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ABSTRACT

Context. Located in the Orion Trapezium clustétOri C is one of the youngest and nearest high-mass stars (%@ known to
be a close binary.

Aims. By tracing its orbital motion, we aim to determine the orliitladynamical mass of the system, yielding a characterizatio
the individual components and, ultimately, also new caists for stellar evolution models in the high-mass regime.

Methods. Using new multi-epoch visual and near-infrared bispectrspeckle interferometric observations obtained at the
BTA 6 m telescope, and IOTA near-infrared long-baselinerfierometry, we traced the orbital motion of th&ri C components
over the interval 1997.8 to 2005.9, covering a significantadrthe orbit. Besides fitting the relative position and the ftatio, we
applied aperture synthesis techniques to our IOTA dataconstruct a model-independent image of #h@ri C binary system.
Results. The orbital solutions suggest a highly eccentricéy(0.91) and short-periodR ~ 10.9 yrs) orbit. As the current astrometric
data only allows rather weak constraints on the total dynahmass, we present the two best-fit orbits. Of these twarkeémplying

a system mass of 48l and a distance of 434 pc to the Trapezium cluster can be fdvvaen also taking the measured flux ratio
and the derived location in the HR-diagram into account, we §ood agreement for all observables, assuming a spegbealof
05.5 forg*0riC1 (M = 34.0 Mg, Teg = 39900 K) and 09.5 for C2M] = 155 Mg, Ter = 31 900 K). Using IOTA, we also obtained
first interferometric observations @4Ori D, finding some evidence for a resolved structure, maybe faint, close companion.
Conclusions. We find indications that the companion C2 is massive itsdifctvmakes it likely that its contribution to the intense UV
radiation field of the Trapezium cluster is non-negligitftarthermore, the high eccentricity of the preliminary odalution predicts

a very small physical separation during periastron paséage5 AU, next passage around 2007.5), suggesting strong wind-w
interaction between the two O stars.

arXiv:astro-ph/0702462v1 18 Feb 2007
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1. Introduction e.g. [ Tamazian et al. 2002; Schaefer et al. 2003; Boden et al.

: . ), while direct mass measurements for young O-typs star
Stellar mass is the most fundamental parameter, detergqinig,q il lacking.
0

together with the chemical composition and the angular mo-

mentum, the entire evolution of a given star. Stellar evotut Furthermore, in contrast to the birth of low-mass stars, the
ary models connect these fundamental parameters with mfemation mechanism of high-mass stars is still poorly un-
easily accessible, but also highly uncertain observahiels as derstood. In particular, the remarkably high binary fretrye
the luminosity and the stellar temperature. Particulaslards measured for young high-mass stars might indicate that the
the pre-main-sequence (PMS) phase and towards the extremag high-mass stars are bornffeis significantly from the
stellar masses (i.e. the low- and high-mass domain), tret-eximass accretion scenario via circumstellar disks, whichel-w
ing stellar evolutionary models are still highly uncertaind established for low- and intermediate-mass stars. Foaricst,
require further empirical verification through direct anabi+  studies conducted at the nearest high-mass star-formiigre
ased mass estimates, such as those provided by the dynamiaalOrion Nebular Cluster (ONC, at a distance of 4484 pc,
masses accessible in binary systems. Recently, sevedi¢stulefries[2007), revealed 1.1 companions per primary (for high-
were able to provide dynamical masses for low-mass PMS staiass star$! > 10Mg, [Preibisch et al. 1999), which is signifi-
cantly higher than the mean number of companions for interme
Send offprint requests to: skraus@mpifr-bonn.mpg.de diate and low-mass stars.
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In the very center of the ONC, four OB stars form the Oriofiable 2. IOTA Calibrator Stars Information
Trapezium; three of whichotOriA, B, C) are known to be

multiple (Weigelt et al. 1999; Schertl et/al. 2008)0ri D (alias Star V- H Spectral Adopted UD diameter
HD 37023, HR 1896, Parenago 1889) has no confirmed compan- Type [mas]
ion, although a preliminary analysis of the radial velodity HD14129 55 3.3 G8.5ll D1+ 0012
\Vitrichenko (2002a) suggests that it might be a spectrascop HD20791 57 35 GS8.5iI ®9+ 0012
binary with a period of 20 or 40 days. HD28322 6.2 3.9 Gall B2+ 0.012

A particularly intruiging young € 1 Myr, [Hillenbrand HD34137 7.2 4.4 K2l B0+ 0.012
[1997) high-mass star in the Trapezium clustedidri C (alias HD36134 58 32 Klll 116+ 0.02
410riC, HD 37022, HR 1895, Parenago 1890riC is the Egggégé 2-2 431-2 }8\'/' g;i 8'3(1)2
brightest source within the ONC and also the main source of HD74704 57 35 Kol 071 008

the UV radiation ionizing the proplyds and the M42uHe-
gion. A close (33 mas) companion with a near-infrared flux ra-

tio of ~ 0.3 between the primang{Ori C1) and the secondary  Notes - UD diameter taken from the CHARM2
(6*Ori C2) was discovered in 1997 using bispectrum speckle ifAtaod .2005).

b :
(Wei -1909). iet al. (20 U'D dlameter_taken from getCal tool _

Eﬁgen;(;?seé%/lc\%eé teoltbeet 4|41159M®, r?]grlli?ltgjelt thle ﬁ]oos%)rrﬁ:;iﬂ/e (http://mscweb.ipac.caltech.edu/gcWeb/gclieb. jsp).

star in the cluster. The same authors give finative tempera-

ture of 45000+ 1000 K and a stellar radius of B+ 1.1 Ry.

ISimon-Diaz et &l.. (2006) estimated the mass independestl tem from which BN was ejected and identified Source | as the

ing evolutionary tracks and by performing a quantitativalgn likely progenitor system. Later, Gomez et al. (2005) adfied

sis of 1Ori C spectra and obtainéde,o = 33Mg andMspec=  ther evidence to this interpretation by identifying Souncas a

45+ 16Mg, respectively. Long series of optical and UV spectrgaotential third member of the decayed system.

scopic observations revealed that the intensity and alse $ioe

profiles vary in a strictly periodic way. With 1422+ 0.002 days, ) )

the shortest period was reportedmmw%).ﬁbv@- Observations and Data Reduction

authors interpret this periodicity, which in the meantines\also ; ;

detected in X-rayl(Gagne etlal. 1997), within an oblique maéil' Bispectrum speckle interferometry

netic rotator model, identifying 15.422 d with the rotatjperiod Speckle interferometric methods are powerful techniques f

of the star_Stahl et al_(1996) detected a steady increaséial overcoming the atmospheric perturbations and for reacthieg

velocity, confirmed by Donati et Al. in 2002, which suggests diffraction-limited resolution of ground-based telescopesh b

spectroscopic binary with an orbital period of at least 8rgeaat near-infrared and visual wavelengths. Since the disyafe

\Vitrichenkd [2002b) searched for long-term periodicitytie  6*OriC2 in 1997, we have monitored the system with Big

radial velocity and reported two additional periods of 6§gla Telescope Alt-azimuthal (BTA) 6.0 m telescope of the Special

and 120 years, which he interpreted as the presence of aily tofstrophysical Observatory located on Mt. Pastukhov in Russ

three components in the system. For the speckle observations at visual wavelengths, axXP@p4
Given the unknown orbit of the speckle companion, it stipixel CCD with a multialkali S25 intensifier photocathodeswa

must be determined which one of these periods correspondsi$¢d. The near-infrared speckle observations were caotied
the orbital motion of C2. Since the discovery of C2in 1997e¢éh Using one 512512 pixel quadrant of the Rockwell HAWAII ar-
measurements performed with bispectrum speckle interfero ray in our speckle camera, with pixel sizes of 13.4 mabgnd),

try showed that the companion indeed undertakes orbitabmot 20.2 mas Ki-band), and 27 ma&(band) on the sky.
(Schertl et al._2003), reaching the largest separation etilo For the speckle observations at infrared wavelengths, we
components in autumn 1999 with 432 mas. In order to fol- recorded interferograms 6t0ri C and of the nearby unresolved
low the orbital motion, we monitored the system using irdcar star6*OriD in order to compensate for the atmospheric speckle
and visual bispectrum speckle interferometry and in 2005, ftransfer function. The number of interferograms and theatet

the first time, also using infrared long-baseline interfeetry.  integration times (DITs) are listed in Talple 1.

An interesting aspect of the dynamical history of the ONC The modulus of the Fourier transform of the ob-
was presented by Tah (2004). He proposed that the Becklifict (visibility) was obtf?uned with the .speckle interfer-
Neugebauer (BN) object, which is located’4%orthwest of the Ometry method [(Labeyfi€ 1970). For image reconstruc-
Trapezium stars, might be a runaway B star ejected from tH@n we used the bispectrum speckle interferometry method
¢10ri C multiple system approximately 4 000 yrs ago. This scé/Veigelt 1977, Weigelt & Wirnitzer 1983, Lohmann etlal. 1983
nario is based on proper motion measurements, which shaw tH@fmann & Weige 6).

BN and 6*Ori C recoil roughly in opposite directions, and by

the detection of X-ray emis_sion potentially tracing a V\_/iru!/vb 2.2. IOTA long-baseline interferometry

shocH. Three-body interaction is a crucial part of this interpre-

tation, and C2 is currently the only candidate which couldehaThe Infrared Optical Telescope Array (IOTA) is a three-

been involved. Therefore, a high-precision orbit measergm telescope, long-baseline interferometer located at thed Fr

of C2 might dfer the unique possibility to recover the dynamikawrence Whipple Observatory on Mount Hopkins, Arizona,

cal details of this recent stellar ejection. However, asptudy operating at visual and near-infrared wavelengths (Traali e

(Rodriguez et al. 2005) also aimed to identify the multipys- ). Its three 45 cm primary Cassegrain telescopes can be

mounted on stations along an L-shaped track, reaching 15 m

1 However, the more recent detection of X-ray variabilityritensity towards a southeastern and 35 m towards a northeastern di-

and spectrum makes it unlikely that this X-ray emissionlyeatigi- rection. After passing a tip-tilt system, which compensate

nates in a wind bow shock, as pointed ouf by Grossoletal.[j2005 the atmospherically induced motion of the image, and path-
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Table 1. Observation Log.

Target Instrument Date Filtér DetectoP No. Interferograms  Calibratdts
and Configuration [UT] and Mode TargetCalibrator

6*0oriC  BTA 6nySpeckle 1997.784 H P/DIT=150 ms 518641 6*0riD

A*OriC  BTA 6nmySpeckle 1998.838 K’ H/DIT=120ms 43865 6*0riD

6*0OriC  BTA 6nySpeckle 1999.737 J H/DIT=100 ms 51@44 6*0riD

6*0oriC  BTA 6nySpeckle 1999.8189 G SDIT=5ms 500~ -

A*OriC  BTA 6mySpeckle 2000.8734 V' SDIT=5ms 1000 -

6'OoriC  BTA 6nySpeckle 2001.184 J H/DIT=80 ms 6841 523 6*0riD

6*0oriC  BTA 6nySpeckle 2003.8 J H/DIT=160 ms 3124 6*0riD

A*OriC  BTA 6nmySpeckle 2003.9254 V' S/DIT=2.5ms 15006~ -

6'OoriC  BTA 6nySpeckle 2003.928 \A S/DIT=2.5ms 2006~ -

6*0oriC  BTA 6nySpeckle 2004.8216 V' SDIT=5ms 200p- -

A*OriC  BTA 6nmySpeckle 20068 V., R - - -

'OriC  IOTAA35-B15-CO 2005 Dec04 H 1L7R, 2L7R 11 4008 050 HD 14129, HD 36134, HD 34137,
HD 50281, HD 63838

6*0oriC  I0TAA35-B15-C10 2005 Dec02 H 2L7R, 4L7R 44001 950 HD 34137, HD 50281, HD 63838

6*0oriC  I0TAA35-B15-C10 2005 Dec03 H 2L7R 46002 450 HD 28322

AtOriC  I0TAA35-B15-C15 2005Dec01 H 2L7R, 4L7R 7 25¢6 000 HD 20791, HD 34137, HD 36134

6*0oriC  I0TAA25-B15-CO 2005 Dec06 H 2L7R, 4L7R 525M 875 HD 28322, HD 34137, HD 36134,
HD 74794

'OriD  I0TAA35-B15-CO  2005Dec04 H 2L7R 8002 800 HD 14129, HD 36134, HD 34137,
HD 50281, HD 63838

6*OoriD  IOTA A25-B15-CO 2005 Dec 06 H 2L7R, 4L7R 180/ 875 HD 28322, HD 34137, HD 36134,
HD 74794

Notes - Filter central wavelength and bandwidth, in nig/a1) —V’: 54530; G’: 610°20; R': 80Q60; J: 1 239138; H: 1613304;
K’: 2115214,

b pP: PICNIC detector, H: HAWAII array, S: Multialkali S25 imisifier photocathode

9 For the IOTA measurements, we useffetient detector read modes to adapt to the changing atmaspbaditions. The two numbers in
the given 4-digit code denote the value of thep andread parameter (Pedretti etlal. 2004) of the PICNIC camera. Siatztaken in dferent
readout modes is calibrated independently, the scattbehgeen the data sets also resembles the typical calibratiors (see Figufd 4).

9 The dash symbol in the calibrator column indicates specklasurements for which no calibrator was observed.

compensating delay lines, the three beams are fed into fibeasnposes the signal into the OPD-scale domain, providialgsc
and coupled pairwise onto the IONIC3 integrated optics bedffinequency) resolution while preserving the informatidroat
combiner |(Berger et al. 2003). The interferograms are dmbr the fringe OPD. The turbulent Earth atmosphere introduzss f
by temporal modulation around zero optical path delay (QPD)hanging OPD variations between the combined telescofses (a
During data acquisition, a fringe trackersoftw known as atmospheric piston), degenerating the recorded in
[2005) continuously compensates potential OPD drifts. his terferograms. By measuring the extension of the fringe gack
lows us to measure the three interferograms nearly simedtaim the CWT along both the scale and the OPD axis, we iden-
ously within the atmospheric coherence time, preservirgy tlify the scans which are mosttacted by this fect and reject
valuable closure phase (CP) information. them from further processing. For the remaining scans, w&/ap

For our IOTA observations, we used foufférent array con- a method similar to the procedure presente etal
figurations (see Tablel 1), obtaining tbe-coverage shown in (2004). First, the fringe peak is localized in the CWT. Inartb
Figure[1.6*Ori D was observed on two fierent array configura- minimize noise contributions, a small window around thedg
tions, as shown in Figufé 2. During each night, we systeralific peak position is cut out. Then we integrate along the OPD, axis
alternated between the target star and calibrators in ¢od#e- yielding a power spectrum. After recentering the fringekpge:
termine the transfer function of the instrument. For moritle sition for each scan (to compensate frequency changeseadduc
about the calibrator stars and the number of recorded Msohel by atmospheric piston), we average the power spectra for all
interferograms, refer to Tallé 2. scans within a dataset. In the resulting averaged powetrsipec

In order to extract visibilities and CPs from the recordede fit and remove the background contributions and integrate
IOTA interferograms, we used the IDR®ata reduction soft- over the fringe power to obtain an estimate Y6t
ware. Basic principles of the algorithms implemented irs thi
software package were already presented in Kraus et al5)200 , , _
although several details have been refined to obtain optieaal . Another refinementin our software concerns the CP estima-
sults for fainter sources as well, such as those observedsn tion. We found that the best signal-to-noise ratio (SNR) ban
study. achlgveq by averaging the bispectra from aI.I scans. Thesbisp

To estimate the fringe amplitude (visibility squaratf), we frumis given by the triple product of the Fourier transforithe

compute the continuous wavelet transform (CWT), which décans at the three baselines (Hofmann & Weigelt 1993). Then,
we use the triple amplitude to select the bispectrum element

2 The IDRS data reduction software can be obtained fromyith the highest SNR and average the triple phases of these el
ftp://ftp.mpifr-bonn.mpg.de/outgoing/skraus/idrs/ ments in the complex plane to obtain the average closureephas
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1999.7, BTA, J-band 2004.8, BTA, V’-band 2005.9, IOTA, H-band
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Fig. 3. Left, Middle: Bispectrum speckld andV’-band images reconstructed from BTA-daReght: Aperture synthesis image of
6*Ori C reconstructed from our IOTAI-band data. Besides the false-color representation in gperurow, we show the images
below as contours with the best-fitted positions marked wtiéin symbols (see Tallé 3). In the image in the lower rightegithe
restoring beam for the IOTA aperture synthesis image is shaman inset. Over the six year interval covered by the imagb#al
motion is clearly conceivable (1920042005;0=43/24/14 mas®=214/191°/163).

0
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3. Aperture synthesis imaging The clean beam, which we used for convolution to obtain the
final image, is rather elliptical (see inset in Figlte 3),resent-

Interpreting optical long-baseline interferometric dafeen re- ing the asymmetries in thev-coverage.

quires a priori knowledge about the expected source bragstn

distribution. This knowledge is used to choose an astraphlg

motivated model whose parameters are fitted to the measureddi. Model fitting

terferometric observables (as applied in Selct. 4). 4.1. Binary model fitting for 6*Ori C

However, the measurement of CPs allows a much more intu- o )
itive approach; namely, the direct reconstruction of arrmpe Although the aperture synthesis image presented in the last
synthesis image. Due to the rather small number of telescog€ction might also be used to extract parameters like binary
combined in the current generation of optical interferaioet Separation, orientation, and intensity ratio of the congmis
arrays, direct image reconstruction is limited to objecithwa (Ic2/lc1 = 0.26,p = 141 mas® = 162), more precise values,
rather Simp|e source geometry; in particu|ar, mu|t|p|etm InCIUdlng error estimates, can be obtained by flttlng the-mea

(for images reconstructed from IOTA data, see Monnier et &ured visibilities and CPs to an analytical binary model.
2004{Kraus et al. 2005). The applied model is based on equations 7-12 presented

. f based Beildi lock . | in [Kraus et al. [(2005) and uses the least-square Levenberg-
Using our software base onct Ilding Block Mappingal-  \jarquardt method to determine the best-fit binary separatio
gorithm (Hofmann & Wag%t 1993), we reconstructed an ap&fcior and intensity ratio. In order to avoid potential locan-
ture synthesis image of ti€Ori C system from the data col-jn, \ve vary the initial values for the least-square fit onid,gr
lected during our IOTA run. Starting from an initial singlelth- searching for the global minimum.
function, this algorithm builds up the image iterativelydnding Since the apparent stellar diameted®ri C is expected to
components in order to minimize the least-square distaree Be only~ 0.2 mas at the distance of Orion, for our fits we as-
twee? thte (;‘r]easured bispectrum and the bispectrum of the {fime that both stellar components appear practically atves
constructedimage. to the IOTA baselines. Furthermore, we assume that thevelat
The resulting image is shown in Figuré 3 and provides osition of the components did not change significantly dver
model-independent representation of our data. By comginifi nights of observation.
the data collected during six nights, we make the reasorm@ble  Figure[4 shows the measured IOTA visibilities and CPs
sumption that the orbital motion over this interval is ngidle. and the observables corresponding to our best-fit binaryeinod
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Table 3. Relative astrometry and photometry for #®ri C binary system

(O-C) Orbit #1

(O-C) Orbit #2

Telescope Date Filter  Flux ratio (i Ref. €] o €] o
Fca/Fa [°] [mas] [l [mas] (] [mas]
BTA 6m/Speckle 1997.784 H P6+0.02 2260+3 33+2 b +3.0 +0.0 +3.0 +0.5
BTA 6m/Speckle  1998.838 K’ B82+003 2220+5 374 b +3.8 -2.6 +3.8 -2.5
BTA 6m/Speckle  1999.737 J Bl+002 2140+ 2 43+ 1 c -0.9 +1.5 -0.9 +1.5
BTA 6m/Speckle  1999.8189 G’ B5+0.04 2135+2 42+1 - -1.1 405 -1.1 +05
BTA 6m/Speckle  2000.8734 V’ 85+0.03 2100+2 40+ 1 — -0.8 -0.8 -0.9 -0.8
BTA 6m/Speckle  2001.184 J 20+002 2080+2 38+1 c -1.6 2.1 -1.7 2.1
BTA 6m/Speckle  2003.8 J B0+0.02 1993+2 29+ 2 — +3.9 +0.5 +2.8 +0.5
BTA 6m/Speckle  2003.9254 V' - 199+ 2 29+ 2 - +36 +1.3 +3.4  +1.3
BTA 6m/Speckle  2003.928 \% - 199+ 2 29+ 2 - +3.8 +1.3 +3.6 +1.3
BTA 6m/Speckle  2004.8216 V' B84+004 1905+4 24+ 4 - +4.2 +24 +4.0 +2.4
IOTA 2005.92055 H @28+0.03 16274+2 1355+05 - -0.5 +0.0 -1.0 +0.0
BTA 6m/Speckle  2006.8 V', R - - <15 - - - - -
Notes - Following the convention, we measure the position anglé {RAn north to east.
References 2 [Weigelt et all 19999 [Schertl et al. 2003
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Fig. 1. uv-plane coverage obtained aOriC with the four Fig.2. uv-plane coverage obtained @hOri D with two IOTA
IOTA array configurations used. The relatively strong asygnmarray configurations. Symbols and colors as in Fifglire 1.
try in the uv-plane coverage mainly results from the position of

6*0ri C relatively close to the celestrial equator.
4.2. Resolved structure around 6*Ori D:

Potential detection of a companion

Besides the main target of our observational programme,

(x2,/dof = 1.35, 2, /dof = 1.48). The separatiop, PA®, and
intensity ratio of this binary model are given in Table 3,etter
with the positions derived from the speckle observationsi-T
lustrate more clearly that the measured IOTA visibilitiesem-

6*0ri C, during the two nights with the best seeing conditions,
we also recorded four datasets @OriD. Despite lower flux
(6*Ori D: H=5.9,60ri C: H=4.6), the quality of the derived vis-
ibilities and CPs seems reliable, although slightly largeors

ble a binary signature, in Figui¢ 5 we show a projection of thust be assumedOri D appears resolved in our measurements
sampled two-dimensional Fourier plane along the binary vegith a significant non-zero CPs signal (0°) on the A35-B15-

tor, revealing the cosine modulation corresponding to theier
transform of a binary brightness distribution.

CO0 baseline. This CP indicates deviations from point-sytnymne
as expected for a binary star. We applied the binary model fit

For the speckle data (providing a complete Fourier samplidgscribed in Secf. 4.1 and found the binary system with an in-
up to the spatial frequency corresponding to the diametéreof tensity ratio of 0.14p = 18.4 mas, and® = 41° (Figure[®) to be
telescope primary mirror), we determine the binary paranset the best-fit modely?/dof = 1.36).
by fitting a two-dimensional cosine function directly to A However, considering theuv-coverage of the existing
speckle interferogram power spectrum. dataset, this solution is likely not unique, and it can notuded
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Fig.5. Projection of the sampled Fourier plane along the fitted o

binary PA of 16274° (x = ucos®-vsin®), clearly revealing the <

binary signature. The dashed line shows the theoreticaheos >

visibility profile for a binary star with separation 13.55 srend

intensity ratio 0.28.

0.2 - 1
Table4. Preliminary orbital solutions, dynamical parallaxes, and o+t
system masses fétOri C. T
Orbit #1 Orbit #2 0.8 | T % -
P [yrs] 10.98 10.85 %
T 1996.52 1996.64 3 0.6 | - 1
e 0.909 0.925 “‘>
a [mas] 41.3 45.0 0.4t 1 -
i [ 105.2 103.7
Q [°] 56.5 56.9 02t 1 J
o [ 65.7 68.2
x?/dof 1.61 1.59 0
ndyna) [mas] | 2.304+ 0.066 | 2.585+ 0.074 15 + i |
dayn®  [pC] 434+ 12 387+ 11

(Mc1+ M) [Mg] | 47.8+4.2 448+ 39 10 t T 1
Notes - The errors on the dynamical parallaxes and correspond- § St T 1
ing distances were estimated by varying the measured bfhearyatio h=) 0 + :
o
O

within the observational uncertainties, the assumed sglegpes for
the bolometric correction by one sub-class, the extindbip®0.2 mag-
nitudes, and by using threefiirent MLRs (by Baize & Romahi 1946; -10 f + .
[Heintz[1978[ Demircan & Kahraman 1991). However, the giveore

do not reflect the uncertainties on the orbital elemardasadP. Due to 15 ¢ T i
the presence of the multiple orbital solutions, it is cutisenot possible —

to quantify these errors reliably. 2 -1 01 2-2-10123

Hour Angle [h] Hour Angle [h]

out that other geometries, such as for inclined circurastelisk ., ¢ \/sinilities and Closure Phases derived from the recorded
geometries with pronounced emission from the rim at the dqﬁA interferograms foi8*Ori D (points with error bars). The

sublimation radius (see e.d._Monnier etial. 2006), might al3iq jine shows the binary model fit, described in more d@tai
produce the asymmetry required to fit the data. SectiofZp

5. Results orbit points which were sampled with several measurements a
similar epochs (two measurements in 1999.7-1999.8 ane thre
measurements in 2003.8-2003.9), we treated each of these cl
Our multi-epoch position measurements of th@ri C system ters as single measurements.

can be used to derive a preliminary dynamical orbit. To find In Table[4 we give the orbital elements corresponding to the
orbital solutions, we used the method described by Ddcohwo best orbital solutions found. As the/dof values of the
(1985). This method generates a class of Keplerian orbés-pawo presented orbits are practically identical, the emgstas-

ing through three base points. From this class of possibie sotrometric data does not allow us to distinguish betweenethes
tions, those orbits are selected which best agree with thee meolutions. These orbits and the corresponding O—C vecters a
sured positions, where we use the error bars of the indiVidislhown in Figurdl7 (see Tablé 3 for a list of the O-C values).
measurements as weight. In order to avoid over-weightieg tAs the ephemerids in Tablé 5 and also the position predistion

5.1. Preliminary physical orbit of the 8*Ori C binary system



S. Kraus et al.: Visughfrared interferometry of Orion Trapezium stars

7

‘ "Orbit #1 —— Table 5. Ephemerides for thé*Ori C orbital solutions presented
o, (2007.5) Orbit #2 v .
T Measured Position +——+— in Table'
ot Predicted Position X
Nodes
Epoch Orbit #1 Orbit #2
5t €] P ® P
[°] [mas] (1 [mas]
10 b 2007.0 100.9 8.7 101.8 8.7
\ 2007.5 28.6 1.9 -22.4 0.8
7 N (2008.0) 2008.0 229.1 21.7 2279 23.0
e -15r ;
= \ 20085 2246 30.1 223.8 31.0
E 2009.0 221.7 351 221.1 358
S 20+t 2010.0 2175 40.2 217.0 405
10978 2011.0 2139 416 213.4 416
.| ' 2012.0 210.3 40.5 209.8 40.2
2013.0 206.3 37.5 205.8 37.0
‘ 1908.8 20140 201.4 33.0 200.8 323
30 b I e 2015.0 1946 27.1 193.7 26.3
2016.0 1834 20.1 181.7 19.2
a5 | | 2017.0 159.7 12.8 155.1 120
20008 ~ 19998
10 5 0 -5 -10 -15 -20 -25 -30
dRA [mas] we did not include these velocity measurements as a tough con
%0 straint in the final orbital fit, but show them together witte th
40 | radial velocities corresponding to our best-fit orbit si@ins in
0k Figure[T.
7 20 K Both orbital solutions suggest that during periastron pas-
£ sage, the physical separation between C1 and C2 decreases to
i ~ 1.5 AU, corresponding to just 30 stellar radii. Besides the
of strong dynamical friction at work during such a close passag
a0 _ | strong wind-wind interaction can also be expected.
w0l N S— | It is worth mentioning that besides the presented best-fit
Jrad orbital solutions, a large number of solutions with longer o

1900 1920 1940 1960 1980 2000 2020 2040

Year

bital periods exist, which are also fairly consistent witie t
astrometric measurements. However, since these orbits hav

Fig.7. Top: Two best-fit apparent orbits of th#OriC binary slightly higher y?/dof values than the solutions presented
system (solid and dashed line). Each position measuresest (above and also correspond to physically unreasonable masse

Table[3) is connected to its predicted position withGuC line.

(Mc1 + Mc2 < 20 orz 130 Mg, assumingd=440 pc), we

Besides our orbital solutions (see Table 4), the line of Bodgejected these formal solutions.

and the predicted positions for the interval 2007.0 to 2B08.

(increments of 0.25 yrs) are shown. North is up and east is to ]

the left. Bottom: Radial velocity variations of both components>-2- Dynamical masses and parallaxes

computed for our orbital solutions using the method
by8). For the mass rafitco/Mc1,
0.47, as obtained from our modeling of the flux ratio presgnt
in Sect[5.4. When computing the radial velocity curve, tine (
known) system velocity, represents a free-parameter corr
sponding to a velocity fiset, which we set te.5 km s* for this
plot. The radial velocity measurements (points with eraosi

were taken from Vitrichenka (2002b).

e_

Pre=ENt o hjers third law relates the major axasand the orbital period
we assume

P with the product of the system mass and the cube of the par-
Qllax; i.e. Mc1 + Mcy) - 7 = a3/P? (wherea andr are given in
mas,P in years, andV in solar masses).

In order to separate the system mass and the parallax
in absence of spectroscopic orbital elements, the method by
[Baize & Romanil(1946) can be applied. This method assumes
that the component masses follow a mass-luminosity rela-
tion (MLR), which, together with a bolometric correctiondan
extinction-corrected magnitudes, allows one to solvelersys-

(dots) in Figurdl7 show, future high-accuracy long-bageim tem massMc: + Mcz and the dynamical parallaxgyn. When
terferometric measurements are needed to distinguisheleatwusing the MLR by Demircan & Kahramahn (1991), the bolomet-
these orbital solutions. ric correction for 05.5 and 09.5 stars by Martins éetlal. (A005

Potentially, additional constraints on th&Ori C binary or- and the extinction corrected magnitudes given in Table &leve
bit could be provided by radial velocity measurements, sagh rive the dynamical masses and parallaxes given in Table nWh
those published by Vitrichenkd (2002b) and in the referenceomparing the distances corresponding to the dynamical-par
therein. However, the complexity of th&Ori C spectrum — in- laxes derived for Orbit #1dyn = 7, = 434 pc) and Orbit
cluding the line variability corresponding to the magnaflic #2 (dayn = 387 pc) with distance estimates from the literature
confined wind-shock region expected towaédi®ri C — makes (e.g.d = 440+ 34 pc from[ J€ries[20077; see also references
both the measurement and the interpretation of radial itedec herein), orbit solution #1 appears much more likely. Thesadgn
for 6*Ori C very challenging. Since it is unclear whether theseal system mass corresponding to Orbit #1 is84Vlg, which
velocities really correspond to the orbital motion of thedsly must be scaled by a factod (dayn)® when distances other than
system or perhaps to variations in the stellar wind f@@riC, dayn = 434 pc are assumed.
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0.5

5.3. The orbital parameters in the context of reported
periodicities

Several studies have already reported the detection addtieri =
ity in the amplitude, width, or velocity of spectral linesoand :H- [—— -
6*Ori C. This makes it interesting to compare whether one of

those periods can be attributed to the presence of comp@gion

Flux Ratio

P ~ 15.422 + 0.002d: By far, the best-established period- 02 fr T
icity towards #*OriC was detected in hydrogen recom-

bination lines and various photospheric and stellar-wind Measurements Feo/F; ——

lines [Stahletdl[ 1993, 1996; Walborn & NicHdls_1094; ~ 01f 092995 Mei=t M MerZ16 M MO
‘Oudmaijer et all 1997). Later, the same period was also 05/09.5 - wg:;ii%miin!ngzzz%% 'R/lﬂssuun (Mo -

found in the X-ray flux [(Gagne etial. 1997) and even in ‘  O7/B1- Mg;=32 Mg, Mc5=12 Mgy (C04) - - -

modulations in the Stokes paramet2006). %4 o068 08 1 12 14 16 18 2 22

Although possible associations with a hypothetical low- Wavelength [um]

mass stellar companion were initially discussed (Stahllet
[1996), this period is, in the context of the magnetic rotat
model, most often associated with the stellar rotationgueri
We can rule out that C2 is associated with this periodicgy,

gﬂ'g. 8. Measured intensity ratio of the'Ori C components as
a function of wavelength (points with errorbars). For vaso
ipectral-type combinations, the curves show the expected i

we do not see significant motion of C2 within the seven da gnsity ratio, assuming the_ stars co_ntrlbutg p“f‘?'y phptec
covered by the IOTA measurements. mission (black-body emission with luminosities anfiee-

Ry . tive temperatures as given in the stellar evolution models f
60d < P < 2yrs, P~ 120yrs. |Vitrichenko (2002b) fitted .
radial velocity variations assuming the presence of two-coM-aﬂm's—e-t-a"Kzo-dS' MOS) arid Clarét (2004, C04)).
panions and determined possible periods of.649 days
(with L an integer< 13) for the first and~ 120 yrs for the

second companion. Since our orbital solutions do not mat followi that th . tributiomtdri C2
any of these periods, we consider an associatigh@fic2 1€ following we assume that the major contributiomabri
very unlik to the measured flux is photospheric.

ely. ) .

P > 8yrs I {1998) reported a steady increase in radial In Figure[8 we show the measurég./Fc; as a function
velocity.[Donati et al.[(2002) confirmed this trend and estP! Wavelength and compare it to model curves corresponding t
mated that this increase might correspond to the orbital m{@rous spectral-type combinations for C1 and C2. To comput
tion of a companion with a period between 8 yrs (for a highl{'© modsll flukxt:agos, we §|mulate thehstellar.photosphemse
eccentric orbit) and 16 yrs (for a circular orbit). With the>lOn as black-body emissid¥(Ter) with effective temperatures
found period of- 11 yrs, it is indeed very tempting to asso- ef and stellar radiR, as predicted by stellar evolutionary mod-
ciate#*Ori C2 with this potential spectroscopic companiorE!S (Claret 2004 Martins et/al. 2005):

However, as noted in Se€f.b.1, the set of available spectrp- B(TCY)

scopic radial velocity measurements seems ratherinhomoéjﬂ) ) = (Tt R‘ZZZ

neous and fragmentary and might contain observational RiFc1 B(TSHRE,

ases due to the superposed shorter-period spectrosaopic li

variations, as noted above. Under these assumptions, the companion C2 would have to be
rather massiveMic2/Mc1 = 0.45+ 0.15) to obtain reasonable
agreement with the measured flux ratios (see Figlre 8).

1 i . . .
5.4. Nature of the 6OriC components Using a value forA, from literature, the flux ratios can also
used to estimate the photometry of the individual comptsne

her constant from the visual to the near-infrared. Tioeegin

1)

Most studies which can be found in literature attributed t
whole stellar flux of #*OriC to a single component and able[®). Then, the spectral type of C1 and C2 can be deter-

determined a wide range of spectral types including O5{gined by comparing the location of the stars in the HR-diagra

(Gagné et 2. 2005), O6 (Levato & Abt 1976: Simon-Diazlet with stellar evolution models. For this, we adopt the praced
2006), O7 [(van Altena et 5. 1988), to 09 (Trumpler 1931). ?Rom [Schertl et dI.[(2003) and convert the derived photoynetr

order to resolve this uncertainty, it might be of importanee Nt locations in the HR-diagram using the colors and boleme
take the presence @fOriC2 into account. Besides the conJic corrections from Kenyon & Hartmann (1995, and reference
straints on the dynamical masses derived in Se€fioh 5.1, adge"ein) and Martins & Plez (2006). Assuming coevality fottb

tional information about the spectral types@DriC1 and C2 Stars, the spectral type of the individual components casohe

can be derived from the flux ratio of the components in thgrained by finding the location where the curves for the-vari

recorded bands ous spectral bands and the isochrone intersect. As can he see
' : : : in Figure[®, the allowed locations for C1 intersect the Zero-

In contrast to our earlier studies (Weigelt et al. 199g" N

Schertl et all. 2003), we can now also includeVhband flux ra- Age Main SequenBgZAMS) arou.ndTeff = 46000+ 4000 K,

tio measurement to constrain the spectral types of theiohaéy Iog(l)_él(gg 2=08'03 E ?62 I(_coereEpj)gcilng 1‘[0 c?)?r)egngr?(;%umt%f 59

components. Th&-band is of particular interest, as a relativ orCo. logl/Lo = 4.5+ 0.1 P 9 )

increase of the flux ratiéc,/Fcq from the visual to the near- )

infrared would indicate the presence of circumstellar malte s \yjth a dynamical age of 3 x 10 yrs, it seems justified that the

either as near-infr_ared. excess e_mission orintrinsic edin to-  Trapezium stars are real ZAMS stdrs (Schulz t al. 2003)path the

wards C2 (assuming similaffective temperatures for both com-strong magnetic activity fromd*Ori C was also associated with a pre-

ponents). Our speckle measurements indicateitpat-c; stays main-sequence origif (Donati efllal. 2002).
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Table 6. Derived dereddened magnitudes and colors for ah@riC components. For the photometry of the total system,

we used data from Hillenbrand et al. (19981=4.63, H=4.48

,K=4.41E and_Hillenbrand (1997,V=5.12). An extinction of

Ay = 1.74 (Hillenbrantl 1997) was assumed (using the reddening and, similar to Mathis & Wallenhorst 1981, a
highRy = 5.0).
V J H K V-J V-H V-K J-H J-K  H-K

0'OriC1 3.70 435 4.38 449 -065 -069 -0.80 -0.04 -0.15 -0.11
¢*Ooric2 4.87 565 581 573-0.78 -0.94 -086 -0.15 -0.08 0.07

OIS OIS OIB BIO Bll Blz B|3 BIS B|7 AIO AIS FIO GIO KIO KISN:O N:S Searching again for the intersection between the allowed lo

cations in the HR-diagram with the isochrones applicabl&éo
6 T ONC (Figurd®), the best agreement for D1 can be found with

log L/Lgy,

Isochrones 3.0
—— PMS Evol. Tracks
©; Ori D1 (H)
o, Ori D2 (H)
P ©; Ori C1 (VIIIHIK)

ffffffff " Ori C2 (VIJHIK) )Wyt

1 1 1 1 1

48 46 44 42 4 38 36
log Teg [K]

Fig.9. HR-diagram with PMS evolutionary trackZ (= 0.02;
thin solid lines with the corresponding masses labelededsi
For masses< 7Mg (> 9Mg), the tracks fronl Siess etla

2000 (Bernasconi & Maed

ted lines represent the isochrones for 0.3, 0.6, and 1.0

(Bernasconi & Maedar 1996). Using the synthetic colors an

bolometric corrections compiled by Kenyon & Hartmahn (1995
including data from_Johnson 1966, Bessell & Brett 1988, a

others) and the O star colors by Martins et al. (2005) al
Martins & Plez (2006), we converted the measured photome

for 610riC1, C2, D1, and D2 into the corresponding allowe

locations in the HR-diagram (thin red lines).

We conclude that the spectral type combination, which
multaneously provides good agreement to the measured

I
96) were used. The three d

Ter = 31500+ 4000 K, logL/Le = 4.25+ 0.1 (corresponding
to 09.5). Accordingly, D2 might be either a B4 or B5 type star
which has just reached the ZAMS & = 16 000+ 4000 K,
logL/Lp = 2.6 + 0.2) or a pre-main-sequence KO type star
(Ter = 5000+ 1000 K, logL/Lp = 1.3+ 0.2).

Vitrichenkd (2002a) examined radial velocity variatiorfs o
6*OriD and presented preliminary spectroscopic orbital ele-
ments for a companion with a 20.2 d period (or twice that pe-
riod, P=40.5 d). Assuming 2Mg as the system mass, these
periods correspond to a major axis of 0.05 or 0.08 AUQ(1
or 0.2 mas). Since this is far below the 18 mas suggested by our
binary model fit, we do not associate our potential companion
with the proposed spectroscopic companion.

The multiplicity rate in a young stellar population such as
the Trapezium cluster is an important quantity which might a
low us to draw conclusions not only about the dynamical Injsto
of the ONC, but also about the mechanisms controlling the sta
formation process. The detection of a new companion around
6*0ri D further increases the multiplicity rate for high-masars
in the ONC. For instance, considering the sample of 13 Orion O

dand B-type stars studied by Preibisch étlal. (1999) now gig@i

visual and 5 spectroscopic detected companions (incluoiiegy

8Hintup|e system, nameb}Ori B). This corresponds to an aver-

e observed companion star frequency (CSF) of 1.15 compan-
s per primary. Despite the fact that this value only reprts

strict lower limit due to observational incompletenesis al-

aady higher than the incompleteness-corrected CSF digiem

[Duguennoy & Mayor (1991) for a distance-limited sample of
olar-type field stars (0.5 companions per primary). Koétel.

Zrm. have reported that the CSF for low- and intermediate-
mass stars in the ONC is about a factor of 2.3 lower than the

CSF in the Duguennoy & Mayor sample, making thatiences

in the CSF between the low-, intermediate-, and high-mass st
population in the ONC highly significant. Several studieg(e
drreibisch et al. 1999; Bally & Zinnecker 2005; Bonnell & Bate
fR005) have already interpreted this as evidence tfireit for-

ratios, the HR-diagram, and the dynamical masses derivedniiation mechanisms (e.g. stellar coalescence vs. accyatight

Sect[5.1, is given by the following stellar parametersrigshe
evolutionary models from Martins etlal. 2005):

C1:05.5M =340 Mg, Ter = 39900 K, logL/Lg = 5.41)
C2:09.5M = 155Mg, Ter = 31900 K, logL/Lp = 4.68)

5.5. Nature of the potential *Ori D companion

be at work in dfferent mass regimes.

6. Conclusions

We have presented new bispectrum speckle interferometdc a
infrared long-baseline interferometric observationshef ©rion
Trapezium starg'OriC and D. This data was used to recon-

Although theg*Ori D binary parameters presented in SEctl 4 &ruct difraction-limited NIR and visual speckle images of the
must be considered preliminary, it might be interesting ¢ée d¢*Ori C binary system and, to our knowledge, the first model-
termine the spectral type of the putative components. Wé&yapindependent, long-baseline aperture-synthesis imaggafiag

the procedure discussed in Séct] 5.4 to determine the pho

etry of the components from the measured intensity ratio{ph

tometry for the unresolved system from Hillenbrand et a@&9
H=5.84) and derivédp1=5.98 andHp,=8.12, respectively.

tatar at infrared wavelengths.

For#'Ori D, we find some indications that the system was re-
solved by the IOTA interferometer. Although the non-zera-cl
sure phase signal suggests asymmetries in the brightness di
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tribution (maybe indicative of a close companion star)iHar
observations are required to confirm this finding.

From our multi-epoch observations @AOriC (covering
the interval 1997.8 to 2005.8), we derived the relative fmsi
of the companions using model-fitting techniques, cleadg-t
ing orbital motion. We presented two preliminary orbitaluso

S. Kraus et al.: Visuahfrared interferometry of Orion Trapezium stars

Monnier, J. D., Traub, W. A., Schloerb, F. P., et al. 2004, /A80P, L57

Oudmaijer, R. D., Drew, J. E., Barlow, M. J., Crawford, |. &.Proga, D. 1997,
MNRAS, 291, 110

Pedretti, E., Millan-Gabet, R., Monnier, J. D., et al. 20BASP, 116, 377

Pedretti, E., Traub, W. A., Monnier, J. D., et al. 2005, Agppt., 44, 5173

Pourbaix, D. 1998, A&AS, 131, 377

Preibisch, T., Balega, Y., Hofmann, K.-H., Weigelt, G., &HAecker, H. 1999,

tions, of which one can be favoured due to theoretical argu-New Astronomy, 4, 531

ments. This solution implies a period of 10.98 yrs, a semjiema

axis of 41.3 mas, a total system mass~0#8Me, and a dis-

Richichi, A., Percheron, I., & Khristoforova, M. 2005, A&A431, 773
Rodriguez, L. F., Poveda, A., Lizano, S., & Allen, C. 2009JA627, L65
Schaefer, G. H., Simon, M., Nelan, E., & Holfeltz, S. T. 2083, 126, 1971

tance of 434 pc. Furthermore, we find strong indications thsdhertl, D., Balega, Y. Y., Preibisch, T., & Weigelt, G. 200&.A, 402, 267
6*0ri C2 will undergo periastron passage in mid 2007. As tHgehulz, N. S., Canizares, C., Huenemoerder, D., & Tibbet2003, ApJ, 595,

binary separation at periastron is expected to-bk mas, fur-
ther long-baseline interferometric observations@@riC are
urgently needed to refine the orbital elements, the steléeses,
and orbital parallaxes. Through comparison with stellalev

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593

Simoén-Diaz, S., Herrero, A., Esteban, C., & Najarro, P&0A&A, 448, 351

Stahl, O. 1998, in Cyclical Variability in Stellar Winds, .ed. Kaper & A. W.
Fullerton, 246+

tionary models and modeling of the measured intensity ratigfahl. O-, Kaufer, A., Rivinius, T., et al. 1996, A&A, 312,%3

we find evidence that the companiéfOri C2 is more massive

Stahl, O., Wolf, B., Gang, T., et al. 1993, A&A, 274, L29
Tamazian, V. S., Docobo, J. A., White, R. J., & Woitas, J. 2002, 578, 925

(Mc2/Mc1 ~ 0.45+ 0.15) than previously thqught; likely of late tan, J. c. 2004, ApJ, 607, L47
O (099.5) or early B-type (BO). The contribution of the comTraub, W. A., Ahearn, A., Carleton, N. P., et al. 2003, in tfgeometry for
panion to the total flux 0#*OriC and the interaction between Optical Astronomy Il. Edited by Wesley A. Traub. Proceedirgj the SPIE,

both stars might be of special importance for a deeper und;Frr—

standing of this intriguing object. Therefore, we strongigour-

\Volume 4838, pp. 45-52 (2003)., ed. W. A. Traub, 45-52
umpler, R. J. 1931, PASP, 43, 255
van Altena, W. F., Lee, J. T., Lee, J.-F,, Lu, P. K., & UpgrenRA 1988, AJ, 95,

age observers to acquire high dispersion spectra of therayst 1744

in order to trace the expected radial velocity variationd te
wind-wind interaction of the system.
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Fig. 4. Visibilities and Closure Phases derived from the recor@8Ninterferograms fofOri C as a function of hour angle (points
with error bars). The solid line shows the binary model fisatéed in more detail in Sectidh 4. Thefdrent symbols represent
the diferent detector modes used (see Table 1). The data for eadtatanode was calibrated separately, so the scatteririgeof t
data groups represents the typical calibration errors.
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