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ABSTRACT

Context. Some secondaryfiects are known to introduce variations in spectra of massive binarieseTphenomena (such as the
Struve—Sahaddfiect, dificulties to determine properly the spectral type,...) have been remortedocumented in the literature.

Aims. We simulate the spectra of circular massive binariesfégreint phases of the orbital cycle and accounting for the gravitational
influence of the companion star on the shape and physical properties stellar surface.

Methods. We use the Roche potential to compute the stellar surface, von Zeipetthemd reflectionféects to compute the surface
temperature. We then interpolate in a grid of NLTE plan-parallel atmosphedel spectra to obtain the local spectrum at each surface
point. We finally sum all the contributions (accounting for the Doppler shiftbiatarkening, ...) to obtain the total spectrum. The
computation is done for ffierent orbital phases and forfidirent sets of physical and orbital parameters.

Results. Our first models reproduce the Struve—Sahaffiecefor several lines. Anothelffect, surface temperature distribution is
visible but the distribution predicted by our current model is not yetisterst with observations.

Conclusions. In some cases, the Struve—Sahaffeat as well as more complex line intensity variations could be linked to blends
of intrinsically asymmetric line profiles that are not appropriatly treated byd#blending routine. Systematic variations of lines for
(nearly) contact systems are also predicted by the model.
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1. Introduction formed at the same place. This leads tffedtent radial velocity
determinations as a function of the line that we use.

Massive stars are rare but very important objects. Theanstr  This work presents a novel way of simulating the spectra of
stellar winds interact with the ambient interstellar mediand inary systems at fierent phases of the orbital cycle. In a first
can trigger the formation of new stars. They also play a k& raapproach, we model the case of binary systems with circudar o
in the production of various chemical elements. Howevenymabpit and containing main sequence stars. First, we use theeRoc
open questions remain on these stars, relating to theirdornpotential to compute the shape of the stars. Then, we apely th
tion, their evolution, their physical properties... Onetlué best von Zeipel (1924) theorem and reflectioffieet to obtain the lo-
ways to determine physical properties (such as massesgetempal temperature at the stellar surface. Finally, we useethes-
atures, radii ...) of massive stars is to study eclipsin@uyirsys- metrical information to compute synthetic spectra fromid gf
tems. However, to get more information, we need to improvodel atmosphere spectra.

our models and take into accounfeets linked to the pecu- . . .
liarity of massive binary systems. Several authors (Saral.et  S€ct- 2 describes the assumptions, the modeling of the geom-

2005, Linder et al. 2007, Linder 2008, and references thpreftry Of the star and the modeling of the spectra. We also prese
presented evidence of the impact of such peculiéces on the the important issues o_f the computation and the way we have
spectral classification and on the spectra themselves. siychireated them. Sect. 3 gives our first models and presentitedeta

fects introduce complications to assign proper spectpisyand analyses of the spectral classification, the Struve—Saféeis,
luminosity classes. For example, main sequence starsemese the light curves and radial velocity curves. We_prowde a-sum
giant stars (e.g. CPD-41742, Sana et al., 2005). As the sped@"y of our results and the future perspectives in Sect. 4.

tral type of a star is one of the most important pieces of infor

mation that we can obtain from observation, it is crucial doén

reliable criteria of classification for both isolated stared bi-

nary systems. One of the most important phenomena that impac

the spectral classification is the Struve—Sahaftiecethat con- 2. Description of our method

sists in a variation of the relative intensity of some spadines

of the secondary with respect to the primary star lines with oThe modeling of circular binary systems can be done in follow
bital phase (Struve, 1937). Another importaffeet is the sur- ing a quite simple approach that we can split in two partshen t
face temperature distribution that couliieet the radial velocity one hand, the surface, gravity and temperature calculatiah
determination. Indeed, on a heavily deformed star, the ¢gaip on the other hand, the spectra calculation. We develop heset
ture at the stellar surface is not uniform and the lines atato two steps.
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2.1. Geometric modeling

First of all, we need to calculate the surface of the starhef t
binary system. Throughout this paper, we make the assumpt
of a circular orbit with both stars co-rotating with the hipano-
tion, and acting like point-like masses. Under these astiong
the stellar surface is an equipotential of the classicahieqm-
tential (see e.g., Kopal, 1959):
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wherex is the axis running from the center of the priman ) XRy)
towards the secondargthe axis from the center of the primary,
and perpendicular to the orbital plane, anid perpendicular to
xandz. Thex, y andz coordinates are dimensionlegs. andm,
are respectively the masses of the primary and the secqrdary point of the surface and calculate a ffagent of reflection. Once

the separation between the stars @nid the constant of gravity e reach the convergence, we update the temperature fotiowi
This can be written in adimensional form using spherical co-

ordinates centered on the primary’s center of mass:

Fig. 1. Example of variations of log(g) for our Model 3.
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wherer = {3 +y2+72,q = % X = rcospsing, y = '

r sing sing, z = r cosd. We represent the stellar surface by a dis
cretized grid of 240< 60 points (ind and ¢ respectively). For
a given value ofQ, r(Q, 6, ¢) is obtained by iterative solution
of this equation using a simple Newton-Raphson technigbe. T
knowledge ofr(Q, 6, ¢) over the discretized stellar surface al
lows us to calculate the gravity. Indeed, the local accétaraf
gravity is given by the gradient of the Roche potential:
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oQ y aqy Fig. 2. Example of variations of temperature for our Model 3.
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2.2. Spectral modeling
wherer = y* +y? + 2* as above, and The second part of the algorithm computes the spectrum of the
= @A-x2+y?+2 binary by summing the incremental contributions of each sur

If we assume that we know the temperature at the pole, figee point. We use a grid of OB star synthetic spectra congpute
can calculate the local temperature of each surface pdlowo  with TLUSTY (Hubeny & Lanz, 1992) assuming solar metallic-

ing the von Zeipel (1924) theorem: ity to create a database of spectra (Lanz & Hubeny, 2003,)2007
0259 Each spectrum is defined by two parameters: gravity and tempe
[V<u0cal| )~ ature. As we know these parameters for each point at tharstell
Tiocal = Tpole m surfaces, we can compute the local spectrum. The computatio
¥V S<pole)

consists of a linear interpolation between the four neamest-
whereg = 1 in the case of massive stars. tra in the grid. The next step consists in applying the apjatg
We have explicitly made the assumption of a co-rotating syBoppler shift to the spectrum accounting for the orbital amd
tem, so that the stars always present the same face to each othtional velocity (the latter under the assumption of ctation)
This leads to a local increase of temperature due to the tieflec of the surface element.
effect between the two stars. We follow the approach of Wilson We multiply the spectrum by the area of the element pro-
(1990) to treat this féect. This approach consists of an iterajected on the line of sight towards the observer. The lasecer
tive process in which we assume a radiative equilibrium amheative factor applied to the local contribution to the speaotris
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the limb-darkening. The limb-darkening d@eient is based on 3. First models
tabulation by Al-Naimiy (1978) for a linear limb-darkenitegy.
Finally, we sum the contribution to the total spectrum. Nobist

) ) . The number of well-known massive O-type binary systems with
we assume that there is no (or little) cross-talk betweerife P y Sy

X .~ a circular orbit is rather small. Thus, we have selected fig#t w
ferent sur(fjace elements as far as the formation of the SpBSY 5 died massive binaries to test our algorithm and try toehod
concerned. . the dfects of binarity on the spectrum. The five systems are:
different phases. Indeed, only one “hemisphere” of each stagigs These systems have been studied by Linder et al. (2007,
visible for an observer at any given time. However, as thiéaste paper I) for the first three, Linder (2008, paper IIl) for thighfi

surface is not a sphere, the surface gravity afecéve lemper- 5n4 ganga et al. (2005, paper Il) for the fourth respectivety.

ature of the surface elements visible at any given phasegehatyq first three systems, paper I reports a Struve—Sahfetet, e

with orbital phase. This leads to variations of the mearblési e |ast two do not seem to present thiteet. These systems
temperature of the stars and thus to variations in the iep-pr 5o main-sequence systems of massive OB-stars except AO Cas
erties. Furthermore, when the primary shows its hottest i& i, \hich the secondary is a giant star. Table 1 lists the abpt

secondary showsiits coolest part. Therefore, it reinfate@son- 3 rameters for each star. The parameters come from thevabser
trast between the spectra of the two stars. In the followphgse 44 analysis carried out in papers I, Il and I1l. Howevsme

zero corresponds to the eclipse of the primary by the secgnda P

: . ‘ ystems (HD 159176, HD 165052) are not eclipsing and some
Over the first half of th_e orblt_al cycle _(phase[o, 0.5]), the pri- . parameters are not available. To overcome this problemsee u
mary star has a negative radial velocity. It has to be empbdsi o cajipration of Martins, Schaerer & Hillier (2005) to s
that our simulations allow us to compute the individual sgec “typical” value of the radius and mass. Hence, our models do

of each component at each phase. This information is nok avajy¢ sirictly correspond to the five observed systems. Ty
able for real binary systems, where disentangling can peoVi.qnfusion. HD 159176. HD 165052 HD 100213. CPD-Z742
average individual spectra, but usually does not allow Weto 5,4 A0 Cas models will be named respectively Model 1, 2, 3,
rive individual spectra for each phase. In this first versioe 4 o045 The first step of the computation is the surface, tyravi

do not yet take into account radiation pressure of the s&(r th, temperature evaluation (see Tables 2 and 3). With tieese r
can possibly modify the shape of the atmosphere with respeck ;5 \e can compare the simulated local gravity to thesidas
the Roche potential of very luminous stars neither the pdssi value for a single stag = GMyar

N Rgtar '

ity of eccentric systems. These improvements will be dore in

subsequent paper. The most compact systems, Model 1, Model 2, Model 4 and

the primary star of Model 5, present small variations ofitihai

2.3. Computational issues dius, log@) and temperature. The agreement between the single
L star gravity and the gradient of the Roche potential is qyoted.
For the contact binaries, some problems occur at the Comiiﬂwever, for Model 3 and the secondary of Model 5, thiedi

point (L1 point). If we follow the von Zeipel (1924) theorem,q o are more important. For Model 3, thfetence between
the temperature.normally drops to zero because the gravithle maximum and minimum radius is abousR, for the pri-
null at the L1 point. However, on the one hand, such a resul

t .

not very physical. On the other hand, numerica_ll _instab'e@itbc— ;f? rgo?r? ig:}%;g .tgesﬁggvosn%g(y\;;?ig]{i\éﬁgisé:r%rg fﬂlotgelzg)_
cur in the Newton-Raphson scheme for stars filling their RoCh oqa variations of the surface gravity lead to a changenof te
lobe at positions near L1. These instabiliti¢keat the determi- perature by about 8000 K for the primary star and 5000 K for
nation of the local radius and surface gravity. In order i@V o qecondary star (Fig. 2 shows temperature variationthéor
this problem, we do not follow the equipotential strictlyspang  \1oqe| 3). The diference between the single star Iggénd the
through the L1 point but an equipotential passing near ®iistp ;1 model logg) is 1.4. However, this dierence appears only
Another problem comes from the lack of some synthetic SﬂeCFBr the most deformed part of the star. At the poles, tikettnce

in the model grid. This can occur, for instance, when a hight te peeen the single star model and binary model is negligitde
perature is coupled with a low gravity. The algorithm treish ¢ qecondary star of Model 5, theference between the maxi-
problems by interpolating only between the two nearesttspec, m and minimum radius is, log(g) varies from 35 to 26.

in the grid and notifies the user. However, this kind of Sit@ peq6 variations of the surface gravity lead to a changenof te
occurs only for very few points located near the L1 point,abhi oot re by about 8000 K. Thefftirence between the single star
have a low temperature and have a very small contnbuhpnl (g) and the binary system value i€%. Again, this dference
the total stellar spectrum. These points generally do Mli-in 5ncemg only the most deformed part of the star. Near trespol
ence significantly the global result. Another surprisingtdem - direrence between the two models is negligible.

comes from reflection. In the highly deformed binary, a congpl
of some poir)t.s near L1 leads to a high increase_ of temperature We also test a disentangling technique on our combined
Atthese positions, the convergence of the reflection coatjaut  spectra to compare the output of this method with the true-spe
is not guaranteed. In the approach of Wilson (1990), the cofa of the binary components in our simulations. For this- pur
vergence is evaluated for e_ach point and the iterative pmee pose, we use the Goalez & Levato (2006) disentangling tech-

is stopped once all the points have converged. We modify thigjue as implemented by Linder et al. (2007) and compare the
global convergence criterion to ensure the end of the ievat result to the individual spectra computed with our methdee T

process. The new criterion is to have at least 99% of the oingsults show a very good agreement between disentangled spe
converged. In some cases, despite this new criterion, senye wra and computed ones.

few points present an abnormal temperature unrelated t@tha

of the surrounding points. These points are located neactthe  We now consider two problems encountered in observational
point and no spectra in the grid are available for these coabi studies of massive binaries: the spectral classificatiahtha
tions of gravity and temperature. Struve—Sahaddtect.
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Table 1. Parameters of the binary systems simulated in this paper. Inclinationsckelsatand for non eclipsing systems.

Parameters Model1 Model2 Model3 Model4 Model5
Period (day) B6673 295515 13872 244070 352348
Mass ratio ®6 087 068 055 062
Semi-major axisRo) 3823 3125 1734 2314 2857
Inclination () (48) (23) 778 77 657
Mass of primary o) 338 2515 217 1797 1559
Mass of secondaryMe) 3241 2179 147 9.96 965

Primary polar temperature (K) 38000 35500 35100 34000 33700
Secondary polar temperature (K) 38000 34400 31500 26260 30500
Q1 3.68 353 320 298 310

Table 2. Temperature and radius of stars.

Stars F'\)min Rmax Rmean T (Rmin) T (Rmax) Tmean
Ro) Ro) (Ro) (K (K) (K)

Model @ 937 979 949 38008 37328 37617
Model 2 894 931 905 38008 37516 37664
Model 2 910 982 929 35520 34178 34896
Model 2 847 914 865 34424 33570 33896
Model 3@ 673 922 706 35146 44772* 33668
Model ¥ 561 783 589 31566  46602** 30370
Model 4 7.45 802 761 34016 31954 33338
Model # 539 577 549 26287 27603 26114
Model 538 460 464 461 33712 34230 33675
Model ¥ 899 1206 943 30544 21631 29239

Notes. 1: primary star?: secondary star. *&**: These values are not physically acceptaldetalthe problems in treating the reflectidfeet near
L,, the most probable values based on the temperature of neighboudngpts are: *: 27000 K; **: 26300 K.

3.1. Spectral classification cation of the stars with the Conti—-Mathys criterion). Thelpr
lem seems to come from the H@ 1143 line. This line is a sin-
First, we use the quantitative Conti (1971)-Mathys (19889) glet transition of Hel. Najarro et al. (2006) reported pungpi
criterion. This criterion is based on the ratio between tneie  €effects between He | and Fe IV lines that are not properly taken
alent widths (EWs) of He 4471 and He I 4542 for the spec- into account in model atmosphere codes and lead to wrong Hel
tral type determination and on the ratio between the EWs lg1e strengths for singlet transitions. To classify our thtic
SilV 14089 and He 114143 for luminosity class determina-stars, this line is therefore not well suited and we use thibbva
tion. The spectral types that we obtain for our simulatedspe & Fitzpatrick (1990) atlas instead. This atlas is more daglie
with this criterion are in good agreement with those obtimg than the Conti-Mathys criterion but allows us to take actoun
the observational studies of the corresponding binaryesyst Of a larger wavelength domain to classify the stars. The iSont
However, the luminosity classes are verffetient. The criterion Mathys criterion has been evaluated on the combined spectru
applied to simulated spectra indicates supergiants whlilser- 0f the system, on the individual spectra of each componet an
vations indicate main-sequence stars (Table 4 gives tissifila on the disentangled spectra. The disentangling is peribione
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Table 3. Gravity (in cgs units).

Stars 1006(Ri)  1000Rnsd) 1000 Iog(GM ) Iog( oM ) |og(i_“")
anin ax Réean
Model 1% 4.03 395 401 402 399 401
Model 12 4.05 398 403 405 401 404
Model 2 3.93 378 389 392 385 390
Model 2 3.93 378 389 392 385 390
Model 3 4.13 267 405 412 384 408
Model 3 4.13 267 404 411 382 406
Model 4* 3.96 381 392 395 388 393
Model £ 3.98 385 395 397 391 396
Model 5 4.31 429 430 431 430 430
Model % 3.53 262 345 351 326 347

Notes. Columns two to four indicate the extreme values and the average of thé lact{gy on the deformed stellar surface accounting for the
Roche potential, whilst the last three columns provide the correspondi(@ lmmputed with the single star formula.

Table 5. Spectral classification using the Walborn & Fitzpatrick (1996) As a first step, we investigate the variation of some lines in

atlas the spectra at 20 fierent phases to look for variations of the
profile. Especially, we inspect the extreme phasgs @nd 075

Stars Synthetic spectra  Observed spectra where the two components are the most separated to ee di
Model 1; 06.5-07V orv ences in the relative strength of the lines. The result sfdhbial-
Model I 07-07.5V o7v itative examination is given in Table 6. We must pay attenti
mggg: ;1 07'8;(5)\5/; gi; I 07057_\68\/ possible blends that can modify the strength of a line legthn
Model 3  08-08.5V (or Ill) 075V an apparent Struve—Sahadteet (see below).
Model & 09.5-09.7V (or IlI) 09.5V
Model 4  08.5-08V (or IlI) o9V
Model £ B0.5-B0.2V B1V
Model 5  08.5-09lll (or V) o9V 145
Model ¥ 09.5-09.7lll (or V) 09.511l

13

20 simulated spectra sampling the full orbital cycle. Tlaessifi-
cation based on the Walborn & Fitzpatrick (1990) atlas hamnbe
done on individual synthetic spectra. For observationtd,dae

have to disentangle the spectra to use the atlas. The atlas of
Walborn & Fitzpatrick (1990) draws attention on many lines
such as He R 4471, He 114387, He 1114542, SilV 14088 and !
He 1l 14200. By observing these lines (and their relative depth)

and comparing our spectra to the references of the atlas-we re

classify the stars (see Table 5) achieving now a better agree 0.85
with the classification of the real binary systems.

1.15

Normalized flux

s

4015 4020 4025 4030 4035

Wavelength (Angstroem)
3.2. Struve-Sahade effect

. ) Fig. 4. Variations of the He L4026 line in Model 2. From bottom to
The Struve_z—Sahadeffect is usually defined as the appar_e%g’ in blue: phases fromDto 04 by step of GL. From top to bottom,
strengt_henlng of the secondary spectrum when_ the star is g}%reen: phases from®to 09 by step of OL.

proaching the observer and weakening when it moves away

(Linder et al., 2007). This féect was first reported by Struve

(1937). He proposed that this was due to streams of gas mov- First of all, we detect quite a lot of variations in the lines.
ing to the secondary and obscuring it. Gies, Bagnuolo & Penhipwever, many of these variations can be explained by blends
(1997) rather suggested that the phenomenon might be duevith weak nearby lines rather than true variations of the lin
heating by back scattering of photons by the stellar windrint intensities. Let us stress that, a priori, we do not expect ou
action zone. Stickland (1997) proposed that the Struveaah simulations to display a genuine Struve—Sahatiece because
effect could be linked to a combination of several mechanisntle simulations are axisymmetric about the binary axis aed t
Gayley (2002) and Gayley et al. (2007) argued that tifiece largest diference due to non-uniform surface gravity and tem-
could be linked to flows at the surface of the stars. For a mgoerature are thus expected when comparing phases eand
extensive discussion we refer the reader to Linder et aD{R0 0.5, rather than @5 and 075 which are the phases most con-
In our sample of binaries, three are known to present tiigxe cerned by the Struve—Sahadfeet (see for example Fig. 4).
HD 159176, HD 165052, HD 100213 that respectively inspiredfe have also performed a quantitative study on several tmes
our Model 1, Model 2, Model 3. evaluate the real variations. In order to check the influexice
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Table 4. Spectral classification using the Conti—Mathys criterion.

Stars Combined spectra  Separated spectra  Disentangled spectra vafinsaranalysis
Model 1 06.51 06.5I 06.5I orv
Model 12 06.51 06.5I 06.5I 07.5Vv
Model 2! 07.51 07.51 07.51 o6V
Model 2 07.51 o8l oslll 06.5V
Model 3 08.5V 08.5vV 08.5V 07.5Vv
Model 3 09.5vV 09.7V 09.7V 09.5vV
Model 4 08.5l 08.5lll 08.5lll 09lll (or V)
Model # B-star B-star B-star B1lll (or V)
Model 5 o9l o9V o9V oslll
Model % 09.5V 09.5V 09.5V 09.511

Table 6. Visual variations of line intensity.

Line Model1 Model2 Model3 Model4 Model5
Hel 14026 1 1b 2 2 2
Hell 14200 2 2 / 1B 2
Hel14471 1bs 1B 1b 2 1B
Hell 14542 1s 1sB 1B 2 1B
Hell 14686 2 2 2 2 1B
Hel 14713 1B 1sB 1B 1B 1B
HpB 1b 1B 1sb 2 2
Hel 14921 1B 1B 2 2 2
Hel 15016 1 2 1B 2 1b
Hell 15412 1s 2 2 2 2
CIll 15696 1B 1B 2 2 2
CIV 245801, 5812 2 2 2 2 2
Hel 15876 2 2 2 2 2

Notes. 1: variation, 2: no variation, b: suspicion of blend or small blend in the siBg blend with other lines, s: small variations.

possible blend, we measure the equivalent width on the sinmiho showed that the singlet helium transitions are, in atmo-
lated combined spectra of the binary affelient phases as well sphere codes like TLUSTY, very sensitive to the treatment of
as on the spectra of the individual components of the binarythe spectrum of Fe IV. The variation of the second line is more
the same phases. The measurements of the line EWs are diificult to explain. If there fectively exist a small blend on
with the MIDAS software developed by ESO. The EWs of linethe blue component, the blended line is very weak and it seems
in the spectra of the individual stars are determined dirdt  improbable that this small blend can explain-230% of varia-
simple integration with the integrdtige routine whilst for the tions. The variations on the combined spectra are mdhewt
binary system, we use the debldirle command as we would to see. Furthermore, the CllI line is the only one that presen
do for actual observations of binary system. The latterineuits large variations on the combined spectra (see Fig. 5). Véestr
two Gaussian line profiles to the blend of the primary and seleere that this line is rather easy to measure in our simubatat
ondary lines. We stress again that for real observationsjave the lines of the primary and secondary are very well sepdrate
not have access to the individual spectra of the primary and sthe continuum is well defined. The results are then more reli-
ondary at the various orbital phases. Our simulations aliswo able than for other lines. The variations are phase-locket a
compare the “observed” EWs (those measured by deBiieeyl the lines are stronger when the stars present their hotter fa
to the “real” ones (those measured on the individual sp&dtta However, the predicted strength of the C 1l lines are ratinesk
integrat@line) and to distinguish real variations from apparerdnd would make a measurement on real data (with noise) quite
variations due to the biases of the deblending proceduredive difficult.
consider the simulations for the various systems listedaiold The primarysecondary EW ratios (all EW ratios in this
1. paper have been measured on combined spectra with the de-
blendline routine) also present variations such as these shown
on Fig. 6 except for three lines. This pattern of variationgears
3.2.1. Model 1 in other models and we call it Pattern 1. H&4713 presents an
We first study individual spectra of each component. TheslinéVerse V variation pattern with a peak centered on phase 0
listed in Table 6 present small variations of-13% over Hel44921 presents irregular variations with largéfetiences
two lines present larger variation of more than 20%: Henally, Clll 15696 presents a V-shape variation which is expected
14921 and C 11115696 (predicted in photospheric emissign in regard of previous results (see Fig. 5).
Unfortunately, the He R 4921 line is a singlet transition of He |
and is thus subject to théfect described by Najarro et al. (2006)3 5 5 Model 2

I The apparent inverted P-Cygni profile is due to the proximity of ahirst we study the individual spectra of each component. &te ¢
absorbtion Allll unrelated to the C Il line. see variations of intensities for all the lines. Howeverpiost
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cases, these variations are very small of the order-02% and ‘
will probably escape detection in real observations. Théava  °"®f 7
tions seem phase-locked as we can see on Fig.7 and reflect 2 ® Primay
temperature over the visible part of the stellar surface. Y orer ... |
The analyses on the combined spectruffiesdrom the same ot ® 0 *® ° ' ¢ ‘ I I
difficulties as for Model 1, and are sometimes in opposition wi °© o1 0z 03 04 05 06 07 08 09
what we observe on the individual simulated spectra: the EW 5 . : : :
the primary line is always lower than that of the secondarijavh ~_ |e o Primary Secondary
the combined spectrum shows the primary line to be deeper tt e e e e |
the secondary at phase® @ 05 (e.g. He 114026, He 114471, =~ o« * ¢ o
see Fig. 7). o2r i
The He 114921 line displays a more important variation 0 % o o5 & o o 7 08 o
the order of 15% (see however the remark about this line in t Phases

discussion of Model 1). Moreover, on the combined spectru
this line is blended with an Ol line at4924.5 so it is very
difficult to determine whether the variation comes from the blerd
or from another fect.

A last point is the study of the ratio between the EWSs ¢
primary and secondary lines. The results present Patteani-l v
ations (see Fig.6).

Fig.8 illustrates the Hel 4026 line at two opposite phases
Our individual spectra clearly reveal this line to be asyrtrioe
with a steeper red wing for both stars. When fitting the con
bined binary spectra with two symmetric Gaussian profiles, t
red component will be systematically assigned a lower flax, b
cause the blue component will be apparently broader than - B
red one. Although the resulting fit can be of excellent qualit 53, .~ — ~ — ]
it will provide systematically larger EWs for the blue and kw _ e ey P \/\ / i
EWs for the red component. This situation therefore leadsito £ oss- ‘ Combined specirum (phase 0.75) i
artIfICIal Struve_sahade behaV|0ur- 4000 40‘05 40‘10 40‘15 40‘20 4025 40‘30 40‘35 40‘40 40‘45 4050

Wavelength (Angstroem)

Iﬁ'g. 7. Same as Fig.5 for the Hell4026 line in Model 2.
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3.2.3. Model 3 Fig.8.He 114026 line at phasesZb and 075 in Model 2. Upper panel:
] ) Primary spectra. Middle panel: secondary spectra. Lower panek com
The analysis of Model 3 is more complex than for the two oth@ined spectra.

systems. The results showfidrent behaviours. The EW ratios

of the primary and secondary measured on combined spectra

present dierent variation patterns (see Fig. 9). The Hed71 presents its coolest face (the front part is never visibleabse

line presents Pattern 1-like variations. For the first pathe or-  of the eclipse). Conversely, the secondary shows a minimum a

bital cycle, He 1124542, He 114713 and He R 5016 lines show this phase when only the hottest parts of the star are viftitde

variations that seem phase-locked. However, the secomaparcoolest are occulted by the primary). The variations arehef t

the orbital cycle is either constant or irregular. Finathe Hel order of 10%. The analysis of the combined spectra is more

15876 line shows phase-locked variations, symmetric with reomplex. For the first half of the orbital cycle, the EWs of the

spect to phase.B. The variations have an W-shape pattern (s@eimary star have a similar behaviour to the measurements on

Fig. 9). individual spectra. For the second part of the orbital cyuld
The EWs of the He h 4471 line for the separated spectrdor the secondary star, the variations do not seem phagkedoc

of the primary show a maximum at phasé @vhen the star The EWs of the He IR 4542 line for the separated spectra show
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He | A4471 He 11 A\4542 1 T -
18 oo 55 (] . x 0.995
Pl Ce s— N T
;m 14 45 o® ° % ;)98 Primary
w o ® . e @ - 0N - Secondary
E 13 . A . 35! o 0975 | | | | 1 | | | |
§§ 1.2 3 o® 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Yoile 25t ®o®
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 é
Phases Phases =
g
He 1 A\4713 He 1 A\5876 %
35 ['4
= 4l e e%e, 28 ° L]
§ [ ) 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
825 26 Phases
3 L 2s Fig. 10. Synthetic light curves of Model 1 in the ranga 3500, 7100.
1 - . .
o R Jo®e ® UL Upper panel: Light curves of the primary and secondary stars @erm
L] . A . . A .
. ceve e oo ¢ ized to the maximum of emission). Lower panel: Combined light curve
0502 04  os o8 M o2 05 o8 of the binary system (normalized to the maximum of emission).
Phases Phases

Fig. 9. EW ratio between primary over secondary for several lines (fro [
left to right, top to bottom: He 14471, He 1114542, He 1214713, He |
15876) in Model 3.
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a V-shape pattern for the primary and an inverse V-shape p i w w w w w 7
tern for the secondary. The variations are of the order of 2Cx osf .
and phase-locked. The maximum (resp. minimum) of the curve os- ]
occurs when the stars present their hottest (resp. codtest)
Again, the study of the combined spectra shows irreguldavar g ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ N
tions of the same order of magnitude as the study of the sgplare  ° °*  °* %8 o oo, % o7 08 09
spectra. For the He14713 and He 5016 lines, the proxim-

ity of other lines renders the analysis more complex becafiseFig. 11. Same as Fig.10, but for Model 3.

blends. The variations seem irregular except for the 8016

line in the separated spectra of the primary star which staows

inverse V-shape pattern. Finally, the EWs of the H&B76 line  tion is Doppler shifted to the blue whilst that of the secagda
for the separated spectra of the primary are constant. The EM/$ed-shifted. The behaviour of the light curves can indeed
for the separated spectra of the secondary are more intgresgxplained by the displacement of the emission peak of the con
and show variations of about 10% and an inverse V-shape pétiuum. The diference between the flux emitted over the wave-
tern with a peak at phases neab.0The EWs of the combined |ength rangel1 4000,6000 A by an Q9 star at rest and by an 09
spectra of the primary present a maximum peaked at phase §tar with a radial velocity of 100 kmis about 1%. Therefore,
and are quite constant over the rest of the orbital cycle.sEte the shift of the maximum peak of emission towards the blue
ondary shows a minimum at phaséb @nd small variations at (resp. red) in the first (resp. second) half of the orbitaleyor
other phases. As we see, this system is more complex thantieprimary (resp. secondary) and conversely for the sekalid
other two. The variations are more important but often sytamef the orbital cycle induces the asymmetries in the broatiba
ric with respect to phase® They seem also phase-locked antight curve.

more important than for the other stars (for the individyeatra
at least).

0.7 3

Relati

3.4. Radial velocity curve

The last aspect that we analyze is the radial velocity (RWeu
As we know the velocity of each visible point at a given phase,
The analysis of the broad-band light curves is quite intergs we can compute the mean value of these points and thus obtain
because we can see variations of the intensity over theabrbd mean radial velocity. The curves are symmetric for all the fi
cycle. Of course, in case of an eclipsing binary, the lightveu systems and the semi-amplitudes (K) are in good agreemént wi
is dominated by the eclipses (Fig.11). However, even for none observed ones. This shows that the lines that were used in
eclipsing systems such as Model 1, variations occur as we ¢hs analyses of the observations represent the true RV stdne
see in Fig.10. These feature are the so-called ellipso@@hv rather well. Table 7 gives a comparison between observed and
tions that are well known. Moreover, an interesting resuthe  simulated semi-amplitudes of the radial velocity curves.
asymmetry of the curve. In the first half of the orbital cydle A non-uniform surface temperature distribution in
primary star is fainter than in the second half. Conversély, HD 100213 has been reported by Linder et al. (2007), so
secondary star is brighter in the first half and fainter ingbe- we investigate more in detail our Model 3 to check whether
ond half. Adding both light curves up results in a roughly synthere exists such a distribution in our simulation. We stthy
metrical light curve for this particular system. temperature distribution by computing the amplitude of the
Indeed, over the first half of the orbital cycle, the primaryadial velocity curves of Hel and Helll lines. As we can see in
star has a negative radial velocity and it spectral energtyidu- Table 8 the agreement between the model and the observation

3.3. Broad-band light curves
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Table 7. Comparison between observed and computed radial velocly Summary and future perspectives
semi-amplitudes. ) .
In this paper we have presented a mathematical model, based o

Stars Computed K Observed K first principles, that allows to compute the physical preiperon
(kms™h) (kms'h) the surface of stars in circular orbit massive binary systéa-
Model 2091 2103 turing main-sequence O stars. We assume that the starsrare co
Model 22 2180 2165 tating with their orbital motion, allowing us to use the Rech
Model 2 97.1 964 potential formalism to infer the shape of the stars and thallo
Model 2 1121 1135 acceleration of gravity. We include gravity darkening aeffec-
Model 3 2495 2497 tion effects to infer the surface temperature distribution of the
Model & 3684 3692 stars. These results are then combined with the TLUSTY model
MOde'f; 1430 1671 atmosphere code to compute synthetic spectra of each binary
mggg: M iggg igé? component and of the combinfed binary as a funct_ion of orbital
Model 2 309 306 phase. Many of the spectral lines are found to display phase-

locked profile angbr intensity variations in our simulated spec-
tra. These variations are quite small for well detachedesyst
but their amplitude strongly increases for heavily defadrsiars.
This variability mostly reflects the non-uniform temperatdis-

is not very good. The observations suggest that the He | lingution over the stellar surface which is seen undéiedznt
are formed over the rear part of the stars (because of larg&iéntations as a function of orbital phase. Given the agsum
K values). This region then has to correspond to the lowdinS thatwe have made in our model, we expect these vargtio
temperatures. However, in our model, the lowest tempestuf Priori to be symmetric with respect to the conjunction gisas
are localized both in front and in rear parts of the stars.ddenOUr Ssimulations demonstrate the impact of line blendinghen t

our model shows an intermediate amplitude that suggesténgasurement of lines in massive binary systems. Indeea, for
mean between front and rear formation regions. large number of lines, we find that the true variations of tiiésE

. . symmetric with respect to the conjunction phasefedifrom
forrrfgcri ?Tthgeirzlte“rrr]ﬁ:éligjtg gﬁ;ﬁg\ﬁgrorn; disz;\lf?/%?:éi:hi[n::ﬂ%y "’l(f%se that are measured on the combined binary spectra using
. . y @ conventional deblending methods and which are often foand t
region. Thus, the lines are formed over the front and middtésp rﬁe asymmetric with respect to the conjunction phases. Th mo

of the star. However, our model shows that .the lines are o Yamatic &ect is seen when the intrinsic line profiles of the indi-
formed in the middle part of the star and not in the front. Thu§id

we can conclude that there probably exists an additionahaec; ual stars are asymmetric (€.g. due to blends with we :

. ; in the wings of a strong line). In this case, deblending the bi
nism that enhances the reflection process and heats thepimm' nary spectra with some type of symmetric line profile (Garssi

gtg;gcstitggst'hg:'rsnirnﬁtChan'Sq:]CO'“t"d” be I|nlf<ed to the stellacwi or Lorentzian) introduces a systematiteet that mimics the so-
ghtwarm Pf steflar surface. ) called Struve—Sahad#ect. This result hence brings up an alter-

In Sect. 2.3, we have mentioned the problem of the increasgtive explanation for the Struve—Sahadiee: in some binary

of the temperature near the L1 point in the reflection treatmesystems and at least for some lines, tiise could simply be an

We stress that this increase can, a priori, not be the mesanpytifact due to the fit of blended asymmetric lines with syrime

that heats the front parts of the stars. Indeed, itis regitpblem ric profiles. Therefore, at least in some cases, the Striakad

of convergenceféecting very few points. For Model 3, after 50effect does not stem from genuine physical processes, but rathe

iterations, the model was not yet converged and the temperatrefiects a bias in the measurement of the line profiles.

of the problematic points (3 points over 14162 for this mpdel Whilst deblending appears problematic, our simulations

were at more than 100 kK. In comparison, the convergence {pt,nsirate that spectral disentangling, assuming anahke

the non-problematic points is reached within less than &te sampling of the orbital cycle, yields good results, thavjiie a

tions. good representation of the average spectrum of a binary com-

ponent and can hence be used for spectral classification and

) ) ) ) ) model atmosphere fitting. Comparing the RV amplitudes mea-

Table8. Semi-amplitudes of the radial velocity curves (in ki)ofthe  g\;req for diferent lines in the spectrum of the contact binary

He lines in the Model 3 spectra. system HD100213 with the predicted RV amplitudes for this

system, we found that our model apparently fails to repreduc

the surface temperature distribution of this system. Aot
E: : ji%f ggg ggg‘; ggi;‘ gggg 3222 gggg heating of those parts of the stars that face each other vibeuld
Hell 14686 2655 3644 2559 3839 2513 3552 needed to account for the observed distribution.

Heli4921 2845 3649 2551 3655 2459 3730 As the next steps, we intend to generalize our code in dif-

Hell 15412 233% 3324 2493 3601 2398 3512 ferent ways. For instance, we plan to extend our approach to

HelA5876 2479 3546 2296 3572 2697 3888 more evolved stars that feature extended atmospheresréhis
Notes. The first two columns are computed from the measurement gires both a revision of the Roche potential formalism to ac
the Doppler shift of the center of the lines on the separated spectra, Hﬁntthfgrutgaegieg; gfgqa:cllztllg?rﬁ(r)es?)ﬁgri(iggeei%;%ﬁﬂétslgg:)ef-

the primary and the secondary, the next two are the results obtained \@3 . ; :
the MIDAS (deblendine) measurement of the center of the lines antECt Of a stellar wind. Another important aspect is to adapt o

the last two are the semi-amplitudes observed by Linder et al.(2007) f&§tde to asynchronous afed eccentric binary systems. In these
HD 100213. systems, the Roche potential formalism is no longer valid an

must be replaced by a proper handling of tidéitets (see e.g.
Moreno, Koenigsberger, & Harrington 2011). Finally, werpta

Lines Ky Kz Kim Kom Kiobs  Koobs
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account for the presence of a wind interaction zone between t
stars. The latter can contribute to the heating of the stslia
face in two diferent ways, either by backscattering of the pho-
tospheric photons or by irradiation with X-ray photons eetit
by the shock-heated plasma in the wind interaction zonesdhe
improvements will be the subject of forthcoming papers.
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