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NORMAL FORMS OF Z-GRADED (-MANIFOLDS
ALEXEI KOTOV, CAMILLE LAURENT-GENGOUX, AND VLADIMIR SALNIKOV

ABSTRACT. Following recent results of A.K. and V.S. on Z-graded manifolds, we give
several local and global normal forms results for Q-structures on those, i.e. for differential
graded manifolds. In particular, we explain in which sense their relevant structures are
concentrated along the zero-locus of their curvatures, especially when the negative-part
is of Koszul-Tate type. We also give a local splitting theorem.

INTRODUCTION

This article is the sequel to [20] where normal forms of Z-graded manifolds were studied
and where the analogue of the Batchelor’s theorem was proven. We now equip a Z-graded
manifold with a degree +1 self-commuting vector field ), thus making it a differential
graded (DG) manifold, also called @-manifold ([30]). The purpose of this paper is to
provide several normal form results in this setting. Notice that none of these “normal
forms” are linearization results, which is an entirely different subject.

The paper is organized as follows. In Section 1, we give some precise definitions and fix
some usual notations related to graded manifolds. In particular, we proceed with the
description of projective systems of graded algebras (recapitulated in Appendix A) which
we specialize to the Z-graded structure sheaves. Section 2 is devoted to the idea that
“outside the zero locus of their curvatures, (Z*-graded) @-manifolds can be made trivial”.
A more precise statement is that, on any open subset where the curvature x is different
from zero at all points, the dual Z*-graded Lie oc-algebroid can be chosen to have all
k-ary bracket equal to zero, except for the 0-ary bracket given by the nowhere vanishing
curvature k. We consider Z*-graded manifolds for convenience, the difference with the
Z-graded case is rather technical, we will make a remark on it in Section 1.

In Section 3 we first recall the standard notion of Koszul-Tate resolution, which are
examples of negatively graded ()-manifolds. Then we construct two structures on the
zero locus {k = 0} of a @-manifold that are independent of a choice of a splitting: a
positively graded @Q-structure on the zero locus {x = 0} and a negatively graded Q-
manifold. We eventually show that ()-manifolds whose negative part is of Koszul-Tate
type are entirely encoded by this positively graded @)-structure on the zero locus.

Last, in Section 4, we choose a point in the zero locus (on which leaves of the anchor
map are well defined) and give a splitting theorem: near a leaf L in the zero locus, a Q-
manifold is the direct product of the standard T[1]L and a transverse @-manifold. In the
process, we also give some counter-examples to “naive beliefs” about the anchor maps of
a (Q-manifold. We conclude by mentioning some perspectives and potential applications.

Key words and phrases. Z-graded manifolds, dg-manifolds, Q-structures, Lie oo-algebroids, normal
forms, splitting theorems.
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1. NOTATIONS AND PRELIMINARIES

For a Z-graded vector space S, we denote by S; the vector subspace of elements of degree
1. Also, S<, stands for ®,<,S; and S5, stands for ©;>,S;.

1.1. Z*-graded manifolds. Let us first recall the definition of Z*-graded manifolds. In
what follows, we assume (non-graded) manifolds to be real and smooth, (graded) algebras
to be real and unital. We start with an important definition: a filtration which is used
throughout the paper.

Definition 1.1. Let S = @;czS; be a Z-graded commutative® algebra. We call negative
filtration the filtration

S=F'SOF'S>---DFS>...

where, for alli > 1, F'S is the ideal of S generated by elements of degree less or equal to
—1, i.€e.
F°S S
F1§ = 8§88, =
F?S = 8-S, =

S-(Soi@e8q28--+)
S (S,083@-)
When a filtration by ideals of an algebra is given, this allows to consider the projective limit
lim;_ooS/F'S. For graded algebras, one has to consider the graded projective limit, see
Appendix A or [20]: it consists in taking, for all j € Z, the projective limit lim;,-S;/F'S;,
where F'S; stands for elements in degree j in F'S. Altogether, these projective limits form

a graded algebra. This notion permits to define the graded manifolds® we are interested
in.

Definition 1.2 ([20]). A Z*-graded manifold is a pair M = (My, O), where My is a
smooth manifold (referred to as base manifold) and O = @;cz0; is a sheaf of Z-graded
commutative algebras (whose sections are referred to as functions) such that each point of
My has a neighborhood U C My over which O(U) is isomorphic to I'(S(@®iez-V;)), where
each V; is a vector bundle over U whose sections are considered to be of degree i. Last,
‘T(S(®icz+V;))” stands for the graded projective limit® of T(S(®iez+V;)) with respect to
its negative filtration.

Example 1.3. There are many natural situations where positive and negative degrees
appear simultaneously. This includes for instance:

o cotangent bundles to Z>o-graded manifolds, in particular, for any vector bundle
E — M seen as a graded manifold with O(U) = T'y(AFE), its cotangent bundle
1s the graded manifold over T*M with the algebra of functions
Op =@, TINESNE*), E and E* being the pull-back of E and F to T*M;

e mapping spaces between Z>q-graded manifolds;

IThroughout the paper by commutative we mean supercommutative, with the parity which appears
in the Koszul sign rule given by the Z degree modulo 2.

2See Remark 1.8 for the relation between this definition with the ones given by Theodore Voronov.

3We hesitated between the terminologies “graded projective limit” or “graded completion”, since the
graded projective limit is also the completion with respect to the topology induced by the graded filtration.
Also, there is a strict inclusion T'(S(@;ez-V;)) < T'(S(®iez- Vi)).
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e graded groups determined by Harish-Chandra pairs, see [21].

More examples will appear at the end of Section 3 where infinitesimal symmetries of affine
varieties will be dealt with the help of Koszul-Tate resolutions.

A Z*-graded manifold whose grading in fact only goes from 0 to —oo (resp. 0 to +o0)
shall be referred to as a negatively-graded manifold (resp. positively-graded manifold). In
these cases, the grading of the vector bundle V, goes from —1 to —oo and from +1 to
+00 respectively. Also, in these two situations, it is not necessary to consider the graded
projective limit, since both ['(S(®;<_1V;)) and T'(S(®;>1V;) are equal to their graded
projective limits with respect to their negative filtrations.

Remark 1.4. Definition 1.2 is explained in detail in [20]: for this paper to be self-
consistent and for further use, we recollect some necessary facts about filtrations and
their graded projective limits in what follows and in Appendix A.

Notice that Definition 1.2 potentially allows a function on a graded manifold to be a sum
of infinitely many terms. We refer to [20] for the subtle point of knowing which infinite
sums are allowed in the projective limits: for a family v; € I'(V;), the sums ) .., viv_,,
Y isq U2t g, or Y., vhvt, make sense and are of degree 0, but the sum >, v_; for
non-zero v_,; does not make sense. [J B

Remark 1.5. We write “Z*-graded” instead of “Z-graded” to insist on the natural as-
sumptions that there are no generators of O of degree 0 which is not a coordinate function
on Mjy. For instance, Kapranov dg-manifolds [24, 25] are not Z*-graded manifolds; non-
linear Lie algebroids [36] are also excluded.

Note, however, that the difference between the Z*- and Z-graded manifolds in terms of
[20] is not really conceptual. Certainly, including a degree 0 vector space to the base or
to the direct sum in S(...) will produce some technical ambiguities for the set of allowed
degree 0 generators of the functional spaces, which will fade out after proper redefinition
of their filtrations.

For Z*-graded manifolds, in contrast to the positively-graded or negatively-graded cases,
we do not have an isomorphism C* (M) ~ Oq. For instance, the product of a function in
O, with a function in O_, may very well produce a non-zero function: it then belongs to Oy
but can not be considered as an element in C>°(Mj). There is even no canonical inclusion
C®(My) — Oy, but there is a natural projection Oy — C*(My), which corresponds to
the inclusion My — M. [J

Remark 1.6. There is a unique filtration on O induced by the negative filtration of the
symmetric algebras that appear in Definition 1.2. We still denote it by (F;0);>¢ and
call it the negative filtration of ©. Notice that elements in F*O may be of any degree,
although its generators have degree less or equal to —i. Also, notice that N;>oF'O = {0}.
O

Remark 1.7. A Z*-graded manifold (M, O) is complete with respect to the topology on
O given by the negative filtration of Remark 1.6, see [20]. O

Remark 1.8. Our definition of graded manifolds matches more or less the one given
by Theodore Voronov in Section 4 of [34], which the author himself links to previously
introduced objects by Severa [31] or Kontsevich [18]. We claim to be more precise about
“allowed” or “forbidden” infinite sums, which obliged us to impose some restrictions on
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degree 0 variables that [34] do not require. Our definition matches also those given in
Section 2.2.1 [37] when finitely many of the V; are non-zero. Otherwise, [37] allows (in the
model that is called (iii) in Section 2.1.1) more infinite sums considering formal sums in
all non-zero degree variables, which is the completion with respect to the ideal generated
by all functions of non-zero degree (like the starting point in the Appendix of [15]), and
not the finer completion with respect to the filtration F*S, that we consider here. [J

According to [20], there are natural sheaves of graded ideals in O:

(1) the ideal Z, generated by @;>10;.
(2) the ideal Z_ = F'O generated by @®,<_10;, called ideal of functions vanishing on

the zero section.
(3) Theideal Z=7, +7_.
Let us consider the quotient of O by these three ideals:
(1) The quotient (Mo, O/Z,) is a graded manifold with grading now ranging from 0 to
—00, i.e. a negatively-graded manifold, that we call the negative part of (My, O).
(2) The quotient (My, O/Z ) is a graded manifold with grading now ranging from 0
to 400, i.e. a positively-graded manifold, that we call the positive part of (Mg, O).
(3) The quotient (My, O/Z) is simply the smooth manifold M, equipped with its sheaf
C>°(Mpy) of smooth functions (and, in particular, is concentrated in degree 0).
To a graded manifold M = (M,, O), one can associate (canonically) a family (F;);ez+ of
vector bundles over M, as follows. The quotient space

T T
(1.1) == =,

<Y/

is a direct sum of projective C*(My)-modules, hence by Serre-Swan theorem, there exists
for all i € Z* a vector bundle E; such that T'((E;)*) ~Z_;/(Z?%)_;. We call E, := @z E;
the canonical graded vector bundle of (My, O).

There exists in this context a precise equivalent of the so-called Batchelor’s theorem in
supergeometry, which appeared® in the Ph.D. thesis of Batchelor [3].

Theorem 1.9 (Batchelor’s theorem, [20] — Sections 3.3 and 4.2). Let (M, O) be a Z*-
graded manifold with canonical Z*-graded bundle (E;)icz+. There exists an isomorphism
of sheaves (called splitting):

O~T (S(@ieZ*Ej)) .

Tt was independently formulated by K. Gawedzki [10]. The result was also obtained, more or less
simultaneously, by Berezin [5], and mentioned notes of courses given by Palamodov in Moscow at that
time, as well as some additions by Palamodov on a posthumous edition of Berezin’s work. Also, there are
others Batchelor’s theorems adapted to different contexts of graded manifolds. For Zx>-graded manifold,
the result belongs to Roytenberg (see e.g. [28]) and is formulated in terms of a tower of fibrations of
graded manifolds. In the Z-graded case a Batchelor-type theorem (called classification theorem for smooth
graded manifolds) is given in [37], where it is treated as a particular case of the tubular neighborhood
theorem, extending the same idea for supermanifolds ([33]), suggested in that context independently by
Koszul [19], see also [14]. For the general Z-graded case the result was independently reformulated more
explicitly in [20], using a different type of filtration of the functional space, allowing thus to produce the
normal form similar to Roytenberg’s one and a functor from Z-graded to N2-graded manifolds.
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Here I’ (g(@iGZ*E;*)) refers to the graded projective limit of T' (S(®ezEY)) with respect

to its negative filtration as in Definition 1.1.

Remark 1.10. For negatively graded or positively graded manifolds, there is no need to
consider the graded projective limit in Batchelor’s theorem.

Remark 1.11. Notice that for every splitting, sections of E*, = (E_;)* = (E*); become
functions of degree +i in O. Also, notice that the bundle V; is Definition 1.2 can be chosen
to be the restriction to U of (F_;)*. O

Remark 1.12. Although Batchelor’s theorem claims that splittings exist, there is no
canonical splitting in general. In contrast, the vector bundles (E;);cz+ defined above are
canonical. [

Once a splitting is chosen, many different notions of “degree” can be defined, beside the
degree that O is equipped with by definition. More precisely, for a section a € I'(E*); =
L((E_;)*), let us define three different degrees as follows:

: i fori > 1 —1 fori <1
deg(a) =i, pol() =1, deg,(a) = { 0 otherwi_se, , deg_{) = { 0  otherwise.

Then these degrees extend by multiplicativity to I'(S(®;ez+ E)). To avoid confusion, the
degree deg will be called the total degree, sometimes referred to as the ghost degree. 1t
coincides with the degree that O is initially equipped with. This degree is responsible® for
all the commutation relations, i.e. the Koszul sign rule is defined by its reduction modulo
2. The degree deg_ (resp. deg, ) is called the negative degree (resp. positive degree) and
plays an important role. Also,

deg = deg, — deg_.
Last, pol is the polynomial degree (sometimes referred to as arity) that counts the number
of sections in a product.

Example 1.13. Concretely, for a section of the symmetric product £*; ©® Ej © EX

the total degree or ghost degree is 5 —4 — 7 = —6;

the negative degree is 4 + 7 = 411; Notice the “4” sign.

the positive degree is +5;

the polynomial degree is 3 (it is the product of three sections).

O O O O

Remark 1.14. The negative degree is compatible with the filtration F'O introduced
above in the sense that F'O = {F € O|deg_(F) > i}. O

1.2. -manifolds. Let us now define ()-manifolds, that is equip a Z*-graded manifold
with a differential.

Definition 1.15. A wvector field of degree k on a Z*-graded manifold (M, Q) is a degree
k derivation of O.

SRecall that, we assume the parity to be given by the degree modulo 2 for simplicity of the presentation
in this paper, but the constructions work for a more general convention on the relation of the total degree
and the (super) parity, namely when each homogeneous vector subspace of a given degree is a superspace
itself.



6 A. KOTOV, C. LAURENT-GENGOUX, AND V. SALNIKOV

The space of vector fields of degree k shall be denoted as X (O). The graded vector space

of all vector fields:
%.(0) = P x.(0),

ke
forms a graded Lie algebra when equipped with the graded commutator [+, -].

Definition 1.16. A Z*-graded Q-manifold is a triple (My, O, Q), with M = (M, O) a
Z*-graded manifold and @Q a degree +1 vector field which satisfies [Q, Q] = 0.

For M = (My, Q) a positively graded manifold (resp. negatively graded manifold), we
shall speak of a positively-graded Q-manifold (resp. negatively-graded Q-manifold)

Since the degree of @ is +1, we have Q[Z,] C Z, so that @) induces a degree +1 derivation
d of the quotient O/Z, which is by definition the sheaf of functions on a negatively graded
manifold. This allows the following definition.

Definition 1.17. We call the negatively graded Q-manifold (Mo, O/Zy,6) the negative
part of the Q-manifold (My, O, Q).

Remark 1.18. The vector field Q@ is C*°(Mp)-linear, i.e. it is a vertical vector field. O

1.3. An algebraic generalization: ()-varieties over a commutative algebra.
Let A be an commutative algebra with unit (that may be thought as functions over an
affine variety X for instance). Definitions 1.2 and 1.16 admit a generalization:

Definition 1.19. Let I C C>®(M,) be an ideal. A positively graded variety (resp. Q-
variety) over C*(My)/I is a positively graded commutative algebra IC, (resp. positively
graded commutative differential algebra (K, Q4)) that admits a splitting, i.e. an isomor-
phism
Ky ~Ti(S(®ix1EL))
for a family of vector bundles (E_;);>1 over My. Here for any vector bundle E — M,
I'(E) :=T(E) ®@coo(mp) C*(My)/1.

Remark 1.20. There is no need to take graded projective limits in the definition above
since every function of a given degree is necessarily polynomial with respect to non-zero
degree variables.

1.4. Duality @-manifolds ~ Lie oo-algebroids. Let (M, O,Q) be a Q-manifold.
Once a splitting O ~ I'(®;cz E}) is given, @ can be dualized to a Lie oo-algebroid, defined
as follows.

Definition 1.21. [17, 8] A Z*-graded Lie cc-algebroid structure on a Z*-graded vector
bundle is the data of:

o families indexed by n > 1 of vector bundle morphisms
P S" (Diez=Ei) 1 — T My

called n-anchor maps,
o families of degree +1 maps:

s Sg (U(@icz-Ei))y — T(Egr1)

called n-bracket,
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together with a section k € I'(Eyy) called curvature that satisfy the higher Jacobi and
higher Leibniz identities (see e.g. [29]).

Remark 1.22. It is not easy to attach a single name to the following proposition, based
on a observation by Pavol Severa [38], spelled out in the negative degree case in [7], and
which can be proven using Voronov’s derived brackets in [35]. [

Proposition 1.23. There is a one-to-one correspondence between Z*-graded Lie co-
algebroids structures on @iez-E; — Mo and Q-manifolds structures with sheaf of functions
I'(S(®iez-E7))-
1.5. Projective systems associated to graded manifolds. In this section, we give
a precise sense to the notion of the flow of a degree 0 vector field on a graded manifold.
For the standard definitions of projective systems the reader is referred to Appendix A,
while now we specialize the Proposition A.1 from there to the context we are interested
in. Let (M, O) be a Z*-graded @-manifold over M, with the sheaf of functions O. This
sheaf of functions comes equipped with the (negative) filtration as in Definition 1.1, so
that A® := O/F'O is a projective system of graded algebras. Since N;enF'O = {0}, its
graded projective limit A* is canonically isomorphic to O.
If a degree 0 vector field » such that v[O] C F™O for some n > 1 is given, then for every
1 € N, the family of endomorphisms
O/F'0O — O/JFO
foe R
k>0
is well-defined because the sum is finite, it is an algebra endomorphism for all + € N, and
is a morphism of projective systems of algebras. We denote its projective limit by e!?. By
construction, for all s,t € R we have e%e!? = e(*9? and ¢ = Idp. As a consequence et?
is a diffeomorphism of the graded manifold (M,, O).

Proposition 1.24. Given a family (v,).en of degree zero vector fields on a graded man-
ifold (Mo, O) such that

v,: O —= F"O
the infinite composition Oiene” = - - -0e™oe™ is a diffeomorphism of the graded manifold

(Mo, O), well-defined in the sense of [20].

2. (Q-MANIFOLDS WITH CURVATURE

2.1. Normal forms outside of the zero locus of the curvature. For (M;, O,Q) a
Z*-graded Q-manifold®, recall (Equation 1.1) that the associated canonical vector bundle
E.4 (in fact its dual) is defined by applying the Serre-Swan theorem:

T,

I(EY) = ™,

where Z C O is the ideal of functions vanishing on the zero section.
6We present the results of this section for Q-manifolds with a smooth base. All results in section 2

extend to (Q-manifolds over affine varieties or (J-manifolds over Stein varieties. This may no longer be
true for the results of Section 3.
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Definition 2.1. The composition

O,
I_l & OO — COO(M()) ~ TO
0

is C>®(Moy)-linear and contains (Z*)_; in its kernel. It is therefore given by the contraction
with a canonical section of E1 that we call the curvature of the Q-manifold M and denote
by k.

Equivalently, since Zy = F'Oy, Z_; = F'O_y, and (Z?)_; = F?O_; the curvature is
defined by the following commutative diagram, whose horizontal lines are exact:

F2071<—> Fl(’),l E—d F(Eil)

F'O\¢ Oy C>(Mo).

Remark 2.2. The previous description of the curvature, although abstract, implies that
it is a canonical notion, but it can be described in a more explicit manner, upon choosing
a splitting. The polynomial degree is then well-defined, and i, is the only component of

Q@ of polynomial degree —1.
Q=ixt)y Q"

i>0
where QU is the component of polynomial degree i of (). Also, after having chosen a
splitting and local coordinates:

rk(E41) 8 dim(Mo) rk(E;)
I S Dt o o

i=1 i€Z\{0,1} j=1

Here the x;’s are the variables in the base manifold, the 7;’s are the degree —1 variables,
the 0, ;’s are the degree j variables for j # 0, —1, the functions &;(x) € Oy are functions
whose projection in C*°(M,) are the components of the section &, f; € Oy, and g;; € O1_;.
O

It is well-known [27] that on a supermanifold of dimension (n,p), around every point
where a self-commuting odd vector field ) does not vanish on the zero section, there exist
local coordinates (z1,...,Zn, M1, - .., 1) such that

_ 9
(2.3) Q= B
Below is the equivalent of this statement for the Z*-graded case.

Proposition 2.3. Let (My, O,Q) be a Z*-graded Q-manifold with associated canonical
bundles (E;)icz+ over My. Over every open set U C My over which the curvature k €

['(Ey) is different from zero at every point, there is a splitting O(U) ~ T <S’ (Bicz Ez*))
under which
Q = i,

i.e. the degree +1 vector field Q) is given by the contraction with the curvature.
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Remark 2.4. In the situation when there is duality (in the sense of Section 1.4), Proposi-
tion 2.3 may be restated as follows: every open subset on which the curvature xk € I'(E )
is different from zero at every point admits a dual Z*-graded Lie co-algebroid for which
all the brackets (¢;)r>1 are equal to zero except for the 0-ary bracket (which is k). Notice
that the proposition holds for the whole M, zero locus of k. Also, Proposition 2.3 imme-
diately implies the existence of local coordinates as in Equation (2.2) such that @ takes
the form (2.3). O

The proof of Proposition 2.3 goes through the next three lemmas (see Definition 1.17 for
the negative part 0 of the vector field Q).

Lemma 2.5. There exists a degree —1 function o € F*O such that §(a) =1 € O.

Proof. Take any splitting O(U) ~ T <§(@i€Z*E;)>. Since the curvature x is a nowhere
vanishing section of E, there exists o € I'(E%;) C F'O such that (k,) = 1. We then
have Q(a) = (k,a) + F = 1 + F for some function F' € F'Oy = OyNI_ = OyNI,. As
a consequence, 0(a) =1. B

Lemma 2.6. There exists a splitting O(U) = T'y (S(@i;,,goE;“)) such that QQ = 4.

Proof. The choice of a splitting O(U) ~ T’ (S (@E*)) allows to decompose functions and
vector fields according to their negative degree, and any function of given degree decom-
poses as a sum f =Y ., f with f( a function of negative degree n (deg_(f™) = n).
For a degree +1 vector fields R, we have:

R=> R"™

i>—1

with R a vector field of negative degree n. Notice that, for instance, § = Q).
We construct by induction a sequence ®,, = e” (starting at n = 1) of graded manifold
isomorphisms that satisfy the following conditions:

(1) o, is a vector field such that z, : O — F"O for all n € N (i.e. o) =0 for i < n).
(2) the push-forward @,, of the vector field @ by ®,, o --- o ®; is of the form:

Quir = QY + QU+
The sequence is constructed as follows: (o = @ and at each step we choose 7,1 =

—aQ", with « as in Lemma 2.5. It follows from [Qn, Qn] = 0 that [QY, ,(1")] =0. As
a consequence, the push-forward vector of (),, by e?*, i.e. the derivation:

1
e "Qe™ = —ad]ZnQ (all sums are finite for a given negative degree)

k!

k=0

o0

is given (up to components of negative degree > n + 1) by

Qn + [Qns 2] = Q7Y + QY = [Q7Y, 0@ = QU + QY — Q) = QY.

The hereby constructed sequence satisfies the required assumption. We then apply Propo-
sition 1.24 to construct the infinite composition ¥ := (O >1€%. By construction, the
push-forward of ) through W is §, which completes the proof. B
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Lemma 2.7. There exists a splitting O(U) = T(S(®i0E})) such that QY = i,.

Proof. The proof consists in repeating the steps of the proof of Lemma 2.6, by using now
the polynomial degree, which is well-defined in the negative part. We write

Q(’l) _ i,{—l—Q[O] +Q[1] SR

where [i] now stands for the polynomial degree. We then transport QY through Q"
Since [i,, Q%] = 0, the vector field obtained in such a way is now of the form:

QY =i+ Qi+ QI +

for new (@1 — i,) of polynomial degree > 1. We then construct recursively a collection
of isomorphisms of the graded manifold M that satisfy the requirements of Proposition
1.24: since we only use negative variables at this point, the ideal of elements of polynomial
degree k in negative variables is included in F*O (cf. to be more precise [20])). Their
infinite composition intertwines Q- with i,. W

Proof. (of Proposition 2.3) The statement follows from Lemmas 2.6 and 2.7 above:
Lemma 2.6 constructs an isomorphism of graded manifold under which ) becomes its
negative part part J, and Lemma 2.7 constructs an isomorphism of graded manifold
under which § becomes i,,. B

Corollary 2.8. Let (My, O, Q) be a Z*-graded Q-manifold. On every open set U C M,
over which the curvature k € I'(Ey) is different from zero at every point, the cohomology
of (O(U),Q) is zero in every degree.

Proof. The statement follows from the easily-checked fact that multiplication by the
function o € I'(E£7 ) defined in Lemma 2.5 is a contracting homotopy for @ = i,,. W

2.2. Geometry of the zero locus of the curvature of a ()-manifold.
Consider a Q-manifold (My, O, Q), with associated canonical vector bundles (E;);ez+ and
curvature k € I'(F1) (see Definition 2.1).

Definition 2.9. We call the zero locus ideal of O the image of
i.:(E) = 0O
and we denote it by (k). We call functions on the zero locus the quotient algebra O/(k).

The space Z_ + OQ[Z_] C O is both an ideal of O and stable by @, so that the latter
induces a derivation Q" of the quotient

O
I_+0Q[Z-]
The pair (K., Q) is a differential graded algebra (with grading from 0 to +oc). Here is

an important result.

Proposition 2.10. The differential graded algebra (K., Q) of a Z*-graded Q-manifold
(Mo, O, Q) is a positively graded Q-variety over the algebra C*°(My)/{k) of functions on
the zero locus and there is a splitting

(2.5) Ky =Ty (S(@1E7))) -

(2.4) Ky =
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Here (k) is the zero-locus ideal and Ty (E) = I'(E) ®coo(py) C(Mo) /() for every vector
bundle £ — M.

Before proving the previous statement, let us notice that it allows to introduce the fol-
lowing definition.

Definition 2.11. Let (My, O,Q) be a Z*-graded Q-manifold. We call zero locus pos-
itively graded Q-variety the positively graded Q-variety with sheaf of functions K. and
differential Q1 as in Equation (2.4).

We now prove Proposition 2.10. We start with a lemma.
Lemma 2.12. For any Z*-graded Q-manifold (My, O, Q) with curvature k:

OQIZ_1+7Z_=(k)O+T_.
Proof. For any a € I'p- :

(h.a) = Qlo] + 3 FG;
i>1

where F;, G; € O are functions of degree —a; and +a; respectively for some a; > 1 (the
sum might be infinite). This proves the inclusion

(k) O+I_COQIZ_|+Z_.

The converse inclusion is straightforward. W

Proof. (of Proposition 2.10) As a consequence of Lemma 2.12 above, the graded algebra
morphism

is surjective, so that the following sequence is exact:
0— </i> r (S (@iglEii)) — T (S (@izlEi@)) — Ky — 0.
Consequently:

(1) the degree of elements in K is non-negative by construction,
(2) degree O-elements can be identified with O(My)/(k),
(3) for k > 1, degree +k elements are elements of degree k in the symmetric algebra

(over O(Mo)/</€>) of EBlZlF(EiZ) & O(Mo)/<l€>
This yields the isomorphism of projective O(My)/(r)-module in Equation (2.5). B

Remark 2.13. For (Mg, O, Q) be a Z*-graded @-manifold with splitting, @) can be de-
composed by the negative degree as an infinite sum:

Q=q¢i1+q+ - +a+...

with ¢; a degree +1 vector field of negative degree i for ¢« > —1. Then, it is easy to see that
¢_1 induces the negative part of the @-manifold and that ¢y (which commutes with ¢_1,
hence induces a derivation of ;) induces the differential @, of the zero locus positively
graded Q-variety. [J
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Remark 2.14. As explained in [23], when the ideal & is the ideal of functions vanishing
on a submanifold X C My, then the distribution D := p;(I'(E_1)) is made of vector
fields tangent to X and its restriction to X is involutive on X. This singular foliation
on the submanifold X is the basic singular foliation of the positively graded @-manifold
(K4,Q4). The same conclusion holds when X is a singular subset, provided that vector
fields on X can be defined in a appropriate manner (e.g.: an affine variety). O

3. KoSzZUL-TATE RESOLUTION AND VECTOR FIELDS ON THE ZERO LOCUS POSITIVELY
GRADED (Q-VARIETY

Recall that for any vector bundle E' — Mj and any ideal I C C*(M,), we use the following
notation:

(3.6) T4(E) = T(E) @ qaiy C(My) /T

If I is the vanishing ideal of a submanifold X; C M, (i.e. X is the zero locus of I), then
[';(E) is simply the space of sections of the restriction of F to X7.

3.1. Koszul-Tate resolutions. Let M, be a smooth manifold. We recall the usual
definition of a Koszul-Tate resolution of an ideal.

Definition 3.1. A Koszul-Tate resolution” of an ideal I C C®(My) is a Q-manifold
(Mo, O_,0) which
(1) is negatively graded, i.e. O_ = ®;<0O;, with Oy = C*(M,),
(2) and satisfies that the cohomology of the degree +1 vector field §: O_ — O_ is
given by

My)/I, i=0

(3.7) HI(O_,6) = { e 0

Example 3.2. For M, = R" and [ the ideal of functions vanishing at 0, the graded
algebra exterior form Q(M;) equipped with 0 = ig the contraction with the Euler vector
field is a Koszul-Tate resolution of I. In that case, only E,.; = T'M, is non-zero and the
curvature is the Euler vector field.

We start with a few remarks that may help to understand the notion.

Remark 3.3. Item (1) in Definition 3.1 implies that the associated canonical graded
vector bundle F, of a Koszul-Tate resolution is concentrated in positive degrees F, =
Di>1 £ U

Remark 3.4. Let k € I'(E41) be the curvature of a Koszul-Tate resolution. The condition
on HY(O,¢) in Definition 3.1 implies that the curvature ideal (k) of k € T'(F,) coincides
with 7, i.e. a function F' € C>®(M,) belongs to I if and only if there exists a section
a € I'(E7%,) such that F' = (k,a) = 0(cv). Moreover, for any Koszul-Tate resolution of an
ideal I:

I+7_ =06I-)+1I_,
where 7_ = @;<_,0,. O

We will need a variation of Definition 3.1.

"We use the standard notations from [12].
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Definition 3.5. Let I C C*™°(My) be an ideal, and consider a positively-graded variety K
on C>*(My)/I. A Koszul-Tate resolution of IC; is a pair made of

(1) a splitting of K, i.e.
Ki~T; (S (®1E%)),
(2) a Koszul-Tate resolution of I with splitting
(T(S (®i=1£7)) ,0)
assembled into a Q-manifold (Mo, O, 5) with splitting

where 0 is the extension of & which is identically 0 on @;>,T (E*)).

Here are a few comments about Definition 3.5. First, we need to point an important, but
un-natural, effect of our conventions.

Warning 3.6. Let (My,O) be a graded manifold with splitting, recall that so-called
negative degree deg_ is non-negative, and valued in Ny. For a Koszul-Tate resolution
(Mo, O_,0) of an ideal i, the negative degree is simply the opposite of the degree: with
respect to the negative degree, one now has H'(O_,8) = 0 for i > 1 and H*(O_,0) =
C>(My).

One has to have this convention in mind to understand the following statement.

Lemma 3.7. Let (M, ©,0) be a Koszul-Tate resolution of Ky as in Definition 3.5.

(1) Its zero locus positively graded Q-variety W is (K1, 0).

(2) The cohomology of the complex (O, 9) is given by:

i T ’C-i—u =0
(3.8) H(O,(S)_{ s

Here the degree considered is the negative degree deg_ .
Proof. The first item is a direct consequence of the identification:
ONIT)+ZI_ =10+T_ = (I+T(D=1E))).
Let us prove the second item. The cohomology of the complex
(3.9) (T(S(@®i=1E",)) ®cay) T(S(®ix1EY,)), id ® 6)

is I'(S @i>1 E*;) @coe(ry) C°(Mo) /1 ~ K. Now, (O, 6) is the completion of the complex
(3.9) with respect to the negative degree, but completion does not affect cohomology, and
the result follows. W

We conclude the section with an important definition. To any -manifold (Mg, O, Q) was
associated in Definition 1.17 another @-manifold, called its negative part (My, O/Z,,0).

Definition 3.8. We say that a Z*-graded QQ-manifold (Mo, O, Q) with curvature k has a
Koszul-Tate negative part if its negative part is a Koszul-Tate resolution of the curvature

ideal (k).
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3.2. Vector fields on Koszul-Tate resolutions I: the cohomology. The graded
space X(O_) of vector fields on a Koszul-Tate resolution (My, O_,6) of an ideal I C
C>(My) is a DGLA when equipped with the graded commutator and the differential ads.
In particular, (X(O_), ads) is a complex, whose cohomology we now compute.

To start with, let us notice that ((O_d6(Z_)+Z_)X(0O-), ads) is a subcomplex of (X(O_), ads).
By Remark 3.4, O_§(Z_)+Z_ = 1+7Z_, so that the quotient O_/(O_§(Z_) +Z_) is iso-
morphic to C*°(My)/I. This implies that:

X(0-); ~ . E_l
((0-6(Z-) +I)X(0-)), — ?jg\)@ z;(l)

The quotient complex is therefore canonically isomorphic to a complex of the form
(3.10) C/(TM) =T (Eq)—Ti(Eyn)— -
See Equation (3.6) for the notation I';.

Definition 3.9. Let (My,O_,0) be a Koszul-Tate resolution of an ideal I C C*(My).
We call linearization of Koszul-Tate differential 0 at the zero locus the complex (3.10),
and denote it by (Xyn, Oiin)-

Remark 3.10. As noticed in Section 1.1 in [4], the complex (3.10) can be understood as
follows when I is the vanishing ideal of a subset X; C My: first I';(E_;) or I';(T'My) are
the space of sections of E_; or T'My on X;. The differential of the curvature x : My — Eq
is a vector bundle morphism:

Tk: TMy— TE+1

over K : My — E; Now, for any m € X, since k(m) = 0,,, there is a canonical
decomposition Ty F.1 = T, Mo+ E_1|m, pre o T,k can be seen as a linear map T, My —
E. 1|, where pro being the projection onto the second component. This map easily
checked to coincide with the first bundle morphism in (3.10). All remaining morphisms
in (3.10) are simply the restriction to X; of the component of polynomial degree 0 of &
(which is by construction a degree +1 vector bundle endomorphism of @;>1£;). O

Although the context is not exactly the same, the linearization of the Koszul-Tate reso-
lution matches the complex that appears in [1], Equation (4).

Let us now state the main result of this section. We start with some comment on degree
and a Remark about degree 0 vector fields on a Koszul-Tate resolution.

From now on, we again use the negative grading. For a Koszul-Tate resolution (see
Warning 3.6), it is simply the opposite of the degree. This has consequences when dealing
with vector fields, whose degree are also changed by their opposite, and ads is now a
degree —1 operator.

Remark 3.11. A ads-cocycle ¢ € X(O_) of negative degree 0 induces a vector field
q € X(My) which satisfies ¢[I] C I, and therefore induces a derivation ¢' of C*(My)/I. If

q is an ads-coboundary, then ¢ = 0. OJ
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Theorem 3.12. Let (My,O_,9) be a Koszul-Tate resolution of an ideal I € C*(M,).
With respect to the negative degree, we have:

H_i(xlirn 5lin)7 { S 0

(3.11) H™'(X(0-),ads) = { 0, i > 0.

Also, an ads-cocycle q of degree 0 is a coboundary if and only if its induced derivation q"
of C*(My)/1 is zero.

Proof. Let us chose a splitting O_ ~ I' (S(@;>1E;)), and a family of affine connections
V¥ on Ej} (recall Remark 1.11 for notations). Consider the following bigrading (on the
“North-West” quarter):

O, ®X(My) fora>0andb=0,
(3.12) X(O0_)ap =1 O, @I'(E_) fora>0andb<—1,
0 otherwise.

Here, O, stands for functions of negative degree +a, i.e. of total degree —a. We adopt
the following conventions:

(1) All tensor products are over C*>(Mp).

(2) A section e € I'(E}) is seen as the vertical vector field given by the derivation i,
of O_. Notice that for the negative degree, it is of degree —b.

(3) A vector field X € X(M,) is extended to a degree 0 derivation of O_ by X|e;]| =
Ve, for every section ¢ € T'(E}).

It is indeed a bigrading, since:
X(02)i = ®ax0X(0-)aji—as

(infinite sums are allowed, since they converge with respect to the filtration (FO);>0).
With respect to this bi-grading, ads decomposes as follows:

%<Of)a+2,b73

EJ(C R —

d®D

£<O*)a,b

lé@id

x(of)afl,b

We can now use generic diagram chasing arguments: since all vertical lines are acyclic
in degree # 0, the cohomology is concentrated in the 0-th cohomology of the line a = 0,
which coincides with I';(T'My) for b = 0 and T';(Ep) for b < —1. Equipped with the
induced differential, a direct computation shows that it coincides (with opposite signs)
with the differential of the complex (3.10). This proves (3.11).

Since all vertical lines are exact, a degree 0 ads-cocycle is exact if and only if its bi-
degree (0,0) component lies in the image of the vertical lines, i.e. belong to I @ X(M).
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Equivalently, this means that this element induces the zero map on C*(My)/I. This
completes the proof. B

Here is an immediate consequence of Theorem 3.12.

Corollary 3.13. Let (M,, (’),5) be a Koszul-Tate resolution of Ko as in Definition 3.5.
With respect to the negative degree:

‘ K+ ®coo(nao)r (H (Xiin, Otin)) » <0
(3.13H(X(0),ads) = ¢ Ky Qcoo(mo)yr (Bi1L1(E_;) & HY(Xin, Oiin)), =0
0, 1>0

Proof. As in the proof of Theorem 3.12, one can use a family of connections on (E;);cz
to decompose the O-module X(O) as the sum of two submodules: one is

@) ® (®i21Ei D TM()) and O & (@i21E—i)

Both modules are ad;-stable. On the second one, ad; = 6 ®id, so that the cohomology is
concentrated in negative degree 0 and coincides with

D(S(®ix1£7;))
I

The first one is the completion of the tensor product of I'(S(@®;>1E*;)) with the module
X(O_) of vector fields on a Koszul-Tate resolution of I, whose cohomology is given in
Theorem 3.12. The differential being given by id ® adj;, the result then follows from
Theorem 3.12 and the fact that K is a C>°(My)/I-projective module, so that tensoring
with I, preserves cohomology. B

®Rcoo(Mo) I'(@iz1E—i) = K1 @coo(ag)/1 T1(®iz1 E-;).

3.3. Vector fields on Koszul-Tate resolutions II: the extension. We now consider
another problem. As stated in Remark 3.11, for a Koszul-Tate resolution (Mg, O_,J)
of an ideal I, an ads-cocycle ¢ € X(O_) induces a derivation ¢’ of C>(M,)/I, and an
adg-coboundary induces a derivation equal to zero. In particular, there is a Lie algebra
morphism

(3.14) H°(X(0_),ads) — Der(C>®(My)/I).

The second part of Theorem 3.12 implies that this morphism is injective. The following
statement shows that it is surjective.

Proposition 3.14. Let (My, O_,0) be a Koszul-Tate resolution of an ideal I C C*(My).
Then the natural Lie algebra morphism 3.1/ is an isomorphism

HO(X(0_),ad;s) ~ Der(C®(M,)/I).

In particular, every derivation q' of C*°(My)/I is induced by a degree 0 vector field q €
X(0-) such that [0,q] = 0.

Proof. Denote the projection C®(My) — C®(My)/I by F — F. Also, let us choose
(Uk, X )rex @ partition of unity of the manifold M, for which each Uy is a coordinate
neighborhood on which each one of the vector bundles E) admits a trivialization.
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Let ¢’ be a derivation of C*°(M,)/I. Let x4, ..., x, be local coordinates on the open subset
Uy for some k € K. Consider any functions Fi,..., F. € C*(Uy) such that ¢'(z;) = F;.

The vector field
- 0
0._ '
v 1= E E—am
i=1 v

satisfies by construction that v (I) C I, since it induces the derivation of C*°(Uy)/I which
coincides with the restriction of ¢/ to Uy. These local vector fields v can be glued to a
vector field v° on My:

V0 = Z XkVp.

keK
This vector field still satisfies v°[I] C I by construction.
Since I = §(I'(E%,)), for any local trivialization 7;,...,n, of £, defined on the open
subset Uy, there exist functions (¢;;); ;—; in C>(Uy) such that the collection of functions
Ki == 0d(n;), i =1,...,r locally generates the vanishing ideal of the zero locus and

V08(n;) = v (ki) = Z Gijkj = Z i ;0(n;)
i=1 Jj=1
Consider the vector field
d 0
v = Z Qﬁj,iniT‘
i,j=1 1
By construction, it satisfies
Wod=0do0u.
Since 0 is C*°(My)-linear, the vector field
vli= Z XkVp
keK
also satisfies:
Wod=0dovh
Now, ¥, ! extends to vector fields on O_, that we will denote by the same symbol. The
proof then consists in constructing recursively 1/ € D ; X(O-)qp such that
vod=6017M,

Assume that vy, . .., v; are constructed. Then notice that that 704 is valued in the kernel
of §:

0

§ovVod=1""10=0.
Since the cohomology of (O, ) is zero, 17 0 § is therefore valued in the image of d, and
since O_ is a projective C*>°(My)-module, the existence of the vector field /7! is granted.
Moreover, with respect to the bi-grading above (see Equation (3.12)),
V€ @ye(j41) X(O-)ap. As a consequence, the sequence

k
(3.15) ¢ = Zyj,
=0

converges and the limit is the desired vector field ¢. B
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Consider now a Koszul-Tate resolution of a graded variety given by K, as in Definition
3.5. Again, notice that a total degree k and negative degree 0 vector field gy such that
[5, ¢o] = 0 induces a degree k derivation of K. If gy is an adz-cocycle, that derivation is
zero. Proposition 3.14 extends easily to give the following result.

Corollary 3.15. Let (M,, O, 5) be a Koszul-Tate resolution of a positively graded variety
KC+ as in Definition 3.5. There is a natural isomorphism:

HOM (%(0), ad;) = Der*(K.)

where HO®) stands for the cohomology in negative degree 0 and total degree k and Der”
stands for derivations of degree k of K. In particular, for any degree k derivation Q)
of Ky, there exists qo € X(O) of negative degree O and total degree k satisfying [5, q] =0
and inducing the derivation Q. on K, .

Remark 3.16 (Extension of derivations in the affine case). At the beginning of the
proof of Proposition 3.14, it was shown that in the smooth category any derivation of the
quotient algebra C>°(M,)/I, considered as functions on the zero locus, can be extended
to a derivation of the entire algebra of functions C*°(M,). This is also true in algebraic
geometry for functions on an affine variety.

Let M, be an affine n—dimensional space over a field k of characteristic 0 (we think of it
as R or C) with affine coordinates (2")"_;; and I C k[z',...,2"] be an ideal, then every
derivation of K = k[z!,...,2"]/I admits an extension to a derivation of k[z!, ..., 2"].
Indeed, let ¢ be a derivation of . Define ¢ such that q(zz) equals to the preimage of
¢'[~] € K under the projection map k[z!, ..., 2" — K, where [z'] = 2'/I. The derivation
q extends to the whole algebra of functions k[z',...,2"] by the Leibniz rule. It is easy
to see that ¢(I) C I and that ¢ induces ¢'. Checking the rest of the proof line by line,
one sees that Proposition 3.14 remains valid in the context of affine varieties in algebraic
geometry. [

Remark 3.17. The above statements (Theorem 3.12 and Proposition 3.14 ) can be proved
in a the following alternative way. Let X,., = X,..(O_) be the graded Lie subalgebra of
all derivations v of O_ satisfying v(O_) C I +Z_. We have a short exact sequence of
complexes

0= (X ads) = (X(0-),ads) — (X1,ads) — 0

and it is easy to check that (% I ad(;) coincides with (3.10). This short exact sequece leads
to the long exact sequence in cohomology

oo HY (X ads) — HY(X(0-),ads) — H (X7,ads) — H™ (X, ads) — ...

It is relatively easy to check that the complex (%nun,adg) is acyclic. Combining this
statement with the fact that any derivation of C>°(M;)/I extends to a derivation of O_
(see the beginning of the Proposition 3.14), we prove Theorem 3.12 and the remaining
part of Proposition 3.14 altogether. [J

Remark 3.18.

e In fact, Theorem 3.12 computed the cohomology of (X(O_),d) by using the spec-
tral sequence associated to the following filtration of X(O_): FPX(O-) is the
Lie subalgebra of vector fields on M which annihilate the subalgebra of functions
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generated by all elements of negative degree 0,...,p — 1. This spectral sequence
converges in the second term. Its zero term gives sections of the graded vector
bundle 7* (T My ® E ), where E, = @,., E) and 7_ is the projection of (M, O)
onto My, while the first term of the spectral sequence — sections of the restric-
tion of TMy & E, on X together with the differential determined by the normal
linearization of § along X.

e The “restriction” of vector fields to the zero locus X;(Q) is an N— graded C*(M,)/I-
module, the homogeneous components of which of negative degree ¢ = 0 and ¢ < 0
are canonically isomorphic to X;(O-) and K ®o_ I'(E_;), respectively.

o &;H'(Xyin, O1in) is a graded Lie-Rinehart C> (M) /I-algebra, which extends X;(O_);
furthermore, the latter is embedded into the former as a Lie-Rinehart C*(M,)/I-
subalgebra consisting of all elements of negative degree.

0

It follows from Theorem 3.12 that the ads-cohomology of vector fields on a Koszul-Tate
resolution (My,O_,d) of I are zero near any point outside the zero locus of I. We
also claim that non-trivial cohomologies of non-zero degree only appear on the singular
part of the zero locus of I.Example 3.19 illustrate this phenomenon and shows that the
positive degree part in cohomology of (%((’)_), ad(;)7 where ((90, 6) is the Koszul-Tate
resolution of an ideal I C O(My), is related to singularities of the zero locus of this ideal.
In complement, Example 3.20 tells us that, even in the complete intersection case, the
degree 1 cohomology of vector fields on a Koszul-Tate resolution can be non-trivial.

Example 3.19. Assume that X C M, is a smooth submanifold, I is the ideal of functions
vanishing on X, J is a Koszul-Tate differential which resolves I, such that X is the zero
locus of ¢ regarded as a homological vector field on a non-positively graded M. It is
possible to cover M by graded coordinate charts such that either such a chart does not
intersect X, then the corresponding i, is non-vanishing at all points, so we can use Lemma
2.5 and technique from Corollary 2.8 to show that the ads— cohomology of vector fields
over this chart are vanishing, or there are adapted coordinates (%, y?, n%, €%, (?) such that®

o 0 o 0
(5:Zy 877“+ZC a—é_a

In such case the intersection of the above coordinate chart with X is given by equations
y* =n® =£* = (* = 0, therefore all sections of the restriction of 7'M onto X are of the

form
(2, > (f”(:c) ) t2 (XL Jaca (@%)

It is easy to see that { aia, a?,a’ a?a’ a%} generate an acyclic complex w.r.t. 9, therefore

the cohomology of positive degree sections of T'M|x are zero over this coordinate chart
and thus on the whole X as § is linear under the multiplication on functions on M, which
allows us to apply the partition of unity technique.

8In mathematical physics (y*,n%, £, (%) would be called contractible pairs.
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Example 3.20. On M, = R?, equipped with affine coordinates (z,%), let I be the ideal
generated by xy, and X be an affine variety given by the equation xy = 0. A Koszul-tate
resolution of I is determined by a homological vector field § = xya% on the non-positively
graded affine manifold (M, O_) with graded coordinates (z, y, ), where £ has total degree
—1. It is routine to check directly that, as stated in Proposition 3.14:

0 0 -
HOR(O-).0de) = {af(0) - + 190 37 | oo € @) |
Since a degree 1 vector field is a ads-cocycle, since [d, 3‘1] = ya%, [0, gy] = :Ugg, and

[, 58%] = xya%, and since the quotient of C*°(M,) by the ideal generated by z,y, zy is R,
we also have

H%ﬂOJg@Q:{ i,AER}

In particular, the degree 1 cohomology is different from zero.

3.4. Koszul-Tate resolutions and singular locus positively-graded ()-variety.
Here is the main result of this section.

Theorem 3.21. Let My be a manifold and I C C*°(My) an ideal. Given
(1) a Koszul-Tate resolution (My, O_,d) of I with a splitting

O_ =T(S(®i=1E7))
(2) a positively graded Q-variety (K4, Q1) on C>®(My)/I with a splitting
Ki= FI(S(@izlEii))>
there exists a Q-manifold (My, O, Q) with a splitting:
O ~ I'(S(Dicz-E7))

(1) whose negative part is the Koszul-Tate resolution (Mg, O_,0),
(2) and whose zero locus positively graded Q-variety is (K4, Q).

Two such Q-vector fields are diffeomorphic through a diffeomorphism which is the com-
position of flows of degree zero vector fields as in Proposition 1.24, and that induce the
identity maps of the base manifold My, of the negative part O_, and of the positively
graded Q-variety K.

Proof. The idea of the proof consists in applying perturbation theory techniques, and
construct @) (and the degree 0 vector fields defining W) through a recursion by showing
that the obstructions for the next step are cohomology classes that vanish.

Let (Mg, O,6) be as in Definition 3.5. The first step consists in applying Corollary 3.15:
there exists a vector field gy of negative degree 0 and total degree +1, such that [qo, S] =0
(which implies that (g induces a derivation of K, ) whose induced derivation of K4 is Q.
Now, the proof of the existence of the vector field () consists in constructing recursively
a family (g;);>1 such that

(1) Each g; is of negative degree i and total degree +1

(2) Q; = 6+ qo+ -+ q; satisfies [Q:, Qi] = 0 up to vector fields of negative degree
> 1.
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For instance Qo = & + qo satisfies the recursion for i = 0 since:

[0+ Qo,0 + Qo] = [Qo, Qo)

and since [Qo, Qo] is of negative degree 0.
Now, by the graded Jacobi identity of the graded Lie algebra of vector fields X(O),

5+ Qo,[3+ Qo0+ Qul] =0,

so that ad; ([Qo, Qo]) = 0 is an adz-cocycle of negative degree 0. Now, since )y induces
Q4+ on Ky and since Q% = 0, the class of [Qo, Qo] in Kt @ H(Xyin, 01in) is zero, so
that there exists a vector field g; of total degree +1 and negative degree +1 such that
[0, ¢1] = [90, q0]- As a consequence

Q1:5+QO+C]1

satisfies the recursion condition for ¢ = 1. B '
The proof then continues easily by noticing that if Q; := 0+, _, ¢ satisfies the recursion
assumption at order i, then

[Qi, Qi] = Z[Qk, Gi—k) + R;

k=0

with R; of negative degree > 7 + 2 and Z;f:o [qk, Gi—x] being the component of negative
degree 7 + 1. By the graded Jacobi identity, this implies that ZZ:O @k, qi—i] 1s an adj-
cocycle of negative degree 7« + 1. Since cohomology is zero in that degree by Corollary
3.13, there exists a vector field g;;1 of total degree 1 and negative degree ¢ + 1 such that
— ZZ:O[%’ ¢i—k|] = adqi+1 which in turn implies that

i1

Qi1 = o+ Z dk
k=0

satisfies the recursion relation for ¢ + 1. Now, the series

S + Z qi
=0

converges with respect to the negative degree filtration (F'Q);>o. We denote by Q its
limit. By construction, [Q,Q] = 0 (since [@, Q)] is a derivation that takes values in
Ni>oF"O = {0}), and @ has total degree +1, so that (My, O,Q) is a Z*-graded Q-
manifold. By Remark 2.13, () satisfies both requirements in the Theorem 3.21.

Now, let us show that any two such vector fields can be intertwined by a diffeomorphism for
the desired form. Let Q) and Q)" be two vector fields as in Theorem 3.21. We will construct

a family uy, up, u3, ... of total degree 0 and of respective negative degrees 1,2,3,... such
that the sequence of degree 41 vector fields defined by the recursion relation )y = ) and
(3.16) Qi1 = *M+1 Q)

(which is well-defined, see Section 1.5) satisfies that @); coincides with @’ in negative
degrees —1,...,72 — 1. Proposition 1.24 implies then that the infinite composition of the
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exponentials of the vector fields u; intertwines Q and )’ through a diffeomorphism ¥
which is by construction of the desired form.
Let us first construct u;. We have:

Q = 54—6]04‘2%
i>1

Q = d+qh+> d
i>1

where ¢;, ¢, are of negative degree i. Now, since both g, ¢ are adz-cocycles, so is gy —
qj- Since by construction, both go and ¢, induce the same derivation @4 on K., their
difference induce the trivial derivation of K. This implies that ¢y —gj is a ad;z-coboundary
by Corollary 3.13, and there exists a vector field u_; of negative degree +1 and total degree
0 such that

do — g6 = [0, u1].
By construction,

Q=1 (Q)=Q+ Z —adm

is well-defined, squares to zero, and satisfies again the requirements of Theorem 3.21.
Also, it coincides with @’ in negative degree —1 and 0.

Now, assume that uy, ..., u; are constructed. Consider the decompositions according to
negative degrees:

Q=05+qy++d+dy+
+qot gt G+
It follows from [@Q;, @;] = 0 and [Q’, Q'] = 0 that

i+1 i+1
adsqit1 = — Z[Qk, Gi+1-+) and ad;g; ., = — Z[Qk, Gi+1-k]
k=0 k=0

The difference ;41 — ¢;,, is therefore an adz-cocycle. Since by Corollary 3.13, the coho-
mology is zero in degree i+ 1, there exists a vector field #; 1, (of negative degree ¢ + 1 and
total degree 0) such that ¢/, = ¢;41 + adsu11. The vector field Q;11 defined as in (3.16)
satisfies the recursion relation for 7 + 1.

By Proposition 1.24, the infinite ordered product of automorphisms ¥ = khm et .0
—00
e*-1 exists and induces a dlffeomorphlsm U of the graded manifold M. Furthermore, one

has VQU ™! = = lim ek o, .. 0e™1(Q) and
— 00
VU - Q € (F'OM) = {0},
>0
therefore QU1 — Q' = 0.
It is also clear that, since the total degree of each 1 is zero, deg, (u_;) = deg_(u_;) =i

for each ¢ > 1, so that the positive degree of uy, uy, u3,... is 1,2,3, ... respectively. This
implies that W(F) — F € Z, for every F' € O, and therefore that ¥ induces the identity
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on the negative part O_ = O/Z,. These degree relations also imply that W(F)—F € Z_,
so that ¥ induces the identity of S(®;>1I'(E*;)), and therefore of its quotient . W
Here is an immediate consequence of the second part of Theorem 3.21.

Corollary 3.22. Any two Z*-graded manifolds (Mo, O, Q) and (Mo, O, Q') over the same
graded manifold (Mg, O) whose negative parts coincide and are Koszul-Tate resolutions,
and whose positively graded Q-varieties coincide, are diffeomorphic through a diffeomor-
phism as in Theorem 3.21.

Theorem 3.21 has several geometric consequences. Let W C M be a subset such that the
ideal Iy of functions vanishing on it admits a Koszul-Tate resolution (O_,0). Let g be a
finite dimensional Lie algebra. A linear map:

g — X(M)
r =

is said to be an action off-shell closing on-shell if its satisfies
z[lw] C Iy and [z,y] — [z,y] € IwX(M).

The first condition means that the vector fields composing the infinitesimal action of g
are tangent to W, and the second one means that the restriction to W of x + z is a Lie
algebra morphism. Such an action off-shell closing on-shell can be seen as a positively
graded Q-variety on C*(M)/Iy whose splitting is given by £y = g x M — M and
E_; =0 for i > 1 with vector field Q, = d°F ® Y, with Y; € g* ® X(M). Here d°F is the
Chevalley-Eilenberg differential, and Y represents the map x — x.

Corollary 3.23. For any action off-shell closing on-shell of a finite dimensional Lie
algebra g on a subset W admitting a Koszul-Tate resolution (O_,6), there ezists a Ly.-
algebra morphism from g to the DGLA of vector field on (O_,0).

Proof. Theorem 3.21 states that there is a vector field ) on a Z*-graded manifold with
the ring of functions A*g* ® O_. A closer look at the construction of the vector field @
shows that it can be chosen to be of the form:

Q=0+d" + Xo+ X1+ Xo + -

with d°F being the Chevalley-Eilenberg operator of g, and with X; € Alg* @ X(K)_ii1.
Each X; can be seen as a map from A’g to X(K)_;). It is routine to check that Q* = 0
implies that the sequence {X;};>o is the sequence of Taylor coefficients of the required
Lo-morphism. [J

Example 3.24. Corollary 3.23 implies that any vector field tangent to W can be extended
to a vector field on any of its Koszul-Tate resolution (K, ) commuting with 4.

Example 3.25. Consider an Hamiltonian actions of a Lie algebra g on a Poisson manifold
(M, m) with momentum map p. If the components ) . y1;¢; of 1 are independent functions,
then a Koszul-Tate resolution of the ideal of functions vanishing on { = 0} is given by
the graded manifold whose functions of degree —i are C°°(M, A'g), equipped with the
vector field i,. This happens in particular when f is a submersion. The construction
of Corollary 3.23 then applies and gives back, when appropriate choices are made, a Q-
manifold which we now describe. As a graded manifold, it is given by £_1 = gx M — M,
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E. 1 =g x M and E; = 0 otherwise. The vector field is given by

Q= ZMZ +291( Z i, - )——cheleﬂ_

Ji:k=1 1,5,k

where (e;) is a basis of g, and ¢, n; are the corresponding variables of respective degree
+1 and —1, y; the corresponding components of the momentum mapping and X, is its
Hamiltonian vector field. Also, C’fj stand for the Christoffel symbols of g.

4. LOCAL STRUCTURES NEAR POINTS WHERE THE CURVATURE VANISHES

4.1. @-structure in local coordinates. In the following, we consider local coordinates
of a graded manifold (M, O) of the form
Y15 Y (Ti)ier, 01y, Oy (05) e )

where Latin letters x;, y, will be used for degree 0 variables, the Greek letters 6 (resp.
n;) will be used for variables of degree +1 (resp. of degree different from 0). Last, we will
also assume that the variables y; and 0, go “in pairs” and that there is the same number
r of them. Last, an expression like

o 0
R -
(m7 77’ 8,],'. Y an.)
stand for any local vector field of the form:

iel
where A;(z,n), B;(x,n) are functions that depend on the variables (x;)icr, (1;);jes only.
For any Q-manifold (M, O, Q), equipped with a splitting

:O~T (S@iez* E) ,
the anchor map p: E_; — T'Mj is the vector bundle morphism defined by:

(QUAD, u) = p(u)[f],

for every u € T(E_;) and f € C*®(M,). Above, Q[f]V stands for the component of
polynomial degree 1 of Q[f]: since Q[f] is of degree 1, Q[f]V) is a section of E*,, so that
the previous definition makes sense.

Remark 4.1. By construction, the anchor map of a ()-manifold is a vector bundle mor-
phism p: E_; — T M, that depends on the choice of the splitting, although the vector
bundles E_; and T'M, do not. For instance, in a splitting as in Proposition 2.3 for which
@ = i,, the anchor map is the zero map. But it may be non-zero in some other splitting.
However, at every m that belongs to the zero locus of the curvature k € I'(E,;), the
anchor map p: E_; — M does not depend on the choice of a splitting, and is therefore
canonical. [J

Remark 4.1 implies that the following theorem only makes sense when the point m is the
zero locus of the curvature k.
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Theorem 4.2. Let (My, O, Q) be a Q-manifold. Let p: E_1 — TMy be the anchor map
corresponding to some splitting. Fvery point m € My on the zero locus of the curvature K
admits a coordinate neighborhood with variables (Y1, ..., Yr, (Zi)ier, 01, - .., 0, (1) jes) on

which Q) reads:
J 0 g 0
Q kz:; kayk + (9577% a$.7 87’],)
where r is the rank of the anchor map p: E_y — T'My at m.

We start with a remark and two lemmas, before proving a proposition crucial for the
proof of the above theorem.

Remark 4.3. Any degree 0 vector field v on a Z*-graded manifold (Mj, O) induces a
vector field v on My: A degree 0 vector field being, by definition, a degree 0 derivation
of O, it preserves both negative and positive functions, so it preserves the maximal ideal
Z, and induces a derivation of the quotient O/Z, which is isomorphic to C>(M). This
induced derivation is a vector field on Mj. In coordinates, this assignment reads:

where (z, () are local coordinates of degree 0 and different from 0 respectively. [J

Lemma 4.4 extends to graded manifolds the well-known straightening theorem, also known
as Hadamard Lemma.

Lemma 4.4. Let v be a vector field of degree 0 on a graded manifold (My, O) with M.

Every point of the base manifold My where the induced vector field v is different from zero

admits a coordinate neighborhood (y, (z;)icr, (n;);es) on which v = 8%.

Proof. The proof is rather straightforward: use the general form of the coordinate changes
on graded manifolds (cf. [20]). W
The following lemma is the result of an obvious computation.

Lemma 4.5. Every vector field Q, defined on a coordinate neighborhood (y, ze,n,), that
satisfies [Q, 6%} =0 is of the form:

0 o 0
Q= T(ﬁnno)a—y +R (170-777-, Ir.’ 3_77.) :

We can now prove the following statement:

Proposition 4.6. Let (My, O, Q) be a Q-manifold equipped with a splitting. Let p: E_y —
T My be the corresponding anchor map. Every point m € My in the zero locus of the cur-
vature k such that p,, : E_1 — T'My s not the zero map admits a coordinate neighborhood
with variables (y, (x;)icr, 6, (n;)jes) on which Q reads:
0 g 0
=0—+R — .
Q ay + (x7lr]7 aa:.J an.>
Proof. The map p : E_; — T M, is different from zero at m € M, if and only if there
exists a section e in I'(E_;) such that the degree 0 vector field v := [Q,1i.] (which is of
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degree 0) has a basic vector field v (see Remark 4.3) different from 0 at m. By Lemma

4.4, there exists a coordinate neighborhood (y, ze,7.) on which v = [@Q,1i.] = a%' Since

[v,Q] = 0, Lemma 4.5 implies that in these coordinates:
0 o 0
- 2 4R = 2.
Q T(‘r7 T]) ay + <I7 T]? am.7 8’]7.)

Now, 7(z,n7) = Q(y) is a degree +1 function whose component in I'((E_;)*) cannot be
zero in view of

ie7(2,m) = 1.Q(y) = [ie, Ql(y) + Qic[y]) = a%(y) + Qie[y]) = 1+ Q(ic[y])

and the fact that the projection of the degree 0 function Q(i.[y]) on C>(M,) has to be
an element of the zero locus ideal for degree reasons. We can therefore replace one of the
degree —1 variables in the coordinates 1, by 7(x,n): we denote by € this new variable.
Since € = 7(x,n) does not depend on the variable y, this change of coordinates does not

affect «98% and changes R in a vector field that again does not depend on y nor contains

9
oy ”

But it may contain a component in %. In conclusion:
0 = 0o 0 0
=0—+R 0, —, — S(Teyn)—=-
Q ay + <x7 777 Y ax.7 877.) + ('/L' 77) 89
Since Q*(y) = Q() = 0, we have S(z,,7,) = 0 and therefore:

0 = Jg 0
Q_08_y+R<x’n’9’8_x.’8_n.>

Since 6% = 0, we have:

~ o 0 o 0 o 0
0,—,— ) =A —_— 0B -
. (I7777 "0z 077.) (:v,n, Oxe’ 077.) * (x, K Oxs’ 877.)
0 o 0 o 0
=0|(—+28 —_— A -
@ <8y + (x, 777 ox,’ 877.)> - (:1:, " ox,’ 877.)
There exists local coordinates (v, ., n’) leaving 6 untouched, where

s )= 2

so that

ay m’n’ﬁ_x.’an. = a_y/
In these coordinates, () reads as follows:
0 o o0 0
— 9_ A/ / / / = .
Q ay/ + (m 777 7y Y 8])’.7 an£7 8y/>
Since Q? = 0, A’ does not depend on ¢/, and:
0 o 0 0
— 9_ A// / / - = T / / -
Q ay,+ (x’TI?aiCl.’a?]L’)—i_ (x777)8y/

We now replace 0 by 0 =0 + T'(a',n'). Since (0 +T(2',1')) = Q(y') = ¢, we have
A" (20, ai’. , 6%‘, 6(3’.) 0’ =0, so that A” has no component in a%. and the vector field )
has the desired form in these coordinates. This completes the proof. B
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Proof. [Proof of Theorem 4.2] The theorem is now an immediate consequence of Propo-
sition 4.6, upon making a finite recursion until the corresponding anchor map vanishes.

4.2. Examples and non-examples.

Example 4.7. Theorem 4.2, when applied to a Lie algebroids, gives back a classical result
9], which itself is similar to Weinstein splitting theorem for Poisson manifolds [39]. For
Lie oo-algebroids, Theorem 4.2 gives back a similar statement in [6].

Example 4.8. For a Koszul-Tate resolution, Theorem 4.2 does not give any interesting
result, since the anchor is zero at every point of the zero locus.

Example 4.9. For a positively graded @)-manifold over a manifold M, the image of the
anchor map

p: T(E_1) — X(M))
is a singular foliation in the sense of [2], i.e. a locally finitely generated C*(Mj)-sub-
module of X(My) closed under Lie bracket. For Z*-graded @-manifold with splitting,
whose dual Lie co-algebroid with anchor maps (p,)n>1, it is natural to ask if

@ pn(D(S™ @icz Ei)-1)

n>1

is still a singular foliation. The answer is no: it is certainly a C*(Mj)-sub-module of
X(My), but, even when it is locally finitely generated, it may not be stable under Lie
bracket. Here is a class of counter-examples: Let M, be a manifold, X5, X5 vector fields
such that [X7, X5] is not in the C*°-module generated by X, Xs, let 0y, 65,7 be additional
variables of respective degrees 2, 2 and —1, and consider

Q = 10 X1 + 16 Xo.

It is straightforward to check that () is a degree +1 vector field squaring to zero. The
2-ary anchor map is not zero and its image is the C*°(Mj) module generated by X, Xo,
which generated a C*°(My)-module; by assumption it is not stable under Lie bracket.

Example 4.10. Here is an example of a ()-manifold with a splitting, whose 2-ary anchor
is not valued in vector fields tangent to the zero locus:

0 0 0
Q= (e )z +Ceg 50
where x is a degree 0 variables and 7, (, £, € are variables of respective degrees —1, 3, —2, —3.

CONCLUSION / PERSPECTIVES

As mentioned in the introduction, the results of [20] on the Z-graded manifolds and
the technique of filtrations of functional spaces open a way to understanding the form of
various geometric and algebraic structures on them. This permitted for example, to extend
the results of [16] to the honest Z-graded case and develop them in [21]. In the current
paper we have added an important ingredient to the picture — a -structure — describing
thus the normal form of differential Z*-graded manifolds. Our common thread is that
“for a Z*-graded @-manifold, only the zero locus of the curvature matters”: Proposition
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2.3 should be understood as meaning that outside the zero locus of their curvatures, Z*-
graded @)-manifolds have a very trivial structure; then Theorem 3.21 makes more precise
this general idea, by stating that positive part of a )-manifold over its zero locus is
the only piece that matters when its negative part is a Koszul-Tate resolution; and last,
Theorem 4.2 adds another layer to the same general idea, by stating that, at a point in
the zero locus, the anchor map and its transverse ()-manifold are the only two non-trivial
pieces of information.

Notice that we have not dealt with the problem of linearization of the vector field (@),
which is addressed e.g. in [32, 1] and linked in this context to deformation problems: this
is a related but different subject.

The current work has initiated several follow-up discussions on other closely related sub-
jects. In particular, the technique was relevant to address the Strobl conjecture on the
normal form of singular foliations over singular spaces, which continued in [26] It also has
some non-trivial links to the constructions from the “derived world”: [4, 13].

On top of the pure mathematical significance of the above results we expect them to have
straightforward consequences for gauge theories. According to [11], under rather natural
assumptions one can read off a Q-structure from the equations governing the theory. This
language is also widely used for various quantization problems. Then, as explained in [22],
a lot of information can be encoded in the language of mappings between ()-manifolds: the
equations of motion (i.e. extrema of the functional describing the model) correspond to
@-morphisms, and gauge transformations (symmetries) to Q-homotopies. In this setting
reducing a @Q-structure to a (simple) canonical form by a homotopy would mean gauge
fixing in an intelligent way:.

APPENDIX A. PROJECTIVE SYSTEMS OF GRADED ALGEBRAS

We call projective system of graded algebras a pair made of a sequence (A") ey of graded
algebras, and a family of degree 0 graded algebra morphisms 7l=71: A7 — A7, defined for
all integers 7 > j, subject to the two following conditions: 77 =id 4 and

7K o liod) — 7oK > 5> g

An endomorphism of projective graded algebras is a family (¢);cy of degree 0 algebra
endomorphisms ¢l : A7 — A’ defined for all i € N such that ¢! o 7li=7] = 7li=il o plil for
all 7 > j. The following diagram recapitulates the above commutativity properties for all
i >j >k

A lik] Ak
T li—] ,r[j—m]/ I
(Jj]

Al —pliok—— AP

Sl ,r[j%]/
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We define the graded projective limit A® of a projective system of algebras’ to be the
graded algebra whose component of degree ¢ € Z is made of all collections ¢ — a' € A’
such that 7l"7(a’) = @/ for all i > j. By assigning to such a collection its i-th component,
one defines, for all i € N, graded algebra morphisms 7l>7%1: 4% — A? that satisfy:

7l o loomil = ploomk] s > k)

For any morphism of projective graded algebras (¢!);en, there exists a unique graded
algebra endomorphism ¢/>!: A% — A such that ¢l o 7[*=1 = gloe=il o glool,

A> loo—+] A
loo] T 11 T
A>® loo—i] Al

We call ¢[®l: A% — A the graded projective limit of (¢);en.

Proposition A.1. Let (Ai,ﬂ[i_’j]) be a projective system of graded algebras. For any
family (¢n)nen of degree O endomorphisms of the latter such that ¢[i] = idy: for all
N > i, the sequence of degree 0 algebra endomorphisms defined for alli € N by
G A o
a = -0l ogl ogll(a) =
quZ] o---o0ll(a) (by assumption)

1s an endomorphism of projective systems of graded algebras.

The projective limit 1[>: A% — A% must be understood as the infinite composition of
all the (¢i)ien, it will therefore be denoted by Oiten ¢i or [y ¢i, where by “i 1€ N7
we mean that the composition is computed over the increasing index .

9In the presented construction, the system of algebras can be labeled by any partially ordered set 1.
For the particular case of I = N, it simplifies, producing a tower of algebra morphisms A « A2  ---.
Then the compatible collection i + a’ will simply be a sequence {a;}ien, Where a; is an element of A?,
such that a;,1 maps to a; for all i € N. Also, we think that introducing 7(>~% is important for a good
conceptual understanding, and therefore prefer to present the construction with this generality.



30 A. KOTOV, C. LAURENT-GENGOUX, AND V. SALNIKOV

Acknowledgments. We are thankful to the “Research in Paris” program of the Institut
Henri Poincaré, which hosted us in the beginning of our work on this paper. The work
was also partially supported by the CNRS MITI Project “GraNum” and PHC Procope
“GraNum 2.0”, CNRS PEPS JCJC project. A.K. also appreciates the support of the
Faculty of Science of the University of Hradec Krélové. C.L. would like to thank Tsing
Hua University BI3ZiE#E KE (Taiwan) for its hospitality.

At early steps of the project, C.L. had enlightening discussions with Thomas Strobl,
and they are writing an article on a related subject. We appreciate the discussions with
various participants of the IHP program “Higher structures in geometry and mathematical
physics”, in particular Barbara Fantechi, Ezra Getzler, Aliaksandr Hancharuk, Hsuan-Yi
Liao, and Ping Xu. We are grateful to Theodore Voronov for providing an extensive list
of references on several subjects related to this work. We thank the anonymous referee
for their useful remarks and suggestions.

REFERENCES

1. M. Alexandrov, A. Schwarz, O. Zaboronsky, and M. Kontsevich, The geometry of the master equation
and topological quantum field theory, Internat. J. Modern Phys. A 12 (1997), no. 7, 1405-1429.

2. Takovos Androulidakis and Georges Skandalis, The holonomy groupoid of a singular foliation, J. Reine
Angew. Math. 626 (2009), 1-37. MR 2492988

3. Marjorie Batchelor, The structure of supermanifolds, Trans. Am. Math. Soc. 253 (1979), 329-338
(English).

4. Kai Behrend, Hsuan-Yi Liao, and Ping Xu, Derived Differentiable Manifolds , arXiv:2006.01376
(2021).

5. F. A. Berezin, The mathematical basis of supersymmetric field theories, Sov. J. Nucl. Phys. 29 (1979),
857-866 (English).

6. Francis Bischoff, Henrique Bursztyn, Hudson Lima, and Eckhard Meinrenken, Deformation spaces
and normal forms around transversals, Compos. Math. 156 (2020), no. 4, 697-732 (English).

7. G. Bonavolonta and A. Kotov, On the space of super maps between smooth supermanifolds,
arXiv:1304.0394 [math.DG] (2013), 16.

8. Giuseppe Bonavolonta and Norbert Poncin, On the category of Lie n-algebroids, J. Geom. Phys. 73
(2013), 70-90. MR 3090103

9. Jean-Paul Dufour, Normal forms for Lie algebroids, Lie algebroids and related topics in differential
geometry (Warsaw, 2000), Banach Center Publ., vol. 54, Polish Acad. Sci. Inst. Math., Warsaw,
2001, pp. 35-41. MR 1881647

10. K. Gawedzki, Supersymmetries-mathematics of supergeometry, Ann. Inst. Henri Poincaré, Nouv. Sér.,
Sect. A 27 (1978), 335-366 (English).

11. Melchior Griitzmann and Thomas Strobl, General Yang-Mills type gauge theories for p-form gauge
fields: from physics-based ideas to a mathematical framework or from Bianchi identities to twisted
Courant algebroids, Int. J. Geom. Methods Mod. Phys. 12 (2015), no. 1, 1550009, 80.

12. Marc Henneaux and Claudio Teitelboim, Quantization of gauge systems, Princeton University Press,
Princeton, NJ, 1992.

13. Hans-Christian Herbig, Daniel Herden, and Christopher Seaton, Higher Koszul Brackets on the
Cotangent Complez, International Mathematics Research Notices (2022), rnacl70.

14. Shuhan Jiang, Monoidally graded manifolds, J. Geom. Phys. 183 (2023), 13 (English), Id/No 104701.

15. Benoit Jubin, Alexei Kotov, Norbert Poncin, and Vladimir Salnikov, Differential graded Lie groups
and their differential graded Lie algebras, arXiv:1906.09630 (2019).

, Differential graded Lie groups and their differential graded Lie algebras, Transformation

Groups 27 (2022), 497-523.

16.




NORMAL FORMS OF Z-GRADED Q-MANIFOLDS 31

17. H. M. Khudaverdian and Th. Th. Voronov, Higher Poisson brackets and differential forms, Geometric
methods in physics, AIP Conf. Proc., vol. 1079, Amer. Inst. Phys., Melville, NY, 2008, pp. 203-215.
MR 2757715

18. Maxim Kontsevich, Deformation quantization of Poisson manifolds, Lett. Math. Phys. 66 (2003),
no. 3, 157-216 (English).

19. Jean-Louis Koszul, Connections and splittings of super-manifolds, Differ. Geom. Appl. 4 (1994), no. 2,
151-161 (English).

20. Alexei Kotov and Vladimir Salnikov, The category of Z-graded manifolds: what happens if you do
not stay positive, arXiv:2108.13496 (2021), 26.

21. , Various instances of Harish-Chandra pairs, arXiv:2207.07083 (2022), 22.

22. Alexei Kotov and Thomas Strobl, Characteristic classes associated to Q-bundles, Int. J. Geom. Meth-
ods Mod. Phys. 12 (2015), no. 1, 1550006, 26.

23. Camille Laurent-Gengoux, Sylvain Lavau, and Thomas Strobl, The universal Lie co-algebroid of a
singular foliation, Doc. Math. 25 (2020), 1571-1652.

24. Camille Laurent-Gengoux, Mathieu Stiénon, and Ping Xu, Fxponential map and Lo, algebra associ-
ated to a Lie pair, C. R. Math. Acad. Sci. Paris 350 (2012), no. 17-18, 817-821.

, Poincaré-Birkhoff- Witt isomorphisms and Kapranov dg-manifolds, Adv. Math. 387 (2021),
Paper No. 107792, 62.

26. Camille Laurent-Gengoux and Thomas Strobl, Work in progress.

27. Dimitri Leites, Theory of Supermanifolds, (rus), Moscow, 1983.

28. Dmitry Roytenberg, AKSZ-BV formalism and Courant algebroid-induced topological field theories,
Lett. Math. Phys. 79 (2007), no. 2, 143-159. MR 2301393

29. Leonid Ryvkin, Observables and Symmetries of n-Plectic Manifolds, Springer, 2016.

30. Albert S. Schwarz, Semiclassical approzimation in Batalin-Vilkovisky formalism, Commun. Math.
Phys. 158 (1993), 373-396.

31. Pavol Severa, Some title containing the words “homotopy” and “symplectic”, e.g. this one, Pro-
ceedings of the 4th conference on Poisson geometry, Luxembourg, June 7-11, 2004, Luxembourg:
Université du Luxembourg, 2005, pp. 121-137 (English).

32. A. Vaintrob, Normal forms of homological vector fields, J. Math. Sci., New York 82 (1996), no. 6,
3865-3868 (English).

33. Th. Th. Voronov, Geometric integration theory on supermanifolds., CRC Press, 1991.

34. , Graded manifolds and Drinfeld doubles for Lie bialgebroids., Quantization, Poisson brackets
and beyond. London Mathematical Society regional meeting and workshop on quantization, deforma-
tions, and new homological and categorical methods in mathematical physics, Manchester, UK, July
6-13, 2001, Providence, RI: American Mathematical Society (AMS), 2002, pp. 131-168 (English).

, Q-manifolds and higher analogs of Lie algebroids, XXIX Workshop on Geometric Methods
in Physics, AIP Conf. Proc., vol. 1307, Amer. Inst. Phys., Melville, NY, 2010, pp. 191-202.

36. , On a non-abelian Poincaré lemma, Proc. Amer. Math. Soc. 140 (2012), no. 8, 2855-2872.

37. , Graded geometry, Q-manifolds, and microformal geometry, Fortschr. Phys. 67 (2019).

38. Pavol Severa, Some title containing the words “homotopy” and “symplectic”, e.g. this one, Travaux
mathématiques. Fasc. XVI, Trav. Math., vol. 16, Univ. Luxemb., Luxembourg, 2005, pp. 121-137.

39. Alan Weinstein, The local structure of Poisson manifolds, J. Differential Geom. 18 (1983), no. 3,
523-557. MR 723816

25.

35.

ALEXEI KOoTOV: FACULTY OF SCIENCE, UNIVERSITY OF HRADEC KRALOVE, ROKITANSKEHO 62,
HrADEC KRALOVE 50003, CZECH REPUBLIC
Email address: oleksii.kotov@uhk.cz

CAMILLE LAURENT-GENGOUX: UNIVERSITE DE LORRAINE, CNRS, IECL, F-57000 METZ, FRANCE
Email address: camille.laurent-gengoux@univ-lorraine.fr

VLADIMIR SALNIKOV: LASIE — CNRS & LA ROCHELLE UNIVERSITY, Av. MICHEL CREPEAU, 17042
LA RocHELLE CEDEX 1, FRANCE
Email address: vliadimir.salnikov@univ-1r.fr





