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Metallic states beyond the Tomonaga-Luttinger liquid in one dimension
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In this paper, we propose strongly correlated gapless states (or critical states) of spin-1/2 electrons in 1+1
dimensions, such as the doped ferromagnetic and antiferromagnetic spin-1/2 Ising chains. We find that the
metallic phases in the doped ferromagnetic and antiferromagnetic Ising chain are different strongly correlated
gapless phases, despite the fact that the two phases have the same symmetry. The doped antiferromagnetic Ising
chain has a finite energy gap for all charge-1 fermionic excitations even without pairing caused by the attractive
interaction, resembling the pseudogap phase of underdoped high 7, superconductors. Applying a transverse field
to the ferromagnetic and antiferromagnetic metallic phase can restore the Z, symmetry, which gives rise to
two distinct critical points despite the fact that the two transitions have exactly the same symmetry-breaking
pattern. We also propose chiral metallic states. Some of these gapless states are strongly correlated in the
sense that they do not belong to the usual Tomonaga-Luttinger phase of fermions, i.e., they cannot be smoothly
deformed into noninteracting fermion systems with the same symmetry. Our nonperturbative results are obtained
by noting that gapless quantum systems have emergent categorical symmetries (i.e., noninvertible gravitational
anomalies), which are described by multicomponent partition functions that are modular covariant. This allows
us to calculate the scaling dimensions and quantum numbers of all the low-energy operators for those strongly
correlated gapless states. This demonstrates an application of emergent categorical symmetries in determining

low-energy properties of strongly correlated gapless states, which are hard to obtain otherwise.
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I. INTRODUCTION

The simplest one-dimensional (1D) metallic states are
Fermi liquids of noninteracting electrons, the low-energy
properties of which are described by noninteracting fermionic
quasiparticles. In the low-energy limit, Fermi liquids are de-
scribed by several decoupled sectors and each sector contains
a few modes. In this paper, we will try to develop a general
understanding of gapless states by viewing the gapless states
as formed by several decoupled sectors, and using the notion
of categorical symmetry [1] (i.e., modular covariance of a
noninvertible gravitational anomaly [2]).

Readers who are just interested in 1D strongly interacting
metallic states can directly go to Sec. III. Section II contains
some general discussions.

If a strongly interacting metallic state is stable against
all symmetry preserving perturbations, then it will represent
a stable phase of quantum matter. However, most strongly
interacting metallic states are not stable against certain sym-
metry preserving perturbations. Those metallic states will
correspond to critical states (or multicritical points) that de-
scribe continuous phase transitions between different phases
of quantum matter. Thus the constructions discussed in
this paper can be viewed as a systematic way to discover
1D gapless quantum phases, as well as 1D (multi)critical
points. In this paper, we will use “1D” (“2D,” etc.) to re-
fer to one-dimensional (two-dimensional, etc.) space and
“14+1D” (“2+1D,” etc.) to refer to 141-dimensional (2+1-
dimensional, etc.) space-time.
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II. GENERAL PICTURE FOR GAPLESS
QUANTUM STATES

With the developments of the last 30 years, we have be-
gun to have a comprehensive understanding of all gapped
quantum states in one-dimensional, two-dimensional (2D),
and three-dimensional (3D) spaces, in terms of sponta-
neous symmetry-breaking [3,4], group cohomology [5,6],
and braided fusion (higher) categories [7—17]. In fact, we
have classified (or proposed to classify) all 1D [18-21], 2D
[12-14,22], and 3D [15-17] gapped liquid [23,24] states
of boson/fermion systems with any finite on-site symmetry.
The classification is achieved via the realization that gapped
quantum phases are described by symmetry-breaking orders,
topological orders [7,25,26], and/or symmetry protected triv-
ial (SPT) orders [27,28].

Such a systematic understanding of topological orders
[7,25,26] and SPT orders [27] (including topological in-
sulators and superconductors [29-40]) leads to a deeper
understanding of gauge and gravitational anomalies, in terms
of the boundaries of topological order or SPT order in one-
higher-dimensional lattice models [41—44]. This results in a
generalization of anomalies including noninvertible anoma-
lies [2,43,45-47]. Those generalized anomalies (including
perturbative and global gauge/gravity anomalies) are classi-
fied in terms of topological orders and SPT orders in one
higher dimension [42,43]. Such an understanding of anoma-
lies also leads to a solution to the long-standing chiral fermion
problem [48,49].
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In comparison, there is a lack of comprehensive under-
standing of gapless quantum states of matter, despite the fact
that we know many examples of them, such as superfluid, an-
tiferromagnets, nodal d-wave superconductors, graphene, and
Weyl semimetals. But in one dimension, thanks to Belavin-
Polyakov-Zamolodchikov, we do have a good understanding
of gapless quantum states with linear velocities via conformal
field theories (CFTs) [50-52]. In particular, we can use the
modular invariant partition function, which is parametrized by
a complex number t describing the shape of the space-time
torus,

Z(t)=Z(t + 1) =Z(-1/1), ey

to systematically study 1D gapless states. In this paper, we
will try to develop a systematic point of view of gapless
quantum matter based on a gauge/gravity anomaly, hoping
this may lead to a more general understanding of gapless
states in higher dimensions.

First, the low-energy part of a gapless state may become
several decoupled sectors, where the interactions between
different sectors approach zero in the infrared limit under
renormalization-group flow. Consequently, in the low-energy
limit, there are often emergent symmetries. For example, the
original UV symmetry G (the lattice symmetry) may be en-
larged at low energies, G - G x G x ---, with one copy
for each decoupled sector. Since each decoupled low-energy
sector is not a full system, each sector by itself is often
anomalous. Thus there are also emergent anomalies (i.e., the
low-energy effective theory is anomalous).

Recently, it was pointed out that, when restricted to the
symmetric sub-Hilbert space, a symmetry can be fully charac-
terized [1] by a noninvertible gravitational anomaly [2,43,45—
47]. So we can treat the emergent symmetries and emergent
anomalies in a unified way by restricting to the symmetric
sub-Hilbert space. In this case, we only have an emergent
noninvertible gravitational anomaly. To stress this close con-
nection between a noninvertible gravitational anomaly and the
symmetry, we refer to a noninvertible gravitational anomaly as
a categorical symmetry [2]. This point of view is very general.
Not only can emergent zero-symmetries (i.e., the usual global
symmetries) be viewed as emergent noninvertible gravita-
tional anomalies, but emergent higher symmetries and even
more general emergent higher algebraic symmetries can also
be viewed as emergent noninvertible gravitational anomalies
(i.e., emergent categorical symmetries) [53,54].

For example, the 141D gapless state with on-site symme-
try G in the original lattice system also has a dual algebraic
symmetry denoted by G [2]. The total symmetry is the
categorical symmetry denoted by G Vv G [2]. Note that a
categorical symmetry is nothing but a generalized gravita-
tional anomaly (which can be a noninvertible gravitational
anomaly). Also note that a generalized gravitational anomaly
is nothing but a topological order in one higher dimension
[42,43,45-47]. The topological order in one higher dimen-
sion that describes the categorical symmetry G V G is the
topological order described by G gauge theory. The 141D
gapless state corresponds to the minimal gapless boundary
of the 24-1-dimensional (24-1D) G gauge theory [2], that has
neither condensation of gauge charge nor gauge flux.

gapped boundary
topological orders
in one higher dim:

gapless anomalous sectors

FIG. 1. A general picture of a gapless quantum state, which is
formed by decoupled anomalous gapless sectors restricted to the
symmetric sub-Hilbert spaces (the red dots). The emergent symmetry
and emergent anomalies are described by noninvertible gravitational
anomalies (i.e., the topological orders in one higher dimension).
Thus, the anomalous sectors are the boundaries of corresponding
topological orders in one higher dimension.

To have more information describing a gapless state, we
want to decompose the gapless state into smallest decoupled
sectors. This allows us to see the maximal emergent symmetry
and emergent anomalies. In other words, this allows us to ob-
tain the maximal categorical symmetry [1]. It may be possible
that the maximal categorical symmetry fully characterizes the
gapless state. This may be a way to systematically understand
strongly correlated gapless states.

Since each decoupled sector has a generalized gravitational
anomaly, it can be viewed as a boundary of topological or-
der in one higher dimension (see Fig. 1). For example, the
right-moving sector of a 141D gapless state has a perturba-
tive gravitational anomaly characterized by its central charge
cg. Similarly, the left-moving sector also has a gravitational
anomaly characterized by its central charge c;. The right-
moving sector is a boundary of a 241D chiral topological
order. The left-moving sector is also a boundary of a 2+1D
chiral topological order. The two chiral topological orders
allow us to describe the 141D gapless state.

For a system with a generalized gravitational anomaly
(i.e., a noninvertible gravitational anomaly), its partition func-
tion has multiple components. This multicomponent partition
function transforms covariantly under mapping-class-group
transformations of the space-time [2,55]. So the multicompo-
nent partition function forms a representation of the mapping
class group. Such a representation turns out to be the repre-
sentation that describes the topological order in one higher
dimension. Since

topological order in one higher dimension
= noninvertible gravitational anomaly

= categorical symmetry, 2

we see that the categorical symmetry determines the rep-
resentation of the mapping class group formed by the
multicomponent partition function, which in turn determines
the dynamical properties (such as scaling dimensions) of the
1+1D gapless state. This is how emergent maximal categor-
ical symmetry systematically describes a strongly correlated
gapless state.

In this paper, we will use this line of thinking, i.e., use mul-
ticomponent partition functions and their modular covariance,
to study strongly correlated metals. This approach is beyond
perturbation.
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III. SUMMARY OF RESULTS

A. Ising strongly correlated metal with ferromagnetic
and antiferromagnetic correlation

In Sec. IV, we consider a spin-% electron chain close to one
electron per site with strong on-site repulsive interaction and
(anti)ferromagnetic Ising spin interaction. The model has Z,
spin-flip symmetry, $* — —S* with U(1) electron conserva-
tion symmetry, as well as translation symmetry, U (1) x Z5 x
Z.

We note that for the insulating Ising chain there are two
Z, symmetry-breaking phases, one when the interaction is
ferromagnetic and the other when the interaction is antifer-
romagnetic. The phase in the antiferromagnetic case breaks
the translation symmetry.

After doping, there are also two Z, symmetry-breaking
phases in the metallic states for ferromagnetic and antiferro-
magnetic Ising interactions. However, the antiferromagnetic
metallic phase does not break the translation symmetry. We
will show that despite the two metallic phases having the
same symmetry they are two distinct phases separated by
phase transitions, if we do not explicitly break the symmetry.
In particular, the fermionic charge-1 excitation is gapless in
the ferromagnetic metallic phase, and is gapped in the an-
tiferromagnetic metallic phase. Thus the ferromagnetic and
antiferromagnetic metallic phases provide examples of sym-
metry protected gapless phases [56,57].

The Z, spin-flip symmetry breaking in the two metallic
phases can be restored if we add a strong transverse magnetic
field, which will change the two metallic phases into the same
metallic phase of polarized spins. We find that the critical the-
ories of the transition points are different for the ferromagnetic
and antiferromagnetic cases. The ferromagnetic critical point
is described by a CFT,

ul ®Is @ ul BT, 3)

while the antiferromagnetic critical point is described by a
different CFT. We see that even the same symmetry-breaking
pattern can have distinct critical theories [58].

B. Spin-rotation symmetric strongly correlated metal

In this paper, we also construct some 1D chiral gapless
states. One way to do so is to start with a 2D fractional
quantum Hall (FQH) stripe. On one side of the stripe, we have
a gapless edge state (the bottom part of Fig. 1), and on the
other side of the stripe (the top part of Fig. 1) we have a fully
gapped edge (assuming the FQH state supports gapped edges).
This way, we can obtain a strongly interacting gapless state. In
Appendix A, we show that, if we start with an Abelian FQH
state and consider only U (1) symmetry of electron number
conservation, the above construction actually will always give
us a Tomonaga-Luttinger (TL) liquid, not a new gapless phase.
Thus, in this paper, we consider electron systems with more
than just the U (1) symmetry. As an application, in Sec. V,
we start with a 2D integer quantum Hall stripe with SO(3)
spin rotation symmetry, and obtain a chiral metallic state
of spin-1/2 charge-1 electrons, where the right-moving and
left-moving gapless fermions carry different spins. This chiral
metallic state is beyond the TL liquids of spin-1/2 electrons.

Furthermore, we consider an electron system with U (1)
charge, SU (2) spin, and Z lattice translation symmetries. The
lattice fermions carry charge 1 and spin 1/2. Such an electron
system can realize a chiral metallic phase (see Sec. VI). In this
chiral metallic state, the low-energy excitations are described
by the CFT

su2, Dul ®Is @ su2; ®su2, d ul. 4)

Note that the right movers and left movers are described
by different CFTs (i.e., different chiral algebras), and those
different sectors may have different velocities. We see that
the single lattice SU(2) spin rotation symmetry is enlarged
to SU(2) x SU(2) x SU(2) symmetry at low energies. The
single lattice U (1) charge conservation symmetry is enlarged
to U(1) x U(1) symmetry at low energies. In the clean limit,
the chiral metallic state has a quantized two-terminal thermal

conductance k = c%]%, where ¢ = % +1+ % = 3 is the to-
tal central charge for right movers (or left movers). Since the
spin S, is conserved, we can treat it as a conserved charge
where each electron carries +//2S, charge. The correspond-

ing two-terminal S, conductance is also quantized:
(h/2) h
=Vso—,
h 8

with vy = 4. For TL liquids of spin-1/2 electrons, ¢ and v, are
always integers, and they are always the same:

&)

0s. = Vg

c=vy. (6)

For the chiral metallic state (4), ¢ = 3 and vy = 4. Thus the
constructed chiral metallic state (4) is beyond the TL liquid.
Note that the central charges of some sectors are fractional.
Thus the chiral metallic state is a chiral “non-Abelian” metal-
lic state.

IV. ISING PHASE TRANSITIONS IN THE METALLIC
STATE OF A SPIN-% ELECTRON CHAIN

In this section, we consider a spin-% electron chain with
ferromagnetic or antiferromagnetic S*-spin interactions. The
system has a symmetry U (1) x Z; x Z. We show that the Z;
symmetry-breaking transitions for the two cases are described
by different CFTs in the metallic state, despite the fact that
the two transitions cause the identical symmetry change, i.e.,
reduce the symmetry group of the ground state from U (1) x
ZyxZtoU(l) x Z.

A. Model

Let us first consider a spin-% chain with Ising interaction
H = —JZO’iZ(TﬁH - BZU,»X, (N
i i

where B is the external magnetic field. We then add some
doping to obtain a metallic state of a spin-% electron chain.
In this paper, we will mainly consider the case when Fermi
energy of the dropped electrons is much less than |/|, |B|. In
this case, the system is in the Z, symmetry-breaking phase
when B = 0, with 0° = =£1 (i.e., all the electrons either have

0= +1 or —1). In the Z, symmetry-breaking phase, the
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charge degree of freedom remains gapless. The phase is de-
scribed by the U (1) CFT with central charge c = ¢ = 1. The
Z, symmetry-breaking state has central charge c =¢ = 1. In
the large B limit, the system is in a Z, symmetric phase
where all the electrons have o* = +1. The Z, symmetric
state has central charge ¢ = ¢ = 1. We would like to consider
the critical point of the Z, symmetry-breaking transition. The
critical point of pure Z, symmetry breaking has central charge
¢ =¢ = . With the contribution from the conserved U (1)
charge fluctuations, the critical point is expected to have a total
central charge c =¢ = %

The symmetry of a fermion system is described by a pair
of groups: (Z'zf , Gr). Here Gy is the full symmetry group and

Z{ is generated by fermion number parity, which is a central
subgroup of G. For our spin-1/2 chain Gy = U(1) x Z3 and
Z{ is the subgroup of U (1).

In general, to fully describe a critical theory with a
global symmetry G, we can consider the partition function
twisted under the symmetry. More specifically, a twisted
partition function defined on a Euclidean space-time torus
parametrized by a complex number 7 is indexed by a pair of
elements g and & of Gy:

Zg,h(f)v

It records all low-energy excitations ¢ that satisfy
twisted boundary conditions along spatial and temporal
directions, ¢(x + L, —it) = g¢(x, —it) and ¢(x, —it +T) =
h¢(x, —it), where —it denotes the imaginary time.

If the symmetry Gy is nonanomalous, the partition func-
tions twisted under the symmetry satisfy the following
relations:

gh="hg, gheGy. ®)

Zy-1 (=1/7) = Zg (1),
Zong(T + 1) = Zg (7)), ©
Zugu",uhu" (T) = Zg,h(‘c)-

For example, for a fermionic system with only fermion-
number-parity symmetry, Gy = Z{ , the partition function
depends on the boundary conditions along temporal and spa-
tial directions. To put it in plain words, we consider the
four-component partition function indexed by g,k € {P, A}:
Zap(T), Zaa(T), Zpa(T), and Zpp (1), where P and A represent
the periodic and antiperiodic boundary conditions of a local
fermion.

B. Partition functions

Thus, for a CFT of a fermionic system, there are at least
four sectors of partition functions defined as

Zpps (1) = TrE ¢ m@®Hp—Re(Kp
Zpor (T) = TrOe M@ Hr—iRe(0Kr
Zapr (1) = TrE e m®HA—iRe(mKs
Zyor (1) = TrQe MO —Re(DKy (10)

where TrE is the trace over the states with even (total) num-
bers of fermions and TrO is the trace over the states with odd
numbers of fermions. Hp (Hy) is the Hamiltonian for a sys-
tem where fermion fields satisfy a(n) (anti)periodic boundary

condition in the x direction. Similarly, Kp (Kj4) is the total mo-
mentum operator of the systems where fermion fields satisfy
a(n) (anti)periodic boundary condition in the x direction.

Alternatively, we may define the torus partition functions
for fermion systems through the space-time path integral,
which also include four types, Zpp(t), Zpa(t), Zap(t), and
Zaa(t). Here the first and second subscription P and A cor-
respond to the periodic and antiperiodic boundary conditions
for fermions in x and ¢ directions, respectively. The two sets
of partition functions are related:

Zpor = —3(Zpp — Zpa).
Zaor = —3(Zap — Zan). (A1)
Each partition function can be expanded as

Z(r)=q (g5 Y N, id" (g (12)
(h.h)

Zppr = Y(Zpp + Zpa),
Zagr = Y(Zap + Zaa),

where ¢ and ¢ are the central charges for right and left movers:

.21

g=e"T, (13)

where L is the size of the 1D system. The summation Z(h )

is over a set of pairs (h, i), which gives rise to the spectrum
of scaling dimensions of local operators. In particular, the
expansion coefficients N, ; must be positive integers for each
of Zpps (T), Zpor (T), Zyps (T), and Zyor (7).

Unlike CFTs from bosonic lattice systems that have a mod-
ular invariant partition function Eq. (1), for a CFT realizable
by a fermionic lattice model, the above four types of partition
functions transform covariantly under modular transforma-
tions. More explicitly, under S : T — —1,

1
Zya <——> = Zpa(7),
T

1
ZPA<_;> = Zup(1), (14)

1
Zpp <——> = Zpp(T),
T

1
ZAP<__> = Zpa(7),

T
and,under7 : 7 — 7+ 1,

Zpp(t + 1) = Zpp(7),
Zap(t + 1) = Zpa(7),

Zpa(t + 1) = Zysp(7),
Zpa(T + 1) = Zpa(7). (15)

In the basis (Zsgs, Zpos, Zpes, Zaor ), the partition function
transforms as [2]

Zi+ D) =TAZ,(0), Zi(~1/0) =S5 Z,().  (16)

where I,J = AE/, PO/, PE', AO7 and

1 00 0 o111
2 (o1 0 o) 4 1ft 1 -1 -
™=lo 0o 1 o] =31 -1 1 -1
00 0 —I -1 -1 1

(17)

As a warm-up example, we consider the 1D charge-1 spin-
less noninteracting fermions. The four-component partition
functions for a charge-1 spinless fermion satisfy Eq. (16) and
are given by the characters of a ul, CFT for right movers near
kr, and by the characters of a uly CFT for left movers near
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—kr (see Appendix B 3). As a result, the four-component par-
tition functions for a charge-1 spinless noninteracting fermion
can be constructed from the characters of a uly @ uly CFT:

Zugs = 1"+

bl
ul4—u14 uly—uly
Zpor = X1 +x20x
14 u14
Zpgr =[x + x5

ZAOf — X(l;14—u14 + Xu14—ul4' (18)

Here, the primary field corresponding to X”"‘ (75"‘) is the
charge-1 right(left)-moving fermion. We also note that the
right (left) mover near kr (—kg) can be viewed as the edge
state for the integer quantum Hall state with filling fraction
v=1w=-1).

To find modular covariant partition functions for the Ising
critical point in the spin-1/2 electron system, we use the
characters of a uly CFT, x/“!, and the characters of an Ising
CFT, X;ib, to construct the four-component partition functions
that satisfy Eq. (16) (details shown in Appendix B 3):

x4 (), 0<

X (), h=01, &

m<M =4,
(19)

Here the ul CFT describes the gapless U(1) charge fluc-
tuations. Also the Ising CFT describes the gapless spin
fluctuations at the Ising transition point. Equation (16) can
have many solutions. For example, the following four-
component partition functions represent a solution satisfying
Eq. (16):

zir = ([ + 16" D) (I + 68

(B )|xj

’

ulyg—uly Is—Is Is=Is

Zro = (xg"“%5 " + 15T ) (X' TY + XPT5)

’

+ O T+ x|
Zee = (6" + [ )
+ (™ P+ S P Bl + 0,
ZAO — (X(L)414—u14 + Xu14—u14)|X1 |
+ 00X+ ST (X + xPTp)- 20)

In the above four-component partition function, we have
considered the symmetry twist and the quantum number
of Z'zf . To obtain more information, let us also con-
sider the partition functions for the spin symmetry twist
Z3—Zpp(T), Zpa(T), Zap(7), and Zy,(7), which also satisfy
Egs. (15) and (22). We introduce Zpg:(1), Zpos(T), Zags(T),
and Zsos(7) in a similar but slightly different way:

L(Zpp + Zpa), L(Zpp — Zpa),
Zaps = 3Zap + Zan).  Zno = 3(Zap — Zna), (1)

where Zpgs is the partition function in the Z3 even sector and
Zpos is the partition function in the Z5 odd sector. Similarly,
Zugs is the partition function in the Z3 even sector, and Zyps

Zpgs = Zpo: =

is the partition function in the Z5 odd sector, but now there
is a Z3 symmetry twist in the spatial direction. In the basis
(Zpgs, Zpos, Zags, Zaos ), the partition function transforms as

Zit+ 1) =T7Z(0), Zi(=1/0) = S;Z,(v),  (22)
where I,J = PE®, PO°, AE®, AO® and

1111

1t 1 -1 -1
Sl -1 1 =)

1 -1 -1 1
(23)

T4 =

0
0
1
0

[=NeNeR S
SO = O
- o O O

which is the same as Eq. (17).

For example, the four-component partition functions for
the critical point of a 1D Ising model (7) satisfy Eq. (22) and
are given by the characters of the Ising CFT (see Appendix
B 3):

Zrs: =[x + 3P

’

2
Zro = x|,
2
ZAEY = ’XIj )
Zyo = XX + X' Ho- (24)

Now we would like to include symmetry twists and
the quantum numbers for both Z{ and Z3, which gives
us the 16-component partition functions Z;;(t), where [ =
AE’,PO',PE/ AO' and I = PE*, PO°, AE*, AO®. Z;p(7)
satisfy the modular covariant condition (see Ref. [2])

Z xZ5
Zip(t +1) = ", I *Zyr (7)),

7! <78
ZII/(—I/T) = SIIZ/,?]/ZZ]]/(T)’ (25)
where
Tzzfxzé — TZZ/ ® TZE,
SAXB _ 5% @ §8. (26)

Equation (25) has many solutions. The list of 36 solutions are
given in Appendix G. But which one of the partition functions
describes the Ising transition of spin-1/2 electrons?

If the electron spins have a ferromagnetic interaction [i.e.,
J < 0in Eq. (7)], then we can view the doped holes as spinless
fermions. Thus, in this case, we can view the Ising transi-
tion point as the decoupled critical point of the Ising chain
and the metallic state of spinless fermions. Therefore, the
ferromagnetic Ising transition point of spin-1/2 electrons is
described by the following 16-component partition functions
[see Eq. (G1)]:

Zugrpe = (" + D™ D)+ 165]),

Zpor pes = (1T + ”]147'{14)(|Xés’2+|le\2)’
Zoerpe = (0" + XS D) ]+ D)
Zuorpe = (08" + 657 (e + 1d5[): @D
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Zusrpo = (x| + )[x% ’

Zoor por = (XX + XTT) AL

Zperpo = (0™ + x5 )L

Zuorpo = (38" + 3T K [ (28)
Zugrap = (1" + ) ) 2’

Zpor ap = (T + X7 AL

Zoerap = (0 + XS )L

Zuor e = (i T8 + 1878 ) [ [ (29)
Zagrao = (X" + x5’ ) (0% + x1%0)-

Zpor o = (T + XTI (0TS + XEXD)-

Zper a0 = (™7 + X5 ) RS + 1070)-

Zyorao = (X" T + x5 X0 ) (O TS + 45K)- (30)

The above 16-component partition function is the multicom-
ponent partition function mentioned in Sec. III, which is a
reflection of the noninvertible gravitational anomaly if we
restrict to the symmetric sub-Hilbert space of the Z{ x Z3
symmetry. The modular covariance of the above multicom-
ponent partition function can help us to determine many
properties of the strongly correlated gapless state. We remark
that the above 16-component partition function only describes
part of the emergent noninvertible gravitational anomaly (i.e.,
part of the emergent categorical symmetry), which is not the
maximal categorical symmetry.

We also note that the 16-component partition function re-
duces to the following four-component partition function if
we only consider the Z{ symmetry twist:

(™ + 1™ )z
u1147L1‘14)ZIS7

Zagr = Zaps pes + Zags pos =

u14 u14

Zpor = Zpor pEs T Zpor pos =

(xi
Zpgr = Zpgs pes + Zpes pos = (|X“14| + |XM14 )le,
( u

Zaor = Zpor pes + Zaor pos = (X¢ X5 + XY 4—'414)213’
(3D
where
2 2 2
Zis =[x +|x§| +|fo:| . (32)

When the electron spins have an antiferromagnetic interac-
tion [i.e., J > 0 in Eq. (7)], the Ising transition point will be
described by a different CFT. This is because when there is
an odd number of electrons on the ring the spins carried by
the electrons will behave like those in a spin chain with a Z;
symmetry twist. In other words, a state with an odd number
of fermions is like a Neel ordered Ising spin configuration
with an odd number of spins, thus satisfying the antiperiodic
boundary condition.

This means that in the partition functions the first label of
which is AO or PO/ (i.e., with an odd number of electrons)
the (untwisted) spin part of the excitations (the sectors labeled
by PO’ and PE*) is given by the Z3 twisted sector of the Ising
CFT. Specifically, if the second label is PO?, the spin part is
described by Ising character x(* XIIS + XES X})S [which is Z4os
shown in Eq. (24)]; 1f the second label is PE ¢, it is described
by Ising character | X |2 [which is Zygs shown in Eq. (24)].

Still, in the partition functlons the first label of which is AQ/
or PO/, the Z, twisted spin part is given by the Z; untwisted
sector of the Ising CFT. In summary, the partition functions
the first label of which is AO/ or PO/ are as follows:

ZAOf /POf PEs = |X 1

)

Is—Is Is—Is
ZAOf/POf por = Xo X1+ XiXo>

Zlof/Pof AEs = |X0S ‘Xﬂ )

ZAof/Pof A0S = |XI]LZ |2' (33)

Also, in the partition functions with first label AE/ or PE/

(i.e., with an even number of electrons), the (untwisted) spin

part is given by the untwisted sector of the Ising CFT, and the

7, twisted spin part is given by the Z3 twisted sector of the
Ising CFT:

Z/lasEf/PEf,PEA = |X0 ? + |X ]

ZAEf/PEf POs = |XIILZ 27

ZAEf/PE/ AES = |XI]L: 2’

ZAEf/PEf A0S = X(I)SXIls + XIISX%)S (34)

Furthermore, since a fermion always carries an odd number
of the U (1) charge, the partition functions labeled by AO/ and
PO (i.e., with an odd number of electrons) must be described
by ul character x“+x"!4 with m —n =2 mod 4. We find
the partition functions Eq. (G13) satisfy the above conditions.
Thus, the antiferromagnetic Ising transition point of spin-1/2
electrons is described by the following 16-component parti-
tion functions [see Eq. (G13)]:

Zuerpe = ("7 + D™ D) ([ + [5[).
Zpos pEs = (Xf14 1414 + X‘4114)(L1414)|XiS |2, [3pt]
Zowrpe = (0 + XS D) (] + D)

( ul4 ul4

(™ +

u14 u14)|Xl | : (35)

+ [

ZAO/,PES

ZAEf,PO

’

u14—u14

u14—u14) (Xéixlls 4 Xllix%)s)

2

’

Zpof pos

(xo
Zees poe = (e + [ )|Xf§
(

ZAOf,POA Xul4—ul4 + Xu114xlfl4) (X(%SXIIS + XIISX%)S) (36)
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TABLE I. Quantum numbers of local and nonlocal operators in
the critical point of the ferromagnetic Ising model Eq. (7). Here o* is
the Z, spin quantum number, k is the crystal momentum, and (h, &)
are the right and left scaling dimensions. ¥ and o are the Is CFT
primary fields associated with the Ising character X * and x , which

have scaling dlmensmns 5 and respectively. Slmrlarly, 1// and o

16’

are the Is CFT fields.
Operators ot k h,h
vy 1 0 33
oo -1 0 11—6, Tlc
W -1 0 %,O
¥ -1 0 0,3
ooy ~ ooy 1 0 %, %

ZARS AEs = (|Xu14| | ”14| )|Xllrz 2,

Zporaee = (™2 + X570 (360 + [x0T),

Zpps aps = (| L‘14| + |XM14 )|XI%Z 2’

ZAOf,AE‘f — ( ul4 ul4 ul4 uh)(}x 4 ‘Xisyz); (37)

Zuerao = (™ + X5 (0TS + x578)

ZPOf po = ( ul4 u14 ul4—ul4)|X 1 ,

Zpgf a0s = (| 1414’ + |Xu14| )(X(?YIF + XFX{)S)

Zyor o = (XX + 1T x5 (38)

The above 16-component partition functions reduce to the
four-component partition functions given in Eq. (20), if we
only consider the Z‘zf symmetry twist.

C. Scaling operators and their quantum numbers

Let us first consider the scaling operators and their quan-
tum numbers of the critical point (24) of the Ising model
Eq. (7) without doping. The partition functions Eq. (24) tell
us the Z5 quantum numbers. For ferromagnetic spin coupling
[/ < 0in Eq. (7)], the low-energy states all carry crystal mo-
mentum near zero. The states described by | )(Ib|2 in Zpgs are
created by local operator ¥ from the ground state in | x|
Thus the operator Y1 carries Z3 quantum number o* = 1.
The states described by |)(IS | in Zpos are created by local op-

erator oo from the ground state. Thus the operator oo carries
Z3 quantum number 0¥ = —1. The states described by x f_ls

in Z4o+ are created by nonlocal operator ¢ from the ground
state. Thus the nonlocal operator ¥ carries Z; quantum num-
ber o* = 1. Similarly, the nonlocal operator ¥ also carries
Z5 quantum number o = 1. The states described by | x|
16

in Zups are created by nonlocal operator 6oy ~ oG/ from
the ground state. Thus the operator 6oy ~ oG/ carries Z5
quantum number o* = 1. The above results are summarized
in Table I.

TABLE II. Quantum numbers of local and nonlocal operators in
the critical point of the antiferromagnetic Ising model Eq. (7).

Operators o k h,h
vy ! 0 35
oo —1 z #, %
v -1 z 1.0
W -1 z 0,1
ooy ~ ooy 1 0 %, 117)

However, for antiferromagnetic spin coupling [/ > 0 in
Eq. (7)], the low-energy states carry crystal momentum near
k = £7 if the Z; quantum number o* = —1 (and carry crystal
momentum near zero if the Z5 quantum number o* = 1). The
scaling operators and their quantum numbers for the antifer-
romagnetic Ising critical point are summarized in Table II.

Now let us consider the scaling operators and their quan-
tum numbers for the spin-1/2 electrons at the Ising transition
point. The partition functions Egs. (27)-(30) and (35)—(38)
tell us the Z{ and ZJ quantum numbers. In the following, we
will discuss the U (1) and momentum quantum numbers.

Let us first consider the ferromagnetic Ising transition point
described by Eqgs. (27)—(30). The u14 character X,?:” describes
states with U (1) charge ¢ = 5 mod 2, and momentum k = %F
mod 2kr. Here kp = nngp, Where np is the fermion number
per site. The u14 character Xm4 describes states with U (1)
charge g = —5 mod 2, and momentum k = kZ’ mod 2kr. For
such U (1) charge assignment, we see that the states described
by the partition function Z,gr ... (Z4or....) carry even (odd)
U (1) charges. The states described by the Ising character do
not carry any U (1) charge or momentum.

The states described by the partition function Z,gs ...
(Zyor....) are created by local gapless bosonic (fermionic)

operators from the ground state in the sector |X”1“| | X(fl2
So the above discussion gives us a list of scaling operators,
as well as their quantum numbers and scaling dimensions.
The results are summarized in Table III. For example [see
Eq. (27)], the bosonic operator ¢ (**%) creates the states in
14?1 %% The local fermionic operator ¢ creates the

states in x, 1“|)(IS|2

From Tab]e III, we see that there is only one relevant
operator that carries a trivial quantum number, 1V, with total
scaling dimension & + h = 1. This is the operator that drives
the ferromagnetic Ising transition.

Next, let us consider the antiferromagnetic Ising transition
point described by Egs. (35)—(38). The ul4 character X};l“ still
describes states with U (1) charge ¢ = 5 mod 2, and momen-

tum k = %F mod 2kp. The ul, character 75}4 still describes

states with U(1) charge ¢ = —35 mod 2, and momentum

k= %F mod 2kg. For such U(1) charge assignment, again
the states described by the partition function Zg; ... (Zsor ...)
carry even (odd) U(1) charges. The states described by the
Ising character do not carry any U (1) charge. But they can
carry momentum kg if 6, = —1. The results are summarized
in Table IV. For example [see Eq. (35)], the local gapless
bosonic operator e*'¥*®) creates the states in Ix5 | |X 5|2,

u14
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TABLE III. Quantum numbers of local gapless bosonic and
fermionic operators in the ferromagnetic Ising transition point of the
strongly interacting spin-1/2 electron system (the doped ferromag-
netic Ising model). Here o* is the Z, spin quantum number, g is
the U (1) charge, k is the crystal momentum, and (k, &) are the right
and left scaling dimensions [the values in brackets are for 6 = 0,
see Eq. (44)]. ¢ is the bosonic field to describe uly CFT, where
¢ is normalized such that ¢’ has a scaling dimension % Y and o
are the Is CFT fields with scaling dimension % and Tls’ respectively.
Similarly, @ is the bosonic field to describe u1, CFT and ¥ and & are
the Is CFT fields.

Operators o q k h,h ® =0)
oti0+P) 1 0 +2kp (chf)—zsh@)z’ (ch0—25h9)2 ( % 7 % )
i) 1 +9 0 (ch9+23h0)2’ (ch0+25h9)2 ( % i %

i1 0o L L

ot -1 0 0 1%’ Tlﬁ (Tl6’ 1%)
e*iv 1 £l ke die s .0
o7 1 Fl tke o e .5
ttog  —1 4l 4k SOl e L (1
*Pog  —1  Fl otk  ME g Lodre L (LT

The local fermionic operator e* oGy ~ e*¥oo s creates
uly—u Is |2
C1e.

the states in y2"+a" | x

From Table IV, wemsee that there is only one relevant
operator that carries trivial quantum numbers, ¥y, with total
scaling dimension A 4+ h = 1. This is the operator that drives
the antiferromagnetic Ising transition.

D. Low-energy effective theory

Let us further compare the ferromagnetic and antiferro-
magnetic Ising transition for the spin-1/2 electrons when
there is interaction. Both the ferromagnetic and antiferro-
magnetic Ising transition points are described by the same

TABLE 1IV. Quantum numbers of local gapless bosonic and
fermionic operators in the antiferromagnetic Ising transition point of
the strongly interacting spin-1/2 electron system (the doped antifer-
romagnetic Ising model).

Operators o q k h,h
oHiO+D) 1 0 +2ky (ch&—zsh(-))z’ (ché);sh&)z
0= 1 42 0 (che?haﬂ’ (che+2she>2
- 11
vy 1 0 0 202
Lo+ hO —sho)? h —sh6)2
ABE o5 _ 0 +kp 2(cho 1529) 1 2cho 1520) +1
oo ch?0 4 1 sh?0 4 1
Yooy 1 *1 *kr 2 T2 T
o h2 2
FPoTy 1 Fl +kp e
L9— ha )2 ho )2
ei’%w -1 +1 :th (ch9+s;19) +4’ (ché)-;shﬁ)
L= — 2 2
eilgrll/ -1 +1 :th (chegshé) , (chf+shh)“+4

low-energy effective field theory:
1 o —
L= (093¢ — 090 — 0:90,0 — 3:90:9)
o4
1 _ — —
~ 5,V %00 @ + Y (0 — 0V + ¥ (3 +3)y. (39)

However, the sets of local operators are different for the two
Ising transition points. For the ferromagnetic Ising transition
point, the local operators are given in Table III, while for the
antiferromagnetic Ising transition point the local operators are
given in Table I'V. In the tables, the o (x) [0 (x)] operator is the
operator that creates the sign flip at x in the ¥ [v/] field.

In the last section, we study the case with V = 0. And
the U(1) charge fluctuations are described by the ul, @ uly
CFT. Here we will consider the effect of V on the scaling
dimensions / and /. Let us introduce

¢\ _(ch® sho\ (¢
¢)  \sho choJ\g)
¢\ _(che —sho\ (¢
<¢> - (—sh@ chd )(E)’ (40)
with 0 satisfying

2chfsho

=7 41
ch?6 + sh?6 @1

The Lagrangian for ¢ and ¢ is diagonal:

L= %(amarqs — V0, PP — 9,00, — v, P). (42)

Thus the scaling dimensions / and & for operator

oM+ P) _ ilm(chd p—sh §)-+T(chd g—sh6 ¢)] 43)

are given by

(mch6 — mshd)?
2

(m ch® — msh)?

ho) = , h(®)=

(44)

From Tables IIl and IV, we see that the charge neu-
tral operator with o* = —1 has scaling dimensions -, -L

16° 16
_shoy? _shy? .
and 2<h? 1s6h€) +1 ) 2(chd lsé‘g) *1 for the ferromagnetic and the

antiferromagnetic critical points, respectively. The scaling di-
mensions for the antiferromagnetic critical points are always
larger than %, 11—6. So the ferromagnetic and the antiferromag-
netic critical points are really distinct critical points, despite
the fact that they describe identical symmetry-breaking pat-
terns.

Next we compare the ferromagnetic and antiferromagnetic
Ising transitions for the spin-1/2 electrons by considering
the total scaling dimension h,(6) =h + h for the electron
operator with Z5 quantum number 6* = 1 and h_(0) = h + h
for the electron operator with Z; quantum number o = —1.
As a function of interaction 8, h,(6) and h_(6) have different
relations for the ferromagnetic and antiferromagnetic Ising
transitions, as shown in Fig. 2. For example, in the ferromag-
netic transition, the Z; even and odd electron operators can be
e and e*¥ o7, respectively. And in the antiferromagnetic
transition they can be ¢**oy and e* 7"y, respectively.
From Fig. 2, we see that in the ferromagnetic case the scaling
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FIG. 2. The relations between the total scaling dimensions /.
and h_ of the electron operators with Z; quantum number o* = 1 and
—1, respectively, for the ferromagnetic (FM) and antiferromagnetic
(AFM) Ising transitions.

dimension of the Zj odd electron operator is always larger
than that of the Zj one by %, which is independent of inter-
action. However, in the antiferromagnetic case, the difference
in the scaling dimension of the Z; odd and Zj even opera-
tor increases with the attractive interacting strength (6 > 0),
and decreases with the repulsive interacting strength (6 < 0),
comparing to the noninteracting case 6 = 0.

E. Two metallic phases of a spin-% electron chain
with the same symmetry

Let us consider the spin-% Ising chain Eq. (7) with B > 0.
As we change J from 0 — +o0, the Ising chain goes into a
state that breaks the Z spin-flip symmetry. If we change J
from 0 — —oo, the Ising chain goes into a state that breaks
both the Z3 spin-flip and translation symmetries.

However, for a doped Ising chain which is a metallic state,
both the J — +o0o and the J — —oo cases have the same
symmetry: the Z3 spin-flip symmetry is spontaneously broken
while the translation symmetry is not broken. Despite the two
large |J| metallic phases having the same symmetry, our pre-
vious discussions indicate that the transitions from the J = 0
metallic phase to J = 0o metallic phases are described by
two distinct critical points. Thus, even the transitions that
have identical spontaneous symmetry-breaking patterns can
be described by different critical points.

The two distinct critical points also suggest that J = £o00
metallic phases are two distinct metallic phases despite the
fact that they have the same symmetry. Thus, they are ex-
amples of symmetry protected gapless phases, i.e., distinct
gapless phases with the same symmetry. To understand these
two distinct metallic phases, we consider modular covari-
ant partition functions with U(1) x Z{ symmetry. We will

consider the 16-component partition functions with Z‘zf x Z;
symmetry twists. Since Z; symmetry is spontaneously broken,

TABLE V. Quantum numbers of local gapless bosonic and
fermionic operators in the metallic phase of spin-1/2 electrons with
strong ferromagnetic Ising interaction. Here, ¢ is the U(1) charge,
k is the crystal momentum, and (h, k) are the right and left scaling
dimensions [the values in brackets are for 6 = 0, see Eq. (44)]. ¢
is the bosonic field to describe u1, CFT. Similarly, @ is the bosonic
field to describe ul4 CFT.

Operators q k h,h ©®=0)
+i(p+9) (ch9—sh#)?  (chf—shh)? 11
e 0 +2kp — 3 303
£i(p—7) (chf+sh6)>  (chf+sho)” 11
e +2 0 5 s 5 75 3
. 2 12
ej:t(p +1 :l:kp chzﬁ , shzé) (%’ 0)
— h2 2
ej:t(/) :Fl :l:k[« shzﬂ , chzé) (0’ %)

the partition functions with nontrivial Z5 symmetry twist van-
ish. Using the ul4 CFT characters to construct the modular
covariant partition functions, we identify the following two
sets of partition functions to describe the J = 00 metallic
phases.

For the J = 400 metallic phase (ferromagnetic Ising inter-
action), we have

Zpgs pEs = iXu14| +| ul |2

Zpot pes = Xim u14 + Xulfxlfu,

Zpgf pEs = }qu‘ + |x" uh ;

Zyor e = X5 T X3 Ko 45)
Zagf pos = \X“14| + x5 uls 2

Zpof pos = Xim ul4 + Xu114XT14,

Zpgspos = iX”14| + [x" ul4 ,

Zaorro = X5 Ts "+ 45K (46)

Zyps ags =0,
Zpor .ags = 0,
Zpgs ags = 0,
Zyor aps = 0; 47)
Zygr a0 =0,
Zpor a0r = 0,
Zppr a0 =0,

ZAO/F,AOX = 0 (48)

The corresponding primary fields (i.e., gapless operators) and
their quantum numbers are listed in Table V.

For the J = —oo metallic phase (antiferromagnetic Ising
interaction), we have

’

|Xul4| + | ul4

Zpgs pEs =

Zpor pes =0,

)

ZpEs pEs = ’Xul4| + | ul4
ZAOf,PE" = 0, (49)
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TABLE VI. Quantum numbers of local gapless bosonic operators
in the metallic phase of spin-1/2 electrons with strong antiferromag-
netic Ising interaction. Local fermionic operators (i.e., odd-charge
operators) are all gapped.

Operators q k h,h 6 =0)
oEi@+D) 0 +2ky (ch@—shH)z’ (chH—zshO)z ( L % )
oti0=9) ) 0 (ch9+23h0)2’ (ch9+zsh9)2 ( % 7 % )
ul ul
Zagrpos = | Xi 4| + x5

Zpor pos = 0,

ZpEs pos = |Xu]4| +| uls |2

ZAO/,POS = 0, (50)

k]

Zsgs aps =0,

— u14—u14 u14—u14
Zpof aps = X +X0X
ZPEf,AEf = O,

Zyorap = Xo " Xa '+ 10 T (51)

ZAEf,AO" — 0,

ul4—ul4 u14 u14
Zpor a0s = Xo + X, ,

ZPEf,AOJ‘ =0,

uly—uly

Zyor aos = XX+ xSyt (52)

The corresponding primary fields (i.e., gapless operators) and
their quantum numbers are listed in Table VI.

In particular, from the above partition function, we can read
that in the antiferromagnetic metallic phase the single electron
excitations are all gapped. For example, in Eq. (49), we see
that Z,pr pgs # 0, which means a sector with even fermions
and integer S, spins is gapless. If we add an electron, we obtain
a sector with odd fermions and half-integer S, spins described
by Zsor pos in Eq. (50). Zspr pos = 0 means the sector has an
energy gap.

This is in contrast to the ferromagnetic metallic phase.
Zagr pes 7 0 in Eq. (46) and Z,¢r por # 0 in Eq. (47) imply
that the sectors differ by an electron and are both gapless. Thus
the single electron excitations are gapless.

To understand this result, we note that the spins of electrons
have a Neel-like 1] 1] --- pattern. As a result, for an even
number of electrons, the partition function is nonzero only
when there is no Z; symmetry twist. For an odd number of
electrons, the partition function is nonzero only when there is
a Z§ symmetry twist. Since the fermion number and the Z§
symmetry twist are locked, the fermion operators (i.e., odd-
charge operators) are all gapped. We can also see the gapping
of charge-1 fermions by noticing that applying a charge-1
fermion operator to states in the sector Zygs pgs gives us
states in the sectors Zys pgs and Zyor pos, where AE/ — AO/
(adding a fermion) and PE® — PE’, PO’ (the Z; symme-

try twist cannot be changed). Since Zyor pgs = Zaor pos = 0,

TABLE VII. Strongly interacting spin-1/2 electrons can form
chiral metallic states, whose low energy excitations are right-moving
and left-moving fermionic quasiparticles. Here two possible chiral
metallic states are listed in terms of spins carried by the right-moving
and left-moving quasiparticles.

Right movers Left movers vy = 4Tr(S%)? c

336 16
3 2 80 16

meaning the two sectors are gapped, the charge-1 fermionic
excitations are all gapped.

V. CHIRAL METALLIC PHASES OF SPIN-— ELECTRONS

Following the ideas in Ref. [59], we can also construct
a strongly interacting metallic phase of spin-1/2 electrons
where the left movers and right movers have very different
behavior. We will call such metallic phases chiral metallic
phases.

In the first example, the left movers and right movers
have the same emergent symmetry at low energy. However,
they carry different representations under the symmetries.
Specifically, one such chiral metallic phase has SU (2)-spin
and U (1)-charge symmetries with symmetry group [SU (2) x
U(1)]/Z,. At low energies, the chiral metallic phase has n
left-moving and n right-moving fermions, which are nonin-
teracting. Those noninteracting fermions all carry charge 1.
But the left-moving and right-moving fermions form different
SU (2) representations. Let SR be the n x n Hermitian matrix
for the S, spin of the right-moving fermions, and let S- be
the n x n Hermitian matrix for the left-moving fermions. For
the low-energy fermions to be free from perturbative SU(2)
anomaly, the SU (2) representations must satisfy

Tr(S%)” = Tr(s%)”. (53)

Then combining the results in Refs. [48,59], we find that such
a chiral metallic phase is free of all U (1) x SU (2) anomalies,
and can be realized by interacting fermions on a 1D lattice.

Equation (53) has solutions only when n > 16, if we re-
quire all the fermions to have half-integer spins. Atn = 16, we
only have the two solutions in Table VII. All the fermions in
Table VII carry charge 1. The spin-1/2 fermions correspond to
the spin-1/2 electrons. The fermions with higher spins can be
viewed as bound states of several spin-% electrons and spin-%
holes.

The chiral metallic phases of charge-1 fermions carrying
the list of spins in Table VII can be realized by interacting
electrons on a 1D lattice, according to the argument presented
in Refs. [48,59]. However, such chiral metallic states cannot
be smoothly deformed into the noninteracting spin-1/2 elec-
tron systems since v; [defined in Eq. (5)] and the chiral central
charge c are not equal.
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FIG. 3. The band structure of free fermions to construct the chiral
metallic phase. The two bands are for two flavors. Each band is
doubly degenerate corresponding to two spin—% states. Velocities
v(k) at k = 0 are the same, and likewise v(%) = v(7).

VI. CHIRAL NON-ABELIAN METALLIC PHASES
A. Construction

In this section, we are going to construct another stable
chiral metallic phase which is also non-Abelian. We start with
a noninteracting 1D electron system described by

Ho = ¥ ()iv0d Ve () — Vg Divod Py (), (54)

where o and a are the spin SU(2) and flavor SU(2) la-
bels, and vy is the Fermi velocity. At low energy, the model
has an emergent [SU;(2) x SU;(2) x U(1)]g x [SUs(2) x
SU¢(2) x U(1)]y symmetry for right movers and left movers.
The right movers of the above system are described by the
CFT

su2s @ su2) ® ul’, (55)

where the excitations in su2j carry SUy(2) spin quantum

numbers, the excitations in su2‘£ carry SU;(2) flavor quantum
numbers, and the excitations in u1 carry the U(1) charges.
Similarly, the left movers of the above system are described
by the CFT

su2s @ su2} @ ule. (56)

In the above, sulN; denotes both the level-k su(N) Kac-
Moody algebra and the CFT built from it. The CFT has central
charge

k(N?=1)
C= ——mmm.
k+N

Likewise uly; denotes the U (1) current algebra, and the cen-
tral charge of the associated CFT is ¢ = 1. For details, see
Appendix B.

In Eq. (54) the fermions also carry crystal momenta. In
particular, ¥, carry crystal momentum krp = 0, Eal carry
crystal momentum kp; = 7, and ¥, carry crystal momentum
kgy = m/2. Such a free fermion model is easily realized, for
example, with a band structure shown in Fig. 3. In particular,
the low-energy fermion operator ¥, x—k, can be represented
in terms of lattice fermion operator c,, x as follows. For k ~
kr,

(57)

3
Caa,k = (Z eiﬂ(kkF)> Caa,k ™ wga.kfk,.- s (58)
n=0

gapping
chiral the mirror hiral the mirror
. gapped . ¢ {ra .
fermion (fJf chiral fermion |&2pped cf)f chiral
theory state ermion theory | State ermion
theory theory
(@) (b)

FIG. 4. (a) Chiral fermions and the mirror of chiral fermions
can appear on the boundary of a 4+1D slab of a gapped state.
(b) Sometimes [such as in the SO(10) case] the boundary mirror chi-
ral fermions can be gapped by interaction, which leads to a solution
of the chiral fermion problem.

and, for k ~ %Fa,
3

Eota,k = (Z eiu(kkm)> Caak ™ Jaa,k—zm : (59

n=0
Additionally, in real space,

3 3

ik — —iukr,
VYoai = Ze . IaCota,H—/u Ww,i = Ze R Caa,it+p- (60)

u=0 n=0
Cyax reach the maximum at k = 0 and vanish at k = %, T
s

Eal,k reach the maximum at k = 7 and vanish at £k = 0,
C,o.i reach the maximum at k = % and vanish atk = 0, 7.

To obtain the chiral metallic phase from the above free
fermion model, we add interactions that respect the spin
SU (2), charge U (1), and translation symmetry. We will add
interactions in three steps, which finally lead to the Hamilto-

nian

k)
)

2

H=Ho+ 6H + 6H + M. (61)

It is crucial here that the interactions are different for left
movers and right movers. For the right movers, we add in-
teraction

SH = goJo(x) - Js(x) + gede (¥)J(x), (62)
where
Je () = ¥l () Waax),
Jo() = 39, ()0apvpa(x) (63)

are the U (1) charge and SU (2) spin current (or density), and o
are the Pauli matrices. As a current-current interaction, when
the coupling constant g’s are not too large, the above inter-
action term [with scaling dimension (A, h) = (2,0)]is always
exactly marginal. It does not open up any energy gap, but only
modifies the velocities in the corresponding sector. With the
interactions, the right movers have SU(2) x SU(2) x U(1)
symmetry, and are described by the CFT

su2l @ su2s @ ul’. (64)

The three sectors, each containing the flavor, spin, and charge
degrees of freedom, respectively, can have separate velocities,
while the excitations within each sector have the same veloc-
ity.
For left movers we add interactions
SH = guds(x) - Js1(x) + 8T 2 (x) - J2 (%)

+ 241 (D1 (%) + 2l 2 (D 2(x). (65)
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Here,
T () = Uiy T 1 (),
Tea(x) = Uiy o (),
(@) = %Wa(x)daﬁwm(x),
200 = 1y (0)0us ¥ o (0). (66)

Such current-current interactions also do not open up gaps,
but modify the velocity in the corresponding sector. With
the interaction, the left movers have the symmetry SU(2) x
U(1) x SU(2) x U(1), and are described by the CFT

su2i @ ul' @ su2i @ ul?. (67)

The chiral metallic phase that we have constructed so far
[see Egs. (64) and (67)] can be smoothly connected to the
TL liquid (i.e., interacting 1D Fermi liquids) [60,61], as we
reduce g’s to zero. To construct a chiral chiral metallic phase
that is not connected to the TL liquid, we add an additional
interaction term:

SH =gl v, — v D@V — ¥ ¥ + He
(68)

We note that the above operator carries a crystal momentum
k=04+0+m +m =0 mod 2x. Thus the term respects the
translation symmetry. Such a term is not a current-current
interaction and can induce energy gaps for some excitations
and drive the system into a new phase.

To understand the new phase, note that the above operator
respects the spin SU(2), the diagonal charge U(1), and the
translation symmetry (since the crystal momentum carried by
the operator vanishes). Such an operator only causes inter-

action within the sector su2§r @ ul @ ul, If the interaction

g is strong enough, it will gap out the u1¢! and part of the
su2§ @ ul sector, which reduces su2£ @ ul® @ ul“' down to
Is @ ul</, where Is denotes the Ising CFT. In this way, we
obtain a chiral metallic phase described by the CFT

su2y ® ul” & Is @ su2y & su2; ® ul, (69)
which is beyond the TL liquid.

B. Gapping process

We would like to show the gapping process of the interac-
tion (68) more explicitly. This is accomplished by using CFT
and current algebras. Furthermore, we can derive the physical
properties such as local operators, correlation functions, and
partition functions, which will be done in the next subsection.

We start with H in Eq. (54) plus the interactions Eqgs. (64)
and (67). The resulting low-energy theory has the following
emergent symmetry:

U(1) x SU;(2) x SU,(2);
Ui(1) x SUs(2) x Ux(1) x SUs(2).  (70)

right movers,

left movers,

Yaq carry the U(1) charge 1 and transform as doublets of
both the flavor and spin SU(2). In contrast, ¥, carry the
charge 1 for U;(1) and form a doublet of the first SU;(2), and

V¥4 carry the charge 1 for U;(1) and form a doublet of the

second SU (2),. The low-energy excitations are described by
the following current algebras:

right movers, u1° @ su2j @ su2§;
left movers, ul! @ su2l @ ul2 @ su23. (71)

The theory is free from any gravitational anomaly, since the
left central charge ¢ =1+ % + % =4 is equal to the right
central chargec =141+ 1+ 1.

The local operators of our theory are powers of the fermion
operators /., and ¥/,,. The fermion operators can be repre-
sented in terms of the primary fields of the above CFT. In
particular, they can be written in terms of simple free boson
fields and free Majorana fermion fields in ul, su2,, and su2;
CFTs (see Appendix B 1):

. . bs .9 . gc s S
ip./2 +ids 4+ i v su2y v osu2;
Vaa = €200 opem' > =e 2V, AV,
2»*2 2*F2
- - R L R 5
V@) =eve 2 =e2V, [, (72)
22F2
2 :I:'g—2 2L —su2?
waZ =itV = elﬁvl ;él'
2

Here, for right movers, (1) ¢, is the bosonic field to describe
ul¢; (2) ng, o, and @y are the Ising CFT fields and the bosonic
field to describe su23; and (3) ny, of, and ¢, are the Ising

CFT fields and the bosonic field to describe su2£ . Similarly,
for left movers, (1) @, is the bosonic field to describe ul!,
(2) @, is the bosonic field to describe ul?, (3) 51 is the

bosonic field to describe su2}, and (4) ¢, is the bosonic field

to describe su23.
We adopt the convention that the correlation function of all
bosonic fields is

(P(z1)9(22)) ~ —In(z1 — 22), (73)

where z; = t; + ix; is the complex coordinate. The scaling
dimensions of operators in Eq. (72) all equal %, a necessary
condition for chiral fermion operators. This fixes the u1 parts
of the fermion operators in Eq. (72).

Now the gapping term (68) can be rewritten as [via operator
product expansion (OPE); see Appendix B 2]

SH' ~ —gcos(pe + ¢r — N 2)). (74)

When g > 0 is large, the sectors generated by ¢, + ¢ and ¢,
are fully gapped. Other sectors are not affected. Consequently,
the gapless excitations in the new phase are described by the
following CFT:

right movers, ult @ su2; @ Is':
left movers, su2! @ ul2 @ su23. (75)

Here u1/ is the ul CFT represented by the field ¢, — ¢y,
the conjugate field of ¢ + ¢ that remains gapless. And

f
su2;

Is/ = ~i7 18 the Ising CFT with primary fields 1, o, and
ny. Primary fields of the above CFTs are summarized in
Appendix B 1.

The scaling dimension of i@t —V201) jg (h,h) = (1, 1).
We emphasize that, even though the local interaction term
gaps out the left mode and right mode in equal numbers, it
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selects an inequivalent combination of right modes, compar-
ing to the left modes, since the operator is in the CFT

ul @ ul}® @ ull  ul§ @ su2f @ ull. (76)

The resulting phase is anomaly free and has a lattice realiza-
tion.

C. Local operators

To compute the physical properties of the chiral metallic
phase, we first identify local operators in the above CFT.
In the chiral metallic phase, the fermion operators v,; and

V¥, are gapped (i.e., their imaginary-time correlations have
. . . ctop 7
exponential decay), since they contain either ¢~z or e'vz.

They are local operators but do not appear in the low-energy
CFT. All other fermion operators,

Yc—9r . SPePf DS
Yor = €' 2 osei"%/zaf =e" 2 V| 2oy,
. e
_ N :l:'@ [ J— %)
wazzelﬁe V2= ¢ ZVl:;l, (77)

are still gapless and, therefore, are local operators in the CFT.
Operators generated from the OPEs of ¥, and ¥, are also
local operators.

The above local operators are purely chiral with either
only right movers or only left movers. Another type of local
operators containing both right movers and left movers is

_ 7,¢Jc+¢f*\/2¢] . :Eﬁ
WLWﬂl =e ' 2 ase:tz@./zo,fe v
. -$| s —— o]
+ig/2 +i— su2; su2
~ ot/ ore V1 =0V, ile% J_i%, (78)
22+3 ’

where we have used the knowledge that in the chiral metallic

phase the cos term in Eq. (74) is frozen to the maximum value,
. .'Pc+¢f*m1 J—
ie,e ' 2 ~ 1. Therefore WL ¥ g, ’s are also low-energy

local operators in the chiral metallic phase. The above results
are summarized in Table VIIL

D. Partition functions

To find modular covariant partition functions [see
su2y

Eq. (16)], we use the CFT characters for uly, Is = =22, su2;,
and su2; (details shown in Appendix B 3):

X 0<m< M,

X, w=0,n0,

su2 1
Xp 17 LER)

x>, v=011 (79)

p=0

The scaling dimensions of the U (1) part in ¥,2 and ¥, in
Eq. (77) are both 1, and thus correspond to u1 primary fields

with R = /2. This determines the level of ul u CFT to be
M =2 [see Eq. (B9)].

We find that the simplest solutions of covariant partition
functions that contain local operators (77) and (78) are the
following.

(1) The first solution is the antiperiodic boundary condition
with an even number of fermions:

—ul, _ruZ} _su2f

1 2, R 2 s
Zae = xg > (x0"2 x0* + X1 x0) X0 X0 Ko

1, 2 S 2 s\ —ul N 21 N 22
+ 0 00" 0 + 00" )T X
1y su2y  Is—uly—su2l —su2?
+ X0 K Ko Ko K12 Ko
1y su2 —uly—su2} _su2?
+ XK K T Ky K2 (80)

The primary field corresponding to each term of characters
in Z,¢ is bosonic with integral spin & — 1 € Z. We list the
scaling dimensions of all primary fields in Appendix E.

(2) The second solution is the antiperiodic boundary con-
dition with an odd number of fermions:

uly su2;

Zao = Xo (Xo

su2p Is)—ulz—s‘ﬂ} —su2}

X(I)S+X1 Xn ) X1 Xo Xip2

Is\—ul, _Yu21 _Yu2f

+ Xlulz(ximzz)(és + XSMZZXn )Xo X 12 Xo

101 oY)
uly  su2y IS—M12—~3”21 —“‘21

T Xo X Xo X1 Xip Xip

S T IER e T s
The primary field corresponding to each term of charac-
ters in Zug is fermionic with half-integral spin h — h € Z +
%. We list the scaling dimensions of all primary fields in
Appendix E.
(3) The third solution is the periodic boundary condition
with an even or odd number of fermions:

uly  su2; Is—”ﬂi

Zpe = Zpo Z%(Xo X172 Xo Xo

su2y IS—SMZ})

1
+ X1 X0 X0 X

—ul 2_€u2%

—uly—su2?
x (XTZXE)M "+ %o XI/Z)

+ %[X(l;lz (XimzZ X(I)s 4 XSMZZ Xyl]s)ﬁ'ﬁ{

O AT )]

< G ). 2
where both terms in Zpg(Zpp) are eightfold degenerate, es-
sentially contributed from four Majorana zero modes for the
periodic boundary condition, as explained in Appendix D.
The primary field corresponding to each term of characters
in Zpg (Zpo) is bosonic with integral spin & — h € Z. We list
the scaling dimensions of all primary fields in Appendix E.

Here we have used the fact that Zpp = 0, since the chiral
metallic phase contains free fermions v/, and ¥ ,,. The zero
modes of free fermions in the space-time path integral cause
pr =0.

There is a physical approach that leads to this solution of
modular covariant partition functions. Consider the combi-
nation of a Heisenberg chain and a spin-1/2 Dirac fermion
(referred to as the HD hybrid system). The low-energy theory

for the Heisenberg chain is the su2] @ su2! CFT. The low-
energy theory of the free spin-1/2 Dirac fermion is su2} &

uly @ su2? @ uly. Its partition function ZIP is thus the prod-
uct of the partition functions of the two CFTs,

<21 ,21 .21 ,21 <22 1 <22 l
Ziw = Ko "+ an T ) (Ko Ko F Xip X1

—su2?__ _su2?
x (0 XKo"+ TR K1) (83)
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TABLE VIII. Quantum numbers of local operators, where k is
the crystal momentum.

Operators Spin Charge k
Va2 = e’w;w Vfuizl of % -1 0
Var %Vl 1 % -1 ~%
AR _afvf”ilv7ii 0,1 0 z
and can be reorganized as
Z =106 1 + 0 )
O 4 e )y
x (6 " + 0 ) (84)

The interesting fact is that su2| x su2} characters can all
be represented precisely by su2, x Is characters. More specif-
ically,

XguZ{ Xguzz _X8u22 XO + X¥u22 XrI]S’
21 22 2 2 2

Xo Xip =Xi o = xf}’zzxa, (85)
20 su2? 2 2

Xip' Xip' =X X+ X1 ko

We find that after replacing x ;"2} X2 in the partition function
(84) with these identities above, and rewriting in the basis
with fixed fermion number parity, we reach partition functions
(80)—(82).

The partition function (80) provides us a list of local gap-
less bosonic operators and their scaling dimensions (E1) in the
chiral metallic phase. The result is summarized in Table IX.

The crystal momenta of those local gapless bosonic oper-
ators are also important quantum numbers. Note that all right

movers carry zero crystal momentum. For left movers, the

spin-1/2 operators in the su] sector carry crystal momentum

22
. In the ul, ® sul sector, the operator Yy, ~ ei’ﬂvslu 4l

carries crystal momentum = /2. From these results, we ob-
tain the crystal momenta of the local gapless bosonic operators
in Table IX.

—ul,—su2t __su2?
From the x o xox4 %0 %y " term in Zug, we see

that there is no discrete symmetry breaking in the chiral

metallic phase. If there is, say, a Z, symmetry breaking,
uly su27 15_u17_vu2l_vu2

2x0 X0 Xo Xo 'Xo | will appear in Zyg.

We see that all the local gapless bosonic operators carry
nontrivial quantum numbers. Therefore, the chiral metallic
phase is stable.

E. Phase transition from the Tomonaga-Luttinger liquid
to the chiral metallic phase

This procedure signals that there can be a direct phase
transition between the HD hybrid system, the low energy of
which is described by Tomonaga-Luttinger liquid theory, and
the chiral metallic phase, the low-energy physics of which
is described by non-Abelian CFTs. The HD phase has four
emergent SU(2) symmetries. The chiral metallic phase has
three emergent SU (2) symmetries.

Indeed, the interaction operator (74) is a marginal operator
with & = h = 1. It is a tempting indication that the zero-spin
marginal perturbation can drive a transition between two sta-
ble gapless (under symmetry) phases.

VII. EXAMPLES OF STRONGLY INTERACTING GAPLESS
METALLIC STATES IN HIGHER DIMENSIONS

The fact that the emergent symmetry at low energies
can be anomalous plays a key role in the solution of the
chiral fermion problem [48,49]. For example, in the lat-
tice realization of SO(10) chiral fermions, we start with a
4+1-dimensional (4+1D) slab, which can be viewed as a
3+41-dimensional (341D) system from far away. We design
the gapped fermion state with SO(10) on-site symmetry in
the 44-1D bulk properly, such that its surface is described by
16 massless Weyl fermions, forming a 16-dimensional spinor
representation of SO(10). On the 441D slab, one 341D
surface gives rise to 16 chiral Weyl fermions and the other
3+1D surface gives rise to 16 mirror chiral Weyl fermions
[see Fig. 4(a)]. Each sector of the Weyl fermions has an emer-
gent symmetry U (16). Such an emergent U (16) symmetry is
anomalous for each sector [49]. In Ref. [48], the sufficient
conditions are given for a sector (such as the 16 mirror chiral
Weyl fermions) to be gappable via interactions without break-
ing the lattice and on-site symmetry [see Fig. 4(b)]. Applying

TABLE IX. Quantum numbers of local gapless bosonic operators in the chiral metallic phase su25 x uly x Is x su2} x su2? x ul,. Here

k is the crystal momentum.

Operators Spin Charge k o
TR Vlilfzzvzl,zi%vﬁ% 0,12 0.£2 TEY ok
eilw o il72§ st%ui{%vzﬁ% 0.1 0.2 TEY %’ %
Vit ! 0 ‘ 0
Vfuil stluzif 0.1 0 T i’ i
eilw*'fvf‘;vZ‘i 0,1 0, £2 +2 33
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to the SO(10) case, we find that the 16 mirror chiral Weyl
fermions can be gapped without breaking the SO(10) on-site
symmetry, and this solves the chiral fermion problem for the
case of SO(10) grant unification. We would like to stress that
the gapping of 16 chiral Weyl fermions is very special, in the
sense that there is no fermion mass term that can achieve such
a gapping process without breaking the SO(10) symmetry. It
appears that the anomaly of the emergent U(16) symmetry
protects the 16 chiral Weyl fermions to be gapless against any
small perturbations that respect the SO(10) symmetry.

In the above example, each sector of 16 massless Weyl
fermions is free of all anomalies. It was also pointed out in
Ref. [48] that even when each sector is anomalous it is still
possible that an anomalous sector can be in a topologically
ordered gapped phase [62]. This offers a more general way
to solve the chiral fermion problem. In general, for a gapless
system, the low-energy effective theory for the gapless modes
can be anomalous. Even such an anomalous low-energy ef-
fective theory can sometimes be realized by a well-defined
lattice model in the same dimension, since the anomaly can
be canceled by a gapped (anomalous) topological sector.

One such example is the 2D gapless theory of one sin-
gle Weyl fermion with U(1) (fermion number Np) and
time-reversal (T') symmetry. The time-reversal transformation
satisfies T2 = (—). Such a single-Weyl-fermion theory has
a parity anomaly (time reversal is a space-time parity trans-
formation). It was believed (incorrectly) that there was no 2D
lattice theory with on-site U (1) and time-reversal symmetries
that can produce a low-energy effective theory of a single
Weyl fermion. Indeed, there are no noninteracting lattice the-
ories with on-site U (1) and time-reversal symmetries that can
produce low-energy effective theory of a single Weyl fermion.
However, if we include interaction, then there are interacting
lattice theories with on-site U (1) and time-reversal symme-
tries that can produce a low-energy effective theory of a single
Weyl fermion without breaking those symmetries. One way to
construct such an interacting 2D lattice model is to start with a
slab of a 3D lattice model, which can be viewed as a 2D lattice
model from far away. On the 3D slab we have the topological
insulator with U (1) symmetry and T? = (=)™ time-reversal
symmetry. The fermions do not interact near one surface of
the slab, which gives rise to the low-energy effective theory
of a single Weyl fermion. Near the other surface of the slab,
fermions interact strongly, which gives rise to a gapped non-
Abelian topologically ordered state and does not contribute to
low-energy modes [see Fig. 4(b)].
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APPENDIX A: TOMONAGA-LUTTINGER LIQUID
AS AN ABELIAN GAPLESS PHASE

We define the Tomonaga-Luttinger liquid (LL) as the liquid
containing only excitations with integral (or bosonic) statis-

tics. It can always be written as

1 0
o=(b °)

Thus the LL has the property that I' = I'g. For simplicity, we
assume Ny = Nr = 1, and there is only one left and one right
mode. The essence of the proof does not depend on Ny (= Ng),
and can be generalized to Ny > 1. The task is to prove that
once all excitations in the Lagrangian subgroup are condensed
the partition function of the low-energy theory is the same as
that of LLs, i.e., the ul; & ul; CFT.

We consider one kind of Abelian state, constructed from
a double-layered FQH stripe, and gap sectors along only one
edge (the top part of Fig. 1) while sectors from the other edge
remain gapless (the bottom part of Fig. 1). The claim is that
Abelian states realized by such construction are always LLs,
the low-energy theory of which is the ul; @ ul; CFT.

The edge theory of the Abelian FQH state is described
by a symmetric integer matrix K. Quasiparticles created by
operator e "¢ are labeled by an integer vector /. Given two
quasiparticles /, m € Z?, the self-statistics of the / quasiparti-
cle and the mutual statistics of two quasiparticles are

(AD)

0 Om
ATk, 2’— 1"k 'm. (A2)

b4 b4
In particular, a local excitation is one that can be created by
local operators, i.e., bosonic or fermionic operators. One set
of local excitations is Iy = KZ2. We see that basis vectors are
columns of K = (ky, k). It follows that the K matrix encodes
the statistics of these local operators:

T gr—1
EZkiK kj = Kij, (A3)
which is integral. Another set of local operators is
N0 1e 72, (A4)

where ¢ are fields of the other edge, described by —K. We
have the statistics

6
I K 'm—1"K'm=0 (AS5)
2
and
6
I Vk'm e 72, (A6)
2

since m € KZ°.

The gappable condition for a single edge is that there is
a set of quasiparticles m € Z? that form a “Lagrangian sub-
group” M [63]. One way to fully gap the edge is to add
perturbation:

SL = Z gncos(m’ @). (A7)

meM

We see that when g, > 0 are sufficiently large the quasi-
particles labeled by m are condensed, i.e., ™% ~ 1. The
question is, what is the gapless theory for the other edge that
remains gapless?

When all m are condensed, the local excitations in Eq. (A4)
become

eim7(¢+$) N eimTqﬁ‘ (Ag)
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Now the lattice of local operators is

[ = @pem(m + KZ2). (A9)

This is still a two-dimensional integral lattice, and can thus
be represented by I' = UZ?, where U is an integral matrix.
Levin proved that now P = UTK~'U is a symmetric integral
matrix with vanishing signature, det P = +£1. In fact, P is the
effective K now:

P=UTK'U. (A10)
Next, by another linear superposition,
whH='=uw,, WTKW =y, (A1l)

which means that when the null vectors become local opera-
tors will as well. Meanwhile, we _tune the interactions at the
upper edge appropriately, so that V;; = v§;;:

V=whH1'vw. (A12)

Let us illustrate the proof with two examples. First, we

consider
m 0
K= ( " _m).

Pick a null vector 1 = (1, 1)” and k; to form the new basis:

(A13)

1 m
U= (1 O) (Al14)
with mutual statistics
0 1
P = (1 m) (A15)
By a second basis transformation W, we find the basis:
1—m 1+m
- Ll4+m 1-m
N ) 2 _ 2
WO_(l _1)’ UWO_z(l—m 1+m>'
(A16)
With this basis, the statistics is
Kot = K. (A17)
The interaction is tuned to
vl +m? 1-m?
V_§<1—m2 1+m2)' (A18)
In this basis, all vectors are mutually trivial:
P — VW eiVT$ (A19)
where y = W u contributes
o 12 1
Z() =) In(@I g2 " (g")" (A20)
yel
to Z(1).
y is in the lattice
r=wlvz? =w,'v'vz? =w;'z% (A21)

Since Wy is an integer matrix with det Wy = %1, so is WO’I.
Then, from the theorem of lattice theory,

T =72 (A22)

Therefore,

_2 1,2 1,2 —
Z(r) =Y @I ¢ (g = %" %"
yeZ?

(A23)

which is the same as the partition function of the u1; CFT:

o 1y 1.2
Z) =Y Y @I g7 (g") 7. (A24)
meM yel’y,
We point out that for the velocity matrix
v 0
V= (O v) (A25)
the matrix to make K — 1 and V diagonal is
W = ! (A26)
- \/anv
and in this case the partition function is
Z(t)= Y Zu(1). (A27)
mePZ
It is modular invariant, since
1
Zl—— | = SunZ,
( T) D SwZa(D),
m,nePZ
— 1 eianTKe‘ﬂ‘n (A28)
" | det P '
The low-energy theory is a uly, x uly CFT, and
1 14+m —14+m
= — A2
W= w 2ﬁ<—l+m 1+m (429)

is a boosting matrix in SO(1, 1).
Second, we consider a general case with a nontrivial La-
grangian subgroup:

-1 1
K=< 1 3>. (A30)
We can choose a Lagrangian subgroup M =
{(0,0)7, (1, T}, and we find
1
(1 1 (1 0 [z 1

2

(A31)

We conclude that from the double-layered FQH and
gapping one edge the gapless phase obtained is still a
Tomonaga-Luttinger liquid.

APPENDIX B: CONFORMAL FIELD THEORY EXTENDED
WITH CURRENT ALGEBRAS

The theory of conformal field theory with extended sym-
metry is well known. In this section, we summarize some
defining knowledge to introduce our convention. We refer the
readers to Francesco et al.’s textbook [64] for further details.
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1. Current and primary fields

The ul, su2;, and su2, CFTs are not only invariant un-
der conformal symmetry, but also invariant under current
algebras. Current algebras are generated by currents, chiral
primary fields with scaling dimension 1, and denoted as J*(z).
The defining OPE of the level-k current algebra gy is

k8ap . Jw)
JQI(w) ~ —2— i fape ————, Bl

@I W)~ ;fb(z_w) (BI)
where f,. is the structure constant of the corresponding Lie
algebra g. In particular, for u1,, current algebra,

1@ (w) ~ ——, (B2)

(z —w)
and for su2; current algebra in the spin basis, the su2 genera-
tors of which satisfy

U, 7 1=2° [J°JF = 1%, (B3)
the OPEs are
0 g0p K2
J2 ()" (w) rm—t
+J*
JO2)TE (w) ~ (Z_—(;f)) (B4)
k 2J%w)

)~ (w) ~

JT()J (w) PR —
Analogous to highest weight representations of Lie alge-

bras, the highest weight representations of the current algebras

are labeled by primary fields. The defining OPE of a primary

field Vy (2) is

t f Vi (w)

—w ’
where #] is the representation matrix for J¢ of g in the repre-
sentation labeled by A.

Current algebras can be represented in terms of differ-
ent quantum fields, as long as the different representations
produce the same correlation functions (so-called quantum
equivalence). In particular, primary fields of the above current
algebras can be expressed in terms of the chiral compactified
bosonic field ¢ and primary fields in the Is CFT. The represen-
tations of current fields and primary fields, and their scaling
dimensions £, are listed in Table X. Table XI lists the primary
fields and the scaling dimensions /.

JVi(w) ~ (BS)

2. Operator product expansion

The OPE of fermion operators is
1
n@n(w) ~ ——. (B6)
Z—w
The OPEs of Ising primary fields are

e winw).
(z—w)s

o(z)o(w) ~

1
n@o(w) ~—— p(w), (B7)

(z—w)2

1
n@u(w) '\'(—7

TABLE X. Fields of CFTs with current algebras. J' are current
fields, and others are primary fields (except the identity field with
scaling dimension zero) of the current algebra. qy is the cutoff length
scale.

CFT Field h
uly JO =iv/Md¢ 1
-k 2
Vi=e i’ k=0,...,M—1 £
su2; JO = ﬁatl) 1
JE = e*iV 1

i
Vyap =< i
su2; J° =id¢ 1
JE = ﬁneiid’ 1
V%,i% — getiv)2 %
Viar = et %
Vio=n %

where p denotes the disorder operator dual to the spin opera-
tor o, and it has the same OPE and conformal dimensions as
o. All other OPEs can be derived from (73), (B6), and (BS).

3. Characters and modular transformations

Each primary field corresponds to a highest weight rep-
resentation of the current algebra. The character of a highest
weight representation encodes the degeneracy or multiplicities
of states with the same quantum numbers.

a. uly, character

The uly character x*'¥ is given by

m
o0 L2 4nR)?
| D DN 2
X (D) =q" 7 . RP=M, (BS)
" [T —gm

which contains primary fields of conformal symmetry:

R HnRg (B9)

When M is even, under modular transformation, Xr’,‘llM trans-
forms as

u 1 u
& W(‘ ;) = D Sixi ).
J

1 i
Sij — _e—127TM ,

VM

h 121
XiulM('( + 1) :etZJT(ZM—ﬂ)XiulM(T).

(B10)

When M is odd, x“* corresponds to the partition function of
a fermionic system.

TABLE XI. Primary fields of Ising CFT.

Primary field

Ri—R- © | =
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b. su2; character

The su(2); character st.“zk(r) is

(2j+1) /4k+2)
X g =T
! ()]
% Z [2] 4 1 + zn(k + 2)]qn[2j+l+(k+2)n]
neZ
(B11)
where j € P = {0, % e, '%}. The modular transformations
are
X1 =) Sux ™ (@),
leP
2 [7#@j+DRI+1)
Sii = sin ,
k+2 k+2
0P+ D =) T (@),
leP
Ty = 82 (655, (B12)
and ¢ = %

c. Ising characters

The Ising characters are

_ _2¢)2 r 2
Xes(@) = 11 l(q) Z (q(24n+4r 35)2/48 q(24n+4 +3s) /48)’

neZ
(B13)
where
X1=X11, Xo = X12, Xy = X2.1- (B14)
In the basis (x1, Xo, Xxy), the S matrix is
1 V2 1
Ss=-|v2 o V2. (B15)
2
1 —v2 1
and the T operation is
Ty, = e””(’m—ﬁ)xw (B16)
where hy =0, h, = %, and h, = %

APPENDIX C: EXACTLY MARGINAL OPERATORS

Consider a perturbation &S = ﬁ .8 [d*z¢i(z,2),
where ¢;(z,7) is the marginal Virasora primary field with
weights (h;, h;). The correction of the correlations of O(z, 7),
a product of primary fields, is

8 (0) = 1
dg; T 2w

In particular, by taking O = ¢;(z1, 71 )¢i(22, Z2), one can show
that to the first order in dg; the correction to the weights is

(Shi = 87[, = — Z cii_,-(ng. (CZ)
J

/fw@muwwy (CI)

The necessary condition for a marginal operator to be ex-
actly marginal, i.e., preserving conformal symmetry when g;

is turned on continuously, is that ¢;;; = 0, for any primary
field ¢;.

APPENDIX D: PARTITION FUNCTIONS OF FREE SPIN-%
DIRAC FERMIONS

The spin—% Dirac fermions can be considered as the rep-
resentation of the ul, @ su2; current algebra. The partition
functions are

Z/]i)lizrac: 512X8u21781278u21 _’_Xlulzxiv?glylitlzy.itg]
1 ( 6:@)|" | |6s(@) “)
2\| n(q) n(q)
4\ | Maink /o Maiy 4—k
= 3 (§) @ @
k=0,2,4

uly _ suy—uly—su2,y uly _ suy—uly—su2,

.
Zo0 = Xo Xo ' Xi X1 — X1 " Xip2 Xo Xo

_1( )| |6alq) “)
2\| n(q) n(q)
4N [/ Majyk /) Majy 4—k
= % () ey @
k=1,3
zpy = Zp5
1 u Su. u Su. —Uly)—SU —U —SU
= E(X012X1/§1 + X112X0 21)()(012)(1/51 + X112X0 21)
16:(g) [* aind
=2 =8(Zp") (D1)
n(q)

where we have used Jacobi’s theta functions 6,(t) to track
the various identities between characters. To understand the
multiplicity in Zpr*¢(Zpa©), we compare it with

02(q)

ZMaj __ ~7Maj __ l
n(q)

PE_PO_2

(D2)

Since 6»/n has twofold degeneracy, there is no degeneracy
in Z), but an eightfold degeneracy in ZRi™. Physically, in
n chains of a Majorana fermion with a periodic boundary
condition, there is a ground-state degeneracy of 2" due to n

zero modes. For fixed fermion number parity, the degeneracy

is
n n .
 @-_z ()=
k=02, k<n k=13, k<n

APPENDIX E: SCALING DIMENSIONS OF PRIMARY
FIELDS IN THE CHIRAL METALLIC PHASE

(D3)

Here we list the scaling dimensions (%, &) of primary fields
corresponding to each term of characters Z,g (80).
(1) InZyg (80),

~
=
(=]
N
—~
FN[N)
N[
N—
—~
N
Sl
SN—
—~
—
(=]
N
—_~
A=
A=
~
—
=
I—
SN—
S
—
~

195107-18



METALLIC STATES BEYOND THE TOMONAGA-LUTTINGER ...

PHYSICAL REVIEW B 102, 195107 (2020)

(3) InZpg or Zpo (82),

( 1
4 9

( 1
2 9

( 1
4 9

APPENDIX F: COMPUTATION OF MODULAR INVARIANT

PARTITION FUNCTIONS

—
~
~
—_
~
—
~

(E3)

—_

Blm RI— BI—

Bl— RI— B
N—

Bl— RI— &=
~
—~
= Al =
Nl— A= =
SN—
—~
NI— Bl =
[ e Ll ]
N—

—
~
~
—_
~
—
~

1. Fusion algebra in the chiral metallic phase

Fields generated from OPEs of fermion operators can be
summarized in terms of fusion algebras. The primary fields
in the partition functions can be organized in the following
fashion. We denote the vacuum and local operators as

—ulv—suZl suZ1

Vulovsu22 llq VO ,

uly —su2! su22

— waz — Vulz‘/mZzllb VO IV] ,

uly suZl —s142l

w1 = Y2 = VIV 0V PV :
2

—uly—si ?u2

- u su. u2|
,UQEWLI/fﬁl=V012V% 26V, Vi V. (F1)

All the primary fields generated from the fusion of them
are

—uly—su2! su22

w3 = vy x wy =V, "2VReVIRV, Vi
2
uly suZz Tl rsui prsu2i
M4 = V3 X Uy =V, Vl oV, V V, . (F2)
The other fields are v;;, 1 <i < 4,0 < j < 3 defined as
Vio =Vi,
Vi1 = VOMIZV{W22 15 X vjo,
Vpp = Voulzv(fuzzfl X Vo,
vz = ViV x v, (F3)
v; and v, have been given. v; and v, are determined by
3 3
"1 XM2=ZV3,', "1 ><M4=Zv4j. (F4)
j=0 j=0

The solution is

uly—: suZ1

—su2!
e /s A TR v Wy,

su21

vy = VY IRy ”‘2'v . (F5)

Note that all vy = v; have the partial vacuum VO‘”‘22 1y, thus
the fusion in Eq. (F3) is Abelian and trivial.

The primary fields defined above form a complete set such
that the fusion algebra is closed. We denote this fusion algebra
as

C={m,vl1<1,i<4,0< /<3 (F6)

2. Procedure to look for modular invariant partition functions

From the fusion algebra C, we can look for solutions of
modular covariant Z.

(1) Assign non-negative integral multiplicities for the char-
acters x, for ¢; € C, and sum over them to get an initial
partition function z.

(2) Generate a set of partition functions:

z, Sz, TSz, STSz, Tz,

Since $? =1 [65], T?> = 1, and (TS)? = 1, they are all the
partition functions generated by modular transformations.
Next one checks that all the multiplicities in these vectors are
non-negative integers, and the primary fields in these partition
functions are either bosonic or fermionic fields.

(3) There are three basis vectors of S invariant partition
functions:

STq. (F7)

21=2+8z, zr =Tz+8Tz, zrs=TSz+ STSz.
(F8)
Therefore all vectors Zy4 = Z?:] a;zi, a; € Z,a; > 0 are in-

variant under S transformation.

(4) The other sectors of partition functions can be gener-
ated by ZAP = TZAA and ZPA = SZAP.

(5) Use Zpp to find Z?zl a;zi, a; € 7, a;
purely bosonic.

The only free choice in the procedure is in the first step; the
general guideline is to assign small integers to the multiplici-
ties.

> 0, which is

Another modular covariant partition function

There is another independent solution for modular covari-
ant partition functions, as shown below:

[g_ulz_.suZl _su22

1o su2
Z, o Ko XoXo Xo ' Xo

E = Xo Xo

Is—ul, _su2 _suZ7

1o su2s
+ XK T XX K X

s_u12_su2 _3142

1o su2
+ XX Suzxn X1 Xl/z Xl/z

Is—ul, _su2 _su2

R P iy St P ot

Is—ul, —su2! _su2]

1y su2
+ X1 %0 X0 X0 12 Xo

Ig—u12—bu21—.§1422

1 2
+Xo X X0 X1 KXo X1

[S_ulz_m2| _m22

2.
+Xulz szqX] Xo X]/z

u12_s112 _.su2]

+ xR K Ko (F9)

The scaling dimensions of the primary field corresponding to
each term are

©.0. (3. G2 @0
G3)- G2 G2 G EO
Zio = 18" " AT

Is—ulz_AuZ _u12~

1 2
+ X1 X1 X0 Xo " X1/2 Xo

Is_ulz_wﬂ _vuZz

2
R (R (SP S T SYb !

15_1412_$u2 _su2

1 2
+Xu2 S'”X,,Xl Xo X1/2

s_ulz_vu2 _vu2

2 su
+X;“ szOXl X2 X172
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each term

uly  su2; Is—ulz—blﬂl _3142

+Xo X1 XoXo Xo Xo
+ X(l;lzxau% X;SXSIZYEV)MZ Yf)uzl
o S T (D
The scaling dimensions of the primary field corresponding to
are
1 31 31 1
0.3, G2 G (13)
13 1 1 5 3).
(53 (5.0, (3.0, (G 3 (F12)
Zpr =Zpo

uly  su2y _ Is—uly—su2} —su2?

=Xo "Xi2° X X1 X0 Xo

uly _ su2, Is—u12_3u21 _31422

+Xo Xi2 Xe Xo Xo X1/2

uly  su2y  Ts—uly—su2l _su2}

T X1 X2 Xe X1 X1j2 Xo

uly _ su2, Iq—ulz_su2 _m2]

+ X1 X2 Xo Xo Xl/2 X2+ (F13)

The scaling dimensions of the primary field corresponding to

each term

are
13 GH G G

APPENDIX G: SOLUTIONS OF EQ. (25)

(F14)

Using the characters of the uls CFT, X"“ and the charac-

ters of the

Ising CFT, X , we can construct many solutions of

Eq. (25). The following is a list of 36 solutions (the list may
not be complete):

ZAE! PES
Zpor pEs

ZPE f,PES

Zpos pos =
ZpEs po
Zpos pos
ZAES AE
Zpos AEs =
ZpES AE
Zpos AEs
Zypr a0 =

Zpos a0¢

= (I + ™) ([ + 15[,
= (a7 ) (e + ),
= (™[ + D) ([ + 1)),
= (st + T ) (1l + 1),

5+ a2 P

=
(qu_uu+Xu1147b1”4)|)(§|2,
(

DA™+ D )]s

_( uly— u14+X£¢147814)|X§|2’

o+ L P

’

u14 M14

KT T

G+ L

u14—u14 + X;hygh) |XIl< |2’

| u14| + |Xul4| )(XéSXIS+XISXIS)

ul4Xull4 +Xull4xlfl4)(xésxlls+XIISX})S)

= (
= (
=
= (%
= (
= (x

Zpgr o = (™) + X" )(xé“YIerxI“xé“)

Zyorao = (X6 Xa* + 43X ) (o XS + xPXG): (G
Zugrpe = (151 + a0 (e [+ [5)),

Zpor e = (™" + 5 D) (6 [+ [5[).

Zogr e = (™ X+ X 5T) (] + 1281).
Zuorpes = (678 + 1878 ) (1 | + x5,
Zagrpo = (X" + ™) )|Xf§ g

Zror o = (I [+ 1" )|XiS ’

Zpps por = (i X" +x“1fx§‘“)lxlf}2,

Zaor o = (Xo 4_”1“+x£”“_”“)|x :

Zugrap = (" + [ )|Xfiz ;

Zpor ape = (X7 + |1 )|Xli|2v

Zpgrape = (4 + x5 T )0 I’

Zyor aes = (xg"% ”“+x“”x5“)|x‘fiz,

Zagrpo = (x| + x5 )(XésXIIS-FXESX%)S)

Zpor a0 = (™ + x5 )(XOQYIFJFXFX})“)

Zpps po = (0T + xS T) (CTE + 40T,
Ziorao = (%" %5 + 26" %Ko ) (XS + xFX0): (G2)

Zugrpe = (" + D D) (6 + 1),

™+ B )l

Zpos pEs =
R ) [ .

s+ s T ) (] + )
) + o) )Iij :
D+ B P ]+ )

(

Zpes pes = (Xi

= (%

= (

=
Zoerpor = (XX + XY (|l + |x§| ),

(

(

= (

= (

=

Zp07 PES

ZAEf PO

Zpos .po

—ul 14—ul
ZAofPo—X4u4+X§4M4)|X |,
Zneraes = (X0 X ”1“+x§““x8“)(xé‘xlf+x1fx§)

1 1 1 1
XX 4 xS 4)|X%| ,

Py

ZPOf AE*

ZPEf AE

Zpos AEs = |Xul4| + |X"14| )(XéSYIf + xe};)
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ZpEs p0s
Zpos A0s
Zpgs a0

Zpos a0

ZAEs PES
Zpor pEs
Zpgs pEs
Zaos pES

ZAES PO

’

u14—u14+ ulg—uly Is |2
X2 Xo )’XL

u14Xu114 +X”11471‘14)(X(I)SX113+X{SX})S)
u14| + |Xu14 )(X(%SXIIS'FXFX%)S)

1"+ ) [

(G3)
16+ Dt ) (e + ).
ul4—ul4+Xull4711414)’X§

u14| + |Xul4 )\XLS 2’

’

s+ s T ) (] + )

xF + )

Zpor po = (AT + X (| +[xr ).

ZpEs po
Zpos pos =
ZAES AES
Zpos AE
ZpEs AES
Zpos AE
ZpEs a0 =
Zpos A0
ZpEs a08
Zpos A0s
ZAES PE
Zpor PE
ZpEs PES
Zyor pEs
ZpEs pos
Zpos pos
Zpgs po
Zpot P
ZAES AE

ZPOf AES —

= (x
(
= (
(
= (x
= (
= (xs
= (
= (
= (
= (xs
= (xs
= (
(x
= (
= (
= (
= (u
= (
= (
(
= (
= (%
= (%
= (x
= (
= (
= (
= (

Xu14 —uly + X;14Xgl4)

X

™ XD ]+ 1),
uly— 1414+X;14X814)|XIIS| ,

uly— u14+X;14 ulA)(XéSXIIS'FXFX(I)S)

i+

u14—ul4 + Xu11471i414)|xlls |2’
u14‘ + |Xu14| )(Xésylls + XIISX%;)

3

[

ul4‘ + |Xu14 )(X(%SXIIS'FXFX%)S)

ul4—u14 +Xull4xlfl4)(xésxlls+xllsx%)s)

X P e ? )Ix‘? (G4)

L+ e ) (Il + 0,

™+ ) [

R xS T I

R R (}x P+ )
(x('fxlf +X%0)-

")
4—1414 + X;147814)
)|

ul4—u14 + Xu147u14
1A1

L 9
16

u14| 4 ’qu )}le

M14| + |Xu14| )(XéSYIIS + XESYE)S)
pIES:
)

(|x P+ b

u14‘ + ’Xu14

)

XM14| + |XM14
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ZpEs ABs =
Zyor aEs =
Zagi a0s =
Zpor a0¢

ZPE/ A0S =

ZAOf AO

ZaEs PES
Zpor pEs
Zpgs pEs
Zpos pes =
Zyps pos =
Zpof pos
Zpgs pos
Zos po
ZpEs aBs =
Zpor aEs =
ZpEs AES
Zpos AEs =
ZpEs pos =
Zpos,a0¢
Zpgs aor =
Zpos A0
ZAES PE
Zpos pEs
ZpEs PES
Zpos pes =
ZaEs pos
Zpos por =
Zpgs po

Zyor po =

T T )

( uly— u14+X;14X314)
uly— u14+X;14Xgl4)

+ XX

Xu14 u14+Xul4Xu14)(X 7 2
X0)-

1
2
| u14i +|X1414 )(X(%SYIIS'FX;
o+ Pl

6"+ 1 ) (e + D).

; (G5)

ulyg—uly

14—ul
X" 1+x”f‘x74)|x+6

P

’

2

’

b T

X 14—1414+X51147314)(X65X115+X X())

P

Is—=Is

2

’

uly—uly

1 1 2
X+ i) X

’

’ ul4} +|Xul4} )(Xésxllﬁ_i_xlxo)

o+ b Pl

= (%o

=

(

(

(

= (1

=

= (xo

=

=

= (xi

_( Iol
(
= (" x ) (e + 0],
= (™ + X D) e + ),
= (xo

= (xo

=

= (1

=

=

=

=

= (o

=

= (x

=

= (x

uly— u14+ uly—uly
X2 Xo )

|X%6

’

uly— u14+Xu14Xgl4)|XIls 2

’

| u14i +|Xu14 )(XéSYI]s_i_XEsX%)s)
ul4—u14 +X”1147’f]4)()(és)(lls +X15Y%)s)

2

o+ ) (@)

6™+ 1) (e T +| F7).

ulyg—uly uly— u14)

X1 X1+X1X1

™ P+ 1) (o | +|x ).

X 4—u14+X;14—ul4)‘X

’

2

’

6+ a2 P

AT (bl + ),

2

’

P

et TN )
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ZAES AES |Xu14| +|X”14 )’XIIS}Z,
Zpos aps =

e + [ )IXIi :

ZPEf JAE

Is—Is Is—Is

ZAOf AE*

Zugr o = (| + | x"t )(X(IfYIFerFxE)

u14—u14 uly—uly
Zpos a0s = + X2 " Xo )|XL

’

| u14| + |Xu14’ )(X(I)QXIF_’_X{%X%;)

ZpEs A0s
Xu Xull4_}_)(1,4114)(L1t14)|xL
i+ 1™ ) (e + ).

o P

b}

Zpot a0s =

ZsEs PE
Zpors pEs
Zpes pes = (X) il +Xul14711l14)(|x | + |X | ).

uly u14 +X§147814)|XE| ,

Zyor pEs =
g™+ D) [

™+ L) (e + ).

ZAE! PO

Zpos.po

Zyor ros = (xgM X5 + X§]47814)(|XIS’2 + |Xlis|2)’

uly—uly uly—uly

Zagraps = (x0T [x

o

u14—u14+ uly—uly
X %o ) (X

"+ [ ”"‘!)!xflz,

ZPOf AES —

)

ZPEf AE

Zpos AES | u14| + |X“14 )(XOSYES + )dsxés)

Is—Is

Zagrao = (0TS + ST (XS + xR

Zpot a0s = X ul4+X§14X814)|XL‘ )

Zopraor = (") + [x2] )(x('foerxFYés)

ZAOf 10 | ul4| + |Xu]4

Pl

)
P +IX““|2)(}X | +x I“|)
)

),

ZAE f,PES

o+ )

u14 M14

X 1+x”11‘x‘f1“)|xf;:| :

u14—u14 + X;14X(L;14)|Xlls |2’
16

i+ D)k I

D+ D P I TS

Zpof PEs =

ZAEf PO

=
(X
(
= (xi
(
(%6
(
=
=
=
= (x{
(X
=
=
Zoer por = (T XTI
= (%0
(
= (x
=
=
=
(X6
=
(
(
=
= (
= (%
=
=

Zpor pos =

uly—t u14+X£¢147814)(X55X11§_I_XIISXBS)

X+ T (0TS + XD

Is—Is) ,

Is—] Is)’

(G7)

(G8)
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ZpEs pos
Zpos pos
ZAES AE
Zpos AEs
ZpEs AES
Zpos AEs
Zpgs a0
Zpor a0s
ZpEs A08
Zpos aos =
ZAES PE
Zpos pEs
Zpgs pE
Zuos pEs
ZaEs Pos
Zpof pos
Zpgs pos
Zpos ,pos
ZAES AES
Zpor AEs
ZpEs AES
Zpos AE
Zpgs aos =
Zpor A0
Zpgs p00
Zpot A0s =
ZAES PES
Zpos pEs =
ZpEs pEs

Zyor pEs =

X T (0 ).
= (™8™ + T ) (0 + ).
= (I + [ ) I
= (I [+ 1™ )
= ("% + 2 X0 ) (XCTT + A0TD).

ul4—u14 + Xull47L1tl4)(XésXIs + XIIS—IS)’

™ P+ [ ) ot + 1)
™+ ™ ) s + )
s L
T+ ) (G9)
™+ L P (' + ).

u14 M14

20+ T (] + ).

o+ Pl

— Xul4 ul4+Xu14Xgl4)|XE|2’

™[+ ) )

D+ B PY (] + )
T+ T ) (] + )
u14 M14 u14

T x‘l‘l“)leyz,

’

M+ D™ Pl

ul4—ul4+X;]47814)(Xésxlls+Xlls7(l)s)
| u14| +|Xul4 ) Xéqxlls_i_xlqug)

u14Xu114 +XuleTlA)(X(I)SXIIS"}_XESXE)S)

| ul4| + |Xul4| )(XéSXIIS'FX{SX%)S)

u14—u14 + X;147(L;14)|X%| ,

= (x
= (
(
= (x
= (1
= (
= («
= (
= (
= (
= (™ + T [ [
= (
= (x
= (i
= (
= (x
= (
= (x
= (
= (%
= (

)+ )|xlj|2; (G10)

6P+ 1) (e + ).

1 M14

xMT + T

u14—u14+Xull47L1¢I4)’ E|2’

= (
(1
= (x
= (

|Xul4| + |Xu14| )(X(I)SyIIS_i_X{SX{)S)



METALLIC STATES BEYOND THE TOMONAGA-LUTTINGER ...

PHYSICAL REVIEW B 102, 195107 (2020)

ul4—u14+X2u]47314)(xésxlls+xls—ls)
1414| +| u14 )}XI%Z ,

u14| +| u14 )ixlj 2’

ZAEf POs —

Zpos .po

ZpEs o
Zyof pos = Xu14 u14+X;l4X314)(}X | +| Ig’ )
u14—u14 + Xu1147714)(|xo | 4 |X% | )’
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