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Abstract

We define a local homomorphism (Q, k) — (R, ) to be Koszul if its derived fiber R ®LQ k is formal, and if

Tor€ (R, k) is Koszul in the classical sense. This recovers the classical definition when Q is a field, and more generally
includes all flat deformations of Koszul algebras. The non-flat case is significantly more interesting, and there is no
need for examples to be quadratic: all complete intersection and all Golod quotients are Koszul homomorphisms.
We show that the class of Koszul homomorphisms enjoys excellent homological properties, and we give many
more examples, especially various monomial and Gorenstein examples. We then study Koszul homomorphisms
from the perspective of A -structures on resolutions. We use this machinery to construct universal free resolutions
of R-modules by generalizing a classical construction of Priddy. The resulting (infinite) free resolution of an R-
module M is often minimal and can be described by a finite amount of data whenever M and R have finite projective
dimension over Q. Our construction simultaneously recovers the resolutions of Shamash and Eisenbud over a
complete intersection ring, and the bar resolutions of Iyengar and Burke over a Golod ring, and produces analogous
resolutions for various other classes of local rings.
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1. Introduction

The phenomenon of Koszul duality has been observed in many forms across algebra, geometry and
topology. It provides explicit computational tools for answering homological questions and opens up
deep connections between a number of seemingly unrelated areas of mathematics. The goal of the
present work is to develop a relative theory of Koszul duality in local commutative algebra and to give
concrete applications for understanding infinite free resolutions.

For a finite homomorphism ¢: Q — R of commutative noetherian local rings, the derived fiber
F=R ®b k, where k is the residue field of Q, is a differential graded k-algebra that encodes important
ring theoretic properties of ¢. We define ¢ to be Koszul if F is formal (see 2.3) and if its homology
H(F) = Tor?(R, k) is a Koszul k-algebra (see 2.1). This recovers the classical definition when the
source is a field. Through the looking glass that connects local algebra with rational homotopy theory,
the definition is directly analogous to Berglund’s notion of a Koszul space.

Flat local maps that have a Koszul fiber are natural examples of Koszul homomorphisms, but
the non-flat case is significantly more interesting: all complete intersection and all Golod quotient
homomorphisms are Koszul, and we give many other monomial and Gorenstein examples. In particular,
there is no need for the homomorphism to be quadratic in any sense.

The definition also has structural consequences connecting the homological algebra over R and Q.
Our main theorem provides an algorithmic way to transfer free resolutions over Q into free resolutions
over R. To achieve this, we introduce a slightly stronger ‘strictly Koszul property (see 7.2) that is satisfied
in our main examples. These ideas borrow from a long history, and we will discuss the context and
technology behind the construction following this summary of our main results.

Theorem A. For any strictly Koszul local homomorphism ¢: Q — R, there is a non-negatively graded,
degreewise finite rank free Q-module C such that

(1) For each finitely generated R-module M with a minimal Q-free resolution G — M, there is a
differential 07 on the graded R-module R ® C ® G such that the resulting ‘twisted tensor product’
complex

(R®C®G,07) — M

is an R-free resolution of M. If R and M have finite projective dimension over Q, then both C and the
twisted tensor product differential can be explicitly described in their entirety with a finite amount
of data.

(2) Assume that ¢ is small (a central case of interest is (Q, mg) regular and ker(¢) C sz ). The twisted
tensor product complex is minimal for the residue field k of R. More generally, the resolution is
minimal whenever M is inert with respect to ¢, in the sense of Lescot. In particular,

PR (1)

. AT =
2. rankg (Cp)t P00

The following homomorphisms are strictly Koszul:

(a) Surjective complete intersection homomorphisms.
(b) Surjective Golod homomorphisms.
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(c) Surjective Gorenstein homomorphisms of projective dimension three or less.
(d) Cohen presentations of compressed artinian Gorenstein rings having characteristic zero, odd em-
bedding dimension, and socle degree not 3.

Part (1) of the Theorem, with an explicit description of the twisted tensor product differential, is
Theorem 7.8, while part (2) is contained in Theorem 7.11. The examples (a)—(d), and several more, are
introduced in Section 3 and treated again in Section 8, with a complete description of the corresponding
C in each case.

Universal resolutions — that is, free resolutions over a ring that are defined in a uniform way for all
finitely generated modules — have been of central interest in homological commutative algebra since
at least the 1960s, often importing tools such as Massey operations and bar resolutions from algebraic
topology.

Let ¢: QO — R be alocal homomorphism. Shamash constructed universal resolutions for R-modules
when ¢ is a hypersurface quotient [Sha69], and these were clarified and extended to complete intersection
quotients by Eisenbud using the theory of higher homotopies [Eis80]. Burke recognized in [Burl5] that
the higher homotopies are a manifestation of certain A.-structures (we will return to these later in the
introduction). In the presence of a Q-free differential graded algebra resolution A — R, and a Q-free
differential graded A-module resolution G of an R-module M, Iyengar constructed a bar resolution for
M over R [Iye97]. By endowing A with an A-algebra structure, and G with an A-module structure
over A, Burke constructed a bar resolution even when associative multiplicative resolutions do not exist
[Burl5]. The resulting resolution is minimal when M is Golod with respect to ¢, and is otherwise
typically far from minimal. Theorem A recovers both the resolutions of Shamash and Eisenbud, when
@ is a complete intersection quotient, and the bar resolutions of Iyengar and Burke, when ¢ is a Golod
quotient.

In parallel, the universal resolutions introduced by Priddy over Koszul algebras [Pri70] have had
far-reaching impact, not least as a computational tool. Our theory directly builds on and recovers his
construction, while providing a common framework for the universal resolutions above.

The technical foundation for our universal resolutions is in Section 6. Here, we develop a general
theory of twisted tensor products over a commutative ring Q. The data that goes into this construction
is a curved differential graded coalgebra C over Q, a quasi-isomorphism 2C — R from the cobar
construction of C to R, and a differential graded module structure over Q2C on G. These terms are
defined in Section 4. From this, in Theorem 6.5, we construct a canonical resolution

R®C® G=(R®C®G,07) — M.

The key to proving Theorem A is to show that C can be defined in an explicit, canonical and minimal way
when ¢ is strictly Koszul. We will return to this at the end of the introduction, with more context in hand.

We turn our attention back to the Koszul homomorphisms. The first half of this work develops
the theory of these maps; this part of the paper does not involve A -structures, using only ordinary
differential graded algebras.

Similar Koszul-type conditions have been considered by other authors [CDG*20, HIO5, HRW9S,
Mye21], and we compare our definition with theirs in Remark 2.18. We motivate our condition as well
by drawing connections with other areas, such as rational homotopy theory (Remarks 2.5 and 3.18) and
toric topology (Remark 3.27).

We pay particular attention to the case that Q is regular. In this situation, the resolutions constructed
in Theorem A essentially depend only on the ring R, and they are always finitely determined. When R
is a local ring such that every Cohen presentation ¢: Q — R is a Koszul homomorphism, we say that
R is Cohen Koszul; see Section 2.8. These rings enjoy excellent homological properties while being
surprisingly abundant; they behave in many ways like classical Koszul algebras despite not necessarily
being quadratic.
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We show that Cohen Koszul local rings have rational Poincaré series that can be computed explicitly
from their Koszul homology:

(1+1)° .
i (1) ranky (H; (KR) () )i+

PE(r) =

see Proposition 2.11, where the notation is explained.

Section 3 is devoted entirely to examples, and we prove that surjective complete intersection homo-
morphisms are Koszul (Example 3.2), along with surjective Golod homomorphisms (Example 3.5), and
surjective Gorenstein homomorphisms of projective dimension three (Example 3.12). We exactly de-
termine the local rings of codepth three or less that are Cohen Koszul in terms of the classification into
the types described in [AKMS&8]; we find that in every type except one, the local ring is Cohen Koszul
(Theorem 3.10). Graded local rings having an almost linear resolution in the sense of [DE22] are also
Cohen Koszul (Remark 3.17). We treat monomial rings in Section 3.20, making connections with com-
binatorial commutative algebra and with the topology of moment angle complexes. Monomial rings are
classically Koszul exactly when they are quadratic [Fr675], while Cohen Koszul monomial rings need
not be, and we produce many nontrivial examples in Proposition 3.22. We further give examples that
illuminate how the Koszul condition relates with classical Koszulity, formality, being quadratic, and
various other technical conditions.

One of our main examples is a class of rings that we call almost Golod Gorenstein, treated in Section
3.13. Within the class of Gorenstein local rings, these display extremal homological behavior analogous
to Golod rings within the class of all local rings; cf. Proposition 3.19. In Theorem 3.16, we establish a
characterization in terms of the derived fiber that is similar to Avramov’s characterization of Golod rings
[Avr86], and, under some additional technical assumptions, we deduce that almost Golod Gorenstein
rings are Cohen Koszul.

Y

In the second half of the paper, we study Koszul homomorphims from the perspective of A, -structures
on resolutions. An A-algebra is a complex A equipped with multilinear operations m,, : A®™ — A for
n > 2 that together satisfy certain associativity conditions generalizing the definition of a differential
graded algebra (which one recovers by assuming m,, = 0 for n > 3). These objects were introduced by
Stasheff to characterize loop spaces in algebraic topology [Sta63a].

Koszulity is well known to be connected with formality (Remark 2.5), and in turn, it has been
understood since [Kad82] that formality can be made visible through A-structures. In the present
context, these structures are important because they carry the information necessary to construct the
universal resolutions in Theorem A while being flexible enough that all resolutions can always be given
A-structures.

An introduction to Ag-algebras and A,-modules over commutative rings is given in Section 4.
In Section 5, we prove some quite general transfer results — in particular, constructing A-structures
on minimal resolutions of local rings and modules. Burke was one of the first to develop and apply
the theory of A-algebras over a commutative ring (rather than over a field) [Burl5, Burl8], and our
treatment owes a substantial intellectual debt to his work.

We develop the theory of cyclic A-algebras over commutative rings in Section 5.6. These were
introduced by Kontsevich as part of his homological mirror symmetry program [Kon94]. These As-
algebras possess extra structure that takes advantage of the Poincaré duality on the minimal resolution
of a Gorenstein ring, and we apply this theory to almost Golod Gorenstein rings.

With this perspective in hand, we return to Koszul homomorphisms in Section 7. The next result
shows that, at the derived level, Koszul homomorphisms may be thought of as deformations of classical
Koszul algebras. A more precise and more general statement is given in Theorem 7.1. We write T(V)
for the tensor algebra EB"?O V®2™ on a graded Q-module V.
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Theorem B. A surjective local homomorphism ¢: Q — R is Koszul if and only if there is a positively
graded, degreewise finite rank free Q-module V, a direct summand W C'V ®¢g V, and an A-structure
{m,} on A =T(V)/(W) such that

1. the induced quotient A — R is an A -algebra quasi-isomorphism,
2. modulo the maximal ideal of Q, the A -structure {m, } on A agrees with the usual algebra structure
on T(V)/ (W), that is,

my®k=u®gk and m,®q k=0 for n#+2,

where u is the usual product on the quotient of a tensor algebra,
3. the k-algebra T(V ®¢ k) /(W ®¢ k) is Koszul with this algebra structure.

Coming full circle, we are now able to describe the coalgebra C that appears in Theorem A. Fixing
a Koszul homomorphism ¢ with V and W as in Theorem B, we define

C = @( N Vveeiey W e V®Qf).

i+2+j=n

This is modeled on the work of Priddy [Pri70]. By construction, the graded Q-dual CV is the quadratic
dual T(VY)/(W+) of the algebra T(V)/(W). The strict Koszul condition introduced in Section 7.2
guarantees that the A -structure on A induces the structure of a curved differential graded coalgebra on
C; see Definition 7.3. We think of C as Koszul dual to R relative to Q, as justified by Theorem 7.6.

We conclude the paper with a reexamination of examples in Section 8. We start by showing that
certain deformations of classical Koszul algebras yield strictly Koszul homomorphisms, and we obtain
resolutions that directly deform the original resolutions of Priddy. We study surjective Golod homo-
morphisms in Example 8.2; in this case, C = B(A) is the bar construction of the A-algebra A, and we
recover the bar resolution of Iyengar and Burke. In Example 8.4, we show that surjective Gorenstein
homomorphisms of projective dimension three are strictly Koszul, and we describe C as the dual of
a noncommutative hypersurface. We show that surjective complete intersection homomorphisms are
strictly Koszul in Section 8.7, and we show that C is the free divided power algebra on V; our twisted
tensor products encode the theory of higher homotopies, and the resulting resolutions recover those of
Shamash and Eisenbud. We end by treating almost Golod Gorenstein rings in Section 8.15; this requires
a substantial amount of machinery, and the result is a large class of interesting Gorenstein rings over
which we have explicit, small, universal resolutions.

2. Koszul homomorphisms

In this section, we discuss the Koszul property in various settings, starting from the classical notion for
an algebra over a field and leading up to a definition of a Koszul local homomorphism. Examples have
been collected in the Section 3. While later sections exploit the machinery of A-algebras, this section
requires only knowledge of differential graded (dg) algebras; a suitable reference for the latter is [Avr98].

We fix a field k£ and work with local rings having residue field k. We also consider modules with two
Z-gradings, the weight grading and the homological grading. The weight grading is denoted M = M4,
and the corresponding shift M (d) is given by M(d)w) = M(w+a). For the homological grading, we
write M = M,, and the suspension ¢ M is given by (2¢M); = M,_,4. The homological degree of an
element m € M is denoted |m|. We assume that the two gradings are compatible in the sense that M
is bigraded by its submodules M; () = M; N M. If M is a complex, the differential oM should
preserve the weight grading and decrease the homological grading by one, and we equip XM with the
differential *M = —oM .

Definition 2.1. An augmented k-algebra K is Koszul (over k) if it admits an algebra grading K =
EBW>0 K(w), known as a weight grading, such that K, = k and such that the minimal resolution of k
is linear with respect to this grading.
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Remark 2.2. Definition 2.1 is essentially the classical definition of a Koszul algebra due to Priddy
[Pri70, Section 2] (see also [Lo6f86, Frd99]), except that we do not consider the weight grading to be
part of the given data. We emphasize that the additional grading may be different to the given one; cf.
Remark 3.3. By [BGS96, Secton 2.3], a Koszul algebra is quadratic with respect to this new grading —
that is, generated as an associative k-algebra by elements of weight one, subject to relations of weight
two. For example, if U is a graded vector space, then the trivial extension algebra K = k =< U is a graded
augmented algebra, and the weight grading K(g) = k and K (1) = U makes K Koszul; see Example 3.4.

Next, we define a Koszul property for dg algebras. This definition appears implicitly in the work of
Berglund [Berl14], where it is applied to Sullivan models for topological spaces; it is not the same as
the Koszul property introduced in [HWO08], which is too general for our purposes.

2.3. Let A and B be dg k-algebras. Recall that A is quasi-isomorphic to B, denoted A ~ B, if there exists
a zig-zag of quasi-isomorphisms of dg k-algebras connecting A and B. A dg k-algebra K is called formal
if it is quasi-isomorphic to H(K).

Definition 2.4. An augmented dg k-algebra K is Koszul if it is formal and H(K) is Koszul in the sense
of Definition 2.1.

Remark 2.5. It is well known that formality is closely related with the Koszul property. In fact,
an augmented k-algebra K is Koszul in the sense of Definition 2.1 if and only if the dg k-algebra
RHomg (k, k) is formal; see [GM74] and also [Kel02, 2.2] and [Berl4, Theorem 2.9]. This condition
is sometimes called coformality of K. From this perspective, a dg k-algebra K is Koszul in the sense of
Definition 2.4 if and only if it is both formal and coformal.

Before introducing the Koszul property for local homomorphisms, we need to recall the notion of the
derived fiber. Let ¢: Q — R be a local homomorphism of commutative noetherian local rings having
maximal ideals mg and mg, respectively, and common residue field k.

Let A — R be a dg algebra resolution of R over Q — that is, A is a dg algebra concentrated in non-
negative degrees, such that A is degreewise a free 0-module, and A — R is a morphism of dg algebras
inducing an isomorphism in homology. The derived fiber of ¢ is the dg k-algebra

L .
R®Qk.=A®Qk.

Up to a zig-zag of quasi-isomorphisms of dg k-algebras, R ®., k is independent of the choice of A. For
more information, see [Avr86]. We remark that one can equally well use a different species of model
for the resolution A, such as simplicial algebras or A-algebras, and obtain an equivalent definition of
Koszul homomorphism. Indeed, we make use of As-models in Section 7.

Definition 2.6. Let ¢: Q — R be a finite local homomorphism. We say that ¢ is Koszul if R ®LQ kisa

Koszul dg k-algebra; that is, R ®b k is formal and its homology Tor? (R, k) is Koszul in the sense of
Definition 2.1.

According to Definition 2.1, when ¢ is Koszul, the Tor algebra Tor? (R, k) admits a quadratic
presentation, albeit not necessarily generated by elements in homological degree one.

Taking Q = k to be a field, we recover the classical definition: The homomorphism k — R is Koszul
if and only if R is a Koszul k-algebra; cf. Definition 2.1.

The examples given in the next section show that Koszul homomorphisms are extremely common.
In particular, this class includes all flat local homomorphisms whose fibers are (classically) Koszul; all
complete intersection and all Golod homomorphisms; Cohen presentations of most local rings having
codepth at most 3, and of generic Gorenstein rings.

Remark 2.7. When the minimal Q-free resolution A of R admits a dg algebra structure, the derived
fiber R ®b k = A ®g k has zero differential and is automatically formal. This is the case for complete
intersection homomorphisms (Example 3.2) and when proj dimy (R) < 3 (Theorem 3.10). When ¢ is
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Golod, the minimal resolution typically does not support a dg algebra structure (cf. Remark 8.3), but
nonetheless, R ®., k is formal (Example 3.5). The monomial rings presented in Examples 3.6 and 3.24
yield non-Koszul homomorphisms; the corresponding minimal resolution does not admit a dg algebra
structure in the former example (see [Avr81, 2.2]), but it does in the latter example.

2.8. Cohen Koszul local rings

Recall that every local ring R admits a Cohen presentation — that is, a surjection ¢: Q — R from a
regular local ring Q — and one may assume that ¢ is minimal in the sense that ker(¢) C sz.

Definition 2.9. A local ring R is Cohen Koszul if every homomorphism ¢: Q — R is Koszul, where
Q is a regular local ring and ¢ is surjective with ker(¢) C mZQ. In other words, every minimal Cohen
presentation of R is Koszul.

Remark 2.10. For equicharacteristic rings, the minimal Cohen presentation Q — R is essentially
unique. In this situation, if R is already a quotient of a regular local ring, then by Proposition 2.16, there
is no need to complete R to determine whether R is Cohen Koszul.

If we assume that R contains its residue field k, then the Koszul complex K R on the maximal ideal
of R is a dg k-algebra. It is well known that

KR

R

R®g k
as dg k-algebras; see, for example, [ABIM 10, Theorem 8.1]. Therefore, in this situation, we can say that
R is Cohen Koszul exactly when KR is a Koszul dg k-algebra.

If R does not contain its residue field, the fact that K¥ is not a dg k-algebra introduces subtleties.
The distinction between formality of dg k-algebras and formality of dg rings means that it is not clear
whether Definition 2.9 is independent of the choice of Cohen presentation. In all of our examples,
however, the choice will be irrelevant.

Complete intersection rings are Cohen Koszul by Example 3.2, Golod rings are Cohen Koszul by
Example 3.5, and most rings of codepth 3 are Cohen Koszul according to Theorem 3.10.

Cohen Koszul local rings have rational Poincaré series. Recall that the Poincaré series of a finitely
generated R-module M is

PR (1) = Z ranky (TorR (M, k))1".

nez

Proposition 2.11. Let R be a Cohen Koszul local ring with embedding dimension e and residue field k.
Fix a weight grading making the Koszul homology H(K®) a Koszul k-algebra. Then

(I+1)°

R _
Pil) = ) ranke (H, (KB )i

Remark 2.12. We note that since H, (K®) is generated in weight 1, the rank of H,-(KR)(W) is equal to
the rank of [Hso(K®)" /H.o(KR)"*!];. Therefore, it is not necessary to choose a weight grading to
calculate the Poincaré series above.

Proof. Let T = H(K®), bigraded by homological degree and by weight, and write
Hr (s,1) = Zrankk(]},(w))tisw and Pz (s,1) = Zrankk(Tora (k,k);)t's".
i,w i,w

In Tor®, (k, k);, the index w is the usual homological grading of Tor, and i is the extra grading that comes
from the homological grading on 7. Since T is Koszul with respect to its weight grading, the usual
computation of the Poincaré series of a Koszul algebra shows that Hy (s, t) Pi (-s,1) = 1; see [Lof86].
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LetQ — R be a minimal Cohen presentation. Formality of ReL k implies that the spectral sequence
[Avr81, 6.2.1] is degenerate, and so from [Avr81, 6.2 (b’)], we obtain the first equality below, which
yields the desired series

(1+1)¢

- 7 O
Hr (-t,1)

PR(t) = (1+1)° Py (1,1) =

Proposition 2.11 recovers the known Poincaré series for complete intersection rings, Golod rings and
almost Golod Gorenstein rings; see Section 3 for the latter.

There are a number of results that apply to certain subsets of Cohen Koszul rings, motivating the

study of whether such a property holds for these rings in general. We highlight a couple instances below.

Remark 2.13. Recently, Brown-Dao—Sridhar have shown that over complete intersection and Golod
rings, the ideals of minors of differentials in minimal free resolutions are eventually two-periodic
[BDS23]. It would be worthwhile, and seems plausible (in light of the structural result in Theorem 7.8),
to determine whether (strictly) Cohen Koszul rings satisfy this property more generally.

Remark 2.14. Lower bounds on the Loewy length of the homology module of perfect complexes are
of interest in both algebra and topology; see, for example, [ABIM 10, AP93, Car83, IW 18, Wall7]. For
Cohen Koszul rings, one can establish such bounds.

Let R be a local ring with residue field &, and let k[y1,..., xn] denote a maximal polynomial
subalgebra of the graded k-algebra Extg (k, k), generated by elements in even degree. For example, if R
is complete intersection, then n is the codimension of R. If R is Cohen Koszul, then for any finite free
R-complex F with H(F) # 0, one has the inequality

ZMRH,,(F) >n+l.

nez

One can use similar ideas to those in [ABIM10], as well as [BGP24], to establish this bound; here,
however, formality of the derived fiber of a Cohen presentation of R is a main ingredient. Moreover,
when R is complete intersection, it agrees with the common bounds from [ABIM 10, BGP24].

2.15. Properties of Koszul homomorphisms

Before moving on to examples, we establish some basic change of rings properties for Koszul homomor-
phisms. First, we note that being Koszul is invariant under certain flat base changes and, in particular,
under completion.

Proposition 2.16. Given a finite local homomorphism ¢: Q — R and a flat local homomorphism
¥ Q — Q' inducing an isomorphism on residue fields, ¢ is Koszul if and only if p®Q": Q" — R®p O’
is Koszul.

Proof. The natural map R ®LQ k— (R®g Q') ®LQ, k is a quasi-isomorphism of dg k-algebras. Indeed,
if A is a dg algebra resolution of R over Q, then A ®¢ Q' is a dg algebra resolution of R ®p Q’ over Q’,
and (A®Q 0" ®o k= A®¢g k. O

The next proposition will often be useful in reducing the dimension of Q or R.
Proposition 2.17. Let ¢: Q — R be a finite local homomorphism, and let x € mg and y € mg.

(1) Ifx is regular on Q and y is regular on R, with ¢(x) =y, then ¢ is Koszul if and only if the map of
quotients Q/(x) — R/(y) is Koszul.

(2) Ify is regular on R, then ¢ is Koszul if and only if the composition Q — R/(y) is Koszul.

(3) If ¢(x) = 0 and x generates a free R-module summand of ker(y) /ker(¢)?, then ¢ is Koszul if and
only if the induced map Q/(x) — R is Koszul.
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Proof. For part (1), let A S Rbea dg algebra resolution of R over Q. The assumptions on x and y
imply that A ®p Q/(x) is a dg algebra resolution of R/(y) over Q/(x). In particular, there are quasi-
isomorphisms

Reg k~A®gk = (A® Q/(x) ®g/x) k= R/(Y) 8, k

of dg k-algebras, and the claim follows.

For part (2), if A is is a dg algebra resolution of R over Q, as above, then there is an element § € mgpAg
mapping to y € R. Taking an exterior variable ¢ of degree 1, and setting d(e) = ¥, the extension A(e)
is then a dg algebra resolution of R/(y) over Q; see [Avr98, 6.1]. We see that

R/(y) ® k =~ Ale) ®g k = (A ®g k) ® Ax(e) = (R ®g k) @ Ar(e),

where Ay (e) is the exterior algebra over k on the degree 1 variable e. Hence, it remains to note that the
tensor product of dg k-algebras is formal if and only if both of its factors are formal, and hence Koszul
if and only if both of its factors are Koszul; see [Fr699, Theorem 2] for the latter.

For part (3), we invoke [Iye0O1, Proposition 2.1] to obtain a dg algebra resolution A of R over Q and
an isomorphism of dg k-algebras A ®g k = W ®; A (e), where W is a dg subalgebra of A ®¢ k and
Ag (e) is the exterior algebra on a generator of degree 1 (this result is based upon André’s theory of
special cycles [And82]). Moreover, the proof in [IyeO1] identifies the inclusion Ax(e) — A ®¢ k with
the natural map Q/(x) ®b k— R ®b k. It follows that

L L . )

R®g, () k= (R® k) B0/ (veh k k = (W o Acle)) @) k = W.

As in part (2), we may deduce that R ®"Q /(x) k is Koszul dg k-algebra if and only if R ®'—Q k =~
(R ®LQ/(x) k) ®k Ak (e) is as well. -

Remark 2.18. Many other Koszul-like properties have appeared in the literature. Within local commu-
tative algebra, Herzog, Reiner and Welker introduced a notion of Koszul local ring in [HRWO98], and
the same condition is investigated in [HI05]. The local ring k[[x, y]/(x*> — y*) is Koszul in the sense
of these references, but it is not a Koszul k-algebra according to Definition 2.1, since it does not admit
a quadratic presentation. However, the same ring k[[x, y]]/(x*> — y3) is Koszul as a k[[y]-algebra by
Example 3.1, and it is Koszul as a k[ x, y]|-algebra by Example 3.2 — in other words, it is Cohen Koszul.

Myers studied a Koszulity condition in [Mye21] that is closely related to ours. That work begins
with a standard graded k-algebra R, and its Koszul homology H(KR) is said to be strand Koszul if it is
Koszul with respect to the induced weight grading by strands: H(K R)(W y =P H;(KR) ; (the total
of the homological and internal gradings). According to [Mye21, Theorem B], the Koszul complex KR
is automatically quasi-formal, this is a weakening of formality defined in terms of the degeneration of a
certain Eilenberg—Moore spectral on its second page; see [Mye21, 2.3]. In contrast, R is Cohen Koszul
if KR is formal and H(K®) is Koszul with respect to some weight grading. In the next section, we see
that there are many natural examples for which H(K®) is Koszul with respect to a different grading than
the strand grading.

The authors of [CDG*20] have also investigated how the Koszul condition on a local ring affects the
algebra structure of the Koszul homology H(K®). While this is connected to the present work, we note
that there are many examples of local k-algebras that are Cohen Koszul but not Koszul as k-algebras.

i+j=w

Remark 2.19. We end this section with remarks on the generality of Definition 2.6.

We have chosen to focus on the setting of finite O-algebras because this is necessary to meaningfully
talk about transferring homological information from Q to R. However, the notion of Koszul homo-
morphism can be extended fruitfully to all local homomorphisms, with some additional technicalities.
In particular, to accommodate non-finite algebras, Definition 2.1 should be adapted to require that the
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completion of K at its augmentation ideal is isomorphic to [],,50 K(w), and that k admits a linear
resolution over the corresponding graded ring EBW>0 Kw).

For Q non-local, one can say a Q-algebra R is Koszul at a prime p € Spec(Q) if x(p) ®b Risa
Koszul dg algebra over x(p) = Q,/pQy. From this perspective, it is natural to replace R with a sheaf of
algebras on some scheme; examples related to this have appeared in the literature, such as the sheaf of
Clifford algebras constructed by Buchweitz in [BEHS&7, Appendix].

In this work, we focus on applications to commutative algebra. The natural generalization to non-
commutative algebras is interesting as well, using exactly the same definitions.

3. Examples of Koszul homomorphisms

This section contains examples (and counterexamples) demonstrating the ubiquity of the Koszul condi-
tion. The first class of examples generalizes the class of Koszul algebras over a field in a straightforward
manner.

Example 3.1 (Flat homomorphisms with Koszul fiber). A flat finite local homomorphism ¢: Q — R
is Koszul if and only if its fiber R ®¢ k is a Koszul k-algebra. Such examples are readily constructed
by deforming presentations of known Koszul algebras. For example, the k-algebra k [x]/(x?) is Koszul,
and so the homomorphism

Q — Q[x]/(x* — ax - b)
is Koszul for any a, b € mg.

We will see that the non-flat case is significantly more interesting, and crucially there is no need for
the map ¢: Q — R to be quadratic in any sense, as the following examples demonstrate. Nonetheless,
later we return to the idea that Koszul homomorphisms look like deformations of classical Koszul
presentations; cf. Theorem 7.1.

Example 3.2 (Complete intersection homomorphisms). Let ¢: QO — R be a surjective, local, complete
intersection homomorphism of codimension c¢. That is, ker(y) is generated by a Q-regular sequence
f = fi,..., f-. In this case, the Koszul complex A = Kos2(f) is a dg algebra resolution of R over Q.
Then

R®yk=A®g k=AM (ZA) ® k)

is the exterior algebra on a k-space of rank ¢ in homological degree one, with zero differential. Thus,
the derived fiber of ¢ is clearly formal, and it is well known to be a Koszul k-algebra with its weight ho-
mological gradings coinciding; cf. [Pri70, Examples 2.2(2)]. In particular, a local complete intersection
ring is Cohen Koszul.

Remark 3.3. For a Cohen Koszul ring R, the homological and weight grading on H(K®) coincide if
and only if R is complete intersection. Indeed, the reverse implication was indicated in Example 3.2, and
the forward implication follows from a Theorem of Wiebe [Wie69]; see also [BH98, Theorem 2.3.15].

Example 3.4 (Trivial extension algebras). Given a graded ring B and a graded B-module U, let B < U
denote the trivial extension of B by U. This is the graded module B @ U with multiplication

(byu) - (b",u") = (bb’,bu’ +b'u),

and zero differential. The main case of interest is that B is augmented to k, and U is a graded k-space
thought of as a trivial B-module. If B is also a k-algebra, then B is a Koszul if and only if B =< U is by
[ChelT7].

In particular, for any k-space U, the local k-algebra k < U is Koszul. It is also Cohen Koszul, according
to Example 3.5.
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For a surjective local map ¢: Q@ — R and R-module M, there is the following coefficientwise
inequality of Poincaré series:

PY (1)

— M7 3.4.1
1-1(PE(r) - 1) G4

PR (1) <

This fact is due to Serre; see, for example, [Avr98, Proposition 3.3.2].

Example 3.5 (Golod homomorphisms). Let ¢: O — R be a surjective, local, Golod homomorphism.
That is, the Serre bound (3.4.1) is an equality for the residue field M = k.

Avramov proved that a surjective, local homomorphism is Golod if and only if there is a quasi-
isomorphism of dg algebras

R®bk:kxu

where U is a positively graded vector space over k. This follows by applying [Avr86, Theorem 2.3] to a
(possibily non-minimal) dg k-algebra model for R ®, k. The trivial extension algebra k < U is Koszul
by [LV 12, Proposition 3.4.9] — see also Example 3.4 — and hence, ¢ is Koszul.

The examples above provide many instances of Cohen Koszul k-algebras appearing in local com-
mutative algebra, and some of these examples are Koszul in the classical sense: for example, a local
complete intersection k-algebra is Koszul if and only if it is quadratic; see [Fr699, 3.1]. We give a small
example of a local k-algebra that is neither Koszul nor Cohen Koszul.

Example 3.6. Suppose R = k[ a, b, c]|/(a*, bc, ac+b?). A computation shows A (e1, €2, €3)/(e1eze3)
is an algebra retract of H(K R ); one could, for example, use Macaulay2 [GS] for this calculation. In
particular, H(KR) has a relation of weight 3 in any weight grading, and so H(K®) cannot be a Koszul
k-algebra. Thus, R is not Cohen Koszul. Moreover, R is the completion of a quadratic algebra that is not
Koszul in the classical sense. One can see this by computing the third differential in the minimal free
resolution of k over R; alternatively, see [BF85].

In Theorem 3.10, we see that this is part of an exceptional class of non-Cohen Koszul local rings
among rings having embedding dimension at most three.

Example 3.7 (Short Gorenstein local rings). A local ring R with maximal ideal mg is called short
Gorenstein if it is Gorenstein and m?,{, = 0. Equivalently, these are the local rings having Hilbert series
Hg (1) = 1 + nt + > for some n. This is an important class of local rings that occurs frequently in what
follows. If R is also a k-algebra, then R is Koszul by [Fr682] or [Sch80] (this follows as well from the
slightly earlier computations in [LA78]). Short Gorenstein rings are also Cohen Koszul by Example
3.15.

3.8. Rings of small codepth

Recall that for a local ring R with maximal ideal mg and residue field k, its codepth is
codepth(R) := ranky (mR/mé) — depth(R).

This value is a measure of the singularity of R in the sense that codepth(R) = 0 if and only if R is regular.
The next result illustrates that a local ring of small codepth is almost always Cohen Koszul. First, we
remind the reader of the structure theorem on Koszul homology for rings having codepth three.

3.9. Assume R has codepth three and fix a minimal Cohen presentation ¢: 0 — R. The minimal Q-free
resolution A of R supports a dg algebra structure; see, for example, [BE77]. Hence, R ®LQ k is formal,

and the algebra structure of its homology 7' = Tor? (I? k) = H(KR) has been classified as follows.
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Fix bases {e1,...,ec}, {f1,--., fm} and {g1, ..., gn} for Ty, T» and T3, respectively. By [AKMS88],
there are non-negative integer parameters p, g, r, satisfying

p<t-1, g<m-p, r<min{l, m},

such that T is one of the graded-commutative algebras determined below, where products between the
basis elements not listed are zero:

CI: e|e) = f3, e|ez = fz, ere3z = fl, eif,- =41 fori = 1,2,3.

TE: ejes = f3, e1e3 = fo, eze3 = fi.

B:ejer = f3,e1/1 = g1, e2/2 = g1
G(r):eifi=gifori=1,...,randr > 2

H(p,q): epriei = fifori=1,...,p,and epyi fpei = gifori=1,...,4.

In each case, let T’ denote the corresponding subalgebra on the basis elements appearing in the
multiplication table above. If U is the k-space spanned by the basis of elements of T not recorded in the
same multiplication table, then note that there is an isomorphism of graded k-algebras

T=T xU. 3.9.1)

Finally, as a matter of terminology, we say a local ring R belongs to one of these classes if T = Tor< (E k)
has the corresponding algebra structure.

Theorem 3.10. A local ring of codepth two or less is Cohen Koszul. A local ring of codepth three is
Cohen Koszul if and only if it belongs to CL, B, G(r) or H(p, q).

Proof. Let R be a local ring of codepth ¢ with residue field k. Fix a minimal Cohen presentation
p:0—> RandsetT = TorQ(E, k).

If ¢ < 2, then R must be complete intersection or Golod; that is, ¢ is a complete intersection or Golod
homomorphism. This follows from the Hilbert-Burch theorem (see [Bur68], as well [BH98, Theorem
1.4.17]) combined with a result of [Lev76, Theorem 2.3]; see also [Avr99, Proposition 5.3.4]. Therefore,
by Examples 3.2 and 3.5, R is Cohen Koszul in either case.

Now assume ¢ = 3. The simplest case is when R belongs to CI, since in this case, R is complete
intersection and so R is Cohen Koszul; cf. Example 3.2.

For the remainder of the proof, we adopt the notation from 3.9 and analyze the graded algebra
structure of 7. By Example 3.4 and (3.9.1), T is Koszul if and only if 7’ is, and so we replace T by T’
in what follows.

If TisH(p, q), then it is the tensor product of a trivial extension algebraon ey, ..., ep, fp+1, .-+, fp+q
and the exterior algebra on e, where each of these have weight 1. Hence, T is a tensor product of
Koszul k-algebras and so it is Koszul.

If T is G(r), we give {e;} and {f;} weight one and g; weight two. Then T is a short Gorenstein
k-algebra and hence Koszul; see Example 3.7.

If T is B, then we give T weight grading

k w=0
Tow = keit@kexdkfiokf, w=1
kfz® kg w=2
0 w > 3.

As an algebra, T is the quotient of the exterior algebra

T = Ai(ey, e2, f1, f2) [ (e1f2, €2 f1, fifa, e1f1 — exfa).
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The graded k-algebra T is Koszul since its defining ideal has a quadratic Grobner basis, and is therefore
Koszul by [MM22].

Finally, if T is type TE, then T is not quadratic with respect to any weight grading. Indeed, the
products in 3.9 force ey, e, e3 to all have weight one, as well as the minimal relation ejeze3 = 0. Hence,
T is not Koszul. O

Remark 3.11. Theorem 3.10 deals with the ‘absolute’ case. That is to say, when a local ring is Cohen
Koszul. However, given a surjective map of local rings ¢ : QO — R, one has that this is always Koszul for
proj dimg (R) < 2. Indeed, in this case, ¢ is either a complete intersection homomorphism or a Golod
homomorphism. For the case proj dim,, (R) = 3, the structure theorem on 7' = Tor@ (R, k) discussed in
3.9 can be applied assuming that ker(y) is a perfect ideal. In this case, ¢ is Koszul except in the case
that 7 belongs to TE.

A surjective local homomorphism ¢: Q — R of finite projective dimension is Gorenstein of projec-
tive dimension d if

. R i=d
Ext, (R, Q) = 3111
Xo(R-Q) {0 i #d. GA1LD

For example, Gorenstein rings of codimension d are exactly those whose minimal Cohen presentations
are Gorenstein of projective dimension d. If d = 3, then Tor2 (R, k) belongs to G(r) and the dg algebra
structure on the minimal resolution of R over Q can be described explicitly; one can hence verify directly,
as is done below, that such maps are Koszul.

Example 3.12 (Gorenstein homomorphisms of projective dimension 3). Assume that ¢ is Gorenstein
of projective dimension 3. Buchsbaum and Eisenbud constructed the minimal free resolution of R over
Qin [BE77, Theorem 2.1 & 4.1]:

A:O—)Q—)QriquQ—M),

where r > 3 is odd and the first and third differential of A depend on Pfaffians of submatrices of the
alternating matrix . Furthermore, A is a graded-commutative dg algebra with the following multipli-
cation: We fix bases {e;}/_,, {fi}/_,, and {g} for A;, A and A3, respectively. The multiplication is
determined by

e;ej = (il)pf(l//”[)f[ fori < j, eif,- = 6ijg and flf] = 0,
=1

where i, j¢ is the submatrix of ¢ obtained by deleting the ith, jth and £th row and column, and §;; is the
Kronecker delta function. The exact description is not important for the sequel; see [Avr98, Example
2.1.3] for detail.

When r = 3, it follows that A is a Koszul complex on three elements and so ¢ is a surjective complete
intersection map; hence, ¢ is Koszul by Example 3.2.

When r > 5, we have that pf(y;;,) € mg for any i, j and €. Hence, the only nonzero products in the
graded algebra A ®¢ k are

eifi=fiei=g forl <i<r.
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Giving A ®¢ k the weight grading

A0®Qk w=0
(A1 ®pk)® (A ®0 k) w=1

(A®Qk)(w)= A e © _
380 k w=2

0 else,

it belongs to G(r) in 3.9. The fact that A ®¢ k is a Koszul k-algebra was established in the proof of
Theorem 3.10. Thus, ¢ is a Koszul homomorphism.

3.13. Almost Golod Gorenstein rings

We discuss here a large class of local Gorenstein rings displaying interesting homological behavior, that
has been studied before in [RS 14, Section 6].

Definition 3.14. We say that an artinian local ring R is almost Golod if the socle quotient R/soc(R)
is Golod. A general local ring is almost Golod if it is Cohen—Macaulay and R/(x) is an almost Golod
artinian ring, where x is a maximal regular sequence that is part of a minimal generating set for mg.

Example 3.15 (Almost Golod Gorenstein rings). Let R be an almost Golod local ring that is also
Gorenstein of codepth d.

Fix a minimal Cohen presentation ¢: Q — Randset T = TorQ(ﬁ, k). Since Q is regular and R
is Gorenstein, T is a Poincaré duality algebra by [AG71]. That is to say, for each 0 < i < d, the
multiplication maps

T, xTg; > Ty =k

are perfect pairings. Furthermore, by [[LA78, Theorem 1], the quotient 7' /Ty is a subalgebra of the trivial
extension algebra Tor? (R /soc(R), k), and hence is itself a trivial extension algebra. It follows that T is
a short Gorenstein k-algebra. Moreover, prescribing 7" with the following weight grading

d-1
Ty =To, Ta)y=Di ;s and To) =Ty

makes T" a Koszul k-algebra, with the multiplication of T being equivalent to a perfect pairing on 7 y);
see the proof of Theorem 3.10.

We prove that these rings are Cohen Koszul under the assumption that R contains a field of character-
istic zero and d is odd, by giving a characterization analogous to Avramov’s characterization of Golod
rings [Avr86]. We do not know whether the assumption on the characteristic or on d is necessary (but
see Remark 5.10).

Theorem 3.16. Let R be a local with a minimal Cohen presentation Q — R. If there is a quasi-
isomorphism of dg k-algebras R ®LQ k =~ T, where T is a short Gorenstein graded k-algebra, then R is
almost Golod Gorenstein. Assuming that R contains a field of characteristic zero, and that codepth(R)
is odd, the converse holds as well. In particular, almost Golod Gorenstein rings (of characterstic zero
and odd codepth) are Cohen Koszul.

Proof. If R is almost Golod Gorenstein, we have already seen that 7 = Tor@ (13, k) is a short Gorenstein

algebra, and in particular Koszul. The proof that R ®b k is formal under the stated assumptions will be
given in Theorem 5.7 and Lemma 8.17.
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Conversely, assume that R ®b k is quasi-isomorphic to a short Gorenstein algebra 7, and write e for
the embedding dimension of R. By Proposition 2.11,

1+1)¢
PR = S ,
1 - Hzr(t) =1 —te)t +1et?
and hence as a consequence of [RS 14, Proposition 6.2], R is almost Golod. O

Remark 3.17. The prototypical example of an almost Golod Gorenstein ring is a short Gorenstein local
ring R. In this case, R/soc(R) = R/mlzi, is Golod by [Gol78].

Among the complete intersection local rings, the almost Golod Gorenstein rings are exactly those
having codimension two or less; see Theorem 3.16. If R is a Gorenstein local ring of codimen-
sion 3 that is not complete intersection, then R is almost Golod Gorenstein by Example 3.12 and
Theorem 3.16.

By [RS14, Proposition 6.3], every Gorenstein compressed local ring of socle degree at least 4 is
almost Golod Gorenstein. Moreover, for fixed emdedding dimension and socle degree, the generic
Gorenstein local k-algebra is compressed by [lar84, Theorem I]. Hence, the almost Golod Gorenstein
condition is extremely common.

Recall that if Q is a standard graded polynomial algebra, a homogeneous quotient R = Q/1 is said
to have an almost linear resolution over Q if the ideal / is generated by forms of degree e, and for
all 0 < i < proj dimg(R), we have Torl.Q (R,k); = O unless j —i = e — 1; confer [EHUO6]. Graded
Gorenstein rings with almost linear resolutions are always almost Golod Gorenstein. This will be justified
later in the paper, in Example 8.19, along with the fact that such algebras with e > 3 are also Cohen
Koszul; this is done without the assumptions on characteristic and codepth in Theorem 3.16.

Remark 3.18. In rational homotopy theory, Golod rings correspond to spaces that are (rationally)
homotopy equivalent to a wedge of spheres, while Gorenstein rings are analogous to manifolds, or more
generally Poincaré duality spaces; see the looking glass [AH86] for more information.

To be more precise, if M is a simply connected manifold and the punctured space M \ {pt} is rationally
homotopy equivalent to a wedge of spheres, then the cohomology ring H*(M; Q) is an almost Golod
Gorenstein ring. In [Sta83], Stasheff proved such spaces are formal, and therefore, they are Koszul in
the sense of Berglund [Ber14]. A well-studied class of manifolds satisfying this property are the highly
connected manifolds — that is, those M with H*(M; Q) = 0 when 0 < i < |dim(M)/2].

Since Gorenstein rings that are not regular or hypersurfaces are never Golod, the Serre bound (3.4.1)
must be strict for such rings. However, a tighter bound can be established for Gorenstein local rings, as
we show now. The case of equality below is equivalent (when d = 0) to the formula for Pf (t) given in
[RS14, Proposition 6.2], and our proof is essentially equivalent to that of loc. cit.

Proposition 3.19. Let R be a local ring having dimension d and embedding dimension e, with residue
field k and Koszul complex KR. If R is Gorenstein but not regular or a hypersurface, then there is a
coefficientwise inequality

P (1) ) (1+0)d
(1+0)9 - 2PR(1) = 2(1 4 1)ed 4 pe-di2 _ »¢-d7" rank; H; (KR)zi+!’

and equality holds if and only if R is almost Golod.

While the left-hand side is not equal to Pf (1), it increases monotonically with Pf (1), and so it directly
measures the growth of the resolution of k. Therefore, within the class of Gorenstein local rings, almost
Golod rings display extremal behavior analogous to Golod rings.

Proof. As R is Gorenstein, prime avoidance yields a regular sequence @ = xi, ..., x4 that is part of a
minimal generating set for mg, so that R = R/(x) is artinian Gorenstein and of embedding dimension
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e —d. By Nagata’s theorem [Nag62, Section 27], we have Pf (1) = Pf (1)(1+1)%, and so the first equality

below holds:
PR PR
(1+0)4=2PR(1)  1-2PR(1)
— Pf/soc(R) (t)
0]
(_PW
- t(PR/soc(R) -1

_ PL()
1= 1(PE(1) — 14 + 1 PL (1) — r=+1 — 1)

The second equality holds using [[LA78, Theorem 2], the coefficientwise inequality is the Serre bound
(3.4.1) for R/soc(R), and the last equality holds using [LLA78, Theorem 1]. Since P (1) = (1+7)¢"¢ and

Pg (1) = ﬁzs_d rank; H; (KR)#%, we obtain the claimed inequality. It remains to note that R is almost
Golod if and only if R/soc(R) is Golod, if and only if equality holds in the third line above. O

Later, in Section 8.15, we explicitly construct resolutions over almost Golod Gorenstein rings that
achieve the bound of Proposition 3.19.

3.20. Monomial rings

In this subsection, we consider rings of the form R = Q/I, where Q = k[xi,...,x,] and I is generated
by monomials my, . .., m,. By Froberg’s theorem [Fr675], R is Koszul as a k-algebra if and only if each
m; is quadratic. However, the condition that R is Cohen Koszul is more common and more subtle.

Example 3.21 (Almost linear monomial ring). As discussed in Remark 3.17, graded Gorenstein rings
having almost linear resolutions are Cohen Koszul. To give an explicit example, let I be the ideal in
Q = k[xy,...,xs] generated by

X2X4X5, X1X3X6, X2X5X6, X3X5X6, X1X3X7, X[ X4X7, X2X4X7, X2X6X7,

X3X6X7, X4X6XT7, X1X3X8, X1X4X8, X2X4Xg, X]X5X8, X2X5X8, X3X5X8.

The Betti table of R = Q/1 is

01 2 3 4
T
- - - ..
20- 1630 16 -
]
4] 1.

Of course, this example was found with the help of Macaulay?2 [GS]; it is the Stanley—Reisner ring of
a triangulation of the 3-sphere, taken from the enumeration compiled by Lutz [Lut17].

An exact combinatorial characterization of which monomial rings are Cohen Koszul would be very
interesting; this seems possible but likely nontrivial. We describe a special case that produces a large
number of explicit examples.

Let Q = k[xy,...,x,] be a polynomial ring over a field k. A monomial ideal [ is called dominant if
it is generated by a set of monomials G such that for all m € G, there is a variable x; and an integer a
such that x{ divides m and x{ does not divide any monomial m” € G \ {m}; see [Ale17, Definition 4.1].
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Proposition 3.22. If Q = k[x, ..., x,]| is a polynomial ring over a field k and I is a dominant monomial
ideal in Q, then R = Q/I is Cohen Koszul.

Proof. The Taylor resolution A of R over Q has a basis {e; } indexed by subsets I C {1,...,n}, with ey
in homological degree |/|, and the differential is defined by

m
3(€I)=Zi L ern{i}

o mna

where my = lem{m; |i € I}; see [Tay66] for details and signs. The hypothesis of the proposition exactly
guarantees that the Taylor resolution is minimal by [Ale17, Theorem 4.4].
Gemeda [Gem76] proved that the Taylor resolution has a dg algebra structure with product

mypmj

ejey ==* eruy

mruy
when INJ = @, and with e;e; = 0 otherwise. By Remark 2.7, it follows that R ®b k = A®q k is formal.
It remains to show that A ®¢ k is a Koszul k-algebra. Let M be the graph with vertices {1, ...,r} and
an edge connecting i and j if and only if ged(m;, m ;) # 1. From the description of A above, it follows that

kley | I € M connected]

A ® k = s
e (erey | ged(my,my) # 1)

where k[ej] is the free graded-commutative algebra on the indicated ej; compare this with [Ber05,
6.2]. Assigning each e; weight 1, we are done because quadratic monomial quotients of free graded-
commutative algebras are Koszul by Froberg’s theorem [Fr675] (such rings belong to class B in [Fr675,
Section 3], and Froberg constructs linear resolutions of the residue field for all rings of class B). O

Remark 3.23. One can readily exhibit monomial rings satisfying the hypothesis of the
proposition, and not falling into the other classes described above. For example, R =
kl[la,b,c,d,e, f]/(abc,cd, ae,acf).

The next examples are k-algebras that fail to be Cohen Koszul; the first is a Koszul k-algebra, and
the second has H(K®) a Koszul k-algebra. Both examples fail to be Cohen Koszul since in each case,
KR admits a nonzero triple Massey product, and hence is not formal; cf. [May69] for more details on
Massey products.

Example 3.24. The k-algebra R = k[ a, b, c,d]/(a*, ab, bc, cd, d?) is the completion of a Koszul k-
algebra (in the classical sense) by [Fro75, Corollary 1]. However, the map k[[a, b,c, d]] — R is not
Koszul. Indeed, by [Avr81, Example 5.1.4], KR has a nonzero triple Massey product, and so K* is not
formal.

Example 3.25. Let Q = k[ a, b, ¢, d, e] and consider the quotient map
¢: 0 —>R:= Q/(abz, cd2, 63, abced, dze2, bze2, ace, bzdze).

In [Katl7, Theorem 3.1], it is shown that H(K R) is a trivial extension that admits a nonzero triple
Massey product; the latter is an obstruction to the formality of K®, while the former justifies that H(K®)
is a Koszul k-algebra.

Remark 3.26. To any monomial ideal / € Q, one may associate a square-free monomial ideal /° in a
larger polynomial ring Q°, known as the polarization of I. Froberg [Fro82] proved that there is a regular
sequence of linear forms yi, ..., y, in the quotient R° = Q°/I° such that R = R°/(yy,...,y;). From
Proposition 2.17, it follows that R is Cohen Koszul if and only if R° is Cohen Koszul.

A simplicial complex A on [n] = {1,...,n} is a nonempty family of subsets of [n], closed under
taking subsets. The Stanley—Reisner ring associated to A, denoted k[A], is the quotient of k[xy, ..., x,]
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by the ideal generated by monomials x;, - - - x;, such that {i1,...,i;} ¢ A. Every square free monomial
ring is the Stanley—Reisner ring of some simplical complex, and so by Remark 3.26, we may restrict to
such monomials rings.

Remark 3.27. We make some remarks about the connections to toric topology; for precise definitions
and background on this area, the reader may consult [BP15].

To a simplical complex A on [n], one also associates the moment angle complex Z,, a finite CW-
complex with an action of the torus (S')”. The homotopy quotient D7x = Z//(S")" is known as
the Davis—Januszkiewicz space of A. By [DJ91, Theorem 4.8] and [NRO5, Theorem 4.8], the cochain
algebra of this space is formal, and quasi-isomorphic to the Stanley—Reisner ring:

C' (DI as k) = k[A]

where the variables x; are given cohomological degree 2. From this, it follows that k[A] is a Koszul
k-algebra if and only if D J » is a Koszul space in the sense of [Ber14]. As remarked in [Ber 14, Example
5.8], this happens exactly when k[A] is a quadratic algebra, or equivalently if A is a flag complex — that
is, the minimal faces not belonging to A are all edges.

The question of when Z, is a Koszul space seems to be more interesting. By [BP15, Lemma 3.1],
there is a quasi-isomorphism of dg k-algebras

C*(Za; k) = k[A] ® k.

Thus, k[A] is Cohen Koszul if and only if Z, is a Koszul space, since the latter means that C*(Zx; k)
is formal with Koszul homology algebra. The related condition that Z, is formal has been investigated
in [DS07, Lim19].

The almost Golod condition is also connected with the minimally non-Golod condition for simplicial
complexes introduced in [BJO7]. Indeed, the proof of [Ame20, Theorem 1.1] shows thatif M = Z, is a
moment angle manifold, and if M \ {pt} is rationally homotopy equivalent to a wedge of spheres, then
A is minimally non-Golod (over Q).

4. Background on A, -algebras and coalgebras

Stasheff introduced A -algebras in topology to characterize loop spaces [Sta63a, Sta63b], and they have
since proven a powerful tool in algebra as a flexible generalization of dg algebras; for an overview, see
[KelO1]. In our context, the minimal Q-free resolution of a finite Q-algebra R can be equipped with an A -
algebra structure (see Section 5), and this will be leveraged to characterize Koszul homomorphisms in
terms of presentations similar to the quadratic presentations for classical Koszul algebras (see Section 7).

From now on, Q is always a local ring with maximal ideal m¢ and residue field k, and unadorned
tensor products and Hom sets are taken over Q.

4.1. An A-algebra is a graded Q-module A equipped with Q-linear maps
my,: A®" - A forn>1
of degree (n — 2) satisfying the Stasheff identities

Z (=1 "m0 (1% @my ®1d®) = 0. @.1.1)

r+s+t=n
r,t20,s>1

Taking n = 1, this says that m; is a degree —1 square zero endomorphism of A, so we can (and
will) make A a complex with d = m;. Taking n = 2 yields a product satisfying the Leibniz rule
Omy = my(0 ® id +id ®9). The next Stasheft identity, for n = 3, can be interpreted as saying that m; is

https://doi.org/10.1017/fms.2025.21 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2025.21

Forum of Mathematics, Sigma 19

associative up to a homotopy given by m3; that is,
my(id ®my — my ® id) = 0m3 + m3(9 ® id®id+id ®9J ® id +id ® id ®9).
If for some n the Stasheff identity (4.1.1) holds for every integer less than #n, then the obstruction

obsp = >0 (=) mepy (id® om @id™) (4.12)

r+s+t=n
r,t20,n>s>1

is a chain map A®" — A; see [LHO03, Corollaire B.1.2].
A morphism of Ax-algebras ¢: A — B consists of Q-linear maps

on: A®" > B forn>1

of degree (n — 1) satisfying

n
Z (—1)r+5t90r+1+t (id®r ®m? ® id®t) — Z Z (—l)V(O‘)mg(QO(yl R ® Sﬁa,,) “.13)

rts+i=n p=1 aeNP
r,t>0,s>1 |a|=n
where o = (a1,...,ap) and |af = ¥P_ a, withv(a) = ZF_ (p — k) (ax = 1).

If for some n the Stasheff identity (4.1.3) holds for every integer less than n, then we define

n

obsf = Y (—1)’+”<,or+1+,(id®r®m§‘®id®’)—Z DD OB (pa @ © pa).

r+s+t=n p=2 aeNP
r,t20,5>2 la|=n

Then the Stasheff identity (4.1.3) holds if and only if
obsy = migy + (=1)" ¢, (my ®id®" ™V +- - +id®D @m).

A morphism ¢ of A-algebras is a quasi-isomorphism if the chain map ¢; is a quasi-isomorphism
of complexes. The morphism ¢ is strict if ¢,, = 0 for n > 1. In this case, (4.1.3) simplifies to

eimy =mB (1@ ® ). (4.1.4)

The composition of morphisms ¢: A — B and ¢ : B — C is defined by

Woph= > > (D" (ga, ® 8 pa,).
p=1 aeNP
| |=n

4.2. An A.-algebra A is strictly unital if there exists 14 € A such that

my(la®a)=a=my(a®1,) forallae A and

. 4.2.1)
mu(a1® -+ ®ai-1®14®a;411®---Qa,)=0 foralll <i<n
forany ay,...,a, € Aand n > 2. A morphism of strictly unital A,-algebras ¢: A — B is a morphism
of A-algebras such that
14) =1 and
¢1(1a) = 15 42.2)

pn(@a1®--®a;i-1®14®a;j;1®---®a,) =0 foralll <i<n

foranya; € Aandn > 1.
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4.3. An A.-algebra is connective if it is concentrated in non-negative degrees. If A = Q ® A is a graded
module and 14 a free generator of the direct summand Q, then A is an A -algebra with a split unit.

A split unital A.-algebra structure on a graded module concentrated in non-negative degrees is
equivalent to the existence of Q-linear maps

My A®" > A forn> 1
of degree (n — 2) and Q-linear maps
hi:A—>Q and hy: A®? > Q

of degrees —1 and 0, respectively, such that for n # 2,3, the Stasheff identities (4.1.1) hold when
replacing m; by m;, and forn = 2, 3,

Z (=154 140 (1 @ity ® id®') + (hpey ® id — id ®h,_y) = 0,

r+s+t=n
r,t>0,s>1

and additionally,
himy =0, hymy — hy(m ®id+id®m;) =0 and
hyms + hy (i @ id —id ®rip) =0
the former replaces the second and third Stasheff identity and the latter supplements the first three
Stasheff identities. In particular, for n > 2, the maps m,, are the appropriate restrictions of m,,. For
n = 2, we obtain m; by mj + hy and additionally enforcing (4.2.1). For n = 1, we have m, =m + hy.
This treatment is similar to [Burl5, Section 3] but is slightly more general since we allow Ay # 0 and

hence need h, as well as hy. If A were not connective, then we would also need maps 4, for n > 3.
Taken together, the /,, will correspond to the curvature term on the bar construction of A; see 4.7.

Remark 4.4. Let A be a connective A,-algebra with a split unit. Then the projection A — Q onto the
free summand containing the unit need not be a morphism of strictly unital A-algebras. In fact, this
happens if and only if #; = 0 and sy = 0. Such A-algebras are called augmented.

4.5. Fix a graded coalgebra (C, A). Recall C is counital if there exists a counit map £: C — Q such that
(id®e)A =id = (e ® id)A.

We say C is a curved dg coalgebra if it is equipped with a coderivation d of degree —1 and a curvature
term h: C — Q of degree —2 such that

9*=(h®id-—id®h)A and hd =0.

A curved dg coalgebra C is connected if it is non-negatively graded, counital and Co = Q. In this setting,
we write C = Q @ C for C = ker(g) and set

A= (c‘—>cﬁ>C®C—>c'®C'),
5::(@—>C£>C—>C) and f_lz(C_'—>C£>Q)

for the restrictions to C. These maps satisfy the same relations as A, d and A.

4.6. The tensor algebra T(V) on a graded Q-module V has underlying graded module T(V) :=
P, V", and the multiplication

H(Vi® @) ®(V® - ®V))) =V|® @V V] ® - ® V).

The tensor algebra is bigraded by Tf‘n) (V)i = (V&)
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The tensor coalgebra T¢ (V) on a graded Q-module V has underlying graded module T(V), and the
comultiplication

n
Avi®---Qvy) = Z(Vl®-~-®v,~)®(v,-+1®---®vn).
i=0

The tensor coalgebra is bigraded by T?n) (V); = (V®");. The data of an A-algebra can equivalently be
encoded as a differential on a tensor coalgebra, as we see next.

4.7. Let A be a split unital connective A-algebra. Then the tensor coalgebra T¢(ZA) has an induced
curved dg coalgebra structure. The curvature term has components

ms' T (ZA) > @ and ha(s7) % T, (24) — Q

and zero otherwise. The coderivation d has components

k(k+1)

(-1)"2 Z (id® @z (x7)®* @ id®): T¢, (ZA) > T, ) (ZA)
i+j=n—k
i,j>0

for k > 1, and zero otherwise. The map 9 is well defined since A is concentrated in non-negative
homological degree. With this structure, T (X A) is a connected curved dg coalgebra, and we call

B (A), = (Tf*) (zA),,h,a,A)

the bar construction of A. For ay, . . .,a, € A, we write
[ai]...lan] = (£a1 ® --- ®xa,) € By (A).

For a split unital connective A-algebra, the canonical projection and inclusion induce a degree —1 map
of graded modules

B(A) » A — YA — A.

Let C be a connected curved dg coalgebra. Then the algebra T¢(2~!C) has an induced dg algebra
structure. The differential m has components
—hs: () (271C0) = T( (27'C), —57'0%: T, (27'C) - T, (27'0)
and (=7 1)®%Asx: T;‘l)(z-lc‘) — T, (2710),

and zero otherwise. With this structure, T%(Z~'C) is a split unital connective dg algebra, and we call
Q(*) (C)' = (T?*) (Z_l C).’ mi, mz)

the cobar construction of C. For c1,...,c, € C, we write

1

(er] . leny = Eer ® @5 'cp) € Quy (C).

For a connected curved dg coalgebra, the canonical inclusion and projection maps induces a degree —1
map of graded modules

C-3lCc»2'C— Q).
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Remark 4.8. The bar and cobar constructions define an adjoint pair of functors when restricted to split
unital connective dg algebras and connected curved dg coalgebras; see [Lyul3, Section 3]. It remains
an adjunction when restricted to augmented connective dg algebras and connected dg coalgebras.

4.9. A morphism ¢: (C,A,&,0,h) — (C’,A’,&’,0’, h") of connected curved dg coalgebras consists
of O-linear maps

0:C—Q and ¢;:C—>C’
of degree —1 and 0, respectively, satisfying
e=¢&'gr, Wi =h—pod+ (o ® o)A,
0’1 =010+ (9o ®¢1 —p1 ® o)A and A'g; = (g1 ®¢1)A;

see [Pos11, Chapter 4]. This induces a map of dg algebras Q(¢): Q(C) — Q(C’), and we say ¢ is a
weak equivalence if Q(¢) is a quasi-isomorphism.

4.10. Let A be an A.-algebra. An A -module over A is a graded module M equipped with maps
mM: A oM > M forn> 1

of degree (n — 2), satisfying

r+st M s 1®r - 1®t r M [:31®r M)\ _
E (=)™ m L (1d® @m, ®1d®") + E (-D"'mY, (1d Qm ) =0.
r+s+t=n r+s=n
r=0,s,t>1 r>0,s>1

If A is strictly unital, we say an A.-module M over A is strictly unital if

my(la®m)=m forallme M and
mp(a1® - ®ai-1®14®a;11®-- Qa1 ®m)=0 foralll <i<n-1

forany ai,...,a,-1 € Aand m € M withn # 2.
If A is connective and has a split unit, then a strictly unital As-module structure over A on M is
equivalent to the existence of maps

M. AV oM > M forn>1

of degree (n — 2) such that for n # 2,3, the Stasheff identities hold when replacing m by m, and for
n = 2,3, there is an extra curvature term /,_; ® id similar to 4.3.

4.11. Let A be a split unital connective A, -algebra. The data of a strictly unital A,-module structure
over A is equivalent to that of a strictly unital dg module structure over Q(B(A)). Explicitly, if {mM }
is a strictly unital A,-module structure on a graded module M, then the dg module structure on M is
given by the same differential m’lv’ , and the multiplication 2(B(A)) ® M — M induced by

n(n-1)

-7 mM (=) s @idy): By (A) @M — M.

Moreover, this construction is natural in A and M, and any quasi-isomorphism of A,-modules over A
yields a quasi-isomorphism of dg modules over Q(B(A)).

5. Transfer of A-algebra structures

In this section, as above, Q is a local ring with maximal ideal m¢ and residue field k. Let R be an A -
algebra over Q, and let A — R be a quasi-isomorphism of complexes over Q. We would like to know
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whether the A-algebra structure on R induces an A-algebra structure on A. This is well understood
in the case that Q is field, so that A — R is a homotopy equivalence; the first result is due to Kadeishvili
[Kad82] when A = H(R). For general homotopy equivalences, this was studied, for example, in [Mar(06].
Burke has shown that if R is a quotient of Q and A is a Q-free resolution of R, then the product on R lifts
to an As-structure on A [Burl8, Proposition 3.6]. We give a proof in a more general situation.

Proposition 5.1. Let R be a strictly unital connective Aw-algebra and €: A — R a surjective quasi-
isomorphism of complexes over Q, with A degree-wise free and concentrated in non-negative degrees.
Then there exists an As-algebra structure with a split unit on A such that € is a strict quasi-isomorphism
of Aw-algebras.

Proof. Since ¢ is surjective, we may choose a splitting A = A @ Q such that & maps the free generator
of Q to the unit of R. We inductively construct higher multiplication maps m,, on A satisfying the nth
Stasheff identity. To begin with, we set m| := d where 0 is the differential of A.

For n = 2, we consider the commutative diagram

ARQ+0®A )\?A
A -7
l my - l
- E |~
®2 - ®2
A e > R m§> R.

The morphism of complexes m‘; : A®% — A exists because ¢ is a surjective quasi-isomorphism, the left
vertical arrow is injective in each degree and the cokernel in each degree is projective; see, for example,
[DS95, Section 7]. The morphism m‘z“ satisfies the desired properties by construction.

For n > 2, the obstruction obs,ﬁ‘ from (4.1.2) is a chain map. We have a short exact sequence of
complexes

0— Z A® @ 0@ A% I A%, o0 ),

i+j=n—1

By direct computation, we obtain obs2 7, = 0. So the obstruction obs? factors through A®". We
consider the diagram

A®n
a -7 !
L _- obs2 0
< ~
7' cone(s) ——> A —— R.

Since A®" is, as graded modules, a direct summand of A®", and the higher multiplications m;.4 fori <n
commute with &, the right triangle commutes up to the homotopy mR&®". Then there exists a chain
map « such that the left triangle commutes up to a homotopy o. Since ¢ is surjective, we may assume
mR&®" = g0 by [Avr98, Proposition 1.3.1]. That is,

mib = (4% — A 5 4)

satisfies the nth Stasheff identity (4.1.4). ]

5.2. In the setup of Proposition 5.1, we can also transfer A.-module structures: If M is a strictly unital
As-module over R and with semifree resolution y: G — M over Q, in the sense discussed later in
6.2, then there exists a strictly unital A,-module structure on G over A and v is a strict morphism of
A-modules; compare with [Burl8]. When the homology of M is bounded below (for example, if M is
an honest module), one can take G to be a bounded below complex of free Q-modules.
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Proposition 5.3. Let £: R — S be a surjective strict quasi-isomorphism of strictly unital A-algebras
over Q. Further, let A be a split unital, connective, degree-wise free Ax-algebra and ¢: A — S a
morphism of strictly unital A-algebras. Then there exists a morphism of strictly unital A-algebras
¥: A — R such that ¢ = ey

Proof. The unit Q — S factors through & and ¢, so by [DS95, Section 7], there is a chain map
Y1: A — Rsuchthat ¢ = ey and ¢1(14) = 1g.

Let n > 2 and assume that for i < n, the chain maps ¥; : A® 5 R exist, the ith Stasheff identities
(4.1.3) and (4.2.2) hold, and ey; = ¢;. A computation shows that obs,f' and obs; vanish when any
of its inputs is 14. Hence, we can view obsn‘// and obs? as maps on A®". Taking homology classes in
Hom (A®",S), we have

e[obs?] = [obs?] =0,
since & obs,'f = obs,, and ¢ is a morphism of strictly unital A.-algebras; cf. 4.1. Since ¢ is a surjective

quasi-isomorphism, and using the assumptions on A, the induced map Hom(A®", R) — Hom_(/i@’", S)
is a quasi-isomorphism, and hence, obs? is a boundary in Hom (A®", R). That is, there is 7, : A®" — R

such that

obs! = mR, + (=1)"g, (A ®id®" +- - - +1d®" @mf).
Setting ¢, := (A®" — A®" LR R), we now have ¥/, ..., ¥, satisfying the required identities (4.1.3)
and (4.2.2), completing the induction. O

It is well known that A-algebras can be used to characterize formality of dg algebras over fields
[Kad82]. We record the following generalization in local algebra.

Proposition 5.4. Let ¢: Q — R be a finite local homomorphism and let €: A — R be the minimal
Q-free resolution, equipped with an A-structure making € a strict quasi-isomorphism of A-algebras.
The A-algebra A ®¢ k is quasi-isomorphic, as an Aw-algebra, to the derived fiber R ®LQ k defined as

a dg k-algebra in Section 2. Moreover, R ®., k is formal as a dg k-algebra if and only if A admits an
Ao-structure {m,} as above that also satisfies m, ®¢g k =0 forn > 3.

Proof. Suppose that the minimal Q-free resolution A of R has an A.-structure {m, } with the stated
property. If A’ is a Q-free dg algebra resolution of R, then A and A’ are quasi-isomorphic as A.-
algebras over Q by Proposition 5.3. Therefore, A ®¢ k and R ®b k = A’ ®¢ k are quasi-isomorphic as
Ac-algebras over k.

If m,, ® k =0 forn > 3, then A ®¢ k is a graded algebra, canonically isomorphic to Tor2 (R, k).
Two dg k-algebras are quasi-isomorphic as dg algebras if and only if they are quasi-isomorphic as
Ao-algebras [Kad82], and we can conclude that R ®LQ k is formal.

Suppose conversely that R ®b k is formal. By Proposition 5.1, the minimal Q-free resolution A of R
admits an A-structure {m;,, }. Using the same reasoning as above, since R ®'—Q k is formal A ®¢ k and

Tor2 (R, k) are quasi-isomorphic as A.-algebras over k. By the uniqueness of minimal models (that is,
Ao-algebras over a field having zero differential; see [Kad82]), there is an isomorphism of A -algebras

W (Tor2(R, k),0,1,0,...) > (A®g k,0,m} @ k,m} @k, ...),

where y is the ordinary product on Tor® (R, k). We may make the identification A ®p k = Tor2 (R, k)
and choose lifts ¥;: A®" — A with ¥; ®¢ k = ;. By Nakayama’s lemma, ¥, is an isomorphism and
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we can inductively define operations m,,: A®" — A by the formula m,, =

‘Pl_1 ( - Z (—1)F+St‘Pr+1+z (id@r Rmg id®t) + Z (_1)v(a)m;7\ly®a).
r+s+t=n oo
r,t>0,5>1 o

By construction, the map ¥: (A, {m)}) — (A, {m,}) now satisfies the Stasheft morphism identities
(4.1.3), and it follows that (A, {m, }) is an A-algebra, isomorphic to (A, {m;, }). Finally, from Y ®¢ k =
, it follows that my ®¢ k = p and m, ®¢ k = 0 for n > 3, as stated in the proposition. O

The following technical lemma will be used later to help generate examples, by showing that certain
Ac-operations are minimal.

Lemma 5.5. Let ¢: A — T be a map of connective split unital A-algebras, where T is a trivial
algebra. If for some N the map (¢1)<n : A<N — T is injective, then the Acs-structure of A vanishes
in degrees less than N, in the sense that (m,,(A®")); =0 foralln > 1 andi < N.

Proof. We prove this by induction on 7. It is clear for n = 1 since ¢; is a chain map. For n > 2, since
m! =0 for all s, we can rearrange the Stasheff morphism identities (4.1.3):

- E +st - ®F o = 10t
Yimy = — (=D @ri14s (ld " @y ®id )
r+s+t=n
r,t20,s>1

We can assume by induction that (15 (A®%)). = 0 for s < n. Since each ¢, increases degree by r — 1,
this implies that the right-hand side above is zero in degrees i < N. Since (@1)<n is injective, it follows
that (11,,(A®"))<n = 0. o

5.6. Cyclic A-algebras

For Gorenstein algebras, the minimal resolution satisfies a Poincaré duality property that allows us, in
favorable situations, to construct A -resolutions with additional duality properties.

A cyclic Aw-algebra of degree d over Q is a complex A of finitely generated free O-modules with a
perfect, O-bilinear pairing

<_’_>: A®A - ZdQ,
and an A -structure {m,,} on A such that for each n,
(Mu(ar, ... an), apsr) = (=1)mHallalt+lanb gy gy 0 ap),ar);

see [Kon94].
There is for each n an isomorphism of complexes

cyc: Hom (A®", A) =, Hom (A®D 540y cye(f) = (f(-), -).
We give A®("*1) the action of the cyclic group C,,+1 = (c) with generator acting by ¢+ (a; ®- - - ®dn41) =
(=1)larllazl++lanal (g, @ ... ® apyy ® ay). From this perspective, an A-structure {m,,} is cyclic if
and only if
cyc(my) - ¢ = (=1)" cyc(my,) forall n.

Let ¢: Q — R be a surjective local Gorenstein homomorphism of projective dimension d, and let A
be the minimal resolution of R over Q. Let u: A®? — A be a chain map lifting the product on R; we can
assume that y is unital and graded-commutative by [BH98, 3.4.3]. The Gorenstein condition (3.11.1)
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guarantees that A ®¢ k = Tor? (R, k) is a Poincaré duality algebra with the product induced from yu; see
[AG71, Theorem]. It follows from Nakayama’s lemma that A; = Q, and we obtain a perfect pairing

(=) A®AL A »3ia, =390, (5.6.1)

Theorem 5.7. Let Q — R be a surjective local Gorenstein homomorphism of odd projective dimension
d. Assume that Q contains a field of characteristic zero. The minimal resolution A of R over Q admits the
structure of a split unital, cyclic A -algebra of degree d, making the map A — R a strict Aw-algebra
quasi-isomorphism.

We first need a lemma about projective resolutions.

Lemma 5.8. Let M be a finitely generated Q-module of projective dimension d > 0, with a projective
resolution A — M, and set V. = A_y/Ao. Then for any n, we have H; (V&™) = 0 whenever i >
nd-1)+1landi# (n+1)(d-1).

Proof. We show this by inducing on 7. Since A is a projective resolution of R, the homology of V is
concentrated in degrees 1 and d — 1, and there is an exact triangle

Zd—lQX — V - ZN,

of complexes of Q-modules, where N = ker(Ag — M) and Ay = Q®5. This justifies the case n = 0,
and for each n > 1 yields another exact triangle

Zd_l (V®n)eBs N V®n+1 — EV®n ® N

Clearly, H;(ZV®" ® N) = 0 for i > n(d — 1) + 1, so by the long exact sequence in homology, the
map H;(Z4-1ve=-0y&s _ H,(V®") is surjective for i > n(d — 1) + 1. By the induction hypothesis,
H; (24 'v®=D) = 0ifi # n(d—1) andi > (n—1)(d — 1) + 1. From this, we conclude that the lemma
holds for n. O

Proof of Theorem 5.7. Recall from (5.6.1) that the pairing on A was defined from a unital and graded-
commutative product u: A®2 — A. This restricts to a perfect pairing on V = A.4/Ao, and we start by
constructing operations mY : V" — V.

If |a| + |b| =d + 1, then u(a ® b) =01in A, so

p(@(@) ® b) + (=D)“Iu(a ® (b)) = d(u(a ® b)) = 0.
Using graded-commutativity of y, this is equivalent to the cyclic identity
(m) (a),b) = (=11l (b), a),

where m}’ = 4.
Next, we truncate y to obtain ¢V : V82 — V, and we define m;/ by symmetrizing x4 with respect

to the Csz-action:

V) .

1
cyc(m;/) = cyc(u 3(1 +c+c2).

The obtained m;/ satisfies the required cyclic property by construction. However, the Stasheff identity

(4.1.1) does not hold for n = 2, and instead,
d(mY (a,b)) —mY (8(a), b) — (=1)!lmY (a,8(b)) = {a, b)d(w), (5.8.1)

where w € A is the generator with (w, 1) = 1. Nonetheless, since (—, —) is a chain map, the same com-
putation as in (4.1.2) shows that the obstruction obsg is a chain map — that is, a cycle in Hom (V®3, V).
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We proceed to construct m” forn > 3 by induction, satisfying the Stasheff identities (4.1.1) forn > 3,
and all satisfying cyc(mY) - ¢ = (=1)" cyc(mY). The argument is similar to the proof of Proposition
5.1.1f mlv have been constructed for i < n with required cyclic symmetry, a computation shows that the
obstruction obs,‘l/ from (4.1.2) is cyclic as well:

cyc(obsY ) = (=1)" cyc(obs)) - c.
Since Hom (V®"*,V) = »-ndy®n+l) e can use Lemma 5.8 with M = R to conclude that
H; (Hom(V®",V)) =0 fori >1—-nandi#d-n- 1.
Since d is odd, it is impossible to have | obs,‘l/ | =n -3 =d-n- 1; hence, the complex Hom (V®",V)
is acyclic in degree n — 3, and the class [obs,‘:] vanishes. This shows that there is an operation 7z} in

n
Hom (V®",V),_, such that d(si2Y ) = obs” , and we symmetrize this to define m,,:

B n _1)inei
eye(my) = eye(iiy) - 2 e
1=l

By construction, m" has the required cyclic symmetry. We note that

n+l

d(eye(my)) = eye(obs;) - & DY oye(obsY).
1=l

Therefore, d(m) ) = obs” , and the operations {m" } satisfy the nth Stasheff identity. This concludes
the induction.
To finish the proof, we define the following operations on A:

m;/(al,ag) if |a;|, |az| > 0 and |a| + |az| < d,

ma(ai, az) = {{a,ayw  iflai| +|az| =d,
ajay if|a1|:OOr |a2|=0,
and forn > 3,
( ) m,‘l/(al,...,an) if all |a;| > 0 and |ai| +---+ |az| < d,
muy\ady,...,d = .
" " 0 if laj| + -+ |az| = d or any |a;| = 0.

The n = 2 Stashef identity for A is equivalent to the identity (5.8.1) above.

To verify the nth Stasheff identity, with n > 3, we need to divide into cases depending on the inputs:
when any of the inputs have degree zero; when the output has degree less than d; and when the output
has degree d. The first two of these cases follow easily from the Stasheff identities for {m" }. To check
the third case, we suppose that |aj| + - - - + |a,| + n — 3 = d, and we compute

Z (=1 "my 114 (1d®" @my ® id® ) (ay, ..., an) =

r+s+t=n

(DI g my (an, v an)) + (D" m (@ aner) an)

and this vanishes by the cyclic symmetry condition for m,‘LI
It follows that A is an A -algebra with the operations {m,, }. Finally, the cyclic symmetry condition
on {mY } implies A is a cyclic A-algebra. O

Remark 5.9. The construction in the proof yields a bijection between unital cyclic A -algebra structures
on A and nonunital cyclic A,-algebra structures on V, but with a modified version of the second Stasheff
identity in the latter case. The cyclic condition is necessary to make this correspondence work.
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Remark 5.10. In work to appear, Alexander Berglund constructs cyclic A-algebra structures in sig-
nificantly more generality than Theorem 5.7. In particular, his argument shows that the restriction to
odd d is unnecessary. We note the case d = 2 modulo 4 can obtained by a more careful analysis of the
proof of Theorem 5.7, but the general case seems to require more machinery.

6. Twisted tensor products

Twisted tensor products are an important tool in homological algebra, especially in the construction
of resolutions. In this section, we develop their theory over a commutative ring, producing universal
resolutions via the resolution of the diagonal that will be applied to Koszul homomorphisms in later
sections. However, our method of construction is new even when the base ring Q is a field. Similar
results have been obtained using different methods in unpublished work of Burke [Bur]. We do not
explicitly use the language of twisting cochains, but these objects are present implicitly; and the reader
may consult [LV12, Section 2.1] for more information on twisted tensor products and twisting cochains.

Let C be a connected curved differential graded (dg) coalgebra over Q that is free as a graded module.
For a right dg module M and a left dg module N over Q(C), we construct a complex M @ C ®" N, with
a ‘twisted’ differential; we call this complex a twisted tensor product. First, we define a dg bimodule
Q(C) ®™ C ®™ Q(C) over Q(C).

Construction 6.1. Ignoring differentials for now, there is a well-known exact sequence of graded Q(C)-
bimodules

0 Q08 'CRAUC)S AC)®0 e QC) L Q) — 0, (6.1.1)

where 1(x ® () ® y) = u(x,(c)) ® 1@y —x® 1 ® u({c),y) for c € C and x,y € Q(C), and u the
multiplication map.
We give Q(C) ® 27!C ® Q(C) the unique differential 3* making ¢ a chain map, and we set

Q(C) ® C @ Q(C) = cone(AC) ® T7'C ® Q(C) 5 QC) ® Q ® Q(C)).

We write 97 for the differential on Q(C) ® C ®" Q(C); this is a dg 2(C)-bimodule whose underlying
graded bimodule is Q(C) ® C ® £2(C), using the evident multiplication by (C) on either side.
For a right dg Q(C)-module F and a left dg 2(C)-module G, we define

F® C® G :=F®qc) 2AC)® C" Q) ®q)G.
Explicitly, its underlying graded module is F ® C ® G and the differential is
97 = 0F ®ide ®idg +idr ®9€ ® idg +idp ®idc ®9°
+ (y(idp @ 'p) ®ide ®idg —idp ®idc @u(="'p ® idG)) (idr ®A ® idg),
where p: C — C is the natural projection and we use u for the right action of Q(C) on F and the left

action of Q(C) on G.

6.2. Given a dg algebra A, recall that a dg A-module F is semifree if it admits an exhaustive filtration
0=F(-1)CF)cF(l)c...CF,

where each subquotient F (i) /F (i — 1) is a sum of shifts of A. As a matter of terminology, a semifree dg
A-bimodule is a semifree dg module over A ® A°P.

Every dg A-module M admits a semifree resolution in the sense that there exists a surjective quasi-
isomorphism F — M, with F a semifree dg A-module. Such resolutions are unique up to homotopy;
see [FHTOI, Chapter 6] for this fact, as well as other details regarding semifree dg modules.
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Lemma 6.3. The map Q(C) ®™ C ®" Q(C) — Q(C) induced from (6.1.1) is a semifree resolution of
Q(C) as a dg Q(C)-bimodule.

Proof. By construction, (6.1.1) is a short exact sequence of dg (C)-bimodules, and so it induces an
exact triangle in the derived category of dg Q(C)-bimodules. We obtain the quasi-isomorphism by
comparing this triangle to the triangle associated to the cone construction for Q(C) ®” C & Q(C).
The dg module Q(C) ®° C ®™ Q(C) is semifree as a dg £2(C)-bimodule since C is free as a module
over Q and non-negatively graded. m

6.4. Let ¢: O — R be a finite local homomorphism with A — R a free resolution of R over Q. Fix
an R-complex M and a semifree resolution y: G — M over Q. By Proposition 5.1, there exists a split
unital A.-algebra structure {m,} on A and a strictly unital A-module structure {m%} over A on G.
Then by 4.11, this induces a dg module structure over Q(B(A)) on G.

Suppose further that C is a connected curved dg coalgebra with counit £: C — Q, equipped with a
weak equivalence of connected curved dg coalgebras C — B(A); cf. 4.9. Then R and G each have an
induced dg module structure over Q(C).

Theorem 6.5. In the setting of 6.4, the map
R®"C®" G— M givenby r®c®grre(c)y(g)

is a semifree resolution of M over R.

Proof. The map G — M is a quasi-isomorphism of A,-modules over A, and by 4.11, it is a quasi-
isomorphism of dg modules over 2(B(A)), and thus over 2(C). From Lemma 6.3, we obtain the
quasi-isomorphism of (left) dg 2(C)-modules

B:Q(C)®" C®™ G =Q(C)®" C®" QC) ®qc) G — QC) ®q(c) G = G.

Since G is semifree over Q, it follows that Q(C) ®° C ® G is semifree as a left dg module over Q(C).
The claimed quasi-isomorphism fits into the commutative diagram below

QO CRG

, B
& 4§
R®TCQTG \M

4 ’

where « is the map induced by the quasi-isomorphism of dg algebras
Q(C) > Q(B(A) = A = R: (6.5.1)

where the fact that the second map is a quasi-isomorphism follows from the derived version of
Nakayama’s lemma since, upon applying —®¢ k, the map becomes a quasi-isomorphism [LHO3, Section
2.2.1].

As the composition in (6.5.1) is a quasi-isomorphism and Q(C) ®” C ®7 G is a semifree resolution
of M over Q(C), it follows that « is a quasi-isomorphism. We have already justified that 8 and y are
quasi-isomorphisms, accounting for the downward arrow on the right. As both legs of the triangle in the
diagram above are quasi-isomorphisms, the horizontal map is a quasi-isomorphism, as claimed. O

7. A-algebra presentations for Koszul homomorphisms

We now have the machinery to show that Koszul homomorphisms admit presentations analogous to
those of classical Koszul k-algebras. The next result lifts these classical quadratic presentations to local
algebra and explains how one may think of Koszul homomorphisms as A.-deformations of Koszul
algebras over fields.
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Theorem 7.1. A finite local homomorphism ¢: Q — R is Koszul if and only if there is

(1) anon-negatively graded, degreewise finite rank free Q-module V, and a direct summand W C VYV,
(2) an A-structure {m,} on the Q-module T(V) /(W) with grading induced from the grading of V, and
(3) a Q-linear map Vo — R,

such that

(i) the k-algebra T*(V @ k) /(W Q k) is Koszul with respect to the tensor algebra weight grading,
(ii) {mn} agrees with the algebra structure on T*(V) /(W) modulo mg; that is,

me®k=u®k and m, k=0 for n +2,

where u is the usual product on the quotient of a tensor algebra, and
(iii) with the structure {my}, the induced map T(V)/(W) — R is a strict A-algebra quasi-
isomorphism.

Moreover, V can be taken to be finite rank whenever R has finite projective dimension over Q.

Proof. If the stated conditions hold, then R ®'—Q k is formal by Proposition 5.4, and Tor2 (R, k) =
T(VQ k)/(W ® k) is Koszul; therefore, ¢ is Koszul by definition.

Assume, conversely, that ¢ is Koszul. Since TorQ(R, k) is Koszul, it admits a compatible weight
grading making it quadratic. That is, we have an isomorphism

Tor® (R, k) () = (TS, (V) (W),

identifying the product on Tor with the product on the quotient of the tensor algebra, where V =
Tor? (R, k)(1) and W C V ® V is a graded subspace.

Let V be a free graded Q-module such that V ® k = V, and choose a direct summand W C V@V
such that W ® k = W. If we define A := T(V)/(W), then A is a free, bigraded Q-module and

A®o k=T(V)/(W)®k=T(V)/(W) = Tor?(R, k).

Therefore, we may equip A with a differential making it the minimal Q-resolution of R. We have
constructed (1) and (3) satisfying condition (i). Since R ®LQ k is formal, by Proposition 5.4, there is an
Ac-structure on A as required for (2), inducing the algebra structure on Tor@ (R, k) and satisfying the
conditions (ii) and (iii). O

In Section 8, we illustrate Theorem 7.1 in detail using the examples in Section 3.

7.2. Strictly Koszul presentations

For a local homomorphism ¢: QO — R, Theorem 6.5 allowed us to obtain free resolutions over R
starting from free resolutions over Q. The main input to this theorem was a curved dg coalgebra C
over Q with quasi-isomorphism Q(C) — R. Our philosophy is that when ¢ is Koszul, C should have a
simple description. In this section, we introduce additional technical assumptions that will allow us to
explicitly construct C, mimicking a classical construction of Priddy.

Definition 7.3. Let ¢: O — R be Koszul. Recall from Theorem 7.1 that R admits an A.-algebra
resolution A over Q with a quadratic presentation A = T(V)/(W) satisfying the conditions (i)—(iii). The
data (A, V, W) is called a strictly Koszul presentation for ¢ if, in addition to these conditions,

(V) SV and i, ( ﬂ Ve eWeV®)CV forn>2, (7.3.1)

i+2+j=n

where we have used the inclusion ;12 ,-, V' @ W ® V®/ C V" C A®" to apply the An,-operations
1, of A. If the homomorphism ¢ admits a strictly Koszul presentation, then ¢ is called strictly Koszul.
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In this setting, we define

Ciny (V. W) = ﬂ (EV)® @ 22W @ (EV)® C By (A).

i+2+j=n

By definition, the curvature term, the coderivation and the comultiplication on B(A) restrict to maps on
C(V,W), and hence, C(V, W) is a counital curved dg coalgebra. We call C(V, W) the Priddy coalgebra
associated to (A,V,W). If the presentation is clear from the context, we say it is the Priddy coalgebra
of ¢, and we write

C(p) = C(V, W).

7.4. Let ¢ have a strictly Koszul presentation (A, V, W), and let ()" denote graded Q-linear duality.
In this setting, one can directly compute from the definition of the Priddy coalgebra of ¢ that

Clp)Y =T(=7'VY)/(Z72WH), (7.4.1)

where Wt = {f € (V® V)" | f(W) = 0}; this uses that V is free and W C V ® V is a summand.

What we call the Priddy coalgebra first appeared, for algebras over a field, in the work of Priddy
[Pri70, Section 3], where it is called the Koszul complex. See also [BGS96, Section 2.6] and [LV 12,
Chapter 3] (where our notation is taken from).

In Section 8, we show that complete intersection and Golod homomorphisms are strictly Koszul, as
well as Cohen presentations of almost Golod Gorenstein local rings. In fact, we are not able to construct
surjective Koszul homomorphisms that are not strictly Koszul; therefore, we ask the following:

Question 7.5. For a surjective Koszul homomorphism ¢: Q — R, is it always possible to construct a
strictly Koszul presentation (A, V, W) as in Definition 7.3?

We think of R and C(¢)" as being Koszul dual to each other relative to Q. The next result justifies
this, and in particular, it says that this specializes, at the maximal ideal of Q, to classical Koszul duality
over k.

Theorem 7.6. Let ¢: Q — R be a strictly Koszul homomorphism. Then C(¢) is minimal in the sense
that 0(C(¢)) € moC(y), and the inclusion C(¢) — B(A) is a weak equivalence of connected curved
dg coalgebras. Moreover, both T = Tor? (R, k) and E = Hom(C(), k) are Koszul k-algebras and there
k-algebra isomorphisms

Extr(k,k) = E and Extg(k,k)=T.

Proof. We fix a strictly Koszul presentation, so that C(¢) = C(V, W).

By Theorem 7.1, the A -structure on A satisfies m, ®k = Oforn # 2,and A®k = T*(VQ k)/(WQk)
is a quadratic algebra. It then follows from [LV 12, Proposition 3.3.2] that the differential of C(V, W)®k =
C(V®k,W®k) C B(A ® k) is zero. Therefore, C(V, W) is minimal.

Since T = A ® k is Koszul by assumption, C(V ® k, W ® k) — B(A ® k) is a weak equivalence
by [LV12, Theorem 3.4.6]. Since V is free and W C V ® V is a summand, Q(C(VQ® k,W ® k)) =
Q(C(V,W)) ® k and Q(B(A® k)) = Q(B(A)) ® k, so it follows from the the derived version of
Nakayama’s lemma that C(V, W) — B(A) is a weak equivalence as well.

Since C(¢) is minimal, the coproduct induces the structure of a graded k-algebra on Hom(C(¢), k),
with zero differential. Using 7.4, it follows that

E=C(p)' @k =TTV @ k)/(Z2W* ® k).

Therefore, E is the quadratic dual of T = T*(V® k)/(W ® k), and the final statement follows from
[BGS96, 2.10]. O
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7.7. The Priddy resolution

We have arrived at one of the main applications of our techniques. The next result provides explicit
‘universal resolutions’ for modules over the target of a strictly Koszul homomorphism. It recovers the
Shamash resolution in the case of complete intersection homomorphisms, and the bar resolution of
Iyengar and Burke in the case of Golod homomorphisms. We present these and other examples in the
next section.

Theorem 7.8. Let ¢: Q — R be a Koszul homomorphism with a strictly Koszul presentation (A, V,W).
Assume that M is an R-complex with a semifree resolution G — M over Q and that G has a strictly
unital As-module structure over A. Then

R CV,W)®@" G — M

is a semifree resolution over R, with differential given by

97 = Z (—1)*5 idg ®(id® @xm, (=) ® ®id®) ® idg

r+s+t=n
r,t20,s>1

G-D3-2) . .
+ Z (-1 idg @id® @em§ (=7)*VU Y @ idg).
i+j=n+1
i>0,j>1

Proof. By Theorem 7.6, we can apply Theorem 6.5 to obtain the result. O

We call R®" C(V, W) ®" G the Priddy resolution of M associated to the strictly Koszul presentation
(A,V,W). We emphasize that (as long as M and R have finite projective dimension over Q) there is
only a finite amount of data needed to construct the Priddy resolution. Therefore, it would be especially
interesting to give an effectively computable answer to Question 7.5.

7.9. For any surjective map ¢: Q — R of local rings with common residue field k, and any finitely
generated R-module M, Lescot [Les90] established the coefficientwise inequality

PR (1) - P2(1) < P (1) - PR(1).

If equality holds, M is said to be inert by ¢.

7.10. A surjective map ¢: Q@ — R of local rings with common residue field k is called small if
the induced map Tor? (k, k) — TorR(k, k) is injective [Avr78]. For example, any minimal Cohen

R®L k
presentation is small. When ¢ is small, there is an equality PkQ (1) - P, o (r) = Pf(t) by [Avr78,
Corollary 5.3].

The next result addresses the (non-)minimality of the Priddy resolution.

Theorem 7.11. Let ¢: Q — R be a surjective map of local rings with common residue field k. If ¢ is
small and strictly Koszul with Priddy coalgebra C(y), then

- PR(p)
ko(C(p) )t = —k——
Zra“ o(C(e))1 00

Moreover, for any finitely generated R-module M, there is a coefficientwise inequality

P< (1) - PR(1)
PR <MY kA2
(1) < PkQ(t)

Equality holds if and only if M is inert by ¢, if and only if its Priddy resolution with respect to ¢ is a
minimal resolution. In particular, the Priddy resolution of the residue field k is minimal.
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Proof. We may compute Hc(?) := }; rankgp (C(¢p);)t" as follows:

L R
Ho() = . ks (Hom( ), ) =P840 = 70 = 50
i k

the second equality follows from that last statement in Theorem 7.6; the third uses formality of R ®b k;
and the last uses the small hypothesis, explained in 7.10.
Theorem 7.8 directly yields the inequality

PR (1) < Py (1) - Ho (1), (7.11.1)
with equality if and only if the Priddy resolution is minimal. At the same time, the computation of

Hg(¢) above transforms (7.11.1) into the inequality stated in the theorem, and equality holds there by
definition when M is inert; see 7.9. ]

Remark 7.12. Theorem 7.11 recovers Lescot’s bound in 7.9 for the homomorphisms considered. One
cannot directly recover the former from the latter using manipulations of formal power series as the
coefficients of PkQ (t)~! can be negative.

8. Examples of strictly Koszul presentations

In this final section, we will apply the theory developed above in a series of examples, obtaining explicit
resolutions for modules over various classes of rings. We also survey how these constructions relate to
known resolutions in the literature.

We fix a local ring Q with residue field k.

Example 8.1 (Flat Koszul homomorphisms). We begin with a presentation for a commutative Koszul
k-algebra:

K = k[XI,...,xn]/(fl""’fm);

where fi,..., f;n are quadratic polynomials. To deform this presentation, we consider the Q-algebra
Olx1,...,x,], weight graded by polynomial degree. We choose elements Fi, .. ., Fy, such that for each
i7

Fi=Fi o +Fiq)+Fio with F;o)€0xi,....xn]w)>
and such that modulo mg, in k[x1, ..., x,], we have

Fi 2 = fi and F; () = Fi ) = 0.

By construction, the homomorphism

is flat, and its fiber K = R ® k is Koszul. Therefore, ¢ is a Koszul homomorphism, as in Example 3.1.
To show that ¢ is strictly Koszul, we take V = Q[x1,...,x,](1) and

W= <{X[®Xj —Xj ®x,-}ij, fl,(z),...,fm’(2)> cCVeV,
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| Ao AL Ay | Ao AL A | A0 AL Ay
Ao | Q 0 0 Ao | O 0 0 Ag | @ 0 0
Ap | V. 0 0 Ap | 0 V. 0 Ap | 0 Vi W
Ag | V2 0 0 Aoy | 0 0 AV Apy | 0 0 0
(a) Flat Koszul map, cf. Exam- (b) Complete intersection map, (c) Golod map, cf. Examples 3.5
ples 3.1 and 8.1 cf. Example 3.2 and Section 8.7 and 8.2

Figure 1. Illustration of the weight and homological gradings of the A«-resolution A for various
examples.

where I?i,(z) are preimages of F; () inV®V.Then T¢(V)/(W)®k = K, so we may choose a compatible
isomorphism of Q-modules

R=TY(V)/(W)

that restricts to the identity of V.
We obtain a presentation satisfying the conditions of Theorem 7.1, using A = R with only m»
nonzero. To show that the presentation is strict, we note that since R is commutative

my(x; ®x; —xj ®x;) =0,
and we note that since F; = 0in R,
ma(Fi (2)) + Fi (1) + Fi o) = ma(Fi 2y + Fi (1) ® 1+ Fi () ® 1) = 0.
This shows that
2 (W) € (Fi,(1)s- s Fmy1y) C V.

We can conclude that (R, V, W) is a strictly Koszul presentation for ¢. In Figure la, we illustrate the
grading of A.

Example 8.2 (Golod homomorphisms). This is the primary example treated by Burke in [Bur15], at least
when Q is regular. Continuing Example 3.5, let ¢: Q — R be a surjective local Golod homomorphism,
with a minimal resolution A of R over Q. By [Burl5, Theorem 6.13], for every A -algebra structure
{my,} on A, one has m, ®¢ k = 0 for n # 2. Then

R®G k=A@ k=k=U=TU)/(UaU),

where U is the graded k-vector space Ay ® k. In particular, lifting this isomorphism to O, we obtain
A =TV)/(W) withV = A, and W = V ® V. This presentation satisfies the conditions of Theorem
7.1. Further, the data (A, V, W) is a strictly Koszul presentation, and the Priddy coalgebra of ¢ is the
bar construction C(V, W) = B(A). In this case, the Priddy resolution of a module M recovers the bar
resolution R " B(A) ®” G from [Burl5, Theorem 3.13]. Comparing 7.9 with (3.4.1), the resolution is
minimal if and only if M is inert with respect to ¢, if and only if M is a ¢-Golod module (i.e., the Serre
bound (3.4.1) is an equality), by Theorem 7.11.

Remark 8.3. There are many examples of Golod (in particular, Koszul) homomorphisms ¢: Q — R
such that the minimal resolution A of R over Q does not admit a dg Q-algebra structure. In fact, this
behavior seems to be typical. One way to construct them is as follows.

Let I be an ideal in a local ring P, and consider the map ¢: Q0 — R with

0 =P[x](mp.xy and R=0/(xI).
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By [Lev76, Theorem 2.4], see also [Sha69], ¢ is Golod. If B is the minimal resolution of P/I over P,
then the minimal resolution A of R over Q can be described as

Ai=B;®p Q, with 9'=x-0®p Q and 982 =05 ®pQ.
If A were to admit a dg Q-algebra structure, then localizing would produce a dg P(x)-algebra structure on

A®p Qmplx]) = B®p P(x),

and this is a minimal resolution of P(x)/I(x) over P(x).

However, we can start with examples of P and [ such that this is impossible. To be concrete,
Example 3.24 (replacing k with k(x)) shows that there is no such dg algebra structure when P(x) =
k(x)[a,b,c,d] and I(x) = (a?,ab, bc, cd, d?). It follows that the homomorphism

k[a,b,c,d,x]

:k ’b’ ’d7
¢: kla,b,c.dx] — (a2x,abx, bex, cdx, d*x)

is Golod and there is no dg algebra structure on the minimal resolution of the target over the source.

Example 8.4 (Gorenstein homomorphisms of projective dimension 3). Assume that ¢: Q — R isa
surjective local Gorenstein map of proj dim, (R) = 3. In Example 3.12, the dg algebra resolution A of R
is described, with bases {e;}, {f;} and {g} for Ay, A, and Aj, respectively. The multiplication induces
a perfect pairing

(- -):A®A — 3343 2330

that makes A a cyclic As-algebra. We take V = A| & A; and W = ker({—, —)|y ov ); alternatively, W is
freely spanned as a graded Q-module by

{ei®ej, fi®fi,ei®fi—fi®eilijU{e® fi, fi®ejtizj.
The short Gorenstein description of A ®¢ k lifts to an isomorphism of graded Q-modules A =
T(V)/(W) satisfying the conditions of Theorem 7.1.
Using the explicit description in Example 3.12,

m(V)CcA CcV, m(W)CA,CV and m, =0 forn>3.

Therefore, the homomorphism ¢ is strictly Koszul, using the presentation (A, V, W). The corresponding
Priddy coalgebra is given by

Cm)(V,W) = {Zv1®~--®vn SVI® - ®(Vi, Vit )WVis2 @ -+ @ vy, =0, 1<i<n}.

Alternatively, C(V, W) can be described explicitly using the basis of W above. We also note that the
Priddy coalgebra is dual to the non-commutative hypersurface

C(V. W) =T*(V")/(p),

where p=ef ® f/ +f/ ®@e[ +---+e/ Q@ f + Y ®e).

Remark 8.5. In [Burl5, Example 3.10], Burke examines the specific Gorenstein ring R = Q/I, of
codimension three, where

O =k[x,y,z] and I= (xz,yz,xy +zz,xz,y2).
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In particular, Burke explicitly computes the A.,-module A-structure on K< and uses this to obtain the
(non-minimal) bar resolution R ®7 B(A) ® K€ of k. In comparison, by Theorem 7.8, the Priddy resolu-
tion R®™ C(V,W) ®" K2 of k, with respect to (A, V, W) in Example 8.4, is minimal by Theorem 7.11.

Remark 8.6. A similar argument to Example 8.4 shows that if ¢: QO — R is a minimal Cohen
presentation for an almost Golod Gorenstein ring, and if the minimal Q-free resolution of R admits a dg
algebra structure, then ¢ is strictly Koszul. The minimal resolution is known in the case of a compressed
artinian Gorenstein ring [MR 18], and it is suspected to carry a dg algebra structure.

In Theorem 8.18, we will generalize this substantially, showing that it is only necessary for the
minimal resolution to admit a cyclic A-algebra resolution.

8.7. Complete intersection homomorphisms

Next, we show that surjective complete intersection homomorphisms are strictly Koszul, and that
the resulting Priddy resolution recovers a well-known construction of Eisenbud [Eis80] and Shamash
[Sha69]. The latter uses systems of higher homotopies to obtain free resolutions over the target of a
surjective complete intersection homomorphism, starting from data over the source. We first recall this
story, which provides context for some of the results in this subsection. We then proceed to verify that
such maps are strictly Koszul and conclude by laying out the connection between A-structures and
systems of higher homotopies.

In what follows, we return to the setting of Example 3.2. Namely, ¢: Q@ — R is a surjective, local
homomorphism where ker ¢ is generated by a Q-regular sequence f = fi,. .., f., and A = Kos@(f).

8.8. Let M be an R-module and G — M a free resolution over Q. A system of higher homotopies,
corresponding to f, on G is a collection of maps o(®: G — G, one for each o € Ng, of degree
2|a| — 1 such that

1. @ =4S where 0 = 0,...,0);
2. oWy 4 5O = £id;, where e; = (0,...,0,1,0,...0);
3. forany o € N§ with |a| > 1, one has ¥, 0P o™ = 0.

Such a system of maps always exists by [Eis80, Section 7]. The utility of this data is summarized in
the following construction: if D denotes the graded Q-linear dual of Q[ x1, ..., x|, where each y; has
homological degree —2, then the R-complex R ® D ® G with differential ZaeNg 1o x*®c(®isa
free resolution of M over R; see [Eis80, Section 7] for more details.

When M is an R-complex, one can take £: G — M to be a semifree resolution over Q and impose
also the following condition to obtain analogous results:

4. eo'®@ =0 for|a| > 0.

Such a system of maps exists and can be used to transfer semifree resolutions over Q to ones over R, by
an argument similar to the classical one in [Eis80]; this will be contained in future joint work of Grifo
with the first and fourth author.

Remark 8.9. Let M be an R-module and G — M a free resolution over Q. In [Burl5], Burke notes
that when ¢ = 1, an A,-module structure on G over A is equivalent to a system of higher homotopies
on G. Furthermore, the bar resolution of M in Burke’s paper agrees with the Priddy resolution of M,
introduced above. Such maps are also Golod, and so we are also in the setting of Example 8.2.

For arbitrary codimension c, the bar resolution is not minimal. However, in unpublished work, Burke
constructs an acyclic twisting cochain D — A and uses this to transfer a semifree resolution of an R-
complex M over Q to one over R that agrees with the construction of Eisenbud and Shamash; cf. 8.8 (see
also [ABOO, Mar21]). The connection between higher homotopies and A -structures is also implicit in
Burke’s work. We will give an explicit description of how these structures relate in Theorem 8.12.
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8.10. The narrative above is subsumed by the one in this article. Specifically, the dg algebra resolution
A = Kos? (f) of R over Q has a quadratic presentation T*(V)/(W), with

V=A=30° and W={({a®a}sea, U{a®b+b®a}qpea,) C V.

The graded module V is concentrated in degree 1, and the weight and homological gradings agree. It is
straightforward to check that this presentation satisfies the conditions of Theorem 7.1. By construction,

m(V)=0, my(W)=0 and m, =0 forn>3. (8.10.1)

Hence, ¢ is strictly Koszul.

To conclude that the constructions in 8.8 and Remark 8.9 are recovered by Theorem 7.8, we end this
subsection with the following analysis.

8.11. Let S;, be the symmetric group. For v = (@;) € Ni with |a| = n, we let
Sa = (T €Sy T(ar++ar+1) < <oy + +any) for0<i<e—1)

denote the subgroup of ac-shuffles [Bou81, Chapter IV, §5.3].
The symmetric group S,, acts on (XV)®" by permuting simple tensors; there are no signs appearing
since XV is in degree 2. The module of symmetric tensors on XV is the graded module I'(XV) =

P 0 Ty (ZV), with
Ly (V) = T (ZV)5".

The coalgebra structure on T¢ (ZV) restricts to a coalgebra structure on I'(XV). We call this the coalgebra
of symmetric tensors on £V and denote it by I'“ (XV).

We denote the basis of 2V = Z2Q°¢ corresponding to fi, ..., fo by y1,..., V. A basis of T'(ZV) is
given by

Y= 3 (P e @y eI, (ZV).

T€SH

Theorem 8.12. Let ¢: Q — R be a surjective complete intersection homomorphism with kernel
generated by a Q-regular sequence f = fi,..., f¢, and let M denote an R-complex.

1. @ is strictly Koszul, and its Priddy coalgebra is the curved coalgebra of symmetric tensors T (X2Q€),
with curvature term (fi, ..., fo): 22Q¢ — Q.

2. Given a semifree resolution G — M over Q, there exists a strictly unital A,-module structure {m$}
over A = Kos@(f) making G — M a strict morphism of A-modules over A, where A acts on M
via restricting scalars along the dg algebra map A — R. Then setting

le] (o] =1)

o @ = (=12 mf L ()Y eid)

Jor oo € Ngand yy, ...,y the standard basis for Y2Q¢ defines a system of higher homotopies on G
corresponding to f.

3. Moreover, the Priddy resolution from Theorem 7.8 recovers the Eisenbud—Shamash resolution de-
scribed in 8.8.

Proof. We saw in 8.10 that ¢ is strictly Koszul. Using the same notation, we first show that C(V, W) =
I'(ZV). Indeed, for the nontrivial element T € S;, one has

W = ker(2V @ IV 25 5V 9 XV ) = Ty (W),
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and so using the transposition 7; = (i i + 1) € S,,, we obtain

Ti—id

EV)® @ 22w @ (ZV)® ! = ker| (ZV)®" — (ZV)®").

Since S,, is generated by the transpositions 7;, it follows that C(V, W) = '(ZV).
The coalgebra structure on C(V, W) is inherited from B(A), and this coincides with the coalgebra
structure on T¢(ZV) because of the compatible inclusions

C(V,W) =T°(ZV) C T°(TV) C T°(ZA) = B(A).

The differential on C(V, W) is zero by (8.10.1). It is straightforward to see that the curvature term on
C(V, W) is (up to a shift) the first differential of A. This completes the proof of (1).

For (2), such an A,-module structure making G — M a strict morphism exists by 5.2. Then, by
definition 8.8(1) holds. The fact that 8.8(2) holds follows from using the second Stasheff identity from
4.10. Another computation using the Stasheff identities, the unital structure on G, and the fact that A is
graded-commutative show that 8.8(3) holds. The verification of 8.8(3) for & = e + e; is illustrative of
the proof for the general case, and so we sketch this case below.

Fix basis elements ¢; € A; with 94 (e;) = f;, and note that

=y @ =1 @erter®ey. (8.12.1)
Observe that for {i, j} = {1, 2}, one has

mg(ei ®mg(ej ®id) — (e; - ¢j) ®id)
=6Gm§(ei®ej®id)+m?(f,~®ej®id—ej®f,~®id+ei®ej®6G)

= 6Gm3G(ei ®e; ®id) +m3G(e,- ®e; ®id)a°,

where the first precomposes the third Stasheff identity from 4.10 with e¢; ® e¢; ® id, while the third
equality uses that {m$} is a strictly unital A.-module structure. It follows that

6Gm§;(e,- ®e; ®id) - mg(ei ®m2c(ej ®id)) +mg(e,- cej ®id) +m§(el- ®e;® id)o° =0,
and so adding these expressions for (i, j) = (1,2) and (Z, j) = (2, 1), and recalling (8.12.1), we obtain

Z o P e 4 mg(el -ep ®id) + mzc(ez -e1 ®id) = 0.
B+y=a

It now remains to observe that since A is graded-commutative,
mS(er - er®id) +mS (es-e1 ®@id) =m¥((e1 - ex+er-e1)®id) =0
2 ler-e 2 (ex-eq o (ler-ex+ex-eg .

Thus, 8.8(3) holds for a = e + e;.

The condition 8.8(4) holds since ¢ is a strict morphism, and since M is a dg A-module where the ¢;’s
act trivially. This completes the proof of (2).

It remains to show (3). By [Bou81, IV.§.5.11], we have a natural isomorphism of algebras

Olxis - xel =TE(Z2Q)Y =C(V, W)Y

determined by y; +— y/'; this correspondence can also be seen via (7.4.1):

C(V, W)Y = T4(=72(Q9)")/(Z™'W) = Sym(Z2(Q)) = Qlx1s- - -, Xul,
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where Wt = {f®g-g® f|f.g € 271(Q°)"}, identifying (y(®)¥ with x* for each @ € N§.
As a consequence, dualizing the correspondence above yields an isomorphism of graded Q-modules
D = C(V, W) inducing an isomorphism of graded R-modules

W:R®D®G — RC(V,W)®G.

It remains to observe that

(n—1)(n-2)

a g (a): B e -G ):_1 ®(n—1)®-d )

vo ) x*@c®=(-1) g (=) Dl o060
la|=n—1 (n-1)

Therefore, ¢ is compatible with the differentials of its target and source, and so it is an isomorphism of

R-complexes; cf. Theorem 7.8 and 8.8. m]

Remark 8.13. The higher homotopies o(®) with |a| = n induce a I'° (22Q¢)-comodule structure on
I'“(2?Q°) ® G; in fact, conditions 8.8(1—4) are equivalent to this. However, an A-module structure on
G is equivalent to a B(A)-comodule structure on B(A) ® G. Hence, a system of higher homotopies on
G captures the ‘symmetric’ part of an A,-module structure on G over A.

Remark 8.14. Moving beyond finite projective dimension, complete intersection homomorphisms fit
into the well-studied class of quasi-complete intersection homomorphisms; cf. [AHS13, AIO3]. In
residual characteristic zero and two, it is straightforward to check that such maps are strictly Koszul;
this provides more examples of strictly Koszul homomorphisms of infinite projective dimension. In
odd characteristic, the presence of divided powers prevents Tor? (R, k) from admitting a quadratic
presentation.

8.15. Almost Golod Gorenstein rings

To end the paper, we return to the class of almost Golod Gorenstein rings that we studied in Section
3.13. We show that these rings are strictly Cohen Koszul (i.e. every Cohen presentation is a strictly
Koszul map), and we thereby obtain concrete free resolutions for all modules over such rings, using the
machinery developed in Section 7.2.

The next lemma is a general construction in the homological algebra of Gorenstein rings, building
on work of Avramov and Levin [LA78].

Lemma 8.16. Let R be a zero dimensional Gorenstein ring of codimension d, with a minimal Cohen

presentation Q — R, and let A =5 R be the minimal QO-free resolution of R. The inclusion of the socle
lifts to a chain map

KC ——--- > A
- 1=
soc(R) —— R,

where K€ is the Koszul complex of Q. The subcomplex
A= cone(K<Qd — A.y) C cone(KC — A)

is then a minimal Q-free resolution of R/soc(R).

Proof. By the exact sequence of homology groups, H.(cone(K2 — A)) is isomorphic to R/soc(R),
concentrated in degree zero. The proof of [LA78, Theorem 1] shows that the map K lQ ®ok — A;®¢kis
an isomorphism for i = d and zero fori < d. The former fact implies that the inclusion A’ C cone(K¢ —
A) is a quasi-isomorphism, and the latter implies that A” is minimal as a complex. Altogether, this shows
that A’ is the minimal resolution of R/soc(R). O
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Lemma 8.17. Let R be an almost Golod Gorenstein ring of codimension d having a minimal Cohen
presentation Q — R. Assume that the minimal Q-free resolution A of R is equipped with a cyclic As-
structure. Then (1, (A®")); C mpA; for all i < d, and (11,(A®"))y = 0 for n > 3. In particular,
R ®LQ k is formal and Koszul.

Proof. We first address what happens in degree d, and for this, we use the fact that A is a cyclic Ac-
algebra. If n > 3 and m, (ay, ..., a,) has degree d, then

<mn(al’ . ’an)’ 1> = (_1)n<mn(1sal’ . ’an—l)y an) =0

since A is strictly unital. But (—, 1) is the projection onto the (rank 1) degree d part of A, so this implies
my(ai,...,a,) =0.

For the rest of the argument, we need to reduce to the case that R has dimension zero. We may find a
sequence x that is part of a minimal generating set of mg and that maps to a maximal regular sequence
in mg. All of the hypotheses, and the remaining assertions to prove, are unchanged if we replace Q,
R and A with Q/(x), R/(xR) and A ® (Q/(x)) respectively, using Proposition 2.17 for the Koszul
conclusion. Therefore, we may assume that R has dimension zero.

We now use the notation and results of Lemma 8.16. Since A" = cone(K<Q 4 — A<q) is the minimal
Q-free resolution of R/soc(R), there is a splitting

I
A" <= cone(K2 — A),

and we define ¢; to be the composition A — cone(K< — A) — A’. By construction, (¢;);: A; — A]
is a split injection for i < d. Since R/soc(R) is Golod, we may endow A’ with a strictly unital As-
structure {m,,} satisfying m,,(A’®") C mgA’ for all n > 1 by [Burl5, Theorem 6.13]. Having done
this, the chain map ¢; can be extended to a strictly unital map of A-algebras using Proposition 5.3.
We apply Lemma 5.5 to the morphism A ®p k — A’ ®¢ k to deduce that the A-structure of A satisfies
(11, (A®")); € mpA; foralln > 1 and all i < d.

Since the induced higher A-structure on A ®p k vanishes, R ®"Q k = A ®¢ k is formal by
Proposition 5.4. It also follows that A ®¢ k is a short Gorenstein ring, and in particular, it is Koszul by
Example 3.7. O

We are finally able to prove that almost Golod Gorenstein rings satisfying certain technical assump-
tions are strictly Cohen Koszul, as promised in the proof of Theorem 3.16, and substantially generalizing
the class of Gorenstein local rings of codimension three covered by Example 8.4.

Theorem 8.18. If R is an almost Golod Gorenstein ring of odd codimension d, containing a field of
characteristic zero, with a minimal Cohen presentation ¢: Q — R, then ¢ is strictly Koszul. More
precisely, if the minimal resolution A of R admits a cyclic Aw-structure, then (regardless of d or the
characteristic) A = T(V) /W, where

V=@ A and W=ker((~,-): VeV - zi0), 8.18.1)

and (A,V,W) is a strictly Koszul presentation for ¢.

Proof. Since d is odd and R is Gorenstein of characteristic zero, we may endow A with a cyclic A-
structure by Theorem 5.7.

The pairing (—, —) defined in Section 5.6 is nondegenerate, and this implies that W is a summand
of V® V. We know that A ® k = T*(V®k)/(W ® k) since A ® k is short Gorenstein. It follows
from Nakayama’s lemma that A = T(V)/W as graded Q-modules. The assertion (7#2,,(A®"))4 = 0 from
Lemma 8.17 implies that m,, (V®"*) C V for all n, and therefore, the presentation (A, V, W) is strict. O
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Taking an almost Golod Gorenstein ring R, with Q and A as in the theorem, we can describe the
Priddy coalgebra explicitly:

C(n)(V,W)={ZV] ® - ®Vy | 2ViI® - ® Vi, Vig1)Viz2 ®---® v, =0, 1<i<n}.

This is also the dual of a noncommutative hypersurface, as in Example 8.4.

If we let M be a bounded complex of finitely generated R-modules, then there is a finite free Q-
resolution G — M, and G can be given a strictly unital A,-module structure over A by 5.2. All of this
data can be constructed with finitely many computations, and it can be assembled into a resolution

R C(V,W)®" G — M

with an explicit differential given in Theorem 7.8 in terms of the A.-structures of A and G. When
M = k is the residue field and G = K€ is the Koszul complex of Q, the Priddy resolution is minimal by
Theorem 7.11.

The last example provides a class of almost Golod Gorenstein rings where we verify they are Cohen
Koszul without any assumptions on the characteristic of k or the parity of the codimension.

Example 8.19. Let Q be a standard graded polynomial ring over k and let R = Q/1, where [ is an ideal
generated by forms of degree e > 3 admitting an almost linear free resolution, as in Remark 3.17. We
further assume that R is Gorenstein of codimension d.

Writing T; ; = Torl.Q (R.k); = Hi(KR)J-, we have, by assumption, 7; ; = O when 0 < i < d and
J —1 # e — 1. The only other nontrivial components are the unit 7y o = k and the socle Ty 2,—2+q = k.
The product on 7 must preserve both gradings, and it follows that T is a short Gorenstein ring.

Let A — R be the minimal graded free resolution of R over Q. In this setting, there exists an A-
algebra structure {m, } on A that is homogeneous of degree zero with respect to the internal grading. In
particular, the induced operations m, ®¢p k on T restrict to maps

Til,jl R - Bk Tin,jn — Ti|+~~~+in+n—2,j1+~~~+j,,o

If some iy = d, the map above is zero for (homological) degree reasons, and so we may assume each i,
is strictly smaller than d. Therefore, each j, —ip = ¢ — 1 and

(ji1+-+ju)—(1+--+ip+n=-2)=n(e—-1)—n+2.

For m,, ®¢ k to be nonvanishing on this component, this expression must equal e — 1 or 2¢ — 2. In the
former case, we find (n—1)(e — 1) = n—2, which cannot hold; in the latter case, (n—2)(e—1) =n—-2,
and this cannot hold when » and e are not 2. Hence, m, ®p k = 0 for n # 2.

Thus, we may apply Theorem 7.1 with V = @;:l A; and W as in (8.18.1) to conclude that Q — R

is Koszul. Finally, it follows from Theorem 3.16 that R is not only Cohen Koszul, but also almost Golod
Gorenstein.
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