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In the first part of this review we survey the role optical/infrared interferometry
now plays in ground based astronomy. We discuss in turn the origins of astro-
nomical interferometry, the motivation for its development, the techniques of its
implementation, examples of its astronomical significance and the limitations of
the current generation of interferometric arrays. The second part focuses on the
prospects for ground-based astronomical imaging interferometry over the near to
mid-term (i.e. 10 years) at optical and near-infrared wavelengths. An assessment is
made of the astronomical and technical factors which determine the optimal designs
for imaging arrays. An analysis based on scientific capability, technical feasibility,
and cost argues for an array of large numbers of moderate sized (~ 2m-class) tele-
scopes rather than one comprising a small number of much larger collectors.
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1. The origins of astronomical interferometry

The apparent angular sizes of stars seen through conventional telescopes at high
magnification are vastly greater than their real dimensions. William Herschel knew
this as early as 1779 (Herschel 1805) but did not know why. The key lay in Thomas
Young’s experiments that demonstrated interference and the wave nature of light
unambiguously. As he stated in his Bakerian lecture of 1803: “The proposition on
which I mean to insist at present, is simply this, that fringes of colours are produced
by the interference of two portions of light” and later: “that homogeneous light,
at certain equal distances in the direction of its motion, is possessed of opposite
qualities, capable of neutralising or destroying each other, and of extinguishing the
light, where they happen to be united” (Young 1804).

But it was not Young’s researches that prompted Herschel to investigate the ori-
gin of the spurious diameters of stars. Instead it was the exactly contemporaneous
discovery of the first minor planets: Ceres in 1801, Pallas in 1802 and Juno in 1803.
Were their apparent diameters as real as those of planets or spurious as for stars?
To address this question Herschel conducted an extensive series of experiments in
his garden in Slough, examining through his telescope small globules of differing
sizes and materials placed in a tree some 800 feet away (Herschel 1805). His ob-
servations showed that for the smallest globules the diameters were all spurious
and all of the same size. Furthermore, he found that, if just the inner part of the
aperture of the telescope were used, the spurious diameters, whether of globules
or of stars, were larger. If the whole aperture was employed, the diameters were
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smaller, and if only an outer annular aperture was used the diameters were smaller
still. This experimental discovery, that unfilled apertures can be used to obtain high
angular resolution, remains today the essential basis for interferometric imaging in
astronomy.

The theoretical justification of this result came only after thirty years with Airy’s
analysis of the diffraction pattern of a circular aperture (Airy 1835), and it took a
further thirty years before the idea of using multiple apertures was developed. In
an early study the Rev. W. R. Dawes noted that he had “frequently found great
advantage from the use of a perforated whole aperture” and that when observing
Venus this produced “a central image of the planet perfectly colourless, and very
sharply defined” (Dawes 1866). But it was left to Fizeau, in his submission to the
Commission for the Prix Bordin the following year, to remark on “une relation
remarquable et nécessaire entre la dimension des franges et celle de la source lu-
mineuse” and suggest that by using an interferometric combination of light from
two separated slits “il deviendra possible d’obtenir quelques données nouvelles sur
les diamétres angulaires de ces astres” (Fizeau 1868).

Steps towards the practical implementation of these techniques for optical as-
tronomy were taken by Michelson who defined the “visibility” of interference fringes
obtained from a source of finite angular size (Michelson 1890) and followed this a
year later with the measurement of the angular diameters of Jupiter’s satellites
(Michelson 1891). Finally, roughly thirty years later Fizeau’s predictions became
a reality when the direct interferometric measurement of a stellar diameter was
realized by Michelson & Pease with their 20-foot interferometer mounted on the
100-inch Mount Wilson telescope (Michelson & Pease 1921).

2. Interferometric imaging in astronomy
(a) Radio and optical development

Interferometry provides access to very high angular resolution observations. It
also importantly separates the issues of angular resolution and limiting sensitivity.
A single mirror of diameter D has an angular resolution, § ~ A/ D, and a collecting
area for the flux of photons ~ D?, so that there is a well-defined relation between
resolution and sensitivity. Since astronomers necessarily study objects beyond their
control, 1t is unlikely that this fixed relationship will be a good match to all but a
subset of their observational requirements.

It was for this reason that the growth of radio astronomy after 1945 depended
so dramatically on the use of interferometric methods. The extreme imbalance be-
tween the excellent sensitivity of small filled apertures at long radio wavelengths
and their poor angular resolution, which could be many tens of degrees, led natu-
rally to the development of sparse arrays of widely separated telescopes. In these
the telescope size could be chosen to provide adequate sensitivity whilst large inter-
ferometer baselines would give the necessary angular resolution. For the incoherent
sources that populate the astronomical sky, measurements of the spatial coherence
function, i.e. the amplitude and phase of the interferometric fringes, would then
provide a direct measurement of the Fourier transform of the sky brightness distri-
bution. Initially the baselines used were tens to hundreds of metres, but these were
extended successively to thousands of kilometres over the next forty years. Aperture
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synthesis imaging became well established, with arrays involving many hundreds of
simultaneous interferometer baselines, and exploiting the rotation of the Earth to
move those baselines steadily to provide sensitivity to many other angular scales on
the sky. The quality of the images in both resolution and sensitivity were improved
progressively by a factor > 10° and the dynamic range (the ratio of the brightest
to the faintest believable feature) in the best images now exceeds 10°.

In contrast, at optical/infrared wavelengths the opposite situation obtained:
even early telescopes had good angular resolution and the principal driver for tech-
nical development was to achieve better sensitivity. However, at these wavelengths
larger telescopes do not directly give sharper images. Atmospheric turbulence (“see-
ing”) limits their angular resolution to ~ A/rg radians, where rq is Fried’s param-
eter, the diameter over which the rms wavefront fluctuation is approximately 1 ra-
dian. At good observatory sites 7o ~ 15 to 20cm at 500 nm, giving a seeing-limited
angular resolution of order 0.6 arcseconds. Though far poorer than the diffraction
limit this was more than adequate for a wide range of astrophysics.

Technical difficulties also delayed the growth of optical interferometry. The hu-
man eye 1s a sensitive detector but is not capable of quantitative photometric as-
sessment of interferometric fringe patterns. When coupled with the need to record
data at kHz rates, progress in optical synthesis imaging had to wait for the develop-
ment of sensitive photon-counting detectors. Furthermore, the limits of mechanical
stability had been reached with the fifty foot beam interferometer constructed by
Michelson and Pease in 1930 (Pease 1931). Further advances would require the in-
terferometric combination of light from separate telescopes spaced by many tens
of metres (Labeyrie 1975). This in turn later demanded micron-level metrology of
variable optical delay lines, which was not feasible until access to stabilized lasers
had become routine.

Once these technical considerations had been addressed, all of the principles
used at radio wavelengths could be taken over with almost no modification. This
included the use of imaging software developed for VLBI at radio wavelengths which
was used to reconstruct the first image from an array of optical telescopes, that of
the 50 milliarcsecond binary star Capella (Baldwin et al. 1996). The only significant
differences between the two wavelength regimes are the small temporal and spatial
scales of the atmospheric fluctuations at optical wavelengths. For example, the
characteristic timescale for these fluctuations is measured in milliseconds at optical
wavelengths rather that minutes, and the spatial scale is typically smaller than the
telescope mirror diameter, whereas at centimetric radio wavelengths this scale can
be as large as 20km. An important consequence of this small spatial scale 1s that
the area of sky over which the atmospheric phase path is constant, the isoplanatic
patch, 1s at most a few arcseconds at visual wavelengths.

(b) Practice and problems of optical/infrared arrays

The modern development of Young’s original experiments with light is manifest
in a number of optical interferometric arrays that have been or are being constructed
for astronomy. While they differ in their precise implementations and their detailed
scientific goals, their overall design is broadly similar. All share the following basic
components (see figure 1):
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Figure 1. A schematic view of a modern optical/infrared interferometer. Only two of the
array elements (in this case siderostat-fed two-mirror telescopes) are shown here.

e An array of movable telescopes, acting as the primary collection elements,
each provided with rapid auto-guiding on a star,

A beam transport system delivering afocal beams from the telescopes to a
central beam-combining laboratory,

o A system of optical delay-lines to compensate for the geometric path delay
introduced when observing a source away from the zenith,

e A beam combiner, or correlator, to mix the input signals,
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Figure 2. An external view of a typical modern optical/infrared interferometer, the Cam-
bridge Optical Aperture Synthesis Telescope (COAST). All five of the telescope enclosures
are visible, together with the alloy beam transport pipes, and the grass-covered beam
combining laboratory in the background. The maximum baseline in this configuration is
approximately 25m.

e A fast low-noise detector system with the ability to record the interferometric
fringes on a timescale short with respect to the fluctuation timescale of the
atmosphere.

In practice, the methods of implementing these functions are also common to many
arrays. Each of these is described in brief below.

In cases where telescopes have been specifically designed for use as part of an
interferometric array, their aperture sizes have generally been matched to the lo-
cal seeing conditions. In practice, this means the use of telescopes no larger than
2.75r¢ in diameter. This maximizes the signal-to-noise ratio for fringe detection
provided that the telescopes have rudimentary correction for atmospheric wave-
front errors (Buscher 1988). More precisely, this is the optimum telescope size if
atmospherically-induced fluctuations in the tilt of the wavefront of the incoming
beam, or instantaneous image position, can be fully corrected with a fast auto-
guider. At optical wavelengths current synthesis arrays operate with apertures of
between 15 and 50 cm, while in the near-infrared, e.g. at 2.2 ym where ro is much
larger (rg )\6/5), aperture sizes of up to 2.4m can be usefully exploited. This is
considerably smaller than the aperture sizes typical of large modern optical /infrared
telescopes.

Existing synthesis arrays all use identical beam transport and delay compen-
sation techniques. The preferred method for transport is free-space propagation
of a collimated beam in an air-filled or evacuated pipe. To limit diffractive beam
spreading for paths longer than about a hundred metres, large diameter (~ 10cm)
optical beams are usually employed. However, under realistic seeing conditions it
can be advantageous to allow a moderate amount of diffraction to spatially filter
the beam profile and “strip-out” components of the light that will not provide a
useful interferometric signal (Horton, Haniff & Buscher 2001). Once the signals
from the individual collectors have arrived at a central beam combining laboratory,
equalization of the optical paths is accomplished with “optical-trombones”, i.e. ar-
rangements of retro-reflecting optics located on moveable carts. These run along
precision tracks, either in air or in vacuum pipes, and allow for compensation of the
optical path differences associated with the layout of the array elements and the
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movement of the star across the sky. They also permit the introduction of deliberate
path modulations that are used to encode the interference signals.

Finally, after optical path matching to within the coherence length of the ra-
diation being examined (~ A?/A\), the beams from the array elements are mixed
and an interference pattern detected. Unlike Young’s original two-slit experiment,
in which the signals were combined in an image plane and produced an output
with a spatially encoded fringe pattern, most optical interferometers use correlators
comprising beam-splitter plates which combine afocal beams in a manner identi-
cal to a laboratory Michelson interferometer. In this case the combined beams can
be focused on single element low-noise detectors, usually photon-counting silicon
avalanche photodiodes, and the resulting fringe signals are realized as a time-varying
intensity arising from appropriate modulation of the optical paths in the interfering
beams.

The precise form of this output illustrates how the conditions under which an
interferometer is operating affect its performance. For a two-beam system, the de-
tected intensity can be written as:

I(ALt) = L(t) + Ta(t)+

2V L) I5(t) |n(#)] || cos

2r[Al + Al'(t)]
)

) (2.1)
10| M|AL+ A1)

)

where I1(t) and I3(t) are the instantaneous intensities in the two input beams,
Al is the optical path difference (OPD) introduced by the delay lines, M(Al) is
a bandwidth-dependent coherence envelope function that modulates the observed
fringe pattern, and |y| and 6 are the modulus and phase of the visibility function,
i.e. the Fourier transform of the brightness distribution. The effects of the atmo-
sphere are contained in the two additional factors |n(¢)| and Al’. These represent the
reduction in apparent fringe contrast due to spatial wavefront corrugations across
the telescope apertures and the mean atmospherically-induced OPD error between
the two telescopes.

Equation 2.1 implies that useful data will be secured only when the following
conditions are met:

1. Measurements are made on a timescale short compared to the fluctuation
timescale of the atmosphere, t;3. At good observatory sites this takes values
of order 5ms (~ 7¢/vyind) at 500nm and scales as A8/5_ The upshot of this
is a need to record individual measurements at kHz rates.

2. The coherence loss, = 1—|5(t)|, due to residual spatial wavefront corrugations
across the interfering beams is both small and known. In practice this forces
the use of moderately sized telescopes and requires frequent observations of
unresolved calibration targets. Larger telescopes can be used but only if they
are combined with effective adaptive optics (AO) systems, i.e. systems that
sense and correct for wavefront corrugations across the telescope apertures in
real-time.

3. The total OPD between the interfering beams is sufficiently small that the
value of the coherence envelope function, M (Al,t), is close to its peak value,
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unity. This implies real-time monitoring of the atmospheric perturbations be-
tween the array elements and subsequent control of the path lengths internal
to the interferometer to within a few wavelengths.

The principal difficulties associated with optical/infrared astronomical interferom-
etry are associated with these three requirements. In particular, it is almost impos-
sible to determine Al’ well enough to extract values of the source visibility phase,
6, that are useful for direct Fourier inversion (i.e. with errors no larger than ~ 10°).
In the absence of such a capability, ground-based interferometers are limited
to measuring the modulus of the source visibility function, together with visibility
phases that are corrupted by unknown atmospheric errors. That these phases could,
in fact, be put to good use was first established in the late 1950s (Jennison 1958)
and subsequently demonstrated with a long baseline radio interferometer in 1974
(Rogers et al. 1974). Under conditions that obtain both for radio and for optical
and near-infrared arrays, linear combinations of simultaneously measured visibility
phases around closed loops of baselines are not subject to atmospheric corruption.
The use of these so-called “closure” phases, rather than accurate visibility phases,
for image recovery has now become a straightforward procedure and is referred
to in the interferometric literature as “self-calibration” (see, e.g. Pearson & Read-
head 1984 and references therein). While arrays that aim to measure closure-phases
rather than uncorrupted visibility phases are much easier to build and operate, the
extent to which they can match the imaging performance of phase-stable interferom-
eters depends strongly on the number of array elements present. For an N-element
array, this is characterized by an efficiency factor f = 1 — 2/N: arrays with fewer
than five collectors are thus not really suitable for detailed imaging astrophysics.

3. Current arrays and their astronomical capabilities

A measure of the impact of interferometry at optical and infrared wavelengths for
astronomy is the eight-fold increase seen between 1990 and 2000 in the annual
publication rate of manuscripts dealing solely with astrophysical results from inter-
ferometry. This primarily reflects two main developments: first, a maturing of the
methods and technologies associated with interferometric imaging, and, second, the
commissioning of a number of modern separated-element arrays.

The former of these has been most successfully demonstrated by Tuthill and
co-workers who have used a perforated mask over a single large aperture telescope
to convert it to a multi-element interferometer (Tuthill et al. 2000) — in effect
a generalized Young’s multi-slit experiment. This approach, first demonstrated in
1986 (Haniff et al. 1987), closely mimics Michelson’s early experiments in which the
telescope superstructure maintains the necessary optical path equality and an inter-
ference pattern is formed in a common focal plane. Interferometric configurations
with many tens of collecting elements can be realized with baselines of up to 10 m
and using aperture sizes of several tens of centimetres. This latter restriction limits
the sensitivity of this method, but it allows for detailed studies of complex astro-
physical sources at near-infrared wavelengths (see, e.g. Tuthill et al. 2000; Tuthill,
Monnier & Danchi 2001 and figure 3).

The availability of large 10 m-class telescopes, fast readout low-noise detectors,
and modern imaging algorithms has meant that this technique is now fully mature.
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Figure 3. A typical near-infrared inter-
ferometric image of the dust-enshrouded
evolved star IRC4+10216. The star itself
is hidden from view at this wavelength
(2.2pm). The angular resolution is ~ 50
milliarcseconds, ten times better than a
conventional image. Figure courtesy of

J. Monnier and P. Tuthill.
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Figure 4. An interferometric image of the
disk-shaped Ha envelope of the Be star,
¢ Tauri. The emission is concentrated in an
inclined disk and extends over +6 milliarc-
seconds. Interferometric baselines of 50m
were used to achieve an angular resolution
of ~ 2 milliarcseconds, five hundred times
better than a conventional image.

Not only is the quality of the imaging comparable to that obtained by centimetric
radio arrays — there is little difficulty in detecting features as small as the diffrac-
tion limit and with surface brightnesses a hundred times fainter than the brightest
component in the image — but its fidelity has been verified by independent studies
of the same sources. Perhaps its only shortcoming is the moderate sensitivity and
angular resolution attainable.

The other key development has been the construction and commissioning of
a large number (> 10) of separated-element arrays. In principle these offer much
better sensitivity and resolution but this comes partnered with the full range of
technical challenges outlined in §2. Most of these arrays have been technical proto-
types, but a significant subset are currently being operated for regular astronomical
observations. The most prominent of these are listed in table 1. There is a predomi-
nance of arrays comprising relatively small numbers of 1 m-class collectors arranged
so as to deliver ultra-high angular resolution. A 230 m baseline (the mean for the
arrays summarized in table 1) corresponds to an angular resolution of 1 milliarc-
second (mas) at 1 gm, an improvement of roughly one hundred times over that of
the Hubble Space Telescope.

In this sense these are ultra-sparse interferometric arrays, sensitive to a limited
range of angular scales on the sky for any given configuration of array elements, and
hence lacking the versatility for studying complex sources. The fraction of phase
information accessible with these arrays (= 1 — 2/N) is similarly restricted and
so their imaging capability falls far short of those interferometers using masks on
single telescopes that have given the clearest pointers to what interferometry can
in principle deliver. A useful comparison of this is provided by figures 3 and 4.
The latter shows a typical image obtained with COAST of the hydrogen nebula
surrounding the hot Be star ( Tauri. The Balmer line emission region is clearly
resolved, but it has a total extent of only a few resolution elements as compared to
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Table 1. Major optical/infrared astronomical interferometer arrays

(Major optical/infrared astronomical interferometer arrays. In this summary prototype
instruments with a primarily technical role have been excluded. N, D, and B refer to
the number of telescopes in the array, their aperture size, and the maximum baseline
achievable. Both the Keck and VLTI arrays have the possibility of using a mixture of
large and more modestly sized telescopes. All figures are approximate. Further details of
these and other interferometric projects can be found in Quirrenbach (2001). )

Facility & location N D/m B/m Primary role
CHARA: Mt. Wilson, USA 6 1.0 350 Stellar astrophysics
COAST: Cambridge, UK 5 0.4 100 Imaging
GI2T: Calern, France 2 1.5 65 Spectroscopy
IOTA: Mt. Hopkins, USA 3 0.4 40 Stellar astrophysics
IST: Mt. Wilson, USA 3 1.7 85 10 pm astrophysics
NPOI: Flagstaff, USA 6 0.5 440 Astrometry & Imaging
SUSI: Narrabri, Australia 2 0.1 640 Stellar diameters
KECK: M. Kea, Hawaii 24+4 100418 140 Astrometry
VLTI: Paranal, Chile 443 8.04+1.8 200 Imaging & Astrometry

the large extent of the emission mapped in figure 3. This quantitative difference in
the ability to map complex structures is perhaps the most distinctive trait of the
existing generation of separated-element interferometric arrays.

For the discussion above one may infer the type of astronomical programmes
that these arrays have focused on. All have studied the brightest possible targets,
1.e. nearby stars, and have aimed to secure high angular resolution multi-wavelength
data to compare with theoretical models. Amongst the range of projects that have
been initiated are:

e Precise measurements of stellar diameters to investigate, for example, the
effective temperature scale and mass-luminosity-radius relationship for nor-
mal stars (see, e.g. Perrin et al. 1998; Nordgren et al. 1999; Lane, Boden &
Kulkarni 2001),

e Orbital studies of close binary systems to determine precise stellar masses
(see, e.g. Hummel et al. 2001; Boden & Lane 2001),

e Measurements of the brightness profiles across individual stellar disks to test
models for stellar atmospheres (see, e.g. Burns et al. 1997; Wittkowski et
al. 2001),

e Measurements of the angular diameter changes in variable stars to assess
pulsational models for these stars (Young et al. 2000b) or to calibrate the
cosmic distance scale (see, e.g. Lane et al. 2000),

e Imaging studies to investigate the features on or near evolved stars, which are
expected to have strong internal convection (Young et al. 2000a).

In most of these studies, the confrontation of theory with experimental data has
taken place for the first time. It is this new approach to stellar astrophysics, allowing
the direct and precise testing of hypotheses, that makes the future of interferometry
so exciting.
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4. Where should we go in the future?

Forecasting the future directions that astronomical interferometry will take may
seem a dangerously unreliable activity for a subject in which advances in technology
have determined progress in the field so completely. But the physical constraints
set by the properties of the astronomical sources and of the Earth’s atmosphere
through which they must be observed, provide a clear indication of the possibilities
for ground-based interferometers in the future. Space-based interferometers will
not be subject to the same atmospheric restrictions, and, in principle, can realize
unlimited resolution and sensitivity. However, their success will depend on solving
a different set of technical problems, in particular those associated with controlling
an array of free-floating spacecraft. The timescale associated with these technical
challenges is likely to extend well beyond 2010, and for this reason we will hereafter
consider only ground-based developments over the next ten or so years.

There are three main areas in which improvements to the capabilities of existing
ground-based synthesis arrays would allow them to become as scientifically valuable
as their radio counterparts. These are the angular resolution attainable, the level of
imaging fidelity and image quality that can be realized, and the limiting sensitivity.
We will assume here that, as for facilities at most other wavelengths, the broad
priority for any future arrays will be to provide detailed images of complex as-
trophysical phenomena. Our discussion thus excludes interferometers designed, for
example, for wide-angle astrometry and extra-solar planet detection (Marcy & But-
ler 1998; Woolf & Angel 1998), whose merit we acknowledge but whose application
will be more specialized.

(a) Angular resolution

The most immediate scientific questions which evidently require high angular
resolution measurements for their solution are those concerning stars. What are
their sizes, the structure of their atmospheres, the existence and nature of features
on their surfaces, and the processes involved in their formation? How do they lose
mass from their surfaces in the late stages of their evolution, how do they interact
with close companion stars, what are the mechanism and dynamics of jets, the
structures of protoplanetary disks, and the distribution and properties of planetary
systems? Finally, how do they end their lives, and how do their compact remnants
— or their large scale equivalents, i.e. massive black holes in the centres of active
galactic nuclei (AGN) — interact with their surroundings?

The angular scales associated with a sample of these phenomena are summa-
rized in table 2. For some of these the scales on which detailed imaging would be
of interest can be inferred on the basis of straightforward physical arguments: for
example, knowledge of the sublimation temperature of dust gives an estimate of the
minimum distance from a stellar surface at which it might exist. In other cases, we
currently have only rudimentary estimates of the appropriate physical scales. This
is of particular concern for active galactic nuclei where the evidence we have con-
cerning the location of the clouds responsible for their Doppler-broadened Balmer
lines or the sizes of their dust tori is indirect (see, for example, Capetti et al. 2000;
Peterson 2001).

Notwithstanding these uncertainties, the data of table 2 argue persuasively for
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Table 2. Potential targets for interferometric study and appropriate angular scales

(Characteristic angular scales, 8, associated with potential targets for optical/infrared
interferometry. For each type of source the distance shown has been chosen to allow
observations of more than simply the brightest prototypes at an appropriate wavelength.
Length scales are given either in solar radii (1 Rg = 7 x 10® m), astronomical units
(1AU = 1.5 x 10" m) or parsecs (1 pc = 3.1 x 10" m). The final column gives the
interferometer baseline required to resolve the target. All figures are approximate.)

Source Linear size Distance  §/mas A B/m
Main sequence stars 3.0 Rp 100 pc 0.1 0.6 900
Evolved stars 200 Rg 250 pc 4 1.0 55
Stellar dust shells 400 Rg 250 pc 7 2.2 60
Stellar gas shells 20 Rg 250 pc 0.4 0.6 330
Spectroscopic binaries 0.2 AU 500 pc 0.4 0.6 310
Close binaries 10 Rg 250 pc 0.2 0.6 660
Protoplanetary disks 1 AU 500 pc 2 2.2 225
Recurrent novae ejecta 10 AU 2 kpc 5 2.2 90
Globular cluster proper motions 1AU yr—! 10 kpc 0.1yr™' 06 1250
AGN broad line regions 0.05 pc 20 Mpc 0.5 0.6 240
AGN dust tori 0.5 pc 20 Mpc 5 2.2 920

interferometer baselines of at least 500 m. This is, roughly speaking, the minimum
baseline for which the majority of these types of targets would be just resolvable,
and in practice the preferred option would be to realize kilometric baselines. The
technical difficulties associated with delivering a 1000 m baseline are not signifi-
cantly greater than those already overcome in the current generation of arrays, and
so as far as technical readiness is concerned this represents only a modest challenge.

(b) Imaging fidelity

The general principles governing the type and quality of imaging achievable
with any type of synthesis array have been documented many times by radio as-
tronomers (see, e.g. Thompson, Moran & Swenson 1991). The number of measured
visibility data should be at least as great as the number of filled pixels desired in the
reconstructed image, and the range of angular scales required in the map must be
matched with an appropriate distribution of visibility samples. For a 10 x 10 pixel
image, which seems to be a useful step beyond the capabilities of contemporary
arrays (see figure 4), this implies a ratio of maximum to minimum baseline of ~ 10.

This could be realized by a sequence of measurements obtained with multi-
ple re-configurations of an array with as few as three collectors. But the need to
stabilize the interferometric output of optical and infrared arrays by controlling
in real-time the OPD errors induced by the atmospheric perturbations introduces
an additional complication. Sensing of the atmospheric perturbations relies upon
the instantaneous signal-to-noise of the fringes being high since the fringes them-
selves provide the feedback signals. At low light levels, where Poisson statistics of
the detected photons provides the main limitation to fringe detection, the signal-
to-noise ratio for fringe measurements scales as V\/Nppot, where V' is the fringe
visibility and N,p.: the number of detected photons. Thus the measurement of the
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Figure 5. A schematic view of an array configuration that allows “phase bootstrapping”.
Simultaneous measurements of the fringes on all the short baselines (Bmin) between neigh-
bouring telescopes allows control of the atmospheric fluctuations and permits useful mea-
surements to be made on the longest baseline (Bmax). For this approach to work, the
source of interest should not be significantly resolved on baselines of length Bmin.

atmospheric OPD becomes increasingly difficult as the baselines of interest start to
resolve the source. Unfortunately, this is precisely the situation that obtains when
measurements for a map with many pixels across a source are being secured.

A favoured solution to this problem has been to use “phase bootstrapping”,
i.e. the simultaneous monitoring of the fringes on, for example, short baselines 1-
2, 2-3, and 3-4, to assess what correction needs to be made on the baseline 1-4
(Armstrong et al. 1998, figure 5). In the context of the discussion here this has
a supremely important consequence: the number of telescopes required to reach a
given maximum baseline is significantly increased. For a “Y”-shaped configuration
with equispaced telescopes along each arm and observing a source at the zenith,
18 telescopes are required to give a ratio of 10 : 1 between the longest and shortest
baselines. Earth rotation allows for some leeway here, but the broad conclusion is
clear: if future optical/infrared interferometers are to exploit bootstrapping and to
deliver high quality imaging, then arrays of between 15 to 20 telescopes will be
essential.

Another approach to interferometer stabilisation that has received attention is
so-called “phase referencing”. This uses measurements of an unresolved off-axis
source at the same time as the science target so as to monitor the atmosphere
simultaneously. It has been successfully demonstrated at the Palomar Testbed In-
terferometer (Colavita et al. 1999). However, as well as requiring additional optical
and metrology hardware, it relies upon there being a suitable bright reference source
within the isoplanatic patch. At 2.2 ym the angular radius of this is of order 20"
and so for a 2m-sized collector the sky coverage predicted is only ~ 0.1 percent.
The suggestion that phase-referencing offers the better prospect for any general-
purpose array rests squarely on this issue. There are a small number of specialized
programmes that will be guaranteed a convenient reference source, in particular
those that are focused on searching for companions and structures close to stars in
the immediate solar neighbourhood. But these stars form a small fraction of those
sources that are in principle amenable to interferometric scrutiny, and the trade
off between the increased complexity and cost of phase referencing and the actual
amount of new science it will deliver appears not to favour this approach.

If the above arguments are accepted and the requirements stated are met, how
faithful an image can be delivered? For bright sources, the limit on the dynamic
range in the image will be determined by the fractional error §A/A and the phase
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error §¢, on the individual visibility amplitudes and phases, and their total number,
n. As a rough guide, the dynamic range will be given by

vn . (4.1)
V064742 + (69)%]

Whilst errors on the visibility amplitudes of less than 1 per cent are certainly
achievable (see, e.g. Perrin et al. 1998), phase errors may well be as large as 2
degrees, 1.e. 3 percent of a radian, and hence be the dominant factor. For the 15 to
20-element arrays discussed above, the number of separate visibilities may readily
be at least 1000; 10000 is perhaps realistic. These figures give a dynamic range of
approximately 3000 : 1.

(¢) Sensitivity

Perhaps the most demanding problem facing optical /infrared array designers to-
day is how to achieve adequate sensitivity. Discussion of this issue is complicated for
two main reasons. First, because the conventional coupling between resolution and
sensitivity does not apply for a separated-element array, and second, because the
most important considerations are those concerned with the instantaneous fringe
signal, which is needed to control the array so that the data can be coherently
integrated.

Since many of the scientific programmes proposed for future arrays concern stars
and their immediate environments, is is useful to consider a “toy” model to clarify
the key issues in the argument. We can model an isolated star as a black body of
temperature 7" with an angular diameter of, say, 1 milliarcsecond. Figure 6 shows
the apparent brightness of such a source as a function of observing wavelength
for a range of temperatures. The brightness is plotted using the historical scale of
magnitudes (m) where m = —2.5 log(intensity) + constant. The merit of this plot
is that stars visible to the naked eye span a range in magnitude from m ~ —1 for
the brightest stars to m ~ 46 for those at the limit of vision. So, the conclusion to
be drawn from figure 6 is that essentially all stars larger than 1 milliarcsecond will
be “bright”. Conversely, all stars fainter than m = +6, and that can be adequately
modelled as black bodies, will be smaller in diameter than 1 milliarcsecond.

A more quantitative criterion for judging what is “bright” is the photon flux
necessary for interferometry to be successful. This limiting sensitivity will be de-
termined by the number of detected photons, Nppo:, necessary to give an adequate
signal-to-noise ratio in a measurement, i.e. by the combination of aperture size and
integration time which gives the best instantaneous signal-to-noise (S/N) ratio for
detecting interference fringes. For telescopes with fast auto-guiders that correct the
wavefront tilts of the incoming beams, the optimum aperture size and integration
time have been computed by Buscher (1988). For atmospheric conditions described
by a spatial scale 7y and a coherence time g, the optimum aperture size and ex-
posure time will be 2.757 and 2ty respectively, and if observations are made using
these values the measured fringe visibility, V', for an unresolved source will be 0.47.
To enable measurements of the complex visibility to be integrated coherently, a
value of S/N} = %V\/ﬁp}mt greater than about 2.5 is required. Hence the mini-

t The factor of % pre-multiplying the visibility here assumes a simple two-beam combiner.
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T=40000, 10000, 6000, 3500 & 1000K

Magnitude

0.5 1 1.5 2 2.5

Wavelength/microns

Figure 6. The apparent brightness of a 1 milliarcsecond black body at temperatures of
40000, 10000, 6000, 3500 and 1000 K. The units of brightness are magnitudes where
m = —2.5log(intensity ) 4+ constant. The black body temperature and apparent bright-
ness decrease from top to bottom. The surface temperatures of most stars lie in the range
2000 to 50000 K. The dotted line at the bottom of the figure shows the limiting sensitivity
for a shot-noise limited array using 2.75rq-sized telescopes and a measurement time of 2#o
(see text for details).

mum number of detected photons per short-exposure (2¢g) integration must be at
least ~ 100.

To compare this to our stellar model some additional data are required. At good
observatory sites 7y and #g have median values of 15c¢cm and 5ms at 500nm (al-
though published measurements of ¢y are sparse for many sites) and both scale as
A6/5_ The dotted line in figure 6 shows the resulting limiting sensitivity as a function
of wavelength for a conservative value of the optical bandpass used for fringe detec-
tion of 50 nm and an overall optical throughput from source to detected output of
10 percent, and where we have assumed the availability of high efficiency array de-
tectors that are limited solely by the shot-noise associated with the incoming signal.
These have recently become available for wavelengths shorter than 1 pm (Mackay
et al. 2001), but for the range 1 to 2.5 um the readout noise of detectors currently
under development implies limiting sensitivities about one magnitude poorer than
those shown in the figure. The simple deduction to be made from figure 6 is that
features much smaller than the star, perhaps as small as 0.1 x 0.1 mas, should be
detectable.

Whilst some features of interest may exist on scales smaller than the stellar di-
ameter, many others are expected to inhabit the circumstellar region, extending to
many stellar radii. Their detectability will thus depend on whether they are heated
or illuminated sufficiently by the star. Several arguments suggest that matter be-
yond ~ 100 stellar radii will be extremely difficult to detect interferometrically. Mat-
ter in radiative equilibrium at a distance R from a star of radius R, and temperature
T, would be expected to have a temperature T such that (T/T*)4 ~ (R/R*)_2. At
100R,, this will be a factor of 10 below that of the stellar surface, and so for the
normal range of stellar temperatures (2000 to 40000 K) matter at larger radii will
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be too cool to be detectable at visible or near infrared wavelengths. If, on the other
hand, the circumstellar material simply reflects the stellar radiation, its surface
brightness relative to the central star will be oz(R/R*)_27 where « is an albedo,
which we can take to be of order 0.1. So, at 100R, the surface brightness of any
solid material will be only 10~ that of the star. The problem of detecting and
imaging these types of features is thus not so much one of sensitivity, but one asso-
ciated with the maximum dynamic range that can be achieved. Dynamic ranges of
10% have been reached, albeit with some difficulty, for the very brightest sources at
radio wavelengths, but it seems unlikely they will be realized at optical and infrared
wavelengths in the near term.

Other mechanisms do exist for maintaining material at high temperatures at
large distances from a star. Hot gas can be ejected sufficiently rapidly that there
may be no appreciable cooling in the transit time. Alternatively, material at large
radii may be heated in-situ through collisions with fast moving ejecta. However,
for both of these situations the optical depth of the hot material 1s expected to be
extremely small. Successful imaging is thus likely to hinge again on the maximum
dynamic range that can be achieved.

The observational consequences of this discussion can be summarized as follows:

e For stellar systems it is likely that the central star will dominate the emission
as long as it remains unobscured,

e For bright stars, i.e. those with angular sizes greater than 1 mas and hence
brighter than m = 46, features should be detectable both on the stellar
surface and out to, say, 100 mas,

e Stars ten times further away, i.e. with magnitudes as faint as m = +11, would
remain detectable, as would features extending to 10 mas,

e Below the limiting sensitivity shown in figure 6, e.g. for m ~ +16, stars would
have dimensions of at most 10-microarcseconds and any surrounding struc-
tures that might otherwise be observable would not be expected to subtend
an angle of greater than 1 mas,

e For an interferometer with a maximum baseline of 200 [Lm] m, corresponding
to a resolution of 1mas, all resolvable stellar systems should lie within the
detection limits.

It is less straightforward to apply the type of argument presented above to active
galactic nuclei (AGN). Here the physical conditions and geometries of the features
of interest, in particular the Balmer line emitting broad-line region (BLR) and the
nuclear dust tori, are less well characterized. However, there appears to be broad
agreement that on sub-arcsecond scales the key question will be how much flux
originates from a truly compact component, i.e. one located within some number
of Schwarzschild radii from the central black hole (R, = 2GM/c? = 0.02 to 20
AU for black hole masses in the range 10° to 10°Mg). Any emission from this
region will require micro-arcsecond resolution to resolve it, and so it is likely that
high resolution images of AGN will be characterized by an unresolved core together
with additional emission extended on scales of milliarcseconds. The very brightest
AGN have core magnitudes, measured within a few arcseconds, of ~ 10 at 2.2 ym.
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If ten percent of this emission comes from an unresolved component, then even
these targets should be detectable with a 2.757-sized aperture array and the goal
of imaging their broad-line regions and circumnuclear dust will become a realistic
possibility.

The discussions above suggest that adequate sensitivity for most, if not all, the
most exciting programmes for future ground based imaging interferometry can be
achieved with relatively modest sized, i.e. ~ 3ry diameter, collectors. What then is
the role for interferometers using larger aperture sizes (D >> 2m) than this? The
potential advantage of using larger apertures is, in fact, not to enable imaging of
much fainter sources, but rather to reduce the observing time needed for collecting
data to achieve some given signal-to-noise ratio. This will be an issue, for example,
when observing at very high spectral resolution in narrow atomic emission lines.
This interesting conclusion arises because any benefits to be gained from a larger
aperture can only be realized if the variance of the atmospheric phase fluctuations
across it is no greater than that across an autoguided 37y diameter optic. In practice
the limiting sensitivity for the adaptive optics (AO) correction required will be very
similar to that discussed for fringe detection.

To illustrate this we can consider a simple example where the AO sensing is
carried out at one wavelength and the interferometer fringes are to be sensed in an
immediately adjacent band. The adaptive correction can thus be performed over a
number of separate 3rg-sized patches of the larger mirror. There are two principal
factors which distinguish the AQO signal-to-noise ratio calculation from that for
fringe detection. These are the usable optical bandwidth, which may easily be as
large as 300nm (c.f. 50nm for fringe sensing), and the optimum exposure time,
which is 1.5¢¢ (c.f. 2¢¢ for fringe sensing). Other differences, such as the throughput
and collecting area will be identical. So, the sensitivity for the AO correction of
each of the 3rg-sized sub-pupils of the larger aperture will be better by a factor of
roughly [%] [%] = 2.25. However, this calculation does not provide for correcting
the path delays between the separate sub-pupils and this must reduce the x2.25
advantage that the AO system has relative to direct fringe detection. The upshot
of this is quite clear: adaptively corrected larger telescopes may well give a small
improvement in the limiting magnitude for fringe detection, but unless laser guide
star systems are introduced at each array element, this increase in sensitivity is
likely to be no greater than a magnitude.

On the other hand, for relatively bright targets, i.e. where the instantaneous
fringe signal-to-noise ratio > 1, successful adaptive correction should be relatively
straightforward to achieve, and so the photon rate delivered to the beam combiner
will increase as D?. Tt is this advantage that large apertures (D > 3rg) and natural
guide star AQ systems provide: the ability to collect photons faster and improve
the overall observing efficiency of the array, rather than any major enhancement in
limiting sensitivity.

5. Conclusions

The arguments presented above, and their implications for the future develop-
ment of ground-based optical interferometry, can perhaps best be summarized by
a sketching a picture of the type of facility array that we feel offers the most excit-
ing prospects for the next decade. While the specific details of its implementation
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are beyond the scope of this communication, three key aspects of its design seem
secure. There should be:

e A large number (between 15 and 25) of 2 m-class telescopes, each with modest
adaptive correction and distributed so as to give excellent snapshot Fourier
plane coverage.

e Baselines extending to at least 1000 m, but with the opportunity for compact
array configurations for sources subtending large angles on the sky, i.e. many
tens of milliarcseconds.

e The presence of separate correlators optimized for real-time fringe stabiliza-
tion and science imaging, but running in parallel and using different wave-
length bands.

The fact that not one of the arrays currently operational or under construction
(table 1) is likely to deliver on any of these requirements is both disappointing and
invigorating. The type of array we have identified as being necessary is ambitious,
but it quite clearly represents only a modest technical challenge beyond what has
already been demonstrated. Simply put, the principal difficulties in delivering it
are likely to be those of convincing non-interferometric astronomers of its moderate
technical risk and subsequently in integrating its large number of interdependent
parts.

What is undoubtedly clear, though, is that such an array would provide a unique
new window on the universe, a massive stimulus to galactic and extragalactic astro-
physics, and would be a fitting outcome to Thomas Youngs’ prescient experiments.

The authors would like to thank all their colleagues within the COAST group for thought
provoking contributions, and J. Monnier, A. George, and T. Scott for providing figures in
advance of publication.
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