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Motivation

Graphene Physics 

Dynamical Mass Generation



Graphene

• The membrane of  carbon atoms packed in a hexagonal 2-
dimensional lattice is called graphene. 

• It is the structural component of  the other graphitic elements. 
• Graphene is a revolutionary material with a wide variety of  

potential technological applications while offering an 
expectation to explore aspects of  fundamental physics.  

•



It can be wrapped to form fullerenes, coiled into nanotubes, or stacked on 
graphite.



Properties

It is a carbon sheet 1 atom thick. 

Exhibits high thermal and electrical conductivity. 

It is an almost transparent material. 

Their charge carriers behave as "ultra relativistic”.



The electromagnetic interactions between the charge carriers of  these two-
dimensional materials correspond, in the static case, to Coulombian-type 

interactions and not the typical logarithmic behavior of  in-plane quantum 
electrodynamics. This is easily understood because although it is true that 

fermions restrict their movement in two dimensions, the electromagnetic field 
propagates freely throughout space. This scenario has led to the development of  

a theory called Pseudo or Reduced Quantum Electrodynamics. 



Dynamical Mass Generation

One particular problem to understand is how the mass of  a proton 
( ) looks like when quarks interact. 

This phenomena is known as Dynamical Mass Generation (DMG) 
and we want to see if  it takes place in graphene. 

With this we would have a more natural way to open and close the 
energy gap when turning on or off  a current.

∼ 1GeV



The origin of  the masses of  the electroweak Standard Model 
particles is explained by the Higgs mechanism. 

In this mechanism the gauge symmetry is spontaneously broken so 
that the bosons acquire their mass 

Then through the Yukawa couplings, that is, the couplings between 
the Higgs boson and the fermions, their later acquire their mass.



On the other hand, we have that at distance scales of  the order of  
the size of  the proton, the quarks behave as if  their masses were 
about 300 MeV, so that the Higgs mechanism is not "enough" to 
explain 99% of  the total mass of  the proton or neutron.



As a proposal we are working on the theory called reduced quantum 
electrodynamics (RQED), since it is a simplified model that shares 
the DMG phenomenon with QCD. 

In RQED we want to see how photons, which move throughout 
space, interact with electrons moving in the plane from the point of  
view of  the plane.



Lagrangian RQED

ℒ = −
1
4

F2
μν − ejμAμ + ℒM + ℒGF

ℒRQED = −
1
4

Fμν [ 2
□ ] Fμν − ejμAμ + ℒM + ℒGF .



It is necessary to have a potential of  the following form 
in the plane

V(r) = −
a
r

For this to be true, we must choose a propagator with the 
following form

Δμν(q2) =
−i

q2 [gμν − (1 − ξ) qμqν

p2 ] .



Schwinger–Dyson equations

S−1
F (p) = S−1

0F (p) − πα∫
d3k

(2π)3
Γμ(k, p)SF(k)γνΔμν(p − k)



An alternative to studying the DMG is the use of  the Schwinger-
Dyson (SDE) equations. 

These equations are an infinite tower of  relations between the 
Green functions of  a given quantum field theory, whose nature is 
non-perturbative.



Gap equation in RQED



Nevertheless, as a first approximation, let us take  and explore the 
solution of  the gap equation. Then, the gap equation becomes the non-linear 

integral equation for the mass function

F(p) = 1

M(p) =
2α
πp ∫

p

0
dk

k2M(k)
k2 + M2(k)

+
2α
π ∫

Λ

p
dk

k2M(k)
[k2 + M2(k)]k

This expression can be straightforwardly converted into the 
following differential equation

p2M′ ′ (p) + 2pM′ (p) +
2α
π

p2M(p)
p2 + M2(p)

= 0



Restricted to the boundary conditions

lim
p→Λ (p

dM(p)
dp

+ M(p)) = 0

lim
p→0

p2 dM(p)
dp

= 0

Upon linearizing the differential equation when   , we can again write 
the resulting equation in the Euler-Cauchy form

p ≫ M(p)

d
dp (p2 dM(p)

dp ) +
α
π

M(p) = 0



Which,  admits a general solution of  the form

M(p) = C1pn+ + C2pn−,

n± = −
1
2

± 1
2

1 −
8α
π

.

The dynamical mass obeys the Miransky scaling

Λ
κ

= exp
A

α
αc

− 1
+ δ

A = − 2π, δ = − 4



Case without wavefunction renormalization 

We take rainbow approximation 

We work in arbitrary gauge 

The wavefunction renormalization is set equal to 1





Case with wavefunction renormalization 

We take rainbow approximation 

We work in arbitrary gauge 

We take the corrections of  the wave function renormalization





Considering the wavefunction renormalization, the increase in the 
gauge dependence of  the critical coupling is noticeable. In this way we 
can see that it is necessary to give a better truncation of  our SDE tower



Ward Identity case 

We work in arbitrary gauge 

We contract the vertex with Ward’s identity 

We split the SDE in two parts, in one of  them we 
place the gauge dependence



Gap equation Ward 
Identity





Ball-Chiu vertex case 

We take only the central part of  the vertex of  Ball-Chiu 

We work in arbitrary gauge 

All SDE has dependency on the gauge



Gap equation Ball-Chin Vertex (Central part)







At first glance, it might seem surprising that the simplest scenario of  
neglecting wavefunction renormalization effects and solving the mass function 

alone yields the least gauge parameter dependent results. 
This is better understood from a renormalization group analysis, that exploits 

the similarities of  the  approximation in QED  and RQED itself.1/N 3





Final Remarks

• The principle of gauge invariance is very important in 
modern physics. It is the key to understanding the origin 
and nature of fundamental interactions.
• If we solve SDE we can notice that depends on the 
approximation the dependence on the gauge of the 
critical coupling increases or decreases.
•We need to give a better truncation vertex  for our SDE 
to try to recover the gauge invariance.
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