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Table 9. Light curve solution. (1) Model parameters of a global fit to all available photometric observations, (2) model parameters of a local fit to

0.7413+0.0059

0.7942+0.0086
0.6940.24°

0.7207s£0.0038

0.71140.0001

observations acquired with the satellite MOST. )4‘ dnblanilioig |
Solution (1) | (2)
Element Unit Value
Orbital properties
P (d) 7.1467+0.0001 | 7.14467+0.000001
f 4 (RJD) 56224.72426::0.20006 | 56224.72637::0.%0013 Fak ‘owle
23. : -

3 e 0.3381 (ig;fsl pres veforechs

¢ 0.0 0.00224+0.00014 NEPROJ)DE

] (deg) 87.5315+0.0028 87.7492+0.0014

w (deg) 90 | 70.07+0.93 |

Component properties /S @

Component Aa 1 Ab I Aa 1 Ab /

Tt (K) 9700 9459.2+1.7 9700 9463+2.1

10g Gicgs| 4.275€0.0000°  4.35 SO@P 4.32940.0000°  4.403¢0.0000> v ™

() 15.51924+0.0039 16.6468+0.0048 | 15.9200+0.0018  16.8739+0.0020 ~+

R Rp) 1752400000  1.542%0.0000 1.727@0%0 1.53334€0.0000 g

Ly 0.1545+£0:0027  0.1157+0.0026 | = - .=

Ly 0.1484+0.0035  0.1103+0.0037 — — b

Ly 0.11854+0.0051  0.0873+0.0050 - — K.

Lr 0.184+0.15° 0.13+0.14° | — — "

L 0.1649+0.0023 0.1235+0.0022 | 0.16697+0.00021 0.12303+0.00021

Passband luminosity of component B 2

LB 0.7299+0.0045 [ - -y
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The parameter was kept fixed. .
2 The semimajor axis was not converged, but it was optimized according to 4 new value of the inclination. and AL\, valve Hrow (able 6 |
3 The high uncertainty is caused by insufficient number of observations in the J ohnson R band and their poor phase distribution.

IVA

Once the positions of all three components are known, ob-
jects representing each component can bgﬁ zgised at these po-
sitions. For each object #he uniform disk was chosen, because
all three components are detached and so only minor departures
from the spherical symmetry can be expected. The visibility for

(REF’) such model can be computed analytical
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where index j denotes A component of the triple system, k the

spectral band, V' the visibility,
luminosity fraction, B the lengt

u, v) the spatial frequengx

aseline) © the

a\f(ait'e
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ter of the uniform disk, A the effective wavelength (the central
wavelength of the spectra band), J; the first-order Bessel func-
tion, (z,y;) the Cartesian coordinates of ﬁfk%omponent com-
puted with the Equatien(6) and N the total number.of compo-
nents in the system. The uniform disk diameter © 1s also a
wavelength dependent quantity, so a different radius should be
derived for each spectral band. Nonetheless,the dependency i1s
very weak;”{he difference between the uniform disk radii in the
two filters is of the order of 10?, i.e,.below the accuracy, which

we ave -one-s able to achieve.

well

The model represented by Equatien (10)was fitted to the cal-
ibrated squared visibility. The optimal set of parameters was
searched by the least squares method, minimizing the following

V
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chi-square:
Ng N 2

X2 = ZFZO VkQ(“jv"-’j)"thx[ODEL,k(uja'“j) (1)
kel gl Uk(ujavj)

where V;2 is the observed squared visibility, Viiopgythe syn-
thetic squared visibility computed with the Equation(10} (u, v)™
the spatial frequency, o the standard deviation of the observed
squared visibility, No the total number of observations of the
squared visibility and the Ng the total number of the spectral
bands. Equation (1 1) was minimized with the Sequential Least
Squares method (Kraft 1988) implemented within the SciPy sci-
entific library (jon 2001-).

The phase coverage of the inner and the outer orbits is good
enough to allow fitting of all orbital elements. However, some
elements are better constrained from the spectroscopy and/or
photometry, which are available over much longer time wtervals S¢a-
than the spectro-interferometry. Those are the orbital periods of
the inner orbit P; and of the outer orbit P, the epoch of the pri-
mary minimum of the inner orbit Tinin,1, and the epoch of the
periastron passage of the outer orbit T}, . Our early attempts to
fit the squargd visibility with the model have shown that the the
error bars en the individual estimates of the calibrated visibility
are underestimated. The x* given by Eq.(11)divided by the de-
greps of freedom was & = 10. Therefore the error bar of the
calibrated visibilities was forced to b ater than 0.05. This
stgp reduced the x3 =~ l.ﬁe convergence of each parameter
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was inspected and the result of each trial was confronted with the
results from the analysis of the spectroscopy and the photometry.
The results has shown that the majority of properties of orbit 2,
qua\i\-al‘ivi can be fitted and agr é well with-speetroscopyand-the-photom-
chatewent WL&&M&&ML)&% Except the epoch of the
periastron T}, 2 and the orbital period F%,all orbital parameters
were fitted. The majority of orbital parameters of orbit 1 were
unstable and easily converged to implausible solutions. The only
two stable parameters, which converged to a plausible solution
lwgﬂ'vde.
(2;. The diameterdf the component B 6g is stable and can be fit-
ted, diameters of components 6, and 6}, converge to high
stimated from the solution of the light curve

values and wer

no. 2, whiché&esemed in Table 9 and the Hipparcgs paral-
lax.n_E_%en tholrgh the semimajor axis of the orbit 1 js stable, we
decided to constrain the parametric space fuM mploying

Ywa following condition:

ST

G

- p2
P_j? (1+ Q2)_
This way we take advantage of the semimajor axis of orbit 2@5,
which is better constrained by our data. The mass ratio of orbit 3
was taken from the fit of the RVs presented in Table 6.‘:[5}6 lumi-
nosity fractions of the three component were optimized and re-
sulted into values, which were roughly 1n agreement with the re-
sults from the fitting of the synthetic spectra to the disentangled
ones. The ratio between components Aa and Ab (Lr aa/LRr.A)
was oscillating between & 12573, so at the gg&}%gse parame-
ters were estimated from the solution presented 1in Table 8!;%&3
interferometric solution is listed in Table 10 andacomparis f

the observed and computed squared visibilities is shown in Fig-

ure C.1,..Two different approaches to estimate the uncertainties
mmd—u%ﬁﬂ- The first one was based

We on the local estimation of the covariance matrix and the second
emtleyed one on a Monte Carlo simulation. The latter also served a test of
the robustness of the solution, because all eptimized parameters

were assigned a uniform yprior probability distribution. Initial
parameters for the fitting were randomly drawn from this distri-

bution. Correlations between fitted parameters were studied.
& also bo visi ve vzduchy -

,\QLF,M{.D'\ k vesemi !

Spectral lines of the fourth component were detected neither via
spectral disentangling nor via the comparison with the synthetic
profiles. Therefore we estimated the contribution of component
C to the total flux from a black-body model to = 1% in the near
infrared. The only spectra at our disposal have lower S/N~ 50
in the infrared region, so the signal of the faintest compon"é'nt 1S
entirely drown 1n noise.

a; = a

A vah e
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6. Discussion
Vi

dvive.

6.1. Component C

6.2. Final properties of the s {sterzl and its components & §Tav
-s a

orbital elamtn P s\l pRA2ML oS
The sets of which were -used

dexived inthrougheut this study overlap considerably. As we proceeded
watw  -threugh the analyses of the observations based on different meth-
ods, we have already used results from one method to constrain
the parametric space of another. In some cases it was manda-
tory, because the solution
beneficial, because one of theé methods constrained a4 parameter
better. In the following list we justify choice of methods which

yield better precision than t mairng ones:

beg to |
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were the semimajor axis a; and the length of the ascending node ™
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— The spectroscopic elements (K2, €2, Tyeriastr. 2, P2, wa) of
orbit 2 are best defined by the modelling of th€ RVsagiven
in Table 6. The results from the fitting of RVs were con-
firmed by disentangling (c "Table 7). The Y? minimized
with KOREL 1s more complex, because it relies also on the
shape of the disentangled spectra. Therefore we expect the
direct analysis of the measured RVs to be Thore reliable. = 3 bit

— The penastron epoch 1 eriatr. 1 and the period P; of orbit 1
was obtained with a high precision using the photometry and
the direct analysis of the RVs. The photometric solution pre-

sented 1n Table 9 yields the best ephemeris especially thanks
to high precision observations from IHEW
— The eccentricity of orbit 11s oscillating at the order of 1073 shovld te
due to dynamic interaction between orbits 1 and 2. A non-
zero eccentricity was detected only from the analysis of the
observations frem-the-satel OST. The precision of the
measured RVs and the squared visibilities 1s not sufficient to
confirm this.  ©¥
— The inclination z; of orbit 1 was only determined from the
analysis of the photometry. The parameter was not well-
constrained by the measured squared visibility and easily
converged to an implausible value. | 5z2uazZein:” iwde et
— The luminosity ratios “for all three component wergui' b
estimated from the spectroscopy, photﬁmetrya'gpectro-
interferometry. The modelling of the light curve has shown
that the contribution of component C to the total light 1s com-
pletely correlated with the inclination and component radii,
1.e. for any given values of the third light, the minimizer
only adjusted the values of the inclination and component
radii. The luminosity ratios estimated from modelling of the
squared visibilities returned similar values as the other meth-
ods, but with much higher uncertainty. The m of ambiquous
the disentangled spectra with the synthetic one/s@rovided the
most precise luminosity fractions. apravently
— The effective temperatures 7. of both components of or-
bit 1 are probably better estimated via the comparison of

the disentangled profiles and the synthetic spectra. Fhese
; tng a spectrum covering an We used

interval of 590 A, containing @ spectral lines, whereas — lyow ?
the photometrically determined temperatures would rely on
four broad-band filters only. A reliable determination of both
temperatures of two almost identical stars from photometry
only 1s virtually impossible (PrSa & Zwitter 2006). Nonethe-
lessif the temperatures of components Aa and Ab were both
fixed at values from Table 8 the ratio between minima depths
was 1ncorrect. Therefore we allowed PHOEBE to optimize
also the secondary temperature. the secondary
temperature sank, but stayed within ezor bars of the spectro-
scopic estimate. Consequemtly

— The mass ratio g = 1.084 £ 0.006 of component B and the
eclipsing binary, obtained from the analysis of RVs likely has
much higher uncertainty than the locally estimated one (see- <. .

the following section).

Stage
At this petnt ,each model was re-computed with only those

parameters free, which are not better constrained by other mea-

surements and models. A summary of the properties of th}@iple

subsystem based on these final models,in Table 11. S 1
av
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6.3. The mass ratio of orbit 2

An attempt to combine the results from the analyses of spectro-

scopic, photometric and interferometric observations revealed a

serious discrepancy. The problem,follows:
-5 ave as



Table 10. Parameters corresponding to the best-fit of the interferometric observations with the model defined by Eqs@ ﬂd l v e lis shwdne |
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Elements Units Values
Component properties
Component B Aa Ab
I (mas) 0.438+0.004 0.2517  0.222!
LBLUE 0.761 0.131 0.111
LRED 0.721 0.161 0.121
Orbital properties
Orbit 2 ]
. — (d) 145.5671 7.1467"
Theriastr. (RID) 55609.051 -
Lanii — 56224.72491
a (mas) 15.631+0.05 1.631+0.02
€ 0.2154+0.001 0.01
q — 0.961
(} (deg) 86.30+£0.04 86.31
W (deg) 7.6+0.2 90.0!
0 (deg) 147.87+0.3 325.310.3
Kk~ (deggr“l) 2.74 —
Notes. > '*3/' Xz— 'VL N
(TThe parameter was kept fixed.
i § Tau Yem all} |
Table 11. Summary of the’system based on previous analyses of the spectroscopic, photometric, astrometric and spectro-interferometric observa-
tions.
Parameter Unit Value
Component properties
Component B Aa Ab
Tofr (K) 13920+460 9700+150 95804250
l0g g[cgs) 4.23440.080 42775 4.3580
v Sin 2 (kms~1) 240.6+5.9 23.0+1.0 _ 20.5+1.2
M (Mg) 3.641 2.232+0.012 2.109+0.011
R (Rp) 3.019+0.028% 1.727+0.00 D 1 .5333:I:ﬁ_'._0_QII
0 (mas) 0.439+0.004  0.2541+0.0001° 0.2224+0.0001°
Orbital properties
Orbit 2 1
j S — (d) 145.567+0.044 7.14665+0.00001
Fsiq (d) 145.125+0.044 7.14665+0.00001
I heriastr. (RID) 55609.05+0.48 —
L (RID) — 56224.7243+4+0.0002
a (Rp) 232.6+1.7 - 1.84772
a (mas) 15.904+0.01 0.0000+0.0000
e 0.2211+£0.002 0.0
2 (deg) 86.81+0.01 87.5324+0.003
W (deg) 187.8+0.5 90.0
Y (deg) 148.4610.01 320.2+0.2
k* (degyr™!) 2.744+0.30 0.0
X N

Notes_.)

<1 Estimated assuming orbital inclination 22 = 86.81 deg and the mass ratio g2 = 0.85.>
C2 Estimated assuming Hipparcos parallax 7 =(0.0156 + 0.0010)'nas. The parallax was used to estimate the error bar, because it would dominate

it completely.

— If the 3-star solution from Table 6 and the solution (1) of the

light curve from Table 9 were accepted, the

nent B would be Mp =(2.84 + 0.04M, and the total mass
of the eclipsing binary Ma .. ab :@.62 + 0.0B)M@.

— If the 3-star solution from Table 6 and the inclination of
orbit 2 from analysis of the interferometry were accepted,

the inferred mass of component B would
0.03Mc .

mass of compo-

Mg = @.71 +

il

\dH-o!

CELKOVE se 2daji
Mifslvb ?oaCEAmEn:

v

»

,\‘/, nejsov mak
20W (ed nil7
WOZVL

ﬁycl-cmhb

Given the temperature of component B (see Table 8), the spectral
type of this component is B6-7V _staf whose mass lies within
interval of 3.5 295__‘3.9 M (Harmanec 1988). Also the total mass
of the eclipsing pair is inconsistent with their spectral type AOV
estimated from the spectroscopy.This led us to conclusion that
either the inclination or the mass ratio of orbit 2 1s not correct.

At first we tested the credibility of the inclination of orbit 2,

which was estimated from interferometry. Several large searches

(Talle 10)
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Table I2:-A_comparison of orbital properties of componerit B obtained 20
from manually and automatically measured RVs. ), axp! , 'u"S |
15} .

Method Automatic Manual % C\‘ﬂb‘} (\7 Ly

Element 104 d

PaN (d) 145.567 145.567 e . .

1 (RID) 55609.0 55609.05 e S5t - ° . *.

K (kmr$™ 1) 36.871+0.58 9.821+1.25 E . ‘ c 2 iy S oo .

e 0.207+£0.017  0.217%Q.034 = Y . ? s 1

W (deg) 188.3+1.1 191.612. g r .l . % « T w

(degyr™") 2.75 2.75 | ) . . o . .
rms 286 &—»> 6.13 _10l
N 51 WTF?2 5] :
~151

#’ a"./ “a‘uq d_lg&'f\\/ 1 &
of the parametric space were conducted and their conclusion _28 : v =y g " o
is that the interferometry is inconsistent with orbital inclination ’ ' ‘ ohase ' ' '
io < 80deg. This is also supported by the fact that both JN an
= oblalmed VRry seniiar propedios af oxbil 4, bulh usog terr Fig. 8. A phase plot of the manually measured residua for orbital pFﬂﬁ;
R — period Pg = 0.876 d and reference epoch T:;O.EO* knike l

(=}

Having the inclination verified we focused on the mass ra-
tio gy of orbit 2 , which is estimated from the ratio of the semi-
amplitudes of the RV curves. Assuming that the masses of com-
ponents Aa and Ab and the inclination 2, are correct, the mass
ratio of orbit 2 has to be gz = 0.845. This would also yield mass
of component B Mg = 3.66 M, which is consistent with the
detected spectral type.

\WRONG 7 The spectral lines of the eclipsing pair are very sharp and
® they can be measured with precision less than one km s~! (this

(')y was verified through a Monte Carlo simulation). Various subsets

of the RV measurements on lines of the eclipsing pair were fit-

ted and the results were consistent with the 3-star solution listed

and in Table 6. Therefpre we believe that the resulting elements and
Wt = especially the semiamplitude K a4 ap correspond,to the true na-

semsihvel
tude depends highly on the quality of the chosen template. This
may also suggest that this line might be broadened by an addi-
tional mechanism, which KOREL _is unable to disentangle prop-
erly. Nevertheless,even the mass ratio resulting from the analysis

of manually measured RVs g)!ANUAL _ predic

light components of the edw £ whel?
The relatively high rms can from the noise and blends..

Especially the He 14471 A line blends with several metallic lines

and has a pronounced non-LTE component. These two effects

make the proper estimation of the position of line wings difficult.
It 1s also possible that our model is not correct and there is an

ture of the triple svstem S~ 392w, unseen fifth companion. This possibility is explored in the next
abovt — pie 5y : ¢ $ection.
7 The component B has very broad and generally shallow , _ _ g =
Yool Gines, Presision of fie mosmmements W roughly threg times The mass ratio of orbit 2 can be also estimated from the as- | Me=2
worse than for the case of lines of fclipsing stars “(verifiec trometric solution. The elements from Table 5 imply total mass | footnole,,
Ly threugh MC simulationy), To check the validity of the RV méa- ©f the system Mrorar = (8'_51 = 17@ The error bars, which | at”™to
by P \surements obtained via aiffomatio procedure es-Seeorrdh PH Cﬂ\‘ﬂt mainly from the uncertainty of the parallax are o’generous | pevu¥i 1
5 - - B to provide a reliable estimate. M had
casured RVs of both eclipsing stars using a manudl method . Bidiaasdiinl: ®

AVSe

6.4. A guintuple'é airy tale r (znavazvpe to predchon prica ) !

nrored profile
al. 1996). RVs
vére measured on the

in Which a spectral line is compared with its
in program SPEFO (Bozic¢ et al. 1995; Horn ¢
of the mémbers of the eclipsing binary

_ . Mgi14481 pectral line and RVs ofcomponent B were mea- terr, Our measurements of TUTD 57
Ib‘f{ELM sured on Mg 114481 A an He1447 A Spec[ra] lines. A compar- RV of component B l'lllght be affected by dll unscen compan- welz u!"l'
bydﬂ to ison of the manually\and automatically measured RVs is shown ion, which causes additional broadening of its spectral lines. dalsv
nevozma- in Fig 7.§ Sqmewhat sugprisingly the automatic procedure sys- The hypothesis is that component B is not a single star, but pelivaze.
zaval  tematically detects a lowep“amplitude of RV of component B it is rather a close binary composed of a B-type component gyp &x

and congequen[]y leads 0 Yower Semi-amp]i[ude of the best- and an unseen compam'on, which distorts the more massive star
l fit model RV curve, ile the ‘measurements on Sha_rp lines of and that the I'ﬂpid llgh[ variations are actud ellipsoidal vari- &)

<o the eclipsing pair ap¢ almost the Same for both methods. Fits ations (see Section 4). The period of the(Tapid light variations

":;:2 to automatically aid manually meastxed RVs of component B is Pri =(0.424 + 0.005d, so the true orbital period is twice that valve,

ifi Table 12. The only fitted elements were the Pr =(0.848 +0.10) .
he semiamplitude of the RV cutye, the longitude A search for this period was conducted in residuals of the RV

are compared 1
fod'w’""- eccentricit

of periastron and the systemic velocity. The semjamplitude of curve fit for both manually and automatically measured RVs. A™
the model RV curve is clearly higher for the manualmeasuring period of one day was found in residuals of automatically mea-

hod, while its rms is more than twice larger than foxthe RV
curve obtained for automatically measured.‘Tg investigate this
~ issue we tried to measure RVs of component B usi t the dis
A ' ponent B using not the dis-
£y entangled spectra, but synthetic spectra given by parameters in
Table 8. A model fitted to these measurements was compara-

ble to those listed in Table 12, but its semiamplitude was only
Kg. 2(33.29 0.69km s~ '. This shows that the semiampli-

sured RVs, but a period PR = 0.876 d was found in residuals
of the manually measured RVs. A phase plot of the RV curve is
shown in Figpire 8. An attempt to fit the radial velocity curve, as-
suming that the component B is a member of a close binary and
semiamplityde of its radial velocity curve is Kg = 44.5km s}
returned a model with semiamplitude Kr = @.7 u 1.8)<m §™ 4,
Th¢ fit is shpwn in Figure 9. |

IS
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Following properties of the orbit (denoted with subscript R) J'S. 5. Dynamic effects in the system

can be estimated: (1) The binary orbit is very likely circula
due tQ small distance between the components. (2) The orbital
period ‘and the semiamplitude of the 0.876d orbit imply/mnass
function Nm)r = 9.42710F. (3) Adopting the primap§ mass
Mg = 3.66 Mgand an inclination_one can estimate the/mass ra-
t10, the secondarymass and the semimajor axis. A sedrch for an
inclination, which would generate ellipsoidal varia{ions compa-
rable to the detected omes was conducted. The mgdel was com-
puted with the program PHOEBE “and the inclinations within the
interval I = [15,30] deg menerate ellipsoidat variation which
agree with the amplitude of the detected rapid light variations
{see-deetton—4). An illustrativeN\comparisOn for following ele-
ments of the rapid orbit is shown ¥ Figure 10: PR = 0.848d,

tr = 20de = 0.041, ag = 602R, and the secondary
Mo ’ﬁ%ﬁ% which would‘be * late%ty e star. Main
sequence radii of both stars were/assumedand third light coming

. . . . "
from the eclipsing binary was/also taken intq account.YIt should
“owmcr,‘ be pointed out“that this hypothesis suffers from a few discrep-
' ancies: (1) The best fit solition of the manuallyxmeasured RVs
__of component B yields/the semiamplitude K = 40km sy'.
yrenious 1 The one with Kg =/44.5km s~ ! has x* approximately 20%
higher than the formier one. Therefore the discrepant mass ratio
of orbit 2 cannoy¢’be explained by the additional motion of\the
component B in the 0.876d orbit. (2) The observed light curye
does not ipdicate any periodical variations ef-is-depth. (3) Firlg
structupe” and variations of the period of the light variations are
not gxplained by the model curve. The variations of the orbital
mgtion may arise from tidal interaction of the two components.
(4) A sir%ulation which would confirm/disprove stability of such

which?

configunation is desirable.

' :
Jtto
el R e

This section will be done once we accept a final model of com-
ponent B.

6.6. Comparison with models of stellar evolution

This section will be done once we accept a final model of com-
ponent B.

7. Conclusion _./
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Appendix A: Details on spectroscopic-data sets

Appendix B: Details on photometric data sets
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