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ABSTRACT

We report the first spatially resolved observations of the spectroscopic binaviesand WR 140, including
the debut of aperture-synthesis imaging with the upgraded three-telescope IOTA interferometer. Using IONIC-
3, a new integrated optics beam combiner capable of a precise closure phase measurement, short observations
were sufficient to extract the angular separation and orientation of each binary system and the component brightness
ratio. Most notably, the underlying binary in the prototypical colliding-wind source WR 140 (W©#/O5)
was found to have a separation-ef3 mas with a position angle of 15Zonsistent with previous interpretations
of the 2001 dust shell ejection only if the Wolf-Rayet star is fainter than the O star auh6%/e also highlight
A\ Vir, whose peculiar stellar properties of the Am star components will permit direct testing of current theories
of tidal evolution when the full orbit is determined.

Subject headings: binaries: spectroscopic — instrumentation: interferometers —
stars: individual X Virginis, WR 140) — techniques: interferometric

1. INTRODUCTION vations for the A star binary\ Vir and the colliding-wind
_ . ) i system WR 140 and discuss the significance of our findings.
Only two optical (visible and infrared) interferometers have are we alert the astronomical community to the need for a
published results combining three or more separated telescopesggial velocity follow-up of these specific sources as well as

the Cambridge Optical Aperture Synthesis Telescope (Baldwin i the new research opportunities available with the IOTA3.
et al. 1996) and the Navy Prototype Optical Interferometer (Ben-

son et al. 1997). Combining more than two telescopes is crucial

in order to measure thelosure phase, a phase quantity that is 2. OBSERVATIONS AND ANALYSIS
uncorrupted by atmospheric turbulence and necessary for image
reconstruction in “very long baseline interferometry” (Jennison ;
1958; Monnier 2000); indeed, the closure phase lies at the hear{l’elescope Array (IOTA) interferometer (Traub et al. 2003),

of self-calibration techniques widely used at radio wavelengths "Which is operated by a consortium of institutions, most notably
(e.g., Readhead et al. 1980: Cornwell & Wilkinson 1981). the Smithsonian Astrophysical Observatory and the University
Here we present the first scientific results of the upgraded of Massachusetts at Amherst. The 0.45 m telescopes are movable

three-telescope Infrared Optical Telescope Array (IOTA3) in- among 17 stations along two orthogonal linear arms (telescopes

terferometer (Traub et al. 2003), with the newintegrated—opticstAl"’lnd c %an move ialong[hthel535 m nt%rthe?stern arm,llwhile
combiner IONIC-3 (Berger et al. 2003) for precise measure- elescope B moves along the 15 m southeastern arm), allowing

ments of visibilites and closure phases. IOTA3 has much &" aperturel of 35 |m< 150;'; o 22 synthesilzgd (corgspo_nding
greater near-infrared sensitivity (with a demonstratethag- ~ t© @n angular resolution ef5 x 12 mas at 1.6um). Capping
nitude of 7) than the other imaging arrays, allowing for new 6}‘ "3”9 development (e.g., Schloerb 1990), the third telescope
observational programs including imaging of young stellar ob- ('C") was fully incorporated on UT 2002 February 23 and now

jects, mass determinations of low-mass binaries, and mappin llows visibilities on three baselines and one closure phase to
photospheric surface structures of red giants. After describing € trrleasqr?d S'Tléltaq.ec’lfs% The l;'_”'“a' obseévatlo?sl ulsgenga
our novel instrumentation, we present the first resolved Obser_grgrge)r/peei Igl_eg(r)%f) tﬁgtl(;?)e(rat)e(t:jocr)?]l)l/n\?vzt(he.pgcl)’lariezrg deligﬁt. The
upgraded combiner IONIC-3 corrected this deficiency in 2002

" University of Michigan at Ann Arbor, Department of Astronomy, 500  November, and all observations presented here were obtained in
Church Street, Ann Arbor, Ml 48109-1090; monnier@umich.edu. unpolarized Iight

2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam-

All the data presented were obtained using the Infrared Optical

bridge, MA 02138. We only just introduce IONIC-3 (Berger et al. 2003) here;
3 University of Massachusetts at Amhert, Department of Astronomy, LGRT- an engineering paper with a detailed description of the 10
B 619E, 710 North Pleasant Street, Amherst, MA 01003-9305. component and its performance is in preparation (Berger et al.

* Michelson Science Center, California Institute of Technology, Pasadena, CA. ; ; ; ;

® Laboratoire d’Astrophysique de Grenoble, 414 Rue de la Piscine, F-38400 2.003)' nght f.rom each telescop_e IS fOCUS?d Into a dedlc_a.‘ted
Saint Martin d'Heres. France. single-mode fiber, and the three fibers are aligned using a silicon

s Alcatel Space Industries, Cannes, France. V-groove array mated to the planar waveguides on the 10 de-

;LETI-CEA, Grenoble, France. _ vice. The optical circuit acts to split the light from each tele-
Garliﬁir;)gegzrﬁqc;l#t;em Observatory, Karl-Schwarzschild-Strasse 2, D'857483C0pe before recombining each telescope pair (AB, BC, AC)

9 Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cam-at three IQ .COUplers' Th.IS pair-wise combination schgme
bridge, MA 02139-4307. leads to six interferometric channels (two for each baseline),

19 |MEP-INPG, Grenoble, France. where the interference fringes are temporally modulated by
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TABLE 1
OBSERVING LOG FOR A VIR AND WR 140
Date Calibrator Names
(5] Interferometer Configuratién (Adopted UD Diameter)
A Vir (A1 V + A); H magnitude= 4.28 + 0.21
2003 Feb 16, 17.......... A35-B05-C10 HD 126035 (G7 Ill, 0.78 0.24 mas)
HIP 71957 (F2 I, 1.20+ 0.22 mas)
2003 Feb 20, 22, 23..... A25-B15-C10 HD 126035
2003 Mar 21.............. A35-B07-C25 HD 126035
2003 Mar 22.............. A35-B07-C10 HD 126035; HD 158352 (A8 V, 0.44 0.10)
2003 Mar 23-24.......... A35-B15-C10 HD 126035; HD 158352
2003 Jun 12-17.......... A35-B15-C10 HD 126035
WR 140 (WC7+ 04/05);H magnitude= 5.429 + 0.023

2003 Jun 17.............. A35-B15-C10 HD 192985 (F5 IV, 0.46- 0.10 mas)

HD 193631 (KO, 0.44= 0.10 mas)

Note.—The H-band photometry is from the Two Mass All Sky Survey Release; the calibrator diameters
were estimated usingetCal software (http://msc.caltech.edu).

# Configuration refers to the location of telescopes A, B, and C on the NE, SE, and NE arms, respectively;
see § 2 for more details.

scanning piezo mirrors placed in two of the telescope beams;filter (\, = 1.65 um, AN = 0.30 um); Table 1 contains other

a sensitive HgCdTe (Rockwell PICNIC) array (Pedretti et al. observing details. Figure 1 shows tfig 1) -coverage obtained

2003) detects the signals, and data are recorded by a VME-during each epoch for each science target.

based control system linked to a Sun workstation. Reduction of they? data was carried out using an IDL im-
We followed established observing procedures, as outlined inplementation of the method outlined by CéutieForesto et al.

previous IOTA publications (Cotidii Foresto, Ridgway, & Mar-  (1997). In short, we measured the power spectrum of each in-

lottl 1997, M|"an'Gabet,. SCh|Oerb, & Tra.ub 2001) Obsel’vatlpns terferogram (proportiona' to the targgf ), after Correcting for

of target and nearby calibrator stars were interspersed to Ca"brat%tensity fluctuations and subtracting out bias terms from read

slowly varying system visibilities and closurg phases. The SCiencenoise, residual intensity fluctuations, and photon noise (e.g., Per-

targets presented here were observed using a stafBlbahd i 5003). To assure a good closure phase measurement, we

required that interferograms be detectec>@nbaselines, a con-
dition nearly always maintained by a real-time fringe packet
“tracker” (E. Pedretti et al. 2004, in preparation). Finally, with
the data pipeline, we applied a correction to the variable flux
ratios for each baseline by using a transfer matrix (based on
single-beam flux measurements; e.g., CoddeForesto et al.
1997; Monnier 2001). We have studied the absolute calibration
accuracy by observing single stars of known size and found a
systematic error oAV? = 0.10 (e.g., 5% error in visibility for
unresolved sources) under the worst observing conditions; this
error has been combined (in quadrature) with the statistical error
for fitting purposes. Improved analysis methods should achieve
=<1% errors eventually since we are using single-mode fibers.
We followed the method of Baldwin et al. (1996) for cal-
culating the complex triple amplitude in deriving the closure
phase, explicitly guaranteeing “fringe frequency closure”
(g + vac + vea = 0). While photon-noise bias correction is not
necessary for the IONIC-3 (pair-wise) combiner, the instrumental
closure phase must be determined empirically. The miniature
dimensions of the 10 component have minimized drifts to less
than E over many hours; chromaticity effects, however, limit
our absolute precision when the calibrator and source are not of
the same spectral type because of different “effective wave-
lengths.” Engineering tests indicate that the instrumental closure
phase ¢, ) varies systematically g4 + 0°3  between a hot
star (B8) and a cool star (M3) when using the broadtafitter.
) While we minimize these errors by using calibrators matched to
30 20 10 0 -10-20 30 20 10 0O -10 -20 the spectral type of the target, a conservative systematic error
U Coordinate (m) U Coordinate (m) of A®., = 0?75 was adopted here to approximate our expected
residual level of miscalibration. Finally, the sign of our closure

Fic. 1.—The(u, v) -plane coverage of science binaries. Each diamond represent: . . . _
a single observation with the IOTA3 interferometer, corresponding to approximatelysphase @AB + ®oc + Pea for the baseline mangle connecting tele

100-200 interferogram scans. The overlaid image in each panel represents th§90peSA —B—C—A ) was calibrated using the well-known
1?2 of the best-fit binary model for each epoch discussed in the text. binary stars Capella and Matar (Hummel et al. 1994, 1998).

V Coordinate (m)

V Coordinate (m)
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TABLE 2
BINARY PARAMETERS FOR N\ VIR AND WR 140 AT 1.65 um
PosiTiON 2 b
EprocH SEPARATION ANGLE? ﬂ
SOURCE uT) (mas) (deg) FLux RaTio V2 CP
ANVir o 2003 Feb 16-23 18.2 0.6 200+ 3 1.69°933 0.45 128

2003 Mar 21-24  17.8- 0.5 184+ 3 172+ 0.07 0.33 2.2
2003 Jun 12-17 195 06 22+ 3 20592 031 4.8
WR 140 ...... 2003 Jun 17 12,908 151.7%  1.109% 013 4.7

2 Position angles (east of north) are measured from the bright to the faint component.
® The x* per degree of freedom, teduced x? is reported for the model fit to th#? and
closure phase (CP) measurements separately.

3. RESULTS AND DISCUSSION malization is equivalent to increasing the data errors to force

the x¥dof = 1 and conservatively estimates errors in the con-

. . ) .
With calibrated”® and closure phases for each target, astaliGeyi'of an incomplete error model. The most probable values

binary star model (separation, position angle, brightness ratio)with 1o errors bars (68.4% confidence interval) were calculated

was fitted to the data for each given epoch, assuming the cal¢, "o, - \arameter (separation, position angle, brightness ratio)
ibration errors given in the previous section and ignoring band-

width-smearing effects. Table 2 contains the results of our fits by integrating over the other variables, a standard practice re-

based on a maximum likelihood approach giving equal weights feréed tg asmar:rg_i nzli_ziﬂg over th((jase Ivariables. h

to the visibility data and closure phases. Explicitly, the prob- ased on t fekIJr h”g' tness and color te(:jmp%ratures, tl e(;:(r)]m-

ability of a given set of parameters was approximated by prob- p<ogeé1t star§ Oh. oth binaries are expﬁcte to | N gnrego vgz . dehr €

ability oc exp [-x2./ Min (x2e) — x 24 min (2)]. This nor-  (=0-> mas); this assumption, as well as neglecting bandwidt
smearing, may not remain valid if the data precision is improved

significantly. The)* and closure phases for a subset of the data

Lam Vir Data from UT2003Mar23 3 are shown in Figure 2 along with the best-fitting model predic-

] tion. We note thai Vir, which has an~207 day period, is not
completely static during each observing “epoch.” With complete
orbital phase coverage, this deficiency will be corrected by solv-
ing for the full orbital elements by fitting directly to the visi-
bilities, closure phases, and radial velocities, a procedure outlined
in detail by Hummel et al. (1998) and Boden et al. (1999).

The radio community developed interferometric imaging
techniques (e.g., hybrid mapping) capable of reobtaining lost
individual phases (e.g., Haniff et al. 1987). As demonstrated
by Baldwin et al. (1996), these methods can be applied suc-
cessfully to optical interferometers as well. We present the first
aperture-synthesis images from IOTA3 in Figure 3, depicting
N\ Vir for each epoch. The images are constructed iteratively
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phases for self-calibration. CLEAN deconvolution was applied
using an elliptical Gaussian CLEAN beam. Full details of the
image-making process for this source (as well as the binary
Capella) can be found in Kraus (2003). The presented maps
are consistent with the binary parameters found through direct
fitting and demonstrate the imaging capability of the IOTA3
IONIC-3 system, currently the most sensitive infrared imaging
interferometer in the world.

With this new imaging capability, we begin to study binary
stars that have never been resolved before and that represent
unique stellar systems whose properties can shed new light on
rare and/or short-lived phases of stellar evolution. Lambda Vir
is a well-known spectroscopic binary (with a period of 207 days;
Stickland 1976) with similar components of spectral type early
Am (both are metallic-lined; Abt 1961). The stars exhibit the
g E curious property that one is sharp-lined and the other broad-

05 00 05 10 15 20 25 lined, which makes them easily distinguishable spectroscopi-

Hour Angle (hours) cally. IOTA3 observations will allow us to determine the absolute

FiG. 2.—Top panel: Example binary model fits fok Vir on UT 2003 March properties of the components once the full orbit is established.
23. The top three panels show th¢  for baselines connecting telescopes A-BJFundamental stellar parameters, such as the system distance (in-
E)ﬁhznAd Qgt:gipﬁggﬁznj he go_“g’;‘rﬁsg‘i' tSOhOWaSntgle gjt“?gf‘tjg g'(‘;ggf;‘ul;zasedependent oFipparcos) and the individual masses and absolute
17 observations ofgWR 140. 'IF'Jr?gse.curves repreggnt thé best-fit model parametergear_lR Iu_mmosmgs, can be determmed, thrOL,jgh a Comblnatlon
as described in § 3. For all panels, the error bars shown represent only theOf the radial velocity orbit, the astrometric orbit, and the bright-
statistical error and do not include the systematic error discussed in § 2. ness ratio. Furthermore, these properties can be compared di-
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Danchi (2002), revealing an eastward-moving arc of dust con-
sistent with the O star being roughly east of the W-R star at
periastron. The O star is expected to be on (nearly) the opposite
side of the W-R star now as compared with periastron, which
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UT2003Feb16-23 UT2003Mar21-24

40
40
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y s T @ ] can be reconciled with the position angle found here (R=A.
°r T 1° 152) if the W-R star is fainter than the O star at 1.6 (as
o T @ 1. expected by some workers; e.g., Williams et al. 1990). We intend

to combine future high-precision interferometer observations
with new radial velocity data (e.g., Marchenko et al. 2003) to
derive component masses and a distance estimate, fundamental
parameters that are needed for a definitive interpretation of data
across the electromagnetic spectrum.
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4. CONCLUSIONS

°r 1° We have reported the first scientific results from the IOTA3
] interferometer: the newly resolved separation, position angle, and
flux ratio information for double-lined spectroscopic binary stars
A\ Vir and WR 140. Using a preliminary data reduction pipeline,
‘ calibration is sufficient for model-fitting and aperture-synthesis
4 20 0o 20 -40 imaging using hybrid mapping techniques. New observations are
dRA [mas] being pursued in order to derive precise component masses and
Fic. 3.—First aperture-synthesis images from the upgraded IOTAS3 inter- dls_tance estimates by C.memmg interferometric and radial ve-
ferometer, depicting\ Vir based on 1.6%:m observations at three separate 10City data. All the visibility and closure phase data here have
epochs. The binary components are well resolved from each other but arebeen converted to the new FITS format for Optical Interfer-

unresolved individually; orbital motion is clearly evident, showing nearly an ometry data (O|-F|TS) and are available upon request.

~180 rotation between the first and last epoch. Each panel includes a contour

map showing 5% intervals in surface brightness scaled to the peak as well as .

the CLEAN restoring beam as inset. North is up, and east is left. The authors gratefully acknowledge critical support from

SAO, NASA, and NSF (AST 01-38303). E. P. was supported
rectly against models of stellar evolution to derive the age of by an SAO Predoctoral Fellowship, J. D. M. by a CfA Fel-
the system. The very different projected rotational velocities of lowship, and R. M.-G., J.-P. B., and S. R. through NASA
the components are of special interest, enabling us to makeMichelson Fellowships. G. T. acknowledges partial support
unique tests of current theories of tidal evolution (Tassoul & from NASA's MASSIF SM Key project (JPL 1240033). In
Tassoul 1997; Zahn & Bouchet 1989 and references therein). addition, we acknowledge useful contributions from B. Arezki,

WR 140 is a prototypical colliding-wind binary source con- A. Delboulbe, C. Gil, S. Gluck, E. Laurent, R. B. Metcalf, and
sisting of a W-R (WC7) star and an O4/05 star in a highly E. Tatulli. IONIC-3 was developed by LAOG and LETI in the
eccentric~7.9 yr orbit, and it has been extensively studied in context of the IONIC collaboration (LAOG, IMEP, LETI),
the radio, infrared, optical, ultraviolet, and X-ray wavelengths funded by the CNRS and CNES (France). This publication
(e.g., Moffat et al. 1987; Williams et al. 1990; White & Becker makes use of data products from the Two Mass All Sky Survey,
1995). Notably, infrared emission appears and fades in con-which is a joint project of the University of Massachusetts and
junction with the periastron passage, which is explained by tran- IPAC/Caltech, funded by NASA and the NSF. This research
sient dust formation in the dense shock-compressed gas at théas also used the SIMBAD database, NASA’s ADS Service,
wind-wind interface (Williams et al. 1990; Usov 1991; Tuthill, and services of the Michelson Science Center at Caltech.
Monnier, & Danchi 1999). This process was captured in a series
of high-resolution near-infrared images by Monnier, Tuthill, &  ** See http://www.mrao.cam.ac.ufgy1001/exchange.
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