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From the magnetic properties of old neutron stars we propose that an observation of a sufficiently
old pulsar limits any "grand unified theory" heavy magnetic monopole flux in the pulsar neighbor-
hood to below' 5X10 rlo cm sr sec ', where

halo

is the age (in 10' yr) of the pulsar's present
magnetic field and monopole speeds are —10 3 c. For the millisecond pulsar PSR 1937+ 214 a
major improvement over the Parker limit is obtained, which is also better than various limits from
monopole catalysis of baryon decay, provided bio& 10 '. The consideration of monopole dynamics
inside superconducting neutron-star cores leads to this conclusion.

I. INTRODUCTION

Many attempts to predict the form of some future
grand unified theory of the elementary particles suggest
that measurable fluxes of very massive magnetic mono-
poles should exist in the Universe. The typically predict-
ed monopoles have masses ( m ) of order 10'
GeV/c —10 g and pole strengths (g) equal to the
minimal Dirac value, Ac/2e-3X10 Gcm . In the
neighborhood of a neutron star such monopoles are sub-
ject to both the enormous stellar magnetic field B (up to
several X 10'2 G for young pulsars, and perhaps down to
a few X 10 G for what have been interpreted as 10 -yr-
old neutron stars) and the hu~e stellar gravitational ac-
celeration gG-10' cm sec . Since gB =3X10Bi2« rngo —10 ttt i7 (where m i7

—=monopole mass in units of7

10' GeV/c and Bi2 =—the magnetic field in units of 10'
G), the neutron star's gravitational pull on the monopole
is expected to dominate the surface magnetic force on it.
Thus, a monopole can be pulled into the star and brome
permanently bound within it.

If the magnetic field were to penetrate into a normal
stellar core, monopoles would accumulate near the stellar
center, with the north and south monopoles separated by a
distance (3gBo/4nGpotrt)-10 B,spis

' cm, where Bo is
the central magnetic field and po the central density.
However, because the protons in neutron stellar cores are
expected to make a superconducting transition less than a
century after the formation of the star no matter how hot
the star was at birth, the magnetic properties of the core
will be different from that of ordinary magnetized con-
ducting matter in two essential ways.

(1) The superconducting core of the star is such a good
diamagnet that a monopole cannot penetrate it unless ei-
ther the monopole mass approaches the Planck mass (10's
GeV/c ) or there is a preexisting core magnetic field

which pulls the monopole into the core through normal
(nonsuperconducting) regions.

(2) Where such a magnetic field exists in the supercon-
ducting core of neutron stars it is expected to be bunched
into quantized flux tubes. Only by joining itself to flux-
tube pairs can the monopole enter into the stellar core.
Within such fiux-tube pairs, the magnetic force hugely
exceed!i the gravitational one. As a result, magnetic
monopoles gravitationally pulled beneath the surface of a
neutron star have very different dynamics from that
which holds when the superconducting stellar cores are
absent. In particular, true equilibrium is never obtained
for a 10's—10'7 GeV/c2 mass monopole within the stellar
core. Given sufficient time, a few massive monopoles
could, under circumstances discussed below, annihilate all
of the flux which connects the core to the stellar surface.
The energy to maintain monopole velocities despite energy
dissipation to the ambient electron sea comes from the
mobilization of the magnetic energy, released as the total
fiux-tube length diminishes, and from the energy of the
normal magnetic flux-tube cores as they become super-
conducting.

In the present paper we analyze the resulting modified
dynamics of monopoles inside neutron stars and the
consequences on monopole capture. %'e also discuss
briefly a new channel for core-field decay inside neutron
stars.

II. FLUX-TUBE STRUCTURE

In the stellar crust of a cooled neutron star, protons ex-
ist only within separated nuclei; in the outer crust only
electrons fill the interstellar volume between nuclei, while
in the inner crust both neutrons and electrons fill that
volume. At a total density of about 2X10' gcm the
very large neutron-rich nuclei have diameters —10 "cm.
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The separation between nuclei is only a few fermis larger
than the nuclear diameter, so the nuclei almost touch each
other. There is a first-order phase change at about this
density at which the nuclei "dissolve. "' At higher densi-
ties, deeper within the star, protons are continuously dis-
tributed within a much denser neutron sea. As long as the
temperature T( 10 K (kT (10 keV), a temperature re-
gime expected to be achieved within several years of the
formation of a neutron star no matter how hot the star
was initially, both the nuclear protons and the continuum
core protons form BCS superconductors.

The possible existence of a charged-pion condensate in
the center of the neutron stellar core depends upon the
stellar mass and equation of state as well as on theoretical
questions of some delicacy and controversy. If the central
condensate does exist it forms a charged-boson supercon-
ductor when cooled below an expected superconducting
transition temperature which is higher than that of the
protons.

Magnetic flux which threads the superconducting
matter of (a) the possible central charged-pion condensate,
(b) the core protons and (c) the inner crust, will be organ-
ized in the following ways.

(a} In the pion condensate the magnetic field will be
bunched into flux tubes, each carrying a flux

-4X 10 6cm=2~ —7 2

e

This is exactly the total flux carried by the (minimum
strength} Dirac monopole. The flux-tube radius is the
London superconducting pion-condensate penetration
depth,

' —1/2
4mn e

2
-10 ' cm,

m c

where n e /m is the ratio of the square of the pion-
condensate charge density (en ) to its mass density
(m~n ). The flux-tube magnetic field is typically 10'6 G.
The separation between flux tubes (d ) is determined by
the average magnetic field in the condensate (B), un-
changed by flux-tube bunching, and by 4:

10-"cm

(B )
l /2 (B )

l /2

where the exact value for d depends on the "lattice
structure" of the flux-tube arrangement. Because
d »A, lattice forces will be negligible and the flux
tubes will be arranged as a two-dimensional fiuid with an
auerage distance given by the d in (3).

(b) In the core proton superconductor, the quantized
flux (4» ) is half that carried in a pion condensate because
the bosons are proton pairs; the flux is also half that of a
putative Dirac monopole. A magnetic field which threads
the superconductor mll be bunched into such quantized
tubes as long as the London penetration depth of the pro-
tons

—1/2
4mnpe

2
mpc

(n» is the proton number density, m» is the proton mass)
exceeds 2'/2$», where g» is the BCS correlation length of
proton pairs (type-II superconductor). In the core, g» is
typically several 10 ' cm, so that the flux-tube configu-
ration of the magnetic field in the proton superconductor
is expected to hold with a quantized flux of

-2X 10 Gcm=2~ —7 2

2e
(5)

The magnetic field structure of such a flux tube is
' 1/2

ark,8-
2l'

exp — for r »A,p
A»

(6a)

B—
2

ln for g» & r «A» .p

2n'Ap
(6b)

At the average flux-tube separation in the core,
d» —10 ' (Blz) cm, the repulsive force between mag-
netic flux tubes, which falls off like exp( —d»/A»), is
negligible. The main force on a flux-tube segment in a re-
gion with constant A» is that from the huge flux-tube ten-

sion (T»):

T» -(4»2/16riA» )ln

B2
irk» In -10 dyn.

B+(Gauss )
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16

1015
1014

I j l l l l l 1

5 1O15
p(g cm ~)

FIG. 1. Average magnetic field in a quantized flux tube in
the proton-superconductor region of a neutron-star core [from
proton density of R. Nandkumar and D. G. Ravenhall (private
COIIllllulllca tloll)].

Because of proton density variations, A», and thus T»,
vary along a flux tube. But the surrounding exterior stel-
lar fluid presses in on a tube whose surface normals are no
longer perpendicular to its axis. The resulting axial force
balances that from distant variations in T» so that only
the local T» is relevant to the dynamics of flux-tube seg-
ments.

When describing the dynamics of monopoles, which in
a stellar core superconductor must be a source or sink of
flux tubes, it is convenient to consider the average flux-
tube magnetic field
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FIG. 2. Schematic representation of a neutron-star magnetic
field penetrating through the lour crust, superconducting pro-
ton core, and a possible superconducting pion condensate. The
flux-tube separation is d-10 ' (B) ' cm and the proton su-
perconductor depth extends for almost 10 km.

This is plotted in Fig. 1 for estimated nz between the
transition layer to continuous protonic matter (at
p-2X10' gcm ) where 8@ -10' G, and the stellar
center, where it is around 3X10' G. Note that B@ is a
maximum, with 8~,-3.6&(10' G, at p-8&(10' gcm
where the proton density is highest.

(c) Above the first-order transition surface, which
separates the continuous proton fluid from protons
clumped into discrete separated nuclei, Az~ 00 as long as
proton-pair tunneling between nuclei is unimportant.
Current detailed models of the transition indeed suggest
that the large diamagnetic nuclei have radii (R) compar-
able to, but somewhat smaller than, the penetration depth
(A,, ) of the superconducting proton fiuid within the nu-

clei. These nuclei have a diamagnetic permeability p
given by

(e28 (x2+y )nz)
p —1=—Sm

Smzc 20K,,
There will be some compression of a magnetic field
threading the inner crust in the interstellar volume be-
tween nuclei, and some diminishing of it in the cores of
nuclei. In first approximation, however, we shall consider
the magnetic field above the transition layer to be near
that which would exist there if the diamagnetic nuclei
were absent [or, equivalently, that which would obtain if
the inner crust were uniformly filled with a medium with
susceptibility (p —1)f, with f the nuclear filling factor].

The sudden (scale &Az) transition between flux-tube
confinement of 8 just below the nuclei-fluid transition to
a 8 falling off nearly like the inverse square of the dis-
tance from the spout of the flux tube can occur only be-
cause of the surface energy of the transition layer (tr), as-
sociated with a first-order transition. The departure of
that surface from local planarity, z(x,y), must be suffi-
cient for that surface tension pressure oV, » z to balance
the part of BX(VXB) associated with the exit and en-
trance structure of a flux tube ("spout") which is not hy-

drostatically balanced. As long as cr ~g10' ergs cm or
10 MeV per surface nucleon, cr »A&8 /Sm at the tran-
sition surface. Such energy is quite negligible compared
to total surface energy per nucleon; thus, in the spout of a
flux tube, even just before reaching the transition layer,
Eq. (S) is expected to remain a good approximation.
Above the transition layer in the lower crust, at a distance
r from the flux-tube spout, we have

8 -@p/2rrr (10)

when the field modulation from the diamagnetic nuclei is
ignored and r «d~ (the fiux-tube separation). For r & d~,
B~B, the average "classical" field. This spatial organi-
zation of a magnetic field which penetrates through the
neutron star is idealized in Fig. 2.

2 , gG
fb — ekes~ ' c,

'' (12)

where c, =dp/dp is the squared sound speed and gG the
local gravitational acceleration. For s, -8 (the stellar ra-
dius) in Eq. (11), since R gG-c, , one finds that fb —f, .
Note that if a flux tube is initially straight and parallel to
the direction of the average magnetic field except for a
very small "kink" close to the boundary to give "spouts"
normal to the superconducting core surface, that
geometry will change as it moves. At typical times in mid
motion, s, -R along the full vortex length, in part be-
cause of the variability of (12) and the electron drag along
the vortex. Vortices closest to the magnetic-field axis will
reach their maximum speed after the longest times.

If these flux-tube forces are not balanced by magnetic-
field interactions, as seems to be the case for nonturbulent
situations (see below) with d~ &&A~, the velocity of the re-
sulting flux-tube motion will be limited by the momentum
transfer to electrons scattered off the magnetic field
within a moving flux tube and by the Ohmic dissipation
within the crust when the flux-tube spouts move. Crustal
current relaxation has an uncertain time scale, estimated
to be of order & 10 yr. Spontaneous superconducting
core fiux-tube relaxation times, as discussed below, appear

III. FLUX-TUBE MOTION

The neutron-stellar flux tubes are embedded in a highly
viscous degenerate electron gas. They will generally move
slowly through this gas for two different reasons.

(1) When flux tubes are curved, the huge tension of Eq.
(7) will result in a concavely directed force per unit length

Tp

sc

where s, is the radius of curvature. This effort of a flux
tube to achieve minimal length would move outward any
flux tube whose exit and entrance spouts lie on a spherical
surface and are movable.

(2) Because the hydrostatic pressure within a flux tube
is less than that of the surrounding fluid by 5& -Be /Str,
flux-tube matter is less compressed and will be locally
buoyant. The buoyancy force per unit flux-tube length is
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~c PeC
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[with Ef(e) the electron Fermi energy] is of order 10, so
that the electron orbits are not bent greatly by their pas-
sage. Then

( 1 —cos8) -(Ap /r, )2

and the drag force per unit length is

2 2nee 4p
Ef(e)A~ c

(16}

(17)

Magnetic flux-tube relaxation is driven by the forces of
Eqs. (11)and (12). On balancing the drag of Eq. (17), one
obtains a dissipative velocity along f of

U f 1

c ~pi, i 2m ApR

and a flux-tube relaxation lifetime of

wz ———10 yr.8 9

V

The behavior of core magnetic fields on much longer
time scales is not yet clear. Toroidal fields of flux tubes
wrapped around poloidal ones or large multiple winding
may result in the stabilization of at least parts of flux-tube
systems within a core. VAere flux tubes touch, their
fields merge and the magnetic-field structure is much

to have a larger order of magnitude; hence, we shall con-
sider only the latter as determining flux-tube relaxation
rates.

The mean free path for electron scattering (mainly by
phonans) in the proton-superconductor neutron-superfluid
core of a neutron star is very much larger than a flux-tube
radius. Hence, in their interaction with flux tubes, the
electrons can be regarded as free. A flux tube of radius Ap

moving with velocity v through the electron gas feels a
force per unit length along v of

fp — 4T—rigpgvkp ( 1 co—se) (13)

where p, (1—cos8) is the average momentum change
along v of the scattered electrons. There is also a (gen-
erally) much larger perpendicular force, proportional to
(sin8), which causes motion perpendicular to v but does
nat affect the rate of flux-tube-length shortening or expul-
sion from the superconductor and hence is not important
for our present discussion.

The neutron-star core electrons, which transverse a
maving magnetic fiux tube, have an inverse wave number

1(~ =A/pg 3 X 10 cin

which is typically an order af magnitude less than the
tube radius, Ap. We shall, therefore, approximate the elec-
tron dynamics by classical trajectories. The ratio of the
electron radius of curvature in the flux-tube magnetic
field to the fiux-tube radius

closer to a classical one, where toroidal fields may stabi-
lize poloidal ones.

We turn next to the behavior of magnetic monopoles
which are either in the core when it becomes supercon-
ducting or gravitationally attracted into the star after that
transition.

IV. MAGNETIC MONOPOI. ES
IN SUPERCONDUCTING CORES

A Dirac monopole, already in the core of a neutron star
when that core becomes a proton superconductor, must
become the source or sink of a pair of quantized magnetic
flux tubes. (In a possible central core pion condensate
Dirac monopoles terminate single flux tubes. ) The other
terminal of the pair can be a monopale of opposite mag-
netic polarity. In that case the huge fiux-tube tension af
Eq. (7) will quickly (i.e., within seconds) pull the pole and
antipole together, resulting in annihilation of the polarity.
Alternatively, the flux-tube pair attached to a monopole
in the core would reach the surface at very nearby points
(the flux tubes, when formed, are only of order 10 'o cm
apart near the monopole if 8-10' G). The flux-tube
pair would then pull the monopole on which they ter-
minate to the surface where flux-tube quantization ceases
and 8 drops over a distance d-10 ' (B,i} '~ cm from
the large Be,& 10' 6 of the flux tube to the much smaller
8 As lon.g as Bg &mgG &Be,g, which for 8-10' 6
corresponds to a monopole mass in the range 10' —10'
6 Ve/c, the monopole will be ejected from the core but
not escape from the crust; if 8 &10'2 6, lower mass
monopoles will also have the same fate. It is the subse-

quent motion of monopoles after they enter the crust that
can involve detailed questions of some delicacy whose
answers may depend upon a high velocity of monopole
ejection out of a flux tube. (We shall see below that even
monopoles can never be ejected fast enough to escape
from the star. ) For monopoles already in the core before
the transition, the ejection velocity will be very different
depending upon whether the central core region where the
monopoles are originally trapped becomes superconduct-
ing before or after the region just below the core surface.
In the former case, monopoles would be pushed up on the
superconducting transition surface as it slowly (time scale
of years) rises to its ultimate level at p-2X10' gem
The monopoles would, therefore, reach that ultimate sur-
face with neghgible velocity and could come to a static
equilibrium supported by the surface tension of a shallow
surface depression. It is then marginal whether a tangen-
tial component of 8 of order 10' G would then be able to
move the monopole along that surface where it must pass
through the alternating hills and depressions in the poten-
tial energy due to its interaction with the diamagnetic nu-
clei arranged in an ordered lattice above it. If, on the oth-
er hand, flux tubes first originate at p-2X 10'" gem
and ultimately reach down to terminate on the monopole
only as the superconducting transition penetrates down
deeply enough, then the monopole will have the different
subsequent behavior discussed in the next section. Unfor-
tunately, the region of stellar density p-2)&10' gcm
is just where calculation of the cooling time to the super-
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df„-2T-gBg, (20)

with f„given by Eq. (17), T by Eq. (7), and 8~ by Eq. (8).
Then

Ef(e) —2
—

isa—10 (8i2)c n A&e 1

Within a possible central superconducting pion conden-
sate the monopole velocity exceeds that of Eq. (21} be-
cause the electron drag on a monopole terminating a sin-
gle contracting flux tube is only that on the moving
monopole. Its effective scattering cross section is rr-r,
where r is that distance from the pole where the electron
gyroradius in the magnetic field of the monopole equals r.
Then

PgC PgC

e8 eg
(22)

p - superconductor

conducting transition is rather delicate. %'hile the transi-
tion temperature there increases with depth, the local neu-

trino cooling processes (time scales are generally too short
for thermal conduction to be important) can also be less
efficient with increasing depth. The most important of
the standard ones are plasma neutrino emission, and, if
the neutrons there are not yet superfluid, URCA emission.
However, p-2)(10' g cm is the density near which the
dominant neutron BCS pairing is changing from So to
P2. Thus, both neutron heat capacity and the URCA

neutrino emission there depend sensitively on details and
parameters that are poorly known.

We shall consider below the dynamics of a north mag-
netic monopole which is incident on the south polar re-
gion of a magnetized superconducting neutron-star core.
The monopole may have been incident onto that side of
the star initially or have been carried to it by the tangen-
tial component of the stellar magnetic field beyond the
core. Because of the diamagnetism of the superconduct-
ing core, the moving monopole cannot penetrate the core
until it is attracted to a south pole spout of an existing
flux tube. Since the monopole carries twice the flux of a
single flux tube it will also attract to itself the spout of a
second fiux tube (cf. Fig. 3). The flux-tube pair, whose
average separation far from the monopole (d) is 2'~2

times that of Eq. (3), then pulls the monopole through the
proton superconductor at a speed v determined by

eg

P~C

'2

(23)

The monopole-electron drag force F„on a monopole of
speed U is then

p
Pe

2fecpe 10 — GeV cm
c c

(24)

within a stellar-pion-condensate core. The ratio of the
monopole drag force in the proton superconductor to that
in a pion condensate (i.e., that of a "free" monopole) is

1

de 10 ' cm -10
F„ Ap

d
10-"cm

(25)

However, an upper bound to the velocity of a monopole
pulled by flux tubes is the Alfven velocity ( Vq ) within the
flux tube. If U ~ Vq the monopole moves faster than the
maximum speed at which the fiux tube can shrink its
length, and the flux-tube pull on the monopole is reversed:
the monopole is dragged by the flux-tube magnetic wake
that it leaves behind itself. In the core

Vz — -10 —10 cmsec
'(Is 7 S —1 (26)

with the higher velocity limiting the monopole velocity
deep within the core and the lower one limiting its exit
velocity from the core. (Within a distance d-10 ' cm
of the transition surface, the net flux-tube-pair force on
the pole is greatly diminished because the two flux tubes
no longer pu11, even approximately, along a common
direction and, indeed, pull in opposite directions just at
the surface. However, the kinetic energy of the heavy
monopole so greatly exceeds the energy lost to electron
drag over that small distance that the monopole exit velo-
city is not significantly changed from its steady-state
value at deeper levels. }

We can, therefore, conclude that (a) a monopole pulled
through a stellar core will traverse the core in less than
10 ' sec, (b) in so doing it will catalyze the disappearance
of a pair of flux tubes in the proton-superconducting re-
gion and a single flux tube in a possible central supercon-
ducting pion condensate, and (c} the exit velocity of the
monopole is & Vq —10 cmsec ' so that the monopole
cannot achieve the escape velocity from the neutron star
(even if kinetic-energy losses in transversing the crust are
neglected).

We turn now to the critical question of the mobility of
these monopoles in the presence of a magnetic field whose
tangential component now pulls the monopole toward the
opposite side of the neutron star where it can repeat the
entire proces being pulled through the core and annihi-
lating flux tubes.

9r
7T condenaote-

superconductor (&)

FIG. 3. Flux tubes capturing monopoles and pulling them
through core superconductors.

V. MONOPOLE MOTION ABOVE CRUST BO j. j.OM

Once the monopole exits the core and moves inside the
crust, it is subject to the action of two types of forces
mentioned above: (i) the electron drag, of order
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v, —10 (8, ) iz cm sec (27)

%here does the monopole go? That would naturally de-
pend very much on the exact magnetic-field configuration
on the boundary surface. For a smooth field configura-
tion, the monopole will move all the way to the other side
of the star, where it is able to attach itself to new flux-
tube spouts and start the whole process again. It will take
the monopole a time

r-(8, )i2
' sec=10 (8, )s

' sec (28)

[where (8, )s ——10'(8,)»] to do that, which will then be

10"(U,„;,/c) GeVcm '; and (ii) the repulsion of the di-

amagnetic nuclei. Since the monopole enters the crust
with kinetic energy —,

' mc (U, , /c) —10 ' GeV, only after

it traverses —10 cm will the electron drag forces produce
a substantial effect. The free monopole will rise only to a
height of (c /gG)(u, , /c) &1 cm above the crust-core
boundary before gravity will pull it down again. The en-

ergy loss to electron drag in the crust [—10"(U, , /c)
GeV cm '] in that cm is only —10 i the heavy monopole
kinetic energy (assuming m -10' GeV/c ). Electron
drag will become important only after many "bounces" up
and down have taken place. (The first such bounce takes
—10 sec.)

The diamagnetic forces of the nuclei seem to be even
less effective in damping the mono le motion. The
monopole's initial kinetic energy (-10 ergs) is enormous-
ly greater than its interaction energy with the lattice of di-
amagnetic nuclei through which it moves ( &10 ergs).
The diamagnetic interaction energy of a monopole with a
crust nucleus will not exceixl (p —1)g2/dN —10 ' GeV,
where d~ is the nuclear separation, and the only mono-
pole velocity regime where that interaction will be signifi-
cant compared to the monopole kinetic energy is v ( 10
cmsec; otherwise, the lattice will be adiabatically
pushed slightly where necessary to "clear the way" as the
monopole traverses it subsonically (shear velocity —10s
cm sec '). The nucleus-nucleus Coulomb interaction en-

ergy, Z e /d„ is also only of order —10 ' GeV, so that a
slight adiabatic lattice deformation may indeed occur with
no substantial reduction of the heavy monopole's velocity.

The velocity of the monopole is not likely to decrease
much below its exit velocity because, while bouncing up
and down it is subject to the force of the tangential mag-
netic field in the crust. At U, , &10 cmsec ', each
bounce would last & 10 sec, and v o & 10 sec will
elapse before electron drag could be important. By then,
however, the monopole will have acquired a tangential
velocity in the tangential field, (8, ) iz X 10' G of

g&~ &o —1v, — &10 (8, )i2 cmsec
Nl

Even for (8, )i2-10, this value of v, is large enough for
the monopole motion to be insensitive to the small period-
ic potential ripple from the lattice of nuclei, and electron
drag will be the major source of energy loss. From equat-
ing the magnetic force with the electron drag force, the
equilibrium velocity with which the monopole moves on
the crust-core boundary surface becomes

the single monopole recycling time needed for the annihi-
lation of one flux-tube pair by one monopole. However,
Eq. (28) may be modified by the nonsmooth arrangement
of the tangential field at the crust-core surface. Such
nonsmoothness will arise from two important factors.

(i) As the field decays [by relaxation processes such as
these leading to Eq. (19)] a concentration of field lines
around the equator of the crust-core boundary surface is
likely to develop leading to some turbulent field configu-
rations. The monopole may traverse this region very fast,
as 8, will be quite large there; but even if it gets trapped
there it will be able to destroy pairs of flux tubes at typi-
cal times &~g per pair.

(ii) The core field may be extremely turbulent or com-
plex to start with, so that the total length and/or the total
number of (tangled} vortex lines could far exceed those
implied by the average field. However, relevant reconnec-
tion times are such that turbulence should not have much
effect on time scale & 10' yr.

We thus find that neutron stars may lose their magnetic
fields if embedded in a sufficiently large external magnet-
ic monopole flux. Some neutron stars exist, however,
which are expected to be quite old, but still possess sub-
stantial magnetic fields. In the next section we discuss the
upper limit posed on galactic monopole fluxes from the
existence of these neutron stars.

VI. LIMITS ON MONOPOLE FLUX
FROM PULSAR OBSERVATIONS

Limits on the galactic monopole flux have been ob-
tained on the assumption that monopoles catalyze neutron
decay:

M +@~M+m +e+ (29)

Xp i ergssec (30)

N =SX10' r6Ri5Mi 413 3 F (31)

monopoles, where E,6 is the monopole flux in units of
10 ' cm sr ' sec ' (the Parker limit), r6 is the mono-
pole collection time in units of 10 yr, R i5 and Mi 4 are
the neutron-stellar radius and mass in units of 15 km and
1.4Mo, respectively, the cross-section factor (crv) 2s is
(ov}X10 cm X(3X10' )

' cm ' sec, p 3 is the
monopole galactic velocity in units of 3X10 cmsec
and f is a geometrical factor of order unity. Altogether,
one monopole generates —10' ergs sec ' inside a neutron
star.

Limits on E i6 utilizing Eq. (30) can come either from
the diffuse x-ray background or from selected individual

(with a similar stimulated decay for neutrons) ~ Mono-
poles, trapped in the extremely high density inside neu-
tron stars, might induce sufficient nucleon decay for the
thermal energy released to be detectable even for a rela-
tively small number of trapped monopoles. Freese,
Turner, and Schramm have calculated a total neutron-
star luminosity of

L=1.3X10 F isrsRis Mi4 (&v) 2s
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neutron stars. Based on the Helfand, Ruderman, and Sha-
ham data on pulsar 1929+10, Freese, Turner, and
Schramm put a limit

+6 I.
2.6 &( 10 ergs sec

X(~v) 2s-'R»'P, 'M, 4-'f-'

on the monopole flux. This bound may come down by a
factor of —106 from monopoles trapped during the pre-
neutron-star phases of 1929+ 10 and possible M-M an-
nihilations at the neutron-star formation stage.

One notes that (32} is some 5 orders of magnitude
below the Parker limit (and some 11 orders below the Ca-
brera one). However, it does depend on the ability of
monopoles to induce nucleon decay. In the present paper
we present a limit depending only on the monopole's
mass. From the discussion in the previous sections, a neu-
tron star which is ~ioX10'0 yr old and which still
Possesses a surface field of Bs X 10s G (with no evidence
for any past field regeneration processes) cannot contain
more than

& 3)&10 BSE.i5 v'io 'v' (33)

monopoles. This limits the average monopole flux during
~~0 to less than

F i6&5X10 ' BsRiiTip Mi 4 P 3 7 (34)

where, in (33) and (34), ~ is to be taken from Eq. (28). On
making this substitution and identifying 8, 8(in -order
of magnitude) we have

+ i6&5X10 '~i5&io 'Mi. ~ 'P 3' (35)

a rough semiquantitative limit which is, however, alto-
gether independent of B. (This is, of course, no surprise:
the larger 8 is, the faster the single monopole recycling
time, but also the larger the number of vortex lines that
need to be annihilated. }

Since (35) depends rather strongly on bio and not at all
(or, very slightly) on Bs, the natural candidates for obtain-
ing a minimum monopole flux limit will be the oldest pul-
sars, as long as their fields are sufficiently large
(Bs &10 ) so as not to allow monopole interstitial trap-
ping by the diamagnetic nuclei in the lattice. Indeed, even
neutron stars which are not pulsars may qualify if it can
be shown that they have 88&10 . However, it seems
that pulsars will always satisfy this condition. Theory
and observations both agree that pulsar radiation mecha-
nisms operate only when 88/P & 10, where I' is the pul-
sar rotation period, in seconds. On the other hand, to
prevent centrifugal instability of the pulsar, one must
have P & 10 sec. Hence 88 & 10 is a general condi-
tion for pulsing, and we can conclude that (35) can be ap-
plied to any old pulsar. For pulsars less than 10 yr old
the electrical conductivity of the crust would maintain an
initial external magnetic field even if the entire core field
were to be annihilated.

At present, it seems that ordinary pulsars are no more
than —10 yr old (and have fields Bs &10 ) so that (35)
does not give a limit which improves on the Parker limit.
These limits are not as good as those coming from mono-
pole catalysis of nucleon decay; however, they do not de-
pend on the existence of catalysis, only on the magnetic
charge (and mass regimes of the monopole. )

Much better limits can be obtained by considering a
new class of pulsars, the so-called "millisecond" pulsars
(see, e.g., Ruderman and Shahams). These appear to be
reprocessed neutron stars, one of which (1937+ 214) is in-
dicated to be &10 yr old, with 88&1. Here we obtain,
from (35},

i6& 10 Ri5Mi 4 'P (36)

which is an even better limit than (32) and independent of
the catalysis mechanism. This is the main result of the
present paper. Pre-neutron-star phase considerations will,
again, push this limit down by several additional orders of
magnitude, but here one needs to know in detail the evolu-
tion of the system, which is a problem still under investi-
gation.

Needless to say, (36) depends critically on the bio value
one ascribes to 1937 + 214. While its spin-down age does
seem to be9 2X10s yr and its overall age may be much
longer, its kinetic-age (i.e., its distance above the galactic
plane divided by its velocity) measurement has now only a
lower limit of about 10 yr. It is not clear what that
measurement can tell us about the evolution of
1937+214, but until this point is settled one should also
keep in mind, that the pulsar could, perhaps, albeit with
low probability, simply have been born with a small field
and we just happen to view it when it is extremely young.
In this case one may want to apply (35) to 1953+29,
which may be several 10 yr old so that a limit &10
times that of (36) for the neutron-star phase.

We note that if PSR's 1937+214 and 1953+29 are
less than 10 yr old, then their present dipole magnetic
fields might still have a contribution from crustal currents
generated during their accretion spin-up phases. ' In this
case even a zero core field would not be incompatible with
observations so that no monopole bound would follow.
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