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Qn the basis of recent precise data on the earth's magnetic field, a new upper bound
on the mass of the photon is obtained using a method that was originally proposed by
Schrodinger. The limit is 1.15x 10 cm =2.3X 10 eV =—4.0X 10 g, which is
four orders of magnitude better than the best laboratory measurement, that of Plimp-
ton and Lawton.
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If electric charge is conserved, we may rewrite
Eq. (1) as

In conventional electrodynamics the mass of
the photon is assumed to vanish. However, a
finite photon mass may be accomodated in a
unique way by changing the inhomogeneous Max-
well equation to the Proca equation,

where a and 6 are the radii of the two spheres.
The result of Plimpton and Lawton gives

p. &9.8x10 ' cm '

=-1 gx10-» ey

3 4X10-44 g

Another method, first, proposed by Schroding-
er, ' is to use measurements of the earth's mag-
netic field. From Eq (3), .the dipole (m) contri-
bution to the earth's field, measured from the
center of the dipole, becomes

H= (e /r )[(1+pr+ gp r )

( +I')A =(4~/c)J (2a)
x (3m rr-m) —-', p, r m]. (f)

and

~ A =0.A.

(2b)

(&'-p')A = -4m J/c, (3)

with E= -&4 and H=V'~A.
The mass p introduces a natural scale of

length for electrostatics. Obviously for a given
precision of field measurement, the larger the
distance between measurement points, the better
is the mass limit obtained. The best laboratory
limit of )L( to date is that of Plimpton and Law-
ton, ' who tried to detect a voltage difference &~
between a conducting sphere raised to a high po-
tential V and a second concentric uncharged
sphere contained in the first one. From Eq. (3),
one has

In the limit of static charge and current distribu-
tions, this yields

(V'-p')4 = -4mp

For magnetic field measurements near the sur-
face of the earth (r =A = const) the principal ob-
servable effect of the photon mass is an apparent
constant "external" magnetic field antiparallel to
the direction of the dipol. e. The ratio of the "ex-
ternal" field (He~) to the dipole field at the equa-
tor (HD E ) is

/& = -', (pf~)'/[1 Aft+ 3(pR)'], (8)

where R is the radius of the earth.
Recently Cain' has obtained a very careful fit

to geomagnetic data from earthbound and satel-
lite measurements. For epoch 1960.0, he ob-
tains values4&' of

m = 31044yR,

H m=(21+5) yext

H y =H [(s&&m)/Isxm(]=(14+5) y,ext ext

H y&&m=(8~5) y,ext
4 (r)cc(e -e )/2pr

between the two spheres, and hence

r &/V= —,'V'(a'-5')+O((pa)'),

(4) where 1 y= 10 ' G and s points towards the south
geographic pole. The errors in the values of
components of Hext are statistical.

To obtain our mass limit from this number,

567



VOLUME 21, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AUGUsT 1968

we must take into account fields due to "true ex-
ternal" sources. Cole' has pointed out that there
are three appreciable external contributions
tending to decrease the "quiet" magnetic field at
the equator, and hence produce an external field
parallel to the dipole moment. He estimates that
they are -9 y from the quiet-time proton belt,
perhaps 15-30 y due to currents in the geomagnet-
ic tail, ' but probably less, and -5 y from the hot
component of the plasma in the magnetosphere.
Recently, Frank' has obtained the first reliable
data on the hot plasma, showing that it is the pri-
mary contributor to the "ring current" which
causes a decrease in the magnetic field at the
equator during geomagnetic storms. He esti-
mates the quiet-time decrease due to the proton
component of this plasma at -12 y. Since one may
infer an additional effect due to electrons, this
changes the estimate of the plasma contribution
to -15 y, instead of Cole's value of -5 y.

There is at least one true external field in the
opposite direction (antiparallel). Parker~ notes
that the solar wind compresses the geomagnetic
field, increasing the field at the equator by -20 y.
Finally, the interplanetary field of" -5 y points
in an unknown direction at the earth's surfat". e.

Thus, the total external field parallel to m due
to known sources is «40 y. Subtracting this from
m Hext in Eq. (9) gives us an upper limit on the
antiparallel external field which could be due to a
finite photon mass, He~(antiparallel) &20 y.

The significance of this limit depends crucially
on the reliability of the fit of Cain to the geomag-
netic field. There are several ways of estimat-
ing this. First of all, the existence in Eq. (9) of
components perpendicular to m is hard to ex-
plain. If we take them as spurious, the corre-
sponding errors in the parallel component could
be several tens of y." However, other features
of the fit are more disturbing than this. There
appears to be an irredicible "noise" in data from
earthbound observatories of about 100 y, in large
part due to magnetic anomalies in the earth' s
crust. " Furthermore, the available earthbound
data are very sparse in Asia and in much of the
southern hemisphere. '~ Despite this, the fit is
made by an expansion in spherical harmonics of
a "potential" whose gradient gives H, even though
these harmonics form a complete orthonormal
set only over an entire sphere. This fact clearly
permits ambiguities in the fit. Spacecraft data
cannot be trusted to clear up the picture even
though they have a much lower noise level. (The
rms error of a fit to the latest QGO satellite data

4 Ox10- g (10)

which is four order of magnitude better than the
Plimpton-Lawton number. It is five times better
than the number that Schrodinger suggested" on
the basis of much less precise and very much
less reliable data. (Note that the photon Compton
wavelength is 2v/p = 5.5& 10" cm = 81R.)

One might hope to use satellite measurements
at varying altitudes to detect the exponential de-
cay of H. From Eq. (7), the magnitude of the di-
pole field for p, ~ 0 is

HD(&) =(1+ (4&)

& [(1-5cos'8)/(1+ 3 cos'8) jjH

F(p, r, e)H-D'

where cos6)=m. x, HD is the magnitude of the or-
thodox dipole field, and cubic terms in pr are
neglected. Ginzburg, '6 in an otherwise excellent
paper, used the factor F = 1-(gr)' instead of the
above in order to obtain a mass limit from mag-
netic measurements at varying altitudes by Van-
guard, Explorer, and Pioneer satellites. He
gives a limit ILL «3 && 10 '

g, and states that this
may be too low by a factor of 2 or 3. After re-
considering his numbers in the light of Eq. (11),
we feel that the same conservative error esti-
mation that we have used would make Ginzburg's
limit (8-10)&& 10 "g. Thus, it is nearly a geo-
metric mean between the old and new results of
the Schrodinger method. The main limitation on
the altitude-dependent method is that external
perturbations become quite significant beyond
-3R. Clearly, a combination of altitude- and
latitude-dependent data would yield a more strin-

is 7-8 y. "~'4 This is because (1) these satellites
only measure the magnitude of H, not its direc-
tion, "and (2) there are peculiar secular (time)
variations of the fits to the satellite data of the
order of tens of y."

For these reasons, the possibility of systema-
tic errors in the fits to a particular spherical-
harmonic coefficient of many tens of y cannot be
excluded. To take account of this, and any er-
rors in the estimates of true external fields, we
add 100 y to our estimate, meaning that the left-
hand side of Eq. (8) is less than 4&&10 '. Simple
numerical work then gives us a limit on the mass
of the photon of

p. ~ 1.15x10-"cm

=- 2.3 && 10 "eV
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gent limit than either alone, and might even be
used to separate the mass effect, which falls off
as r ', from true external fields, which are
nearly constant.

One may ask what the ultimate limits of the
present and other methods of measuring p. are.
It seems quite likely that improvements in geo-
magnetic data could reduce our result by a factor
2, and perhaps down to 10 "g." Such efforts
should be encouraged.
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