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We theoretically demonstrate that a pair of Dirac monopoles with opposite synthetic charges can be created
within a single spin-1 Bose-Einstein condensate by steering the spin degrees of freedom by external magnetic
�elds. Although the net synthetic magnetic charge of this con�guration vanishes, both the monopole and the
antimonopole are accompanied by vortex �laments carrying opposite angular momenta. Such a Dirac dipole
can be realized experimentally by imprinting a spin texture with a nonlinear magnetic �eld generated by a
pair of coils in a modi�ed Helmholtz con�guration. We also investigate the case where the initial state for the
dipole-creation procedure is pierced by a quantized vortex line with a winding number� . It is shown that if
� = Š 1, the resulting monopole and antimonopole lie along the core of a singly quantized vortex whose sign
is reversed at the locations of the monopoles. For� = Š 2, the monopole and antimonopole are connected by a
vortex line segment carrying two quanta of angular momentum, and hence the dipole as a whole is an isolated
con�guration. In addition, we simulate the long-time evolution of the dipoles in the magnetic �eld used to create
them. For� = 0, each of the semi-in�nite doubly quantized vortices splits into two singly quantized vortices, as
in the case of a single Dirac monopole. For� = Š 1 and� = Š 2, the initial vortices deform into a vortex with a
kink and a vortex ring, respectively.
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I. INTRODUCTION

One of the open questions in particle physics is whether or
not magnetic monopoles exist [1]. These hypothetical parti-
cles play signi�cant roles in nature, and their existence would
have far-reaching implications for both quantum and classical
theories of electromagnetism. Dirac’s theory of monopoles,
consistent with quantum mechanics and the gauge invariance
of the electromagnetic �eld, sparked the search for these
elusive particles almost a century ago [2]. Dirac considered
a charged quantum-mechanical particle in the presence of
a static magnetic �eld of a monopole. He showed that the
wave function of the scalar particle is inevitably accompanied
by a semi-in�nite line of vanishing density, which is often
referred to as a Dirac nodal line. The nodal line is a physically
observable feature distinct from the Dirac string, which, in
contrast, is a gauge-dependent object in the accompanying
vector potential. Another major step in the monopole problem
was taken in 1974 independently by ’t Hooft [3] and Polyakov
[4], who showed the natural appearance of monopole solu-
tions in grand uni�ed theories [5].

While monopoles in the natural magnetic �eld remain
elusive to experimental observation, a great deal of effort
has been put into the search for corresponding con�gurations
in experimentally more tractable systems. Analogs of mag-
netic monopoles have been found in a number of classical
systems, such as exotic spin ices [6,7] and nematic liquid
crystals [8]. Creation of a Dirac monopole in a ferromagnetic
Bose-Einstein condensate (BEC) was recently achieved ex-
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perimentally, providing the �rst known realization of Dirac’s
monopole theory [9–11]. An isolated monopole similar to the
’t Hooft-Polyakov monopole [12] was consequently created
in a quantum-mechanical order parameter of the polar-phase
spin-1 BEC [13]. In Refs. [14,15], the detailed evolution of
the isolated polar-phase monopoles was studied numerically
under conditions similar to their experimental realization.
Driven by the phase transition from the polar state to the
natural ferromagnetic ground state of the condensate [16], the
isolated monopole was predicted to relax spontaneously into
a polar-core vortex [15] or a ground-state Dirac monopole
con�guration [14,17], depending, respectively, on whether
the quadrupole magnetic �eld was absent or present during
the evolution. The latter prediction was subsequently veri�ed
experimentally by Ollikainenet al. [18].

The aforementioned experiments [9,13,18] utilized a pre-
cise control of the atomic spins by steering them with a
combination of uniform and quadrupole magnetic �elds, the
latter generated by anti-Helmholtz current coils. In this article,
we propose modifying the monopole-creation method imple-
mented in Refs. [9,13,18] by replacing the anti-Helmholtz
coils with larger coils carrying parallel currents [19]. We show
theoretically that this adjustment makes it possible to imprint
a pair of synthetic Dirac monopoles within a single ferromag-
netic condensate, each carrying opposite magnetic charge and
attached to a separate nodal line. Creation of such monopole-
antimonopole pairs in the natural magnetic �eld has been
discussed in the context of high-energy experiments, e.g.,
via electron-positron [20–22], proton-antiproton [23], and
proton-positron collisions [24] in accelerators. Experiments
with nematic liquid crystals have shown the spontaneous
appearance of monopole-antimonopole pairs resulting from
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