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The VLT will permit enormously more sensitive searches for high-speed phenomena in astrophysics, such as
those expected from instabilities in accretion onto compact objects, or in the fine structure of photon emission. On
[sub}millisecond timescales, light curves are of little use, and measurements have to be of power spectra or other
statistical functions, which increase with the light collected to a power of 2 or more, making the gains very much
greater than for ordinary photometry or spectroscopy.

High-Speed Astrophysics

The frontiers of astrophysics have
expanded through observational break
throughs. The Universe has turned out to
be more enigmatic than even the creative
fantasy of astronomers had been able to
predict. It is worth recalling that many of
today's 'ordinary' topics such as quasars
or stellar coronae are results of discov
eries enabled by improvements in tech
nology. This mode of advance is different
from the situation in e.g. particle physics,
where it is often possible to make predic
tions of novel phenomena, and then to
construct experimental apparatus to ver
ify some specific theory. In astronomy,
the discovery of quasi-periodic oscilla
tions in accretion disks or of millisecond
pulsars was not the result of theoretical
predictions, but rather the inescapable
revelation once the sensitivity in the rel
evant parameter space had been suffi
ciently enhanced. In the past, one ma
jor thrust in expanding the parameter en
velope of astrophysics was the addition
of new wavelength regions, in particular
through space missions. Now, that most
regions are accessible, the thrusts are
moving toward other domains, such as
higher spatial and temporal resolution.
This article is concerned with the latter
of these.

High-speed astrophysics, entering the
previously unexplored domains of milli-,
micro-, and nanosecond variability, has
the goal to discover and explore the pos
sible very rapid variability in astronomi
cal objects. One aim will be to examine
radiation from accretion systems around
compact objects in the Galaxy where,
in some cases, variability is already
known to exist on timescales down to
milliseconds. Highly energetic events oc
cur in such gas flows onto white dwarfs,
neutron stars or presumed black holes.
The environments of such objects are
promising laboratories to search for very
rapid phenomena: the geometrical ex
tent can be very small, the energy den
sity very high, the magnetic fields enor-

mous, and a series of phenomena, rang
ing from magneto-hydrodynamic turbu
lence to stimulated synchrotron radia
tion might well occur. Some processes
may occur over scales of only kilome
ters or less, and there is no immediate
hope for their spatial imaging. Insights
can instead be gained through studies
of their small-scale instabilities, such as
hydrodynamic oscillations or magneto
hydrodynamic flares. Phenomena which
might be encountered on timescales of
seconds, milli-, or even microseconds,
include:

• Plasma instabilities and fine struc
ture in accretion flows onto white dwarfs
and neutron stars

• Small-scale [magneto-]hydrody
namic instabilities in accretion disks
around compact objects

• Radial oscillations in white dwarfs (~

100-1000 ms), and non-radial ones in
neutron stars (:s 100 ps)

• Optical emission from millisecond
pulsars (:s 10 ms)

• Fine structure in the emission ('pho
ton showers') from pulsars and other
compact objects

• Photo-hydrodynamic turbulence
('photon bubbles') in extremely luminous
stars

• Stimulated emission from magnetic
objects ('cosmic free-electron laser')

• Non-equilibrium photon statistics
(non-Bose-Einstein distributions) in
sources far from thermodynamic equilib
rium.

Parameter Domains of
Astrophysics

The whole science of astronomy can
be subdivided into parameter domains
with respect to electromagnetic wave
length, and the timescale of study. Clas
sical astronomy, for example, was largely
confined to wavelengths accessible from
the ground, and timescales between per
haps 0.1 seconds and 10 years.

Advantages of observing
in the optical

Rapid astrophysical events are gen
erally expected in accretion processes
near compact objects such as white
dwarfs, neutron stars or presumed black
holes. A number of such sources have
previously been studied in the subsec
ond and millisecond ranges, both in X
rays and in the optical (e.g. Motch et al.
1982; Beskin et al. 1994).

There are quasi-periodic oscillations,
flashes, pulsars, and other phenomena.
For best detection and visibility, X-rays
could appear to be most attractive, since
they often originate in high-temperature
regions quite close to the compact object.

Nevertheless, the optical region may
in practice be the best for the detailed
study of the most rapid phenomena.
The reason is that the number of pho
tons that can be detected per second
(and especially per millisecond!) is of
ten much greater from the optical parts of
the sources (as observed with large tele
scopes), than that from their X-ray parts,
observed with current space instruments.
Foreseeable satellites will not be able to
collect more than typically a thousand X
ray photons per second, even from quite
bright objects (Bradt et al. 1990). While
this will be adequate to explore many ex
citing phenomena, it is probably not ade
quate in searches for very rapid fluctua
tions.

In contrast, optical light curves of some
accretion sources showing periodicity on
the scale of seconds can be quite promi
nent already when recorded with tele
scopes in the 1.5-m class (Larsson 1985;
Imamura et al. 1990). Using an 8-metre
telescope, and an instrumental efficiency
improved by a factor 3, implies some 100
times more photons collected. Detailed
light curves could then be seen if their
periodicity was merely tens of millisec
onds (with count rates on the order of a
million photons per second).

Another advantage of the optical is the
feasibility to ultimately detect quantum
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Figure 2: A,subset of Figure 1, showing a region around the optical, with expected timescales
for various astrophysical processes marked.

Figure 1: Parameter domains of astrophysics, subdividing electromagnetic radiation with respect
to timescale of study, and the wavelength. This diagram (covering some 500 square decades in
parameter space) encompasses all ofastrophysics, save neutrino, gravitational, cosmic-ray, and
in-situ studies. All regions are not yet accessible to observation, in particular due to insufficient
observable photon fluxes for high-energy radiation. The optical high-speed domain is marked
in pink.

Accretion Physics for High-Speed
Studies

frared. While this does not hinder studies
of rapid variability as such, it does pre
clude full studies of quantum effects in
radiation.

What novel phenomena can we ex
pect to detect in accretion processes?
An artist's vision, combining established
knowledge with predicted phenomena
unfolds in the painting of Figure 3. In
a close binary system, matter is es
caping from the dynamic and unstable
outer atmosphere of an evolved red gi
ant and impinging into an accretion disk
surrounding a black hole. (For a gen
eral review of phenomena in such sys
tems, see e.g. Livia, 1994.) Here, the ac
cretion flow is neither smooth, nor reg
ular. It is turbulent, and eddies can be
seen on many different scales (Meglicki
et al. 1993). The disk is asymmetric (per
haps reflecting the time history of mat
ter flows from the giant star; Kaitchuck et
al. 1994; Lanzafame et al. 1993; Marsh
et al. 1994; Whitehurst 1994); the accre
tion flow is spiral shocked (Heemskerk
1994) and warped perpendicular to its
main plane (perhaps due to tidal torques
or differential precession; lping & Pet
terson 1990). A well-collimated jet is
ejected from the central portions, but af
ter some distance it becomes unstable
(due to its internal helical magnetic field?)
and disintegrates after suffering a super
sonic collision with the surrounding cir
cumstellar medium. At certain distances
from the centre, hydrodynamic instabil
ities appear as various types of waves
(Chen & Taam 1992; Honma et al. 1992;
Wallinder 1991), possibly seen by a dis
tant observer as quasi-periodic oscilla
tions. The angular momentum of some
of the inflowing matter conspires with
moving hydrodynamic shocks to form a
three-dimensional structure above and
around the disk (Hawley & Smarr 1986).
Some of these 'walls' are very thin, their
thickness perhaps reflecting electric cur
rent sheets. Differential gas motions in
side and around the accretion disk feed
a dynamo which generates a chaotic
magnetic field on many different spatial
scales (Stone & Norman 1994; Torkels
son & Brandenburg 1994), whose en
ergy is released in short and energetic
flares of magnetic reconnection, accom
panied by local mass ejections and high
energy radiation. Some magnetic areas
are cooler than their local surroundings
('spots'; Bao 1992;), while others dissi
pate with magnetic heating and appear
hotter (Horne & Saar 1991). Such mag
netic processes also contribute to sus
taining a hot chromosphere and corona
surrounding the disk (Mineshige & Wood
1990). At the very centre, a glimpse of
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- MHD instabilities in accretion?

- Terrestrial atmosphere

- Millisecond pulsars?

- Neutron star oscillations?

- White dwarf accretion

- Quasi-periodic oscillations

- ???

- Stimulated emission?

- Photon statistics?

Intensity interferometry

- Quantum optics
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to observe in radio (e.g. the bunching of
photons appears as 'wave noise'), but a
limit is set by the difficulties of photon
counting at wavelengths beyond the in-
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processes very near the black hole can
be seen: the appearance is asymmet
ric because the flux (and wavelength)
of light is altered by both the gravita
tional field and by the Doppler effect
in the rotating gas (the side approach
ing the observer is brighter; Fukue &
Yokoyama 1988). Further, relativistic ray
bending permits us to view also the 'back'
side of the central region. All this is ac
companied by infalling planetisimals and
crashing comets, possibly remnants of
a former planetary system (Pineault &
Landry 1994), local hydromagnetic in
stabilities seen as vortices in the gas
streams ('tornados'; Abramowicz et a/.
1992), gas ejections collimated by local
magnetic fields, and many other small
scale instability phenomena (Mineshige
& Kusunose 1993). On larger scales, the
whole disk is undergoing acoustic oscil
lations (Nowak & Wagoner 1992).

How much could be reality and what is
fantasy? Of course, nobody knows ex
actly what an accretion disk looks like
(and, arguably, none has ever been di
rectly observed). However, all the phe
nomena depicted in Figure 3 were in
spired by predictions in the literature.
Some of the processes hinted at oc
cur over very small dimensions, and
it will not be possible to image them
with any presently foreseen interferom
eter (although some features could be
made visible through Doppler imaging
or similar techniques). In order to learn
more, we are driven toward high time
resolution. Even if there is no [immedi
ate] hope for the spatial imaging, signa
tures of many events may be observable
in the time domain, on timescales of sec
onds, milli-, or even microseconds. A res
olution of 1ps translates to a light travel
distance (and thus 'resolution' along the
line of sight) of 300 metres, irrespective
of distance to the source.

How Rapid A Variability
Can Be Detected?

Increasing the temporal resolution to
microseconds, one should encounter
successively more rapid events, on
timescales such as those expected for
magnetic instabilities in accretion sys
tems, or for non-radial oscillations in neu
tron stars. However, there do not yet ap
pear to exist any predicted macroscopic
processes in the nanosecond domain.
Such resolutions, however, lead into the
microscopic realm of quantum optics,
and the quantum-mechanical statistics of
photon counts. To understand what infor
mation they carry, we have to examine
the physical properties of light.

Nanoseconds and quantum optics

Classical physics merges all radiation
of a certain wavelength into the quantity
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'intensity'. When instead treating radia
tion as a three-dimensional photon gas,
other effects also become significant,
e.g. higher-order coherence and the tem
poral correlation between photons. The
best known non-classical property of light
is the bunching of photons, first mea
sured by Hanbury Brown and Twiss in
those experiments that led to the astro
nomical intensity interferometer, used to
measure stellar sizes (Hanbury Brown
1974). Different physical processes in the
generation of light may cause quantum
statistical differences (different amounts
of photon bunching in time) between light
with otherwise identical spectrum, polar
ization, intensity, etc., and studies of such
non-classical properties of light are ac
tively pursued in laboratory optics.

Such quantum correlation effects are
fully developed over timescales equal to
the inverse bandwidth of light. For ex
ample, the use of a 1 nm bandpass op
tical filter gives a frequency bandwidth
of C':' 1012 Hz, and the effects are then
fully developed on timescales of C':' 10-12

seconds. Instrumentation with continu
ous data processing facilities of such res
olutions is not yet available, but it is pos
sible to detect these effects, albeit with
a decreased amplitude, also over more
manageable nanosecond intervals.

Beyond Imaging, Photometry and
Spectroscopy

Conventional optical instruments, like
photometers, spectrometers, polarime
ters or interferometers, are capable of
measuring properties of light such as its
intensity, spectrum, polarization or co
herence. However, such properties are
generally insufficient to determine the
physical conditions under which light has
been created. Thus it is not possible,
not even in principle, to distinguish be
tween e.g. spontaneously emitted light
reaching the observer directly from the
source; similar light that has undergone
scattering on its way to the observer; or
light predominantly created through stim
ulated emission, provided these types of
light have the same intensity, polariza
tion and coherence as function of wave
length. The deduction of the processes
of light emission is therefore made indi
rectly via theoretical models. Yet, such
types of light could have physical differ
ences regarding collective multi-photon
properties in the photon gas. Such prop
erties are known for light from laboratory
sources, and might ultimately become
experimentally measurable also for as
tronomical ones.

To understand the 'parameter do
mains' in 'knowledge space' that are ac
cessed by e.g. photometers or spec
trometers, we need to understand their
working principles on a very fundamen-

tal level, i.e. not superficial specifications
such as field-of-view or spectral resolu
tion, but rather their workings concerning
the physical observables accessed.

One-photon experiments

We describe light as an electromag
netic wave of one linear polarization
component whose electric field E con
tains terms of the type exp(-iwt) for an
gular frequencies w. All classical opti
cal instruments measure properties of
light that can be deduced from the first
order correlation function of light, G(I),

for two coordinates in space r and time
t (Glauber, 1970). The different classes
are collected in Figure 4, where < >
denotes time average, and * complex
conjugate. For example, a bolometer
measures <E*(O,O) E(O,O», yielding the
classical field intensity irrespective of the
spectrum or geometry of the source (we
define the coordinates with the observer
initially at the origin). For the case rl =
r2 but tl i=- t2, G(I) becomes the auto
correlation function with respect to time,
<E*(O,O) E(O,t», whose Fourier trans
form yields the power density as func
tion of electromagnetic frequency. That
is the spectrum of light which is mea
sured by spectrometers. The function
is explicitly sampled by Fourier trans
form spectrometers while e.g. gratings
'perform' the transform to the spectrum
through diffractive interference. For the
case rl i=- r2 but tl = t2 we instead
have the spatial autocorrelation function
<E*(O,O) E(r,O», which is measured by
imaging telescopes and [phase] interfer
ometers, yielding the angular distribution
of the source power density. The need for
accurate timekeeping at both sites rland
r2 originates from the requirement tl = t2.
In the absence of absolute flux calibra
tions, G(1) is usually normalized to the
first-order coherence g(1).

Two- and multi-photon properties
of light

Thus, classical measurements do not
distinguish light sources with identical
G(I). All such measurements can be as
cribed to quantities of type E*E, corre
sponding to intensity I, which in the quan
tum limit means observations of individ
ual photons or of statistical one-photon
properties. Possible multi-photon phe
nomena in the photon stream reaching
the observer are not identified.

The description of collective multi
photon phenomena in a photon gas in
general requires a quantum-mechanical
treatment since photons have integer
spin (S = 1), and therefore constitute a
boson fluid with properties different from
a fluid of classical distinguishable par
ticles. The first treatment of the quan-
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Special case: r 1 cf r 2' t 1 = t 2

< 1(0,0) I(r,O) > - INTENSITY INTERFEROMETER

Special case: r 1 = r 2' t l cf t 2

< 1(0,0) I(O,t) > - CORRELATION SPECTROMETER

Figure 4: Fundamental quantities measured in one-photon experi
ments. All such measurements can be ascribed to quantities of type
E*E, corresponding to intensity I, which in the quantum limit
means observations of individual photons or of statistical one-photon
properties. To this category belong all direct and interferometric im
agers, spectrometers, and photometers, i.e. all ordinary instruments
used in astronomy. Time average is denoted by < > while * marks
complex conjugate.

Figure 5: Fundamental quantities measured in two-photon experi
ments. All such measurements can be ascribed to quantities of type
Ix I, i.e. intensity multiplied by itself, which in the quantum limit means
observations ofpairs ofphotons or ofstatistical two-photon properties.
The intensity interferometer was the first astronomical instrument in
this category.

MULTI - PHOTON PROPERTIES

Chaotic light scattered by Gaussian medium:

< In> = (n!) 2 < I > n

intensity-correlation spectrometer, which
measures <1(0,0) I(O,t», determining
the spectral width of e.g. scattered laser
light.

In thermodynamic equilibrium, the
[chaotic] distribution of photons corre
sponds to the value g(2) = 2 for first
order coherent (g(1) = 1) light. Such
photons follow a Bose-Einstein distribu
tion, analogous to a Maxwellian one for
classical particles. However, away from
equilibrium, photons may deviate from
Bose-Einstein distributions Uust as clas
sical particles can be non-Maxwellian).
For example, light created by stimulated
emission in the limiting case of a sta
ble wave without any intensity fluctua
tions has g(2) = 1, corresponding to anal
ogous states in other boson fluids, e.g.
superfluidity in liquid helium. Chaotic light
scattered against a Gaussian frequency
redistributing medium has g(2) = 4.

In the laboratory, one can observe how
the physical nature of the photon gas
gradually changes from chaotic (g(2) =
2) to ordered (g(2) = 1) when a laser
is 'turned on' and the emission gradu
ally changes from spontaneous to stim
ulated. Measuring g(2) and knowing the
laser parameters involved, it is possible
to deduce the atomic energy-level pop
ulations, which is an example of an as
trophysically important parameter ('non
LTE departure coefficient') which can
not be directly observed with classical
measurements of one-photon properties.
Just as it is not possible to tell whether
one individual helium atom is super
fluid or not, it is not possible to deter
mine whether one individual photon is
due to spontaneous or stimulated emis
sion: both cases require studies of statis-

G(2) is often normalized to the second
order coherence, g(2) . Although its strict
definition involves quantum-mechanical
operators, a simplified expression can
be given in terms of intensities: g(2) =

<I(rl,td l(r2,t2» / <1(rl,td><I(r2,t2»'
If the distribution of photons is chaotic,
i.e. the photon gas is in a maximum
entropy state, the second-order coher
ence can be deduced as g(2) = [g(1)]2

+ 1 (e.g. Loudon 1983). This property
can be used to determine Ig(1) I from
measurements of g(2). In the intensity
interferometer this is made for rl :/= r2
but tl = t2 : <1(0,0) l(r,O», thus de
ducing angular sizes of stars, reminis
cent of a classical interferometer. For
rl = r2 but tl :/= t2 we instead have an

-
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Stable wave:

Chaotic light:
n

< I

Anti-bunched light:

<In>=O [n>1]

-

Figure 6: Properties
of light, measurable
in multi-photon ex
periments. Such mea
surements can be as
cribed to quantities
of type In, i.e. inten
sity multiplied n times
by itself, which in the
quantum limit means
observations of
groups of n photons
or of statistical n-pho
ton properties. The
information contained
in such higher-order
photon correlations
may include thermo
dynamic information
of how the light was

created or how it has been redistributed (scattered) since its creation. Although such prob
lems are studied in theoretical astrophysics, they are not yet accessible to direct observational
tests.

tum theory of coherence in a photon
gas was by Glauber (1963a, 1963b), al
though some properties were inferred
earlier from classical treatments, no
tably the bunching of photons in chaotic
(thermal) light, first observed by Han
bury Brown and Twiss. An arbitrary state
of light can be specified with a series
of coherence functions essentially de
scribing one-, two-, three-, etc. -photon
correlations. A simplified expression for
the second-order correlation function is
given in Figure 5. It describes the correla
tion of intensity between two coordinates
in space and time. Since a detection of a
photon (measurement of I) enters twice,
G(2) describes two-photon properties of
light.
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tical properties of the respective boson
fluid.

For a first-order coherent source with
g(2) f 2, neither an intensity interfer
ometer nor an intensity-correlation spec
trometer will yield correct results. E.G. a
point source emitting a monochromatic
stable wave whose g(2) = 1 everywhere,
would appear to be spatially resolved by
an intensity interferometer at any spatial
baseline and spectrally resolved by an
intensity-correlation spectrometer at any
timelag, and hence give the false impres
sion of an arbitrarily large source emit
ting white light. This example demon
strates that additional measurements are
required to fully extract the information
content of light.

Many different quantum states of op
tical fields exist, not only those men
tioned above (which can be given clas
sical analogs) but also e.g. photon anti
bunching which with g(2) = 0 is a purely
quantum-mechanical state. This implies
that neighbouring photons avoid one an
other in space and time. While such
properties are normal for fermions (e.g.
electrons), which obey the Pauli exclu
sion principle, ensembles of bosons (e.g.
photons) show such properties only in
special situations. An antibunching ten
dency implies that the detection of a
photon at a given time is followed by
a decreased probability to detect an
other immediately afterward. Experimen
tally, this is seen through sub-Poissonian
statistics, i.e. narrower distributions of
recorded photon counts than would be
expected in a 'random' situation. Since
the intensity of light is now a function
whose average square (<12 » is smaller
than the square of its average «1>2),
it cannot be represented through classi
cal mathematics: this requires a quantum
description.

For an introduction to the theory
of such quantum optical phenomena,
see e.g. Loudon (1980; 1983), Meystre
& Sargent (1990), or Walls & Mil
burn (1994). Experimental procedures
for studying photon statistics are de
scribed by Saleh (1978).

Astronomical Quantum Optics

One can envision applications of
nanosecond resolution optical observa
tions to give insight in the physical pro
cesses of radiative deexcitation of astro
physical plasmas, fields of study which
presently are the almost exclusive realm
of theoreticians.

Physics of emission processes

What is the physical nature of light
emitted from a plasma with departures
from thermodynamic equilibrium of the
atomic energy-level populations? Will a
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spontaneously emitted photon stimulate
others, so that the path where the pho
ton train has passed becomes temporar
ily deexcited and remains so for per
haps a microsecond until collisions and
other effects have restored the balance?
Does then light in a spectral line per
haps consist of short photon showers
with one spontaneously emitted photon
leading a trail of others emitted by stim
ulated emission? Such [partial] 'laser ac
tion' has been predicted in mass-losing
high-temperature stars, where the rapidly
recombining plasma in the stellar enve
.Iope can act as an amplifying medium
(Lavrinovich & Letokhov 1974; Varshni
& Lam 1976; Varshni & Nasser 1986).
Analogous effects could exist in accre
tion disks (Fang 1981). In the infrared,
there are several cases where laser ac
tion is predicted for specific atomic lines
(Ferland 1993; Greenhouse et al. 1993;
Peng & Pradhan 1994).

Somewhat analogous situations (cor
responding to a laser below threshold)
have been studied in the laboratory. The
radiation structure from 'free' clouds (i.e.
outside any laser resonance cavity) of
excited gas with population inversion can
be analysed. One natural mode of radia
tive deexcitation indeed appears to be
the emission of 'photon showers' trig
gered by spontaneously emitted ones
which are stimulating others along their
flight vectors out from the volume.

In principle, quantum statistics of pho
tons might permit to determine whether
e.g. the Doppler broadening of a spec
tral line has been caused by motions
of those atoms that emitted the photons
or by those intervening atoms that have
scattered the already existing photons.
Thus, for such scattered light, its degree
of partial redistribution in frequency might
be directly measurable.

Although the existence in principle of
such effects may be clear, their prac
tical observability is not yet known. At
first sight, it might even appear that light
from a star should be nearly chaotic be
cause of the very large number of in
dependent radiation sources in the stel
lar atmosphere, which would randomize
the photon statistics. However, since the
time constants involved in the mainte
nance of atomic energy level overpopu
lations (e.g. by collisions) may be longer
than those of their depopulation by stimu
lated emission (speed of light), there may
exist, in a given solid angle, only a limited
number of radiation modes reaching the
observer in a given time interval (each
microsecond, say) and the resulting pho
ton statistics might well be non-chaotic.
Proposed mechanisms for pulsar emis
sion include stimulated synchrotron and
curvature radiation ('free-electron laser')
with suggested timescales of nanosec
onds, over which the quantum statistics

of light would be non-trivial. In gen
eral, photon statistics for the radiation
from any kind of non-thermal source
could convey something about the pro
cesses where the radiation was liber
ated. For example, the presence of pho
ton 'bubbles' in photohydrodynamic tur
bulence in very hot stars has been sug
gested. The bubbles would be filled with
light and the photon-gas pressure in
side would balance the surrounding gas
but due to buoyancy, the bubbles would
rise through the stellar surface, giving
off photon bursts (Prendergast & Spiegel
1973; Spiegel 1976). Obviously, the list of
potential astrophysical targets could be
made longer.

Interpreting observed photon
statistics

The theoretical problem of light scat
tering in a [macroscopic] turbulent
medium is reasonably well studied. In
particular, the equations of transfer for
12 and higher-order moments of intensity
have been formulated and solved (e.g.
Uscinski 1977). A result that is familiar
to many people implies that stars twinkle
more with [moderately] increasing atmo
spheric turbulence. The value of I, i.e. the
total number of photons transmitted may
well be constant, but 1

2 increases with
greater fluctuations in the medium. The
quantum problem of scattering of light
against atoms is somewhat related, ex
cept that the timescales involved are now
those of the coherence times of light.

However, theoretical treatments of as
trophysical radiative transfer have so far
almost exclusively concentrated on the
first-order quantities of intensity, spec
trum and polarization, and not on the
transfer of f and higher-order terms.
There are some exceptions, however,
like the analytical solution of the higher
order moment equation relevant for radio
scintillations in the interstellar medium
(Lee & Jokipii 1975; Lerche 1979a;
1979b) and attempts to formulate the
quantum mechanical description of the
transfer of radiation, including non
Markovian effects (i.e. such referring to
more than one photon at a time) in a
photon gas (Machacek 1978; 1979), the
transfer equation for the density matrix
of phase space cell occupation num
ber states (Sapar 1978; Ojaste & Sapar
1979), or the introduction of concepts
from non-linear optics (Wu 1993).

Still, there do not yet appear to ex
ist any theoretical predictions for specific
astronomical sources of any spectral line
profiles of higher-order than one (i.e. or
dinary intensity versus wavelength). Until
the availability of such theoretical predic
tions (of e.g. the second-order coherence
versus wavelength), this work will con
tinue to have an exploratory character.



00 we understand what we are
doing?

When entering new domains of physi
cal measurement, not only the optics and
electronics of the experiment, but also
the fundamental physics of the quantum
mechanical interaction between the mea
suring instrument and the photon gas
to be studied, must be adequately un
derstood. One example will illustrate the
problem. Although in common speech
the opposite is often uttered, there actu
ally does not appear to exist any known
method of directly detecting photons.
All 'photon-detectors' instead give some
electrical signal of photo-electrons as the
output to the observer. It is a sobering
thought that quantum statistical proper
ties to be measured, e.g. the bunching
of several photons in the same quan
tum state, is a property that can not even
in principle be possessed by these elec
trons. Since these have quantum spin =
;}, they are fermions and obey the Pauli
exclusion principle, which prohibits two
or more particles to occupy the same
quantum state.

Even the optics inside an instrument
may fundamentally affect the signal to
be measured. For example, the reader
might want to ponder what are the effects
of a common beamsplitter, which makes
a 50-50% split of the intensity of light.
What will become of the statistical distri
butions of photons after the photon gas
has been cleaved by this beamsplitter?
(For an introduction to the theory and ex
periment on such issues, see e.g. Aspect
& Grangier 1991.)

Instrumentation for High-Speed
Astrophysics

A number of criteria can be defined
for optimizing an observing instrument in
high-speed astrophysics, and there have
been efforts by different groups toward
this end.

We have designed one such unit at
Lund Observatory, named QVANTOSfor
'Quantum-Optical Spectrometer. Its first
version was used on La Palma to test
instrumentation and observation meth
ods, and to explore what challenges in
understanding the terrestrial atmosphere
that must be met before astrophysical
variability on short timescales can be
convincingly demonstrated to exist. The
main design criteria for the QVANTOS
instrument and a description of its per
formance are in Dravins et al. (1994),
while examples of data recorded with it
appear below. Basically, its key compo
nents are rapid photon-counting detec
tors and very fast digital signal proces
sors for real-time computation of various
statistical functions of the photon arrival
times. The design issues included:

• Handling huge amounts of data:
The highest time resolutions lead to data
rates of perhaps megabytes per second.
To make the analysis manageable, there
is a need for real-time data reduction to
statistical functions only.

• For faint sources, one wants to study
variability also on timescales shorter
than typical intervals between succes
sive photons. While not possible with
conventional light-curves, it is enabled
through a statistical analysis of photon
arrival times, testing for deviations from
randomness.

• The terrestrial atmosphere causes
rapid fluctuations of the source intensity,
and a segregation of astrophysical fluc
tuations requires a correspondingly ac
curate measurement and correction for
atmospheric effects.

Previous work by other groups illus
trates that meeting all such (and other)
requirements is non-trivial. The pio
neering MANIA experiment at the North
ern Caucasus 6-metre telescope (re
cently used also in Argentina; Shvarts
man 1977; Beskin et al. 1982; 1994),
has limitations in the maximum photon
count rates that can be processed. Net
works of telescopes used in searches for
stellar oscillations, have been limited by
atmospheric intensity scintillation. Instru
ments in space avoid the terrestrial atmo
sphere: the High Speed Photometer on
the Hubble Space Telescope was a major
effort (Bless 1982), but only limited quan
tities of data could be stored onboard.

The post-Ceo era of optical
detectors

CCD's and similar silicon-based imag
ing detectors now dominate optical as
tronomy, thanks to their high quantum
efficiency and ease of use. However,
such detectors are not really optimal
for measuring rapid variability, due to
their relatively long read-out times. Al
though devices and methods for more
rapid CCD-frame readout (milliseconds)
are being developed, there seem to be
fundamental trade-offs between speed
and noise. For timing individual photons
on submillisecond scales, one has hith
erto been limited to photocathode de
tectors such as photomultipliers or mi
crochannel plates.

Such photocathode detectors, how
ever, have a limit in their achievable
quantum efficiency, and in its extension
toward the infrared. As stressed further
below, the signal-to-noise ratio in mea
sured statistics of intensity fluctuations
increases rapidly not only with telescope
size but equally with increased detec
tor efficiency. Since future observational
needs will include relatively faint accre
tion sources in the Galaxy, some of which
may be reddened by circumstellar ma-

terial, we are facing the need for a high
quantum efficiency extending into the [in
fra]red. Such challenges are now stimu
lating the gradual emergence of a new
post-CCD generation of detectors for op
tical astronomy: combining imaging at
high quantum efficiency, photon count
ing with nanosecond resolution into the
infrared, and even intrinsic spectroscopic
resolution.

Photon-counting avalanche diodes

The quantum efficiency for a sili
con detector, compared to photocathode
ones, can be several times greater, and
may extend into the far red to about 1 pm.

During recent years, the development
of silicon avalanche photodiodes has
reached a point, where they can now
be used for photon counting (Brown et
al. 1990; Dautet et al. 1993; Nightingale
1991; Sun & Davidson 1992; Szecesnyi
Nagy 1993). Absolute quantum efficien
cies in single-photon detection up to 76%
(at ,\ 700 nm) have been experimen
tally demonstrated (Kwiat et al. 1994).
Some astronomical groups (including
ourselves) have now acquired such de
tectors, at least for the purpose of labo
ratory evaluation. Besides photon count
ing at impressive efficiencies, avalanche
diodes however also bring a number of
new and undesired (and partly unknown)
properties. One phenomenon not seen in
photocathode detectors is that the elec
tronic avalanche during the photon de
tection temporarily disturbs the semicon
ductor and causes light to be emitted
from the detector surface. The dark count
can be bistable in the sense of sudden
jumps between discrete levels, appar
ently due to phenomena at impurity sites
inside the diode. Awkward problems are
caused by their very small physical di
mensions. While the light-sensitive area
in photomultipliers typically extends over
several mm, the usable area of present
photon-counting diodes is typically no
more than some 1% that of a normal pho
tomultiplier. For use on a large telescope,
this circumstance makes the optical and
mechanical designs quite challenging.

Developments of larger-area ava
lanche diodes are being pursued in in
dustry, and prototypes of significantly
larger size have been tested (e.g.
Woodard et al. 1994). Some other prob
lems related to the active quenching
of the avalanches (giving shorter dead
times and thus permitting higher count
rates) have apparently been solved, but
there still remain some non-uniformities
in sensitivity across the detector area,
and the dark signal increases for larger
detectors. Solutions to these and other
problems are actively being sought
in the industry. Also, photon-counting
with germanium avalanche diodes has
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Figure 7: An avalanche photodiode array, ex
ample of an optical detector for the post-CCO
era. This class of detectors has the poten
tial for quantum efficiency approaching unity
(and extending into the infrared), while count
ing individual photons at nanosecond resolu
tion (Madden 1993).

been demonstrated, extending sensitiv
ities further into the infrared (Lacaita et
al. 1994; Owens et al. 1994).

In another development with silicon
devices, avalanche photodiode arrays
have recently been developed (Fig. 7),
stimulated by non-astronomy needs such
as detectors for ladar (laser radar),
recording laser-pulse illuminated scenes,
where the distance to objects imaged in
the field is determined by timing photon
arrivals within nanoseconds. Although
such devices do not yet appear to be
available in photon-counting mode, a
conceivable future photon-counting 4096
x 4096 photodiode array with, say, a 1
MHz photon count rate per pixel could
generate more than 107 Mb (= 10 Ter
abytes) per second, or 1012 Mb (= 1 Ex
abyte) during a 3-night observing run.
The data handling issues will become
interesting, but only with such detectors
could one begin to really exploit the po
tential of the VLT for high-speed applica
tions. Even so, they would be far from
ultimate, since there is still no intrinsic
energy nor polarization resolution, and in
order to separate different wavelengths,
spectrometers or filters would still have
to be used, with all their known inefficien
cies in light transmission.

Spectrally resolving detectors

Astrophysical variability may be dif
ferent in different wavelength regions
(where different opacities enable one to
see differently deep into accretion flows);
inside and outside a spectral line (where
the radiative non-equilibrium and deexci
tation may be different from that in the
continuum); or even in different polar-
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izations (where the emission may come
from different magnetic regions). Thus,
to extract all information, photon arrival
times and positions should be recorded
with a high spectroscopic and polarimet
ric resolution. Especially for extended
astronomical sources, such studies are
hampered by the two-dimensional na
ture of common photon detectors. Even
if spectrometers were efficient, most light
would be lost because the instrument
must scan in the spatial or spectral do
main. Here, energy-resolving detectors
are needed, which in addition to spa
tial and temporal data also measure the
photon wavelength. Such detectors are
widely used in X-ray astronomy, and de
velopments are in progress to apply re
lated techniques also in the optical and
infrared.

One line of development concerns
photon counting using superconducting
tunnel junctions (Perryman et al. 1992;
1993; 1994). The principle is that a pho
ton impinging on the detector generates
charge carriers within it, and these are
collected by nearby elements in a junc
tion array. The energy required to create
a charge carrier within a superconduc
tor is some three orders of magnitude
less than in a semiconductor such as
silicon. It is of order milli-eV, and thus
an optical photon (of a few eV energy)
creates a 'cloud' with perhaps 100-1000
of charge carriers. Even if not all are
detected, the impact of the optical pho
ton is recorded with an efficiency ap
proaching unity (analogous to X-ray de
tectors, where an energetic photon liber
ates many electrons). The timing of the
arrival of this 'cloud' to the nearest ele
ments of the junction array permits both
positional encoding and time resolution.
Pulse counting gives the number of liber
ated charge carriers, and thus the energy
of the absorbed photon, i.e. its wave
length. This concept promises large-area
detectors of very high sensitivity, photon
counting at high time resolution, com
bined with a moderate wavelength res
olution (AI.6"A '::' 30).

Another line of development, permit
ting extremely high spectral resolution in
the detector (AI.6"A ;::: 500,000), exploits
certain organic molecules, cryogenically
cooled. The method involves a persis
tent spectral hole-burning in a dye-doped
polymer film, a technique otherwise be
ing developed for optical data storage;
Keller et al. (1994a; 1994b).

An organic molecule such as chlo
rin is used in a film cooled by liquid
helium. The natural line width of chlo
rin at this temperature is about 0.2 pm
(AI.6"A '::' 3106

). A superposition of such
very narrow but overlapping absorption
lines forms a broad and smooth absorp
tion band, some 10 nm wide. This wave
length spread of the individual absorp-

tion lines is due to wavelength shifts en
abled by local electrical potentials. When
a molecule absorbs a photon, it under
goes a photo-reaction which makes the
molecule insensitive to light in that partic
ular wavelength band, analogous to the
functioning of dyes in a color film. The
spectral information is retrieved using a
scanning dye laser: tests on the solar
spectrum confirm a performance compa
rable to the highest resolution spectrom
eters used in astronomy. Time resolution,
however, is as yet lacking in this concept.

These examples of detector develop
ments for the post-CCO era in optical
astronomy illustrate both the new pos
sibilities that may come, and the many
challenges that yet remain. Future detec
tor gains will add to the telescope ones,
making a VLT with future detectors enor
mously more powerful than with its first
generation instruments.

The Role of the VLT

At very high time resolution, data rates
are very high, and classical light curves
are of little use. Measurements thus have
to be of autocorrelations, power spectra,
or other statistical properties of the ar
riving photon stream. All such statistical
functions depend on a power of the av
erage intensity that is higher than one.
For example, an autocorrelation (which
is obtained by multiplying the intensity
signal by itself, shifted by a time lag)
is proportional to the square of the in
tensity. Due to this dependence, very
large telescopes are much more sensi
tive for the detection of rapid variability
than ordinary-sized ones.

A search for e.g. magneto-hydrody
namic instabilities in accretion disks
around supposed black holes, using au
tocorrelation techniques, will benefit a
factor (8.2/3.6)4 '::' 27 if using one 8.2
metre telescope instead of a 3.6-m one,
rather than the ratio (8.2/3.6)2 '::' 5 that
is valid for the intensity. For other mea
sures, e.g. those of the fourth-order mo
ments of the photon distribution, the sig
nal will increase as the fourth power of
the intensity, making a full Very Large
Telescope with four 8-metre units some
185,000 times more sensitive than a 3.6
m one (implying that one night of observ
ing on the full VLT gives the same signal
as 500 years of integration with a 3.6-m!
(Fig. 8).

These large numbers may appear un
usual when compared to the more mod
est gains expected for classical instru
ments, and initially perhaps even diffi
cult to believe. Such numbers are, how
ever, well understood among workers in
non-linear optics. The measured <11 > is
proportional to the conditional probabil
ity that four photons are recorded within
a certain time interval. < 1

4 > itself is,
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However, before observed intensity
fluctuations can be ascribed to any as-

(red) stars, not even the brightest ones
(Hanbury Brown 1974). The practical ob
servability limit for quantum phenomena
is set not by the apparent brightness of
the source (measured as photons arriv
ing per unit time), but more by the num
ber of photons per [spatial and temporal]
coherence volume.

An ideal telescope may re-create, in its
focal volume, the same photon density
as in the source (but no more, due to the
laws of thermodynamics). Thus a solar
telescope may achieve a photon density
corresponding to a '::' 5800 K blackbody:
the solar surface temperature, but no hot
ter. An ideal telescope observing Sirius,
however, could reach its surface temper
ature of 10,000 K. Sirius' angular size
is some 6 milliarcseconds; the diffraction
limit for one 8-m telescope is about twice
that, i.e. the diffraction-limit volume is
'::' 23 = 8 times that image volume where
Tef f would be 10,000 K. Compared to
the Sun, the Sirius surface flux density
is (10,000/5,800)4 '::' 9 times greater, and
thus one 8-m telescope, if operated at its
diffraction limit, will measure about the
same photon density in its focal volume
if it is pointed at Sirius or at the Sun!
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to be understood, including those prop
erties that may appear non-intuitive, if
approached from classical optics. The
higher-order optical coherence functions
are independent from the first-order ones
(which define e.g. the brightness or the
spectrum of the source). It then fol
lows that also the signal-to-noise ratios
must be independent from the latter. This
somewhat non-intuitive situation was en
countered already in the intensity inter
ferometer which could not measure cool

Figure 9: Atmospheric intensity scintillation around A500 nm for telescopes of different aperture
sizes. The symbols are values measured on La Palma during good summer conditions for small
telescope apertures. This sequence was fitted to synthetic power spectra for up to 8 metre
diameter, thus predicting the scintillation in a VLT unit telescope. The bold curves are for fully
open apertures. The inclusion of a central obscuration, corresponding to the secondary mirror
(here taken as 30% of the primal)! diameter), increases the scintillation power, while apodization
of this aperture (i.e. introducing a smooth intensity fall-off near its edges), decreases it for high
temporal frequencies (Oravins et al. 1995).

Telescope Intensity
diameter

<I>

3.6 ill 1

(I 8.2 ill 5

4 * 8.2 ill 21

Figure 8: Comparisons between the observed signal of source intensity (I), its square and fourth
powers, for telescopes of different size. The signal for classical quantities increases with the
intensity I; the signal in power spectra and similar functions suitable for variability searches, as
12 ; and that of four-photon correlations as 14 , as relevant for quantum statistics studies. The
advent of vel)! large telescopes greatly increases the potential for high-speed astrophysics.

Signal-fa-noise at the quantum limit

In the limit of the highest time reso
lution, the statistical nature of light has

strictly speaking, not a physical observ
able: either one detects a photon in a
time interval, or one does not. < 1

4 >
therefore has the meaning of a rapid
succession of intensity measurements:
<I(t) l(t+l:>t) 1(t+2l:>t) 1(t+3l:>t». In an ex
periment where one is studying the multi
step ionization of some atomic species,
where four successive photons have to
be absorbed in rapid succession, one
notes how a doubling of the light inten
sity causes a 16-fold increase in the ion
ization efficiency. Or indeed, for light of
identical intensity, how the efficiency may
increase if the illuminating light source is
changed to another of the same intensity
but with different statistical properties, i.e.
a different value of <14 >. But it does not
stop here. The prospect of improved de
tectors will further increase the efficiency
in a multiplicative manner. An increased
quantum efficiency in the visual of a fac
tor 3, say, or in the near infrared a fac
tor 10, will mean factors of 10 and 100
in second-order quantities, while the sig
nal in fourth-order functions will improve
by factors 100 and 10,000, respectively.
These factors should thus be multiplied
with those already large numbers in Fig
ure 8, to give the likely gains for the VLT
equipped with future detectors, as com
pared to present ones.

Due to analogous steep dependences
on intensity, the research field of non
linear optics was opened up for study
by the advent of high-power laboratory
lasers. In a similar vein, the advent of
very large telescopes could well open up
the field of high-speed astrophysical vari
ability and bring astronomical quantum
optics above a detection threshold.
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ground of the starlight which has been
spectrally dispersed by the atmosphere.
The 'blue' part in the 'flying shadows'
on the ground is displaced from its 'red'
part, but the structure of the 'shadows'
is similar. As these race past the tele
scope, a time difference is visible. In
the violet, the dispersion of air changes
rapidly with wavelength, which explains
the significant differences between the
nearby wavelenghts of A365 and A400
nm. These effects, however, appear only
if looking along a wind direction, i.e. the
direction of motion of the 'flying shad
ows'. At right angles from this, there is
no effect.

An understanding of such phenomena
is obviously required when searching for
astrophysical phase shifts between vari
ations in different colours, such as be
tween oscillations in different layers in
side accretion columns (visible at differ
ent wavelengths due to different opaci
ties), or in searching for time delays be
tween fluctuations in different spectral
lines, perhaps formed in the same deex
citation cascade with photons of different
wavelengths emitted more or less simul
taneously.

A deeper understanding of scintillation
in the Earth's atmosphere might be ap-
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Figure 10: Cross correlation between atmospheric intensity scintillation in different colours. Near
zenith such fluctuations are simultaneous, but with increasing zenith angle a time delay develops.
In this sequence from La Palma, scintillation at A 700 nm was auto-correlated, as well as cross
correlated with that simultaneously measured at A 550, 400, and 365 nm. With increasing
wavelength difference, (a) the 'agreement' (i.e. degree of correlation) between scintillation in
different colours decreases (thick curves), and (b) a time delay develops, visible as a shift of
the correlation maximum (normalized thin curves). This effect is due to atmospheric dispersion,
which causes chromatic displacements of the 'flying shadows' on the ground, an effect due to
the atmosphere and independent of the size of the telescope (Dravins et al. 1995).

What will not change?

By no means will effects of scintillation
disappear in very large telescopes. While
some quantities (e.g. the power in Fig. 9)
will decrease, others are independent of
telescope size. An example of the latter
is the temporal correlation between scin
tillation in different colours. Near zenith,
the intensity fluctuations are simultane
ous, but with increasing zenith angle
(and increasing wavelength difference),
a time delay may develop (Fig. 10). This
is visible as a shift of the cross corre
lation maximum away from the origin.
The 'flying shadows' on the ground be
come chromatic, a projection onto the

spondingly larger area, averaging out
primarily the smaller-scale (and thus
more rapidly varying) components. This
is seen in Figure 9, which shows the
scintillation power spectrum predicted for
the 8-metre VLT unit telescopes. These
curves were obtained from theoretical
models for apertures of different size
(computed by A.T.Young), where the nor
malization to actual scintillation ampli
tude and atmospheric windspeed was
.obtained by fitting the models to repre
sentative observations.

Scintillation in the VLT:
what will change?

Very large telescopes integrate the
'flying shadow' pattern over a corre-

tronomical source, the intensity scintil
lations caused by the Earth's turbulent
atmosphere must be adequately under
stood, measured, and calibrated for. An
understanding of atmospheric scintilla
tion is needed both for the optimal de
sign of instrumentation and the observ
ing strategies, and in the analysis of the
data, segregating astrophysical variabil
ity from terrestrial effects.

For this purpose, extensive observa
tions of stellar intensity scintillation on
short and very short time scales (100
ms-100 ns) were made during several
weeks of observing with the Mark I ver
sion of our QVANTOS instrument, used
on the Swedish 60-cm telescope on La
Palma (Dravins et al. 1995). Atmospheric
scintillation was measured as function of
telescope aperture size and shape; de
gree of apodization; for single and dou
ble apertures; for single and binary stars;
in different optical colours; using differ
ent optical passbands; at different zenith
distances; at different times of night; and
different seasons of year. Data were
recorded as temporal auto- and cross
correlation functions, and intensity prob
ability distributions, sometimes supple
mented by simultaneous video record
ings of the stellar speckle images, as well
as seeing disk measurements in an ad
jacent telescope.

Several scintillation properties can be
understood in terms of the illumination
pattern caused by diffraction in inho
mogeneities of high atmospheric lay
ers. These structures are carried by
winds, resulting in 'flying shadows' on
the ground (Codona 1986). The depen
dence on aperture diameter 0 was stud
ied, using rapidly changeable mechan
ical masks in front of the telescope.
This aperture dependence disappears
for 0 :::; 5 cm. On such spatial scales,
the structures in the 'flying shadows' on
the ground appear resolved (both the au
tocorrelation half-widths and the ampli
tudes then become independent of aper
ture size). On these scales, also differ
ences in scintillation between different
colours become apparent.

Measured autocorrelations were
transformed to power spectra. The power
decreases for larger apertures (espe
cially at high frequencies), reflecting the
spatial averaging of small-scale turbu
lence elements. At frequencies f 2: 100
Hz, the power decreases approximately
as f -5. The observed statistics of in
tensity variations can be adequately de
scribed by log-normal distributions, vary
ing with time.
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plied also to the study of the fine structure
of planetary atmospheres from stellar oc
cultations, another application of high
speed measurements.

Conclusions and Outlook

Various approaches have been out
lined for attempts to reach into the
new parameter domains of milli-, micro
and nanosecond astrophysical variabil
ity. Such studies must of course be made
in close contact with those in other wave
length bands (in particular X-rays), and in
parallel with theoretical modelling. What
makes the prospects especially exciting
at the present time, is the new gener
ation of very large optical telescopes.
Since the signal of statistical variability in
creases dramatically with light collecting
power, large telescopes become enor
mously more sensitive than ordinary
sized ones; new detector developments
further enhance the potential. This quan
tum jump in sensitivity might well open
up the field of high-speed astrophysical
variability and bring astronomical quan
tum optics above a detection threshold.

Acknowledgements

High-speed astrophysics at Lund Ob
servatory is supported by the Swedish
Natural Science Research Council. L.
Lindegren made valuable comments on
the manuscript.

References

Abramowicz, MA, Lanza, A, Spiegel, EA,
Szuszkiewicz, E. 1992, Nature 356, 41.

Aspect, A., Grangier, P. 1991, in J.W Good
man, ed. International Trends in Optics,
Academic, p. 247.

Bao, G. 1992, A&A 257, 594.
Beskin, G.M., Neizvestnyi, S.I., Pimonov, A.A.,

Plakhotnichenko, V.L., Shvartsman, V.F.
1982, in C.M. Humphries, ed. Instrumenta
tion for Astronomy with Large Optical Tele
scopes, IAU coil. 67, Reidel, p. 181.

Beskin, G., Neizvestny, S., Plokhotnichenko,
V., Popova, M., Zhuravkov, A., Benvenuto,
O.G., Feinstein, C., Mendez, M. 1994, A&A
289,141.

Bless, R.C. 1982, in D.N.B. Hall, ed. The
Space Telescope Observatory, NASA CP
2244, p. 106.

Bradt, H.v., Levine, AM., Morgan, E.H.,
Remillard, R.A., Swank, J.H., Dingus, B.L.,
Holt, S.S., Jahoda, K.M., Rothschild, R.E.,
Gruber, DE, Hink, P.L., Pelling, R.M. 1990,
in YKondo, ed. Observatories in Earth Orbit
and Beyond, IAU coli. 123, Kluwer, p. 89.

Brown, R.G.W, Burnett, J.G., Mansbridge, J.,
Moir, C.I., Lowans, B.S. 1990, Appl.Opt. 29,
3291.

Chen, X., Taam, R.E. 1992, MNRAS255, 51.
Codona, J.L. 1986, A&A 164,415.
Dautet, H., Deschamps, P., Dion, B., MacGre

gor, AD., MacSween, D., Mcintyre, R.J.,
Trottier, C., Webb, P.P. 1993, Appl.Opt. 32,
3894.

Dravins, D., Hagerbo, H.O., Lindegren, L.,
Mezey, E., Nilsson, B. 1994, in D.L. Craw
ford, E.R. Craine, eds. Instrumentation in
Astronomy VIII, SPIE proc. 2198, p. 289.

Dravins, D., Lindegren, L., Mezey, E., Young,
AT 1995, Appl.Opt., to be submitted.

Fang, L.Z. 1981, MNRAS194, 177.
Ferland, G.J. 1993, ApJS 88,49.
Fukue, J., Yokoyama, T 1988, PASJ40, 15.
Glauber, RJ. 1963a, Phys.Rev. 130, 2529.
Glauber, R.J. 1963b, Phys.Rev. 131,2766.
Glauber, RJ. 1970, in S.M.Kay, AMaitland,

eds. Quantum Optics, Academic, p. 53.

Greenhouse, M.A., Feldman, U., Smith, HA,
Klapisch, M., Bhatia, AX, Bar-Shalom, A.
1993, ApJS 88, 23.

Hanbury Brown, R 1974, The Intensity Inter
ferometer, Taylor & Francis.

Hawley, J.F., Smarr, L.L. 1986, in R.1. Epstein,
WC. Feldman, eds. Magnetospheric Phe
nomena in Astrophysics, AlP conf. proc.
144, p. 263.

Heemskerk, M.H.M. 1994, A&A 288,807.
Honma, F., Matsumoto, R., Kato, S. 1992,

PASJ 44, 529.
Horne, K., Saar, S.H. 1991, ApJ 374, L55.
Imamura, J.N., Kristian, J., Middleditch, J.,

Steiman-Cameron, TY 1990, ApJ365, 312.
Iping, R.C., Petterson, JA 1990, A&A 239,

221.
Kaitchuck, R.H., Schlegel, E.M., Honeycutt,

R.K., Horne, K., Marsh, TR., White, J.C.,
Mansperger, C.S. 1994, ApJS93, 519.

Keller, C.U., Graff, W, Rosselet, A,
Gschwind, R., Wild, U.P. 1994a, A&A 289,
L41.

Keller, C.U., Gschwind, R., Renn, A, Rosse
let, A, Wild, U.P. 1994b, A&AS, in press.

Kwiat, P.G., Steinberg, AM., Chiao, R.Y.,
Eberhard, P.H., Petroff, M.D. 1994,
Appl.Opt. 33,1844.

Lacaita, A, Francese, PA, Zappa, F., Cova,
S. 1994, Appl.Opt. 33, 6902.

Lanzafame, G., Belvedere, G., Molteni, D.
1993, MNRAS 263, 839.

Larsson, S. 1985, A&A 145, L1.
Lavrinovich, N.N., Letokhov, V.S. 1974,

ZhEksp. Teor.Fiz. 67, 1609 = SovPhys.
JETP40, 800 (1975).

Lee, L.C., Jokipii, J.R. 1975, ApJ202, 439.
Lerche, I. 1979a, ApJ 234, 262.
Lerche, I. 1979b, ApJ 234, 653.
Livio, M. 1994, in S.N.Shore et aI., eds. Inter

acting Binaries, Springer, p. 135.
Loudon, R. 1980, RepProgPhys. 43,913.
Loudon, R. 1983, The Quantum Theory of

Light, 2nd ed., Clarendon.
Machacek, M. 1978, Bull. Astron. Insf.

Czechosl. 29, 268.
Machacek, M. 1979, Bull. Astron. Insf.

Czechosl. 30, 23.
Madden, R.M. 1993, Photonics Spectra 27,

No.12, p. 114.
Marsh, TR., Robinson, E.L., Wood, J.H. 1994,

MNRAS266,137.
Meglicki, Z., Wickramasinghe, D., Bicknell,

G.V. 1993, MNRAS264, 691.
Meystre, P., Sargent, M. 1990, Elements of

Quantum Optics, Springer.
Mineshige, S., Kusunose, M. 1993, in J.C.

Wheeler, ed. Accretion Disks in Compact
Stellar Systems, World Scientific, p. 370.

Mineshige, S., Wood, J.H. 1990, MNRAS247,
43.

Motch, C., Ilovaisky, SA, Chevalier, C. 1982,
A&A 109, L1.

Nightingale, N.S. 1991, Exper.Astron. 1, 407.
Nowak, M.A., Wagoner, R.V. 1992, ApJ 393,

697.
Ojaste, J., Sapar, A 1979, Publ.Tartu As

trofiz.Obs. 47, 93.
Owens, P.C.M., Rarity, J.G., Tapster, P.R,

Knight, D., Townsend, P.D. 1994, Appl.Opf.
33,6895.

Peng, J., Pradhan, AK. 1994, ApJ 432 L123.
Perryman, MAC., Foden, C.L., Peacock, A

1992, proc. ESA Symp. Photon Detectors
for Space Instrumentation, ESA SP-356,
p.21

Perryman, MAC., Foden, C.L., Peacock, A.
1993, Nucl. Instr. and Meth. A325, 319.

Perryman, MAC., Peacock, A, Rando, N.,
van Dordrecht, A, Videler, P., Foden, C.L.
1994, in WWamsteker et aI., eds. Fron
tiers of Space and Ground-Based Astron
omy, Kluwer, p. 537.

Pineault, S., Landry, S. 1994, MNRAS 267,
557.

Prendergast, K.H., Spiegel, E.A. 1973,
Comm. Aph. Space Phys. 5, 43.

Saleh, B. 1978, Photoelectron Statistics,
Springer.

Sapar, A 1978, Publ. Tartu Astrofiz.Obs. 46,
17.

Shvartsman, V.F. 1977, Soobs. Spets. As
trofiz. Obs. 19, 5.

Spiegel, E.A 1976, in R.Cayrel, M.Steinberg,
eds. Physique des Mouvements dans les
Atmospheres Stellaires, CNRS coil. 250, p.
19.

Stone, J.M., Norman, M.L. 1994, ApJ 433,
746.

Sun, X., Davidson, F.M. 1992, J. Lightwave
Tech. 10, 1023.

Szecesnyi-Nagy, G. 1993, in C.J. Butler, I. El
liott, eds. Stellar Photometry, IAU coil. 136,
Cambridge, p. 160.

Torkelsson, U., Brandenburg, A 1994, A&A,
in press.

Uscinski, B.J. 1977, The Elements of Wave
Propagation in Random Media, McGraw
Hill.

Varshni, YP., Lam, C.S. 1976, ApSS 45,87.
Varshni, YP., Nasser, R.M. 1986, ApSS 125,

341.
Wallinder, F.H. 1991, A&A 249, 107.
Walls, D.F., Milburn, G.J. 1994, Quantum Op

tics, Springer.
Whitehurst, R. 1994, MNRAS 266, 35.
Woodard, N.G., Hufstedler, E.G., Lafyatis,

G.P. 1994, Appl.Phys. Lett. 64, 1177.
Wu, YC. 1993, ApSS209, 113.

19


