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Abstract

We study higher-form symmetries and a higher group in the low energy limit of a (3 4+ 1)-dimensional axion electrody-
O\l namics with a massive axion and a massive photon. A topological field theory describing topological excitations with the
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axion-photon coupling, which we call a topological axion electrodynamics, is obtained in the low energy limit. Higher-
form symmetries of the topological axion electrodynamics are specified by equations of motion and Bianchi identities.

We find that there are induced anyons on the intersections of symmetry generators. By a link of worldlines of the anyons,
we show that the worldvolume of an axionic domain wall is topologically ordered. We further specify the underlying
2 mathematical structure elegantly describing all salient features of the theory to be a 4-group.

1. Introduction
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| pp— |
E Axions are hypothetical particles originally proposed
as a solution to the strong CP problem [IH7] in particle
(D physics, but now play crucial roles in several contexts in
s modern physics; they are not only a dark matter candi-
“date in cosmology [8112] (see, e.g., Refs. [I3-16] as a re-
(\] view) but also appear in string theories [I7-22] and even
— in topological insulators [23H25] and topological supercon-
) ductors [26-28] in condensed matter physics. (see, e.g.,
K) Refs. [29] [30] as a review). One of the salient features of
00 the axions is a topological coupling to the photon due to a
(O chiral anomaly. In particular, the simplest system, the ax-
l\' ion electrodynamics [23], has been studied extensively to
O capture magneto-electric responses due to the topological
o coupling [23H25], BIH39]. When both the axion and photon
N have mass gaps, the axion electrodynamics is applicable
to topological superconductors [2628] and admits topo-
»= logical solitons such as axionic domain walls [40l 41] and
quantized magnetic vortex strings [42], 43].

Topological solitons are necessary ingredients to deter-
mine the dynamics and phases of systems. In the absence
of the axion coupling, quantized magnetic vortices can give
fractional Aharonov-Bohm (AB) effects. Gapped phases
exhibiting these effects in the low energy limit are called
topologically ordered phases [44H47], which are realized
by anyons in fractional quantum Hall (FQH) states and
s-wave superconductors in (24 1) and (3 + 1) dimensions,
respectively. Once we take into account the axion cou-
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pling, electromagnetic properties become richer: for in-
stance, electric charges are induced by penetrating mag-
netic fluxes to the axionic domain wall [23] 24] [32] [4§].
Effects on the domain wall can be described by an Abelian
Chern-Simons (CS) term on the domain wall, induced by
the axion-photon coupling [49] 50]. Since FQH states can
be described by this CS term in the low energy limit [44-
[46], one can expect that the axionic domain wall is topo-
logically ordered. However, topological objects giving the
AB phases, which we will call topological order parameters
in this Letter, have not been identified to the best of our
knowledge.

On the other hand, recently physics of topological soli-
tons and extended objects has been extensively studied
in the language of global higher-form symmetries; sym-
metries under actions on p-dimensional extended objects,
called p-form symmetries [51H62], were found as natu-
ral extensions of ordinary symmetries acting on local 0-
dimensional operators. Higher-form symmetries give us
new understandings for the classification of phases of mat-
ter and physical effects discussed by extended objects,
e.g., topologically ordered phases as spontaneous symme-
try breaking of 1-form symmetries associated to the AB
effect [53) [60] [63], the magneto-electric responses for the
axion electrodynamics in gapless phase [64] [65] as corre-
lations of 0- and 1-form symmetries. One of the most
elegant notions of symmetries in modern quantum field
theory can be formulated as so-called higher groups; an n-
group symmetry denotes a set of 0-, ..., (n — 1)-form sym-
metries with nontrivial correlations between them. 2- and
3-groups have been extensively studied (see e.g., Refs. [66-
[85]), and in particular, a 3-group structure has been found
in gapless axion electrodynamics [64) [65].
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In this Letter, we investigate higher-form global sym-
metries and a higher group in the low energy limit of the
(3 + 1)-dimensional axion electrodynamics in the gapped
phase, to show a topological order on the axionic domain
wall. The higher-form symmetries can be specified by em-
ploying a dual topological quantum field theory for the
massive photon [86HI0] and massive axion [9THI5], which
we will call a topological axion electrodynamics. We find 0-,
1-, 2-, and 3-form symmetries and show the topological or-
der on the axionic domain wall in terms of the higher-form
symmetries, by identifying the topological order parame-
ters as intersections of 0- and 1-form symmetry generators
on which anyons are induced. On the axionic domain wall,
the intersections can have a fractional phase determined
by the groups of the higher-form symmetries. The frac-
tional AB effect for the intersected symmetry generators
implies nontrivial correlations between higher-form sym-
metries. We further find that the symmetries organize a
4-group symmetry. While a 4-group symmetry in a simpler
case has been studied in Ref. [96], our 4-group is the first
example where all the 0-, 1-, 2-; and 3-form symmetries
are nontrivial.

2. Topological axion electrodynamics

Here, we give an action of the low energy limit of the
axion electrodynamics with a massive axion and a massive
photon. Using dual transformations, we derive a topolog-
ical field theory describing this limit of the system. We
begin with the effective action,

2
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where we use notations of differential forms: |w,|?> =
wp N *wp for a p-form w,, and x is the Hodge star op-
erator. My denotes the (34 1)-dimensional spacetime spin
manifold [97, 98]. The quantities v, v’ are mass dimension
1 parameters, e is a coupling constant, and NV is an integer.
The axion ¢ is given by a 2w periodic pseudo-scalar field,
d(P)+2m ~ ¢(P), for a point P in the spacetime. By this
periodicity, the axion can have a winding number along a
loop C: fc d¢ € 2nZ. In addition, we have introduced a
potential term V' (¢) for the axion, which has a global sym-
metry under the shift V (¢ + 27 /k) = V(¢). The potential
has k of degenerated minima, V (2rn/k) = V/(2an/k) =0
and V”(2rn/k) > 0 for n € Z mod k. The photon is de-
scribed by a U(1) 1-form gauge field a with a gauge trans-
formation, a — a + d\. Here, A is a U(1) O-form gauge
parameter normalized as fc d\ € 2n7Z. The photon is sub-
ject to the Dirac quantization on a closed 2-dimensional
subspace S (e.g., a sphere 5?), [sda € 2nZ. The 27 pe-
riodic scalar field x is introduced as a phase component
of a charge ¢q(€ Z) Higgs field. The field x is shifted as
X — X + g\ under the gauge transformation a — a + d\.

To investigate topological properties of the system, we
dualize the theory to a topological theory after neglecting
the kinetic terms of the axion and photon at low energy.
We dualize |dy — qa|* and V(¢) to topological term given
by 2- and 3-form gauge fields, respectively [86H95]. The
dual topological action has the simple form,

k
Srap :/ (20/\d¢+ Ly A da+
M, \ 2T 2T

871;_[2¢da A da) .

(2)
Here, b and ¢ are U(1) 2- and 3-form gauge fields, whose
gauge transformation laws are given by 1- and 2-form
gauge parameters A\; and \s as b — b+dA; and ¢ — c+dAs,
respectively. They are normalized by the flux quantization
conditions as [, db, [, dc, [gd)i, [}, d\y € 27Z where V
and Q are closed 3- and 4-dimensional subspaces, respec-
tively. We will call the dual theory the “topological axion
electrodynamics,” since it can be described by only topo-
logical terms.

3. Higher-form global symmetries in topological
axion electrodynamics

We show higher-form global symmetries in this system
found by the equations of motion for the dynamical fields
¢, a, b, and c:

k N N
Zde+ —danda=0, —-db+ ——dpAda=0,
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q k
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respectively. The corresponding symmetry generators

with groups parametrizing them are
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Here, we have introduced no, ...,n3 € Z, p == ged(N,q),
and m = ged(N, k), where “ged” represents the greatest
common divisor. Hereafter, we assume that the subspaces
V, S, and C do not have any self-intersection for simplicity.
All symmetry generators have the standard form of gener-
ators U, = €@ with Q,, = [ j,, where the (3 —n)-form
current j, is closed under the equations of motion , ie.,
dj, = 0. Note that the phase 0,, is constrained by the
large gauge invariance of the dynamical fields [64], [65] 99—
102]. Therefore, there are the electric Z,, 0-form, Z, 1-
form, Z, 2-form, and Zj; 3-form global symmetries. Their
physical interpretations are as follows: Up(e2™0/™ V) is
a worldvolume of the axionic domain wall: the equation of
motion of ¢ in the presence of Uy is d¢ = (2mng/m)d1 (V).
Here, 04—, (%,) is a delta function (4 — n)-form satisfying
fEn Wy = fM4 wWn Ads_pn(2,,) for a n-dimensional subspace



¥, [63, T03106]. Similarly, U;(e*™"1/P S) represents a
worldsheet of a quantized magnetic flux or an impulse of a
quantized electric field, because the equation of motion of b
in the presence of Uy is da = (27n1/p)d2(S). Uz and Us are
a Wilson loop and a 2-point local operator of the axion, re-
spectively. All of them are topological, and the vacuum ex-
pectation values (VEVs) are trivial, (Up) = --- = (Us) =1
thanks to the equations of motion in Eq. (3). Here, the
symbol ‘(- - -)” means the VEV. We remark that the 2- and
3-form global symmetries are emergent symmetries in the
low energy limit, where the magnetic vortices and axionic
domain walls can be treated as objects with infinitely large
tensions. We summarize corresponding charged objects,
which are not necessary in the following discussion in [Ap]
pend A

In addition to these electric symmetries, there are four
magnetic U(1) (—1)-, 0-, 1-, 2-form symmetries, which

: M 10M T S H

are given as the form U, (e n Y3 ) =e€ =nIn with
closed currents jM = de, jM = db, jM = da, j = do.
The conservation laws are given by the Bianchi identities.
In this Letter, we mainly focus on the electric symmetries.

4. Topological order in bulk

Before discussing the topological order on the axionic
domain wall, we show the topological order in the bulk for
p = ged(N,q) # 1 with a fractional AB phase given by
ZLp. Topologlcal order parameters can be identified as the
symmetry generators U; and Us, since they are topologi-
cal and have nontrivial fractional phases. First, we have
seen that they are topological, developing nonzero VEVs
(Uy(e2mim2/a C)) = (U (e?™™1/P S)) = 1. Second, they
have a fractional AB phase characterized by Zj:

2mwing 27r1n2

(Ur(e™ 7, S)Us(e

,C)) = ez, (5)

Here, we have defined 612 = —(2wnins/p)Link(S,C)
with the linking number between n- and (3 — n)-
dimensional subspaces ,, and 35_, as Link (X,,,X5_,) =
fﬂzn On+1(25_,,) by using (n + 1)-dimensional subspace
Qs satisfying 0Qy, = 2, (see[Appendix B). By the link-
ing phase, the topological axion electrodynamics is topo-
logically ordered in the bulk. We remark that this frac-
tional AB phase is different from a Z, AB phase of an
Abelian Higgs model without an axion [47, 53], due to
the presence of the axion-photon coupling deforming the
1-form symmetry.

5. Topological order on axionic domain walls

Now, we show that the axionic domain walls are also
topologically ordered with a nontrivial fractional linking
phase in a different manner from the bulk. The topological
order parameter can be identified as an intersection of the
0- and 1-form symmetry generators. The fractional linking

Uo(Vo) Uo(Vo)

ey U 08

Figure 1: Intersection of temporally and spatially extended symme-
try generators Up (pink sphere) and Uy (orange line). This figure is
a time slice of the configuration. The blue line in the right panel is
a time slice of an induced static surface Up1. The blue dots denote
the boundary of {2y,) N S1 on the time slice, which corresponds to an
anyon on the domain wall.

phase is given by the group Z,,,2 / ged(N,mp?), different from
the one in the bulk.

A rough description is as follows. The worldvolume
of the axionic domain wall can be understood as a FQH
btate since Uy in Eq. () has a level N/m € Z CS term,
= fv a A da. By intersecting U; to Uy, we can have an
anyon, whose worldline is a topological order parameter
of FQH states. Linked anyons on the domain wall can be
obtained by two U;’s intersected in the bulk.

A more precise proof can be given as follows. First, we
intersect Uy to U; to create a worldline of an anyon on
the domain wall. We begin with the correlation function
(Uo(e%m"/m,VO)Ul(e%ml/p,So» assuming Vo NSy = 0
(the left panel of Fig. [I). We deform Sy to S; that
is intersected to Vo (the right panel of Fig. . Here,
we choose S; so that S; NV, is a 1-dimensional closed
subspace, and Sy N S; = (). We interpolate between
Sp and &7 using a 3-dimensional subspace Vy; satisfying
Vo1 = Sy US;. We assume that Vy; does not inter-
sect with any singularity such as an 't Hooft line. Using
Up(e2mm/P,85) = Uy (e /P, 9V, ) U, (€™ /P, 8y), and
absorbing Uy (e2™1/7 9Vy1) into the action by a redefini-
tion a+ (27n1 /p)61(Vo1) — a, the correlation function can
be written as

(Uo(e*™m0/™ V)
2miNngny

= <U01(e mp
> Uo(e2ﬂ-ino/m7 VO)

U, (e2frinl/p7 80)>

7QV0 mSl) (6)
U1(627Tin1/p, Sl)>

Here, we have introduced an object on a 2-dimensional
subspace, Qy, NS, with a boundary,

27r7.Nn0n1
27r1,Nn0n1 va /\62 81)

U()l( QVO n 81) e R (7)
where Qy, is a 4-dimensional subspace whose boundary is
Vo. It is straightforward to show that Up; is topological
under the deformation of S; or Vy by the redefinition of a
or ¢, respectively. Therefore, we find that, when Uy and
U, are intersected, there should be an additional magnetic
1-form symmetry generator with the boundary Up;. The
boundary object expresses a worldline of an anyon on the
domain wall. This anyon cannot solely exist in the bulk if
N/mp & 7Z; it is always trapped on the domain wall. From
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Figure 2: Intersection of symmetry generators U;. This figure is a

time slice of the configuration: U1(Sp) expressed by orange spheres
are extended to only spatial directions, while U1(S)) and Ui(S])
expressed by the orange lines are temporally and spatially extended.
The green line in the right panel is an induced instantaneous line
object Ur1. The green dots denote boundaries of Vs, N &7 on the
time slice.

the phase factor in Eq. , the anyon line has a frac-
tional electric charge Nngny/(mp) [32]. The appearance
of anyons trapped on the domain wall is one of the main
results of this Letter. The anyons also have a fractional
linking phase, which we will show in the following.

We next consider intersections of 1-form symmetry gen-
erators, which are necessary to derive the fractional linking
phase of anyons. We begin with the correlation function
(left panel of Fig. [2), (U (e2™im/p So)U, (e2mini/?, Sp)),
where 2-dimensional subspaces Sy and S satisfy SoNS) =
). We deform S)) to S; that intersects with Sp, where the
deformation is characterized by a 3-dimensional subspace
Vo1 satisfying 0V}, = Sh U S;. By the same procedure as
Eq. (6)), the correlation function becomes

<U1 (6271'1:”1/[)7 So)U1 (e2m‘n’1/p7 S(I))>
27iNnyn)

= (Un(e Vs, NS)) (8)
x Uy (e /P S Uy (2™ /P, S))),

where we have introduced an object on a 1-dimensional
subspace, Vs, N S7, with boundaries,
27iNnyn)

P2 f, A0S

,VSOQS{)Ze P R (9)

. ’
27miNnyn]

U11 (6 P2

and Vs, is a 3-dimensional subspace whose boundary is
So. Thus, we should add the magnetic 2-form symmetry
generator with boundaries Uyq if we intersect two Uj’s.
Again, the intersected configuration is topological under
deformations of Sy or S;. Using the interpretation of U
as external electric or magnetic fluxes, the presence of Uy,
can be physically understood as the fact that the E - B is
a source of the axion, since the boundary objects of Uy
can be identified as local objects of the axion.

Finally, we consider the intersection of three symmetry
generators to show the fractional linking phase of anyons
on the domain wall. We begin with the following cubic
but trivial correlation function,

2ming 27rin’1

(Ui(e 7, So)Ur(e 7 -, S)Usle” 2, Vy)) = 1, (10)

where we choose the subspaces such that Sp NS = Sp N
Vo = S§NVy = 0. We deform Sy to S using Vo1, where Sy

intersects with Vo, but $1NS} = 0. As shown in Eq. (6]), we

2miNngny . . .
have Upi(e™ ™ ,Qy, NS1) in the correlation function.

We then deform S) to Sj interpolated by V{;, where S}
intersects with Vy, and also with S; transversally. We thus
obtain

2ming /m . 2min . 2min/ /
Cor1 (€2™M0/™ Vo e2m/P Sy e?™m/p S1)

2miNngny 2miNngn|

= (Upr(e” ™ ,Qyp, NS1)Up1(e™ ™, Qy, NS])
< (e Vs, NSV V) (1)
X Uy (e2™™1/P 81)U (e27™/P ) = etforr.
Here, 0p11 := —27Nngnin}/(mp?)Link (S1,8])|v,, and

we have used the linking number of & and &7 on Vg
Link (81,8{”])0 = fVo 51(V51) A 52(8{), and Vsl is a 3-
dimensional subspace whose boundary is &;. The above
relation means that the boundary line objects of Uy are
topological order parameters with the fractional linking
phase. Thus, the axionic domain wall is topologically or-
dered, and the fractional phase, e*%11 ¢ Lonp? / ged(N,mp?)>
is different from that of the bulk. The linking phase comes
from the fractionally quantized magnetic fluxes (1/p)? on
the level N/m Abelian CS action.

6. Global 4-group symmetry in topological axion
electrodynamics

The topological order on the axionic domain wall im-
plies a so-called higher-group structure; as shown below,
there is a 4-group symmetry which is a set of 0-, 1-, 2-
, and 3-form symmetries with nontrivial correlations be-
tween them, where the 0- and 1-form symmetry generators
lead to a 2-form symmetry generator, and two 1-form sym-
metry generators lead to a 3-form symmetry generator.

As shown in Eq. @, the correlation of the 0- and 1-form
symmetry generators induces a magnetic 1-form symmetry
generator, whose boundary is the intersection of the 0- and
1-form symmetry generators. The intersection is a closed
1-dimensional object, which generate a 2-form symmetry.
To see this, we again focus on Eq. , and evaluate it as
follows:

2ming /m . _27min . 2min) /
Cor1 (e2™m0/™ Yy 2™m/P Sy 2™im/P ST

. A (12)
_ 67'9011 <U1(627”n1/p,81)>.

The 2-form symmetry and its symmetry group can be
identified as follows. We remark that U; is charged
under the 2-form symmetry with the charge —n1q/p,

2mwing 2mwing 2mwing .
(Une 8)), as in

L OU(e 7 ,8)) = e (Ui(e 7
Eq. . Thus, the intersection of Uy and U; can be
regarded as a 2-form symmetry generator. By compar-
ing 6p11 to the charge —njq/p, we find that the inter-
section of Uy and U; is parametrized by Zg with Q =
q-mp/ ged(N, mp) being product of ¢ and the denominator
of N/mp. Thus, the 2-form symmetry group is identified
as Z¢q, which is transmuted from Z,.



Similarly, the intersection of two 1-form symmetry gen-
erators becomes the boundary of a magnetic 2-form sym-
metry , which behaves as a 3-form symmetry generator.
We again focus on the correlation function in Eq. , and
evaluate it as follows:

2ming/m . 2min . _2min/ /
COll(e 0/ 7V07e l/pvslve 1/17’81)

_ . (13)
_ 610011 <U0(627”n0/m, V0)>

Since the correlation function
<U3(€27rin3/k,(P,P,))Uo(tE‘QWino/m,V» _
e—QTFi%&'ﬁ Link (V,(P,P")) <U0(e27rin0/m’ V)> implies the
charge of Up under the 3-form symmetry is —ngk/m,
we find that the intersection of two U;’s becomes a
symmetry generator of the 3-form symmetry with the
symmetry group Zg, where K := k - p?/ged(N, p?) with
the nontrivial denominator of N/p?.

The appearance of topological objects at intersections
of symmetry generators is a signal of higher groups. Our
discussion in this Letter can have potential applications
to both of physics and mathematics. For the physics side,
we may apply this discussion to, e.g., topological super-
conductors. To discuss 't Hooft anomalies would be an
important issue to determine the ground state structures.
For the mathematics side, clarifying the precise definition
of the 4-group would lead to a construction of a new class
of higher-groups. We will address these issues in the forth-
coming paper [107].
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Appendix A. Charged objects for higher-form
symimetries

Here, we summarize charged objects for the higher-form
symmetries. The corresponding charged objects are the
Wilson loop and its analogues. For 0-, 1-, 2-, and 3-form
symmetries, the charged objects are explicitly written as

L(qo, P) = '),

W(q1,C) = e Je @ = Up(e~2mi0/1,C),
V(ge,S) = "2 Is b D(gs, V) =e'® Iy ¢

(A1)

respectively. Here, the charges are quantized qy € Z,,
q1 € Zyp, q2 € Zq, and g3 € Zj, because of the large gauge
invariance for the gauge fields. We remark that W (q,C) is
identical to the symmetry generator Us(e=27%91/4,C). Th

symmetry transformations are induced by the link of a

charged operator and the symmetry generator (see
pendix_B):

(€27 V) L{go, P)) = e Lk P L (g, P,
Ui ( (q1,C)) = e¥riam H(S.O/p (1 (g, C)),
Ua(e*™72/9,C)V (g2, 5)) = e

Us(e*™™/4, (P, ")) D(gs, V)

_ 627T2q3’n3 Link ((P,P’ )’V)/k<D(Q3,V)>.

e27r1n1 /p S)

(U
(
< 2migana Link (C*S)/q(V(Q%S»»
(

(A.2)

Appendix B. Derivations of correlation functions

Here, we briefly explain derivations of the correlation
functions. The derivations are based on the reparametriza-
tions of dynamical fields in the path-integral formalism,
which can be understood as finite versions of the Ward-
Takahashi identity or Schwinger-Dyson equation.

As an example, we explain the derivation of Eq. . In
the path-integral formalism, the correlation function can
be written as

(Ur (7P, S)Up (77211, C))

N / D¢, a, b, cJe’STAEU, (271 /P §)Uy(e2712/1 (),
(B.1)

where N is the normalization factor such that (1) = 1.
We can absorb the symmetry generator U; into the action
by the reparametrization of a as follows. We take a 3-
dimensional subspace Vs whose boundary is & = 9Vg,
and express the integral in the symmetry generator by the
Stokes theorem as

q N
/(277 +gz5d> /VS (27Tdb+47r2d¢/\da).

(B.2)
By using this relation, one can absorb the symmetry gen-
erator to the action,

eisTAEw,a,b,c]e—%ri% fvs(%derﬁdapAda)

B.3
iSTaB[¢.a+ 2581 (Vs) bye] (B.3)

By the reparametrization a + (27n1/p)d1(Vs) — a in the
path integral, we obtain

(U (e P, S)Uy ("2, C))
_ 672”’%"2 Link (S,C) <Uv2(627r'm2/q7 C)>
Here, Link(S,C) = [,,_03(C) is the intersection number

of Vs and C, which is eqsilal to the linking number of S and
C.

(B.4)

References

[1] R. D. Peccei, H. R. Quinn, CP Conservation in the Presence
of Instantons, Phys. Rev. Lett. 38 (1977) 1440-1443. |doi:
10.1103/PhysRevLett.38.1440.


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440

(9]

(10]

(11]

(12]

(13]

(14]
(15]

(16]

(17]

(18]

(19]

20]

(21]

(22]

(23]

(24]

23]

[26]

S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40 (1978)
223-226. doi:10.1103/PhysRevLett.40.223|

F. Wilczek, Problem of Strong P and T Invariance in the
Presence of Instantons, Phys. Rev. Lett. 40 (1978) 279-282.
doi:10.1103/PhysRevLett.40.279.

M. Dine, W. Fischler, M. Srednicki, A Simple Solution to the
Strong CP Problem with a Harmless Axion, Phys. Lett. 104B
(1981) 199-202. |doi:10.1016/0370-2693(81)90590-6.

A. R. Zhitnitsky, On Possible Suppression of the Axion Hadron
Interactions. (In Russian), Sov. J. Nucl. Phys. 31 (1980) 260,
[Yad. Fiz.31,497(1980)].

J. E. Kim, Weak Interaction Singlet and Strong CP Invariance,
Phys. Rev. Lett. 43 (1979) 103.|doi:10.1103/PhysRevLett.43.
103.

M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Can Con-
finement Ensure Natural CP Invariance of Strong Interac-
tions?, Nucl. Phys. B166 (1980) 493-506. doi:10.1016/
0550-3213(80)90209-6.

J. Preskill, M. B. Wise, F. Wilczek, Cosmology of the Invis-
ible Axion, Phys. Lett. B 120 (1983) 127-132. doi:10.1016/
0370-2693(83)90637-8.

L. F. Abbott, P. Sikivie, A Cosmological Bound on the Invis-
ible Axion, Phys. Lett. B 120 (1983) 133-136. doi:10.1016/
0370-2693(83)90638-X.

M. Dine, W. Fischler, The Not So Harmless Axion, Phys. Lett.
B 120 (1983) 137-141. |doi:10.1016/0370-2693(83)90639-1.

F. W. Stecker, Q. Shafi, Axions and the Evolution of Structure
in the Universe, Phys. Rev. Lett. 50 (1983) 928. doi:10.1103/
PhysRevLett.50.928.

E. Masso, R. Toldra, On a light spinless particle coupled to
photons, Phys. Rev. D 52 (1995) 1755-1763. |arXiv:hep-ph/
9503293, doi:10.1103/PhysRevD.52.1755.

J. E. Kim, Light Pseudoscalars, Particle Physics and Cos-
mology, Phys. Rept. 150 (1987) 1-177. doi:10.1016/
0370-1573(87)90017-2.

M. Dine, TASI lectures on the strong CP problem (2000).
arXiv:hep-ph/0011376.

R. D. Peccei, The strong cp problem and axions, Axions (2008)
3-17d0i:10.1007/978-3-540-73518-2_1.

M. Kawasaki, K. Nakayama, Axions: Theory and Cosmological
Role, Ann. Rev. Nucl. Part. Sci. 63 (2013) 69-95. arXiv:1301.
1123, doi:10.1146/annurev-nucl-102212-170536.

E. Witten, Dimensional Reduction of Superstring Models,
Phys. Lett. B 155 (1985) 151. |doi:10.1016/0370-2693(85)
90976-1.

P. K. Townsend, Effective description of axion defects, Phys.
Lett. B309 (1993) 33-38. [arXiv:hep-th/9303171} ldoi:10.
1016/0370-2693(93)91499-D.

J. M. Izquierdo, P. K. Townsend, Axionic defect anomalies and
their cancellation, Nucl. Phys. B414 (1994) 93-113. |arXiv:
hep-th/9307050, doi:10.1016/0550-3213(94)90423-5.

J. A. Harvey, O. Ruchayskiy, The Local structure of anomaly
inflow, JHEP 06 (2001) 044. |arXiv:hep-th/0007037, doi:10.
1088/1126-6708/2001/06/044.

P. Svrcek, E. Witten, Axions In String Theory, JHEP 06 (2006)
051. larXiv:hep-th/0605206, doi:10.1088/1126-6708/2006/
06/051.

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
J. March-Russell, String Axiverse, Phys. Rev. D 81 (2010)
123530. larXiv:0905.4720, doi:10.1103/PhysRevD.81.123530.
F. Wilczek, Two Applications of Axion Electrodynamics, Phys.
Rev. Lett. 58 (1987) 1799. |doi:10.1103/PhysRevLett.58.
1799,

X.-L. Qi, T. Hughes, S.-C. Zhang, Topological Field Theory
of Time-Reversal Invariant Insulators, Phys. Rev. B78 (2008)
195424. larXiv:0802.3537, doi:10.1103/PhysRevB.78.195424,
A. M. Essin, J. E. Moore, D. Vanderbilt, Magnetoelectric po-
larizability and axion electrodynamics in crystalline insula-
tors, Phys. Rev. Lett. 102 (2009) 146805. arXiv:0810.2998|
doi:10.1103/PhysRevLett.102.146805.

X.-L. Qi, E. Witten, S.-C. Zhang, Axion topological field the-

27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

42]

[43]

(44]

(45]

[46]

(47]

(48]

ory of topological superconductors, Phys. Rev. B 87 (2013)
134519. larXiv:1206.1407, doi:10.1103/PhysRevB.87.134519.
M. Stone, P. L. S. Lopes, Effective action and electromagnetic
response of topological superconductors and Majorana-mass
Weyl fermions, Phys. Rev. B 93 (17) (2016) 174501. |arXiv:
1601.07869, doi:10.1103/PhysRevB.93.174501.

M. Stalhammar, M. Stone, M. Sato, T. H. Hansson, On the
Electromagnetic Response of Topological Superconductors (3
2021). larXiv:2103.08960.

M. Z. Hasan, C. L. Kane, Topological Insulators, Rev.
Mod. Phys. 82 (2010) 3045. |arXiv:1002.3895| doi:10.1103/
RevModPhys.82.3045.

A. Sekine, K. Nomura, Axion Electrodynamics in Topological
Materials, J. Appl. Phys. 129 (14) (2021) 141101. jarXiv:2011.
13601, doi:10.1063/5.0038804.

W. Fischler, J. Preskill, DYON - AXION DYNAMICS, Phys.
Lett. B 125 (1983) 165-170. |doi:10.1016/0370-2693(83)
91260-1.

P. Sikivie, On the Interaction of Magnetic Monopoles With
Axionic Domain Walls, Phys. Lett. 137B (1984) 353-356. doi:
10.1016/0370-2693(84)91731-3|

D. B. Kaplan, A. Manohar, Anomalous Vortices and Electro-
magnetism, Nucl. Phys. B 302 (1988) 280-290. doi:10.1016/
0550-3213(88)90244-1.

A. Manohar, Anomalous Vortices and Electromagnetism. II.,
Phys. Lett. B 206 (1988) 276, [Erratum: Phys. Lett. 209
(1988) 543}. doi:10.1016/0370-2693(88)91505-5.

I. I. Kogan, Kaluza-Klein and axion domain walls: Induced
charge and mass transmutation, Phys. Lett. B 299 (1993) 16—
23.1d0i:10.1016/0370-2693(93)90877-K.

I. I. Kogan, Axions, monopoles and cosmic strings (1993) 481
491arXiv:hep-ph/9305307.

E. Ferrer, V. de la Incera, Novel Topological Effects in Dense
QCD in a Magnetic Field, Nucl. Phys. B 931 (2018) 192-215.
arXiv:1512.03972, doi:10.1016/j.nuclphysb.2018.04.009.
N. Yamamoto, Axion electrodynamics and nonrelativistic
photons in nuclear and quark matter, Phys. Rev. D93 (8)
(2016) 085036. |arXiv:1512.05668) doi:10.1103/PhysRevD.
93.085036.

E. Ferrer, V. de la Incera, Dissipationless Hall Current in Dense
Quark Matter in a Magnetic Field, Phys. Lett. B 769 (2017)
208-212. larXiv:1611.00660, doi:10.1016/j.physletb.2017.
02.066.

P. Sikivie, Of Axions, Domain Walls and the Early Uni-
verse, Phys. Rev. Lett. 48 (1982) 1156-1159. doi:10.1103/
PhysRevLett.48.1156.

A. Vilenkin, A. E. Everett, Cosmic Strings and Domain Walls
in Models with Goldstone and PseudoGoldstone Bosons, Phys.
Rev. Lett. 48 (1982) 1867-1870. |doi:10.1103/PhysRevLett.
48.1867.

A. A. Abrikosov, On the Magnetic properties of superconduc-
tors of the second group, Sov. Phys. JETP 5 (1957) 1174-1182,
|[webpage].

H. B. Nielsen, P. Olesen, Vortex Line Models for Dual Strings,
Nucl. Phys. B61 (1973) 45-61. |doi:10.1016/0550-3213(73)
90350-7.

X. G. Wen, Topological Order in Rigid States, Int. J. Mod.
Phys. B4 (1990) 239. |doi:10.1142/S0217979290000139.

X. G. Wen, Q. Niu, Ground-state degeneracy of the fractional
quantum Hall states in the presence of a random potential
and on high-genus Riemann surfaces, Phys. Rev. B41 (1990)
9377-9396. |[doi:10.1103/PhysRevB.41.9377.

X.-G. Wen, Topological orders and Chern-Simons theory in
strongly correlated quantum liquid, Int. J. Mod. Phys. B5
(1991) 1641-1648. |[doi:10.1142/S0217979291001541,

T. H. Hansson, V. Oganesyan, S. L. Sondhi, Superconductors
are topologically ordered, Annals Phys. 313 (2) (2004) 497—
538. |arXiv:cond-mat/0404327, doi:10.1016/j.aop.2004.05.
006.

J. C. Teo, C. Kane, Topological Defects and Gapless Modes
in Insulators and Superconductors, Phys. Rev. B 82 (2010)


https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1103/PhysRevLett.50.928
https://doi.org/10.1103/PhysRevLett.50.928
http://arxiv.org/abs/hep-ph/9503293
http://arxiv.org/abs/hep-ph/9503293
https://doi.org/10.1103/PhysRevD.52.1755
https://doi.org/10.1016/0370-1573(87)90017-2
https://doi.org/10.1016/0370-1573(87)90017-2
http://arxiv.org/abs/hep-ph/0011376
https://doi.org/10.1007/978-3-540-73518-2_1
http://arxiv.org/abs/1301.1123
http://arxiv.org/abs/1301.1123
https://doi.org/10.1146/annurev-nucl-102212-170536
https://doi.org/10.1016/0370-2693(85)90976-1
https://doi.org/10.1016/0370-2693(85)90976-1
http://arxiv.org/abs/hep-th/9303171
https://doi.org/10.1016/0370-2693(93)91499-D
https://doi.org/10.1016/0370-2693(93)91499-D
http://arxiv.org/abs/hep-th/9307050
http://arxiv.org/abs/hep-th/9307050
https://doi.org/10.1016/0550-3213(94)90423-5
http://arxiv.org/abs/hep-th/0007037
https://doi.org/10.1088/1126-6708/2001/06/044
https://doi.org/10.1088/1126-6708/2001/06/044
http://arxiv.org/abs/hep-th/0605206
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
http://arxiv.org/abs/0905.4720
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevLett.58.1799
https://doi.org/10.1103/PhysRevLett.58.1799
http://arxiv.org/abs/0802.3537
https://doi.org/10.1103/PhysRevB.78.195424
http://arxiv.org/abs/0810.2998
https://doi.org/10.1103/PhysRevLett.102.146805
http://arxiv.org/abs/1206.1407
https://doi.org/10.1103/PhysRevB.87.134519
http://arxiv.org/abs/1601.07869
http://arxiv.org/abs/1601.07869
https://doi.org/10.1103/PhysRevB.93.174501
http://arxiv.org/abs/2103.08960
http://arxiv.org/abs/1002.3895
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
http://arxiv.org/abs/2011.13601
http://arxiv.org/abs/2011.13601
https://doi.org/10.1063/5.0038804
https://doi.org/10.1016/0370-2693(83)91260-1
https://doi.org/10.1016/0370-2693(83)91260-1
https://doi.org/10.1016/0370-2693(84)91731-3
https://doi.org/10.1016/0370-2693(84)91731-3
https://doi.org/10.1016/0550-3213(88)90244-1
https://doi.org/10.1016/0550-3213(88)90244-1
https://doi.org/10.1016/0370-2693(88)91505-5
https://doi.org/10.1016/0370-2693(93)90877-K
http://arxiv.org/abs/hep-ph/9305307
http://arxiv.org/abs/1512.03972
https://doi.org/10.1016/j.nuclphysb.2018.04.009
http://arxiv.org/abs/1512.05668
https://doi.org/10.1103/PhysRevD.93.085036
https://doi.org/10.1103/PhysRevD.93.085036
http://arxiv.org/abs/1611.00660
https://doi.org/10.1016/j.physletb.2017.02.066
https://doi.org/10.1016/j.physletb.2017.02.066
https://doi.org/10.1103/PhysRevLett.48.1156
https://doi.org/10.1103/PhysRevLett.48.1156
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1103/PhysRevLett.48.1867
http://www.jetp.ac.ru/cgi-bin/e/index/r/32/6/p1442?a=list
https://doi.org/10.1016/0550-3213(73)90350-7
https://doi.org/10.1016/0550-3213(73)90350-7
https://doi.org/10.1142/S0217979290000139
https://doi.org/10.1103/PhysRevB.41.9377
https://doi.org/10.1142/S0217979291001541
http://arxiv.org/abs/cond-mat/0404327
https://doi.org/10.1016/j.aop.2004.05.006
https://doi.org/10.1016/j.aop.2004.05.006

(49]
(50]

[51]

(52]

(53]

(54]

[55]

[56]

(57]

(58]

[59]

(60]

[61]

(62]

[63]

[64]

[65]

[66]

[67]

(68]

(69]

[70]

115120. arXiv:1006.0690, doi:10.1103/PhysRevB.82.115120.
K.-M. Lee, Topological Mass Terms on Axion Domain Walls,
Phys. Rev. D 35 (1987) 3286. doi:10.1103/PhysRevD.35.3286.
Z. Komargodski, Baryons as Quantum Hall Droplets (2018).
arXiv:1812.09253.

T. Banks, N. Seiberg, Symmetries and Strings in Field Theory
and Gravity, Phys. Rev. D83 (2011) 084019. arXiv:1011.5120,
doi:10.1103/PhysRevD.83.084019.

A. Kapustin, N. Seiberg, Coupling a QFT to a TQFT and
Duality, JHEP 04 (2014) 001. arXiv:1401.0740} doi:10.1007/
JHEP04 (2014) 001,

D. Gaiotto, A. Kapustin, N. Seiberg, B. Willett, Generalized
Global Symmetries, JHEP 02 (2015) 172. |arXiv:1412.5148,
doi:10.1007/JHEP02(2015)172.

C. D. Batista, Z. Nussinov, Generalized Elitzur’s theorem and
dimensional reduction, Phys. Rev. B 72 (2005) 045137. arXiv:
cond-mat/0410599, |[doi:10.1103/PhysRevB.72.045137.

T. Pantev, E. Sharpe, GLSM’s for Gerbes (and other toric
stacks), Adv. Theor. Math. Phys. 10 (1) (2006) 77-121. arXiv:
hep-th/0502053} doi:10.4310/ATMP.2006.v10.n1.a4.

T. Pantev, E. Sharpe, String compactifications on Calabi-
Yau stacks, Nucl. Phys. B733 (2006) 233—296. |arXiv:hep-th/
0502044, doi:10.1016/j.nuclphysb.2005.10.035.

T. Pantev, E. Sharpe, Notes on gauging noneffective group
actions (2005). larXiv:hep-th/0502027.

Z. Nussinov, G. Ortiz, Sufficient symmetry conditions for
Topological Quantum Order, Proc. Nat. Acad. Sci. 106 (2009)
16944-16949. arXiv:cond-mat/0605316, |[doi:10.1073/pnas.
0803726105

Z. Nussinov, G. Ortiz, |Autocorrelations and thermal fragility
of anyonic loops in topologically quantum ordered systems)
Phys. Rev. B 77 (6) (2008) 064302. arXiv:0709.2717, doi:
10.1103/physrevb.77.064302.

URL http://dx.doi.org/10.1103/PhysRevB.77.064302

Z. Nussinov, G. Ortiz, A symmetry principle for topological
quantum order, Annals Phys. 324 (2009) 977-1057. |arXiv:
cond-mat/0702377), doi:10.1016/j.aop.2008.11.002.

Z. Nussinov, G. Ortiz, E. Cobanera, Effective and exact holo-
graphies from symmetries and dualities, Annals Phys. 327
(2012) 2491-2521. |arXiv:1110.2179, doi:10.1016/j.aop.
2012.07.001.

J. Distler, E. Sharpe, Quantization of Fayet-Iliopoulos Param-
eters in Supergravity, Phys. Rev. D83 (2011) 085010. arXiv:
1008.0419, doi:10.1103/PhysRevD.83.085010.

Y. Hidaka, Y. Hirono, M. Nitta, Y. Tanizaki, R. Yokokura,
Topological order in the color-flavor locked phase of a (3+1)-
dimensional U(N) gauge-Higgs system, Phys. Rev. D 100 (12)
(2019) 125016. |arXiv:1903.06389, doi:10.1103/PhysRevD.
100.125016.

Y. Hidaka, M. Nitta, R. Yokokura, Higher-form symmetries
and 3-group in axion electrodynamics, Phys. Lett. B 808 (2020)
135672. |arXiv:2006.12532, doi:10.1016/j.physletb.2020.
135672.

Y. Hidaka, M. Nitta, R. Yokokura, Global 3-group symme-
try and 't Hooft anomalies in axion electrodynamics, JHEP
01 (2021) 173. arXiv:2009.14368, doi:10.1007/JHEPO1(2021)
173.

E. Sharpe, Notes on generalized global symmetries in QFT,
Fortsch. Phys. 63 (2015) 659-682. arXiv:1508.04770) |doi:
10.1002/prop.201500048!

Y. Tachikawa, On gauging finite subgroups (2017).
1712.09542.

C. Cérdova, T. T. Dumitrescu, K. Intriligator, Exploring 2-
Group Global Symmetries, JHEP 02 (2019) 184. arXiv:1802.
04790, doi:10.1007/JHEP02(2019) 184,

S.A.Owerre, Topological thermal Hall effect due to Weyl
magnons, Can. J. Phys. 96 (11) (2018) 1216-1223. arXiv:
1709.07879, doi:10.1139/cjp-2018-0059.

L. Bhardwaj, D. Gaiotto, A. Kapustin, State sum construc-
tions of spin-TFTs and string net constructions of fermionic
phases of matter, JHEP 04 (2017) 096. |arXiv:1605.01640,

arXiv:

(71]

[72]

73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]
(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

(92]

(93]

doi:10.1007/JHEP04 (2017)096.

A. Kapustin, R. Thorngren, Fermionic SPT phases in higher
dimensions and bosonization, JHEP 10 (2017) 080. arXiv:
1701.08264} [doi:10.1007/JHEP10(2017)080]

R. C. de Almeida, J. Ibieta-Jimenez, J. L. Espiro, P. Teotonio-
Sobrinho, Topological Order from a Cohomological and Higher
Gauge Theory perspective (11 2017). arXiv:1711.04186.

F. Benini, C. Cérdova, P.-S. Hsin, On 2-Group Global Sym-
metries and their Anomalies, JHEP 03 (2019) 118. arXiv:
1803.09336, doi:10.1007/JHEP03(2019)118.

C. Delcamp, A. Tiwari, From gauge to higher gauge models of
topological phases, JHEP 10 (2018) 049. |arXiv:1802.10104,
doi:10.1007/JHEP10(2018)049.

X.-G. Wen, Emergent anomalous higher symmetries from
topological order and from dynamical electromagnetic field
in condensed matter systems, Phys. Rev. B 99 (20)
(2019) 205139. |arXiv:1812.02517, doi:10.1103/PhysRevB.
99.205139.

C. Delcamp, A. Tiwari, On 2-form gauge models of topological
phases, JHEP 05 (2019) 064. arXiv:1901.02249, doi:10.1007/
JHEP05(2019) 064.

R. Thorngren, TQFT, Symmetry Breaking, and Finite Gauge
Theory in 34+1D, Phys. Rev. B 101 (24) (2020) 245160. arXiv:
2001.11938} /doi:10.1103/PhysRevB.101.245160.

C. Cordova, T. T. Dumitrescu, K. Intriligator, 2-Group Global
Symmetries and Anomalies in Six-Dimensional Quantum Field
Theories (8 2020). arXiv:2009.00138|

P.-S. Hsin, A. Turzillo, Symmetry-enriched quantum spin lig-
uids in (3 + 1)d, JHEP 09 (2020) 022. |[arXiv:1904.11550,
doi:10.1007/JHEP09(2020)022.

S. Gukov, P.-S. Hsin, D. Pei, Generalized Global Symmetries
of T[M] Theories. I (10 2020). arXiv:2010.15890.

N. Igbal, N. Poovuttikul, 2-group global symmetries, hydro-
dynamics and holography (10 2020). larXiv:2010.00320.

T. Brauner, Field theories with higher-group symmetry from
composite currents, JHEP 04 (2021) 045. |arXiv:2012.00051,
doi:10.1007/JHEP04 (2021) 045.

O. DeWolfe, K. Higginbotham, Generalized symmetries and 2-
groups via electromagnetic duality in AdS/CFT, Phys. Rev.
D 103 (2) (2021) 026011. [arXiv:2010.06594, doi:10.1103/
PhysRevD.103.026011.

T. D. Brennan, C. Cordova, Axions, Higher-Groups, and
Emergent Symmetry (11 2020). arXiv:2011.09600.

B. Heidenreich, J. McNamara, M. Montero, M. Reece,
T. Rudelius, I. Valenzuela, Chern-Weil Global Symmetries
and How Quantum Gravity Avoids Them (11 2020). arXiv:
2012.00009.

E. Cremmer, J. Scherk, Spontaneous dynamical breaking of
gauge symmetry in dual models, Nucl. Phys. B72 (1974) 117-
124. doi:10.1016/0550-3213(74)90224-7.

R. L. Davis, E. P. S. Shellard, Antisymmetric Tensors and
Spontaneous Symmetry Breaking, Phys. Lett. B214 (1988)
219-222. doi:10.1016/0370-2693(88)91472-4.

G. T. Horowitz, Exactly Soluble Diffeomorphism Invariant
Theories, Commun. Math. Phys. 125 (1989) 417. doi:10.1007/
BF01218410.

M. Blau, G. Thompson, Topological Gauge Theories of An-
tisymmetric Tensor Fields, Annals Phys. 205 (1991) 130-172.
doi:10.1016/0003-4916(91)90240-9.

T. J. Allen, M. J. Bowick, A. Lahiri, Topological mass genera-
tion in (3+1)-dimensions, Mod. Phys. Lett. A6 (1991) 559-572.
doi:10.1142/50217732391000580.

A. Aurilia, F. Legovini, Extended Systems and Generalized
London Equations, Phys. Lett. 67B (1977) 299-302. doi:10.
1016/0370-2693(77)90376-8.

A. Aurilia, Y. Takahashi, P. K. Townsend, The U(1) Prob-
lem and the Higgs Mechanism in Two-dimensions and Four-
dimensions, Phys. Lett. 95B (1980) 265—268. doi:10.1016/
0370-2693(80)90484-0.

G. Dvali, Three-form gauging of axion symmetries and gravity
(2005). arXiv:hep-th/0507215,


http://arxiv.org/abs/1006.0690
https://doi.org/10.1103/PhysRevB.82.115120
https://doi.org/10.1103/PhysRevD.35.3286
http://arxiv.org/abs/1812.09253
http://arxiv.org/abs/1011.5120
https://doi.org/10.1103/PhysRevD.83.084019
http://arxiv.org/abs/1401.0740
https://doi.org/10.1007/JHEP04(2014)001
https://doi.org/10.1007/JHEP04(2014)001
http://arxiv.org/abs/1412.5148
https://doi.org/10.1007/JHEP02(2015)172
http://arxiv.org/abs/cond-mat/0410599
http://arxiv.org/abs/cond-mat/0410599
https://doi.org/10.1103/PhysRevB.72.045137
http://arxiv.org/abs/hep-th/0502053
http://arxiv.org/abs/hep-th/0502053
https://doi.org/10.4310/ATMP.2006.v10.n1.a4
http://arxiv.org/abs/hep-th/0502044
http://arxiv.org/abs/hep-th/0502044
https://doi.org/10.1016/j.nuclphysb.2005.10.035
http://arxiv.org/abs/hep-th/0502027
http://arxiv.org/abs/cond-mat/0605316
https://doi.org/10.1073/pnas.0803726105
https://doi.org/10.1073/pnas.0803726105
http://dx.doi.org/10.1103/PhysRevB.77.064302
http://dx.doi.org/10.1103/PhysRevB.77.064302
http://arxiv.org/abs/0709.2717
https://doi.org/10.1103/physrevb.77.064302
https://doi.org/10.1103/physrevb.77.064302
http://dx.doi.org/10.1103/PhysRevB.77.064302
http://arxiv.org/abs/cond-mat/0702377
http://arxiv.org/abs/cond-mat/0702377
https://doi.org/10.1016/j.aop.2008.11.002
http://arxiv.org/abs/1110.2179
https://doi.org/10.1016/j.aop.2012.07.001
https://doi.org/10.1016/j.aop.2012.07.001
http://arxiv.org/abs/1008.0419
http://arxiv.org/abs/1008.0419
https://doi.org/10.1103/PhysRevD.83.085010
http://arxiv.org/abs/1903.06389
https://doi.org/10.1103/PhysRevD.100.125016
https://doi.org/10.1103/PhysRevD.100.125016
http://arxiv.org/abs/2006.12532
https://doi.org/10.1016/j.physletb.2020.135672
https://doi.org/10.1016/j.physletb.2020.135672
http://arxiv.org/abs/2009.14368
https://doi.org/10.1007/JHEP01(2021)173
https://doi.org/10.1007/JHEP01(2021)173
http://arxiv.org/abs/1508.04770
https://doi.org/10.1002/prop.201500048
https://doi.org/10.1002/prop.201500048
http://arxiv.org/abs/1712.09542
http://arxiv.org/abs/1712.09542
http://arxiv.org/abs/1802.04790
http://arxiv.org/abs/1802.04790
https://doi.org/10.1007/JHEP02(2019)184
http://arxiv.org/abs/1709.07879
http://arxiv.org/abs/1709.07879
https://doi.org/10.1139/cjp-2018-0059
http://arxiv.org/abs/1605.01640
https://doi.org/10.1007/JHEP04(2017)096
http://arxiv.org/abs/1701.08264
http://arxiv.org/abs/1701.08264
https://doi.org/10.1007/JHEP10(2017)080
http://arxiv.org/abs/1711.04186
http://arxiv.org/abs/1803.09336
http://arxiv.org/abs/1803.09336
https://doi.org/10.1007/JHEP03(2019)118
http://arxiv.org/abs/1802.10104
https://doi.org/10.1007/JHEP10(2018)049
http://arxiv.org/abs/1812.02517
https://doi.org/10.1103/PhysRevB.99.205139
https://doi.org/10.1103/PhysRevB.99.205139
http://arxiv.org/abs/1901.02249
https://doi.org/10.1007/JHEP05(2019)064
https://doi.org/10.1007/JHEP05(2019)064
http://arxiv.org/abs/2001.11938
http://arxiv.org/abs/2001.11938
https://doi.org/10.1103/PhysRevB.101.245160
http://arxiv.org/abs/2009.00138
http://arxiv.org/abs/1904.11550
https://doi.org/10.1007/JHEP09(2020)022
http://arxiv.org/abs/2010.15890
http://arxiv.org/abs/2010.00320
http://arxiv.org/abs/2012.00051
https://doi.org/10.1007/JHEP04(2021)045
http://arxiv.org/abs/2010.06594
https://doi.org/10.1103/PhysRevD.103.026011
https://doi.org/10.1103/PhysRevD.103.026011
http://arxiv.org/abs/2011.09600
http://arxiv.org/abs/2012.00009
http://arxiv.org/abs/2012.00009
https://doi.org/10.1016/0550-3213(74)90224-7
https://doi.org/10.1016/0370-2693(88)91472-4
https://doi.org/10.1007/BF01218410
https://doi.org/10.1007/BF01218410
https://doi.org/10.1016/0003-4916(91)90240-9
https://doi.org/10.1142/S0217732391000580
https://doi.org/10.1016/0370-2693(77)90376-8
https://doi.org/10.1016/0370-2693(77)90376-8
https://doi.org/10.1016/0370-2693(80)90484-0
https://doi.org/10.1016/0370-2693(80)90484-0
http://arxiv.org/abs/hep-th/0507215

[94]

[95]

[96]

[97]

(98]

(9]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

N. Kaloper, L. Sorbo, A Natural Framework for Chaotic Infla-
tion, Phys. Rev. Lett. 102 (2009) 121301. arXiv:0811.1989,
doi:10.1103/PhysRevLett.102.121301.

Y. Hidaka, M. Nitta, R. Yokokura, Emergent discrete 3-form
symmetry and domain walls, Phys. Lett. B 803 (2020) 135290.
arXiv:1912.02782} doi:10.1016/j.physletb.2020.135290.
Y. Tanizaki, M. Unsal, Modified instanton sum in QCD and
higher-groups, JHEP 03 (2020) 123. larXiv:1912.01033, |doi:
10.1007/JHEP03(2020) 123.

M. Alvarez, D. I. Olive, The Dirac quantization condition for
fluxes on four manifolds, Commun. Math. Phys. 210 (2000)
13-28. larXiv:hep-th/9906093, doi:10.1007/s002200050770.
D. I. Olive, M. Alvarez, Spin and Abelian electromagnetic du-
ality on four manifolds, Commun. Math. Phys. 217 (2001) 331—
356. arXiv:hep-th/0003155| doi:10.1007/s002200000354.

M. Henneaux, C. Teitelboim, Quantization of Topological
Mass in the Presence of a Magnetic Pole, Phys. Rev. Lett.
56 (1986) 689-692. |doi:10.1103/PhysRevLett.56.689,

R. Dijkgraaf, E. Witten, Topological Gauge Theories and
Group Cohomology, Commun. Math. Phys. 129 (1990) 393.
doi:10.1007/BF02096988.

E. Witten, SL(2,Z) action on three-dimensional conformal
field theories with Abelian symmetry (2003) 1173-1200arXiv:
hep-th/0307041.

A. Armoni, S. Sugimoto, Vacuum structure of charge k two-
dimensional QED and dynamics of an anti D-string near an
O1~-plane, JHEP 03 (2019) 175. arXiv:1812.10064, doi:10.
1007/JHEP03(2019) 175.

G. T. Horowitz, M. Srednicki, A Quantum Field Theoretic De-
scription of Linking Numbers and Their Generalization, Com-
mun. Math. Phys. 130 (1990) 83-94. |doi:10.1007/BF02099875,
I. Oda, S. Yahikozawa, Linking Numbers and Variational
Method, Phys. Lett. B238 (1990) 272-278. |doi:10.1016/
0370-2693(90)91735-T.

X. Chen, A. Tiwari, S. Ryu, Bulk-boundary correspon-
dence in (341)-dimensional topological phases, Phys. Rev.
B94 (4) (2016) 045113, [Addendum: Phys. Rev. B94 (2016)
no. 7, 079903|. |arXiv:1509.04266, |doi: 10.1103/PhysRevB.94.
045113.

N. Yamamoto, R. Yokokura, Topological mass generation in
gapless systems, Phys. Rev. D 104 (2) (2021) 025010. arXiv:
2009.07621, |doi:10.1103/PhysRevD.104.025010.

Y. Hidaka, M. Nitta, R. Yokokura, in preparation.


http://arxiv.org/abs/0811.1989
https://doi.org/10.1103/PhysRevLett.102.121301
http://arxiv.org/abs/1912.02782
https://doi.org/10.1016/j.physletb.2020.135290
http://arxiv.org/abs/1912.01033
https://doi.org/10.1007/JHEP03(2020)123
https://doi.org/10.1007/JHEP03(2020)123
http://arxiv.org/abs/hep-th/9906093
https://doi.org/10.1007/s002200050770
http://arxiv.org/abs/hep-th/0003155
https://doi.org/10.1007/s002200000354
https://doi.org/10.1103/PhysRevLett.56.689
https://doi.org/10.1007/BF02096988
http://arxiv.org/abs/hep-th/0307041
http://arxiv.org/abs/hep-th/0307041
http://arxiv.org/abs/1812.10064
https://doi.org/10.1007/JHEP03(2019)175
https://doi.org/10.1007/JHEP03(2019)175
https://doi.org/10.1007/BF02099875
https://doi.org/10.1016/0370-2693(90)91735-T
https://doi.org/10.1016/0370-2693(90)91735-T
https://doi.org/10.1103/PhysRevB.94.079903
https://doi.org/10.1103/PhysRevB.94.079903
http://arxiv.org/abs/1509.04266
https://doi.org/10.1103/PhysRevB.94.045113
https://doi.org/10.1103/PhysRevB.94.045113
http://arxiv.org/abs/2009.07621
http://arxiv.org/abs/2009.07621
https://doi.org/10.1103/PhysRevD.104.025010

	1 Introduction
	2 Topological axion electrodynamics
	3 Higher-form global symmetries in topological axion electrodynamics
	4 Topological order in bulk
	5 Topological order on axionic domain walls
	6 Global 4-group symmetry in topological axion electrodynamics
	Appendix  A Charged objects for higher-form symmetries
	Appendix  B Derivations of correlation functions

