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Graphene

Motivation

Mother of all graphitic structures a la mexicana
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Hibridation

Carbon
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Crystalline structure

Graphene
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Crystalline structure

Graphene

51:5(1,\/5), 8y =
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Reciprocal lattice

Graphene

a) Espacio real b) Espacio de momentos
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Dirac points

Reciprocal lattice

a) Espacio real b) Espacio de momentos

&

K
LKX

) G
B 3a’3v3a/’ ~\3a’ 3v3a/’

Alfredo Raya | CSB in RQED




Tight binding

Band structure

Lineal combination

Eva(ra) = tp(re) + tyg(rs — a2) + twg(rs — a1),
Eyp(re) = ta(ra) + ta(ra + a1) + ta(ra + az),
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Tight binding

Band structure

Lineal combination

Eva(ra) = tp(re) + tyg(rs — a2) + twg(rs — a1),
Eyp(re) = ta(ra) + ta(ra + a1) + ta(ra + az),

Bloch’s Theorem '
Y(r+ T) = &% Ty (r),

T is a crystal translation
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Tight binding

Band structure

Lineal combination

Eva(ra) = tp(re) + tyg(rs — a2) + twg(rs — a1),
Eyp(re) = ta(ra) + ta(ra + a1) + ta(ra + az),

Bloch’s Theorem '
Y(r+ T) = &% Ty (r),

T is a crystal translation
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Graphene

Dispersion relation

Graphene

EL =+t Z eik'é

0

= it\/S + cos (V3kya) + 4 cos(V3kya/2) cos(3kya/2).
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Effective Halmitonian

Graphene

Taylor expanding the Hamiltonian around the Dirac points K = k + g

with |q| < |k],
":’KK’—hVF( O qX:Fqu)
’ gx L iqy 0 ’
where
peo a1
F=2n 300"
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Effective Halmitonian

Graphene

Taylor expanding the Hamiltonian around the Dirac points K = k + g

with [q| <[kl
I:IKK/_th( O. qx:Fiqy).
’ Gtigy 0 )
where G ’
VF = 2 = 355 ¢
Hyr = o1Hyor

Alfredo Raya | CSB in RQED



Big question

Mind the gap

' VJ[Y
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From QED to RQED

Braneworld inspired

O bservable
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SDEs

Infinite tower

SDE form an infinite, tower of nonlinear relations among the Green
functions of a given QFT

Schwinger-Dyson Equations (QED)

e . 5%
' 1

R ]
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Propagators

Electron and photon propagators

We express the electron propagator S(k) as

 F(K2,M?)
K) = Sk ke )

(Tree level — F(k?,A2) = 1 and M(k?,A2) = mp).

The photon propagator takes the form

Aw(q) = A)(9)+A5%,(9)

L (q) q F q2 ’
q.qv

Aft,l/(q) = 0K 23 )

where y =1 —eq, k = X, 0 =T [x] / (47). It is important to notice
that RQED (e = 1/2) yields x = o = 1/2 and k = £/2.
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General vertex

Vertex decomposition

Figure: Diagrammatic representation of the full electron-photon vertex
I.(k, p), with momentum flow indicated.

The electron-photon vertex can be written in terms of twelve
independent spin structures.
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Longitudinal vertex

WEGTI

The WFGTI associated with this vertex takes the form
g (k.p) =S k)~ S(p), g=k-p.
This identity allows us to split
ru(k.p) =T5(k.p)+T](k,p).
The longitudinal part 5, (k, p)
rL (k) = At (K, Py + Aa(k, Pty - t — ida(K, P,

with t = k + p.
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Longitudinal vertex

BC vertex

Thus,
1 1
)\1(kvp) - 2|: k2 /\2 p2 /\2)
1 T ] 1
Ao(k,p) = 2{ (k2 N2) ~ F(p2,N2)| kZ—p2°
M(KZN) M AT T
F( k2 N2) ~ F(p2,A2) | k2—p2’
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Transverse vertex

Basis

The transverse part F,f(k, p) of the vertex satisfies

.7 (k.p)=0.
It can be expanded out as
rr(k.p)=>_7i(k.p)T\(k,p).
i=1
Using

i
Ovp = é [’7’u77p] 3
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Transverse vertex

Basis

we use
Ti(tk,p) = ilpu(k-q) —Ku(p- Q) ,
T2(k,p) = [Pulk-q)—kup-QI(v-1),
Ti(k~p) = q27/.L - qu (’Y : q) )
THkp) = i [ (v - 1) = t] + 20uPuKoouy
Tj(k,p) = 0uwQu,
To(k,p) = —yu (K =p?) +1.(v-q),
i
T/?(kap) - é(kz o p2) [A//J, (’Y : t) - t;z,] + tlu.pl/kpo—l/p )
Tf(k,p) = *iwupukpaup pu( )+ kﬂ( p) )
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Scalar factors

Basis

The full vertex must have the same transformation properties as the
bare vertex under C.

This requires all the 7; should be symmetric under k <> p, except 74
and g, which are

Ti(k',p):Tf(p?k)? i:172737577587
Ti(k7p) = _T/(p7 k)* = 4a6

For the longitudinal components, A\ (k, p), XA2(k, p) and As(k, p) are
symmetric.
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Scalar factors

Basis

An educated proposal is

a
ni(k,p) = mAa<k,p),
2a
kP = ga gy ek,
m3(k,p) = 2a3 X2(k,p),
as(k? — p?
nikp) = P aep).
7—5(k p) = —a&5 AS(kap)v
2as(k? + p?
m6(k,p) = (Gk(z_pzp)) A2(k, p) ;s
asq® a
T7(k7p) - = 2;;;)2 + kz_:pg A3(/(”0)’

Tg(k.,p) = 2ag Ag(k,p)
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Further constraints

Constraining the ~

Effective modification:

The one-loop corrections to the electron-photon vertex in the
asymptotic limitp? > k? > m3 is

T p*>k? p°
r/l,(k7p) - 87Tp2 (£ - ) |Og <k2) Tisya

with
T = PP — Puy - P

Hence, in this limit,

r(k,p)

pore 1 1 1 Ty
g k

2 {F(k% TFP) | K



Further constraints

Constraining the ~

On the other hand, the leading structure of the transverse vertex is

2 k2
rTkp) 7= (m3+7) T2V

Moreover,
3asy _ T6asy _ Tasy
=T =T,

As the simplest construction of the transverse vertex, we can single
out Ts(ka p) and Tﬁ(kap)

1 1 1
n(k.p) = & {F(/@) - F(pZ)} K2 —p?’

k.p) - a T 1 1

PR SRR T R R

The one-loop behavior of the vertex in the asymptotic limit requires
az — as = 1/2.
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Gap equation

SDE for the fermion propagator

The SDE for the electron propagator is

q=k-p
®,
-1 -1 PN
&— = + S—®
k k k P k

Figure: The gap equation for the electron propagator.

Mathematically,

S'(k) = 551(k)+%/EdSp%S(p)m(kp)AW(q).,
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Gap equation

SDE for the fermion propagator

It is equivalent to the coupled integral equations

M(K?) aok [ dp  F(p?) 1

F&) 72w Je @ B+ M) k)
<{M(p?) gk~ M(K?)q-p}

ap 3 F(p®)

— ————— Gm(k, p),

5o [P oz Ok.p).
1 _ q_oen [P F(p) 1
F(R) ~ ' 2m Jg @ P2+ MR(RP) F(K)

><{ q-p+ MK )M(p?) Lk}

ag [ d®p  F(p?)

Tom2 | R i) OrkoP)
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Gap equation

SDE for the fermion propagator

with
Gu(k.p) , (K> = p?)?
W = (B—x)M(P*)A + {2‘2 — qzx} M(P?) A2

—[t-p— m'm(gj_pz)x} A3 + V(k, p)m1 + 2V (k, p)M(p?)72

+2q° M(p?)r3 — 2 [(k* — p?)(q- P) + V(k,p)] 7a
—2(q- p) 15 — 2(k* — P*)M(p?)76
— [(k* = P*)(t-p) — V(K. p)] 77,

where we have defined

V(k,p) = Kk*p*—(k-p),

V(k,
uk,p) = 2k-p— (qép)-
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Gap equation

SDE for the fermion propagator

AR — 101 -30k-p2vutk Py
{k p)E + 2V (k, p) — (k'p)(quz)zx}xg
ek 128 "2 )x} M)
+V(k, )M(p) — (K* + p*)V(k, p)72
+2(q- k)(q- p)7s + 2 [qP(t- k) — V(k, p)] M(p?)74

2(
+2(q - K)M(p?)1s — 2(k* — p?)(k - p) 76
+ [(K? = P?)(t- k) + V(k, p)] M(p®)77 + V(K. P)s ,
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Solution to the gap equation

Bare vertex

Bare vertex, with Ay =1and Aoz =7y, g =0.

0.010} [— =0
£=1/9
0.001f |— &=2/9
— &=113
Sm 10| — £=4/9
s — £=5/9
1075} — &=2/3
£=7/9
106l | &8

— =1

107}
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Figure: Dynamically generated mass Mg /A as a function of the
electromagnetic coupling « for the bare vertex ansatz
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Solution to the gap equation

QOur vertex

Our vertex

0.010F [— &=0
— =119
0.001} — §=2/19
— &=1/3
Su.. 10~} — £=4/9
s — £=5/9
108l |— &2
£=7/9
1ol | &8

— &1

107}
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Figure: Dynamically generated mass Mg /A as a function of the
electromagnetic coupling « for our proposed vertex.

Alfredo Raya | CSB in RQED



Solution to the gap equation

Miransky scaling

<
= -7
w1.x107F
= . — Our vertex

5.x107F — Miransky scaling

1.x1078}

5.x10°

0.211 0.212 0.213 0.214 0.215 0.216 0.217 0.218

a

Figure: Miransky Scaling using our vertex for &€ = 1/3.
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Final remarks

Concluding

» Symmetry preserving truncations of SDE are important to
achieve physically reliable results

» Constraints arising from gauge symmetry guarantee correct
physical interpretation

» Chiral symmetry breaking ocurrs in RQED provided the coupling
exceeds a critical value

» Educated interactions bring closer to experimentally achievable
results
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