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We discuss the possibility that magnetic monopoles bind to atomic nuclei. We estimate the binding energy of these sys-
tems to be in the range 10- 100 keV and the formation cross section to be ogor>, 10-28 cm2. We find that most likely
monopoles reaching Earth are bound to a proton and present bounds on the monopole flux.

The formulation of Grand Unified Theories, which
allow magnetic monopole-like solutions [1], has
stimulated a wide interest in the search of magnetic
monopoles and recently evidence has been claimed of
their detection [2].

In view of planning further efforts to confirm the
existence of magnetic monopoles, it is useful to know
the behaviour of these particles when they reach
Earth. With this purpose, in this letter we discuss the
existence of bound states of magnetic monopoles and
atomic nuclei. We estimate the energy levels and the
formation rates of these systems. We also comment
on some phenomenological implications of the ex-
istence of bound states, mainly in connection with the
monopole catalysis of proton decay [3]. We consider
only electrically neutral monopoles, the case of dyons
being treated elsewhere [4]. Only the main results of
our investigation will be presented. For an extended
discussion of the items touched upon in this letter
we refer to a forthcoming paper [5].

We consider a monopole with a magnetic charge *'
4y = €/2e, € = 1, and a nucleus /} N with mass m,
spin S = 1/2 and magnetic moment p = S ek/m. The
interaction of the magnetic moment with the field
B(R) generated by the monopole,

Hy =- e B(R)=--S+RR3k/2m , (1)

"1 We use units such that 2 = ¢ = 1. The electron charge is
denoted as -e= -(137)-1/2,
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can provide an attractive potential for a suitable spin
orientation.

Clearly eq. (1) holds only for distances R larger
than the nucleus size, 2. When R <« one has to take
into account the internal structure of the nucleus
and to replace eq. (1) with an equation which takes
into account the interaction between the monopole
and the constituents of the nucleus. This results in an
interaction which is weaker than eq. (1) and which is
regular at the origin. The precise form of this interac-
tion is, however, unknown. For R < g we approximate
the interaction potential with a hard core. Since the
true potential, whatever it is, is more attractive than
our approximation, the energy values we will obtain
are to be regarded as upper bounds.

Within these approximations we find that several
stable spin 1/2 nuclei can bind to monopoles. They are
listed in table 1, together with the ground state ener-
gy. Binding energies are in the range 10—-100 KeV
and the linear sizes of the bound states are a few tens
fermi. It is worth observing that these states are the
lowest of infinite families. Within each family the
ratio of consecutive energy levels is approximately
constant:

£, =CE, . 2)
The constants C are reported in table 172,

¥2 Actually for a few nuclei more than one tamily of bound
states exist. In table 1 we report only the most tightly
bound states. See ref. [5] for further details.
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Table 1

Binding cnergies of stable spin 1/2 nuclei"ZiN to magnetic
monopoles with magnetic charge gM = —1/2¢ and infinite
mass. 4 is the nucleus magnetic moment in units of the nuclear
magneton, Ey, is the binding energy of the most tightly bound
state and C is the ratio between two consecutive energy lev-

els [see eq. (2)].

Nucleus Iy Ep (keV) C

e 2.79 15.1 4x107*
HI 2.98 112 22x107?
3He -2.13 134 3.85x 1073
3¢ 0.7 1.8 4.2x 1073
vy 2.63 383 0.25

ip 1.13 49.2 0.134
113¢cd -062 6.3 0.14
t18sn -0.92 29.6 0.3

'17sn -1.0 386 0.33
1L%sn -1.05 43.9 0.35
1237 -0.74 14.6 0.23
129%e -0.78 283 0.26
'1ivb 0.49 1.5 9.1 x 1072
195pt 061 7.6 0.24

13 otg 0.50 2.2 0.13
23T 161 94.5 0.57
208 1.63 99.4 0.57
207pb 0.59 6.9 0.24

Along similar lines, bound states of monopoles and
nuclei were predicted in ref. [6]. The binding energies
reported therein are however incorrect. A comparison
between our results and ref. [6] can be found in ref.
[51.

Concerning the formation of (MN) bound states,
two channels can be envisaged: radiative formation
and Auger effect. For the former case,

M+N->MN)+7, 3)

the cross section can be estimated on semiclassical
grounds. By calculating the probability of emission of
a photon with energy larger than the binding energy
along a nucleus trajectory in a potential V' =~ —uB(R)
we get:

oMM = 22 (u/py)? + 03X 10728 em? (4)

where y, .. is the nuclear magneton.
For monopoles passing through ionized matter re-
action (3) is the only process effective for (MN) for-
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mation. In non-ionized matter one has to take into ac-
count the Auger process:

M+ (N,ne7)>((MN),(n — 1)e")+e . (5

On the grounds of the experience with exotic atoms
[7] we expect that the Auger cross section is much
larger than the radiative cross section.

For example, in antiprotonic atoms at velocities
v < 107 3¢ the ratio of the Auger to the radiative
cross section is about 108,

Thus in condensed matter eq. (4) can be consider-
ed as a lower limit to the total formation cross section,
the real value of the latter being presumably several
orders of magnitude larger.

Bound states of monopoles and nuclei could be
formed already in the early stages of the Universe. In
the hot era, when protons are stable and matter is
ionized, (Mp) systems could be formed at a rate

Ator =xm,;5/2T7/2 > (6)

where x is the ratio of proton to photon density, x =
10810710 m_ is the proton mass and T is the
Universe temperature, en energy units ' 2. One sees
that Ag,, is larger than the expansion rate of the uni-
verse, tﬁl ~ T?/Mp, where My, is the Planck mass, as
long as the temperature exceeds 1 keV. Consequently
in this era (Mp) systems were formed.

However, a competing process is photodissociation:

Mp)+y->M+p. (7)

A rough estimate, resting on the similarity of photo-
dissociation of hydrogenic systems, yields a dissocia-
tion rate

Adis = 10 12n_exp(—Lip/T)(mp/Ep) Pm %, (8)

wheren, ~0.25 T3 is the photon density and £}, ~
10 keV is the binding energy of (Mp). One sees that
Agjs is larger than Ag,, for temperature higher than
100 eV. Thus in the hot era the (Mp) systems were
soon dissociated through collisions.

In the cold era, when atoms are stable, the domi-
nant role for bound state formation is played by the
Auger effect. A cross section 05, 2 10 20 cm? is
enough to ensure that (Mp) systems are formed in in-

3 Lora description of the thermal history of the Universe,
sce ret. [8].
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terstellar or intergalactic space. Moreover, approxi-
one half of the monopoles reach Earth surface after
passing through large amounts of water in the Ocean.
If monopoles were free when impinging onto the
Ocean, there they would bind to a proton *4.

In conclusion, a monopole reaching Earth is most
likely accompanied by a proton and behaves, in any
respect, as a dyon. This has to be taken into account
when planning a search of magnetic monopoles.

The existence of (MN) bound states affects the
rate of the monopole catalyzed proton decay [3]:

M+p—>M+e' +anything . 9)
The rate for reaction (9) can be expressed as:
2
Ap = pp wm, < (10)

where Pp is the proton density and w is a dimension-
less parameter.
The rate for the decay-after-formation process,

M +gN —>(M‘21N) >M +‘§:}N+e++anything, (11)
is
Nyt =lonO) (ALt (1)

where py; is the density of nuclei, g¢ is the formation
cross section of (MN) system, v is the nucleus—mono-
pole relative velocity and Ly = 20f is the dimension
of the (MN) system.

By comparing the total induced proton decay rate,

Aot AL AR, (13)

with data on proton stability one can set a bound on
the monopole flux ¢ and on the parameter of the
Rubakov effect, w:

U/ > tpwm s 20+ [py L} + 05 AW/(mgof'orU)] -1
(14)

where 1, is the proton lifetime, 7, > 3 X 1030 yr
[9] and vy, is the monopole velocity. For a compari-
son with experiment on proton decay we take A = 50
and Z = A4/2.

For v we take the value corresponding to the ther-
mal velocity of nuclei, v = v = 105 c¢m/s.

Fig. 1 shows the allowed regions in the (w, ¢/vy)

* The Farth atmosphere is not important for the formation
of monopole-nucleus bound states since the most abundant
atomic species (14N and 1*0) do not bind to monopoles.
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Fig. 1. Bounds on the flux ¢ of monopoles with velocity vy
and on the parameter w of the Rubakov effect [see eq. (10)],
from data on proton stability. The allowed regions lie to the
left of the curves, which are calculated according to the fol-
lowing hypothesis: (a) for Rubakov effect in flight; (b) taking
into account (MN) formation, with formation cross section as
in eq. (15); (¢) same as in (b) but for a formation cross sec-
tion 104 times larger; (d) same as in (b), with vp = 10® cm/s.

plane for some values of oy,. The straight line (a)
corresponds to o¢,, = 0, i.e. Rubakov effect in flight
[eq. (9)] **. Curve (b) corresponds to (MN) system
formation through the radiative process:

O¢

- (MN) _ -2
tor = 04N = Z2m 52 (15)

One sces that the formation of the monopole—nucleus
bound states yields more string\?nt bounds. Curve (c)
corresponds to g, = 104 OEYM[ ) and yields even more
stringent bounds. One concludes that it is interesting
to have more accurate determination of oy, .

It is worth observing that we have been very con-
servative when assuming v = v. Generally one has
v= (ui1 + v.zr)l/z, and correspondingly (MN) forma-
tion occurs at a higher rate. Curve (d) corresponds to
vy = 108 cm/s and a formation cross section as in eq.
(15). One concludes that for relatively fast monopoles
the radiative formation of (MN) systems enables us
to set rather strict bounds on monopole fluxes.

One can envisage several improvements of the pres-

5 This special case was discussed in ref. [10].
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ent discussion. By taking into account the nucleon
magnetic form factor a more quantitative description
of (Mp) bound states could be provided. In such a
frame the existence of nuclear molecules (states of a
monopole bound to two or more nuclei) could also
be discussed. It is also worth investigating further the
atomic and molecular physics processes involved in
the formation of the (MN) bound states, as this could
provide narrower bounds on the parameters of the
Rubakov effect.

One of the authors (G.F.) wishes to express his
gratitude to Professors A. Martin and T.E.O. Ericson
for interesting conversation. He is also grateful fo the
CERN Theory Division for the hospitality extended
to him while most of this work was done.
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