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Abstract
Disordered 2D chiral fermions provide an effective description of several materials including
graphene and topological insulators. While previous analysis considered delta correlated disorder
and no ultraviolet cut-offs, we consider here the effect of short range correlated disorder and the
presence of a momentum cut-off, providing a more realistic description of condensed matter models.
We show that the density of states is anomalous with a critical exponent function of the disorder
and that conductivity is universal only when the ultraviolet cut-off is removed, as consequence of

the supersymmetric cancellation of the anomalies.
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I. INTRODUCTION

It is known that several materials exhibit fermionic excitations with linear dispersion re-
lation close to the Fermi level, which can be effectively described in terms of 24 1dimensional
Dirac fermions. Early examples include systems displaying integer quantum Hall effect [1]
and d-wave superconductors [2, 3] and more recently graphene [4-9] and topological insula-
tors [10, 11]. In particular, in the case of graphene at half filling it has been observed [12]
that the optical conductivity (for frequencies greater than the temperature) is essentially
constant in a wide range of frequencies and very close to the universal value (7/2)(e?/h),
which also happens to be the value found for the system of non-interacting 2d Dirac fermions
[1], a remarkable result in view of the fact that interactions are not particularly weak. In
transport measurements an universal value for the conductivity is also found, of order of the
conductivity quantum e?/h [13]; again a surprising result in view of the presence of disorder
which is surely relevant in such experiments.

It is of course important to understand if and under which conditions such universality
can be understood theoretically. In presence of weak short range interactions, after first per-
turbative computations claiming non vanishing corrections, it was finally rigorously proved
[14] that the optical conductivity is ezactly equal to its non interacting value. Note that
the emerging description is in terms of a Nambu-Jona Lasinio model and the natural cut-off
provided by honeycomb lattice ensures the correct symmetries and allows the proof of the
complete cancellation of the interaction corrections. On the other hand, in the case of long
range Coulomb interaction it has been predicted that the optical conductivity is still equal
to the non interacting value [5], the argument this time being based on the divergence of the
Fermi velocity. However, the Fermi velocity divergence found in the Coulomb case at very
low frequencies is clearly rather unphysical, and simply signals ultimate inadequacy of the
usual model of instantaneous Coulomb interaction. With the increase of the Fermi velocity
the retardation effects eventually become important, so that the retarded current-current
interaction must be added to the Coulomb density-density interaction; the emerging model
is in this case QE D, 3 (with an ultraviolet cut-off ) in which the fermionic velocity is differ-
ent from the light velocity. Such system have been analyzed before in [15] , [16] and it was
found that the flow of the Fermi velocity stops at the velocity of light ¢, and, maybe most

importantly, that the coupling constant (i. e. the charge) in the theory is ezactly marginal



(anomalous critical exponents are found); as a consequence of that, the optical conductivity
is not equal to its non interacting value but corrections are found [17], which are however
quite small and still universal at lowest order (they depend only only from the fine structure
constant).

When we turn to the analysis of the effect of disorder on the conductivity, the natural
emerging description is in terms of disordered Dirac fermions, which were extensively ana-
lyzed along the years. In the case of chiral preserving disorder it was found that the density
of states is vanishing with a critical exponent (non trivial function of the disorder strength)
but the conductivity is universal and not depending from the disorder amplitude, see [1, 2].
Such results, obtained using the replica trick, were confirmed and extended by a Supersym-
metric analysis of such models [3, 18, 19] leading to a functional integral in Bosonic and
Grassmann variables and a local quartic interaction. It is rather natural to relate such re-
sults to the universal conductivity found by transport measurements in graphene [6], despite
the understanding of why the dominant disorder in graphene should preserve chirality is an
open issue which may be related to how the sample is produced. However, even assuming
that disorder preserves chirality, several questions still remain to be understood. The results
in [1-3, 18, 19] on Dirac fermions with disorder where found assuming delta correlated disor-
der and an unbounded fermionic dispersion relation (no ultraviolet cut-offs). Such features
makes an exact analysis possible (even non perturbative, see [19] and references therein) but
produce ultraviolet divergences similar to the one present in local Quantum Field Theory in
d =1+ 1 (for instance in the Thirring model), which could lead to some discrepancy with
respect to lattice models (see [20, 21] and the discussion in [22]) which are of course free
from ultraviolet divergences. As the dispersion relation (in graphene or in the other con-
densed matter applications) is approximately conical ("relativistic”) only in a small region
around the Fermi level, it is natural to consider the presence of a momentum cut-off; more-
over, a short-range correlated disorder is a much more realistic description for condensed
matter systems, see e.g. [9-11]. Both such features make disordered Dirac fermions free
from ultraviolet divergences, and it is therefore natural to ask if the results with no cut-off
and J-correlated disorder are sufficiently robust to persists under the above more realistic

conditions. Our main results are the following:

1. In the case of short range disorder, if the momentum cut-off is removed the density of

states vanishes with a critical exponent and the conductivity is universal; that is, the



system has the same qualitative behavior than the case of d-correlated disorder.

2. If the momentum cut-off is not removed, the density of states is still anomalous but

the conductivity has in general disorder-dependent corrections.

Therefore, the vanishing of the density of states with an anomalous exponent is a robust
property for chiral disordered fermions, but the exact vanishing of the disorder corrections
to the conductivity does not survive in general to the presence of a momentum cut-off. From
a Renormalization Group point of view this is rather natural. In presence of chiral disorder
the theory is marginal with a line of fixed points; therefore corrections are expected, as in
the case of the optical conductivity in presence of e.m. interaction. From this perspective,
it is the absence of corrections the more surprising feature of disordered Dirac fermions with
no cut-off; as it will be clear from the subsequent analysis, it is a direct consequence of the
validity of the Adler-Bardeen theorem and the exact cancellation of the chiral anomaly due
to the supersymmetry, which is valid only when the momentum cut-off is removed. The
presence of corrections to the conductivity in presence of an ultraviolet cut-off may have
of course implications for the physics of graphene, in which a natural ultraviolet cut-off is
provided by the honeycomb lattice.

The presence of momentum cut-off and of non local disorder prevents the use of any exact
methods, like the ones adopted in [1-3, 18, 19], and one has therefore to rely on functional
integral methods, which are more lengthy but of more general applicability. In particular
we will use multiscale methods based on Wilsonian Renormalization Group (RG), in the
more advanced form used in constructive Quantum Field Theory, see e.g. [27]. Such form
is exact, in the sense that the irrelevant terms (in the technical RG sense) are fully taken
into account, while in most non exact RG implementations the irrelevant terms are simply
neglected; as non local disorder or finite cut-offs are irrelevant in the infrared regime, non
exact RG cannot distinguish between local and non local disorder, or the presence or absence
of an ultraviolet cut-off.

Using the supersymmetric formalism we can rewrite disordered Dirac fermions in terms
of functional integrals. The fermionic sector strongly reminds the non local Thirring model
which was constructed using a multiscale analysis respectively in [24, 25] for the ultraviolet
problem and in [26] for the infrared part; therefore restricting to the fermionic sector a full

non-perturbative construction of the model can be achieved, in the sense of a proof of the



well definiteness of the functional integrals removing cut-offs; this would be parallel to [28],
in which the restriction to the bosonic sector of an hyperbolic sigma model coming by a
disordered electron system was constructed.

The plan of the paper is the following. In §2 we define the model and we explain its su-
persymmetric representation. In §3 we analyze the critical theory at £ = 0, we derive Ward
Identities and we show the validity of the Adler-Bardeen theorem and the supersymmetric
cancellation of the anomalies in the limit of removed ultraviolet momentum cut-off; also, the
relation with universality will be explained. In §4 we consider the non critical theory E # 0

and we discuss the infrared problem. Finally, in §5 the main conclusions are discussed.

II. DISORDERED CHIRAL FERMIONS AND SUPERSYMMETRIC REPRE-
SENTATION

A. The Dirac equation with vector disorder

The (regularized) first quantized Hamiltonian describing chiral disordered Dirac fermions

18
2

H=30,(id, + gA(x)) (1)

i=1
with x = (x1,29) € A,, A, is a square lattice with step a with antiperiodic boundary

conditions, o; are Pauli matrices

01 0 —1 1 0
o1 = 09 = 0o

10 v 0 0 -1

and 0; is a regularized (smeared) derivative

Oufe =30 - Y0y ) = o (Flx - aer) — fx — aey)) &)

with x(x) is a cut-off function defined as the Fourier transform of y(k), with Y (k) a smooth
function which is x(k) = 0 for |k| > 2¥*! and Y(k) = 1 for |k| < 2V; A;(x) is a Gaussian
random field with short range (but non local) correlation

E(Ai(x)4;(y)) = dijo(x —y) (3)
and

v(x —y)| < Ce (4)
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and we will set K = 1 for definiteness.
One is mainly interested in the average of the two-point function, from which the density

of states can be computed

0 >] (5)

and in the average of the product of two functions

E[< x| x> ] (6)

1
0>,_<0
0>+ liH—i—E

1
1H—F
which is related to the conductivity. In the absence of disorder

-1
—F Llisinak, + sin ak,]

1 1 kx>
Tl > 2R (7)
k

L[isinak, — sin ak,] —-F

In the following we will assume that 2V << 2 in order to avoid the fermion doubling

problem. Indeed at E = 0 the denominator in the r.h.s. of (5) is vanishing, in the L — oo
limit, not only at k = (0,0) but also at k = (0,7/a), (7/a,0), (7/a,7/a) modulo 27 /a. The
condition 2V << ? ensures that the only remaining pole is the one at k = 0, so preventing
the fermionic species multiplication but at the same time preserving the chiral symmetry.
The role of the lattice cut-off is just to make the functional integrals appearing below well

defined and it will removed first.

B. Supersymmetric formalism

It is well known, see for instance [18], that the average of the two-point function (5)
and the average of the product of two functions (6) can be represented in terms of a super-

symmetric functional integral in the chiral basis. One introduces a finite set of Grassmann
+

w,Xx)?

variables ¢ 17 with w = & and defines, if ¢ = &, the Grassmann integration by

Jvswi=1 [au, =0 ®)

where dv  is another set of Grassmann variables. Therefore if Dy = wa: L dYT LAY

w,X

we can write

— ¢+,A'¢)_ — +
ID@DB ( )wx,w¢y,w’

< XH@H — E]ly > i —or = [ Dipe=(@FAv7) 9)
where A = 01(iH — E). Note that the denominator of (9) is equal to DetA, and that
[ Dpe07407) = So» for any n x n invertible matrix A with ReA > 0 and ¢, ¢~ complex
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numbers with (¢7)* = ¢~. Therefore one obtains the following representation of the average

of the two point function
G N (%) = EJ / DYDY yle™ V4070407 (10)

and integrating over the disorder, calling U+ = (¢, 9", o1, ¢7) and U~ = (¢, ¢, 01, ¢2),
o = (67
Gapvaas() = [ PADPWO) w05 (1)

where, if \ = 2¢°

Y = —)\/dxdyv X — Z Z \Dawx awx o ,—w y\II;’,—w,y (12)

a,0 =¢p w==%

with [dx = a®)_ and P(dy) and P(d¢) are the fermionic and bosonic integration with
propagator d, o/ g(x) with

1
~[isinak; — sin aky] —-F

E Z ek - _ (13)

—F L[isinak; + sin ak,]

and we have used that the normalization of the bosonic and fermionic integration are one
inverse to the other. The fermionic sector of the above functional integral coincides with a
massless Thirring model with a non local current-current interaction.

In the same way we can rewrite the averaged product of two functions as

a,w,X awO

K)\,E,N( E{/ D\Il ef(wa AYg )~ (¢+ Agq ) w
/mjbe W B OLBAD G o) (14)

with A =4iH — F, B=1H + FE, and averaging over the disorder

Ky p(x) = / P(d,) P(d03)e s o] (15)

where

V= / ix / dyox—y) 3 S U VeV Ve wy (16)

a,a=¢, Y w==+
B,8"=a,b



III. THE CRITICAL THEORY

A. The averaged two point function

We define the generating function as

RUNCE) - /p(d\p)eV(W)Jrde[(nx,\I/i)+(ni7\lfx)+(Jx7px)] (17)
where p,,ax = V7 Vo o and we define, for a = (¥, ¢), w = £, the truncated correlations
+ o
< \Ij;w x\IIozw >T,EN= —WN(‘]7 77)|0 (18>
w “y aﬁi%x n(;,w,y
+ o’
<Pt w2V g ox Vo oy > = Wi (J,
Pt ’ wy “TEN aJa',w',zaUIw,xan&w,y N< 77)|0

(19)
where < AB >p=< AB > — < A >< B > and < U, V[ o >ppy=<

qp;xzpj/’o >7EN= Gy pNwe (X) defined by (10).
Using a smooth decomposition of the unity, we write the propagator as sum of single

scale propagators at £ =0
9(x) = 9 (x) (20)

where hy ~ —log L and g¥)(x), the single scale propagator, is similar to g(x) (13) with
X (k) replaced by f;(k) , with f;(k) non vanishing in 271 < |k| < 271, The presence of a
minimal scale h; comes from the fact that antiperiodic boundary conditions are assumed,
and therefore the momenta are of the form k = 2T (n+ 1), so that |k;| > Z. L plays the role

of an infrared cut-off while 2% is the ultraviolet cut-off. Note that
991, = [ dxlg )| < 02

1gW|1.. = sup|g¥) (x)| < C27 (21)

We use now the following basic property of gaussian integrations, bosonic or fermionic, called

addition property and we get , calling the exponent in the r.h.s. of (17) simply V (W, 7, J)

/P(d\If)eV(‘I""’J) :/P(d\p(SN—l))/p(d\p(N))QV(\I/,n,J) :/P(d\p(SN—l))GV(N1)(\IJ(§N1)777J)
(22)



where P(d¥=N=1D) and P(dUW)) are gaussian integrations with propagator respectively

gV Y (x) and ¢=M)(x) and

=1
V@, ) = Y €N (Vin) (23)
n=1 :

with T are the truncated expectations with respect to P(d¥V)

"

oam

ET(V(®);n) = log / P(dUN))eeV vty (24)

When expressed in terms of Feynman graphs, the truncated expectation are written in
terms of connected diagrams only. The multiscale analysis continues integrating the fields

YWN=1 wth+) obtaining
eVVN(J,n) :/P<d\11(§h))eV(h)(\I/(<h)7r,77‘]) (25)

with V) called effective potential, being a sum of integral of monomials with n > 0 ¥,n
and m > 0 J fields multiplied by kernels W}Lhy)n, moreover P(dW(=") is the integration with
propagator <) (x) = 3, 9 (x).

The range of the disorder (k = 1 in (4)) provides a natural momentum scale separating the
scales j in wltraviolet scales, between 0 and N, and infrared scales, namely between hj and
—1. Let us consider first the integration of the ultraviolet scales. The scaling dimension in
the case of d-correlated disorder is the same in the ultraviolet and infrared region and equal
to D = 2 —n/2 —m, that is greater or equal to zero in the case n,m = (2,0), (4,0), (2, 1).
Therefore there are in general ultraviolet divergences and this requires that the ultraviolet
N — oo limit can be taken only choosing properly the bare parameters to N-dependent
and possibly singular value. For instance, in the case of the Thirring model with a local
0-like interaction, the N — oo limit can be taken only choosing the bare wave function
renormalization vanishing as 277" with n > 0.

In the case of short-ranged correlated disorder the situation is different; the non locality
of the disorder induces an improvement in the scaling dimension, and indeed no ultraviolet
divergences are present; the kernels of the effective potential are bounded uniformly in the
ultraviolet cut-off N. Consider for instance WQ(,%), h > 0, with scaling dimension D = 1.
We can decompose WQ(’%), using general properties of truncated expectations (or the fact

that they are expressed in terms of connected diagrams), as in Fig. 1. Note that the first



- = + - - +§

FIG. 1: Graphical representation of the decomposition of the kernel W2(,]E))3 ; the blobs represent

W,Sh,)n, the paired wiggly lines represent v, the full lines ¢*™) and the dotted lines are the external

fields

and third contributions are vanishing by parity considerations (remember that £ = 0 here);

regarding the second, we can use the following bound
|/dx1dx2dx3v(xl — x5) g (xq — X3)W2(ﬁ)(x2; x3,0)| <

1" ol / dxcadxs WL (03 33, 0)] < €27, (26)

where we have inductively bounded \WQ(? |, by a constant, as its dimension is D = 0. Note
the crucial role played by the non locality of the disorder; in the case of d-correlated disorder
one needs to integrate over the wiggly lines instead than over the propagator (as |v|p_ is

N o], and

unbounded) so that in the above bound one gets |g"!|,_|v|L, instead of |g
the resulting bound would be diverging as N — oo as 2V. Similar considerations could be

done for Wég) which can be decomposed as in the r.h.s. Fig. 2; the second term can again

be bounded by

k ] i i’
Wl W55 1 D 1990l ?alg™ 1~ <

h<i'<j<i<N

CLA27" Y (i = h)27 < a2 (27)

h<i<N
This argument again cannot be repeated for the first term in Fig. 2, but the local part

vanishes since the local part of the bubble graph is zero by symmetry

1 k3 — k* + 2ikok
k

A similar analysis can be repeated for the other terms to show that the scaling dimension

is always negative. The conclusion is that the effective potential is uniformly bounded in N
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FIG. 2: Decomposition of Wég): the blobs represent Wy(ﬁzl, the paired wiggly lines represent v, the

paired line g(&N)

and that there are no ultraviolet divergences even when the momentum cut-off is removed,

that is for N — oo.

B. Ward Identities and cancellation of the anomalies

A crucial role is played by Ward Identities, which can be obtained by performing in (17)
with F = 0 the chiral local phase transformation W= _ — eFlawaxP®  and performing a

w,0,X w,o,X

derivative with respect to a, . x and the external fields. We regularize (17) replacing P(d¢)
with P(de)x(a® 3o, [lé1x

otherwise in order to avoid large fields problems; note that the cut-off is invariant under the

2+ ¢_1x|]* < K) with x = 1 if the condition is verified and zero

local phase transformation. Due to the presence of momentum cut-off the Jacobian is equal
to 1 but, with respect to the formal Ward Identities obtained neglecting cut-offs, one has an

extra term; indeed it is found, in the limit K, L — oo

Dw(p) < pa7w7qua/,w/kqja’,w’,k+p >T)07N_ 5a)a/5w7w/[< \I;o/,w/,k\lla/,w/,k >T70}N

- <V,

~

TR ~ . T+
7w’,k-i—p\Iloe’,u.)’,k—&—p >T70»N]+ < 6pavap\Pa’,w’,k\ya’,w’,k—l—p >T,0:N (29)

where D, (k) = iky — wks, with w = £, pawx =¥, Vo

a,w,X © a,w,X)?

-~

with
Cn(k,p) = [X(k+p)~" = 1Dy (k +q) — [(X(k) ™" — 1] D, (k). (31)

The last term in (29) is due the the presence of the momentum cut-off which breaks the local

chiral invariance. Remarkably, such term it is not vanishing even removing the ultraviolet
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cut-off, but the following identity holds

~

~ - TRE —
< 5paaW’P\Ija’,w’,k\IIa’,w,k+p >T’07N_

1 . ~ ~
ga)\ED_w(p) Z < pa”,—W7P\Ija’,w’,k\pl_’,w’,k+p >T70,N +RN7Oé(k, p) (32)
a//:d)’w
with
ey = —1, g =1 (33)
and Ry o(k, p) is in absolute value smaller than #]jp', that is vanishing for N — oc.

If we restrict to the fermionic sector, in the limit N — oo the first term in the r.h.s. of
(32) would be the chiral anomaly and the second term is vanishing. The fact that the chiral
anomaly is linear in the coupling is a property called Adler-Bardeen theorem. It is important
to stress the presence of the correction term Ry in the Lh.s. of (32), which is vanishing only
in the N — oo limit. The derivation of (32) is based on a multiscale integration also for
the correction term in (29), and the main difference is that the source term (Jy, Ui W,)
is replaced by [ dXXaw0pawx Where x is a source term. After the integration of the fields
W) pV=1) g+l the effective potential can be again written as sum of monomials with

n ¥ fields, and m x fields with kernels Wéh% The analysis of WQ(}? is very similar to the

.
e
4
= §
~ \
M \
AY
Y
.

FIG. 3: Contributions to Wl(};) ; the black dot represents the xdp vertex

analysis of Wgﬁ) in the previous section. An important difference with respect to the bound
(27) comes from the fact that Cy(k, p)g® (k)g") (k + p) vanishes unless either i or j equals
the cut-offs scales N. Therefore, the second term in Fig. 3, which contributes to Ry, in

(32), can be bounded as (27) with the difference that one of the scales of the propagator

12



attached to the back dot have scale N; therefore one obtains the bound

h i i
Al Wi e > 1g™0alg @11l < (34)

h<i'<i<N

Cl>\22_2h(N . h)z—N-i—h < 02A22_2h2_(N_h)/2

leading to the vanishing of this contribution for N — oo. On the other hand the non-
connected contributions, that is the first term in Fig. 3, is now non vanishing and contribute
to the first term in (32) ; the bubble is now given by

2 iy 900+ ) = + 0 (3)

Remarkably, the anomalies cancel out in the WI for the total density due to supersym-

metry (that is, due to (33))

Dw(p) Z < ﬁa:W:P‘IJ;’,ka\II;F’,w’,k—&-p >T707N: (50.),0.)/ [< \Ij;/,w/,k‘lj;)t/,w/7k >T707N
a=¢,
— <V aip Ve werp >0 + Y Ryva(k,p) (36)
a=¢,

We can write the Schwinger-Dyson equation

o~

<,V S ron= Gu(k) + AGu(k) / dp(p) Y < Por-w(P)V seip Vs >T0N
=p

(37)
and inserting (36) we obtain
I — T ~ ~ ~ R o’ kap
U o= 209 0K [dpi(p) 30 TSR
o w(P
RN,a

It can be shown, by an analysis similar to the one for Ry, (34), that that [ dpv ) ,_, , 5=
is smaller than 27V, that is vanishing when the ultraviolet cut-off is removed. Therefore at
E = 0 the averaged 2-point function is equal to the free one up to corrections which are
vanishing only when the ultraviolet cut-off is removed N — oo; on the other hand for any
finite cut-off non vanishing corrections are expected.

It is indeed useful to compare the present result to the analogous computation for the
Thirring model with non local interaction, that is neglecting the bosons; in such a case the

Schwinger-Dyson equation is still given by (37) but in the r.h.s. 37 _; ) Pa,—wa(P) should
be replaced by py _.(p); by using the WI (29), (32) one would get an extra term in (38)

13



function of the chiral anomaly. As a result, one would find that the asymptotic behavior
of < @;,w,k@:@w,k >ro.n is different with respect to the non interacting case; for small k
< (I\J;,w,k\/l}jp—,w,k >70.n would behave as |k| ™' with 7 > 0. In the present case, instead, the
cancellation of the anomalies due to the supersymmetry has the effect that the asymptotic
behavior of the two point function is equal to the free one, up to a small correction vanishing

when the cut-off is removed.

C. The average of the product

Starting from (15) for F = 0, and using the notation (18) (with P(dV) replaced by
P(d¥,)P(d¥,)) we can write

KA,O(X) =< w;w,xw;w,o >T,07N< wl;w,xwl;w,o >T70,N + < ¢;w,x Iw,Olpl;w,xl/};w,O >T,0:N (39)

The computation of < ¢, ¥ = >70n can be done exactly as in the previous case. The

Schwinger-Dyson equation is given by

< ¢g_7w7k¢§,w,k >71,0N= (k) +AG0 (k) /dpﬁ(p) Z Z < ﬁa',ﬁ',—w(P)¢§7w7k+p¢/§,w,k >T.0,N

o'=¢, f'=a,b (
40)
and using the WI
Do(P) < Papon¥s w1l terp >TONZ 008,500 [< Vg Wi o i >10.N
7~ I+ -~ T It
- < wﬁ’,w’,k—i-pwﬁ’,w’,k—i-p >]+ < 5paaﬁyw7p’l/}ﬁ/,wl,kwﬁ/7w/,k+p >T707N (41)
where pagwx = Vg 505V .0x a0d again
< 5ﬁa,ﬁ,w,p’l/}ﬁilywl7kwg’7w/,k+p >T707N: (42)
1 — ~_ -~ 2
Ea)\ED—w(P) Z < pOé”75”7—W7P¢ﬂ’,w’,k¢g—”,w’,k+p >T,0,N +R§V,)a,ﬁ(k7p)
piomals
we get
~ - Ry, 5 (k. p)
- -~ -~ - ) 17/8/ )
<5015k >TON= Gu(k) + Au(k) / dpv(p) Z ;—@) (43)
o'=¢p,B'=a,b “
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RO
with [ dpo(p)—p- is O(27%). In a similar way one analyze the connected part of (39);

we write the Schwinger-Dyson equation for the four point function

Y —
< Qﬁa,w,klwa,w,kgwb,w,kg77Z)b,t.u,k4 >T707N_

gw(k4) /dpij\(p) Z < ﬁa'ﬂ/,—waa_,w,klw;w,kgwl;w,kgl/};w,kzl—p >T)07N (44)

al=¢,1p
B'=a,b

The WI for the four point function is

~ - T+ - Tt
Dw(p) < pa’,ﬁ’,—w,p¢a,w,k1 ¢a,w,k2 ¢b,w,k3wb,w,k4—p >T70:N +

~ Y —
< 5pa’,ﬁ’,—w7pwa,w,k1 wa,w,kgwb,w,k3¢b,w,k4—p >T707N_ 0 (45>
with
~ Y —
< 6p0¢'75/7—va¢a,w,k1¢a,w,k2¢b,w,k3¢b,w,k4fp >T707N_ (46)
1 _ - 4
8CY/)\EZD‘*’(I)) Z < pa”ﬁ”w,pwaw,h wlj,wkzwbw,k:slp;w,kzl—p >T0,N +R§V,)0/w3'(k1’ ko, k3, ky, p)
O[”,ﬁ”

and using that Za,:qﬁ’w o = 0 we finally obtain

R R (4)

S RY
< w;w,k1¢zw,k2¢;w7k3¢;:w’k4 >T,0,N: gw(k4> Z /dpA/U<p)DN7—(I;§ (47>
o B w

and again the r.h.s. is vanishing as O(A27")). Therefore, by (39),(43),(47) the interacting
average of the product K o y(x) (14) differs from its non interacting value Ky y(x) by terms
which are order O(A2™") for large N; exact universality for such quantity (and therefore for

the conductivity) is achieved only in the limit of removed ultraviolet cut-off.

IV. THE NON CRITICAL THEORY AND THE INFINITE VOLUME LIMIT

We have to discuss finally the removal of the infrared cut-off and the case E # 0. Again
we perform a multiscale decomposition of ¥ in the E # 0 case and the integration of the
ultraviolet (positive) scales is done as in the previous section (the fact that E # 0 plays
no role in the ultraviolet regime). We consider now the integration of the negative infrared
scales, in the L — oo limit. In this case there is no improvement with respect to the scaling
dimension, and one has to define a renormalized multiscale integration in the following way.

Assume that we have integrated the fields W) . W) h < 0 obtaining

V(9) :/Pz,“Eh(d@(<h))ev(h)(¢7hq”"’J) (48)
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where Py, Eh(d\P(Sh)) is the gaussian integration with propagator, a =1, ¢

1 (Di(k) EY

zk(x y)
X ( - (49)
L2 Z Z}(L ) E}(La) D (k)

and yn(k) = Z?:_OO fi(k) and again V® being a sum of integral of monomials with n > 0

V. n and m > 0 J fields multiplied by kernels /Wéhn)@ We decompose the kernels as

W (k) =W (k) + W (k) + W (k) (50)

where ana and Wflmb are respectively the zero-th and first order contribution in £ to
W}Lhm and Wmm;e is the rest. We define a localization operator on the terms with positive
scaling dimension D = 2 — n/2 — m in the following way

LW (k1 ko, ks, k) = Wi, (0,0,0,0)

EW\Q(h)(kla ky, k3) = W\z(?a(oa 0,0)

LW 0(k) = Wihna(0) + KOW G, 0 (0)

h) h)
£W2 05w, w(k) W2(Ow —w; zz( ) + W2(,0:w,7w;b(0) (51)
and we write

The action of (1 — £) on the kernels improve their scaling dimension. For instance
(1= OWIT = WG (k) — WL (0] + WiT, (k) (53)

and the first term in the r.h.s. has negative dimension while regarding the other term one
B
has simply to use that the bound for W4(0 . as an extra —4—

We use now the following symmetries of the propagator at £ =0
(gék))*(k?bb) = gL(uh)(_k17 k) ggl)(k’h k2) = —iwg, )(k‘27 —k1) (54)

and that at £ = 0 there is global phase invariance \Ilai,w — etidaw \Ifiw.
Therefore

1. The local part of the terms with four fields with the same w is vanishing; indeed if
n is the order there are n — 2 (w)-propagators and n (—w)-propagators; then by (54)
/W&);a(kl,@) = (iw)_2Wi%)(—@2,E1) so that Wiﬁ{a(g, 0) = —WA%);G(Q, 0) = 0; moreover

by global phase invariance there is an even number of fields with the same (o, w).

16



2. The quartic terms are real. Indeed by (54) (/Wi%);a)*(ﬁl,ﬁz) = WA%);G(—EDEQ), so that

the local part is real

3. The local part of the terms with two external line and the same w is vanishing by the

parity of the propagator.
4. Finally 8, W), (0) = iwd; Wy}, (0)

The only quadratic terms in £V® are the one multiplying GWQ%);&W(O) and WQ(,]Z)):E7_E(O)
producing respectively a renormalization of Z,(La) and E,(la). Therefore we can move the

quadratic terms in the gaussian integration so obtaining
/PZ B (d\I](Sh))e£\7(h)(\/thllPJhJ)—&-(l—C)V(h)( /Zn 1 Un,J) (55)
h—1,5h—1

and

LVO(0,0,0) = Ay Y / XY eVt T (56)

)\Q,hZ/dx¢;w¢x,w ;—w x,—w+)‘3,h2/dxw;wwx,w )Jcr,—w ;,—w

One can write (55) as
/PZhl o (d\p(ghfl)> / PZh,l B, (dqj(h))eﬁvuﬁ(, /Z;L,llll,r],J)—‘r(l—C)V(h)(\Il,n,]) (57)

and the procedure can be iterated up to a scale hy, (that is hy, for the fermionic fields and
hy for the bosonic ones) such that . = 24 one can see that ¢(=°*"") obey exactly to the
same bounds as the single scale propagator ¢! with h > h¥. The outcome of this procedure
is a sequence of VW (W, n,.J) with kernels WT(LhT)n, expressed in terms of the effective coupling
constants \; , K = h, h+1,..0; the kernels are finite uniformly in & provided that the running
coupling constants stay bounded. On the other hand the running coupling constants are the
same in the critical theory at ' = 0. Therefore in order to study their flow can consider the
theory with £ = 0 and infrared cut-off 2", replacing Y(k) with Y5 n(k) = Zjv:h fi(k) with
h < 0. The Schwinger-Dyson equations for the two and four point function coincide with
the ones derived in the previous sections up to negligible corrections due to the presence of
the infrared cut-off 2". Therefore fixing the value of the external momenta at the scale of

the infrared cut-off we get
Moti=Xoi+ 00N Z =140 (58)
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and Ao = A0(0) + O(A?). This means that the effective couplings A, converge to a line of
fixed points (the beta function is asymptotically vanishing) and the critical exponent for the
wave function renormalization is zero (contrary to what happens in the fermionic theory in
which is positive).
The flow equation for the energy is given by
E(w (¢)

B = =1+ a\,+0N) E(;)l =1+ adoy +O(N) (59)
h

with a = % > 0 and by symmetry the contributions with different o do not mix, by the
global phase symmetry valid at £ = 0. Therefore

E® = pgnah (60)

with 1, = a®(0)A + O()\?); this implies 2> = Evva. For h > h* = max(hy, hy,) this makes
clear why the second term in (53) has the correct scaling dimension; indeed E}(La)Q_h can be
bounded by 201+7)(h" =) which is sufficient to make the dimension negative. For h < h* the

theory becomes purely fermionic or bosonic. Therefore

00 (¥) f
o (k)
< wk,wwk,—w Z:* + /{52( + )\Fh) (61)
hw
with [Fj (k)| < A and E;Lw) =F, Z, =1for h > 0; we have used that the contributions from
the scales h < h* are summable. The density of states (with imaginary energy) is therefore

bounded by
S IEP)+ EZ CE (62)
h=h,

where C' is a suitable constant and ¢ is an extra ultraviolet cut-off ; that is the density of

states vanishes with a critical exponent.

V. CONCLUSIONS

We have analyzed for the first time chiral Dirac fermions in presence of a momentum
cut-off and short range disorder, extending previous results in which only delta correlated
disorder without ultraviolet cut-off was considered. The model provides a more realistic
description in view of applications to condensed matter models, and is free from any ultra-

violet divergence. We have shown that the density of states is anomalous with a critical
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exponent function of the disorder and that the conductivity is exactly universal only when

the ultraviolet cut-off is removed; this may have implications for the physics of graphene in

which a natural ultraviolet cut-off is provided by the honeycomb lattice.
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