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ABSTRACT

We have measured nonzero closure phases for about 29% of our sample of 56 nearby asymptotic giant branch
(AGB) stars, using the three-telescope Infrared Optical Telescope Array (IOTA) interferometer at near-infrared wave-
lengths (H band) and with angular resolutions in the range 5—10 mas. These nonzero closure phases can only be
generated by asymmetric brightness distributions of the target stars or their surroundings. We discuss how these
results were obtained and how they might be interpreted in terms of structures on or near the target stars. We also
report measured angular sizes and hypothesize that most Mira stars would show detectable asymmetry if observed

with adequate angular resolution.

Subject headings: circumstellar matter — stars: AGB and post-AGB — stars: imaging — stars: spots — surveys —

techniques: interferometric
Online material: color figure

1. INTRODUCTION

The stars in this study are all asymptotic giant branch (AGB)
stars, that is, stars found at or near the tip of the AGB in the H-R
diagram. They are low- to intermediate-mass stars, having al-
ready spent most of their lives as normal stars, and currently
heading toward their deaths probably in the form of planetary
nebulae (PNe), leaving the central star as a white dwarf. Most
AGB stars are variable in brightness; those with relatively regu-
lar and large-amplitude visual variations (>2.5 mag) with periods
in the range 100—1000 days are classified as Mira variables. The
Mira variables and some of the other, semiregular (SR) or irreg-
ular (Irr) variables have observed mass-loss rates ranging from
1077 to >107> M, yr~! (Knapp & Morris 1985). Diameter
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changes, opacity changes, and possibly other processes such as
convection contribute to the brightness variation in these stars.

The Mira stage of evolution has been identified as marking the
onset of the “superwind” phase, i.e., that evolutionary stage in
which mass-loss rates rapidly increase and result in the termina-
tion of AGB evolution (Bowen & Willson 1991; Willson 2000).
These stars thus serve as markers for the tip of the AGB in var-
ious populations, something already known for the shorter period
cases from the few Mira variables that appear in globular clusters
such as 47 Tuc (Frogel et al. 1981).

Mira variables with close companion white dwarfs usually are
classified as symbiotic systems (Allen 1984; Whitelock 1987;
Luthardt 1992; Belczynski et al. 2000). A few Mira variables are
known to have companions but are not (or are only very mildly)
symbiotic systems; this includes o Cet (=Mira), with a probable
white dwarf companion in a multicentury orbit (Reimers &
Cassatella 1985; Wood & Karovska 2004). Statistics for the
binarity of Mira variables are otherwise quite uncertain, in part
because the expected orbital velocity amplitudes for a close
companion, 30 kms~'at 1 AU and 10 km s ! around 5 AU, are
very similar to the shock amplitudes of 20—30 km s~! produced
by the Mira pulsation itself (Hinkle et al. 1984).

In this paper we use the word “asymmetry” to mean that part
of the two-dimensional brightness distribution that cannot be
made symmetric with respect to a reflection through a point. Thus,
for example, an elliptical uniform disk or an equal-brightness
binary system are both symmetric, but a binary with unequal
brightness or a star with an off-centered bright/dark spot is
asymmetric.

Departure from circular symmetry has been known in AGB
stars from various high angular resolution observations ( Karovska
etal. 1991, 1997; Wilson et al. 1992; Haniff et al. 1992; Richichi
et al. 1995; Ragland 1996; Weigelt et al. 1996; Lattanzi et al.
1997; Wittkowski et al. 1998; Tuthill et al. 1997, 1999, 2000;
Hofmann et al. 2000; Thompson et al. 2002; Monnier et al.
2004a; Weiner et al. 2006). The observed departures from cir-
cular symmetry have been interpreted in terms of either elliptical
distortions or an otherwise symmetric photosphere containing
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localized compact features. However, no consensus exists as to
the mechanism that would cause such departures from apparent
circular symmetry.

Dust shells surrounding AGB stars have observed asymmetries
as well, such as in Mira (Lopez et al. 1997) and the carbon stars
IRC+10216 (CW Leo; Tuthill et al. 2000), CIT 6 (Monnier et al.
2000), and IK Tau (Weiner et al. 2006), among others. The con-
nection between apparent surface features and the morphology
of the dust shells has not been established.

About 50% of all PNe display bipolar symmetry (Zuckerman
& Aller 1986), but only a small fraction of circumstellar enve-
lopes show bipolarity. A surprisingly large number of proto-PNe
show roughly circular arcs surrounding a bipolar core, suggest-
ing that in most cases the AGB mass loss is spherically symmet-
ric and the asymmetry seen in the PN occurs well after the Mira
stage (Su 2004; Willson & Kim 2004). Recent studies of jets
around a few AGB stars (Kellogg et al. 2001; Imai et al. 2002;
Sahai et al. 2003; Sokoloski & Kenyon 2003; Brocksopp et al.
2004) from radio, X-ray, or Hubble Space Telescope (HST') obser-
vations suggest that those stars showing substantial asymmetry
may all have a low-mass stellar companion accreting mass from
the AGB primary. Recent SiO maser observations of AGB stars
show departures from spherical symmetry (Diamond et al. 1994;
Greenhill et al. 1995; Diamond & Kemball 2003; Cotton et al.
2004; Soria-Ruiz et al. 2004). The observed circumstellar SiO
masers tend to occur in clumpy, partial rings centered on the cen-
tral star (Diamond et al. 1994). Cotton et al. (2004) observed nine
stars in SiO, at least two of them known binaries, and used the
modeling of Humphreys et al. (2002) in discussing the results.
SiO maser emission comes from ~2 AU or ~2 R, where the out-
flow velocity gradient along the line of sight is small. The special
conditions required for maser emission potentially give rise to
bias in the statistics of asymmetry in the sample population of
stars.

In this paper we report the initial results from one phase of a
larger program, the Mira Imaging Project, to investigate asym-
metries in AGB stars using three interferometer facilities, each
capable of making closure-phase measurements. These facilities
are the Infrared Optical Telescope Array (IOTA), the Infrared
Spatial Interferometer (ISI), and the Very Long Baseline Array
(VLBA). This paper focuses on IOTA results.

Subsequent to the work reported here, and as a part of the
ongoing Mira Imaging Project, selected Mira targets with posi-
tive closure-phase signal from our survey have been revisited at
different pulsational phases, baselines, position angles, and wave-
lengths in order to characterize the observed asymmetry. The
results of this ongoing study will be presented elsewhere. In this
paper, we present the initial survey results for all our targets.

2. OBSERVATIONS

The observations reported here were carried out during the
commissioning phase of the IOTA three-telescope array (Traub
et al. 2004) and integrated-optics beam-combiner, IONIC (Berger
et al. 2003), operating in the H-band (1.65 pm) atmospheric win-
dow. Observations of binary stars taken with the same instrumen-
tal configurations were reported by Monnier et al. (2004b) and
Kraus & Schloerb (2004). We report here the results of the first
phase of our program in which we have studied 56 evolved giants
(Tables 1 and 2) including 35 Mira stars, 18 SR variables, and 3 Irr
variables'* looking for asymmetry in their brightness profiles.

4 §2 Lyr s classified in the CGCV'S (Samus et al. 2004) with an uncertainty
as a SR variable, and no period estimate is available in the literature. We consider
this target to be an Irr variable for the purpose of this paper.

We report observations taken during six observing runs during
2002 May to 2003 May. Observations were taken either with
a standard H-band filter (A = 1.65 ym, A4 = 0.3 pum) or with
a narrowband filter (4 = 1.64 um, A4 = 0.1 pym). Typically, 5
minutes of program star observations were followed by nearby
calibrator observations under identical instrumental configura-
tions. For the observations taken during 2003 March and May
observing runs, we used ND filters for the bright targets, since we
had excellent optical throughput with newly coated primary
mirrors and well-optimized beam train. On each star, we record
four sets of data files, each containing about 500 scans. A scan
consists of changing the optical path difference between two
beams by roughly 75 pum in sawtooth form. We then take about
400 scans of shutter data for calibration. The shutter data sequence
consists of allowing only one beam at a time (telescope A, B, and
then C) and at the end blocking all three beams. Each scan takes
about 100 ms.

All targets were observed with a three-baseline interferometer
configuration, forming a closed triangle. Earth rotation enables
closure-phase measurements at slightly different projected base-
lines (and hence different closed triangles) when observations are
made at different hour angles. We have adopted baseline boot-
strapping (Mozurkewich & Armstrong 1992) at the IOTA whereby
fringes are tracked on two short baselines, while science data are
recorded on all three baselines simultaneously, enabling low-
visibility measurements on the third (long) baseline. Details of
the detector camera and the fringe tracker algorithm used for this
work are reported by Pedretti et al. (2004) and Pedretti et al.
(2005), respectively.

IOTA’s maximum baseline of B = 38 m yields an angular res-
olution of 4/2B ~ 4 mas at 1.65 pm. The present faint limit with
the IONIC beam-combiner is H ~ 7 for the broadband filter and
H ~ 5 for the three narrowband filters. For the difficult case of
observing well-resolved Mira stars with the H filter at or below
5% visibility level, the limiting magnitude is H ~ 4. The limit-
ing magnitude of the star tracker at IOTA, for these observations,
was V ~ 12 for late-type stars. The angular resolution of our
short southeast arm at IOTA is lower than that of the northeast
arm, meaning that we could miss some asymmetry if it were
predominantly parallel to the projected southeast baseline of the
interferometer.

Pulsation periods for all Mira and SR variables (53 of 56 pro-
gram stars) are from the Combined General Catalog of Variable
Stars (CGCVS). Among these 53 program stars, 37 also have
period estimates from the American Association of Variable Star
Observers (AAVSO) derived using a data window centered on
JD 2,452,000 (M. R. Templeton et al. 2004, private communi-
cation), enabling us to validate the CGCVS periods. In addition,
AAVSO has tentative or very tentative periods for three more SR
stars. The CGCVS periods are consistent with available AAVSO
periods for all but four of our program stars. Interestingly, the
AAVSO periods for all four discrepant stars, namely, X Cnc,
BG Ser, UU Aur, and W Ori, are roughly twice the CGCVS
periods, although the AAVSO periods for two of them, namely,
UU Aur and W Ori, are either tentative or very tentative values.
For completeness, one of the Irr variables, namely, TX PSc, has
a very tentative AAVSO period of 255.5 days.

3. DATA REDUCTION

The recorded interferograms were reduced with an IDL code
package developed by one of us (Ragland). Our single-mode
integrated-optics beam-combiner chip (Berger et al. 2003) has
three input beams (/,, I, and I.) and six output beams (/;, i =
1-6). Each input is split into two parts and coupled to the outputs
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TABLE 1

DERIVED CLOSURE PHASE AND UD DIAMETERS IN THE H BAND FOR TARGETS WITH DETECTED ASYMMETRY

Calibrator CGCVS  AAVSO
Date Diameter Period Period Spectral Binax Oup Gep®
Target (UT) Calibrator (mas) (days) (days) Phase Type (cm) (mas) (deg)
Mira Stars

IK Tau‘........... 2003 Jan 19 63 Ari 2.6 470 0.4 M6 e-MI10 e 3282.1 24.72 £ 0.23 1173 + 1.0
2003 Jan 29 63 Ari 2.6 470 0.4 M6 e-M10 e 3282.3 24.72 + 0.23 1624 + 17.4

2003 Jan 30 63 Ari 2.6 470 0.4 M6 e-M10 e 3309.1 24.72 £ 0.23 152.8 £2.9

3287.0 2472 £ 0.23 1444 £ 32

R Aur®........... 2003 Jan 19 HD 31312 2.6 457.5 452.5 0.4 M6.5 e-M9.5 ¢ 3461.5 10.01 + 0.20 —7.0 £ 0.5
2003 Jan 25 HD 31312 2.6 457.5 452.5 0.4 M6.5 e-M9.5 ¢ 3416.9 10.01 £ 0.20 —6.6 £ 0.6

2003 Jan 28 HD 31312 2.6 457.5 452.5 0.4 M6.5 e-M9.5 ¢ 3487.0 10.01 + 0.20 —6.7 £ 0.6

U Ori.....eeee 2003 Jan 28 40 Ori 22 368.3 372.3 0.1 M6 e-M9.5 e 3461.6 11.31 + 0.41 —8.6 £ 0.6
S CMi............. 2003 Mar 08 27 Mon 24 3329 329.6 0.4 M7 e 3520.4 7.06 £+ 0.08 6.0 £ 0.6
R CncC............ 2003 Jan 23 w Hya 2.5 361.6 362.3 0.3 M6 e—M9 e 3354.7 12.65 £ 0.35 6.7 +£ 0.6
3131.8 12.65 + 0.35 —1.0 £ 0.7%

2003 Jan 28 w Hya 2.5 361.6 362.3 0.3 M6 e—M9 e 3424.7 12.65 £ 0.35 9.6 £0.7

R LMi> ........ 2002 Mar 07 w Hya 2.5 372.2 375.4 0.5 M7 e 2916.8 13.16 + 0.21 2.6 +0.5°
2003 Mar 09 w Hya 2.5 3722 3754 0.5 M7 e 38254 13.16 £ 0.21 —56+12

2003 Mar 12 w Hya 2.5 372.2 375.4 0.5 M7 e 3582.7 13.16 + 0.21 —31.5+£0.38

SCB ... 2003 Mar 07 HR 5464 2.7 360.3 365 0.5 M7 e 2914.3 8.81 + 0.16 55405
RU Her®......... 2003 Mar 10 51 Her 2.5 484.8 494.1 0.1 M6 e-M9 3823.6 8.00 + 0.20 -72+£0.7
2003 Mar 11 51 Her 2.5 484.8 494.1 0.1 M6 e—M9 3539.3 8.00 + 0.20 —6.6 £ 0.6

2003 Mar 13 51 Her 2.5 484.8 494.1 0.1 M6 e—M9 3530.0 8.00 £ 0.20 —11.0 £ 0.7

U Her®............ 2002 Jun 28 K Ser 6.6 406.1 406.5 0.0 M6.5 e-M9.5 ¢ 3657.9 9.69 + 0.37 209 £ 1.6
R Aql°............ 2002 Jun 27 ~v Sge 6.9 284.2 272.9 0.7 M5 e-M9 e 3385.9 12.72 + 0.20 —26.6 £ 0.8
X Cyg’nnn. 2002 May 29 a Vul 5.1 408.1 404.8 0.2 S6, 2e—S10, 4e 2121.9 22.59 £ 0.52 168.7 + 1.4
R AqQrC...eee. 2002 Oct 30 ¢ Cet 4.7 387.0 386.1 0.3 M5 e-MR8.5 etpec  2614.3 19.07 £ 0.08 —11.0 £ 0.9

Semiregular Variables

UU Aur®......... 2003 Jan 30 HD 61603 2.9 234 (457.5) C53-C7,4 35544 10.88 + 0.18 —155+£ 0.6

V Hya".......... 2003 Mar 10 a Crt 29 530.7 0.1 C6, 3e—C7, 5e 2655.2 21.23 + 2.77¢ 174 £ 0.7
2003 Mar 11 a Crt 2.9 530.7 0.1 Cé6, 3e—C7, 5¢ 2666.6 21.23 +£2.77 0.4 £+ 0.6

Y CVn©...... 2003 Jan 28 HR 5464 2.7 157 C5, 4] 3487.7 14.05 £ 0.73 —269 £ 1.8

Irregular Variables

TX PSc......... 2002 Oct 29 ¢ Cet 4.7 (255.5) CIIL.. 3336.5 9.89 £ 0.17 —4.6 + 0.7
2002 Oct 30 ¢ Cet 4.7 (255.5) CIL.. 32343 9.89 + 0.17 —-1.5+0.7°

? This observation does not show asymmetry.

® Observed with the narrowband filter at 1.64 pm.
© At least one of the baselines resolved this target to the level of below 5% in V2.

4 UD model failed to fit the data. The derived value probably gives the diameter of the dust shell rather than the diameter of the central star.

¢ The uncertainties indicate random errors only (see text).

as follows: (a,b) < (1,2); (a,c) < (3,4); (b,c) < (5,6). The
complementary outputs (15, /4, and s) have the same information
as the normal outputs (/;, I3, and I5) except for a 7 fringe inten-
sity phase shift. Hence, the normal and the complementary out-
puts could be combined in order to improve the signal-to-noise
ratio of the measurements. The background-subtracted outputs
are combined two by two (with opposite signs) and normalized
as follows, in order to remove scintillation noise, which is com-
mon to both normal and complementary outputs,

L)L — LI
ty= B (1

and correspondingly for the other outputs. Here I denotes the
mean over the entire scan.

The power spectra of the resulting three outputs 1,5, I, and I,
are computed, and the fringe power for each of these three out-
puts is estimated by integrating the power (P) under the fringe
profile after background power subtraction (Baldwin et al. 1996).

The fringe power is proportional to the visibility squared (V2).
The target Vérg is calibrated by measuring the fringe power for
a nearby calibrator of known V2, under the same instrumental
configuration and by taking the ratio, i.e.,

P
2 2 t
Vtarg = Vcal <P:f> . (2)

The closure phase is the sum of the fringe phases simulta-
neously observed on three baselines forming a closed triangle
and is insensitive to phase errors induced by the turbulent atmo-
sphere or optics (Jennison 1958). If the phase errors introduced
into the three beams are 4, 6, and 6., then the observed fringe
phase between baselines a and b can be written as

¢ab = wab + 6b - 5a' (3)

Here 1, is the true object fringe phase between baselines a
and b.



TABLE 2
CLOSURE-PHASE MEASUREMENTS FOR TARGETS WITH NO DETECTABLE ASYMMETRIES

Date CGCVS Period Spectral Binax Oup Gep”
Target (UT) Calibrator (days) AAVSO Period Phase Type (cm) (mas) (deg)
Mira Stars
UPer .o 2002 Oct 30 51 And 320.3 318.7 0.5 M6 e 3607.2 5.84° 14 £ 1.1
R Tr e 2003 Jan 29 24 Per 266.9 264.8 0.9 M4 Ille 3548.7 4.46° 28105
RT Efi ceeveieneicniiciecene 2003 Jan 31 HR 1543 370.8 376.5 0.9 M:e 25279 6.3¢ 1.0 £ 0.6
R Lep® oo 2003 Jan 31 HR 1543 427.1 437.8 0.8 Clle... 2904.8 11.50° —-39+0.6
RU AUr ..o 2003 Jan 29 51 Ori 466.5 464.3 0.7 M8 3553.5 3.7¢ —-09 £ 0.6
X AUT e 2002 Oct 29 v Aur 163.8 166.1 0.2 K2 3664.0 1.8¢ 25+ 1.1
2003 Jan 23 HD 31312 163.8 166.1 0.2 K2 3378.4 1.8¢ —-02 £ 0.6
2003 Jan 25 HD 31312 163.8 166.1 0.2 K2 3429.5 1.8¢ —-09 £ 0.6
2003 Jan 28 HD 31312 163.8 166.1 0.2 K2 3507.5 1.8¢ 2.1 £0.6
2003 Jan 29 HD 31312 340.5 332.7 0.2 M6 e 2771.1 5.6 2.6 + 0.6
2003 Jan 28 w Hya 393.2 391.8 0.3 M7 e 34152 4.7¢ —-0.7 £ 0.6
2003 Jan 30 28 Hya 301.1 301.2 0.6 M7 e 2451.7 5.0 —-02 £ 0.6
2003 Jan 28 HR 5464 372.2 3754 0.3 M7 e 3530.8 13.2° —-2.6 £0.7
2002 May 29 p Boo 258.0 261.1 0.6 M6 e 2100.6 5.2¢ —-0.7 £ 0.7
2003 Jan 28 HR 5464 258.0 261.1 0.6 M6 e 3448.6 5.2¢ 0.2 + 0.6
SCiB i 2002 May 29 52 Boo 360.3 365 0.7 M7 e 21213 9.1° 0.3 +£0.8
2003 Jan 28 HR 5464 360.3 365 0.4 M7 e 3509.1 8.9° 1.5+ 0.6
S Ser.ciiiiiieieieieieieine 2002 Jun 28 K Ser 371.8 373.7 0.9 M5 e 3557.1 5.35° —-13+15
BG Ser...cccoveicinniecnns 2002 Jun 29 K Ser 143 386.1 0.7 M6 me. .. 3042.7 6.71F 0.1 £0.9
2003 Jan 30 110 Vir 143 386.1 0.3 M6 me. .. 3328.4 6.71° 0.7 £0.7
2003 Jan 30 110 Vir 143 386.1 0.3 M6 me. .. 3305.8 6.71" —-02 +£0.7
) 2 U 2002 May 27 K Ser 356.4 355.6 0.4 M7 Ille 2089.8 7.6° 0.0+ 1.0
2002 May 28 K Ser 356.4 355.6 0.4 M7 Ille 2052.9 7.6° 04 +0.8
2003 Jan 30 HR 5464 357.6 361.3 0.9 N... 3271.8 7.26° —-1.5+0.6
2002 May 25 HR 5947 484.8 494.1 0.5 MT7e... 2116.5 8.71f 1.3+£09
2002 Jun 28 3 Oph 426.3 424.8 0.0 M7 3500.1 6.52° —-1.0+ 1.0
2002 May 26 v Aql 328.9 341.1 0.4 K1 III+. ... 1968.1 12.97° —0.6 £ 0.8
2002 May 26 v Aql 284.2 272.9 0.5 M7 Iile 1944.2 9.3° —1.1 £0.8
2002 May 28 v Aql 490.4 480.8 0.1 S:... 1650.0 11.08° 1.2+ 1.0
2002 Jun 24 v Aql 327.1 325.7 0.0 M7 e 3488.8 7.247 1.9 +0.8
2002 Jun 29 v Sge 228 285.4 0.1 M7 e 3793.5 4.14f -1.8+£1.0
2002 May 28 v Aql 394.8 398.7 1.0 M7 e 1795.9 10.73f 02+ 1.0
2002 Jun 28 [ Oph 463.2 469 0.0 R... 3732.1 7.05¢ -35+14
2002 Oct 30 p Cyg 470 481.2 0.9 C 3816.0 10.88 —-0.8 £ 0.9
2002 Oct 31 7 Psc 378.1 378.2 0.8 M7 e 3579.7 7.0° -19+12

Semiregular Variables

2002 Nov 21 24 Per 50 M4 11 38254 15.53" 13 +£35
2002 Oct 31 40 Ori 212 (446) CIL.. 33943 9.78 52+ 18
2002 Oct 30 HD 33554 165 M2 Jab: 3717.4 9.1 —4.1+£12
2003 Jan 19 w Hya 195 379.6 0.3 CIL.. 3527.5 7.6 1.8 £ 0.6
2003 Jan 25 w Hya 195 379.6 0.3 CIIL.. 3473.1 7.62 —04 £0.6
2003 Jan 28 w Hya 195 379.6 0.3 CIL.. 3410.5 7.62 2.1 +0.6
2003 Jan 23 w Hya 428 499.5 N... 3447.1 6.6 —-2.0+£0.6
2003 Jan 28 w Hya 428 499.5 N... 3409.6 6.6 0.3 + 0.6
2003 Jan 25 o Crt 450 CIIL.. 2902.0 10.8¢ —24+£0.7
2003 Jan 30 HR 5464 450 CIL.. 2489.6 10.8¢ —2.8+£0.6
2003 Jan 23 o Crt 530.7 1.0 C... 2640.1 13.0¢ 2.1 £0.6
2002 May 29 HR 4690 157 C Iab:... 2022.7 11.6% -3.6+£1.0
2002 May 28 v Boo 155 MBS III 1902.3 12.38! 0.7 £0.7
2002 May 28 v Boo 150 155.4 M7 111 1818.9 16.24' 2.8 £09
2002 May 23 p Boo 340 M7.5 2112.2 17.48' -39+£1.0
2002 May 23 HR 5763 148 M6 s 1945.5 9.3™ —-0.1+1.0
2002 May 25 HR 5763 95 M 1989.5 12.1" 0.0+1.0
2002 May 29 52 Boo 89.2 M6 III 2063.0 12.67" -25+£1.0
2002 May 25 HR 6695 46 MS III 2056.4 13.3™ 03 +£09
2002 Jun 28 3 Oph 353 377.1 CIL.. 2870.1 10.1# -0.8 £ 1.0

2002 May 26 7 Sge 59.7 0.7 M6 TII 20637 9.8 —0.8 + 0.8
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TABLE 2—Continued

Date CGCVS Period Spectral Brax Oup tep”
Target (UT) Calibrator (days) AAVSO Period Phase Type (cm) (mas) (deg)
Irregular Variables
Del2 Lyr.oooeeeeieiiiene 2002 May 25 HR 6695 M4 11 2099.3 10.32" —0.6 + 0.9
EPS Peg .o 2002 Jun 25 7 Peg K2 Ib 3657.3 7.7™ —0.1 £ 1.1
TX PSc? oo 2002 Jun 25 7 Peg (255.5) CIL.. 3571.0 11.28 49+ 1.6

* At least one of the baselines resolves this target to the level of below 5% in V2.

® Millan-Gabet et al. (2005).
¢ Thompson et al. (2002).

4 Van Belle (1999).

¢ Van Belle et al. (1997).
 Van Belle et al. (2002).

¢ Dyck et al. (1996b).

" Di Benedetto (1993).

' Dyck et al. (1998).

J Richichi & Calamai (2003).
X Richichi et al. (1991).

! Mennesson et al. (2002).

™ Dyck et al. (1996a).

" Sudol et al. (2002).

® The uncertainties indicate random errors only (see text).

The observed closure phase @ is equal to the true object clo-
sure phase, Y, + Wpe + Yeq, to within the measurement noise,
as follows:

Do = Gup + Pbe + Peq + noise (4)
= Yab + 6 — Oa + Ype + 6c — Op + Yoy + Ou — Oc + n0OiSE
(5)

= Yab + Ype + eq + noise. (6)

We estimate closure phase as the phase of the bispectrum
(Weigelt 1977) of simultaneous fringes obtained with the three
baselines. The instrumental closure phase is estimated using a
nearby calibrator and subtracted from the raw closure phase of
the target to give a calibrated target closure phase.

Typical 1 ¢ formal errors in our uncalibrated closure-phase
and V2 measurements are ~0°2 and ~2%, respectively. The for-
mal errors are estimated from the scatters of the 500 fringe scans.
In the case of 72 errors, the error due to background power sub-
traction is also incorporated into the formal error. The calibration
process adds up additional errors, and the measurement error is
estimated as the square root of the sum of the squares of the for-
mal and calibration errors. The 1 0 measurement error is reported
in Tables 1 and 2. We estimate calibration errors by observing cal-
ibrators under the same observing conditions and calibrating one
calibrator with the other after accounting for the finite sizes of
both calibrators. The estimated 1 o calibration error is 5% for the
2 measurements and 0°5 for closure-phase measurements. There
could be unaccounted for systematic errors in our measurements.
For the purposes of this paper, we adopt a systematic error of 2°
for our closure-phase measurements. The total error is estimated
as the square root of the sum of the squares of the formal, calibra-
tion, and systematic errors. If the measured closure phase is less
than twice the total error in the measurement, then we call it es-
sentially a nondetection of asymmetry. However, if it is larger, we
call it a positive detection. Further discussion on our visibility and
closure-phase measurements can be found in Ragland et al. (2004).

4. RESULTS

Targets with centrosymmetry should give a closure phase of
either zero or +180° depending on how many baselines are be-

yond the first, second, etc., nulls. The majority of our targets show
zero closure phase. However, 16 of the 56 have nonzero closure
phase. Of these, 12 are Mira stars and 4 are SR/Irr variable carbon
stars. Among the 12 Mira stars, all but x Cyg are oxygen-rich
Mira stars; x Cyg is classified as an S star. The frequency of
asymmetry from our studies is 34% in Mira stars, 17% in SR
variables, 33% in Irr variables, and thus 29% in our entire sample
of AGB stars. In terms of chemistry, the frequency of asymmetry
is 33% in carbon stars and 27% in oxygen-rich stars.

Table 1 gives the measured closure phases along with obser-
vational and target information for these 16 targets that show
measurable asymmetry from our observations. We have included
in this table one observation each for R Cnc, R LMi, and V Hya,
in which no asymmetry is detected, since we use these observa-
tions for size estimation. All targets (except R Aur, x Cyg, and
UU Aur) have follow-up measurements taken with all three narrow-
band filters to characterize the observed asymmetry. These re-
sults will be presented elsewhere. The 72 data for these targets
are fitted with uniform disk (UD) models (Fig. 1), and the mea-
sured angular sizes are also given in Table 1. Table 2 lists targets
for which we have not detected asymmetry from our survey. The
calibrators used for our observations are also listed in these ta-
bles. The angular sizes for most of the calibrators are taken from
Wesselink et al. (1972). Typically, we use calibrators with angu-
lar sizes less than 3 mas for our measurements. However, during
the early part of the survey, we had to use larger calibrators be-
cause of low throughput of the instrument. We adopted the mea-
sured sizes from interferometric techniques for o Vul and v Sge
(Hutter et al. 1989) and from lunar occultation measurements for
UU Aur (Bohme 1978). We estimated the angular size of 7 Peg
from Vand K magnitudes (van Belle 1999).

Six of our targets with detected asymmetry, namely, U Ori,
R Cnc, RLMi, S CrB, R Aql, and R Aqgr, have earlier H-band size
measurements (Millan-Gabet et al. 2005) taken within 0.2 pul-
sation phase with respect to the pulsation phase of our measure-
ments for these stars. We have plotted our size measurements
against the measurements by these authors for these six targets in
Figure 2. The scatter in this figure is comparable to the scatter
among measurements of a given star at multiple epochs in a sin-
gle program and thus probably signifies either actual size vari-
ation at the source or that the interpretation of the observations
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Fig. 1.— Visibility data fitted with a UD model for the targets with positive asymmetry detection from our observations. UD models fit the data very well except for
V Hya. In the case of V Hya, the derived size is possibly the size of the dust shell rather than that of the central star. [See the electronic edition of the Journal for a color
version of this figure.]
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where k = 27/4, 4 is the wavelength of observation, and g is the
55 — 1I0 — ]'5 — 20 baseline vector B.
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FiG. 2.— Comparison of sizes reported in this paper with those reported in the
literature.

(UD) is too simple. Several targets have earlier K-band angular
size measurements (van Belle et al. 1996, 2002; Millan-Gabet
et al. 2005; Mennesson et al. 2002; Dyck et al. 1996b).

Of 56 AGB stars, 16 are well resolved (i.e., at least one base-
line gives a 7> measurement less than 5% of the point-source
value) by our observations. Among these 16 targets, 12 show
asymmetry from our observations. Thus, if we consider only well-
resolved targets, 75% of AGB stars show asymmetry. Targets
from our measurements that are well resolved are marked in
Tables 1 and 2 (see Table 1 footnote ¢ and Table 2 footnote a).
Interestingly, all well-resolved targets that do not show asym-
metry (except R Lep), namely, g Her, R Lyr, and RX Boo, are SR
variables; R Lep is a carbon Mira variable. Thus, if we consider
only well-resolved oxygen-rich Mira stars, then our asymmetry
detection is 100% and in the case of SR variables the success rate
is 40%. The well-resolved Mira variable R LMi did not show
asymmetry from our 2003 January observations. However, we
detected asymmetry in this target during 2003 March observa-
tions. Similarly, the well-resolved Irr variable TX Psc did not
show asymmetry from our 2002 June measurements. However,
we detected asymmetry in TX Psc from our follow-up observa-
tions taken in 2002 October.

At least five targets with detected asymmetry, namely, S CrB,
RU Her, R Aql, V Hya, and Y CVn, have earlier measurements
taken with relatively shorter baselines, and we did not detect
asymmetry from these measurements.

In order to understand the role of angular resolution in the
asymmetry detection, we derived the number of pixel elements
(Npix) in an imaging sense, defined as the angular diameter di-
vided by the angular resolution (4/2 By, ) for all targets. Here By«
is the maximum baseline of our observations listed in Tables 1 and
2 for all our targets. We plotted our measured closure-phase values
against the number of pixel elements in Figure 3. This figure
clearly shows that the positive closure-phase cases are those that
have pixel elements close to or greater than unity, meaning that
they are well resolved. This suggests that the detected asymmetry
features are probably on the surface of the stellar disk or visible

The complex visibility for the baseline B4z could be written as
I7AB = VIfBeme + VjBei(b;;BeikBAE ' 6r. (8)

The visibility phase for the baseline Bp is

Im 7.,
bap= arctan( o AAB> 9)
eVys
= arctan[ V{B oin QS,EB - V€B oin (quvB t D 6")} (10)
Vigcos oy + Vi cos (), + kBag+ Or)

= arctanq [V sin ¢4 + Vi, sin ¢, cos (kB * or)

+ Vjp cos ¢y p sin (kB * r)]
x [V 15 cos ¢ + Vg cos ¢ cos (kB + 6r)

— V3 sin @8 sin (kB - 5r)}1}. (11)

The individual components of the brightness distributions
are assumed to be circularly symmetric. Hence, sin (¢45) =
sin (¢5) = 0, but cos (¢4 ) and cos (¢ ) can be +1 or —1, de-
pending on details of the case. Thus,

b4 = arctan { [V cos ¢ sin (kBp + 6r)]
x [V g cos plp

+ Vg cos ¢z cos (kByg - 5r)}1}. (12)

Unresolved secondary component.—For an unresolved com-
ponent (i.e., a point source) ¢3, = 0. Thus,

V;B sin(kBAB . 6")
Vs cos ¢ty + Vi cos (kB * 6r)

¢ 45 = arctan

|y
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measurements are shown. Targets that are well resolved frequently show large closure phase. The solid lines refer to models in which the secondary feature is assumed at
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position angle of 20178 (2178 + 180°). The flux of the unresolved secondary components is assumed to be 3%, and that of the resolved secondary component is assumed
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For a uniform-disk star, Combining equations (13), (15), and (16), we get

R 2J1(7NE /2)

Vis= W s (14) ¢4 = arctan | [ L, sin (kBp * 6r)]

-1
d 2J,(xN48 /2
an x3 I, I(NA4’;72/) + I, cos (kB4 * 6r)
TINZ
- 2J1(wN#2/2) s s pix
18 COS Pp = W - (15) (18)

Resolved secondary component—For a resolved Gaussian

For an unresolved secondary component,
i P secondary component (such as a dust clump) ¢3, = 0, and

Vi =1, (16)
TBNAB g
where /, and I are the normalized star and secondary compo- Vig=|exp— Tplx 5 (19)
nent intensities (i.e., I, + Iy = 1), and
NAB _ _fuw (17) where o = 2v/In 2 and 3 is the ratio of the size of the primary

MY A/2Bup component to the secondary.
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Thus,

TONAB ?
¢4p = arctan I_qexp—< 7 plx) sin (kB4 * 6r)
«

2J1(7N;i /2)
X {II’ [ I ]7\;‘45/2 ‘|

pix

T[BNAB ’ -
+ I exp — Tplx cos (kB 43 * 6r)

(20)

For a resolved uniform-disk secondary component (such as a
stellar companion) ¢, = 0 or £, and

. 2Jy(mBNAB /2)]
Vo= | g (21)
AB — [ N;}]f/z
2J1(xAN4B /2
Vincos g = [(”—/2/)] I, (22)
p1x
Now
¢4p = arctan {I‘Y l%;g;{z/ﬂ] sin (kB 5 * 6r)}
2J1(nN2E /2)
X9 1 7NAB /2
pix

—1
2J,(nBN4E
& R

(23)

Using equations (4), (18), (20), and (23), we generate closure-
phase models for the IOTA configuration A35B15C00 (i.e., Bcy =
35 m; Bpc = 15 m), which are shown with our data in Figure 3.
We explored the parametric space with four cases, namely,
(1) surface-unresolved spot, (2) surface-unresolved companion,
(3) surface-resolved companion, and (4) surface-resolved Gaussian
dust clump. The values assumed for various parameters of these
models are primarily for the purpose of illustration. A more thor-
ough treatment of the physical parameters chosen in the models
will be presented in a forthcoming paper. We have shown two
models for each of the four cases (eight models in total) in Figure 3.
The two models differ only in the position angle of the secondary
feature—one assumes the secondary feature at a position angle
of 21?8 and the other at a position angle of 201°8 (i.e., a 180°
rotation). The reason for choosing this axis (along the direction
of the largest baseline of the IOTA array) is that the closure-
phase signal is approximately maximum when the secondary
feature is assumed along this axis. The brightness distribution of
the primary component is assumed to be a uniformly illuminated
disk. The flux of the secondary component is assumed to be 3%
of the total flux for surface-unresolved secondary cases and 30%
for surface-resolved secondary component cases; the reason for
choosing these flux values for the companion is that the corre-
sponding models compare well with our closure-phase measure-
ments. The spot models (case 1) assume a surface-unresolved
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bright spot at the edge of the stellar disk (6 = 6 yp/2). The surface-
unresolved binary models (case 2) assume a surface-unresolved
companion or dust clump at five stellar radii (6 = 2.50yp). The
surface-resolved binary models (case 3) assume a companion with
8 = 0.99 (UD angular size of the secondary component is 99%
of the primary) at five stellar radii (6 = 2.50yp). If companion
stars provide enough light to produce detectable asymmetry near
maximum light, then they should also produce wider, flattened
minima in the light curves (Merrill 1956). While at least two
of the stars are known binaries and relatively mild symbiotic
systems (R Aqr and o Ceti), none of the stars show a filled-in
minimum on the AAVSO light curves. The dust models (case 4)
assume a Gaussian-shaped dust clump (5 = 1; same equivalent
size as the primary component) at five stellar radii (6r = 2.50 yp).
As can be seen in Figure 3, the unresolved spot models compare
well with the observed data and the unresolved companion mod-
els are not as good as the unresolved spot models in explaining
the observed closure-phase data. The resolved secondary feature
models (cases 3 and 4) show that the secondary components
have to be significantly brighter (which may be physically un-
reasonable) in order to produce detectable closure-phase signals,
and even so, the fits at low N, are poor.

6. DISCUSSION

The significance of our results (i.e., that % are asymmetric and
% are not) depends on what causes the asymmetry, and that is not
yet known. As noted in § 1, although planetary nebulae are pre-
dominantly bipolar, a large fraction (possibly even all) of proto-
PNe are axisymmetric inside an apparently spherical AGB wind
remnant, suggesting that the PN asymmetry has arisen only after
or as the star left the AGB. Asymmetries have been reported be-
fore for Mira variables, but these are mostly for isolated examples,
or for maser emission that is very sensitive to the local conditions
and thus will tend to exaggerate any physical departure from
spherically symmetric flow. Our results, referring to intensity near
the stellar flux maximum, are much less sensitive to small varia-
tions in the conditions. It is worth mentioning here that the non-
detections do not preclude asymmetries. It could be that they are
just not resolved or the asymmetries are too small.

The SiO maser emission also arises well above the photo-
sphere (e.g., Humphreys et al. 2002; Cotton et al. 2004); in fact,
there is, to our knowledge, no report yet of asymmetry that can
be assigned unambiguously to the stellar surface. With multiple
narrowband measurements at carefully selected wavelengths, Perrin
et al. (2004) have shown that it is possible to disentangle photo-
spheric and shell contributions. The results reported here suggest
that we will also be able to sort out some shape information in the
next generation of observations, as well as separate the photo-
spheric contribution from the circumstellar one.

There is a considerable literature concerning the noncircu-
lar and nonspherical symmetry common among planetary nebu-
lae; see, for example, the proceedings of Asymmetric Planetary
Nebulae IIT (Meixner et al. 2004). Mechanisms can be roughly
divided into deep and superficial. Deep mechanisms include in-
ternal convective structure with large convection cells (proposed
by Schwarzschild [1975] on the basis of simple scaling argu-
ments), nonradial pulsation, and/or rotation.

These stars have massive envelopes and large radii; no rea-
sonable reservoir of angular momentum other than incorporation
of a relatively massive (>0.1 M) companion will provide suffi-
cient angular momentum for rotational asymmetry or the usual
nonradial pulsation associated with rotation. Large convective
cells might stimulate nonradial modes in the absence of signifi-
cant rotation or might lead to modulations in the surface brightness
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from rising or falling elements. Evolutionary models show a
radiative layer above the convective layer in these stars (Ostlie &
Cox 1986), and the scale heights at the photosphere are only
~0.01R,; these facts suggest that convective modulation will be
on a smaller scale and with less contrast than is needed to explain
these observations, but more detailed modeling should be done
before the possibility of convection-based modulation is ruled
out.

Superficial or atmospheric mechanisms include magnetic struc-
tures (e.g., Soker & Zoabi 2002; Blackman et al. 2001), discrete
dust cloud formation as for R CrB stars, and interaction of a
planet or companion with the stellar wind (Struck et al. 2004;
Mastrodemos & Morris 1998, 1999). The conclusion that per-
haps all of the Mira variables show some asymmetry while only
about half of the non-Mira variables do can be understood in a
couple of ways. Mira variables comprise a well-defined subset
of long-period variables, namely, those with large visual ampli-
tudes, relatively regular variation, cool effective temperatures,
and moderate progenitor masses. SR classes differ in visual am-
plitude (SRa), degree of irregular variation (SRb), warmer effec-
tive temperature (SRd), and higher progenitor mass (SRc). Within
each of these classes there are further probable subclasses. Our
current understanding is that the high visual amplitude is partly
the result of variable atmospheric opacity (Reid & Goldston 2002);
this variable opacity is closely tied to the fact that these stars are
losing mass at a high rate (>10~7 M, yr " up to 107> M, yr—!) so
the evolutionary status of Mira variables is that they are stars en-
tering the final ”superwind” (massive outflow) stage on the AGB
(e.g., review by Willson 2000). A number of stars initially clas-
sified as Mira variables are reclassified as SRb when their light
curves develop irregularities, making the boundary between these
two classes somewhat fuzzy. Similarly, most relatively regular
carbon star long-period variables have smaller amplitudes in the
visual than do the oxygen-rich stars, and this may be telling us
more about the sources of atmospheric opacity than about the
evolutionary state, so the SRa-Mira boundary is also fuzzy. Thus,
one interpretation would be that the asymmetry shows up when
there is a sufficiently massive outflow to produce the large Mira
amplitude for the oxygen-rich stars and that the SR variables with
asymmetries are those with different visual opacity but similarly
massive outflows. Either the same mechanism leads to outflow
and asymmetry (e.g., nonradial pulsation) or the outflow sets up
conditions for asymmetry to be seen. In the first case, the non-
radial structure originates at the photosphere; in the second, with
aperiodicities in the outflow.

Most Mira variables are surrounded by translucent “molecular
shells,” a locus in the outflow where molecules and probably dust
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provide high local opacity, whose IR and visual optical depth is
on the order of 1 (0.1 to several; Perrin et al. 2004). The physics
of dust formation in the context of large-amplitude pulsation and
consequent shocks is reviewed in Willson (2000). Dust grains
nucleated in the refrigerated zone between shocks may require
several pulsation cycles to grow to sufficient size to generate an
outflow, and this would naturally lead to critical dust levels ap-
pearing in different cycles at different positions around the star.
Whether by this or another mechanism, the translucent shell
is likely to have a patchy opacity, allowing more of the photo-
spheric light through in some places than in others. Thus, a plau-
sible explanation for the possibly universal asymmetry in Mira
variables would be the formation of an inhomogeneous trans-
lucent molecular screen around 1.5-2.5 stellar radii.

In conclusion, we carried out a survey of AGB stars with the
IOTA three-telescope imaging interferometer at near-infrared wave-
lengths, searching for asymmetry in their flux distributions. We
find that 29% of our sample show asymmetry. If we restrict the
sample to only well-resolved targets, then 75% of AGB stars and
100% of oxygen-rich Mira stars show asymmetry from our ob-
servations. On this basis, we hypothesize that all Mira stars might
show detectable asymmetry if observed with adequate spatial res-
olution. The large frequency of asymmetry reported here suggests
that angular size measurements and limb-darkening studies of
AGB stars carried out with two-telescope optical long-baseline
interferometers should be interpreted with caution. We have ini-
tiated a systematic mapping program, namely, The Mira Imaging
Project funded by the National Science Foundation (NSF) at the
IOTA, ISI, and VLBA interferometers to connect the asymmetry
in space and time and pinpoint the mechanism(s) responsible for
observed asymmetry.
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