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Abstract

We present effective field theories for dipole symmetric topological matters that can be
described by the Chern-Simons theory. Unlike most studies using higher-rank gauge the-
ory, we develop a framework with both U(1) and dipole gauge fields. As a result, only
the highest multipole symmetry can support the ’t Hooft anomaly. We show that with
appropriate point group symmetries, the dipolar Chern-Simons theory can exist in any
dimension and, moreover, the bulk-edge correspondence can depend on the boundary.
As two applications, we draw an analogy between the dipole anomaly and the torsional
anomaly and generalize particle-vortex duality to dipole phase transitions. All of the
above are in the flat spacetime limit, but our framework is able to systematically couple
dipole symmetry to curved spacetime. Based on that, we give a proposal about anoma-
lous dipole hydrodynamics. Moreover, we show that the fracton-elasticity duality arises
naturally from a non-abelian Chern-Simons theory in 3D.
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1 Introduction

In recent years, there has been increasing interest among condensed matter and high energy
physicists in one family of novel phases of matter that is characterized by fractons — excita-
tions with restricted mobility [1-5]. As a simple example of the restricted mobility, a system
with both charge/mass and dipole moment/center of mass conservation forbids single-particle
dynamics and only allows the charge to move by inserting a dipole moment. Such kinetic con-
straint results in a fruitful unconventional phase of matter, including ergodicity breaking [6,7],
dipole condensation [8-12], and (breakdown of) dipole hydrodynamics [13-21].} Experi-
ment [22] shows strong evidence about several above features making the universality class
reliable. The study of fractons also triggers a new type of symmetry, the subsystem symmetry,
that only acts on a sub-dimensional manifold of the whole spacetime [23,24] (see also a re-
view [25]). A continuum quantum field theory for fracton has been developed showing exotic
features like exponentially large ground-state degeneracy and UV/IR-mixing [26].

Inspired by a series of seminal works of Michael Pretko [27-29], a higher-rank gauge theory
has been developed to describe fractonic matters [30] and is used to generalize the topological
Chern-Simons field theory [31-33]. However, the higher-rank Chern-Simons theory has two
major disadvantages. First, this theory requires substantial insight to write down a gauge
invariant action,? and lacks a systematic way to classify what kind of Chern-Simons terms that
can be written down based simply on the symmetries we have. Second, this theory is unable
to couple to curved spacetime consistently [34,35], and it is unclear as to how to characterize
the deviation from a gauge invariant theory on the curved spacetime, although progress has
been made recently [19, 36,37]. The ability to define a Chern-Simons theory on a generic
spacetime reflects its topological nature, which seems to be lacking in the higher-rank Chern-
Simons theory.

In this paper, we want to study the interplay between fracton-like multipole symmetry
[38] and topology by developing a Chern-Simons theory for both the U(1) and dipole gauge
fields: (AH,AZ), following [19]. Before moving on, let us clarify our notations. We denote
u,v=1t,x,y,%,... for the physical spacetime, a,3 = t,x,y,z,... for the internal spacetime,
and use i,j and a, b to indicate their spatial subspace, respectively. The n-multipole gauge
field can be written as Azl"'a", but, for our purpose, we restrict our attention to dipole sym-
metry. The set of gauge fields for dipole symmetry is analogous to scalar-and-vector charge
theory [39,40], and the internal index indicates whether it behaves as a scalar or vector under
rotational symmetry. Diplole symmetry further requires a nontrivial coupling between scalar
and vector charges. Under U(1) (a) and dipole (§¢) gauge transformations, the two gauge
fields transform as, in the flat spacetime limit,

Ayt x) = A,(t,x)+,a(t,x) +6,,E(t, x), (1a)
AL (t,x) = AL (£, x) +0,8°(t, x), (1b)

1One might notice that some of them are hydrodynamics of dipole superfluid. This is because, when momentum
conservation is present, dipole symmetry must be broken [19].
2If it is reduced from a @-term [29] in one-higher dimension, the construction of the 6-term is still nontrivial.
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and we see that A, transform nontrivially under the dipole shift £“. By setting £ = —6 d.a,
they combine to form a symmetric higher-rank gauge theory with (A;,4;;), and whose gauge
transformation reads A, — A, + d,a, A;; — A;; — 9;0;a. However, we emphasize that it is un-
necessary to reduce the dipole gauge theory to the higher-rank gauge theory for the latter over-
shadows many properties of the original dipole gauge theory for several reasons. For example,
first, the scalar and vector charges are mixed under higher-rank gauge theory and combined
to form an effective symmetric tensor charge. This change of the underlying degrees of free-
dom is an unwanted feature for the purpose of constructing an effective field theory as their
transformations under rotational symmetry are altered.® Second, the higher-rank gauge fields
are unable to be expressed as differential forms. Unlike it, our set of gauge fields is manifestly
invariant under diffeomorphism and can be expressed as 1-forms: A = A, dx*, A" = Ade“.
Now, recall that the conventional Chern-Simons theory is built upon differential forms of gauge
fields for a scalar charge, our dipole gauge theory is thus better suited to generalize the Chern-
Simons theory than the high-rank gauge theory.

In Section 2, we discuss the dipolar Chern-Simons theory in even spatial dimensions and its
boundary ’t Hooft anomaly. Using the dipole gauge fields, we can write down most generally
in D = 2n + 1-spacetime a dipolar Chern-Simons theory

Scs = Cop f dPx e Vlllz-vvvnun-%—lAle 3V]AZ22 "'3VnAZ’;:11falaz-"an+1 , (2)
where fq q,..q,,, 1S an invariant tensor for the underlying (discrete) rotational symmetry. The
coefficient C,, is shown in Appendix A to be quantized for a compact dipole symmetry. From
construction, the Chern-Simons term is guaranteed to be invariant under rotational symmetry,
and invariant under gauge transformations up to a total derivative term. Interestingly, we find
the dipolar Chern-Simons theory can also exist in odd spatial dimensions (see [41]), which is
impossible for conventional scalar charge Chern-Simons theory. In Section 3, we detail such
construction and study its boundary anomaly. Due to breaking continuous rotational symmetry
to some discrete subgroups, we show how the boundary anomaly depends on the direction of
the boundary. This will provide a novel example where bulk-edge correspondence displays a
dependence on the boundary itself.

In Section 4, we show that the torsional anomaly in U(1) quantum Hall state can be iden-
tified as a dipole-like anomaly. Intuitively, momentum is like a (time-reversal odd) vector
charge, so it shares many similarities with dipole symmetry. The torsional anomaly provides
a mechanism to generate gapless modes in the quantum Hall state.

Conventional particle-vortex duality is captured by a mixed Chern-Simons term between
dynamical and background gauge fields. In Section 5, we generalize it to dipole phase transi-
tions that were reported recently in [42]. We study the mixed Chern-Simons term that incor-
porates either a dipole symmetry or a dipole symmetry breaking and show how the Lifshitz
theory emerges from it.

All of the above are defined in the flat spacetime limit. In Section 6, we develop effective
field theories toward a curved spacetime dipolar Chern-Simons theory. In Section 6.1, we
generalize (2) to curved spacetime with the help of dipole Goldstone. We then move further to
consider a pure gauge theory in 3D spacetime in Section 6.2. By treating the dipole symmetry
in an equal footing as the spacetime symmetry, we arrive at a non-abelian Chern-Simons theory
following the canonical construction of topological 3D gravity [43-46]. The resulting theory
is a generalized Wen-Zee term [47], and we will show that it enriches present understandings
of “fracton-elasticity duality” [48-50] (see also a review [51]).

3For example, it was shown in [19] that the dipole current in dipole hydrodynamics will have anti-symmetric
components that must couple to the anti-symmetric part of the dipole gauge field. Such coupling is disallowed in
the symmetric higher-rank gauge theory.
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2 Dipole anomaly in one spatial dimension

We start by proposing a boundary anomalous theory and then search for a bulk Chern-Simons
theory that cancels the boundary anomaly.

Denote the compact phase variables for charge and dipole moment as ¢, ¢*. Ind =1, ¢*
is like a scalar charge. Under U(1) and dipole symmetry transformations, they shift by

¢(x) > p(x)+a—xEX (mod 27), (3a)
¢ (x) > d*(x)+&". (3b)

Consider a D =1+ 1 system described by a real-time action that is invariant under the above
global symmetry

S ¢*]1= f dx L@gP - 20 + 67V —CaD 0B + @V @

In the action, we did not include the kinetic part (8;¢*)? as the system is not in the symmetry
broken phase; see Section 5 for dipole symmetry breaking. The C-term, which has the first-
order time derivative, will be responsible for the anomaly in the system. The Noether current
is obtained by allowing a(t,x) and £*(t, x) to be spacetime dependent. This leads to, to the
leading order in a, £%,

68 = J d*x 20,9 (8a—x3,8¥) —Ky(0 b + ¢ ) (0, —x8,E¥) —2C3,$* 0, &* + k3, p* 3, E™
=fd2x J“@Ma+f)‘c‘3“§x, (5)
from which we identify the currents as

J'=n=y0¢, J =—K,(0,9+0"), Ji=x0¢,—xn, J'=-2C0,¢,—xJ". (6)

Notice that the dipole current J- has a component proportional to xJ* that describes the
orbital part of the dipole moment. Now, we try to gauge the action (4) by adding the corre-
sponding gauge fields AH,AE. The gauged action is given by

S[¢: ¢X)A)AX] = S[¢: ¢X] _J dzx (JHAH +JA)€LAZ)
d2x (1A% eAY — 204%) + L (A, — xAT2 — KB (4 — xary?
+ X E t(K l‘_ X)+§( [_x t) _?( x_x X) 5 (7)
where the second line is some suitable counterterm. Under gauge transformations

¢ - p+a—xE, ¢¥ - ¢¥+&F and Au — Au + J,a, Aﬁ - A);i + 9,&%, the gauged ac-
tion changes by

SS[AA; o, EX] = f d®x CE¥(0,AY — 5,AY). (8)
It is impossible to completely remove this anomalous gauge transformation by adding further

local counterterms, therefore, (4) encounters an 't Hooft anomaly. The ’t Hooft anomaly can
be canceled by a bulk Chern-Simons theory. Consider the Chern-Simons term in D = 2+ 1*

Scs[A¥] = CJ d®x e"PAY 9,AT . )

“We are informed that Leo Radzihovsky has constructed a similar Chern-Simons term for vector charge theory
in an unpublished work.
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Suppose the action is only defined on y < 0. Under a gauge transformation, the Chern-Simons
action changes by

6Scs[A"; 87 ] = Cf d’x "0 ,(8%0,A7)
:Cszx gxevpavA’;:—SS_ (10)

Hence, a gauge invariant theory is a sum of the Chern-Simons action (9) and the boundary
action (4).

The dipolar Chern-Simons theory in (9) is anisotropic, i.e. it does not involve the y-dipole.
If, instead, we have an isotropic dipolar Chern-Simons theory

Scs[AY] = cf d®x €7PAS9,A% an

for a = x,y, its boundary must also be anomalous in terms of the y-dipole moment ¢~.
However, since we put the boundary at y = 0, the ¢ is out of the plane. This implies that if
looking at the line y = 0, ¢¥ would move like an unconstrained charge since its dipole moment
can always be preserved. Therefore, the 't Hooft anomaly for the y-dipole is identical to that
for U(1) charge without dipole symmetry. Nevertheless, this out-of-plane dipole anomaly will
be important for the discussion in Section 3.

The Chern-Simons theory (11) has appeared in [31] in a different manner. They used
higher-rank gauge fields (A;,A;;) to construct it as

SgCS[Aij,At]=Cfd3x (eVAyAk —24,678,5.A) . (12)

By taking A7 = J,A, and identifying the physical spacetime with the internal spacetime, we
find (11) reduces to (12). This is consistent with the gauge fixing discussed below (1) in order
to reduce the dipole gauge fields to the higher-rank gauge fields. Several remarks follow. First,
the way the higher-rank gauge theory is used to construct (12) does not have a direct general-
ization to our most general Chern-Simons theory in (2). Second, the length (L) dimension of
each field is different in the two theories. For (12), they have [A;;] = L Yand[A,]=L°[31].
However, we have [Ai] =[A,]= L~ ! and the dimensional analysis is taken with respect to the

physical spacetime only. The latter principle further indicates that [52] =L 'and [x%]=1L°

because eﬁ = 5; is a 1-form field and x¢ lives in the internal spacetime.

The action variation (5) leads to a conservation of dipole current as 8Mjf = 0. This is
not written in the canonical way where dipole current is not conserved (see [19]), and this is
because J¥ contains the orbital dipoles. To have the non-conservation of dipole current, we
define the intrinsic dipole current J& = Jj¥ + xJ#, and then the dipole Ward identity changes
to 9,J ¥ = J*. Along with it is the change of the U(1) gauge field A= A“ - xAZ, which then
transforms as

A, — A +9,a—x3, 8 =A,+30,a' +5,,E". (13)

This agrees with (1). Now, combining (5) and (10), we obtain the anomalous equations of
motion

g J" =0, (14a)
Ol =J"+Ce""Fy, (14b)

where F ‘fv =g A} — 8VAZ.
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The boson action (4) indicates that ¢* is gapped [42]: By the change of variable
¢* = ¢* + J,.¢, the K,-term generates a mass term for ¢*’, so we can set ¢*’ = 0, and
obtain (up to higher derivative corrections)

¢ ~—0,9. (15)

This is also clear from the equation of motion (14b) that in the absence of the external field, we
have J* ~ 0(82¢,,), so using (6), we find (15) to the leading derivative order. Now, keeping
the next-leading derivative order, we have J* ~ d,J; ~ 2C0,0 xqu. Using 9,J" = 0, we arrive
at the chiral equation

x0:¢ +2C32¢ =0. (16)
Upon Fourier transformation, we obtain a cubic chiral mode
2C
w= ——ki . a7
X

It was recognized that the damped anomalous chiral mode in d = 1 will flow to the Kardar-
Parisi-Zhang (KPZ) universality class [52]. To study dissipation, one needs to construct an
effective field theory on a Schwinger-Keldysh contour. This has been done recently in [15]
though for different purposes. According to [15], the cubic chiral mode would experience a
quartic dissipation forming a damped mode w ~ kf’c — ikfc. However, nonlinearity is relevant
in d = 1. By a zeroth-order scaling analysis, the true dissipative fixed point is predicted to be
w ~ ki —ik? with z &~ 7/2, which, a priori, does not belong to the KPZ class [15]. Therefore,
our dipolar Chern-Simons theory provides a concrete example to realize the novel universality
class beyond KPZ.

In the presence of dipole symmetry, the U(1) chiral anomaly is forbidden. This can be
seen through both boundary and bulk theories. The boundary chiral boson action for U(1)
anomaly must take 8,¢ (9, ¢ + ¢*) to preserve the dipole symmetry. According to (15), the
anomalous charge flow is gapped and charges cannot propagate by themselves, so such a
term gives trivial dynamics at the boundary. From the perspective of the bulk, there is no
gauge invariant U(1) Chern-Simons theory under gauge transformation (1). For example,
if U(1) gauge transformation is preserved, we can have fe‘“’pAM&‘vAp, but it is not dipole
gauge invariant. If considering a mixed gauge interaction fe‘”P (A 0,A, —2A,0 WA’; ), it
fixes the dipole gauge transformations of the first term but, at the same time, generates more
terms under both U(1) and dipole gauge transformations. This fact can already be generalized
to systems that preserve multipole symmetries, and in that case, only the highest multipole
symmetry can support the 't Hooft anomaly.

3 Dipole anomaly in two spatial dimensions

Since U(1) Chern-Simons theory only exists in even spatial dimensions, U(1) anomaly can only
occur in odd spatial dimensions. This is no longer true for dipolar Chern-Simons theory and
dipole anomaly together with an appropriate discrete rotational symmetry. To see it, consider
D = 3+ 1 spacetime, and introduce the vielbein eﬁ. Here, ez transforms as a vector under
rotational symmetry. It is important to work in flat spacetime e = §¢ such that the vielbein is
not a truly gauge field; we will come back to gauging both dipole and spacetime in Section 6.2.
Combining the two 1-forms 5ﬁ and AZ, we can construct the following Chern-Simons theory

Scs = cf d*xe""PIAL DAL 5 fape (18)
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where f,;. is a totally symmetric invariant tensor under a discrete rotational symmetry. In
the following, we will consider two different point group symmetries, construct bulk dipolar
Chern-Simons theories, and study their corresponding boundary anomalies. Note, this per-
spective is the inverse of that taken in Section 2.

3.1 Tetrahedral dipole anomaly

Consider a three-dimensional fluid with tetrahedral symmetry [53]. There exists a dipolar
Chern-Simons term

abc?

Scs = CTJ d*x e""PoA% 0 A 6 f ] (19)

with fxTyZ = fxsz = fysz = szxy = 1. While the dipolar Chern-Simons term breaks time-reversal

symmetry, it does not break parity in all three directions. By contrast, a U(1) Chern-Simons
term breaks parity in every direction. Suppose putting boundary at z = 0, the dipolar Chern-
Simons theory under gauge transformation changes by

6Scs(z=0)= CTJ dtdxdydz ewpoau(gaa,,Alpg aTbC) = CTJ dtdxdy evp’gaavAg ;Fbl ,

(20)
where capital letters I,J run over the two-dimensional boundary. Manipulating in a reverse
way as Section 2, we find the chiral boson action

S[e,¢%1= f dtdxdy £(2,9)2— 2019 + 91— Cre 88,671, + S(@9 . (D)

By varying the action with respect to the boson fields and using ¢; ~ —3;¢, we arrive at the
equations of motion

20:¢ —2C1(32 —32)¢, =0,
KOp, +2C(32 —02)p =0. (22)

Upon Fourier transformation, it leads to two modes

4C3
w =%\ K—;|k§—k§|. (23)

The two counterpropagating modes form a time-reversal pair. Since the tetrahedral group is
symmetric in exchanging x, y,z, the boundary anomaly at x = 0 or y = 0 will be similar.
However, the anomaly does differ if the boundary is located in an arbitrary direction. To see
it, we rotate the invariant tensor through fi’g = RZ b beC 4> Where R” is the rotation matrix along
y. Parametrizing the rotation matrix by 6, we have
TR _ ¢T,R _ ¢T,R _ TR _
fzxy _fzyx _fxyz _fxzy - COSG’
TR _ TR _ _ TR _ _ TR _ :
fxxy _fxyx - fzyz - fzzy =sin6,
TR _ (TR _
fyxz_fyzx_l' (24)

Then, the chiral boson action at z = 0 is given by

S[e,¢°1= f dtdxdy £(3,6)— 2@ + 6,7~ Cre 8, a9 15+ 20,67 . (29)
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Varying the action, we obtain

x0:¢ —Cr(2cos an2 —(cos 6 + 1)85)(1)2 + 2Cr sin 9(8)23 - 8x8y2)¢> =0,
KO; ¢, + Cr(2cos 68}(2 —(cos O + 1)3y2)¢> +2Cysinf0, ¢, =0. (26)

When 6 = 0, we recover (23). However, as soon as 6 # 0, the boundary modes changes, to
the leading order in wavevectors, as

26, (k2 , 6

wr 7 (_sine + kxky cot COE (27a)
2Cysinf

w %kz . (27b)

The two modes are now chiral and break the time-reversal symmetry as well as the parity
of x and z, but preserve the parity of y. This is consistent with the rotated invariant tensor,
or equivalently the rotated boundary, that the bulk dipolar Chern-Simons theory is invariant
under the parity of y.

3.2 Triangular dipole anomaly

Consider a two-dimensional (x-y plane) triangular symmetry [54,55]. There exists a dipolar
Chern-Simons term

A
Scs =Ca J d*x et"P7AT 3,40 5C f 1 (28)

1 A . . . . .
with f | = 04,0}, 404,07}, Where %% are three Pauli matrices. There is another invariant

A . . .
tensor fab; = 0qx0},— 04y 07, corresponding to rotating the triangle by 180 degrees, and the

. . A A . . .
two invariant tensors are related by €4, fabi = f4p.- This dipolar Chern-Simons term breaks

time-reversal symmetry and parity of x and z but preserves the parity of y due to the oddity
of faAbC under y — —y.

Let us first consider putting a boundary at y = 0. Under the gauge transformation, (28)
changes by

6Scs(y =0)=Ca f dtdxdydz Ewpaau(gbavA;5gfb§d) =Ca J dtdxdz evaéaavAl;faAbx .

(29)
The corresponding chiral boson action is given by

K A K
S(6.¢°1= J dedxds 28,92 = @9 + 61— CaB "84 £, + 5497, (30)
where I = x, 2. Varying the action and using ¢; ~ —J;¢, we arrive at the equations of motion

20 _2CAaxaz¢y =0,
kO, §, +2Cnd,8,¢ =0. 31)

Upon Fourier transformation, it leads to two modes

4c2
w=+\| —|k.k,|. (32)
KX

Similar to the tetrahedral dipole anomaly, the counterpropagating modes here are quadratic.

8
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If the boundary is at x = 0, the action changes by

Pesbe=0)=Ca f dtdxdydz e“"Paau(gbavA;(sgfb%d) =Ca J dtdydz GpriaavAZfaAby )

(33)
The corresponding chiral action is given by

stg.¢°]= J dedyds £0,67 - 2019+ 612~ Cadid*2.0° 1, + S @07 . 34

Varying the action and using ¢; ~ —0J;¢, we arrive at the equations of motion

18,6 —2Cp220,¢ =0,
K3, —2CpB, ¢, =0. (35)

Upon Fourier transformation, it leads to two chiral modes

2C
w = TAkikz, (36)
2C
wz_jéh, (37)

with both linear and cubic dispersion relations. As promised by the bulk dipolar Chern-Simons
theory, the chiral modes are odd under parity of z but even under parity of y.

We can further consider an arbitrary boundary perpendicular to the x-y plane. Instead of
rotating the coordinate, we rotate the invariant tensor through fa%(’iR =Ry fbAC ;- Parametrizing
the rotation matrix by 8, we have

faﬁ’iR =04 x(cosO0?; —sin00%;) + 6, ,(sinOo,; +cosHo?,) = cos Ofafd —sin Ofaﬁ; . (38)

Let the boundary be at y = 0, so the action changes by

Pesly =0 CAJ dedxdyds e#"°78,(6°0,4,5 fyc) = Ca J dedxdz €77 E95,A0 £ 41

(39)
The corresponding chiral boson action is given by

Stg,¢"]= J dtdxds £0,67 — 20816 + .7~ Cati4°0.8" 155+ 5@ . 40)

Varying the action and using ¢; ~ —0J;¢, we arrive at the equations of motion
%0, —2CA sin anzﬁqu —2Cpc08600,0,¢, =0,
KOy, —2CAsin03,¢p, +2Cx c0s60,,¢ =0. 41D

When 6 = 0, we get back (32). However, when 6 # 0, it will lead to two chiral modes (to the
leading order in wavevector)

2CA

R Jsin® kikz , (42)
2CA sinf
W~ —Tkz . (43)

It is consistent with (36) when setting 60 = /2.

9
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If the boundary is at z = 0, the action changes by

5Scs(z=0) = cAf dtdxdydz e"*P73,(8°8,45 5% ;) = Ca f dtdxdy e"1£90,A0 £1 .

(44)
The corresponding chiral boson action is given by

Sl¢.9"1= f dedyds £(0,6)2 = 206 + 017~ Cac?8,6°0,6y, + 5097 (45)

Varying the action and using ¢; ~ —0J;¢, we arrive at the equations of motion
20:¢ +2Ca (37 —3870,)¢ = 0. (46)

Upon Fourier transformation, it leads to a single chiral mode
2C
w = -2 (k3 - 3K2k,), 47)
X

with cubic dispersion relation. As promised by the bulk dipolar Chern-Simons theory, the chiral
mode is odd under parity of x but even under parity of y. The dipolar Chern-Simons term
does not involve the z-dipole that is out of the plane, so there is no linear-dispersing mode.

3.3 Boundary-dependent bulk-edge correspondence

When the boundary is orthogonal to the direction along which the parity is preserved by the
bulk dipolar Chern-Simons theory, the boundary gapless modes will form a time-reversal pair.
These modes have a different universal behavior from the chiral modes at other boundaries.
For instance, they are quadratically dispersing and counterpropagating against each other.> In
fact, unlike the chiral modes, those non-chiral modes are protected by additional symmetries.
They are protected by the parity normal to the boundary. Since the bulk is even under the
parity normal to the boundary, the out-of-plane gapless mode is forbidden in the equation of
motion. Hence, the out-of-plane dipole has to couple to the charge, which is bonded to the in-
plane dipole, to form a paired mode. We further justified it by considering symmetry-breaking
perturbations. This is amount to choosing different boundaries. We have seen that as soon as
the parity normal to the boundary is not a symmetry of the bulk, the non-chiral modes will
become two chiral modes with different dispersion at the leading order in wavevectors. In
a word, the non-chiral modes at specific boundaries correspond to some symmetry-protected
topological (SPT) bulk, while the chiral modes at generic boundaries correspond to a more
general bulk that does not require additional symmetries, like quantum Hall state for exam-
ple. Moreover, observe that such non-chiral modes cannot happen in a single-specie fluid, like
the U(1) chiral anomaly, and is instead carried by a mixture of the dipole moments that are
in the plane and out of the plane. Therefore, we suggest calling it the mixed anomaly be-
tween the in-plane dipole moment and out-of-plane dipole moment. As a result, we find that
the dipole anomaly with point group symmetries would violate the conventional bulk-edge
correspondence: A single bulk dipolar Chern-Simons theory may lead to different boundary
anomalies at different boundaries,® and, at the same time, these different boundary anomalies
would correspond to either SPT or a generic bulk depending on whether there is an additional
symmetry that is protecting the boundary modes.

>This type of boundary anomalous flow is similar to the quantum spin Hall edge state, but the symmetries that
protect them are different.

6Similar observations have been made in a recent work about subsystem anomaly [56]. In the meantime, it
was noticed that a single boundary anomaly may correspond to different bulk fracton models [57-59].
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Following the analysis at the end of Section 2 and assuming isotropy, the zeroth-order
dissipative fixed point for the cubic chiral modes in d = 2 would be z ~ 4. This is equal to
the subdiffusive scaling at the linear level, so d = 2 is the critical dimension. On the other
hand, the zeroth-order dissipative fixed point for the quadratic modes in d = 2 would be z ~ 3.
This is still below z = 4 from linear analysis, so we anticipate a new dissipative fixed point.
In a word, a single bulk dipolar Chern-Simons theory could support different dissipative fixed
points on different boundaries.

As a final remark, the gapless edge modes would lead to UV/IR mixing [26]. For exam-
ple, taking k, —k, = 0 in (23), the low energy state w = O talks to both small wavevector
k. +k, <1 and large wavevector k, +k, > 1. This type of dispersion relation is also relevant
for the exciton Bose liquid [60, 61].

4 Analogy to torsional anomaly in U(1) quantum Hall state

In this section, we take a detour to consider a U(1) quantum Hall state in D = 2 + 1 without
dipole symmetry. However, there is an emergent nonlinear dipole-like symmetry on the Lowest
Landau level (LLL) as recently discussed in [62]. This is realized as the volume-preserving
diffeomorphism (VPD). Consider a spatial Lie derivative

L’xieﬁ:xiaiez+8uxi5f, (48)
and &, y' = 0 for VPD. Notice that the linear term 9 W4 '51‘.’ looks just like the dipole gauge trans-
formation in (1). By coupling to the background U(1) gauge field A, and fixing A; = Bel iXj,
we arrive at the equations of motion (in the flat spacetime limit) [62]

9,7 =0
O;T. =BeapJ'0yp . (49)

This coincides with the hydrodynamic equations under a magnetic field and in the LLL limit
by letting m — 0. Let us now introduce a Chern-Simons term in D = 3 + 1 mimicking (18):

Storsion = C/f d4 e!P% aa e 56 fabc s (50)

and we find that this is the generalized torsional Chern-Simons theory [63,64]. Under the
nonlinear diffeomorphism (48), (50) changes by

8S orsion = c’j d*x 07 (y'0,e80,eb + 8, 1'570,e] + €40,y drel + 3y 1'57)) 65 fave
puvp

Jd“x €7 (310e2GY +8,1'59G ) 6 fup

—_ Jd4x M5B Gh 8 fape =0, (51)

where we approximated the spacetime to have constant torsion Gl‘j y = 0ue; — ave;; and to be
close to the flat limit, and in the last step we used VPD. To obtain the boundary anomaly, let
us consider a triangular symmetry in the x-y plane, and place the boundary at z = 0. The
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boundary terms from (51) are given by

5Storsion = C/J dgx euzpceg(xiaieg + apxi5lb)fabc + ezvpcxi5f‘lG€pfabc

:C/deX eszcXi5l§lepfabc. (52)

The first term vanishes because f;,. is fully symmetric. Then, the torsional Chern-Simons term
changes the equations of motion in (49) to

8,J" =0,
;T = BeqpJ 81+ C'€"G] fupe- (53)

Consequently, rather than being subdiffusive [65], the U(1) quantum Hall state under torsional
anomaly will develop a cubic dispersing chiral mode just like in (47).

5 Generalized particle-vortex duality with dipole symmetry

Particle-vortex duality typically maps between particle excitations in one theory and vortex
excitations in another theory. The conventional particle-vortex duality describes a mapping
between the following two models:

XY model : S=Jd3x|(8u—iA“)¢|2+V(4'>), (54a)
N |
Higgs model : S=fd3x|(au—iau)¢|2+v(¢)+%E“V"Auavap, (54b)

where A, is the background gauge field. The essence of the particle-vortex duality is realized
through the mixed Chern-Simons term involving the dynamical gauge field a,,, which reveals
that the charge density associated with & is equal to the flux density da/27w. Therefore, the
Goldstone mode of spontaneously symmetry broken XY model is identified with the dual pho-
ton in the Higgs model. The exact same idea can be generalized to spontaneously broken
dipole symmetry: The dipole symmetry acts just like a U(1) symmetry for dipole moments.
Imagine dipole shifts on the dipole scalar field % — %€, where a = 1,2, ... are just labels.
Then, we can immediately write down the particle-vortex duality for dipoles:

dipole — XY model : S = Zf d3x|3M95a - iAZslSaI2 +V(9Y), (55a)
a
- - o 1
dipole — Higgs model : S = ZJ d?’xlaufﬁ“ — iaﬁ«:lSaI2 + V() + %E“W’Azavag . (55b)
a

Note there are no U(1) degrees of freedom in these dipole models. A more interesting scenario
is to include U(1) symmetry. However, since we can not have the U(1) Chern-Simons term
in the presence of dipole symmetry, including U(1) symmetry will not bring about additional
duality in terms of the flux attachment. To have a non-trivial duality, we need to condense the
dipole first, and then study the remaining U(1) phase transition; such U(1) symmetry breaking
has been studied in [42], and the condensed phase was argued to be Lifshitz-like.

Let us call the dipole Goldstone ¢, and it transforms under the dipole shift as

P — et +E°L. (56)
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It is useful to define the modified U(1) gauge fields

B,u,[(»aa] EA,U,_XaAZ_5ua(pa: (57a)
bu[(pa] = au_xaAi_é,ua(Pa: (57Db)

where AM, d,, transform as normal U(1) gauge field like in Section 2. We propose a new type
of particle-vortex duality mediated by dipole Goldstone:

@?—XY model: S = J d3x|(3“ — iBM[cpa])@I2 + (3,9 —AZ)2 +V(P), (58a)
@p*—Higgs model : S = f d3’3c|(8M — ibu[aﬁa])filz + (9,9 —AZ)2 +V(®)

1 - ~
+§6“VPBM[¢a]3vbp[npa]. (58b)

Both models have a global dipole symmetry: The shift & — &e *“¢" is canceled by the shift
of —xaAZ — Ouqap® in (57), and the Chern-Simons term in (58b) is invariant up to a total
derivative. Like (54), ¢*—XY model has a U(1) global symmetry, while ¢*—Higgs model has
a U(1) gauge symmetry.

There are two phases in ¢®—XY model: i) unbroken U(1), and ii) spontaneously broken
U(1). Case i has gapped & excitations but linear-dispersing gapless ¢®. In case ii, we can
parametrize the scalar field as & = pe'?, and neglect the massive excitations of p. The low-
energy theory becomes

SU(l) broken — J dgx (au¢ + 6‘ua(pa)2 + (3u90a)2 - f d3X (at¢)2 + (aiaa¢)2 5 (59)

where we used the fact that the dipole Goldstone is gapped by the U(1) Goldstone:
0,9 = —0,qap". The low-energy excitations are w ~ k? and thus is Lifshitz-like. In this
phase, the theory also has vortex excitations. Unlike the usual superfluid vortex, the U(1)
vortex here is given by [8]

—f dx' x%3,9,¢ =—j€ dx 8i(x‘18a¢)+§dxiai¢ =2nn, neZ. (60)

On dimensional ground, such a vortex is gapped since it is logarithmically confined.

Let us now look at the @*—Higgs model, which also has two phases: i) unbroken U(1)
gauge symmetry, and ii) broken U(1) gauge symmetry. In case i, the dynamical gauge field
b,, will support dual photon o excitations. To see it, we ignore the coupling to the field & and
introduce the Maxwell term. The partition function reads

: 1 1 ~a
Z=JDbeXp(1Jdgx—@fz—él—neﬂw)é“a@ fvp)

. 1 1 . 1
= f Df Do exp (1J d3x — rngz — 4—ne“”p5uacpafvp + 4—ne“”p(78Mf,,p) , (61)
where f,,, = J,b,—3,b,, and o is a Lagrangian multiplier implementing the Bianchi identity

e, f,, = 0. Using the equation of motion

2
== e (8,0 +6,6%). (62)

we can integrate out f,,, to obtain an effective action
5. & 2
Sdualphoton = J d”x @(auo- + 5Ma¢a) . (63)
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Compared to (59), we identify o with ¢ as the hallmark of the particle-vortex duality. Adding
back the dipole Goldstone dynamics, we get the Lifshitz scaling at low energy. In the meantime,
the é excitations are gapped and their interactions are mediated by the Coulomb interaction.
In d = 2, Coulomb energy has logarithmic divergence, so it matches the vortex excitations in
the ¢?—XY model. Therefore, case i in $*—Higgs model is dual to case ii in ¢*—XY model.

One may wonder if the dipole Goldstone in the dual theory is still “gapped” when the
dynamical gauge field is turned off. Naively, this would lead to a linear-dispersing dipole
Goldstone that is in tension with the Lifshitz theory. Thanks to the Chern-Simons term in
(58b), the correct low-energy theory in the dual picture is given by

1 san ~ -
Sdual = J d®x — ﬁeawaaﬁpb +(3,69), (64)
where we neglected the second-order time derivatives. This theory has a Lifshitz fixed point
w ~ k2. The first-order time derivative term indicates that ¢* and ¢ are canonically conju-
gate to each other reminiscent of the Heisenberg ferromagnet [66]. In fact, the analogy is not
a coincidence — dipole moment of vorticity (recall the dual theory is a theory of vortex) does

not commute with itself: [67]
{Di)D'}:_eijFJ (65)

where {,} is the Poisson bracket, and I is the total vortex. Think of I' as the total spin, the
dipole moment has an identical algebra as the Heisenberg ferromagnet, and importantly, it
allows for the first-order time derivative term to appear in (64). Thus the two linear-dispersing
Goldstone will couple together to form a single quadratic-dispersing Goldstone. To summarise,
the Chern-Simons term in (58b) plays two roles in the dual theory. First, it generates the usual
flux attachment to relate the gauge vortex o to the real particle ¢. Second, it reflects the
non-commutativity of dipole moments in the dual picture and leads to a Lifshitz fixed point.

Lastly, in case ii, $ acquires an expectation value, so the U(1) gauge symmetry is broken,
and the dual photon o becomes massive. This results in b, = 0, so the dipole Goldstone
becomes linear-dispersing. This phase is thus dual to case i in ¢*—XY model.

6 Dipolar Chern-Simons theory on curved spacetime

In D = 2+ 1, the usual U(1) Chern-Simons theory can be written in the differential form
f AAF, where F = dA is the two-form field strength. In this way, the U(1) Chern-Simons term
is invariant under U(1) gauge transformation in a generic closed manifold, and the integral
does not depend on the metric meaning it is a topological field theory. However, a naive
generalization to dipolar Chern-Simons theory like f A* AFPf., with F? = dAP is not correct
because this term is not invariant under the dipole gauge transformation on curved spacetime
[19]

A‘:L —>AZ+VM€“, (66)

where V£ =7, + wzbi b and wa is the spin connection. It turns out that it is impossible
to find a dipole field strength that is invariant under (66) since any vector charge gauge field
will necessarily encounter the Ricci curvature when computing its own “curvature”. The reason
is that the dipole algebra is “non-abelian” in spacetime:

[Py, D.]=—iQ6,, (67a)
[Pg,Lpc]=1(04qcPp —64pPe) (67b)
[Dg,Lpc]=1(0q.Dp —84pDc) , (67¢)
[LoesLae]l =1(8pqLee = OpeLled —ScdLlpe + OceLlpd) » (67d)
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where P, generates translation symmetry, D, generates dipole symmetry, and L,;, generates
SO(d) rotational symmetry.

To build a gauge invariant theory on curved spacetime, we need to either cancel (66) by
coupling to matter fields or treat the dipole symmetry as a part of the spacetime symmetry
in (67). The former is presented in Section 6.1 to include dipole Goldstones in the dipolar
Chern-Simons theory. The latter leads to a non-abelian Chern-Simons theory in Section 6.2.

Before constructing the field theories, we review some necessary ingredients of the vielbein
formalism; for a complete analysis of dipole symmetry on curved spacetime, we refer readers
to [19]. The covariant derivative is defined as

0 _ 0 0
Ve, =0,e,— I“[L’vep , (68a)
Ve =gue) + wh el — TP e, (68b)

where F[fv is the Christoffel connection, and wa is the spin connection for space only. Since
the spin connection and the Christoffel connection are not independent, and it is more natural
to treat the spin connection as the gauge field for spatial rotational symmetry (see (79)), we
impose the metric compatibility condition

V,et=0, (69)

such that the Christoffel connection can be expressed in terms of the spin connections and the
vielbeins. We will further fix the temporal component of the vielbein to be eg = 52 since the
time translation generator is central in the dipole algebra (67) so its gauge field eg is decoupled
from the theory we are interested in. Now, the vielbein is full rank, and its inverse is defined
through

efjeg = Sg , ege; = 5;:. (70)
6.1 Couple to dipole Goldstone
Define the dipole field strength as [19]
Fl, = 8,A%—0,A7 + i, Ab — wd AP (71)
It transforms under dipole shift (66) as F ;le —F ﬁv +RabW€ b with
RchE auw?}c—@vwzc+wzdw’ic—a)l;dwzc, (72)

the curvature tensor. In order to have a gauge-invariant field strength, we introduce the dipole
Goldstone ¢? that transforms under dipole shift as

P> Pt +E°L. (73)
The gauge-invariant field strength is defined as
Bl =Fi —R% 0" (74)

Now, an A FP £, is still not gauge-invariant, but transforms as

5an NEbf, = f d*x3, (ec""PEFD £,) —f dx e£9V/, (e FD ) £y, (75)
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where VZL =V, + ZF[’;V], and we used V,f,, = 0. While the first term is a boundary term,

the second term needs an additional term (p“VL (e‘“’p F f)’ p) to cancel it. Collecting the above
results, we arrive at the final gauge-invariant dipolar Chern-Simons term:

Scg = CJ d3x e [EHVPAzFSP + (paV; (e“”pﬁgp)]fab. (76)

The inclusion of the dipole Goldstone makes physical sense — when dipoles want to form cy-
clotron motions in the quantum Hall phase on the curved spacetime, due to the kinetic con-
straint, the dipoles must be generated out of the condensate.

We expect that (76) is relevant to the construction of parity-violating dipole hydrodynamics
generalizing [19]. This is a useful starting point since there is no known dipolar anomaly on
curved spacetime to our knowledge. One can then follow the analysis of [68] in a reverse way
to determine various parity-odd transport coefficients in terms of the coefficient C [69].

6.2 Non-abelian Chern-Simons theory of 3D gravity: Fracton-elasticity duality
and beyond

We follow the non-relativistic construction in [43,44] to build a non-abelian Chern-Simons
theory based on (67); see also the original proposal of relativistic 3D Chern-Simons gravity
in [45,46].” A non-abelian Chern-Simons theory is given by®

scsch tr(A/\dA+i§A/\A/\A), 77)
M3

where the trace encodes a non-degenerate invariant bilinear form on the dipole algebra. The
crucial difference from the Galilean algebra in [43, 44] is that we are allowed to turn off
the time-translation generator H, which is central in the dipole algebra, and the invariant
bilinear form is already non-degenerate without further central extensions. This can be seen
by observing that the bilinear form e??D,P, — %Qeab L,y is invariant and commutes with all
the generators. Hence, we are interested in the following non-degenerate bilinear form

1
(Da’Pb> =¢€ab> (Q) Lab) = _Eeab . (78)
The gauge field A is locally given by a dipole-algebra-valued one-form
1
A=eP, + EwabLab +A°D, +AQ, (79)

where we can identify ez as the vielbein, wzb as the spin connection, A‘; as the dipole gauge
field and A, as the U(1) gauge field. First, we have

—AAA=e A wbP, —e? AAQ+ A% A DDy + w0 A wPL ;. (80)
The two-form curvature is then defined as

F=dA+iAAA=R*(P)P, +R*(D)D, +R*(L)L,, +R(Q)Q, (81)

7 After this work was completed and posted, we learned that the Carrollian gravity [70] has a similar structure
as our dipole gravity due to their isomorphic algebra [36]. We anticipate that the Carrollian gravity is relevant to
gauging the spacetime dipole symmetry proposed by [71] (see [72]).

8The level C is in general not quantized due to noncompact spacetime symmetries, but its precise value will not
be important in our discussions.

16


https://scipost.org
https://scipost.org/SciPostPhys.15.4.153

Scil SciPost Phys. 15, 153 (2023)

where the field strengths are given by

RY(P)=de® + w® Ae?, (82a)

RY(D) = dA* + w™ AAY, (82b)

RP(L) = dw® + w® A we?, (82¢)
R(Q)=dA+e* ANA". (82d)

The dipole field strength R%(D) and the Ricci curvature tensor R*°(L) agree with (71) and
(72), respectively. Note that in D = 2+ 1, we can write

w® = we® (83)

50 w A wb = 0 is trivial. Now, consider a four-dimensional manifold M*. A topological
invariant is given by, according to (78),

J tr(]-‘/\f):J eab[(dA“+a)aC/\AC)/\(deb+wb°Aec)—%(dA+ec/\Ac)/\dw“b]
M4 M4
=J d[epA® Ade? —ANdw —A" A w Ae?]. (84)
M4

Because of the closed form, the integral can be reduced to its 3D boundary M3 = d M*, which
is by definition the Chern-Simons action (77):

Scs = Cf epRYD)A e —AANdw = CJ €AY ARP(P)—ANdw. (85)
M3 M3

From the construction, (85) is automatically invariant under the non-abelian gauge transfor-
mation 6 A = dA +iA A A. As a remark, the gauge transformation in (1) is precisely the flat
spacetime limit of this non-abelian gauge transformation. Interestingly, the second term itself
in (85) is known as the U(1) Wen-Zee term [47], thus, for reasons we shall shortly explain, we
call (85) the dipolar Wen-Zee term. Before a detailed linear response analysis, several remarks
follow. The term w A dw (known as the second Wen-Zee term) can be generated by allowing
a bilinear form (J,p,J.q) = €4p€cq [44], but we neglect it as it decouples from the dipole sym-
metry. We also neglected the gravitational Chern-Simons term due to framing anomaly [73].
There is no dipolar Chern-Simons term A% A dA® because the bilinear form §%°D,D; does not
commute with P, (see Section 6.1 for dipolar Chern-Simons theory on curved spacetime).

Let us first review the conventional Wen-Zee term. A linear response analysis gives a shift to
the charge density §S/5A, = —Ce' 3, wj and a spin current 6S /6w, = —Ce""?3,A,,. Knowing
the vortex in solids corresponds to defects of rotational symmetry described by curvature or
disclination [74], we find a correspondence that each charge/boson is attached by a flux of
the spin connection, i.e. the curvature, and at the same time, each vortex/spin is attached by
a flux of U(1) gauge fields, i.e. the magnetic field. Notice that the former statement of flux
attachment is equivalent to the usual particle-vortex duality (see Section 5), while the latter
gives topological responses in the particle picture. To see it, we note that the Hall viscosity is
equal to the spin density through ny = %so [62,75], where s, = 6S /5wy = —CB.° Therefore,
the Wen-Zee term nontrivially relates the particle-vortex duality to the topological responses
with the same coefficient C.

?Quickly, we have w, ~ 3€%e! J,e;, where we used ed = &9 and Iy, =0, so it gives a nonzero Hall viscosity

_ 1 &S ab
MH= 2%557€ Cbir
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Now, let us look at (85). First, the shift of the dipole density is given by

5AY

= Ceqpe"R};(P). (86)

The flux of the torsion field strength einfj(P) corresponds to the dislocation density, which
also corresponds to the defects of translational symmetry [74]. In the meantime, the shift to
the charge density is again given by

5SCS ij
—5A0 =—Ce Jal'(,l)j . (87)

These give rise to the fracton-elasticity duality proposed by [48]:'° (86) gives rise to the
dipole-dislocation duality, where the dipole gets attached by torsion flux, which corresponds
to dislocation in elasticity theory; (87) gives rise to the charge-disclination duality, where the
charge gets attached by curvature flux, which corresponds to disclination in elasticity theory.
Moreover, the same coefficient C in (86) and (87) implies that a dislocation is a bound state
of two equal and opposite disclinations in accordance with [48].

Next, like the conventional Wen-Zee term, (85) also generates topological responses. We

can define a spin current

S = Ce“”pA‘fveg — Ce’“’pavA'O , (88)
u
and a stress-tensor 55
5eCaS = —Ceabe“”pRZ;p(D). (89)
u

Working in flat spacetime afterward, we find a Hall viscosity

1 1855 _C

Nnmua=7

207 25w, 2 (€7475,;—€54) ©0)

a stress density

Pstress,a = 5ed - _CeabeijaiA? > (91)
€o
and a Hall elasticity
— 1 SSCS ab _ 9 ivp c
H™— 55_6?6 €pi ——55“-6 8vAp (92)

Both stress density and Hall elasticity are new topological responses absent in the con-
ventional quantum Hall state, and they are present in the dipolar quantum Hall state due
to the translational defects, i.e. dislocations. Defining an effective U(1) magnetic field
Be = €70A; — €VA15,;, a dipole magnetic field Bgip = eY aiA? and a dipole electric field
Eécip =€l &,A;, we can rewrite the Hall viscosity, stress density, and Hall elasticity as'!

C

M = =5 Bett» (93a)

Pstress,a = _Ceangip 5 (93b)
C .

Kin=—2El5,Sic. (93c)

1We thank Leo Radzihovsky for discussions about it.
]deally, one wish to have the background fields being constant in order for the responses to be well-defined.
This would require dipole and U(1) gauge fields to be linear and quadratic in coordinates, respectively.
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Hence, the effective U(1) magnetic flux generates the Hall viscosity, the dipole magnetic flux
generates stress density, and the trace of dipole electric field generates the Hall elasticity.'?
These relations go beyond the fracton-elasticity duality. In fact, this justifies calling (85) the
dipolar Wen-Zee term since it nontrivially relates the fracton-elasticity duality to the topolog-
ical responses with the same coefficient C.

One may wonder whether the dipolar Wen-Zee term (85) would lead to a boundary
anomaly. In the case of a single U(1) Wen-Zee term, the gauge transformation on a mani-
fold with a boundary can be canceled by a local boundary counterterm [77], which implies
that the U(1) Wen-Zee term does not necessitate boundary anomaly. To see it, we introduce
the embedding function X#(c*) where o are coordinates on d M>. Then, we can define the
projection P[e?] = ef\daA by the pullback ef = 9,X “eﬁ. The local counterterm is given by

the extrinsic one-form curvature K'2 at the boundary satisfying P[w] + K = d$ where & is
a boundary zero-form, such that fM3A ANdw + f a3 AN K is U(1) gauge invariant. However,
we find a similar calculation does not carry over to the action (85). Consider a dipole gauge
transformation given by A = £°D,, then 6A? = d&? + €*“w&° and 6A = e%EY, thus the action
changes by

5Scs = [ €pdEC Adel + E%0 Ade? —E% T Adw —dEC A w A el
Jums
[
= | d(epE?de® —E%w Ane?)

Jume

[
=| et APR'(P)]. (94)
M3
Observing that P[RY(P)] = dP[e®] + €,,P[w] A P[e®] = dP[e?] + €,,(d® — K) A P[e?], we
realize that there exists no local counterterms that can cancel (94). Therefore, in a generic
curved spacetime, the dipolar Wen-Zee action (85) contains a boundary anomaly. However, in
certain special manifolds, (94) could be canceled by counterterms. One such example is when
both the intrinsic and the extrinsic curvature vanish, i.e. «w = K = 0, and, one can show that
(94) can be canceled by the boundary term f oz EabA” A P[e]. As a remark, the boundary
anomaly from (94) will lead to the violation of dipole conservation in the following way:

OpJ2 = Jep, + €p€™®REL(P). (95)

Finally, let us come back to the 3D gravity interpretation of (85). It is suggested that
such 3D gravity can be helpful for the study of 2D non-relativistic field theory [44] through
holographic duality [78]. For our case, the dipole algebra (67) was recently realized as the
infinite mass limit of the Galilean algebra [19]. Therefore, we hope that the 3D gravity derived
in (85) would be useful in studying the so-called “flat band” models [79], which corresponds
to infinite single-particle mass, through a field theory perspective.

7 Outlook

In this paper, we have constructed various dipolar Chern-Simons theories to describe topolog-
ical responses for systems that conserve dipole symmetry. Our construction highlights a subtle
issue of the problem: There is no need to impose a Lagrangian multiplier to reduce the dipole
gauge theory to a higher-rank gauge theory. As a consequence, only the highest multipole
symmetry can support a Chern-Simons term and its corresponding 't Hooft anomaly.

121t is interesting to see the relation with odd crystals [76].
13The precise definition can be found in [77].
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An important lesson from this effective field theory construction is how to couple dipole
symmetry to curved spacetime. Chronologically, it takes us three steps to understand this
structure. First, we should think of the two indices of dipole gauge field AZ as playing differ-
ent roles under symmetries, in contrast to symmetric tensor gauge fields A;; of which the two
indices are equivalent. In particular, the internal index a indicates that the dipole gauge field
transforms as a vector under rotational symmetry, and the spacetime index u implies that it
behaves as a 1-form under diffeomorphism. This structure significantly simplifies the construc-
tion of the dipolar Chern-Simons theory and allows us to see the effect of discrete rotational
symmetry in unconventional bulk-edge correspondence. Second, our dipole gauge theory is in
fact analogous to the vielbein e? that is used to gauge the spacetime symmetries [54]. Notice
that on the one hand, the momentum is a time-reversal-odd vector charge, and the stress ten-
sor is sourced by the vielbein; on the other hand, the dipole is a vector charge and its dipole
current is sourced by the dipole gauge fields. This analogy carries over to the Chern-Simons
theory. As we have shown, the torsional (vielbein) Chern-Simons theory can be similarly con-
structed using our approach. Moreover, this analogy promotes the third step of developing a
consistent field theory on curved spacetime. Specifically, we should treat the dipole symmetry
and the spacetime symmetry on an equal footing. This results in a non-abelian group sym-
metry. We emphasize that this non-abelian group symmetry is so far an unknown feature in
higher-rank gauge theory, based on which people argued that dipole symmetry is inconsistent
with a generic curved spacetime [34, 35]. As we have shown, dipole symmetry can survive
on curved spacetime so long as there are dipole Goldstones or defects in geometry that could
support it. Importantly, a careful analysis of coupling dipole symmetry to defects in geometry
by a non-abelian Chern-Simons theory gives rise to a more comprehensive understanding of
the fracton-elasticity duality [48].

Looking forward, we anticipate that our method can be generalized to subsystem sym-
metries. Recent work [56] studied the boundary anomaly with both continuous and discrete
subsystem symmetries, but only adopt the perspective from boundary anomalous theory to
bulk Chern-Simons theory. Understanding the rotational symmetry for those gauge fields will
help to build the bulk theory directly and facilitate the analysis of bulk-edge correspondence.
We expect our boundary-dependent bulk-edge correspondence would potentially extend the
classification of SPT phases. In the meantime, it is possible to compare our theory to the one
obtained by integrating out fermions in some microscopic dipole-symmetric fermionic mod-
els, possibly generalizing [80]. It is also interesting to quantize the theory in Section 6.2
following [43,46], so that a topological quantum field theory or quantum gravity with dipole
symmetry can be established.
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A Level quantization in the dipolar Chern-Simons theory

We derive the level quantization for the dipolar Chern-Simons theory. Similar derivation was
done in [31].
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For the purpose of this section, we take the dipole symmetry to be a compact U(1) sym-
metry for the corresponding dipole moment living in the internal space. Imaging adiabatically
moving a dipole moment pointing at #* along a closed loop in the presence of the dipole gauge
fields. Due to the single-particle dynamics governed by f dt 9,xt 279, the relative phase it
picks up is

a’ = j( Aldxt. (A1)

Now, threading a magnetic dipole flux through a sphere, and requiring consistency on the
relative phase, the minimum such flux is given by

B* =2x?, (A.2)
S2

where B® = elJ 8l~A§?, and 7¢ indicates the direction of the magnetic dipole moment.
Consider the thermal partition function Z [AZ] = exp(iS [AZ]) of (2) with isotropic coupling
fap = O4p- Let the Euclidean time be periodic, T ~ 7 + 3, and take the large dipole gauge

transformation £¢ = —zﬂﬂ ¢, the temporal dipole gauge field transforms as

2
AT AT+ Fﬂ'fﬂ, (A.3)

while A? remains invariant. Now, take Aj to be constant, and thread the minimum flux to a
sphere, (2) becomes
S =4nC,yBAGFT . (A.4)

Thus, under the large dipole gauge transformation, the action changes by
58 =8n%C,. (A.5)

In order for the partition function to remain the same, we must have

k

=—, keZ. A.6
41 (A.6)

Cy
This is the quantized level for dipolar Chern-Simons theory. To generalize to anisotropic cases,
we should just require that the single-particlg dynamics obey f de atx’A? #*f,p, SO the relative
phase it picks up becomes a, = f fabA? dx?, which leads to flux f Ssz fap = 2m#%. For the
partition function to be invariant under the large dipole gauge transformation, we get the
same condition as in (A.6).
To see the quantization of (18), one can imagine that the dipole moment is moving on a
closed two-dimensional manifold. It will pick up a phase

a, :%Ab/\5cfabc, (A7)

where we used the differential forms A? = Ade“ and 6¢ = S;dx“ but assumed flat spacetime.
This will lead to the minimum flux on a 3-sphere as

J €U 0AL fope = 2mF7. (A.8)
§3

Similarly, in order for the partition function to be invariant under the large dipole gauge trans-
formation, we must have

C3=-—, keZ. (A.9)
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Several remarks follow. First, one can further couple the theory to additional dynamical
gauge fields to obtain fractional numbers in the coefficient mimicking the fractional quantum
Hall effect. Second, the level quantization requries the symmetry to be compact. In Sec-
tion 6.2, both the dipole symmetry and the translational symmetry are noncompact, so the
level there is in general not quantized.
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