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Abstract

On the basis of our cherished beliefs about the structure of the Universe and the theory of
gravitation, we derive theoretical upper limits on the strengths of the gravitational waves that
bathe the Earth. Separate limits are presented, as functions of frequency, for waves from
extragalactic sources and for waves from inside our own galaxy; and in each case, for discrete
sources (bursters, transient sources, and monochromatic sources) and for a stochastic back-
ground due to unresolved sources. An observation of gravitational waves exceeding these limits
would be disturbing (and exciting), since it would require a modification of one or more generally
accepted assumptions about the astrophysical universe or the nature of gravity.

1. Introduction

During the past two decades general relativity theory has had an
increasingly strong impact on astrophysics—first in the theory of quasars ;
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then in cosmology, pulsars, compact x-ray sources, and the search for black
holes. We hope for an even stronger impact in the future, when gravitational
waves open up a new “window” onto the Universe—a window in which
general relativity will play an absolutely essential role.

The efforts of experimenters to develop gravitational-wave detectors of
ever-increasing sensitivity have been described in a number of recent review
articles [1-47. As these efforts proceed, it is useful to have theoretical “bench-
marks” against which to gauge their progress. Such benchmarks are of three
major types. The first type, as sensitivities improve, are “nihil obstat” upper
limits on the strengths of the waves. An observation of waves above these
limits would overturn one or more cherished beliefs about either the structure
of the Universe or the physical laws governing gravitational radiation. Type- -
two benchmarks are at a level where the best estimates of plausible astro-
physical sources indicate that something should be seen. Observations at
these sensitivities are sure to give significant astronomical information; even
ifno waves are detected, many otherwise acceptable models will be eliminated.

.. Type-three benchmarks are the absolute minimum gravitational-wave
‘strengths consistent with other astronomical observations. A failure to see
waves below these limits would be as serious a matter as observations of
waves above the type-one limits; in either case, something is radically
wrong with the theory of gravitation or with conventional astrophysical
wisdom.

Type-two and type-three benchmarks have been reviewed in several
recent articles [5,6]. The purpose of this article is to set forth benchmarks of
the first type—“cherished-belief” upper limits on gravitational-wave

—strengths.

In Section II we list and discuss the cherished beliefs on which our limits
are based. In Section III we derive, from those cherished beliefs, upper limits
on the strength of any stochastic background of gravitational waves that

- Tnight bathe the Earth—both a limit on waves from unresolved sources in
our galaxy, and a limit on extragalactic waves. We also describe scenarios
that could lead to these upper limits. In Section IV we derive similar, upper
limits on waves from discrete sources including bursters, transient sources,
and monochromatic sources. Again there are separate upper limits for
sources in our own galaxy and extragalactic sources. For the case of broad-
band bursts, we also describe a scenario that could lead to the galactic upper
limits.

Throughout we shall restrict attention to gravitational-wave frequencies
in the domain of current experimental interest - 10"*Hz < f <10** Hz The
lower limit 10~* Hz is dictated by the technology of gravitational-wave
detectors [1-4]—in particular, the round-trip radio-wave travel time to
spacecraft at reasonable distances (e.g., Jupiter). The upper limit 10*# Hz is
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dictated by our cherished belief [5] that the only highly efficient sources of
gravitational wavesin the Universe today are objects near their Schwarzschild
radii—neutron stars and black holes of stellar mass and larger—and that
these objects cannot radiate significantly at frequencies above frayx = 10"* Hz.

The notation used in our discussion is summarized in the Appendix. A
more detailed discussion of each parameter is given at the point in the text
where it is first introduced.

s

II. Cherished Beliefs

The cherished beliefs, on which we base our limits, are of two types:
beliefs about the astrophysical structure of the Universe (Section II.A), and
beliefs about the physical laws governing gravitational radiation (Section

ILB).

A. The Structure of the Universe

Our first cherished belief is the cosmological principle that we do not live
in a special time or place in the Universe—except for being inside a local
density enhancement, the galaxy. The cosmological principle implies that,
on the average, sources of gravitational waves are no more luminous now
than they have been (and will be) for a Hubble time Ty = 1 x 10%° years, the
only time scale available. It also implies that the nearest source is at a typical
distance from us, neither fortuitously near nor far. (For objects of number
density n in Euclidean three-space, the mean distance to the nearest one is
0.55396 ... n~'3; over 90% of the time, the nearest is between 0.2n~ 13 and
0.9n~ /3. We shall use 0.5n~ 13 as the distance to the nearest source through-
out this paper.) '

Our next cherished belief is that there is no significant amount of “relict,”
primordial gravitational radiation bathing the Earth—more precisely, that
all the significant sources of gravitational waves are at cosmological red-
shifts z < 3. This is as much a simplifying assumption as a cherished belief:
Although semiplausible models of the early Universe give only modest
amounts of gravitational radiation [7,8] (amounts well below the upper
limits of this paper), we are so ignorant about the early Universe that it is
hard to place firm upper limits on the waves from there, except the obvious
limit that their total energy density not exceed by much the density required
to close the Universe. The closure limit will follow from our other cherished

beliefs without explicitly assuming it.
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The cosmological principle, plus the belief in “no primordial waves,”
allows us to approximate the Universe by a very simple model that is accurate
to within an order of magnitude in energies (a factor of three in gravitational-
wave amplitudes). In this model the expansion of the Universe is ignored,
space is regarded as Euclidean, the Universe is regarded as extending out-
ward from Earth in all directions to a Hubble distance Ry = ¢T;; = 1 x 1010
light years, within this distance the smeared-out mass density of potential -
grav1tat1onal-wave sources is regarded as constant and as equal to the

“closure density” p, = (c*/G)(3/8m)Rz? = 2 x 10729 g/cm?, and outside
Ry the density drops to zero (cosmological cutoff on sources). Our use of the
closure density for p, does not mean that we believe in this value, but rather
that this is a reasonable upper limit and will thus give rise to the largest
possible limits on gravitational-wave strengths. The galaxy we shall model as
a region of constant, enhanced mean mass density, pg =2 x 107 g/cm?
(no radial structure), and of spherical shape with radius R, = 60,000 light
years and with the Earth located (roughly) at its center. The numbers for our
galaxy take account of a now popular galactic halo with total mass M,
(47r/3)R3pg ~ 1 x 10'? M and radius R, ~ 60,000 light years [9-11].

Our third cherished belief is that wzthzn our galaxy no single, coherently
radiating object has mass in excess of M., ~ 108 My [12]. This is a very
generous upper limit. We make no assumption about the maximum mass of
extragalactic objects.

Our fourth cherished belief is that the dominant sources of gravitational
waves have no significant beaming of their radiation. In principle, strong
beaming can occur—e.g,, in waves from ultrarelativistic collisions of astro-
physical objects [13,14], in waves from sources with gravitational lens
properties [15,16], and in waves from carefully contrived directional anten-
nas [17]. However, we do not know of any type of hypothetical strong-
beaming source that-is likely to make up a significant fraction of the mass -
density of the galaxy or Universe. Moreover, our limits are fairly insensitive
to the no-beaming assumption: A simple geometrical analysis in flat space
shows that, if sources beam their energy into a solid angle Q < 4, and if the
Earth is located randomly relative to the beams, then the expected energy
flux from ‘the nearest visible object increases only as (Q/4m)~ /3, and the
expected total flux from all sources out to some fixed cutoff radius remains
constant. (On the other hand, as Lawrence [15], Misner [18], Jackson [16],
and others have argued, there could be an object at the center of our galaxy
that preferentially beams its radiation into the galactic plane where we lie.
Our no-beaming assumption rules this out.)

Our fifth cherished belief is that narrow band sources of gravitational
waves(Af < f) have their frequencies f distributed randomly over a bandwzdth

Af>f
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B. The Physical Laws Governing Gravitational Radiation

We take our cherished beliefs about gravitational-wave”‘theory from
general relativity, though most other relativistic theories of gravity would
lead to similar beliefs. Our beliefs are expressed in order-of-magnitude
form.

Consider a source of mass M, which radiates gravitational waves coher-
ently. (Examples: A pulsating star, a binary star system, two colliding black
holes.) If small parts of the source produce waves that superpose incoher-
ently, those parts must be regarded as separate sources. (Example: for the
thermal bremsstrahlung radiation produced by collisions of electrons and
ions inside the sun, the source is not the entire sun but rather a single colliding
electron-ion pair.) Let f be-a frequency at which the source radiates signifi-
cantly. Our first cherished belief is an upper limit on the frequency f, for a given
source mass M [5]:

¢*/G _ 30,000 Hz
M T MMy,

f =< (D
This limit corresponds to a belief that the characteristic time scale 2nf)-?
of the coherent waves must exceed the light-travel time across half the
Schwarzschild radius of the source GM/c3. This limit can be violated in
sources with significant beaming—e.g., sources with ultrarelativistic internal
velocities [13,14]; but we have ruled out such sources. We strongly doubt
that coherent, nonbeaming sources can violate this limit. For example,
typical events involving black holes (births, collisions, infall of matter)
produce waves of frequency f ~ 10,000 Hz (M/M o)~ ! [5,19-21], with a
very rapid falloff of intensity above f = 30,000 Hz (M/M o) L

In general relativity and other similar theories, a source with negligible
beaming gives rise predominantly to quadrupole radiation. The luminosity
of such a source is given by Einstein’s [22] quadrupole formula

1 (G [ 0%\
L_g(c_S)<j,Zk o )’

where the third time derivative of the quadrupole moment, expressed in
terms of the coherent source’s mass M, radius R, and frequency f, is

3

*F,
E;_k S MR*(2nf)® < 2nMfc2.

Here we have used the relation, for a coherent source,

(2nf R) =~ (internal velocity of source) < c.
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Combining these relations we obtain a cherished belief about the maximum
luminosity that a source of mass M and frequency f can produce

L< g(2erf)2 4 x 10%° erg/sec)( M >2<1 {Iz)z @)

Note that when f = fou = (¢*/G)(2nM)™ !, then L S Ly = /G =
(4 x 10°° erg/sec)—a limit which, so far as we know, was first suggested by
Dyson [23].

In our analysis we shall idealize our typical source as radiating gravita-
tional waves in a series of outbursts separated by quiescent periods. Let N
denote the total number of outbursts, 7. the mean duration of each outburst,
and L the average luminosity during each outburst. Our next cherished belief
is that, in the source’s entire lifetime, the total energy radiated cannot exceed

the total mass-energy Mc? of the source
NLt. < Mc?. -3

1In describing the gravitational waves arriving at_Earth we shall use, at
various times, four different measures of wave strength: First, in describing
waves from discrete sources we shall use a mean value h for the dimensionless
gravitational-wave amplitude at the frequency fin a bandwidth Af ~ f:

h =~ ([ @] + Tha@1H2.

Here the average { ) is over the time 7. that the source is on; and h,(t) and
h«(t) are the dimensionless amplitudes for the two orthogonal modes of
polarization, which for a source in the z direction determine the transverse-

traceless part of the metric perturbation via e -
hTT = h+(t - Z)[ex ® €. — ey ® ey] + hx(t - Z)[ex ® ey + ey ® ex]-

We presume that h, and h, have been sent through a bandpass filter of
frequency f and bandwidth Af =~ f. For mondchromatic waves, h(t) =
A, cos(2nft + ¢.) and h.(f) = A, cos2nft + ¢), our definition of h
gives h = [543 + A%)]"2. Second, for discrete sources we shall also use the
total flux of energy & at the frequency f and in the bandwidth Af ~ f We
shall assume (cherished belief!) the general relativistic relationship between

F and h:
cn o, erg f YV h \
=S I 22 o, .
G4 /7R 03 cm2sec/\1 Hz/ \1072° “)

Third, in describing stochastic background radiation, we shall use the energy
flux per unit frequency %, (flux density; erg/cm? sec Hz), which our cherished
beliefs imply will be independent of the orientation of our unit surface

Y
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area. Fourth, for the stochastic background we shall also use an amplitude
h(f) (dimensions Hz~*/2), which is defined in analogy with Eq. (4) by

CT erg £\ i 2
F = 2h2 — ] . 5
g G4 / <0 0 cm? sec Hz><1 Hz/ \10"2°Hz /2 (%)

The square of , roughly speaking, 1s the spectral density of the gravitational-
wave amplitude h(z). The stochastic background will produce in a broadband
gravitational-wave detector a spectral density of strain (Al/D)} = «h?, where
a is a-factor of order unity that depends on the detailed construction of the
detector.

In relating the strengths of the waves at earth to the luminosity L of a
source at distance r, we shall assume energy conservation (cherished belief )

—E“z, (6)

(773 —_
'/due to one source 47y

and we shall assume that gravitational waves propagate at the speed of light -

(cherished belief !).

III. Upper Limits on Stochastic Background

From the cherished beliefs of Section II, one can derive the upper limits
on a stochastic background of gravitational radiation shown in Fig. 1. In
Section ITI.A we explain the origin of the limit for extragalactic radlatlon in
Section ITI.B we explain the galactic limit.

A. Extragalactic Radiation

Consider a specific frequency f at which the background is strong, and let
Af be the bandwidth about f over which the specific flux #; is roughly con-
stant. For a background due to broadband sources, by definition of “broad-
band,” we have Af 2 f For a background due to superposed narrowband
sources, the last cherished belief of Section ILA (“frequencies distributed
randomly over a bandwidth 2 f”) implies Af 2 f Thus, in either case the
background is roughly constant over Af 2 f; but it can drop off fairly rapidly
at both ends of this band.

An upper limit on %;, for extragalactic background, follows from our
cherished beliefs that (i) the total energy radiated by all sources cannot
exceed the sum of the masses of those sources; and (ii) we do not live at a
special place or time, so that the total gravitational-wave energy must be
spread roughly uniformly over the entire Universe and the energy density at

T K A
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! 1 1 | L 1 L
10° 100 i .01 lon
- f (Hz) —

Fig.1 Upper limits on a stochastic background of gravitational radiation at Earth
[Egs. (7) and (8)]. The limit for radiation from sources in our galaxy is approximately the same as
the limit for extragalactic radiation. For notation, see Eq. (5) of text and associated discussion.

Earth must be roughly the same as the average energy density in the Unjverse.
These beliefs imply a total energy density in background radiation at Earth
less than or of order the total mass-energy density of the Universe:

( background ) _AFNf

S puct .

energy density/ ¢

(The factor 4 comes from integrating over all directions.) Combining this
with the bandwidth requirement Af 2 f, we obtain the limit

VA

1 [p,c? erg f\
T <~ ~ [ 100~——
I~y ( f ) cm? sec HZ) <1 Hz) ° (72)

which corresponds to a wave amplitude

YR < 6 x 1071°(f/1 Hz)™ ! (7b)

[cf. Eq. (5)]. These limits are shown in Fig. 1.
These extragalactic limits are widely accepted and often discussed in the
astrophysical literature (see, e.g. [24]).

!
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The upper limit (7) can be achieved, within the framework of our cherished
beliefs, in a variety of ways. For example, at any frequency f < 10,000 Hz the
following scenario is allowed, though not likely: Early in the evolution of the
Universe a sizable fraction of the Universe’s mass might have gone into black-
hole binary systems of mass M ~ (c*/G)(2nf)~!. Under the action of
gravitational radiation reaction, the holes in each binary will spiral together,
releasing a sizable fraction of their mass M in a final burst of broadband
radiation of frequency f and duration . ~ (2nf )~ 1. These bursts must be
randomly distributed over the volume of the Universe and over the Hubble
time, so that the average number of bursts occurring at any given time is

(4n/3)p, R s
N =~
- ’ M TH —_

(cf. relations in Section A of the Appendix). This is also the average number of
i bursts passing Earth at each moment of time; and these bursts give rise to
background radiation near the upper limit (7). ;

One can also achieve these upper limits by a superposition of many bursts
with lower individual intensities and longer individual durations.

| B. Galactic Radiation

For galactic background radiation, as for extragalactic, the bandwidth
over which %, is large must be Af 2 f. The radiation must be spread
roughly uniformly over the interior of the galaxy (“no special place?); s0-
that the ‘total radiation energy in the galaxy is (4%, Af X4n/3)(R3/c). This
radiation energy will escape from the galaxy in a time Ry/c and must be
replenished by source emission in that time. The total energy emitted during
the Hubble time Ty is thus (¢Ty/R,) x (total energy now in galaxy); and 1
this cannot exceed the total mass-energy of the galaxy (4n/3)R2p,c?. Com- '
bining these constraints we obtain the upper limit

1R, p,c? erg £ \!
] F. oS-~ 100
L I'~4 Ty cm? sec Hz (1 Hz) ~’ (8a)
which corresponds to a wave amplitude
fY2h <6 x 1071%(f/1 Hz)™ L. (8b)

Note that this is the same order-of-magnitude limit as we obtained for extra-
galactic radiation! It is the same by virtue of the coincidence (or is it a
coincidence?) that the closure density p, and Hubble distance Ry = cTyofthe




148 Mark Zimmermann and Kip S. Thorne

Universe, and the density pg and radius R, of the galaxy satisfy

RS
pu~ Pal g )

The upper limit (8) can be achieved, within the framework of our cherished
beliefs, by putting the bulk of the mass of our galaxy into objects of mass
~M [with M < (c*/G)2nf)~! and M S M, = 10° M], which radiate
away all their mass in bursts of mean frequency f, duration 7., and luminosity
L = Mc?*/w [with L S (G/c)2nMf)* and 7. S Ty]. The locations of these
obijects and the epoch of their emission must be randomly distributed through
the galaxy; so the number of “on” sources contributing to % at Earth at
any given time will be A >~ (M /M)(t,/Tyy) [where #” 2 1 so that experi-
menters will see a background rather than individual events]. The mass M

“and burst duration 7. can be chosen in accord with our cherished-belief
constraints (items in brackets above) so long as '

c3/G
>f. ~l—
f ~ fmm - (47t2Mmax TH

and thus for these frequencies our cherished beliefs cannot give any limit
tighter than (8). Note that f 2 f.;, includes all frequencies of experimental
interest. At lower frequencies, objects of mass M < M,,,, = 108 M, radia-
ting with luminosities L < (G/c)(2nMf )? cannot radiate away all their mass-
energy Mc? in a time 7. less than the age of the Universe Ty; and, conse-
quently, the maximum galactic flux density and wave amplitude are reduced
from the limit (8) to

1R, p,c*( f\* erg f '
7 < 1R [ FV?jqis , 1
i (fmi.,) cm? sec Hz \ fomm (102)

[R5 6 x 107°(f/1 H2) " }(f/ frun) = 6 x 1075, (10b). _

1/2 ,
) ~ 1 x 107! Hz; ). ..

for
S fon=1x 10" 11 Hz.

However, this range of frequencies is outside the domain of interest for the
present discussion (107* Hz < f < 107* Hz).

IV. Upper Limits on Waves from Discrete Sources

We turn now to gravitational waves from discrete (resolved) sources,
including broadband bursts (duration 7. ~1/2znf); transient sources
(1/2nf < 1. < %, where £ is the total observation time, i.e., the total time that
the experimenter searches for gravitational waves); and permanent sources
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10712
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(2'rrf*t;.)v2 h

| 1078

Fig. 2 Upper limits on discrete sources of gravitational waves [Eqs:(11)-(14). These
limits answer the following question: ** An Experimenter searches, with total observation time
1, for a discrete gravitational-wave event of duration t. < t at frequencies [ > 1/t. > 1/%
in a bandwidth A/~ /. What is the flux # and amplitude 4 [Eq. (4) and associated discussion]
of the strongest single event he can hope to see, within the constraints of our cherished beliefs?”

(1« £ T). The transient and permanent sources can be either broadband
(Af ~ f) or narrowband (Af < f). Our characterization of the waves by
their flux & and amplitude h pays no attention to the bandwidth of the
source. Since the experimenter can never know the total “on’time” . of the
source unless 7. < 7, and since our cherished beliefs allow stronger waves
the shorter is 7., we can restrict attention to the case 7. < T.

For discrete sources our upper limits answer the following question:
“An experimenter searches, with total observation , for a gravitational-wave
event of duration 7. < % at frequencies f > (2n7.)” ! in a bandwidth Af ~ f.
What is the flux # and amplitude & of the strongest single event he can hope
to see within the constraints of our cherished beliefs?” The upper limits that
answer this question are shown in Fig. 2. These limits are derived and dis-

cussed, for extragalactic sources, in Section IV.A, and for galactic sources in
Section IV.B.

A. Extragalactic Sources

Let the frequency f, event duration 7., and observation time 7 be given.
The waves will be strongest if the bulk of the mass of the Universe resides in

R

ik R

2

o
£
k3
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sources of some optimally chosen mass M [with M < (c*/G)(2rf)~ '], each
of which produces some optimal luminosity L during its “on time” 7. [where
L < (G/c)2nMf)?], and each of which has some optimal number N of “on
events” during the Hubble time T;; [with NLt. < Mc?].

The number density of sources is n =~ p,/M, and the probability that a
given source will turn on during the observation time % is P = N%/Ty.
Consequently, the nearest source that turns on during % is at a distance

1 1 [ MT\"
~ _ _1/3____ H .
r=z0P) Z(puNf) ’

and the flux produced at Earth by this nearest (and thus strongest) source is

2r3\1/3 2\ 2/3
g7=_____L _L(NL\P(p,t /_
477:7‘2 n M2 TH
This flux is maximized, subject to our cherished-belief constraints (brackets
above) by setting N = 1, M =~ (c*/G)(2nf)" !, and L ~ Mc?/t. [corre-

sponding to L =~ (2nft.)”(G/c)(2nMf)* < (G/c)2rnMf)*]. The resulting
upper limit is

& < 1 S \/pu2nft\*3
~ \2nfr. ) \nG*/? Ty

1 x 107 erg/em?sec\/ f \¥3/ % \?*
= 6 , (11a)
2nft. 1 Hz 10° sec

which corresponds to an amplitude

) < 2 x 10—16 f -2/3 f 1/3 (llb)
N ~ (@nfr.)'?* \1 Hz 10® sec/

The factors 2nft. are of order 1 for the most abrupt bursts; slower bursts are
constrained to contain the same total energy Mc? = 4nr®# 1. and so produce
a lower flux & oc 1/1..

B. Galactic Sources

Let the frequency f, event duration t., and observation time £ be given. At
sufficiently high frequencies an argument identical to that for extra-galactic
sources (Section I'V.A) gives the same answer, but with p, replaced by Pg:
It is optimal for the bulk of the mass of the galaxy to be put into objects of
mass M = (c*/G)(2nf)~ !, which radiate all their mass-energy Mc? in single
bursts of duration 1. and luminosity L = Mc?/7.. The strongest burst seen
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in time £ has flux & and amplitude h at the upper limit of the inequalities

e \[pg2nft\?*?
27‘Cf’t nG!/?3 T
(2 x 10"%erglem®sec\( f \*P( % /3
- 2nft. 1 Hz 10sec/

1 X 10—14 f -2/3 ,f 1/3
< S 12
o hs (2nfr)t? (1 Hz) (106 sec) (12b)

for f 2 f... (defined below).

As one moves to lower and lower frequencies, the_optimal scenario cor-
responds to the strongest event being farther and farther from Earth—at a

distance
1 MTH 1/3 _1 (C3/G)TH 1/3
=2\t ) T2 pe2mt -
Ultimately, at critical frequency

1 Ty _ SkHz
12 G M2~ (£/10° sec)’

~ the distance r has grown to the galactic radius R,. At frequencies f < fory,
r exceeds R, and our optimal scenario is no longer valid.

In the low-frequency regime f < f., it is optimal to have just one
emission event in the entire galaxy during the ebservation time %, with a
mean distance r ~ 3R,/4 and a luminosity L =~ (M, c?/t.)(%/Ty) so large that
the entire mass of the galaxy will be exhausted in the time Ty. These events
correspond to a flux and amplitude at the upper limit of the inequalities

F < 4 M,c*t _ (2% 10° ergjem® sec\( f £ ’ (142)
~ 9 R2Ty s 2nft. 1 Hz/\10° sec

(12a)

Sorie = (13)

B e s et b e e

2x 10715/ f \"U? 4 12
h< (27‘Cf’t-)1/2 (1 HZ> 106 sec fOI'f < fcrit- (14b)

Our cherished beliefs permit these events to be produced by objects of mass M
anywhere in the range

C3/G f -1 £
M < ~ 4 s
( 2nf ) MO( Forit 10° sec
Lw. M/t T
M= ~ L ~4M | ——
c? Tu O(106 sec)’

Mz (LY < (16 Mr)2~ 4Moq (f)'m ¢
~\2nf )\ G 2nft. 2nf Ty QRafe)t? \ fo 106 sec)’
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In this optimal scenario each source must experience N = Mc?/Lz. out-
bursts in its lifetime. As the frequency decreases far below f,, it ultimately
reaches a limiting value

' 3IGWM. 4 V2 A\ 1/2
fiim = [(27(:M/G))25.TTH] ~ (1 x 107° Hz)<%> (15)

at which our optimal scenario requires source masses in excess of M., =
108 M . Below this frequency the flux and amplitude limits (14) are no longer
valid; but this ultralow-frequency regime is outside our domain of interest
and we shall ignore it.

An attractive (albeit not highly likely) scenario for producing broadband
bursts, 7. ~ 1/f; at kilohertz frequencies, with amplitude h near the upper
limit (12b), (14b) is the following: It is fashionable to speculate [25] that
before galaxies formed, a sizable fraction of the mass of the Universe may
have condensed into massive stars (M ~ 2 to 20 M), conventionally called
stars of “Population IIL.” A significant fraction of these stars, like stars today,
might have formed in close binaries which produce, after the stars have
" exhausted their nuclear fuel (in At < 1 billion years), black-hole and/or
neutron-star binary systems. When our galaxy condensed out of the inter-
galactic medium, such binaries would have snuggled down around the
galaxy [26] to form a massive halo of the type for which there is strong
empirical evidence [9-11]. The orbital parameters of these compact binaries
in our halo could perfectly well be such that the mean time for the two stars
or holes to spiral together due to gravitational radiation reaction is of order
the Hubble time Tj. At the end of its inward spiral, such a binary will emit a
sizable fraction of its rest mass (~2-20%) in a broadband burst of gravita-
tional waves at kilohertz frequencies [20,27,28]. These bursts could be the
events of our optimal galactic scenario.

V. Discussion

It is interesting to compare the cherished-belief upper limits of Figs. 1 and
2 with the sensitivities of gravitational-wave detectors: past, present, and
future.
" The first-generation Weber-type bars (1968-1976) were capable of detect-
ing broadband bursts occurring once in T =~ 10° sec with frequencies
f =~ 1000 Hz and amplitudes h 2 3 x 10716, This sensitivity was a little
worse than our cherished-belief upper limits (Fig. 2), which explains why
theorists could account for Weber’s observed events [29] only by invoking
unconventional hypotheses (strong beaming by sources near the galactic
center [15,16,18]; or today being a very special time in the evolution of the

galaxy [30]).
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Second-generation detectors of the bar type and laser-interferometer type
(1980-1984) are designed to have sensitivities h ~ 10~ 8 for events occurring
once in T ~ 105 sec with frequencies f ~ 100-1000 Hz. Such sensitivities are
considerably better than our cherished-belief limits (Fig. 2). Thus, although
conventional scenarios do not predict waves at this level (sensitivity worse
than “type-two benchmarks”), a discovery of waves by second-generation
detectors is perfectly possible within the framework of our cherished beliefs.

At much lower frequencies, f ~ 10~? Hz, Doppler tracking of spacecraft
is being used to search for gravitational waves. The best sensitivities yet
achieved, using the Viking spacecraft [31], correspond to an rms noise level
B ~ 3 x 1071% and a sensitivity to £ = 10° sec bursts of h ~ 2 x 10713,
These sensitivities are slightly worse than our cherished-belief limits. How-
ever, future experiments using the Solar Polar spacecraft (1985) and improved
tracking technology are projected-to have amplitude sensitivities a factor
~ 10 better than Viking’s, and a proposed Solar Probe spacecraft (~1988)
might do a factor ~ 100 better [32]. Such sensitivities would be somewhat
better than our cherished-belief upper limits.

In conclusion, the technology of gravifational-wave detection is now
crossing over our cherished-belief benchmarks. Near-future experiments
will be in a realm where it is not irrational to hope for positive results!

Appendix : Notation
A. Parameters Describing the Structure of the Universe

Ty = Hubble time = I x 10'° years =3 x 10'7 sec
Ry = ¢T;; = Hubble radius = 1 x 10*° Iyr = 9 x 10?7 cm

2
3¢/ _ |« 107® Mo/lye?

8nRE
=2 x 107?° g/cm®
R, = galaxy radius = 6 x 10* lyr = 6 x 10?2 cm
M, = galaxymass = 1 x 10'2 Mgy =2 x 10*° ¢
p, = mean mass density of galaxy = 3M/4nR? = 0.001M o/ lyr?
=2 x 107?*g/cm?
M, = maximum mass 9f coherently radiating) _ 108 M
object in our galaxy

- p, = mean mass density of Universe =

B. Parameters Describing Gravitational-Wave Sources and
Their Radiation

M = mass of coherently radiating source
f = mean frequency emitted by source
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The question answered by this paper was posed to us by Ronald W. P. Drever and Ranier
Weiss. We thank them. :

Mark Zimmermann and Kip S. Thorne

L = luminosity of source (erg/sec) in “on” state
7. = “on” time for source; burst duration
N = number of “on” events during source’s lifetime

n = number density of sources
r = distance to nearest source

Parameters Describing Radiation Arriving at Earth

observation time; experiment duration

= flux of energy in gravitational waves (erg/cm? sec)

= amplitude of gravitational waves

= flux density of gravitational-wave background (erg/cm? sec Hz)

= square root of spectral density of amplitude of background
radiation (Hz™ !/?)

:""&& =5 Q‘S\ >
|

Acknowledgment

References

Tyson, J. A., and Giffard, R. P., Annu. Rev. Astron. Astrophys. 16, 521 (1978).
Braginsky, V. B., and Rudenko, V. N., Phys. Rep. 46, 165 (1978).

Douglass, D. H., and Braginsky, V. B., in ** General Relativity: an Einstein Centenary
Survey”’ (S. W. Hawking and W. Israel, eds.), p. 90. Cambridge Univ. Press, London and
New York, 1979.

Weiss, R., in **Sources of Gravitational Radiation™ (L. Smarr, ed.), p. 7. Cambridge
Univ. Press, London and New York, 1979. .

Thorne, K. S., in *“ Theoretical Principles in Astrophysics and Relativity”” (N. R. Lebovitz,
W. H. Reid, and P. O. Vandervoort, eds.), p. 149. Univ. of Chicago Press, Chicago,
Illinois, 1978.

Epstein, R., and Clark, J. P. A., in “Sources of Gravitational Radiation” (L. Smarr, ed.),
p. 477. Cambridge Univ. Press, London and New York, 1979.

Grishchuck, L. P., Pisma Zh. Eksp. Teor. 23, 326 (1976); Engl. transl. Sov. Phys.—
JETP Lett. 23, 293 (1976), and references therein.

Bertotti, B., and Carr, B. J., Astrophys. J., 236, 1000 (1980); also Carr, B. J., Astron.
Astrophys., in press.

Ostriker, J. P., and Peebles, P. J. E., Astrophys. J. 186, 467 (1973).

Bardeen, J., in “ Dynamics of Stellar Systems™ (A. Hayli, ed.), IAU Symposium No. 69,
p. 297. Reidel Publ., Dordrecht, Netherlands, 1975.

Toomre, A., Annu. Rev. Astron. Astrophys. 15, 437 (1977).

Oort, J. H., Annu. Rev. Astron. Astrophys. 15, 295 (1977).




e e e

o T R R

10.

(13]

[14]
(15]
(16]
(17]
(18]
(19]
[20]
[21]

(22]
[23]

[24]

(25]
(26]
(27

[28]
(29]
{30
(31]
(32]

The Gravitational Waves That Bathe the Earth 155

Misner, C. M., in “Ondes et radiations gravitationelles” (Y. Choquet-Bruhat, ed.),
Colloques Internationaux du CNRS No. 220, p. 145. CNRS, Paris, 1974 (and references
cited therein).

Kovacs, S. J., Jr., and Thorne, K. S., Astrophys. J. 224, 62 (1978).

Lawrence, J. K., Astrophys. J. 171, 483 (1971).

Jackson, J. C., Nature (London) 241, 513 (1973).

Press, W. H., Phys. Rev. D 15, 965 (1977).

Misner, C. W., Phys. Rev. Lett. 28,994 (1972).

Davis, M., Ruffini, R., Press, W. H., and Price, R. H., Phys. Rev. Lett. 27, 1466 (1971).
Detweiler, S. L., and Szedemts E., Ir., Astrophys. J. 231, 211 (1979).

Cunnmgham C.T., Price, R. H,, and Moncrief, V., Astrophys. J. 224, 643 (1978); Astro-
phys. J. 230, 870 (1979)

Einstein, A., Berl. Sitzungsber. p. 154 (1918).

Dyson, F.J.,in"' Interstellar Communication” (A. G. W. Cameron, ed.), p. 115. Benjamin,
Néw York, 1963.

Rees, M., in “Ondes et radiations gravitationelles” (Y. Chogquet-Bruhat, ed.), Colloques
Internationaux du CNRS No. 220, p. 203. CNRS, Paris, 1974.

Truran, J. W., and Cameron, A. G. W., Astrophys. Space Sci. 14, 179 (1971).

Gunn,J. E.; Astrophys. J. 218, 592 (1977).

Clark, J. P. A., van den Heuvel, E. P. J., and Sutantyo, W., Astron. Astrophys. 72, 120
(1979).

Detweiler, S. L., Astrophys. J. 225, 687 (1978).

Weber, J., Phys. Rev. Lett. 22, 1302 (1969); 24, 6 (1970).

Kafka, P., Nature (London) 226, 436 (1970).

Armstrong, J. W., Woo, R., and Estabrook, F. B., Astrophys’ J. 230, 570 (1979).
Estabrook, F. B., in “*A Close-Up of the Sun” (M. Neugebauer and R. W. Davies, eds.),
JPL 78-70, p. 441. Jet. Propul. Lab., Pasadena, California, 1978.

G S A i T e s




