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Abstract

In this paper we analyze supergeometric locally covariant quantum field theories. We
develop suitable categories SLoc of super-Cartan supermanifolds, which generalize Lorentz
manifolds in ordinary quantum field theory, and show that, starting from a few represen-
tation theoretic and geometric data, one can construct a functor 2 : SLoc — S*Alg to the
category of super-x-algebras which can be interpreted as a non-interacting super-quantum
field theory. This construction turns out to disregard supersymmetry transformations as
the morphism sets in the above categories are too small. We then solve this problem by
using techniques from enriched category theory, which allows us to replace the morphism
sets by suitable morphism supersets that contain supersymmetry transformations as their
higher superpoints. We construct super-quantum field theories in terms of enriched func-
tors e2l : eSLoc — eS*Alg between the enriched categories and show that supersymmetry
transformations are appropriately described within the enriched framework. As examples
we analyze the superparticle in 1|1-dimensions and the free Wess-Zumino model in 3|2-
dimensions.
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A Basics of enriched category theory

1 Introduction and summary

Over the past decades, supersymmetry and supergravity have been strongly vital research
areas in theoretical and mathematical physics. On the one hand, supersymmetric extensions
of the standard model provide interesting perspectives on particle physics and, on the other
hand, supergravity arises as a low-energy limit of string theory and it might have potential
applications to e.g. early universe cosmology. Regarded from the perspective of a quantum
field theorist, interest in supersymmetry arises because of the well-known fact that certain
supersymmetric quantum field theories enjoy unexpected renormalization properties, which
collectively go under the name ‘non-renormalization theorems’, see e.g. [GSR79, [Sei93].

In contrast to the immense progress which theoretical physics has made during the past
decades, mathematically rigorous developments of supersymmetric quantum field theories are
quite rare. There are however some notable exceptions: In [BG06], Buchholz and Grundling



address the nontrivial problems of implementing supersymmetry transformations into the C*-
algebraic framework of algebraic quantum field theory and constructing super-KMS states. The
study of superconformal nets in two spacetime dimensions has been initiated by Capri, Kawahi-
gashi and Longo in [CKLO§]. Since then superconformal nets have been intensively developed,
also with a focus on extended supersymmetry [CHKLX12]. Perturbative superconformal quan-
tum field theories on a special class of (curved) spacetimes have been discussed quite recently by
de Medeiros and Hollands [dMHI3|, where also a perturbative non-renormalization theorem is
rigorously proven. A formulation of (Euclidean) supersymmetric quantum field theories within
the Atiyah-Segal approach and their connection to elliptic cohomology has been investigated
by Stolz and Teichner, see e.g. the survey article [STTI].

In our work we shall study supersymmetric quantum field theories from the perspective
of locally covariant quantum field theory [BFV03], which is a relatively modern extension of
algebraic quantum field theory to curved spacetimes. In locally covariant quantum field theory,
the focus is on the construction and analysis of functors from a category of spacetimes to a
category of algebras, which are supposed to describe the assignment of observable algebras to
spacetimes. Besides establishing a mathematical foundation for quantum field theory on curved
spacetimes, locally covariant quantum field theory is essential for constructing perturbatively
interacting models [HWO0Il, [ HW02, BDF09]. Our aim is to extend carefully the formalism of
locally covariant quantum field theory to the realm of supergeometry, focusing in the present
work only on the case of non-interacting models. On the one hand, a solid understanding
of non-interacting super-quantum field theories (super-QFTSs) is a necessary prerequisite for
constructing perturbative models and analyzing their renormalization behavior, especially con-
cerning potential non-renormalization theorems. On the other hand, already simple examples
of non-interacting super-QFTs indicate that the basic framework of locally covariant quantum
field theory has to be generalized in order to be able to cope with the concept of supersymmetry
transformations. In more detail, as we will show in this work, the framework of ordinary cate-
gory theory, on which locally covariant quantum field theory is based, is insufficient to capture
supersymmetry transformations on the level of the super-QFT functor. In particular, we ob-
serve that both the fermionic and the bosonic component fields are locally covariant quantum
fields in the sense of [BEV03] (i.e. natural transformations to the super-QFT functor), which
indicates that supersymmetry transformations are not appropriately described in this frame-
work. Using techniques from enriched category theory, we shall propose a generalization of
the framework in [BFV03|] which is general enough to capture supersymmetry transformations.
Loosely speaking, we shall develop suitable categories of superspacetimes eSLoc and superalge-
bras eS*Alg that are enriched over the monoidal category of supersets and consider super-QFT's
as enriched functors ¢2l : eSLoc — eS*Alg between these enriched categories. Supersymmetry
transformations are captured in terms of the higher superpoints of the morphism supersets in
eSLoc and their action on the superalgebras of observables is dictated by the enriched func-
tor e2A : eSLoc — eS*Alg. Our results will therefore clarify the structure of supersymmetry
transformations in locally covariant quantum field theory, which will be essential for analyzing
perturbative super-QFTs and their renormalization behavior in future works.

Let us outline the content of this paper: In Section [2] we shall give a self-contained and
rather detailed introduction to those techniques of super-linear algebra and supergeometry that
will be used in our work. This should allow readers who do not have a solid background in
those fields to follow our constructions in the main part of this paper. In Section Blwe introduce
super-Cartan structures on supermanifolds and study their properties. These structures have
their origin in the superspace formulation of supergravity [WZ77] and they are used in our
work in order to describe ‘superspacetimes’, which generalize Lorentz manifolds in ordinary
quantum field theory. The dimension and the ‘amount of supersymmetry’ of a super-Cartan
supermanifold is captured in its local model space, which we describe by using representation



theoretic data corresponding to some spin group. We define a suitable category of super-Cartan
supermanifolds and show that to any super-Cartan supermanifold there is a functorially as-
sociated oriented and time-oriented ordinary Lorentz manifold. This allows us to introduce
a natural notion of the chronological and causal future/past in a super-Cartan supermanifold
and therewith the concept of globally hyperbolic super-Cartan supermanifolds. In Section dlwe
formulate a set of axioms to describe non-interacting super-field theories in an abstract way.
According to our Definition [£2] a super-field theory is specified by the following data: 1.) A
choice of representation theoretic data that fixes the local model space of the super-Cartan su-
permanifolds. 2.) A full subcategory SLoc of the category of globally hyperbolic super-Cartan
supermanifolds, which allows us later to implement constraints on the super-Cartan structures,
e.g. the supergravity supertorsion constraints [WZ77]. 3.) A suitable natural super-differential
operator which encodes the dynamics of the super-field theory. We show in Section Bl that given
any super-field theory as described above, one can construct a functor 21 : SLoc — S*Alg to
the category of super-x-algebras which satisfies the axioms of locally covariant quantum field
theory [BEV03] adapted to our supergeometric setting, cf. Theorem 511l In other words, any
super-field theory gives rise to a super-QFT. As in the case of ordinary quantum field theory,
we first construct a functor £ : SLoc — X to the category of super-symplectic spaces or the cat-
egory of super-inner product spaces (depending on the representation theoretic data), which
is then quantized by a quantization functor Q : X — S*Alg that constructs super-canonical
(anti)commutation relation algebras. We analyze the functor 2 : SLoc — S*Alg and show
that, in addition to the locally covariant quantum field which describes the linear superfield
operators, the bosonic and fermionic component fields are also natural transformations in this
framework. This is an undesirable feature which indicates that the framework developed in
the Sections ] and Bl does not capture supersymmetry transformations as those would mix the
bosonic and fermionic components. We then solve this problem by making use of techniques
from enriched category theory. In Section [6] we provide a stronger axiomatic framework for
super-field theories by generalizing the category SLoc to a suitable category eSLoc which is
enriched over the monoidal category of supersets SSet. The category SSet is defined as the
functor category Fun(SPt°P, Set), where SPt is the category of superpoints and °P denotes the
opposite category. Hence, a superset is a functor SPt°® — Set, which means that, in addition
to its ordinary points, a superset has further content that is captured by its ‘higher super-
points’. Loosely speaking, enriching the morphism sets in SLoc to the morphism supersets
in eSLoc we obtain in addition to ordinary supermanifold morphisms M — M’ also super-
manifold morphisms between the ‘fattened’ supermanifolds pt,, x M — pt,, x M’  where pt,,
is any superpoint, that are able to capture supersymmetry transformations; indeed, the odd
parameters which are used in the physics literature in order to parametrize supersymmetry
transformations are elements in the structure sheaf A,, = A*R" (the Grassmann algebra) of
pt,. It is important to notice that in this functorial approach we do not have to fix a su-
perpoint (or equivalently a Grassmann algebra) from the outside, as it is typically done in
the physics literature, but we are working functorially over the category of all superpoints.
Similar techniques have been used before in order to describe super-mapping spaces between
supermanifolds, see e.g. [Sac09, [SW11l [Han14]. In the enriched setting, the super-differential
operators which govern the dynamics of the super-field theory should form an enriched natural
transformation. We explicitly characterize these enriched natural transformations and show
that they are in bijective correspondence to ordinary natural transformations (as used in Sec-
tion M) satisfying further conditions, which one may interpret as covariance conditions under
supersymmetry transformations. This allows us to give a simple axiomatic characterization
of enriched super-field theories in Definition In Section [7] we show that any enriched
super-field theory gives rise to an enriched super-QFT that we describe by an enriched functor
¢2l : eSLoc — eS*Alg to a suitable enriched category of super-x-algebras. We show that this
enriched functor satisfies a generalization of the axioms of locally covariant quantum field the-



ory, cf. Theorem [Tl We further show that the enriched super-QFT has an enriched locally
covariant quantum field (given by an enriched natural transformation) which describes the
linear superfield operators. In contrast to the non-enriched theory studied in Section [ our
enriched natural transformation does not decompose into the bosonic and fermionic compo-
nent fields, which indicates that supersymmetry transformations are appropriately described
within our enriched categorical framework. This is confirmed and illustrated in Section [ by
constructing and analyzing explicit examples of 1|1 and 3|2-dimensional enriched super-QFTs,
together with the structure of supersymmetry transformations. Our 1|1-dimensional example
is the usual superparticle and our 3|2-dimensional example is the free Wess-Zumino model on
a class of curved super-Cartan supermanifolds. In Appendix [Al we collect some elementary
definitions from enriched category theory which are needed in our work.

2 Preliminaries on supergeometry

We give a self-contained review of those aspects of super-linear algebra and supergeometry
which we shall need for our work. For more details see e.g. [CCF11] and [DM99]. In the
following the ground field K will be either R or C and we set Zy := {0,1}. Whenever there is
no need to distinguish between the real and complex case, we shall drop the field K from our
notations.

Super-vector spaces: A super-vector space is a Zo-graded vector space V = Vy & Vi. We
assign to the non-zero homogeneous elements 0 # v € V; the Zg-parity |v| := i € Zg, for
i = 0,1, and call elements in Vj even and elements in V; odd. The superdimension (or simply
dimension) of a super-vector space V is denoted by dim(V') := dim(Vp)|dim(V}). An example
of an n|m-dimensional super-vector space is K7™ .= K" & K™, with n,m € N°. For simplicity,
we shall denote K!I° simply by K. A super-vector space morphism L : V — V' is a linear map
which preserves the Zy-parity, i.e. L(V;) C V/ for ¢ =0, 1.

The category SVec of super-vector spaces has as objects all super-vector spaces and as
morphisms all super-vector space morphisms. Recall that SVec is a monoidal category with
tensor product functor ® : SVec x SVec — SVec and unit object K = K0, Explicitly, the
tensor product V ® W of two super-vector spaces V and W is the ordinary tensor product
V @ W of vector spaces equipped with the Zs-grading

(VeW)o:= (Voo W) & (Vi ®W), (2.1a)
(VoW = Voo W)a (Vie@W) . (2.1b)

The tensor product of two SVec-morphisms is simply given by the tensor product of linear maps.
The monoidal category SVec is symmetric with respect to the commutativity constraints

oyw  VaW —WeV, vow— (—1)Ply gy, (2.2)

Moreover, it is closed with internal hom-objects given by the vector space Hom(V, W) of all
linear maps L : V. — W equipped with the obvious Zs-grading; L € Hom(V, W) is even/odd if
it preserves/reverses the Zs-parity.

Given an object V' = Vi @ V; in SVec, a super-vector subspace is a vector subspace W C V
together with a Zs-grading W = Wy & W such that W; is a vector subspace of V;, for ¢ = 0, 1.
We then may form the quotient super-vector space V/W := Vy/Wy @ Vi /Wy, which comes
together with a canonical SVec-morphism V' — V/W assigning equivalence classes.



Superalgebras: A (unital and associative) superalgebra is an algebra object in SVec. Explic-
itly, this means that a superalgebra is an object A in SVec together with two SVec-morphisms
pa: A® A — A (called product) and n4 : K — A (called unit), such that the diagrams

AR A® A% L Ao Ko A 184 4o g 1dana

idA®ﬂAl lMA MAl /
AR A A A

1A

A®K

12

(2.3)

in SVec commute. We shall often denote the products by juxtaposition, i.e. p4(a1 ®as) = a1 asg,
and the unit element by n4(1) = 1. An example of a (real) superalgebra is the Grassmann
algebra A, := A*R", for n € N, with product given by the wedge product and unit element
byl=1€R = /\O R™ C A*R™. A superalgebra morphism r : A — A’ is a SVec-morphism
which preserves products and units, i.e. pg4 0 (k ® k) = Ko g and Na = K on4.

We denote the category of superalgebras by SAlg and notice that it is a monoidal category:
The tensor product A ® B of two superalgebras is the super-vector space A ® B equipped with
the following product and unit

paeB = (ta @ pp)o(ida®opa®idp) : AR BRA®B — A® B, (2.4a)
NawB =NMARNp : KQK~K— A® B . (2.4b)

Explicitly, we have for the product (a1 ® by) (ag ® by) = (=1)l%2l11l (a1 ay) @ (by by), for all
homogeneous a1, as € A and by, b € B, and for the unit 1 455 = 14 ® 1. The tensor product
of two SAlg-morphisms is simply given by the tensor product of linear maps.

We shall require some special classes of superalgebras. A superalgebra A is called supercom-
mutative if the product is compatible with the commutativity constraint, i.e. pg 0044 = pa.
Notice that supercommutative superalgebras form a monoidal subcategory of SAlg, which is
symmetric with respect to the commutativity constraints induced by SVec. Moreover, for a su-
percommutative superalgebra A the product g4 : A® A — A is a SAlg-morphism with respect
to the tensor product superalgebra structure on A ® A.

Let us now consider superalgebras over C. A super-x-algebra is a superalgebra A over C
together with an even C-antilinear map %4 : A — A (called superinvolution) which satisfies
xq0m4 =naand kq0p4 = pa0oa 40(xa®@c*4). Explicitly, these conditions read as 1* = 1 and
(ay ag)* = (=1)l@lle2l g% a*, for homogeneous elements ay,ag € A. A super-+-algebra morphism
k: A — A’is a SAlg-morphism satisfying ko x4 = %4 o k. We denote the category of super-x-
algebras by S*Alg and notice that it is a monoidal category; the superinvolution on the tensor
product A ®c B of two super-*-algebras is defined component-wise, i.e. (a ®c b)* := a* ®c b*.

Super-Lie algebras: A super-Lie algebra is a Lie algebra object in SVec. Explicitly, a super-
Lie algebra is an object g in SVec together with a SVec-morphism [-, -]; : g® g — g (called
super-Lie bracket) which satisfies the super-skew symmetry condition

[+, Ja o (idgeg + 0gg) =0 (2.5a)
and the super-Jacobi identity

([ ‘]g]g 0 (idg®g®g + 0g90g + Ug@M) =0. (2.5b)

A super-Lie algebra morphism L : g — g is a SVec-morphism which preserves the super-Lie
brackets, i.e. [-, -]g/ o(L®L)=Lo][-, .]g.



Supermodules and the Berezinian: Let A be a superalgebra. A left A-supermodule is a
left module object in SVec. Explicitly, a left A-supermodule is an object V' in SVec together
with a SVec-morphism Iy : A® V — V (called left A-action), such that the diagrams

A AV U L Agy KoV M9, sgy (2.6)
ﬂA@idvl llV \ llv
ARV V Vv
ly

in SVec commute. A right A-supermodule is defined similarly and an A-bisupermodule is a left
and right A-supermodule with commuting left and right A-actions. If A is a supercommutative
superalgebra, then any left A-supermodule V' is also a right A-supermodule with right A-
action 1y = ly ooy s : V®A — V and, vice versa, any right A-supermodule is also a left
A-supermodule with left A-action Iy :=ryooay : A®V — V. Notice that these left and
right A-actions are compatible, hence V is an A-bisupermodule. We shall often denote the left
and right A-actions simply by juxtaposition, i.e. ly(a ® v) = av and ry(v ® a) = va. A left
A-supermodule morphism L : V — V' is a SVec-morphism which preserves the left A-actions,
ie. lyro(idg ® L) = Loly. We denote the category of left A-supermodules by A-SMod. In
the case of A being supercommutative, A-SMod is a monoidal category with tensor product
functor ®4 : A-SMod x A-SMod — A-SMod (taking tensor products over A) and unit object
A (regarded as a left A-supermodule with left A-action given by the product p4). Again for A
being supercommutative, the monoidal category A-SMod is also symmetric with commutativity
constraints induced by those in SVec and closed with internal hom-objects given by the left
A-supermodules Hom 4 (V, W) of all right A-linear maps L : V' — W equipped with the obvious
Zs-grading; L € Hom 4 (V, W) is even/odd if it preserves/reverses the Zo-parity.

A free left A-supermodule of dimension n|m is a left A-supermodule V' for which there exists

a basis of n € N even elements {e,...,e,} and m € N° odd elements {e1, ..., €}, such that
Vo = spany {e1,...,en} ®spany {e1,...,en} , (2.7a)
Vi =spany {e1,...,en} ®spany {e1,. .., €n} - (2.7b)
The collection {eq,...,entm} = {€1,...,€n,€1,...,€n} of elements in V is called an adapted

basis for V. Notice that any free left A-supermodule of dimension n|m is isomorphic (in
the category A-SMod) to the standard free left A-supermodule Anm = A @ KM™ with the
obvious left A-action. The A-SMod-morphisms between two free left A-supermodules can be
represented in terms of matrices with entries in A. Explicitly, let L : V' — V' be any A-SMod-
morphism between an n|m-dimensional free left A-supermodule V' and an n'|m/-dimensional
free left A-supermodule V’/. Making use of any adapted bases for V and V' we define the
clements {I7 € A:i=1,...,n4+m, j=1,...,n +m'} via L(e;) = Z?:ﬁm/ Lgeg, which can
be arranged in an (n +m) x (n’ + m/)-matrix of the form

(L1 Lo (2.8)

L3 Ly) "~ '
where L; is an n x n/-matrix with entries in Ay, Lo is an n x m/-matrix with entries in Ay, L3
is an m x n/-matrix with entries in A; and L4 is an m X m/-matrix with entries in A.

[t~

Let now A be a supercommutative superalgebra and V' any free left A-supermodule. Denot-
ing the group of A-SMod-automorphisms of V' by GL(V), there exists a group homomorphism
(called the Berezinian) to the group of invertible elements in A

Ber: GL(V) — AJ , L+ Ber(L) = det(L; — LyL; " L3) det(Ly) ™", (2.9)



where we have made use of an arbitrary adapted basis for V' (the Berezinian does not depend
on the choice of adapted basis). One can easily check that the Berezinian is multiplicative, i.e.
Ber(L' L) = Ber(L') Ber(L), for all L, L’ € GL(V'). Moreover, we may assign to any free left
A-supermodule V' of dimension n|m its Berezinian left A-supermodule Ber(V') that is defined as

follows: Ber(V') is the free left A-supermodule that is generated by the elements [eq, ..., €pim],
for all adapted bases {e1,...,entm} for V, subject to the relations

[L(e1),...,L(entm)] = Ber(L) [e1, ..., entm] , (2.10)
for all L € GL(V). We declare the elements [e1,...,e,1m] to be even if m € 2NY or to

be odd if m € 2NY + 1. Since any two adapted bases for V can be related by a GL(V)-
transformation, it is clear that Ber(V') is a free left A-supermodule of dimension 1|0 if m € 2N°
or dimension 0|1 if m € 2NY + 1. Notice that any choice of adapted basis {e1,..., e, m} for
V' defines an adapted basis [e1,. .., €ntm] for Ber(V). The assignment of the Berezinian left
A-supermodules is functorial: Given any A-SMod-isomorphism L : V' — V' between two free
left A-supermodules V' and V' we define an A-SMod-isomorphism Ber(L) : Ber(V') — Ber(V”)
by setting for any adapted basis [e1, ..., €y1m] for Ber(V)

Ber(L)([e1, .-, entm]) == [L(e1), ..., Llentm)] (2.11)

and extending Ber(L) as an A-SMod-morphism.

Supermanifolds: In the following let K = R. A superspace is a pair M := (M , Opr) consist-
ing of a topological space M (which we always assume to be second-countable and Hausdorff)
and a sheaf of supercommutative superalgebras ¢, on M (called the structure sheaf). We
denote the restriction SAlg-morphisms in the structure sheaf O by resyy : Op(U) — Op(V),
for all open V. C U C M, and the global sections of the structure sheaf simply by & (M) :=
Oy (M ). A superspace morphism x : M — M’ is a pair x := (X, x*) consisting of a continuous
map Y : M — M and a morphism of sheaves of superalgebras x* : Oy — X«(Opr), where
X«(Onrr) denotes the direct image sheaf. Explicitly, x* : Oy — X«(Ohr) consists of assigning
to any open U C M a SAlg-morphism x;; : Opn(U) — Opr(X1(U)), such that the diagram

Ovr (V) — s 60, (-1 (1)) (2.12)

reSU,vJ Jresilwmzl(w

Op (V) Y Ou(X(V))

in SAlg commutes, for all open V C U C M'. For notational simplicity we shall denote the
SAlg-morphism of global sections by x* := X}F\T : O(M') — O(M). An example of a superspace
is RU™ .= (R™, Cge @ A*R™), for n,m € N, which we denote with the usual abuse of notation
by the same symbol as the standard super-vector space above.

A supermanifold of dimension n|m is a superspace M = (]\7 , Or) that is locally isomorphic
to R™™, with n,m € NO fixed. In more detail, given any p € ]\7, there exists an open
neighborhood V' C M of p, such that V' is homeomorphic to an open subset U C R™ and
such that the restricted sheaves of superalgebras 0|y and Cg5 |y ® A®*R™ are isomorphic.
Taking the standard coordinates (z!,...,2") of R" and the standard coordinates (6!,...,0™)
of R™, the sheaf isomorphism 0|y ~ Cg5 |y @ A* R™ induces local coordinate functions of M
in V, which we denote by the same symbols (z!,... 2"™™) = (2! ... 2" 0%, ...,0™), hence
suppressing the isomorphism. Notice that the first n coordinate functions z* € &y(V), for
i=1,...,n, are even and that the last m coordinate functions 2" ** € €y;(V), fori = 1,...,m,



are odd. It is clear that the superspaces R"™ = (R C2 @ A*R™) are n|m-dimensional
supermanifolds, for all n,m € N°. Moreover, given any n|m-dimensional supermanifold M =
(M, O)yr) and any open U C M, then M|y = (U, Oy|v) is an n|m-dimensional supermanifold,
which we call the open subsupermanifold determined by U. A supermanifold morphism is a
superspace morphism between supermanifolds. It is well known that supermanifold morphisms
X : M — M’ are already uniquely specified by their associated SAlg-morphisms x* : &(M') —
O (M) on global sections of the structure sheaf, see e.g. [CCE11], Proposition 4.6.1].

We denote the category of supermanifolds by SMan and notice that it is a monoidal category
with monoidal bifunctor x : SMan x SMan — SMan and unit object pt := ({*},R). The
monoidal bifunctor is defined as follows, cf. [CCFIIl, Chapter 4.5]: To any pair (M, M’) of
objects in SMan it assigns the supermanifold M x M’ := (M x M’ , Oriscvrr ), where the sheaf
of superalgebras sy is defined on the rectangular open subsets U xV C M x M by
Orisap(UXV) = Oy (U) ® Opp (V) and extended to all open subsets of M x M’ by a standard
construction. Here ® denotes the completed tensor product in the projective tensor topology
corresponding to the standard Fréchet topologies on &/ (U) and &y;/(V'). To any pair (x : M —
N, X' : M — N’) of SMan-morphisms it assigns the SMan morphism XXX MxM — NxN’
given byxxx M x M — N x N and Y*® X 1 Onun: — (XXX) (Orrxair), which is
uniquely determined by continuous extension of the usual tensor product morphism x* ® x'*.

Let us recall that any n|m-dimensional supermanifold M has an associated reduced n-
dimensional ordinary manifold. Let us denote by Jjy; the super-ideal sheaf of nilpotents in
Ow, ie. Jy(U) :=={f € Op(U) : f is nilpotent} for all open U C M. The reduced manifold
is defined to be the n|0-dimensional supermanifold (M, @y, /Jy;), which for notational conve-
nience we shall simply denote by M. For any SMan-morphism x : M — M’ the underlying
continuous map x : M — M M’ is smooth with respect to the reduced manifold structures on M
and M’. Hence, the assignment M +— M and (x : M — M)~ (X: M — M’) is a functor
from SMan to the category of manifolds. Finally, recall that for any supermanifold M there is
a closed embedding ¢+~ ATE : M — M of the reduced manifold (regarded as an n|0-dimensional
supermanifold) into the supermanifold M. Explicitly, we have that 1737 , - = idg; is the identity
map and that L~M Oy — O/ Jyy is the projection taking equivalénce classes. Given any

SMan-morphism y : M — M’ the diagram

M—X M (2.13)

LM,MT TLI/VP,IVI’

in SMan commutes.

Superderivations and super-differential operators: Let M = (]\7 , Oar) be any object in

SMan. For any open U C M, a homogeneous superderivation (or super-vector field) on O (U)
is a homogeneous X € Hom (& (U), Oy (U)), such that

X(fg)=X(f)g+ (D)X rX(g), (2.14)

for all homogeneous f,g € O (U). The collection of all superderivations on &/ (U) forms
a super-vector subspace Derys(U) of Hom(0y(U), Oy (U)), which is further a left &y (U)-
supermodule via (f X)(g) := fX(g), for all f,g € Op(U) and X € Derp/(U). As in the
case of ordinary manifolds, the superderivations Der;(U) also form a super-Lie algebra with
super-Lie bracket given by the supercommutator [X,Y] := X oY — (=1)XI¥ly o X, for all



homogeneous X,Y € Dery/(U). The assignment U ~— Der s (U) (together with suitable restric-

tion morphisms) is a sheaf of left &j;-supermodules on M , which is called the superderivation
sheaf Dery.

Note that superderivations are local in the following sense: Let U C M be any open subset.
The support of f € Oy (U) is the closed subset of M that is defined by

supp(f) :=U \ U {V:V CU is open and resy,y (f) =0} . (2.15)

It then holds true that supp(X(f)) C supp(f), for all X € Derp;(U) and f € Oy (U).

The superderivation sheaf Dery; of any object M in SMan is a sheaf of locally free left
Opr-supermodules of the same dimension n|m as the supermanifold M. In local coordinates
(x',...,2""™) of M in V an adapted basis for Derys(V) is given by the partial derivatives
{01,...,0n+m}, which are defined by 9;27 = &7, for all i,j = 1,...,n+m. Notice that the first
n partial derivatives are even and the last m partial derivatives are odd.

We introduce super-differential operators via the usual recursive procedure: For any open
U C M, we have a SVec-morphism Oy (U) — Hom(On(U), Oy (U)) by assigning to any
g € Op(U) the linear map (denoted by the same symbol) g : Oy (U) — Op(U), f+— g f. The
image of this SVec-morphism is denoted by DiffOp9,(U) and it is called the super-differential
operators of order zero. The super-differential operators of order £ > 1 are then defined
recursively via

DiffOph,(U) := {L € Hom(Ox (U), Or(U)) : [L, g] € DIffOp H(U) , Vg€ Om(U)}, (2:16)

where the bracket denotes the supercommutator. The super-vector space of super-differential
operators on @y (U) is defined by DiffOp,,(U) := .-, DiffOp%;(U). Notice that DiffOp,,(U)
carries the structure of a (not necessarily supercommutative) superalgebra with product given
by the composition o of linear maps Hom (& (U), Oar(U)). The assignment U +— DiffOp,,(U)
(together with suitable restriction morphisms) is a sheaf of superalgebras on M , which is called
the sheaf of super-differential operators DiffOp,,. Super-differential operators are local, i.e.
given any open U C M we have that supp(D(f)) C supp(f), for any D € DiffOp,;(U) and
f € Op(U). Any superderivation is a super-differential operator of order 1.

Super-differential forms: Let M = (M, O)r) be any object in SMan. For any open U C M
we define the left & (U)-supermodule of super-one-forms on O (U) as the dual of the left
O (U)-supermodule Der s (U), i.e. Q4 (U) == Homg, i) (Dera (U), O (U)). The assignment
U — Q},(U) (together with suitable restriction morphisms) is a sheaf of left &y/-supermodules
on M that we shall denote by Q}\/l = Homg (Derys, Onr). For simplifying the notation we de-
note the left (M )-supermodule of global sections of Q}, by Q'(M). The canonical evaluation
of elements in Hom, 7y (Deras(U), On(U)) on superderivations Der s (U) defines a sheaf mor-
phism ev : Q}, ®4,, Derpyy — Oy, which due to the commutativity constraint o in &-SMod
can also be understood as a pairing

(+,-):=evo ODery 2}, Dery ®¢,, Q}M — Oy (2.17)

where the superderivations are on the left. (Moving Dery; to the left will lead to more
convenient sign conventions for the differential below.) Explicitly, given any homogeneous
w € Q4,(U) and X € Derp(U), the pairing reads as (X,w) = (—1)¥I1Xu(X). The differen-
tial d : Opy — Q3 is the sheaf morphism defined by the condition (X,df) := X(f), for all
X € Dery(U) and f € Op(U), where U C M is any open subset. We notice that Qb is a
sheaf of locally free left &y/-supermodules of the same dimension n|m as the supermanifold M.
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Explicitly, in local coordinates (x!,...,2"*™) of M in V an adapted basis for Q},(V) is given
by the differentials {dz?,...,d2""™}, which can also be characterized by the duality relations
<(9i, dxj> = 55, for all 4,7 =1,...,n+m. Notice that the first n differentials are even and that
the last m differentials are odd.

Super-one-forms can be pulled back along SMan-morphisms x : M — M'. In our work we
shall only need the pull-back for the special case where x(M) C M’ is open and x : M —
M’ \%(M) is a SMan-isomorphism. Let us first assume that y : M — M’ is a SMan-isomorphism.
Then X}, : On/(U) — Op(X~1(U)) is a SAlg-isomorphism and we can define a push-forward
of superderivations by

X«p : Derpr (X H(U)) — Derpp(U), X — (x5) o X oxiy, (2.18)

for all open U C M'. The pull-back of super-one-forms (denoted with a slight abuse of notation
also by xj7) xi7 : Q@ (U) = Q1,(X"1(U)) is then defined by the duality relations

(Xoxp (W) = xv ((w (X), @) (2.19)
for all w € O, (U) and X € Derp/(x '(U)). In the case where we only have that y : M —
M’ |>Z(]T/f) is a SMan-isomorphism we define the pull-back of super-one-forms by

X (w) = X*UOQ(M) (resUUn%(M) (w)) , (2.20)

for all w € 0, (U) and all open U C M'. The following properties are immediate from this
definition

xo(fw)=xo(Hxpw) ,  xpldf) =dxp(f) , (2.21)

for all f € Oy (U) and w € Q% ,,(U). We shall denote the pull-back of global sections of QY
simply by x* := X7, : QLM — QY (M).

In complete analogy to the case of ordinary manifolds, one can define a sheaf of differential
graded superalgebras Q%, := A°® Q}VI, for which we shall use the same sign conventions as in

[DM99, §3.3]. Sections of this sheaf are called super-differential forms and we recall that for
supermanifolds M of dimension n|m with m # 0 there are no top-degree forms.

Berezin integration: Given any object M = (M, Opr) in SMan, one can construct the
Berezinian sheaf Ber(2},) of the super-one-form sheaf Q1. Notice that Ber(2},) is a sheaf of lo-
cally free left &y-supermodules: In local coordinates (z?, ..., 2" ™) = (2! ... 2", 61 ... 0™)
of M in V an adapted basis for Ber(Q},)(V) is given by [dz?,...,d2",d6", ..., d6™]. Given
now any f € Oy (V) with compact support in V' C M , we define the local Berezin integral over
the open subsupermanifold M|y by

(/ mﬂmﬂﬂﬂwwwwﬂf:/df~dﬂﬂhm, (2.22)
Mly Vv

where we have used the expansion f = Zm<m 6! fr4+6m .. -Hlf(LmJ) in terms of the odd co-
ordinate functions. Here I = (i1,...,%,) € {0,1}" is a multiindex and 6! := (§™)% ... (§1)im,
Due to the change of variables formula, the local Berezin integral can be globalized, see e.g.
[DM99, §3.10]. In the case of M being oriented this yields a linear functional

A/&MWMM*%R’”%Aﬂ (2.23)
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on the compactly supported sections of Ber(Q},), which for sections v with support in V is
given by (2:22)).

Given any SMan-isomorphism x : M — M/, there exists a pull-back x* : Ber(Q},) —
Ber(Q2},). In local coordinates (z'%,...,2""™) of M’ in V' and (z!,...,2""™) of M in V =
X 1(V"), the pull-back is given by

Xy ([, da™ ™)) = (A (2™), .. Ao (2]
= ber{Ji{X Ty...,dr ) 2.2
Ber(J(x)) [da', ..., dz" " 4

where J(x) is the super-Jacobi matrix with entries defined by dxj,(z")) = Z;Li{n J(X)é» da’.
Notice the property xi;(v f) = xj(v) x5 (f), for all v € Ber(QL,)(U), f € Op:(U) and all
open U C M’. Given now two oriented supermanifolds M and M’ together with an orientation

preserving SMan-isomorphism y : M — M’, the global Berezin integral transforms as

/M X (v) = / v, (2.25)

for allv € Ber(Q}V[,)C(ﬂ ’). This follows in the usual way from the aforementioned local change
of variables formula.

3 Super-Cartan supermanifolds

We introduce the concept of super-Cartan structures on supermanifolds. These structures have
their origin in the superspace formulation of supergravity, see e.g. [WZ77]. In our work they
are required for constructing natural super-differential operators which govern the dynamics
of super-field theories at the classical and quantum level. In this paper we shall only focus
on the case where the super-principal bundle underlying the super-Cartan structure is globally
trivial (and trivialized), which considerably simplifies our discussion as we do not have to deal
with super-principal bundles and their associated super-vector bundles. Notice that the latter
concepts are essentially well understood, see e.g. [BBHRII], but they are cumbersome to work
with. To the best of our knowledge there is not yet a fully developed theory of (global) super-
Cartan supermanifolds along the lines of standard treatments in ordinary differential geometry
[Sha97, Chapter 5]. In particular, we are not aware of conditions (on the basis supermanifold)
which ensure the existence of super-Cartan structures or conditions which ensure that the
underlying super-principal bundle is generically trivial. We hope to come back to this problem
in a future work, which then would allow us to study super-field theories on globally non-trivial
super-Cartan supermanifolds.

3.1 Representation theoretic data and super-Poincaré super-Lie algebras

We shall briefly review super-Poincaré super-Lie algebras in various dimensions. See e.g. [Del99]
and [Fre99l Lecture 3] for details.

Let W be a finite-dimensional real vector space and g : W ® W — R a Lorentz metric
of signature (4, —,---,—). Let further S be a real spin representation of the associated spin
group Spin(W, g) and

r:S®s—Ww (3.1)

a symmetric and Spin(W, g)-equivariant pairing. We denote the spin group actions on W and
S by, respectively, p"' : Spin(W,g) x W — W and p° : Spin(W,g) x S — S. Moreover, we
simply write spin for the Lie algebra of Spin(W, g) and recall that the spin group actions above
induce Lie algebra actions, which we denote by p¥ : spin @ W — W and p? : spin® S — S.
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Definition 3.1. Let us fix any choice of the data (W, g, S,T").

(i) The super-Poincaré super-Lie algebra sp (corresponding to this data) is given by the
super-vector space

sp = (spine W)@ S (3.2a)
(with (spin & W) even and S odd), together with the super-Lie bracket defined by

[Ll@’LUl@Sl,LQEBwQ@SQ] =
[L1,Lo] @ <p*W(L1 @ wy — Lo ®w1) — QF(81,32)> @pf(lq ®s2—La® 81) , (3.2b)
for all L1 & wy @ s1, Lo B wa P so € sp.

(ii) The supertranslation super-Lie algebra t (corresponding to this data) is given by the
super-vector space

t=WaSs (3.3a)
(with W even and S odd), together with the super-Lie bracket defined by
[w) @ s1,we @ s9] = —2T(s1,82) DO, (3.3b)
for all w1 ® s1,ws & s9 € L.

Remark 3.2. Notice that the bracket defined in (3.2h) is indeed a super-Lie bracket. The
super-skew symmetry is evident from its definition and the super-Jacobi identity is a straight-
forward check using the Spin(W, g)-equivariance of I'; which implies that

P (L@ T(s1,52)) = T(p2 (L @ s1),52) + T (s1,07 (L ® 52)) (34)
for all L € spin and s1,s9 € S.
The following statement is easily shown. We therefore can omit the proof.

Proposition 3.3. For any choice of the data (W, g,S,T"), the super-Poincaré super-Lie algebra
sp is a super-Lie algebra extension of the Lie algebra spin (regarded as a super-Lie algebra) by
the supertranslation super-Lie algebra t, i.e.

0 —t—>sp —>spin—0 |, (3.5)
with the obvious definition of the arrows, is a short exact sequence of super-Lie algebras.

The data (W, g, S,T") we have introduced above is sufficient in order to construct the super-
Poincaré and supertranslation super-Lie algebras (corresponding to this choice of data). For our
applications to super-Cartan supermanifolds and super-field theories we require some additional
data. First, let us fix a positive cone C' C W of timelike vectors and assume that I' : S® S — W
is positive in the sense that I'(s,s) € C, for all s € S, with I'(s,s) = 0 only for s = 0. Here C
denotes the closure of the cone C' C W. The existence of such ' has been shown in [Del99].
The positive cone C C W will later play the role of a time-orientation. Next, we assume that
we have given a Spin(W, g)-invariant linear map

e:S®S —R, (3.6)

which is either a metric (of positive signature) or a symplectic structure. Such linear maps
exist if dim(W) is not equal to 2 or 6 modulo 8, see [DF99]. Finally, we take as part of the data
a choice of orientations oy of W and og of S. These orientations and also € will be used define
a canonical Berezinian density on any super-Cartan supermanifold and therefore a notation of
integration. In summary, we will always assume as a starting point for our constructions that
the data (W, g,S,T',C, €, o ,0g) are given.
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3.2 Super-Cartan structures

In order to simplify our studies on super-Cartan supermanifolds we shall restrict our attention
to super-Cartan structures which are based on globally trivial (and also trivialized) super-
principal Spin(W, g)-bundles. Let us fix any choice of the data (W, g,S,T',C, €, 0w, 03).

Definition 3.4. Let M be a dim(W)|dim(S)-dimensional supermanifold. A (globally triv-
ial) super-Cartan structure on M is a pair (€2, E) consisting of an even super-one-form 2 €
QY(M, spin) (called the super-spin connection) and an even and non-degenerate super-one-form
E € QY(M,t) (called the supervielbein). The triple M := (M, E) is called a super-Cartan
supermanifold.

Remark 3.5. Notice that the requirement that F is non-degenerate fixes the dimension of M
to be the dimension dim(W)|dim(S) of the supertranslation super-Lie algebra t.

To any super-Cartan supermanifold M = (M, (2, F) we can assign its supercurvature and
supertorsion, which play an important role in supergravity. They are defined by

R :=dQ + [Q, Q] € Q(M, spin) | (3.7a)
Tan = doE == dE + [Q, E] € Q*(M, 1) , (3.7b)

where the brackets are those induced by the super-Lie bracket in sp via

[-, -] QF(M,sp) @ QY (M, sp) — QFF(M, sp) |
(w1 ® X1) ® (wg ® Xa) — (=Dl A wy @ [X7, Xo] (3.8)

We now shall study integration on super-Cartan supermanifolds. Let us recall that the
super-vector space t has an adapted basis {po, - .., Pdim(ar)—1, 91, - - - » Gdim(s) }» 1-€- Po € W and
go € S, for all @« = 0,...,dim(M) — 1 and a € 1,...,dim(S). Making use of the Lorentz
metric g on W and the metric (or symplectic structure) ¢ on S, we can demand that {p,}
is an orthonormal basis for (W, g) and that {g,} is an orthonormal (or symplectic/Darboux)
basis for (S,e). Making further use of the orientations oy of W and og of S we demand
that these bases are oriented and finally by using the positive cone C C W we demand that
the basis for W is time-oriented, i.e. the timelike basis vector pg lies in C. We shall call any
adapted basis for t which is of this kind an orthonormal (or orthosymplectic) time-oriented
and oriented adapted basis for t. Notice that any two orthonormal (or orthosymplectic) time-
oriented and oriented adapted bases for t are related by a SVec-automorphism L € GL(t),
whose block-matrix components (cf. [2.8])) are L1 € SOq(1,dim(W) — 1), Ly = L3 = 0 and
Ly € SO(dim(S)) (or Ly € Sp(dim(S),R)). Because of det(L;) = det(L4) = 1 we find that
Ber(L) = 1, cf. @3). We now may expand the supervielbein E € Q'(M,t) in terms of any
orthonormal (or orthosymplectic) time-oriented and oriented adapted basis for t, which yields

dim(M)—1 dim(.S)
E= Y e ®pa+t Y ®4, (3.9)
a=0 a=1

where all e* € QY(M) are even and all £ € QY(M) are odd. Notice that the collection
{0, ..., edmW)=1 ¢l ¢dim(S)1 is an adapted basis for Q'(M) since E was assumed to be
non-degenerate. We hence can define an element of the Berezinian supermodule of Q!(M) by

Ber(E) := [¢°, ..., emM)=1 ¢l edim(&)) ¢ Ber(Q! (M) . (3.10)

Recalling (2.10]), we find that this definition does not depend on the choice of the orthonormal
(or orthosymplectic) time-oriented and oriented adapted basis for t, since, as we have explained
above, any two such bases are related by an L € GL(t) with Ber(L) = 1.
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Using the Berezinian density (3.I0) we can define a pairing on the compactly supported
sections of the structure sheaf of M by

(. )p:Oc(M)® O(M) — R, F1®F2i—>/ Ber(E) Fy F; . (3.11)
M

Notice that the Zg-parity of the linear map (-, -),, is dim(S) mod 2 and that (-, -),, can be
extended to all F, Fy € 0(M) with compactly overlapping support. Notice further that

(F1, )y = ()RR Ry (3.12)

for all homogeneous Fy, Fy € 0(M) with compactly overlapping support.

We finish this subsection by defining a suitable category of super-Cartan supermanifolds.
Definition 3.6. The category SCart consists of the following objects and morphisms:
e The objects are all super-Cartan supermanifolds M = (M, Q, E).

e The morphisms x : M — M’ are all SMan-morphisms (denoted by the same symbol)
X : M — M’, such that

1. x: M — M’ is an open embedding,

2. x: M — M| is a SMan-isomorphism,

<)
3. the super-Cartan structures are preserved, i.e. x*(2') = Q and x*(E') = E.

Remark 3.7. Since x*(E') = E it is clear that any SCart-morphism x : M — M’ preserves
the Berezinian densities (3.10)), i.e.

X;(M) (resMw/&(M) (Ber(E’))) = Ber(F) . (3.13)

3.3 Lorentz geometry on the reduced manifold

Given any super-Cartan supermanifold M = (M, F) we can equip the reduced manifold
M with a Lorentz metric, an orientation and a time-orientation. Explicitly, the pull-back of
the supervielbein E € Q!(M,t) along the embedding of the reduced manifold by M — M

provides us with a non-degenerate one-form on M with values in the even part W of t that we
shall denote by E := L}‘TZM(E) € QY (M, W). We define a Lorentz metric gas on M by setting
gae 1 T°(TM) x T°(TM) — C*(M) , (X,Y)— g((X, E), (Y, E)) , (3.14)

where g : W ® W — R is the Lorentz metric on W and (-, -) is the duality pairing between
vector fields and one-forms on M. The orientation ow of W induces an orientation ops of M

which we may represent by the volume form vol(E) := ¢® A ... A gdim(V)-1

, where we have
expanded E = Zdlm(w g Pq in terms of any orthonormal time-oriented and oriented baisis
{pa} for W. The positive cone C' C W of timelike vectors in W induces a time-orientation tps
on the reduced oriented Lorentz manifold (ZTJ ,gM 00 ), which we may represent by the vector

field X, on M that is defined via the duality relations (X, &%) = 85.

We shall now show that the assignment of the reduced oriented and time-oriented Lorentz
manifolds M := (M gM > OM,t M) to super-Cartan supermanifolds M is functorial. We define
the category of oriented and time-oriented Lorentz manifolds otLor as follows: The objects
are all oriented and time-oriented Lorentz manifolds and the morphisms are all open isometric
embeddings that preserve the orientations and time-orientations.
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Proposition 3.8. The following assignment defines a functor - : SCart — otlLor: To any object
M in SCart we assign the oriented and time-oriented Lorentz manifold M := (M, gnr, on, tar)
that has been constructed above. To any morphism x : M — M’ in SCart we assign the otLor-

morphism X : M — M’ that is defined by the reduced morphism X : M — M.

Proof. We have to prove that the reduced morphism x : M — M’ is isometric and that it
preserves the orientations and time-orientations. All these properties follow from the fact that

X*(E') = E, which is shown by the calculation

VE) =T 0 it () = (g0 0 07 () = (x 0 157,)" ()

= L}k'\;[/’M ox*(E) = LtJ\/Y,M(E) =F, (3.15)
where in the third equality we have used the commutative diagram (ZI3)). O

Due to this proposition we can define the chronological and causal future/past of a subset
AC M in a super-Cartan supermanifold M in terms of the corresponding reduced oriented
and time-oriented Lorentz manifold M. (See e.g. [BGPO7| for a definition of the chronological
and causal future/past of a subset of a time-oriented Lorentz manifold.)

Definition 3.9. Let M be a super-Cartan supermanifold and A C M a subset of its reduced
manifold. The chronological future/past of A in M is defined by

Iy (A) == TE(A) € M (3.16a)

and the causal future/past by

Jar(A) == J=(A) C M . (3.16b)

N

We further define Ipg(A) := I3{;(A) U, (A) and Jar(A) = Ji,(A) Uy (A).

3.4 The category of globally hyperbolic super-Cartan supermanifolds

For our studies on super-field theories the category of globally hyperbolic super-Cartan super-
manifolds will play a major role. It can be defined as a certain subcategory of SCart.

Definition 3.10. The category ghSCart consists of the following objects and morphisms:

e The objects in ghSCart are all objects M in SCart such that the reduced oriented and
time-oriented Lorentz manifold M is globally hyperbolic.

e The morphisms x : M — M’ between two objects M and M’ in ghSCart are all SCart-
morphisms such that the image of the reduced morphism x : M — M "is a causally
compatible subset of M '

4 Axiomatic definition of super-field theories

Motivated by the examples we will discuss in Section [, we shall give an axiomatic characteriza-
tion of super-field theories by representation theoretic and geometric data. This is a reasonable
and useful approach since all of our statements concerning the construction of super-QFTs in
Section [B] can be made at this abstract level, so there is no need to focus on explicit models
at this point. Moreover, the problem of constructing models of super-QFT's is thereby reduced
to finding explicit realizations of the assumed representation theoretic and geometric data. It
will be instructive to first provide some motivations explaining our choice of data.

! Recall that a subset A C N of a time-oriented Lorentz manifold N is called causally compatible provided
that JT(z) = JE(z) N A, for all z € A.
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Representation theoretic data: Motivated by Section[3] our first choice of data is given by
an eight-tuple (W, g, S, T, C, €, oy, 0g) consisting of a finite-dimensional real vector space W, a
Lorentz metric g : W ® W — R, a real spin representation S of Spin(W, g), a symmetric and
Spin(W, g)-equivariant pairing I' : S® S — W which is positive with respect a choice of positive
cone C' C W of timelike vectors, a Spin(W, g)-invariant linear map € : S®S — R which is either
a metric (of positive signature) or a symplectic structure, and orientations oy on W and og
on S. It becomes evident from Section [ that this data is required, on the one hand, to specify
a super-Poincaré and supertranslation super-Lie algebra and, on the other hand, to describe
super-Cartan structures on supermanifolds together with time-orientation and integration. In
other words, the representation theoretic data fixes the local model space of the super-Cartan
supermanifold and in particular its dimension to dim(W)|dim(S). Physically speaking, this
means that the representation theoretic data fixes the dimension of the reduced spacetime and
the amount of supersymmetry.

Admissible super-Cartan supermanifolds: As we will show in Section [§] by studying
explicit examples, one should not expect that the super-field theory will be defined on the
whole category ghSCart of globally hyperbolic super-Cartan supermanifolds, see Definition
BI0l A common feature in many super-field theories (especially in supergravity) is that one
has to impose constraints on the superfields in order to arrive at a reasonable theory. Such
constraints may in particular include the supergravity supertorsion constraints [WZ77], which
restrict the class of super-Cartan structures, i.e. the objects in ghSCart. As we would like to
keep our axiomatic setting as flexible as possible, we shall at this point not specify the explicit
form of these constraints but rather include a choice of full subcategory SLoc of ghSCart as
a part of the data. Objects in SLoc will be called admissible super-Cartan supermanifolds
and, at least for the examples studied in Section [§ a reasonable choice of SLoc is given by the
supergravity supertorsion constraints.

Super-differential operators: We shall only consider super-field theories whose configu-
rations on any object M = (M,€, E) in SLoc can be described in terms of the super-vector
space O(M) := O(M) of global sections of the structure sheaf. Notice that & : SLoc®® — SVec
is a functor, namely the global section functor. The dynamics of the super-field theory
will be encoded in terms of super-differential operators Ppy : O(M) — O(M) of Zg-parity
dim(S) mod 2, which are assumed to be natural in the sense that the diagram

oM’y — ., o(M) (4.1)
ﬁ(x"")x*l lf/(x"p)x*
(M) ———— 6(M)

of linear maps commutes, for all SLoc®®-morphisms x°? : M’ — M (i.e. all SLoc-morphisms
X : M — M'). Pp can be regarded as the components of a natural transformation P : & = 0,
provided that we enlarge the morphism sets in SVec by parity reversing linear maps. More
precisely, we shall replace the morphism sets Homsyec(V, V') in SVec by the sets underlying the
internal hom-objects Hom(V, V’). The corresponding category is then denoted by SVec and we
have an obvious functor SVec — SVec. Hence, & : SLoc®® — SVec defines a functor (denoted
by the same symbol) & : SLoc’? — ME We additionally demand that, for any object M

2 Notice that enlarging the category SVec to SVec is required only if dim(S) is odd, which is a peculiarity of the
superparticle discussed in Section[8 In the more common situation where dim(S) is even, all our constructions
can be done within the subcategory SVec of SVec, so there is no need to introduce the category SVec in this
case. We however decided to work with SVec in order to develop a framework that is general enough to include
the superparticle, which is a valuable example that can be analyzed in full detail, cf. Section [Rl
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in SLoc, the super-differential operator Pps is formally super-self adjoint with respect to the
pairing (310)), i.e.
(F1, Par(F)) pp = (=D)L (Prr(F), o)y (4.2)

for all homogeneous Fy, F» € 0(M) with compactly overlapping support. For many of our
constructions we also have to assign retarded/advanced super-Green’s operators to the super-
differential operators Ppy, for all objects M in SLoc. We therefore demand that, for any object
M in Sloc, the super-differential operator Pps is super-Green’s hyperbolic in the following
sense:

Definition 4.1. Let M be any object in SLoc. A homogeneous super-differential operator
Pnrr: O(M) — O(M) is called super-Green’s hyperbolic if there exists a retarded and advanced
super-Green’s operator, i.e. linear maps G3; @ Oc(M) — O(M) of Ze-parity |G| = | P
that satisfy

(i) Paro Gy =idg (),
(i) Gar o Pumly g = idouian),
(iii) Supp(G}/I(F)) C Ji,(supp(F)), for all F € 0.(M).

Motivated by the discussion above, we can now define abstractly a notion of super-field
theories. Our present axiomatic framework is supposed to cover all super-field theories which
in the physics literature would be called ‘real superfields’. The typical examples in 1|1 and
3|2-dimensions are discussed in Section [§ where it is shown that they comply with our axioms.
In contrast, ‘super-gauge theories’ and ‘chiral superfields’ will require a more sophisticated set
of axioms, which should include aspects of gauge invariance and the chirality constraints (see
[HS13] for an axiomatic approach to ordinary gauge theories). We shall leave these problems
for future work and consider in the present work the case of (real) super-field theories which
we characterize by the following axioms:

Definition 4.2. A super-field theory is specified by the following data:
1. A choice of the representation theoretic data (W, g,S,T',C, €, ow,03).

2. A full subcategory SLoc of ghSCart.

3. A natural transformation P : & = € of functors from SLoc®? to SVec, such that Pys is
a formally super-self adjoint and super-Green’s hyperbolic super-differential operator of
Zo-parity dim(S) mod 2, for any object M in SLoc.

5 Construction of super-quantum field theories

We show that given any super-field theory according to Definition 2] one can construct a
functor 2 : SLoc — S*Alg which satisfies a supergeometric modification of the axioms of locally
covariant quantum field theory [BEVO03]. In other words, any super-field theory gives rise
to a super-QFT. We establish a connection between the super-field theory and its associated
super-QFT by showing that the latter has a locally covariant quantum field which satisfies (in
a weak sense) the equations of motion given by the super-differential operators P. As usual
our construction will be done in two steps. First, we assign to a super-field theory a functor
£ :SLoc — X, where X is the category of super-symplectic spaces in the case of dim(.S) even and
the category of super-inner product spaces in the case of dim(S) odd. In the spirit of [BEV03]
this functor should be interpreted as a locally covariant classical field theory. The locally
covariant classical field theory is then quantized by a quantization functor  : X — S*Alg,
which implements super-canonical commutation relations (SCCR) in the case of dim(S) even
and super-canonical anticommutation relations (SCAR) in the case of dim(S) odd.
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5.1 The functor O, : SLoc — SVec

As a preparatory step, we shall show that assigning to objects M in SLoc the super-vector
spaces O.(M) := O.(M) of compactly supported global sections of the structure sheaf can
be described by a functor 0. : SLoc — SVec. Given any SLoc-morphism y : M — M/’,
we can define a SVec-morphism . := O.(x) : O.(M) — O.(M’), called the push-forward of
compactly supported sections, by the following construction: Recall that for any SLoc-morphism
X : M — M’ the corresponding SMan-morphism y : M — M/‘Q(Z\A/f) is by assumption a SMan-
isomorphism. In particular, we have a SVec-isomorphism

Xy Oar (R(M)) — O (M) . (5.1)

which induces a SVec-isomorphism on compactly supported sections

* -1 . ar ~
Making use of the sheaf properties of €y, we can define a SVec-morphism
exte ¢ O (X(M)) — Onpr (M) (5.3)

which extends compactly supported sections by zero. This SVec-morphism is a monomorphism
since

oS (i) © X, i = Yo, ) - (5-4)
We define the push-forward of compactly supported sections by the composition
O(X) := Xxs = eXt)?(M)JW’ o (X;(M))_l O (M) — O. (M) (5.5)

and notice that it is a SVec-monomorphism. The following lemma collects important properties
of the push-forward of compactly supported sections, which shall be frequently used in our work.

Lemma 5.1. Let x : M — M’ be any SLoc-morphism. Then the following properties hold
true:

(i) X* o x« = idg,p) and xs o x*(F) = F, for all F € O.(M') such that supp(F) € X(M).

(ii) (F1,x«(F2)) ppr = (X (F1), F2) 5y, for all Fy € O(M') and Fy € O.(M), where the pairing
is defined in (3Z11)).

(i1i) idpr. = idg,(ary and (X' © X)« = X4 © X, for all SLoc-morphisms x' M' — M".

Proof. Ttem (i) is shown by two simple calculations. The first part follows from
X 0o Xs =X~ ores—, -~ oext_ ~— — o (x5 ~ )7 =idy (5.6)
X(M) M X(M) X(M),M’ (M) dee(n) >

where in the first equality we have used the diagram (2.I2]) characterizing sheaf morphisms
(applied to U = M’ and V = )Z(M )) and in the second equality we have used (5.4). To show
the second part, notice that if F € &,(M’) is such that supp(F) C X(M), then y*(F) € Oc(M),
so the composition y. o x*(F') is well-defined. By using the same argument as above we find
that

* * -1 *
Xe 0 X (F) = extaip i © OGan) ™ © Xan © oSz (F)

- ext%(M),M/ o resﬁ,&(ﬂ)(F) =I, (5.7)
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where the last equality holds true by direct inspection.

Item (ii) holds true as a consequence of the transformation formula for the Berezin integral
[2238]) and the property [B.I3); explicitly, we have

(1 X (F2)) ppr = / Ber(E') i . (F)

/

- /Mq ves n (Ber(E") vesip san (1) xesgp g (e (F2))

X(M)
= /M Ber(E) X;(M) (resM,&(M)(Fﬂ) X;(M) (TQSM&(M)(X*(FE)))
= [ Ber(E) X () X" (F2) = (0 (), P 5

for all Fy € O(M') and Fy € O.(M). In the second equality we have used that the support of
X«(F2) is contained in (M) and in the last equality item (i) of the present lemma.

The first part of item (iii) follows immediately from the definition (5.5]) and the second part
from the following calculation

* —1
O 0 ) = extas iy 377 © (O © X5 eam)

(
-1
sy © (Xan © Xwany)

= ext~, ~
x'(

o _ I I 1 *  \—1

= xtogan . © Gogan) ° Kgan)

o _ o 1% . -1 N N o LI -1

= Xto i © Woan)) ° i i © San.ar © Oqan)

o . o . I \—1 o * )1

eXtX’()N((M)) M o resx’(M’),X'()N((M)) o (XX/(M/)) o eXti(M%M/ o (X%(M))

_ 1% —1 o * -1

= ext (M), M" (X;/(]\'Z/)) © eXt)Z(M),M’ © (X)?(M))

= X5 0 Xx (5.9)
where we have made frequent use of standard properties of sheaf morphisms. O

Corollary 5.2. The following assignment is a functor O, : SLoc — SVec: To any object
M in SLoc we assign the super-vector space O.(M) := O.(M) and to any SLoc-morphism
X : M — M’ we assign the push-forward O.(x) := X : Oc(M) — O.(M') defined in [5.3).

Proof. This is a direct consequence of Lemma [5.1] (iii). O

5.2 Properties of the super-Green’s operators

Let us fix any super-field theory according to Definition By assumption, there exists a
retarded and advanced super-Green’s operator G3, : O.(M) — &(M) for the super-differential
operator Pyy : O(M) — O(M), for all objects M in SLoc. We shall now derive important
properties of the super-Green’s operators.

Lemma 5.3. Let M be any object in SLoc. Then
(F1. G () g = (<) FHPD ] (G (7). o), (5.10)

for all homogeneous Fy, Fy € O.(M).
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Proof. The proof follows from a short calculation

<F1, GiM(F2)>M = <PM (¢] G:FM(Fl), GE(F2)>M
= (—1)(F1HGED [Pl (Gh(FL), Par o Gag(Fo))
= (—1)FalHPrD) [ Pa] <G}/I(F1)’F2>M ) (5.11)
The first equality holds because of property (i) of Definition [l The integral on the right-hand
side is well-defined because of property (iii) of the same Definition and the fact that the reduced
Lorentz manifold M is by assumption globally hyperbolic. The second equality follows from

formal super-self adjointness of Pps, cf. ([@2). The last equality is a consequence of property
(i) of Definition Il and |G| = |Pn]- O

We define the retarded-minus-advanced super-Green’s operator
Gyv =Gl — Grp: Oc(M) — O (M) C O(M) , (5.12)

whose image lies in the super-vector space Os.(M ) of spacelike compact sections (see [BGPOT,
Notation 3.4.5]) of the structure sheaf because of Definition 1] (iii). This operator has the
following properties.

Theorem 5.4. Let M be any object in SLoc. Then the sequence of linear maps

Pyr

0—— O.(M) 24, Paa

O(M) —= Oy(M) —— Os.(M) (5.13)

1s a complex which is exact everywhere.

Proof. The proof follows easily by adapting the steps in the proofs of [BGI1Il Theorem 3.5] or
[BGPOT, Theorem 3.4.7] to our supergeometric setting. We therefore can omit the details. O

Corollary 5.5. Let M be any object in SLoc. Then the retarded and advanced super-Green’s
operators Gf/l for Par are unique.

Proof. Let us assume that there are two retarded/advanced super-Green’s operators Gliw and
@L for Pps. Then, for any F' € 0.(M), we have that ® := G5, (F) — @E(F) has supp(®) C
J3;(K), for some compact K C M, and satisfies Parr(®) = 0. We now show that & = 0 and
hence that Gi] = @i/l as F' € O.(M) was arbitrary. Indeed, we have that

(F',®), = (ProGR(F'), @), = (~1)IFHEDIPMl (GT (F'), Prg(®)),, =0, (5.14)
for all F' € 0.(M), which implies that ® = 0. O

We shall now show that the retarded/advanced super-Green’s operators are natural in the
following sense.

Lemma 5.6. Let x : M — M’ be any morphism in SLoc. Then
Gf/I =x"o GL, O Xx (5.15)
as linear maps from O.(M) to O(M).

Proof. Let us define 6@ = x"o GL, o Xx. We will show that 6@ is a retarded/advanced
super—Gireen’s operator for Py, which due to the uniqueness result in Corollary implies
that Gy = G-
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We have to show that @f/l satisfies the three conditions of Definition Bl Item (i) is satisfied
because of
Py oéﬂ =Ppox*o G*/I’ ox«=X"0Pyo0 Gji\/l’ oXx = X" o X« = idg, (M) 5 (5.16)

where in the second equality we have used ([AJ]) and in the last equality Lemma [BE.1] (i). Item
(ii) is satisfied because of

~+ * * * *
GMOPM‘@(M) =¥ OGE/OX*OPMOX oOXx =X oGJj\:/I,oX*oX o Pygro xx
=x"o G*/I’ oPppoxs=X"0oxs = idﬁc(M) . (5.17)
In the second equality we have used (4.1]) and in the first, third and last equality Lemma [5.1]

(i). To show that item (iii) is satisfied we use the same argument as in [BG11l, Lemma 3.2],

which is based on the causal compatibility of the image of the reduced morphism Y : M — M.
Indeed,

supp (Gaz(F)) = supp(x* 0 G2, 0 xu(F)) € X' (supp (G 0 xu(F)))
C X (ap (X(supp(F)))) = Tz (supp(F)) (5.18)
for all F' € O.(M). O

5.3 The functor £ :SlLoc — X

Let us fix any super-field theory according to Definition For any object M in SLoc we can
define a linear map

™ ﬁC(M) ® ﬁC(M) — R, IN®F— TM(Fl,FQ) = <GM(F1),F2>M R (519)
where Gpr := G+M — G is the retarded-minus-advanced super-Green’s operator and (-, - ),
is the pairing (B.I1]). Since, by definition, the Zo-parity of G agrees with that of the pairing,

the linear map 7py is even and hence a SVec-morphism. As a consequence of (8:12]) and Lemma
we find that

v (Fy, Fy) = (—1)/PM i (—p)IBdiRl oy 7y, )

B {_ (=)l (Fy, F) , for dim(S) even ,

5.20
(_1)‘F1‘ | F2| TM(F27F1) s for dlm(S) odd , ( )

for all homogeneous Fy, Fy € O.(M). Hence, Tps is super-skew symmetric if dim(.S) is even
and super-symmetric if dim(S) is odd.

Let us recall that by Theorem [B.4] the kernel of the linear map Gar : O.(M) — Oy(M)
coincides with the image of Pps : O.(M) — O.(M). As a consequence, the SVec-morphism
Tar defined in (B19]) descends to the SVec-morphism (denoted with a slight abuse of notation
by the same symbol)

Oc(M) Oc(M)

which is weakly non-degenerate, i.e. Tar([F1],[F2]) = 0 for all [Fy] € O.(M)/Pp(O.(M))
implies that [F5] = 0. The pair

™ — R R [Fl] (024 [FQ] — <GM(F1),F2>M s (521)

L(M) = <%,TM> (5.22)

is therefore a super-symplectic space if dim(S) is even and a super-inner product space if dim(.5)
is odd.

We shall now show that the assignment (5.22) is functorial. For this we introduce the
following category which depends on the choice of super-field theory via dim(S) mod 2.
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Definition 5.7. The category X consists of the following objects and morphisms:

e The objects are all pairs V' := (V,7) consisting of a real super-vector space V and a
weakly non-degenerate SVec-morphism 7 : V ® V' — R, which is super-skew symmetric if
dim(S) is even and super-symmetric if dim(5) is odd, i.e.

T(v1,v9) = (—=1)3mEFL (_pylolleal 7y 0) | (5.23)
for all homogeneous vy, vy € V.

e The morphisms L : V — V' are all SVec-morphisms (denoted by the same symbol)
L:V — V' satisfying 7o (L® L) = 7.

Proposition 5.8. The following assignment is a functor £ : SLoc — X: To any object M in
SLoc we assign the object £(M) in X given by [522) and to any SLoc-morphism x : M — M’
we assign the X-morphism

L(x) : &(M) — &(M) , [F]— [x=(F)] - (5.24)

Proof. We have already seen above that £(M) is an object in X. It remains to show that (5.24])
is well-defined and an X-morphism. It is well-defined since

X+ © Pp(F) = xs 0 Pag o X" o X4 (F) = xs 0 X" 0 Ppyr 0 x(F)
= Pyp o x+(F) € Ppp(0.(M)) (5.25)

for all F' € O0.(M). Moreover it is an X-morphism since
Taa (D (FD)], D (F2)]) = (G © X (F1), X (F2)) gy = (X7 © G 0 X (F1), ) g
= (Gm(F). Fo) pp = ma ([, [F2]) (5.26)

for all [F1],[F2] € Oc(M)/Ppn(Oc(M)). In the second equality we have used Lemma [5.1] (ii)
and in the third equality we have used Lemma The functoriality of £ is induced by the
functoriality of &, : SLoc — SVec which has been established in Corollary O

We finish this subsection by proving some properties of the functor £ : SLoc — X, which
are the axioms of locally covariant quantum field theory [BEV03] applied to classical theories.

Theorem 5.9. For any super-field theory according to Definition the associated functor
£ :SLoc — X satisfies the following properties:

e Locality: For any SLoc-morphism x : M — M, the X-morphism £(x) : £(M) — £(M’)

18 Monic.

o Super-causality: Given two SLoc-morphisms M X M &2 My such that the mages
of the reduced otLor-morphisms ]\Z XM & ]\AIE are causally disjoint, then

M (£00)(E(M1)), £(x2) (L(M2))) = {0} . (5.27)

o Time-slice axiom: Given any Cauchy SLoc—morphisnﬁ X : M — M, then £(x) :
(M) — £(M') is an isomorphism.

3 A Cauchy SLoc-morphism is a SLoc-morphism x : M — M’ such that its reduced otLor-morphism ¥ :
M — M’ is Cauchy, i.e. the image of X contains a Cauchy surface in M.
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Proof. The locality property is as usual a consequence of 735 being weakly non-degenerate;
indeed, assuming that £(x)([F]) = 0, for some [F] € £(M), we find that

T (SOO(H]), £00([F)) = mm ([H], [F]) =0, (5.28)

for all [H] € £(M), and hence [F] = 0. The super-causality property is a consequence of the
support properties of the super-Green’s operators, cf. Definition ET] (iii).

To show the time-slice axiom, it remains to prove that £(x) is surjective for any Cauchy
SLoc-morphism, which is equivalent to proving that any class [F] € £(M’) has a represen-
tative F/ € 0.(M’) with support contained in Y(M) C M’. This follows from a standard
argument which we shall now generalize to the case of supermanifolds. Let us take any two

non-intersecting Cauchy surfaces % C x(M) C M’ of M ', such that X7 lies in the chrono-

logical future of ¥~. Take the open cover UT := I]j\E/I,(EjF) of M’ and choose some partition
of unity p* € ¢(M') subordinated to this cover (see [CCF1I], Proposition 4.2.7] for a proof of
existence of partitions of unity on supermanifolds). We choose any representative F' € 0.(M’)
of the class [F] € £(M’) and define

H:=p Gy (F)+pt Gy (F) € O,(M') . (5.29)

Then F' := F — Pyy/(H) € O.(M’) is a representative of the class [F] with support contained
in Y(M) C M. O

5.4 The quantization functor Q : X — S*Alg

The quantization is performed by assigning to objects V' in X SCCR superalgebras in the case
of dim(S) even and SCAR superalgebras in the case of dim(S) odd. This reflects the fact that
the objects in X are super-symplectic spaces if dim(S) is even and super-inner product spaces
if dim(S) is odd. We can perform this construction in one step by using suitable sign and
imaginary unit i € C factors (depending on dim(S)mod 2) in the definitions below.

Let V = (V,7) be any object in X. We consider the complexified tensor superalgebra
Te(V) =P 78(V):=Pveec (5.30)
n>0 n>0

and denote its product simply by juxtaposition. Notice that 7¢(V') is generated (over C) by
the unit 1 := 1 € 79(V) ~ C and the elements v X v ® 1 € T2(V) =V @C, for all v € V.
We equip Tc(V') with the superinvolution which is defined on the generators by 1* = 1 and
v* =, for all v € V, and extended to all of Tc(V') by C-antilinearity and

(a1 ag)* = (=1)lallezl g% g% (5.31)

for all Zo-parity homogeneous ay,as € Tc(V'). Using the SVec-morphism 7 : V@ V — R, we
define Z(V') to be the two-sided super-s-ideal in 7¢(V') that is generated by the elements

U1 Vg + (_1)dim(S)+1 (_1)|v1| |02 Vo V1 — ,87'(1)1, 1)2) 1, (5.32)

for all homogeneous generators vi,vs € V', where we have used
e i, for d%m(S) even , (5.33)

1, for dim(S) odd .

Notice that (532]) describes SCCR if dim(S) is even and SCAR if dim(S) is odd. We define
the object Q(V') in S*Alg by the quotient

Q(V) = . (5.34)



Proposition 5.10. The following assignment is a functor Q : X — S*Alg: To any object V
in X we assign the object Q(V') in S*Alg given by (5.34) and to any X-morphism L:V — V'
we assign the S*Alg-morphism Q(L) : Q(V) — Q(V') that is specified by defining on the
generators Q(L)(v) := L(v), for allv e V.

Proof. By our constructions above, we already know that Q(V') is an object in S*Alg, for all
objects V in X. It remains to show that Q(L) : Q(V) — Q(V’) specified above is well-defined,
i.e. that it preserves the two-sided super-*-ideals. This is a consequence of the explicit form of
the generators of these ideals (£.32)) and the fact that L : V' — V' satisfies 7o (L@ L) = 7. O

5.5 The locally covariant quantum field theory 2l : SLoc — S*Alg
We compose the functors £ : SLoc — X and £ : X — S*Alg in order to define the functor
A:=No0L:SLoc — S*Alg . (5.35)

This functor satisfies a supergeometric modification of the axioms of locally covariant quantum
field theory [BEV03].

Theorem 5.11. For any super-field theory according to Definition [{.9 the associated functor
2l : SLoc — S*Alg satisfies the following properties:

e Locality: For any SLoc-morphism x : M — M', the S*Alg-morphism A(x) : A(M) —
A(M') is monic.

o Super-causality: Given two SLoc-morphisms M Xy M &2 M, such that the mages
of the reduced otlLor-morphisms ]\Z XL M &2 m are causally disjoint, then

a1 ag 4 (=13 (pylallezl g 4 =0 (5.36)
for all homogeneous a1 € A(x1)(A(M 1)) and az € A(x2)(A(M2)).

o Time-slice axiom: Given any Cauchy SLoc-morphism x : M — M’, then A(x) :
A(M) — A(M') is a S*Alg-isomorphism.

Proof. All properties listed above follow by standard arguments from the corresponding prop-
erties of the classical theory given in Theorem (.9 Let us briefly give a sketch or reference:
The locality property follows by using the techniques summarized in Appendix A]. The
super-causality property for a; and as being two generators follows explicitly from the form
of the two-sided super-*-ideal (0.32)) and for generic a; and ag by expressing these elements in
terms of generators and using iteratively the super-causality property for the generators. The
time-slice axiom for 2 = Q o £ follows since functors (here Q) preserve isomorphisms. U

Remark 5.12. Notice that the super-causality property (5.36]) is similar to the graded-causality
property encountered in fermionic quantum field theories, see e.g. [BG11]. In particular, if
dim(S) is even then (5306 implies that two even elements commute and two odd elements
anti-commute whenever they are spacelike separated. In an ordinary (i.e. non-supergeometric)
quantum field theory one usually postulates that only the even elements of the algebras are
true physical observables, which includes in particular bilinear terms in fermionic quantum
fields such as the stress-energy tensor. A similar construction is also possible in our present
description of super-QFTs: We may define a new functor 2y : SLoc — *Alg (the even part
of the super-QFT 2 : SLoc — S*Alg) to the category of ordinary *-algebras by assigning to
any object M in SLoc the even sub-x-algebra 2o(M) of A(M) and to any SLoc-morphism
X : M — M’ the restriction of 2A(x) : A(M) — A(M') to Ay(M). (Because 2(x) preserves
Zy-parity we have that o(x) = A(X)|agnr) * Ao(M) — Ao(M') maps to Ag(M').) The
functor Ay : SLoc — *Alg then satisfies the ordinary locality, causality and time-slice axiom of

locally covariant quantum field theory [BEV03].
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We conclude this section by constructing a locally covariant quantum field for the functor
2l : SLoc — S*Alg, which establishes a connection to the data specifying a super-field theory
in Definition Let us consider the functor &, : SLoc — SVec and regard 2 also as a functor
to SVec (denoted by the same symbol) by composing with the forgetful functor. There is a
natural transformation ® : 0. = 2 of functors from SLoc to SVec with components given by
the SVec-morphisms

Opp: O(M) — AM) , F—s [F] . (5.37)

In analogy to we shall interpret ®pr(F) € A(M), for F € 0.(M), as a smeared linear
hermitian superfield operator on M. The connection to the data in Definition [£.2is established
by noticing that the superfield operators satisfy the equations of motion (in weak form)

Brs(Par(F)) =0, (5.38)

for all FF € 0.(M) and all objects M in SLoc. Moreover, they satisfy the super-canonical
(anti)commutation relations

Opr(F1) Bpg(Fy) + (—1) 3O+ )RR Gy () @ (F1) = Brag(FLL Fy) , (5.39)

for all homogeneous Fi, Fy € O.(M) and all objects M in SLoc. We recall that g = i if
dim(S) is even and § =1 if dim(S) is odd.

Remark 5.13. For any object M in SlLoc we have a decomposition O.(M) = O.(M)y ®
O.(M); into the even and odd part. We can define new super-vector spaces 05" (M) :=
O.(M)y @ 0 and 0°%(M) := 0 ® O.(M); and notice that ¢¢** : SLoc — SVec and ¢944 :
SLoc — SVec are subfunctors of &, : SLoc — SVec. (The latter statement is due to the fact
that the push-forwards 0 (x) = x. preserve the Zg-parity.) Consequently, our locally covariant
quantum field ® : &, = A decomposes into two natural transformation ®°Ve" : V" = A
and ®°4 . ¢9dd — 9 which describe within our physical interpretation the even and odd
component quantum fields of the superfield ®. The appearance of the even and odd quantum
fields is an undesirable feature, which indicates that our formulation does not appropriately
capture supersymmetry transformations. In fact, supersymmetry transformations are supposed
to mix the even and odd component fields, hence allowing neither of them to be a natural
transformation, i.e. a locally covariant quantum field. It is the goal of the next section to ‘enrich’
(in a mathematically precise way) the categories and functors appearing in our construction in
order to capture also supersymmetry transformations.

6 Axiomatic definition of enriched super-field theories

Motivated by the shortcomings of our present theory, which have been summarized in Remark
(131 we shall now systematically ‘enrich’ all categories, functors and natural transformations
appearing in the Definition of super-field theories. A suitable mathematical framework
is that of enriched category theory, see e.g. [Kel82, [BSO0] and also Appendix [Al for a brief
introduction to the basic concepts. Loosely speaking, in an ordinary category the morphisms
between two objects have to form a set and in an enriched category the morphisms between
two objects are allowed to be an object in another (monoidal) category. Enriched functors
and natural transformations are then defined by a suitable generalization of the standard
concepts of functors and natural transformations in ordinary category theory. In our definition
of enriched super-field theories, as well as in the construction of the corresponding enriched
super-QFTs in Section [, we shall consider enriched categories over the monoidal category SSet
of supersets, which we also call SSet-categories. Again loosely speaking, while an ordinary set
is determined by its points, a superset is determined by its superpoints. To make precise the
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notion of supersets, we shall use the category theoretical approach to supergeometry proposed

by Schwarz [Shv84] and Molotkov [Mol84], and developed in detail by Sachse [Sac08], see also

6.1 The monoidal category SSet of supersets

For better understanding the concept of supersets, it will be helpful to view ordinary sets from
a categorical perspective. Let A be any set. Then A is determined by its points, which can be
described by maps z : pt — A from a (once and for all fixed) singleton set pt := {*} to the set
A. In other words, the points of A are described by the morphism set Homge (pt, A). Using
the usual composition of maps, any map between two sets f : A — B induces a map between
the morphism sets

Homset(pt, A) — Homse(pt, B) , z+—— fox . (6.1)

Let Pt be the category consisting of the single object pt and the single morphism id,¢. Then the
morphism set above can be regarded as a functor Homge (-, A) : Pt°? — Set (in foresight we use
here the opposite category Pt°?) and the map (6.I]) as a natural transformation Homge (-, A) =
Homget( -, B) between functors from Pt°P to Set. What this means is that we have constructed
a functor

Set — Fun(Pt°P, Set) (6.2)

from the category of sets to the category of functors from Pt°? to Set. Notice that the functor
(62) is an equivalence between the categories Set and Fun(Pt°P, Set). In other words, we can

choose freely if we want to work with the usual category Set of sets or with the functor category
Fun(Pt°P, Set).

Motivated by this functorial point of view, we shall define the category of supersets as the
functor category Fun(SPt°P, Set), where SPt is the following category of superpoints:

Definition 6.1. The category SPt consists of the following objects and morphisms:

e The objects are given by the supermanifolds pt,, := (pt, A,), where A, := A*R" is the
real Grassmann algebra over R” and n € N°.

e The morphisms A : pt,, — pt,,, are all supermanifold morphisms.

The category SSet of supersets is defined as the functor category
SSet := Fun(SPt°?, Set) . (6.3)

Remark 6.2. In [Sac08], the category of superpoints is defined as the full subcategory of SMan
with objects given by all supermanifolds whose underlying topological space is a singleton. This
category is equivalent to our category SPt and moreover we have that SPt°® is equivalent to the
category of finite-dimensional real Grassmann algebras Gr. Hence, our category of supersets
([63) is equivalent to the functor category Fun(Gr, Set), which is used for example in [Sac08].

Recall that the category Set of ordinary sets is a monoidal category with bifunctor x :
Set x Set — Set given by the Cartesian product and unit object given by the singleton set pt.
By a general construction, the monoidal structure on Set induces a monoidal structure on the
functor category Fun(SPt°P, Set) and hence on the category SSet of supersets. Let us briefly
recall this construction and give explicit formulas. We define a bifunctor (denoted with a slight
abuse of notation also by x)

x : SSet x SSet — SSet (6.4)
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by assigning to any object (F : SPt® — Set,§ : SPt°® — Set) in SSet x SSet the object
§ x § : SPt° — Set in SSet, which is the functor specified on objects pt,, in SPt°? by

(& x §)(pt,,) := F(pt,) x F(pt,,) (6.5a)

and on SPt°P’-morphisms A°P : pt,, — pt,, by
(F x F)AP) = FAP) x F'(AP) : (F x F)(pt,) — (F x §)(Pty) - (6.5b)

To any morphism (n : § = &, : §F = &') in SSet x SSet we assign the morphism 1 x 7 :
§ x § = 6 x & in SSet which is given by the natural transformation with components

(%0 )pt,, 7= Npt,, X e, = (F % F)(pty,) — (& x &) (pt,,) , (6.5¢)

for all objects pt,, in SPt°?. The unit object in SSet is the functor J : SPt°® — Set specified on
objects pt,, and morphisms A\°P : pt,, — pt,,, in SPt°? by

J(pt,) =pt , T(AP) :=idp . (6.6)
In summary, we have

Proposition 6.3. The category SSet of supersets is a monoidal category with bifunctor x :
SSet x SSet — SSet defined by (G3) and unit object I defined by (G.0).

6.2 The SSet-category eSloc

Let us choose as in Definition any full subcategory SLoc of ghSCart. The goal of this
subsection is to define a SSet-category eSLoc, such that the objects in eSLoc coincide with
those in SLoc and that the morphism supersets in eSLoc enrich (in a suitable way) the ordinary
morphism sets in SLoc. The main feature of this enrichment will be that supersymmetry
transformations appear as superpoints of the morphism supersets, see Section [ for explicit
examples.

Before we can define the SSet-category eSLoc we need some preparations. A supermanifold
M can be described in the framework of supersets (G3]) by the functor Homgman(-, M) :
SPt°? — Set. We will not describe the details of this approach (see [Shv84l [Mol84] [Sac08|
[Sac09]), but we make use of an equivalent picture: Homgpman(pt,,, M) clearly coincides with
the set sections of the trivial super-fibre bundle pt,, x M — pt,, and natural transformations
Homgman (-, M) — Homgman( -, M’) correspond to super-fibre bundle morphisms. We will
discuss the basic properties of this “family point of view” and refer to the literature [Sac(9,
Chapter 3.3] and [Del99] §2.8 and §2.9] for more details.

Given any object M in SMan and any object pt, in SPt°?, we can consider the prod-
uct supermanifold pt, x M = (M, A, ® Oy) together with the projection SMan-morphism
PIpe xMpt, : Ptn X M — pt,, onto the first factor. The pair (pt,, X M, Pt x M,ptn) is typically
called a pt,,-relative supermanifold and denoted by the compact notation M/pt,. A a pt,,-
relative SMan-morphism (in short: SMan/pt,,-morphism) x : M/pt, — M’/pt, between two
pt,,-relative supermanifolds is a SMan-morphism Y : pt,, x M — pt,, x M’ between the product
supermanifolds which preserves the projections, i.e. the diagram

pt, x M ——> 5 pt, x M’ (6.7)

PtnXMN Aan’ Pty
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in SMan commutes. Explicitly, a SMan-morphism x : pt, x M — pt,, x M’ is a SMan/pt, -
morphism if and only if x*((® 1) = (® 1, for all ( € A,,. Notice that the identity idp¢ xar :
M /pt,, — M /pt,, is a SMan/pt,,-morphism and that two SMan/pt,,-morphisms x : M/pt,, —
M’ /pt, and X' : M'/pt, — M"/pt, can be composed, i.e. X' o x : M/pt, — M"/pt, is a
SMan/pt,,-morphism. Using the defining property (6.7]), the set of all SMan/pt,-morphisms
X : M/pt,, — M'/pt,, can be easily characterized.

Lemma 6.4. Let M and M’ be any two objects in SMan and pt,, any object in SPt°®. Then
the map
Qpt,, - HomSMan/ptn (M/ptna Ml/ptn) - HomSMan(ptn x M, M/) ’
(x : ptp X M — pt, x M') —> (prptan,7M, ox :pt, x M — M), (6.8)
18 a bijection of sets, where DIt M/ M - pt, x M’ — M’ denotes the projection SMan-morphism
on the second factor. In fact, its inverse is given by
a;tln : Homgman (pt,, X M, M') — HomSMan/ptn(M/ptn,M'/ptn) ,
(¢ :pty, x M — M") — ((idpt,,, %) : pt,, x M — pt,, x M) . (6.9)

We next show that the assignment pt,, +— Homgwman/pt, (M/pt,,, M'/pt,,) defines a functor
SPt°? — Set, which is basically the functor used in [Sac09, [Hanl4] to define super-mapping
spaces. Given any two objects M and M’ in SMan and any SPt°®-morphism A\°P : pt, — pt,,
(i.e. a SPt-morphism A : pt,, — pt,,) we can define a map of sets

Homgpman (pt,, x M, M") — Homgpman(pt,, x M, M'") ,
(¢ :pty, x M — M') — (Yo (A xidp) : pty, x M — M') . (6.10)

Using also Lemma we obtain a map of sets

Aip : HOmSMan/ptn (M/pth//ptn) — HomSMan/ptm(M/ptm,M//ptm) ’
X — ag (ape, () 0 (A x idy)) (6.11)

which describes how relative SMan-morphisms behave under the exchange of superpoints. The
following properties can be easily derived from (6.I1]). We therefore can omit the proof.

Lemma 6.5. (i) For any identity SPt°®-morphism A\°P = idp : pt,, — pt,, the map X is
the identity. For any two SPt°®-morphisms \°P : pt, — pt,, and NP : pt,, — pt; we
have that (N°P 0P \°P), = AP 5 \OP,

(ii) AP preserves identities and compositions, i.e.
AP (idpt, xar) = idpt, xnr 5, AP (X 0 x) = AP (X)) 0 AP (X) (6.12)

for all objects M in SMan and all SMan/pt,,-morphisms x : M/pt, — M'/pt, and
X' : M'/pt,, — M" /pt,,.

(iii) NP preserves isomorphisms, i.e. X : M/pt,, — M'/pt,, is a SMan/pt,, -isomorphism if
and only if \¥(x) : M/pt,,, — M'/pt,, is a SMan/pt,,-isomorphism.

We shall also require a relative notion of differential geometry on pt,,-relative supermani-
folds M /pt,,. Let Derpy xas be the superderivation sheaf of the product supermanifold pt,, x M
and U C M be any open subset. A superderivation X € Dery; w7 (U) is called a pt,, -relative
superderivation provided that X (¢ ® 1) = 0, for all { € A,. The pt,-relative superderiva-
tions form a subsheaf Derj/p¢ of left Oy x p-supermodules of Derps «ar, which is isomorphic
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to A,, ® Derys;. The dual Q}w ot = Homﬁptan(DerM/ptn, Opt, x) of the pt,-relative su-
perderivation sheaf Deryy /¢ 1s called the pt,,-relative super-one-form sheaf and it is isomorphic
to A, ® Q}\/[ The pt,,-relative differential dM/ptn : Opt, xM — Q}W/pt is defined as in the non-
relative case and it can be identified with idy, ®d : A, ® Oy — An®Q}M, whered : Oy — Q}M
is the usual differential. Loosely speaking, we obtain the pt, -relative geometric objects on
M /pt,, by A,-superlinear extension of the ones on M. As a consequence, given any object
M = (M,Q, F) in SLoc and any object pt,, in SPt°", we can assign a pt,,-relative supermanifold
M /pt,, together with pt,,-relative super-one-forms 1@ € A, @ Q' (M, spin) ~ Q' (M /pt,,, spin)
and 1® E € A, ® QY(M,t) ~ Q1 (M/pt,,, t).

With these preparations we can now define the SSet-category eSLoc.
Definition 6.6. The SSet-category eSLoc is given by the following data:

e The objects are all objects M = (M,Q, E) in SLoc.

e For any two objects M and M’ in eSlLoc, the object of morphisms from M to M’ is
given by the following functor eSLoc(M, M) : SPt°? — Set: For any object pt,, in SPt°P
we define eSLoc(M, M')(pt,,) to be the set of all SMan/pt,,-morphisms x : M/pt, —
M’ /pt,,, such that

1. x: M — M’ is an open embedding with causally compatible image in the reduced
oriented and time-oriented Lorentz manifold M’,

2. x:M/pt, — M/‘Q(M)/ptn is a SMan/pt,,-isomorphism,
3. the pt,,-relative super-Cartan structures are preserved, i.e. x*(1 ® ) =1 ® Q and
X(I®FE)=1®E.
For any SPt°P- morphism A°P : pt,, — pt,, we define the map of sets
eSLoc(M, M')(A\P) := A\ : eSLoc(M, M')(pt,,) — eSLoc(M, M')(pt,,) , (6.13)
where A{¥ is given in (6.IT)).

e For any three objects M, M’ and M" in eSLoc, we define the composition morphism
o :eSloc(M', M") x eSLoc(M, M') — eSLoc(M, M") to be the natural transformation
with components

oy, = o :eSLoc(M’, M")(pt,) x eSLoc(M, M')(pt, ) —> eSLoc(M, M")(pt,,) ,
where o is the composition of SMan/pt,,-morphisms.

e For any object M in eSLoc, we define the identity on M morphism 1 : 3 — eSLoc(M, M)
to be the natural transformation with components

1, : pt = J(pt,) — eSLoc(M, M)(pt,,) , * —> idp xar (6.14)
where idpe a7 is the identity SMan/pt,,-morphism.

Remark 6.7. Using Lemma one can easily see that eSLoc is a SSet-category according
to Definition [AJ} Lemma (iii) implies that the map of sets eSLoc(M, M')(\°P) is well-
defined, i.e. that it has the claimed codomain, and Lemmal[G.5] (i) implies that eSLoc(M, M’) :
SPt°? — Set is a functor. The composition e and identity 1 are natural transformations because
of Lemmal6.] (ii). Finally, the diagrams in Definition [A.T] commute because of the associativity
and identity property of the composition o of SMan/pt,,-morphisms.
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6.3 The SSet-functor ¢& : eSLoc®® — eSVec

Our next goal is to show that the ordinary global section functor & : SLoc®® — SVec can be
promoted to a SSet-functor ¢& : eSLoc®® — eSVec with values in the SSet-category eSVec of
super-vector spaces. For defining the latter SSet-category we will first discuss how to promote
super-vector spaces to (left) supermodules over Grassmann algebras. This procedure is known
as “extension of ring of scalars” and discussed in detail in [Bou89l Chapter IL.5].

Given any object V' in SVec and any object pt, in SPt°", we can consider the left A,-
supermodule A, ® V. Given any two objects V and V' in SVec, the set of A,,-SMod-morphisms
L:A,®V — A, ®V’' can be easily characterized.

Lemma 6.8. Let V and V' be any two objects in SVec and pt,, any object in SPt°?. Then the
map

5ptn : HomAn—SMod (An X V7 An ® V/) — HomSVec(‘/y An X V,) s
(L:A @V 5 A @V)— (Lo(n,@idy): VRV = A, @V'), (6.15)

is a bijection of sets, where n, : R — A, denotes the unit in A,,.

Proof. The map Sy, is 1nvert1ble by assigning to any SVec-morphism K : V — A, ® V' the
Ay,-SMod-morphism ( ) i Ap®V = A, ® V/ that is specified by S (K)(C®v) =
((®1)K(v), for all ¢ ®v € A, ®V, and R-linear extension. O

Given any two objects V and V' in SVec and any SPt°’-morphism A°P : pt,, — pt,, (i.e. a
SPt-morphism A : pt,,, — pt,,) we can define a map of sets

Homsyec(V, Ap, @ V') — Homgyec(V, A, @ V'), K +— (A ®@idy/) o K . (6.16)
Using also Lemma we obtain a map of sets

)‘ip : HomAn—SMod (An ® Va An ® V,) — HomAm—SMod (Am & Va Am & V,) s
L— Byt (V @idyr) o By, (L)) - (6.17)

The following properties can be easily derived from (6.I7]), see also [Bou89]. We therefore can
omit the proof.

Lemma 6.9. (i) For any identity SPt°®-morphism \°P = idy : pt,, — pt,, the map XJ¥ is
the identity. For any two SPt°°-morphisms \°P : pt, — pt,, and N°P : pt,, — pt; we
have that (NP 0P \°P), = X°P o AP,

(i1) AP preserves identities and compositions, i.e.
AP(idy,ev) = ida,er AP 0L) = XP(L)oAR(L),  (6.15)

for all objects V in SVec and all A,-SMod-morphisms L : A, @ V. — A, @ V' and
L': AV = A, @ V"

(iii) AP preserves isomorphisms, i.e. L : A, @ V. — A, @ V' is a A,,-SMod-isomorphism if
and only if AXSP(L) : Ay @V — Ay @ V' is a Ay, -SMod-isomorphism.

With these preparations we can now define the SSet-category eSVec.
Definition 6.10. The SSet-category eSVec is given by the following data:

e The objects are all objects V in SVec.
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e For any two objects V and V' in eSVec, the object of morphisms from V' to V' is given by
the following functor eSVec(V, V') : SPt°® — Set: For any object pt,, in SPt°® we define
eSVec(V,V’)(pt,,) to be the set of all A,,-SMod-morphisms L : A, ® V — A, ® V'. For
any SPt°P-morphism A°P : pt,, — pt,, we define the map of sets

eSVec(V, V')(XP) := X\ : eSVec(V, V') (pt,,) — eSVec(V, V') (pt,,) » (6.19)
where ¥ is given in (6.17).

e For any three objects V, V/ and V" in eSVec, we define the composition morphism
e : eSVec(V', V") x eSVec(V, V') — eSVec(V, V") to be the natural transformation with
components

oy, =0 :eSVec(V', V")(pt,) x eSVec(V, V') (pt,) — eSVec(V,V")(pt,,) ,
where o is the composition of A,-SMod-morphisms.

e For any object V in eSVec, we define the identity on V' morphism 1 : J — eSVec(V, V)
to be the natural transformation with components

1y, : pt = J(pt,) — eSVec(V,V)(pt,) , » — idp,ev , (6.20)

where idp, gy is the identity A,-SMod-morphism.

Remark 6.11. Let us briefly compare our category eSVec with the functorial formulation
of super(linear) algebra used in [Sac08, Section 3], Section 2] and [Shv&4]. In the
latter approach, one considers module objects in the monoidal category SSet, i.e. functors M :
SPt°? — Set such that all M (pt,,) carry module structures and all M (\°P) : M (pt,,) — M (pt,,)
are homomorphisms of modules. Together with appropriate morphisms in SSet, they form the
category Mod(SSet). It is easy to see [SacO8, Section 3.4] that any object V' in SVec gives rise
to an object V in Mod(SSet) (i.e. a functor) defined by

V(pt,) == (V&Aoo V(A : pt,, — pt,,) = (idy @ A¥)]|o . (6.21)

Moreover, it can be shown [Sac08| Corollary 3.4.2] that the assignment = : SVec — Mod(SSet)
defines a fully faithful functor; its image SVec consists of representable modules. Compar-
ing with Definition B.I0, we see that eSVec and SVec have isomorphic classes of objects
but our enriched category eSVec contains more morphisms. In fact, since = is full, we have
Homgy(V, W) = Homsgyec(V, W) = eSVec(V, W)(pty). Thus, all additional information con-
tained in eSVec(V,W)(pt,,) for n > 0 is not seen in SVec and our definition provides a proper
enrichment of the latter category. It may be possible to give a natural meaning to our enrich-
ment constructions inside the functor categories Mod(SSet) (or SMod(SSet)), but this discussion
is beyond the scope of the present publication.

We now can define a SSet-functor ¢ : eSLoc®® — eSVec as follows: To any object M
in eSLoc®® we assign the object ¢ (M) := (M) in eSVec. To any two objects M and M’
in eSLoc? we assign the SSet-morphism e@py pyr : €SLoc®? (M, M') — eSVec(0(M), O(M'))
given by the natural transformation (of functors from SPt°P to Set) with components

(eOnrar)pt, + (X Pty x M = pt, x M) — (X" : Ay @ O(M) = Ay @ O(M")) . (6.22)
Naturality of these components is easily checked. We obtain

Proposition 6.12. The assignment e€ : eSLoc®® — eSVec given above is a SSet-functor.
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Proof. We have to prove that this assignment is compatible with the composition and identity,
see Definition Let pt,, be any object in SPt°® and M, M’ and M" any three objects in
eSLocP?. We obtain that, for all y € eSLoc®®(M, M')(pt,,) and X' € eSLoc®®(M', M")(pt,,),

1% *

(eOng s, (X ®pt, X) = (€Ong. a1 )pt,, (X0 X') = (x o X')" = X" 0 x
= (eﬁM’,M”)ptn (X/) o (eﬁM,M')ptn (x)
= (eﬁM’,M”)ptn (X/) ®nt,, (eﬁM,M’)ptn () (6.23)

which proves compatibility with the composition. Compatibility with the identity is shown by

(eOna M )pt, (Lpt, (%)) = (eOna aa)pt, (idpe, xar) = (idpe, xar)”

for all objects M in eSLoc®P. O

Remark 6.13. As in the ordinary case, we can enlarge the morphisms in the SSet-category
eSVec by replacing in Definition [6.10] all appearances of the sets Homp,, _smod(An @V, A, @ V') of
Ap-SMod-morphisms by the sets underlying the internal hom-objects Hom, (A, ® V, A, @ V')
in the category A,-SMod, i.e. all right A,-linear maps L : A, ® V. — A, ® V'. We denote
the resulting SSet-category by eSVec and note that there is an obvious SSet-functor eSVec —
eSVec. Consequently, we can regard the SSet-functor e : eSLoc®® — eSVec also as a SSet-
functor (denoted with a slight abuse of notation by the same symbol) ¢& : eSLoc®® — eSVec.
As explained in Footnote 2] this generalization will be needed in Section [ to describe 1|1-
dimensional examples (i.e. superparticles), which are somewhat peculiar.

6.4 Structure of the SSet-natural transformations ¢0 = ¢

In super-field theories, cf. Definition .2 we have described the dynamics by a suitable natural
transformation P : & = € of functors from SLoc®? to SVec. In the enriched setting, we shall
use suitable SSet-natural transformations P : ¢ = ¢& of SSet-functors from eSLoc®? to eSVec.
Recalling Definition [AZ5] such enriched natural transformations are given by assigning to every
object M in eSLoc®? a SSet-morphism Pps : J — eSVec(0'(M ), 0(M)), such that the diagram
given in this definition commutes. The SSet-morphisms Pps : J — eSVec(0(M), O(M)) are
given by a natural transformations of functors from SPt°? to Set, whose components are maps
of sets that we denote by

(Pnr)pt,, = pt = J(pt,,) — eSVec(0(M), 0(M))(pt,,) ,
* > (Pna)pt,, (%) = Paajpt, - (6.25)
Consequently, any SSet-morphism Pps : 7 — eSVec(O(M ), 0(M)) is specified by a collection

of right A,-linear maps Ppy/pe @ A @ O(M) — Ay, @ O(M), for all objects pt,, in SPt°P, such
that

AP (Praypr,) = Prajpt,, » (6.26)

for all SPt°P-morphisms A°P : pt,, — pt,,. Notice that, for all objects pt,, in SPt, there is the
terminal SPt-morphism A : pt,,, = pt given by A = idy; and the unit \* =7, : R — A, in A,,.
As a consequence, the equation (6.26]) applied to the terminal SPt°’-morphisms A°P : pt —
pt,, implies that any Ppr/,; can be expressed in terms of the single right Ag=R-linear map
Pagjpe : O(M) — O(M) via

Prgjpt,, = 1da,, @ Payjpe : A @ O(M) — Ay @ O(M)
@ F —s (=1)I<H1Pa/pil ¢ ® Prgypi(F) - (6.27)
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The commutative diagram in Definition [A.5] requires that

PM'/ptn ®pt,, (eﬁM,M’)ptn (x) = (eﬁM,M')ptn(X) opt,, PM/ptn ) (6.28)

for all objects M and M’ in eSLocP, all objects pt,, in SPt°P and all y € eSLoc®®(M, M")(pt,,).
Using (6.27)), these conditions are equivalent to the commutative diagrams

id n@Pprr /oe
Ay ® O(M') —— "M A ® G(M) (6.29)
X*l lx*
An® O(M) — 75— Ay @ 0(M)

of right A,-linear maps, for all objects M and M’ in eSLoc®?, all objects pt,, in SPt°® and all
X € eSLoc®®(M’, M)(pt,,). (For later convenience we have exchanged here M and M’.) We
therefore have shown

Proposition 6.14. There is a bijective correspondence between

1. SSet-natural transformations P : e€0 = ¢0 of SSet-functors from eSLoc’® to eSVec,

2. ordinary natural transformations P : 0 = O of functors from SLoc’® to SVec, such that
the diagram

PM//ptn = idAn®PM/

A, ® O(M') A ® O(M') (6.30)
X*l lx*
A, ® 6(M) A, ® 6(M)

Pnrpt,, :=1da, ® Py

of right A, -linear maps commutes, for all objects M and M' in eSLoc®?, all objects pt,,
in SPt°? and all x € eSLoc®?(M’, M )(pt,,).

6.5 The definition

With this preparation we can now give a simple definition of enriched super-field theories. In
particular, using Proposition we can define an enriched super-field theory to be a super-
field theory (cf. Definition [4.2]) together with extra conditions which ensure that the ordinary
natural transformation P : & = € extends to a SSet-natural transformation P : ¢0 = ¢0.

Definition 6.15. An enriched super-field theory is a super-field theory according to Definition
[12] such that the diagram (630) of right A,-linear maps commutes, for all objects M and M’
in eSLocP, all objects pt,, in SPt°® and all x € eSLoc®®(M’, M)(pt,,).

7 Construction of enriched super-quantum field theories

We show that given any enriched super-field theory according to Definition [6.15] one can con-
struct a SSet-functor el : eSLoc — eS*Alg, i.e. an enriched super-QFT. As in Section [ we
decompose our construction into two steps: First, we construct a SSet-functor ¢£ : eSLoc — eX
which describes the enriched classical theory. Second, we construct a SSet-functor e : eX —
eS*Alg describing the enriched quantization. We shall also study properties of the enriched
functors and establish a connection between the enriched super-field theory and the enriched
super-QFT by constructing an enriched locally covariant quantum field. In contrast to ordinary
super-QFTs, our enriched approach captures also supersymmetry transformations. It should
be emphasized that the SSet-categories eSLoc, eX and eS*Alg are defined using Z,-parity pre-
serving morphisms. The appearance of supersymmetry transformations in the enriched setting
is due to the higher superpoints of the morphism supersets in eSLoc, eX and eS*Alg.
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7.1 The SSet-functor ¢?, : eSLoc — eSVec

As a preparatory step we construct a SSet-functor e&, : eSLoc — eSVec that assigns to objects
M in eSLoc the super-vector spaces of compactly supported sections ¢0.(M) := O.(M). We
assign to any two objects M and M’ in eSLoc the SSet-morphism ¢Ocpr - €Sloc(M, M') —
eSVec(O. (M), O.(M'")) given by the natural transformation (of functors from SPt°" to Set)
with components

(¢Oecprna)pt,, (x : Pty X M — pt, X M) — (x4 : Ay @ Oc(M) — A @ O (M), (7.1)

where Y, denotes the push-forward of compactly supported sections of the structure sheaf
Opt, xm (cf. (B.3])), which exists as a consequence of the conditions 1.) and 2.) in Definition (.61
Because of functoriality of the push-forwards, i.e. (idpt, xar)s = ida,ge.(m) and (X © X)« =
X% © X« as in Lemma [5.] (iii), we have shown

Proposition 7.1. The assignment ¢0O,. : eSLoc — eSVec given above is a SSet-functor.
Let M = (M,Q, E) be any object in eSLoc and pt,, any object in SPt°?. Making use of

the pt,,-relative differential geometry on M /pt,,, together with the pt,,-relative supervielbein
1®E € QY(M/pt,,t), we can define a pt,,-relative version of the pairing ([B.11]) by

oD, (An @ O(M)) B, (A0 @ O(M)) — A

H, RN, Hy —> Ber(]l®E) H, Hs , (72)
M/pt,,

where [, Jpt is the pt,,-relative Berezin integral, see e.g. [DM99] §3.10]. Explicitly, the pt,,-
relative pairing reads as

((1® PG @ Fo) gy, = (1) I0HIED BBl pylelifle ¢ / Ber(E) Iy Fy
" M

= (_1)(\Cl\+|42\)|PM\ (_1)|C2| |21 GG (F, Py s (7.3)

for all homogeneous (1, (2 € A, and Fy, F» € O.(M), i.e. it is given by A,-superlinear extension
of the pairing on O.(M). Here, we have moreover used that by assumption |Ber(E)| = |Pps|.
Notice that ([Z2) can be extended to all Hy, Hy € A, ® 0(M) with compactly overlapping
support.

Lemma 7.2. Let M and M’ be any two objects in eSLoc and pt,, any object in SPt°P. Then
for any x € eSLoc(M, M')(pt,,) the following properties hold true:

(i) x*oxs = ida,ge.(m) and x«ox*(H) = H, for all H € Ay ® O(M') such that supp(H) C
X(M).

(1) (Hu, x(H2)) gt jpr, = X (H1), Ha) gy 5 for all Hy € Ap ® O(M'") and Hy € A, @
Oc(M).

Proof. The proof of item (i) is as in Lemma [5.1] (i). In the proof of item (ii) one follows the
same steps as in Lemma [5.]] (ii), but uses instead of the usual transformation formula ([2:25))
its relative version for the relative Berezin integral, see [DM99] §3.10]. O

7.2 Enriched properties of the super-Green’s operators

Let us fix any enriched super-field theory according to Definition As a consequence of Pyg
being formally super-self adjoint (cf. ([A2])) one easily checks by using (Z3]) that the pt,,-relative
super-differential operator Ppg/p :=1ida, ® Ppr: Ay @ O(M) — Ay, @ O(M) satisfies

<H1’PM/ptn(H2)>M/ptn - (_1)\H1|\PM| <PM/ptn(H1)’H2>M/ptn , (7.4)
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for any object pt,, in SPt°? and all homogeneous Hy, Hy € A, ® 0(M) with compactly overlap-
ping support. The right A,-linear maps G:tM/pt =idp, ® Gy 1 Ay ® Ou(M) — A, @ 6(M)
are easily seen to be retarded/advanced super—nGreen’s operators for Ppy/pn . We also define
Gnijpt, = GL/ptn _GX/I/ptn AN, ®O(M) = A, ®0Os.(M). Our statements in Subsection [5.2]
easily generalize to the pt,-relative setting since all the proofs are algebraic and only use the
properties of super-Green’s operators. We summarize without repeating the proofs the main

properties which are used in the next subsections.

Lemma 7.3. (i) Let M be any object in eSLoc and pt,, any object in SPt°P. Then

<H1’G%4/ptn(H2)>M/ptn — (—1) (11l Pael) |Pag] <GL/ptn(H1),H2> . (75)

M /pt,,
for all homogeneous Hy,Hs € A,y @ Oc(M).

(i) Let M be any object in eSLoc and pt,, any object in SPt°P. Then the sequence of right
A, -linear maps

P t G t P t
0= Ay ® O (M) =% Ay © O(M) =% Ay @ Oue( M) — A,y ® Ouc(M)
(7.6)
is a complex which is exact everywhere.
(iii) Let pt, be any object in SPt® and x € eSLoc(M, M')(pt,). Then
+ * +
Garjpr, =X © GM’/ptn ©Xx - (7.7)

7.3 The SSet-functor ¢£ : eSLoc — eX

Given any object V' = (V,7) in X and any object pt,, in SPt°?, we can consider the object
A, ® V in A,-SMod and define a A,,-SMod-morphism

Tpt, : (A @ V) ®p, (A @ V) — Ay,
(¢1 ®v1) ®a, (G2 ®va) — (=1)1211l ¢ G vy, 0) (7.8)
Let us now enrich the category X given in Definition [B.7]
Definition 7.4. The SSet-category eX is given by the following data:
e The objects are all objects V' = (V, 1) in X.

e For any two objects V and V' in eX, the object of morphisms from V to V" is the following
functor eX(V, V') : SPt°? — Set: For any object pt,, in SPt°? we define eX(V,V')(pt,,)
to be the set of all A,-SMod-morphisms L : A, @V — A, @V’ satisfying 7, o(L®a, L) =
Tpt, - For any SPt°P-morphism A°P : pt,, — pt,,, we define the map of sets

eX(V, V) (AP) 1= AP : eX(V, V')(pt, ) — eX(V, V)(pt,,) , (7.9)
where A¥ is given in (6.17).

e The composition and identity morphisms are defined as in the SSet-category eSVec, see
Definition [6.10
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We can now define the SSet-functor ¢£ : eSLoc — eX as follows: To any object M in eSLoc
we assign the object ¢e£(M) := £(M) in eX that is given in (522)). To any two objects M
and M’ in eSLoc we assign the SSet-morphism e£ys psr : €SLoc(M, M') — eX(£(M), £(M'))
given by the natural transformation (of functors from SPt°P to Set) with components

(e€n1, 7 )pt, (X) : A @ S(M) — Ay @ S(M') , [H] — [x.(H)] , (7.10)
for all x € eSLoc(M, M')(pt,,). Notice that (ZI0) is well-defined since
X+ (C® Pag(F)) = (=1)PIICly o Prg g, o X" o xu(C @ F)
— (_1)\PM\ <y, 0 x* o P s, © X«(C® F)
= (=1)IPmlld] Pap i, © X+(C® F) € Ay @ Pyp(Oc(M')) (7.11)

where in the first and third equality we have used Lemma[72] (i) and in the second equality the
commutative diagram (G30). Moreover, (ZI0) defines an element in eX(L£(M), £(M"))(pt,,)
because of the equality

T™M /pt,, ([H1]7 [HQ]) - <GM/ptn(H1)7H2>M/ptn > (7'12)

for all [H1], [H2] € Ap® £(M) and all objects M in eSLoc, from which it follows that Ty /¢ ©
((eLar ar)pt, (X) @n,, (€Las ' )pt, (X)) = Taapt, > for all x € eSLoc(M, M')(pt,,); indeed,

ar o, ()], D () = (G, 3 (H) (B ) o

= <GM/ptn(H1)7H2>M/ptn = TM /pt,, ([H1]7 [HQ]) ) (713)

for all [H],[H2] € Ay, ® £(M), where in the second equality we have used Lemma (ii) and
in the third equality Lemma (iii). In summary, we have shown

Proposition 7.5. The assignment ¢£ : eSLoc — eX given above is a SSet-functor.

We finish this subsection by observing that the SSet-functor ¢£ : eSLoc — eX satisfies an
enriched version of the properties in Theorem for ordinary super-field theories, which can
be proven in exactly the same way:

Theorem 7.6. For any enriched super-field theory according to Definition [6.13 the associated
SSet-functor ¢£ : eSLoc — eX satisfies the following properties, for all objects pt,, in SPt°P:

e Enriched locality: For any x € eSLoc(M,M')(pt,), we have that (eSps pr)pt, (X) €
eX(L(M), £(M"))(pt,,) is monic.

n

e Enriched super-causality: Given x1 € eSLoc(M 1, M)(pt,,) and x2 € eSLoc(M 4y, M )(pt,,),

such that the images of the reduced otLor-morphisms J\Al/l Xy M & J/\Z; are causally
disjoint, then

Tt ((€€a1,,00)pt, (X1) (An @ £(M1)), (eLary,01)pt, (x2) (An @ £(M>))) = {0} .
(7.14)

e Enriched time-slice axiom: Given any x € eSLoc(M,M')(pt,,) such that X : MM
is Cauchy, then (eLar pr)pt, (X) € eX(L£(M), £(M'))(pt,,) is an isomorphism.
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7.4 The SSet-quantization functor ef) : eX — eS*Alg

We define an enriched version of the category S*Alg using “extension of scalars” for algebras
(cf. [Bou89, Chapter III.1.5] for the general concept) and adapt the results obtained in Sub-
section to the category of super-s-algebras. For this let us denote by A := A, ® C the
complexification of the Grassmann algebra, for all n € N°, and notice that AC is an object
in S*Alg when equipped with the superinvolution * :=idy, ® = : AS — A, We shall denote
the product in AS by u€ and the unit by <. Let A and A’ be any two objects in S*Alg and
pt,, any object in SPt°?. A S*Alg-morphism & : AL ®c A = AT @c A’ is called a AC-relative
S*Alg-morphism (in short AC-S*Alg-morphism) provided that x(¢®c 1) = (®¢1 for all ¢ € A,
Le. K is Ap-superlinear. Notice that the identity idycg.4 Is a AC-S*Alg-morphism and that
any two AS-S*Alg-morphisms # : AS @c A — AL @c A" and &' : AS @¢ A’ — AS ®c A” can be
composed, i.e. & ok : AC @c A = AT @c A" is a AC-S*Alg-morphism. In analogy to Lemma
6.8 the AS—S*AIg—morphisms K : AS Rc A — AS ®@c A’ can be easily characterized.

Lemma 7.7. Let A and A’ be any two objects in S*Alg and pt,, any object in SPt°?. Then the
map

Ypt, + Hompe seng (A, @c A, A @c A') — Homs. (4, A, @c A')
(k:AS ®c A — AL @c A') — (ko () ®cida) : A — AL ®¢ A') (7.15)
18 a bijection of sets.

Given any two objects A and A" in S*Alg and any SPt°®-morphism A\°P : pt,, — pt,, (i.e. a
SPt-morphism A : pt,,, — pt,,) we can define a map of sets

Homg-alg (4, AT ®c A') — Homs:aig(A, A5, @c A) , ¢ +— (\ @cida) o, (7.16)

where the extension of \* : A,, — A, to the complexifications is implicitly understood. Using
also Lemma, [T.7] we obtain a map of sets

AP : Home geaig (M), ©c A, Ay, ®c A) — Homype spg(Ary, ©c 4, A%, ®c A')
K —s yrjt}n (N @cidar) o ype, (K)) - (7.17)
The following properties can be easily derived from (ZI7). We therefore can omit the proof.

Lemma 7.8. (i) For any identity SPt°®-morphism A\°P = idp : pt,, — pt,, the map X2¥ is
the identity. For any two SPt°®-morphisms \°P : pt, — pt,, and N°P : pt,, — pt; we
have that (NP 0P \°P), = X°P o AP,

(ii) AP preserves identities and compositions, i.e.
AP (o) = iye gon AP 08) = AP() 0 AP(r) . (T18)

for all objects A in S*Alg and all AS-S*Alg-morphisms x : AS @c A — AC @¢c A’ and
K AS R A — AS KR A",

(i4i) NP preserves isomorphisms, i.e. & : AS @c A — AS ®@¢ A’ is a AS-S*Alg-isomorphism if
and only if AP (k) : AS @c A — AS @¢ A’ is a AS -S*Alg-isomorphism.

With these preparations we can now define the SSet-category eS*Alg.
Definition 7.9. The SSet-category eS*Alg is given by the following data:

e The objects are all objects A in S*Alg.
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e For any two objects A and A’ in eS*Alg, the object of morphisms from A to A’ is given by
the following functor eS*Alg(A, A’) : SPt°® — Set: For any object pt,, in SPt°? we define
eS*Alg(A, A')(pt,,) to be the set of all AS-S*Alg-morphisms  : AS @c A — AS®c A" For
any SPt°P-morphism A°P : pt,, — pt,, we define the map of sets

eS*Alg(4, A)(AP) = AP : eS*Alg(A, A')(pt, ) —> eS*Alg(A, A)(pt,) ,  (7.19)
where A¥ is given in (Z.I7).

e For any three objects A, A’ and A” in eS*Alg, we define the composition morphism
o : eS*Alg(A’, A”) x eS*Alg(A, A") — eS*Alg(A, A”) to be the natural transformation

with components
oy, = o:eS*Alg(A’, A”)(pt,) x eS*Alg(A, A")(pt,) — eS*Alg(A, A”)(pt,) , (7.20)
where o is the composition of AS-S*Alg-morphisms.

e For any object A in eS*Alg, we define the identity on A morphism 1 :7J — eS*Alg(A, A)
to be the natural transformation with components

]'ptn ipt = j(ptn) — eS*AIg(A’ A)(ptn) , K idA‘%@@A ’ (721)
where idjcg. 4 is the identity AS-S*Alg-morphism.

The quantization SSet-functor ¢Q : eX — eS*Alg is constructed as follows: To any object
V in eX we assign the object ¢eQ(V) := Q(V') in eS*Alg that has been constructed in (B.34]).
To any two objects V' and V' in eX we assign the SSet-morphism eQy, - : eX(V, V') —
eS*Alg(Q(V),Q(V’)) given by the natural transformation (of functors from SPt°® to Set) with
components

(eQyvpt, : (LA @V = Ay @ V') = ((eQy v )pt, (L) 1 AT @c Q(V) = AS @c (V')
(7.22)

where (eQy y7)pt, (L) is the AC-S*Alg-morphism which is specified by defining on the gen-
erators (eQy y')pt, (L)(¢ ®c v) = L(( @), for all v € V and ¢ € A,. It remains to
show that (eQy y/)pt, (L) is well-defined, i.e. that it preserves the two-sided super-*-ideals
(5:32). Written in terms of the tensor product superalgebra A @¢ 7¢(V') the super-canonical
(anti)commutation relation super-#-ideal is generated by the elements

wy wy + (_1)dim(5)+1 (_1)|w1\ |wa] Wy Wy — /BTptn (w1,w2) Rc 1, (7_23)

for all homogeneous w1y, ws € A, ®V . Using now that by definition of eX, Tlgtn o(L®y, L) = Tpt,, s
we obtain that (eQy y/)pt, (L) is a well-defined AC-S*Alg-morphism. By direct inspection one
further observes that eQy y- is compatible with composition and identity. We therefore have
shown

Proposition 7.10. The assignment ¢Q : eX — eS*Alg given above is a SSet-functor.

7.5 The enriched locally covariant quantum field theory ¢2l : eSLoc — eS*Alg

Recalling Remark [A.4] we can compose the two SSet-functors e£ : eSLoc — eX and ¢ : eX —
eS*Alg in order to define the SSet-functor

e :=eQoel:eSLoc — eS*Alg . (7.24)

By using the same arguments as in the proof of Theorem [5.17] the results of Theorem [Z.6]imply
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Theorem 7.11. For any enriched super-field theory according to Definition[G. 11 the associated
SSet-functor e2 : eSLoc — eS*Alg satisfies the following properties, for all objects pt,, in SPt°P:

e Enriched locality: For any x € eSLoc(M,M')(pt,), we have that (eAns ar)pt, (X) €
eS*Alg(A(M),A(M"))(pt,,) is monic.

o Enriched super-causality: Given x1 € eSLoc(M 1, M)(pt,,) and x2 € eSLoc(M 4, M )(pt,,),

such that the images of the reduced otLor-morphisms ]/\;I: XM & ]/\;IE are causally
disjoint, then

Ay Ay + (_1)dim(5)+1 (_1)\141\ |Az] Ay A; =0 ’ (7.25)

for all homogeneous Ay € (eAnz, m)pt, (X1) (AS ®c A(M1)) € AS ®@c A(M) and A, €
(g, M)pt,, (X2) (A @ A(M2)) € A @ AM).

e Enriched time-slice aziom: Given any x € eSLoc(M, M')(pt,,) such that X : M — M
is Cauchy, then (epg pr)pt, (X) € eS*Alg(A(M), A(M'))(pt,,) is an isomorphism.

We conclude this section by showing that the SSet-functor ¢2l has an enriched locally
covariant quantum field given by a SSet-natural transformation (cf. Definition [AH) @ : ¢0, =
el of SSet-functors from eSLoc to eSVec, where ¢2l is implicitly understood to be composed with
the forgetful SSet-functor eS*Alg — eSVec. We assign to every object M in eSLoc the SSet-
morphism ®pr : I — eSVec(0.(M),A(M)) given by the natural transformation (of functors
from SPt° to Set) with components

(®n1)pt,, = pt = J(pt,,) — eSVec(Oc(M),A(M))(pt,) ,
* —> (@M)ptn (*) =: @M/ptn (726&)

given by the A,-SMod-morphisms
Dpg/pt, Ao ® O(M) — AT @c AM) , (& F — (¢ [F]. (7.26b)
Notice that the diagram in Definition [A.5] commutes, i.e.

g jpt, ®pt, (€0cnr,na)pt, (X) = (eAng prr)pt, (X) Opt, Par/pt, - (7.27)

for all x € eSLoc(M, M’)(pt,,) and all objects pt, in SPt°®. In complete analogy to the
ordinary case discussed in Subsection we obtain that

© /s, (P e, (H)) =0, (7.28)

for all H € A,, ® O.(M), all objects M in eSLoc and all objects pt,, in SPt°P, as well as the
super-canonical (anti)commutation relations

(I)M/ptn(Hl) ‘I’M/ptn(HZ) + (—1)‘H1| 2] ‘I’M/ptn(HZ) ‘I’M/ptn(Hl) = 5TM/ptn(H17 Hs) ,
(7.29)

for all homogeneous Hy, Hy € A, ® O.(M), all objects M in eSLoc and all objects pt,, in
SPt°P,

In contrast to the ordinary case discussed in Remark B.13] the even and odd component
quantum fields do not form natural transformations in our enriched setting. The reason for this
is that the push-forward (e@eps ar)pt, (X) = X+ : Ap @ Oc(M) — Ay, @ O(M") along a generic

X € eSLoc(M, M'")(pt,,) does not restrict to a A,-SMod-morphism A,, ® ﬁ?ven/Odd(M) — A, ®
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oo/ Odd(M "). In fact, the push-forward of a homogeneous element 1Q F' € A,,® oo/ Odd(M )
schematically reads as

«(1®F) = ZCI@)FI, (7.30)
I

where {¢! € A,} is any adapted basis for A, and F; € 0.(M’) is of Zo-parity |Fy| = |F| —
|¢7| mod 2. Hence, if there is a non-vanishing coefficient Fy for some odd ¢/, then we can not
restrict x. to a A,-SMod-morphism A,, ® ﬁgven/Odd(M) - Ay ® ﬁgven/Odd(M'). Those x with
this property can be identified with supersymmetry transformations, see Section [ for some
illustrating examples. In summary, our formalism implies that (as expected) supersymmetry
transformations prevent the even and odd component quantum fields to be enriched natural
transformations.

Remark 7.12. We would like to emphasize that the presence of the supersymmetry trans-
formations is due to the enrichment of the involved categories over SSet. The morphism
x € eSloc(M,M')(pt,) € Homsman/pt, (M/pt,,, M'/pt,,) appearing in (Z30) respects Z-
parity by definition. However, due to the presence of odd sections of the structure sheaf A,, of
pt,,, the action of x, need not preserve the splittings O.(M")) = ¢v°»(M") @ G99 (M ")) of
the second tensor factor. Moreover, these odd parameters appearing in the structure sheaf A,, of
pt,, are exactly the odd quantities used in the physics literature to parametrize supersymmetry
transformations.

Remark 7.13. We note that our enriched super-QFT ¢2l : eSLoc — eS*Alg cannot be
restricted to its even partH Ao (cf. Remark for such a construction for the ordinary
super-QFT 21 : SLoc — S*Alg): Recall that the SSet-morphism ¢2ps pp : eSLoc(M, M') —
eS*Alg (e (M), e2(M’)) is a natural transformation (of functors from SPt°P to Set) whose
components (¢2ps pr)pt, assign to elements x € eSLoc(M, M')(pt,,) certain super-+-algebra
morphisms (e2ps pg)pt, (X) AC @¢c A(M) — AS ®c A(M'). If now y corresponds to a
supersymmetry transformation, i.e. it is like in (Z30) with a non-vanishing coefficient Fy for
some odd ¢, then (e2ps pr)pt, (X) does not map AS ®¢ eAg(M) to AL ®¢ eo(M’); indeed,
a supersymmetry transformation “maps an element of the even component ¢2(M) to some
element of the odd component ¢2(;(M’)”. The fact that the even (i.e. true) observables in
a supergeometric quantum field theory do not carry a representation of the supersymmetry
transformations is however not problematic from the physical point of view. Supersymmetry
and supergeometry are meant to serve as a selection criterion for quantum field theories by de-
manding that only a limited collection of observables, such as for example the action functional
and quantities derived from it, transform covariantly under supersymmetry transformations.

8 Examples

8.1 1|1-dimensions

As our first example we shall study a super-field theory in 1|1-dimensions, i.e. a superparticle.
For defining this theory we have to provide all the data listed in Definition

Representation theoretic data: We take W = R together with the standard 1-dimensional
(Lorentz) metric

g WRW — R, w ®wy+— wiwsy . (8.1)

1 We would like to thank the anonymous referee for suggesting this question to us.
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The corresponding spin group is Spin(W, g) ~ {+1,—1} and we take S = R the 1-dimensional
spin representation

p° :Spin(W,g) x S — S, (2,8) —> 25 . (8.2)

Notice that p"V : Spin(W, g) x W — W, (z,w) > w is the trivial representation. As I' we shall
take the following Spin(W, g)-equivariant symmetric pairing

I':S®S—W, 5108+ 515 . (8.3)

As positive cone we take C' := RT C W and we notice that I'(s,s) € C, for all s € S, and
I'(s,s) = 0 only for s = 0. For € we take

€:5®S — R, 8 ®8 8189 (8.4)

and we notice that it is symmetric and Spin(W, g)-invariant. We define orientations on W and
S by using the normalized standard bases p =1 € W = Rand ¢ =1€ S =R. In 1|1-
dimensions, the super-Poincaré super-Lie algebra coincides with the supertranslation super-Lie
algebra (since spin is trivial), and we obtain for the super-Lie bracket relations in the normalized
adapted basis {p,q} forsp=t=W d S

[p,p)=0, [p,g/=0, [g,q]=-2p. (8.5)

The objects in ghSCart: Let us characterize explicitly the objects in the category ghSCart for
the case of 1|1-dimensions. To simplify our studies we shall further demand that the underlying
topological spaces are connected, which is also physically reasonable as they describe a time
interval. Given any such object M = (M, 2, E) we first notice that 2 = 0 since spin is trivial
in 1|1-dimensions. Moreover, the reduced 1-dimensional manifold M is diffeomorphic to the
real line R as the reduced Lorentz manifold M is assumed to be globally hyperbolic. The
structure sheaf &y is isomorphic to Cp° ® A*R and the supervielbein can be expanded as

E=(ydt+afdf)@p+ (6d0+p0dt)®q, (8.6)

where a, 8,7,0 € C(R) are coefficient functions and ¢,0 € (M) are any global even/odd
coordinate functions. As F is by assumption non-degenerate, the functions v and ¢ have to be
invertible and we may choose new coordinates (denoted with abuse of notation by the same
symbols) t € (to,t1) C R and 6, such that

E=(dt+abdf)@p+(df+B0dt)®q, (8.7)

where now «, 5 € C*(tp,t1). Coordinate functions in which E takes the form (81 are called
geometric coordinates. The supercurvature Rps = 0 vanishes in 1|1-dimensions and the super-
torsion is given by

Tar = dE = (ia0dt AdO+add Adf) @ p+ (BAOAdE) @ ¢q (8.8)

where 0, denotes the time derivative of a. The pairing (B.11]) reads as

t1
(F1, o) pr :/ dt (fiha + by f2) . (8.9)

to

where we have used the expansion F'= f +60h € O(M) with f,h € C™(tg,t1).
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Super-differential operators: Using the dual superderivations
X=0,—000g, D=0p+ab0 (8.10)
corresponding to F, we define an odd super-differential operator
Py:=XoD:0OM)— OM), F=f+0h+— 0th+00,(adif)—0apBof. (8.11)

Notice that due to the last term in (8IT]), the super-differential operator Pps is i.g. not formally
super-self adjoint with respect to the pairing ([89]). If however § = 0, then Pjs is formally
super-self adjoint. Comparing with ([8.8]), the constraint 5 = 0 can be regarded as a supertorsion
constraint which demands that the odd part of the supertorsion vanishes. Such constraints also

appear in supergravity, see e.g. [WZ77, Eqns. (10) and (11)].

The category SLoc: We define a full category SLoc of ghSCart by the conditions that 1.) the
underlying topological spaces are connected and 2.) all supergravity supertorsion constraints
given in [WZ77, Eqns. (10) and (11)] hold true, which implies that 5 = 0 and that « is a constant
which we fix to @ = 1. Then the admissible super-Cartan supermanifolds M = (M,Q = 0, F)
are such that M = (to,t1) € R is an open interval (or R itself) and

E=(dt+60d)@p+dfeq (8.12)

in geometric coordinates. The morphisms in SLoc can be explicitly characterized: Let M and
M’ be any two objects in SLoc. A SMan-morphism x : M — M’ is specified by its action on
the (geometric) coordinates t',6’ € ¢ (M'), which we can parametrize by the ansatz

X)) =a(t), x"(0)=0bt)0, (8.13)

where a,b € C®(tp,t1). In order to qualify as a SLoc-morphism, x has to preserve the super-
vielbeins

X (E') = (da(t) +b(t)*0d0) @ p+d(b(t) ) ®q=E = (dt +0d0) ®@p+df@q, (8.14)

which implies that a(t) = ¢t + ¢, with ¢ € R, and b(t) = 1. Furthermore, for the reduced
morphism X : M = (to,t1) = M’ = (t{,t}) to exist, the constant ¢ € R has to be such that
(to+ ¢, t1 +¢) C (), 1)), ie. t) —to < ¢ <ty —t1. For a generic F' = f'(t')+0' W (¢') € O(M'),
we have that

X(FY=f'(t+c)+0h(t+c) e O(M), (8.15)

hence xy : M — M’ describes a translation by c. It then follows automatically that such
X : M — M’ are morphisms in ghSCart (and hence in SLoc), i.e. they satisfy the additional
conditions imposed in Definitions and 3.10

The natural transformation P : & = 0: So far we have established the first two points
in the Definition of a super-field theory. It remains to show that (811]) are the components
of a natural transformation of formally super-self adjoint and super-Green’s hyperbolic super-
differential operators. For any object M in SLoc the super-differential operator (8I1]) takes
the form

Pri(F) = 0sh + 002 f (8.16)

forall F = f+4+6h € 0(M), from which it is clear that it is formally super-self adjoint and
super-Green’s hyperbolic with super-Green’s operators given by

G (F) = G (h) +0G5(f) . (8.17)
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for all F = f+0h € O.(M), where G; and Gi denote the retarded/advanced Green’s

operators for the component differential operators 97 and d;, respectively. The super-differential
operators (BI0) are the components of a natural transformation since they are translation
invariant, hence we have constructed an example of a super-field theory according to Definition
Applying Theorem [EIT] we further obtain a super-QFT, which in the 1|1-dimensional case
describes a quantized superparticle.

Enriched super-field theory: We shall now show that the super-field theory defined above
is also an enriched super-field theory according to Definition Let us take any two ob-
jects M and M’ in SLoc®? and any object pt,, in SPt°?. We characterize explicitly the set
eSLoc®®(M’, M)(pt,,). Any SMan/pt,,-morphism x : M/pt,, — M'/pt,, is specified by its ac-
tion on the (geometric) coordinates 1 @/, 1 ® ¢ € A,, ® ¢(M’), which we can parametrize by
the ansatz

Met)=> ealt)+ ) @bt (8.18a)
I even I odd

Med)=> deat)o+ > (edlt (8.18D)
I even I odd

where ¢! is any adapted basis for the super-vector space underlying the Grassmann algebra A,,
and ay, by, ey, dr € C™®(tg,t1). For x € eSLoc®®(M’, M)(pt,,) it has to preserve the pt,,-relative
supervielbeins, i.e. x*(1 ® E') =1 ® E. The odd part of this condition reads as

X (1®df) = (idp, ®d) (x (1 ®6"))

= > d@d(et)0)+ > f@d(d(t) =10ds, (8.19)

I even I odd

and it implies that x*(1 ®6") = 1 ® 0+ ( ® 1, for some odd element ¢ € A,,. Using this result,
the even part of the above condition reads as

Y (L@ (At +6'df") = (idy, @) (x* (1@ 1)) +x (1@ 6) (ida, @ d) (x* (1 ®6))

=Y dedla®)+ Y dedbt)0)+100d0+ (o dd
I even I odd
=1® (dt+6do) , (8.20)

which implies that y*(1®t)=1® (t+¢) —(®6. Asin the ordinary case, the constant ¢ € R
has to satisfy ¢, — t9 < ¢ <t} — ¢; for the reduced morphism X : M= (to,t1) — M = (to, 1)
to exist. Hence, we have shown that

eSLoc?(M', M)(pt,,) ~{ceR:ty —tog <c<t) —t1} x (An)1, (8.21)

where (A,,); is the odd part of the Grassmann algebra A, = (A,)o @ (Ay)1. In particular,
the pt,-relative automorphisms eSLoc®”(M, M)(pt,,) are in bijective correspondence with R x
(An)1if M = R and with (A,)1 if M C Ris a proper interval. These pt,,-relative automorphisms
describe ordinary and supertranslations. For a generic F' = f(t') + 6’ h(t') € (M), we have
that

X LI@F)=1& (f't+c)+0h(t+0)+¢(@ (W(t+c)—00.f'(t+¢)), (8.22)

which reproduces the usual supersymmetry transformations. The diagram (6.30]) commutes,
since using (8.22) one can easily compute that

X (1 ® Ppp(F')) = (ida, @ Pur) (X (1@ F')) | (8.23)
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for all F' € ¢(M’). We remind the reader that (idy, ® Par)(C®F) = (—=1)I<IPMI ¢ @ Py (F), for
all homogeneous ¢ € A,, and F' € 0(M). As a consequence, we have constructed an enriched
super-field theory according to Definition Applying Theorem [Z.11] we further obtain an
enriched super-QFT, which in the 1|l1-dimensional case describes a quantized superparticle
together with its supersymmetry transformations.

Supersymmetry transformations in the enriched super-QFT: In order to illustrate
the structure of supersymmetry transformations let us fix any object M in SLoc. The SSet-
functor ¢2l : eSLoc — eS*Alg studied in Theorem [Z.I1] provides us with a superalgebra of
observables A(M) and a SSet-morphism ¢2ps ar : eSLoc(M, M) — eS*Alg(A(M),A(M))
which describes the enriched automorphism group of 2A(M ). Using (82I]) and focusing only
on the odd part given by (A,); (i.e. proper supersymmetry transformations), we obtain the
AS-S*Alg-automorphisms (e2nr,ar)pt, (x) 1 AS ®@cA(M) — AS ®cA(M), for any object pt,, in
SPt°P| which can be parametrized by the odd elements ¢ € (A, ). Explicitly, on the generators
Prg/pe, (L@ F) =1®&c[F] € AC @c A(M), with F € 0.(M), these AC-S*Alg-automorphisms
act as

(eAnz,m)pt, () (Pt /pt, (1 Q@ F)) = Ppgype, (1@ F) — ®pg/pe (R Q(F))
= ®pp/pe, (LR F) = (C@c 1) Ppgpe, (L@ Q(F)) , (8.24)

where @ := 0y — 0 0 is the generator of supersymmetry transformations and ¢ € (A,);. On the
superalgebra of observables (M) itself, these AC-S*Alg-automorphisms can be understood as
an odd superderivation Q : (M) — A(M): On the generators ®pr(F) = [F] € A(M), with
F € 0.(M), the superderivation () reads as

Q(Pr(F)) = —Pr(Q(F)) (8.252)

and it satisfies the superderivation property
Q(On(F1) ®ar(F)) = Q(@pr(F1)) ar(Fo) + (—1)F @pr(F) Q(@pr(F2)) ,  (8.25b)

for all homogeneous Fy, Fy € O,(M), as a consequence of (e2nr,nr)pt, (x) being a AS-S*Alg-
morphism. We may decompose ®ps into its component quantum fields (careful: neither ¥ps
nor ¢ps are natural in the enriched setting) via

Pp(F) =vm(f) + dm(h) (8.26)

forall F = f+6he€ 0. (M), from which we recover the usual supersymmetry transformations

Qam(f) = om(@f) . Q(om(h)) = —bnr(h) (8.27)
for all f,h € C*(to,t1).

8.2 3|2-dimensions

Our second example is the free Wess-Zumino model in 3|2-dimensions. There are two reasons
why we prefer to analyse this toy-model instead of the physically more relevant Wess-Zumino
model in 4|4-dimensions: First, in 3|2-dimensions there are only 2 odd dimensions (instead
of 4 in 4|4-dimensions), which considerably simplifies the component analysis of the super-
Cartan structures and superfields discussed below. Second, the Wess-Zumino model in 4|4-
dimensions requires a chirality constraint, the implementation of which would lead to additional
technical /computational complications that we would like to postpone to future work.

We provide all the data listed in Definition
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Representation theoretic data: We take W = R3 together with the standard Lorentz
metric g = diag(1,—1,—1). The corresponding spin group is Spin(W, g) ~ SL(2,R) and we
take p° : Spin(W,g) x S — S the defining representation of SL(2,R) on S = R2. Notice
that SL(2,R) is the two-fold cover of the identity component SOg(1,2) of the special pseudo-
orthogonal group and that p"V : Spin(W, g) x W — W is given by composing the covering map
with the defining representation of SOg(1,2).

The standard basis {p,} of W = R3, with a = 0,1,2, is an orthonormal basis of (W, g).
We denote the metric coefficients in this basis by gag := g(pa,ps) and the coefficients of the
inverse metric in the dual basis {p®} by ¢*P. Elements w € W will be indicated by w = w® p,,
with summation over repeated indices understood. For the coefficients of the dual vector
g(w, -) = w* gopp” € W* we shall also write ws = w® go5. Notice that w® = wg g?*. The
choice of basis {p,} fixes an orientation on W.

The representation p° induces up to SL(2,R)-equivalence a unique representation of the
Clifford algebra C1(WW, g) in terms of purely imaginary matrices 7,, with « = 0,1,2, on the
complexification Sc¢ of S. These matrices thus satisfy the Clifford relations

Ya V8 + V8 Va = 29apids; - (8.28)
Furthermore, there exists a charge conjugation matrix C which satisfies
ct=-Cc, Al=-CH,Ct, (8.29)

where T denotes matrix transposition. A possible representation is given in terms of the Pauli
matrices by vg = 09, 71 =01, 72 =103 and C = 9. We define the antisymmetrized product

Vap = %(%ﬁﬁ ~Y8%a) (8.30)

and note the identities
(e =2 € (s C) s € Tre) = Tras) =0, (831a)
YaB = €8s A0, L= %Tr(L) idg. + %Tr(L Y)Y (8.31b)

where €,45 is totally antisymmetric with eg;2 = 1 and L is an arbitrary endomorphism of Sc.

As the pairing ' we shall take
I':S®S—W, s ®sy+— (51,7 C 1 59) pa , (8.32)

where (-, -) is the standard inner product on S = R2. (Notice that v* C~! is a real matrix.)
The pairing I' is symmetric, Spin(W, g)-equivariant and positive with respect to the forward
light cone C' = {w € W : g(w,w) > 0 and w® > 0}. For € we take

SRS — R, 55 @89 (51,iC lsy) (8.33)

which is Spin(W, g)-invariant, antisymmetric and non-degenerate. We choose a symplectic basis
{q.} of S = R?, with a = 1,2, and use the index notation e, := €(qq, qy) With €12 = —eg; = 1.
We further set €® := ¢, for the coefficients of the symplectic structure on the dual vector space
S* in the dual basis {¢®} and notice that €* ¢, = —62. Elements s € S will be indicated by
s = s%q,, with summation over repeated indices understood. For the coefficients of the dual
spinor €(s, +) = $%€qp q* € S* we shall also write s, = s%€q,. Notice that s* = s,€e®. The
choice of basis {q,} fixes an orientation on S. The two pairings I' and € read in our bases as

[(s1,80) = —s%85i7% pa €(s1,59) = 5% 85 eqp - (8.34)
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In order to state explicitly the super-Lie bracket relations in the super-Poincaré super-Lie
algebra sp = (spin@® W) @ S corresponding to this choice of data, we recall that the Lie algebra
spin may be spanned by generators L,g = —Lg,, with o, 3 = 0,1,2, and that the Lie algebra
actions induced by p" and p® read as

Pl ispin@ W — W, Log @ Py — Gany Pp — 9y Par » (8.35a)
1
pYispin® S — S, Lap @ qa— §’ya5ab @ - (8.35b)

Thus, the super-Lie bracket relations in sp read in the adapted basis {pa,q.} as

[Lag, Lys) = 98y Las + 9as Lay — oy Lgs — 985 Lay (8.36a)
1

[Laﬁ,p’y] = YGayPB — 9By Pa [Laﬁa Qa] = §7aﬁab b (8-36b)

[Pas 8] = [Parqa) =0, [a> @b) = 2775y Pa - (8.36¢)

The objects in ghSCart: We characterize explicitly the objects M = (M, €, E) in the cate-
gory ghSCart for the case of 3|2-dimensions under the following simplifying assumptions: As in
the 1|1-dimensional case, we assume that the underlying topological spaces M are connected
and furthermore that the structure sheaf &y, is globally isomorphic to C]%;i ®@ A*R% Due to
the latter assumption, there exist global odd coordinate functions 0%, with a = 1,2, and we set
(with abuse of notation)

0% := —e, 090" = —26' 0% (8.37)
Notice that
1
020" = —56“” 6% . (8.38)

The most general even supervielbein E = e*®p,+£4®q, € Q' (M, t) (summation over repeated
indices understood) is given by

92
e* = &P (556* +j5” 5) —de hg 6° (8.39a)
- 62

where E = ¢* ® Pq is the vielbein on the reduced Lorentz manifold M and 7 Ba’ hi., 1 3 v ke €

COO(M ) are coefficient functions. Notice that we have chosen the odd coordinates #° in such
a way that the coefficient of df® in €% has a very simple form. This is always possible due
to the assumption of non-degeneracy of E. Similar to the 1|1-dimensional case, we call such
odd coordinates geometric coordinates. We introduce the dual Lorentz vielbein e, by the
duality condition (€,,é%) = 6,” and the dual superderivations 8, by (8,,d6%) = §,°. Notice
that (0,,€%) = (€4,d0%) = 0. Using these dual superderivations, we can write the inverse
supervielbein as

92
o = (%5 +.J,° 5) ey — 1y L0°0,, with J,% =50 11, hc, (8.40a)
92
€ =hl 0% es + <5ab + K, 5) Oy, with K= —k}—hicl;"0. (8.40D)
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The duality relations (e, e”) = 8", (€4,€%) = 6,7 and (&,,e%) = (eq, &) = 0 hold true. For
the super-spin connection, the most general even Q € Q'(M, spin) can be expanded as

92
Q=e> (wa + Ao 5) +d0% oy 0° (8.41)
where wq, Aqy Pap € C° (M ,spin) are coefficient functions with values in the Lie algebra spin.

The category SLoc: We define a full subcategory SLoc of ghSCart by the conditions that 1.)
the underlying topological spaces are connected, 2.) the structure sheaves are globally isomor-
phic to C’J%Zi ® A°R? and 3.) the supergravity supertorsion constraints given in [WZ77, Eqns.
(10) and (11)] hold true. In order to discuss the latter constraints, we consider an arbitrary
(local) coordinate system z* on M , with g = 0, 1,2, and use the notation X for the combined
super-coordinate system {z*, §"}, where ™ are global geometric odd coordinates. (With abuse
of notation we will denote the indices on X™ by the same symbol as the supermanifold.) We set
|M| := | XM| for the Zy-parity of XM . Analogously, we use the notation P4 for the combined
generators {pq, ¢, } of the supertranslation super-Lie algebra t = W @ S and set |A| := |Pa|.
Consequently, we can expand the supervielbein as E = F4 ® P, = dxM Eja[ ® P, and its
inverse as F, = Ei‘(f 0,;- Using this notation, we may expand and compute the supertorsion

B2
1
Ty =T ® Py = 5EB NECTget®@ Py (8.42a)
where

Tpe™ = (-)MICIEY EY (BN Eqy — (=1)M1Mg,, Ef\lf) +Qpc? = ()P0

(8.42b)
and
QBLZ{@OQ#>,iHAéﬁﬁmMOMABﬁﬁmw, (8.420)
0 , otherwise .
Here, Qaﬁ and Q,% are defined, for arbitrary w = w® p, € W and s = s% ¢, € S, as
P Qew) =uw QS wps, Pl (Qes) =0 @q . (8.43)
Note that the signs in (8.42D]) are only correct if E is even.
The supertorsion constraints introduced in [WZ77] read as
T,.% =2i%5,  Tp =T, =T =Tp"=0. (8.44)

It is remarkable that these constraints, together with the requirement that £ and €2 are even,
determine the supervielbein and super-spin connection uniquely in terms of the reduced Lorentz
vielbein F. In particular, demanding that F is even rules out a non-vanishing Rarita-Schwinger
field (gravitino) in the expansion of E. The unique solution to the supertorsion constraints is

. . b 1
Jo = =i (el = 3 (was s TP =0, (8.450)
gb = i’)/gb ) laab = _(wa)ab ) kab =0 ) Kab = iryﬁac (wﬁ)cb ) (845b)
(@5)," = ()5 = & (9,82 —0,&) . bw=0, (Aa);’ = —Ricase)’, (8.45¢)
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where the first identity in (845d) implies that w = €*w, is the connection one-form of the
Levi-Civita connection and Ric denotes the corresponding Ricci curvature tensor, cf. [Wal84],
Section 3.4].

The Berezinian density Ber(E) has a particularly simple form for objects M = (M,Q, F)
in SLoc. In fact, for a general

92
F:g0+1/)a9“+775€ﬁc(M) (8.46)
one has
/ Ber(E) F = /NVOIJT/[ <17 + o <jao‘ — 1, hge— kzaa>> = /NVOIM n, (8.47)
M M M

where V01A~/I is the canonical volume form on the reduced oriented Lorentz manifold. Conse-
quently, the pairing ([B.I1]) reads as

(F1,Fo)pg = /~V011\71 (p1m2 + @am + V1% a,) (8.48)
M
where the expansion (846]) has been used.

The natural transformation P : 0 = ¢: Given any super-Cartan supermanifold M, we
can consider the super-differential operator 24 o %, : O(M) — O (M) defined by

-@a(F) = ga(F) ) (849&)
Doy © -@a(F) =& (-@a(F)) + <£b, Qac> -@c(F) ) (8'49b)
D& 0 Do(F) = €Dy, 0 Du(F) , (8.49¢)

for all F € 0(M). For any object M in SLoc, one may compute using the expansion (8.46])
D80 D, (F)=—2n

+ (2 B Ea (W) 4+ Kby + h (wa )y e + (0 wc) ga

= (2070 (19, 8a()) + (K + 7 (5)a" + (00) 107l ))

+ (., o + @) n
2

0
=~ 20 +2(iV¢)a 0" +20p | (8.50)

where 1Y is the geometric Dirac operator and [J is the geometric d’Alembert operator. Here
we used the essential identity

b {
gi=", (wg)y" = 2 (wa)py €7 =0, (8.51)

which holds because for each point 2 € M one can find a vielbein E such that (Wa)py(x) =0
and thus o(z) = 0. However, o is a scalar invariant and thus ¢ = 0 independent of the chosen
vielbein.

For any object M in SLoc and any constant m > 0, we define the super-differential operator

1
Pag = 594 0 Za + midoag) - O(M) — 0(M) . (8.52)
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Solutions of Py (F') = 0 satisfy
—n+me=0, iVPat+mi,=0, De+tmn=0, (8.53)

and thus in particular 1, is a solution of the Dirac equation and ¢ is a solution of the Klein-
Gordon equation (g + m?p = 0. The super-differential operator Pps is formally super-self
adjoint with respect to the pairing (8.48]). In general, one may show for arbitrary homogeneous
Fy € O0(M) and arbitrary F» € O.(M) that (see e.g. [BK98, Section 5.2.8.])

/ Ber(E) Fy 98 o 9,(Fy) = (—1)11l / Ber(E) 2%(Fy) Zo(F») (8.54)
M M

if Taﬁﬁ — Tabb = 0 and thus not all supertorsion constraints are necessary for the formal super-
self adjointness of Pps. Notice that Pps is also super-Green’s hyperbolic: If we write Pps in
matrix form as

m 0 -1
Py=10 iV+m 0 , (8.55)
O 0 m

then the retarded /advanced super-Green’s operators Gf/l for Pps can be written as

+ +
m GD+m2 :I:O GD+m2
Gi, = 0 X G im i , (8.56)
—DoGh,,,.» 0 mGa,, -

?:Ver
differential operators [0+ m? and i¥ + m, respectively. Finally, the super-differential operators
([B52)) are the components of a natural transformation since they are constructed geometrically
in terms of the supervielbein £ and a constant m > 0. Hence, we have constructed an example
of a super-field theory according to Definition Applying Theorem BE.IT] we further obtain
a super-QFT, which in the present case describes the quantized free Wess-Zumino model in
3|2-dimensions.

where GjD: 2 and G are the retarded/advanced Green’s operators for the component

Enriched super-field theory: We shall now discuss the super-field theory defined above in
the enriched setting. We consider two objects M and M’ in eSLoc®® and any object pt,, in
SPt°P. Before discussing the set eSLoc®®(M’, M)(pt,,) in more detail, we remark that, since
any x € eSLoc®?(M', M)(pt,,) preserves by definition the pt,,-relative supervielbeins, and Pps
is constructed geometrically, the super-field theory discussed in this example automatically
satisfies the axioms of an enriched super-field theory given in Definition

Instead of fully characterizing the set eSLoc®®(M’, M)(pt,,), we aim for analyzing a pre-
sumably large subset which contains supersymmetry transformations by considering a well-
motivated ansatz. For a generic F’ € 0.(M’) expanded as in (8.40]), we consider SMan/pt,,-
morphisms x : M/pt,, — M’ /pt,, of the form

X'I@F)Y=1 F+(®Q(F), (8.57a)

Fo=2) 4 T W 6+ ) (8.57b)

2
5 )
where ¢ € A, is odd, X : M — M’ is a smooth map which preserves the reduced Lorentz
vielbein Y*(E’) = E and @ is an odd superderivation. A necessary condition for such y to be
an element of eSLoc®? (M’ M)(pt,,) is that @ supercommutes with the dual supervielbein, i.e.

[@,&] =0, [Q,ea]=0. (8.58)
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We can expand @) as

2
Q=Av0"e, + (B“ +C° %) da (8.59)

and evaluate the constraints (858)) in the given order. After a straightforward computation we
find that these constraints are satisfied if and only if

B¢ (wa),* =0, (B =0, @— (B, C'=0. (8.60)

Thus, we find that a non-zero @ is only possible if the Levi-Civita connection w is vanishing,
and hence also the super-spin connection € is vanishing on M. In this case y defined as above
is an element of eSLoc®®(M’, M )(pt,,) if and only if the super-spin connection ' on M’ is
also vanishing.

This rather restrictive condition for the existence of interesting enriched morphisms x €
eSLoc®?(M', M)(pt,,) originates from our requirement that the supervielbein F is even and
that x must preserve the pt,-relative supervielbein. In the treatment of supergravity one
usually deals with supervielbeins which are not purely even and considers, in the terminology
of this paper, enriched morphisms which have to preserve the pt,-relative supervielbein and
pt,,-relative super-spin connection only up to local Lorentz transformations. This class of
enriched morphisms contains the so-called supergravity transformations [WB92].

Supersymmetry transformations in the enriched super-QFT: We close the discussion
of this example in analogy to the 1|1-dimensional case by illustrating the structure of supersym-
metry transformations. As discussed above, these transformations appear only if we consider
an object M = (M,Q, E) in eSLoc with 2 = 0, such as for example the 3|2-dimensional super-
Minkowski space. Given any such object, we can use the SSet-functor ¢2l : eSLoc — eS*Alg con-
structed in Theorem [Z.I1] to obtain a superalgebra of observables 2(M ) and a SSet-morphism
eAns v eSLoc(M, M) — eS*Alg(A(M ), A(M)), which describes the enriched automorphism
group of A(M ). Proper supersymmetry transformations are described by the odd superderiva-
tions

Qp:= B9, —iB*y% 0°e, , (8.61)

with B® a constant spinor, and they are parametrized by odd elements ¢ € (Ay);. As in
the 1|1-dimensional case, such supersymmetry transformations may be understood as odd
superderivations Qp : A(M) — A(M) which act on the generators ®pz(F) = [F] € A(M),
with F' € O0.(M), as

@;(‘I)M(F)) = -0 (QB(F)) - (8.62)

We may decompose ®pz(F') into its component quantum fields by using the expansion

92
F:f+pa0“+h5. (8.63)
Explicitly, we set

Pri(F) = dna(f) + s (pa) +1na(h) (8.64)

and we recover the usual supersymmetry transformations
Qp(énm(f)) = vAa(f Ba) . (8.65a)
Q(vha(pa)) = ona(Bi¥ pa) + 18 (B pa) . (8.65b)
Qs (1 (h) =~ (¥ (h B.)) - (8.65¢)
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A Basics of enriched category theory

We review some elementary definitions of enriched category theory which will be used in our
work. For detailed introductions to this subject see e.g. [Kel82] and [BS00].

Let V be a monoidal category. For our purposes we can assume that the associator in V is
trivial. We denote the monoidal bifunctor by ® : V x V — V and the unit object in V by I.

Definition A.1. A V-category (or a category enriched over V) C consists of

a class Ob(C) of objects;

for all objects A, B € Ob(C), an object C(A, B) in V called the “object of morphisms
from A to B”;

for all objects A, B,C € Ob(C), a morphism e4 g : C(B,C) ® C(A,B) — C(A,C) in V
called the “composition”;

for every object A € Ob(C), a morphism 14 : I — C(A, A) in V called the “identity on
A”.

This data must satisfy the associativity and unit axioms, which are expressed by commutativity
of the diagrams

idc(c,p) ®ea,B,C

C(C, D) ® C(B,C) ® C(A, B) C(C, D) ® C(A,C) (A.la)

®3.C,D ®idC(A,B)J l‘A,C,D

C(B,D) ® C(A, B) cin o C(A, D)
I ®C(A,B) C(A,B)®I (A.1b)
1p ®idC(A,B)J = = lidC(A,B) @14

in the category V, for all objects A, B,C, D € Ob(C).

Remark A.2. For ease of notation, we shall always drop the labels on the composition and
identity, i.e. we simply write @ : C(B,C) ® C(A,B) — C(A,C) and 1 : I — C(A, A).

Definition A.3. Let C and D be two V-categories. A V-functor (or enriched functor) §: C — D
is given by the following assignment:

e for every object A € Ob(C), an object §(A) € Ob(D);
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e for all objects A, B € Ob(C), a morphism §4 5 : C(A4,B) — D(F(4),§(B)) in V.

This assignment must be compatible with the composition and identity, which is expressed by
commutativity of the diagrams

C(B,C) ® C(A, B) . C(A,C) (A.2a)

$B,C ®3A,BJ lSA,C

D(3(B),3(C)) © D(§(A),§(B)) ———— D(3(4),3(C))

C(A, A) (A.2b)

in the category V, for all objects A, B,C € Ob(C).

Remark A.4. Notice that V-functors can be composed: Consider three V-categories C,D,E
and two V-functors §: C — D and & : D — E. We define the V-functor & o § : C — E by the
following assignment: To every object A € Ob(C) we assign (& o §)(A4) := &(F(A)) € Ob(E).
To all objects A, B € Ob(C) we assign the V-morphism

(& oF)ap =06z 5B) °5a:CA, B) — E(6(F(A)),6(F(B))) , (A.3)

where o denotes the composition of morphisms in V. It is easy to check that &o§: C — E is
a V-functor.

Definition A.5. Let C and D be two V-categories and §, ® : C — D two parallel V-functors. A
V-natural transformation (or enriched natural transformation) n : § = & is given by assigning
to every object A € Ob(C) a morphism 14 : I — D(F(A),B(A)) in V, such that the diagram

NB AT A,B

I®C(A,B) D(F(B), 6(B)) © D(§(A),3(B))

/

CA,B)® I ———" = D(6(4),6(B)) ® D(F(4), 6(4))

(A.4)
in the category V commutes, for all objects A, B € Ob(C).

Remark A.6. Notice that for V being the monoidal category Set of sets, with monoidal
bifunctor given by the Cartesian product and unit object given by any singleton set pt := {x},
all definitions above reduce to the definitions in ordinary category theory. Hence, category
theory enriched over Set is the same as ordinary category theory.
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