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tAn important predi
tion of Einstein's theory of relativity is gravitational waves. A
hange in the gravitational �eld propagates at a �nite speed, although extremely large
ompared to speeds we en
ounter in normal everyday life. These are gravitational waves(GW). They travel at the universal speed c ∼ 3 × 105 km/se
 whi
h is also the speedof light. This arti
le begins with the physi
s of GW, their dete
tion and generation. Itthen moves on to the dete
tors being 
onstru
ted around the world, namely, the laserinterferometri
 dete
tors, their 
urrent status and future plans. Then the GW sour
es aredes
ribed and what information we 
an glean from them about the universe. The obser-vation of GW will be the beginning of a new astronomy - gravitational wave astronomy -the astronomy of the 21st 
entury. India is poised to be an important parti
ipant in thisworldwide e�ort.1 Introdu
tionThis arti
le is dedi
ated to Profs. Vaidya and Ray
haudhuri and based on the Vaidya-Ray
haudhuri le
ture, delivered at St. Xavier's College, Kolkata.Gravitational waves (GW) 
an be des
ribed as a spa
e-time warpage whi
h travels with thespeed of light. Astrophysi
al GW will bring us information 
omplementary to that obtainedfrom ele
tromagneti
 observations, be
ause the GW have very di�erent properties. GW areprodu
ed in 
ompa
t, dense, high velo
ity regions of matter in the universe and are not easilys
attered, unlike ele
tromagneti
 waves. Therefore, it seems reasonable to expe
t a revolutionin understanding of our universe akin to the one brought on by radio astronomy in the lasthalf a 
entury. For example, radio astronomy brought to us the dis
overy of the 
osmi
mi
rowave ba
kground, pulsars et
. We expe
t even more startling dis
overies here be
ausewe are 
hanging the intera
tion from ele
tromagneti
 to gravitational. Ex
iting times lie aheadfor GW astronomy.Currently, the large s
ale dete
tors, LIGO of the US, Virgo of Italy and Fran
e, theJapanese TAMA dete
tor and the UK-German GEO dete
tor [1℄ have a
hieved impressivesensitivities. Some of them have infa
t surpassed their proposed design sensitivities. Nowe�orts are on to 
onstru
t advan
ed dete
tors whi
h will have the requisite sensitivity fordete
ting astrophysi
al sour
es of gravitational waves with a reasonable event rate. A large1



s
ale dete
tor LCGT in Japan [2℄ has been re
ently funded and the LIGO would like to builda dete
tor far away from the existing dete
tors in US, in the Asia-Pa
i�
 region, in order toobtain a long baseline; a long baseline has several advantages su
h as more a

urately deter-mining the lo
ation of a GW sour
e in the sky. On the Indian front, during the past two years,an initiative in gravitational wave astronomy has begun on the experimental front - there hasalready been expert e�ort on data analysis and waveform 
omputations over the past twode
ades in India - and an Indian 
onsortium involving resear
hers from several Indian leadinginstitutions has been formed - the IndIGO 
onsortium.Several types of GW sour
es have been envisaged whi
h 
ould be dire
tly observed byEarth-based dete
tors, su
h as the burst sour
es, examples are binary systems of neutronstars and/or bla
k holes and supernovae explosions; sto
hasti
 ba
kgrounds of radiation, eitherof primordial or astrophysi
al origin and 
ontinuous wave sour
es � e.g. rapidly rotatingasymmetri
al neutron stars, where a weak deterministi
 signal is 
ontinuously present in thedata stream. We will here des
ribe in some detail the 
ompa
t inspiraling/
oales
ing binary -the various advan
es that were made in the 
ourse of last two de
ades in the analyti
s as wellas in numeri
al relativity.2 What are gravitational waves?2.1 Well-known wave phenomena in physi
sLet us begin with something we know. Sound waves for example. Let us 
onsider sound wavesin air. Sound waves are �u
tuations in the pressure p and density ρ of air and whi
h travel at a
ertain speed, 330 metres/se
 in air under normal 
onditions. There are alternating rarifa
tionsand 
ompressions of the air mole
ules along the dire
tion of propagation. A snapshot of su
ha wave is shown in Fig. 1. What are their properties? First of all, sound waves require amedium to propagate. Se
ondly, they are longitudinal. The motion of the parti
les is alongthe dire
tion of propagation. They are generated by obje
ts rhythmi
ally pushing the mediumabout - like the diaphragm of a loud speaker or the vo
al 
ords of a human being.We are also familiar with ele
tromagneti
 waves. These are waves in the ele
tri
 andmagneti
 �elds. These waves do not require a medium - they 
an propagate in va
uum. Theyare transverse meaning that the ele
tri
 and magneti
 �elds are orthogonal to the dire
tion ofpropagation. A snapshot of su
h a wave is shown in Fig.2. They are generated by a

eleratedele
tri
 
harges - for example 
harges harmoni
ally moving along a linear antenna.
Figure 1: A snapshot of a sound wave: waves in the pressure �eld.It is then natural to ask the question whether gravitational waves are generated by movingor a

elerating masses. In gravity the mass is the analogue of the ele
tri
 
harge of ele
tro-magneti
 theory, be
ause mass generates gravity just as a 
harge generates ele
tromagneti
�elds. The answer is a resounding yes in Einstein's theory of gravity or what is also known asthe general theory of relativity. 2



Figure 2: A snapshot of a linearly polarised ele
tromagneti
 wave. k is the dire
tion ofpropagation of the wave and the ele
tri
 and magneti
 �elds ~E and ~B are orthogonal to it.2.2 Einstein's theory of gravityThe theory of gravitation one usually learns at �rst is the Newton's theory of gravity andthe inverse square law. Newton's theory not only explained terrestrial gravity - the legendaryfalling apple - but also the motions of astronomi
al obje
ts su
h as the planets and the moon,and in parti
ular the Kepler's laws. It 
ame to be known as the universal theory of grav-itation be
ause it uni�ed terrestrial gravity with gravity in spa
e. Its range extended fromma
romole
ules to galaxies and thus was a resounding su

ess. But when Einstein put forwardhis spe
ial theory of relativity it was apparent that there was a �aw in Newton's theory ofgravity. A

ording to Einstein's theory all signals must travel at �nite speeds in fa
t less thanor equal to the speed of light in va
uum. But the gravitational for
e �eld as des
ribed byNewton's theory is instantaneous, that is, there is no propagation of gravitational for
es; the�eld equations of Newton's theory do not 
ontain time - the inverse square law has no timein its des
ription. Infa
t there are no gravitational waves in Newton's theory of gravity. Thusfrom this 
on
eptual point of view a new theory of gravity was needed in whi
h gravitationalintera
tion propagates at �nite speeds. Einstein's theory ful�ls this 
riterion and infa
t doesmu
h more. Most importantly, it has 
ome out in �ying 
olours in all the gravitation exper-iments 
ondu
ted so far - the observations mat
h the theory. Instead of just tinkering withNewton's theory, Einstein formulated 
on
eptually a 
ompletely di�erent theory - the generaltheory of relativity (GTR) whi
h is also a theory of gravitation.I will not go into the reasons of how Einstein arrived at his theory of gravity. I will onlydes
ribe the theory in a pres
riptive format. Matter and energy (des
ribed by the energymomentum stress tensor) 
urve the spa
etime in its vi
inity. Gravitation is the manifestationof the 
urvature of spa
etime. Note that it is a four dimensional 
urvature - the spa
etime is
urved - and that spa
e and time have already be
ome a single entity in spe
ial relativity. Soif we 
onsider our solar system with the Sun as a 
entral body produ
ing the gravitational�eld and planets responding to this �eld and orbiting around it, in Einstein's theory, the Sun
urves the spa
etime around it and the planets move along the straightest possible paths they
an in this 
urved geometry of spa
etime. These paths are 
alled geodesi
s. So the orbit ofthe planet appears 
urved be
ause although the planet strives to follow a "straight" path, thespa
etime itself is 
urved and so the straightest path appears 
urved. Compare the situation3



with a sphere. A sphere is an example of the simplest 
urved spa
e (a manifold). On thesphere the geodesi
s are great 
ir
les - these are the "straightest" possible paths on the sphere- but they are far from straight lines of Eu
lid's geometry. See �gure 3 below for a planetorbiting the Sun.
Figure 3: The Sun 
urves the spa
etime around it and the planet moves in the straightestpossible path in this 
urved geometry.We further need to pres
ribe how mass 
urves the spa
etime. This is a

omplished byEinstein's �eld equations,

Rik −
1

2
Rgik =

8πG

c4
Tik , (1)where on the LHS we have terms des
ribing the 
urvature in terms of the Riemann tensorand the metri
 and on the RHS we have the stress tensor of the matter distribution. The
onstants G and c denote respe
tively the Newton's gravitation 
onstant and the speed oflight. On the LHS appear the Ri

i tensor Rik and the s
alar 
urvature R whi
h are derivedfrom the Riemann tensor Rijkl. These equations are the analogue (infa
t more than that) ofNewton's equation:

∇2φ = 4πGρ , (2)where φ is the Newtonian gravitational potential and ρ is the mass density of matter. ButEinstein's equations are mu
h more 
ompli
ated. They are 10 
oupled equations for 10 inde-pendent 
omponents of the metri
 tensor gik - the metri
 tensor is symmetri
 and so has 10independent 
omponents in 4 dimensions. Further, they are nonlinear and of se
ond order.The situation is far more 
omplex than Newton's equation or even Maxwell's equations inele
trodynami
s. So the equations are extremely di�
ult to solve. Unless one assumes enoughsymmetries, whi
h e�e
tively redu
es their 
omplexity, solutions are hard to 
ome by. Forexample, no exa
t analyti
 solution exists for the two body problem in GTR. It is only afteryears of 
lever hard work and only re
ently, that progress has been possible. The problem hasbeen solved not analyti
ally but post-Newtonian approximations and numeri
al relativity wererequired to obtain the solution. More about this later be
ause the 
ompa
t binary system isan important sour
e of GW espe
ially during its end stages when it 
oales
es. This was infa
t the motivation for solving this problem. It has happened for the �rst time in the �eld ofgravitation that experiment has driven theory, a situation whi
h routinely happens in otherareas of physi
s and in general s
ien
e. This is be
ause in general, gravitation experiments aredi�
ult; gravitation being the weakest of the for
es of nature.Further GTR redu
es to Newton's theory of gravitation in the limit of weak �elds andslow motion as it must, be
ause a new theory must 
ertainly explain phenomena explainedby the old theory in its regime of validity; but the new theory must extend beyond the old4



theory's regime of validity. When velo
ities are not small 
ompared to the speed of light andwhen the �elds are strong, Newton's theory 
an no more des
ribe gravitational phenomenaa

urately or even reliably - the spa
etime 
an no more be 
onsidered as a small deviationfrom the spa
etime of spe
ial relativity - GTR must be used.2.3 GW: Waves in the 
urvature of spa
etimeNow GTR predi
ts many new phenomena. One is bla
k holes, from whi
h no matter oreven light 
an es
ape; the other relevant to this le
ture is gravitational waves. Einstein'sequations admit wave solutions - this is readily seen if we make a weak �eld approximation.Consider a spa
etime whi
h di�ers slightly from the Minkowski spa
etime of spe
ial relativity.So the Minkowski metri
 will be slightly modi�ed. Writing gik = ηik + hik, where ηik =
diag{1,−1,−1,−1}, the Minkowski metri
 tensor and where hik is a perturbation on this`Minkowski ba
kground' it 
an be easily shown (after a fair amount of algebra) in a 
ertaingauge (
alled transverse and tra
eless) that Einstein's �eld equations redu
e to the waveequations:

�hik =
16πG

c4
Tik , (3)where the � is the D'Alembertian operator. It is apparent from this equation that �rstly,GTR predi
ts GW and se
ondly, GW travel with the speed of light be
ause the 
onstant co

uring in the � operator is the speed of light as seen below:

� ≡
∂2

c2∂t2
−∇2 . (4)Thus GW are waves in the metri
 �eld gik. Now the 
urvature or the Riemann tensor isessentially formed by taking the se
ond derivatives of the metri
 - a very 
ompli
ated formula;details of whi
h need not 
on
ern us here. Thus GW 
an be des
ribed also as waves in the
urvature of spa
etime. And it is the 
urvature whi
h 
an measured with the help of testmasses and thus is a physi
al �eld. Thus we may des
ribe GW either in terms of the metri
or in terms of 
urvature. The metri
 and 
urvature are the dynami
al variables of Einstein'stheory. This is analogous to Maxwell's ele
trodynami
s theory in whi
h one 
an either 
onsiderthe ele
tri
 and magneti
 �elds ~E, ~B or alternatively the potentials ~A and φ to des
ribe theele
tromagneti
 �eld. Here the �elds are �rst derivatives of the potentials. One 
an thereforein analogy 
onsider the metri
 as the "potential" and the "
urvature" as the �eld in Einstein'stheory. Either of them 
an be used to des
ribe the gravitational �eld. So GW are waves inthe 
urvature of spa
etime. To understand this better, one needs to understand the notionsof metri
 and 
urvature.3 Metri
 and 
urvatureThese 
on
epts 
an be readily understood by 
onsidering a surfa
e su
h as a sphere. Considera sphere of radius R and with the usual spheri
al 
oordinates (θ, φ). This is a two dimensionalspa
e or manifold as it is normally 
alled be
ause one needs just two 
oordinates θ, φ todes
ribe any point on it (this is not 
orre
t in the stri
t mathemati
al sense, but in any 
ase'most' points (ex
ept for a set of measure zero) on the sphere are 
overed by this 
oordinatesystem). The metri
 is the distan
e between two adja
ent points with 
oordinates P (θ, φ) and5



Q(θ + dθ, φ + dφ), where the di�erentials are small and in the limit tend to zero. Then thedistan
e ds between P and Q is given by the equation:
ds2 = R2(dθ2 + sin2 θdφ2) . (5)This equation 
an be readily generalised to any surfa
e parametrised by the 
oordinates (u, v).The distan
e between two adja
ent points P (u, v) and Q(u+du, v+dv) on the surfa
e is givenby the quadrati
 form:

ds2 = E(u, v)du2 + 2F (u, v)dudv + G(u, v)dv2 , (6)where E,F,G are the 
omponents of the metri
 and in general are fun
tions of u and v. Thisis also 
alled the Ist fundamental form of the surfa
e in literature.But sin
e spa
etime is 4 dimensional, we need to go to higher dimensions. For this betterbook-keeping is required. Instead of using di�erent letters u, v for 
oordinates we just useone letter but with a supers
ript - xi, i = 1, 2, ...n in n dimensions. The metri
 
omponents
E,F,G now generalise to a n × n matrix gik and the above equation generalises to,

ds2 = gikdxidxk , (7)where summation over the repeated indi
es is implied (Einstein's summation 
onvention). Itis therefore written in a 
ompa
t form. The RHS a
tually 
ontains n2 terms whi
h be
auseof symmetry redu
e to n(n + 1)/2. It is the metri
 on the manifold whi
h determines thegeometri
al properties of the manifold in
luding 
urvature.We may understand 
urvature, again, by drawing a triangle on a sphere. Join any threepoints (not 
ollinear) by the shorter of the ar
s of great 
ir
les and we get a triangle on asphere as shown on the left of Fig. 4.

Figure 4: A sphere (left) has positive 
urvature, while a hyperboloid of one sheet (right) hasnegative 
urvature.The ar
s of the great 
ir
les are in general 
alled geodesi
s and they are the straightestpossible paths that 
an be drawn on a sphere. Now if we measure the angles of the triangleand add them up, they add up to greater than 2π radians. This immediately shows that thegeometry on a sphere is non-Eu
lidean be
ause in Eu
lidian geometry the angles of a trianglealways add up to 2π. Se
ondly, the bigger the triangle the larger the dis
repan
y from the6



Eu
lidean value of 2π. In fa
t if we denote the dis
repan
y by δ, then δ is given by the formula(Gauss-Bonnet):
δ =

∫
△

KdS , (8)where K is the Gaussian 
urvature of the sphere, whi
h for the sphere is a 
onstant and equalto 1/R2, where R is the radius of the sphere. dS is an element of area and the integral istaken over the interior of the triangle. This formula is quite general and applies to any triangledrawn on a surfa
e. It is 
lear from this equation that δ must be positive be
ause the integrand
K > 0. For a symmetri
 surfa
e su
h as a sphere the K is 
onstant, but for a general surfa
e,
K is a fun
tion of the position on the surfa
e and in general varies from point to point. Wesay that a surfa
e is 
urved if K 6= 0 at some point on it and �at if K ≡ 0 everywhere onthe surfa
e. So for a plane K ≡ 0 and we say that the plane is �at, while sin
e K 6= 0 for asphere, the sphere is 
urved. Note that K is the intrinsi
 
urvature - the 
urvature 
an be
omputed by making measurements 
on�ned to the surfa
e only - it does not depend on itsembedding in higher dimensions su
h as the 3 dimensional Eu
lidean spa
e. K 
an be negativealso as is the 
ase for a hyperboloid of one sheet shown to the right of Fig. 4. Here δ < 0.That the 
urvature 
an be negative is important for GW - in parti
ular, the 
urvature variessinusoidally for a mono
hromati
 plane wave.One must again investigate what happens in dimensions greater than 2. In 2 dimensions,one fun
tion K su�
es to des
ribe the 
urvature. However, in dimensions more than 2 we needseveral fun
tions to 
ompletely des
ribe 
urvature. This is a
hieved by the Riemann tensor
Rijkl. In 4 dimensions this tensor has 20 independent 
omponents. For a surfa
e, it has onlyone independent 
omponent R1212 and it is essentially the Gaussian 
urvature K, in fa
t it isthe same as K ex
ept for a fa
tor of square root of the determinant of the metri
 (Note they
annot be exa
tly equal be
ause K is a s
alar, while R1212 is a 
omponent of a tensor). Soone may think of the Riemann tensor as a generalisation of the Gaussian 
urvature to higherdimensions. So a manifold is �at if the Riemann tensor vanishes identi
ally and 
urved if itdoes not.Thus in Einstein's theory, Riemann tensor being identi
ally zero, implies the absen
e of anygravitational �eld and then we have the �at spa
etime of spe
ial relativity. While on the otherhand the non-vanishing of the Riemann tensor implies the presen
e of a gravitational �eld.Thus the phenomenon of gravitation is a manifestation of the 
urvature of spa
etime. Sin
ethe weak �eld slow motion limit of the metri
 is the Newtonian potential, the Riemann tensorbeing the se
ond derivatives of the metri
 represents the tidal for
e between test parti
les.Thus the presen
e of a gravitational �eld 
an be as
ertained by observing the traje
toriesof "free" (free of all other for
es ex
ept gravitation - gravitation is not a for
e in Einstein'stheory) test parti
les. If the parti
les move away or towards one another it implies a non-zeroRiemann tensor 
omponent and signaling the presen
e of a gravitational �eld. This behaviouris governed by the so 
alled geodesi
 deviation equation whi
h we will des
ribe in more detailin the next se
tion. The ground-based GW dete
tor pre
isely makes use of this property fordete
ting a GW.
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4 The dete
tion of gravitational wavesThe early attempts started by Weber in 1960s involved resonant mass dete
tors whi
h werelater 
ooled to 
ryogeni
 temparatures in order to redu
e thermal noise. But later it be
ame
lear that a laser interferometri
 arrangement would serve the purpose better be
ause (i) ofits s
alability (ii) wide bandwidth. Here I will 
on�ne myself only to laser interferometri
dete
tors. But �rst let us understand the underlying prin
iple of dete
tion of GW.4.1 The prin
iple of dete
tion of GWAs we remarked before, a mass is the gravitational '
harge', so just as ele
tri
 
harges respondto an ele
tromagneti
 wave and test 
harges 
an be used to dete
t ele
tromagneti
 waves, so
an test masses be used to dete
t gravitational waves. We must therefore examine the e�e
ta gravitational wave has on test masses. This we pro
eed to do now. We analyse the e�e
tof a GW on two nearby test parti
les. Before doing this we must examine the e�e
t of agravitational �eld, or whi
h is 
urvature in Einstein's theory, on the traje
tories of nearby testparti
les. This, as we have remarked before, is the phenomenon of geodesi
 deviation. Weagain take re
ourse to two dimensional examples.First 
onsider two test parti
les in the absen
e of gravity. We take two parti
les at restin the �at spa
etime of spe
ial relativity. If we take the two parti
les initially at rest atsay x = x1 and x = x2 and other spa
e 
oordinates zero, then if they are free (no for
es)they will 
ontinue to remain at the same spa
e points while their time 
oordinate will 
hangeas time progresses. The parti
les will have worldlines (traje
tories in spa
etime) whi
h arestraight lines (geodesi
s in �at spa
etime) parallel to the t axis and more importantly parallelto ea
h other. If we think of a 
onne
ting ve
tor joining the worldlines, then the length of this
onne
ting ve
tor remains 
onstant. This in fa
t shows that 
urvature is identi
ally zero - adire
t 
onsequen
e of the geodesi
 deviation equation - and so gravity is absent.Now 
onsider a similar situation on a 
urved manifold. Let us take a sphere. Considertwo geodesi
s starting out parallel. It is easiest to see this by taking the 
urves as nearbylongitudes starting from the equator towards the North pole. Firstly, they are geodesi
s -great 
ir
les - and se
ondly, they start out parallel, the derivative of the 
onne
ting ve
toralong the longitude at the starting point vanishes. But now we ask: does the 
onne
tingve
tor remain 
onstant as one progresses towards the North pole? It does not. In fa
t thelongitudes meet at the North pole where the length of the 
onne
ting ve
tor be
omes zero.This we assert implies the presen
e of 
urvature - the sphere is 
urved. Further we noti
e thatthe length of the ve
tor redu
es whi
h implies that the 
urvature is positive, that is K > 0.We have already seen this from the triangle drawn on a sphere. We 
an do the same ex
er
isefor a hyperboloid of one sheet. If we start with geodesi
s at the waist and parallel to ea
hother they move away. This shows that the hyperboloid is not only 
urved but has K < 0.See Figure 5 for the above dis
ussion. All this is en
oded in the geodesi
 deviation equation.Now 
onsider the situation for a mono
hromati
 GW. Now the 
urvature os
illates takingalternately positive and negative values along the worldlines of the two test parti
les. A twodimensional analogue is shown in Fig. 6.As the 
urvature os
illates so does the 
onne
ting ve
tor joining the worldlines of theparti
les. So if we 
an monitor the distan
e between the parti
les, we 
ould dete
t a GW.This is in fa
t the prin
iple behind dete
ting a GW. Of 
ourse, sin
e the GW in Einstein's8



Figure 5: Geodesi
s move towards ea
h other or away depending on whether the 
urvature ispositive or negative respe
tively. When 
urvature is identi
ally zero (see left most �gure) thegeodesi
s whi
h are straight lines maintain the same distan
e between themselves.

Figure 6: Conne
ting ve
tor joining the worldlines of two nearby test parti
les subje
ted to aGW os
illates.
9



theory is a
tually a tensor, the situation is a little more 
omplex. If we take the simple 
aseof single linear polarisation, the 
ir
ular ring of masses deforms at �rst into an ellipse andthen ba
k to the 
ir
le and again into an ellipse with its semi-major and semi-minor axesinter
hanged. The other linear polarisation state also deforms the 
ir
ular ring into ellipsesbut whose axes are rotated with respe
t to the �rst polarisation by 45◦. A general wave is alinear 
ombination of the two polarised states. At the top of Fig. 7 is shown how a 
ir
ularring of test masses is distorted by one of the linear polarisations, usually 
alled the 'plus'polarisation.

Laser

Photo−detector

Test mass
Test mass

Test mass

Test mass

Figure 7: The top portion of the �gure shows how a ring of test parti
les is deformed by thein
iden
e of a plus polarised GW. The bottom portion shows a s
hemati
 diagram of a laserinterferometri
 GW dete
tor.The rest of the �gure 7 shows the s
hemati
 diagram of a laser interferometer. If we sele
ttwo masses on this ring of test masses at right angles and 
onsider how their distan
e varieswith respe
t to the 
entre of the ring whi
h we take to be the referen
e point, we will �nd thatduring one half 
y
le of the wave one arm shortens while the other arm elongates. In the nexthalf 
y
le of the wave the opposite happens. By using a laser interferometri
 arrangement apassing GW will produ
e a path di�eren
e whi
h 
an be dete
ted on a photodiode.However, the 
at
h is that these 
hanges in lengths are ex
eedingly small. For example, aneutron star binary at distan
e of 100 Mp
 - a typi
al GW sour
e - will produ
e a di�erentiallength 
hange of ∼ 10−16 
m. for test masses kept few kilometres apart, whi
h is the typi
allength of the arm of a large s
ale ground-based interferometri
 dete
tor! For a GW sour
e, h (atypi
al 
omponent of hik) 
an be estimated from the well-known Landau-Lifs
hitz quadrupoleformula. The GW amplitude h is related to the se
ond time derivative of the quadrupolemoment (whi
h has dimensions of energy) of the sour
e:
h ∼

4

r

G

c4
Ekinetic

nonspherical, (9)10



where r is the distan
e to the sour
e, G is the gravitational 
onstant, c the speed of lightand Ekinetic
nonspherical is the kineti
 energy in the nonspheri
al motion of the sour
e. If we 
onsider

Ekinetic
nonspherical/c

2 of the order of a solar mass and the distan
e to the sour
e ranging from gala
ti
s
ale of tens of kp
 to 
osmologi
al distan
es of Gp
, then h ranges from 10−17 to 10−22. Thesenumbers then set the s
ale for the sensitivities at whi
h the dete
tors must operate. If the
hange in the armlength L is δL, then,
δL ∼ hL, (10)where h is a typi
al 
omponent of the metri
 perturbation. This result is easily obtained byintegrating the geodesi
 deviation equation.4.2 Global network of interferometri
 dete
torsThe USA has been at the forefront in building large s
ale dete
tors. The LIGO proje
t hasbuilt three dete
tors, two of armlength 4 km and one of armlength 2 km at two sites about3000 km apart at Hanford, Washington and at Livingston, Louisiana. The 2 km dete
tor is atHanford. These initial dete
tors have had several s
ien
e runs and the design sensitivity hasnot only been rea
hed but surpassed. The goal of this initial stage was mainly to vindi
atethe te
hnologies involved in attaining the design sensitivities. However, even with these initialsensitivities, several astrophysi
ally interesting upper limits have been surpassed whi
h werepreviously obtained from 
onventional astronomies.Now the next phase is to build advan
ed dete
tors with state of the art te
hnologies whi
hwill be 
apable of observing GW sour
es and doing GW astronomy. With these future goalsa radi
al de
ision has been taken by the LIGO proje
t, that of building one of its dete
torsoutside US either in Australia or India. The reason for this de
ision by the US is 
lear - it isto in
rease the baseline and have a dete
tor far removed from other dete
tors on Earth, whi
hhas several advantages, su
h as improving the lo
alization of the GW sour
e.In Europe the large-s
ale proje
t is the VIRGO proje
t of Italy and Fran
e whi
h hasbuilt a 3 km armlength dete
tor. After 
ommissioning of the proje
t in 2007, it also hads
ien
e runs. The GEO600 is a German-British proje
t and whose dete
tor has been builtnear Hannover, Germany with an armlength of 600 metres. One of the goals of GEO600 isto develop advan
ed te
hnologies required for the next generation dete
tors with the aim ofa
hieving higher sensitivity.Japan was the �rst (around 2000) to have a large s
ale dete
tor of 300 m armlength - theTAMA300 dete
tor under the TAMA proje
t - operating 
ontinuously at high sensitivity inthe range of h ∼ 10−20. Now Japan plans to 
onstru
t a 
ryogeni
 inteferometri
 dete
tor
alled the LCGT (Large-s
ale Cryogeni
 Gravitational wave Teles
ope) whi
h has been re
entlyfunded. The purpose of the 
ryogeni
s is to redu
e the thermal noise in the mirrors and thesuspensions. But this te
hnology is by no means straight forward and will test the skills ofthe experimenters.There are a host of noise sour
es in interferometri
 dete
tors whi
h 
ontaminate the data.At low frequen
ies there is the seismi
 noise. The seismi
 isolation is a sequen
e of stages
onsisting of springs/pendulums and heavy masses. Ea
h stage has a low resonant frequen
yabout a fra
tion of a Hz. The seismi
 isolation a
ts as a low pass �lter, strongly attenuatingfrequen
ies mu
h higher than the resonan
e frequen
y of a fra
tion of a Hz. This results in a11



`noise wall' at low frequen
ies at around 10 Hz. Also below 10 Hz is the gravity gradient noisewhi
h is di�
ult (if not impossible) to shield. At mid-frequen
ies upto few hundred Hz, thethermal noise is important and is due to the thermal ex
itations both in the test masses - themirrors - as well as the seismi
 suspensions. At high frequen
ies the shot noise from the laserdominates. This noise is due to the quantum nature of light. From photon 
ounting statisti
sand the un
ertainty prin
iple, the phase �u
tuations are inversely proportional to the squareroot of the mean number of photons arriving during a period of the wave. Thus, long armlengths, high laser power, and extremely well-
ontrolled laser stability are essential to rea
hthe requisite sensitivity.Figure 8 shows the strain sensivity for the LIGO Louisiana Observatory (LLO) [3℄.

Figure 8: The improvement in the sensitivity of the LIGO Louisiana dete
tor over the lastde
ade. Sensitivity 
urves are shown for s
ien
e runs S1-S5.Building a network of widely separated dete
tors is most 
ru
ial sin
e su
h a network willnot only in
rease our 
on�den
e in a dete
tion event but moreover lo
alise the sour
e in thesky and also provide information on the orientation of the GW sour
e through polarisationmeasurements.5 Sour
es of GWSeveral types of GW sour
es have been envisaged whi
h 
ould be dire
tly observed by Earth-based dete
tors: (i) burst sour
es � su
h as binary systems 
onsisting of 
ompa
t obje
ts su
has neutron stars and/or bla
k holes in their inspiral, merger and 
oales
en
e phase; supernovaeexplosions � whose signals last for a time mu
h shorter, between a few milli-se
onds and a fewminutes, than the typi
al observation time; (ii) sto
hasti
 ba
kgrounds of radiation, either ofprimordial or astrophysi
al origin, and (iii) 
ontinuous wave sour
es � e.g. rapidly rotatingnon-axisymmetri
 neutron stars � where a weak sinusoidal signal is 
ontinuously emitted.Coales
ing binaries have been 
onsidered highly promising sour
es not only be
ause ofthe enormous GW energy they emit, but also be
ause they are 
lean systems to model; the12



inspiral waveform 
an be 
omputed a

urately to several post-Newtonian orders [4℄ adequatefor optimal signal extra
tion te
hniques su
h as mat
hed �ltering to be used. In the pastde
ade IUCAA has fo
ussed on the design, validation and implementation of sear
h algorithmsfor inspiraling binaries [5℄. Hierar
hi
al sear
h algorithms have been designed and are beingimproved to redu
e the 
ost over a �at sear
h. In the re
ent past, numeri
al relativity hasbeen able to make a breakthrough by 
ontinuing the inspiral waveform to the merger phaseand eventually 
onne
t it with the ringdown of the �nal bla
k hole [6℄. This extension of thewaveform leads to a higher signal-to-noise ratio (SNR) in the extra
tion of the signal fromdete
tor noise.Another important burst sour
e of GW is the supernova. It is di�
ult to reliably 
omputethe waveforms for supernovae, be
ause 
omplex physi
al pro
esses are involved in the 
ollapseand the resulting GW emission. This limits the data analysis and optimal signal extra
tion.Continuous wave sour
es pose one of the most 
omputationally intensive problems in GWdata analysis [7℄. A rapidly rotating asymmetri
al neutron star is a sour
e of 
ontinuous grav-itational waves. Long integration times, typi
ally of the order of a few months or years areneeded to build up su�
ient signal power. Earth's motion around itself, the sun and the moonDoppler modulates the signal, the Doppler modulation being dependent on the dire
tion of theGW sour
e. Thus, 
oherent extra
tion of the signal whose dire
tion and frequen
y is unknownis impossibly 
omputationally expensive. The parameter spa
e is very large, and a blind surveyrequires extremely large 
omputational resour
es. However, targeted sear
hes are 
omputa-tionally viable, for example, if the dire
tion to the sour
e is known. In this 
ontext, LMXBsare extremely interesting 
andidate sour
es for Earth-based dete
tors. Several systems wouldbe dete
table by enhan
ed LIGO operating in the narrow-band 
on�guration. The asymme-try of a neutron star 
an o

ur in various ways su
h as 
rustal deformation, intense magneti
�elds not aligned with the rotation axis or the Chandrasekhar-Friedman-S
hutz instability.This instability is in fa
t driven by GW emission and 
onsists of strong hydrodynami
 wavesin the star's surfa
e layers. This phenomenon results in signi�
ant gravitational radiation.To dete
t sto
hasti
 ba
kground one needs a network of dete
tors, ideally say two dete
torspreferably identi
ally oriented and 
lose to one another. The sto
hasti
 ba
kground arises froma host of unresolved independent GW sour
es and 
an be 
hara
terised only in terms of itsstatisti
al properties. The strength of the sour
e is given by the quantity ΩGW(f) whi
h isde�ned as the energy-density of GW per unit logarithmi
 frequen
y interval divided by ρcritical,the energy density required to 
lose the Universe.The signal is extra
ted by 
ross-
orrelating the outputs from two di�erent dete
tors. Thedata analysis te
hnique is based on the premise that the signal in the two dete
tors is 
orrelatedwhile their noises are not. This situation demands opposing requirements: for a well 
orrelatedsignal, the dete
tors should be 
oaligned and nearby, while independen
e in the noise requiresthem to be geographi
ally well separated. Nevertheless, two kinds of data-analysis methodshave been proposed (i) a full-sky sear
h [8℄ - but this drasti
ally limits the bandwidth, (ii)a radiometri
 sear
h in whi
h the sky is s
anned pixel by pixel - sin
e a small part of thesky is sear
hed at a time, it allows for larger bandwidth, and more importantly in
ludes thebandwidth in whi
h the 
urrent dete
tors are most sensitive, thus potentially leading to alarge SNR [9℄. Moreover, with this method a detailed map of the sky is obtained.Apart from these sour
es, there 
an be burst sour
es of GW from mergers or explosions or
ollapses whi
h may or may not be seen ele
tromagneti
ally but nevertheless deserve attention.In this 
ase time-frequen
y methods are the appropriate methods whi
h look for ex
ess power13



in a given time-frequen
y box.6 The IndIGO proje
tThere is a twenty year old lega
y in GW data analysis at IUCAA, Pune and waveform mod-elling at RRI, Bangalore. This makes India an attra
tive partner for 
ollaborative proje
tsfrom the global point of view even when it means going experimental. This is be
ause severalof the students from these groups have returned to India and joined various institutions asfa
ulty. The 
ommunity for analysing the dete
tor data already exists in India. Re
ently, in2009, an Indian Initiative in Gravitational Wave Astronomy (IndIGO) has begun whose goalis to promote and foster gravitational wave astronomy in India and join in the worldwide questto observe gravitational waves. Apart from the data analysis this initiative in
ludes the allimportant experimental aspe
t. A

ordingly a modest beginning has been made by IndIGOwith TIFR, Mumbai approving a 3 metre prototype on whi
h Indian experimenters 
an get�rst hand experien
e and develop expert manpower. This proje
t has already been funded.An IndIGO 
onsortium has been formed with s
ientists from leading institutions whi
h in-
lude TIFR, RRCAT, RRI, IUCAA, few IISERs, few IITs, Delhi University and CMI, andalso in
luding s
ientists (mainly Indian) working abroad. In order to further this e�ort the�rst goal is to muster up su�
ient expert and skilled manpower whi
h will be able to laun
hthis a
tivity. It will mean India getting into this worldwide 
hallenging experiment.Sin
e the data analysis 
ommunity already exists, a high performan
e super
omputingfa
ility is being proposed by IUCAA in the 12th 5 year plan. This will also a
t as a data
entre and fa
ilitate the analysis of international GW data, spe
i�
ally LIGO-Virgo data.Su
h a prototype fa
ility already exists at IUCAA and will be enhan
ed in the future. Theproposal in the near future is to build an internationally 
ompetitive fa
ility.7 Con
lusionGW astronomy is now kno
king at our doors. The initial dete
tors have not only rea
hed theirpromised sensitivities but have surpassed them. The advan
ed dete
tors will start operatingin few years time and the era of gravitational wave astronomy would then have truly begun.From the astrophysi
al knowledge that we possess as of now, one should expe
t a fair rate ofgravitational wave events that one should be able to observe. An important re
ent proposalof the US is to build one of its dete
tors geographi
ally far from the US soil. A dete
torfar away and out of the plane of other dete
tors in US and Europe would greatly bene�t thesear
h of gravitational waves. One possibility is Australia given Australia's e�orts of obtaininga site near Perth and experimental expertise. The other possibility 
ould be India where adata analysing 
ommunity already exists. India has a 20 year old lega
y in gravitational wavedata analysis at IUCAA, Pune and wave form modelling at RRI, Bengaluru, and re
entlya three metre prototype dete
tor at T.I.F.R., Mumbai has been funded. Apart from thegroundbased dete
tors, there is also the prospe
t of the spa
e-based dete
tors su
h as LISAwhi
h will bring in important astrophysi
al information at low frequen
ies 
omplementing theground-based dete
tors. The future looks bright for GW astronomy.
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