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ABSTRACT

We present the first infrared fringe visibility measurements made with the Infrared Optical Telescope Array
on Mt. Hopkins. Effective temperatures are derived for RX Boo, RS Cnc, and 8 Peg. RX Boo is the coolest
small-amplitude variable giant star to have an effective temperature determination. We compare the size of
its photosphere at infrared wavelengths with the sizes of its 510 and H,Q radio emission regions. We also
discuss initial performance parameters for the interferometer.

1. INTRODUCTION

The application of Michelson stellar interferometers to the
measurement of fundamental stellar parameters at optical
and infrared wavelengths is a well established technology.
Angular diameters for more than 50 stars have been reported,
some with precisions better than 1% (DiBenedetto & Rabbia
1987; Dyck et al. 1993; Mozurkewich et al. 1991). Interfer-
ometers are also capable of yielding orbits for spectroscopic
binaries (Armstrong et al. 1992) and information about the
structure of circumstellar shells (Bester ef al. 1991). Direct
measurements of limb darkening and surface structure now
seem possible. The Infrared Optical Telescope Array (IOTA)
is a new three-telescope Michelson interferometer array de-
signed to address these problems and to explore phase-
closure imaging. Situated near the summit of Mt. Hopkins in
Southern Arizona, IOTA now has two telescopes in place and
obtained its first infrared fringes in December 1993 (Carleton
et al. 1994). Although the interferometer is currently in its
final construction and testing phases and the optical align-
ment and operating procedures are still under development, it
has been used to begin some scientific projects at near infra-
red wavelengths.

In this paper we report new observations of two very cool
red giants—RS Cnc and RX Boo. RS Cnc is a high-
luminosity star classified M6 Ib—II with mild § characteris-
tics (Keenan 1954; Sharpless 1956). RX Boo is classified as
a giant of spectral type M7.5-M8 (Keenan & McNeil 1989).
Both stars show evidence for circumstellar dust and gas
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shells; Knapp & Morris (1985} estimate modest mass loss
rates of order 3—4 1077 _#g/yr from analysis of the CO
emission. RX Boo has maser emission from H,0 (Bowers
et al. 1993) and thermal emission from SiQ (Sahai & Bieg-
ing 1993). Our angular diameter measurements allow us to
compare the sizes of the radio emitting regions directly to the
photosphere size. Observations of RX Boo extend the effec-
tive temperature sequence for small-amplitude variable gi-
ants to the coolest spectral type yet available. We also report
one observation of 8 Peg which has been measured previ-
ously at CERGA (DiBenedetto & Rabbia 1987).

2. OBSERVATIONS AND DATA REDUCTION

The goals and design strategies of IOTA have been re-
ported elsewhere (cf. Carleton et al. 1994; Reasenberg 1990)
and will not be repeated here. Parallel light beams from the
two telescopes are combined onto a beam splitter and then
focused onto a pair of InSb photovoltaic detectors. For the
work reported here, we used a K filter (2.2 um, 18% spectral
bandwidth) and a north—south baseline of 21.2 m. Fast au-
toguiding is employed to correct for atmospheric wavefront
tilt errors and a high-precision, active, optical delay line is
used to compensate for the earth’s rotation. Only a limited
range of optical delay line compensation was available at the
time of the work, so we were limited to observations close to
the zenith.

At IOTA we employ a data collection scheme which
samples the entire fringe packet from the source. It is a slight
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F1G. 1. A series of sequential interferograms for two stars: RS Cnc is a ptogram star and 8 Gem is a calibrator. The nominal fringe frequency is 100 Hz. The
measured signals have been filiered in the Fourier domain by a 50150 Hz bandpass filter, and offset on the vertical axis for clarity. Note the factor of two

change in the vertical scale.

modification of the earth-rotation scanning procedure devel-
oped at CERGA (Gay & Mckarnia 1988) and also used at
IRMA (Benson et al. 1991). With earth-rotation scanning,
the zero-path position of the interferometer sweeps across the
detector field of view producing a sinusoidal signal in the
detectors. In the IOTA modification, the tracking delay line is
propelled, under computer control, at a velocity which gen-
erates the fringe signal at a fixed frequency chosen to lie
above most of the atmospheric noise. For observations re-
ported here this nominal frequency was 100 Hz for all but
one night when we used a frequency of 200 Hz,

For the work reported here, we point the interferometer at
the source and search a 90 s time window for the fringe
packet. When the equal path position for the interferometer is
identified, we take a series of repeated scans on the source,
each lasting 8 s, where the delay line is driven in one direc-
tion at the desired rate {the data collection part of the cycle)
and in the other direction at a slew rate (the return part of the
cycle). Thus, at present we expend 8 s of observing to obtain
about (.1 s of fringe data (the approximate duration of the
fringe packet}. As the interferometer becomes better charac-
terized, the observation window will be decreased and the
duty cycle will improve.

Signals from the two channels, S, and §;, were corrected
for dc offset. We then computed a raw fringe signal
Fraw=(S5/{5))—1 for each channel, where (S) is the mean
signal level in the channel. These raw signals were Fourier
transformed and filtered with a square filter of 100 Hz band-
width centered on the fringe frequency. This filter is not the
optimum one for our data but it allows for automatic data
processing in the presence of the approximately +20%
variation which occurred in the fringe frequency. After filter-
ing, the data were inverse transformed and the amplitude of
the fringe pattern, V' (the measured visibility), was deter-
mined for both channels by measuring the amplitudes of the
four largest peaks near the center of the fringe packet. The
nightly mean values of V', and standard errors of the means,
were computed for each star observed.

We tried two other data reduction schemes. In one, the
fringe signal power spectrum was computed and the noise
background subtracted. The square roots of these differences
were accumulated for the nightly mean. The area under this
square root distribution is proportional to the object visibility
amplitude (Benson ef al. 1994). In the other, an ideal fringe
signal template was fitted to the filtered data, where the am-
plitude was one of the model parameters (cf. Carleton ef al.
1994}. One might expect that fitting all the fringes would
vield a higher signal-to-noise ratio (S/N) estimate of the vis-
ibility amplitude than simply measuring four peaks, How-
ever, at this stage, the night-to-night variations have been
found to be much greater than the internal dispersion. Thus,
little practical difference was found among the three meth-
ods.

The instrumental visibilitics were transformed into cali-
brated visibilities by using observations of standard stars for
which the diameters were assumed to be known. These cali-
bration sources and their adopted .angular diameters, &,
(computed assuming they are uniformly bright, circular
disks) are given in Table 1. An ideal visibility was calculated
for each of these standard stars. The uniform-disk visibility
divided by the measured visibility for each calibration star
yields an estimate of the instrumental response factor, . The
inverse of these mean response factors {i.e., the point source

TaBLE 1. Assumed diameters for calibration sources.

Star Byp (mas) Source for the Dizmeter

L Aur 7.0 Black body determination

& Boo 2.8 Blackwell & Lynas-Gray (1994)
¢ Boo 5.1 Black body determination
¥ Com 31 Black body determination
41 Cyg 1.0 Blackwell et al. (1990)
B Gem 7.7 DiBenedetto & Rabbia (1987)
a Lyn 17 DiBenedetto & Rabbia (1987)
i Peg 6.4 Black hody determination

B Tau 1.0 Mozurkewich et al. (1991)
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TaBLE 2. Calibrated visibilitics in the two data channels.

Date Star Bp(m) N Vote Vize

1992 Dec 10 RS Cne 212 17 0.55x0.04 0.58+0.04

B Peg 21.2 ¢ 0482008  0.49=0.08
1994 Jan 14 RS Cne 21.2 21 0.44+0.04 0.51£0.03
1994 Jan 20 RS Cnc 212 15 0.53+0,06 0.40=+0.05
1994 Jan 21 RX Boo 211 25 0.24=0.04 0.26+0.03

RS Cnc 21.2 20 0.42=0.04 0.42+0.04
1994 Apr 19 RX Boo 21.2 37 0.44+0.02 0.38+0.03
1994 May 05 RX Boo 212 21 0.51+0.04 047004

response) averaged 0.22 between 1993 December and 1994
May. In order to minimize the effect of fluctuations in the
instrumental response caused by variations in the atmo-
spheric seeing and interferometer alignment, we tried to ob-
serve calibration stars close in time to the program stars. The
raw program star visibilities were multiplied by the y ob-
tained from the nearest calibrator to yield the calibrated vis-
ibilities, V. We have listed the mean calibrated visibilities for
each channel, *1 standard deviation of the mean (reflecting
the observational scatter and the uncertainty in the calibra-
tion), the median projected baseline, and the number of ob-
servations in Table 2.

3. INITIAL PERFORMANCE EVALUATION

We have investigated the distribution of visibility ampli-
tude measurements during the observation period, These are
shown in Fig. 2, where we have plotted the value of the
observed visibility divided by the mean visibility for each
separate set of measurements. A Gaussian curve has been
drawn through the data and is a reasonable approximation to
the distribution. To first order, one might expect a roughly
Gaussian distribution for the measured values, owing to the
assumed random variation of atmospherically induced wave-
front tilt and curvature. The average level, of course, will
depend upon the quality of the optical elements and the
alignment. The symmetry of the data in Fig. 2 suggests to us
that the degree of misalignment of the interferometer is suf-
ficiently great that the probabilities of the visibility being
increased or decreased by random atmospheric perturbations
are about equal. If the interferometer were perfectly aligned,
then the distribution would be skewed toward lower values
by all atmospheric perturbations, Of course, any other effect
which degrades the visibility significantly can produce the
same result. These effects might include poor seeing, vibra-
tions in the instrument or incomplete correction for image
wander by the star tracker.

There is evidence that the internal precision during a par-
ticular night is better than the night-to-night variation in vis-
ibilities. From limited repeated observations on the program
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FiG. 2. The distribution of measured visibililies, normalized by the mean
visibility, for observations reported here. The dashed curve is a Gaussian.

stars we judge that the rms night-to-night scatter is roughly
+0.08 in the visibility amplitude; the scatter on a particular
night is about half that value. The larger variations probably
arise from changes in the optical alignment of the interfer-
ometer from one night to the next, and incomplete compen-
sation for these differences by observations of calibration
standards. At present, we do not have sufficient data to char-
acterize the distribution of these variations. We caution
against strict interpretation of the night to night dispersion in
terms of Gaussian statistics until we can demonstrate that
this is, in fact, the case.

We may make some preliminary estimates of the sensitiv-
ity limit. The faintest star we have observed with readily
apparent fringes has a brightness of K=3.8 and S/N=44 for
a single scan. (Here, 5/N refers to the ratio of the peak-to-
peak fringe amplitude to the peak-to-peak noise in the fil-
tered interferogram.) We can clearly recognize a fringe pat-
tern in the surrounding noise when S/N=2. Therefore, we
expect to recognize fringes instantancously to a limit of
K=4.7 in one interferogram, Even with no improvements to
the interferometer it will clearly be possible to observe the
brightest sources in nearby giant molecular clouds, such as
the BN source, as well as the brightest T Tauri and Be/Ae
stars.

4. RESULTS AND DISCUSSION

Average calibrated visibilities, weighted by the inverse
square of the standard deviations, were computed for the
three program stars, RX Boo, RS Cnc, and 8 Peg and are
listed in Table 3. The errors were computed from the night-
to-night dispersion and have not been weighted. For the vis-
ibility error for 8 Peg, where we have only one observation,

Tarle 3. Derived angular diameters and effective temperatures.

Star Ve Byp (mas) # p, (mas) 6 {mas) Frop (Wem™? Tere (K)
RX Boo 0.39+0.05 172209 18.7£1.0 17.6*0.9 843x10° 13 3015105
RS Cnc 0.4820.02 15.5+0.4 17.2+0.4 15.8+0.4 747x10713 3085x110

B Peg 0.49x0.06 153+1.1 16.4%1.2 15.6%£1.1 1.57%1071 3740130
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we have adopted +(.08 following our discussion above. The
weighted mean visibilities were used to derive a uniform-
disk angular diameter, @y, in milliarcsec (mas), for each
star; these are also listed in Table 3.

In order to compute effective temperatures, T'grp, we need
to convert the uniform disk angular diameters to appropriate
limb-darkened angular diameters. We adopt the convention
suggested by Scholz (1985), where a fictitious stellar radius
corresponding to the Rosseland mean opacity at =1 is
choscn as the appropriate surface to represent the etfective
temperature. We have used the center-to-limb brightness pro-
files computed by Scholz & Takeda (1987) using extended
spherical atmospheres and opacities relevant to the low tem-
peratures considered here. From the model profiles, we have
computed a scaling factor to convert the uniform-disk diam-
eter to a limb-darkened diameter, 6, at a particular wave-
length. Their model calculations for 2.17 pum correspond
most closely to the effective wavelength of our observations.
The scaling factors increase the uniform-disk diameters by
amounts ranging from about 7% for a giant star with
Tprr=3500 K (model U3500) to about 11% for a supergiant
with Tprp=3000 K (model X3000). For each model, we have
then rescaled the angular diameter to the Rosseland mean
angular diameter, 8z, using information provided with each
of the brightness profiles. The result of this operation is that
the limb-darkened diameters are decreased such that
8,=1.0226y, independent of model Tgr and luminosity.
We have used this facior to convert the uniform-disk diam-
eters to Rosseland mean diameters. Both 6, and &5 have
been listed in Table 3. Using #; to compute the effective
temperature has the advantage of yielding approximately the
same factor that DiBenedetio & Rabbia (1987) used to con-
vert uniform-disk diameters to limb-darkened diameters,
based upon plane-parallel atmospheres (Manduca 1979),
Thus, a direct comparison of effective temperatures obtained
with the CERGA interferometer and with IOTA may be
made.

The effective temperature for a star may be computed
from

Tere=1.32%107

Frop \'/*
92 b
%

where Fop is the total flux density from the star, in W cm ™2,

and @ is in units of mas. We have obtained the total fluxes
for the three stars in Table 2 from various sources in the
literature, including Gezari et al. {1993}, Lee (1970), Lock-
wood (1972), and Neugebauer et al. (1986} for RX Boo and
RS Cnc, and from Blackwell ef al. (1990) for 8 Peg. The
adopted values of Fqr and the corresponding T'ggp have also
been listed in Table 3. The errors in Ty arise from three
sources—errors in the measured diameter, errors in the flux
calibration, and unknown levels of brightness variation in the
program stars. We have estimated the flux calibration to be
accurate to +5% (see the recent discussion of this problem in
Blackwell & Lynas-Gray 1994). From an inspection of the
tabulated data in Gezari ef al. (1993), we believe that the
total flux variation for RX Boo and RS Cnc will be of order
+10%, or less. We believe that £10% is a reasonable esti-
mate of the error from this source. The final error is domi-

381

nated by the flux errors; therefore, we have adopted identical
estimated errors in Tpp of 23.5% for these two stars.

For 8 Peg, the most significant source of error undoubt-
edly arises from the fact that we have only one measurement.
By adopting a conservative estimate for the visibility ermor
we obtain a uniform disk diameter with a relatively large
error. Nevertheless, it is of interest to compare our value,
&yp=15.3%1.1 mas, to the #y;p=16.2=0.2 mas obtained by
DiBenedetto & Rabbia (1987). Our value is 0.9 mas smaller
than theirs, although it is within our estimated uncertainty.
Quirrenbach et al. (1993) have compared their estimates of
limb-darkened diameters for various red giants with those
reported by DiBenedetto & Rabbia and have concluded that
there may be a slight systematic difference, possibly attrib-
utable to an uncompensated bias in the CERGA data. The
sense of the difference is that the CERGA observations ap-
pear to produce a smaller limb-darkened diameter than do
the Mark III measurements. Quirrenbach et al. estimate
6 »p=17.24 mas at A=0.754 um for B Peg while DiBene-
detto & Rabbia estimate &,=16.75X0.24 mas at 2.2 um;
our value at 2.2 pm is & =16.4%1.2 mas. Although it is
premature to use our datum to settle this question, owing to
the large error, our diameter agrees better with the DiBene-
detto & Rabbia estimate than with the one by Quirrenbach
et al. The error associated with flux variations is probably
smaller than the errors from other sources; we have also
adopted an error of +3.5% for Tgpy.

Our derived temperature for RX Boo is in agreement with
an extrapolation of the calibration by Ridgway et al. (1980).
At M7.5-M8, this star is the coolest small-amplitude vari-
able giant star for which an effective temperature determina-
tion has been made. For RS Cnc, our effective temperature is
about 165 K cooler than the corresponding luminosity class
III temperatures in the Ridgway et al. calibration. This result
is consistent with the temperature determinations for « Her
and @ Ori made with IRMA (Benson ef al. 1991; Dyck et al.
1992) which were found to be cooler than the lower lumi-
nosity temperatures at the same spectral type.

RX Boo is interesting because of its extensive circumstel-
lar gas and dust shell. We may compare our angular diameter
to sizes determined by other techniques. For this, we use the
estimate of the limb-darkened diameter, ¢p=~19 mas, rea-
scning that this diameter is a closer measure of the actual
physical extension of the star at this wavelength than is the
Rosseland mean angular diameter. Bowers ef al. (1993) have
mapped the distribution of H;O masers and found the masing
region to have a diameter of about 150 mas. This is about 8
times the size of the 2.2 pum photosphere. Dyck & Benson
(1992) have partially resolved the dust shell using speckle
interferometry techniques at 10 gm. Their measurements in-
dicate that the shell must be larger than about 270 mas. i
these speckle data may be interpreted as measuring the inner
diameter of the dust distribution, then the data indicate that
dust condenses at distances greater than about 14 R __ in this
star. It also demonstrates that the water maser region lies
well inside this condensation radius. Young et al {1993)
judge the extent of the dust envelope to be of order 10 arc-
min, from analysis of the JRAS data. The region producing
the SiQ thermal emission has been measured by Sahai &
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Bieging (1993) to be roughly 2.7 arcsec. This is of order 140
times the near-infrared photospheric size. Having accurate
estimates of these dimensions will help one understand how
grains form and evolve as they move outward through the
shell and their effect on other observable properties of the
circumstellar environment.
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