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Imagine a two-dimensional square lattice 
crossed by a uniform magnetic field. 
The system looks perfectly periodic; 

nothing changes from one lattice site to 
the next. However, as exemplified by the 
Aharonov–Bohm effect, this picture is 
considerably more subtle in quantum 
mechanics. In this case, the magnetic 
vector potential plays a more fundamental 
role than the magnetic field. To achieve 
a uniform magnetic field, one in fact 
requires a magnetic vector potential that 
breaks the translational symmetry of the 
underlying lattice. How the vector potential 
breaks the translational symmetry depends 
on the specific gauge one chooses. For 
example, the Landau gauge preserves the 
translational symmetry in one direction, 
whereas the symmetric gauge preserves 
the rotational symmetry. The common 
wisdom in quantum mechanics is that all 
observables are independent of the chosen 
gauge. Consequently, any translational 
symmetry-breaking pattern due to a 
particular choice of gauge should not be 
physically measurable, at least for genuine 
electromagnetic fields.

Writing in Nature Physics, Colin Kennedy 
and collaborators now show that 
translational symmetry breaking due to 
a particular gauge choice can be detected 
in ultracold gases in an optical lattice 
subject to a synthetic magnetic field1. In 
such synthetic fields, neutral atoms dressed 
by external lasers behave as if they are 
charged particles in a magnetic field. This 
apparent contradiction with the usual 
expectation is explained by the fact that in 
ultracold gases in synthetic magnetic fields, 
one has access to the gauge-dependent 
canonical momentum.

In the presence of a gauge field, there 
are two kinds of momenta: kinetic and 
canonical. The canonical momentum is 
usually denoted by p in the Hamiltonian, 
whereas the kinetic momentum is given 
by p – eA, where A is the magnetic vector 
potential and e is the charge of a particle 
coupled to it. Both p and A are gauge-
dependent; under a gauge transformation, 
their values change. However, the 

combination p – eA is independent 
of the gauge and has a clear physical 
meaning: mass multiplied by velocity. In 
a genuine electromagnetic field, it is this 
kinetic momentum — not the canonical 
momentum — that is physically observable.

With a synthetic magnetic field in 
ultracold gases, however, one can also 
measure the canonical momentum. In 
2009, researchers at NIST successfully 
created a synthetic magnetic field in 
ultracold gases without a periodic 
potential2,3. They used a set of lasers to 
generate a synthetic field, then suddenly 
switched the lasers off to map the canonical 
momentum onto the kinetic momentum 
without changing its value. This mapping 
can be understood as a result of a synthetic 
electric field being generated as the 
synthetic vector potential is turned off. 
This synthetic electric field shifts the 
kinetic momentum to the value of the 
canonical momentum while the lasers are 
on. Therefore, by observing the kinetic 
momentum after the lasers have been 

turned off, one effectively measures the 
canonical momentum in the presence of 
the synthetic magnetic field4.

In the presence of a strong periodic 
lattice potential, the magnetic vector 
potential is captured by the complex 
phase a particle obtains as it hops 
(tunnels) between adjacent sites. In a two-
dimensional square lattice, the magnetic 
field is equivalent to a cumulative phase 
(flux) obtained as a particle hops around a 
square. Particularly interesting is the case 
where the flux per square is comparable 
to one magnetic flux quanta, which 
corresponds to a very strong magnetic 
field. This is the Harper–Hofstadter 
model — a prime example of a 
topologically nontrivial lattice model. In 
the Harper–Hofstadter model, although the 
translational symmetry of the underlying 
lattice is broken by the hopping phases, one 
still has the translational symmetry of an 
enlarged unit cell, whose shape depends 
on the specific hopping phase (gauge) 
of choice.

ULTRACOLD ATOMS

Feel the gauge
For ultracold atoms experiencing a synthetic magnetic field in an optical lattice, it is possible to observe the 
translational symmetry-breaking pattern determined by the chosen gauge.
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Figure 1 | A lattice in real (left) and reciprocal (right) space. When a particle hops (tunnels) along the 
blue lines, it acquires π phase; when hopping along black lines, it acquires no phase. The lattice with 
dashed lines shows the enlarged unit cells of the particular gauge choice, and red arrows are unit vectors 
of the enlarged unit cell. In reciprocal space, the black square is the first Brillouin zone of the square 
lattice without the hopping phase, and the dashed square is that of the enlarged unit cell, taking into 
account the hopping phase. Red arrows are the reciprocal lattice vectors of the enlarged unit cell. These 
gauge-dependent reciprocal lattice vectors are experimentally measurable.
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The Harper–Hofstadter model was 
realized in ultracold gases in 20135,6, 
wherein the complex hopping phase was 
implemented by laser-assisted tunnelling 
between adjacent sites. An analogue of the 
integer quantum Hall effect has also been 
observed, thus revealing the topologically 
nontrivial nature of the model7. In these 
experiments, however, the temperature 
was high, and therefore there was no 
Bose–Einstein condensation.

Kennedy et al. cooled the system to such 
an extent that a Bose–Einstein condensate 
was realized in the Harper–Hofstadter 
model with half a flux quantum per square; 
the specific gauge is shown in Fig. 1. 
The canonical momentum distribution 
of the Bose–Einstein condensate shows 
peaks separated by the reciprocal lattice 
vectors of the Harper–Hofstadter model. 
The researchers measured the canonical 
momentum through the aforementioned 
mapping to the kinetic momentum. The 
observed reciprocal lattice vectors are 
different from those of the underlying lattice 

potential; they instead correspond to those 
derived from the enlarged unit cells of the 
synthetic gauge.

The experiment raises a number 
of new and interesting questions. The 
momentum-space density distribution 
varies when the experiment is repeated, 
and the origin of this variation is not 
yet fully understood. The results of 
Kennedy et al. are incompatible with 
a theoretical prediction that takes into 
account inter-particle interactions, although 
they suggest that this could be due to 
domain formations.

These questions are related to gauge-
dependent quantities, which makes 
them unique to systems with synthetic 
gauge fields. Synthetic gauge fields 
have also been realized for photons in 
photonic lattices8–10, where the canonical 
momentum is measurable through the 
far-field emission of light11. The synthetic 
gauge fields in all these systems provide 
access to phenomena that are impossible 
to observe in genuine gauge fields. 

Particularly interesting is the role of 
strong inter-particle interactions in the 
Harper–Hofstadter model, as these may 
lead to fractional quantum Hall states. 
Gauge-dependent properties of such 
strongly correlated states are likely to offer 
completely new insights. ❐
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Cereal is a breakfast staple, but it 
also harbours some interesting 
physics. Inside the box, ingredient 

number one is air: cereal granulates form 
packings containing voids of various 
sizes. Compressing the box can make for 
a denser packing, but the flakes simply 
break when pressed together, rather than 
rearranging to fill the voids. Writing in 
Nature Physics, François Guillard and 
colleagues1 have rationalized the spectacular 
compaction behaviours of this class of soft 
material — providing a complete picture of 
the dynamics of heterogeneous structures 
appearing in puffed-rice packs (pictured).

Cereal flakes are a good example 
of a brittle porous medium: a system 
containing particles that tend to break 
under compression instead of rearranging. 
Cohesive powder agglomerates, snow 
and foams all fall into the same class. 
Understanding the physics behind their 
random packing equilibrium has a long 
history2, dating back to the seminal works of 

John Bernal3. For rigid objects, compaction 
experiments have provided evidence 
for hidden heterogeneous structures in 
random packings: force chains that can 
span anywhere from a few grains to the 
entire pile. These chains are at the origin of 
the jamming of granular flows through a 
bottleneck4, and they explain why removing 
some carefully chosen grains can leave the 
stability of a granular heap unaffected. We 
know now that heterogeneity is the rule for 
granular materials.

Much less, however, is known about 
brittle grains. But it seems that the same 
rule applies: dynamical heterogeneities 
are indeed observed when the system is 
crushed. Compaction bands have been 
observed, in which the material experiences 
high volumetric strain rates accommodated 
by severe grain breakage and pore collapse1. 
These bands reveal the complex nature of 
these soft materials. More importantly, this 
behaviour may have major consequences 
in industries that manipulate products 

such as flakes, powders and grains. For 
example, compaction band structures 
should be avoided as much as possible in 
pharmaceutical powder systems requiring a 
homogeneous composition.

Guillard et al.1 provided experimental 
evidence confirming earlier reports of 
propagating compaction bands in puffed 
rice5. They showed that, when brittle soft 
matter is pressed, three different compaction 
patterns can be obtained depending on 
the experimental conditions. Erratic 
compaction bands were found when the 
system was crushed slowly, suggesting 
that the heterogeneities appeared and 
disappeared randomly in the system. For 
intermediate crushing speeds, oscillatory 
propagating compaction bands were found. 
These bands seemed to propagate from 
the bottom to the top of the container, in 
response to pressure applied by a piston 
moving downwards from the top. For 
higher speeds, densification was almost 
homogeneous. All three dynamical 

SOFT MATTER

Brittle for breakfast
Crushing a brittle porous medium such as a box of cereal causes the grains to break up and rearrange themselves. 
A lattice spring model based on simple physical assumptions gives rise to behaviours that are complex enough to 
reproduce diverse compaction patterns.
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