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1 Introduction

Global symmetries and their associated conservation laws are one of the most fundamental
tools that we have for the quantitative understanding of nature. One of the many uses of
conventional global symmetries is to characterize phases of systems and their low-energy
dynamics. To take one example, whenever a conventional continuous global symmetry is
spontaneously broken, Goldstone’s theorem guarantees that a gapless mode is present in
the spectrum, and the low-energy dynamics is essentially completely characterized by the
pattern of symmetry breaking.

Recently, our understanding of global symmetries has undergone something of a re-
naissance. The idea that the existence of conserved quantities can be recast in terms of
the topological surface operators who count the charge has led to powerful generalizations
of the very concept of “symmetry”. Two such generalizations which will concern us in
this paper are those of higher-form symmetries — i.e. the symmetries associated with the
conservation of extended objects [1] — and non-invertible symmetries, i.e. symmetries for
which the charges do not obey a simple group composition law [2-34]. See e.g. [35] for a
recent pedagogical review of some of these developments.

In particular, consider a system (such as conventional QED with a single massless Dirac
fermion) where a current j* is nonconserved due to an Adler-Bell-Jackiw anomaly [36, 37], i.e.

1

where the operator F'A F' on the right-hand side is constructed from a dynamical (1) photon.
It has recently been shown that though the naive symmetry is explicitly broken by the
anomaly, this is not a “generic” kind of breaking; instead the system can be understood in
terms of a novel kind of non-invertible symmetry [14, 15]. This precise characterization opens
new doors for a non-perturbative understanding of systems exhibiting such an anomaly.



In this work, we present a variation of this construction that permits us to prove
a Goldstone theorem for such systems; i.e. we prove using Euclidean partition function
techniques that if an operator O charged under the non-invertible symmetry has a non-
zero vacuum expectation value, there must exist a gapless mode in the spectrum. As an
application, we show how many of the massless fields of string theory can be understood
as Goldstone modes of spontaneously broken non-invertible symmetries; this provides an
alternative viewpoint for their masslessness.

Note added. In the last stages of preparation of this paper, [38] appeared, where a charge
defect similar to our (2.10) (involving an extra scalar field on the defect) was constructed
for different motivations.

2 Goldstone’s theorem for non-invertible symmetries

2.1 Goldstone’s theorem in Euclidean formulation

To orient ourselves, we begin by reviewing a simple reformulation of the usual Goldstone
theorem in the language of Euclidean path integrals. This argument was first given in [39]
to prove a Goldstone theorem for higher-form symmetries.

Consider a Lorentz invariant quantum field theory with a (1) 0-form symmetry, with
associated 1-form conserved current j. For simplicity we will restrict ourselves to the case of
four spacetime dimensions. The Ward identity for the conserved current j in the presence
of a charged operator O(z) with charge ¢ is

d* j(2)O(0) = igO(0)6™ () (2.1)

i.e. the current is not quite conserved in the presence of the charged operator. Let us now
integrate both sides of this equation over a solid 4-ball of radius R centered at the origin,
as in figure 1. We find the equation

( / | *j) 0(0) = ig0(0) (2.2)
s4(R)

where on the left hand side we have used Stokes theorem; the integral is taken over the
boundary of the 4-ball. Finally, take the expectation value of both sides:

< (/SS(R) *j> O(O)> =i¢{0) (2.3)

Now, if we are in a phase where the symmetry is spontaneously broken, then (O) is
nonzero, and the integral on the left-hand side must be both nonzero and independent of
the radius of the 3-sphere R. By spherical symmetry, we see that the correlation of the
local operator j on the 3-sphere and O must therefore depend on R as

(7' (2)0(0)) ~ ign'R™* (2.4)

where n’ is an outwardly pointing normal vector on the 3-sphere. The dependence on R
is fixed by the requirement that the integral over the 3-sphere result in an R-independent



Figure 1. Charge operator defined on an S? of radius R wrapping operator O(0) at the origin.

constant. Thus there is a power-law correlation in the theory.! We have shown the existence
of at least one gapless excitation: this is the Goldstone mode.

We note that this is simply a reformulation of the usual Hamiltonian arguments; if we
appropriately deform the S and cut open the path integral then we obtain the commutators
of 7 and O that are used in the standard proofs. This Euclidean formulation will be useful
for the generalization that follows.

2.2 Axial symmetry defect operators

We now turn to the actual case of interest. In recent work [14, 15], it has been shown that

models exhibiting the Adler-Bell-Jackiw anomaly actually are invariant under a novel kind

of non-invertible symmetry. We briefly review some aspects of that discussion here.
Consider massless QED, defined by the action:

- 1 _
Sl 5, 4) = [ dta (4B + 10 @~ idyv+ ) (25)
The (1) gauge redundancy acts as
=M@y A A4 dA. (2.6)

In this theory the axial current j, = ¥y°y#4) is not conserved. Instead, due to the ABJ
anomaly it satisfies the following non-conservation equation [36, 37]:

1
d*jA:rﬂQF/\F (2.7)

We stress that the right-hand-side of this expression is a dynamical operator, and not a fixed
external source (as would be the case for a 't Hooft anomaly). There will thus be dynamical
violation of axial charge conservation, and we cannot construct a conserved charge in the

conventional manner. There is a temptation to instead consider the following current:

i 1
xRN = gy — S ANdA. (2.8)

!This argument is of course exactly the same as the one used to obtain the inverse square electric field of
a point charge using Gauss’s law in elementary electrodynamics.



This current is conserved, but as the notation suggests it is not gauge-invariant. Indeed it is
not possible to construct a conserved gauge-invariant local current in this theory. However
as the integral of the Chern-Simons term is gauge-invariant, one may try to construct a
charge defect operator as follows:

O (Ms) = exp (f;‘ /M3 (m _ ﬁA A dA)) (2.9)

This is a topological operator under small deformations of Mg, and thus is a candidate
operator to define a conserved axial charge defect, which acts on an operator O with integer
charge ¢ as O — €'@1/20).

However for general M3 — in particular those with nontrivial 1-cycles — the expres-
sion (2.9) is not gauge-invariant under large gauge transformations. Such an invariance
would require the coefficient of the Chern-Simons term to be quantized as « € 277Z, thus
resulting in a trivial action on all operators. In [14, 15] this deficiency was remedied by
adding extra degrees of freedom — a TQFT — living on M3. Their construction then
permits the topological charge defect operator to be defined on any M3, provided that the
rotation angle « is in Q/Z. Thus rather than having a continuous (1) symmetry as in the
conventional case the defect operators are now labeled by Q/Z.

In this work however, we seek to generalize the Goldstone theorem described above,
and it is important that we have some notion of a local conserved current. Thus we perform
a slightly different construction. Consider the following charge defect operator, defined on
3-manifolds X:

Un(Ms) = / (D6 exp <Z(; /M3 *3A> - / DO exp (2‘2* /M3 (*jA - 4Tlrz(A _ d6) A dA))
(2.10)

Here we have introduced a new degree of freedom; this is a compact scalar 6 that lives
only on the 3-manifold M3, and which transforms under the gauge redundancy (2.6) as
0 — 6 + A. In the above expression we perform a path integral over #. Thus the integrand
*7 4 is now locally gauge invariant, and there is no rationality constraint on the parameter
@, 50 €' € (1), and we have constructed a continuous (1) symmetry. We will show below it
is non-invertible.

It should be noted that 6 really has almost no dynamics; we will restrict attention
only to the case where Ms is S3, and in that case this construction can be viewed as a
convenient way to extract the gauge-invariant information that is present in the more naive
construction (2.9).

We now discuss some properties of the defect operator U, (M3).

1. It is topological under small variations of M3. This can be seen heuristically by
imagining some extension of 8 off of the defect, and then noting that d x j4 = 0 for
any such extension. In appendix A we provide a somewhat more detailed explanation
of this fact.

2. As usual for a 0-form defect operator, when the defect operator is collapsed onto an
appropriately charged local operator it performs an axial rotation by an angle «, i.e.



if O(z) carries axial charge ¢ then
Ua(S3O(z) = '3 O(2) (2.11)
if the S2 in question is a small sphere wrapping z.

3. We may immediately imagine interesting phenomena whenever 6 is allowed to have
non-trivial winding, i.e. when (a) M3 is a manifold with non-trivial 1-cycles, or (b) in
the presence of 't Hooft lines. We discuss some such properties — which do not affect
our Goldstone proof — in a subsequent section.

2.3 Goldstone’s theorem for non-invertible symmetry

We may now use this object to prove a variant of Goldstone’s theorem by generalizing
slightly the arguments used in section 2.1. We begin by considering the setup of (2.11),
where U, is defined on an S® of radius R. Now take a derivative with respect to o and set

a to 0: we then find
<z’ ( /S » *5,4) 0(0)> — i) (2.12)

Note that the expectation value on the left-hand side now involves the path integral over 6
defined on the defect as well. j4 is now defined only on the defect.

Now imagine that we are in a phase where (O) # 0, i.e. an operator charged under
the non-invertible symmetry has a non-vanishing expectation value. Then, just as in (2.4),
by spherical symmetry we see that the correlation function must depend on R in a very
specific way:

(7a(R)O(0)) ~ ign'R™? (2.13)
with n’ an outwards pointing normal vector on the S3. We thus see that there is a non-
trivial power-law correlation between an operator © in the bulk and a current j4 defined
on the defect. Thus there must exist at least one massless mode in the bulk, which is the
Goldstone mode.

In this formulation the proof is essentially the same as in the conventional invertible
symmetry case, except that the current j4 is now defined only on the defect. Note that
there is no way for the new degree of freedom 6 living only on the defect to create such a
correlation between bulk and defect operators unless the bulk is gapless.? This completes
the proof.

The effective theory describing this low energy Goldstone mode (usually called an
axion) is well understood. Denoting the axion by ¢, the first few terms in the derivative
expansion are:

S[A, 9] = /11@4 (;Wzdgm*dgbjt 2162F/\*F+ig¢>F/\F> (2.14)

2Tt might be helpful to note that the expression above coincides with the connected correlator, as the
expectation value of the defect-localized current without a local operator inserted is (3,4) = 0, by the same
argument as above with ¢ = 0. Thus the connected correlator displays power-law behavior, requiring a
gapless mode:
GAR)O0) = GARNO) ~ iqR™.



It was shown in [14] that this theory does indeed exhibit the non-invertible symmetry if
g= ﬁ. It is easy to verify that the ¢ field saturates the Ward identity (2.13), where the
charged operator O is realized as O ~ €99,

An example of a microscopic theory which realizes this phase is if one adds a complex
scalar ®(z) and a Yukawa coupling h®(z)y1) + h.c. to the Dirac action (2.2), and then
arranges a potential V (®T®) to condense the scalar ®; ¢(x) may then be viewed as the
phase of ®(z) (or equivalently the phase of the fermion condensate ).

Another example (discussed in [14]) is QCD with massless quarks, where the (non-
invertible) axial symmetry is spontaneously broken, and indeed the anomaly famously
provides the dominant channel for pion decay to two photons. We now see that the my can
be viewed as a Goldstone boson of this breaking; the effective Lagrangian takes the form
above with ¢ identified with the my (and with other interactions involving the photon A).

We make two statements about generalizations of this Goldstone theorem:

1. It may appear that the construction above requires access to a weakly coupled photon
description of the theory. However the essential information of the ABJ anomaly can
be phrased in a universal way® in terms of the combined symmetry structure of a
conserved 2-form current J and the non-conserved axial current j4:

1
d*jA:RJAJ dxJ=0 (2.15)

We believe the argument can be extended to any theory with this structure. The
second equation implies that we can locally write J = % * dA in terms of an effective
photon A. A will not have a simple action, but we can nevertheless use it to construct
the operator (2.10) on a topologically trivial S% and run the argument above.

2. Similar arguments can be made for a higher-form continuous non-invertible symmetry
(e.g. as in [19, 20]) by changing the dimensionality of the defect manifold M3 and of
the charged operator O (which will generically become an extended object), as was
done in [39, 41] for (invertible) higher-form symmetries. The statement then is that if
the charged object exhibits a perimeter law (i.e. its expectation value depends only
locally on geometric data characterising its worldvolume), then there exists a gapless
mode in the spectrum.

2.4 Behaviour in the non-zero flux sector

For the proof above we were only required to construct the defect operator U, on an S3
embedded inside R*. In the interest of completeness, we would like to highlight some
properties of this defect on more general manifolds, particularly those with non-trivial
homology groups.

Let us consider formulating our bulk theory on S' x S' x S%2. We are interested in
studying a sector of the path integral where there is (1) electromagnetic flux 27n on the

3See e.g. [40] where a similar characterization was used to understand finite-temperature physics from
holography.



S2, ie.
F=2m (2.16)
5'2
where n € Z.
Now let us place the defect operator U,(M3) on an M3 = S! x 2, where it fills one
of the two S's, i.e. we evaluate

(Ua(M3)) = <exp (zg /M3 <*jA — ﬁ(A —df) A dA)) . (2.17)

We consider performing the path integral over 6 first, keeping A fixed. Note that the
dependence on 6 is only through its characteristic class (i.e. the winding), and any other 6 in
the same class can be obtained by adding a topologically trivial 8 to a fixed representative
of its characteristic class. We have

df A dA = 4r*wn (2.18)
Ms

with w € Z the winding of § on the S' factor. Large gauge transformations act as
G:(a,w)~ (a+n,w+n) (2.19)

where a is the holonomy of A on the S'. In this calculation we treat A as a background and
we do not impose these identifications when summing over w; in a more complete treatment
they will be taken into account when performing the full path integral over A (where they
reduce the effective range of the holonomy).

The result of the path integral over 6, including the winding sectors, is therefore

S exp (ﬂ;’m) . (2.20)

Performing the sum over w, we find a delta function in an that only has support if

proportional to

% € 2rZ. (2.21)

We thus see that for irrational 5- our operator annihilates the path integral unless n = 0.
This is a very non-invertible operator indeed. It would be interesting to further understand
the properties of this defect and compare to the operator of [14, 15], which is defined for
rational o-.

3 Goldstone bosons and string theory

One of our original motivations for seeking an extension of Goldstone’s theorem that applied
to non-invertible symmetries was the observation that in string theory there are fields which
appear to be exactly massless, even in non-supersymmetric configurations (as in [44-48],
for instance). The masslessness of some of these fields is usually explained from the fact
that they are connections for higher-form abelian gauge symmetries.



This argument is somewhat unsatisfactory on its own; a gauge redundancy is after all a
statement about a description of a system. We should instead seek an explanation in terms
of realizations of (possibly approximate) global symmetries. Given our lack of understanding
of the non-perturbative aspects of string theory, a systematic argument based on symmetry
principles alone, valid for arbitrary compactifications, seems to be of some value.?

Consider, as an example, the operator measuring the D4 “Page” charge [50]°-%

A

Ua(24) = exp (27['i04 F4 + A1 A H3> , (31)
P

where Fy = dAs — Ay A Hs, Ay and Az are RR potentials, and H = dBs is the NSNS field
strength. Here Y4 is a 4-surface linking a 5-manifold X5 where we have placed a D4 brane.
We include no other background fields, and for avoidance of tadpoles we take the directions
transverse to the D4 to be non-compact.

Importantly, we will first treat the D4 brane as an infinitely heavy object, so that we
may consider it as a defect operator D(X5) in the effective supergravity field theory. We
will eventually incorporate the fact that the tension is finite below.

In this setting — when the D4 branes are infinitely massive — ﬁa(24) is topological, and
would naively define a 5-form (1) symmetry. This is not so for a number of reasons. First, for
generic « the resulting expression is not gauge invariant under large gauge transformations
of Ay if H'(X4;R) # 0, and H3 generic. We can fix these issues by taking ¥4 to be S*. We
also note that the background we discuss does not source Hj, so we might be tempted to
simply claim that U,(X4) is gauge invariant. But our goal is to argue that the presence of
Goldstone bosons is robust, so we will not set H3 = 0. Instead, we introduce an additional
dynamical scalar on the charge defect, as above:

Ua(24) = exp (27ria F4 + (Al — d@) A\ Hg) s (32)

Yy
with 0 transforming as 8 — 6 + A under a A; — A; + dX gauge transformation. This defines
a non-invertible symmetry analogous to (2.10).

The D4 brane is charged under U,(X4), so we may write:

Ua(24)D(X5) = e"*D(X5) (3.3)

Now the insertion of the defect operator D(X5), i.e. a D4 wrapping X35, in the string theory
partition function will give a contribution proportional to the volume of X35, arising from
the Dirac-Born-Infeld coupling on the brane worldvolume. In terms of standard language,
it obeys a “perimeter law”, so this nonzero expectation value implies a form of spontaneous
symmetry breaking. We can, in particular, run a straightforward generalisation of the
argument given above (see [39, 41] for details) that implies the existence of a Goldstone

4A different argument for the masslessness of the photon, based on swampland considerations, was given
in [49].

®See [51] for other notions of charge.

5The integrand F4 + A1 A Hs can alternatively be written as dAs, but the way we have written it makes
it clearer that it is not gauge invariant under gauge transformations of A;.



mode. The minimal possibility saturating (3.3) is that we have a 5-form C5 in the spectrum,

exp (z /X5 C5> (3.4)

to the D4 brane worldvolume. We identify this massless field as the ordinary RR 5-form field.

with a coupling

Clearly, this argument generalises with minor modifications to all branes in string
theory, implying the exact masslessness of the fields that they are charged under.

So far we have worked in a semi-classical approximation to string theory, where the
branes are infinitely massive objects. In actual string theory, this is not the case: branes are
dynamical objects, and this means that there are no longer any exact global symmetries or
completely topological objects [52-54]. Nevertheless it seems reasonable that a large mass
for these objects should not affect questions in the extreme infrared, such as the masslessness
of putative Goldstone modes. An argument to this effect for 1-form symmetries was given
in [55]. In our context, the main physical effect is expected to be screening from “virtual”
D4-branes. This makes the value of the measured Page charge depend on the distance R
between the surface where we measure the charge and the brane, i.e. (3.3) becomes

Ua(24)D(X5) = eI D(X5) (3.5)

for some nontrivial function of R. We are not aware of a systematic treatment of this effect
for the case at hand, but related cases are analysed in detail in [56]. Extrapolating the main
features of the cases discussed in that paper, we expect that the operator we have described
above will be topological — i.e. f(R — oo) approaches a constant — up to exponentially
suppressed effects, for scales larger than the inverse of the brane tension.

This is good news: any small mass for the would be Goldstone would dramatically affect
our argument for large enough radii (the relevant correlator would become exponentially
suppressed), but it is precisely in this regime that the screening effect itself becomes
exponentially suppressed. So we conclude that screening effects, while they do break the
symmetry, cannot give a mass to the Goldstone boson. This is perhaps not much of a
surprise: giving mass to a Goldstone boson for a higher form symmetry, since it is vector-like,
is a discontinuous operation, so these Goldstone modes are much more robust than ordinary
O-form Goldstone scalars (which have the same degrees of freedom whether they are massive
or not).

A summary of what we have just found is that the massless form fields in string theory
are massless because branes are heavy. This motivates a final speculative comment: if we
try to think what it would take to gap the spectrum of supergravity, by the arguments
above it will necessarily involve making the branes tensionless. This resonates well with
the idea that gapped phases of gravity should be thought of as phases where the metric
vanishes. (We refer the reader to [57, 58] and the final comments in [59] for further references
and discussion of such ideas.) Indeed recent work on emergent higher-form symmetries
associated with the gravitational sector alone [60, 61] may eventually allow us to make such
ideas concrete.
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A Topological invariance of defect operator

Here we discuss the topological properties of the new coupling added to the action of the
defect operator in (2.10), i.e.

exp <Z042 dg N F) (A.1)
8% J M3

In particular, when placed in the path integral, is this invariant under deformations of M3?
Heuristically, if we extend 6 off of the defect, then we can consider deforming M3 to a
nearby surface M5; comparing the integral over the two regions we then find we then find

/ _/ (IAF)= [ ddonF)=0 (A2)
Ms A My

where My = M3z U Mj.

We can present a slightly more abstract formulation of the argument which shows the
relationship between the above relation and the 1-form symmetry. Consider coupling an
external 2-form source b using the 1-form symmetry of QED:

S[, ¢, A;b] = /d4x (422172 + i (D —iA) o + %b A F) (A.3)

(Such a coupling is possible for any conserved 2-form current J, where in this particular
case we have J = %F ). As b couples to a conserved 2-form current, it is always true that

Z[b] = Z[b + dA] (A.4)

for an arbitrary 1-form A.
Now we turn on the following source for b, parametrized by a choice of 3-surface Ms:

b= baty = 1= (O, (v)d8(2)) (A5)

Here () is a scalar field defined on R* which will eventually be restricted to the defect
worldvolume M3. O, () is a scalar function with O, (z) = 0 if z is “on one side” of
M3 and O, (z) = 1 if z is on the “other side” of M3. (E.g. if we were studying the simple
case where M3 is the flat plane ¢ = 0, we would have O, (x) = ©(xp) with © the usual
Heaviside step function.) To make the manipulations well-defined, let us imagine that this
interpolation from 0 to 1 takes place over a small length scale.

~10 -



Now as the choice for b in (A.5) is exact, the invariance (A.4) means that the partition
function does not change under inserting this source. In particular it does not care about
the choice of M3, independently of the value of 9, i.e.

Zbms) = Z[bpy] (A.6)

This invariance also does not care about details on how the Heaviside function above is
regulated. However in the limit where the step function is made arbitrarily sharp, we find
that d©q, becomes a 1-form localized on the defect, and we have:

1 Xe'

— bup, NF = — dONF A7

5 L AF =g (A7)
Thus we have constructed the coupling desired and confirmed that it is invariant under
shifts of M3. At the final stage we see that it depends only on 6(z) on the defect. This
argument is essentially the same as that leading to (A.2), but this presentation highlights
the relationship between the topological character of the operator and the unbroken 1-form
Symmetry.

Data access statement. There is no additional research data associated with this work.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] D. Gaiotto, A. Kapustin, N. Seiberg and B. Willett, Generalized Global Symmetries, JHEP 02
(2015) 172 [arXiv:1412.5148] [INSPIRE].

[2] J. Frohlich, J. Fuchs, I. Runkel and C. Schweigert, Defect lines, dualities, and generalised
orbifolds, in the proceedings of the 16th International Congress on Mathematical Physics,
(2009) [D0I:10.1142/9789814304634_0056] [arXiv:0909.5013] [INSPIRE].

[3] N. Carqueville and I. Runkel, Orbifold completion of defect bicategories, Quantum Topol. 7
(2016) 203 [arXiv:1210.6363] [INSPIRE].

[4] I. Brunner, N. Carqueville and D. Plencner, A quick guide to defect orbifolds, Proc. Symp.
Pure Math. 88 (2014) 231 [arXiv:1310.0062] [INSPIRE].

[5] L. Bhardwaj and Y. Tachikawa, On finite symmetries and their gauging in two dimensions,
JHEP 03 (2018) 189 [arXiv:1704.02330] [INSPIRE].

[6] D. Gaiotto and T. Johnson-Freyd, Condensations in higher categories, arXiv:1905.09566
[INSPIRE].

[7] B. Heidenreich et al., Non-invertible global symmetries and completeness of the spectrum,
JHEP 09 (2021) 203 [arXiv:2104.07036] [INSPIRE].

[8] Y. Choi et al., Noninvertible duality defects in 3 + 1 dimensions, Phys. Rev. D 105 (2022)
125016 [arXiv:2111.01139] [INSPIRE].

[9] J. Kaidi, K. Ohmori and Y. Zheng, Kramers- Wannier-like Duality Defects in (3 + 1)D Gauge
Theories, Phys. Rev. Lett. 128 (2022) 111601 [arXiv:2111.01141] INSPIRE].

11 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP02(2015)172
https://doi.org/10.1007/JHEP02(2015)172
https://arxiv.org/abs/1412.5148
https://inspirehep.net/literature/1334564
https://doi.org/10.1142/9789814304634_0056
https://arxiv.org/abs/0909.5013
https://inspirehep.net/literature/832556
https://doi.org/10.4171/qt/76
https://doi.org/10.4171/qt/76
https://arxiv.org/abs/1210.6363
https://inspirehep.net/literature/1193070
https://doi.org/10.1090/pspum/088/01456
https://doi.org/10.1090/pspum/088/01456
https://arxiv.org/abs/1310.0062
https://inspirehep.net/literature/1256369
https://doi.org/10.1007/JHEP03(2018)189
https://arxiv.org/abs/1704.02330
https://inspirehep.net/literature/1590920
https://arxiv.org/abs/1905.09566
https://inspirehep.net/literature/1736539
https://doi.org/10.1007/JHEP09(2021)203
https://arxiv.org/abs/2104.07036
https://inspirehep.net/literature/1858418
https://doi.org/10.1103/PhysRevD.105.125016
https://doi.org/10.1103/PhysRevD.105.125016
https://arxiv.org/abs/2111.01139
https://inspirehep.net/literature/1958861
https://doi.org/10.1103/PhysRevLett.128.111601
https://arxiv.org/abs/2111.01141
https://inspirehep.net/literature/1958881

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

K. Roumpedakis, S. Seifnashri and S.-H. Shao, Higher Gauging and Non-invertible
Condensation Defects, Commun. Math. Phys. 401 (2023) 3043 [arXiv:2204.02407] [INSPIRE].

L. Bhardwaj, L.E. Bottini, S. Schafer-Nameki and A. Tiwari, Non-invertible higher-categorical
symmetries, SciPost Phys. 14 (2023) 007 [arXiv:2204.06564| INSPIRE].

G. Arias-Tamargo and D. Rodriguez-Gomez, Non-invertible symmetries from discrete gauging
and completeness of the spectrum, JHEP 04 (2023) 093 [arXiv:2204.07523] INSPIRE].

Y. Choi et al., Non-invertible Condensation, Duality, and Triality Defects in 3+ 1 Dimensions,
Commun. Math. Phys. 402 (2023) 489 [arXiv:2204.09025] INSPIRE].

Y. Choi, H.T. Lam and S.-H. Shao, Noninvertible Global Symmetries in the Standard Model,
Phys. Rev. Lett. 129 (2022) 161601 [arXiv:2205.05086] [iNSPIRE].

C. Cordova and K. Ohmori, Noninvertible Chiral Symmetry and Ezponential Hierarchies, Phys.
Rev. X 13 (2023) 011034 [arXiv:2205.06243] [INSPIRE].

J. Kaidi, G. Zafrir and Y. Zheng, Non-invertible symmetries of N =4 SYM and twisted
compactification, JHEP 08 (2022) 053 [arXiv:2205.01104] INSPIRE].

A. Antinucci, G. Galati and G. Rizi, On continuous 2-category symmetries and Yang-Mills
theory, JHEP 12 (2022) 061 [arXiv:2206.05646] [INSPIRE].

V. Bashmakov, M. Del Zotto and A. Hasan, On the 6d Origin of Non-invertible Symmetries in
4d, arXiv:2206.07073 [INSPIRE].

J.A. Damia, R. Argurio and L. Tizzano, Continuous Generalized Symmetries in Three
Dimensions, JHEP 23 (2023) 164 [arXiv:2206.14093] [INSPIRE].

J.A. Damia, R. Argurio and E. Garcia-Valdecasas, Non-invertible defects in 5d, boundaries
and holography, SciPost Phys. 14 (2023) 067 [arXiv:2207.02831] [InSPIRE].

L. Bhardwaj, S. Schafer-Nameki and J. Wu, Universal Non-Invertible Symmetries, Fortsch.
Phys. 70 (2022) 2200143 [arXiv:2208.05973] [iNSPIRE].

L. Lin, D.G. Robbins and E. Sharpe, Decomposition, Condensation Defects, and Fusion,
Fortsch. Phys. 70 (2022) 2200130 [arXiv:2208.05982] [INSPIRE].

T. Bartsch, M. Bullimore, A.E.V. Ferrari and J. Pearson, Non-invertible Symmetries and
Higher Representation Theory I, arXiv:2208.05993 [INSPIRE].

F. Apruzzi, I. Bah, F. Bonetti and S. Schafer-Nameki, Noninvertible Symmetries from
Holography and Branes, Phys. Rev. Lett. 130 (2023) 121601 [arXiv:2208.07373] [INSPIRE].

I. Garcia Etxebarria, Branes and Non-Invertible Symmetries, Fortsch. Phys. 70 (2022)
2200154 [arXiv:2208.07508] [INSPIRE].

D.-C. Lu and Z. Sun, On triality defects in 2d CFT, JHEP 02 (2023) 173
[arXiv:2208.06077] [INSPIRE].

J.J. Heckman, M. Hiibner, E. Torres and H.Y. Zhang, The Branes Behind Generalized
Symmetry Operators, Fortsch. Phys. 71 (2023) 2200180 [arXiv:2209.03343] [INSPIRE].

P. Niro, K. Roumpedakis and O. Sela, Fzploring non-invertible symmetries in free theories,
JHEP 03 (2023) 005 [arXiv:2209.11166] [INSPIRE].

J. Kaidi, K. Ohmori and Y. Zheng, Symmetry TFTs for Non-Invertible Defects,
arXiv:2209.11062 [INnSPIRE].

~12 -


https://doi.org/10.1007/s00220-023-04706-9
https://arxiv.org/abs/2204.02407
https://inspirehep.net/literature/2063984
https://doi.org/10.21468/SciPostPhys.14.1.007
https://arxiv.org/abs/2204.06564
https://inspirehep.net/literature/2067392
https://doi.org/10.1007/JHEP04(2023)093
https://arxiv.org/abs/2204.07523
https://inspirehep.net/literature/2067880
https://doi.org/10.1007/s00220-023-04727-4
https://arxiv.org/abs/2204.09025
https://inspirehep.net/literature/2069465
https://doi.org/10.1103/PhysRevLett.129.161601
https://arxiv.org/abs/2205.05086
https://inspirehep.net/literature/2080021
https://doi.org/10.1103/PhysRevX.13.011034
https://doi.org/10.1103/PhysRevX.13.011034
https://arxiv.org/abs/2205.06243
https://inspirehep.net/literature/2080611
https://doi.org/10.1007/JHEP08(2022)053
https://arxiv.org/abs/2205.01104
https://inspirehep.net/literature/2075901
https://doi.org/10.1007/JHEP12(2022)061
https://arxiv.org/abs/2206.05646
https://inspirehep.net/literature/2095012
https://arxiv.org/abs/2206.07073
https://inspirehep.net/literature/2096434
https://doi.org/10.1007/JHEP05(2023)164
https://arxiv.org/abs/2206.14093
https://inspirehep.net/literature/2102738
https://doi.org/10.21468/SciPostPhys.14.4.067
https://arxiv.org/abs/2207.02831
https://inspirehep.net/literature/2106533
https://doi.org/10.1002/prop.202200143
https://doi.org/10.1002/prop.202200143
https://arxiv.org/abs/2208.05973
https://inspirehep.net/literature/2135492
https://doi.org/10.1002/prop.202200130
https://arxiv.org/abs/2208.05982
https://inspirehep.net/literature/2135478
https://arxiv.org/abs/2208.05993
https://inspirehep.net/literature/2135486
https://doi.org/10.1103/PhysRevLett.130.121601
https://arxiv.org/abs/2208.07373
https://inspirehep.net/literature/2136591
https://doi.org/10.1002/prop.202200154
https://doi.org/10.1002/prop.202200154
https://arxiv.org/abs/2208.07508
https://inspirehep.net/literature/2136598
https://doi.org/10.1007/JHEP02(2023)173
https://arxiv.org/abs/2208.06077
https://inspirehep.net/literature/2135503
https://doi.org/10.1002/prop.202200180
https://arxiv.org/abs/2209.03343
https://inspirehep.net/literature/2148210
https://doi.org/10.1007/JHEP03(2023)005
https://arxiv.org/abs/2209.11166
https://inspirehep.net/literature/2155235
https://arxiv.org/abs/2209.11062
https://inspirehep.net/literature/2155234

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

N. Mekareeya and M. Sacchi, Mized anomalies, two-groups, non-invertible symmetries, and 3d
superconformal indices, JHEP 01 (2023) 115 [arXiv:2210.02466] InSPIRE].

A. Antinucci et al., The holography of non-invertible self-duality symmetries,
arXiv:2210.09146 [InSPIRE].

S. Giaccari and R. Volpato, A fresh view on string orbifolds, JHEP 01 (2023) 173
[arXiv:2210.10034] [INSPIRE].

V. Bashmakov, M. Del Zotto, A. Hasan and J. Kaidi, Non-invertible symmetries of class S
theories, JHEP 05 (2023) 225 [arXiv:2211.05138] [INSPIRE].

C. Cordova, S. Hong, S. Koren and K. Ohmori, Neutrino Masses from Generalized Symmetry
Breaking, arXiv:2211.07639 [INSPIRE].

J. McGreevy, Generalized Symmetries in Condensed Matter, Ann. Rev. Condensed Matter
Phys. 14 (2023) 57 [arXiv:2204.03045] INSPIRE].

S.L. Adler, Azial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969) 2426
[INSPIRE].

J.S. Bell and R. Jackiw, A PCAC puzzle: 7% — v in the o model, Nuovo Cim. A 60 (1969)
47 INSPIRE].

A. Karasik, On anomalies and gauging of (1) non-invertible symmetries in 4d QED, SciPost
Phys. 15 (2023) 002 [arXiv:2211.05802] [INSPIRE].

D.M. Hofman and N. Igbal, Goldstone modes and photonization for higher form symmetries,
SciPost Phys. 6 (2019) 006 [arXiv:1802.09512] [INSPIRE].

A. Das, R. Gregory and N. Igbal, Higher-form symmetries, anomalous magnetohydrodynamics,
and holography, SciPost Phys. 14 (2023) 163 [arXiv:2205.03619] INSPIRE].

E. Lake, Higher-form symmetries and spontaneous symmetry breaking, arXiv:1802.07747
[INSPIRE].

J. Cheeger and J. Simons, Differential characters and geometric invariants, in Geometry and
Topology, Springer, Berlin, Heidelberg (1985), p. 50-80 [DOI:10.1007/BFb0075216].

J. Simons and D. Sullivan, Aziomatic characterization of ordinary differential cohomology,
Journal of Topology 1 (2007) 45.

L. Alvarez-Gaume, P.H. Ginsparg, G.W. Moore and C. Vafa, An O(16) x O(16) Heterotic
String, Phys. Lett. B 171 (1986) 155 [INSPIRE].

L.J. Dixon and J.A. Harvey, String Theories in Ten-Dimensions Without Space-Time
Supersymmetry, Nucl. Phys. B 274 (1986) 93 [INSPIRE].

A. Sagnotti, Some properties of open string theories, in the proceedings of the International
Workshop on Supersymmetry and Unification of Fundamental Interactions (SUSY 95), (1995),
p. 473-484 [hep-th/9509080] [INSPIRE].

A. Sagnotti, Surprises in open string perturbation theory, Nucl. Phys. B Proc. Suppl. 56 (1997)
332 [hep-th/9702093] [INSPIRE].

S. Sugimoto, Anomaly cancellations in type I D9-D9 system and the USp(32) string theory,
Prog. Theor. Phys. 102 (1999) 685 [hep-th/9905159] [INSPIRE].

M. Reece, Photon Masses in the Landscape and the Swampland, JHEP 07 (2019) 181
[arXiv:1808.09966] [INSPIRE].

~13 -


https://doi.org/10.1007/JHEP01(2023)115
https://arxiv.org/abs/2210.02466
https://inspirehep.net/literature/2161872
https://arxiv.org/abs/2210.09146
https://inspirehep.net/literature/2166037
https://doi.org/10.1007/JHEP01(2023)173
https://arxiv.org/abs/2210.10034
https://inspirehep.net/literature/2166837
https://doi.org/10.1007/JHEP05(2023)225
https://arxiv.org/abs/2211.05138
https://inspirehep.net/literature/2180406
https://arxiv.org/abs/2211.07639
https://inspirehep.net/literature/2181844
https://doi.org/10.1146/annurev-conmatphys-040721-021029
https://doi.org/10.1146/annurev-conmatphys-040721-021029
https://arxiv.org/abs/2204.03045
https://inspirehep.net/literature/2064408
https://doi.org/10.1103/PhysRev.177.2426
https://inspirehep.net/literature/55000
https://doi.org/10.1007/BF02823296
https://doi.org/10.1007/BF02823296
https://inspirehep.net/literature/54998
https://doi.org/10.21468/SciPostPhys.15.1.002
https://doi.org/10.21468/SciPostPhys.15.1.002
https://arxiv.org/abs/2211.05802
https://inspirehep.net/literature/2181028
https://doi.org/10.21468/SciPostPhys.6.1.006
https://arxiv.org/abs/1802.09512
https://inspirehep.net/literature/1657464
https://doi.org/10.21468/SciPostPhys.14.6.163
https://arxiv.org/abs/2205.03619
https://inspirehep.net/literature/2078803
https://arxiv.org/abs/1802.07747
https://inspirehep.net/literature/1656861
https://doi.org/10.1007/BFb0075216
https://doi.org/10.1112/jtopol/jtm006
https://doi.org/10.1016/0370-2693(86)91524-8
https://inspirehep.net/literature/227255
https://doi.org/10.1016/0550-3213(86)90619-X
https://inspirehep.net/literature/227374
https://arxiv.org/abs/hep-th/9509080
https://inspirehep.net/literature/399466
https://doi.org/10.1016/S0920-5632(97)00344-7
https://doi.org/10.1016/S0920-5632(97)00344-7
https://arxiv.org/abs/hep-th/9702093
https://inspirehep.net/literature/428644
https://doi.org/10.1143/PTP.102.685
https://arxiv.org/abs/hep-th/9905159
https://inspirehep.net/literature/500447
https://doi.org/10.1007/JHEP07(2019)181
https://arxiv.org/abs/1808.09966
https://inspirehep.net/literature/1692050

[50]

[51]

[52]

[53]

[54]

[60]

[61]

D.N. Page, Classical Stability of Round and Squashed Seven Spheres in Eleven-dimensional
Supergravity, Phys. Rev. D 28 (1983) 2976 [INSPIRE].

D. Marolf, Chern-Simons terms and the three notions of charge, in the proceedings of the
International Conference on Quantization, Gauge Theory, and Strings: Conference Dedicated
to the Memory of Professor Efim Fradkin, (2000), p. 312-320 [hep-th/0006117] [INSPIRE].

N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060 [hep-th/0601001] [INSPIRE].

D. Harlow and H. Ooguri, Symmetries in quantum field theory and quantum gravity, Commun.
Math. Phys. 383 (2021) 1669 [arXiv:1810.05338] [INSPIRE].

T. Banks and N. Seiberg, Symmetries and Strings in Field Theory and Gravity, Phys. Rev. D
83 (2011) 084019 [arXiv:1011.5120] [INSPIRE].

N. Igbal and J. McGreevy, Mean string field theory: Landau-Ginzburg theory for 1-form
symmetries, SciPost Phys. 13 (2022) 114 [arXiv:2106.12610] INSPIRE].

C. Cordova, K. Ohmori and T. Rudelius, Generalized symmetry breaking scales and weak
gravity conjectures, JHEP 11 (2022) 154 [arXiv:2202.05866] INSPIRE].

E. Witten, Topological Quantum Field Theory, Commun. Math. Phys. 117 (1988) 353
[INSPIRE].

E. Witten, The Search For Higher Symmetry In String Theory, Phil. Trans. Roy. Soc. Lond. A
329 (1989) 349 [InSPIRE].

J. McGreevy, TASI 2015 Lectures on Quantum Matter (with a View Toward Holographic
Duality), in the proceedings of the Theoretical Advanced Study Institute in Elementary Particle
Physics: New Frontiers in Fields and Strings, (2017), p. 215-296
[DDI:10.1142/9789813149441_0004] [arXiv:1606.08953] [INSPIRE].

K. Hinterbichler, D.M. Hofman, A. Joyce and G. Mathys, Gravity as a gapless phase and
biform symmetries, JHEP 02 (2023) 151 [arXiv:2205.12272] INSPIRE].

V. Benedetti, H. Casini and J.M. Magan, Generalized symmetries of the graviton, JHEP 05
(2022) 045 [arXiv:2111.12089] [INSPIRE].

— 14 —


https://doi.org/10.1103/PhysRevD.28.2976
https://inspirehep.net/literature/14480
https://arxiv.org/abs/hep-th/0006117
https://inspirehep.net/literature/528861
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://inspirehep.net/literature/707820
https://doi.org/10.1007/s00220-021-04040-y
https://doi.org/10.1007/s00220-021-04040-y
https://arxiv.org/abs/1810.05338
https://inspirehep.net/literature/1698230
https://doi.org/10.1103/PhysRevD.83.084019
https://doi.org/10.1103/PhysRevD.83.084019
https://arxiv.org/abs/1011.5120
https://inspirehep.net/literature/880647
https://doi.org/10.21468/SciPostPhys.13.5.114
https://arxiv.org/abs/2106.12610
https://inspirehep.net/literature/1870185
https://doi.org/10.1007/JHEP11(2022)154
https://arxiv.org/abs/2202.05866
https://inspirehep.net/literature/2032095
https://doi.org/10.1007/BF01223371
https://inspirehep.net/literature/260815
https://doi.org/10.1098/rsta.1989.0082
https://doi.org/10.1098/rsta.1989.0082
https://inspirehep.net/literature/267877
https://doi.org/10.1142/9789813149441_0004
https://arxiv.org/abs/1606.08953
https://inspirehep.net/literature/1472992
https://doi.org/10.1007/JHEP02(2023)151
https://arxiv.org/abs/2205.12272
https://inspirehep.net/literature/2087693
https://doi.org/10.1007/JHEP05(2022)045
https://doi.org/10.1007/JHEP05(2022)045
https://arxiv.org/abs/2111.12089
https://inspirehep.net/literature/1975606

	Introduction
	Goldstone's theorem for non-invertible symmetries
	Goldstone's theorem in Euclidean formulation
	Axial symmetry defect operators
	Goldstone's theorem for non-invertible symmetry
	Behaviour in the non-zero flux sector

	Goldstone bosons and string theory
	Topological invariance of defect operator

