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After emphasizing that it remains an open question whether one should try to quantize
gravity theory (which would mean gravitational force is propagated by a graviton particle},
we nevertheless ask whether a limit can be set on the rest mass (p»} of the "graviton. "By
recalling that gravitational force is clearly exerted over large distances in systems of
galaxies and is not eliminated by a graviton-mass Yukawa cutoff, we find a limit. So,
although it is not known if the graviton exists, one can still say that its rest mass is less
than 2 x 10 82 g.

It is an intriguing observation that there is no
experimental evidence linking the two great the-
ories of modern physics (namely, quantum me-
chanics and general relativity). All the predic-
tions of general relativity that have been subject
to experiment are classical (nonquantum) predic-
tions, be they the precession of the perihelion
of Mercury or the gravitational radiation that
Vfeber has reported. '

Put simply, one ean validly ask the question
"Should a theory of gravitation be quantized'"
Note that Feynman and Schwinger, two of the men
who successfully quantized classical Ma&Dwell elec-
tromagnetic theory, have very different attitudes
toward this question.

Feynman cautions, "The extreme weakness of
quantum gravitational effects now poses some
philosophical problems: maybe nature is trying to
tell us something new here, maybe we should not
try to quantize gravity. . . . VFe would like to keep
an open mind. It is still possible that quantum
theory does not absolutely guarantee that gravity
has to be quantized. '"

Sehwinger, on the other hand, declares "The
gx'aviton is unknown, as yet, to experimental
science. Nevertheless, we shall accept it and its
conjectured properties as the propex' starting point
for the theory of gravitational phenomena, just as
the photon with its attributes initiates the theory
of (quantum) electromagnetic phenomena. The
evidence for the existence of the graviton is in-
direct, but impressive. '"

Sehwinger's reference to the photon leads us to
point out that the quantum particle of the electro-
magnetic field (the photon) is usually assumed to
have sero rest mass (so that then indeed the limit-
ing velocity of relativity is identical with the "ve-
locity of light" ). Actually, tests can be made of
this assumption, 4 and one ean say that the rest
mass of the photon (p&) is

p& «4x10 g—= 10 xo cm"'—= 3x10 'o eV

This number is essentially a verification that the
electrostatic potential between two point charges
in proportional to 1/distance,

V =e,e,/r,
and is not given by the Yukawa potential for ex-
change of a massive quantum,

V = e,e, exp( p„r)/-r .

That is, the best experimental limits on p, &
are

deduced from a failure to observe deviations from
Coulomb's law, Eq. (2), and its analog in magneto-
statics.

The same question can be asked about the "rest
mass" of the graviton in a "quantum gravity theo-
ry." That is, even though we cannot experi-
mentally detect a graviton (by any known tech-
nique), we can still say something about the grav-
iton's rest mass (p~)—if the graviton exists. That
is the main point of this note.

First it is necessary to sidetrack for a xnoment.
It has been argued' that, in the linea~ised version
of general relativity, a nonzero graviton rest
mass, no matter how small, would change the de-
flection of light by the sun to ~ its Einstein value.
If this q,rgument held also in the complete non-
linear theox'y, as has been suggested, ' then the
physics of massive gravitons would be discon-
tinuous for p,»-0 and experiment mould absolutely
rule out any graviton mass. However, in
Schminger's' formalism one might make the linear
theory continuous as p» 0. Further, Vainshteins
has demonstrated the continuous nature of the
classical nonlinear theory. (Note that quantum
electrodynamics is well known4 to be continuous
as the photon mass p, &-0.) Thus, it is indeed a
valid question to ask what limit can be set on the
graviton's ma, ss. This question h'as meaning even
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if gravity should not be quantized, since it de-
scribes a modification of general relativity which
would imply, for example, a dispersion in the
velocity of classical gravitational waves.

To continue, from our discussion of the Coulomb
electric potential it is clear that a test for a grav-
iton mass is to ask if the Newtonian I/r gravita
tional potential (I/r' force) shows any evidence
of dying at large distances because of a Yukawa
exponential cutoff, exp(-p~r). One is asking,
"Over what distance can we see that the force of
gravitation still acts?" (The larger the distance,
the better the limit on the graviton rest mass. )

One limit on the graviton rest mass can be ob-
tained by referring to the odd tails and bridges
connecting pairs of galaxies in Arp's Atlas of
Peculiar Galaxies. ' Toomre and Toomre" have
demonstrated that these 'bridges and tails are due
to the gravitational tidal forces exerted during
the near encounter of these galaxies. Taking a
galactic diameter to be about 30 kpc, this would
give from these encounters a distance on the order
of 100-300 kpc over which one can be sure gravity
works.

The best graviton mass limit comes from re-
calling that there are clusters of galaxies that are
bound. " From data on groups of Shapley-Ames
galaxies Holmberg concluded, '%'ith a Hubble

p, ~2x10 6'
g —=5.6x10 ' cm '

=-1.1x10 29 eV. (4)

Note that a graviton rest mass given exactly by
Eq. (4) would correspond to a graviton Compton
wavelength of

X, = 2v/p, = 3.7 Mpc = 6.7 x 10 at, (5)

where & = c/& is the "Hubble radius of the uni-
verse. "

To conclude, whether or not gravity should be
quantized, one can say that the graviton's rest
mass is less than 2~10 "g. Therefore, some-
what paradoxically, one has experimental evi-
dence on the rest mass of a particle which may
not exist. ""

parameter H=80 km/(sec Mpc), the. .. mean
separation corresponds to 118 kpc and the max-
imum separation to 400 kpc. "" Using Sandage's
new value for the Hubble constant, "H = 55+ 7
km/(sec Mpc), one can conservatively take 580
+ 70 kpc for the distance over which gravity is not
drastically weakened. (As there are many bound
clusters of galaxies with scale sizes of order
1-10Mpc, ' one could even argue for a longer dis-
tance. ) In any event, using the distance r =580kpc
to bound e ' &exp( p,,r-) yields a limit for p~ of
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The conclusion that clustexs of galaxies are bound is
reached by observing that clusters are found much
more commonly than could come about by statistical
fluctuations. Further, the observed velocities of the
component galaxies would have greatly dispersed them
over the age of the universe, if there were no binding.
However, a long-standing problem has been that the
virial masses are greater than the observed masses for
many clusters. [One does a virial theorem on the
observed parameters of a particular system and
hopes to find Vtot = -2(total kinetic energy). ] It ls gen-
erally agreed that there are two possible solutions to
this problem: (1) Either at various times in the past,
up to quite recently, the clusters lost some of their
existing masses, for instance, by quasar explosions,
or (2) there are intergalactic "missing masses, "
probably in the form of ionized hydrogen, which
account for the discrepancies. (There is preliminary
evidence for this solution. ) But the important point to
observe is that even under solution (1) we are not
prevented from establishing our conservative mass
limit because the dispersion that may have occurred
in the possibly recently disrupted clusters would
have to be relatively small. Finally, we note that
another solution would be to postulate some unknown
long-distance force other than gravity. If one assumes
this undefined ad Roc hypothesis then, of course,
nothing at all can be said about large-sca1. e dynamics.
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ication) has suggested that a magnetically contained
plasma between galaxies might conceivably yield such
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In a previous work, it was shown how to derive the scaling laws near a critical point using
renormalized perturbation theory. The calculations of the Callan-Symanzik functions p and
y which lead to the critical exponents are extended to next order in &. The existence of a
solution to the eigenvalue conditions P(g) =0 in four dimensions, at fourth order in the
coupling constant, is shown to be renormalization-dependent.

In the framework of Wilson's theory of critical
phenomena, ' we have discussed in a recent article'
how scaling laws for the correlation functions
near the critical point may be derived from the
ballan-Symanzik equations in 4 —~ dimensions
applied to a g(y')' interaction, where rp(x) is an
n-component order parameter. Higher-order cor-
rections in e have now been computed. ' The pur-
pose of this addendum is to give various quantities
which are useful in these calculations, '4 like the
expansions of the renormalization constants, of

(la)

8

P p2- gl
(&h)

the ballan-Symanzik P and y functions, and of the
solution of the eigenvalue condition. The notations
are identical to those of Ref. 2.

For simplicity we have done the calculations in
the massless theory' with the following convenient
renormalization conditions for the vertex fd'nctions:


