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ABSTRACT

Context. The spectra of massive binaries may lfieeted by interactions between the stars in the system. These are believed to p
duce observational phenomena such as the Struve-Safiacde e

Aims. We simulate the spectra of massive binaries fietint phases of the orbital cycle, accounting for the gravitational mfief

the companion star on the shape and physical properties of the stef&resur

Methods. We used the Roche potential modified to account for radiation presswantpute the stellar surface of close circular
systems. We further more used the tidal interactions with dissipation ajetf@ough shear code for surface computation of eccen-
tric systems. In both cases, we accounted for gravity darkening ahdhtrheating generated by irradiation to compute the surface
temperature. We then interpolated non-local thermodynamic equilibriltfiENplane-parallel atmosphere model spectra in a grid to
obtain the local spectrum at each surface point. We finally summed afllmations, accounting for the Doppler shift, limb-darkening,
and visibility to obtain the total synthetic spectrum. We computdkdidint orbital phases andfidirent sets of physical and orbital
parameters.

Results. Our models predict line strength variations through the orbital cycle,diutd completely reproduce the Struve-Sahade
effect. Including radiation pressure allows us to reproduce a surfacestatape distribution that is consistent with observations of
semi-detached binary systems.

Conclusions. Radiation pressureffects on the stellar surface are weak in (over)contact binaries and etatttied systems but
can become very significant in semi-detached systems. The classit@leipel theorem is sficient for the spectral computation.
Broad-band light curves derived from the spectral computation ififiereht from those computed with a model in which the stel-
lar surfaces are equipotentials of the Roche potential scaled by the imgaunsaorbital separation. In many cases, the fit of two
GaussiariLorentzian profiles fails to properly measure the equivalent width of tes land leads to apparent variations that could
explain some of theffects reported in the literature.

Key words. Stars: massive - Binaries: general - Stars: fundamental parameétars: atmospheres - Binaries: spectroscopic

1. Introduction The first models of binary systems in which the stars are not
. . o spherical have been proposed by Russell & Merrill (1952) to
Studing massive stars is important because they play a key rQyproduce the light curves of binaries. Then, Kopal (1959) i
in galaxy evolution: their strong winds interact with thel@m qqyced the Roche potential approach that was first used by
ent interstellar medium and can trigger the formation of NeW,cy (1968) and Wilson & Devinney (1971) followed by nu-
stars, they produce heavy chemical elements, and they ar&,@ifous other works. In a first step, we designed a similar code
important source of UV radiation. Recent research indgcttet ¢, circular massive binary systems (Palate & Rauw 201%-her
a large part of massive stars 0%) form a binary or amultiple g¢er paper 1) in which the distorted shapes of the stelldasas
system (Mahy et al. 2009, Sana & Evans 2011). The spectrapf caysed by gravitational interaction. The emergingtspace
binary systems are an invaluable source of information &r dihen computed accounting for the shape of the stars anddkeir
termining the physical properties (such as masses, leUPesA | properties. In this paper we extend the method to ingatpo
and radii) of stars. It has been shown, however, that therebsg,qiation pressurefkects on the stellar surface and the case of ec-
vational analysis of massive binaries is complicated #g0ts  conyic binaries. This new version of our CoMBiSpeC (code of

tsr;)i}c?rr: ;wé(?ﬁetgpjgfﬁrrgfggi i;{l;ggﬁe(ssgﬁf?f; ngggeti massive binary spectral computation) model now allowstsalec
; cn e 0 computation of (almost) any massive binary system.
et al. 2007, Linder 2008, and references therein). Unfaittelg, P ( ) any ysy

the majority of spectral modelling codes are designed for is
lated spherical stars and cannot reproduce the particfitzote
of the binarity. Therefore, it is important to improve our @ho
els of spectral computation to accurately represent thetisgpe Our method for modelling the spectra of circular binary eyst,

of these stars. In this context, we have developed a metlad thresented in Paper |, consists of computing the actualastell
takes into account some of thifects that are produced by gravsurface following the Roche potential approach and acéogint
itational interactions in the system. for the local gravity and temperature on each surface elemen

2. Improvements of the method
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Non-LTE spectral model grids (TLUSTY, Lanz & Hubeny 2003, From equation 1¢e; = (1 — I')¢ and the ratiol” can be
2007) are used to compute the integrated spectrum of thatstawritten as (following the Castor et al. 1975 theory for ewing
each orbital phase (see also, e.g., Linnell & Hubeny 1994 axyd

Linnell et al. 2012). Because our spectra are synthetig, dne

free of observational noise. In this section we describetlze r = ﬂgr/g

improvements that have been implemented to the method. The c (5)
first is the inclusion of radiation pressuréfezts; i.e., the irra- - ﬂ(ﬂq/g’

diation of each star by the companion and tlffe@ of the ra- myc

v , oth the Thomson-scattering cross
e'scection andr the Stefan-Boltzmann constant.
Becausd' is independent of the position on the stellar sur-
d face, we can compute it ff = Tyoe andg = gpole

diation on each star’s own surface. The second is the use of\,\z;m1 om ~ 0,036 nPkgt
explicit calculation of the stellar surface, from first priples, m :

which here is applied to the case of eccentric binaries. in
centric systems, the orbital separation changes as a danoti
phase, and accordingly, the deformations of the surfacetan
orientation of the tidal bulge are also variable. 1
| gpoe]
There exists quite an extensive body of literature (see e.g. The ad\I/%nt:\\getﬁf th'z meihod IS :L]at phe Yoq Ze]:pt)r(]aelﬂtrr:)%orem
Dermine et al. 2009, Howarth 1997a, Schuerman 1972, Drbchg%g'."ams valid. Another advantage IS the simplicity o

et al. 1995 and Phillips & Podsiadlowski 2002) on the impdct g ich does not require many computational resources.

P o . The external radiation pressure is moréidult to treat. We
radiation pressure on the Roche potential in early-typari@s.
According to Dermine et al. (2009), théects of radiation pres- have based our method on the approach of Drechsel et al. (1995

sure in a binary system can be separated into three parta: raand.PhiIIips & Podsiadlowski (2(.)02).' This method cons.isfts 0
tion pressure on each star's own surface, tfiece on the com- scaling the mass of the companion in the Roche potential. The

panion, and radiation pressure on the matter outside ttasybinSCale parameter= £t is computed iteratively for each surface
orbit. Here we focus on the two firsffects, which are called in- point. The external radiation pressure can be seen as atfate
ternal and external radiation pressure (Drechsel et ab}19%e decreases the attraction of the companion. Therefore,dime ¢
impact of the radiation pressure on the matter outside tharpi panion seems less massive, and consequently the mass leas to b
is, of course, very important for the surrounding mediumibut scaled. The new “Roche” potential can be written

irrelevant for calculating the shape of the stars. Howdt&9{7a)

OTh

= loa
myC

4
Tpol e

(6)

2.1. Radiation pressure effects

pointed out that thefect of the internal radiation pressure can 1 (1 6(r.6,) 1

be treated as a simple scaling of the Roche potential of etie.st Q = = q ek 4 + q -r2sirt g
Another approach, proposed first by Schuerman (1972), stsnsi r Jr2—2rcospsing+1 2 _ (7)
of scaling the mass of the stars rather than the entire patent —(Qr cosysing ,

The former approach is more appropriate because the emitted

radiation bolometric flux and hence the radiation presscates wherer = X2 +y2+22, q = % X = rcospsing, y =
with the local gradient of the potential (which also incledbe r singsing, andz = rcosd. Here,6 and ¢ are the colatitude
attraction by the other star and the centrifugal forcesgréfore, and longitude angle in the spherical coordinates centretth@n
according to Howarth (1997a), the stellar topology is riféicied star.¢ = 0 andy = 0 correspond respectively to the north pole

by internal radiation pressure and the latter simply sdhle$o- of the star and the direction towards its companion.

cal surfaces gravity. The Newtonian gravity is defined by The radiation pressure can be written
= 1
g=-V9¢, 1) Prog = = f f I, o2, dwdy, ®)
whereg is a scalar gravity potential per unit mass. CJo Ju

The von Zeipel (1924) theorem can be written where V¥, is the angle between a local surface normal on the
T4 gl (2) Iirradiated star and the direction to a surface element onttier

) o o star.l, is the specific intensity of the external radiation field, and
The magnitude of the radiative acceleration is given hbyis the frequency.

(Howarth 1997a) o The radiation pressure gradient per unit mass is equal to (in
Arad = —FT , (3) plane-parallel approximation)
wherex is the flux mean opacity per unit mass afdis the o 1dPyag
astrophysical bolometric fluxf o T#). rad = Tar
If we definel as the ratio of the radiative to the gravitational 1 w dl, 29, dvd 9
accelerationa g = I'g. According to Howarth (1997a), this ratio T c fw fo de_Tv cos™ ¥y dvdw

is constant for a given star and independent of the positich®
stellar surface since both accelerations vary With Therefore,
we have that theffective potential is the potential without radi-  Following Castor et al. (1975), we assume that the dominant
ation pressure minus the radiative acceleration source of opacity comes from electron scattering, thus, ave h

— OJ7Th

=(1-Nag. 4) T me
Gerr = ( )9 @) The value ofs is therefore computed with an iterative

I Throughout this paper, the temperature is to be understoateas e method. We start from the classical unmodified Roche patenti
tive temperature. and compute the radiation received by each surface elemnoent f

% fw ﬂo k1, cos¥, dvdw.
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its companion. The radiation is computed by summing the conhe dfect was treated by following the approach of Wilson
tribution of all points that are visible from the primary ¢pe sec- (1990). We neglected any cross-talk between the surface ele
ondary) on the secondary (resp. primary). The method appliments (e.g. due to horizontal advection or radiative exghan
to compute the received bolometric flux by a point is deriveldetween neighbouring surface elements dfedent tempera-
from equation 9 and is similar to the reflectiofiext treatment ture). This is probably an important approximation becahise
of Wilson (1990). Indeed, we have= 1,5 x (1 - u+ucos¥;), effect might smooth out some of the temperature variations, es-
whereY¥, is the angle between a local surface normal on theecially near periastron (for eccentric systems) wheresthes
emitting star and the direction towards an irradiated serie- move faster and where the gravitational interactions aomger.
ement on the other star, ands the linear limb-darkening co- These interactions and velocity imply that energy dissipedue
efficient based on the tabulation of Claret & Bloemen (2011 viscosity d€fects is more significant near periastron and thus
Moreover, we can writed = c&%m’ wheres s the distance the cross-talk is expected to be higher.
between the irradiated and emitting surface. Finally,éfrtiadia- The spectral computation was performed with the
tion comes 0n|y from the Companion, we hafg)é I,0 dv = ﬂ' COMBISpeC COde,. which was described in Eaper l. For

: ! Fraged? . 1 T this paper, some minor changes have been applied to take into
The locals factor is thus defined by = =g5=, whered is the  account particularities linked to the eccentricity, suchthe

distance between the point and the centre of the emitting s{&;iation of the separation between the two stars.
This factor can be written (for the radiation emitted by the-s

ondary and received by the primary) as

. , ds, 3. Circular-orbit models
02 = 7cmyGM, Z To(1 - u+ucos¥;) cos¥y CoS¥2=2" We present here models of four binary systems with circular
ggif,;zg orbits. Three of them were previously studied in Paper |, i.e
(10) models 1, 2, and 3. These models are based on the HD 159176,
Then, with thes factor, we recompute the stellar surface wittiD 165052, and HD 100213 systems analysed by Linder et al.
the modified Roche potential. Again, we evaluate ghiactor (2007). The fourth system, model 4 in this paper, is basedken S
and surface until we reach convergence. 67°105 studied by Bonanos (2009). All four of these systems are
in synchronous rotation and, thus, are in equilibrium canfig
tion so that the Roche potential approach is valid. For allmo

els, we compared the shape, temperature, and gravity isaisat

The extension to eccentric systems uses the TADEG&de caused by radiation pressure. Table 1 gives a summary oéthe p

(Moreno et al. 1999, 2005, 2011). This code computes the tinf@meters (from Linder et al. 2007 and Bonanos 2009) used for

dependant shape of the stellar surface for eccentriaadyn- the computation. We have chosen the polar temperaturee(rath

chronous systems. It also provides velocity correctionsifpd — than a surface mean temperature) as the referdfectiee tem-

body rotation. The method consists of modelling a deformatperature in Table 1. This is becaubgie is used to compute the

and perturbed surface layer that lies upon a rigid body that!pcal temperature via the von Zeipel theorem and remaireness

in uniform rotation by solving the equations of motion of édgr tially unaffected by radiation pressuréects. Finally, for model

of surface elements. These equations take into accountfaent 4, We investigated the Struve-Sahadeet for some lines.

gal and Coriolis forces, gas pressure, and viscéigses in ad-

dition to those of the gravitational potential of both stdtds 5 ; no4els 1 and 2

important to note that in asynchronously rotating or eatent

systems, the linear approximation of the Roche potentiabis We have analysed the speétaf models 1 and 2 at 20 orbital

longer valid and the presence of viscosity in the medium majases and found that the impact of radiation pressurefisirat

lead to non-linear ffects. The surface shape and local velocilow. The comparison was made by subtracting the normalized

ties are obtained as a function of orbital phase from thetisolu spectra with radiation pressure to the spectra withoutatsufi

of the equations of motion. Full details of the model are givepressure. On each of these “residual” spectra, we searcined f

in Moreno & Koenigsberger (1999), Toledano et al. (2007} arthe maximum, mean, and median values and the standard devi-

Moreno et al. (2005, 2011). ation. Then we searched for the maximum of the maxima (over
With the derived values of radius and velocity perturbationthe orbital phase) and computed a mean of the medians, the sta

we compute the surface gravity and temperature. Assuming thard deviations, and means. We also looked for the spedtrsl b

perturbations to be small, the gravity is computed by usingtlat present deviations higher than 1% (over a total of 36000

2.2. Eccentricity

classical Roche gradient. bins). Table 2 gives a summary of these values for the cordbine
The temperature distribution is computed following the vospectra of the studied models. For example, the highésirdi
Zeipel theorem ences are 0113 and M191 for models 1 and 2. These maxima

025 occur in both cases at phas®0.e. at the conjunction with the
.2op . . . . .
|7 Qocal primary in front of the secondary. Thesefdiences are signif-
m ’ (11) icant but, the meandifference is only~7 — 9 x 104, which is

= PO very small. The general appearance of the spectra is pezserv
where the gravity-darkening parameget 1 in the case of mas- and the conclusions reached in Paper | remain valid. We @n se
sive stars. in Fig. 1 that the spectra of model 1 with and without radiatio

We also include reflectionfiects that heat the surface ofpressure are nearly indistinguishatiigp(panels).

the star through irradiation of each component by the other
4 Throughout this paper, the word “spectrum” refers to a synthetic

2 Tidal interactions with dissipation of energy through shear. spectrum.

3 The viscous stresses are included in the equations of motion antl We only took into account the spectral bins that include spectral
connect the surface elements to each other and to the inner rigid bodipes for this mean value.

Tiocal = Tpole(
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Table 1. Parameters (from Linder et al. 2007: models 1 to 3, and Bonanos 86| 4) of the circular binary systems simulated in this paper.
Inclinations in brackets stand for non-eclipsing systems.

Parameters Modell Model2 Model3 Model4

Period (day) B6673 295515 13872 4251

Mass ratio ®6 087 068 042

Semi-major axisRo) 3823 3125 1734 3894

Inclination () (48) (23) 718 899

Mass of primary W) 338 2515 217 309

Mass of secondaryMe) 3241 2179 147 130

Primary polar temperature (K) 38000 35500 35100 35000

Secondary polar temperature (K) 38000 34400 31500 32500

Polar radius of primaryRg) 9.37 910 674 151

Polar radius of secondarRé) 8.94 847 562 1114

The largest and mean radii of the stars are smaller if rac ,, : : . :
ation pressurefiects are included. The radiation pressure als & W Al v V v v
decreases the mean lgyy ~ 0.05 despite the smaller radii. § 1‘25"\”Wﬁw1l\w’f\}f~'r W~ W W "W~
Finally, the mean temperatures increase by 100K. This &sere % N
; : v~ VT

of the temperature and decrease of gravity cause a wealasere £ V V
of a few per cent of the total flux emitted by the stars. Fig. : Z °"°L f i

lower panel, displays the log of the ratio of the fluxed spectr:
with and without radiation pressure and underlines the Istifal 003
ferences in the continuum. Table 3 gives a summary of thé ra
and temperatures of circular models.

Residuals

Table 3. Temperature and radius of stars affelient locations at the <10°
stellar surface. ,L‘AM»%_,__A_A__,_A‘.M\_._
—~ 12
(=}
Stars |'_\’side Rpoint Rback Tside Tpoint Tback Zﬁ e Jq ”qu M ,.m /J\\, M M o) A
Ro) Ro) (Ro) (K (K) (K) ®
Model T 951 946 970 37442 38061 36705 = ohMMen e N Ay .
Model ?  9.06 897 923 37496 38271 36800 400 o 50 w550 w5 e 2500
Model 2  9.32 944 962 34654 34937 33577 Wavelength (A)
Model 2  8.66 867 896 33643 34465 32510
Model 3 7.12 844 763 33198 29306 29211 Fig.1l. Top: Comparison between the normalized spectra computed
Model & 5.87 692 643 30112 30855 27369 without radiation pressurdan black) and with radiation pressurén(
Model 4 1580 1595 1642 33411 33882 32121 grey) for model 1. To better distinguish spectra, the black line is wider
Model £# 1161 1Q72 1289 31185 34062 27912 than the grey line. Orbital phases are, from bottom to top: phages 0

0.25 and 4. The spectra are shifted vertically by28 continuum units

for clarity. Middle: Corresponding residuals (spectrum with radiation
pressure minus spectrum without radiation pressure). The residisl p
are shifted by @15 for clarity. Bottom: Logarithm of the ratio of the
fluxed spectra with radiation pressure divided by the one without. These
plot are shifted by @06 for clarity.

Notes. 1: primary star,?: secondary staside: r(¢,6) = r(z/2,7/2),
point: r(¢,6) = r(0,7/2), back: r(¢,0) = r(x,7/2)

3.2. Model 3

This model leads to an (over)contact binary if radiatiorsptee  effect is not séficient to counterbalance the gravity darkening.
is not included, but when it is included, the system beconges dr'hus, the coldest parts of the stars are those near the L1 poin
tached®. Surprisingly, however, the impact of radiation pressure |n Paper |, we pointed out that we failed to reproduce the
on the spectrum is weak. This is because the parts of the fafface temperature distribution deduced by Linder e28007)
that contribute most to the spectrum come from the rear ated sfor HD 100213. These authors showed in their analysis throug
parts of the star which are less modified by the radiationsores radial velocity measurements that the He Il and He | linesewer
becausé is small (see Fig.2). Moreover, the shape of the starigt formed in the same region of the stellar surfaces. Thdl sma
not strongly #fected by the radiation of the companion. Thiais changes of the stellar surface induced by the radiatiorspres
priori unexpected but the reason for it is that the most deformggtrease the importance of the reflection process and are suf
parts of the stars mainly see the coldest part of the companigicient to now explain the surface temperature distributida
which leads to a rather low value of the maximum/e stress served by Linder et al. The He Il lines have a smaller radial
here that in systems where the two stars are in (over)co(@actvelocity amplitude and thus are apparently stronger in #maih
nearly so) and are of similar size and temperature, the tftec sphere facing the companion, whilst the He | lines have farge
velocity amplitudes, indicating that they are strongertos ap-

6 Strictly speaking, the CoMBiSpeC model cannot handle overcoROSite hemisphere. This suggests that the hemisphereyfeen
tact configuration, but the most extreme cases correspond to situatié@gpanion is hotter than the opposite one. When radiatics: pre
where both stars fill their Roche lobe. sure is added, the stars are less deformed. This implies k wea
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Table 2. Comparison between the spectra with and without radiation pressure.

Models  [[Amaxll  [[Ameanll Il Amedianl| lloall A>1%
Model1 Q0113 68x10% 32x10° 0.0014 12
Model2 Q0191 87x10“% 38x10* 0.0018 213

Model 3 Q0063 51x10* 30x10* 87x10* 0
Model 4 Q1247 00069 00022 00171 95820

temperature increase of the facing hemispheres causedeby

decreasing gravity darkening and a high&eetiveness of the 20
reflection process. This weak increase is therefoficsent to
explain the observations. 10
S o ©)
5
N
. _—

z (Ro)

4
y(Ro) o 1o
ol
-8 -4 0 4 8 S
x (R N -10,
Fig. 2. Value of the radiation pressure paramegenver the stellar sur- -20|
face for model 3. The highest values are located near the L1 point. 20\
y(Ro)
0
Espinosa Lara & Rieutord (2011) and Maeder (1999) ha' -20 0 20 40 60
suggested that von Zeipel's (1924) classical theorem resgjui 20 x (Ro)
©

modifications. These theoretical studies present more kmp

models that could be, at first approximation, equivalenthis tFig. 3. Surface modification by the radiation pressure for modébg:

classical von Zeipel theorem with a gravny-darkenmg PB&2  giar surface without radiation pressufBeet.Bottom: Star surface with
ter (GDP)p smaller than DO. Therefore, we chose this very de;,giation pressurefiect.

formed system in which the von Zeipel theorem implies strong

temperature variations to test the influencepadn the spectra.

We computed the spectrum for values of the GDP.260050, 3.3.1. Spectral classification

0.75, 125 and 150, all other parameters having the same value ) ) )

as model 3 in Table 1. We found that for a moderate change@pservational studies have shown that the primary and sec-
p (Of +/ - 025) the spectra are not notab|ﬁ‘®3ted_ We also Or)dary are an O7-8V and an 08-8.5 “|'V star. We first d'eter'
found that the variations remain within the noise level aflre Mined the spectral type of our synthetic spectra with thetiCon
data for variations of up te/ — 0.50. Therefore, since we made(Conti & Alschuler 1971) — Mathys (1988, 1989) criterion (&e
some other important assumptions (no Cross-ta”(' assunﬂ:)ti after Contl'—MathyS .Crlterlon). This criterion is based ba tatio
underlying the Roche potential), it is not useful to adopithar  Of the equivalent widths (EWs) of He14471 to He 1114542

more complex formalism for gravity darkening because itsdoor the spectral-type determination and on the ratio of tiésE
not notab|y #&ect our simulations. of SilV 14089 to He 114143 for the |Um|n03|ty'C|aSS determi-

nation. We found that our model spectra that include raaliati
pressure correspond to an 0O6.5-71 type for the primary spect

and an O7.5-08l type for the secondary. The determination of
the spectral type gives the same result whether the measntem

] ) ) is. made on individual spectra or on combined spéctiraour

This system was chosen as an example of one in which the raglsgel, the stars seem hotter, and the problem encountered in

ation pressure considerably modifies the shape of the stees (paper | concerning the luminosity class is again preseratussc
Fig. 3), underlining the potential significance of thiteet. The

system parameters (see Table 1) are based on the obsealationh “Combined spectrum” refers to the spectrum of the primary plus
study of Sk-67105 that was carried out by Bonanos (2009). the spectrum of the secondary, i.e. the spectrum of the entire system.

3.3. Model 4
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we overestimate the luminosity. In a second approach, we usecondary and an increase for the primary during the firéohal
the Walborn & Fitzpatrick (1990) atlas to compare individuahe orbital cycle. Finally, the SilV line displays irregubearia-
spectra to the reference atlas and thus re-classify the $téth tions.

the atlas we found for the primary and secondary an O(6.5)-7 V Bonanos (2009) reported a strong S{&eet in Sk-67105
and an 08-8.5 (lll)-V classification. The classificationngsthe for several lines that we studied in the model. The variatioin-
atlas is of course more qualitative, therefore we give agangl served are consistent with the definition of Linder et al.0@20Q

the best correspondence is in brackets. Within the unogéigaj i.e. in the first half of the orbital cycle the secondary (rgsp

the agreement with the observations is good. mary) line is deeper than the primary (resp. secondary)dire
the situation is reversed in the second half of the orbitalecy
However, even though some lines in our synthetic spectra dis
play strong EW variations, we did not observe this type ofsgha
The Struve-Sahadeffect (hereafter S-Sfkect) was originally dependence.

defined as the apparent strengthening of the secondarywmpect

when the star is approaching the observer and its weakegiing ¢

moves away (Howarth et al. 1997b, Linder et al. 2007). Amo 1 1
general definition is the apparent variation of the linersitkes
of either of the binary components as a function of the okbit
phase (Howarth et al. 1997b). Bonanos (2009) reported a gt » °¢ 06
considerable S-Sfiect for several spectral lines of Sk*@D5. &

3.3.2. Struve-Sahade effect

0.8

Wi

We studied eight of these lines in detail: Ha14026, 4143, o o
4471, 4713, 5016, SilM 4089, He 11114542, and 5411. 02 02
First, we analysed the EWs on individual spectra of the pi o ]
mary and the seconddtyThe measurements of the line EWs o o2 04 06 08 1 o o0z o4 06 08 1
were performed with the MIDAS software developed by ESC | Orbital phases Orbital phases

The EWs of lines in the spectra of the individual stars were deg. 4. Example of EW variations of the He 114542 line. The EWs

termined directly by simple integration with the integfit® 1 ,ve peen normalized to the highest val@ack: Primary. Grey:
MIDAS routine, whilst for the binary system, we used the desecondaryLeft: Variations measured on individual spectra (EMéx =
blendline command as we would do for actual observations @fs3A, EW, . = 0.47A). Right: Variations measured on combined
a real binary spectrum. The latter routine fits two Gaussre | spectra by fitting two Gaussians to the blended lines (G = 0.52A,
profiles to the blend of the primary and secondary lines. EW, max= 0.16A).

The EWs of the dferent lines measured on the individ-
ual spectra display phase-locked variations. For the pyintiae
EWs of the He | lines reach a maximum at phade (@hen the
primary eclipses the secondary) because the coldest ptré of
star is the rear part. Two minima are visible at phas@59 0.1
and 09 — 0.95 because the observer starts to see the front paiHfe last two characteristics that we studied are the lightecu
of the primary star. This part of the star is the hottest bseaun, the wavelength range 38007100 A and the radial veloc-
of the very dfective reflection in this system. The minimum isty curve. The two eclipses are clearly visible in the lightwe.
not observed at phase 0 because of the roughly annulareclippe depth of the eclipses agrees well with the observatives.
that hides a substantial part of the stellar surface. Thati@n  siress that light curves are “by-products” of the speciahgu-
amplitude is line-dependent with 5% for He 114026, 60% for tation and that CoMBiSpeC is not primarily designed for tigh
Hel 14143, and 20% for the other Hel lines. As expected fQfyrve computation. The semi-amplitude of the radial vejoci
heating &ects, the He I lines exhibit a reverse variation comg|so agrees well with the observations. The radial velowg
pared to the He | lines (see Fig.4). The SilV line displaysa si computed by taking the mean value of the velocity of the visi-
ilar variation as the Hel lines. _ble points of the stellar surface at a given phase weightetidy

For the secondary, the EWs display the same variation @gface projected along the line of sight. The values arergiv
the primary, but shifted by.B in phase. We can notice the zergor the primary and the secondary (observational valueawtor
value at phase.B when the secondary is totally eclipsed. Thets): 1383 (137) km s* and 3329 (326) km s. Finally, the syn-

variation amplitude of the He114026, 4713, 5016, and SilV thetic light curve and radial velocity curve agree well wiitiose
lines is small and less than10%. The amplitude is greater thangerived by Bonanos (2009).

~ 20% for the other lines (we did not account for the zero value)
The measurements of the combined spectra using a two-
Gaussian fit to the blended lines agree relatively well whth t 4, Eccentric models
variations measured on individual spectra for severaslih | ) L
114026, 4143, 4713, 5016, HeAll 4542, and 5411. The vari- We present here five models of eccentric binary systems.

ation amplitude is sometimes overestimated, though. The EW%‘?S‘?_ models are inspired by the following massive bi-
of He | 14471 are asymmetric before and after phase The naries: HD93205, HD 93403, HD 101131, HD 152218, and

variation does not seem regular but is similar to the vaneti HD 152248, and are named models E1, E2, E3, E4, and ES.

measured on individual spectra, i.e. a decrease of the EVieof § N€ Stars were studied by: Antokhina et al. (2000), Rauw et
al. (2000), Gies et al. (2002), Sana et al. (2008), Mayer .et al

8 The mean relative error of the normalized EWs can be estimated@P08), and Sana et al. (2001). The parameters used for the co
o = 103-1072. Theo given by the deblentine routine is of the same Putation are given in Table 4. We studied the spectral dlaasi
order of magnitude. This error estimation is valid for all studied linedon, the radial velocity curves, the broad-band light eyrand
throughout this paper. finally the S-S &ect. We computed the surface of these stars

3.3.3. Radial velocity and synthetic broad-band light curve
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with the TIDES code (Table #ottom gives the specific param- _ ** 79

eters used in the TIDES code) and used a modified versions 10435\.—\,M—/—// N _——
the CoMBIiSpeC code to compute the gravity and temperatuz wos—— 79
These quantities are not uniformly distributed across tbkas E 1025
surface and, in addition, change over the orbital cycle. 102 o

A sample of the phase-dependent behaviour of the mean 0 07 04 060810 02 e 06 08

dius, gravity, and temperature as well as their maximum a < 32 32

minimum values are shown in Figures 5, 6, and 7. The magm_/_\ W e
imum radius is largest near periastron (just before/@npist % **

after). A model based on an instantaneous Roche lobe, suct & ** 317 N~

the Nightfall ® program, presents the strongest variation strict £ °.. e
at the periastron passage. However, in the TIDES code,véscc  °© 02 04 06 08 1770 02 04 06 08 1
effects that lead to a delay are taken into account. The mostcc 3% sz

pact systems, model E1, the secondary of model E2, and ma

~ 38 —————————— 3.9 — e ——
E3, remain nearly spherical during the entire orbital cyskee %
Fig.5) because the mean radii are nearly constant and thedtig = 375 a8
relative diterence between the maximum and minimum radii ', a6
less than (5%. This is not surprising because models E2, and [ % ombital phases °% Orbital phases

Mean values Highest values Lowest values

have the longest periods, hence the widest separation, adelm
E1 contains relatively compact main-sequence stars. ‘

Fig. 6. Variations of the mean, highest and lowest visible radius, temper-

0215 ‘ ‘ ‘ ‘ 01 ‘ ‘ ‘ ‘ ature, and log(g) for model E4eft: Values for the primary staRight:
. " Values for the secondary star.
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Fig. 7. Variations of the mean, highest and lowest visible radius and
temperature for model E9.eft: Values for the primary staRight:
4.1. Spectral classification Values for the secondary star.

First, we applied the quantitative Conti—-Mathys criter{@onti

& Alschuler 1971, Mathys 1988, 1989). The spectral types thg Fitzpatrick (1990) atlas. This atlas was used with the indi
we found for our simulated spectra either agree well with thgqual spectra, which for real observational data can oelpé
observations or are hotter than the observations. Thertatélis sessed through spectral disentangling. The atlas is mailgagu
present a weak He14143. This makes measuring the spectige than the Conti—Mathys criterion but relies on a largeber

of this system dticult and uncertain. The luminosity classegf jines. We can now achieve a better agreement with theielass
are, as in Paper |, overestimated for models E1, E3, and Egagtion of the real binary systems (see Table 5).

Model E2 and the primary of model E1 are too hot for the Conti—

Mathys luminosity criterion. The luminosity classes agnes|

for model E4. The problem of simulating singlet transitidn o4.2. Struve-Sahade effect
Hel reported by Najarro et al. (2006) and discussed in Papelr I

. ; S . n our sample of binaries, two are known to present tiflisat:

is probably responsible for the general luminosity clasaffon S

problem. To refine our classification, we again used the Walbd D 93403 and HD 152248. They inspired our models E2 and
5. In our analysis, we detected variations of the line gfitem

® For details see the Nightfall User Manual bymodels E1, E2, E4, and E5. However, we observe an Seste
Wichmann (1998) available at the URL: hiiimww.hs.uni- inthe sense of Linder et al. (2007) only for some lines in nhode
hamburg.d®E/Ing/PeyWichmanriNightfall.html E2.
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Table 4. Parameters (from Antokhina et al. (2000), Rauw et al. (2000), Giak £002), Sana et al. (2008), Mayer et al. (2008), and Sanla et a
(2001) for models E1 to E5) of the eccentric binary systems. Inclinatiobsackets stand for non-eclipsing systems.

Parameters ModelE1 Model E2 Model E3 Model E4 Model E5
Period (day) a8 15093 96466 5604 5816
Eccentricity 046 0234 Q156 0259 0133
Argument of periastron of secondary ( 1974 2025 302 284 82
Mass ratio 04 054 063 074 098
Inclination () (60) (32) (56) (60) 62
Mass of primary M) 45 685 362 245 278
Mass of secondanMe) 20 373 229 182 272
Primary polar temperature (K) 49000 39300 40500 32800 34350
Secondary polar temperature (K) 36500 40100 35000 31200 34000
Polar radius of primaryRs) 9.2 240 95 103 160
Polar radius of secondarfRé) 7.0 100 7.7 7.9 145
visin(i) (kms™) 135 144 102 152 135
vosin(i) (kms™?) 145 75 164 133 135
B@ of primary Q64 206 180 109 081
B of secondary ®1 259 357 124 089
TIDES code parameters
Viscosity, v, of primary R, day™) 0.05 0045 0028 Q05 005
Viscosity, v, of secondaryRéda)rl) 0.05 001 0028 Q02 002
Layer depth ®m1 01 0.07 002 01
Polytropic index of primary b 3 15 3 3
Polytropic index of secondary 3 15 15 15 3
Number of azimuthak latitudinal partitions 50 20 500x 20 500x20 500x20  500x 20
Notes. @Thegs parameter measures the asynchronicity of the star at periastron afohesdobys = O.OZF"’F’{m X % wherev, is the equatorial
rotation velocity,R is the equilibrium radius, anglis the eccentricity.
Table5. Spectral classification using the Conti—-Mathys criterion and the Walborn &dditzk atlas.
Stars Combined spectra  Individual spectra W&F atlas Observationbjisis
Model EX 03 03 03-4 (IV)-V o3v
Model E? 07.51 o7l 08-8.5 1lI-(V) o8V
Model E2 05.5 04 05-6 (I)-1 05.51
Model EZ 04 o4 o7-8 1lI-(V) orv
Model E3 o6l 05.51 06.5-7 1lI-(V) 06.5V
Model EZ 06.51 o7l 08.5V 08.5Vv
Model E4 o8l 08.5lll 09-9.5 (ll)-V o9lll
Model E#4 o9lil 09.5Vv 09.5-9.7 lll-(V) 09.7V
Model E5 06.51 o7l O7-8 llI-(V) o7lil
Model EZ o7l o7l 07.5-8.5 (ll)-V o7.511

Notes. *Primary.?Secondary.

For all models, we investigated eight “well-chosen” linas isults of the deblentine routine and the actual individual spectra
the spectra at 20 phases (the phase zero corresponds taithe {gemostly poor. We present in Figs. 9 and 10 examples of typi-
astron passage). The lines were chosen following threerierit cal variations observed in our analysis. The (inverse) tiepa
first, we selected the lines for which an S-eet is reported (Fig. 9right, grey or Fig.10left, black) is often observed and is
in the literature. The second criterion is based on a viseal directly related to the orbital motion. Constant EWSs or itieg
tection of variations in the line profile in the synthetic efpa, variations are also often observed. A constant EW is mo$tly o
and finally, the third criterion is based on the fact that stimes  served in long-period systems. We also encountered othesty
present the S-Sfiect more often than others. As in Paper |, wef variation patterns such as those presented in Fig.itbt(
draw attention to possible blends with nearby lines thatoed- grey) during our analysis. The amplitude of the EW variations
ify the strength and lead to misinterpretations. depends on the line and the system. The variations observed o

We followed the same procedure as in Paper | and measufddjvidual spectra can be explained by the physical vanei
the EWs in the simulated combined spectra of the binary at dffi. (N€ temperature and gravity at the stellar surface dufieg
ferent phases as well as in the simulated spectra of theidndivy O'Pital cycle (we give an example of the interpretation df th
components of the binary at the same phases. This approacfy&fiation in subsection 4.2.1). The explanation of the St&ce
lows us to compare the line strengths that are deblended friigt We suggested in Paper | seems to be reinforced by these
the combined spectrum with the actual individual specttachy €W analyses. The S-3fect seems to be due to the combina-
is not possible with the real observational data. We founava 10N Of the spectra in which the lines have a non-Gaugsam

tions in the EWs in many of the individual spectra as well as ffPréntzian and even asymmetric profile. Under these canfi

the combined spectra. However, the agreement between-thetlf‘g deblendine routine introduces systematic errors that mimic
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Fig. 8. Combination of the O 1115592 line of the primary and the sec- 0 0
ondary for model E2 at phase2®. The deblenfine routine will not fit 0 05 1 0 05 1
the line of the secondary properlfop: The resulting lines of the two Orbital phases Orbital phases

Gaussian fitsMiddle: Individual lines of the primary and secondary o
computed with our model and normalized to the continuum of the eig. 10. Example of EW variations for the Hed 4471 and Hella

tire systemBottom: Spectrum of the system and corresponding fit 0#412 lines for model E1. The EWs have been normalized to the high-
MIDAS. est valueBlack: Primary.Grey: SecondaryTop: Variations measured

on individual spectra (EWmax, nel = 0.04A, EW, max, nen = 1074,
EWs, max, Het = 0.59A, EWS, max, Hen = 0.98A). Bottom: Variations mea-

the S-S fect. This is illustrated in Fig. 8, which shows that thgured on combined spectra (EWax, el = 0.05A, EWp, max, hen =

deblending routine erroneously selects the bump that Bete ¢ goA EW, ya yei= 0.21A, EWs max ren= 0.294).

by the superposition of the two lines as the secondary star's T o

sorption line. The secondary’s line appears as a weak bontri

tion on the red wing of the primary star's absorption. Howese of the stars and the variation of the visible part of the starpe-

fit with two Gaussian pI’Ofi|eS will consider the bump as thecoﬁastron passage, we see the rear side of the Secondar}umca

of the secondary line and thereby overestimate its strength  the stars are close, they are quite deformed and therefere th
visible part of the secondary is cool, which leads to a retdeo
ment of the Hel lines. For the primary the hemisphere facing

Hel ) 4471 105 O IIT X 5592 the companion is visible at this phase. However, becaugerthe
1lle® so00 L mary is deformed, and owing to the large temperatuffedince
09 between the two stars, the reflection process does not heat th
2 08 095 primary significantly. Thus it is also the coldest part of tire
Q- 09 mary that is visible at this phase. When the binary separation
0.85 increases, the stars become nearly spherical. The terapedt
06 - — J osls — ] the primary becomes nearly constant and the EW of its lines

do not change. However, for the secondary, we begin to see the
front part of the star. Whilst the reflection is not verjeetive

1 1 for heating the primary, it is veryfiective for the secondary and
08 08 accordingly, when we see the front part of the latter, theptem
2 06 0.6 ature increases. The increase is stronger because thats@par
& 04 0.4 between the stars decreases during the second half of tiial orb
0.2 0.2 cycle.
0 0 . The EWs measured on combined spectra (see Fig.10,
0 .05 1 0 .05 1 Bottom) are not consistent with those measured on the individ-
Orbital phases Orbital phases ual spectra (except for the Hell4143 line of the secondary).

Fig.9. Example of EW variations for the Hed 4471 line for model AS menf[ioned qbove, this inconsistency is due to th.e deblend
E2 and for the O1l11 5592 line for model E4. The EWs have beerl"Y routine, which does not properly separate the Iln_es ef th
normalized to the highest valu®lack: Primary. Grey: Secondary. Primary and secondary stars. For example, the blue-stutied
Top: Variations measured on individual spectra (EMi, ver = 0.17A, POnent may have a larger EW than when it is red-shifted. This
EWy, max o = 0.18A, EWE max e = 0.34A, EWs max, oun = 0.11A). inconsistency is reduced when the lines are measured aalorbi
Bottom: Variations measured on combined spectra (Ek v = PPases atwhich they are clearly separated.

0.17A, EWp, max, o = 0.14A, EW max, et = 0.10A, EWS, max, o

0.08A). 4.2.2. Model E5

For this last model, we investigated the Hg14026, 4143,
4471, 4713, 5016, SilM 4089, He 1114200, 4542, and Ol
15592 lines. The EWSs of the He | and SilV lines in the primary
display a U-pattern with a maximum at phasé 6 0.05 and a
In this model, we mainly observed variations illustrated iminimum at phase.@5 - 0.55. The EWSs of the secondary dis-
Fig.10. These variations can be explained by the orbitalanot play a symmetric variation with respect to the primary, hesve

4.2.1. Model E1
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ity and diference of the two models. For models E1 and E4,

Fig. 11. Example of EW variations for Hed 5016 and He lla 4200 our light curves present qualitatively the same Charar.ted as
for model E5. The EWs have been normalized to the highest vaid¥ghtfall. The TIDES code leads to more compact objects than
Top: Variations measured on individual spectra (E e = 0.20A,  the instantaneous Roche potential. Therefore, becausstatse

EWp, max el = 0488, EW,, ma. tet = 0.21A, EW,, ma, ten = 0.48A. are more compact, all other parameters being equal, thégrav

Bottom: Variations measured on combined spectra (EM ne = darkeningisless strong and the reflectidieet is more éective
0.128, EWy max tint = 0.27A, EW, o 1ot = 0.11A EWS’ max' Hell = and consequently the stars are hotter. Near periastrodiffee
0.24A) e T T ence between the two models is stronger because our model pre

dicts a weak variation of.02 mag andNightfall predicts no vari-
ation. The very low inclination (60 explains this small change

the amplitude of the variation is smaller. The Olll line deggs  Of magnitude. Because the stars are less deformed (thae in th
the inverse behaviour compared to the previous lines. lisinalNightfall model), the reflectionféect is more #fective near pe-
the He Il lines in the primary display two maxima at phasgs oriastron and accordingly, it also increases the tempezatithe
and 07 with an intermediate minimum at phas® 6hat give us Stars which enhances thefidrence between the two models.

an M-pattern variation. The secondary presents a low-anagli Some other dferences arise because of the time delay induced
U-pattern variation. by viscous stress. For model E1, the agreement between the tw
The EWs measured on the combined spectra are nearly corpdels and the light curve observed for HD 93205 by Antokhina
stant for the He 114026, 4471, 5016, He W 4200, 4542, and €t al. (2000) is poor, however. Models E2 and E3 give very dif-
O Il 15592 lines for the primary and secondary stars. The Si f¢rent results with our code arfdghtfall. These two systems
line displays irregular variations but a mean value of thmary have a longer period and are more compact in our model than
higher than the secondary for phases befds@fd a mean value in Nightfall. The discrepancies probably come from thiéeatent
of the secondary higher for the second part of the orbitalecycradii of the stars. Finally, the light curve of model ES desyd
The He 14713 line displays constant EWs for phases befot8€ two eclipses in both models but in our model, the eclipses
and after B but the value is dierent before and after phase2re deeper than evaluated withghtfall (see Fig.12). Again the
0.5. Before phase.B the primary has a lower EW than the secdifference can be explained by the smaller rad|u$ of the _star in
ondary and after phaseSthe primary has a larger EW than the?ur model. Some other smallfférences can be easily explained
secondary. Finally, the variations observed for the HélL43 DY the viscous fects. The agreement between our model and
line are consistent with the variations measured on indaid the observations of Mayer et al. (2008) is rather good, thoug
spectra. All variations measured in our model underestiria  We slightly overestimate the depth of the eclipse of the arim
observed S-Sfeect. The mean brightness ratios in the wavelength range 3800
In conclusion, our models display, in general, some varigi00 A are similar to the literature values. Finally, we dete
tions of EWs during the orbital cycle. The variations on thessp mined the amplitude of the radial velocity curves and found a
tra of individual components are caused by the orbital nmotigyood agreement with the observations (see Table 6) forrall si
and the modulation of the visible part of the star. Howeueg, t ulated systems.
variations that we measure on combined spectra and thel visua
variation of the relative strength of the line of the primaiyd
secondary stars are not strong enough to completely exiblain

S-S dfect as observed by Sana et al. (2001). Table 6. Semi-amplitude of radial velocity curves for eccentric models

and comparison with observations (in km)s

4.3. Synthetic broad-band light curves and radial velocity Stars K Kz Ki,obs K2, obs
curve ModelE1 1363 3088 1326 3136
Model E2 773 1428 793 13920

The synthetic light curves were computed in the wavelength Model E3 1253 1975 1170 2110
range 3800- 7100 A. We compared our light curves to those ModelE4 1576 2139 1624 2139
obtained withNightfall. Nightfall provides synthetic light curves Model ES 2098 2084 2069 2117

based on an instantaneous Roche potential and thus doek@ot t
any viscous stress into account. We point out here the simila

10
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5. Summary and perspectives gradient at their surface (e.g. HD 100213, Linder et al. 2007

) ) the technique fails becausefférent lines have tlierent radial
We have presented improvements of our mathematical mogg|ocity amplitudes. In eclipsing binaries, disentanglgannot
that allow us to compute the physical properties on the earfaye used for the phases near the eclipses. This techniquiel@sov
of massive stars in binary systems that contain main-s@guefean spectra of both components, and even if we can measure
O(B) stars. The first improvement is the inclusion of the tadjariations with respect to this mean, we cannot compute the
ation pressureftect on the shape of the stars. The second iBpectra at each orbital phase.
provement is the use of the TIDES code to compute the shape A future step could be to introduce cross-talk which is surel
of the stars in eccentric afat asynchronous systems. In bothsypstantial in eccentric and asynchronous systems. e
cases, we took into account variougeets such as gravity dark-pjan to include a wind interaction zone between the starshvhi
ening, reflection, and limb-darkening which allowed us tmeo could contribute to the heating of the stellar surface invagys,
pute the temperature distribution at the stellar surfa_benTwe either by backscattering of the photospheric photons, air-by
used the TLUSTY OSTAR2002 and BSTAR2006 grids (Lanz &diation of X-ray photons emitted by the shock-heatedmpias
Hubeny 2003, 2007) to compute the spectra of each star of tRehe wind interaction zone. This requires, however, mare s

system as a function of orbital phase. We showed that in a nughisticated atmosphere models than what we have employed so
ber of cases, the radiation pressure does not have a stropagimsgy.

on the shape of the stars and therefore on the spectra fordtie m

els studied in Paper I. This implies that the conclusionsapie?|  Acknowledgements. MPand GR  acknowledge support through the
for the S-S @ect remain valid. Our results showed that the radigMV/INTEGRAL PRODEX contract (Belspo), from the Fonds de Recher

. . - cientifique (FRENRS), as well as by the Communatrancaise de Belgique
tion pressure has awea_k Impacton the_Shape of highly deﬂ)rm%ction de recherche concér - Acaémie Wallonie - Europe. GK and EM
stars of (over)contact binary systems like model 3. Howewer acknowledge support from UNAMAPIIT 107711.

model 3, the small changes in the shape of the stars haveedsol
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