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The quantum simulation of topological phases in (2 + 1)D quantum electrodynamics with Wilson
fermions provides a promising route toward realizing topological phenomena in near-term lattice
experiments. We show that the commonly used staggered-fermion discretizations in Hamiltonian gauge
theories possesses an exact time-reversal symmetry, which forbids the emergence of nontrivial topological
phases and has led to confusion in the existing literature. In this work, we resolve this obstacle by
systematically analyzing fermion discretization effects in (2 + 1)D lattice Hamiltonians of fermions
coupled to U(1) gauge fields that satisfy Gauss’s law. We show that Wilson fermions, already in the
minimal one-flavor theory, naturally enable topological regimes with nonzero Chern numbers, and that the
two-flavor extension at finite chemical potential further enriches the accessible topological structure. We
develop gauge-invariant diagnostics of topological response, including many-body Chern numbers and
current correlators that remain robust probes at weak coupling. Finally, through extensive exact
diagonalization calculations across both flavor settings, we characterize the spectrum, correlators, and
topological invariants, providing a concrete foundation for near-term quantum simulations of topological
phases in lattice field theories. The implications of this work for quantum simulations of lattice field theory
are analyzed in a joint submission [S. Bharadwaj ef al., Companion letter, Phys. Rev. Lett. 137, 191604

(2026).].

DOI: 10.1103/kc9m-xvoh

I. INTRODUCTION

Quantum simulation is rapidly becoming a leading
paradigm for accessing nonperturbative regimes of
quantum field theories, offering a controlled route to
strongly correlated dynamics that remain inaccessible to
classical computation. In this context, (2 + 1)D quantum
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electrodynamics (QEDs) occupies a special position: it
provides one of the simplest interacting gauge theories with
confinement and chiral phenomena, while also supporting
the possibility of intrinsically topological gauge responses
relevant to condensed-matter realizations. Recent progress
in quantum hardware, together with advances in tensor-
network and neural-network representations of gauge-
invariant states, has made Hamiltonian lattice formulations
of QED; a particularly promising target for near-term
experiments. A central remaining difficulty, however, is
to construct lattice gauge models that simultaneously
respect Gauss’s law, faithfully encode fermionic dynamics,
and capture the emergence of topological structure beyond
perturbative continuum arguments. Establishing such a
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framework is essential for turning QEDj5 into a practical
platform for quantum simulation of interacting topological
phases.

An important theoretical challenge in Hamiltonian lattice
QED; is to understand how topological phenomena depend
on the choice of fermion regularization once Gauss’s law is
imposed microscopically. Although staggered fermions are
frequently adopted in quantum simulation proposals, their
capability to realize lattice topological phases has remained
unsettled, giving rise to contradictory claims regarding
Chern numbers and Chern—-Simons physics in (2 + 1)
dimensions. Here we show that this ambiguity has a simple
origin: staggered fermions in the Hamiltonian gauge-
invariant setting exhibit an exact time-reversal constraint
that excludes nontrivial topological phases. We then dem-
onstrate that Wilson fermions provide a natural route
toward topological phases, and that both the minimal
one-flavor formulation and its two-flavor generalization
at finite chemical potential support a substantially richer
topological landscape. This enables a unified characteri-
zation of the resulting topological structure through gauge-
invariant invariants and response functions, including
many-body Chern numbers and current-based correlators.
Together with extensive exact diagonalization calculations
in both flavor sectors, our analysis establishes Wilson-
fermion QED; as a concrete and experimentally relevant
framework for accessing topological response in quantum
simulations of gauge theories.

In this work," we systematically explore the role of
fermion discretization in the emergence of topological
phases in (24 1)D lattice Hamiltonians of fermions
coupled to U(1) gauge fields that satisfy Gauss’s law.
First, we demonstrate that staggered fermions fail to
support nontrivial topological phases, providing a resolu-
tion to the existing confusion in the literature. Second, we
show that Wilson fermions, with both one- and two-species
in the presence of finite chemical potential, naturally
support a variety of topological phases, including Chern
insulator and quantum spin Hall with nonzero Chern
numbers in the weak coupling limit. This analysis provides
a theoretical foundation for constructing lattice gauge
models that accurately encode topological effects in quan-
tum simulations. Furthermore, we analyze current corre-
lators, and show that they are robust probes for the
existence of topological phases at weak coupling.
Finally, we carry out a detailed numerical study for both
the one- and two-flavor cases, including the spectrum,
current-correlators, and the many-body Chern number via
exact diagonalization. Our results offer a crucial step
toward realizing near-term quantum simulations of topo-
logical phases of gauge theories.

"This manuscript provides the detailed analysis and additional
results for a joint submission; see Ref. [1] for a complementary
presentation.

This paper is organized as follows. In Sec. II we establish
the time-reversal symmetry of staggered fermions in (2 +
1)D Hamiltonian gauge theories, which forbids the emer-
gence of topological phases. In Sec. III we introduce the
one-flavor Wilson-fermion Hamiltonian coupled to U(1)
gauge fields and characterize its topological phases via the
Chern number. In Sec. IV we extend the analysis to two
flavors at finite chemical potential and show that this theory
hosts both integer quantum Hall (IQH) and quantum spin
Hall (QSH) effects. In Sec. V we define and compute the
many-body Chern number in the gauge-invariant Hilbert
space and analyze its perturbative robustness at finite gauge
coupling. In Sec. VI we develop gauge-invariant current
correlators as probes of topological response. In Sec. VII
we present our exact diagonalization results for spectra,
current correlators, and the many-body Chern number. In
Sec. VIII, we provide a systematic analysis of truncation
and finite-size effects. In Sec. IX, we discuss the implica-
tions of our work for near-term quantum simulation.

II. TIME-REVERSAL SYMMETRY AND
TOPOLOGICAL PHASES

In this section, we explain the relation between time-
reversal symmetry and topological phases characterized by
a Chern number and highlight an apparent conflict between
the continuum and the lattice.

In the continuum, the theory of a single Dirac fermion
coupled to a U(1) gauge field exhibits the so-called parity
“anomaly,”2 which is manifest in its effective low-energy
Chern-Simons description. In other words, since charge
conjugation is a UV symmetry and charge conjugation,
parity and time-reversal (CPT) is always a symmetry, both
time-reversal and parity are broken explicitly in the
continuum. In contrast, we show below that the lattice
Hamiltonian formulation of a single staggered fermion
coupled to a U(1) gauge field is time-reversal invariant,
implying that the Chern number of the Berry curvature
vanishes. Therefore, the low-energy limit of staggered
fermions is always in a topologically trivial phase with a
vanishing Chern-Simons level.

Consider a theory of (2 + 1)D staggered one-component
complex fermions y, coupled to U(1) gauge fields U, (r)
with k = x, y. We will always treat time as a continuum
variable with space-time signature (4, —, —) and space as
an L x L square lattice with periodic boundary conditions
and unit lattice-spacing. The fermionic Hamiltonian is

()

2 X5y (x| + He.

i
Hs = Z |:§Zr+jgux<r))(r -

T 2.1)

*This is not an anomaly, but rather an explicit breaking. This
terminology is simply a convention (see Chap. 8 of [2]).
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where r = (i, j) labels the sites. The local charge-density
=)
2

operator is defined as Qf = )(i)(, - . Since we are
analyzing the IR physics, we seek an effective Hamiltonian
that correctly models the ground-state of the theory
including the symmetries. In particular, the ground state
must satisfy lattice-translational symmetry, as required by
the continuum limit. Exact diagonalization of small sys-
tems (e.g., L = 4) shows the existence of the following
staggered charge pattern Q;; = Q. ;1. Qf ;1 = Qi
for any site r = (i, j) provided the gauge fields on the links
satisfy U (r) = Ui (r + h) = Ui (r + d), where h = (2,0),
d = (1,1). Hence, we take the unit cell to be spanned by
the vectors {4, d} [3].” In this language, the Hamiltonian is

Hm = mZ[leJV/a,r - l//z_rl//b.r] (22)
1 . . it
HhOP - Ez{l"’“/)'l[’z,r‘l/a,r +ie ld}lph,r—hwa-r
- ei¢4wz,r—h+thl,r + e_iqszwz,r—dy/aqr] + H'C"
(2.3)

where we call the sites a if (i + j) is even or b when (i + j)
is odd. In Fourier space, the total Hamiltonian is

H=> biFa;+Hc +mY [ajay—bib,  (2.4)
k k

where F =
and

%(ieizﬁl Tt ieis 2k _ gittikemiky | gmidatiketiky)

1 . 1 :
_ ik-r _ ik-r
Yia = L Ek e day Vib = I Ek e "by. (2.5)

Decomposing into real and imaginary parts F' = Hy + iH},
with ‘H{ = m, this may trivially be reorganized into (2.6).
Hence, the low-energy Hamiltonian is

ak T s s S 27 ak
HS:Z:(bk) [on““—l—'Hyay—i—Hza](b ) (2.6)

k

where H} = m, and the other coefficients are straightfor-
ward to compute but will not be needed here. Unlike the
two-band Chern insulator model, ! is independent of the
momenta. Hence, there exists a globally well-defined
Chern connection, leading to zero ground-state Chern
number for any m # 0. When m = 0, the theory is gapless.
Stated differently, time reversal symmetry acts as
w(r) = (=)*y(r)", which leaves the Hamiltonian (2.6)

*Note that this is the same pattern reported in [3]. The main
difference here is that we also have a staggered hopping term,
while, in [3], only the mass term is staggered.

invariant. This invariance guarantees the vanishing of the
Chern number in the ground state.

These observations can be rephrased in terms of fer-
mionic doublers. The continuum theory of two Dirac
fermions coupled to a U(1) gauge field is time-reversal
invariant, provided that the two masses are equal and
opposite. On the lattice Hamiltonian side, the staggered
fermion formulation reduces the doublers from four to two
but does not eliminate them entirely. Due to the staggered
mass, these two modes have equal and opposite mass,
making the theory time-reversal invariant. To construct a
time-reversal-breaking Hamiltonian theory of a single
doubler-free fermion coupled to a U(1) gauge field, we
use Wilson fermions. The Wilson term removes all
doublers in the Hamiltonian formulation and breaks
time-reversal symmetry explicitly. This is consistent with
well-known results from the Lagrangian formulation on the
topological phases of Wilson fermions, as we will establish
shortly.

III. TOPOLOGICAL PHASES OF N;=1 QED;

In this section, we analyze the topological phase diagram
of QED; with Ny = 1 Wilson fermion. The Hamiltonian
Hogp, = Hy + H,, + ¢*Hy — & Hp for this theory in tem-
poral gauge is given below

Hg = Zcos B(r)

1 2
Hp = EgEk(r)

H, = (m+2R)> wiry,
r

1

Hy =2 wir(ir* + Ry, Ui (r) + Hel.

r

where the link variables are U, (r) = e*, U, (r) = ¢/’ and
B(r) =X, + 7Y,z —X,,; —Y,. Moreover, we have the
canonically conjugate electric and magnetic fields

[Ei(r), Up(r')] = ey 46, »Ui(r). (3.1)

For future convenience, let us define the lattice derivative
operators:

~

AL f(r)=f(r+k)=f(r) AL f(r)=f(r)=f(r=Fk).
(3.2)

The Gauss-law constraint can be phrased in terms of a local
operator G(r) that commutes with the full Hamiltonian

HQED:;:

G(r) = A E(r) = Q(r), (3.3)
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where Q(r) = wly, is the local charge-density operator.
The simultaneous diagonalizability of H and G implies that
the Hilbert-space decomposes into eigenspaces of the
Gauss-law operator G. Our goal will be to project onto
the zero eigenspace in this decomposition. In other words,
ly) € Hpnys © G(r)lw) =0 forall r.  (3.4)
Averaging over the group of all Gauss’s law operators, we
define a projector P onto the physical Hilbert space H s,
which commutes with the full Hamiltonian. A state
|V/> erhys iff P|W> = |l//>
Since we are interested in quantum simulations, we will
often be interested in Z, truncations of the above gauge
theory. Explicitly, we use an exponentiated form of the
Gauss constraint, defined in terms of G, = eizN_”G(r), of which
L?—1 are independent due to the global constraint. The
group GV
(resp. U(1)2°~1). Hence, we may define the normahzed
projector P onto the gauge-invariant subspace H

(resp G) of Gauss’s law operators is ZN

phys &

1

\/ 16" ggm

Our strategy for the remainder of this section is as
follows. First, we explain why the gauge background is
trivial (i.e. U, =1 for k = x, y) at weak-coupling, and
solve the free-fermion theory, which exhibits nontrivial
topological phases. Second, we uplift this solution to be
gauge-invariant using the Gauss-projector [, which does
not change the spectrum or location of gapless transition
points. Next, we explain why this solution represents the
true ground state in the so-called trivial-flux sector, to be
defined below. In addition, we prove that the topological
phase diagram that we find here is consistent both with the
lattice Lagrangian formulation and the continuum limit. We
close the section with an analysis of time-reversal
symmetry.

P =

G. (3.5)

A. Flux-symmetry at weak coupling

To analyze the spectrum and topological phases at weak
coupling, we identify the maximally commuting part of the
Hamiltonian, which we regard as the ‘“unperturbed”
Hamiltonian H with perturbation H':

H=Hz+H;+H,, H' = Hpg. (3.6)
Since the terms in H are mutually commuting, we may
simultaneously diagonalize the above Hamiltonian.
Furthermore, the weakly coupled limit has an emergent
U(1)* x U(1)” global symmetry that greatly assists in the
analysis of topological phases. In particular, the noncon-
tractible Wilson lines, given by

We=[Jux0  w,=JJu©.5. 67

commute with the
1.€. [Wk,H] =0.

In the discussions to follow, we focus on the trivial-flux
sector defined by (W,,W,) = (1, 1). The ground-state in
this superselection sector exhibits a nontrivial topological
phase diagram, which we show is consistent with the IR
phase diagram in the lattice Lagrangian formulation as well
as the continuum limit. Therefore, in the thermodynamic
limit, the ground state of the trivial-flux sector is expected
to converge to the unique ground state of the continuum
theory (see Sec. VIII).

To show that the flux constraint is compatible with gauge
symmetry, we show [W,;,G(r)] =0 for any r assuming
periodic boundary conditions

unperturbed Hamiltonian H,

[G(x,0), W,]

= Z{ x,0) —
=Z[Ex<x 0). Uy (
P

HU x' 0}
(x,0)] HUxx,O

xX'#x
- 1,0)] JJ U.(x".0) =0,
x"#x—1

(x=1,0),U(x

(3.8)

which vanishes due to periodic boundary conditions. This
argument holds for any lattice size L and both Zy or U(1)
gauge groups provided the gauge fields satisfy periodic
boundary conditions. A parallel argument works for WV,.

B. The Hamiltonian in the trivial flux sector

We take the spatial lattice to be L x L (with periodic
boundary conditions), and each site contains a single
Wilson fermion, which corresponds to two complex
degrees of freedom. In total, we have 2L? complex degrees
of freedom. Explicitly, take ¥ = (w1 1. Wa1, .. WL 1o -
WiLWar,--Wrp) , which is a 2L2-vector. In this nota-
tion, the Hamiltonian may be put in the following form:

H;= YIH Y. (3.9)
Hence, the Hamiltonian H [ is associated to a Hermitian
matrix in real-space Hy of size 2L? x 2L?. Since the above
Hamiltonian, is gauge invariant, i.e. [P, H¢] = 0, the 212
real eigenvalues must also be gauge invariant. In other
words, when this Hamiltonian is diagonalized with a fixed
gauge field configuration
(X7 Y) = {(Xx,w Yx,y)li’j =0,..., (L - 1)}’

we find 2L real eigenvalues E, which are functions of the

(3.10)
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gauge-equivalence classes or orbits [(X, Y)], defined by the
equivalence relation on the gauge Hilbert space Hg

X, V)~ (X.,Y)e 3GeG:|X,Y) =GX,Y). (3.11)
Written explicitly, we have
E5,([(X.Y)]) = E5,(X. Y). (3.12)

Hence, to solve for the ground-state in the trivial-flux sector
with W, =[], e®0 =1 and W, =[] e =1, we
simply need to identify one representative (X*,Y*) of
the gauge-orbit [(X*, Y*)] which minimizes the fermionic
energy at half filling. Once such an element is identified,
we can easily reconstruct the gauge-invariant solution
Pl Y ® X, 7))

In the following sub-subsection, we present an argument
to show that this representative may be chosen to be
(X*,Y*) = (0%, 0") provided we restrict to the superselec-
tion sector of H labeled by (W,,W,) = (1, 1). We empha-
size that this is a valid choice at weak-coupling because
W,.H] = [W,.H] =0, where H=H;+H,—%Hp.
For larger couplings, this approximate symmetry does
not exist because [Hg, Wy # 0 is no longer small. This
argument is exemplified in the simplest possible setting of a
2 x 2 spatial lattice with Z, gauge fields. We have verified
the correctness of this choice for larger systems L = 4, 6 as
well as higher truncations N =3, 4. In the final sub-
subsection, we use this gauge choice to rewrite the
Hamiltonian in momentum-space, which allows us to
compute the fermionic ground state and hence characterize
topological phases.

1. Details on the 2 x 2 case with Z, gauge fields

The gauge-parts of physical states are labeled as
|X11,X21,X12,Xa2;Y11,Y21,Y12,Y22>, where X, '™ €
Z, = {—1,+1},” which may be regarded as eigenvalues in

|

0 M+ (M)
1| M3+ () 0
2| M@+ (M) 0

0 M2+ (M3)T

where W = (w11, W21, W12, W), Hr = Hiop + Hinass and

Hrnass = (m + ZR)TT[]M ® 63]‘{1'

“Note that we have moved to a convention where X

Xy

the Pauli-Z basis. The Gauss constraint may be phrased in
terms of the exponentials G, of the operators G(r),
represented by Pauli-X operators (the superscript denotes
the orientation of the links):

X X ) —imy! i
Giy = (09 (@) (0")) (0")P e ™. (3.13)

ij-
The group of Z,-Gauss’s law operators G2 is generated by
(L? — 1) of the Gauss’s law operators, since the last vertex
imposes a redundant constraint. Hence, we have

G@ = <gllvg]2’g2]>
= {ﬂ’gllsngvg21»gl]gl%gngzl’g]lgzlsgllg12g21}
EZZ XZZ XZz. (314)

This will be crucial for diagonalizing the real-space
Hamiltonian Hjy in (3.9).

As previously mentioned, we can only determine a set of
gauge configurations that minimize the fermionic energy
up to the equivalence relation (3.11). This may be explicitly
confirmed in the 2 x 2 Z, case by looping over all allowed
gauge configurations, which yields a set of 8 gauge
configurations that are related precisely by elements of
G —all of which minimize the energy of the fermionic
ground state. Explicitly, label the sites by pairs r = (x,y)
with x, y = 1, 2. It is convenient to define

M, = y°(iy* + R1,), M, =iy + R1,).  (3.15)
Furthermore, we define

U,(x,y) = eXw Uy(x,y) = e (3.16)
and =M e™o My" = Myes>.  The hopping

Hamiltonian, including contributions from the Wilson term,
Hhop 1S

M+ (M) 0
0 M3+ (M)
0 M2+ (M2 (3.17)
MP + (M) 0
(3.18)

Y,, are 0 or 1 since the gauge group is Z,.

094502-5
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Since we are interested in the weak-coupling limit, where
e? - 0, it is crucial to include the kinetic term for the
magnetic field

1 1
_?Hmag =-= [cos(z(Xa) + Yoy = X1 = Y12))

+cos(z(Xp + Yo — X0 = Y3y))
+cos(m(Xip+Ym —Xo1 = Y12))

+cos(n(Xyp + Yo — Xp1 — V)] 15. (3.19)

The role of this term is to penalize those plaquettes that do
not satisfy cos B = 1, since they are suppressed at weak
coupling. For a Z, gauge theory, the electric term may be
dropped since it is O(e?), while the magnetic term above is
O(e™?) and the fermionic terms are O(1).” Stated differ-
ently, we are restricting to the unperturbed problem
H=H;+H,—%Hp

Lastly, we project to the trivial flux sector where
W, = W, = 1. This is valid as we are in the weak coupling
sector, where these operators commute with the
Hamiltonian H. Diagonalizing Hpy this Hamiltonian by
looping over all 2% gauge-configurations, we find that the
following 8 gauge-states are “degenerate” [in the sense that
gauge-redundant due to the equivalence relation (3.11)] and
minimize the fermionic energy for any value of (m + 2R):

{100000000),
111000101),

00001111),
11001010),

00110101),
11110000),

00111010,
1111111},
(3.20)

It is straightforward to verify these eight elements belong to
a single gauge-orbit and are related by the eight elements of
G® = (Z,)? in (3.14). Hence, in the ground state of the
trivial flux sector, one may set the gauge fields to zero up to
gauge transformations. With the above understanding, we
may pick a gauge where X, = Y, = 0 since the spectrum
itself is invariant under gauge transformations of this
configuration.

We have verified this finding for L =4,6 and N =3, 4
with a similar approach, but do not spell out these examples
here for simplicity. We emphasize here that this gauge
choice does not trivialize gauge-dynamics, as we eventually
also incorporate the effects of the perturbation Hy, which
does not commute with H or W,. However, at this stage, in
the weak coupling limit, the gauge fields and fermions
decouple up to gauge transformations, which allows for an
exact solution.

>This heuristic holds only when the theory is gapped.

2. The L x L case in momentum space
Having fixed the gauge-background (X*, Y*) = (0, 0F)
in the trivial flux sector, we now use the Fourier transform
of the fermions to rewrite the Hamiltonian, which will
allow us to solve for the ground-state in the trivial-flux
sector at weak-coupling. Explicitly

1 .
LI 321
v \/Nze Vi ( )

keB
where B3 is the Brillouin zone. This implies

1

_ ¥ ¥
Hy = EZ[ oMy + v My, ] + He.

r

1 . .
=5 > wile ™M, + e M, + Hely.  (3.22)
k

Decomposing M, and M, into the Pauli matrices, we get
three distinct contributions

H,=sink, H,=sink, Hgl):Rcoskx—}—Rcosky.
(3.23)

The mass term takes the following form:

H, = (m+2R)Y wloy, = (m+2R)> wiocy;.
r k
(3.24)

which gives a second contribution to the z-component

HP = (m +2R)o", (3.25)

where we now define H, = HY + HP . To summarize the
Hamiltonian in momentum space is

H = ZWIEH(]CX’ k}')‘/’k? (326)
k

with H(k,., k,) = H,6* + H,0” + H,c°. From here on, let

us define M = m + 2 and set R = 1. Then we have

H. = M + cosk, + cosk,. (3.27)

This derivation and the argument for setting the gauge
fields to zero up to gauge transformations fill the missing
link between the low energy limit of Wilson fermions
coupled to a U(1) gauge field and the Chern insulator

Hamiltonian suggested in [4]. In fact, H is simply the
Qi-Wu-Zhang model [5] in condensed matter.
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C. The unperturbed trivial-flux spectrum

The Hamiltonian may be diagonalized by a unitary
transformation
H(k) = Uk) T HP) (k)U(k), (3.28)

where H(P) = diag(E_(k), E,(k)). It is convenient to
define

- Vi
m=uww= (") 6
Vit
Then the Hamiltonian takes the simple form
H= Z[E— (k)ll/z_ll/k— + E+(k)l//1t+‘l/k+]’ (3.30)
k
where Ey (k. k,) = £1/H2 + H} + H? = £[H|, viewing

H = (H,,H,.H,) as a vector. The band gap between the
two levels is

A(ky, ky) = E, (ky, ky) — E_(k.. ky) = 2[H|.  (3.31)
The eigenstate for the lower band is
1 H. —|H|
My = ‘ , 3.32
== R (HeriHy) (3:32)

which is singular when H, = H, = 0 and H, > 0 (N/|_ is
a normalization constant). This occurs when

(kpxkyy) = (pm.gm) with p,ge{0,1}  (3.33)

and

He(Kpyogy) = M+ (=1)7 + (=1)9> 0. (3.34)

At this singularity in the Brillouin zone B, we must use an
alternative eigenstate that is nonsingular and gauge-equiv-
alent to ), i.e.

1 (H,+iH, A
@y — x T ) = eit-leeky) |y (DY (3,35
) = 5= (G 1 ) =€) (339
where N\, is a normalization constant and
, H, + |HI\ | H, + [H||™!
ih-lkeky) = (2 : 3.36
¢ <Hx+iHy)’Hx+iHy (3.36)

This wave function is complementary in the sense that it is
singular when H, = H, = 0 and H, < 0. An analogous
expression exists for A,, but we will not need its
explicit form.

The fermionic vacuum-state |f) is represented as

L-1

)= @wi @)= & |u_(kym)):
keB

n,m=0

(3.37)

with |@) being the state with no particles and %, , =
(2zn/L,2am/L) where n,m=0,1,....,(L—1). In
Eq. (3.37), the subtlety regarding whether we use u'!) or

u? is left implicit.

D. Calculation of the Chern number

To characterize the IR topological phases, we use the
first Chern number of the following U(1) connection and
curvature (not to be confused with the gauge field)®

al” = —i{uoy |ul),

; b; = (Vxa?), (3.38)
A few comments are in order.

(1) When the mass M > 2, infzH, > O for any choice
of the momenta and the |u(?)) is globally well
defined: this phase is topologically trivial.

(2) Similarly, when M < =2, supgH, <0 for any
choice of momenta and |u)) is globally well
defined: this phase is topologically trivial.

(3) On the other hand, when |M| < 2, we expect to see
topological phases with nonzero Chern numbers
since the two eigenstates |u1-?)) are patched together
by the nontrivial gauge transformation A.

To identify the topological phases, we note the following

sign structure for 7, at the singular points (k.. k,,).

(1) H (koy. koy) = M +2 > 0 for any M > 2.

(2) H,(kiy, koy) = H (koy. kyy) = M > 0 if M > 0.

(3) H (ks ki) =M —2>0 for any M > 2.

Using the above inputs, we may evaluate the Chern
number. For any —2 < M < 0, we must use the eigenstate
u® in a neighborhood of the (p, ¢) = (0,0) point, and u!")
in its complement in 5. Calling the common boundary
contour ¥, the first Chern number of b is

b1 2
b= [ Lo [y :/_
cilb] g2r  2&m y( @’ +a) , 2’

where we have used Stokes’ theorem, and the fact that the
two connections differ by the gauge transformation A.
Parametrizing the curve y by an angle 6 € [0, 2x],

(3.39)

2(27) = 2(0)

Cl[b] = o

(3.40)

Supposing that y is a small loop around (k,, k,) = (0,0),
we Taylor expand as follows:

®Note the independence of b on the index ¢, which follows
from U(1) gauge-invariance.
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Ho =k, +0(B),  Hy=k,+O0(3). (3.41)

Since (3.39) is manifestly coordinate invariant, we are free
to evaluate it in any choice of coordinates. Hence,

| He+iH| kg ik
M.+ iH,  k +ik,

il

+O(R) = e+ O(k2),
(3.42)

where we have switched to polar coordinates (k, 9). This
yields 4 = —0. Hence,

c1[b] = -1 forany M e (-2,0). (3.43)
For any 0 < M < 2, we must use the eigenstate u'!) in a
neighborhood B of the (p,q) = (1, 1) point in B, and
u?) in the complement. The above argument applies except
that the orientation of y since we take it to be a circle around
the (p, g) = (1, 1) point rather than the (0, 0) point. Hence,

c1[b] =+1 forany M €(0,2). (3.44)
In summary, the first Chern number is
) -1, if Me(-2,0)
o [b] :/2—: L i Me(0.42)  (3.45)
7
b 0, otherwise.

In terms of the many-body fermionic solution |f,) subject
to the gauge background |g) = ®|U,(r) = 1), the gauge-
k,r

invariant solution is P|f , g), which has the same energy as
|fg-9) since [H,P] = 0. Real space diagonalization on
small lattices shows that U, = 1 (see Sec. III B 1) in the
vacuum up to gauge-equivalent configurations related by
Gauss’s law provided: (W,, W,) = (1, 1) and we include
the plaquette term —-1 >~ cos B(r) at weak-coupling. In
fact, the (1, 1) sector contains the true weak-coupling
vacuum in the thermodynamic limit.

E. Consistency with the lattice Lagrangian formulation

In this subsection, we establish a relation between the
vacuum Chern number that we have computed in the
Hamiltonian formulation (i.e. with time being continuous
but space being discrete) with the Chern-Simons level
obtained in the Lagrangian formulation (i.e. with both time
and space discrete) [4,6]. We find full agreement with
Fig. 1, including the locations of the transitions at
M = 0, £2. Starting with the Chern-Simons level derived
in the Lagrangian formulation with spatial lattice spacing a
and time lattice-spacing a,, we consider the limit a; — 0,
derived in Eq. (2.9) of [4]. In our conventions with a = 1,
this equation reads

ci[b] = +1 i

' ' [l
0.5 ' ' [l
' ' [l

2 TRvAL TRIVIAL
E 0.0 | ————p 1 —_
. g :
-05 E
1.0 F———————— E
cq[b] = -1 :
-15 E : E
-3 -2 -1 0 1 2 3
Shifted mass M =m + 2R
FIG. 1. Chern number (solid black line) vs the shifted mass M
for R = 1. The pink regions are trivial insulator phases, the
orange one has ¢ [b] = —1, while the yellow one has ¢, [b] = +1.
1 o m J,m+2  mT =
c(m,ap) == |(=)’—=+(-)"|2 + “]
man =3[P+ O P =
m+4] " T m+2+ 2
0
;M +24 %
+ (=) - 3.46
=) |m+2+ %J (3.46)
Using M = m + 2, we have
1 M-2 M M+2
li M,a, == 22—t —
(M. a.a0) =3 [|M—z| ]+ |M+2}
0, M < =2
+1, Me(-2,0
= ( ), (3.47)
-1, Me€(0,2)
0, M > 2

which reproduces ¢, [b] (up to an arbitrary sign that is fixed
by the orientation of the integration contour). This can be
summarized as

c1[p] = =limc(m, a, ay). (3.48)

ay—0

This confirms that the topological phases that one obtains in
the deep IR from the Lagrangian formulation agree with what
we find using the Hamiltonian. Importantly, the topological
transition that we have at m = 6 for a; # 0 in the Lagrangian
formulation disappears. Satisfactorily, we can match the
Lagrangian answer with the full continuum limit. For this
purpose, we restore the spatial lattice-spacing a.
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(m. .0) 1[m m+%  m+3
c(m,a,0) == |— —
2{fm| lm+Z[ 0 Im+ k]
a—0 1 O, m>0
a0l (ﬁ_ 1) _ { . (3.49)
2 \|m] -1, m<0

This is precisely the Chern-Simons level for Pauli-Villars
regulated (2 + 1)dU(1) gauge theory with N, = 1 Dirac
fermion and negative Pauli-Villars mass.

F. Time-reversal symmetry

In this section, we analyze the time-reversal transforma-
tions of a single Wilson fermion coupled to a U(1) gauge
field. Since the gauge kinetic terms are invariant, we restrict
our attention to the fermionic terms. We take the antiunitary
time-reversal operator to be

T =io’K, (3.50)
where K is complex-conjugation operator. Under 7 -trans-
formations, (k,.k,) = (=k,,—k,), y* = —y*. Since we
work in the temporal gauge and the spatial components
of the gauge fields have the same transformation as the
momenta, i.e. (X,Y) - (=X, —Y), and hence do not play a
role in this discussion.

For the purposes of this discussion, we may write the Dirac
and Wilson parts of the Hamiltonian in momentum space as

Hp = y°(y' sink; + m) = o' sin k; + mo*

Hw = R(2 + cos k, 4 cos k,)o°. (3.51)
Then we have
TTHDTZGi sinki —mGZ, TTHwT: —Hw. (352)

To summarize, 7 effectively maps (m,R) — (—m,—R).
Hence, the Ny = 1 Wilson fermion theory explicitly breaks
time-reversal symmetry, allowing for topological phases
characterized by an integer Chern number.

IV. PHASE DIAGRAM OF N;=2 QED;

We consider the topological phase diagram of the two-
flavor theory as a function of the masses, both at zero and at
finite density. The gauge-kinetic contribution and arguments
for fixing the gauge at weak coupling to U, = 1 isidentical to
what we have previously described for the Ny = 1 case (see
Sec. III B 1). Hence, to analyze the phase diagram, we need
only analyze the fermionic terms. At zero chemical potential,
the fermionic Hamiltonian with N, = 2 flavors coupled to a
U(1) gauge field and relative chemical potential /47 is

"For the N; =2 phase diagram at zero density, see Fig. 21.

1

Hy = EZ[wa(r)WO(in + Ry (r+ k)Ui(r) + He]

+ > My (1) Pwa(r) + ulwiv —wivs),  (4.1)

where a = 1, ...,Nf. In the second line above, we have
implicitly included the dependence on the Wilson couplings
inside the shifted mass-matrix M, = m, + 2R (wesetR = 1
here). We will focus on the following special cases: M| =
M, = M (only a singlet mass) and M| = —M, = M (only a
triplet mass). We focus on the theory at half-filling, defined by
25 >, Wa(r)Tw,(r) = 5. The average occupation fraction
fa(u, M) at half-filling serves as an indicator for metal-
insulator transitions with

Fuli M) = 515 S O D) (42)
keB

where >, fa(u, M) = 1.

A. Calculation of Chern number

1. Singlet mass

Since the structure of the unit cell is independent of the
matter content, the Hamiltonian in Fourier space is
H(k) = H,I* + H I + H, I + puo* @ 1,, (4.3)
where I* = 1, ® " and the functions 7, (k) are as defined
for the Ny = 1. The eigenstates of Hcyy, are simply those
of %: {|1),]{)} corresponding to the energies +u. On the
other hand, the eigenstates of H are simply given as tensor-
product states |s,uy) with s =1, ]. As before, we still
have a gauge-ambiguity in the global definitions of u. (k).
The corresponding energies of the four bands are given by
E(u, k) = +p = |H(k)|, where the two choices of sign are
independent. To map out the IR phase diagram, we need to
know the structure of the vacuum at half filling (see Fig. 18,
Appendix C,). In either regime with |u|> sup|H| or
|u| < inf |H|, the vacuum is gapped at half filling. From
the eigenvalues, we see

8 [bou-(k) @ Lo (K). > sup 7
0= 8 bu-(0)®1u (k). |l <inf|?]
@ |11, (0) @ [1.u_ (k). < —sup[H].
(4.4)

All of these regimes correspond to distinct gapped phases.
This can be made precise by studying the vacuum expect-
ation value of the average occupation fraction f,(u, M) as a
function of u for a fixed mass M. Figure 2 shows three
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Occupation fraction

- s T s .
Relative Chemical Potential p/

FIG.2. A plot of the average occupation fraction f, vs u, where
a = 1 corresponds to 1 (red) and a = 2 corresponds to |, (blue).
The purple segment in between corresponds to the regime where
they red and blue coincide. Clearly, as we tune the chemical
potential, the theory is driven to different phases. This plot was
produced for the N, = 2 theory with equal masses M = —1.2 on
a 32 x 32 spatial lattice.

distinct insulating gapped phases (blue, yellow and green)
separated by two metallic gapless (gray) crossover regions.
The gapped phases may be topological or not: there exist
integer IQH phases for the singlet case and QSH phases for
the triplet case (see Fig. 3). Repeating the analysis of Fig. 2
on various slices, we obtain the full phase diagram
displayed in Fig. 3. In the absence of a gauge field, the

4 . o
N TRIVIAL L
N0y e
. %
> .
3 2|3 2t J
g S GAPLESS S
L8 S P’
o TRIVIAL . " IQH -7 1QH % <" TRIVIAL |
g 0.14) 5 (214) L (2,18 oS0 (01Y)
< ," ‘\ "' \\ ," \\
= . R
g L, GAPLESS .
[9] A .
o -2 A S

,° TRIVIAL .
F on 9

-4 ' 2 0 ' 2 4
Singletmass M

FIG. 3.

triplet mass case with u =0 reduces to the Bernevig-
Hughes-Zhang model in condensed matter [7].

We now evaluate the Chern number using the methods
laid out in detail for the Ny = 1 case in various parts of the
full phase diagram, which was obtained by patching
together a series of slices that look like Fig. 2. This will
give us a full understanding of the topological phase
diagram in the (M,pu)-plane, as summarized in Fig. 3.
An analysis of the order of the metal-insulator transitions is
considered in Appendix B.

Let us first begin with the blue and green regions, of
which it suffices to consider one. We focus on the green
region in Fig. 2 exclusively, where the vacuum is

0) = @ [bu-(k) @ [Lu (). (45)

We find that the Chern number of the vacuum in the green
regime is always zero

1

ﬁcgreen = Cl[b] - Cl[b] =0, (46)

corresponding to u_ and u_ respectively (since the total
Chern number of the two-band model is zero). However, if
M| < 2, each term is nonzero since c¢[b] # 0: this is a
trivially gapped phase. The same logic applies to the blue
region in Fig. 2, with the only distinguishing feature being
the sign of the flavor spins.

In the intermediate gapped phase (which exists for
0 < |[M| < 2: the yellow/orange regime in Fig. 3), the
vacuum is given by

4 S, >
S, TRIVIAL Lo
.. (0,000 -
By l .
R ','
s .
2 2y .
S . A
k< . GAPLESS #
) . i
K] TRIVIAL *, ,-“QSH *, ,-“QsH * ,-° TRIVIAL
€ 0 (0,00 < (-1,1,00 3¢ (1,-1,00 ¢ (0,0, 0)
& AR T 1) R M gy
£ A4 S, A R, y N
> 4 .
£ GAPLESS X
ko) A N
o -2 e 3
l,,' ‘\\
,*" TRIVIAL .
a (0,0,0) S
g T b
-4 > .
-4 -2 0 2 4
Tripletmass M

The phase diagram of Ny =2 Wilson fermions coupled to a U(1) gauge field for singlet (left) and triplet (right) mass

configurations at weak coupling. In the left figure, the pairs are labeled as (¢, [], (s)). In the right figure, the triplets of Chern numbers
are labeled as (cy. ¢, ¢or). Here, “1]”” denotes zero average spin. The diagram highlights the existence of IQH phases for singlet masses
and QSH phases for triplet masses. This plot was produced on a 16 x 16 lattice using the analytical solution, which allows access to

large system sizes.
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0) =

(k) ®

_(k)). (4.7)
Following the same logic as above, we have

| —2, orange

7 (4.8)

Cyellow/orange = [b} +c [b] =4q +2, yellow

0, otherwise.

The compensating sign comes from the flavor-spin part of
the wave function. Therefore, the yellow/orange regimes
exhibit the IQHE but is a trivially gapped phase or metal
otherwise.

There is a subtlety in the preceding discussion. There are
two distinct notions: singular points of the wave function
and points in the parameter space where theory becomes
gapless. In the case of N = 1, these two notions coincide,
i.e. the wave function was singular precisely where the
band gap closes. But these two notions no longer coincide
for Ny = 2. There exist points u. where the Chern number
does not jump since we do not encounter a singularity of the
wave function but the gap closes as we dial 4 — u, and we
transition from a metallic to an insulating phase. This is
possible because the wave function is independent of u,
while the eigenvalues depend explicitly on u. Physically
speaking, the Hall current in the metallic phase is negligible
due to large ordinary electric current parallel to any
infinitesimal applied electric field. Therefore, while the
Chern number does not jump across a metal-insulator
transition, it loses any physical meaning in a gapless phase.

2. Triplet mass

With the same assumptions on the unit cell as before, we
have

N T
H= Z("’l( )> [H.I* +H,IY + H.0° Q 6°
k WZ(k)

(4.9)

Define |u$)(k)> = |uy(k,sm,sR)) with s =+ (corre-
sponding to s = 7, |) denoting the flavor ¢° eigenvalues,
respectively. The eigenvectors that diagonalize the
Hamiltonian are

{4, (), 11, ul (k) 3, (4.10)

which  correspondingly  have eigenvalues

{—ﬂi./H2+H2+H§,+ui./H2+H2+H2} As

for the case of a singlet mass only, we have three distinct
gapped regimes

(k) @ [4, 47 (k). > sup|H|

0) = ® 1 uI) @ [Lu (). |ul < inf |74
® [1.ul7(0) @ 1.4 (1), <= sup .
(4.11)

As before, we carry out the analysis of the occupation
fraction as a function of the triplet mass and chemical
potential. Since this plot is analogous to the preceding case,
we summarize the results in Fig. 3.

Consistent with our analysis of discrete symmetries on
the lattice and the continuum, we find that the total Chern
number is always vanishing. The interesting twist lies in the
orange and yellow regions. Although the net Chern number
vanishes, the Chern number for the spin-up/spin-down
particles is not zero. In these regions, the Fock vacuum is

0) = ® [1.ul (k) ® [L.ul (k). (4.12)
keB
Then, we see that ¢y = ¢ [b]| ) = —c| = —c1[b]|_y.»

where |,, denotes the value of the Chern number at mass
M. Therefore, the net Chern number in the orange/yellow
regions is zero, but the spin-up and spin-down Chern
numbers are not. In a insulating system with edges, this
would give rise to the QSH, where in the insulating bulk the
Hall conductance and Hall currents vanish, but there are
edge currents due to the equal and opposite nonzero Chern
numbers of the spin-up and spin-down particles.

B. Time-reversal symmetry

For the theory with equal masses and Wilson couplings,
we simply have two copies of the Ny = 1 Hamiltonian,
which are both not 7 -invariant. Hence, this case breaks
time-reversal symmetry, and indeed has phases with non-
zero Chern numbers.

On the other hand, the case with (m,R;) = —(m,, R,)
can be shown to preserve 7 -symmetry. We start with the
Hamiltonian in momentum space

H:Hxﬂz ®0x+Hyﬂ2®Gy

+ @ [m; + R;(2 4 cosk, + cosk,)]e®.  (4.13)
j=12

Acting with  7: (m,R;) = (—m;,—R;) and
(my,Ry) = (—my, —R;). This transformation leaves the
theory invariant if and only if

T
Wiy (4.14)
This theory is, therefore, 7 -invariant provided we swap the
two fermions and focus on equal and opposite masses and
Wilson couplings. Hence, the Hamiltonian for the triplet
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case may be concisely written as

H=H1,Qc" +H,1, @’ +H,0°®c". (4.15)

V. THE MANY-BODY CHERN NUMBER AND
PERTURBATIVE ROBUSTNESS

To discuss the stability of the topological response under
deformations like Hpg, it is convenient to introduce the
many-body Chern number defined using twisted boundary
conditions [8,9]. On an L x L torus we impose twists
0 = (6,.0,) €[0,2x)%, so that translating a charged field
around the x (resp. y) cycle produces a phase s (resp.
e'%). Equivalently, @ may be viewed as a flat background
U(1) gauge field threading the noncontractible cycles. For
each 6, we denote the gauge-invariant ground state by
lwo(6)), assumed to be nondegenerate and separated by a
finite many-body gap for some M.

The associated Berry connection on the twist torus is

A(0) = iyo(0)|9g, [wo(0)),  ke{x.y}, (5.1
with Berry curvature
F.y(6) =0y A,(0) - 09}_Ax(9). (5.2)

The many-body Chern number is the first Chern number of
the ground-state line bundle

1
C=_—

- (5.3)

2n 2r
e, / dG},ny(B) ez,
0 )

and in gapped phases it equals the quantized Hall response
(in appropriate units) [8,9]. For later use (and to avoid
gauge choices for |y,)), one may equivalently write [9,10]

i 2z 2z
=— do do,Tr(P(0)|0
o [, [ areceio)

where P(0) = |wo(0))(wo(0)] is the ground-state projector
(or, in the presence of a protected r-fold ground multiplet,
the rank-r spectral projector onto that multiplet).

b, P(0).06,P(0)]). (5.4)

A. Relation to momentum-space Chern number

To understand the connection of C with ¢;[b], we
proceed by fixing the gauge |gy) = |Uy = 1) as we did
in the preceding sections, but with twisted boundary
conditions for the fermions, i.e.

w(r+LE) = e Ory(r)

where £ = x,y. (5.5)

Then the gauge-invariant ground state is

5 M) ® lhlan)

(5.6)
|G heG

lwo) = P[f2 . g0)

where the state |f9) is fermionic Fock ground state solved
subject to the gauge configuration g with twisted boundary
conditions characterized by 6. Observe that the gauge-ket
does not depend on 6. Hence, we obtain

|@|Z 00) 19610 g0)-

heG

(Woldglwo) = (5.7)

For each heG, the (local) gauge transformation of
fermions is

ap(r+LE) = a,(r)(¢ = x,y),
(5.8)

hy (r)h' = e Oy (r),

so that & is independent of @ and preserves the twisted
boundary conditions w(r + L¢) = e %y (r). Gauge
covariance of the Wilson-Dirac operator then implies that
the fermion Hamiltonian in the background h(g,) is
unitarily equivalent to that in g, at the same twist 6,
H{[h(go)] = hH[go] . (5.9)
Consequently, the many-body occupied-band Fock projec-
tor satisfies
P2[h(go)] = hPZ[go]h". (5.10)
Rather than working with the Berry connection (which
depends on the phase convention for |f' §>), we use the
gauge-invariant expression for the Berry curvature in terms
of PY[g],

Fy[9)(0) (5.11)

= iTr(P? [g][0, P[g], 00, P2 [9]))-
Using (5.10) and cyclicity of the trace, we immediately
obtain

ny[h(g())](g) = ny[g()} (6) vV heG. (512)

In words: every gauge transform A(gg) yields the same
Berry curvature as g, at fixed twist. Therefore all terms in
the group average contribute identically at the curvature
(and hence Chern-number) level, and we may evaluate the
many-body Chern number using any single representative
of the orbit.
Since the fermionic ground state in each background is
nondegenerate, then (5.9) implies
o) = € OnIfG), (5.13)
for some phase y, (). Since h is f-independent, the Berry
connections satisfy
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i<fz(go)|09k |fZ(go)> = i Zo|06k| §0> + aak)(h(e)a (5.14)
so they can differ only by a pure gauge term. This term
drops out of the curvature and hence cannot affect the
Chern number. In other words, up to pure-gauge terms

(woldglyo) = ( §0|06|fgo>' (5.15)

To calculate the above, we use the following Fourier
expansion

—id0-r
_¢er ik-r
W, = e*ryy, (5.16)
T2
where the momenta satisfy
2zn 2mm
kpm = (keky) = —,—— . 5.17
= k) = (P12 s

where n,m =0,...,L — 1. Substituting this modified
Fourier transform into the Hamiltonian, we obtain the
modified Hamiltonian Hy(k) = H(k — 0) which gives

uh(90) (2”_" _b 2”_’”_@) > (5.18)

% _
i) = ® T A

n,m

The above expression may be further simplified using the
definition of the state y:

i Ll 0
= do, Ky =~
C 275";075 <u<m L)

The evaluation of these integrals requires some care as the
singularities in the wave functions occur at different values
for each term in the sum. Let us evaluate the integral for
fixed (n,m), and then sum over n and m. We notice that
there is a singularity whenever

(5.19)

1 2nn 2mm
Lo (2

L
for any p,q€{0,1}. To evaluate the integral, it is con-
venient to change linear change of variables

- qﬂ) (5.20)

gn,m = (gxn’ eym) = (— R
This changes the summand in (5.19) to

f dén,m <M_ (gn,m) |69n,m

Ynm

u_(Om)).  (522)

Using the periodicity of the integrand, we note that each
term above evaluates to ¢ [b], which gives

C =c[b]. (5.23)
Hence, the many-body Chern number at weak coupling is
simply ¢, [b].

B. Robustness under deformations

As before, we split the Hamiltonian at fixed gauge
coupling > > 0 as H = +H'

1
H:Hf‘i‘Hm_gHB, H/:ezHE, (524)

where Hy and H carry no explicit powers of e2. To make
the robustness statement precise, we introduce an inter-
polation parameter s € [0, 1] and define

1
H)(0):=H(0)+ sH' = H;(0) + H,, — < Hp+ se’Hp.

(5.25)

Let P(*)(@) denote the ground-state spectral projector of
H')(0) in the physical Hilbert space. If there is a uniform
many-body gap along the entire path

Amin := inf inf (E1<0, S) - Eo(g, S)) > O,
s€[0,1] 0eT?

(5.26)
then the ground-state (or ground-subspace) spectral pro-
jector P©*)(@) varies smoothly with (s,6). A convenient
formulation of this smoothness is provided by quasiadia-
batic continuation: as long as the gap (5.26) remains open,
one can construct a continuous family of (quasilocal)
unitaries U(s) that transports the ground-state subspace
along the path, so that

PY(0) = U(s;0)PO(9)U (s;0), (5.27)
which in particular implies smooth dependence of P'*)(6)
on the parameters [11,12]. In this case the Chern number
computed from (5.3) is constant as a function of s:

(5.28)

is independent of s as long as (5.26) holds. Equivalently,
the integer topological invariant cannot change under a
continuous deformation that preserves the gap; any change
of C requires a gap closing (or a change in the rank of the
ground projector) somewhere on the twist torus [9,10].
Defining the full invariant to be the Chern number of the
complete Hamiltonian

Crun = C[H(l)]’ (5-29)

the above implies the desired equality
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Cran = C[H“)} = C[H(O)L (5-30)

i.e. turning on the electric term e’Hy from s =0 to s = 1
does not change the many-body Chern number provided
the many-body gap remains open for all twists. For
numerical evaluation on a discrete twist grid, we use a
gauge-invariant lattice formula for the Berry curvature,
following Ref. [13].

VI. PROBING TOPOLOGICAL PHASES WITH
CURRENT CORRELATORS
A. The case of Ny= 1 flavor

Consider the gauge-current operator with k = x, y

6
SlogU(r)

. 1
= w(r) My (r+ kU= > Us+He., (6.1)
(r.k)ed

Ji(r) = H[U]

which is the lattice counterpart of the continuum Chern-
Simons current. Note that the second term comes from the
Hp and the sum runs over those plaquettes that contain the
link k£ with base point r. Since the plaquette contribution is
simply an additive constant (for a fixed e?) in the trivial-
flux sector, we may simply drop in the following calcu-
lation. This indicates that fermions and gauge fields
decouple in this weakly coupled sector.

Since we are working in the gauge choice of Sec. III B,
we may consider the correlation function of J;, with
U, = 1. To compute this correlator, it is convenient to
write the Fourier transform as

W) =7 Sy (k) = S U (62)

keB keB

where W is the basis in which the free fermionic
Hamiltonian is diagonal. In this basis, the current operator
is

—ipr ) eiq~(r+lA<)
Up M) |

v, +Hec.

(6.3)

We wish to calculate the expected value of this operator in
the Fock vacuum, given by

0) = & v |2). (6.4)

To achieve this, we compute the momentum-space two-
point function with s, s’ € {£}:
/()]0)-

(Ol (p)Tw, (6.5)

Consider

we(9)]0) = {wy(q), wi(Q)}ngw_(kﬂ@

- ®y_(h)'@). (6.6)
q'#q
Likewise, it follows that
Olys(p)" = 6,- ® (Blw_(p"). (6.7)
P'#EP

It is clear that whenever p # ¢, the momentum-space two-
point function (6.5) vanishes by the definition of the empty
state |@). Putting it all together

+ H.c.

3 U(p)MU(p)T]~er*

{0k (r)|0) = 2 (6.8)

pEB

The above expression is trivial to evaluate with the aid of
computer algebra, but not particularly illuminating to
display here for general L. Importantly, the above expres-
sion has the property that it is nonzero precisely when we
are in a topological phase. For clarity, we spell out the case
when L = 2, which gives four contributions—see Table. 1.
This implies

1sign(m+2) 1 M+2
0l (r)]0) = (=) 5221 4+ 202
O l0) = (—y==2 1+ T2
I=sign(M=2) 1 M - 2
+0) “ N

|M| < 2 (topological)
|M| > 2 (trivial).

-1,
= 6.9
Hence, J; serves as a robust marker of topological

phases—exactly as the continuum Chern-Simons current
obtained after integrating out a massive Wilson fermion.

B. The case of Ny =2 flavors

The fermionic contribution to the gauge current operator is

6H ,[U] . A
Ji(r) = —"——= fM U k) + H.c.
k(r) 510gUk(l’) Wa(r) k k(r)WG(r+ )+ c
(6.10)

TABLE 1. Summary of contributions to (J,) for L = 2.

(kg ky) Contribution to (0|J,|0)

1+sign(M+2)

©.0 ()

(0~ ”) 4|1 Jr o |

(7.0) . +(M|21 \MH

(m.7) ()=
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For the unperturbed problem without the H ; term, we may go
to the gauge in which U, = 1 in the trivial-flux sector, as in
Sec. III B. Supposing that

ull(k)

Uz (k)>
ulZ(k)

Uk) = ( ) (6.11)

is the 2N X 2N, matrix that diagonalizes the Hamiltonian
such that y, (k) = Vi (k) ¥, (k), where ¥, = (1.5, 72,) |
is a 2-component spinor with s = 4= and V = U~! and the
four 2 x 2 blocks of V' are labeled as V,, ;. Then it follows that

1

l//a(r) = ZZ lkrl//a(k) -

i Zeik.rva,s(k)lps(k)‘

keB keB
(6.12)

\Ijsl (q) eiq-(rJr/Ac)—ip-r

a lPs(prvas(p)TMkvas'(Q)
Ti= > L2
Pq€B

+He., 6.13
(

where s and s’ are implicitly summed over. As before,
evaluating the one-point function (0]J,|0) boils down to
knowing momentum-space two-point function

<0|1/~/cs (p)Tli/bs’(q)|O> = 51706&—5&’,—5(17 - q) (614)
Hence,
(0]J410) = 2ZTr P MYV, (q)leP +H.c. (6.15)

pEB

It is now straightforward to plug in expressions for the
matrices ) and M, to obtain the correlator, which has been
plotted in Fig. 4. In perfect agreement with the results for the

0.0f

-0.5+

Current correlator

06 -04 -02 00 02 04 06

Singlet mass M

— (J1x)+{J2x)

N = 1 case as well as the computation of the Chern number,
we find

when |M| < 2(top.)
otherwise(trivial)
when |M| < 2(top.)

otherwise(trivial).

. -2,
singlet: J, = Ji +J7 = {O

. _15
triplet: J} = —J? = 0

(6.16)

In summary, the current correlator at weak coupling is a
robust Z, marker for topological phases.

VII. A PATH TO WILSON FERMION QUANTUM
SIMULATIONS OF QED;

So far, we have shown that lattice Hamiltonian theories
with Wilson fermions capture a variety of topological
phases while staggered fermions fail to do so. However,
staggered fermions have received a lot of attention as far as
implementation on quantum computing platforms is con-
cerned, while similar experiments and quantum simulations
with Wilson fermions are not as widespread. In this section,
we provide numerical results obtained via exact diagonal-
ization (ED) on 2 x 2 systems, with and without gauge
fields, which serve as a starting point for a deeper study of
quantum simulations with Wilson fermions. This also
provides an independent check on the results developed
so far.

When we include gauge fields, there are a number of
considerations. First, the gauge fields must be truncated
from U(1) to Z. Second, the physical states that carry both
fermionic and gauge labels must satisfy Gauss’s law and be
gauge-invariant. Third, the symmetries imposed prior to
introducing the gauge fields must be compatible with the
gauge symmetry, i.e. the Gauss-law projector and the
symmetry-generators must share simultaneous eigenstates.
We have explicitly shown this for the Z, and U(1) cases

2

Current correlator
o

-3 -2 -1 0 1 2 3
Triplet mass M

— (1) — (o)

FIG. 4. The analytical current one-point functions for both the singlet and triplet cases, which are nontrivial in the IQH and QSH

phases, respectively.
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—404

—406

—408

Energy

-410 4

- W, W) =(-1,-1)
o= (W, W) =(+1,-1)
- W, W) =(-1,+1)
—o— (W, Wy)=(+1, +1)

-412 4

-3 -2 -1 0 1 2 3
Shifted mass M = m + 2R

FIG. 5.

—404 —o— Level 0
—o— Levell
—405 -
—406

-407 A

—408

Energy

-409

-410 -

—411

-412 A

-3 -2 -1 0 1 2 3
Shifted mass M = m + 2R

The lowest five energies versus M for the N, = 1 theory before projecting onto the trivial-flux sector (left), and the level

crossing after projecting onto the trivial-flux sector (right) with OW,, W,) = (1,1) via [, % The results were obtained via ED on a

2 x 2 lattice with Z, gauge fields and > = 0.01. We emphasize that the left figure did not require a projection into the approximate
(W, W,) superselection sectors, but rather were found to naturally lie in the four sectors labeled as (£1,+£1).

with W, flux-symmetry in Sec. III A. Since our theoretical
arguments indicate that the lowest WW,-invariant state is
independent of the gauge field values, we must be able to
see the topological transitions from ED even for N = 2 asa
proof of concept. This offers a possibility to realize such
topological phases in near-term quantum devices via spin
representation for the truncated gauge group, such as
superconducting devices [14], Rydberg atoms [15], trapped
ion [16], dipolar molecules [17] and fermion-pair regis-
ters [18].

In this section, we provide an algorithmic summary of
our numerical simulations carried out via exact ED. Let us
outline the key results before we dive into the algorithmic
details. Figure 5 displays the results of ED for the Ny = 1
case. The lowest four levels live in the four distinct
approximate superselection sectors that exist at weak
coupling. Of key interest here is the (1, 1) sector, which
exhibits level crossing and corresponding topological phase
transitions at M = 0, £2. Figure 6 displays the analogous
result for the N, =2 case. The finite density phase
transitions are verified in the N, =2 theory in Fig. 7.
Next, we summarize parts of the algorithm that are
common to both the Ny =1 and N, =2 cases (i.e. the
gauge sector), and then we handle the parts which are
different one by one (i.e. the fermionic sectors). Following
this, we discuss the numerical calculations of a variety of
observables, including the current one-point function and
the many-body Chern number, and the corrections to their
expectation-values as a function of the gauge coupling.

A. The gauge sector

We work on a periodic 2 x 2 lattice with periodic
boundary conditions Z, gauge fields on the links. The
gauge Hilbert space is

He = (C?)®8, dim H; = 28 = 256,
with computational basis {|g):g€{0,1}%}. Let G(x)
denote the local Z, Gauss’s law operator at site x, acting
by a star flip on the four incident links and a matter-parity
phase,

G(x)If.9) = (=1)"V|f:g & M), (7.1)
where M, is the star mask, @ denotes componentwise

addition modulo 2, and n,(f) is the occupation number at x
(defined below for each Ny). Rather than forming the

Level O
Level 1
Level 2
Level 3
Level 4

—410.0 A

ttet¢

—412.5

—415.0

—417.5 1

Energy

—420.0 1

—422.5 1

—425.0 1

3 -2 -1 0 1 2 3

Shifted mass M = m + 2R
FIG. 6. The lowest five energies versus M for the N, =2
theory with Z, gauge fields and e> = 0.01. The various energy
levels live in distinct approximate superselection sectors labeled
by (W,.W,) at weak coupling. The results were obtained via ED
on a 2 x 2 lattice. No projection into the superselection sectors
was performed here.
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Occupation fractions vs u (2 x 2 with Z, gauge fields)

1.0 A

0.8 1

o
o

—_ f
— f,

o
»
s

Occupation fraction

0.2 4

004+

-4 -3 -2 -1 0 1 2 3 4
Relative Chemical Potential u

FIG. 7. The average occupation fraction f, versus the relative
chemical potential y for the N, =2 theory for a fixed gauge

coupling e* = 0.01 in the lowest level with (W,, W,) ~ (1.1);
we did not project into this subspace.

Gauss’s law projector P as a matrix, we construct an
isometry V whose adjoint implements the projector, i.e.

ViV =P//|G?| and VVT = 1.
gauge orbit O = {g@® M,: heG?} and fixed matter
configuration, one averages over G() with the phases
accumulated from (7.1). Equivalently, VT embeds a physi-
cal state into the full space by distributing amplitudes over
each orbit with the appropriate 1 signs, and V maps back
by orbit-averaging. At fixed coupling e> we write

Concretely, for each

1
H(m)=(m+2R)H, + H; - ;HB +e?Hg, (7.2)

where Hp is diagonal and equals the plaquette-flux sum
>ollseoan Zs, and Hp =", X, flips individual links.
The kinetic term is the Wilson nearest-neighbor hopping
including the link signs Z,(g) = +1. The physical
Hamiltonian is always obtained by projection

HP™s(m) = VH(m)V7. (7.3)
Next, we address the fermionic sectors for N = 1, 2 one
by one.

B. N;=1 QED;

For N, = 1, matter consists of a two-component Wilson
fermion on each site, i.e. 2L? = 8 modes. We restrict to half
filling >-%_, n, = 4 and define

H'Y = span{|f): =4}, (14

where dim H Fl = (%) = 70 and impose Gauss’s law. Thus,

thyg HF ® Hgs has dimension 70 x 32 = 2240. In

(7.1) the parity is the on-site occupation parity of the
single flavor

na(f) = (Z () moa 2,

s=0

ie. (=1)) = —1 iff the site has odd fermion number.

C. Nf=2 QED3

For N, = 2, we take two identical flavors (labeled 1, |),
each with 8 modes, and work in the fixed-number sector

(N4,N}) = (4,4). Let H?) denote the single-flavor 8-mode
Hamming-weight-4 subspace, dim Hg” = 70. Then

H? =HP @HY,  dimHP =702 = 4900,

and thys = Hf) ® Hg. In (7.1) the parity is the total on-
site occupation parity summed over both flavors and both
spinor components

fT’fi <ans fT z xs(fi)) mod 2.

Since the group acts only on the gauge register, the 256
gauge configurations decompose into 256/8 = 32 orbits of
size 8. Accordingly the projected representation is naturally

organized as amplitudes on H\?’ ® C3? and has dimension

dimH? = 4900 x 32 = 156800.

phys
We do not explicitly assemble HP™S(m). Instead, we
implement its action by the three-step map

vi H(m) v ) )
x>y >z HPYS(m)x, where x and HPYS(m)x are

stored in the orbit basis and y, z in the full gauge basis.
Low-lying  eigenvalues are then obtained by
diagonalization.

D. Current correlators

Using the ED algorithm, it is straightforward to evaluate
the current one-point function in the presence of gauge
interactions to verify the analytical predictions of Sec. VI.
The results of Fig. 9 clearly indicate that in the trivial-flux
sector with (W,, W,) = (1, 1), the fermlonlc contribution

to the current one-point function ( ) # 0 only when the
theory is in a topologically nontrivial phase. Otherwise, it
must vanish. Interestingly, we note that the current one-
point function in other superselection sectors is smooth and
does not exhibit any sharp jumps, indicating an absence of
phase transitions in all sectors except (W,, W,) = (1, 1).
We emphasize that the results are not projected down into
the superselection sectors but are found by evaluating W,
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—0.92

—0.93 A

—0.94 A

—0.95 A1

—0.96 -

—0.97 A

—0.98 A

{Jx) in the trivial-flux sector

—0.99 A

—1.00 A

-1.01 T T T T T
0.0 0.2 0.4 0.6 0.8

e?
FIG. 8. Corrections to the current one-point function at a fixed
shifted mass M = 0.5 in the N, = 1 theory.

and W, for the lowest states in the energy spectrum. As
anticipated, we find there are nonperturbative corrections to
the wave-function and hence observables, including (/,),
which are suppressed at weak coupling. Figure 8 displays

the corrections to (J,) vs €.

E. Many-body Chern number from twists

We compute the many-body Chern number of a chosen
eigenstate by imposing U(l) boundary twists 0 =
(6,.6,) €[0.27)* and evaluating the Berry curvature on
the twist torus using the Fukui-Hatsugai-Suzuki (FHS) lattice
discretization. The twists enter only through the boundary-
wrapping hops of the Wilson kinetic term. Introduce directed
“cut” operators e~ and e that contain precisely those
hoppings crossing the x and y boundaries, and define

-199.50

—— (W, W) =(1,1)
—199.75 - o= (W, W) =(-1,1)

—— (W, W) =(1, -1)
—200.00 A —— (W, W) =(-1,-1)

—200.25 4

—200.50 +

{Ux)

—200.75 4

—201.00 +

—201.25 4

-201.50

-3 2 -1 0 1 2 3
Shifted mass M =m + 2R

FIG.9. The current one-point function (J ) versus M for a fixed

gauge coupling e> = 0.01, i.e. at weak coupling. The blue curve

corresponds the expectation in the (approximate) (1, 1) trivial-
flux sector in the N, =1 theory.

H,(0,) = HYX 4 ¢is0rpi0s 4 o=isth =iy,

Hy(gy) — nglk + eisﬁyeiﬁy + e—isHye—iHy’ (75)
with s=41 a fixed phase convention. Then
Hy(0) = H,(6,) + H,(6,). We discretize the twist torus
by 0 = 2zi/N, for i =0, ..., Ny — 1. At each grid point
0;; = (0,09 we diagonalize HPYs(6), ;) in a small energy
window and select the target branch by continuity: starting
from a reference eigenstate at (0, 0), we choose at neighboring
points the eigenvector with maximal overlap with the
previously selected state. This overlap criterion robustly
tracks the same eigenstate across the grid away from gap
closings. From normalized states {|y;;)} we form the U(1)
link variables

<Wi'|Wi ‘+1>
., U (i,j) :A,
Y |<ll’ij|l//i,j+1>

<U/ij\l/'i+1.j>

(wijlwiri) (7.6)

U(i.j) =

with periodic identification of indices modulo Ny. The field
strength on each plaquette of the twist grid is

Fij = arg[U, (i, )U, (i + LU+ D7),
(7.7)

and the FHS estimator of the many-body Chern number is

| Nl

C:%ZFU.

ij=0

(7.8)

In gapped phases C converges rapidly to an integer as Ny is
increased; deviations occur near gap closings, where the
tracked eigenstate can become ill defined on the twist torus.
As a consistency check, in regimes where the two flavors
contribute additively, we check that Cy == 2Cy =1 at the

same (m, e?). The results are summarized in Fig. 10.

1.00 4

0.75 A

0.50 A

0.25

0.00 {  evvoveooeey

]
o
N
o

—0.50 A

Many-body Chern number

|
o
S
o

—1.00 A

—’3 -2 —'1 0 ‘1 2 3'

FIG. 10. The many-body Chern number C for a fixed gauge
coupling > = 0.01, i.e. at weak coupling computed in the
(approximately) trivial-flux state with W,,,) =~ (1,1) in the
Ny =1 theory. '
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. —&— Level 0
1073 —o— Level1
—o— Level 2
—e— Level 3
—o— Level 4
10—1 4
£
= 10-24
1073 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
e2

FIG. 11. |(Hg)| vs * at M = —1 in the lowest five eigenstates
for truncated gauge group Z,.

F. Effect of the electric term on the spectrum

Although the e?-independent electric energy operator
Hp =Y, ,Ei(r)* is suppressed at weak-coupling, we
emphasize that it contributes small off-diagonal matrix
elements that modify the energies. We study the contribu-
tion [(Hp)| of the electric term to the energies. These off-
diagonal corrections to the energies do not modify the
topological phase structure, which is robust to such smooth
deformations, thanks to the adiabatic continuity argument
presented in Sec. V B. Nonetheless, Fig. 11 is instructive
because it demonstrates two things. First, it shows that the
smallness of Hg is not trivially due to the multiplicative
prefactor e?/2 being small; the e’-independent operator
expectation (Hp) is itself suppressed at weak-coupling.
Second, it shows that the gauge-kinetic terms at weak-
coupling do not merely modify the energies by a trivial
shift, but rather also contribute off-diagonal terms that
induce nontrivial changes in the spectrum as e? is dialed up.
A detailed analysis of such strongly coupled phases is
expected to reveal signatures of confinement and, hence, is
of great interest. We leave this for future work.

VIII. ANALYSIS OF TRUNCATION
AND FINITE-SIZE EFFECTS

In this section, we analyze the effects of truncation and
finite-size effects using a complementary approach to the
exact diagonalization presented in the preceding section. In
particular, we emphasize that we do not use the ED
algorithm, which requires us to construct an exponentially
large Hilbert space since this is not suitable for scaling up to
larger systems and higher U(1) truncations.

Our results indicate that although the topological phase
transitions discussed so far do not occur in the ground state
with (W, W,) = (-1, —1) at finite volume, in the thermo-
dynamic limit L — oo, the topological phase transitions

indeed occur in the ground state. This is completely consistent
with our expectations from the lattice Lagrangian formu-
lation, which indicate that the topological transitions must
take place in the infrared in the infinite volume limit.

A. The real-space diagonalization algorithm

We utilize a real-space diagonalization algorithm to
diagonalize the fermionic Hamiltonian Hy coupled to
gauge fields. We access different gauge configurations
by wusing the correspondence between nontrivial
Wilson loop values and twisted boundary conditions. In
other words, the products (J], U.(x,0),[], Us(y,0)) =
(e, ') may be accumulated and assigned to the last link
as a twisted boundary condition. In other words, the N?
weak-coupling superselection sectors are in one-to-one
correspondence with the free Wilson fermion with N?
different possible twisted boundary conditions.

In other words, to compute the energy level of
the Hamiltonian H;+ H, —LHg with (W, W,) =

ity 2nmity

(ev, e~ ), we simply calculate the ground state of the
free Wilson fermion with twisted boundary conditions

(6,.0,) = (2752’%‘) where (1,.1,) € Z§, x Z). We com-
pute the half-filled ground-state energy of a free lattice
Wilson fermion Hamiltonian on an L x L torus with
discrete twisted boundary conditions. The single-particle

Hilbert space has dimension 212, and we assemble

H(0,,0;,m) = Hy(0,,0,) + H,(m),  (8.1)

where dim H = 2L?%. The twists are discretized by

2xt,

0 — _27n‘/V
X N ’

0 — T a7
N

) t..t,€{0,1,....N —1}.

(8.2)

We construct sparse real-space hopping operators in the x
and y directions as block-matrices that implement nearest-
neighbor couplings and multiply only the wrap-around
boundary link by the appropriate twist phase. Concretely,
one first builds the 2L x 2L one-dimensional x-block

X block (gx )

0 M, O 0
0 0 M, 0
Xblock(gx) =
0 0 M,
eiexMx 0 -0 0

and then lifts it to the full Ilattice by
Xeu(0y) = 11 ® Xpioek (0y). Similarly, one builds the full
y-coupling Yy (6,) in terms of M,. We then define
Hc(gx’ 9}) = Xfull(ex) + qull(ey)’ which giVCS
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Energy
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FIG. 12. The lowest N> + 1 energy levels with N = 8 for 2 x 2 (left) and 4 x 4 (right) lattices, respectively.

H(0..0,) + H(0,.0,)"
2 9

H;(6..0,) = (8.3)
so that H is Hermitian by construction. The onsite mass
term is diagonal in real space

H,,(M) =M1,: ® o. (8.4)

For each (6,.6,) and each mass value m in a scan, we
diagonalize H(6,, 6,; m) to obtain eigenvalues {& ]}

them as & < - - <&y,
ground-state energy

=1, sort
and compute the half-filled

Ehf exvgysm (85)

Z €.
Repeating over all (6,.6,) € Z3, yields N* twisted sector
energies Epg(6y,0;m). The same idea may be applied to
excited states.

The complexity of each such diagonalization for a fixed
mass M is O((L*)3N?), which is (poly-)exponentially
faster compared to the ED algorithm, whose complexity
is at least Q((22L° N2L*)3). Nonetheless, the ED algorithm is
instructive as it serves as a useful baseline for the analysis
of potential quantum simulations.

B. Results

In Fig. 12, we plot the lowest N> + 1 energy levels of the
Zy theory with N = 8 for both the 2 x 2 and 4 x 4 cases.
We note that we simply drop the magnetic contribution Hp
since it is simply a constant in the weakly coupled limit. We
note that the lowest level for any N is always the one that
has (W,.W,) =(-1,—1) and the (N?)™ one has
(W, W,) = (1,1). The left panel of Fig. 12 shows that
although the number of levels between the (-1, —1) and (I,
1) approaches infinity, the gap E¢(0,0) — Ey¢(7, 7) does
not scale with N.

Interestingly, we find that the splitting between the N?
twisted sectors is a finite-size effect, as suggested by the

right panel of Fig. 12. This idea is further confirmed by the
analysis in Fig. 13, which shows that the gap between the
N? levels is exponentially suppressed in the infinite-volume
limit L — oo. This is typical of degeneracies that are lifted
in finite volume due to tunneling effects.

Consistent with the idea that the infinite degeneracy is
restored in the infinite-volume limit, we find that the gap
between the ground state with (W,,W,) = (-=1,-1) and
the would-be first excited state in the thermodynamic limit
approaches zero, precisely at at M = 0, =2, which is shown
in Fig. 14 for various system sizes. As the system size is
increased, the gap at M = 0,42 tends to zero. This is
further verified by the log-log fit between the gap A and L,
where we find that A(L) ~7 — 0 in the thermodynamic
limit Fig. 15. It is interesting to note that the scaling of the
gap to zero is manifestly different (i.e. a power law) than
that of the gap between the lowest N levels, which become
degenerate exponentially rather than as a power law. This is
highly suggestive of the idea that the latter is a consequence
of finite-volume tunneling effects, while the latter is a
signature of a physical topological phase transition.

10°7 e ——- Fit: E(0,0) — E(m, m) = e~06%+128) R2=0,9993
<
<
.\
N
1071 4 \\\
(R
\\
— \\
=
£ 10725 '\\
I e
S S
S 1073 4 R Y
iy RN
I S
4 Yo
-4 S
10 \'\
N
\\
1075 '\\
\\
)
2.'5 S.IO 7j5 10I.0 12l.5 15|.O 17'.5 2(5.0
System size L
FIG. 13. The exponentially vanishing degeneracy splitting

between the lowest N? levels.
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FIG. 14. The gap between the true ground state with
(W, W,) = (=1,—1) and the would-be first excited state in
the infinite-volume limit for various system sizes L.
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IX. CONCLUSION AND OUTLOOK

Expanding on the letter [1], we have studied the
emergence of infrared topological phases in Hamiltonian
lattice QED3 with a truncated gauge group Zy and Ny = 1,
2 flavors of Wilson fermions, motivated by near-term
quantum simulations of (2 + 1)D lattice gauge theories.
A key observation at weak gauge coupling is an approxi-
mate Z) x Z), symmetry generated by Wilson loops.
Exploiting this structure, we gauge-fix the theory so that
in the weak-coupling regime it reduces to a product of N
effectively free Wilson-fermion Hamiltonians. This limit-
ing description supports a rich set of gapped topological
phases, including IQH and QSH regimes.

By continuity, we argued that these phases persist in the
fully dynamical gauge theory at finite, nonzero gauge
coupling provided the coupling remains small compared
to the fermion gap. Using exact diagonalization on small
lattices, we verified that the ground states considered are

compatible with Gauss’s law and mapped out the phase
structure at half-filling for both one and two flavors,
extending also to finite density. This reveals metal-insulator
behavior and topological phases such as Chern insulators
and QSH phases. As the gauge coupling is increased, our
numerics indicate that the system undergoes a transition
into a strongly coupled, nontopological phase, where
instantonlike effects (which are suppressed at weak cou-
pling) become important.

More broadly, our results clarify why Wilson fermions
naturally accommodate topological phases in the
Hamiltonian framework, in agreement with earlier
Lagrangian analyses, and emphasize that staggered-fermion
formulations are not compatible with realizing such Chern
phases in the same way.

Several directions are motivated by the results of this
work. First, it will be important to explore the strong-
coupling regime in detail and determine the structure of the
resulting nontopological phase, including the role of
instantonlike corrections and the possible appearance of
symmetry breaking or confinementlike phenomena. A
closely related challenge is to locate and classify the phase
transitions separating the weak-coupling topological
phases, since these critical points are generically gapless
and strongly coupled, making analytic control difficult.
More broadly, a comprehensive mapping of the phase
diagram as a function of gauge coupling, Wilson masses,
and chemical potential would be valuable, particularly at
finite density where strong correlations and sign problems
can obstruct classical approaches [19]. In this context it is
also natural to investigate analogs of the Aoki phases
known in Lagrangian lattice QCD,4 with Wilson fermions,
which organize the gauge-coupling-mass plane and delin-
eate phase boundaries at finite coupling [20-24], and to ask
whether similar structures arise in lattice QED; and in
finite-density settings. Finally, these goals motivate the
development of quantum simulation methods and quantum
algorithms for detecting and mapping phase transitions, for
instance using variational quantum eigensolvers and quan-
tum phase estimation, together with measurement protocols
tailored to truncated gauge-field encodings and bench-
marked against exact diagonalization on small systems.

Overall, our results provide a controlled weak-coupling
route to topological phases in a truncated gauge-theory
setting, establish their persistence into finite coupling, and
set the stage for quantum simulations to probe the strongly
coupled landscape and accurately locate phase transitions
beyond the reach of current classical approaches.
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APPENDIX A: SUPPLEMENTARY FIGURES FOR
STAGGERED FERMIONS AND NAIVE WILSON
FERMIONS

In this subsection, we present the analog of the result in
Fig. 5 for the case of staggered fermions and naive Wilson
fermions with R =0 (see Fig. 16). These results were
produced by exact diagonalization on a 2 x 2 lattice.
Unlike the case of Wilson fermions with R = 1, we find
that there is only a single gapless point at M = 0 (which is
metallic), and no topological transitions or corresponding
level crossings at M = +2. Away from M = 0, the theory
is in a trivially insulating phase.

APPENDIX B: ORDER OF METAL-INSULATOR
TRANSITION

To analyze the order of the metal-insulator transitions,
we examine the ground-state energy and its first derivative
as a function of y (see Fig. 17).

Energy

(b) Staggered fermions

FIG. 16. The lowest two energies for naive Wilson and Staggered fermions: note the absence of transitions at M = +£2.

Ground State Energy

_.4. ._2 . . 2 .

-4

-5

FIG. 17.

First Derivative

— 0.10
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A plot of the ground-state energy and its first derivative at M = —1.2 on a 32 x 32 spatial lattice. Clearly, the energy is

smooth at the transition points g = 40.8, £3.2, while its first derivative i’,—f is nonanalytic at those points, indicating a phase transition.
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APPENDIX C: SUPPLEMENTARY FIGURES FOR
THE Ny=2 THEORY AT FINITE DENSITY WITH
EQUAL MASSES

1. Structure of the four-band model for M, =M,=M

When p = 0, the lowest energy band is highly degen-
erate |z1.22) =21 hu) + b)), where |z +
|z,]*> = 1 and z,, z, € C. Clearly, (z;, z,) parametrize points
on 83 = itod SU(2) 7, which is consistent with the exist-
ence of an SU(2), flavor symmetry. As the chemical

{0 Energy

{0 Energy

-2

-4

FIG. 18.

potential is turned on, the degenerate moduli-space of
vacua is “lifted” and we have four bands (see Fig. 18).

2. Gaplessness at u=0 when M =M,=M=0, £2

We know that the theory is gapless at M = —2,0, 42
when u = 0, which means that the intermediate yellow
region in Fig. 2 cannot exist for those values of M. Indeed,
this is confirmed explicitly by the plots in Fig. 19.

0 Energy

The above figures show a plot of the four bands over momentum-space for various values of the relative chemical potential u

and fixed mass M = 0.8. The blue (=) and red (+) bands comprise the states ||, u,. (k)) respectively, while the orange (—) and green (+)
ones comprise the energy levels |1, u (k)) respectively. Tuning p drives the theory into qualitatively distinct phases. At half-filling, the
theory is gapped in the regimes of small and large y, as shown in 19a and 18d. On the other hand, the theory at half-filling is gapless and

displays metallic behavior in the crossover regions in 19b and 18c.
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Absence of intermediate topological phase at M = +2, -2 Absence of intermediate topological phase at M = 0
1

Gapless metallic phase
06 Trivial insulator with all flavor spins up
Trivial insulator with all flavor spins down

-------- Gapless inflection point

Occupation fraction

0.4

Occupation fraction

— Flavor spin up f

02 — Flavor spin down £,

L L L L L 0.0
-4 =2 0 2 4 -4 -2 0 2 4
Relative Chemical Potential p Relative Chemical Potential

(a) M =0 (b) M = +2

FIG. 19. The average occupation fraction in the vacuum f, versus the relative chemical potential y. Interestingly, we find that the
yellow gapped regime of Fig. 2 collapses to form a gapless inflection point. This is crucial for consistency with the topological phase
diagram at zero density since we know the theory to be gapless at M = 0, &2 when x = 0. These calculations were performed on a
32 x 32 spatial lattice.

3. Occupation fraction versus singlet mass M for theory has four distinct gapped phases as we dial M that are

various fixed u distinguished by their vacuum Chern numbers and quantum
numbers under the flavor symmetry. When u ~ 1, then we
find that the theory can only have two distinct gapped phases
as we dial M. And, lastly, when y > 1, the theory will have
three distinct gapped phases as we dial M.

We also studied the occupation fractions f, as function of
the singlet mass M for fixed values of the chemical potential
u. This analysis reveals (see Fig. 20) the existence of three
qualitatively distinct regimes. When p < 1, we find that the
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Occupation fraction
Occupation fraction

N
(<)

. . L P
-2 0 2

Singlet mass M Singlet mass M
(a) p = 0.8: four distinct gapped phases (b) p = 1.5: two distinct gapped phases

Gapless metallic phase
Chern number -2: Chern Insulator and net flavor spin zero

Chern number +2: Chern Insulator and net flavor spin zero

Occupation fraction

Chern number 0: Trivial Insulator and net flavor spin zero
Chern number 0: Trivial Insulator and all flavor spins up

Chern number 0: Trivial Insulator and all flavor spins down

— Flavor spin up

— Flavor spin down

Singlet mass M

(c) p = 2.5: three distinct gapped phases (d) Legend for the f, vs M plots

FIG.20. The average occupation fraction f, in the vacuum versus the singlet mass M for various fixed values of the chemical potential
1. We observe that there are three distinct qualitative regimes: small 4 < 1 with four distinct gapped phases [Fig. 20(a)], intermediate
w1 ~ 1 with two gapped phases (figure 20b), and large y > 1 with three distinct gapped phases [Fig. 20(c)]. Each of the colored gapped
phases are distinguished by their vacuum Chern number and net flavor spin, as indicated by the legend in Fig. 20(d). The above
calculations were performed on a 16 x 16 spatial lattice.
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APPENDIX D: CONSISTENCY WITH THE PHASE
DIAGRAM AT ZERO DENSITY

At zero density, it is straightforward to map out the
topological phase diagram as a function of the masses
M,_y, = m, + 2 of the two Dirac fermions respectively.

Topological phase diagram at zero density

M2

We have summarized the results of this analysis in Fig. 21,
which shows a rich phase diagram. The black lines denote
slices at which the lattice theory is gapless, and across
which there are phase transitions. In the gapped regimes,
the theory exhibits IQHE, QSHE, or is a trivial insulator.

----- Singlet slice: My = + My

————— Triplet slice: My = - My

-4

FIG. 21.

The above plot shows the topological phase diagram for the most general diagonal mass matrix with equal Wilson couplings

R = 1. As the legend indicates, the theory exhibits a variety of gapped phases: the IQH, QSH, and trivial insulator phases. The dashed
blue line M| = M, is highlighted so one can easily verify consistency with the results found at finite density. The same holds for the line

with M| = —M,, which is the dashed orange line.
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