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Dear IAMP Members,

according to Part I of the By-Laws we announce a meeting of the IAMP General
Assembly. It will convene on Monday August 3 in the Meridian Hall of the Clarion
Congress Hotel in Prague opening at 8pm.
The agenda:

October 2013

1) President report

2) Treasurer report

3) The ICMP 2012
a) Presentation of the bids
b) Discussion and informal vote
4) General discussion
It is important for our Association that you attend and take active part in the
meeting. We are looking forward to seeing you there.
With best wishes,
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Jan Philip Solovej, Secretary
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International Congress of Mathematicians 2014 in Seoul

International Congress of Mathematicians 2014
SEOUL ICM 2014
Coex, Seoul, Korea
13-21 August 2014
http://icm2014.org

Hyungju Park
Professor of Mathematics at Pohang University of Science and Technology, Korea
Chairman of the Organising Committee for ICM 2014

Greetings from the Organisers of ICM 2014
The next International Congress of Mathematicians will take
place at Coex in Seoul, Korea, from Wednesday 13 August
through to Thursday 21 August 2014. The pre-registration
process for ICM 2014 is underway. If you have not yet preregistered, please do so by following the simple instructions at
http://icm2014.org. The ICM e-News is being circulated to people who have pre-registered for the congress. We strongly recommend that you visit the homepage regularly for updated information and ICM related activities. We look forward to welcoming
you to the congress in Seoul.

In the centre of Seoul
Korea, with a five-millennia-long history, is an attractive place to visit and Seoul, the
capital of Korea for over 600 years, is a vibrant, modern city with a population of 11
million, where traditional culture and cutting-edge trends co-exist in perfect harmony.
With a low crime rate and a state-of-the-art subway system, it is one of the safest cities
in the world. The congress venue, Coex, is at the heart of downtown Seoul, located right
next to a subway station. There are over 7,500 hotel rooms within 5 km of Coex.

Family-friendly ICM
Seoul is full of great family-friendly activities. For the accompanying family members of
the ICM participants, an on-site childcare facility will be available. And we recommend
some of Seoul’s best destinations for the family – from a day at a theme park to outdoor
events for youngsters and countless playgrounds in the heart of downtown. Three Disneystyle theme parks (LOTTE WORLD, SEOUL LAND and EVERLAND) are around 10
minutes to 1 hour bus/subway ride from central Seoul. Especially during Summer season,
all the theme parks are open until late at night performing fantastic laser shows and
fireworks shows. Bring your family to Seoul ICM and experience wonderful festivals and
IAMP News Bulletin, October 2013

3

Hyungju Park

magnificent shows at the theme parks in Korea! Family-friendly ICM will make your
journey all the more special.

NANUM 2014
To make the congress a true worldwide gathering, the Organising Committee places special emphasis on supporting mathematicians from developing countries. Members of the
Korean Mathematical Society fully acknowledge the gracious support received from the
international mathematical community in the 1970s and 1980s and hope more countries
can share in the benefits. This has motivated the theme of Solidarity in Mathematics
and 1,000 mathematicians from developing countries will be invited to Korea during ICM
2014. Many of these mathematicians would not have been able to visit an ICM otherwise
and stand to take the ICM excitements and new knowledge back to their home countries. The Seoul ICM Travel Fellowship Fund was set up for this purpose and the fund is
expected to receive over 2,000,000 USD by 2014, mainly from global corporations and individual donors. By collaborating with IMU/CDC, we are developing selection guidelines
for this travel assistance programme, called NANUM 2014. NANUM is a Korean word
meaning gracious and unconditional sharing. A selection policy integrating age, gender
and geographical balance is being carefully crafted.
NANUM 2014 in detail
Criteria
• Priority will be given to applicants from countries with a GDP of $ 7,500 (nominal)
or less.
• Some underdeveloped regions inside ineligible countries will be included.
Composition of the 1,000:
• 45% senior mathematicians, 45% junior mathematicians, 10% advanced graduate
students.
• Math School for 100 (tentative).
• At least 100 female mathematicians.
The applications will be reviewed by five review committees covering the following five
regions:
• Africa.
• East and Southeast Asia including China and North Korea.
• South and West Asia including the Indian subcontinent.
4
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• Eastern Europe including North Asia.
• Central and South America.
Timeline of the application and selection procedure:
• 28 Feb 2013: selection of 48 international NANUM ambassadors.
• 10 Jun 2013 31 Aug 2013: applications received.
• 31 Dec 2013: review of applications completed.
• Jan 2014: notification of acceptance.

MENAO
A MENAO event (MENAO stands for Mathematics in Emerging Nations: Achievements
and Opportunities), which features about 100 participants and discussants and is open
to an additional 350 observers, will take place on the day immediately preceding the
opening of the congress.
The goal of the MENAO event is
• To listen to the voices of mathematicians and aspiring advanced students of mathematics from the developing world.
• To share success stories of development via partnerships between the local mathematical communities, their governments and international agencies and foundations.
• To review the current status of those efforts and future needs.
A detailed programme will be developed and distributed by the IMU.

Invited plenary, sectional and special lectures
The privilege of sending the invitations belongs to the Organising Committee whereas
it is the privilege of the Programme Committee to select the invited plenary and sectional speakers for the congress. Plenary lectures are invited one-hour lectures to be
held without other parallel activities. The lectures should be broad surveys of recent
major developments, aimed at the entire mathematical community. Sectional lectures
are invited 45-minute lectures. Several sectional lectures are scheduled in parallel. The
ICM Emmy Noether lecture honours women who have made fundamental and sustained
contributions to mathematics and the ICM Emmy Noether lecturer has been chosen by
a committee appointed by the IMU Executive Committee. All the invitations have been
sent out by the Organising Committee, and hopefully they have them in hand by now.
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How time cures infrared problems
by Detlev Buchholz (Göttingen)

Detlev Buchholz received his PhD from the University of
Hamburg in 1973. Having held postdoc positions at CERN
in Geneva and at the University of California in Berkeley
he became Professor of Theoretical Physics at the University of Hamburg in 1979. In 1997 he accepted a call from
the University of Göttingen where he stayed until his retirement in 2009. He has established important conceptual
and methodical results in quantum field theory such as a
collision theory for massless particles, a quantitative description of phase space properties which allowed him to
prove the causal independence of observables and existence
of thermal equilibrium states in these theories, a comprehensive classification of the possible sector structure and
statistics of massive theories and a general method for
short distance analysis. From 2000 to 2005 he was Editor–
in–Chief of Reviews in Mathematical Physics and he is presently associate editor of three
other journals. For his scientific work he was honored by several awards, notably by the
Max Planck Medal of the German Physical Society.

The understanding of the sector structure of the physical state space in quantum field
theories with long range forces, such as quantum electrodynamics, is a longstanding
problem. Recall that a superselection sector is a subspace of the physical Hilbert space
of all states of finite energy on which the local observables act irreducibly. So the global
superselection observables have sharp values in a sector and the superposition principle
holds unrestrictedly there; states in different sectors cannot coherently be superimposed,
however. The presence of long range forces leads to an abundance of sectors which carry
the same total charge, but differ by multifarious clouds of low energy massless particles
which are formed in collisions of the charged particles. In computations one frequently
copes with this problem by some ad hoc selection of sectors, e.g. by picking a convenient
physical gauge, and by summing over undetected low energy massless particles. This
method provides physically meaningful results but it is conceptually unsatisfactory, for
it breaks Lorentz invariance and does not allow the effects of local operations on states
to be studied since these do not respect the splitting of the massless particle content
into a soft and a hard part because of the uncertainty principle. Celebrated results of
quantum field theory such as the PCT theorem, the spin and statistics theorem, collision
theory and the determination of the global gauge group from the sector structure, cf. [1],
6
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therefore do not apply to these theories.
These conceptual difficulties, which are frequently subsumed under the heading “infrared problems”, have received considerable attention in the past, cf. the respective
sections in the monographies [1, 2, 3] and references quoted there. In spite of progress on
some of its aspects a fully satisfactory solution has not been accomplished to date and,
in fact, may never be accomplished along those lines. The infrared problems originate
from the unrealistic idea that theory ought to describe experiments in arbitrary regions
of Minkowski space which in principle would allow the sectors of infrared clouds to be
discriminated. Yet, as a matter of principle, there are no such experiments, so one should
not worry about them. Indeed, taking the spacetime limitations of realistic experiments
into account, a fully consistent and comprehensive description of the properties of physical states in theories with long range forces was recently established in [4] within the
algebraic framework of quantum field theory [1]. We outline here the basic ideas and
main results and refer to [4] for precise statements, proofs and further references.
The recent resolution of the infrared problems is based on the insight that the arrow
of time should already enter in the interpretation of the microscopic theory. To avoid
misunderstandings: the arrow of time is not explained, it is taken into account in the
theory as a fundamental empirical fact. Realistic experiments are performed in finite
spacetime regions. Beginning at some spacetime point a one performs preparations of
states and measurements until sufficient data are taken. In principle, subsequent generations of experimentalists could continue the experiment into the distant future. Thus
the maximal regions where data can be taken are future directed lightcones V with apex
a whose boundaries are formed by lightrays emanating from a. On the other hand it is

t i me

a

space

Experiments take place in future directed lightcones V
impossible to make up for missed measurements and operations in the past of the initial
point a. The choice of this point is completely arbitrary, one could take for example
the birthday and birthplace of Aristotle who invented the term physics (φυσικη); we all
know about this event and reside in the corresponding cone. Or one could take the time
and place where the funding of an experiment was approved. What matters is that data
in the past of a need not or cannot be taken into account. Phrased differently, it suffices
for the comparison of theory and experiment to consider the restrictions of global states
to the observables which are localized in a given lightcone V .
IAMP News Bulletin, October 2013

7

Detlev Buchholz

We are using here the Heisenberg picture, where the spacetime localization is encoded
in the observables. The algebra generated by the observables localized in a given spacetime region R is denoted by A(R) and the C*–algebra of all local observables by A.
The global states of interest are described by positive, linear and normalized expectation
functionals ω : A → C. Their restrictions ω  A(V ) to the subalgebras generated by the
observables in a given lightcone V contain only partial information about the ensembles
and are therefore called partial states.
In theories of exclusively massive particles the algebras A(V ) are known to be irreducible in each sector, hence complete information about the global states can be recovered from the partial states by means of the theory. The situation is markedly different,
however, in the presence of massless particles. This is so because outgoing massless
particles (radiation) created in the past of a produce no observational effects in V in
accordance with Huygens’ principle. As a consequence, infrared clouds cannot sharply

t i me

A (V)

space

Outgoing massless particles created in the past escape observations in V
be discriminated by measurements in a given lightcone V (all partial states carrying the
same total charge are normal with respect to each other). Moreover, the algebras A(V )
are highly reducible. As a matter of fact, their weak closures A(V )− in the vacuum sector
are factors of type III1 according to the classification of Connes.
Whereas the infrared clouds appearing in the states cannot sharply be discriminated
in any lightcone V , their total charge can be determined there. This follows from the
fact that charges are tied to massive particles which eventually enter V , unless they are
annihilated or created in pairs carrying opposite charges. These considerations suggest
abandoning the concept of superselection sectors of states and replacing it by the coarser
notion of charge classes, which combines an abundance of different sectors. Making use
of the topologically transitive action of inner automorphisms on the normal states of type
III1 factors, established by Connes and Størmer, this idea has been formalized as follows.
Charge classes: Let ω1 , ω2 be pure states on the global algebra of observables A. The
states belong to the same charge class if, for given lightcone V , there exists some unitary
8
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time

space
The total charge carried by massive particles can be determined in any V
operator W12 ∈ A(V ) such that ω2  A(V ) = ω1 ◦ Ad W12  A(V ) or, more generally, if
the norm distance between these partial states can be made arbitrarily small for suitable
unitaries W12 .
Thus the partial states within a charge class can be transformed into each other
by physical operations which are described by the adjoint action of unitary operators
localized in the lightcones. It can be shown that the definition of charge classes does
not depend on the choice of lightcone V ; moreover, the corresponding partial states are
factorial (primary), i.e. all charges which can be determined in V have sharp values
within a charge class.
In order to determine the structure of the charge classes of interest one has to understand their mutual relation. In this context it is meaningful to view the lightcones V as
globally hyperbolic spacetimes which are foliated by hyperboloids (time shells) playing
the role of Cauchy surfaces; thus within V spacelike infinity is formed by its asymptotic lightlike boundary. Given V , one can proceed from the partial states in the charge
class of the vacuum state ω0 , carrying zero global charge, to partial states in any given
charge class by limits of local operations in V . These operations may be thought of as
creation of pairs of opposite charges on some given time shell and the removal of the

t i me
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C

space

space

Charge creation by creating pairs and removing the unwanted charge
within a hyperbolic cone C
unwanted charge on this shell to spacelike infinity; it thereby disappears in the spacelike
complement of any relatively compact region in V and thus cannot be observed anymore,
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leaving behind a charged partial state in V . In order to control the energy required for
these operations one has to localize them in broadening hyperbolic cones. A hyperbolic
cone C is a convex cone on a time shell in the sense of hyperbolic geometry; its causal
completion in V is denoted by C and called hypercone. These considerations can be put
into a mathematically precise form as follows.
Charge creation: Given a charge class, there exists for any hypercone C ⊂ V a sequence
of inner automorphisms {σn = Ad Vn }n∈N which are induced by unitary operators Vn ∈
.
A(C) such that the strong limit σC = limn σn exists pointwise on A(V ) in the vacuum
sector and the partial states ω0 ◦ σC  A(V ) obtained by composing the vacuum state
with the limit maps belong to the given charge class.
The resulting limit maps σC : A(V ) → A(V )− are linear, symmetric and multiplicative, i.e. they are homomorphisms mapping the algebra A(V ) into its weak closure A(V )−
in the vacuum sector H. Instead of enlarging this (separable) Hilbert space so as to include charged states it is more convenient to fix H and to regard the homomorphisms
as charge-carrying representations of the observable algebra A(V ) on this space. Their
basic properties are summarized in the following proposition.
Proposition 1: Given a charge class, let C ⊂ V be any hypercone and let σC : A(V ) →
A(V )− be a corresponding homomorphism defined as above. Then
(a) σC  A(R) = ι (the identity map) if the regions R ⊂ V and C are spacelike
separated.
(b) σC (A(R))− ⊆ A(R)− if C ⊆ R.
(c) The homomorphisms (representations of A(V )) σC1 , σC2 attached to any given pair
of hypercones C1 , C2 ⊂ V are unitarily equivalent.
Points (a) and (b) encode the information that the homomorphisms arise from local operations in the hypercone C and are a consequence of the locality of observables
(Einstein causality). Point (c) expresses the fact that the sectors of the infrared clouds,
which are inevitably produced by charge creating operations, cannot be discriminated by
observations in V . In analogy to the terminology used in sector analysis, the maps σC
are called (hypercone localized) morphisms. We restrict attention here to the simplest,
physically important family of charge classes where in part (b) of the proposition one
has equality of the respective algebras. Then one obtains for the weak closures of the
observables in the charged representations the equality σC (A(V ))− = A(V )− , so these
algebras are again factors of type III1 . In view of the transitivity theorem of Connes and
Størmer mentioned above it is therefore meaningful to assume that the morphisms in
point (c) of the preceding proposition are related by unitary intertwiners in A(V )− . We
summarize these features for later reference.
Simple charge classes: A charge class is said to be simple if for each hypercone C ⊂ V
there exist corresponding (simple) localized morphisms σC such that
(i) σC (A(R))− = A(R)− if R ⊇ L
10
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(ii) for any pair σC1 , σC2 there exist corresponding unitary operators (intertwiners)
W21 ∈ A(V )− such that σC2 = Ad W21 ◦ σC1 . We write in this case σC1 ' σC2 .
The analysis presented in [4] covers the case of these simple charge classes and thereby
the physically most important example of the electric charge. It provides complete results
with regard to the problem of charge conjugation, statistics, covariance and the spectral
properties of these classes in analogy to sector analysis in massive theories [1]. Similarly
to sector analysis, one has to rely on a maximality condition for the hypercone algebras,
called hypercone duality:
A(C)0 ∩ A(V )− = A(C c )− ,

A(C c )0 ∩ A(V )− = A(C)− ,

where C c denotes the spacelike complement of C in V and a prime 0 at an algebra
denotes its commutant in B(H). Roughly speaking, this condition says that the hypercone
algebras cannot be extended without coming into conflict with Einstein causality.
It is an important consequence of hypercone duality that equivalent morphisms which
are localized in neighboring hypercones C1 , C2 have unitary intertwiners which are contained in A(C)− , where C is any larger hypercone containing C1 and C2 . Making use of
this fact and locality one can extend the morphisms from their domain A(V ) to larger
algebras (as morphisms). Based on these extensions, the following result describing the
structure of simple localized morphisms has been established in [4].
Proposition 2: Let σC1 , σC2 be simple morphisms which are localized in hypercones C1
and C2 .
(a) The (suitably extended) morphisms can be composed and there is for any given
hypercone C some simple morphism σC localized in C such that σC1 ◦ σC2 ' σC .
(b) σC1 ◦ σC2 ' σC2 ◦ σC1 . If σC1 , σC2 belong to the same charge class there exists a
corresponding intertwiner ε(σC1 , σC2 ) ∈ A(V )− which depends only on the given
morphisms.
(c) For each charge class there exists a statistics parameter ε ∈ {±1} such that for
any given pair of morphisms σC1 , σC2 in this class which are localized in spacelike
separated hypercones C1 , C2 one has ε(σC1 , σC2 ) = ε 1.
(d) For each simple charge class there exists a simple conjugate charge class such that
for any morphism σC in the given class there is a corresponding morphism σ C in the
conjugate class satisfying σC ◦ σ C = σ C ◦ σC = ι. Moreover, the conjugate class has
the same statistics parameter as the given class.
According to item (a) the simple charge classes can be composed (the charges can be
added) and the composite classes are again simple. Item (b) says that the order of factors
in the composition does not matter, one always ends up in the same class. According to
(c) the states in each charge class have definite (Bose, respectively Fermi) statistics. It is
encoded in the statistics parameter which is the value of the group theoretic commutator
IAMP News Bulletin, October 2013
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time
C1

C2

space
Spacelike separated hyperbolic cones
of cone–localized charged field operators resulting from the morphisms. Item (d) says
that for each simple charge class there is a simple conjugate class of states carrying
opposite (neutralizing) charges with the same statistics. Finally, items (a), (b) and (d)
imply that the equivalence classes of simple morphisms determine an abelian group with
product given by composition and unit element ι. Its dual is the global (abelian) gauge
group generated by the simple charges. Since these results do not depend on the choice
of V , these physically important data can be determined in any lightcone, in contrast to
the superselection sectors of the infrared clouds. Thus the elusive theoretical effects of
these clouds completely disappear from the discussion by taking into proper account the
limitations on real experiments imposed by the arrow of time.
In the analysis of the covariance and spectral properties of the simple charge classes
one is faced with the problem that the spacetime symmetry group, the Poincaré group
P+↑ , does not leave any lightcone invariant. One therefore considers for given V its
sub–semigroup S+↑ = V + o L↑+ , where L↑+ is the group of proper orthochronous Lorentz
transformations leaving the apex of V fixed and V + the semigroup of future directed
timelike and lightlike translations. This semigroup acts by endomorphisms on V and
induces corresponding endomorphisms α · of A(V )− which transform the local observables
in accordance with the underlying geometric action, i.e. αλ (A(R)− ) = A(λR)− for all
regions R ⊂ V and λ ∈ S+↑ . The following characterization of covariant morphisms is
appropriate in this situation.
Covariant simple morphisms: Let σ : A(V ) → A(V )− be a simple morphism. (In
order to simplify notation its localization hypercone will be omitted in the following.)
The morphism is said to be covariant if there exists a family of equivalent morphisms
{λσ : A(V ) → A(V )− }λ∈S ↑ with 1 σ = σ and a strongly continuous family of unitary
+

operators λ 7→ Γλ ∈ A(V )− such that αλ (Γµ ) are intertwiners between
λ, µ ∈ S+↑ .

λµ

σ and λσ for

The morphisms λσ describe a situation where the charge created by σ is in addition
shifted by λ. The idea that this transport of charges can be accomplished in a covariant
manner enters in the condition that the unitaries Γµ inducing the transport from σ to
µ
σ are mapped by the action of the semigroup to operators αλ (Γµ ) which induce the
12
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transport of the shifted charges, i.e. from λσ to λµσ. The properties of the covariant
morphisms are described in the following proposition established in [4].
Proposition 3: Let the lightcone V be given and consider the subfamily of all simple
hypercone localized morphisms σ : A(V ) → A(V )− which are also covariant.
(a) The subfamily is stable under composition and conjugation.
(b) Each morphism σ determines a unique continuous unitary representation Uσ of (the
e+↑ = R4 o Le↑+ such that
covering of) the full Poincaré group P
Ad Uσ (λ̃) ◦ σ = σ ◦ αλ ,

e ∈ V + o Le↑+ ,
λ

e 7→ λ is the canonical covering map from the covering group to the Poincaré
where λ
group.
(c) sp Uσ  R4 ⊂ V + , i.e. the joint spectrum of the generators of spacetime translations
satisfies the relativistic spectrum condition.
This result shows that the covariant morphisms describe the physically expected properties of elementary systems in a meaningful manner. There is for each given charge
class and lightcone V an (up to equivalence) unique continuous unitary representation of
e+↑ . Thus, restricting observations to lightcones one does not encounter the spontaneous
P
breakdown of the Lorentz group, met in Minkowski space, and can interpret the generators of the representation as energy, angular momentum, etc., of the underlying partial
states. The energy is bounded from below, expressing the stability of the charged states.
We mention as an aside that this feature is inherited from the vacuum sector where this
property holds by definition since the vacuum is a ground state for all inertial observers.
It has to be noticed, however, that the generators of the time translations should not be
interpreted as genuine observables in the presence of massless particles since in that case
they are not affiliated with the algebra of observables A(V )− . This can be understood
if one bears in mind that part of the energy content of the global states will be lost by
outgoing radiation created in the past of V . Phrased differently, the energy content of the
partial states on A(V ) is fluctuating, and the generators of the time translations subsume
this effect in a gross manner, akin to the generators (Liouvillians) in quantum statistical
mechanics.
So, to summarize, the notorious infrared problems in the interpretation of theories
with long range forces originate from the unreasonable idealization of observations covering all of Minkowski space. Observations and operations are at best performed in future
directed lightcones, hence the arrow of time enters already in the interpretation of the
microscopic theory. The restriction of global states to the observables in a given lightcone V amounts to a geometric infrared regularization. Instead of splitting the massless
particle content into an energetically soft and a hard part, it is split into a marginal part
which escapes observations in V and an essential part which can be observed and manipulated in V but which does not allow discrimination of infrared sectors. This splitting is
compatible with the Lorentz symmetry and Einstein Causality and therefore allows the
IAMP News Bulletin, October 2013
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statistics, charge conjugation, covariance and spectral properties of the charge classes to
be determined. The general method established in [4] covers so far only simple charges
related to an abelian gauge group, such as the electric charge. But work in progress
indicates that it may be improved so as to apply to all charge classes.
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Graphene
by Marı́a A. H. Vozmediano (Madrid)

Marı́a Vozmediano is a senior researcher at the Instituto de
Ciencia de Materiales de Madrid, an institute that belongs to
the Spanish National Research Council (CSIC). She started her
career at the Weizmann Institute with a PhD thesis in particle
Physics and cosmology and then spent two years as a postdoc at
Princeton University in the string theory group. Later, she became interested in condensed matter problems and started working on quantum field theory. She was a pioneer in the study of
graphene in the nineties, prior to the synthesis of the material
in 2004 and has authored more than fifty articles on the subject.
Her more interesting contributions include applying QED techniques to the interacting material and general relativity ideas to
modeling curvature in the graphene sheet.

Graphene has become a celebrated subject in the scientific and popular science
community due to its amazing physical properties and to the great expectations for applications. In this work we approach the subject from the point
of view of how it unifies diverse branches of physics. We combine the historical developments that led to the success of graphene with a more technical
description of its beauty in various physical aspects.

1

Introduction

It is lighter than a feather, stronger than steel, yet incredibly flexible and more conductive
than copper. It has been hailed as the miracle material, its possible uses apparently almost
endless. This is the head of an article named “Graphene: A new miracle in the material
world” that appeared in a UK newspaper August 2013 [1]. It is only an example of
the myriads of similar claims that can be seen in the written and virtual press since the
Nobel Prize for physics in 2010 was awarded for the synthesis of graphene. In this article
we consider some of these miraculous properties, stressing the unexpected unification of
them in one material.
All theories in physics are effective in the sense that they describe phenomena within
a given range of energies (often translated into masses, sizes or velocities). As such, we
have classical mechanics explaining the motion of macroscopic bodies (sizes much bigger
than their Compton wavelengths, a condition encoded in the limit ~ → 0), moving at low
speeds (v << c). Quantum mechanics (small, ~ sized objects with low speeds), relativistic
mechanics (large bodies with big velocities) or quantum field theory (QFT) (~ sizeable
IAMP News Bulletin, October 2013
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Figure 1.1: The graphene fusion.
and v ∼ c). Systems with a large number of particles can be described by statistical
mechanics (classical or quantum but usually non relativistic) or by the many–body physics
(condensed matter), a discipline that combines quantum mechanics with solid state and
statistical concepts in the non–relativistic limit. Many particle hot, relativistic systems
are considered by so–called plasma physics. Similar complex phenomena occur at low
energies, e.g. in hydrodynamics, a traditionally difficult discipline.
The standard classification of branches in physics has been challenged in later times
due to a combination of fortunate circumstances. Important factors are the extraordinary
accuracy reached in experimentally driven areas such as condensed matter physics where
temperatures of nano-Kelvin (10−9 K) are now routinely achieved, and the increasing
complexity involved in the high energy physics heavy ions experiments on the Large
Hadron Collider (LHC). Simultaneously the reductionist approach that led the scientific
method in the past century has been replaced by ideas of emergent degrees of freedom
[5, 43].
Graphene is perhaps a material system, where these changes are better exemplified.
It is a monatomic crystal of carbon atoms sitting at the nodes of a Honeycomb lattice
(see Fig. 3.1). As such, its properties should be found within the solid state discipline.
Yet, because of the combination of its two dimensional nature and the special geometry
of the lattice, its elementary excitations obey the Dirac equation. This is an intrinsically
relativistic description belonging to the world of elementary particles. Moreover the
interacting system realizes a particular quantum field theory model similar but not equal
16
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Figure 2.1: Left: The graphene allotropes: Graphene, graphite, carbon nanotubes and
fullerene C60 . Right: Artists impression of the graphenes (C24) and fullerenes found in
a Planetary Nebula. (Image courtesy of the National Optical Astronomy Observatory,
Tucson, USA.)
to quantum electrodynamics (QED). These special electronic properties are at the origin
of many proposed applications. Soon it was realized that its mechanical characteristics
are even more exciting: The graphene crystal is one of the hardest existing materials yet it
presents corrugations and supports elastic deformations typical of soft membranes. These
properties are described with models coming from elasticity and even cosmology (more
later). Recently new materials that manifest Dirac fermion behaviour at low energies
together with non-trivial topological properties have changed the face of the Condensed
Matter Physics. Topological insulators and Weyl semi–metals are the main examples of
them. Graphene is the simplest example of a topologically non–trivial material precursor
with these unusual properties.
We shall try below to combine the historical developments that led to the success of
graphene with a more technical description of its properties focusing on how they make
contact between different branches of physics as well as on some interesting mathematical
aspects that are involved. We also give some reliable references for the reader interested
in applications. Although the description and choice of topics presented in this article is
a matter of personal taste, the bibliography will provide the reader with a broader view
on the subject. There are all kinds of reviews on graphene. Among the most popular and
informative from the early stages of the field are [17, 19, 28, 18]. The classical specialized
early review is [9] and there is also now a very good book [26]. For an updated account
including applications see [34].

2

Some history

Carbon is the most interesting and versatile element in the Mendeleev periodic table and
a fundamental constituent of life. As it is known, its atom has six electrons, two internal
ones tied to the nucleus, and four of them able to make links to form structures. We
learned in school that carbon appears in nature in two allotropes: diamond, a beautiful
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crystal that uses all four valences to become a brilliant, hard insulator, and graphite
that uses three valences to make planar structures weakly attached to each other via
Van der Waals forces. These two minerals were both very useful in industry but, for
some reason, they were seen as the beauty and the beast. Moreover it was thought that
Diamonds are forever. All this has changed now. First, more allotropes appeared in the
nineties, the fullerenes: Carbon cages with the structure of graphene with some hexagons
(exactly 12 because of Euler’s theorem: Think why?) replaced by pentagons. These new
structures were recognized with the Nobel Prize in Chemistry in 1996. Interestingly, the
fullerenes were first identified in spectral lines in interstellar matter and they have been
seen recently in astronomic observations (See Fig. 2.1). With the same building blocks
of graphene there appeared together with the fullerenes, carbon nanotubes, cylindrical
sheets of graphene of nanometer sizes that form the basis of actual nanotechnology.
Finally, looking at the phase diagram of carbon as a function of pressure and temperature
(see Fig. 2.2), it can be seen that diamond is metastable and eventually can decay into
graphite (do not panic: The so–called activation energy which rules the transition is very
high so the probability of this event is very small). So, two dimensional carbon based on
a Honeycomb lattice was there in the mid nineties but the natural, planar structure was
missing until 2003. Why? Let us first notice that, although fullerenes and nanotubes
can be produced by cutting and gluing graphene pieces, this is not the way they were
synthesized. In fact they were produced by evaporating graphite under certain special
conditions when the carbon ”gas” can recombine into these new stable structures. This
means that the new allotropes are not ”natural”. They are artificial synthetic materials.
The way how graphene was synthesized is different. It was obtained by successive exfoliation of graphite in a context that it is worthwhile to know. At that time (beginning
of 2000 decade) there was an urgent demand for increasing miniaturization of electronic
devices. In parallel there was the issue of “how thin a material can be”, which more
than a scientific curiosity. There was also a fundamental problem of existence of twodimensional crystals because of the Mermin-Wagner-Hohenberg-Coleman theorem: “No
long–range order in two dimensions” [32, 24, 10]. Moreover, it was empirical evidence
that, when trying to build two dimensional crystals either by adding atoms in hydrocarbon molecules, or by using thin films, there was a critical number of atoms or layers below
which the system collapses and recombines into a three dimensional mess. In words of A.
Geim, nature hates two dimensions. All this was a real challenge for a curious scientist.
Since the issue did not seem very promising as a means to obtain immediate or practical
results, Andre Geim decided to make it the subject of a “Friday evening experiment”
for his Ph. D. student Kostya Novoselov. The idea of these free-from-constraints Friday
evening experiments was to provide contrast from the typical experiments, on very expensive equipment, which by necessity must produce results that justify the budget. This
necessarily involves more or less conservative experiments with predictable outcomes. On
Friday evenings, tired, having done all the week’s work, they closed the lab and probed interesting new ideas with uncertain results. It is curious to note that A. Geim was already
famous for his Friday evenings experiments with the levitating frog. This won him the
Ig-Nobel prize in 1990 shared with the mathematical physicist M. Berry who worked out
18
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Figure 2.2: The phase diagram of natural carbon. One GPa (GigaPascal) is approximately 10.000 atm (the athmospheric pressure is 1 atm) and room temperature ∼ 20◦ C
is 293K (Kelvin). Graphite is the most stable form at room temperature and pressure.
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the theory of the levitron and, similarly, to the levitating frog [6]. As a last sociological
remark let us mention that the final success to get a few layers graphite was accomplished
by Kostya by “searching in the garbage”. Note that metal surfaces are routinely cleaned
(cleaved) by the simple procedure of sticking a cello tape (scotch in the USA) on the
surface and striping it off. Then the tape is usually thrown into the garbage. Saving the
pieces adhered to the tape and repeating the procedure, one ends up with tiny portions
of monolayers, bilayers etc. One of the reasons why the subject became so popular lies on
the generous behaviour of the Manchester team who was willing to explain the procedure
and give samples to their colleagues. The 2010 Nobel prize for physics awarded to Geim
and Novoselov for the synthesis of graphene has been received with great satisfaction by
almost all the scientific community around it.

3

Special features as a condensed matter system

The construction of the free action in condensed matter physics proceeds in a very similar
way as in QFT. The non interacting hamiltonian is determined by the discrete (crystal)
and internal symmetries of the system. The “band theory” provides the dispersion relation of the material and the electronic properties for a given electron occupancy. The low
energy expansion of the dispersion relation arising in most of the usual crystal lattices in
two and three dimensions is of the type ε(k) = k 2 /2m. This quadratic dispersion implies
a finite density of states at the Fermi surface that screens the Coulomb interactions and
provides a very simple model of Fermi liquids, the Landau–Fermi liquid (LFL) theory
[30]. This standard model of metals is rooted on the existence of a finite, extended,
Fermi surface (line in 2D, point in 1D). The effective description is that of a free Fermi
gas with an effective mass that absorbs all the effects of interactions. The effective mass
(directly related to the finite density of states at the Fermi level) is the main parameter
of the theory that enters in all the physical observables [2].
In what follows we shall see that the special geometry of the Honeycomb lattice leads
to a very different situation where the Fermi surface is reduced to two points in k space
and the quasi–particles obey a massless Dirac equation in two space dimensions. Besides
having a zero effective mass, the density of states at the Fermi level also vanishes, a
feature responsible for most of the novel electronic behavior of the material.
The carbon atom has four external 2s2 , 2p2 orbitals able to form molecular bonds.
The crystal structure of graphene consists of a planar honeycomb lattice of carbon atoms
shown on the left hand side of Fig. 3.1. In the graphene structure the in-plane σ bonds
are formed from 2s, 2px and 2py orbitals hybridized in a sp2 configuration, while the 2pz
orbital, perpendicular to the layer remains decoupled. The σ bonds ensure rigidity of
the structure and the π bonds give rise to the valence and conduction bands. The exotic
electronic properties of graphene are due to the π electrons sitting at the positions of
the Honeycomb lattice drawn by the σ bonds. Alternatively, the mechanical properties
involve the σ bonds with characteristic energies of the order of 7-10 eV. The low energy
excitations around the Fermi energy will have characteristic energies ranging from a few
meV up to 1 eV.
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Figure 2.3: Top: A. Geim receiving the Ignobel prize in Physics 1990. Middle: A.
Geim and K. Novoselov receiving the Nobel prize in 2010. Bottom: Their more natural
appearance.
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Figure 3.1: Left: The graphene lattice. All circles represent carbon atoms. The different
colors represent geometrically non–equivalent sites in the Honeycomb lattice (see text).
Right: The dispersion relation.
Most of the crystal lattices discussed in text books are Bravais lattices. In two dimensions they can be generated by moving an arbitrary lattice point along two defined
vector lattices. This happens in the generalized square and triangular lattices. It is easy
to see that this is not the case of the hexagonal lattice. This lattice is very special: it
has the lowest coordination in two dimensions (three) and it has two atoms per unit
cell. As it can be seen in the left hand side of Fig. 3.1, the hexagonal lattice can be
generated by moving two neighboring atoms along the two vectors defining a triangular
sublattice. This is the first distinctive characteristic responsible for the exotic properties
of the graphene.
The dispersion relation of the Honeycomb lattice based on a simple tight binding
calculation is well-known from the literature [46]. We shall not repeat here the derivation
which is very clearly written in any review about graphene, but instead we shall highlight
the main properties. The first is that two atoms per unit cell imply a two dimensional
wave function to describe the electronic properties of the system. The entries of the wave
function are attached to the probability amplitude for the electron to be in sublattice A
or B.
The nearest-neighbor tight binding approach reduces the problem to the diagonalization of the one-electron hamiltonian
H = −t

X

a+
i aj

(3.1)

<i,j>

where the sum is over pairs of nearest neighbors atoms i, j on the lattice and ai , a+
j are
the usual creation and annihilation operators. The Bloch trial wave function has to be
built as a superposition of the atomic orbitals from the two atoms forming the primitive
cell:
Ψk (r) = CA φA + CB φB .
(3.2)
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The eigenfunctions and eigenvalues of the hamiltonian are obtained from the equation
P






−t j eiakuj
C
C
A
A
P
= E(k)
,
(3.3)

CB
CB
−t j eiakvj
where uj is a triad of vectors connecting an A atom with its B nearest neighbors, and
vj the triad of their respective opposites, a is the distance between carbon atoms and 
is the 2pz energy level, taken as the origin of the energy. The tight binding parameter t
in graphene is of the order 3eV. This implies a bandwidth of 6eV which is a measure of
the kinetic energy of the electrons. The eigenfunctions are determined by the coefficients
CA and CB that are solutions of equation (3.3). The eigenvalues of the equation give the
energy levels whose dispersion relation is
s
√
√
3
3
3
E(k) = ±t 1 + 4 cos2
akx + 4 cos
akx cos aky .
(3.4)
2
2
2
A plot of the dispersion relation can be seen on the right hand side of Fig. 3.1. The neutral
system with one electron per lattice site is at half–filling. The Fermi surface consists of
six Fermi points as can be seen in Fig. 3.1 (only two are independent). This is the
most important aspect of the system concerning its unusual properties. The existence
of a finite Fermi surface (a Fermi line in two dimensions) in metals is at the heart of
the standard Landau–Fermi liquid model. It implies a finite density of states and the
screening of the Coulomb interaction. Moreover it allows the construction of the Landau
kinematics leading to the possibility of superconductivity and other collective excitations
in the otherwise free electron system [37]. Having the Fermi surface reduced to two points
invalidates in principle the L-F liquid construction and it is at the basis of the anomalous
behavior of the system to be discussed later.
A continuum model can be defined for the low energy excitations around any of the
Fermi points, say K1 , by expanding the dispersion relation around it. Writing k = K1 +δk
in (3.3) gives the low energy effective hamiltonian
3
H ∼ − ta
2



0
δkx + iδky
δkx − iδky
0


.

(3.5)

The limit lima→0 H/a defines the continuum hamiltonian
H = vF ~σ .~k,

(3.6)

where σ are the Pauli matrices and the parameter vF is the Fermi velocity of the electrons
estimated to be vF ∼ 3ta/2 ∼ c/300. Hence the low energy excitations of the system are
massless, charged spinors in two spatial dimensions moving at a speed vF . We must notice
that the physical spin of the electrons has been neglected in the analysis, the spinorial
nature of the wave function has its origin in the sublattice degrees of freedom and is called
pseudospin in the graphene literature. The same expansion around the other Fermi point
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gives rise to a time reversed hamiltonian: H2 = vF (−σx kx + σy ky ). The degeneracy
associated to the Fermi points (valleys in the semiconductor’s language) is taken as a
new quantum number (flavor). Together with the real spin the total degeneracy of the
system is 4.
There are several experimental evidences of the Dirac physics in graphene. The first
and most compelling appeared in the two main works where graphene was introduced
to the community [35, 50] and refer to the observation of an anomalous pattern in the
quantum Hall conductivity. The quantum Hall effect occurs when a homogeneous magnetic field is applied perpendicular to a two dimensional electron gas. The response of
the system to an external in–plane electric field is a voltage difference in the direction
perpendicular to the applied field. This transverse Hall current is quantized in integer
units of e2 /h:
e2
H
H
, ν = 1, ..N.
(3.7)
Ji = σij Ej , σij = ν
h
In a regular two dimensional electron gas the energy levels of the system in a magnetic
field (Landau levels) are equally spaced and grow linearly with the field strength B:
En = ~ eB
(n + 1/2). Solving the Dirac equation in a perpendicular magnetic field is
m
p
an easy exercise that gives the energy spectrum En = vF 2e~B|n|. This is what was
observed in the original references.
One of the most important aspects of graphene is the direct observation of quantum
mechanical effects at room temperature. Normally, the observation of quantum mechanical phenomena requires temperatures of a few degrees above absolute zero. High−Tc
superconductors with quantum transition at around 150K are perhaps the main exception. The quantum Hall effect is observed at room temperature in the clean, suspended
graphene samples mostly due to the perfection of the lattice and the high mobility of the
electrons as it will be commented later.

4
4.1

Connection with high energy physics
Relativistic quantum mechanics

Quantum field theory (QFT) combines quantum relativistic phenomena in a fully consistent way, its main characteristic is the ability to create particles from the vacuum.
Previous attempts to introduce relativity in the quantum mechanics formalism where the
number of particles remains constant (the relativistic quantum mechanics) were plugged
with some inconsistencies or paradoxes. One of the classical examples is the Klein paradox
[14] according to which a relativistic quantum particle described by the Dirac equation
can penetrate through a sufficiently high potential barrier without exponential damping.
The chiral structure of the spectrum described above and the quantum mechanical
nature of the condensed matter system (as opposite to QFT), allows to test several
predictions of the old relativistic quantum mechanics. In particular, electrons in the
graphene system will tunnel with transmission probability equals to one through a step
barrier, if they hit it at normal incidence. This realization of the Klein paradox [27,
14] has been experimentally confirmed [49, 41]. A similar phenomenon is the so–called
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Zitterbewegung, or fast trembling motion of the electrons in external fields [25, 48] whose
experimental signature has been proposed in [38]. A particularly interesting phenomenon
is the supercritical atomic collapse [40, 36] in graphene, a consequence of the large value of
the “graphene fine structure constant” (see later). Another very interesting phenomenon
is the possible realization of the Schwinger mechanism [39], i. e. the production of charged
particle–antiparticle pairs driven by an external constant electric field [3, 15].
The former phenomena are not only curious realizations of relativistic quantum mechanics, they have profound consequences on the experimental aspects of the material
system most of them not observed before in condensed matter. In particular the Klein
paradox implies that impurities and other more common sources of disorder will not
scatter the electrons in graphene. The graphene system also evades the Anderson localization [4], a very important result establishing that any amount of disorder in free
electron systems in two space dimensions will localize the electrons turning the system to
an insulator. This gives rise to the high mobility at room temperature and the excellent
”metallicity” of the system. Zitterbewegung was suggested in [25] as an explanation for
the observed minimal conductivity of the samples [18], one of the most interesting aspects
of graphene whose origin remains uncertain.
4.2

Brane reduced QED

One of the big successes of theoretical physics in the 20th century was the construction of
quantum field theory, the ability to make sense of the (diverging) perturbation series and
the perturbative calculation of parameters such as the fine structure constant, αQED with
incredible accuracy. Quantum electrodynamics (QED), the theory of the electromagnetic
interaction, is its biggest success. The price to pay for making sense of perturbative QFT
is that the physical parameters such as the electron mass or charge are not constant but
depend on the energy of the experiment where they are probed. In particular the fine
structure constant of QED, αQED measured to be 1/137 in experiments done at energies
of the order of the electron mass (about 0.5 MeV), is found to increase to 1/128 in
experiments in the Large Electron-Positron collider (LEP) that ran at CERN at energies
of about 90 GeV (90×103 MeV). The ”running” of the coupling constants with the energy
is a purely QFT phenomenon tightly linked to the bad definition of the perturbation series.
It is sure that we do not need QED at the table top as much as we appreciate low
energy analogs of black holes or other inaccessible objects [43] since QED is experimentally
accessible. Nevertheless it is amazing that a solid state crystal whose natural description
belongs to many body quantum mechanics, obeys the rules of QFT up to its more intrinsic
aspects: renormalizability.
The Coulomb interactions between quasi-particles in graphene were analyzed in the
early nineties [21] when it was not expected that the material would ever exist. This was
the type of purely theoretical analysis, almost academic, done for a completely different
motivation: to find a so–called “non Fermi liquid behavior” in (2+1) dimensions, which
had, at that time, interest motivated by relations with the physics of high temperature
superconductors. These papers had always a conditional sentence assume that we have a
single layer of graphite.
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Figure 4.1: Brane reduced QED: Only the charges are confined in the plane. Photons
are exchanged in all three dimensions.
Once we realize that the free system is described by the massless Dirac equation in two
space dimensions and that the Coulomb interaction is not screened, it is tempting to think
that the behaviour of the interacting system is that of planar QED(2+1). However, there
is an important difference: In QED(2+1) all the fields, including the electromagnetic
potential Aµ are defined in two space dimensions and vector fields in QFT have a 1/k 2
propagator in any dimensions. In the case of graphene, only the charges are confined to
the plane, the photons propagate in (3+1) dimensions with the standard propagator (Fig.
4.1). Integrating over the dimension perpendicular to the plane one gets an effective gauge
propagator behaving as 1/k, which drastically changes the structure of the interacting
theory. The graphene Lagrangian is
Z


(4.1)
L = d2 x dt Ψγ µ ∂µ Ψ + ej µ Aµ ,
where Aµ is the gauge potential µ = 0, 1, 2 with the effective 1/k propagator, and the
electronic current in our case is defined as
j µ = (Ψγ 0 Ψ,

vF
Ψγ i Ψ) .
c

(4.2)

Here vF is the Fermi velocity, an important parameter that can be extracted from the
experiments and that should be the speed of light, c, if the system is Lorentz-invariant.
A standard QFT renormalization–group analysis of the model was done in Ref. [21]. It
predicted that the Fermi velocity would “run” to higher values, when the energy decreases
while the electron charge e (which is renormalized in QED) remains constant. As a result,
αG decreases at low energies making perturbation theory more reliable just as it happens
in QED. The theory rests infrared stable. Amazingly the exotic prediction of vF growing
at lower energies has been experimentally confirmed first in Ref. [16] and later in several
experimental reports. A comparison of the experimental situation of graphene versus
QED can be found in Ref. [44].
For graphene the dimensionless coupling constant equivalent to the fine structure
constant in QED is αG = e2 /4πvF . Since the measured value of vF is approximately
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Figure 5.1: Left: Graphene is the strongest material ever measured (artistic). Right: A
graphene balloom from [8].
vF ∼ c/300, the graphene fine structure constant is 300 bigger than αQED so αG ∼ 2.
The perturbative analysis of this interaction done in Ref. [21] and in many following
papers (for a review see Ref. [29]) was not justified a priori given the large value of the
coupling, but it works beautifully and its predictions have been experimentally confirmed.
As discussed in Sec. 6, this is, on my point of view, one of the fundamental questions
that remain open in the graphene theory.

5

Morphological aspects

Among the “graphene superlatives” [18] the morphological aspects occupy a place as
important –if not more – than the electronics: It is the thinnest material in the universe
and the strongest ever measured. In its perfect crystalline form it is so strong that “it
would take an elephant, balanced on a pencil, to break through a sheet of graphene”
[47]. Yet, it supports elastic deformations of up to 10 percent (see Fig. 5.1). It is
impermeable even to Helium atoms, but transparent to light. These properties and the
connection between lattice structure and electronic properties will be at the basis of the
future applications. From the point of view of this article this relation provides two
wonderful connections: Gauge fields from elastic deformations, and cosmological models
for curved graphene sheets.
5.1

Gauge fields from elastic deformations

One of the most interesting aspects of graphene is the tight relation between its structural and electronic properties reviewed in Ref. [45]. The observation of ripples in the
graphene samples both free standing and on a substrate [33] has given rise to a very
active investigation around the membrane-like properties of graphene and the origin of
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the ripples remains as one of the most interesting open problems for this system. The
modeling of curvature by gauge fields in graphene was suggested in the early publications
associated to topological defects needed to form the fullerene structures [20]. The main
idea was that the phase acquired by an electron circling a pentagonal defect is the same as
that arising when circling a solenoid with the appropriate magnetic flux in analogy with
the Aharonov–Bohm effect. The fictitious magnetic fields were also found by applying
the tight binding method described in Sec. 3 to the deformed lattice [42]. A combination
of tight binding and elasticity theory allows to deduce the effective Hamiltonian:


~ − iA
~ ,
H = −i~vF ~σ ∇
(5.1)
where the vector potential associated to a given lattice deformation is written in terms
of the strain tensor as [42]:
Ax =

2βt
βt
(uxx − uyy ) , Ay = −
uxy .
a
a

(5.2)

Here β is a parameter characteristic of the material, t is the tight binding parameter, and
a the lattice constant. uij = 1/2(∂i uj + ∂j ui ) is the linearized strain tensor as a function
of the atomic displacement ui .
This simple description was very popular in the field and gave rise to the so–called
“strain engineering”, proposals for design the appropriate strain to improve the performance of the samples. Again, graphene is “kind” enough to show the predicted behaviour
in an experiment. In Refs. [23, 22] it was suggested that a trigonal deformation of the
sample along the three natural lattice vectors would give rise to a uniform elastic magnetic field in the central region and Landau levels could form. The observation of the
predicted Landau levels was reported in Ref. [31] using Scanning Tunneling Spectroscopy
(STM).
5.2

Relation with cosmology: QFT in curved space

One of the most intriguing properties of the graphene samples is the observation of
mesoscopic corrugations in both suspended [33] and deposited on a substrate. Since the
low energy excitations of graphene are well described by the massless Dirac equation, a
natural way to incorporate the effect of the observed corrugations at low energies is to
couple the Dirac equation to the given curved background. The main assumption of this
approach is that the elastic properties of the samples –determined by the sigma bonds
– are decoupled from the (pi) electron dynamics. The ripples can then be modeled by
a fixed metric space defined phenomenologically from the observed corrugations and the
electronic properties of the system will be found from the computation of the Green’s
function in the curved space following the standard formalism set in gravitational physics
[7]. This approach was used in Ref. [12] to study the influence of the presence of defective
rings – often called topological defects – on the electronic density of states and is described
in detail in the review article Ref. [45].
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Figure 5.2: Cut-and-paste procedure to form the pentagonal defect. The points at the
edges are connected by a link which induces a frustration of the bipartite character of
the lattice at the seam.

Figure 5.3: A pentagon (heptagon) induces positive (negative) curvature in the hexagonal lattice.
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One of the interesting point of the reference [12] is the choice of the metric motivated
by a paper on cosmic strings. The dynamics of a massless Dirac spinor in a curved
space-time is governed by the modified Dirac equation:
iγ µ (r)∇µ ψ = 0 .

(5.3)

The curved space γ matrices depend on the point in space and can be computed from the
anticommutation relations {γ µ (r), γ ν (r)} = 2g µν (r).The covariant derivative operator is
defined as ∇µ = ∂µ − Ωµ , where Ωµ is the spin connection of the spinor field that can be
calculated using the tetrad formalism. Once the metric of the curved space is known there
is a standard procedure to get the geometric factors that enter into the Dirac equation.
The pentagons, or in general N-gons with N < 6, respectively with N > 6, induce
positive, respectively negative curvature of the graphene sheet (see Fig. 5.3). In fact
this is the only way to generate curvature in two dimensional lattices. These types of
defects are very common in graphene. They constitute the building blocks for fullerenes
and have been observed in defective graphene samples. Since they badly deforme the
lattice structure (see Fig. 5.2),the standard tight binding–elasticity model is not easy to
implement. These defects are conical and the induced curvature is a delta function located
at the position of the apex. Conical singularities also exist in the structure of space–time
in the form of cosmic strings, whose signature is a doubling of far away objects. In [12]
the metric of a set of parallel cosmic strings was taken to model the curvature of the
graphene samples with equal number of heptagons and pentagons located at arbitrary
positions. The results obtained for the density of states are compatible with experimental
observations. Note this very interesting inverse analogue: instead of using condensed
matter systems to model cosmological objects, we use cosmology to model the effect of
topological defects in graphene lattices on its electronic properties.
The curved QFT formalism is also used to model a smooth curvature as far as it is
one attainable in the elasticity approach. This led to prediction of a space–dependent
Fermi velocity that was later obtained in the tight binding formalism [13].

6

Discussion and future

Actually there is a lot to interest to graphene. Therefore, it is important to distinguish,
what is unique in graphene (what A. Geim calls “graphene superlatives”) and what is
shared with other materials. This is explained in details in A. Geim’s talk available
on the net: www.tntconf.org/2010/Presentaciones/TNT2010-Geim.pdf?. A good review
concerning the applications is [34] and the continuously updating web-page of the University of Manchester. I recommend that, if in doubt, to stick to articles by the scientists
working in the field.
Topological aspects have been left out of this work. Some of them have been examined
in the review article [11].
After all that has been said about graphene, and looking at the current articles one
could imagine that the fundamental problems have been already solved and the future
will be devoted to technological developments. Although actually there are other exciting discoveries of two-dimensional crystals and of heterostructures combining the best
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properties of individual layers, I shall restrict myself to certain problems concerning the
bare single layer graphene.
Here are two of them that I consider as open fundamental problems in graphene rising
important conceptual questions. (Looking back to the physics of the 20th century one
see that these problems perhaps will remain be open forever: think e.g. of the quark
confinement, quantization of gravity, origin of elementary particle masses).
The first puzzling fact concerns interactions. Many experiments performed in the
clean, suspended samples can be explained using perturbation theory and the most of
them even on the single particle level. Yet, the estimated value of the fine structure
constant of graphene at the energies probed in the experiments are of order α ∼ 2.
The situation with short range interactions is even worse, the value of the dimensionless
Hubbard parameter is U/t ∼ 3 − 4. So why is graphene behaving as a weak coupling
material?
The second open question concerns the origin of the ripples observed in all samples.
Although more experiments are needed to ascertain the issue, it seems that the ripples
are not thermally activated as they would be in a standard membrane.
From the experimental point of view, almost nothing is known about the thermodynamic properties of the material which, being a two dimensional system, is also a
theoretical challenge. We do not know the melting temperature of the crystal, nor the
mechanism of its melting. Experimental progress has so far been limited by the small
sizes of available crystals but we expect this to change soon.
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Proceedings of the ICMP 2012 at Aalborg

Proceedings of the ICMP 2012 at Aalborg
The Proceedings of the XVIIth International Congress on Mathematical Physics
have been published. Registered participants will receive a personal copy, shipped by surface mail. Note that the list price is GBP131.00/USD198.00 and compare this with the
registration fee!
Contents
Prizes; Plenary Lectures; Topical Sessions: Dynamical Systems, Classical and Quantum;
Equilibrium and Non-Equilibrium Statistical Mechanics; PDE and General Relativity;
Stochastic Models and Probability; Operator Algebras, Exactly Solvable Models; Quantum Mechanics and Spectral Theory; Quantum Information and Computation; Quantum
Many-Body Theory and Condensed Matter Physics; Quantum Field Theory; String Theory and Quantum Gravity; Other Topics; Young Researcher Symposium.
Publication Information
World Scientific, 744pp, Sep 2013, ISBN 978-981-4449-23-6.
Arne Jensen
Editor
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Recent conference announcements
50th Karpacz Winter School on Theoretical Physics
March 2-9, 2014, Karpacz, Poland
organized by
Institute of Theoretical Physics, University of Wroclaw
Institute of Low Temperature and Structure Research, Polish Academy of Sciences
Web page http://conferences.ift.uni.wroc.pl/conferenceDisplay.py?confId=0

11th German Probability and Statistics Days (Stochastik-Tage 2014)
March 4-7, 2014, Universität Ulm, Ulm, Germany
Programme Committee
Nicole Bäuerle, Achim Klenke, Michael Neumann, Rene Schilling, Volker Schmidt, Evgeny
Spodarev, Ulrich Stadtmüller, Robert Stelzer
Web page http://gpsd-ulm2014.de/home.html

Nonequilibrium Problems in Physics and Mathematics
June 1-6, 2014, Centro Stefano Franscini, Monte Verita, Ascona, Switzerland
organized by
Jean-Pierre Eckmann and Antti Kupiainen
Web page http://theory.physics.unige.ch/NPPM/

Spectral Days 2014
June 9-13, 2014, CIRM Marseille, France
Web page http://www.cirm.univ-mrs.fr/index.html/spip.php?rubrique2&EX=info_
rencontre&annee=2014&id_renc=1041&lang=fr
organized by
Simone Warzel, Jean-Marie Barbaroux, François Germinet, Alain Joye.
This conference is partially funded by the IAMP.

XXXth International Colloquium on Group Theoretical Methods in Physics
July 14-19, 2014, Ghent University, Ghent, Belgium
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Web page http://www.group30.ugent.be
organized by
Joris van der Jeugt, Jean-Pierre Antoine, Francoise Bastin, Pierre Bieliavsky, Fred Brackx,
Stefaan Caenepeel, Frans Cantrijn, Hennie De Schepper, Simone Gutt, Marc Henneaux,
Erik Koelink, Piet Van Isacker, Pierre Van Moerbeke
This conference is partially funded by the IAMP.

Trimester program on Non-commutative Geometry and its Applications
September-December, 2014
organized by
Alan L. Carey, Victor Gayral, Matthias Lesch, Walter van Suijlekom, Raimar Wulkenhaar
Web page http://www.him.uni-bonn.de/programs/future-programs/future-trimester-programs/noncommutative-geometry-2014/description

Open positions
Joint Research Chair of AIMS-NEI
The African Institute for Mathematical Sciences invites research proposals for the position
of a Joint Research Chair within the Next Einstein Initiative. Details are on
http://www.nexteinstein.org/assets/files/Jobs/Advertisement_AIMS_Research_Chair_
2013.pdf

The deadline for submission is November 22, 2013.

Assistant Professor at Utah State University
The Department of Physics at Utah State University is seeking a mathematical physicist
to fill a tenure-track Assistant Professor opening in August 2014. The targeted research
area for this position is one or more of: mathematical relativity, classical and quantum
field theory, string theory, topological field theory, integrable systems, differential geometry, mechanics and dynamical systems, geometric methods in physics, or a closely related
area.
The department is looking for a scientist who can complement/support the efforts of
the Geometry, Mathematical Physics and Computer Algebra (GMPCA) group, consisting
of Charles Torre in the Department of Physics and Ian Anderson, Mark Fels, Zhaohu Nie,
Nathan Geer, all in the Department of Mathematics and Statistics.
Preference will be given to candidates with postdoctoral experience and a track record
of publications in mathematical physics. Research activities which incorporate computer
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algebra techniques are desirable. Candidates should be able to teach a wide variety of
physics courses - and possibly some mathematics courses - at the undergraduate and
graduate levels. The successful candidate will support development of a new interdisciplinary PhD program in mathematical physics. The Department of Mathematics and
Statistics is also conducting a search for a mathematician to join the GMPCA group.
The Department of Physics, one of five departments in the College of Science (http:
//www.usu.edu/science/), offers BS, BA, MS, and PhD degrees in Physics. The Department currently has 15 full-time faculty, about 100 undergraduate majors, and about
30, mostly PhD, graduate students. Utah State University is a 28,000-student, land grant,
Space Grant, and Carnegie Doctoral/STEM-dominant/high research activity university.
Based in Logan (perennially rated as one the safest communities in America), USU is
surrounded by spectacular mountains offering a wide range of outdoor activities. Located
eighty miles north of Salt Lake City, Logan is within an easy drive of five national parks
and numerous other historical and recreational sites. Logan offers affordable housing,
excellent health care facilities, and a family-friendly environment. USU is an affirmative
action/equal opportunity employer, dedicated to recruiting and retaining top candidates
from a diverse pool including women and minorities. The University provides spousal
accommodation packages for dual career applicants, and offers competitive salaries and
outstanding medical, retirement, and professional benefits (see http://www.usu.edu/hr/
for details).
Apply online at http://jobs.usu.edu/applicants/Central?quickFind=59391. Applicants must have a terminal degree in Physics or a closely related field. A complete
application includes: a letter of application stating qualifications and fit to this position;
a curriculum vitae; a statement of research interests; a statement of teaching philosophy;
and at least three letters of reference. Requests for further information can be sent to
the Search Committee at GMPCA@usu.edu.
Review of applications will begin December 1, 2013.

More job announcements are on the job announcement page of the IAMP
http://www.iamp.org/page.php?page=page_positions
which gets updated whenever new announcements come in.
Manfred Salmhofer (IAMP Secretary)
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