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Exercise class 2: Magnetic monopoles

1 Magnetic monopoles
Magnetic monopoles have not been (yet) discovered in nature. But what magnetism look like if they
existed?

1. Derive the expression of the magnetic field that verifies the new Maxwell equation ∇·B = µ0gmδ(r).
How would two monopoles interact? What would be the Lorentz force that feels a magnetic
monopole?

Correction.
This expression is similar to the Maxwell-Gauss equation for a electrical charge, thus we
deduce: B = µ0

4π
gm

r2 er. If we continue with the electrical analogy, the monopoles would
interact with a Coulomb force, such that:

V12(r) = µ0
4π

q1q2
r

Because of magnetic monopoles, Maxwell equations for E and B are more symmetric (Fara-
day’s law should also be modified). Following this new symmetry, we can modify the Lorentz
force by adding a magnetic contribution:

F = qm
µ0

(
B − v × E

c2

)

2. With the use of spherical coordinates, show that the following vector potential is compatible with
the previous magnetic field:

A(r) = qm
4π

1− cos θ
r sin θ eϕ (1)

Correction.
The curl in spherical coordinates is given by:

∇×A = 1
r sin θ

(
∂

∂θ
(sin θAϕ)− ∂Aθ

∂ϕ

)
er+

( 1
r sin θ

∂Ar
∂ϕ
− 1
r

∂

∂r
(rAϕ)

)
eθ+

1
r

(
∂

∂r
(rAθ)−

∂Ar
∂θ

)
eϕ

3. The previous result is not defined on the z < 0 axis. Propose an expression that would be defined
on the z < 0, but undefined elsewhere. Which condition these two expressions should verify?
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Correction.
It is defined on the z > 0 because 1 − cos θ ∼ θ2/2 for θ → 0, which cancels with the
denominator. This is not true on the z < 0 line. By simply changing the sign of the
numerator, the new potential is defined for z < 0, but not anymore for z > 0.

A−(r) = −qm4π
1 + cos θ
r sin θ eϕ

These two vector potential give the same magnetic field outside of the z axis, they should
thus be related by a gauge transformation. Indeed:

A− −A+ = qm
4π
−2
r sin θeϕ

and ∇f(ϕ) = 1
r sin θ∂ϕf . So A− −A+ = ∇f with f(ϕ) = qm

2π ϕ+ cste.

4. Is it possible for a magnetic structure to exhibit the same A as Eq. (1), but without breaking
Maxwell’s equations?

Correction.
Yes. But in that case, for the equation ∇ ·B = 0 to be verified, the Dirac string needs to
carry a magnetic flux that is exactly opposed to the monopole flux.

2 Engineering magnetic monopoles in condensed matter
In real life, Fundamental magnetic monopoles have not been discovered, there is no reason to modify
Maxwell equations. However, because the ground state of a condensed matter system is very different
from vacuum, it is possible to search for magnetic excitations that look like magnetic monopoles.

Answer the following questions with the help of the article “Magnetic monopoles in spin ice”
Article.
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Correction.
Quick overview of the paper
The paper starts by an intro to explain the difference between fundamental and emergent
monopoles. As a condensed matter system, they choose of a particular solid: the “spin ice”.
The name comes from its structure, similar to the real ice and its arrangements of H and O
atoms.
Spin-ice is a crystal with spins that interact with short and long range interactions (Eq.
1) The short-range interactions give the 2-in 2-out rule for any cell: in the ground state,
a vertex of 4 spins should have two pointing in and 2 pointing out. This situation is very
different from a ferromagnet where all the spins are aligned, because there are a lot of
different arrangements that verify this condition (about 4× 3/8 per spin, so a total entropy
S ∼ N log(3/2). The ground state is highly degenerate.
An excitation of the system would be to reverse a spin. Because of this geometry, flipping
another nearby spin does not cost short-range energy: we simply move the vertex that does
not verify the 2-in 2-out rule. It does cost energy, coming from the long-range part of the
Hamiltonian. This interaction, approximated by Eq. 2, looks like a monopole-monopole
interaction. As if we associated charges to the vertex that do not verify the ground state
rule.
This “monopole-like” situation is an emergent phenomenon, as the microscopics is only
about spin flips. But even if the only real thing is spins, the excitations of the system act
as if they were half of a spin: a magnetic charge.
How to detect them? A satisfying solution would be to detect an induced field when a
monopole passes through a superconducting loop. Or maybe to probe the Coulombic in-
teraction between monopoles (but that needs to already have a test monopole charge. The
solution tested in the article is to impose a magnetic field along a particular direction of
the crystal. If the magnetic field is strong enough, it will flip the spins in the 111 direc-
tion, creating monopoles, which can move nearly freely in the system. At high magnetic
field, we thus have a system with a lot of monopoles of opposite signs on opposite surfaces
of the crystal. It is like a big dipole. The order parameter of the transition is thus the
magnetization.
The authors study the transition between this phase and the normal phase in function of
the B field and temperature. According to the numerics and previous experiments, this
transition is a first-order transition. But there is no explanation in the litterature to justify
this unusual first-order property. The existence of monopoles is an plausible explanation.

5. What is the particularity of the ground state of spin ice?

Correction.
A ferromagnet has all its spins in the same direction, such that at low temperature, the
entropy goes to 0. Instead, spin-ice verify a “2 in-2 out” rule that allows a huge degeneracy
of the system at low temperature. For a cell, there are 4× 3 different arrangements for the
spins. But then, for each of the 4 adjancent cells, there is only 3 possible arrangements.
That gives: W = (3/2)N possibilities, thus a linear entropy.

6. Explain the expression “emergent properties” in the article. Give examples of such properties.

Correction.
“The term emergent is used to evoke collective behaviour of a large number of micro-
scopic constituents that is qualitatively different than the behaviours of the individual con-
stituents.”
Phase transition are a perfect example. But also every collective excitation on a ground
state: phonon, magnon, IQHE, etc. (Goldstone modes)

7. Can such magnetic monopoles be isolated in the vacuum? in a 1D ferromagnetic chain? in a 3D
ferromagnet? In spin ice? justify your answer.
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Correction.
Such monopoles require a Dirac string full of dipoles. In vacuum, one needs to create a
dipole each time the monopoles go further away from each other. The required energy goes
linearly with distance, thus is not bounded. The monopoles can not be isolated.
In a 1D ferromagnet, it costs 0 energy to move a monopole already created. They can easily
be separated in 1D.
In a 3D ferromagnet the story is different. Indeed, each spin flip creates a domain wall that
is costly in energy.
It is possible to separate monopoles in spin ice because of this particular ground state!

8. List the differences between fundamental monopoles and such emergent monopoles.

Correction.

• The Dirac string carries a magnetic flux;
• The Dirac string is observable, and such is not linked to the quantization of the electrical

charge
• The Dirac string has unimportant energy.

9. Which signature do magnetic monopoles would exhibit?

Correction.

• Faraday induction
• Coulomb interaction between monopoles

10. What is the strategy to prove the existence of monopoles in this work?

Correction.
They look at the phase diagram with a magnetic field in the 111 direction. Such a magnetic
field will help the creation of monopoles. If the field is sufficiently high, then a sea of
monopoles appears.
The article shows numerical simulations in which they reproduce a first-order transition, for
which there are no other explanation than the presence of monopoles.

A recent article has been published in Nature (2019) that uses another property of the monopoles:
“Discovery of magnetic monopole noise”.

1. Which signature do numerical simulations predict for the presence of magnetic monopoles?

Correction.
The magnetic noise is reddier than without monopoles

2. Explain the experimental setup and the results. Explain in particular Fig. 5.
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LETTERS

Magnetic monopoles in spin ice
C. Castelnovo1, R. Moessner1,2 & S. L. Sondhi3

Electrically charged particles, such as the electron, are ubiquitous.
In contrast, no elementary particles with a net magnetic charge
have ever been observed, despite intensive and prolonged searches
(see ref. 1 for example). We pursue an alternative strategy, namely
that of realizing them not as elementary but rather as emergent
particles—that is, as manifestations of the correlations present in
a strongly interacting many-body system. The most prominent
examples of emergent quasiparticles are the ones with fractional
electric charge e/3 in quantum Hall physics2. Here we propose that
magnetic monopoles emerge in a class of exotic magnets known
collectively as spin ice3–5: the dipole moment of the underlying
electronic degrees of freedom fractionalises into monopoles.
This would account for a mysterious phase transition observed
experimentally in spin ice in a magnetic field6,7, which is a
liquid–gas transition of the magnetic monopoles. These monopoles
can also be detected by other means, for example, in an experiment
modelled after the Stanford magnetic monopole search8.

Spin-ice materials are characterized by the presence of magnetic
moments mi residing on the sites i of a pyrochlore lattice (depicted
in Fig. 1). These moments are constrained to point along their respec-
tive local Ising axes êei (the diamond lattice bonds in Fig. 1), and they
can be modelled as Ising spins mi 5 mSîeei , where Si 5 61 and m~ mij j.
For the spin-ice compounds discussed here, Dy2Ti2O7 and Ho2Ti2O7,
(where Dy is dysprosium and Ho is holmium) the magnitude m of the
magnetic moments equals approximately ten Bohr magnetons
(m < 10mB). The thermodynamic properties of these compounds are
known to be described with good accuracy by an energy term that
accounts for the nearest-neighbour exchange and the long-range
dipolar interactions9,10 (for a review of spin ice, see ref. 4):

H~
J

3

X
ijh i

SiSjzDa3
X

ijð Þ
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:êej

rij
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" #
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The distance between spins is rij, and a < 3.54 Å is the pyrochlore
nearest-neighbour distance. D 5 m0m2/(4pa3) 5 1.41 K is the coup-
ling constant of the dipolar interaction.

Spin ice was identified as a very unusual magnet when it was noted
that it does not order to the lowest temperatures T even though it
appeared to have ferromagnetic interactions3. Indeed, spin ice
was found to have a residual entropy at low T (ref. 5), which
is well-approximated by the Pauling entropy for water ice,
S < SP 5 (1/2)log(3/2) per spin. Pauling’s entropy measures the huge
ground-state degeneracy arising from the so-called ice rules. In the
context of spin ice, its observation implies a macroscopically degen-
erate ground state manifold obeying the ‘ice rule’ that two spins point
into each vertex of the diamond lattice, and two out.

We contend that excitations above this ground-state manifold—
that is, defects that locally violate the ice rule—are magnetic
monopoles with the necessary long-distance properties. From the
perspective of the seemingly local physics of the ice rule, the emergence
of monopoles at first seems rather surprising. We will probe deeper

into how the long-range magnetic interactions contained in equation
(1) give rise to the ice rule in the first place. We then incorporate
insights from recent progress in understanding the entropic physics
of spin ice, and the physics of fractionalization in high dimensions11–15,
of which our monopoles will prove to be a classical instance.

We consider a modest deformation of equation (1), loosely
inspired by Nagle’s work16 on the ‘unit model’ description of water
ice: we replace the interaction energy of the magnetic dipoles living
on pyrochlore sites with the interaction energy of dumbbells consist-
ing of equal and opposite magnetic charges that live at the ends of the
diamond bonds (see Fig. 2). The two ways of assigning charges on
each diamond bond reproduce the two orientations of the original
dipole. Demanding that the dipole moment of the spin be repro-
duced quantitatively fixes the value of the charge at 6m/ad, where
the diamond lattice bond length ad~

ffiffiffiffiffiffiffi
3=2

p
a.

The energy of a configuration of dipoles is computed as the pair-
wise interaction energy of magnetic charges, given by the magnetic
Coulomb law:

V rab
� �

~

m0

4p

QaQb
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a=b

1
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Figure 1 | The pyrochlore and diamond lattices. The magnetic moments in
spin ice reside on the sites of the pyrochlore lattice, which consists of corner-
sharing tetrahedra. These are at the same time the midpoints of the bonds of
the diamond lattice (black) formed by the centres of the tetrahedra. The ratio
of the lattice constant of the diamond and pyrochlore lattices is
ad=a~

ffiffiffiffiffiffiffiffi
3=2

p
. The Ising axes are the local [111] directions, which point along

the respective diamond lattice bonds.
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where Qa denotes the total magnetic charge at site a in the diamond
lattice, and rab is the distance between two sites. The finite ‘self-
energy’ u0/2 is required to reproduce the net nearest-neighbour inter-
action correctly. Equation (2)—which is derived in detail in the
Supplementary Information—is equivalent to the dipolar energy
equation (1), up to corrections that are small everywhere, and vanish
with distance at least as fast as 1/r5.

We consider first the ground states of the system. The total energy
is minimized if each diamond lattice site is net neutral, that is, we
must orient the dumbbells so that Qa 5 0 on each site. But this is just
the above-mentioned ice rule, as illustrated in Fig. 2. Thus, one of the
most remarkable features of spin ice follows directly from the dumb-
bell model: the measured low-T entropy agrees with the Pauling
entropy (which follows from the short-distance ice rules), even
though the dipolar interactions are long-range.

We now turn to the excited states. Naively, the most elementary
excitation involves inverting a single dipole / dumbbell to generate a

local net dipole moment 2m. However, this is misleading in a crucial
sense. The inverted dumbbell in fact corresponds to two adjacent
sites with net magnetic charge Qa 5 6qm 5 62m/ad—a nearest-
neighbour monopole–antimonopole pair. As shown in Fig. 2e, the
monopoles can be separated from one another without further viola-
tions of local neutrality by flipping a chain of adjacent dumbbells. A
pair of monopoles separated by a distance r experiences a Coulombic
interaction, {m0q2

m

�
4prð Þ, mediated by monopolar magnetic fields,

see Fig. 3.
This interaction is indeed magnetic, hence the presence of the

vacuum permeability m0, and not 1/e0, the inverse of the vacuum
permittivity. It takes only a finite energy to separate the monopoles
to infinity (that is, they are deconfined), and so they are the true
elementary excitations of the system: the local dipolar excitation
fractionalizes.

By taking the pictures from the dumbbell representation seriously,
we may be thought somehow to be introducing monopoles where
there were none to begin with. In general, it is of course well known
that a string of dipoles arranged head to tail realizes a monopole–
antimonopole pair at its ends17. However, to obtain deconfined
monopoles, it is essential that the cost of creating such a string of
dipoles remain bounded as its length grows, that is, the relevant string
tension should vanish. This is evidently not true in a vacuum (such as
that of the Universe) where the growth of the string can only come at
the cost of creating additional dipoles. Magnetic materials, which
come equipped with vacua (ground states) filled with magnetic
dipoles, are more promising. However, even here a dipole string is
not always a natural excitation, and when it is—for example, in an
ordered ferromagnet – a string of inverted dipoles is accompanied
by costly domain walls along its length (except, as usual, for one-
dimensional systems18), causing the incipient monopoles to remain
confined.

The unusual properties of spin ice arise from its exotic ground
states. The ice rule can be viewed as requiring that two dipole strings
enter and exit each site of the diamond lattice. In a typical spin-ice
ground state, there is a ‘soup’ of such strings: many dipole strings
of arbitrary size and shape can be identified that connect a given pair
of sites. Inverting the dipoles along any one such string creates a
monopole–antimonopole pair on the sites at its ends. The associated
energy cost does not diverge with the length of the string, unlike in
the case of an ordered ferromagnet, because no domain walls are
created along the string, and the monopoles are thus deconfined.

We did not make reference to the Dirac condition19 that the fun-
damental electric charge e and any magnetic charge q must exhibit the
relationship eq 5 nh/m0 whence any monopoles in our universe must
be quantized in units of qD 5 h/m0e. This follows from the monopole
being attached to a Dirac string, which has to be unobservable17. By
contrast, the string soup characteristic of spin ice at low temperature

a b

c

e

d

Figure 2 | Mapping from dipoles to dumbbells. The dumbbell picture
(c, d) is obtained by replacing each spin in a and b by a pair of opposite
magnetic charges placed on the adjacent sites of the diamond lattice. In the
left panels (a, c), two neighbouring tetrahedra obey the ice rule, with two
spins pointing in and two out, giving zero net charge on each site. In the right
panels (b, d), inverting the shared spin generates a pair of magnetic
monopoles (diamond sites with net magnetic charge). This configuration
has a higher net magnetic moment and it is favoured by an applied magnetic
field oriented upward (corresponding to a [111] direction). e, A pair of
separated monopoles (large red and blue spheres). A chain of inverted
dipoles (‘Dirac string’) between them is highlighted in white, and the
magnetic field lines are sketched.
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Figure 3 | Monopole interaction. Comparison of the magnetic Coulomb
energy {m0q2

m

�
4prð Þ (equation (2); solid line) with a direct numerical

evaluation of the monopole interaction energy in dipolar spin ice (equation
(1); open circles), for a given spin-ice configuration (Fig. 2e), as a function of
monopole separation.
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makes the strings energetically unimportant, although they are
observable and are therefore not quantized.

Indeed, the monopoles in spin ice have a magnitude qm 5

2m/ad 5 2(m/mB)(alC/2pad)qD < qD/8,000, where lC is the Compton
wavelength for an electron, and a is the fine-structure constant. The
charge of a monopole in spin ice can even be tuned continuously by
applying pressure, because this changes the value of m/ad.

The monopoles are sources and sinks of the magnetic field H, as is
appropriate to the condensed matter setting. More precisely, as in
other instances of fractionalization20, we can define a ‘smeared’ mag-
netic charge rm Rð Þ~

Ð
d3r0 exp { r0{Rj j2

�
j2

� �
+:H, where = ? H is

the divergence of the magnetic field. For a monopole at the origin,
separated by L? j? a from any other monopoles, this gives
rm(0) 5 6qm. The form of the magnetic induction B is also mono-
polar, but with the important difference that a compensating flux
travels along the (unquantized) ‘Dirac string’ of flipped dipoles
created along with the monopole (see Fig. 2).

Our magnetic monopoles would in principle show up in one of the
best-known monopole searches, the Stanford experiment to detect
fundamental magnetic monopoles from cosmic radiation. This
experiment is based on the fact that a long-lived current is induced
in a superconducting ring when a monopole passes through it8. We
can easily check that the presence of the Dirac string of flipped dipoles
is immaterial to the establishment of a current.

The above observations are the central qualitative results of our
work: ice-rule-violating defects are deconfined monopoles of H,
they exhibit a genuine magnetic Coulomb interaction (see equation
(2)), and they produce Faraday electromotive forces in the same way
as elementary monopoles would.

We re-emphasize that the ice rule alone does not permit a consist-
ent treatment of the excited states of the physical problem: crucially,
the energetic interaction between our defects is absent altogether.
Also, in previous discussions of the purely ice-rule problem and
related short-range problems11–13 it has been noted that the defects
do acquire a purely entropic Coulomb (that is, 1/r) interaction,
which has a strength that vanishes proportionally to T at low tem-
peratures. This interaction will be present in addition to the magnetic
Coulomb interaction discussed in this paper, and is clearly much
smaller as T R 0. Also, it will not be accompanied by a magnetic
field, it will not renormalize the monopole charge, and it will not
be felt by a stationary magnetic test particle that is embedded in the
lattice but is not attached to a lattice site.

The most satisfactory way to demonstrate the presence of a mono-
pole would be to measure the force on magnetic test particles, say by a
Rutherford scattering experiment or by clever nanotechnological
means. Unfortunately, given the lack of elementary magnetic mono-
poles, we would have to use dipoles as test particles, which signifi-
cantly weakens such signatures.

An alternative strategy is to look for consequences of the presence
of magnetic monopoles in the collective behaviour of spin ice. This is
most elegantly achieved by applying a magnetic field in the [111]
crystallographic direction. Such a field acts as a (staggered) chemical
potential (see Fig. 2), favouring the creation of monopoles of a given
sign on either sublattice of the diamond lattice.

We thus have a tuneable lattice gas of magnetic monopoles on the
diamond lattice. The basic structure of the phase diagram as a func-
tion of magnetic field and temperature can be inferred from work by
Fisher and collaborators21 in the context of ionic lattice gases and
Coulombic criticality. At high T, there is no phase transition but a
continuous crossover between the high- and low-density phases as
the chemical potential is varied. At low T, a first-order phase trans-
ition separates the two regimes. This transition terminates in a critical
point at (hc, Tc), not unlike the liquid–gas transition of water. This
serves as a useful diagnostic, because the liquid–gas transition is
absent for a nearest-neighbour spin-ice model, in which defects inter-
act only entropically. In that case, it is known that there cannot be a
first-order transition in the limit of low T (ref. 22).

To confirm this scenario, we have demonstrated by Monte Carlo
simulations that the actual phase diagram of dipolar spin-ice model
has precisely this structure. To rule out the appearance of the liquid–
gas transition being due to effects introduced by the approximations
leading to equation (2), we simulated directly the original dipolar
spin-ice model, equation (1). The resulting phase diagram is depicted
in Fig. 4. The critical endpoint is located around (Tc, hc) 5

(0.57 6 0.06 K, 0.86 6 0.03 T). The error bars are mainly due to
finite-size effects, as the intensive nature of the simulations of long-
range dipolar interactions prohibits simulating very large systems.

This scenario is indeed observed experimentally in spin-ice mate-
rials6,7, and our results provide a natural explanation. Spin ice in a
[111] magnetic field is a problem that has already attracted consi-
derable attention. The low-density phase of monopoles is known as
kagome ice, a quasi-two-dimensional phase with algebraic correla-
tions and a reduced residual entropy6,7,23. The high-density phase is
an ordered state with maximal polarization along the field direction.
Experimental results on the liquid–gas transition and its endpoint are
also displayed in Fig. 4 for comparison. Our numerical results are in
good qualitative agreement with both experiment and the analytic
calculations of ref. 21. Our value of the critical field agrees with ref. 6
to within a few per cent, which is less than the uncertainty due
to demagnetization effects6,7. However, the experimental value of
Tc is about a third lower than the numerical one, most probably
due to farther-neighbour (exchange) interaction terms, which—
although small—can shift the location of a transition temperature
considerably10.

The presence of a liquid–gas transition was noted to be very
remarkable because there are few, if any, other experimentally known
instances in localized spin systems6. No mechanism was known to
account for this phenomenon, and our theory of magnetic mono-
poles fills this gap.

The existence of magnetic monopoles in a condensed matter sys-
tem is exciting in itself. (The monopoles appearing in the interesting
work on the anomalous Hall effect are not excitations and do not
involve the physical magnetic field24.) Moreover, these monopoles
are a rare instance of high-dimensional fractionalization, of interest
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Figure 4 | Phase diagram of spin ice in a [111] field. The location of the
monopole liquid–gas transition from numerics (blue line) compared to
experiment (black line; ref. 6). The solid lines are first-order transitions
terminated by critical endpoints (filled circles). The dashed lines are
crossovers. The inset shows magnetization curves showing the onset of first-
order behaviour as the temperature is lowered. Our simulations cover the
range 0.335 K , T , 0.8 K for 1,024 spins. At the lowest temperatures, the
parallel tempering code we use in our simulations of the Ewald-summed
dipolar interaction no longer completely suppresses the hysteresis, and we
have extended the first-order transition line using Clausius–Clapeyron.
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in fields as diverse as correlated electrons and topological quantum
computing25. We hope our analysis will encourage experiments
aimed at directly detecting these monopoles. There are many avenues
to explore in search of useful signatures, among them scattering,
transport and noise measurements, and flux detection.
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spectrum and deduce the hole’s mass 
and angular momentum. We have noted 
that the physics of the accretion process 
must be very well-understood if this 
scheme is to work, and such a crude 
uncertainty as not knowing the proper 
ISCO boundary condition renders this 
hope all but futile. So theorists found 
themselves constantly arguing about 
the ISCO stress. 

Is it possible to deduce the ISCO 
stress from the disc spectrum? While 
in principle the answer is yes, for 
steady accretion this turns out to be 
very challenging to do, because its 
spectral influence is small. However, 
in an evolving disc, such as one might 
expect to find in a TDE, the answer that 
my student Andrew Mummery and I 
have found is much more interesting. 
We derived and solved the general 
relativistic equation for the evolution 
of a disc in Kerr geometry. As in the 
original Rees 1988 model, the total 
luminosity follows a power law time 
dependence at late times, L~t-n. But 
now, the value of n turns out to have a 
bimodal behaviour. If the ISCO stress 
vanishes, n>1. If the ISCO stress is finite, 
n<1. Very convenient! 

In 2017, a comprehensive study 
by K Auchettl, J Guillochon, and 
E Ramirez-Ruiz distilled, from a long 
list of candidates, four ‘confirmed’ TDE 
events based on a list of strict criteria, 
including a bullseye association with 
a galactic centre. Every one of their 
four candidates has power law X-ray 
luminosities with an index n<1. This 
is very strong evidence, not only for a 
disc to source the TDE emission, but 
one with a finite ISCO stress.

Emboldened by this success, Andrew 
has calculated detailed disc spectra 
based on both the narrow (far ultra-
violet, or FUV) and broad (X-ray) 
band passes of the Swift X-ray satellite 
for the source known as ASSASN-14li. 
The acronym comes from the All Sky 
Survey of Automated Supernovae, a 
programme that is also well-suited to 
finding transient TDEs. ASSASN-14li 
has been observed over an extended 
period after its initial 2014 flare-up, and 
there are high-quality X-ray and FUV 
data. These are shown in fig. 1, along 
with fits to a single disc model. 

The narrow FUV bands are observed to 
be very flat with time. This is completely 
consistent with a disc model. A disc 
spectrum is a superposition of local 
blackbodies. A readily identifiable 
Rayleigh-Jeans tail, peak, and Wien-
like exponential cut-off are all present 
(see fig. 2). As a disc evolves and cools, 
the emission peak moves downwards 
in frequency. At a given observed 
frequency, just before the peak, the 
emission would therefore rise as the 
hump passed through, like a wave. But 
counteracting this rise at all frequencies 
is a general decline from cooling. For 
an extended time period, the rise and 
decline turn out to nearly balance one 
another. This is precisely what the FUV 
data show, in all three bands. 

The X-rays tell a different story. Here, 
the emission comes from the Wien-like 
portion of the spectrum, and as time 
evolves, there is exponential decline 
with a power law coefficient. This 
combination fits the data beautifully 
as well. Both the FUV and the X-rays 
are reproduced by a single disc model. 
One of the by-products of the analysis 

of particular observational interest is an 
explicit, yet very general, mathematical 
prediction of the form that the decline 
in high energy X-ray luminosity should 
follow: neither a power law, nor pure 
exponential, but a simple product of the 
two, which mimics a power law over a 
restricted sampling interval.

CONCLUSION

LIGO and its sister observatories have 
made black hole gravitational radiation 
studies an indispensable component of 
the toolbox of modern astronomy. The 
astrophysical origin of the merging 
black hole binaries that form the 
bulk of gravitational wave sources is 
a stimulating puzzle for astronomers. 
The formalism for theoretical accretion 
disc studies, developed to help the early 
search for black holes, has meanwhile 
taken on a life of its own. Andrew 
Mummery and I have pushed the 
development of disc theory a step 
further, developing mathematical tools 
to study novel astrophysical events: the 
tidal destruction of a star passing close 
to a supermassive black hole. We are 
able to account for the disc emission 
spectrum of the one well-observed 
source, ASSASN14-li, in the process 
showing that this truly is a disc source 
with a finite ISCO stress (the strongest 
observational argument for this thus 
far advanced), and tightly constraining 
the mass of the black hole (just shy of 
two million solar masses). With most 
of the richest observations yet to come, 
the study of the tidal disruption of stars 
by supermassive black holes promises 
to remain lively and exciting for the 
foreseeable future. 

THE ELUSIVE MAGNETIC MONOPOLE

Our unified understanding of electricity 
and magnetism is encapsulated in 
Maxwell’s equations. These describe 
the effects of point-like electric charges 
(electric monopoles) on the statics and 
dynamics of the electric and magnetic 
fields. One of Maxwell’s equations can be 
stated in words: ‘there is no such thing 
as magnetic charge’ because no sources 
or sinks of magnetic field (magnetic 
monopoles) are described in the theory. 
But Maxwell’s equation merely quantifies 
the experimental observation that we’ve 
never seen a magnetic monopole. If we 
detected magnetic monopoles, the law 
would have to be updated.

There are reasons to think such an 
observation may be possible. Some 
implications of the existence of magnetic 
monopoles in a quantum theory were 
discussed by Paul Dirac as early as 
1931. Dirac noted that the existence 
of even a single magnetic monopole in 
our observable Universe would explain 
why all electric charge is quantised. 
Dirac’s description also made clear that, 

in order to avoid the quantum phase 
of the electron becoming observable, 
there must exist an unobservable 
(‘gauge-dependent’) line of magnetic 
flux tethering any monopole to an anti-
monopole. We now term this a ‘Dirac 
String’. Moreover, magnetic monopoles 
are predicted by modern theories of 
physics ‘beyond the standard model’, 
including string theories and various 
theories of quantum gravity. 

Particle physics searches for fundamental 
magnetic monopoles have been ongoing 
since the 1970s. Such a magnetic charge 
can, in principle, be detected by the 
quantised jump in magnetic flux Φ it 
generates upon passing through the 
loop of a superconducting quantum 
interference device (SQUID). Fig. 1 
shows a schematic of such a SQUID-
based magnetic monopole detector. 

Using this classic technique, a single 
apparent observation of a fundamental 
magnetic monopole on 14 February 
1982 (the St Valentine’s Day Monopole) 
was never duplicated, and subsequent 
searches have proven negative.

A SOLUTION EMERGES

All is not lost, however, because 
condensed matter physics can come to 
the rescue. Condensed matter physics, 
while not concerned with fundamental 
particles, allows the appearance of 
quasiparticles with emergent properties. 
We live in a Universe which is filled 
with quantum fields and we regard 
particles as excitations of those fields. 
However, inside a solid there is a 
periodic arrangement of atoms with 
mobile electrons that can be so strongly 
interacting as to generate their own 
very exotic quantum fields. The net 
result of these interactions is that new 
particles can then emerge as excitations 
of the quantum fields in the low-energy 
sector of the Hamiltonian of the solid. 
This means that each type of condensed 
quantum matter that we study is a new 
Universe, with a different set of rules, 
and a different set of emergent particles. 
Can we therefore find a material in 
which the emergent particles are 
monopoles?

Let’s build things up slowly. If we start 
thinking about building a periodic 
material in one-dimension, we can 
imagine a one-dimensional chain of 
magnets, each one lying with its north 
pole next to its neighbour’s south 
pole. This is a stable situation and we 
simply have a line of dipoles. But we 
can imagine reversing one of these 
magnets. This creates two adjacent north 
poles and two adjacent south poles, not 
an energetically favourable situation. By 
flipping further magnets, we can move 

DISCOVERY OF MAGNETIC 
MONOPOLE NOISE
The nineteenth century saw teams of explorers from around the world take to the ices 
in search of the poles. The twenty-first century has again seen teams pulling together to 
find the poles – but this time, the task is to isolate the individual poles of a magnet. It is not 
the icy expanses of the tundra which we search, but insulating crystals known as ‘spin ice’...
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Fig. 1: The top curve 
shows a theoretical fit 
to the light curve of 
the integrated X-ray 
spectrum of the Swift 
satellite, from 0.3 keV 
to 10 keV. It is well fit 
by the product of a 
declining power law 
and exponential cut-
off in time. The three 
curves below are 
narrow FUV bands, 
fit without changing 
the X-ray inferred disc 
parameters. The FUV 
emission is quite flat 
with time. 

Fig. 2: A typical 
disc spectrum at 
one point in time. 
It is broader than a 
single temperature 
blackbody, but has 
an identifiable low 
frequency (Rayleigh-
Jeans), mid frequency 
(power law), and high 
frequency (Wien) 
regimes. The narrow 
FUV bands are shown 
as coloured lines; 
the broad Swift X-ray 
bandpass is shaded. 
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Right: Fig. 1: 
Schematic of a 
fundamental Dirac 
monopole traversing 
the SQUID input coil. 
The magnetic-flux 
threading of the 
SQUID changes in 
total by Φ0 = h/e.

Bottom: Fig. 2:  
A line of bar magnets 
(top panel) ordered 
with north poles on 
the left and south 
poles on the right. 
Flipping one of them 
(middle panel) costs 
energy because you 
have two adjacent 
poles of the same 
type. Further magnet 
flips (bottom panel) 
cost little energy 
but separate the 
monopoles.

Published in 
Nature  

Vol. 571 (July 2019)

https://www.nature.
com/articles/s41586-
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is going on. Visualisation techniques 
are therefore key in physics. However, 
much less common is the opportunity 
to listen to our data. Extraordinarily, 
because this magnetic monopole noise 
occurs in the frequency range below 20 
kHz, when amplified by the SQUID it 
is actually audible to humans. 

NEW FRONTIERS

Returned from such an expedition, the 
explorer’s thought must surely be to the 
next challenge. Possible applications 
for magnetic monopoles in spin ices 
include the creation and manipulation 
of ‘magnetricity’, a magnetic version 
of electricity. But the detection of a 
single magnetic monopole is still a key 
goal for this team. Our SQUID-based 
detection technique had provided the 

first experimental evidence of magnetic 
monopoles which has a single-particle 
limit: while we heard the collective 
noise of many monopoles, the same 
basic approach at yet higher sensitivity 
could in principle be used to detect 
individual magnetic monopoles. So, 
our follow-up projects have begun, 
to better understand the monopoles’ 
noise signatures in different contexts; to 
detect the individual emergent magnetic 
monopoles; and to apply the same 
measurement techniques to explore 
other exotic magnetic systems. 

Are Maxwell’s equations still correct? 
No physics needs to be unlearned yet, as 
the monopoles in spin ice are emergent 
(for those that can remember their 
electromagnetism, these monopoles 
are divergences in H and not in B) and 

Maxwell’s equations remain unbroken. 
But these results demonstrate the power 
of using spin noise spectroscopy to 
study many different exotic magnetic 
systems which will contain numerous 
different species of emergent particles. 
Rather than wait for the Universe to 
deliver a rare, exotic magnetic particle 
to a detector, one can now explore 
the universes of quantum matter, 
studying such particles by the noise 
and eventually the signal they produce.

the double-north and the double-south 
apart without much extra energetic cost. 
You can see that where we started with 
one flipped dipole, we now have two 
objects that behave like independent 
particles that can travel along the chain. 
Breaking a magnetic dipole in two, we 
have made two independent magnetic 
monopoles. In the jargon, our original 
excitation (the flipped magnet) has been 
fractionalised. The line of flipped spins 
between these emergent monopoles 
plays the role of the Dirac string.

THE ROUTE: SPIN ICE

The challenge in finding emergent 
magnetic monopoles, then, is to find 
a real material which performs this 
feat in three dimensions. Enter the 
spin ices (Fig. 3). The highly magnetic 
Dysprosium or Holmium ions in these 
materials live on a lattice of corner-
sharing tetrahedra. The lowest-energy 
state of the system has the magnetic 
moments of two ions – their spins 
– pointing in, and two out, of each 
tetrahedron. This unusual property, 
discovered in crystals of dysprosium 
and holmium titanate by Steve Bramwell 
(UCL, DPhil Oxford) and Mark Harris 
(RAL, and later a Chaplain at Oriel 
College), led to these materials being 
called spin ices, by analogy with the 
proton configurations in water ice. The 
prediction of magnetic monopoles in 
this material, specifically because the 
two-in two-out configuration allows 
a chain of spin flips to occur during 
which an emergent magnetic monopole 
with magnetic charge +m* and anti-
monopole with charge –m* can separate 
(Fig. 3), was made about ten years ago 
by Claudio Castelnovo and Roderich 
Moessner (both then at Oxford) along 
with Shivaji Sondhi of Princeton. Most 
of the world’s supply of spin ices is 
grown in Oxford by Dharmalingham 
Prabhakaran. 

THE EXPEDITION

The Oxford expedition in search of the 
poles began with a theoretical proposal 

to harness recent developments in 
nanoscale magnetometry1. The key 
realisation was that, while emergent 
magnetic monopoles would be confined 
within the spin ices, their magnetic 
fields could still be felt outside the 
sample. These fields feature a distinctive 
inverse-square law decay, as opposed to 
the inverse-cube law decay of the field 
from a magnetic dipole. The original 
proposal was that a sufficiently sensitive 
nanoscale detector of magnetic fields 
could, in principle, detect these magnetic 
fields at the surface of a spin ice sample. 
But very large numbers of emergent 
magnetic monopoles are expected to 
be moving around at random within 
the crystal, so that the magnetic fields 
should be wildly fluctuating. In this 
context, DPhil student Fran Kirschner, 
in collaboration with Felix Flicker in 
work led by Stephen Blundell, carried 
out numerical simulations of the 
magnitude and frequency dependence 
of the magnetic field noise that should 
be generated by a fluctuating fluid of 
magnetic monopoles.

Looking for a signature in fluctuations is 
an interesting approach, since physicists 
usually regard noise as the thing which 
has to be separated from the signal. 
But here the noise is the signal! In fact, 
it has been known for many years that 
the character of noise yields numerous 
clues explaining its origin. Noise has 
colour: white noise has a uniform power 
spectrum S, with equal intensity across 
all frequencies f: S(f)≈const. Pink noise, 
on the other hand, has a power spectrum 
which falls off in inverse proportion 
to the frequency: S(f)∝1/f (hence its 
other moniker, 1/f noise). Simulations 
showed that while the movement of 
the monopoles is random, it is also 
constrained by the presence of the Dirac 
strings. It turns out these constraints 
should also be revealed in the noise, 
which is predicted to fall off as S(f)∝1/fb 
with b between one and two (somewhere 
between pink and red), and varying 
characteristically with temperature. 

Then in 2018, Séamus Davis and his 
group, intrigued by the ingenious 

proposal to find the poles using their 
magnetic noise, joined the expedition. 
In work conducted by DPhil student 
Ritika Dusad, they proposed to detect 
the predicted magnetic monopole 
noise by using the classic magnetic 
monopole detector – the input loop 
of a SQUID. Ritika developed a flux-
noise spectrometer using a six-turn 
superconducting pickup coil (Fig. 4) 
connected to a SQUID, and optimised 
it for the predicted magnetic noise 
signal of Dy2Ti2O7 spin ice. This is the 
condensed matter physics version of 
the classic magnetic monopole search 
apparatus shown in Fig. 1.

This set-up allowed the study of the 
magnetic-flux noise not just at the 
surface, but throughout the bulk of 
the crystal. They used it to determine 
the flux noise spectral density of the 
Dy2Ti2O7 spin ice samples over a 
frequency range 1Hz<f<2.5kHz in 
the temperature range 1.2K≤T≤7K, 
both predicted to be optimal for 
detection of most intense magnetic 
noise spectra from the millimetre-scale 
Dy2Ti2O7 crystal. The experiments 
were successful, revealing that mm-
scale Dy2Ti2O7 crystals spontaneously 
generate magnetic-field noise of 
magnitude 10-12 Tesla and below. They 
found that the magnetic-flux noise 
spectral density of Dy2Ti2O7 is constant 
for frequencies from near 1Hz up to an 
angular frequency ω(T)~1⁄τ(T), above 
which it falls off as ω-b where b spans a 
range between 1.2 and 1.5. They also 
observed the strange fact that had been 
predicted by the simulations, that the 
magnetic noise should increase rapidly 
with falling temperature proportional to 
τ(T). Thus, the SQUID-based flux-noise 
spectrometry experiments had detected 
(Fig. 5A) virtually all the features of the 
magnetic noise predicted for a dense 
fluid of magnetic monopoles (Fig. 5B). 
The team had found the poles2.

There was also a striking bonus effect. 
As scientists, we are used to studying 
data plotted on graphs and we spend a 
lot of time looking at our data in lots of 
different ways to try to understand what 

AS SCIENTISTS, 
WE ARE USED TO 
STUDYING DATA 

PLOTTED ON 
GRAPHS AND WE 
SPEND A LOT OF 

TIME LOOKING AT 
OUR DATA IN LOTS 

OF DIFFERENT 
WAYS TO TRY TO 

UNDERSTAND WHAT 
IS GOING ON. MUCH 

LESS COMMON IS 
THE OPPORTUNITY 
TO LISTEN TO OUR 

DATA. LUCKILY 
THIS MAGNETIC 

MONOPOLE NOISE 
OCCURS IN THE 

FREQUENCY RANGE 
THAT IS AUDIBLE 

TO HUMANS. 

Fig. 4

Fig. 5

Fig. 3

Fig. 3: Schematic 
representation of 
the spin ice excited 
state in which two 
magnetic charges are 
generated by a spin 
flip and propagated 
through the material.

Fig. 4: Schematic 
of the Spin Noise 
Spectrometer.

Fig. 5. Left: simulated 
noise spectral density 
S(w, T) in temperature 
range 4K to ~1K 
which one might 
expect to achieve by 
cooling Dy2Ti2O7.

Right: measured 
noise spectral density 
from Dy2Ti2O7 
samples in the range 
1.2K≤T≤4K. Red axes 
indicate spectra 
scaled for B-fields, 
blue axes (matching 
scales) spectra scaled 
for magnetic flux.

Below: An artist’s 
impression of spin ice 
monopoles.
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