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Abstract.  An enigmatic prediction of Einstein’s general theory ofatelity are
gravitational waves. With the observed decay in the orbihefHulse-Taylor binary
pulsar agreeing within a fraction of a percent with the tlegically computed decay
from Einstein’s theory the existence of gravitational waweas firmly established.
Currently there is a worldwidefBort to detect gravitational waves with inteferomet-
ric gravitational wave observatories or detectors andrsdgeich detectors have been
built or being built. The initial detectors have reacheditliesign sensitivities and
now the éfort is on to construct advanced detectors which are expecteetect grav-
itational waves from astrophysical sources. The era of {Etonal Wave Astronomy
has arrived. This article describes the worldwid®e which includes theféort on the
Indian front - the IndIGO project -, the principle underlgimterferometric detectors
both on ground and in space, the principal noise sourcegthgtie such detectors,
the astrophysical sources of gravitational waves that apeds to detect by these de-
tectors and some glimpse of the data analysis methods ewatvextracting the very
weak gravitational wave signals from detector noise.
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1. Introduction

In the past half a century or so, astronomy has been revaisgd by several unexpected discov-
eries because of the plethora of windows being opened inwsitands of the electromagnetic
spectrum. To name a few, the cosmic microwave backgroundrendiscovery of pulsars in ra-

dio band, gamma-ray bursts, X-ray objects, all go to showwlin@never a new window has been
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opened, startling discoveries have followed. Yet anothedaw to the universe should soon
open up in few years time - the gravitational wave (GW) winddlet only will this window test
Einstein’s general theory of relativity, but also provideedt evidence for blackholes, more gen-
erally test general relativity in the strong field regimestas the other windows to the universe
have broughtin unexpected discoveries, it is not unreddena expect the same in this case also
- and more so, because this involves changing the physitahbiction from electromagnetic to
gravitational.

The existence of gravitational waves predicted by the fhebdigeneral relativity, has long
been verified ‘indirectly’ through the observations of Hubnd Taylor [1, 2]. The inspiral of the
members of the binary pulsar system named after them hasdueeessfully accounted for in
terms of the back-reaction due to the radiated gravitatismaaes - the observational results and
the theory agree with each other within a fraction of a petcéfowever, detecting such waves
directly with the help of detectors based either on grounid space has not been possible so far.

The key to gravitational wave detection is the very precigasurement of small changes
in distance. For laser interferometers, this is the disgtametween pairs of mirrors hanging at
either end of two long, mutually perpendicular vacuum charab A GW passing through the
instrument will shorten one arm while lengthening the atBsrusing an interferometric design,
the relative change in length of the two arms can be meastirad signalling the passage of a
GW at the detector site. GW detectors produce an enormousnedf output consisting mainly
of noise from a host of sources both environmental and isitirBuried in this noise will be the
GW signature. Sophisticated data analysis techniquesesdenl to optimally extract the GW
signal from the interferometric data. IUCAA has made siguaifit contributions in this area.

2. Interferometric detection of GW

Historically with pioneering fforts of Weber in the 1960s, the detectors were resonant bar de
tectors which were suspended seismically isolated alwmindylinders. The later versions were
cooled to extremely low temperatures - ultracrynogenic suppress the thermal noise. There
are also spherical resonant mass detectors being coresfiomtrating. However, these ideas al-
though interesting and useful in their niche, have theiithtions. In this article we will confine
ourselves to the interferometric detectors.

2.1 The principle of interferometric detection

A weak GW is described by a metric perturbatiog in general relativity. Typically, for the
astrophysical GW sources which are amenable to detedtign~ 10722 In the transverse-
traceless gauge, theg, can be expressed in terms of just two amplitudesandh,, called the
‘plus’ and ‘cross’ polarisations. If a weak monochromatiengtational wave of+ polarisation
is incident on a ring of test-particles, the ring is defornieiy an ellipse as shown at the top of
Fig.1. Phases, quarter cycle apart, of the GW are shown ifighes. For thex polarisation
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the ellipses are rotated by an angle of 43 general wave is a linear combination of the two
polarisations.

g’ Test mass

Test mass
Test mass

Test mass

Photo—-detector

Figure 1. A circular ring test particles is deformed into an ellipseasyincident GW. Phases, quarter of a
cycle apart are shown for the polarisation. The length change in the interferometricsaisnalso shown
schematically. Below, a schematic diagram of an interfext@mis drawn.

At the bottom of Fig.1 a schematic of the interferometer ipidied. If the change in the
armlengthL is 6L, then,

5L ~ hL, 1)

whereh is a typical component of the metric perturbation.

For a GW sourceh can be estimated from the well-known Landau-Lifschitz quadle
formula. The GW amplitudé is related to the second time derivative of the quadrupolmerd
(which has dimensions of energy) of the source:

4G _yineti
h~ T g Engﬁégherical 2)
wherer is the distance to the sourc€, is the gravitational constant, is the speed of light

and Eﬁg‘ﬁs“ghericalis the kinetic energy in theaonsphericaimotion of the source. If we consider

Er‘jg‘ﬁ;‘ghericadcz a fraction of a solar mass and the distance to the sourcemarigim galactic

scale of tens of kpc to cosmological distances of Gpc, theanges from 16'7 to 1022, These
numbers then set the scale for the sensitivities at whicld#tectors must operate. The factor
of 4 is also important given the weakness of the interactimhtae subsequent signal extraction
from detector noise.
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2.2 Ground-based interferometric detectors

There are a host of noise sources in ground based interférgrdetectors which contaminate
the data. At low frequencies there is the seismic noise. Higrsc isolation is a sequence
of stages consisting of springendulums and heavy masses. Each stage has a low resonant
frequency about a fraction of a Hz. The seismic isolatios asta low pass filter, attenuating high
frequencies, but low frequencies get through. This resulsnoise wall’ at low frequencies and
marks the lower end of the detector bandwidth. It is about 40dH initial detectors but will
go down to 10 Hz for advanced detectors increasing the batidwiAt mid-frequencies upto
few hundred Hz, the thermal noise is important and is due ¢otliermal excitations both in
the test masses - the mirrors - as well as the seismic suspsnsCurrently, this seems to be
the noise hardest to suppress. The natural modes of thermami the suspension are driven
by the thermal excitations. One ’'solution’ is to cool the mig/suspensions, but this has its
own problems. Nevertheless, the Japanese have planneddadetoing just this - the Large-
scale Cryogenic Gravitational-wave Telescope (LCGT) Wwiias been funded recently. At high
frequencies the shot noise from the laser dominates. Thgerie due to the quantum nature
of light. From photon counting statistics and the uncettaprinciple, the phase fluctuation is
inversely proportional to the square root of the mean nurnbphotons arriving during a period
of the wave. So increasing the laser power and hence the meabar of photons during a
given period of the wave tends to reduce this noise. Aparhftlese main noise sources there
are other noise sources, the important among them is thétygradient noise which cannot
be screened and occurs only at low frequencies - these amysthanging gravity gradients
due to natural causes (such as clouds moving in the sky, elsangatmospheric density) or
manmade. Thus long arm lengths, high laser power, and egtyesell-controlled laser stability
are essential to reach the requisite sensitivity. The figuiskows the sensitivity achieved by the
initial LIGO detectors by March 2007 when the actual noisthimmdetectors reached theoretical
design sensitivity (shown by the bold curve). The sensjtiias continued to improve with time.

2.3 The worldwide network of ground-based interferometricgravitational wave observa-
tories

US has been at the forefront in building large scale detsctdhe LIGO project [3] has built
three detectors, two of armlength 4 km and one of armlengtmzktwo sites about 3000 km
apart at Hanford, Washington and at Livingston, Louisiamae 2 km detector is at Hanford.
These initial detectors have had several science runs amdetign sensitivity has not only been
reached but surpassed. The goal of this initial stage wasaialynvindicate the technologies
involved in attaining the design sensitivities. Now the ngixase is to build advanced detectors
with state of the art technologies which will be capable cdetving GW sources and doing GW
astronomy. With these future goals a radical decision has leken by the LIGO project, that
of building one of its detectors in Australia - that is LIGOIMguild two advanced detectors in
US and partially fund a full scale detector in Australia wativanced design. This detector is
called LIGO-Australia and will be built in collaboration thithe Australians who already have a
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Figure 2. The figure shows the sensitivity achieved by LIGO detectgrdlarch 2007. This sensitivity
level has been surpassed in later operations. Courtesy Wel@3ite.

interferometric facility at Gingin near Perth - the AIGO (stwalian Interferometric Gravitation-

alwave Observatory) project. The reason for this decisipithie US is clear - it is to increase
the baseline and have a detector as far removed from othectdet on Earth, which has several
advantages, such as improving the pointing accuracy to Wes@Qurce.

In Europe the large scale project is the VIRGO project [4}talM and France which has built
a 3 km armlength detector. After commisioning of the projac2007, it had also science runs.
The GEOG600 [5] is a German-British project and whose detdws been built near Hannover,
Germany at Saxony with armlength 600 metres. The idea of GBG@6to develop advanced
technologies required for the next generation detectotls thie goal of achieving higher sensi-
tivity.

Japan was the first (around 2000) to have a large scale detd#c3®0 m armlength - the
TAMAS300 detector under the TAMA project [6] - operating contously at high sensitivity in
the range oh ~ 10720, Now Japan plans to construct a cryogenic inteferometrieaer called
the LCGT (Large Scale Gravitationalwave Telescope) [7]ohtias been recently funded. The
purpose of the cryogenics is to quell the thermal noise. Bi#t technnology is by no means
straight forward and will test the skills of the experimenste
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Because of LIGO-Australia, Australia in turn is looking faternational partners. Given the
twenty year old legacy in GW data analysis at IUCAA, Pune aasteform modelling at RRI,
Bangalore, Australia would welcome the Indians as partimetisis endeavour. Recently, about
two years ago an Indian Initiative in Gravitational Wave rasbmy (IndIGO) has begun whose
goal is to promote and foster Gravitational Wave Astronominidia and join in the worldwide
guest of observing gravitational waves. Apart from the @daialysis this initiative includes the all
important experimental aspect. Accordingly a modest h@gmhas been made by IndIGO with
TIFR, Mumbai approving a 3 metre prototype on which Indiapeximenters can get first hand
experience and develop expert manpower. This project maady been funded. Concurrently,
an MOU with Australia has been signed which purports to askuoding from Indian agencies
parallely with Australia. An IndIGO consortium has beennf@d with scientists from leading
insitutions such as TIFR, RRCAT, RRI, IUCAA, IISERs, Delhniersity, CMI etc. and also
including scientists (mainly Indian) working abroad. Therent strength of the consortium is
about 25 scientists. In order to further thi$oet the first goal is to muster up ficient expert and
skilled manpower which will launch this activity. It will naa India getting into this worldwide
challenging experiment.

Besides the current projects, studies have begun for thércegtion detectors which will
include further advanced technologies to enhance thetaéinss of GW detectors to reach out
farther in the sky; the Einstein Telescope (ET) is just sufiitare goal.

2.4 Space-based detectors: The LISA project

A natural limit occurs on decreasing the lower frequencyatiibf 10 Hz because it is not prac-
tical to increase the arm-lengths on ground and also bea#uke gravity gradient noise which

is difficult to eliminate below 10 Hz. Thus, the ground based interfeeters will not be sensi-
tive below the limiting frequency of 10 Hz. But on the other hand, there exist in the cosmos,
interesting astrophysical GW sources which emit GW belaw filtequency such as the galactic
binaries, massive and super-massive blackhole binaigedfete wish to observe these sources,
we need to go to lower frequencies. The solution is to builthtarferometer in space, where such
noises will be absent and allow the detection of GW in the l@gfiency regimel ISA - Laser
Interferometric Space Antennds a proposed ESA-NASA mission which will use coherentilase
beams exchanged between three identical spacecraft fgiargiant (almost) equilateral triangle
of side 5x 1(P kilometers to observe and detect low frequency cosmic GWTBE ground based
detectors and LISA complement each other in the observafi@W in an essential way, analo-
gous to the way optical, radio, X-ray;ray etc., observations do for the electromagnetic waves.
As these detectors begin to operate, a new ef@rafitational Astronomys on the horizon and

a radically diferent view of the universe is expected to be revealed. Threralso further space
projects being considered.

LISA consists of three spacecratft, flying five million kilotees apart, in an equilateral trian-
gle. The spacecraft are maintained drag-free by a compleesyof accelerometers and micro-
propellers. Each spacecraft will carry two optical asséasbihat contain the main optics and
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Figure 3. LISA orbital configuration around the Sun, describing a caiih 60° half opening angle. The
centroid of the triangle follows an Earth-like orbit traij 20 degrees behind.

a free-falling inertial sensor. The light sent out by a laiseone spacecraft is received by the
telescope on the distant spacecraft. The incoming ligmbfitwe distant spacecraft is then mixed
with the in-house laser and thefidirential phase is recorded. This defines one elementary data
stream. There are thus six elementary data streams whictorned by going clockwise and
anti-clockwise around the LISA triangle. Suitable combiimas of these elementary data streams
can be used to optimally extract the GW signal from the imsental noise. In other words,
LISA is basically a giant Michelson interferometer placadspace, with a third arm added to
give independent information on the two gravitational waedarisations, and for redundancy.
The distance between the spacecraft - the interferomatedength - determines the frequency
range in which LISA can make observations; it was carefuligsen to allow for the observation
of most of the interesting sources of gravitational radiatiEach spacecraft revolves in its own
heliocentric orbit. The centre of LISA's triangle will falv Earth’s orbit around the Sun, trailing
20 degrees behind. It will maintain a distance of 1 AU (astroital unit) from the Sun, the
average distance between the Earth and the Sun (Fig. 3).pHueaaft rotate in a circle drawn
through the vertices of the triangle and the LISA constielfats a whole revolves around the
Sun. LISAs operational position was chosen as a comprofté$eeen the need to minimise
the dfects on the spacecraft of changes in the Earth’s gravitatfteld and the need to be close
enough to the Earth for easy communication.

LISA will observe low frequency GW in the range 0.1 mHz to 0.2. Fbince astrophysical
systems are generally large and in spite of high velocitiesat change their quadrupole moment
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too quickly, the universe is richly populated with sourae#his frequency band. Also the masses
that produce GW in this frequency band are generally largethus produce stronger GW than
those in ground-based detectors, leading to high signabise ratios (SNR). The signals for
LISA arise from a large variety of phenomena, merging masand supermassive blackholes,
vibrating blackholes (quasi-normal modes), stellar mdgeats falling into massive and super-
massive blackholes, GWs of cosmological origin etc. Theht8iNRs of these signals imply
detailed and accurate information which can test genelafivity and its ramifications to un-
precedented accuracies. Astrophysics of various objaetscbmpact binaries, stellar remnants
can be studied and LISA observations can provide usefusdioevents in the early universe
[9, 10, 11, 12].

LISA sensitivity is limited by several noise sources. A mrajwmise source is the laser
phase (frequency) noise which arises due to phase fluctisadithe master laser. Amongst the
important noise sources, laser phase noise is expectedgevieeal orders of magnitude larger
than other noises in the instrument. The current stahbitisachemes estimate this noise to about
Av/vy = 3 x 1014/ VHz, wherey, is the frequency of the laser ad’ the fluctuation in fre-
guency. If the laser frequency noise can be suppressedtikerotse floor is determined by the
optical-path noise which fakes fluctuations in the lengthsptical paths and the residual accel-
eration of proof masses resulting from imperfect shieldifighe drag-free system. The noise
floor is then at an ffective GW strain sensitivith ~ 10721 or 1022, Thus, cancelling the laser
frequency noise is vital if LISA is to reach the requisite Siémnity.

In ground based detectors the arms are chosen to be of equgdhIso that the laser light
experiences identical delay in each arm of the interferemdtis arrangement precisely cancels
the laser frequengghase noise at the photodetector. However, in LISA it is isgjidle to achieve
equal distances between spacecraft and also the data aredblk phasemeter as beat note be-
tween the local oscillator and the incoming beam coming feogpacecraft 5 million km away.

In LISA, six data streams arise from the exchange of lasemisdzetween the three spacecraft -
it is not possible to bounce laser beams betweéemint spacecraft, as is done in ground based
detectors. The technique of time-delay interferometrylji®used [13, 14] which combine the
recorded data by suitable time-delays corresponding tohitee arm-lengths of the giant trian-
gular interferometer. An original approach to this probless taken by IUCAA. Asystematic
methodbased on modules over polynomial rings has been succeskfuthulated which is most
appropriate for this problem [15, 16]. The method uses thameancy in the data to suppress the
laser frequency noise.

3. General discussion of GW sources
3.1 GW sources

Several types of GW sources have been envisaged which ceuliirdctly observed by Earth-
based detectors: (i) Burst sources —such as binary systamsssting of neutron stars afwa black
holes in their in-spiral phase or merger phase; supernoyglesons — whose signals last for a
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time much shorter, between a few milli-seconds and a few tesjuhan the typical observation
time; (ii) stochastic backgrounds of radiation, either dfrmrdial or astrophysical origin, and
(i) continuous wave sources — e.g. rapidly rotating neis@mmetric neutron stars — where a
weak sinusoidal signal is continuously emitted. As one §®es the discussion that follows, the
strengths of these sources is usually well below or even vedgwp the mean noise level in the
detectors either currently operating or even for those mghnin the near future - the advanced
detectors. This situation makes the expert data analyjdiseainore vital, in firstly detecting the
source, and secondly and more importantly in extractingpphysical information from it.

Inspiraling binaries have been considered highly prongisiources not only because of the
enormous GW energy they emit, but also because they are slean’ systems to model; the
inspiral waveform can be computed accurately to severatNewitonian orders adequate for
optimal signal extraction and parameter estimation. The&t strength of the source is:

M 5/3 f 2/3 r -1
h~25x10 (Mo) (100 Hz) (100 Mpc) ’ 3)

where M is the chirp mass equal j6V?/3, 1 andM being respectively the reduced and the total
mass of the systemn,is the distance to the source - it is given at the scale of 100 Mgrause
such events would be rare and therefore to obtain a reasoeabht rate, sticient volume of
the universe needs to be covered - &} the instantaneous fiducial frequency of the source
as the source evolves adiabatically during the inspiragestéSince the phase of the waveform,
apart from the amplitude, can be computed accurately by esttonian methods, the optimal
extraction technique of matched filtering is used. In thempast, numerical relativity has been
able to make a breakthrough by continuing the waveform tontleeger phase and eventually
connect it with the ringdown of the final blackhole. It is hénat Chandrasekhar’s contribution
stands out as he pointed out that a blackhole rings like aifdels subjected to a perturbation
[17]. In the current context this occurs in the final stageshef merger when a blackhole is
formed. Quasi-normal modes were first discovered by Vishwasa [18] while examining the
stability of the Schwarzschild blackhole.

Another important burst source of GW is the supernova. Itfisadilt to reliably compute the
waveforms for supernovae, because complex physical psesese involved in the collapse and
the resulting GW emission. This limits the data analysis @ptimal signal extraction.

Continuous wave sources pose one of the most computatidntghsive problems in GW
data analysis [37, 20, 21]. A rapidly rotating asymmetrioalitron star is a source of continuous
gravitational waves. There are some astrophysical syskemman from electromagnetic obser-
vation which might be promising sources of continuous GWsv8ys for continuous GWs have
so far not led to a direct detection, but the searches are mowrbe astrophysically interesting.
We mention the result about the Crab pulsar in the next stibsecThese searches for known
systems are not computationally intensive since they targ@own sky position, frequency and
spindown rates. On the other hand, blind all-sky and broautlsearches for previously unknown
neutron stars are aftierent matter altogether. Long integration times, typicaflthe order of a
few months or years are needed to build ufiisient signal power. The reason for this is that the
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signal is very weak and lies way below the detector noisd.l&Ve give a typical example:

1025 I f \( € ro\*t
h~10 (1045gm.cmz)(1kHz (1&5) 10kpc) @

wherel is the moment of inertia of the neutron stathe distance to the source afidhe GW
frequency and is a measure of asymmetry of the neutron star. The asymmeayneutron star
can occur in various ways such as crustal deformation, sgtenagnetic fields not aligned with
the rotation axis or the Chandrasekhar-Friedman-Schataliility [22, 23]. This instability is
infact driven by GW emission and consists of strong hydr@agit waves in the star’s surface
layers. This phenomenon results in significant gravitatioadiation. Earth’s motion Doppler
modulates the signal, and this Doppler modulation depends® direction of the GW source.
Thus, coherent extraction of the signal whose directionfeegliency is unknown is an impossi-
bly computationally expensive task. The parameter spaearydarge and a blind survey requires
extremely large computational resources.

To detect stochastic background one needs a network oftdeteileally say two detectors
preferably identically oriented and close to one anothke Stochastic background arises from a
host of unresolved independent GW sources and can be chiasactonly in terms of its statis-
tical properties. The strength of the source is given by thangjty Qew(f) which is defined as
the energy-density of GW per unit logarithmic frequencyemal divided bypciiica, the energy
density required to close the universe. The typical stief§the Fourier component of the GW
strain for the frequency bandwidthf = f is:

-3/2
R(r) ~ 10728(2ow ) (T Sz (5)
102/ \10Hz ’

The signal is extracted by cross-correlating the outputso Kinds of data-analysis methods
have been proposed (i) full sky search - but this drastidaiyts the bandwidth [24], (ii) the
radiometric search in which the sky is scanned pixel by pix@hce a small part of the sky is
searched at a time, it allows for larger bandwidth, and momgadrtantly includes the bandwidth
in which the current detectors are most sensitive, thusnpiaiéy leading to a large SNR [25].
Moreover, by this method a detailed map of the sky is obtained

Apart from these sources, there can be burst sources of G rimrergers or explosions or
collapses which may or may not be seen electromagneticallpdévertheless deserve attention.
In this case time-frequency methods are the appropriateadstwhich look for excess power in
a given time-frequency box.

In the section on data analysis, we will focus on two of thevebmentioned and prominent
GW sources, namely, the compact binaries and the continuaus sources. Before moving on
to the data analysis we would like to briefly describe theggutysically interesting results so far
obtained in GW astronomy.
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3.2 Astrophysical results from current GW data

Even in this initial stage of the detectors, it is importamnbte that astrophysically interesting
results have been obtained from the data so far taken froml @@ detectors, more specifically,
the data from the S5 run. The data have set astrophysicadlyeisting upper limits on the GW
emanating from these astrophysical sources. We mentionféwe important results below.

The S5 data have constrained the cosmological GW backgrioundhich the upperlimit
surpasses the previous upper limit set by nucleosynth2§]s This result has excluded several
string theory motivated big bang models.

The GW data analysis from the S5 run shows that less than 4bedrtergy can be radiated
away in GW from the Crab pulsar [27]. This is because the spimdrate is~ 3.7 x 1019 Hz/sec,
while no GW signal was observed even as lovhas2.7 x 10725,

Since no GW signal was detected from the GRB source 07020isdiriplies that a compact
binary progenitor with masses in the rangdd < m; < 3Mg and 1M, < n, < 40M,, located in
M 31is excluded as a GW source with 99% confidence. If the Bipaygenitor was notin M 31,
then it rules out a binary star merger progenitor upto a distaf 3.5 Mpc, with 90% confidence
and assuming random orientation [28].

These are some of the salient astrophysical results whicblyngerve to indicate the revolu-
tionary scientific impact that GW astronomy can bring to sce

4. Data analysis of GW sources

As can be seen from the foregoing, data analysis of intarietdc data is a very important aspect
in the quest for detection of gravitational waves. This iséaese the signal is weak and must be
extracted from the noisy data - infact the noise, in genstedngly overwhelms the signal. Thus
sophisticated statistical techniqueffj@ent algorithms based on statistical analysis are vital fo
extracting the signal from the noise. The data analysigtigcie of course depends on the nature
of the signal. We would like to discuss a couple sources aail thata analysis in more detail.
We first describe the matched filtering paradigm for the irajig binaries and then describe
some current forts in the so called ‘All sky all frequency search’ for GW finoperiodic or
continuous wave sources, which are based on group theanetitods. This does not mean that
the sources not discussed here are unimportant in any wathéidea here is to give a flavour
of the data analysis methods employed in GW detection. Herdave chosen two such data
analysis problems.

In this article we would like to emphasise the importancéefrole of symmetries which play
a crucial part in increasing theéfieiency of an algorithm and in turn reducing the computationa
burden. The symmetries arise from the physical model of thégdurce. The idea is to capture
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the symmetries in terms of group representation theory hed tse the representation theory to
develop dicient search algorithms.

4.1 Inspiraling/coalescing binaries

Here we will deal essentially with the inspiral waveform whiis the first stage when the stars
are relatively far apart, and the stage ends a little betoedast stable orbit is reached. The last
stable circular orbit for a test particle orbiting a Schwanfzild blackhole of mash is at radial
distance of 8G/c2. Here we may takevl to be the total mass of the binary components, and
then the inspiral stage is the one before the orbit shrinkareaind 10/ or a little less. After
the inspiral stage, comes the merger stage and the final istéiggt when a single blackhole is
formed (in the case the masses are two blackholes) and jiselibe final blackhole is formed
it oscillates, emitting quasi-normal mode radiation fipaléttling into a stable configuration of a
stationary blackhole. The merger waveform for blackhobeswow be computed from numerical
relativity; there was a recent breakthrough in 2007 [30] tinisl was followed by several groups
actually implementing their numerical code [31, 32]. Thepinal waveform we will consider
also holds for two neutron stars or a neutron/&tacckhole pair. Here we will restrict ourselves
to the binary inspiral and its data analysis.

4.1.1 Matched filtering

The appropriate technique to use, when one has the accurawdddge of the waveform - es-
pecially of the phase - is matched filtering. First, it yietlte maximum signal-to-noise (SNR)
among all linear filters. Secondly, it is optimal in the NeymRearson sense - in additive Gaus-
sian noise, the matched filter statistic gives the maximuteafien probability for a given false
alarm rate. The matched filtering operation is defined asvd! if x(t) is the data in the time
domain, then the matched filter outm(t) at the epoch is given by:

c(r) = fx(t)q(t+‘r)dt, (6)

whereq(t) is the matched filter. In stationary noise (the noise is freelent of absolute timej
has a particularly simple form and is conveniently desatilnethe Fourier domain as:

(7)

whereh(t) is the expected signal in the detector &y f) is the power spectral density of the
noise. An illustration of the matched filtering paradigm igem in Fig.4.



Gravitational wave astronomy 13

Extracting the inspiraling binary signal from noisy detector data
by matched filtering
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Figure 4. The top part of the figure shows the signal - the inspiral lyivesveform usually called the chirp;
the middle part shows the signal embedded in the detectsenehile the bottom shows the plot of the
output of the matched filtea(r). By recognising the peak by thresholding, the signal caddiected.

4.1.2 Searching the parameter space: the spinless case

In this section we will be considering only the point massragpnation which is valid for black-
holes and to a large extent for neutron stars if they do nairdef The problem would have been
simple if there was a single signal waveform. But the sigreglehds on several parameters. Thus
one is actually searching through a family of signals. Tigaai has the form:

h(t1 ﬂ’ ta, ¢a’ 7o, T3) = N?[a(‘t - ta, 7o, T3) Cosv(t - ta, 7o, T3) + ¢a] s (8)

where A is the amplitudet, is the time of arrival of the signak, and r3 as defined below
are functions of the individual masses, m, of the binary ands, the phase at arrival of the
wave. The signal described in Eq.(8) is what is called th&riotsd post-Newtonian waveform
in which the amplitude is of the Newtonian waveform whichlmsady varying with time, while
the phase is given to as much as accuracy is possible, thatdghe 3.5 post-Newtonian order
which is deemed dficient because it gives a phase accuracy to better than afoythe stellar
mass objects inspiraling in the bandwidth of the currentv@neadvanced detectors. It is most
important for the technique of matched filtering that thegghia known as accurately as possible,
because even half a cycle can put the signal waveform outadetvith the template waveform
which can lead to substantial decrease in the output of thehed filter. The amplitudeA
depends on the chirp mass paramatér/3, on the fiducial frequencys of the wave at the time
of arrival t;. Instead of the masses, it has been found useful to use thetehesty andrs

as signal parameters - these parameters appear in a simple Wee Fourier transform of the
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signal, namely, they appelmearly in the phase of the Fourier transform in the stationary phase
approximation. The final search algorithm becomes simpleiims of these parameters. They
are related tvl andn = u/M by the relations:

5

0= 2561,

(M1, 5= (M) 22, ©)
8nf,

7o is the Newtonian time of coalescence and the chirp tigis related to the 1.5 PN order. As

one can see from EQq.(8), both the amplitwdand phas@ depend on these parameters. We do

not give the explicit forms of these functions here becaheg &re unimportant to the discussion

here, but they can be found in the literature, eg. [35].

We use the maximum likelihood approach, that is, the likaith ratio must be maximised
over the signal parameters, namgli, ta, ¢a, 70, 73}. The maximum likelihood method shows
that the matched filter is the simpler surrogate statistn tite likelihood ratio, and it is $icient
to maximise the output of the matched filter over the searchmaters. The amplitud#l is
readily extracted from the signal by normalising the tertglaaveform. The parametet;sand
¢, are searched over by using the symmetry of the signal fariiihe signal istranslationally
invariantin time, that is, a signal at another time of arrival is justasbed from translation. This
symmetry can be exploited by using the Fast Fourier Trans{&FT), that is, writing Eq. (6) in
the Fourier domain: (PR

X' ity

C(ta) f 0 eMdf +cc., (10)
where the integral in the Fourier domain is carried out etsgliy over the bandwidth of the
detector and where the signal cut$ at the upper frequency end. This is a family of integrals
parametrised by all the signal parameters, in partictjakMe have suppressed other parameters
to avoid clutter, since we now focus dgn But thec(ty) can be obtained for eadh by just
using the FFT algorithm. This saves enormous computatieff@t because now the number of
operations reduce to orddrlog, N rather tharN?, whereN is the number of samples in the data
segment. Typically, for a 500 sec. data train sampled at 2 kHz 10°, which implies a saving
of computational cost of more than10

In the phase parametgs also, there is a symmetry - changingto sayg, = ¢a+ ¢o involves
just adding a constant phase to the signal and the wavefarmestains within the family. This is
the so calleds! symmetry. The search over phase can be carried out by usihtyja templates
say forg, = 0 andg, = n/2. If we call the correlations so obtained byandc,,, respectively,
where we have computed these correlations from the comelipg template$(f; ¢4 = 0) and
h(f; ¢a = 7/2), thec(¢,) at arbitraryg, is then given by,

C(a) = Co COSPa + Cr/2SiNGq, (11)

where we have suppressed other parameters to avoid cMiteeover, the maximisation @{¢,),
the surrogate statistic, oveg can be done analytically. Thus,

maxclga) = (c5+ ;) (12)
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Figure 5. Parameter space in terms of the parametgrs; for the mass rangeM,, < my, m, < 30M,, and
fao = 40 Hz.

Thus the kinematical parameteagsand¢, in the signal waveform arefiéciently dealt with; the
search over the masses, which are the dynamical paramet@rsemains. There does not seem
to be any éicient way, for example of using symmetries, to search ovesdiparameters. The
figure (5) shows the parameter space fMs1< my, m, < 30Mg in the parametersy andrs.
Since the waveform is symmetric im, M, one needs to only search the spage< mp. This
gives roughly a triangular shape to the search region of éharpeter space which is topologically
equivalent to the triangle in theng, my) space. One now spans the parameter space densely with
a bank of templates. The templates are arranged so that tkienoma mismatch between a
signal and a template never exceeds a small fixed amount. Stia mumber taken is 3% which
corresponds to a maximum loss of 10% in the event rate of theafs. With this criterion, in
the parametersgy, T3 the templates are approximately uniformly spaced. The isi¢éatile the
parameter space so that (i) there are no ‘holes’ and (ii) n@némal overlap so that the number
of templates is reduced to a minimum which then in turn redulce computational burden. The
best such scheme happens to be hexagonal tiling as showmiia (). One does this template
placement elegantly by defining a metric [33, 34] over theapaater space. Then one finds that
the metric cofficients are nearly constant when the parametgrss are used; the parameters
infact play the role of coordinates on a signal manifold areldbove statement can be reworded
as saying thatg, 73 are like Cartesian coordinates, whitg, n, are curvilinear. For this level
of mismatch the number of templates required i$0* for the noise PSD of the initial LIGO. If
the signal is cut-fi at a little less than 1 kHz, so that the sampling rate is 2 khenta simple
computation shows that the online search for these sigatittié more than 3 GFlops.
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Figure 6. Hexagonal tiling of the parameter space.

One now takes the maximum of the matched filter output oveaththe parameters and
compares this maximum with a threshold. The threshold i9gehe noise statistics and the
false alarm rate that one is prepared to tolerate. Cledriyfdlse alarm rate must be much less
than the expected event rate. If the noise is Gaussiarg thaximised ove, has a Raleigh
distribution in the absence of the signal. Assuming a falaevarate of 1 per year, gives a false
alarm probability of~ 1074 for one year observation period, which in turn sets the tholbsat
8.2 (this is in units of the standard deviation of the Gaussigise). Detection is announced if
the c maximised over the parameters exceeds the threshold. Hwowewrder to achieve good
detection probability one must haeewell over the threshold - thus > 8.9 gives a detection
probability better than about 95%.

The foregoing describes the general matched filtering pagnadit clearly holds for a larger
mass range or a larger bandwidth. If one lowers the lowettlohthe band to 10 Hz as will be
the case for advanced detectors and increases the massadmaggn from say @M, the online
search requirement increases by a hundred times. Also ifrmhgdes spins, the waveform now
must depend on 6 more parameters, namely, the spin veStoss, the computational burden
increases roughly by three orders of magnitude.

In order to deal with the rather large computational costrdnchical schemes have been
proposed [35, 36] which can reduce this cost. The idea isakoflor triggers with a low threshold
with a coarse bank of templates, and then follow only theggigevents by a fine search and
then use the high threshold as in the regular search dedali@ve. This method can reduce the
cost considerably and theoretical factors of few tens iucgth the cost have been obtained in
stationary Gaussian noise. These factors of course wiligrgficantly less in the presence of
real detector noise. Recently Cannon et al [29] have shoanhdihgular value decomposition
can be used to reduce the computational cost. They have ghaior neutron st@neutron star



Gravitational wave astronomy 17

inspiral where the parameter space is smaller, the comipngdtgain can be by almost an order
of magnitude.

4.1.3 Merger and ringdown

For the blackhole merger, one must solve the Einstein’stampswith complex initial and bound-

ary conditions. Due to nonlinearity of Einstein’s equatipthe problem is highly complex and
work had been going on for few decades until Pretorius [30fiena breakthrough. This was
followed by other successful numerical solutions [31, karly, the first such solutions corre-
sponded to nonrotating blackholes which now are not tfitcdit to obtain. The rather surprising
fact was that the merger phase is a smooth continuation afisipgal phase, contrary to what had
been expected. There are results also for spinning blaekh®/ork is in progress of obtaining
numerical relativistic solutions spanning the entire pagter space for dierent mass ratios and
spins. There are also interestingexts such as ‘kicks’ in the general case; the final blackhade h
a residual linear momentum.

The final ring-down phase consists of a superposition of iguaignal modes (QNM) with
their amplitude depending on the details of the perturlmat®ut each QNM is uniquely given by
the blackhole mass and the angular momentum parameterndheir’ theorem for blackholes
in general relativity states that a blackhole is completdigracterised by its mass and angular
momentum. The above mentioned property of QNMs is a conseguef this theorem. Thus
observing QNMs would unambiguously show that the sourcevisekhole and also confirm the
no hair theorem of general relativity.

The important point for data analysis is that the inspiral&farm can be continued into
the merger phase and to the ring-down phase of the final bidekb obtain a single stitched
waveform, thus yielding a higher SNR. The mass range can mouptp 100/, and the distance
by about a factor of 2 which would then correspondingly imseethe event rate by about an order
of magnitude.

4.2 The all sky all frequency search for GW from rotating neutron stars

We will consider the simple model of an isolated rapidly timi@ neutron star and ignore spin-
down. We will show here, how the group theory and other algiebmethods can be used to
elegantly formulate the problem by exploiting the symnetiin the physical model. In this en-
deavour, we will make use of ttetepping around the sky methed method proposed by Schutz
twenty years ago [37], which gives an apt framework for thipraach. There have been a host
of methods proposed, notably the Hough transform, the stadkslide, resampling methods etc.
[38] which reduce the computational cost over the straighwérd search over the sky directions,
frequency and spindown parameters. Although these mesigdsgicantly reduce the computa-
tional burden, it is not reduced to the point where the seaachbe performed with the current
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computer resources available in reasonable time. Thexefobecomes necessary to explore
novel approaches which address this problem.

Consider abarycentric framein which the isolated neutron star is at rest or moving with
uniform velocity. Ignoring spindowns the signal in thisrfra is assumed to be a pure sinusoid -
monochromatic of constant frequency shiyThe detector however, takes part in an accelerated
motion - in general a superposition of simple harmonic ntaiof varying amplitudes and phases.
Thus the signal in the detector is not a pure sinusoid but idutated by Doppler fects - the
Doppler correction depending on the direction to the sgurdative to the motion of the detector.
Since the detector moves in a complicated way relative tabdrgcentre, a complex Doppler
profile is generated which depends on the direction to thecgolf the direction to the source and
the frequency is unknown, the Doppler profile is unknown drahtone must face the problem of
scanning over all directions in the sky and also the frequelfiom astrophysical considerations
usually the maximum frequendy,ax is taken to be 1 kHz. Thsteppingmethod gives a direct
way for obtaining the Fourier transform in the barycentrianfie of the demodulated signals
connecting two dferent directions saf andf’.

The signal expected is so weak that one typically needs &giiate the signal for several
months or an year before one can build up significant SNR. Sweifobservation time needed
is T ~ 10" sec or more and if the maximum frequentyay to be scanned is taken about a
kHz, then the number of samples in a data trainMre- 2f,oxT ~ 10'°. Since the detector
orbits the Sun in this time, the ‘aperture’ of the ‘telescapehe diameteD of the Earth’s orbit;

D ~ 3 x 108 km while the minimum GW wavelength igcw ~ 300 km corresponding to a
frequency of 1 kHz. Thus the resolutionA$ = Agw/D ~ 10°° radian, fraction of an arc second
- a Fourier transform of such a signal spreads into a millioarfer bins, and consequently the
signal is lost in the noise of the detector. One thereforaleade demodulate the signal first
and then take its Fourier transform in order to collect trgnal power in a single frequency
bin. This means one needs to scan or demodulate Myghes =~ 4An/AG? ~ 103 directions or
patches in the sky. So even this naive calculation gives tineber of operations for the search
to be Nops ~ 3NparcheN 10g, N ~ 107 if one were to perform the FFT of the data train after
demodulating in each direction. A machine with a speed of tenaflops would need several
thousand years to perform the analysis! Moreover, thisteg8 excludes overheads, ignores
spindown parameters etc. Including these would increasedht of the search by several orders
of magnitude. Thus the search is highly computationallyeegive and novel and original ideas
should be explored, if this search has to be brought withérnctipabilities of current resources or
those envisaged in the near future. The approach outlinedisdased on group theory and is
one such attempt towards finding a solution to this problem.

Moreover, there exists also the possibility of using thipraach in tandem with the previ-
ous approaches which have been aimed at reducing the caiopatacost. It is envisaged that
a judicuous combination of several approaches may go tenalidviating the computational
burden.
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4.2.1 The formulation of the problem

Let the motion of the detector be described in generaRfty in the barycentric frameX, Y, 2);
for circular motionR(t) = R(cosQt X +sinQt Y) - we take the detector motion in th¥,(Y) plane -
whereX andY are unit vectors along thé andY axes respectively, ard is the angular velocity
of the detector in the barycentric frame. We will tréft) generally for now until later when
we specialise to circular motion. The key defining equatidriclv describes the transformation
between barycentric timeand detector tim¢ is:

s(t) = s(t). (13)

The detector time coordinaté which is infact a retarded or advanced time, is givent’by
t—R(t) - i/c and is related to the barycentric time coordinatérom our assumptions, the signal
in the barycentric frame can be taken to be monochromaticaff&s demodulation a Fourier
transform is all that is necessary to extract the signal ftbendetector noise. It is infact the
matched filter!

We write the Doppler modulation in an abstract form in terrham operator. The signal at
the detector coming from the directidnis related to the signal in the barycentric frame by the
equation:

s(A) = M(A) s, (14)

whereM(f) is the modulation operator which is defined via Eq. (13).sTdperator has explicit
representations in the time as well as Fourier domain [3@}teNhat in the all sky all frequency
search we do not know. Therefore we need to scan over the directions. A trial darfaigbn is
performed for some general directi6hgiven by’ = (sin@’ cos¢’, sind’ sing’, cos#’), which is
not necessarilfi. Thus we try the directioi’ and have a trial demodulated signal,

Swial(f1'; ) = M7HA) S/(). (15)

If A # A, then the demodulation is incorrect and we must try agaih witdiferentfi’ until we
get ton or atleast get close enough.fif ~ A, we must observe a peak in Fourier domain. Using
these formulae we can nostep directlyto a directiomY’ as follows:

Swial(1'; ) = Q(AY, A) s, (16)
where thesteppingoperator is defined by:
Q(i’, ) = M7H(') M(R). 17)

This was the approach suggested by Schutz, now expressed fiormulation, so that one may
directly stepfrom the directionf to the directionfi’ in the space of demodulated waveforms.
This formulation was expected to enhance th&ency of the search for example by using the
sparseness of the matrices. The approach here builds ugofotmulation. Apart from the
sparseness of matrices, the idea is to use symmetries imdabiem for stepping@ciently in the
sky. The symmetry is made manifest via the language of grioegry.
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In order to get a group structure and go beyond the methodcatiwd by Schutz, it is neces-
sary to expand the scope of the direction vecfots the full three dimensional Euclidean space
R3. Itis clear that this is required because even a step in thaaknely,i” — i will not be of
unit length. Thus it is necessary as also convenient to ‘apithe space of directions, which is a
projective space, to its universal covering spRéeWe then define the operatdvi{a), wherea is
an arbitrary vector irR®, anda is used in the ‘retarded time’ insteadfaf We can then show that
these operators now form a group, atleast approximatelly,within the physical requirements
[39]. It is important to note that these operatdisact on functions, namely signals, and map
them to other signals - the signals are Doppler shifted. Suolips are called transformation
groups in the literature [40].

4.2.2 Circular motion of the detector

For concreteness, we give an example of circular motioneftigtector. This is a very simplified
case because in reality the detector parttakes of a congicaperposition of simple harmonic
motions which have complex set of phases. This simple cdakeas to see how the group theory
helps. The group now is reduced to Euclidean group in 2 diinessusually denoted bi(2).
We consider the motion as above and consider the situati@mwte motion consists of exactly
one orbit, i.e. <t < T andQT = 2x. Then in the Fourier space, whare- f/T andn’ = f'/T,
we look at the action oM(a) on the complete orthonormal basis of the Hilbert space oaeg
integrable functions over [@], namely, the set of functions™"/T_ The natural scalar product
on this Hilbert space for the two functiogs andg, is defined by:

:
@.0)=7 [ a0 a9)

In this basis, the matrix representation dr (we have chosea = fi a unit vector) is readily
given:

(M() &%, &)

— (eerin%, e2nin'¥)
T ’

= % f dt e¥inT=2in'y (19)
0

M(A; n’, n)

where we have used the definitid(R)s(t’) = s(t). An explicit expression foM(A; n’, n) can be
obtained for the directiofi = (sindcosg, sindsing, cosd). Writing y = Qt’ andB = RQ/c we
obtain:

21
M(ﬁ; n/, n) i f dw ei(n—n')w+inﬂsin9cos(//—¢)
2n Jo
= Y™ 3. . (nBsing) , (20)

wherey = ¢ + /2 is the translated azimuthal angle.
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From the form ofM(f; ', n) it is evident that when applied to the data veotgrthe search
in y can be performed by a fast Fourier transform; the steppitiggrazimuthal parameter is done
in an gficient way. If there ar® samples of thg parameter, then the search oydor a givend
and frequencyr can be performed in order @&log, B number of operations. It may be further
possible to reduce the number of operations by similar mithiout this example underlines the
role of symmetry and the group theory in developitfigogent data processing algorithms.

5. Concluding Remarks

The era of gravitational wave astronomy has arrived. Thié&indetectors have not only reached
their promised sensitivities but have surpassed them. dtereed detectors will start operating
in few years time and the era of gravitational wave astronavould then have truly begun.
From the astrophysical knowledge that we possess as of noevsbould expect fair rate of
gravitational wave events that one should be able to obsé&meémportant recent development
has been LIGO-Australia where LIGO is planning to build ofé@odetectors in Australia with
partial funding from Australia. A detector far away and obitlee plane of other detectors in US
and Europe would greatly benefit the search of gravitatiomades. In this India is also thinking
of chipping in, so that India also has a stake in this excitirogld project. Already, India has a
20 year old legacy in gravitational wave data analysis atABCPune and wave form modelling
at RRI, Bangalore. And recently a three metre prototypedaieteat T.I.F.R., Mumbai has been
funded. Apart from the groundbased detectors, there isthésprospect of the space-based ESA-
NASA detector LISA which will bring in important astrophysil information at low frequencies
complementing the ground-based detectors. The futureslbaght for GW astronomy.
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