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The most stringent, mass-independent limit on the flux of magnetic monopoles is based
upon the survival of the galactic magnetic fields, the so-called “Parker limit”: F <1076
cm~2sr~!sec”!. We reexamine this limit, taking into account the monopole’s mass and
velocity distribution, and the observed structure of the galactic magnetic field. We derive
flux limits which depend upon the monopole’s mass and velocity, and the strength, coher-
ence length, and regeneration time of the galactic magnetic field. The largest monopole
flux consistent with both the survival of the galactic magnetic field and the bounds from
the mass density contributed by monopoles is F~10~"'2 cm~2sr~'sec™!, arising for mono-
poles of mass ~10' GeV with velocity ~3 X 103 which cluster with the Galaxy. An
observed flux greater than this would have profound implications for our understanding
of the galactic magnetic field, and we briefly explore some exotic possibilities. Of course,
this bound is not applicable to a local source (e.g., the Sun, atmospheric cosmic-ray pro-

15 SEPTEMBER 1982

duction, etc.).

I. INTRODUCTION

Dirac! pointed out that it is possible to add mag-
netic monopoles to electromagnetism in a con-
sistent manner only if their magnetic charge is
h=n2m/e=n(137e/2) (n=1,2,3,... ). In 1974
’t Hooft and Polyakov showed that magnetic
monopoles are obligatory in the low-energy theory
if U(1)gy is embedded in a larger, simple group G.?
Specifically, they showed that topologically stable
configurations of the gauge and Higgs fields with
magnetic charge h=n(21/e) and mass (i.e., energy
associated with the field configuration) m ~hv
necessarily exist when G breaks down to G’ X U(1).
The quantity v is the energy scale associated with
the spontaneous breakdown of the simple group G
to a subgroup G’ X U(1) which contains an explicit
U(1) factor.

Of course, just such an embedding is the goal of
grand unification. In the simplest unification
scheme, the Georgi-Glashow SU(5) model,’ in
which SU(5)—SU(3) X SU(2) X SU(1) at a scale
v=~10'* GeV, m~10'® GeV. In the very early
Universe (¢ < 10736 sec, T> 10'° GeV) the full
SU(5) symmetry should be restored by finite-
temperature effects.* When symmetry breaking oc-
curs (T ~ 10" GeV), it has been argued that ~1
monopole should be produced per horizon volume,
since monopoles can be viewed as “topological de-
fects” in the Higgs field, and causality prevents the
Higgs field from being “smoothed out” on scales

greater than the horizon. Their subsequent annihi-
lation is negligible, and the mass density associated
with this predicted relic abundance is a factor of
10'2 greater than the limit on the present mass
density of the universe.” A variety of viable, but
uncompelling scenarios have been suggested to
suppress their initial abundance.>’” However, this
is not the concern of this paper.

Clearly, the discovery of a magnetic monopole
would be of tremendous significance. If such a
particle were discovered and if its mass were
~10'® GeV, it would be a striking confirmation of
the ideas of grand unification, and just as impor-
tantly, evidence that the Universe was once hotter
than ~10'* GeV. In addition, as we shall argue, if
the detected flux were greater than the flux limit
based upon the survival of the galactic magnetic
field, its discovery would force us to alter drasti-
cally our ideas about the galactic magnetic field
and its dynamics. The flux ~10~° cm~2 sr—!
sec™! inferred from the recent candidate monopole
event reported by Cabrera® does in fact exceed the
limits we shall derive by about three orders of
magnitude.

The flux bound based upon the survival of the
galactic field is rather straightforward.”~!! If the
galactic field is due to persistent currents, as the
case seems to be since VX By, -0, then monopoles
which move along field lines gain kinetic energy at
the expense of the field, and the currents are re-
duced. The survival of the galactic field requires
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FIG. 1. Summary of monopole flux limits as a func-
tion of monopole mass for an initial monopole velocity
of 10, valid for uniform or isotropic velocity distribu-
tion. The lines marked “uniform” and “clumped” are
based upon the mass density of the Universe and
Galaxy, respectively. The “direct search” limit is based
upon Refs. 30, 32, and 33 and is applicable for
2% 107 2% >v>3X 10~%. However, because of uncer-
tainties with regard to the ionization losses of a slowly
moving monopole (Ref. 31), the validity of this bound is
in question. The limit based upon the survival of the
galactic magnetic field is the flux bound derived in this
paper. A monopole mass of ~10'7 GeV separates the
two regimes: (i) v <., Where monopoles are easily de-
flected by the magnetic forces, and (ii) v > Umag, Where
the magnetic force is a small perturbation to the
monopole’s motion.

that the field energy not be dissipated more rapidly
than the currents can be regenerated by dynamo
action, say #,,~10® yr (Ref. 9). This implies that
for a directed flux F <107'¢ cm =2 sr~! sec™!
(Refs. 10 and 11).

In this paper we carefully reexamine the original
simple arguments, taking into account the
monopole’s mass and velocity distribution and the
observed structure of the galactic field (strength,
coherence length, regeneration time, etc.). For
monopoles more massive than ~ 10'® GeV, the
flux bound is less restrictive than the bound just
mentioned, and depends upon the monopole’s mass
and velocity. However, when these limits are com-
bined with the flux bounds based upon the contri-
bution of the monopoles to the mass density of the
Galaxy and of the Universe, we find that, with the
most favorable asssumptions (for monopoles), the
maximum permissible flux is F~10~"? cm =2 sr~!
sec™! (all these flux limits are summarized in Figs.
1—3). This flux is allowed for a distribution of
monopoles with mass ~ 10'° GeV and velocity
~3X 1073 which cluster with the Galaxy. A flux
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FIG. 2. Same as Fig. 1, except for a monopole veloci-
ty of 10~%c. It is unlikely that monopoles with velocity
v~10"% could remain clustered with the Galaxy since
Vescape=2 X 10~3¢; however, the bound has been included
for completeness. The change in the slope of the galac-
tic magnetic field bound for v~v,,, occurs for a mono-
pole mass of ~10'° GeV.

greater than this is essentially impossible to recon-
cile with our present understanding of the galactic
magnetic field. Of course these arguments do not
preclude “local sources,” e.g., cosmic-ray interac-
tions, the Sun, etc.

The paper is organized as follows. First, in Sec.
IT we review the structure of, and the observational
evidence for, the galactic magnetic field. Next, in
Sec. III we derive our refined limits on the flux of
magnetic monopoles based upon the survival of the
magnetic field of the Galaxy. Then in Sec. IV we
summarize the flux limits based upon mass densi-
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FIG. 3. Same as Fig. 1, except for a monopole velo-
city of ¢. The direct-search limit is valid for
v>2X 10~2c and is taken from Refs. 29 and 30. Mono-
poles with v ~c¢ cannot cluster with the Galaxy. For a
monopole mass of m=10"!" GeV, v~ pyq.
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ty, and previous direct searches. In Sec. V we
combine the bounds discussed in Secs. III and IV
to obtain an upper bound on the galactic flux of
monopoles: F<10~"2 cm=2 sr~! sec™!. To em-
phasize the profound implications for astrophysics
if a flux >107"2 cm™? sr~! sec™! is detected, in
Sec. VI we explore two exotic scenarios for main-
taining the galactic magnetic field. In these
scenarios the flux bound of 102 cm™2 sr~! sec™!
can be exceeded because the monopoles themselves
are responsible for the field. However, even in
these unlikely models the flux is still restricted by
the mass density of the Galaxy to be less than
107" cm~2 sr~! sec™!. We conclude by summar-

izing our results in Sec. VII.

II. THE GALACTIC MAGNETIC FIELD

The magnetic field of the Galaxy is detected
through (a) the polarization of starlight,'” as a
consequence of the alignment of the interstellar
dust grains'?; (b) the Faraday rotation measure of
polarized radio waves of pulsars and of extragalac-
tic radio sources; and (c) the polarization of the
nonthermal (synchrotron) emission from the
cosmic-ray electrons.'* The polarization of starlight
shows a large-scale magnetic field extending in the
azimuthal direction in the disk of the Galaxy,
more or less parallel to the direction of the local
galactic arm.'? Faraday rotation measures indicate
a field strength of (2—3)x 10~% G.!° There are lo-
cal fluctuations in the field, with A B ~B, over di-
mensions of the order of 100 pc (Ref. 16).

Various models of the vertical structure of the
galactic disk have been constructed to show that
such fields are not inconsistent with the observed
state of the cosmic rays and the related nonthermal
radio emission, and the observed state of the inter-
stellar gas.!” Heiles'® has provided an excellent
summary and evaluation of the observations, to
which the interested reader is referred. It should
be noted that the observations pertain to a volume
of space around the Sun with linear dimensions of
the order of a kiloparsec.

To obtain a global picture of the galactic mag-
netic field, one must turn to other galaxies. The
Magellanic Clouds (two nearby irregular galaxies)
show evidence of magnetic fields.!° More relevant
are the Faraday rotation measures distributed over
the spiral galaxies M31, M33, M51, and M81 (Ref.
20). The straightforward interpretation of the ob-
servations suggests field strengths of the general
order of (2—5)x 10716 G along the spiral arms.

The fields of these galaxies appear to be directed
inward along one spiral arm and outward along the
other, exhibiting, therefore, a characteristic scale
length of the order of 10 kpc. This general picture
suggests the conventional view that the locally ob-
served interstellar magnetic field in our own galaxy
is part of a large-scale field along the spiral arms,
essentially in the azimuthal direction, with a
characteristic scale of 10 kpc and a mean field
strength of, say, (2—4)Xx 1076 G.182!

A central question for estimating an upper limit
on the flux of free monopoles in our galaxy is the
rate at which the galactic field is regenerated. On
the one hand, it has been argued that the present-
day galactic magnetic field is a primordial field,
having been compressed into its present form along
with the collapse of gas that formed the Galaxy.
Piddington?? and Sawa and Fujimoto® have ex-
plored this theoretical possibility. There would be
no regeneration of field, and the characteristic de-
cay time would be comparable to, or greater than,
the age of the Galaxy, say 10'° yr. On the other
hand, Parker? has argued that the dynamical in-
stability of the galactic magnetic field and the as-
sociated turbulent diffusion produce a characteris-
tic decay time of the general order of 10® yr, re-
quiring continual regeneration of the field by
dynamo action in the gaseous disk?> with a charac-
teristic time equal to the decay time if a steady
state is to be maintained. Beck?® discusses the
question of a primordial origin of the galactic
fields, as opposed to a contemporary production of
field, with the conclusion that the observations of
the galaxies by themselves provide no definitive
answer at the present time. However, Vallee?’
points out that current observations place an upper
limit of 3 10~'! G on the intergalactic field, as
opposed to the earlier suggestion of 10~° G by
Sofue, Fujimoto, and Kawabata.”® A field of
3% 107! G seems to be too weak to provide the
observed microgauss fields with the collapse of an
intergalactic medium of, say 10~3 atoms/cm?, to
form a galaxy. We shall adopt the optimistic point
of view, with regard to the abundance of magnetic
monopoles, that there is some means of regenerat-
ing the galactic magnetic field on a time scale ?,,
shorter than the age of the Galaxy.

We shall use the following set of parameters as a
“working model” for the galactic magnetic field:
(a) An average strength of 3 107® G; (b) a coher-
ence length of 300 pc (~10?! cm), which defines
the size of a coherent region, or cell, of magnetic
field; (c) a spatial extent of order 30 kpc (~10%
cm) from the center of the Galaxy; and (d) a regen-
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eration time ?,,,~10"° sec (~30 Myr). In addition,
we shall assume that the field is largely azimuthal
(as the observations indicate). We will use these
parameters to derive flux bounds, and will explicit-
ly exhibit how the results scale with these parame-
ters.

III. THE MONOPOLE FLUX AND THE
SURVIVAL OF THE GALACTIC FIELD

Monopoles moving through a magnetic field ex-
tract energy from the field at a rate equal to j 5B
causing dissipation of the field energy in a charac-
teristic time 7~(B%/8m)/ ] 5'B. If the field can
be regenerated in a time as short as 10® yr, then
the survival of the field requires that 7> 10° yr.
Taking the field strength to be 3 10~° G, this im-
plies an upper bound to a directed flux of mono-
poles in the galaxy, of the order of

Fejy /4m <1071 cm~2sr'sec™! . (1)

This is the straightforward bound which has been
derived previously.!®!!

However, we might try to avoid the bound (1)
based on this simple argument by assuming that
the monopoles are moving through the Galaxy on
random trajectories (as they would be if they were
gravitationally bound), so that there are as many
monopoles gaining energy (by moving in the direc-
tion of the field) as there are monopoles losing en-
ergy (by moving against the direction of the field).
It has been frequently stated that if this were the
case, then the survival of the galactic field would
place no stringent limit on the monopole flux.
Such considerations have motivated our more care-
ful analysis of the situation. In addition, we shall
display how the flux bounds which we derive de-
pend upon the precise nature (strength, lifetime,
coherence length, etc.) of the galactic field.

A quantity of great relevance in these discus-
sions is vy, the velocity a monopole which is ini-
tially at rest would acquire by magnetic accelera-
tion through a region of coherent field. The mag-
netic force on a monopole of charge h=69e is

Frnag =hB~0.06 eV cm™ !By,

where B =B; (3X 107% G). The energy gained by
the monopole in passing across a field B of scale I,
is

AE=hB1,~0.6X10% Vi, B; ,

where the coherence length I, =1,;10*' cm. There-

fore, it follows that
Umag210_4c( 121B3/m19)1/2 ’ @)

where the monopole’s mass m=m 410'° GeV.
[Note, if AE~O(mc?), then (2) is not valid. In this
case Umag~~c.] The significance of v, is clear.
Monopoles with initial velocity v > vy, Will be
only slightly deflected, i.e., their velocity changes
by an amount | AV | small compared to their ini-
tial velocity, while monopoles with initial velocity
U <Up,g Will be easily deflected when moving
through a cell of uniform field, and quickly
brought up to a speed of order v,,,,.

We take the monopoles’ initial velocity with
respect to the Galaxy to be v~10"3c. For if
monopoles cluster with the Galaxy or the local su-
percluster, then their velocity must be of the order
of the virial velocity, which for the Galaxy is
1073¢ (~300 km sec™!) and for the supercluster is
perhaps as high as 3 10~3¢ (~1000 km sec™}).
On the other hand, if monopoles do not cluster,
then they are distributed uniformly throughout the
Universe with a velocity dispersion characterized
by their present temperature. If they were last in
kinetic equilibrium at decoupling (z~1500), then
their present temperature would be ~3 K/1500
(the kinetic temperature of a distribution of nonin-
teracting massive particles « R ~2), which for
monopoles more massive than 1 GeV implies a
velocity dispersion of <300 cmsec™!. Thus their
velocity relative to our galaxy is a consequence of
our galaxy’s peculiar motion with respect to the
cosmic rest frame and their gravitational infall
velocity—both of which are ~10"3¢.

In discussing bounds on the flux of monopoles
in the Galaxy there are three cases to be con-
sidered: (1) The monopoles cluster with the
Galaxy, and v ~10"%¢ > Umag; (2) the monopoles do
not cluster with the Galaxy, and v > 10~ 3% > v
and (3) the monopoles do not cluster with the
Galaxy, and vy, >v > 107%. The case where
monopoles cluster with the Galaxy and
v~10"3¢ <Umag is clearly not a possibility since
the monopoles would be quickly accelerated to
Umag and would escape from the Galaxy. When we
are through analyzing these cases we will have two
formulas for the bound on the flux: one valid for
U > Uag and one valid for v <.

(1) Clustered and v~10"3c > Umqg- In order for
v~10"3¢ > Umag the monopole mass m must exceed
10" GeV(l,B;). One can also compare the gravi-
tational and magnetic accelerations of a monopole
in the galaxy,

mag»
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Agray=?/r=~3X10"% cmsec™2, 3)
umag~hB /m
~0.6X 1078 cmsec™X(B;/m ) . (4)

In order that g,y > @ g, We must have m > 108
GeV B;. From these considerations it is clear that
a necessary condition for monopoles to remain
gravitationally bound is m > 10'7—10"® GeV.
Shortly, we shall show that if they are to remain
bound for a time of order of the age of the Galaxy
(10" yr), then m > 10"° GeV.

Consider the motion of a monopole through a
region of uniform field (see Fig. 4). Let its in-
cident velocity be V and its velocity as it leaves the
region of coherent field be V=V + AV, where
|AV| < | V| since v > vp,e. The change in the
monopole’s energy is

AE=mV-AV+m(Av)?/2 . (5)

If (a) the distribution of monopole incident veloci-
ties is isotropic (as one would expect if they are
gravitationally bound), or if (b) the fluxes of mono-
poles and antimonopoles are equal, then the
hV-AV term averages to zero. We shall assume,
then, that for one of these two reasons the V-AV
averages to zero. (In the absence of this assump-
tion, a more restrictive bound results.) The average
energy gained per monopole due to its slight de-
flection Av is then AE =-—mAv , where,

Av~(hB/m)l_ /v
210_5(10_30/0)12183/"119 N (6)
AE~2X10"7 eV(10~3¢ /v)* B3, 2 /myy . (1)

AE is inversely proportional to both m and v?.
This mean rate of energy gain by the monopoles is
just A E X (the number of monopoles which pass
through the region per unit time)~A E X F X
@12 X (msr). If we require (optimistically) that
the field energy of this region, (B%/8m)(47l.3/3), be
dissipated in a time no shorter than #,¢,~(10"°
sec)tys, then the monopole flux bound which fol-
lows is

F<107B em=2 st sec™m g
X (/1073 ~ltys~ 1, (8)

which is independent of the field strength B;.
Expression (7) for A E can be derived in a more
rigorous manner. The equation of motion for a
monopole in a region of uniform magnetic field B
is dv/dt=hB/m. Taking the dot product of this

— 4 = 4y 108 em —
v
\

M

FIG. 4. Schematic representation of a cell (or
domain) of coherent magnetic field. For
U > Umag=10"%(B;3151/m 15)"/?, a monopole which enters
with velocity V, leaves with velocity V,=V+ AV, where
AV is the small deflection due to the magnetic field.

w1th 1t follows that dT/dt=hB-V, where

= —mv . Taking a time derivative and using the
equation of motion for V, we find that
d*T/dt*=h*B*/m, which is necessarily positive.
Assumption (a) or (b) implies that {(dT /dt)=0
when the monopoles enter the field region. The
brackets indicate the average over the incident
monopole distribution. However, d>T/dt? is al-
ways positive so that on average monopoles gain
KE, and (T;)=(T;) + 5(A0%d*T/d1?, where
At~l./v is the time required to traverse the re-
gion, T =T(t=0) and Ty=T(t =A1). Thus,

A E~+(At)d*T/dt? it is a simple matter of sub-
stitution to show that this agrees exactly with ex-
pression (7) for AE.

At first it might appear that one could circum-
vent the flux limit derived above by invoking a
special velocity distribution in which the V-VV
term would “balance” against the (Av)?/2 term.
We will now illustrate by means of one example
that such a “balancing act” is unlikely to be stable.
Suppose for the moment that the galactic magnetic
field is entirely azimuthal. Consider a monopole
configuration with orbits only in the plane of the
Galaxy, and for simplicity just one sign of mono-
pole charge. Clearly, with a distribution where
half the monopoles orbit clockwise (CW) and the
other half orbit counterclockwise (CCW), the net
energy gained by the monopoles is zero (half gain
energy and the other half lose energy). However,
very quickly such a distribution “undoes” itself.
The monopoles which are gaining energy, say the
CW group, speed up, while the monopoles which
are losing energy, the CCW group, slow down.
After a while, in a given time interval, the CW
group complete more orbits than the CCW group.
Since the energy lost or gained in an orbit is just
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2mrBh, the net energy gained by this monopole
configuration is no longer zero, but becomes posi-
tive. As a rough estimate, the difference in the
CW and CCW orbital velocities should grow as
Av~ap,,t. The fractional difference in the num-
ber of orbits completed by the CW and the CCW
groups should be

AN/N~Av /Uo,bit:\_rO.Zm 19_1B3tl5 .

It seems clear that such a balancing act can work
momentarily, but is unstable in the long run.

The m (Av)?/2 term also leads to a steady in-
crease in the average energy per monopole. If the
monopoles are to remain bound for a time compar-
able to the age of the Galaxy ~3X 10" sec, then
the average energy gained in this time interval
must not be more than %mvempezleO“smc 2. The
rate of energy gain due to the deflection term is
AE/At, where AE is given by Eq. (7), and
At~I, /v is the time required to traverse a region
of coherent field. The long-term stability of the
galactic cluster of monopoles therefore requires

m >3X 10" GeV(10~3¢ /v)!/21,, 172 . ©

(2) Unclustered and v > 10 7%¢ > Upqe. In this
case the monopoles will pass through the Galaxy,
undergoing just a slight deflection. The analysis
for case (1) is also applicable in this situation, and
so the bound on the monopole flux is again given
by Eq. (8).

(3) Unclustered and vpqg > v 210‘3& In the very
first region of magnetic field that a monopole en-
counters, it will be accelerated to a velocity of
Umag- Subsequently, a given monopole will move
through the Galaxy, gaining or losing an energy of

A E~hBI,~0.6X 10% eVB;l,,

in each region of coherent field. A typical mono-
pole transverses a distance comparable to the diam-
eter of the galactic magnetic field region,
2r~r,310% cm, before leaving the Galaxy. During
the journey it passes through 2r/1,~100r,;/1,,
cells, gaining an energy (on average) of

(2r /1.)V?hBl, ~6 X 10*' eVB;( 13,753)2

. . . . e e, 1 .
before it exits. Since its initial energy vaz is

much less than A E, the change in its energy as it
travels through a given cell, every monopole gains
energy while moving through the Galaxy, and on
average drains 6X 10*! eV B,(l,r,3)"/? from the
energy stored in the field. The flux of monopoles
incident on the Galaxy is equal to their flux inside
the Galaxy. [Although their average velocity in-

creases U t0 > O(vy,,), conservation of monopoles
requires the flux to remain the same.] Thus the
condition for the survival of the galactic field is

FX (1 s1) X (4mr ) X (6 X 10*! V1,127 3172)
<(B*/8m)(4mr 3/3)l‘reg"1 ,  (10)
which results in a flux limit of
F<1075 em=2 st ! sec™By(ry3 /1)) 2ty
(11)

where 7 =7,310% cm is the size of the magnetic
field region of the Galaxy. This result clearly does
not depend on whether the incident flux of mono-
poles is uniform or isotropic

This covers all the possible cases: initial velocity
less than or greater than v,,,, and monopoles
clustered or unclustered. The flux bound is in-
dependent of m and v for v <vp,,, and is essential-
ly the original limit which was derived by Parker.!®
For v > vy, the flux limit becomes less restrictive
with increasing m and v, because monopoles are
less easily deflected. However, it is for larger
masses that the bounds on the flux based upon
their contribution to the mass density of the
Universe and of the Galaxy become more restric-
tive. We will now discuss these bounds, and then
in Sec. V discuss the restrictions on the monopole
flux which follow from considering both bounds.
The limits on the monopole flux based on the sur-
vival of the galactic field are shown in Figs. 1 —3
as a function of mass, and for initial velocities of
103, 10~ %¢, and c.

IV. OTHER BOUNDS ON THE MONOPOLE FLUX

The present mass density of the Universe pro-
vides an upper bound to the average number densi-
ty of monopoles. The mass density contributed by
monopoles py~m 9ny1.78 X 10~> g which must
be <2p. <4Xx107% gecm ™ (for H, <100
kmsec™! Mpc~!). This places an upper bound to
their average number density ny <2.2Xx 1072

ecm " 3m ™! or a flux limit

F<54x107"% cm™2 st~ ! sec™'myo " (0/107 %) ,
(12)

where we have used F=nv/4m and, as usual, v is
the velocity of the monopoles with respect to the
Galaxy. If monopoles are clustered with the
Galaxy, then their local density and flux can be
significantly greater. If we assume that less than
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10'2M, of material is within a radius of 30 kpc
from the center of the Galaxy, as is indicated by
the rotation curve of the Galaxy, then we find

F<3x107B em~2sr~!sec™'m 9~ (v /107 %) .
(13)

This is consistent with the local density enhance-
ment in the Galaxy being ~ 10°. If monopoles are
bound to the Galaxy, then v, their velocity relative
to earth, should be ~300 km/sec~10"3. These
flux limits are shown in Figs. 1—3.

Previous direct searches for relativistic mono-

poles (v >2X% 10~ %c) set an upper limit on the flux
of2930 ~

F<107B cm~2%r'sec™!, v>2x107% .
(14)

The interpretation of direct searches for slow
monopoles (v~1073¢) is not as straightforward.
Such particles are likely to be very lightly ionizing
(v < the orbital velocity of electron), and their en-
ergy loss in passing through matter is currently a
subject of debate.’! We shall merely summarize,
without comment, the published limits®®3%33

F<107"% cm~2%sr~'sec™!, v>3x107% .
(15)

These direct-search limits for slow and fast mono-
poles are indicated in Figs. 1—3. In addition to
direct searches, there have been bulk-matter
searches** which provide a bound on the monopole
to nucleon ratio, ny/ny <10~%’. They have re-
cently been summarized by Longo,*® but are not
really germane to our discussion of the flux limits.

V. MAXIMUM MONOPOLE FLUX CONSISTENT
WITH THE MASS DENSITY
AND GALACTIC FIELD LIMITS

From Figs. 1—3 it can be seen that the bounds
based on the survival of the magnetic field of the
Galaxy become less restrictive with increasing
monopole mass and velocity—such monopoles are
less easily deflected and spend a shorter time in a
region of coherent field. However, the mass densi-
ty limits become more restrictive with increasing
monopole mass. For monopoles clustered with the
Galaxy (v~1073¢) these bounds cross at a mono-
pole mass of ~10'° GeV and a flux of 10~
cm~%sr~'sec™!. Thus, this is the maximum flux
permitted for monopoles with typical velocities of

10~3c. Even pushing their velocity up to the es-
cape velocity for the Galaxy, v~3 X 1073, the
maximum flux consistent with these two bounds is
10~"2 cm~%sr~!sec™!. As we have mentioned ear-
lier, the long-term stability of a distribution of
monopoles bound gravitationally to the Galaxy re-
quires m >3X 10'® GeV, and based upon the mass
density limit alone the flux is restricted to be
<107 em~2sr~!sec ™.

For relativistic monopoles (v~c) a flux as large
as 10~ cm~2sr~!sec~! is consistent with the
mass density of the Universe and the survival of
the galactic field; however, direct searches rule out
a flux of relativistic monopoles greater than
~10"1B cm~2%sr~'sec™!. In sum, a monopole flux
>107"2 cm~2sr!sec ! is essentially impossible to
reconcile with all the limits we have discussed.

VI. EXAMPLES OF EXOTIC SCENARIOS
FOR PRODUCING THE GALACTIC
MAGNETIC FIELD

A. Magnetic plasma oscillations

The acceleration of magnetic monopoles in the
existing galactic magnetic field produces some in-
teresting mechanical oscillations that bear directly
on the question of the existence of the monopoles.
To explore the consequences, consider the simple
situation in which there is a uniform cold magnetic
plasma composed of %n monopoles per unit
volume with charge +# and mass m, and %n with
—h and m. Then if V is the velocity of the posi-
tively charged monopoles as a consequence of their
acceleration in a large-scale field B, it follows that

mdv/dt=hB, (16)

while the velocity of the negative monopoles is
—V. The total monopole current is Tm =nhv.
For the simple case of an initial unidirectional
field €, B (x), we have VXB=0 so that E=0 and

47 +0B/3t=0 . (17)

Write n +6n in place of n and linearize the equa-
tions so that

dv/dt=hB/m . (18)
The result is
3’B /3t +Q*B=0, (19)

where the magnetic-monopole plasma frequency is
defined as
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Q=(4mnh%/m)'/% . (20)

The x dependence of the field is arbitrary, of
course. The oscillations are the magnetic analog of
the familiar electrostatic plasma oscillations (Lang-
muir oscillations).

The frequency of the magnetic oscillations is
readily computed. For instance, if the monopole
flux were 10~!> cm~2sr~'sec™! as a consequence
of v=1073¢, it follows that n=4x10"2% cm—3,
while, if F were as large as 10™'2, we have
n=4x10"" cm~3, Combined with a mass of
10" GeV (21073 g) the oscillation periods are
2r/Q=4X%10% y and 10 yr, respectively. A mass
of 10'7 GeV and a flux of 107!° cm~2sr~'sec™!
yields a period of 410 yr.

It is evident that the depletion of the galactic
magnetic field by free magnetic monopoles,
described in the earlier sections, is nothing more
than the first quarter cycle of a galactic monopole
plasma oscillation, converting the energy of the
magnetic field into kinetic energy of the magnetic
monopoles. For n=4X 10722 cm—* this amounts
to 5 10'! GeV/monopole, equivalent to a velocity
of 0.3X 107 3¢ for a rest mass of 10'° GeV, etc.

A coherence length /=10%' cm for the field
gives a phase velocity /Q /27, equal to 10~ for a
period of 107 yr and 10~¢ for 4 10® yr. This
phase velocity is less than the expected random ve-
locities of the indiviual monopoles, so that, in fact,
the galactic monopole plasma, if it exists, would
not be cold as we have assumed in the foregoing
sections. The point is that the oscillations are sub-
ject to strong Landau damping, which disperses the
energy in one period of the oscillation, or less.
Thus, we end with the same quantitative con-
clusion as before, that the monopole density or flux
must be severely limited [as described by (8) and
(11)] if the observed magnetic field, with an as-
sumed characteristic regeneration time of at least
10® yr (3 10" sec), is to survive.

We could go on to pursue some of the transverse
electromagnetic modes in a combined magnetic and
electric plasma. We could consider the conse-
quences of the phase incoherence that arises from
the spatial variation of the monopole density and
the associate monopole plasma frequency. It is ob-
vious that the gravitational field should be includ-
ed in the calculations, providing further new
modes of excitation. The consequences of the
magnetic oscillations for the galactic cosmic rays
trapped in the magnetic field are considerable, of
course. It is an interesting exercise to formulate
the hydromagnetic equations in the presence of

free monopoles and to work out the familiar
dynamo equations, so that the field grows in am-
plitude at the same time that it oscillates. But we
feel that the uncertainties in the existing monopole
density do not warrant publication of further in-
vestigations at the present time.

B. Radial galactic field

Another exotic possibility for creating and main-
taining the galactic magnetic field that immediate-
ly comes to mind is that a net galactic magnetic
charge is responsible for the field. For a simple es-
timate, let the excess number density of plus poles
over minus poles be #, and assume that » is con-
stant. Then at a distance of ~ 10 kpc (3 X 10?2
cm), B~(4m/3)nhr, which is 3X107¢ G for
n=10"% ecm~3. This corresponds to a net mag-
netic charge within 30 kpc of the center of the
Galaxy of ~4x10* h. Since this is the excess of
plus poles over minus poles, this sets a lower bound
on the flux of

F~3%10"1 cm™2%sr~Isec~ (v /107 3¢) .

If monopoles are the primary sources of the ga-
lactic field, then VXB=0 and the field is conser-
vative, i.e., the energy gained by a monopole
traversing a closed path through the field is zero.
The field energy cannot be dissipated without neu-
tralizing or dispersing the net magnetic charge
since it is a consequence of Gauss’s law. However,
the field is radial, and as we discussed earlier,
there is very good evidence that the galactic field is
mainly azimuthal. Maxwell’s equations imply that
an azimuthal field must be maintained by currents
which, of course, can be dissipated. There is also
the question of how the magnetic charge imbalance
would arise and continue to exist. If it is just sta-
tistical, then a net charge of ~ 10*® requires the
number of plus and minus poles to be ~10°, or a
flux of F~10* cm~2sr~'sec™!, which is clearly
ridiculous. If the Galaxy had such a net magnetic
charge, it would attract monopoles of the opposite
charge from the intergalactic medium or from oth-
er galaxies to neutralize its charge.

In either exotic scenario, the monopoles must be
gravitationally bound to the Galaxy, so that their
magnetic interactions do not cause them to
disperse. This, as we have discussed previously, re-
quires the monopole mass m to exceed ~10'8 GeV.
Based on the mass density limit alone, Egs. (12)
and (13), the monopole flux can be no greater than
107" ecm~2sr~!sec " if m > 10" GeV. So even by
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considering these very unlikely schemes, we have
only relaxed the limit discussed in Sec. V
(F<10~"2 ecm~2sr~'sec™!) by an order of magni-
tude.

VII. SUMMARY AND CONCLUSIONS

The simplest arguments based upon the survival
of the galactic magnetic field'®!! limit the mono-
pole flux to be F<107'® cm~%sr~'sec™’. In our
more detailed analysis we have found the flux
bounds in two limiting regimes: (i) for v (initial
monopole Velocity) < Ve ~10"*c(B315/m 19)'/?
(monopoles are easily deflected by the galactic
field),

F <107 ecm~2sr'sec™!B3(rp3 /1) 2571,

which is essentially the same as the previous result;
and (ii) for v > vp,,, (magnetic deflection is only a
perturbation to their motion),

F<107 em~2%sr~ 'sec™'m 4 (0/1073¢)>
X(tysly) 7"

These limits do not depend on whether the velocity
distribution of the monopoles is uniform or isotro-
pic. Here B3, Iy, ti5, and r,; parametrize the field
strength, B =B33X 10° G, the coherence length

. =1,,10?! cm, the optimistic regeneration time

treg =11510" sec for the galactic magnetic field,
and the extent of the field region, r=r,;10?* cm.
While m 9 and v specify the monopole’s mass,
m=m910'° GeV, and typical velocity with respect
to the Galaxy. These limits together with the re-
strictions derived from the average mass density of
the Universe and of the Galaxy place stringent
bounds on the flux of monopoles in the Galaxy
(see Figs. 1—3). For example, with v~10"7¢,

the maximum permissible flux is ~10~13
cm~2sr~'sec ™!, which is allowed for monopoles of
mass m~few X 10'° GeV which cluster with the
Galaxy. If we allow v to be 3 1073¢ (~ escape
velocity for the Galaxy), and still assume that such

monopoles cluster with the Galaxy, the flux could
be as large as 1072 cm~2%sr~!sec™!. Although the
flux bounds based on magnetic fields discussed
here are less restrictive than those previously de-
rived,'®!! there is no way to reconcile a flux

> 1072 em~%sr~sec ! with the survival of the
galactic field. In fact, the requirement that mono-
poles which cluster with the Galaxy remain bound
for the age of the Galaxy requires that m >3x 108
GeV, and, based upon their mass density alone,
this restricts the flux to be <107
cm~2sr~!sec ™!

Of course, these bounds only apply to the aver-
age flux in the Galaxy and do not preclude, per se,
local sources.>> However, local sources are not
without their difficulties. For example, consider
the possibility that monopoles are produced by
cosmic-ray interactions in the atmosphere. The in-
tegrated flux of cosmic rays with energy greater
than 10* TeV is ~1012 cm~%sr~Isec™!. The
center-of-mass energy for a 10%-TeV particle collid-
ing with an oxygen nucleus in the atmosphere is
~16 TeV. Thus the cosmic ray produced flux of
monopoles more massive than ~ 10 TeV must be
less than ~10~'? cm~2sr~!sec™ 1.

A monopole flux of 1072 cm~2%sr~'sec! is
essentially impossible to reconcile with the present
mass density of the Galaxy and our understanding
of the magnetic field of the Galaxy. If such a flux
is, or already has been detected,® and is not a local
phenomenon, then in addition to the profound
consequences for particle physics and for cosmolo-
gy, there are equally profound implications for our
understanding of large-scale magnetic fields.
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