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ABSTRACT

As an aternative view to the standard big bang cosmology, the quasi-steady-state cosmology
arguesthat the Universewas not created in asingle great explosion: it did not have abeginning,
nor will it ever cometo an end. The creation of new matter in the Universeisaregular feature
occurring through finite explosive events. Each creation event is called amini-bang, or amini-
creation event. Gravitational waves are expected to be generated as a result of any anisotropy
present in this process of creation. A mini-creation event that gjects matter in two oppositely
directed jets is thus a source of gravitational waves, which can in principle be detected by
laser interferometric detectors. In the present work we consider the gravitational waveforms
propagated by linear jets and then estimate the response of laser interferometric detectors such

asLIGO and LISA.
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1 INTRODUCTION

The quasi-steady-state cosmology (QSSC) was proposed and ex-
plored in a series of papers by Hoyle, Burbidge & Narlikar (1993,
1994ab, 1995) as a possible alternative to the standard big bang
cosmology. The QSSC is based on aMachian theory of gravity that
satisfies the Wey! postulate and the cosmological principle. The ef-
fective field equations are Einstein’s equations of general relativity
together with anegative cosmol ogical constant and atrace-free zero-
mass scalar field, yielding awide range of solutions for the spatial
sections of zero, positive and negative curvatures (Sachs, Narlikar
& Hoyle 1996).

Instead of asingle initia infinite explosion called the big bang,
the QSSC has a universe without a beginning, and its dynamical
behaviour is sustained by an endless chain of mini-bangs, better
known as mini-creation events (MCEs) randomly distributed over
space. The universe itself has along-term de-Sitter-type expansion
with a characteristic time-scale of ~10'? yr, along with short-term
oscillations of period ~50 Gyr. The oscillations respond in phase
to ‘on—off’ creation activity in MCEs, with matter being created
only in strong gravitational fields associated with dense aggregates
of matter. The typical MCE may explain the outpouring of matter
and radiation from awide range of extragalactic objects of varying
sizes ranging from supercluster-size mass, ~10' M), to masses
of the order of 10°-10° M« (Hoyle et a. 1993). The cosmology
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has offered alternative interpretations of phenomena such as the
microwave background, abundances of light nuclei, the m-z rela-
tion of high-redshift supernovae, etc. (Hoyle, Burbidge & Narlikar
2000; Narlikar, Vishwakarma & Burbidge 2002). It has also sug-
gested tests to distinguish it from the standard model (Narlikar &
Padmanabhan 2001). One such possibility is provided by
gravitational-wave astronomy.

Gravitational waves are expected to be generated if anisotropy
is present in an MCE. Das Gupta & Narlikar (1993) performed a
preliminary calculation relating the size and anisotropy of atypical
MCE tothefeasibility of itsbeing detected by L1 GO-type detectors.
Here we carry out a more refined study of MCEs in which matter
is gjected more like a jet. We must have a realistic model of the
detector noise n(t) to decide what information could be extracted
from gravitational waveforms. This noise might have both Gaus-
sian and non-Gaussian components but we will restrict ourselvesto
the statistical errors arising from Gaussian noise only. We can de-
scribe the remaining Gaussian noise by its spectral density S,(f),
where f is the frequency. The form of S,(f) of course depends on
the parameters of the detector.

Wefirst consider the cosmogony of the creation processthat leads
to the creation and g ection of matter. We show why the creation phe-
nomenon may have a non-isotropic character, with gjection taking
place along preferred directions. To measure its gravitational-wave
effect we cal culatethe gravitational amplitude generated by an MCE
of massM at acosmological distancer, and then comparethesignal-
to-noise ratio detectable by the ground-based laser interferometric
detectors of the LIGO (Laser Interferometric Gravitional Wave Ob-
servatory) and the advanced LIGO type within the frequency range
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10 to 1000 Hz with the signal-to-noise ratio detectable by the Laser
Interferometric Space Antenna (L1SA) within the frequency range
104t0 1071 Hz.

2 MATTER CREATION IN THE QSSC

The creation of matter in the QSSC proceeds via an exchange of
energy from a background reservoir of a scalar field C of negative
energy and stresses. Thedetailsof theprocesshavebeendescribedin
Hoyleet al. (2000) and papers on QSSC such asHoyleet al. (1995a)
and Sachs et a. (1996). We outline here the rel evant aspects of the
process that concerns us.

First, the basic particle to be created is the so-called Planck
particle, which has mass

/3hc

This particle itself is unstable on atime-scale of 10~®'s. It subse-
quently decays into baryons through a series of processes that are
currently discussed inthe GUTs — quark gluon plasma— baryons
in high-energy particle physics. However, it is the initia stage of
this sequence of events that concerns us here, viz. the location of
creation of Planck particles. Can creation take place anywhere? The
answer is‘no’. The process requires ahigh enough energy threshold
of the Cfield:

CC' =mc*, 2

where C; = 9C/dx', X' (i = 0, 1, 2, 3, x° time-like) being the
space-time coordinates.

The normal cosmological background of the C field isbelow this
threshold. Had the universe been homogeneous, there would have
been no creation of matter. However, the real Universe, although
smooth and homogeneous on a large-enough scale (so that it can
be described by the Robertson-Walker line element), has pockets
of strong gravitational field, such as occur in the neighbourhood
of collapsed massive objects, often dignified by the name *‘black
holes'.

We shall use the name ‘near black hole’ (NBH) to denote a col-
lapsed massive object whose size would be very slightly in excess
of that of its event horizon, if it were a Schwarzschild black hole.
Thus a spherical object of mass M would have aradius

2GM
o = 2

+e e<Kro ©)

In the neighbourhood of such an object, at a distance r from its
centre,

m¢?

1-(2GM/c?r)’
where m¢(< my) isthe background level of the C-field energy den-
sity. It isthus possible that at r sufficiently closeto r, the value of
CiC' crosses the creation threshold. This is when creation of mat-
ter would take place. Furthermore, because the creation of matter
is accompanied by the creation of the C field, the latter generates
negative stresses close to r = r o, which blow the created matter
outwards.

In the above example the creation is isotropic, and the resulting
disturbances will not generate gravitational waves. This situation
is, however, highly idesalized. The real massive object will not be
spherically symmetric, nor will the creation and expulsion of new
matter from it be isotropic about its centre.

Even the next stage of asymmetry is sufficient to generate gravi-
tational waves, namely that of a spinning collapsed massive object

CC = r > ro, 4

that is idealized as the Kerr black hole. The line element of the
external space-time for such ablack hole is given by

H)
ds? = %(dt —hsin?6 dg)? — y[(r2 +h?) dp —hdt]?

—%drz— 5 402, ©)

where

A=r2-2mr +h? X =r?+h?cos?9, (6)

and m = MG/c?, h = J/Mc, where M and J are respectively the
mass and angular momentum of the black hole. The Kerr black hole
has an outer horizon at

r.=m-+ m2 — h2, (7)
while the surface of revolution, given by

rs(9) = m+ y/m2 — h2cos? 6, (8)

is called the static limit. Between r . and rs is the region known
as the ergosphere, wherein matter is made to rotate in the same
direction as the spinning black hole.

Asin the case of the Schwarzschild black hole, the spinning col-
lapsed massive object here will simulate a NBH with spin, and its
exterior solution will be approximately given by the above equa-
tion (7). Here too we expect C;C' to be raised above the threshold
close to the horizon, because it is given by

[(r? + h?)(r? 4+ h?cos? ) + 2mrh2sin?4]
(r2+ h2cos?6)(rz — 2mr + h?)

It can be seen that the above expression is maximum at the poles
(6 =0, 7r) and minimum at the equator (¢ = 7t/2). Thusthe creation
threshold will beattained more easily at the pol esthan at the equator,
leading to preferential creation of matter there. However, because of
the property of the ergosphere of dragging any matter along with the
spinning mass, only matter created near the polar regions (6 = 0, )
will find itsway out asit isejected by the C field. In other words, we
expect created matter to find its way out along the polar directions
in the form of oppositely directed jets. Thisis the canonical source
of gravitational wavesin the QSSC.

A word of caution is needed in regards to the above argument.
We have assumed that, in the neighbourhood of atypical NBH, the
strength of the cosmological C field will be small. Thus we have
assumed that the Schwarzschild and Kerr solutions are not signifi-
cantly modified by the C field. Thisassumption can be checked only
by obtaining an exact solution of a NBH with the C field. We have
not carried out this (rather difficult, possibly impossible) exercise,
but have relied on approximations based on series expansions. In
any case, for the purpose of this paper we have given arationale for
expecting the simplest cosmological sources of gravitational waves
to be twin-jet systems spewing out newly created matter linearly in
opposite directions.

CC = 9)

3 GRAVITATIONAL RADIATION FROM
AN MCE

In the QSSC the created matter near a Kerr-like black hole moves
rapidly along the polar directionsin the form of oppositely directed
jets. Such an object isendowed with achanging quadrupol e moment,
causing the system to emit gravitational waves. In thefollowing we
estimate its amplitude.
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We set up a spherical polar coordinate system in which the jet is
expanding linearly with a speed u in the e—y direction, and con-
sider the z-direction to be the line of sight. The gravitational-wave
amplitude under the quadrupole approximation (a good approxi-
mation for a very long distance source) can be calculated from the
reduced-mass quadrupole moment of the source. The reduced-mass
quadrupole moment of a source is given by

Qij = / pdV <rirj — }&jrz) , (10)
v 3

where p isthe mass per unit volume. We assume that away from the
NBH the geometry is almost Euclidean.

The components of the gravitational-wave amplitude at the de-
tector at time't are given by

n-5[o (-]

where Ristheradia distance of the object from the detector. At the
sourcewe havethetimet, =t — R/c. Thetransverse tracel esscom-
ponents can be extracted from h;; through the projection operator
PP =50 — nPn, as

_ _ 1 _
hiT = P*Pjhy — 5P (P¥hy) . 12)

For gravitational waves propagating along the z-direction, n, =
(0,0, 1), the*+’ and the * x’ polarization components of the wave
are

H11 - I;22
hy =———*=

- 2
Wewill assume the radial velocity of the jet to be u, so that |ut o] «
R.

For atime to typical of the source, the three spatial coordinates
arer, = utpSinecosy, r, = utgsinesiny and rz = utycose.
The non-vanishing components of the symmetric mass quadrupole
moment (Q;;) tensor are

2 1
Qu = % (Sinze cos?  — §>

and h, = hy,. (13)

Q12 = % Sinzé sin21,h,

Qi = %SinZe cos,

Qx = @ (Sinze sin?y — })

3 3
Q23 = %S.nZG Sinw,
2 1
Qa3 = % (Cosze — §) , (29

where Qp = Mu?tg. The mass creation rateis M = Apu, where A
isthe area of thejet.
The two polarization components can be calculated as

h, (to) = henar SiN? € COS24,

hy (to) = henar SINP € SN2y, (15)
where
h 4GpAUtt,  4GMut

‘a T TTHR T R
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M u\2
~27x107 () (o)
8 (ZOOM@S—l) 0.8

-1
X( to )(i) , (16)
1000s 3Gpc

The MCE sweeps over the band of the detector from high to low
frequency. For LISA thelow end of the band istaken to be 10~ Hz,
which corresponds to about 10* s ~ afew hours. In this period the
LISA hardly changes orientation. Assuming a random distribution
and orientations of the M CEs, we perform appropriate averages over
the directions and orientations of the MCEs.
The angle-averaging of a quantity V is performed according to
1/2

1 27
(V)y = [Zr/ Vzdllf] :
0
1/2

(V)e = F/ vzsinsds} ,
2 0

1 27 7 1/2
Viey = | — VZ?s .
Mew [47[ /v;:o /E=o Snededw}

Thus,

1 .
(hi(to))y = (hy(to))y = —= Nerar SIN% €,

V2

(hy(to))e,y = (hi(to))e,y (17

2

= «/—1_5 hcha~

Before proceeding further we look at the overall stability of the
system under the energy loss suffered through gravitational waves.
An order-of-magnitude calculation indicates that the situation is as
follows.

Therate of emission of gravitational waves corresponding to (16)
aboveisgiven by

c3 aeMu?\’
Pow & ——a ——— | 4nR?, 18
ow 167:(3“( 'R ) " (18)

where« isadimensionless constant of order unity (see, for example,
Misner, Thorne & Wheeler 1973, pp. 975-1005). We compare this
with the rate of addition of kinetic energy to the system,

1.
Pee = EMu2. (19)

If thisratio Pgy : Pxe issmall compared with unity, the radiation
reaction will not slow down the source significantly. From (18) and
(19) we obtain

Pow . 8aGMu? GM ,
e e e )
where u = Bc. (Although we have taken 8 = 0.8 as atypical ex-
ample, the above Newtonian calculation will be within an order of
magnitude of the relativistic one.)

For M = 200Mg s and o ~ 1, we have n ~ 5 x 1073 In
short, from this simple-minded calculation the kinetic energy cre-
ated in the source well exceeds the energy radiated away. So by
this argument we do not expect the source dynamics to be affected
by the radiation process. However, a more detailed computation is
required to determine the effect of radiation reaction. This we do
not perform here, because our goal in thisinvestigation isto obtain
only order-of-magnitude results.
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Another aspect of the solution iswhether the quadrupole moment
formulaused in (10) issufficient to describe the scenario adequately.
Had the speed of the jet been small compared with ¢, i.e. 8 « 1,
we would have been certain of this. In the present case we have
taken B ~ 0.8, and so the implications need more careful attention.
It should be noted in this case that higher-order terms are extremely
complex to calculate. Given the approximate nature of our source
geometry such an exerciseis not worth the effort. Aswe are, at this
stage, interested in evaluating the order of magnitude of the overall
effect we can argueasfollows. For each extraorder, themagnitude of
the contribution is reduced by afactor 8. Thus multipoles of higher
order would contribute terms of order 8, 82, g3, etc., which do
not significantly modify the estimate given by thefirst (quadrupole)
term.

4 FOURIER TRANSFORM OF THE
GRAVITATIONAL-WAVE AMPLITUDE

Thetwo polarizationsof gravitational-waveamplitudethat wefound
in the earlier section have to be expressed in the limited frequency
space withinwhich the detector is supposed to be most sensitive. We
alsoredefineour zero of time astheinstant at which the gravitational
radiation first hits the observer.

The Fourier transforms of h . (to) and h, (to) are given by

h.(f)

/ . (to) exp (—2mifto) dito
MGU? 1 .,

e 21
R 1z S coS2y. (21)

Rt = [ (i) et do
MGUW 1 ., .

_ 2 22

iR 2 SN € sin2y. (22

Plots of h,(f) and h, () are shown in Fig. 1. Because the fre-

quency f appearsin the denominators of the above expressions, the

amplitude of the jet falls in inverse-square fashion as it expands.

This causes most of the wave energy to be concentrated in the low-

1. x10716

. x107Y7

[

h, () . h (f)

[

. x107%8

1. x107%°

0 0. 005 0.01
frequency (Hz)

0.015 0.02

Figure 1. The Fourier transform of the two polarizations of the wave in
units of Hz~1 are plotted here as afunction of frequency for aMCE jet with
M = 200 Mo s, R=c¢/2Hy (for hg = 0.65), andu = 0.8 c. Here e
~159 and v isaveraged over uniformly. The two components thus averaged
are of the same amplitude and hence they overlap.

frequency bin. It is thus worthwhile to analyse the detectability of
such a wave through a low-frequency detector such as LISA. We
will also compare the results with the magnitude detectable by a
high-frequency detector such as LIGO.

The 1/ f? dependence might suggest infrared divergence of this
formulaasf — 0. However, the assumed geometry and lifetime of
expansion of the source is finite, i.e. to is bounded above. At the
relativistic speed assumed here, the source would attain a size of
~200 kpc in atime of ~108 yr. If the source slows down, the time-
scale may be longer, typically ~108 yr. Thusinstead of f — 0 we
have f bounded below, and no divergence arises.

5 DETECTABILITY OF MCES BY LISA

5.1 Time-delay interferometry of LISA

LISA, thelaser interferometric space antenna, isaproposed mission
that will use coherent laser beams exchanged between threeidentical
spacecraft forming a giant equilateral triangle with each side 5 x
10% km to observe and detect low-frequency gravitational waves
from cosmic sources.

InLISA, six data streams arise from the exchange of |aser beams
between the three spacecraft. The sensitivity of LISA crucially de-
pends on the cancellation of the laser-frequency noise. Because of
the impossibility of achieving equal distances between the space-
craft, however, thelaser frequency cannot be exactly cancelled. Sev-
eral schemes have been proposed to combine the recorded datawith
suitable time delays corresponding to the three arm lengths of the
giant triangular interferometer. The idea of time-delayed data com-
bination scheme was proposed by the Jet Propulsion Laboratory
team (Armstrong, Eastabrook & Tinto 1999; Tinto & Armstrong
1999; Eastabrook, Tinto & Armstrong 2000). Dhurandhar, Nayak
& Vinet (2002) adopted an algebraic approach to this problem of
introducing time delays to cancel the laser-frequency noise based
on the modules over polynomial rings.

The data combinations that cancel the laser-frequency noise con-
sist of six suitably delayed data streams, the delays being integer
multiples of the light travel times between spacecraft, which can
be conveniently expressed in terms of polynomialsin the three de-
lay operators E;, E,, E3 corresponding to the light travel times
aong the three arms. The laser-noise cancellation condition puts
three constraints on the six polynomials of the delay operators cor-
responding to the six data streams. The problem therefore consists
of finding six-tuples of polynomialsthat satisfy the laser-noise can-
cellation constraints. These polynomial tuplesformamodule, called
the module of syzygies.

Given any elementary data streamsU', V', a general data com-
bination is alinear combination of these elementary data streams:

3
X =>_ pVH)+au'e), (23)

i=1
where p; and q; are polynomials in the time-delay operators
Ei,i = 1, 2, 3. Thus any data combination can be expressed as
a six-tuple polynomial ‘vector’ (pi, q;). For cancellation of laser-
frequency noise, only the polynomial vectors satisfying this con-
straint are allowed, and they form the module of syzygies men-
tioned above. While the laser-frequency noise and optical bench
motion noise can be cancelled by taking appropriate combinations
of the beams in the module of syzygies, the acceleration noise of
the proof masses and the shot noise cannot be cancelled out in the
scheme. These then form the bulk of the noise spectrum. The noise

© 2006 The Authors. Journal compilation © 2006 RAS, MNRAS 369, 89-96



power spectral density is also expressible in terms of the noise-
cancelling polynomials of the time-delay operators. The expression
for the noise spectrum will depend on the particular combination of
polynomials used.

In our analysiswe use the Michel son combinationto calculate the
response and the noise power spectral density. As shown in Nayak
et a. (2003), the Michelson combination has on average amost
as good a sensitivity as the optimized combinations. Because we
are interested here in order-of-magnitude estimates, the Michelson
combination is good enough for our purposes. Moreover, it iseasier
to calculate relevant quantities for the Michelson combination than
for other combinations.

5.2 Estimation of the signal-to-noiseratio of jetsin LISA

We choose a coordinate system in which the LISA configurationis
at rest and let the x-axis of the coordinate system be perpendicu-
lar to one of the LISA arm unit vectors (A, Ay, Az). The z-axisis
considered perpendicular to the plane of the LISA triangle. The unit
vector w connecting the origin and the source is parametrized by
the source angular location (6, ¢), so that

siné cos¢
w= | sndsng |, (29)
cos6

and the transverse plane is spanned by the unit transverse vectors 0

and ¢, defined by

.~ Ow N

0 = —_— =
3% ¢

1 ow
_— 25
sing 0¢ (25)

For the Michelson combination we have the following expres-
sions for the polynomials:
p={1-E%0E(E3-1)},
G = {1-E% Es(E{-1).0} . (26)
In the Fourier domain, E; = &%, where Q = 2nf is the angu-
lar frequency. The LISA arm vectors are given by r; = Lify (i =
1, 2, 3). However, for the purpose of calculation of the noise and
responseit is sufficient to consider al the L; to be equal, to L say.

The noise power spectral density as given by Bender et a. (2000)
for this combination is

Su = 16 Syt SIN? 27 L + Syoor(328n? 27 f L + 8sin?4nf L),
(27

where

Spot = 5.3 x 107# f2Hz 2,

Syroot = 2.5 x 1078 f 2 Hz ™1,

A plot of the noise power density Sy for the Michelson combina-
tion is shown in Fig. 2. Several sets of generators have been listed
in Dhurandhar et a. (2002). The response of LISA to a source is
expressiblefor agiven datacombination X intermsof itselementary
datastream U', V' asfollows:

Rx(2:6, ¢, ¢, ¥) = h(Qie, V)F (206, 9)
+h, (Qi e, Y)FL(2:0. 9), (28)
where F , , (R2) aretransfer functions that correspond to the combi-

nation X. These are functions of the source angular location and the
frequency. For different noise cancelling combinations (U, V),
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Figure2. Noise power spectral density Sy for the Michel son combination,
as afunction of frequency.

F. «(€2) will have different expressions. Below are quantities for
U4, V (the others are obtained by cyclic permutations):

d@ratly) ) =
Fupex = T [1—giotatind] g,
d@ratLa) ) =
Fuprx = R [1— eiotat-om] g (29)
where
Eip = (0-7)2— (- M)
£ = 20 - i) (- ). (30)

Inthe above, L; arethearm lengthsof LISA (i =1, 2, 3), wisthe
unit vector along the line of sight, and & and ¢ are the unit vectors
transverse to the line of sight.

The response of LISA to the Michelson combination is given by

3
Ru = Z[Pi(FVi;+h+ + Fuinchy) 4 ai(Fuit by + Fuinchy)l
i=1 (3D
where the polynomial functions p; and q; are for the Michelson
combination given in equation (26). The signal-to-noise ratio cor-
responding to a particular frequency, say f, is given by
|Rwml

SNR¢ = . (32)
INEY
The integrated signal-to-noise ratio is then given by
oo 1/2
IRm|?
SNR = |2 df . 33
2 ] )

Theresponse Ry isnow afunctionof €, v, 0, ¢ and thefrequency
f. Since the detector is omnidirectional, it will pick up al such
sources of various orientations and frequencies in its response. It
istherefore necessary to average the response over the orientations
of the source and the detector. The expression for the integrated
signal-to-noise ratio takes care of the frequency averaging.

We apply this model to a superluminal jet beaming towards us
at an angle of nearly 15° from a distance of about half the Hubble
distance and with a speed of nearly 80 per cent of the speed of light
in vacuum; that is, in this case, u = 0.8c,e = 15°, R = ¢/2H
(forhy = 0.65).

A plot of theresponse Ry of LISA for the Michel son combination
is shown in Fig. 3. We have implemented the response function



94 B.P.Sarmahetal.

Response (in 107'%)

6 (radian)
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Figure 3. Response Ry of LISA tothejet source at f = 1 mHz as afunction of the angular location (9, ¢) of the source for the Michelson combination.

given by Dhurandhar et a. (2002) and their proper angle averaging,
and calculated the signal-to-noise ratio as a function of frequency
and the integrated signal-to-noise ratio over the frequencies in the
LISA window. Because the sensitivity of the LISA window starts
‘bumping’ on the higher-frequency side, and also because the jet
source has a comparatively lower amplitude in this region and thus
contributes less to the integrated signal-to-noise ratio, we consider
a frequency range of 10742 x 1072 Hz for LISA sensitivity to
calculate the relevant quantities.

We therefore compute the suitably averaged signal-to-noiseratio
for the source at about 3Gpc. It is apparent that the signal-to-noise
ratio scales linearly with the mass creation rate as follows:

M
100Mp s > ’ (34)

This is also obvious from the expression for the gravitational-
wave amplitude. From this expression, the minimal mass creation
rate for which a source is just observable can be calculated. Here
we consider this ‘bare visibility’ value for the signal-to-noise ratio
to be 10. In this case, the mass creation rate turns out to be about
200Mg s

Although it is easier to compute the signal-to-noise ratio using
only the instrumental noise, aremark isin order here, because the
instrumental noisein LISA below 1 mHz is dominated by the ‘ con-
fusion’ noise from galactic binaries. These independent unresolved
sources form a stochastic background that stands above the instru-
mental noise. Since equation (34) only takesinto account the instru-
mental noisein LISA, the signal-to-noise ratio as calculated above
will degrade because the confusion noise will effectively raise the
noise floor at low frequencies. A recent calculation has been per-
formed by Edlund et al. (2005) of the galactic background noise
which shows that the previous estimates of this noise were overes-
timates, and that the level of the noise is a factor of 2 or more less
than was previously thought. Using this current result, we estimate
that the signal-to-noiseratio given in equation (34) will be degraded
by less than 10 per cent on account of the galactic confusion noise.
This, then, does not affect our order-of-magnitude estimate of the
signal-to-noiseratio.

The net gravitational-wave amplitude from an MCE, in thelinear
approximation, can be thought of as arising from the superposition
of gravitational wavesfromindividual fluid elements of the MCE. If
f isthe frequency of interest, coherent superposition of amplitudes
occursonly fromwithinaregion 2L of sizelessthan 0.51 = 0.5¢c/f.

SNR = 5.19 x <

For the LISA window (f; = 10~*to f, = 2 x 1072) Hz, we have

2Ly < = L3 <(25009)c,

c
2x 104Hz

Cc

Wy« — =
2% 3 2x102Hz

= L;<(1259¢c;

that is, towards the higher frequenciesthejet length limit issmaller,
and towards the lower-frequencies it is larger. This means, under
the linear approximation, that the gravitational-wave frequency in
the LISA window will carry information about the MCE during
which the jet acquires the above length limit. This length limit can
be converted to a time limit from knowledge of the velocity of
expansion of the jets. The corresponding time limit is

L L 2500c  125¢ .
L1 Lo _ (2006 1250 o 31005~ 52min;
( U u ) ( 0.8 0.80) ° > semin

that is, LISA observation of an MCE can look into the history
from 15 s after the birth of an MCE for a duration of about 52
min. However, LISA will be able to ‘see’ the jets for which the
mass creation rateis at least M = 200M ¢ s~*. This mass creation
rate is then converted to a single jet mass window of (1.56 x 103,
313 x 10°) Mg s

6 OBSERVATION OF MCES BY
A LIGO-TYPE DETECTOR

For the LIGO-type detectors, Wiener optimal filters q(t) are used.
These filters are defined by their Fourier transform (Thorne 1987;
Schutz 1991) as

h(f)
S(f)’
where S,( f) isthe power spectral density of the noisein the detector

and kisanormalization constant. For alaser interferometric detector
of advance LIGO type, S,(f) isgiven in thefollowing form:

acf) = (35)

00, f < 10Hz,

4
S(f) = SJ{(%) +2{1+(ff_22>]}, f > 10Hz (30
0
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where Sy = 3 x 107 Hz ! and f = 70 Hz (Cutler & Flanagan
1994%). The amount of detector noise determines the strength of
the weakest detectable signal. For a perfect frequency matching of
thefilterswith the signal, the cross-correl ation between the detector
outputs and the filter leads to a signal-to-noise ratio

TG
SNR_[Z/O 0 df} . (37)

We assume that the present detector is uniformly sensitivein the
frequency band f| =10Hzto f , = 1000 Hz andisblind everywhere
outside it. Then equation (16) reducesto the form

1/2

R _ Y2GMu o [ [* df =8
C3ct?PRSY? |, Rfe+2fgfA+ 0|

Computing the integral numerically, we obtain
GMu?
c*m2R

On choosing the following values,

c

r= T half theHubbledistance (for hg = 0.65),
0

SNR (3.76 x 10°°) Hz L. (39)

8
u= 1—8 = eight-tenthsof thevelocity of light,

M= M@, where k isaconstant and 7 is the proper
T

time measured in seconds, (40)
we obtain the following result:
M
SNR ~ 53 x 107* <—>
Mo

—53x 10 (g) . (41)

We next relate such valuesto actual situations, for which we need
to go back to the astrophysics of an MCE. We return to Section 2
to discuss further details of the typical MCE. The C field obeys
the wave equation with sources in the world points where particle
creation takes place (Hoyle et al. 1995a). So when matter is created
at apoint, the negative-energy C field tendsto escape outwards more
efficiently than the matter created, which has non-zero rest-mass.
Thusinitially the mass created addsto the existing massive object. It
isthistendency that leadsto the build-up of massive concentrations
of matter such as found in the nuclei of galaxies. However, as the
central mass grows and its gravitational field increases in strength,
the free escape of the C-field quantaisinhibited, and thisleadsto a
concentration of the field in the object. Since the field has negative
stress, theinterior of the collapsed object tends to become unstable.
With sufficient accumulation of C-field strength, it may break up
and cause some pieces to be thrown out with great speed. It wasthis
scenario that was envisaged in Section 2, and, as stated there, if the
collapsed object isanear-Kerr black hole, it will g ect material along
the axis. Although the material is coming out of a region of high
gravitational redshift, its ejection speed can be even more dominant
and allow it to come out with high speed. The situation is somewhat
like the classical white hole (see for example Narlikar, Apparao &
Dadhich 1974), except that in this case the C field is the driving
agent, preventing the outgoing material from being swamped by the

1 Because we are only interested in the order-of-magnitude estimate, this
noise curve suffices.
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relativeinward motion of the surrounding material, thus overcoming
an objection to white holes envisaged by Eardley (1974). In such a
case, the early expansion is very rapid, with the external observer
receiving radiation that is highly blueshifted. The blueshift does not
last long, however, and the expansion subsequently slows down.

Finally, we address an important issue relating to the expected
frequency of these events. If mass concentrations in the universe
aretoo frequent, then there may be a confusion background of such
events, making it impossible to detect single sources. If we confine
our attentionto radio sources, wemay estimatetheir total number out
to 3 Gpc to be about a few times 10%; this is the distance to which
the signal-to-noise ratio ~10 or greater on average. This number
can be arrived at by taking one radio galaxy per 100 Mpc® or one
per few hundred Mpc3. A characteristic time-scale for a source is
~10® yr. As we have seen, however, the present specifications of
the LISA detector allow observation of a source for atypical time-
window of ~3 x 10° s. The chance of observing a given source is
therefore 3 x 10° s/108 yr ~10?, Thetotal probability istherefore
afew times 10% x 1072 ~ afew times 10~*. Thus the observation
of MCE in a characteristic time-window is a fairly rare one and
certainly not one to generate noise. Given that there are 3 x 107/3
x 10° ~ 10* such windows per year, we expect oneto afew positive
detectionsby LISA over ayear. We would like to point out here that
these numbers are only approximate, because a detailed calculation
should take into account effects such as the non-Euclidean nature
of the specific cosmological model, etc. Nevertheless, the numbers
indicate that MCEs could be detected by LISA during its mission
period.

7 CONCLUSIONS

Gravitational waves could be generated in a chain of endless mini-
bangs if there is a small anisotropy present in the process. An
anisotropic MCE is the biggest source of gravitational waves. The
calculations we performed here show that a laser interferometric
detector of the LI SA type can be used to detect through awindow of
low-frequency range 10~ Hzto 2 x 10~2 Hz for aduration of about
52 min. In this duration, LISA will be able see ‘jets' for which the
mass creation rateis at least 200M o s~1. Ontheother hand, alaser
interferometric detector of the advance L1GO type can be used to
detect the M CEs, which opensits window of high-frequency range
10 to 10° Hz for a very short duration of the order of 102 s, and
inthisduration it observes ‘jets for which the mass creation rateis
2 x 10*M@ s It appears from this elementary analysis that the
LISA detector iswell suited to detecting M CEsthrough their gravi-
tational waves, while the LIGO may have aless sensitive, marginal
roleto play.
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