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All the current models for pulsars call for very large magnetic fields in rotating neu-
tron stars. Since general relativistic effects are important in the latter, electromagne-
tism too must be framed consistently (which has been overlooked so far). It is shown
that in a rotating neutron star even a uniform magnetic field, static in the corotating
frame, implies in the same frame the static electric field which is crucial to the pulsar
emission theories.

Pulsars are now believed to be rotating neutron
stars, ' whose pulses result from a corotating
beacon which is regarded in different ways by
different authors. A critical review of the mod-
els presented to date and an extensive bibliogra-
phy are given by Chiu. ' The basic ideas con-
tained therein are accepted here. The emission
is believed to take place on the very surface of
the neutron star, a point of view which is sup-
ported by results based on the estimation of the
light curves. ' Consequently, the magnetic laser
device' ' appears to be a most likely candidate
—indeed the only one available today —for the
highly nonthermal emission required (if a rea-
sonable superficial magnetic field of 10" G is al-
lowed).

So far electric fields in pulsars have been de-
rived from a Lorentz transformation, by justify-
ing a relative motion between matter and magnet-
ic field (see also the unipolar induction device of
Goldreich and Julian' ). It must be noted, howev-
er, that the built-in general relativistic condi-
tions already imply, in a straightforward way
from Maxwell's equations, the existence of an
electric field. This Letter presents only a quali-
tative and preliminary investigation; the reliabil-
ity of some of the approximations used is even
more evident in quantitative treatments of the
problem. "

Maxwell's equations in general relativity have
been studied extensively. In the absence of elec-
tric charges and currents, they are

Ii, s=O (n, P=O, 1, 2, 3),

F~g A~. 8 Ag. ct ( A(y g AB 0)i

where A is interpreted as the ordinary four po-
tential in the locally orthogonal frame;

A.~o) =(q, -A., -A, , -A.). (3)

where R 8 is the Ricci tensor, and

GA =A '
;Br

and the gauge

A . 8=0

(4)

is imposed. The convenience of the contravari-
ant position of the index n in (4) (the direct phys-
ical meaning lies in A„) will be evident in the se-
quel. Furthermore, for the sake of definiteness,
the adopted sign conventions in the Riemann-
Christoffel and Ricci tensors are recalled:

CX D iX 8 PA, p. p A, p. p A BppA +~8 Q ~ps ~

Equations (4) may imply that every component
of the potential acts as a source for all others
when R 8 4 0, which is the case for neutron stars
and pulsars. (It must be emphasized that in
these instances space-time is strongly curved
because of the high density of matter, whereas
the contribution from the electromagnetic field
is entirely negligible. ) In particular, for n = 0
in (4), in the presence of rotation and of a mag-
netic field, there follows the existence of an
electric field in the corotating frame of refer-
ence. This is a general relativistic effect: By
substituting for R in terms of Einstein's equa-
tions, the right-hand side of (4) turns out to be
of the order of magnitude of (R, /R), where R
= 2GM/c' is the Schwarzchild radius and R is the
radius of the star. Indeed, even a post-Newtoni-
an approximation will suffice to clarify the mat-
ter.

Commas stand for ordinary differentiation, semi-
colons for covariant differentiation. According
to a standard procedure'0 "one derives from (1)
and (2) that
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A'=A' A =A' .
7 3, 3' (6)

In addition let there be, in the corotating frame
only, a pure static magnetic field and, for sim-
plicity, let the latter be uniform and parallel to
the rotation axis (at least inside the star), so
that there is no radiation. Then

Equations (4), being fully covariant, can be
studied equally well either in the fixed frame of
reference or in the corotating one." Let polar
coordinates be introduced,

X' =Ctq X =9
~ X =L9q X

and let the corotating frame (angular velocity 0)
be denoted by primed variables. The transfor-
mation,

t'=t, r'=r, 0'=8, cp'=y+Qt

implies

cally by the transformation

n(0) ++ PX&
(o)

Thus for n = 0, because of (10), Eq. (4) yields di-
rectly the physical electric potential P. One has

Roog po+RosA

where the flat-space metric has been used to
lower the index in A'. Nn general however, go3
is different from zero."")

To solve Eq. (11), the self-regeneration of A'
—i.e., the first term on the right-hand side —may
be neglected, since it is of the second order in

(R,/R). (A' is already of first order and the
Ricci tensor introduces another factor R, /R. )
Also, the largest contribution to R03 comes from
the rest-mass energy density pc', which allows
Eq. (11) to be written, remembering the second
of (6), as

&' = -~By' sin 8 A' =A' =0
3 2 1 2 (7) g = (SING/c')p(Q/c)A', .

where B is the magnitude of the field. Accord-
ingly, the only nonvanishing components of E'~~
are

F'» = Br' sin8 cos8, F'» = -Br sin 8

which imply the expected physical components

B'(,~= F'»/(r'sin8) =Bcos8,

B '&o &= F '»/(r sin8) = -B sin8.

(8)

(9)

That there is no ambiguity in the choice (7) is
made clear by evaluating the T', component of
the electromagnetic energy-momentum tensor,

T'„=4m '[F' F'os+45~F', F' "]

(=A ' '=A" ) =A"=A'
0 (10)

where use has been made of the first of (6) in the
last equality and, in the preceding, of the fact
that the value of any vector is not changed" lo-

The latter indeed turns out to be B'/8m. [Strictly
speaking, the field (9) is not the self-consistent
magnetic field, for general relativistic correc-
tions already appear in the empty, nonrotating
case." However, as one is interested here pri-
marily in induced electric fields and not in self-
consistent magnetic fields, Eqs. (7) may be used.
Furthermore, in the present post-Newtonian ap-
proximation only the zero-order Qat-space mag-
netic field is needed. ]

Now, only in the local orthogonal frame is the
definition of the electric potential unambiguous
and meaningful (3). There

Then, because of the assumed time independence
and the choice of the fixed frame, '

g = -V&'
—= -g/R', and one has an electric field

E = -P/R = (QR, /c)B. (13)
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The fact that the latter is actually due to general
relativity is made clear by the explicit occur-
rence of R, . There is no relative motion be-
tween matter and magnetic field.

For a typical pulsar, 0=—10 sec ', R,—= 3 km,

E —= 10 4B (cgs) = 3x 1 OB /10» V/cm. (14)

In the theory developed by Chiu and co-work-
ers, '4 ' the electric field component parallel to
the magnetic field will cause electrons and ions
to be accelerated into opposite directions in co-
herent beams of high energy. Upon collisions
the quantized electrons will be excited from the
lowest to higher magnetic states. A population
inversion and a laser-type continuum radiation
will result. While the general problem is -cur-

rently under investigation, it is remarked that
the general relativistic electric field discussed
here is a direct coupling between rotation and
the emission from pulsars.
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To determine a we must measure ~~ and B. The
constant (e/m, c),+ is known to sufficient accura-
cy.

One detects cuD by the use of a polarimeter, a
polarimeter being any device which has a linear
response to the projection of P onto a fixed di-
rection, h, in the laboratory frame. If the beam
always enters the polarimeter in exactly the
same direction, independent of trapping time,
this projection differs by only a constant phase
angle from P v/v. It is proportional to cos(~~&
+ q). Here T is the time the particles are trapped
in the field and q is a phase constant. In order
to obtain ~& we measure the output of the polar-
imeter as a function of 7'. The data are then
fitted by a sinusoid from which ~D may be in-

We report a new measurement of the positron g factor. Our result is five times more
accurate than the best previous value for this quantity. It shows that the positron and

electron g factors are identical to within one part per million.

We have just completed a precision measure- orbital motion at angular frequency ~~. Simulta-
ment of the positron g factor. With the g factor neously P precesses at an angular frequency (dg.

written in terms of the anomaly a, as g=2(1+a), Since these two frequencies are slightly different,
our result is a(e+)z=(11602+11)x10 '. This is P rotates about v at the beat or difference fre-
five times more accurate than the best previous quency coD= cuq-~~. If we neglect certain small
positron determination. The corresponding val- corrections (to be discussed later), we may
ue of g agrees, at the 1-ppm level, with both the write
theoretical (T) value' and the previously mea-
sured experimental (E) value' for the free elec-
tron. In terms of a, a(e+)r=a(e ) r =0.5(o.'/m)

-0.328 48(o /w)'+1. 6(a /m) '= (1 159 660 + 2) x 10
anda(e )z=(1159549+30)x10 '. The error in

a~ is due only to error in n which we take as o.
= 137.0361+0.00026. Possible error in the coef-
ficient of (n/w)' is not considered here.

The basic experimental technique is the same
as that used in the last Michigan experiment,
hereafter g(e+)&. A group of positrons from a
Co" source is confined in a magnetic mirror
trap. After a measured length of time the parti-
cles are ejected from the trap into a polarimeter.
On emission from the Co" source, the positron
"beam" is already polarized parallel to its "av-
erage" velocity, (V), with polarization P =(V)/c.
While in the fieM the beam undergoes cyclotron
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