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1 Introduction

In recent years, higher-form global symmetries have attracted increasing interest due to
their connection with sectors of higher dimensional operators (defects) and the role played
in further constraining the dynamics of quantum systems, thanks to new Ward identities,
anomalies, breakings or gaugings. This has led to a new paradigm in how we think about
symmetries in QFT, where topological and non-topological defects play an instrumental role.

Generalized symmetries have been classified as invertible [1] and non-invertible symmetries,
the latter having a long history in two-dimensional systems [2], then generalized to higher
dimensional ones only recently (see for instance [3, 4] for a review on recent developments).
Our focus will be on invertible higher-form global symmetries. A nice introduction to this
topic and an exhaustive list of references can be found in [5-7].

Higher-form symmetries can be conveniently framed into a geometrical scheme based on
differential geometry, differential form formalism, and hypersurface geometry. One of the
most important observations is that the field strength F®) = dA®=1 of any local (p—1)-form
gauge potential AP~ is a conserved current, thanks to the Bianchi identity. In n dimensions,
the topological charge operator Q(%,) = exp(i fzp F@®)) generates a (n—p—1)-form symmetry
under which (n — p — 1)-dimensional defects are charged. More generally, given a set of
closed field strengths F® for different values of p, higher-form currents can be constructed
as products F(®1) A ... A F®r) | leading to newly-explored Chern-Weil symmetries [8]. Since



the seminal paper [1], these symmetries and their properties — anomalies, breaking, or
gauging — have been extensively studied in gauge theories with or without matter, in
various dimensions (see references in [5-7]). A deeply studied case is the 2n-dimensional
axion-electrodynamics [9-11] and its non-abelian generalization [12, 13].

In supersymmetric theories, topological higher-form symmetries combine with supersym-
metry to give rise to a new unexplored net of higher-form conservation laws, whose effects on
the quantum dynamics of the system need to be investigated, along with the construction of
non-local operators charged under them. In [14] we gave a first grasp of the general picture.
In this paper we will pursue a more systematic investigation.

The possibility to define a supersymmetric theory on a supermanifold,’ or more simply
on a superspace, which is the local version of a supermanifold, allows for accomplishing this
program in a very efficient way. In fact, several ingredients discussed in the aforementioned
literature can be easily translated into a supersymmetric framework. First of all, differential
calculus in supermanifolds [17-26], leads to the notion of superdifferential forms J (la) that
locally can be expressed in terms of fundamental (1]|0)-forms dx’s and df’s related to the even
and odd coordinates of the superspace, with the coefficients of the expansion being ordinary
superfields. In a (n|m)-dimensional supermanifold, they are featured by a form number
0 < p < n and a so-called picture number 0 < ¢ < m. Superdifferential forms satisfying
the closure condition dJ®1%) = 0 are the natural candidates for defining super-higher-form
currents, that is, the generalization of higher-form conserved currents to a supersymmetric
set-up. The general theory of integration on supermanifolds [27] allows then to define the
corresponding generators as integrals of the currents on (p|q)-dimensional super-hypersurfaces
Y(plg) embedded into the supermanifold, Q(Xq)) = fZ(p‘q)J (Pl9), Thanks to the closure of
the super differential form, these are topological operators that generate a (n —p — 1|m — q)-
higher-form symmetry. Charged objects can be constructed in general, which are operators
localized on a (n — p — 1|m — ¢) — hypersurface.

A first formal discussion of super-higher-form currents was given in [14], where for generic
tensorial superform currents J®9 satisfying dJ®?) = 0, the corresponding topological
supercharge was identified and the non-local operators in supermanifold charged under this
super-higher-form symmetry were constructed. The interesting result is that the expansion of
J®0) on a supervielbein basis in the supermanifold provides a new set of (p — 1) conserved
supercurrents, which in turn give rise to current supermultiplets, once expanded in powers of
the spinorial coordinates. Fermionic higher-form symmetries have been recently investigated
in [28-30], not necessarily in a supersymmetric context.

In this paper, we specialize this construction to abelian gauge theories in various di-
mensions and with different amounts of supersymmetry. We focus not only on superform
J®9) currents but also on integral form J®PI™) currents — where m is the odd dimension of
the supermanifold. The construction of more general J®19) symmetries and the discussion
of their physical meaning is left for future investigation. We present the geometry of the
topological charge operators and the set of objects charged under them. We postpone the
study of their physical implications, associated anomalies, gauging, and breaking — also in
the context of supergravity — to a subsequent paper [31].

'For an introduction to supersymmetric theories in supermanifolds, see [15, 16].



Abelian gauge theories in supermanifolds are described by a (1]0)-superform gauge
potential A, whose superfield strength F' = dA is a (2]0)-superform satisfying dF' = 0. In
principle, this superform contains too many degrees of freedom. An important ingredient is
the choice of the constraints that reduce the number of its independent components. In any
case, the bottom line is that Bianchi identities dF' = 0, together with the equations of motion
d* F = 0, are always the crucial key to establishing the content of the physical multiplets,
their independent degrees of freedom, and their representations. In several cases, Bianchi
identities also imply the equations of motion. This is true for both rigid supersymmetry
(see [32] and the textbooks [33, 34]) and supergravity (see for example [35]).

The superfield strength F naturally gives a well-defined conserved super-higher-form
current. It is the lowest representative of topological superform currents of type J®!9 . We
study the corresponding generator that gives rise to a (n — 3|m)-super-higher-form symmetry.
We also identify the objects charged under this symmetry as 't Hooft-like supermonopoles
supported on a singular (n — 3|m)-dimensional super-hypersurface. In addition, depending
on the bosonic dimensions of the supermanifold, higher-superform currents can be defined
by taking products of k F factors, J2k0) = F A F A ... F. They give rise to what we
call super-Chern-Weil symmetries. Suitable multi-supermonopole configurations can be
constructed, which carry a J2#19 charge.

Moving to the class of integral form currents, the lowest dimensional representative is

given by the on-shell closed current J (n—=2|m)

= *xF, generating a (1|0)-integral form symmetry.
This is the generalization to supermanifolds of the Noether-like current induced by the
Maxwell equations of motion. Objects charged under this symmetry are supersymmetric
Wilson loops supported on (1|0)-supercycles [36].

In a supersymmetric context the novelty is that, beyond the brand new set of supercurrents
which originate from the reduction to components of superform and integral form currents
constructed from F' and xF', another set of conserved currents can be determined, owing to
the existence of supersymmetric invariant expressions in the cohomology of supermanifolds.
These invariants are constructed in terms of supervielbeins, and their invariance is related to
the Fiersz identities, which are specific to any superspace. We can multiply these invariants
by topological super-higher-form currents of the form F A ... F to give rise to the generators
of new symmetries. We dub these new symmetries super-geometric-Chern Weil symmetries.
We explore all these possibilities in the examples of super-Maxwell theories we consider.
Notably, we prove that supermonopoles are also charged under the action of these new
symmetry generators.

The rest of the paper is organized as follows in section 2 we briefly recall the construction
of higher-form currents in ordinary gauge theories, focusing in particular on n-dimensional
Maxwell theory. We work in a geometric set-up, fixing notions and notations in a language
that is easy to generalize to supermanifolds. We discuss the coupling of the higher-form
currents to background gauge fields as an efficient prescription for determining the action
of symmetry generators on charged operators. Section 3 is the core of the paper, where
the construction of super-higher-form symmetries in supermanifolds is discussed in general,
focusing on J®9 superform and J®™) integral form currents. In section 4, this construction
is applied to specific examples of N = 1 supersymmetric Maxwell theory, precisely in three,



four, six, and ten dimensions. In some of these cases, we also rewrite in supergeometry
language the explicit expression of the generators of ordinary supersymmetry in order to
facilitate a comparison with the structure of super-higher-form generators. We discuss in
detail the construction of operators charged under these new symmetries and determine their
charge as given by the super-linking number, the generalization of the linking number to
supermanifolds [14]. We complete the spectrum of applications by discussing in section 5
the interesting case of the abelian N = 1 super-Chern-Simons theory in three dimensions.
Finally, we draw our conclusions in section 6 and highlight possible directions for further
investigation. For readers not acquainted with the language of supergeometry, we collect
a little information in appendix A and review the definition of (super)linking number in
appendix B. Finally, in appendix C, we report details on the construction of operators
charged under super-Chern-Weil and super-geometric-Chern-Weil symmetries for Maxwell
theory in D = (6|8) supermanifold.

2 Ordinary higher-form symmetries

We begin by briefly recalling the construction of higher-form global symmetry generators
and the corresponding charged operators. We rephrase known material [1, 8, 11, 12] (see
also reviews [5-7]) in a geometrical language, as this is suitable for the generalization to
the supersymmetric case that we develop in section 3.

In this paper, we focus only on abelian generalized global symmetries. They can be
either Noether-like when conservation follows from some equations of motion, or topological
when conservation comes from constraints, typically Bianchi identities.

Given a classical field theory defined in a n-dimensional oriented manifold M, a p-form
symmetry is generated by a conserved (n — p — 1)-form current J (n=p=1) — 4 JP+1)_ The
corresponding conserved charge is

QSupr) = [ I, (2.1)
Sh—pot1
where ¥,,_,_1 is a (n — p — 1)-dimensional compact oriented submanifold in M.

It is more convenient to rewrite the @ integral by introducing the Poincaré dual Yg::),l
which parametrizes the embedding of 3J,,_,_1 inside M. We recall that if the cycle is defined
by a set of equations ¢;(z*) = 0,7 =1,...,p+ 1 in the manifold described by x® coordinates,
the Poincaré dual is given by

p+1

Y& =TT 6(¢i)debi (2.2)
=1

En—p-1)

For a closed cycle, Ygi?_l is closed but not exact, and a change in the cycle corresponds

to a d-exact term. Precisely,

Y@t =0,  yPtY saz® syt = ga®), (2.3)

Znfpfl Znfpfl Enfpfl
Thanks to these properties and the current conservation law, the charge can be rewritten
as an integral on the entire manifold,

QEumpmr) = [ JOF I AVED (2.4)



Moreover, it is manifestly conserved and topological (it does not depend on the choice of
Yn—p—1). It generates p-form symmetry transformations on the fields, parametrized by a
closed p-form parameter.

Operators charged under this symmetry are p-dimensional cycle operators (p-dimensional
defects) of the form

W(E,) =, T=[ AP / AP AV, (2.5)
2p

for a given p-form connection AP, supported on a compact oriented p-dimensional submanifold

Y, Here Y( P) is the Poincaré dual of the p-cycle ¥,. In writing I', we made a distinction

between A(p) and A&p ), which is the pullback of A® on the p-cycle. To avoid cluttering, in
the rest of the paper we will neglect such a distinction.

An alternative way of writing I is obtained by introducing a (p+ 1)-dimensional hypersur-
face Q11 C M whose boundary is ¥,. Due to the presence of a boundary, the corresponding
@gjﬁ_l) (98;1?_1) = Yg;_p)? Now, defining

Poincaré dual is not closed, rather it satisfies d

D
Fet) = JA®) | we can write

= jalcany) / FtD pef ey, (2.6)
Qp+1
The equivalence of this expression with (2.5) can be straightforwardly proved by integrating
by parts.
In canonical formalism, the action of the symmetry generator on W is given by (for a
derivation of this identity see for instance [6])

eiaQ(anpfﬂ W(Zp) e—iaQ(En,p,l) _ eiaqLink(Zn,p,hEP) W(Ep) ’ (27)

where Link(X,,_,_1, %,) is the linking number between the two cycles. It is defined as [37]
(see appendix B for details)

n p—1 p+1

Link(Z,_p_1, % / Y& A e P+1/ o AYUTP,  (28)

where 08,11 = X,, whereas Q,,_,, is the (n — p)-dimensional hypersurface whose boundary is
Yn—p—1. Again, due to the effect of the boundary, its Poincaré dual is not closed, rather it
satisfies d@gz,p = Y(zlzj,ilp),y The two alternative ways of defining the Link simply differ by
an integration-by-parts. The linking number is non-vanishing only if the dimensions of two
hypersurfaces sum up to (n —1) and the supports of the two integrated Poincaré duals in (2.8)
have a non-trivial intersection, equivalently if the two surfaces ¥, _,_1 and X, are disjoint.

The transformation in (2.7) corresponds to a translation AP — A®) 1 jq @gz_p of
the connection appearing in W.

Identity (2.7)can be alternatively recovered using the path integral formulation. Since
this approach turns out to be more convenient for treating Noether-like and topological
symmetries on the same foot and for generalizing the construction to supersymmetric theories,
we review it in the next subsection for the special case of Maxwell theory.

2In our conventions, Y always denotes a Poincaré dual with compact support (dY = 0), whereas © is used
for Poincaré dual forms of submanifolds with boundaries, therefore not closed.



2.1 Maxwell theory in n dimensions

As an illustrative example, we review the construction of higher-form symmetries in pure
Maxwell theory defined on a n-dimensional manifold M.
From the usual action

1
5:_,/ F AF, (2.9)
2 JMm

with F' = dA, the equations of motion d x F' = 0 and the Bianchi identities dF = 0 provide
two conservation laws. The corresponding conserved charges
Qu(ZC_,) = / oF = / FAYE (2.10)
ES

n—2
n—2

Qm(Z2) / / FAYS™ (2.11)

generate two U(1) higher-form symmetries, a Noether-like 1-form symmetry and a topological
(n — 3)-form one, respectively. Thanks to the introduction of the Poincaré dual operators, the
charges have been defined as integrals on the whole manifold and are manifestly independent
of the choice of the cycles.

For manifolds of dimension n > 2k, one can build more general higher-form conserved
currents by taking wedge products of F

1
(k) — —
J _k!F/\F/\...F. (2.12)
k

They correspond to conserved topological charges
QW (Syp) = /M T Ay I (2.13)

generating (n — 2k — 1)-form U(1) symmetries. These are named Chern-Weil (CW) currents
and have been discussed in [8, 11, 12]. The lowest representative QW coincides with the
magnetic charge (2.11). In principle, one can consider using a factor xF. The only possibility
is to take the lagrangian F' A xF. This current saturates the dimensions of the manifold
and gives rise to a Chern-Weil (—1)-form symmetry [38-42]. We will not further consider
this kind of symmetry.

In order to study the action of (). and Q% k>1on charged operators, it is convenient
to minimally couple the corresponding conserved currents to a set of background gauge
fields. This can be done in different ways, and depending on the particular choice of the
couplings, anomalies may arise for different currents.> We choose to consider the following
total action [11]

S+ Spmin = —;/MFA*FJF/M <*F/\B(2)—|—Z J(z’“)ABg{;%)> (2.14)
k

:/ (—;(F—B(Q))/\*(F—B(Q))+FABCW +3° I ABGY 2’“)+ B? axBR >))
M k>1

3Different couplings differ by redefinitions of the gauge fields and/or the addition of extra pure back-
ground terms.



with J2*) given in (2.12) for 2k < n. The pure background term %B(Q) A +xB® can be
neglected, as it can be absorbed into the path integral normalization.

To be definite, we fix n = 6. In this simple but sufficiently instructing case, we have
three higher-form currents, the Noether-like current J = xF', and the two topological currents
J? = F and J®W = %F A F. They couple to background gauge fields B(2),Bé4\av

Bg\%\,, respectively.

and

The action in (2.14) is not invariant under gauge transformations generated by these cur-
rents. However, gauge invariance can be restored — up to anomalies — by imposing non-trivial
gauge transformations on the background fields. Under the following transformation laws

F— F+d\W,

B@ 5 B 4 g\

B&Yy — BSYy + dA® —dx A BE) |

2 2 1
BGY — BE, + Ay, (2.15)
the action is invariant up to the following 't Hooft anomaly
1
§+Shn:S+5mn+AA@MDABg%—meAd“UABQO. (2.16)

It is important to stress that with our choice of gauge couplings and background gauge
transformations, the only anomalous symmetry turns out to be the Noether-like one-form
symmetry. The action is instead invariant under the topological U(1) three-form and one-form
symmetries generated by J® and J® respectively, as long as the corresponding currents
are conserved, that is, there are no monopoles/defects.

Introducing a suitable gauge fixing term Sy¢, up to a normalization factor, the path
integral is defined as

218, 53 53] = [ . @)
The action of the symmetry generators
U(S5, ae) = e, U (Sar, o) = '@ (2.18)

on charged operators W is obtained from the two-point function (UW), that is from (2.17)
with the insertion of U and W.
We first consider the (e symmetry. Operators charged under (2.10) are ordinary Wilson
loops of the form
4

W(e) = eia) At _ cia ] FA0n,

where C is the line describing the boundary of 22, and Yé5) is its Poincaré dual form satisfying

(5)
c

, (2.19)

Y((fr’) = d@gé) 4 Gauge invariance is ensured by the closeness of Y. Instead, a deformation

*If the contour C is described by the map 7 — 2°(7), it is convenient to identify = with one coordinate of
the manifold, such that a representative of Yés) can be explicitly written as

v =[] 66" —2"() \(dz" - i%dr).

a=1



of the contour, which is equivalent to changing Y(c5) — Y(@ +dA®, may lead to a non-trivial

change in the Wilson loop, 0T' = [ F' A A@W  unless F' = 0 on the surface connecting the loop
and its deformation if the curve C has been deformed without encountering singularities.
From (2.18), (2.10) it is easy to see that the insertion of the generator U (X4, a.) inside the

path integral corresponds to turning on a background gauge field B = angZ) . Analogously,

the insertion of W (C) corresponds to turning on Bgl\av = q@&). Therefore, the two-point

function is nothing but
(U5, 00) W(C)) = Z[ae Y, 40, 0] (2.20)

Now we gauge away B(?) by performing a gauge transformation (2.15) with d\(") = —aeY(EQZ) ,

thus obtaining Z[0, q@&?, 0] = (W(C)). However, as mentioned above, this gauge transfor-
mation is anomalous. Taking into account the explicit expression (2.16) for the anomaly,
one eventually finds

; (2) \o4)
zoaeqfYEi/\GQ2 <

(U5, a0) W(C)) =e wW(e)). (2.21)

We conclude that the Wilson loop is the operator charged under the Noether-like 1-form
symmetry, with charge given by the linking number Link(C, X9) = [ Y(;i) A @glz). Interestingly,
the charge is entirely due to the 't Hooft anomaly.

We now move to the 3-form symmetry generated by J2 = F. In six dimensions, the
corresponding charged object is a monopole supported on a 't Hooft surface X3 C M, the
boundary of a four-dimensional submanifold 4. The corresponding Poincaré duals satisfy
v — 4@

33 Oy

In the presence of a monopole, the conservation law dF' = 0 is no longer valid everywhere.

We split the field strength into a regular and a singular part, F' = F, + Fj, satisfying

dF, =0 = F.=dA,
dFs = qu’g = qd®§j = Fs= q@gj : (2.22)

Here g is the charge of the monopole. It satisfies the Dirac quantization condition §g» Bg ) =
27q, with S? being a two-dimensional sphere embedded in the three-dimensional submanifold
transversal to Xs.

Since we integrate only on A, in the path integral, the replacement F' — F,. + F§ in
the action gives rise to the term [ xF, A Fs, which in turn corresponds to turning on a
background Bg) =F, = q@gz.

Therefore, the expectation value of the monopole is given by

(D(£3)) = / (DA, S+ = 7[g0) 0, 0] (2.23)

On the other hand, the insertion of the generator U (X2, aq) in (2.18), (2.11) corresponds
to turning on a background field Bgl\;v = alYg{j. Therefore, the two-point function is the

path integral

(U(S5,01) D(%3) ) = Z[g0;), n Yy, 0] (2.24)



We now perform a U(1) gauge transformation (2.15) with d\®) = —alYX(Ji‘)

the background gauge field B(C4\3V' In the presence of the monopole, the action is no longer

to get rid of

invariant; rather, we obtain
S[F,BY, BY..0] = S[F, BY) 0,0] — /F AdA®) . (2.25)
Inserting the explicit expressions for Fs and d\®) | we end up with the following identity
<U(227 o) D(E:z)> _ g [YE)nEE) <D(23)>. (2.26)

Again, the ‘t Hooft anomaly provides the operator’s charge, which is proportional to the
linking number between X2 and 3.

Finally we consider the conserved current J*) in (2.12). Since it generates a 1-form
symmetry, the corresponding charged operator is a one-dimensional line defect supported
by C, whose Poincaré dual satisfies Yg)) = d@gj, with Qs = C. The line defect can be
realized as the intersection of two monopole surfaces X3, ¥, which have one dimension in
common [11]. Tt acts as a localized source for J*), precisely

@ (2.27)

1 ) -
d(QF/\F)—qY qd@QZ

¢

The insertion of such an operator in the path integral corresponds to turning on a Bg A
BY _ ;oWs
D q Qs

Similarly, the insertion of the symmetry generator amounts to turning on the background

gauge field Bg\gv = ozgY(Ei). Therefore, <U(E4,a2) D(é)> = Z[Bg) A Bg),O, OQY(;)].

As in the previous case, performing a topological )\(Cl\);v gauge transformation (2.15) to

get rid of the background gauge field Bg\%v’ an anomalous contribution arises, due to the

lack of conservation of the J*) current in the presence of the defect. The ‘t Hooft anomaly

correctly reconstructs the operator charge according to the following identity
5 a2 [ @AY 5
(U(24,00) D(C)) = (020 O, s, (D)) (2.28)

Once more, the charge is related to the linking number between C and 4.
This analysis can be generalized straightforwardly to n dimensions, with n > 3. For
n > 6, new conserved currents of the form (2.12) must be considered. Objects charged under

a generic J (k)

current are operators supported on (n — 2k — 1)-dimensional hypersurfaces.
Their support can be realized as a (n— 2k — 1)-dimensional intersection of k£ monopole surfaces

Yn—3. In the path integral, they are then sourced by the product of k factors, Bg YA~ A Bg ),

3 Super-higher-form symmetries

In this section, we generalize the previous construction of higher-form symmetries and
corresponding charged operators to the case of theories with supersymmetry. We will

STt satisfies fs4 Bg A Bg ) = 27§ where the four-sphere is embedded into the five-dimensional surface
transverse to C surrounding the defect.



formulate the problem in a supergeometry framework by promoting a generic supersymmetric
field theory to be defined on a supermanifold. We stick to notations and conventions of [14, 36],
where more details on the construction of superforms in supermanifolds can be found.

We consider a field theory defined in the supermanifold SM, with dimension (n|m), where
n is the bosonic dimension and m is the fermionic one. Locally, it is isomorphic to a superspace
R™™) parametrized by coordinates z4 = (x*,0%), where a =0,...,n—1,a=1,...,m. Flat
supervielbeins are given by V% = dz® + GO"ygﬁdHﬁ , Y = dB*, for a suitable choice of Clifford
gamma matrices. The superdifferential d is defined as d = V%9, + ¥ D, where D, are the
supercovariant derivatives satisfying {Da, Dg} = —7530,. From the identity dV* = ¢y
it follows d?> = 0.

The study of super higher-form symmetries in supermanifolds was initiated in [14]. Here,
we generalize that construction to include different types of super-higher-form currents and
provide a large spectrum of explicit examples.

In SM, we define the (n—p— 1|q)-form supercurrent J™*?=19) to be a (n—p — 1|q)-form,
where the first index (n — p — 1) denotes the form degree and ¢ denotes the picture (number
of Dirac delta functions 6(¢),%). We will consider the two extreme cases ¢ = 0 and ¢ = m,
the former corresponding to a conserved superform current J (n=p=110) = 4 j(P+1m) the latter
being a conserved integral form current J®—P=1m) = , j@+10) 7 More generally, one could
consider (n — p — 1|g)-form currents, for ¢ # 0,m. This represents a very rich sector of
new symmetries; nonetheless, defining these forms requires introducing a different geometric
framework. Therefore, it goes beyond the scope of the present paper. We plan to come
back to this interesting program in the future.

The two sets of currents can be generally written as expansions in powers of the su-
pervielbeins, precisely

n—p—1
N e ) /& VANV AU p@nr=t o (3])

A1...0% OQ41..-Op—p—1
k=0
and

Jirmp=tim) — g BBt yan A e A g 6™ (), (3.2)
k=n—p—1

where 153 = 81%3‘ The coefficients of the expansions are local superfields, functions of bosonic
and fermionic coordinates. For example, the expansion of J(1?) reads

TR = VG2 () + TG VEAVE A 1ad® () + Jge VEAVE AVE Atatgd®(¥) . (3.3)

abc

Ordinary vector superform currents in superspace correspond to J(=1m) = 4+ j@l0)

whose expansion is given in (3.2) for p = 0. For p = 1, the closure of J("~2"™) gives rise to the
standard conservation of the U(1) supercurrent in superspace, D (J% 4+ v3# D J%) = 0 [14].

5We recall that the delta’s 6(z)) carry no form degree, but they carry a new quantum number: the Picture
Number, terminology directly imported form string-theory jargon. Note also that the derivatives 9/ AY” reduce
the form degree since they act as the contraction operator ¢, with respect to an odd vector field 9/96°.
"Here * : QP19 — Q(n=PIm=a) gtands for the Hodge dual operator in supermanifolds [43, 44].
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This is the lowest representative of a chain of generalized conserved supercurrents obtained
by increasing the form degree p as in the ordinary bosonic case and/or changing the pic-
ture number.

According to the general theory of integration on supermanifolds [27], it is possible to
give a precise meaning to the following integrals

Q(Z(n—p-1/0)) =/ Jn=p=110) QX (n—p—1m)) =/ J=p=lm) = (3.4)

X(n-p-1/0) (n—p—1jm)

where X(,_,_1)0)s XZ(n—p—1|m) are non-contractible cycles in the supermanifold. They are
parametrized as follows

Snopoijo): R"PTISM, Snoptfmy: RO 5 SM, (3.5)
t' = (2%(t"),0°(¢")), (#',n) = (2°(t",07),0°(t",1%))..

The first cycle X(,,_,_1)0) is a bosonic hypersurface embedded into the supermanifold, with the
t'-dependent fermionic coordinates describing the embedding. The second cycle ¥, _,_1)m) 18
a super-hypersurface embedded into the supermanifold, which extends along all the fermionic
directions.

Both integrals in (3.4) can be rewritten as integrals on the entire supermanifold using
Poincaré duals. Precisely,

Qtn—p-110)) = SM T Yg;i':)um ’ (3.6)
QEm—p-tim) = | (rmp=tim) Ayl |
where Y(ﬁi'ﬁ)m is an integral form dual to the bosonic hypersurface ¥, _,_1|9), whereas
g’( _:illelm) is a superform.

Any change in the embedding of the ¥ cycles inside SM is parametrized by a shift of
the corresponding Poincaré dual form by an exact term,

SYZHIm _ gawim) gy @D gAwio) (3.7)

E(n—p-10) (n—p—1|m)

It follows that on a supermanifold without boundary, if xJ®@+1m) 4+ 7®+10) are closed forms
(higher-superfom conserved currents), the integrals in (3.4) define topological quantities.
They correspond to the generators of a (p|m)-integral form and a (p|0)-superform symmetry,
respectively, whose parameters AP19) are now an integral form if ¢ = m or a superform if ¢ = 0.

Generalizing the construction of operators charged under bosonic higher-form symmetries,
we expect to introduce two types of operators, the ones charged under (p|0)-superform
symmetries [14]

wW(z — ; / AW@l0) ) — < / A(pIO)/\Y(”—Mm)), 3.8
(X(pl0)) = exp <Zq ST P S (pl0) (3:8)

and the ones charged under (p|m)-integral form symmetries

(p|m)

W(E(p|m)) = exp (ch/ A(pm)> = exp (icj A@lm) A Y(En_pm)) . (3.9)
X (plm) SM
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The first set of operators was studied in [14]. They carry a non-vanishing charge under
the action of Q(X},_p—1}m)) in (3.6). Precisely, it was found that

@ QC (n—p—1jm)) P =10 QS (n—p-1m)) = (i SLNK(Z(p10) S (n—p-11m)) J}/ (3.10)

Here SLink is the super-linking number between the supersurfaces ¥ 0y and X, _p_1}m) [14]
(see also appendix B),

: _ (n—p—1jm) (p+1|0) _ (_1\n—p (n—plm) (pl0)
SLink (E(Pm)’ E(”—P—”m)) _/5,\,(?9@+1m MY S sy = (1) /‘g/\y%m N O iy
(3.11)
. (n=plm) _ ;o (n—p—1lm) _ (p+1/0) _ _
with Yz(zﬂg) = d@Q(pfl\o) (8Q(p+1|0) = E(p‘o)) and sz(n—p—um) = 4O (0Q(n_p|m) =

Z(n_p_1|m)). The two expressions in (3.11) are equivalent up to integration by parts.
Transformations (3.10) correspond to the following shift of the connection superform

(3.12)

(n—plm)’

A@I0) _y A@I0) 1 @ gPl0)
q

which cannot be compensated by a supergauge transformation §A®0) = JC®—110),
By analogy, we expect operators (3.9) to be charged under the action of Q(%,—p—1j0))
in (3.6) with a charge proportional to the super-linking number SLink (E(p|m), E(n,p,l‘o))
In the next section, we will derive (3.10) and its analog for W using a path integral

approach. We will make this construction concrete by studying several examples of super-
Maxwell theories in various dimensions and with different amounts of supersymmetry.

4 Super-Maxwell theory

In a generic (n|m)-dimensional supermanifold SM, the super-Maxwell theory [45] is described
in terms of an elementary (1|0)-superform gauge potential A, which can be expanded on
the supervielbein basis as A = A, V* 4+ A,¥®, with A, A, being local superfields. Its field
strength F' = dA is the (2|0)-superform

F=FaVEAVP £ FVOIAY + Fagp® AP (4.1)

It is invariant under supergauge transformations, d A = dA, and satisfies the Bianchi identity
dF = 0. Redundant degrees of freedom in F' are removed by imposing suitable gauge invariant
constraints (for example, the conventional constraint F,z = 0).

The super-Maxwell action reads

1
S=—=[ FAxF, (4.2)
2 Jsm

and gives the equations of motion d x F' = 0. We recall that the x super-Hodge dual
operator requires the definition of a supermetric in the supermanifold. A convenient way to
define the spinorial components of such a metric is to couple the theory to a supergravity
background [16]. In general, this leads to higher-derivative field equations. The equations
of motion for the physical degrees of freedom of super-Maxwell are eventually obtained
by sending the background to zero. Since this procedure is dimension-dependent, we will
properly discuss it case by case in the next sections.

— 12 —



The super-Maxwell theory has two global super-higher-form symmetries generated by
the Noether-like supercurrent J("2m) = xF and the topological supercurrent J20 = F.
Depending on the specific dimension n, further topological symmetries can be considered,
which are generated by the conserved superform currents

1
J(%‘O):EF/\F/\...F, 2k <n. (4.3)
,_/_/
k

We will call them super-Chern-Weil (super-CW) symmetries.
However, this is not the end of the story. As we will see in a few examples, for suitable
(n|m) dimensions, other closed topological forms w can be constructed in terms of the

supervielbeins. These other forms can be combined with .J(2¥10)

to generate extra conserved
currents of the form w A J2*9) Since their construction involves objects that feature the
geometry of the supermanifold, we will call them super-geometric-Chern-Weil (super-gCW)
symmetries.

For many purposes, including the study of the action of symmetry generators on charged
operators, it is convenient to couple the super-higher-form symmetries to background gauge
fields. Therefore, the functional quantization of the theory will be described by the following

path integral
Z[B(2|O), Bg&”‘ﬂm)’ B ] — /[DA] ei (S+Smin+Sg.5.) , (44)

where S is defined in (4.2), S, f. is a suitable gauge-fixing action and Spi, gives the minimal
coupling with the background gauge superforms,

Sin = /SM <J("‘2m) A BRIO 37 g MO0 p glri2kim) ) . (4.5)
k

Dots stand for extra couplings with more general conserved currents of the form w A J(Z10),

4.1 D = (3|2)

As a warming up, we consider the simple case of super-Maxwell theory in three dimensions,
with N = 1 supersymmetry.

We parametrize the D = (3|2) superspace with coordinates z4 = (z%,6%), where in
Lorentz signature a = 0, 1,2, whereas o = 1,2 labels the spinorial representation of SL(2,R).
We introduce superspace covariant derivatives D, satisfying the supersymmetry algebra
{Dy,Dg} = —04p,° and the superdifferential d = V9,5 + 1)*D,, written in terms of
superdreibeins [46]

VB = dz*B 4+ 9°a6” P = do” . (4.6)

They satisfy dV® = ¢ A P, dyp® = 0.
The (2]0)-superform F' can be expanded on the superdreibeins basis, as

F=ViAV Fy + 9 AVog WP 44 AP F,5, (4.7)

8After assigning a set {o®} of 2 x 2 Clifford matrices, for v vectors we use the double index notation
aff __ a\apf
¥ = (0%)*v,.
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where Iy, Fip and W# are the field strength and the gluino superfields, respectively. Requir-
ing dFF = 0 and the conventional constraint F,z = 0, the following Bianchi identities follow

DW® =0,  Fu=D0uw)asgW?’. (4.8)

The super-Hodge dual in the (3]2)-supermanifold has been constructed in [43, 46].
According to that construction, we have (we list only the identities relevant to our discussion)

*(VEAVE) = Ve n s (y),
H(XAV) =€ VAV AP (),
* (W APP) = e VEAVEAVEN PP () (4.9)

where 1, = 0/0¢“. From these identities, the (1|2)-integral form dual to the superfield
strength follows, which reads

*F = F%qup VN D () + W02 geanc VP AVEN PSP () (4.10)

The equations of motion d *x F' = 0 derived from the action (4.2), together with Bianchi
identities (4.8) are equivalent to the Maxwell and Dirac equations in superspace

0. fapy =0, 9*Ws =0, (4.11)
and the Bianchi identities
0 fup =0,
where fo3 = (J“b)aﬂFab.

Supersymmetry currents. Ordinary supertranslations in superspace correspond to O-form
symmetries implemented by closed (2|2)-form currents with external spinorial and vectorial
indices, respectively, given by

T = ho AU with JUD = (V AV 550, A P63 (9) (4.12)
T = Vg AT with O = (V AV (feq fos + WadegWs) A 1763 (1),

where (V AV = VI A V,7. They belong to the class of closed currents of the form w A J,
where dJ = 0 and w is a closed form constructed in terms of the superdreibeins. Integrating
by parts the (-derivatives in (4.12), we obtain their explicit expressions

JED = (V AVYT fasWy 62 (), ) = (V AV (fan fos + WaBagWs) 6@ ().
(4.13)
Their closure is ensured by the Dirac equation of motion, the Bianchi identities D, fg, =
Oa(8Wy) and fop = DaWp and the equations of motion in (4.11). Moreover, o J((O%l;)) =0
on-shell.
It is instructive to discuss how many conservation laws follow from the closure of these

currents. To this end, we consider a generic (1|2)-integral form expanded as in (3.2),

JU2 = 7,5VB52 () + TNV AV ) 0,02 (0) + TPV AV AV )iqrgd?(¥) . (4.14)
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Imposing the closure condition d.J(11?) = 0 then leads to a set of two equations

ol gy + Dolaly + Jiapy =0, Oap @7 + D] =0. (4.15)

The first equation allows to express j(aﬂ) in terms of the other components. The second
equation, instead, reproduces the ordinary conservation law in superspace,

Dg(Do J @A 4 j¥B)y = 0. (4.16)

Similarly, for a generic J(©2?) integral form current we obtain two independent conservar-
tion laws.

In the present framework, the generators associated to the supersymmetry and translation
currents in (4.12) are given by

<

2)2
Qa = Jo(l2|2) ) Q(QB) = / (0413)) ) (417>
2(2/2) Z(22)
where ¥ (y)9) is a supersurface embedded in SM.
An extended analysis of supercurrents in the framework of supergeometry will be presented
elsewhere [31].

Electric and magnetic currents. Beyond ordinary supertranslation invariance in su-
perspace, the 3D super-Maxwell theory enjoys two extra symmetries, a Noether-like (1|0)-
superform symmetry generated by xF and a topological (0|2)- integral form symmetry
generated by F'. The corresponding generators are the following topological operators

_ 200 _ ap)
Qe(Sap) = /SM <FAYED Qm(S0) = /SMF/\YZ(ZO), (4.18)

where 3(1)9) is a superline and X9y an ordinary surface in SM. The integrals have been
expressed in terms of their Poincaré duals.

In order to determine Y(EQ I?)Z , we need to establish how the surface ¥y} is immersed
into the supermanifold SM. This is given by two defining equations ®; = 0 and &5 = 0 (with
Jac(®y, P2) # 0), where in general ®; are functions of the bosonic and fermionic coordinates.
Generalizing the definition (2.2) for Poincaré duals in ordinary manifolds, we write

2|0
YED) = 6(®1)d®) A 6(@2)dDs . (4.19)

Analogously, the Poincaré dual Y(21<|:) is defined by the immersion X9y — SM.

0)
However, in this case, we have to introduce one bosonic equation ® = 0 and two independent

fermionic ones ©, = 0, @ = 1, 2, needed to localize the fermionic coordinates. The Poincaré
dual is then given by the following (1|2) integral form

2

1|2
Y(E(L‘)O) = §(®)dd /}1 0a0(d6,). (4.20)

We have used §(0,) = O,, valid for fermionic functions.
It is easy to check that Y(Ez(llol)2> and Y(Zl(p)

2|0

H (1‘2)(d), respectively. Moreover, any variation of the embedding of X)) and X(9)g) into the

: belong to the cohomology classes H2I%)(d) and
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(2(0) (112)
X(112) Z(2)0)
the currents, in the absence of non-trivial boundaries, this does not affect expressions (4.18)

supermanifold amounts to adding a d-exact term to Y and Y . Due to the closure of
for the charges, which are then topological operators.

In three dimensions, there are no extra supercurrents of the form (4.3). Therefore,
coupling the xF' and F' currents to a background gauge superform and an integral form,
respectively, the total action S + Sy, appearing in the path integral (4.4) acquires a very

simple form

S+ Sin = / (—;(F — BEOY A x(F — BEOY 4 F A BS&?) . (4.21)
SM

This action is invariant under the following gauge transformations
F— F+dA00 g0, g0 gao) - gU2) , pUI L ga©2) - (4.92)
up to an anomaly term given by
S 4+ 8 =8+ Sin + / dAU10 A BER) (4.23)
SM

012) that are superform

Gauge transformations are generated by gauge parameters A1) and A(
and integral forms, respectively.

The operator charged under @), is the superspace generalization of the Wilson loop [14, 36].
This can be equivalently written in terms of the superconnection A or its superfield strength

F = dA as

_ gl _ (212) _ (112)
wEy =t = | ANV = [ Faegh (4.24)

where Q(90) is a (2|0) surface whose boundary is the (1]0) closed line C. Consequently, the
corresponding Poincaré duals satisfy Yém) = d@g(‘j)o).

The insertion of W (C) inside the path integral corresponds to turning on the background
BS\L\Q,) = qe@g(‘;)o) in (4.21). Analogously, the insertion of the generator U(X(jj2), ) =

(

e'eQe(112)) amounts to turning on the background B(2l0) = aeY;(‘lol)Q). Therefore, we can write

2|0 1|2
(U 0e) W(C)) = ZlaeYE |, 6.060) ]. (4.25)

In order to compute the charge of W under the action of Q). we perform a gauge transforma-
tion with A1) = —aeY(;J?ll) to remove B0, We are then left with Z[0, qe@&';)o)] = (W(C)),
times a phase due to the anomaly in (4.23). Inserting there our explicit choice for A(10)

and Bg\g) we eventually find

(U(S (), ae) W(C) ) = et SinkEai: O (7 (¢)) (4.26)
where
. _ @0) o2 _ (10) , (202)
SLink(S 1), C) = /S L YEN neRh = /S | Ohi A (4.27)

@0 _ 40010

is the super-linking number (3.11). In the last equality we have defined YZ(uz) =dOg,,, -
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We now move to construct operators charged under @, defined in (4.18). In analogy with
the bosonic case, such operators are supermonopoles, that is, defects in the supermanifold
that spoil the conservation law dF = 0. As in the bosonic case, we split F' = F,. + F, with

dF, =0 (= F=dA,), and dF,= YES’(L?; (4.28)
Here, Y( 0 l represents the Poincaré dual of a point-like defect carrying charge ¢,,. We

dub P2y a 't Hooft superpoint, as it is localized in the bosonic part of SM but it extends

along the superspace components.

Considering a superline Y (1|2) whose boundary is the superpoint, we can write Yg(l(?‘;) =
d@g(l?ll). Therefore, the insertion of the superpoint in the path integral, which amounts
to implementing the split of F' while integrating only on A,, corresponds to turning on a
background B(2|0) = qm@g(‘?‘l).

To study the action on the defect of the symmetry generator U(X(3)0), tm) = elam@m (X))
with Qm(X(2)0)) given in (4.18), we evaluate the two-point function

(U(S @0y am) D(Ppy) ) = Z[BE", BEY = an¥§? 1. (4.29)

We perform a gauge transformation (2.15) with dAg)\lf,) = —osz(El(l I) to get rid of B(1|2) In

the presence of the 't Hooft superpoint, this transformation generates an anomaly, which
eventually gives rise to the defect charge. Precisely, we obtain

<U(E(2‘o),a1)D(P(O‘2))> _ eioquLink(P(o\z)72(2\0))<’D(P(O‘2))>’ (4.30)

where, according to the general definition in (3.11), the super-linking number is given by

. 20) v (112)
SLink (PO, 550 / O3 AYy (4.31)

4.2 D = (4]4)

A more relevant example is the U(1) pure gauge theory in flat N = 1 superspace.
Assigning coordinates 24 = (2,0%,0%), a = 0,1,2,3, o, & = 1,2, and equipping the

superspace with supersymmetry covariant derivatives satisfying {Dg, Dg} = —0aa,” we

define the super differential d = V%0, + ¢* Dy + 16 D% [16], with the supervielbeins

explicitly realized as

Vs _ gpad o %(gadéd i d&aéd) b = do” & = do” . (4.32)

They satisfy dV® = ¢ A %, dyp® = dip® = 0.
Super-Maxwell theory in four dimensions has two bosonic and two fermionic on-shell
degrees of freedom, which fit into the (2]|0)-superform

F = VOAV? Foy b0 AVOS Work Wi VO Mo+ AP Foag b NP s 40" NGPE, 5, (4.33)

9For tensorial quantities we will use indifferently the vector or the double-index notation, with v* =

(Ua)advad-
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with the coefficients functions being field strength superfields. Conventional constraints
correspond to set Fuog = Fy3 = F, 5 = 0. Moreover, we write Iy, = (aa)ad‘(ab)ﬁﬁ(edﬁ-fag +
Eaﬁfaﬂ')'
F' is subject to the Bianchi identity dF = 0, which explicitly gives
DWo + DgW* =0, DoWy =0, DiW, =0
fap =D W), fap = DWWy . (4.34)

The Hodge dual of the superform F' can be evaluated using the general construction of
the Hodge operator in supermanifolds given in [43]. In particular, one obtains

*(VEAVE) = €apeaVP AVEASD (1),
(1) AV?) = €apea(VEAVEATVE) A 1ad ()
(WY AV?) = eapea(VP AVEAVE) A 126D (0), (4.35)

where 1o, = 0/0%® and 14 = 0/0¢%. Therefore, we find (removing the wedge symbol)

*F = FP0.qVOVESH () + W2 s €abea(VEVEV TS (40) + WA 4 €abea(VEVEV D) 106D (1) .

(4.36)
This is a (2]4) integral form. Taking into account the equations of motion from (4.2),
d* F = 0, together with the Bianchi identities (4.34), the coefficient superfields in the xF'
expansion satisfy

O"Fup=0, 0““W,=0, 09*Ws=0. (4.37)

Supersymmetry currents. Conserved currents associated to supertranslation invariance
in superspace and R-symmetry can be conveniently written in the present formalism. They
correspond to the following closed (3|4)-integral form currents

JOW = WL Wa (V AV A V)45 () (4.38)
JEW = o A JCY L with IO = W (V AV AV A 08D ()
TP =g ATED | with T = LWV AV AV AT ()

Ja?izl) — Vs AJUY | with g4 — Tys s (V AV A V)ﬂ/ﬁ’ﬂﬂ(g(@ (1),
where TBBW is the total energy-momentum tensor

Tyiny = 2f S35 — (W50 Wi + W30g5 Wy — 0sWe W, — 035 W W) (4.39)
satisfying 558 T4 =0. The bosonic and fermionic components of T" are separately conserved,
thanks to the equations of motion and Bianchi identities, 0%“W, = 0%“W4 = 0,0 fo3 =0
and 8adfd5 = 0.

The currents in (4.38) are of the form w A J, where w are closed forms written in terms
of the supervielbeins. They are responsible for assigning tensorial or spinorial nature to
the supersymmetry and R-symmetry currents.
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The corresponding 0-form symmetries are generated by the following topological charges

QR - / J(3|4) ) Qoed - / Jc(x?;yl) ) (4'40)
X (3l4) X(3]4)

AR ) )
X (3l4) 2 (3l4)

for a given X34y supersurface. As an illustrative example, we compute the R-symmetry
charge Qr explicitly,

_ g3l — JBIA A yUdo 4.42
On /E(3|4) SM o ( )

when X(34) is the unitary supersphere SBH) = 0Sp(4]4)/0Sp(3|4), defined by the alge-
braic curve

D = T0qz® + (0% + 050%) —1=0. (4.43)

Using the corresponding Poincaré dual form Y(El<|g(,)|)4) = §(P)dP, we obtain

Q(E(3|4)) = / xadWaV_Vd V4 A 5(4) W) 5($ozo'¢33ad + M(gaea + éo'céd) - 1)
SM
_ / (A4 d40) 2Wa Wi 8(2aqa®® + (000 + 0,6%) — 1), (4.44)

where in the first line we have defined V4 = tr(V AV AV A V), and in the second line we
have used V4 A 8@ () = [d*zd*6]. The expression for Q has been reduced to an ordinary
superspace integral. It can be further simplified by performing the Berezin integral first.
This requires expanding the Dirac delta function in powers of #, 6, thus obtaining a final
expression that contains extra spacetime derivatives. Eventually, we find

QS 514)) = / dwd* 02" Wy W (3(22=1) 41 (0°0a+050%) &' (22— 1)+ (126202 6" (27 1))
:/d4x$ad‘D2Wa ‘DQW@‘ (5(%‘2—1)—&—2/”:‘m (Wa ‘DQWd’+D2Wa ‘Wd’)dl(x2—1)
+/d4:ﬁ:ﬁ°‘é‘(4,u2Wa’Wd‘)d”(xQ—l), (4.45)
where D2Wa| sy V_Vd‘ are components of the superfield W, and Wy. The last integral to
be performed is over the Dirac delta 6(z% — 1) and its derivatives.

Electric and magnetic currents. We now turn to the two conserved superform currents
JC@Y = 4F and JC9 = F. They generate a (1]0)-superform symmetry of Noether type and
a (1]4)- integral form topological symmetry, respectively, whose generators can be written as

_ (2/0) _ (214)
Qo) = [ FAYED L QuSen) = [ FAYED . (o)

Using the current conservation laws, it is easy to see that these are topological operators,
also invariant under super diffeomorphisms.
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The construction of the Poincaré dual Y( ||)4

¥ (214)- Since this surface extends along two bosonic coordinates and four fermionic ones,

, can be done using the immersion of

the embedding is given by two functional independent equations ®; = 0 and 2 = 0.
Consequently, we can write

YED = 6(@1)dDy A 6(@2)dDs . (4.47)

Instead, immersion of the X5y surface requires localizing two bosonic coordinates and
all the fermionic ones. This is established by six equations, two bosonic ®; =0, i = 1,2, and
four fermionic ©, = 0,04 = 0 with a, & = 1,2. The corresponding Poincaré dual reads

2
2|4
y$ (\2‘1) 5(®1)d®; A 5(Do)dPy /\19 20(dOy) /_\ (4.48)

It is easy to verify that both operators (4.47) and (4.48) are closed, but not exact [16, 43].
Changing the embedding functions amounts to adding d-exact terms to these expressions.
Charges corresponding to closed currents are then invariant under these variations.

We look for operators that are charged under the action of Q¢(X(g)4)) and Qum (X (2)0))
defined in (4.46). Proceeding as described above, it is convenient to gauge the super-higher-

2)

form symmetries by turning on background gauge fields B9 and B((j2\|zv and compute

Z[BY, BER] = / [DAJei(S+5min) (4.49)
with .
S+ Smin = / (—2(F — B A x(F — BEOY 4 F A B(2|4)> . (4.50)
SM

Under gauge transformations
F— F4dAt0 gl g@o) L gatio) - gBR_, pBIY L ga0) - (4.51)
the action is invariant up to an anomaly term. Precisely,

S+ S =S+ S + [ dA1ID A BER (4.52)
SM

We first consider operators charged under the action of the symmetry generator
¢'@@e(X214)  Since this is the generator of a (1]0)-superform symmetry, we expect the
charged operators to be (1|0)-dimensional objects, that is, super Wilson loops [36]. According
to the general structure (3.8) specialized to p = 1, these operators are defined as

_ igel (314) _ o2
W(C) = eTe rc_/ ANYS / NCISR (4.53)

@11 _ go@

where A is the Maxwell (1]|0)-superpotential, g, is the operator charge, and Y Qo0

is the Poincaré dual form of the line C, which is the boundary of the {2y surface.

The path integral evaluating ('@ W (C)) corresponds to (4.49) with background
fields B(C2\|;}) = qe@g(ljll) and B0 — angJ:l) turned on. Now, applying a gauge trans-
formation (4.51) to get rid of B and taking into account the anomaly term in (4.52),
we eventually obtain

<emeQ‘3(E<2‘4))W(C)> _ eiaquSLink(E(z\z;),C)<W(C)>’ (4.54)
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where the super-linking number can be alternatively written as

. _ (214)  y(2[0) (314) \ g(100)
SLink(S ), C) = /S o Al = / NERPNCISL (4.55)
with YE = 0819 This is in agreement with the result found in [14].
Z(21a) Qaja)

We can proceed in a similar way to find the class of operators carrying non-trivial charge
with respect to e’ @m@n(X@0) | with Qm(X(2)0)) given in (4.46). As for the three-dimensional
case, charged operators are supermonopoles, that is, supersurfaces X4y of singularities
which break the Bianchi identity as

_ (3/0)
dF = quE(m) . (4.56)
Writing Yg(‘?‘l) = g(lf‘l) for a non-compact surface €2(34) whose boundary is the super-

monopole, the insertion of the supermonopole D(¥(14)) inside the path integral corresponds

to turning on B(Q‘O) = qm@g<|;)4). On the other hand, the inclusion of etam@m(E2)0) corre-

sponds to turning on B(2‘4) = angJ;z)). Performing a gauge transformation (4.51) with
dAH4) = —ang(‘:)o), we remove B(CQ\%), but an anomaly arises due to the singularity in (4.56)

and we eventually obtain
<€mem(2<2‘°))D(2(1|4))> _ eiamSLink(E(z,o):E(1|4))<D(E(ll4))>’ (4.57)

where the super-linking number between the two supersurfaces is alternatively defined as

; (210) (214) _ (310) (114)
SLll’lk(E(270), 1‘4 / @9(2‘4) A\ YE(QlO) = /SM YE(IM) A\ @Q(3|0) y (458)

R c T RPN 17
with Y5 = g .

Super-gCW currents. In four dimensions, the only super-CW current of the form (4.3)
is J(0) = F A F. However, its bosonic dimensions saturate the spacetime, thus leading to
a degenerate case where the conservation law is trivial. This current can be interpreted as
generating a (—1[4)-integral form symmetry. This type of current will be studied elsewhere [31].

It is possible to enlarge the spectrum of super-CW symmetries by considering currents
of the form w A F', where w are closed forms constructed in terms of the supervielbeins.
Precisely, we consider

W) = Ve ny Ay, WO = (VAP ApaAps, @O = (VAV)C'“BA%A&B. (4.59)

They belong to the H(*l0) (d) cohomology. Their closure easily follows from the identity
dVed = p® A )%, Analogously, the corresponding Hodge dual operators

W = 5wB0) = (V AV AV A 147660 (4)
WO = 4@ — (V AV)2B A Labg5(4) (¥),
O = 4@ = (Y A V)P A tal 56 ™ (¥), (4.60)
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are integral forms in the H(*I"™)(d) cohomology.!® Therefore, in the D = (4]4) super-Maxwell
theory, we can define three additional conserved integral form currents

JOID G A p e O A g A Z g0 (4.61)

and the corresponding super-gCW topological operators

= (114) _ (114) (1|0)
QX)) = /2(34) SONF = | AR AYE
— (0]4) _ (0]4) (2/0)
QX)) = /2(24) WO A F = Y NFAYS,
Qo) = [, @M= [ 2O ApAvED (4.62)
Z(2)4) SM (2)4)

In order to work out their explicit field dependence and physical meaning, one has to
make a definite choice of the embedded supersurfaces and reduce them to ordinary Berezin
integrals in superspace. We consider, for example, the first operator in (4.62). The easiest
way to parametrize the embedding of X(3)4) into SM is by choosing

(21(2)4) = V*aa + V0 + Yai”, (4.63)

where Xaa, Na, e are the moduli of the embedding, satisfying dxas = 0, dng = —%Xaoﬂzd and

dif® = 1“9, as required by the closure condition dYg(‘;l) = 0. We consider once again the
explicit example of the SGI4) supersphere given by the defining equation (4.43). In terms of
(1]0)

the supervielbeins, the corresponding Poincaré dual form YE(:’»M) = ®dP is explicitly given by
Y(llo) = 5<$ad‘xad + w1 (090, + édéé‘) — 1)

NIV
. 1 _. _ 1.
X (V“O‘xad +y° (u 0o — 2xad9a> + Ya <,u 6" + 2x°‘°‘9a>> . (4.64)
Comparing with the general expression (4.63), we can infer the corresponding parameters
Xads Mo and 74. It is easy to verify that they satisfy the closure conditions.
Inserting all the ingredients in the first integral in (4.62) (see equations (4.33), (4.60)

and (4.64)), and taking into account that the only surviving terms are the ones proportional
to VAW (y) = [d*zd*6], we eventually find

_ (114) (110)
Q(E(3‘4)) = /M(4|4) w /\F/\YE(3\4) (465)
= / (VAVAV)2 51,7080 () A VAV Eay g VI W+ WV 45 ) A (Voo 9, + s

_ / (@' 2d"0)8 (262 +11(0"0a+040%) 1) (W“ (p@a—;xad§d> +We (ué%;xadoa)) .

107 ocally, for flat supermanifolds we have the following dualities

GO 10 — 30D @10 — G0 A G0 — 16 58) () — Oy 6%(dB) .
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The ordinary Berezin integral can be easily performed by expanding the delta function in
powers of #’s producing spacetime derivatives acting on the integrand. Expanding the Dirac
delta function, we eventually have

_ 1 _ .
QS ) = /d4m6(x2 1) <—u D*DoW*| + Sxaa DD*W*| + h.c.> .
+ /d4:v & (:1:2 — 1) (? DWW +h.c.), (4.66)

where the delta functions allow to perform the spacetime integral by localizing the result
at 2 = 1.

One can apply a similar reasoning for the other two charges in (4.62). Since nothing
deviates significantly from this calculation, except for a change in the definition (4.64) of
the Poincaré dual, we are not going to report the results.

Looking for operators charged under the action of gCW symmetries generated by (4.62),
we now prove that the supermonopole D(3(1)4)) introduced above is also charged respect
to them. To this end, we first couple the gCW currents (4.61) to background gauge fields,
which amounts to considering in the path integral the generalized action

S48, = / <_1(F_B<2|o>)A*(F_B<2|o>)+ JOI) A BI0) | 721 5 BEI0) | 7214) 5 3(210) ) |
SM\ 2

(4.67)
As long as the gCW currents are conserved, this action is invariant under the following
background gauge transformations

B _, U0 gpAO0) IO, pEI0) L gAtD) B0 ) | gRO0 (4 68)

To be definite, we consider the action of the symmetry generator U (X34, a) = Q1)
on the supermonopole. Given the explicit expression of the charge in (4.62), the insertion of
this operator inside the path integral corresponds to turning on B0 = aY(Zl(lg‘l). Therefore,
we can write

2[0 1|0
(U(S a1, 0) D(Sapw)) = Z[Bp = 404, B = av{lV 0,0]. (4.69)

0[0)

We should now perform a A19)-transformation (4.68) to get rid of the U generator. However,

since the supermonopole breaks the F' conservation law — see equation (4.56) — the J (314)
current is no longer conserved, rather
3)4 1/4 310
dJB = g, w0l MY(Z('ML. (4.70)
Therefore, under a gauge transformation of the action, the residual term [ d.J (B14) A AL010)
gives rise to a non-vanishing anomaly. Inserting the explicit expressions for the background
fields and the gauge parameter, we can eventually write
(210) /\w<1‘4)/\Yg|0>

<U(E(3‘4), a) D(E(1|4))> = e_ia m f‘SM 69(2|4) (3]4) <D(E(1l4))> , (4.71)

where we recall that ((5)4) is the supersurface whose boundary is the 't Hooft supersurface
¥(1)4) defining the supermonopole. The extra phase, which arises from the anomalous
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gauge transformation, can be interpreted as the superlinking number between ¥ ;|4 and a
(2|0)-supersurface defined by the Poincaré dual

v(24) — (14 (110)

YE(2|0) =w A YE(3|4) . (4.72)
This operator is indeed closed but not exact; therefore, it defines a genuine Poincaré dual.

In order to check that it is non-trivial, we consider the expression in (4.64) and multiply it
by w® given in (4.60). Using definition (4.43) the result is

ﬁ?g“*‘)) = (VAVAV)**A10760@ () A5 (D) dD (4.73)
2|0

=4(D) (V4xo‘dba2d+(V3)ad (uﬁa—;xagég) o+ (V3)ed (yéd—;xﬁd@B) La> D ().

All the pieces are non-trivial. Plugging them into a supermanifold integral like the one
in (4.71), we generally obtain a non-vanishing result that can be eventually expressed as
an ordinary superspace integral.

The i(gm) supersurface can be seen as a (1|4)-foliation of X(3)4). It is not difficult to see
that the superlinking number is non-trivial as long as ¥(30) and €(g)4) intersect; in other
words, if 50y and the 't Hooft supersurface are linked.

The same procedure can be easily applied to the other two symmetries generated by
Q(X(2)4)) and Q(E(M)) in (4.62). The D(X(y)4)) supermonopole carries a non-trivial charge
also with respect to these two symmetries, given by the superlinking number between the ’t
Hooft supersurface and a (0|4)-foliation of the supersurfaces supporting the charge generators.

4.3 D = (68)

We now consider N = (1,0) super-Maxwell theory in six dimensions defined in D = (6|8)
superspace [47, 48]. This is conveniently described by a set of coordinates (z%,64), where

¢ a=0,...,b are the bosonic directions. At the same time, HQ are a set of symplectic

x
Majorana-Weyl spinors, that is, four-components complex spinors carrying a SU(2) index
A = 1,2, a SU(4) spinorial representation index o = 1,...,4, and satisfying the SU(2)-
Majorana condition, (04)* = 044 = eABBfeg for a unitary matrix B with B*B = —1.
In this superspace, there is no rising-lowering matrix for spinorial indices. We use 4 x 4
Pauli-Dirac gamma matrices 67 ,fygﬁ,fy“’aﬁ , and a set of supercovariant derivatives satisfying
{DAO‘,DBB} = jeAByaeBy, = AB92P . Supervielbeins Vag = dzap + eAgéfd%B and
YA = dh4 satisfy the Maurer-Cartan equations

AVag = eap V4 NVE i =0, (4.74)

with d = V50 + eap v DB

The super-Maxwell multiplet consists of a vector superfield A5, a Majorana-Weyl
spinor WC‘? and a triplet of auxiliary superfields D(4py. Imposing the conventional constraint
that removes the ¥ A 1 term, the expansion of the (2|0)-superform field strength reads

F =F*P" Vo ANV + eape® WL OE A Vs, (4.75)
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with FoP0 = —F1%.a8 and Febad — —FBa7%  which has 15 independent components.
Bianchi identities lead to the following equations [48§]

oleB pyd.pol 0,
DS FPP7 = ¢ o g eneloo 9] Wf 7
3DAWE = ABeg 5, P00 + 5% DAB) (4.76)

It relates the gaugino field strength Wf to gauge field strength F*#79 and to the auxiliary
field triplet D(5). Note that the Bianchi identities do not imply the equations of motion;
therefore, this is an off-shell multiplet.

To write the super-Maxwell action in (4.2) and provide the corresponding equations of
motion, we need to define the Hodge dual of F'. However, this cannot be consistently defined
due to the lack of a lowering-rising Dirac matrix for spinorial indices in flat superspace. The
problem can be circumvented by introducing a constant non-trivial flux background for the
three-form Hgpe in D = 6, N = 1 supergravity [49-53], such that Cyg = ('y“bcHabc)ag is a
constant symmetric matrix in spinorial space. We can use it to build up the supermetric
needed to define the Hodge dual. At the end of the computation, we send the flux to zero.
Armed with this definition of Hodge dual, we define

*F = FPP VAV AV AV) 0545 0 () + WACa 5V AV AV AV AV)P5®) ()| (4.77)

where we have defined (V AV AV AV)ag+5 = (va)ag(vb)weabcderc AVEATVEATVS and
(VAVAVAVAV)E = ('y“)o‘ﬁeabcderb AVEAVEAVEAVT, Imposing the closure d* F = 0
leads to the following equations of motion

€aprs0° P F1%P7 + PO DYCosWit =0,  0W5 =0. (4.78)
We retrieve the super-Maxwell equations by taking the C,g — 0 limit.

Electric and magnetic currents. As in the previous cases, the N = (1]0) super-Maxwell
theory in six dimensions enjoys a (1]0)-superform symmetry generated by xF and a topological
(3]8)-integral form symmetry generated by F. Operators charged under these symmetries
can be easily constructed. They are a super Wilson loop of the form (3.8) with p =1, and a
supermonopole supported by a ¥ (3/s) supersurface of singularities for the F' current, which is
then no longer conserved everywhere in the supermanifold, in analogy with what happens in
the bosonic theory (see eq. (2.23)). Details of the construction are given in appendix C.

Super-(g)CW currents. In D = (6|8) superspace, we have enough dimensions for con-
structing further higher-form conserved currents. First of all, we can define the generalized
Chern-Weil supercurrent J(*40) = %F A F, which generates a (1|8)-integral form symmetry.
The corresponding charged objects are operators supported on (1|8)-dimensional supersur-
faces obtained by intersecting two supermonopole 't Hooft surfaces. The construction is
detailed in appendix C.

In addition, we can look for closed currents of the form w A J, where w are closed forms
constructed in terms of the supervielbeins. In this case, there is an element of the cohomology,
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whose representative can be written as
WO = VB At ApF eap. (4.79)

It is closed due to the Fierz identities and the Schoutens identities for SU(2) indices. The
3-form w9 is an element of the Chevalley-Eilenberg cohomology (see for example [54, 55)).
A strategy known as Free Differential Algebras (FDA) allows the reconstruction of the full
supergravity spectrum by replacing wl% with the d-variation potential B9 Together with
the graviton and the gravitinos (V% 14 this set of fields form the spectrum of D = 6, N =1
supergravity (see for example [35]).

The Hodge dual of w®9 is easily computed [43]

*wBl0 = GOB) = (VAV AV AV AV)ap AiGiaeB6®) () (4.80)

where (4 is the derivative with respect to ng‘. Using these closed forms, we can construct
the following new superform and integral form currents

JOIO) — B0 A JOB) = G’ A (4.81)

which generate a (0|8)-integral form symmetry and a (0]|0)-superform symmetry, respec-
tively. As in the four-dimensional case, the supermonopole is also charged under these gCW
symmetries. We prove this statement in appendix C and provide the corresponding charges.

When we take the flat limit, the currents constructed with the w-forms have an interesting

interpretation as remnants of supergravity couplings. In fact, in flat superspace w®?) and
wB8) are closed superforms, therefore locally they can be written as
wB0) = gBCIO) W) = g8 (4.82)

where, as already mentioned, B9 can be interpreted as the conventional two-form potential
of N = 1 supergravity multiplet. The additional potential B(2®) is defined in terms of the
dual, xdB?9) = ¢B®I8)  and it does not introduce any new degrees of freedom.

If we consider super-Maxwell theory coupled to dynamical N = 1 supergravity [56],
non-trivial curvatures arise, which modify the first identity in (4.82) as

HG0) — 4pClo) _ ,(3l0) (4.83)

Exploiting the closure of F', the charge generator associated to J®I9 can then be written as

Q(Xs)10) = /

WO A F = —/ HOEO AR (4.84)
X(5/0)

E(s/0)

The HBI9 supergravity field strength plays the role of a background gauge field that gauges

(310) ~ trR2 = 0, this charge is no longer

the F' symmetry. Since in a curved spacetime dH
topological and cannot be interpreted as being associated with a global symmetry. The
Chern-Weil global symmetry is restored in the flat limit. This is consistent with the property
that no exact global symmetries are allowed in quantum gravity [57, 58] (see also [8] for

a similar discussion).
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4.4 D = (10|16)

As a final example of super-Maxwell theory, we consider the case of N = 1 super-Maxwell
theory in ten dimensions. In D = (10]16) chiral superspace, we use the same approach
as above and write [15]

F=VPANVY 5.5+ Vag ANp* WP, (4.85)

where Fy, = 'yg‘ﬁygéFa/jﬁg and W% are the field strength superfields and the gluino field,
respectively.!!

From the Bianchi identity dF = 0, we obtain the following set of constraints for the
field components

0uFog =0, DW*=0, Fu=Da)apW”, DaFap= (Va)apOyW". (4.86)
In ten dimensions, Bianchi identities automatically imply the equations of motion
0"Fop =0, ~"0,Ws=0. (4.87)

These can be rephrased in the usual form d x F' = 0, provided that we introduce a suitable
definition of Hodge dual, which in turn requires introducing a rising-lowering Dirac matrix
Clap)- This can be done in a non-trivial background. For example, if a 3-form H is switched
on, such for example in a non-trivial string background, one can take Clg = (vabcHabc)ag.
Assigned this antisymmetric tensor, the Hodge dual of F' has the following structure

*F = Fy(V A - AVUSE () 4 (WryCL)(V A - AV)EE (), (4.88)
where t,, is the derivative w.r.t. ¥*. Imposing the closure of xF', we obtain
OFop + DCypW =0, %0, Wp =0, (4.89)

which reduce correctly to (4.87) in the limit C' — 0.

We now discuss higher-superform U(1) symmetries. Since the technical details of the
construction are very similar to the ones given in appendix C for the D = (6|8) case, we
limit ourselves to listing the main results.

Super-CW currents. For the super-Maxwell theory in ten dimensions, beyond the electric

current JB16) = +F we have a set of CW currents of the form (4.3). Precisely,
Qk(S (ki) = / J(2H0) — J@HO) Ay {(JO-2K1E) 193 4,5 (4.90)
% a1(0) SM (2k|0)

is a set of topological operators which gives rise to super-higher-form symmetries of (9—2k|16)-
type. Considering the magnetic charge @),,, = @1, the corresponding charged supermonopole
can be constructed as in the previous examples. In this case, it is given by a (7]16)-dimensional
't Hooft supersurface embedded in the supermanifold and corresponds to turning on the

1We applied already the conventional constraint F,s = 0. Ten dimensional Pauli-Dirac matrices v* are
taken real and symmetric [32, 45].
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background Bp = qm@g(ls‘)w)

in the path integral, with 9€g|16) = X(7/16). Its magnetic charge
can be evaluated by following the same steps as in the lower dimensional cases, and it is given
by the super-linking number between the supersurface supporting the symmetry generator
and the 't Hooft singular supersurface associated with the supermonopole.

Analogously, operators charged under Qk(E(zkm)) for k > 1 are generalized super-
monopoles, whose 't Hooft supersurface is given by a (9 — 2k|16)-dimensional intersection of
k X716y monopole supersurfaces. Details follow closely what has been done in appendix C

for the D = (6|8) case.

Super-gCW currents. We can also construct gCW closed currents in ten dimensions. To
this end, we introduce two geometric invariant forms

w0 = YAV YAV, W) = %w AN NP AVay Ao A Vg, (4.91)

which belong to the cohomology H (0 (d), thanks to Fiersz identities. Correspondingly,
the Hodge duals are given by

1
*wBl0) = (,(7116) — gﬁal...agbVal Ao A Vg Ay?e819 ()
1
*xw710) = (,(316) _ §€a1-~~a5b1-~~b5 Vay Aoo s AV A L’ybl"'b%é(lﬁ) (). (4.92)

These are closed but not exact integral forms and belong to the H(*I'%)(d) cohomology.
Now, in terms of these geometric forms, and using the CW currents (4.3), we can build
the following new conserved currents

JKH310) — ,(310) 5 7(2K10) JKH3116) _ (8116) 5 7(2k10) k=123
JOO) = (T A JONE) — ,(Th6) A
JE6) 100 5 ,G19) 5 (4.93)

As a non-trivial case, we elaborate on one of these new currents, that is
JONG) — GO N FAFAF, (4.94)
supported on a SO0 supersphere, whose defining equation in the supermanifold is
ZaZ® + 07gpet 0770 = 1. (4.95)
The corresponding Poincaré dual form is given by

1
Yél(lg?l)w = 20(xqz® + 040 9~bcp — 1) (V“xa + <2xa(*ya9) + Yapel G'yabﬁ)) . (4.96)

We are then ready to compute the associated generator. Inserting the explicit expressions (4.92)
and (4.96), and using the distributional law 1,010 ()yf = —5, 2606 () together with some
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properties of Dirac matrices, we eventually find
Q= / JORO Ay (0 (4.97)
= /51!€a1...a5b1...b5Va1 A AV ybrbs 516) ()
A(VEV By + 7" WV ) A (VIVEFrg + 0" WV, ) A VAV Egy + 97" WV,
N 28(0a” + 07008070 — 1) (Vi +6 (55°(106) + 200870 )
= /(5(%36“ + Oyapet 070 — 1) (chabW’y“bCch + CQFabFCdW’y“de’yere) d2 4%,

where the coefficients ¢y and co are numerical factors coming from the algebraic manipulations
of Dirac matrices and contractions. Their values are irrelevant to our purposes. By expanding
the delta function in powers of 8’s, one can now perform the Berezin integration, obtaining
an expression given in terms of field components. Note that the result in (4.97) is cubic
in the quantum fields as a consequence of the structure of the original current. Therefore,
several field components will get generated under the f-integration.

Regarding the construction of operators carrying non-trivial charge under these super-
gCW symmetries, in analogy with lower dimensional cases (see appendix C), we expect
the supermonopole charged with respect to the magnetic generator @,, to be charged also
respect to the symmetries whose currents (4.93) contain a single F' factor. These are
J®10) g6I16) | yOI0)  jOI16) and JEI6)  Analogously, operators charged under symmetries
generated by the currents J(2k+310) j2k+3[16) iy (4.93) with k£ = 2,3 will correspond to
generalized supermonopoles supported on singular surfaces given by a suitable intersection
of k supermonopole 't Hooft surfaces.

The geometric-CW supercurrents can be interpreted as coming from the flat limit of
super-Maxwell coupled to dynamical N = 1 supergravity.

(310)

To begin with, since w and w(719 are cohomology classes they can be locally written as

dB10) — ,(310) dBI0) — ,(7I0) (4.98)

where B9 is the conventional Kalb-Ramond of type I supergravity. The additional potential
B610) is the dual xdB?29 = ¢B®l9) and it does not introduce new degrees of freedom. In
this way, we reconstruct the complete supergravity spectrum.

Making supergravity dynamical implies that we have to replace (4.98) with non-trivial
fluxes

GO Z g0 _ 60 (710 _ gl _ 7o) (4.99)

It follows that the charges associated with the gCW currents in (4.93) can be written as

/ J(2k+3]0) :/ HBI) A g(2kl0)
(2k+3/0) Z(2k+3(0)

/ J010) — / o AP
X (9]0) X (9]0)

/ 7(8116) _ / HBI0) A ,BI16) A [ (4.100)
Y (s/16) X(8)16)
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(310) and

As for the six-dimensional case, if the theory is coupled to dynamical supergravity, H
H(19) are not closed, and these operators are no longer topological objects. As a consequence,
they are not genuine generators of global higher-superform symmetries. These are recovered
only in the flat limit, consistently with the fact that there should be no global symmetries in

supergravity. This discussion clarifies the supergravity origin of the super-gCW symmetries.

5 Super-Chern-Simons theory in D = (3|2)

It is interesting to see how the construction of super-higher-form symmetries works in the
three-dimensional N = 1 Chern-Simons theory.

Assigning an abelian (1]|0)-superform potential A in the D = (3]2) supermanifold, the
super-Chern-Simons action reads [59]

S = <A AdA + %V?’ Wawa> AYOR) (5.1)
SM

012) describes the immersion of the three-dimensional bosonic

where the Poincaré dual Y(
submanifold into SM. It can be taken as the Hodge dual of the cohomology element

WB0 = 4 A ya1h A VO, precisely

It is easy to see that by inserting this expression in (5.1) together with the A expansion, we
reproduce the well-known Chern-Simons action in superspace [60].

The equations of motion F = dA = 0 constrain the theory to have no propagating
degrees of freedom. In expansion (4.7), this implies the vanishing of the field strength Fy
(up to a pure gauge term) and the gravitino, W = 0.

1/0)

In this case, the current J(% = A is on-shell closed and gives rise to a (1|2)-integral

form symmetry generated by
U(C,a) = 6290 | with  Q(C) = / A= AnYE?, (5.3)
C SM

This is nothing but the super Wilson line in D = (3]2).
Operators charged under this symmetry are (1]|2)-dimensional objects of the form (3.9).
Sticking to that notation, they read

ig [, AAYOR)a [ ANy Ay 21O
W(Eq) =e 0R — o i

@ (5.4)
with Y1) given in (5.2). A simple calculation shows that
<U(C) W(E(1|2))> = eiaq~SLink(C7E<1|2))<V~V(Z(1‘2))> s (55)
where, once again the charge is given by the super-linking number
: _ (2/0) (12 _ (110) (2[2)

: (210) (110) (22) _ (112)
with YZ(uz) = d@Q(2|2) and Y, = d@Q(zm)'
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6 Conclusions

We presented a geometrical construction of high-form symmetries within the framework of
supersymmetric theories. Instead of relying on the conventional approach of superspace, we
used the robust framework of supergeometry, which combines the advantages of superspace,
differential geometry, and Cartan calculus.

In our approach, we achieve geometrical integration on supermanifolds by introducing
integral forms. This framework enables us to translate well-known results into the realm of
supersymmetric theories and supergravity. We provided a comprehensive analysis of charge
and charged operators, both in general terms and for several models spanning different
dimensions.

Additionally, we constructed new higher-form symmetries using supergeometrical cocycles
and performed an extensive analysis of mixed anomalies in this context. Our findings open
up possibilities for interesting generalizations to supergravity models and the exploration
of symmetries in this field.

A natural extension of our results involves non-abelian gauge theories and their suitable
interactions with matter fields. This will undoubtedly make the construction of charged
operators more interesting and challenging. Furthermore, the implications for the physical
Hilbert space and the space of observables remain to be explored.

We aim to translate our findings into the construction of non-invertible symmetries
within this framework, which we plan to pursue in future work.

Lastly, we have not addressed the case of Voronov-Zorich superforms J®l9 with ¢ < m,
though these forms could potentially lead to new interesting conserved currents. They may
be associated with super-hypersurfaces that have a reduced number of fermionic coordinates.
However, the mathematics involved in the construction of these objects is considerably more
complex, as the vector spaces required to describe them are naturally infinite-dimensional.
Although there have been some new efforts to incorporate them into the discussion, further
mathematical tools still need to be developed.
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A Superforms and integral forms

In this appendix, we briefly summarize the main notions of supercalculus in supermanifolds,
sticking to the geometric approach introduced in [27]. We report only what is needed for
the comprehension of the present paper, referring to [27, 46, 59, 61, 62] for a more complete
introduction.
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Given a supermanifold M ™™ parametrized by the coordinates 24 = (z%,0%) where
a=0,....n—1and a =1,...,m, we can construct the exterior algebra either from the
canonical 1-form basis dz®, d#® or from the anholonomic basis V%, ¢® (a.k.a. supervielbeins).
The differential is given by

d = dz®0 + d9*0s = V0, + "D, (A1)

where D, is the covariant derivative, while dz® and df#“ are anticommuting and commuting
differentials, respectively.

We define the space of superforms Q(*0) = Z;io Q@) where p is the form degree. The
second degree denotes the picture number, which is zero for superforms [25]. Locally, a
superform can be decomposed as

p
w(p\O) _ Z W[al...al}(al+1...ap)(xv Q)Val o Val¢al+1 . wap , (A.Q)
=0

where the components w,, . 4)(as41...p) (T, 0) are superfields. There is no upper bound for the
form number p since ¥’s are commuting variables w.r.t. the wedge product 1 AP = B A2,

The action of the differential d on a superform increases the form number
d: Q0 q+10) (A.3)
In addition, using the wedge product, the superforms form an algebra
A Q@) o o) o(p+al0)
(PO @0y _y ((P+al0) — () (PI0) A ,)(al0) (A.4)
On the dual side, we introduce the integral forms. To this end, we need an additional
ingredient
A =TT a(u®), (A5)
a=1
which is the product of all Dirac delta functions of ¢’s. It satisfies the following property

PPN =0, vB=1,....m. (A.6)

As in conventional geometry, we can introduce the contraction operator ¢x along a
vector field X on the manifold, acting on the exterior algebra. The contraction operator ¢x
reduces the form degree by one unit. In the present context, we can define the contraction

operator along the even-coordinate vector field aia and the one along the odd-coordinate

vector field 80%. However, it is more convenient to introduce covariant contractions. Along
the covariant vector field D, we define

0

o =Dy = %> (A7)
whereas along bosonic vectors 9, = % we define
0

o= = . A8

ta =19, = 5y7q (A.8)
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They act on superforms (A.2) and are dual to the supervielbein (V¢,¢%),
P =060 G VE=0, 1ap* =0, 1,V'=4. (A.9)

The commutation relation among ¢, and ¢, are

lalyh = —lpla, lalp = Lgla,  lalpb = lpla - (AlO)
The contraction operator can act as a derivative on A1) Therefore, we can build
integral forms Q™) as follows
P
wPlm) — Zw[almal}(alﬂm%)(az, OV VS L%A(mm) . (A.11)
=0

Note that there are no ’s in this expansion. A 1) either is canceled by (A.6) or reduces the
number of t,’s thanks to the following integration-by-part rule

g AOm) = _gBACIm) (A.12)

Note that the form number of an integral form goes from p to —oo since the contractions act,
reducing the form number. The differential operator d acts on integral forms by increasing
the form number, as for superforms

d : QM) qpttim) (A.13)
Integral forms can be multiplied by superforms

A QPO) o oladdm) __y pt+am)

(®l0) , ,(glm) (p+qlm) _  (p|0) (qlm)
(WP w ) —w WP A w . (A.14)

Instead, multiplying two integral forms leads to a vanishing result due to the properties
of the Dirac delta 0(¢®).

The integral forms form a differential complex which is isomorphically dual to the complex
of superforms. The notion of the Hodge dual can be established

% : Qo __ qplm—q) (A.15)

and the details are given in [16, 43, 44, 63]. In our work, we have considered only two
special cases, namely those with ¢ = 0 and ¢ = m. For these two cases we verified the
isomorphism, which easily follows from the fact that they are finite dimensional spaces. For
the generic case, the isomorphism might require a deeper analysis. In that respect, we also
mention the related work [64].

The relevant feature of the integral forms is the they can be integrated on suitable
super-cycles (hyper surfaces embedded into a supermanifold). In this way, we can obtain

a well-defined expression

/ F(Pl0) 5 y(n—plm)
M (nlm) ¥p

for a topological charge operator as discussed in the text.
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B The super-linking number

In this appendix, we review the definition of super-linking numbers in supermanifolds. To
this end, we first recall briefly the definition of linking number in bosonic manifolds M, and
then we generalize it to supermanifolds. We will stick to the definition given in terms of
Poincaré duals to hypersurfaces (see, for instance, [37]), as it allows for a straightforward
generalization to super-hypersurfaces in supermanifolds.

In a generic n-dimensional manifold M we consider two hypersurfaces OpysOpy Of
dimension p; and po respectively, with embedding equations ¢x(z) =0,k =1,....,n —py
and ¢ (x) =0, k=1,...,n — pa. The corresponding Poincaré dual operators localizing on
the two submanifolds are p;- and ps-forms, given by

n—pi n—p2

v =TT and(on = aoln ™, v =TT audtw) = defy ™ (B)

Op1 Qpr+1 Opy
k=1 k=1

where Qp,41,),,41 are two hypersurfaces whose boundaries are o,, and o,,, respectively.
Their Poincaré duals ©gq, ,, are easily found by writing one of the delta functions in (B.1) as
the derivative of the Heaviside step function and pulling out the differential.

The linking number between o, and o, is equivalently defined as

Link (op,,0p,) = /fvt(n) Ygzl p1) /\@gt;fizl) , or Link(op,,0p,)= /M("> @(nl;izl) Y((TZQ p2)
(B.2)
This expression is non-vanishing if and only if p; + po = n — 1. Therefore, when assigned the
manifold dimension, this constraint selects the dimensions of submanifolds that can intertwine.
For a three-dimensional manifold, it can be proven that definition (B.2) applied to two
closed (oriented) curves 1 and -9 defined by the two sets of equations ¢1(Z) = ¢2(Z) =0

and Y1 (Z) = ¥2(F) = 0, is equivalent to the Gauss’ formula for the linking number of i, y2
: (%1 — a2)

Link (y1,72) = ]{ }{ ————= d¥] N\ d¥a, (B.3)
71 Jy2 ||:C1 - 1:2”3

where Z1 and 5 are the position vectors on the two loops. For proof of the equivalence
of the two prescriptions, we refer to [14, 36]).

Still, in three dimensions, another interesting example is the evaluation of the linking
number between a point P = (x1 p,z2,p,23 p) and a surface o, embedded by ¢(Z) = 0.
Assigning the corresponding Poincaré duals

Yg’) = da:lé(xl — :L'17p)d$2(5(332 — acg,p)dx?’é(:cg - 1‘3713)

D = dgi(¢) = dO(¢) = dQY (B.4)
the linking number is a well-defined three-dimensional integral of a 3-form, whose value is

1,ifPeo
Link (P, 0) = / Y A0l = / P 6 (@ —2p)O(g) =4 B.5
(Po)=| . Vp m @)D=\ " i pay B

We now generalize definition (B.2) to the case of a (n|m)-dimensional supermanifold.
Given a purely bosonic (p1|0)-dimensional hypersurface ¥, o) and a (pz|m)-dimensional

— 34 —



super-hypersurface I'(,,|), the corresponding Poincaré duals are!?

(n=plm) _ y(n-p1l0) TT gog(gee) = qom—r—1m) (n=p2(0) _ 15 (n—p2—1/0)
YE(mlO) _Y2<p1|o> HG 6(d6 )_d@ﬂ(erl\O) ’ YE<pz|m> _d@Q(p2+1|m> > (B6)

where, as before, the right-hand side is obtained by writing one delta function as the derivative
of the step function and pulling out the differential. the Os are the Poincaré dual of a non-
compact bosonic hypersurface and a super-hypersurface whose boundaries are ¥, o) and
2

pa|m)s respectively.

Generalizing the previous construction, the super-linking number is defined as [14]

: _ (n—p1|m) (n—p2—1/0) _ (n—p1—1jm) . (n—p2(0)
SLInk(Z g1 0)> Z(pam)) = /SM Yoo " Oppiim = /SM O 100 Yigamy + (BT

Again, these integrals are well-defined iff the bosonic dimensions satisfy p;1 +p2 =n — 1. In
this case, we do not have any constraint on the fermionic dimensions. Their sum already
saturates m, as we have chosen from the very beginning to link a bosonic surface (odd
dimension zero) with a super-hypersurface (odd dimension m).

Whenever the sum of the fermionic dimensions of the two hypersurfaces does not equal
m, the super-linking number is zero, even if the bosonic dimensions sum up to (n — 1). For
instance, two purely bosonic hypersurfaces whose bosonic dimensions satisfy the constraint
would have a super-linking number equal to zero anyway. This means they can be somehow
unlinked by deforming them along the fermionic directions.

If, instead, the odd dimensions sum up to m, the super-linking number (B.7) is well-
defined and generally non-vanishing. In this case, thanks to the particular structure of the
Poincaré duals, it reduces to the ordinary linking number. In fact, considering for instance
the case in (B.6), we find

m

v PO T 626 (dg) A o 7211
L., I] o75(a0")

_ (n—p1]0) (n—p2—1/0)
by Q = / Yy, A Bq (B.8)
(p110) i (pg+1|m) M) SSM (p110) (pa+1|m)

)

where M is the bosonic submanifold of SM. The general reduction (B.8) can be applied
in all the cases. This is somehow not surprising since the linking number is related to the
topological nature of the two hypersurfaces, and the fermionic sector never affects the topology.

C Operators charged under (g)CW symmetries in D = (6(8)

In this section, we construct explicitly the operators charged under CW and geometric-CW
symmetries for the D = (6/8) super-Maxwell theory. We treat both types of currents on the
same foot; therefore, we consider the following list of closed currents

JEO) = J@0) — %F AF, JOO = B A JOB) = B AR (C1)

3[8)

where w®l? and w®®) are given in (4.79) and (4.80), respectively.

2The definition of super linking number could be generalized to the case of generic pseudo-surfaces of
dimensions (p|q) with 0 < ¢ < m. However, since in the body of the paper we only deal with bosonic surfaces
(¢ = 0) and supersurfaces (¢ = m), here we stick only to these two cases.
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According to the general strategy described in the main text, the most convenient way
to determine the action of symmetry generators on charged operators is to use a path
integral approach where we couple the currents to external backgrounds gauge superfields B.
Specializing the general expression (4.5) to the present case, we write

S + Smin = / <—1(F — By A x(F — BEO) (C.2)
sm\ 2

+ J2lo) A pI8) 4 jI0) A BQ2I8) 4 j(510) A BUIB) 4 F(5I8) A B(llo)) ]
The currents and the background fields are subject to the following gauge transformations

F— F+d\M0 - BRI _, pIO) 4 gAQ0) (C.3)
BUIS) _y pUIS) 4 gABI8) _ gA(l0) 5 pIs)

B _y gl 4 gpQl8)

B _y BUIS) 4 gA©l8)

B _y pl0) 4 gA©l0)

which leaves the following field strengths

GOB) = gpU®) 4 BRIO) A gpI8) GBIB) = gp(®)
G218 = gp(®) G210 — 4110 (C.4)

invariant. Under these gauge transformations, and in the absence of topological singularities
that spoil the conservation law dF' = 0, the action in (C.2) develops an anomalous term.
Precisely, we find

S(F—BRY 4.8 . (B)=S(F —B®0") 4.8 . (B (C.5)

+/ (dA<1l0>AB<4IS> _ L A1) A gA(110) A BEIS) 4, (310) o gA (110) ABuls)W(ssMA(uomB(lo>> ,
2
SM

As discussed in the main text, this anomaly is responsible for charging Wilson-type operators
under the Noether symmetry generated by xF'. Following the same steps as the lower
dimensional cases, we find that the corresponding charged operator is a Wilson loop of
type (4.24) with the charge given by the super linking number, which measures the link
between the 3(4g) super surface supporting the symmetry generator and the contour C
defining the Wilson operator.

Regarding CW symmetries, we start by considering the “magnetic” current JZ9, Mim-
icking what we have done in section 4.2 for the four-dimensional case, we study the action
of the generator ' “m@m(>@0)  with Qm(Z2)0) = Jsm J210) A Yg{lj)o), on supermonopoles
described by singular supersurfaces X315y that spoil the Bianchi identity according to

_ (3/0)
dF = qu2(3|s> . (C.6)
Writing YSJS')S) = d@g(‘f‘)g), the inclusion of the defect inside the path integral corresponds to
turning on Bg 0 — qm@g([?ll). At the same time, the insertion of the symmetry generator
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(418)
Z(200)"
two-point function between the generator and the defect by performing a A

(418)

= anY We can get rid of the generator by computing the

(318)

is equivalent to B
-gauge
transformation. However, since in the presence of the defect dF’ is no longer zero everywhere,
this transformation generates an anomalous term, which eventually gives rise to the charge
of the supermonopole under @Q,,. In fact, an explicit calculation leads to

<6iaQO(E(2|0))'D(E(3|8))> _ eiam QmSLink(E(Qyo),Emg))<D(E(3‘8))> , (07)
where the charge is the super-linking number between the two supersurfaces (we set Yg‘('j?)) =
(318)
d@9<3|0>)

: _ (2/0) (4g) _ (3/0) (318)
SLlnk(E(ZO), 2(3\8)) = /3/\/1 QQM\B) A YE(2|O) = /SM YE(?"& A @Q(3|0) . (C.8)

An alternative but equivalent derivation of (C.7) could be obtained by using the dual
description of the super-Maxwell theory given in terms of the dual gauge field AGI®), defined
as xF = dAGI).

The magnetic supermonopole introduced above turns out to be also charged with respect
to the gCW symmetries. To prove this statement and find the corresponding charge, we start
considering the symmetry associated with the gCW current JO19) = wGI9) A F and generated by

w(3‘0>/\F/\Y(1|8)
s

U(Soya) = e o @ (C.9)

Its insertion inside the path integral corresponds to turning on a background field B(®) =
aYU® in action (C.2)
(5/0) e

In the presence of the supermonopole D(¥(3)g)), the J (10) current is no longer conserved
everywhere. In fact, as a consequence of (2.23) we have

(50) __ (3]0) (310) _ (3]0) (210)

dJ = qmw"V A YE(g\s) =d (qmw A 69(4|s)> . (C.10)
We then evaluate the two-point function (U (¥(50))D(X(38))), taking into account that

the insertion of the D defect corresponds to turning on B(D2 0 — meng)g). Performing

a AOB®)_gauge transformation in (C.2) to get rid of the U generator, we are left with an
anomalous term due to the lack of conservation (C.10). This gives rise to an extra phase that
can be interpreted as giving the D charge under the action of U(3¥5)p)). Precisely, we find

i gm (210) ,\ ,(3]0) Ay LLI8)
(Ui, 0D (@) =€ Jaaa Sy "N gy (D(Sap)).  (C11)

The charge in the exponent is given in terms of an expression that is generally non-trivial
and can still be interpreted as a super-linking number. If non-vanishing, this measures the

link between the defect supersurface ¥(33) and a (2|0)-supersurface obtained by a three-
dimensional foliation of ¥ 59y described by the Poincaré dual wBl0) A Yz(gfo)).
In order to show that the charge can be non-zero, we consider taking

18 _ ! ’ / AB ! (8
YE(sw) = veevirym CafypCa’B'y'p' € LZL%(;( )(7/)) ) (C.12)
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which is a closed but not exact (1|8)-integral form, thus interpretable as the Poincaré dual
of a (5]|0) supersurface. Inserting this expression into the phase of (C.11) and taking into
account the definition of w®l?) in (4.79), we obtain

Q(ays)

2 0 ! ! ! ! ! /
aqm/ @ 1) V[“ﬁh/;ﬁwgeAB A Ve BBy eag,ypeazgrypxeA B L’Z,L%,ég(w)

Nt racd ’ ’ 2|0
= & Qqm /SM V[pp ]V Vﬂﬁ V’Y’Y Eagfypeallgl,ylp/(SB(l/J) AN @é(léul) (Cl?))

(210)
Qq)s)

A similar calculation proves that the supermonopole is also charged under J (18) in (C.1).

Expanding © , in general this results in a non-trivial expression.

In this case, the insertion of the symmetry generator

iB [ wBBOAFAYS

U(Xp),8) =e (513) (C.14)

in the path integral corresponds to turning on the background field B9 = ,BY; l:)g Again,
acting with U on the defect and computing the path integral as done above, we ﬁnd that
the supermonopole carries J®I®) charge given by

(38) (110) (210)
Bam / AYER Ao (C.15)

To evaluate explicitly this expression we assume that X53) is described by an algebraic
equation ®(x,0) = 0, whereas Q43 is featured by three algebraic equations El(x,0) =0
with I = 1,2,3. We then define the product

2
Y“‘fﬁg) A eg('flg =5 (D) dd /_\ 5 (=) a="o(=?). (C.16)

Inserting this expression in (C.15) together with the explicit form (4.80) of w®/®), we find

/SM(V5)Q5 AP p[d A d=! A dz2]6® H JEEIE

= /.., d°2d®0 %[ 0,5® A DYE! A D}E?[6(9) l‘[ s(2h)e(z), (C.17)

where we have used V6§(®) (y)) = d62d®0 and the two fermionic superfields inside of the
square bracket come from integrating by parts the ¢ contractions inside w®®). The remaining
delta functions project the coordinates onto the algebraic curve. Since the arguments of the
delta’s are functions of bosonic and spinorial coordinates, it is convenient to expand them
in powers of #s and first perform the Berezin integral. The final result will generally be a
linear combination of derivative terms that do not vanish.

Finally, we discuss operators charged under the action of the CW generator

2042 fSM(l F/\F)/\Y(2|8>

U(B0), 2) = SCIOM (C.18)

which gives rise to a (1/8)-higher-integral form symmetry. It is sourced in the path integral
by turning on a background gauge field B2®) in the action (C.2).
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The corresponding charged objects are non-local operators supported on (1|8)-dimensional
supersurfaces in SM. As in the bosonic case [11] (see also the summary in section 2.1), the
support can be realized as the intersection of two supermonopole surfaces X35y and EI(3|8)
given above, which have in common one bosonic direction and all the fermionic ones. The
insertion of this operator inside a correlation function corresponds to turning on a background

field Bglo) A Bg‘o)l in the path integral, with Bg'o) = qmeg('j)g), Bg'o)l = q;n@gl\o) and
(418)

0418 N 89%4‘8) = Y(1j8)- The charge of this (1|8)-dimensional defect is then g2 = ¢,

In the presence of such a defect, the J(*9 current is no longer closed, rather

1 _w(5l0)
d <2F A F) = @Yy . (C.19)

Therefore, applying the same procedure adopted for the other symmetries, due to an anomaly

(118)

arising under a A gauge transformation (C.3), which removes the symmetry generator,

we eventually find

io (118) 5 y(510)
<U(Z(4|O),QQ)D(E(1|8))> _ . 22 fs/w 99(5|0)/\Y2(1\8) <D(2(1|8))> , (C.20)

where 08510y = X(4)0)- Once again, the charge of the operator with respect to the J@o).
higher-superform symmetry is given by the super-linking number measuring the link between

the supersurface supporting the symmetry generator and the one supporting the defect.
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