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ABSTRACT: We propose an effective field theory for branes with higher-form symmetry as
a generalization of ordinary Landau theory, which is an extension of the previous work by
Igbal and McGreevy for one-dimensional objects to an effective theory for p-dimensional
objects. In the case of a p-form symmetry, the fundamental field 1[C,] is a functional of
p-dimensional closed brane C), embedded in a spacetime. As a natural generalization of
ordinary field theory, we call this theory the brane field theory. In order to construct an action
that is invariant under higher-form transformation, we generalize the idea of area derivative
for one-dimensional objects to higher-dimensional ones. Following this, we discuss various
fundamental properties of the brane field based on the higher-form invariant action. It is
shown that the classical solution exhibits the area law in the unbroken phase of U(1) p-form
symmetry, while it indicates a constant behavior in the broken phase for the large volume
limit of C),. In the latter case, the low-energy effective theory is described by the p-form
Maxwell theory. We also discuss brane-field theories with a discrete higher-form symmetry
and show that the low-energy effective theory becomes a BF-type topological field theory,
resulting in topological order. Finally, we present a concrete brane-field model that describes
a superconductor from the point of view of higher-form symmetry.
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1 Introduction

Symmetry is one of the most important and fundamental concepts in modern physics, and it
plays an essential role in classifying phases of vacuum and matter. For instance, various phase
transitions can be comprehended through the presence of symmetries and their spontaneous
breaking. The Landau theory provides a comprehensive and effective framework for this
description [1, 2]. In the Landau theory and its extensions, an order parameter field ¢(X),
charged under a global symmetry, is introduced, and the theory (i.e., free energy, Hamiltonian,
or Lagrangian) is constructed as invariant under the symmetry. Furthermore, it is important
to note that the assumption of the conventional Landau theory is that the order parameter
¢(X) is a local function of the spacetime point. In this sense, the conventional Landau theory
describes an effective theory of point-like or zero-dimensional objects, such as particles.
The concept of symmetry has been recently extended in various directions, called
“generalized global symmetries” [3], which include higher-form [4-14], higher-group [15—
31], and noninvertible symmetries [32—60]. Like ordinary symmetries, these generalized



symmetries are powerful tools, which can be applied to phenomena such as spontaneous
breaking, anomalies, topological orders, and symmetry-protected topological phases (For
recent reviews, lecture notes, and complementary references, see refs. [61-67].) A generalized
symmetry consists of an algebra of symmetry operators, which includes the compositions
and intersections. The symmetry operators are topological, meaning that the deformation
of symmetry operators in spacetime does not change the observables as long as they do not
contact charged objects. Among these generalized symmetries, the most fundamental one is
the higher p-form symmetry. This extends the ordinary symmetry from 0-dimensional objects
to p-dimensional extended objects, such as Wilson loops, domain walls, and vortices. The
symmetry operators correspond to topological objects with codimension (p + 1) in spacetime.
Compositions of these objects form a group, and the linking with p-dimensional charged
objects in spacetime generates a symmetry transformation.

Considering the great success of the Landau theory, a natural question arises: is it
possible to construct effective field theories with extended objects for higher-form symmetries?
The purpose of this paper is to explore this possibility, and demonstrate that this framework
provides an effective approach to understanding the physics of higher-form symmetry, much as
the conventional Landau theory does for O-form symmetries. The advantage of this approach
is that, within the mean-field approximation, it naturally describes the phase transition
to topological order by using extended order parameters, which cannot be explained in
conventional Landau theory. Besides, our approach would provide an effective method for
describing the dynamics of higher-dimensional objects such as domain wall, vortex, D-brane,
etc. It should be mentioned that our approach is inspired by ref. [68], where the effective
field theory for 1-form symmetry is introduced as mean string field theory. Generalizing it,
we refer to our field theory for p-form symmetry as effective brane field theory.

To construct the brane field theory, we should clarify which type of p-dimensional
branes C;, should be considered. In this paper, we focus on p-dimensional closed branes C,
that extend spatially in a d-dimensional Lorentzian spacetime X d.l In other words, C,, is
represented by the spacetime embedding { X* (&) ﬁ;%), where & = (¢1,€2,--- ,£P) denotes the
intrinsic coordinates. Then, the brane field ¢[C,] is no longer just a function of spacetime
point, but a functional of {X*(¢) z;%). If we allow any functional forms, there would be little
hope that we can obtain controllable brane field theory even at the classical level. Thus, it is
natural to impose physically reasonable conditions as in the ordinary quantum field theory:
spacetime diffeomorphism invariance and reparametrization invariance. Namely, we assume
that ¥[C,] behaves as a scalar under these transformations.

Not only the concept of the field but also the concept of derivative must be generalized
in order to construct a brane-field action invariant under higher-form transformations. In
general, the variation of the brane field with respect to a small change of the subspace is
described by the functional derivative §9[C,]/6 X*(§). On a p-dimensional object C,,, we can
generally consider variations of subspaces of lower dimensions, and the functional derivative
contains all such contributions. In this paper, however, we focus on a p-dimensional variation

'In general, we can also consider p-dimensional objects that extend the time direction in ¥,;. The
construction of the brane field theory is completely parallel to the spatially extended case, but with different
signatures. In this paper, we focus on the spatially extended objects for simplicity.



0C, such that the corresponding functional derivative is described by the area derivative,
which was originally introduced for one-dimensional objects [69-71]. We will see that, as
the ordinary derivative for p = 0 is given by the one-form 8u<z5(X )dX*, the area derivative
on the p-dimensional subspace C, is given by a (p + 1)-form functional derivative as shown
in eq. (2.23). In this sense, the area derivative can be interpreted as one of the natural
generalizations of the ordinary derivative 9,¢(X).

Following our discussion on the construction of the brane-field theory, we perform a mean-
field analysis. First, we show that the classical solution (1)[C,]) exhibits the area-law behavior
in the unbroken phase of U(1) p-form symmetry, while it is constant in the broken phase in
the large volume limit of C),. These behaviors can be naturally interpreted as a generalization
of the off-diagonal-long-range order of the two-point correlation function (¢f(z)¢(y)) for the
0-form symmetries. Second, by considering phase fluctuations of the order parameter, we
show that the low-energy effective theory in the broken phase of U(1) p-form symmetry
is given by the p-form Maxwell theory, which is a p-form version of the Nambu-Goldstone
theorem for 0-form symmetries [10, 72-76]. Note that since we are considering theories for
extended objects in spacetime, the effective theory can contain many local fluctuations other
than the p-form gauge field as a Nambu-Goldstone field. However, these fields typically
become massive because they are not protected by the p-form symmetry. We will explicitly
show this for the spacetime scalar mode as an example. Third, as well as the 0-form case, we
can also consider discrete higher-form symmetry and its breaking in the present brane-field
theory. By generalizing the discussion of 0-form symmetry in ref. [77] to the p-form symmetry
case, we derive the low-energy effective theory in the broken phase. This theory takes the
form of a BF-type topological field theory and exhibits topological order. Finally, we discuss
a concrete brane-field model for a superconductor and derive its low-energy effective theory
in the superconducting (Higgs) phase.

The organization of this paper is as follows. In section 2, we introduce the p-brane
field and the field theory with U(1) p-form symmetry, and discuss several technical aspects,
including the generalization of the area derivatives and the construction of the Noether
current. In section 3, we focus on the spontaneous breaking of higher-form symmetry. Using
the expectation value of the brane field as the order parameter, we discuss the spontaneous
breaking of p-form symmetry within the mean-field approximation, the low-energy effective
theory, and emergent symmetries in the broken phase. We show that the effective theories
for the spontaneous breaking of continuous and discrete higher-form symmetries are the
p-form Maxwell theory and the BF-type topological field theory, respectively. We also discuss
the brane field model for a superconductor and its effective theory. Section 4 is devoted to
summary and discussion. The appendices provide additional details on differential forms,
truncated action, and other related calculations.

2 Brane field theory

We explain how to construct field theory for higher-dimensional branes C,. We first introduce
the brane field w[Cp] by imposing two physically natural conditions: spacetime diffeomorphism
invariance and reparametrization invariance. Then, we discuss the relation between the



functional derivative and the “area derivative” [69-71], which is a natural generalization of
the ordinary derivative of a local field 9,6(z).

2.1 p-brane field

We discuss how to construct the brane field [C,]. We consider a d-dimensional spacetime
manifold ¥4 with the metric g,,,. We employ the Minkowski metric signature for d-spacetime
dimensions as (—, +, +, - ). C, is a subspace in ¥, which can be expressed by an embedding
function SP — ¥4, ie., {X*(¢) Z;%), where S? is a p-dimensional space. Therefore, as
mentioned in Introduction, 1[C,] can be thought of a functional of {X*(§) Z;%). Since we
are interested in a brane as a p-dimensional object at a given time of some specific time
choice, we will restrict Cj, to spacelike objects. C), may have a boundary; however, we mainly
focus our discussion on the case where C), has no boundary.

In general, ¥[C,] can take any functionals of {X “(f)}z;%), but we restrict it by imposing

the following conditions as in the ordinary field theory:

Spacetime diffeomorphism: w[Cp] is a scalar under the spacetime diffeomorphism
Xt — XM = fH(X):

Y[C) = YH{XM(EN = DX} = ¥IC,). (2.1)
Reparametrization invariance: [C,] is invariant under the reparametrization on C,:
& — & = g'(&):

Y[C) = wH{XM(E)}] = ${X*(E)}) = ¥[C,). (2.2)

We note that we imposed a scalar condition (2.1) on the spacetime diffeomorphism to simplify

the argument; more generally, it could take a covariant form. Typical examples that satisfy

the above conditions are the functionals of various differential forms:?2

P[C,) = o ({ /C dpfﬁA@(X(f))}) : (2.3)

where A(®)(X) is a spacetime scalar, and h = det(h;;) is the determinant of the induced metric,

_ 0X7() 9X*(©)

hsl€) = e g I (X(©) = O ©g, . detlhy) >0 (24)

Besides, the index a represents various types of volume integrals. Note that for a given scalar

A@(X) we can always rewrite the volume integral in eq. (2.3) by a p-form integration as
[aevhanxie) = [ ap., (25)
CP

where AI(,a) = Z%A,(fl)...up (X(£))dXH1 A--- ANdXFr is the p-form satisfying
1 ) a a
I (©) el (€A, (X(©) = A(X () (2.6)

P

2In this paper, we focus on the basic properties of the brane field, which do not require the explicit
calculations of this p-dimensional integration. Such calculations would be crucial for further analysis of the
brane field beyond the mean-field approximation.



Figure 1. A (p + 1)-dimensional subspace 6D, ; with a boundary 6C,,.

Here, /177 is the totally anti-symmetric tensor defined by eq. (A.3) in appendix A.
AEZ)...MP (X (&) can be explicitly written as

Ay (X(E)) = Gy, =+ Gy, B0 () AD (X (€))
= B, (X(©)A(X(9)), (2.7)
where
Bt (X(6)) = el (6) € (€). (2.8)
By introducing a p-form,
E, = ;!E#l...% (X(€)AX™ A - A dX P | (2.9)
we can also check
B, . B =pl & B AKE, = V=gdX° A AdXT (2.10)
and
Vol[C,] = /C E,, (2.11)

where Vol[C,] is the volume of Cj.

2.2 Functional derivative and area derivative

In general, a variation of the brane field ¥[C,] for an arbitrary change of the manifold
6C, = {6XH(§) Z;}) is given by the functional derivative as

5p[C]
OXH(E)

5u[C,] = / e §XP(E) (2.12)

In particular, when C), has a small support around some point £ and is given by the boundary

-5



of a (p + 1)-dimensional subspace, i.e., 36Dp+1, 90D, = 0C, (see figure 1 as an example),
eq. (2.12) can be also written as

1 Y[C,)
where?
ot (6C,) = / dXH N A dX e

0D,y

= / d((SX[M A A dXMpH])
5Dp+1

:/ SXidxta Ao pdX o] (2.14)
sC,

Here, we have used the Stokes theorem in the third line of eq. (2.14), and introduced the
antisymmetrization,

Al i) . l, > sgn(o) A7) o ly) (2.15)
T oes,

where S, is the symmetric group of degree p, and sgn(o) is the sign of permutations. We
call 69[C,] /o™ Fr+1(€) the p-th order area derivative, which is the generalization of the
area derivative for one-dimensional objects [68-71] to higher-dimensional ones. The definition
of the are derivative (2.13) is abstract, and we should clarify its relation to the ordinary
functional derivative (2.12). Equation (2.14) can be more explicitly written as

P (3C,) = [ eVREXI OB l(g), (2.16)

oC,

which leads to the following expression of d9[C,]:

1 oy[C
§[Cy) = CEe /5 . eV ho X (¢) B2 ‘“PH]({)(SUM;./,]Lpﬂ Gk (2.17)
This coincides with eq. (2.12) by the identification
WG _ 1 IZEREAN(3) e (2.18)

oXM (&) (p+1)! ot e (g)

Note that for more general variation 6C,,, the above relation does not necessarily hold, and
additional terms can appear on the right-hand side.*

When p = 0, o"1"#p+1(6C,,) is just X"

4For example, for p = 1, there is also another term called the path derivative which corresponds to the
variation 6C; such that an infinitesimal path 6T is added to a point {X*(&y)} of the original loop. In this case,
the functional derivative becomes [78] 6/6X*(§) = O, |x=x(¢,)0(§ — o). As a result, the functional derivative
is given by the sum of the area derivative and path derivative for p = 1.



In particular, the area derivative of the volume integral of a differential p form AJ(Da) can

be calculated in the following way. Under the infinitesimal change C), + 6C),, the variation
of eq. (2.5) is

1
Al — / dAW = — / dXFr A NdXP R ES (X
/écp D 6Dp+1 ) (p + 1)! 6Dp+l Hq I’LPJFl( )
1 a
=% 1)!(,#1 up+1(5cp)Fl51?,,up+l(X)7 (2.19)
where
PO —ga@ - 1 p@ X)dXM A - A dX e 2.20
p+1 — P T (p+1)! N1"'#p+1( ) . ( . )

The above equation implies

0 a ()
St (€) </C Ag) )> = Fony gy (X) - (2.21)

Thus, as long as we consider the brane field whose functional form is given by eq. (2.3),
the area derivative is given by

Y[C,)] (a) o({z})
o (€) D Bt (X (€)= 2= e A (2.22)
a zo= Cp D
It is also convenient to introduce the (p + 1)-form of the area derivative:
) 1 oYp[C,)] i 4
Dy[C,] = 5 D)1 B gy X N N (2.23)

Let us see a few important examples below.

Wilson surface. A first important but trivial example is the Wilson surface defined by

Y[C,] = W[C,)] = exp (z /C Ap> , (2.24)
p
where A, is a p-form field. As already seen before, the area derivative is given by
DW|C,| = iW[C,]|F, 1, (2.25)

where F),.; = dA, is the field strength.

World volume. The next important example is the world volume,
¥[C,] = Vol[C,] = / e (2.26)

This case corresponds to A (X (€)) =1 in eq. (2.3). Thus, by using eq. (2.7), we have

DVol[C,)| = dE,. (2.27)



p+1

Figure 2. A (p + 1)-dimensional subspace M, ,; with a boundary C,,.

Minimal volume. Another example is the (minimal) volume Vol[M, ] of a (p + 1)-
dimensional subspace M, enclosed by C,, i.e., M, = C,,. See figure 2 as an example. In
this case, we only regard the boundary subspace C), as a physical variable. Since Vol[Mp 1)
is given by the (p + 1)-form integral on M, ,, this case does not belong to eq. (2.22), but
we can calculate its area derivative as follows. A general variation 0C,, can be constructed
by adding infinitesimal small loop (501%00;) at each point on C,. By representing the bulk
of 6I') as 4D, ,, we have

5wﬂm@HJ=/' B, (2.28)
0Dp 41

which corresponds to the expression (2.19). Thus, one can see that E, ., corresponds to

F, .y in this case, and we have

2.3 Brane field action

Now, we define the brane field action with global U(1) p-form symmetry. At the leading
order of the functional-derivative expansion, the action takes the following form,

1 341(C,) 301(C,)
s :N/m'— /ﬂ RO VIR yticeie ). (2.30
[v] = [1ac,) ( N Gt v o BAGCICATC) BCED
where Vol[Cp] is the world volume (2.26) and N is a normalization factor determined later.
As we mentioned in the previous section, the functional derivative contains various area
derivatives of lower degrees in general. In this paper, we focus on the p-th order area derivative
and consider the simplified version of eq. (2.30):

Soltl = A 14, (—Vf[c] [ 3C)pulic,] Axbulcy) - vw*[cpw[cpn)
_ L e WG v(G)
B N/[de] < (p+ DVol[C,] Je, d g\/ﬁég”r“l‘pﬂul (&) 6op,mps,,, (€)
~ V(! [Cpmcp])) : (2:31)



where 0(C)) is defined as

h d—1
5(C,) = /C gy~ T 6 (x# = X(6)) (2.32)
P pn=0

Besides, the (path-)integral measure is defined by
[dC,) = DX e TVl (2.33)

where T}, is the p-brane tension, and DX is the induced measure by the diffeomorphism
invariant norm [79],

X[ = [ a6V, (X(€)6X (€)0X"(©). (230

The weight in the (path-)integral measure (2.33) that we choose is nothing but the p-brane
action [80], which suppresses large branes. Besides, when {X#(&)} represents an embedding
of a closed subspace C,,, its translation { X*(¢) + X{'} also represents another closed subspace,
which means that there are always zero mode integrations in eq. (2.33). Equation (2.31)
is a straightforward generalization of the action for mean string-field theory [68] to p-
dimensional brane.

The brane action (2.31) is invariant under the global U(1) p-form transformation,

¥lC,] = exp (z /C Ap> vlC,], dA,=0. (2.35)

Note that if C, is a boundary, ie., C, = 9dCp41, the contribution of A, to the phase
vanishes from the Stokes theorem. Even when the topology of space-time is trivial, this
transformation is useful as a symmetry, e.g., it leads to Ward-Takahashi identities as in
ordinary p = 0 symmetry.
We can also promote the global symmetry to the gauge symmetry by introducing a
(p + 1)-form gauge field,
1

By = me—l—l,#l"'uPH(X)dX“l A NdX et (2.36)

and replacing the derivative with the covariant derivative,

Dy|C o
50.N1G1i£+f2€) = (50M1“‘#p+1 (5) B in+1,u1---up+1 (X(§>)) ¢[Cp] : (2'37>

The gauge transformation is given by

i, A
Y[C)] — e fcp "YIC,], By — By +dA,, (2.38)

where we have used eq. (2.25). Note that the action (2.31) is invariant under the spacetime
diffeomorphism and the reparametrization on C), by the construction of ¥[C,].



We should comment on the interactions of the brane field. The potential V(wT[Cp]w[Cp])
in eq. (2.31) corresponds to contact interactions in ordinary field theory, but we can also

consider more general interactions such as [68]
2 3 2 3 2 3
/ [dC] / [dc?] / [dC38(CL — €2 — 3y [CLY[C2BIC?] + hec. (2.39)

which represents the splitting or merging of branes.® Such interactions seem to alter the
mean-field dynamics of the brane field significantly as the behaviors of phase transition in
the ordinary Landau theory change by adding odd potential terms. In this paper, we simply
neglect these interactions and focus on the model (2.31).

2.4 Conservation law

As with ordinary symmetry, when p-form global symmetry is continuous, we have a current
(p + 1)-form J,,,, which is conserved as

dxJ, 1 =0. (2.40)
The corresponding conserved charge is given as
QlSapil= [ Ty (2.41)
d—p—1

where ¥, | is a (d — p — 1)-dimensional (closed) subspace.
We can calculate J,,; in the brane field theory as follows. Instead of the global p-form
transformation, we consider an infinitesimal local p-form transformation
i [, A
vlc,) - e

], dA, #0. (2.42)

Then, the variation of the action in the linear order of Ap should have the form
08 = — dAp N xJpi1, (2.43)
DN
since the action needs to vanish if dA, = 0. Jp,1 is nothing but the Noether current. From
the integrating by part, we obtain

05 = (=) | ApNdxJpi1. (2.44)
I
If 4 satisfies the equation of motion, the action is stationary, so the divergence of the current
vanishes d x Jp41 = 0.
Let us derive the explicit form of J,1; for the action (2.31). The variation of the action
is calculated as

5So[w] = N / [dC,) Volz o / 5(C,) (dA, A xf Dy — 6Dt A sdA, )

p
- N/ "ol

5This interaction still preserves the U(1) p-form symmetry due to the delta function. It may seem strange

o / 5(C,)dA, A *(6' Dy — pDyt), (2.45)

p

[
Vol[C,]

to have U(1) symmetry while the number of branes is changing; however, U(1) p-form symmetry does not
represent the conservation of the number of branes itself, but rather the conservation of the winding number
on a space with nontrivial topology.

,10,



where we have used n A xw = w A *1. Comparing eqs. (2.43) and (2.45), we obtain

Jp1(X) =N / [dC,] \fo(l([j éi]i(w Dip — Dyl (2.46)

This expression shows that the (p + 1)-form current is given by the integral over all the
brane configurations. Note that X dependence of the current Jp;1(X) comes from §(C))
in eq. (2.32). We can also check that @, generates the p-form transformation (2.35) in
the following way. We formally define the quantum theory of the present brane field by
the following path integral:

OX(©) = [ DuDslO(X (€)', (247
Consider the expectation value of ¥[C,],

(W[Cy] ... ), (2.48)
where “...” represents other arbitrary operators. We choose A, in the field transformation
of eq. (2.42) as

Ap = (=17 05,(D, ) (2.49)

with 0Dy, = ¥4_,_1, and an infinitesimal parameter e. Here, 6,(Dg_,) is the Poincaré-dual
form of Dg_, such that

/Dd_p fi—p = /Ed fa—p N0, (Dy_p) (2.50)

for an arbitrary (d — p)-form, fq_p. 6p(Dd_p) can be thought of as a generalization of the
delta function.
In this parametrization, the variance of the action (2.43) is

55 = / ] = €QplSap], (2.51)
Zdfpfl

while ¥[C,] transforms as

i, A . .
w[Cp] e fcp Pw[cp] _ 615(_1)mek[Ed*P717Cp]w[cp] ) (252>
Here, we have defined the linking number as

Link[¥,_,_1,Cp] = . 8d—p(Cp) N 6p(Dg—p) - (2.53)

d
See the left figure in figure 3 for an example of the configuration of links, where we take
d =3 and p = 1. We assume other operators in “...” do not have support on D4_,, so that

...”7 does not transform under the field transformation with eq. (2.49). In the path-integral,
the field transformation (2.42) is merely a redefinition of the integral variables. Therefore,

— 11 —



CP
[ ]

Cip-1y “Cd—p—l

lo—m to+n

Figure 3. (Left) Configuration of the link between C), and ¥4_,_1 for d = 3 and p = 1. (Right)
Configuration of C), and Cy_,—1 to obtain the commutation relation in operator formalism. The
arrows indicate the orientation of the subspace.

assuming the path-integral measure is invariant under the field transformation (2.42), it
leads to the identity,

<w[Cp] o > _ <ei€Qp[Ed—p—1]+i€(—1)pLin[Ed7P717Cp],¢[0p] o > ) (254)
This implies
@p[Za—p-1|[Cp] = —=(=1)PLink[Xq_, 1, Cpl[Cy] - (2.55)

This is the relation in the path integral. To derive the relation in the operator formalism,
consider the Cauchy surface labeled by time ¢. Let Cgq_p,—1(to) be (d — p — 1)-dimensional
subspace on the Cauchy surface at t = tg. We choose that ¥q_, 1 = Cq—p—1(to + 1) U
Ca—p—1(to —n) with an infinitesimal parameter 7. Here, Cy_,_ is the (d — p — 1)-dimensional
subspace with the opposite orientation of Cy_,_1. We also choose that C), is a p-dimensional
subspace on the Cauchy surface at ¢ = tg. See the right figure in figure 3 for the configuration.
In this configuration, the left-hand side in eq. (2.55) becomes

Qp[zd—p—l]q/)[cp] = Qp[cd—p—l(tO + n)]w[cp] - Qp[cd—p—l(tO - n)]w[Cp] . (2.56)

In operator formalism, the ordering of the operator product corresponds to the time ordering,

50 QplCu—p-1(to + MIFICy] — QplCary1(to — MIVICH] — [QplCaryp 1], YIC,]; thus, we find
that the Noether charge @, generates the symmetry transformation,

[1Qp[Ca—p1], VICpl] = —il[Cypp—1, Cpl[Cy] - (2.57)

Here, I[Cd_p_l, C,] represents the intersection number between C _p—1 and C}, on the Cauchy
surface, which can be obtained by evaluating the right-hand side in eq. (2.55) with ¥4_,_1 =
Ca—p-1(to + 1) U Cyg—p—1(to — m).

3 Spontaneous breaking of higher-form symmetry

In this section, we discuss the spontaneous breaking of the higher-form symmetry in the brane
field theory. As in the case of O-form symmetry, gapless modes appear when the continuous
p-form symmetry is spontaneously broken [3, 75, 76, 81]. For 0-form symmetry, the symmetry
breaking is characterized by an order parameter that is the expectation value of a local
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field (¢(x)). This order parameter cannot be directly extended to higher-form symmetries.
Alternatively, we can use the off-diagonal long-range order,
Oo=lim (¢'(2)o(y)) ~ (#'(2))(s(v)), (3.1)
lz—y|—o0
as the order parameter. Since the two points (x,y) can be written as the boundary of
segment M; and the distance between z and y can be expressed as the minimal volume
|z — y| = Vol(My), the order parameter can be written in the form:
Op= _lim f(x : 3.2
b= olim (@1 @)ot) (32)
This expression can be naturally extended to accommodate the case of p-form symmetry.
In this context, we can define the order parameter as
0, = lim o), 3.3
p= ol WG (33)
where OM,, 1 = Cp. We will use eq. (3.3) as the order parameter of spontaneous breaking of
p-form symmetry. In general, the order parameter defined in eq. (3.3) might vanish in the
limit of large Mp41, depending on C), = OM,,1, i.e., the perimeter law. In such cases, it is
necessary to consider a renormalized order operator (Z(Cp)y[Cy]) with a field-independent
functional Z(Cp). If the order operator does not vanish no matter what renormalization is
performed, we can say that the symmetry is spontaneously broken.
We work within the mean-field approximation. As an ansatz for the solution, we assume

that the brane-field configuration ¥[C}] depends only on the minimum volume with the
boundary C),

e, = \% fz=Vol[M,,,]), OM,,, =C,. (3.4)

This corresponds to the truncated treatment in ref. [68]. See also appendix B for more general
truncations. By using eq. (2.29), the area derivative becomes

Dy[C,) = jiEpr%z), (3.5)

which leads to
1 1
Dyt AxDyp = if'(z)QEp AxE, = \ﬁ—g§f’(z)2dX0 Ao ANdXITE (3.6)
Here, we used eq. (2.10) to evaluate E, A xE,. Then, the action (2.31) becomes

(2 2
Solf) == [1dC;) (2{/(1[2” |, e/ V(f(2)2)>

z=Vol[M,, ]

1

= [ Dxe ) (L visen)

z=Vol[M ]

—— [ dzg() (52 +VUER) (3.7)
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where

g(z) =N / DXe TVlC5 (5 — Vol (M, ,]) (3.8)
is the density of p-brane configurations for a given minimal volume z. The equation of
motion for f(z) is

d v

2 W () - g(Z)W =0, (3.9)
" 9'(2) . - 87‘/ _
f(z) + () (=) o/ 0. (3.10)

By introducing the WKB form f(z) = exp(S(z)), eq. (3.10) can be also rewritten as

S"(2) + 8'(2)* + i/((zz)) S'(z) — f(lz)g‘; =0. (3.11)

As in the usual Landau theory, the vacuum state is determined by the potential V (f?). As

a simplest example, let us consider the following potential:
2 T A2
V(£2) = m(ole) + 5 (@)
moo Ay
= — —f*. 3.12
5 gt (3.12)
In the following, we always assume A > 0 to guarantee the stability of the system.

3.1 Unbroken phase

When m > 0, the minimum of the potential is located at f = 0. Therefore, we can neglect
the quartic potential in the equation of motion as

S"(2) + S8'(2)® + S'"(z) —m=0. (3.13)

Let us find the asymptotic solution for the large volume. For z — oo, we have ¢'(z)/g(z) ~

-1 . . . . .
2~ »H1 from dimensional analysis® and the solution is given by

S[z] ~ —v/mz, (3.14)
which corresponds to the area law of the brane field

Y[C,] = cexp (—\/TTLVOI[MPH]) for Vol[M,, 4] — oo, (3.15)

where c¢ is a constant that in principle can be determined if we specify the boundary condition
for z — 0 (small brane limit). The exponential behavior also justifies neglecting the quartic
potential term in the equation of motion. This implies that the order parameter vanishes,
indicating the unbroken phase of p-form symmetry.

SRoughly speaking, the large z limit would behave as g(z) ~ exp (—sz#), which means g'/g ~ 2T
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Equation (3.15) should be compared to the correlation function of the ordinary field
theory (p = 0):

lz—yl 1

(@7 (2)p(y)) ~ e s, £(m) o R (3.16)
In the p-form case, eq. (3.15) means
(volume tension) ~ m!/? (3.17)

within the mean-field approximation.

3.2 Broken phase

Let us next consider the case for m < 0. Within the truncated approximation, the equation
of motion is given by eq. (3.10):

F/z) = mf() = S =0, (319)

As in the unbroken case, we focus on the large z behavior. In this case, we can neglect
the derivative terms for z — oo by dimensional analysis, and the solution is given by
f(2)? = v?:= —2m/\. Since the order parameter Y[C,] = v/+/2 is nonvanishing at z — oo,
the p-form symmetry is spontaneously broken.

In ordinary quantum field theory, the non-renormalized order parameter exhibits a
perimeter law in the broken phase. However, the order parameter is completely independent
of C, in the present model. As already mentioned in ref. [68], this may be an artifact by having
neglected the topology-changing terms such as eq. (2.39). It would be interesting to see whether

we can actually realize the perimeter law by adding such topology-changing interactions.

3.3 Nambu-Goldstone modes

What are the low-energy fluctuation modes in the broken phase? As in the case of O-form
symmetry, the phase fields are candidates for low-energy degrees of freedom (d.o.f):

v . 1
Y[C,) = 75 P (Z/C Ap> , A= HA},,HI...HP(X)dXM A NdXFD (3.19)
P

Let us see how this d.o.f describes a gapless mode in the effective action. Note that the
effective theory has the gauge symmetry

A, = A tdA,y, dA, #0, (3.20)

because eq. (3.19) is invariant under this transformation due to the closedness of C,,. Here
Ap—1 is (p — 1)-form gauge parameter. For eq. (3.19) to be invariant, the integral of dA,_;
need not vanish, but can be

/ dA,_, € 2nZ. (3.21)
Cp

In other words, A, is the U(1) p-form gauge field.
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Now let us calculate the effective action for A,,. By putting eq. (3.19) into the action (2.31)
and using eq. (2.25), we have

SolA,] = —N/[de]< IO 'Vl / dPe/ REM Np+1(X(£))Fulmup+1(X(f))) )
(3.22)

In the following, we consider the flat spacetime g,, = n,, for simplicity. By introducing
the Fourier modes,

F(z) = UQF”Y““PH(x)Ful...MpH(x) = / (;il;deik'xﬁ(k). (3.23)
Eq. (3.22) can be written as
Sold,] = — / ULy (3.24)
(2m)d
where
:N/DX T D) ‘Vol / APV he~ TVl [+ik, XH(E) (3.25)

There are zero-mode integrations in the above path-integral, and it is convenient to sep-
arate them:

k) :N/ddxeik.x/DXNZ 1 / e/ ToVOUC ik, X5 (©) | (3.96)
2(p+1 vl JC,

)!Vol[C,)]

where X[, (£) denotes the nonzero mode. In this expression, it is easy to see that K (k) is
proportional to 6(d)(k:). Thus, we can choose the normalization N as

N / DXNZVOfw /C p PeVhe VUG — 1 & K (k) = 2((]02?61[)!5”)(/{:), (3.27)
which leads to
Soly) = ~5 5 F10)
p+1)!
— 2(p+1/ddxF“1 P (2)F, L, (@)
= 2/ pr1 AxEppq (3.28)

This is nothing but the p-form Maxwell theory, and thus, A, is gapless for d > p + 2.7

"For d < p+ 2, U(1) p-form symmetry cannot be broken by the higher-form version of the Mermin-Wagner
theorem [3, 75].
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3.4 Other fluctuation modes

What about the other fluctuation modes? In general, they are given by expanding the phase
with respect to the derivatives of X*(¢):

G = Jgesn (i [ eevi{orxi@ s 1020 S @)+ ) @2

where ¢(X) is a scalar field and H,,, (X) is a symmetric tensor field. These fluctuation modes
are typically gapped because they are not protected by spontaneous symmetry breaking.

Here, we actually show that ¢(X) is gapped as an example. The area derivative is
calculated as

(p+1) 1
D /C pdpgx/ﬁgb(X(g)):d(gz)Ep):maml (gf)EﬂQ...MPH])dX“l/\-'-/\dX“w . (3.30)

Then, we have

2 2
t _ v V=glp+1) [ by 1] On...qxd1
Dy AxDy =5 "0, N (¢E“2,,,“p+1])6ﬂl (pB"= el ) dXON- - dX

(3.31)

Now, the effective action is written as

U2
Soldl = N / [dcp]iwol[cp] /C : eV

2
o (@’“) (a[ﬂlgb)E,LQ...w<a[“1¢>E“2“'“p+1]+M2¢2+2¢%¢G“> . (332

(p+1)!
where
" (p+1)? [ o]
GH(X(§)) = (p+1)'E p, OV EF L (3.33)
(p+1)°
MAXEN = 1 B i OV ] (3.34)

The first term in eq. (3.32) can be expressed as

2
((p + 1))' (a[ul Qb)E 'Hp+1}(a[lt1 ¢)E“2"'Np+1]
1
i m((8“1¢)E“2M3~~MPH B (al‘zqs)EMllB"'ﬂpH T (8ﬂp+1¢)EN2M3-..N1)

% ((8u1¢)Eu2u3-“uP+1 (M2 EFE L (3up+1¢)Eu2u3~ﬂ1)
+ 1)(au@(au¢)Eu1u2~-upEM1u2mup

—plp+ 1)(8 qb)(8Vd))EVuwz---ppﬂE““lm"ﬂp—l)
= (9" — e'e}h)(8,)(9, )
= n“n”(augb)(aygb) ) (3.35)

1
el
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where n# is the normal vector on C,, and we have used g’ = n¥n” + h'/el! e’ in the last
line. Now let us focus on the flat spacetime g,, = 7, for simplicity. Equation (3.35)
gives the kinetic term

—% / d*x(n"n")9,$0,¢, (3.36)

where
2
) = N [ DXy [ devhe N (6). (3.37)
P P

which has to be proportional to ¥ as long as the Lorentz symmetry is unbroken.® As a
result, eq. (3.36) gives the usual kinetic.

For the evaluation of the other terms in eq. (3.32), note that E, (and correspondingly
G* and M?) does not depend on the spacetime zero mode z* by definition. Then, the
second term becomes the mass term

272
—”2A /ddzng(:c)Q, (3.38)

where A? is defined by

1

N/DXNZV 1C,]

/ v/ he= TG M2 (X (€)) (3.39)

which can be interpreted as a bare mass of ¢(x). As for the third term, it contains the
following average:

(G = N / DXnge / Pev e TVIGIGI (X (€)). (3.40)

1
Vol[C,)]

This term should vanish as long as the spacetime symmetry is not spontaneously broken. Now,
one can see that the scalar mode is gapped. Other fluctuation modes also become gapped as
long as they are not protected by some additional symmetry of the original brane-field theory.

3.5 Emergent higher-form symmetry

In the case of ordinary 0-form symmetries, there exists a vortex solution in the broken phase,
which carries the topological charge given by

1 . . Lk *
Quo=gom o o Ji=dude® Gy =—i(@9,6= 00,6, (341
1

where ¢ is a complex scalar field, and S is a closed curve. This symmetry is not exact but
rather emergent, as this charge is not strictly conserved,

dJy = —2id¢* A dé. (3.42)

8A rigorous proof needs more dedicated studies. Instead, we here give an intuitive argument. For a given
C, and p # v, there always exists another brane C’Z/, such that n'* = —n* and n’¥ = n” for v # p. These
contributions cancel each other in the path-integral (3.37), and it should vanish for p # v. We can show this
more explicitly based on the gauge-fixed brane action for p = 0,1 [68].
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If we parametrize ¢ = he’? /\/2, where h and ¢ are the radial and phase degrees of freedom,
respectively, the current is expressed as J; = h%dyp, leading to dJ; = 2hdh A dp. Away
from the vortex core, h approaches the vacuum expectation value (VEV) h = v, and the
fluctuation of h can be neglected at low energy because it is gapped. Consequently, J; can
be approximated as J; ~ v?dy, and the topological charge reduces to

dep
= ¢ X 3.43
Qd—Q o1’ ( )
which is conserved due to ddp = 0. U(f) = %2 is the corresponding symmetry operator,
which acts on (d — 2)-dimensional object, i.e., U(1) (d — 2)-form symmetry. For example, for
d = 4, this is 2-form symmetry, and the 2-dimensional object is the worldsurface of a vortex.

In the case of p-form symmetry, a natural generalization of topological charge is given by

1
Qi—p2= 7/ Jpi1> (3.44)
p 27T1}2 Sp+1 p
where S, is a closed (p + 1)-dimensional subspace and J,,, is given in eq. (2.46). By
substituting eq. (3.19) into eq. (2.46), we obtain J,11 = v?F, 41, which can also be derived
from the low-energy effective action (3.28), using the Noether theorem. Consequently, the

topological charge (3.44) becomes

F
+1
Qa—p—2 = /S o (3.45)

p+1

The corresponding symmetry operator is U(f) = %-p-2 and the charged object is a
(d — p — 2)-dimensional object. For example, when d = 4 and p = 1, the charged object
is a worldline of a magnetic particle. Since A, is the U(1) p-form gauge field, it satisfies
the Dirac quantization condition,

/ Fpi1 €217, (3.46)
Sp+1
which also leads to

Qd_p_2 cZ. (3.47)

3.6 Discrete higher-form symmetry breaking

Up to this point, we have discussed the case with a continuous higher-form symmetry. In
general, we can consider a model with a discrete higher-form symmetry and its spontaneous
breaking. For example, we can construct a model with Z p-form symmetry, by adding
the following term

2w { @)Y + @He)N} (3.48)

which explicitly breaks the U(1) p-form symmetry down to Z,, into eq. (2.31). Correspond-
ingly, the VEV is discretized as

@z)[C]:\%exp(%]\jk), k=12, ,N, (3.49)

,19,



Cp+1

C(OO

Figure 4. C,;; for p =1. Blue and white colors correspond to different vacua.

in a broken phase of Zy p-form symmetry. In this case, the phase degrees of freedom,

vIG,] = T exp (z /C p Ap> : (3.50)

will no longer be gapless.

The effective theory must be invariant under Zy p-form symmetry corresponding to
the shift,

A o A+ =\ dA, =
p = Ayt iy, dA, =0, (3.51)
with [ A, € 27Z, where n € Z. For example, when p =0, [, . A,y = () is the periodic
P p=

scalar field, and it has the periodic potential V(¢) = V(¢ + 27/N). The effective theory
must also be invariant under gauge transformation of A4,,

A, = A, +dA, . (3.52)

with fcp dA,—1 € 27Z, which is a redundancy in the degrees of freedom of eq. (3.50).
When the discrete higher-form symmetry is spontaneously broken, it exhibits topological
order. The degeneracy of the ground state depends on the topology of the space. We assume
that the space manifold has a nontrivial topology such as ¥; ;| = C,; x D,_, o, where
Cpirisa (p+ 1)-dimensional subspace with boundaries at infinity C’;OO and Cp°, and Dy s
is a (d — p — 2)-dimensional subspace. See figure 4 as an example. We also assume that C’;;OO

and Cp° are not contractible, so that the p-form symmetry can act nontrivially. In such

a case, there exists a classical static configuration 1y, [C,] = vexp (z fcp AZV) connecting
different ground states. Note that in the case of O-form symmetry, which exhibits not a
topological order but a spontaneous breaking of discrete symmetry, the topological defect
connecting the different ground states is nothing but a domain wall. The corresponding

dAp:;jT(/ém—/?) A (3.53)

More explicitly, dAZV can be represented as

topological charge is given by

N
Qd—p—2 - % /C

p+1

2m
dAZV - Ndp-i-l(Dt‘i/Kp—l)? (3.54)
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in the thin wall limit, where 5p+1(Dng_1) is the Poincaré-dual form defined in eq. (2.50).
Here, Dg[ip_l corresponds to the worldvolume of Dd—p—2'

Now, let us study the low-energy effective theory. We generalize the argument of O-form
symmetry discussed in ref. [77] to the brane field theory. To derive the effective theory,
we rewrite eq. (3.48) for large v as

A WIGDY + (1G] }:—2-¥ANvNcos<N /. Ap>

2
272 Iy (N/ Ap—27m> : (3.55)
Cp
In the last line, we approximated the cosine by using the Villain formula [82],
exp(3 cos ) Z exp (ﬁ — 7,6’( —27n) ) , (3.56)
nez

for large 3, and dropped the constant term. Equation (3.55) is gauge invariant under eq. (3.52)
accompanied by the shift of n, n - n+ N fcp dA,—1/(2m). Similarly, it is invariant under
Zy transformation (3.51). We can replace the integer n in eq. (3.55) by introducing the flat
U(1) gauge field f,, as Nfcp A, —2mn = pr(NAp — fp), where pr Ip € 27

By performing the same calculations as in section 3.3, we have the following effective
action of A

A
/ L AKEL - 2N/Ed( — fy) AXx(NA, — / By_p-1 Ndfy,
(3.57)

where X n 1s a coupling constant which includes Ay. See appendix C for the derivation of the
mass term. Here, f, is the U(1) p-form gauge field, and the flatness condition is imposed
by the last term by using the Lagrange multiplier Bd_p_1.9 On the other hand, f, can be
eliminated using the equation of motion for f

P’
fena s CV g (3.58)
PP omhy d=p=1o '
which leads to
1
———— | dBj_p 1 A*xdBg_p1+ —=— | d(Bg—p—1 N*dBg_p_
v? N
— /Zd Flpy AF ) — %/E By, 1 NdA,. (3.59)
d
For the domain wall configuration (3.54), the last term becomes
N
2W/Zd By, AdA, = /ngp By (3.60)

which implies that the worldvolume Df?ip_l couples with the gauge field By p1-

9Note also that when one considers a topological defect AZV as a background solution, f, is replaced by
f, — NA}Y in the last term in eq. (3.57).
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In the low-energy limit, we can neglect higher derivative terms, and we obtain the
topological field theory with the action,

N
Sop =5 /E . (3.61)
This effective theory has the following emergent global Zy (d — p — 1)-form symmetry:
n
Bd—p—l — Bd—p—l + NAd_p_l s dAd—p—l = 0, n c Z, (362)
with
/ Ad—p—l € 27'1'Z7 (363)
C{i—p—l

in addition to the original Zy p-form symmetry (3.51), where C,_, ; is a (d —p —1)-
dimensional closed subspace. The charged objects for p- and (d — p — 1)-form symmetries
are the Wilson surfaces:

WI[Cp] = exp <Z/C

Ap) , V[Ci—p-1] = exp (z / Bd_p_1> , (3.64)
P Cd—p—l

respectively. We can also show that V[Cd—p—l] and W{C,]| correspond to the symmetry
operators of the above p and (d — p — 1)-form symmetries. They satisfy

(VICy,y JWI[C,)...) = e M UKCCopil (0] ) (3.65)

where Link[C, C;_, ] is the linking number defined in eq. (2.53), and “...” denotes other
operators that neither link nor intersect Cg_,_1.

As mentioned above, this theory (3.61) exhibits the grand state degeneracy depending
on the topology of the spatial manifold ¥, ;. Let us look at this in detail using the
same argument in section 2.4. When ¥4 ; = S? x S%P~1 we can choose Cp = SP and
Cd_p_l = Sd-p=1_ Consider V[Cd_p_l]W[C’p}V_l[Cd_p_l] in the operator formalism at time
t. The ordering of the operator product corresponds to the time ordering. That is, the
pair of symmetry operators V[Cy_p,_1] and V~1[Cy_,_1], corresponds to the operator on
Ci—p-1(t +n) U Cy_p—1(t — 1) in the path integral formalism. Here 7 is an infinitesimal
parameter and m is the subspace with the opposite orientation of Cy_,_1(t). In this
case, Cp(t) and Cy_p_1(t +n) U Cy_p—1(t —n) can be linked in space-time. This means that

VICy A IWICIV Y Cu ] = e ¥ WIC,] (3.66)

holds as an operator relation. Since both operators are symmetry operators, we can choose
a groundstate |€2) as an eigenstate of one of the symmetry operators. Here, we take the
eigenstate of V[C,; ], ie., VIC; , ]|Q) = ¢”|Q), where €” is the eigevalue. Since W[C,)]
is also a symmetry operator,

1) = W[C,]|Q) (3.67)
has the same energy as [2). But it has a different eigenvalue of V[C,_, 4],
V[Cypall®) = "7 10Y). (3.68)

Since |2) and |€?') have different eigenvalues, they are orthogonal, (€'|Q2) = 0; that is, the
ground state is degenerate.
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3.7 Brane field model for superconductor

We here discuss a superconducting phase (Higgs phase) in a brane-field model by coupling

(p + 1)-form gauge field. We mostly focus on the low-energy degrees of freedom, and leave

more detailed studies including the massive degrees of freedom for future investigations.
We consider a gauged p-form brane-field model:

3(Cp) 1
where g2 is a gauge coupling whose mass dimension is 2(p + 2) — d and

DG’(ZJ[CP] = qub[cp] - iqu—i—lqu)[Cp] ) Hp+2 = dBp+1 : (370)
Here, By11 is the U(1) (p+ 1)-form gauge field. Note that we consider a general charge ¢ € Z

compared to eq. (2.37).! The action is invariant under p-form gauge transformation,

iq A,
Y[C,] — e fcp Y[C,l, Byy — By +dA,, (3.71)

where A, is p-form normalized as [, » dA, € 2rZ. In addition to the p-form gauge symmetry,
P

when ¢ > 1, this theory has a global electric Z, (p + 1)-form symmetry:
1
B,y = Byyn+ =AMy, dA, =0, / A €277, (3.72)
q Cot1

where C); is a (p + 1)-dimensional closed subspace. The corresponding symmetry operators
and charged objects are

2 1
UlCy_,—9o] =€ z——/ *H. , 3.73
(Cap- Xp( q 9% Jos, s p+2> (3.73)
Cpt1

respectively, where Cyq_,_o is a (d — p — 2)-dimensional closed subspace. The discrete
symmetry means that U[Cq_,_2] is a topological operator, which can be checked as follows.
By deforming Cy_,—2 by Cy_p_2 + 0Dgq_p,_1, we obtain

21
UlCy—p—2 + ODg_p_1] = U[Cyq_p_2] exp <z2/ *Hp+2> , (3.75)
q g 8Ddfpfl

where Dgy_,,_1 is a (d — p — 1)-dimensional subspace with boundary. Using the Stokes theorem
and the Maxwell equation, (—1)Pd x Hpt2/9> = q % Jp41, we obtain

U[Cdfpfz + 8Dd7p,1] = U[Cd,p,ﬂ exp <27Ti(—1)p ,/D *Jp+1> . (376)
d—p—1

°0ne may think that the charge can always be absorbed into the gauge coupling by the field redefinition
qB,+1 — Bpy1. However, this is not true since such a redefinition changes the Dirac quantization condition
fc Hpyo € 2nZ. In other words, for a given quantization condition, the charge is determined up to Z.
p+2
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Here, g x J,11 is the gauge current defined by the variation of B, in the matter part of
the action as dSmatter = — fEd 0Bpi1 A g * Jpy1. Since the charge is quantized to integer,
fDd—p—Q *Jpt1 € Z, we obtain U[Cy_p—2 + 0Dg_p—1] = U[Cyq_p—2]. Therefore, U[Cy_,_2]
is a topological operator.

In addition, the theory has the magnetic U(1) (d — p — 3)-form symmetry, whose charge
is Qa—p—3 = fcp+2 H,.2/(2m) € Z. The charged object is (d — p — 3)-dimensional 't Hooft
operator.

In the following, we consider the Higgs phase, i.e., we assume that there exists a nontrivial
minimum ¢[C,] = v/v/2 in the potential V (1T1). In order to study the low-energy effective
theory in a Higgs phase, we focus on the phase modulation in the brane field:!!

Y[C,| = ﬁexp (z /Cp Ap> . (3.77)

Then, by repeating the same calculations as before, eq. (3.69) becomes

1 A
/Ed [292Hp+2 NHH, o — M(Fp—kl —qBy1) AN*(Fpi1 —qByi1) | (3.78)
where ) is a parameter whose mass dimension is d —2(p + 1), and F},,; = d4,. In addition
to the original p-form gauge symmetry (3.71), this effective theory has a (p — 1)-form gauge
symmetry given by

A, = AvdA, /CdAp_lezﬂz. (3.79)
P

Equation (3.78) corresponds to the low-energy effective action of the Abelian-Higgs model
in the broken phase [7, 13]. This effective theory has an emergent U(1) (d — p — 2)-form
symmetry, whose charge is given by

1
= — F .. €, 3.80
Qd—p—2 o /Cp+1 p+1 (3.80)

where €, ; is a (p + 1)-dimensional closed subspace. The charged object is the (d —p — 2)-
dimensional 't Hooft operator, which is a defect operator formally obtained by excising a
codimension (p + 2) dimensional locus from ¥4 and imposing a boundary condition on A,
around it. Instead, one can express the 't Hooft operator by using a field in the dualized
theory. By introducing the dual field of A, as fld_p_Q, eq. (3.78) can be dualized as

1 q ) 1 ~
A |:292Hp+2 A *Hp+2 — %Bp—‘rl AN Fd_p_l - 2(27T)AFd_p_1 A *Fd—p—l ) (38]‘)

d

where Fd,p,l = dfld,p,z (See appendix D for the derivation). In the dualized theory, the
(d — p — 2)-form symmetry is given by a transformation of fld_p_g as

. _ 1. - _
Ad—p—2 — Ad—p—2 + gAd_p_Q 5 dAd—p—2 = O, / Ad—p—2 S 27TZ, (382)

d—p—2

1 As mentioned before, the system generally contains many other fluctuations. However, they typically
become massive unless they are protected by other symmetries that forbid their mass terms.
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where Cd_p_Q is a (d — p — 2)-dimensional closed subspace. The corresponding charge and
charged object for the (d — p — 2)-form symmetry are

1 _
g = —— Fy . 3.83
Qa—p—2 QWA/Cerl*dpla (3.83)

VICq_p_o] =exp (z /C fld_p_2> : (3.84)
d—p—2

respectively. Note that there is a correspondence between the dual theory and original
theory, *Fd—p—l/A = de+1.

For example, for d = 4 and p = 0, the brane field theory (3.69) is nothing but the usual
Abelian Higgs model, and W[C|] is the Wilson loop while V[C5] is a 2-dimensional surface
operator which corresponds to the world surface of the vortex. On the other hand, we can
also derive the same effective theory from the brane-field theory with d = 4, p = 1, where
the roles of B and A are reversed. In this theory, the dual gauge field Bl of the original
Abelian-Higgs model appears as a phase d.o.f ¥[C]] ~ exp (z fC1 Bl) which corresponds to
the 't Hooft operator for the Abelian-Higgs model. More generally, one can see that the
gauged (d — p — 3)-form brane field theory gives the same-low-energy effective theory as
eq. (3.81) and that the roles of scalar and gauge fields are exchanged each other.

4 Summary and discussion

We have proposed an effective brane field theory with higher-form symmetry by generalizing
the previous work for a mean string field theory [68]. As a generalization of the ordinary field
¢(z) for p = 0, the fundamental field ¥)[C,] that is charged under the p-form transformation
is defined as a functional of the p-dimensional brane C),. We constructed an action that is
invariant under the higher-form transformation using the area derivative acting on higher-
dimensional objects. Furthermore, we have discussed the spontaneous breaking of both U(1)
and discrete higher-form symmetries and studied their low-energy effective theories, which
are p-form Maxwell and the BF-type topological field theories, respectively.

There are several issues to be addressed. First, while we have focused on closed subspaces
in this paper, we can generalize to branes with boundaries. In this case, the area derivatives
need to be treated carefully since we have contributions from both the bulk and the boundary.
Compared to the closed-manifold case, one of the crucial differences is that low-energy
effective theory typically contains other higher-form fields originating from the boundary
d.o.f as well as the bulk ones. Such an effective theory might have emergent gauge symmetry
as well as emergent higher-form global symmetry.

Second, we have considered an effective theory for a single type of extended object, but
it would be interesting to consider a theory in which objects of different dimensions interact.
Additionally, a theory that includes objects constrained on an extended object or on the
intersection of extended objects can also be considered. Symmetries of such a theory could be
described by higher groups or, more generally, non-invertible symmetries. It is possible that
a theory exhibits anomalies where symmetries are broken by quantum corrections. It would
be interesting to consider whether an anomaly specific to brane field theory could exist.
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Finally, it is interesting to study a brane field theory without Lorentz invariance. In the
case of 0-form symmetry without Lorentz invariance, there exist two types of Nambu-Goldstone
modes, and unlike in Lorentz-invariant systems, there is no one-to-one correspondence between
the generators of the broken symmetry and the Nambu-Goldstone modes [83-87]. The
complete relation can be understood by considering the expectation value of the commutation
relation of broken generators [88-91]. This concept has been extended to the case with
p-form symmetry without Lorentz invariance using a low-energy effective theory [81]. It
is interesting to study how the low-energy effective theory is derived from the perspective
of the brane field theory.

We would like to investigate these problems in our future work.
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A Differential forms

We summarize the basics of differential forms. We consider a d-dimensional spacetime ;.

The totally anti-symmetric tensor is represented by € In particular, we have

By iy ”
6“1~.Md — g“lVl v gudydeylmyr — g_lﬁul...ud ) (Al)
We also define
1
Ny ooy = ./—geul,,,ud & gt = ﬁ6“1"'“d' (A.2)

On a p-dimensional subspace C,,, we have

niln-ip — \/Eeil-uip o ni1.~ip = ﬁeir“ip . (A3)
Let
1
W, = Z?w”l...%dX”l A ANdXHr (A.4)

be a general p-form. Then, the Hodge dual is defined by

*wp - ]ﬁwﬂl--./—Lpeuln.u/pl/l'--ljd_deyl /\ e /\ Xm/d—p . (A5)

For a Lorentzian spacetime X;, we have

*xw, = (—1)HPEPy (A.6)

As usual, we can construct the integral over ¥, by

[ wponsy. (A7)

d
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However, what we want is an integration over C,. To construct it, we define

h d—1
5(C) ::/ e - H5 ©)) (A.8)
which leads to

3G sy xy = [ Ry (KN (X)), (A9

B Truncated action

When the brane field 1[C,)] is given by a functional as eq. (2.3), the action in eq. (2.31) becomes

Sy[{A N/dC ( Z/ S(C)F, A x Féilgw g‘”b V(¢T¢)). (B.1)

By inserting

1=]] (/dza(5< ; Al —za>> : (B.2)

we have

]
Sol{AwY = | (H dza> (—ga%z@fa < g<z>v<ww>> , (B.3)

where
5 1 (a) (b H a
Z) = N/[dcp]w /Zd 6<Cp>Fp+1 /\*Fp+1 (5 /C Az(j ) - Za ) (B4>

-\ [ldc, ] s </C A@ —za> . (B.5)

The truncated action in eq. (B.3) can be interpreted as a field theory on a curved manifold,
whose background metric is determined by the brane configurations in egs. (B.4) and (B.5).

C Calculation of mass term

The effective action for broken Z, p-form symmetry discussed in section 3.6 contains

/\//[dcp] (/C

P

= flacy) (4 [ e (@), .., (X)) 1)

2
(NAp - fp))
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where 04, = NA, — f,,. Following the same procedures as section 3.3, this can be estimated as

N [lac, ( I
P

ddk: dik! i .
_/ pul"'Up(k)/WéAp7V1 v, /ddflfe +k,u) ”‘(E,Uq lupE 1° p>

ddk . - oy gy
= B 0058 (05 )

2
(NAp - fp))

where

Iy [y N ) N

e-TpW”%W a0l P (X ) B (X (€).

(C.3)
Assuming the spacetime symmetry is not broken, we have
1 2y, M vV H vV
(EH i BN ) = T Z sgn(o)sgn(o’) [co(k e e e e )
0,0'€S,
+ ¢ (KD ke o mpfe@e @) opfew ey ] (CA4)

where cy(k?) and ¢ (k?) are functions of k? in general. In the low-energy limit, however, we
can neglect the k& dependence, and the first term gives

d C, ~ ~
/ (gﬂ’;d [ 015!0) (54, up(k))*aAp,Vl...Vp(k/)] — ¢y(0) /Z (NA, — f,) Ax(NA,— £,),

(C.5)

which corresponds to the mass term in eq. (3.57).

D Equivalence between eqgs. (3.78) and (3.81)

Here, we show the equivalence between egs. (3.78) and (3.81). We begin with the following
“parent” action that generates both egs. (3.78) and (3.81),

. N
/24 [_2(27T)>\(Fd—p—1 — Gap-1) A*(Fyp1 = Gap-1)

(=P

q ~
By ANFyp1—Gap1) + 714;; NdGg 1], (D.1)

2w

where Gy_p—1, Bpt1, Ap are (d —p — 1), (p + 1), and p-form gauge fields, respectively.
Fyp1=dA, p—2 is the field strength of the (d — p — 2)-form gauge field A, b2

From the equation of motion of A,, we have dG,;_ —p—1 =0, 80 G, p—1 can be locally

expressed as the exact form G4, = dG d—p—2- This implies that G d—p_o can be absorbed

into the definition of A, , 5 and eq. (D.1) reduces to eq. (3.81) except the klnetic term of B 1,

1 q ~
/zd{ 2(27r))\Fd p= 1 AE p—1" 27TBP+1/\Fd—p—1 : (D.2)
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On the other hand, if we redefine Gd_p_1 as Fd—p—l — Gd_p_1 — Gd_p_1 , the action becomes

1 1
/Ed |:—2(271_))\de1 A\ *Gdfpfl + % (dAp — qu+1) A\ de1:| . (D3)
Here, we have performed integration by parts for G4_,—1. The equation of motion for G4_,_1 is
Gdfpfl =A% (dAp — qu+1) . (D4)

Inserting eq. (D.4) into eq. (D.3), the action reduces to
—-A
——(dA, — ¢B A *(dA, —qB D.5
/Ed 2(%)( p — aBpi1) A*(dAp — qBpy1) (D.5)

which coincides with eq. (3.78) except the kinetic term of B,. One can see that 27\ = €2
corresponds to the gauge coupling and reproduces the same normalization as in ref. [7]
for d = 4.
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