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Introduction

Frequently physical systems are described by differential equations on a manifold M usually
assumed to be symplectic. This means that M is even dimensional and there exists a 2-form w
which is closed, dw = 0 and it induces an isomorphism w : TM — T*M. A typical example
of a symplectic manifold is the cotangent bundle M = T*(Q, where the canonical symplectic
form can be written in coordinates as w = Z?;nf@dqi A dp;. From the algebraic point of
view we may think of a ring of smooth functions C°°(M) equipped with a Poisson bracket

{, }:C®(M) x C®(M) — C*(M):
{fag} :W(vaXg)»

where the vector field X is uniquely determined through the equation df = w(Xy,-). This
bracket is Lie bracket, i.e. it is anticommutative and satisfies the Jacobi identity. The usual
multiplication on C*°(M) turns C*°(M) into a commutative ring, which relates to the Poisson
bracket via the Leibniz rule:

{figh} ={f,g}h +{f, h}g.

This means that for any f € C(M), {f, } is a derivation of a commutative ring C*°(M).
A typical physical system consists of a fixed function H, called the Hamiltonian, and a set of
functions {¢, : M — K, o € J}, for some index set J, called the constraints. The dynamics is
defined on the constraint surface V', which is a zero locus of {¢,}. The ring of functions on V'
can be identified with the C°°(M)/I, where I is the ideal of functions vanishing on V. If 7 is
coisotropic, that is preserved under Poisson bracket {Z,Z} C Z, then the vector fields Xy are
tangent to V (if V' is smooth). Thus V is foliated and the space of orbits VZ inherits a Poisson
structure. A simple example is given by the Marsden-Weinstein reduction [MW74]:

i. Suppose M is equipped with a Lie group action ® : G x M — M. The infinitesimal
action is a Lie algebra homomorphism that sends elemenents of Lie algebra g of G to
vector fields on M, ¢ : g — X(M). Assume that this action is hamiltonian, i.e. Va € g
¢a = {ha, -}, where h : g — C°°(M) is a Lie algebra homomorphism, A,y = {ha, hp}-

ii. The map h defines a momentum map p : M — g* via p(p)(a) = hq(p). Then the zero
locus hq(p) = 0 for all a € g can be identified with the x~1(0). If in addition G acts freely
on i~ 1(0), p1(0)/G is a symplectic manifold with symplectic structure induced by w.

A more general treatment that incorporates Poisson manifolds can be found in [MR86, OR14].
An alternative approach is a homological construction, known as BFV(also known as the
Hamiltonian-BRST) construction. The essence of the BFV construction is captured by a dif-
ferential graded Poisson algebra, which encodes a resolution of the zero locus ¢, = 0 and a
complex resembling the Chevalley-Eilenberg complex whose cohomology upon the restriction to
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the constraint surface is given by N(Z)/Z, where N(Z) = {f € O |{f,Z} € Z} is the normalizer
of Z. In good cases this cohomology can be identified with VZ. We discuss this construction in
more details:

Given a commutative Poisson algebra (O, {-,-}») and a Poisson ideal Z, {Z,Z}» C Z, the
BFV construction can be obtained as follows:

i

ii.

iii.

The first building block is a Koszul-Tate resolution of O/Z, first introduced by Tate
[Tat57]. If a generating set ¢1,. .., ¢ of Z (which does not neccesarily coincide with {¢q})
forms a regular sequence, then the Koszul-Tate resolution is isomorphic to the Koszul
complex, hence the name. The Koszul-Tate resolution of O/Z is a graded symmetric
algebra (Sp(€),d) built on a free (or projective) graded O-module £ = EDELD---DE, D

. Any element a of &; is said to have a degree i, also known in the physics literature as
the antighost number agh(-), agh(a) = i. By construction this graded symmetric algebra
is quasi-isomorphic to O/T.

In contrast to free (projective) resolutions, the Koszul-Tate resolutions are highly infinite,
in particular if the generating set ¢1, ..., ¢ of Z is not a regular sequence, then the length
of the Koszul-Tate resolution of O/Z is infinite.

To any O-submodule & we introduce its dual & = Hom(&;, O) for all i > 1. Any
clement a € & is said to have a ghost degree gh(a) = i. Let us write £* = @72, &
Then Sp(€ & £*) is equipped with a Poisson bracket [-,-] which coinsides with {-,-}o
whenever the entries are in 0. On the basis {em;}, {e},;} of &,& respectively the
bracket is given by:
(€735 €nsjl = Smndi,

with other combinations vanishing. The bracket is graded antisymmetric: [e},;, en;j] =
—(=1)"™"[ensj, ey,.;]- The lift of the bracket to So(E®E) is then given by a graded Leibniz
rule. On € @ £* one introduces a total degree, known in physics also as the total ghost
number tgh(-). By definition one assigns tgh(a) = —i for all a € &; Vi, tgh(b) = j for
all b € £ Vj, and tgh(F) = 0 for all F' € O. Then the Poisson bracket [,-] has a total
degree 0.

The BFV construction is then the differential graded Poisson algebra (So(E®E*), [+, ], Q)
equipped with a homological vector field Q = [@, -] which we outline below. The existence
of such @ is due to the following well-known statement (see e.g. [HT92]).

Theorem 0.1. Let O be a Poisson algebra and T C O be a Poisson ideal. Let (S(E),0)
be the Koszul-Tate resolution of OJZ and S(E & E*) the graded Poisson algebra described
above. Then there exists a vector field Q of total degree 1 on S(E & E*) such that

1. Q=1[Q, ] =1[0+...,], where & is the differential 6 viewed as an element of So (€)@
E*, ... correspond to terms at least quadratic in E*.
2. Qo Q=0

The proof of Theorem 0.1 is essentially an application of the Homological Perturbation
Lemma, see [HT92, Sta97|. Let us list the properties that such Q satisfies:

1. Cohomology of Q at negative total degree is equal to 0.

2. Hy(Q,S0(E®E*))=N(12)/T.

3. With respect to a filtration by antighost degree, Q@ = § + ZZ 16 901 + ..., where
. stands for terms of agh > 1 and agh = 0 distinct from ZZ 1€; Xy, By abusing

the notations, we denote by ¢ here the Koszul-Tate differential trivially extended to
E*.
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A Hamiltonian of a system with constraints is an element H of N(Z). Having found the BFV
construction (Sp(€® E*), [-,], Q), it is possible to construct an extension Hg € Sp(€ & E¥) of
H such that its total degree is 0, Ho = H + ..., where ... stands for terms at least linear in
E*, and [Q, Hg] = 0. In such a case Hg is referred as BFV Hamiltonian.

Remark 0.2. The BFV construction intrinsically depends on choices. In particular, the Koszul-
Tate resolutions depends on the choice of generators of Z, as well as choices within the Tate
algorithm [Tat57|. The Perturbation Lemma ensures the vector field Q exists, but it is not
canonically given. However, as it was shown in a broad generality in [FKS14, Muel7|, the
cohomology of Q does not depend on such choices. See [HT92| for earlier discussions in the
physical context.

Historical remark. From a physics perspective, one of the pioneering works that deal with
studying gauge theories was written by Faddeev and Popov [FP67|, where the authors presented
a new method to calculate one-loop diagrams in a path integral approach by introducing auxil-
liary fields. Further developments are known now as a BRST quantization [BRS76, Tyu75] for
Hamiltonian systems and BV quantization [BV83a, BV83b, BV84| for the Lagrangian coun-
terpart. The cohomological interpreration of BRST method is due to Henneaux [Hen85| and
collaborators [FHST89|, where the authors employed the homological algebra tools to show
the existence of BFV construction. See also [KS87, Sta97| for related works from the point
of view of Poisson reduction. An application to field theory is given in [BBHO00|, where the
higher cohomologies of Q are studied and its interpretation is given as well as the application
to Yang-Mills theory. Another related result is the celebrated AKSZ construction [ASZK97],
which canonically associates a BV-type construction to a classical action functional and the
Hamiltonian counterpart, first appeared in [GD00.

Example 0.3 (BFV construction and equivariant moment maps). As an entry data, let us
have a manifold M with a Lie group G action on it. Furthermore, let the momentum map
p: M — g* be G-equivariant, which is tantamount to h : g — C°°(M) being a Lie algebra
homomorphism. The relation between h and u is hq(p) = u(p)(a), for all p € M, a € g. Denote
by Z the ideal of functions vanishing on the zero locus of {hy}. The first step is the Koszul-
Tate resolution of O/Z. For simplicity, we assume that the generators of Z, hy, . .. hqim(g) form
a regular sequence, i.e. hi is not a zero divisor on C*°(M), and h; is not a zero divisor on
C>®(M)/(h1,...,hj_1) forall j € 2,...,dim(g). Then the Koszul-Tate resolution is isomorphic
to the Koszul complex, and is given by (So(€1),0), where & is a free O-module of rank dim(g)
with a basis parametrized by the basis of g. ¢ : & — O is then d(ex) = hy, and it is extended
to the graded symmetric product Sp(&€1) as a graded derivation. We may view 4 as an element
in Sp(&1 ®EY) as
dim(g)

(]

eth.
k=1
A simple check shows that [§, 8] # 0. If ij are structure constants of the Lie algebra g, then

dimg dimg
1~k * 1k *
E C’Uele]ek, E 3Ceiee] =0,
i k=1 i k=1

so the nilpotent vector field is given by

dim(g) dim g dimg
_ * 1~k k x
Q=0+ Zethk— Z Cwlja* Z Cijesen
k=1 i,5,k=1 i,j,k=1

Let us write pg and pg« for projections Sp(€ & %) — So(€) and So(€ & &%) — So(EF)
respectively. Then pg o Q o pg is the Koszul-Tate differential and pg+ o Q o pe« is the Chevalley-
Eilenberg differential.
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In practice whenever the contraints do not form a regular sequence, construction of the
BFV data is problematic. Despite that the general algorthm is known [FHST89], it may not
terminate at the finite number of steps. The problem arises already at the level of Koszul-Tate
resolutions, where the known resolutions are essentially the one isomorphic to Koszul complex.

This thesis is devoted to studying Koszul-Tate resolutions. There are several instances when
Koszul-Tate resolutions appear: it is not restricted to only BV /BFV techniques, but it is also a
building block in rational homotopy theory [Sul77] and the theory of PDE [Ver01], see [GK19]
for a development in the direction of gauge PDE. The Koszul-Tate resolutions are interesting by
themselves as well, since they provide an example of infinite minimal free resolutions [MP15],
a topic largely undeveloped. In particular, let O be a polynomial ring R = Klzy,...,z,],
@1, Pk, Where ¢; = aji1x1 + -+ + ajnTp, be a regular R sequence. Then, the minimal
free resolution of K in free R/(¢1, ..., px)- modules is a Koszul-Tate resolution (S(&; & &2),9),
where &1, & are free R/{p1, ..., ¢r)- modules of ranks n and k respectively. The differential §
is defined as:

In homological degree 1 d(e;) = x;.

In homological degree 2 §(y;) = ajie1 + - + ajnen.

and then extended by the graded Leibniz rule to S(€ @ £*). However, up to a tensor product
with a graded symmetric algebra generated by a trivial complex T, this is the only known
example of the Koszul-Tate resolution different from the Koszul complex. In this thesis we
introduce a new class of examples we call arborescent Koszul-Tate resolutions. The name is
due to £ being a graded module of decorated rooted trees. In contrast to the original Tate
algorithm, the arborescent resolution is constructed in a finite number of steps for a large class
of examples, precisely those admitting as modules finite length free or projective resolutions
(M, d). This covers in particular the resolutions of finitely generated R-modules, with R being
a polynomial (or local) ring. The arborescent resolution by construction gives a deformation
retract on (9M,, d) thus inducing an A..-algebra on (M., d). We give particular examples of
such resolutions and the induced A,.-algebras. Moreover, whenever one has a free or projective
resolution (MM, d) which has a differential graded algebra structure, the arborescent Koszul-Tate
resolution is canonically defined.

We find a notion of a minimal Koszul-Tate resolution whenever O is a Noetherian local ring
or a graded polynomial ring. We prove that in this case any Koszul-Tate resolution contains
a minimal one, which can be recovered. Lastly, in case O is a polynomial ring and Z C a
monomial ideal of O whose generators do not form a regular O-sequence, we show that the
Koszul-Tate resolutions are highly infinite: the graded module £ entering the resolution has
non-zero components of arbitrary high homological degree. In physical terms, this means that
the number of generations of "ghosts-for-ghosts" is infinite.

The thesis is organized as follows: In the first Chapter we review the material on free
resolutions. We study in details the notion of minimality and we specialize to the case of
graded resolutions of polynomial rings, where a lot of development took place in the recent
years, see e.g. [Peel0].

In the second Chapter we study and develop the arborescent Koszul-Tate resolutions. This
is based on a joint work with Camille Laurent-Gengoux and Thomas Strobl.

The third Chapter is a reprint of a joint paper with Thomas Strobl [HS23|, where we studied
the connection between the universal Lie-co algebroid [LLS20] and the BFV construction on
the example of Lie-2 algebroids.






Free resolutions of commutative rings

The objective of this chapter is to establish the foundation for the next chapter. We offer the
reader an introduction to certain aspects of commutative algebra. Specifically, we study free
O-resolutions of an O-module M, with O being a commutative ring. In Section 1, we focus
primarily to the case when O is local. We investigate the minimality of such resolutions and
provide various examples. We devote special attention to the study of the Koszul complex.
When 7 is generated by a regular O-sequence, the Koszul complex of an O-module O/Z serves
as an example of an O-resolution equipped with an exterior (or graded symmetric algebra)
that aligns with the resolution’s differential. The Koszul complex, whenever it is acyclic in
non-zero homological degrees, becomes relevant for the next Chapter on algebra resolutions as
well, since it is the sole explicit example of the Koszul-Tate resolution. The content in Section
1 is based on references [Eis95, Mat70, MR89]. Meanwhile, the material in Section 2 focuses
on polynomial rings and modules graded with respect to the polynomial degree. Concentrating
on this specific case yields fruitful results; we demonstrate that if Z is a monomial ideal, then a
particular canonical simplicial construction known as the Taylor complex (or the algebraic Scarf
complex in specific cases) serves as a resolution of O/Z. Section 2 draws from [Peel0, MS04].
Finally, in Section 3, we compile some fundamental concepts of homological algebra, alongside
some technical lemmas and propositions utilized within the chapter.

1 Free resolutions

Let O be a commutative ring and Z C O a proper ideal. We call a complex

dp, da

ity oy, m, L 09,0 (1)

a free O-resolution of O/Z if it satisfies

i. each My, is a free O-module and each map dj, is O-linear.

ii. The complex has no homology in positive degrees and the degree 0 homology is O/Z.

For further convenience, we define the sum of all M; as M, i.e, My = BjenM;. We adopt
the convention that My is equal to O and dy is equal to 0. To encode a collection of maps d;,
we introduce a map d : M, —> M, such that its restriction to IM; reproduces d;, denoted as
dlom, = d;.

We call (9M,,d) the complex defined in Equation (1). We denote the homological degree
of the complex by deg(-). According to this definition, for any a € 9, and F € O, we have
deg(a) = k and deg(F') = 0.

Remark 1.1. In a broader context, for any O-module M, an O-resolution of M refers to a
chain complex

dp, da

Bt f)ﬁk 93?1 ” mo 0 0 (2)



made of free O-modules. This complex is required non-zero homology only at degree 0, denoted
as Ho(9M,, d), which is equal to 9y/Im(d;) and is isomorphic to M. Furthermore, each d; in
the complex is O-linear.

A classical result in homological algebra states that it is possible to construct a free resolu-
tion. This can be demonstrated easily using the following algorithm:

Construction 1.2. Free resolution of O/T

1. Take a set Co = {¢1,...,Pk, ...}, possibly infinite, of generators of Z. Form a free
O-module My, with a basis {ey, ¢ € Co} parametrized by the generators of Z. The
differential dy is an O-linear map M, — O:

Cll (6¢) = (b

2. Here we describe a pair (941, d;+1) by recursion. Assume that a collection {(9M1;,d;)|j €
[1,i]} of free O-modules and O-linear maps has been constructed. Consider a kernel
of d;. Clearly, Ker(d;) is an O-submodule of ;. Denote its set of generators as C; =
{x1,---, Xk, - }. Then M; ;1 is a free O-module whose basis { fy, x € C;} is parametrized
by C;. The differential d;11 : 9,11 — IM; is defined as

di+1(fx) = X

3. The algorithm continues on unless at a step N we find Ker(dy) = 0. In that case we set
My1 = 0 and the algrorithm terminates.

Definition 1.3. The length of a resolution (M, d) is maz{i|M; # 0}. (M, d) is a finite
resolution if its length is finite, otherwise we call it an infinite resolution.

Remark 1.4. If O is a polynomial ring of N variables, then by the Hilbert Syzygy Theorem
(see Section 1.6), for any O-module M there exists a resolution (9M,, d) of length < N.

Remark 1.5. For O being a Noetherian ring(see details in Section 3) Construction 1.2 implies
that every 91; can be chosen to be finitely generated. Indeed, at the step 1 we can choose a
finite number of generators of Z, and therefore a Noetherian O-module 91, is finitely generated.
At degree 2, Ker(dy) is a submodule of 9t and therefore finitely generated by the Noetherian
property of ;. This argument extends to all homological degrees.

1.1 Minimal resolutions and first examples

We start this subsection by giving a proper definition for a minimal set of generators of an
O-module M.

Definition 1.6. Let ® = {¢1,..., ¢k} be a set of generators of an O-module M, i.e. M =
Op1+ -+ + O¢p. P is said to be minimal if any proper subset of ® does not generate M.

While constructing a resolution of @/Z one can pose a natural question: can we find a
"minimal" free resolution? The property of being minimal can be addressed at each step of the
Construction 1.2: use a minimal set of generators of Z to construct 1. Then at a homological
degree ¢ choose a minimal set of generators of kernel d; and use it for defining 91;, 1. However,
using a minimal set of generators turns out to be a not well-thought idea in general. As a
simple example shows, these sets are not unique and even the minimal number of generators is
not defined:

Example 1.7. Let Z be an ideal generated by 7 in Z. Then both G; = {7} and G5 = {28,35}
generate Z. These two generating sets are minimal in the sense of Definition 1.6.

4



However, in two distinct situations, when O is a local or a graded polynomial ring, due to
Nakayama’s lemma the concept of minimality persists, a minimal free resolution exists and is
unique.

Let us briefly introduce the neccessary concepts:

Definition 1.8. A local ring R is a unital commutative ring with exactly one mazximal ideal J .

To emphasize the maximal ideal J we denote sometimes a local ring as a pair (R,J). A
typical example of local rings is a ring of formal power series C[[z1,...,2zy]]. The maximal ideal
J comprises of all elements whose constant term is zero. A non-example is a polynomial ring
Clxy,...,z,] whose maximal ideals J, are parametrized by a € C". Each 7, is the collection
of polynomials vanishing at a.

Lemma 1.9. The following statements are equivalent:
e R s a local ring.
e R has a mazimal ideal M and any non-zero element of R\M is a unit.

Proof. Proof by contraposition. Let M be a maximal ideal in R.

If x € R\M and is not a unit (i.e. non-invertible), then it is contained in a maximal ideal
M. Therefore, R has at least two distinct maximal ideals.

If M’ is another maximal ideal of R, choose x € M’ x ¢ M. Then z is not a unit. O

Since every element of R\ M is a unit, K := R/M is a field called a residue field. More
generally, for any R-module N, N/MN is a K-vector space.

Example 1.10. A residue field of C[[z]] is just C. Any element of the form 1+ f, where f
being any formal power series with zero constant coefficient, has an inverse —— understood as

1+f
a formal Taylor expansion around 0.

Lemma 1.11 (Nakayama’s Lemma).

Let M be a finitely generated R-module and Z C R a proper ideal. If M = TM then there exists
a € R such that aM =0 and a =1 mod Z.

Proof. Let y1,...ys be generators of M. We prove the statement by induction on the number
of generators of M. Take M’ = M /Ry, which satisfies by induction assumption (1+xz)M’ =0
for some x € Z. Note if s = 1 this is trivially satisfied.

Since M = IM, (1+ 2)M C Rys C Zys. In particular (1 + z)ys = zys for some z € 7.
Therefore (1 4z — z)(1 + )M = 0. The last equality can be expressed as (1 + f)M = 0 for
some f € Z. Ol

Corollary 1.12. In the setting of Lemma 1.11 if R is a local ring then M = JM implies
M = 0. Moreover, if M =W + JM for some R-module W, then M = W.

Proof. The first statement follows from the fact that 1 4 f is an invertible element in R. The
second is a corollary to the first one for the module M /. 0

Nakayama’s lemma proves to be extremely useful when dealing with minimal sets of gener-
ators. The main properties of such sets can be summarized in the following proposition:

Proposition 1.13. Let (}Lj) be a local ring with a residue field K and M be a finitely generated
O-module. Let us denote M = M/JM a K-vector space, whose dimg (M) we denote n. Then

(1) A preimage in Mof a basis {€1,...,€,} of M is a minimal set of generators of M.

(2) Every minimal set of generators is obtained as in (1), therefore it has n elements.
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(3) If{e1,...,en} and {f1,..., fu} are minimal sets of generators of M and e; = Z?zl Aiifj
Then the determinant of the matriz (A;j) ts a unit, therefore (A;;) is invertible.

Proof. (1): Let us denote a preimage of {ej,...,e,} in M by {e1,...,e,}. We can write
M = " Re;,+JM. Since M is finitely generated, M/ " | Re; is finitely generated as
well, and M/ > | Re; = J(M/ > | Re;). By Nakayama’s lemma we deduce M = >"" | Re;.

If {e1,...,en} is not a minimal set of generators, then one of its proper subsets {e;,,...,e;,},
k < nis. By quotienting out JM we obtain that {€;,...,€;,} is a basis of M. Contradiction.
(2): Let e = {e1,...,e,} be a minimal set of generators of M. Then its image {€1,...,€,}

under the quotient by JM is a basis of M. Indeed, if its any proper subset {€,....¢,}is
a basis of M, then by (1) we get that {e;,,...,ej,} is a generating set of M and is a proper
subset of e. Contradiction.

(3): Take a quotient by J of e; = 3°7_; A;jfj. The corresponding matrix (4;;) has a non-
zero determinant valued in K. Its preimage, detA ¢ J, therefore it is invertible, i.e. a unit.
The inverse matrix is a multiple of Cramer adjoint, A~! = (detA)~1 - AY

O

Now we are finally able to give a definition of a minimal resolution:
Definition 1.14. Let (R, J) be a local ring and T C R a proper ideal. A resolution of R/T

di41 d d d 0
M —— -+ —== My —— O > 0

is called minimal if diy1(M;11) S TM;.

This, at the first sight strange, definition gives exactly the naive notion of "minimality" of
a free resolution, i.e. such resolutions can be obtained by choosing a minimal set of generators
in Construction 1.2 as illustrated in the following proposition:

Proposition 1.15. Let (R, J) be a Noetherian local ring with a residual field K and T C R
a proper ideal. The resolution described in Construction 1.2 is minimal if and only if at each
degree i we choose C; to be a minimal set of generators of Ker(d;).

Proof. Assume that the resolution (9, d) is not minimal. Therefore 3i > 0 such that d;2(M;12) €
JIMit1 (in case ¢ = —1 the image of d;y9 is automatically in Z C J9My). This means that
there is an element a in Im(d;+1) = Ker(d;+1) such that

a= asfy (3)

o€l

with at least one of a; being a unit. Recall that as in Construction 1.2 we denote {fy | ¢ € C;}
a basis of ;1. After multiplying (3) by a;l and renumbering elements of C; we obtain

a=fs+ Y, agfs (4)
¢€Ci/d1

Applying d to (4) we obtain ¢1 + > ¢, /¢y 0o @ = 0, therefore the set of generators C; is not
minimal.

Now, let us assume that at a homological degree ¢ > 0 we chose a non-minimal system of
generators of kernel of d;. Renumbering the generators, we can write

pr+ Y age=0. (5)
»€eCi/P1

For some ay € R. (5) is tantamount to a generator ¢; being redundant. Due to each ¢ being
in the kernel of d, at degree i + 1 the folowing combination is exact:

6



for+ D asls (6)
deC;i/P1

and therefore, belongs to Im(d;12). Thus djto(Mitre) € TMit1. O

Remark 1.16. In Proposition 1.15 we asked additionally for (R, J) to be Noetherian. This is
done in order to ensure that Ker(d;) is finitely generated, thus the properties of minimal sets
of generators as in Proposition 1.13 hold.

Example 1.17. Let R = C[[z,y, z]] and T is generated by Cy = {3, 2, y2z}. The minimal free
resolution of R/ is

ds da

025 R, R3 y RS 4

R—2+0

The ranks of M, are 1,3,3,1 in degree 3,2, 1,0 respectively. The differential d is given by:

In homological degree 1 die; = 2%, dies =v%, dies = yz.
In homological degree 2 dsf) = zeo — yes, dofo = yze; — $363, daofs = y261 — z3es

In homological degree 3 dsg = 2°f1 —yfo+ 2f3

1.2 Betti numbers

Given an O-module N and a free resolution (IM,, d) of an O-module M a natural question is to
study a complex (MMe @ N,d ® id). As we will see in a short while, this complex in general is
not acyclic. The homology of this complex at homological degree i is denoted by Torf”(M ,N).

Example 1.18. Let R be Rlx,y], Z be an ideal generated by = and N be a quotient R/xz%. A
resolution of O/T has a form 0 O v R—23R—"50. Then a tensor product with N

gwes rise to a compler 0 ~— 9%y Re®r N —* 3 Rog N —250. A straightforward calcula-

tion shows that Torf(O/I,N) is generated by 1 @ x as an O-module and Torf(O/I,N) =
O/I®r N.

Proposition 1.19. List of properties of Tor®(M, N)
i. Torf(M,N) =M ®p N.
i. If N is free, then Tor®F(M,N) =0 fori > 1.
ii. It is symmetric in M and N, i.e. Tor®(M, N) = Torf(N, M)

w. Torfz(M,N) 15 unique up to an isomorphism, i.e. it does not depend on a choice of

(M, d).
The proof of this Proposition can be found in a textbook of commutative algebra, see e.g.
[Eis95].

Definition 1.20. Let (R,J) be a local ring with a residue field K, let T be a proper ideal of R
and (Me,d) is a resolution of R/I. Then the Betti numbers b; are defined as the K-dimension
of i-th homology group of a complexr (Mo @ K,d ®id), i.e. b; = dimg(Torl*(R/Z,K)).

Remark 1.21. The Betti numbers b; do not depend on a choice of resolution of O/ since
Tor(R/Z,K) does not. If (M, d) is a minimal resolution, then the rank of MM; coincides with
the Betti number b;. In Example 1.17 they are equal to 1,3,3,1 respectively.
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1.3 Uniqueness of a minimal resolution

In this subsection R is a Noetherian local ring with a maximal ideal J and a residue field K.

Definition 1.22. (A.,d4) and (Be,dp) be two chain complezes. A direct sum of (Ae,d ) and
(Be,dB) is a chain complex (Co,dc) such that

1. C; = A; @ B; as R-modules.
i. (de)i = (da)i ® (dB)i

Homology of a direct sum of complexes is a direct sum of homologies of its component
complexes.

Definition 1.23. A trivial complex is a direct sum of complexes of the form

0—2R-—23rR—250. (7)
Example 1.24. We can form a trivial complex

0"+ R R? R? R 0.

by taking several copies of (7) with shifted degrees, e.q.:

0—25sRrR—"sR—250
o & o
0—25R—25R—"50
e & o
0—25RrR—25R-L"50

Trivial complexes have no homology, so if (9, d) is a resolution of M then so is (Me B
T,.,d®dr) for a trivial complex (T, dr). It turns out that over a local ring (also for a graded
polynomial ring, see Section 2) this is the only source of a nonuniqueness of free resolutions.

Lemma 1.25. If

di41 d d d
ey — s 2 oy oy 2 0

(M, d) : -

is a complex of finitely generated at each degree free modules with trivial homology, i.e. a free
resolution of 0, then (M,,d) is a trivial complez.

Proof. Since My is free, by Lemma 3.4 9y splits into My = My & M). Note that Im(dy) =
Ker(d;) = ). Thus the complex (M., d) is a direct sum of complexes

A():O f)ﬁg ! 9)20%0

and
da

(ML, d) - gy ey B oy m, —2 0

Ap is a trivial complex. (9!, d) is a complex with trivial homology which consists of free
modules with a possible exception for 9, which is at least projective. Due to Lemma 3.6 2t}
is actually free. Applying the same argument we find that (9!, d) = A; & (M2, d) where A; is a
trivial complex and (92, d) is a complex of free modules with trivial homology that starts with
terms at least of degree 2. Repeating the argument, we find (M, d) = AgD A1 B DA D. ..
where each summand is a trivial complex. O



Theorem 1.26. Let R be a Noetherian local ring and let M be a finitely generated R-module.
If (M, d) is a minimal free resolution of M, then any free resolution of M is isomorphic to the
direct sum of (M, d) and a trivial complez.

Proof. Let (Ge,d) be a free resolution of M and (9M,,d) be a minimal resolution of M. By
Corollary 3.13 they are homotopy equivalent, that is there exists chain maps a : (M, d) —
(Ge,d) and B : (Gs,d) — (M,,d) such that ao 8 and B o a are homotopic to identity. In
particular this means foa —1 = doh+ hod for some chain homotopy h. Since d(9,) C TN,
foa = 1mod J. In particular for each homological degree i det(3; o) is invertible. Therefore,
there exists an inverse of 5 o a that we denote by ~. For each i consider the following sequence
of morphisms:

This sequence is splitting, and by Lemma 3.3 G; = a(9M;) ® Ker(y; o §;). Denote R-module
Ker(v; o 8;) by T;, which is at least projective. By Lemma 3.6 T is free. Let us check that ¢
preserves the direct sum decomposition, i.e. §(a(9M;)) C a(M;_1) and 6(7;) C T;—1. The first
inclusion follows directly from « being a chain map. To verify the second one, take an arbitrary
z € T;. Then

Yi—1 0 Bi—10d(x) =~i—10do Bi(xr) =~i—10do 7;1 o~; 0 fBi(z) =0.

Thus §(T;) C T;—1. Therefore Go = Ty @ M, as chain complexes. Since homology of G, is a
direct sum of homologies of T, and 9, and, on the other hand is equal to homology of 9,
since both are resolutions of M we deduce that T, is acyclic. Since T, is acyclic and consists of
free modules T; by Lemma 1.25 we obtain that T, is a trivial complex. O

Remark 1.27. In practice, Theorem 1.26 is behind the algorithm of elimination of "contractible
pairs": suppose we are given a resolution (G,,d) such that it satisfies d(G;) C JGj—1 for
j < i+ 1. Then we can find a direct sum decomposition G = T} ® 9. for kK = 4,7+ 1 such that
dit1 : Giy1 —> G; preserves the decomposition and its restriction to T;41 is an isomorphism.
By Lemma 3.6 911, M; and T4 1, T; are free, therefore a complex

d
0 —= Ty ——= T, —— 0.

is a trivial complex. Thus a "smaller" complex (G,,d’) obtained by replacing G; by 9, for
J = i,i+1is still a free resolution of M. Note that (G,,d’) is well defined, i.e. d(G;12)NTi+1 =0,
otherwise it contradicts the decomposition and the action of d on it. The procedure can be
repeated for degrees ¢ + 2,7 + 1 and its outcome is always an elimination of pairs T;49,Tj41,
hence the name.

1.4 Koszul complex

In this section we assume R is a Noetherian ring and M is a finitely generated R-module. An
element z € R is a non-zero divisor on M if x - m # 0 for all non-zero m € M. It is also
said to be an M -regular element. We abbreviate by (y1,...,y,) an ideal Z C R generated by

Y1y -3 Yn-

Definition 1.28. A sequence f = fi1,..., fr of elements in R is M-regular if

i (f1yeees )M # M.

it. f1 is a non-zero divisor on M and for alli > 1 f; is a non-zero divisor on M /(f1,..., fi—1)M.
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Construction 1.29. Let f = fi,..., fr be a sequence of elements in R. Let V be a free R-
module R® R® --- @ R with a basis e = {e1,...,ex}. Form an exterior R-algebra E = A°V,

k times
i.e. take a quotient of a tensor algebra T'(V) = R®V &V @z V @ --- by an ideal I generated

by {e?,eiej+ejei|i,j € [1,...,k]}. Multiplication on E is denoted by A, which is associative.
and is anticommutative on e: e; Ae; = —ej Ae;. E is a graded free R-module, its degree 4
component F; is generated by elements {e;, A---Aej, |1 < j1 <--- < j; <k}, thus E; has a
rank (]:) The multiplication A is compatible with the grading, i.e F; A Ej; C E;yj, thus E is a
graded algebra.
Definition 1.30. A Koszul complex KC(f) on a sequence f = f1,..., fr is the graded algebra E
from Construction 1.29 equipped with a differential
i
dlej, N+ Nej) =Y (=D)F e Ao Néj A Ney,
I=1
where ™ means that the corresponding term is omitted from the product.

Remark 1.31. The following computation ensures that the differential d squares to zero on

K(f):

Evaluate d? on ej, A+ Aej,:

7
2 R A
d (ejl/\-~-/\eji): Z Alpfjlfjpejl/\-~-/\ejl/\---/\ejp/\-~-/\eji
1<l<p<i

for some coefficient A;,. To find Ay, we should consider two terms obtained from the action of
d? on (ej, A+ Nej,):

1. Remove ej, and then e;,.
2. Remove e;, and then ej,.

In 1. we obtain fj, fj ej, A+ Aéj A+ ANéj, A+ Aej, with a sign prefactor (—1)"F1F7. In 2.
the prefactor is (—1)l+p. Ay is a sum of the prefactors, thus A4;, = 0.

Remark 1.32. K(f) is a complex of a finite length k:

K(f): 0 —25 K, —4» ... —5 1, —45 Ky —250

with rk(K;) = (’f) If f is empty, then K(f) = Ko = R.

We write IC(f; M) for K(f) ®r M. Clearly K(f; R) = K(f). The homology of K(f; M) is
called the Koszul homology of M.

Remark 1.33. Ho(K(f; M)) = M/(f1,..., fr)M. This follows directly from observing that
d(K1(f; M)) = (f1,- -, fe)M and Ho(K(f; M)) = M/d(K1(f; M)).

Example 1.34. Let us give an example of the Koszul complex. We use the data of Example
1.17: R = C[[x,y,2]] and f is given by 23,42, yz. The Koszul complex is

d d d
02 RrR - ®,Rg 2. _9.p 0.y

The ranks of IC; are 1,3,3,1 in degree 3,2, 1,0 respectively. The differential d is given by:

In homological degree 1 dje; = xS, dies = y2, dies = yz.

_ da(es N e2) = yzeg — yes, da(es Ney) = yzep — zes
In homological degree 2 5 3
da(ea Nep) = y“e; — xeq.

In homological degree 3 dsg = 2°f1 — v fo + yz f3.
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In contrast to Example 1.17, the Koszul complex has a homology in degrees i > 0: Hy(K(f))
is generated by zes — yes.

One of the main properties of Koszul complex is that whenever f is M-regular, then K(f) is
a resolution of M/(f1,..., frx)M. To prove this result, we consider first the following lemmas:

Lemma 1.35. Let f = f1,..., fr be a sequence of elements in R, and let f = f\ fr. Then there
is a short exact sequence of complexes

0 —— K(f; M) — K(f; M) —— K(f; M)[-1] —— 0

and a connecting morphism 7 of the corresponding long evact sequence

L H(K(F; M) —— Hi(K(f5 M) —— Hyy(K(F; M) —" Hy 1 (K(F; M) —— -

is given by 7, = (—1)"" 1 fy, d.e. a multiplication by (—1)""1 f;.

Proof. First note that we can decompose K(f; M) as a direct sum of graded modules K(f; M) =
K(f; M) @ K(f; M) A e, which reads at degree i as K(f; M); = K(f; M); © K(f; M);_1 A ey
Inclusion of a first factor KC(f; M) into K(f; M) is obviously a chain map. Projection of K(f; M)
onto K(f; M) of the second factor is a chain map as well. Therefore we have the short exact
sequence.

Let us compute explicitly the connecting homomorphism. Let x € H;(K(f; M)[-1]) =
H; 1(K(f; M) Take its reperesentative z’, a closed element in K(f;M)[-1]; = K(f; M);_1.
Choose its preimage in K(f; M); as 2’ A eg. Then d(2’ A e) = (—=1)""1f). - 2/ which belongs to
K(f; M);_1. Therefore on a homology level a connecting homomorphism 7; is a multiplication
by (—1)i_1fk. ]

Lemma 1.36. Let f = f1,..., fr a sequence of elements in R. Then (fi,..., fx) Hi(K(f; M)) =
0 for all i > 0.

Proof. Let a € H;(K(f;M)). Choose its reperesentative a’ in IC(f; M);. Then, for any f;,
j € [1,...,k] we have f;a’ = d(eja’) — ejd(a’) = d(eja’). Therefore fja’ is exact and its
homology class is zero. O

Now we are ready to prove the acyclicity of Koszul complex when f is M-regular.
Proposition 1.37. If f = fi,..., fx is M-regular, then H;(IC(f; M)) =0 fori > 0.

Proof. We use induction on a number k of generators to prove that H;(KC(f; M)) =0 for i > 0:
For k = 1 the Koszul complex reads as

[N VS SN N}

With Hy(K)(f; M)) ={x € M| f1 -« = 0}, which is 0 since f; is a non-zero divisor.
Now, assume for 971 = f1,..., f,1, H;(K(f971; M)) = 0 for i > 0. We show that for
fq - fla"'anv HZ(K(fq7M>) =0
From the long exact sequence of Lemma 1.35 we obtain:
0 —— H;(K(f$;,M)) —— 0
for i > 1 therefore H;(KC(f%; M)) =0 for j > 1. If ¢ = 1, then
0 —— Hi(K(f% M)) —— Ho(K(f*'; M)) —— Ho(K(f""; M))

Since 71 is a multiplication by f,, and f, is a non-zero divisor on Ho(K(f%1; M)) = M/(f1,..., fy) M,
Ker(7) = 0, thus Hy(K(f9; M)) = 0. The claim of the proposition follows. O
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Furthermore, if R is local, then the converse holds true: if we are given an acyclic Koszul
complex KC(f; M), then f is M-regular. Initially, verifying the acyclicity of a Koszul complex
may seem like a tedious task, as one needs to identify the kernel of d within modules containing
(I;) generators. However, simply requiring the vanishing of the first homology Hy(IC(f; M)) =0
is sufficient to conclude that f is M-regular. This proposition succinctly captures this statement:

Proposition 1.38. If R is Noetherian local ring, and f = fi1,..., fr be sequence of elements
in R generating a proper ideal. Then Hy(KC(f;M)) = 0 implies that f is M-regular.

Proof. As in the previous proposition, we denote a sequence fi, ..., fq by f¢ (therefore f = f )
The maximal ideal of R is J.

In order to prove the statement we first prove an auxiliary one: Hy(K(f;M)) =0 for i > 0
implies Hy(IC(f9; M)) = 0 for all g € [1,k]. This is done by recursion on ¢: Consider a part of
the long exact sequence

HaK(f% M) —— Hy(K(f*' M) —=— Hy(K(f*""; M) —— Hi(K(f5; M) (8)

For ¢ = k we have zero entries on the rightmost position, therefore Hy (I(f*~1; M)) = o Hy (KC(f*~1; M)).
Since 79 is a multiplication by f, up to a sign, by Nakayama’s lemma we obtain Hy (K(f*~1; M)) =
0. Assume now that Hy (K(f9; M)) is zero. Using the same argument we obtain Hq (K(f471; M)) =
0, thus the auxiliary statement holds.
Now, to prove the proposition, consider the following part of the long exact sequence: for
any ¢ >0

0 —— Hy(K(f%M)) —— Ho(K(f9™5 M) —— Ho(K(f*" M)

Since Hi(K(f%; M)) = 0, multiplication of Ho(K(f9~t;M)) = M/(f1,...,f;)M by f; has no
kernel. Therefore f,, ¢ > 1 is an M-regular element in M/(fi,..., f;—1)M. For ¢ =1, f,is a
regular element on M. O

Corollary 1.39. Let R be a Noetherian local ring. If f = fi,..., fx s M-regular then a
sequence o(f) = fo, ... [, oblained by permuting elements of f is M-regular.

Proof. The Koszul complex K(o(f); M) is IC(f; M) up to a change of basis, therefore it is exact
in positive degrees. By Proposition 1.38 o(f) is regular. O

Lastly, we give an example of an acyclic Koszul complex:

Example 1.40. Let R = K[zy,...,2,] and f = x1,...,z,. The Koszul complex K(f) is a
minimal free resolution of K = R/(x1,...,z,) in R-modules.

1.5 Polynomial rings and graded resolutions

We now proceed with studying resolutions of ideals of polynomial rings. In this chapter O

denotes a polynomial ring K[z1,...,x,]. We use the standard grading of the polynomial ring
O, i.e we set for each z; pol(x;) = 1. We define the degree of multiplication of two monomials
u,v to be pol(uv) = pol(u) + pol(v). In particular, a monomial z{*x%? - - - - z* has a degree
aj + -+ ag. Theideal J = (x1,...,2pn)0 is called the (irrelevant) maximal ideal of O.

Denote the K-vector space of all monomials of degree i by O;. From the definition of deg we
deduce O; - O; € O;yj. A polynomial f is homogeneous if f € O;. In this case we say f has a
degree i. Any polynomial can be written as a finite sum of homogeneous components. A proper
ideal Z C O is called homogeneous or graded if for any f in 7 its homogeneous components are
in Z, or equivalently 7 = ®jenZ;j, Z; = O; N Z. The K-vector spaces Z; are caled homogeneous
components of Z. More generally,
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Definition 1.41. An O-module M is graded if M = @ ez M; and O; - M; € M;, ;.
An immediate consequence of this definition is the following Lemma:
Lemma 1.42. Any graded O-module has a system of homogeneous generators.

Indeed, generators of M can be written as a sum of its homogeneous components, which
are generators themselves. We use the following convention: the graded free O-module O[—p]
has a non-zero component only in degree p which is isomorphic to O.

Remark 1.43. Any free finitely generated graded O-module M can be written as a direct sum
M = @®;cz0[—c;], where only finitely many components are non-zero.

The property of being graded is naturally extended to chain complexes:

Definition 1.44. A chain complex (Mo, d) over O is called graded, if each M; is a graded
O-module and each differential d; has a degree 0 with respect to the standard grading.

Similarly,

Definition 1.45. Let T be a graded proper ideal of O. A graded O-resolution of O/T is a
graded chain complex over O which is a resolution of O/T.

The existence of a graded O resolution of a graded finitely generated module M can be
shown along the lines of Construction 1.2:

Construction 1.46. A refinement of Construction 1.2 for the graded case:

1. At the step 1, the set Cy = {¢1,..., Pk, ...} is chosen to be homogeneous with respect
to the standard grading. Then the corresponding basis {e4, ¢ € Co} inherits the grading.
Thus d;: M — O satisfies pol(d;) = 0.

2. At the step i + 1 we assume that a family {(9;,d;)|j € [1,4]} of graded O-modules
and O-linear differentials with pol(d;) = 0 has been constructed. Since d; preserves the
polynomial grading, for any = € Ker(d;), the homogeneous components of x also belong to
Ker(d;). Thus Ker(d;) is a graded O-submodule of 9t;. Therefore we can choose a family
Ci = {x1,---» Xk, ..} which contains homogeneous elements and is finitely generated.
Now, as in the Construction 1.2, we obtain a graded 91,11 whose basis is parametrized
by C; and pol(d;;+1) = 0.

Example 1.47. Consider an ideal Z C O = R[x,y, 2] generated by monomials 22, zy3, yz2.
We apply the Construction 1.46 in order to find a graded free resolution of O/Z.

First, we construct a graded free O-module 9; whose basis is parametrized by 2, zy3, y22
and has a polynomial degree 2,4, 3 respectively. Thus, ; = O[—2] & O[—4] & O[-3] and the
differential d; is given by:

d1€1 == ZL'Q, d162 = a:y3, d1€3 = yzZ.
At the second step, we have to find the kernel of d;. This requires to solve dj (ae; + fea+ve3) =

0, which translates into az? + Bay? + yyz2 = 0. From the equality yyz? = —x(ax + By?) it

follows that o divides . And from ax? = —y(Bxy? + v2?) we deduce that y divides a. Write

a =y -aand y=x-7. Then we obtain
ax + By* +792° =0 (9)

We can study this equation further and learn its space of solutions. However, we can use the
following trick: since x,%2, 22 is a regular sequence, the solutions of (9) come out of relations
derived from Koszul complex, namely

Pt xtr-y? =0, —22-axta-22=0 22 yf+yt-F2=0
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Thus admissible (&, 8,%) are described by O-linear combination of the following 3-tuples:
(@ 6,7) = ((=y*,2,0), (—2%,0,2), (0,—2%,5%) )o
And (a, 8,7) is parametrized by:
(. 8,7) = (=%, 2,0), (—yz*,0,2%), (0, =%, 25°) )o

Thus we set My to be a free module of rank 3 with a differential dy defined as
dgfl = xreg — ygel, d2f2 = Iy263 — 2262, d2f3 = $263 — y2261.

With pol(f1) = 5, pol(f2) = 6 and pol(f3) = 5. Therefore My = O[-5] & O[—6] & O]—5]. Now
we have to construct 913, this is done by studying the kernel of do. Taking a general ansatz
afi + Bf2 + v fs, we obtain the following equation on the paramaters (o, [3,7):

afzes — y2er) + B(xy’es — 22es) + y(xlesz — yz2e;) = 0. (10)
which can be rewritten as:
Pyt =0, axr—226=0, PBzy*+y2?=0.
The solution of this set of equations can be easily found and is parametrized by
(@ 8:7) = (2% 2,—9%) )o-

Thus M3 is a free module of rank 1. A simple count of polynomial degree shows that in fact
M3 = O[—7]. The differential ds is given by:

dsg = xfo — y*fs + 2> f1.

Any element ag of Ker(d3) implies that oz fo — y?f3 + 22 f1) = 0, which in turn indicates that
a = 0. Thus the Construction 1.46 terminates at a step 3. The graded O-resolution of O/Z we
found is:

0—2% 0[-7 -5 0]-6]® O[-5)2 —2 O[-3] @ 0[-4]a 0]-2] -2 0 —25 0

As in the case of local rings, Nakayama’s lemma holds for graded modules over a graded
polynomial ring:

Lemma 1.48 (Nakayama’s lemma, graded version). Let Z be a proper graded ideal in O and
let M be a finitely generated graded O-module.

i. If M =IM, then M = 0.
1. If N is a graded O-submodule of W such that W = N +ZW , then W = N.
We give a proof of this lemma since its logic is different compared to the local case.

Proof. Let us write M = Omq + --- + Omy, for mq, ... my being homogeneous generators of
M. Without any loss of generality we may assume pol(m;) < pol(mg) < --- < pol(my). Since
7 has a strictly positive degree, from the M = ZM we obtain m; = 0. Then the statement i.
follows by recursion.

ii. follows from i. if we choose M = W/N. O

Moreover, the notion of minimal generating sets does make sense for polynomial graded
rings as well. Proposition 1.13 holds true, with a small refinement that each set of generators
is homogeneous and the matrix (A;j) has homogeneous entries. For more details, see [Peel0].
The notion of a minimal resolution exists as well for graded polynomial rings:
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Definition 1.49. Let O be a polynomial ring with J being the irrelevant maximal ideal and let
Z C O. A graded resolution (Ma, d) of O/ is minimal if dir1(Mip1) € TMy for all i.

Proposition 1.15 Theorem 1.26 hold true in the graded case as well with small corrections.
In particular, a graded resolution obtained in Construction 1.46 is minimal if and only if at
each step ¢ + 1 one chooses a minimal set C; of homogeneous generators of mathrmKer(d;).
Any graded free resolution can be written as a direct sum of a graded trivial complex and a
graded minimal resolution. The proof mimics one of the local case. The detais are to be found
in [Peel0].

1.6 Hilbert Syzygy Theorem

We continue studying resolutions of polynomial rings. In this section O is a polynomial ring
Klz1,...,zn]

Definition 1.50. Let M be a graded, finitely generated O-module. A projective dimension of
M is the minimum length of all projective resolutions of M. It is denoted by pd(M).

Theorem 1.51 (Hilbert Syzygy Theorem). The projective dimension of a finitely generated
graded O-module M is at most n.

Proof. Let (M., d) be a minimal resolution of M. Then, then rank of each 9M; coincides with
the dimension of i-th Tor group: Tor;(O/Z,K) = dimg (9; ® O/J). Since the resolution of K
is given by a Koszul complex which has a length n, and due to the symmetric property of Tor,
we conclude 9t; = 0 for i > n. O

There is an even more refined result, called Auslander-Buchsbaum formula concerning the
projective dimension of M. It relates pd(M) to the so-called depth of M, which we introduce
below.

Definition 1.52. The depth of a graded O-module M is the maximal length of a reqular sequence
on M, denoted by depth(M).

Example 1.53. If we view K = O/J as an O-module, then for any v € J K = 0. Therefore
depth(K) = 0.

Theorem 1.54 (Auslander-Buchsbaum formula). Let M be a graded, finitely generated O-
module. Then
pd(M) = n — depth(M)

The proof of this theorem requires some results on theory of associated primes of an O-
module M, which we do not use anywhere else in the text. A systematical study can be found
in [Eis95].

2 Simplicial constructions and applications to the polynomial
rings

The construction of free resolutions of O/Z can be a daunting task, and one often needs to
consult a software [EGSS02] to find a manifest description. However, in a particular case where
O is a ring of polynomials and Z is an ideal generated by monomials, there are important results
and explicit constructions of free resolutions. In particular, the Taylor resolution|Tay66|, and
even the Koszul complex underline a particular reduced simplicial complex. The refinement
of the Taylor resolution known as Scarf complex [BPS98| under certain condition provides
an explicit minimal resolution of O/Z. A canonical construction of a minimal resolution of
monomial ideals is found in [EMO19]. In this Chapter we study and employ the aforementioned
techniques for several important examples. The material is based on [MS04| and [Peel0].
Throughout this section O = K|z1,...,z,]. and Z is a graded proper ideal of O.
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2.1 A (reduced) simplicial complex

We begin this section with a brief overview of some particular simplicial constructions. The aim
is to quickly obtain the neccessary knowledge to specialize to the setting of polynomial rings
and obtain a description of resolutions of monomial ideals, as well as an alternative description
of Koszul complex.

Definition 2.1. A simplicial complex A on a set of vertices V = {vy,...,v,} is a collection of
subsets of V, called faces or simplices such that if T C o € A, then 7 € A.

A dimension of a simplex o € A is defined as a card(c) — 1. In particular, o containing
i elements has dim(o) = i — 1, and an empty set & has a dimension —1. The dimension of
a simplicial complex dim(A) is defined as a a maximum of the dimensions of its faces. By
historical conventions, the dimension of the void simplicial complex {} is —oo and this complex
is not to be confused with the irrelevant simplicial complex {@}, whose dimension is —1.

Example 2.2. In this example, a simplicial complex on {4, B, C, D, E, F'} consists of all subsets
of the sets {A, B, D}, {A,C}, {C,D}, {E, F}

C D E
A B F
Figure 1: An example of a simplicial complex

A simplicial complex is completely determined by its maximal faces, called facets. In the
Example 2.2 those are {4, B, D}, {A,C}, {C,D}, {E, F}.

Let F;(A) be a set of faces of dimension i and let K¥(2) be a K-vector space with a basis
er, T € F;(A) parametrized by i-dimensional faces. Let us introduce a total order on the set of
vertices (e.g. a lexicographic order in Example 2.2). The order on V determines the order on
the vertices of any simplex o € A.

Let A be a k-dimensional simplicial complex.

Definition 2.3. A reduced simplicial complex is a complex

C(AK): 0 —— K@) By dy gR@) _do, grad) 0,

of K-vector spaces, where
die; = Zsign(j,T)eT\j (11)
JjeT
In (11) the sum goes over all vertices containing in 7. 7\j is a ¢ — 1 dimensional simplex
obtained from 7 by removing the vertex i. The sign(j,7) is given by (—1)7~! with j, being
the position of j in 7. It is a straightforward observation that d;_; o d; = 0: crossing out
two vertices j and k from e, can be done in two different ways; the corresponding summands
sign(k, 7\j)sign(j, 7)en (k) and sign(j, 7\k)sign(k, 7)e ;1) have a relative sign "—", so they
cancel each other out.

Example 2.4. Let us work this differential out for the Example 2.2:

C(AK): 0 —— KA 2, gAMG) 4 gh@) b gra@) 0,
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The sets Fj are: FQ(A) = {A> B, C}a Fl(A) = {A7B}7 {A7 C}a {A7 D}7 {B7 D}7 {Ca D}v {E> F}v
Fo(A) = {A}, {B}, {C}, {D}, {E}, {F} and F_1(A) = {@}. The differential d acts on the
corresponding basis of KF(&) in the following way:

In degree -1: d(egy) = 0.
In degree 0: d(eq) =d(ep) =d(ec) =d(ep) = d(eg) = d(er) = eg.

d(eap) =ep —ea, d(eac) =ec —ea, d(eap)=ep—eu,
In degree 1:
d(egp) =ep —ep, d(ecp)=ep—ec, d(egr)=er —eg.

In degree 2: d(eapp) =e€eBp — €ap + €aB.

While studying complexes we naturally arrive at a notion of homology, which in the case of
reduced simplicial complexes has the following defintion:

Definition 2.5. The K wvector space H;(A,K) = Ker(d;)/Im(d;+1) of homological degree i,
i € [0,k — 1] is the i-th reduced homologogy of C(A,K). For i = k the homology is defined as
Hi(AK) = Ker(dg). In degree —1: H_1(A,K) = K/Im(dy)

Whenever A is not {@} the homology H_1(A,K) = Hi(A,K) = 0. For A = {@} the
homology H_1(A,K) = K. In the Example 2.2 the non-zero homology is Hy(A,K) = K (the
dimension of the homology in degree 0 is the number of connected components of A minus one),
while the rest vanishes.

Lemma 2.6. If A is a k-dimensional symplez, then H;(A,K) =0 Vi € [—1,k].

Proof. This is a standard lemma in many textbooks, see [Hat02]. Let us give a simple and man-
ifest proof that C'(A, K) is contractible. Define the homotopy h : C;(A,K) — Ciy1(AK), 1 <
k:
1
h(es) = Pl Z sign(J, o)equ;
i¢o

while for ¢ > k — 1 and ¢ < —1:

h=0

The element o U j is an ¢ + 1-dimensional face obtained by inserting a vertex j into o. The
sign(j, o) is (—1)%~1 with j, being the position of j in ¢ Uj. For A being a symplex {4, B, D}
of Example 2.2, we have

h(eg) =es+ep+ep,

h(ea) = —eap —eap, h(ep) =eap —epp, h(ep)=eap+epp,
h(eaB) = eaBp, h(eap) = —eaBp, h(epp) = eaBpD
h(eABD) = 0.

Now, take any element e, of degree i € [0,k — 1] and evaluate (hod; + d;11 0 h)(es):

1 . . .
(hodi +dit10h)(es) = 1 Z Z sign(j, o /m)sign(m, o)eq (o /mujy +
j¢{o/m} meo
1 3 . . .
k+1 Y. D sign(m, o Uj)sign(j, o)eous)/m-
me{oUj} jéo
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The expressions for ¢ = —1 and k are obtained in a similar way. It is straightforward to check
that the terms with m # j cancel each other out. The summands with m = j reproduce e,:

1 1
FESPIL A swPIL A
meo

mé¢o

So we have established C'(A,K) is contractible, i.e. (hod; + dijt1 0o h —id) = 0, so that the
homology vanishes. O

We have already introduced the Koszul complex in Section 1.4. As we have seen, if O is
Noetherian and a proper ideal Z C O is generated by a regular sequence ¢ = ¢1,..., pn, then
the Koszul complex IC(¢) is acyclic. This required some work on our part. It turns out that
the Koszul complex admits a description via a labeled reduced symplicial complex. Later in the
text we give a simple proof of its acyclicity when ¢ is a regular sequence of monomials.

Definition 2.7. Let ¢ = ¢1,...,pn be a sequence of elements of O. The Koszul complex K(p)
s a labeled reduced simplicial complex in the following sense:

i. The set of vertices V = {1,...,n} corresponds to a system of generators p1,...,pn of L.
The i-th vertez is labeled by the i-th generator ¢; of Z. A is an (n — 1)-simplex.

i. The homological degree i component of Koszul complez is a free O-module M; = O*Fi-1(2)
with a basis {e;, 0 € Fi_1(A)}

1ii. The O-linear differential d is defined as

d(es) = ZSign(J} T)pj €q/j
jET

It is clear that this complex is isomorphic to the previously defined Koszul complex (see
Definition 1.30): the ranks of free O-modules of degree k are (Z), just as for the wedge product
V A--- AV in Construction 1.29, and once a total order is chosen on the basis ey, ..., e, of V.
It is clear that the formulas for d coincide.

Remark 2.8. If 7 is a graded ideal in a polynomial ring O and ¢4, ..., ¢, are homogeneous
generators, then Koszul complex is a graded chain complex, with

M= P O polly))].

O'EFi_l(A) jEo

In a particular case when Z is the irrelevant maximal ideal (x1,...,2,)0 in a polynomial
ring O we can very quickly verify the exactness of the Koszul complex relying on the exactness
of the reduced simplicial complex. For this we introduce a notion of a multidegree:

Definition 2.9. A multidegree of monomial x® = x{*z5* ... %" is an n-tuple (a1, ..., a,) € N

We denote pol(x?) = a.

The polynomial ring O is then a direct sum of its N"-homogeneous components O =
BacnnOa, and Oy - Op = Oaip. The notions of a graded ideal, graded O-module, graded
chain complex and graded resolutions generalize directly to the N™-setting. In particular, a
multigraded chain complex is a graded chain complex {(9;,d;), ¢ € N} such that each 9, is a
free O-module graded with respect to the multidegree and pol(d;) = 0.

Observe that Koszul complex preserves the multidegree if 7 is generated by monomials,
therefore it is a multigraded chain complex. In particular for any e,, o € F4(A), pol(e,) =
> jeo pol(p;). For further analysis we introduce a notion of support of an n-tuple a:
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Definition 2.10. For n-tuple a, a support of a is an n-tuple with entries € {0,1} such that
the entry at i-th place is 1 if a; # 0 and zero otherwise.

We denote the support of a by supp(a). Viewed as a set, we identify supp(a) with a subset
of V: {i € Vla; # 0}.

Proposition 2.11. The Koszul complex is a minimal (multi)graded free resolution of O/ for
Z={(x1,...,2n)0.

Proof. Denote Ky, - a restriction of Koszul complex to elements of multidegree b. This is a
collection of K-vector spaces. Since d preserves the multidegree, clearly (Kyp, d) is a subcomplex.
If b = 0 this subcomplex is a reduced simplicial complex C({@},K) shifted by one, therefore
Hi(Kp,d) =K =0/(x1,...,z,) for i =0 and is 0 otherwise. In a general case b # 0 support
of b viewed as a set is a face of A. An element x?e, of multidegree b belongs to Ky, if and
only if 7 € supp(b). Therefore, Ky, is a reduced simplicial complex with A being supp(b), thus
acyclic. This concludes that K is a resolution of O/Z. The minimality follows directly from
d(K) C ZK. O

2.2 General monomial constructions and Taylor resolutions

We have seen in the previous section that there exist a simplicial complex underlying the Koszul
complex, and based on the acyclicity of that complex we showed that the Koszul complex k()
is exact in a particular case when ¢ = x1,...,z,. Here we provide a more general construction,
which produces out of a complex of K-vector spaces a particular chain complex of free O-
modules which encodes some information of a set ¢ = ©1,..., ¢ of generators of Z C O, see
Construction 2.15. In the case when the complex of vector spaces is exact, we prove that the
complex obtained in Construction 2.15 is in fact a resolution of O/(¢1,...pk). In this section
we additionally assume that Z is generated by monomials.

We start by giving a definition to a so-called k-frame V', which is a generalization of the
reduced simplicial complex.

Definition 2.12 (k-frame V). A k-frame V is a chain complex of K-vector spaces {(V;,d;), i €
N} such that

e V) =K.
o V| has a fized basis ey, ..., ey such that d(e;) =1 fori € [1,k].

Remark 2.13. Note that the reduced simplicial complex on a set of vertices V = {1,...,k+1},
see Definition 2.3, is a (k + 1)-frame K#+(2) upon a shift by 1 in the homological degree.

A more general version of a labeled reduced simplicial complex is called a p-complex and is
defined as:

Definition 2.14. Let ¢ = @1...,¢r be a set of homogeneous generators of T C O. A -
complez is a multigraded chain complex {(9M;,d;), i € N} of free O-modules satisfying the
following conditions:

o mo = 0.
e My is a graded free module of rank k, My = O]—pol(p1)] & --- & O[—pol(py)]. The
corresponding fized basis is e, = €y, ..., ep,. The diffential d defined on e, as:
d(eg,;) = @i.

In particular, the Koszul complex K(¢) (see Definition 2.7) is a p-complex.
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Construction 2.15 (¢-homogenization of a k-frame V). Given a k-frame V = {(V;,d;), i € N}

and a set of homogeneous generators ¢ = 1,..., ¢, of Z C O we construct a p-complex M (p)
as follows:
1. We set Mi(p) = O]—pol(¢1)] & - - & O]—pol(¢k)]. We use the basis of the k-frame V'

e1,...,ex to form the basis ey, ..., ey, of multidegree pol(y1),...,pol(py) respectively.
The diffential dy is defined then as:

dl(e%‘) = ¥i-
so that d preserves the multidegree.

Assume that up to a homological degree j we have constructed a collection {(M;(y), d;), i €
[1,5]} of multigraded O-modules and O-linear differentials. Denote the basis of Vj, Vji1
is f = fl,...,faj and g = g1,...,0p;,, respectively. The basis of M;(y) is then f =
fi,.., fa;, and it has a multidegree pol(f1),...,pol(fs;). Let us write explicitly the
action of dj41:

dj1(31) Z A frn- (12)

Let us denote a subset of f that corresponds to those f,, who enters (12): A; = {fm | aim #
0}. We write a least common multiple of {xP°1®) |q € A;} as lem(A4;).

Then the basis g1, ..., 9, of Cj+1(¢) has a multidegree

pol(g;) = pol(lem(4;))

So that Mj41(¢) = O[—pol(lem(A;))] @ --- @ O[—pol(lem(4;))]. The differential d;; is
given by:

& lem(A4;) 2, xpola)
dj+1(gl) = Z malmfm = Z malmfm
m=1 m=1

According to this definition, pol(dj;+1) = 0.

Proposition 2.16. p-homogenization of a k-frame V is a complex.

Proof. Let us check that the differential d described in Construction 2.15 does square to zero.

In th

e notation of Construction 2.15 let us write for the basis f of Vi, dfm = ZCJ o mqhq,

where h = hq, ... hcjf1 is a basis of V;_1. Since d? = 0, we obtain

a;
Z almﬂmq =0
m=1

for all possible [,q. The basis of M;_1(¢) we denote by h = hy,... he;_,. According to the

construction,
I=1 ypol(fm)
d](fm) = Xp01(hq) ﬂmqhQ'
q=1
Then,
4 %=1 pol(gr) pol(fm) 4 Gzl ypol(gr)
b'¢ X b'¢
djt1 0 dj(gr) Z Z POl (fm) MM pol(hy) quh = Z Z <Pol(hy) almﬁmqh =0
m=1 qg=1 m=1 q=1
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Remark 2.17. Note that Hy(M(p)) = O/T.

Example 2.18. Let us explain the p-homogenization M () on Example 2.4. First, we shift
the degrees of all generators by 1, so the generators start from degree 0. Then this reduced
symplicial complex is a 6-frame. Let us choose a set of generators that corresponds to the
set of vertices A, B,C,D,E,F as ¢ = 22, xy, 2% 232, z,22. Then Mi(p) = O[—(2,0,0)] @
0[-(1,1,0)]®0[—(0,0,2)] & O[—(1,3,1)] 2 O[—(0,0,1)] ®O[—(0, 1, 1)]. We abuse the notation
and denote the corresponding basis of Mi(p) as ea, ep,ec,ep,ep,ep. Then

dlea) = 2%, dlep)=wy, dec)= 2>

d on generators of degree 1: 3
d(ep) =zy’z, d(eg) =2z, dlep)=zz.

According to Construction 2.15 we set the multidegree of generators of degree 2 as:

pol(eap) = (2,1,0), pol(eac)=1(2,0,2), polleap)=(2,3,1),
pol(egp) = (1,3,1), pol(ecp) = (1,3,2), pollegr)=(1,0,1)

The differential d on these generators is given by:

d(eap) = vep —yea, d(eac)=z’ec —zea, d(eap)=zep —y’zea,

dlegp) = ep — y*zep, d(ecp) = zep — zy’ec, d(epr) =ep — zeg.
The degree 3 generator e4pp has a multidegree (2,3,1) and

d(eapp) = vepp — eap + y*zeap.
We introduce a dehomogenization of a p-complex as well.

Definition 2.19. For a p-complex M(p), a dehomogenization is a quotient M(p)/(x1 —
1,...,2p —1).

Remark 2.20. It follows directly from the definition of M (¢) that its dehomogenization is some
k-frame V. We call such V' a frame of M(yp). The dehomogenization of the p-homogenization
of a k-frame V is the same k-frame V.

For a multigraded complex M let us write M<, for a subcomplex of M whose elements has
a multidegree < a, and M, for a subcomplex of multidegreee a.

Proposition 2.21. Let M be a p—complex. The subcomplex My is isomorphic to the deho-
mogenization of M<a

Proof. We can chooses a basis of M, as follows:

Xa
{ —poig) 9 | g is a basis element of M whenever xP°19) divides x2}

XPOI(
. Clearly the set of all such g is a basis of M<,, with the underlying basis g of a frame of M.

The isomorphism is then given by:
x2 _
XPOI(g) 99

0

Proposition 2.22. Let ¢ = p1...,¢ be a set of homogeneous generators of T C O, and let
M be a p-complex. M is a multigraded resolution of O/I if and only if for any a such that
x? € T the frame of M<q is acyclic.
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Proof. If M is a multigraded resolution, then it follows that for any a, x* € 7 M, is acyclic thus
by the isomorphism of Proposition 2.21 the frame of M<,. If x* & 7, then M, is concetrated in
homological degree 0 and belongs to O/Z. The same isomorphism shows the converse as well,
if the frame of M<, is acyclic, then so is M,. The statement follows. O

Definition 2.23. Let ¢ = ¢1 ..., be a set of homogeneous generators of T C O. A Taylor
complex C(p) is the p-homogenization of the reduced symplicial complex C(A,K), where A is
a (k —1)-simplex on a set of vertices V = .

Proposition 2.24 (Manifest description of the Taylor complex). The basis of the Taylor com-
plex is parametrized by faces o of A:

{ea|lo =iy oy @i, 1 <i1 < -+ <ipm <k}, pol(es) =pol(lem{c}).

The differential d acts on the basis elements as

' Xpol(eo)
d(es) = 4; SIEN(0:0) pette, ) /6

Proof. The statement that basis e, is parametrized by faces of A follows from the definition
of p-homogenization and the one of reduced simplicial complex. The multidegree of e, can
be easily found by recursion; if o is a O-simplex ¢;, , then indeed pol(e,) = pol(y;,,). If o
is (m — 1) simplex ¢j,, ..., @i, then, from Construction 2.15, pol(e,) = pol(lem{c/¢|¢ €
c}) = pol(lem{c}). The formula for the differential follows directly from the construction of
p-homogenization. O

Proposition 2.25. The Taylor complex C(p) is exact.

Proof. By Proposition 2.22 we have to show that dehomogenization of C'(¢)<a is acyclic if
x® € Z. Write pa for a set {¢p € ¢ = ¢1...,pp, | ¢ divides x?}. Then lem{pa,} divides x*
as well, thus the dehomogenization of C(p)<a is a reduced simplical simplex on ¢,, which is
exact. O

Since Taylor complex is exact, we call it the Taylor resolution. The standard example is
given by the Koszul complex 2.7 whenever ¢ is a regular sequence. The regularity in case of
monomials translates into lem{p;, p;} = ¢; - @; if i # j.

Example 2.26. Let us find the Taylor resolution C'(¢) of the Example 1.47. The ideal Z C
O = Rlx,y, 2] generated by 2% 23>, y2z2. Then the multigraded O-modules C;(¢), i = 1,2,3
entering the Taylor resolution have ranks 3, 3, 1 respectively, and d is given by:

In hom. degree 1: d(e,2) = 22, d(€gys) = zy?, d(ey.2) = yz>.

_ 3 _ 2 2
d(€g2 4y3) = Teyys — Y eg2, d(eg2,2) = 1€y, — yz7e,
In hom. degree 2: 5 9
d(€gys y22) = TY“€yp2 — 2 €48,

In hom. degree 3:  d(ey2 4,3 ,y22) = T3 o2 — y2€$27yZ2 + z2ex27xy3.

In this example, the Taylor resolution coincides with the one of Example 1.47 and is in fact
minimal: d(es) € JCo(p).

Let us give an example of Taylor resolution which is not minimal:
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Example 2.27 (A non-minimal Taylor resolution). Let Z be an ideal Z € O = Rz, v, 2]
generated by zy, 2z, z2. The ranks of C;(p) are 3,3,1 for i = 1,2,3. The differential d acts as
follows:

In hom. degree 1: d(ey,) =2y, d(ew) =1z, d(e,)= 2%

d(exy,zz) = Yexz — 2ezy, d(€gy .2) = TYC,2 — z261y

In hom. degree 2:
Cpzs2) = T€y2 — Zegs.

In hom. degree 3:  d(eyy 42.2) = Yeqs 2 — €4y 22 + Z€ay a2

The coefficient in from of the second term in (e, . .2) is constant, thus the resolution is not
minimal.

Remark 2.28. The fact that the Taylor resolution is not minimal is not surprising: the length
of the Taylor resolution on ¢ = ¢1,...,p, is always n. If it is minimal, then it follows that
depth(O/Z) = 0 by Auslander-Buchsbaum formula. This is not the case already when ¢ =
73, x973, 2%, 24, 75, ..., ¥,. Then x1 is not a zero divisor of O/Z, therefore depth(O/Z) > 1
(and is 1 in fact).

A "smaller" complex can be obtained if one chooses a "smaller" r-frame than a simplex.
One of the notable examples is given by an algebraic Scarf complex, introduced below. This
complex is a resolution of O/Z if 7 is a generic monomial ideal, i.e. if x; enters two distinct
generators ¢y, ¢, as a multiple 7' and z™, then a; # am,.

Definition 2.29. Let ¢ = 1, ..., i be a minimal set of generators of T C O. A Scarf complex
Ay is a collection of subsets of ¢ such that whenever lem{o} = lem{7} we have o = 7.

Proposition 2.30. The Scarf complex A, is a simplical complex.

Proof. Let o be an element of A,, and ¢ € 0. We have to show that A, is closed under
taking subsets, i.e. 0 € A, = 0o\¢ € A,. Suppose there exists another 7 € A, such that
lem{7} = lem{o\¢}. If lem{7} = lem{o} then 0 = 7 = o\¢. Otherwise, lem{r, ¢} = lem{c},
therefore 7U ¢ = 0. Thus 7 = o\ ¢. O

Definition 2.31. Let ¢ = ¢1,...,pr be a set of generators of T C O. The algebraic Scarf
complex Cs(p) is a p-homogenization of the Scarf complex A,.

Example 2.32. Let Z = (xy,zz,yz)o with O = K[z, y, z]. The Scarf complex can be found
as a subcomplex of a 2-simplex via the Taylor resolution of O/Z. The set of generators of the
Taylor resolution parametrized by faces of the 2-simplex is

In hom. degree 1: ey, €42, €yz, the multidegrees are: (1,1,0),(1,0,1),(0,1,1).

In hom. degree 2: W, the multidegrees are: (1,1,1), (1 41),(1,1,1).

In hom. degree 3:  egyazyz, the multidegree is: (1, 451].

Here we crossed all the terms having the same multidegree. The remaining generators corre-
spond to a simplicial complex A, consisting of the points {zy}, {zz}, {yz}. It is clear that
the homogenization of A, is not a minimal graded resolution. In this example, the minimal
resolution corresponds to the homogenization of the following simplicial complex:
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N

a &

where a, b, ¢ are arbitrary assigned between zy, xz,yz.

Example 2.33 ([Kat19]). Ois K[z, y, z,w] and Z C O is generated by x2, zy, y>2%, 2w, w?. The
Scarf complex is given by a tetrahedron on vertices {2, 2y, zw, w?} and a triangle {zy, Y222, zw}:

2.2
2ZW y-z

2 Ty
Homogenization of this complex by x2, zy, y?22, 2w, w?, gives in fact a minimal graded resolu-
tion. Some algebraic properties of this example will be studied further in the next Chapter.

Both examples show that the algebraic Scarf complex is not a resolution in general, in
contrast to the Taylor complex. However, the algebraic Scarf complex is always contained in
any graded resolution, as the following proposition shows:

Proposition 2.34. Let ¢ be a minimal set of generators of Z. Any resolution of O/Z contains

Cs(p).

Proof. By contstruction it is clear that the algebraic Scarf complex is a subcomplex of the
Taylor resolution. For any (multi)graded resolution of O/Z, the graded version of Theorem
1.26 states that any resolution of O/Z is a direct sum of a graded minimal resolution and a
graded trivial complex, see [Peel0]. The graded trivial complex is a sum of acyclic complexes
of the form
0 —2— O[-a] —% O[-a] —2 0.

Thus the algorithm of obtaining a graded minimal resolution consists in elimination of (at least
some) pairs of generators in subsequent homological degrees j, j+1 having the same multidegree.
Therefore the algebraic Scarf complex must be contained in the minimal multigraded resolution,
thus in any multigraded resolution. O

If 7 is generic, then

Theorem 2.35 (|[BPS98|). If Z is a generic monomial ideal minimally generated by ¢ =
©O1y- -+, Pk, then the algebraic Scarf complex Cs(p) is a minimal multigraded resolution of O/T.

3 Basic definitions and elements of homological algebra

Let A, B, C are O-modules and a: A — B, f: B — C' are homomorphisms of O-modules,

then a pair of homomorphisms

A2y ,¢

is exact if Im(a) = Ker(f). In general, given a sequence of maps between modules

B

~
A2 B C D
a sequence of maps is exact if every two consecutive maps are exact.
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Definition 3.1. A short exact sequence is a sequence of exact maps

B

0 » A —"- B C 0
i.e « is an injection, B is an injection, Im(a) = Ker(3).

A short exact sequence is called split if there is a homomorphism ¢ : C — B such that a
composition of 8 and ¢ is an identity on C, § o =id.

Definition 3.2. A sequence of homomorphisms of O-modules

A2, pB_P .4

18 called splitting, if oo =id.

Lemma 3.3. If A —— B P LA s splitting, then B = Ker(3) @ Im(«)

Proof. Since foa = id, clearly Ker(8)NIm(«) = 0. By definitions of « and 8 we obviously have
Ker(B)®Im(a) C B. Now, for any x € B, x—aof(z) € Ker(f). Therefore, z € Im(a) &Ker().
This concludes the proof. O

Lemma 3.4. If A —*— B s surjective and B is free, then A = Ker(a) ® B.

Proof. Choose a basis b = {b1,...,bg,...} of B and choose a preimage of b in A denoted by
a = {ai,...,ag,...}. Define amap 5 : B — A, 5(b;) = a;. Then ao 8 = id, therefore the
pair a, (3 is splitting and A = Ker(a) @ Im(3) = Ker(a) @ B. O

Definition 3.5. A module M is called projective if it is a direct summand of a free module,
F=QoM.

Lemma 3.6. Any finitely generated projective module M over a local ring (R, J) is free.

Proof. Let us denote a minimal set of generators of M by {mi,...,m,}. Form a free R-module
F by taking a direct sum of n copies of M. Denote its basis {fi,..., fn}. Define an R-linear
map 3 : F — M by B(f;) = m; for all i € [1,n]. Clearly g is surjective. Let us study the
kernel of this map, if Y1 ; a;m; = B(>_1 a;fi) = 0, then each a; € J, otherwise {m1,...,m,}
is not a minimal set of generators. Therefore Ker(g) C JF.

Now we make a use of M being projective, that is there exists a free R-module G such that
G = Q & M for some R-module ). Denote a projection G — M by m. Since both 7 and «
are surjective, for any g € G there exists f € F such that 7(g) = B(f). Define a map 7 such
that the following diagram commute:

G5 F

1L

MT)M

And its restriction to M by «. Clearly, 5o« = id on M, therefore o and 8 are splitting. By
lemma 3.3 F' = Kerf @ Ima The inclusion Ker(f) C JF implies F' = JF + a(M) By Corollary
1.12 to Nakayama’s lemma we get F' = «(M). Therefore Ker(8) = 0 and the surjective
morphism £ is an isomorphism, therefore M is free. O
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Definition 3.7. Let (As,d) and (B,,d) be two chain complexes. A chain map f : (Ae,d) —
(B.,0) is a collection of morphisms {f; : A;i — Bj|i € Z} such that the following diagram
commutes:

dit1
Ai+1 — Az

fi+1l J,fi

Biy1 —— Bi
i+1

In other words, f;od;y1 = d;0 fit1

Definition 3.8. Let (Ao, d) and (Be,d) be two chain complexes. A chain homotopy h between
two chain maps f,g: (Ae,d) — (B, 9) is a collection of morphisms {h; : A; — Biy1|i € Z}
such that f; — g;i = d;110 hi + hi—10d; for alli € Z. We say f is homotopic to g if a chain
homotopy exists and denote it by f ~ g.

Remark 3.9. ~ is an equivalence relation on the space of chain maps from (A,, d) to (B, d).

Definition 3.10. Two chain complezes (As,d) and (Be,0) are said to be homotopy equivalent
if there exists two chain maps f : (Ae,d) —> (Be,0) and g : (Be,0) — (Be,d) such that
fog~idg and go f ~idy4.

Lemma 3.11. If two chain complexes are homotopy equivalent, then their homologies are iso-
morphic.

Proof. Let us denote H; the i-th homology of (A,, d) and H] the i-th homology of (B,,d). Chain
maps f, g induce maps f : H; —» H! and g : H] — H,. This is easily verified by observing
that a chain map maps closed elements to closed elements and exact elements to exact ones.
Since fog ~ idp, it follows that f,0g; = idg and g; o f; = idy,. Therefore, go f is a bijection,
thus H] and H; are isomorphic. ' O

Proposition 3.12. Let (Aq,d) and (B,,0) be two free resolutions of an R-module M. Then

i. There exists a lift of identity on M to a chain map f between (As,d) and (B.,Jd), i.e.
fo: M — M is equal to id.

1. Any two such lifts f and g are homotopic in the sense that there exists a collection of
R-morphisms {h; : A; — Bi11|i € N} such that

fi—9i = dix10h; +hi_10d;.

Proof. Claim i. can be showed by recursion. Since for any element = € Ay id o dy(z) € Im(dy),
we can built f; as follows: choose a basis e = {e1,...,eg,...} of Ay and define f;(e;) to be any
d1-preimage of di(ej). Then f; is extended to A; as an O-linear map.

Now, assume that a collection of R-module morphisms{fi,..., f;} is constructed such that
the diagram

djt1
Ajp1 — 4

fj+1l J/fj

B S B;
commutes for all j < ¢. Then for any x € A;y1, d; 0 fiodit1(z) = fi—1 0d; odiy1(x) = 0, thus
fiodit1(z) is closed, therefore exact. Let r = {ry,...,rg,...} be a basis of A;y;. Form an
O-linear map f;11 by choosing a preimage of f; od;;1(r). Constructed in this way f;;1 satisfies

di+1 0 fir1 = fiodiy1.
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Claim 3. can be proved by a similar diagram chasing:

di+1 dz d1
Ai+1 > Az s > A2 > A1 M
f¢+1gi+1l o l i—9i f2—g2l 1 lfl—gl JO
L IS 5o 51
Bi+1 B; s B » By M

dit1

Define hg = 0. At degree 1, take a element 2z € Ay. Then (f; — g1)(x) is d1-closed, therefore
ds-exact. Form an R-linear map h; by choosing a preimage of a basis e of A1 in Bs. Thus we
obtain f; — g1 = d2 0 h1 4+ hg o d1. Now, suppose that up to degree i — 1.7 > 1 we coonstructed
a collection of R-linear maps {h;|j € [0,7 — 1]} satisfying f; — g; = 0j41 0 h; + hj—1 0d;. In
order to ensure the existence of h;y; we must check that (f; — g; — hj—1 o d;)(x) is closed for all
T € A;:

6o (fi —9i — hic1odi)(w) = (fi — gi) odi(x) — d; 0 hi—1 0 di(x) = 0.

Therefore, a R-linear map h; 1 with desired properties exists. ]

Corollary 3.13. Any two free resolutions (Ae,d) and (Be,d) of M are homotopy equivalent.

Proof. Let f : (Ae,d) —> (Be,0) and g : (B,, ) —> (A, d) be chain maps covering the identity
on M. Then fog: (Be,d) — (Bs,d) and go f : (Ae,d) — (Ae,d) are chain maps covering
id on M. Since id4 and idp are chain maps as well, go f ~ id4 and fog ~ idg by Proposition
3.12 are homotopic. O
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Koszul-Tate resolutions

4 Overview of algebra resolutions

Given an associative (and not neccesarily commutative) algebra A, one may want to study its
homological properties. The generic approach to such questions is to consider a "simpler" object
than A itself, whose homology coincides with A. There are several answers to this question
in the literature. One of the answers we have already explored in the previous Chapter, i.e.
a Construction 1.2, which can be easily adapted to the case of non-commutative algebras.
The main drawback of such resolutions is that they are not canonical, i.e. they depend on
choices made in Construction 1.2. The standard result in homological algebra is the bar-cobar
resolution [HMS74] for augmented associative algebras. The bar-cobar resolution is done in two
steps. The first one called the bar construction [EL53|, gives as an output a cofree coalgebra
together with a coderivation built on the multiplication of A. The second step, which is the
cobar construction [Ada56|, uses the coalgebra data to arrive at a free differential graded algebra,
which is a resolution of A. We study the bar-cobar resolution in details in the Subsection 4.1.
In the Subsection 4.2 we review a nice result by Chuang and King [CK12|, which provides a
free algebra resolution in the following setting: A is an associative algebra (not neccesarily
unital) over a ring R, which is given as a quotient algebra T(V)/Z of a tensor algebra on R-
bimodule V' by some ideal Z. The result of Chuang and King is essentially a cobar construction
of a particular co-coalgebra of rooted trees or "dots and brackets" B (V;Z), which depends
on V and Z. Both constructions are canonical, but they are "too big" for practical purposes.
Nevertheless, the oco-coalgebra of dots and brackets turns out to be a good starting idea for
studying "smaller" algebra resolutions of Koszul-Tate type, which we introduce and develop in
the subsequent sections. This overview section is based on |Gin05, LV12, AJ13, CK12, FHT92].

4.1 Bar complex and bar-cobar resolution

For a short background on differential graded algebras and coalgebras we refer the reader to
Appendix 10. Let A be an augmented differential graded associative algebra over K, A =
K14 & A, with the K-linear differential d and the product .

Construction 4.1. The bar construction is a differential graded coassociative coalgebra (T.(sA), D)
built as follows:

i. T.(sA) is a graded tensor coalgebra with s being the suspension map (see Appendix
10). T.(sA) is coaugmented, i.e. it can written as a direct sum of K and the reduced
tensor coalgebra T.(sA), To(sA) = sA® sA® sADsA®sARsA®.... An element
(sa1)(saz)...(sa,) in (sA)®" has degree n + deg(ay) + --- + deg(a,) and arity n, the
coproduct is given by the deconcatenation A and is of degree 0.

ii. The differential D can be written as a sum of two differential D; + D9 defined in the
following way:
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e On sA D; reproduces the diffential of A, D; = sodos™!'. Dy is identically zero on
sA.

e On sA® sA D, is given by
_ -1 o —1
Dy=—sopo(s " ®@s )

In other words, D5 is a linear map of degree —1, Do: sA ® sA — sA such that the
diagram

5A®SA;D2> sA

S

A A —t 5 A

commutes. In particular, Do(sa ® sb) = su(a ® b), for all a,b € A.
° éccot;ding to Lemma 10.4 we can extend D¢ and D5 as coderivations Tc(sfl) —
T.(sA). In particular on (sA)®" Dy = > j-11d®id®---® sodo 57! Ride---@id.
7-th position
For n =3, Da(sa ® sb® sc) = spu(a ® b) @ sc — sa ® spu(b® s). In general,

n—1
Dy(sa; ® sag ® -+ ® sap) = Z(—l)iil(sal ® sag @ sp(a; @ aj41) ® -+ @ say)
i=1

The signs follow from the application of the Koszul sign rule to (37).
Proposition 4.2. The coderivation D of Construction j.1 is a differential, D* = 0.

Proof. One has to check that D? = 0. In fact one can show that D% =0,D10Ds+DsoD; =0
and D3 = 0. The first equality follows from d? = 0 of the underlying differential graded algebra
A. The second equality comes from the compatibility of d and p, and the third one follows
from the associativity of u. We show here explicitly the third equality D3 = 0, the first two
are treated analogously. For n < 2 it follows from the definition that D3 = 0. For n > 3 let us
apply D? to sa; ® saz ® - -+ @ sa,. We obtain summonds of the following form:

i. Those where Dy acts on two different pairs (ae, de+1):
5a1 ® saz @ sp(a; @ aip1) @ - @ sp(a; @ ajp) @ -+ @ sap.

ii. Summonds where D5 hits the same pair twice:
sa; ® sag @ s(p(p(a; ® ajr1) ® ajre) @ -+ - ® sa, and
sa; ® sag @ s(p(ai—1 @ pla; ® ai+1)) X+ Q) sap.

Summands of type i. can be obtained in two different ways, first one acts by Dy on a pair
starting with a; and then on a pair starting with a;, or vice versa. It is easy to check that one
gets a relative — sign in both cases, thus the sum of such summands vanishes. Using the same
argument as well as the associativity of p helps to establish that summands of type ii. cancel
each other out as well. O

Since D? = 0 the bar construction is actually a chain complex, called the bar complez.

Construction 4.3. Let C' be a coaugmented coassociative differential graded coalgebra with a
comultiplication A, and C be its reduced component, C' = 1¢ @ C with a reduced coproduct A.
The differential d is a codifferential with respect to A. The cobar construction is a differential
graded algebra (T'(s~*C), D) such that
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LT 10O)=Ka s ICos1ICRs™IC s ICRsTICRsIC @ ...
ii. The differential D is defined as follows:

e D is zero on K.

e D on s 'C incorporates d of the coalgebra C and the comultiplication A:
Dl wg=s"odos+ (s '®s')oAos

To illustrate the action of D, take a € C such that Aa = Z(i,j)el a; W a; for some
index set I, a;, a; are elements of C. Then

D(s 'a) = s7(da) + Z (—1)des(@) 571, ) s71g;
(1,9)el

The sign in the second summand appears due to the Koszul sign rule, s~ has to
"jump" over a; in order to be applied to a;

e D is extended as a derivation to T'(s~1C).
Proposition 4.4. D of the cobar construction is a differential, D*> =0
The proof of this proposition is along the same lines as the proof of Proposition 4.2

Proposition 4.5. Let A =Kl4® A be an augmented associative algebra. The cobar construc-
tion of the bar construction of A, T(s~1(T.(sA))) is a free differential graded algebra quasi-
1somorphic to A.

For the proof we refer to [LV12]. Let us check that the degree homology Ho(T (s~ (T.(sA))))
does coincide with A. Note that degree zero subspace of T'(s™1(T.(sA))) is given by T(A) =
K®APARA®. ... The image of D in degree zero is generated by I = {aXb—pu(a®b) |a,b € A}
viewed as a bimodule over A. Then the zero homology of D is given by the quotient T'(A)/I ~ A.

The resolution of Proposition 4.5 is called the bar-cobar resolution. Despite being canonical,
this resolution is known to be "too big" to analyze A.

4.2 Coalgebra of rooted trees

We may generalize the viewpoint of the previous section. Instead of starting with an associative
algebra over K, one can start from a tensor algebra T'(V'), with V' being an R-bimodule for some
ring R, and a set of relations I of T'(V') i.e. a two-sided ideal of 7'(V'). In the setting before the
set of relations Zy,, is generated by {aXb—pu(a®b) | a,b € V'}. The bar-cobar resolution is then
a free differential graded algebra which is quasi-isomorphic to T'(V')/Zy,,. Chuang and King
in [CK12| generalized this construction to an arbitrary set of relations. The main tool used
by the authors is the Ay, coalgebra of rooted trees B> (V;I) which is described below. The
differential graded algebra quasi-isomorphic to T'(V)/I is then given by the cobar construction
of B*(V;I). We discuss this construction in more details.

Definition 4.6. Let C = {C;|i € Z} be a graded R-bimodule. An A coalgebra structure on C
is a collection of R-morphisms {A; : Cp, — Coq, KCy, K- --RCy, |n € Z, a1+ -+a; = n—2+i}
satisfying
> (=) KA, Rid¥) 0 Ayypgy =0
r+s+t=n

for allm > 1.
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Example 4.7. If the collection consists of only A1, Ay, then one recovers the relations of
coassociative differential coalgebra:

Forn=1: Ai0A;=0,
For n = 2: AQOAI—(idIZAI)OAQ—(AIIZAI)OAQZO
For n = 3: (AQIZId)OAQ—(IdIZAQ)OAQZO

First, let us describe the coalgebra Boo (V).

Construction 4.8 (A coalgebra of rooted trees). Let V' be an R-bimodule. The coalgebra
B> (V) is constructed as follows:

i. Let Treef; be a set of all planar rooted trees with k vertices and n leaves. Typical examples
of planar rooted trees:

2-leaves tree 4-leaves tree 3-leaves tree
with 1 vertex with 2 vertices with 1 vertex

V\yv

The degree k+1 component BX (V) is generated by pairs {(t,,, V&) | t,, € Tree® n € N}
as an R-bimodule. The component of degree 1 is defined to be T'(V'). We invite to think
that BY (V) is given by trees with k vertices and leaves decorated by words in V.

Denote by BF(V) the set of pairs of degree k whose correspoding trees have n leaves.
Note that any tree t € Treeﬁ can be viewed equivalently as a word of "dots and brackets".
The trees with 2, 4, 3 leaves as above can be viewed as [ee], [e @ [0e]] and [e e o]. We view

any generating element o € B,Ii(V) as a word in brackets. For example,
ap Qg
a3 Qg

Qq Qg g
a1 Q2

can be rewritten as [ajagl, [a1as]asayl] and [ajasas).

ii. Let us write any generating element o € B(V) that underlines a tree t as [ ... 8],
where ; is the j-th child of the root of ¢. A collection of R-morphisms {A;} is given by:

1. Aj acts by removing the internal brackets:

Ea

-1

Ai([Br-. Bm)) = Y (1Y Br ... Bul;

1

<.
Il

where [31 ... fp]; is obtained from [3; ... ;] by removing the j-th internal bracket,
counted from the left. In the language of trees, Ay acts as

a1 Q2

Ali —
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2. The non-zero components of A,,, m > 1 are given on the trees with m children of
the root [51 ... [m):

Am((Br- - B]) = (D) m-desB g 1. 1,

where degree of each child §; which has d; pairs of brackets is d; + 1. In particular
for a decorated tree a = [avjan[asaa]] Ag is given by

a1 Q9
a3 Oy
a3 04
Ag: = —o X a9 X

A straightforward computation shows that this collection {A;} satisfies the relations of
Ay coalgebra. Let us describe now the coalgebra Boo(V;I). We do so in the case when
I CT?2(V):=V®rVe@V®3 g .. .. The general case can be found in [CK12]. Let us
distinguish the innermost brackets - those that contains inside only words in V' and no brackets.
Then Boo(V;1) as a graded R-module is obtained from B (V) by putting words in I instead
of V in every innermost bracket. This means if a = [[ajas]as], then ajag € Z and a3 € V.
The coalgebra structure is given by the same set of operations as for By (V).

Proposition 4.9 (|[CK12|). The cobar construction of Boo(V';I) is quasi-isomorphic to T(V')/1.

This resolution of T'(V')/I is quite big: the degree 1 generators are generators of R-module I,
and there are infinitely many of them. This is in sharp contrast with free resolutions examined
in the previous Chapter. However, the idea of using decorated rooted trees proves to be useful
in studying the algebra resolutions of commutative rings, which we study and develop in the
next sections.

5 Koszul-Tate resolutions, questions and motivation
Let O be a commutative algebra and Z C O an ideal. Then the quotient O/Z is:
i. an O-module (in fact, a cyclic module, i.e. a module with 1 generator),
ii. and also a commutative algebra.
To both previous contexts correspond two different meanings of "a resolution of O/Z".

i. If we forget the algebra structure and only keep in mind the O-module structure, then, as
for any O-module, it is natural to look for a resolution (90, d) of O/Z by free or projective
O-modules, starting with O itself:

s, 4 o 25 0 0 (13)

More precisely, we call projective (or free) O-resolutions of the quotient O/Z complexes
as (13) such that

(a) each M is a projective (or free) O-module and each map d is O-linear,

(b) the complex has no homology in positive degrees and Hy(M,,d) = O/I.

We draw the attention of the reader to the fact that O @My := O PN S Moy P - - -
is simply an O-module, but not a ring. However, later on in this article, we will equip
O © M, with the structure of an Ay-algebra.
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ii. If we do not forget the algebra structure on O/Z, then one may look for a projective
resolution as in (13) such that O @ M, admits a graded commutative product making
it a DGA-O-resolution. 1t is known (See [Avr75|-Appendix 7, answering negatively a
conjecture in [BE77], or [Avr79]. More conter-examples are given in [Kat19]) that such a
commutative product may not exist on a given O-resolution. The alternative is to look
for a Koszul-Tate resolution |Tat57] of O/Z. By definition this is a pair (A, d) such that

(a) Ais a graded commutative O-algebra isomorphic to the symmetric algebra generated
by some projective O-module (&;);>1

(b) and ¢ is a degree —1 derivation, squaring to zero, whose homology is zero in all
degrees except for in degree 0, where it is O/Z.

Let us give some explanations on these two conditions. Condition (a) means that:
A = S(82,8)

where the symbol S stands for the graded symmetric algebra generated by a graded O-
module £ and we denote by ©® its product. Let us write the first terms:

A = 0 0 & DEDEOCEDEDEOEDEOEOE G- -
~N ~~
=A0 =4 =As =As
In this article, the tensor product ® of O-modules and its graded symmetrization ® are by

default taken over O. When considering the tensor product over a field K, the notations
®@k will be used. Condition (b) means that the complex

S Ay 2 Ay o A 5 0250
admits the following homology
H;(A,0)=0fori>1and Hy(A,0)=0/T.
The last condition means that §(A;) = Z.

Unlike DG-O-resolutions on a given projective O-resolution, Koszul-Tate resolutions always
exist |Tat57]. Notice that a Koszul-Tate resolution of O/Z is also a projective O-resolution of
0. Since any two projective O-resolutions of the same O-module are homotopy equivalent, any
Koszul-Tate resolution of O/ is homotopy equivalent to any projective O-resolution of O/Z.

It is remarkable that the two previously described "resolutions" exist for any commutative
algebra O and any ideal Z.

i. The existence of free resolutions of any O-module is a classical result of commutative
algebra.

Construction 5.1. For the quotient algebra O/Z, the construction goes as follows:

(a) We choose generators (E;);er of the O-module 7.
(b) We define 9; to be the free O-module generated by elements in I, i.e. sums of the

form
> Al
i€l

where only finitely many of the elements f; € O are not equal to zero. We define
d: M1 — O to be the O-linear map

1€l 1€l
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(c) We choose generators (F}) ey of the kernel of d: My — O, then define My to be the
free O-module generated by J, and we define d: My — 9y by

d: Y gilil= g Fy.

Jje€J g€l
The procedure continues by recursion. This completes the proof.

Moreover, there are wide classes of algebras O for which this construction can be chosen
to be "small". For instance, if O is a Noetherian algebra, then each one of the free O-
module 91, can be chosen to be finitely generated. Moreover some Noetherian algebras O
have the property that for any ideal Z the quotient O/Z admit a projective O-resolution
(M, d) of finite length, i.e. satisfy that there exists an integer N such that 9t = 0
for k > N 4+ 1. A classical example of such an algebra is the algebra C[X7,...,X,] of
polynomials in n variables. An another example is germs at 0 of real analytic functions
on R", or holomorphic functions on C™. In any of these cases, one can even choose
N < n+1. For practical purposes one may find concrete realization of module resolutions
using Macaulay software [EGSS02].

Koszul-Tate resolutions can be constructed by a similar algorithm, called the Tate algo-
rithm.

Construction 5.2. Tate algorithm

(a) The modules & can be constructed exactly as the module 9;: it is a free module
equipped with an O-linear map d; : 9ty — O such that d;(9) = Z.

(c¢) The differential d;: & — O extends to S*(&1) as a graded derivation of degree —1
squaring to zero that we denote by ¢;. By construction, Hyo(S*(&1),61) = O/Z. Of
course, H1(S*(&1),01) # 0 in general, but there exists a free O-module & equipped
with O-linear map ds: E2 — S(&1)1 whose image generates Hy(S(€1),01). The maps
d1,ds then extend to a degree —1 derivation d9 of S(&; @ &) that squares to zero.
By construction,

H()(S(El D 52),52) = O/I and H1(5(51 D 52),(52) =0

(c¢) The procedure is repeated in order to construct a sequence (& )x>1 of free O-modules
and a sequence dy: & — S*(E1 @+ - B E;—1)k—1 of O-linear maps such that for every
k > 1 the image of dj generates Hi_1(S(E1 @+ ® Ek_1), dk) where O stands for the
degree —1-derivation whose restriction to &; is d; for all ¢ < k—1. It is easily proven
by recursion that for all £ > 1, we have 6,% =0 and

Hy(&1® - ®Ep1,0k) =O/T and H; (E1 B -+ B E;—1,0) =0 for all i < k

This implies that the pair
(SE®&ED--),0)

with ¢ being the degree —1 derivation whose restriction to &; is d; for all ¢ > 1, is a
Koszul-Tate resolution of O/Z.

Although both algorithms seem to be similar at first look, the Tate algorithm is in general more
complicated than the algorithm that permits to compute Koszul-Tate resolution.

In general, even when we start from an ideal Z in a polynomial ring O, there might exist

infinitely many & appearing in the Tate algorithm. This means that one has to compute
infinitely many homologies, but also that the construction may depend on infinitely many
choices.
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As a result, there are quite a few ideals Z in algebras O for which the Koszul-Tate O-
resolution of O/Z is not explicitly known although it is possible to find a free or projective
O-resolution.

The purpose of the present article is mainly to answer the following natural question:

Question 5.3. Is there a way to construct a Koszul-Tate resolution by doing only finitely many
homology computations and having only finitely many choices?

Alternatively, one can rephrase the question as: Is there a manner to construct a Koszul-
Tate resolution of O/Z out of the data of a free/projective O-resolution (M,,d) of O/Z7 We
claim to have a convincing answer to the latter question, that in particular answers Question
5.3 positively when (901, d) has finite length. More precisely, with our construction, not only
there are finitely many computations and choices, but we also know when we can stop the
construction: at the n-th step if n is the length of (90, d).

Let us now explain how we answer Question 5.3. First, let us show why a very natural answer
turns to be wrong.

Remark 5.4. There is a natural and tempting answer to Question 5.3, which unfortunately fails
in general: given (9, d) as in (13), it is tempting to consider S(M), equipped with the degree
—1 graded derivation § extending d. Although it is true that 62 = 0, and that H°(S(9Ms),d) =
dT(JQtl = %, it is not true even in the case of a complete intersection that H;(S(9M,),d) = 0 for
1 > 1. It is easily verified in the following example: take O to be a ring of smooth functions on
R?, and 7 is an ideal generated by < z,y >o. The module O-resolution of O/ has a length

two: 9y has two generators ©°, ¥, My has one generator 7o and

Generators in degree 1: dmy¥ = zy, dr% = z,
Generator in degree 2:  dmy = 27m]Y — zyns.

In the graded commutative algebra (S(9M, ), d) (with 0 the extension of d to a graded derivation),
mg + wimY is d-closed, but it cannot be exact, for m is "out of range" for such a differential ¢.

To answer Question 5.3, given a projective O-resolution (91, d) as in (13), our strategy is to
consider the free O-module Tree[M,] of rooted trees with leaves decorated by elements in 9t;,
i.e. elements of the form:

a) ag az ag a1 as asz aq @5
with a; € 9 for ¢ = 1,...,5. Such trees have a natural O-module structure. The main point

of the present article is to equip the symmetric algebra of Tree[9,] (that can be thought as
a forest of such trees) with a differential § that makes it a Koszul-Tate O-resolution of O/Z.
We call it the arborescent Koszul-Tate O-resolution of O/ (attached to the free or projective
O-resolution (9, d)). This answers positively Question 5.3.

Moreover, this differential has several components, which are of the following types:

1. One component consists in acting by d on the elements of 9t attached to the leaves.

2. Several components are natural and mechanical operations on trees, e.g. removing a
root to create a forest out of the tree, removing an inner edge, applying the previously
constructed & to each one of the possible sub-trees, or binding a forest into a tree by
adding a root vertex.
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3. The last and the most intriguing components can be characterized by a family indexed
by rooted trees associating to any tree ¢ with n leaves and k inner vertices a n-linear
endomorphism v; of degree k on O & My & My @ ---. We will call these maps the
arborescent operations. The construction of these arborescent operations is the only one
which is not mechanical and requires a choice of a coboundary. For degree reasons,
if the resolution (91, d) has length n, there exists finitely many non-trivial arborescent
operations.

We call arborescent Koszul-Tate resolution of (9, d) the henceforth obtained structure.

It is a natural question to ask what structure these mysterious coboundary operations encode
on the resolution (s, d). A complete answer probably involves operads, but we have a partial
answer. Since any Koszul-Tate resolution of O/Z is in particular a projective O-resolution of OZ,
and since any two projective O-resolutions of @/Z are homotopy equivalent, (9, d) is homotopy
equivalent to its arborescent Koszul-Tate resolution. In fact, we will show that it is even a
homotopy retract. As a consequence, homotopy transfer theorem applies and yields an A.o-
algebra structure on the complex --- oy —2s o Lo —45 0 0 We
will give explicit formulas for the Ao.-algebra products in terms of the arborescent operations.

Last, we answer the following question:

Question 5.5. Is there a minimal Koszul-Tate resolution of O/Z?

We provide a positive answer in the case when O is a local Noetherian ring or a polynomial

ring, where Z is graded with respect to polynomial degree. Moreover, we show that any Koszul-
Tate resolution encodes a minimal one and is in fact isomorphic to S(€) ® S(T') as a graded
algebra, where 7' is a trivial complex.
Section 6 is devoted to the construction of the arborescent Koszul-Tate resolution, with a
particular emphasize on the arborescent products. Examples shall be given in Section 7. In
Section 9 we explore consequences and applications of this explicit construction of a Koszul-Tate
resolution and we study minimal Koszul-Tate resolutions.

We conclude the introduction by a few conventions:

Convention 5.6. Given an O-resolution (M, d) of O/T as in (13), (M, d) shall denote the
complez truncated at 0:

4y, — Ly

Last, Me and O &M, denote the graded vector spaces My Mo D -+ and OPM Mo B - - -,
without any reference to the differential d.

Also, we recall our conventions for tensor products.

Convention 5.7. Given O-modules £ and F, the notations € @ F and € © F stand for the
tensor and symmetric products over the algebra O. The tensor and symmetric products over
the base field K are denoted by @ and O respectively.

For & an O-module, S(E) stands by default for the symmetric algebra over O. Also,

SEE):=E0---OE and SZ2(E) := 25" (E).

k—times

6 Construction of the arborescent Koszul-Tate resolution.

In this section, we present an explicit and constructive way to obtain a Koszul-Tate O-resolution
of O/T out of an O-module resolution (M,, d) of O/Z as in (13).

We proceed as follows. In Section 6.1, we describe the free graded commutative algebra
S (Tree[M,]) generated by the O-module Tree[M,] of trees with leaves decorated by elements
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of M,. In Section 6.2, we explain how to equip the graded commutative algebra S (7Tree[I,])
with a differential é,, that depends on some recursively constructed multi-linear maps on i,
that we call arborescent operations. Theorem 6.19 will show that the homology of ¢, is zero,
hence proving it is a Koszul-Tate resolution, that we will call arborescent Koszul-Tate O-
resolutions of O/T.

6.1 Arborescent Koszul-Tate resolutions: the graded algebra of decorated
trees

Throughout this section, My = (M;);>1 stands for an arbitrary sequence of O-modules. We
define the O-module Tree[IM,] of decorated trees:

(i) First, let us consider the set of planar rooted trees, i.e. the set of rooted trees with ordered
leaves satisfying the property that each vertex has at least two descendants. The set is
enlarged by adding a trivial tree. Typical examples are listed below:

A 3-leaves tree A 5-leaves tree The trivial tree

VoV

We denote by Tree the free K-vector space generated by rooted planar trees. The free
K-vector spaces generated by trees with n leaves (resp k vertices' shall be denoted by
Tree" (resp. Treeg). Also Treef := Tree™ NTreey.

For instance, Treetl) is the vector space generated by the trivial tree, it is therefore iso-
morphic to K.

(ii) The free O-module of ordered decorated trees is defined then as

[e.9]
Tree[M,| = @ Tree" Qg Mo @ ... @ N (16)
—_—————
n=1 n times

The space of ordered decorated trees with n leaves (resp. k vertices) is denoted by
Tree™ M) (resp. Treei[M,]). Also, Treeil[Me] = Treer[IMe] N Tree”[M,]. Elements in
Tree"[M,] shall be denoted as:

tlay, ..., ap]
with t € Tree™ and ay,...,a, € M,. We invite the reader to think that aq,...,a, are

attached to the leaves of ¢, as in (15). By construction the O-module structure is given
for all FF € O by

F-tlay,...,ap) =t[Fay,...,ap) =+ =tlay,..., Fay).

Remark 6.1. In particular, elements in Tree} ®x M, shall be denoted as |[a] with
a € M,. The vertical bar | refers to the trivial tree.

(iii) Let us introduce a grading on ordered trees by declaring the degree of an element in
Tree} to be k = # {Vertices of t} . With this convention, the free O-module of ordered
decorated trees has an induced degree defined by:

deg(tja1 ® -+ @ ay)) = |a1]| + -+ + |an| + # {Vertices of ¢} (17)
We denote the space of elements of degree i by T'ree[I,];, so that Tree[IM,] = &2, Tree[M,];.

For instance:

!Our convention for trees is that by a vertex, we mean either an inner vertex or a root, i.e. leaves are not
vertices: for instance, the rightmost tree of (15) is has 3 vertices. By convention also, the trivial tree has 0
vertex.
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i =3 We have T'ree[M,]s :=

‘®K (9M3) @ \./ R (M @ M)

i =4 We have Tree[M,]s :=

‘®K(9ﬁ4) @ \V®K(fm1®fm1®9ﬁ1) @ \/®K(fm2®fm1) @ \/®K(ml®9ﬁ2)

In addition to this degree decomposition, one will also need to consider the graded sub-
O-module T'=?[0M,] generated by trees which have at least two leaves (= trees whose root
has at least two children). For every fixed degree i:

Tree[M,]; = Tree(l) QK M; & T=*M,];, (18)

(iv) Let us a define a natural quotient of the O-module T'ree[M,] of ordered decorated trees,
exploiting permutations of the leaves of a tree.

Consider an ordered decorated tree with n leaves and k inner vertices t[ai,...,a,| €
Tree[M,]. Consider an inner vertex V' of ¢ which has v children, which are themselves
ordered decorated trees

tifag,. .. ,a‘t1|] R tv[a\t1\+--~|tv71|+17 ey Q)

of degrees 01,...,0,, |t;| being the number of leaves of the corresponding tree t;, and
m being the cardinal of teh leaves that descent from V. A permutation o € S, acts
by exchanging the position of the children, keeping the rest of the tree untouched. The
outcome is a tree that we denote by ty,;[as(1) ® -+ ® ag(n)]. Also, we denote by €(ty,y)
the Koszul sign of the permutation o with respect to the degrees 64, ..., 06,.

An example of such a permutation is provided below for an ordered decorated tree t[a; ®
-+ ® as]. As a vertex we choose the root, which has three children of degrees |a1|, |az| +
las|+]as|+1 and |as|, and we exchange the two first ones, leaving the third one untouched:

ay a2 a3 a4 as az a3 a4 aip as

—

The Koszul sign of this permutation is (—1)l1/(lezl+lasl+lasl+1),

Let us identify, for every tla; ® -+ ® ay] € Tree,[Me|(k) and every permutation o as
above, the following elements:

t[al K- an] ~ E(tA,U) tA,U[aa(l) Q- ® ao(l)]v (19)

where ¢ is any permutation of the children of any vertex A of t. Equivalently, let us
introduce the following quotient:

Definition 6.2. We call O-module of decorated trees the quotient O-module Tree[IM,] :=
Tree[Me|/ ~ with ~ as in (19).

Let us give some properties of this quotient:
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Proposition 6.3. The O-module Tree[Me| of decorated trees is a positively graded O-module,
which is free if the O-module M is free.

Proof. The only difficulty is to show that the quotient is still a free O-module. It suffices to
prove this result for trees with a fixed number n of leaves.

We shall use the following fact: the quotient of a free O-module W ®@x O, with W a K-vector
space by the O-module W’ @k O, with W’ C W a sub-K-vector space, is the free O-module
W/W' @k O. We apply this point to the K-vector space W = T,, @x M&™, with M, a graded
K-vector space such that 9, = M, ®x O. Since ~ consists in dividing by linear relations whose
coefficients are in K, the equivalence relation can be seen as the quotient by a free O-module
generated by a sub-K-vector space W’ of W = Tree,, @x ME™. The result follows. O

The O-module Tree[M,] of decorated trees, which has been proven to be free in Proposition
6.3, is the one on which a Koszul-Tate resolution will be constructed. More precisely, we will
consider the graded commutative free algebra S®(Tree[M,]) generated (over O) by Tree[M,]
and equip it with some differential d,,. In order to have a short and consistent definition of a
yet to be constructed differential, we need to adopt a new convention, and allow leaves of a
decorated tree to be elements in O.

Convention 6.4. Fort a tree with n > 1 leaves, and a1, ...,a, elements with are either in M
or in O, we let tlay,...,ay] to be the element in Tree[Ms] defined following the following rule.
Assume a; = F € O:

1. If the parent of the i-th leaf is a vertex with > 3 children, then we consider the tree t;
obtained by erasing the i-th leaf, and we set:

tlay,..., F ,...an]:Fti[al,...,]/:’\,...,an].

2. If the parent of the i-th leaf is a vertex with 2 children, then we set

tlay,..., F ,...,a,] =0.

ith

Let us spell out this convention:

F as
ap az Fay as as ai as as

ap F az as
2. = 0.

Remark 6.5. Elements in S*(7ree[IM,]) may be thought of as linear combinations of forests
of elements in Tree[M,]|, which some sign appearing when trees in the forest are permuted.

We need two more structures on S® (7T ree[9,]), namely the root map and its inverse, the unroot
map.

Consider the K-vector space Tree. For every n > 2, there is a natural n-linear operation
pn, of degree 1 which associates to n rooted trees (¢1,...,t,) the tree obtained by adding a root
and linking it to the roots of (¢1,...,t,). For n = 3, for instance
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P3: \‘/'—>

t1 t2 t3 p3(ti,ta,ts3)
Altogether, the maps (pp)n>2 define a map p from the tensor algebra

@22Tree = @*Tree ® @3Tree ® - - -

to Tree=2. The map p above is injective, and is surjective on elements of Tree coming from

trees whose root has > 2 children:

Proposition 6.6. The map p is an isomorphism of K-vector space
L o2 ~ >2
p: ®=° (Tree) — Tree=>.

The map p extends to ordered rooted trees with decorated leaves and this extension @=2Tree[My] —
T=2[0,] is O-linear of degree +1. The map above is injective, and is surjective on elements

of Tree[M,| coming from trees whose root has > 2 children. Morover, it goes to the quotient

(see item (iv)) to induce a linear endomorphism ®=>Tree[M.] — T =2[9M,]. By definition of

the quotient operation, this quotient map is graded symmetric. One can therefore describe it

as a map:

Dr>2S* (Tree[Me]) = B> Tree[Me] © - -+ @ Tree[M] —> Tree[Ma].

k—terms

By abuse of notations, we still denote it by p this quotient map and call it the root map. It
remains true that for all & > 2,

ok = SE(Tree[M,)) — Tree[9N,]

is injective. It remains also true that it is surjective on the O-module of decorated rooted trees
with k leaves. As a consequence: p satisfies the following generalization of Proposition 6.6:

Proposition 6.7. The root map p is an isomorphism of O-modules
p: S=2(TMe]) —— T =[] (20)

This isomorphism maps S*(Tree[M,]), k > 2 to decorated trees whose oot has k children.

Remark 6.8. The isomorphism p does not extend well to S(Tree[9,]) because we do not
allow the root to have only one descendant.

Remark 6.9. The constructions presented in this section are easily checked to be compatible
with Convention 6.4.

Remark 6.10. The constructions and result of the present section extend easily to several
contexts of interest. For O = C°°(M) the algebra of smooth function on a manifold, we could
have chosen 9; to be for all 7 > 1 sections of a vector bundle V; — M. Or we could have used
sheaves: if one replaces the algebra O by the sheaf of holomorphic functions over a complex
variety M (or regular functions over a scheme), and 9; by a sequence of projective finitely
generated O-modules, (i.e. sections of some vector bundle V; — M), then Proposition 6.3
extends to state that Tree[M,] is made of sections of a graded vector bundle, which is of
finite rank in every degree. Last, in all these contexts, Proposition 6.7 stands verbatim, upon
replacing free O-modules by the relevant sheaf of sections.
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6.2 Arborescent operations and the differential ¢,

We will in the sequel associate to any non-trivial tree ¢t with n leaves and k inner vertices a
n-linear endomorphism of M of degree k — 1:

wt: Hom]é_l(S"((’) ©® 97(.), O® mo)

We intend to do so in a way which is compatible with the operations defining the quotient
considered in (19): For every tree ¢ with n leaves and every ai,...,a, € 9, we require
Yr(ar,...,an) = €(tao)Vo(ia,) (ao(l), . ,aa(n)) where o is any permutation of the children
of an inner vertex A as in (19). We also intend to make it compatible Convention 6.4.

Definition 6.11. Let (IMy)r>1 be a sequence of projective O-modules. We call arborescent
operation a linear map:

b T2 — M (21)

Moreover, for any non-trivial tree t € Tree with n > 2 leaves and k inner vertices, we call
arborescent operation associated to t the n-linear map of degree k — 1:

i(ar, ... an) — Y (tlar,...,a,]) forall ay,... a, € M.

We still denote by v and call arborescent operation associated to t the natural extension of iy
to a degree k — 1 n-linear map ¢¥: @™ (O ® My) —> M, obtained by allowing ay, ..., ay to be
in O and using Convention 6.4.

Let us introduce some notations. The component of the projections with respect to the direct
sum:

S'(Tree[fm.]) - 7'22[93’{.] & Hmo] ©® 522(7—[93?.])
(recall that |[Pe] = Treel @ 9M,) shall be denoted by:

pY s S(Tree[M,]) — T =[]
p|1: S(Tree[Me]) — |[9e] (22)
p=2: S(Tree[Me]) — S=2(T[M.)).

The upper index of p refers to the polynomial degree in S=2(7[9,]), while the symbols | and
V indicates whether one projects on trivial or on non-trivial trees.

Description of the differential J,

From now on, we choose (M., d) a O-resolution of O/T as in (14). In the present section 6.2,
we choose an arbitrary arborescent operation v : t — 1y and we construct by recursion a degree
—1 derivation 6, of S®(7Tree[IM,]), which at the moment does not square to zero yet.

In order to define a degree —1 derivation dy, of S®(Tree[IM,]), it suffices to give its restriction to
the O-module Tree[M,]. This restriction is obtained by recursion on the degree, a procedure
that we now describe.

In degree 0. For degree reason, d, has to be identically zero on the subspace of elements of
degree 0. Notice that it implies that d,, will be an O-linear derivation.

In degree 1. Elements of degree 1 in S(Tree[IM,]) are elements in Treel @x My, i.e. elements
of the form | ® a for some a € M. We chose the differential ¢, to map | [a] to d(a) € O.

In degree > 2. Let us assume that d, is defined on generators of Tree[M,] of degree less or
equal to n. In order to describe its extension to elements in Tree[Me],+1, we write

Oy :TZ2+T\£+T|1

where
>

T22:=pZ200y, Ty :=Dpyody, 7'|1 = p|105¢. (23)
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We define 722, 7"1, 7} on both components of the decomposition

T’r'eepﬁo]n—i-l = TZQ[W.]H+1 @ Hgﬁn—i-l]

On the second summand, we impose 722 = 7 = 0 and 7"1 :=id ® d. Equivalently,

3y (| 1a]) :==|[d(a)] for all a € M4q.

On the first summand 7 >2[0Ms] 111, we now define 72, 7}, T‘l as follows:

e The map 7'|1 is the opposite of the chosen arborescent operation 1: Tree=?[M],11 —
9M,, composed with the map a — |[a] from M, to | ® M,,. Explicitly

7'|12 tlat, ... am] — —| [Yi(ar, ..., am)]
for any tree t with m leaves and k inner vertices and any element a1 ® - -+ ® a,, € Q"IN
of degree n + 1 — k.
722 is the unroot map, i.e. the inverse of the root map p: S=2(T[Me])r — T Z2[Me]nr1.

Explicitly, on an element t[ay, ..., ay] such that the root of ¢ has k children #y,...,#, it
is defined by:

p_l : t[al, R ,am] — 11 [al, - ,a|t1|]®t2[a‘t1|+1, e a|t1|+|t2|]®- : 'th[a\tl\ﬂ---'—k\tk_ﬂ—i—l? e am].

Here we denote by |t| the number of leaves of t. The previous equation may be written
in the following more practical form:

p~t (tlay,. .. an]) =ta,lan,] © - Ota,faa,], (24)

with the understanding that t4,[A4;] stands for the subtree of all descendents of A; and
that Aq,..., A are the vertices children of the root. For instance:

ap a2 a3 a4 as

tl tz t3 ay as ag a4 as
t t1 to ts

e In contrast of the previous maps, 7} is defined recursively. Assume 0y is defined on
elements of degree less or equal to n. Set

Ty i=—pop=rodyop .

In words, 7} consists of doing the following operations:
. applying 722, i.e. the inverse p~! of the root map, p: T Z2[Me]pi1 — S Z2(T[Me])n,
. applying derivation &, already constructed: dy: S=*(T [Me])n — S*(Tree[Ma])n—1,

1
2
3. applying the projection p=2, i.e. suppressing elements in Tree[Me),—1,
4

. Binding the resulting forest into one tree by means of the root map p and multiplying
by —1.
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In equation:

/5/2\}

Tree[Malns1 —— SZ2(T[Ma])n —> S(Tree[Ma])n1 ——= S =2(T[Ma])n_1 ——> Tree[Maln

To illustrate the operations let us consider the tree with 2 leaves decorated by elements
ay,az with |a1| =1 and |ag| > 2:

al a9 al as al as (dal)az aq da2
p L \/ — , Oy : > — ,
(dal)ag al da2 al da2
p22 - = - )
a;  dag ap das
—p: — - \/ :

The derivation dy described in Section 6.2 has an explicit (i.e. non-recursive) description in
terms of the arborescent operation ¢ and several elementary operations on trees.

We first equip the O-module of ordered decorated trees T'[91,] of all decorated rooted trees
with a natural differential 0 as follows.

1. For tlay,...,ay] a decorated rooted tree, to any inner vertex A € ¢ (that maybe the root
or a leaf), we attach a weight W4 € Z which is the degree of the tree obtained by summing
the following two contributions:

(a) the number of the vertices along the path v from the root to A,
(b) the sum of degrees of all subtrees located to the left of the path ~.

2. For any rooted tree ¢ and inner vertex A (different from the root), let dat stand for the
tree obtained by merging vertex A with its parent vertex. If A is the root, we define
0at to be zero. Since d4 does not modify the cardinal of leaves, and is compatible
with the symmetry relations, d4 can be defined on a decorated rooted tree as follows:
tlai,...,an] — (Dat)[ai,...,a,]. We still denote by d4 this induced map.

We then consider the degree —1 map

0:  TreeM,] —> Tree[Mqe_1]
t[al,...,an] — ZAeveTtex(t)(—1)WAaAt[a1,...,an].

Proposition 6.12. The degree —1 map O squares to 0 and descends to define a differential on
the module of decorated trees Tree[M,].

Proof. This is a recursion on a number of inner vertices and is left to the reader. O
We can now give an alternative description of d,,. We start by a definition:

Definition 6.13. For any inner vertex A of a tree t, we denote by t) 4 the trees obtained by
replacing that vertex by a leaf , and ty4 the tree with a root A obtained by keeping only the
descendants of this verter.
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Example 6.14. Let us explain Definition 6.13.

ai az az aq

b c b ¢ d

A
For tree t = , one has t44[b, c| :\/, and t (b, ¢, d] :W
A

We now can describe d,, in a direct manner.

Proposition 6.15. Consider a tree t with n > 2 leaves. Let Vertex(t) be the set of inner
vertices of tree t. Then for all ay,...,a, € M:

Syp(tlar, ... an)) = p~t (tlas,. .., a]) + 0 (tla,. .., an))

n

— Y D" (alar, (@), an]) + Y (D) tay, . dai, . an),

AeVertex(t) 1=1
where:

e 0 is the differential on trees defined in Proposition 6.12,

1

e p ' is the unroot map, see Equation (24),

e a4 denotes the leaves that descent from the vertex A

e In the fourth term of the r.h.s. of Equation 25, Convention 0.4 must be applied when
a; € M.

Proof. To prove the statement, we unify the last lines in Equation (25) by introducing a sum
that runs on all vertices, leaves included. This requires to set, for A the i-th leaf, ty4[aa] = |®a,,
and ¢|(a;) = —d(a;). With these conventions, Equation (25) reads
dp(tlar,. .., an]) = pt(tla, ..., an))
+ > (=)™ (=tpalat, ... Y (@n), ... an] + (Oat)[ar,. .., an)),

AeVertex+ Leaves(t)

The first line in the equation is the unroot map p~' = 722. For A the root R of the tree ¢, we

have O =0, agr = aq,...,a, and tg =t so that the non-vanishing term in the second line is:
_tiR[alv ce ,thR((IR), cee an] = _| W}tTA(ala cee 7an)]-
One recognizes 7'|1 (t(ai,...,an)). The expression (25) can be read as

dy(tlar, ..., a,)) =772(tla, ..., an]) + T‘l(t[al, ..y ap)) + rest

Where "rest" is a collection of terms valued in single trees with > 2 leaves. It remains to check
that the "rest" corresponds to 7l = —pop=2o Oy © p~!. This is done by a recursion on the

number of inner vertices N. For N = 0, these residual terms are read as:

dai as ... ap ap daz ... ay ai as ... day,

4+t (_1)\a1|+"'+|an—1|+1
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With the Conventions 6.4 in mind, it is straightforward to check that the summands above
constitute 7.l. For N = k + 1 inner vertices the tree t[a1, ..., a,] we view as a rooting of j trees
Talaa], .. Ta;laa;):

Talaa,] Taslaa,) ... Tajlaa,]

tlay,...,a,] =
Then the terms that constitute the "rest" can be rewritten using the recursion assumption as:

J
Z(_1)1+|TA1 [aA1”+'“+‘TAi—1 [aAi—l]I

i=1
which are identifed then with the expression 7} = —p o p=220dy 0 p~i(t[a1,...,a,]). The
statement follows. O

We illustrate the content of Proposition 6.15 by giving explicitly the differential J,, on the
following examples:

1. For the tree t = V[ay, az] with one root and two leaves decorated by elements a1, as € 9,
of degree > 2:

al a9 al ag da1 a9 al dCLQ
Oy - \/ — ~ \/ + (=1t \/ -
Py (ar, az)

2. For the tree t = V[ay, ag] with one root and two leaves decorated by elements aj, as M,
of degree 1 and > 2 respectively, we have:
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3. For the decorated tree t[a1,as,as] with ¢ as below, decorated by the three elements
ai,asz,as of degree > 2, a direct computation gives:

a a a
a; az asg a2 ag V(a1 az, az) ! 2 3 Yy(ai,az2) a3

SN NN

da1 ag as al dCLQ as ayp az dag

pVRTE VANV

Compatibility conditions to ensure (53} =0

Let (91,d) be a free O-resolution (M, d) of O/I as in (14). Let J; be the derivation of
S(Tree[M,]) associated to some arborescent operations 1: t — 1, as in Section 6.2.

Proposition 6.16. Let i > 1. Assume that the arborescent operations t — 1 have been chosen
such that 82 vanishes on elements of degree less or equal to i. The square of 0y 1s a derivation of
S(Tree[M,]) whose restriction to T =*[Ma|iv1 takes values in | @ M;_1, and, for any decorated
tree tlay, . .., ay| of degree i, we have: 6i(t[a1, cooap]) = | @ M(tag, ..., ay]) with

‘(t[ala--'van]) = Z (¢t¢A oA thA *17[}31415) 7[d?wt]+ﬂ-lod (a1®"'®an)a
AeInnerVertex(t)
where
(qbtiA CA thTA) : ®n(9:)’t) — M
a1 @ @ap = (D)WY (a1, P, (an), - an),
[dawt](ala"'aan) 3:d0¢t(a17---, +Z wtaly . adaia"'van]a

Yo,ear, ... an) = (—I)WA¢(8At[a1, ceeyap))

and where Tt stands for the projection Z L @M — M, so that the term 7 od(ja; @ - @ ay])
18 zero unless n = 2, and a1 € My, as € 93?22, or a; € M>q,a2 € My, or ar,az € My, in which
cases it is equal to d(ay)az, (—1)%ld(az)ar, and d(ay)ay — aidas, respectively.

Proof. Let us use the recursive description of the differential ¢, given in Section 6.2, and the
decomposition: §;, = 722 + 7L + 7"1 as in Equation (23). Let us describe their compositions
through a direct computation:

(22) 752072 = p>2 05,071,

(V2) rlo722=plod,opt,

(12) 7' o7=* =pjodyop™!
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and

(2V) 72207} = —p=2 0 dy, oph

1 1

(VW) myory =pop>*odiop™t —pyodyop™,

(Iv) 7'|1°7'§ =|®k (Yopop=2odyopt).

The differential 53& is the sum of the three maps valued in S=?(T[M,]), T =2[M,] and | @M
respectively, obtained by adding up (22) + (2V) + (2]), (V2) + (VV) + (V]), and (|2) + (|V) + (||)
respectively. The formula above describes these three sums:
. p>todt =0,
e plo (53) =pop=?o (5i op~! =0 (Here we use the assumption that (512/) vanishes on the
elements of degree < i),

° p‘loéi:Tlloéw:plloéwopfl—l—]@]]((wopOpZQOéd,Op*l—dow).

This implies that (53, restricted on 7 =22[M,];+1, is valued in | @ M;_1, hence 5%(75[@1, cenan])
is of the form | ® #&(t[ai,...,a,]) where

Q:pioéwop_qu‘@K(¢opop2205wop_1—do¢),

For n > 3, with the help of the formula giving the differential ¢, in Proposition 6.15, we identify
the summand | ®k (Y o pop=20dy0p~t —doy) as:

| ® Z (V1,0 04 Ytpn — Vo) — [d, 0] | - (26)

A€InnerVertex(t)

1

For n = 2, an exceptional term appears, for pl1 00, 0 p~+ is non-zero while being evaluated on

trees of the form

ay a2

Vlai, az] = \/

with |a1| or |az| being equal to 1. This allows us to identify p|1 o0&y 0 pt(tlay,...,an]) with

|®@ 7l od(a; ® -+ ® ay,). This concludes the proof of the proposition.
Ll

Corollary 6.17. Assume that the arborescent operations have been chosen such that 62, vanishes
on elements of degree less or equal to i, then for any element tlay,...,a,] € Tree[Melit1, we
have (53}(15[&1, o an]) = | @ & with & being an element in M;_; that satisfies d(M) = 0.

Proof. The recursion assumption implies 512/)05¢(t[a1, ..., ay]) = 0, so that 5¢055) (tlai, ..., an))
dy(] ® &) = | ® d(#) = 0. This proves the result.

0

Corollary 6.18. There exists a choice of arborescent operations t — b such that (53} = 0.

Proof. The proof consists in constructing the recursion operation 1 degree by degree. More
precisely, we intend to define ¥y[a; ..., a,] for every decorated tree tlay,...,a,] of degree i + 1
provided it is already defined on all decorated trees of degree less or equal to ¢. If the relation
53) = 0 holds on decorated trees of degree < i, Proposition 6.16 states that the restriction to

elements of degree i+ 1 of 55 is of the form | @ # for some O-linear map # from Tree[M];11 —
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M;_1. Corollary 6.17 states that # is valued into d-cocycles of ;1. By exactness of the
complex (M., d), the O-linear map & is therefore valued into d-coboundaries. Since the O-
module (7 =2[9M,])i+1 is free (hence projective) by Proposition 6.3, there exists a O-linear map

Y (T=2[Me])iy1 — M;

which gives back # when composed with d: 91, — 9t;_1. The corresponding arborescent
operations 9 : t — 1); now induce a differential ¢, that satisfies 63 = 0 on all elements of degree
i+ 1. The construction continues by recursion. O

6.3 Arborescent Koszul-Tate resolutions

We are now ready to reply to Question 5.3. The next Theorem uses free O-resolutions, but
extends trivially to the case where 9; for all ¢ are the sheaves of sections of a vector bundle,
and O is a sheaf of smooth of holomorphic functions as in Remark 6.10.

Theorem 6.19. Let Z be an ideal in a commutative algebra O. For any free O-resolution of
0/

y My, —4s s —45 0 0/
there exists arborescent operations ¥ : t — 1y such that symmetric algebra in the free O-module
T [9Me] of decorated trees is a Koszul-Tate resolution of O/Z when equipped with the differential
0y described by Proposition 6.15.

This theorem allows to give the following definition.

Definition 6.20. For (M,,d) a free O-resolution of O/I, we call arborescent Koszul-Tate
O-resolution of O/Z attached to the arborescent operations t — 1y any Koszul-Tate resolution
of O/T as in Theorem 6.19.

Proof of Theorem 6.19. In view of Corollary 6.18, we know that we can choose arborescent
operations 1: t — 14 such that 5i = 0. In order to prove Theorem 6.19, it suffices to check
that for any such a choice, the homology of d is zero in every positive degree and is O/ in
degree 0.

Since S(Tree[M,])1 = | ® My, since 6,(] ® a) = da for every a € M, and since the image
of d is Z, the degree 0 homology of dy, is O/Z.

We now prove that any closed element of degree n > 1 is exact. Let a € S®*(Tree[M.,]), be
a dy-closed element of degree n. Let us decompose a € S®(Tree[IM,]) as a sum of two terms:

a=a>?+al (27)
with a=? € S22(Tree[9M,]) and a' € ST (Tree[M,]) ~ Tree[9M,]. Consider a — §y, o p(a=2).
Applying dy to p(a>2), we get two components:
1. The first component is in S=2(Tree[9M,]) and is by definition 722(p(a>2)) = a>2.

2. The remaining components are obtained by applying 7} (p(a>2)) and Tll (p(a>2)). Those
are valued in S(Tree[M.]) =~ Tree[M,].

As a consequence, by adding the dy-coboundary —dy o p(a=?) to a, we obtain an element
a € SYTree[M.]) ~ Tree[M,]. By construction, a’ is §y-closed. Since a’ is dy-closed, it
belongs to the kernel of 7, which is |@9,. It is therefore of the form |® b for some b € M,,.
Since 0y (|® b) = |® db, this element b has to be d-closed. By exactness of M, b = db’ for some
b € Myiq. Since

su(lel) = 9 b=d,
this proves that

a=dy(plaz2) +| V)

is exact, so that the homology of ¢, is zero. Ol
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Remark 6.21. Again, all results of this section extend to the context of sheaves as in Remark
6.10.

6.4 9 as a homotopy retract of its arborescent Koszul-Tate resolution

The homotopy retract

Since (S(Tree[M,]), o) is also a free O-resolution of O/Z by Proposition 6.3, it has to be homo-
topy equivalent (over O) to (9, d) as an O-module. In this section, we describe a completely
explicit expression for this O-linear homotopy equivalence and show that it is even a homotopy
retract.

Remark 6.22. Notice that even if the free or projective O-resolution (9, d) has finite length
N, the O-module Tree[IM,] that generate the arborescent Koszul-Tate O-resolution always has
infinitely many generators.

Consider an arborescent Koszul-Tate O-resolution of O/Z associated to a free or projective
O-resolution (9M,, d) with arborescent operations ¢ and differential §,,. The O-linear morphism:

M — S(TreeM)
a — |lal
F - F, FeO

is a chain map denoted by Incl.
To find its homotopy inverse, we define a O-linear morphism:

Projy,: S(Tree[M.]) — M
by mapping
1. Fto F,forall FeQO,
2. |[a] to a for all a € 9N,
3. t(ar,...,an) to 0if n > 2, ie. if t is not a trivial tree,
4. an element S € SZ2(Tree[M,]) is mapped to T‘l op(S) (the image of 7'|1 being | [M] ~ M).

Said differently, this last operation is as follows: for all i > 2, Proj,, maps
tl[a%,...,a,lll] OREE @ti[ail,...,af”]

to
1 1 i i
¢p(t17...,ti)(a1a B N T ,ani)

where p(t1,...,1;) is obtained by rooting the trees t1,...,t; altogether.

Proposition 6.23. Consider an arborescent Koszul-Tate O-resolution of O/Z associated to a
free or projective O-resolution (M, d) with arborescent operations v and differential 6. The
O-linear maps

Proj,

S(Tree[M]) m
Incl
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are homotopy inverse one to the other. More precisely

Proj,olncl = id
Inclo Proj,, = id— (hody +dy0h)

where h is given by the sequence of O-linear maps:

>2

h:=pop==.
It is, moreover, a deformation retract which satisfies the side relations [EM53]:
h* =0, holncl =0, Proj,oh =0. (28)

Proof. A direct computation gives the three relations listed in Equation (28). The relation
Proj, o Incl = id is also an obvious consequence of the definition of these maps. We are left
with the task of proving:

Incl o Proj,, = id — (h o dy + 6y 0 h)

Recall that p>2, pl, and p‘1 stand for the projections on S(7ree[M.|) = S=*(T[M,]) &
T =20 @ | [M] respectively as in Equation (22). An element a € S(Tree[M,]) now reads to
a triple (azz, av, a‘) with a=?, ay, a| the images of a through these three projections. To prove
Proposition 6.23, it suffices to prove the following relation:

(6p oh+hody)(a=?, ay, a) = (a*?, ay, Proj,(a=?)). (29)

Indeed, if we prove Equation (29), we obtain as a consequence that Incl o Proj,, is as in (6.23),
and we also obtain that Proj,, is a chain map.
Let us prove (29) for each one of the components.

1. For a=? € S=*(T[M,]), the explicit description of the differential d,, (see Section 6.2)
establishes the following equality:

(ho5¢—|—5¢oh)(a22, 0, 0)
= (pop=?ody+por=? +Tvop+7 op)(a=?0,0) by def. of §,, and h
= (pop=?ody +id+ 77> Op+T Op)(aZQ, 0, 0) since 722 = p~!
= (a22 (pop>? O5¢+Tvop)( a=?), 7o p(a>?) by def. of p, 7! and 7
=20, g op( =2) by def. of 7}

( 22,0, Prow =2)) since Proj, = T|1 opon S=2(T[M.)])

2. For any ay € T =?[9,] the only non-zero contribution of (d, o h + h o dy) comes from
hod,, which consists of un-rooting a, and then re-rooting it again, so this operation is an
identity on T =2[9,].

3. The a; component is clearly in the kernel of both dy 0 h and h o 4.

This completes the proof. ]
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Transferred A..-algebra structure on 1.

Consider an O-module resolution (91, d) of a quotient algebra O/ as in (13). Since (i) any
two resolutions of the same O-module are homotopy equivalent over O, (ii) any Koszul-Tate
resolution of O/Z is a graded commutative algebra, and therefore a (very particular) A.-
algebra, and (7ii) since A-algebra structures can be transferred through homotopy equivalence
[LV12], it is no surprise that (9, d) comes equipped with an A.-structure. We show in this
section that such A..-structure can be described through the arborescent operations ¢ — 1, that
appeared when constructing the differential J,, of the arborescent Koszul-Tate O-resolution. We
denote by Y,, the set of planar binary trees.

Proposition 6.24. Consider an O-module resolution (Mo, d) of O/Z as in (13). Let t — iy
be the arborescent operations of one of its arborescent Koszul-Tate O-resolutions.

The bilinear map p2: Qo (O B M) — O &M defined for all F,G € O,a,b € M by
p2(F 4 a,G +b) = FG + Fb+ Ga + 1y (a, b)

is the binary product of an As-algebra structure on (O @ Mo, —d) whose higher products are
given by the sequence of O-linear operations given for all m > 3 by

Un: R0 (OdM) — ODM,

A1y Oy Zteyn(—1)P(t[a1,-..,an})+2?=1(“*i)\ai\ P(a, ..., ap). (30)
(The value of P(t[ai,...,ay]) € Ng will be defined in the proof).

Proposition 6.24 requires some considerations about binary trees (we consider the trivial tree
as a binary tree). Let Y = J,~, Y} with Yx the set of planar binary trees with k leaves (see

e.g. [LRO2]):
Yi=A{l}, Ya= {\/}, Y3 = {\</,\>/},

The following recursive relation holds
Y, Y
Y, = \/,i—i—k:n ~ |_|Y;><Yk.

i+k=n

Any planar binary trees with n leaves can be expressed in an unique way as a rooting of two
uniquely defined binary trees:

Ty Ty

V4

On the K-vector space freely generated by planar binary trees, we define a family K :=
{ki,...kn,...} as follows:

k; k;
k=1 ka= Y (-1 \/
1+j=n
Here |...| stands for the degree of trees defined in Section 6.1. An immediate recursion shows

that each k; is a linear combination of trees having the same degree, so that |k;| is well-defined.
From the definition of K and Y;, it follows that &, is a sum of all binary trees with n leaves and
a prefactor +1.
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Lemma 6.25. Fach element of K lies in the Ker(0), i.e. for alln > 1:
Oky, = 0.
where § is the differential of Tree defined in Section 6.2.

Proof. To any pair (7, A), with T' € Y>3 and A an inner vertex of 7' corresponds an unique
dual pair (T, A) as follows: Without any loss of generality we can assume the location of its
parent vertex P4 of A is on the left to A as in the picture:

Ty Ty 13

A
P

T = ;
with Ty, Ty, T3 being binary trees. Then (T, A) is

T Ty T3

A
P

T-

with the rest of the trees T and T being identical.
Now, recall that for any tree ¢

ot = > (—1)Wadut

A€lInnerVertex(t)

so that, for all n > 1, 0k, is a sum over pairs (T, A), with T" € Y,, and A an inner vertex of 7"

(T,4)

where P(T) is a sign of a tree T entering k,,. We claim that the terms corresponding to (7, A)
and (T, A) cross out. To start with, it is obvious that they give the same tree, which is a binary
except for one inner vertex which has three descendants, and is obtained by erasing the edges
from A and A to their parents. We therefore just have to check that their signs are opposite.
In the expression of k,, the trees 7" and T appear with the following relative signs:

(_1)\T1|+|T2|T and (_1)2\T1|—HT2|+IT'
Also, the relative signs of the weights W4 and W are respectively given by |T7| and 0. As

a consequence, these two terms cancel each other when applying 04 and 07 to these trees.
Summing over all pairs (T, A), we get the statement of the Lemma. O

The structure of the proof of Proposition 6.24 is then as follows:
1. We introduce kylai,...,a,] - an analog to k,, for decorated planar binary trees.

2. We show that the O-linear maps ji, : a1 ® - -- @ ap — (—1)2i=1 1%l =De) (L ay, ... ay])
satisfy the relations defining an A..-algebra
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For a given family D := (aq, .. ., a,) of elements in 9, we define a family of ordered decorated
binary trees by Kp := {kjlay,...,a;],j € [1,n],,1 < i1 < --- <i; < n}. The following
relation is satisfied for all m <n

kj[ail,...,ai].} km_j[aijﬂ,...,aim]
m—1
kEmlaiy,...a;,] = Z(—l)‘kj[a”"“’aij” with 1 <i; <ig < - <ip<n
j=1
al an
For instance, ki [a;] = | ® a; and ks[a1, ag] = (—1)lo1! \/
ap a2 as ay az as

k‘g[al,ag,ag] _ (_1)\a1|+\a2\ v + (_1)2|a1\+|a2\+1 W

Lemma 6.26. Kp C Ker(0). In particular, 0(knlai,...,a,]) = 0 for all n > 1 and all
Ay ...,y € M.

Proof. The proof is analogous to the one for the family K = {kq,...,ky,,...} in Lemma 6.25
and is left to the reader. O

Lemma 6.27. kylay,...,ay] is a linear combination of all binary trees decorated by aq, ..., an,
with coefficients equal to —1 or +1.

Proof. An obvious recursion on n shows that for any D = {ay,...,a,} with n elements there
is a one-to-one correspondence between monomial summands of Kp with n-leaves and Y,,. [

Let us determine the sign prefactor P(t[ai,...,ay]) € £1 of any monomial summand as in
Lemma 6.27, that is:
kala] = > (1) Tq)
TEY,
(with a being from now a shorthand for ai,...,a,). We introduce a set of left and right

subtrees, C;(T'[a]) and C,(T'[a]) respectively. A set of all subtrees C(T'[a]) of a decorated tree
T'la] is defined in a obvious manner. Then the set C;(,.y(T'[a]) comprises of all subtrees Tjp)[0]
(T,.(p)[b] respectively) located to the left(right) of the parent vertex P, for all vertices P:

Tila] Typ)[b] T[] Tila] T[] Trplel

the left subtree of a vertex P: . , the right subtree of a vertex P: .

For instance, for a first summand in ks[a1,as,as3], C; = {| ® a1, | ® az}, and C, = {| ®
az as

as, \/ }

This notion allows us to establish the following lemma by an immediate recursion.
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Proof of Proposition 6.24. We have to check that the collection of O-linear maps p; = —d and
iy, as in Proposition 6.24 satisfy the axioms of Ay-algebras, i.e. the sequence of properties:

S D (% @ py ©1d®F) = 0. (31)
i+j+k=n

For n = 1, this simply means that d?> = 0. For n = 2, the relation can be checked directly, and
means that us is a chain map.

Let us assume n > 3 and that the axioms are satisfied up to order n — 1. Let us check it at
order n. First let us verify the case where a; = F € O for some index [. Convention 6.4 implies
that ug(ai,...,an) = 0 for & > 3 while po(F,a141) = Faj4q and pa(aj—1, F) = Fa;—; the
Axo-axioms are easily verified in that case. The non-zero summands entering the A, relations
have the following form:

(=) i (ar, .. a1, p2a(Fraige), - -y an) + (=D 2 g1 (an, . . . ag—a, pa(ag—1, F), ..., an)
whenever [ # 1,n. For [ = 1 the non-zero summands are:
pn—1(p2(F,a2),as, ... an) — po(F, pin—1(ag, ..., ay))
and for [ = n:
(=" 2tn—a(ar, - po(an—1, F)) + (1" pa(pn-1(ar, . .., an-1), F)

Since pa(a, F') = aF and pe is O-linear, the pairs listed above cross each other out. The results
holds in this case.

Recall from Proposition 6.16 that the relation (53) = 0 implies that for any tree ¢ and any
a=(ay,...,ap) €M, n >3 we have:

Z wtw 0A thA - waAt - [d7 wt] (a/la .. 7an) =0 (32)
AeInnerVertex(T)
Adding up all previous expressions over all summands of ky[aq, ..., a,| yields
Z (_1P(t[(l]) Z ¢t¢A 0A thA - 1/]8,415 - [d7 1/175] ((ll, R an) = 0
teYn A€lInnerVertex(T)

The terms containing 04 cross out due to Lemma 6.26. Recall that by definition (see Section
6.2), Yi, 4 0 YV (ar, ... an) = (—1)WA¢,5M (a1,..., %, 4(aa), ..., a,).As a consequence:

> > (—1)PUDI Wy s (ay, ... ¥rralaa), ... an) —

TeYn AcInnerVertex(T)
(=DPUD gy (ay, ... an) — (=1)FHDIWay,(ay, . dag,. .. an) =0

For further convenience we enumerate vertices A by pairs (i + 1,7 + j) where i + 1 and i + j
are the positions of first and last leaves of T%4. If there is no vertex (i + 1,7 + j) we simply
set Thalaa] to zero. We employ the following identities that follow easily from its definitions
(a4(i41,i+j) being the set of leaves that descent from the vertex i + 1,7 + j):

Wiigt,igg) =4+ laa| + - + fai| +0,(i + 1,7 + )
P(Tla]) = P(Ty(i+1,04p)006+1,540)]) T P(Trit1i45) [0+ 1,i400)]) + 00+ Lo+ DI Tr11,i45) (041,049l
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Here b,(i + 1,7 + j) is the number of subtrees of T[a] attached to the right of the path to
(i 4+ 1,7+ j). Recombining terms in the above expressions, we obtain

S (myyitlmlbdedy (ke a0 (Rilai, i) aisge az‘+j+k])>
i+j+h=n

|
—

n

—dip(kplay, ... an]) =Y (=1) ey lar, . daiey, ... an]) =0

s
Il
=)

Above, it must be understood that ¢ (ky[a1,...,a,]) = ZTGYn(—l)P(T[“])wT[al, ooy ap). Im-
plementing a change of variables:

Gkjlbr, b)) = (=) 2= G0 by by), —d(br) = pa (br)
we obtain
Z (—1)i+jk+(j—2)(la1|+~..+|ai|)ltnfj+1(al, oy @iy (@i s @)y Qi bty -+ o5 Qigjgk) = 0
it+jt+k=n
Or, using Koszul sign convention
> () (d® @ py @id®F) = 0.
itjt+k=n

This completes the proof. O

Alternative proof of Proposition 6.24. There exists an alternative proof using explicit Homo-
topy Transfer Theorem, written first as a particular summation over planar binary trees in
[KS00], see also [Mar04] or [LV12|. This proof is shorter, but it uses statements which lack
precision about signs.

In general, for
pr

(S,d) __5(9, d)

1

a homotopy retract, with (S,*,dg) a graded associative algebra, a A.-algebra structure on
(M, d) is given by the following formulas:

J RoMe — Me
a1y an = Y ey, Eproxg(i(ar), ... i(an))
where y; is described by the following procedure:

1. Any inner edge corresponds to applying h,

2. To any vertex, we apply the product.

For instance, the tree ¥/ corresponds to the map (a, b, c) — pr(h(i(a) xi(b)) xi(c)).
Proposition 6.23 implies that we can apply these methods here, with .S the symmetric algebra
, pr = Projy, i the natural inclusion, and h = p. It follows from the explicit descriptions of the
homotopy p and projection Proj, that
Projy, o x¢(i(a1), ... i(an)) = ¥u(as, ..., ar).

For instance, for the tree / above, for all a,b,c € M:

X (i(a),i(b),i(c)) = v[a,b] © |[c]

so that applying Proj,, we obtain ,[a,b,c|. Up to signs, the products (in)n>2 obtained by
this method match the ones of Proposition 6.24. However, signs conventions are unclear in the
referenced items. O
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Proposition 6.24 makes sense of the following definition.

Definition 6.29. Let (M,,d) be a projective O-resolution of O/I, and : t — Y a choice
of arborescent operations such that 55 = 0. We call arborescent A,-algebra structure the
Ao-algebra brackets on O @ M described in Proposition 6.24.

Example 6.30. In particular, a; * ag := uo(aq, az) satisfies as x a3 = (—1)‘“1‘|“2|a2 * a1 and

(a1 * az) * az — a1 * (ag x a3) = dus(ai, az, ag) + ps(d(ar), az, az)+
(=Dl g (ay, d(ag), az) + (—=1)191+192l g0y, a9, d(as))

where
s = —v (a1, ag, az) + (=119l (a1, ag, a3).

Last, we state an immediate consequence of the second proof of Proposition 6.24:

Corollary 6.31. The arborescent As-algebra structure and the arborescent Koszul-Tate reso-
lution are homotopy equivalent.

Proof. The arborescent A..-algebra structure is obtained by a homotopy transfer procedure.
The outcome of such a transfer is homotopy equivalent to the graded commutative differential
algebra one started from, see [LV12]. O

7 Examples of arborescent resolutions

The most famous example of a Koszul-Tate resolution is the Koszul resolution of an ideal
generated by a regular sequence. It belongs to the class of O-module resolutions that happen
to come with a natural graded commutative associative algebra structure, which we study at
the end of this section, but it is not an arborescent resolution, as we will see.

We start with some more elementary examples of arborescent resolutions.

7.1 Angular momentum and non-complete intersection examples

Let us first illustrate the construction of the arborescent Koszul-Tate resolution on four seem-
ingly different examples:

(I) "Angular Momentum" O is the polynomial algebra in 6 variables x1, z2, 23, p', p?, p®, and
the ideal Z C O is generated by the three "angular momenta"

Ly = x9p® — x3p?, Lo = 23p" — 21p” , L3 = 21p* — 29p".

The physical meaning of this example is quite clear. The orthogonal group acts on the
cotangent space of R3. This action is Hamiltonian, and the three components of its
momentum mapping p : T*R? — RS <— sof ~ R3. The Koszul-Tate resolution is
therefore associated to the singular subset p~1(0).

(IT) "Quadratic Functions" O is the polynomial algebra in 2 variables z,y, and Z C O is the
ideal generated by quadratic elements, i.e. by 22, zy, y°.

(ITI) O is the polynomial algebra in 3 variables z, y, z and the ideal Z C O is the ideal generated
by 22, xy,vy%, x2.

(IV) O is the polynomial algebra in 4 variables x,y, z, w and the ideal Z C O is generated by
22, 2y, y?2%, 2w, w? as in [Kat19).
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Let us find the O-module resolution in each one of these four cases, i.e. let us describe all
arborescent operations.

(I) For the angular momentum, an O-module resolution has a length two:

0—— My —25 My —25 0 —» O/T. (33)
k=2 rk=3

This resolution is minimal at 0 € R3, i.e. the differential is 0 at 0. We denote the generators of
My, Mo as mf, a =1,2,3 and o, T respectively. The differential d is defined as follows:

dn{ = Lg, fora=1,2,3
3 3
dmy = Z Zamy, dmy = Zpaﬂf.
a=1 a=1

Let us construct an associated arborescent Koszul-Tate resolution S(7ree[M,],dy). Recall
that the only freedom one has in constructing our Koszul-Tate differential is when choosing
the arborescent operations, i.e. the maps ¢t + ;. Since the resolution has length 2, the only
on-trivial term is 1)\, associated to the tree with one root an two leaves. Due to the injectivity
of d: My — My, the map 1y is even unique. A routine computation shows that it is given by
for all a,b,c € {1,2,3} by:

b _
wV (ﬂ-?v 771) = 6abcpcﬂ'Q — Gabch'cﬂ'Q.

The ranks of T[9]; for i = 1,...,5 can be easily computed:

Tree[Me]1 | Tree[Melo | Tree[Mels | Tree[Me|s | Tree[Me]s
3 2 3 7 18

The Tate algorithm (see the introduction) gives, however, modules of smaller ranks:

EFT [ eFT [ eFT [ eFT [ eET
3 2 3 6 11

(IT) For quadratic functions, there exists an O-module resolution of length two:

0 —— My SN Ny #O*»(’)/I
k=2 k=3

and coincides with the algebraic Scarf complex of

1.2 y2

This O-module resolution and the O-module resolution in (33) look similar: this is not a
coincidence, since it is possible to construct an embedding ¢ : R? < RS such that the pullback
1*Ogs of the algebra Oges of polynomial functions on R® and the angular momentum ideal +*Zge
are identified with O and Z respectively. This is given explicitly by

Jr =, fxy = —y, Fz3 =0

t"p1 =0, L'p2 =, L'ps = —yY
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The arborescent Koszul-Tate resolution can be obtained by pulling back the arborescent Koszul-
Tate resolution constructed for the momentum mapping (I) with the help of the algebra mor-
phism (34). It amounts to taking tensor product of that arborescent Koszul-Tate resolution
by O®0,, (Where O is seen as a Ogs-module with the help of the algebra morphism (34)) to
describe the arborescent Koszul-Tate resolution obtained in (II).

[ITII] In Example III, the ideal Z admits a free O-resolution of length 3:

0 My —Ls My —2 My —25 O 0/
~—~ ~—~ ~—~
rk=1 rk=4 rk=4
We denote generators or My by n%%, n%¥, 7Y% 7Y% generators of degree 2 by w*%¥, p¥%* gt gty

These choices of indices are natural in view of the differential d that we now introduce:

Degree 1 dn®™ = g2, dr™¥ = zy, dn™? = xz, dn¥¥ =42,
Degree 2 dn™¥¥ = xn¥¥ — yn®Y, A9 = gy — 'Y
Degree 2 dn*** = zq™* — xmw®?, dm®™Y = zp™ — yr®%,

Degree 3 dm = zp¥%%% — ym®*% + xm?™Y,

Since 9M; # 0 for i = 1,2,3 only, all maps ¥ in the arborescent Koszul-Tate resolution vanish
except for t = V (=the tree with one root and two leaves) and ¢t = v (=the tree with one root
and three leaves). Those can be computed explicitly:

¢v(w$$’7r$y) — _l.ﬁyLEI? ¢v(7TZ'Z"7r$Z) = —r ,n.Z.’,EJI
Y (70, V) = @ Ty T g (0, ) = g e
o (77, TV = 2 oy Y, 4 (O, V) = gy

Yo (T ) =z, Yo (Y ) = —x
Yo (n%, V) =z, Y (T, ) = —y 7
wv(ﬂ_xx77rzy7ﬂmz) - _372 7T, w\v(ﬂ-w:p7ﬂ—zzvﬂ-yy) = xyﬂ—'

In this example, po is associative (which was obvious of degree reasons), and u, = 0 for all
n > 3.

[IV] A free O—resolution of length 4 is given by:

0 My —Ls My —2 My —25 My —25 0 —» O/T
~— ~— ~— ~—
rk=1 rk=5 rk=8 rk=5

This example was studied in [Kat19], where it was shown that the resolution does not admit
a differential graded algebra structure.
The generators and the differential d are given by

Degree 1 dn® =22, dn’ =2y, dr®=19y%2% dr%=z2w, dr°=w?,

Degree 2 dn® = xn? —yn?®, dn® = 227 — zwn®,  dn®® = 2?7¢ — w3n?,

Degree 2 dn’® = an® — y2%n®,  dn®® = zyn? — zwn®,  dr® = zyn® — w?n?,

Degree 2 dn®® = 322 —wn®,  dr% = zn® — wn?,

Degree 3 dn®d = zwr® 4 xrbd — ynod,  drabe = w?g® 4 prbe —ymoe,  drtde = g2rde 4 wned — Zrae,
Degree 3 dnb® = zyn® 4+ wnb® — zxbe,  drbd = wrb® 4+ zrcd — yzrbd,

Degree 4 dmabde — ygabd _ ,pabe yﬂade — grbde,

The arborescent operations satisfying (26) correspond to the multiplication on (90, d) con-
structed in [Kat19]. More precisely, ¥, can be chosen to be the 2-ary product on (9,d) as in
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[Kat19]. This product is not associative, and [Kat19] describes the associator, and shows that
for instance:

/17[}\/(71-(17 T;Z)v(ﬂ'ca ﬂ_e)) _ wv(¢v(ﬂa7 ﬂ_C)’ 7[-6) — _yzdﬂ_abde.

In view of (32), we also have

P (7€ 70)) = o (P (7€), 1) = d o (P + ) (%, 7%, 7€),

A straightforward calculation shows that ¢, and iy evaluated on (7%, 7¢ 7€) can be chosen

as follows:

o/ (14,76, 7%) = 0, by (1,7, 7) = —yam el

Last, 1., can be derived from the relation:
wv(ﬂ'aﬂTcﬂTe) — _’_wv(ﬁa’wv(ﬂ_c’ﬂ_e)) + d¢W(Wa7Wcu776) — yZQﬂ_abe + w.CUﬂ'de + .TyZﬂ'bde.

For degree reasons, there are no non-zero arborescent operations corresponding to trees with
> 2 vertices, and we obtain a complete description of the arborescent Koszul-Tate O-resolution.
The corresponding arborescent A,,-algebra admits a non-zero term ug while all u, are zero for
n > 4.

7.2 Resolutions having a DGCA structure

In the literature, quite a few O-resolutions of O/Z admit a differential graded commutative
algebra (=DGCA) structure. Their arborescent resolutions are quite trivial, in view of the
following statement.

Proposition 7.1. Let (M, d) be a free O-resolution of O)I equipped with graded commutative
assoctate multiplication x. Then there is an arborescent Koszul-Tate resolution (S(Tree[Ms]), 6y)
where the arborescent operations : t +— ¥, are all equal to zero except when t is a tree with

n > 2 leaves and one root
n leaves

in which case for all ay,...,a, € O & M,
’Lﬂtn (a1®-~-®an):a1*-~~*an.

Let us see several natural instances of such resolutions for which the arborescent operations
are described as in Proposition 7.1.

Koszul complex

Let us consider Assume that an ideal Z C O is generated, as an O-module, by r elements
© = @1,...,0r. In that case, the pair (K(g),0d) given by K(p) := O ®x AV*, with V a
vector space of dimension r with basis ey, ..., e, and § = 22:1 i @ i¢, 1s a differential graded
commutative algebra called Koszul complex. The following result is well-known:

Proposition 7.2. The Koszul complez (K(p),0) is a Koszul-Tate O-resolution of O /I if the
r-tuple p1,...,¢0r € O is a reqular sequence [Eis95], i.e. if ¢1 is not a zero divisor in O, ¢; is
not a zero divisor in O/{(¢1,...¢i—1) for alli > 1 and (¢1,...,¢0r)O # O.

Example 7.3. For 7 an ideal generated by a non-zero divisor ¢, for degree reasons, all foliated
trees t[o, ..., ¢] are equal to zero, except for the trivial tree. As a consequence, both the Koszul
complex and the arborescent Koszul-Tate O-resolution are isomorphic to O & On with n a
degree +1 variable and d = goa%.
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Example 7.4. For O = C[xy,...,x,], the ideal of functions vanishing on an affine variety
which is a complete intersection in the sense of [Shal3] is an example of an ideal generated by
a regular sequence.

Taylor resolutions of monomial ideals

Let O be the polynomial ring K[z1,...,z,| and denote by J the maximal (irrelevant) ideal
generated by x1,...,x,. Let ¢ = {p1,...,¢r} be a minimal set of generators of a proper ideal
Z C O. We assume that we can choose them to be monomials, we then say that Z is a monomial
ideal. The O-resolution of O/Z underlines particular simplicial or cellular constructions, see
e.g. |Peel0]. We will briefly describe the Taylor resolution of O/Z.

Construction 7.5. Construction of the Taylor complex.
The Taylor complex is a chain complex

d

s Cip) — . 1

Co(p) —2— 0.

of free O-modules C;(¢) equipped with a differential d of degree —1. It is constructed as follows:

e Choose any order on ¢ and view ¢ as a set of vertices of (k — 1)-dimensional simplex A,.
Let Fi(A,) be a set of i-dimensional faces of A, and denote by |F;(A,)| its cardinality.
Then we set C;(p) = OFi-1(22)l This means that a basis of C;(p) is parametrized by
(i — 1)-dimensional faces of o.

e Let 7 be a subset of ¢ and let us denote m, = lem{y; |¢; € 7}. Let o be a face of A,
and ey - a basis element of OFi-1(2¢)l that corresponds to o. Then d is defined in the
following way:

d(ea> = Z sign(a, U)Tr:lniaea\cw
acy o\«

where sign(a, o) is (—1)P2*! with p, being the position of « in the ordered subset o.

It can be proven that C(p) is a O-resolution of O/Z, see details in [Peel0]. Therefore we
may call the complex C(p) the Taylor resolution. If ¢ is a regular sequence, then the Taylor
resolution C(¢p) coincides with the Koszul complex (K (¢),0) of O/T.

As explained in [BPS98]|, the Taylor resolution is equipped with an associative and graded-
commutative multiplication *. This product is given by
MMy

€y * er = sign(o, T) eour, 1 7Moo =@ and is 0 otherwise,

oUJr

where sign(o, 7) is a permutation sign of a concatenation o - 7 with respect to ordered set o UT.
Moreover, the multiplication satisfies the Leibniz rule:

d(ey * e7) = d(eg) * er + (—1)%le, % d(er)
which turns the Taylor resolution into a DG-algebra.

Example 7.6. Here is an other example, which is not of one of the previous type. Consider
O = K]z, y]/(zy) and T is the ideal generated by x. A O-resolution of O/Z is given by 9MM; = O
for all i > 1. Calling by (e;);>1 the generators of 9;, we define a differential by d(e;) = ye;—1
for even integer i and d(e;) = we;—1 for any odd integer i. It is a matter of computation to
show that the product defined by pa(e;, €5) = pi jei; with

0 if 4,5 odd
<,HT‘7> if 4,4 are even
Hij = J
(;4__‘71 > if 7 is even and j is odd

is a DGCA product.
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8 Applications

8.1 Complexity

An arborescent Koszul-Tate resolution might be "huge" in the sense that it has a lot of gen-
erators of every degree, but it is "small" in the sense that finitely many computations often
suffices to construct it. The lines below intend to make this statement precise and rigorous.
We say that an algebra O is a Syzygy Noetherian algebra if any finite rank O-module has a free
or projective O-resolution of finite length. For example, by Hilbert Syzygy’s theorem and its
generalizations [Eis95], polynomial ring in N variables, germs of holomorphic or real analytic
functions at 0 € K%, algebras of formal power series at 0 over R or C [Tou76| are Syzygy
Noetherian algebras: moreover there exists resolutions of length less than or equal to N + 1.
Let us call linear O-operations the following two kind of operations:

1. "First type" Finding the kernel of a O-linear map N7 — Na, where N7 and A5 are finite
rank projective O-modules.

2. "Second type" Finding a map 1 making the following diagram of projective O-modules
commutative:

N1 v >J\/2
h‘ J;XQ
N3

for any N1, N3, N3 finite rank projective O-modules, and any O-linear maps x1, Y2 with
X2 surjective.

Corollary 8.1. For any ideal T of a Syzygy Noetherian algebra O, an arborescent Koszul-Tate
resolution can be determined by a finite number of linear O-operations.

Proof. For O a Noetherian algebras, the n first terms of a free resolution can be computed for
all n using finitely many linear O-operations of the first type. If the algebra is Syzygy, then this
free O-resolution (M., d) may be chosen of finite length. Since (M., d) has finite length, there
exists only finitely many trees ¢ such that v is non-zero. Since each of these maps is computed
through linear O-operations of the second type, this proves the assertion. O

Remark 8.2. In contrast, the Tate algorithm also uses O-linear operations of the first and
second type, but will use infinitely many of them each time that the algorithm requires the
introduction of variables of degree n for all n < 0, see, e.g. Example of monomial ideals below.
Although the resolution obtained out of the Tate algorithm may be defined out of modules of
smaller ranks, it requires an infinite number of computations, even for a Syzygy algebra.

For several algebras, like O = Clzy,...,2,], a given linear O-operation of type I and II can
be solved by finitely many algebraic operations. Corollary 8.1 implies therefore a stronger
statement:

Corollary 8.3. For any ideal T of O = Clxy,...,x,], an arborescent Koszul-Tate resolution
can be determined by finitely many operations.

Let us an example for which the Tate algorithm will require infinitely many operations:
monomial ideals which are not generated by a regular family. Let Z be a monomial ideal,
generated as a family ¢, as in Section 7.2. The Taylor resolution C'(¢) admits a DGCA structure,
so that (S(Tree[C(p)]),d) comes equipped with the arborescent operations as in Proposition
7.1. Let us then prove the following statement:
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Proposition 8.4. If the generating family @ of the monomial ideal T is not a reqular sequence,
then for any Koszul-Tate resolution (S(€),d) the submodule &, C & is different from 0 for every
k>1.

Proof. We prove the statement by showing that the reduced complex at J (see Section 9.3)
has homology at arbitrary large degree. For this we make use of the arborescent Koszul-Tate
resolution (S(7ree[C(¢)]),d) associated to the Taylor resolution (C(y),d).

Since ¢ is not regular, there exists two generators of ¢ such that lem{y;, ¢;} # @i - ¢;.
Therefore lem{y;, p;} divides ¢; - ¢; by some monomial a which is of non-zero polynomial
degree. Consider a tree T}, with m inner vertices of the following form:

AV//

We claim that 07,,, € JTree[C(p)]®S=2(Tree[C(p)]). This follows from a direct computation:

v(€i, €j)

6T = (~1)" \/// MV//

Here we used the arborescent operations chosen as in Proposition 7.1 in order to employ only
arborescent operations {t¢;} with ¢ being a tree with 1 vertex. From the DGCA product on
the Taylor resolution we deduce that v, (e;, ;) is valued in JCs(¢). Therefore, T;, is a closed
element in a reduced complex (Tree[C(p)]® O/I)® O/J,0). Note that T, can not be exact,
since the image of § is made of linear combinations of trees which either are non-binary trees, or
trees with d-exact decorations exact or decorations in the image of ¥ (thus in homological degree
> 1), see Section 6.2. This is not the case with T,,. Therefore, Hq(6, (Tree[C(p)|@0/I)20/JT)
is not zero in degree 2m + 1. Since m is arbitrary, we deduce that submodules &, 11 C £ are
not zero. In order to show that &, is not zero, we replace e; by a degree 2 generator e;;. Then

€ij € €

AV//

Note 9y (ei5,e;) = 0, thus we deduce in a similar way 7T}, is a closed element in the reduced
complex. T) can not be exact for the same reasons as T),. Thus we deduce that &, C £ are
not zero for arbitrary m > 0. Ol

Corollary 8.5. For any ideal as in Proposition 8.4, the Tate algorithm requires infinitely many
steps for constructing a Koszul-Tate resolution 5.2 of O/T.

A comparison of Corollaries 8.3 and 8.5 shows in which sense the arborescent Koszul-Tate
resolution is better than the one obtained from the Tate algorithm.

8.2 Equivariance with respect to a finite group action

Here is an other application of the construction.
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Corollary 8.6. Let K be a finite group acting on an algebra O over R or C and Z a K -invariant
tdeal. There exists a K-equivariant Koszul-Tate resolution.

Proof. The proof goes in two steps.
Step 1. Let us show that a K-invariant ideal Z admits a K-equivariant free O-resolution.

We denote by (h, F') — h> F the action of h € K on F' € O. Since K acts on O, it acts on
any free O-module. Let My be a free O-module and d: 9 — O a O-module morphism whose
image is Z. In general, d is not K-equivariant. Consider the tensor product

/1 = ml XK K[K ]

with K[K] being the free vector space generated by the group G. There is natural K-action on
this space by
h>(a® g):= (h>a)® hg for all a € My, g,h € K .

With respect to that K-action, the O-linear morphism
d'(a@g):gbd(g_lba) foralla € My,g € K (35)

is K-equivariant. Its image is still Z. Since d is K-equivariant, its kernel is preserved under the
K-action, and for all g € K
a—gra

is an invertible endomorphism of Ker(d). Let 93 be a free O-module equipped with a surjective
O-linear morphism 9y — Ker(d), then consider

5= My @k K[K].

The map d' constructed as in (35) is K-equivariant and its image is Ker(d), so that

& d
0, 0, @] O/
are the first terms of a K-equivariant free O-resolution of Z. The procedure continues by
recursion.

Step 2. Let (M,,d’) be an K-equivariant free O- resolution as obtained out of Step 1. In the
construction of its arborescent Koszul-Tate O-resolution, all operations described in Section 6
are K-equivariant except maybe those that involve the arborescent operations t — 9, so that
oy will be K-equivariant if the maps vy can be chosen to be so.

We prove by recursion on the degree k that such choices exist. Out of the proof of Proposition
6.16, we derived a recursion relation for the arborescent operations (see (26) or (32)):

d/owt(alv"'aan) - Z wtw OA thA —waAt—ﬁbtod/ (a17"'7an)' (36)

AeInnerVertex(T)

More precisely, while proving Theorem 6.19 (and more precisely Corollary 6.18), we showed
that 5i = 0 if and only if the ¢, are recursilevy constructed so that they satisfy (36). If one
assumes that the assignment (aq,...,a,) — Yfai,,a,] is K-equivariant for all tree ¢ and all
ai,...,a, M such that the sum [t| + |ai| + -+ + |a,| of all degrees is < k, then the right hand
side of the previous equation is K-equivariant. Since d’' is K-equivariant, one may redefine
Yi(ay,...,a,) and all trees t and elements ay,...,a, € FM whose degrees add up to k + 1 by

1 _
d)t[al’”.’an]'_)m;(g 1>¢t(gl>a1,...,g>an)
g

and Equation (36) still holds with this new definition. The construction of K-equivariant
recursion operations t — 1, then continues by recursion. O

Remark 8.7. The Tate algorithm could also be made K-equivariant by using similar construc-
tions. However, the description with the arborescent Koszul-Tate is more natural.
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9 Finite and infinite Koszul-Tate resolutions

Throughout this section, (9, d) is a O-module resolution of O/Z, and (S(Tree[M]), dy) is the
arborescent Koszul-Tate resolution obtained through the choice of some arborescent operations

w:t'—>ﬁ/)t.

9.1 The Koszul resolution as a quotient of its arborescent Koszul-Tate res-
olution

Although the arborescent Koszul-Tate resolution has the advantages listed in the introduction,
it is certainly not minimal. For instance, for Z C O a complete intersection with r generators,
the Koszul O-module resolution ((M; = A'O");>1,d = Yoy dite;) is by construction an O-
module resolution with finitely many generators. One can therefore consider the associated
arborescent Koszul-Tate resolution. This resolution is of course "way too big", since the Koszul
resolution itself is already a Koszul-Tate resolution. Let us explain how one can quotient it
to get the initial Koszul resolution back. Let us start with a general statement, valid for any
arborescent Koszul-Tate resolution:

Proposition 9.1. Let J be a graded differential ideal of an arborescent Koszul-Tate resolution
(S(Tree[M,]),dy), which is h-stable, dy-stable and contained in the kernel of Proj, then the
quotient (S(Tree[M,]),0y)/J is a Koszul-Tate O-resolution of O/L provided it is a symmetric
algebra.

Proof. We only need to check that the quotient has no cohomology except in degree 0 where it
is O/Z. The short exact sequence

0 — (J,0p) — (S(Tree[M,]),6y) — (S(Tree[M,])/J,0y) — 0
yields a long exact sequence
o HY(3,6y) — H'(S(Tree[M)), ) — H'(S(Tree[Ma]) /3, 6y) — H'™H (3, 8y) — -

It suffices to show that H(J ,0p) = 0. Since J is in the kernel of Proj and h-stable, it is a
homotopy retract on zero, i.e. (§y0h+hody—id)J = 0. We conclude that H*(J,dy) =0. O

Of course, Proposition 9.1 makes many assumptions on the ideal J. For the Koszul resolution
of an ideal generated by a regular sequence as in section 7.2, let J be the kernel of Proj,. It
is obviously h-stable and dy-stable. It is easy to checked that J coincides with with the ideal
generated by:

al ag ar N\ Nag

3= (Tree=?[ M), ool - | )S(Treclmm)

In particular, J is an ideal (it is not the case in general). The quotient S(7ree[MM,])/J is
by definition isomorphic to the Koszul-resolution. All the requirements of Proposition 9.1 are
therefore satisfied in this case. We have therefore described the Koszul resolution of an ideal
generated by a regular sequence as a quotient of its arborescent Koszul-Tate resolution. The
next section extrapolate on this idea.

9.2 Minimal Koszul-Tate resolutions

Let J be a maximal ideal containing Z. A free or projective resolution (9,,d) of O/ is said
to be minimal at J if d(9M; 1) C TM; for all i > 1.

This notion of minimality at J of free or projective resolution conflicts with an other notion
which is naturally addressed in the Tate algorithm of see Construction 5.1. At step ¢4+ 1 we may
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want to choose a "minimal" set of generators of the kernel of d: 9%;,1 — M;, thus forming a
"smallest possible" free O-module ;4 ;.
Both notions of minimality in two distinct cases:

Case i. O is a local Noetherian ring with maximal ideal J and residue field K.

Case ii. O is a polynomial ring K[z1,...,z,], J is the irrelevant maximal ideal (x1,...,2,). All
O-modules M in question are assumed to be graded with respect to the polynomial degree
pol(.). Generators of M are chosen to be homogeneous according to pol(.). The differential
d: M — N between two graded O-modules is chosen to be of polynomial degree 0.

where the following theorem holds (see e.g. [Eis95, Peel0)]):

Theorem 9.2. Let M be a finitely generated O-module and J a mazimal ideal of O containing
Z. Then

1. Ife ={e1,...¢€;} is a basis of a vector space M /J M, then its preimage in M is a minimal
set of generators of M.

2. Every minimal set of generators is obtained through 1.

3. In Case i., if e = {e1,...e;} and f = {f1,..., f;} are two minimals sets of generators
of M and e; = Zi:l Aijfj for some matriz (A;j), then (Ayj) is invertible. In Case ii.
one asks additionally for e and f being homogeneous and (A;;) can be modified to have
homogeneous entries, see details in Theorem 2.12 of [Peel0).

When Theorem 9.2 holds, the resolutions (9, d) obtained through Construction 5.1 are
minimal at J if and only if at each step of Construction 5.1 we choose a minimal set of generators
of Ker(d;). Also, in this case, a minimal free resolution is unique up to isomorphisms, and any
free resolution can be decomposed as a direct sum of a trivial complex and a minimal free
resolution.

We give the following definition of minimality at J of Koszul-Tate resolution of O/Z:

Definition 9.3. Let J be a mazimal ideal containing Z. A Koszul-Tate resolution (S(E),0) is
said to be minimal at J if 6(Ei41) C TE & S72(E) for all i > 1.

When studying resolution obtained through Tate algorithm (see Construction 5.2), this
notion of minimality coincides with the naive one. More precisely,

Proposition 9.4. A Koszul-Tate resolution (S(E),0) of Construction 5.2 is minimal at J if
and only if at each degree i > 1 we choose a minimal set of generators of H;(S(E1®---®&;), 0i).

Proof. Let as assume that (S(€),d) is not minimal. This means that 3i € N such that 6(&;12) ¢

JEiy1 ® S37(E). We omit the case i = —1, since we always have §(€;) C Z C J. Denote by

X = {x1,-.-, Xk} the set of generators of H;(S(&; @ ---® &;),d;) used in constructing a basis
ey ={ey1s..., ey} of & 1. Then there exist f € &2 such that

of = Zajej mod 5777 (€),

JEX

with at least one of a; being a unit. After multiplying this equality by aj_l and renumbering
the elements of xy we obtain

0f =ex, + Y bjej mod SZ3(E),

JEX/X1
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On the level of homology at degree 4, this translates into:
X1 +baxa+ - +bpxe =0

Therefore, x is not a minimal set of generators of H;(S(E1 & --- & &), ;).
Now, if x is not a minimal set of generators of H;(S(E1 & --- & E;), d;), then, after relabeling
the generators, we have a relation of the form

X1+ boxe+ -+ bpxr =0

saying that x is redundant. On the level of generators of &; 1 this equality reads as

ey, T Z bjej + ... » is closed
Jex/xa
Here ... stands for terms in 5’1121(5) which are governed by a choice of representatives of

H;(S(&1®---®&;), ;). Since 05 =*(E)NE C ZE, this cycle is not exact in (S(E1®- - -DEit1), it1)-
Hence there exists f € &2 such that 0f = e, + Zjex/m bje; + .... Therefore, the resolution
(S(€),9) is not a minimal Koszul-Tate resolution. O

Let us explain how a Koszul-Tate resolution of O/Z minimal at J can be obtained as
a quotient of an arbitrary Koszul-Tate resolution (S(£),d) of O/Z. Let us interpret these
conditions in terms of the reduced complex (see Section 9.3), i.e. the graded the vector space
defined for for all ¢ > 1 by
ERO / A

equipped with its induced differential d7z. Let us evaluate at J the reduced complex , i.e.
consider the graded the vector space defined for for all 7+ > 1 by

E®0/IT

with induced differential J 7.
The next straightforward lemma restates in terms of the reduced complex the condition of
minimality.

Lemma 9.5. A Koszul-Tate resolution is minimal at J if and only if the reduced complex
(E®O/ZI,7) is minimal at T, i.e. if and only if the differential 67 of the evaluation at J of
the reduced complex is zero.

Remark 9.6. Geometrically, when 7 is the ideal of polynomial functions vanishing at 0, the
equivalent conditions of the previous lemma mean that the differential of the reduced complex
vanishes at 0.

By construction, the evaluation at J of the reduced complex is a complex of O/J ~ K-
module, i.e. a complex of vector spaces. It therefore admits a decomposition, for all i > 1:

E,=C;®oH,®»C;_4

(with the understanding that Cy = 0) such that the differential is given by dz(c,h,d) =
(0,0,¢) for any ¢ > 1 and any ¢ € C;, h € H;,d € Cj—1. In particular, H; is the i-the
homology of the reduced complex evaluated at J. For any ¢ > 1, there exists degree i elements
(ft ..., f?lm(ci)) ,h?lm(Hi), that induce for any ¢ > 1 a basis of Cj,

respectively H;.

€ &1, respectively hl, ...
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Proposition 9.7. Assume O, and J are as in Cases (i) and (ii) in the beginning of this
section. The quotient of S(E) by the ideal generated by the families

{fg' ‘ i>2j= 1,...,dim(C’i)} and {5(]3?'“) ’z >1,j = 1,...,dim(0i+1)}

is a minimal Koszul-Tate resolution of O/T.

Proof. Let R C S(€) be the sub-algebra generated by the aforementioned elements. The
differential 0 restricts to R, and that the quotient S(€)/R admits an induces differential ¢’
Also, let dr be the restriction of the differential. Let us show that the homology of d% is zero in
every degree. First, let us notice that R is a free symmetric graded algebra: since its generators
have images in £ ® O/ J which are independent, they are also independent over O by Theorem
9.2. Tt makes therefore sense to consider a derivation h of R defined on generators by:

h(f{) =0 and h(8(f))) = f}.

We have § o h(F') + h o §(F) = kF for every F of arity k in the generators ff,(S(ff) . This
implies that the homology of R is zero on every degree except in degree 0 where it is O.
By item 1 in Theorem 9.2, &; is generated by the family

{5( IR f =1, dim(Ci), k= 1, dim(H), L = 1,...,dim(Ci)}
In turn, this implies that there is a graded algebra isomorphism:
SE)=SEYeR

where £ C & stands for the submodule generated by all the hg’s.
Under this isomorphism, the differential § decomposes as follows, if we consider the bi-
grading induced by the previous decomposition:

5(5/),'_3 ® Rjs1

S(E)i—1 ®R; Yol S(E)i @R,

lid@ég

S(E) ®Rj_1

Since the homology of all vertical lines is zero in every degree except in degree 0 where it
is O, the homology of (S(£),0) coincides with the homology S(€’) with respect to the induced
degree —1 derivation §’). Hence (S(&'),d) is again a Koszul-Tate resolution of O/Z. Last,
the reduced complex of (S(€'),d") satisfies the required assumption by construction, since its
reduced complex at J is by construction the graded vector space He = K® ) ,-, H;, equipped
with trivial differential. - O

9.3 The reduced complex of the arborescent Koszul-Tate resolution

We show in this Section that any two Koszul-Tate resolutions are homotopy equivalent, in the
sense of Q-manifolds.
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Definition 9.8. Two differential graded commutative algebras (A, d) and (A’,d") are said to be
homotopic, if there exist two DGA morphisms ® : (A, ) — (A',d") and @' : (A',0") — (A, 9)
such that the compositions ® o ®, ® o ® are homotopic to identity.

For two homotopic commutative DGAs we shall write (A, d) ~ (A, ).
Remark 9.9. Homotopy equivalence is obviously an equivalence relation.

Lemma 9.10. Let (S(£),0), (S(&'),d") be two Koszul-Tate resolutions of O/I. There exists a
DGA morphism ®4 : (S(E),d) — (S(E'),d") covering identity map on O.

Proof. A standard proposition in a homological algebra course states that between two resolu-
tions of O/Z there exists an O-linear chain map fo, such that fo =id on O:

e 50808 2

50
JfQ Jfl lid
50

s gaefog Lyg 2

We define the map ®, recursively as follows:

e Given a collection of chain maps ®1,...,P,_1, £k > 1 we set &, to be an O-linear map
satisfying

y Ep —2 5 S 1(€)

k”“ F“

C S(E) T S (&)

and on SEZ(S) ;. is a graded algebra morphism of the following form: any monomial
a in S7%(€) has a decomposition a = a1 ® az ® -+ ® a;j for a; € €. Then ®x(a) =
®4y((a1) © -+ © @ (aj). The only thing left to check is that @y is a chain map:

For any element a € &: &' ®x(a) = ®r_1(da)

(a1 ©as ® -+ ®aj) =
For elements a1 ® ap ®@ -+ @ a; € SP2(E): 0 (Plqyy(a1) © - © @y ((aj)) =
Pp_100(a1 ®az® - O ay)

O

We now show that given two Koszul-Tate (S(£),9), (S(€'),d") and two DGA morphisms
covering identity F': (S(£),0) — (S(&'),d") and G : (S(E'),0") — (S(€), ). the composition
G o I is homotopic to identity, i.e.

GoF —id=d0doH+Hod

with H being an O — linear map on S(&) with a non-negative arity, i.e. it maps SZ¥(&) to
SZkE(€). To do so, we first proof the following statement:
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Proposition 9.11. There exists a smooth family of DGA morphisms {®!,t € [0,1]} satisfying
®0 =id, ®! = G o F and covering identity on O.

Proof. At degree 1, we set &) = &Y + (&1 — ®Y). The existence of the family {®'} follows

from Lemma 9.10. The smoothness of @ 41 in parameter ¢ follows from smoothness of P! and
linearity of § in the parameter ¢. O

Now, given such a family we show that there exists a family of O-linear degree +1 maps
{h¢,t € [0,1]} such that

o hy is a ®p-derivation, ie. hi(ab) = hy(a)®:(b) + (—1)19®;(a)hy(b) for all homogeneous
a,becf.

° %(I)tzéohﬁ—htod

At degree 0 and 1:
%@t is zero on O, therefore there exists a map hy : & = E,PEL ®E7 such that johy = %@t.

= 5 B0 2 &

: @
-
@

e 506086 2 &

At degree k > 1: Assume that h; satisfies listed above properties on S—;(£). Since %‘I)t is
a chain map, for all a € &, %{)t(a) — hyod(a) is d—closed. Therefore, we extend h; to & by
choosing a preimage of (&) — hy00(E). It remains to check that h; can be extended as a ;-
derivation on S;7*(€): By evaluation %@t—htoé on a monomial of degree k, a = a1 ©as®- - -Oa;
we find

(oo )(a) = 532 (1)1 111 01) © () © - ) © Bila).

m=1

Therefore, it is legitimate to extend h to S7*(€) as a ®4-derivation. Now, integrating %@t =
d o hy + hy 0 0. over the interval [0, 1] we obtain:

GoF—id=0doH+Hod
Remark 9.12. The homotopy H has a non-negative arity by construction.

Having found such homotopy we can make a following quotient construction: Take a quotient
of (S(£),0) by ZE ® S=2(£). By construction §(ZE & S=*(&)) C ZE @ S=*(E), therefore the
quotient is well defined. This complex is isomorphic to (£ ®p O/Z,§), where by abusing the
notations we denote the differential of the complex again by 4. Since H is of non-negative
arity, it preserves ZE @ S=2(€) as well. Therefore any two such complexes (€ @ O/Z, ) and
(&' ®p O/, are homotopy equivalent as chain complexes.

Definition 9.13. For a Koszul-Tate resolution (S(E),0) of O/, a chain complez (€ @ OJZ, )
is called a reduced complex of O/T.
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10 Background on differential graded algebras

We begin with reviewing some material on (co)associative (co)algebras. The tensor products
®, X are over field K. We reserve ® whenever we discuss associative algebras and X for coas-
sociative coalgebras. An associative algebra is a vector space A over K equipped with a linear
map u: A® A — A satisfying po (p®id) = po (id ® p). The linear map p is called mul-
tiplication or product. Any a € V we may view as g ® a = a ® 1g. An associative algebra
is unital, if there exists a map u : K — A such that po (v ®id) = id = po (id ® u). This
means in particular that u(1x) = 14. The associativity can be nicely encoded in the following
commutative diagram:

ARARA Y A4

i J»

A A —2 5 A

A unital associative algebra A is called augmented if it can be decomposed as A = Kl @ A.
A typical example is the tensor algebra T'(V) = K@V eV VeV eV eV &..., where the
assotiative product is given by a concatenation: for any a,b € N

e v ®a ® V®b N V®(a+b)

VIV .. . Vg @ WIW2 . .. Wp H> V1V2 . .. VgW1W3 . .. Wp

Definition 10.1. A free associative algebra over a vector space V' is an associative algebra
F (V) together with a linear map ¢ : V. — F(V'), such that for any associative algebra W and
a linear map ¢ there exists a unique algebra morphism qg : F(V) — W. This condition can be
written as the following commutative diagram:

L

(V)
NG
w

Remark 10.2. The tensor algebra T'(V') is an example of a free associative algebra

A derivation d is a linear map d : A — A satisfying the Leibniz rule, d(u(a,b)) = p(da, b)+
p(a,db). Any linear map d : V. — T'(V) can be extended to a derivation of T'(V) — T'(V).

A coassociative coalgebra is a K-vector space C' together with a linear operation A : C' —
C X C such that (AXid) o A = (idX A) o A. A is called a comultiplication of a coproduct.
A coassociative coalgebra is unital if there exists a map € : C — K such that (e Xid) o A =
id = (idXe€) o A. Like in the case of algebra, a coassociative coalgebra is called coaugmented if
C=Klec& C.

A typical example of a coalgebra is the tensor coalgebra T.(V): as a vector space, it is
isomorphic to T'(V). The coproduct, called deconcatenation, is then given by a map A: V& —
@fZOV@@V@(p*") foranype N, v1...op = 1Ko ...op+v1 Mg, ..vp+ -+ v1...0p-1 X
vp+v1...0, X1 T.(V) is coaugmented, since it can be written as T.(V) = K& T.(V). T.(V)
is called the reduced tensor coalgebra. The reduced tensor coalgebra coproduct A, called the
reduced coproduct, is defined as A(r) = A(z)—1Xz—zX1. Observe that the reduced coproduct
is coassociative, that is (AXid) o A = (id X A) o A.

Definition 10.3. A coderivation d: C — C' of a coalgebra C' is a linear map such that
Aod=(dXKid)o A+ (idXd)o A

Lemma 10.4. A coderivation d: T.(V) — T.(V) is completely determined by its restriction
toprod: T.(V) — V.
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Proof. Let us write p, for a projection of TC(V) to its arity n component V®". For the

convenience, let us define recursively an n-ary coproduct A" =idXid...id XA o A= with
n — 1 times

A = A. Observe that due to the coassociativity this definition does not depend on the position

of A in the tensor product. Furthermore, for any element v = vy ...v, of T.(V) of arity n,

A=y vp) =0 K- Ko, € T.(V)X---KT,(V). By induction on n one can easily show

n times
that

Arod(z) =Y ((dR-- RidKd@id®- - Kid) o)AV (z)
=1

d is at i-th position

Then the arity n component p,, o d(x) can be deduced in the following way:

A op, od(z) =) (K- RidKp; odMid K- - Kid) o A"V ()
=1 d is at i-th position

Thus if write z as a deconcatenation into all possible n terms, x = Z:z:l_[’f 2y T Q- QT(n),
pn o d(z) is given by

prod(z) = Z Zx(l)®-'-®p10d(z(j))®”-®ﬂ?(n) (37)

O

10.1 Graded algebras and coalgebras
Definition 10.5. A graded vector space V' is a family of vector spaces {V;,|i € Z}.
Any element of x € V}, is said to have a degree n, denoted by deg(z) = n.

Definition 10.6. A differential graded vector space V' is a chain complez, i.e. it is a collection
{(Vi,d;),|i € Z} of vector spaces Vi and linear maps d;: V; — Vi_1.

Definition 10.7. A morphism of degree k between two graded vector spaces V,W is a a family
of maps {fn: Vo, — Wiy |n € Z}.

Definition 10.8. A chain map of degree k of two chain complexes V., W is a linear map
[ Ve — Weyy satisfying
dw o f=(-1)"fody.

Definition 10.9. Let f be a morphism of degree k between two differential graded vector spaces
V, W. A derivative of f is a morphism of degree (k — 1) O(f) defined as:

(f)=dwo f—(-1)ffody.

In particular, (f) = 0 if and only if f is a chain map. Observe that §%(f) = 0.
A tensor product VW of two vector spaces V, W is a graded vector space, whose component
of degree n is given by
(VW) =®irj=nVi ® Wj.

Whenever we have morphisms of definite degree f: V — V’ and g: W — W', one defines
f@g: VoW — V' ® W' using the following convention (the Koszul sign rule):

(f ® g)(v ® w) = (~1)1BW* ) (1) © g(w).
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In order to define a graded symmetric tensor product ® let us introduce a switching map, which
is a linear map 7 : V@ W — W ® V, given for elements of definite degree by 7(v ® w) =
(—l)deg(”)deg(w)w ® v and extended by linearity to the whole V ® W. The graded vector space
V © W is then defined as a quotient V @ W/Z, where Z ={v@w —7(v @ w) |v € V,w € W}.

Let Ks, Ks™! be graded vector spaces of dimension 1 spanned by a basis element s of degree
1 and s~ ! of degree —1 respectively.

Definition 10.10. A suspension of a graded vector space V' is a graded vector space sV defined
as sV i=Ks® V. A desuspension of V, written as s~V , is by definition Ks™ ' @ V.

From this definition it follows that (sV), = V,,_1 and (s~ 'V),, = V,41.

Definition 10.11. A graded associative algebra is a graded vector space V equipped with a
linear map p: A® A — A of degree 0, satisfying ppo (p®1id) = po (id ®@ p).

Definition 10.12. A differential graded associative algebra A (or DGA) is graded associative
algebra equipped with a differential d: Ae — Ae_1 compatible with the multiplication:

dp(a @ b) = p(d(a) @ b) + (—1)%8 y(a @ db).
One has similar definitions for coalgebras in the graded setting:

Definition 10.13. A graded coassociative coalgebra is a graded vector space C equipped with a
degree 0 coassosiative coproduct A: C), — @iy j—pC; K C; for all p € Z.

Definition 10.14. A differential graded coassociative coalgebra is a a graded coassociative
coalgebra equipped with o differential d: Co¢ — Ce_1 such that d is a coderivation of C,
Aod=(idXd®dXid)o A.
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Mechanical systems with Lie-2 gauge symmetry

We consider mechanical systems on 7% M with possibly irregular and reducible first class con-
traints linear in the momenta, which thus correspond to singular foliations on M. According
to a recent result, the latter ones have a Lie-infinity algebroid (M, Q) covering them, where
we restrict to the case of Lie-2 algebroids. We propose to consider T*M as a potential BFV
extended phase space of the constrained system, such that the canonical lift of the nilpotent
vector field @) yields automatically a solution to the BFV master equation. We show that in
this case, the BF'V extension of the Hamiltonian, providing a second corner stone of the BFV
formalism, may be obstructed. We identify the corresponding complex governing this second
extension problem explicitly (the first extension problem was circumvented by means of the lift
of the Lie-2 algebroid structure). We repeatedly come back to the example of angular momenta
on T*R3: in this procedure, the standard free Hamiltonian does not have a BFV extension—
while it does so on T*(R3\{0}), with a relatively involved ghost contribution singular at the
origin.

11 Introduction

One of the main assumptions in textbooks about constrained systems—see, e.g., [HT92]—is that
the constraint functions G, are regular on the unconstrained symplectic manifold. Important
existence theorems about BRST-BV [BV84, BV83a| or BFV [BV77, BF83] extensions have then
been proven in this setting only—see, however, [FKS14], [Muel7]|, [BHP] for a notable exception.
Physically realistic systems often do not satisfy the regularity conditions. In realistic situations,
group actions can have fixed points and there the corresponding constraints are not regular.
And in non-abelian Yang-Mills gauge theories on compact spaces, for example, the constraints
become non-regular at reducible connections. Other examples from physics where non-regular
constraints appear can be found in [HKG10, HT89].

On the other hand, without irreducibility and, in particular, regularity assumptions, often
the BV and BFYV extensions become hard mathematical problems. Let us illustrate this state-
ment in the finite dimensional setting: Suppose you are given a set v, of vector fields on a
manifold M satisfying

[Va, vp] = CSve (38)

a

for some functions C¢,. Then the corresponding "BRST differential” @ is readily written down
as

Q = v, — 3C1.6°¢ 3 (39)
where £% are the "ghosts”, odd coordinates on an extended graded manifold. At first sight,
a short calculation, using (38) together with the Jacobi identity for the Lie bracket of vector
fields, seems to establish @? = 0. However, if the vector fields v, are not linarly independent
at each x € M, there exist functions ¢} such that

t9vg = 0. (40)
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This happens already for the standard three vector fields L, generating rotations in R? where
%L, = 0. Then the structure functions C}., entering (38) are not unique:

Che ~ Cie + 11 By (41)

The question if, within this equivalence class, there exists a choice of the structure functions C¢,
such that @ as defined in (39) squares to zero is, by the work of Vaintrob [Vai97|, equivalent to
the question if the singular foliation generated by the vector fields v, comes from a Lie algebroid
covering it.? And this question is, as of this day, an unsolved mathematical problem.

In the present paper, we want to consider a Hamiltonian constrained system defined on a
cotangent bundle 7" M, with first class |Dir58| constraints G, linear in the momenta and a
Hamiltonian quadratic in them. Linear constraints are of the form

Ga(xap) = U;(x)pi . (42)

So we can identify them with the vector fields v, on M above, since the first class property
of the constraints G, is tantamount to precisely (38). We do not restrict to merely regular
constraints, as mostly done in [[S19]—otherwise one deals with regular foliations (on M as well
as on T*M)—but we permit leaves of different dimensions a priori. A quadratic Hamiltonian

has the form
1

Ham = 39" (2)pip;. (43)
We assume the coefficient matrix g% to be non-degenerate, thus Ham is the standard Hamilto-
nian corresponding to a metric g on M. We require the usual compatibility of the constraints
with the dynamics,

{G,,Ham} = 2 G, (44)

for some functions w® on T* M. This equips the base manifold M with the structure of a singular
Riemannian foliation [KS19, IS19, NS22].

We assume here that (40) captures all dependencies of the vector fields and there are no
dependencies between the functions ¢ on M. In more mathematical terms, this means that
one has a sequence of vector bundles

0-F-SFE-25TM, (45)

such that 0 — I'(F) — I'(F) — F — 0 is exact. Here F denotes the subset of vector fields
obtained as the image of p, a generating set of which corresponds to the vector fields v, = p(eq).
Likewise, the map ¢ gives rise to the functions t¢ after the choice of local bases in e, and by in
FE and F', respectively.

And now the situation is different: Under these assumptions, it has been proven recently
|[LLS20| that there always exists a homological vector field @), an extension of (39), which
describes a Lie 2-algebroid covering the singular foliation generated by the vector fields vj,.

Note that while (40) yields the reducibility conditions

t9G, =0, (46)
the above does not imply automatically that there are no further reducibilities between the

constraints (42). This is because to find all reducibilities, we need to find all independent
functions ¢ satisfying (46) on T*M—and not just on M.

2In the case of the angular momenta L,, there is a preferred choice of structure functions, namely the
constant ones. They can be identified with the structure constants of the Lie algebra so(3). Indeed this example
of rotations comes from a simple Lie algebroid, namely the action Lie algebroid so(3) x R3.
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Consider, e.g., Gy = €gpexpPe, angular momenta.® Then besides G, = 0, we have the
additional dependency p,G, = 0. But furthermore, there are dependencies between these
dependencies and in the end one finds an infinite set of reducibility conditions leading to an
infinite tower of ghosts for ghosts in its BF'V description. We will illustrate the beginning of this
procedure at the end of this article and provide a complete description elsewhere. In principle,
having such a complete description of the tower of dependencies between the constraints (42)
on T*M, one can construct a Koszul-Tate resolution, which then guarantees the existence of a
BFV extension also in the singular context. However, this description can be very cumbersome
for practical purposes apparently and one may be interested in potential shortcuts.

As such the following procedure proposes itself: Let us return to the setting described by
(45). As mentioned above, there is a homological vector field @) associated naturally to (45).
If we consider its Hamiltonian lift to the cotangent bundle of the graded space underlying
Q. we get a function Qppy of degree one. Due to Q? = %[Q,Q] = 0, this function satisfies
automatically the BFV master equation

(@BFV, QBFV)Brv = 0. (47)

Also it satisfies some other necessary requirements posed on the BFV charge, like the correct
appearance of the constraints (42) and the redundancies (40) at the lowest orders in the ghosts.
We may thus consider regarding Qpry as the BFV charge of our constrained system.

A price to pay is that now, in general, it is no more guaranteed that the O pggy-cohomology
describes the functions on the (possibly singular) reduced phase space correctly. There is an-
other famous example, however, where such a deficiency is normally disregarded: The AKSZ
formalism [ASZK97, CF01, Roy07| yields a BV extension of the Poisson sigma model or the
Chern-Simons gauge theory likewise in a much faster way than when following the usual exten-
sion procedure. If one compares its cohomology at degree zero with functions on the solutions
space to the Euler-Lagrange equations modulo gauge symmetries, however, the cohomology one
finds in the AKSZ framework is in general too large.*

We describe the construction of the BE'V phase space obtained in this way in more detail in
the subsequent section. However, there is—in contrast to the Lagrangian BV formalism—one
more essential ingredient of the cohomological approach on the Hamiltonian level: One needs
an extension Hpry of the Hamiltonian (43) such that

(QBFv,HBFV)srv =0. (48)

Equations (47) and (48) are the two indispensable corner stones of the BFV formalism. Under
the given assumptions underlying the shortcut for the construction of Qppy, the existence of
the extension of the Hamiltonian is in general not guaranteed. Its potential obstructions is the
main subject of the present article.

30n the physical side, implementing the angular momentum as a constraint means the following: If either
T or  are non-zero, one requires them to be colinear. And then different directions are to be identified. Thus,
effectively, the system is reduced to a particle on the line. However, at the spatial origin special things happen
and the reduced phase space is not regular there.

4To see this explicitly, consider a U (1)-Chern-Simons theory on a connected 3-manifold ¥ where the space
of solutions to the Euler-Lagrange equations consists of closed 1-forms and gauge symmetries correspond to
adding exact 1-forms to them, thus leading to simply Hjz(XZ). In the AKSZ formalism, on the other hand, one
has, in addition to the ghosts ¢ and the classical fields A—O0-forms and 1-forms, respectively—their antifields
A" and ¢, which are 2-forms and 3-forms, respectively. The BV-BRST differential s acts as follows on them:
sc =0, sA = de¢, sAT = dA, and s¢' = dAT. From this one concludes that f,y A, the integral of A around a
closed loop 7, is s-closed; deforming v homotopically changes the result by something s-exact on the other hand
(using Stokes’ theorem). This generates thus precisely Hir(3). But in addition we also have ¢(oo) $ AT which
is easily seen to be s-closed. Here g is a chosen point and S a chosen closed 2-surface in ¥. Homotopic changes
of og and S again do not change the s-cohomology class. Thus, we also find generators of HC%R(E) inside Ho(s),
thus doubling the classical cohomology incorrectly. In this simple case of an abelian Chern-Simons theory, the
discrepancy can be, in the Hamiltonian framework, traced back to a global missing ghosts-for-ghost which would
take care of the fact that the integral over the constraint dA (o) is identically zero.
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12 BFYV phase space and charge

Much as (39) defines a Lie algebroid on E [Vai97|, every homological vector field @ of degree 1
on

M = E[l]| @ F|2], (49)
which is necessarily of the form
Q = €t — (n'ty+1eCh) &

+ (Ae"eely, — Than’e”) 321 (50)

defines a Lie 2-algebroid structure on the vector bundle £ & F. Here E and F' are the vector
bundles appearing in (45) and the numbers in the brackets denote the degrees carried by the
local fiber-linear coordinates £* and n! on E and F, respectively, in the graded description of
the Lie 2-algebroid.

The coefficient functions entering (50) all have some algebraic and/or geometrical meaning:
One way of viewing them is that the terms linear in (£,7) give rise to a complex (45)—which
in our case we require, in addition, to be exact on the level of sections—, those quadratic in
them are 2-brackets, which are not tensorial but satisfy a Leibniz rule, and the cubic one,
which is tensorial, is a 3-bracket, which, if non-zero, reflects the fact that the 2-bracket between
sections of F then does not satisfy the Jacobi identity, giving rise to a Lie 2-algebra. For some
introduction to Lie 2-algebras see [BC04], for the more general L.-algebras see [LM94, LS93].
Alternatively, we may view, e.g., the coefficients Fga as a local expression for an F-covariant
derivative on F. The tensor h € I'(F @ A3E*) then satisfies “Dh = 0, where “D denotes the
corresponding exterior covariant F-derivative.

There is a vast literature on the geometry of Lie algebroids, see, e.g., [Mac87, DSW99,
MMO3]. For further details about the geometry of Lie 2-algebroids see [GS14, JL20]. For a
general Lie 2-algebroid, the complex (45) is not exact (also not on the level of sections). Under
the condition of exactness of the sequence on the level sections, thus providing a resolution of
the C'°°(M)-module of the vector fields generated by v, i.e. by the image of p: E — T'M, the
existence of a Lie 2-algebroid structure extending a given sequence (45) was proven in [LLS20].
As mentioned, this is tantamount to the existence of a vector field (50) on the corresponding
M of (49) which squares to zero.

Given these data, we now construct the BFV phase space as the cotangent bundle T* M of
(49). This extends the classical variables (2, p;) € T*M by a ghost £ (odd and of degree one)
for each of the constraints and a ghost-for-ghosts 1’ (even and of degree two) for each of the
dependencies (46). Both of the latter two ghost families are accompanied by their momenta of
opposite degrees. All this comes together with the BFV symplectic form

wpry = dzt A dp; + dE* A dmy 4+ dnf A dP; . (51)

It is of degree zero and thus so also the graded Poisson bracket (-,-)ppy it induces, which takes
the following form:

{pie’} = 6], {ma, &y =0, {Pr.n’} =47
Regarding the vector field (50) as a function on the BFV phase space T*M (by replacing
the derivatives simply by the corresponding momenta), one has

Qpry = (£°0L) pi — (Ult(} + %ﬁbECCgc) Ta
+ (%éafbgchébc - Fgﬂﬂ@) Pr, (52)

where we use the notation pl, = v%. We notice that, as required by the standard BFV procedure,
it indeed extends £*G, by terms such that (47) holds true.
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The classical constrained system on T* M considered here is already uniquely determined by
the underlying singular foliation. This is in contrast to the coefficient functions entering (52):
they are constrained by @2 = 0, but, at each step of an extension, they are not unique. This
should be also reflected on the BFV level: Indeed, e.g. a change (41) of the almost Lie bracket
on E can be obtained by lifting the degree preserving diffeomorphism

n' e+ 1Bl g (53)

from M to T*M. Such a change of the structure functions Cj, does not come for free: also
other quantities entering Qpgpy are then changed correspondingly. E.g., h receives an additive
contribution by the E-covariant exterior derivative of B € I'(F @ A’E*), h+ h+ DB+ ...,
where the dots denote terms quadratic in B (see [GS14]).

13 Geometrical interpretation of Hppry

We first observe that the BFV bracket decreases the polynomial degree pol of momenta (p;, 74, Pr)
by one. Since, in addition, both Qpry and Ham are homogeneous with respect to pol, we may
assume always that the extension Hppy = Ham + ... satisfies pol(Hppy) = 2. Identifying
momenta with vector fields, we thus may view Hppy as a graded-symmetric 2-vector field on
(19),

H = Hpgpy € F<S2TM) (54)

and re-interpret the second master equation (48) as
LoH =0 (55)

where Q = Qrie2 € I'(TM). For later use, we remark that a basis of I'(S?T'M) is spanned by

0 90 0 06 9 0 6 0 9 9 9 9 (56)
8771 877J7 a”ll (95“’ 3,,71 Oxt? 8£a 8§b7 8§a ozt Ozt OxJ

where a graded symmetrization is understood and the degrees are —4, —3, —2, —2, —1, and
0, respectively. H being of degree zero, one needs coefficient functions on M of the respective
opposite degrees when using this basis. A graded manifold equipped with a degree 1 vector
field is called a Q-manifold [Sch93]; if there is, in addition, (54) of degree 0 satisfying (55), we
call it an H@-manifold.

Already an H-structure alone, that is a degree zero tensor (54) without any compatibility
conditions, contains interesting geometrical data, at least if the coefficients of the very last
term in (56) form a non-degenerate matrix—in which case we then call the H-structure non-
degenerate. It then defines a metric g on M (subject to no further conditions). But this is not
all: Consider the terms linear in p; ~ d;. Due to the non-degeneracy of g/, we may absorb all
such terms by completing the square with a redefinition of the momenta p; — piv, where

P =i = T3 ma = (D" = 57an€"€")Pr (57)
Then the 2-tensor (54), rewritten as a function H in C*°(T*M), takes the form
M = 39D} + 358 Tamy + Sl maPr + 35 PIPs (58)

where Z(k) are functions on M of degree k. Thus, for example,
£ = ysuecet + sy’ (59)

for appropriate tensors Zgg and E‘}b. The coefficients in (57) have a geometrical interpretation:
Consider a coordinate transformation £* — My (x)¢& b (all other coordinates unchanged). Lifting
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it to T*M so as to leave (51) invariant—or, equivalently, considering its tangent map—yields
7o+ (M~Hbmy, together with p; +— p; + (M_l)gM(iiﬁbﬂa (all other momenta unchanged).
Requiring (57) to remain form-invariant under such transformations shows that I'{ = I'¢.dz’
are the local 1-forms representing a connection V on E. Similarly, F§ = ngdxi corresponds to
a covariant derivative V on F. v € I'(F ® A2E* ® T*M) is needed, finally, to also establish
form covariance of (57) w.r.t. (53); it is part of a connection in a graded sense.

An almost Q-structure (a degree one vector field @ which does not necessarily square to
zero) equips the graded manifold (49) with the structure of a (not necessarily exact) sequence
of vector bundles as in (45) together with 2-brackets and one 3-bracket. A non-degenerate
H-structure equips it in the lowest order with a metric g on the base and in the next order—the
terms linear in the momenta p; (see also (57))—with a connection defined on all of (45) (note
that we can always equip T'M with the canonical Levi-Civita connection of g, moreover).

Given an almost HQ-structure, where we have both, an almost Q-structure ) and an H as
above, (55) determines compatibility conditions. To obtain tensorial formulas for these on the
nose, it is useful to re-express (52) in terms of the variables (57). Then, e.g., the new coefficient
of the term quadratic in & is —Cj, + pif‘gi — pifgi =: ETg“C and has the geometric interpretation
of what is called an E-torsion “T € T'(E ® A2E*) [KS19], generalizing the ordinary torsion on
a tangent bundle to E. The bracket of two covariant vector fields (57) yields the curvatures of
V, both on E and F' (as well as a contribution proportional to D). To lowest orders we find:

LoH = 3¢ ("N, 9)" 070}
—5ebe” (Spey — 17 — Tt honi ) 979 e
+M<ﬂﬁ¢i+z?%)3Y£g+”.. (60)

Here 9, is the vector field corresponding to (57) and ¥V denotes the E-covariant derivative
acting on T'M according to “Vsv = [p(s),v] + p(Vys), where s € I'(E) and v € T(TM). Z?é’)
has been decomposed according to (59), a semicolon denotes a covariant derivative, and we

introduced the abbreviation
Shei = ETl?c;i + p R — PZjoz’- (61)

The tensor S € I'(E ® A’E* ® T*M) measures the compatibility of the 2-bracket and the
connection V on FE, see [KS19]. As for Jacobi identities of the brackets in a higher Lie algebroid,
also here we do not expect (55) to ensure S to vanish on the nose, but to instead do so up to
some appropriate boundary term only; what this means precisely is subject of the next section.
Let us mention that the current method is efficient in obtaining Bianchi type of identites
for quantities such as S. Q2 = 0, which we have when @ comes from a Lie 2-algebroid, implies
that the application of another L£g to (60) vanishes identically. From this one can read off, for
example, that (61) satisfies
EDS —V(t,h)r = 0. (62)
Here D denotes the E-exterior covariant derivative associated naturally to ®V: on TM it
acts as specified above, on E according to PVs' = [s,5']p + V(55 for every s,s' € ['(E), and
on elements in A®E* by a straightforward generalization of the Cartan formula for the de Rahm
differential (|GS14, KS19]). The identity (62)—specialized to a Lie algebroid, where h = 0—was
of essential importance in the construction of the BV-extension [IS21] and the above derivation
constitutes a significant simplification of the one provided there.

14 Complex governing the extension

In the construction of (52), the sequence of vector bundles (45) and its exactness on the level of
sections plays a crucial role. There is a similar sequence which governs the extension problem
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(43),(44),(48), but, despite being constructed out of the previous one, this one is in general no
longer exact on the level of sections.

Let us denote the complex (45) by £° (so, in particular, & = TM, ! = E, and £72 = F)
and tensor it with itself shifted to the right, F* := £* ® £°[—1], where, by definition, £[—-1] =
&1 At degree zero, e.g., one has FO = TM ® E @& E ® TM, where in the first term both
factors carry degree 0, while in the second one, elements in E enter with degree -1 and those in
TM with degree +1, again adding up to 0.

By a standard construction (see, e.g., [Eis95]), F* is again a complex. It is, however, not
yet the sequence G® we are interested in:

G*=0-55F S FoE-5 FoTMoANE -5 EQTM -5 S°TM,  (63)

where the degrees are such that G0 = S?TM, G~! = E ® TM, etc. Now one observes that
G* — F*[1] (essentially it is embedded as a graded symmetrization). For example, typical
elements ® € FY and ¢ € G~! are of the form ® = &9, ® e, + P e, ® 9; and ¢ = Y e, ® 0,
respectively, and then G=! is embedded into F° by the diagonal map, ®¥® := ¥, ¢ .= ¥,
The codifferential ¢ is easily identified with

(s = prZ% + t?ﬂ'a% (64)

when replacing the vector fields (56), which provide a basis for G®, by the corresponding mo-
menta.

In general, for the cohomology of a tensor product of two complexes there is a Kiinneth
formula. It says that even if the cohomology of each of the complexes is trivial, which is the
case here, there can still be a non-zero contribution called “torsion”. Below we will provide an
example that, in general, G® is not exact, even not on the level of sections.

It is remarkable that (64) also generates the coboundary operator of the complex (45). In
fact, if all the independent relations between the constraints G, = pip; on T*M are provided
by the functions t¢(x) (these are all such dependencies that depend on x only, but there could
be further ones that also depend on momenta p in principle), then the operator (64) acting
on C°(T*M) would be the Koszul-Tate differential [HT92]. And in that case, it would have
no cohomology on C*°(T*M) and neither so when acting on (63), which is the restriction
of (C*°(T*M),d) to functions quadratic in the momenta—such as the complex (45) can be
identified with its restriction to the subcomplex linear in the momenta. But in general, the true
Koszul-Tate complex is much bigger, as we will illustrate by means of an example at the end
of this article.

The main point here is, however, that it is precisely the cohomology of (63) that governs
the extendability problem Hpry = Ham + ... satisfying (48) for Qppy as in (52).

If T(G®) is exact, the existence of the BFV extension Hppy is guaranteed. This follows
from a standard consideration: (Qprv,:) = d + Xyest. At each step when adding terms from
the right to the left in (63), one finds an expression that is already d-closed. Now, ¢ having no
cohomology, one can always add a d-exact contribution from the next level so as to cancel it.
In general, the resulting expression for Hppy will contain all possible terms compatible with
degrees, as is also the case for (52); together they then define an HQ-structure on (49).

The converse is certainly not true: The complex I'(G®) can have non-trivial cohomology, but
the extension problem for a particular Hamiltonian (43) may still lead to trivial cohomology
classes and thus be unobstructed.

The absence of a cohomology also leads to remarkable, purely geometrical formulas. To
illustrate this, assume that

H™HT(G*),8) = 0. (65)

Then for every ¢ € I'(G™!) such that dp = 0, there is some ¢ = U/ib;®9;+1 M%e,Ae, € T(G2)
such that ¢ = dy. Concretely,

Pa™ +oh™ =0 = o =130 4 M, (66)
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where M (z) = — M (z). The exactness at a given degree is preserved if one tensors a complex
with a fixed C°°(M)-module; this permits adding spectator indices to the quantities in (66).

As a first application, let us return to the initial compatibility condition (44). It can be
shown [NS22| that (44) holds true in arbitrary local patches iff there exists a connection V
on F such that its induced E-connection annihilates the metric, Vg = 0. If ng denote the
connection coefficients of V, we can choose w® := I'’,(z)g"p;. The difference between two
connections is a tensor field and then (44) implies that this tensor is d-closed. This provides
the following equivalence for the choice of the connection coefficients

Wi’ ~ w1+ pL M, (67)

where M{'¢ = —M;g“*, corresponding to d-exact contributions. If (65) holds true, these are all
the ambiguities in the choice of the connection on E such that Vg = 0.

Even more remarkable is the following decomposition that one finds for the tensor S defined
n (61). Using a connection V such that “Vg = 0, the geometrical quantity S is always d-closed
and therefore, assuming (65), it can be decomposed into some v € T'(F ® A?E* @ T*M) and
Y € I'(A2E ® A2E*) as follows:

] d,
Sl(;lci - LIIPYI{C'L' + Pizgijzbg . (68)

There are, in general, no explicit expressions for these tensors. In fact, they are even not
uniquely determined: We can change ~ and ¥ simultaneously by

S8 e S VI v
I I DT
Yabi > Yabi T GiiPt Vap (69)

for any V € I'(F ® E ® A’E*) without changing S—and these are all such ambiguities, if also
H;*((G)) = 0.
Finally, the identity {t¢G,, H} yields

49”05 pjpr = 0. (70)

Thus, ¢ = ¢.,9" satisfies the condition of (66) and, if (65) holds true, there exist tensors o
and M such that

7" =ty U+ M. (71)

These considerations can be considered as holding true on the purely geometrical level,
without any application to physical models.

On the other hand, as explained above, the §-cohomology governs the physical extension
problem here. For example, the second line in (60) says that S needs to be J-exact (and, by a
general feature of the procedure, also shows implicitly that it is already d-closed), S = d(y+ %),
where v and ¥ are the quantities entering H, see (57), (58), and (59). In deriving (68) we only
demanded S to be d-exact with respect to some tensors, but in a slight abuse of notation we
denoted them already by v and X, the quantities we need to choose for the expansion (58).
We have not done so in (71), which can be rewritten as V¢ = §(¥ + M) and one may wonder
where the analogue of the first term on its right hand side is in comparison to the last line in
(60), while evidently M}Lb can be identified with E‘}b. In fact, this depends on the connection
on F: if one uses a different connection than the one appearing in (57), then their difference is
a tensor, which can be identified with \ilfz So also the last line in (60) says that V¢ should be
d-exact.
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15 Examples with t =0

The prototype of a singular constraint 7*R = R? is G = zp. It is singular at the origin, the
constraint surface has the shape of a cross. The corresponding singular foliation on M = R
is generated by v = xd, or, by putting £ = R x M with an anchor such that p(1) = v. The
bundle F' then has rank zero and the exact sequence is of length one only. The corresponding
BFV charge is simply Opry = &xp.

There is no compatible non-degenerate Hamiltonian coming from a metric ¢ in this case,
since R with a non-regular leaf structure does not admit a singular Riemannian foliation. How-
ever, if we start with a Hamiltonian Ham = %h(m)p2, dropping the condition that h = 1/g,
then a BFV extension exists as long as h vanishes at least quadratically near the origin; it then
takes the form: Hppy = %h(ac)p2 + 22 (x%)/&rp.

More generally, if ¢ = 0, the anchor map p: £ — T M needs to be injective on a dense
open subset of M: this follows from injectivity of the induced map from I'(E) to I'(T'M') when
t = 0 (see the exactness condition expressed in the sentence containing (45)). And if one insists
on a non-degenerate metric g satisfying (44), then ¢ = 0 implies injectivity of the anchor map
p: E — TM everywhere. This in turn implies that the foliation on M and the constraints (42)
on T*M are regular.

Regular foliations can still yield geometrically interesting examples. To illustrate this, con-
sider even E = TM, p = id. While the BFV charge is very simple in this case, Qppy = E'p;,
non-trivial geometry remains in the BF'V extension of the Hamiltonian: To satisfy the compat-
ibility (44), we need a connection V on 7'M such that

Gijik + Tiji + Thir = 0, (72)

where T}, = gilT}k; here T]lk denote the components of the torsion tensor. The Levi-Civita
connection satisfies this condition evidently. The ambiguity (67) translates into the freedom of
the choice of the torsion of the connection, but maintaining (72) instead of metricity. One then
finds
Hprv = %gijpivpjv + %Rkijlfigjﬁkﬁl + %Tkij;lfifjﬂ'k’m (73)

where R’ jki denote the components of the Riemann tensor. If we choose the Levi-Civita con-
nection for I in pY = p; + [V1;E%7;, then (72) is satisfied identically and the last term in
(73) disappears, but one is still left with the curvature term.

Inspection of (61) shows that the last two terms in (73) combine into the tensor S for
E =TM. In [IS19], such a BFV extension was provided under the assumption that S vanishes.
The extension (73) of the Hamiltonian generalizes this result, with the interesting contributions
of curvature and torsion which combe into the geometrical quantity S, which, for £ = TM, in
turn can be identified also with the curvature of a dual connection, see [KS19].

16 Angular Momentum I:
Example of an obstruction

Let us now consider the phase space T*R? with constrained angular momentum, G, = £qpez’p°
or G = & x p. Then one has

OQpry =& (T xp)+ 5(Ex &) -F—nZ 7. (74)

The second term is the (cotangent lift of the) Chevalley-Eilenberg differential of the Lie algebra
50(3), the first two terms the Chevalley-Eilenberg differential for so(3) acting on R?, which then
corresponds to the BRST charge (39) of the action Lie algebroid E = so(3) x R3. The last term

takes care of the dependency Z-G = 0 of the constraints. It is easy to verify that the expression
(74) satisfies the master equation (47).
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In this example, M = R3 E =R3 x M, FF =R x M, and the maps p and ¢ in (45) can be

identified with the sections p = Eapeled ® 826 and

t=2z%,®0b", (75)

respectively; here (e%)3_; denotes a basis in E* and b* a basis in F*. The kernel of p is one-
dimensional outside the origin, while it is all of Ez_y = R? at the origin 0 € M. The map ¢
spans the radial vectors in Kerp for all Z # 0, but, for continuity reasons, vanishes at 0. Thus,
the complex (45) has no cohomology outside the origin, but Hf_:lo(é’ ,6) = R3. And still—again
for continuity reasons (every radial vector field has to vanish at the origin)—it is exact on the
level of sections: H®*(I'(£®),0) = 0. Correspondingly, the extension problem for the BFV charge
(74) when taking into account (only) the z-dependent dependencies of the constraints, has not
been obstructed.

Let us now turn to the extension problem of the Hamiltonian (43), the main subject of this
paper, for the standard metric on M = R3,

Ham = 15 7. (76)

For this purpose we first equip the bundles E and F' with their canonical flat connections (for
what concerns F, this is also motivated by the fact that (44) is satisfied with w? = 0). Then
one has

Vi=da® @e, @b" = L2 @e, @b, (77)

where in the second equality we used the standard metric of M for the identification, then
yielding an element in I'(E @ T'M) ®ceo(pry T'(F). Tt is easy to see that 6(Vt) = 0 which is
equivalent to (70): applying p to e, and symmetrizing over the two ensuing entries in T M gives
zero due to the contraction with the e-tensor.

Now the main observation of this short section: Vi cannot be § exact, i.e. it cannot be of
the form (71), since both ¢t and p vanish at the origin. This shows, on the one hand, that here

H™H(I(G*),8) # 0, (78)

and, on the other hand, that the BFV extension of (76) is indeed obstructed: As we learn from
the last line in (60), we need Vt to be exact for the BFV-extension of the Hamiltonian within
the present framework.

Note also that any other choice of connections on £ and F' would not help, since their
contribution to V¢ vanish at £ = 0 as well. In fact, the cohomology class of V¢ does not depend
on such choices.

17 Examples with Lie-2 gauge symmetry
As a technically more involved example, we truncate the expansion for the BFV extension of
the Hamiltonian (while keeping the general form for Qppy as in (52)): Putting Y3, ¥4, and
¥9 to zero in (58), one obtains®

Hpry = 597p) p) + 1585 Ty ™y (79)

where py is given by (57) and 7y = m, — AL ¢Py for some A € T(A?E* @ F). This extension
of m, to my has the effect of making (79) covariant with respect to both, changes of frames as

5This example is an improvement of a result of [IS19] obtained in the context of Cartan-Lie algebroids, where
the X-term in (79) is absent. During the preparation of the present work, we were informed by N. Ikeda that he
found a similar extension in the context of Courant algebroids, see [Ike21].
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well as (53), where then A — A + B. Now we learn from (60) that, under these assumptions,
necessary conditions for the validity of (48) are

EVg=0, Vt=0, S=06H+%). (80)

Note that the second condition implies that ¢ needs to have constant rank. On the other hand,
the last condition in (80) is not overly restrictive, since always 6.5 = 0.

A priori, there are many more conditions to be satisfied for (48) to hold, but with the
following trick, one may show that they can be all reduced to one only: For this purpose, we
first remark that within (80) we can always change the two quantities v and ¥—which are then
to enter the extension (79)—according to (69). Since ¢ has a constant rank, we can choose some
C C E such that £ = C @ t(F). One may now see that the transformations (69) can be used
to assure ¥ € I'(A2C ® A2E*). Then the only remaining condition is:

Ep,y =0. (81)

Here ¥D), is defined as “D but replacing the 2-bracket on E by [s,s']x = [s,s'] + t(\(s, ")),
where ) is the tensor entering 7.

We finally remark that from (62) one can conclude an equation similar to (81): One first
observes that the operators £D and (64) commute, [ED, §] = 0. Using (62), one then finds that
S(PD(y + X)) = (t, Vh)p, where the h-contribution only adds to “Dy. If H=23(T(G*),8) = 0
holds, moreover, one finds that DY, is part of a coboundary for some V & NAPE*®@ EQF).
(81) then translates into the condition that V needs to be a contraction of A with .

18 Angular Momentum II:
Outside of the spatial origin

We want to illustrate the above formulas by means of the example of the angular momentum
we discussed already before, but this time excluding the origin & = 0.

On the parts of T*R3 where & # 0, the dependency & - G =0 is in fact already sufficient
to describe all the dependencies of the constraints: this is the case since, assuming ¥ # 0, the
constraint surface G = Zx p = 0implies p'~ AT for some X\ € R. Thus the dependency p- G=0
is automatically implemented when & - G = 0 is taken care of.

Therefore now, even if one follows the Koszul-Tate procedure, one does not need to introduce
an additional ghost of degree two to take into account all the dependencies of the constraints: the
BFV charge (74) is the one that gives the correct cohomology of observables when the Z-origin
is excluded. This is, on the other hand, not the case, if the last term in (74) is supressed—as
one finds it sometimes in the literature in the treatment of mechanical models with rotational
invariance in the BRST-B(F)V formalism.

Excluding the Z-origin, there are now no more obstructions to BFV-extend the classical
Hamiltonian (76) to an Hpry satisfying the second master equation (48). And, as it turns out,
it can even be put into the special form (79). As we learn from (80), we need for this that the
tensor (75) is covariantly constant. Let us choose for this purpose the connections on E and F
by means of

T
Veq, = —r—g dzb @ e (82)

and Vb = 0, respectively. Note that the first choice implies that the radial section x%¢, is
covariantly constant, V(z%,) = 0. Together these choices indeed yield V¢ = 0. It was this
condition that we could not satisfy previously; here it is possible also only due to the singularity
of the connection V on E when approaching the origin.

One also verifies easily, that this choice of the connection on E guarantees Vg = 0, a
necessary condition for the BF'V extension even without the restricting H gy to be of the form
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(79), see the first line in (60). The tensor S looks as follows with the above choices for the
connection:
€bce T

S =5

ea @€ @ e ®da. (83)

S now has a contribution coming from the tensor « in its decomposition (68), which enters
the covariantized momentum (57):

£ (Ex@P. (84)

v 1 P = = =
Hpry = %Pv‘pv T [5‘ (€ x x)} [W (7 x 1’)] (85)
This corresponds to the following tensor ¥ in (79),

e
Eabe€cdgT i

Egg - = 9 (86)

4
which satisfies the consistency condition (81) for A = 0. Together with the above choice for -,
this completes the decomposition (68) of (83), which then satisfies the last condition in (80).
According to the discussion following (79), this then proves the validity of (48), which certainly
one can also verify directly to hold true for (74) and (85).

The extension of (76) to Hpry is not unique, also not for a fixed choice of the BFV charge
(74). One can, at each stage, change contributions to H = Hppy in (58) by d-exact terms
(once more underlining the importance of the complex G® for the given extension problem).
For a given Hamiltonian, the first such an ambiguity is provided by the choice of the connection
on E, which we found in (67). It is now not difficult to see that with the choice W§ = %252,
My© = T%eacb, the connection coefficients corresponding to (82) can be made to vanish: Ve, =0
for this modified, equivalent connection. Now the connection on F, if taken as the corresponding
coefficient in (57), is fixed by requiring the vanishing of the last line in (60), i.e. by requiring
Vit = pf)Zabea ® dz’: One finds

Todx?®

Vb=""-@b, (87)

r
which, in particular, has the property that the section %b is covariantly constant, V(%b) = 0.
After the dust clears, one then finds the following, relatively short BFV-Hamiltonian
T (T X T)

Hpry = 5p° 9" + 5,2

n (88)
where .

s L T

P =p- 5P (89)

In the extension (85), the last term in the decomposition (59) vanishes. In (88), on the other
hand, it is the first term that does so, with the n-coefficient E?b = ¥ taking the form

c

Eab = 5abc% . (90)
19 Angular Momentum III:
An infinite Koszul-Tate resolution

Before ending this article, we want to address briefly what happens if one follows the usual
BFV procedure in the singular context, not taking the shortcut by the resolution of the singular
foliation as advocated here. We want to sketch this at the example of the angular momentum
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when not excluding the spatial origin Z = 0. As mentioned above, in this case, one needs to
take both dependencies ¥ - G=0andp D G = 0 into account separately. As a preparation for the
construction of the BFV charge and the BF'V Hamiltonian, one now determines a Koszul-Tate
(KT) resolution of the ideal generated by the constraints G,. The graded coordinates introduced
for this purpose, called the anti-ghosts in [HT92|, subsequentely serve as the momenta to the
ghosts that one needs for the BFV charge. For the angular momentum, we have three anti-
ghosts 7, of degree -1, which provide the generators of the ideal after application of the KT
differential: 0x7 (74) = G, . For the two dependencies between these constraints, we introduce
two anti-ghosts of degree -2, P and P, such that:

SxrP = a7, SprP = pinc. (91)

Note that dx7 coincides with ¢ on the ghost momenta we introduced before, see (64), but now
we have more of them. And it does not stop with the additional P. The reducibility functions
z% and p® are not independent on-shell: z%p? — 2Pp? = €®°G, ~ 0. This implies that one needs
additional anti-ghots P§ of degree -3, which then give

5KT73{(31 = xwﬁ - pap =+ %Eabcﬂ-bﬂ-c . (92)

Here the last term is needed to ensure (0x7)?> = 0. However, on the space generated by
(%, pa, Ta, P, P, P$) one now finds non-trivial dxp-cohomology classes at degree -3. This in
turn requires the introduction of six anti-ghosts of degree -4 such that

OP§ = eapet®P5 + 7P, 6PF = caped®P§ + 7P . (93)

And this procedure does not stop. ¢ By construction, there is no cohomology of dx7r except
at degree zero. Therefore, with this starting point, Qpry and the extension Hppry of (43)
always exist in principle. But there is a price to be paid: the underlying space of ghosts and
anti-ghosts consists of an infinite tower of them.

20 Appendix: Angular Momentum IV

In this appendix we want to return once more to the example of the angular momentum in R3.
While the coordinates and momenta enter the constraint surface & x p'~ 0 symmetrically, this
is not the case for the Hamiltonian, see (76). Now, in a region where p'# 0, excluding the origin
in momentum space, one may use the BFV charge

Oppv =€ (T xp)+ 5(Ex &) -7—qp - 7, (94)

where we introduced a ghost-for-ghost pair (77, P) to implement the dependency 7 (£ x p) = 0.
Like when excluding the spatial origin & # 0, there is no obstruction for the BF'V extension of
the Hamiltonian, but in this case it even agrees with the classical one, Hppy = %]5’ - .

One may wonder, if and how one might obtain the much more involved BFV extensions
(85) and (88) from this simple solution to the extension problem in regions where both # and
P are non-vanishing.

We only have a partial, semi-rigorous answer to this question: Introduce a BFV charge Q’
that incorporates the two dependencies given by & and p’ in a symmetrical fashion,

— —

= (FxP)+IEXE -F—nE - F—7p-7, (95)

with now two conjugate ghost-for-ghost pairs (n,P) and (7, P). The charge (95) squares to
zero in the obvious canonical bracket, (Q', Q") = 0. It also agrees with a truncation of the

SWe will come back to a complete description of this resolution elsewhere.
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honestly constructed BFV charge in an infinite tower expansion when following the Koszul-Tate
procedure mentioned at the end of the main text above. But being such a truncation, where
one drops all higher ghost-for-ghost contributions, it does not have the correct cohomology,
however—therefore, the argument is only semi-rigorous at this stage.

There now is a Q'-closed extension of the classic Hamiltonian on this extended phase space
and it is even globally defined: The simple

H =30 p—nP (96)

D=

is readily seen to satisy (Q',H’)’ = 0.

We may obtain the two sought-for BFV formulations from the above one by two different re-
ductions in the extended phase space, where one has the canonical coordinates (Z, p, é?, 7,0, P,0,P).
The first one follows from the evident choice

n:=0, P:=0. (97)

It reproduces the BFV formulation (Qpry, Hpry) valid on regions with 5 # 0.

Note that the elimination of a canonical pair, here (n,P), does not affect the brackets
between the remaining variables. But one still needs to ensure that the new quantities satisfy
the two master equations after constraining to (97). One way of doing this is to see if they
remain to have vanishing brackets when replacing the original BFV bracket (-,-)" by a Dirac
bracket (more precisely, by an adaptation of the Dirac bracket, introduced originally for second
class constraints [Dir58], to the extended phase space): Restraining a graded symplectic space
by putting two even functions o and § which satisfy («, 8)" = 1 to zero, one replaces the original
bracket (f,g)" between two functions f and g by

(fa g)D = (f7g>/ - (f? Oé)’ (579), + (fv 6)/ (O&,g)l : (98)

Restriction to the subspace given by a = § = 0 and inverting the restricted graded symplectic
form, in the end is reproduced by this bracket directly. Since both, (95) and (96) commute with
n in the (-,-)" bracket, in view of (98), it is clear that the two master equations still hold for
the induced bracket when implementing (97).

The situation changes, however, if one wants to proceed in the same way by replacing (97)
with the corresponding barred equations. The reason is that now (77, H')" does not vanish, nor
does (Q',P), this then would impede the vanishing of (Q',H')p. To take care of this, one
may search for deforming the condition P = 0 by P = F for some function F of the unbarred
variables. This procedure permits to find the function F' by an expansion in the ghosts, which
can be chosen such that the deformed conditions become

ﬁzzo,ﬁ::ﬁ(mm—mﬂ—ﬁ-(ﬁx@). (99)
With this "gauge" the two master equations remain valid and one obtains precisely the BFV
data Qppy and Hpry) as given by (74) and (88), respectively. The data corresponding to (74)
and (85), on the other hand, result from these by an additional canonical transformation.
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Résumé. Cette these est consacrée a I'étude et a Pamélioration des outils de I'algebre ho-
mologique utilisés dans les méthodes de quantification des théories de jauge, en particulier le
formalisme Hamiltonien-BRST ou BFV. Dans la premiére partie, nous passons en revue les ré-
sultats classiques de 'algébre homologique sur les résolutions libres des anneaux commutatifs.
Nous approfondissons ces résultats lorsque 'anneau commutatif O est un anneau de polynomes
et Z est un idéal monomial propre. Dans ce cadre, nous décrivons les résolutions simpliciales de
O/T.

Dans la deuxiéme partie, étant donné une algébre commutative O et un idéal propre Z, nous
introduisons, a partir de toute résolution de O/Z par des O-modules projectifs, une résolution
explicite de Koszul-Tate. Nous ’appelons résolution de Koszul-Tate arborescente car elle est
indexée par des arbres décorés. Pour les anneaux a Syzygies, nous montrons quun nombre
fini d’opérations suffit pour construire la résolution arborescente de Koszul-Tate, tandis que
I’algorithme de Tate original en nécessite un nombre infini si Z n’est pas une intersection compléte.
Nous sommes capables de munir la résolution projective initiale de O d’une A,.-algébre explicite.
Pour O étant un anneau de polynoémes et Z un idéal monomial, nous utilisons une partie de la
structure arborescente de Koszul-Tate pour donner une démonstration élémentaire d’un théoréme
d’Avramov : si I'idéal Z n’est pas engendré par une séquence réguliére, toute résolution de Koszul-
Tate a un nombre infini de générateurs. Pour O étant un anneau local noethérien ou un anneau
de polynomes gradué, nous donnons une définition d’une résolution minimale de Koszul-Tate et
étudions ses propriétés.

Dans la troisiéme partie, nous étudions le formalisme BFV pour les systémes mécaniques.
Nous examinons le lien entre les données universelles de Lie-co-algébroide et leur contrepartie
BFYV sur quelques exemples.

Mots-clés : Algébre commutative, structures @, résolutions libres, homotopie.

Homological methods for Gauge Theories with singularities

Abstract. This thesis is devoted to studying and enhancing the tools of homological algebra
used in quantization methods of gauge theories, in particular the Hamiltonial-BRST or BFV for-
malism. In the first part we review the standard results in homological algebra on free resolutions
of commutative rings. We go into more details when the commutative ring O is a polynomial
ring and 7 is a proper monomial ideal. In this setting we describe the simplicial resolutions of
O/T.

In the second part, given a commutative algebra O and a proper ideal Z we introduce, out
of any resolution of O/Z by projective O-modules, an explicit Koszul-Tate resolution. We call it
the arborescent Koszul-Tate resolution since it is indexed by decorated trees. For Syzygy rings,
we show that finitely many operations are needed to construct the arborescent resolution Koszul-
Tate resolution, while the original Tate algorithm requires infinitely many if Z is not a complete
intersection. We are able to equip the initial projective O-resolution with an explicit A,.-algebra.
For O being a polynomial ring and Z a monomial ideal, we use part of the arborescent Koszul-Tate
structure to give an elementary proof of a theorem by Avramov: for the ideal Z not generated
by a regular sequence, any Koszul-Tate resolution has infinitely many generators. For O being a
local Noetherian ring or a graded polynomial ring we give a definition of a minimal Koszul-Tate
resolution and we study its properties.

In the third part we study BFV formalism for mechanical systems. We investigate the con-
nection between the universal Lie-oco algebroid data and the BFV counterpart on some examples.

Keywords: Commutative algebra, Q-structures, free resolutions, homotopy.
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