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Abstract

In this work we explore the possibility of the existence of fundamen-
tal magnetic monopoles and the implications that come from them. We
start by defining what a monopole is and continue by explicitly con-
structing a monopole in the classical and quantum regimes. We then
give reasons for why monopoles have never been observed and provide
context for their importance in modern theoretical physics. At the
end, we also mention some experimental results on this topic.
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Figure 1: Comparison between the behavior of electric monopoles (here de-
noted by + and −) and magnetic monopoles (here denoted by N and S).
Monopoles create radial fields in either case and a current of monopoles in-
duces the opposite field. (CC0 1.0)

1 What is a Monopole?

To start discussing whether magnetic monopoles exist or what their signif-
icance is we need to have a clear idea of what they are. An electric monopole
(i.e. a charge) e is an object which creates an electric field of the form

E =
1

4πε0

e

r2
er, (1)

where r is the distance from the electric monopole.
Similarly, a magnetic monopole is an object with a new type of charge,

called magnetic charge and denoted by g, that has the same structure as an
electric monopole, but for the magnetic field instead. Namely,

B =
µ0

4π

g

r2
er, (2)

where the only difference is that 1/ε0 has become µ0 as is usual for electro-
magnetism in SI units. Figure 1 shows a visual comparison of electric and
magnetic monopoles and the electromagnetic fields they produce.

2



At this stage one might wonder why monopoles should even exist. A
classical physics inspiration for this is the duality between the electric and
magnetic fields in vacuum. There the Maxwell equations reduce to

∇ · E = 0, ∇× E = −∂B/∂t,
∇ ·B = 0, ∇×B = µ0ε0 ∂E/∂t. (3)

What we mean by the duality of E and B is that under the simultaneous
transformation of E 7→ cB and B 7→ −E/c, where c — the speed of light —
appears only because of dimensional reasons within the SI system of units,
the set of Maxwell equations remains the same. Therefore, what we call E
and what we call B is purely a convention.

In classical electrodynamics this duality gets broken by the addition of
matter in the form of electric monopoles only, since this is the only type of
charge that has ever been observed. Thus, since the breaking of symmetry
has been a fruitful field for discoveries in theoretical physics, it’s a natural
question to ask why this happens. 1

As a note, in this work, we will be discussing fundamental magnetic
monopoles, i.e. fundamental particles that carry magnetic charge. We will
not be discussing emergent monopoles [11, 14]. These non-fundamental par-
ticles are magnetic monopoles that can be observed in condensed matter
systems as an emergent property of a lattice of underlying dipoles oriented
in particular ways. Emergent monopoles don’t carry the same implications
for physics that fundamental monopoles do.

2 An Apparent Paradox

The moment we write down eq. (2), we should get worried; it clearly
violates Maxwell’s second law

∇ ·B = 0, (4)

since even from the analogy with electric charge we know that the field lines
of such a field flow outwards from the charge (or inwards if the charge is
negative). So we have to face the breaking of this law head on.

At second glance, the breaking of this law is not as bad as it seems. After
all, the Maxwell equations have been modified before, by Maxwell himself,
to add the missing displacement current. And it’s not surprising that if we

1In supersymmetric theories of physics, which we won’t get into here, the duality
between electric and magnetic fields persists even in the presence of matter. [17]
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introduce a quantity that mirrors the electric charge then that quantity will
appear in the Maxwell equations in a similar way to the electric charge —
as a measure of the divergence of the respective field. Further requiring the
local conservation of charge for magnetic monopoles ∇ · jM = −∂ρM/∂t as
we do for electric monopoles we get the symmetrized Maxwell equations

∇ · E =
ρE
ε0
, ∇× E = −µ0jM − ∂B/∂t,

∇ ·B = µ0ρM , ∇×B = µ0jE + µ0ε0 ∂E/∂t. (5)

For completeness, Lorentz’s force law also changes to

F = e(E + v ×B) + g

(
B− 1

c2
v × E

)
. (6)

But quantum mechanics teaches us that what’s really more fundamental
than the fields E and B are the electric potential φ and the magnetic vector
potential A. And the relations that are of actual importance are

E = −∇ϕ− ∂A

∂t
, B = ∇×A. (7)

The above definition is not enough to completely constrain the potentials
because of the mathematical properties

∇×∇Λ = 0, ∇C = 0 (8)

which hold for any scalar field Λ on a simply connected domain and any
constant field C. This leads us to the concept of a gauge transformation,
which is defined as the transformation

A 7→ A +∇Λ, ϕ 7→ ϕ− ∂Λ

∂t
, (9)

which by the previous properties leaves the fields, and thus the physics, un-
changed. Two pairs of potentials that are related by a gauge transformation
are completely physically equivalent and should be thought of as the same
thing.

One could consider modifying the Maxwell equations and the preceding
two definitions by adding another set of potentials — something like a mag-
netic scalar potential and an electric vector potential — in addition to the
well-known electric scalar potential and magnetic vector potential. This how-
ever runs into trouble when considering Quantum Field Theory because it
turns out that along with monopoles one has to then add another boson par-
ticle (since we have more degrees of freedom) [34]. So taking the minimalistic
route, we would like to try to find monopoles without modifying eq. (7).
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Figure 2: Representations of the potential A+; it has a singularity along the
negative z-axis. Brighter colors on the right plot represent larger values of
the potential.

The second one of these two definitions is the one that we run into trouble
with. Isn’t it always true that just by virtue of B being a curl of some vector
field, its divergence has to be 0?

It looks like we have reached an impasse. Magnetic monopoles, it seems,
can’t be made to exist.

3 Constructing a Monopole

Consider however, the vector potential [13, 36]

A+ =
µ0g

4πr

1− cos(θ)

sin(θ)
eφ. (10)

Remembering the formula for the curl in spherical coordinates, we can see
that

B+ = ∇×A+

= er
1

r sin θ

∂

∂θ
(sin θ A+)− eθ

1

r

∂

∂r
(rA+)

=
µ0

4π

g

r2
er, (11)

where A+ is the component of A+ in the eφ direction.
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Figure 3: Representations of the potential A−; it has a singularity along the
positive z-axis. Brighter colors on the right plot represent larger values of
the potential.

So how did this happen? Didn’t we say that the divergence of a curl
always has to be 0? The answer lies in the fact that A+ is a divergent
potential. For one thing it is divergent when r = 0, but the electric potential
of an electric monopole is also divergent at the origin, so we agree that this
divergence is allowed. The major divergence of A+ is that it’s divergent
along a whole half-line, from 0 to ∞ along the negative z-axis. This is the
reason that ∇ ·∇×A+ 6= 0 because mathematically this formula only holds
when the domain is topologically trivial, i.e. when there are no “holes”.

But this kind of singularity seems bad. How can we justify using a po-
tential that is singular in this way?

The resolution lies in considering a related potential

A− =
µ0g

4πr

−1− cos(θ)

sin(θ)
eφ, (12)

where the 1 has switched sign and which by exactly the same procedure as
above gives the same B field

B− = ∇×A− =
µ0

4π

g

r2
er. (13)

However, crucially, the singularity now lies between 0 to∞ along the positive
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Figure 4: We glue the two potentials A+ and A− along the equator using
the gauge transformation Λ. This then gives a potential from which the
monopole field can arise.

z-axis. And even more importantly,

A+ −A− =
µ0g

2πr

1

sin(θ)
eφ = ∇

(
µ0g

2π
φ

)
, (14)

where we have used the definition of the gradient in spherical coordinates.
So A+ and A− are related by the gauge transformation

Λ =
µ0g

2π
φ (15)

as long as we’re away from the z-axis (i.e. θ 6= 0, π).
At this point, classically, we’re already done. If you ask what the potential

that describes the monopoles is on the positive z-axis, the answer would be
given by A+. If on the other hand you ask what the potential is on the
negative z-axis, the answer would be given by A−. Anywhere in between,
either of them works.

If you were sneakier you would ask: “What if I have a test particle that
travels from the north pole of the sphere to the south pole of the sphere? Then
you can’t describe it at both ends.”. This is where the gauge transformation
comes to the rescue. One can simply do the gauge transformation with −Λ
when the test particle reaches the equator and switch from A+ to A−. This
gluing of the two potentials is shown in fig. 4.

This might at first look weird, but it’s analogous to changing coordinates.
We know for example that polar coordinates have a slight problem in that the
polar angle is undefined when r = 0, but if we switch to cartesian coordinates
we see that the point r = 0 is nothing special. In a similar sense, here we can
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Figure 5: Under a gauge transformation at the equator the electrically
charged particle gains a phase in its wavefunction; we must be careful to
make to forbid phases that make the wavefunction multivalued.

shift the singularity of our potential to different lines in our space as long as
it goes from the origin to ∞.

As classical physicists, at this point we declare victory; we have found two
magnetic vector potentials that describe the field on each of the hemispheres
and can be stitched together by a gauge transformation on the equator in
between.

But quantum mechanically, we still haven’t tied up all loose ends. The
problem is that when you do a gauge transformation in quantum mechanics
the wave function of any electrically charged particle, with charge e, that
could be in the vicinity of our monopole gains a phase given by

ψ 7→ exp

(
i
eΛ

~

)
ψ, (16)

as shown in fig. 5.
This is possibly very problematic because looking at our function Λ =

(µ0gφ)/2π we notice that it is multivalued because up to a constant it’s the
same thing as the polar angle. Namely, any position φ0 on the equator can
equivalently be described by φ0 + 2πn (n ∈ Z). This would in turn make the
wavefunction of such an electric charge multivalued, which we know makes
no sense. However, if it so happens that

exp

(
i
eΛ(φ = 2π)

~

)
= exp

(
i
eΛ(φ = 0)

~

)
, (17)
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then we would have nothing to worry about, and we would have constructed
a monopole that is allowed by quantum mechanics too. The equation above
is exactly satisfied if

eg =
2π~
µ0

n (n ∈ Z). (18)

This is called the Dirac quantization condition.
It says that if there exist one magnetic monopole then every electric charge

in the universe has to be an integer multiple of some minimum electric charge,
i.e. the existence of monopoles predicts charge quantization. Conversely,
since we know that electrically charged particles exist, it also implies the
quantization of magnetic charge and the quantum of magnetic charge is then

g0 =
2π~
µ0e0

, (19)

where e0 is the elementary electric charge. This minimum magnetic charge
is sometimes referred to as the Dirac charge.

Figure 6: Trying to measure the Dirac string with an Aharonov-Bohm ex-
periment results in an undetectable phase difference.
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4 The Dirac String

There is another way to interpret the same vector potential with the half-
line singularity we encountered above. This interpretation says that instead
of trying to remove the singularity, we face it head on as an infinity in the
math. Specifically, if we do the calculation[18] we get a peculiar situation.
Anywhere that isn’t on the singularity line the magnetic field is given by the
monopole field as before. Only on the singularity itself is the field different
from the previous construction and there it is given by

B = Bmonopole + Bsolenoid. (20)

This extra solenoid field turns out to be homogeneous (thus the name solenoid)
and, as expected from a singularity, infinite; but exactly in such a way as
to have the flux Φsolenoid = µ0g. This infinitesimally thin solenoid is then
called the Dirac string. There is an easy way to see why the flux in the sting
must be exactly µ0g. The singularity line we previously removed was exactly
the reason why Maxwell’s second law was modified. Here we don’t remove
the singularity so Maxwell’s law can’t be modified, and it tells us that the
magnetic flux has to be 0 through a closed surface. Since the monopole has
non-zero flux µ0g, the solenoid has to pump exactly the same amount of flux
through so as to compensate the monopole.

At this point we could ask how could we detect such a Dirac string? We
mentioned before that the magnetic field due to the sting is 0 everywhere
except right on top of it. Combined with the fact that it’s infinitesimally
thin this means that there is no way we could detect this string other than
with a non-local experiment2 i.e. the Aharonov-Bohm effect [6]. Here we
only want to measure the string if at all possible and not the monopole, so
since the monopole’s field falls off as 1/r2 we can just go far away from the
monopole and measure there. A pictorial representation of an Aharonov-
Bohm experiment to measure the presence of a Dirac string is shown in
fig. 6. But from the previous section we know that the magnetic charge g
and subsequently the flux of the Dirac string have to be quantized according
to the Dirac quantization condition, and it is exactly when this condition
is fulfilled that the Aharonov-Bohm effect doesn’t give a phase shift to the

2Here by non-local we mean an experiment that can detect magnetic fields even though
every part of the experimental setup is in a region of space where the magnetic field is 0.
This is of course just a description of the Aharonov-Bohm effect.
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wavefunction

ψ 7→ exp

(
i
e

~

∮
A · dx

)
ψ = exp

(
i
eΦB

~

)
ψ = exp(i2πn)ψ = ψ (n ∈ Z).

(21)

So if we are physically forbidden from measuring the Dirac string in any
conceivable experiment (which we could have expected since its location is
gauge dependent), then can we say that it even exists as a physical object?
Most physicists today would unequivocally say “No”.

Thus, we have two choices of how to describe the math with words. Either
we say that we remove the singularity from the potential and use the gauge
freedom of A to patch together a non-singular vector potential. Or we can
say that the potential is indeed singular with an infinite Dirac string with
infinite magnetic field attached to every monopole, but that we’re forbidden
from ever measuring that this string exists.

5 A Brief Topological Perspective

From their beginning monopoles have been closely related to topology.
Here we will only give a brief description of how the modern thinking about
monopoles goes. There is a more abstract way of viewing this monopole that
we have constructed above, and that is as a topological defect in the vector
potential. Namely, when we did the gauge transformation Λ = (µ0gφ)/(2π)
we got acquainted with the phase shift

exp

(
i
µ0eg

2π~
φ

)
. (22)

In this abstract way of thinking we say that what is fundamentally im-
portant for the monopole and is encoded in this phase shift is the amount of
times we wind around the equator (while coming back to the original posi-
tion) to be able to glue the two halves of the potential together. This amount
is given by φ/2π or up to a factor, through the complex analysis definition
of the winding number of the phase in eq. (22) viewed as a function of φ.
The winding number is, of course, an integer so that we exactly recover the
charge of the monopole given by the Dirac quantization condition.

As an example, one could have required that the two halves of the poten-
tial are simply continuously connected without any kind of gauge transfor-
mation. This trivial transformation Λ = 0 corresponds to a winding number
n = 0 and no magnetic monopoles, i.e. g = 0. Going around once (n = 1),
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on the other hand, corresponds to a monopole with one unit of Dirac charge
and so on.

So the charge of the monopole is determined solely by the topological
property of the number of twists necessary to glue the two potentials together.
To give a more rigorous link between these two concepts one needs to use
more advanced math from the field of differential geometry.

6 Importance of Monopoles

Historically, monopoles have been important across theoretical physics.
Exploring the peculiarities of the vector potential, similar to the way that we
considered in the construction above, was instrumental for the development
of gauge theories, a backbone for almost all theories of theoretical physics
today.

Along similar lines, working with domains with lines cut out of them and
related constructions has introduced the use of the mathematical theory of
topology into the everyday life of physics. This has been of major importance
in a lot of areas, among which is the field of condensed matter physics. Work
on topological phases of matter and transitions between them was awarded
the 2016 Nobel Prize. [23, 24, 16]

More immediately related are the theories of grand unification (GUTs).
These are theories that try to unify the strong nuclear force with the weak
nuclear force and electromagnetism, just as the weak nuclear force was unified
with electromagnetism in the 1960s and electricity and magnetism themselves
before that. It has been observed that the existence of magnetic monopoles
is a very robust prediction of these models under very mild assumptions that
most physicists agree should hold. This is why the existence of magnetic
monopoles has even been called “one of the safest bets that one can make
about physics not yet seen”. [29]

GUTs predict that monopoles would be created at energy scales close to
the grand unification scale which is around 1015 − 1016 GeV [25], obviously
millions and millions of times larger than the energy scales that we can reach
with even the best accelerators available today. So we can’t hope to make
magnetic monopoles in experiments we do on Earth, but there is one place
where we can expect to find them. In the early stages of the universe’s
life it was very hot and very dense and there was enough energy for these
monopoles to be created, meaning that we can possibly expect to observe
monopoles in space.

This prediction of stable monopoles being created during the beginning of
the universe are so theoretically generic that they’re, in fact, observationally
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problematic. We have never observed magnetic monopoles on Earth or in
space, which puts an upper limit on what their density could be. This was a
huge problem for theoretical cosmologists in the 1970s since straightforward
Big Bang models predicted high densities of magnetic monopoles that dis-
agreed with the observational limits. This was called the monopole problem.
[37, 31]

The search for a solution to this problem is what lead to the development
of the inflationary model of cosmology, which solves the monopole prob-
lem, among others, by having the universe increase its size exponentially
thereby diluting the monopole density to very small values. [30] In that
sense, monopoles have been really important for the development of modern
cosmology, since inflation is now widely accepted as a correct model of what
the universe was like in that epoch of its existence.

7 Experimental Limits3

As discussed above, to date there have been no confirmed observations of
a magnetic monopole.

There are a few experimental ways that probe for magnetic monopoles.
The most commonly employed is probably the induction method. In this
method, a magnetic monopole passing through a ring induces in it a current of
characteristic magnitude and furthermore, this current doesn’t decay by any
means other than Joule heating. To prevent even this the ring detectors used
are made superconducting; these are then called SQUIDs (Superconducting
Quantum Interference Devices) [20] and are used for detecting monopoles in
cosmic rays and matter.

We can calculate the current that we expect to see by following Maxwell’s
equations but being careful about using the symmetrized version. Namely,
since we are talking about induction, we take the third Maxwell equation

∇× E = −∂B
∂t
− µ0 jM . (23)

Carrying out a model calculation for the induced current in the supercon-
ducting loop detector when a monopole flies in we get

LI(t) = −Φ(t)− µ0gH(t), (24)

where L is the self-inductance of the detector, Φ is the magnetic flux through
the detector and H is the Heaviside step function. The simple setup as well

3For a more complete discussion see the review of Milstead and Weinberg for the 2020
Particle Data Group report [15].
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Figure 7: (left) Simple schematic of an induction method detector. (right)
Theoretical characteristic current profile of a monopole detection event. The
monopole leaves a constant current in the detector.

as the expected current profile are schematically shown in fig. 7 where we see
the characteristic constant induced current.

Another approach uses the fact that, because of the Dirac quantization
rule, magnetic monopoles are expected to lose energy (in the sense of ra-
diating it out) much more quickly than normal electric monopoles. This is
because the coupling constants, being proportional to the charges are related
as

αM
αE

=
µ0

4π

g20
~c
· 4πε0

~c
e20

=

(
g0
ce0

)2

≈ 4695. (25)

This means that we can hope to detect them using scintillators, cloud cham-
bers and nuclear track detectors (in which plastic is exposed to nuclear debris
whose tracks can be studied for information about it).

A further method that’s useful for colliders is studying particles’ paths
that aren’t helical in a homogeneous magnetic field. This obviously means
that the particle doesn’t carry any electric charge. Combined with an obser-
vation that the particle is accelerating in the direction of the magnetic field,
this would be a dead giveaway for the path of a magnetic monopole.

Searches in bulk matter, which can have magnetic monopoles if they were
embedded in it through millions of years of cosmic radiation have been carried
out on moon rocks, meteorites and seawater among others. The detecting
itself is done by passing large amounts of the aforementioned rocks and water
through a SQUID and looking for the characteristic current, i.e. by using the
induction method as described previously. These types of searches express
their results in monopoles per nucleon, and have put a stringent upper limit
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on the number of monopoles as [21]

∼ 10−29 monopoles/nucleon. (26)
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Figure 8: Flux upper limits for the detection of magnetic monopoles resulting
from cosmic ray observations, presented as functions of the speed of the
monopole and the mass of the monopole. (Figures taken from [15])

Searches in cosmic rays have produced two observed events consistent
with magnetic monopoles [10, 32], however both of these have not been con-
firmed. In more recent times, the most extensive limits on monopoles with
a single quantum of Dirac charge consistent with the quantization condition
have been put through the work of the MACRO (Monopole, Astrophysics and
Cosmic Ray Observatory) experiment [8] under Gran Sasso in Italy, which
had an effective acceptance area of ∼ 10 000 m2. Figure 8 shows the results
of this experiment along with the OHYA experiment [27] in Japan and the
SLIM experiment [9] in Bolivia and Pakistan. Relatively high β results from
the ICECUBE [2] and ANTARES [7] experiments are also shown. Cosmic
ray experiments like these express the abundance of monopoles in terms of
their flux density in units of cm−2s−1sr−1. The figure shows the upper limits
on the flux of such particles as a function of (relativistic) speed β (since we
expect a dependence of the flux on the speed of the monopoles — faster
monopoles means more flux), and as a function of the mass of the parti-
cle. The RICE [19] and ANITA-II [12] experiments at the South Pole have
dropped this limit even further to ∼ 10−19 cm−2s−1sr−1 but only for more
relativistic monopoles with 107 . γ . 1013.

Searches at colliders have also produced upper limits, but in their case
the results are expressed as an upper limit of the cross-section of a detection
event in units of picobarns (1 pb = 10−36 cm2), as a function of half of the
center of mass energy of the collision. This is done because cross-sections are
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Figure 9: Cross-section upper limits for the detection of magnetic monopoles
resulting from collider observations, presented as a function of half of the
center of mass energy of the collision [1, 5, 4, 22, 3, 28, 26]. (Figure taken
from [15])

quantities that are the least dependent on theoretical modeling; any other
way of presenting the data would have to assume a theoretical model that
predicts monopoles and since there are many of those kinds of models one
would generically not be able to compare data between different experiments.
Figure 9 compiles the results of a few collider experiments that have done
searches in this fashion.

There is also the possibility of detecting monopoles through their effect
on other process as virtual particles. This approach has been used in a few
experiments but results from it are model dependent.

8 Conclusions

In this work we have looked at the theoretical and experimental evidence
for and against the existence of monopoles. We have theoretically constructed
the simplest kind of monopole and commented on its frequent appearance in
Grand Unified Theories. We further discussed how the magnetic monopole,
even though undiscovered, has been an inspiration for some groundbreaking
theoretical work in physics in the past half a century or more.

At the end we also discussed some methods that are used for the detection
of magnetic monopoles and the different experiments that put have upper
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limits on the abundance of magnetic monopoles in the universe using those
detection methods.

If discovered, monopoles would certainly be one of the greatest discoveries
in physics in the past half a century, on par with the discovery of the Higgs
boson if not even greater.
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