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An analysis is given of the mechanism whereby collapsed stars in the galactic nucleus will emit gravitational
radiation when they pass each other. Estimates are obtained for the annual number of encounters such that a
pulse of gravitational radiation with a given spectrum might be observable,

INTRODUCTION

In a 1964 analysis of the evolution of a globular cluster
with allowance for relativistic effects, one of the present
authors in collaboration with Podurets!»? emphasized that
gravitational radiation could play a substantial role in the
overall balance.

Interest in gravitational radiation rose sharply after
Weber's reports that pulses had been observed coming
from the galactic nucleus.*® Recent experiments by
Braginskii et al.” and Tyson® have not supported Weber's
finding. Even earlier, a detailed theoretical analysis
showed that the sensitivity of Weber's equipment would
require_radiation of up to (10-100) Mo c? in each event,
with as many as 10° events annually. Both the charac-
teristics of the individual events and the total energy loss
during the life of our galaxy appear to conflict with the
astronomical data. %10

A natural question arises: What pulses of gravita-
tional radiation may be expected, and what instrumental
sensitivity should be achieved for one to have a reasonable
chance of recording radiation from these noteworthy pro-
cesses, which are undoubtedly taking place?

Suppose that at the galactic center there is a cluster
consisting of N = 10°n superdense stars (neutron stars or
black holes), all of the same mass M = mMo. Denote the
average ("virial") radius of the cluster by R =3-10! r
cm = 0,1 r pc, Binary-star formation will take place in
this cluster, accompanied by graviational radiation, until
the pair of stars merge together, Gravitational radiation
will also be emitted when two stars pass each other at a
close distance?) without forming a bound system,

The cluster parameters should be selected so as to
~ satisfy the condition of a sufficiently long lifetime for the
cluster, atleast10® yr,

The presence of dense nuclei in many galaxies proves
the longevity of the nuclei. An indirect confirmation is
provided by the comparatively low activity of the nucleus
of our own galaxy in the electromagnetic spectrum, There
is no reason to believe that the nucleus is currently in
some transient special phase., In principle, the central
portions of quasars would presumably have a more rapid
evolution (~10° yr), but the distances of quasars are so

great that little of their graviational radiation would reach

us,

With the longevity mentioned, the number of pairs
that are formed would be no more than n per year, The

binary-formation events should yield comparatively strong? .

but very rare pulses of gravitational radiation. It would
hardly be possible or feasible to plan an experiment for
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detecting events of random occurrence with a frequency
of roughly one event per year. Close passages of two
stars will occur more often, however, if a larger flyby
distance is admitted,

Thus in principle, by appropriately specifying the
sensitivity and frequency characteristics of the apparatus,
one could adjust matters so as to record events taking
place sufficiently often,

We shall give estimates below that can serve as a
basis for instrumental design, -All these estimates are
rough ones, neglecting the radial distribution of stars.

As the gravitational radiation varies, there will be a cor-
responding change in the cluster longevity, but for a given
longevity the error should presumably be no more than a
factor of 2-3, In a disk-shaped cluster the relative ve-

-locities of the stars would be lower, an effect that may

partially be compensated by the higher number density
of the stars,

The customary methods for attempting to detect gravi-
tational radiation involve a resonance determination of a '
periodic wave, In the case of nonperiodic pulses, these
methods will determine the spectral density A, of the ra-
diation, a quantity measured in units of 1 erg-cm=2. Hz~!
(see Braginskii, Zel'dovich, and Rudenko,!! where the in-
troduction of A, is substantiated in detail).

For a given pulse or "event," this quantity will be a
function of frequency. Note that Ap is independent of time
and does not contain time in its dimensions? ([ergs - ecm=2%-
Hz'l], pot [erg- cm™2. Hz L. sec~1]), as is natural because
A, refers to a single event.“) One condition for using Ay
is that the pulse spectrum should be sufficiently broad,
wider than the resonance reception band, For the pulses |
of interest to us resulting from the flyby of two stars, this
condition will always be satisfied,

a1
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Fig, 1. Schematic behavior of the gravitational-radiation spectrum result-
ing from close passages of two collapsed stars, Ay, spectral radiation den-
sity; v, frequency; vy, & U/t ¥y s ¢/ rgﬂ‘; (Uad)y > (U by >(Uab)ye
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The radiation spectrum for an individual flyby will ticle, while as the attraction they would be balanced by
have the form shown in Fig, 1, The maximum A, will be the internal forces of the charge.
reachet? at a charyacte1:1st1c frequency vy of the orfier ?f Clearly, then, the field contribution toS TixdV will be
the reciprocal of the time spent by the stars at their min- 2
of the same order as GM¥r, or at closest approach, as

imum distance of approach: vy = rl'n‘u . In the Newtonian 3 e X
approximation all quantities are readily expressed in GMY/b (the electr1_c field analog is Mf(?/rz),

terms of the encounter parameters at infinite distance, In this first case the Tji for the particles will be
namely, the velocity u., and the impact parameter b: greater than the field value. But no radiation will be
emitted if Tj; is constant, Let us consider the differ-
GM V GM \* . ence in Tji for the particles at t = —« and t = +, If the
Un = bu., + (E:) T st motion has taken place along the x axis, then Txy =0 at
bu., t =—o, but
I‘m=—dm—, ‘V,,.N‘um‘rm-‘. .
|7 dV=2Mu,,Au=zMu.,i—f' : %Jil <

The encounters actually may be divided quite sharply
into two categories. For a given velocity u,, we shall ex-

amine these two types, first for large and then for smallb. att = +eo.

o ‘ . The field value of j Txy Will be of the same order, so
RAD FR A DISTA LYB X ’
1. IATION FROM A DISTANT F Y that the complete curve wﬂ?lr have the form shown in Fig,

Ifb > by = 2GM/u%, the encounter will be weak one, 2¢.
with the trajectory deflected by a small angle, Then upy, ~
Ueos I'y ®~ b, and ¥y & U /b, so that the maximum fre-
quency in this situation will be ~ u},/2GM = 10%%/m sec™!,
where 8 =u,/c. For g% w 10-3 the frequency will be v ~
1-3 sec™!,

To a first approximation such a curve may be rep~
resented by the function 6 = [§(t)dt, corresponding to a
spectrum of the form hjk(w) ~ const/w, But the energy
density of the radiation is of the order of (c%/167G) h%k(w) .

: Hence a step in hik, thatis, hjk{w) ~w-!, will yield a flat ra-
o A flat ;pectruﬂ may ];ill.le be adtoptedfas :‘; approx;- diation spectrum hj () ~w'as far as the falloff in Ay for
mation., The exact form of the spectrum for this case has sy ove). . o GIMY/ eThiT 2 .
been calculated by Ruffini and Wheeler!? (see also Ap- cm_zrf‘H(zs_eﬁ ?Eoi‘;elhegl;zt:‘;::t:zytﬁ: g alcii\;liéf:nferie;gs -

pendix 1), independent of the velocity u,.

In the right-hand member of the equation For the first limiting case there is a single spectrum

i of unified form with b and u, the only parameters, For a

G
1, 0hy = 8"“ (Ta—"/:64T) range of b and for specified g = u../¢, the spectra have
¢ the behavior!? shown in Fig. 3.
the tensor Tji consists of two parts: the contribution At the limit b ~ by of the range of impact parameters
. we have considered, A, ~ 2.5-10%8* ergs - cm™2 . Hz™! for
Muuud (r—14(£) ) +Mattottnd (r—14(2) ) m =1 and L =10 kpe (vpy; ~ 1-3 sec™!, as already men-

joned); if g%~ 1073 2.5-1073 .om™2.Hz-!,
from the two moving particles, and the contribution from tioned); if 5%~ » Ay ® ergs-cm™ - Hz

the pseudotensor expressing the gravitational force be- The occurrence frequency of such events can be es-
tween the particles. If the particles were charged, we timated from the customary relation
would have to form the Maxwellian attraction tensor

EjEx — 1/2E26ik, and representing the field by E; + E,, dis- N2

card the terms EjE,k, for the terms E} and E} already Plevents/yr] ~3:40" 5 b ~ 0.5
occur as the energy in the observed mass of a single par-

n'lz m'ln ‘
r': ”

Finally, for radiation of frequency v £ 3n¥m¥2r=%/2 the
frequency of events? with given v is

. 7.-2‘] a W particles .
2 Ve P 5ol hm ey,
14 -
~dLEldy
2
b 4 Ey av) field
” Fig, 2, Time dependence of: a) the Bf————— o — 1
contribution of the particles to [Txy- : , |
STydv dV; b) the contribution of the field to : ‘ ™~ i
A JTxy 4V; c) the complete integral PSS N i\H
¢ JTxydv. A Z 7 P
” Fig. 3. Gravitational-radiation spectrum for distant passages of two stars:2 ¢
spectral density dAE/dv of the radiation in units of 64G*M?*/5¢° as a func-
tion of the angular frequency ¥ in units of Bc/b,
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For given v, the quantity P depends on A, in the fol-
| lowing manner, on a logarithmic scale. The number of
events® for which the radiation density lies within the
range between Ay/Ve and AyVe is equal to

rntm* 2.5-10"*n*m‘/r*

10—
Plevents/yr]=~0.45—;
r: A, '

~ /33 a2 f
0.4mrr .(_A )

v

for 2,5:107 m’rv?/n < A, < 2,5-1073 m*n?/r?, and P = 0
for Ay < 2.5-107* m3rv¥/n,

2. RADIATION FROM A CLOSE FLYBY

Let us turn now to the other limiting case, where the
impact parameter b corresponds to a strong deflection,
but with Newtonian theory sti]l_ applicable:

b >b>rcft..

If we here consider only flyby encounters and not
captures as a lower limit, we will have a critical value
be, which, when gravitational radiation is taken into ac-
count, is given13 by the expression

bczﬁ-.hr‘.

Parabolic motion is approached at the limit; the ve-
locity at infinity may be neglected, The maximum fre-
quency and the radiation at the maximum frequency de-
pend only on the periastron distance ry,, which in turn
is determined by the moment u,b but not by b and u,
separately. As before, high-frequency radiation falls off
exponentially, ~exp(—2v/vy). To establish the low-fre-
quency radiation one must consider the asymptotic be-
havior of Tji as t — £«. It is readily shown that Tjx ~
[t]~%3 for parabolic motion, whence we obtain hik(w) =
Sle coswtdt ~w~Y3; accordingly, hik(w) ~ w¥? and A(w) ~
w¥3, For parabolic motion this part of the spectrum does
not depend on the moment. The total power { A(w)dw =
constw;{f does depend on the moment, since Z)m ~ (Ugob) 73,
Figure 1 illustrates the behavior of the frequency spec-
trum for several values of the parameter u,b. For exact
calculations, see Appendix 1,

Thus every parabolic flyby will produce radiation of
the same spectral density, The total number of events
with a given flux is proportional to the mumber of colli-
sions with an impact parameter b smaller than some val-
ue required for a given frequency.

As an estimate for the spectral density in the case of
parabolic motion we have

m
Wlergs] ~ J‘W, dva20G M ey,
[

It is of interest to compare this spectral density with
the value for gradual infall along an orbit:

E=—‘/:—Gr£‘-, 0= (ﬂ-{)%,

(otb) ~ dE
A r

——2x,
w. To k1

E=—1/,GV"'M"a"s W?Ib) ~GIM ",

W?'b)

f = w. ~ O,ZSG_’,’MSI'Cs‘\)'s/’zO.S (Vmax/v)shv

v

where
Ve [rg=10% (M/M,) .

Hence the ratio of the orbital to the flyby spectral density
at frequency v is equal to

F20.8(10°/v)*lm="",

One should recognize that these estimates refer to
the spectral density averaged over all angles. Sincequad-
rupole radiation is emitted, the recorded density may
vary with the angle by a factor of order 2,

Table 1 gives some numerical estimates, affording
a comparison between the properties of radiation in the
flyby and orbital modes.

Curiously enough, in the case of a rotating black hole
near which the metric is described by the Kerr solution,
an amplification of the gravitational waves will be induced
by the rotational energy of the black hole,!%!® As a con-
sequence, highly stable circular orbits could exist, and
radiative viscosity would be absent during motion along
such orbits,!® However, such processes would not play
a major role in our present problem, All these effects
would in fact be possible if the mass of the black hole is
significantly greater than the mass of the object in the
circular orbit. In such an event, either the mass of the
black hole would be large, say 10° Mo (the radiation would
then be emitted at very low frequencies), or the mass of
the rotating object would be small (the lowmass body
then might be neither a black hole nor a neutron star,
and would therefore be disrupted by tidal forces at con-
siderably greater orbital distances than those at which
the effects mentioned above occur).

We shall now estimate the frequency of events for the
case of parabolic motion, that is, for 30¥?mY2r-32< v <
10°m=¥n¥/ 'fr""/ T, The spectral density is given by

/s B 3 p5
Ay [ergs»cm‘z-Hz‘i]: W”z ~ 4G Mz i v,
4nL L A=2-10'm s (v/105) s, v<vp,
V0.5 (2GM)*(1..b) —*, A~e>lm,  y>,

TABLE 1

ALY 102 5.102 108 5.108 104

vilyby 2 17 44 3.8-10° 9.6-10?

(1obdmax 1017 5.8-1016 4.6-101 26-101 24.10t
Ayorb 1.6-10° 9.3-10¢ 7.35-104 — —
Torb 7-406 24108 1.5.108 — -

Comparativé parameters of gravitational radiation in the orbiral and flyby modes.

Dimensions: »[Hz}]; Ay [ergss cm=2- Hz 15 ugb Lem? fsecl; torb [eml.
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The frequency of maximum radiation is
V=25 - 10°m n="r"% (b[rg,) =

At a given frequency v, encounters with b< by,,x contri-
bute, where

buax10"mVer'n =" (v/10°) .

For the occurrence frequency of events in the parabolic
case we obtain

P [events/yr] ~10-‘n*milr":(v/10°) ="

(per unit logarithmic interval).

Numerical estimates for both of the types of flyby
discussed above are displayed in Fig. 4.

3. ESTIMATES FOR A CLUSTER AND
THE ROLE OF LOW-MASS BODIES

All the estimates obtained above refer to a globular
cluster in which the mean velocity vanishes at every
point, and the rms collisional velocity is of the same or-
der as the virial value,

If the cluster evolution time is considered to be suf-
ficiently long, we will thereby be restricting the range of
characteristic cluster parameters (see Appendix 2), which
in turn will limit the frequency of events.

Let us ascertain whether collisions between neutron
stars would be a source of gravitational radiation, For
T ® 10% cm and Uy, & ¢/2, which corresponds to b «
1/2rm6‘1, the frequency of direct collisions will be

Plevents/yr] ~10-*n"r—*m-".

If an energy of about 0.05Moc? ~ 10% ergs is released
in each such event in the form of electromagnetic radia~
tion, then the average radiation emitted each second will
be

|

—Z

Log {4y /107%)

Fig. 4. 1) Spectral density of gravitational radiation from the galactic
center in a flyby as a function of the reception frequency (logarithmic
scales), I, II) Maximum and minimum possible Ay, respectively, in a
distant flyby; III) A, for "parabolic* close encounters, 2) Curves of con-
stant occurrence frequency, P events/yr. The diagram refers to the case
r=0,1, m=1,n=1, corresponding to T ~ 2-10% yr,
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Wiergs/secl~4-10"r%r—"tm=".

In the case r =~ 1, this quantity is nearly equal to the
upper estimate on the radiant power at the galactic center
(2 10* ergs/sec); furthermore, the occurrence of highly
powerful but very rare flares would be in conflict with
observation,

For r = 0.1 there is an even sharper contradiction to
the observations: W would be. 10° times as great as the
upper estimate for the power of electromagnetic radia~
tion at the galactic center.

The model would therefore work only for 10° n col-
lapsars (black holes, but not neutron stars),

Since the frequency of events will increase with N,
the question arises as to the possible role of low-mass
objects (m « Mp), which might be extremely numerous
without making any appreciable contribution to the total
mass of the galactic nucleus, and thus without affecting
its lifetime.

However, the graviational radiation of such objects

would be very small [¢ (M/ Me)*Moc?] and would be emitted
at exceptionally low frequencies.

For objects with a mass much smaller than Mo, the
density p ~ 1-10 g/cm?, and the periastron of the flyby
trajectory could not be smaller than the size of the pass-
ing body (otherwise only a small portion of the mass of
that body would be radiated). Therefore we have

M\ % M\
V<V.~,."‘~"(G—) é(Gp]—u—) ~ (10-4,t0 40?) (——) Hz.
m m

rm®

This restriction on the frequency does not hold for bodies
that are retained by nongravitational forces and whose
mass is very small:

m{M,<<10~*. to 10-** 3

in this case we have
m\? M\ GPM /3
4,5210° (—— (_ Ll
*(7) () (Gom)
. m s M ‘2
~ 440~ (_ =
) (i)

As for the radiation of small masses with a gradual
infall along a circular orbit,” in this case a more strin-
gent limit canbe imposed on the frequency of the radiation,
on the basis of the condition that the body not be disrupted
by tidal forces (otherwise the body would spread out along

the orbit and the quadrupole moment would be greatly di-
minished).

If the body is self-gravitating, then
v (Gp) "~10-* to 10-*Hz.

But if the body can withstand fragmentation by its own
elasticity, then

- v<10-te" (Mo/m) p~e,
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where o < 10% kg/cm? is the tensile strength of the solid
body, so that

V10" (M o/ m) ™

“The directivity of the radiation should also be taken
into account, For this purpose we may use an approxi-
mate expression for the radiation per unit solid angle
emitted at an angle 6 relative to the normal to the plane
of motion: Ay(9) = 2.5A,f(9), where for a distant en-
counter f(f) ~ 1 — smze + Y/;sin%, while for a close en-
counter f(6)~ 1 —sin?6 + 1/4sm 0 (an average has here
been taken over angles in the plane of motion).

Evidently in the distant-encounter case the radiation
in the plane of motion is nearly an order of magnitude
smaller than in the perpendicular direction, In the second,
"parabolic," case, the angular dependence is less strong

"(a behavior consistent with the attractive forces asso-

ciated with the gravitational interaection of two masses).

But even if the galactic nucleus comprises a highly
flattened disk, nevertheless in order for the motion both
before and after an encounter to remain in the galactic
plane the impact parameter must be far smaller than the
thickness of the disk. This situation would correspond to
extremely low gravitational-radiation frequencies, much
lower than 1 Hz.

Accordingly, the event occurrence frequencies that
we have given ought to be "smeared out,"” and a whole
range of spectral densities Ay(9) should be observed, since
the planes of motion of star pairs will form a random angle
to the line of sight.

4. NONRESONANCE RECEPTION OF
GRAVITATIONAL WAVES BY
MEANS OF FREE BODIES

As we have been interested in the spectral properties
of the radiation, a resonance system for detecting grav-
itational waves has been considered. However, another,
nonresonance, type of detector is possible, consisting of
two noninteracting bodies (such as satellites).

. Figure 2 shows that the value of hji after the en-
counter of two objects differs from the value before the
encounter, As a result the distance between a pair of
free bodies should change, and in principle this effect
might possibly serve as a nonresonance detector,

For a flyby with an impact parameter b, the relative
change in the separation of 4 pair of free bodies will be

ﬂ‘
Al/l=b/L

W‘P(Q,%e ,9'),

where ¥(6, 9,0, ¢') is a function of order unity allowing
for the mutual orientation of the planes of motion of the
radiating masses and the detector,

For the distant-encounter case, we have

In the second, "parabolic," case, we have
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Alfi~b/Lp Y

The maximum value of Al/I is in fact reached for b ~
b; = rg/p?, and is equal to

Al y T, 2
(), gz pmsson oy

One should note that although the distance between
the free bodies will change, their relative velocity will
actually become vanishingly small as the flyby event con-
cludes. Indeed, Al ~ hi while Av ~ hl, but after the en-
counter K = 0, since a gravitational-wave energy flux pro-
portional to K? will then be absent. Thus in particular it
would not be possible to have a stochastic acceleration
process for the free bodies under the action of random grav-
itational waves radiated when various masses passby each
other. Rees!’ has suggested such a process for long-wave
gravitational radiation of cosmological origin,

The authors are grateful to V. B, Braginskii for for-
mulating the problem of small bodies and for his continu-
ing interest in the investigation,

APPENDIX 1

GRAVITATIONAL-RADIATION SPECTRUM
FOR A SINGLE FLYBY

Consider a pair of attracting masses in relative hy-
perbolic motion. We shall confine attention to the non-
relativistic case, but no restrictions will be placed on the
mass ratio of the two bodies.

In the system of the center of mass, the motion is
parametrically described!®:!® by

r=a(echf-1), wot= (e sh {—1L),

where

G(M,+Mz) e _ Vi o (_) _
umz
is the eccentricity of the hyperbola, and wj = c/rgﬁa.

By straightferward calculation one obtains the fol-
lowing expressions for the Fourier components of the
first derivatives with respect to time of the quadrupole-
moment tensor Daﬁ = u(3xaxﬁ— 6aﬁr2.) (here u is the re-
duced mass): :

D (@) = 3@5"_6_3 [H(l) (i) — 1&""_—_&&1{@ (iﬁ)],

. —_— 2
Dyy(@) = 2}11:)“0)0 262 —3 [ H-(l) (iev) — 2(6

—U % feH L w (EB’V)]
e 3
— 2raT00 (1)
Dzz (@) = B [{i‘;' (‘3"),

. Buai et —1 .~ 2 __q
Dy (@) =L“m_ﬁ’]/ £t [Hil%. (i) — & -

FeH L (ie’G)] ;
7 =w/ wy, and the H(l) (ISV) are the Hankel functions of the

first kind.

Case 1 (¢ > 1), This case corresponds to a hyper-
bola differing insignificantly from a straight line, that is,
to the distant-encounter mode.

The asymptotic behavior of the Hankel function in this
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case follows at once from its integral representation:

o«
SEY. (j6v) = iV(E-sshE) ¢ ;
mHi,;.(rev)_ S 3 a3

—00

(A1)

for e > 1, esinhé>> £, and

]
inH (igv) = 5 ¢S R = imHD v,

similarly, H{J(ie¥) ~ H{(iv"), with

Wy
v = /0 ® ——.
B

For v'« 1 we shall use the standard asymptotic ex-
pression!® for the zeroth Hankel function:

@ 2 %
iy (i)™ —ln—r,
nooy

where the natural logarithm of y =1,781... is Euler's
constant; then

wy 2
B vy - —.
v

In this case ﬁxx(w) N ﬁyy(w) = f)zz(w) ~ V! 1n(2/yv') ap-
proaches zero as v'— 0, whereas

T 42patioe? T
Dy(0)—+ — e —12ip (—L) 2,
ew? b

46 |Dy(w)|?
45¢% 4nl?

Tg0

2
Ay=274, = ~2540°mt (-b-—) )

In the other limiting case, v'> 1, we have
Hg”(i'v’);v e~

so that Ay ~ e~2V',
Case 2 (¢~ 1), Here the motion is almost parabolic,

For v « 1 the main contribution to the integral (A1)
comes from large £, and we may set I-l(i}j),(iﬁ's) ~ H(()i)(i%),
so that for ¥ « 1 the preceding asymptotic expression,
leading to a constant, is valid.

The frequency range v > 1 is, however, the most in-
teresting one for the parabolic-motion case. We express
the Hankel functions in terms of MacDonald functions:

H?);. (o) — & € —1)"K,, [%’(eﬂ—i)’/’] .

n V3

2“',5 @ —1) Ky, [g @ — 4)'/'] )

Hf%l (ve) = —
Then using the asymptotic expression for the MacDonald
functions,

20—1T ()
Ku(y)= o AN
yll

)
Ku(y)= V—-— ey, g,
2y
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we readily find that ¥(? — 1)¥2 « 1 is equivalent to v « -
U/ Ty, The main contribution comes from the diagonal
components of Dy, and we have

[Dap () 1228-6%:I2 (1/s) p2atasiv's

Ay%2:10°m' " (v/10%) Vs,

APPENDIX 2

RELATION BETWEEN PARAMETERS OF
THE GALACTIC NUCLEUS AND ITS
LIFETIME

If the virial velocities are sufficiently high and the
nucleus is composed of superdense stars, the lifetime
will be determined by gravitational captures,? With gra-
vitational radiation neglected, a necessary condition for
this situation is

Ueo | ?
(—) = 16.10-3,
c
Let us now compare the characteristic evolutiontimes
Tes Te due to captures and to evaporation from the nucleus,
after correction for gravitational radiations!?

N Uoo
— e,
()=
3

i/t =

nR?
G2~ Y1 mirge? (= /¢) ~""",

1 mn
— 25 0.6-10~22 (B oo /) ~""/1 — ;
Te r

1 m2n
— = 0.45-10%# (Bo/c) 3 —ra- .

e

Thus 1/7¢ < 1 /74 for (u,/c)?* > 10-3, that is, for mn/r 1.

~ In particular, we have

T 751019, =174 ~8/14, 3144 sec,

" 1m7.5.401 m-1/21/28/2 sec;

For T~ 7o > 3-10 sec, r > 3-10 2m!V/31n¥/3,

Hm=n=r=1,7~25102yr;ifmrn~landr»~
0.1, 7~ 17.10° yr; while f mmn~landr ~ 0,03, 7~ 1"
10° yr.

Evidently, then, in the cases of greatest interest,
those with small r (where events occur with considerable
frequency), the lifetime will be determined by captures.

DAt 1AU Symposium No, 64 (Walsaw, 1973), such an encounter was called
a "flyby."”

2}These events would be more powerful than flyby encounters but neverthe-
less weak compared to the events considered by Weber,

3)Misner introduces the special term "gravitational pulse unit” GPU for 107
ergs ccm™2 Hz"!,

4)1f f events occur per unit time (dimension [f] = sec™!), then a quantity
describing the corresponding time-averaged noise will be 8, = fA,, (di-
mensions [By] = erg scm™ .Hz"! . sec™}),

5)n principle, Ay will be very small but finite for even more distant en-
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counters, but in determining Xv) we shall neglect events with exponen-

tially small Ay.

)The quantity P may be interpreted approximately as the number of events

with a spectral density exceeding some lower limit; see the preceding note,
- Dor gradual infall along a circular orbit the gravitational radiation will

be proportional to m/M,
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