
926 NATURE PHYSICS | VOL 7 | DECEMBER 2011 | www.nature.com/naturephysics

news & views

manner to bilayer graphene, with a tunable 
semiconducting gap2. Such control offers a 
variety of possible applications, including 
better electrical control over the absorption 
of infrared radiation detectors.

The two subsequent studies, from 
Lau and colleagues3 and Zaliznyak and 
colleagues4, focus on several of the more 
subtle implications of ABC trilayer graphene’s 
dispersion relation. The first is how the 
effective mass of carriers changes with their 
concentration, which probes the curvature of 
the dispersion relation. Clearly, for the case 
of monolayers the mass is zero. In bilayers, 
the quadratic dispersion leads to a constant 
mass. However, in ABC-stacked trilayers, the 
mass diverges at low density, which is a direct 
manifestation of the cubic dispersion relation.

In the presence of an external magnetic 
field, the dispersion of carriers also 
has a direct bearing on the number of 
degenerate Landau levels with zero energy 
given by 4N, where N is the number of 
layers. Hence, in monolayer graphene the 
degeneracy is fourfold, in bilayer graphene 
it’s eightfold, and — as now demonstrated 
by Lau and colleagues and Zaliznyak and 
colleagues — in ABC-stacked trilayers it is 12-
fold. The presence of such a large underlying 

degeneracy promotes interaction-driven 
spontaneous symmetry breaking, whereby 
electrons completely fill some of the available 
Landau levels and leave others empty, 
rather than equally populating each Landau 
level only partially10,11. Surprisingly, such 
spontaneous symmetry breaking is expected 
to occur even in the absence of an external 
magnetic field9. Although the various 
multilayers of graphene should theoretically 
be gapless when the role of interactions is 
neglected, Lau and colleagues3 measure a gap 
of 6 meV in ABC-stacked trilayers, consistent 
with an interaction-driven, spontaneously 
broken symmetry.

But why stop at three? N layers of 
graphene have approximately 2(N−2) possible 
arrangements (Fig. 1b). One of these 
arrangements is the natural extension of 
the ABC-stacked trilayers that consists of a 
multilayer with cyclic arrangement given by 
ABCABCA…, and so on. The dispersion of 
such multilayers is predicted to have even 
lower kinetic energy9, Ek α pN, (Fig. 1c) and 
a ground-state degeneracy of the lowest 
Landau level of 4N. In such a family of 
two-dimensional materials, the Coulomb 
interaction between carriers could play an 
even greater role than that in bilayers or 

trilayers. The reason that such behaviour 
hasn’t yet been seen in graphite, the 
macroscopic form of multilayer graphene, 
is because natural graphite usually exhibits 
Bernal stacking where such effects would 
be absent. But if effective ways of growing 
artificial multilayers with rhombohedral 
stacking are found, trilayer graphene might 
just be the beginning. ❐
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Despite vast astronomical and 
cosmological evidence to suggest that 
most of the matter in the Universe is 

not only dark, but composed of some new 
exotic particle or object, an understanding of 
the nature of dark matter continues to evade 
us. One possibility is that this mysterious 
substance, accounting for roughly one-
fifth of the energy budget of the Universe, 
comprises a class of black hole that dates 
back to the early history of the Universe — 
forming shortly after the Big Bang.

Primordial black holes (PBHs) are the 
typically light, lesser-known cousins of 
stellar-mass and supermassive black holes — 
the two types of black hole that astronomers 
have been able to observe so far. PBHs 
are elusive; however, Michael Kesden and 
Shravan Hanasoge have come up with a new 
way of detecting them. Writing in Physical 
Review Letters, they report that when a 

PBH passes through a star, its gravitational 
field squeezes the star, causing it to ring 
acoustically1. Observing these oscillations 
may provide a new way of probing the 
physics of the early Universe and potentially 
solving the dark-matter problem.

The formation of PBHs could have 
occurred through a number of mechanisms. 
Arguably the most plausible one, proposed 
by Hawking2 in the 1970s, involves 
the collapse of large-amplitude density 
perturbations, which are thought to have 
been generated by quantum fluctuations 
during a period of accelerated expansion, 
known as inflation, in the very early 
Universe. On large length scales, these 
density perturbations seed the formation 
of galaxies and galaxy clusters, but they can 
also exist on smaller physical scales. Smaller 
perturbations of sufficient size are capable of 
collapsing to form PBHs.

Not all PBHs survive: if their mass is less 
than 5 x 1014 g (roughly that of a mountain), 
they evaporate via Hawking radiation. 
More massive PBHs could constitute dark 
matter, as they have lifetimes that are longer 
than the age of the Universe. Extensive 
microlensing surveys have ruled out the 
existence of stellar- and planetary-mass 
dark-matter PBHs, by searching for the 
temporary brightening of a star that occurs 
when a compact object crosses the line of 
sight3. Heavier PBHs are excluded from the 
set of dark-matter candidates by virtue of 
their dynamical effects, which include the 
disruption of binary stars4. Lighter PBHs, 
with masses ranging from 1017 g to 1026 
g, may form dark matter, but as yet there 
has been no way of observationally testing 
this possibility.

Kesden and Hanasoge have reduced the 
enormity of this challenge by simulating the 
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Star sign
The realization that primordial black holes produce oscillations when they pass through stars brings us one step 
closer to observing traces of this dark-matter candidate that formed in the early Universe.
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interactions of PBHs with Sun-like stars, 
and showing that they can, in principle, 
be detected. Figure 1 shows a snapshot 
of the radial velocities induced when a 
1022 g PBH passes through the Sun on a 
radial orbit. These photospheric velocities 
can be measured through the Doppler shift 
of solar absorption lines. Oscillations driven 
by near-surface supersonic turbulence 
provide the dominant know n contribution 
to photospheric velocities, and hence act as 
a background for PBH searches. Kesden and 
Hanasoge have shown that the PBH-induced 
photospheric velocities can be distinguished 
from this background as their power spectra 
differ significantly.

Unless the dark-matter density in the 
solar neighbourhood is significantly higher 
than expected, the rate at which PBHs pass 
through the Sun is very small. However, 
the European Space Agency’s CoRoT and 
NASA’s Kepler satellites should be capable 
of detecting interactions between PBHs and 
other stars, albeit with a lower signal-to-
noise ratio. In the future, NASA’s proposed 
Stellar Imager may be able to resolve stellar 
disks, and hence achieve high signal-to-noise 
detections for other stars. If dark matter exists 
in the form of PBHs, these observations offer 
a powerful means of detecting it.

At present, the most popular dark-matter 
candidate is weakly interacting massive 
particles (WIMPs). These particles were 

generically produced in the early Universe 
with roughly the right abundance, and 
supersymmetry (the favoured extension to the 
standard model of particle physics) provides a 
concrete WIMP candidate in the form of the 
lightest supersymmetric particle. The search 
for WIMPs is already underway at the Large 
Hadron Collider, in dedicated lab-based 
direct detection experiments and, indirectly, 

using telescopes to detect their annihilation 
products. If WIMPs are not discovered in the 
next 5–10 years, then attention will turn to 
alternative dark-matter candidates5.

PBHs have the advantage of requiring no 
new particle physics. There is, however, no 
known mechanism that naturally produces 
the correct abundance of PBHs. This 
number depends exponentially on the size 
of the density perturbations, which therefore 
has to be fine-tuned. Ultimately, the question 
of whether dark matter comprises WIMPs, 
PBHs or something else entirely will have 
to be answered experimentally. Kesden and 
Hanasoge’s work suggests a way of probing 
a PBH mass window, about which we know 
very little. Even if PBHs in this mass range 
do not constitute dark matter, tightening 
the limits on their abundance will lead to 
improved constraints on the physics of the 
early Universe, particularly with respect to 
models of inflation. ❐
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One of the major obstacles to realizing 
quantum computers and simulators 
is the environment, which disturbs 

quantum systems. In the ideal regime, 
information from the system leaks slowly to 
the environment. Such unidirectional flow of 
information in which the noise acts the same 
way at all times characterizes a Markovian 
process. However, soft- or condensed-
matter systems are strongly coupled to the 
environment and this leads to a regime where 
information also flows back into the system; 
a non-Markovian process. Now, writing in 
Nature Physics1, Bi-Heng Liu and co-workers 
report an all-optical experiment in which the 
flow of information between the system and 

environment is controlled and the system can 
be steered between these two regimes.

The open system considered by Liu et al. 
is deceptively simple, comprising just a 
single photon: the ‘system’ is its polarization 
and the ‘environment’ is its frequency 
spectrum. They considered the system’s 
dynamical evolution as the photon passed 
through a quartz plate; different evolution 
times were studied by varying the thickness 
of the plate. The system–environment 
coupling is performed by the plate’s 
birefringence: this adds a dynamical phase 
to the photon’s state, the magnitude of which 
is dependent on both its polarization and 
frequency. More precisely, photons with 

ordinary and extraordinary polarization 
with respect to the crystal axis experience 
different phases. If the phase delay is longer 
than the coherence length of the photon, the 
frequency degree of freedom is essentially 
traced on detection, and superposition states 
of ordinary and extraordinary polarization 
will then experience decoherence2.

At the heart of the experiment lies the 
preparation of an environment that can be 
tuned to exhibit either Markovian or non-
Markovian character. The photon’s frequency 
spectrum is initially prepared with two 
frequency peaks of the same Gaussian 
width but with adjustable relative amplitude 
(Fig. 1a) — all cleverly accomplished by an 
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Environmental effects controlled
An open quantum system loses its ‘quantumness’ when information about the state leaks into its surroundings. 
Researchers now show how this decoherence can be controlled between two incompatible regimes in the case of a 
single photon.
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Figure 1 | The radial velocities (Vr) induced by the 
passage of a 1022 g primordial black hole through 
a Sun-like star on a radial orbit. Reproduced with 
permission from ref. 1, © 2011 APS.
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