
VOLUME 73, NUMBER 4 PHYSICAL REVI EW LETTERS 25 JULY 1994
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A new geomagnetic limit on the photon mass m~ is derived kom an analysis of satellite measure-
ments of the Earth's magnetic field H. The pr'imary eKect of a nonzero photon mass is to generate
an additional contribution to H resembling that from an external source. We find m~ & 8 x 10
eV/c = 1 x 10 g = 4 x 10 m . The same data are also used to set new limits on long-range
fields coexisting with electromagnetism.
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It is well known that Maxwell's equations for classical
electrodynamics can be obtained from a quantized the-
ory in which fermions couple to photons whose mass m~
is zero. Since both classical and quantum electrodynam-
ics are strongly supported experimentally, it is tempting
to conclude that the photon must in fact be massless. It
can be shown, however, that a theory of massive quantum
electrodynamics (where m~ P 0) is fully consistent the-
oretically, and its predictions go over smoothly to those
for the massless case as m~ ~ 0. Hence the possibility of
a nonzero value of m~ can never be completely excluded,
and the results of a particular experiment only serve to
set an upper bound on m~. It is worth noting that the
situation is different for gravitons, the putative quanta of
the gravitational field. As shown by van Dam and Velt-
man [1), the massless limit of a massive tensor theory of
gravity does not correspond to general relativity, as might
be expected naively, but rather to a theory containing a
particular admixture of massless scalar and tensor fields.
Since existing data exclude such an admixture, gravitons
must be massless. However, a generalized Einstein theory
combining massless and massive fields may be compati-
ble with existing data, as discussed in Ref. [2], and this is
analogous to the two-component electromagnetic theory
discussed below.

The geomagnetic limit on m~ is obtained by apply-
ing Schrodinger's observation [3] that when m~ g 0
the Earth's magnetic field acquires an additional con-
tribution which simulates the field due to an external
source. It follows that one can derive an upper bound
on m~ by setting a limit on the contributions from such
sources. (Although a more stringent bound on m~ can
be set by astrophysical arguments, these are necessarily
indirect and hence are fraught with various uncertain-
ties, as we discuss below. ) The functional form of the
additional component can be expressed in terms of the
Earth's dipole field Ho(r j,

Hp(r) = (1/7 )[3(m r)r —m],

~ = 2z (3+ 3z+ x ) (4)

At the equator x = (m~c/h) R, where It!@ ——6.38 x 10s
m, and hence by combining Eq. (4) with an experimental
bound on ~, one can infer a limit on m~. Goldhaber
and Nieto (GN) [4] were the first to utilize satellite data
for the Earth's magnetic field to set a bound on m~,
and subsequently, Davis et al. [6] applied this formalism
to analyze data on Jupiter's magnetic field obtained by
Pioneer-10.

Since the publication of the GN results [4], much
progress has been made in measurements of both the
near-Earth field and of the fields due to magnetospheric
sources. The latter are the cause of the true near-Earth

where m is the dipole moment and r = 0 at the center of
the dipole. It can be shown that when m~ P 0, Ho(r) in
Eq. (1) is replaced by [3—5]

H(r) = Hoe *(1+z+ z /3) —z e *(2m/3r ), (2)

where x = r/A and A = 5/m~c is the Compton wave-
length of the (massive) photon. From Eq. (2) it follows
that there are two distinct consequences of a nonzero
photon mass which are relevant for the Earth's magnetic
field: (a) The r dependence of the dipole contribution
proportional to Ho changes and (b) an additional term
parallel to the dipole direction appears. Since the latter
contribution has the same angular dependence as that
which would arise (for massless photons) from an ex-
ternal source, it represents a signal which is easier to
study experimentally. Let H,„tdenote the apparent ex-
ternal magnetic field that remains after known effects
from charges and currents are removed. The experimen-
tal quantity of interest is the ratio [4]

(Hext ™)equator Hext
(3)K =

(Hdipoie ' rn)equator

where Hd;p, i, is the term with the factor [3(m r)r" —m]
in H. It follows from Eqs. (2) and (3) that K is given by

514 0031-9007/94/73 (4)/5 l 4 (4)$06.00
l 994 The American Physical Society



VoLUMF. 73, NUMBER 4 P H YSICAL REV I E% LETTERS 25 3ULv 1994

fields of external origin which would mimic the effect of

m~ P 0. As shown in Fig. 1, the net component of the
external field along m can conveniently be divided into
four contributions: H( ), arising from magnetopause cur-
rents (excluding those associated with the return path of
the magnetotail currents); Hi2~i, arising from magnetotail
currents (including return currents); Hisi, the equatorial
ring current; and H( ), the Geld-aligned currents. All

of these vary with time or, equivalently, with magnetic
activity which is here measured by an index called Dst
[7]. Magnetically quiet conditions correspond to a Dst
value in the range 0 to —25 nT (1 nT= 10 s G). Since
any field arising from m~ g 0 will not vary with time,
or with magnetic activity, attention is restricted to the
values of H( &, . . . , H( ) when Dst is in this range.

To understand how these fields are extracted from
satellite data, note that in the absence of the solar wind
the Earth's magnetic field would extend to infinity. The
effect of the solar wind is to confine the field to a volume
(the magnetosphere) with surface, the magnetopause, as
shown in Fig. 1. The fields of interest, in addition to
the dipole field, include those arising from the perma-
nent presence of charged particles trapped in the magne-
tosphere. Using satellite data collected throughout the
magnetosphere, i.e. , for distances r ) 4R@ from the cen-

ter of the Earth, empirical models of these fields (and
hence of the underlying currents) have been constructed

by several authors, as discussed below. These models can
then be used to predict the magnetic fields produced by
these current systems at r = R+ where K in Eq. (3) is

defined.
Consider first the contribution from H~ ) which, as

noted above, arises from the ring current. The charges
undergo drift motions in the magnetospheric environ-

ment and contribute to electric currents in space, which

in turn generate His~i. The volume current density j~
perpendicular to the local magnetic field H is given by

H (H. 7')H
jg = x Tpg —(pj( —p~)H~ H2 (5)

where P~~ (P~) is the component of the pressure tensor
parallel (perpendicular) to the magnetic field. The mag-

nitude of the term (H 7')H/H gives the inverse of the
radius of the magnetic field-line curvature. Assuming
that the field-line curvature can be well represented by.
a dipole, which is reasonable for the quiet-time ring cur-
rent, it follows from Eq. (5) that j~ can be determined
from measurements of the magnetic field and the ring
current particle population (which gives P~~ and Pg) I9].

FIG. 1. Dominant space plasma current systems shown in a "cut-away" view of the Earth's magnetosphere.
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Measurements of the ring current magnetic field and par-
ticle content from 16 orbits of the Charge Composition
Explorer spacecraft, chosen to represent quiet geomag-
netic periods, were used to compute the volume current
density of the ring current along the satellite trajectory.
The current density was then used to compute H( ) at the
surface of the Earth, by assuming that the ring current
Bows symmetrically in a ring around the Earth, which is
justifiable for quiet-time conditions. A linear fit of the
component of H( ) along m as a function of the corre-
sponding Dst value for each orbit gives

H~sl = 11.6 + 1.3 nT —(0.429 6 0.149)Dst, (6)
where Dst is in nT, and the uncertainties are lo' bounds.
In Eq. (6) the sign convention is that a positive value of
H( ) describes a field parallel to the dipole direction m,
which itself points approximately north to south at the
center of the Earth.

Consider next the contributions from H1il, H~zl, and
H~4& Tsyg.anenko [10] has developed models with sep-
arate parametrizations for H( ), H~ ), and H( ) + H( ~

We will use the results in Eq. (6) for the near-Earth value
of H~sii, since we consider this to be more accurate than
that based on the Tsyganenko models. To obtain H( )

and the sum H( ) + H( ), new versions of the Tsyga-
nenko models [10] were used which are derived from an
expanded data set [11].Several of the models were stud-
ied and provide comparable results; the specific values

quoted below correspond to the model labeled T87W in

Appendix A of Ref. [12], but with new coefficients de-
rived from observations binned according to ranges of
the Dst index. Quiet magnetospheric conditions were
selected by choosing the versions of the model derived
from observations when Dst was in the ranges shown in
the leftmost column of Table I. Further details on the
fitting procedure used to derive the models can be found
in Refs. [10—12]. It must be noted that the Tsyganenko
models are intended to represent the magnetic field con-
figuration far from the Earth. As such they are based

on observations inside the magnetosphere but outside a
radius 4R@, and hence our estimate at A@ is based on
an extrapolation of the model.

Table I summarizes the calculated values of H( ), . . . ,
H(4) along m, as well as the actual measured near-Earth
fields. These have been inferred by Sabaka and Baldwin

[13] from data obtained by the Magsat and POGO satel-
lites, together with surface magnetic observatory data,
and are quoted for both noon and midnight as a func-
tion of Dst. Table I shows that the agreement between
the measured and calculated values of the external mag-
netic field is excellent, particularly as it extends over a
range of Dst values for both the noon and midnight re-
sults. In the notation of Ref. [5] and Eq. (3), the dif-

ference H,„&=—H „,—H„i,between the measured and
calculated fields represents the "external" field compo-
nent which could be attributed to a nonzero photon mass.
Taking a weighted average of the results in Table I gives

H,„,= 0.4 + 2.2 nT. Notwithstanding the agreement be-
tween the measured and calculated values of the fields,
some caution is necessary in applying the results in Ta-
ble I. To start with, use of the ring current model of
I ui et at. [9] for H~sl, in place of the H~sl arising from
the Tsyganenko model, may lead to a model which is not
completely consistent internally. In addition, we note the
danger of extrapolating any of these models to regions
outside of those where the input data for the model were
obtained. Note that this caution applies as well to the
earlier results of Refs. [3,4,6]. Finally we note that there
is a small systematic difference of approximately 2.4 nT
between the noon and midnight determinations of H,„q,
but this is well within the quoted errors. From an analy-
sis of possible errors arising from all of these sources it is
estimated that they contribute a possible le systematic
uncertainty of +10 nT. Hence the final result for H,„t,is

H,„t——0.4 + 2.2(stat) 6 10(syst) nT, (7)
where the first error is statistical and the second is sys-
tematic.

Hext;

1.2 + 6.4
1.3 6 4.8
2.0 6 7.8

1.5 + 11.1
1.7 + 6.7
1.5 + 2.9

—0.7 + 7.1
—1.0 6 5.2
—0.6 + 8.7

—1.0 + 12.2
—1.0 + 7.2
—0.9 + 3.2

0.4 + 2.2

Time/Dst
N/0 to —5

N/ —5 to —10
N/ —5 to —15
N/ —15 to —20
N/ —15 to —25
Noon weighted mean

M/0 to —5
M/ —5 to —10
M/ —5 to —15
M/ —15 to —20
M/ —15 to —25
Midnight weighted mean
N+M Weighted mean

Hemic

15.8 6 6.1
18.5 + 4.3
20.5 + 7.5
23.8 + 10.9
25.0 + 6.4

19.4 + 5.7
20.0 + 3.5
21.3 + 6.7
21.7 6 9.5
21.6 6 4.5

—8.9 6 3.4
—8.5 + 2.2
—9.7+4

—9.0 + 6.3
—8.6 6 2.9

12.7 + 1.7
14.8 + 2.4
17.0 + 3.2
19.1 + 3.9
20.2 + 4.3

23.2 + 6.9
26.3 + 4.8
28.6 6 8.4
31.8 + 12.0
33.2 6 6.9

22.5 6 2.0
25.3+ 2.0
28.0 + 2.0
30.8 + 2.0
32.2 + 2.0

TABLE I. Summary of final results for the difference H,„&——H,~, —H,~&,. H, i, ——H + H + H + H, vrhere all

quantities (in units of nT) denote the components of the corresponding fields along the dipole direction. N and M denote noon

and midnight, respectively. Note that some of the Dst ranges overlap.

H(&) + H(4) H(2) H(') H,
—12.7 6 3.8 15.8 + 4.4 12.7 6 1.7 17.0 + 2.0
—12.3 6 2.4 16.0 + 2.7 14.8 + 2.4 19.8 + 2.0
—13.7 + 4.4 17.2 k 5.2 17.0 6 3.2 22.5 6 2.0
—13.0+ 6.9 17.7 + 7.5 19.1 6 3.9 25.3 + 2.0
—12.6+ 3.2 17.4 +3.5 20.2 +4.3 26.7 + 2.0
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FIG. 2. Exclusion plot for P = P(A), where P and A, respec-
tively, characterize the strength and range of a new field. The
shaded regions are excluded by the data at the la level. Note
that the new results provide the first nontrivial constraint on
P = P(A) for the region around A 10 m. The data for
Jupiter are obtained from Ref. [5].

z & 3.9 x ].0-4.

Hence from Eq. (4),

h/m~c & 3 x 10 m,

m~ &8x 10 eV/c =1x 10 g.

(8)

The result for Ir, in Eq. (8) is a factor of 10 smaller
than that obtained by GN [4]. Since 2: = (m~c/h)R@
(3ir/2)'/2, it follows that the limit on m~ in Eq. (9) is
approximately 3 times smaller than the GN value. More-
over, the new limit is only slightly less sensitive than that
obtained from the Jupiter data [6], and could surpass the
Jupiter value when refinements presently under way are
completed. Although smaller limits on m„have been
quoted based on astrophysical arguments, these are nec-
essarily more uncertain. The smallest published limit is
m~ & 3 x 10 so

g quoted by Chibisov [15] from an anal-
ysis of magnetized interstellar gas. However, this bound
must be interpreted with some caution, since it depends
in a critical way on the applicability of the virial theorem,
and on other dynamical assumptions, such as equilibrium
of the interstellar gas.

As discussed in Refs. [5,16] the same data which con-
strain m~ in a theory where the photon has a nonzero
mass can also be used to constrain both the range A and
coupling strength P of a new field coexisting with con-
ventional (massless) electrodynamics. The constants P
and A are defined [5,16] in terms of the efFective static
potential V(r) for two test objects with charges Qie and
Qqe, respectively (e /hc = 1/137):

From the earlier discussion recall that the effect of
m~ g 0 is to generate a field H,„talong —m, which

means that H,„tand the dipole field point in the same di-
rection at the equator. Using Eq. (7) the largest negative
value that H,„&can have (at the Icr level) is H,„t———11.8
nT. To compute z from Eq. (3) the value HD. E = 30 573
nT quoted in Ref. [14] is used. This gives

(10)

From Eq. (10) it is seen that P characterizes the strength
of the new interaction in units of e~, and A is the Comp-
ton wavelength of the quantum of the new field. As
shown in Refs. [5,16], an experimental upper bound on rc

leads to a constraint on P and A through the relation

(11)
(2/3)(r/A)2Pe "/"

[1 y Pe "/" (1 + r/A + r /3A )]
An exclusion plot in the P-A plane is shown in Fig. 2
corresponding to the new limit on ir, quoted in Eq. (8).
This limit provides the first nontrivial constraint on P(A)
for values of A near 10 m.
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