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Foreword

The first mission concept studies for a space-borne gravitational wave observatory began
at the Joint Institute for Laboratory Astrophysics (JILA) in Boulder, Colorado. In the
following years this concept was worked out in more detail by P.L. Bender and J. Faller
and in 1985 the first full description of a mission comprising three drag-free spacecraft in
a heliocentric orbit was proposed, then named Laser Antenna for Gravitational-radiation
Observation in Space (LAGOS). LAGOS already had many elements of the present-day
Laser Interferometer Space Antenna (LISA) mission.

In May 1993, the center of activity shifted from the US to Europe when LISA was pro-
posed to ESA in response to the Cuall for Mission Proposals for the third Medium-Size
Project (M3) within the framework of ESA’s long-term space science programme “Hori-
zon 2000”. The proposal was submitted by a team of US and Furopean scientists coor-
dinated by K.Danzmann, University of Hannover. It envisaged LISA as an ESA/NASA
collaborative project and described a mission comprising four spacecraft in a heliocentric
orbit forming an interferometer with a baseline of 5 x 10° 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 the cost for both options was more or less the same: 669 MAU for four spacecraft
in a heliocentric orbit, 704 MAU for six spacecraft in a geocentric orbit (ESA cost figures
are inclusive of the launch vehicle and all mission operations but exclusive of the payload
which is nationally funded). Because the geocentric option offered no clear cost advantage
the Study Team decided to adopt the heliocentric option as the baseline. The heliocentric
option has the advantage that it provides for reasonably constant arm lengths and a
stable environment that gives low noise forces on the test masses. In the geocentric orbit
Contact address: the telescopes are exposed to direct sunlight on every orbit and it will be a challenging
task to separate the laser light (244 pW at 1064 nm wavelength) coming from the distant
spacecraft from the direct sunlight, requiring a filter with 120 layers. In the heliocentric
orbit this problem does not exist because the orbital plane of the LISA spacecraft is
inclined with respect to the ecliptic.
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for “Horizon 2000 Plus”, involving six spacecraft in a heliocentric orbit. Both the Funda-
mental Physics Topical Team and the Survey Committee realised the enormous discovery
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potentia}l and timeliness of the LISA Project and recommended it as the third cornerstone
of “Horizon 2000 Plus”.

B(lam_g a cornerstone in ESA’s space science programme implies that, in principle, the
mission is ftpproved and that funding for industrial studies and technology development is
prow-ded right away. The launch year, however, is dictated by the availability of funding.
Considering realistic funding scenarios for ESA’s space science programme the launch
for LISA would probably not occur before 2017 and possibly even as late as 2023. It
must be expected that even the most optimistic opportunity for ESA to launch the LISA
cornerstone will be pre-empted by an earlier NASA mission.

In 1996 and early 1997, the LISA team made several proposals how to drastically reduce
the cost for LISA without compromising the science in any way:

e reduce the number of spacecraft from six to three (each of the new spacecraft would
replace a pair of spacecraft at the vertices of the triangular configuration, with
essentially two instruments in each spacecraft),

o deﬁ.ne drag-free control as part of the payload (both the inertial sensor and the
.Elttltl:lde detection diodes are at the heart of the payload, and the drag-free control
I1s so intimately related to the scientific success of the mission that it has to be under
PI control),

e reduce the size of the telescope from 38 to 30 cm (this reduces the size and mass of
the payload and consequently of the spacecraft and the total launch mass).

With these and a few other measures the total launch mass could be reduced from 6.8t
to 1.4t and the total cost could be as low as 300-400 MAU (exclusive of the payload).

Perhaps most importantly, it was proposed by the LISA team and by ESA’s F'undamental
Physics Advisory Group (FPAG) in February 1997 to carry out LISA in collaboration
w1th. NASA. A contribution by ESA in the range 50-200 MAU to a NASA/ESA collab-
orative LISA mission that could be launched considerably earlier than 2017 would fully
satisly the needs of the European scientific community. A launch in the time frame
2005-2010 would be ideal from the point of view of technological readiness of the pay-
load and the availability of second-generation detectors in ground-based interferometers
making the detection of gravitational waves in the high-frequency band very likely. It is
recalled that the interplanetary radiation environment is particularly benign during solar
minimum (2007-8) which has certain advantages (see Section 3.1.7 for details).

Ifl January 1997, the center of activity shifted from Europe back to the US. At that
tJr-ne a candidate configuration of the three-spacecraft mission was developed by the LISA
sclence team, with the goal of being able to launch the three spacecraft on a Delta-IL.
The. three-spacecraft LISA mission was studied by JPL’s Team-X during three design
sessions on 4, 16 and 17 January, 1997. The purpose of the study was to assist the science
team, represented by P.L. Bender and R.T. Stebbins (JILA/University of Colorado), and
W.M. Folkner (JPL), in defining the necessary spacecraft subsystems and in designing a
propulsion module capable of delivering the LISA spacecraft into the desired orbit. The
team also came up with a grass-roots cost estimate based on experience with similar
subsystem designs developed at JPI.

The result of the Team-X study was that it appeared feasible to fly the three-spacecraft
LISA mission on a single Delta-117925 H launch vehicle by utilizing a propulsion module
based on a solar-electric propulsion, and with spacecraft subsystems expected to be avail-
able by a 2001 technology cut-off date. The total estimated mission cost is $465M (based
on FY 1997 prices), including development, construction of the spacecraft and the pay-
load, launch vehicle, and mission operations. This revised version of the LISA mission
was presented to the Structure and Evolution of the Universe Subcommittee (SEUS) in

March 1997.

Although it was not selected as one of the missions recommended for a new start during
the period 2000-2004 under the recently adopted Office of Space Science (OSS) Strategic
Plan it was included in the Technology Development Roadmap for the Structure and
Evolution of the Universe Theme with the aim of recommending it for the next series of
NASA missions if a technologically feasible and fiscally affordable mission can be defined.
NASA would welcome substantial (50 MAU) or even equal participation (175MAU) in
LISA from ESA and European national agencies.

In June 1997, a LISA Pre-Project Office was established at JPL with W.M. IFolkner
as the Pre-Project Manager and in December 1997, an ad-hoc LISA Mission Definition
Advisory Team was formed, involving 36 US scientists. Representatives from ESA’s
LISA Study Team are invited to participate in the activities of the LISA Mission Def-
inition Team.

The revised version of LISA (three spacecraft in a heliocentric orbit, ion drive, Delta-II
launch vehicle; NASA/ESA collaborative) has been endorsed by the LISA Science Team
and is described in this report.
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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 binaries in
the frequency range 10™* to 107! Hz. This low-frequency range is inaccessible to ground-
based interferometers because of the unshieldable background of local gravitational noise
and because ground-based interferometers are limited in length to a few kilometres.

The nature of gravitational waves

In Newton’s theory of gravity the gravitational interaction between two bodies is instan-
tancous, but according to Special Relativity this should be impossible, because the speed
of light represents the limiting speed for all interactions. If a body changes its shape the
resulting change in the force field will make its way outward at the speed of light. It
is interesting to note that already in 1805, Laplace, in his famous Traité¢ de Mécanique
Céleste stated that, if Gravitation propagates with finite speed, the force in a binary star
system should not point along the line connecting the stars, and the angular momentum
of the system must slowly decrease with time. Today we would say that this happens
because the binary star is losing energy and angular momentum by emitting gravitational
waves. It was no less than 188 years later in 1993 that Hulse and Taylor were awarded the
Nobel prize in physics for the indirect proof of the existence of Gravitational Waves using
exactly this kind of observation on the binary pulsar PSR 1913416. A direct detection of
gravitational waves has not been achieved up to this day.

Einstein’s paper on gravitational waves was published in 1916, and that was about all that
was heard on the subject for over fourty years. It was not until the late 1950s that some
relativity theorists, H. Bondi in particular, proved rigorously that gravitational radiation
was in fact a physically observable phenomenon, that gravitational waves carry energy
and that, as a result, a system that emits gravitational waves should lose energy.

General Relativity replaces the Newtonian picture of Gravitation by a geometric one that
is very intuitive if we are willing to accept the fact that space and time do not have
an independent existence but rather are in intense interaction with the physical world.
Massive bodies produce “indentations” in the fabric of spacetime, and other bodies move
in this curved spacetime taking the shortest path, much like a system of billard balls on
a springy surface. In fact, the Einstein field equations relate mass (energy) and curvature
in just the same way that Hooke’s law relates force and spring deformation, or phrased
somewhat poignantly: spacetime is an elastic medium.

If a mass distribution moves in an asymmetric way, then the spacetime indentations travel
outwards as ripples in spacetime called gravitational waves. Gravitational waves are
fundamentally different from the familiar electromagnetic waves. While electromagnetic
waves, created by the acceleration of electric charges, propagate IN the framework of
space and time, gravitational waves, created by the acceleration of masses, are waves of
the spacetime fabric ITSELF.

_Unlike charge, which exists in two polarities, mass always come with the same sign. This
Is why the lowest order asymmetry producing electro-magnetic radiation is the dipole
moment of the charge distribution, whereas for gravitational waves it is a change in the







































































































































































































































































































