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Abstract. Interferometry offersan improvement in the accuracy with which
astrometric measurements can be made. Using this technique, radio as-
tronomers together with geodeticists have established a global inertial ref-
erence frame that is accurate to 0.1 milliarcseconds. At optical wavelengths,
interferometry was first developed by Michelson at the turn of the twentieth
century, but due to the complexities of precise beam combination at high
speeds, it has lagged in its development. Now, with the availability of lasers,
detectors and computers that allow path length compensation on millisec-
ond time scales and distance determination between light collectors with a
precision of 0.01 pm, interferometry at optical wavelengths will achieve the
results in astrometry comparable to those at radio wavelengths.

1. Introduction

Interferometry at radio wavelengths has allowed a global inertial reference
frame to be established with a precision of 0.1 milliarcseconds (mas) (John-
ston et al. 1995). Relative positions of radio sources may be determined
with even greater precision over small angles. After the demonstration of
interferometry by Michelson & Pease (1921) in measuring the diameters of
supergiant stars such as Betelgeuse in the 1920s, progress was slow. These
early measurements were made with a twenty foot beam attached to the 100
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inch Hooker telescope. Later, a fifty foot interferometer was constructed on
Mt. Wilson, which measured the diameters of a few more supergiant stars
as well the separation of bright close binary stars such as Mizar. However,
difficulties in maintaining mechanical stability and the inability to address
fringe motions due to atmospheric turbulence severely limited this inter-
ferometer. In the 1960s, the diameters of 32 bright stars were measured
by a group led by Hanbury Brown and John Davis (1974) using amplitude
interferometry. In the 1970s, Shao & Staelin (1980) demonstrated that one
could recover the complex amplitude and phase of the correlated signal by
using a dithered delay line. These developments led the Office of Naval Re-
search (ONR) to initiate a program in 1982 to develop this technology for
astrometry and imaging. This program resulted in the Mark III optical in-
terferometer and the Navy Prototype Optical Interferometer (NPOI), which
will be described here. The accuracy of these ground-based instruments is
limited by the atmosphere. Space-based interferometers will overcome the
limitations of the atmosphere, and will also be briefly described here.

2. Ground-based Astrometry

The principles of radio astrometry are well developed (Thompson, Moran,
& Swenson, 1986). Precise positions of stars have been determined using
interferometry at radio wavelengths (Johnston et al. 1985). In these ob-
servations the Very Large Array observed the stars at several hour angles,
solving for their positions from the observed phases. In Very Long Baseline
Interferometry, the observed delays are used to solve for the positions. The
geometry of the antennas must allow for sufficient spatial frequencies in the
east-west and north-south directions to obtain an optimum solution for the
celestial position. Corrections must be made for differential path delays in
the instrument, atmosphere and ionosphere.

Very little has been accomplished at optical wavelengths using interfer-
ometry for astrometry. The Mark II interferometer, located on Mt. Wilson,
was the first instrument capable of tracking phase and measuring fringe
visibility and to report the measurement of stellar positions over large an-
gles. The interferometer was mounted on a 5 x 12 foot optical table. The
light collectors were siderostats with effective apertures of 3 inches, sepa-
rated by 3.1 m along a north-south baseline. A variable delay line in the
south arm was used to maintain path length equality in the arms of the
interferometer. A delay line in the north arm of the interferometer induced
a one-wavelength 500 Hz path length modulation to track and measure the
parameters of the white light fringe. This allowed measurements of delay to
be made over a large range of hour angles. Observations of the delay of four
stars is sufficient to solve for the instrumental baseline, a constant delay
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offset, and the relative stellar positions. The 3.1 m baseline was measured
to an accuracy of 50 um (Shao et al. 1987). This corresponds to a celestial
positional accuracy of (50 x 1076 m/3.1 m) radians, or three arcseconds.
The Mark III interferometer, also located on Mt. Wilson, incorporated
the developments of the Mark II. It was specifically designed to demon-
strate fundamental interferometric astrometry. Star tracking and fringe
tracking were completely automated to allow for rapid switching between
stars. The siderostats were mounted on massive concrete piers. It had three
fixed siderostat locations, giving a 12 m north-south baseline and a 12 m
east-south baseline. Only one baseline could be used at a time. Light from
the siderostats was directed along vacuum pipes into a temperature con-
trolled beam combining building that contained vacuum delay lines. The
stellar fringes were detected in a wide-band channel near A0.7 pm as well as
narrow-band channels at 0.5 and 0.8 gm. Preliminary measurements with
this instrument using a wide 0.3 pym band centered at 0.7 ym measured
the 12 m north-south baseline to an accuracy of 6 um, corresponding to a
celestial accuracy of 22 mas in declination (Mozurkewich et al. 1988).

The major limitations in the accuracy of these measurements were
twofold. First, turbulence in the atmosphere caused the atmospheric de-
lay to fluctuate as f~2/3, which implies that the S/N increases as t1/5,
where t is the integration time. By observing at two or more wavelengths,
the dispersion of the atmosphere may be used to estimate the error caused
by atmospheric turbulence. This two-color technique will correct for tem-
perature microfluctuations, which are the major contribution to this error,
but will not correct for turbulent water vapor fluctuations. Applying the
two-color correction to all of the astrometric wide angle data obtained by
the Mark III interferometer indicated an accuracy of 13 mas in declination
and 23 mas in right ascension (Hummel et al. 1994). Simultaneous mea-
surements at several wavelengths are necessary to improve the elimination
of atmospheric microturbulent effects from the measurements.

The second major limitation of the Mark III was rapid variations in
the baseline length (caused by imperfect manufacture of the mechanical
components such as the siderostat bearings) on scales of a micron. A laser
metrology system to precisely measure the positions of the siderostats rel-
ative to their massive piers was not successfully developed.

Parallel to the measurements for astrometry, a program was undertaken
with the Mark III interferometer to study the spatial structure of stars. To
accomplish this, a variable north-south baseline with lengths of 2 to 38 m
was added. This instrument determined the angular diameters of over 70
stars, the orbits of 26 binary stars with separations of 3 to 120 mas, limb
darkening for o Bootis, and the disk size of Nova Cygni, as well as other
interesting astrophysical results.
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The astrometric and astrophysical results of the Mark III interferometer
led to the design of a two-dimensional interferometer, the Navy Prototype
Interferometer (NPOI). This instrument consists of six 50 cm siderostats
for imaging and four 50 cm siderostats for astrometry. The siderostats are
arranged in a Y shaped configuration. The astrometric siderostats are lo-
cated at the center of the array and &~ 20 m out along each arm. The
imaging siderostats have variable spacings from 2 to 252 m from the center
of the array along the arms of the Y. (As of January 1997, the spacings
available from the center of the Y are 2 to 34 m. Construction of the re-
maining Y is underway.) There are six vacuum delay lines to equalize the
pathlengths between the siderostats. Vacuum delay lines are used to ensure
that fringes can be simultaneously tracked and to determine the effect of
atmospheric longitudinal dispersion on the fringe position. Data are taken
in 32 channels distributed approximately evenly in wavenumber between
AX450 and 850 nm. A complex metrology system consisting of over fifty
lasers will measure the motions of the pivot points of the four astrometric
siderostats with respect to bedrock. The expected accuracy is 0.01 pm.

With the array metrology system, the improved observing geometry
with four simultaneous siderostats, and the extension of the two-color dis-
persion correction method to use several of the 32 spectral channels, it
is expected that the baselines will be measured to an accuracy of 0.1 ym,
resulting in an accuracy in celestial position, with a 20 m baseline, of 1 mas.

All of the previous discussion deals with measurements over wide angles,
for which the astrometric accuracy oy improves as =1/, For narrow-angle
astrometry (separations smaller than ~ 10’), g o< t~1/2 (Lindegren 1980).
Narrow-angle astrometry is itself divided into two regimes. For § < B/h,
where A is the height of the dominant atmospheric turbulence, 8 is the angle
between the positions of the two stars, and B is the baseline length, o5
B~?%/39t=1/2_ For the § > B/h case, gg « 0'/3t=1/2, These dependencies
have been verified by Han (1991) for the 6 > B/h case and Colavita (1994)
for the 8 < B/h case, for which the error is consistent with 21 uas/+/t for
a 12 m baseline with the Mark III interferometer. The Palomar Testbed
Interferometer (PTI) now under fabrication by JPL is specifically designed
for the # < B/h case in that it can simultaneously observe two very closely
separated stars with a long baseline. This system operates at A2 um and
should come on line in 1998.

3. Space Astrometry

The advantage of space interferometry for astrometry can be clearly seen
from the previous discussion. Absence of the atmosphere means that the
astrometric accuracy is limited only by the knowledge of the interferome-
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ter geometry. In addition, larger apertures can be used so that very faint
objects can be observed. There have been many systems proposed. The
two most prominent systems in the early 1990s were POINTS, proposed by
SAQ, and OSI, proposed by JPL. The leading contender is now the Space
Interferometry Mission (SIM), an offshoot of OSI, that will be capable of
4 pas accuracy. This instrument consists of a linear array of seven aper-
tures with spacings from 1 to 10 m making up three interferometers, two
for pointing and one for scientific data. Expected launch is 2004 or later.

4. Future Prospects

Future prospects look excellent for both ground and space based astromet-
ric interferometers. The previous discussion has shown that very little has
been accomplished thus far. The instruments are very complex, and a large
amount of resources is needed to develop them. The author list on this pa-
per gives testament to these facts. The ONR support in this area has been
crucial in developing the technology in this area. As a result of this support,
the NPOI is nearing completion. NASA, through its interest in extra-solar
planets, is developing the PTI, which also is nearing completion, and is also
beginning to seriously support a space based mission, SIM.

The NPOI as of January 1997 is very near completion. Three of the
astrometric siderostats, one in the center of the array and those on the
east and west arm, are in operation nightly. The system is being debugged
for automated operation in order to achieve the large number of observa-
tions needed for astrometry, say 200 per night. At this time, about 100
observations per night have been realized. The metrology system for the
astrometric siderostats is nearing completion. The fourth siderostat is ex-
pected to be in operation by the fall of 1997. With this, the instrument will
have full capability for astrometric observations.

The NPOI has achieved some significant milestones. Using simultane-
ous multichannel closure phase and visibility amplitude data, it has im-
aged the spectroscopic binary star Mizar A (Benson et al. 1997) with three
siderostats and baselines of 19, 22, and 38 m. These are the first phase
closure (¢c) and squared visibility amplitude (V%) measurements made si-
multaneously in multiple spectral channels. Figures 1c and 1d of Hummel
& Benson (1997 [this volume]) display V? and ¢¢ versus wavelength for
an observation obtained on 1996 May 1. The closure phases show a 180°
phase jump at the minimum in V2, confirming earlier results that show
that the components of Mizar A are almost identical (Hummel et al. 1995).
Data from several scans on 1996 May 1 were processed using the standard
techniques of radio astronomy to form an image of Mizar A, displayed in
Fig. 1a of Hummel & Benson (1997). This image has a dynamic range of
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approximately 100:1 and a spatial resolution of 3 mas.

Another significant result in obtaining precise values for stellar param-
eters has also been demonstrated. Multichannel observations of & Cas have
been obtained at several hour angles. Figure 2 of Hummel & Benson (1997)
displays the amplitude of the triple product (the product of the complex
visibilities on the three baselines). These data allow a precise model for
the stellar size and limb darkening to be made. For a Cas, Hajian et al.
(1997) have determined a linear limb-darkening coefficient of 0.4 and an
angular diameter of 5.58 mas, with a formal error of 5 pas. This result
demonstrates the capability of optical interferometry to determine stellar
diameters at the 0.1% level.

These two results clearly demonstrate that optical interferometry has
matured, substantially overcoming many of the technical problems of op-
erating at optical wavelengths. By the year 2000, the ground-based sys-
tems will produce significant results. The addition of space-based instru-
ments in the 21%° century will further these results, especially in giving
sub-milliarcsecond positions over wide angles.
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