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The question of whether there exists a highly polar-
ized source somewhere else in the sky which is con-
sistent with Weber's observations is presently being
considered by us.

'One could argue that we are so far off the disk beam
maximum that the polarization is &30Vo, but this arti-
ficial situation would yield much less flux locally and
would bring back the mass-loss problem.

In Fig. 3(b) we show the intensity I (Weber's histo
grams -I' ') due to such an unpolarized source at the
Galactic center, averaged for two antennas spaced
12' apart in longitude. The histogram for 4-h bins is
indistinguishable from Weber's, which is in agreement
with his conclusions. Note that grouping the data into
3-h bins rather than the usual 4-h bins greatly in-
creases the histogram modulation. This is a sensitive
test for unpolarized transverse tensor radiation.
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If Weber's gravitational-wave observations are interpreted in terms of a source at the
Galactic center, both the intensity and the frequency of the waves are more reasonable if
the source is assumed to emit in a synchrotron mode (narrow angles, high harmonics).
Although presently studied sources for such modes are astrophysically unsatisfactory—high-energy, nearly circular, scattering orbits —other possible sources are under
study.

Weber' has estimated that a straightforward in-
terpretation of his observations would involve-a
source at the center of the Galaxy radiating iso-
tropically an average power of 10'Mac'/yr in the
form of gravitational waves. In part, simply be-
cause of the fundamental significance of the detec-
tion of gravitational waves, but in part also be-
cause of the lack of more appealing astrophysical
proposals for a source for this radiation, Web-
er's observations are not yet considered defini-
tive. I am not, however, aware that there re-
mains outstanding any proposal to explain the ob-
servations as artifacts arising from any cause
other than unconscious observer bias. This last
possible source of error is being eliminated by
increasing automation of the experiment. Since,
further, several independent attempts to verify
Weber's observations are underway, the observa-
tional data could soon become undebatable. In
this paper I presume that the gravitational-wave
flux at the earth is that indicated by Weber's ex-

periments, and suggest directions in which more
satisfactory theories of the source can be sought.

The essence of my proposal is that one not fo-
cus attention on sources which emit primarily
gravitational quadrupole radiation, but instead
seek sources for synchrotron modes of gravita-
tional radiation, i.e. , modes which radiate high
harmonies of the source motion frequencies in
narrow angular distributions. In the following
Letter it is shown that sources can, in principle,
be manufactured which emit gravitational syn-
chrotron radiation. The remainder of this note
indicates why the observational evidence leads to
a presumption that the source is emitting gravita-
tional synchrotron radiation, and then indicates
some directions in which one might hope to create
a theory of the source mechanism.

I assume that the source is located near the
center of our Galaxy for the reasons Weber' has
suggested, and because assuming a distribution
of sources throughout the Galactic disk (with the
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To =—2m/(go = 4wM = (1.8 h) (M/10 M o),

in units with G=e = I. Since this is much longer
than the millisecond period of Weber's bar, it is
plausible to think in terms of a massive source
at the center of the Galaxy only if the radiated
frequency is a high harmonic of the fundamental
frequency of mechanical motions within the source:

u =apl(u, m && 1. (2)

(Press' has also noted that high-frequency har-
monics are desireable in connection with Weber's
observations. ) These two features of radiation

one closest to the Sun at a typical distance) can
only increase the total energy requirements.

The assumption that a source at the Galactic
center is radiating synchrotron modes amelio-
rates two difficulties faced by a quadrupole source:
high power and low frequency. Weber's power
estimate of 10'Mac'/yr required for a quadrupole
source would consume the entire mass of the Gal-
axy (-10"Mo) in only 1%%uo of its age (1%%uq of 10"
yr). But if the source were to radiate only within
an angle Ah-10 ' of the Galactic plane, "only"
10% of the original Galaxy will have been con-
sumed by a source operating since the birth of
the Galaxy. It is possible to postulate such a very
narrowly beamed source (b.8-10 ') since the dis-
tance of the Sun from the Galactic plane (z o =4
+ 12 pc) is so very small' compared to its dis-
tance from the Galactic center' (-10' pc). A very
substantial reduction from the 10'Mo/yr for iso-
tropic radiation is required by observations of
the mass loss from the center of the Galaxy.
High mass-loss rates change the Galaxy's gravi-
tational field and can lead to observable effects
on the motion of gas and stars in the Galaxy.
Sciama, Field, and Rees4 show that mass-loss
rates of 70M o/yr persisting only 10' yr would
already be at the observationally permissible
limit.

Even a "low" radiated power of 1Moc'/yr from
the Galactic center would require a very massive
source to sustain the radiation for a reasonable
time. But a mass M cannot be smaller than its
Schwarzschild radius 2GM/c', so a characteris-
tic time scale for motions (at the velocity of
light) cannot be shorter than u&,

' = 2GM/c' = (M/
Mo) x10 ' sec. Thus quadrupole radiation at
Weber s frequency e-10 sec ' cannot be emitted
by sources more massive than 20Mo. The period
for a small mass orbiting or falling into a 10'Me
black hole is about an hour:

—narrowly beamed angular distributions

4Q «1
and high-frequency harmonics m—which these
observational considerations suggest, are char-
acteristic of synchrotron modes of radiation.

The simplest way for a theoretician to compute
the excitation of such modes of the radiation field
is to use as a source a highly ralativistic particle
in a circular orbit. For geodesic orbits the ac-
companying paper' shows that the beaming angle
4b and the harmonic order m are related by 4d
=m "'. If this relation were valid for a more
plausible source, one might have a black hole of
mass M=10'Mo, with +,=10 ' sec ', radiating
in order m =10' to give Weber's frequency a
= 10'/sec and a radiation pattern with b,8= 10 '
rad. However, a more realistic source mechan-
ism could show closer analogies to ordinary elec-
tromagnetic synchrotron radiation from accele-
rated charges where the relation 43=m ' ' holds.
In this case one might propose m=10', M=10 Ma,
and 48= 5 x10 ' as a possible set of parameters.
Lower masses and lower harmonic orders give
larger 4D and increased power requirements,
with 68&0.05 the limit for & 50Mo/yr radiated.

It is natural to think that a large, rapidly ro-
tating black hole at the center of the Galaxy could
play a dominant role in any mechanism to gener-
ate gravitational synchrotron radiation (GSR).
Only a black hole provides a gravitational poten-
tial well deep enough to accelerate masses to the
relativistic velocities which GSR is expected to
require. A rotating black hole, in addition, can
act preferentially in its equatorial plane. This
plane can reasonably be assumed to be aligned
with the Galactic plane since the black-hole mass
will be a significant fraction of the Galactic mass.
The existence of a black hole of mass 10'Mo to
10'Mo at the center of our Galaxy has been pro-
posed on other grounds by Lynden-Bell' in a the-
ory of galactic nuclei designed to encompass Sey-
fert galaxies and quasars. Bardeen' then pointed
out that it is most natural to assume that any
such black hole has nearly the maximum angular
momentum consistent with collapse.

No satisfactory theory of a source mechanism
for GSR exists at present. I will describe below
some proposals which have been studied enough
to appear unlikely, but serve to illustrate rele-
vent considerations which are as yet little ex-
plored. A further proposal which is still under
study and has not yet been excluded is also out-
lined.
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In a previous version of this Letter I conjec-
tured that a mass in a bound stable circular or-
bit near the horizon of a rapidly rotating Kerr'"
black hole (a =M) would emit GSR. Bardeen""
objected that the particle motion was not adequat-
ely relativistic in a reasonable reference frame,
and when the wave-equation computations were
completed" they showed, in fact, no synchrotron
radiation. Several other possible source mecha-
nisms were then considered, in all of which the
Penrose" mechanism for extracting rotational en-
ergy from a black hole was kept in mind. First,
there will evidently be highly relativistic unbound,
unstable circular Kerr geodesic orbits which, as
in the Schwarzchild case, will emit GSR. Could
a particle be accelerated into such an orbit by
radiating negative-energy gravitons down the
black

holey'

Apparently not, since in order to
radiate predominantly negative-energy gravitons
the particle would itself likely have to be in a
negative-energy orbit and any such mechanisim
would shut off before large positive energies
were accumulated by the radiating particle. Next
the question was raised, could a stellar or plane-
tary mass break up under the action of tidal forc-
es in such a way that some fragments had nega-
tive energies but others were highly relativistic' ?
A negative answer is implied by the following ide-
alized calculation. A mass p, of energy p,y and
angular momentum zero (referred to infinity)
falls inward and then fissions into two equal
fragments, each with energy per unit mass yf in
the rest frame of the fissioning particle, so p.

= 2pf yf. The infinity energies of these fragments
are at best y, =yz(y+ p&) when the fission occurs
transversely near the horizon of an extreme (a
=M) Kerr black hole. Since P&' = 1 - yz

' & 1, no
large advantage is gained over the energies yf
released locally (which would be comparable to
the binding energy of the original mass) although
for y & p& some energy is extracted from the black
hole.

As another attempt to find sources for synchro-
tron modes, some aspects of the stability of the
Kerr metric were considered. Perhaps if an in-
falling mass spins up a black hole above a criti-
cal angular momentum J=a„;,I, .the black hole
becomes unstable and begins throwing out gravi-
tational waves balanced by others of negative en-
ergy sent down the hole 'P But a model calculation
for scalar "gravitons" shows that a black hole,
when perturbed by an incident scalar wave, will
never bounce the wave back out with more than a
small amplification, i.e., the reflection coeffi-

E = (p26/B) '~2E
B + (2r/B) J L (4)

where E is the total energy of the particle in
question, while EB is its locally measured energy
in the standard ("Bardeen") frame defined by a
unique family of locally nonrotating stationary
observers. '" The other notations are conven-
tional for the Kerr metric, namely, 6=—r'+a'
—2Mr, p'=—r +2a' co0s, and B p2(r +a=') +Mra'
xsin'0, where (t, r, 8, y) are the Boyer-Lindquist
coordinates, while M and J=aM are the mass and
angular momentum of the black hole. '" The
horizon (one-way surface) is defined by b. = 0.
The relation of J- L —= eM4 to the locally measured
transverse linear-momentum component p ~ is

cient does not exceed unity by more than a small
amount for any mode. Thus these simple prov-
ocations do not result in a strong burst of gravi-
tational radiation for any a &M. (The details of
this will be published elsewhere. )

"Kerr plunge radiation" remains a plausible
speculation as a source for GSR and is being ac-
tively studied. This is the radiation emitted by a
particle falling into a rapidly rotating black hole.
An analogous problem in the Schwarzschild met-
ric has been studied, "and the radiation emitted
is unspectacular. However, the problem for a
nearly maximal Kerr metric (a =M) is qualita-
tively different. One difference is the Penrose
effect" which allows some of the radiated energy
to be extracted from the rotation of the black hole
instead of from the energy of the in-falling parti-
cle. The second and perhaps more important dif-
ference is that in the case a =M an in-falling par-
ticle can be accelerated to relativistic local en-
ergies before reaching the "radiation belt" near
the null circular orbit. In addition, the red-shift
formula in the Kerr metric is direction dependent
so that radiation (such as the synchrotron modes)
emitted with a momentum component along the
direct equatorial direction is not significantly
shifted to the red. Thus the energy gained by a
particle in falling into the gravitational potential
need not be proportionately expended by a radi-
ated graviton climbing back out of the potential
well if it is emitted in favorable directions. This
can be thought of as due to an L J term in the po-
tential binding a mass to a black hole of angular
momentum J. This term is also responsible for
the possibility of negative-energy orbits for grav-
itons or other particles with negative orbital an-
gular momentum C =L ~ J/~Z) and sufficiently
small r (in the "ergosphere"").

The formula the above words describe is
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C = p „-(B/p')"'sin8.

In the most interesting case where n'=—I —(a/M)'
« I, the direct null circular orbit (which is the
region of an effective potential maximum in the
wave equation, hence the region in which falling
particles might radiate most intensely) is r = r~
=M[I+(2/~3n] and () =&/2 so Eq. (4) reads, at
rz, E = (o./2~3E, +p ~. (For the Schwarzschild
metric the equivalent formula at r& = 3M is E
=E&/v 3.) For particles falling in with nonrelativ-
istic transverse momenta, lp ~ l «Es, this shows
high binding energy, E «E~. For gravitons, or
other relativistic particles with p ~-Es it shows
little red shift (E-EB) except for limited angles
satisfying Ip JEB I «1. Retrograde gravitons
with p ~/Ez &- o.'/2v 3 have negative energy and
are captured by the black hole, thus partially
compensating the energy losses due to radiation
of positive-energy gravitons, of which some are
captured and others escape.

Calculations of radiation based on a wave equa-
tion" are needed not only to define the radiation
pattern and intensities for which "intuitive" esti-
mates are not yet reliable, but also to compute
(from electromagnetic" or tensor" wave equa-
tions) the polarizations. It is not clear that
plunge orbits would produce the high polariza-
tions which characterize synchrotron radiation
from circular orbits.
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