PHYSICAL REVIEW D 114, 034511 (2026)

Hamiltonian lattice formulation of compact Maxwell-Chern-Simons theory

Changnan Peng ,1 Maria Cristina Diamantini ,2 Lena Funcke ,3 Syed Muhammad Ali Hassan ,4 Karl Jansen®,

4,5

Stefan Kiihn ,5 Di Lu0,1’6’7 and Pranay Naredi*®

lDepartment of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
NiPS Laboratory, INFN and Dipartimento di Fisica e Geologia, University of Perugia,
Via A. Pascoli, I-06100 Perugia, Italy
*Transdisciplinary Research Area “Building Blocks of Matter and Fundamental Interactions”
(TRA Matter) and Helmholtz Institute for Radiation and Nuclear Physics (HISKP),
University of Bonn, Nussallee 14-16, 53115 Bonn, Germany

4Compmation—Based Science and Technology Research Center, The Cyprus Institute,
20 Kavafi Street, 2121 Nicosia, Cyprus

>Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

SThe NSF Al Institute for Artificial Intelligence and Fundamental Interactions
"Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

® (Received 18 October 2025; accepted 7 July 2026; published 13 August 2026)

In this paper, we derive a Hamiltonian lattice formulation of the 2 4+ 1D compact Maxwell-Chern-

Simons theory within the zero instanton sector. We analytically solve the model and show that the mass gap

in the continuum limit precisely reproduces the well-known continuum result. The formulation preserves
key topological features, including the quantization of the Chern-Simons level, the degeneracy of energy
eigenstates, the nontrivial properties of Wilson loops, and the mutual and self-statistics of anyons. By

reconciling gauge compactness, locality, and canonical quantization within a unified framework, this work

provides a foundation for conceivable future Hamiltonian-based simulations of lattice Maxwell-Chern-

Simons theory. It aims to bridge topological field theory and quantum information science, with the goal of

enabling Hamiltonian-based quantum simulations of Maxwell-Chern-Simons theory on both classical and

quantum computers.

DOI: 10.1103/rrzw-s456

I. INTRODUCTION

Chern-Simons theory is a topological quantum field
theory with numerous applications in condensed matter and
high-energy physics, including the study of anomalies,
fermion/boson dualities, and the fractional quantum Hall
effect [1]. Recently, a Lagrangian lattice formulation of
pure Chern-Simons theory and its canonical quantization
has been proposed [2,3]. However, pure lattice Chern-
Simons theory faces a doubling problem, similar to the
fermion doubling problem. The presence of a Maxwell
term with Chern-Simons theory solves the doubling prob-
lem, in a way similar to the Wilson term that eliminates the
fermion doubling problem [4]. The resulting theory is
lattice Maxwell-Chern-Simons theory, which we consider
in this paper. In the continuum, the Maxwell-Chern-Simons
theory has been first introduced in Ref. [5], where it was
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shown that in 2 + 1D, when a Chern-Simons term is added
to the Maxwell Lagrangian, the photon becomes massive
through a topological mechanism, without spontaneous
symmetry breaking via the Higgs mechanism. This mecha-
nism of topological mass generation is relevant for topo-
logical phases of matter (for a review see Ref. [6]), which
are gapped systems with a new type of quantum order that
is not due to symmetry breaking [7]. These phases of matter
can have various exotic quantum features, like excitations
with nontrivial statistics or ground-state degeneracy on
manifolds with nontrivial topology.

The Lagrangian formulation of compact Maxwell-
Chern-Simons theory for 2+ 1D Euclidean spacetime
lattices has been first derived in Ref. [8] using the self-
dual approximation introduced in Ref. [9] and later studied
in other works (see, e.g., Refs. [10—12]). The Hamiltonian
formulation has so far been derived only for noncompact
gauge fields [13], but the corresponding formulation for
compact gauge fields remains absent. Such a formulation
would be particularly important for future Hamiltonian-
based simulations of the theory on classical and quantum
computers. The Hamiltonian formulation provides a prom-
ising approach to simulate sign-problem afflicted regimes
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in lattice field theory, including topological terms, chemical
potentials, and out-of-equilibrium dynamics. Recently,
there has been growing interest in the development of
Hamiltonian-based simulation methods, including tensor
network states [14,15], non-Gaussian states [16-19],
machine-learning-based approaches [20-23], and quantum
computing [24,25]. In particular, topological terms have
been numerically investigated in 14 1D using tensor
network states [26-30] and quantum algorithms [31,32],
as well as in 3 + 1D using exact diagonalization [33].
Topological terms in 2 4 1D have not yet been simulated,
due to the lack of a suitable Hamiltonian lattice
formulation.

In this paper, we derive a Hamiltonian lattice formulation
of compact Maxwell-Chern-Simons theory using the Villain
approximation. We focus on the theory within the zero
instanton sector, where we are able to construct a local and
uniform (i.e., site-independent in form) Hamiltonian formu-
lation. We analytically solve this theory and show that the
mass gap in the continuum limit matches the well-known
continuum formula. Moreover, topological features such as
the quantization of the Chern-Simons level, the degeneracy
of the energy eigenstates, and the nontrivial properties of
Wilson loops are reproduced. When fermions are introduced
into the theory, numerical methods become necessary. Our
Hamiltonian formulation of Maxwell-Chern-Simons theory
thus provides a foundation for conceivable future
Hamiltonian-based simulations of the theory on classical
and quantum computers. In particular, the compact and
gauge-invariant structure of our Hamiltonian is a natural
starting point for exploring quantum dynamics of topological
gauge theory on near-term quantum devices. This formu-
lation aims to bridge topological quantum field theory and
quantum information science, with the goal of enabling
quantum simulations of anyonic excitations and topological
phases in 2 4+ 1 dimensions, and may offer a possible route
toward realizing topological lattice gauge theories within
quantum computational frameworks.

The paper is organized as follows. Section II is a review
section that sets the stage for the original results. In
Sec. IT A, we review the Lagrangian lattice formulation
of compact Abelian Chern-Simons theory as proposed in
Ref. [2]. In Sec. II B, we review the compact Maxwell
lattice Hamiltonian and emphasize there are two versions of
the Hamiltonian with instantons allowed or suppressed; this
distinction is essential because the Chern-Simons term
enforces the instanton-suppressed sector and leads to a
qualitatively different Hamiltonian structure. Our original
contributions begin in Sec. III, where we derive the
Hamiltonian lattice formulation of compact Maxwell-
Chern-Simons theory. Here, we discuss the quantization
of the Chern-Simons level and the degeneracy of the states.
We also discuss some physical properties of the lattice
Maxwell-Chern-Simons theory, including the perimeter
law of Wilson loops and their nontrivial linking, as well
as the mutual and self-statistics of anyons. In Sec. IVA, we

derive the solution to the constant mode wave functions. In
Sec. IV B, we analytically solve the quadratic Hamiltonian
that we derived in Sec. III, and we plot the resulting band
structure. In Sec. V, we summarize and discuss our results.

II. REVIEW OF RELEVANT BACKGROUND

In this section, we review the background material
needed for our original results. We first review the
Lagrangian lattice formulation of compact Chern-Simons
theory in Sec. II A and then the Hamiltonian formulation of
compact Maxwell theory in Sec. II B.

A. Compact Chern-Simons lattice action

In this section, we review the Lagrangian lattice formu-
lation of compact Abelian Chern-Simons theory, based on
Ref. [2]. This review establishes the lattice Chern-Simons
action that serves as the starting point for our Hamiltonian
derivation in Sec. III.

In the continuum, the Abelian Chern-Simons action is
defined as

ik
Ses(A) = —;—” / Bxe™A,0,A,, (1)

where A is the U(1) gauge field configuration, and & is the
quantized Chern-Simons level [34].

For the lattice discretization of this action, we consider a
2 4 1D cubic lattice with periodic boundary conditions in
all directions. The U(1) gauge field A lives on the links of
the lattice. A naive lattice discretization of the continuous
Chern-Simons action in Eq. (1) is

ik
Scs(A) = _Eazdf z A BLAL s (2)

X € sites

where a and dr are the lattice spacings in the space and time
directions, respectively, and £ is a unit vector in the
corresponding direction. Here, the finite (forward) differ-
ence operator of the A field on the lattice is defined as

Ao — A

AOAx;ﬂ = i YIZh_ i P (3)
A . —A,.

AiAx;;t = % s (4)

where A, represents the time difference and A;¢ ()
represents the spatial difference.

We note that after integration by parts, Eq. (2) can be
equivalently written in terms of the backward lattice
difference operator,

ik .
Scs (A) = —‘l‘-—ﬂazd‘[ Z €Wpr;ﬂAvAx—ﬁ;p’ (5)

X Esites
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where
. A, —A 4
AOAx;,u = s dr -~ s (6)
N Ax; _Ax—iA'
AA, = % (7)

Thus, we can try to write the action symmetrically with

both the forward and backward difference operators,

Axm AquJrﬁ;p + Ax;ﬂAqu
2

" B
Ses(A) = —;—ﬂazdr 3 e P

X Esites

As shown in Refs. [35,36], this symmetric form of the
action respects Osterwalder-Schrader reflection positivity.
Next, we introduce a pictorial illustration of the lattice
action. For this, we first explicitly write out the epsilon
tensor in Eq. (2), which results in

ik
Scs (A) = _Zazdf Z [Ax;O(Ale+(3;2 - A2Ax+6;1)

T .
x Esites

- Ax;l (AOAx+f;2 - AZAx+f;0)

+Ax;2(A0Ax+ﬁ;l - Ale+§;0)]' (9)
This action can be visualized as
— Ay
—A
. ARV
— 1 A1
a I
4 Ao
1 —4r 4
_____ A2
Ay
i X di d(TTAO 7%‘40
-l T
Az A

Here, the solid lines correspond to the actual terms in the
action, while the dashed lines are for visual guidance only;
the dashed lines denote the positions of the other gauge
fields in the products. Moreover, A, A, and A, denote the
gauge fields on the links in the 0, 1, and 2 directions, which
correspond to the directions upwards, right, and into the
plane, respectively. Each solid “plaquette” in Eq. (10)
corresponds to the two terms in the round brackets of
Eq. (9), which—according to the definition of the finite
difference operators in Egs. (3) and (4)—can be expressed
in terms of four gauge fields multiplied by a prefactor of
1/dz or 1/a, respectively.

This naive definition of the lattice action in Eq. (10) is
invariant under local gauge transformations, A — A + dA.
However, it is not invariant under the discrete shift of the
compact gauge variable, Ag — A + 2% and A; — A; + 22,
i = 1, 2. This discrete shift invariance is necessary because
we aim to formulate lattice Chern-Simons theory with a
compact gauge group, i.e., U(l) rather than R. The
compactness of the gauge group implies the existence of

quantized magnetic fluxes, f}: dA €2xZ, where X is a
closed surface. This indicates the presence of a monopole
configuration if the surface is contractible. Consequently,
lattice discretizations of compact U(l) gauge theory
generically comprise dynamical lattice-scale monopole
configurations. However, monopoles are known to violate
gauge invariance in the presence of a Chern-Simons term,
as shown in the continuum limit [37,38]. While this has
been considered an obstacle for formulating a gauge-
invariant Chern-Simons theory on the lattice, this issue
can be circumvented using the modified Villain approach
[39-45]. In the conventional Villain approach [39], the
standard algebra-valued gauge fields A €R are accompa-
nied by discrete plaquette variables n € Z, which encode
the quantized magnetic flux. These variables n can be
interpreted as discrete gauge fields for the Z subsymmetry
of the noncompact R gauge symmetry, which is precisely
the discrete shift symmetry mentioned above, Ag — Aj +
fi—f_ andA; - A, + 27” i = 1, 2. Upon gauging these discrete
shifts, one effectively studies compact U(1) = R/2zZ
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gauge theory instead of noncompact R gauge theory. This so-
called Villain formulation of compact U(1) gauge theory
contains instantons (i.e., monopoles in 2 + 1D), which can
be eliminated by a Lagrange multiplier ¢ that constrains the
discrete gauge field to be flat, called the modified Villain
approach [41,42]. The lattice action and Hamiltonian for-
mulations of the double Chern-Simons theory have been
studied using the modified Villain approach [42,44,45].

ik
47 Z

cubes

where ng; and ny, are integer variables living on timelike
plaquettes, and n; , are integer variables living on spacelike
plaquettes. These integer variables are drawn as smaller squares
in each plaquette for visual clarity, and the negative n values in
the last term are indicated by light grey squares. In the last term
in Eq. (11), there is an angular variable ¢ € [0, 2z) on each
lattice site as the Lagrange multiplier to impose the zero-
instanton constraint for each unit cell. (The physical reason for
this constraint is that, in the presence of a Chern-Simons term,

Following the modified Villain approach, the authors of
Ref. [2] have built a gauge-invariant Chern-Simons lattice
action by introducing integer degrees of freedom on each
plaquette, as well as angular variables on each lattice site. In
the following, we use a different sign convention of the
Chern-Simons action and therefore obtain a slightly different
Chern-Simons lattice action [for the original Chern-Simons
lattice action introduced in Ref. [2], see their Eq. (17)],

—A

dr
—dr 4,

dr
—TA()
. (11)
1
A i
01 % ni2
7= ===7 l____J
e 4 7 e
ey 4 L o= =
1 AT

1
ad’T: }
I/ e
14 v
Ag .
o -2
—_— 1 X !
adT : 1 1[7100,1 :
Lo__La T
ni2 —nNg1
—=-7
—7710’2 ,’I |
(A=
X |[| i s
W |4
! 7%’%0’2
| gp——
0,1 ny2

an instanton in 2 4+ 1D must carry electric charge, analogously
to the Witten effect in 3 + 1D [46]; consequently, the pure
gauge theory cannot accommodate dynamical instantons. We
elaborate on this point in the conclusion of Sec. II B.) For any
configuration where a unit cell contains nonzero total flux [i.e.,
instanton number, shown as the cube in Eq. (11)], integrating
over the corresponding ¢ from 0 to 27 in the partition function
makes the partition function vanish. Therefore, the ¢ variables
impose hard constraints that eliminate all instantons. Later, we
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show that ¢ is not necessary in our lattice Hamiltonian
formulation in Eq. (23) because we impose those constraints
directly by ignoring the instanton configurations in the count-
ing of degrees of freedom (an outline of this procedure can be
found in the Appendix E).

There are two types of gauge transformations asso-
ciated with the action Scg(A,n,¢) [see Eq. (22) in
Ref. [2] for the corresponding mathematical formula].
For VAeER, YVke2Z,

Scs = Scs ) ¥ (12)
Ag+ 25 mop — 1 Ag No.2
A A
e—SCS no,1 +1 ﬂl nop,1 — 1 , X = e_SCS no,1 ﬂl no,1 , * (13)
1% v
no,2 + 1 10,2
no,1 +1 n0,1
7n172 -1 7 1,2
e—Scs —— A+ 2m R e~ Scs — A, ,* (14)
4 @ 4
nyo+1 L2
ng1 — 1 0,1
no2 +1[]As 4 22 no2 (] Ay
e %o | mp 17 /rrma+ 1 x| =750 | a7 gk (15)
np2 — 1 10,2

The  in the parentheses represents all other variables,
which are the same on the left- and right-hand sides in the
equations. Equation (12) shows a local gauge transforma-
tion, under which Scq itself is invariant. Equations (13)—
(15) are the discrete gauge transformations, under which
the partition function e~5¢s is invariant. In fact, S changes
by izkZ from the last term in the action Eq. (11) under
discrete gauge transformations. When k is an odd integer,
there can be an extra x phase in Scg, and the partition
function changes by an extra minus sign. This extra minus
sign can be canceled by the anomaly inflow from an
auxiliary 4D bulk [2] or by introducing additional fer-
mionic degrees of freedom [3]. More precisely, the odd-k
theory is a theory of fermions, where the Chern-Simons
action depends on the choice of the spin structure of the
manifold [47]. Here, we only consider the pure gauge
theory in 2 + 1D, so we assume that k is an even integer in

|
the beginning. What may be surprising is that, in Sec. III,
after we add the Maxwell term and derive the compact
Maxwell-Chern-Simons theory in Hamiltonian formu-
lation, the corresponding Hamiltonian works for any
integer k. We show that the fermionic nature for odd k
is still present and can be probed with our formulation.
The authors of Ref. [2] have shown that the lattice action
in Eq. (11) reproduces various aspects of the continuum
Chern-Simons theory, including the level quantization and
the discrete Z 1-form symmetry. In a more recent work by
the same authors [3], they have tried to canonically
quantize the lattice action in Eq. (11). However, without
the Maxwell term, the quantization of the pure Chern-
Simons action unavoidably has nontrivial commutators
between gauge field variables on different links (see
Eq. (23) in Ref. [3]). The noncommuting gauge field
variables make it hard to find an orthonormal basis of

034511-5



CHANGNAN PENG et al.

PHYS. REV. D 114, 034511 (2026)

the Hilbert space and thus lose the capability of performing
numerical simulations with their formulation.

B. Compact Maxwell lattice Hamiltonian

Before we discuss Maxwell-Chern-Simons theory, we
take a step back and review the pure Maxwell theory. In this
section, we revisit the compact Maxwell lattice gauge
theory in 2+ 1D, also known as the 2+ 1D lattice
QED. There is no Chern-Simons term in this section.
The purpose of this review is twofold: first, we introduce
the Villain approximation and the transfer matrix method
that we use to derive our original results in Sec. I1I; second,
we highlight the role of instanton suppression, which leads
to a qualitatively different Hamiltonian (quadratic rather
than cosine). This distinction is not widely appreciated in
the literature, yet it is crucial for the Maxwell-Chern-
Simons theory, where the Chern-Simons term enforces the
instanton-suppressed sector.

SMaxwell(A) = - @ Z

time-like
plaquettes

BdT Z

a? ,
space-like
plaquettes

In 2 + 1D lattice QED, it is common to consider the
following compact Maxwell action [48],

B
Shaxwenl (A) = _d_o Z [cos (adz(DpAy; — AAy))

X Esites
4+ cos (adT(AoAx;z - AQAX;O))]
pdr
- 7 Z [COS (az(AleQ - A2Ax;1))]7
X Esites

(16)

where f, and f are the temporal and spatial gauge coupling
coefficients, respectively, dr and a are the temporal and
spatial lattice spacings, respectively, and A, and A; with
i =1, 2 are the gauge field in the temporal and spatial
directions, respectively. This lattice action can be visualized,

Ay

—‘%AO +cos | a-

(17)

In order to do the canonical quantization to obtain the Hamiltonian formulation, we need to use the Villain approximation
to expand the cosine terms in the action into quadratic forms [39]. The Villain approximated action is

Po
SMaxweH(Av ”) = % Z (adT<AOAx;i - AiAx;O> + 2””)(;0,[)2 + W

X Esites
ie{l.2}

d
ﬂ 4 (az(Ale;Z - AZAX;I) + 2””)(;1,2)27 (18)

X Esites

where the integer degrees of freedom 7 live on each plaquette. This Villain approximated lattice action can be visualized as

SMachll(Aan) - & Z a- 4T

2dr
time-like
plaquettes

Bdr
2a2

>

space-like
plaquettes

Ay

2

(19)
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which converges to the nonapproximated action in Eq. (17)
in the dr — 0 limit [39].

From the above Villain approximated lattice action, if we
allow the presence of instantons, we can derive the familiar
lattice QED Hamiltonian [49]. In the derivation, the
presence of instantons allows an integer degree of freedom
on every cubic unit cell in the lattice (i.e., the instanton
number in every cube). Summing over these instanton
degrees of freedom in the partition function provides an
reversed Villain approximation and allows us to wrap the
spacelike plaquettes into the familiar cosine term in the
Hamiltonian again, while the timelike plaquettes become
the E? term,

HMaxwell with instantons

2
_ ¢ 2, 1 2
_ﬁin +o3 Z (1 —cosa’B), (20)

links plaquettes

where E; is the electric field in the i direction, and B is the
magnetic field. The coefficients in Eq. (19) and the
coupling constant are related by S, =/ = 1/e> See
Appendix E for an outline of the derivation.

Meanwhile, if we totally suppress the instantons, from
the same Villain approximated lattice action in Eq. (19), we
can derive a different version of the lattice Hamiltonian. In
our derivation, we enforce the zero-instanton constraint by
taking out the integer degrees of freedom which correspond
to instanton numbers in cubes (this process is equivalent to
adding the Lagrange multipliers to the action and then
integrating them out in the partition function). Without
summing over instanton degrees of freedom, the spacelike
plaquette terms cannot be wrap into cosine terms and stay
quadlratic,1

'Because the space we study is a closed surface (2D torus due
to periodic boundary conditions), there is one leftover integer
degree of freedom—the total magnetic flux through the surface.
Each integer n of total magnetic flux defines a sector of the
theory, with the Hamiltonian,

&2 ) a?
H =< N"gp4y 2%
i ZaZZ l+262

links

’

2 2
(B’ T aLZ") +y B

plag.

where B’ is the magnetic field on one special plaquette, and
Z;laq. means summing all other plaquettes. The theory is gauge
invariant after taking into account all the sectors with
n€(—oo,+00). In (21) for simplicity, we show H, as a
demonstration. The appearance of integer operators in canonical
quantization of Villain fields can also be found in other studies
[3,50-52]. As a spoiler, in later sections, when we discuss the
Maxwell-Chern-Simons theory, the gauge invariant condition
from the Chern-Simons term enforces the total flux n = 0.
Therefore, we do not see an 71 operator later in (23).

62 a2
_ E 2 E 2
H Maxwell without instantons — 2(12 E i + 2 62 B ’

links plaquettes

(1)

which comes together with two more constraints on its
Hilbert space to guarantee the compactness of the theory.
We emphasize that this Hamiltonian in Eq. (21) is a
Hamiltonian of a compact Maxwell theory, and it is
different from Eq. (20) because we enforce the zero-
instanton constraint. Since we study a 2 + 1D cubic lattice
with periodic boundary conditions in all directions, the 2D
space is a torus, and thus, the zero-instanton constraint is
nontrivial. An outline of the derivation of this Hamiltonian
and the associated Hilbert space constraints can be found in
the Appendix E.

To summarize, there are two types of Maxwell theory:
instanton-allowed or instanton-suppressed. Sometimes the
instanton-suppressed Maxwell theory is referred to as the
“noncompact QED”. However, we would like to emphasize
that the instanton-suppressed Maxwell theory is a compact
theory due to the additional Hilbert space constraints. Later,
when we discuss the Maxwell-Chern-Simons theory, we
only talk about the instanton-suppressed Maxwell theory.
This is because accompanied with the Chern-Simons
action, instantons carry charges, which is similar to the
Witten effect in 3 + 1D Maxwell theory with the 6 term
[46]. Therefore, in order to study the pure gauge theory
without matter fields, here we have to suppress the
instantons. We refer to Appendix A for more discussions
on the instanton effects.

III. COMPACT MAXWELL-CHERN-SIMONS
LATTICE HAMILTONIAN

Having reviewed the necessary ingredients—the lattice
Chern-Simons action (Sec. IIA) and the Maxwell
Hamiltonian with instanton suppression (Sec. II B)—we
now present the original results of this work. In the
previous work of canonical quantization of lattice Chern-
Simons theory [3], there is no proposal of adding the
Maxwell term. In this section, we provide a formulation
of the Maxwell-Chern-Simons lattice Hamiltonian, which
can be implemented in classical and quantum simula-
tions. We consider the sum of Egs. (11) and (19) as the
total action,

S(A.n, @) = Smaxwen(A, n) + Scs(A, n, ), (22)

which is our starting point to obtain the lattice
Hamiltonian for the Maxwell-Chern-Simons theory.

The Chern-Simons term, being topological, does not
contribute to the Hamiltonian. Therefore, we would
expect to see a Maxwell-Chern-Simons lattice
Hamiltonian that looks similar to the Hamiltonian of
compact QED with instantons suppressed as shown in

034511-7
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Eq. (21). We would also expect to obtain two additional
Hilbert space constraints. However, the expression of the
electric field E appearing in the Hamiltonian, the Gauss’
law, and the Hilbert space constraints are modified due to
the Chern-Simons term.

plaquettes
R 2
_Al
1 . N
+ 2e2 Z —4z Az
plaquettes
Ay

e? R ka? 2 R ka2 - 2
= Z ﬁ [<p$§1 - 471.A:v§,2> + <p1§2 + 47_‘.Awi,l>

zEsites

where e? is the coupling constant, a is the lattice spacing, k
is the Chern-Simons level, A, is the gauge field operator in
the direction i =1 or 2, and p; is the corresponding
conjugate momentum operator. They have the standard
commutation relation [Ax;l-, Py.j] = i6,,0; ;. We also define
DAX; 12 = Ax; 1+ AX Yo Ax a T Ax;2' The action coef-
ficients and the coupling constant are related by
Po=p= eiz This lattice Hamiltonian lives on a constraint
Hilbert space which we detail below.

In the pure Maxwell lattice theory as we discussed in the
previous section, there is an extra integer degree of freedom
denoting the total flux through the closed space surface.
However, after adding the Chern-Simons term, the total
flux is enforced to be zero due to gauge invariant con-
straints (as shown in the Appendix E). Therefore, we do not
have an integer operator in (23).

A. Hilbert space and constraints

We construct the Hilbert space on a 2D time slice,
which is a 2D square lattice. The Hilbert space is
constructed with a set of basis {|A):A € R*V1V2} where
A denotes a configuration of the gauge fields, N; and N,
are the lattice sizes in the two spatial directions, respec-
tively, and 2NN, is the total number of links; i.e., each
basis vector is labeled by a configuration in which every
link has a variable ranging in (—oco, +00). We note that
our formulation provides a natural basis in terms of the
gauge field configurations for classical and quantum
simulations.

The compactness of the theory is reflected by several
constraints on the Hilbert space. Any physical state |y) in
the Hilbert space needs to satisfy the following constraints,

A

where A is the gauge field operator, p is the conjugate

We use the transfer matrix method [53], suppress the
instantons by ignoring their configurations in the counting
of degrees of freedom, and construct a lattice Hamiltonian
based on the action in Eq. (22) (see also Appendix E for an
outline of the derivation),

1 R 2
+ g0 (Odena)

momentum operator, k is the Chern-Simons level, and a is
the lattice spacing,

ey
Gly) =0, (24)
where
—A;
A, Ay
A
X X X . ka? /_ .
= Px;1 +pz;2 - pri;l - pg;—Q;Q + E (DAI;LQ) 5
(25)
for any lattice site x.
Equivalently,
e"Oly) =|y), ¥V IER, (26)

which is the Gauss’ law or the local gauge transformation.

2

iy = e y), @)

where 6, is a constant global phase angle, and
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T

et g ) ka -
= Z Ep(ml,mg);Q - EA(‘/I:17I2+1);1 5

for any x, €{0,1,..., N, — 1}. This loop operator gener-
ates one of the large gauge transformations. Here, by “large
gauge transformation” we mean a gauge transformation
that is not contractible to the identity, i.e., one that has a
nontrivial winding number around a noncontractible cycle
of the spatial torus, in contrast to the “small” (locally
contractible) gauge transformations generated by the
Gauss’ law. Note that such a loop can be locally deformed
by adding or subtracting the Gauss’ law (constraint 1) (by
which we mean redefining the path of L via products with
the Gauss’ law constraint operator at intermediate sites,
which leaves the action on physical states unchanged).
Therefore, more generally we can write L; for any
topologically nontrivial horizontal loop that wraps through
the boundary, i.e., any curve with the winding num-
ber (1,0).
3)

il ly) = ey, (29)

where 6, is another constant global phase angle, and

h
3]

[

i
Y
[

et 1 ) ka -
Z Ep(xl,xg);l + EA(JJ1+1,I2);2 )

T2 =0

for any x; €{0,1,...,N; — 1}. This loop operator gener-
ates the other large gauge transformations (i.e., those with
nontrivial winding number around the second noncontrac-
tible cycle of the spatial torus). Note that such a loop can
also be locally deformed by adding or subtracting the
Gauss’ law (constraint 1) in the same sense as for I:l
described above. Therefore, more generally, we can write
L, for any topologically nontrivial vertical loop that wraps
through the boundary, i.e., any curve with the winding
number (0,1).

The second and the third constraints compactify the
theory. In fact, the two constraints e>*Li |y) = ¢y allow
the spectrum of L, = m; +%'T ez +26—;, i =1, 2. These
two integers m; and m, are quantum numbers labeling the
eigenfunctions of L, and L,, respectively. For example, we
can label the eigenfunctions of L, by |m,,6,), which
satisfies L[m,,0,) = (2 + m,)|m,,0,). Then, the func-

tion |y) that satisfies the constraint e2*L1 [y) = ¢/ |y) can
be most generally written as |y) =", <z Cp |m;,0;),
where ¢, are arbitrary coefficients. However, in order to

satisfy the other constraint ¢2l2|y) = ei®|y), the coef-
ficients are not arbitrary anymore but need to satisfy
Cm, = Cm 4k This fact is due to the commutation relation
between L, and L,. Therefore, the most general wave
function satisfying both constraints can be written as

,,,,,

arbitrary linear combination of k basis wave functions
Y wez|my +nk,0y), my =0,....k— 1. Each basis wave
function Y, o, |m; + nk,,), i.e., eigenfunction of el
is an equal weight summation of eigenfunctions of ;. A
large gauge transformation |y) — ¢2%Li|y) changes m; —
m; + ke;; and leaves the basis wave functions invariant [see
the commutator between L. ; and L ;j in Eq. (33)]. Therefore,
we have a compact theory which is invariant under the large
gauge transformation. This compactification is similar in
spirit to the Villain approximation, where multiple non-
periodic functions are summed with equal weights to
become a periodic function.

After having formulated these three constraints, we need
to ensure that the lattice Hamiltonian operator in Eq. (23) is
well defined on this constrained Hilbert space. This is true

because [H, G] = 0, and
A.L]=0, i=1.2, (31)
which can be checked straightforwardly. Moreover, we

need to check the mutual compatibility between the three
constraints, as discussed in the next subsection.

B. Quantization of Chern-Simons level

To check the compatibility between the three constraints
introduced in the previous subsection, we need to ensure
that the operators eC, e**L1 and e?#l2> commute with
each other. The first operator commutes with the latter two
for any A because

G.L]=0, i=1,2. (32)
The latter two, instead, do not commute with each other for
arbitrary values of k, since
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[L,.L,) = —2—13 (33)

and therefore,

ezm'[l ezni£2 — p2uik ezni£2 ezm'L]_ (34)

The compatibility of the constraints 2 and 3, which is
necessary to obtain a nontrivial Hilbert space that contains
more than the zero vector, seems to enforce the quantization
of the Chern-Simons coupling constant k in integers, since
e?k =1 implies k€ Z.

The quantization of the Abelian Chern-Simons coupling
constant k garnered significant interest in the late 1980s and
early 1990s. The goal of this section is to clarify that it is
incorrect to assert that k must be an integer. In fact, Chern-
Simons theory is well defined for any rational k = p/¢q
where p and ¢ are coprime integers, as demonstrated by
Polychronakos [54,55]. This same result was obtained on
the lattice by Eliezer and Semenoff [56], who showed that
the theory remains consistent when the Chern-Simons level
is taken to be a rational fraction and computed the ground-
state degeneracy. The consistency of the Chern-Simons
theory with rational k& was rigorously derived in the context
of a Chern-Simons theory coupled to fermions on a torus in
the continuum by Iengo and Lechner [57]. Their analysis
provided an exact demonstration of how rational values of k
naturally emerge in such systems and confirmed that the
resulting physical properties align with those of an equiv-
alent theory with an effective coupling k = pg. As we
show, also in the Maxwell-Chern-Simons case on the
lattice, a theory with a rational k = p/q is well defined
and equivalent to a theory with an effective coupling
constant k = pg. We use the term “effective coupling”
because, after enlarging the Hilbert space to construct an
irreducible representation of the rational-k algebra, the
modified loop operators h, h, defined below in Eq. (36)
obey the algebraic relation h h, = hyh,e?** in Eq. (37),
which has the same form as the integer-k algebra in Eq. (34)
with & replaced by k. In this sense, k = pq plays the role of
an integer-valued Chern-Simons level controlling the non-
commutative loop algebra of the rational-level theory.

For rational &, to obtain gauge-invariant states, we have
to enlarge the Hilbert space in order to construct an
irreducible representation of the noncommutative algebra
in Eq. (34). To this end, let us define the loop operators /7,
and h, as

hy = 62/-:1'(11:17 (35)
hy = eZm’qI:z’ (36)
which correspond to changing the compactification radius,

27 — 2x/q. Here, hy and h, are Casimir operators of the
algebra, which satisfy the relation

hihy = hyh ¥, k= pgeZ, (37)

making constraints 2 and 3 compatible with a rational
Chern-Simons coupling constant.

Note that in our starting lattice action in Eq. (22), we
require k €27 in order to make the action periodic in the
gauge field variables and thus gauge invariant. Therefore,
to be rigorous our Hamiltonian formulation only works
for the even-k Maxwell-Chern-Simons theory. Efforts of
resolving the pure Chern-Simons lattice theory for any &
have been made in Ref. [3]. The extension to odd-k
Maxwell-Chern-Simons lattice theory is left for future
work.

Nevertheless, an interesting observation can be made if
we regardlessly put an odd k value into our Hamiltonian
formulation. The odd-k Maxwell-Chern-Simons theory is a
fermionic theory [47]. Surprisingly, we can probe the
fermionic nature of the odd-k theory in our formulation.

Note that 27il1 g27ils — gmik2mi(Li+L2) Tn an odd-k theory,

the three operators, ¢27l1 | 27l and e7i(Li+L2)  cannot be
all imposed to be the identity consistently. More specifi-
cally, we have four choices of their values: (+1,+1,—1),
(+1,-1,+1), (=1,+1,+1), and (-1,—1,—1). This
reflects the fact that there is no standard choice of boundary
conditions (spin structures) in a fermionic theory. For a
fermionic theory on a torus, there are four spin structures.
The result of the theory could depend on the choice of spin
structure for an odd k level [47].

C. Degeneracy of states

One of the most interesting aspects of the Chern-Simons
theory is its topological nature: pure Chern-Simons theories
are metric independent and therefore independent of the
geometry of the manifold on which they are defined; i.e.,
they depend only on the topology of the manifold. The
ground state is degenerate on a manifold with nontrivial
topology. On a manifold of genus g, the degeneracy is kY
for integer k, and (pgq)? for rational k = p/q [58]. As we
show, the ground-state degeneracy is present also in the
Maxwell-Chern-Simons theory. In fact, this degeneracy of
the states can be directly seen from our construction of the
constrained Hilbert space.

For integer k, let us consider the following two loop
operators:

g/f and g%, (38)

where g, = e27iL1 and g, = ¢*"L>. These two operators are
well defined on the constrained Hilbert space. They
commute with the Gauss’ law by Eq. (32). They also
commute with large gauge transformations, for example,
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1/k j 1/k
91/ go = e¥ikkg, 91/

= 99" (39)

i.e., if |w) is a physical state in the constrained Hilbert

space, then gi/ k|y/> and gé/ k|y/> are also physical states in
the constrained Hilbert space. Furthermore, the new physi-
cal states are different from |y) because the two operators
do not commute with each other,

k k k k
g9/ 9" = eiltg) g, (40)

unless k = 1. Because et |y/) = g, |w), where 6, is a global
phase angle defined in Eq. (27), by applying different
powers of the gi/ k

physical states,

operator, we can obtain k different

{w). gt ) oo gt ) (41)

These states span a k-dimensional subspace of the Hilbert

space and can be distinguished by the gl/ operator
resulting in a k-fold degeneracy of the ground state for
each state in the spectrum.

1/k

In a modern language, g, is the generator of a

discrete 1-form Z; symmetry, and g;/ ks the generator of
another discrete 1-form Z, symmetry. The noncommut-
ing nature of these two symmetries results in the k-fold
degeneracy.

For rational k = p/q, let us define the operators,

n/ and  RVE, (42)
with /1, and h, defined in Eq. (36) and k = pq These two
operators obey the same algebraic relations as g1 and gl/ k

with k replacing k. As for integer k, by applying different

powers of the h}/ k operator we can obtain k = pgq different
physical states,

() M), oo R E )y, (43)

which span a k-dimensional subspace of the Hilbert space

and which can be distinguished by the hé/ k operator. We
have, thus, a k = pg-fold degeneracy of the ground state
for each state in the spectrum. This confirms the
degeneracy of states obtained for the Maxwell-Chern-
Simons theory in the continuum in Refs. [54,55] and, on
the lattice, for the ground-state of pure Chern-Simons
theories in [56].

Note that the two operators defined in Eq. (38) commute
with the Hamiltonian by Eq. (31). Therefore, if |y) is an
energy eigenstate of the Hamiltonian, all k distinguishable
physical states in Eq. (41) have the same energy. In
conclusion, there is a k-fold degeneracy for each state in

the spectrum. The same holds for the two operators defined
in Eq. (42), leading to a k = pg-fold degeneracy for each
state in the spectrum.

In what follows, for simplicity, we concentrate on the
case of integer k. The generalization to rational k is
straightforward.

D. Wilson loop operator

In the earlier discussion of the degeneracy of states, we
saw that the two loop operators in Eq. (38) span the finite-
dimensional Hilbert space. As usual, we can construct a
Wilson loop operator,

W = exp (iQaZ A) , (44)

loop

where Q is the charge of the Wilson loop. The Wilson loop
commutes with the gauge transformation operators G,
e2miL1 | and ¢?7iL: if the charge Q is an integer. In particular,
the loop can be chosen to be noncontractible. We define
two noncontractible Wilson loops,

Ni—-1
= &xp <iQa Z A()q,O);l) )
x1=0
N,—1
W2 = exXp (zQa Z A(O.)Q);Z) . (45)
X,=0

However, the Wilson loop operator W does not commute
with the Hamiltonian. When inserting W, we shift the
ground state to another topological sector. Let us evaluate
the commutator between a noncontractible Wilson loop
operator and the operators e27Li/k ¢2mila/k defined in
Eq. (38),

W1 eZm'I:]/k _ eZnil:l/k W1 ’

W enilalk — g=27iQ/k 2mila/kyfy, (46)

Wye2mila/k — o=2miQ/k p2mil [k,
W282m’L2/k _ e27riL2/kW2' (47)

We can see from these commutation relations that on the
degenerate ground-state subspace, a horizontal noncontrac-
tible Wilson loop W, with charge Q is equivalent to
e~270Li/k  which has exactly the same commutation
relations as shown in Eq. (46). A vertical noncontractible

Wilson loop W, is equivalent to e*7@L2/k which has
exactly the same commutation relations as shown in
Eq. (47). In other words, the projections of W, W, on
the degenerate ground-state subspace is proportional to

WIOP — ¢=2mi0Li/k WIOP — p27i0La/k respectively, up to a
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multiplicative renormalization factor.” Here we use “TOP”
to highlight the topological nature: The ground-state sub-
Hilbert space is also the subspace of the topological order,
and the projected Wilson loops are also 1-form symmetry
charge operators. We note that the Wilson loop here is
different from the framed Wilson loop introduced in
Ref. [2], but we still capture the framing topological feature
of the Wilson loop. This is because its projection on the
degenerate ground-state subspace, WTOP = ¢+27i0Li/k phag
dangling links indicating the framing as shown in Egs. (28)
and (30). Furthermore, this ground-state projection can be
used to show the perimeter scaling law of the Wilson loop
operator W, as explained in the following.

As in the continuum Maxwell-Chern-Simons theory, the
Wilson loop operator always exhibits a perimeter law. For
example, in Fig. 1, we consider a contractible Wilson loop
consisting of two noncontractible Wilson loops across the
spatial boundary, W, and Wl‘l, with a temporal distance of
|7y — 79| between each other. This is not the standard
rectangular Wilson loop in Euclidean spacetime: the two
spatial pieces are noncontractible loops at different time
slices, joined by Hamiltonian time evolution rather than by
explicit temporal links. The physical content of the perim-
eter law is the same in both cases, however: the expectation
value scales as the loop’s perimeter rather than its enclosed
area, signaling the absence of confinement. The area of the
Wilson loop is |7, — 7¢| - L, which is linearly dependent on
|71 — 70| Here, L is the system size in the spatial direction.
The perimeter of the Wilson loop is 2L, which is inde-
pendent of |7, — 7| since the spatial parts have a fixed
length L and the temporal connection is provided by the
gapped time evolution rather than by additional links. We
can distinguish the scaling law of the Wilson loop by
looking at how its expectation value (Wi'(z;)W,(z,))
scales with |z, — 7|. If W,(z,) is applied to one of the
ground states which is an eigenstate of ¢27L2/k_it shifts the
ground state to another topological sector (i.e., another
cigenstate of ¢27l2/k but with a different eigenvalue)
by Eq. (46) and also excites the system to some higher
energy state. For example, we start with one ground
state and eigenstate of e>*L2/k |GS,). Suppose we get
W, (70)|GS,) = |GSp) + >_; |E;), where |GS;) is another
ground state and eigenstate of e**l2/k and |E,) is the
excited state with energy E; (all states unnormalized).
At time 7, the resulted state evolves into |GSg) +
S e Em=n)|E).  Contract the time-evolved state
with (GS,|W7'(r;), we get the expectation value
(Wi (20)W1(z0)) = (GSpIGSp) + 3o e il (E,|E;).

“The multiplicative renormalization factor is a term e~ in the
lowest order, where m is the effective mass and L is the length of
the loop. In the following analyses, this factor stays as a constant
in each scenario, so it has no effect in the analyses.

T1

44!

To

| smoothly
Ldeform

FIG. 1. An example of a contractible Wilson loop displaying
the perimeter law. Note that with periodic boundary conditions,
the two straight lines in the left panel represent two non-
contractible Wilson loops W, and Wi'!. Thus, they form one
contractible loop. This implies that the upper panel can be
smoothly deformed into the lower panel, which helps to visualize
the topology. The upward direction is the positive time direction.
Evaluating (W7!(z;)W, (7)) gives a constant value independent
of |z; — 79| when 7; > 7, which implies the perimeter law.

Because the system is gapped, the excited state components
decay upon time evolution. When |7, — 75| = oo, the
Wilson loop expectation value (W7!(z;) W, (z,)) converges
to a constant value (GS;4|GS;) which is independent of
|1 — 70| Therefore, the Wilson loop expectation value
agrees with the perimeter law.

In addition to the perimeter scaling law, the Wilson loop
operators also display nontrivial topological features. For
example, we can consider two linked Wilson loops, as
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Wyt T3
Wt
T2
Wa i
Wi
70
1
1 smoothly
\Ldeform
\_/

FIG. 2. [Tllustration of linked Wilson loops. The upward
direction is the positive time direction. The pair of noncontrac-
tible Wilson loops W, and Wl_l together form a contractible loop.
The pair of noncontractible Wilson loops W, and W;l together
form another contractible loop. These two contractible loops are
linked with each other and have a nonzero linking number
between them. The upper panel can be smoothly deformed into
the lower panel, which helps to visualize the topology. Evaluating
W3 (z3) Wi (z,) W, ()W, (7) on the ground-state Hilbert space
will give a nontrivial topological phase factor of e27/¢122/k where
k is the Chern-Simons level, Q; is the charge of Wi, and Q, is the

charge of W,. This nontrivial topological phase is due to the
nonzero linking number between the two loops.

shown in Fig. 2. The pair of noncontractible loops W, and
Wi form one contractible Wilson loop, and the other pair
of noncontractible loops W, and W3' form a second
contractible Wilson loop. The two contractible Wilson
loops are linked with each other. To unlink the two loops,

we can exchange W, and W', which are perpendicular to
each other. If W, has charge Q, and W, has charge Q,, this
exchange generates a commutator with a topological phase
factor ¢271€1Q2/k a5 shown in the following:

W3 (z3) Wi (1) Wa (7)) W, ()

~ 27O/ (2 VW, (2) Wi (7)) W ()
~ 270103/, (48)

where the times 7, < 7; < 7, < 73 are well separated, k is
the Chern-Simons level, and in the last step W5 (z3) almost
cancels with W, (z,), W1!(z;) almost cancels with W (z;),
by a similar argument as above when we discussed the
perimeter law. Therefore, this example demonstrates that
two linked Wilson loops with linking number 1 have a
nontrivial ground-state expectation value with a topological
phase factor of ¢7Q1Q2/k,

E. Anyon statistics

In Sec. III D, we have seen that our formulation supports
Wilson loops, which display topological features. Here, we
extend the discussion to open Wilson lines, which means
that in Eq. (44) we integrate the gauge field on an open line
instead of a loop, i.e.,

Wopen = exp <iQaZ A) (49)

line

In order to have Wopen commute with the large gauge
transformations, e**L1 and e*’2, we need Q to be an
integer, which is called the charge of the open Wilson line.
Although a single open Wilson line is not locally gauge
invariant [i.e., the Gauss’ law in Eq. (25) does not commute
with the open Wilson line at its two ends], the combination of
an open Wilson line Wopen with its inverse nglen is gauge
invariant, because the gauge noninvariant parts at their ends
cancel with each other. For example, the combined operator
Wopen‘lWopenng;en_l nglen,z is gauge invariant: After a
gauge transformation, the four open Wilson line operators
generate c-number phases, and those phases generated by the
operators and by their inverse operators cancel, respectively.
We are interested in open Wilson lines because they can
be viewed as the world lines of anyons, which are
excitations with fractional statistics [59,60]. Although
our formulation does not involve any matter fields, we
can still probe the mutual statistics and self-statistics of the
anyons through the open Wilson lines. We briefly dem-
onstrate the ideas below. The operators W in this subsection
all refer to open Wilson lines, unless otherwise stated.

1. Mutual statistics

First, we look at the mutual statistics between two types
of anyons, one with charge Q; and the other with charge
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Wi ==

FIG. 3. Tllustration of mutual statistics between anyons. In the left panel, W, is an open Wilson line with charge Q,, and W, is a Wilson
loop with charge Q,. We illustrate the process of a charge-Q, anyon circling around a charge-Q; anyon as follows [62]. Suppose that
initially there is a charge-Q, anyon (illustrated by the black dot). Then, we first create a charge-Q; anyon-antianyon pair located at two
ends (“x”) with the open Wilson line W, (red line). Second, we move the charge-Q, anyon around the charge-Q; anyon with W, (blue
line). Third, we annihilate the charge-Q, anyon-antianyon pair with W7'. Finally, we move back the charge-Q, anyon with W' to
cancel the dynamical phase created by its movement. In the right panel, we zoom into the left panel to look at the intersection of the red
wrop WIOP are the projections of the operators W, and W, on the degenerate ground-state Hilbert space,
respectively. From the microscopic details of WT°F and W1OF on the lattice [i.e., the solid links are proportional to the gauge field A, the

and blue lines. and

dashed links are proportional to the canonical conjugate momentum p, similar to L; in Egs. (28) and (30)], we can see that WT° and
WIOP do not commute with each other due to the fact that they share common links.

Q,. To probe their mutual statistics, we want to move one
anyon around the other and compare the phases between
the initial and final states. We can move the charge-Q,
anyon by applying a Wilson line W, with charge Q; and the
charge-Q, anyon by applying a Wilson line W, with charge
Q,. To make the movements, we apply the operator

W3 (z) Wi (23) Wa (22) W (7). (50)

to a state with a charge-Q, anyon present, see Fig. 3 and
Ref. [61]. Here, we consider the times 7| < 7, < 73 < 174,
and the spacings between these times are large enough so
that we only need to consider the ground-state properties of
the system (i.e., the system is gapped and correlations from
the excited states are exponentially suppressed for long
times). The presence of the initial charge-Q, anyon can be
created by some Wilson line on the ground state at
7 — —oo, and we can annihilate it by the inverse Wilson
line at 7 — oo to go back to the degenerate ground-state
Hilbert space. In the following discussion, we neglect the
creation and annihilation of this initial charge-Q, anyon
and only briefly discuss it in footnote 3.

As shown in the left panel of Fig. 3, we probe the mutual
statistics of the anyons by applying the operator
W3 (2, ) Wi (23)Wa(2,) W, (1) from Eq. (50). First, we
create a pair of anyon and antianyon (illustrated by the
black x’s) of charge Q, with the open Wilson line W/ (z;)
(illustrated by the red line). Second, we circle the existing
charge-Q, anyon (illustrated by the black dot) around the
charge-Q, anyon with W, (z,) (illustrated by the blue line).
Third, we annihilate the charge-Q, anyon-antianyon pair
with W1!(z3). Finally, we cancel the dynamical phase of
the charge-Q, anyon with W5'(z,). The net effect of these
operations results in a charge-Q, anyon circling around a
charge-Q; anyon. Therefore, the ground-state expectation

value (W3 (z,) Wi (z3)W, ()W, (7,)) has a topological
phase, showing the mutual statistics between charge-Q,
and charge-Q, anyons.3

Next, we compute the ground-state expectation value

(W3 (z4)WT" (13)W5(2) W, (7;)). For this, we consider a
charge-Q open Wilson line,

W = exp (iQaZAx;,), (51)

(x,0)

and a “dangling Wilson line,”

A 27iQ ka 1
TOP __ H o
WP = exp [ . xgi <4ﬂA euapx—ju')]
= exp |:lQ§ ( xi — €ij k px—j j>:| (52)

which is a truncated line segment of the loop operator
ei—Zm‘Qi,-/k

where ﬁi are the large gauge transforma-
tion operators in Eqgs. (28) and (30). Here, (x,i) €
{(site, direction)} represent the sites in a line and the
corresponding directions along the line. For visualization,
see the correspondence between the left and right panels in
Figs. 3 and 4, where the solid links contain the gauge field

More precisely, we compare the phase between (Wl (400) x
W3l (zg) Wy (13)W2(12)W1 (71)Wo(=00)) and  (Wg'(+o00) x
W3 (z4) Wa (13) Wi (72) W (1) Wo(—o0)), where W(—oo) pre-
pares the initial charge-Q, anyon and WO (4c0) annihilate it
back to the ground state. Note that in the latter process each
operator cancels with its inverse, and thus, the phase is zero.
Therefore, this relative phase that shows the mutual statistics of
the anyons is equivalent to the phase of (W5'(z,)Wi'(73) x
Wy (r2)Wi(71)).
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FIG. 4. Illustration of self-statistics of one type of anyon. In the
left panel, W,, W,, and W5 are three open Wilson lines with
charge Q. We illustrate the process of two charge-Q anyons
exchanging their positions as follows [62]. Suppose initially there
are two identical anyons located at the “x’s”. We first move the
left anyon to the middle by Wl (red line), second we move it
upward by W, (blue line), third we move the right anyon to the
middle by W3' (orange line), fourth we move it leftward by W7'
(orange line), fifth we move the original left anyon back to middle
by W5! (blue line), and finally we move it rightward by Wj (red
line). Note that the displacements between parallel lines in the
figure are for visual clarity. We have exchanged the position of
the two anyons without them getting close to each other, and all
dynamical phases created by anyon movements are canceled. In
the right panel, we zoom in to look at the intersection of the red,
blue, and orange lines. WITOP, W;OP, and W;OP are the projec-
tions of the operators W, W,, and W5 on the degenerate ground-
state Hilbert space, respectively. From the microscopic details of
WTOP, WIOP and WIOF on the lattice [solid links are proportional
to the gauge field A, dashed links are proportional to the
canonical conjugate momentum p, similar to L; in Eqs. (28)
and (30)], we can see that WTOP and W}OP do not commute with
each other due to the fact that they share a common link.

A and the dashed links contain the canonical conjugate
momentum p. The relative signs between A and p in WTOP
follow the ones in ﬁi in Egs. (28) and (30).

When the temporal spacings are large, we can compute
(W3 (z4) Wi () W2 (2,) Wi (7)) by projecting everything
onto the degenerate ground-state subspace. By an argument
similar to the one we used in the previous discussion on the
perimeter law in Sec. III D, W is equivalent to its projection
WTOP on the degenerate ground-state subspace when its
temporal spacings between other operators are large
enough, which ensures that the excited-state components
exponentially decay out. In Sec. III D, this argument was
presented for the closed Wilson loops W, W7!. The same
reasoning applies to the open Wilson lines appearing here,
since the dominance of the topological projection at large
temporal separation is dictated by the spectral gap and the
locality of the Hamiltonian and is insensitive to whether the
spatial line is closed or has end points—the end points
contribute only to a local renormalization factor that is
common to both sides of the relation below and cancels out
of the topological phase. We therefore have

(W3 (zg) Wi (23) Wa(22) Wy (1))
~ <W'2FOP“ W’{OP“ WEOPWTOP). (53)

We note that the operators in both sides of Eq. (53) are
gauge invariant due to the gauge phase cancellation
between the open Wilson lines and their corresponding
inverse operators.

The right-hand side of Eq. (53) can be directly computed,

T/ TOP~! y2TOP~! 1/ TOP 1/ TOP
(W22 Wism Wi W)

2ri A~ —1 A N 1A
_ ef’Q1Q2<W;fOP W;[‘OPwTOP W']I‘OP>

= 00 (54)
where we used the commutation relation,
WIOPPIOP — (0 eqp TP Tor  (55)

which can be seen by the overlapping red solid link (Ax—f;l)
and blue dashed link (p, ;) with the commutator

[A,_i.. Py_i,] =i and the blue solid link (4,_s,) and
the red dashed link (p, _j5,) with the commutator

~

[Ax—ﬁ;Z’ ﬁx—ﬁ;Z] = j. The variables on the red links, Ax—f; |
~ . A -1 .

and P,_3,, are in WTOP , and the variables on the blue

links, Ax—i;z and p ., are in WIOP, x is the intersection

site of the red and blue solid lines, shown in the right panel

in Fig. 3. In particular, the phase comes from

[ a . 21
xexp |—iQ <§Ax-f;1 —pr-z}zﬂ’ (56)

due to the commutator,

) a . 2r
|:_1Q1 <§Ax—f;1 - pr—f;2>
. a . 2 27l
10 <§Ax_j;2 + pr_mﬂ =% 010>, (57)
where the minus sign in the first term comes from the
inverse (—1) in WlTOPq.

In summary, we have computed that (W5 (z4) W1 (73) x
W, (7,) W, (7,)) has a nontrivial topological phase %2122,
which demonstrates the mutual statistics between charge-
Q; and charge-Q, anyons.

2. Self-statistics

Next, we study the anyon self-statistics using open
Wilson lines. To probe the self-statistics, we want to
exchange the position of two anyons with the same charge
Q and compare the phase between the initial and final
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states. To make the movements, we apply the composite
operator,

W3 (6) W3 (z5) Wi (za) W3 (z3) Wa (1) Wi (7). (58)

to a state with two charge-Q anyons present at the end of
the open Wilson lines W, and W3, see Fig. 4 and Ref. [62].
As before, we consider times 7; < 7, < 73 < 74 < 75 < Tg,
and the spacing between these times are large enough so
that we only need to consider the ground-state properties.
Similar to the earlier discussion on the mutual statistics, the
creation and annihilation of the anyons are performed at
7 — —oco and 7 — oo, respectively, and they are not
important to our discussion.

As shown in Fig. 4, we apply the operator Wj(zg) x
W3l (z5) Wi (24) W3 (73) W, (z,) W, (1) to operate the any-
ons as follows: Initially, we have two anyons locating at the
two crosses, respectively, and we want to exchange their
location without having them close to each other. First, we
move the anyon on the left to the middle with the open
Wilson line W,(z,). Second, we move it upward with
W, (75), in order to make space for the other anyon. Third,
we move the other anyon on the right to the middle with
W3 (z3). Forth, we move it to the left cross with W1!(z,).
Fifth, we move the original left anyon downward back to
the middle with W5'(z5). Finally, we move it to the right
cross with W5 (z¢). With these six steps, we exchange the
locations of the two anyons.

Therefore, the expectation value of the process
(W3(ze) W' (z5) Wi (z) W3 (1) Wa(22) W (7)) com-
pared to the expectation value of the trivial process
(Wi (z6) W5 (z5) W3 (2) W3 (z3) Wa (1) W (7)) has  a
topological phase showing the self-statistics between two
charge-Q anyons. The former anyon-exchanged ground-
state expectation value can be computed similarly with the
projections of the open Wilson lines on the degenerate
ground-state subspace. On the right panel in Fig. 4, we
show the corresponding projections WO at the junction
point of the three open Wilson lines. The formula of the
open Wilson lines and their projections are written in
Egs. (51) and (52), respectively.

When the temporal spacings are large, we can compute
the ground-state expectation value (Ws;(zq)W5'(zs5) x
Wil (z,) W5 (23)Wa (1) W, (7)) by projecting everything
onto the degenerate ground-state subspace, similar to what
we did above in the discussion on the mutual statistics in
Egs. (53) and (54). We have

(W3 (76) W3 (25) Wi (2a) W3 (3) Wa (22) Wi (7))
A A —1 _A —1 A —1 _A. A

~ (WTOPY{/TOP™! f/TOP™! 1/ TOP™! 1 TOP /TOPy

~ 5O <WTOP" W’{OP" W"{OP W;OP" W;OP WTOP>

where we use the fact that W1°P commutes with the other
open Wilson lines’” projections because of no overlapping
links (see the right panel in Fig. 4), and we use the
commutation relation,

A —1 A —1 iN2 5 —1 A —1
W’%"OP W"]FOP — e”TQ W"]FOP W%"OP , (60)

which can be seen by the overlapping red solid link

(Ax_ i.1) and blue dashed link (p,_;.,) with the commutator

~

[A,_i.1» Py_iy] = i. The variable Ax—f;l is in Wfop_l, and
. A o . LS —1 . . . .
the variable p, 1, is in WP x is the junction site of the
three solid lines, shown in the right panel in Fig. 4. In
particular, the phase comes from
Ax—f;1:|

A L2,
Ax—f;1:| exp {—IQEPX_M], (61)

27 :
exXp [—IQEPX—M} Y [—ZQ

NSRS

= 7 exp {—iQ

NSRS

due to the commutator,
~ i
Ax—f;1:| = ? QZ’ (62)

where the minus sign in both terms come from the inverse
(—1) in WFOP™",

In summary, we have computed that the expectation
value (W3 (ze) W' (z5) Wi (z) W3 (1) Wa(22) Wi (7))

has a nontrivial topological phase €%’ which demon-
strates the self-statistics between two charge-Q anyons.

Note that this self-statistics phase ¢72*/% differs from the
naive setting Q; = Q, = Q in the mutual-statistics result
e?71©10:/k by a factor of 2 in the exponent. This factor of 2
has the standard topological origin: a self-exchange of two
identical anyons is a half braiding, while the mutual
statistics involves a full braiding (one particle going
completely around the other).

Note that for the minimally charged anyons with Q = 1,
the self-statistics has the exchange phase e%. We know the
bosonic statistics has the phase (+1), and the fermionic
statistics has the phase (—1). Therefore, for k£ > 2, this
phase et demonstrates a fractional statistics (i.e., neither
bosonic nor fermionic statistics) of anyons.

We discussed earlier in Sec. IIIB that an odd-k
Chern-Simons level implies the fermionic nature of the
theory. Now from the self-statstics, we can directly see that
the theory contains fermions when k is odd. Consider the
anyons with charge Q = k. Their self-statistics has the
exchange phase %9’ = /™. When k is even, the charge-k
anyons are bosons. When k is odd, the charge-k anyons are
fermions.

From the calculation of the anyon statistics above, we
demonstrate that our lattice Hamiltonian formulation
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captures the nontrivial braiding of Wilson lines and there-
fore realizes the framing anomaly [2,3,63-65]. In our
formulation, the projections of the Wilson lines on the
degenerate ground-state subspace, as shown in Eq. (52),
explicitly include a well-defined point-splitting regulariza-
tion. The dangling dashed links shown in Figs. 3 and 4, on
which the canonical conjugate momentum operators p are
sitting, define the framing of the Wilson loops. This agrees
with the observation in Refs. [2,3] that the physical
operators are ribbons or framed Wilson loops. There, the
authors construct the framed Wilson loops by two displaced
Wilson loops [2,3]. Here, with the Maxwell term intro-
duced, we can define independent canonical conjugate
momentum operators p, and we construct the framed
Wilson loops by the “dangling Wilson loops” as shown
in Figs. 3 and 4.

IV. ANALYTICAL SOLUTION

A. Constant mode

We know from the continuum model that, when the
Maxwell-Chern-Simons theory is defined on a torus, in the
Hodge decomposition of the gauge field A, there are
harmonic parts which corresponds to global constant
modes [54,66]. These modes are topological modes with
flat connections corresponding to the nontrivial homology
cycles of the torus. They define the topological sector of the
theory and they are, thus, the relevant objects to study its
topological properties. Quantizing the theory in the Ag = 0
gauge, we can decompose A in the sum of nonflat local
modes and global flat modes,

A(x, 1) = A%, 1) + a(t) = Ay + Ay (63)

The flat modes satisfy trivially the Gauss’ law constraint
and have to be quantized independently. Since in the Hodge
decomposition A,; and A; are orthogonal, the Hamiltonian
can be written as

H:an+Hf, (64)

and the Hilbert space is the direct product of two Hilbert
spaces,

H="H, ® H;. (65)
The wave function is, thus, given by

To study the constant modes solution on the lattice, we
start from Hamiltonian Eq. (23). For constant modes, only
the first term survives, since the magnetic field B acting on
constant modes is zero. So no Villain approximation is
required to solve the theory in the topological sector.

The Hamiltonian Eq. (23) for constants modes is

2 2 2 2 2

N (RN PR
with § = NN, the (dimensionless) area of the flat
lattice torus, k = p/q and p; are the constant modes’
canonical momenta in the zero-lattice-momentum sector.
Note that since k is rational we have (aj,a;)=~
(a; +2rq/a, a, + 2rq/a). Equation (67) is equivalent to
the Hamiltonian of a charged particle of mass m = (a?/€2S5)
moving in a fictitious magnetic field: B = ka?/2z on a torus
ofareaA = (2r)?q?/a®, where a, and a, are the coordinates
and p; = —ia%i [note that the area of the torus with

coordinates a; and a, has dimensions of a (length)~2, so
all other dimensions are scaled accordingly],

1

" 2m

with, in the symmetric gauge, A, = —Ba,/2, A, = Ba; /2.
In the Landau gauge, A; = 0, A, = Ba;, which is used in
our following solution.

This is a well-known problem whose solution was found
in Ref. [67]. We, thus, present only the results. A detailed
derivation can be found in Ref. [68]. On the infinite plane,
the spectrum consists of Landau levels determined by the
eigenvalue of a shifted harmonic oscillator, with frequen-
cies w = ke’ /2, given by the Chern-Simons mass in our
case [58]. The states are infinitely degenerate since the
energy does not depend on one of the momenta (in the
present case p, in the Landau gauge). On the torus,
although the Hamiltonian which describes the system is
the same, the energy spectrum has a finite degeneracy given
by the number of fluxes N, piercing the surface,

H Sl(p1 = A)* + (p2 + Ay, (68)

where @ is the total flux, and ¢y = 27 is the flux quantum.
For consistency of the theory on the torus, Ny must be an
integer. In our case, we have N, = pq € Z, giving exactly
the same degeneracy k we found in Sec. III C for a genus 1
surface. This degeneracy can be computed looking at the
algebra of magnetic translation operators (see Ref. [68]).

In what follows, we consider the case of integer k with
(ay,a,) =~ (a; + 2x/a, a, + 2x/a). The vector potential is
periodic up to a gauge transformation,

Ai(a; +2r/a,ay) = Ai(ay, ay) = 0;¢1(az), (70)
Ai(ar,a, +2zr/a) = Ai(ay, ay) — 0> (ay),  (71)

with
2
$i(ay) =0, — ;Baz’ (72)
$r(ar) = 05, (73)
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where 0, and 0, are fixed phase angles defined in Sec. III C.
The phase angles ¢); satisfy the cocycle consistency
condition,

b <a1 +2§> +h1(az) =y (‘12 +2§> ~tha(a) = 2ak.
(74)

The periodicity in the torus with coordinates a; is equiv-
alent to a large gauge transformation. The wave function
transforms, thus, as

\P(al n 271'/61,(12) _ ei¢1(az)\P(a1,a2>
= OB (ay,ay),  (75)

Y(a,,a, +2x/a) = ¥ (a,, a,)
= e"¥(a,,a,). (76)

These phase angles 6; can be reabsorbed in a redefinition of
the magnetic translation generators and distinguish differ-
ent superselection sector of the theory [68]. In our dis-
cussion, we set 8; = 0.

Reintroducing the original gauge and positing the com-
plex topological components [66,69],

1
b=_—(ia) + ay);

1
o b= ﬂ(—lﬂh +az), (77)

we can rewrite Eq. (67) as

S 10 ka*- 10 ka?
H=—|—-——+—b||-—=+—0b t 78
2a2( zob | 2 )(mf 2 >+C°ns (78)
2
S
= e—zB+B + const, (79)
2a
with
10 ka? ka?
=——+—»0, B,BT]| = —. 80
ﬂ6b+ 2 [ ) T (80)

Equation (79) is the Hamiltonian of an harmonic oscil-
lators, and the ground state W° is given by BY" = 0.
Imposing the periodicity conditions Egs. (75) and (76), we
see that there are k independent ground states W9 with
s =0,...,k—1. The ground-state wave function is

nka”p2 —mka“} 7, s k
PO — A eézbhe[ é }(kbik), (81)

expressed in terms of the Jacobi 0 function. In terms of the
a; fields, the ground-state wave function is

2 t? . .
P — oiliar+a)’ o (ai+a3) E 7 (mk+s)? ga(mkts)(—ay+iay)
mezZ

(82)

These k independent ground states are consistent with our
earlier discussion on the k-fold degeneracy of states in
Sec. HIC.

The excited states can be obtained applying BT to the
ground-state wave function Eq. (82) and have energies of
the order w, the Chern-Simons mass. In the limit in which
the Chern-Simons mass goes to infinity (strong coupling
limit), we recover the topological theory.

B. Energy spectrum

In this section, we present the solution of all lattice
momentum modes to the Hamiltonian in Eq. (23). Since the
Hamiltonian is quadratic, we can use the Fourier transform
to decompose it into independent momentum sectors. We
rewrite the Hamiltonian as

N e’ ka?® . 2
H = Z) {@ > <Px:u—€mEAx—ﬁ;u)

e pwv€{1.2}
x €{0.1,...Ny—1}
1 N 2
+ 72 (OA.12)7 |- (83)

We apply the following Fourier transform:

Agy = NN Z Ay, (84)

x=(x].%2)
xp €{0.1..Ny-1}
xp €{0.1....Ny—1}

[

1 -
N PR A
Pgp = NN, E : e Py (85)
O T
xp €{0,1,....Ny—1}
with inverse Fourier transform,
J— S e (36)
W= NN g
14V2 q9=(q1.92)

2.
a1 € (0% FENV =)

>
=
=
|
=
Z
(o
L
i
=1
>
<
=
—
o)
1
S—

%:(«ngz)
q1 E{OAN—'I[...,.N—';(NI—I)}

2 2
qZE{O,N—’;....,N—’;(NQ—I)}

The commutation relation between the operators is

~

[Ax;;u ﬁy;v] = iéx,y5ﬂ,u, (88)
[Aq;/w ﬁs;u} = i5q+s.2n’Z5/4.u- (89)

034511-18



HAMILTONIAN LATTICE FORMULATION OF COMPACT ... PHYS. REV. D 114, 034511 (2026)

FIG. 5. 3D plot of the band structure of the analytical solution to the Maxwell-Chern-Simons Hamiltonian. The vertical axis is the
energy of the first excited state AE above the ground state. Two horizontal axes are the two components of the lattice momentum
g = (q1, g»)- Each subfigure corresponds to a different coupling strength A = (ke?a/4x)?. (a) 1 = 0, this corresponds to the pure
Maxwell theory, in which we can see a linear-dispersion gapless photon. (b) 4 = 0.2, the Chern-Simons term gaps out the theory and
gives the photon a mass. (¢) 4 = 0.5, this is the special A value beyond which the band bottom is no longer at ¢ = (0, 0). (d) 2 = 2.0, for
large 4 value the band looks like the one for a pure Chern-Simons theory, in which the band bottom are two lines specified by
q1 + g, = n+ 2xZ. These two lines correspond to the “staggered momentum modes” mentioned in Ref. [3].

The Fourier transformed Hamiltonian in Eq. (83) looks like

3 62 N kaZ ig, A ~ ka2 —igs 2
= 2 TK"‘EA> <”-4ﬂ‘ﬂe A)

A ka* .+ . ka*> ..
+ Pq;z‘f'ﬁeqlAq;l p_q;2—|—ﬂe qlA—q;l

1

+55 [(1 - e_iqz)Aq;l - (1 - e_iql)Aq;Z]Kl - eiqz)A—q;l - (1 - eiql)A—q;Z]' (90)

[\

e

After some change of variables and applying the Gauss’ law Eq. (25) (see more details in the Appendix F), the
Hamiltonian in the lattice momentum ¢ = (g, g,) sector corresponds to a simple harmonic oscillator with angular
frequency,

ke?

o = 21— cosgy) +2(1 —cosgs)] + (5)2[2 T 2c08(q) + ). 1)

The energy of the corresponding first excited state above the ground state is

)
AE=w = \/% [2(1 —cosq) +2(1 —cos q,)] + (Z_ﬂ)z[z +2cos(q; + ¢2)], (92)

which is plotted in Fig. 5. The different subplots in Fig. 5 correspond to different values of a combined parameter
(ke?a/4r)?. Each state in the band is k-fold degenerate.
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There are two interesting limits of this energy spectrum.
First, we note that the dimensionless lattice momentum
q = ag, where § is the dimensionful momentum. Then, by
taking the continuum limit a — 0, we get

k€2 2
2 ~|2
o* = |g]* + (—27[) , (93)

which describes a massive particle with mass equals to
ke? /2m; i.e., the photon becomes massive, and the theory
opens a gap. The |G|* part comes from the first term az_z (1-
cos ag;) in Eq. (91). This energy dispersion agrees with the
one in the continuous Maxwell-Chern-Simons theory [5].

Another limit is when k — co. The Chern-Simons term
dominates. The band structure looks similar to the one
of the pure continuous Chern-Simons theory, with the
band bottom located at two lines specified by g, + ¢, =
7w+ 2nZ. These two lines correspond to the “staggered
momentum modes” mentioned in Ref. [3].

One interesting observation is that the band bottom
changes location, although this does not mean a phase
transition because the band is showing the first excited state
but not the ground state.

There is also a distinction between the ¢ = (0,0) zero
mode and the other modes. The Gauss’ law (constraint 1)
acts trivially on the zero mode and therefore leaves a free
degree of freedom. Constraints 2 and 3 require both the
momentum and the coordinate of this free degree of
freedom to be quantized, which is equivalent to the
tight-binding model of a single particle on a ring with
finitely many sites. As shown in the Appendix F, there are
exactly k sites on the ring. Therefore, the Hilbert space for
the zero mode is k dimensional and results in the k-fold
degeneracy of every state. This is consistent with our earlier
discussion on constant modes in Sec. [VA.

V. CONCLUSION

In this paper, we derive the Hamiltonian formulation of
Maxwell-Chern-Simons theory on a lattice in 2 + 1D.
Compared to the well-known 2+ 1D compact lattice
QED Hamiltonian, the modification in our Hamiltonian
formulation is as follows. First, the instantons in the
theory are suppressed as a hard constraint. Similar to the
Witten effect in 3 4 1D [46], an instanton (i.e., a magnetic
monopole in 2 4+ 1D) must have an electric charge under
the Chern-Simons action; thus, our pure gauge theory
cannot allow instantons. We further show that the instanton
suppression can turn the 2+ 1D compact lattice QED
Hamiltonian into an unusual form (see Appendix E). This
instanton-suppressed compact lattice QED Hamiltonian has
quadratic terms in the gauge field A, and it is indeed a
compact theory by the Villain approximation with two
1-form constraints. The two 1-form constraints ensure
that the theory is invariant under large gauge transforma-
tions in the two spatial directions. Furthermore, this

instanton-suppressed quadratic Hamiltonian is analytically
solvable, showing a gapless theory with massless photons.
Unlike the instanton-allowed compact lattice QED, which
is gapped in 2+ 1D, the instanton-suppressed version
corresponds to the Maxwell theory in the continuum,
which is gapless.

The second modification is to introduce the Chern-
Simons term into this instanton-suppressed Hamiltonian.

The effect of this step is that a gauge field operator Aona
shifted site and in the perpendicular direction is attached to
the conjugate momentum operator p, wherever p appears.
Therefore, we see the modification in the quadratic p terms
in the Hamiltonian in Eq. (23), the Gauss’ law constraint in
Eq. (28), and the two 1-form constraints in Eqgs. (28)
and (30).

We demonstrate the topological features of our
Hamiltonian formulation. The compatibility between the
constraints requires the quantization of the Chern-Simons
level k. The existence of two 1-form operators generates the
k-fold degeneracy of the spectrum. The Wilson loop
expectation values in the theory always show a perimeter
law. Linked Wilson loops have nontrivial topological
phases evaluated on the degenerate Hilbert subspace.
Anyons as the excitations at the ends of open Wilson lines
display fractional mutual statistics and self-statistics. These
topological features agree with the ones in a continuum
Maxwell-Chern-Simons theory, providing strong evidence
that our lattice formulation belongs to the same universality
class as the continuum theory. We note, however, that a
fully rigorous proof of universality is beyond the scope of
this work.

The continuum limit of our lattice Hamiltonian formu-
lation can also be directly seen from the analytical solution
of the theory. Since the Hamiltonian in Eq. (23) is
quadratic, we perform the Fourier transform and solve
its band structure in the Brillouin zone. We can see the
correct band gap ke? /27 and the massive photon dispersion
that agree with the continuum Maxwell-Chern-Simons
theory.

In our work, we add the Maxwell term to the Chern-
Simon theory, which allows us to construct the independent
canonical conjugate momentum operator p. Our formu-
lation accepts the gauge field configurations as the natural
basis for the Hilbert space. This is in contrast to the recent
work that presents a canonical quantization of lattice
Chern-Simons theory [3], which does not have Maxwell
action and the canonical quantization unavoidably has
nontrivial commutation between operators on different
spatial locations. This “fuzzy” space makes it difficult to
construct a good orthonormal basis for the Hilbert space
and apply numerical methods. Therefore, our lattice
Hamiltonian formulation opens the door to numerical
methods to study this topological theory. It also paves
the way for designing quantum algorithms for simulating
Maxwell-Chern-Simons theory based on our lattice
Hamiltonian formulation. Numerical simulations with
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tensor-network ansatz or machine-learning approaches are
likewise applicable to our formulation. An important future
direction is to extend the simulations to our model coupled
to matter fields.

For future study, our Hamiltonian formulation provides
a foundation for quantum simulation of Maxwell-Chern—
Simons theory using both classical and quantum compu-
tational approaches. On the classical side, tensor-network
methods and machine-learning-based variational algo-
rithms could be explored to investigate the topological
and dynamical properties of the theory. On the quantum
side, the local and gauge-invariant structure of our lattice
Hamiltonian makes it a candidate for digital quantum
simulation schemes such as trotterized time evolution
[70], wvariational quantum eigensolvers [71,72], and
quantum phase estimation [73], with potential applica-
tions to studying topological mass generation, anyonic
excitations, and nonperturbative gauge dynamics on both
near-term and  fault-tolerant quantum  hardware.
Furthermore, the compact gauge degrees of freedom
can be efficiently encoded using qudit or continuous-
variable representations, allowing for systematic evalu-
ation of quantum resource requirements such as qubit
counts, circuit depths, and error thresholds needed to
maintain gauge invariance and topological order. By
combining these algorithmic developments with resource
analyses, future work could establish Maxwell-Chern-
Simons theory as an important example for quantum
simulations of topological lattice gauge theory, helping to
bridge high-energy and condensed-matter physics with
the frontier of quantum computation. We emphasize,
however, that the practical realization of these directions
will require substantial further algorithmic development
and resource analysis, and the extent to which Maxwell-
Chern-Simons theory can serve as a useful target for
quantum simulation will only become clear once such
studies are carried out.

Note added. In Ref. [74], the authors study the same
Lagrangian as ours and derived a Hamiltonian formu-
lation that does not include the final gauge fixing step
(this step is outlined in Appendix E). By doing so, they
extend the discussions of the Maxwell-Chern-Simons
theory to sectors beyond the zero total magnetic flux
sector. This zero total magnetic flux sector is what we
focus on in this work, because we study the pure
Maxwell-Chern-Simons theory without matter. We con-
struct a local and uniform Hamiltonian formulation in
this sector in perspective of Hamiltonian simulation. In
Ref. [74], efforts have been made to construct a local and
uniform Hamiltonian formulation for spacetime manifolds
with arbitrary topology and arbitrary flux sectors. The
focus of Ref. [74] is to derive the chiral properties of the
theory, in contrast to our emphasis on future quantum
computing implementations.
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APPENDIX A: REVIEW OF INSTANTONS
IN COMPACT MAXWELL THEORY

In this section, we briefly review the effect of instantons
on a 2+ 1D compact U(1) gauge theory (i.e., Maxwell
theory) [76,77]. The theory contains instantons if it has a
finite cutoff scale, which is our lattice spacing here. On the
lattice, ““discontinuities” should be understood in the
following precise sense: in the compact Villain formulation,
the integer degrees of freedom n on the plaquettes allow
configurations in which the magnetic flux through a closed
surface differs from the naive finite-difference flux A|A, —
A,A; by integer multiples of 2z. These configurations carry
nontrivial topological charge and are the lattice analogues
of the smooth-spacetime instantons (i.e., monopoles in
2+ 1D), which become genuine discontinuities of the
gauge field in the continuum limit. With this understanding,
instantons are discontinuities in the gauge field configura-
tion where the total flux through a plane suddenly changes
by 2z. In 2 4 1D, an instanton configuration has a finite
action. Therefore, when computing the contribution to the
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partition function e~5(), instanton configurations have

nonzero weight. Because we need to take into account
the instanton configurations, the theory is no longer
Gaussian quadratic around the A = 0 minimum, i.e., no
longer a free theory. Moreover, because an instanton
changes the flux permanently after its appearance, its
long-range feature has significant influence on the corre-
lation functions. In particular, it makes the Wilson loops
scale as the area law and confines charged particles [76].

The effect of instantons can be seen clearly using the
duality between the U(1) gauge theory and the XY model
[78]. In the duality, the flux in the U(1) gauge theory maps
to the charge in the XY model. Therefore, the instanton
operator, as creation/annihilation operator of the flux, maps
to ¢ in the XY model. Summing over instanton con-
figurations in the partition function maps to the following
Lagrangian in the XY model:

L=

N

(0,0)* — K cos 0, (A1)
where y and K are coefficients related to the coupling
strength and instanton fugacity, respectively.

Because the cos 6 term is always relevant in 2 + 1D [79],
the instanton operator gaps out the theory. The cos 6 term
also breaks the U(1)y, symmetry, leaving the theory with a
unique ground state and massive excitations. The linear
potential between charges in the U(1) gauge theory maps to
the linear potential between vortices in the XY model,
which is due to the cos 8 energy cost at the § = 7 or —x
branch-cut line between the vortices [78].

When the Chern-Simons action is present, an instanton
will carry charge, which is similar to the Witten effect in
3 4+ 1D [46]. Moreover, when the Chern-Simons level & is
an odd integer, the instanton operator will be fermionic. We
do not consider the matter field in this work, and therefore,
we suppress the instantons.

When instantons are suppressed, it is equivalent to set
K = 0in Eq. (Al). The U(1)y, symmetry is spontaneously
broken, and we have massless Goldstone modes, which are
the massless photons in the U(1) gauge theory. However,
we can no longer view the gauge field A €[0,2xz/a) on
each link for the instanton-suppressed compact U(1) gauge
theory. The equivalence between A =0 and A =2x/a
makes the flux only well defined by mod 2z, which
naturally allows the existence of instantons. We have to
use the Villain approximation to formulate an instanton-
suppressed theory.

APPENDIX B: VILLAIN APPROXIMATION

A theory with compact variables means that the partition
function Z is periodic in these compact variables 6;. For
such a theory, it is natural to include in the action terms like
cos(d_; ¢;0;), where c¢; are the coefficients that match the
periodicity of the compact variable 6;. However, these

cosine terms are nonlinear and are difficult to handle
analytically. The Villain approximation simplifies the
analysis by replacing the cosine terms with a periodic
Gaussian potential [39],

)
el cos(6)

n=-—oo

L(o+27n)?
ez(+7m)’

(B1)

where /3 is a function of /3, and—without loss of generality
—we write 6 as 2z periodic here.

A clarification on the term “approximation” is in order.
Strictly speaking, the right-hand side is not a Taylor or
perturbative truncation of the left-hand side; rather, it is an
alternative compact action that preserves the exact 2z
periodicity of the original cosine and shares its continuum
limit and universality class. In some specific cases, such as
the quantum rotor, the Villain action is in fact a “perfect”
lattice action: it is the renormalization-group fixed-point
action that reproduces the exact continuum spectrum at any
lattice spacing, with no lattice artifacts [80]. We adopt the
term “Villain approximation” here to follow the standard
nomenclature in the lattice gauge theory literature, but the
reader may equivalently read it as “Villain formulation.” In
practice, the implementation of this formulation introduces,
on each plaquette where a cosine term originally appeared,
an additional integer degree of freedom n that is summed
over in the partition function; this turns the action into a
quadratic form in the gauge field plus integer shifts, which
is what enables the analytical treatment in the following
Appendixes.

APPENDIX C: SINGLE QUANTUM ROTOR

We go step by step to see how to construct a Hamiltonian
formulation for a compact lattice field theory. We start with
the action of a single quantum rotor, i.e., a0 4+ 1-D compact
quantum field. A careful construction of its Hamiltonian
formulation shows the spirit of the later steps.

We use Euclidean time formulation, discretize the time,
and set up periodic boundary conditions. The action of the
rotor is

-1
cos(0;1 — ;).

M*}

s0) =2 (1)

1

i
=)

where /3 is a coefficient, dz is the time spacing, 0; € [0, 2x)
is the rotor angle at the ith time slice, 87 = 0,, T is the total
number of time slices.

The partition function of the rotor is

Z= > e=S0), (C2)
69.0,....00_, €[0.27)

where we have used the summation symbol to represent the
integral over continuous variables 6’s.
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FIG. 6. Illustration of the variables in a single quantum rotor
model, i.e., a 0+ 1-D compact quantum field. The vertical
direction is time. There are 7 number of discrete time slices,
and we have periodic boundary conditions.

We can apply the Villain approximation to the cosine
terms in the action. By doing this, we introduce T number
of integer degrees of freedom, ny, n,, ..., ny, each between
a pair of @’s, as illustrated in Fig. 6. The approximated
action with these extra degrees of freedom looks like

~

-1

S(n.0) = (041 = 0; +27n;,)%,  (C3)

(]

A
2dr 4

1

Il
=}

where f is a function of . When dr — 0, #/dr — oo, the
asymptotic behavior of the Villain approximation says f —

g [81].
The approximated partition function with the extra
degrees of freedom looks like

Z= )  Sno), (C4)

00.01....07_1 €[0.27)
ny.ny,..np €Z

The approximated action S(n,6) holds discrete trans-
formations that keeps it invariant. For every
i€0,1,...,T — 1, the following transformation

0; — 0; + 2,
n,—>n;—1,
I’li+1 - l’li+] + 1,
keeps the approximated action, and thus the approximated
partition function, invariant.

Writing down the transformation invariance of the
approximated action explicitly, and taking i = 1, we have
S(ny—1,n, + 1,0, + 27, %) = S(ny,n,y, 01, %), (C5)

where * represents all the other variables in S(n, 6), which
are fixed.

We can apply this transformation multiple times, until we
make n; = 0. That is to say,
S(0,ny 4 ny,0; + 27ny, %) = S(ny, ny, 0y, %). (Ce6)
Note that 0, + 2zn, takes value in [2zn,2z(n; + 1)).
When we sum over n; € Z, it is equivalent to sum over
0, € (—o0, +o0). In other words, by absorbing n;, 0, is
lifted from [0,27) to (—o0,+o0). More rigorously, we
define new variables,

él = 91 -+ 271'}’11, é] S (—00, +00), (C7)
ﬁz :n2+n1, ﬁZGZ, (Cg)
with the inverse,
6,
= |—], C9
n= 5] (©9)

. 0
91—91—27{2—1J, 0,€(0,27),  (C10)
T

_ |6
ny = ny — E s

where | -] is the largest integer less than or equal to a given
number.
The approximate partition function now looks like

(C11)

7 = E e_S("llef)l,*)
00.01.....07_1 €[0.27)
ny.ny,..np €Z

_ e—S(O,n2+n1,91+2ﬂn1,*)

00.01.-...07_1 €[0.27)
nyny...np €Z

_ e—S(O.ﬁz,él,*)

00.0....07_1 €[0,27)
0] €(—co,+0).iip €Z
n3.ng....np €Z

= E e_S(ﬁZséb*)’
00.03....07_1 €[027)

01 €(—00,+0)ji) €Z
n3.ng,...nyp €Z

(C12)

where §(ﬁ2,él, %) = (0, ﬁz,él, %); i.e., n; is dropped
from the dependencies.
We can repeat this process to absorb 71, by

52 = 92 +2ﬂ'ﬁ2, ézE(—OO,+OO), (C13)

ﬁ3:n3+ﬁ2, ﬁ3€Z,

(C14)

until
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Or-1 € (—o0, +00)

03 € (—o0, +00)

02 € (—o0, +00)

01 € (—OO, +OO)

0y € [0,271‘)

FIG. 7. Tllustration of the variables in a single quantum rotor
model, i.e., a 0+ 1-D compact quantum field. The vertical
direction is time. There are 7 number of discrete time slices,
and we have periodic boundary conditions. After absorbing most
of the extra integer degrees of freedom introduced by the Villain
approximation, most of the compact variables are lifted to
(—o0, +00). However, the variable in the bottom layer, 6, is
not lifted. Also, the integer in the last layer, /iy, cannot be
absorbed.

Or_y = Or_y + 2miiy_y, Or_; € (—o0, +00), (C15)

T
ﬁT == nT+ﬁT_1 = Zni, ﬁTEZ, (C16)

i=1

which transforms the approximate partition function into

2>

~ 6yefo2q)
01.92....,0?1:2(700#0::),
nr

“"P{‘z%% 00 + (B =612+

4+ (O7_y = 07_5)% + (89 — O7_y + 27iiy)?] } (C17)

Note that 6, is not lifted, and the extra integer degree of
freedom on the last layer, 7iy, cannot be absorbed. It cannot
be absorbed because /iy = Y I, n; has a physical meaning
of the total flux in the Polyakov loop and thus is gauge
invariant.

Now with this quadratic formulation of the partition
function, we can apply the standard method to get the
Hamiltonian formulation. More explicitly, we set up
the Hilbert space, write down the transfer matrix, construct
the Hamiltonian operator, and recognize the nonabsorbable
degree of freedom as constraint on the Hilbert space.

When setting up the Hilbert space, we choose the set of
basis to be the configurations of a middle time layer. In our
example here, the set of basis is {|0):0 € (—oc0, +0)}.
Note that even if we start from a compact model, after the
Villain approximation and absorption of degrees of

freedom, we end up with a seemingly noncompact set of
basis. We do not need to worry at this moment, as later the
constraint on the Hilbert space will bring us back to a
compact model.

We also note that the first time layer (i.e., the bottom
layer in Fig. 7) has fewer configurations. Because of the
periodicity of the variable 6,, we can duplicate the partition
function to extend its configuration space to match the one
of the middle layers. In a nonrigorous way, we can write

> ocm ¥

0y € [0.27) Gy € (—00.40)

(C18)

Here, |Z| denotes the (formally infinite) cardinality of the
integers; this notation is a shorthand for the corresponding
well-defined limit, in which a finite cutoff is taken on the
integer sums and removed at the end. The factor 1/|Z]
keeps the duplicated partition function equal to the original,
and it cancels out below when summing over 7iy produces
an identical |Z| factor (the borrowed degree of freedom is
returned). All physical quantities derived from this con-
struction are finite and well defined.

Given the Hilbert space, we want to write down the
transfer matrix 7. For two neighboring middle time layers,
we have the matrix elements of the transfer matrix as

(01:1|T16;) = 40107, (C19)
where 0;,,0; € (—c0, +0) are configurations on the two
neighboring middle time layers.

For the last time layer (i.e., the top layer in Fig. 7), we
have a different transfer matrix Ttop with matrix elements as

(B| TroplOr_1) = edr0o—r2em)* - (C20)
In terms of the transfer matrices, the partition function
looks like

1 .
7= i > Tr(Top ™), (C21)

irez

where the |Z| factor was borrowed earlier to match the
configuration spaces.

Now, we construct the Hamiltonian operator. For a
general function f(p) of the momentum operator p, its
matrix elements can be calculated by inserting the complete

momentum basis I = ff"oo‘zi—;’” p){p|- Therefore, for any
é’,ée(—oo,+oo),

@£ (5)|6) = / “P -0 p(p),  (C22)

o 27T

from which we can do the Fourier transform to get back the
function f(-),
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f(p) = / " die G0, (C23)

Perform a Fourier transform on the transfer matrix
elements,

/ " dfe=ird (9|T10) = / ” dfeivd e

_dz

4p?
xe ¥,

(C24)

and

/°° dée_ip§<é|ftop|o> = /°° dée_ipée_%(é"'z”ﬁY')Z

. _ _di2
o etp2;mTe 2P .

(C25)

The partition function now becomes

| | ZTr( tp2zrn,e 2/,17 )
z

arez

= Tr(C _HT), (C26)

where H = L p is the Hamiltonian operator, 7 = dzT is

the total Euchdean time, and

E elp2zmr

nTGZ

E 2mp Ay

n, (Sy/A
if e =1,

" C27
if 2P £1. (€27)

{ I
0
Note that the |Z| factor is canceled. This sum over non-
absorbable degree of freedom 777 sets up a constraint on the
physical Hilbert space. In order to have a nonzero partition

function, the allowed physical states |y) in the Hilbert
space need to satisfy

P y) = ). (C28)
which tells us that the momentum p is quantized, which is
expected for a single quantum rotor. This constraint also
tells us that the physical wave functions are periodic
w(0+27) = w(0). We are back to a compact variable 6.

In conclusion, for a single quantum rotor, this road map
of constructing lattice Hamiltonian finally leads to the
following result:

(i) Hilbert space basis: {|9> 0 € (—o0, +0)},

(ii) Hamiltonian operator: H = 5%

(iii) Constraint on physical states: ez’””|y/> lyr).

APPENDIX D: GENERAL ROAD MAP FROM
LATTICE ACTION TO LATTICE HAMILTONIAN

From the example of deriving the Hamiltonian for a
single quantum rotor, we can summarize the procedure to
go from a time-discrete action to the Hamiltonian, involv-
ing the Villain approximation. The following steps are a
conceptual summary of the procedure.

(i) Start from a compact lattice action.

(i) Apply Villain approximation: add an integer degree
of freedom for every cosine term in the action. Turn
the cosine terms into quadratic.

(iii) Gauge fix the variables to get rid of all gauge degrees
of freedom. Absorb some integer degrees of freedom
introduced earlier, to lift some compact variables
into (—o0, +00).

(iv) Setup the Hilbert space with the set of basis to be the
configurations in a middle time layer.

(v) Usually the first time layer (bottom layer) has fewer
configurations. Duplicate the partition function to
match the configuration space with the one in a
middle layer. The degrees of freedom borrowed here
are returned later.

(vi) Usually the last time layer (top layer) has extra
degrees of freedom. Summing over these degrees of
freedom becomes constraints on the Hilbert space.
Check that the number of extra degrees of freedom
in the top layer equals to the borrowed degrees of
freedom by the bottom layer.

(vii) Write down the transfer matrix elements for a pair of
neighboring middle layers and for the top layer.

(viii) Fourier transform the transfer matrix elements for
middle layers to see the Hamiltonian operator.

(ix) Fourier transform the transfer matrix elements for
the top layer to see the constraints on the physical
Hilbert space.

Following this road map, one can derive the Hamiltonian
of the three cases mentioned in the main text:

(1) Pure Maxwell lattice theory with instantons
— Eq. (20)

(2) Pure Maxwell lattice theory without instantons
— Eq. (21)

(3) Maxwell-Chern-Simons lattice theory without in-
stantons — Eq. (23)
and their corresponding Hilbert space constraints. Detailed
summaries of the derivations are presented in the
Appendix E, with full step-by-step calculations available
in Sec. 5.7 of Ref. [82].

APPENDIX E: DERIVATION OF THE LATTICE
HAMILTONIANS

In this Appendix, we summarize the key ideas and
technical steps involved in deriving the three lattice
Hamiltonians listed in the Appendix D. While the
Hamiltonians for the pure Maxwell theory (both with
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and without instantons) are known results, the transfer
matrix derivation and the gauge-fixing procedure presented
here are original to this work. These technical methods are
essential for the derivation of our main result: the
Hamiltonian of compact Maxwell-Chern-Simons theory
in Sec. E 3. Full step-by-step calculations with all inter-
mediate expressions and gauge-fixing figures can be found
in Sec. 5.7 of Ref. [82].

1. Pure Maxwell with instantons

We start from the compact lattice Maxwell action
on a 3D cubic lattice with periodic boundary condi-
tions. The original action contains cosine terms
cos(curl of Aaround each plaquette) for both timelike
and spacelike plaquettes. After applying the Villain
approximation (Appendix B), each cosine term e#<°s¢ is
replaced by a periodic Gaussian 3, < , e #@+27)°/2_intro-
ducing one integer degree of freedom n per plaquette. The
resulting action is quadratic in the combination (gauge field
curl +2zn) on each plaquette.

We then gauge fix: first, local gauge transformations set
certain gauge field components to zero along a maximal
tree of the lattice; then, discrete gauge transformations
absorb some of the integer degrees of freedom on nearby
plaquettes, lifting the remaining compact gauge field
variables into (—oo, +00). After gauge fixing, the remain-
ing integer degrees of freedom on the plaquettes encode the
instanton numbers in each cubic unit cell, as well as the
total magnetic flux through each plane orientation of
the 3D torus.

The transfer matrix is constructed between neighboring
time slices. After gauge fixing, the timelike gauge fields
and their associated integer degrees of freedom are elim-
inated, so the timelike plaquette terms in the action reduce
to (A’ —A)?, where A’ and A are the spatial gauge field
configurations on two adjacent time slices. In the transfer
matrix T = e~ Fourier transforming (A’ — A) into the
conjugate momentum p yields the electric field energy
% p?. Crucially, summing over the instanton integers on
the spacelike plaquettes in the partition function reverses
the Villain approximation and wraps the quadratic mag-
netic terms back into the familiar cosine potential.

The Hilbert space constraints arise from the top layer of
the lattice, which has extra unfixed degrees of freedom: the
temporal gauge fields Ay and the timelike integer plaquettes
m. These are summed over in the partition function.
Integrating over the R-ranged A, produces delta functions
that enforce the lattice divergence of p to vanish at every
site, which is the Gauss’ law. Summing over the integers
m € Z enforces ¢'>"?/¢ = 1, i.e., p € aZ on the links under
the extra timelike plaquettes. Since p is the conjugate
momentum to A, quantizing p € aZ means the gauge field
A is periodic with period 27/ a; i.e., the gauge field remains
compact. Combined with Gauss’ law, this compactness

condition propagates to all links. The resulting Hamiltonian
is Eq. (20).

2. Pure Maxwell without instantons

The derivation proceeds identically up to the gauge-
fixing step. The key difference is that the zero-instanton
constraint eliminates the per-cube integer degrees of free-
dom. Only three global integer degrees of freedom remain,
corresponding to the total magnetic flux through each plane
orientation (one timelike, two spacelike).

Without the instanton sum, the spacelike plaquette terms
cannot be wrapped back into cosine terms and remain
quadratic, yielding the Hamiltonian in Eq. (21). The
constraints on the Hilbert space now include Gauss’ law
and two additional I-form (loop) operators, which arise
from summing over the two spatial-plane integer degrees of
freedom. The total flux quantum number 7 labels distinct
sectors; despite the quadratic form, the theory remains
compact due to these 1-form constraints.

3. Maxwell-Chern-Simons without instantons

Building on the transfer matrix method and gauge-fixing
procedure developed for the pure Maxwell cases above, we
now derive the main original result of this work: the lattice
Hamiltonian for compact Maxwell-Chern-Simons theory.

The starting point is the combined action S = Syjaxwen +
Scs in Eq. (22). The Chern-Simons action includes angular
variables ¢ € [0,27) on each lattice site, which serve as
Lagrange multipliers: summing over ¢ in the partition
function enforces the total flux through every unit cell to be
zero, thereby suppressing all instantons [see Eq. (11) and
the discussion below it]. This instanton suppression is
equivalent to eliminating the per-cube integer degrees of
freedom, exactly as in the instanton-suppressed pure
Maxwell case. Consequently, the gauge-fixing procedure
and the resulting degree-of-freedom structure are identical:
after gauge fixing, the physical degrees of freedom are R-
ranged gauge fields on all spatial links, together with the
same three global integer degrees of freedom (total flux
through each plane orientation).

Compared to the pure Maxwell case, the transfer matrix
element between two neighboring middle layers acquires
an additional purely imaginary term from the Chern-
Simons action. This term couples the spatial gauge field
A on one time slice to the time difference (A’ — A) on the
neighboring link in the perpendicular direction, taking the

ika®
form §7 x[_Ax—f;l (A;;Z - Ax;2) + Ax—i;2 (A;;l - Ax;l)]'
When Fourier transforming (A’ — A) into the conjugate

momentum p, this imaginary cross term shifts the momen-

tum as py.; = P —€;j ’j‘—‘j:Ax_ +.» which is the hallmark of
the Chern-Simons modification.

The top-layer constraints are derived by the same
procedure as in the pure Maxwell case—integrating over

A( and summing over the timelike integers m, m,—but the
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Chern-Simons action contributes additional terms that
couple Ay and m to the spatial gauge field operators A.
As a result, all three constraints are modified. First,
integrating over Ay now enforces a modified Gauss’ law:
the lattice divergence of p no longer vanishes by itself but is
set equal to —’Z—‘ijA, the Chern-Simons correction
[Eq. (25)]. Second, summing over m; and m, yields two
modified 1-form operators L, and L,: whereas in the pure
Maxwell case these involve only sums of p along non-
contractible dual loops, the Chern-Simons term attaches
gauge field contributions A in the perpendicular direction to
each p [Egs. (28) and (30)].

A key result concerns the total magnetic flux n. To
understand this, recall that during gauge fixing, each
integer degree of freedom on a plaquette can be absorbed
into a neighboring gauge field variable, lifting that variable
from its original compact range to (—oo,+o0). This
absorption proceeds sequentially through the lattice. As
we saw in the single quantum rotor model (Appendix C), at
the end of such an absorption chain there is always one
compact variable that cannot be lifted, because it encodes
gauge-invariant global information of the Polyakov loop.
The situation here is analogous: on the top layer, most
temporal gauge fields A, absorb nearby integer degrees of
freedom on timelike plaquettes and are lifted to R;
integrating these over (—oo, o0) produces the Gauss’ law
delta functions discussed above. However, at the end of the
absorption chain, the site x = (0,0) has no remaining
integer degree of freedom available for absorption—all
timelike integer plaquettes have already been absorbed by
the other A, fields. Therefore, A, at x = (0,0) retains its
original compact range [0,27/dr), encoding the global

|

information of the temporal Polyakov loop. The modified
Gauss’ law at all other sites, together with the identity
>, (lattice divergence of p + % [JA) = 0, implies that the
integrand at x = (0,0) reduces to exp(idzAykn). For this
integral over [0,27/dr) to be nonvanishing, we need
kn = 0; since k # 0, the total magnetic flux must be
n =0. Setting n =0 yields exactly the Hamiltonian
in Eq. (23).

For the complete derivations with all intermediate steps,
including the detailed gauge-fixing figures and transfer
matrix computations, see Sec. 5.7 of Ref. [82].

APPENDIX F: DETAILS OF ANALYTICAL
SOLUTION

In this Appendix, we add some details about the
analytical solution mentioned in Sec. IV B. In Eq. (90),
we saw that in the momentum sector, ¢ = (¢, ¢, ), the
Fourier transformed Hamiltonian was

po_ (. kad . . ka®
Hq:ﬁ Pg1 =4 ¢ Aga P-g1 =€ A_ga

R ka®> . ) ka> . .
i (p +EA> (” +EA)]

1 N o
+2_€2 [(1 —eT'h )Aq;l - (1 —e'n )Aq;Z]
x[(1=e)A_, —(1—eD)A_,). (F1)

We define the following change of variables (the
operator notation - is omitted for simplicity):

_ (1 B e_iqz)Aq;l + (1 B eiqz)A—q;l B (1 B e_iql)AqQ B (1 B eiql)A—q;Z

X , (F2)
2/(1 —cosq;) + (1 —cosg,)
X = (1- eiql)qul + (1 - e_iq')A—q;l + (1 - ei(h)AAq;Z + (1= e_iqz)A—q;Z (F3)
2/(1 —cosq;) + (1 —cosg,) ’
Y = (1—e™)Ay = (1 =)A= (1 —eT M)Ay + (1 - ')Ay, , (F4)
2iy/(1 —cosq;) + (1 —cos qy)
. (1=eA, —(1—e)A_, 4+ (1 —e®)A ., — (1 — e 2)A_,
Y:( ) q:1 ( . ) q:1 ( ) q:;2 ( ) q,2’ (FS)
2i\/(1 —cosq;) + (1 —cosqy)
l—e)p,+ (1 —eP)p_,.g — (1 —e )pn— (1 —ed)p_,.
PX — ( )pq,l ( )p q:1 ( )pq,2 ( )p q;2 7 (F6)
2y/(1 —cosq;) + (1 —cosg,)
Py = (1= e)pyy + (1= e ) p_yi + (1 =€) pyp + (1= e_i[h)ﬁ—q;z, (F7)

2¢/(1 —cosq;) + (1 —cosg,)
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<1 - e_iqz)ﬁq;l - (1 - eiq2>ﬁ—q;1 - <1 - e_iql)ﬁqﬂ + (l - eiql>ﬁ—q;2

Py = , F8
! 2iy/(1 —cosq;) + (1 —cos qy) (F8)
. 1—eMp, —(1=—e™Mp_. + (1 =e)p,,— (1 —e)p_,.
PY _ ( )pq,l ( )p q:1 ( )pq,Z ( )p q:2 ) (Fg)
2iy/(1 = cosq;) + (1 —cos q,)
Given the commutation relation in Eq. (89), one can check ka? -
that [X.Py] = [X,Px] =[Y.Py] = [V.Py] =i, and all Qy =Pyt -7, (F16)
other commutators are zero. i
The Gauss’ law Eq. (25) after the Fourier transform Oy = Py +%Y_ (F17)

becomes

{(1 - eiql)ﬁq;l + (1 - eiq2>ﬁq;2

ka? i\ A i\
+E[(1—€ 2)Agy — (1 =e™ M)A bly) =0,

(F10)

for any physical state |y) in the Hilbert space, and any
q€{0. 7, 7 (Ny = 1)} x{0,3F, ... 37 (N, = 1) }. Note
that Eq. (F10) is trivially satisfied for the zero mode
g = (0,0). The zero mode is restricted by the two 1-form
constraints Eq. (28) and Eq. (30). We analyze the zero
mode separately later. For nonzero modes, the two 1-form
constraints do not introduce further restrictions.

Note that Eq. (F10) also works for —¢g, which says

{(1 e ) p o + (1= e )p s

ka? 140\ A i\ A
oo (L= e)Agy = (1= e)A_go] oly) = 0.

(F11)

Linearly combining the Gauss’ law constraints for g and
—q, [Eq. (F10) + Eq. (F11)] =

. ka?
(Pe+ 5 x) ) =0, (F12)
4z
and [Eq. (F10) — Eq. (F11)] =
_ ka?
Py+—Y =0. F13
(Pr+ 5y ) (F13)
We then do another change of variables,
ka* .
=Py +—X F14
Ox x T i v (F14)
~ - ka?
=Py +—X, F15
Ox x T in (F15)

One can check that [X,Qy]=[X,0x]=1Y.0Qy] =
[Y,Qy] =i, and all other commutators are zero. With

the new variables, the Gauss’ law constraints Eq. (F12)
and Eq. (F13) is further simplified,

Oxly) =0, (F18)
Oylw) = 0. (F19)
The inverse change of variables is
Aq;l = (1 — eiqZ)(X hi iY) il (1 _ e_iql)(X i iY) ) (FZO)
2¢/(1 —cosq;) + (1 —cosg,)
. (1 — e 2)(X —iY) + (1 — &) (X - iY)
4= F21
ol 2y/(1 —cosq;) + (1 —cosg,) - (F2D)
. —(1=e)(X +iY)+ (1 —e™®) (X +iY)
= F22
42 2\/(1—cosq1)+(1—cosq2) - (F22)
c == )X —iY) + (1 — ) (X - iY)
B 2y/(1 —cosq;) + (1 —cosg,) ’
(F23)
- :(l—eiqz)(PX‘f’iPY)‘f'(l—e_iq')(Px+i15Y)
@l 2¢/(1 —cosq;) + (1 —cosg,) ’
(F24)
. :(1—e_i‘h)(PX—iPY)‘F(l—eiq')(ﬁx—ipY)
o 2y/(1 =cosq;) + (1 —cos qy) ’
(F25)
. :—(1—eiq')(Px+iPY)+(1—e_iqz)(PX‘f‘ipY)
P 2y/(1 =cosqy) + (1 —cos qy) '
(F26)

. —(1 = e7)(Py = iPy) + (1 = €'2)(Py — iPy)
P—g2 = s
1 2¢/(1 —cosq;) + (1 —cosg,)

(F27)
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Py = QOx - Z—Cji, (F28)
Py = Oy —];—L;:X, (F29)
Py—QY—];—a]:Y, (F30)
Py=0y -0 (F31)

Inserting everything into the Fourier transformed
Hamiltonian in Eq. (F1), after some algebra, we get

N a’> (1
Hq=4€z{a2[2<1—cosq1>+2<1—C°S%>]
ke*\ 2 2 2
+ E [2+ZCOS(¢11+(]2)] (X +Y)

e’ ~ ~
+@{Q§+Q";+Q§+Q§

ka? ~ ~
— S [2(1 = cos g)) +2(1 — cos ;)] (XOx + Y Oy)

ka? ~ ~
S dinl + )0 -X00 | ()

Applying the Gauss’ law constraints Eq. (F18) and
Eq. (F19), we can set Ox = Oy = 0. We define an angular
frequency, which also appeared in Eq. (91) in the main text,

@? = % [2(1 = cosq;) + 2(1 —cos q,)]
62 2
4 (%r) [2+2cos(q; + g2)]- (F33)

The Hamiltonian in sector ¢ finally looks simple and
familiar,

. e’ a?

quw(Q§+Q2y)+4—ezw2(X2+Y2)- (F34)
Note that we actually have combined the ¢ and —¢

sectors together in the analysis above. On both sectors, the

total Hamiltonian is

>

26?

2
A N e
Hq+H—q :_2(Q§(+Q%/)+

o*(X? + Y?).
2a

(F35)
Simply rescaling the momentum and coordinate, we see
that the ¢ and —q sectors become two decoupled simple
harmonic oscillators, both having the same angular fre-
quency @ described in Eq. (F33).

In the special case when g = (0, z), (7, 0), or (7, ), i.e.,
when ¢ and —¢ are identical, one can proceed a similar
analysis with half of the degrees of freedom (note that all
Y-related variables become zero). The result is that the
sector is equivalent to one simple harmonic oscillator with
an angular frequency given by Eq. (F33) as well (without
the Y, Qy degrees of freedom). Since the angular frequency
for these special momentum values is given by the same
equation, the band structure is smooth and has no singu-
larity on these special momentum values.

The zero mode ¢ = (0,0), however, needs to be treated
separately.

First, for ¢ = (0, 0), the Hamiltonian in Eq. (F1) does not
have the magnetic potential term, and the electric kinetic
terms are quadratic,

N e? . ka?* . 2
H, 0 = 7 [(Pq=(o.o>;1 - Equ(0,0)Q)

. ka? . 2
=+ <Pq_(0,o);2 + EAq_(o,o)n) }

Second, the Gauss’ law constraint acts trivially on the
zero mode. However, the two 1-form constraints Eq. (28)
and Eq. (30) act nontrivially on the zero mode,

(F36)

-, N (1, ka ;
exp 12”\/ N_;(qu=<o.o);2 _EA#(O,O);I) ) = ey,
(F37)

Ny ka . ‘
exp i2r NT(Clpq(O’O);l +4;1-Aq(0'0>;2> |lI/> = 6192|1//>,
(F38)

for any physical state |y) in the Hilbert space. Here N, N,
are the number of lattice sites in the 1 and 2 directions,
respectively. #; and 0, are two constant global phase angles.

Third, the change of variables defined earlier does not
work for the zero mode. We need to define a separate
change of variables for the zero mode purpose (again, the
operator notation - is omitted for simplicity),

Ag=0.0)1 + 15 Py=0.0)2

XO - \/§ 5 (F39)
A oo —2ED oo
Yy = q=(0,0);1 \/kgz Pq_(o,o)z’ (F 40)
A @2 3
Pq=(00):1 — 4x Ag=00)2
Py, = 4= \/45 =002 (F41)
ﬁ + kazA
=(0,0);1 T 47 “2¢=(0,0);2
Py, =-2 \/‘% a (F42)
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One can check that [X, Py, | = [Yy. Py, | = i, and all other
commutators are zero.

Inserting the change of variables, the zero mode
Hamiltonian in Eq. (F36) becomes

. e? ) ka*\?_,
Hq:(O,O) = ﬁ . 2 |:PX0 + (E) X0:|

1 (262 1 [ a®\ [(ke*\?
3 ()rra(5e) (5r) %

which can be recognized as a simple harmonic oscillator

a2

with effective mass 7%> and the angular frequency
B ke?

=5 (F44)

Wy

This is the same result as inserting g; = ¢, = 0 into the

band dispersion Eq. (F33). Therefore, the band is smooth
and has no singularity at ¢ = (0, 0) either.

What makes the zero mode special is that the constraints

do not remove the degrees of freedom like in Eq. (F18) and

Eq. (F19) for the nonzero modes. Instead, the constraints

for the zero mode, Eq. (F37) and Eq. (F38), after change of
variables, say

Nik A
exp | 220|220y, | ) = ey, (F45)
N2477.'
Ny .
exp | i2x N—E\/EPYO lw) = e|y), (F46)
i

for any physical state |y) in the Hilbert space.

To make things cleaner, define a constant b = \/%:TQ—Z%

We rewrite the constraints above and get
2o/l ly) = eilyr), (F47)

e"PMoly) = ely), (F48)

b b

=2

FIG. 8. Illustration of the zero mode degree of freedom which
generates the degenerate Hilbert space. It is equivalent to the
tight-binding model of a particle on a ring of k equally spaced
sites, with distance b between neighboring sites and total
perimeter kb.

b0,
2r°

and the spectrum of the operator Py € i—ZZ +Z—;}. The
latter further implies that, in the Y, basis, the wave
function has to be periodic with the period kb,
e, w(Yy+ kb) = ey (Y,).

These constraints are very familiar to us. They are
equivalent to the tight-binding model of a single quan-
tum-mechanical particle on a discrete ring of k sites, with
lattice spacing b between neighboring sites and total
perimeter kb. See Fig. 8 for an illustration.

Because Y, does not appear in the Hamiltonian in
Eq. (F43), it is a decoupled degree of freedom with zero
Hamiltonian. Therefore, its Hilbert space is a degenerate
subspace and is direct product to the other Hilbert spaces of
the modes on the band structure.

Because the number of sites on the ring has to be an
integer, we naturally get the quantization of k [otherwise
the discreteness Y, € bZ + % and the periodicity w (Y, +
kb) = ey (Y,) are incompatible] The number of inde-
pendent states in the degenerate Hilbert subspace equals to
the number of sites on the ring. Therefore, we also see the
k-fold degeneracy of states from this analysis.

which implies the spectrum of the operator Y, € bZ +
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