon G&n pPLeryations, no detailed quantitative analysis of thisiprietry
vide important information about the physical parametéi&/o light curve could be attempted.
Es\'}ﬂiagfgt?\?\};\lvéi"gs Ivn)t,h\;fh?gr? tﬁ;;’ E)Zee;n gigﬁ?i\?:l; ?r}:?ems- Its relatively long period and large eccentricity ensurat th
tigated b;d/ thef Moscow %roup (e.g.hAntokhirr: f,‘ Ckiherzpashchlﬂ_' 95\?&%'2 r?\?eiggeeregmgaogﬁ&t Olrr:1 évtnlccf;ntgn?ttgﬁrsl/ gthoef fﬁ:;@st;;s
(2(381 érTergSazrﬁgﬁﬁlf ;C't;rselrz.r]mkﬁir:!;?s&:ﬁeﬁep:snh(‘r(]:l?l\évgro r was initiated to define the shape o_f its light curve in agmor
and references therein) developed a sophisticated mestaht accurate way. More than 700 observations were collectaedr Af

dle the ill-posed problem of light curve inversion for V444dC Li?“;g}%éggt_n?ﬁ: (;)(feg;?ji?\)gst;[:‘nt%ecll%istliilafr?g(lass ‘ggggﬁ;?

Based on the minimuna priori assumptions about the trans linsi terah rerized b tric orbimnd @
parency function, this method not only yields the radii oftbo eclipsing Systeranharacterized by aeccentric orbriand contain-

components, but also provides information about the straaf N9 ON€ component with axtended atmospherewe started to
the WN5's stellar wind. However, because of a number of fundd€VElop another approach to the solution of light curves.
mental hypotheses that are not necessarily valid for aifhsiolg The technique of light curve analysis applied to V444 Cyg
W-R binaries, this method cannot be readily applied to dipee Y Smith & Theokas[(1980), which is based on Kopal's fun-
ing W-R + O systems. For eccentric systems in particular (e.gamental work (cf. Kopal 1975, 1979), appeared as an atteact
WR22, Gosset et dl. 1991) some assumptions (such as spheA@Rroach to the solution of our problem. This method is based
symmetry of the problem) break down and &etient technique the interpretation of the observed light changes irftbguency-
must be used. domain i.e., not the light curve as a function of time, but its
We initiated our study of the observed light changes éurier-like integral transform

eclipsing Wolf-Rayet binary systems when two of us (J.B. and We now describe in detail the method we developed for the
study of Wolf-Rayet eclipsing binaries. A preliminary aiopt

* Also Research Associate FNRS (Belgium) tion of this technique to the light curve of HD 5980 prior to
Correspondence tsauw@astro.ulg.ac.be its 1994 LBV-like eruption (see e.g., Bateson & Johes 1994,
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Barba et all_ 1995, Heydari-Malayeri et fal. 1997) was presen Star 2
by Breysacher & Perrief (1991, hereafter BP91). We rearalys
the pre-outburst observational data using an improvedorers
of the software tool. Revised values for the physical patamse
of HD 5980 are derived. A synthetic light curve based on the
elements thus obtained allows a quality assessment of the ne
results.

A more detailed study of HD 5980, including the analysis of
the light curve obtained after the eruption (Sterken & Beeyeer
1997), will be presented in a forthcoming paper.

2. Analysis of the light changes in the
frequency-domain

In this section, we present the fundamental equations of our ‘

method, we then introduce the mathematical functions toehod 5
the transparency and limb-darkening functions and conslige
specific problem of eccentric orbits.

Fig. 1. Geometry of the eclipse of star 1 by star 2. The integral of
Eq. (1) is evaluated over the hatched a#éa, r», 6). The points
2.1. The basic equations inside this area can be specified by the coordinates ¢orre-

sponding to the two intersections of the circle with radiwnd
We refer to the fundamental work of the Manchester group (ggmre Q and the circle with radius centred on @.
Kopal[1975/ 1979; Smith 1976), and first consider an eclgpsin

system consisting of two spherical stars revolving aroured t

common centre of gravity in circular orbits, and appearing |, oo s a positive integer numbem(= 1, 2,3, ...), as shown
projection on th_e s_ky as uniformly bright discs. T_he system Fig.[2. The areasyy, between the linek= 1, sirf™6 = 0, and
seen at an inclination angle When star 1 of fractional lumi- the true light curve are then given by the int'egrals '

nosity L; and radiug; is partly eclipsed by star 2 of fractional
luminosity L, and radius, (Fig.l), the apparent brightnelssf

the system (maximum light between minima taken as unity) 1§, = ffc(l_ ) d(sirf™ ), (5)
given by 0

which are hereafter referred to as thhements of the eclipsef
I(r1,r2,6,J) =1- fj;J(f) do, (1) indexm, whereéy. denotes the phase angle of the first contact

(6(6rc) = r1 + o) of the eclipse.
wheres is the apparent separation of the centres of the two discs,
J represents the distribution of brightness over the appaisa
of the star undergoing eclipse, ada stands for the surface el- | Sinzmet sir?mefc
ement. The distances, r, andé are expressed in units of the T T B
orbital separation. The integral in EQl (1) provides theaappt /
‘loss of light’ displayed by the system when an afa,, o, 6)
of star 1 is eclipsed (see Fig. 1). The assumption that star 1 i

uniformly bright yields
A2m
Ly 5
Jr)=—.
0= @)
Combining Eqs[{1) and12), we obtain
Ly A —
1- |(I’1, r2,0, J) =— do = aly, (3)
7TI'l A
0

whereq is the ratio of the mutual area of eclipse to the area of the
disc of the eclipsed star, and is a functiorr gfr,, ands (Kopal sin?Mg
1975). A generalisation of these concepts to the case ofisphe
stars with arbitrary limb-darkening lawKr) was presented by
Smith (1976).

For an orbital period® and an epoch of conjunctidp, we
define the phase angleat a timet to be

Fig. 2. Light curve of an eclipse in thé, 6ir’™ ¢) plane 6. corre-
sponds to the phase angle of first contact, wiijlstpresents the
phase angle corresponding to the beginning of the totghsli
The shaded area illustrates the mom&ptanda = 1-1(6 = 0).

2n
6= =) (t—to). (4)
Combining Eqgs.[{1) and5), Kopal (1975,1979) and Smith
As proposed by Kopal (1975, 1979), we focus our attention ¢h976) demonstrated that, based on certain assumptiorss, it
the area subtended by the light curve in thesi(®™6) plane, possible to
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e derive analytical expressions of the moments of the eclipsewhere 1- [(# = 0) is defined aQ (see Fig. R).
terms of the physical parametersr(, r,, L1, L) of a binary The analytical expressions obtained for Bg,'s for m =
system with a circular orbit consisting of uniformly brightl, 2, 3,4, and 5 are thus
spherical stars,

. . . . _ H 2

« invert these relationships to determine the parametettseof 82 = 4= ¢SC i (P~ 11Rurj — yu), (11)
system in terms of the momers,, that can be empirically . ) 5 5 4
obtained from the data, Ba=A—cs¢i(P—213Rir5 + 1Ryl + hRr5 — ), (12)

e extend this treatment to the case of partial eclipses of star
with an arbitrary (yet analytical) limb-darkening law.
y (yetanalytical) g 6 = A—csCi(P—311Rur2 + 31,Rur?r2 + 31;Ror?
Going one step further, Smith & Theokas (1980) generalised 1aRur42 = 11RerS — 31,Ror2r% — 1) (13)
the above concepts to derive a convenient mathematical solu STtz = 1St 2Rl = ¥3),
tion to the problem of an atmospheric eclipse, i.e., an selip
of a limb-darkened star by a star surrounded by an extendedgt - ) _ cs@j (P - 4 11Ryr2 + 6 1,Ryr2r2 + 6 1,Ror 4
mosphere. In such an eclipse, at each position inside tlaefare 42 6 o4 6.2
specified by the coordinatesinds (see Figll), a fraction of the —413Ryrirs — 411Rer — 1215Ror T, + 14Rurrs
light emitted by star 1 is absorbed by the atmosphere of star 2 +I1R4rg +6 |3R2r‘11r;1 +6 IzRgrfrg — U, (14)
To account for these transparendieets, a transparency func-
tion F(s) is introduced into Eq[{1), so that the total amount cind

light seen by the observer becomes Bio = A - csd%i (P—51;Ryr2 + 101,Ryr2r2

I(re,r2,6, 3 F) =1~ f f J(r)F(s) do-. (6) +1014Ror5 — 1013Ryrfr3 — 1014 RarS
A

L , . —301,Ror2r5 + 514Ryr%r3 + 3013Ror 115
Considering that in the case of an atmospheric eclipse,ghmi 12 1z 1z

be interesting to give more weight to the data close to mid- +3012Rqrir3 + 5 11Rar — IsRurfr
mggt:rgf, ggnrggrﬁgz:edoel;?:églggm also introduced an alterna- _1o|4|jzr§3r;1 - 20I3R3r‘l‘rg - 10I2R4rfr§
~11Rer5" — yrs). (15)
Bom = —ffc(l— ) d(cog™6). (7) The codiicients P, Im, Ry, andyn, are defined (cf. Smith &
0

Theokas 1980) by the equations

The use of kernad(co€™6) in Eq. (7) places more emphasis on minrL.r)

the data points close to mid-eclipse, which leads to smafter p(r,,r,, J F) = f J(r)F(r)2zrdr, (16)

rors than in the case of th&,, moments defined by means of 0

thed(sir’™6) kernel (Theokas & Smith 1983, private communi- "

cation). We defines to be the mean error in an individual datg _(r, J) = f () ﬁ(ﬂer)dr, (17)

point; the relative error in the light cureg(1-1(0)) increases for rfm‘z or

data points nea.. While these points are given more weight by

the kernel of theds, moments, the converse situation holds foﬁﬂ(r F) = frz @ﬁ

the B, moments, where the kernel reaches its peak for a givefiv 2"/ ~ o r2mgs

min a zone where % 1(0) is closer to its maximum value. 2
By definition, theA;m and B, moments are related to eachand

other by means of

(sMds (18)

2
m m! l/’m = Wm(rl, o, i’ ‘]7 F) = L_12 (%

Bon= 0, (-t D e ® e
o1 (M= PEP x(CoLi - (rs — 11)2)%2 = \JcoRi — (rz - 11)2

We now concentrate on thB,, moments because they are _ mirz —ryqf (codi — (12 - 11)*)

equally well suited to the analysis of the primary and sec- 8(ry +r2)? 2=

ondary minima with the transparency and limb-darkeningfun \/ﬁ

tions adopted in the present study (cf. Section 2.2). Sinesst Hro — 14 arctar{ cog'i — (r — 1) )] (19)

are a number of typos in the paper of Smith & Theokas (1980), Ir2 —rq

we provide below the mathematical details of the method.
The infinitesimal element of arelr of Eq. (8) is expressed

as 2.2. The transparency and limb-darkening functions

1 & In our method, the transparency of the W-R wind is described
o= =-— (nrza(r, s,6))drds (9) by an analytical function that depends on a limited number of
20rds parameters. Since the functional form of the transparesacy i

The following general expression for tfy, moments was de- adopteda priori, our choice will obviously have a direct influ-

rived by Smith & Theokas (1980) ence on the parameters derived for the system. Therefdee, it
11 pro important to clearly specify the assumptions made in our ap-
Bom = 1+ f f J(r)F(s)dsdr proach. To avoid confusion with the standard symbols enggoy
20 0 by Smith and Theoka$ (1980), from now on, the various radii
0

fe am o(r rza(r,s,é))d 10 in our model will be denoteg; (i=1,2,3), wherep; stands for
~oras 0 cos6 00 o), (10) " the radius of the O-star that undergoes the eclipse. Thefuse o
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the subscripte anda will indicate whether the components arevhereJ(0) is the central surface brightness,is the codicient

seen in emission or absorption. of limb-darkening, andy, is defined as
The first simplifying hypothesis is that all composite parts
of the system are supposed to be spherically symmetricé. Th r\?
means that the method is not applicable to close binarymgstede(ro. U) = Ye|1 - U(E) : (23)

in which the components depart strongly from a sphericahfor

as a result of tidal distortion and whes#ipticity andreflection \when the W-R star is eclipsed, the radius of the core, assumed
effects are both present. to be of uniform brightness, becomes and that of the limb-
darkened envelopg.. We note that the core and envelope radii
F(s)t of the W-R component seen in emission or absorption mi@grdi
We briefly address the physical meaning of this transparency
1l === law. First, in our model, the semi-transparent envelopehef t
W-R star has a finite extension given by the ragi and .
However, the stellar winds of W-R stars do not stop abruptly
f--Fi, (opaque W-R core) so close to the star, but instead extend to large distancesh(m
1=yl 24 larger than the orbital separation in most binaries) to tieck
with the interstellar (or circumstellar) medium. How cantiven
interpretpp, andpze? The radiugy, corresponds to the farthest
position in the stellar wind where the residual optical thegdong
the line of sight produces a variation in the light curve teat be
distinguished against the intrinsic photometric varigpibf the
W-R star and the photometric errors. Similaph is the outer
radius of the W-R envelope that emits a measurable fraction o
the light in the considered waveband.

A clear diference between our approach and that of
Antokhin & Cherepashchuk (2001) concerns the functional be
haviour of F(s): whereas in our modek;(s) is a convex function
> over the entire range € [0, p3a], Antokhin & Cherepashchuk
S (2001) use a convexo-concave function, where the concate pa

corresponds to the stellar wind. As a consequeR(s),given by
(21) decreases at a slower rate over the wind than the-tran
ency law inferred by Antokhin & Cherepashchuk.
In contrast to Smith and Theokas (1980) who neglect the ef-
t, we take into account the limb-darkening of the OB-type
mponent. Assuming that the formula employed by these au-
thors to represent the brightness distribution across the W
disc also applies to normal stars, we adopt the followindtm

Because a principle objective of the proposed technique @drkening law for the OB star
light curve analysis is the determination of the structura @/-

R envelope, a composite model consisting of an opaque core Lo r\?
and a surrounding extended atmosphere was adopted for T 2(1— Uy + \2/3) 1- 1('0—1)
W-R component. As a consequence, while for the transparency P1 1T

function F(s) of the eclipsing W-R star, of radius, Smith & \yhereL is the luminosity of the OB star, of radigs, anduy is

F, (semi-transparent W-R envelope)

Fig. 3. Schematical view of the transparency law across the d\:ggr
of the W-R component as given by EQ.{21). The solid line shows

the amount of light absorbed along the line of sight of impa%c
parametes. The individual contributions due to the opaque corgy
and the semi-transparent extended atmosphere are itecstra

2
, (24)

Theokas|(1980) simply adopted the codficient of limb-darkening at thefiective wavelength of
s)\2 the photometric filter considered.

F(9) = Fy(ro.v) = Ya[l_ U(_) } for s<ro, (20) Using these laws of transparency and limb-darkening, we
l'o then derived the expressions @yl Ry, (see AppendixA), and

wherev is the codficient of transparency, we chose as a first st

éé/dn, and hence the final equations for the momeBys, corre-
a transparency law of the form PO

nding to the primary and secondary minima.

F(8) = F1y.(03a, 0) + Fy, (022, v), (21) 3 The omital eccentricity

where the radius of the opaque core of the W-R stagisand
that of the extended eclipsing envelopgis (> pza, see FiglB).
This transparency law was used in the preliminary analykis

The treatment of elliptical orbits in the frequency-domaisis
:%Iso addressed by Kopal (1979). The problem still concédras t

i . . etermination of the elements of the eclipse from the moment
the light curve of HD 5980 by BP91 and is motivated by the fact Bom in the present case — derived from the light curve, but

that it corresponds to a physically more realistic modelhaf t : .- . :
W-R star than that defined in EG_{20), although the advam&ges)ccountlng for the eccentriciyand the longitude of periastron

relative mathematical simplicity is still preserved.

For the brightness distributiod(r) over the W-R disc (im- n
portant for the eclipse of the W-R component by the O—star),ré)
law very similar to that of the transparency function is aedp P

3(1) = I(0) [I1y.(pse,0) + Iy (2o, )] (22) O=V+w-3. (25)

In the definition of theB,,, moments, the phase-angldas
longer identical to the mean anomallybut has rather to be
laced by a linear function of the true anomaly
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Thed(cog™6) kernel in Eq.[¥) thus becomes then divided by this mean to normalize the light curve toynit
_ It has to be emphasized, however, that this does not netdgssar
d(cog™Mg) =d [szm (v+ a))]. (26) imply thatLy + L, = 1 for the W-R binary. The luminosity of

- _ a third photometrically unresolved component along the &
As a consequence, the empirical valueBgf cannot be derived sjght may indeed contribute to the observed brightness #s we
from the observed data until a proper conversion of the phag@reby leading to a brightness distribution suci.as L, < 1
angle into the true anomalies has been completed. This canene final solution for the eclipse. In the case of an ecéentr
achieved either by a numerical inversion of Kepler's equratir  orhit, the eclipse-free mednvalue is preferably taken around
the well-known asymptotic expansion of elliptical moti@nd. apastron to avoid as much as possible any luminosity inereas
Danjon 1958, Kopal & Al-Naimiy 1978) that could occur around periastron as a result of enhanced
1 5 11 interaction €fects between the components.
v=M+(Q2e-=e)sinM+ (=€ - = ¢e")sin2M
4 4 24 The determination of the momerg,, requires a smoothed
+E’ esin3M + £3e4 sindM + ... (27) light curve, which can be obtained, for instance, from argpli
2 96 fit to the observed points with special attention to the maim

Regardless of the technique used to compute the trj@wever, this task can becqrr_le(ﬁﬁuI.t if.the d.escending or as-
anomaly, this conversion evidently requiresapriori knowl- cending branch of either minimum is ill-defined because of an

edge ofe as well asw. For a given value of the inclinationp Uneven sampling of the observations or intrinsic photoimetr

these parameters can be derived by inversion of the eqsati¥@riability in the W-R star (see e.g. the case of WR 22, Gosset
(see e.g. Kopal & Al-Naimiy 1978) et al[1991). A clustering of the points, in particular, issaigus

handicap for the method. A preliminary processing perfatme
AD = 1 N e cos<u{1 + cs@i by filtering the observational data, to help reduce the scatt
2 . lows us then to obtain a smooth light cuiy®).
&2 8 _ The next step consists of determining the quantitiesdy,
5 [§ cof w - 2+ O(cot i)]}, (28) andA® (see above) from the smoothed light curve. For an as-
sumed value of the orbital inclinatianthe parametersandw
and are obtained by means of an inversion of Egsl. (28)land (29h Wi
1 these values of andw, the orbital phase®; are converted into
dp —dy coti g fue anomalies.
4sin(M) B sir? (M) ’ (29) The moment®B,n,, which take into account the eccentricity
4 4 effect, are obtained in practice by summation, using the fellow

whereA®, d;, andd, are, respectively, the phase displacement 89 expression

esinw =

the minima and the durations of the primary and secondaky ste N-1

lar core eclipses. These latter quantities are determiitedtty By, = Z (co§m (©)) — cog™ (®i+1))

from the observed light curve. Since the orbital inclinatad an i1

eclipsing binary system is likely to be rather large, @(eot’ i) 1(®) + 1(®151)

term in the cofiicient of thee® term of Eq.[28) can be neglected. X (1 - > = ) (30)

The empirical ‘elliptical’ moments of the light curve then
provide the elements of the binary exactly as in the ‘circulawhere®; are the predefined angles at which the smoothed light
case. One must ensure that the resulting values of the raghi hcurve is sampled\ is defined by the constant st&® = @;,1 —
been reduced to a constant unit of length. In our code, wethe®; adopted, and the value 6F; corresponds to the first contact
fore report all distances in relation to the semi-major axif of the eclipse. Th§®;) values refer to the normalized smoothed
the relative orbit. light curve, and by definitioh= 1 for |@| > |@4].

Our composite model adopted for the W-R star hdkedi Since the individual data points aréfected by observa-
ent radii P23, andp,3.) depending on whether the W-R com-ional errors, the integration of the empirical moments ritaslf
ponent is seen as an eclipsing or an eclipsed disc. Becausb@fected by errors. The uncertainty associated with the mo-
this, although each individual half-eclipse provides attejpen- mentsByy, can be evaluated using the following equation (see
dent solution for the elements, the complete determinatidime ~ Al-Naimiy, 1977, Smith & Theokas 1980)

elements requires a combination of solutions obtained & b 1/2
minima and because of the non-zero eccentricity, both the d 11 : ] 2
scending and ascending branches of each. ABom = — 1+ Z[ i~ (91)]
Vi |n &
mp, _ m
3. Decoding of the light curve X(CO§ 61— cos 9”)’ (31)

wheren is the number of observed points over the considered
eclipse, andi,—1(6;) is the diterence between the observed point
We consider the light curve of a W-R binary system of e®findexj and the smoothed light curve@t The angle®, and
centricity e and periodP, derived for a given photometric 6n refer, respectively, to the first and last observed datet poier
bandpass. The data are assumed to consist of a list of entHsrelevant part of the light curve.

that provide for each observation the orbital phaseand

the meas_ured !ntensity. To no_rmalize the br_ightness sqaleg'z' Solution for the elements

a mean intensity value is derived well outside the eclipses,

during a phase-interval where the system is assumed taaglisgror each half-eclipse, there are five non-linear algebrgime
(constant) maximum light. Thg value of each data point istions to be solved simultaneously for the elementg, or poe,

3.1. Empirical determination of the moments
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P3a OF p3e, 1, Uz OF U, Y4 OF Ve, v, L1 OF Ly the meanings of which and by means of its third light (see also below), could be a mem

are summarized below for convenience: ber of a highly eccentric 96.5 day period binary (Schweickha
L1 = luminosity of the OB-type star, 2000, Foellmi et al. 2008). Whether or not the third star iggph
L, = luminosity of the W-R star, ically bound to the eclipsing binary remains currently @acl
i = inclination angle of the orbit, Before the LBV eruption, both components of the eclipsing bi
p1 = radius of the OB-type star, nary already showed emission lines in their spectra and were
p2ae = radius of the W-R envelope seen in absorption dhus classified as Wolf-Rayet stars (Niemela 1988). Howeger
emission, shown by the analysis of the spectra taken during and aféer th
p3ae = radius of the W-R opaque core seen in absorption bBV event, at least the star that underwent the eruptionether
emission, after called star A) was not a classical, helium-burningJfwWo
u; = limb-darkening cofficient of the OB-type star, Rayet object, but rather a WNha star, i.e., a rather mastave s
uz = limb-darkening cofficient of the W-R envelope, with substantial amounts of hydrogen present in its outer la
v = transparency cdgcient of the W-R envelope (cf. Figl 3), ers (Foellmi et al._2008). These WNha stars have wind proper-
and ties that are intermediate between those of extreme Of atats
Yae = contribution of the W-R envelope in absorption oclassical WN stars.
emission (cf. Fig. B) A summary of the light changes exhibited by HD 5980 was

This large number of variables can fortunately always be rgresented by Breysachér (1997). The technique of lightecurv
duced to a smaller number for both the primary and secondajiyalysis described above is applied to HD 5980 prior to the ou
minima, as explained hereafter. The preliminary detertiona prst. Given that star A, the component in front of its comipan
of the orbit inclination already eliminates for instance one Vari(hereafter called star B) during primary eclipse, was a Watha
able. ) o o and since there are no indications of wirfteets in the primary

At the primary minimum, when the OB star is in front, acgclipse, we assume that this component behaves as an OB-star
cording to our composite model = 0 by definition. Since we e light curve. 705 measurements with the Stroemgrféiter,
must also have that 8 u; < 1, solutions can be searched for gescribed in BP91, are taken into consideration. The shépe o
set of discrete values of the parameigin this interval, so that tne resulting light curve does not allow us to use the ill-iedi
the remaining variables ayg, pze, pze: Ye, andLo. , ascending branch of the primary eclipse (star A in front)ther

At the secondary minimum, when the W-R star eclipses th@alysis. Therefore, only three half-minima will be comesit.

OB componenty, is the limb-darkening cd#cient of the OB compared to the preliminary analysis carried out by BP9, th
star. The value ofi; can be adopted following e.g. the tabulatedgfywyare tool presently used has been upgraded, allowifigrus

values supplied by Klinglesmith & Sobieski (1970). Accagli instance to assess the quality of the solution by means afia sy
to our model, we now have 8 v < 1, so that again, after se-tpetic light curve.

lection of a sample ofy values, we can proceed in solving the
equations for the remaining parametgispza, Pza, Ya, andLy

only. 4.2. Solutions of the light curve
The solution of the system of as many as five non-linear
equations From the smoothed light curve, the durations of the primady a
secondary stellar core eclipses as well as the separatiove&e
Bom(p1, 022, 0345 I, U1, Ya, U, L1, L2) = Bam(Observed) the core eclipses are measured first todpe= 0.062+ 0.005,

d> = 0.095+ 0.005, andA® = 0.362. All durations are ex-
pressed as phase intervals (i.e. fractions of the orbitdégyThe
; _ corresponding values of the eccentrioityand the longitude of
Bam(01, p2e: pae. I, Uz Yes s La, L2) = Bam(ObservEd) periastronw are:e = 0.314+0.007 andw = 1325°+1.5°. These

is obtained by minimizing thg? compiled from the residuals of values are in fairly good agreement with those derived fes¢h

or

these equations parameters by Breysacher & Francais (20603¥(0.30+ 0.02,
w = 135 + 10°) from a completely dferent approach based on
) N |Bom(computed)- Bom(observed§ the analys_is of the_ vyidth \_/ariation of the_hiel 4686 line using
X = Z AB2 . (32) the analytical colliding-wind model devised by Luhrs (I99
m=1 2m

From radial-velocity studies, Kaufer et &l. (2002) and Nédsn
This minimization is achieved by means of Powell’s techeiqufets"’g'egiggly ?';g L%ngstr:)?tﬁeoﬁzlg;in%fi? t?lned(leig:htoéﬁ?\’/e of
e.g., Press et al. 1992 and references therein). L ;

(&g : in) HD 5980 are listed in Tablé 1.

o The inclination angle of the orbit can easily be derived with
4. Application to HD 5980 reasonable accuracy. For each of the three half-minimaick qu
analysis is carried out for a number of plausible discrefe va
ues ofi (i = 82°,83,...89°), and the value of finally adopted
HD 5980= AB5 (Azzopardi & Breysacher 1979) is associateds the one for which closest agreement is obtained between th
with NGC 346, the largest H region+ OB star cluster in the three solutions provided for the radius of star A and theusdi
Small Magellanic Cloud. This remarkable W-R binary, whiclof the opaque core of star B. These quantities are fundamenta
underwent an LBV-type event in August 1994, is presently reelements of the system and the combination of the solutibns o
ognized as a key-object for improving our understandinga$m the descending and ascending branches of both minima must in
sive star evolution. HD 5980 is a rather complex system bexaueed provide, at the end of the detailed analysis, a unique va
it consists of at least three stars: two stars form the dolipsi- for p; and very similar - if not identical - values fpg, andpse.
nary with the 19.266 day period, whilst the third componant, The above conditions are fullfilled for 8% i < 87°, therefore
O-star, which is detected by means of a set of absorptios linge adopi = 86° + 1°.

4.1. HD 5980: a peculiar system
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Table 1. Values of the moments of the eclipses of HD 5980 uséable 2. Final ‘best-fit’ values of the model parameters of the
throughout this paper. These values are derived from tl ligstars in the HD 5980 binary system foe 86° and prior to the

curve prior to the 1994 LBV event. 1994 LBV outburst.
Primary eclipse Secondary eclipse Primary eclipse ___Secondary eclipse
Ingress Ingress Egress Ingress Ingress & Egress

B, .00935+ .00026 .00832+.00041 .00481+.00024 star A p1=0.158+ 0.005

B, .01801+.00048 .01542+.00065 .00922+.00043 L; = 0.398+ 0.021
Bs .02604+ .00067 .02164+.00080 .01326+ .00059 star B p3 = 0.108+ 0.003

Bg .03351+.00083 .02721+.00088 .01699+ .00071 p2 =0.269+ 0.014

Bio .04046+ .00097 .03226+.00094 .02044+.00082 L. =0.300+0.016

y=019+002

u, = 0.58+ 0.07 v=052+014

The second step in the procedure consists of solving the
equations foi = 86°, each half-eclipse being treated in a com-
pletely independent manner. We recall that all radii areiced where n is the number of values used in the mean and N the num-
to the semi-major axis of the relative orbit. ber of independent sets (half-eclipses) of values. For atysis

We first consider the descending branch of the primagpmpleted in this way, the values adopted for the parameters
eclipse. Solutions fgs1, p2e, p3e, L2, andye are searched for dis- the stellar components in the HD 5980 binary system are given
crete values of the parameter (0.1, 0.2, 0.3, ... 1) with rather in Table2.
broad variation ranges allowed to the variable paramefersh
search sequence is based on a series of 1000 trials. A fiist set . .
results is obtained to provide convergence rates (i.e samate 4-3- Discussion

of the likelihood of the derived solutions) andravalue for each igyre[@ shows how the synthetic light curve derived from the
parameter. A second iteration with reduced variation rartf&  apoye elements fits the observational data for both the pyima
original onexo) for the parameters leads to a second set of solg secondary eclipses. While the bottom and the wings are
tions with improved convergence rates and loweralues. The t5irly well fitted, the transparency law that we adopted foe t
process is repeated five times, until a stabilization of #@m- eyended envelope of star B is probably still too crude tovall
eter values becomes noticeable. For the last iterationgttile 5 perfect match to the observations of the descending and as-
of up values is enlarged significantly and the respective convesnding sides of both minima. As a consequence, the sizésof th
gence rates of the corresponding solutions are used taiager envelope is probably slightly overestimated by our modei. A
the best fiiuz value and to estimate the error on this paramet%{symmetry in this envelope, inferred by BP91, ifiidult to as-
The obtained results apg = 0.150+0.004,p2c = 0.257+0.018,  certain from the present study. Théfdience between the values
pze = 0.110+ 0.005,L, = 0.300+ 0.016,uz = 0.58+ 0.07,and o 1., provided by the two branches of the secondary eclipse is
Ye=0.19+0.03. ) ) indeed marginally significant only given the errdeg+L, # 1is
For the secondary eclipse, solutions are searchgei fpba,  independent confirmation of an unresolved source of thiyiat|i
p3a, L1, andya. The choice of the parametex for the limb- 310ng the line of sight that accounts for an additional fedat
drakening law (Klinglesmith & Sobieski 19770) of star A has li |yminosity of L3 = 0.302. In principle, one would expect a su-
tle impact on the other parameters. We repeated the fittiag pperior control of the uniqueness of the solution if the brigh
cedure for diferent values of, (0.1, 0.3, 0.5, 0.7) and recov-pess ratiod ,/L; andLs/L; in the optical could be fixed inde-
e_red the same solutions within the errorba_rs. The Iargm-se pendently of our light curve analysis. However, in the sfpeci
tivity was found forp,a whenuy = 0.7. In this rather unlikely case of HD 5980, it is impossible to infer these brightness ra
case oz exceeds its usual value bySbr. In the following, we  tios from spectroscopy. In this system, there have beengesan
thus focus on the results obtained with = 0.3, which seems iy poth the spectroscopic and in photometric propertiesef t
a reasonable_ value for star A (Klinglesmith & Sobieski 197obinary components, and the brightness ratios are thus efsch
The descending and ascending branches are analysed sgpargéndent. Spectrophotometric brightness ratios would tabe
and solutions are searched for discrete values of the paamgstimated based on the dilution of the emission lines. Hewev
v(0.1,0.2,0.3, ... 1). The same iterative procedure as #iestr 55 shown by recent spectroscopic studies (e.g. Foellmi.et al
above for the primary eclipse is applied. The resultingohs 008), these emission lines contain epoch-dependenticontr
for the secondary descending branch are= 0.160+ 0.006, tjons from components A and B, as well as from the wind-wind
p2a = 0.259+ 0.018,p34 = 0.110+ 0.005,L, = 0.385+ 0.028, jnteraction region. In our analysis of the light curve, weigh
Ya = 0.19+ 0.03, andv = 0.60+ 0.20; and for the secondary preferred not to constrain the brightness ratiqariori. Our re-
ascending branch; = 0.163+ 0.008, pa = 0.290+ 0.019, gyits can however be checkedposteriori against the results
p3a = 0.105+0.003,L; = 0.412+ 0.026,y, = 0.20+ 0.03, and  gptained in the UV domain. Assuming that an O7 supergiant,
U= 0-45# 0.15 _ ) which does not partake in the orbit, was responsible forttiid
The diferences between the solutions provided by the thrgght, Koenigsberger et al. (1994) estimated a value of @ &fe
half-minima are relatively small compared to the errorsavet- ratio (L, + L,)/Ls, which was considered to be consistent with
age values are derived for the parameters. A distinctioné®st  the 2.0 obtained from the BP91 elements. It is noticeablethiea
absorptionandemissiorvalues does not appear to be necessagyjue of 2.3 derived from the present analysis is in evenetlos
any longer. The error in the mean for each parametes com-  agreement with the estimate of Koenigsberger efal, (1994).
puted in a conservative approach using the expression Adopting M, = —7.5 for the global absolute visual mag-
) ) 172 nitude of HD 5980 (cf. Koenigsberger et al. 1994), the mag-
(ZiLi(pi-<p>)+ XL, 0 nitudes of the binary components avk(starA) = —6.50 and
7= nN ’ M,(starB) = —6.19. Because of the fliculties in assigning the

(33)
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Fig. 4. Top panel: the observed light curve of HD 5980 in the Stroemgffilter as a function of orbital phase. The lower left and
lower right panels show the synthetic light curves for thienairy and secondary eclipses respectively compared toctoalalata.
The synthetic light curves were computed using the meampeteas of the solutions found by our programme.

various lines of the spectrum of HD 5980 to a specific compéor star A, 15.6 — 17.2 Rfor the core of star B, and 38.7 — 42.8
nent, there have been few attempts to establish a full SB2abrbR,, for its envelope.

solution (Niemela et al. 1997, Foellmi et al. 2008). Therefo . .

our knovv(ledge of the component masses of the ec)lipsing)t];inar AIternanyer, one could estimate absolute masses f(om the

remains uncomfortably poor, even though we are dealingavith V'Sua.d magnlt_udes evaluated abovt_a by means of r_nass-lurtylnos

eclipsing system. Foellmi et al, (2008) used a multi-co n relations de_nved e.g., fr_om massive star evolutlonar_y amd

fit of the Niv 14058 and N/ 14603 lines to derive absoluteHowever’ this approach is hampered by a lack of precise knowl

masses of 58 — 79 Mfor star A and 51 — 67 M for star B. edge ofthe spectral types of the stars (and hence their ledtimm
corrections) and by the fact that the components of HD 5980 ca

These values dier significantly from the estimates of Niemel ; . , ;
et al. [1997), who attributed the entiresNA 4058 line to star A aprobably not be considered as ‘normal early-type stars.

and the entire N 14603 emission to star B when inferring mini- ~ We considered the correlations between the various free pa-
mum masses of sin’i = 28 and 50 M, respectively. Adopting rameters by plotting them in pairs (see Fig. 5). For this paep
the solution of Foellmi et all (2008), the sum of the masses wk used the results of 10000 trials for each eclipse. In most
the components of the eclipsing binary equals 109 — 146 Mcases, we do not observe obvious correlations; the so&itioa
This corresponds to a semi-major axis of 0.67 — 0.74 AU (144seattered over a limited part of the parameter plane (segtleeg

159 R,) for the binary orbit, and to stellar radii of 22.7 — 25.4 R radius of the core of star Bas, versus that of star Ap;, de-
rived from the primary eclipse). However, the solutionsvglzo
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Fig. 5. Distribution of the parameters derived from the inversiérthe moments of the light curve in various parameter planes.
The left and middle panels are derived from the primary eelipvhilst the rightmost panel presents the solutions of#vendary
eclipse. The final solutions derived from each eclipse atagaheir 1- o error bars are overplotted in each panel.

clear trend, if we plot the luminosity of star A{) as a function

of the radius of the envelope of star By{, evaluated from the S B B AR R
secondary eclipse), and fall even along a clearly definaasldc Los [ . . E
we plot the luminosity of star BL(;) as a function of the radius Tt o ]
of star A (o1, derived from the primary eclipse). These trends o . L]
can be understood at least qualitatively. In fact, for thenpry > r ;@’ 4 a 0%
eclipse (the opaque core of star A occulting star B), an asze < N ]
in the radius of star A implies that a larger fraction of thghli of 0-95 1~ Tl B
star B is removed. To account for the observed depth of tie lig MR ]
curve, the total luminosity of star B must decrease. On therot 09 |5 g
hand, during secondary eclipse (star B in front of star A)ijnan polese® o ]
crease in the radius of the semi-transparent envelope 0Bsta 0‘8%04 006 008 01 012 014 016
will produce deeper and broader wings of the secondaryselip ¢

To account for the observed eclipse shape, the model muctt rea

in terms of an increase in the surface brightness (and héece t

luminosity) of star A. Fig. 6. Observed magnitudes of HD 5980 in the phase interval
0.04 — 0.16. The various symbols indicate data froiffiedent

In principle, the photometric variability of HD 5980 as de-_'". .
tected through medium-band filter observations could be (%r_bltal cycles. Periastron passage occurs at phase 0.061.

fected by the Doppler shift of strong emission lines that fal

in the wavelength range covered by the photometric filteos. T i

quantify this éfect, we simulated an observation of the stdfy of the WR star rather than represent a genuine phasedbck
through the ESO Stroemgren filters. For this purpose, we ustect.

the spectrum of HD 5980 taken from the spectrophotomettic ca

alogue of Morris et al (1993) kindly provided to us by DrM.- )

Vreux. Our calculations indicate that less than 1% of the fitf Conclusions

in thev band comes from emission lines. Therefore, we do n

expect the Doppler shift to have any significafieet on the pho- Ne have presented a method that allows us to treat the problem

. R LT ..~ of atmospheric eclipses in the light curves of moderatelyewi
tometric V.a”ab'l'ty dlscu_ssed _here. The Situation wouddjpite eccentrichoIf-Raygtl- O binary %ystems in a semi-analytical
d|fferent,0|f we were de_almg with data tak?‘” In tlnk_xand. There{ ay. We have then applied this method to the light curve of the
about 30% of the flux is produced by emission lines (espgcial -\ jiar system HD 5980 prior to its 1994 outburst. Desiee t
the strong Ha 14686 I|ne_). In this case, the Doppler motion ax,n_niform sampling of the light curve, the fact that we are
yvell as variations In the line intensity caused by the W'"d.dN analysing data from elierent orbital cycles (hencdtacted dif-

(
interaction (e.g., Breysacher et(al. 1982, Breysacher &G08 o onyy by the intrinsic variability of the WR star) and thei-
2000) could lead to significant variations in the obsevetag- tations of our assumptions on the properties of the WR epeglo

nitude. our method yields consistent results when applied to thagm
Finally, we note that the data points of the light curve sisjgeor secondary eclipse. We have been able to constrain sothe of t
an increase in the brightness of the HD 5980 system at orbipdlysical parameters of this system, although the lack ohaise
phases aftep ~ 0.04 (see Fid.l4). Whilst this increase couldent SB2 spectroscopic orbital solution prevents us frotaiob
be caused by light reflections from the wind interaction @egi ing fully model independent parameters. As a next step, vle wi
(which should have its concavity roughly turned towardsahe try to generalize our method to the analysis of the eclip$es o
server) near periastron, we caution that this apparerd isesic- system harbouring two stars, both with extended atmosphere
tually inferred from observations from a single campaigrele  This should allow us to analyse the light curve of HD 5980 ob-
39 in Fig.[8) and could therefore be related to intrinsicaili  served after the LBV eruption.
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Appendix A: Analytical expressions for the
moments of the eclipses
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A.1l. Primary eclipse (OB star in front)

Here the relevant radii argi;, the radius of the OB-stafjze
andpse, the radii of the W-R core and envelope in emission. We
note that we have assumed theat < p;. Adopting a surface
brightness law for the W-R star given by Es.l](22) dnd (23) a
F(s) = 1 (for s < p1), we find that its total luminosity is given Al-Naimiy, H.M.K. 1977, Ap&SS, 46, 261

rI]?Geferences

by

2
_ 2 |1 _ vy [P3e _ W
=308 -0 (22 e (- ). e
2m
oy BT ) e (1) A2
m — - 2 0 .
(1-Ye) (%) + Ve (1—u_22)
and
2
(1-Ye) (&) +veg[l-24]
P=Lyr e (PZe) e 2 ) (A.3)

(1-ye) (2) +ye (1- %)

whereg(p1, pze) = min(l,(%)z). The expression oP reduces
to

P=Lwr if po<ps, (A.4)
and finally,
Ry = 1. (A.5)

A.2. Secondary eclipse (W-R star in front)
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uZm
Im= Lo 7 (1—ZUlT+ 1 2], (A7)
1-u -4 m+ m+
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2 4 u2 6
1—u1+u—31 P1 pi 3 A
uZ h? 1 2uwh
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uZ h?
+ < i (A.8)

where gospz) = min(L(2)) and h(orpm) =

P2a
. 2a )2
mln(l,(p—zf) )
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m
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