Commun. Math. Phys. (2024) 405:127 Communications in
Digital Object Identifier (DOI) https://doi.org/10.1007/s00220-024-04990-z M ath emat i c al

Physics
)]

Check for
updates

Canonical Supermultiplets and Their Koszul Duals

Martin Cederwall'-2, Simon Jonsson>, Jakob Palmkvist*(®, Ingmar Saberi’

—

Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, Sweden

NORDITA, Hannes Alfvéns vig 12, 106 91 Stockholm, Sweden.

E-mail: martin.cederwall @chalmers.se

Department of Physics, Astronomy, and Mathematics, University of Hertfordshire, Hatfield, Hertfordshire
AL10 9AB, UK. E-mail: d.jonsson@herts.ac.uk

School of Science and Technology, Orebro University, 701 82 Orebro, Sweden.

E-mail: jakob.palmkvist@oru.se

Ludwig-Maximilians-Universitdt Miinchen, Theresienstrae 37, 80333 Munich, Germany.

E-mail: i.saberi @physik.uni-muenchen.de

8]

w

~

w

Received: 22 May 2023 / Accepted: 9 March 2024
© The Author(s) 2024

Abstract: The pure spinor superfield formalism reveals that, in any dimension and with
any amount of supersymmetry, one particular supermultiplet is distinguished from all
others. This “canonical supermultiplet” is equipped with an additional structure that
is not apparent in any component-field formalism: a (homotopy) commutative algebra
structure on the space of fields. The structure is physically relevant in several ways; it
is responsible for the interactions in ten-dimensional super Yang—Mills theory, as well
as crucial to any first-quantised interpretation. We study the L, algebra structure that
is Koszul dual to this commutative algebra, both in general and in numerous examples,
and prove that it is equivalent to the subalgebra of the Koszul dual to functions on the
space of generalised pure spinors in internal degree greater than or equal to three. In
many examples, the latter is the positive part of a Borcherds—Kac—Moody superalgebra.
Using this result, we can interpret the canonical multiplet as the homotopy fiber of the
map from generalised pure spinor space to its derived replacement. This generalises and
extends work of Movshev—Schwarz and Galvez—Gorbounov—Shaikh—Tonks in the same
spirit. We also comment on some issues with physical interpretations of the canonical
multiplet, which are illustrated by an example related to the complex Cayley plane, and
on possible extensions of our construction, which appear relevant in an example with
symmetry type G> X Aj.
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1. Introduction

The study of supersymmetric field theories has been a catalyst for many new and inter-
esting developments in mathematical physics over the last fifty years or so. Many of
these developments can now be understood as pointing at broader themes that are not
confined to the context of supersymmetric field theory. For example, the desire to under-
stand supersymmetric extensions of the Poincaré algebra geometrically, as structure-
preserving transformations of an appropriate “super-spacetime”, was a major impetus
behind much work in supergeometry. But the role of supergeometry and other super-
mathematics in physics is apparent in any theory with fermionic degrees of freedom,
whether supersymmetric or not. Another issue which is in principle independent of
supersymmetry, but which is unavoidable in the study of maximally supersymmetric
theories and especially supergravity theories, is the presence of on-shell symmetries:
a (super)symmetry acts on the critical locus of the action functional, but there is no
obvious way of extending the transformations defining this symmetry to the space of
all (off-shell) field configurations, and thus no obvious way of gauging the symmetry
with standard techniques. Precisely this issue led to the development of the Batalin—
Vilkovisky formalism, which deals with on-shell symmetries by replacing the space of
fields by (a specific model of) the derived critical locus and giving a homotopy action of
the on-shell symmetry on this space. The BV formalism, in turn, led to the introduction
of derived geometry and other homotopical methods into mathematical physics; these
techniques have become a fruitful and active area of modern research quite independently
of supersymmetry.

Pure spinor superfields were originally introduced in order to cope with both of the
aforementioned problems simultaneously, in the context of maximally supersymmetric
theories [1-3]. A major goal was to make supersymmetry “manifest”’; the supersymme-
try transformations of the fields of the theory should be geometric in nature, and thus
the theory should be formulated in terms of superfields. Correspondingly, the action
of supersymmetry transformations should be strict. It was found that the pure spinor
superfield formulation of ten-dimensional super Yang—Mills theory naturally gives rise
to a superspace model of the derived critical locus, thus automatically reproducing the
Batalin—Vilkovisky approach to this theory. In modern language, the homotopy action
of supersymmetry on the standard BV theory arises via homotopy transfer.

While most of the literature on the formalism has to do with specific examples of
maximally supersymmetric theories, it has been realised in recent years that the scope
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of the formalism is much broader. Pure spinors provide a systematic technique to con-
struct off-shell superspace models of supermultiplets; in fact, any supermultiplet can be
obtained from a pure spinor superfield, and (in an appropriate sense) from a uniquely
determined one [4]. Here, too, ideas from derived geometry play an essential role: the
construction provides an equivalence of dg-categories between an appropriately defined
category of supermultiplets and the category of equivariant sheaves on (a derived replace-
ment of) the space of pure spinors. The equivalence is essentially a version [5] of the
general phenomenon of Koszul duality. (In general, some care is required in discussing
such equivalences. On general grounds, one has a fully faithful symmetric monoidal
embedding from quasi-coherent sheaves on the derived replacement to representations
of the supertranslation algebra; see [6, Theorem 2.4.1]. In our context, the remedy is that
a supermultiplet is not the same as a generic module over the supertranslation algebra;
such issues are not our focus in this paper, and we will ignore them in what follows.)
Koszul duality phenomena have various incarnations, and it has become increasingly
clear that they are of fundamental relevance to mathematical physics. For example, the
observables of a theory in the BV formalism are essentially the Koszul dual (Lie algebra
cochains) of the local L, algebra structure that the BV action defines on the fields
[7, just for example]. Building on this, Costello and Li [8] have pointed out that Koszul
duality should be relevant to the understanding of holographic dualities, generalising the
standard piece of the AdS/CFT dictionary which says that bulk fields should correspond
to boundary observables. For a recent survey of some other appearances of Koszul
duality in modern mathematical physics, see [9]. The mathematical literature on Koszul
duality is enormous, and we cannot give complete references here; for some selected
foundational work on Koszul duality, the reader might look at [10—-15], just for example.
The instance of Koszul duality that will be relevant to us in this work is between
L, algebras and commutative differential graded algebras. However, it is important to
emphasise that we will not make reference to the standard story in the BV formalism
described above. Our application of Koszul duality will be, for those well-versed in the
BV formalism or the picture of field theories as formal moduli problems, the “wrong
way around”: we will study a hidden commutative algebra structure on the fields of
particular free supermultiplets, and relate this to an L, structure on the observables.
The commutative structure that is relevant for us is closely related to the commutative
structure on the ring S of functions on the space Y of generalised pure spinors. (It
is worth noting here that the term “pure spinor” is, in this context, in some sense a
historical accident: our notion encompasses the space of Maurer—Cartan elements in any
graded Lie algebra with support in degrees one and two, and therefore any graded ring S
defined as a quotient of formal power series by homogeneous quadratic equations.) The
pure spinor formalism constructs, in particular, a supermultiplet from any appropriately
equivariant sheaf on Y. As such, there is always a uniquely determined “canonical”
multiplet associated to the structure sheaf (the ring § itself). In examples of physical
relevance, the canonical multiplet is typically an important or well-known one: among
the list of canonical multiplets, one sees, for example, the eleven-dimensional and type
IIB supergravity multiplets; the Yang—Mills multiplets for minimal supersymmetry in
dimensions three, four, six, and ten; and the N' = (2, 0) abelian tensor multiplet. In
each case, the commutative structure on S gives rise to a commutative structure on the
canonical multiplet.
This commutative structure has been understood and appreciated in examples. The
pure spinor formulation of interactions in ten-dimensional super Yang—Mills theory,
for example, uses a Chern—Simons-type action; just as in the BV approach to standard
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Chern—Simons theory, the multiplet comes equipped with a commutative structure, and
tensoring this with the gauge Lie algebra gives rise to the Lo, structure describing
the interacting BV theory. It is also relevant to first-quantised pure spinor models, in
particular the pure spinor superparticle [3]. Here, the fields of the theory in the target space
arise as observables of the worldline theory. We expect the commutative structure of
the canonical multiplet to be relevant to first-quantised descriptions in general, although
there are many subtleties and we do not pursue this here.

In order to understand the Koszul dual of this cdga, we need to pass to yet a larger
model of the multiplet in question. Although the standard pure spinor description is freely
resolved over superspace, it is not freely generated as a commutative algebra, because S
itself is not. We thus need to replace S by its Tate resolution [16], which resolves the ideal
defining S by a cdga that is freely generated over formal power series. In the language
of rational homotopy theory, we construct a Sullivan model for S; Sullivan algebras are
perhaps better known in the supergravity literature as “free differential algebras”, and
have appeared in various places in prior work, notably in the work of the Italian school
[17]. The Tate resolution of S can then be identified with the cochains of an L, algebra
(%) which arises via a sequence of iterated central extensions of the supertranslation
algebra t. £ thus maps to t; the multiplet itself can be viewed as the homotopy fiber
of the corresponding map of formal moduli problems, and we prove that it is modeled
by the subalgebra of t(>°) supported in degrees greater than or equal to three.

In many of the examples we consider, the variety Y is a minimal orbit of the action of
the automorphisms of t on t!, and the algebra t(* itself can be understood as the positive
part of a Borcherds—Kac—Moody (BKM) superalgebra. The connection between such
algebras and functions on minimal orbits via Koszul duality was studied previously
in [18]. As such, our results can be also understood as a generalisation of that work.
The relevance of BKM algebras to supergravity theories, U -dualities, and exceptional
generalised geometry has been understood for some time (see, just for example, [19-21],
as well as [22]); it would be interesting to pursue connections to these other appearances
of similar algebraic structures, though we do not pursue this in any deep way here. We
hope to return to the question in future work.

We are not the first to study the Koszul duals of the algebras that appear in the pure
spinor formalism, though our setup is more general than has appeared in the literature so
far. The Tate resolution of the pure spinor constraint was considered in [23]—again, moti-
vated by issues related to first-quantised models—and continued in [24,25], in particular
from the point of view of partition functions/characters. In a series of fundamental papers
[26-28], Movshev and Schwarz studied constructions and proved results analogous to
ours in the example of ten-dimensional super Yang—Mills theory. (In ten-dimensional
minimal supersymmetry, the Yang—Mills multiplet is the canonical multiplet.) In [29],
Movshev went on to uncover many of the key structural features of the formalism, includ-
ing extensions to Yang—Mills theories with less supersymmetry, for which the canonical
multiplet is the off-shell (BRST, rather than BV) Yang—Mills multiplet. Building on this
body of work, an inspiring paper of Gorbounov—Schechtman [30] commented on the
connections to Tate resolutions of commutative algebras and ideas from rational homo-
topy theory, and further work of Galvez—Gorbounov—Shaikh—Tonks [31] generalised the
ideas of Movshev—Schwarz to general Koszul algebras. In addition, an important paper
of Gorodentsev, Khoroshkin, and Rudakov [32] gave a clear exposition of constructions
and results entirely parallel to ours in the case of symmetric spaces. In this paper, with
applications to supersymmetric physics in mind, we generalise further to any canonical
multiplet; we do not require Koszulity, though we comment on the role it plays later on.
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We also note that the explicit study of the Tate resolution for the constrained spinors
used in D = 11 supergravity was initiated in [33], where some conjectures along the
lines of our results were formulated.

For the purposes of this work, we consider only canonical multiplets; we do not
address the situation where multiplets are obtained from non-scalar pure spinor super-
fields (sheaves other than the structure sheaf on Y, or non-free S-modules) in any detail.
Many of the statements should carry over to such multiplets, both in terms of modules
over the rings we consider and of their Koszul dual algebras. We save these considera-
tions for the future.

The organisation of the paper is as follows: Sect. 2 introduces some general concepts,
including the categories we are working in, issues related to gradings, and partition
functions. We briefly review relevant aspects of the pure spinor superfield formalism
and of Borcherds—Kac—Moody superalgebras. In Sect. 3 we introduce the Koszul dual
to the pure spinors. A main tool is the Tate resolution of the constraint on the “pure spinor”
A. The resolution is a freely generated commutative dg algebra, and hence defines an
Lo algebra structure on t(°°), the linear dual of the space of generators (shifted by one).
This L, algebra is the Koszul dual to pure spinors; note that, although the algebra S
is quadratic, this notion of Koszul duality coincides with the traditional quadratic one
only when the coordinate ring of pure spinor space is Koszul. By incorporating the
Tate resolution in the pure spinor superfield formalism, we obtain a freely generated
cdga resolving, not just S, but the canonical multiplet itself. We can then use homotopy
transfer to show equivalence of this cdga both to the standard version of pure spinor
superfield cohomology and to the Lie algebra cohomology of the subalgebra of ¢ in
degrees three and above. We also discuss in some detail how (> can be constructed
from the supertranslation algebra and the observables of the canonical multiplet by
the introduction of certain cocycles, and give an interpretation in terms of forms on
superspace, a more standard notion in the physics literature. In Sect. 4 we list and discuss
interesting structures, both on the mathematical, ring-theoretical, and on the physical
sides. Section 5 presents a large number of physical (and some less physical) examples,
illustrating our approach. Finally, in Sect. 6, our results are discussed, and some open
questions and future directions are pointed out.

2. Setup

2.1. Conventions. We begin by briefly setting up our conventions and quickly reviewing
some well-known material we will use in what follows. In particular, we fix conventions
for gradings and for the monoidal structure on the category in which we work, as well
as for partition functions (Hilbert and Poincaré series).

2.1.1. Notes on notation. We use the notation A for the graded antisymmetric, and Vv
for the graded symmetric part of any tensor product. We often use signs to denote parity;
if V is a vector space, an element in —V is defined as an element in V with odd parity
(a fermion). Note that (—1)" v V = A"(—V). Given a vector space, the tensor algebra
on V is denoted T[V], and Sym*® (V) denotes the (graded) symmetric algebra. The dual
of a vector space V is denoted V: see below in Sect. 2.1.3 for comments on duals. An
irreducible highest weight module of a semi-simple Lie algebra is denoted R (1), where
w is the highest weight. If the module is labelled by a lowest weight, we use the notation
R(—p). Representations and modules of finite-dimensional semi-simple Lie algebras
are sometimes denoted by the Dynkin label of 1, and sometimes by their dimension, in
bold.
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We will usually denote Lie algebras by Fraktur letters, but do not adhere to this
convention universally. Some exceptions are as follows: the free Lie algebra on a vector
space V is denoted F[V]; the Borcherds—Kac—Moody superalgebra labeled by a Kac—
Moody superalgebra g and a dominant integral weight p of g is denoted A(g, 1).
Semidirect sums of Lie algebras are indicated with the symbol &, with the algebra a
acting on its module b in a &€ b. Categories, where they appear, are in sans-serif type,
so that (for example) Ch denotes the category of cochain complexes. We will make
repeated use of homotopical arguments; when we refer to two objects as equivalent, we
mean equivalent up to homotopy in the category in which these objects live.

2.1.2. Setting the stage. Throughout the paper, we work in an appropriate monoidal
category of graded vector spaces over a field k of characteristic zero. For the purposes at
hand, one loses nothing by imagining that k = C throughout. An object of this category
is a bigraded vector space

v=@vre, (1)
pr.q

with each graded component V74 finite-dimensional, possibly equipped with a differ-
ential of bidegree (+1, 0). The monoidal structure uses the Koszul rule of signs, with
the parity of a homogeneous element in bidegree (p, ¢) being p + g mod 2. This cat-
egory was referred to as “lifted dgs vector spaces” in ref. [34]. One can alternatively
think of it as being the category of cochain complexes of graded vector spaces, where
the category GrVect of graded vector spaces is taken to be monoidal according to the
Koszul sign rule. We will sometimes have cause to refer to the subcategories GrVecty
of GrVect, consisting of objects with non-negative (+) or non-positive (—) grading;
similarly, GrVect. will refer to the subcategory of objects with grading bounded from
below. GrVect is a full subcategory of Ch(GrVect) by regarding an object as a cochain
complex concentrated in degree zero. We will also need the subcategory consisting of
cochain complexes in GrVect that are bounded from below (or above) in the internal
grading (the grading on GrVect) and bounded in cohomological degree in each inter-
nal degree. This category will be called Ch(GrVect..),—but note that objects are not
necessarily bounded cochain complexes!

2.1.3. A comment on bigradings. The grading on an object in GrVect will be called the
“internal grading”, and the grading on a cochain complex will be called the “cohomolog-
ical grading”. In physical terms, cohomological grading should be thought of as ghost
number, and internal degree modulo two as intrinsic fermion parity (both with appro-
priate shifts). We will sometimes have cause to refer to the negatives of these gradings:
the negative of the cohomological degree will be called “homological degree”, and the
negative of the internal degree will be called the “weight degree”. Throughout, duals
reverse grading: that is,

(V)Pd =vy=-r—a, 2)

As such, the dual of a cochain complex is also a cochain complex; our conventions are
cohomological throughout, so that every differential has degree +1. Duals are defined
to be the sum of the degreewise linear duals; note that this is not the linear dual in the
infinite-dimensional setting, but that the dual of a dual is the original object.
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The only important shift functor will be the shift functor on Ch(GrVect), which
preserves weight grading and shifts cohomological grading. For this shift functor, we
use square brackets; our convention is that

V[n]Pd = yren, 3)

Thus, for any object W of GrVect, W[n] denotes the cochain complex consisting of W
placed in degree —n.

The totalisation of the cohomological degree and the internal degree will be called the
“consistent” or “totalised grading”, as the parity of any homogeneous element is deter-
mined by this degree. V74 is in consistent degree p +¢. In later sections, we sometimes
have cause to refer to the bidegree of an element using the “Tate bidegree”, consisting
of consistent and weight degree, rather than cohomological and internal degree: when
we do this, we will use double parentheses, so that an element of bidegree (p, ¢) has
Tate bidegree (p +¢q, —q))-

2.1.4. Homotopy Lie algebras and their cochains. No matter which algebraic structures
are being considered, we always work internally in GrVect. Thus a “cochain complex”
or “dg vector space” is an object of Ch(GrVect), a “commutative algebra” is a Z-
graded algebra which is graded commutative, and a “commutative dg algebra” is a
bigraded algebra, commutative with respect to the totalised grading, and equipped with
a differential of bidegree (1, 0).

An L algebra (again internal to GrVect) is an object a of Ch(GrVect), equipped
with structure maps

wi s Afa > a “4)

of bidegree (2 — k, 0) satisfying all higher Jacobi identities. A “Lie algebra” is an L
algebra concentrated in cohomological degree zero: that is, a consistently Z-graded Lie
superalgebra.!

Given an L, algebra a, its Lie algebra cochains C*(a) are a cdga, freely generated
by a[—1]. We will write Sym*® (V) for the freely generated commutative algebra on an
element V of Ch(GrVect), and Sym" (V) for the completion with respect to the canonical
maximal ideal Sym>%(V). The cochains are then the cdga

C*(a) = (Sym" @[ —11), dce), ®)

where the Chevalley—FEilenberg differential dcg is the sum of the maps i over all k > 0.
If there are infinitely many nonvanishing L, operations, completion is essential; if not,
we can choose to work without completing. The Chevalley-Eilenberg differential has
bidegree (1, 0), and it squares to zero precisely when the wuy define an L, structure. (If
a is the Lie algebra of a super Lie group A, then the generators a[—1] can be thought
of as left-invariant one-forms; completing means that we treat fermionic one-forms as
formal variables.)

U In the sequel, we will have cause to consider strict minimal Lo algebras—for which only the 2-ary
bracket is nontrivial—which are nevertheless supported in nontrivial cohomological degrees. These are, of
course, also (super) Lie algebras in the standard sense; we may abusively refer to them as such, but no confusion
should arise.
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2.1.5. Working equivariantly. In general, we will be interested not only in the category
GrVect, but also in an equivariant version GrVect®, where objects are graded vector
spaces equipped with an action of a reductive algebraic group G. (The reader will lose
nothing by imagining that k = C and that G is a complex Lie group.) Ch(GrVect®)
and other related objects are defined in the obvious way.

2.1.6. Partition functions. A useful tool for examining the structure of the objects we
will study (in particular, cdgas and L., algebras) is provided by partition functions
(characters). Let us quickly fix our conventions.

For G areductive algebraic group as above, we let Vect® denote the category of G-
representations, and Rep(G) denote the representation ring of G. An element of Rep(G)
is a formal integral linear combination of G-representations; sums are identified with
direct sums, and the ring structure arises from the tensor product in Vect®. (In other
words, Rep(G) is the Grothendieck ring Ko (VectG).)

A partition function can be meaningfully assigned to any object of Ch(G rVectg)b.
Recall that, for such objects, the internal grading is bounded from below, and the homo-
logical grading is bounded in each internal degree. For such an object, the Euler char-
acteristic defines an assignment

x :0b (Ch(GrVectE),,) — Ko(GrVect), @ vre Y (—)Pvee. (6)
P P

We can then further observe that Ko(GrVeCtS) = Ko(Vect®) (1) = Rep(G) (1)), so
that the Euler characteristic can be viewed as the formal Laurent series with coefficients
in the representation ring constructed via this procedure. The Euler characteristic of
quasi-isomorphic cochain complexes agree, and direct sums and tensor products are
carried to addition and multiplication in Rep(G)((¢)). In what follows, we will often use
@, ©, ® for operations in this ring.

The partition function is essentially the Euler characteristic, as thus defined; however,
in our conventions for partition functions, we make a couple of adjustments. First off,
we prefer for the sign to reflect the consistent grading; therefore, we define

Zy(t) = xy(—1), V €Ob (Ch(GrVectS),,). 7

Secondly, we will have cause to study objects where the internal grading is bounded
from above. We maintain the convention that the partition function should be a formal
Laurent series in the variable ¢, rather than ¢ ~!; therefore, we define the partition function
of an object of Ch(GrVect?9), by Zy (1) = xv(—t~").

The partition function is thus an object that encodes the content in terms of G-modules
ateach weight degree; the weight degree is encoded as the power of a formal parameter 7.
It should be noted that the partition function no longer keeps track of the cohomological
grading; it only carries information about the weight grading and the Koszul sign of the
G-modules.

2.1.7. The Hilbert and Poincaré series of a commutative ring S. According to the above,

the partition function takes values in the tensor product of the representation ring of G
and formal power series in ¢, and we write

Zs(t) = EB St . ®)
n=0
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Replacing S, with dim(S,) gives the Hilbert series.

Note that our definition of a partition function for § is its Hilbert series; this is to
be contrasted with the Poincaré series, which is often encountered in the theory of
commutative rings (see e.g.[35,36]), and which is based on a minimal (equivariant)
resolution L® of k in free S-modules:>

L= . P50V 3 sV, Bsevay 2 s ~k 9

where V; are objects of GrVectG, dim V; = b;, Vo = k. The partition function (the
equivariant Poincaré series of S) is often defined in the literature as

Psty =P V. (10)
i =0

The corresponding numerical Poincaré series is then Y ro b;t".

The complex L*® computes the Koszul dual Ext§ (k, k) of S in associative algebras. (In
general, Extg(k, k) has an Ay structure; when S is commutative, this can be identified
with the enveloping algebra, in the sense of Baranovsky [37], of the L., Koszul dual we
consider in this paper.) Since the complex resolves k in free S-modules, we can compute

Ext} (k, k) = Homg(L/, k) = V;. (11)

This implies a relationship between Ps(7) and Zs(¢). In order to see this relationship, we
need to rearrange the terms in this partition function to make it adhere to our conventions
above. In particular, we need to take the Euler characteristic; however, this does not
correspond to setting = —1 in the above definition, since it does not properly account

for gradings. S is graded, so that L® is bigraded, and the resolution differential ¢ has
(consistent) bidegree (1, 0)). To be concrete, we can split each V; as V; = @fx’: Viw,
where V; ,, carries weight degree w and N; is a finite number. L® is now an object of
Ch(G rVect?)b, so that, following the above convention, we should define

o0 N,‘

Ps(t) = Zexs et () = D EP Viw (=1t (12)

i=0 w=i

Because L*® is a resolution of k, we can then compute the total partition function of
the complex as Zg(1)® Ps(t) = Zz+(t) = 1. Thus Zs(t) = (Ps(t)) . S being a Koszul
algebra is equivalent to all deg(¢;) = 1 [36]. Then the sum over w in (12) contains a
single term w = i, and Zg(t) = (Ps(—1))~ 1.

2.1.8. Partition functions of enveloping algebras. Let a be a Lie algebra in positive
internal degrees, containing the module R, (of Der(a), see Sect. 2.2.1) at internal degree
n, where fermionic generators are counted with a minus sign. The partition function
(always twisted by fermion number) of the universal enveloping algebra U (a) is

Zy@ @) =@ — ")~k (13)

n=1

2 This resolution is in a certain sense dual to the Tate resolution of S, see Sect. 3.2.4.
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Here we use the shorthand (1 — )% for the partition function of bosons at degree n
in the module R,;,

1-x)"V =@V"Vx”, (14)
n=0

which is practical since it obeys the usual multiplication rules for powers. In particular,
its inverse is the partition function for a fermion in V,

dim V

1-x)" = EB (=" A"V X" (15)

n=0

The corresponding Hilbert series is obtained by replacing modules with their dimensions.
If a is Lo, but not strictly Lie, U(a) as such is not well defined. The right hand side
of (13) is still meaningful, and has the interpretation as the partition function for the A
structure on Sym® (a) as defined by Baranovsky [37], which is the proper generalisation
of U(a) to L algebras. This will be taken as the meaning of U (a) in the following. It
of course still agrees with the conjugate inverse of the partition function of the complex
C*(a), see Sect. 3.2.3.

2.2. (Generalised) supertranslations. In this section, we set up the general scenario in
which we would like to work. While our constructions are inspired by applications in
supersymmetric field theory, and our examples will all be taken from this setting, we
emphasise that the superalgebras we consider need not be limited to just supertranslation
algebras of physical interest.

2.2.1. The supersymmetry algebra. Let tbe a Lie algebra, supported in internal degrees
one and two. It follows immediately that t is a central extension of the odd abelian Lie
algebra t; by t;:

O0—->tH—->t—>t — 0. (16)

We will think of t as a physical supertranslation algebra: it will act by translation sym-
metries on flat superspace, and these symmetries preserve ghost number since t is con-
centrated in cohomological degree zero.

Let Der(t) be the Lie algebra of bidegree-preserving endomorphisms of t that are
derivations of the bracket. (This is the Lie algebra of the group Aut(t) of bidegree-
preserving automorphisms of t.) Since t>:* = 0, there are no bidegree-preserving inner
derivations, and we can extend the Lie algebra by placing Der(t) in degree zero if we
like.

(In physical terms, the result would be the super-Poincaré algebra, including Lorentz
and R-symmetry as well as a generator for scale transformations, the grading generator.)
In general, though, we will focus just on the algebra t, while insisting that all constructions
are equivariant for the Lie algebra Der(t), or perhaps more generally for some chosen
subalgebra thereof (though we will not make such choices in what follows).
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2.2.2. Superspace. Given a Lie algebra t of this form, we can construct a corresponding
superspace in the following fashion: We consider the supergroup T = exp(t). Since t is
two-step nilpotent, T = t as (graded) vector spaces. As usual, T acts on itself on the left
and on the right. Both the left- and right-invariant vector fields are isomorphic to t and
define two commuting copies of t inside of Vect(T'). These are the operators typically
called Q, and D, in the physics literature.

2.2.3. Pure spinor space and its coordinate ring. We consider now the Lie algebra
cochains of t. Since C*(—) is a contravariant functor, the above short exact sequence (16)
determines a diagram

k—C*(t1)) > C*(t) > C*(ta) — k 17)

of cdga’s, in which the first and last terms have zero differential. The first map in this
sequence witnesses C*(t) as an algebra over the polynomial ring

R = C*(t1) = Sym*(t[-1D), (18)

graded so that its generators sit in bidegree (1, —1). We will often denote these generators
with the symbol A, so that R = k[A]. The second map shows that, as a graded commu-
tative algebra over R, C®(t) is freely generated by t,[—1], which we will represent by
odd generators v in bidegree (1, —2).

One sees immediately that C*(t), with respect to the consistent (totalised) grad-
ing, is the (cohomologically, thus negatively, graded) Koszul complex associated to
the sequence of dim(ty) quadratic elements of R that are determined by the structure
constants. The zeroth cohomology, with respect to the consistent grading, is thus the
ring

S = R/(}%) (19)

of functions on the space of Maurer—Cartan elements in t, where 22 denotes some
expression quadratic in A corresponding to the generators of t,. (Since the differential
on tis trivial, Maurer—Cartan elements are just elements Q € {; satisfying [Q, O] = 0.)
We define this space, the “Maurer—Cartan set” or “nilpotence variety” or “generalised
pure spinor space”, to be3

Y = SpecS. (20)

Since S is graded (defined by homogeneous quadratic equations in the polynomial ring
R), Y admits a k* action; it is the affine cone over the projective scheme

P(Y) = Proj S. 1)

The weight grading corresponding to the standard k> action, with respect to which
generators of R are placed in degree 1, is the negative of the internal grading.

3 For non-experts: the spectrum Spec S of a ring S is its set of prime ideals. One can think of a maximal
ideal as the collection of those functions on Y that vanish at a specific point Ag in pure spinor space. This
ideal is generated by the monomials A — A¢. More generally, prime ideals can be thought of as those functions
vanishing on particular algebraic subsets, defined by the equations that generate the ideal. The spectrum can
be equipped with the Zariski topology, in which closed sets are algebraic subsets, as well as a sheaf of local
functions for which S is the global sections. We will freely make use of this correspondence between spaces
and rings in what follows.
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2.3. The (generalised) pure spinor superfield formalism.

2.3.1. Multiplets. The pure spinor superfield formalism associates, to any Der(t)-
equivariant C*(t)-module, a “multiplet” for t, which is a supersymmetry-equivariant
sheaf on the body of the supermanifold T (the normal bosonic spacetime). In fact, the
formalism defines an equivalence of categories, so that every supermultiplet admits a
unique description in terms of an equivariant C*(t)-module (or, equivalently, in terms
of an equivariant sheaf on the classifying space Bt = Spec C*(t)). We briefly review
the relevant aspects here; for details and further background, we refer to the literature
[1,34,38,39]. We note that, in the physics literature, the term “supermultiplet” is usually
understood, depending on context, to mean an indecomposible representation module of
the supersymmetry algebra, either on fields (in the case of a local supermultiplet) or on
particles (which are unitary irreducible representations of the Poincaré group, finitely
many of which combine into a unitary irreducible representation of the super-Poincaré
group). In the presence of a free action, the Hilbert space of the free field theory of a
field multiplet is the Fock space on a corresponding particle multiplet. Our definition
of the term captures the notion of a field multiplet, but only includes those gauge trans-
formations or equations of motion that are necessary for supersymmetry to close in an
appropriate off-shell formalism (either BRST or BV).

2.3.2. Commutative/Lie Koszul duality kernel. The formalism works using a kernel
which is a slight variant of the usual Koszul duality kernel. By a “kernel” in this context,
we mean a free resolution of the ground field £ in bimodules over the algebra and its
Koszul dual; for Koszul duality in associative algebras, this is the object L*® discussed
in Sect. 2.1.7.

For our purposes in this paper, only Koszul duality between the commutative and Lie
operads is relevant. In this case, the kernel can be made more explicit using the Chevalley—
Eilenberg cochains. The usual kernel for commutative/Lie Koszul duality is Ko(t) =
Ut ®« C*(t), equipped with the scalar, square-zero, acyclic differential that arises
from the identity element in t ® t acting using both module structures simultaneously,
and considered as a differential graded (C®(t), U (t))-bimodule. The equivalence of
categories then associates to a U (t)-module N the C*(t)-module N ®¢ ) Ko(t), and
similarly to a C*(t)-module M the U (t)-module Ko(t) ®ce) M. The algebras U (t)
and C*(t) are then said to be Koszul dual; in this special case, where no higher brackets
are present, (the enveloping algebra of) a dg Lie algebra is dual to a dg commutative
algebra. In general, the Koszul dual of a freely generated cdga is an A, algebra that
can be understood as the enveloping algebra (in the sense of Baranovsky [37]) of an L,
algebra, of which the original cdga is the Chevalley—Filenberg cochains. We are thus free
to speak about a duality between (homotopy) commutative and Lie (or L) algebras,
and we will do this in what follows. We comment in more detail on this in Sects. 3.1.1
and 3.2.1 below.

2.3.3. The pure spinor functor. To obtain multiplets via the (generalised) pure spinor
formalism, we replace U (t) in the kernel by the sheaf C°°(T") of smooth functions on
superspace, which (like U (%) itself) is a U (t)-bimodule via the left and right actions
discussed in Sect. 2.2.2. Concretely, the kernel takes the form

K(t) = C®(T) @ C*(t) = C®(T)[A, v], (22)
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with a differential given by the formula
0 0 0 0
D:v—+k(——0—>+k2—. (23)
X X

In fact, this kernel is just the de Rham complex of the superspace T, but expressed in an
unusual (right-invariant) frame. Note that

a a
Q*(T) = C®(T)[dx,d0], dijr =dx— +d6—. 24)
ax a6
The two are related via the map of commutative algebras that sends df +— A and
dx +— v — A@. (This is in fact a cochain-level isomorphism of cdga’s.) There is a
(U (1), C*(t))-bimodule structure: U (t) acts by the left-invariant vector fields

0= 9 +6 9 (25)
90 T ax’
and the C*(t)-module structure arises via the identification
c ()= Q1) c QuT). (26)

Given an Der(t)-equivariant C*(t)-module I', the multiplet is constructed by tensoring
over C*(t) with I'; we will denote the functor that associates a multiplet to C® (t)-modules
by A®(—), so that

A*() = Ko(H) @cep I'- 27)

The inverse functor that witnesses this as an equivalence of dg-categories is given by
taking the derived t-invariants of a multiplet—in other words, by considering C*(t, &)
for any multiplet £.

2.3.4. Canonical multiplets. Recall that the ring S = R/(A?) of functions on the space
of square-zero elements in t arises as H°(t). Since C*(t) is non-positively graded, there
is a quotient map

c't)—> H'®) =S (28)

of commutative differential graded algebras, witnessing S as a C*(t)-module. (Via this
map, any S-module is a C*(t)-module; the resulting multiplets are the ones that can
be described by the standard, rather than “derived”, pure spinor superfield formalism.)
We can thus consider the multiplet associated to S for any supertranslation algebra t.
This multiplet is uniquely determined just by the datum of the supertranslation algebra,
and we will correspondingly call it the canonical multiplet. In examples of physical
relevance, the canonical multiplet tends to play a central role in supersymmetric physics:
the listincludes the eleven-dimensional and type IIB supergravity multiplets; Yang—Mills
multiplets for minimal supersymmetry in dimensions three, four, six, and ten; and the
N = (2, 0) tensor multiplet in six dimensions.
Explicitly, the multiplet is given by

A%(S) = (C°°(T) & S, D = A%D, :,\(i +ei>>. (29)
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One sees the usual differential of the pure spinor superfield formalism, for a scalar pure
spinor superfield, appearing. (Where possible without ambiguity, we will leave indices
and contractions implicit.) The cohomology of the canonical multiplet is (a sheaf of)
Ao algebras on the spacetime; in what follows, we will denote (the global sections of)
this cohomology by M, and the minimal model of the local observables of the canonical
multiplet by M.

Of course A®(S) is a multiplet for t, with a strict local t-module structure at the
cochain level. However, there are additional important pieces of structure: A®(S) has a
cdga structure (in particular, a graded commutative multiplication), inherited from the
product structure on S. We furthermore know that A®(S) is an S-algebra: there is an
obvious map of cdga’s

S — A*(S), (30)

which embeds S along the constant functions on 7'. Lastly, any multiplet that is associated
to an S-module (so a “non-derived” pure spinor superfield) naturally acquires an A®(S)-
module structure. The commutative structure is an important and often overlooked piece
of data, which (just for example) gives rise to the interactions of ten-dimensional super
Yang-Mills theory, simply via tensoring with the gauge algebra. In this paper, we will
dedicate ourselves to studying this structure (and its Koszul dual) in detail.

2.4. Borcherds—Kac—Moody superalgebras. As we will see, the Lie superalgebra t =
t; @ t2 can in some interesting cases be considered as a subspace (subquotient) of a
Borcherds—Kac-Moody (BKM) superalgebra. Here we recall the general definition. We
will assume k& = C in this subsection.

2.4.1. Construction by generators and relations. Let B be a real-valued symmetrisable
(r x r)-matrix with non-positive off-diagonal entries and let J be some subset of the
index set I labelling rows and columns. We say that B is a Cartan matrix of a BKM
superalgebra if each i € I satisfies one of the following three conditions:

(i) Bij=2,i¢ Jand B;; € Zforall j €1,
(i) Bijj=1,i € Jand B;; € Zforall j € I,
(iii) B;; <0.

Let S be a set of 3r generators e;, f;, h; foranyi € I, where ¢;, f; are odd fori € J, and
all other generators are even. The BKM superalgebra Z(B) associated to B (together
with the set J) is the Lie superalgebra generated by S modulo the Chevalley relations

[hi, ej] = Bije; , lei, fi1=20ijh;j ,
(hi, fj1=—Bij f; . [hi,hj]=0 (31

and the Serre relations

(ade)' P/ Bii (e) = (ad fi)' 2P/ Bi () =0 if By > Oand i # j,
lei,ejl=1[fi, fi]1=0 if Bij=0. (32)

Let B’ be the matrix obtained by multiplying row i by some ¢; > 0, so that B';; = ¢; B;;,
and let Z(B’) be the Lie superalgebra constructed in the same way, but with B replaced
with B’ in the construction. It then follows from the relations that the algebras % (B)
and ZB(B’) are isomorphic, with an isomorphism given by &; <> ¢;h; and e; < ¢;e;,
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the other generators unchanged. Therefore, we may equivalently work only with the
symmetrised Cartan matrix (obtained as B’ by choosing &; such that B';; = B’};) as no
information about the algebra get lost in the symmetrisation.

Here we will only consider the special cases of BKM algebras where eachi € I in
fact satisfies one of the following two conditions:

(i) Bij=2,i¢ Jand B;j € Zforall j €I,
(iii) B;; =0,i € J and Bij € Zforall j € 1.

The whole matrix is thus integer-valued, with non-positive integers as off-diagonal
entries. When B in addition is symmetric, we may visualise the data contained in the
Cartan matrix by a Dynkin diagram consisting of r nodes and, for each pair of nodes
(i, j), a number of lines between them, which is equal to —B;;. In order to distinguish
between the two cases for the diagonal entries, the node i is painted “grey” in case (iii)’,
which means that it is drawn as ®, but left “white” in case (i).

If J = &, then the resulting BKM superalgebra is a Kac—Moody algebra. If J consists

of only one element, then we choose a numbering of rows and columns, or of nodes in
the Dynkin diagram, such that J = {0}. We thus have Byy = 0, and the entries B;; with
i, j > 0 form the Cartan matrix of a Kac-Moody algebra g (possibly finite-dimensional),
whose Dynkin diagram is obtained by removing the grey node. The off-diagonal entries
Bjo are non-positive integers, which constitute the Dynkin labels of the negative of a
dominant integral weight u of g. Assuming that the BKM superalgebra is of this type, it
can thus be characterised by the pair (g, 1) equally well as by the Cartan matrix. Given
such a pair of a Kac—Moody algebra g and a dominant integral weight i of g, we denote
the corresponding BKM superalgebra by (g, u), or sometimes only by %(g), when
the choice of u is understood or unimportant. (As discussed above, we can set Bjg = By;
without loss of generality.)
2.4.2. Characters. Any BKM superalgebra %(g, 1) has a consistent Z-grading where
the subalgebra g has degree 0 and the generators ep and f{ have degree 1 and —1,
respectively. It has a subalgebra of the form to @ t; @ t, @ - - -, where tg = g and {;
is a lowest weight module R(—u) of g generated by ep. From t; all subspaces t; with
k > 1 can be constructed from the free Lie algebra F(t;) generated by t; by factoring
out the ideal generated by the Serre relation [eg, eg] = 0. Since the weight of [eg, eo]
is —2u, the subspace t; is a module VZR(—p) & R(—2u) of g. Considering the full
BKM superalgebra (g, 1), there are also corresponding modules at negative degrees
with R_, = R,,.

Suppose that both B and the Cartan matrix of g are non-degenerate. Then there is a
unique element Ag in the weight space of (g, 1) which is orthogonal to the simple
roots of g and has coefficient 1 corresponding to the grey node in the basis of simple
roots. For any p > 1, the subspace t, of %(g, 1) is spanned by root vectors for which
the corresponding roots belong to a subset @, of the root system ® of %(g, u). Let
R, be the corresponding g-module, let |R,| be the number of weights in it (counting a

weight with multiplicity m as m distinct weights) and set = e, Then,

IRp|
[Ta—ehHm™P =3 D AR
Bed, k=0
IRp|
[T a+e )™ =3 "~ x (VR (33)

Bed, k=0
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where yx (R) denotes the character of a g-module R. Following the notation introduced
in Sect. 2.1.8, we can write this as

[T e H)Tmme = y (1 £7)FFr) | (34)
Be®),

As shown in [18], it then follows from the Weyl-Kac denominator formula for BKM
algebras [40-43] that

Q=R = P R(gu)t . (33)
p=1 q=0

This provides a method of recursively computing the modules R, and also suggests
that they can be obtained by the Tate resolution described in Sect. 3.1.3. This will be
explained in Sect. 3.2.2. For details, we refer to [18].

2.4.3. Extensions. Given a BKM superalgebra %(g, () it is often interesting to study the
BKM superalgebra obtained by replacing the grey node in the Dynkin diagram with a
chain of d white nodes, followed by a grey node. We will denote this BKM superalgebra
by Z(g, 1), where (d) may also be replaced by d plus signs (and  still denotes a
weight of g, corresponding to the first white node added in the extension. Let g‘@ be the
Kac—Moody algebra obtained by adding only the d white nodes (d > 1). Whenever there
is an m such that g™ is an affine Kac-Moody algebra, a symmetry ﬁp = Ron—ay-p
appears in A(g, w)@ for p=1,...,m—d —1[44,45]. To some extent, B(g, u)?¥
may also be defined for negative d in a natural way [44]. The above statement may
then be phrased as Fp =Ri_gpforp=1,...,—din HB(g, 9)(d) for d < 0, finite-
dimensional g and 6 being the highest root of g (so that R in %(g, 0) is the adjoint of
gand gV = g* is the untwisted affine extension of g).

3. Koszul Duals to Pure Spinor Algebras

3.1. The Ly Koszul dual to S. In this section, we always work with respect to the
consistent (totalised) grading on C*(t), thus regarding R as concentrated in total degree
zero. Unless otherwise specified, cohomological degree will mean cohomological degree
in the Tate resolution, i.e., consistent degree. We will, however, also make use of the
weight (internal) grading; recall from §2.1.3 above that these together define the “Tate”
bigrading.

3.1.1. Commutative/Lie Koszul duality and multiplicative resolutions. In §2.3.2 above,
we have recalled that a graded Lie algebra is Koszul dual to the commutative dg algebra
consisting of its Chevalley—Eilenberg cochains. This duality extends to a duality between
(the free resolutions of) the operads controlling algebra structures of this type, so that
homotopy commutative algebras are dual to homotopy Lie (L) algebras. We have also
seen how this works in practice: given an L, algebra, one simply examines its cochains;
to go in reverse, one considers freely generated commutative dg algebras, and observes
that the differential is dual to an Lo, structure on the dual of the space of generators,
shifted by one. All higher Jacobi identities are contained in the requirement that the
differential square to zero.

A generic commutative algebra is, of course, not freely generated, and one may ask
how to understand its Koszul dual. The key observation is that any such algebra can be
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resolved by a freely generated commutative dg algebra, for which the Koszul dual is
defined by the above procedure. For algebras S that are quotients of a commutative ring
R, one can construct a free resolution of S by a freely generated differential R-algebra
by iteratively adjoining new generators to kill cohomology in each degree [16]; this is
known as the Tate resolution.

If R is a polynomial ring, the Tate resolution will also be a free minimal cdga over k,
and will therefore be the Lie algebra cochains of an L, algebra with zero differential,
defined on the dual of the set of generators. Since the differential is zero, this L, algebra
is the minimal model of the corresponding L, structure. (Note, however, that the Tate
resolution need not be a minimal resolution in R-modules; the resolution differential can
contain terms of order zero in A.) We are interested in understanding this L, algebra.
In general, the Tate resolution will not be finitely generated as an R-algebra, so that
its Koszul dual will not be finite-dimensional; it will, however, be of finite dimension
in each graded piece. Because we use cohomological grading conventions (so that the
differential has consistent degree +1), the Tate resolution, like any projective resolution,
is concentrated in non-positive degrees.

3.1.2. Complete intersections and supersymmetry. We have seen that HO(t) = § =
O(Y), and that C* (%) is a freely generated commutative differential graded R-algebra in
non-positive degrees. If (and only if) Y is acomplete intersection, C*(t) is a multiplicative
free resolution of § over R. In general, though, C*(t) will not define a resolution, due
to the presence of higher cohomology. In a certain sense, the intuition that theories with
more supersymmetry are “easier to deal with” is related to the fact that Y is necessarily a
complete intersection if a sufficient number of supercharges are present. Theories such
as ten-dimensional Yang—Mills theory and eleven-dimensional supergravity occupy a
fertile middle ground, where Y fails to be a complete intersection—and is therefore
algebrogeometrically more interesting—but still has certain good algebraic properties.
For example, in both examples mentioned, S is a Gorenstein ring. We comment more
on algebraic properties of the relevant rings in Sect. 4 below.

3.1.3. The Tate resolution in detail. The Tate resolution is constructed iteratively, by
killing cohomology degree by degree, as illustrated in Table 1. To resolve the quotient
S = R/(A?) of a polynomial ring R over R, we begin with R, and then construct a freely
generated cdga by adding (anticommuting) generators of degree —1 that are mapped
by the differential to the generators of the ideal. (Since the differential is a derivation,
it is uniquely specified by giving its action on generators.) Note that, in the examples
at hand here, the resulting cdga is just C*(t), as recalled above. The degree in the Tate
resolution is to be identified with the consistent degree from Sect. 2.2.3; we will discuss
the bigrading further in what follows. In physical terms, what we are doing is to create
the BRST differential for the constraint on A.

It may then be that H~!(t) is non-zero. When this occurs, we go on to choose a set
of generators for the module H~'(t), and adjoin new generators to the cdga in degree
—2 that are mapped by the differential to the generators of H~!(t). We thus obtain a
new cdga which has no cohomology in degree —1. The Tate resolution is constructed
by successively adding new generators in this way to kill all cohomology in negative
degrees, producing a multiplicative free resolution of S over R in the limit.

We will number the stages of the Tate resolution so that, at stage k, generators in
(consistent) degree —k are added, resulting in a freely generated cdga whose cohomology
is correct in degrees 0 > d > —k. Thus, the first stage is C*(t), the second stage adds
generators to kill H~1(t), and so on. (R itself is stage zero of the resolution.)
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Both R and § are graded by weight, hence the Tate resolution is bigraded by the con-
sistent degree and the weight degree, with parity determined by the consistent degree.
The differential has Tate bidegree ((1, 0)). Thus the resolution will be a weight-wise
resolution of each weighted piece of S. The generators adjoined at stage one will have
weight two (as they kill quadratic constraints). At higher stages the nontrivial coho-
mology classes will in general be distributed among different weight degrees. H ! will
decompose with respect to the weight as H~! = @;‘;3 H 19 "where each non-zero

H1L9) — g9=1.74 i5 spanned by monomials with one generator in degree (1, 2)) and
q — 2 generators of R. At each stage k we adjoin generators of degree —k with weight
equal to the weight of the corresponding nontrivial cohomology class H (=¥*1.4) There
is a lower bound to the weight degree at each stage; strictly greater than the minimum
of the weights of the generators introduced at stage k — 1. This is because at each stages
the non-zero cohomology will always contain at least one generator from the last stage
[46]. The minimal thing one could do would be to have one such generator and one
generator of R. We denote the minimum of the weight of generators at stage k by wi
(setw_1 = 0).

3.1.4. Iterated central extensions. Each stage of the Tate resolution defines a new freely
generated cdga, which is a relative Sullivan algebra over the cdga of the previous stage.
We can apply Koszul duality to each stage independently to get an L, structure at each
stage; each stage is then a central extension of the previous one.

Let us denote the space of generators introduced at stage k by W, which is a direct
sum over the weights:

Wi= @ Wk, (36)

q>wp—1

At stage k, the complete set of generators is denoted W) = @ﬁ:o W, with WO =
T [—1]. The complex is then the symmetric algebra Sym® (W ®)), which is the cochains
of an L, algebra t*) = W®[—1]. Thus, t©) is the abelian odd Lie algebra t;, t() =,
and t%® is an L, algebra supported in consistent (totalised) degrees 1 < d < k+ 1. We
also define t“*1: =W, [—1].

At stage k, we thus have the sequence

k— C*(t* D) - c*(t®) - c (i) — k (37)
of cdgas, which arises from the dual short exact sequence of L, algebras
0— 4 5t - (&= 9, (38)

This sequence witnesses t*) as an L, central extension of t*~1 by t**1. At the end of
the day, we have an inverse system

IR

S (O I 2 R

of which T is the inverse limit 1(1r_n &,
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Table 1. The Tate resolution depicted in the bigrading. Weight degree is on the horizontal axis and cohomo-
logical degree on the vertical

; s
b
4 S3 VAR, e stage 2
s j //;T " [stage 3
3 2 VR V‘R1 ® Ro s stage
T / T R] ®¢\R3 @ /
2 Sl \/2R1 R1 ® RQ /\2R2 o R4(2) .
1 1 Ry R Ryq)
1 2 3 4

The arrows represent the differential. The modules of R are decomposed into modules of Der(t) where R; () is
the module appearing at weight degree i and cohomological degree j. However, since there is never a module
R; ) withi =1,2,3 and j # 1, we omit the index (1) in these cases

We recall that t has an internal and a cohomological degree. One might ask what the
internal and cohomological degrees of these new generators are. We recall the notation
from above that t; for i = 1, 2, is in cohomological and internal degree (0, i), respec-
tively. The internal degree is minus the weight degree, and the cohomological degree
is the sum of the consistent degree and the weight degree. The k-brackets, which have
Tate bidegree (2 — k, 0)) will hence have bidegree (2 — k, 0). From this construction,
it is clear that f maps canonically to any stage t*), and in particular to t. This quotient
map determines a short exact sequence

0—>n—>7f—>t—>0, 40)

where 1 is the subalgebra of f in internal degrees greater than or equal to three. An
analogous sequence

b LT t® 50 (41)

0 — nf
can be defined for any stage of the Tate resolution by taking n® to be the kernel of the
relevant map. In the dual picture, the cochains of any t*) (and in particular, C*(t) itself)
map to the Tate resolution. This observation will be important in what follows.

3.2. Koszulity, minimal orbits, and special classes of rings.

3.2.1. Quadratic algebras and quadratic Koszul duality. Since S is a quadratic algebra,
it fits into the framework of Koszul duality theory as originally developed for quadratic
algebras [10]. Let A = t;[—1] be the space of generators A of R, and T (A) denote the
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tensor algebra on this vector space. We define I = dcg t[—1] C VZA C A®? We
observe that

S=TA)/(NASI) (42)

is a quadratic presentation for this algebra. Its quadratic Koszul dual is defined in standard
fashion to be

St = T(A[-1D/(I+H[-2]), (43)

where I+ C (A)®?, is the space of linear functions on A ® A which vanish on I @ AZA.
As it must vanish on A2A, it is a subspace of VZA Tt consists of all irreducible repre-
sentations of Der(t) in the symmetric square of A, other than the copy of t; determined
by the structure constants.

It should be noted that the general definition of quadratic algebras does not force
the constraints to contain the full skew symmetric product A2A. However, as we are
interested in the Koszul duality between commutative and Lie algebras, this is the the
class we will discuss.

Whenever the constraints cover the full skew symmetric product the Koszul dual
algebra is the universal envelope of the free Lie algebra on A[—1] = t; modulo I+,
Indeed, in our case we have that

st =TIt =2 = U

Flt]
; ) (44)

(I+[-2]

In the context of quadratic algebras and Koszul duality, there is a certain class called
Koszul algebras. These exhibit different remarkable homological properties. One prop-
erty, of interest to us, concerns resolutions of the quadratic algebra S. If and only if a
symmetric quadratic algebra S is Koszul, the Chevalley-Eilenberg cochains of the Lie
algebra associated to the quadratic Koszul dual S+ provides a multiplicative free resolu-
tion of S. Thus our notion of Koszul duality coincides with the original notion whenever
the algebras in question are Koszul. Indeed, if the quadratic algebra S is Koszul, then
S+ will be isomorphic to U ().

3.2.2. The Koszul dual of the coordinate ring of a minimal orbit. A special class with
quadratic Koszul duality is provided by functions on minimal orbits. Let A € S; where
S1 = R(w) is some highest weight module of Der(t), and S = Sym*®(S7)/(R2), where
Ry = V2§ © R(21). Then the n-th power of & € §; C S will be in the representation
S, = R(nw), and S is identified as functions on the minimal orbit of S| under Der(t).
S is Koszul [47], and the dual Lie superalgebra is the positive part %, (with regard to
the grading with respect to the grey node) of a BKM superalgebra constructed from
the above data as in Sect. 2.4 [18]. This duality is suggested by the partition function
equality (35). According to [36], the Koszul property of S follows already from the
partition function identity, given that S* = T[—R(—u)]/(R(—2u)) is the universal
enveloping algebra of A,.

3.2.3. Koszul duality at the level of partition functions. Identifying —R,, as the module
of the dual 1-forms, and the coalgebra differential as the BRST operator for the quadratic

constraint, we get (see Sect. 2.1.8) @;’lozl(l — t")E = Zs(t), ie.,

Zs(t) ® Zyp ) =1. (45)
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(We could have chosen to express partition functions on both sides as series where the
power of the formal parameter is the same degree, e.g. internal degree, and then let the
conjugation also include reversion of the degree. This would have lead to less attractive
expressions for e.g. Zg, containing (non-standard) negative powers.) Note that parity is
included in the definition of the sign for R,,, unlike in (35). The relation can be interpreted
as a denominator formula for €.

3.2.4. The dual of the Tate resolution. The Tate resolution, as presently described, is dual
to the resolution of k in free modules of S, briefly discussed in Sect. 2.1.7. While the Tate
resolution works in the complex C*(t) and expresses the equality Z . @ (t) = Zs(1),

the resolution in Sect. 2.1.7 works on a complex C’ with Z¢/(f) = (Zs())~L. Thus,
Zeo (t) = (Z¢r (1))~ . It is well known that one can equip Extg(k, k) with an A
algebra structure, which is the universal enveloping algebra of an L algebra [ [48].
We observe (see Sect. 2.1.8) that [ can be identified with the L algebra t. The degree
adjustments made in Sect. 2.1.7 make [ and t agree in the bigrading.

3.2.5. Minimal orbits and Gorenstein rings. We recall, for future reference, that a
Noetherian local ring R with residue field k and Krull dimension n is Gorenstein if

Ext} (k, R) = k[—n].

A Noetherian commutative ring is Gorenstein when its localization at every maximal
ideal is a Gorenstein local ring.

A Noetherian local ring R with residue field & and Krull dimension n is Cohen—
Macaulay if and only if

Exthh(k, R) =0, Vi <n.

(In other words, the depth and the dimension are equal.) A Noetherian commutative ring
is Cohen—Macaulay when its localization at every maximal ideal is a Cohen—Macaulay
local ring. It is clear that every Gorenstein ring is Cohen—Macaulay. Both of these
properties are relevant in the context of the pure spinor superfield formalism: via results
of [49], the Koszul homology of a local ring is equipped with a perfect pairing if and
only if the ring is Gorenstein. The Cohen—Macaulay property is related to the existence
of an antifield multiplet that is describable at the level of the non-derived pure spinor
formalism. For details, we refer the reader to [34].

One family of interesting Gorenstein rings, including some important examples in
the context of the pure spinor formalism, are (the coordinate rings of closures of) certain
minimal orbits. By work of Panyushev, the coordinate ring of the closure of the min-
imal orbit in the highest-weight module R(u) is Gorenstein when p is a fundamental
weight [50, §3.4, Corollary 2]. Panyushev further analyzes conditions characterizing
“Gorenstein weights”, and we refer to that paper for more details. One can give an
alternative proof of the result for minimal orbits in fundamental highest-weight modules
using Serre duality and the Borel-Weil-Bott theorem for Proj S.* See also [32,51] for
important related work.

We thus have a subclass of rings S which are Koszul, the Koszul duals being BKM
algebras, with the additional property that S is Gorenstein. Gorenstein rings are par-
ticularly interesting in the context of pure spinor spinor superfield theory, since they

4 We gratefully thank the anonymous referee for pointing this out.
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provide a pairing which can be thought of as a Calabi—Yau-form on Y [34,52]. If in
addition the codimension is odd, this pairing gives rise to a field-antifield pairing in the
Batalin—Vilkovisky (BV) framework [34]. The examples in Sect. 5.2.1, 5.2.2 and 5.3.3
have this property, the latter without being a minimal orbit.

3.3. The Koszul dual of the canonical multiplet.

3.3.1. A resolution of A®(S) by a freely generated cdga. Like any pure spinor mul-
tiplet, A®(S) is freely resolved as a sheaf over superspace. As we pointed out above
in Sect. 2.3.4, it also carries a natural commutative algebra structure. However, A*(S)
is not freely generated as a (graded) commutative algebra, just because S itself is not.

It is interesting and profitable to further resolve A®(S) by a freely generated cdga.
In fact, we have already seen how to do this, at least implicitly. Since we know, by
construction, that C*(f) resolves S, we can apply the pure spinor functor to C *(0),
thereby considering the cdga

A* = A*(C* (D) = (C°(T) ® C*(}),d = D +dck). (46)

By Sect. 3.1.4, there is a C*(t)-module structure on C * (). We recall that the differential
takes the form

~ 9 9
d:v—+k(—+9—)+kza—+~~~, (47)
v

where the additional terms come from the brackets at higher levels in t. This construc-
tion realises a proposal in [23]. From the first-quantised perspective, our construction
produces the complete BRST system for covariant quantisation of the Berkovits super-
particle. We expect analogous considerations to be relevant to other pure spinor sigma
models, and plan to make this concrete in future work.

3.3.2. The multiplet is H®(n). Recall that we have the cofiber diagram

c*() — Cc*H =S

I )

k —— C*(n)

of cdgas, where n is the subalgebra of { defined by (40). Recalling from above that
the multiplet associated to an algebra S carries an S-algebra structure, obtained by
embedding S along the constant functions on the superspace T, we can obtain a similar
diagram by applying the functor A to the top row:

c'() —— Cc*(Hh=s

| | (49)

QU T) =k — A® = A%(S).

Comparing the two diagrams suggests that one might find an equivalence between
A*(S) and C*(n), witnessing both as pushouts of the same system. In the next sections,
we will demonstrate explicitly that this is in fact the case: the canonical multiplet can
be identified with the cochains of n, and as such with the homotopy fiber of the map of
formal moduli problems t — t.
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Theorem 3.1. There is a homotopy equivalence of cdgas between A®(S) and C*®(n).
In particular, the cohomology M of the canonical multiplet is given by the Lie algebra
cohomology of n.

Proof. The proof proceeds by constructing a roof diagram

— ~ (50)
A*(S) C*(n)
of quasi-isomorphisms of cdgas. In Propositions 3.2 and 3.3 below, we show that each

map in (50) is an equivalence, so that A*® is homotopy equivalent both to the pure spinor
multiplet A®(S), and to the cochains of n C t. The theorem follows immediately. O

3.3.3. The equivalence of A® and the multiplet. We will here construct the left-hand
map in (50), proving the equivalence between A® and the standard pure spinor multiplet
A*(S).

Proposition 3.2. The pure spinor multiplet A®(S) is homotopy equivalent to A®. That
is, there exists a deformation retract

(A*($). D) = (A D) _ O .
p/

Proof. The proof will make use of the homological perturbation lemma. The differential
on A*® splits into

g=D+dCE, on

where d¢ g is the differential on C'(T), and D = vaix + A% + 10 3% D can be seen as a
deformation of dcg. As a commutative algebra

A =C(T)® C* (D). (52)
Taking cohomology with respect to dcg we get
H*(C®(T)® C*(1),dce) = C¥(T) ® S, (53)

which is the underlying algebra of A®(S). Itis always possible to construct a deformation
retract from any complex to its cohomology [53].

(A($),0) _* (A*dep)

For any consistent degree k we can choose a decomposition A* = BX@ H* @ d | BF*!,
where B¥ = dcg Ak=1 - Ak, denotes the space of boundaries of dcg. The homotopy h
has consistent degree — 1 and is zero on H* @ d- . B¥*! and identifies B with d 1. B*~!
[53]. This means that the image of /4 will always contain elements from stages higher
than or equal to 1. Hence, all higher Ao, products, except for the binary one, on A®(S)
are trivial as the product of anything with something which is nontrivial under & will be
zero under p.
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The deformation D of dcg induces, by homotopy transfer of Dy, structures [54], a
new homotopy retract.

(A%(S), D) " (A*,d) :)h’

where the new maps are constructed as perturbation series. In particular

oo
p'=po) (Dh",

n=0

(54)
o
D' =" p(Dh)"Di.
n=0
The induced differential is the ordinary pure spinor differential. The first term is
Di 9 +A8 +)\6‘8 ] Aa +wa (55)
1 = vV— —_— — ) = e JR—
PEE=P\ox " 00 T ax ) TP M0 T x

as v is by construction zero under p. Thus we retrieve the original pure spinor differential
as the first approximation.

The higher approximations are zero; because of the construction of /2, we have that the
image Di(q(x, 6, 1)), of a polynomial g(x, 8, 1) € A®(S), will only be nonzero under
h for elements that are exact with respect to dcg. (We assume that g is homogeneous
with respect to the splitting chosen above.) If it is exact it will be replaced by some
element wy from a stage k > 0. The image under D of this will either be zero or still
contain elements from higher stages than 0. All these are zero under p. Thus, all higher
corrections to D’ are zero, and we get that the induced differential is just the standard
pure spinor differential. By the same argument, we can also conclude that there will be
no higher approximations to p, and hence, no higher products induced on A®(S), except
for the binary one.

The convergence of the other series (those defining 7’ and i") presents no problems.
We are working in C*°(T) ® C* (T), which can be thought of as the formal series algebra

tY[—1] valued in smooth functions on superspace. C*(%) is graded by weight, and
dc is of weight zero; we can choose the unperturbed homotopy data, and in particular
h, to also be homogeneous of weight zero. We can extend the weight grading to define
a filtration on C*®(T) ® C*(%) by placing functions on superspace in weight zero. The
perturbation is compatible with this filtration, and indeed D has filtered weight +1. Thus
the term A (Dh)F in the series defining 4’ has filtered weight +k, and only finitely many
terms contribute to the action of 2’ on a homogeneous element at any fixed weight. O

3.3.4. A%is equivalent to C*(n). We complete the proof of Theorem 3.1 by constructing
the right-hand map in (50). To check that this is an equivalence, we will perform a
homotopy transfer from A® to C*(n).

Proposition 3.3. A® and C *(n) are homotopy equivalent as cdgas.

Proof. Let d = do + dy, where dy = )‘39 + v8 , With d0 = 0, is the part of the
differential encoding the 1-bracket described by the arrows in Table 2, and d the rest.
dj is not nilpotent, but for the moment seen as a deformation of dy. The transfer will
then be from (C*°(T) ® C*(t) ® C*(n), dp) to (C*(n), 0) (the cohomology of dy).
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We need an operator i which is the “inverse” or adjoint of do, h ~ 6 7 0 T +x5 3 , maybe
with some factor depending on the degree of homogeneity, which is 1rrelevant for the
argument. The projection and inclusion of this first little transfer are simply the naive
ones,

i: ¢—> ¢,
p: ¢—~¢, A0, B, x)—0, (56)

where ¢ € nisdenoted by the same letter on both sides. This defines a strong deformation
retract

(€@, 0) 2 (A% do) _ . 57)
p

The transferred Ao structure on C*(n) will only be the binary one induced by the
product on A*. All higher products will vanish as the product of anything with something
nontrivial under # will be zero under p. Furthermore, following the result of [54], the
retract allows us to, for any deformation of dy, transfer the total differential to C*(n), so
that we get another retract

(C%nxf);fj(Zﬂd0+m);::::>w. (58)
pl

The actual projection, inclusion, & and differential are then constructed as a pertur-
bation series. The A, structure on C*®(n) will again only be the binary one, by the same
argument as in Proposition 3.2.

The new differential d’ is given as a sum of terms

=§:pumwmi. (59)

n=0

The term at n = 0 gives back the differential on C*(n). For n > 0, h picks up terms with
A or v and converts them to 6 or x. These variables are untouched by remaining d;’s
(except for the term that state that they transform under supertranslations), and any such
terms finally vanish under p. In other words, there is no zig-zag landing in C*®(n), since
dy goes out of C*®(n) but never into it from outside (this applies to the whole complex);
nis a subalgebra. O

3.3.5. The multiplet as a homotopy fiber. While we have formulated the results of the
above section in terms of cdgas, we can of course also work with the Koszul dual L,
algebras. The diagram dual to (48) is

(60)

S —>
3 —

H
<_
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Table 2. Generators in double grading of the L, algebra (Z')! with coalgebra differential d

1 n
0 t 1)
hom. degree = —1 ’}/1 3/2
int. degree = 1 2 3

The arrows indicate the only 1-brackets

The diagram Koszul dual to (49) is

|

L— =

(61)

S —>

>

— (A%

As already demonstrated above, n is (a model of) the Koszul dual to A°. But it is
interesting to observe that A®isa freely generated cdga, so that there is an apparent
model for its Koszul dual, defined on the linear dual of its generating set. This model
(A') is, in fact, isomorphic (as a cochain complex) to the (suspended) mapping cone of
the canonical morphism € — t; the standard superspace coordinates can be interpreted
as the generators of the Chevalley—Eilenberg complex coming from the shifted copy of t.
We sketch the structure of the resulting algebra in Table 2. The suspended mapping cone
is a well-known model for the homotopy fiber; the relevant L, structure was studied in
[55].

This gives us a pleasing interpretation of the geometric origin of the canonical multi-
plet. If we think of it as the affine dg scheme Spec C*(n), it is the homotopy fiber of the
map from Spec S to Spec C*(t)—that is, the map from the ordinary pure spinor space
to its derived replacement.

We note that there is a map

A*(S) — C°(T) (62)

from the canonical multiplet to functions on superspace. The spectrum of the canonical
multiplet is thus, in a precise sense, also an extension of the normal notion of superspace:
just as the body of any supermanifold maps to the supermanifold, the normal superspace
T maps to Spec A®(S). Any non-derived pure spinor superfield can be thought of as a
sheaf over Spec A*(S), and it is the geometry of this space that underlies many construc-
tions in pure spinor superfield theories.

(The reader may be concerned about the use of smooth functions on superspace in our
context, as constructions in homotopy transfer often involve formal series. However, as
remarked in the proofs of Propositions 3.2 and 3.3, the relevant series actually terminate
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in our examples, and no series involving the coordinate x appear. Indeed, the essential
ingredient of our construction is nothing other than the Poincaré lemma in disguise: the
sheaf of smooth de Rham forms is equivalent to the sheaf of locally constant functions.)

3.3.6. Filtrations and the Hochschild—Serre spectral sequence. Recall the short exact
sequence (41) of Ly, algebras from above:

0—-n® 5T ® 0, (63)

where n® is the ideal subalgebra of t consisting of all generators added after stage k. (In
particular, n = n(l).) We can consider the two-step filtration defined by assigning weight
zero to n®) and weight one to the remaining generators. (We remark that this is not a
grading on ‘t—but it is a subfiltration of the filtration defined by the consistent grading.)
The fact that the quotient algebra for k = 1 is precisely the supertranslation algebra t
with which we started will be significant in the sequel, in particular due to the fact that
we will be interested in considering the t-multiplet associated to C*(t). However, we
will see examples where higher values of k seem to appear naturally (see Sect. 5.5).

To any such short exact sequence of Lie algebras, one can associate a Hochschild—
Serre spectral sequence which abuts to the Lie algebra cohomology of t. This spectral
sequence is constructed by filtering C* (f) as induced from the two-step filtration n®) ¢ £.
In the case k = 1, the E; page of this spectral sequence is

Ey : H*&4 H*(n) = Ex=H*'®~S. (64)

But we know that derived t-invariants are the inverse functor to the pure spinor functor
A*®(—)! Therefore, the E, page of the spectral sequence is identified with the Koszul
dual of the U (t)-module H*®(n). But we know—via the identification of H*®(n) with
A*(S) above—that this Koszul dual is S. Our result above can thus be understood as the
assertion that the Hochschild—Serre spectral sequence collapses at E3 in this instance.

3.4. From t € F[M] to . The purpose of this section is to obtain as much concrete
information about the resolution t as possible, including explicit forms of its brackets.

In general one cannot expect to arrive at a point where one has complete understanding
of what tlooks like, and what its brackets are. We will see however, by establishing some
idea of how the multiplet “fits” into n (to be more precisely defined), that it is in some
cases possible to get a complete understanding of what the algebra is. One should again
mention the class of Koszul algebras, if the ring S is found to be S Koszul, thell the
“traditional” Koszul dual algebra will be the universal envelope of the Lie algebra t.

Another class of models, partly overlapping with the one above, is characterised by
the property that the subalgebra n will be freely generated by the shifted dual of the
multiplet. All models describing (canonical multiplets of) standard supersymmetry fall
in this class. This is the topic of the present section. We will soon give conditions for when
n = F[M[—1]], which we will write F[M] for compactness, the shift in cohomological
degree being understood.

3.4.1. n is freely generated in a large class of models. We now wish to establish a
result which tells us that n in many cases is in fact a strict Lie algebra (i.e., with only a
2-bracket), and moreover, that it is freely generated by the dual of the multiplet.

We note that n is a minimal (i.e., without 1-bracket) L, algebra in (internal) degrees
greater than or equal to three. We can filter C*®(n) by assigning filtration degree one to
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the generators n. This assignment determines a grading on C*(n) which is not preserved
by the differential. However, the associated decreasing filtration is. Indeed, since n is
minimal, the differential strictly increases the filtration degree.

We will make use of the following lemma.

Lemma 3.4. Let a be a minimal L, algebra in positive internal degrees. Then there is
a well-defined subspace HV (a) of H*(a), defined by having representatives linear in
a[—11. HD(a) is dual to a minimal generating set of a.

Proof. Call the space of linear cochains CD(a) ~ a[—1].Noelementin C) (a) is exact,
since the 1-bracket vanishes. Thus there is a subspace H" (a) ¢ H*(a) consisting of
linear cohomology (represented by classes in CV). Furthermore, H" (a) C a[—1] is
a subspace. Closedness means that the dual generator does not appear as the bracket of

any generators; in fact, the dual map a — HW (a)[—1] identifies the shifted dual of
HY with a/[a, a], and thus (noncanonically) with a minimal generating set of a. O

In fact, positive internal grading together with the requirement of equivariance under
Der(t) ensures that the minimal generating set can be chosen uniquely, at least in our
examples. The cochains dual to elements of lowest internal degree necessarily belong to
HM(a). Reasoning by increasing internal degree sequentially identifies H" (a)[1] as
dual to the set of generators that do not arise as brackets of generators at lower degrees;
Schur’s lemma identifies these uniquely with particular Der(t)-modules.’ Thus, H" (a)
is dual to (a shift of) this minimal generating set of a. In particular, we have a wrong-way
map that identifies H1 (a)[—1] with a subspace of a.

Given a minimal generating set V C a, we can introduce a new filtration on the
L algebra a itself. This filtration is by “generation number” y, defined by assigning
y = 1 to the generating set V. = H D (a)[—1]. (V[—1] thus has y = —1.) We extend
the definition by requiring that any 2-bracket carries generation number 0; this would
be a grading in the strict case, but it can a priori be violated by higher brackets.

Proposition 3.5. Let a be a minimal Lo, algebra in positive internal degrees. Then a is
a freely generated (strict) Lie algebra if and only if H*(a) = k & H" (a).

Proof. One direction is immediate. Indeed, the cohomology of any free Lie algebra
F[V]is

k, n=0
H™(FIV) ={V[-1], n=1 (65)
0, n>2.

(This follows by observing that Lie algebra cohomology is the cohomology of the
algebra U (a), which—as an associative algebra—does not depend on the grading; the
enveloping algebra of a graded Lie algebra is just the tensor algebra T[V], equipped
with a grading that can be forgotten.) The other direction follows from the observa-
tion that C*®(a) provides a free multiplicative resolution of the ring k @ V[—1] =
Sym*(V[—11)/ Sym?(V[—1]), where V[—1] = HV(a). The ring k@ V[—1] is Koszul,
and its Koszul dual Lie algebra, the cochains of which provide a free multiplicative
resolution (the Tate resolution) is just F[V] (see Sect. 5.1.1, item (3)). Minimal free
multiplicative resolutions are unique, hence a = F[V]. |

5 One might worry that Der(t) could be too small to ensure splittings of this kind. In particular, it could be
abelian. In every example we study in the sequel, Der(t) is a nonabelian reductive Lie algebra, and no issues
arise.
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An immediate corollary is:

Corollary 3.6. If M[—1] is a generating set of n (i.e., M[—1] = H™V (n)), then n is the
freely generated (strict) Lie algebra FIM[—1]], and t is freely generated from internal
degree 3.

Note that the homological degrees of the elements in n do not need to be zero, even
if n is a strict Lie algebra, which is seen in many of the examples in Sect. 5. If M resides
in a single homological degree, generation is proportional to homological degree. The
concept of generation is strictly needed only when this is not true, which is typically the
case in supergravity models due to the presence of super-Killing vector cohomology in
the ghost sector. See e.g. the example of D = 11 supergravity in Sect. 5.3.3.

For the sake of testing the limits, we will also give an example, Sect. 5.4, where the
Tate resolution does not give afwhichis freely generated from degree 3; the cohomology
will then also have “unphysical” support in negative ghost number. This example violates
the assumptions in Proposition 3.5 in the following way. S is Koszul and hence € is a
strict Lie algebra. The multiplet has support in H'(n) and H?(n). Since n is a strict Lie
superalgebra, only the dual of H!(n) can be a generating set. Relations for brackets on
these generators are responsible for the appearance of H?(n).

3.4.2. Extracting the multiplet from Zg(t). Useful information can be extracted from the
partition function by discarding the first or the first two factors in the product form (13).
This is because they cancel against the partition functions for 6 and x, see Sect. 3.3.4.

Extracting the first level in Zg as Zg(t) = (1 — t)®1 P(¢) (note that R, is negative)
provides a minimal free resolution, an additive resolution in terms of functions of an
unconstrained spinor, i.e., in R. Such resolutions are always finite by Hilbert’s syzygy
theorem [56]. The numerator is thus polynomial, and is read as the zero-mode coho-
mology, i.e., the cohomology of X%. The interpretation is a list of component fields
(including all ghosts, antifields etc.), which is the origin of the tables with arrows in the
examples. The arrows indicate the possible action of bosonic derivatives after homotopy
transfer to component fields [34].

One can go one step further and consider the partition function for the canonical
multiplet A®(S);

Zpos)(t) = Zeoo(r) (1) @ Zs(1). (66)

(Of course, C*°(T') does not have a well-defined partition function; to reason in this
way, we will have to work formally, replacing smooth functions on the body of 7' by
formal power series k[[x].) We know that the partition function of S is the same as
the partition function for the Tate resolution of S (this is a general fact about partition
functions/characteristics; they are the same for complexes and their cohomology), so we
can replace Zg(t) with Z . ) (1)

Zpo(s)(t) = Zeoo (1) (1) ® Zeo iy (1) = Z 7 (1)

- - - - (67)

=1 =-n"fA-)a-nfa - Zeow®),
where R and R; are the Der(t)-representations of t; and t,, respectively. On the right
hand side we are left with the partition function for the cochains of n. We can make a
further substitution, and replace Z 4« (s) (¢) with the partition function for its cohomology.
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But the cohomology of A®(S) is the physical multiplet M, together with a copy of the
constants in degree 0. We end up with the equation®

1 —Zy(t) = Zeom) (D). (68)
Hence, extracting both level 1 and livel 2 froni Zs(t), will reveal the partition function
for the multiplet Zg(r) = (1 — 1)®1(1 — r2)R2(1 — Zyp;(¢)). (The initial 1 represents

constant cohomology, which by our conventions is not part of the multiplet.) Note that
this implies

1

T Zy0) ©

Zym(@) =

which agrees with the partition function Z (M) () of the tensor algebra of M, whichis the

universal enveloping algebra of the freely generated algebra on M,U(F[V]) =T[V].
Note, however, that this does not show that n = F[M], since the partition function
forgets about cohomological degree.

3.4.3. The procedure. We now restrict to the case when we know n = F [M]. We will
demonstrate how f can be obtained by starting with the semidirect sum t € F[M], and
then introducing brackets in order to kill the unwanted cohomology. We use the fact that
we know t as a vector space, and rely heavily on the existence of the resolution. We also
use important pieces of the brackets: the supertranslation algebra, the transformation
of M as a module of supertranslations, which lifts by tensor product to F [M], and
the Lie superalgebra brackets of F[M]. In this way we keep track of entire t-modules.
Concretely, if a t-cocycle n appears in the Tate resolution, the module structure tells
us that n will be the part of a t-module m,, of which 7 is the part of lowest weight
degree, and the 1 can be extended to a cocycle taking values in this module. In the
examples of Sect. 5, concrete expressions are given for various (low) degrees. This does
not present a problem of existence, since we know that the Tate resolution exists and
contains modules of the supertranslation algebra.” Instead of performing a stepwise Tate
resolution (by internal degree or the stages of Sect. 3.1.3), introducing new variables
killing cohomology at each step, we want to deform the differential s in a way that “ties
together” the structure on the given vector space in order to eliminate cohomology, at
the same time using the module structure inside F[M]. Denotea =t&n =t & F[M].
Linear (infinitesimal) deformations will belong to H*(a, a), and in fact only to H*(a, n).

3.4.4. The differential. The corresponding differential is written as s = so + 51, where
so encodes the supertranslation algebra and the supertranslation transformations of the
modules in F[M], and s; encodes the brackets of n = F[M]. Then, s is the coalgebra
differential of the Lie superalgebra a. Note that

ss=0, s3=0, sos1+s150=0 (70)
(the structure constants of F[M] are supertranslation invariant).

6 The minus sign in front of Zy;(¢) is arbitrarily chosen so that it will be cancelled by the parity of a
fermionic pure spinor superfield W, which is the case at hand when the constant mode of W represents the
highest ghost of a connection which is an odd form, as in D = 10 super-Yang-Mills theory and D = 11
supergravity. If the connection on which the superfield is based is an even form, the multiplet will come out
with reversed parity. This just means that the pure spinor superfield in those cases should be chosen to be
bosonic.

7 This is true regardless of n being free on M.
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3.4.5. The connecting cocycle. We note that stage 2 in the Tate resolution (see Table 1)
introduces the element in M of lowest weight degree to kill the corresponding cohomol-
ogy. Denote this supertranslation cohomology 1 € H? (1), it provides the “seed” of the
cocycle. It generates stage 2 of the Tate resolution. It can be lifted to supertranslation
cohomology wg € HP(t, M) taking values in the module M, of which 7 is the part
of lowest weight degree. In the bigrading of the Tate resolution depicted in Table 1, 5
appears somewhere on the stage 2 line and at cohomological degree p, consequently
at weight degree p + 2. The t-module m;,, € M, in which 7 sits at the lowest weight
degree, stretches to the right in the Table, to higher weight degrees. The cocycle wg will
of course still contain a finite number of terms.

This introduces a certain p-bracket between supertranslation generators [Day, ...

Al € M, dually encoded in the differential as a term wg = ¢41...c4» v A TV EM,

where ¢4, A = (a, a), are supertranslation coalgebra 1-forms, ¢ = A%, ¢¢ = v%.
(We can formally think of the yr’s thus obtained as dual to closed superspace p-forms
Fay.a, with Fy, o ) = 0; it is no coincidence that the “connecting cocycle” for models
containing a p-form field strength is a p-cocycle, see Sect. 3.5.)

3.4.6. The deformation from the double complex. The supersymmetric cocycle wg does
not yet provide an element of H” (a, a), since only {sg, wp} = 0. We can now use that
fact that (70) provides a double complex Since s¢ acts within the supermultiplets, and
s1 has the schematic form s; ~ ww > dw where w denotes 1-forms in n[—1], s¢o does not
change the number of w’s, while s; increases it by 1. We can therefore find the linear
deformation w = wp + w1 + ...+ wy in H? (A, n), for some g < p, by solving descent
equations

{50, w0} =0,
{so, w1} + {s1, w0} =0,

{50, wg} +{s1,04-1} =0,
{s1, 04} =0. 71

The part w; is dual to a p-bracket where i entries are in n and p — i are supertranslation
generators.

We used supertranslation cohomology as the starting point wg for the solution to the
descent equations. The end point, w,, represents cohomology of s1. However, a freely
generated algebra has no cohomology higher than H', in any module [57]. (It is also
straightforward to see that a non-vanishing H' is supported in generation 1.) We can
easily observe that ¢ > 0, since {s1, wo} # 0. Therefore, ¢ = 1. (Strictly speaking,
there is a representative withg = 1.)

Explicit forms for o = wp+w; are of course highly model-dependent. This completes
the linear deformation, yielding p-brackets [Dy, ..., DAp] and [Dy, ..., DA,H , ol
Itis interesting to note that it suffices to know the latter bracket for ¢ € M,ie., generation
1. The cocycle condition states that w; encodes an outer derivation on n = F[M], so
knowledge of its action on generation 1 specifies the full action on n.

3.4.7. Non-linear deformation. So far, we have considered linear deformations. The
next question is to ask if w?> = 0, or if the (2p — 1)-identity requires the introduction
of a (2p — 2)-bracket dual to @’ with @? + {s, @’} = 0, and so on. From the examples
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we consider below, it seems that w? = 0 for non-gravitational models, although we
do not have a proof. In D = 11 supergravity, there is indeed a “slight” violation of
w? = 0—the 5-identity requires a 4-bracket (which may not be too surprising, since the
theory contains a 4-form field strength).

3.5. Superspace formulation.

3.5.1. Closed forms from pure spinor superfield cohomology. 1t is well established (see
for example [38]) that scalar pure spinor superfields W describe gauge theories (for
connections of some form degree) on superspace, and reproduce closed superspace forms
(field strengths) as gauge invariant cohomology. The component of W at appropriate
cohomological degree (ghost number) is identified as the lowest-dimensional superspace
connection component, i.e., ¥ = A“A, for a gauge connection, ¥ = %A"‘kﬁ Agyp for
a 2-form connection, etc., while the leading A-independent component represents the
leading scalar ghost.

We have seen this picture emerging also in Sect. 3.4, where the connecting cocycle
wo has a dual interpretation as a closed superspace p-form,

[Days ..., Da,] = Fa,.a, . (72)

This is however not a standard way to introduce field strengths, except when p = 2.
Note that the interpretation is quite formal; the right hand side of (72) is not the field
strength, but a certain set of basis elements (generators) for the dual of the multiplet M.

3.5.2. t and interactions. Tt is a remarkable observation that when p = 2, e.g. in D =
10 super-Yang—Mills theory [26,28], this deformation leads to a deformation of the
supertranslation algebra which is isomorphic to the superalgebra of gauge covariant
derivatives D) = D+ A together with the free algebra on the multiplet of the superspace
field strengths. The free generation mimics the decoration of an abelian field strength with
9lso Chan—Paton factors, so any Cayley—Hamilton relations for specific gauge groups
are absent; this is a “master algebra”. The same interpretation holds for any example with
a BKM superalgebra which is freely generated from internal degree 3, among which are
our examples in Sect. 5.2.

The most remarkable property of this phenomenon is the fact that, although the posi-
tive BKM superalgebra tis a “linear” structure in the BV sense—it is the algebra which
is responsible for the appearance of the linear supermultiplet—it encodes precisely the
information that deforms the linear multiplet to an interacting one. It is therefore an
interesting question to ask what the corresponding non-linear structure on the super-
translations and the supermultiplet means when p > 2.

3.5.3. Higher forms. Let us now consider arbitrary values of p. Even if the geometric
meaning of (72) remains somewhat unclear® for p > 2, the deformation has one more
part, namely w1, encoding the bracket [Dy,, ..., DAIH, X], X € F[M]. When p > 2,
there is no way to incorporate the connection in a gauge covariant derivative. It is possible,
however, to do an analogous thing for a multi-derivative, and write

[DAlvH-vDAp,]»X] = [AAl...Apflv X] (73)

8 We thank Christian Simann for communication on this issue.
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Table 3. Generators in the double grading of t, extended with connections, for a model with a superspace
2-connection.

1 ' Aoz[)’ Aaﬂ Aab> Faﬁ'y Fab’y Fabc
hom.
degree =0 D, D,
int. degree = 1 2 3 4 5 6

Only the generating set of F[M] is displayed

for some suitable interpretation of the bracket on the right hand side. If this bracket
obeys the Jacobi identity together with the bracket on t € F[M], the (p + 1)-identity

[([Da,, ..., Da,l, X1+ p[Dia, ..., Da, ,,[Da,), X1
pip—1
+ p[D[A]’ [DA27 ey DAP]a X]] + T[[D[A“ DA2]9 DA37 ey DA],]5 X] = 0
(74)
(sign factors omitted) is automatically satisfied, thanks to [D4, Dp] = —Ty 8¢ D¢ and
pip—1
Fay.a, = PDiayAnynp) + ——Tia, 4, " AlBlas...a,) - (75)

2

This is not too surprising, since what we are effectively demanding is that the p-bracket
with one field is an outer derivation of F[M], see Sect. 3.4.

The question is then how to define the 2-bracket of (73). Concerning the action of
supertranslations, it is obvious that the multiplet M, the gauge invariant multiplet, can be
continued to the left (lower internal degree) to include the components of the superspace
connection. When p = 2, A, and A, occur in the same position as Dy and D, and the
deformation is obtained by considering the sums, the gauge covariant derivatives. When
p > 3, the connections will appear at homological degree p —2, same as M. The algebra
n = F[M] can be extended to lower internal degrees. 2-brackets with elements in the
new positions will indeed then be derivations of F[M], which are outer since the new
elements are outside F[M]. The concrete realisation will be highly model-dependent,
but exists by definition. A schematic picture is given in Table 3 for a model with p = 3,
like the models in the examples of Sects. 5.3.1 and 5.3.2.

The algebra n = F[M] is now extended to n, which as a vector space is b & n,
where b is spanned by the potentials. Elements in b act as outer derivations on n. In
the examples, in particular Sects. 5.3.1 and 5.3.3, we will come back to the question
whether further outer derivations at higher homological degree are obtained by repeatedly
applying elements in b, and formulate conjectures essentially stating that this happens
in supergravity but not otherwise.

3.5.4. Interpretation. An interpretation of the non-linear structure on the multiplet in
terms of self-interaction seems difficult for higher gauge symmetries (p > 3). Indeed,
to be physically sensible it would demand a model where the pure spinor superfield
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carries dimension 0, i.e., where internal degree and physical dimension agrees, up to
some conventional proportionality constant (unless, of course, the interactions involve
a dimensionful constant). This happens when p = 2, where the leading ghost is dimen-
sionless, but not necessarily in models with higher gauge fields. In D = 11 supergravity
it does not hold. In other words, self-interactions should, at least naively, involve some
modification of the 2-bracket [D,, - |; this can then be understood as a deformation of
the pure spinor superspace differential D = A% D,,. This does not exclude that relations
like (72) can be given a deeper geometric meaning. We will see that a certain such mod-
ification actually occurs in D = 11 supergravity, and it can be seen as a sourcing of the
physical multiplet by the Killing ghosts.

4. Properties of the Ring S and the Multiplet M

There are a number of interesting properties that the pure spinor ring may or may not
have in different cases, and similarly for the multiplet. We will list some of them. Even
if they ultimately all are properties of S, statements about M distinguish themselves in
being statements about n = t>3.

Properties of S

@ Y is the closure of a minuscule minimal G-orbit (see Sect. 3.2.5);
Y is the closure of a (set of) minimal G-orbit(s);
S is a complete intersection;
@ S is Gorenstein;
@ S is Cohen—Macaulay;
@ S is Koszul.

For a discussion of the relevance of some of the properties of the ring S to physical
constructions involving the corresponding multiplet, we refer to [34]. Some of the con-
structions there, in particular the construction of cotangent BV theories in examples
where the canonical multiplet is off-shell, were anticipated in [29].

Implications between these properties are as follows:

® ©

l l
©

l l
® ®

Properties of the multiplet

@ M has support only in (cohomological) degree 1;

@ M has support in a single degree;

(D M has co-dimensional support in at most one degree;
@ n is freely generated;

® n has a (non-abelian) freely generated subalgebra.

The implications between these statements are:
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©

|
G)

VAN
® @

The dashed arrow is conjectural. All examples we have encountered obey it. The example
with G> x SL(2) in Sect. 5.5 has anon-free n with a free subalgebra when the conventions
otherwise used in the paper are adopted, in particular with the definition n = Tz 3. In this
case it turns out to be well motivated to instead choose n = 124, the conjectural arrow
would then be (D) --» @

It is striking how few implications can be made from a property in one group to one
in the other. A trivial exception is the vanishing of the multiplet being equivalent to S
being a complete intersection. In particular, the physically motivated “good” property of
free generation is difficult to relate to standard “good” properties of rings. For example,
Gorenstein or Koszul are about the “best” properties one can demand from a ring. They
are typically properties of some well behaved physical examples, such as D = 10 super-
Yang—Mills, Sect. 5.2.1. Indeed, Gorenstein is necessary for a BV action without the
introduction of a separate dual multiplet. Supergravity models are never Koszul, but
SYM models are. On the other hand, rings with both these properties, as the E¢ model
of Sect. 5.4, may display pathological behaviour from a physical point of view, such as
infinite-dimensional cohomology in more than one ghost number.

Avramov [35] made a very general conjecture about free subalgebras in Noetherian
local rings. In our context it implies arrows @ -— ® €-- @ To our knowledge, the

conjecture has neither been proven or falsified. All our examples satisfy condition
(except for D = 4, N' = 4, where n is trivial, see Sect. 5.1.2). We have among our
examples, Sect. 5.4, a minimal orbit under Eg¢, thus defining a BKM superalgebra.
Property @ holds, implying properties @ and ® Condition @ also holds, since
AB(Es, A1)=3, which is freely generated, is contained in #(E¢, A1)>3 [44]. However,
the whole of n is not freely generated in the E¢ case unlike the other examples considered
below.

The properties of the different examples of Sect. 5 are listed in Table 4, in order of
appearance in Sect. 5.

5. Examples

In all examples with physical multiplets below, Sects. 5.2-5.5, we use the notation and
method for deriving the bracket structure of t introduced in Sect. 3.4. We also use a
convention where 1-forms dual to bosonic and fermionic generators commute, a slight
violation of our general conventions which can be changed to anticommutator by trivial
sign changes.

5.1. Trivial examples.
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Table 4. Properties of S and M in the examples

®»w ® © 0 6 6 6 O O ®

D=4 N =4 No No Yes Yes Yes Yes «— — — — —

D=10,N =1 Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes
SL(5) Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes
D=6N =1 No Yes No No Yes Yes Yes Yes Yes Yes Yes
D=4 N=1 No Yes No No No Yes Yes Yes Yes Yes Yes
D=6N=(2,0) No No No No Yes No No Yes Yes Yes Yes
D=4 N =2 No No No No Yes No Yes Yes Yes Yes Yes
D =11 No No No Yes Yes No No No Yes Yes Yes
Eq Yes Yes No Yes Yes Yes No No No No Yes

Gy x SL(2) No No No No No No No No Yes No Yes
Note that many “Yes” in group @ - ® does not guarantee the same in group @ - ®, and vice versa

Table 5. Zero-mode cohomology for D = 4, N' = 4 SYM

AN
. Ol
AN
. 02
. ,
. 03
. \

Q4

5.1.1. Generic classes of trivial examples

(1) Let t; and t» be any vector spaces, and take t to be abelian. Then § = R is just a
polynomial ring, and S+ = U (t;) is the exterior algebra on t; (with shifted, bosonic,
parity).

(2) Consider any complete intersection, defined by a regular sequence of quadratic
elements f; € R. This determines an algebra of the form t by taking the Chevalley—
Eilenberg differential to be d(a;) = f;. The partition function is Zg(t) = (1 —
R (1=12)R2 andT = t. The multiplet is empty; pure spinor superfield cohomology
is de Rham cohomology.

(3) Letty = A2, These are the first two degrees of F[t;]. Then S is empty from degree
2. The partition function is Zg(¢) = 1 + St = 1 — Ryt, andf = F[t].

(4) Lett; = —k, tp = k, with the bracket given by tensor product. This is a special case
of both (2) and (3). The partition function is Zg(¢) = 1+t = (Zpl,k])_l.

5.1.2. D = 4, N = 4 super-Yang—Mills. This example is trivial in the sense that it falls
under item (2) above, S is a complete intersection, and T = t. D = 4 is the highest
dimension where this happens for maximally supersymmetric Yang—Mills theory. The
zero-mode cohomology then trivially becomes the de Rham complex in D = 4.

In Table 5 and all subsequent tables of zero-mode cohomology, the A expansion is
vertical and the 6 expansion horizontal. In the present case the multiplet is empty; there
is no local cohomology. Nevertheless, this pure spinor superfield can be used “minimally
coupled” with a field describing the gauge-covariant multiplet based on the scalars, so
that the equations of motion identify the field strength of the gauge connection in Table 5
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Fig. 1. Dynkin diagram for #(Ds, As)

Xvith the one in the scalar multiplet [58]. There is a natural (contragredient) extension of
t to non-positive levels, which is the superconformal algebra su(4(4).

5.2. Physical examples with BKM superalgebras. The dual BKM superalgebras appear-
ing in this subsection are all freely generated from internal degree 3. They all correspond
to multiplets concentrated in a single ghost number. In all cases, the Koszul duality is
the standard quadratic one. The algebras f are isomorphic to algebras of gauge covariant
derivatives and field strengths. As we will see, the examples in Sects. 5.2.1, 5.2.3 and
5.2.4 are related to the exceptional Lie algebras Eg, E7 and Ejg, respectively.

5.2.1. Ten-dimensional minimal supersymmetry. This is the standard example for pure
spinor superfield theory, possessing all the good properties that allow for a supersym-
metric BV theory of Chern—Simons type [1-3,26,28,30]. S is a Gorenstein ring of odd
codimension (5). Of particular interest for us is the construction of the Koszul dual alge-
bra t, which we know is the BKM superalgebra %(Ds, As) (Fig.1) [18], and which
Movshev and Schwarz [26,28] showed is isomorphic to the superalgebra of superspace
gauge covariant derivatives and field strengths of (interacting) super-Yang—Mills theory.
We will rephrase that construction in the framework of the present paper. The algebra is
free from internal degree 3.

The partition function is

Zs(t) = @5(0000n):"

n=0
= (1 — )~ (000D @, ((00000) © (10000)#2 & (00010)7°

6 (00001)#° @ (10000)t° & (00000)t8)

= (1= ™% g (1 - 2 g (00000) © ) (©:0010)** @ (11000,
i=0
(76)

where the Dynkin labels are given in the order indicated by the numbering of the nodes
in the Dynkin diagram in Fig. 1.

The first form of the partition function in (76) expresses that the pure spinor variety is a
minimal orbit, the second gives the zero mode cohomology and the third the multiplet, the
on-shell D = 10 super-Yang—Mills fields in a derivative expansion. From the exponents
of the first two factors in the the third form we can read of the D5 representations
R1 = (00010) and Ry = (10000), corresponding to t; and t,. Below (Table 6), these are
denoted by their dimensions inbold, Ry = 16 and R, = 10. Continuing the factorisation,
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Table 6. Zero-mode cohomology for D = 10 SYM
1
: 10 16

ST

16 10

N\

1

we would get R3 = 16 and R4 = 45 (the adjoint). The fact that R| = R3 and R, = R»
agrees with the general symmetry described in Sect. 2.4.3, considering (D5, As) as
B(Eg, 0) 3.

The supertranslation algebra is encoded in the differential s,

sov? = (Ay9r) . (77)
The action on the on-shell multiplet is encoded in

Sowoz = 0 ’
50 fab = —(AYab¥) ,

S0Vaa = VaVa + (¥°N)a fap — (y-trace)
(78)

Note that here, as in all subsequent examples, we are representing the multiplet by basis
elements in the coalgebra. These basis elements are in the modules conjugate to the ones
of the component fields. Also, there is no x-dependence; derivatives of the fields in the
multiplet are represented as separate elements. The coalgebra element corresponding
to a derivative of the spinor 9,V is ¥,4. The third relation in (78) states among other
things that on the algebra side [D,, ¥*] = ¥,%, where V(fﬁ v,f=0.

As detailed in Sect. 3.4, the action of t on M, specified by so above, is naturally
extended to F' [M]. Together with s1, the differential on C*(F [M]), so + 51 is the differ-
ential on C*(t € F[M)).

The connecting cocycle is 7y = v¥(Y4A)q. It is closed thanks to the identity
(AYaM)(¥¥A)q = 0, which is trivially true thanks to V316 2 16. It is lifted to a super-
symmetric cocycle wyp € H 2(¢, M) as

WY = Ua(]/a)‘)a ,
@0 fab = VaUp . (79)

The construction precisely mimics the deformation of D, € t;, D, € t; to gauge
covariant derivatives by including connections A4, A = («, a) and demanding Fog = 0.
Then, (79) is dual to [D4, Dg] = F4p. This is the standard superspace procedure for
introducing interaction in super- Yang—Mills theory. Here, the same algebra is responsible
for defining the states in the linear theory. There is of course also an wy, defined as in
Sect. 3.4, which makes @ = wg + w1 a cocycle in H>(t € F[M], F[M]). The first
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Fig. 2. Dynkin diagram for #(A4, A2)

example of a term in w; acts on ¥y g, which is the generation 2 element at weight
degree 6 with 5114, g = Yo ¥g. One then get59

16
—v
9
This encodes the sourcing of the gauge field by the fermions, the dual form of the first
term being

20

01V Ve p = —0 fup — o+ Ve - (80)

1
[D?, Fup] = 5 Yaop [ ¥, wh (81)

(with some normalisation constant). Seen from the perspective of gauge covariant deriva-
tives the occurrence of such terms is obvious; repeated action of covariant derivatives
gives curvatures, this one arises from the Jacobi identity of the formally undeformed
ygﬂ[Da, WA = 0 with a D,. We can think of the algebra as a master algebra for
super-Yang—Mills theory with any gauge group, so that all fields are decorated with
(invisible) gl,, Chan—Paton factors. The absence of Cayley—Hamilton relations for finite-
dimensional gauge groups corresponds to the free generation.

5.2.2. SL(5), or twisted eleven-dimensional, supersymmetry. The formulation of this
multiplet was given in [31,59]. It appears as a twisting of D = 11 supergravity [60].

S is a Gorenstein ring of odd codimension (3). It is the algebra of functions on a cone
over the Grassmannian Gr(2, 5) of 2-planes in 5 dimensions, a minimal SL(5) orbit.
Therefore, the Koszul dual Lie superalgebra is (A4, As), see Fig.2.

The partition function is

o0
Zs(t) = @5 (00n0):"
n=0

= (1 — 1)~ (0010) ((0000) S (100072 @ (0001)r3 & (0000)15)

o0
= (1 — 1)~ ©0010) g (1 _;2y(1000) o [(0000) Yas (e(i001)r3+2" ® (i100)r4+2")] .
i=0
(82)

where the Dynkin labels are given in the same order as in the preceding example, and
the zero-mode cohomology is illustrated in Table 7.

The first form expresses the pure spinor variety as a minimal orbit, the second gives
the zero mode cohomology and the third the multiplet. It contains a fermionic divergence-
free vector and a closed 2-form. This is the (parity-reversed) content of the superalgebra

9 The seemingly strange number % is a consequence of 1) decomposing the derivative of F as [D,, Fp.] =

(DF)(11000) — §Mafp D%, Fejal, and 2) the Fierz decomposition [w¥, wA] = %y;‘ﬁ visv?, ) PR
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Table 7. Zero-mode cohomology for the SL(5) model
1

N
5 5
N\
L1

E(5,10). In fact, (A4, A») is freely generated from internal degree 3 by the coadjoint
module of E (5, 10) [59].
Supertranslations are expressed as

1
sov" = gémnpqr)\np)‘qr )
so¥m =0,
1
mn mn r
sof™ = 56 pa )\pqllfr ,

soY™n = V" Y + Anp [P — (trace) ,
(83)

The connecting cohomology from the supertranslation algebra to the module is ,,, =
AmnV". It is extended to the supersymmetric cocycle wq as

woYm = )Lmnvn s
wo f™ =v™" . (84)

The lowest term in wq is

O1Ymn = 2)Mp(mwpn) > (85)

where v, , is the generation 2 coalgebra element with s1v,, , = V¥, ¥,. Unlike the
D = 10 SYM example, Sect. 5.2.1, there is no room for a vf term; the field strength
F,,,, only satisfies a Bianchi identity which remains homogeneous.

Similar constructions are certainly possible also for BKM superextensions of “E},”,
n < 4, and may be related to other exceptional Lie superalgebras, e.g. E(3, 6).

5.2.3. Six-dimensional minimal supersymmetry. The degree O automorphism group is
SL(4) x SL(2), and we use standard Dynkin labels. Let A € (001)(1) = (4, 2). Since

VZ(001)(1) = (002)(2) @ (010)(0) = (10,3) & (6, 1), (86)

the pure spinor constraint defines a minimal orbit, and the Koszul dual algebra { is the
positive-degree part of a BKM superalgebra, with the Dynkin diagram of Fig. 3.

The diagram is drawn this way in order to distinguish the BKM superalgebra
from the finite-dimensional superalgebra s[(2|4) (the latter has a Cartan matrix with
sign changes across the grey node). In the same way as the BKM superalgebra in
Sect. 5.2.1 was described as Z(Eg, #)(~ this BKM superalgebra can also be described
as B(Eq, 6)(’3). S is not Gorenstein, but Cohen—Macaulay.
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Fig. 3. Dynkin diagram for (A3 @ A, A3+ Ayg)

Table 8. Zero-mode cohomology for D = 6, N =1 SYM
1

N

(6,1) (4,2) (1,3)

Fig. 4. Dynkin diagram for the BKM superalgebra associated to D =4, N = 1 SYM

It is well known that the superspace gauge theory with this supersymmetry yields the
off-shell multiplet, with a triplet of auxiliary fields. This is of course reproduced by the
pure spinor superfield formalism [61,62]. The partition function is

e¢]

Zs(t) = P 0on) ()"

n=0
= (1 — 1)~ Db & ((000)(0) o (010)(0)t @ (100) ()1 © (000)(2);4) ,
87)

from which the off-shell multiplet of Table 8 is read. Obviously, extracting also degree
2 from the partition function gives the multipet in the same way as in Sect. 5.2.1, but
without equations of motion in the absence of antifields. (The antifields sit in a separate
pure spinor superfield in the module (000)(2) [62].)

The procedure for going from t € F[M] by introduction of the connecting cocycle
parallels the one in Sect. 5.2.1, so we will not display it in detail. Again, the BKM
superalgebra, which is freely generated from internal degree 3, is isomorphic to the

algebra of gauge covariant superspace derivatives and field strengths.

5.2.4. Four-dimensional minimal supersymmetry. The R symmetry is U (1). We denote
modules by su(2) & su(2) Dynkin labels (or dimensions in boldface) with u(1) charge
as subscript. Let A € (1)(0)—_; & (0)(1); = (2,1)_1 & (1, 2);. The partition function
yields the zero-mode cohomology of Table 9. The multiplet is off-shell, including the
auxiliary scalar field.

The ring S is not Cohen—Macaulay, due to the pure spinor variety consisting of two
components. This makes the construction of the anti-field multiplet more subtle [34].

The procedure for constructing the BKM superalgebra as an extension of the super-
translation algebra follows the same lines as in Sects. 5.2.1 and 5.2.3, and has the same
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Table 9. Zero-mode cohomology for D =4, N =1 SYM

(17 1)0
~
(2,2), (2,1),0(1,2), (1,1),

Table 10. Zero-mode cohomology for the D = 6, N = (2, 0) model
(1,1)

(6,1)

RN
(15,1) ® (1,5) (4,4)

T 0.1) @4 (15)

superspace interpretation. Accordingly, the BKM superalgebra with Dynkin diagram
in Fig.4 could be denoted #(Eg, )%, indicating that it is “three steps away” from
HAB(Eg, 0), where in turn changing the grey node to a white one would give the affine
extension of E¢. However, this case is different compared to the previous ones in that
we get two grey nodes in the last step of the “oxidisation” procedure going back from
B(Es, 0) to B(Eg, )™ [44]. Also, from the point of view of this procedure, it is
natural to connect the grey nodes by a double line without arrows, meaning that both the
corresponding off-diagonal entries in the Cartan matrix are equal to —2. However, any
negative integer would give the same algebra at positive degrees, as discussed in [63].
Only when both positive and negative degrees are considered, different choices for the
Cartan matrix give different algebras. In [63] this algebra was studied in further detail.

5.3. Examples involving higher brackets.

5.3.1. Six-dimensional N' = (2, 0) supersymmetry. The R-symmetry is s0(5). We use
a notation with D = 6 Pauli matrices y“ and s0(5) gamma matrices o’ acting on 16-
component spinors of 50(6) @ s0(5). y¢ and o commute. The symmetric products of a
spinor are (Ay%1), (Ay®ci1) and (Ay*¢c/ 1). Therefore, the pure spinor variety is not
a minimal orbit.

The supertranslation algebra is dual to Eq. (88) and the zero-mode cohomology is
illustrated in Table 10.

sov? = (Ay9r) . (88)

Supertranslations on the on-shell supermultiplet M of linear observables are encoded
in



Canonical Supermultiplets and Their Koszul Duals Page 43 of 56 127

sop' =0,
S0 = (0109’
508abec = AVabe¥r)
s0ba’ = vad’ — Ovac' ) |
s0Va® = va¥® + (0;1)%¢a’ + %(yb “A)%gabe — (y-trace) ,
(89)

Higher components represent x-derivatives of on-shell component fields, from which
their transformations follow. o
The supersymmetric cocycle wg in H3(t, M) is

. 1 .
wo' —E(M/“G’k)va ,

1
wo® = Z()’ab)»)avavh ,
®08abe = VaVpV + dual . (90)

wo encodes the 3-bracket between three supertranslation generators, [D4, Dp, Dc]. It
is not a cocycle in H>(t € F[M], F[M]), but the starting point of one. We know that
the full 3-cocycle is @ = wg + w;. We have not solved for the complete explicit form of
wq. Its first term is

. . . 1 .. 1 ..
wi1¢™ =yt g — 8 Ay oA pa* — g8 Ovav 1)

where @™/ is the coalgebra element dual to [®;, ®;], s1¢"/ = ¢'¢/. Note that knowl-

edge of [D4, Dp, @] for ® in M gives information of the 3-bracket with one entry in
the full F[M]. They form a set of outer derivations of F[M].

So far, we have constructed a linear deformation of s as a 3-bracket differential w.
Will w represent a “total deformation”, i.e., is also w? = 0, or will a 4-bracket (and
possibly higher) be generated? Obviously, wg = 0. An identity {wg, @1} = 0 would
correspond to a 5-identity [Dja, Dp, [Dc, Dp, Dgj]ll = 0. A quick inspection of the
elements in the third generation of F[M] gives at hand that this identity holds—the
content of s0(6) @ s0(5) modules at the respective internal degrees does not allow any
non-zero result of the 5-identity. Thus, there is no 4-bracket [D4, Dp, Dc, Dp]. The
only possibility would be a 4-bracket [Da, Dp, Dc, ®] compensating for a possible
non-vanishing of a)%, and 4-brackets with more than one entry in F[M] vanishing by the
same argument as for the 3-bracket.

Let us rephrase the above in the superspace formulation of Sect. 3.5. We would then
let [D4, Dp, Dc] = Gapc and [Dy4, Dp, ®] = [Bap, @], ® € F[M], for super-
space forms G = d B. A 4-bracket would correspond to [D4, Dg, Dc, Dp]l = Hagcp,
[D4, Dp, Dc, ®] = [Capc, ®]. The 5-identity with all D’s now reads (modulo unim-
portant numerical coefficients) dH + [B, G] = 0, where antisymmetrisation (wedge
product) is understood in the second term. It is consistent with the 5-identity with one
element in F[M], which translates to [H +dC +[B, B], ®] = 0. Note that the “fields” in
the multiplet carry the opposite statistics compared to a physical multiplet—for example,
Gube = 8abc 1s fermionic in the coalgebra—so the bracket in the last formula is non-
trivial. We have not checked that it actually vanishes. This requires at least a few more
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Table 11. Zero-mode cohomology for the D = 4, N = 2 dualised hypermultiplet
( 1 9 1 ’ 1 ) 0

levels of the action of the outer derivations than given in (91). The supposed absence
of any meaningful 4-form observables in the physical multiplet leads us to believe that
[Bia, Bcpyl = 0 (as an outer derivation), a statement that should be possible to prove
with some more work. In Sect. 5.3.3, we will see an example where both 3- and 4-forms
indeed are present, and where the 4-bracket arises precisely by the mechanism sketched
here.

We conjecture that the 3-bracket w is a total deformation, and that dcg = s + .

The multiplet is conformal. It is straightforward to check that in all steps in our
construction the t-module property is lifted to a superconformal module property, where
the superconformal algebra is the contragredient extension of t to non-positive levels,
0sp(8]4).

5.3.2. Four-dimensional N' = 2 supersymmetry The multiplet obtained from a scalar
pure spinor superfield with A/ = 2 supersymmetry in D = 4 is not a super-Yang—Mills
multiplet, but a version of the hypermultiplet where one scalar is dualised to a 2-form.
This is an off-shell multiplet. Fields, and generators at all levels in the algebra, transform
under s0(4) ® su2) ®u(l) >~ su2) dsu2) dsu2) du(l). We use SL(2, C) notation
for the first two su(2)’s. The physical fields are a real 2-form B with fields strength G in
(2,2,0), atriplet of real scalars ® in (1, 1, 3), (represented as an antihermitean (2 x 2)-
matrix) and a complex spinor Wy;, W,lin (2,1, 2);6(,2,2)_;.Inaddition, there is an
auxiliary complex scalar field H, H in (1,1, 1), @ (1,1, 1)_,. Subscripts denote 1(1)
charge. Elements in the coalgebra are denoted by the corresponding lowercase letters.

The dual to the supertranslation algebra is Eq. (92) and the zero-mode cohomology
is illustrated in Table 11.

50U = AT A% 92)
The supertranslation transformations of the cogenerators in the multiplet are encoded
in
so9'j =0,
sy = ¢’ A%,
50¢da’ij — vda¢ij +)Lai$aj o waixaj i
s08% =25y + YT
soh = eqpeij A2 Y Pl
sOdel,ﬂi — Udal/fﬂi +¢da’ij)\,ﬂj + %gaa)\‘ﬂl _ gaﬂ)\‘(xl +€aﬁ6ijxdjh )
93)
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Table 12. Zero-mode cohomology for D = 11 supergravity

1
N
11
~
55® 11 32
\) T
. 16546501 320@ 32
: . - 320320 1065165
—
T g T 11655
N
N
1
The action of the supersymmetric 3-cocycle is
wod ;= ir%vgeh”
a)()l/fai = l')\ﬁivgdvda R
. i ;
wog™® = —zv“ﬂvﬁf; vbe (94)

where vyg = —eaﬁedﬁvﬁ.ﬁ.
The explicit form of the outer derivation w; on F [M] can be found for the lowest
internal degrees. The rest of the construction, in particular the argument leading to

a conjecture about the absence of a 4-bracket, goes along the exact same lines as in
Sect. 5.3.1.

5.3.3. Eleven-dimensional supersymmetry This example is fundamentally different
from the non-gravitational examples, due to the presence of cohomology also in the
ghost sector, represented by super-Killing vectors on Minkowski superspace.

The algebra n is still freely generated by the dual of the multiplet. In order to show
this, we need to establish that the whole dual multiplet is a (minimal) generating set of
n. Brackets must respect the double grading (see Table 13). The only possible type of
relation would be of the type [k, k] = ¢. This is not allowed by tensor products of the
50(11) modules appearing. (In addition, if such relations had been present, they would
give rise to cohomology of n at cohomological degree 4, which is outside the multiplet.)
All cohomology is in generation 1, and n is freely generated according to Proposition 3.5.

S is a Gorenstein ring of odd codimension (9). Since v2(00001) = (10000) &
(01000) é (00002), Y is the closure of an intermediate (non-minimal) orbit. The tangent
cone at the singular locus, the minimal orbit, is Gr(2, 5), so the Gorenstein property
essentially follows from the Gorenstein property in Sect. 5.2.2. Some properties of S
have been examined in refs. [24,64,65], and the supersymmetric pure spinor BV field
theory was constructed in refs. [64,66]. In [33], an investigation of the Tate resolution
was initiated in increasing internal degree (up to degree 8), leading to conjectures, some
of which will be verified presently.

Factoring out degree 1 in the partition function for S gives Table 12. Factoring out
also degree 2 yields the linear multiplet:
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Table 13. Generators in the double grading of t for D = 11 supergravity. Internal degree is on the horizontal
axis and homological degree on the vertical. Only the generating set of F[M]is displayed. Note the symmetry
around degree (3, %)

2 anbcd (Egb
1 ]}a ];:a kab
0 D, D,

1 2 3 4 5 6 7 8 9

Zs(l) — (1 _ t)f(OOOOI) ® (1 _ t2)(1000())
® [(00000) @ (10000)* © (00001)£5 @ (01000)°
o0
oP ((iOOlO)t8+Zi O (11001)°% @ (12000)10+% )] . (95)
i=0

On the algebra side, let € be the (dual) Killing supermultiplet at internal degrees
4,5, 6, and p the (dual) physical multiplet at degrees > 8. We have M = ¢ p as a
vector space. The supertranslation algebra is encoded in the coalgebra differential

soAY =0,
sov? = (Ay9A) . (96)

We let sg be the coalgebra differential of t & (¢®p). Thus,

sokqes =0,
soky = (Va)‘)aka s
sokap = Ayapk) — 2v(akp) . 7

and'?
$0Pabea =0,
1
s0¢aba = E(yCd)‘)a‘ﬁabcd - (y-trace) ,

1
S0Pab,cd = z(umqbcd) + (AYea®ap)) — labed]

$0Pa,bede = VaPbede + 3(AVapePae]) — (labede] + trace) |
(98)

10 The concrete expresswn for the formatlon of a y- traceless 2-form-spinor X from the tensor product of a
2-form and a spinor is Xah =Xap+3 y[ayCXb]( - —yuhy X“]
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Here, k,, ky and kg, are Killing ghosts for translations, fermionic translations and rota-
tions, while @upcd, Pube and Pgp 4 are the (linearised) 4-form, gravitino field strength
and Weyl tensor of the physical supergravity multiplet.

When the Tate resolution is examined by internal degree, a minor surprise arises
at degree 9. There it turns out that the 2-bracket needs to be modified. The multiplet

= E@ is still freely generating n, but the action of the supertranslation generators on
the multiplet is modified. Here, we do the construction by arity of brackets, so we start
with this deformation. It turns out that there is a 2-cocycle deformation of t € F[M] as
defined above. As a cocycle of the supertranslation algebra, it belongs to H' (t, p® A28),
and allows for a deformation of the 2-bracket [t, ¢]: t®p — A% landing in generation 2
of F[€]. Letus use v for the corresponding term in the coalgebra differential, and denote
the generation-2 basis elements as k with double indices. Up to a scaling, the complete
expression for v is

vkep =0,

1 1 .
Vka,a = I_O(Vde)\)aanbcd - @(Vabcde)\)a(ﬁbcde s

1 1
Vko:,ﬁ = E O%)Cd()t)/ubfbcd) + _Vo%’cvd¢abcd s

1
vk pe = ()\Vafphc) - _()&V[h(ﬁc]a) + — v ¢abcd s

21
Vkab a = __()/Cde)‘«)ozqs la,blcde — E(V aCdef)‘)ad)b l,cdef + %(VCd)‘)ad)ub,cd

6 6
+ Evc(yc‘pab)a - EUC(V[a¢b]c)a ’

0
v ¢e abced - 99)

1
Vkap,ca = 6((AV[aPbl,ca) + AVePay,ab)) + — '

In the last term, ¢, pco 1S “the derivative of the gravitino field strength”, the degree 11
element with s¢4 pce = Va@Pbea + - - .. The action of v on F [M] is defined by tensor
product.

This means that F[ M ] now has become an indecomposible t-module. The differential
we need to modify by higher brackets is s = sop+v +s;ont € F [M]. Here, s¢ + v
represents the deformed action of t on the module F[M]. The normalisation of v is
irrelevant as long as it is non-zero, we choose the one of (99). There is still a bicomplex
with differentials so + v and 51, which can be used to find higher brackets, always with
at most one entry in M, by descent equations as in Sect. 3.4.6.

We continue by investigating the 3-bracket. The connecting 3-cocycle wy is dual to
a bracket [t, t, t]: At — B Itis straightforwardly constructed:

wokg = (AYapA)v”

1
woky = 5 (YabM v? Ub

wokap =0 (100)

Then, wy, dual to a 3-bracket [t, t, M], is found through the descent equations. Due to
the presence of v, it will consist of two parts, ’: [t, t, €] € p and o”: [t, t, ] € E( )
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-2 -, — .
where E( ) means second generation, i.e., [£, €] in F[M]. They are given by the concrete
expressions

@' Pabea = 2(AYjapMkea) + 1—12(/\Vabcdef Mkep — gv[a (AVbeark) — éve()»yabcdek) ,
@' Paba = %(Vﬁlk)avckab — (¥ VaViakple + vavpke — (y-trace) ,
& Gap.cd = —%(vavbkcd + vevgkap) — ([abed] + trace) | (101)
and

X 1

@"kab = 2@ Vkpye — gnab()\VCd)\)kcd
1

— 20 (Ayp)k) + g’?abvc()\)/ck) ,

4 1 X 7 .
U)//ka,a == E)&avbkab + E(Vbc)‘)avakbc + E(ybc)\)a vbkac

1 1
- E(Vabk)a Uckbc + @(Vabaj)\)a Vpkeq

+ ivavbw”k)a - ivbvc(n’”ma ,
15 30

(102)

The relative coefficient between ' and " is fixed by the normalisation of v.

This is the structure of the 3-bracket, as a linear deformation. Since D = 11 super-
gravity contains a physical 4-form field strengths, one may expect this to be reflected in
the presence of some 4-bracket. This indeed happens. We need to check the 5-identities
with two 3-brackets. With the explicit forms above, the result is that there is a single
non-vanishing 4-bracket [t, t, t, t], namely [Dy, Dy, D¢, Dg] = Hapeq- There will of
course also be some 4-brackets [t, t, t, M]. Note that we do not reproduce the standard
closed superspace 4-form of D = 11 supergravity. Our 4-bracket does not arise as a
linear deformation (a cocycle), but from a failure of the 3-bracket to be a finite defor-
mation. In the superspace language of Sect. 3.5 and the end of Sect. 5.3.1, the Bianchi
identity of our 4-form will be sourced by the Killing multiplet as dH = [B, G]. We
conjecture that higher brackets are absent through arguments analogous to the ones in
Sect. 5.3.1, but have not been able to prove this.

We do not know how to interpret the non-linear structure. It can not be understood
in terms of physical fields, since the dimensions are wrong. Remember that the pure
spinor superfield W for D = 11 supergravity carries ghost number 3 and inverse length
dimension —3. In terms of the algebra (see Table 13), the physical multiplet would fit
at negative internal degrees, while maintaining the symmetry around internal degree 3,
leading to a structure similar to a tensor hierarchy algebra. We comment on such possible
prolongations in the Discussion, Sect. 6.

5.4. E¢ supersymmetry. This example distinguishes itself from the lower-dimensional
examples in the E series (Sects. 5.2.1 and 5.2.2) in that the BKM superalgebra
HB(Eeg, A1), with Dynkin diagram given in Fig. 5, is not freely generated from internal
degree 3. This can be checked explicitly, the deviation starting at internal degree 9.
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2 O O O O O

Fig. 5. Dynkin diagram for #(Eg, A1)

Table 14. Zero-mode cohomology for the E¢ model.

1
N
27 78
351 650 351
> N i
351" 650 351
Table 15. Cohomology of n for the Eg model
(00802)
2 (on?no) (01201)
((m«luu)
cohom.
degree = 1 (nnrlmn) (00210) (noém) (00311) (nofl)nz) (nngu) (004{103) (00313)
(00801) (u()tlm()) (m)gm)
weight degree = 3 4 5 6 7 8 9 10

The corresponding minimal orbit is defined by the equations resulting from 27 C
Sym?(27). S is a Gorenstein ring of even codimension (10). The pure spinor variety
is a cone over the Cayley plane O P2, which is a minimal Eg orbit. The zero-mode
cohomology is depicted in Table 14. Some Dynkin labels are

27 = (00801)’ 78 = (00(1)00)’ 351 = (01800)’
351" = (20800)’ 650 = (10801)’ 2925 = (00(1)00)~

The indicated differential operators should all be present.

The multiplet in this example is unconventional in that it lies in different cohomo-
logical degrees (ghost numbers). Recall that the multiplet consists of H*®(n), where
n = HB(Es, A1)>3 is the subalgebra of Z(Ee, A1) at internal degrees > 3. We have
not solved it completely. It contains infinite-dimensional t-modules in H' and H?, and
probably nothing else.

We notice that the appearance of H? from weight degree 9 is a direct consequence of
a relation in the brackets between generators freely generated by elements dual to H'.
The conditions in Prop. 3.5 are not satisfied. Interpreted physically, such cohomology
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implies the pathological situation that there are “physical” states with ghost number —1,
if ghost number 0 is assigned to H'.

Note that the multiplet is agnostic to which resolution we choose to form the algebra
. Any resolution gives the same cohomology H®(n). Presently we have chosen t =
HB(Eg, A1). This gives the Tate resolution, which is the minimal free multiplicative
resolution. Other, non-minimal, resolutions yield the same result, but will necessarily
have a differential containing 1-brackets. Among them should be one based on F[M].

The part of the multiplet at cohomological degree 1 can be formulated quite explicitly
in terms of solutions to differential equations as follows. Consider a “gauge potential”
Ay in 27, and a “spinor” field W in 78. The gauge symmetry is Ay = Iy A, so
Fyn = 0y An — 0y Ajy in 351 is invariant, and fulfills a Bianchi identity oy Fnp; =0
in 2925. In addition it obeys an equation of motion in 650. This implies that 0F €
(0]00011) & (1]00000). Repeated use of the Bianchi identity and the equations of motion
imply that

0
(0001p)’ p=0,p=>2,
oPF ¢ o ] (103)
(00011) ® (o0000) - P =1
The “spinor” has equations of motion dW|3s1 = 0 and 82‘-Il|ﬁ/ = 0. Repeated use of
these equations yields
1
(0000p) - p=0,p=3,
1 0
"W € 1 (00001) ® (00001) - P =1 (104)

(00002) @ (00810) ., p=2.

This agrees with Table 15, and we have checked that the pattern continues, with no other
modules in H'(n), at least up to weight degree 25. An proof using partition functions
should be straight-forward. Note that the appearance of multiple derivatives (momenta)

as (oogo p)_is consistent with a condition p x p = 0 where x denotes the Freudenthal

product 27 x 27 — 27, forcing momenta to lie on a cone over the Cayley plane,
thus providing a field theoretic realisation of the particle model of [67]. The additional
modules that we have found in H®(n) are all at cohomological degree 2. The leading

ones are given in Table 16, meaning, for example, that since (00(1)00) appears at weight

degree 9, the modules (00(1)0;;) are also present at weight degree 9 + 2p (at least for

p =0, 1, 2, 3) although not written out in the table.
The supertranslation algebra has the differential

sovM = CMNP)\NAP , (105)

where c is the symmetric invariant tensor of Eg. We can choose a normalisation where
cMPQey po =29 ﬁ,’] . Part of the supertranslation transformations are encoded in

sof MY = "M py o] (106)

¥ and f being the coalgebra elements dual to W and F. There is a cocycle n € H 2@ ,
represented by n = P8 N p2xovP, P being the projector on 78 in 27 ® 27.



Canonical Supermultiplets and Their Koszul Duals Page 51 of 56 127

Table 16. Further cohomology of n for the E¢ model

Weight degree Leading Eg-module in H Z(n)

9 (00?00)

10 (00510) ® (00802) ® (01801)

11 (00820) ® (00(1)01) ® (01(1)00) ® (10802)

12 (00011) @ 00100) ® (01010) @ (10001)

13 (00010) @ (1o011) @ (01001) @ (10700)

14 (00320) ® (01(1)00) ® (10802) ® (11801) ® (10(1)10)
15 (01010) @ (10020) ® G0001) @ (11000) @ (a0002)

Its closedness is trivial, since the symmetric_product V327 does not contain 78. It is
straightforward to extend n to wy € H 2({, M), where M, is the restriction of the
multiplet to H'(n). Then, this supersymmetric cocycle takes the form

woym®™ = PN paguv? |

a)ofMN = avMoV (107)

for some coefficient a, which is uniquely determined by {so, wo} f MN _ (), since AZvisin
V227 ®27, which contains a single 351. We have not continued the explicit construction
to involve also the higher cohomology.

5.5. Ga x SL(2) supersymmetry. This is an example which turns out to go beyond our
original assumption of a 2-graded supertranslation algebra. However, unlike the example
of Sect. 5.4, it is likely to have a physical interpretation related to supergravity, and the
Koszul dual algebra is likely to be freely generated from internal level 5.

Consider a construction as above with structure group G, x SL(2), and t; and &,
spanning the modules (7,2) = (10)(1) and (7,1) = (10)(0) respectively. The “pure
spinor” A/ is constrained by obee; i kéké = 0. This does not define a minimal orbit,
since V2(7,2) = (7,1) ® (14, 1) & (1, 3) @ (27, 3), and only the first one, representing
superspace torsion, is demanded to vanish.

The partition function of S is

Zs(t) = (1 — )~ 1OM[(00)(0) — (10)(0)r* + (00)(1)r*
+((01)(0) + (10)(0)) t* — ((10)(1) + (00)(1)) £° + (00) (2)°
— ((20)(0) + (00)(0)) £® + ((O1)(1) + (10)(1)) £’
— ((10)(2) + (00)(0)) 8+ (00)(3)t9] . (108)

When we construct { through a Tate resolution, an interesting pattern arises, which has no
counterpart in the previous examples. At degree 3, killing the cohomology A v, (which

is closed since U“bckﬁlkﬁklj = 0), there is a fermionic generator D;. It is not part of a
multiplet. This completes the generators at homological degree 0. So far, we have the
differential

.9 . 9
dy = aabfeijxgxgﬁ + ,\;u“a—éi ) (109)
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The next cohomology (of d3) to be killed is at degree 5, and comes through a 3-bracket,
so the generators carry homological degree 1. Its concrete form is

. . ) 1 ,
o' = €ja A TER + Za“’”)\;u”vf (110)

(where we have used a normalisation where o 12 = 1 and cyclic). It forms the beginning
of a finite-dimensional supermultiplet similar to the Killing supermultiplet of D = 11
supergravity, and spans degrees 5, 6, 7 and 8. An infinite-dimensional supermultiplet at
homological degree 2 begins at internal degree 10.

Whether one asks for it or not, one is lead to a supertranslation algebra spanning
three levels, of the form

[D{, D" = 0“€;; D, (111)
[Df, Dyl = 83D . (112)

and all other brackets 0, of which the multiplets will form modules (but we may expect a
deformation of the action of supertranslations as in Sect. 5.3.3). The finite-dimensional
module is indeed the coadjoint of this supertranslation algebra extended by g, @ a;
at degree 0, which points towards supergravity. The physical fields in the infinite-
dimensional module are probably off shell.

We will leave the details of this case for future examination. In particular, R. Eager
suggested to us that one might look for a connection to a twisting of type IIB supergravity;
it would be interesting to explore this possibility or other potential physical roles of this
algebra further.

6. Discussion

We have investigated Koszul duality in the context of (generalised) supersymmetry,
defined as any superalgebra consistently residing in degrees 1 and 2. In particular, the
relation between the coordinate rings of constrained (generalised) spinor spaces (“pure
spinor spaces’) and the supermultiplet is established. We rely on Koszul duality defined
by the Tate resolution of the quadratic constraints. This definition agrees with the tradi-
tional notion of Koszul duality (“quadratic Koszul duality’’) when the Koszul dual is (the
universal enveloping algebra of) a Lie superalgebra, but leads to L, algebras without
1-brackets in other cases.

The results are elucidating, in the sense that the rdle of the multiplet as part of the
Koszul dual algebra becomes clear. On the other hand, we are left with some seemingly
difficult problems, see Sect. 4, of relating good mathematical properties of the ring to
good physical properties of the multiplet, and thus of giving clear mathematical criteria
for when a coordinate ring defines a physically acceptable model.

This conundrum is illustrated by the question: How does one know, given a Dynkin
diagram and an integral dominant weight, if the BKM superalgebra is freely generated
from some level? Or even, in non-BKM settings, whether the Koszul dual of the coordi-
nate ring of the closure of some non-minimal orbit has this property? Apart from the Eg
examples, there are numerous other BKM superalgebras that are not freely generated
from internal degree 3: B(D,, A,) (n > 6), B(E7, A1), B(Fs, Ag), ... It should be
noted however, that the subalgebras at degree > 3 in these cases still contain freely
generated algebras since, for example, Z(Es, A1)>3 is a subalgebra of Z(E¢, A1)>3
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[44], and thus they do not provide counterexamples to the conjecture Cig of [35] con-
cerning the existence of non-abelian free subalgebras. We have not been able to find
an Eg-equivariant freely generated subalgebra in #(E¢, A1), and strongly suspect that
there is none.

One major motivation for the present investigation was the appearance of algebras
encoding the interactions of D = 10 SYM theory already in the algebraic structure
of the non-interaction theory. As we have seen, this is generic for models describing
gauge theory (with 1-form connections). We have not come much further in suggesting
similar interpretations when the models describe higher form gauge fields, although the
deformation of the 2-bracket in the algebra of D = 11 supergravity looks interesting.

Many multiplets are not found as cohomology in a scalar pure spinor superfield, but
rather in a field transforming in some g-module. The field is then subject to additional
“shift symmetry” [58,68—71]. Equivalently, they belong to sections of sheaves over the
pure spinor space [34,72] other than the structure sheaf of the scalar functions. We have
not dealt with such multiplets here, but expect that Koszul duality carries over in the sense
that the dual object becomes a module of the Koszul dual algebra t presently considered,
and that the appropriately defined such duality can be interpreted as a character formula
for such t-modules, in the same way as the duality treated here can be seen as providing
a denominator formula for the dual superalgebra. _

The use of the complex A®, with the differential d, is attractive in that it, unlike
the standard pure spinor superfield complex A®(S), contains the full de Rham operator
on superspace. One may then hope for a version of pure spinor superfield theory for
supergravity which is more geometrical than the standard one. The formalism could
also open for new ways of constructing negative ghost number operators (such as the
famous “b-ghost” [73]), with or without non-minimal variables [74].

Which ro6les do extensions (prolongations) to negative internal degree play? For
BKM superalgebras, there are typically different such extensions, contragredient or of
tensor hierarchy algebra type [75-77]. When a theory is conformal, it makes sense to
extend to negative levels so that the superconformal generators appear at internal degrees
—2,—1,0, 1, 2; in other cases it is difficult to tell which extension is more natural. One
interesting observation is that the multiplet M may appear at negative levels, and with the
correct dimension (proportional to internal degree), even if M appears at shifted internal
degree. This applies e.g. to D = 11 supergravity, where there seems to be a symmetry in
‘funder conjugation and reflection in internal degree 3, and many other algebras display
similar symmetries. This shift and symmetry is reflected in the fact that the pure spinor
superfield has dimension —3. It is fascinating that this type of behaviour persists beyond
the BKM setting. This would suggest the existence of a tensor hierarchy-like extension
of the L, algebra to negative levels which is empty at degree — 1, contains the physical
4-form at degree —2, etc. Filtered deformations of such an algebra along the lines of refs.
[78,79] may provide a way towards pure spinor superfield formulation of supergravity
in non-flat backgrounds.

There is a striking similarity of the algebraic structures underlying supersymmetry,
studied in the present paper, and those appearing in extended geometry [22,80-83],
tensor hierarchy algebras [75-77,84-86]. Already in their original applications to gauged
supergravity [87,88], the tensor hierarchy algebras seem to know about supersymmetry
in the sense that the representation constraint on the embedding tensor predicted by the
algebra agrees with the one coming from supersymmetry [89]. The algebraic constraint
is in turn a consequence of the Serre relation complementary to a minimal orbit in
the related BKM superalgebra, and the symmetric section constraint in the associated
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extended geometry transform in the same representation as this Serre relation. Is there
a deeper connection?

Acknowledgements. Part of this work was done during the workshop on Higher Structures, Gravity and
Fields at the Mainz Institute for Theoretical Physics of the DFG Cluster of Excellence PRISMAY (Project
ID 39083149). MC, JP and IAS would like to thank the institute for its hospitality. We are grateful to C.
Samann and R. Eager for valuable input. IAS also owes special thanks to K. Costello, C. Elliott, F. Hahner,
J. Huerta, S. Noja, S. Raghavendran, J. Walcher, and B. Williams for conversations and collaborations on
related issues, and especially to FH. and B.W. for their comments on the draft. SJ and MC would also like
to thank Charles Young for valuable discussions. SJ is supported by the Leverhulme Trust, Research Project
Grant number RPG-2021-092. The work of IAS was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) — Projektnummer 517493862 (Homologische Algebra der Supersymmetrie:
Lokalitét, Unitaritit, Dualitit), and by the Free State of Bavaria.

Funding Open access funding provided by Orebro University.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

References

1. Cederwall, M., Nilsson, B.E.W., Tsimpis, D.: Spinorial cohomology and maximally supersymmetric
theories. JHEP 02, 009 (2002). arXiv:hep-th/0110069
2. Berkovits, N.: Super Poincaré covariant quantization of the superstring. JHEP 04, 018 (2000).
arXiv:hep-th/0001035
3. Berkovits, N.: Covariant quantization of the superparticle using pure spinors. JHEP 2001 (2001)
arXiv:hep-th/0105050
4. Elliott, C., Hahner, F., Saberi, I.: The derived pure spinor formalism as an equivalence of categories,
arXiv:2205.14133
5. Kapranov, M.: On dg modules over the de Rham complex and the vanishing cycles functor, In: Algebraic
Geometry: Proceedings of the US-USSR Symposium held in Chicago, June 20-July 14, 1989, pp. 57-86,
Springer (1991)
6. Lurie, J.: Derived algebraic geometry X: formal moduli problems
7. Costello, K., Gwilliam, O.: Factorization Algebras in Quantum Field Theory, vol. 1. Cambridge University
Press, London (2021)
8. Costello, K., Li, S.: Twisted supergravity and its quantization, arXiv:1606.00365
9. Paquette, N.M., Williams, B.R.: Koszul duality in quantum field theory, arXiv:2110.10257
10. Priddy, S.B.: Koszul resolutions. Trans. Am. Math. Soc. 152, 39-60 (1970)
11. Flgystad, G.: Koszul duality and equivalences of categories. Trans. Am. Math. Soc. 358, 2373-2398
(2006)
12. Beilinson, A., Ginzburg, V., Soergel, W.: Koszul duality patterns in representation theory. J. Am. Math.
Soc. 9, 473-527 (1996)
13. Positselski, L.: Nonhomogeneous quadratic duality and curvature, arXiv:1411.1982. Reprint of the 1993
article in Functional Analysis and its Applications
14. Positselski, L.: Two Kinds of Derived Categories, Koszul Duality, and Comodule-Contramodule Corre-
spondence. American Mathematical Society, Providence (2011)
15. Ginzburg, V., Kapranov, M.: Koszul duality for operads. Duke Math. J. 76, 203-272 (1994).
arXiv:0709.1228
16. Tate, J.: Homology of Noetherian rings and local rings. I11. J. Math. 1, 14-27 (1957)
17. Castellani, L.,d’ Auria, R., Fré, P.: Supergravity and Superstrings: A Geometric Perspective (in 3 Volumes),
vol. 1. World Scientific Publishing Company, Singapore (1991)


http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/hep-th/0110069
http://arxiv.org/abs/hep-th/0001035
http://arxiv.org/abs/hep-th/0105050
http://arxiv.org/abs/2205.14133
http://arxiv.org/abs/1606.00365
http://arxiv.org/abs/2110.10257
http://arxiv.org/abs/1411.1982
http://arxiv.org/abs/0709.1228

Canonical Supermultiplets and Their Koszul Duals Page 55 of 56 127

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

46.

47.

48.
49.

50.

Cederwall, M., Palmkvist, J.: Superalgebras, constraints and partition functions, JHEP 2015 (2015).
arXiv:1503.06215

Cremmer, E., Julia, B., Lii, H., Pope, C.N.: Dualization of dualities II: twisted self-duality of doubled
fields and superdualities. Nucl. Phys. B 535, 242-292 (1998)

Henry-Labordere, P., Julia, B., Paulot, L.: Borcherds symmetries in M-theory. J. High Energy Phys. 2002,
049 (2002)

Henneaux, M., Julia, B.L., Levie, J.: E11, Borcherds algebras, and maximal supergravity. J. High Energy
Phys. 2012, 1-31 (2012)

Cederwall, M., Palmkvist, J.: Lo, algebras for extended geometry from Borcherds superalgebras. Com-
mun. Math. Phys. 369, 721-760 (2019). arXiv:1804.04377

Chesterman, M.: Ghost constraints and the covariant quantization of the superparticle in ten-dimensions.
JHEP 02, 011 (2004). arXiv:hep-th/0212261

Berkovits, N., Nekrasov, N.A.: The character of pure spinors, Lett. Math. Phys. 74 (10, 2005)
arXiv:hep-th/0503075

Aisaka, Y., Arroyo, E.A., Berkovits, N., Nekrasov, N.: Pure spinor partition function and the massive
superstring spectrum. JHEP 08, 050 (2008). arXiv:0806.0584

Movshev, M., Schwarz, A.S.: On maximally supersymmetric Yang—-Mills theories. Nucl. Phys. B 681,
324-350 (2004). arXiv:hep-th/0311132

Movshev, M., Schwarz, A.: Algebraic Structure of Yang—Mills Theory. Springer, Berlin (2006)
Movshev, M., Schwarz, A.: Supersymmetric deformations of maximally supersymmetric gauge theories.
JHEP 09, 136 (2012). arXiv:0910.0620

. Movshev, M.: Yang—Mills theories in dimensions 3, 4, 6, and 10 and bar-duality, arXiv:hep-th/0503165

Gorbounov, V., Schechtman, V.: Homological algebra and divergent series. Symmetry Integr. Geom.
Methods Appl. 5, 034 (2009)

. Gilvez, 1., Gorbounov, V., Shaikh, Z., Tonks, A.: The Berkovits complex and semi-free extensions of

Koszul algebras. Annales de la Faculté des Sciences de Toulouse XXV, 363-384 (2016)
Gorodentsev, A., Khoroshkin, A., Rudakov, A.: On syzygies of highest weight orbits, arXiv:math/0602316

. Jonsson, S.: Supermultiplets and Koszul duality: Super-Yang—Mills and supergravity using pure spinors,

Master’s thesis, Chalmers U. Tech., (2021)
Eager, R., Hahner, F., Saberi, 1., Williams, B.: Perspectives on the pure spinor superfield formalism. J.
Geom. Phys. 180, 104626 (2022). arXiv:2111.01162v2

. Avramov, L.: Free Lie subalgebras of the cohomology of local rings. Trans. Am. Math. Soc. 270, 589

(1982)

Froberg, R.: Koszul algebras, Advances in Commutative Ring Theory, Proceedings of Fez Conference
1997. In: Lectures Notes in Pure and Applied Mathematics 205 (1999)

Baranovsky, V.: A universal enveloping for L-algebras, arXiv:0706.1396

. Cederwall, M.: Pure spinor superfields—an overview. Springer Proc. Phys. 153, 61-93 (2014).

arXiv:1307.1762
Cederwall, M.: Pure spinors in classical and quantum supergravity, arXiv:2210.06141

. Wakimoto, M.: Infinite-Dimensional Lie Algebras. American Mathematical Society, Providence (2001)
. Ray, U.: Automorphic Forms and Lie Superalgebras. Springer, Dordrecht (2006)

. Ray, U.: A character formula for generalized Kac-Moody superalgebras. J. Algebra 177, 154163 (1995)
. Miyamoto, M.: A generalization of Borcherds algebra and denominator formula. J. Algebra 180, 631-651

(1996)

. Kleinschmidt, A., Palmkuvist, J.: Oxidizing Borcherds symmetries. JHEP 03, 044 (2013). arXiv:1301.1346
. Palmkvist, J.: Borcherds and Kac—-Moody extensions of simple finite-dimensional Lie algebras. JHEP 06,

003 (2012). arXiv:1203.5107

Henneaux, M., Teitelboim, C.: Quantization of Gauge Systems. Princeton University Press, Princeton
(1994)

Bezrukavnikov, R.: Koszul property and Frobenius splitting of Schubert varieties,
arXiv:alg-geom/9502021

André, M.: Hopf algebras with divided powers. J. Algebra 18, 19-50 (1971)

Avramov, L., Golod, E.: Homology algebra of the Koszul complex of a local Gorenstein ring. Matem-
aticheskie Zametki 9(1), 53-58 (1971)

Panyushev, D.I.: The structure of the canonical module and the Gorenstein property for some quasiho-
mogeneous varieties. Mathematics of the USSR-Sbornik 65, 81 (1990)

. Hinich, V., Schechtman, V.: Subcanonical coordinate rings are Gorenstein, arXiv:0903.0771

Cederwall, M.: The geometry of pure spinor space. JHEP 01, 150 (2012). arXiv:1111.1932

. Loday, J.-L., Vallette, B.: Algebraic Operads. Springer, Berlin (2012)

Lapin, S.V.: Differential perturbations and do-differential modules. Sbornik: Mathematics 192, 1639
(2001)

. Fiorenza, D., Manetti, M.: L, structures on mapping cones. Algebra Number Theory 1, 301-330 (2007)


http://arxiv.org/abs/1503.06215
http://arxiv.org/abs/1804.04377
http://arxiv.org/abs/hep-th/0212261
http://arxiv.org/abs/hep-th/0503075
http://arxiv.org/abs/0806.0584
http://arxiv.org/abs/hep-th/0311132
http://arxiv.org/abs/0910.0620
http://arxiv.org/abs/hep-th/0503165
http://arxiv.org/abs/math/0602316
http://arxiv.org/abs/2111.01162v2
http://arxiv.org/abs/0706.1396
http://arxiv.org/abs/1307.1762
http://arxiv.org/abs/2210.06141
http://arxiv.org/abs/1301.1346
http://arxiv.org/abs/1203.5107
http://arxiv.org/abs/alg-geom/9502021
http://arxiv.org/abs/0903.0771
http://arxiv.org/abs/1111.1932

127  Page 56 of 56 M. Cederwall, S. Jonsson, J. Palmkvist, I. Saberi

56.
57.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.
81.

82.

89.

Hilbert, D.: Uber die Theorie der algebraischen Formen. Math. Ann. 36, 473—534 (1890)
Weibel, C.A.: An Introduction to Homological Algebra. Cambridge Studies in Advanced Mathematics.
Cambridge University Press, London (1994)

. Cederwall, M.: An off-shell superspace reformulation of D=4, N=4 super-Yang-Mills theory. Fortsch.

Phys. 66, 1700082 (2018). arXiv:1707.00554
Cederwall, M.: SL(5) supersymmetry. Fortsch. Phys. 69, 2100116 (2021). arXiv:2107.09037
Raghavendran, S., Saberi, I., Williams, B.R.: Twisted eleven-dimensional supergravity, arXiv:2111.03049

. Cederwall, M., Nilsson, B.E.W.: Pure spinors and D=6 super-Yang—Mills, arXiv:0801.1428
. Cederwall, M.: Pure spinor superspace action for D = 6, N = 1 super-Yang-Mills theory. JHEP 05, 115

(2018). arXiv:1712.02284

. Gomis, J., Kleinschmidt, A., Palmkvist, J.: Symmetries of M-theory and free Lie superalgebras. JHEP

03, 160 (2019). arXiv:1809.09171

Cederwall, M.: Towards a manifestly supersymmetric action for 11-dimensional supergravity. JHEP 01,
117 (2010). arXiv:0912.1814

Movshev, M.V.: Geometry of a desingularization of eleven-dimensional gravitational spinors,
arXiv:1105.0127

Cederwall, M.: D=11 supergravity with manifest supersymmetry. Mod. Phys. Lett. A 25, 3201-3212
(2010). arXiv:1001.0112

Cederwall, M.: Jordan algebra dynamics. Phys. Lett. B 210, 169-172 (1988)

Cederwall, M., Karlsson, A.: Pure spinor superfields and Born-Infeld theory. JHEP 11, 134 (2011).
arXiv:1109.0809

Cederwall, M.: N=8 superfield formulation of the Bagger—Lambert—Gustavsson model. JHEP 09, 116
(2008). arXiv:0808.3242

Cederwall, M.: Superfield actions for N=8 and N=6 conformal theories in three dimensions. JHEP 10,
070 (2008). arXiv:0809.0318

Cederwall, M.: Superspace formulation of exotic supergravities in six dimensions. JHEP 03, 056 (2021).
arXiv:2012.02719

Eager, R., Saberi, 1., Walcher, J.: Nilpotence varieties. Ann. Henri Poincaré 22, 1319-1376 (2021).
arXiv:1807.03766

Berkovits, N.: Pure spinor formalism as an N = 2 topological string, JHEP 2005 (2005)
arXiv:hep-th/0509120

Cederwall, M.: A minimal b ghost. Fortschr. Phys. 71, 2300056 (2023). arXiv:2212.14417

Palmkvist, J.: The tensor hierarchy algebra. J. Math. Phys. 55, 011701 (2014). arXiv:1305.0018
Carbone, L., Cederwall, M., Palmkvist, J.: Generators and relations for Lie superalgebras of Cartan type.
J. Phys. A 52, 055203 (2019). arXiv:1802.05767

Cederwall, M., Palmkvist, J.: Tensor hierarchy algebras and extended geometry. Part I. Construction of
the algebra. JHEP 02, 144 (2020). arXiv:1908.08695

Figueroa-O’Farrill, J., Santi, A.: Spencer cohomology and 11-dimensional supergravity. Commun. Math.
Phys. 349, 627-660 (2017). arXiv:1511.08737

Figueroa-O’Farrill, J., Santi, A.: Eleven-dimensional supergravity from filtered subdeformations of the
Poincaré superalgebra. J. Phys. A 49, 295204 (2016). arXiv:1511.09264

Cederwall, M., Palmkvist, J.: Extended geometries. JHEP 02, 071 (2018). arXiv:1711.07694
Cederwall, M., Palmkuvist, J.: Tensor hierarchy algebras and extended geometry. Part II. Gauge structure
and dynamics. JHEP 02, 145 (2020). arXiv:1908.08696

Cederwall, M., Palmkvist, J.: Teleparallelism in the algebraic approach to extended geometry. JHEP 04,
164 (2022). arXiv:2112.08403

. Cederwall, M., Palmkvist, J.: The teleparallel complex. JHEP 05, 068 (2023). arXiv:2303.15391

Cederwall, M., Palmkvist, J.: Tensor hierarchy algebra extensions of over-extended Kac—Moody algebras.
Commun. Math. Phys. 389, 571-620 (2022). arXiv:2103.02476

Cederwall, M., Palmkvist, J.: Tensor hierarchy algebras and restricted associativity, arXiv:2207.12417
Cederwall, M., Palmkvist, J.: Cartanification of contragredient Lie superalgebras, arXiv:2309.14423
Greitz, J., Howe, P., Palmkvist, J.: The tensor hierarchy simplified. Class. Quant. Grav. 31, 087001 (2014).
arXiv:1308.4972

. Howe, P., Palmkvist, J.: Forms and algebras in (half-)maximal supergravity theories. JHEP 05, 032 (2015).

arXiv:1503.00015
de Wit, B., Nicolai, H., Samtleben, H.: Gauged supergravities, tensor hierarchies, and M-theory. JHEP
02, 044 (2008). arXiv:0801.1294

Communicated by N. Nekrasov


http://arxiv.org/abs/1707.00554
http://arxiv.org/abs/2107.09037
http://arxiv.org/abs/2111.03049
http://arxiv.org/abs/0801.1428
http://arxiv.org/abs/1712.02284
http://arxiv.org/abs/1809.09171
http://arxiv.org/abs/0912.1814
http://arxiv.org/abs/1105.0127
http://arxiv.org/abs/1001.0112
http://arxiv.org/abs/1109.0809
http://arxiv.org/abs/0808.3242
http://arxiv.org/abs/0809.0318
http://arxiv.org/abs/2012.02719
http://arxiv.org/abs/1807.03766
http://arxiv.org/abs/hep-th/0509120
http://arxiv.org/abs/2212.14417
http://arxiv.org/abs/1305.0018
http://arxiv.org/abs/1802.05767
http://arxiv.org/abs/1908.08695
http://arxiv.org/abs/1511.08737
http://arxiv.org/abs/1511.09264
http://arxiv.org/abs/1711.07694
http://arxiv.org/abs/1908.08696
http://arxiv.org/abs/2112.08403
http://arxiv.org/abs/2303.15391
http://arxiv.org/abs/2103.02476
http://arxiv.org/abs/2207.12417
http://arxiv.org/abs/2309.14423
http://arxiv.org/abs/1308.4972
http://arxiv.org/abs/1503.00015
http://arxiv.org/abs/0801.1294

	Canonical Supermultiplets and Their Koszul Duals
	Abstract:
	1 Introduction
	2 Setup
	2.1 Conventions
	2.2 (Generalised) supertranslations
	2.3 The (generalised) pure spinor superfield formalism
	2.4 Borcherds–Kac–Moody superalgebras

	3 Koszul Duals to Pure Spinor Algebras
	3.1 The Linfinity Koszul dual to S
	3.2 Koszulity, minimal orbits, and special classes of rings
	3.3 The Koszul dual of the canonical multiplet
	3.4 tinfty from t F bar m
	3.5 Superspace formulation

	4 Properties of the ring S and the multiplet M
	5 Examples
	5.1 Trivial examples
	5.2 Physical examples with BKM superalgebras
	5.3 Examples involving higher brackets
	5.4 E6 supersymmetry
	5.5 G2 x SL(2) supersymmetry

	6 Discussion
	Acknowledgements.
	References


