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Foreword

The Laser Interferometer Space Antenna (LISA) Project for the detection and observation
of gravitational waves was proposed to ESA in May 1993 by an international team of
scientists coordinated by K. Danzmann, University of Hannover, in response to the Call
for Mission Proposals for the third Medium-Size Project (M 3) within the framework of
ESA’s long-term space science programme ”Horizon 2000”. The LISA proposal was based
on ideas which had been developed initially at the University of Colorado. It suggested
placing four spacecraft in a heliocentric orbit forming an interferometer with a baseline
of 5x10° km.

The SAGITTARIUS proposal, with very similar scientific objectives and techniques, was
proposed to ESA at the same time by another international team of scientists coordinated
by R.W. Hellings, JPL. The SAGITTARIUS proposal suggested placing six spacecraft in
a geocentric orbit forming an interferometer with a baseline of 10 km.

Because of the large degree of commonality between the two proposals ESA decided to
merge them when accepting them for a study at assessment level in the M 3 cycle. The
merged study was initially called LISAG and later LISA. It was one of the main objectives
of the Assessment Study to make an objective trade-off between the heliocentric and the
geocentric option and to find out if the two options would be feasible within the financial
constraints of an ESA medium size project. In the course of the study it turned out that
all options were substantially above the M 3 cost limit: 4 spacecraft in heliocentric orbit:
669 MAU; 4 spacecraft in geocentric orbit: 589 MAU; 6 spacecraft in geocentric orbit:
704 MAU. The Study Team then decided to adopt the heliocentric option as the baseline,
because it places considerably less stringent technical demands on payload and spacecraft.
The Assessment Study [ESA document SCI(94)6] was completed in May 1994.

Because of its cost it became clear quite early in the Assessment Study that LISA was not
likely to be a successful candidate for M3 and would not be selected for a study at Phase A
level in the M 3 cycle. In December 1993, LISA was therefore proposed as a cornerstone
project for “Horizon 2000 Plus”, involving six spacecraft in a heliocentric orbit. Both
the Fundamental Physics Topical Team (TT-5) and the Survey Committee realised the
enormous discovery potential and timeliness of the LISA Project and recommended it as
the third cornerstone of “Horizon 2000 Plus”.

Since the completion of the M 3 Assessment Study the LISA team has had four meetings:

15 September 1994 at CERN,
15 December 1994 in Munich,
30-31 May 1995 at RAL, UK,
18 -19 December 1995 at MPQ, Garching.

At the first of these meetings the LISA team produced the Questions and Answers (Appen-
dix A1 of this Report), at the second meeting the Technology Development Programme
(Appendix A2) and between the last two meetings the Pre-Phase A Report itself.
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EXECUTIVE SUMMARY 1
Executive Summary

The primary objective of the Laser Interferometer Space Antenna (LISA) mission is to
detect and observe gravitational waves from massive black holes and galactic binary stars
in the frequency range 10™* to 107! Hz. Useful measurements in this frequency range can-
not be made on the ground because of the unshieldable background of local gravitational
noise.

Sources of gravitational waves

Non-spherically symmetric accelerations of mass cause gravitational waves. The time de-
pendence of the quadrupole moment is the main term. Thus a binary system will always
radiate. While a perfectly symmetrical collapse of a supernova will produce no waves,
a non-spherically symmetric one will emit gravitational radiation. The types of gravita-
tional waves are bursts, periodic or quasi-periodic waves, and stochastic backgrounds due
to compact binaries, primordial waves and cosmic strings or phase transitions. Bursts
due to the coalescence of neutron star binaries can be observed during the final stages
(minutes and seconds) of coalescence. Consequently, the frequency is high (1-10"Hz)
and both the frequency and amplitude increase quickly with time. Such bursts, and those
due to supernovae, are most suitable for detection by ground-based interferometers. By
contrast, the frequencies of periodic waves from large numbers of galactic binaries with
frequencies of 107* to 1072 Hz are stable over hundreds to millions of years, and they are
only observable in space.

Galactic binaries. Galactic sources that can be detected by an interferometer in space
include a wide variety of binaries, made up from: pairs of close white dwarfs, pairs of
neutron stars, neutron star and black hole (5-20 M), pairs of contacting normal stars,
normal star and white dwarf (cataclysmic binary), and possibly also pairs of black holes.

One type which is guaranteed to be observable is the neutron star binary, for which even
intentionally pessimistic abundance estimates give hundreds of sources throughout the
galaxy with frequencies above 1072 Hz that are detectable by a space-based interferometer
with high signal-to-noise ratio. The large majority of all observable galactic binaries will
be near the galactic centre.

The evolutionary scenario that is expected to lead to neutron star binaries will also form
neutron star black hole binaries. In fact, the formation of a black hole has much less
probability of disrupting a binary system since less mass is lost. Some estimates predict
there should be about 10% as many neutron star black hole binaries as there are neutron
star binaries. It is possible that there are also some binaries in the galaxy consisting of
two 520 M, black holes, which would be easily detected by a space based interferometer
while they would be absolutely invisible otherwise. A few may also be detectable in the
Virgo cluster .

In addition to the above types of binaries, it seems likely that signals from at least a few
cataclysmic variables, contact binaries, and X-ray binaries will be detected, especially the
X-ray binary 4U1820-30, which is so well studied that it is one of the most reliable sources
in our catalogue.



2 EXECUTIVE SUMMARY

It is likely that there are so many white dwarf binaries in our Galaxy that they cannot
be resolved in either frequency or time at frequencies below about 1073 Hz, leading to
a confusion-limited background. This might obscure some low-frequency sources (not
neutron stars or black holes) but offers plenty of material for study itself.

Massive black holes. There is now compelling direct evidence for the existence of
massive black holes in the nuclei of many galaxies. A generally recognised way of forming
massive black hole binaries is the merger of pre-galactic structures or of galaxies which
already contain massive black holes. The existence of many galaxies today which show
evidence of recent mergers is now widely accepted. There is even evidence of binary black
hole systems; an example is 3C66B which shows a precessing jet. If we assume that 20—
50% of spiral and elliptical galaxies today above a certain size contain massive black holes
and that at least moderate sized massive black holes (10° 10" M) were common before
the time of most rapid evolution in the precursors of rich clusters, then coalescence rates
of several events per year seem quite possible. A space-based interferometer will detect
both the quasi-periodic gravitational wave signals from before binary coalescence and the
terminal signals near coalescence, wherever in the Universe the event occurred. Pairs of
holes in the mass range of 10° to 10" My, which could be the most abundant ones, radiate
strongly within the observable frequency range.

By comparing the detailed wave forms of observed gravitational wave bursts with those
predicted for the coalescence of black-hole binaries, one could verify that certain bursts are
indeed produced by black-hole coalescences and, as a consequence, verify unequivocally
the nature of black holes and General Relativity’s predictions of their behaviour in highly
dynamical circumstances. The analysis of such events probably constitutes the only way
to test Einstein’s theory of General Relativity accurately up to the high field regime.

The signal-to-noise ratio is typically several thousand for 108 M black holes. If detected,
waves this strong might not only be useful in testing gravity, as remarked above, but may
make an important contribution to fundamental cosmology. By monitoring the amplitude
and phase of the merger waves while the detector rotates around the Sun, both the direc-
tion and total amplitude of the waves may be determined. Then, if the direction can be
used to identify the source of the waves within a known cluster of galaxies, the amplitude
will give an independent and highly accurate distance measurement to the source. A
cluster redshift measurement would then determine the deceleration parameter ¢g. If two
or more concordant values of gy were obtained, this would verify the correctness of the
cluster associations. The resulting accurate value of gy would give the mean density of
the Universe, and thus measure the total density of dark matter.

The LISA project

Conceptual ideas for interferometers in space using separate spacecraft were suggested
in the US already in 1978 and 1981. The concept was further developed in the next
decade, leading ultimately to the LISA (Laser Interferometer Space Antenna) proposal
to ESA in 1993. A four-spacecraft LISA mission was studied at assessment level as an
M 3 mission candidate but it turned out that the cost for LISA was clearly above the
limit for a medium-size project. However, many of the details that are now established
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regarding the design of the gravitational-wave detector in space were worked out during
this assessment phase. For the Horizon 2000 Plus proposal, two spacecraft were added,
essentially for redundancy.

LISA now consists of six identical spacecraft, forming a large equilateral triangle in space.
The length of each side of the triangle is 5x 10° km, defining the interferometer arm
length. This has been selected for the following reasons: if it were larger, the low-frequency
gravitational waves would cancel themselves out, resulting in an undesirable loss of science
signal; if it were shorter, the spacecraft control requirements would be correspondingly
tightened, and thus more difficult to meet. At each vertex of the triangle, there are two
closely-spaced (200 km) spacecraft which, together, serve as light source and beamsplitter
for the interferometer. In principle, one spacecraft at each vertex would be sufficient.
However, orbit perturbations distort the plane of the triangle, such that a single spacecraft
at a given vertex would have to incorporate steerable optics in order to point two beams
towards each of the two distant vertices at the same time. This complicates the design of
each spacecraft, so, for now, the twin spacecraft approach has been adopted whereby each
one uses its attitude control system to point its single main beam at the distant vertex,
eliminating the need to steer the main outgoing beam.

Nevertheless, within each twin pair, a small fraction of the light (10 mW) must be commu-
nicated between the neighbouring spacecraft in order for the two lasers to be phase-locked
and behave as a single light source. This is achieved using small steerable mirrors to com-
pensate for the orbit perturbations. For reasons of compactness, stability, and reliability,
LISA will use solid-state diode-pumped monolithic miniature Nd:YAG ring lasers which
generate a continuous 1 W infrared beam with a wavelength of 1.064 um. Furthermore,
with this short wavelength (compared to radio) the light is immune from refraction caused
by the charged particles (plasma) which permeate interplanetary space.

Each main 1 W beam is transmitted to the corresponding remote spacecraft via a 38 cm-
aperture f/1 Cassegrain telescope. The same telescope on each spacecraft is used to
focus the very weak beam from the distant spacecraft, and to direct the light to a sen-
sitive photodetector where it is superimposed with a fraction of the original local light.
Despite the great distance travelled, the intensity of the received light is high (~ 10®
photons/sec), making the signal detection straightforward. The phase measurement ac-
curacy required is many orders of magnitude less demanding than routinely achieved on
prototype ground-based interferometers. The interference signals, thus obtained, from
each arm are combined in software by the on-board computers to perform the multiple-
arm interferometry required to cancel the phase-noise common to all arms. With the
triangular configuration, the three arms give two almost-independent interferometers and
also provide redundancy in case of the failure of up to two spacecraft (though not at the
same vertex).

At the heart of each spacecraft is a vacuum-enclosure containing a polished platinum-
gold cube (proof mass) which serves as an optical reference (“mirror”) for the light beams.
When a gravitational wave passes through the system it causes a strain distortion of space,
which, in turn, causes fluctuations in the separation of the proof masses. This leads to
fluctuations in the optical path between the masses, causing the phase-shifts which are
detected by the interferometry. The distance fluctuations are measured to sub-Angstrom
precision, which, when combined with the large separation between the spacecraft, allows













































































































































































































































