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Effective field Theor'y for gr'al:)hene (Son, Khveshchenko,...)

fermions live on two-dimensional “braneworld” interact with photons living in the 3d bulk

9 — Z / dxodx wa%a(ﬂ% + vpY,Y. V@Da + vacﬁowa) ie. this is not QED3
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V-propagator (large-N¢): D(p) =

quantum screening due
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to virtual electron-hole pairs ocr
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~ (i) parametrises quantum vs. classical
16eephvr & «——(ii) depends on dielectric properties of substrate
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For sufficiently large €, or sufficiently small Nt, the Fock vacuum may
be disrupted by a particle-hole “excitonic” condensate (1)) # (

spontaneously breaks U(4) = U(2)®U(2)

A particle physicist would refer to this as
“chiral symmetry breaking” (xSB) leading to
dynamical mass (gap) generation

A condensed matter physicist would call this
phase a "Mott insulator”

v Hypothesis: the xSB transition at e(Ny) defines a

Quantum Critical Point (QCP) whose universal
properties characterise the low-energy excitations
of graphene D.T. Son, Phys. Rev. B75 (2007) 235423

Physically corresponds to a metal-insulator transition

of technological importance!?
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The proposed phase diagram

resembles that of another 2+1d QFT,

the Thirring Model

| — Phase diagram determined

by lattice Monte Carlo simulations

“Thirring-like" model for graphene (units Vr =1)

Ny
S = Z/dxgdzx
a=1
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local, non-covariant field theory in d=2+1

V-propagator: D(p) = (—2 +

—1
1Ny PP )
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9= 8 (pg+vilpl?)>

coincides with Coulombic model as Ni =" , or €2,g2—"
but long-range interaction is screened for g<"



Thirring Summary
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Chiral symmetry broken for small N, large g2
Each point on phase boundary (for N integer) defines a UV fixed point of RG

Distinct critical exponents <{ distinct interacting QFT

# increases with Nt,  #(Nic)=<7
S. Christofi, SJH & C.G. Strouthos, Phys. Rev. D75 (2007) 101701 (R)



Numerical Lattice Approach

1 g : i —3 - 1
Statt = 5 E Xxmw:(l T Z5MO‘/ZU)Xx+ILAL - X:pnum(l - ZéuOVg;_O)Xaz—/)
T (41

—1 1 N 2 -
Xfm )ZZ’L, single spin-component staggered fermion fields

defined at lattice sites

V.. auxiliary field Nz = ( 1)Fot

defined on link between X and x+0 , , o
ensure covariant continuum limit

Chiral symmetry: UN)®U(N) — U(N) (if m=0)

Fermion doubling: Sro ~ (iry,sinp,a +m)™"! pole at ps=0,
extra poles at ps=%/a

In weak coupling continuum limit, can show
U(2N¥f) symmetry is recovered, with Nf= 2N

flavor symmetry restoration



Features of the simulation

* Simulate dynamical quarks using hybrid molecular dynamics
(HMD) or hybrid Monte Carlo (HMC) algorithm

* no sign problem for undoped graphene

e code runs on a workstation on lattices up to 483, 322x64

* can simulate non-integer Nt using
N

Z — [ DV(detM[V]) T e SV with S = v MV ]y
/

Look for spontaneous chiral symmetry breaking
by studying (yy) = OZ 45 a function of m, & and N

Assume symmetry breaks spontaneously (in the chiral limit m—0)
so there is a phase transition at a fixed point g2=(Q?

if (XX) resembles magnetisation of a ferromagnet,
then mresembles the external magnetic field



The Continuum Limit

Since we’re on a square lattice, not a honeycomb, our
model can only be valid in the continuum limit a—0

Near this limit the lattice kinetic term looks like

Skin /dQJJdt V0, (7, @1) + CLZZ@Z(%@)T:)W u=0,1,2

the bit we want lattice artifact which violates both Lorentz &
flavor symmetries

for the interaction term see L.Del Debbio, S|H & J.C. Mehegan, Nucl. Phys. B502 (1997) 269
In a hon-confining Lorentz-invariant theory with

fermions in the physical spectrum, the artifact term
must vanish in the continuum limit

Our graphene model, however, treats the time
direction differently - so non-covariant terms may

survive the continuum limit......

Giedt, Skinner and Nayak, arXiv:0911.4316
Drut, Lahde and Suoranta, arXiv:1002.1273



Strong coupling limit g2—"

The lattice regularisation does not respect current conservation

o ot

Both diagrams heeded to ensure transversity,
(ie. Z{ (=-w|=0) in lattice QED

Only the left hand diagram is present for the Thirring model

<Z1/Nt expansion yields additive renormalisation of g2

92

1 —¢?/gi

Ih = <Zlattice strong coupling limit as

g%—>0im?(Nr)



We identify g2im(Ns) by peak of <&&

[ I | | |
IRt | * 16°x64 m=001 I
PR o o 041 " 16764 m=0.02 {3 i
o o o g ] . 16zx64 m=0.03
B} o o B 4 16°x64 m=0.04
. ) ° 32" m=001 i
- 3 1 lg .
16’ m=0.01 5
0.1 ° 24° m=001 © B 02 ) |
a o 24 m=0.02 %
] * 32’ m=001 _ i ° 3
: % )
% | 02 | 04 | 06 0 S S
g Ny

<&& vs. g2 for Ni=2
We deduce N=5

Chiral symmetry unbroken for all g2 for Ni>Ngc

Cf. SDE/RG: Nic' 2.03 - 3.6



For 2"9order transition, RG equation for external field
predicts an "equation of state”

m = (xx) F(t{xx) )

where t=g2-gc2, 7 is a universal scaling function valid
near a critical point, and #, ( are critical exponents

Taylor-expand int to yield a power-law EoS:

_ o, B . 1
m=Alg™" — g. ) () + B(xx)’ withp = 6 — 3



FoS I+ S|H & C.G. Strouthos, Phys. Rev. BT8(2008) 165423
M W. Armour, SJH & C.G. Strouthos, Phys. Rev. B8 1(2010) 125105

— ' ' ' Strong coupling limit
) | Nic = 4.8(2) > 2
%i} | € #(Ngo) = 5.5(3)

01l S N <z graphene is an insulator for
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e O(XX)

Define susceptibilities ** ~ %:<XX(0)XX(33)> = longitudinal
Xt = Z()‘(ex(()))‘(ex(x)>; g(x) = (—1)" 0t transverse
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Dynamical Critical Exponent

At a QCP, correlation lengths in timelike and spacelike
directions can exhibit different critical scaling

Es o |t|77 & o |t

The dynamical critical exponent » = Y characterises the QCP
VS

Important because resulting dispersion Exp? could stabilise
quasiparticle decay in inelastic collisions



Two Theoretical Approaches to z

- GVAVAVAVAVA
(i) Large-Ny
Son, Phys. Rev. B75(2007)235423
Fermion self-energy Y(p) = —— [fo(()po% + f1(()p¥4In A
Ny

renormalised vgr (70]70 4 UF’?ﬁ—l- Z(p))_l

given by poles in

4 A
<7 lim vpr(p) = vp <1 | >In —) > vp ?

A—00 Nfﬂ' D
RG eqgn pa?}g]gm Nf7T > Lf1(A) = fo(MV)] ve(p)
__4 ~ d
<Z Ali_)n;O vp(p) ocp YT o %
4 9
<z z=1 FO(N;7) <1

z=0.8 for Nr=2



Two Theoretical Approaches to z

(ii) "exact”
|.LF. Herbut, Phys. Rev. Lett. 87(2001)137004
1 _
d-dimensional Coulomb interaction Scoulomb = 502 / d"zdr V’Vd 1W

cannot be renormalised since no local counterterm for d <3

ata QCP 7 ox x° + gauge invariance <z |V|=1[0)] =%

dimensional
analysis 22 + (d o 1) — [62] =d+z = [62] =z —1
d1n 2
2. 21
RG eqn. for e°: Ty el =12

<zz=1at a QCP
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Dynamical Critical Exponent via Simulation

At a QCP, correlation lengths in timelike and spacelike
directions can exhibit different critical scaling
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Symmetry-restoring transition at 7'>0 (preliminary)
At T>0 strictly there is no long-range order (Coleman-Mermin-Wagner)

Expect a BKT-type transition: correlation length & diverges for T<Tpkr
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Can we work out the physical value of the critical coupling?

2

g
gc_2=0-609(2) <chR2=3-26 using In = 1 — /g
lim
N A D _<1 Ny Io )
o ( ER (p3+v%|ﬂ2)%> MO Vo (0 + vE|pl?)?

Coulomb Thirring

Need to match propagators at a particular momentum point p¢=0, [p|=n/2a

\ = JRT <7 Le=2.6

Cf. 1=3.4 for suspended graphene

Many remaining uncertainties!



Open Questions

Are Thirring and Coulomb models in same

universality class for Ni< Ng?
Drut and Lahde find 0(Nfr=2)=2.3 in Coulomb model

What is the dynamical critical exponent z
characterising QCP? Is z<1?
Can we derive (or at least parametrise) effective
theory from a microscopic model?

Is suspended graphene (1=3.4) an insulator?

Drut and Lahde claim yes, our result is consistent

Can we model transport in graphene?



