
VOLUME )5, NUMBER 21 PHYSICAL REVIEW LETTERS 24 NOVEMBER 1975

Limit on the Photon Mass Deduced from Pioneer-10 Observations of Jupiter's Magnetic Field~
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We report an analysis of the Pioneer-3. 0 data on Jupiter's magnetic field, in which the
mass p, of the photon was treated as a free parameter. We set a limit of p-2 x 10" cm ~

=6»0 ~ eV—= 8 x 10 g. This is the smallest limit so far obtained from direct measure-
ments. We compare our result with other published limits.

The Jupiter magnetic-field data' ' obtained on
the recent Pioneer 10 mission' have been reana-
lyzed by Davis' to include the possibility of a
massive photon. We report here the conclusion
of this analysis, that a new limit on the photon
mass can be set,

p (2x10 "cm '=Gx10 "ey
—= 8 x10 g.

We first describe how the data were obtained and
analyzed in the Maxwell-equation (p =0) case. ' '

The standard least-squares procedure was used
to determine the best-fit coefficients in a spheri-
cal-harmonic expansion for the Pioneer-10 ob-
servations of Jupiter's magnetic field. The fit
was made to 134 vector-field values, each an av-
erage of all data taken in 10 min, usually an av-
erage of 3200 observations. All data available
while the spacecraft was nearer than 13.1 Jupiter
radii (8 J

= 71 372 km) and farther than 2.8481 (per-
iapsis) were used except for six averages whose
residuals were very much larger than normal.
The data taken during occultation were not avail-
able.

Fits to the data were made with formulas con-
taining three coefficients (for an internal dipole
source), eight coefficients (internal dipole plus
quadrupole sources), eleven coefficients (inter-
nal dipole and quadrupole plus "external dipole, "
i.e. , a uniform field), and sixteen coefficients
(the previous eleven plus five "external" quadru-
pole terms). At each point, the residual is de-
fined as the square of the difference of the vector
field observed and the vector field computed us-
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ing the best values of the coefficients that were
determined. The root mean residual (RMR) is
the square root of the mean of the residuals over
the 134 vector-field values. By the "best" values
of the coefficients is meant the set that gives the
smallest RMR.

The fits gave reasonable values of the coeffi-
cients and satisfactorily small values of the RMR
as shown in the first four columns, p, = 0 row, of
Table 1. The highest value of the field strength
was 18380 gamma (1 gamma=10 ' G), the small-
est value was 147 gamma, and half of the aver-
ages were larger than 725 gamma. Inspection of
the vector residuals shows that they are not main-
ly due to Gaussian fluctuations in the data, but
rather to systematic effects that are not well de-
scribed by the spherical harmonies used.

Other variable parameters may be added to the
formulas that connect the position of the space-
craft and the three components of the magnetic
field predicted by the expansion in spherical har-
monics. These other parameters may be varied
to reduce further the RMR. The essential ques-
tion is, what significance should be given to the
values of the parameters determined in this ways

On the basis of the analysis' of other variables,
such as the field rotation rate, one can conclude
that there are a variety of other systematic ef-
fects which if properly included in the analysis
could lower the RMR for the sixteen-coefficient
ease to perhaps as low as 5 to 15 gamma. When
one has sixteen spherical-harmonic coefficients
plus any other single parameter to adjust, it
would be surprising if some part of an ignored
systematic effect could not be mimicked, with a
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TABLE I. Values of RMR in gamma for various values of p and various tra-
jectory segments. The underlined RMR are minima.

Column number

Start of data
(inbound)

13.09R 13.09R 13.09R 13.09R 8.97R 8.97R ll. 37R 11.37RJ J J

End of data
(outbound)

13.06R 13.06R 13.06R 13.06R 8.93R 8.93R 2.93R 2.93R

No. of S.H. Coefs. 16 16

in units of
10-11 -1 -1
10 cm RJ

-0.42

-0.14

-0.04

+0.03

0.07

0.14

0.28

0.35

—.03

—.01
—.003

+.002

.005

.01

.02

.025

164.24 97.60 45.75 33.79

149.42 82. 62 43.66 33.68

148.23 81.31 43.51 33.78

148.12 81.19 43.51 33.79 35.77 34.94 39.59 23.43

148.16 81.24 43.51 33.78

148.39 81.49 43.54 33.75

149.17 82.32 . 43.63 33.65

151.99 85.26 44. 00 33.28 35.18 34.23 40.16 23.47

153.97 87.25 44.30 33.04 34.92 33.88 40.45 23.49

0.42 .03 156.28 89.52 44. 72 32.81 34.68 33.51 40. 79 23.50

0.49

0.56

0.63

0.70

0.84

0.98

1.40

.035

.04

.045

.05

.06

.07

158.90 92.03 45. 28 32.62 34.49 33.14 41.19 23.52

161.80 94.76 46.00 32.54 34.42 32.84 41.63 23.53

164.96 97.69 46.92 32.61 34.52 32.62 42.11 23.54

168.35 100.80 48.07 32.91 34.84 32.57 42.65 23.56

175.72 107.52 51.13 34.44 36.34 33.13 43.85 23.60

183.72 114.87 55.35 37.58 39.25 34.95 45.26 23.64

209. 94 140.77 75.24 57.81

reduction of RMR by several gamma.
There are a variety of plausible sources of sys-

tematic effects. Higher-order spherical harmon-
ics could be present. When fields of the order of
10000 gamma are being measured, it is unlikely
that the calibrations are more accurate than 25
gamma, and this could produce systematic ef-
fects. There could be genuine time variations in
the field near the planet, since such changes were
observed far out. There could be small errors
in the trajectory values used and the magnetome-
ter data taken from a preliminary tape. There
could be currents in the plasma in the region be-
tween (2.84 and 13.1)RJ, this would require modi-
fications in the spherical-harmonic analysis. On
the basis of observations at larger distances, one
can be virtually certain that there are such cur-
rents, but whether or not they are large enough
to explain the RMR of Table I is not evident.

The kind of systematic effect that we are con-

cerned with would occur if the photon had a non-
zero rest mass. Then Maxwell's equations would

be replaced by the Proca equations. ' The most
appreciable effect for a small, finite photon mass
is that by a known theorem" the fractional change
in the average fieM will be of order (pD)', where
N is the dimension of the system under study.
(This is the advantage of using Jupiter. Since the
size of the system is so large, a given field vari-
ation can measure a small p,.) In particular, it
is straightforward to obtain the modification of
the field from any multipole due to a photon mass,
and then use these new formulas to analyze the
data. '

Analyses were made' for the three different da-
ta sets shown in Table I; the differences in RMR
and in the coefficients obtained in going from one
set to the other are very similar to those found
with p. =0 for these and other data sets. The val-
ues for p, in the fits are given in units of T0 "in-
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verse centimeters and RJ '. Table I can be used
to attempt to answer two questions regarding the
parameter p.. The first is: What is the best val-
ue of p, if we have no other information? The sec-
ond, a rather different question, is: How large
a value of p could be consistent with Pioneer-10
magnetometer obser vations?

Looking at the RMR minima in the columns of
Table I, one would conclude that 0 was the best
value for p. if one considered only columns 1, 2,
3, 7, and 8. However, if one considered only'
column 4, derived by fitting the maximum num-
ber of coefficients to the most extensive run of
data, the most likely value of p, would be 0.56
x 10

- II cm -I

This discord between the various analyses must
mean that the RMR are dominated by some other
systematic effects, and that there is no indication
from these data that p. is not zero, since the pre-
cise locations of such shallow minima are unlike-
ly to be significant.

To obtain a limit we note that for p, =0.98x10 "
cm ', the values of the residuals have begun to
rise significantly from their minima in the vari-
ous columns, including the first four columns
that use the most data. By the value p, =1.4x10 "
cm ' the residuals are rising steeply, and in par-
ticular, for the second to fourth columns, the p
= 1.4 residual in any column is comparable with
the minimum residual in the previous column,
where fewer spherical harmonics were used to
fit the data. Taking account of the possible sys-
tematic effects discussed below, we feel that the
realistic 3-standard-deviation limit is p, (2x10 "
cm

To get a lower "secure" limit for the photon
mass on the basis of the Pioneer-10 data would
require a very careful study of the upper limits
of other systematic effects. For example, sup-
pose that actually p. is not zero, but there are
plasma forces and currents in the shell 1.1RJ&r
&15RJ which comouflage the nonzero p, so that
the entire observed field could be fitted with p. =0
and sources outside this shell. Since the main
part of the field is due' ' to a dipole of moment
M=(4 G)RJ', the vector potential should be of the
order of the classical value A =(e~M/r') sin8.
Since B is consistent with a classical description,
curlB =0 and, by Eq. (2.19) of Ref. 6, J =(cp, '/
4m)A. The order of magnitude of the resulting
force density is given by the interaction of this
current with the dipole part of the field. Hence,
the force per unit volume exerted by the currents

on the plasma is of order

Fi = JxB/c
= (y, 'M'sin8/4vr')(- sin8 e„+2 cos8 e e)

=9.09x10 p, (Ry/r)'

x(- sin8e„+2cos8e@) dyn/cm'.

(2)

Ez = NH k T/r = 1.93 x 10 "NH TR&/r

dyn/cm', (4)

we see by comparison with Eq. (2) that this force
can be as large as EJ only if the thermal and
magnetic energy densities of the plasma are com-
parable: NHkTSv/B'=2p, 'r'=1 for p, =2x10 "
cm ' and r = 5RJ. This is not compatible with
reasonable models of the Jovian magnetosphere;
it would necessitate NH T = 3 x10" cm ' K.

Thus, if low enough limits can be placed on the
plasma density and temperature, it should be
possible to set a limit on p, lower than our mass
limit of Eq. (1), or the number indicated as the
best value in column 4; or perhaps even much
closer to the zero value obtained in the fit of col-
umn 3.

Finally, we compare this photon mass limit
with other limits. The best laboratory limit, "a
test of Coulomb's law, is 2x10 "g=5x10 "
cm, The limit from fits to the geomagnetic

For p, &0, the component along e„ is radially in-
ward and the component along ee is toward the
equatorial plane.

For a steady state, this force must be balanced
by some other forces on the plasma. Gravity is
not in the right direction. Centrifugal force out-
side of 2.3RJ, where it overbalances gravity, and
a gradient in plasma pressure are possible. If
we consider only orders of magnitude and ignore
the problem of directions, we find that for a pro-
ton number density NH, a hydrogen atom mass
MH, and an angular velocity due to corotation of
0=1.76x10 4 rad/sec, the centrifugal force per
unit volume near the equator is

F,= MHNHQ2r

=3.7x10 22N„r/R, dyn/cm'.

Thus, I, and I'J will be comparable for NB=2. 5
x10 'p (RJ/r) cm '. For p=2x10 "cm ' and
r=5RJ, this requires NH =6x10' cm ' which is
much too large.

If the temperature of the plasma is T and the
gradient in the pressure is
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field, a method devised by Schrodinger, "is 4
x10 ' g=—10 "cm '. In fact, the method of the
present paper was advocated" as a direct exten-
sion of the geomagnetic method if such a mission'
as Pioneer 10 could successfully measure the
magnetic field of Jupiter. Recently Hollweg' has
proposed a "reliable" limit of 1.3x10 "g=-3.6
x10 "cm 'based on observations of Alfven
waves propagating in the interplanetary medium.
However, this limit is proportional to the lowest
observed Alfvdn frequency, which, in the author' s
words, "is probably reliable to within a factor of
2." This means that, to compare with our value,
one should multiply Hollweg's limit by at least a
factor 2, and probably 3 or 4. In any event, the
present limit supersedes all others obtained from
direct measurements.

It should also be pointed out that less direct
limits have been discussed" "using known and
speculated properties of the galactic magnetic
field. These numbers range from" 10 ' cm '
to" 10 "cm ', and even the number 10 "cm '
has been suggested. " Confirmation of such lim-
its" might be achieved either with new and better
data on the galactic plasma and magnetic field,
or by a new analysis of existing data, evaluating
the forces required to keep the plasma in equilib-
rium for p g0.
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