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ABSTRACT

Aims. We present a spectroscopic analysis of four massive biyatgms that are known or are good candidates to display theest
Sahade fect (defined as the apparent strengthening of the secongacyrsm of the binary when the star is approaching, and the
corresponding weakening of the lines when it is receding).

Methods. We use high resolution optical spectra to determine newairiblutions and spectral types of HD 165052, HD 100 213,
HD 159 176 and DH Cep. As good knowledge of the fundamentarmpaters of the considered systems is necessary to exargine th
Struve-Sahadefiect. We then study equivalent width variations in the linelsaith components of these binaries during their orbital

cycle.

Results. In the case of these four systems, variations appear in thigadent widths of some lines during the orbital cycle, b t
definition given above can any longer be valid, since it is mbsar that the #ect modifies the primary spectrum as much as the
secondary spectrum. Furthermore, the lindsaied, and the way in which they arected, depend on the considered system. For at
least two of them (HD 100 213 and HD 159 176) these variatioabably reflect the ellipsoidal variable nature of the syste

Key words. stars: individual: HD 100213, HD 159176, HD 165052, DH Cejirakies: spectroscopic — stars: fundamental parameters

1. Introduction flected by the Coriolis force to a position above the leading a
) . mosphere of the secondary star. Assuming that the wind of the

Massive early-type stars of spectral type O, because aftiigh  secondary star is the weaker one, the secondary’s surfade wo
temperatureTer > 30000 K) and luminosity{ 10° - 10° Lo), pe heated by the proximity to the shock region and this would
play a key role in the ecology of galaxies. Indeed, theseatbjeincrease its contribution to the composite spectrum whés it
are responsible for the ionisation of gaseous ne_bulae,(a;uj lapproaching (deeper lines). The studies of Stickland (180a@
a huge quantity of matter in the form of stellar winds 10"~ [Bagnuolo et al.[(1999) on IUE data of three massive binaries
10°° Mo yr'). A large fraction of these stars are actually bitHD 47129, AO Cas and 29 CMa) did not allow them to de-
nary or multiple systems. Whilst this fact allows us to detile  termine the cause of theffect, but they concluded that these
some fundamental properties of these stars, it also inbeRlu siars tell ‘a diferent tale’, and that the Struve-Sahaffeet may
other unexpectedfiects. One of the possible signatures of thgrise from several distinct mechanisms. More recentlyttibe-
interactions between the system’s components is the $edcaletical developments 6f Gaylely (2002) dnd Gayley ef al. 7200
Struve-Sahadeeffect (S-S dfect, hereafter). Thisfiectis defined haye suggested that the Struve-Sahatieecould be linked to
as the apparent strengthening of the secondary spectrune ofdyface flows driven away from one star which would tend to
binary when it is approaching, and the corresponding weakeiympensate the rotational broadening of the componentgovi
ing of its lines when it is receding (Bagnuolo etlal. 1999)s¥i owards the observer (yielding narrower and deeper lined) a
reported by Struve (1987), thisfect casts some doubt on théphance the rotational broadening when the component is re-
accuracy of massive binary parameters, such as masses-angdding (broader and shallower lines). While preliminarsutes
minosity ratios. The first tentative explanation, essdgtiiali- - ingicate that this new scenario can produce variationgairto
tative, came from Struve (1950), who associated tfigsoewith  those seen in the S-Sfect, detailed comparison with observa-
gaseous streams sweeping the trailing side of the secoaddry tjonal data is still needed.
then obscuring the secondary star when the latter is regedin
(see also_Sahade 1959). More recently, Gieslet al. (1997) pro
posed a completely flerent scenario. They argued that the bow
shock produced by the encounter of the two stellar winds-is de
In this paper, we discuss a set of spectroscopic observa-
Send offorint requests to: N. Linder tions of four early-type binaries. Our sample consists oinma

* Based on observations made at the European Southern Oosgrvesequence O-type stars with orbital periods of a few days. We
(La Silla, Chile) and at the Observatoire de Haute ProveRcance).  derive new orbital solutions for these systems and analyse t
** Research Associate FNRS, Belgium variability of the spectral lines considering the Struvah&de
*** Postdoctoral Researcher FNRS, Belgium effect.
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12 — ‘ Table 1. Journal of the observations of HD 165052. The first
Primary column lists the heliocentric Julian date (HJD), the seqomd

vides the phase as computed from our orbital solution (sbleTa
[@) and the third and fourth ones give the radial velocitiesdus
to compute the orbital solution respectively for the prignand

—_
—_
LI R B B S

Normalized flux

secondary stars.

Secondary

i - HJD Q) RV, RV,
L i - 2450 000 (kms) (kms?)

0o L ] 1299.7250 023  88.3 -100.8
= 4 1300.7319 0.57 -56.5 76.9
r 7 1300.9264 0.63 -86.7 96.6
o el el El = 1301.9281  0.97 312 -24.9
4500 4600 4700 4800 1304.7434 0.93 -80.1 103.7

A (4) 1304.7507 0.93 96.3 -111.3
Fig. 1. Normalised disentangled spectra of HD 165 052, between iggggggi 838 _g;; 1822
4455 and 4895 A. The primary spectrum was vertically shifted 1327.6014 0.66 7.4 1.7
by 0.15 units for clarity. 1327.9127 0.77 150 -125
1670.7601 0.78 40.1 -39.5

1671.7225 0.11 17.9 -25.8
1672.7016 0.44 -15.9 28.7
2335.8879 0.86 -41.0 56.9

2 HD 165052 2336.8791 0.19 975 -118.5
2337.8880 0.53 -54.9 70.1

HD 165052 is a massive binary that probably belongs 2338.8808  0.87 -46.1 47.8
to the open cluster NGC 6530, in the Lagoon nebula ggg?'gggg 8.4213 gg_g '11é'$
(van Altena & Jones 1972). Its SB2 nature was first discov- 23828569 075 -79.7 103.3
ered by Contil(1974) and Morrison & Canti (1978) derived the 2383.8577  0.09 954 -103.1

first orbital solution from 20 optical spectra obtained witie
Coudé-feed telescope at Kitt Peak. They found a slightrecce
tricity (e = 0.06 + 0.04), a period of 84 + 0.002 days and
similar spectral types (06.5 V) for both componehts. Mamis 2.1. Orbital solution

5 . . X
(975) observed this system without detecting any photom% order to calculate a new orbital solution, we applied a dis

: )= S y .
B e Kt centangling method to separate he o componen o he 5y
q y tem while simultaneously determining their radial velmst

data allowed them to find a period of 2.96 days. They ag= , ; > . .
- i . A (Gonzalez & Levalo 2006). This consists of an iterative-pro
?grgegc?r;eg?:[‘;clegggég' \II:inrt]r? Iﬁlﬂﬁré‘rr:f rsezi)(lﬂ.ti((‘)zngoazr)l dSiL‘ESEltel C_cedure that alternatively uses the spectrum of one componen
P ! A ! pec roperly shifted according to its radial velocity) to statutt it
tral ranges (from 3900 to 7600 A). They confirmed the perigglym the observed spectra and to calculate an approximation
found byl Stickland et all (1997) but found an eccentricity@q

. - e spectrum of the other component. This technique is more
to 009+ 0.004. They used their new values ®andP 1o re-  ,qerfy| than the commonly used method of fitting a Gaussian

compute orbital solutions from older data and detecteddapsi e 1o the studied lines, and allows us to determine the ra
motion. In the X-ray domain, Corcoran (1996) detected a@hag;,)| ye|ocities of both components at phases when the lires a
locked variability in ROSAT archive data of HD 165052, busth paa.jly plended. The disentangled spectra of the comperuént
was based on the wrong value of the orbital period. This f@st Wy 165 052 are shown in Figl 1. Due to some residual uncertain-
however confirmed by Arias etial. (2002), who reanalysed theq op, the normalisation of the observed spectra, somfaeise
data using their new period. They observed phase-lockdd vaj,nearin the disentangled spectra as low frequency méohsat
ations of the X-ray flux with a rise of the emission near botf ihe continuum level. The values of the radial velocitiev's)
quadratures and explained these modulations as a restile ofgh g with this method are listed in the third and fourth cohs
presence of colliding winds in the system. of Table[1. The lines used for this calculation are He4471,

Observations of HD 165052 were gathered at the Europesg 11 1 4481, He 114 4542, He 111 4686, He 11 4713 and H.
Southern Observatory (ESO), with the Fiber-fed Extendethe orbital solution itself was calculated with the progia@SP
Range Optical Spectrograph (FEROS) mounted on the 1.5(mége Orbital Solution Package) which is based on the otbth
telescope at La Silla. Twenty one spectra were obtained kg-Wolfe et al. (1967), subsequently modified to be applied to
tween 1999 and 2002, in the [3750, 8700] A wavelength d&B2 systemg (Rauw etlal. 2000; Sana &t al. 2006). Table 2 gives
main. Typical exposure times range from 7.5 to 20 minutes atite main orbital elements computed for HD 165 052, and the cor
the mean signal to noise ratio (SNR) of the spectra is 340. Thesponding uncertainties. As a first guess we adopted thiedper
spectral resolving power of FEROS is 48000. The journal ef obrom |Stickland et al.| (1997) and allowed it to vary during the
servations is presented in Talile 1. The data were reduced emmputation of the solution. The results obtained are ctose
ing an improved version of the FEROS pipeline (see Sana etthle parameters of Arias etlal. (2002), except for a sliglattgér
2003) working in the MIDAS environment. We mainly used th&, and hence for somewhat larger masses.[Big. 2 shows the ra-
normalised automatically merged spectrum, and checkerkeurdial velocity curve of HD 165052 as a function of the orbital
sults on the individual orders in case of doubts. phase.
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F 7 Table 2. Orbital solution of HD165052T refers to the time of
L ] periastron passage. K anda sini are respectively the systemic
100 | velocity, the amplitude of the radial velocity curve, and firo-
- q jected separation between the centre of the star and theeadnt
L i mass of the binary system. Quoted uncertainties aredtesrbr
50 - 7 bars.
'n L ] Parameter Primary Secondary
£ 0 -
=) C ] P (days) 2.95515 0.00004
z i 1 e 0.081+ 0.015
50 L ] w () 298.0+ 10.2
- . To (HID) 2451299.052 0.081
1y ] v (kms?h 21+1.2 1.4+ 1.3
oo ) K (km s1) 96.4+ 1.6 1135+ 1.9
L | asni (Ry) 56+0.1 6.6+ 0.1
C ° ° M sindi (M) 1.5+0.1 1.3+ 0.1
i ! C \ i Q (M1/M2) 1.18+ 0.02
0 0.5 1 r.m.s. (km s?) 6.2

Fig.2. Radial velocity curve of HD 165052 calculated from )

the orbital solution of TablEl2. Primary data are represthge (© @n O6 spectral type for the primary and O6.5 for the sec-
filled symbols, while secondary data are represented by o ary. The uncertainties on these numbers (at least lartia
symbols. The RVs have been determined through a disentdHe o the S-Stéect, see Sect.2.3) correspond to a range for
gling of the primary and secondary spectra using the methBt§ Primary between O6 and 0O6.5, and for the secondary be-
of (Gonzalez & Levaio (2006)b = 0 corresponds to the phase¢een O6 and O7. As a second step, equivalent widths were mea-
of the periastron passag® (= 0.93: secondary conjunction,sured on the disentangled spectra and the corresponding spe

® = 0.15: primary’s ascending nodé, = 0.41: primary con- (ral types are 06.5- O7. In agreement with_Mathys (1988),
junction,® = 0.70: secondary ascending node). the fact that the He IR 4686 line is seen in absorption, with-

out any hint of an emission component, suggests that the lumi
nosity class of both stars is V. For spectral types O7 and ear-

Using the disentangled spectra, we determined the project": Mathys (1988) proposed EMA686) = 0.56 A as a de-
rotational velocities\( sini) of the primary and secondary stafmarcation between the giant and main-star luminosity elss
applying the Fourier method (see Simon-Diaz & Herrero?ZOO'f we take the optical brightness ratio of the_ system_lnto ac-
Gray [2005) to the profiles of the disentangled Ha #471, count ¢ = 1.55), our measurements of equivalent widths on
He 1l A 4542 and H line profiles. In this way, we determinethe HD 165052 FEROS spectra indicate values of 0.79 and 1.0
values of 73+ 7 and 80+ 7 km s for the primary and sec- A for the primary and the secondary, respectively, thus confi
ondary component of HD 165 052 respectively. These valiees #rg the main-sequence luminosity class of the componehis. T
similar, which suggests a synchronous rotation of the cempaptical brightness ratio has been determined by compahiag t
nents since their spectral types, and hence radii, are waiy s observed EW ratio between the primary and secondary star to
lar. Furthermore, when we introduced the parameters ofythe sthe same ratio evaluated for a sample of stars with the saewe sp
tem in the formula of Tassoul (1990), we found a circularisdral type (Conti & Alschuler 1971; Coriti 1973). The comparis
tion time of less than 33 500 years. However, we kept the eccavas performed for the He U1 4200,4542 and 4686 lines, and
tric solution as the best orbital solution for HD 165052 (sas '[—; = 1.55 is thus valid in the optical domain. Finally, spectra in
Arias et all 2002), because of the better quality of the fdeked, Fig.[1 show the N 11111 4634,4640,4641 lines in emission, wich
the rms of 9.0 km " is improved to 6.2 km's: when we con- |eads to an O((f)) spectral type.
sider an eccentricity equal to 008 instead of O F|na.”yNd In order to check these resu'tsi we Compared the dis-
suppose that the angular velocity of the system is equabtoth entangled spectra of Fidll 1 with the spectroscopic atlas of
dividual angular velocities of the stars (co-rotation),fwel that \walborn & Fitzpatrick(1990). For the primary star, the fewit
the inclination of the orbit should be equal to°28his value is the He 11 4471 and the He 1N 4542 lines have almost the
too large compared to the inclinations found by Sticklanalet same intensity and that the He 114686 line is more intense
(1997) anc_Arias et al. (2002) and leads to surprisingly 5mahan He 111 4542 indicates an O7 spectral type rather than 06.5.
absolute masses. There is thus probably no synchronous ggr the secondary star, it is clear that the He4471 line has a
rotation in HD 165052. greater intensity than He 1 4542, which indicates a later spec-
tral type than O7, thus O7.5 or O8. The discrepancy between th
spectral type found with the method|of Mathys (1988) and the
method of_Walborn & Fitzpatrick (1990) seems to come from
A gquantitative spectral classification for O-type stars hasn the fact that the first one is based on the equivalent widibgat
developed by Conti (Conti & Alschuler 1971, and subsequewhile the second one uses intensity ratios of the lines. rit ca
articles) and refined by Mathys (1988, 1989). This criteriobe seen in Fid.]1 that the Hell4471 line is narrower than the
is based on the ratio between the equivalent widths (EW) HE Il 1 4542 line, which leads to smaller equivalent widths, even
He | 14471 and He 11 4542. The equivalent widths were di-when the intensity is higher, and thus to earlier spectna¢sy
rectly measured on the spectra after a standard deblenélind-mally, the fact that the primary component of Hell##542 has
the lines, by fitting two Gaussian profiles to the data. Théslfe an intensity larger than the secondary component in thendise

2.2. Spectral type determination
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Fig. 3. Different spectral lines of HD 165052, at opposite orbital phia®d9 (when the secondary is approaching) and 0.66 (when
the secondary is receding). The Struve-Sahdi@de&is clearly visible in the He 11 4026 and 4471 lines but less in Ha #921.

T equivalent width of the lines of either star is 85% larger wite

is approaching than when it is receding. On the other hand, no

significant éfect could be detected in the Ha 921 line nor in

any other line between 3900 and 7000 A (see [Hig. 3). To quan-

tify the impact of normalisation errors, the same measurgsne

have been made on afiise interstellar band (DIB, = 5780A)

and the level of the noise in the DIB equivalent widths is low

compared to the variations detected in the He | lines (the- sta

dard deviation of all measurements is about 2%). Furtheemor

the variations of the ratio between the equivalent widthhef t

primary and of the secondary component have the same behav-

ior for the two He I lines, as can be seen in K. 4, which indi-

cates that the variations detected in Hedl471 are probably real

and are not due to noise or normalisation errors, even if éney

somewhat weaker than the variations in He4026. This ratio

is almost constant all over the orbital cycle for the He4921

0 : b ‘ line. Finally, we have checked that no DIB exists on the blue
0 0.5 ! side of the He 1 4026 line that could bias the equivalent width

measurement of the approaching component.

2.5

1.5

EW_1/EW_2

o =1 x X
Xm
< om

0.5

Fig.4. Equivalent width ratios (primasgecondary) of

He | 2 4026 (filled squares), He R 4471 (open squares) HD 100 213

and He 144921 (cro_sses) in the HD 165052 binary system, g’s

a function of the orbital phase. HD 100213, also called TU Mus, is an eclipsing contact bi-
nary with a very short periodP ~ 1.39 days). It has been

) ) studied in the optical wavelength domain both spectroseilyi
tangled and all observed spectra confirms that the primary sind photometrically by Andersen & Gronbe¢h (1975) who de-

has an earlier type than the secondary star. scribed it as a binary system containing unevolved stars-of t
tal mass around 40 M These authors also computed an orbital
23 Struve-Sahade effect solution, with radial velocity amplitudes equal to 25%3.8

and 370.5+ 4.3 km s, for the primary and the secondary, re-
Arias et al. [(2002) claimed the detection of a S{&et in this spectively. On the other hand, Stickland et al. (1995) aswly
system for the He WA 4471, 4921 lines but they did not pro-lUE data and found a large discrepancy with the radial veloc-
vide quantitative results. The presence of the Struve-Babk ities of |[Andersen & Gronbech (1975), obtaining smaller val-
fectis confirmed for the Hed 4471 line by our FEROS spectra.ues ofK; = 2167 + 2.7 andK, = 3454 + 3.1 km s and
Indeed, we have measured the equivalent width of this linetaus lower masses. They attributed this fact to the rathedlsm
different orbital phases, and its value is 21% larger when tine stamber of lines measured by Andersen & Gronbech (1975) and
is approaching compared to phases when the same star is retedheir incomplete coverage of the orbital cycle. However,
ing, both for the secondary as well as for the primary stahef tTerrell et al. [(2003) calculated a new orbital solution gsiine
system. The same behavior appears, stronger, intH®P6: the FEROS spectra and found results in good agreement with those
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Table 3. Same as Tablg 1 but for HD 100213. Table 5. Same as Tablg 2 but for HD 100213.
HJID [) RV, RV, Parameter Primary Secondary
— 2450 000 (kmsh  (kms?)
P (days) 1.3873 (fixed)
2335.5871 0.10 118.6 -276.4 e 0 (fixed)
2335.7079 0.19 207.3 -361.2 To (HID) 2452334.05% 0.005
23375760 0.54 -31.6 -31.6 v (kms1) -13.2+5.9 -26.3+6.9
2337.7070 0.63 -193.2 239.1 K (kms?) 249.7+ 6.2 369.2+ 9.1
2338.5718 0.25 235.7 -384.3 asni (Ry) 6.84+ 0.17 10.12+ 0.25
2338.7038 0.35 208.1 -324.6 M sini (M) 20.32+ 1.07 13.74+ 0.65
2339.5706 097 -22.4 -22.4 Q (M1/M2) 1.48+ 0.06
2339.7030 0.07 3.0 3.0 r.m.s. (km s?) 13.6
2782.5876 0.31 226.0 -361.6
2783.6331 0.06 13.4 13.4
2784.6100 0.77 -260.8 347.9 400 — —

Table 4. Amplitudes of the radial velocity curves (in km'3 of
the He lines in the HD 100 213 spectra. Quoted uncertaintees a 200
the 1o error bars.

Line Ky Kz

Hel14026 246.5:+3.3 363.8+4.8
HelA4471 244533 372.3t5.1
Hell 14686 251.3:t4.6 355.2+6.5
Hel14921 245912 373.0+1.9 —200
Hell 15412 239.86:4.6 351.2+6.8
Hel 15876 269.# 7.4 388.8+10.7

RV (km s7!)

—400

of/Andersen & Gronbec¢h (1975). The discrepancy between UV : : e : .
and optical data either reflects a genuine physiffabeor could
result from the methods used to evaluate the radial vedsciti

Indeed, Stickland et al! (1995) used cross-correlatiortb &i . - - ;

X p ; Fig.5. Radial velocity curve of HD 100213 determined from
templl_ate star (19 Cep, 09.5 Ib) while Andersen &.Gronbe'ﬂgROS observationg and computed with LOSP. The RVs have
gl?gr:?er?tss ;VrfltlhgzgggﬁlgstsﬂéétzrgOS)’ performed Ollrecmnebeen determined by a standard two Gaussian fitting of ths line

) L . ith MIDAS (see Tabl€R). Primary data are represented kafill
We observed this system 11 times with the FEROS eche mbols, while secondary data are represented by open $gmbo
spectrometer. In 2002 the instrument was mou_ntgd on th? 1.efhsses represent phases for which no deblending was [@ssib
telescope (with a mean SNR equal to 340), while in 2003 it Wa§ey, \vere not included in the fib = 0 corresponds to the phase
on the 2.2m telescope (mean SKR330). The journal of obser- ¢ secondary eclipse
vations is presented in Talile 3. The data reduction is idaktt '
the one of HD 165 052.

the orbital solution based on the mean RVs of all lines coebut
3.1. Orbital solution with the LOSP program. This solution is close to the one found
bylAndersen & Gronbech (1975) and Terrell et al. (2003), with

G an | il the data i der t te th KiL andK; equal to 250 and 369 knts It is therefore possible
aussian fine protiies on the data in order 1o separate the Pty 1he Yy lines also have fiierent radial velocities because

mary and secondary components. It was not possible to ap )éy form over diferent parts of the stellar surface (see below),

the disentangling method for this system, because the metho, ) o oy siaining the fierence between the IUE and optical or-
failed to produce consistent results. The reason for thilisréais bital solutions

probably that dferent spectral lines yield fierent radial veloc-
ities (see TablE]4). The number of available spectra wasowwo |
to allow an improvement of the orbital period and we thus fixe8l2. Spectral type determination
the period to the value found by Terrell et al. (2003). )

The lines used in the calculation of the orbital solutiort ardVe have determined the spectral type of HD 100213 follow-
He 114026, He 1 4471, He 1114686, He 11 4921, He 1115412 'Ng Conti’s criteria, as for HD 165052, and found 07.5 and
and He 11 5876. Diferent lines yield dferent orbital solu- ©9-5 for the primary and the secondary star, respectivelg. T
tions (see Tablgl4). This is especially the case when comp'é're- _II A 46_86 line is alfso in absorpuo_n, for bth stars. When the
ing the values oKy. Although we did not find a clear trendoptical brightness ratio of the stars is taken into accopt
with the excitation potential of the atomic levels of theeln 1.88, determined in the same way as for HD 165 052), measure-
we see that He I lines yield lower variations of the radial vements of the equivalent widths of this line give Gi#686) =
locity than the He | lines. Fid.]5 shows the radial velocityva  0.78 A for the primary star, which indicates that it is a main
of HD 100213 as a function of the orbital phase. Tdble 5 givegquence star. Furthermore, Mathys’ 08.5-09.7 luminasity

The radial velocities were measured on the spectra by fitiiog
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Martins et al. [(2005) give values of théfective temperatures

of 35100 and 31500 K for the primary and the secondary, re-
spectively. These temperatures did not vary significantiyrd

the fit. When taking into account the ‘third light' due to arfai
source to the south-east of the system (at a distance of 16 arc
seconds, this source has a visual magnitude equal to 18127),
results are similar to those of Terrell et al. (2003). We finat t

HD 100213 is an overcontact binary with an inclination edaal
77.8, which leads to a primary mass of 21.%knd a secondary
mass of 14.7 M.

3.4. Struve-Sahade effect

In their study of OB stars from IUE spectroscapy, Howarthlet a
(1997) listed HD 100213 as a binary system displaying the S-S
effect. Unfortunately, these authors did not provide quaitéa
results and did not discuss any line in particular.

Our data confirm the variability of the EWs of the absorption
lines, but the situation looks more complicated than exgubct
for the "classical” Struve-Sahad€&ect. Fig[6 shows the equiv-
alent width of two dfferent lines as a function of phase. Both
He | A1 4026 and 4471 display variations of their equivalent
width that are phase-locked with the orbital motion. Forhbot
stars, the EWs are maximum when the star is in front and mini-
mum half a period later. This trend is especially well marfad
the He |11 4471 line. Since HD 100213 is an eclipsing binary,
this could partially be due to the mutual occultation of the t
components. We usddightfall to evaluate the light variations
due to the ellipticity of both stars. We have then used trssilie
to calculate the theoretical variations in equivalent hwidthat
are exclusively due to the eclipses. Comparing this cunth wi
the observations, we can see that all observation pointégof F
fall outside the eclipses and occultations thus cannohbe t
cause of the variations. The most probable scenario is lieat t
He | lines are not formed homogeneously over the entire sur-
face of the star but preferentially on the rear side situatethe
opposite side of the companion. Such a scenario would peovid
variations similar to those seen in Hig. 6.

The other lines of this system, in the studied wavelength
domain, do not show any clear-cut variations, except perhap
He | 1 5876. However, the large number of telluric lines that

Fig. 6. Equivalent widths (in A) of two helium lines in the spec-qgect this line renders the measurement of its equivalentwidt

trum of HD 100213, as a function of phase. Filled and opggg yncertain. It seems that at least the secondary starssthew

squares represent primary and secondary data, respgofivel same variations as the Hetll 4026 and 4471 lines. Thus the

0 corresponds to the phase of secondary eclipse. The em®dr g | 1 5876 line should also be formed preferentially over the

are formal errors of the Gaussian fits to the line profiles. back side of the stars, and this fact seems to be confirmeceby th
large radial velocity amplitude associated with it (seel&@&h.

As for HD 165052, the deep interstellar lines do not vary
terium (logW,” = log EW,(4388)+ log EW,(4686)) yields the significantly, with a standard deviation of the EW valuesaiqu
same result for the secondary star, with log \W"5.43 > 540 to 0.7% whileo is of the order of 3% for the two helium lines
where the EWs are expressed in mA (Mathys 1988). considered in Fid.]6. Furthermore, there are no DIBs blended

with any of the measured lines.

3.3. Photometry
) ] 4, HD 159176
We performed an analysis of the Hipparcos photometry of

HD 100213 with theNightfall program. This code is based HD 159176 is a double line spectroscopic, non eclipsingryina
on a generalised Wilson-Devinney method assuming a st&htumpler 1930) situated in the young open cluster NGC 6383
dard Roche geometry. In the fit, we restricted the number ®Rd embedded in a large H Il region. Conti et/al. (1975) derive
free parameters to a minimum. The orbital parameters wei orbital solution from optical spectra. They adopted & e

adopted from TablE]5. For the spectral types found in 2. 3¢entricity and found a period of 3.366 days and an inclimatio
of 50° or less. Following the Conti & Alschuler (1971) system,

1 For details see the Nightfall User Manualthey determined spectral types equal to O# D7 V.[Thomas
by Wichmann (1998) available at the URL:(1975) obtained photometric data of this system and found el
httpy//www.hs.uni-hamburg.dBE/IngPeyWichmanriNightfall.html. lipsoidal variations but no eclipse. The photometric dolut
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Table 6. Same as Tabld 1 but for HD 159 176. 12 — ‘
HID ) RV; RV Al
— 2450000 (kms) (kms?)

—_
—_

1299.9035 0.41 138.8 -101.2
1300.9147 0.71 -189.7 211.7
1300.9191 0.71 -198.6 220.2
1301.9202  0.00 18.0 17.4
1302.9315 0.30 191.4 -1985
1304.9234 0.90 -119.9 132.0
1327.7738 0.68 -179.6 208.7

Secondary

Normalized flux

©
©
L B

2037.7203 0.55 -69.3 61.5

2335.8786 0.11 150.2 -131.0

2336.8672 0.41 138.2 -109.7

2337.8773 0.71 -190.1 219.4 4500 4600 A (E{TOO 4800

2338.8678 0.00 9.4 0.6

2338.8932  0.01 39.0  -27.5 Fig. 7. Normalised disentangled spectra of HD 159 176, between

2339.8702  0.30 200.5 -199.9 . . .
23818554 077 -1996 599 3 4455 and 4895 A T_he primary spectrum was vertically shifted
2382.8421 0.06 108.0 -60.8 by 0.15 units for Clarlty.

2383.8469 0.36 160.6 -167.9
2782.7632 0.85 -151.4 198.1

2783.7571  0.15 188.2 -151.9 ;) i
2784.7995  0.46 79.2 -50.0 i
200 —
Table 7. Same as Tablg 2 but for HD 159 176. oo I
Parameter Primary Secondary T: E
P (days) 3.36673 0.00004 é ok
e 0 (fixed) = i
To (HID) 2451298.53% 0.006 e F
v (km s?1) 12.1+2.5 8.9+ 25 100 £
K (kms?) 210.3+ 3.5 216.5+ 3.6 F
asini (R,) 14.0+ 0.2 14.4+ 0.2 i
M sindi (M) 13.7+ 0.5 13.3+t 0.5 L

Q(M1/M2) 1.03+ 0.03 —200
r.m.s. (km s?) 10.3 L ‘ L ‘ ]
0 0.5 1
¢

Fig.8. Radial velocity curve of HD 159176 determined from
FEROS observations and computed with LOSP. The RVs were
determined through a disentangling of the primary and sec-
gndary spectra. Primary data are represented by filled signbo
Secondary data are represented by open symibois.O corre-
sponds to the phase of conjunction with the secondary star be

indicated a bolometric magnitude equal +8.6 and &ective
temperatures equal to 38000 K. More recently, Stickland|et
(1993) derived an orbital solution from IUE data, also assgm
a zero eccentricity. Their period, equal to 3.367 days,izoat
the same as the period foundlby Conti etlal. (1975). Their ma@gd'

ratio is very close to 1, which means equal spectral types for

both components. On the other hand, Pachoulakis (1996) stud ) .
ied HD 159 176 with UV, optical and photometric data and four1- Orbital solution

that the primary star is actually hotter than the secondane®id \ye have used the disentangling method to determine the RVs

has thus an earlier type, suggesting an O6 ©7 V binary. An -+ viald th bital soluti f Tabld 7. The Ii s
XMM-Newton study of HD 159176 revealed an excess of --nath)éleRV cZIgll;lfilt?or?oal;el:C); oHeal 4471 eMglilsﬂC%r:wl

ray Iuminosity by a factor7 compared to the (_expt_ectt_ad valugye |1 1 4542, He Il 1 4686, He 11 4713 and H. The pe-

for a single O-star(De Becker et al. 2004), which indical®s t i, g was allowed to vary from an initial value of 2366767 day

presence of a wind-wind interaction in the system. (Stickland et all._ 1993). Fi@l] 7 shows the disentangled spedt
The observations of this system were taken between 199D 159 176, and Fig.18 the radial velocity curve as a functibn o

and 2003, with the FEROS spectrometer (20 spectra). The jollte orbital phase.

nal of observations is presented in Table 6. As for HD 100213, Using the same approach as for HD 165052, we have de-

the instrument was mounted on the 1.5m telescope in 1999, 2@@rmined rotational velocities of 104 5 and 98+ 5 km s

and 2002 (mean SNR 350), while in 2003 it was on the 2.2mfor the primary and secondary component of HD 159176 re-

(mean SNR= 430). The data reduction was the same as fgpectively, which indicate a synchronous rotation of thetesy.

HD 100213 and HD 165 052. Furthermore, the comparison between the angular velotiheo
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Fig.9. Comparison of three He I lines of HD 159 176 for twdtdrent orbital phases when the primary is receding.
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4.2. Spectral type determination

The equivalent width measurements made on our individual
FEROS spectra lead to spectral types of the components of
HD 159176 equal to OF O7.5 on average, but uncertainties on
the EWSs due to the Struve-Sahadieet (see below) allow us to
have a primary between 06.5 and O7.5 and a secondary between
07 and 08. If instead we measure the EWSs on the disentangled
spectra, we obtain an O7 spectral type for both componehts. T
components are main-sequence stars since the H&a86 line

is in absorption, and EW4686)%= 0.60 for the primary and
0.71 for the secondary star (accounting f_ézr = 1.18, deter-
mined in the same manner as for HD 165052). The compari-
son of Fig[Y with the spectra of Walborn & Fitzpatrick (1990)
confirms that both spectral types are very similar and should
be very close to O7, even if the primary star seems slightly
earlier. As for HD 165052, it can be seen in Hg. 7 that the
N Il 212 4634,4640,4641 lines are in emission, which means that
both components have an O((f)) spectral type.

He | 1 4921 (open squares), He A 4471 (filled circles), 4.3. Struve-Sahade effect

He | A 4713 (open circles) and HeA 5876 (crosses) in the
HD 159176 binary system, as a function of the orbital pha;

.

The first report of the S-Sfkect for this system goes back to
Trumpler (1930), who noted a change in the appearance of the
optical spectral lines. This was confirmed. by Conti et/al.7Z€0)9
who specified that the approaching star usually appearsvi® ha

system and the angular velocity of each component yieldalegdeeper lines. HD 159176 is also cited, for the same reason, by
values if the inclination is equal to 46This value is compa- |Stickland et al.|(1993) and Howarth et al. (1997). Whilststhe
rable to the 48found by Stickland et all (1993) and the°s8f authors generally specify from which star and phase theg hav
Pachoulakis (1996), which indicates that the system isaislyp detected a strange behavior, they do not show any figures or
in co-rotation. The fits of the radial velocity curve with the- quantitative results.

centricity as a free parameter gaze- 0.02, with no improve- On the basis of our FEROS observations, we could observe
ment of the residuals, and the circularisation time catedla that some variations in the line profiles appear when the sec-
from [Tassoul(1990) is shorter than 57 000 years. The orbitasdary star is approaching (froém = 0.0 to ® = 0.5). For two

thus considered circular. He | lines measured in our wavelength domain (Hé 4026
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Table 8. Same as Tablg 1 but for DH Cep. Table 9. Same as Tablg 2 but for DH Cep.
HJD [0 RV, RV, Parameter Primary Secondary
— 2450000 (kms) (kms?)
P (days) 2.1109% 0.00013
2518.4440 0.70 -250.7 208.9 e 0 (fixed)
2520.4080 0.63 -210.1 157.8 To (HID) 2452516.976 0.006
2522.3963 0.57 -159.3 41.4 v (km s1) -52.7+ 4.4 -45.9+ 4.7
25243893 0.51 -69.7 -32.0 K (km s™) 225.0+ 4.8 265.1+ 5.7
2528.3498 0.39 71.6 -228.7 asni (Ry) 9.4+ 0.2 11.1+ 0.2
2529.3596 0.87 -219.9 159.1 M sindi (M) 13.9+ 0.6 17.8+ 0.5
2532.3708 0.29 170.3 -300.1 Q (M1/M2) 1.18+ 0.04
2533.3813 0.77 -261.4 209.6 r.m.s. (km s?) 14.2
2922.4670 0.09 80.1 -180.1
2923.4440 0.55 -100.9 76.1
3980.5385 0.32 158.9 -270.9 F R
3981.4924 0.78 -298.1 208.6
3982.3843 0.9  151.8 -291.8 =00
3982.5795 0.29 161.3 -320.0
3983.5053 0.73 -290.3 201.3
3984.4928 0.19 159.7 -299.7
T T T ‘ T(/J O
i Primary ) =
=
1.2 =
o [
=
o ~200
g Secondary
E 1
£
5 i i
= \ Ll \
0 0.5 1
0.8 p
1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1
4500 4600 4700 4800 Fig.12. Radial velocity curve of DH Cep determined from
x (D) Aurélie observations and computed with LOSP. The RVs have

: . . been determined through a disentangling of the primary and s
Fig. 11. Normalised disentangled spectra of DH Cep, betweepqary spectra. Primary data are represented by filled sigmbo
4455 and 4895 A. The primary spectrum was vertically shifteghile secondary data are represented by open symiols.0
by 0.25 units for clarity. corresponds to the phase of the phase of conjunction with the

secondary star behind.

and He 11 4921), there is an increase of the equivalent width

and depth of the secondary star’s lines at phase 0.41 com-

pared to its value at phase = 0.11 (see Figd. 9(h) and 9[(c)).5. pH Cep

Furthermore, for the Hed14471,4713 and 5876 lines, an inver-

sion of the relative intensity of the two component lineswwsc DH Cep (HD 215835) is a double-lined ® O spectroscopic
between these two orbital phases (see[Fig] 9(b)). Thesgebarbinary that belongs to the young open cluster NGC 7380, in
are both due to a modification of the line maximum intensitighe Perseus arm of our galaxy. Pearce (1948) obtained the firs
and of the full width at half minimum. These variations ardlweorbital solution from optical data. He found a large ecdentr
above the level of noise, measured from the variations odifhe ity (e = 0.127+ 0.0083) and an orbital inclination of= 62°
fuse interstellar band at 5780 & (= 0.8%) and no DIB exists in for a period equal to 21104+ 2 10° days, which leads to
any measured lines that could modify the measurementsl&ig.very large masses. Hill etal. (1976) found small amplitube-p
shows that the ratio of primary and secondary equivalenthsid tometric variations. Lines et al. (1986) conducted a moma-co
of all these considered lines also show the same behavibr witete photometric campaign on DH Cep and confirmed that it
a decrease of the ratio at phase 0.41. This decrease occuris ian ellipsoidal variable star. They also added that thgirt|
both available spectra at this phase, one in 1999 and the otberves imply an eccentricity not larger than 0.05 and arinael
one in 2002. When the primary star is approaching, the EW ri@en of about 50. A new spectroscopic analysis was performed
tio increase is due to a progressive increase of the EW of thg Sturm & Simon|(1994), using a disentangling method. They
primary star, while the secondary equivalent width is dasre found a period very close to the period of Pearce (1948), itht w
ing. The general trend in Fip. L0 is thus that the EWs of the Hah eccentricity below 0.04. They computed a new light curve
lines of a given component tend to be larger when this compioem their own results, based on the Lines etlal. (1986) ebser
nent is in front. While this ffect cannot be due to occultationsvations and revised the inclination downwards to a valuezof 4
(HD 159 176 does not display eclipses), it could indicat¢tie Penny et al. (1997) used their tomographic separation rdetho
He | lines preferentially form on the rear sides of the stars. UV spectra to derive new spectral types for both components:
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Fig. 13. Equivalent widths (in A) of three helium lines in the speatrof DH Cep, as a function of phase. Filled and open squares
represent primary and secondary data, respectifely.0 corresponds to the phase of conjunction with the secorstanpehind.
The error bars are formal errors of the Gaussian fits to tleediofiles.

06 V and O7 V for the primary and the secondary star, respeponding angular velocities are equal to the orbital amguda
tively. locity of the system, we find an inclination equal t& 4®hich is

The early spectral type of DH Cep, its short period and tiexactly the value found by Lines et al. (1986) and Hilditcllet
detection of wind material in the system (Corcoran 1991) enak1996) with photometric data. This indicates a synchroremis
it a good candidate to display the Struve-Sahafteck even if rotation of the stars on a circular orbitif; < 21000 years,
no detection has been reported yet. Tassoul((1990)).

Data were collected between 2002 and 2006 at the
Observatoire de Haute-Provence (France) with}the Ausjals'&e:—. 5.2. Spectral type determination
trograph mounted on the 1.52m telescope. Aurélie was pegdip
with a 2048 x 1024 CCD EEV 42-20#3, with a pixel size of 13.5he measurements of equivalent widths made on the Aurelie
um squared. All spectra were taken with a 600rh grating with  spectra of DH Cep lead to spectral types 06 and 06.5 for the
a reciprocal dispersion of 16 A mrh allowing us to achieve a primary and the secondary star, respectively. Howevergmunc
spectral resolution of about 8000 in the blue range. A total tainties on these numbers (due to the lower resolution afethe
16 spectra were obtained in the blue part of the visible wavepectra compared to FEROS spectra, but also to some varia-
length domain (from 4450 A to 4900 A). The spectra have t#ns in the He 111 4542 line, see below) allow the spectral type
mean SNR ratio equal to 430. The data reduction has been dehéhe primary to vary from O5.5 to O6.5, and the secondary
with the MIDAS software and the whole procedure is describ&@ectral type from O6 to O6.5. A brightness ratio in our wave-
in[Rauw & De Beckeér (2004). The journal of the observations [§ngth domain has also been calculated following the method
presented in Tab[ég 8. as explained in Sedi. 2.2. We obtaﬁ-l; = 1.42 and when we
take this number into account, we derive equivalent widths o
the He 111 4686 line equal to 0.66 A for the primary star and
0.82 A for the secondary, which correspond to main sequence
As for HD 165052 and HD 159 176, we have used the disentditars. When the measurements are performed on the disentan-
gling method (see Fig.11) to determine the RVs given in Tlblegled spectra, the resulting classification is ©®7 system. On
These values yield the orbital solution of Table 9, for whicthe other hand, the comparison of the spectra of[Fiy. 12 \wéth t
the lines considered in the RV calculation are: He #471, spectra of Walborn & Fitzpatrick (1990) shows that both com-
Mg Il 1 4481, He I1A 4542, He 111 4686, He 11 4713 and ponents should be earlier than an O7 spectral type, withtarhot
Hs. The period was allowed to vary from an initial value oprimary star, thus O6 ¥ 06.5 V. Both stars have an O((f)) spec-
2.110912 days (Sturm & Simon 1994). Figl 12 shows the radi&®l type, as can be seen in Figl 11 (N Alt 4634, 4640, 4641
velocity curve as a function of the orbital phase. This sotuts  lines are in emission).
close to the solution given hy Sturm & Siman (1994), who also
used a dlsentang_llng met_h_od to determlncla their radial vtﬁs_c 53 Struve-Sahade effect
However, our radial velocities arel5 km s+ larger. Such a dif-
ference could come from the fact that the data of Sturm & Sim@&ecause of the small wavelength domain of the Aurélie spect
(1994) did not cover the whole orbital period, or from the-difonly a few lines could be checked for the Struve-Sahatéee
ferent lines considered (they used He #026, He 111 4200, He | 1 4471, He 1111 4542, 4686 and K Among these lines,
He 114471, He 111 4542 and He I 4686). only the first one does not show any variations. Indeed, as can

Using the same approach as for HD 165052 argk seen in Fig. 13, the equivalent widths of the He Il linesaind
HD 159176, we determined rotational velocities of %20 Hg vary with the orbital phase but infierent ways. The equiv-
and 166t 7 km s* for the primary and secondary component adlent width of the He Il1 4542 line seems to decrease when
DH Cep respectively. Furthermore, if we suppose that theeeorthe star is receding, with a minimum during the conjunction

5.1. Orbital solution



N. Linder et al.: The Struve-Sahadfext in the optical spectra of O-type binaries 11

Table 10. Intensity variations as a function of phase detected or ¥iatr(N) for the primary (P) and the secondary (S) of the
four systems. The hyphen stands for lines that could not bkedded, because of noise, strong telluric absorptiorsite® close
components or lines outside the available wavelength deni@i means that the line is in emission.

HD 165052 HD 100213 HD 159176 DH Cep

Line P S P S P S P S
He 114026 Y Y N N N Y - -
He Il 14200 N N - - N N - -
He | 14471 Y Y N N Y Y N N
He Il 14542 N N N N N N Y Y
He 1l 1 4686 N N N N N N Y Y
He 114713 N N N N Y Y - -
Hs - - - - - - Y Y
He | 14921 N N N N N Y - -
He 1215016 N N N N N N - -
He Il 15412 N N N N N N - -
C Il 15696 N() N - - N() N - -
C IV 11 5801,5812 N N - - N N - -
He 115876 N N - Y Y Y - -

when the star is behind its companion, and to increase durimgeen the two systems is that in the case of HD 93403, only the
the other half cycle (Fid. 13(a)). This behavior is similarttihe secondary lines presented some variations, while in HD 5&5 0
He 114 4026, 4471 lines of HD 100213. Since DH Cep is alsboth stars areféected.

an ellipsoidal variable (Lines etlal. 1986) this behavidicates In the case of HD 100213, there does not seem to be a gen-
that He 111 4542 is preferentially formed at the back side of th@ine Struve-Sahadefect. The variations observed in the He |
stars. For the two other lines, the details of the variatien@ss |ines are rather linked to the fact that the lines are formest o
clear. However, we can say that globally, the equivalentlwida limited part of the stellar surface that is not visible dgrthe

of the H; line is larger by 20% when the star is approachingntire orbital cycle. In fact, the behavior of these linesthbin

for both components. The same holds for the equivalent widdguivalent width and radial velocity, suggests that theypaef-

of the primary component of the He Il 4686 line when the erentially formed on the rear side of the stars, away from the
primary star is approaching. For the secondary componentrgfiiations of the companion. Indeed, in this contact birsssy

He 1l 1 4686, the variation is only 10%. In order to estimatgem, it seems likely that mutual heating is responsible Ier t
errors due to noise or poor normalisation, we measuredane sthon-uniform He | strength over the stellar surface.

dard deviation of the equivalent width of a DIB @ 4762 A) In HD 159 176’ almost all He | lines seem to vary. For
and foundo-. = 2%. Finally, no DIB exists in the vicinity of the two of them (He 114 4026, 4921) only the secondary lines
measured lines that could bias the measurements. are modified during the orbital cycle, while for the other sne
(He 1 12 4471, 4713, 5876) both primary and secondary lines
are dfected. The rati&EWp/EWs increases just before the sec-
ondary eclipse, and decreases before the primary eclipsamna

We have presented a spectroscopic analysis of four very di seeninthe O7 IlI(HO71I(f) system HD 152 248 (Sana et al.
ferent early-type binary systems, based on observations gQO_L)mthe He ha 4713,4921I|nes.. The situation is again sim-
tained with the ESO echelle spectrograph FEROS and the Olf$ to HD 100213 and mutual heating would once more lead to
Aurélie instrument. We first used the data to determine néif inhomogeneous distribution of the He | line intensityrdhe
orbital solutions and spectral types. It was necessary twknSurface of the star.
as well as possible the fundamental parameters of the system DH Cep also shows equivalent width variations in three
in order to study the Struve-Sahad@eet. The conclusion of of the four examined spectral lines. This massive binary is
Bagnuolo et dl[(1999) that théfect arises from dierent mech- an ellipsoidal variable system (Lines etal. 1986), and as fo
anisms and that each star has its own 'tale’ seems to apmly dtfP 100213, the variations in He Il 4542 are probably due
to HD 165052, HD 100213, HD 159 176 and DH Cep. Table 110 the fact that the line is formed preferentially over therrside
shows a summary of the results obtained for each systendiit inof the star. While it seems easy to explain a somewhat higher
cates which lines present variations during the orbitalepod temperature and hence a weaker He | line on the front side of
if they appear in both stars. the stars by heatingffects, explaining an enhanced He Il line
In the first of these systems, HD 165052, some variatio8 the rear of the stars in DH Cep is harder. The behavior of
were detected but only in two lines, Ha 026 and He h 4471. He Il 14686 and Ij is different. Indeed, the equivalent widths
Indeed, the ratio between the primary and secondary equd-these two lines are larger when the star is approaching, in
alent width is lower than 1 when the secondary star is apgreement with the definition of the Struve-Sahaffect, ex-
proaching, and greater than 1 half an orbital cycle lateis Theept that it is not only the secondary star that is concerryed b
can be compared to the behavior of HD 93403, an 0545 |these variations.
07 V system that is also known to display the Struve-Sahade In summary, the behavior of these four systentieds from
effect (Rauw et al. 2000, 2002). In this latter system the ratwhat is expected for the 'standard’ Struve-Sahaltiece First,
EWR/EWs of He 114471, C 1VA41 5801, 5812 and C Il 5696 only several lines vary and they are not the same for each sys-
is less than one when the secondary star is approaching, . The line variations of at least two of the studied biesri
greater or equal to one when it is receding. Thigedénce be- (HD 100213 and HD 159 176) can be explained by the fact that

6. Discussion and conclusions
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the line formation is not homogeneous over the whole suidéceTerrell, D., Munari, U., Zwitter, T., & Nelson, R. H. 2003, AT26, 2988
the star. HD 165052 follows more or less the definition of thEhomas, J. C. 1975, in Bulletin of the American Astronomisatiety, 533

) i Trumpler, R. J. 1930, PASP, 42, 342
S-S dfect, but it is now clear that both spectra affeeted and van Altena, W. F. & Jones, B. F. 1072, AGA. 20. 425

not the secondary star spectrum only. Line variations of [843,C \yaipom, N. R. & Fitzpatrick, E. L. 1990, PASP, 102, 379
in which no S-S had ever been detected, have both behaviorswere, Jr., R. H., Horak, H. G., & Storer, N. W. 1967 (Moderriraphysics. A
pending on the considered line. memorial to Otto Struve), 251
The binaries in the present sample are composed of main
sequence stars, and a similar study will be presented in a
subsequent paper (paper 1) for giant and supergiant abject
(HD 47129, 29 CMa, AO Cas). A comparison between these
observed data and synthetic spectra is needed to undetktand
cause of these variations during the orbital cycle. Thi¢ el
the subject of a forthcoming paper (paper IlI).
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