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We investigate the non-invertible symmetry associated with chiral symmetry in axion quantum
electrodynamics (QED) using the modified Villain formulation. In axion QED, it is known that
naive magnetic objects such as ’t Hooft loops and axion strings lose their gauge invariance due
to the violation of the Bianchi identity for the field strength of the photon or "field strength"
of the axion. First, we construct the action of axion QED on the square lattice, which is more
intricate than its counterpart in the continuum theory. We then observe the breaking of gauge
invariance. Subsequently, we construct gauge-invariant magnetic objects by introducing new
degrees of freedom localized at the positions of the magnetic objects. Furthermore, we explicitly
compute the response of the magnetic objects under the action of the non-invertible symmetry
operator constructed in Ref. [1]. In this analysis, we employ a method different from the so-called

half-space gauging, which is the standard method to study non-invertible symmetries.
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1. Introduction and summary

Symmetry plays a key role in physics. In particular, global symmetries provide a framework
for classifying phase structures and constraining possible infrared theories through obstructions
arising from their gauging, known as ’t Hooft anomalies [2]. On the other hand, in quantum
electrodynamics (QED), it is known that the chiral symmetry, which is the global symmetry of this
system, is broken at the quantum level due to the presence of the chiral anomaly [3, 4].

In recent years, attempts to generalize the concept of global symmetries, referred to as general-
ized symmetry [5-7], have been actively studied. Within this framework, the existence of symmetry
is interpreted as the existence of symmetry operators. One of important contributions to this field
is Refs. [8, 9], which constructed symmetry operators that generate chiral transformations with
rational angles in continuous QED. From the perspective of generalized symmetry, these results
imply that chiral symmetry is partially preserved despite chiral anomaly. However, this symmetry
is realized as a non-invertible symmetry [10—12], which has no inverse transformation. Indeed, it
is known that non-invertible symmetry operators act non-invertibly on ’t Hooft loop operators.

In this paper, we investigate the non-invertible symmetry associated with chiral transformations
in axion QED, the low-energy effective theory of QED, using lattice field theory (See Refs. [13, 14]
for the continuum theory). Since lattice field theory is defined without any ambiguities, it allows
us to analyze non-invertible symmetries without half-space gauging, which is the effective and
standard method to discuss them. Furthermore, because all lattice fields are single-valued, lattice
field theory is effective for treating singular configurations arising from magnetic objects such as
’t Hooft loops or axion strings. In particular, we employ modified Villain formulation [15] on
the square lattice (see Ref. [16] for a related work in O(2) gauge theory). This formulation is
well-suited to discuss non-invertible symmetries, as it describes the magnetic objects in terms of
local variables.

The axion-photon coupling characterizing axion QED breaks gauge invariance at the locations
of the magnetic objects (see Refs. [13, 17-22] for the continuum theory). Equivalently, if we
assume appropriate gauge transformations on the local variables describing the magnetic objects,
the gauge invariance of the coupling can be restored. However, this results in the loss of gauge
invariance for the naive magnetic objects. To make the magnetic objects gauge-invariant, we
propose an introduction of additional degrees of freedom localized on them. Furthermore, we
analyze the response of the gauge-invariant magnetic objects under the action of non-invertible
symmetry operator constructed in Ref. [1].

2. Lattice formulation of axion QED

2.1 Modified Villain formulation

In the modified Villain formulation [15], U(1) gauge theory is construsted through R gauge
theory. In R gauge theory, there is following 0-form R gauge symmetry R(?) for the photon, denoted
as R-valued 1-cochain a,

RO 4 ->a+62, (1)
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where A is R-valued O-cochain, and ¢ is the coboundary operator [23, 24], which is the lattce
counterpart of the derivative d. In addition, there exists a 1-form R global symmetry. Then,
by gauging a subgroup 27Z of the R global symmetry, we obtain R/27Z ~ U(1) gauge theory.
Specifically, we impose following 1-form Z gauge symmetry Z(!) for the photon and so-called
Villain field, represented by Z-valued 2-cochain z,

yARE a—a+2mm, z—z7-0m, 2)

where m is Z-valued 1-cochain. The field strength of the photon, which is invariant under these
gauge transformations, is given by

f =6a+2nz. ©)

We perform the same procedure for the axion, denoted as R-valued O-cochain ¢. The axion
is characterized as a 2r periodic scalar field, ¢ ~ ¢ + 2n. To realize this, we impose following
0-form Z gauge symmetry Z(?) for the axion and the Villain field for the axion, denoted as Z-valued
1-cochain /,

7O ¢ ¢+2nk, [ —1-5k, 4)

where k is Z-valued O-cochain. "Field strength" of the axion, which is invariant under this gauge
transformation, is given by

d¢ = 6¢ +2xl. 5)

Therefore, the kinetic term Skipetic 1S €xpressed as !:
1 u?
Skinctic = ) | |55/ Uk + 500 Udp]|. ©6)
™ \280 2

See Ref. [23, 24] for the cup product U, and Ref. [25] for the Hodge dual x defined on the original
lattice instead of the dual lattice.

To preserve the topological charge on the lattice, we need to impose the Bianchi identities for
the field strength of the photon and the axion by hand. Thus, we add the following to the action,

1 . :
Svillain = 7~ Z(m Uof+i6d¢ U x)
r

:Z(idu6z+i6lU)(), (7
r

where the Lagrange multipliers 4 and y are respectively R-valued 1-cochain, R-valued 2-cochain.
Indeed, integrating over @ and y leads to the Bianchi identity for each,

6z=0, o6l=0. (8)

!Note that the convention in this paper is slightly different (though more familiar) from the one in the original works
[1, 26, 27]. The modified equations are all presented in this paper.
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In fact, the integration of the Lagrange multipliers @ and y corresponds to magnetic objects. The
't Hooft loop 7}, (y) and the axion string S, (o) are given by

T,(y) = exp (iq Z d) , Sy (o) =exp (iq’ ZX

Y o

, €

for a closed loop vy, a two-dimensional closed surface o, the magnetic charge of the 't Hooft loop ¢
and the charge of the axion string ¢’.

Additionally, the insertion of the magnetic objects leads to the violation of the Bianchi identities
only at their locations:

6z=¢qd3ly]l, 6l=4q'6[c], (10)

where 63 [y] and 0, [0 ] are respectively represented as Poincaré dual of the corresponding manifold
on the lattice.

2.2 Construction of lattice action

Let us construct the axion-photon coupling on the square lattice. The axion-photon coupling
in the continuum theory is given by

ie?

t _
s =3 [or g, (n
where the integer e originates from the charge of the Dirac fermion present in QED, the high-energy
theory of axion QED. Here, we take e to be even due to the requirement of the gauge invariance.

Since we aim to construct its lattice counterpart, we first attempt a naive discretization of the
coupling in the continuum:

_ﬁ/ N :_ﬁz UFU (12)
g3 )L O N = gz eI,

However, this discretization fails to yield the correct lattice action as it violates the Z(?) gauge
symmetry. Thus, we propose the following refinement of the lattice action:

)
Sin. =—%;{¢u<fuf+fulaf)—2nlu<csn, (13)

where (CS) is the Chern-Simons action on the lattice,
(CS):=aVU f+2nzUa+2ra U dz, (14)

which is introduced by Ref. [24]. See also Refs. [23, 24] for higher cup products such as U;. The
construction of such a gauge-invariant lattice action can also be found in Ref. [28], where it is
applied to BF theory.
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Despite the refinement of the lattice action, Sj. transforms under the three gauge transforma-

tions as
Sint. —> Sint. = ie? ZF: kUau sz, (15)
ie?
Sint. = Sint. = —~ ) ,0lUmUaq, (16)
7(1) 2 =
Sint. == Sint. + ie? Y [~1UAU6z+ 61 U{AUba+2m(AUz+2UA+ AU 62)}.  (17)
R

r

Here, it is noteworthy that the violation of the gauge invariance takes the form of = U 6z and
ol Ux. Therefore, we can restore the gauge invariance by assigning the following appropriate gauge
transformations to the Lagrange multipliers @ and y in Eq. (7)

~ - 2
+e“kUa, , 18
a%a e a X%’X (18)
o2

i i, +—mUa, 19
a%a X%X 2m a (19)

2
G—a+ePlUL,  y— x-S [AUSa+21(AUz+7U1+ AU 62)]. (20)

RO RO dr

Thus, the total action S = Skinetic + SVillain + Sint. becomes completely gauge-invariant under the
three gauge transformations.

2.3 Construction of the ’t Hooft loop

Instead of preserving the gauge invariance of the action, the 't Hooft loop and the axion string
lose their gauge invariance (see Refs. [13, 17-22] for the continuum theory). Indeed, the magnetic
objects naively defined in Eq. (9) are no longer invariant under the gauge transformations. ’t Hooft
loop and axion string are important physical observables to analyze the system, and it is necessary
to recover the gauge invariance of the magnetic objects in some manner.

Here, we focus on the 't Hooft loop 7, (y). The method to restore the gauge invariance of the
’t Hooft loop is not unique. Following Ref. [27], we add new degrees of freedom that live only in
v. Namely, we introduce R-valued 0-cochain ¢, Z-valued 1-cochain n and R-valued O-cochain p.
Then, we assign the following gauge transformations to them:

0 — ¢+2rk, 21
7.(0)

n— n+e’qm, (22)
7.(1)

p—> p+eiga. (23)
R(0)

For convenience, we define the gauge-invariant quantities as

0 = 0p+2nl, (24)
Dgup = 6p +2mn — eqa. (25)

2The gauge transformations of the Lagrange multipliers are not essential. However, it is likely to make the discussion
clearer.
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Consequently, we obtain the following gauge-invariant and genuine 't Hooft loop operator:

iqu)

Y

Tq(y) = exp

Ly Ly i i

X | DeDnDp exp Z —?Ggou*ﬁgo— gDapU*Dap+EgouDap—llUp ,
Y

(26)

where the coefficients of the kinetic terms, [, and /,,, are parameters with the dimension of length.

3. Action of non-invertible 0-form symmetry operator on charged operators

Let us now turn to the O-form non-invertible symmetry associated with chiral symmetry, the
shift symmetry of the axion. From the action S, the equation of motion for the axion,

2
5% js= == f U f #0, 27)
8

implies that the chiral current js5 := iu?>d¢ is not conserved due to the chiral anomaly. Thus, chiral
symmetry seems to be absent in axion QED However, chiral symmetry is realized as a non-invertible
symmetry when the rotation angle is N P for integers p and N that satisfy with ged(pe?, N) = 1.
Indeed, the following non-invertible O-form symmetry operator can be constructed on the lattice
(see Ref. [1]):

2npi e?
Uzxp (M3) = exp _pZ{*jS— (an+27rzUa)} X Zmslz]. (28)
N N 87 )
M;
Here, Z a1, [z] represents the lattice BF partition function on three-dimensional closed manifold
M3, given by

inme?

Imslz] = ];S‘/Dchep p;e Z{b(5c—z)—zuc} , (29)
Ms

where b and ¢ are each Zy-valued 1-cochain defined only on M3.

We now examine the responses of charged operators under the action of the non-invertible
symmetry operator that generates the chiral transformation (see Refs. [26, 27]). Specifically, we
consider deforming the symmetry operator from M} to M3 and sweeping the charged operators.
In this case, there is a four-dimensional manifold V4, with boundary given by 6V, = M} U (-M3)
(see Fig. 1).

In addition to the 't Hooft loop T} (), there exist charged operators such as the axion operator
®(x) = exp(i¢(x)) for a point x and the Wilson loop W(C) = exp(i /c a) for a closed loop C. Here,
we assume the situation where x, C,y C V4 The non-invertible symmetry operator acts invertibly,
or equivalently, axially, on the axion operator:

(V2 MO)) = 7 (0(1) Uz (M) (30)



Axion QED as a Lattice Gauge Theory and Non-Invertible Symmetry Yamato Honda

v, DY

Figure 1

Additionally, the non-invertible symmetry operator acts trivially on the Wilson loop:

(U2 MOW(C)) = (W(O U2 (M3)). 31)

In contrast, the response of the 't Hooft loop under the action of the non-invertible symmetry
operator is more intricate. We first consider the case where the magnetic charge g ¢ NZ and vy is
non-contractable modulo N. In this case, there exists a two-dimensional closed manifold M, that
satisfies 3’ o, 2 ¢ NZ and M Ny =y. As aresult, the non-invertible symmetry operator vanishes
the 't Hooft loop due to the property of the lattice BF partition function:

(U2 MYT, () =0, (32)

Therefore, the non-invertible symmetry operator acts non-invertibly on the ’t Hooft loop. On the
other hand, in all other cases, specifically when g ¢ NZ and vy is contractable modulo N, or when
q € NZ, the ’t Hooft loop acquires a surface of the field strength of the photon inside it:

: 2
<UzLNp(M§)Tq(7)> = <exp (% Z f) Tq(’y)UzLNp(M3)>, (33)
R

for a two-dimensional closed surface R that satisfies R = y. These results are consistent with
those reported in Ref. [13]. In particular, in the case where g € NZ, the surface of the field strength
can be rewritten as a Wilson loop:

P
/ ipge
(V2 MOT, () = <exp (T ; a) T, (y)Uzsp (M3)> . (34)
However, if we adopt a ’t Hooft loop that acquires a Wilson loop under the chiral transformation,
such a Wilson loop does not appear. Therefore, the contribution of such a Wilson loop is not
physically meaningful.
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