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We discuss a scheme for performing Jordan-Wigner transformation for various lattice fermion systems in
two and three dimensions which keeps internal and spatial symmetries manifest. The correspondence between
fermionic and bosonic operators is established with the help of auxiliary Majorana fermions. The current
construction is applicable to general lattices with even coordination numbers and an arbitrary number of fermion
flavors. The approach is demonstrated on the single-orbital square, triangular, and cubic lattices for spin-1/2
fermions. We also discuss the relation to some quantum spin liquid models.
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I. INTRODUCTION

Bosonization has long been an important technique for de-
scribing and understanding many-body quantum systems. For
instance, it allows one to directly apply tools developed for
bosonic systems, like tensor network methods, to fermionic
problems. Generally speaking, the fermionic statistics is im-
plemented on the bosonic side using nonlocal string operators,
as is well known in the classic Jordan-Wigner transformation
for one-dimensional systems [1]. Generalizations of the trans-
formation to higher dimensions using lattice gauge fields have
also been proposed [2-24]. Such exact bosonization mappings
are also important from the quantum simulation perspective,
for they address the possibility of simulating a quan-
tum many-body fermionic system using a bosonic quantum
computer [25-30].

From a condensed matter physics perspective, it is natural
to ask how symmetries on the fermionic side are represented
on the bosonic side under the bosonization scheme. The sym-
metry aspect of bosonization, however, is rather subtle. For
instance, although there is a clear physical distinction between
a square and a triangular lattice, a bosonization scheme might
effectively treat a triangular lattice simply as a sheared version
of a square lattice and ignore the differences in their spatial
symmetries [9]. Even if the bosonization transformation itself
is exact, in practice any further attempt to solve the bosonized
model typically invokes approximations. In the process, the
symmetries which are nonmanifest on the bosonic side could
be explicitly broken, and this could lead to misleading results.

In a recent work [31], we proposed an approach for per-
forming higher-dimensional Jordan-Wigner transformation
while keeping all symmetries manifest. The symmetry trans-
formations on the bosonic side can all be traced down to that
of a collection of operators denoted by A**, which could be
viewed as the bosonic analog (up to a Jordan-Wigner string) of
the Majorana fermions defining the physical fermionic Hilbert
space. The approach in Ref. [31], however, is limited to four-
coordinated lattices like the two-dimensional (2D) square and
three-dimensional (3D) diamond lattices with a single orbital
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per site. In this work, we generalize our construction to lattices
with an even coordination number and an arbitrary number of
orbitals. Our construction follows from decomposing A** =
in®* x* using auxiliary Majorana fermions 1 and x. Here, the
n fermions carry the physical quantum numbers and their
bilinears generate internal symmetries. In contrast, the x
fermions encode the directional dependence in the bosoniza-
tion scheme and their bilinears generate transformations
which keep spatial symmetries manifest. Representing A**
by some tensor products of Pauli matrices provides a qubit
representation of the theory, in which every bilinear operator
acts on the Hilbert space of some two-level bosonic degrees
of freedom (e.g., spin-1/2), usually called “qubits.” For sim-
plicity, we will refer to this as the nx approach henceforth.

The nx approach discussed in the present work is in-
spired by earlier works providing lattice bosonization recipes
through the introduction of Majorana fermions [7,9,27].
It is also closely related to the approach developed in
Refs. [2,3,23,24], dubbed the “I" model,” given that the n
and x Majorana fermions provide a natural representation of
the Clifford algebra. In particular, we emphasize that in the
present bosonization scheme the number of auxiliary qubits
depends only on the lattice fermionic model, and, at the
same time, all internal and spatial symmetries relevant to the
fermionic problem are kept manifest. This can be contrasted
with some of the earlier works in which, for instance, the
number of auxiliary qubits required grows as more electron
hopping terms are considered on the fermionic model [7], or
when the geometrical difference between, for instance, square
and triangular lattices are ignored in the bosonization scheme
[9]. Furthermore, in our approach internal symmetries, which
act in an on-site manner on the fermionic side, will continue
to act on site on the bosonic side. We also allow for an arbi-
trary number of complex fermionic modes on each site and
incorporate naturally any possible internal symmetries among
the fermion flavors, although we will limit the majority of our
discussion to lattices with even coordination numbers.

The paper is organized as follows: We introduce the gen-
eral procedures of our bosonization scheme in Sec. II. We
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define the operators invoked and discuss the fermion-boson
mapping as well as the constraints of the bosonized problem.
The general procedure is then demonstrated on three succes-
sively more complicated lattices in Secs. III-V, in which we
derive the explicit representations for their associated spatial
symmetries. As a warmup, we revisit the bosonization prob-
lem on the square lattice in Sec. III within the nx formalism.
We review the constraints defining the fermionic states within
the bosonic Hilbert space, and also discuss how the spatial
symmetries are implemented. In Sec. IV we provide a parallel
discussion for the triangular lattice, which is six coordinated
and goes beyond the approach developed in Ref. [31]. In
Sec. V, we further apply the nx formalism to the 3D cubic
lattice, which is also six coordinated. The operator constraints
defining the fermionic subspace are more complicated in three
dimensions, and we provide a strategy for finding indepen-
dent constraints. We also analyze in detail how symmetries
are implemented on the bosonized model, and discuss how
fermion-odd operators can also be identified on the bosonic
side [31]. Next, as a demonstration on how our approach
could aid the design of spin liquid models respecting the
symmetries of the underlying lattice, in Sec. VI we consider
the bosonization of a chiral p-wave superconductor on the
triangular lattice. The bosonization gives a chiral spin liquid
model defined on a triangular lattice with three qubits per site.
Such models could be relevant to the correlated electronic
problem in moiré heterostructures [32—-37]. We then conclude
in Sec. VII with a discussion on how the nx formalism might
be generalized to odd-coordinated systems, and elaborate on
the relations of our approach with the design of exactly solved
quantum spin liquid models [38—40].

II. GENERAL PROCEDURES

A. One-dimensional Jordan-Wigner transformation

To begin with, let us review the basic idea of one-
dimensional Jordan-Wigner transformation. For a one-
dimensional finite chain of complex fermions, we first
decompose complex fermion creation and annihilation oper-
ators into Majorana fermions, i.e., ¢, = %(yxl + iyxz) on the
site x. Operators y{ ,1 =1, 2, on a single site, say, the left end
of the chain, form a Clifford algebra, and we can use Pauli
matrices to represent them, thus obtaining a qubit description.
Furthermore, two Majorana operators y,, yxj; on two different
sites anticommute with each other, and so to retain the anti-
commutation relations one introduces nonlocal Pauli strings
in the representation of ¥/, x > 1. Formally, we can map

yll — X1, ylz — Y,

)/21 — 71 X5, y22 —> 7Y,

ey

v — <]_[ZI)XX, Y2 —s (]_[Z,)Yx.

I<x I<x

One can check that these bosonized operators obey the same
(anti)commutation relations as the original Majorana oper-
ators. For a fermion-even operator like the bilinear form
iy yx2+1, the long product of Z; operators cancels and so

the bilinear form still maps to a local operator Y, Y, . After
bosonization, we can focus on the bosonic Hilbert space of a
spin-1/2 chain. For example, consider the Kitaev chain model
with Hamiltonian

N N
Hy == iylyir— H==) YY)
x=1

x=1

where the bosonized Hamiltonian is an Ising model.

If we turn to higher dimensions, similar construction
can still be employed provided that one prescribes a one-
dimensional ordering of the sites along which the Pauli string
is introduced. For a generic fermionic model, the Pauli string
no longer cancels after bosonization. Thus the locality of
the operators is not well preserved. The goal of construct-
ing a higher-dimensional Jordan-Wigner transformation is to
overcome such nonlocality problems in applying the original
approach to higher dimensions. We will next discuss how
this could be achieved by introducing auxiliary Majorana
fermionic partons for each bond of the lattice, followed by
suitable constraints on the parton Hilbert space.

B. Higher-dimensional constructions

Consider an arbitrary lattice fermionic system, which can
be viewed as a connected graph consisting of some ver-
tices and edges. We first consider the operators localized to
each site r. Suppose we have m complex fermionic modes,

L2, ..., f™. We can represent them by 2m Majorana oper-

ators yrk, k=1,2,...,2m, through

f;n — %(VrZH—l _ l-yr2n)7 frnT — %(yan—l + l-yan)7 (3)

for 1 < n < m. These Majorana fermions obey anticommuta-
tion relations

. vl} =268, )

All operators in fermions f can be rewritten in terms of y'.
In particular, terms in the Hamiltonian can always be written
as sum and product of the bilinears iy,iyr], . Similar to Pauli
operators in the one-dimensional case, we want to construct
local bosonic operators (which we call ®, and A;) such that
all bilinear forms can be represented as products of them.
Then the local bosonic Hilbert space can be constructed from
qubit representations of these local bosonic operators.

The ny formalism provides a defining representation of
desired bosonic operators ®,, A,. It encodes the fermionic
problem in a bosonic Hilbert space as follows. To each site,
we attach Majorana operators ¢, o € {1, 2, ...,2m}, and x;,
xef{l,2,...,n}, where n, is the coordination number of
the site (for the examples we study in the following, n, is
a global constant independent of r). We assume n, is even
for all r, and set n, = 2n; i.e., we further restrict ourselves
to even-coordinated lattices. Then we define operators

O =il A =iy, O =—ixix. )
From these expressions one can readily check that ®, A, and
® satisfy the relations in Ref. [31],

A = —i@P AP Y = AT AP, (6)
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where there is no summation on the repeated indices. Both
@ and A%* are Hermitian, and meanwhile both 0% and 7
are antisymmetric in their upper indices. Note that although
A% is a 4 x 4 operator-valued matrix in Ref. [31], in the
current approach it can be an even-by-even rectangular matrix
in general.

Fermion bilinears in the physical problem can be mapped
to the bosonic operators ® and A through

ivivl — ey,
.o, B ax A By @
iy, vy — A} A,,,

where r and ¥’ are the ending and starting sites of a given arrow
(an oriented edge) in the lattice. If this orientation is reversed
on the left-hand side, then there is an extra minus sign on the
right-hand side. Here, x, y are numbers labeling the Majorana
X at two ends of the edge. We also demand ®*# and A%*
satisfy the same commutation and anticommutation relations
as the fermion bilinears they represent: the two operators @*#
and A** anticommute if and only if o’ is equal to either «
or §; otherwise, they commute. Similarly, the two operators
@Y and A** anticommute if z is equal to x or y, and commute
otherwise. The two operators ®*# and ®* always commute.
For applications we will also discuss qubit representations of
©%F and A%* in following sections.

In this construction, n%'s correspond to physical degrees of
freedom, while x*'s are auxiliary Majorana fermions connect-
ing different sites. We often call them Majorana partons. The
number of 7%'s and the number of x*'s are not necessarily the
same. This is different from the formalism in Ref. [31], which
relied on an exceptional isomorphism of the group Spin(4).
The internal symmetries like fermion parity, time reversal,
and flavor symmetries are characterized by transformations
of n¥’s. Spatial symmetries, like translation, reflection, and
rotation, are characterized by transformations of x*'s.

To be more explicit, let us take a closer look at the transfor-
mations of A" = in® x*. The bilinear operators 6*f = Ln*nf
form a set of generators of so(2m) algebra:

[0%F, 0P*] = i(8°*0PP + §PPo** — s2PpPh _ §Pgary  (8)

The exponentiation of elements in the algebra form the
Spin(2m) group which is the double cover of SO(2m). A
similar structure can be introduced for ¢;" = —3 x*x* which
form a set of generators of so(2n) algebra. Furthermore,
we have

(697, '] = i(8"*n* — 6*nP), o # B. ©)
An element in Spin(2m) can be written as U(A) =
e~ ZasAas9’ \where A is a 2m x 2m real antisymmetric ma-
trix. Using Eq. (9), we see

UAPU@) ™" =" (e, (10)

N

The matrix =24 is an element in SO(2m), meaning n* trans-
forms as an SO(2m) vector. Similarly we define V(A) =
e~ 20409” ¥ transforms as an SO(2n) vector. Combining
these properties, A* = in* x* will transform as an SO(2m)
vector in its first index and as an SO(2n) vector in its second

index independently:
UMAUA) " = (6w A7,

, (11)
VAAPV(A) ' = Z A (e

¥

So to find transformations among different x*'s or n%s, we
only need to find some suitable matrix A. This allows one to
systematically identify symmetry operations on the bosonic
side [31]. In Secs. III and IV we will discuss symmetry trans-
formations in explicit examples.

C. Enlarged Hilbert space and constraints

We have seen the mapping from a fermion problem to a
bosonic system, where auxiliary Majorana partons are intro-
duced to intermediate operators supported on multiple sites.
These partons will make the bosonic Hilbert space larger than
the original fermionic Hilbert space. For example, when the
original fermion problem is in a lattice of coordination number
4, and has a spinful fermion per site, then the bosonized sys-
tem will have four extra Majorana partons; thus the bosonized
on-site Hilbert space is enlarged to 2>*2 = 16 dimensions.
To return to the same dimension of fermionic Hilbert space,
we have to impose 2° constraints per site. Generically we
argue that after imposing suitable constraints the bosonized
system has the same dimension of Hilbert space as that of the
fermion problem. Examples are presented in Secs. III-V and
Appendix B.

First we consider parton parity T'; oc nln2 - x!'x2--- on
each site. Fixing I, to be a constant can reduce the enlarged
Hilbert space by one dimension. If we denote the total number
of sites by N, then we have N constraints. There is some
flexibility of choosing the parity to be even or odd, but we can
always make these on-site partons translationally invariant to
simplify the bosonized problem.

A second type of constraint comes from the identities in the
original fermion problem. Because of the relation (y,)* = 1,
the product of a loop of (3, )fealoop is also identity. This be-
comes a nontrivial constraint after mapping to the bosonized
problem. Each such constraint will also reduce the enlarged
Hilbert space by one dimension. So we only need to count
the independent constraints in the lattice. This is equivalent to
counting the independent cycles in the lattice.

A systematic way of doing this is to treat the lattice as a
graph consisting of vertices and edges. We should choose a set
of generators of the free Abelian group H;, which is the first
homology group of the graph. For a generic connected graph
X, the first homology group can be found with the notion
maximal tree [41]. A tree is defined as a connected subgraph
with no loops, and a maximal tree T is a tree which contains
all vertices of X. We denote the sets of edges and vertices of a
system as E(X) and V (X), respectively. For a concrete exam-
ple see Fig. 8, in which there are 15 edges and 9 vertices. The
number of edges in a maximal tree is |E(T)| = |[V(X)| — 1,
where “| - |’ means the number of elements in a set [42]. Then
every edge which is not contained in the maximal tree will be
a generator of homology class in H;(X). Note that different
choices of maximal trees will give the same homology group.
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The first homology group is
HX)= ZIEXI=IEMD| — 7IECOI=IVEI+1 (12)

In particular, for a planar graph, the number (|E(X)| —
|E(T)|) is equal to the number of “holes” in the graph. For
nonplanar graphs, like embedding on a closed manifold, the
choices of generators will be more complicated and depend
on the details of the graph. In our following examples, this
counting includes both plaquette constraints and large Wilson
loop constraints.

We stress that the discussion above is in general applicable
for an arbitrary lattice system in which every vertex has an
even coordination number. We can count the degrees of free-
dom and the number of independent constraints for a given
graph X. For instance, we have n%, o € {1, 2, ..., 2m,}, x;,
x €{l1,2,...,n}. The coordination number #, is the number
of edges linking to site r. Notice that |E(X)| = )_, n,/2, so
combining the on-site parton parity projection and plaquette
constraints we obtain

T T 2
[1, 2m2
2VEQIEE VT

dim’HX =

EX ,
_ 2IEX) l‘[rzm
T DIEX)I+L

= %]‘[2’”

where the factor 1/2 shows the feature of a half Hilbert space
with certain global fermionic parity. For lattices with odd
coordination numbers, the above counting is still applicable,
but then it is more subtle since to construct a local Hilbert
space we should have even numbers of Majorana fermions.
We discuss these issues in Sec. VII.

13)

III. MAJORANA REPRESENTATION FOR SQUARE
LATTICE

In this section, we study the example of a square lattice.
After introducing the operators involved, we will discuss how
to express the states in terms of qubits. We also discuss some
issues pertaining to the global properties of the transforma-
tion, e.g., issues of putting the system on a torus. We also
show the effect of locally relabeling the Majorana partons and
rotational transformations explicitly.

Let us focus on the case of spin-1/2 fermions and a single
orbital per site. On each site the Hilbert space is four di-
mensional, spanned by the basis {|0), £;10), £{10), f{ ] 10)}.
Generically the Hamiltonian of the system can be built from
quadratic forms of fermionic creation and annihilation oper-
ators. In particular, the products of quadratic forms compose
interaction terms. So we mainly focus on quadratic terms. Let
yi i=1,2,3,4,beon-site Majorana operators such that

fr=30" =it =30 +ivh),
_ (14)
A=307—iyh, fl=307+ir".

For simplicity we choose arrow directions to be antiparallel
to directions of basis vectors x, y, as shown in Fig. 1. Then by

FIG. 1. The auxiliary Majorana fermions of a square lattice. Each
site has a tilted square, with every vertex index w € {1, 2, 3, 4}
representing x,”. Each dashed line connects two sites, and its arrow
tells how to determine the sign of an intersite product i x," X;t”.

the definition in Eq. (5) and the mapping in Eq. (6) we obtain
O, A, &Y, a, B,x,y € {1,2,3,4}.

We can study some examples to better reveal the meaning
of the ®, and A, operators. First, consider the on-site particle
number operator for spin up (and similarly for spin down),

1 +iy*y! 1+ 2!
— .
2 2

m=fif = (15)

If we replace ®! by its 1 representation, then it turns out that
n' has a similar physical meaning with y’. In other words, if
we recombine 1's again into complex fermionic partons, say,

nl =a+aT,

n3=b+b+,

n* =ila—a),

. (16)
nt=ib—"b"),
then a’a and b'b correspond to the number of spin-up and
spin-down particles, respectively. We remark that although
such equivalence is evident from the perspective of the on-site
operators, 1, is nevertheless different from y,* since y,"y,, #

ne nﬁ. This is where x;* plays a crucial role—to connect dif-
ferent sites. Actually, the parton construction of ® and A
could be done in a different way. For these spinful fermions
on a square lattice, the Lie algebra formed by ®*# has an
equivalence so0(4) = su(2) @ su(2); on the Lie group level
it is Spin(4) = SU(2) x SU(2). Using this, one can separate
charge and spin degrees of freedom in the parton description.
In that construction the correspondence with the physical
fermions will not be as simple [31].
We further introduce complex fermionic partons for ¥,
x'=d+d', x*=id-d"),

3 ; . ; (17)
x =g+g, x =ilg-¢g).

Auxiliary fermion modes d¥ and g enlarge the Hilbert space
of a single site to be 16 dimensional. To obtain the correct
physical Hilbert space we need some extra reductions. The
discussion in Ref. [31] requires the parton parity on site to
be frozen at —1, but such a constraint is not present here.
Nevertheless, as the bosonized Hamiltonian is built using the
®, A, and ® operators, which are all bilinears in n and ¥,
the on-site parity operator for any site commutes with the
bosonized Hamiltonian. In other words, we can project to a
particular sector of on-site parton parity operator to obtain a
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bosonic model, i.e.,

T =i'ninininix x2 x2 %' = p. (18)

where p € {+1, —1} is a constant which we take to be r
independent, and “=" means that the equality holds in the
constrained Hilbert space. This is because I', is the local
fermion parity of the enlarged Hilbert space. To maintain the
possible translation invariance of the states, it is natural to
project to the subspace of the same parton parity everywhere.

A. Qubit representation

The on-site Hilbert space in the nx description is generated
by acting creation operators at, bt d, and g’f on the vacuum.
We can introduce some qubits for each site, and identify an
unoccupied state |0) with |1) and an occupied state |1) with
|4); then the Hilbert space can be represented by four qubits.
Let the base states be defined as

Inanpnang) = (@)™ @ @y (g")*10).  (19)
They correspond to a four-qubit basis naturally; for instance,

11000) = [Jt11),  [0110) = [+ 41).

The actions of ®,, A,, and @, on the Hilbert space can be
represented as strings of Pauli matrices and identity operator,
{1, X,Y, Z}. For instance,

02 =ifa+aYa—a)=010-2n,)=2", (20
|

yOZzOY®)  _yhzoy®)

o xHzAxG) _xHz2QyB)
AT =1 yoxe _y@y®
XY@y ®) _x@y®

Compared to fermionic Hilbert space, we have an extra
qubit as an auxiliary degree of freedom. This unphysical de-
gree of freedom is consumed when we consider the mapping
of an identity from the fermionic side:

I= (iyr2 7/r4) (iyr4 Vr3+x) (i Vr3+x Vr2+x) (in2+x Vr]+x+y)

X (1 ey Verey) (Ve Vo) @0 Vi) (0, %77)

_ 24 A 44 433 32 22 11 13
= 1= 67 A A O A Ay Ority
33 44 41 11 22
X Ar+x+yAr+y®r+yAr+yAl‘
A 224230 13 41 <
=C = cbr (Dr+x <I)H—x+y cI)H-y =-1 24

The minus sign in the last line is due to the anticommut-
ing property of ®* and A??, as we move AZ? to the left

end. As discussed above, Majorana operators x* are auxiliary
and “unphysical,” so ®*'s as bilinears of auxiliary operators

where the superscript “1” refers to the first qubit. The equality
holds in the sense of acting on quantum states. The operators
in qubit representation are as follows:

@12 — Z(l), @34 — Z(2)’
OB — yx® @ — _xy®,

OM = _yy@ @3 — x(x@ (21a)

AV = yWZz@x®) A2 - _x)zQp0)

AB — yQZzOxX@ A% _ _xOzGp@ 21b)

D2 = 70 ¥ = _z*,

D = _yOx® @2 _ xOy

ol — yOy@ @B — _xOx. @l
We can, however, impose the projection I, =

ZMWZP 7P 7 = p to reduce the degrees of freedom by half.
Equivalently, the last qubit Z® is in fact fully determined
by the other three qubits. We can therefore obtain a more
efficient description using only the first three qubits, with
the state in the last qubit understood to be constrained by
that of the first three. This way, we can simply replace the
Pauli operators on the fourth qubit by the coefficient they
generate, i.e.,

xX® =1,
VASLE=N pZ(l)Z(z)Z(3), (22)
YW = ipZ(l)Z(z)Z(”.

The last line can also be obtained from Y® = iX®Z® By
these replacements, the last qubit is “hidden” while the possi-
ble coefficients from actions on the last qubit are absorbed
into operators acting on other qubits. Then A** is a 4 x 4
operator-valued matrix

y(hz@ 73 X
xXM7z2)70G) —pY®
y@z3 pZHx@ (23)
X@z0  _pzhy®

ax

(

somehow play the role of “gauge operators.” Equation (24)
is a constraint such that auxiliary degrees of freedom are
restricted to be consistent with the fermion identity on the
first line. For each plaquette there is a constraint equation, so
effectively there is one independent constraint for each site
and thus the on-site Hilbert space of the system is reduced
to four dimensions. By degree counting, all extra degrees
of freedom are killed by the parton parity constraint I', and
this plaquette constraint, so there are no other independent
constraints.
In the qubit representation, by exploiting expressions of
@Y the constraint can be shown as
FOXETE X = 2O, 07, 5)
The left-hand side of the constraint is the Hamiltonian in
Wen’s plaquette model [43], which is known to be equivalent
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to the toric code model [44] and describes the Z, topolog-
ical order. In the work of Chen et al. such constraints are
interpreted as flux attachments of gauge fields [20-22]. In
our construction, the left-hand side is not fixed but depends
on values of physical degrees of freedom. These independent
plaquette constraints can be implemented in the Hamiltonian
as a summation K >, C, with coupling K sufficiently large so
that the C, are enforced to be —1.

B. Wilson loops and fermion-odd operators

If we put the lattice system of N sites on a torus manifold,
i.e., with periodic boundary conditions, then only N — 1 pla-
quette constraints will be independent since the product of all
plaquette operators C, is the identity operator on the bosonic
side by definition (5). Moreover, there will be extra global
constraints from Wilson loops. To see this, let the lattice size
be L, x L, and 7y, € Z/(Ly,Z). From the fermionic side,
there is an identity for products of Majorana operators along
ay loop,

(' v2) (i vy) - (iv2yn)) =2 = (=D, 6)
Mapped to bosonic side, it becomes a constraint:
Wy(r) = ©,°®7, - 2, = —1. (27)

Notice that this constraint is independent of the choice of base
point r. Topologically the y loop is a homology class, whose
various deformations can be achieved by plaquette constraints
[Eq. (24)] in the last section. Along the x direction there is
also a similar constraint

W (r) = oo -

rtx

Sof =1 (28)
From two classes of Wilson loop constraints we obtain a
global constraint of fermion parity:
L—1 Ly—1
P =t T Wt + nx) [T Wetr + ny)
n=0 n=0
L,—1L,—1

34
=P TT TT @ity oy
m=0 n=0 (29)

L—1L—

12 34
l_[ l_[ ®mx+ny®mx+ny

m=0 n=0

£ (-1 )Lx+vaLva ,

where we have used the parton parity on each site, I, =
B3 d!2®2* = p. On the fermionic side, ®!>03* is equal
to on-site fermion parity (—1)*, so the product over the
lattice gives global fermion parity. Combining Wilson loop
constraints and on-site parton parity fixing, we can describe
half of the physical Hilbert space where fermion parities of
states are fixed. For instance, to make the vacuum state parity
even, L, and L, should be both odd or both even. In the former
case p has to be +1 while in the latter case p can be either
+1or —1.

To describe the whole Hilbert space, we can consider
bosonization of fermion-odd operators, like y,*. The basic
idea is that we may modify the fermion-boson mapping such
that one of the L,L, Wilson loop constraints is violated so

1 1

FIG. 2. Two choices of labeling. The right choice can be obtained
by doing local unitary transformation of the left one.

there is an extra minus sign in the expression of P. This
can be implemented by introducing a “defect” on a certain
site, making an arrow of one link reversed. Then by checking
the commutation relations we can regard a certain AJ* as
bosonization of y,* after such manipulations. This is similar to
the case where we choose a starting point in one-dimensional
(1D) Jordan-Wigner transformation so that fermion-odd oper-
ators are mapped to Pauli strings. For a square lattice this has
been discussed in detail in Ref. [31]. We do not show details
temporarily, but will discuss this in Sec. V B for cubic lattices.

C. Local permutations and symmetries

In the setup above, we have labeled the four auxiliary
Majorana x*'s in an antipodal way. One may ask if there is
any preference in choosing a certain labeling order: in other
words, what is the connection and difference between two
artificial choices (see Fig. 2 for example)? It turns out that
different choices of labeling are physically equivalent by local
unitary transformations. To see this, we look for a SO(4) rota-
tional transformation of x* from one labeling order to another
as discussed in Sec. II. For instance, the transformation in
Fig. 2 is

1 0 0 O
aly a2y a3y ad al a2 ra3 Aad O 0 0 1
(AAAA):(AAAA)OIOO
0O 0 1 0

(30)

The transformation matrix is a permutation operation with
determinant 1 (if the determinant is —1 then one needs to
add a minus sign before one nonvanishing entry to preserve
orientation), and thus is an element in group SO(4). Generi-
cally we can find an antisymmetric real matrix A such that the
transformation matrix is equal to e~24; then a unitary matrix
V() = e LA will permute the second index of A**. In
the example above, the solution is

0 0 0 0
2. 2
=5 lo = 0 _o | Gl
3V3 33
2 2
0 =55 3w O
V(A4) = ¢ eI, (31b)

The example above does not touch physical symmetries.
If we consider internal unitary symmetries, like charge con-
jugation and particle-hole symmetry, we can use U(A) and
V(A) with different A matrices. For spatial symmetry trans-
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FIG. 3. The right figure is a triangular lattice with two basis
vectors in red. The left figure shows that six auxiliary Majorana
fermions are attached to each site, with labels 1 to 6.

formation, besides rotating the lattice sites (we call it “bare
rotation”), we should also rotate both labels of x’s and in-
tersite arrows correspondingly. For example, the Cy4 rotation
transformation can be represented by a combination of bare
rotation C? and internal unitary V¢, :

Cy = Ve, Co, (32a)
CIAPAZL(C)™ = APAZ,
Ve, = e 7% (o142 —V2(0F 407+l ~07))
(32b)
such that
(Aal Aa2 Aa3 Aut4) = (_Aut4 Aa3 Aal Aa2)’ (33)

where we have added a minus sign to preserve the direc-
tions of arrows. For the square lattice more details of these
transformations can be found in Ref. [31]. In this sense, our
bosonization strategy makes symmetries of the lattice system
manifest.

To conclude this section, we compare the present 1y
construction with the approach in Ref. [31]. In Ref. [31],
the parton construction is designed to implement a sense of
spin-charge separation, so partons therein have different phys-
ical meaning. This can be regarded as choosing a different
basis for the Clifford algebra generated by n* and x*. In
Appendix A, we show that qubit representation here can be
turned into qubit representation (Eq. (112) in Ref. [31]) by
a local unitary transformation. We also show that after im-

|
YDz 73 x #)

yhz@Qx3)  _yhzQy6)

o xHzAxB) _xHzQyB) xMz2)7zB) x@#)
AT = Yy@x® —_Yy@y® Yy@z03x®
X@x©G) —_x@y®) X703 x®

We also list extra @ operators besides Eq. (21c) for
later use:

O3 = _70),
P15 — YO z@x ) plo — y3) 7@y ©)

d = _X(3)Z(4)X(5)’ o6 — X(3)Z(4)Y(5), (39)

posing the parity constraint on the partons, the on-site Hilbert
space for both approaches furnishes a spinor representation
of SO(8), and states with the same weight on the two sides
correspond to the same fermionic state.

IV. TRIANGULAR LATTICE

Our second example is the bosonization of a triangular lat-
tice system (see Fig. 3). Each vertex has coordination number
six. We will consider a spinful fermion, although it can be
generalized to an arbitrary number of flavors.

For a triangular lattice, on each site there are six links,
so similar to the square lattice case we start from x*, x =
1,2,...,6 and n*, o = 1,2, 3, 4. The on-site Hilbert space
is now 23 = 32-dimensional. Based on the square lattice case,
we extend the complex fermion representation to x>, x°:

S=h+h', x°=ith—hnh. (34)

The basis states of the on-site Hilbert space are in the form
(@)™ (bTY" (@) (g5 (H)™[0).  (35)

On each site we also define a parton parity operator and make
projection to its eigenspace with eigenvalue p,

[nanpngngny) =

Ty = =m0 %0 18 = p.

(36)
& 0,200 29 90 = p.

A. Qubit representation

As shown in Eq. (35), we can use five qubits to repre-
sent the states similar to Eq. (19). For «, B8 € {1, 2, 3, 4} the
expressions of ®*# are the same as in Eq. (21a). For other
operators, one should notice that anticommutation relations
bring extra Pauli Z operators.

The parity operator is ', = Z1MZPZAzZHZO) We fix
I = p € {+1, —1} so that the last qubit can be hidden as
in Eq. (22). Operations acting on the last qubit can be
replaced by

X® =1,
70 — pz(l)Z(Z)Z(3)Z(4)’ (37)
YO = ipZ(])Z(z)Z(3)Z(4).
Then the A** matrix is
_yhz@zGy@  y(hz2)7G)7@) XM
_xMWzQyBy@ xWz2)73) 74 —py®
_y@zey® y@zOz@®  pzhx® (38)
_X@zBy@# X@zB) 7z —pZWy® |
ij
[
®3 = —Y(4)X(5), ®30 — Y(4)Y(5),

PP = —X(4)X(5), P — xDy®,

We turn to plaquette constraints. For a triangular lattice
there are two types of inequivalent plaquettes, which we de-
note as I and II. For instance, a type I plaquette gives the
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xX®y®

x®) x @) y®y®@ =(-1)x

Yy ©® x4
x®z®  yO pZM Z®

mx@ = mpz(l)z(ﬁ

y® z#

FIG. 4. The combined constraints.

constraint

== (i v?) (0 v5) (5 vsa) ()

< (iv5 7)) (i) (40)
— (= &P, 0%, =1,

where we choose i; # iy, i3 # i4, is # ig, and the superscript
“I”” for C! stands for type I plaquette. Similarly one can obtain
the constraint for a type II plaquette:

c

Cl =23 o = 1. 41)

r+u—v T r+u

Using the qubit representation of & and replacements in
Eq. (37), we obtain constraints in terms of Pauli matrices:

v v 3 v ¢4
type I L, XD XY,

=0 (Z(I)Z(Z))rJru ’

3) @) 3 4
x type I: X¥zWzD vy G xD (42)
= p(zVZ?)

We can also combine these two constraints, up-down and
left-right, as noted in Fig. 4. The second equation in the
figure shows again similarity to Wen’s plaquette model [43],
if we consider all states in eigenstates of Pauli Z.

The counting of degrees of freedom is as follows. Each
plaquette constraint is shared by three sites, so it contributes

% constraints for each site. Then each site effectively has 6 x

% = 2 plaquette constraints. Combining the local parton parity
projection, we get back to a physical Hilbert space.

r+u’

B. Wilson loops

For triangular lattices with periodic boundary conditions,
we can also understand the systems as if they are on a torus
manifold. Suppose the system size is L, x L; we have two
extra Wilson loop constraints as follows. In the u direction,
we have

Wo(r) = 0808 ... 9% = —1. (43)
Similarly along the v direction,
Wy(r) = P08 ...o8 = 1. (44)

There is a remaining type of loop along the (# — v) direction,
which can be expressed as products of Wilson loops along u
and v directions and some plaquettes.

One may wonder if the system is overconstrained. Similar
to the square lattice case, with periodic boundary conditions

FIG. 5. Majorana fermions attached to a site in the cubic lattice
with labels. The double lines with arrows represent the sign of map-
ping iy;'y;, to products of A’s.

the product of all plaquette constraints is equal to the identity,
meaning one of them is dependent on others. So finally we are
left with a half Hilbert space with fixed global fermion parity,
just like the discussions following Eq. (29).

C. Symmetries

Besides translation symmetry along the # and v directions,
the triangular lattice also has dihedral group symmetry Dg
generated by a 60° rotation Cg, and two reflections. Cg rota-
tional symmetry can be represented by bare rotation C2 and
local unitary transformation. Bare Cg rotation,

Co: A =AY, (45)
and internal unitary transformation permutes yx indices
(AY! A2 A3 A4 A0S A6y
= (A% — A5 A1 A2 A3 pad) (46)

This can be realized by V¢, = e /0 iy ¢:}'A-‘>', where
2

2
0 1 —22 -5 7 3
-1 02 5 -2 =2 732
. 1] 2 -4 0 1 -2 —=
A=3] 2 o 2 5@
L
-5 22 3 -5 0 1
-2 -5 A 2 —1 0
Reflection with respect to the u axis leads to
(Aal Aﬂt2 A0t3 AC{4 AO[S AO{6)
= (_Aa4 Aut3 _ AaZ Aal Aa3 Aa4), (48)

so the reflection operator is a bare reflection M? with a unitary
operator Vy,,

M, = VMMM,I;, Vu, = e~ 7 r (¢r23_¢r]4). (49)

Similarly, reflection with respect to the (& + ?) axis is

Mo = Vi, .My

a+v°
(50)

VM~ = ei% > (¢,]2+¢34+¢;‘5 +¢r567¢35) '

a4

V. CUBIC LATTICE

In this section, we discuss how to apply our nx formalism
to the 3D cubic lattice (see Fig. 5). Compared to the 2D
lattice system, the plaquette constraints in 3D lattice systems
become more complicated since visually there are many more
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Y®Y® y®®x@
— (-1)x
X<3)Y(4)EX(3)X(4)* ( )ﬂ
y® z®
b VAC)
yz (-)x | vz
X® _ YASKAR)
y® T zWz®@)
x@ Y@
xrz Tz
7By ® B x@ — zO)z®@ VAOYVA)

FIG. 6. Constraints for three types of plaquettes.

cycles and many of them are not independent. Since the cubic
lattice is also six coordinated, the operator content is the
same as in the triangular lattice. We first consider plaquette
constraints and global constraints, with details on how to
bosonize fermion-odd operators through the introduction of a
“decorated link” [31]. We then discuss various symmetries in
the cubic lattice. We show strategies for finding independent
plaquette constraints in Appendix B.

A. Qubit representation

All operators ©%F A%, and ®@,” are the same as in the tri-

angular case. Differences appear in the plaquette constraints.
In a cubic lattice there are three types of plaquettes; we can
call them the xy plaquette, yz plaquette, and xz plaquette:

Cc

P L,

. — X p2 Pl3
xy: Cor=0,9,7 O -y =

r+x T r+x+y

. — H2FH16 51 25 ¢
yoi Cur=070 0, @ = —1, G

. 2 — AH04 530 53 45
XZ - CXZJ - cI)r q)r+x q)r+x+zq)r+z

= 1.

These three constraints are not fully independent. To see
this, we first assume the cubic lattice has open boundary
conditions at least for one direction, for example, the y direc-
tion. Then consider a cube. Applying constraint equations to
the pair of xy surfaces and the pair of yz surfaces, and by
multiplying these equations, we get a product of the pair of
xz constraints. We can pick up cubes contiguously along the
y direction, so xz interfaces of these cubes cancel with each
other, leaving finally

A PN

sz,rcxz.L =1, (52)

v

where r = (v, 1y, 1), Ly = (ry, Ly, 1), 1.e., L, is the projec-
tion of y to the boundary of the y direction. As long as we
fix the boundary xz constraints, in the bulk all xz constraints
are automatically true from the other two types of constraints.
If the system is periodic in all three directions, i.e., on a
3-torus manifold, then we may choose a reference xz plane,
and it is enough to fix the constraints on this xz plane rather
than imposing three constraints for each cube. Graphically we
show these constraints in Fig. 6.

We remark that although these three types of constraints
are not independent, it is advantageous to keep track of all
of them to simplify computing in real applications. We also
notice that although we have used parton parity projection, the
final forms of plaquette constraints are independent of which
subspace of I, the states are projected to.

B. Wilson loops and fermion-odd operators

If the system is on a three-dimensional torus, i.e., having
three periodic boundary conditions, then we have three Wilson
loop constraints. For instance, the fermion loop along the x
direction gives the identity

3.4\ (4.3 4 3 L,

(lyr Vr )(lyr yr+x) T (lyr—xyr ) =(=D™. (33)
Similarly we have constraints for y and z directions. Mapping
these to bosonic operators, we obtain

L—1
We(r) = ]_[ o2 =1,
n=0
L,—1
Wy =[] o, = -1, (54)
n=0
L—1
W.(r) = ]_[ =1
n=0

As we mentioned, the three types of plaquette constraints
are not independent, so we have to be careful to choose
independent constraints for the whole system. The general
counting is discussed in Sec. IIC, and we give a set of gen-
erators explicitly in Appendix B.

For the cubic lattice, we define

P=pttt TT W) [T W T W)
0 0

r,ry=

— pLxL)'Lz 1_[ q>’1.2q)34(bfﬁ

r,ry=0 rr,=

] (55)
— 1_[ ®r12®:4®f6
= (= bbbl phills,

The last line shows that if L., Ly, and L, are all odd, the
parity is —p; if one of them is odd, the parity is —1; oth-
erwise, the parity is 41. For the odd-parity case we cannot
describe a fermion-even vacuum state, unless we release some
of the constraints above. In general, if we want to describe the
whole Hilbert space with different fermion parities, we should
expect that some fermion-odd operators are also mapped to
bosonic side.

In Ref. [31], this is done by introducing a “decorated link”
to the square lattice. The basic idea is that in our mapping
between the fermionic side and bosonic side, there is some
artificial choice of corresponding signs; i.e., the algebra will
be the same for i,y — AA’/ for neighboring sites r, r’.
By reversing the direction of one of the mapping arrows, four
plaquette constraints (living on faces attaching to the edge rr’)
and one Wilson loop constraint will have their signs reversed.
In practice, we consider

ivteve = —A¥AP. (56)

Under this mapping, the modified Wilson loop constraint is

now W, (nx) = +1,0 < n < L, — 1, and signs of four plaque-
tte constraints are also reversed.

Consider A}%, it is anticommuting with ©¢°, o # 3, and

commuting with other ©¢s. A3® also commutes with the
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decorated link —A*\ A}®. We remind that O < iygys. It
is clear that A’ has the same commutation relations with
fermion-odd operator y03. Based on this identification, we can
map arbitrary Majorana operators in the lattice to the bosonic
side and thus all fermion-odd operators, by a few number of
®Y's connecting intermediate sites. For instance, > can be
expressed as follows:

2 3 (e 3 AN(: 4 3\(: 3 2
ve =0 (v ve) (ive v (i ve) )
— iAFOFAS AT O = —idgtAl.

In defining the map of fermion-odd operators we have
chosen a link to modify the mapping, and one may ask
whether the choice is special, since the lattice is homogeneous
and a decorated link appears superficially like a defect. Actu-
ally, different positions of the decorated link can be related by
a unitary operator M (),

. 1+P 1-P
M(D) = 5t (58)

where @ represents a Jordan-Wigner string of ®;”. P com-
mutes with an arbitrary Jordan-Wigner string ®. Meanwhile,
an operator in the form of products of ®;' and A%~
will commute or anticommute with P and Jordan-Wigner
string .

We briefly show M moves the decorated link in the follow-
ing example and refer to Ref. [31] for details. Considering

again, we can take ® = —d>(3)4¢')3€2, then one can readily find
M(@)(idg' AT)M(D)' = A (59)

This means that, after unitary transformation of M(d)), yxz is
mapped to A22. Furthermore, one can find

M(@)(—A¥AF)M(@)" = A¥ AP,

~ . (60)
M@)(AZAL)M@) = —AFALL,
which means the decorated link is moved to iy7y,,, —
A22A11

x+y*

C. Symmetries

In this section we discuss how spatial symmetries of the
cubic lattice are represented on the bosonic side.

First we consider translation symmetry T : O, — O,g.
For the odd fermion parity case we have to move the decorated
link simultaneously. Similar to discussions in the previous
section, we can use M (®P) to move the decorated link along
three axes:

T = M(03H)TY, (61a)
T, = M(®y )7 )T, (61b)
T, = M(®g° o) 1. (61c)

Next, consider reflection with respect to the yz plane. The
bare reflection M? flips the sign of x coordinates for all sites.
Meanwhile the auxiliary Majoranas should be reflected as

follows:
ol a2 Aa3 Aad padS pab
(A" A% A" A A% A™)

= (Aal Aa2 _Aot4 Aa3 AaS Aa6). (62)

For odd fermion parity case, the decorated link is not
moved during reflection. So combining internal unitary trans-
formation and bare reflection, the full reflection can be

achieved with
M, =V MP, Vi, = e 354 (63)

Similarly reflections with respect to the zx plane and xy
plane can be achieved with

iz 12
VM = e 2 Zr¢r s

y

Vi, =e 2 VLA

My = Vy M}, (64a)

M, = Vy M, (64b)

For rotations of cubic lattice, there are three fourfold axes,
four threefold axes, and six twofold axes. The rotation around
the z axis is similar to the discussion in the square lattice case
[Eq. (32)], where we just need to composite C4 with an extra
M(®3) s0 as to move the decorated link. So here we focus
on other axes. Details of transformation matrices of all these
axes are collected in Appendix C. Here we first consider 180°
rotation around the 2-axis [110]. It is a bare rotation Cﬁ”[] 10]
accompanied by a internal unitary which transforms

(Aal Aa2 Aut3 Aot4Aa5 Aa6)
=> (AO(3 AO{4 Al)tl Aa2 _AC(6 AO{S) (65)
The full rotation is
Co 1101 = M(PWVe, 110 Ca 1107

66
Vermo = €18 Lr (0740740720, -02) (66)

For 120° rotation around the 3-axis [111], the internal
unitary transforms as

al Aa2 Aa3 Aad pAa5 pab a5 A6 pAal Aa2 a3 pod
(A% A" A% AT A AT) = (AT A™ A™ A% A% A7),
(67)

The full rotation is

C3,[111] = M(cbil)vcs,[m]cé),llll]’
l')]{ > 7(¢15+¢26 B2 35 ¢46) (68)
VC3,[111] = PV
VI. EXAMPLE: CHIRAL p-WAVE SUPERCONDUCTOR ON
TRIANGULAR LATTICE

As a concrete example, we apply our bosonization to a
chiral p-wave superconductor model on a triangular lattice
(Fig. 3).

An example of a Bogoliubov—de Gennes (BdG)
Hamiltonian of a chiral p-wave superconductor for a
triangular lattice is

Ak) Ck
=2 Z("k ) (A<k>’ e ) (*)

4¢
sk=4t—,u—g(cosk'u+coskov+cosk~w),

A(k) = —iAo(sink - u 4 ¢psink - v + ¢ sink - w),

(69)
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where A is a real number representing the energy gap, and
¢ = e isa phase factor. Here u, v, and w are lattice vectors
defined in Fig. 3. Expanding near the k = 0 point, and setting
t= ZL we see that the BAG Hamiltonian reduces to

m’

K i3 Ao(ky + ik
m T M —l5 olky +1 y)) (70)

. . 2
Z%Ao(kx — iky) —(% — /L)
For a fixed hopping coefficient ¢, the chemical potential

i can be tuned to present different topological phases. By
Fourier transformation we obtain the real space Hamiltonian,

Hk) = <

H = Z — t(cjc,_w + cjc,+,, + cIC,_,_w +h.c.)

r
+ (4t — el e,
+ Ao(efely +ocicl,, +d*clel, +He).  (T1)
For simplicity we rescale 23—’ — ¢t from now. To bosonize, we

first turn the complex fermions into Majorana fermions: ¢, =
L —iv?), ¢f = 2(%» + i) In Majorana representation,

H:Hu +Hv +Hw +H(),

|
Hy— Hf = —(4t —p) Yy " OF = —(4t —p)» ",

1
H, — HP = 3 D (=t + AQAPAL, + (t + M)A,

rtu

1
5 § (=t + A)XVZPZO (=X D) + (¢ + A)YVZPZD (),
r

Hy=—(4t — )Y iy'y}.

1 .
Hy= 2 3=+ 80) (% vl + 177)
+ (—t — AO)(eryrzﬁ-u - iyrl yrz""") +Hec.

1 . .
= 2 2+ By + (DY Y
r

1 1.1 i,2.,1
Hy = Xr:(_’ + 820 (¥, Vrro + 15 Vrrs) (72)

+ (=1 = A (V¥ — ¥ V) + Hee

1 . .
= 3 2 PRIV + (+ $R0IY Y,

1 .
Hu= 7 3 (~t+ 0 80) (1 Vivu + 0700)

r

+ (=t = D) (1 Vivw — 1) Vrew) + Hee.
1 . .
= 2 2+ AW+ (R0, V-
r

After bosonization, it turns out to be

1
H, — HP = 5 Z(—t +PANAPAN, + (1 + dANAP AL,
r

1
=5 D (=t +¢ANXVZPXD (Y VZPY D),y + (0 + ¢ MY,V ZE XD (X VZOY Dy,
r

1
Hy — Hy = D (=t 4+ AIATAT, + (E+ M)A
r

In the above equations, we have used the Majorana parton
parity constraints to eliminate one qubit per site. The qubit
representation follows directly from Eq. (38) by freezing the
spin degree of freedom of original fermions. Besides these
terms, we also include the plaquette constraint terms into
the bosonized Hamiltonian, H® = Hf + H? + H? + HE +
Hplaguettes- This model can then be interpreted as an exactly
solved chiral spin liquid emerging from our bosonization of a
triangular lattice p-wave superconductor.

The emergence of quantum spin liquid models is general in
our bosonization scheme, due to the emergent plaquette con-
straints. If we start from an exactly solvable fermion problem,

1
5 2 (1 + ¢ RXIXD (Y DY D)y + (14 $* A DX (=X DY D).

(73a)
AR
L (73b)
(73¢)
A
(73d)

(

like free fermion problems, we should expect the obtained
spin liquid to be also solvable. From this perspective, our
bosonization scheme provides a way to engineer quantum spin
liquid models, while preserving symmetries manifestly. It will
be interesting to study the interplay between topological or-
der and spontaneous symmetry breaking from a bosonization
perspective.

VII. DISCUSSIONS

In this work, we discuss how symmetries could stay
manifest on the bosonic side under a higher-dimensional
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Jordan-Wigner transformation, similar in spirit to the ap-
proach in Ref. [31]. While the approach presented here can
be traced to the existing discussions on the bosonization of
lattice fermions through the introduction of a Z, lattice gauge
field and, associated with them, Majorana fermions [7,9,27],
our main focus is on how the symmetries, especially spatial
ones, are represented on the bosonic side for the physically
interesting cases of the square, triangular, and cubic lattices.
As described, however, our formalism applies only to even-
coordinated lattices. In the following, we describe how sites
with odd coordination number could be treated, and also draw
connections to earlier works related to the design of exactly
solved spin liquid models.

First, we address the issue of lattices with odd coordi-
nation numbers. As discussed in Sec. III B, by counting the
constraints it can be seen that nx construction is in principle
suitable for all kinds of graphs, at least in terms of the Hilbert
space dimension. But if some vertices in the graph have odd
coordination numbers, then our approach requires introducing
an odd number of x’s on the site, and so we do not have a valid
on-site Hilbert space unless the number of 7’s is also odd.

Given the number of n Majorana fermions is fixed by the
physical problem of interest, the 1 x approach as we discussed
is applicable to lattices with oddly coordinated sites only if
we start with an odd number of Majorana fermions on such
sites. In contrast, most models of interest in condensed matter
physics are defined using complex fermions (at least those de-
scribing electrons hopping on a lattice), and so the number of
Majorana fermions is always even on each site. One possible
resolution to this dilemma is to recognize that the graph defin-
ing the operator content, and hence the effective coordination
number of a site (more accurately, its degree as a vertex on
the graph) is not as rigid as it may seem. One could add ad-
ditional edges to the graph while maintaining the symmetries,
such that all sites effectively become even coordinated. For
instance, consider the trivalent honeycomb lattice. Each site
has three nearest neighbors, six second-nearest neighbors, and
three third-nearest neighbors. Therefore, by including also
links between third-nearest neighbors each site becomes six
coordinated, and we could proceed with the 1y construction
without spoiling any spatial symmetries. A trade-off, however,
is that we introduce more degrees of freedom on the bosonic
side, and that there are more loops and hence constraints.

The present nx formalism can also be related to some well-
known quantum spin liquid models. For example, Kitaev’s
honeycomb model [38] has Majorana fermion representations,
and our nx formalism can also be used to obtain such mod-
els in a natural way. We present two examples here: one is
Kitaev’s honeycomb model, and the other is Ryu’s diamond
model [39]. One important feature here is that the fermionic
system is taken to be emergent instead of physical, and as
such there is no restriction on the number of n Majorana
fermions per site. It will be natural to leverage such freedom
and consider an odd (even) number of 1 fermions on sites with
odd (even) coordination numbers.

Consider a honeycomb lattice with one Majorana fermion
mode per site. In the n formalism A" isthen a 1 x 3 matrix;
i.e., there are one n and three x's per site. Nearest-neighbor

fermion bilinear iy, ¥4, then gets mapped to AV Aiie,- for

j =1,2,3 denoting the three neighbor links. Since any two
operators among {A,“, A}z, AP } should anticommute, and
the site Hilbert space is two dimensional (four auxiliary
Majorana fermions subjected to a parity constraint), we nat-
urally get back Kitaev’s honeycomb model [38]. Similar
constructions with two n’s and four yx’s per site on the square
[40] and diamond [39] lattices would also lead to exactly
solved spin liquid models, as we demonstrate in detail in
Appendix D. With the same logic, it is possible to construct
spin liquid models on more general lattices, and we leave this
as an interesting future direction.

Note added. Recently, a related paper appeared [45]. Part of
the present work overlaps with Ref. [45] in that both discuss
how existing methods for bosonizing spinless fermions can
be naturally generalized to cover multiple fermion flavors per
site.
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APPENDIX A: RELATIONS BETWEEN SO(8)
REPRESENTATIONS

In our nx formalism of square lattice, the qubit representa-
tion forms a spinor representation for SO(8) or, say, Spin(8).
In Ref. [31] the qubit representation is also constructed using
auxiliary Majorana fermions. We show that the two ways
are physically equivalent. There are some subtle issues about
finding a transformation of Clifford basis 17, x to 5!, ..., n%in
the Appendix of Ref. [31], since Clifford algebra intrinsically
lives on the 16-dimensional Hilbert space, while in the case of
spin-charge separation, the physical meaning of I"; subspace
is vague. But restricting to I'_ subspace, we can take a simpler
way to look for local unitary transformations of qubit repre-
sentations of operators, such that A’s can be mapped to their
expressions in Ref. [31] correspondingly. Without ambiguity,
we may abuse the notation of indices i, j, o, x.

We first review some basic facts of the SO(8) group [46]. It
is a simple Lie group of rank 4. In terms of orthonormal basis
vector e’ the four simple roots are a' = e! — €%, a®> = > — &°,
o =’ — e and a* = e’ + €*. Its fundamental weights in
the same basis are

w' =(1,0,0,0), wu*>=(,1,0,0),

(AD)
,U«3 _ %(1, 1,1, —1), M4 = %(1, 1,1, 1).

All inequivalent irreducible representations can be con-
structed from highest weight states |u), u = m‘u’ with m’ €
N. Fundamental representation |u') is vector representation,
denoted as 8,. |u®) and |u*) are two spinor representations
corresponding to different parity, denoted as 8,- and 8+,
respectively.

In the nx formalism, the generators H = (Hy, H,, H3, Hy)
of Cartan subalgebra are chosen from 6 and ¢ in Eq. (8) (for
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[ori)]  [[1000)] [10001)’

[l1110)

FIG. 7. Weight diagrams of two irreps.

convenience we replace ny 5 4, by 1123 4, respectively):
Hi=—6" =32 — 1),
Hy=¢" =1Q2n — 1),

H,=—-0"=1@2n - 1),

Hy = ¢™ = 32ns — 1).
(A2)

Then irreducible representation (irrep) 8,- has the highest
weight state [1110).

Although it is not obvious how to find a local unitary
operator by n’s and x’s such that our formalism here can be
turned into ones of spin-charge separation in Ref. [31], we
can first consider local unitary transformations between qubit
representations. We look for a unitary matrix U such that

UAU" = AU (A3)

sc?

where A;. means the corresponding expression in Eq. (112)
of Ref. [31]. When p = —1, this 8 x 8 matrix U turns

out to be
0 0 0 X
0 0 —iX 0
U=1lx o o (A4)
0 —iX 0 0

where X is a 2 x 2 Pauli matrix, and each entry denotes
a 2 x 2 block. Under this transformation, the generators
in Eq. (A2) are mapped to another form. We can readily
check that the states after being mapped by U still form an
8,- irrep. More explicitly, for a state with weight |') in the n
qubit representation, if we operate with transformed Cartan
generators on these states,

UHU™ - Ulw) = uiUlw), ae(1,2.3,4), (A5

which means | i) still has weight p/. We have summarized the
weight diagram of states in the 1 x qubit representation and the
transformed qubit representation. Notice that in Ref. [31] spin
representations are defined from particle number representa-
tions in a different way from ours.

After unitary transformation the irrep 8;- has the highest
weight state [1000)" (we use ’ to distinguish states in the sense
of spin-charge separation). Notice in Ref. [31] the particle
number is n =1+ n, — ny, and z-component spin is S =
%(nu — ng). So [1000)’ represents a state n = 2, §* = 0, which
is the same as |1110) in the nx formalism (if we ignore the
auxiliary degrees of freedom). Similarly one may compare all
descendants in the two irreps as shown in Fig. 7.

D va
o

F Wa

FIG. 8. A planar graph with some vertices and edges. The thick
lines constitute a maximal tree 7', and every edge not belonging to
T generates a homology class, namely, a 1-cycle. The number of
generators is equal to the number of “holes” (Euler characteristic).

APPENDIX B: GENERATORS OF H,(X, Z) OF
CONNECTED GRAPHS

In this Appendix we discuss how to find generators of the
first homology group for a connected graph. For example,
Fig. 8 is a planar graph that consists of 9 vertices and 15 edges.
A maximal tree T is emphasized by thick lines. Then for every
edge e ¢ T, adding it to this maximal tree will produce a
class of cycle, like adding the edge BM to T will produce
a cycle ABM. In the language of bosonization, each cycle on
the fermionic side is an identity, while mapping to the bosonic
side gives a constraint. In Fig. 8 there are seven edges not
included in 7 and they generate the whole H, (X, Z) = 7.

For a nonplanar connected graph, for instance, a lattice
with periodic boundary conditions, the counting of generators
of H{(X, Z) is also similar, but the counting of independent
“holes” is not as obvious as in the planar case. In a generic
situation, we can start from one vertex of the graph and find a
maximal tree, count edges not included in the tree, and assign
each of them with a cycle.

We start from an example of a 2 x 2 square lattice. In Fig. 8
the dangling edges with crosses (“crossed edge”) are linking
to periodic sites respectively. The maximal tree is stressed
with thick lines. The left-most crossed edge gives the Wilson
loop constraint along the y direction, and the bottom crossed
edge gives the Wilson loop constraint along the x direction.
The right edge of the square gives a plaquette to its left. The

FIG. 9. Plaquette constraints for cubic lattice on 3-torus. The left
figure shows independent plaquettes colored in cuboid (for vision the
upper surface is not exhibited). The right figure shows Wilson loops
and extra plaquettes from periodic boundary conditions.
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two crossed edges at the top-right corner give two plaquettes
to their left and right.

Now we consider a cubic lattice. To make it concrete we
set Ly =6, L, =3, L, = 2. We first consider the (L, — 1) x
(Ly — 1) x (L; — 1) cuboid; its maximal tree is chosen to be
double layers of “E” shape with an extra edge connecting
two layers. Using edges in this cuboid we can get plaque-
ttes living on five surfaces of the cuboid. We use different
colors to shade the plaquette constraints from those edges;
these surfaces include (y =0, xz), (y =2,xz), (x =0, yz2),
(z =10, xy), and (z = 1, xy) (see Fig. 9). Then we turn to those
dangling edges. The strategy is as follows. First determine
the Wilson loop constraints, and then assign each dangling
edge to a plaquette on the extension of cuboid surfaces. This
strategy makes Wilson loops move freely in the whole graph,
and plaquette constraints are all independent and easy to
count.

The counting of plaquettes is straightforward. Combining
these contributions, we have

#{constraints} = (L,L, — 1)L, + (L, — 1)(L, — 1)L,
+ (Lx - l)Lz + (LyLz - 1)+ (Ly - 1) +3
=2L.L,L, + 1.

The last line is exactly the same as the exponent of the denom-
inator in Eq. (13).

0010 0 0
000 1 0 0
1 000 0 0
[LLOI:R =1{y 1 o 0 0 o
0000 0 1
00 0 0 -1 0
O 0 0 1 0 0
0 0 -1 0 0 0
O 1 0 0 0 0
[L=LOI:R =1_4 5 o 0o 0 o
O 0 0 0 0 1
0 0 0 0 —1 0
000 0 1 0
000 0 0 1
00 0 -1 0 0
(Lo R=1{y o 1 0o 0 o
1 00 0 00
01 0 0 0 0
0O 00 0 0 I
0 00 0 —1 0
0 00 -1 0 0
[LOM: R=145 o 1 o o o
O 1.0 0 0 0
1 00 0 0 0
0 -1 0 0 0 0
1 0 00 0 0
0O 0 00 1 0
0. L1 R=1y o o 0 0 1
O 0 1 0 0 0
0 0 0 1 0 0

APPENDIX C: ROTATION MATRICES AND
EXPONENTIAL MAPS

In this section we list some useful equations of rota-
tion matrices of cubic lattice for all types of axes. As the
notation in main text, we denote a 6 x 6 rotation matrix
as R, for AT = ATR, and its exponential form R = e~ 24
where A is a 6 x 6 antisymmetric real matrix. We summa-
rize some equations of exponential maps so that one can
readily write down the corresponding unitary operator of
rotation.

For fourfold axes we just use the V, of a square lattice to
write down similar operators in the cubic lattice:

Voo = ¢ 18 Zr (0P 4er=va(oprarsor—oP)) - (c1a)
Voo = ¢ '3 2 (#0402 2(07 402407 -0)) 1)

Vio—1.0] = e iE (¢§6+¢3“—~/§(¢53+¢;”4+¢,54—¢,63))' (Clo)

For twofold axes:

0 1 O -1 0 0
-1 0 1 0O 0 O
T —
N EE R N | s
0 0 0 0O 0 -1
0 0 0 0 1 0
o o0 o0 -1 0 o0
0 0 1 0O 0 O
s —
S A | R
o o0 o0 o0 o0 -1
o 0 0 O 1 0
0 1 o 0 O —1
-1 0 0 o0 1 0
S I I
0 -1 0o 0 O 1
1 0 0o 0 -1 0
0O 0 0 0 0 —I
0 O 0o 0 1 0
s
S A | R
0 -1 0O 0 0 O
1 0 O 0 0 o0
0 1 0 0 0 0
-1 0 0 0 0 0
T —
N R | A
o o0 o0 -1 0 1
0 0 1 0 —1 0
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0 -1 0 0 0 0
1 0 0 0 0 0
o Jo o o 0o o0 1
0.-L11: R=15 6 o 0o -1 o0
0O 0 0 1 0 0
0 0 -1 0 0 0
For threefold axes:
001 00 0
000 1 0 0
o loo o o0 10
LI R=145 o o 0 0 1
1 000 0 0
0100 0 0
0 00 0 0 —I
0 000 1 0
0 1.0 00 0
=L R=1_41 069 0 0 0 o
0 0100 0
0 00 10 0
0 0100 0
0 00 1 0 0
0 00 0 0 —I
[L=LU: R=145 o5 0 0 1 o0
0O 1.0 0 0 0
100 0 0 0
0 00 0 1 0
0 00 0 0 1
0O 1.0 0 0 0
TS TR T R S
0 0 0 -1 0 0
0O 01 0 0 0

APPENDIX D: CONNECTION TO SPIN LIQUID MODELS

We consider a diamond lattice. There are two sets of sub-
lattices, and each vertex has four types of links to its nearest
neighbors. Each vertex can be assigned a tetrahedron, whose
four vertices correspond to x', i€e{l1,2,3,4}, labeled as in
Fig. 10. We label the two x’s on the same edge with the
same number, so the number can be regarded as assigned
to the edge. The four types of edges are denoted by wu(e) =

FIG. 10. Ryu’s model on a diamond lattice. The figure shows two
types of sites in the diamond lattice with red A type and blue B type.
Numbers label the edge to which a pair of x'’s is attached. Each site
has a tetrahedron. Tetrahedrons of blue sites are not shown in the
figure.

- /0 1.0 0 0 0
100 0 0 0
7o 00 0o 0 -1
P72l 0 00 0 1 0 ©n
0 00 -1 0 0
L \o o1 0 0 0
0 0 1 0 -1 0\]
o 0o 0 1 o0 -l
at|l-1 0 0 0 1 0
35[0 -1 o 0 0 1] ©8)
I 0 -1 0 0 0
o 1 0 -1 0 o0/]
0 0 0 1 0 -1
0 0 -10 1 0
arlo 1 0 0 -1 0
=P El-t 0 0 0 0 -1 @
11 0 0 0
10 0 1 0 0
0 0 1 0 0 1\7
0 0 0 1 -1 0
ar|l-1 0 0 0 o0 -l
=0l z5lo -1t o 0o 1 of €O
1 0 -1 0 0
1 0 1 0 o o/]
0 0 0 1 1 0
0 0 -1 0 0 1
oo 1 0 0 0 -l
=Pz A5l-1 0 0 0 1 o0 (€1
1 0 0 -1 0 0
0 -1 1 0 0 0

1,2, 3, 4. Besides, there are another two Majorana fermions
n',n* on each site. The representation we choose is as
follows:

(DIZ — X(l) (D23 — Z(l) CI)13 — Y(l)

oM =zWy@ % = —yWy® % =xVy®.  (DI1)
Representation for A** = in®x* is chosen as
ANl = ZOx® A2 _y(hy@)
A = x(Ox@ A1 7@
A2 = Zz® A2 _y(hz@)
AP =xDzB A =X, (D2)

We use p(e), s(e), and t(e) to denote edge type, red site,
and blue site of an edge ¢, with mapping arrows from red sites
to blue sites. With such a qubit representation, a Hamiltonian
H=3), J,L(e)(iysl(e)y(}) + iyf(e)y,%e)) on the fermionic side is
mapped to

_ 1u(e) A 1u(e)
H=- Z‘]M(E)As(e) At(e)
e

(D3)
_ 1) 1) (v @ v | #(2) Q)
== ZJu(e)Usm ey KsiorXiior T ZyinZiio))-
e
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which is Ryu’s diamond model [39]. This is an example of
3D quantum spin liquid model. Both Hamiltonians of Ryu’s
diamond model and Kitaev’s honeycomb model pick up the
unique ground state satisfying the plaquette constraints so
there is no need to include constraints in the Hamiltonians,

according to Lieb’s theorem [47]. These plaquette terms ap-
pear as effective theories automatically in the strong-coupling
limit. In fact, the same Hamiltonian can be constructed for a
square lattice with two types of sites interspersed. Interested
readers are referred to Ref. [40].
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