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Unification of parton and coupled-wire approaches to quantum magnetism in two dimensions
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The fractionalization of microscopic degrees of freedom is a remarkable manifestation of strong interactions
in quantum many-body systems. Analytical studies of this phenomenon are primarily based on two distinct
frameworks: field theories of partons and emergent gauge fields, or coupled arrays of one-dimensional quantum
wires. We unify these approaches for two-dimensional spin systems. Via exact manipulations, we demonstrate
how parton gauge theories arise in microscopic wire arrays and explicitly relate spin operators to emergent
quasiparticles and gauge-field monopoles. This correspondence allows us to compute physical correlation
functions within both formulations and leads to a straightforward algorithm for constructing parent Hamiltonians
for a wide range of exotic phases. We exemplify this technique for several chiral and nonchiral quantum spin

liquids.
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I. INTRODUCTION

Determining the ground state of interacting spin systems
is a quintessential problem in quantum condensed matter
physics. Generic lattice Hamiltonians that are solely restricted
by symmetries and locality typically yield ground states that
spontaneously break one or more microscopic symmetries.
Moreover, these phases exhibit only short-range entanglement
and are therefore considered conventional. The tendency to-
ward triviality can be avoided when additional ingredients,
such as geometric frustration, prevent the formation of classi-
cal order and instead promote so-called quantum spin liquid
(QSL) ground states [1-5]. These phases of matter are not
characterized by any local order parameter. Instead, their prin-
cipal feature is the existence of low-energy excitations that
carry fractional quantum numbers and/or exhibit fractional
statistics. In the cases of gapped QSLs, this definition can
be sharpened into the notion of topological order [6], which
manifests itself in a universal nonlocal contribution to the
ground-state entanglement [7-9] and a ground-state degener-
acy on nontrivial manifolds.

Various solvable models have unambiguously demon-
strated the possibility of QSL ground states [10—14]. However,
the exact solution relies on rather fine-tuned interactions.
In more generic models, strong evidence of QSL ground
states has been found numerically using exact diagonalization
[15,16], quantum Monte Carlo [17-19], variational Monte
Carlo [20-25], and density matrix renormalization group
[26-33]. Finally, several recent experiments provide tantaliz-
ing evidence for QSLs. Notable examples include x — ET,
[34-38], Pd(dmit), [38—41], herbertsmithite [42-44], and o —
RuCl; [45,46].
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A major theoretical challenge toward studying QSL can-
didate Hamiltonians is the intrinsic nonlocality of their
fractional excitations. Well-known examples of such quasipar-
ticles are spinons, neutral spin-% excitation that may be bosons
or fermions. In conventional magnets, two such spinons can
only appear together and form spin-1 magnons. By contrast,
individual spinons become liberated in QSLs. Both the non-
locality of spinons and their ability to appear in isolation can
be encoded via an emergent gauge field under which they are
charged. Individual spinons are not gauge invariant and thus
not directly accessible to any (local) probe. Still, they may
constitute bona fide quasiparticles when the gauge field is in a
deconfined phase.

The primary workhorse for analytically describing
such phases is known as parton construction (see, e.g.,
Refs. [47,48]). Its starting point is a representation of lattice
spins in terms of parton creation operators I/f; 5 €L S;r =
‘P;I N Y7 . In a constrained Hilbert space with exactly one par-
ton per site, these operators can be used to faithfully represent
any microscopic spin Hamiltonian. However, the main utility
of this representation is the ability to determine possible long-
wavelength theories that may, as a matter of principle, emerge
from a lattice model with certain microscopic input, such as
symmetries. The parton construction amounts to temporarily
ignoring the constraint, which permits new mean-field An-
sditze that are highly nontrivial in terms of microscopic spins.
Refining the mean-field theory to include fluctuations reveals
the expected gauge structure. A key feature of this approach
is its versatility in capturing various gapped and gapless QSLs
as well as conventional phases. Its main drawback is an intrin-
sic difficulty to relate a given QSL phase to a specific spin
model. The most tangible connection between parton con-
structions and microscopic Hamiltonians is through projected
wave functions [49]. However, such analyses are biased by the
choice of mean field and are computationally expensive.

Over the past years, an alternative technique that shines
precisely at this Achilles’ heel of parton approaches
has gained in popularity. In “coupled-wire constructions,”
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microscopic parent Hamiltonians for strongly correlated
phases are constructed explicitly. Additionally, creation op-
erators of fractional quasiparticles are expressible in terms
of microscopic degrees of freedom. This approach was pio-
neered by Kane, Mukhopadhyay, and Lubensky for fractional
quantum Hall states [50]. Recently, it has been extended
to capture many other topological or strongly correlated
phases, including (i) a wider range of fractional quantum
Hall [51-59] and quantum spin Hall [60] states, (ii) Chern
insulators [61-63] and superconductors [64-69], (iii) ex-
otic surface states of symmetry-protected topological phases
[70,71], (iv) correlated states in twisted bilayer graphene [72],
(v) three-dimensional topological orders [73-78], (vi) Weyl
semimetals [79,80], and (vii) several QSLs [81-90]. Fur-
thermore, coupled-wire methods have been used to construct
anyon models [91,92], classify symmetry-protected topologi-
cal phases [93,94], and derive field-theoretic dualities in 2 + 1
dimensions [95,96]. For an introduction and overview of this
approach, see also Ref. [97].

A natural starting point for applying this technique to
QSLs is given by a spin system where all couplings in the
¥ direction, say, have been switched off. The resulting model
may be profitably viewed as an array of one-dimensional spin
chains (i.e., wires) along the % direction. Each spin chain
is then taken to form a gapless one-dimensional QSL. The
corresponding long-wavelength degrees of freedom form a
coarse-grained basis for reintroducing interwire couplings.
When these interactions are strongly relevant in the renormal-
ization group sense, they may drive the system into a bona
fide two-dimensional phase. Unfortunately, no general prin-
ciple for the construction of parent Hamiltonians within this
framework is known. Instead, it has to be done on a laborious
case-by-case basis. Consequently, only a limited number of
QSLs have been accessed in this manner [81-90].

We present a framework that unifies the two approaches
based on the well-known particle-vortex duality of bosons
in 2 4+ 1 dimensions [98-100]. Its recent implementation in
the coupled-wire formalism [96] allows us to transcribe field-
theoretic insights into explicit models and thereby achieve
the desired connection between parton and coupled-wire
methods. We find remarkably simple relationships between
microscopic degrees of freedom, such as the Néel vector Ny x)
or the valence-bond operator €,(x) and parton operators in a
suitable gauge. For example, we show that

> w20z, +He =Y NI N +He, (1)
y y

Y florfrortHe =Y e, — N N ()
7

y

where f;mx creates a fermionic parton with chirality y =
R/L and spin 0 = 1/ on the “dual” wire § =y 4+ 1/2. In the
first equation, x, = R(L) for 0 =1 (}) and X, =L (R) is
the opposite chirality. These relations are represented graphi-
cally in Fig. 1.

Crucially, any coupled-wire model that separately con-
serves the two parton species maps onto a local spin model.
Parent spin Hamiltonians for a wide range of nontrivial phases
can thus be generated by constructing weakly correlated two-
dimensional band insulators or superconductors of partons.

Microscopic processes

y+1

wires

Y
(a) N;N;rl (b) €y€yt1 — N;N;Jrl
Parton processes
v, Q=
dual wires

g o =@ =0=
-1 =G
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(b) f]ngL,ﬂ

FIG. 1. Microscopic interwire processes and the fermionic-
parton counterparts onto which they map: (a) spin exchange between
neighboring wires translates to fermion hopping by two dual wires,
(b) the indicated combination of dimer-dimer and Ising interactions
translates to fermion umklapp scattering on the corresponding dual
wire.

An example of such a model is shown in Fig. 2, which
illustrates the spin Hamiltonian for a Z, QSL obtained from a
superconductor of fermionic partons. Moreover, coupled-wire
models for various strongly correlated states of bosons and
fermions are also known in the literature [51,52,54-57,59—~
64,66—71]. Each of these corresponds to a local spin model
as well. These models realize QSLs that are not describable
by a parton mean-field Ansatz but require a further fractional-
ization of the partons.

In addition to constructing parent Hamiltonians for spe-
cific gapped phases, we use the exact transformation between
spins and partons to derive the gauge theory for the latter.
We explicitly relate monopoles in the emergent gauge field
to spin operators and determine the action of microscopic

Decoupled spin chains Coupled spin-chain array
Y~ TN
x%g%

S¢SF Sy ST

FIG. 2. The parent Hamiltonian of a Z, spin liquid can be ob-
tained by translating the coupled-wire model that realizes a BCS
superconductor of fermionic partons. The gray and white diamonds
represent the indicated interaction between spins at their corners.
These terms are reminiscent of those realizing Kitaev’s toric code
[10]. However, the present model conserves $° and realizes a phase
with dynamical matter fields. See Sec. VB 5 for the derivation and a
detailed discussion.
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symmetries. These properties demonstrate the desired unifi-
cation of partons and coupled wires. They, moreover, indicate
that the same approach may be extended to gapless states in
the future.

The rest of this paper is organized as follows: In Sec. II, we
briefly summarize some key elements of parton constructions.
In Sec. III, we review some well-known properties of spin-
% chains and their description using bosonization. We then
describe how a two-dimensional easy-plane antiferromagnet
(AFM), valence bond solid (VBS), and Ising-AFM are real-
ized upon introducing interwire couplings and discuss their
topological defects. In Secs. IV and Sec. V, we introduce
bosonic and fermionic partons, respectively, as combinations
of the aforementioned defects. We derive the gauge theory
that results when the spin model is rewritten in terms of these
nonlocal degrees of freedom and tabulate their symmetries.
We then analyze several phases in both their spin and parton
representations, with particular attention to the fate of the
emergent gauge field in the latter. We conclude with a sum-
mary of our results and an outlook on possible extensions in
Sec. VI. Finally, the Appendices discuss nonuniversal terms
that are required for microscopically exact mappings but do
not affect long-distance properties. They also reproduce sev-
eral known properties of the pertinent gauge theories within
concrete wire-based calculations.

II. PARTON CONSTRUCTION

In this section, we briefly review partons in the context of
interacting spin systems. Two widely used parton construc-
tions are based on the Schwinger-boson or Abrikosov-fermion
representations of spin %, ie.,

ST=ylv,, ST= 5 — v Y. 3)

Here v, are either bosonic or fermionic annihilation opera-
tors subject to the constraint of a single parton per site, i =
> Vi, = 1. The expression of spins through partons has
built-in redundancy, i.e., physical spin operators are invariant
under phase rotations ¥, — Y¥,e'®.

A. Mean-field theory

The representation (3) allows expressing generic Hamilto-
nians with S*-conserving two-spin interactions as

H =Y 03] o] s + He,
rr

+ Z Jrz,r’ Z wg,rwa,r’ w;r’ 17”0‘,". (4)

rr

The absence of quadratic terms implies that 7, on each site is
conserved, i.e., individual partons are immobile. Still, parton
hopping may emerge at low energies, which can be captured
by mean-field Ansdtze such as (V) Yo r) = Xrr80.0. The
corresponding mean-field Hamiltonian is

Hyr = Z (Xr,r’w;rf wU,r + HC) +u Z ﬁ” (5)

r,r,o r

where J:, and J}, were absorbed into the definition of
Xr.- We also included a chemical potential that enforces, on

average, the now-violated single-occupancy constraint. The
mean-field Hamiltonian also breaks the local redundancy: un-
der Yy, — w(,,,e"f" the mean-field parameter acquires a phase

Xr = Xrpr €XP [—i(dr — D)l (6)

Both flaws can be remedied by allowing for local fluctuations
in x,, and u on top of the mean-field values.

B. Compact gauge fluctuations

The replacement x,, — x,» exp[—ia,,] can restore the
redundancy if a,, acquires a shift under phase rotations.
Specifically, it must transform like the spatial components
of a gauge field, i.e., a, — ar» + ¢ — ¢». Allowing fluc-
tuations of a,,» and encoding fluctuations of the chemical
potential via a temporal component © — @ + iag, results in
the (Euclidean) action

Sparton = /Z w:,r(ar - iaO,r - M)Wﬂ,r
T ro

+ / 3 w4 Yoy + Hed. (D)
T

r,r.,o

A crucial aspect of this theory is its periodicity in a,,,
which permits “monopole” events where the flux A xa
changes by 2. The gauge field is thus compact [101]. Equiv-
alently, any induced Maxwell term generated by integrating
out ¥ inherits the periodicity of the minimal coupling and is
of the form cos (A x a). By contrast, a bare Maxwell term
(A x a)?, which arises, e.g., in the particle-vortex duality
[98-100], would exclude isolated monopoles; for a recent
review including modern developments, see Ref. [102]. The
same conclusion may be reached after taking the continuum
limit by analyzing the microscopic operator that corresponds
to the emergent gauge flux. In the present case, it is given by
the scalar spin chirality [103]

S - (S, xS,) — Vxa, (8)

cont. limit

which is not conserved in most microscopic spin models. Con-
sequently, monopole events exist in the corresponding gauge
theory. By contrast, in particle-vortex duality, the gauge flux is
identified with the microscopically conserved boson density.
Monopoles are thus absent in that case, i.e., the gauge field is
noncompact.

To study compact gauge theories, it is often convenient to
separate the gauge field into a monopole-free part a° and a
singular part 2™ that contains monopoles of strength 27 ¢g; at
space-time points #; = (t;, r;), i.e.,

Vo (VxaMy =21 qis(F — 7). )

This separation is useful, e.g., for assessing the relevance of
monopoles in the presence of matter fields 1. The monopole-
monopole correlation function is

— 0 M
M _ [ D[y, a)]e Syl _ (esn/;,ag]fswf,a%a,{“])
T -

(10)
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TABLE 1. Symmetry action on bosonized degrees of freedom,
with asterisks denoting antiunitary symmetries (i — —i).

Symmetry P ®
Ul(a) U(1) spin rot. D+ a C)
I1, 7 rot. around S, -+ -G
T, :x—>x+1 x translation O+ 0+7
T:y—>y+1 y translation D+ O+ 7
T,:x —> —x x inversion (site) [ -0+ 7
Zy:y—> —y+1 ¥ inversion D+ 0+7
Tt —> —1 Time reversal (TR) b -7 —G
T*=T,-T AFM-TR P -0—-7

Here, the singular gauge field 2 must satisfy Eq. (9) with
two opposite monopoles g; = —g, = 1, but is otherwise arbi-
trary.

While conceptually straightforward, the evaluation of CM
based on this formula is a formidable task, only achievable in
specific limits. Extensive studies of compact gauge theories in
2 4 1 dimensions have found that their infrared behavior falls
into one of three categories:

(1) Confining: When all matter fields trivially gapped, the
low-energy theory is a pure gauge theory. There, monopoles
always proliferate and result in confinement [101].

(2) Gapped: Confinement is avoided when the gauge field
becomes massive due to the formation of a condensate (Higgs
mass) or a topologically nontrivial insulator (Chern-Simons
mass).

(3) Gapless: The presence of gapless matter, e.g., in the
form of a large number of Dirac-fermion species or a Fermi
surface, can render monopoles irrelevant. Such systems be-
have like noncompact gauge theories [104—106].

III. COUPLED-WIRE APPROACH

Consider a two-dimensional array of antiferromagnetic
spin—% chains (i.e., wires) with conserved S°. The long-
wavelength properties of each chain, labeled by an integer
y and extending along %, can be efficiently described us-
ing Abelian bosonization [107,108]. This framework is,
moreover, convenient for including interwire couplings and
studying their effect. We thus introduce a pair of conjugate
variables ®,(x), ®,(x) and describe the spin-chain array by
a Euclidean path integral Z = [ D® DO e~S. The action S
contains both intrawire terms and couplings between differ-
ent chains; both will be specified below. In our convention,
smooth and staggered components of the microscopic spins
S, = J. + (—1)"™N, are encoded as

—18®
—n_xyy

\KA

N7 ~ sin(20,),

Nt ~ %, (11)

JF~ e sin(20y), ;
The transformation of ® and & under microscopic sym-
metries can be readily deduced from these expressions; we
summarize the ones pertinent to this work in Table I.

A. Decoupled spin-% chains

We describe the long-wavelength properties of each spin
chain by Lopain = L1 + £4,T, where
L = —8 0,0, P, +

(a ®,)* + K(ax®y>2, (12)

Lz = gax €08 (40,). (13)

The Luttinger-liquid Lagrangian £y is perturbed by the non-
linear L4, which introduces 47 phase slips into S*. Its
scaling dimension at the Gaussian fixed point A4, = 4K de-
termines the nature of the phase. For K > % phase slips are
irrelevant, and the ground state is gapless, with power-law
correlations in S*** and the VBS order parameter

& = (—1)'S S .+ Hc. ~ (—1) cos (20,). 14)

r+x

An array of spin chains in this phase is easily destabilized
by various types of interwire couplings and will thus be our
starting point for accessing two-dimensional phases.

It is, however, useful to briefly review the opposite case
of relevant L4,. We begin by introducing a dimensionless
coupling constant, whose bare value at the microscopic length
dy is 84y = 1671Kd§g4,,/ v. For K < % it grows under renor-
malization and reaches order unity at a length d,. For small
|84 | and K, the scaling dimension of the cosine implies d, ~
dolgar |/ 2. Beyond this scale, each field ©, becomes
trapped around a minimum of the cosine. To describe the
low-energy fluctuations we, therefore, expand the cosine to
quadratic order and write
8arv

—16 K cos (40,) —

()2
Loz = ®, —60y) . (15)

i
27 Kd?

Here, @;” 5) denote the minima of the cosines, labeled by the
integers n,. To identify the ground state, it is sufficient to

(n)

replace ®, — O’ in all observables. For negative g4, the

minima are at ®("’ = 7mny/2, and there is VBS order €, o

(—=1)»"Y. For positive g4, we instead have ) 0) =nn,/2 +
7 /4 reflecting Ising-Néel order, i.e., N* o (—1)». We de-
note the two possible ground states, n, even and n, odd, by
VBS, (Ising;) and VBS,(Ising,), respectively. In both cases,
they are related by x translations (cf. Table I) and one is
selected spontaneously when that symmetry is broken. The
universal properties of these gapped phases are insensitive to
the value of d,, which may be viewed as a new parameter that
replaces 4.

Consider now a domain wall where the state of the yyth
wire is characterized by ny, for x < xo and by n,, + 1 for
X > xo. Near the domain wall, ®, changes smoothly by 7 /2
over a distance ~d, to avoid incurring a large elastic energy
cost (see Fig. 3). The precise form of this interpolation is not
essential for our purposes; a sample function is §®Opw (xp) =
tan~! [¢*~*0)/4:] The total spin associated with introducing an
N-fold domain wall, ®,,(x) — O,,(x) + N6®pw(xp), is

1 N N
= —/Zaxe)v_ /a 8Opw = —.  (16)
T Js 1 2

Crucially, this value is universal and only depends on the
asymptotic behavior of ®. Moreover, the associated energy
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(a) Low-energy field at a smooth domain wall
Oy

®E)H+l)

C

} > T
o

(b) Spins at an atomically sharp VBS domain wall

VS, -G DG G- Vs,

(c) Spins at an atomically sharp Ising domain wall

tsing S-S+ T —&— 0L Tsine,

FIG. 3. (a) The fundamental quasiparticle excitations of a one-
dimensional VBS and an Ising AFM are domain walls between the
two degenerate ground states. In both cases, the bosonic variable
®(x) changes by 7 /2, from one minimum to the next, over a distance
set by the correlation length d,. Consequently, such defects carry
spin % and cost a finite energy o1/d,. When the correlation length
is comparable to the lattice spacing, the domain wall can be depicted
in terms of microscopic spins as shown in (b) for a VBS, and (c) for
an Ising AFM. The spin % associated with this excitation becomes
readily apparent in this limit.

cost takes a finite nonuniversal value proportional to d, ! (see
Appendix A 1 for details). By contrast, a “half domain wall,”
ie,N = %, which formally carries spin %, costs a finite energy
density for all x > xy. Consequently, the total energy diverges
linearly with the system size, i.e., such configurations are
confined.

B. Coupled spin-chain arrays

To describe two-dimensional phases, we initially neglect
47 phase slips in the action of the decoupled array

Sdecoupled = / Z »Cchain . (17)
6Ty

Instead, we perturb Sgecouplea by interwire couplings that drive
the system to a new fixed point and analyze the effect of
47 phase slips there. The leading coupling terms between
neighboring wires that are compatible with the symmetries in
Table I are

(18a)
(18b)

L; = g cos (Pyy — D)),
L, = g,c0os (20,1 +206,).

A third cosine, cos (20,1 —20,), has the same scaling
dimension at the decoupled fixed point as the one in L,.
However, it can be obtained by combining the latter with
4 phase slips and thus need not be treated independently.
The cosines in Eq. (18) compete to drive the wire array into
different symmetry-broken states (see Fig. 4). Their topolog-
ical defects are crucial for relating spins to the bosonic or
fermionic partons. We, therefore, briefly discuss how their key
properties arise within the coupled-wire framework.

Sliding Ising/VBS r

Easy-plane AFM K !

FIG. 4. The lowest-order coupling terms between neighboring
spin chains drive the two-dimensional array either into an easy-plane
AFM or into a gapless “sliding Ising/VBS” state. Phase slips are
irrelevant in the former, but strongly relevant in the latter, where they
lead to a fully gapped VBS phase.

1. Easy-plane antiferromagnet (AFM)

Consider K > 1 such that £, of Eq. (18a) is strongly rel-
evant while £, of Eq. (18b) flows to zero. As in Sec. III A,
we introduce a dimensionless coupling constant with bare
value g, = rrdg g:/vK < 0. The flow of g; to strong coupling
permits us to replace

VK vK

L, = cos (B,p — D,) —
t ]Td02 ( y+1 y) anf

[A®, (19

where Ay, = (8y41,y — 8y,) is the discrete y derivative,
naturally centered on a dual wire y =y + % The scaling di-
mension of the cosine at the decoupled fixed point implies
d, ~ do|z,|"®"'¥ for small g,, but that is not essential for
our purposes.

On a finite array of Ny, wires, only Ny, — 1 of the differ-
ences A are linearly independent, and the system remains
gapless. The missing linear combination N Zy ®,, cannot
be pinned due to the global U(1) spin-rotation symmetry (cf.
Table I). This property reflects the presence of a Goldstone
mode due to spontaneous U(1) symmetry breaking. The ef-
fective action

vK
Lsp= L1+ ——[AD]; 20
se =Lt + df[ I5 (20)
can be brought to a more familiar form by performing the
Gaussian integral over ®,. Additionally taking the continuum
limit d;'A — 9, results in

Sop = —— / (3,0 + P(VOPL (1)
27V Txy

It is straightforward to verify that 4w phase slips are irrel-
evant at this new fixed point and that it exhibits Néel order
(N # 0.

For the topological defects, the periodicity of L, is
paramount. The number of domain walls in a given cosine
is Ny =5 [ [A3,®]; ~ o5& f.dl - V®, where T' encloses
the plaquette containing §. Consequently, Ny is precisely
the number of magnetic vortices contained within this
plaquette or, equivalently, on the dual wire. A sample con-
figuration that contains an isolated vortex is §®YOe%é (x) =
arg [(x — x9)/& + i(y — ¥9)]. According to Eq. (20), its energy
exhibits the familiar logarithmic divergence with system size

043437-5



EYAL LEVIATAN AND DAVID F. MROSS

PHYSICAL REVIEW RESEARCH 2, 043437 (2020)

Isotropic vortex (£ = 1) Deformed vortex (£ = )

es (X1
Ryt i1t
Y22 1411
Y ys=>2 V711

FIG. 5. Two vortex configurations, shown in terms of the Néel
vector N, may have significant differences in trial energies but
are topologically equivalent. For formal manipulations the precise
choice is unimportant, and the more anisotropic limit § — 0 turns
out to be the most convenient in the present case.

(see Appendix A2). For the formal manipulations below, it
is convenient to use the & — 0 limit of the above expression,
ie.,

$PY(x) = 7 sgn(Fo — YIH (x — xo), (22)

with H (x) the Heaviside step function. In this configuration,
all phase winding is concentrated along one-dimensional lines
rather than uniformly spread as in the isotropic one. A vortex
in the form of Eq. (22) is created by the operator

Vil (x0) = exp [i Z sgn(y — 9o)®y(xo)}, (23)

y

which satisfies VI®V = ® + §0V°"* The same form of this
vortex operator was used in Ref. [96] to implement dualities
between bosons and Dirac fermions on coupled-wire arrays.
Vortex configurations in both limits are illustrated in Fig. 5.

Horizontal deformation

Ising,

VBS, VBSa

Ising,

[sotropic dislocation

2. Intrawire valence bond solid (VBS)

For K « %, it is £, of Eq. (18b) that is strongly relevant
while £, of Eq. (18a) flows to zero. We focus on positive g,
and express it in terms of a dimensionless coupling constant.
To describe low energies, we replace

~ 2
V8, v T
w= =B s 20541 +205) > —— (501, — =) |
£ Gk 08 2O T30 = S ([ L 2>
(24)

where S5, = (8y41,y + dy,,) is naturally centered on a dual
wire. This Lagrangian is identical to Eq. (19) upon replacing
0, < (=1Y (P, +7y/2) and K < K~', which does not af-
fect the kinetic interwire terms. Consequently, the analysis of
the easy-plane AFM carries over.
The ground state exhibits Ising-Néel and/or VBS orders
according to
(N*) o sin (20g), (€) o cos (20y), 25)
with a spontaneously chosen ®. Around a topological defect,
®( winds smoothly by 7. Such defects are illustrated in Fig. 6
and will be referred to as dislocations. Around them, the state
of the system changes from Ising, first to VBS;, then to Ising,,
next to VBS,, and finally returns to the Ising, configuration.'
The creation operator in the extreme vertically deformed

'These defects share several features with Z, vortices in colum-
nar VBS states [119]. There, the two Ising phases are replaced by
interwire valence bond states VBS; 4 that arise as /2 rotations of
the VBS, ;. The VBS3 4 configurations interchange under 7, and are
invariant under 7, just like Ising, ,. However, their transformations
under 7, and T are different. Interwire VBS states in wire models are
described in Sec. IV B 3. Unfortunately, operators that would create
Z4 VBS vortices are not readily accessible in this framework.

Vertical deformation

FIG. 6. Four fundamental domain boundaries between VBS;, Ising;, VBS,, and Ising, regions terminate in a dislocation that carries spin
%. This topological property holds irrespective of the detailed configuration. It becomes apparent in the strongly anisotropic limits, where
either the Ising or the VBS phases extend only along a one-dimensional line. There, the properties of the dislocation can be inferred from
the one-dimensional domain walls illustrated in Fig. 3. In our formulation, bosonic partons in a specific gauge are introduced as the extreme
vertically deformed dislocations; they carry spin % and live on dual wires.
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limit is
bl (x0) = exp [% Y sen(y — 90)(—1)y®y(xo):|, (26)
y

which satisfies b'@b = ® —
Eq. (22).

At this fixed point (referred to as sliding Ising/VBS in
Fig. 4), the previously neglected 47 phase-slip term, Eq. (13),
is strongly relevant. Its flow to strong coupling eliminates the
zero-energy mode ©,(x) — ©,(x) + (—1)’« and results in a
gapped phase. As in the case of decoupled chains, a VBS is
realized for negative g4, , while positive g4, leads to an Ising-
AFM. In both phases, the energy cost of creating an isolated
dislocation diverges linearly with the system size (see Ap-
pendix A 3). Tightly bound dislocation-antidislocation pairs
are thus the fundamental low-energy excitations. When the
two are located on neighboring plaquettes, they form precisely
the staggered component of the microscopic spin operators

(—1)Y8@¥rex with §@¥orte a5 in

- N. +, y even 5

, = 7
y—1/2 y+1/2 Ny_, yodd. ( )
Notice the 51m11ar1ty to the parton decomposition ST = 1//T vy
in Eq. (3).2 To make this connection manifest, we introduce
the redundant label 0 = T, J for odd and even §J, respectively.
We then define b;a = e'% and the associated dislocation

density p5.o = 19,605, with

1 :
Gro =5 D sy —H(=1Y @y, (282)

Os.0 = 0(Opi1 + O)).

The total number of b, bosons (dislocations centered on
even or odd dual wires) is

1
Qo = /Zpﬁ,a = ;fzaxey*a aStZOtdl’ (29)
Xy Xy

with S¢  as defined in Eq. (16). Crucially, when S7 is
microscopically conserved, then the number of each of these
boson species is separately conserved.

To conclude the discussion of this phase, we want to point
out a close connection between dislocations and magnetic
vortices. Consider a vortex in b, only, but not in bz. To

(28b)

2There are also notable differences: (i) The dislocation operators
by, reside on half the wires while Eq. (3) yields operators ¥, on
all wires. Nevertheless, since v, are constrained while b, are un-
constrained, the number of degrees of freedom agrees. (ii) Interwire
hopping of b, is represented by a local operator [cf. Eq. (31a)]
while for v, such hopping is absent on the lattice scale. There,
parton kinetic terms may emerge at long wavelengths, described by
fluctuations around a nontrivial saddle point. Dislocations should
thus be viewed as representing the low-energy progeny of the lattice
operators v, . (iii) The operators b, are formally assigned to reside
between wires while v, live on the original lattice sites (different de-
compositions are of course possible, see, e.g., Ref. [120]). However,
since hopping of individual v, at the lattice scale is a mean-field
artifact [see also (i) and (ii)], this is not a significant difference.

construct its creation operator, one need only replace ® — 6,
in Eq. (23). Explicitly, we introduce

- Zy’ even Sgn(y - y/)ga,)"/”
=25 0da ST — )05 5,

Using Egs. (23) and (28b) we find that Vp; = ¢#'» and
Vogp1 = e¥+2+1, Dislocations are thus dual to magnetic vor-
tices in this precise sense.

o = L(¥ odd)

o5 = o = 1(J even).

IV. BOSONIC PARTONS FROM COUPLED WIRES

To access a wider range of phases, including QSLs, we
now develop a dual description of the coupled-wire model
in terms of the topological defects described above. Such a
reformulation of spin-% models in terms of magnetic vortices
has already been used in Ref. [109] to access, e.g., a puta-
tive “deconfined” quantum critical point between Néel and
VBS orders. To connect coupled-wire and parton techniques,
we instead focus on dislocations and argue that they form a
bosonic-parton representation of the microscopic spins.

As discussed at the end of the previous section, b,
possesses several of the relevant bosonic-parton properties.
Moreover, while the combination bTTb 1 1s local in terms of
microscopic operators, and carries spin 1, individual b, are
nonlocal and do not have well-defined spin. This property
closely relates to the local gauge redundancy of conventional
parton decompositions discussed in Sec. I B. Even though b,
are nonlocal, the interwire couplings introduced in Eq. (18) re-
main local under the mapping. Translating them via Eq. (28),
we find an intraspecies nearest-neighbor tunneling term and
an umklapp term

by, +Hc., (3la)

.
42,0
~ bl by U (x),

L; = g cos Q5426 — Py0) ~ b
L, = gycos (205,)

where U(x) = U(x + 1) is a weak periodic potential (see,
e.g., Ref. [107]). The periodicity of £, implies that b, are both
at unit filling. Consequently, the densities of b4 and b are
the same as in conventional parton constructions (cf. Sec. II).
By contrast, the intrawire interactions of the microscopic spin
chains are nonlocal in bosonic-parton variables. They have a
natural interpretation in terms of an emergent gauge field, as
we will now explain.

(31b)

A. Gauge theory

To derive the action governing the bosonic partons, we
invert the mapping in Eq. (28) and insert them into the
microscopic wire-array model in Eq. (17). It is convenient
to include, on top of Lcpain, the symmetry-allowed quadratic
interwire couplings

Eimer == [Sa ®] +

87

In the limit of weakly coupled wires, these arise as the leading
renormalizations of the kinetic energy due to Eq. (18), but in
generic cases, up and uy should be viewed as independent
parameters.

While £;, £,, and Ly [Eqgs. (18) and (32)] are local in
terms of partons, the intrawire interactions Lcp,in, are highly

[AE) CI>] (32)
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nonlocal. This nonlocality can be encoded exactly through an
emergent gauge field d, just as in the case of the boson-vortex
duality (see Appendix B for details) [96]. We express the re-
sulting gauge theory as S, = j;m > 5 [Lp 4 Lutaxwen + Lind-
The first two contributions contain parton and gauge-field
kinetic terms as well as the coupling between the two, i.e.,

i VB
L, = ;8x9y,a(3r¢y,a —apy) + Z(aﬂﬂy,a — al,}"’)Z

up 2
—(0:65.6)°, 33
+ 27_[( 5.0) (33)
kD 2 K 2
Livtaxwell = H[Aal]y + m[Aao]y- (34)

The parameters vg, up, ¥, and « are nonuniversal. For their
expression in terms of microscopic spin-chain parameters, see
Appendix B. There, we also specify the last term L;,., which
contains exponentially decaying interwire density-density and
current-current interactions.

The gauge-field Lagrangian Lypaxwen describes an
anisotropic Maxwell term in the a; = 0 gauge but missing
the o(d:a13 — dyap3)* contribution. Such a term will be
generated upon integrating out matter fields at high energies.
We demonstrate this in Sec. IVB 1 for the case of trivially
gapped partons. Finally, it is instructive to express the
bosonized model in terms of b, as

(8, — iay)bs o |*,  (35)

. v,
Ly =bl (3 — iay — bs.e + 5
0

2p

where pg = 7 is the boson density. This Lagrangian has the
expected structure for bosonic partons [cf. Eq. (7)].

1. Monopoles

The 47 phase slips in Eq. (13) are also nonlocal in bosonic-
parton variables. To interpret them, we introduce the operator

M, = exp[2i(~1)'©,] = exp [i Z sgn(y — 9)99}
v

= exp[~ifs5 — iP5 5-1]. (36)

For both bosonic partons, M, bl M, — bf e, where
a(r) winds counterclockwise by 27 around the origin. /T/l\,
can thus be viewed as the insertion of a 27 monopole in the
emergent gauge field at position r. Since it is odd under lattice
translations (cf. Table I), 47 monopoles created by M? are
the minimal ones allowed by symmetries.

It is useful to disentangle the monopoles from the matter
fields. We, therefore, write M" = ¢/ and replace Eq. (13)
by

i L 3 3
Lz = %[M% + M =~y Bany = Py = Paso1),
(37)

where A is a Lagrange multiplier, and ¢4 is now an indepen-
dent variable in the functional integral. A simple shift apy —
apy — Zy, sgn(y’ — $)A, decouples the Lagrange multiplier
from the matter fields and moves it into the gauge-field action.
Integrating it out then yields our final form of the monopole

TABLE II. The action of microscopic symmetries on bosonic
partons and their interpretation in the parton gauge theory. Antiu-
nitary symmetries (i — —i) are indicated by asterisks.

Microscopic Parton
symmetry b; b, Do M interpretation
U(a) eiabgb . Do M Global 0, — Q,
gauge transform.
1, ~b'by  —p, M Particle hole (PH)
T.:x—>x+1 —b%lu Po -M x translation
T,:y—>5+1 —bgln —ps =M PH + spin-flip
T :x — —x bib L =P =M x inversion
T, :5—> =5 —b;b¢ os —MF ¥ inversion
Tt —> —1 —bfm — P M PH*
T 71— —1 ble os —MT TR

Lagrangian

. 2
Log =S ME + ME] = %[Aao - an¢M] , (39)
2 " A K y
with parameters «, D as in Eq. (34) and where we have re-
labeled g4, — gan. For gaq = 0, the Gaussian integral over
¢ is a complete square and does not affect any gauge-
field or matter correlation function. Alternatively, the second
term in L, may be viewed as a “bare” kinetic energy
for the monopoles. Their interaction with the gauge field,
which is not of minimal coupling form, introduces additional
terms ~(9:¢¢)* and ~(A¢r)* upon integrating out short-
distance gauge fluctuations. The low-energy behavior of the
monopoles can, of course, be qualitatively different, depend-
ing on the phase of the gauge theory [see, e.g., Eq. (52)].

2. Symmetries

To complete the description of the parton-gauge theory, we
now specify how the microscopic symmetries of Table I are
implemented. The straightforward application of the mapping
between spins and partons leads to the symmetry properties
summarized in Table II. Additionally, we introduce an exter-
nal probing field A that minimally couples to the conserved S
of the microscopic spins. In its presence, the theory for the de-
coupled spin chain is augmented to Lcpain —> Lchain + L4 With

vK
2

Rederiving the bosonic-parton action with these terms (see
Appendix B) amounts, at lowest order in A, to replacing
uy = Auy — i(—l)?[SAM]‘j in Egs. (33) and (35).

i vK 2
La=——0OA0y = — DA + AT, (39)

3. Alternative perspective

An alternative route to the parton gauge theory begins with
rewriting the wire array in terms of magnetic vortices [see
Eq. (23)]. On a lattice, these vortices experience an average
flux of 7 per plaquette [110,111]. Their band structure thus
exhibits two valleys, which amounts to two vortex flavors at
low energies. To see how this is reflected in the wire frame-
work, consider the interwire couplings of Eq. (18). The XY
spin exchange £, translates into 27 phase slips for the vortex
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Vs while

L, =gV ,Vs +He. (40)

The wire-array model £y + £, + £, can thus be equivalently
expressed in terms of two separately conserved vortex flavors
that reside on even or odd dual wires. Moreover, all vortices
are coupled to the same noncompact gauge field dyorex Whose
flux represents the conserved S*. (The derivation of this gauge
theory within the wire framework is identical to the one
performed above for bosonic partons.) Performing separate
dualities for the two vortex flavors results in two species of
bosonic partons (cf. the final paragraph of Sec. IIIB 2) cou-
pled to a single gauge field a that is, likewise, noncompact.
Its flux corresponds to the difference between the numbers of
Veven and V,4q vortices. This difference ceases to be conserved
in the presence of the 47 phase slips. Indeed,

Lir = gaxVasVasVos Vit + Hee. (41)

allows vortex pairs to switch their flavor. Such processes
change the flux of the gauge field @ by 47 and, thereby, render
it compact.

B. Phases of bosonic partons and spins

To demonstrate the generality of the formalism developed
above, we now apply it to several concrete examples. In the
spirit of most parton constructions, we primarily consider
phases that are trivial at the mean-field level, i.e., in the ab-
sence of gauge fluctuations. These include Mott insulators,
superfluids, and integer quantum Hall states. Coupled-wire
models that realize such phases are either known in the lit-
erature or can be constructed relatively easily [51,55,70,93].
The mapping in Eq. (28) then immediately provides a corre-
sponding coupled-wire model in terms of the microscopic spin
variables. We carefully examine both representations of each
phase, in terms of partons and of spins, and demonstrate their
equivalence.

We analyze the parton models as follows: First, we de-
termine the ground state and excitations of £, + 6L at the
mean-field level, i.e., by treating d as static. Second, we
reintroduce the gauge-field dynamics and determine how they
are affected by the matter fields. If the gauge field remains
massless, we analyze the effect of monopoles. Third, we
examine the quasiparticle content of the gauge theory. Fi-
nally, we perform a conventional analysis of the equivalent
coupled-wire model in terms of the microscopic spin variables
L = Ly + §L[P, O], and verify that its properties match the
ones obtained from the parton gauge theory.

1. Mott insulator and intrawire VBS

Mean field. A trivial Mott insulator of partons forms when
the umklapp term of Eq. (31b) gaps the bosons on each wire
separately. This interaction does not contain ¢y ,, which can,
therefore, be integrated out trivially. The parton Mott insulator
is thus described by

1 u
Lavon = 35— (3r,0)* + ﬁ(aﬁyﬁ + 8,0 (205.,)
B

i
+ ;95,,(,(8,5510,; — 0za15). (42)

At sufficiently long length scales, each field 65, becomes
trapped around the minima of the cosine, as in Sec. IITA.
Integrating out the massive fluctuations around these minima
yields Ling o (3:a15 — 0xao 3 )2, which modifies the dielectric
constant of the (static) gauge field d. The periodicity of the
cosine implies that 65 , winds by 7 at a fundamental domain
wall. Such a configuration describes an isolated parton, cre-
ated by the operator b! . At the mean-field level, these spin-%
excitations are the elementary quasiparticles.

Gauge fluctuations. We now reinstate the dynamics of the
gauge field and supplement its bare action, Eq. (34), by Ling.
The effective Lagrangian is thus

K
Lyw = m{[Aao]g + f)z[Aal]i + df(axao,y - 8r(115v)2},
(43)

where the nonuniversal length scale d, encodes the flow of
gu to strong coupling. Recall that in our formulation, d is a
noncompact gauge field, and monopoles are included through
L [cf. Eq. (38)]. In their absence, bosonic partons would
interact logarithmically via the gauge field. (The interaction
potential is readily obtained from {(apag) at w = 0.)

However, it is well known that compact U(1) gauge
theories may be unstable to monopole proliferation, i.e.,
confinement. The relevance of monopoles can be assessed
from their correlation function. For an isolated monopole-
antimonopole pair at locations R; = (x;, d,y;) and equal time,
it is given by

Col g, = (M (DM, (x2)
_ f’D[a’ ¢M]€i¢M"1 (D)= M.y, (72) o= Sgange =S @)
J Dla, ale S5

For g ¢ = 0, the theory is Gaussian and performing the inte-
gral over ¢ yields

kd cos(k-R)—1 kd?
cM = * / 1— (e |}
R eXP{4an) o K2 [ a2l

(45)

Here &, = Aagp/d, is the y component of the emergent electric
field, (...) denotes the Gaussian average over d, according
to Lmw, and k = (ky, k,). The momentum k, is expressed in
units of d I i.e., the Fourier transform is defined as Hx, 1) =

% S, X7 F (k, »). Inserting the &, correlation func-

tion and evaluating the integral for large |R|, we find C{e\/l ~

Since C{e\/l approaches a nonzero constant at long distances,
monopoles are strongly relevant. Beyond a length scale /,, we
thus expand the cosine in £ to quadratic order. Integrating
out ¢ 54 then results in a modified theory for @ given by

K 1
Leconfining = Lmw + éhr_ﬁ[AaO]ym[AaO]y’ (46)

with Lyw as in Eq. (43). The corresponding analytically
continued gauge-field propagator has poles at real frequencies
o =FvVk? + kf, + 12, i.e., there are no gapless gauge-field
modes for finite /.

Alternatively, C,?/‘ can be obtained from Lyw alone
via Eq. (10), i.e., by externally imposing the desired
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FIG. 7. A singular gauge-field configuration with monopoles of
opposite signs can be realized via two flux tubes that extend from
infinity at fixed t and y. Each x-t plane represents a dual wire at
coordinate ¥ =y + %, and monopoles are located at y, i.e., between
wires.

singularities on @. For specificity, consider @™ such that
(@,aM — 3,a}") = AaM = 0 and

Aat = 27[8,0H (x) — 8, H(x — x0)18(x).  (47)

This configuration is depicted in Fig. 7. It describes two flux
tubes emanating from x = co and extending, at fixed y =0
and yy, to x = 0 and xy, respectively. Inserting this expression
into Eq. (10), with the gauge-field action of Eq. (43), we
reproduce CIJQ" in Eq. (45).

Quasiparticles. In the presence of a confining gauge field,
individual partons seize to be finite-energy quasiparticles. It
would be tempting, but incorrect, to compute their interaction
potential directly from the effective gauge theory in Eq. (46).
To obtain Leonfining, We expanded g a4 cos (2¢0¢) around a spe-
cific minimum. This restriction to a single topological sector is
innocent in the special case of partons on the same dual wire.
There, only the trivial sector contributes, and we can indeed
use Lconfining t0 find

] 1 — cos (kx) )
\% — V) ~— ~ . 48
@)=V~ /k (e pan @Y

In the generic case, a careful sum over different sectors,
as performed in Appendix A3, is required. The result is
linear confinement in all directions: It is impossible to iso-
late any excitation charged under the emergent gauge field
without incurring a diverging energy cost. Consequently,
finite-energy excitations can only be created as combinations
of the gauge-neutral quasiparticles b b, carrying spin 0, and
bl bs carrying spin 1.

Spin model. There are two complementary routes to
identifying the microscopic phase: through symmetry con-
siderations and by direct translation to a microscopic model.
For the former, recall how monopoles transform under the
microscopic symmetries (see Table II). The nonzero expecta-
tion value acquired by M implies that x-translation symmetry
is reduced to translations by two sites. Furthermore, for
gm < 0, the site-centered x inversion is also broken, while
bond-centered inversion is preserved. Other symmetries, in
particular time reversal and U(1) spin rotations, remain in-

tact. These properties identify the microscopic phase as an
intrawire VBS. We arrive at the same conclusion by using
the transformation from parton to spin variables. The gauge
theory maps onto Ly + L£,, which we already analyzed in
Sec. IIB2. Its gapped ground state exhibits VBS order,
(&) # 0, with integer-spin excitations, exactly as we found
in the gauge theory above.

2. Superfluid and easy-plane AFM

Mean field. Consider now a superfluid phase where both
partons condense. Recall that the parton number is separately
conserved for both species. The corresponding U(1) symme-
tries are spontaneously broken when the tunneling term of
Eq. (31a) flows to strong coupling. We proceed as before and
expand

Upg:

UB
pr— _2 —
dmdy

c
' 87md?

CO8 (@420 — Pro) = [A2gs 13, (49)
where (Az), , = 8y4+2,y — &yy. The field 65, does not enter
L, and can thus be integrated out trivially. Additionally taking
the long-wavelength limit d;'A, — 2d,, we arrive at the

. SF _ .
action SpF = fr,x,y Yo LsF.o, with

Lspo = ;—B[%wf% —ap)* + (Vs —a)z}. (50)
wlc
This low-energy theory describes two fields that disperse lin-
early with velocity ¢ = ,/ugvg, Goldstone modes associated
with the two condensed parton species. Integrating out ¢,
results in the familiar Meissner response

JL 1V
»CMeissner = EZZM |:8pw - [i p-» ]C_ZUH (51)
2 p-p
where p = (%, ke, ky) and a= ("?”, ai, ap). Finally, the peri-
odicity of the original cosine in Eq. (49) permits 2w vortices
in either condensate, which are logarithmically confined as in
Sec. IIIB 1.

Gauge fluctuations. We reinstate the gauge-field dynamics,
governed by Lyw + Lo of Egs. (34) and (38). The induced
Meissner term renders the gauge field massive and, thereby,
monopoles strongly irrelevant. We verify this explicitly by
integrating out d to obtain the effective monopole Lagrangian.
In the limit of small frequencies and momenta, we find

) kc2d? [ w?
Lpett = —|1+ 2=+ k) |Kloml>. (52)
4k 2vp0 \ ¢? )

The corresponding monopole-monopole correlation function
decays faster than exponentially, i.e.,

— /& =
c#oc{eL > ¥=0 (53)
e L& y#0
where L is the wire length, and & » are nonuniversal length
scales.

Quasiparticles. To determine the fate of the partons, we
focus on one species and integrate out the other. Recall that the
gauge field a lives on all dual wires, while each parton species
resides on wires with a specific parity. We, therefore, integrate
out b, and the gauge field on even wires to obtain the effec-
tive gauge theory for b4 on odd wires. The long-wavelength
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FIG. 8. When one species of bosonic partons condenses, the
gauge field acquires a Higgs mass. Moreover, the condensate renders
the second parton species local and identifies it with the microscopic
spin-raising operator. (a) Condensation of the second species results
in a magnetically ordered phase with (ST) # 0. The corresponding
interwire terms are precisely the ones discussed for the easy-plane
AFM in Sec. III B 1. (b) When the second parton species forms a
Mott insulator, a nonmagnetic state arises. The parton theory that
realizes this phase maps onto the coupled-wire model of an interwire
VBS.

expansion of the gauge-field action reproduces the form of
Leissner, 1 Eq. (51), with rescaled fields and momenta (see
Appendix D 1 for the exact wire-based calculation). Integrat-
ing out the massive gauge fluctuations does not qualitatively
change the low-energy theory for b;. In the present case, it is
of the form Lgr in Eq. (20), and vortices in the phase of b, are
logarithmically confined.

It is instructive to analyze the role of the external probing
field as introduced in Sec. IV A. At the mean-field level, the
partons couple to A with charges (e4,¢e)) = (%, —%). Conden-
sation of either species forces the flux of A to be quantized
in units of 4r. However, in the gauge theory, a simple shift
Auy = duy+ %[SAM]S, leads to (ey, ey ) = (1, 0) and, conse-
quently, 27 quantization. This apparent ambiguity disappears
when gauge fluctuations are accounted for. Indeed, integrat-
ing out d and b, in the presence of A, we find an effective
field theory for by with e, = 1. The same conclusion can be
reached by noting that, once b, has a non-zero expectation
value, by is identified with the spin raising operator S* [see
Fig. 8(a)]. Further integrating out the remaining parton b4
yields a Meissner response in the form of Eq. (51) for A (see
Appendix D1 for details). Consequently, U(1) spin-rotation
symmetry is spontaneously broken.

Spin model. The microscopic phase breaks U(1) spin-
rotation as well as time-reversal symmetries (see Table II).
Moreover, the discrete translation symmetries in the X and 9
directions are both reduced to steps of two. These properties
identify the microscopic phase as the easy-plane AFM de-

scribed in Sec. III B 1. Indeed, the parton gauge theory maps
onto Ly + £,, which was studied there in detail. We found
the same gapless ground state, topological excitations, and,
implicitly, the same 27 quantization of flux.

3. Correlated Mott insultor and interwire VBS

Mean field. Consider now a superfluid phase of one
parton species and a Mott insulator of the other, i.e.,
8L = g cos (¢a542,) — ¥27,1) + &u €08 (202541,4). The mean-
field analysis is the same as in the two previous cases;
the low-energy theory contains the Goldstone mode of the
condensed b and individual b4 as finite-energy excitation.
Vortices in the b, condensate, created by Voqq ~ e~ [cf.
Eq. (30)], are logarithmically confined.

Gauge fluctuations. As in the parton superfluid phase,
Sec. IV B 2, the gauge field acquires a Higgs mass through the
b, condensate. Consequently, monopoles can again be safely
discarded.

Quasiparticles. The effect of gauge fluctuations on the
mean-field excitation b4 can be inferred, as in the last section,
by successively integrating out b, and d. Exciting a single b4
boson above the Mott gap thus corresponds microscopically
to a spin-1 excitation [see Fig. 8(b)]. In addition, vortex exci-
tations Vg turn into local spin-0 quasiparticles. Formally, this
follows from the qualitatively different behavior of the corre-
lation function ([A2¢| ly+1[A20, loy+1) at zero frequency: at
the mean-field level, it falls off quadratically with distance, but
in the gauge theory, it decays exponentially. (For an explicit
calculation of the vortex energy, see Appendix A 4.)

Spin model. In this phase, y-translation symmetry is bro-
ken, but ¥ inversion is preserved (cf. Table IT). Moreover, U(1)
spin-rotation, time-reversal, and x-translation symmetries all
remain intact. These symmetry properties, along with the
quasiparticle content, imply an interwire VBS. To verify this
explicitly, we transcribe the cosines in § £ to spin variables

8 Linter-vBs = &1 €08 ([A®P]y511) + 8u 08 (2[SOly541). (54)

One readily verifies that the arguments of the two cosines
commute. Consequently, the two terms can simultaneously
reach strong coupling. In the resulting fixed-point Hamilto-
nian, only pairs of wires are coupled. To characterize the
ground state, it is thus sufficient to analyze a two-leg ladder.
We diagonalize the interaction by introducing new conju-
gate variables &1 = %(d>2 + ®;)and O = (O, £ ®y). The
fields ®_ and ®, get trapped around the minima of their
respective cosines, and small fluctuations are massive. Fun-
damental domain walls in the two are created by D, = ¢/®+
and D_ = ¢'©-. The former is identified with the spin-raising
operator, i.e., D Sf/z, with a proportionality factor deter-
mined by the pinned ®_. The latter similarly describes 2w
phase slips in S*, i.e., D_ o e¥%®12, Consequently, the two
types of defects carry spin 1 and spin 0, respectively. Alterna-
tively, the spin can be computed via the general expression

55501 = | (D[S, D) 59)
xy

In the present case, Y S5 = 19,0, and we again find
885, [D_1=0and 88%,[Dy] = 1.
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4. Quantum Hall states and chiral spin liquids

Mean field. As the first example of a fractionalized phase,
consider a bilayer quantum Hall state of bosonic partons. At
filling factor v = 2/n, it can be realized with the interwire
coupling

8LoH = 8QH €08 (Y5410 — Py—1,0 — 2nb55).  (56)

This wire construction was proposed in Ref. [51] for mi-
croscopic bosons ¢ and analyzed in detail. Adapted to the
present context, the resulting phase hosts two species of
spin-1/2n excitations that are self-bosons but exhibit mutual
statistics 7 /n, i.e., the corresponding K matrix is n times the
Pauli matrix o,. To find K, we calculate the response to d by
replacing 6 Lon With its quadratic expansion and integrating
out the matter fields (see Appendix D 2). The leading contri-
bution at long wavelength is
i i
Lcs = %[Sal]y[AaO]y ~ Eeuvauayaua (57
where €, is the antisymmetric tensor. Endowing d with a
(redundant) spin label according to the dual-wire parity, the
induced action for d,, takes the expected form. In the contin-
uum limit, we find

i _
SCS = - / Z €pvep,o [K l]aa’avak,a’ (58)
4w Joyr gt

in the gauge a, = 0 and with K = noy,.

Gauge fluctuations. We restore the status of @ as dynamical,
with fluctuations governed by the sum of the induced Chern-
Simons and bare Maxwell terms. The latter contains the
contribution oc[Aa,,]?, which translates into oc(a,, 4 — a,.|)*.
This term renders the antisymmetric combination of a, »
massive, while the Chern-Simons term results in a gap for
the symmetric combination. Consequently, monopoles are
strongly irrelevant and can be safely discarded.

The Chern-Simons action, Eq. (57), implies that both mi-
croscopic and bosonic-parton time-reversal symmetries are
broken. To see the latter, it is convenient to compute the re-
sponse to the external probing field A. Including it amounts to
replacing a, 5 — a,5 — }—l(—l)i[SA,L]ﬁ in the induced action
(but not in the bare one). Integrating out the emergent gauge
field we find the response

Lacs = —g—[SALIAA; ~ ——€uA,d A, (59)
Consequently, these phases are chiral and must exhibit topo-
logically protected edge states.

Quasiparticles. To identify the quasiparticles, we trans-
form the partons into new composite bosons. Specifically, we
attach to each parton n fluxes of the opposite one. On the
operator level, this procedure amounts to introducing bosons
Bs.o = €™ with 05, = @5, + nPs 5. Such manipulations
often become more transparent in a schematic description that
specifies only the couplings between particle currents j, , and
gauge fields. The bosonic-parton theory in Egs. (33) and (34)
is then expressed as

ﬁb—zzjba-(a+—A)+ (60)

where the ellipsis denotes kinetic terms for partons and dy-
namical gauge fields as well as short-range interactions (A,
as always, is an external probing field). Attaching n mutual
fluxes amounts to replacing £, — Lg with

N o - i
Eﬁ = I'Zjﬂ.a . (8(7 +Zl -+ EA) —_ ﬁCTdcl' (61)

Finally, we shift ¢, — ¢, — a to decouple d from the matter
fields and integrate it out to obtain

l%:’thf(%+ A)+(T_QM@N_Q)

8mn

(62)

In terms of composite bosons, the interwire coupling reads as
8Lou = gou 08 (Ny+1,6 — Ny—1,6)s i.€., Bo form a superfluid.
At the mean-field level, the excitations are two flavors of
logarithmically confined vortices in the phases of ;. In the
presence of the dynamical gauge fields c,, these turn into
finite-energy excitations subject to the constraint that (—2m)
flux of ¢, must be accompanied by o /2n charge of each
boson, i.e.,
1

1
,of =——Vx&+—V x&. (63)
4mn 4mn

Since p? is related to the physical spin [charge under A, see
Eq. (62)] via §* = (,o’T9 - pf)/Z, the composites carry a total
spin of 1/2n. Moreover, a clockwise exchange results in a
statistical phase 7 /2n.

Spin model. The response to the external probing field,
Eq. (59), implies that the microscopic phase is a chiral QSL
with topological edge states and fractionalized quasiparticles
in the bulk. Translating the interwire coupling in Eq. (56) to
microscopic variables we find

8LcsL = &QH €08 ([ACD]S, + 2)1[S®]v) (64)
Precisely this coupling, with n =1, was proposed
in Refs. [82,83], where it was shown to realize the

Kalmeyer-Laughlin chiral spin liquid; the generalization
to arbitrary integers n is straightforward. (The same coupling
term also describes a bosonic Laughlin state at filling factor
v =1/2n, see Ref. [51].) In particular, bulk quasiparticles
carry spin 1/2n and acquire phases 7 /2n upon (clockwise)
exchange.

5. Pair condensate 7., spin liquid

As the final example with bosonic partons, we construct
a time-reversal-invariant gapped QSL. Here, the emergent
gauge field must acquire a Higgs mass without condensation
of either of the two species (which would lead to a symmetry-
broken phase as discussed in Secs. IV B 2 and IV B 3). These
requirements are satisfied when composites with higher emer-
gent gauge charges, such as parton pairs, condense.

Mean field. In the coupled-wire framework, realizing such
a phase is straightforward. To form a superfluid of parton
pairs Wy, = bog | boy_1 4 = eiz“’;y, we introduce the interwire
coupling

Sﬁpair = gp“p;y+2qj2y +Hc. = 8p COS (2[A2(p+]2y+1)- (65)
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Once this term flows to strong coupling, W spontaneously
acquires an expectation value (cf. Sec. IV B 2). Individual
partons, however, are not condensed. To describe their proper-
ties, we introduce &,, = e~ with 05y = (0254 — 925-1,1)/2.
The expectation value acquired by the pair field relates &5,
byg, | b;\’—l,T' A gapped phase where neither b, condense is
realized by including the interaction

LMot s = &g cos(292_y) = 8408 (2025, — 205_141). (66)

Elementary domain walls in this cosine are created by individ-
ual partons, which constitute the fundamental quasiparticles at
the mean-field level. Vortices in the pair condensate, created
by szy L = @rantP)/2 are Jogarithmically confined.

Gauge fluctuations. We reinstate the gauge-field dynam-
ics and integrate out the matter fields. The pair condensate
leads to a Higgs mass for the emergent gauge field d as
in Sec. IV B 2. Consequently, monopoles are again strongly
irrelevant and can be safely discarded.

Quasiparticles. The analysis of quasiparticle excitations
closely mirrors the one in Sec. IV B 3. Integrating out both
0%, ¢ and the gauge field d results, to lowest order in A, in

off _ Lo o1 v _ 1 2
Lg = ;8)(92_\, 8,<p2y+ EA(),zy =+ g axgozy—i- EALQ),

o _
+ g(axezy)z + g4 cos(265,), (67)

with renormalized parameters v and #. Consequently, & ~
(b;)w,a ~ (b,),+a creates a deconfined bosonic spin-%
excitation, as in the mean-field discussion. In addition, the dy-
namical gauge field liberates vortices m from their logarithmic
confinement as in Sec. IV B 3; they become bona fide spin-0
bosonic quasiparticles.

To infer the mutual statistics between the two quasiparti-
cles, consider the hopping of ¢. It stems from the microscopic
term

N+

— i3 o —ipd, T — T
2y+1N2y = Py 82y82y+2 = tzy,2y+282y82y+2, (68)

i.e., the hopping amplitude is set by the pair condensate. In the
absence of vortices, ¢ is uniform. For a static vortex-antivortex
pair, there is instead a branch cut connecting the two, across
which the phase of ¢ jumps by 7 (see Fig. 9). For dynamical
quasiparticles m and ¢, this property implies mutual semionic
statistics.

Spin model. The quantum numbers and braiding properties
of quasiparticles are characteristic of a Z, QSL. Time-reversal
symmetry is preserved in this phase, but translation symmetry
in the y direction is reduced to translations by two wires. To
analyze this phase in terms of microscopic spin variables, we
translate the intrawire couplings of Egs. (65) and (66), finding

SEZZ = &pCOs (q>2y+2 - 2q>2y+1 + q>2y)
+ 8,008 (20511 4 405y + 205, ). (69)

The two cosines do not compete, and their arguments can thus
be pinned simultaneously. For an even number of wires with
periodic boundary conditions in the y direction, there are as
many linearly independent pinned fields as there are wires.
Consequently, a fully gapped phase can form.

2y+1

B
3
]y

FIG. 9. In the parton-pair condensate, a static configuration of
m quasiparticles modifies the hopping amplitudes of ¢ excitations.
An m quasiparticle-quasihole pair at x; and x, is connected by a
branch cut (wavy line), across which the phase of ¢ hopping changes
by . Consequently, the & quasiparticle acquires a minus sign upon
encircling m, i.e., the two are mutual semions.

The microscopically allowed operator e2®> increments the
arguments of two adjacent g, cosines by 27, i.e., it creates a
pair of fundamental domain walls. Similarly, e=29>+! creates
a strength-2 domain wall in a single g, cosine. Consequently,
a domain wall and an antidomain wall on the wires 2y, + 1
and 2y; — 1 are created by

127;'1—1,2y2+1 = eXp |:—2i Z ®yi|
2y

<y<2y2
= exp [i@zyl,l] exp [ — i(”)zyzﬂ]sgnyl,zyz. (70)

The string operator s3, , ~is comprised solely of the
pinned combinations ©,y41 + 20,, + ©,,_; and acquires a
nonzero expectation value. Domain walls are thus decon-
fined in the § direction. Additionally, one readily verifies that
O3 —1.25041 & mgyz,lmzy,.H in the ground state. To move the
domain wall along the wire direction, one need only apply
O3, —1(x1, x2) = ¢ @O These domain-wall excita-
tions are thus precisely the m quasiparticles discussed in the
gauge-theory analysis.

Similarly, we construct a second species of deconfined ex-
citations via the operator /=1 ®». A quasiparticle-quasihole
pair on wires 2y, and 2y, is created by

> o]
2y1 <y<2y;

A
Oy 23, = OXP [l

i i .
= exp |:—§d>2yl:| exp |:§d>2y2:|s2yl+1’2y2_1. 71

The string operator s5, ., | 1is also expressible in

terms of pinned fields only, specifically the combination

Doyr —2P5) 4 + <I>22,. ConsequenFly, 3},1@2 o 82‘y2‘c‘:2,V1 in

the ground state angl ¢ is deconfined in the ¥ direction. Finally,
5 (X1, %2) = 2 [l AP0 oves ¢ along %.

The spin of m and ¢ can be inferred from the operators
that terminate the strings in O™ and O° using Eq. (55). The
m quasiparticle is spinless while ¢ carries spin % Finally, we
compute the exchange statistics of the quasiparticles. Since all
terms in Eq. (70) commute, m has trivial self-statistics, i.e., it
is a boson. The same holds for ¢. Their mutual statistics can
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FIG. 10. Magnetic vortices and dislocations are dual to each
other, similar to bosons and vortices in a superfluid. Combinations
of the two defects, therefore, exhibit fermionic statistics. These com-
posite fermions inherit their species from the dislocation, i.e., 0 = 1
or o = | depending on the dual-wire parity. The relative orientation
of magnetic vortex and dislocation determines the chirality of the
fermion, as in the coupled-wire implementation of conventional flux
attachment [96].

be read off from
e = U U,U U, (72)

where U; = Og’yo_l(xl,xg) and U, = Ogyl,Zyz(XO)' Braiding
occurs when the paths of ¢ and m interlink, i.e., for yy €
[y1,y2] and xy € [x1, x2]. In that case, we find el — 1,
which implies that the two quasiparticles are mutual semions.
Consequently, they can combine to form a fermion, schemat-
ically O¥ ~ ©O*O™. We will see that these fermions exactly
coincide with the partons that are the focus of the next section.

V. FERMIONIC PARTONS FROM COUPLED WIRES

Above, we have seen that the topological defects in a VBS
form a bosonic-parton representation of spins. We now show
that fermionic partons can also be constructed from topolog-
ical defects, specifically as composites of magnetic vortices
and dislocations. This route to fermionic partons is closely
related to the well-known flux attachment [112,113] (see also
Refs. [102,114-116] for recent refinements). Recall that b;

is dual to one flavor of magnetic vortices V; = €1, while b,
is dual to the other V| = ¢ [see discussion near Eq. (30)].
Therefore, fermions can be constructed as f, = b,V,, i.e.,
by attaching 2w o flux to the bosonic partons (see Fig. 10).
Schematically this transformation can be expressed as

igﬁw i i;ff,a @ +a)+ %cadca. (73)

Performing the shift ¢, , — ¢, — a, and integrating out a,,
yields the constraint ¢, = ¢ = ¢. The resulting theory has the
same structure as the bosonic one: two species of fermions
that are minimally coupled to an emergent gauge field ¢,
which obeys Maxwell dynamics.

To implement these manipulations in the wire array, we
introduce new variables

o
V150 = P50+ §(¢a,y+1 + @5.5-1) (74a)

0750 = 050, (74b)

where @, was defined in Eq. (30). The linear combinations
¢ = @5 + %05, with x = R/L = +/—, satisfy

(62000, 9% ()] = i85 (x5 S5 58n(x — x')
+ o senl — ) +Spe). (75)

with the convention that sgn(0) = 0. These commutators im-
ply that the operators f)'<7 M €% anticommute for equal 0.
The associated densities py,, = 3= 0:¢5.0,, are chiral; they
describe right and left movers for x = R and L, respectively.
Moreover, the fotal density on the Fth dual wire, o5, =
P5.0.R T P50L = nlaxef,;,,(,, is identical to that of bosonic par-
tons. Consequently, the particle number of each species Q,
is separately conserved [cf. Eq. (29)] and particles created by
fr and f| are distinguishable. Their exchange phase, which
is trivial according to Eq. (75), is merely a gauge choice.’?
Only phases acquired during full braiding processes carry
significance; in the present case, they are also trivial. These
properties identify f, with the fermions obtained via the
schematic flux attachment described by Eq. (73).

To translate generic interwire couplings, the following
identities are useful:

y even

£120,11+20y) _ f;;qu»R’ g (762)
f‘i,T,Rf‘y’T~L’ yOdd

ei(¢y+1*¢v) — {fv}17¢,Rf,V—l,T,L, )7€Ven (76b)
]0}7'_1,¢,Rf51+1,¢,Ls )7 odd.

In particular, the interwire couplings in Eq. (18), which gener-
ate the AFM and VBS phases, become simple hopping terms
for the fermions

Y Li=8Y flivorfi-cor+He,  (172)
y y

Y Lu=28uY fi,rfror+He. (77b)
y

y

As in the case of bosonic partons, trivial umklapp processes
are allowed, which implies unit filling. When it is the most
relevant term, £, opens a band gap, as would be the case
for weakly interacting fermions. In the present case, such a
trivial phase can be avoided by several mechanisms: First, it
stands in competition with a quantum Hall insulator generated
by L,. Second, interactions can render correlated processes
strongly relevant and drive the partons to a new fixed point
where umklapp processes are irrelevant. Lastly, in certain
microscopic spin models £,, is altogether absent. This is the
case, e.g., on a triangular lattice due to geometric frustration
[117].

Finally, destroying a parton of spin | and creating one with
spin 1 yields the smooth component of the microscopic spin-
raising operators

T - _ g+ _ iDPoy142iO0 4
Fosiiarfosir = g =€ A (78a)

i®s,—2i0,
P qnhuin =5, =0, (78b)

3A redefinition f; — f;€™< results in the anticommutation of f;
and f|, without affecting the action or the full-braiding phase.
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similar to the parton decomposition of Eq. (3). The analogous
expression for bosonic partons instead gives the staggered
component of the spin. Of course, both contributions must
be encoded in either parton representation. The respective
missing ones are encoded nonlocally in monopole operators,
as we will see below.

A. Gauge theory

To derive the action for fermionic partons, we proceed
as we did for the bosons in Sec. IVA. We find §f =

/;c,t Zj [‘Cf + ‘CMaxwell + Eim] with
i
‘Cf = ;axef.f,zr(at(pf.yﬂ — a(),y)
% Uur
+ Z(axgaf,?wo’ - al,?)z + E(axef,ig )2, (79)

K , KD 2
EMaxwell = _~[Aa0]y + _[Aal]y- (80)
8 Y 87

The final term L;;,, contains exponentially decaying inter-wire
terms (see Appendix C for a detailed derivation and expres-
sions for vr, «, and ¥). It is instructive to express L in terms
of the nonchiral fermions f;, = f5.0.8€** + f5.5..6 . We
find

, . v .
Ly =fl @ —iag — W fo + iuax —ia)fyo . (81)

To determine the chemical potential w, notice that the value
of kr only carries significance relative to another length. In
the present case, this scale is given by the lattice spacing of
the underlying spin chain, which enters the fermionic theory
through Eq. (77).

1. Monopoles

The 4 phase-slip term of Eq. (13) is nonlocal in terms of
fermionic partons. In the discussion of bosonic partons, we
expressed phase slips through the operator M [cf. Eq. (36)].
Since 6, = 0y, it again acts as the insertion of a fundamental
(2mr) monopole in the emergent gauge field d. Microscop-
ically, monopoles encode the Néel vector through Ny+ =
/T/l\y.(‘fx, with x = (—1)’, and where J* is expressed using
fermion operators in Eq. (78). The same procedure as for
bosonic partons (cf. Sec. IV A 1) leads to the monopole La-
grangian

- 2

L= gﬁ[Mf + M- L~|:Aao - _ax¢Mi| ,

2 8w v K y
(82)
with parameters «, ¥ as in Eq. (80). As before, when g =
0, the monopole field ¢ o4 does not affect any gauge-field or
matter correlation function.

2. Symmetries

We conclude the description of the parton gauge theory
by discussing how microscopic symmetries are encoded. One
significant difference from the case of bosonic partons is that
certain microscopic symmetries are realized nonlocally. This
property may be readily understood from the flux-attachment
interpretation of fermionic partons: Time-reversal flips the

TABLE III. The action of microscopic symmetries on the
fermionic partons, and their gauge-theory interpretation. Certain
symmetries such as time reversal act nonlocally as dualities,
i.e., transform f, into d,. As before, asterisks denote antiunitary
symmetries.

Microscopic Parton

symmetry f;’ IYim firfor interpretation

U(a) e flefie fiwfor Global 0y — Q,
gauge transform.

T* —d] d, x A Duality

ny _ff,LfT,R fj,Lfa.R PH

T, f;Rﬂ.L f;ngyL x translation

T, d] pdy 1 df pds 1 TR + duality

T flifrw fi 1tk TR

,T,Z, ff,Lf%,R f;,Lff_f,R x inv. + spin flip

I,T,Z, —ff,RfT,L firfsr J inv. + spin flip

winding of dislocations (cf. Fig. 6), but not of magnetic vor-
tices. Consequently, it transforms f, = b, V,; onto a dual set of
fermions d, = b’[, V.. The same dual fermions also arise under
translation along y, which takes b, — abg (cf. Table II).

We summarize the actions of all previously discussed mi-
croscopic symmetries on the fermionic partons in Table III.
As in the case of bosonic partons, it is convenient to keep
track of the U(1) spin-rotation symmetry by introducing the
appropriate external probing field A [see Eq. (39)]. To lowest
order in A, it enters L, and E} by replacing a, 5 — a, 5 —

F(=1ISAL].

B. Phases of fermionic partons and spins

We now apply the formalism developed above to several
specific phases of the fermionic-parton gauge theory. Fol-
lowing the same steps as for bosonic partons in Sec. IV B,
we first study mean-field states without gauge-field dynam-
ics. We then include gauge fluctuations and determine the
quasiparticle content. Finally, we analyze the corresponding
microscopic model.

1. Trivial band insulator and intrawire VBS

The fermionic partons are at unit filling and can form a triv-
ial band insulator. To generate it, we perturb the parton gauge
theory with the umklapp term of Eq. (77b). The resulting
theory has the same form as the one describing Mott-gapped
bosonic partons (see Sec. IV B 1), and its analysis is identical.
In particular, we obtain the same microscopic model.

2. Spin Hall insulator and easy-plane AFM

Mean field. Consider a quantum spin Hall insulator of
partons realized by the interwire couplings

8LqgsH = gQsH Z f;;r,Hg,ofL,y—a.g +H.c., (83)

where spin o = 1({) fermions reside on odd (even) dual
wires. This model describes a fermionic band structure with
gap ocgosu. The induced Lagrangian for 4, to lowest order in
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(a) Magnetic flux in QSH phase (b) Bare monopole

Dressed monopole

FIG. 11. (a) Adiabatically threading magnetic flux generates an
electromotive force that creates an inward current of | and an
outward current of 1 partons. When 27 flux is introduced in this
manner, a single | particle and 4 hole are pulled in. (b) Accordingly,
fundamental monopoles become dressed by ff St and carry spin
1. Their proliferation thus results in a phase with (spontaneously)
broken U(1) spin-rotation symmetry, i.e., magnetic order.

Az, is

Eind = ﬁGMV[SQClLLy[Azai]zy ~ iewazayaﬁ, (84)
where (S2),,y = 8,42, +8,,y, and we have introduced the
“charge” and “spin” gauge fields a@“*, which couple to Phyy =
(p2y+1.4 + p2,y) and o3, = (Pag41.4 — P25.)/2, respec-
tively.

This response reflects the well-known property of quantum
spin Hall systems that a 27 flux is accompanied by a spin
1 [118]. To see this explicitly, consider a configuration of a
that includes a single 2w-flux tube penetrating through the
plaquette delimited by ¥, and ¥, + 1 [see Fig. 11(a)]. In the
a, = 0 gauge, such a configuration satisfies

f dl -V xa = /dx[Aal]yo+1 = —2m. (85)
plaquette

Shifting ;5 — @75 + /" dx'a; 5(x') transfers a; from the
kinetic term in Eq. (81) to Eq. (83). In bosonized form, the
latter becomes

SLasn = Y _ cos (295.,0 +0 / dx/AgaLy), (86)

with 05, = (¢, , — ¢% , ,)/2. During an adiabatic flux
insertion, the argument of the cosine remains locked to its
minimum and thus 65, — 05, — o [~ dx'Asa; 5/2. The re-
sulting change in the parton numbers is §Q, = o; recall Q,
are the same as for bosonic partons and given by Eq. (29).
Inserting 2 flux thus pulls in an 4 parton and a |, hole, which
together carry physical spin 1.

Gauge fluctuations. Upon reinstating the status of a as
a dynamical gauge field, we find its universal long-distance
behavior to be unaffected by Li,q. The field a@* describes
modes near momentum g = , which are massive according
to the bare Maxwell term Lyaxwen, and thus do not affect
long-wavelength fluctuations. To lowest order in A and for
frequencies and x momenta small compared to the QSH gap,

a is governed by

! 2, W 2
Lyw = Lvaxwen + E[Aao]y + 5 [Aal;
Kd; 2
+ <= (Oaos — dra15)". 87)
8

Here, Lyaxwen 1S the bare gauge-field action of Eq. (81) and
d, is a nonuniversal length scale proportional to the inverse
QSH gap. While this effective action describes a propagating
photon, the monopole operator M is strongly irrelevant. Its
correlation function, according to Eq. (44), is

kd, cos(k-R)—1 Kd?
G' = exp{ / & B [1 — —<|ez|2>o“,
k.o

8729 k2 47

(88)

with g, as in Sec. IVB1 and R = (x, d,y). The Gaussian
average (. ..),, with respect to Lyvw, is readily evaluated; we
find the asymptotic behavior of Cp is as given in Eq. (53)
(see Appendix D 3 for details).

The reason for the rapid decay is that M attempts to
introduce a gauge flux without the accompanying spin dis-
cussed above. Consider instead the “dressed” monopole
M ressed ™~ ff frM [see Fig. 11(b)]. Its correlation function
reproduces Eq. (45), i.e., approaches a nonzero constant at
long distances, and M gressed SPOntaneously acquires an expec-
tation value. Notice, however, that a term of the form §£ ~
(M essea T H-c.) would explicitly break U(1) spin-rotation
symmetry for any n # 0 and is therefore disallowed. The
gauge field thus remains gapless in this phase, unlike in the
trivial parton Mott insulator. For the details of these calcula-
tions, see Appendix D 3. In particular, the dressed monopole
correlation function coincides with the one obtained by eval-
uating Eq. (10) using the singular configuration introduced in
Sec.IVB 1.

Quasiparticles. The above analysis implies that, con-
versely, spin-s operators must be accompanied by 27s gauge
flux. Since 27 is the fundamental monopole, there are no
low-energy excitations with half-odd integer spin. Spinless
excitations, such as f;f), are charged under the emergent
gauge field. They are thus subject to logarithmic confinement
(cf. Sec. IVB 1).

Spin model. The parton QSH breaks the microscopic time-
reversal symmetry as well as translations by a single site in the
X or j direction. It also exhibits spontaneous breaking of U(1)
spin-rotation symmetry and an associated linear spectrum, as
well as logarithmically confined neutral excitations. These
properties exactly match those of an easy-plane AFM. Indeed,
25 8Lqsu maps onto » . L, which generates the easy-plane
AFM described in Sec. III B 1.

3. Mixed insulators and interwire VBS

Mean field. Consider now an integer quantum Hall state
for one parton while the second forms a trivial band insulator.
This is achieved, e.g., by introducing

&CMI = gtleg_;,_z,i,LfZ?,%R + gufgﬁ.t,.],T,RfZiJrl,T,L + H.c.
(89)
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At the mean-field level, the fermionic partons constitute
gapped spin—% quasiparticles. The induced action for the
gauge field d is

i
Lcs odd = E[S2a1]2§+1[A2aO]2y+lv (90)

as expected for a quantum Hall state at unit filling.

Gauge fluctuations. When the gauge field a is promoted to
a dynamical variable, it acquires a mass through the Chern-
Simons term. Monopoles are thus strongly irrelevant and can
be safely discarded. The external probing field A can be
included in Eq. (90) by replacing a,, o5 — a, 05 + i[SAM]E
(without modifying the bare Maxwell term). Integrating out
a,, does not result in a Chern-Simons term for A, which raises
the possibility that the microscopic time-reversal symmetry
is preserved. Indeed, it translates into the combination of
fermionic time-reversal and y-translation symmetries (cf. Ta-
ble III), which is preserved by the parton band structure in
Eq. (89).

Quasiparticles. The Chern-Simons term in Eq. (90) at-
taches 27 emergent gauge flux to the fermionic mean-field
excitations, converting them into bosonic quasiparticles. The
way that A enters in Eq. (90) (see above) implies that the
flux of a carries physical spin % There are, thus, two types
of bosonic quasiparticles, one with spin 1 and one with spin 0.

Spin model. The y-translation symmetry is broken, while
¥ inversion is preserved (cf. Table II). Moreover, U(1)
spin-rotation, time-reversal, and x-translation symmetries all
remain intact. These symmetry properties, along with the
integer-spin quasiparticles, identify the phase as an interwire
VBS. Indeed, translating § Ly to the microscopic spin vari-
ables, we find the wire construction of Eq. (54), which realizes
an interwire VBS.

4. Generic Katrix and chiral spin liquid

Mean field. Consider now quantum Hall states character-
ized by a nonsingular 2 x 2 K matrix

K = (’"T m‘)), 1)

my m,

where m, are odd integers and det [K] # 0. The correspond-
ing wire construction was worked out in Ref. [51] and is given
by

8Lk = & cos ([A297,6]; — mo[$26f.01; — 2moby5.6). (92)

For generic m,, my such a state exhibits a quantum Hall ef-
fect (associated with the total charge), a spin quantum Hall
effect (associated with the relative charge), and a quantum
spin Hall effect that connects the total and relative charges.
In terms of g7 = (1, 1) and s” = (1, —1)m, these are given
by vee = q"K'q, vy = sTK™ s, and v, = g" K~ s, respec-
tively. Integrating out the matter field we find, at leading order
in Az,

i ; .
Lesk = - Z Vij[52“0]2y+2[A2a{]2y+2’ 93)
i,j=c/s
where we have introduced charge and spin gauge fields
Zté{,ﬂr] = (day41 = doy)/2. The quasiparticles, at the mean-field
level, are anyons and carry fractional charges under a. They

can be determined by a standard K-matrix analysis (see, e.g.,
Ref. [47]).

Gauge fluctuations. Upon reinstating the dynamics of a,
governed by Lyw + Lcsk, we find two distinct cases. For
vee = 0, the gauge field remains gapless, and monopoles
are important. The assumption of nonsingular K implies a
nonzero spin Hall response. Therefore, U(1) spin-rotation
symmetry is spontaneously broken, as in the special case
moy = 0 and m, = o (cf. Sec. V B 2). By contrast, for nonzero
Ve, the gauge field is massive, and monopoles can be safely
discarded.

Recall that the microscopic time-reversal symmetry acts
as a duality transformation on the partons. Specifically, it
attaches —2m o flux to the fermions (followed by particle-hole
transformation, see Sec. V). Therefore, K-matrix states for
the f, fermions and for the dual d, fermions are related
by —K; = K; —20°. For non-zero v, the two K matri-
ces cannot coincide, and time-reversal symmetry is broken
explicitly. To obtain the physical response, we include the ex-
ternal probing field A in Eq. (93), according to Auy = Auy —
%(_1)y [SAM]}.,. Integrating out the emergent gauge field we
obtain

i i
»CA CS = _%[SAI])"[AAO]}" ~ _%EuvAuayAv» (94)

where n = v, det[K]/2. Consequently, the phase is chiral
with topologically protected edge states.

Quasiparticles. To characterize the quasiparticles for n #
0, we adopt the strategy employed in Sec. IVB 4. To each
fermion, we attach m, fluxes of their own species and my
fluxes of the opposite one; on an operator level, we define
Mo =150 — 520701, —mo@rs5. The corresponding
B, = e~ particles are bosons; they are governed by the
schematic Lagrangian

. <5 (= o - (cp —c)d(cy —cy)
ﬁf,_z;]U-<cg+5A>—l — . (95)

Notice that this Lagrangian is the same as Eq. (62). The
quasiparticles thus carry spin 1/2n and acquire statistical
phases of 7 /2n upon clockwise exchange. The case n =0
can be analyzed as in Sec. VB 2. In particular, these phases
feature linearly dispersing Goldstone modes associated with
the broken U(1) spin-rotation symmetry and logarithmically
confined topological excitations.

Spin model. The response to the external probing field,
Eq. (94), implies that the microscopic phase is a chiral QSL.
Translating the interwire coupling in Eq. (92) to microscopic
variables, we find

8Leg = g cos ([AD]; — 2mo[SO; 4 ms[S25015),  (96)

with myy+1/2 = my, F 1. For nonsingular K # o*, these inter-
wire couplings explicitly break time-reversal symmetry. The
arguments of all cosines in §Lig; commute and can flow to
strong coupling simultaneously. They are, moreover, linearly
independent and can thus generate a gapped phase for nonzero
n, i.e., my + myy # 2mp. To identify its quasiparticles and
edge structure, we introduce chiral modes

Gyy = Dy + x200y + 2my 1O, —2m, 0,1,  (97)
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which satisfy
[0:By.ys By ] = ix4TTNSy 8y 8 (x — ). (98)

Crucially, this change of variables preserves the locality of
both the intrawire and interwire terms; the latter take the form
8L = cos (¢ry+1 — Pr.y). Domain walls in these cosines
carry spin 1/2n and acquire exchange phases of 7 /2n.

Finally, for n = 0 the system is gapless, which can be
seen by summing the arguments of all cosines in Eq. (96),
ie., Zy[d;g_yﬂ - ¢~>L,y] =4n Zy ®,. This particular linear
combination thus remains unpinned for n = 0. Its conjugate
describes the Goldstone mode associated with the sponta-
neously broken U(1) spin-rotation symmetry, precisely as in
Sec. IIIB 1.

5. BCS superconductor and 7., spin liquid

Mean field. As a final example, consider now a BCS
superconductor of fermionic partons. To generate pairing,
we introduce interwire hopping for the Cooper-pair operator

W pair,2y+1 = foy+11,8f25,1,10 1.€.,
(S»Cf—pair = gf—pair“p}:,pairqzy+1\I’f—pair,Zy—l +H.c. (99)

When g flows to strong coupling, Wy, sponta-
neously acquires an expectation value (cf. Sec. IIIB1).
Vortices in the phase of this condensate, created by my, =
e @r1x+Pr12-0/2 are  logarithmically confined. While
8L .pair Tenders the umklapp term in Eq. (77b) irrelevant, the
backscattering term

8Los = 8osfag 11 w5100 05 L o5k +He  (100)

can flow to strong coupling. When it does, a fully gapped
phase with fermionic spin-% quasiparticles f, obtains.

Gauge fluctuations. Since Wy . carries emergent gauge
charge, its condensation leads to a Higgs mass. Monopoles
are, therefore, strongly suppressed and can be safely dis-
carded. Importantly, W . is neutral under the external
probing field A, so the microscopic U(1) spin-rotation sym-
metry is preserved. Indeed, the response to A is, at leading
order in derivatives, described by a Maxwell action.

Quasiparticles. Gauge-field fluctuations that are rendered
massive by a Higgs term do not affect the status of f, as
fermionic quasiparticles. They do, however, promote vortices
m to deconfined bosonic spin-0 quasiparticles. Being super-
conducting vortices, they are experienced as w flux by the
fermions, i.e., the two are mutual semions. Consequently, the
two can combine into ¢ = f, ,m', a spin—% quasiparticle with
bosonic self-statistics.

Spin model. The quasiparticle content characterizes a Z,
spin liquid that is, moreover, nonchiral and spin-rotation
symmetric. Translating 8L .pqir and 8Ly to microscopic spin
variables, we find

8Ly, = gbs c0S(2[S" SOy 1)

+ &f-pair COS([AT A®Lyy 4 2[S" 5Oy, 1).  (101)

The arguments of these cosines are linear combinations of
those in Eq. (69). Consequently, they lead to the same Z;
spin-liquid phase (see full analysis in Sec. IV B 5).

VI. SUMMARY AND DISCUSSION

We have introduced exact, nonlocal mappings between ar-
rays of spin-% chains and parton gauge theories. Any parton
model that separately conserves both species maps onto a
local spin Hamiltonian. The challenge of deriving spin models
that realize exotic ground states is thereby reduced to con-
structing parent Hamiltonians for simple phases of bosons
or fermions. Conversely, any S*-conserving coupling between
spins transforms into a distinct interaction or hopping term for
partons. The latter are obtained without reference to a specific
mean-field Ansatz. They, therefore, retain not only informa-
tion about the symmetries of the underlying spin model, but
also about more subtle aspects, such as geometric frustration.
In its presence, some symmetry-allowed terms in the dual
parton description are absent. Geometric frustration may thus
take the form of an emergent symmetry and, thereby, stabilize
phases that would not readily form in more generic situations.

To demonstrate the versatility of this method, we showed
how to recover trivial states and access topologically ordered
ones. Relatively simple phases of partons already correspond
to fractionalized ground states. As a first example, we derived
parent Hamiltonians for Abelian chiral spin liquids. Here,
knowing wire models of bosonic integer quantum Hall states
was sufficient to immediately generate a parent Hamiltonian
of the Kalmeyer-Laughlin chiral spin liquid, previously con-
structing by different means in Refs. [82,83]. Similarly, we
obtained the wire model of a time-reversal-invariant Z, spin
liquid as a simple s-wave BCS superconductor of fermionic
partons. If they instead form a topological superconductor,
such as p, & ip,, the resulting QSL will be non-Abelian.

When the partons themselves form nontrivial phases, an
even wider range of exotic microscopic ground states is re-
alized. The framework introduced here applies to such cases
with no additional difficulties, once a (coupled-wire) parent
Hamiltonian of the parton phase is known. We have illustrated
this capability by the example of a general 2 x 2 K-matrix
state of fermionic partons. Based on the known fermionic
wire constructions, we easily generated wire models for a
range of chiral spin liquid that were not previously available.
Explicit parent Hamiltonians for even more exotic states, such
as the non-Abelian Read-Rezayi sequence of fractional quan-
tum Hall states, are also known and can likewise be used to
generate concrete spin models.

We primarily focused on fully gapped states. However, the
dual description of spin-chain arrays in terms of fermions may
be able to capture exotic gapless phases and unconventional
quantum phase transitions as well. One example of the latter
arises at the transition between the easy-plane AFM and the
intrawire VBS. It maps onto a coupled-wire model of compact
QED; with two boson or fermion species. This is precisely the
effective field theory that was derived using different methods
in Ref. [109]. Its fate in the infrared is thought to be con-
fining (and consequently the transition to be first order). A
stable gapless theory may instead arise in various ways: (i)
at a transition between different phases; (ii) in the presence
of emergent symmetries of the parton field theory that may
arise due to geometric frustration; (iii) when the emergent
fermions are doped to form a Fermi surface that suppresses
monopole events. All three scenarios feature nontrivial gauge-
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field dynamics, which places them beyond the capability
of conventional wire constructions. They should, however,
be amenable to exploration within the formalism developed
here.

Finally, we mention two possible generalizations of the
methods developed here. The first is to itinerant electron
systems. There, decomposing microscopic electron opera-
tors as ¢, = bf, allows exploration of many exotic ground
states. Extending our approach to wire arrays with both spin
and charge modes may allow well-controlled access to those
phases, and provide concrete model systems where they arise.
A second interesting direction is given by spin models that
do not conserve S%, such as the celebrated Kitaev honeycomb
model [11]. Systems without U(1) symmetries are not readily
describable within Abelian bosonization. Instead, coupled-

J

wire techniques based on non-Abelian bosonization have been
used successfully in similar contexts [71,85]. Generalizing
our methods to these systems could provide a much-desired
bridge between fine-tuned solvable models and mean-field
studies of generic ones.
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APPENDIX A: ENERGY COST OF TOPOLOGICAL DEFECTS

1. Energy cost of domain walls in the VBS phase of a one-dimensional spin chain

To describe the VBS phase, consider the bosonized action of a U(1) spin chain given by

Syps = / [—(a O + 5o (0.0) + V4x (Al)

U8 o5 (40) |,
270K torkdz ¢ )]

with K such that the dimensionless coupling constant g4, < O flows to strong coupling. The minima of the cosine potential,
Omin = n/2, correspond to different topological sectors, labeled by the integer n. On length scales larger than d,, where g4,

. o . . . . . . V84n
has become of order unity, it is appropriate to expand the cosine in a single topological sector, i.e., replace ¢ jf; a7 cos 40) -

xr(© — 7n/2)*. To find the energy cost of domain walls, we allow the system to transition between different topological
sectors as a function of space, i.e., n — n, and

Settln] @07 + (3,07 + 207 - T n 4+ TV (A2)
n|=—— = V(0,6 e "
. 2rvK ' d? d2 442 -
The energy cost of forcing the system into different topological sectors, relative to the uniform n = 0 vacuum, is given by
Z
AE[n] = — hm T log (Z%D = — }%T log (¢S101=SInly
__mv 2 v? o R
= Sde i n,— Sszj . Ny Ny (®x®x’>0 |a)=0 = m . NNy (ax®xax/ @x/)o |a)=0 , ( 3)

where the last equality uses the specific form of the correlation function (®,0,/) according to Eq. (A2). For a generic
configuration of domain walls parametrized by n(x) = ), o;H (x — x;) with ; € Z, the energy is given by

2
v
E[{a}]zwg ;{04 Oy )| _ = Tk E:“% ~bi—x;l/ds (Ad)
* g

In particular, the energy cost of a single domain wall is given by the prefactor AEpw = %.

The trial function provided in the main text, Opw(x) = tan~! [¢"~)/¢], produces a variational energy cost of AEpw[£] =
wr(1/E+& /d?) for the renormalized action, i.e., Eq. (A1), with g4, — —d? /d2 Its minimal value, attained for § = d,, is
given by AEpw = 5—p— T and is parametrically the same as the result of Eq. (A4) The somewhat smaller numerical value relative
to the previous calculation arises because there, the cosine was replaced by a parabolic potential centered around the nearest

minimum.

2. Energy cost of magnetic vortices in the easy-plane AFM

We follow the same strategy as for the one-dimensional VBS domain walls. Expanding the cosine of Eq. (18a) in topological
sectors, denoted by 7, ,,1/2, we obtain

Seln] = f Z[(a @ 4 20,0, + (180l (A3)

2
2nnx’y+%) j|
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where d, is the length scale at which g, = 27 d3g,/vK reaches order unity. In this case, n can be interpreted as counting
the magnetic flux tubes in an external probing field. Consider a magnetic field B(x) in the gauge A} =0, i.e., Ay = fx B(x).
Incorporating the probing field via minimal coupling amounts to replacing A® — AP — A, above, which identifies n =
ﬁ fx B(x). The energy cost for a given configuration n can be computed as in the one-dimensional case, i.e.,

AE[n] = 20*K?d_ / anl My 1 (0 Py e Py ol g - (A6)

Parametrizing n in terms of strength o; vortices at positions (x;, ¥;), i.e., n,
expression

4l = > i aidyy H(x — x;), we arrive at the final

cos[k - (R; — R;)]
k2 + |A1<y|2

, (AT)

2
AE[{a}] = 2v2K2d;2< <Z a,»cbxi,y,> >
with R; = (x;, d.¥;) and k = (ky, k;). The y momentum k, is measured in units of d;1 and Ay, = (% — 1)/d,. If the total

number of vortices N, = Y, o; # 0, the energy diverges logarithmically with the size of the system. When N, = 0, the energy
cost is finite; for a single vortex-antivortex pair we find

lim  AE 20K o (R Re (A8)
m = (0] .
Ry —Ry| >0 R d, g 2d.,

Importantly, this calculation does not make any reference to a specific form of the vortex. Instead, it fixes the topological
properties and lets the functional integral over ® find the optimal configuration. The same result can be obtained by considering
a “trial” configuration of the form

olo=0 27Td k.

Qyriat = arg [(x —x1)/§ + i(y — §1)] —arg[(x — x2)/& +i(y — F2)I, (A9)
where £ is a variational parameter. Computing the corresponding energy at large vortex-antivortex separation, one finds
K 2 2 1)2 2 ZUde—i-Ez |R,—RJ|
Euial§] = %/XXV: |:U (0 Prria)” + d_f[Aq)lrial] = d, 2&d, log 2 +0(), (A10)

with R; = (x;, £y;). To optimize & within logarithmic accuracy, it is sufficient to focus on the prefactor of the logarithm; it is
minimized for £ = d, where Eq. (A10) reduces to the result provided in Eq. (AS).

3. Energy cost of dislocations and bosonic partons in the intrawire VBS
To generate the two-dimensional VBS with dimers along the wire direction X, we introduce two different cosines per wire
pair. We introduce dimensionless coupling constants g, > 0 and 24, < 0, and write
v8u
47K d2

8 Lintra vBs = — cos (2[AB],11/2) + ———— cos (40), (A11)

167 K d2
where, for convenience, we have redefined ®, — (—1)’(®, + wy/2). Beyond the length scales d, and /., where the coupling
constants renormalize to order unity, we expand the action in topological sectors. Labeling said sectors by integers n and p, we
obtain

2

1 v b4 2
Saln, pl = 5— / 2. [(&@»2 +02(3:0,)" + ([A@]W S e 1)) } (A12)
X, T y *

As before, we parametrize the integer functions n and p by the locations and strengths of topological defects, i.e., n =
>ioiH(x —x;)855 and p =Y, BiH(x — X;)8,y,. The energy cost for a general configuration naturally decomposes into
a manifestly local, system-size-independent contribution, and a nonlocal one that may be IR divergent, i.e., AE[n, p] =
AEioca[n, p] + AEwoniocaln — lAP] with

AEjgca = 2K2d2 Zaa] Oy, v,®x, V,) |a) ot 5o 8K212 ZIBIIB] Xi.i xj y,»>0|w:0: (A13)

AEnonlocal = 2K2d212 / Z( x)+— [ P]x y+) <I’l/ )+ [AP]X y+)<®x,y®x’,y’)0|w0. (A14)

A priori n and p are independent, and the lowest energy cost for a given n must be found by optimizing over all possible p.
Fortunately, this minimization can be avoided when the density of defects » is low; there, the optimal p can be inferred based on
general considerations.
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Consider a single dislocation-antidislocation pair defined by a; =1 and oy =—1, ie, n.y;=Hx —x)dy5 —
H(x — x2)855,. The corresponding p can be deduced as follows: (i) To avoid energies that diverge with system size, the
topological sectors must match asymptotically, i.e., lim,_, (1, 5 — [Ap], 5/2) = 0. (i1) The minimal number of p defects within
this constraint has exactly one of strength §; = 2 for each wire Y; € [§}, ]. (iii) Their optimal locations are along the line
connecting | = (x;, ¥;) and 7, = (x, ¥,). To determine the energy for distances much larger than /,, we approximate

Kd, cos[k - (R —R)] nKlf
> T 8(x — x")dyy, (A15)
4mv kek, K2 + [Ag 1= + I,

<®x,y ®x’,y’ >0 lw=0 =

where R = (x, d.y). [When appearing in discrete sums as in AE, §(x; —x;) is to be understood as d ISXE,XJ., where the
microscopic length scale dy acts as a UV cutoff.] In this limit we find simplified expressions for the local and nonlocal
contributions to the energy, which in case of a single dislocation-antidislocation pair give

wvl? nv12 v
AEjoca = * 7+ —— G — 1), Al6
local ZKd()df zi:al SKd Z'B Kdy dz 2K d, (y2 yl) ( )
2 TV (2 — x1)
AE = — —[A = . Al7
nonlocal 2Kd2 /Z < XH‘I p]x).h) 2de 1+ (5}2 _)71),1 ( )

Topological defects in the intrawire VBS phase are thus linearly confined. As for the case of magnetic vortices, the same
conclusion can be reached by studying appropriate trial states. For the Ising-AFM phase, the sign of 24, in Eq. (A11) is reversed,
but the analysis is otherwise identical, i.e., defects are also linearly confined.

4. Energy cost of bosonic-parton vortices in the correlated Mott insulator
In the correlated Mott insulator (cf. Sec. IV B 3), there are two cosines per wire pair, i.e.,

8u
BB cos (1A2py Iy +

Sy 4Ly = 7 d2

cos (202541,1)- (A18)
Beyond the length scales d, and /., where coupling constants renormalize to order unity, we expand the action in the topological
sectors. Labeling said sectors by the integer functions n and p, we write

2MB

21)3
Seitln, pl = So +/ Z |: izyﬂ — [A2<P¢]2y~.+1nx,2y+1) + l—z(ﬂpz,gyﬂ - 2925+1,¢Px,2y+1)} (A19)

where Sy is the effective action of the trivial topological sector with n = p = 0. Vortex-antivortex pairs are encoded in n, so
we set p to zero. To evaluate the energy cost for a given n, we need the Green function of Ag, within the Gaussian theory
Sol¢o s 0o, al. Its leading order in k, and Ay, is

o 14 otzdf

i [ 5

(|82, )], = (A20)

where the dimensionless parameter o> t”B encodes the ratio of boson and gauge-field velocities. For a single vortex-antivortex
pair at positions R; = (x;, d,.3;), with §; odd and |R; — R;| > d, we find

AEg r, = UB / 2 —2 coslk - (2R1 —2R2)] 2v3 2v3 wd, —alRi—Ra/d. (A21)
27Td* k3+|Ak)’ +Z_2 2(¥|R|—R2|
Here, the dimensionless integral f(x) = % ffn dQ\/m diverges logarithmically for x — 0 but is otherwise finite. The

energy required for creating an isolated vortex is thus vg/d, times a number of order unity.

APPENDIX B: DERIVATION OF THE BOSONIC-PARTON FIELD THEORY

The equivalence between the microscopic coupled-wire model described in Sec. III B and the gauge theory for bosonic
partons introduced in Sec. IV A can be shown using the methods of Refs. [95,96]. We begin with the gauge theory S =
f” Zy (L 4+ Lntaxwen + L£}] in the a, = 0 gauge, where

Ly

Ly 2y UB gy
3x9y(3r<ﬂv ao, v) + (axﬁoy al,y) + . (axe)) s B1)
LMaxwell = 4—~[Aa0] + —[Am] (B2)
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We here omit the redundant label o = (—1)*! to lighten the notation. The final term L;, contains exponentially decaying
interwire interactions. Specifically, density-density and current-current interactions

= > {[AO],(W1), , [A0,0], + [Adp], (Wa), [ Al ). (B3)
>
where W; decay exponentially with |y — y'|. Crucially, £, is short ranged in both parton and spin variables and thus does not

affect the structure of the gauge theory. Performing the Gaussian integrals over a,, and expressing ¢, 6 in terms of ®, ® using
Eq (28) we find S = f Z [Espms + L ] with

spins

Lipins = a 0,3, D, + (a D) + ﬁ(a ,0,)* + 2—[53 NCJE (B4)

_ < [ _ . . — o . .
where K = 5 /%= and v = 20K/k. The term L, contains exponentially decaying interwire interactions, i.e.,

v’ K? vK ! T T
Lipins = Tron E [Aaxdﬂ;[l - EA Ai|”/[A8xCD]5,, + ) 0.0, (PWsP), 0, Dy + Y _[ST50,01,(PWP),  [S”S3,0]y.
)"/ V,Y )'/ y/

(B5)

where P,y = (—1)"4, . Since % <7z for any choice of parameters, all terms in L]

suitable choice of W; in Eq. (B3) can thus be used to achieve L & =
g—;[Aaxcb]?, which is the result stated in the main text, i.e., Egs. (12) and (32).

spins decay exponentially with |y — Y, a
= 0. Alternatively, W; can be chosen such that L]

spms -

External probing field

Before concluding this Appendix, we include the external probing field A that minimally couples to the conserved S* of the
microscopic spins. Translating £4 of Eq. (39) to bosonic-parton variables we find

i - _ vK -
Ly =—(=1Y0.65[S7 " Agly + — (— 1) 9,5[SA ]; + A%y, (B6)
T b4 2
where S~ is the inverse transpose of Sy ;. To cast the coupling into a more revealing form, we shift a,, according to
1 .
do5 = dos = 7 (=1)[SAols + (= 1'IS ™" Aols, (B7a)
1 K 5
aiy —> aiy — | 7 — — |(=1[SA];. (B7b)
4 U

This shift completely cancels L,; the external probing field instead appears in £, of Eq. (B1) through the replacement a,, ; —
uy — i(—l)y [SA,]; and in higher-order couplings to the emergent gauge field given by

K K
Lo—a = —(—1P[AT AAgly[Aaol, + L(—l)y[ATAAl]),[Aal]y. (B8)
TV 4

APPENDIX C: DERIVATION OF THE FERMIONIC-PARTON FIELD THEORY

To derive the gauge theory for the fermionic partons, we follow the same steps as for the bosonic partons. Specifically, we
consider the action S = [, 3" [L + Lytaxwel + L' + L] with

i u
Lf= —3x9f,y(3z<ﬂfy ao,3) + (8x§0f 5 —aiy)’ + ﬁ(axé’f,y)z, (C1)

ACMaxwell = 8_~[Aa0] + 8_[Aal]2 (CZ)
The first “primed” term L}v contains interwire interactions between fermion densities and currents, that decay exponentially with
the wire separation |y — y’|. This term is not essential for understanding the structure of the gauge theory. For completeness, we
still provide an explicit treatment below. The final term is

i
L= Hoe(—l)y[Am]y[Aao]y- (C3)
It has an alternating sign and thus does not affect the long-distance behavior of the photon propagator (see Appendix D 3 below).
However, as we will see, it is essential for the microscopic time-reversal symmetry of the spin system. To understand its origin,
recall that the fermionic partons are obtained by attaching fluxes of opposite sign to the two bosonic-parton species. In the
schematic continuum manipulations described by Eq. (73), the two Chern-Simons terms that implement this flux attachment
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exactly cancel. By contrast, in the wire regularization, the two species of fermionic partons reside at different locations (even vs
odd dual wires). Consequently, the cancellation is imperfect, and a residual term Lcs even + Lcs.odd X £+ (—1) O(A*) remains.

To map the gauge theory to spin variables, we perform the Gaussian integrals over a, and express ¢y, 0y in terms of @, ®
using

pry = —(=1D[ST"®l; +2[ATTO; — [AG];, (C4)
b5 = —(—1)'[SO];, (C5)

with (A~T );.y the inverse transpose of Ag /. We find S = /; . Zy [Lpins + E;pim Ei/pms] where
Lopins = a 0,9, , + (a @2 + — (0.0, + M_V[ABXCD]S, + ”_F[sax®]§, (C6)

with parameters K = 5 [ ———or. v = 20k K/a, uy = vp(z(wﬂv ), and TiF = up + 4vK. The term L s CONtAINS expo-

nentially decaying interwire terms whose explicit form is provided below. Crucially, a suitable choice of the £, results in
L;pm = 0, and can additionally be used to tune the parameters uy and ur in Eq. (C6). The final term
4 v
Eqpms = E(_l)yax®yaxq)y’ (C7)

with 7 = 40K (2% 1+ — 1), cannot be eliminated by any choice of Cpamn, which contains only higher orders in A. Moreover, it
violates the microscopic time-reversal symmetry. To preserve this symmetry, we must, therefore, choose « in the gauge theory

of Eq. (C3) such that v = 0, namely, & = 1 & +/1 — k* = ao. Having eliminated £  and L{; ., the action matches Egs. (12)
and (32) with the parameters specified above.

1. Explicit form of short-range interactions

We include generic short-range density-density, current-current, and density-current interactions for the fermionic parton in
the form

Lhaon = I _{1AB0,1, (W1, [AB0/], + [ST AdupsTs(Wa)s 5 [ST Adugsly + [A8,0/1 (Wa),  [PAB.ps] ). (C8)
e

where W; decay exponentially with |y — y'|. It is straightforward to express these in terms of ®, ® and combine them with the
exponentially decaying interactions stemming from the Gaussian integrals over a,,. We find

Ly = Z{[sa O (W )5, (58,015 + [A0, @1, (Wa)s 5[ A0, 1y, — [58,015(Wa);. 5 [PAG, D]y}, (€9)

with exponentially decaying W,. We are interested in T = 0, for which these kernels are given by

Wi = S(Va — ATW1L A + PW,P + PWsP)ST + 4W, — 2PW;P — 4g, (C10)
Wy = Vi + PW,P, (C11)
Wi =2[Va + (2 — AT AW, + LPWsP], (C12)
where g = %, Vi = SAT[1 — gATAT'A,and Vs = [1 + == ATA] . A choice of exponentially decaying W; that results
in E;pm = 0 is given by
1
W, = 2g<1 —2g—28+£ATA - EgZATAATA>[1 —gATATT!, (C13)
g g -
Wy =——2_—8TS|1+ —=—ATA| , Cl4
2 1 —4g [+1—4g } €19
Wy = —2g[1 + £ATAQ — ATA)[1 —gATATT". (C15)

2. External probing field

Before concluding the derivation, we also include an external probing field A that minimally couples to the conserved S* of
the microscopic spins. We thus supplement the action of the gauge theory action by £4 as given in Eq. (39). In terms of the
fermionic-parton variables

i § T vK T -T vK
Ly = ;(—1)— 907515 " Agly + —( 1y 0x@r 5[SA ]y — axef,y[(z —ATANAT A+ EAI’V (C16)
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To cast this into a more revealing form, we shift a,, according to

1 . .
apy — apy — Z(—l)y[SAo]y + (=1Y[S7T Aol + ivK[(2 — AT A)ATT A5, (C17a)

1 K 5
ary > ay =\ 7=~ (=1Y'[SA];. (C17b)
UF
This completely cancels Ly4; the external probing field instead appears in £, of Eq. (C1) through the replacement a,, ; —
auy — %(—1)y [SA,.]; and in higher-order couplings to the emergent gauge field given by

VK2 +a)(—1)
8

_ _1y
Lon = —M[ATao]y[ATAAO]y _

- [ATai],[AT AA,

iK? i
- E[ATaon[ATAAl]y + E[ATal]y[ATAAo]y. (C18)

APPENDIX D: GAUGE-THEORY CALCULATIONS

1. Bosonic-parton superfluid

To analyze the implications of a condensed bosonic parton, first recall that the gauge theory is of the form £ =

> o Lolbs, as + FA] + Lyvaxwenlar, a; ], where A_;, = (A}_l 2+ ‘XH 1/2)/2 and we have endowed & and A with the (redundant)
spin label corresponding to the dual-wire parity. The two species couple only through the Maxwell term

Kk [1 B
Litaxwell = H{g[(ao,zm —ag25-1.1)* + @25+1.4 — @0.25.)) 1+ Bl(@125.4 — @125-1.4)* + (@12541.4 — al,zm)z]}- (D1)
(Additional short-range interactions between opposite species can always be subsumed by adding higher-order derivatives to the
Maxwell term.) Condensation of b corresponds to 6L = g; cos (¢a542,| — ¢25,,) reaching strong coupling first. We introduce
a dimensionless coupling constant with bare value g, = ergg, /vp and replace
_ Upg v P
8Ly = n_dg Cos ([A2fﬂ¢]2y+1) - Fdf[Az(pl]zyH' (D2)
Here, d, is the length scale at which the coupling constant renormalized to order unity. Upon integrating out 6 the Lagrangian
governing ¢, is given by
2 e
_|_ i
2

1
£¢ +8£¢= 2

W@ — —1A
1w ap,, +
4 0.} ) 0.}

1 2 Up
ko) — -A — Ao, % D3
kv, —ayy + 7 1,¢‘ + 2ﬂl X (D3)

where we have Fourier transformed using a two-wire unit cell. Further performing the Gaussian integral over ¢, we obtain
Linalay — 3A,]1 = 5-(a] — 5AD), T (ay — 3A)), with

ny

Hind —

2
1 ka)% + UB|Aky —vpwk, (D4)
|2 —UBC()kX UBC()2 + MBU§|A](}_ 2

®?* + ugvpk? + u3v3|Aky

This induced action supplements the bare Lypuxwen, Which in Fourier space reads as

k|1 . . _j
Litaxwenl = E[g(mw — e Mgy 112+ lag y — ao  |1*) + O(lar, — e a4 1P+ ayy — aulz)] (D5)

We now shift @, o — a,.- + 3A,,| such that A, | is eliminated from L. It instead enters £; and, at subleading order
[Ag, |2Au, 1» the Maxwell term Lygaxwen- Finally, performing the integral over a,,,, and retaining only the leading orders in Ay, we

arrive at the effective action Ly = L£4[by, ay + AT;A¢] + %W“Z,T[H(O) + 1—[(2)]W7/Vav’T with
2
no = ! ek + ;| Ax, —eke (D6)
a)2 + C)%k)% + C% ’ Ak‘ ‘2 _kaxw C§ } Ak» + a)2
o _ Ay [ o[ 2 + 3| A | + MRe? | ek o
= ) ) . ’
4lo? + k2 + 3|y '] crkyo ot 2 4 3|ay | + o7

vpU(kup+7v)

where ¢2 = ot =/ (Ku;f 5 c§ = ;—g, and y; = yoc,. The analytically continued gauge-field propagator has poles at

real frequencies @ = :i:\/ U2k2 + vpup| Ag, 12 + ‘f(“T”f. For any finite d,, the gauge field &, is gapped; integrating it out results in
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L4[by, 1A; + LA, up to renormalization of parameters and short-range interactions. Crucially, by now couples to the external
probing field with unit charge, i.e., carries spin 1.

Finally, consider the case where the second parton also condenses, i.e., where §L4 ~ cos (241,14 — @25—1,1) flows to strong
coupling as well. Treating 6 L4 in the same way as §£ and integrating out by, we find

Ve - 2
»CMeissner = _BAp, |:(Slw PP j|A + O(p ) (D8)
2 p-p
where X = (Ap \/MLT,A) and p = (%= «/W’ ky, ky). This response to the probing field A implies that the U(1) spin-rotation

symmetry is spontaneously broken.

2. Bosonic-parton quantum Hall state

The Lagrangian for the quantum Hall state of bosonic partons, described in Sec. IV B 4, is

i Uup
Lon = ;3x9y(3r¢v ap.y) + (3x<ﬂv 137+ E(aﬂy)z + gan cos (ST Ay — 2n65) 4+ Ltaxwell, (DY)
with Lyaxwell = 4m[Aa0]2 f’[Aa]]2 To integrate out the bosonic partons, we introduce new conjugate variables that
diagonalize the interwire interaction, i.e., 65 = 3 LesT A@s) + nby and @y = gp;. In terms of @ and @, the Lagrangian is

5 (3xéy)2 + gqu cos (265)

L= UB _ u
Lou = ;3x9y(3r§05v —apy) + Z(naxfﬂy —ai5) + Y-

i u u _
+ ESTAax%ao,y + é(STABX@)Z - ﬁaxe):STAax% + Laxwell- (D10)

We introduce the dimensionless coupling constant gon = SndggQH /vp and replace ’é"gf}? cos (265) — 27';3292 where d, is the

length scale at which it renormalizes to order unity. Performing the Gaussian integral over @ we find, to lowest order in
derivatives,

i~ i 1
E’QH— n@y(axaoy O-ar3) + —— — 02+ + —I[Sai],[Aao], + [Aao] + [Aal] (D11)

2 d2 Y 2mn g 2V

Finally, we perform the integral over 6 and obtain the effective gauge theory

L " sa iAol + (< 4 — VAP + [Aa]? + L% d:a15°.  (DI2)
age = 5—[Sa aoly + | —= + — J[Aao]; o 5 — d.a15)°.
e = g Sanb{Baly + (g5 5o Jidali + (20 + o, Drupnd 0 T Ors

3. Fermionic-parton QSH

To assess the relevance of monopoles in the QSH phase of fermionic partons we compute their correlation function within the
monopole-free theory. The corresponding Lagrangian was introduced in Sec. V B 2; it is given by Losu = Lmatter + Lgauge With

i
Ematter = gaxef,y,a(arwf&,a ao y) + (ax§0f yo — al,?) (3 ef v, o) + [5297‘0 PAZQOf,o]‘%a (D13)

Lomge = — 2 a4 a1y D14
gauge = %[Aao]y + g[Aal]y + Ea(_ ) [Aal]y[Aao]y, ( )

where, as usual, d, is the length scale beyond which the quadratic approximation of the cosine is appropriate. (For the last term
in Lgauge, cf. Appendix C.) It is straightforward to integrate out the matter fields and obtain the induced gauge-field action. Upon

expanding in frequencies and x momenta small compared to the QSH gap, EQSH = 4y d2 , WE find
['in_ Arapl; + Aa~+ a ar ;) + Sra ~,Aa~+£4. D
d 87TUF 250% 8w 2% 81 v 05~ L3 4 24D 2000 ind

Here L] ; contains terms suppressed by at least two additional powers of A,. These contributions can easily be retained but
do not affect any long-wavelength properties; we, therefore, discard them. In the absence of oscillatory terms ~(—1)" in the
total gauge-field action Lgage + Linds We approximate A, = 2A + A? &~ 2A for describing long-wavelength properties. We
thus obtain the effective gauge-field action

k|1 1
Longe = 5= { =V 1Al + D[ Aar]] + di = (duao s — afal,yf}, (D16)
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where y2 =1 + andp? =1+ 4”‘” . Oscillatory terms ~(—1)" couple gauge fields at y momenta k, and k, + 77 /d,. We obtain
the long- Wavelength action in that case by 1ntegrat1ng out modes at momenta |k,| > 7 /2d,. Returnlng to real space, we again

eff K +(2 )’ 4u _ K +(2+a) 4up
find £5T . e taonm=—a o ta

To compute the correlation function of a probmg monopole in this theory, we supplement L
Eq. (82) and integrate out a,,. At leading order in A, we find

but with modified parameters y? =

eff

cauge DY the monopole action of

G D 22| Ay |© + o?

2nk - 2mky? ,72;)2|Aky|2_|_w2+z_22,~)2k3

Lo = Kloal® + EHM Mg+ MM, (D17)

The monopole-monopole correlation function, evaluated within a monopole-free background g = 0, is given by

2 2
e*%ﬁ(ﬁ)

kdy Yy y=0
Ct = exp {——~— [2—2 cos (k- R)][ + 0(1)“ (D18)

R 8720 12 + 1 Jiw k2 oS zﬂf(y)d* y£0
where L is the wire length, and the w and k, integrals are cut off by Eqsy and v;lEQSH, respectively. The function f(y) =
11— % is bounded from below by 1 — 2/m = 0.36 for nonzero y. At long distances, this correlation function decays faster

than exponential. Monopoles described by M are thus strongly irrelevant.
We now turn to dressed monopoles, which were introduced in Sec. V B 2 via the shorthand M gressea ~ ff Sy M. Their explicit
expression is

Mofr o fiis s yeven
Marosear = § it (D19)
r r+%y,T,Rf’—*¥ LRy Yy odd.
It is instructive to relate its correlation function to configurations of the emergent gauge field a. We therefore write
f D[fa’ a, ¢M]M:;rewed r'/\/ldressed,r’378/\/17SQSH
C&/r\:ssed,r—r <Mdre5§ed erressed,r’> = —— —S -8, ’ (DZO)
I Dlfs. a, ppa)eSm=Sasu
and perform the integrals over both the fermions and the monopole field ¢ (. To lowest order in k,, we find
M . kdy 5 2—2cos(k-R) K 5 5
Cdressed,R - CXp{ 16]‘[ =V /I;,cu k% 1 - 47‘[1) d (|<92| > ) (DZl)

where (...), is evaluated with respect to Eq. (D16) and &, = Aay/d, is the y component of the emergent electric field in the
a, = 0 gauge. Consequently, the long-distance behavior of the dressed monopole-monopole correlation function matches the
form obtained by evaluating Eq. (10) with the appropriate singular configuration @ (cf. Fig. 7 ). Explicitly, we find

Kkndy
C&/:*::lssed,R ~ €Xp 5 |- (D22)

4./x% + (dy—‘)

40
KUF

This apparently innocuous change spoils the cancellation between the bare k2 singularity and the (|e2|?)o term, which requires
its prefactor to match the one in ﬁzﬁfuge, changing one but not the other results in qualitatively different long-distance behavior
[cf. Eq. (88), where we discarded oscillatory terms and hence found Eq. (D21) with y = 1]. The presence or absence of the
oscillatory terms in the total gauge-field action Lgauge + Lina changes both of these factors equally and, therefore, does not

qualitatively affect the monopole-monopole correlation function.

We conclude by pointing out that C can also be expressed in the form of Eq. (D21) but with 2 replaced by y>
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