aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Global phase diagram of two-dimensional Dirac fermions in
random potentials
S. Ryu, C. Mudry, A. W. W. Ludwig, and A. Furusaki
Phys. Rev. B 85, 235115 — Published 8 June 2012
DOI: 10.1103/PhysRevB.85.235115


http://dx.doi.org/10.1103/PhysRevB.85.235115

Global phase diagram of two-dimensional Dirac fermions in random potentials

S. Ryu,’ C. Mudry,?2 A. W. W. Ludwig,® and A. Furusaki*

! Department of Physics, University of Illinois at Urbana-Champaign,
1110 W. Green Street, Urbana, Illinois 61801-3080, USA
2 Condensed matter theory group, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
3 Department of Physics, University of California, Santa Barbara, CA 93106, USA
1 Condensed Matter Theory Laboratory, RIKEN, Wako, Saitama 351-0198, Japan
(QDated: May 9, 2012)

Anderson localization is studied for two flavors of massless Dirac fermions in two-dimensional space
perturbed by static disorder that is invariant under a chiral symmetry (chS) and a time-reversal
symmetry (TRS) operation which, when squared, is equal either to plus or minus the identity. The
former TRS (symmetry class BDI) can for example be realized when the Dirac fermions emerge
from spinless fermions hopping on a two-dimensional lattice with a linear energy dispersion such as
the honeycomb lattice (graphene) or the square lattice with w-flux per plaquette. The latter TRS
is realized by the surface states of three-dimensional Zs-topological band insulators in symmetry
class CII. In the phase diagram parametrized by the disorder strengths, there is an infrared stable
line of critical points for both symmetry classes BDI and CII. Here we discuss a “global phase
diagram” in which disordered Dirac fermion systems in all three chiral symmetry classes, AIII, CII,
and BDI, occur in 4 quadrants, sharing one corner which represents the clean Dirac fermion limit.
This phase diagram also includes symmetry classes All [e.g., appearing at the surface of a disordered
three-dimensional Z,-topological band insulator in the spin-orbit (symplectic) symmetry class] and
D (e.g., the random bond Ising model in two dimensions) as boundaries separating regions of the
phase diagram belonging to the three chS classes AIIl, BDI, and CII. Moreover, we argue that
physics of Anderson localization in the CII phase can be presented in terms of a non-linear-sigma
model (NLoM) with a Z,-topological term. We thereby complete the derivation of topological or
Wess-Zumino-Novikov-Witten terms in the NLoM description of disordered fermionic models in all

10 symmetry classes relevant to Anderson localization in two spatial dimensions.

I. INTRODUCTION
A. Dirac fermions in condensed matter physics

Massless Dirac fermions emerge quite naturally from
non-interacting and bipartite tight-binding Hamiltonians
at low energies and long wave-lengths when the fermion
spectrum of energy eigenvalues is symmetric about the
band center and the Fermi surface reduces to a finite
number of discrete Fermi points at the band center. This
situation is generic for non-interacting electrons hopping
with a uniform nearest-neighbor amplitude ¢ along a one-
dimensional chain. For non-interacting electrons hopping
on higher dimensional lattices, this situation is the excep-
tion rather than the rule, for it is only fulfilled when the
hopping amplitudes are fine-tuned to the lattice.

In the case of graphene, when described by the uni-
form hopping amplitude ¢t between the nearest-neighbor
sites of the honeycomb lattice, there are two bands in the
Brillouin zone of the underlying triangular Bravais lat-
tice that touch at the 6 corners of the Brillouin zone [see
Fig. 1(a)].! Because the unit cell contains two sites and
because the number of inequivalent Fermi points is two,
these Dirac fermions realize a four-dimensional represen-
tation of the Dirac equation in two-dimensional space if
we ignore the spin degrees of freedom.

For non-interacting spinless electrons hopping on the
square and (hyper-)cubic lattices, Dirac fermions emerge
in the vicinity of the band center whenever the trans-

lation invariance of the lattice is broken by choosing
the sign of the nearest-neighbor hopping amplitudes of
uniform magnitude ¢ in such a way that their prod-
ucts along any elementary closed path (a plaquette) is
—t* [see Fig. 1(b)]. This pattern of nearest-neighbor
hopping amplitudes preserves time-reversal symmetry.
It amounts to threading each plaquette by a magnetic
flux of 7 or, equivalently, —7 in appropriate units and
is thus called the 7 flux phase. In the m-flux phase
for the d-dimensional hypercubic lattice, there are 2¢
non-equivalent sublattices. Correspondingly there are 2¢
Fermi points and the emerging Dirac Hamiltonian in the
vicinity of these Fermi points is 2¢ dimensional. Because
the minimal irreducible representation of the Dirac equa-
tion in d dimensions is 2[(4*1)/2] dimensional ([z] denotes
the largest integer smaller than or equal to z), the m-flux
phase yields a representation of the Dirac equation larger
than the minimal one in all dimensions except for d = 1.
This is called the fermion doubling problem, for it pre-
vents a lattice regularization of the standard model that
respects the particle content (quarks and leptons) of the
standard model.?

The fact that the fermion-doubling problem affects
both graphene and the w-flux phase in two dimensions
is not a coincidence. The fermion-doubling problem is
a generic property of non-interacting local tight-binding
Hamiltonians with time-reversal symmetry.3

It is possible to circumvent the fermion-doubling prob-
lem in the following way.

We consider first a one-dimensional chain along which
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FIG. 1. (a) Hexagonal Brillouin zone of graphene with the
conduction and valence bands touching at the zone corners
in the linear approximation. There are 6/3 = 2 inequivalent
Fermi points (Dirac cones). (b) The w-flux phase for the cubic
lattice assigns the nearest-neighbor hopping amplitudes +t
for the thin bonds and —t for the thick bonds with ¢ a real
number. There are 8 = 2% inequivalent sublattices labeled 1
to 8.

a spinless electron hops with the uniform nearest-
neighbor amplitude t. We also impose periodic boundary
conditions [see Fig. 2(a)]. We fold the spinless electron’s
dispersion on half of its Brillouin zone and open a gap at
the folded zone boundaries by dimerization of the hop-
ping amplitude, ¢ — ¢ 4+ dt, as it occurs for example
through its interaction with an optical phonon within a
Born-Oppenheimer approximation. At low energies, the
effective fermionic Hamiltonian is the one-dimensional
massive Dirac equation with the mass set by the dimen-
sionless parameter §t/t assumed to be smaller than unity.
Imagine now that the dimerization pattern is defective at
two sites that are far apart relative to the characteristic
length scale (¢/0t)a where a is the lattice spacing [see
Fig. 2(c)]. At the level of the effective Dirac equation,
this means that the mass term changes sign twice at the
defective sites. Two bound (i.e., normalizable) states ap-
pear in the spectrum [see Fig. 2(d)] with the remarkable
property that they have opposite helicity (chirality) and
an exponentially small overlap or, equivalently, energy
splitting, for they are exponentially localized with the
localization length of order (¢/dt)a around their respec-
tive defective sites.®®

The same mechanism applies in any d-dimensional
space, be it for the massive Dirac equation,® or for
tight-binding Hamiltonians with sublattice symmetry
[see Fig. 2(e)],”® and has been used in lattice gauge
theory as a mean to overcome the fermion doubling
problem.?!% For example, the massive Dirac equation
in odd d-dimensional space supports massless bound-
ary states with a common helicity (chirality) along each
even (d — 1)-dimensional boundary where the mass term
vanishes. A complete classification of all such two-
dimensional boundary states was part of the classifi-
cation of topological insulators in spatial dimensions
d =1,2,3 given in Ref. 11 in terms of the generic sym-

metry classes arising from the antiunitary operations of
time reversal and particle-hole symmetry [underlying the
work of Altland and Zirnbauer on random matrix theory
(RMT)].1214 A systematic regularity (periodicity) of the
classification as the dimensionality is varied, in general
dimension, was discovered upon the use of K-Theory by
Kitaev!d (see also Ref. 16). As shown in Refs. 17 and
18, this can, alternatively, be understood in terms of the
lack of Anderson localization at the boundaries. More
recently, an understanding of this classification of topo-
logical insulators in terms of quantum anomalies was de-
veloped.'?

B. Anderson localization for Dirac fermions in two
dimensions
Anderson localization?® for non-interacting two-

dimensional Dirac fermions was first studied in narrow
gap semiconductors by Fradkin in 1986.2! This work was
followed up in the 90’s with non-perturbative results mo-
tivated by the physics of the integer quantum Hall ef-
fect (IQHE), the random bond Ising model, and dirty d-
wave superconductors.?2 26:28731 With the recently avail-
able transport measurements in mesoscopic samples of
graphene, and the identifications of the alloy Bi;__,Sb,
in a certain range of compositions x,3? 34 the compounds
Bi, Te,%5:36 Sb,Tes,3® and BiySes,3%37 and the predic-
tion for another 50 and counting materials as three-
dimensional Z,-topological band insulators that support
surface Dirac fermions,>® 40 the localization properties
of random Dirac fermions have become relevant from an
experimental point of view.

While all these examples share the massless Dirac spec-
trum as the energy dispersion in the non-interacting and
clean limit, the effects induced by randomness — weak
localization, universal conductance fluctuations, localiza-
tion, metal-insulator transition, spectral singularities, etc
— vary with (i) the intrinsic symmetries respected by the
disorder, (ii) the dimensionality of the Dirac matrices
representing the Dirac Hamiltonian, and (iii) the strength
and/or correlations in space of the disorder.

When space is effectively zero-dimensional, i.e., at the
level of RMT, ten symmetry classes have originally been
identified and labeled according to the Cartan classifica-
tion of symmetric spaces (see Table I).1214

As emphasized in Refs. 41 and 42 the two-dimensional
fermionic replicated NLoMs in eight of the ten sym-
metry classes allow for terms of topological origin, in
the form of either  terms?® or Wess-Zumino-Novikov-
Witten (WZNW) terms*4 46 (see Table I). Symmetry
classes A, C, and D support Pruisken () terms.*” 49
Symmetry classes AIIl, DIII, and CI support WZNW
terms. Finally, symmetry classes AIl and CII support
Zy-topological terms.

WZNW terms in symmetry classes AIII, DIII, and CI
appear when Dirac fermions propagate in the presence of
static vector-gauge-like randomness.?? 3! This can only



TABLE I. Table of topological terms that can be added to the replicated fermionic non-linear-sigma model (NLoM) describing
Anderson localization in two dimensions and the classification'* of topological insulators (superconductors) in three dimensions.
Symmetry classes indicated by the “Cartan label” are classified according to the presence or absence of time-reversal, particle-
hole, and “sublattice” symmetries which we abbreviate as TRS, PHS, and SLS, respectively. The presence of TRS and PHS
is denoted by “4+1” or “—1,” depending on whether the square of the (antiunitary) operator implementing the symmetries
equals +1 (identity) or —1, whereas the presence of SLS is denoted by “1”. The absence of these symmetries is denoted by
“0”. The SLS is a product of TRS and PHS. For historical reasons, the first three rows of the table are also referred to as
the orthogonal, unitary, and symplectic symmetry classes. When the disorder respects a sublattice symmetry as in the next
three rows, the terminology chiral is also used. Finally, the last four rows can be realized as random Bogoliubov-de-Gennes
(BdG) Hamiltonians. Target spaces for fermionic replicated NLoM (N is the replica index and the limit N — 0 is understood)
are given in the fifth column. The penultimate column lists the nature of the topological term compatible with the target
and two-dimensional base spaces. The symbols Z and Z> in the last column indicate that the topologically distinct phases
within a given symmetry class of topological insulators or superconductors in three spatial dimensions are characterized by an
integer topological invariant (Z) or a Zs quantity. The symbol “0” denotes the case when there exists no topological insulator
(superconductor).

Cartan label TRS PHS SLS Target space Topological term 3d-TI/TSC
AT (orthogonal) +1 0 0 Sp(4N)/Sp(2N) x Sp(2N) - 0
A (unitary) 0 0 O U(2N)/U(N) x U(N) 0 term 0
ATI (symplectic) -1 0 0 O(2N)/O(N) x O(N) Zy term Zs
BDI (chiral orthogonal) +1 +1 1 U(2N)/Sp(2N) - 0
ATIT (chiral unitary) 0 0 1 U(N) x U(N)/U(N) WZNW term Z
CII (chiral symplectic) -1 0 1 U(N)/O(N) Zs term Za
CI (BdG) +1 —1 1 Sp(2N) x Sp(2N)/Sp(2N) WZNW term Z
C (BdG) 0 -1 0 Sp(2N)/U(N) 0 term 0
DIIT (BdG) -1 41 1 O(N) x O(N)/O(N) WZNW term Z
D (BdG) 0 41 0 O(2N)/U(N) 0 term 0

be achieved at the lattice level if the fermion doubling
problem has been overcome, as is the case with the sur-
face states of three-dimensional Z-topological band insu-
lators.

The Z,-topological term in symmetry class AIl was
derived in the context of disordered graphene with long-
range correlated disorder®®®! or two-dimensional sur-
faces of three-dimensional Z, topological band insula-
tors.5!

LeClair and Bernard have extended the RMT classifi-
cation by demanding that all perturbations to the two-
dimensional Dirac Hamiltonian with N; flavors preserve
the Dirac structure.®? In this way, the 10-fold RMT clas-
sification can be refined by discriminating the parity of
N; for the 3 symmetry classes AIII, DIII, and CI. These
3 subclasses correspond to the fact that the replicated
principal chiral models (PCMs) whose target space cor-
respond to symmetry classes AIIL, DIII, and CI, respec-
tively, can be augmented by WZNW terms. The realiza-
tion of any of these additional 3 subclasses in a lattice
model requires overcoming the fermion doubling prob-
lem.

The parity of the flavor number N; of random Dirac
fermions also matters for symmetry classes AIl and CII.
The fermionic replicated NLoMs derived from the ran-
dom Dirac Hamiltonians in symmetry classes AIl and
CII can acquire a Z, topological term on account of the
dimensionality of the Dirac matrices (twice the number
N; of flavors) that represents the random Dirac Hamil-
tonian. Deriving these Z, topological terms from lattice
models is not automatic, for the fermion doubling prob-

lem must be surmounted.

In this paper, by identifying a disordered fermionic
model that gives rise to the Z,-topological term in sym-
metry class CII, we complete the derivation for non-
interacting fermions subject to a weak white-noise cor-
related random potential of topological or WZNW terms
in all 10 symmetry classes relevant to two-dimensional
Anderson localization. The microscopic fermionic model
is realized by the surface states of a three-dimensional
Z, topological band insulator in symmetry class CII of
Ref. 11. (See Ref. 53 for a particular lattice model of a
three-dimensional Zs topological insulator in symmetry
class CII.)

C. Global phase diagram

In this paper, we start from the kinetic Hamiltonian
K for Ny = 2 flavors of Dirac fermions that make up a
(reducible) 4-dimensional representation of the homoge-
neous Lorentz group SO(1,2). We then subject K to a
static and chiral-symmetric random potential V, i.e., the
random Dirac Hamiltonian ‘H = I 4+ V must anticom-
mute with a unitary matrix C, {#,C} = 0. By imposing
the condition that H is invariant under a representation
T = T7T of time reversal for spinless single-particle states,
‘H belongs to symmetry class BDI in the 10-fold classifi-
cation (see Table I). This corresponds to an antiunitary
time reversal operator whose square equals plus the iden-
tity.

It is also known that H describes graphene (see Fig. 3)
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FIG. 2. (a) Ring along which a spinless electron hops be-

tween nearest-neighbor sites shown as circles with the uni-
form real-valued amplitude ¢. The lattice sites are colored in
black on one sublattice and white on the other sublattice. (b)
Electronic dispersion corresponding to (a) after folding the
Brillouin zone. (c) Ring along which a spinless electron hops
between nearest-neighbor sites with the dimerized real-valued
amplitude ¢ 4+ §t. There are two defective sites belonging to
opposite sublattices at which two strong bonds t + §t meet.
(d) The breaking of translation invariance in (c) has opened a
gap at the reduced zone boundaries and localized two bound
states around the two defective sites. (e) A generalization
of (¢) and (d) in three dimensions can be achieved with the
help of a suitable dimerization of the 7w-flux phase depicted in
Fig. 1(b) for spinless electrons. The continuum approxima-
tion yields a massive 8 x 8 Dirac equation. Two-dimensional
defective surfaces normal to the direction x, say, occur when
the mass changes sign. One mid-gap state is bound to each
of the two-dimensional defective surfaces. Each midgap state
obeys a 4 x 4 two-dimensional massless Dirac equation as de-
picted by a Dirac cone. The two mid-gap states have opposite
chiralities.

or the two-dimensional m-flux phase in the presence of
real-valued, nearest-neighbor, spin-independent, random
hopping amplitudes when the Fermi energy is at the
band center and once the long-wave-length limit has been
taken with respect to the discrete Fermi points.®* % For
the case of graphene,% static random real-valued nearest-
neighbor hopping amplitudes are induced by neglecting®'

(a) é (b) é
(c) é (d) é

FIG. 3. The four independent dimerization patterns for the
real-valued nearest-neighbor hopping amplitudes of a spinless
electron on the honeycomb lattice that preserve the sublat-
tice symmetry and the time-reversal symmetry for a spinless
particle. The two triangular sublattices of the honeycomb lat-
tice are distinguished by the coloring of their sites (white or
black colored circles). Strong and weak bonds are depicted
by thick and thin lines, respectively. The two independent
Kékule dimerization patterns (a) and (b) are responsible for
the opening of a complex-valued gap m in the continuum ap-
proximation by a 4 x 4 Dirac equation. The two independent
columnar dimerization patterns (c¢) and (d) are responsible for
the emergence of an axial vector gauge field or, equivalently,
the complex-valued axial gauge field @’ in the continuum ap-
proximation by a 4 x 4 Dirac equation.

the dynamics of phonons relative to that of the electrons
to which they couple. We emphasize that it is imperative
to treat all channels (see Fig. 3) of disorder compatible
with the chiral and time-reversal symmetries.

The first result of this paper is that analytical con-
tinuation of the real-valued random hopping amplitudes
to imaginary ones in the aforementioned bipartite lattice
models yields a random Dirac Hamiltonian that belongs
to symmetry class CII, as it now turns out to obey the
time-reversal symmetry (TRS) generated by an operator
T’ = —T'T acting on an isospin-1/2 single-particle state.
This corresponds to an antiunitary time reversal operator
whose square equals minus the identity.

Second, we argue that, upon a certain fine-tuning of
the disorder, this random Dirac Hamiltonian captures
the (nearly) critical localization properties of the surface
states of a lattice model that, in the clean limit, real-
izes a three-dimensional Z,-topological band insulator in
symmetry class CII.

More specifically, we show that the phase diagram de-
picted in Fig. 4 encodes the localization properties of the
random Dirac Hamiltonian H = K + V when the chiral-
symmetric random potential )V is assigned the three
possible independent disorder strengths grq s G1mms Gar
which are not irrelevant under the RG. Here we discuss



a “global phase diagram”, depicted in Fig. 4(a), in the
space of these three couplings which is projected onto
the gpem - 91mm Plane with g,, = 0. In this phase dia-
gram, disordered Dirac fermion systems in all three chiral
symmetry classes, AIII, CII, and BDI occur in 4 quad-
rants, sharing one corner which represents the clean Dirac
fermion limit. Also realized in the phase diagram are
the symmetry classes AIl and D at the boundaries sep-
arating the three chiral symmetry classes, whereby the
parametrization of class D follows from analytic continu-
ation of the relevant disorder strength that parametrizes
class AII in the phase diagram.

The random Dirac Hamiltonian H whose potential V is
restricted to symmetry class AIl captures the transport
properties at long wave lengths of the surface states of a
disordered three-dimensional Z,-topological band insula-
tor in symmetry class AIl (say, Bi,_,Sb,).!!

The random Dirac Hamiltonian H whose potential V
is restricted to symmetry class D captures the trans-
port properties of the mean-field quasiparticles of a dis-
ordered two-dimensional chiral p-wave superconductor
(say, SroRuO,) or their counterparts in the random bond
Ising model at long wave lengths.

Located in the center of the phase diagram of Fig. 4(a)
is a vertical dashed line. There exists a sector of the
theory that decouples from the random U(1) gauge po-
tential. This sector is critical along the dashed line in
Fig. 4(a). We will call the dashed line in Fig. 4(a) a line
of nearly-critical points to account for the non-critical
sector that has been left out from Fig. 4(a).

It is argued in Sec. IV that along the dashed line in
region CII of Fig. 4(a), the transport properties of H
are also encoded by those of a NLoM on the target
manifold appropriate for this symmetry class. (Such a
possibility was also discussed, independently and from
a different perspective, in Refs. 62, 63, 64, and 65.)
Remarkably, the standard kinetic energy of the NLoM
must be augmented by a Z,-topological term (see Ap-
pendix A). Here, the necessary requirement for the pres-
ence of the Z,-topological term is that the number of
flavors Ny = 2n be 2 times the odd integer n. How-
ever, any purely two-dimensional non-interacting local
tight-binding Hamiltonian with Fermi points at the band
center that breaks the spin-rotation symmetry but pre-
serves the time-reversal and sublattice symmetries yields
a Dirac equation with N; = 2n where n is an even integer
because of the fermion doubling problem. The fermion
doubling problem for fermions in two dimensions can be
circumvented by working with fermions localized at the
two-dimensional boundary of a three-dimensional crystal,
i.e., with the boundary states of a topological band in-
sulator in symmetry class CII. It is the nearly-critical lo-
calization properties of these surface states that are cap-
tured by the dashed line in region CII of Fig. 4. Thus,
we can view the Z,-topological term in the NLoM for
symmetry class CII as the signature for the physics of
(de)localization that arises from the existence of bound-
ary states in the clean limit, the defining property of

three-dimensional Z,-topological band insulators in sym-
metry class CII.

Third, we argue that the initial flow away from the
apparently unstable nearly-critical line in region CII de-
picted in Fig. 4(a) is not a crossover flow to the diffusive
metallic fixed point of the NLoM in symmetry class AIl
augmented by a Z, topological term, but is the flow de-
picted in Fig. 4(c) that bends back towards the nearly-
critical plane defined by the dashed line and the out-
of-plane axis for the coupling g, as a result of the RG
flow of the coupling g, to strong-coupling. This flow
on sufficiently large length scales along trajectories in
a three-dimensional coupling space is depicted through
the two-dimensional cuts presented in Figs. 4(b), 4(c),
and 4(d). The full RG flow along the boundary AII, a
RG separatrix, was computed numerically in Refs. 66 and
67 owing to the presence of a Z,-topological term on the
target manifold of the NLoM appropriate for symmetry
class AII.50:51

Finally, in the quadrant labeled by BDI, the dashed
line also represents a line of nearly-critical points.>*57:59
This line of nearly-critical points is stable. The one-loop
RG flow along the boundary D, a RG separatrix, was
computed in Refs. 69, 70, and 71.

The fact that the quadrant in symmetry class BDI can
be analytically continued to the quadrant in symmetry
class CII suggests that one can compute properties of the
latter phase from the former one. In particular, sets of
non-perturbative and exact results have been obtained
for e.g., boundary multifractal exponents for the point
contact conductance on the critical line in symmetry class
BDI.”?73 These results will also apply to the critical line
in symmetry class CII upon suitable analytical continu-
ation.

D. Outline

The rest of the paper is organized as follows: The
non-interacting random Dirac fermion model is defined
in Sec. II. The main result of this section is captured
by Fig. 4. We argue in Secs. III and IV that the gener-
ating function for the moments of the retarded Green’s
functions for microscopic parameters corresponding to
the quadrant CII in Fig. 4 realizes a replicated fermionic
or, alternatively, a supersymmetric (SUSY) NLoM aug-
mented by a Z,-topological term. We conclude in Sec. V.

II. DEFINITIONS AND PHASE DIAGRAM

We begin in Sec. II A by defining a non-interacting
random Dirac Hamiltonian and proceed with a symmetry
analysis. To identify the axis of the phase diagram in
Fig. 4, a generating function for the disorder average over
products of N retarded single-particle Green’s functions
is needed. This is done using the supersymmetric (SUSY)
formalism in Secs. II B and II C. The flows in Fig. 4 to or
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FIG. 4. Global phase diagram for random Dirac fermion defined by Egs. (2.12), (2.13), (2.14), (2.23), and (2.29). (a) Flows
of the coupling constants close to the clean Dirac point (the origin denoted by an open circle). Along the boundaries D and
All, g, = 0 can be imposed in a consistent way, for the boundaries D and AII are RG separatrix [see Eqgs. (2.64) and (2.66)].
Away from these boundaries, g, grows and we have projected the flows onto the g, = 0 plane assuming that g, ~ 0. In the
region denoted BDI of the phase diagram, there exists a line of (nearly) critical points denoted by a dashed line as a result of
Eq. (2.59b). This line of (nearly) critical points is perturbatively stable under the RG flow (2.63). In the region denoted CII of
the phase diagram, there exists a line of (nearly) critical points denoted by a dashed line as a result of Eq. (2.62b). This line of
(nearly) critical points appears to be perturbatively unstable under the RG flow (2.65) when the approximation g,, =~ 0 holds.
(b) Infrared flows dictated by Eq. (2.63) close to the clean Dirac point at fixed g,, > 0. The slopes of the flows on the BDI
boundaries gry, m grem = 0 have changed compared to the case when g, = 0. (c) Infrared flows dictated by Eq. (2.65) close to
the clean Dirac point at fixed g,, when g,, > ¢/, with ¢ := i & Grem and gy > |g”|. The slopes of the flows on the CII
boundaries giy, m 9rem = 0 have changed compared to the case when g, = 0. Moreover, because of the condition g, > g,
the RG flows in the quadrant CII are towards the surface defined by the dashed line of (nearly) critical points (the ¢/, axis)
and the out-of-plane g,, axis. The plane gy, ,,/ - g,» With gg.,,» = 0 and g,, > 0 and the plane gg.,, - 9, With gy, ,,» =0
and g, > 0 are always unstable under the one-loop flow (2.65). (d) Infrared RG flows after Eq. (2.65) in the surface defined
by the g’ axis as horizontal axis and the g,, axis as vertical axis for fixed ¢/, of the quadrant CIL.
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away from the nearly-critical line follow once it is shown  SO(1,2). The unit 2 x 2 matrix p, and the three Pauli
in Sec. IID that the SUSY generating function defines a  matrices (p1, pa, p) are reserved for the two-dimensional

gl(2N|2N), _, SUSY Thirring model studied in Refs. 55  flavor subspace.
and 56. This kinetic energy has two interesting properties.
First, it anticommutes with the 4 x 4 unitary and Her-

mitian matrices

A. Definitions
Cri=p3@0y, G0 =CC =+C,C =1,

Common to all the aforementioned microscopic exam- Cy 1= py ® 0y, CQC; =CyCy=—CyC5 =1
ples is the existence of 4 Fermi points at the relevant
Fermi energy around which linearization in momentum

. ’ (2.2)
Cs 1= py @ 03, C3Cs = (305 = +C3C5 = 1,

space yields the continuum Dirac kinetic energy C,:=p, ® 0s, 6461 =C,C,=+C,Ch = 1.
00 Q p Second, the operations on K consisting in the momentum
K - 00p0 inversion p — —p, complex conjugation, and matrix mul-
v P tiplication from the left and from the right by the 4 x 4
p 000 (2.1) unitary and Hermitian matrices
_ 0 0xPz + Oy, ; .
=\owptop, 0 To=p®o, LT =TT =+T T =1,
=p1 @ 01py + P @ Oy Py, Ty = po @ 09, LT =TT =-TT =1, (2.3)
up to a unitary transformation. Here, the momentum T3 = py ® 09, Ts 7§T =T3T3 =-T3T5 =1,

p = (pz',py) = (p;,po) is measured relative to ‘Fhe Ty = py ® 0y, 7;72‘ =TT =-T.T7 =1,
Fermi points at the band center. The complex notation

p =p, —ip, and p = p, +ip, is occasionally used for all yield K again. For any i¢,7 = 1,--- , 4, the property
conciseness. The unit 2 X 2 matrix o, and the three Pauli

matrices (0q,0,,04) are reserved for the spinor indices of C, K(p)C, = —K(p), (2.4)



that we will call (abusively) chiral symmetry (chS), is
compatible with the property

T; K*(=p)T; = K(p), (2.5)
that we will call TRS, if and only if
€. T;]=0. (2.6)

In this paper, we shall assume that the lattice model
from which IC(p) emerges imposes the chiral symmetry
generated by

C=¢. (2.7)
This chiral symmetry commutes with

T=T, (2.8)
and with

T=T,. (2.9)

(Observe that 7 and 7' anticommute. They are not
compatible.) This leads to two possible forms of TRS, ei-
ther the one appropriate for particles with integer isospin
when

TN =+T

is imposed as a symmetry, or the one for particles with
half-integer isospin when

T/T — _T/

is imposed as a symmetry. Again, the choice between T
and 7" is dictated by the underlying lattice model.

The most general static random potential that anti-
commutes with C is of the form

0V
v= (),

(2.10)

(2.11)

(2.12a)
V=04, + 0,45 + 05Ms + 0y M,
where the complex-valued
Ay =ay —iad},
4y = ay — iy, (2.12b)

. I
My = —mg —ims,
PR
My = mg —imy,
represent sources of (static) randomness, i.e., complex-
valued functions of the space coordinates r € R?. (The
unusual sign conventions is chosen to make contact with

the notation of Ref. 56.) It yields the random Dirac
Hamiltonian

H(r) = (K+V)(r)
_ 0 D(r)
o (DT(’P) 0 )

= —ip,®0,0; —ip ® 0y 0,
1 ®0yay(r) +py @ 0y ay(r)
+py ® 01 a1(r) + py ® 0y ah(r)
— p1 @ o3my(r) + py @ 0g mg(r)
+ py @ o3 mi(r) + py ® 0 Mg ().

(2.12¢)

By construction, Hamiltonian (2.12c) is a member of the
ATIT symmetry class (chiral-unitary symmetry class) of
Anderson localization in two dimensions.

When the disorder (2.12b) is restricted to

A, = —ia), € iR, My = —mz € R, My = —im, € iR,
(2.13a)

the random Hamiltonian (2.12c) reduces to

H(r) = —ip; ® 0, 0) —ip; ® 0y 0y

+ py ® 0y ay (1) + py @ 05 az(r) (2.13b)
— p1 ®ogmg(T) + py @ a9 mg(T)
and hence is invariant under the time-reversal
TH*(r)T = H(r), T :=ps 0., (2.13¢c)

for any realization of the disorder (2.13a). Accordingly,
this Hamiltonian is a member of the BDI symmetry class
(chiral-orthogonal symmetry class) in Anderson localiza-
tion.

On the other hand, when the disorder (2.12b) is re-
stricted to

A, = —id), € iR, My = —imj € iR, My =my € R,

(2.14a)
the random Hamiltonian (2.12¢) reduces to
H(r) = —ip, ® 0,0, —ip; ® 050,
+py ® 0y ay (1) + py @ 05 a3(r) (2.14b)

+ py @ a3 my(r) + py @ 0 mo(r)
and hence is invariant under the time-reversal

T'H ()T =H(r), T = py @0y, (2.14c)
for any realization of the disorder (2.14a). Accordingly,
this Hamiltonian is a member of the CII symmetry class
(chiral-symplectic symmetry class) in Anderson localiza-
tion.

The BDI case (2.13) can be derived as the con-
tinuum limit of a real-valued, nearest-neighbor, spin-
independent, and random hopping model on a bipartite
lattice; the honeycomb lattice of graphene or the square
lattice with a 7-flux phase say.’* The four-dimensional
subspace associated to the p’s and o’s originates from the
2-sublattices structure and the 2 non-equivalent Fermi
points at the band center. The electronic spin plays here
no role besides an overall degeneracy factor as spin-orbit
coupling is neglected. In the context of graphene, the
random fields a} and af, are called ripples [see Fig. 3(c-
d)],™ while the random masses my and m, are smooth
bond fluctuations about the Kekulé dimerization pattern
of the nearest-neighbor hopping amplitude [see Fig. 3(a-
b)].” In the context of the 7-flux phase, the random
fields @} and af, are smooth fluctuations of the nearest-
neighbor hopping amplitudes about the two wave vectors
for the two independent staggered dimerization patterns,
while the random masses m4 and m, are smooth bond



TABLE II. Symmetry conditions on the static random fields
in the Hamiltonian (2.12). For the symmetry classes D and
All, M3M, = 0 must hold.

AIII BDI CII D All
A a; —ia} —ia} —ia} 0 0
Ay ay — iab —iak —iah 0 0
Ms —msg — im4 —myg —ims —myg —ims
M, mg — img —imyg m —imyg m

fluctuations about the two independent columnar dimer-

ization pattern.”® The CII case (2.14) can be derived as

the restriction to a two-dimensional boundary of a dis-

ordered, three-dimensional Z,-topological band insulator

in the chiral-symplectic class of Anderson localization.!!
When the disorder is restricted to

A, =0, My = —mg € R, My, =0, (2.15a)
we observe that Hamiltonian (2.12¢) reduces to
H=p, ®D, (2.15b)
with
D = DT, o1D*01 = —D, (2.15c¢)

and can be thought of as a random Hamiltonian belong-
ing to the symmetry class D (BdG Hamiltonians with
both time-reversal symmetry and spin-1/2 rotation sym-
metry broken) in Anderson localization, for #H is then
unitarily equivalent to

D 0
0 -D
with the unitary transformation (py +ipy) ® 0y/V/2.
Finally, when the disorder is restricted to

(2.15d)

A, =0, M, =0, My, =myeR,  (2.16a)
we observe that Hamiltonian (2.12¢) reduces to
H=p,®D (2.16b)
with
D=D'  o,D'0y=D, (2.16¢)

and can be thought of as a random Hamiltonian belong-
ing to symmetry class AII (a spin-1/2 electron with time-
reversal symmetry but without spin-rotation symmetry)
in Anderson localization, for H can then be brought to
the block diagonal form (2.15d) by the same unitary
transformation used to reach (2.15d).

All four symmetry conditions are summarized in Ta-
ble II. The defining conditions on classes D and AIl
can be made slightly more general than in Eqs. (2.15a)
and (2.16a) as will become clear at the end of Sec. I1C.

B. Path integral representation of the
single-particle Green’s function

In Anderson localization, physical quantities are ex-
pressed by (products of) the retarded (+in, n > 0) and
advanced (—in) Green’s functions

GRAE) =

At the band center £ = 0, the retarded and advanced
Green’s functions are related by the chiral symmetry
through

(E+in—H)™* (2.17)

CGRE=0)C=-GE=0).
Hence, any arbitrary product of retarded or advanced
Green’s function at the band center equates, up to a sign,
a product of retarded Green’s functions at the band cen-
ter. From now on we will omit the energy argument of
the Green’s function, bearing in mind that it is always
fixed to the band center E = 0.

Because of Eq. (2.18), it suffices to introduce functional
integrals for the retarded Green’s function defined with
the help of the SUSY partition function

(2.18)

Z =Ly X Ly,
Zyp = /D[D_OX] exp (i/dQTP_((m_ H) X> 7 (2.19a)

Zy ::/D[é_@]exp (i/dQTf(in—H)é)-

Here, (X, x) is a pair of two independent four-component
fermionic fields, and (&,&) is a pair of four-component
bosonic fields related by complex conjugation. For any
n >0,

Z =1 (2.19b)
holds. The matrix elements of the retarded Green’s func-
tion can be represented as

iG"(r,r') = (x(r)x(r)) = (E(r)E(")

with (---) denoting the expectation value taken with the
partition function Z.

We now perform the change of integration variables
from Y, x to ¥* at ., 1/) , 1, in the fermionic sector and
from &, ¢ to 2, B ﬁ B in the bosonic sector where
a=1,2 and,

(2.20)

X = \/——(WT P —ihy —ivhy),
X = —(‘f'“/’mL 'Hwﬁ Py 2/’1) s
\/2_
2.21
E=—— (B 6 ~ify ~iBy)., o
\/— 2 2
= ¢12_7T( ig?t —ipt g, )T



Any correlation function such as the retarded Green’s
function (2.20) is, under this or any similar change of in-
tegration variable, to be computed with the SUSY par-
tition function

Dw Dy DE D¢

X exp ( / &2 7 X (i, ) (in — M) x(&,w) (2.22)
X exp (i/d%é(ﬁ,ﬁ) (in — H)é(ﬁ,ﬁ)) :

The message conveyed by Eq. (2.22) is that we are free to
relabel all integration variables in Eq. (2.19a) indepen-
dently from each other, provided the correct book keep-
ing with the integration variables in the convergent path
integral (2.19a) is kept. In this context the symbols ~ and
1 on the right-hand side of Eq. (2.21) are only distinctive
labels, i.e., here they are not to be confused with complex
conjugation. The change of integration variable (2.21) is
made to bring the effective action to a form identical to
that found in Ref. 56 in which important symmetries®® of
the partition function in the limit 7 = 0 become manifest.
We also introduce

a=a, —iay =Re A, —iReA,,
/ / - ! .
a =aj —ia,=—-ImA; +iImA,,
1 b2 1 "2 (2.23)
m = mg — img = —Im M, + i Re Mj,
m' = my — imj = Re My + i Im Mj,
and their complex conjugate @, a’, m, and m’, in terms

of which symmetry class BDI is defined by the conditions

a=0, a €C, m € C, m =0, (2.24)

while symmetry class CII is defined by the conditions

a=0, a €C, m =0, m' €C. (2.25)

The boundary

/

a=a =0, Rem =0, m' =0 (2.26)

between the symmetry classes BDI and AIIl belongs to
symmetry class D. The boundary

a=ad =0, m =0, Imm' =0 (2.27)

between the symmetry classes CIT and AIIT belongs to
the symmetry class AIL. All four symmetry conditions are
summarized in Table III. The defining conditions on the
symmetry classes D and AIl can be made slightly more
general than in Eqgs. (2.26) and (2.27) as will become
clear at the end of Sec. I1C.

With these changes of variables, the partition function
7 = Zyp X Zy at E =0 can be written as

Ze= [ Dl ot b e (= [ (e 27)).
Zy = [P35 B e~ [ (2o +£7)).

(2.28)

TABLE III. Symmetry conditions on the static random fields
in the generating function (2.28).

ATIT BDI CII D ATl
a a; —iay 0 0 0 0
a ay —iah a} —iah a} —iab 0 0
m mg —imsg Mgy — iMms3 0 moms = 0 0
! ! - U ! - ! i !
m’ mg —ims3 0 my — 1Mms3 0 momsz = 0

with the effective action for the fermionic part given by

2

o= 0 20— i1 at ],

2 ~
+9*T 20 —i(-1)%a+a']y,  (2.28b)
+ [m+ (1) /] 92T,
+ [+ (—1) i ] o, }
and
ﬁiﬂ = n (&”d’ﬂ + " TP — 4y, — wzqzl) , (2.28¢)

2T
and the bosonic part of the effective action given by

2

1 . _
L =0 ; { A [20 —i(~1)*a +d'] B,
+ 68720 —i(—-1)*a+a] B, (2.28)
+ [m+ (=1)*im/] 518,
+ [m+ (=1)* i’ B“ﬂa}
and
con— % (=342 — M2 — B8, — BuBy), (2.28¢)

where 20 = 8y — ids and 20 = 8y + i02. The asymmetry
between fermions and bosons in £ and Ly, a conse-
quence of the asymmetry between the ¢’s and §’s on
the right-hand side of Eq. (2.21), is the price to be paid
in order to make a GL(2|2) supersymmetry of Lp + L
explicit, as is shown in Refs. 55 and 56.%%

The N-th moment of the retarded single-particle
Green’s function evaluated at the band center is obtained
by allowing the index a to run from 1 to 2N in Eq. (2.28).

C. Phase diagram

We now assume that the disorder potentials are white-
noise correlated following the Gaussian laws with vanish-
ing mean and nonvanishing variances

wEwr') = g, 02 (r—7r'). (2.29a)



TABLE IV. Symmetry conditions on the (positive) variances
of the static random fields from Table II1. For symmetry class
D, gremmmm = 0. For symmetry class All ggq s Gimm = 0-

ATIT BDI CII D AIl
JRea 0 0 0 0
Jima 0 0 0 0
9Rea’ YRea’ 9Rea’ 0 0
9tma’ 9tma’ 91ima’ 0 0
9Rem 9Rem 0 9Rem 0
Jimm Jimm 0 9imm 0
9Rem’ 0 9Re m’ 0 IrRem’
Y1m m! 0 Y1m m/ 0 Y1m m/

Here, 6 (r — ') is the two-dimensional delta function,
(--+) represents disorder averaging,

w e W :={Rea, Ima, Red’, Imad/,

Rem, Imm, Rem/, Imm’},

(2.29b)

and the disorder strengths g, are all positive. We shall
treat symmetry class BDI defined by

9Rea = 91ma = IRem’ = JImm’ = 0 (230)
and symmetry class CII defined by

9Rea = YIma = YRem = IImm = 0. (231)
Their boundaries

0= 9Rea = YIma = YRea’ = YIma’ (232)

=9Rem’ = YImm’ = YRem

and

0= 9Rea = Yma = YRea’ = YIma’ (233)

~Y9Rem = 9mm = JImm’

to symmetry class AIIl are in symmetry class D and in
symmetry class All, respectively. All four symmetry con-
ditions are summarized in Table IV. The defining condi-
tions on classes D and AIl can be made slightly more
general than in Eqgs. (2.32) and (2.33) as will become
clear shortly.

The phase diagram for the random Dirac fermions de-
fined by Eqgs. (2.12), (2.13), (2.14), (2.23), and (2.29)
belongs to the 8-dimensional parameter space

Qam = {9, €R[0< g, <00, we W} (2.34)
with the origin representing the clean limit. Imposing on
Q4 qq the constraints summarized in Table IV yields the
4-dimensional subspaces

Qppr C Qanms Qe C Qs (2.35)
and the one-dimensional subspaces
Qp C Qs Qan C Qur- (2.36)
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We are going to analyze the phase diagram and the pro-
jected RG flows of its couplings through two-dimensional
cuts in € ,; which we will depict with Fig. 4. All those
cuts belong to the 6-dimensional subspace

QJ_ = {gw € QAIII| 0= YRea = gIma}' (237)
The cuts will involve a plane with the variance of the
gauge potential a’ set to either zero in Fig. 4(a) or a
nonvanishing value in Figs. 4(b) and 4(c). We shall also
represent the effect of the RG flow to strong coupling of
the variance of a’ on the coupling ¢ = g1 — Irem’
in Fig. 4(d).

To this end, we observe that the quadrant

(2.38)

YRem > Oa Itmm > Oa

belongs to symmetry class BDI in Fig. 4(a). The quad-
rant

(2.39)

9Rem < 07 Itmm < 07

in Fig. 4(a) belongs to symmetry class CII as we now
demonstrate. This is expected from the fact that mg 5
present in the CII model is the imaginary counterpart of
mg,3 present in the BDI model.

We begin with the Lagrangian (2.28b) on which we
perform the transformation

@21‘ — _1/;21‘7 152 — _152- (2.40)
Under this transformation

2 B 2
D (=DM, =y gty
a=1 a=1

2 B 2 B
D (=DM, =y gty
a=t a=t (2.41)

2 2
Do, = Y (-1,
1 a=1

) .
Do, = Y (-1,
a=1 a=1

while all other terms in Lagrangian (2.28b) remain un-
changed. We conclude that Lagrangian (2.28b) remains
unchanged by combining transformation (2.40) with the
transformation

Rem +— iRem/, Imm +— ilmm/. (2.42)

As the same argument carries through in the bosonic
sector by combining transformation (2.42) with

B — -, Ba = —PBa, (2.43)
we conclude that a disorder realization in symmetry class
CII is obtained from the analytical continuation (2.42)
of a disorder realization in symmetry class BDI when



n = 0 [£y and Lf are not invariant under the trans-
formations (2.40), (2.42), and (2.43)]. Upon disorder av-
eraging, the analytical continuation (2.42) amounts to
mapping the CII quadrant

(2.44)

9Rem’ > Oa 9imm/ >0

one-to-one into the quadrant (2.39) through the mapping

(2.45)

IRem’ " “YRems YIimm’ 7 “Jimm>

that relates the positive variances ggp.,,, and gp, ,,,/ in
symmetry class CII to the negative variances gg.,, and
Gt m- The remaining quadrants in Fig. 4(a)

0< 9Rem> 0> Itmm = (246)

“IImm’

and

(2.47)

O>chm:_gRCm’7 O<gImm

belong to symmetry class AIII as their corresponding dis-
order potential p, ®@ (0ymy + o3mf) and p; @ (comf —
o4m3) are not invariant under neither the time-reversal
operation 7 nor the time-reversal operation 7.

The one-dimensional boundary

0= YRem> 0< 9imm (248)
of the BDI quadrant,
0< 9Rem> 0< 9tmm> (249)

belongs to symmetry class D according to Eq. (2.32). The
one-dimensional boundary

0< 9Rem’» 0= 91mm’ (250)

of the CII quadrant (2.44) belongs to symmetry class ATl
according to Eq. (2.33). The one-dimensional boundaries

(2.51)

O<gRem7 O:glmm

and

0= 9Re m’>» 0< 9t m’ (252)

also belong to symmetry classes D and AlI, respectively,
as follows from the mirror symmetry about the line

R> IM = 9Rem = YImm- (253)

To derive this mirror symmetry, one observes, when 1 =
0, the invariance of the generating function (2.28) under
the combined transformations (a = 1, 2)

’JjaT — ’JjaTu ’Jja - ’Jjaa

1/}aT — _iq/}aTv wa — +iq/}a7

7Aat —a _ _

/8 —>ﬂ T? ﬁa_)/gav (254)
BaT — _iﬁaTu Ba — +iﬁa7

Rem — Imm, Imm — —Rem,

Rem’ — Imm/, Imm’ — —Rem/.
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However, the signs of the random fields Rem, Imm,
Rem’, and Imm’ are innocuous after disorder averaging,
for these fields are Gaussian distributed with a vanishing
mean according to Eq. (2.29). Hence, a mirror symmetry
along the vertical axis in Fig. 4(a) must hold.

The RG flows along the boundaries D and All are
known and shown in Fig. 4(a). In symmetry class D, the
RG flow is to the clean Dirac limit (see Refs. 69, 70, 71, 49
and 77), while the RG flow is to the metallic fixed point
in symmetry class AII (see Refs. 51, 66, and 67).7%7 The
random vector potentials a; — ia} and a, — iaf. are not
generated under the RG on the boundaries D and AII.

The RG flows away from the boundaries D shown in
Fig. 4(a) are consistent with the fact that the line (2.53)
is a stable line of nearly-critical points in the BDI quad-
rant. As we show below, they also follow from a one-loop
stability analysis summarized in Fig. 4(b). The RG flows
away from the boundaries AII shown in Fig. 4(a) are a
more subtle matter. They are drawn to be consistent
with the fact that the nearly-critical line (2.53) appears
to be unstable in the CII quadrant of Fig. 4(a) when the
approximation g,, ~ 0 is used. However, as we show
below, relaxing this approximation and allowing the RG
flow to reach length scales such that g, becomes suffi-
ciently large changes the flow depicted in Fig. 4(a) to
that depicted in Fig. 4(c). This change is a consequence
of the flow depicted in Fig. 4(d).

D. The plane R 3 g3y = gresn = G1mm and g, >0

Consider the line (2.53) in Fig. 4(a). By combining the
results of Refs. 55 and 56 with the results of Sec. IIC,
we are going to show that this line is a line of nearly-
critical points. To this end, we shall assume that rotation
symmetry is preserved at the statistical level. This means
that we can assume

9rRea = Y1ma = Ya» YrRea’ = 9ma’ = Y9a’- (255)

1. The plane IM = 9Rem = JImm > 0 and 9o’ > 0

We begin with the plane

0< IM = Yrem = Iimm> 0 S Ya’s (256)

in Fig. 4 along which the generating function for the av-
erage retarded Green’s function, which is nothing but the

1c:?1(2|2)k:1 Thirring model studied in Refs. 55 and 56. In-
deed, by setting n = 0 in Eq. (2.28) and integrating over
the random potentials, one finds the partition function

Zaicai), = /DW’%W’@ P (_Sa@ml) ’

- dzdz ga/ gM
Saar, = 50 +/ omi (277 O + EOM) » (2.57a)
Oa/ = _']Ié (_l)A jE]33 (_1)B7

Oy = —JXTg (-D)™.




The action

dzd

So= / 4mi

(2 =ry —iry, 2 = 1y +iry) is the action in Eq. (2.28)
without disorder when 7 = 0. The capitalized index A =
1,--+,4 carries a grade which is either 0 for A =1,20r 1
for A = 3,4. It is the grade of the indices A and B that
enters expressions such as (—)* or (—)AB. The grade 0
(1) thus corresponds to the bosons (fermions).8® We are

using the summation convention over repeated indices
A,B=1,---,4. We also have defined the supercurrents

TR = ant TR = ™

where A,B = 1,---,4 and 9,, @A, 2, and AT now
denote bosons for A = 1,2 and fermions for A = 3, 4.
(By allowing the graded indices A and B to run from 1
to 4N, we can compute the N-th moment of the retarded
single-particle Green’s function.)

Observe that the integration measure in Eq. (2.57a)
and the free action (2.57b) are both invariant under the
local chiral GL(2|2) x GL(2|2) transformation

(P20, +921209,)  (2.57b)

(2.57¢)

AT — PBILTEA, p = L g (2.58a)

and

WA = PTRTEY gy = RPYp (2.58b)
for any anti-holomorphic L(Z) and holomorphic R(z) in
the fundamental representation of GL(2]2). The trans-
formation law of the currents under (2.58a) and (2.58b)
is
JE =5 REIPRE, JB S LCIPLTE. (2.58¢)
Hence, the Thirring model (2.57) is invariant under
the global diagonal subgroup of the global transforma-
tion (2.58a) and (2.58b) defined by choosing
R=1L (2.58d)
in Egs. (2.58a) and (2.58b) to be independent of space. It
can be shown that the 7 term responsible for the conver-
gence of the integrals in the bosonic sector that has been
neglected so far breaks this symmetry down to the sub-
supergroup OSp(2/2).12 In fact, the symmetry-breaking
pattern GL(2|2) — OSp(2|2) occurs due to superfield
bilinears acquiring an expectation value with the conse-
quence of a diverging density of states (DOS) at the band
center.5%:56
The (infrared) beta functions for the couplings g, and

gy have been computed non-perturbatively in Ref. 55.
They are®!

g 1 o )
Jor = dl T \1+gy/7

(2.59a)
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and

dgm
Observe that the coupling constant 0 < gy, does not
flow (we emphasize that this is a non-perturbative result)
while the coupling constant g,, flows to strong coupling
even when it is initially zero. This is what is meant with
the statement that the plane defined by Eq. (2.56) (and
its projection onto a half-line) is nearly-critical, for all
correlation functions of fields that are unaffected by the
flow of g,, are critical. The half-line (2.56) in Fig. 4(a)
belongs to the 2-dimensional symmetry class BDI in the
10-fold RMT classification of Anderson localization (see

Refs. 12-14 and Appendix B).

2. The plane gyy = Grem’ = Jimme => 0 and g,» >0

We continue with the plane

Gor >0, (2.60)

IM’ = 9Rem’ = IImm/ > 07

in Fig. 4. The half-line obtained from the constraint
g, = 0 is also a line of nearly-critical points that now
belongs to the two-dimensional symmetry class CII in
the 10-fold RMT classification of Anderson localization
(see Refs. 12-14). Indeed, the counterpart to Eq. (2.57)
is

S t b ot b _s-
Zaicer, /DW’ O dlexp (<S5, )
- dédz ga/ gM/
Sael), _SO+/ 9 (EOG’_ o OM)’ (2.61)

Oa’ = _']Ié (_l)A jE]33 (_I)Bv
OM = _JEJBA(_l)Av

as follows from the analytical continuation g,; — —gyp
of Eq. (2.57) or by explicit integration over the random
potentials in Eq. (2.28) with n = 0, whereby one must
account for the extra imaginary number multiplying the
random mass m’ for symmetry class CII relative to the
random mass m for symmetry class BDI in Eq. (2.28).
Correspondingly, the counterparts to Eq. (2.59) are

1 gM/ 2
=— | — 2.62
o () e
and
ﬂng =0 (2.62b)
where one must impose the condition
0 S gM/ <7 (2.62C)

to avoid the pole in the beta function for g,,.



E. Conjectured RG flows in Fig. 4

We are now going to justify why we have conjectured
the RG flows depicted in Fig. 4. More precisely, we make
the following claims.

e The boundaries D and AII in the plane g,, = 0 are
RG separatrix.

e The plane defined by the dashed line in Fig. 4(a)
and the out-of-plane g, axis is a stable nearly-
critical plane in that all RG trajectories from re-
gion BDI or CII, except the fine-tuned RG flows
along the separatrix D and AIl, reach this plane
asymptotically in the infrared limit.

e The rational to deduce from one-loop flows non-
perturbative flows is that the anomalous scaling
dimension of the operator that couples to the asym-
metry coupling g_ = gre., — Jim m it the quadrant
BDI or ¢ = grems — Gimm 10 the quadrant CII
is known to all orders in g,, on the nearly-critical
plane.

To substantiate these three claims, we treat first the
BDI case and then the CII case.

The stability analysis in region BDI of Fig. 4 is deter-
mined by the one-loop RG equations®?

_9i-g

By, y—

B,. & (2.63a)
CAx’

g —_loston)g

9- 47 ’

where

(2.63b)

91 = Gtmm £ IRems 9+ > 9|

These one-loop flows must respect the conditions g,, > 0
and g, > [g_|in order to represent the effects of disorder
on the underlying microscopic Dirac Hamiltonian and are
valid in the close vicinity to the clean Dirac point g, =
g4 = g_ = 0 denoted by an empty circle in Fig. 4(a). In
the regime g,, = 0 and g,,g_ < 1, the line defined by
any one of the two boundaries D from Fig. 4(a) becomes
the separatrix of the Kosterlitz-Thouless flow

__9=
TS (2.64)
9+9—
By =~ 47

In Fig. 4(a), we plotted the Kosterlitz-Thouless
flows (2.64) which accurately capture the flows (2.63)
when g,, =~ 0. However, in the region BDI defined by the
condition g, > |g_|, the variance g,, flows to strong cou-
pling and the RG flows follow three-dimensional trajec-
tories. We depict them by using two-dimensional cuts in
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Fig. 4(b). The perturbative flows in the region BDI from
Eq. (2.63a) after projection to a plane with g,, fixed to a
nonvanishing value are depicted in Fig. 4(b). These flows
capture the instability of the BDI boundaries gg,,,, > 0,
Itmm = 0and gpe., = 0, Grm ,m > 0 to an infrared flow to-
wards the nearly-critical plane g_ = 0.83 It can be shown
by adapting some nonperturbative results from Ref. 55
that the beta function for the coupling g_ holds to all or-
ders in g,, and to linear order in g_.** Hence, we conjec-
ture that the infrared flows are from the BDI boundaries
to the nearly-critical plane spanned by the dashed line
and the out-of-plane axis g,, in Fig. 4(b) for the entire
quadrant BDI.

The stability analysis of the region CII of Fig. 4 is
determined by the one-loop RG equations®?

g+ g—
ﬁ ="
By, 9* (2.65a)
47T
(9% = 92) 9"
BQL - + 47T b

where

g;: = gImm’ ichm” gir Z |g/7| (265b)

These one-loop flows must respect the conditions g,, > 0
and g/, > [¢" | in order to represent the effects of disorder
on the underlying microscopic Dirac Hamiltonian and are
valid in the close vicinity to the clean Dirac point g, =
gy = g = 0 denoted by an empty circle in Fig. 4(a). In
the regime g,, = 0 and ¢, ,¢’ < 1, the line defined by
any one of the two boundaries AII from Fig. 4(a) becomes
the separatrix of the Kosterlitz-Thouless flow

9”
Bg/ - +_7
’ éjfg, (2.66)
_ 949
By =+ 4

In Fig. 4(a), we plotted the Kosterlitz-Thouless
flows (2.66) which accurately capture the flows (2.65)
when g, =~ 0. However, in the region CII defined by
the condition g/, > |¢’ |, the variance g,, flows to strong
coupling and the RG flows follow three-dimensional tra-
jectories. We depict them by using two-dimensional cuts
in Figs. 4(c) and 4(d). The perturbative flows in the re-
gion CII from Eq. (2.65a) after projection to a plane with
g, are depicted in Fig. 4(c). These flows capture the in-
stability of the CII boundaries gg,,,,, > 0, g1y = 0 and
Irem' = 05 Grmme > 0 to any g,, > 0.5% Moreover, these
flows also capture an infrared flow towards the nearly-
critical plane ¢’ = 0 due to a reversal in the direction
along the ¢’ axis of the infrared flows caused by the
growth of g, as is depicted in Fig. 4(d). It can be shown
by adapting some nonperturbative results from Ref. 55
that the change in the sign of the beta function for the
coupling ¢’ holds to all orders in g, and to linear or-
der in g’ .8* Hence, we conjecture that the infrared flows



are from the CII boundaries to the nearly-critical plane
¢" =0 in Fig. 4(c) for the entire quadrant CII.

IIT. PROJECTED THIRRING MODEL

If we are only interested in correlation functions that
are not affected by the flow to strong coupling of g,,,
we can aim at setting g,, = 0 in Sec. II. A mathemati-
cally consistent way to achieve this is to replace the affine
Lie superalgebra gl(2|2), by its affine Lie subsuperalge-
bra ];/>s\1(2|2)1,85786 i.e., the gl(2]2), Thirring models (2.57)
and (2.61) are combined into the ;/);1(2|2)1 Thirring model
defined by

Zaormy, = | P00 Blewp (=55, ).

Sac, =%+ / d;dzz g—ﬁOM, (3.1a)
Oy = —JR TS (-D)*,
subject to the psl(2|2), constraints
0=J> ()% = T8 ()" (3.1b)
and
0=J3" = J5" (3.1¢)

along the now critical line g,; € R. The constraint (3.1b)
justifies setting g,, = 0. The sign of the variance g, dis-
tinguishes symmetry class BDI (gy; > 0) from symmetry
class CII (gy; < 0). The graded index A runs from 1
to 4N when dealing with the N-th moment of the single-
particle Green’s function.

IV. RELATIONSHIP TO A NLocM

So far, we have relied on a description of the global
phase diagram and, in particular, of the vertical dashed
line of nearly-critical points in region CII of Fig. 4 that
makes explicit the Dirac structure underlying the clean
limit of the theory. In this section, we shall seek an al-
ternative description of this line.

To this end, we first observe that we can derive a repli-
cated NLoM by integrating out replicated Dirac fermions
in favor of Goldstone modes as is done in Appendix A.
We find a replicated NLoM augmented by a term of topo-
logical origin, the 6 term at § = w. The same calculation
also applies to the supersymmetric formulation of the dis-
ordered system, yielding a 6 term at § = 7 for the NLoM
defined on the target manifold given in Eq. (4.4) below.

Without the 6 term at 6 = m, this NLoM was al-
ready derived starting from a different microscopic model
within the chiral symplectic symmetry class CII by Gade
in Ref. 87. This NLoM has two coupling constants ¢,
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and t_, that are positive numbers, in addition to the topo-
logical coupling 6 = 7. The labels of these couplings are
chosen to convey the fact that ¢,;, does not flow (Ref. 87)
whereas t,, does flow away from its value 0 at the Gaus-
sian fixed point (Ref. 87), by analogy to the flow of the
couplings ¢, and g, in Eq. (2.61), respectively. The
topological coupling does not flow, for it can only take
discrete values.

The question we want to address in this section is what
is the relationship between this NLoM with a 6 term at
0 = m and the Thirring model defined in Eq. (2.61). We
are going to argue that they are dual in a sense that
will become more precise as we proceed. To this end, we
shall rely on the SUSY description used to represent the
Thirring model defined in Eq. (2.61).

We begin by establishing the relevant pattern of sym-
metry breaking. The field theory (2.61) is a GL(2|2) prin-
cipal chiral model augmented by a WZNW term at level
k = 1 when the couplings g, = g, = 0.>° This means
that the theory at gy, = g,, = 0 is invariant under the
Symmetry supergroup

GL(2]2) x GL(2/2). (4.1)
The current-current perturbations for any g,;, > 0 in
Eq. (2.61) lower this symmetry down to the diagonal su-

pergroup

GL(2/2). (4.2)
In turn, the symmetry GL(2|2) can be further reduced if
fermion bilinears acquire an expectation value, as must
be the case if the global DOS is nonvanishing at the band
center due to the disorder. This is in fact what happens
if the analysis of Refs. 55 and 56 along the nearly-critical
line in the BDI quadrant of Fig. 4 is repeated for the case
at hand, with the remaining residual symmetry being
OSp(2[2). (4.3)
The Goldstone modes associated with this pattern of
symmetry breaking generate the supermanifold
GL(2[2)/05p(2[2), (4.4)
which is nothing but the SUSY target space for a NLoM
model in symmetry class CII (see Ref. 12 and Ap-
pendix B of this paper). The critical vertical dashed
line in quadrant CII of Fig. 4 arises from removing the
sector GL(1;R) x U(1) from the field theory (2.61). The
ensuing projected field theory is given by Eq. (3.1). The
corresponding operation on the target space (4.4) of the
NLoM for symmetry class CII yields the manifold®®

PSL(2]2)/0Sp(2]2) ~ PSL(2|2)/SU(2|1)
~U(2(2)/[U(1) x U(2[1)]

~Cp, (4.5)

We have used here the isomorphism between OSp(2|2)
and SU(2|1). By setting all fermionic coordinates to zero
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FIG. 5. (Color online) (a) Phase diagram for the SU(2) prin-
cipal chiral model with the coupling constant Agy(o) that is
(i) augmented by the WZNW term at level £ = 1 and (ii)
perturbed by a symmetry-breaking potential with coupling
h . The critical WZNW theory is at Agyy(o) = 1/k and is rep-
resented on the upper-left corner of the phase diagram by a
filled circle. The flow along the upper boundary of the phase
diagram is that of the marginally irrelevant current-current
perturbation. The lower-left corner of the phase diagram is
the Gaussian fixed point of the SU(2) principal chiral model
augmented by a WZNW term at level k = 1, it is depicted by
a filled hexagon. The lower-right corner of the phase diagram
is the Gaussian fixed point of the O(3) NLoM with 6 term
at 6 = m, it is depicted by a filled square. (b) Same as in
panel (a) except for the replacement of SU(2) by PSL(2|2)
and of SU(2)/U(1) by CP?"* under the assumption that there
is no more relevant perturbations than the exactly marginal
current-current perturbation at the upper-left corner of the
phase diagram. The left vertical boundary®®®% and the di-
agonal boundary®® are now lines of critical points (colored in
red). The diagonal boundary that connects the upper-left to
the lower-right corner is a line of critical points that is argued
to have a dual representation in terms of a Thirring model on
the one hand or a NLoM with a 6 term at & = 7 on the other
hand.

on this SUSY manifold, one obtains the bosonic subman-
ifold given by
Boson-Boson (BB)
(non-compact)
SU"(2)/Sp(2)

Fermion-Fermion (FF)
(compact)

x  SU(2)/SO(2). (4.6)

(The definition of the group U*(2) is given in Ap-
pendix D.) We close this symmetry analysis by recall-
ing® that the second homotopy group of the compact
part of the submanifold (4.6) is not trivial and given by

m5[SU(2)/SO(2)] = Z,. (4.7)

We are now going to argue that, under certain natural
assumptions detailed below, the vertical dashed line of
nearly-critical points in region CII of Fig. 4 is described
by a NLoM with a 6 term at § = 7 on the CP?I* target
space [Eq. (4.5)].

To understand what could prevent the identification of
the vertical dashed line of nearly-critical points as realiz-
ing the CP?I' NLoM with # term at # = 7, we are first
going to review the connection between the O(3) NLoM
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with the 6 term at § = 7w and the SU(2); WZNW field
theory perturbed by the current-current interaction.”’

The O(3) NLoM with #-term at # = 7 captures the
low-energy and long-wave-length excitations of antiferro-
magnetic spin-1/2 Heisenberg spin chains. This field the-
ory is related to the SU(2); WZNW field theory by per-
turbing the latter with a symmetry-breaking potential,
which has the effect of changing the target manifold of
the principal chiral model to that of the NLoM. (See Fig.
5.) When the WZNW model is near its weakly-coupled
ultra-violet (UV) Gaussian fixed point, the flow away
from this Gaussian fixed point is the strongest and brings
the theory into the vicinity of the weakly coupled (UV,
Gaussian) fixed point of the O(3) NLoM augmented by
a 6 term at 0 = 7. In the vicinity of the SU(2); WZNW
critical point, the symmetry-breaking potential reduces
to the marginally irrelevant current-current interaction
up to more irrelevant interactions (some discrete symme-
tries must here be invoked). When the coupling constant
of the SU(2) principal chiral model augmented by the
level & = 1 WZNW term is close to its critical value
1/k = 1, the symmetry-breaking potential generates RG
flows that drive the theory to the strongly coupled O(3)
NLoM with a € term at & = w. When the coupling
constant of the SU(2) principal chiral model augmented
by the level k =1 WZNW term is small, the symmetry-
breaking potential generates RG flows that drive the the-
ory very close to the Gaussian fixed point of O(3) NLeM
with a 6 term at §# = w. The envelope of all these RG
flows can be thought of as the RG flow from the Gaussian
fixed point of the O(3) NLoM with a 6 term at = 7 to
the SU(2), WZNW critical point.

The same argument can also be used to relate the prin-
cipal chiral models defined on the groups SU(N) and
SO(M + N), augmented by a k = 1 WZNW term, to
the NLoM with the target manifold SU(N)/SO(N) and
SO(M + N)/SO(M) x SO(N), respectively, when aug-
mented by a 6 term at § = 7. This argument is confirmed
by exact results obtained from Bethe-Ansatz integrabil-
ity for these NLoMs.42:91

On the other hand, when the level is larger than one
(for example, k > 1 arises from a fine-tuned half-integer
spin chain with spin larger than 1/2), the symmetry-
breaking potential permits (on symmetry grounds) the
appearance of terms more relevant than the current-
current interactions in the vicinity of the SU(2),.,
WZNW fixed point.”? Correspondingly, the flow of the
O(3) NLoM with a 6 term at § = 7 is not guaranteed
to reach the SU(2), ., WZNW critical point, but reaches
an intermediate fixed point describing the critical behav-
ior of the O(3) NLoM with the 0 term at 0 = 7 [see
Fig. 6(a)]. This also happens in the OSp(2|2)/GL(1]1)
NLoM with theta term at § = m describing the critical
behavior of the spin-quantum-Hall transition.?%:92

If we assume that no relevant or marginal interactions
other than the marginal current-current interaction are
allowed at the PSL(2]|2) WZNW critical point at level
k = 1 when the PSL(2|2) x PSL(2|2) symmetry of the
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FIG. 6. (a) Phase diagram for the SU(2) principal chiral
model with the coupling constant Agy;(») that is (i) augmented
by the WZNW term at level & > 1 and (ii) perturbed by a
symmetry-breaking potential with coupling A . The critical
WZNW theory is at Agy(2y = 1/k and is represented in the
phase diagram by a filled circle. The Gaussian fixed point
of the SU(2) principal chiral model augmented by a WZNW
term at level k > 1 is depicted by a filled hexagon. The Gaus-
sian fixed point of the O(3) NLoM with 6 term at = 7 is
depicted by a filled square. The fact that there are operators
more relevant than the current-current interaction induced
by the symmetry-breaking potential is indicated by drawing
a third axis in coupling space. This third axis quantifies the
running of the current-current coupling constant g.. that is
marginally irrelevant. The critical point of the O(3) NLoM
augmented by a 6 term at § = 7 is depicted by an open circle.
(b) Counterpart to Fig. 5(b) for the case of the WZNW model
on OSp(4n|dn) at level & = 1 perturbed by a symmetry-
breaking potential that projects this WZNW model to the
NLoM model in the symmetry class AII.

h=oc (b) 0

WZNW sigma model is lowered to its diagonal PSL(2|2)
upon introduction of the symmetry breaking potential (a
natural assumption for the level £ = 1 case under consid-
eration), then we obtain with Fig. 5(b) the desired rela-
tion between the PSL(2|2) WZNW theory perturbed by
the current-current interaction and the CP2!! principal
chiral model with 6 term at § = 7.9% By analogy with
the SU(2),., WZNW critical point, we do not expect
this assumption to be fulfilled when the level |k| > 1.

A similar projection from the WZNW model onto the
NLoM with theta term at § = 7 can also be implemented
for symmetry class AIl, in complete analogy with the
case of the projection discussed above from the WZNW
model to the NLoM in symmetry class CII. For the case
of symmetry class AIl, consider the WZNW model on
OSp(4n|4n) at level k = 1. In this case, the coupling con-
stant of the principal chiral model flows away from the
WZNW fixed point down towards the weakly coupled
model WZNW model [see Fig. 6(b)]. Now, we project
again to the NLoM model in the symmetry class AIl
with the help of the corresponding symmetry-breaking
potential. When this is done for the weakly coupled
WZNW model, this yields the weakly coupled NLoM in
class AIl, the Wess-Zumino term turning into a theta
term at @ = 7 on the AII target space [see Fig. 6(b)]. On
the other hand, the most relevant operator in the vicinity
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of the fixed point of the WZNW model on OSp(4n|4n)
at level £k = 1 which has the symmetries of the symme-
try breaking potential is the current-current interaction
between the Noether currents. Thus, the RG flow emerg-
ing from the unstable fixed point of the WZNW model
on OSp(4n|4n) at level k = 1 ends up in the infrared
at the weakly coupled NLoM in symmetry class AIl [see
Fig. 6(b)]. This is one way of understanding that the
NLoM in class AIl with the Z, term always flows to weak
coupling (as discussed in Refs. 66 and 67), for it simply
inherits this feature from the RG flow of the underlying
WZNW model.

In summary, based on this reasoning we argue that
the line of nearly-critical points in region CII of Fig. 4
(the vertical dashed line in region CII of Fig. 4) has
two descriptions; one in terms of the PSL(2|2) WZNW
model perturbed by current-current interactions, and one
in terms of the CP?I' NLoM at § = 7 (Z, topological
term). These descriptions are dual to each other in the
sense that, in the vicinity of the origin of our global phase
diagram in Fig. 4 the PSL(2|2) WZNW model is weakly
perturbed, whereas the CP2I" NLoM is strongly interact-
ing. On the other hand, for large values of the coupling
constant gy, of the current-current interaction about the
Dirac point, a measure of the distance downwards along
the dotted line away from the clean Dirac point at the
center of Fig. 4, the resulting Thirring model is strongly
interacting whereas the CP2I' NLoM is weakly interact-
ing. We recall that, because the coupling constant g
is exactly marginal, and so is the coupling constant of
the corresponding NLoM,®7 it is possible to continuously
interpolate between these two limits by tuning g, . (The
possibility of such a duality was also discussed, indepen-
dently and from a different perspective, in Ref. 62, 63,
and 64.)

V. DISCUSSION

A. 7, topological term in the symmetry class CII
of two-dimensional Anderson localization

A systematic study of random Dirac fermions in d-
dimensional space provides a road-map to uncovering
universal properties of Anderson localization. This is so
because random Dirac fermions build a bridge between
models for Anderson localization that are defined on lat-
tices — and thus are non-universal — and effective field
theories (NLoMs) that solely depend on the underlying
symmetries and dimensionality of space — and as such are
universal.

In one-dimensional space, Dirac fermions generically
emerge after linearization of the energy dispersion around
the Fermi energy in the clean limit. The effects of
weak static disorder are then elegantly encoded by a de-
scription of quasi-one-dimensional quantum transport in
terms of diffusive processes on non-compact symmetric
spaces.?* 9 This long-wave length description is suffi-



ciently fine to account for non-perturbative effects such
as parity effects in the numbers of propagating channels
in the chiral symmetry classes AIII, CII, and BDI.'?°
A parity effect can also be derived for the symplectic
symmetry class AIl in quasi-one dimension.'9%102 Al-
though the latter parity effect is not generic in quasi-
one-dimensional space because of the fermion-doubling
obstruction, it is generic on one-dimensional boundaries
of two-dimensional Z,-topological band insulators.!%3

Dirac fermions are the exception rather than the rule
in band theory when the dimensionality of space d is
larger than one. Fine-tuning between the lattice and the
hopping amplitudes is needed to select a linear energy
dispersion. There is a parallel to this fact in the context
of Anderson localization.

For example, in two-dimensional space, the symmetries
respected by the static disorder do not enforce of their
own the presence of WZNW or Z,-topological terms in
the NLoM effective long-wave length description of the
physics of localization.

Ludwig et al.?? (Nersesyan et al.?®) have shown that
non-perturbative effects can modify the localization
properties encoded by the two-dimensional NLoM with
a WZNW term in symmetry class AIIl when studying
the random Dirac Hamiltonian with N; =1 (N; > 1) fla-
vors. Analogous physics can appear in symmetry classes
DIII and CI in two spatial dimensions.'"17194 However,
because of the fermion-doubling obstruction, these con-
ditions cannot be met in purely two-dimensional lattice
models for Anderson localization.

On the other hand, they can always be fulfilled on the
two-dimensional boundaries of three-dimensional topo-
logical band insulators (that are characterized by an in-
teger topological index).!:18

A similar situation holds for the Z,-topological terms.
The number of Dirac flavors N; matters crucially to
obtain a Z,-topological term in symmetry class All as
shown by Ryu et al. in Ref. 51. In the present pa-
per, we have completed the derivation of topological
terms of two-dimensional NLaM by constructing the Z,-
topological term for a NLoM in symmetry class CII as
a sign ambiguity in the Pfaffian of disordered Majorana
spinors. Our derivation suggests that this Z,-topological
term cannot arise from two-dimensional local lattice
models of Anderson localization because of the fermion-
doubling obstruction, but requires a three-dimensional
topological band insulator with two-dimensional bound-
aries.

B. Global phase diagram at the band center

The main results of this paper are summarized in
Fig. 4. They apply to N; = 2 flavors of random Dirac
fermions.

Figure 4 should be compared with Fig. 9 from Ref. 22
that captures the phase diagram for N; = 1 flavors of
random Dirac fermions or, more precisely, with its pro-
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jection onto the plane g, = 0 in Ref. 22 (A, =0 in the
notation of Ref. 22). The phase diagram in Fig. 4 is also
obtained after projecting a three-dimensional flow along
a two-dimensional cut by fixing the value of the variances
of random Abelian vector potentials.

The three chiral phases AIIl, BDI, and CII in Fig. 4
meet at the origin of the phase diagram. This meeting
point realizes the clean Dirac limit. We showed that an-
alytical continuation of the disorder at the level of the
Dirac fermions allows one to move between the BDI and
CII phases. However, at the microscopic scale of the two-
dimensional lattice model that realizes the BDI phase,
this analytical continuation is meaningless. This is yet
another manifestation of the fermion-doubling obstruc-
tion. A realization as a local lattice model of the CII
phase in Fig. 4 must go through the two-dimensional
boundary of a three-dimensional topological band insu-
lator.

The quadrant BDI in Fig. 4 is fairly well understood
if we assume that the perturbative flows to the nearly-
critical dashed line extend all the way to the boundary
D. Bulk®® and boundary”® multifractality and an analytic
dependence of the conductance on the disorder strength
gy at the band center E = 058 are governed in the ther-
modynamic limit by their dependence on g,; along the
nearly-critical dashed line.

The dashed line in region CII of Fig. 4 is a line of
nearly-critical points, each of which is captured by a pro-
jected Thirring model. We have argued that the strong
coupling regime of this theory is “dual” to a weakly-
coupled NLoM augmented by a Z, topological term with
the target space of symmetry class CII.

We would like to emphasize that the RG flows in the
CII quadrant of Fig. 4, first away from and then to the
nearly-critical plane defined by the dashed line and the
out-of-plane g,, axis, are perturbative in ¢/, (nonpertur-
bative in g, ). They are derived under the assumption
that no relevant or marginal interactions other than the
current-current interactions are allowed. The continu-
ation of these flows to strong coupling is a conjecture.
At strong coupling, it is tempting to ask if these two-
parameter flows might be captured by a NLoM. Evi-
dently, a NLoM with a symmetric target space will not
do since it would only be characterized by one running
coupling constant. A NLoM on a homogeneous but not
symmetric target space with two independent coupling
constants in addition to the Gade term would do. (We re-
fer the reader to Ref. 105 for a systematic study of NLoM
on Riemannnian manifolds, of which homogeneous and
symmetric spaces are special examples, as is explained
in the context of disordered systems in Ref. 106.) We
conjecture that this scenario might be captured by the
NLoM with the target space (n is an integer, see Ap-
pendix E)

GL(2n|2n)/[0OSp(n|n) x OSp(n|n)]. (5.1)
The situation here is analogous to the NLoM discussed in
Ref. 106 in the context of the random-bond Ising model in
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FIG. 7. (a) Global density of states (DOS) of a two-
dimensional disorder-free tight-binding model with sublattice
symmetry and an even number equal to or larger than 2 of
non-equivalent discrete Fermi points at the band center. The
dashed line is the global DOS of the corresponding disorder-
free Dirac fermions in two dimensions. (b) Effect of weak
disorder for symmetry class AIT without the Z, topological
term (the surface states of a three-dimensional time-reversal-
symmetric weak topological insulator), the symmetry class
relevant to the quadrant CII when perturbed by a finite chem-
ical potential. The band center is a critical energy at which,
according to Eq. (5.3), the global DOS diverges. This critical
energy separates two metallic phases.

two dimensions. The NLoM on the homogeneous target
space in Eq. (5.1) has two coupling constants [in addition
to the coupling constant of the “Gade” term (“projected
out” in our global phase diagram in Fig. 4), of the kind
that we previously denoted by g,  in the present paper].
The NLoM on this homogeneous space interpolates be-
tween the two NLoMs on the symmetric target spaces
corresponding to symmetry classes CII and AIl, which
are specific limits within the 2-parameter coupling con-
stant space of the NLoM on this homogeneous space (in a
manner analogous to the situation discussed in Ref. 106).

C. Weak breaking of the chiral symmetry in the
vicinity of the band center

The effects of a finite Fermi energy Ep on the physics
of localization for the quadrants BDI and CII in Fig. 4
are dramatic in that, in both cases, a finite Eyp breaks
the chiral symmetry.

Turning on a finite Fermi energy E} in the quadrant
BDI in Fig. 4 reduces the symmetry class to AIL. All
states at finite Ep are then localized.?® The band cen-
ter is a quantum critical point separating two insulating
phases, one defined by E < 0 and another one defined by
EL > 0, very much as is the case in the integer quantum
Hall effect (IQHE) (see Ref. 20 for a review on plateau
transitions in the IQHE). The global density of states
v(Ep) diverges as

V(Eg) ~ ——exp (—elln|Egl*?)  (5.2)

1
| Bl

with ¢ a non-universal number when Ey approaches the
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band center.?%

Turning on a finite Fermi energy E} in the quadrant
CII in Fig. 4 reduces the symmetry class to AIl but with-
out the Z, topological term. Indeed, the random Dirac
Hamiltonian at a finite chemical potential has now two
flavors that are coupled by the disorder. This corre-
sponds to two Dirac cones in any underlying microscopic
model that are generically coupled by the disorder. The
global density of states v(Ep) is again diverging accord-
ing to the law

1
V(Eg) ~ —— exp (=¢/|In| Ey||%?)

ToX (5.3)

with ¢ a non-universal number when Ep approaches the
band center.’® The state at the band center is critical.
(The robustness to strong disorder of the critical behavior
of the band center in the chiral classes is well documented
in quasi-one and two dimensions.'%") However, contrary
to the quadrant BDI in Fig 4, the band center is not
any more a quantum critical point separating two insu-
lating phases. Indeed, the localized nature as a function
of the chemical potential of these two-dimensional states
is that of the surface states of a three-dimensional time-
reversal-symmetric weak topological insulator. The issue
of Anderson localization as a function of the chemical
potential for such surface states was recently discussed
in Refs. 108 and 109. According to the numerical study
in Ref. 109 (corresponding to the case of a mean value
m = 0 of the random mass m in Ref. 109), these surface
states remain extended (metallic) in the presence of dis-
order even though the characteristic energy at which the
upturn of the diverging global DOS becomes sizable rela-
tive to the clean DOS shown in Fig. 7(a) is exponentially
small for weak disorder.%6
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Appendix A: The sign ambiguity of a Pfaffian

In this section, we are going to argue that the dashed
line in the phase diagram of Fig. 4 that belongs to the
chiral symplectic class CII has the particularity that,
within the fermionic replica NLoM representation, there
appears a Zy-topological term in addition to the standard
kinetic energy.

To this end, it will be useful to enlarge the dimension-
ality of the representation of the Dirac Hamiltonian by a
factor of 2 in order to treat the isospin-1/2 TRS. To avoid
ambiguities, we will use the Greek letters for the Pauli
matrices acting on the three relevant two-dimensional
subspaces — p in flavor subspace, o in Lorentz subspace,
and 7 in the time-reversal subspace to be introduced be-
low — as subindices to specify the chosen representations.
In this section we use indices x, ¥, z, instead of 1,2, 3, in
the o and 7 subspaces. For example, we shall denote the
Dirac Hamiltonian (2.12) when Eq. (2.14) holds by

0 D,
oo = <DT 0 ) ’
7 P

. ) (Ala)
D, =0, (-0, + A,) + 0, (—i0, + A,)
+ 0 Mz + ) MO?
where A, = —ia;, € iR, M, = —im/ € iR, My = my €
R, and with the simultaneous chS
(pz ® UO)Hp,U(pz ® UO) - _Hp,a' (Alb)
and isospin-1/2 TRS
(ZpO & Uy)HZ:U(_ipO ® Uy) = Hp,a" (AlC)
1. Fermionic functional integral representation of

the retarded Green’s function

The generating function for the retarded Green’s func-
tion is the partition function

Z::/D[)_(,X]exp <—/d2r£),

(A2a)
L:=—ix(in— ’H)pygx.
Here, we have chosen
= (v >_<2)p = (Xip X1y Xop 5(2¢)p70 (A2b)

to be a 4-component row spinor with Grassmann-valued
entries. Similarly,

X1t
= (X1} = [Xu
x= <X2>p | X

X21/ po

(A2c)

is a 4-component column spinor with Grassmann-valued
entries. All 8 Grassmann-valued entries labeled by
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the flavor indices 1 and 2 on which the matrices
(Pos P> Py» P) act and by the Lorentz indices 1 and | on
which the matrices (0y,0,,0,,0,) act are independent.
For the retarded Green’s function, n > 0.

It is useful to make the TRS (Alc) explicit. To this
end, following Ref. 110, we make the manipulation

L

—ix(in —H),.X

= +ix"(in—H)) X"

= —ix"(—ipy®0,)(in—H), ,(—ipy @ o,x")

= —1U(in — ’H)p_’T_’U\IJ

(A3a)

by which we have doubled the number of Grassmann-
valued entries in ¥ and ¥ through the definitions

(7’77 - H)p,T,a’ = (”7 - H)p,a’ ® 705 (A?’b)
and
= 1 - = T T
A (X+ X, X0 —x3 )T,av
1 ;ET (A3c)
\I/ = ;LT
V2 X
Xt/ oro

Here, the subindex 7 denotes the, by now, explicit time-
reversal subspace that is spanned by the unit 2 x 2 ma-
trix 7, and the three Pauli matrices (7,7y,75). Of
course, the number of independent Grassmann-valued en-
tries remains unchanged in the representation (A3) as the
TRS (Alc) is now represented by the constraint

U =9"(~ipy®7,®0,). (A4)
On the other hand, the representation of the chS (Alb)
is

Pz & To ® UOHp,T,a'pz ® To ® Og = —H (AS)

PO
Instead of Eq. (A4), we seek a representation of the
TRS in terms of 8-component Grassmann-valued spinors
obeying the Majorana constraint
1szT(_ipo(X”'o ®Uy)- (A6)
This can be achieved by observing that the “square root”
of 7, is given by

) T, —T
T =—itl T T Y

T z—y'z—y> zZ2—y = \/5

Now, we take advantage of the fact that the kernel (A3b)
commutes with

(A7)

T, :=py®T,_, ®0 (A8)



so that

L=—iV(in—H),,, ¥
= \I]TTZ—u(ZpO & To ® 01/)(”7 - H)p,r,aTz—y\Ij (Aga')
= - ¢(“7 - H)p,r,aw

where

Gi=T, ¥ (A9b)
determines ¢ through the Majorana constraint Eq. (A6)
that follows because of the isospin-1/2 TRS. In view of
the Majorana constraint (A6), the isospin-1/2 TRS is
now equivalent to the global O(2) invariance under the
transformation

5D (py20,07), 1 (@0, ®0,) % (Al0)
for any 2 x 2 orthogonal matrix O, acting in the 7 sub-
space.

Finally, it is time to make use of the chS (Alb). By
making the flavor subspace explicit,

L :7/;1Dr,a1/)2 + 1/;2Di,a7/11

o _ (Alla)
—in (19 + Pathy)
where (aj,, m, mg € R)
Dig=7® (_iaua,u +V), (Al1b)

o / . / /
V=io,a, —io,m; + oymy,

acts on the two independent 4-component Grassmann-
valued spinors 1, and 1, while the spinors v¢; and 1)y

obey the Majorana condition (¥, := 15 ® o))

Uy =YL (=i8,), Yy =g (—i%,). (Allc)
With the help of the identity

1/32Di701/)1 = 7/JTD* J’g = 1/31D7.701/;2, (A12)
we arrive at

L= 2¢1D7,o’w2 —m (1/7’11#1 + 12’2¢2) . (A13)

This presentation of the Lagrangian reveals that,
upon quantization, 1, and v, form a canonical pair of
fermionic operators. In other words, because of the chS,
the kinetic part ¢, D, 1, of the Lagrangian is invariant
under any global U(2) transformation

by = by (o @ UY), Yy = (0g @ U )y,  (Al4)
where U_ is a 2 X 2 unitary matrix acting in the 7 sub-
space.
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2. Replicas and disorder averaging

We now assume that aj, ay, ml, and mgy from

Eq. (A11) are all white-noise distributed with the same
variance ¢g. In doing so, we limit ourselves to the nearly-
critical line of region CII in Fig. 4.

We replicate the Lagrangian N, times,

2N,

‘CN,r = Z [21/;a1(_i0#8# + V)U)aQ

a=1

- “7 (’Jjalwal + 2/71321#32) ] .

This Lagrangian is invariant under any global O(2N,)
rotation in the 7 and replica subspaces. After disorder
averaging has been performed, we arrive at the interact-
ing Lagrangian

(A15)

Ly, =2 Z dT —io, 8
+in Z ZO’ (dhHT + daTiayda} (Al6a)
2Nr )
+8g ) <Sa .S, — Znanb> .
a,b=1

Here, since 1, and 1, are canonically conjugate, we have

introduced the following notation for any a =1,--- ,2N,,
dz = 1/_)alv d, := 1,9, (A b)
| 16
S, = 5dl&da, n, :=dld,.

It is worth remembering that the replicated “spin” ga
in the ¢-J-like Lagrangian (A16a) originates from the o
subspace and not the true electronic spin-1/2. When
7 = 0 and in accordance with the global symmetry (A14),
the action is invariant under any global U(2N,) rotation

di - divus,  d,—U,d.,  UiU, =db, (A7)
while, in accordance with the global symmetry (A10),
any non-zero 7 breaks this symmetry down to the global
O(2N,) rotation

d,— 0,d

ac~’c?

= (Sbcu
(A18)

where summation over repeated indices is assumed.

dz - dEOaW Oaboac

3. Hubbard-Stratonovich transformation

It is time to introduce auxiliary (Hubbard-
Stratonovich) fields that decouple the interactions
among replicas. A possible channel for decoupling is sin-
glet superconductivity as it is favored by the symmetry



breaking term 7. Hence for any a,b = 1,---,2N,, we
introduce the order parameters
1 ., T’
(’)zb = %deay(dl)
-1
_ Tt Tt
- (alyaf, —dlydl,).
1 (A19)
Oab = Ed?iaydb
1
=7 (daylyy — day i)
in terms of which the “exchange term” becomes
S, - Sy = gnamp = —O0L0, (A20)
and, in turn, the Lagranglan becomes
Ly, =2 Z dT —i0, 8
+ “/5772 (Oaa - O;fa) (A21)
a=1
2N,
— 8y Z 01, 04p-
a,b=1

The interacting term is then decoupled by the 2N, x 2N,
Hubbard-Stratonovich field A, and its complex conju-
gate A%,

Ly, _2de
" mnzi (0,,— OL)

zaa

+ Z ( AbaAba O:bAba - OabAEa) :
a,b=1
(A22)

No approximation has yet been invoked. As the in-
teracting Lagrangian (A22) is not readily tractable, we
shall restrict the path integral to slowly varying bosonic
degrees of freedom (Nambu-Goldstone bosons). We first
look for a diffusive saddle point of the Lagrangian (A22).
In the diffusive regime, the auxiliary field A, (sponta-
neously) breaks the global U(2N,) symmetry, along the
symmetry breaking “direction” controlled by the symme-
try breaking term 7. Thus, the spatially homogeneous
configuration

AOab =—1 |AO| 5ab (A23)

should be a representative diffusive saddle point, where
|Ay| € R is determined from the self-consistent equation
A \2
In |1+ (—)
A

=3 (A24)
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and A is an ultra-violet cutoff.

This choice of a saddle point is not exhaustive. Generic
saddle points can be constructed by making use of the
global U(2N,) symmetry (A17) of the kinetic energy:

2N, 2N,
Aab = Z UapAOqubq =—1 |AO| Z Uappr
p,a=1 p=1

where U € U(2N,). However, not all U € U(2N,) gener-
ate a new saddle point configuration. If U € O(2N,), A,
coincides with the reference configuration A, owing to
the global O(2N,) symmetry (A18). This means that the
set of saddle points A, is the coset manifold

(A25)

G/H =U(2N,)/O(2N,), (A26a)
whose elements can be parametrized by
uut,  UeU@2N,). (A26b)

Note that since UUT is symmetric and unitary,
U(2N,)/O(2N,) is a set of symmetric and unitary ma-
trices.

We now include fluctuations around the saddle
points (A25). Since the longitudinal fluctuations (i.e.,
fluctuations that changes |A|) are gaped, we shall freeze
them and only consider the transverse fluctuations

= —i|A ZU (r)Upp(r) (A27)

with U(r) € U(2N,). With the help of the Nambu rep-
resentation, the effective Lagrangian becomes

(A28a)

where
5= (df dT(~io,)) (. 4 (A28D)
Ya Yy a’ Ya lO’U(dT)T ,

are related by the Majorana condition

Yo = (—io, ® iTy”ya)T (A28c)

with 7, acting in the Nambu space, and the kernel is

Aba (’P)
+Z’53b0-‘ua# ’

_iéabguau
Apa(T)

(We have absorbed iv/27 in a rescaling of A.) Because
of Eq. (A27) A,, = A,, and thus D,,[A] is Hermitian.
Observe that the eigenvalues of the kernel (A28d) are
real-valued and the nonvanishing ones come in pairs of
opposite sign. Indeed, we could have equally well pre-
sented the effective Lagrangian (A28) as

ot ) (Lol 30 ()
A29

m@b( (A28d)



where the kinetic energy K was defined in Eq. (2.1)
and we use a matrix convention to make explicit the
Bogoliubov-de-Gennes particle-hole symmetry responsi-
ble for the aforementioned pairing of eigenvalues.

The effective field theory S_[A] describing the dynam-
ics of the slowly varying bosonic field A, follows from
integrating out the fermionic fields d' and d in the par-
tition function,

Serr[A /’D dT exp( /d2r£cﬁ>

Det D[A]
= Pf D[A].

(A30)

Here, the Pfaffian Pf D[A] implements the isospin-1/2
TRS through the Majorana condition (A28c) [see also
Eq. (Allc)]. A gradient expansion of the exponentiated
Pfaffian gives the standard kinetic energy of the NLoM
on the target space U(2N,)/O(2N,). However, since the
second homotopy group of G/H = U(2N,)/O(2N,) is

non-trivial,
mo[SU(M)/O(M)]

the NLoM is allowed to have a topological term of the Z,
type. In other words, Eq. (A31) tells us that the space of
all field configurations is divided into two sectors that are
not smoothly connected. Consequently, these two sec-
tors can be weighted differently in the effective partition
function. This possibility is encoded in the ambiguity in
defining the sign of the Pfaffian (A30), a global property
of the target manifold G/H = U(2N,)/O(2N,). In the
following, we use the same approach as in Ref. 51, to
show that the ambiguity in defining the sign of the Pfaf-
fian can be interpreted as the presence of a Z,-topological
term.

= Zy, for M >2,  (A31)

4. 7, configurations of the A-field

In this section, we construct representative A-field con-
figurations that belong to the two complementary Z,-
topological sectors as defined by the second homotopy
group (A31). To this end, we introduce the generator

0 —:

A= 0 o2N,)  (A32)

Oan, -2
of the symmetry-broken group U(2N,) that leaves the

saddle-points (A25) invariant. We also define the gener-
ators A; and A5 through

01
AM=[10 ,
O2N -2
' A33
Lo (A33)
)\3 = O —1
O2N -2
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Here, Ogy _5 is the (N, —2) x (N, — 2) matrix with 0 in
all entries. The three matrices Ai, Ag, and A5 generate
an SU(2) algebra. Unlike Ay, neither A\; nor A5 leave the
saddle-points (A25) invariant. Hence, neither A; nor A4
belong to the unbroken symmetry group H = O(2N,).

Let S? denote the two-sphere and choose the polar
—7/2 < 0 < 4+7/2 and azimuthal 0 < ¢ < 27 angles as
spherical coordinates of S2. Following Weinberg et al. in
Ref. 111 we define on S? the unitary matrices

Ul (97 (b) =€

that we label by the integer | € Z. Finally, we define the
family

ilXy /2 ei}\39/2 ef’il)\z(,‘b/Q c U(2Nr) (A34)

Az(eﬂb) = _i|Ao|Uz UzT
. R, (0, 0 A35
—z|Ao|( l(O ¢> 2) ( a)

Ion, -

in U(2N,)/O(2N,) where

cosf + isinfcoslgp
—isin#sinl¢p

—isinfsinlg
cosf —isinfcoslgp
(A35b)
is labeled by the integer | € Z but is independent of the
replica number N, .

The Z, configurations of the A-field on the two-
dimensional torus 72 with the coordinates 0 < z,y < L
(L is serving as an infrared cutoff) can be obtained from
the parametrization of the unit sphere S? in terms of the
L-periodic unit vector

m(0.6) = (

r(z,y)
n(a,y) = , (A36a)
r(z,y)|
itself given by the L-periodic vector
—sin(2my/L)
r(z,y) == —sin(27rx/L) (A36b)

cos(2mx /L) + cos(2my/L) — 1

For example, the L-periodic A,_,(x,y) is obtained from
Eq. (A35) by replacing R,_, (0, ¢) with

[ n+ing  —iny
Rl:l (,T, y) - ( —iny Ny — iNg ) : (A37)
5. Spectral flow
We are going to argue numerically that
sgnPf (D[A]) = —sgnPf (D[A,4]), [€Z, (A38)
by looking at the spectral flow of the kernel
A(t) == (1 -1)A; +tA; (A39)

as a function of 0 < ¢ < 1. Here, the initial, A, and final,
A, configurations belong to G/H = U(2N,)/O(2N,),
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FIG. 8. The energy eigenvalue spectrum in the vicinity
of the band center for the kernel D[A(t)] from Egs. (A28d)
and (A39), is computed numerically as a function of the pa-
rameter 0 < ¢ <1 for [Ag| /A = 1. The field A(t) interpolates
between A; when ¢t = 0 and A; when ¢t = 1. Without loss of
generality, the replica number N, = 1 was chosen.

while A(t) is not a member of G/H = U(2N,)/O(2N,) for
0 <t < 1. According to Eq. (A29), the spectrum A, (t)
of D[A(t)] is symmetric about the band center at the en-
ergy zero. Configurations A; and A, have Pfaffians of
opposite signs whenever an odd number of level crossing
occurs at the band center (“spectral flow”) during the ¢-
evolution of the kernel D[A(¢)]. This is accompanied by
the closing of the spectral gap of D[A(¢)] by an odd num-
ber of pairs (— A, (t),+A,(t)) as t interpolates between 0
and 1. The spectral t-evolution is obtained numerically
using the regularization of the kernel D[A(¢)] by choos-
ing the family on the torus T2. In this way, the index ¢
takes discrete values. In Fig. 8, we show the evolution
of the eigenvalues for A(t) interpolating between A,;_,
and A,_;. Observe that in A, the part responsible for
the winding configuration R;(6, ¢) is entirely localized
in the sector of the first replica. Thus, when comput-
ing the spectral flow, we can focus on this sector alone.
Since level crossing at the band center takes place for a
single pair of levels, we conclude that Pf(D[A,_]) and
Pf(D[A,_,]) differ by their sign. This supports numeri-
cally Eq. (A38).

6. Summary

In summary, after integration over the Majorana
spinors along the nearly-critical line of region CII in
Fig. 4, the effective action for the Nambu-Goldstone field
A, a symmetric and unitary matrix, is given by

2t = [ DA e (ad0a)
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where S[A] is the (fermionic replica version of the) action
for the NLoM on G/H = U(2N,)/O(2N,), i.e.,®"

slal = [@ru((@,a) (0,2)
M (A40Db)

1
o / 0 rtr (A9, A) tr (A9, AT)

while

n[A] =0,1 (A40c¢)

— the Z,-topological quantum number of A — reflects
the ambiguity in defining globally the sign of the Pfaf-
fian of Majorana spinors. Because of the block struc-
ture (A35b), the topological quantum number n[A] =
0,1 is expected to survive the replica limit N, — 0.

Appendix B: Patterns of symmetry breaking and
supermanifolds

There are 10 target spaces G/H for the NLoMs of rel-
evance to the 10 symmetry classes of Anderson localiza-
tion.'?" ' They encode 10 distinct patterns of symmetry
breaking. These patterns have been exhaustively clas-
sified within a supersymmetric approach by Zirnbauer
in Ref. 12. Each target superspace G/H is a Riemannian
symmetric supermanifold that can be parametrized in its
bosonic sector by the Riemannian symmetric manifold

Mp=Mgp X Mpp. (B1)

Here, Mp is the direct product between a non-compact
Riemannian symmetric manifold My originating from
the boson-boson sector of the Riemannian symmetric su-
permanifold and a compact Riemannian symmetric man-
ifold M originating from the fermion-fermion sector of
the Riemannian symmetric supermanifold. The target
superspaces G/H and Riemannian symmetric manifolds
Mp = Mpp x Mpp relevant to this paper are:

e G/H = GL(n|n) x GL(n|n)/GL(n|n) = GL(n|n)
with the Riemannian symmetric manifolds
Mpp = GL(n,C)/U(n),
Mpp = U(n),
for the chiral symmetry class AIII,
e G/H = GL(2n|2n)/0Sp(2n|2n) with the Rieman-
nian symmetric manifolds
Mgp = GL(2n,R)/O(2n),
Mpp =U(2n)/Sp(2n),

(B2)

(B3)

for the chiral symmetry class BDI,

e G/H = GL(2n|2n)/0Sp(2n|2n) with the Rieman-
nian symmetric manifolds
Mpp =U"(2n)/Sp(2n),
Mpp =U(2n)/0(2n),

for the chiral symmetry class CII,

(B4)



e G/H = OSp(2n|2n)/GL(n|n) with the Riemannian

symmetric manifolds

Mpp = Sp(4n,R)/U(n),

Mg = O(2n)/U(n), (B5)

for the BAG symmetry class D,
e G/H = OSp(4n|4n)/OSp(2n|2n) x OSp(2n|2n)

with the Riemannian symmetric manifolds

Mpp = Sp(2n,2n)/Sp(2n) x Sp(2n),

M, = SO(4n)/SO(2n) x SO(2n), (B6)

for the symplectic symmetry class AL

The compatibility of these target superspaces with
the addition of a topological term in the corresponding
NLoM is solely determined by the compact Riemannian
symmetric manifold My y: A topological term requires
a non-trivial second homotopy group of My, (e.g., CII
and AII). In this context, observe that the Riemannian
symmetric supermanifolds for symmetry classes BDI and
CII merely differ by the exchange of the boson-boson and
fermion-fermion stabilizers O(2n) and Sp(2n) [in that re-
gard, it is convenient to view U*(2n) as a non-compact
real subgroup of GL(2n,C)]. This small difference is of
great consequences since the NLoM for the symmetric
class BDI cannot be augmented by a topological term.

For simplicity, we consider symmetry class CII with
n = 1. According to Eq. (B4), the target superspace is

GL(2]2)/0Sp(2]2) ~ GL(22)/SL(1[2)  (BT7)

whereby we used the isomorphism OSp(2|2) ~ SL(1]2).
The projected CII target superspace obtained by quoti-
enting out the two diagonal generators of GL(2]2) is

PSL(2[2)/0Sp(2]2) ~ PSL(2]2)/SL(1]2). (B8a)
One must carry this projection on the non-compact and
compact Riemannian symmetric manifolds (B4). This
is done by quotienting out their R, and U(1) factors,
respectively. Hence, the projected boson-boson Rieman-
nian symmetric manifold is

SU*(2)/Sp(2) ~ SU*(2)/SU(2) (BSb)

while the projected fermion-fermion Riemannian sym-
metric manifold is

SU(2)/0(2) ~ S2. (BS8c)

Appendix C: The supergroup PSL(n|n)

Let n € N be an integer and denote with smat(n|n)
the set of all real (n|n) supermatrices M, i.e., matrices
of the form

(C1)

M M
M — BB BF)
( e Mpp
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where Mpp and Mpp are n X n real-valued matrices
while Mz, and My are n x n Grassmann-valued ma-
trices. We shall denote with I and J the (n|n) diagonal
supermatrices

I:=diag(l --- 11 ---1),
Ji=diag (1 -~ 1 =1 -+ =1),

respectively. For any element M € smat(n|n), the super-
trace is defined by

(C2)

str M = tI‘MBB—tI‘MFF (03)

Observe that

1
tr Mpp = 3 (str MJ +str MI),
: (c4)
tr Mpp = 3 (str MJ — str M 1),

i.e., demanding that tr M, and tr Mz, both vanish is
equivalent to demanding that str MJ and str M I both
vanish. For any element M € smat(n|n) with det M} #
0 or det Mgg # 0 the superdeterminant is defined by

det (MBB - MBFMF_}l«“MFB)

det M := C5
see det M, - (Y
or
det (Myp — MpgMgEM
sdet M := ¢ ( FE F,Bl Bl BF)7 (C6)
det Mgp
respectively.

An obvious generalization of smat(n|n) is achieved
through the complexification

M — M +iM’, M, M’ € smat(n|n). (C17)
Another one follows from the substitution
smat(n|n) — smat(m|n) (C8)

where the supermatrices from the set smat(m|n) are of
the form (C1) with the entries of the m x m matrix Mgy
and the n x n matrix My, commuting numbers while
the entries of the the m x n matrix Mg, and the n x m
matrix M are anticommuting numbers.

The following definitions apply to both real and com-
plex supermatrices. The supergroup PSL(n|n) is con-
structed from the supergroup GL(n|n) C smat(n|n) as
follows. The supergroup GL(n|n) consists of all (n|n)
supermatrices for which both Mz and My, are non-
singular (i.e., have nonvanishing determinants) and with
the matrix multiplication as the group operation. The
supergroup GL(n|n) is not semisimple. It possesses the
matrix subsupergroup SL(n|n) that follows from restrict-
ing the superdeterminants in GL(n|n) to one. The super-
group SL(n|n) is also not semisimple, for it contains the
(n|n) unit supermatrix I that commutes with all (n|n)
supermatrices. All elements of SL(n|n) are generated



through exponentiation of elements of the Lie superal-
gebra sl(n|n) whereby any element of sl(n|n) is a (n|n)
supermatrix of the form

X X
x= (Y o) C9
(XFB Xpr (C9)

with X 55 and X nxn real-valued matrices while My
and M are n x n Grassmann-valued matrices with the
vanishing supertrace

str X = 0. (C10)

The supergroup PSL(n|n) is defined to be the factor
group SL(n|n)/R, (R the set of positive real numbers)
by which any two elements in sl(n|n) that differ by a
multiple of the unit element I generate upon exponentia-
tion the very same element of PSL(n|n). The supergroup
PSL(n|n) is semisimple, an element of PSL(n|n) cannot
be written as a supermatrix.

Appendix D: The Lie group U*(2)

Let n € N. The Lie group U*(2n) is the set of matrices
in GL(2n,C) that commutes with the linear transforma-
tion

21 Zng1
O e | P [ 5] P (D1)
“n+1 —Z
Zon —Zn
where complex conjugation is denoted by *. It follows

that the Lie algebra u*(2n) is the set of matrices in
GL(2n,C) of the form

Zl ZQ
~Zy Z{

where Z; and Z, are any complex-valued n x n matrices.

We now specialize to the Lie group U*(2) with the Lie
algebra u*(2). Let X €u*(2). There exist the complex
numbers z; and z, such that

Z Z

_ 1?2
X=| "
R 21

=Rez 0y +ilmzy 0y +iRezy 0y + tIm 2, 03.

(D2)

(D3)

Here, we have introduced the unit 2 x 2 matrix o, and
the three Pauli matrices (oy,0,,05). Evidently, U*(2)
and GL(1,R)xSU(2) share the same Lie algebra,

u*(2) = R®su(2). (D4)
Locally, one thus have the isomorphism
U*(2) =R, ®SU(2) (D5)

where R, is the set of positive real numbers.
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Appendix E: NLoM on homogeneous target spaces
versus NLoM on symmetric target spaces

In this Appendix we briefly summarize a number of
facts about NLoM on target spaces which are homo-
geneous spaces G/H. (For more details we refer the
reader, for example, to the appendix of 106, and refer-
ences therein.)

The essential properties of a NLoM whose target space
is of the form of a coset space G/H, where G is a Lie
group and H a Lie-subgroup, are as follows.

If H is a maximal subgroup of GG, then the NLoM has
precisely one coupling constant (the target space G/H is
then what is known as a ‘symmetric space’). If, on the
other hand, there exists precisely one intervening sub-
group H', i.e.,

HCH' CQG, (E1)

then the NLoM with target space G/H turns out to have
precisely two independent coupling constants. If, in the
latter case, we were to run the RG into the infrared (i.e.,
to large length scales), then one of the two coupling con-
stants will disappear. In this case one ends up, asymptot-
ically at long scales, with a NLoM with one coupling con-
stant, whose target space will be either G/H' or H'/H
(both are, by assumption, symmetric spaces in the sense
of maximal subgroups). The number of coupling con-
stants for a NLocM on a homogeneous space with more
intervening subgroups increases accordingly.

The relevance of the symmetric space NLoM for the
universal physics appearing at large length scales is thus
simply a consequence of the RG. If we begin with a
NLoM on a general homogeneous space, the RG will se-
lect, asymptotically at long length scales, a target space
which is a symmetric space G/H where H is a max-
imal subgroup of G. So, all NLoM on coset spaces be-
come NLoM on symmetric spaces, asymptotically at long
length scales. It is for this reason that they are the
“stable” large-scale limits, and appear naturally, with-
out fine-tuning.

The appearance of a NLoM (on a, in general, possi-
bly homogeneous and not necessarily symmetric space)
arises in a physical context from the general principle of
symmetry breaking. The group G is the global symme-
try group of the problem. The subgroup H (not neces-
sarily maximal) characterizes the symmetries which are
preserved when the global symmetry G is broken.

In the situation discussed in this article, the global
symmetry group is

G = GL(2m|2m), m=1,2---. (E2)

When a global density of states (DOS) is generated in
the Dirac fermion formulation of the theory, the resulting
expectation value breaks the symmetry G but preserves
the symmetry H C G. It follows from Ref. 55 that on the
“dotted line” in our global phase diagram in Fig. 4 this
subgroup is H' = OSp(2m|2m). The manifold G/H' =



GL(2m|2m)/OSp(2m|2m) is the symmetric space corre-
sponding to symmetry class CII. On the boundary of the
CII region the symmetry class is All, corresponding to
a target manifold H'/H = OSp(2m|2m)/[OSp(m|m) x
OSp(m|m)]. Thus, the entire lower half of our global
phase diagram in Fig. 4 can be described by the NLoM
on the homogeneous space

G/H = GL(2m|2m)/[OSp(m|m) x OSp(m|m)]. (E3)

which has two coupling constants (besides the coupling
of the Gade term). This is analogous to the discussion in
106.
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