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From observed limits on the x-ray flux from neutron stars, a bound is placed on the
product of the galactic flux of massive monopoles and the cross section for monopole-
catalyzed nucleon decay: I' ~o.&~ ~ 5&& 10 ." ' sr '.
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In a large class of grand unified theories, mag-
netic monopole solutions have been shown to
exist. ' It has also been shown that baryon number
is not conserved in the presence of a monopole. "
Recent model calculations' have led to the sur-
prising result that the cross section for monopole-
induced nucleon decay, e.g. , PM-e'&'M, may be
as large as a typical strong-interaction cross
section: 0~=10 "cm'. This result is potential-
ly of great interest in light of the possible detec-
tion of a monopole at a flux level of E~ = 6& 10 "
cm ' s ' sr '. In this paper, we find that limits
on the luminosity of neutron stars imply that
E&(J~& 5~10 ' s ' sr ' which leads us to con-
clude that o~ ~4&10 "cm' if the reported flux
limit is representative of the galactic flux, or
that +„~5 &10 "cm ' sr ' s ' if a strong cross
section is representative for monopole-catalyzed
nucleon decay. '

The basic point of the paper is that cosmic-ray
monopoles hitting the neutron star will be trapped,
and because of the high densities in the neutron
star they will be efficient in catalyzing nucleon
decay. By demanding that the energy produced by
the monopole-induced decay be less than the ob-
served discrete and background x-ray fluxes,
we are able to limit the number of monopoles
in the star, and hence limit the monopole flux in-
tegrated over the lifetime of the neutron star.
Although the prediction and detection of young,
cooling neutron stars is uncertain as a result of
neutrino emission, nevertheless either the cumu-
lative x-ray emission from the very many old
neutron stars or the high probability of x-ray de-
tection of nearby neutron stars imposes a signifi-
cant upper limit on either the monopole density in
the galaxy or the monopole-induced decay.

For our model of the neutron star we assume a
mass of one solar mass (2&&10" g) at nuclear

matter density (p =3&& 10"g cm '), a radius of
10' cm, and a surface magnetic field of 1o" G.
With the assumption of a monopole mass of 10"
GeV, on the surface of the neutron star the ratio
of gravitational and magnetic forces is = 70.
Since the @ field falls at least as fast as R ',
while the gravitational field falls as & ', as the
monopole approaches the surface of the neutron
star its interaction with the magnetic field can
be neglected. If we ignore any monopoles pres-
ent at the formation of the neutron star (including
them will strengthen our limits), the number of
monopoles that have been captured by the neutron
star is given by

where +& is the monopole flux, I' is the age of
the neutron star, and& is the effective area of
the neutron star. For an initial relativistic mono-
pole, A. is the actual area of the neutron-star sur-
face. However, for the massive monopoles con-
sidered here, one expects the monopoles (and the
neutron stars) to have velocity distributions typi-
cal either of the virial velocity of the galaxy (v

=10 'c) or of heating by the magnetic field of the
galaxy' (~ =—3&&10 'c). The magnetic field accel-
eration of monopoles leads to a mass-dependent
velocity 3 && 10 'ch&„/(10" GeV)] "' in a coher-
ence length of 300 parsecs (pc). Since the mag-
netic field is expected to be time dependent on a
time scale similar to that of the monopole, we ex-
pect the galactic monopoles to be heated and eject-
ed with close to their viriaL velocity. Recogniz-
ing a factor of 3 uncertainty in the velocity, we
chose the virial velocity as representative of
monopoles trapped in the galaxy. The monopoles
can be captured if their orbit intersects the sur-
face of the neutron star. ' The equations of mo-
tion relate the capture radius and the radius of
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where n~ and m„are the nucleon density and
mass, and I U I is the relative velocity between
the monopole and the nucleon twe have assumed
I vI =10 'o in Eq. (3)]. We parametrize the cross
section as

o =IT/A = 10 Age v cm (4)

where Aoev =A/(1GeV). If the monopole-induced
nucleon decay is characterized by a strong cross
section, then &~,v should be of order unity.

Combining Eqs. (2)-(4), we obtain the luminosi-
ty:

L=2.0x10'4AG, v 'I",,/(1 cm 's ' sr ') ergs s ',

where we have used 10"yr as the age of the neu-
tron star on the basis that massive star forma-
tion and evolution occurred early after the forma-
tion of the galaxy.

A limit on the photon luminosity of old neutron
stars comes from the isotropic background limit
for the total x-ray emission per neutron star, '

P(&0.2 keV) ~ 6x10 ' ergs,

under the assumption of a production rate of one
neutron star per century. If we assume a time
scale of 10"yr of a typical neutron star, then
Eq. (6) implies an x-ray luminosity limit of
L;„~42&10"ergs s '. Recent surveys for ser™
endipitous x-ray sources are able to see discrete
sources with an x-ray luminosity of ~d, , ~ —-10"
ergs s ' at a distance of 1 kpc." On the basis of
the current estimated birth rate of pulsars in the
solar neighborhood, the number density of old
neutron stars is expected to be at least n Ns&4
&& 10 ' pc ', with some estimates higher by more
than an order of magnitude. " Therefore, the

the neutron star:

~cap tu re 1+ ~+NS~/t ar If NS

~NS 1 ~S/~NS

=— 4.2x10' (u„=10 'c).
In Eq. (2), the subscript NS refers to the neutron
star, the subscript '& refers to the monopole, Rs
is the Schwarzschild radius, and the Rs//RNs term
represents the post-Newtonian correction.

Each nucleon decay releases about a nucleon
rest mass of energy in the form of muons, pions,
photons, etc. The specific luminosity due to
monopole-induced nucleon decay is'

Lrtr —nl p n+tT~ I

=—6.5 x1044o/(1 cm~) ergs s ' monopole ', (3)

dearth of sources in the surveys can only be ex-
plained if the x-ray luminosity of old neutron
stars is less than L d;, .

The luminosity due to monopole-catalyzed nu-
cleon decay given by Eq. (5) would, in general,
be emitted as both photons and neutrinos. In the
absence of a pion condensation or free quarks,
the luminosity is dominated by photons for total
luminosities less than 10" ergs s ', and the
limits L ~L;„~ and I- ~Id;, ~ may be used. " How-
ever, if pions condense in the interior of neutron
stars or free quarks exist, neutrino emission is
enhanced, and a photon luminosity of 10" ergs s '
(2x10" ergs s ') corresponds to a total neutrino-
plus-photon luminosity of 10" ergs s ' (10" ergs
s ')."'" Therefore the limits on the x-ray lumi-
nosity translate into limits on the total luminosity
of L ~ 10" ergs s ' (L~ ~ Ld;, ~), and L ~ 10" ergs
s ' (L~ ~ I-;„~). The limits on the total luminosi-
ty constrain the product of the monopole flux and
the monopole-catalyzed nucleon decay cross sec-
tion:

I.A/(1 GeV)] '+ar/(1 cm ' s ' sr ')
&5x10 " (L&&L &)

- 5x10 " (L~~ Ld, , &). (7)

If we assume that AG, g =1, the flux limit &"~
5g ]0 cm s ' sr ' is much lower than any

previous limit' and is txelue orders of magnitude
smaller than detection at the reported limit, 4 and
represents a galactic monopole density of n~ ~ 2
&&10 "cm ' under the assumption of an average
monopole velocity of 10 'c. A density this low
means that in our galaxy the 'monopole number"
iV= nar/nz =nNr/nz is less than 4x10 ". It is un-
certain whether the galaxy represents a local
monopole enhancement or rarefaction due to the
competing effects of gravitation and magnetic
field heating. Regardless, the limit on M pre-
vents the monopoles from being the dark matter
in the universe. If we assume that the flux report-
ed by Cabrera is correct, then v~~ &10 "cm'
(A& 6x10' GeV), and the magnitude for monopole-
catalyzed neutron decay is much different than
the model calculations suggest. In either case,
monopole-induced proton decay should not be de-
tectable in proton-decay experiments.

Of course saturation of the limits of Eq. (7)
leads to the interesting result that old neutron
stars are hotter than young neutron stars, and
that a significant fraction of the x-ray flux is
caused by monopole-induced nucleon decay in neu-
tron stars.
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After submission of this paper we learned that
Dimopoulos, Preskill, and Wilczek have also
considered monopole catalysis of nucleon decay
in neutron stars" and have reached similar con-
clusions.
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