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Abstract

Remarkable progress has been made during recent years on the development of gravitational
wave detectors. The review describes the present status and future prospectus of the gravitational
wave astronomy. The main theme is to review the prominent long baseline detectors in operation
around the world and proposed baseline and space-borne interferometers. Looking to the future,
the major upgrades to the ground based detectors and new planned detectors will be completed
over the coming years, which will create a network of detectors with the significantly improved
sensitivity required to detect gravitational waves. Beyond this, the concept and design of possible
future “third generation” gravitational-wave detectors will be discussed. Sources such as coalesc-
ing compact binary systems, neutron stars in low-mass X-ray binaries, stellar collapses and pul-
sars are all possible candidates for detection.
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1. Introduction

Gravitational radiation is a central and exotic prediction of general theory relativity proposed by Einstein and its
detection is a key test of integrity of his work. Study of gravitational waves is presently considered as one of the
major challenges in theoretical physics and efforts are made to gather and analyze all kinds of related informa-
tion about them. The first paper about the idea of gravitational waves was published by Laplace in 1776. After
many attempts to develop a relativistic theory of gravity by various authors, Einstein proposed general theory of
relativity. Soon after his proposal of theory, Einstein predicted that existence of gravitational waves and esti-
mated its strength.
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Sources like interacting black holes, coalescing compact binary systems, stellar collapses and pulsars are all
possible candidates for detection. The signals received from them will significantly increase our understanding
of the universe. General theory of relativity predicts gravitational waves as freely propagating “ripples” in space
time and manifests themselves as fluctuating tidal forces on masses in the path of the wave like other waves.
Their detection is primarily an experimental science, consisting of the development of the necessary ultra-sensi-
tive measurement techniques. While the gravitational waves can be considered as classical waves, the measure-
ment systems must be treated quantum mechanical.

Gravitational waves which travel with speed of light are quite different from electromagnetic waves. Electro-
magnetic waves originate from excited atoms and molecules, whereas gravitational waves are emitted by ace-
lerated massive objects. Also electromagnetic waves are easily scattered and absorbed by dust clouds between
the objects and the observer, whereas gravitational waves will pass through them almost unaffected, therefore
giving rise to the expectation that the detection of gravitational waves will reveal a new and different view of the
universe. The only experimental evidence for gravitational waves comes from timing of binary pulsar system [1]
[2]. These systems consist of two neutron stars orbiting each other. To be observable one of them must be active
and emit radio waves. The first double pulsar system PSR B 1913 + 16 was discovered by Hulse and Taylor in
1974 [3]-[5]. It is located in the milky way, its orbital period is ~8 hours and the received radio signal repeats it-
self at a rate of ~17/sec. The emission of gravitational waves brings the two neutron stars closer together and this
increases the orbital frequency. Observations of the orbit of the binary pulsar over the succeeding years have
shown that the orbital period is decreasing at a fractional rate (2.71 + 0.10) x 10 per year (as shown in Figure
1). General relativity predicts an orbital decay rate due to gravitational wave emission of (2.715 + 0.002) x 10°
per year. This agreement is a most impressive and beautiful conformation of the theory and provides strong evi-
dence for the existence of gravitational waves. The loss of potential energy in this system is in agreement with
the emission of gravitational waves predicted by general relativity theory [2] [6]-[8]. As a consequence the two
neutron stars will merge in about 300 million years. The only difficulty is that most of the systems like the
Hulse-Taylor binary are far away. The amplitude of waves given off by Hulse-Taylor binary as seen on earth
would be roughly h ~10"%.

There are some sources, however, that astrophysicists expect to find with much larger amplitude of h ~107%.

Indeed it is not unreasonable to expect that gravitational waves will become a powerful tool for astronomy,
revealing features of their sources which one could never learn by electromagnetic waves [9], cosmic ray, or
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Figure 1. Orbital decay of PSR 1913 + 16 binary pul-
sar systems, from Data points represent the cumula-
tive shift of periastron time measured whereas the pa-
rabola curve shows the same quantity predicted by the
General Relativity. Courtesy: LIGO Hanford Obser-
vatory Richland, WA 99352, USA.
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neutrino studies.

The existence of gravitational waves predicted by Einstein in 1916 has not been confirmed directly even after
100 years of his prediction, but an indirect measurement of gravitational waves has been performed. To observe
and to detect gravitational waves in the near future from various different astrophysical and cosmological
sources in different ranges and to enhance the signal to noise ratio’s, we need to explore the gravitational wave
spectrum between the high frequency band and the very low frequency band. The usual way of detection of gra-
vitational wave is by measuring the strain Al/l induced by it. Hence gravitational wave detectors are usually
amplitude sensors, not energy sensors.

First attempts of detecting gravitational wave have been done in 1960’s with the help of resonant bars but
they have been unable to provide a direct detection of gravitational radiation [10]. During the 1960’s, the idea of
detecting the space time ripples induced by the gravitational radiations with laser interferometry aroused [11]. It
was followed by the construction of a network of laser interferometric gravitational wave detectors in the 2000s.
On the time scale of a few years, several ground based detectors were put online, out of whom CLIO, GEO 600,
VIRGO, MiniGRAIL are operational, whereas initial and enhanced LIGO & TAMA 300 have been decommis-
sioned. However mission concepts under implementation are LCGT/KAGRA, advanced LIGO [12]. Advanced
VIRGO, GEO-HF, AIGO, ET, INDIGO. Nevertheless, with ground based detectors it seems impossible to go
below the 10 Hz limit due to gravity gradient noise as well as technological limits. The best solution is to fly a
laser interferometer in space. Mission concepts under consideration and study are LISA, ASTROD, [13] Super-
ASTROD [14] [15], ASTROD-GW [16], BBO [17] and DECIGO [18].

Classification of Gravitational Waves

Similar to frequency classification of electromagnetic waves, we can have the following frequency classification
of gravitational waves [19].

a) Ultra high frequency band (above 1 THz); detection methods include Terahertz resonators, optical resona-
tors and ingenious methods to be invented.

b) Very high frequency band (100 KHz - 1 THz); Micro wave resonators/waves guide detectors, optical in-
terferometers and Gaussian beam detectors are sensitive to this band. High frequency band (10 Hz - 100 KHz);
low temperature resonators and laser interferometer ground detectors are the most sensitive to this band.

¢) Middle frequency band (0.1 Hz - 10 Hz); space interferometry detectors of short arm length (1000 - 100000
km) are most sensitive to this band.

d) Low frequency band (100 nHz - 0.1 Hz); laser interferometer space detectors are most sensitive to this
band.

e) Very low frequency band (300 PHz - 100 nHz); pulsar timing observations are most sensitive to this band.

f) Ultra low frequency band (10 fHz - 300 PHz); astrometry of quasar proper motion is most sensitive to this
band.

g) Extremely low (Hubble) frequency (1 aHz - 10 fHz); cosmic micro wave background experiments are most
sensitive to this band.

h) Infra Hubble frequency band (below 1 aHz); inflationary cosmological models give strengths of gravita-
tional waves in this band. They may be verified indirectly through the verification of inflationary cosmological
model [20].

This paper does not attempt to coverall or even much of the primary literature. In essence, this paper is a re-
view of present status and future prospectus of gravitational waves.

2. Gravitational Waves and General Relativity

General theory of relativity, published by Albert Einstein in 1915, is a classical field theory of gravitation. It is
beyond Newton’s theory, which is valid only for particles moving with slow velocity in a weak and static gravi-
tational field. When it comes to situations involving strong gravity, such as compact stellar objects and cos-
mology, or time dependent gravitational fields as in emission and propagation of gravitational waves, the use of
general relativity is indispensable.

Einstein in general relativity describes the space-time geometry as being determined by the energy matter dis-
tribution of a system of massive body. The curvature of the space-time metric is linked to the energy content of

the universe by the equation
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where Gy, is the Einstein tensor describing space-time geometry as the sum of the Ricci tensor R,, and of the
metric tensor g,,, G is the gravitation constant and T, is the stress energy tensor. It represents the source of the
gravitational waves.

The metric tensor g,, representing the geometry of space-time connects space-time co-ordinate dx* (u, v =
1, 2, 3, 4) to the space interval “ds” by way of the relation.

ds® = g, dx“dx" 2

It being real that the gravitational waves in the vicinity of the earth will always be very weak, therefore the
background curvature can be ignored and the background metric can be approximated as that of Minkowski flat
metric 7.

The Einstein equation can be linearized in the case of small perturbation. The gravitational wave field by an
approximation can then be expressed as

g;zv = 77,,\/ + hyv (3)

where 7, the metric of the flat background and h, <1 is the small perturbation induced by the gravita-
tional waves. To obtain an explicit statement of the metric perturbation h it is necessary to make a gauge choice.
The most useful gauge is the transverse traceless gauge in which the coordinates are defined by the geodesis of
freely falling test bodies. In this gauge, and in the weak field limit, the solution of Equation (1) wherein the equ-
ation of general relativity become a system of linear equations, specifically a system of wave equations.

10°
[Vz —C—ZEJ hyv = 0 (4)

It represents three dimensional wave equation indicating that gravitational waves travel at the speed of light.
The general solution of Equation (4) is a superposition of monochromatic plane wave, a single monochromat-
ic plane wave can be written as:
h,, = (N, +hep, e @onon ®)

+ UV XUV

With Qgw & Kgyw being respectively the angular frequency and the wave vector of gravitational wave. €', &

v
X

€., are the polarization tensor of the wave supposed propagating along z axis.

v

The wave field is transverse and traceless and for waves travelling in the Z direction may be expressed as

0 0 0 O

0 h, h, 0],
h L= h+ t_E + h( t_i — XX Xy el(wt—kx) (6)
“ c c 0 h, h, O

0 0 0 O

It represents a quadrupole wave and has a particular physical interpretation (as shown in Figure 2).
The wave being transverse in nature has no Z component and to the traceless “h” satisfies

h, =-h

XX Xy
Because the Riemann Tensor is Symmetric, “h” also satisfies
h, =h,

The symmetry of “h” means that there are just two possible independent polarization states which are usually
denoted by h, and h.. In this case of sinusoidal gravitational waves, we can express these polarization as:

h,=h, = Re[A@’""“’Z/ C)} )

h =h, = Re[AKe‘i‘“(H/ c)] ©))

Here A, and A are the strain amplitudes of each polarization.
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Figure 2. Direction of space deformation for a gravitational wave propagat-
ing along the z-axis, + polarization (a) and x Polarization (b). Courtesy: LIGO
Hanford Observatory Richland, WA 99352, USA.

3. Present Status

Scientists have been hunting gravitational waves for years and possibly are on the verge of a break through. In
the coming times, super-sensitive arrangement of ground based and space based instruments will observe the
gravitational wave sky and will discover unexpected phenomenon which will provide new insight into many of
the most profound astrophysical phenomena known.

During recent years a shift in the technologies used in gravitational wave searches has been observed, as the
first generation gravitational wave interferometers have begun operation, taking up the baton from the bar de-
tectors that pioneered the search for the first direct detections of gravitational waves. These ground based
Km-Scale interferometers and their advanced upgrades will be critical in establishing the field of gravitational
wave astronomy.

In the US, the Laser Interferometer gravitational wave observatory (LIGO) consists of three multi kilometer
scale interferometers. The Hanford, Washington, WA site has two co-located and co-aligned interferometers, one
with 4 km long arms and another with 2 km long arms, referred to as H1 and H2, respectively. The Livingston,
Louisiana, LA site has one interferometer with 4 km arms called L1. In Europe, VIRGO is a multi Kilometer
scale interferometer located near Pisa Italy and GEO600, a Kilometer scale interferometer is located near Han-
nover Germany. The TAMA detector, located near Tokyo Japan is half of size of GEO600.

CLIO is the cryogenic Laser Interferometer Observatory. It is testing cryogenic mirror technologies for the
future large cryogenic Gravity telescope (LCGT). It is situated 1000m underground in the Kamioska mine Ja-
pan.

Mini GRAIL is the first detector to use a spherical design. It is located at Leiden University in the Nether-
lands.

It is hoped that the first direct observation of gravitational waves will be made in the next few years by this
international network of detectors. The low frequency range below about 1 Hz includes a large and diverse pop-
ulation of strong gravitational waves sources that can only be observed at these frequencies. Detection technolo-
gies are diverse. All of these technologies will eventually be used to observe the complete gravitational wave
spectrum covering more than 20 orders of magnitude in frequency. LISA, a space base interferometer will open
the low frequency gravitational window from 0.1 mHz to 0.1 Hz. The Scientific community has prioritized some
future planes for successful observations of gravitational waves.

The main limitation to the sensitivities of current interferometric detectors is seismic noise, thermal noise in
the mirrors and suspensions and photoelectron shot noise in the detecting photo diodes. A further enhancement
to sensitivity may be obtained by recycling a signal sideband by a mirror placed at the output of the detector be-
fore the detection photo diode. This technique of ‘Signal recycling” has been used to date only in the German/
UK GEOG600 detector but is planned for incorporation in future detector upgrades.

A comprehensive review of main interferometer projects is as under:

3.1. Ligo

The LIGO mission is to directly observe gravitational wave of cosmic origin. The LIGO detectors located in
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USA have the Fabry-Perot Michelson configuration with power recycling. A highly stabilized 10 w Nd: YAG
Laser operating at 1.06 um strikes the beam splitter and is directed to the two arms. The LIGO detectors were
designed so that the dominant noise would be seismic motion at low frequencies, thermal noise at intermediate
frequencies and shot noise at the highest frequencies, to provide a sensitive band between approximately 40 Hz
and 6 kHz. Cofound in 1992 by Kip Thorne & Ronald Drever of Caltech and Raina Weiss of MIT started its ob-
servation in 2002 and ended in 2002; no unambiguous detection of gravitational waves have been reported.

In August 2010 a radio Pulsar was discovered through analysis of data from radio telescopes by the LIGO
collaboration. The detection was made using the ‘Einstein @ home” personal computer collaboration through
LIGO & BOINC. Although significant discovery of this radio Pulsar was not a detection of gravitational wave
nor did it involve the LIGO interferometer.

Till date, LIGO has completed six science runs. The first five were known as initial LIGO. In fifth science run
S5 which lasted from November 2005 to September 2007 the LIGO detectors attained their design sensitivity
with strain amplitude of 1072 in the 40 - 7000 Hz frequency band [21]-[23] (As shown in Figure 3). A number
of searches for gravitational waves from various sources have already been conducted with data from LIGO and
its international partners [24]-[28]. Thereafter Sg also known as enhanced LIGO lasted from July 2009 to Octo-
ber 2010. Hardware was improved in LIGO for science run Sg. After the completion of Ss, the two LIGO detec-
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Figure 3. Measured sensitivity of the initial LIGO interferometers during S5 in strain

amplitude spectral density, compared to the design sensitivity goal for an initial LIGO

interferometer with 4 km arms. Also shown are the calculated distances to which each
instrument could detect the inspiral of a 1.4/1.4M binary system of neutron stars.

Courtesy: www.ligo.caltech.edu.
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tors with 4 km arms, H1 and L1, were taken offine for upgrades based on knowledge of the noise sources limit-
ing initial LIGO, the upgrades will improve their Sensitivity by roughly a factor of 2. This program was named
as Enhanced LIGO. The third detector, H2, was left on-line, in tandem with GEO600 to observe until the up-
grades are complete. In parallel with these activities, construction of Advanced LIGO has begun. Advanced
LIGO will use the initial LIGO buildings and vacuum systems but will otherwise consist of completely new in-
struments. All three interferometers will be upgraded and the arms of H2 will be extended to 4 km.

The proposed LIGO—India project aims to move one advanced LIGO detector from Hanford to India.
LIGO—India project is envisaged as an international collaboration between LIGO Laboratory and three lead in-
stitutions in the Indigo consortium. The motivation behind this project is to expand the world wide activities in
gravitational wave detection to produce an effective global network.

3.2.Virgo

Virgo is a Michelson based interferometer with 3 Km long arms located near Pisa-lItaly. Construction of Virgo,
approved by CNRA and INFN in 1993 started at the Cascina site in 1996.Virgo is managed by the European
Gravitational observatory (EGO). The construction completed in 2003 June was followed by a commissioning
phase to optimize the control systems of the detectors. Several major upgrades brought Virgo to its final confi-
guration by the end of 2005 [29]-[31].

Virgo has completed three science runs, Virgo first science run (VSRI) was in coincidence with Sg which
lasted from May 2007 to October 2007 [32] [33]. During this period, joint LIGO Virgo searches for gravitational
waves were carried out. Virgo second and third science runs (VSR2) & (VSR3) were carried from July 2009 to
January 2010 and from August 2011 to October 2011 respectively. During these runs the Virgo detector operat-
ed with more sensitivity than VSR1. During VSR1, the science-mode duty factor was 81% and by the end of the
run maximum Neutron-star-binary inspiral range was frequently up to about 4.5 Mpc. The best sensitivity curves
for WSR1, WSR10 and VSR1 can be seen in Figure 4.

LIGO has completed science run Sg is now currently preparing for the advanced LIGO era, which possibly
may begin by 2014. Virgo will also be upgraded on the same schedule as advanced LIGO [33] [34]. This will
start the era of joint analysis between LIGO and Virgo detectors. The first upgrade Virgo* was installed during
summer 2008. Thanks to joint LIGO & Virgo data, an upper limit has been set to the gravitational wave emis-
sion of the vela [34] and Crab. The detector is currently running day and night listening for any and all gravita-
tional signals which may arrive at any time from any part of the Universe. The signals are detected and recorded
and pre analyzed through an online computing system for further analysis.

3.3.TAMA

The TAMA project was initiated in 1995. The baseline length is 300m and is placed underground at the Mitaka
Campus of the National Astronomical Observatory of Japan (NAQJ). Like LIGO and VIRGO, TAMA is power
recycled Michelson Fabry-Perot system. Over the period between August 1999 to January 2004 nine data taking
runs were conducted by TAMA, several of these in coincidence with LIGO [35]. After the last run, TAMA
paused in its observational phase to allow a period of noise reduction efforts. The primary focus was to reduce
the effect of stray light beam and install an improved system to further isolate the test mass mirrors in the detec-
tor from ground vibrations. This is in final stage of commissioning to allow improved sensitivity for TAMA.

3.4. GEO

GEO600 is a German/UK interferometer of 600 m arm length situated near Hannover. Construction and installa-
tion of GEO600 concluded in 2002 with increased Laser power, installation of monolithic suspension for the end
test masses [36]. GEO uses a three bounce, four beam, and delay line in each arm and both power recycling and
signal recycling are incorporated. For the science run S1, carried out in coincidence with LIGO, the detector was
kept in this configuration. Following S1 the signal recycling mirror was installed and during late 2003 the first
lock of the fully dual-recycled system was achieved [37] [38]. Other upgrades included the installation of the fi-
nal mirrors, suspended as triple pendulums, and with monolithic final stages. After their installation it was rea-
lized that the radius of curvature of one of the mirrors mismatched, due to which GEO600 did not participate in
the S2 run. Very soon after proper rectification GEO600 took part in the S3 run in two time intervals from 5 - 11
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Figure 4. The best strain sensitivities from the Virgo weekend and full time science runs
WSR1, WSR10, VSR1 and VSR2. Courtesy: www.ge0600.0rg.

November 2003, dubbed S3I, and from 30 December 2003 to 13 January 2004, dubbed S3II. During S3lI
GEO600 operated with the signal-recycling cavity tuned to ~1.3 kHz, and had a ~95% duty factor, but was then
takenoff-line for more commissioning work. In the period between S3I and Il various sources of noise and lock
loss were diagnosed and mitigated, including noise from a servo in the signal recycling cavity and electronic
noise on a photo-diode. This leads to improved sensitivity by up to an order of magnitude at some frequencies
(as shown in Figure 5).

Due to the upgrades, had an increased duty factor of ~99%. GEO600 took part in the science run s, in coin-
cidence with LIGO from 22 February to 24 March 2004, with a ~97% duty factor.

The main changes to the detector after S4 were to shift the resonance condition of the signal recycling cavity
to lower frequency, 350 Hz, allowing better sensitivity in the few hundred Hz regime, and increasing the circu-
lating laser power, with an input power of 10 W. GEOG600 joined S5 at the later stage from 21 January 2006 to
take data during nightand-weekend. For S5 the signal recycling cavity was re-tuned up to 550 Hz. It went into
full-time data taking from 1 May to 16 October 2006, with an instrumental duty factor of 94%. The average
peak sensitivity during S5 was better than 3 x 1072 Hz ™2, After this it was deemed more valuable for GEO600
to continue more noise hunting and commissioning work, to give as good sensitivity as possible for when the
LIGO detectors went offline for upgrading. However, it did continue operating in night-and-weekend mode.

GEO600 continued operating in Astrowatch mode between November 2007 and July 2009 after which up-
grades began. This project is called GEO-HF [39]. The Upgrading towards GEO-HF has been taking place since
summer 2009. The main upgrades started during 2009 were to change the read-out scheme from an RF read-out
to a DC read-out system [40]. GEO-HF participated in S6 in an overnight and weekend mode, alongside a com-
missioning schedule, and is continuing in this mode following the end of S6. The GEO collaboration is a mem-
ber of the LIGO scientific collaboration (LSC) and the data collected by the network are analyzed by the mem-
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Figure 5. For S3II the signal recycling cavity was tuned to 1 kHz and the typical strain
sensitivities from the GEO600 science runs S1 through S5. Courtesy: www.geo600.0rg.

bers from LIGO and GEO within the LSC. In 2006 & 2007 work at GEO 600 focused on the fifth LIGO scien-

tific collaboration data taking run (Ss) in coincidence with the three LIGO detectors.GEO600 is operational as
on date.

3.5.CILO

Cryogenic Laser Interferometer observatory is an optical interferometer with two perpendicular arms 100 m
long with mirrors cooled at 20 k situated 1000 m underground in the Kamioka mine [41]. This is to demonstrate
the very stable conditions (i.e., low levels of seismic noise) existing in the mine and also the cryogenically-
cooled sapphire mirrors suspended fromaluminum wires. In experiments with CLIO at room temperature (i.e.
300 K), using a metallic glass called Bolfur for its wire suspensions, it has already been used to produce an as-
trophysics result by looking for gravitational waves from the Vela pulsar [42]. Tests with the cryogenic system
activated and using aluminum suspensions allowed two mirrors to be cooled to ~14 K. CILO is one of the
science facilities for physics at the Institute of Cosmic Ray research of the University of Tokyo.

3.6. LISA

The Primary objective of Laser Interferometer Space Antenna (LISA) mission is to detect and observe gravita-
tional waves from massive black holes (MBHSs) and galactic binaries such as pair of close white dwarfs, pair of
neutron stars in the frequency range of 10 to 10 Hz. This low frequency gravitational wave is inaccessible to
ground base interferometer because of the local gravitational noise and limited base length of interferometer. Not
only this LISA can also provide unique information about formation, growth, space density and the surroundings
of massive black holes (MBHs).

LISA was initially a joint project of ESA/NASA to develop a space based gravitational wave detector [43].

C2)
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NASA described the project as “one of the two large space mission” to be implemented in this decade. However in
April 2011 NASA withdrew its partnership with the ESA due to funding limitation. The ESA (European Space
Agency) had then planned to begin a full revision of mission concept in February 2012.

LISA mission can be described as a big Michelson interferometer, is comprised of three identical space crafts
located 5 x 10° Km apart forming an equilateral triangle. The center of triangle formation is LAU from the Sun and
20° behind the Earth and inclined at 60° to the ecliptic (as shown in Figure 6). The three LISA space crafts are to
be launched on a single Delta-11 7925H. The initial orbit has an excess energy of C, =1.1 sz/s2 so that the
three spacecraft’s will drift slowly behind the Earth. The desired final orbits have semi major axisa =1 AU (150 x

10° Km), separationd = 5 x 10° Km eccentricity e :g & inclination i= iﬁ. After reaching the final orbit
a a

the spacecraft will evolve under gravitational forces only.
LISA can be described as a big Michelson Interferometer, whose implementation in space is totally different
from Laser Interferometer on the ground. LISA will be sensitive enough to detect gravitational waves induced

. . Al . . N . . .
strain of amplitude h = T <107 in one year of observation with signal to noise ratio of 5. The LISA relies on

unusual flight technologies like drag free flight and precision measurement technique to shield the proof masses
from the adverse effects due to the solar radiation pressure. Nevertheless sensitivity of LISA is determined by a
wide range of noise sources like optical path noise due to fake’s fluctuations in the lengths of the optical paths and
acceleration noise which is due to forces acting on the proof masses.

Figure 7 show typical sensitivity curve wherein it is observed that in the low frequency range say 2 mHz, the
noise and thus the sensitivity is determined by the acceleration noise, leading to a decrease in sensitivity towards
lower frequencies roughly proportional to f 2. Above about 2 mHz, the noise is dominated by the shot noise where
by the decline of the antenna transfer function above 10 mHz causes a decrease in sensitivity roughly proportional
to the frequency.

There are many other issues associated with LISA which can be referred to [44] [45] by the readers.

The baseline mission design for LISA was finalized in 2005. According to present status LISA is in the Cosmic
Vision 2015-2025 programme and likely shall be launched in 2020. The key technologies for LISA are being
testing on the LISA path finder mission [46]. LISA path finder will fly the LISA Technology Package (LTP)
which is consisting of LISA arm of 38 cm. The three main tasks of LISA path finder are to measure the accele-
ration phase noise, readout noise and noise caused by the departure of the Doppler link from the ideal scheme. It is
designed to test the accuracy of these to within an order of magnitude of that required by the full LISA. Path finder
is scheduled for launch in mid-2014 after which it will orbit the L; point with a 180 day mission plan.

4. Future Prospectus

Detection of gravitational waves is a startling paradox. As on date no one has actually detected a gravitational

irelative orbits
i of spacecraft

Figure 6. The proposed LISA detector. Courtesy: www.lisa.nasa.gov.
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Figure 7. LISA sensitivity for one year integration time and a
signal-to noise ratio of 5, averaged over all possible source lo-
cations and polarizations. Also indicated are the position noise
(dashed line) and the acceleration noise (dotted line). Courtesy:

www.lisa.nasa.gov.

wave. “Harald Luck” a Scientist at Geo600 explained; “Einstein in general theory of relativity predicted the ex-
istence of gravitational waves with a remark that we would never be able to observe them as they would be too
weak to be detected by the time they reach Earth”. Scientific world intend to prove Einstein right in the first in-
stance and wrong in the second.

For years scientist have been trying & failing to detect gravitational waves, but even though scientists re-
mained confident by exploiting the precision of laser interferometry.

It is well known fact that dark matter hypothesis is mainly based on the observation of its gravitational effects
& hence the gravitational windows seems to be the most promising discovery tool for future investigation of
universe. It is possible by a new generation of interferometers. The time scale for up gradation of current detec-
tors is roughly 30 years.

For the high frequency region of the spectrum (from approximately 1 Hz to 10 kHz), we foresee the evolution
and expansion of the current LIGO-VIGRO-GEO network into a worldwide alliance of interferometric detectors
operating in co-ordination to extract the maximal scientific returns. The second generation detectors like Ad-
vanced LIGO (aLIGO), Advanced VIRGO & GEO-HF) form a solid basis for the detections and surveys of gra-
vitational waves sources in the 10 Hz - 10 kHz regime [47]-[49]. In fact by 2015, several parts of the detectors
will be replaced to improve the sensitivity by a factor of ten. New lasers with large power, new mirrors (heavier,
more reflective and with a high level of perfection), new optical and mechanical components will be installed to
achieve this difficult target. An improvement by a factor of 10 - 15 times in sensitivity corresponds to an in-
crease by a factor of thousand in detection rate in one year of operation of the advanced detectors at the nominal
sensitivity, about 40 coalescences of neutron star binary systems are expected to be detected [50] [51]. The ad-
vance detectors capability to detect a coalescence of a binary neutron star system at a distance of about 140
MPC and a coalescence of binary systems of black holes at a distance of about 1 GPC will open up a gravita-
tional wave astrophysics era. Advanced LIGO will apply some of the technologies from the GEOG600 interfero-
meter, such as the use of a signal recycling mirror at the output port and monolithic silica suspensions for the
test masses, instead of the current steel wire slings. Larger test masses will be used with an increase from 11 to
40 kg, although the masses will still be made from fused silica.

To overcome photon shot noise, due to the quantum nature of light, squeezed states have been injected to im-
prove the performance of the LIGO beyond the quantum noise limit, most notably in the frequency region down
to 150 Hz. With the injection of squeezed states, this LIGO detector shall demonstrate the best broadband sensi-
tivity to gravitational waves ever achieved, with important implications for observing the gravitational-wave
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Universe with unprecedented sensitivity [52].

The mirror coating is likely to consist of multiple alternating layers of silica and tantala, with the tantala lay-
ers doped with titania to reduce the coating thermal noise. The seismic isolation systems will be replaced with
improved versions offering a seismic cut-off frequency of ~10 Hz as opposed to the current cut-off of ~40 Hz.
Advance Virgo will apply similar upgrades to those for a LIGO and over a similar timescale. Plans are to add a
signal recycling mirror, monolithic suspensions, increased laser power to ~200 W, improved coatings, and to
potentially use non-Gaussian beams.

The immediate priority is to successfully build commission and operate the already planned second genera-
tion detectors. The approved second generation detectors seek higher sensitivity in the 100 Hz regime and ex-
tension to lower frequencies as the most promising and feasible directions to peruse. Moreover, the high priority
for ground based gravitational wave detectors development is expansion of the network to add additional detec-
tors with appropriately chosen intercontinental baselines and orientations to maximize the ability to extract
source information. The question of how many detectors a network needs is best framed in the context of the
value of additional detectors, as noted a network consisting only of LIGO-VIRGO-GEO has poor angular reso-
lution along directions perpendicular to the line connecting the US and Europe and corresponding poor polariza-
tion information. To augment the second generation network, the most advanced plans for additional detectors
centre on the Japanese large scale cryogenic gravitational wave telescope (LCGT) [53]-[55] and the Australian
international Gravitational observatory (AIGO). Preliminary discussion has also begun as to the possibility of a
detector located in India (INDIGO).

LCGT is a proposed 3 km detector. The interferometeric optical configuration and planned laser power is sim-
ilar to that of Advanced LIGO and Advanced VIRGO giving LCGT comparable sensitivity in the high frequency
region. However LCGT would consist of two interferometer in one vacuum envelope. It has two exceptional
features, one, it is located underground in the Kamiska mine about 220 km from Tokyo and second, it is planned
to use cryogenic cooling for the interferometer mirrors. Cryogenic cooling of the interferometer optics offers
many benefits (reduce thermal noise, reduce thermal lensing in the subtracts). The underground location offers a
significantly lower seismic noise level and should greatly improve the low frequency performance.

The LCGT design is at an advanced stage. Considerable enabling research and development (R&D) has been
completed and an experienced team of gravitational wave experiments have developed the concept. Funding for
the first phase of construction of LCGT was announced in June 2010 [56].

AIGO, Australian international gravitational observatory is a surface facility; the current favored location is
about 80 kms from Perth in Western Australia. The site can accommodate a 5 km detector, although the current
design has 4 km arm. The planned configuration is similar to Advance LIGO and Advance VIRGO. The leading
scientific organization for AIGO, ACIGA, is a member of the LIGO scientific collaboration and thus is familiar
with the advanced LIGO design.

Based on the argument outlined above for the desired number and location of additional second generation
network detectors, LCGT and AIGO would constitute excellent addition to the global gravitational wave net-
work. The design strain amplitude sensitivity curve for a LIGO, Advance Virgo and LCGT is shown in Figure
8.

Successful deployment of third generation underground gravitational wave observatories will require devel-
opment of a number of new technologies by the Gravitational wave community. Many of the necessary research
and development programmes are taken in a limited number of places, like Europe and USA. Thanks to the
support of the European Commission, through a design study tool in the Seventh Frame work programme (FP7),
the conceptual design of a 3rd generation Gravitational wave observatory has been realized, able to compete and
collaborate with the most sensitivity optical telescopes. The Einstein gravitational wave telescope (ET) [57] be-
gan in 2008 to assess the feasibility of third generation detectors with a largely improved sensitivity especially
below 10 Hz due to an underground location. This new infrastructure aimed to be operative in the 2020 decade,
will test the cosmological model of the universe using gravitational wave signals, thanks to its capability to see
many source at large red shift [58]. ET will be a wonderful proofing tool of the general relativity prediction in
all radioactive process involving intense gravitational fields, like in the presence of intermediate mass black
holes. It will allow detailed investigation of the nature of isolated neutron star looking both to the continuous
emission of the Pulsars and to the explosion of Supernovae. Investigations into the interferometric configuration
have already been studied [59], with suggestions including a triple interferometer system made up from an equi-
lateral triangle, an underground location, and potentially a xylophone configuration. Three potential sensitivity
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Figure 8. Design sensitivity curves for the Advanced LIGO, Ad-
vanced Virgo and LCGT second generation detectors. Courtesy:
www.ligo.caltech.edu.

curves are plotted for different configurations of detectors (as shown in Figure 9).

Inconveniently, due to seismic noise and baselines length issue, the low frequency <10 Hz part of the spec-
trum, where the most interesting events are expected will not be accessible. The space based detector LISA was
conceived to fill the gap extending the observational capability to about 10 Hz. Due to mission cost growth
and severe budget constraints, a flight prior to 2020 now seems very unlikely.

Another space-born interferometer, the DECI-Hertz Interferometer gravitational waves observatory (DECIGO)
has been proposed by Seto, Kawamara & Nakamura [60]. It is gravitational wave antenna in space in the 0.1 to
10 Hz frequency band. DECIGO [61] [62] is a Japanese project designed to fill the gap in frequency between
ground-based detectors and LISA. Its objective is to directly observe the beginning of the universe, thus possibly
reveal its mysterious origin through detection of gravitational wave. It consists of three drag free spacecraft’s
1000 Km apart from each other. It is due for launch in 2027. Although still early in its design there are plans for
two precursor technology demonstration missions (DECIGO Pathfinder [63] and Pre-DECIGQO), with a main
mission having a launch date in the mid-2020s. A similar mission suggested is the US Big Bang Observer (BBO)
[64] [65]. Its main aims will be to detect the stochastic background from the early universe, but it can also be
used for high precision cosmology [66]. The current configuration would consist of three LISA-like constella-
tions of three spacecraft each, with 50 000 km arm lengths, and separated in their orbit by 120°. The launch of
this mission would be after DECIGO.ASTROD-GW (Astrodynamical space test of Relativity using optical de-
vices optimized of GW detection) is another space based gravitational wave interferometric mission [67]. It con-
sists of three satellites that are placed at near Lagrange points L3, L4, & L5 respectively farming a large trian-
gular interferometer similar to LISA. Its arm length is 52 times larger than that of LISA therefore it is more sen-
sitive than LISA at lower frequency.

Further, there is another Chinese future space mission called ASTROD in frequency range ~0.1 uHz to 1 mHz,
which is expected to be launched in 2021 [68].

However a 30 years programme in low frequency gravitational wave astronomy should set as its goal for the
development and implementation of three generations of space antennas one per decade.

For the first decade observatory, we make the case for a scaled down mission of the LISA-2020, that is com-
parable to cost and duration to medium scale astrophysics missions such as the 1978 ($630M) Einstein (HEAO2)
X-ray observatory [69], the 1989 ($680M) COBE cosmic background Explorer [70] and the 1999 fuse for ultra-
violet spectroscopic explorer. We find a mission of this class is possible if the measurement requirements are
somewhat relaxed and baseline smaller than LISA is used. Such a mission could be launched by 2020 using a
conventional program development plane, possibly including international collaborations.

A second decade observatory could be either an enhanced LISA type technology observatory, the most ambi-
tious and costly eLISA or an upgraded version thereof or an instrument based on alternative technologies, if

available on a timely basis.
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Figure 9. Potential sensitivities of the Einstein Telescope for 3 different de-
sign concepts: ET-B, ET-C and ET-D. Courtesy: www.lisa.nasa.gov.

For third decade observatory one would expect new technological developments for second and third genera-
tion low frequency antennas that would proceed in parallel with the implementation of the previous instruments.

5. Conclusions

The field of gravitational wave science is on the verge of direct observation of the waves predicted by Albert
Einstein in general theory of relativity. In the coming decades, ultra sensitive arrangement of ground based in-
terferometers and complementary space based interferometers observing the gravitational wave sky will discov-
er entirely unexpected phenomena which will provide new insight into many of the most profound astrophysical
phenomena known. This new gravitational window into the cosmos would radically change the human approach
towards the understanding of universe.

The ground based gravitational wave detectors currently taking data and the advanced detectors that will be
brought on line over the next three to seven years, will be critical in establishing the field of gravitational as-
tronomy through the detection of gravitational waves. The first priority for ground based gravitational wave de-
tector development is expansion of the network as begun by LIGO, VIRGO and GEO and their planned up-
grades. In broader terms, there is an important opportunity to further expand the scientific reach of this ground
based network by developing underground interferometers with even better sensitivity and frequency coverage.

Many gravitational wave sources only radiate at much lower frequencies. The most promising route to access
these is to fly a laser interferometers in space. The scientific reach of such a space based instruments would be
complementary to the ground based array. Given the time scale in which gravitational wave astronomy will
produce results, we now have an excellent opportunity for our field to foster the interest of the current and com-
ing generation of astronomers and astrophysics in the scientific potential of our field.

Finally, we note that gravitational wave research has always been a technology intensive field, driving tech-
nology in some area, while benefitting from developments in others. The need to stretch the limits of sensitivity
has resulted in developments that have profited other field of science and technology, notably precision mea-
surement, metrology, optics, laser space technology etc. There is no doubt that this highly productive inter-
change between gravitational wave science and other spheres of science and technology will continue providing
tangible benefits to society, in addition to the intellectual satisfaction of an improved knowledge of our universe.
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