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GRAVITATIONAL WAVES � NEW PERSPECTIVES�Marek BiesiadaDepartment of Astrophysi
s and Cosmology, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
e, Polande-mail: mb�imp.sosnowie
.pl(Re
eived O
tober 26, 1999)Laser interferometri
 experiments planned for 2002 will open up a newwindow onto the Universe. The �rst part of the paper gives a brief in-tuitive introdu
tion to gravity waves, dete
tion te
hniques and enumer-ation of main astrophysi
al sour
es and frequen
y bands to whi
h they
ontribute. Then two more spe
i�
 issues are dis
ussed 
on
erning 
os-mologi
al perspe
tives of gravity waves dete
tion. First one is the prob-lem of gravitational lensing of the signal from inspiralling NS�NS binaries.The magnitude of the so 
alled magni�
ation bias is estimated and foundnon-negligible for some quite realisti
 lens models, but strongly model-dependent. The se
ond problem is 
onne
ted with estimates of gala
ti
and extragala
ti
 parts of the sto
hasti
 ba
kground. The main 
on
lusionfrom these two examples is that in so far as the 
osmologi
al payo� of grav-itational wave dete
tion would be high, we should substantially deepen ourunderstanding of basi
 astrophysi
al properties of galaxies and their 
lus-ters (in terms of mass distribution) in order to draw 
lear 
osmologi
al
on
lusions.PACS numbers: 04.80.Nn, 04.30.Db, 97.80.�d, 98.80.Es1. Introdu
tionAs we are approa
hing the end of the XXth 
entury and think of 
hal-lenging problems with whi
h we enter the next millennium, we inevitablyen
ounter the issue of the gravity waves. The gravity waves are with usfor more than 80 years, we have an indire
t eviden
e of them (from the bi-nary pulsars [1℄) for about 25 years but we are still waiting for the dire
tdete
tion whi
h is expe
ted to take pla
e after 
a. 2002 [2℄ when the laserinterferometri
 experiments LIGO/VIRGO are s
heduled to start.� Presented at the XXIII International S
hool of Theoreti
al Physi
s�Re
ent Developments in Theory of Fundamental Intera
tions�, Ustro«, Poland,September 15�22, 1999. (3211)



3212 M. BiesiadaAlmost all information about the universe 
omes from the ele
tromag-neti
 waves � this is the standard window onto universe (slightly supple-mented by 
osmi
 rays and solar neutrinos). When 
lassi
al visual ele
tro-magneti
 window was enlarged in the sixties by the radio band a true rev-olution in modern astrophysi
s o

urred (just to re
all the dis
overy of the
osmi
 mi
rowave ba
kground radiation (CMBR), quasars or a
tive galax-ies). Therefore we have good reasons to expe
t that similar revolution willtake pla
e when the new window onto the universe � the gravitational oneopens up.It would be instru
tive to 
ompare main points of di�eren
e betweenele
tromagneti
 and gravitational waves [2℄.1. First of all ele
tromagneti
 waves propagate in spa
etime whereasgravitational waves are the disturban
es of the spa
etime itself � theripples on the spa
etime appearing to us as waves as our history intime unfolds.2. Almost all types of ele
tromagneti
 waves generated in astrophysi-
al setting are in
oherent superposition of emissions from individualatoms. Gravitational waves are supposed to be produ
ed as a resultof 
oherent bulk motions of huge amounts of mass-energy.3. Typi
al wavelength of ele
tromagneti
 waves are (mu
h) lower thantypi
al size of the sour
e � we 
an make pi
tures of the emittingobje
ts (geometri
 opti
s). On the other side, gravitational waveshave wavelengths typi
ally greater than the size of the sour
e. Hen
ewe 
annot make pi
tures out of them. In terms of everyday experien
ewe 
an say that information 
arried by gravitational waves is similarto that 
arried by sound. When this new window is open we will beable to �hear� �the inside� of violent astrophysi
al phenomena.4. Ele
tromagneti
 waves are easily s
attered or absorbed and qui
klythermalize in opaque environment. On the 
ontrary gravitationalwaves travel to us almost undistorted from the pla
e where they weregenerated.5. Frequen
y of typi
al astrophysi
al ele
tromagneti
 radiation begins atabout f � 107 Hz and extends 20 orders of magnitudes upwards.Gravitational waves begin at f � 104 Hz and extend about 20 ordersof magnitude downward.Already this short dis
ussion makes it 
lear that when dete
ted gravitationalwaves will give us information about astrophysi
al sour
es 
omplementaryto that obtainable from the ele
tromagneti
 waves.



Gravitational Waves � New Perspe
tives 3213The most obvious way to 
hara
terize gravitational waves is by meansof dimensionless amplitude (the wave strain at the dete
tor) [3℄ h = �LL ,where L is the separation between two �masses� � the elements of thedete
tor and �L is the 
hange of L due to gravitational wave. Another use-ful 
hara
teristi
 of the gravitational waves is the spe
tral omega fun
tion:
(f) = 1�
rit d�GWd(ln f) where �
rit = 3H208�G is the 
riti
al density of the Uni-verse, and the meaning of 
(f) is the fra
tion of 
losure density 
ontainedin gravitons per unit logarithmi
 frequen
y interval. The �rst indi
ator isusually employed to 
hara
terize individual sour
es, whereas the se
ond oneis more useful to 
hara
terize the ba
kground radiation and the 
onne
tionbetween these two 
hara
teristi
s is given by the following formula [3℄:h(f) = 1:3� 10�20h100p
(f)100 Hzf : (1)Hen
e if we have the ba
kground radiation in the band 50 Hz < f < 150 Hzwith 
 = 10�8; this means that the wave strain at the dete
tor would beh � 10�24:Gravitational wave dete
tors 
urrently being 
onstru
ted fall into two
ategories: resonant and interferometri
 dete
tors 1. The �rst group fol-lows the idea that in
oming gravitational wave should deform a very mas-sive metal blo
k driving its os
illatory normal modes whi
h 
ould then bedete
ted by piezoele
tri
 devi
es. In order to suppress thermal vibrationsof the atoms the dete
tor should be kept frozen in very low temperature(a few degrees Kelvin). Currently operating EXPLORER network 
omprise
ylindri
 dete
tors at Rome (Al), Louisiana (Al) and Perth (Nb) the work-ing temperature of these dete
tors is T = 3 K and the net sensitivity ish � 6 � 10�19: This network would have dete
ted a gravitational signalfrom the SN1987a had it been working at that time. Two more 
ylindri
dete
tors NAUTILUS in Rome and AURIGA in Legarno are under 
on-stru
tion. They are designed to work in T � 0:05 K and have sensitivityof h � 10�20: Another proje
t TIGA (Trun
ated I
osahedron GravitationalAntenna) assumes the 
onstru
tion of nearly spheri
al 100 ton resonant de-te
tor operating at T � 0:01�0:05 K with the sensitivity of h � 10�21:The most promising 
lass of dete
tors involves laser interferometry te
h-nique. The basi
 idea is to measure the mutual separation between two freelysuspended masses. Basi
 design is to have an L-shaped dete
tor where inthe 
orner as well as at the ends of the arms four heavy re�e
ting blo
ks aresuspended on vibration-isolated supports. Laser beam is inje
ted throughthe beam splitter in two perpendi
ular dire
tions forming a Fabry�Perrot1 For more detailed dis
ussion of dete
tion te
hniques see Thorne [2℄ or Finn [4℄.
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avity. It is a major advan
e of laser interferometry thatit makes possible to measure displa
ements as minute as �L � 10�16 
mConsequently in order to dete
t a wave strain with h � 10�21�10�22 oneought to have the arm's length of order of L � �L=h � 1�10 km Indeed theforth
oming laser experiments Ameri
an LIGO and Fren
h/Italian VIRGOhave arm's length L = 4 km and L = 3 km respe
tively. Two other proje
tsof this type: German GEO600 and Japanese TAMA300 have L = 600 mand L = 300 m respe
tively. LIGO/VIRGO type experiments will be sensi-tive for the gravitational waves at frequen
ies of 1�104 Hz. Lower frequen
yband: f � 10�4�1 Hz will be 
overed by laser interferometri
 spa
e exper-iment LISA planned for 
a. 2035 where the role of test masses would beplayed by satellites lo
ated 5�106 km apart in the verti
es of an equilateraltriangle.Astrophysi
ally and 
osmologi
ally interesting sour
es of gravitationalradiation split into four natural frequen
y bands:1. High Frequen
y (f � 1�104 Hz) in the s
ope of LIGO/VIRGO wherethe primary sour
es are: 
oales
ing NS�NS binaries, fast rotating pul-sars, supernovae and moderately massive (1�103 M�) bla
k holes;2. Low Frequen
y (f � 10�4 Hz) � band expe
ted to be probed by LISA,and the following sour
es 
ontributing to this band: massive bla
kholes, binary stars � ordinary, white dwarfs, NS and reli
 gravitons;3. Very Low Frequen
y band (f � 10�7�10�9 Hz) � sour
es: reli
 gravi-tons, early universe e�e
ts (
osmi
 strings, 
olliding topologi
al de-fe
ts), no dete
tor a
hievable in the foreseeable future, 
onstrained alittle bit by milise
ond pulsar timing;4. Extremely Low Frequen
y band (f � 10�15�10�18 Hz) � sour
e: reli
gravitons, no terrestrial dete
tor available, but CMBR 
an serve as anindire
t dete
tor. Espe
ially the measurements of CMBR polariza-tion, whi
h are a part of MAP and Plan
k missions 
reate great hopesfor separating s
alar and tensorial 
omponents of observed CMBRanisotropies [5℄.The signi�
an
e of reli
 gravitons for our understanding of the universe
an easily be appre
iated. It is perhaps not that obvious that inspirallingNS�NS binaries would also o�er a possibility to (independently) determineimportant 
osmologi
al parameters su
h like the Hubble 
onstant or de
el-eration parameter. In the rest of the paper we shall dis
uss in more detailedway some astrophysi
al aspe
ts of two above mentioned 
osmologi
al per-spe
tives.



Gravitational Waves � New Perspe
tives 32152. Cosmologi
al parameters from NS�NS inspiral 
atalogsIt was in 1986 when B. S
hutz �rst noti
ed that the (average) amplitudeof gravitational waves from NS�NS binary system is given by the followingformula [6℄: hhi = 10�23M2=3tot �f2=3100 r�1100 ; (2)where: Mtot and � are the total and redu
ed masses of the system, re-spe
tively, f100 is the frequen
y in units of 100 Hz, r100 is the distan
e in100 Mp
. On the other hand, the times
ale of the frequen
y drift of theinspiralling system reads:� = f_f = 7:8M�2=3tot ��1f�8=3100 se
: (3)This is a fortunate 
ir
umstan
e that (unknown a priori) masses of 
ompo-nents 
an be eliminated if one 
ombines two above formulae. In this wayone a
quires an opportunity to express the distan
e to the sour
e throughobservable quantities: r100 = 7:8f�1100(hh23i�)�1; (4)where by h23 we denoted an amplitude in the units of 10�23: The formula(4) whi
h means that distan
e to a merging binary is a dire
t observablequantity easy to obtain from the waveforms initiated the series of papersexploring an intriguing possibility of a

urate measurements of 
osmologi
alparameters su
h as the Hubble 
onstant, or de
eleration parameter [7�9℄. Itis worth noti
ing that again we en
ounter a substantial di�eren
e betweengravitational and ele
tromagneti
 windows. In the former 
ase it is notpossible to measure the distan
e to the sour
e dire
tly (ex
luding perhapsfew very nearby obje
ts having measurable parallaxes).It is 
lear that if we knew the distan
e and measured the redshift z ofthe parent galaxy we 
ould infer the Hubble 
onstant in an independentway. However, one immediately en
ounters a severe problem with poordire
tionality of gravitational wave dete
tors, whi
h for a single dete
tor
an be as large as a hemisphere and for a network of 3 or more dete
tors [9℄(separated by long distan
es) 
an be redu
ed to several degrees. Again there
an be thousands of potentially parent galaxies for the merging binary onone squared degree on the 
elestial sphere leaving little hope for reliableidenti�
ation of just one 
orre
t. Fortunately, Markovi
 [8℄ noti
ed thatobservable (from gravitational wave strains) quantities having dimensionsof [mass℄p s
ale like (1 + z)p: The masses of neutron stars apparently havesharp distribution peaked at 1:4 M� [10℄ and be
ause of stability reasons
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annot ex
eed the maximal value (a bit higher than 
a. 1:5 M�). Hen
ewhenever one reads �too large� a mass from the waveforms one 
an attributethis enhan
ement to the redshift e�e
t. In this way the redshift be
omes anobservable extra
ted from the waveforms. However, this extra
tion 
an onlybe of a statisti
al nature [7℄.2.1. Gravitational lensing e�e
t on gravitational waves frominspiralling binariesHaving in mind that inspiralling binaries observable by LIGO/VIRGOtype experiments are distant extragala
ti
 sour
es there exists a potentialpossibility that gravitational signal from them 
an be magni�ed by interven-ing 
lumps of matter a
ting as gravitational lenses. Be
ause of this e�e
t apart of su
h signal-to-noise limited sample would be drawn from a faintersour
e population, whi
h 
ould not otherwise be dete
ted had not they belensed. In the �rst estimate 
on
erning this e�e
t, Wang et al. [11℄ 
laimedthat an advan
ed LIGO experiment should see a few strongly lensed eventsper year. The optimisti
 predi
tion of Wang et al. [11℄ derives from theassumption that 
onsidered population of lenses 
an be modelled as 
om-pa
t S
hwarzs
hild lenses whi
h is in 
on�i
t with assumed geometri
 opti
sapproximation. In [12℄ it was shown that this estimate 
ould be signi�-
antly lowered if one 
onsidered the mixture of spiral and ellipti
al galaxiesmodelled as simple singular isothermal spheres in the role of lenses. Thisdis
repan
y illustrates the sensitive dependen
e of predi
tions on the lensmodel adapted. Here, as an illustration we shall 
onsider the population oflenses modelled as singular isothermal spheres (SIS) embedded into a sheetof matter [13℄. Su
h 
hoi
e of model is di
tated by observation that galax-ies do not o

ur in isolation but are members of 
lusters. Therefore, theyare immersed in an X-ray emitting gas and in the intra
luster dark matter.What follows is a sket
hy outline of main points � the details 
an be foundin a separate paper [14℄.Assuming �at Einstein�deSitter 
osmologi
al models we 
an parametrizethem by two quantities: 
0 and 
�; where 
0 denotes the 
urrent matterdensity as a fra
tion of 
riti
al density for 
losing the Universe, 
� is analo-gous fra
tion of 
riti
al density 
ontained in the 
osmologi
al 
onstant � andthese two sum up to the value one. The gravity wave dete
tor would registeronly those inspiral events for whi
h the signal-to-noise ratio ex
eeded 
er-tain threshold value �0 [7, 15℄ whi
h is estimated as �0 = 8: for LIGO-typedete
tors.Let us denote by _n0 the lo
al binary 
oales
ing rate per unit 
omovingvolume. One 
an use �the best guess� for lo
al rate density _n0 � 9:9 h10�8 Mp
�3yr�1 as inferred from the three observed binary pulsar systems
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tives 3217that will 
oales
e in less than a Hubble time [16℄.The relative orientation of the binary with respe
t to the dete
tor isdes
ribed by the fa
tor �. This 
omplex quantity 
annot be measured norassumed a priori. However, its probability density averaged over binariesand orientations P�(�) 
an be 
al
ulated [15℄.The rate dNdzs at whi
h we observe the inspiral events that originate inthe redshift interval [zs; zs + dzs℄ is given by [17℄:dNdzs = _n01 + zs 4�d2M ddzs dM (zs) C�(x) ; (5)where C�(x) = R1x P�(�)d� denotes the probability that given dete
torregisters inspiral event at redshift zs with � > �0; dM (zs) denotes the properdistan
e of the sour
e. Figure 1 shows the expe
ted dete
tion rate of inspi-ralling events for the 
osmologi
al models 
onsidered. It has been obtainedby numeri
al integration of the formula (5).
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Fig. 1. The dete
tion rate predi
tion for the advan
ed gravity wave dete
tors i.e.with signal�to�noise threshold �0 = 5: and probing distan
e r0 = 355Mp
.Di�erential lensing rate dNLdzs for distant gravity wave sour
es is given bydNLdzs = dNdzs �tot(�0; zs)4� ; (6)where dNdzs is the inspiral events rate like in the formula (5) (but withoutC�(x) fa
tor), �tot(�0; zs) is the total 
ross-se
tion of all lenses a�e
ting the
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e lo
ated in the redshift interval [zs; zs + dzs℄ by magnifying it morethan �0.Sin
e by assumption the galaxies are lensing masses, one 
an write:�tot(�0; zs) = zsZ0 dzl dVdzl 1Z0 �(�0; zl; zs; L) �(L)dL ; (7)where �(�0; zl; zs; L) is the 
ross-se
tion for a single galaxy, zl is the redshiftof the lens, V is the 
omoving volume, L denotes the luminosity and �(L)is galaxy luminosity fun
tion assumed to be S
he
hter fun
tion [17, 18℄:The elementary 
ross-se
tion �(�0; zl; zs; L) 
an be estimated as�(�0; zl; zs; L) = �r2
r ��(�0) (8)��(�0) is the dimensionless part of the 
ross-se
tion for magni�
ationlarger than �0; whi
h for the Singular Isothermal Sphere plus smooth sheetof matter reads [13℄: ��(�0) = 4�(1� �0)4�20 where �0 = �=�
rit is thefra
tion of proje
ted lens surfa
e mass density to the 
riti
al one (for detailssee [13℄); r
r denotes the outermost angular distan
e from the sour
e to thelens axis that produ
es multiple images. For our model r
r 
an be expressedby the line of sight velo
ity dispersion related to L via Tully�Fisher or Faber�Ja
kson relation (see [14℄).The signal�to�noise ratio for a lensed sour
e reads: �l(zs) = p�0 �(zs);where �0 is magni�
ation due to lensing, �(zs) is the signal�to�noise ratiofor unlensed sour
e at redshift zs ( [11℄). This formula shows that there mayexist sour
es for whi
h �(zs) < �0 but with �l(zs) > �0: It means that some(usually small) part of a �ux (signal�to�noise) limited survey is 
onstitutedby an intrinsi
ally fainter population, whi
h would not be dete
ted withoutlensing.Figure 2 shows the total lensing 
ross-se
tions as a fun
tion of z fordi�erent values of the Hubble 
onstant in the 
osmologi
al model 
 = 1:� = 0:It is evident that the lensing 
ross-se
tion �tot(z) for inspiral events hasnoti
eable dependen
e on h and it takes maximal values at moderate red-shifts of the sour
e zs � 0:5�1.5. This is totally 
onsistent with our modelassumption that galaxies are lenses. Fig. 3 displays the lensing rate for�0 = 0:5. Lensed events as originating at redshifts larger than average eventsin the 
atalog 
an be identi�ed by their observed 
hirp masses (higher thanthe average). It should be noti
ed that lensing rate strongly depends on the
osmologi
al model adopted. The e�e
t of the assumed lens model is evenmore pronoun
ed and is summarized on Fig. 4. The range of �0 is suggestedby empiri
al lens parameter estimation from lensed quasars [19℄.
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Fig. 3. The yearly lensing rate predi
tion for the gravitational inspiral events inthe model of SIS lens embedded in a sheet of matter with �0 = 0:5.Our results show that magni�
ation bias be
omes worth further 
onsid-eration sin
e it 
ould produ
e a systemati
 distortion of the 
atalogs 
reatedin order to make 
osmologi
al inferen
es [7,8℄. Moreover, yearly lensing rateas high as a few per year will add to gravitational wave astrophysi
s a new



3220 M. Biesiada

-5

-4

-3

-2

-1

0

1

2

3

4

5

0.4 0.5 0.6 0.7 0.8 0.9 1

lo
g(

N
_l

en
se

d)

h [100 km/s Mpc]

kappa=0.2
kappa=0.4
kappa=0.6
kappa=0.8
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e of the logarithm of the yearly lensing rate predi
tion forthe gravitational inspiral events as a fun
tion of �0. Note the strong dependen
eof lensing rate on the lens model.dimension of be
oming a tool for investigating the dark matter in the uni-verse. However, in order to fully appre
iate this 
osmologi
al perspe
tive weshould gain more 
on�den
e in our lens models whi
h is another 
hallengefor astrophysi
s.3. Astrophysi
al sto
hasti
 ba
kgroundAnother important theoreti
al payo� is expe
ted from su

essful dete
-tion of gravitational ba
kground radiation [20, 22℄. Its 
osmologi
al partwould 
arry almost undistorted information about very early stages of evo-lution of the Universe [21℄. By building up a pi
ture of the universe atabout 10�22 se
onds after big-bang it would lead to a progress in high en-ergy physi
s. Also a negative result i.e. a nondete
tion in frequen
y rangeswhere 
osmologi
al generation pro
esses are predi
ted to be dominant wouldbe important ingredient falsifying the underlying model assumptions, su
has spe
i�
 in�ationary s
enarios. However, the whole problem is 
ompli-
ated by the 
ompetition from astrophysi
al sour
es of gravitational ba
k-ground. This part of the ba
kground arises from an extremely large numberof individual, independent, un
orrelated astrophysi
al sour
es (like spinningneutron stars, 
lose binary systems). It is therefore important to build upan intuition of how to disentangle these substantially di�erent parts. Animportant observation on road to disentangle these two 
ompeting 
ontri-butions has been made by Postnov and Prokhorov [23℄. In parti
ular they
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tives 3221found that at frequen
ies higher than 0.07 Hz we do not expe
t unresolvedbinaries 
ontributing above rms LISA sensitivity. Hen
e the su

essful de-te
tion of gravitational ba
kground by LISA experiment in this frequen
yrange would reveal its 
osmologi
al origin.In this Se
tion we address the question of how a
tual (anisotropi
) distri-bution of gala
ti
 binary sour
es (lo
ated in the disk or halo) in�uen
es theproperties of the sto
hasti
 signal. Complementary dis
ussion of multipoleexpansion 
oe�
ients of anisotropi
 astrophysi
al gravitational ba
kground
an be found in [24℄.In the theory of gravity wave signal dete
tion [4℄ one distinguishes two
omponents in the dete
tor output s(t): s(t) = h(t) + n(t), where: h(t)represents the response to gravitational radiation and n(t) is the dete
tor'snoise. Suppose that we have two dete
tors (labeled by supers
ript 1 and 2)and we 
ross-
orrelate the signals:hs1; s2i := T=2Z�T=2 s1(t)s2(t)dt � hh1; h2i+ hn1; n2i
ross-
orrelation between gravitational ba
kground signals grows linearlywith observation time T [15, 20℄:hh1; h2i � j~h(f)j2 �f T � 
(f) �f T~h and ~n denote Fourier transformed h and n respe
tively, �f is the band-width. Noise behaves in slightly di�erent way (as a one dimensional randomwalk), i.e.: hn1; n2i � j~n(f)j2 p�f T :This means that minimal dete
table sto
hasti
 ba
kground has spe
tral den-sity 
min � j~n(f)j2p�f Tand longer observation time improves sensitivity of ba
kground dete
tion.The response to gravitational waves from an ensemble of unresolved bina-ries 
an be de
omposed into two polarization modes (plus and 
ross � h+(t)and h�(t) respe
tively): h(t) =PNi=1 F i+(t)hi+(t) + F i�hi�(t), where the ex-pansion 
oe�
ients F i+(t) and F i�(t) are beam-pattern fun
tions a

ountingfor a
tual orientation of the ith sour
e with respe
t to the dete
tor's arms.If we approximate the a
tual distribution of dis
rete unresolved sour
es by
ontinuous distribution N(r; �; �) (assuming the gala
ti
 referen
e frame)



3222 M. Biesiadathen after performing an average one ends up with the following formulahh2(t)i � 1Z0 �=2Z��=2 2�Z0 [F̂+;�(�; �)℄2N(r; �; �) 
os (�) dr d� d� : (9)As dis
ussed by Postnov and Prokhorov [23℄ the most signi�
ant fra
tionof binary sto
hasti
 signal in the LISA frequen
y band is formed by the merg-ing ordinary binary stars (in 
ontrast to NS�NS binaries � main sour
es forLIGO). The population of inspiraling 
lose binary systems 
omposed of 
om-pa
t obje
ts splits up in a natural way into Gala
ti
 and extragala
ti
 part.The �rst is 
onne
ted with the sour
es lo
ated in our Galaxy whi
h belongseither to disk or to the halo. The se
ond portion of sour
es is 
onstitutedby the binaries in other galaxies.Let us 
onsider the gala
ti
 sour
es �rst. One 
an estimate the spe
tralfun
tion 
GW(f) for the binary sto
hasti
 ba
kground as follows:
GW �
r
2 =Xi Li(f)4�
r2i ; (10)where L(f) is gravitational wave luminosity per unit logarithmi
 frequen
yinterval and the sum is performed over the ensemble of sour
es.We assume that the dominant energy losses are due to gravity wavesradiated away at frequen
y f (whi
h manifests itself as inspiraling of the
omponents). This assumption may not be true sin
e other evolutionarypro
esses like the mass ex
hange may in reality be leading ones. However,it is often (if not ex
lusively) en
ountered in the literature. The luminosityof a single sour
e reads [23℄�dEdt �GW = �dEdt �orb = 23Eorb _ff!GW ; (11)where Eorb = 12GM1M2a is the absolute value of the orbital energy of abinary system with the semimajor axis a 
omposed of stars with masses M1and M2; ( _f=f)orb denotes the orbital frequen
y 
hange due to gravity waveradiation. Using the Kepler's 3rd law one 
an express Eorb in terms of thefrequen
y f and the so 
alled 
hirp mass M = M2=5�3=5 where M is thetotal and � is the redu
ed mass of the system:Eorb = (�G)2=32 M5=3f2=3 : (12)
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tives 3223Consequently, the luminosity per unit logarithmi
 frequen
y interval reads:L(f) = 23Eorb(M; f)R ; (13)where R is the rate at whi
h the binary system enters the 
onsidered fre-quen
y interval. By analogy with [23℄ we assume that the systems aresweeping through the a

essible frequen
y band in su
h a manner that asteady state is maintained. Hen
e R equals the rate of binary mergers.For the white dwarf binaries (WD�WD) we assume R of order of 0.001yr�1 per galaxy and for the neutron-star binaries (NS�NS) R is of order of10�4�10�6 yr�1 per galaxy [23℄. In our further estimates we shall use some�typi
al� values of the gravity wave luminosity for given types of sour
es.The 
omparison of rates R indi
ates that WD�WD sour
es will dominatein Gala
ti
 sour
es whereas NS�NS 
ontribution to the ba
kground maybe
ome important in extragala
ti
 part.Let us 
onsider the disk population of WD�WD binaries. Following [25℄one 
an use a double exponential model for gala
ti
 diskN(r; z) = N02z0 exp��R�R0R
 � exp��jzjz0 � ; (14)where z is the distan
e from the Gala
ti
 plane, i.e. z = r sinb and r isthe distan
e to the sour
e, b is Gala
ti
 latitude, R denotes the distan
efrom the Gala
ti
 
enter to the sour
e, R0 � 7:5 kp
 is our distan
e tothe Gala
ti
 
enter. Another parameters in the formula (14) are following:N0 = 0:05 M�=p
3 � the density of stars in the vi
inity of the solar system,z0 = 0:3 kp
. is the disk height s
ale and R
 � 0:5 R0 is the halo 
oreradius [25℄.Introdu
ing an angle � between the sour
e and the Gala
ti
 
enter onehas R = (R20 + r2 � 2rR0 
os �)1=2: We are now able to write down anexpression for the spe
tral density distribution 
GW(f) 
ontributing fromthe disk sour
es:
diskGW(f) = (�
r
3)�1 L(f) DmaxZ0 dr �Z0 sin � d� �=2Z0 N(R(�); z) 
os b db= (�
r
3)�1 L(f)N0z0 R0Fdisk: (15)The behavior of Fdisk as a fun
tion of Dmax=R0 for double exponential diskmodel is shown in Fig. 5.
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Fig. 5. Geometri
 fa
tors in spe
tral omega fun
tion for Gala
ti
 sto
hasti
 grav-itational wave ba
kground � double exponential disk, luminous and dark matterhalo models.Assuming that the dete
tors are probing the distan
es larger than satu-ration values we arrive at the following estimate for the spe
tral density ofthe sto
hasti
 ba
kground:
diskGW(f) = 9:1 10�9 R100 �MM��5=3 � f10�3 Hz�2=3 : (16)The density of luminous halo obje
ts i.e. the ordinary stars is falling o�as R�3 where R is the distan
e from the Gala
ti
 
enter [26℄. In the 
aseof dark matter the density pro�le falls o� as R�2 [27℄. One 
an thereforemodel the density distribution in the following way:N(R) = N01 + � RR
�� ; (17)where R0 = 7:5 kp
 is the distan
e to the Gala
ti
 
enter, R
 � 0:5R0,� = 2 for luminous obje
ts and � = 3 for the dark matter. We assumeN0 = 0:01 M�=p
3 for luminous and N0 = 0:1 M�=p
3 for dark matterrespe
tively. Consequently introdu
ing an angle � between the sour
e andthe Gala
ti
 
enter one has R = (R20 + r2 � 2rR0 
os �)1=2 and the halo
ontribution to the 
(f) reads:
haloGW (f) = (2�
r
3)�1 L(f) DmaxZ0 dr �Z0 N(R(�)) sin � d�
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r
3)�1 L(f)N0R0Fhalo : (18)In Fig. 5 one 
an see the behaviour of Fhalo as a fun
tion of Dmax=R0 fortwo halo models: with � = 2: and � = 3: We see that the values of Fhalosaturate at distan
es Dlummax � 2R0 and Ddarkmax � 4R0 respe
tively. Assumingthat the dete
tors are probing the distan
es larger than saturation valueswe arrive at the following estimate for the spe
tral density of the sto
hasti
ba
kground (sum of luminous and dark matter 
ontributions):
haloGW (f) = 3:4 10�8 R100�MM��5=3 � f10�3 Hz�2=3 : (19)The above 
al
ulations substantiate this intuitively obvious 
on
lusion thatthe �nite extent of our Galaxy limits the spe
tral density of Gala
ti
 sto
has-ti
 ba
kground.The 
ontribution of extragala
ti
 binaries 
an be estimated in an analo-gous manner if we properly a

ount for non-Eu
lidean 
hara
ter of the spa
e-time in the 
osmi
 s
ale. First modi�
ation 
omes from the redshift e�e
t -the frequen
y f at the dete
tor 
orresponds to f 0 = f(1 + z) at the sour
e.The se
ond one is the distin
tion between three types of distan
es [28℄: theproper motion distan
e dM (z), the angular diameter distan
e dA(z) and theluminosity distan
e dL(z): So the sour
es inside the 
omoving volume dV (z)at redshift z 
ontribute�
r
2 d
GW(f) = L(f 0)4�
d2L(z) N(z)dV (z) ; (20)where N(z) is the density of galaxies, dL(z) is the luminosity distan
e 
or-responding to the redshift z: We negle
t the sour
e evolutionary e�e
tsN(z) = N0(1 + z)3 where N0 = 0:025h3Mp
�3 is the present lo
al valueof galaxy density [29℄. Now, let us note thatdV (z) = 4�d2M (z)d(dM (z)) = 4�d2M (z)d(dM (z))dz dz = 4�d2M (z) 
H0 dzD ;(21)where by D(z) we have denoted the following quantity:D(z) =p
0(1 + z)3 +
� =p(1 + z)2(1 +
0z)� z(2 + z)
� :Then by virtue of (20) and (13) we arrive at�
r
2 d
GW(f) = (�G)2=33 dH
 N0h�1100RM5=3f2=3 (1 + z)5=3 dzD(z) : (22)



3226 M. BiesiadaAssuming that the �rst sour
es 
apable of 
ontributing to the binary sto
has-ti
 signal have formed at redshifts z� we get
GW(f) = 1�
r
2 (�G)2=33 N0H0RM5=3f2=3 z�Z0 (1 + z)5=3D(z) dz : (23)Again the 
osmologi
al model assumed intervenes through the integralF
(z�) = z�Z0 (1 + z)5=3D(z) dz : (24)The values of this integral as a fun
tion of limiting redshift z� are shown onFig. 6. One 
an see a noti
eable dependen
e of this geometri
 fa
tor on the
osmologi
al 
onstant.
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Fig. 6. Geometri
 fa
tors in spe
tral omega fun
tion for extragala
ti
 sto
hasti
gravitational wave ba
kground. Noti
eable dependen
e on the 
osmologi
al 
on-stant 
an be seen.Final estimate of the spe
tral density of extragala
ti
 sto
hasti
 ba
k-ground reads:
GW(f) = 1:9 � 10�11 R100 �MM��5=3 � f10�3Hz�2=3 F
(z�)h�3100 : (25)Again from the formulae (16), (19) and (25) we see that geometri
 fa
tors(denoted by F with respe
tive supers
ripts) substantially in�uen
e the �nalestimate. Therefore our estimates depend 
ru
ially on our knowledge ofgala
ti
 mass distributions and on the 
osmologi
al model adapted.
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lusionsIf the sour
e estimates obtained within two last de
ades are approxi-mately 
orre
t then the planned for the near future (year 2002 or so) exper-iments will open up a new window onto the Universe. The perspe
tives ofgravitational wave observations are indeed fas
inating and go beyond study-ing the sour
es themselves but they o�er possibilities to gain informationabout the Universe as a whole. However, before we 
an fully appre
iate thiso�er 
on
erning distant (in spa
e and time) universe we should deepen ourunderstanding of the lo
al universe, espe
ially the distribution of mass ingalaxies and in their 
lusters. We demonstrated this 
laim in two exam-ples: the e�e
t of gravitational lensing on the inspiral NS�NS 
atalogs andon the astrophysi
al 
omponent of sto
hasti
 ba
kground. This 
on
lusion
an (philosophi
ally) be per
eived as another manifestation of the intimaterelation between the lo
al and the global having its deepest roots in self-
onsistent formulation of the theory of gravity (the intera
tion that shapesthe world in the largest s
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