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By standard arguments, observed hydromagnetic waves in the Crab Nebula imply an
upper limit to the photon rest mass of p & 10 —10 ' cm, mph& 3x 10 —Bx 10 g
(uncertainty & factor 100), smaller than the previous best limits by a factor 104-105.
However, the standard wave arguments used here and elsewhere are reexamined and
found not to be rigorous, although the limits given are probably valid in order of mag-
nitude.

It has been recently suggested that observa-
tions of hydromagnetic waves in interplanetary
space' and in the earth's magnetosphere' imply
an improved upper limit on the photon rest mass.
Motions of the features in the Crab Nebula called
"wisps" have been identified as the propagation
of magnetoacoustic waves. ' In this note, it is
shown that application of standard theoretical ar-
guments' '' ' to the wisps in the Crab dramati-
cally improves the upper bound on the photon
rest mass. However, it is also pointed out that
there are inconsistencies in the standard argu-
ments, so that, although the photon-mass limits
given in Refs. 1 and 2 and in the present note are
probably valid in order of magnitude, some doubt
remains.

First, we present the standard argument and
its application to the Crab. It is assumed that
massive photons are governed by the Proca field
equations [Ref. 6, Eqs. (2)-(19)] containing the
parameter p, '=(2w/A. c)', where Xc=h/cm „ is the
Compton wavelength of the photon; p, '=0 gives
the usual MmvveQ equations. The I orentz force
law and Faraday's law are unchanged by finite p, .

The usual way of calculating small-amplitude
plasma waves begins with the assumption of

small-amplitude fluctuating electromagnetic
fields, related by Faraday's law, superposed on
an infinite, uniform background plasma, and con-
tinues with the solution of the equations of mo-
tion for plasma particles. The Fourier-analyzed
current density 5 J is related linearly to the Fou-
rier-analyzed electric field 0E(k, ~) as

0J(k, (u) = ((u/4wi)[K(k, (u) —1] 6E(k, (u).

The tensor K(k, &u) is usually called the dielec-
tric tensor. ' So far, the calculation is indepen-
dent of p, . The final step is to require that Eq.
(1) be consistent with the electrodynamic equa-
tions, which do involve p. . The consistency con-
dition is the dispersion relation

det NN 1+—,

-N (1+—I+K =0,

where N =kc/&u. Solution of Eq. (2) for various
plasma conditions typically shows that, below a
cutoff frequency (which is proportional to p),
waves of a given mode are evanescent''' ';
thus the observation of propagating waves of
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known frequency gives an upper limit on p. . We
now apply this idea to the wisps of the Crab Neb-
ula.

Observations of the central region of the Crab
Nebula (see Ref. 3 and references therein) indi-
cate that the plasma consists of an ultrarelativ-
istic electron component and a tenuous lower-en-
ergy background component, embedded in a mag-
netic field that is relatively uniform on the scale
-10"cm. Quasiperiodic disturbances (&u-10 '
sec ') generated in the vicinity of the pulsar
propagate across the magnetic field out into the
nebula. This series of "wisps" has been identi-
fied as a sequence of magnetoacoustic waves in
which the wave compressions produce local en-
hancements of the synchrotron radiation. ' The
kinetic theory of small-amplitude hydromagnetic
waves in relativistic plasma has been worked out
in detail, ' so that the appropriate dispersion re-
lation (2) is easily written.

The disper sion relation for magnetoacoustic
waves propagating transverse to the background
magnetic field is

1+— +P

=1+ '(4 —()+—,,
2pP~

(u& (u, = p, c[1+(4m/B')(h +P~)] '~'. (4)

However, the ratio 4mb/B' is not known directly
from observation. It is better to derive analo-
gous inequalities involving the directly observed
group velocity V, =d~/dk. Straightforward ma-
nipulation of Eq. (3) permits us to derive three
different inequalities, none of which depends on

where B is the background magnetic field strength,
P, is the total plasma pressure transverse to B,
8 is the total energy density (including rest
mass) of matter in the plasma, and & is a nu-
merical factor between 0 and 1. Equation (3) im-
plies wave evanescence (k'& 0) unless

4~8/B explicitly:

p, &tk&u(1+P)/V ] '~',

V, & (1+t))"'~'/V, ,

p. & (1+P)'i'kc/V~ .
(6)

(7)

Here t] = 8mP~/B'.
Estimates of the quantities co, k, and V can be

obtained from measurements of photographs of
the Crab Nebula. ' Circular frequencies in the
range 10 ' sec ' & z & 4&& 10 ' sec ' are associat-
ed with the motions of the "driving piston" (wisp
1). Measurements of the position of the wave
crests on numerous plates, taken over nearly
20 yr, give k=(1.3x10 '6 cm ')(1.5/D) and V /c
=0.04(D/1. 5) for the inner wisps, near the pul-
sar, and k~ (3.7x 10 '7 cm ')(1.5/D) and V/c
= 0.016(D/1. 5) for the outer wisps near the edge
of the nebula. Here D is the distance to the Crab
in kiloparsecs, and is almost certainly between
1.0 and 2.5.) The upper bounds on ]1, using these
estimates and inequalities (5)—(7), are given in
Table I.

The uncertainties in w, k, and V arise mostly
from ambiguities in interpretation, rather than
from measurement errors. For practical rea-
sons the plates have not been taken often enough
to allow unambiguous determination of the time
histories of the rapidly moving features. This
makes assessment of the uncertainties difficult,
but it is unlikely that the values given here are
incorrect by more than a factor of about 3 to 5.
The major uncertainty in the limit on p, is in the
unobservable qua, ntity P. The usual assumption
is that t) = 1, based on rough dynamical arguments.
Fortunately, the results are not sensitive to P:
If t] «1, there is virtually no change in the limit,
and, even in the very unlikely event that P is as
large as 100, the limit is only a factor of 10
worse (larger) than for P = 1. Thus, taken at face
value, Table I indicates that p, ~ 10 "-10 "cm '
(~ h& 3x 10 '4-3x 10 "g). These numbers rep-
resent an improvement of 10 to 10' on the upper
limits given by Hollweg' and Lanzerotti, ' based

TABLE I. Upper bounds on p from Crab Nebula observations.

Inequality Inner wisps Outer wisps

(5)
(6)
(7)

[(1-7)x 10 '6 cm )(1+p) (1.5/D)
[(0.8-80) x 10 ~6 cm ](1+P) (1.5/D)
(3.3x 10 cm ) (1+p) ~ (1.5/D)

[(0.9-6) x 10 cm ] (1+p) (1.5/D)
[(2-80) x 10 cm ](1+P) (1.5/D)
(2 3x 10-15 cm-1) (1+p)1/2(1 5/D)2
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on observed interplanetary and magnetospheric
waves. Even the most pessimistic assumptions
about P, co, k, and V, would raise the new limit
by less than a factor of 100. Thus, this limit is
a dramatic improvement over previous ones. '

It remains to discuss the appropriateness of
the standard argument made above (and in Ref&.
l and 2). The spacecraft observations correlate
directly measured plasma and magnetic fluctua-
tions, so that there is little doubt that the fluctua-
tions discussed in Refs. 1 and 2 are hydromag-
netic waves. The identification of the wisps in
the Crab as hydromagnetic waves is supported by
the possible identification of the mechanism by
which the pulsar excites the waves, "and by the
confirmation" of the prediction' that the high-en-
ergy x rays would be concentrated in the regions
of the wisps, based on a model for the heating of
the plasma by collisionless damping of hydromag-
netic waves.

Alternatively, it is conceivable that the wisps
are wave packets consisting of a carrier wave of
relatively high frequency modulated by a low-
frequency envelope. According to this picture,
the carrier wave is not resolved in the plates and
only the envelope of the wave packet is seen. '~"
Although this possibility cannot be excluded, it
has difficulties. If dispersion is not to destroy
the wave packets, the carrier frequency would
have to lie below the gyrofrequencies of most of
the relativistic particles (( l Hz), well below the
pulsar rotation frequency (30 Hz). There is no
known motion in the system that would drive a
large-amplitude wave at frequencies below 1 Hz,
except for the piston itself. Furthermore, the
carrier wave would be of large amplitude and
probably form shocks after a few wave periods.
Such a packet of shocks might lose its integrity
by dissipation and/or dispersion.

We must now consider whether conditions ap-
propriate for Eq. (I) are satisfied. The back-
ground plasma seems to be fairly uniform in the
solar wind, and probably also in the Crab. How-
ever, the waves are not of small amplitude in
either system. Nevertheless, it is unlikely that
nonlinear effects invalidate the qualitative con-
clusions, since (i) in p, =0 plasma physics, the
propagation properties of large- and small-am-
plitude waves are similar in most respects, '~ and
(ii) finite p enters the problem through the field
equations, which are rigorously linear.

There remains a theoretical difficulty that
seems not to have been noticed before. An es-

sential assumption of the standard argument is
that the background plasma is infinite and uni-
form. However, one simple consequence of the
Proca equations is that, in general, either a stat-
ic magnetic field varies appreciably over distanc-
es of order p, ', or there is a large background
current J,= (c/4w) p'A [J,» (c/4m)i curlBi]. In the
former case, the dispersion relation (2) can be
valid only if I ki » p. ; in the latter case, currents
modify the dielectric tensor" so that K(k, w) is
no longer independent of p, , and a dispersion re-
lation based on K(p= 0), such as in Refs. 1, 2,
4-6, and Eq. (3) of the present paper, will not be
correct. In either case, the dispersion relation
breaks dowp. for lkl( p, . In this sense, the upper
limits of p, given in this paper and in Refs. 1 and
2 are open to doubt.

On the other hand, one may argue plausibly
that these limits are valid at least in order of
magnitude. According to the Proca equations, it
is difficult to set up electromagnetic fields, pre-
sumably including oscillatory ones, that do not
decay in a distance of order p.

' or less. This
suggests that "oscillations" of frequency + whose
p, =0 dispersion relation predicts k(ap) s p. are like-
ly to decay rather than to propagate. This im-
pression has been reinforced by formal calcula-
tion for the special case of a cold plasma embed-
ded in a magnetic field generated by a current
sheet. " It turns out that there are critical fre-
quencies w, (p) such that oscillatory solutions are
forbidden if ~ & co „where ~, is essentially iden-
tical with that obtained from the standard argu-
ment. The problem is much more complicated
for more general plasmas, and has not been
solved. Nevertheless, the cold-plasma results
give confidence that the cutoff frequencies found
by the "standard argument" are correct in order
of magnitude. Preliminary calculations of the
other extreme case, in which the plasma is fair-
ly uniform because of a large background Proca
current, indicate that such a plasma is unstable
with respect to some hydromagnetic wave modes. "

Altogether, we find that the standard arguments
for inferring upper limits to the photon rest mass
from cosmic hydromagnetic waves give plausible,
but not rigorous, limits. If the plausibility of
such limits is accepted, existence of magneto-
acoustic waves in the Crab Nebula apparently im-
plies the lowest limit now available. If hydro-
magnetic-wave arguments are excluded, the best
limit probably is found from studies of the sta-
tionary geomagnetic field, at least 10' times
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higher. "
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I interpret $(3095) and iIi'(3684) as space and color excitations in a model in which a
quark is a composite of a Fermi, spin-&, ordinary SU{3) object and a Bose, spin-0, color
SU{3) object, and a meson is a four-body object. Color conservation and the absence of
dipole transitions from the space mode make these two $'s narrow for nonradiative and
for radiative decays, respectively, to the usual hadrons.

Since the discovery of narrow photon- and had-
ron-excited resonances' above 3 GeV in electron-
positron and hadron-hadron collisions, many at-
tempts have been made to interpret these narrow
resonances in terms of new hadronic degrees of
freedom, such as charm, color, heaviness, etc.'
These interpretations lead to the prediction of
other resonances at comparable mass which have
internal quantum numbers which cannot be real-
ized in the Gell-Mann-Zweig quark model, as
well as to the prediction of radiative decays to
mesons. The failure, up to now, to detect such
resonances, and the small observed widths for
radiative decays have cast doubt on both the

charm and color interpretations of the narrow
resonances.

The main idea of the present article is to sup-
plement the new internal degree of freedom, in
our case color, ' by new space or mechanical de-
grees of freedom in order to build a model of
these resonances. I suggest that the usual SU(3)
charges and the color SU(3) charges are local-
ized in separate regions of space (for short, at
different "points") so that a colored quark nonet
is a two-body system' (QC), Q being a spin- —,

'

SU(3)-triplet Fermi object carrying the usual
SU(3) quantum numbers and C being a spin-0'
SU(3)-triplet Bose object carrying the color
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