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INTRODUCTION

A free resolution of a module extends a presentation in terms of generators and
relations, by choosing generators for the relations, then generators for the relations
between relations, ad infinitum. Two questions arise:

How to write down a resolution?
How to read the data it contains?

These notes describe results and techniques for finite modules over a commutative
noetherian ring R. An extra hypothesis that R is local (meaning that it has a
unique maximal ideal) is often imposed. It allows for sharper formulations, due
to the existence of unique up to isomorphism minimal free resolutions; in a global
situation, the information can be retrieved from the local case by standard means
(at least when all finite projective modules are free).

* * *

A finite free resolution is studied ‘from the end’, using linear algebra over the
ring(!) R. The information carried by matrices of differentials is interpreted in
terms of the arithmetic of determinantal ideals. When R is a polynomial ring over
a field each module has a finite free resolution; in this case, progress in computer
algebra and programming has largely moved the construction of a resolution for
any concrete module from algebra to hardware.

The monograph of Northcott [125] is devoted to finite free resolutions. Excellent
accounts of the subject can be found in the books of Hochster [89], Roberts [136],
Evans and Griffith [61], Bruns and Herzog [46], Eisenbud [58].

* * *

Here we concentrate on modules that admit no finite free resolution.

There is no single approach to the construction of an infinite resolution and no
single key to the information in it, so the exposition is built around several recurring
themes. We describe them next, in the local case.

* * *

To resolve a module of infinite projective dimension, one needs to solve an in-
finite string of iteratively defined systems of linear equations. The result of each
step has consequences for eternity, so a measure of control on the propagation of
solutions is highly desirable. This may be achieved by endowing the resolution
with a multiplicative structure (a natural move for algebraists, accustomed to work
with algebras and modules, rather than vector spaces). Such a structure can al-
ways be put in place, but its internal requirements may prevent the resolution from
being minimal. Craft and design are needed to balance the diverging constraints
of multiplicative structure and minimality; determination of cases when they are
compatible has led to important developments.

Handling of resolutions with multiplicative structures is codified by Differential
Graded homological algebra. Appearances notwithstanding, this theory precedes
the familiar one: Homological Algebra [51] came after Cartan, Eilenberg, and
MacLane [56], [50] developed fundamental ideas and constructions in DG cate-
gories to compute the homology of Eilenberg-MacLane spaces. An algebraist might
choose to view the extra structure as an extension of the domain of rings and
modules in a new, homological, dimension.
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DG homological algebra is useful in change of rings problems. They arise in
connection with a homomorphism of rings @ — R and an R-module M, when
homological data on M, available over one of the rings, are needed over the other.
A typical situation arises when R and M have finite free resolutions over @, for
instance when @ is a regular ring. It is then possible to find multiplicative resolu-
tions of M and R over @, that are ‘not too big’, and build from them resolutions of
M over R. Although not minimal in general, such constructions are often useful,
in part due to their functoriality and computability.

Multiplicative structures on a resolution are inherited by derived functors. It is a
basic observation that the induced higher structures in homology do not depend of
the choice of the resolution, and so are invariants of the R—module (or R-algebra)
M. They suggest how to construct multiplicative structures of the resolution, or
yield obstructions to its existence. Sometimes, they provide criteria for a ring-
or module-theoretic property, e.g. for R to be a complete intersection. All known
proofs that this property localizes depend on such characterizations—as all proofs
that regularity localizes use the homological description of regular rings.

The behavior of resolutions at infinity gives rise to intriguing results and ques-
tions. New notions are needed to state some of them; for instance, complexity and
curvature of a module are introduced to differentiate between the two known types
of asymptotic growth. A striking aspect of infinite resolutions is the asymptotic
stability that they display, both numerically (uniform patterns of Betti numbers)
and structurally (high syzygies have similar module-theoretic properties). In many
cases this phenomenon can be traced to a simple principle: the beginning of a res-
olution is strongly influenced by the defining relations of the module, that can be
arbitrarily complicated; far from the source, the relations of the ring (thought of
as a residue of some regular local ring) take over. In other words, the singularity
of the ring dominates asymptotic behavior.

Part of the evidence comes from information gathered over specific classes of
rings. At one end of the spectrum sit the complete intersections, characterized by
asymptotically polynomial growth of all resolutions. The other end is occupied
by the Golod rings, defined by an extremal growth condition on the resolution of
the residue field; all resolutions over a Golod ring have asymptotically exponential
growth; higher order homology operations, the Massey products, play a role in
constructions. Results on complete intersections and Golod rings are presented in
detail; generalizations are described or sketched.

A basic problem is whether some form of the polynomial/exponential dichotomy
extends to all modules over local rings. No intermediate growth occurs for the
residue field, a case of central importance. This result and its proof offer a glimpse
at a mutually beneficial interaction between local algebra and rational homotopy
theory, that has been going on for over a decade.

A major link in that connection is the homotopy Lie algebra of a local ring;
it corresponds to the eponymous object attached to a CW complex, and has a
representation in the cohomology of every R—module. Its structure affects the as-
ymptotic patterns of resolutions, and is particularly simple when R is a complete
intersection: each cohomology module is then a finite graded module over a poly-
nomial ring, that can be investigated with all the usual tools. This brings up a
strong connection with modular representations of finite groups.

* * *
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Proving a result over local rings, we imply that a corresponding statement holds
for graded modules over graded rings. Results specific to the graded case are mostly
excluded; that category has a life of its own: after all, Hilbert [88] introduced
resolutions to study graded modules over polynomial rings.

* * *

The notes assume a basic preparation in commutative ring theory, including
a few homological routines. Modulo that, complete proofs are given for all but a
couple of results used in the text. Most proofs are second or third generation, many
of them are new. Constructions from DG algebra are developed from scratch. A
bonus of using DG homological algebra is that spectral sequences may be eliminated
from many arguments; we have kept a modest amount, for reasons of convenience
and as a matter of principle.

* * *

The only earlier monographic exposition specifically devoted to infinite resolution
is the influential book of Gulliksen and Levin [83], which concentrates on the residue
field of a local ring. The overlap is restricted to Sections 6.1 and 6.3, with some
differences in the approach. Sections 6.2, 7.2, and 8.2 contain material that has not
been presented systematically before.
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1. COMPLEXES

This chapter lays the ground for the subsequent exposition. It fixes terminology
and notation, and establishes some basic results.

All rings are assumed! commutative. No specific references are made to standard
material in commutative algebra, for which the books of Matsumura [117], Bruns
and Herzog [46], or Eisenbud [58], provide ample background.

For technical reasons, we choose to work throughout with algebras over a ubig-
uitous commutative ring k, that will usually be unspecified and even unmentioned?

(think of k = Z, or k = k, a field).

1.1. Basic constructions. Let R be a ring.
A (bounded below) complex of R—modules is a sequence

—F, R Manz .
of R-linear maps with 0,-10, = 0 for n € Z (and F,, = 0 for n < 0). The
underlying R-module {F,}necz is denoted F %, Modules over R are identified with
complexes concentrated in degree zero (that is, having F,, = 0 for n # 0); |z|
denotes the degree of an element x; thus, || = n means x € F),.

Operations on complexes. Let E, F', G be complexes of R—modules.

A degree d homomorphism f: F' — G is simply a collection of R-linear maps
{Bn: Frn — Gniatnez. All degree d homomorphisms from F to G form an R-
module, Hompg, (F, G)4. This is the degree d component of a complex of R—modules
Homp (F,G), in which the boundary of 3 is classically defined by

a(B) = 8908 — (=1)1 300" .

The power of —1 is a manifestation of the sign that rules over homological algebra:
Each transposition of homogeneous entities of degrees i, j is ‘twisted” by a factor
(—1)¥, and permutations are signed accordingly.

The cycles in Hompg (F,G) are those homomorphisms (3 that satisfy 0o =
(=1)1P1800; they are called chain maps. Chain maps 3,': F — G are homotopic
if there exists a homomorphism o: F' — G of degree |5 + 1, called a homotopy
from £ to ', such that

B =B =0doo+ (—1)Plgod;

equivalently, 5 — (3’ is the boundary of ¢ in the complex Hompg (F, G).

A chain map [ induces a natural homomorphism H(3): H(F) — H(G) of degree
|8]; homotopic chain maps induce the same homomorphism. Chain maps of degree
zero are the morphisms of the category of complexes. A quasi-isomorphism is a
morphism that induces an isomorphism in homology; the symbol ~ next to an
arrow identifies a quasi®-isomorphism.

The tensor product E g F has (E Qg F), =>_ E, ®r F; and

i+j=n

Aew f)=0%€)® f+ (-D)fewd”(f).

1Following a grand tradition of making blanket statements, to be violated down the road.

2Thus, the unqualified word ‘module’ stands for ‘k—module’; homomorphisms are k-linear;
writing ‘ring’ or ‘homomorphism of rings’, we really mean ‘k—algebra’ or ‘homomorphism of k—
algebras’. The convention is only limited by your imagination, and my forgetfulness.

3The symbol 2¢ is reserved for the real thing.
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The transposition map T(e @ f) = (—=1)I¥ll/l f @ e is an isomorphism of complexes
T:EQrF — F®grE.
A degree d homomorphism : F — G induces degree d homomorphisms

Homp (E, ) : Hompg (E,F) — Hompg (E,G) ,
Homp (E, 8) (o) = Poc;
Hompg (8, E) : Hompg (G, E) — Hompg (F, E) |

Hompg (5, E) (v) = (—1)'5”““70/6;
BRRE: FQrE —-GRrE, (BRrE)(fe)=8(f)®e;

E@rB:E@rF —-E®rG, (E@rp)(e®f)=(-1llewp(f),

with signs determined by the Second Commandment?. All maps are natural in
both arguments. If 3 is a chain map, then so are the induced maps.

The shift =F of a complex F has (=F), = F,_1 for each n. In order for the
degree 1 bijection =¥': F — sF, sending f € F,, to f € (sF)n11, to be a chain
map the differential on »F is defined by 0*F (2t (f)) = —=F' (07 (f)).

The mapping cone of a morphism 3: F — G is the complex C() with under-
1vi b h . . 8G (EG)ilE(ﬂ) .
ying module G* @ (=F)%, and differential 0 HEF . The connecting
homomorphism defined by the exact mapping cone sequence

0—-G—CB) —-=F—0

is equal to H(8). Thus, § is a quasi-isomorphism if and only if H(C(8)) = 0.

A projective (respectively, free) resolution of an R-module M is a quasi-
isomorphism ¢f': ' — M from a complex F of projective (respectively, free)
modules with F,, = 0 for n < 0. The projective dimension of M is defined by
pdr M = inf{p M a projective resolution with F,, = 0 for n > p}.

Example 1.1.1. In the Koszul complex K = K(g; R) on a sequence g = g1,...,gr
of elements of R the module K is free with basis z1,...,z,, the module K, is
equal to Az K for all n, and the differential is defined by

n
iy N+ Naj,) = Z(—l)j_lgij Tig Noo Ny Ny N Ny,
j=1

For each R-module M, set K(g;M) = K(g;R) ®r M, and note that
Ho(K(g; M)) = M/(g)M. A crucial property of Koszul complexes is their depth®-
sensitivity: If M is a finite module over a noetherian ring R, then

sup{i | H;(K(g; M)) # 0} = r — depthg((g), M) .

In particular, if g1, . . ., g, is an R-regular sequence, then K (g; R) is a free resolution
of R = R/(g) over R, and H(K (g; M)) = Tor™ (R', M) .

4Obey the Sign! While orthodox compliance is a nuisance, transgression may have consequences
ranging anywhere from mild embarrassment (confusion of an element and its opposite) to major
disaster (creation of complexes with 92 # 0).

5Recall that the depth of an ideal I C R on M, denoted depthp (I, M), is the maximal length
of an M-regular sequence contained in I.
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Minimal complexes. A local ring (R,m, k) is a noetherian ring R with unique
maximal ideal m and residue field k = R/m. A complex of R—modules F', such that
On(F,) C mF,,_ for each n, is said to be minimal. Here is the reason:

Proposition 1.1.2. If F' is a bounded below complex of finite free modules over a
local Ting (R, m, k), then the following conditions are equivalent.
(i) F is minimal.
(ii) Each quasi-isomorphism «: F — F is an isomorphism.
(iil) Each quasi-isomorphism 3: F — F’ to a bounded below minimal complex
of free modules is an isomorphism.
(iv) Each quasi-isomorphism B: F — G to a bounded below complex of free
modules is injective, and G =Im 3@ E for a split-exact subcomplex E.

Proof. (i) = (iii). The mapping cone C(f) is a bounded below complex of free
modules with H(C(3)) = 0. Such a complex is split-exact, hence so is C(8) @ k =
C(B8®g k). Thus, H(8 ®g k) is an isomorphism. Since both F ®r k and F’ ®p k
have trivial differentials, each 3, ®g k is an isomorphism. As F,, and F), are free
modules, 3, is itself an isomorphism by Nakayama.

(iii) == (iv). Choose a subset Y C G such that 9(Y) ®pr 1 is a basis of the
vector space O(G®grk). As YUOI(Y) is linearly independent modulo m@G, it extends
to a basis of the R—module G?. Thus, the complex

E: e?/ (0 — Ry — RO(y) — 0) (%)

is split-exact and a direct summand of G, hence G — G/E = G’ is a quasi-
isomorphism onto a bounded below free complex, that is minimal by construction.
As the composition §': F — G — G’ is a quasi-isomorphism, it is an isomorphism
by our hypothesis. The assertions of (iv) follow.

(iv) = (ii): the split monomorphisms «,,: F,, — F,, are bijective.

(i) = (i). Assume that (i) fails, and form a surjective quasi-isomorphism
B: F — F/F' = G onto a bounded below free complex as in the argument above.
There is then a morphism v: G — F with 8y = id“, cf. Proposition 1.3.1. Such a
v is necessarily a quasi-isomorphism, hence v = « is a quasi-isomorphism F' — F
with Ker o D F’ # 0, a contradiction. O

1.2. Syzygies. In this section (R, m, k) is a local ring. Over such rings, projectives
are free; for finite modules, this follows easily from Nakayama.
A minimal resolution F of an R—module M is a free resolution, that is also a mini-

mal complex. If mq, ..., m, minimally generate M, then the Third Commandment®
prescribes to start the construction of a resolution by a map Fy = R™ — M with
(a1,y...,a;) — agmq+---+a,.m,. This is a surjection with kernel in mR"; iterating

the procedure, one sees that M has a minimal resolution. As any two resolutions
of M are linked by a morphism that induces the identity of M, Proposition 1.1.2
completes the proof of the following result of Eilenberg from [55], where minimal
resolutions are introduced.

Proposition 1.2.1. FEach finite R—module M has a minimal resolution, that is
unique up to isomorphism of complexes. A minimal resolution F is isomorphic to

6Resolve minimally!
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a direct summand of any resolution of M, with complementary summand a split-
exact free complex. In particular, pdr M = sup{n | F}, # 0}. O

The ‘uniqueness’ of a minimal resolution F' implies that each R-module
Syz2 (M) = Coker(0,11: Fny1 — Fpn) = 0,(F,) is defined uniquely up to a (non-
canonical) isomorphism; it is called the n’th syzygy of M; note that Syz (M) = M,
and SyzZ (M) = 0 for n < 0.

The number 32(M) = rankg F,, is called the n’th Betti number of M (over R).

The complexes F @g k and Hompg (F, k) have zero differentials, so Tor? (M, k) =
F, ®r k and Ext'y (M, k) =2 Hompg (F,, k) ; in other words:

Proposition 1.2.2. If M is a finite R—module, then
BE(M) = vr(Syzl (M)) = dimy, Tory (M, k) = dimy, Ext}, (M, k)
and pdp M = sup{n | BE(M) # 0}. O

Syzygies behave well under certain base changes by local homomorphisms, that
is, homomorphisms of local rings ¢(R, m) — (R',m’) with p(m) C m’.

Proposition 1.2.3. If M is a finite R-module and ¢: R — R’ is a local homo-
morphism such that Torf (R',M) =0 for n > p, then

Syzfl » (R @r Syzllf (M)) 2 R ®g Syz2 (M) for n>p.

Proof. Let F' be a minimal free resolution of M over R.

Since H, (R ®p F) & Torfic (R',M) =0 for n > p, the complex of R'-modules
(R'®RrF)s pis a free (and obviously minimal) resolution of the module Coker(R’'® g
8p+1) ~ R ®g Coker8p+1 ~ R ®g Syzf (M) U

Corollary 1.2.4. Let M be a finite R—module.
(1) If R — R’ is a faithfully flat homomorphism of local rings, then

Syz?¥ (R @ M) = R' ®@p Syz (M) for n>0.
(2) If a sequence q1,...,gr € R is both R—regular and M —regular, then
Syzf (M) = R' ®p Syz (M) for n>0

n

with R = R/(g1,...,9-)R, and M' = M/(g1,...,9-)M. O

Proof. The proposition applies with p = 0, twice: by definition in case (1), and by
Example 1.1.1 in case (2). O

When R is local, depthyp M = depthg(m, M) and depth R = depthy R.

Corollary 1.2.5. If R is a direct summand of Syzf (M), then n < m, where
m = max{0, depth R — depth M }.

Proof. Let n > m, and assume that Syz (M) has R as a direct summand. Choose
a maximal (R @ M)-regular sequence, and complete it (if necessary) to a maximal
R-regular sequence g. By Example 1.1.1 and Proposition 1.2.3, R' = R/(g) is a
direct summand of a syzygy of the R'~module R’ ®g Syz’ (M), hence sits in mF”,
where F” is a free R'~module. As depth R’ = 0, the ideal (0: pr m) # 0 annihilates
R/; this is absurd. O
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Depth can be computed cohomologically, by the formula
depthp M = inf{n | Exty (k, M) # 0}.
The following well known fact is recorded for ease of reference.
Lemma 1.2.6. If M is a finite R—module, then

depthp M + 1 when depthp M < depth R;
depthp, Syzit (M) = { g > depth R when  depthp M = depth R;
depth R when depthp M > depth R.

Proof. Track the vanishing of Ext's (k, —) through the long exact cohomology se-
quence induced by the exact sequence 0 — Syz!* (M) — Fy — M — 0. O

Proposition 1.2.7. If M is a finite R—module with pdp M < oo, then
(1) pdg M + depthy M = depth R.
(2) (0:gM) =0, or (0: g M) contains a non-zero-divisor on R.
(3) Zn>0(—1)"ﬁf(M) > 0, with equality if and only if (0: g M) # 0.

Proof. Set m =pdr M, g = depthy M, and d = depth R.

(1) As Syszl (M) # 0 is free, Corollary 1.2.5 yields m + g < d. Thus, g < d,
and if g = d, then M is free and (1) holds. If g < d, then assume by descending
induction that (1) holds for modules of depth > g, and use the lemma:

m+ g = (pdg Syzi' (M) + 1) + (depthy Syz{* (M) — 1) = d.
(2) and (3). If F' is a minimal resolution of M and p € Spec R, then
0= (Fm)p = (Fmn-1)p = - = (F1)p — (Fo)p — My — 0
is exact. If p € Ass R, then depth R, = 0, hence M, is free by (1).
Counting ranks, we get > (—1)"8(M) = rankg, M, > 0.
If > (—1)"BE(M) =0, then M, =0 forallp € Ass R, so (0: g M) ¢ Upeassr P>
that is, (0: g M) contains a non-zero-divisor.
If (0:g M) #0, then (0:g, M,) = (0: g M), # 0 for p € Ass(0: g M) C Ass R;
as M, is free, this implies M, = 0, and so >, (—1)"BR(M) = 0. O

The arguments for (2) and (3) are from Auslander and Buchsbaum’s paper [17];
there is a new twist in the proof of their famous equality (1). It computes depths
of syzygies when pdp M < oo; otherwise, Okiyama [126] proves:

Proposition 1.2.8. If M is a finite R—-module with pdp M = oo, then
depth Syz® (M) > depthR  for n > max{0,depth R — depthy M}
with at most one strict inequality, at n =0 or at n = depth R — depthp M + 1.

Proof. Set M,, = SyzY (M) and d = depth R. Iterated use of Lemma 1.2.6 yields
the desired inequality, and reduces the last assertion to proving that inequalities
for n and n + 1 imply equality for n + 2.

Break down a minimal free resolution F of M into short exact sequences E*: 0 —
M4 L, F, 5 M, — 0. If depthp M,,42 > d, then the cohomology exact
sequence of E™t! implies that the homomorphism

Extd (k,mpy1) : BExt$ (k, Fny1) — Ext% (k, My, 1)
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is injective. As depthy M,, > d, the cohomology sequence of E" shows that
Ext% (k, tny1) : BExt% (k, M, 1 RM) — Ext% (k, F,)
is injective. Since t,0mp 11 = Opt1: Fpy1 — Fy, we see that the map
Ext% (k,0ni1) = Ext$ (k, ) o Ext$ (k, mpp1)

is injective as well. But 0,41: F,41 — F), is a matrix with elements in m, so
Ext% (k,0nt1) = 0, hence Ext% (k, F,11) = 0. Since depthy .1 = d this is
impossible, so depth M, 12 < d, as desired. (I

Remark 1.2.9. By the last two results, there exists an R-regular sequence g of
length d = depth R, that is also regular on N = Syzﬁ (M), where m = max{0,d —
depth M}. Proposition 1.2.4.2 yields g%, (M) = BR(N) = 5/(9)(N/(g)N)
for n > 0. When k is infinite, a sequence g may be found that also pre-
serves multiplicity: mult(R) = mult(R/(g)); if k is finite, then R' = R[t]y has
mult(R') = mult(R), and %(N) = % (N @ R'), for n. > 0.

Remark 1.2.10. The name graded ring is reserved! for rings equipped with a
direct sum decomposition R = ®i>0 R;, and having Ry = k, a field. For such a
ring we denote m the irrelevant mazimal ideal @, _ , R;. An R-moduleM is graded
if M = @jez M; and R;M; C My  for all 4,5 € Z. To minimize confusion with
gradings arising from complexes, we say that a € M; has internal degrees i, and
write deg(a) = i. The d’th translate of M is the graded R-module M (d) with
M(d); = Mjtq. A degree zero homomorphism a: M — N of graded R-modules
is an R-linear map such that a(M;) C N; for all j.

The free objects in the category of graded modules and degree zero homomor-
phisms are isomorphic to direct sums of modules of the form R(d). Each graded
R-module M has a graded resolution by free graded modules with differentials that
are homomorphisms of degree zero. If M; = 0 for j < 0 (in particular, if M is
finitely generated), then such a resolution F exists with 9(F,,) C mF,, for all n. This
minimal graded resolution is unique up to isomorphism of complexes of graded R—
modules, so the numbers 3, appearing in isomorphisms F,, = € ez R(—j)Pn are
uniquely defined, and finite if M is a finite R—module; these graded Betti numbers
of M over R are denoted /ij (M).

1.3. Differential graded algebra. The term refers to a hybrid of homological
algebra and ring theory. When describing the progeny”, we systematically replace
the compound ‘differential graded’ by the abbreviation DG.

DG algebras. A DG algebra A is a complex (A, d), with an element 1 € Ay (the
unit), and a morphism of complexes (the product)

ARkA— A, a®br ab,

that is unitary: la = a = al, and associative: a(bc) = (ab)e. In addition, we
assume the A is (graded) commutative:

ab=(—1)1"""lpg  fora,be A and  a®>=0 when |a| isodd,
and that A; = 0 for ¢ < 0; without them, we speak of associative DG algebras.
It is not that exotic: a commutative ring is precisely a DG algebra concentrated in degree

zero, and a DG module over it is simply a complex. A prime example of a ‘genuine’ DG algebra
is a Koszul complex, with multiplication given by wedge product.
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The fact that the product is a chain map is expressed by the Leibniz rule:
d(ab) = d(a)b+ (—1)\“ad(d)  for a,be A,

Its importance comes from a simple observation: The cycles Z(A) are a graded
subalgebra of A, the boundaries J(A) are an ideal in Z(A), hence the canonical
projection Z(A) — H(A) makes the homology H(A) into a graded algebra. In
particular, each H,,(A) is a module over the ring Hy(A).

A morphism of DG algebras is a morphism of complexes ¢: A — A’ such that
#(1) =1 and ¢(ab) = ¢(a)p(b); we say that A" is a DG algebra over A.

If A and A’ are DG algebras, then the tensor products of complexes A @ A’ is
a DG algebra with multiplication (a ® a’)(b® b)) = (—1)1¢'IIPl(ab @ a'V’).

A graded algebra is a DG algebra with zero differential, that is, a family® {A,,},
rather than a direct sum €@, A4, .

A DG module U over the DG algebra A is a complex together with a morphism
A®U — U, a®u +— au, that satisfies the Leibniz rule

d(au) = d(a)u + (-1 ad(w) for a€AanduecU

and is unitary and associative in the obvious sense. A module is a DG module with
zero differential; U? is a module over A%, and H(U) is a module over H(A).

Let U and V be DG modules over A.

A homomorphism 3: U — V of the underlying complexes is A-linear if f(au) =
(—=1)l8llelqB(u) for all @ € A and u € U. The A-linear homomorphisms form a
subcomplex Hom4 (U, V) C Homy (U, V). The action

(aB)(u) = a(B(u)) = (=1)""!"|5(au)

turns it into a DG module over A. Two A-linear chain maps 3,3 : U — V that
are homotopic by an A-linear homotopy are said to be homotopic over A. Thus,
Hy(Homy (U,V)) is the set of homotopy classes of A-linear, degree d chain maps.
DG modules over A and their A-linear morphisms are, respectively, the objects
and morphisms of the category of DG modules over A.

The residue complex U® 4V of URV by the subcomplexspanned by all elements
au @y v — (—1)lll*ly @y av, has an action

a(u@av) =au®ysv=(—Dy @, av.

It is naturally a DG module over A, and has the usual universal properties.

The shift sU becomes a DG module over A by setting ax¥ (u) = (=1)1*'sY (au);
the map sV : U — sU is then an A-linear homomorphism.

The mapping cone of a morphism 3: U — V of DG modules over A is a DG
module over A, and the maps in the mapping cone sequence are A-linear.

Semi-free modules. A bounded below DG module F' over A is semi-free if its
underlying A% module F* has a basis? {ex}xea. Thus, for each f € F there are
unique ay € A with f =37, ) axex; weset A,y = {A € A:les| =n}.

8This convention reduces the length of the exposition by 1.713%, as it trims from each argument
all sentences starting with ‘We may assume that the element x is homogeneous’; note that by
Remark 1.2.10 above, a graded ring is the usual thing.

90ver a ring, a such a DG module is simply a bounded below complex of free modules. For
arbitrary DG modules over any graded associative DG algebras, the notion is defined by a different
condition: cf. [33], where the next three propositions are established in general.
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Note that F' is not a free object on {ey} in the category of DG modules over A:
As O(ey) is a linear combination of basis elements e,, of lower degree, the choice for
the image of ey is restricted by the choices already made for the images of the e,,.
What freeness remains is in the important lifting property:

Proposition 1.3.1. If F is a semi-free DG module over a DG algebra A, then
each diagram of morphisms of DG modules over A represented by solid arrows

U
4
e

with a surjective quasi-isomorphism 3 can be completed to a commutative diagram
by a morphism vy, that is defined uniquely up to A-linear homotopy.

Remark. A degree d chain map F — V is nothing but a morphism F — =%V, so
the proposition provides also a ‘unique lifting property’ for chain maps.

Proof. Note that F" = @‘e” <nAex is a DG submodule of F over A, and F™ =0
for n < 0. By induction on n, we may assume that v": F” — U has been
constructed, with a|pn = Soy™.

For each A € A, 41, we have d(ad(ey)) = a(d%(ey)) = 0, so ad(ey) is a cycle in
V. Since (3 is a surjective quasi-isomorphism, there exists a cycle 2}, € U, such that
B(24) = ad(er). Thus, zy = y"0(ex) — 2} € U satisfies

A(zy) = 7"0%(ex) —0(24) =0 and B(zx) = ad(ey) — B(24) =0,

that is, z) is a cycle in W = Ker 3. The homology exact sequence of the short
exact sequence of DG modules 0 - W — U — V — 0 shows that HW) = 0,
hence z) = d(yy) for some yy € W. In view of our choices, the formula

W"H(f-ir > awx) =7"(f)+ Y. axyn for feFT
AEA, 41 AEA 41

defines a morphism of DG modules 4" *1: F*t! — U, with 4" "|pn = 4™, and
completes the inductive construction. As F' = J, o, F", setting v(f) = 7"(f)
whenever f € F", we get a morphism v: F' — U with a = (7.

If v: F — U is a morphism with a = 39/, then 3(y—+') = 0, hence there exists
a morphism ¢: F — W such that v — ' = 14, where ¢: W C U is the inclusion.
Again, we assume by induction that a homotopy ¢™: F™ — W between §|p» and
0 is available: §|pn = 0™ + 0™0. As

9(8(ex) —0"d(ex)) = 69(ex) — (90™)(9(er))

= (0—00")(d(ex)) = (¢"9)(d(er)) = 0

and H(W') = 0, there is a wy € W such that 0(wy) = d(ey) — 0"9(ey). Now

Un+1(f+ Z a,\e,\> :O_n(f)+ Z (_1)\ax|a/\w>\

)\EAn+1 )\EA71+1

is a degree 1 homomorphism o"*1: F**t — W with §|pnt1 = do™ Tt + o™ H10,
and 0" !|pn = ¢™. In the limit, we get a homotopy o: F — W from § to 0, and
then ¢/ = 10: F — U is a homotopy from v to ~'. O
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Proposition 1.3.2. If F' is a semi-free DG module, then each quasi-isomorphism
B:U —V of DG modules over A induces quasi-isomorphisms

Hom 4 (F,ﬁ): Hom 4 (F,U) — Hom 4 (F,V) ; FRaB:FRAU - FQ4 V.

Proof. To prove that Hom4 (F, 3) is a quasi-isomorphism, we show the exactness
of its mapping cone, which is isomorphic to Homy4 (F,C(8)). Thus, we want to
show that each chain map F — C(f) is homotopic to 0. Such a chain map is a
lifting of F© — 0 over the quasi-isomorphism C(8) — 0. Since 0: FF — C(f) is
another such lifting, they are homotopic by Proposition 1.3.1.

To prove that 8 ® 4 F' is a quasi-isomorphism, we use the exact sequences 0 —
Fn — Fntl Pl 5 0 of DG modules over A, involving the submodules F™
from the preceding proof. The sequences split over A%, and so induce commutative
diagrams with exact rows

0 — > UQaF" —— U@ F""! — S U@ F**! —— 0

ﬂ®AF"i ﬂ®AF"+1l ﬁ®Af"+ll
0 — > VRUF" — > Ve F"tl — S Ve " —— 0.

By induction on n, we may assume that f ®4 F™ is a quasi-isomorphism. As

Fntl o @ Aey with 9(ey) =0forall A € Apyq,
)\EAT,,+1

the map f®4 F" ! is a quasi-isomorphism. By the Five-Lemma, 8 ® 4 F"*! is one
as well, hence so is S ®4 F = & (injlim,, F™) = injlim, (8 ®4 F™). O

Proposition 1.3.3. Let U be a DG module over a DG algebra A. Each quasi-iso-
morphism ~v: F — G of semi-free modules induces quasi-isomorphisms

Homyg (7,U) : Homyu (G,U) — Homy (F,U); ~AQaU: F®aU — G®aU.

Proof. The mapping cone C' = C(v) is exact. It is semi-free, so by the pre-
ceding proposition the quasi-isomorphism C — 0 induces a quasi-isomorphism
Homy (C,C) — 0. Thus, there is a homotopy o from id to 0°. It is eas-
ily verified that Hom4 (0,U) and 0 ® 4 U are null-homotopies on Homy4 (C,U)
and C' ®4 U, so these complexes are exact. They are isomorphic, respectively, to
71 C(Homy (v,U)) and C(y ®4 U), which are therefore exact. We conclude that
Homy (7,U) and v ®4 U are quasi-isomorphisms. O

The preceding results have interesting applications even for complexes over a
ring. A first illustration occurs in the proof of Proposition 1.1.2. Another one is in
the following proof of the classical Kinneth Theorem.

Proposition 1.3.4. If G is a bounded below complex of free R—modules, such that
F = H(G) is free, then the Kinneth map

kY H(G) g H(U) — H(G QR U),
kY (cls(g) @ cls(u)) = cls(g @ u),

is an isomorphism for each complex of R—modules U.
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Proof. Set F = H(G). The composition of an R- linear splitting of the surjection
Z(G) — F with the injection Z(G) — G is a quasi-isomorphism v: F — G of semi-
free DG modules over R. By the last proposition, sois Y®QrU: FRrU — G®rU.
The Kiinneth map being natural, it suffices to show that x7V is bijective. As
OF =0 and each F), is free, this is clear. O
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2. MULTIPLICATIVE STRUCTURES ON RESOLUTIONS

Is it possible to ‘enrich’ resolutions over a commutative ring @), by endowing
them with DG module or DG algebra structures? The rather complete—if at first
puzzling—answer comes in three parts:

e For residue rings of ), algebra structures are carried by essentially all res-
olutions of length < 3; for finite @Q—modules, DG module structures exist
on all resolutions of length < 2.

e Beyond these bounds, not all resolutions support such structures.

e There always exist resolutions, that do carry the desired structure.

In this chapter we present in detail the results available on all three counts. Most
developments in the rest of the notes are built on resolutions that comply with the
Fourth Commandment'°.

2.1. DG algebra resolutions. Let Q be a commutative ring and let R be a
Q-algebra. A DG algebra resolution of R over ) consists of a (commutative)
DG algebra A, such that A; is a projective Q—module for each i, and a quasi-
isomorphism €4: A — R of DG algebras over Q.

The next example is the grandfather of all DG algebra resolutions.

Example 2.1.0. If R = Q/(f) for a Q-regular sequence f, then the Koszul com-
plex on f is a DG algebra resolution of R over Q.

‘Short’ projective resolutions often carry DG algebra structures.
Example 2.1.1. If R = @Q/I has a resolution A of length 1 of the form
0—-F—Q—0

then the only product that makes it a graded algebra over @ is defined by the
condition Fj - F; = 0; it clearly makes A into a DG algebra.

If ¢ is a matrix, then for J, K C N we denote ¢ the submatrix obtained by
deleting the rows with indices from J and the columns with indices from K.

Example 2.1.2. If R = /I has a free resolution of length 2, then by the Hilbert-
Burch Theorem there exist a non-zero-divisor a and an r x (r — 1) matrix ¢, such
that a free resolution of R over @) is given by the complex

r—1 T
40 0= Pefi 2Py 2 —0
k=1

d=¢  01=a(det(gr),...,(—=1)7 " det(¢;),...,(=1)"""det(¢,))

Herzog [86] shows that there exists a unique DG algebra structure on A, namely:
r—1

€j e = —€g-ej = —aZ(—l)JJrkJrz dEt( ﬁk)ff for 7 < k; €€ = 0.
=1

Example 2.1.3. An ideal I in a local ring (@, n) is Gorenstein if R = Q/I has
pdg R =p < o0, Extg) (R,Q) =0 for n # p, and Ex‘cf2 (R,Q) = R; thus, when @
is regular, I is Gorenstein if and only if R is a Gorenstein ring.

L0Resolve in kind!
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If I is Gorenstein, pdg R = 3, and [ is minimally generated by r elements, then
J. Watanabe [157] proves that the number r is odd, and Buchsbaum-Eisenbud [47]
show that there exists an alternating r x r matrix ¢ with elements in n, such that
a minimal free resolution A of R over ) has the form

Ar 00— Qe 2 P 2 PQe; Q-0
k=1 j=1
do=¢ 9= (pf(¢1)--., (=1 pf(g)),..., (=1) "' pt(gy)) = 85
where pf(a) is the Pfaffian of . A DG algebra structure on A is given by

s

€j e = —€f-ej = Z(*l)j+k+zpjke pf(ﬁb?ig)ff for ] < k,
=1

ej-e; =0; ej fv =[x e =09,
where pjre is equal to —1 if j < ¢ < k, and to 1 otherwise, cf. [21].

More generally, Buchsbaum and Eisenbud [47] prove that DG algebra structures
always exist in projective dimension < 3:

Proposition 2.1.4. If A is a projective resolution of a Q-module R, such that
Ag=Q and A, =0 for n > 4, then A has a structure of DG algebra.

Proof. For the construction, consider the complex S?(A), that starts as
o= (A1 ® A3) B S2(A2) © Ay 25 (A ® A2) © As
2 (A2A) & Ay 5 A 25 Q =0
with differentials defined by the condition 6§, |4, = 0, and the formulas

da(a Ab) = 01(a)b — D1 (b)a; d3(a®b) = —a A Da(b) + 1(a)b;
d4(a®b) = 01(a)b — a = 03(b); ds(axb) =02(a) @b+ 02(b) ®a,

where * denotes the product in the symmetric algebra. The complex S%(A) is
projective and naturally augmented to R, so by the Lifting Theorem there is a
morphism z: S*(A) — A that extends the identity map of R.

Define a product on A (temporarily denoted ) by composing the canonical pro-
jection A ® A — S?(A) with p. With the unit 1 € Q = Ay, one has all the proper-
ties required from a DG algebra except, possibly, associativity. Because A,, = 0 for
n > 4, this may be an issue only for a product of three elements a, b, ¢, of degree
1. For them we have

O5((a-b)-c)=02(a-b)-c+ (a-b)0i(c)
= (01(a)b) - ¢ — (B1(b)a) - ¢+ (a - b)d(c)
=01(a)(b-c)—01(b)(a-c)+ di(c)(a-b).
A similar computation of d5(a - (b- ¢)) yields the same result.
As 03 is injective, we conclude that (a-b)-c=a-(b-c). O
Next we describe two existence results in projective dimension 4.

Example 2.1.5. If Q is local, pd, Q/I =4, and I is Gorenstein, then Kustin and
Miller [101] prove that the minimal free resolution of R over @ has a DG algebra
structure if Q > %, a restriction removed later by Kustin [97].
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Example 2.1.6. If I is a grade 4 perfect ideal generated by 5 elements in a local
ring () containing %, then Kustin [98], building on work of Palmer [127], constructs
a DG algebra structure on the minimal free resolution of Q/I.

The question naturally arises whether it is possible to put a DG algebra structure
on each minimal resolution of a residue ring of a local ring. As far as the projective
dimension is concerned, the list above turns out to be essentially complete: for
(perfect) counterexamples in dimension 4, cf. Theorem 2.3.1.

On the positive side, each QQ—algebra has some DG algebra resolution, obtained
by a universal construction: Given a cycle z in a DG algebra A, we embed A into
a DG algebra A’ by freely adjoining a variable y such that dy = z. In A’ the cycle
z has been killed: it has become a boundary.

Construction 2.1.7. Exterior variable. When |z| is even, k[y] is the exterior
algebra over k of a free k-module on a generator y of degree |z| 4 1; the differential
of Aly]* = A" @y k[y] is given by

d(ao + ary) = d(ao) + Aar)y + (=1) a2
thus, when A is concentrated in degree zero, Aly| is the Koszul complex K (z; A).

Construction 2.1.8. Polynomial variable. When |z| is odd, k[y] is the polyno-
mial ring over k on a variable y of degree |z| + 1, A[y]* = A% @y k[y], and

a(Zi:aiyi) = Zi:a(ai)y" + Zi:(—l)lailmizyi—l .

In either case, 9 is the unique differential on A[y]® that extends the differential
on A, satisfies d(y) = z, and the Leibniz formula; we call y a variable over A, and
often use the more complete notation, Afy|d(y) = z].

Let u = cls(z) € H(A) be the class of z. The quotient complex A[y]/A is trivial
in degrees n < |z| and is equal to Apy in degree n = |z| + 1, so the homology exact
sequence shows that the inclusion A < A[y] induces a morphism of graded algebras
H(A)/uH(A) — H(A[y]) that is bijective in degrees < |z|.

A semi-free extension of A is a DG algebra A’ obtained by repeated adjunction
of free variables. If Y is the set of all variables adjoined in the process, then we
write A[Y] for A’; we alsoset Y,, = {y € Y | |y| =n} and Y., = J]_, Y;. Semi-free
algebra extensions have a lifting property:

Proposition 2.1.9. If A[Y] is a semi-free extension of a DG algebra A, then each
diagram of morphisms of DG algebras over A represented by solid arrows

B
.7
A[Y] ?-C

with a surjective quasi-isomorphism 3 can be completed to a commutative diagram
by a morphism ~y, that is defined uniquely up to A-linear homotopy.

Proof. Set A" = A[Y_,]. Starting with the structure map A — B, we assume that
for some n > —1 we have a morphism v": A™ — B of DG algebras over A, with
Y™ = alan. Over A", the set {1} UY,, 1 generates a semi-free submodule F"*1
of A[Y]. By Theorem 1.3.1, 4™ extends to a morphism 6"*': F**l — B of DG
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modules over A". The graded commutative algebra (A"+1)% is freely generated over
(A™)E by Y11, so 6" extends uniquely to a homomorphisms of graded algebras
At Antl — B, Since 6”1 is a morphism of DG modules, 4! is necessarily
a morphism of DG algebras. In the limit, one gets a morphism of DG algebras
v: AlY] — B, with the desired properties. |

A resolvent of Q—algebra R is a DG algebra resolution of R over @, that is a
semi-free DG algebra extension of Q.

Proposition 2.1.10. Each (surjective) homomorphism v: QQ — R has a resolvent
QY] (with Yy = @). When Q is noetherian and R is a finitely generated Q—-algebra
there exists a resolvent with Y,, finite for each n.

Proof. Factor ¢ as an inclusion @ — Q[Yp] into a polynomial ring on a set Yy
of variables and a surjective morphism ¢’: Q[Yy] — R that maps Y; to a set of
generators of the Q-algebra R. The Koszul complex @ — Q[Yp][[Y<1] on a set of
generators of Ker )’ is a semi-free extension of @, with Ho(Q[Y<1]) = R.

By induction on 4, assume that consecutive adjunctions to Q[Yc1] of sets Y; of
variables of degrees j = 2,...,n have produced an extension @ — Q[Y,] with
H;(Q[Y<n»]) =0 for 0 < i < n. Adjoin to Q[Y<,] a set Y, 41 of variables of degree
n + 1 that kill a set of generators of the Q[Yp]-module H, (Q[Y< ,]). As observed
above, we then get H; (Q[Y<nt1]) =0for 0 <i<n+1.

Going over the induction procedure with a noetherian hypothesis in hand, it is
easy to see that a finite set Y,, suffices at each step. O

2.2. DG module resolutions. There is nothing esoteric about DG module struc-
tures on resolutions of modules. In fact, they offer a particularly adequate frame-
work for important commutative algebra information.

Remark 2.2.1. Let U be a free resolution of a Q-module M. If f € (0:¢q M),
then both f idV and 0V induce the zero map on M, hence they are homotopic,
say fidV = 8o 4+ 0d. A homotopy o such that o2 = 0 exists if and only if U
can be made a DG module over the Koszul complex A = Q[y|d(y) = f]: just set
yu = o(u), and note that the homotopy condition for ¢ translates precisely into
the Leibniz rule fu = 0(yu) + yd(u) for the action of y.

In some cases one can prove the existence of a square-zero homotopy.
Proposition 2.2.2. If (Q,n,k) is a local ring, f € n~n?, and M is a Q-module

such that fM = 0, then the minimal free resolution U of M over Q has a structure
of semi-free DG module over the Koszul complex A = Qly|d(y) = f].

Proof. Setting f; = f idY7, we restate the desired assertion as follows: For each j
there is a homomorphism o;: U; — Uj41, such that:
8j+10'j+0'j_18j ij; O’j_l(Uj_l) :Keraj;
0j—1(Uj-1) 1is a direct summand of Uj.

Indeed, by the preceding remark the first two conditions define on U a structure
of DG module over A; the third one is then equivalent to an isomorphism of A%
modules Uf & A% @q V, with V = U /yU*.

The map o; = 0 has the desired properties when j < 0, so we assume by
induction that o; has been constructed for j <4, with ¢ > —1. Since

ai+1(fi+1 - Uiai+1) = fai+1 - 8i+10iai+1 = f3i+1 - f5¢+1 + Ui—laiai+1 =0
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and U is acyclic, there exists a map 0,41 such that 0;y20;4+1 = fi+1 — 0:0;41.
Furthermore, as 0;0;_1 = 0 by the induction hypothesis, we have

(fi+1 — 0:0i41)05 = fo; — 0i0;410; = fo, — fo;+ 040;-10; = 0.

Thus, we can arrange for 0,11 to be zero on the direct summand Imo; of U;y1.
Let V;41 be a complementary direct summand of Imo; in U; 1. For v € V51 N
nVii1, we have 0;420,41(v) = fv — 0 zJrl( ). The two terms on the right lie in
distinet direct summands, and fv ¢ n?V;yq, so 9;420i41(v) ¢ n?U;y1, and thus
0i+1(v) ¢ nU;42. This shows that 0,41 ®¢g k: Viy1 ®g k — Us42 ®g k is injective,
S0 0,41 is a split injection, completing the induction step. ([

The construction of o above is taken from Shamash [143]; it is implicit in Na-
gata’s [124] description of the syzygies of M over Q/(f) in terms of those over @,
presented next; neither source uses DG module structures.

Theorem 2.2.3. Let (Q,n, k) be a local ring, let f € n~ n? be Q-regular, and let
M be a finite module over R = Q/(f). If U is a minimal free resolution of M over
Q, then there exists a homotopy o from idY to 0Y, such that

U’ HLHHLH&HO (*)
fUn +U(Un—1) fUl +O’(Uo) fUO

is a minimal R-free resolution of M and rankq U,, = rankg U], + rankg U, .

Proof. Set A = Qly|d(y) = f]. By the preceding proposition, U is a semi-free DG
module over A = Q[y | d(y) = f]. Let o be the homotopy given by left multiplication
with y. By Proposition 1.3.2 the quasi-isomorphism A — R induces a quasi-
isomorphism U — U ®4 R = U’. The complex U/(f,y)U = U/(fU +o(U)) = U’
is obviously minimal, so we are done. [

DG module structures are more affordable than DG algebra structures.

Remark 2.2.4. Let S = Q/J, and let B be a DG algebra resolution of S over
Q. If A is the Koszul complex on a sequence f C J, then by Proposition 2.1.9 the
canonical map A — Q/(f) — S lifts over the surjective quasi-isomorphism B — S
to a morphism A — B of DG algebras over Q.

Thus, any DG algebra resolution of S over ) is a DG module over each Koszul
complex K (f; Q). However, DG module structures may exist even when DG algebra
structures do not: for an explicit example, cf. Srinivasan [146].

Short projective resolutions always carry DG module structures: Iyengar [92]
notes that a modification of the argument for Proposition 2.1.4 yields

Proposition 2.2.5. Let R = Q/I, and let M be an R-module. If U is a projective
resolution of M, and U, =0 for n > 3, then U has a structure of DG module over
each DG algebra resolution A of R over Q. (]

On the other hand, not all minimal resolutions of length > 3 support DG module
structures over DG algebras A # @, cf. Theorem 2.3.1.

Let A be a DG algebra resolution of R over ), and let M be an R-module.
A DG module resolution of M over A is a quasi-isomorphism €V: U — M of DG
modules over A, such that for each n the Q—module U, is projective. To construct
such resolutions in general, we describe a ‘linear’ adjunction process.
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Construction 2.2.6. Adjunction of basis elements. Let V be a DG module
over A, and Z = {z) € V} ea be a set of cycles. For a linearly independent set
Y = {yx : lya] = |2a| + 1}ren over the graded algebra A% underlying A, set

5‘(1} + Z a>\y>\) =0(v) + Z A(ax)yx + (—1)la! Z axzy -
AEA AEA AEA
This is the unique differential on V P, ., Ayx which extends that of V, satisfies
the Leibniz rule, and has 0(yy) = 2z for A € A.

Proposition 2.2.7. If A is a DG algebra resolution of R over Q and M is an
R-module, then M has a semi-free resolution U over A.

Proof. Pick a surjective homomorphism F' — M from a free Q—module, and extend
it to a chain map of DG modules €*: U° = A®qg F — M. Clearly, Ho(e°) is
surjective. If Z0 is a set of cycles whose classes generate Ker Ho(e), then let U?
be the semi-free extension of U, obtained by adjunction of a linearly independent
set Y that kills Z°. Extend € to e': U' — M by € (Y?!) = 0, and note that
Hp(e!) is an isomorphism. Successively adjoining linearly independent sets Y, of
elements of degree n = 2,3, ... that kill sets Z"~! of cycles generating H,, _;(U™1),
we get a semi-free DG module U = (J, U" over A, with a quasi-isomorphism
VU — M. ([l

In an important case, the constructions are essentially finite.

Proposition 2.2.8. Let Q) be a noetherian ring.

If R is a finite Q—algebra and M is a finite R—module, then there exist a DG
algebra resolution A of R over Q and a DG module resolution U of M over A, such
that the Q-modules Coker(n®: Q — Ag), A, and U,, are finite projective for all
n and are trivial for n > max{pdg R,pdg M}.

Proof. If r1,...,rs generate R as a Q-module, then each r; is a root of a monic
polynomial f; € Q[z;], hence R is a residue of Q' = Q[z1,...,z5]/(f1,-.-, [fs),
which is a free @—module. Use Proposition 2.1.10 to pick a resolvent A’ = Q'[Y]
such that each A is a finite free module over @’. Then use Construction 2.2.7 to
get a semi-free resolution U’ of M over A’ with each U], a finite free Q’~module; in
particular, A/ and U, are finite free Q—modules.

If max{pdg R,pdg M} = m < oo, then define a Q-submodule V' of U’ by
setting V., = 0, V;, = 0(U),41), and Vo, = UL,,. It is easy to check that
V ={V,} is a DG A’—submodule with H(V') = 0, hence U = U’/V has H(U) = M.
The assumption on pdg M implies that the Q-module U, is projective, so U is
a DG module resolution of M over A’. Similarly, one sees that J C A’ defined
by Jom =0, Jy = 0(A},41), and J.,,, = AL, is a DG ideal of A, such that
A= A"/J is a DG algebra resolution of R. Finally, the Leibniz formula shows that
JU' CV,so U is a DG module over A.

The fact that Cokern is projective can be checked locally; Nakayama’s Lemma
then shows that Im# is a direct summand of the free Q—module Ay. O
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2.3. Products versus minimality. Our goal is the following non-ezistence

Theorem 2.3.1. Let k be a field, and Q be the polynomial ring k[s1, S2, 3, $4] with
the usual grading, or the power series ring k[[s1, S2, 83, 84]]. There exists no DG
algebra structure on the minimal Q—free resolution U of the residue ring

S=Q/I where I = (s3, 5152, 5253, 8354, 53)
or on the minimal Q—free resolution U’ of the Cohen-Macaulay residue ring
S '=Q/I where I' =T+ (5155, 55, 8554, 5%).
If A is a DG algebra over Q, and U or U’ is a DG module over A, then A = Q.

Remark. To prove the theorem, we check by a direct computation the non-vanishing
of certain obstructions introduced by Avramov [22], and described in Theorem 3.2.6
below. Both the examples and the computations simplify those appearing in [22],
and were developed in conversations with S. Iyengar.

As in [22], the examples can be used to generate, in any local ring @ with
depth @Q = g > 4 (respectively, > 6) perfect ideals of prescribed grades between 4
and g (respectively, Gorenstein ideals of prescribed grades between 6 and g), whose
minimal free resolution admits no DG algebra structure.

Gorenstein ideals of grade 5 with this property had been missing, until the
paper of Srinivasan [147]. The last open question, whether the minimal resolution
of each non-cyclic module of projective dimension 3 (recall Proposition 2.1.4 and
Proposition 2.2.5) carries a structure of DG module over some DG algebra A # @,
was answered by Iyengar [92] with perfect counter-examples.

Construction 2.3.2. Tor algebras. Let S «— R — k be homomorphisms of
rings. If D is a DG algebra resolution D of S over R that is a resolution of S by
free R-modules, cf. Proposition 2.1.10, then Tor™ (S, k) = H(D ®g k) inherits a
structure of graded algebra. It can be computed also from a DG algebra resolution
FE of the second argument, or from resolvents of both arguments, due to the quasi-
isomorphisms of DG algebras

E D
Dopk 22 DopE 2" gonE.

Varying in these isomorphisms one varies one of D or F, while keeping the other
fixed, one sees that the algebra structure on Tor does not depend on the choice of
a DG algebra resolution. It can even be computed!! from projective resolutions
D’ and E’ with no multiplicative structure: the unique up to homotopy lifting of
wS5: S ®rS — S toa morphism uP : D' @r D' — D', that conspires with the
Kiinneth map of Proposition 1.3.4 to produce

H(D' @r k) @r H(D' @ k) = H((D' ®@r k) @r (D' @r k))
D’ k
~H((D' D) ®r (k@r k) 28 H(D @ k).

As the multiplication u”: D ®p D — D also is a comparison map, the unique
isomorphism H(D' ® g k) =2 H(D ®g k) transforms products into each other.

There is a related structure in the case of R—modules.

Uy fact, this is how they were originally introduced by Cartan and Eilenberg [51].
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Construction 2.3.3. Tor modules. Let ¢: Q — R and R — k be homomor-
phisms of rings, and let M be an R—module.

Choose a DG algebra resolution €4: A — R over Q, by Proposition 2.1.10, and
a semi-free resolution €V : U — M over A, by Proposition 2.2.7. As both A and U
are free over Q, we see that Tor? (M, k) = H(U ®¢ k) is a module over the graded
algebra Tor® (R,k) = H(A®q k) from the preceding construction. Recycling the
discussion there, we verify that this structure is unique, and natural with respect
to the module arguments.

The constructions also have a less well known naturality with respect to the ring
argument; it is the one that we need.

Construction 2.3.4. Naturality. If ¥: @ — R is a ring homomorphism, then k
becomes a Q—algebra, so pick a DG algebra resolution C of k over (). By Proposition
2.1.9, there is a morphism of DG algebras v: C' — FE over the identity map of k, that
is unique up to @-linear homotopy. The induced map H(M @y v): H(M ®q C) —
H(M ®g E) is linear over H(R ®¢g C), and does not depend on the choice of .
Thus, there is a natural homomorphism Tor¥ (M, k) : Tor? (M, k) — Tor™ (M, k)
of Tor® (R, k) —modules.

U — M« V' and C' — k < FE’ are arbitrary free resolutions, respectively
over Q and over R, and 3': U’ — V' and v/': C' — E’ are morphisms inducing
id™ and id®, then Tor? (M, k) = H(3' @, k) = H(M @4 7).

Remark 2.3.5. Let (Q,n, k) be a local (or graded) ring, let f € n be a (homoge-
neous) regular element, let ¥: Q@ — Q/(f) = R be the natural projection, and let
A be the Koszul complex Qy|d(y) = f].

For a DG module resolution U of M over A, set U(z) = Di-o Ra2 ®g U, with

2| = 2i and I(z) @ u) = 207V @ yu + 2V ® 9(u). In Example 3.1.2, we show
that U(z) is a resolution of M over R. By Theorem 3.2.6 and Remark 3.2.7, if U
is minimal, then Ker(Tor? (M, k) ) = cls(y) Tor?_, (M, k) for n > 1.
Proof of Theorem 2.3.1. First we look at the residue ring S. By Remark 2.2.4, it
suffices to prove that its minimal free resolution U, over @ = k[s1, S2, 83, S4] or
over Q) = k[[s1, 82, $3, $4]], has no DG module structure over the Koszul complex
A = Qly|d(y) = f], where f = s? + s3. By the preceding remark, this will follow
from cls(y) ToréQ (S,k) ¢ Ker(Tor! (S, k)). The Tor’s involved do not change under
completion, so we restrict to the graded polynomial ring.

The Koszul resolvent C' = Q[y1, Y2, Y3, ya | O(yi) = si] of k over Q is a DG algebra
over A, via the map y +— s1y; + s4y4; by Remark 2.3.5, the complex C(z), is a
resolution of k over R = Q/(f). For K = S ®¢ C, we have

Tor® (S, k) = H({U ®q k) = H(K) (%)
as modules over Tor® (R, k) = k[y|d(y) = 0], cf. Construction 2.3.3. The iso-

morphisms takes Ker Tor? (S, k) to Ker H(1), where ¢ is the inclusion K C L =
S ®p C{x). So it suffices to exhibit an element

w € Ker Hy(e) N cls(y) Hs(K) . (1)
It is easy to check that the cycles
z1 =(s180) Y1 Ay2 Ays, 22 =(s154) Y1 AyY2 Ay,
23 =(5154) Y1 A Y3 A ya, z4 =(5254) Y1 AYs A ya,
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are linearly independent modulo SO(y; A --- A ys). MACAULAY [40] shows that
the minimal graded resolution U of the S over @) has the form

4 s 9o o
0—Q(=6) = Q(=5)" = Q(-4)’ 2 Q(-3)' = Q(-2° = Q —0 (})
with differentials given by the matrices

2 2
81:(31 S1S9  S9S83 S3S4 54)

0 0 0 — 89 — si 0 — 8384
0 0 — 83 S1 0 — Si 0
(92 = 0 — 84 S1 0 0 0 0
—S4 SS9 0 0 0 0 s%
S3 0 0 0 s% S189 0
0 0 s189 s%
s% 0 S184 0
5184 0 si 0 T4
33 = 83854 Si 0 0 64 = 53
0 —S2 0 —S83 51
0 S1 —S83 0 —52
—S2 0 0 S4

From (%) and (1) we get ranky, H3(K) = 4, so cls(z1),. .., cls(z4) is a basis of Hz(K).
As yz; = (s1y1 + Saya)z =0 fori =1,...,4, we get cls(y) H3(K) = 0. Now
z=(s154) Y1 ANY2 ANys Nys € Ky
is a non-zero cycle, and so not a boundary in K, but becomes one in L:
2=0(say2 Nys Aysy +saysz@) € Ly.
We have proved that w = cls(z) satisfies ().

Turning to S’ = S/(s158, s7, 8554, 53), consider the commutative square

K SN L

ﬂl l”’
K —— S 05K —— S'@sL I
of morphisms of complexes, with ¢/ = S’ ®g ¢. For w’ = H(7)(w) it yields
H()(w') = H(n") H(e)(w) = 0.
Assume w’ € cls(y) H3(K'), set m = (1,

..., t4), and consider the subcomplex

J: 0—-mPKy - m?K; —» m’Ky » mPK; —m'Ky — 0
of K. Since (*) and (f) show that the non-zero homology of K is concentrated
in internal degrees < 6, cf. Remark 1.2.10, we conclude that H(J) = 0, so the
projection £: K — K/J is a quasi-isomorphism. On the other hand, it is clear
that J is a DG ideal of K, such that Kerm = m"K C J. Thus, ¢ = pr, where
p: K' — K/J is the canonical map. By the surjectivity of H(&), we have

H(&)(w) = H(p)(w) € els(y) H(E) (Hs(K)) = H(¢)(cls(y) Hs(K)) .
The injectivity of H() implies w € cls(y) Hz(K), violating ().

Thus, we have found w’ € Ker Hy (') \ cls(y) H3(K’). As above, this implies that
U’ carries no structure of DG module over A. O
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3. CHANGE OF RINGS
Fix a homomorphism of rings ¥: Q@ — R, and an R-module M.

We consider various aspects of the problem: How can homological information
on R and M over @ be used to study the module M over R?

3.1. Universal resolutions. A recent result of Iyengar [92] addresses this problem
12

on the level of resolutions <.

Theorem 3.1.1. Let e*: A — R be a DG algebra resolution over Q with structure
map 7[4: Q — A, and let V- U — M be a DG module resolution of M over A.
With A = (R ®¢q Cokern?) and U = (R®¢ U), set

Fn(A,U)Z @ Zil ®R"'®Rzz‘p ®RUj;
ptirtipti=n
p . .
@@ --@aeu) =) ()™t e...00E)® - 0a,eu
r=1
+ (_1)P+i1+'"+ip Q- ®ap ® a(u) :
p—1
V@@ --@aeu) =) ()"t ... Q0064 ® @0, u
r=1

+ (_1)P+i1+~~+ip—1 Q- ®Ap_1 Q@ apu.

The homomorphisms 0 = 0" + 0": F,(A,U) — F,_1(A,U) make F(A,U) into a
complex of R-modules. If the Q-modules Coker n* and U; are free for all i, then it
is a free resolution of M over R.

When @ is a field, A = Ap, and U is an A-module, this is the well known
standard resolution. The First Commandment'? points the way to generalizations:

this is the philosophy of the proof presented at the end of this section.

Example 3.1.2. Let R = Q/(f) for a non-zero-divisor f. If U has a homotopy
9o + 00 = fidY with 62 = 0, then by Remark 2.2.1 it is a DG module over
A=Qly|o(y) = f]. As Ay = Ry and A; = 0 for i # 1, all but the last summands
in the expressions for @' and 9" vanish, so F(A,U) takes the form

DR g Un s L P ReD QU gz — .

where 2 =7 ® - ®7 (i copies), and 9(z) ®@ u) = 20V @ o(u) + 2 @ I(u).

In the setup of the example, a resolution of M over R can be constructed even
if no square-zero homotopy is available: this is the contents of the next theorem,
due to Shamash [143]; the proof we present is from [25].

121y view of Proposition 2.2.8, if @ is noetherian and finite projective @—modules are free,
then a resolution of M over R is finitistically determined by matrix data over ), namely, the
multiplication tables of the algebra A and the module U, and the differentials in these finite
complexes. With the help of computer algebra systems, such as MACAULAY [40], these data can
be effectively gathered, at least when @ is a polynomial ring over a (small) field.

13Resolve!
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Theorem 3.1.3. If R = Q/(f) for a non-zero-diwvisor f, M is an R-module, and
U is a resolution of M by free Q—modules, then there exists a family of Q—linear
homomorphisms o = (ol € Homg (U,U) 2j-1)j >0, such that

V=0 GOl 4 ollol = fiaV ;S ool =0 forn > 2.
=0

If {29 20| = 2i}; - is a linearly independent set over R, then

n—1
.H@Rx(z ®q Un— 21.>@R$( ®qQ Un—1-2i —
=0 =0

)®u ZJZZJ@O'[]] )

is a free resolution G(o,U) of M over R.

Remark. Clearly, 0 = ol is a homotopy between fidY and 0V. If ¢2 = 0,
then one can take o™ = 0 for n > 2, and both proposition and example yield
the same resolution. In general, rewriting the condition for n = 2 in the form
0ol + o219 = —02, we see that ol? is a homotopy which corrects the failure of o2
to be actually 0. A similar interpretation applies to all ¢l with n > 3, so o is a
family of higher homotopies between fidY and 0V.

Proof. Note that ¢[% is determined, let ¢!} be any homotopy such that f idV =
9o 4+ o119, and assume by induction that maps ol/! with the desured properties

have been deﬁned When 1 < j < n for some n > 2. Setting 7l = fidY and
7l = =574 olhlgli=hl for j > 2, we have dolil = 71l — 5119, whence
ool g1l = Flgln=il _ GUlrln=il 4 GUlgln=3lg for j=1,...,n—1.
Summing up these equalities, we are left with o7 = 7["9, so 71" is a cycle

of degree 2n — 2 in the complex Homg (U,U). By Proposition 1.3.2, U =M
induces a quasi-isomorphism Homg (U,U) — Homg (U, M) ; the latter complex is
zero in positive degrees, hence 7" is a boundary. Thus, there is a homomorphism
ol U — U of degree 2n — 1, such that 7" = 9ol"l + ¢["l9. This finishes the
inductive construction of the family o.

A direct computation shows that 9> = 0. Set G = G(o,U), and note that
there is an exact sequence 0 — R ®Q U — G — s2G — 0 of complexes of free
R-modules. As H;(R ®¢ U) = Tor? (R, M) =0 for i # 0,1, it yields

M= Hy(R®qU) 2 Ho(G), H,u2(G) =H,(=*G) =2 H,(G) forn>1,
and an exact sequence
0 — Hy(G) — Hy(s?G) > Hy(R@q U) — Hy(G) — 0.
Acyclicity of G will follow by induction on n, once we prove that 0 is bijective.

If z € (22G)2 = Rz ®¢g Uy is a cycle, then d(cls(z)) is the class of d(z ® 2) =
1@ all(2) € R®g Uy. To show that Hy(R ®¢g oM): Ho(R®q U) — Hi(R®q U)
is bijective, note that ¢! is a homotopy between fidU and 0Y, so we may replace
U by any Q—free resolution V of M, and show that for some homotopy ¢ between

fid" and 0V the map Ho(R®0) is bijective. Take V to be a semi-free resolution of
M over A= QJy|d(y) = f], and o to be left multiplication by y, so that Hy(R® o)
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is the action of 1@y € H1(R®g A) = Tor? (R,R) onHy(R®qV) = TorOQ (R,M).
By Construction 2.3.3, it can be computed from the resolution A of R over @, as
the multiplication of H(A®qg M) = R[y]®r M with —(y®1) € H{A®q R) = Rl[yl;
this is obviously bijective. ([l

We now turn to the proof of Theorem 3.1.1. It uses a nice tool popular with
algebraic topologists, cf. [50], [115], but neglected by commutative algebraists.

Construction 3.1.4. Bar construction. Consider a DG module U over a DG
algebra A (as always, defined over k), and set A = Coker(n”: k — A). Let

S;];(AvU):A@kg@k”'@k}I@kU, for p>0,
—_———
p times

be the DG module, with action of A on the leftmost factor and tensor product
differential 0P, and set S};(A, U) =0 for p < 0. The expression on the right in

Fla®@ar® - ®ap,®@u) =(aa1) ®az @@ ap, @u
p—1
Y (V@@ ©- 8 (@) @ 0T, G
i=1

(-DPa®a1 ® - ®ap—1 @ (apu)
is easily seen to be well-defined. Another easy verification yields
SPTIsP =0 and oP~Ler = §PoP for all p.

Thus, (S¥(A,U),d) is a complex of DG modules'?, called the standard complex.
It comes equipped with k-linear maps

7 SEAU) = U, a®u— au;
ViU — SEAU), u—1®u;
o?: Sp(AU) — 85,1 (AU),
AR R RepAU— IR - QR u,
that (are seen by another direct computation to) satisfy the relations
500 — idSsAn) —/7';
SPToP 4 oP 5P = idSE(A’U) for p>1.

In particular, when A and U have trivial differentials, H(S*(A,U)) = U. If,
furthermore, the k-modules gi and Uj; are free for all 4, then this free resolution is
known as the standard resolution of U over A.

Returning to the DG context, we reorganize S*(A, U) into a DG module over A,
by the process familiar ‘totaling’ procedure. The resulting DG module, with the
action of A defined in Section 1.3, is the (normalized) bar construction:

BY(A,U) = @ =" (S5(AU))  with 9=0+0"
p=0

Mof course, a complex in the category of DG modules is a sequence of morphisms of DG
modules §7: C? — CP~1, such that 67~ 16P = 0.
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where & denotes the differential of the DG module sPSi(A, U), and & is the degree

—1 map induced by the boundary ¢ of the complex of DG modules sk (A,U); the
equality 02 = results from the relations

9 =0 9'9" =0 9" +9"9 =0
of which the first two are clear, and the last one is due to the difference by a factor

(—1)? of the differentials of S¥(A,U) and s Sk(A,U). Furthermore, the maps n’,
/', oP, total to maps

7 B¥(A,U) - U, 1 U — BY(A,U), o: B¥(A,U) — B*(4,U).

Clearly, 7 is a morphism of DG modules over A, ¢ is a morphism of complexes over
k, o is a degree 1 morphism of complexes over k, and they are related by

k
=1y and 9o + 00 =id® AU _ 1.

Thus, H(7) and H(:) are inverse isomorphisms, so 7 is a quasi-isomorphism.
The canonical isomorphism of DG modules over the DG algebra A,

zp(Sif(A, U)) = A ®y E(g) QK - - Ok Z(Z) @k U,

p times

expresses the degree n component of the bar construction as
B (A,U) = @ Ap, Qk Aiy k- Qk Ai, O Uj
htptiy+-+ip+i=n

The signs arising from the application of the shift, cf. Section 1.3, then yield the
following expressions for the two parts of the differential:

Va®t ®...0a,0u)=0a)Q@a; ® - Qa,u
p
+Y ()Rt e @ @ 0(E,) @ @ a, Du
r=1

()Pt 90 © - ©d, © O(u)
a2t ®...0a,0u)=(—1)"(aa) a6 ® - @1, du

p—1
+ Z(_l)r—i-h—i-il-‘r“'—‘rira ®61 R ® a:ar+1 Q- ®6p RU
r=1

+ (_1)P+h+i1+~-+ip71a ® 'dl R ® defl ® (apu) .
This finishes our description of the bar construction.
Proof of Theorem 3.1.1. We apply Construction 3.1.4 to the DG algebra A and its

DG module U, considered as complexes over the base ring k = ). Thus, we get
quasi-isomorphisms

BQ(A,U) 5 U <5 M.
On the other hand, as the DG module B (4, U) is semi-free over A, so

Q A
BQ(A,U) = BYA,U) @4 A A9 gQ 4 )0, R
is a quasi-isomorphism by Proposition 1.3.2. Viewed as a complex of R—modules,
B9(A,U) ®4 R is precisely the complex F(A, U) described in the statement of the
theorem, so F(A,U) is a free resolution of M over R. O
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3.2. Spectral sequences. Various spectral sequences relate (co)homological in-
variants of M over R and over . Those presented below are first quadrant, that
is, have "Ep, 4 = 0 when p < 0 or ¢ < 0, and of homological type of , meaning that
their differentials follow the pattern "dp, ,: "Ep ¢ — "Ep_r g4r—1.

For starters, here is a classical Cartan-Eilenberg spectral sequence [51].

Proposition 3.2.1. For each Q-module N there exists a spectral sequence

By = Tori)2 (M, Toqu (R,N)) = Tor]%_q (M,N) .

Proof. Let V.— M be a free resolution over R, and W — N be a free resolution
over ). By Proposition 1.3.2, the induced map V ®g W — M ®q W is a quasi-
isomorphism, hence H(V ®¢o W) = Tor? (M, N). As V@ W =V @ (R®q W),
the filtration (Vc,) ®r (R ®¢g W) yields a spectral sequence

Epq = H,(V @ Hy(R®g W)) = Tory,, (M,N)
where Hy(R ®q W) = Tor? (R,N) and H,(V ®p L) = Tory (M, L). 0

In simple cases, this spectral sequence degenerates to an exact sequence. This
may be used to prove the next result, but we take a direct approach.

Proposition 3.2.2. If f is a non-zero-divisor on ), and N is a module over
R=Q/(f), then there is a long exact sequence

r¥
= Tor® | (M, N)—Tor@ (M, N) —2=),

TorZ (M, N)
2o Torf , (M, N) — Tor®_, (M,N) — ... .
Proof. In the description of F(A,U) given in example 3.1.2, define a morphism
1: U — F(A,U) with ¢(u) = (9 ® u, and note that Coker: = s?F(A,U). Thus,
we have a short exact sequence of complexes of free R—modules
0— ReqU 225 F(A,U) L 2F(A,U) — 0.

Tensoring it with N over R, and writing down the homology exact sequence of the
resulting short exact sequence of complexes, we get what we want. O

The next spectral sequence is introduced by Lescot [107].

Proposition 3.2.3. If ¢ is surjective and k is a residue field of R, then there is a
spectral sequence

QEWI = Torg2 (k, M) ® Torf (k k) = (TorQ (k, k) ®k Tor® (M, k) )p+q .

Proof. Choose free resolutions: U — k over Q; V. — M and W — k over R. As
U ®q V is a bounded below complex of free R—modules, Proposition 1.3.2 yields
the first isomorphisms below; the third ones comes from Proposition 1.3.4:

HU®QVrW)=ZH(U®qV)®rk) =H(U®qk)®r (Verk))
=~ H(U ®¢ k) @, H(V @5 k) = Tor® (k, k) @, Tor™ (M, k).
Thus, the spectral sequence of the filtration (U ®¢g V) ®r (W) has
’Epq = H,(Hy(U®qV)®r W) = (TorQ (K, k) @, Tor™ (M, k) ) piq
Since U is a bounded below complex of free Q—modules, U @q V — U ®¢g M is a

quasi-isomorphism, so %E, , & Hp(Toqu (k, M) ®g W), and that module is equal
to Torf (Toqu (k, M), k) = Torg2 (k, M) ® Torf (k, k). O
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For us, the preceding sequences have the drawback of going in the ‘wrong’ di-
rection: they require input of data over the ring of interest, R. Next we describe
a sequence where the roles of Q and R are reversed. It belongs to the family of
Filenberg-Moore spectral sequences, cf. [122].

By Construction 2.3.3, Tor® (M, k) is a module over the graded algebra
Tor® (R, k). A homogeneous free resolution of the former over the latter provides
an ‘approximation’ of a resolution of M over R: this is the contents of the following
special case of a result of Avramov [22].

Proposition 3.2.4. When k is a residue field of R, there is a spectral sequence

Epq = Tor;forQ(R’k) (Tor? (M, k) k), = Tor;_q

(M. k) .

Proof. In the notation of Construction 3.1.4, set B = A®qg k and V = U ®q k.
The filtration P, _,, (B®" @ V) of B*(B,V) ®p k yields a spectral sequence

Epq = (S}(B,V)®p k)y = Hy(B*(B,V)®3 k)
with %, , equal to the tensor product differential. By Kiinneth,
"By = Hy(S3(B,V) @5 k)g = (S, (H(B), H(V)) @np) k)g,  'dpg =07 @ k.
As k is a field, S*(H(B), H(V)) is a resolution of H(V) over H(B), so
2Ep,q = TOTS(B) (H(V), k) q-

Since H(B) = Tor? (R, k) and H(V') = Tor® (M, k) , the second page of the spectral
sequence has the desired form. The isomorphisms

BY(B,V)®p k= (B AU)®4 R) @rk=F(A,U)®rk

and Theorem 3.1.1 identify its abutment as Tor® (M, k). |

Corollary 3.2.5. If 1) is surjective, then for each n > 0 there is an inclusion

Z Torif2 (R, k) - Torg_i (M, k) C KerTor¥ (M, k) .
i=1
Proof. The natural map U ®¢g k — F(A4,U), that is, V — B]C(B7 V) ®p k, iden-
tifies V with F' C B¥(B,V) ®p k. Thus, the map Tor? (M, k) that it induces in
homology factors through
Tor? (M, k)
S, Tor? (R, k) - Tor?, (M, k) -

vo: Tord (M, k) = Hy(V) — *Egp =

We get Ker v, € Ker Tor? (M, k) , which is the desired inclusion. O

The next theorem shows that the vector spaces

_ Ker Tor¥ (M, k)
Z?:l Toer (R7 k) ’ Torg—i (M, k)

oy (M)

n

are obstructions to DG module structures; they were found in [22].
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Theorem 3.2.6. Let (Q,n, k) be a local ring, let v: Q@ — R be a surjective homo-
morphism of rings, and let M be a finite R—module.
If the minimal free resolution A of R over @ has a structure of DG algebra, and

the minimal free resolution U of M over QQ admits a structure of DG module over
A, then o¥ (M) =0 for all n.

Proof. Under the hypotheses of the theorem, ¢’ ®¢g k = 0 in the bar construction
Bk(B7 V) ®p k of Proposition 3.2.4, so the only non-zero differential in the spectral
sequence constructed there acts on the first page. Thus, the sequence stops on the
second page, yielding Ker Tor” (M, k) = Kerv,,. O

Remark 3.2.7. Let f be a @Q-regular sequence. Computing the Tor algebra for
R = Q/(f) with the help of the Koszul complex A = K(f; Q) we get

Tor® (R, k) =H(A®rk) = A®r k = N(A; ®r k) = \ Tor? (R, k)

and hence > | Torf2 (R, k) - Tor®_, (M, k) = Tor%2 (R,k) - T01€71 (M, E) .

n—

3.3. Upper bounds. In this section ¥: @ — R is a finite homomorphism of local
rings that induces the identity on their common residue field k, and M is a finite
R-module. We relate the Betti numbers of M over R and Q.

Often, such relations are expressed in terms of the formal power series

PR (1) =Y SR € Z[[H]),

n=0

known as the Poincaré series of M over R, and the corresponding series over Q).
Results then take the form of coefficientwise inequalities (denoted < and $=) of
formal power series; equalities are significant.

Spectral sequence generate inequalities, by an elementary observation:

Remark 3.3.1. In a spectral sequence of vector spaces "E, , = FE, r > a, the
space "T1E, , is a subquotient of "E, , for r > a, and the spaces *E, , are the
subfactors of a filtration of E,y,. Thus, there are (in)equalities

dimy E,, = Z ranky, “E, , < Z ranky "E, , < Z ranky °E, 4 .
p+q=n pP+g=n p+g=n
Multiplying the n’th one by ", and summing in Z[[t]], we get inequalities
Z dimy, E, t" < Z ( Z ranky, 7"Ep)q>t" for r>a.
n>0 n p+q=n

The next result was initially deduced by Serre from the sequence in Proposition
3.2.1. Tt is more expedient to get it from that in Proposition 3.2.4.

P (1)
1—t(PR(t) 1)

Proposition 3.3.2. There is an inequality P5, (t) <
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Proof. The spectral sequence of Proposition 3.2.4 has

Z ( Z ranky, 1Ep)q )t" = Z (2:1%111{;~C 1Ep7q tq> tP

n. tptg=n P q
=% (P80 -1 pS ) )

P (t
1—t(PE(t) —1)

~—

=P (PR -1)" =

p

so the desired inequality follows from the preceding remark. O

Remark. If equality holds with M = k, then v is called a Golod homomorphism.
These maps, introduced by Levin [109], are studied in detail in [110], [24]; they are
used in many computations of Poincaré series. The ‘absolute case’, when Q is a
regular local ring, is the subject of Chapter 5.

Directly from the spectral sequence in Proposition 3.2.3, we read off
Proposition 3.3.3. There is an inequality PL,(t) P,?(t) < P%(t) PE(t) . O

Remark. If equality holds, then the module M is said to be inert by : these
modules are introduced and studied by Lescot [107].

In special cases, universal bounds can be sharpened.

Recall [46] that a finite @—module N has rank if for each prime ideal q € AssQ
the (Qq—module Ny is free, and its rank does not depend on gq. The common rank
of these free modules is called the Q-rank of N, and denoted rankg IV; we write
rankg N > 0 to indicate that the rank of IV is defined.

Proposition 3.3.4. If f is Q-regular and R = Q/(f), then
Zoo ” PP (1) PP (1)
< k Q n—1 = M =< R % M .
0 a rankg Syzn ( )t (1 + t) be(t) (1 _ t2)

n=1

Proof. Let U be a minimal resolution of M over (). For each q € Ass(@ we have
f ¢ q. Thus, My = 0, and so for each n there is an exact sequence

0 — Syzd,, (M)q — (Up)g — ... — (Up)qg — 0.

It follows that Syzg+1 (M)q is free of rank Zizo(fl)lﬂff_i(M): this establishes
the equality, and the first inequality.

For the second inequality, apply the exact sequence of Proposition 3.2.2, to get
BR(M) < ity (M) + B, (M) for all n.

The third inequality results from counting the ranks of the free modules in the
resolution of M over R given by Theorem 3.1.3. O

There are useful sufficient conditions for equalities. One is essentially contained
in Nagata [124]; the other, from Shamash [143], is given a new proof.

Proposition 3.3.5. Let f be a Q—regular element, and R = Q/(f).

(1) If f ¢ n2, then PE(t) = PG (1) /(1 + 1)
(2) If f € n(0:q M), then PE (t) = PL (£)/(1 - 2).
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Proof. (1) This is just the last assertion of Theorem 2.2.3.

(2) Let s1,...,8. be a minimal set of generators of n, and write f = Z;T:l a;5;
with a; € (0:g M). In a DG algebra resolution V' — k over Q, pick y1,...,9. € V4
such that 0(y;) = s;. As 8(2;:1 ajyj) = f, Example 3.1.2 yields a resolution G
of k over R, with G, = @, Rz ®q Vn—2; and

a(x(i) ®qv) = Z a;2 Y @0 yv+ 2 @g (v).
j=1
For b € M, the induced differential of M ® g G then satisfies

8(bx(i) Qqu) = Z ajbx(i_l) ®q Y;v + b ®q 0(v) = b ®q 0(v),

j=1
so M @ G=2@;-,s*(M ®¢g V) as complexes of R-modules. This yields

Tor™ (M, k) = H(M @r G) = P =% Tor® (M, k) .
i=0
The desired equality of Poincaré series is now obvious. (I

Remark. The resolution G(o,U) of Theorem 3.1.3 has
ZrankR Gpt" = (ZrankQ Uit') /(1 —¢%).

Thus, if U is a minimal resolution of M over @ and f € n(0:¢q M), then by
(2) G(o,U) is a minimal R—{ree resolution of M. Another case of minimality is
given by Construction 5.1.2, which shows that if pdy M = 1, then Syzf (M) has
a minimal resolution of that form for each n > 1. Quite the opposite happens
‘in general’: it is proved in [32] that if R is a complete intersection and the Betti
numbers of M are not bounded, then Syz (M) has such a minimal resolution for
at most one value of n.
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4. GROWTH OF RESOLUTIONS

The gap between regularity and singularity widens to a chasm in homological
local algebra: Minimal resolutions are always finite over a regular local ring, and
(very) rarely over a singular one. A bridge!® is provided by the Cohen Structure
Theorem: the completion of each local ring is a residue of a regular ring, so by
change of rings techniques homological invariants over the singular ring may be
approached from those—essentially finite—over the regular one.

To describe and compare resolutions of modules over a singular local ring, we go
beyond the primitive dichotomy of finite versus infinite projective dimension, and
analyze infinite sequences of integers, such as ranks of matrices, or Betti numbers.
For that purpose there in no better choice than to follow the time-tested approach
of calculus, and compare sizes of resolutions to the functions we'® understand best:
polynomials and exponentials.

4.1. Regular presentations. Let I be an ideal in a noetherian ring R. Recall
that the minimal number of generators vg(I), the height, and the depth of I are
always related by inequalities, due to Rees and to Krull:

depthy (I, R) < height I < vg(I).

For the rest of this section, (R, m, k) is a local ring; vg(m) is then known as its
embedding dimension, denoted edim R, and the inequalities read

depth R < dim R < edim R.

Discrepancies between these numbers provide measures of irregularity:

e cmd R = dim R — depth R is the Cohen-Macaulay defect of R;
e codim R = edim R — dim R is the codimension'” of R ;
e codepth R = edim R — depth R is the codepth!” of R.

We use the vanishing of codepth R to define'® the regularity of R. Thus, if R is
regular, then each minimal generating set of m is a regular sequence.

Two cornerstone results of commutative ring theory determine the role of regular
rings in the study of free resolutions.

The Auslander-Buchsbaum-Serre Theorem describes them homologically.

Theorem 4.1.1. The following conditions are equivalent.

(i) R is regular.
(ii) pdg M < oo for each finite R—-module M .
(ili) pdrk < 0.

15Warning: crossing may take an infinite time.

16Algebrais‘cs.

17Because ‘codimension’ has been used to denote depth, and ‘codepth’ to denote Cohen-
Macaulay defect, the notions described here are sometimes qualified by ‘embedding’; it would
be too cumbersome to stick to that terminology, and to devise new notation.

18This clearly implies the usual definition, in terms of the vanishing of codim R. Conversely, if
R is regular, then the associated graded ring S = @, m”/m" ! is the quotient of a polynomial ring
in e = edim R variables. Since S and R have equal Hilbert-Samuel functions, dim S = dim R = e,
so S is the polynomial ring on the classes in S1 of a minimal set of generators ¢ of m. In particular,
these classes form an S-regular sequence, and then a standard argument shows that ¢t is an R—
regular sequence.
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Proof. (i) = (iii). By Example 1.1.1, the Koszul complex on a minimal set of
generators for m is a free resolution of k.

(iii) = (ii). As Tor! (M, k) =0 for n > 0, apply Proposition 1.2.2.

(i) = (i). We prove that codepth R = 0 by induction on d = depth R. If
d = 0, then k is free by Proposition 1.2.7.1, hence m = 0. If d > 0, then a standard
prime avoidance argument yields a regular element g € m ~ m?. Set R’ = R/(g),
and note that codepth R = codepth R’. As pdg, k < oo by Theorem 2.2.3, we have
codepth R’ = 0 by the induction hypothesis. O

Corollary 4.1.2. If R is regular, then so is Ry, for each p € Spec R.

Proof. By the theorem, R/p has a finite R-free resolution F'; then F} is a finite
Ry, —free resolution of k(p) = R, /pRy, so R, is regular by the theorem. (]

The Cohen Structure Theorem establishes the dominating position of regular
rings. A regular presentation of R is an isomorphism R 2 /I, where @ is a regular
local ring. Many local rings (for example, all those arising in classical algebraic or
analytic geometry), come equipped with such a presentation. By Cohen’s theorem,
every complete local ring has a reqular presentation.

Here is how the two theorems above apply to the study of resolutions.

Since the m-adic completion Ris a faithfully flat R-module, a complex of R-
modules F' is a (minimal) free resolution of M over R if and only if F=R®pFis
a (minimal) free resolution of M = R®g M over R; in particular, PR (t) = P%(t).
The point is: as M iand R have finite free resolutions over the ring @), all change
of rings results apply with finite entry data.

If (Q,n,k) is a regular local ring, R = Q/I, and f € I ~ n?, then Q/(f) is
also regular, and maps onto R. Iterating, one sees that if R has some regular
presentation, then it has a minimal one, with edim R = edim Q.

Minimal presentations often fade into the background, because some of their
invariants can be computed directly over the ring R, from Koszul complexes on
minimal sets of generators ¢ of m. Different choices of ¢t lead to isomorphic com-

plexes, so when we do not need to make an explicit choice of generators, we write
KT instead of K(t; R), and set KM = K ®@x M.

Lemma 4.1.3. If K is a Koszul complex on a minimal set of generators of m,
and R = Q' /I’ (respectively, R = Q/I) is a minimal regular presentation, then

(1) H(KM) = H(KM) = Tor? (M, k) (= Tor? (M, k)) .

(2) sup{i | Hy(K™) # 0} = sup{i | H,(K™) # 0} = pdgy M (= pdg M) .

(3) Hi(KR) 2 Hy(KR) 2 I'®g k (2I®qk).
Proof. The fact that Ris faithfully flat over R, and mR is its maximal ideal yields
the relations on both ends, so we argue for those in the middle. By Example 1.1.1,
K@ is a minimal free resolution of k over Q': this yields (1), and then (2) follows

from Proposition 1.2.2. For (3), use the long exact sequence of Tor?’ (—, k) applied
to the exact sequence 0 — I’ — @' — R — 0. O

In view of the lemma, Proposition 3.3.2 translates into:
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Proposition 4.1.4. For each finite R—module M there is an inequality
edim R—depth M

Z rank;, H; (K™ )t

R i=0
PM (t) < codepth R : =
1- Z rank;, H; (K )¢/
j=1
Corollary 4.1.5. There is an o € R, such that BE(M) < a™ forn > 1. O

A local ring homomorphism ¢: R — R’, such that mR’ is the maximal ideal
of R/, may be lifted—in more than one way—to a morphism of DG algebras
K¢: KR — KF (we use a ‘functorial’ notation, because in the cases treated below
the choice of a specific lifting will be of no consequence, while it helps to distinguish
K% from K @p o: K — KR @p R').

The following easily proved statements have unexpectedly strong consequences.
The second is the key to Serre’s original proof that pdy k characterizes regularity
in [141]. The third, also due to Serre, is important in the study of multiplicities,
cf. [142], [17]; its proof below is from Eagon and Fraser [54].

Lemma 4.1.6. The complezes K* and K™ have the following properties.

(1) If g € m~m? is R—regular, then the homomorphism ¢: R — R/(g) induces
a surjective quasi-isomorphism K¥: KF — K1/(9)

(2) If a € K satisfies 0(a) € m®*KE, then a € mK .

(3) For each finite R—module M there is an integer s such that the complex

ct: 00— mifeKé” — ... - mEM miKéVI —0 (*)
is exact fori > s; for each i, C* is a DG submodule of KM over K.

Proof. (1) Choose yi,...,y. € K{, such that {9(y;) = t; | j = 1,...,¢e} is a
minimal generating set for m. We may assume that g = t., and set D = R[y | d(y) =
g]l. As K% is a semi-free DG module over D, by Proposition 1.3.2 the quasi-
isomorphism D — R/(g) induces a quasi-isomorphism K% — R/(g) ®p K* =
KR/(9),

(2) The statement may be rephrased as follows: the map KF/mKE —
mK2 | /m?KE | induced by the differential 9,, of K% is injective for all n > 1.
This is a direct consequence of the formula for the Koszul differential, and the
minimality of the generating set t1, ..., t..

(3) As C! = Ker(K® — k) c K is a DG ideal, C* = (C1)'KM is a DG
submodule of KM . For each 1 < n < e and i >> 0, we have equalities

Zn(C') = Zp(KM) N KN = m(Z, (KM) N’ "1 KT
(the first by definition, the second by Artin-Rees). Increasing i, we may assume

they hold simultaneously for all n. Thus, each z € Z,(C%) can be written as
z = 25:1 tiv; with v; € m=""1KM 50 2 = 9y for y = 25:1 yv; € Chy. O

Next we present a result of [21], which shows that the minimal resolution of each
R-module M is part of that of ‘most’ of its residue modules. It is best stated in
terms of a property of minimal complexes.

Remark 4.1.7. Let F be a minimal complex of free R—modules, with F,, = 0 for
n < 0. If e: F — N is a morphism to a finite R—module N, let a: F — G be a
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lifting of € to a minimal resolution G of N. Any two liftings are homotopic, so the
homomorphism k ®r « = H(k ® g ) depends only on e.

We say that € is essential if k ®pg «,, is injective for each n. In that case, each «,,
is a split injection, hence a maps F' isomorphically onto a subcomplex of G, that
splits off as a graded R—module; the entire resolution of N is obtained then from
a(F) by adjunction of basis elements, as in Construction 2.2.6.

When pdyp M is finite the next result is a straightforward application of the
Artin-Rees Lemma. Replacing resolutions over R by resolutions over K, we make
Artin-Rees work simultaneously in infinitely many dimensions.

Theorem 4.1.8. Let F' be a minimal free resolution of a finite R—module M. There
exists an integer s > 1, such that for each submodule M' C m*M the augmentation
e: F— M" = M/M' is essential. In particular,

PE. (1) = PR (t) +tPE. (1)

Proof. Choose s as in Lemma 4.1.6.3, so that C* C KM is an exact DG submodule.
The projection p: KM — K™ /C* is then a quasi-isomorphism of DG modules over
KR, Let U be a semi-free resolution of k over K, let M’ be a submodule in m*M,
let w: M — M" be the canonical map. The composition

URgr (KR QR M) i> U®gr (KR 2 M”) — U Qgr (KM/CQ)

of morphisms of DG modules, where 7/ = U @ xr (KR @ 7), is equal to U Q= p,
and so is a quasi-isomorphism by Proposition 1.3.2. It follows that H(x’) is injective.
As U is a free resolution of k over R and U @ xr (KF@r7) =UQr7m: UM —
U ®r M", we see that H(x") = Tor™ (k, 7). If F” is a minimal free resolution of
M", then k @pn': k®r F — k ®g F” is another avatar of the same map, so it

is injective, as desired. For the equality of Poincaré series, apply Tor’® (k,—) to
0—-M —M—M'—D0. U

In a precise sense, the residue field has the ‘largest’ resolution.

Corollary 4.1.9. For each finite R—module M there exists an integer £ > 1, such
that P, (t) < LPE(t).

Proof. By the theorem, P% (t) < Pﬁ/msM(t) for some s, so we may assume that
lengthp M < oo. The obvious induction on length, using the exact sequence of
Tor® (—, k) then establishes the inequality with ¢ = length rM. O

For another manifestation of the ubiquity of Pf(t), cf. Theorem 6.3.6.

4.2. Complexity and curvature. In this section we introduce and begin to study
measures for the asymptotic size of resolutions.
On the polynomial scale, the complezity of M over R is defined by
there exists a real number 3 such that
cxpM =inf Sd e N ;
" { ’ BE(M) < fn® for n>> 0 }
this is an adaptation from [25], [26], of a concept originally introduced by Alperin
and Evens [2] to study modular representations of finite groups; clearly, one gets
the same concept by requiring inequalities for n > 0.
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Example 4.2.1. (1) If R’ = k[s1]/(s?), and t; € R’ is the image of s1, then
F: . oRLRLY  RFRERILER . (%)

is a minimal free resolution of k = R'/(t;). Thus, 8F (k) = 1 for n > 0, and
cxpk = 1. Each finite module M over the principal ideal ring k[t1] is a finite
direct sum of copies of k and of R’, hence BF (M) = B (M) for n > 1.

(2) Set R = k[sy,s2]/(s3,53) = k[t1,ta]. As R is a free module over its subring
R’, the complex R ®p/ F’ is a minimal resolution of the cyclic module M = R/(t1)
over R. Thus, B3%(M) =1 for n >0, and cxg M = 1.

On the other hand, note that Syz!* (R/(t1t2)) = k, and let F” be the complex
corresponding to F’ over R” = k[t3]. By the Kiinneth Theorem 1.3.4, F/ ®; F" is
a resolution of k ®; k = k over R = R’ ®; R”, and is obviously minimal. Thus,
BE(k) =n+1forn >0, and cxg (R/(t1t2)) = cxp (R/(t1,t2)) = 2.

In particular, over the ring R there exist modules of complexity 0, 1, and 2; in
fact, these are all the possible values: cf. Proposition 4.2.5.4.

Complexity may itself be infinite.

Example 4.2.2. Let R = k[sq1, s2]/(s?, 5152, 8%). The isomorphism m = k? and
the exact sequence 0 — m — R — k — 0 show that 8%, (k) = 285 (k) for n > 1,
hence 3% (k) = 2" for n > 0, and cxp k = co. If M is any finite R—module, then
Syzf‘ (M) C mF, is isomorphic to a finite direct sum of copies of k, so cxg M = o0
unless M is free.

For modules of infinite complexity, the exponential scale is used in [29] to intro-
duce a notion of curvature® by the formula

curvg M = limsup V/BR(M).

Thus, in the last example, either M is free or curvg M = 2.
Some relations between these asymptotic invariants follow directly from the def-
initions, except for (5), which is a consequence of Corollary 4.1.5:

Remark 4.2.3. For a finite R—module M the following hold:

(1) pdg M <0 <= cxgM =0 <= curvg M =0.
(2) pdg M =00 <= cxgM >1 <= curvp M > 1.
(3) cxpg M <1 <= M has bounded Betti numbers.
(4) cxp M <00 = curvg M <1.

(5) curvg M < 0.

With respect to change of modules, properties of complexity and curvature mir-
ror well known properties of projective dimension.

Proposition 4.2.4. When M is a finite R—module the following hold.

(1) ecxp M < cxpk and curvg M < curvg k.
(2) For each n there are equalities

exp M = cxg SyzE (M) and curvg M = curvg Syz= (M) .

1936 called because it is the inverse of the radius of convergence of P& (#).
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(3) If M" and M" are R-modules, then
exp(M' & M") = max {cxg M, cxg M"'} ;
curvp(M' & M") = max {curvg M’ curvg M"} .
(4) If 0 = M' — M — M"” — 0 is an exact sequence of R—modules, then
cxp M < cxp M’ +cxp M and curvg M < curvg M’ + curvg M” .
(5) If a sequence g C R is regular on R and on M, then
cxp(M/(g)M) = cxg M and curvp(M/(g)M) = curvg M .
(6) If N is a finite R-module such that Tor™ (M, N) =0 forn > 0, then
max{cxgp M,cxp N} < cxp(M ®r N) < cxp M + cxg N;
curvip(M ®g N) = max{curvg M,curvg N}.
Proof. (1) comes from Proposition 4.1.9; (2), (3), and (4) are clear.
(5) By Example 1.1.1, Tor? (M, R/(g)) = H,(K(g; M)), and the latter module
vanishes for n > 0. Thus, the desired equalities follow from (6).
(6) Let F' and G be minimal free resolutions of M and N, respectively; as

H,(F®rG) = Tor® (M, N) =0 for n > 1, the complex F ® G is a free resolution
of M ®r N. It is obviously minimal, so

max{BE(M), BE(N)} < S BR(M)BE(N) = BE(M @5 N).
p+q=n
The inequalities for complexities follow. To get the equality for curvatures, rewrite
the relations above in terms of Poincaré series:

max{P; (1), P (1)} < Py (8) PN (£) = Phirg (1) -
A product converges in the smaller of the circles of convergence of its factors, so

the equality of power series yields curvg(M ®g N) < max{curvg M, curvg N}; the
converse inequality comes from the inequality of power series. O

The finiteness of projective dimension of a module is notoriously unstable under
change of rings. Complexity and curvature fare better:

Proposition 4.2.5. Let M be a finite R-module, let o: R — R’ be a homomor-
phism of local Tings, and set M' = R' @ M.
(1) For each prime ideal p in R there are inequalities
cxpr, My <cxp M and curvg, My, < curvg M .

(2) If ¢ is a flat local homomorphism, then

cxp M =cxpg M and curvp M = curvp M .
(3) If Tor? (R, M) =0 for n>> 0, then
cxp M <cxpg M and curvp M’ < curvg M .

(4) If g is an R-regular sequence of length r and R’ = R/(g), then
cxp M < cxpr M’ <cxpM+r;
curvg M = curvg M when pdp M = oo.

Proof. Both (1) and (2) are immediate. (3) results from Proposition 1.2.3. (4)
follows from the inequalities of Poincaré series in Proposition 3.3.4. (]
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Finally, we note a result specific to Cohen-Macaulay rings; it fails in general, as
shown by the ring R = k[[s1, 52]]/(s%, s152) of multiplicity 1.

Proposition 4.2.6. If R is Cohen-Macaulay, then curvg M < mult R—1; equality
holds when R has minimal multiplicity (defined in Example 5.2.8).

This follows from a lemma, that sharpens the result of Ramras [135].
Lemma 4.2.7. If R is Cohen-Macaulay, mult R =1, and type R = s, then
(I —1)B} M) > BE (M) > %ﬁf‘(M) for n > depth R — depth M .

Proof. By Remark 1.2.9, we may assume that R is artinian, with length R = [, and
length(0: gm) = s. In a minimal resolution F of M, Syz5, | (M) C mF,, so

(1 —1)BR(M) = lengthmF,, > length Syzf+1 (M) > BE (M) forn>1.

As 9((0: gm)F;) C (0:gm)mF,_, = 0, we have (0:pm)F; C Syz," | (M), and
hence length Syz/%; (M) > s3f(M). The exact sequence

0— Syz7§+2 (M) — Fop1 — SYZ§+1 (M) — 0
now yields I8, (M) = length F}, 11 > sBE, (M) + sBE(M). O

4.3. Growth problems. As of today, a distinctive feature of the state of knowl-
edge of infinite free resolutions is that tantalizing questions on the behavior of basic
invariants can be stated in very simple terms. We present four groups of interrelated
problems, that set benchmarks for many results in the text. Some are (variants)
of problems discussed in more detail in [27], others are new. They could be viewed
in the broader context of growth of algebraic structures, to which the survey of
Utfnarovskij [153] is a good introduction.

For the rest of this section, (R, m, k) is a local ring, and M is a finite R—module;
to avoid distracting special cases, we assume that pdp M = oo.

All problems discussed below have positive answers for modules over Golod rings
and over complete intersections. These two cases, for which exhaustive information
is available, are treated in detail in later chapters.

Growth. The easily proved inequality over Cohen-Macaulay rings suggests

1 (M)

. n+1 o

Problem 4.3.1. Is limsup —~ always finite?
n—>00 n (M)

There is no problem when the Betti numbers of M are bounded, but little is
known on when such modules occur. The only general construction that I am
aware of, presented in Example 5.1.3, yields modules with periodic of period 2
minimal resolutions. Such a periodicity implies constant Betti numbers, but not
conversely, cf. Remark 5.1.4. On the other hand, there exist rings over which all
infinite Betti sequences are unbounded, cf. Theorem 5.3.3.

The simplest pattern of bounded Betti numbers is highlighted in

Problem 4.3.2. Is a bounded sequence {3/*(M)} eventually constant?
Problem 4.3.2, proposed in [134], is subsumed in the next one, from [23]:

Problem 4.3.3. Is the sequence {3%(M)} eventually non-decreasing?
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An early class of artinian examples is given by Gover and Ramras [75]. Many
more can be found in the papers discussed after Problem 4.3.9.

Complezity. Complexity is a measure for infinite projective dimensions, in the
polynomial range of the growth spectrum. It is very interesting to know whether
it satisfies an analogue of the Auslander-Buchsbaum result: depth R is an upper
bound for all finite projective dimensions. More precisely, we propose

Problem 4.3.4. Does cxg M < oo imply cxg M < codepth R?

Over a complete intersection the inequality holds for all modules, and all val-
ues between 0 and codepth R occur. More generally, for modules of finite CI-
dimension®® the problem has a positive solution, that comes with a bonus: if R is
Cohen-Macaulay (respectively, Gorenstein), but not a complete intersection, then
cxp M < codepth R — 2 (respectively, < codepth R — 3).

Finite complexity only imposes an upper bound on the Betti numbers, prescrib-
ing no asymptote. As in calculus, when {b,} and {c,} are sequences of positive
real numbers, we write b,, ~ ¢, to denote lim, b, /¢, = 1.

Problem 4.3.5. If cxg M = d < oo, is then BE(M) ~ an?~! for some a € R?

Would Betti sequences turn up that have subpolynomial but not asymptot-
ically polynomial growth, then complexity should be refined by the number
lim sup,, In (82(M))/In(n), modeled on®' Gelfand-Kirillov dimension, cf. [T1].

Curvature. By d’Alembert’s convergence criterion, curvg M is contained between
liminf,, 8%, (M)/BE(M) and limsup,, %, (M) /BE(M). To quantify the observa-
tion that ‘at infinity’ Betti numbers display uniform behavior, we risk

B (M
Problem 4.3.6. Is crvg M = nli_r}noo % ?
A positive answer would solve Problem 4.3.2, and also Problem 4.3.3 when
curvg M > 1. If curvg M = 1, then the Betti sequence of M grows subexpo-
nentially; none is known to grow superpolynomially, so we propose

Problem 4.3.7. Does curvg M =1 imply cxp M < o0 ?

For k the answer is positive, cf. Theorem 8.2.1. The dichotomy implied by a
general positive answer would be all the more remarkable for the fact, that inter-
mediate growth does occur in most (even finitely presented!) algebraic systems:
associative algebras, Lie algebras, and groups, cf. [153].

Remark 4.2.3 and Proposition 4.2.4 show that the curvatures of all R—modules
(of infinite projective dimension) lie on [1, curvyg k], but their actual distribution is
a mystery. Obviously, the first question to ask is:

Problem 4.3.8. Is the set {curvg M | M a finite R—-module} finite?
We also propose an exponential version of Problem 4.3.5:
Problem 4.3.9. If curvg M = 3 > 1, is then B8%(M) ~ o™ sor some o € R?
20T hat class, introduced by Avramov, Gasharov, and Peeva [32], includes the modules of finite

virtual projective dimension of [25], and hence all modules over a complete intersection.
21This is a GK-dimension: that of Extp (M, k) over Extpy (k, k), cf. Chapter 10.
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This is proved by Sun [150] over generalized Golod rings, cf. Theorem 10.3.3.2.
Intermediate results are known in many other cases. Gasharov and Peeva [70],
[130], prove that if R is Cohen-Macaulay of multiplicity < 8, then there is a real
number v > 1, such that 8, (M) > y8F(M) for n > 0. This property is called
‘termwise exponential growth’ by Fan [63], who extends some methods of [70] to
handle artinian rings of ‘large’ embedding dimension. For a Cohen presentation
R = Q/I Choi [52], [53] shows that ¢ = rank (n(I : n)/nl) is an invariant of R,
and that 3%, ,(M) > ¢BE(M) for n > 1.

A weaker property, called ‘strongly?? exponential growth’ in [26], is established
when m3 = 0 by Lescot [106]: for each M there is a real number v > 1, such that
BE(M) > ~™ for n > 0. This special case is significant, as Anick and Gulliksen
[13] prove that each P2 (t) is rationally related to P (t) for some artinian k-algebra
(S,n, k) with n® = 0.

Rationality. The study of infinite resolutions over local rings was triggered by a
question, variously and appropriately linked to the names of Kaplansky, Kostrikin,
Serre, and Shafarevich: Does Py (t) represent a rational function?

Gulliksen [79] raised the stakes, proving that a positive answer for all (R, m, k)
would imply that P, (t) is rational for all R and all M. Anick [10], [11] answered
the original question, with a graded artinian local k-algebra®, such that P (t) is
transcendental, but the following is widely open:

Problem 4.3.10. Over which R do all modules have rational Poincaré series?

Anick’s construction, as reworked by Lofwall and Roos [114], is described in
detail by Roos [138], Babenko [39], and Ufnarovskij [153]; these surveys, and that
of Anick [12], also describe a finite CW complex, whose loop space homology has a
transcendental Poincaré series. Bogvad [44] uses the artinian examples to produces
a Gorenstein ring with irrational Py (t). Fréberg, Gulliksen and Lofwall [69] show
that the rationality of the Poincaré series of the residue fields is not preserved in
flat families of local rings.

Jacobsson [93] provides the shortest path to irrational Poincaré series. He also
shows that the rationality of Pf(t) does not imply that of all P (¢), hence:

Problem 4.3.11. Do all rational P, (¢) over R have a common denominator?

A result of Levin [111], cf. Corollary 6.3.7, shows that for the last two problems
it suffices to consider modules of finite length. Positive solutions are obtained over
generalized Golod rings in [28], cf. Theorem 10.3.3.1.

Besides the aesthetic of the formula in ‘closed form’ that it embodies, a rational
expression for a Poincaré series has practical applications. First, it provides a
recurrent relation for Betti numbers that can be useful in constructing a minimal
resolution. Second, it allows for efficient estimates of the asymptotic behavior of
Betti sequences; for instance, rationality implies a positive solution to Problem
4.3.7, and yields some information on Problem 4.3.2: a bounded Betti sequence is
eventually periodic, cf. e.g. [26].

22The terminological discrepancy reflects the growth of expectations, over a decade.
230f rank 13.
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5. MODULES OVER GOLOD RINGS
In this chapter (R, m, k) is a local ring.

Golod [74] characterized those rings R over which the resolution of k has the
fastest growth allowed by Proposition 4.1.4, that is, which have

1 t edim R
P = )

- 1— Z;-idlcptthaHkk Hj (KR)thrl ’

(5.0.1)

They are now known as Golod rings. We present some highlights of the abundant
information available on resolutions of modules over them. It neatly splits into two
pieces, corresponding to codepth R < 1 and codepth R > 2.

5.1. Hypersurfaces. A local ring with codepth R < 1 is called a hypersurface.

To account for the name, consider a minimal presentation R =~ Q/I. Lemma
4.1.3.2 yields pdg Q/I < 1, so [ is principal, say I = (f); in particular, regular rings
are hypersurfaces. If R is a hypersurface, then PY(t) = (1 + t)*¥™ % by Example
1.1.1 when it is regular, and P5(t) = (1 + t)*3™ /(1 — #?) by Proposition 3.3.5.2
when it is singular. Thus, a hypersurface is a Golod ring.

Resolutions over hypersurface rings have a nice periodicity, discovered by Eisen-
bud [57]. In particular, cxp M < 1 for each R—module M. Remark 8.1.1.3 contains
a strong converse: if cxg k < 1, then R is a hypersurface.

Theorem 5.1.1. If M is a finite module over a hypersurface ring R, then

R (M) = BE(M) for n > m = depthR — depth M. The minimal free reso-
lution of M becomes periodic of period 2 after at most m+ 1 steps. It is periodic if
and only if M is maximal Cohen-Macaulay without free direct summand.

Proof. By the uniqueness of the minimal free resolution F', to say that it is periodic
of period 2 after s steps amounts to saying that the syzygy modules Syzf (M) and
Syzf”+2 (M) are isomorphic. We may test the isomorphism of these finite modules

after tensoring by the faithfully flat R-module R. Since R®Syz? (M) = Syz* (M),
we may assume that the ring R is complete, and hence of the form Q/(f) for some
regular local ring Q.

For m = depth R —depth M + 1, Proposition 1.2.8 and Corollary 1.2.5 show that
SyzZ (M) is maximal Cohen-Macaulay without free direct summand; this estab-
lishes the ‘only if” part of the last assertion. As Q is regular, and depth Syz? (M) =
depth R = depth @ — 1, we have pd,, Syzﬁ (M) = 1, so the other assertions follow
from the next construction. (I

Construction 5.1.2. Periodic resolutions. Let (Q,n, k) be a local ring, let
f € n be a regular element, and let M be a finite module over R = Q/(f), with
pdgy M = 1. By Proposition 1.2.7, its minimal resolution U over @ is of the form
0 — Uy — Uy — 0 with Uy =2 Uy =2 Q°. Since fM = 0, the homothety fidy, lifts
to a homomorphism o: Uy — Uj.

Considered as a degree 1 map of complexes o: U — U, it is a homotopy between
fidU and 0. If §: U; — Uy is the differential of U, this means that do = fidU“
and 06 = fidY". Thinking of o and & as b x b matrices, we get matrix equalities
do = fI, = 00, called by Eisenbud [57] a matriz factorization of f. Clearly, this
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defines an infinite complex of free R—modules

F,0): ... 229 Ron Uy 2297 Reoq Uy 229% RoqUp — -+ (#)
If 1 ®@u; € Ker(R® 6) for uy € Uy, then §(u1) = fup = do(up) with ug € Up.
As 0 is injective, u3 = o(up), and thus Ker(R ® ) C Im(R ® o). By a symmetric
argument Ker(R® o) C Im(R ® 6), so F(4,0) resolves Coker(R ®¢ ) = M.
When M has a free direct summand, its minimal resolution is not periodic, so
F(8,0) is not minimal. Conversely, if F(4, ) is not minimal, then N = Im(R®0o) €
m(R ®q Uy), so Uy has a basis element in N. Thus, N has a free direct summand;
since N = Coker(R ® 6) = M, so does M.

Iyengar [92] notes an alternative approach to the preceding construction:

Remark. The shortness of U forces 02 = 0; reversing Remark 2.2.1, we define a
DG module structure of U over the Koszul complex A = Q[y | d(y) = f], by setting
yu = o(u) for u € U. Comparison of formulas then shows that F(d,0) coincides
with the resolution F'(A,U) of Example 3.1.2.

Modules with periodic resolutions exist over all non-linear hypersurface sections:
the relevant example, due to Buchweitz, Greuel, and Schreyer [48], is adapted for
the present purpose by Herzog, Ulrich, and Backelin [87].

Example 5.1.3. In the notation of Construction 5.1.2, assume that f € n?, so
that f = Zle a;s;, with a;, s; € m. Let K be the Koszul complex on s1,..., s, let
Z1,...,Ze be a basis of K1, such that 9(x;) = s; for i = 1,...,e. Left multiplication
with Y7, a;z; € Ky yields a map 7 such that 07 + 70 = fidg, cf. 2.2.1. Setting
Uy = @, Kz and Uy = @, Kai41, one then sees that

6= (Orit1+72ig1): Ut — Uy and 0= (i +72): Up — Uh
is a matrix factorization of f over (), so the preceding remark provides a periodic
of period 2 minimal resolution of the R-module Coker(R ®¢ 6) = M.

Remark 5.1.4. A ring R satisfies the Eisenbud conjecture if each module of com-
plexity 1 has a resolution that is eventually periodic of period 2. This is known for
various R: complete intersections (Eisenbud, [57]); with codepth R < 3 (Avramov,
[26]); with codepth R < 4 that are Gorenstein ([26]) or Cohen-Macaulay almost
complete intersections (Kustin and Palmer [102]); Cohen-Macaulay of multiplicity
< 7 or Gorenstein of multiplicity < 11 (Gasharov and Peeva, [70]); some ‘determi-
nantal” cases ([26]; Kustin [99], [100]).

On the other hand, Gasharov and Peeva [70] introduce a series of graded rings
of embedding dimension 4 and multiplicity 8, setting

2 2 2 .2
R = k[s1, s2, 83, 34}/(618183 + 5283, S184 + S2S4, S354, ST, S5, S5, 34)
for some non-zero element a in a field k. It is easy to check that

t1 a4+ t4>

o R2(-n) & R2(—n+1)— ...  with a”:(o H
2

is a minimal exact complex of graded R-modules, hence M = Cokerd; has
BE(M) = 2 for all n > 0. It is proved in [70] that this complex is periodic of
period ¢ if and only if ¢ is the order of a in the multiplicative group of k, so
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FEisenbud’s conjecture fails when g > 2; similar examples over Gorenstein rings of
embedding dimension 5 and multiplicity 12 are also given.

5.2. Golod rings. To investigate the rings satisfying (5.0.1), Golod [74] introduced
in commutative algebra certain higher order homology operations, that have become
an important tool for the construction and study of resolutions.

In this section, we use the shorthand notation @ = (—1)*/*'a.

Remark 5.2.1. Let A be a DG algebra, with Ho(A4) = k. We say that A admits
a trivial Massey operation, if for some k-basis b = {hy}rea of H. 1(A) there exists
a function p: | |72, b° — A, such that

u(hy) = 2\ € Z(A) with cls(zy) = hy;

p—1

a[L(h,\l,...,h)\p) = Zu(hhv"'7h)\j)u(h>\j+17"'thp)'

j=1

The fact that A admits a trivial Massey operation means that the algebra struc-
ture on H(A) is highly trivial. For example, zx,zx, = £0u(hy,, hy,) implies that
H.1(A)-H.1(A) = 0. Furthermore, as

[Chags - )l = lhoag [+ + [ | +p = 1,
if H;(A) = 0 for 4 > 0, then there are only finitely many obstructions—known as
Massey products—to the construction of a trivial Massey operation.

Theorem 5.2.2. If the Koszul complex K of a local ring (R, m, k) admits a trivial
Massey operation p, defined on a basis b = {hy}rea of Hs 1(KT), then

Gn = &b K @rVi, @p--- @rV;
pthtii+-Fip=n

p?

where each V,, is an R—module with basis {vy : n = |vx| = |ha] + 1}rea, and

da@uvy, ®---Quy,)=0(a) ®vy, @ Quy,
p
—i—(—l)‘a‘Zau(h)\17...,h)\j)®v,\j+l ® - Quy,
j=1

is a minimal free resolution (G,0) of k. In particular, the ring R is Golod.

Remark 5.2.3. The theorem contains one direction of Golod’s result: in [74] he
also shows that, conversely, the equality of Poincaré series implies that each basis
of H(K®) has a trivial Massey operation, cf. also [83]. The proof given below is
taken from Levin [110], and uses an idea of Ghione and Gulliksen [72].

The condition for R to be Golod means that the differentials "d, 4 of the spectral
sequence 3.2.4 vanish for » > 1. Thus, the theorem is ‘explained’ by Guggenheim
and May’s description [76] of the differentials of Eilenberg-Moore spectral sequences
in terms of certain matric Massey products, introduced by May [118]; for proofs
using that approach, cf. [18], [24].

Proof. The verification that 9% = 0 is direct, using the formulas in Remark 5.2.1.
To see that G is exact, note that K = K is naturally a subcomplex of G, and
G/K =2 G®prV with (g ® v) = 0(g) ® v. The exact sequence

0—-K—-G—-G®rV —0
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of complexes of R—modules has a homology exact sequence

H@ Q) ®r Vita) 5 Hy(K) — Ha(G)
—>@ ®RVJ+1)*>Hn 1K) — ...

It is clear that HO(G) =k, Hi(G®r V) =0, and that 9,,11(1 ® vy) = hy. Thus,
Op+1 is surjective, and the homology sequence splits. In the exact sequence

0 — Hy(G) — Ho(K) @g Va RN H,(K) — Hi(G) — 0
we have Ho(K) ®p V2 = Hy(K), hence H1(G) = 0 = Hao(G). Working backwards
from here, we see that H,(G) =0 for n > 1.

We induce on p to prove that pu(hy,,...,hy,) € mK?® for all sequences
Bays--oyha,. Ip =1, then p(hy) € Z(K*), and Z(K*) C mK " by Lemma 4.1.6.2.
If p > 1, then the definition and the induction hypothesis imply du(hy,, ..., hy,) €
m2KT, so p(hy,,. cohyy) € mK T, again by loc. cit.

Thus, G is a minimal resolution of k. A computation identical with the one for

the upper bound in the proof of Proposition 3.3.2 shows that ) rankgr Gpt" is
given by the right hand side of (5.0.1), so R is Golod. O

The following conditions often suffice to recognize a Golod ring,

Proposition 5.2.4. A local ring R is Golod if some of the following hold:

(1) H 1(KT) is generated by a set of cycles Z, such that Z? = 0.

(2) R/(g) is Golod for a regular element g € m ~ m?.

(3) R=Q/(f) for a Golod ring (Q,n,k) and a regular element f € n n2.

(4) R = Q/I, where (Q,n,k) is regular, edim Q) = edim R, and the minimal
resolution A of}A% over @ is a DG algebra with AL 1- A1 CnA.

Proof. (1) Select a subset {zx € Z}aca such that b = {cls(zx)}rea is a ba-
sis of Hy i (K®). A trivial Massey operation can then be defined by setting
p(hxy, .-, hy;) =0 for j >2,s0 R is Golod by Theorem 5.2.2.

(2) and (3). We note that: edim R = edim(R/(g)) — 1 (obvious); P (t) =
(1+1) Pg/(g) (t) (Proposition 3.3.5.1); ranky, H,, (K?) = rank; H, (K /(%)) for each
n (Lemma 4.1.6.1). Putting these equalities together, we see that R satisfies the
defining equality (5.0.1) if and only if R/(g) does.

(4) The Golod conditions for R and R are equivalent, so we may assume that
Q/I is a regular presentation of R. By Theorem 5.2.2, it suffices to show that K%
admits a trivial Massey operation.

Choose a set of cycles {z\ € A®q K@Y \en, such that b= {hy = cls(zx)}rea is a
basis of Hy 1(A®¢g K?). Set u(hy) = 25, and assume by induction that a function
we L vt A ®q K€ has been constructed for some p > 2, and satisfies the
COIldlthIlb of Remark 5.2.1. The element

Z>\1; HA Z/j/h’)\lw'w ) (hAJ+17~-~7hAp)

is then a cycle in A ®q K9 If e: K9 = k is the augmentation, then
(A8G )(2ar,ny) € (A K)s1 - (ADQ k)1 = 0.
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Since (A ®q €) is a quasi-isomorphism, zy,,., is a boundary, so extend u to
”_, b’ by choosing p(hy,, ..., hy,) such that O(u(hy,,...,hx,)) = 2x,,...n, This
completes the inductive construction of a trivial Massey operation on A ®¢g K Q.
The augmentation A — R induces a surjective quasi-isomorphism ¢: A ®qg K Q
KT 50 to get a trivial Massey operation on the basis H(¢)(b) of H. 1(K%), set
O

/J’((ﬁ(h)\l), ey (ﬁ(h,\p)) = qb(,u(h;m ey h)\p)).

As a first application, we present a result of Shamash [143].
Proposition 5.2.5. If codim R < 1, then R is Golod.

Proof. We may assume that R is a complete, and so has a minimal regular pre-
sentation R = Q/I. As @ is a catenary domain, height I < 1; since @ is factorial,
there is an f € n such that I = fJ. In K = R ®Q K@ each cycle of degree
> 1 has the form 1 ® z, where z € K@ satisfies 9(z) = fv for some v € K@.
Also, fO(v) = 9(fv) = 0%(2) = 0, and so d(v) = 0. Choosing u € K such that
A(u) = f, we get A(z —uv) = 0. As K is acyclic, z— uv = d(w) for some w € K.
Thus, cls(1® 2) = cls(1 @ u) cls(1 ®v), so Hs 1 (KF) is generated by (1 ® u)Z(K%).
As u? = 0, case (1) of Proposition 5.2.4 applies. O

Remark. 1t is not clear how the Golod property of a local ring relates to other
characteristics of its singularity. For one thing, it does not fit in the hierarchy

regular = complete intersection = Gorenstein = Cohen-Macaulay.

The only Golod rings that are Gorenstein are the hypersurfaces: compare Remark
5.2.3 with the fact that if R is Gorenstein, then H(K?) has Poincaré duality. On
the other hand, a Golod ring may or may not be Cohen-Macaulay: compare the
preceding proposition with Example 5.2.8. Furthermore, the Golod condition is not
stable under localization, as demonstrated by the next example.

Example 5.2.6. Let @ be the regular ring k[s1, 52, 53](s;,s5,55)- The ring R =
Q/(s%s3,s3s3) is Golod by Proposition 5.2.5. On the other hand, its localization
at p = (s1,s2) is the ring ¢[s1, s2]/(s%,53), where £ = k(s3). By example 4.2.1.2,
Pf’p (t)=1/(1 —t)> = (1 +¢)%/(1 — 2t + t*), so R, is not Golod.

Golod rings are defined by an extremal property; this might be why they appear
frequently as solutions to extremal problems.

Example 5.2.7. Let @ be a graded polynomial ring generated by @) over k, and
let S be a residue ring of @, such that ranky S; = rank; @1 = e. A (now) famous
theorem of Macaulay proves that there exists a lex-segment monomial ideal I, such
that R = Q/I and S rank; S, = ranky, R, for all n, and 5%(S) < B%(R) for the
first graded Betti number, c¢f” Remark 1.2.10.

Bigatti [42] and Hulett [90] in characteristic zero, and Pardue [128] in general,
extend Macaulay’s theorem to a coefficientwise inequality of Poincaré series in two
variables

Pg(t,u) = Zﬁgj (S)t"u! < Zﬁgj(R)t"uj = Pg(t,u) .
n,j n,j

As I is a stable monomial ideal, P%(t, u) is known explicitly from the minimal free
resolution A of R over @, given by Eliahou and Kervaire [60].
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Peeva [129] constructs a DG algebra structure on A, such that 4,4; C nA,;
when ¢ > 1 and j > 1. By Proposition 5.2.4.4, this implies that R is Golod. The
same conclusion is obtained by Aramova and Herzog [14], who verify that condition
5.2.4.1 holds. Thus, there are (in)equalities

PE(tu) < —o )T (UE R
1+t —tP2(t,u) 1+t —tPY(t,u)
Example 5.2.8. Let R be a Cohen-Macaulay ring of dimension d.

As the residue field of R' = R[t]y[, is infinite, we can choose a regular sequence
g = {91,.-.,94} such that the length of R” = R’/(g) is equal to mult R, the
multiplicity of R, cf. Remark 1.2.9. Such a sequence is linearly independent modulo
m?, hence edim R” = edim R’ — d = codim R’ = codim R. Thus, 1 +edim R” =1+
length(m” /m”?) = length(R" /m"?) < length R”. This translates to an inequality
codim R < mult R — 1, noted by Abhyankar [1].

If equality holds, then R is said to have minimal multiplicity. Such a ring is
Golod. Indeed, it suffices to prove that for R’. Proposition 5.2.4.2 reduces the
problem to R”. As Z(K®") C m”"KE" by Lemma 4.1.6.2 and m”2 = 0, Proposition
5.2.4.1 shows that R" is Golod. Another look at R” shows that mult R = type R+1,
so for each M with pdp M = co Lemma 4.2.7 yields

R atm-i-l

Pult) =70+ (mult R — 1)t

with a positive a € Z, and f(t) € Z][t] of degree m = dim R — depth M.

5.3. Golod modules. A Golod module is a finite R—module M, whose Poincaré
series reaches the upper bound in the inequality of Proposition 4.1.4:

SR L L S0 U
1— Zj . ranky, H,;(KE)¢i+1
Thus, R is a Golod ring if and only if k£ is a Golod module. A result of Lescot

[107] establishes a tight connection between Golod conditions on a ring and on its
modules; part (1) is independently due to Levin [111].

Theorem 5.3.2. (1) If R has a Golod module M # 0, then R is a Golod ring.
(2) If R is a Golod ring, and M is a finite R-module, then the module Syz™ (M)
is Golod for n > p = edim R — depth M.

Proof. (1) Referring successively to the definition, Proposition 3.3.3, and the in-
equality at the beginning of this section, we get a sequence of (in)equalities
> - o rankg, H;(KM)ti
1 -3, ranky Hy(KR)t+

= PkR(t, u).

(5.3.1)

PE() = PR (1) - PE()

> isoranky H; (Kt
1— Zj ., ranky, H;(KR)ti+1~
Lemma 4.1.3 shows that the expressions at the ends are equal, so equalities hold
throughout. Cancelling P%(t) from both sides of the last equality, we see that
PJI(t) satisfies the defining formula for Golod rings.

(2) Set M; = Syzf* (M). Tensoring the short exact sequence of complexes from
the proof of Theorem 5.2.2 with M;, we get exact sequences

0— KM —M;®rG — M;r (GRRV) —0.

< PG (t) - PR(t) < PG (1) -
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Setting ¢ = codepth R, note that
H,(M; ®r G) = Tor (M, k) ;

q
H, (M; ®@r G) @r V) = € Tory_;_, (Mi, k) @) Hy(K").

Jj=1

The short exact sequences produce commutative diagrams with exact rows

i q
Torl, | (M, k) — @ Tork | (Mi, k) @ Hj(K®) — |, (kM)

j=1
o l®ﬁ@®®
Li+1

q
Tor? (Mys1, k) ——= @ Torl’ ;| (M1, k) @ Hj(K™) — = H,,_, (KM+)
j=1

where the connecting homomorphisms 3!, come from the exact sequences
O”Mi_H —>Rﬁi —>Mz—>0

Note that Hy(K™) = 0 for s > p, so ¥ is surjective for s > p + 1. Assume by
induction that % is surjective for s > p —i+ 1. Since 5;- is surjective for all j, both
vertical arrows are onto, so the diagram shows that ‘! is surjective for s > p —i.
We conclude that (? is surjective for s > 1. Since the complex G ®g V starts in
degree 2, the map ¢} is surjective as well. Thus,

q
Torf! (M, k) = H,(KMr) @ @ Torft ;| (My, k) @ Hy(K®)  for n>0
j=1

and hence
q
B (Mp) = ranky Hy (KM) + Y " 8F | (M,,) rank, Hy(K™)  for n>0.
j=1

These numerical equalities add up to the defining equation (5.3.1). (]

Betti numbers of modules over Golod rings are well documented in the next
theorem. It collects results from work of several authors: Ghione and Gulliksen [72]
establish the rational expression in (1); the bound on its numerator, and a proof
that 32 (M) > BE(M) for n > edim R, are due to Lescot [107]; the exponential
growth result in (5) is established by Peeva [130], while the asymptotic formula in
(3) is a consequence of the result of Sun [150].

Hypersurfaces are excluded from the statement of the theorem, as they have
been dealt with in Section 5.1.

Theorem 5.3.3. Let R be a Golod ring with codepth R = ¢ > 2, and let M be a
finite R—module with edim R — depth M = p. If pdgr M = oo, then:
(1) There exist polynomials with positive integer coefficients, p(t) of degree p—1
and q(t) of degree < q, such that

q(t) w

1— 379 ranky Hy (K R)ti+1 .

P (1) = p(t) +
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(2) cxp M =00 and curvg M = > 1.
(3) ﬁf(M) ~ af"™ for some real number o > 0.

B (M)
@t Tpon =7

BE (M ] (M ,

Proof. The module M, = Syzf (M) is Golod by Theorem 5.3.2.2, and has
edim R — depth M, = depth R — depth M, + codepth R > ¢+ 2.

Proposition 1.2.8 shows that its depth is equal to depth R. Replacing M by M,
we see that it suffices to prove the theorem when M is a Golod module, and p = 0.
For simplicity, we write 3, instead of BX(M) .
(1) then holds by definition.
(5) Let R = Q/I be a minimal Cohen presentation. With r; = rankg Syz® (]\/Z)
and s; = rankg Syz (R ) we have
>, ranky, H; (KM )t P%(t) B b it

PR (1 — -
w(t) = 1=, ranky, H; (K ®)ti+1 1+t—tP%(t) 1_t2j:1 st/

where the first equality holds because M is Golod, the second by Lemma 4.1.3.1,
and the third by Proposition 3.3.5.2. This yields numerical relations

ﬂn+1 - 671 + 51/87171 + -+ Sqflﬂnqurl + Tn+1 for n Z 0.
Since s1 > 1 because R is not a hypersurface, we get 8,41 > (y, for n > 0. Thus,
min{B2  (M)/BE(M) |0 <i< g} =~ > 1, so assume by induction that n > ¢ —1
and SB;41/08; > v for i <n. As r,11 =0 for n > ¢ — 1, we have
Brng1 = Bn +510n—1+ -+ 54-18n—gqt+1
> 'Yﬁn—l + 517671—2 +--- 4+ Sq—lyﬁn—q = 76n .
(2) is a direct consequence of (5).

(3) Let p be the radius of convergence of P, (t). Since this is a series with
positive coefficients, p is a root of the polynomial g(t) = 1 —3>7%_, s;t’. Because

g(0) =1 > 0 and ¢g(1) = 1 — > rankg Syzj+1 (R) < 0, we have p < 1. As
g'(p) = =211 jsip’~" <0, the root p is simple. Let &1, ..., &y be the remaining
roots of ¢(t); assuming that one of them is equal to (p for some ¢ € C with |[¢| =1
and ¢ # 1, we get

q q
1< S Jsi(cor | =D sip =1
j=1 j=1

which is absurd. Thus, p < |&] for i = 1,...,m. Set & = p, and write PY,(t) as a
sum of prime fractions /(1 — fi_lt)h with oy, € C for i =0,...,m. Expanding
each one of them by the binomial formula, we see that

m  n;

-I—ZZOQ;L(h_‘_n )E " with «a #0.

i=1 h=1

1

Thus, @ =lim,,_,__ fB,p" > 0; as p~" = curvg M = 3, this is what we want.
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(4) is a direct consequence of (3). O
The next result is due to Scheja [139]; the proof is from [21].

Proposition 5.3.4. Let e = edim R and r = rank;, Hy (K*). If codepthR = 2,
then either R is Golod, and then PE(t) = (1 + 1)1 /(1 —t — (r — 1)t?), or R is a
complete intersection, and then PR(t) = (14 )¢72/(1 — 2t + t?).

Proof. Completing if necessary, we may assume that R = Q/I, with (Q,n, k) a
regular local ring, and I C n?. The Auslander-Buchsbaum Equality yields pdg R =
depth Q —depth R = codepth R = 2. By Example 2.1.2, the minimal free resolution
A of R over @ is a DG algebra, such that A;A; C nAy, unless I is generated by
a regular sequence. In the latter case R is a complete intersection by definition;
in the former, it is Golod by Proposition 5.2.4.4. The Poincaré series come from
Proposition 3.3.5.2 and formula (5.0.1), respectively. O

We complement the discussion in Section 1 with Iyengar’s [92] construction of
minimal resolutions over Golod rings of codepth 2; the very different case of com-
plete intersection is treated by Avramov and Buchweitz [31].

Example 5.3.5. Let R = Q/I be a Golod ring with codepth R = 2. If edim R —
depth M = p, then N = Syzzl;2 (M) has pdgp N = 2 by Proposition 1.2.8 and Lemma
1.2.6. By Proposition 2.2.5, the minimal free resolution U of N over @ is a DG
module over the DG algebra A of Example 2.1.2. If F(A,U) = F is the resolution
of N over R given by Theorem 3.1.1, then

S PR ()

rankp Ft" = ———~——— = Pﬁ,(t)
; 1+t —tPY(t)

because the R—module N is Golod by Theorem 5.3.2.2. Thus, F' is minimal.
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6. TATE RESOLUTIONS

A process of killing cycles of odd degree by adjunction of divided powers—
rather than polynomial—variables, was systematically used by H. Cartan in his
spectacular computation [50] of the homology of Eilenberg-MacLane spaces [56].
Their potential for commutative algebra was realized by Tate®* [151].

Section 1 presents most of Tate’s paper. Section 3 contains a major theorem of
Gulliksen [77] and Schoeller [140]; it is proved essentially by Gulliksen’s arguments,
but in a new framework motivated by Quillen’s construction of the cotangent com-
plex in characteristic 0 and developed in Section 2.

6.1. Construction. Let A be a DG algebra, and let z € A be a cycle.

Construction 6.1.1. Divided powers variable. The k-algebra k(z) on a di-
vided powers variable x of positive even degree is the free k—module with basis
{z@ : |2®)| = i|z|}; 5 o and multiplication table

2Dz = <Z+]) z(+9) for 4,7 >0;
i
it is customary to set (1) =z, 2(0) =1, and (") = 0 for i < 0.
Set A(z)t = Af @, k(z). If 2 € A is cycle of positive odd degree, then

8(2%1‘“) = Z@(ai)x(i) + Z(—l)‘a”aizx(i_l)

is a differential on A(z), that extends that of A, and satisfies the Leibniz rule.

For uniformity of notation, when |z| is odd A{z | 9(z) = z) stands for the algebra
Alx | 0(z) = z], described in Construction 2.1.7; when |z| = 0 we set A{z|9d(x) =
0) = Afz| 9(x) = 0], cf. Construction 2.1.8.

Example 6.1.2. Let B be a graded commutative algebra. An element u € By is
regular on B if it is not invertible, and has the smallest possible annihilator: When
d is even this means that (0:pu) = 0, the usual concept for commutative rings;
when d is odd this means that (0: pu) = Bu, because u?> = 0 implies uB C (0: pu).

It is easy to see that u is regular if and only if 7: B(z|d(z) = u) — B/(u),
7r( > bix(i)) = bg + (u), is a quasi-isomorphism. Indeed, this is classical if d is even.
When d is odd, z = Zbix(i) is a cycle precisely when ub; = 0 for i > 0; if u is
regular, then b; = a;u for each i, so z = by + 8(21(—1)‘“”(11-:10(”1)); else, there is
a v ¢ (u) such that uv = 0, hence Ker H(w) 5 cls(vzx) # 0.

A semi-free I'-extension A(X) of A is a DG algebra obtained by iterated (pos-
sibly, transfinite) sequence of adjunctions of the three types of variables described
above; we say that the elements of X are I'-variables over A.

Remark 6.1.3. Let A — A(X) be a semi-free I'-extension, with d(xy) = z) € A.
Consider the semi-free extension A[Y |9(yx) = z,], and let a: A[Y] — A(X) be

24From the introduction of [151]: ‘Our “adjunction of variables” is a naive approach to the
exterior algebras and twisted polynomial rings familiar to topologists, and the ideas involved were
clarified in my mind by conversations with John Moore.’
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the morphism of DG algebras defined by a(yy) = x for each A. A simple induction
yields a(y}) = (z')xf\l) Thus, if n! is invertible in A, then

1 iq
@), (“’))ziy*lmy*q for iy 4+---+iy <
CRIREN ] or mErHilgs

defines a morphism of complexes (A(X))<n — (A[Y])<n, inverse to ac,. When
Ay is a Q-algebra, a and [ are inverse isomorphisms of DG algebras.

Let ¢: R — S be a homomorphism of commutative rings. A factorization
of ¢ through a semi-free I'-extension R — R(X) followed by a surjective quasi-
isomorphism R(X) — S is called a Tate resolution of S over R (or, of the R-
algebra S). Revisiting the proof of Proposition 2.1.10, this time killing classes of
odd degree by adjunction of divided powers variables, one gets

Proposition 6.1.4. Fach R-algebra S has a Tate resolution. If R is noetherian
and S is a finitely generated R—algebra (and a residue ring of R), then such a
resolution exists with all X; finite (and Xy = ). O

We take a close look at the effect that an adjunctions of I'-variables has on
homology. If ¢:: A — A(X) is a semi-free T'-extension, and 9(X) C A, then
W = {cls(d(x)) € H(A) | © € X} is contained in the kernel of the algebra ho-
momorphism H(:): H(A) — H(A(X)), hence there is an induced homomorphism
of graded algebras 7: H(A)/(W)H(A) — H(A(X)).

Let A — A(x|0(z) = z) be an extension with |z| = d and w = cls(z).
Remark 6.1.5. When d > 0 is even, there is an exact sequence of chain maps
0> A5 Al) 2 A—0  where J(a+zb)=b,
has degree —d — 1, and the homology exact sequence is
0, 1, (Alz))

In a special case, it appears in most textbooks on commutative algebra: A =
K(f;Q) is the Koszul complex on f and A{z) = K(f,g; Q) is that on f U {g}.

Hn ()

.= H,_q(A) 5 H,(A) —5H, g1(4) — ...

Remark 6.1.6. When d > 0 is odd, there is an exact sequence of chain maps
0— A5 Alx) 2, Alz) — 0 where 19<Zaix(i)> = Zaix(i_l)

of degree —d — 1, and the homology exact sequence is

Hy (¢) H, (9)

. — Hy_q(Alz)) e, H,(A) H,(A(z)) —> Hp_g-1(A{x)) — ...

Unlike the preceding case, multiplication by w does not appear as a map in this
sequence. To analyze its impact, consider the spectral sequence of the filtration
iy Az Tts module ?E, , is the homology of the complex

Hq—d(p-i-l)(A) = Hq—dp(A) = Hq—d(p—l)(A) )
so for all ¢ there are equalities

Hy(4) (0: F(a)yW)g—pd

2 q 2 q—p
0,g = — and E,g=———"—"—— whenp>1.
a ’qu,d(A) pa qu—(p+1)d(A)
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Setting s = inf{n | (0:p) w)n # wH,_q(A)}, we get 2E,, = 0 for p > 1 and
q < dp+ s. Since "dy, maps "E, , to "E,_,. g4r—1, we have ?Eg, = *Eq, for
q <2d+ s and ?E; , = ©E; , for ¢ < 3d + s. The spectral sequence converges to
H(A(x)), so for n < s the inclusion ¢: A — A(X) induces isomorphisms

H,(A
Lnu)I—In(d()ngHn(A<X>) f0r0§n§d+s,
and short exact sequences

_Ha(4) O:nea) Wn—a—1
wH;,_q(A) wHy_2q-1(A)

We extend to the graded commutative setup a basic tool of a commutative
algebraist’s trade: A sequence u = uq,...,u;, -+ C B is regular on B if (u) # B
and the image of w; is regular on B/(u1,...,u;—1)B for each ¢ > 1. The following
result is from the source [151]. When A = A, the extension A(X) is an usual
Koszul complex and condition (ii) means that H, (A(X)) = 0 for n > 0, so we have
an extension of the classical characterization of regular sequences. On the other
hand, when 4 = 0, condition (iii) extends the homological description of regular
elements in Example 6.1.2.

0 — tn, H,(A(z)) — — 0 for d+s+1 <n < 2d+s.

Proposition 6.1.7. Let A be a DG algebra, let w = wi,...,w;,... be a sequence
of classes in H(A), let z be a sequence of cycles such that cls(z;) = w; for each i,
and let 1: A — A(X |0(X) = z) be a semi-free I'-extension.

Implications (i) = (ii) = (iii) then hold among the conditions:

(i) The sequence w is regqular in H(A).

H4) H(A(X)) is an isomorphism
o\ ]
(w) H(A)
(iii) The canonical map H(:): H(A) — H(A(X)) is surjective.

(ii) The canonical map T:

The conditions are equivalent if w = wi, or |w;| > 0 for all j, or each H;(A) is
noetherian over S = Hy(A) and all w; of degree zero are in the Jacobson radical of
S. In these cases, any permutation of a reqular sequence is itself reqular.

Proof. Homology commutes with direct limits, so we may assume that the sequence
z is finite, say z = z1,...,2;, and induce on 7. For ¢ =1, set z = z;, w = wy, and
d = |w|. When d is even Remark 6.1.5 readily yields (iii) = (i) = (ii), so
assume that d is odd.

(i) = (ii). If w is regular on H(A), then ?E,, = 0 for p > 0 in the spectral
sequence in Remark 6.1.6, hence

Hy(A)/wHy—a(A) = *Bo,g = “Bo,g = Hy(A(X)).
(iii) = (i). If w is not regular, then by Remark 6.1.6 the sequence

H(.) (0:g1(ayw)s
Hotrar1(A) — Hopap1(Az) — #{1(‘4)

is exact, with non-trivial quotient. This contradicts the surjectivity of 7.
Let ¢ > 1, assume that the proposition has been proved for sequences of length

— 0

i—1,set X' =x1,...,2;—1, X = X'U{z;}, and consider the semi-free I'-extensions
Vi A— AX') and A(X') — A(X")(z;) = A(X).
(i) = (ii). fw = wy,...,w; is regular on H(A), then so is the sequence w’ =

w1, ..., w1, hence H(A)/(w’) H(A) = H(A(X’)) by the induction hypothesis. As
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w is regular on H(A)/(w’) H(A), the basis of the induction yields an isomorphism
H(A)/(w) H(A) = H(A(X)).

(iii) = (i). Since the homomorphism H(:) factors as
H(A{X"))

@ / i T VELSY
H(A) = H(A(X')) w; H(A(X"))

— H(A(X)),
where @ = H(//), we see that v is onto. The basis of our induction shows that w;
is regular on H(A(X")), and that v is bijective. Thus, S« is onto, so

H, (A(X") = a(H,(A)) + w; Hy—g(A(X'))  for n€Z and d= |w,].

When d > 0, induction on n shows that « is surjective; when d = 0, the same
conclusion comes from Nakayama’s Lemma, which applies since H,,(A(X")) is a
finite Hy(A(X’))-module. The surjectivity of @ and the induction hypothesis imply
that w’ is regular on H(A); thus, w is regular on H(A). O

Theorem 6.1.8. Let QQ be a ring, let B be a DG algebra resolution of S =
Q/(s1,...,8¢), and choose x1,...,x. € By such that O(x;) = s; fori =1,... €.
For f=fi,....fr € Q with f; = > _jayjs; forj=1,....r, set zj = > .5 | G,
where overlines denote images in R = Q/(f).

If f is Q-regular, then C = B(Tey1,- .., Tetr |O(Tey;) = zj) resolves S over R.

Proof. With A = Q(Y |9(y;) = f;), we have quasi-isomorphisms of DG algebras
a: A— Rand §: B— S, and hence induced quasi-isomorphisms

B®

— « A

B=BwoR 22" Bog A2 g A= Sy, ...,y |d(y;) =0) .
As zj = (B @q o) (Yo aijz; —y;) and (B ®q A) (X aiw; — y;) = —yj, we
see that H;(B) is a free module on wy,...,w,, where w; = cls(z;), and H(B) is
the exterior algebra A H;(B). Thus, the sequence wy, ..., w, is regular on H(B),
so H(C) = H(B)/(wi,...,w,) = S by the preceding proposition. O

For B = Q{x1,...,2.|0(x;) = s;) and t; = 3; € R, the theorem yields
Corollary 6.1.9. If both f and s are Q—-regular sequences, then the DG algebra
C=Rx1,...,Teqr |0(x;) =1t; fori=1,...,e; 0(xeqj) =2j forj=1,...,7)
resolves S over R. ]

Remark. A result of Blanco, Majadas, and Rodicio [43] rounds off this circle of
ideas: H,,(R(X1, X2)) =0 for n > 1 if and only if {cls(d(z)) | € X2} is a basis of
H = H;(R(X1)) over S = Ho(R(X1)), and the canonical map of graded algebras
Ag H — H(R(X,)) is bijective.

In characteristic 0, the corollary holds with R(X) replaced by R[X], cf. Remark
6.1.3; in general, the use of divided powers is essential:

Example 6.1.10. Let Q = k[[s]], where k is a field of characteristic p > 0, set
R = Q/(s™*™1) for some m > 1, and let ¢ be the image of s.

For each i > 0, the DG algebra G = R[y1,y2|0(y1) = t; (y2) = t™y1] has
Gai = Ryb and Go;y1 = Rypyb, with 9(ys) = it™y1y* =t and 9(y19%) = tys. Thus,
Hip(G) = Hoip—1(G) = k for ¢ > 0. If R[Y] is a resolvent of k, then it contains a
subalgebra isomorphic to G, and so cannot be minimal.
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6.2. Derivations. Throughout this section, A — A(X) is a semi-free [-extension.
First, we describe a convenient basis.

Remark 6.2.1. The following conventions are in force: () = 0 and z(®) =1 for
all z € X and all i < 0; when |z is odd, 2 is defined only for i < 1, and (M) = z;
when |z| = 0, () stands for z*.

Order X = {zx}xea, first by ) < z, if |xx| < |z,], then by well-ordering each
X, For every sequence of I'-variables z,, < --- < z,,, and every sequence of integers
i, >1,...,1, > 1, the product xff“) e :1:,(,1“) is called a normal I'-monomial on X;
its degree is i,|z,| + -+ + i,|x,]; by convention, 1 is a normal monomial. The
normal monomials form the standard basis of A(X)* over A%

To contain a proliferation of signs, we use the canonical bimodule structure car-
ried by each DG module V' over a graded commutative DG algebra B. Namely,
B operates on V on the right by vb = (=1)I*IIlpy for all v € V and b € B. This
operation is right associative (that is, v(bb’) = (vb)V'), distributive, unitary, and
commutes with the original action: (bv)b" = b(vd’).

Remark 6.2.2. Let U be a module over A(X) ",
A map of k-modules ¥: A(X) — U, such that

Ha)=0 for all a€ A;
I() = 9 + (—DPIIp(')  for all b,b € A(X);
(D) = 9(z)2—D for all 2 € Xeven and all ¢ € N

is called an A-linear I'-derivation; it is a homomorphism of A% modules.
It is easy to see by induction that

Py = J 0@ i || = 0;
) 9(2)20Y if |z > 1,

and

: ()} _ % : (i3,)) | (x)
19 (xg\lfl) . .x}\:q ) = Z(_l)‘sjflx(;:l) . 19 (m)\;\j ) . .x}\:q

Jj=1

where s; = [9|(ix, [zx, |+ -+ +ix, 2a,])

In particular, ¢ is determined by its value on X. Conversely, each homogeneous
map X — U extends to a (necessarily unique) A-linear I'-derivation 9: A(X) — U.
Indeed, define the action of ¥ on the standard basis by the formulas above, and
extend it by A-linearity; it suffices to check the Leibniz rule on products of normal
monomials, and this is straightforward.

Let Der’y (A(X),U) be the set of all A-linear I'-derivations from A(X) to U.
It is easy to see that Der)y (A(X),U) is a submodule of Hom 4 (A(X),U), for the
operation of A(X) " on the target: (ba)(b') = ba(V') for all b,b' € A(X)".

If U is a DG module over A(X), and ¥ is an A-linear I'-derivation, then so is 99—
(—1)/"199, hence Hom 4 (A(X),U) contains Der)y (A(X),U) as a DG submodule
over A(X); we call it the DG module of A-linear I'-derivations. If ¥ is a cycle
in Der’} (A(X),U), that is, if 99 = (—1)I?199, then we say that ¥ is a chain I'-
derivation. Clearly, if : U — V is a homomorphism of DG modules over A(X),
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then 9 — (o1 is a natural homomorphism
Der’y (A(X),3) : Der’y (A(X),U) — Dery (A(X),V),
of DG modules over A(X), which is a chain map if 3 is one.

Over a commutative ring, the derivation functor is representable by module of
Kahler differentials. The next proposition establishes the representability of the
functor of I'-derivations of semi-free I'-extensions.

Proposition 6.2.3. There exist a semi-free DG module Diff} A(X) over A(X)
and a degree zero chain I'-derivation d: A(X) — Diff} A(X) such that

1) (Diffy A(X))" has a basis dX = {dz : |dz| = |z|}sex over A(X)"

3
4

d(b(dx)) = A(b)(dx) + (—1)Ilbd(d(z)) for all b€ A(X).

(1)

(2) d(z) =dx forallz e X .

3)

(4) The map B+ Bod is a natural in U isomorphism

Hom 4(x (Diff} A(X),U) — Der), (A(X),U)

of DG modules over A(X), with inverse given by

5( Z awdaj> = Z (=1)llla=lg 9(z).
z€X zeX
Remark. We call Diff } A(X) the DG module of I'-differentials of A(X) over A,
and d the universal chain I'-derivation of A(X) over A.

Proof. Let D be a module with basis dX = {dx : |dz| = |z|}zex over A(X)E By
Remark 6.2.2, there is a unique degree zero I'-derivation d: A(X) — D, such that
d(x) = dz for all x € X . A short computation shows that dod — dod: A(X) — D
is an A-linear I'-derivation. It is trivial on X, hence dod = dod. In particular,
0?(dx)) = d(0*(z)) = 0 for all z € X, so 9> = 0.

The DG module Diff} A(X) = (D, 9) has the first three properties by construc-
tion. The last one is verified by inspection. O

In combination with Proposition 1.3.2, the preceding result yields:

Corollary 6.2.4. If U — V is a (surjective) quasi-isomorphism of DG modules
over A(X), then so is Der)y (A(X),U) — Der)y (A(X),V). O

Construction 6.2.5. Indecomposables. Let J denote the kernel of the mor-
phism A — S = Hy(A(X)), and let X(>2) be the set of normal I'-monomials
xff“) . (Z”) that are decomposable, that is, satisfy i, +--- 414, > 2. It is clear
that A+ JX + AX©>2?) is a DG submodule of A(X) over A, hence the projection

T A(X) — A(X)/(A+ JX + AX>?) defines a complex of free S-modules

Ind), A(X): e SXp 2L S X,

We call it the complex of I'-indecomposables of the extension A — A(X). It is used
to construct DG TI'-derivations, by means of the next lemma.
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Lemma 6.2.6. Let V be a complex of S—modules, let U a DG module over A with
U; =0 fori <0, and let B: U — V a surjective quasi-isomorphism.

For each chain map &: Ind)y A(X) — V of degree —n there exists a degree —n
chain I'-derivation 9: A(X) — U such that Y = &m; any two such derivations are
homotopic by a homotopy that is itself an A-linear I'-derivation.

Furthermore, for each family {u, € Uy | B(uy) = &(x) for x € X,,} C U there is
a chain I'-derivation 9, satisfying 9(x) = u, for all x € X,,.

Proof. The canonical projection A(X) — Ind} A(X) is an A-linear chain I'-
derivation, so Proposition 6.2.3.4 yields a morphism D — Ind’; A(X) of DG mod-
ules over A(X), that maps dr to x for each x € X. It induces a morphism of
complexes of free S—modules S ®4(xy D — Ind); A(X) that is bijective on the
bases, and hence is an isomorphism. Thus, we have isomorphisms

Homy (xy (D, V) = Homg (S®A<X>D, V) =~ Homg (Ind) A(X),V)

On the other hand, for the semi-free module D = Diff’} A(X) over A(X), Corol-
lary 6.2.4 gives the surjective quasi-isomorphism below

Der), (A(X),U) = Der}; (A(X),V) = Hom x) (D, V)

while the isomorphism comes from Proposition 6.2.3.4.

Concatenating these two sequences of morphisms, we get a surjective quasi-so-
morphism a: Der’) (A(X),U) — Homg (Ind)} A(X),V), so we can choose a cycle
¥ € Der’) (A(X),U) with a(d) = & this is the desired chain I'-derivation. Any
two choices differ by the boundary of some v € Der), (A(X),U), that is, of a I'-
derivation. Finally, observe that the ¥; = 0 for ¢ < n, and the choice of ¥, is
only subject to the condition Sy, = &ymp, so U, (x) = u, for z € X, is a possible
choice. (]

In these notes, applications of the lemma go through the following

Proposition 6.2.7. Assume that A(X) — S is a quasi-isomorphism.

If v € X,, C Ind)} A(X) is such that T = x € X, + 0p41(Xp41) generates a
free direct summand of Coker d,.y1, then there is an A-linear chain I'-derivation
¥ A(X) — A(X) of degree —n, with 9(x) =1 and (X, ~ {z}) = 0.

Proof. Since Sz N Imd,41 = 0, the homomorphism of S-modules &,: SX,, — S
defined by &,(x) = 1 and &,(X, ~ {z}) = 0 extends to a morphisms of complexes
Ind’y A(X) — S; apply the lemma with U = A(X) and V = S. O

6.3. Acyclic closures. The notion is introduced by Gulliksen in [83], where the
main results below may be found. Our approach is somewhat different, as it is
based on techniques from the preceding section.

Construction 6.3.1. Acyclic closures. Let A be a DG algebra, such that Ay is
a local ring (R, m, k), and each R—module H,,(A) is finitely generated, let A — S
be a surjective augmentation, and set J = Ker(A — ).

Successively adjoining finite packages of I-variables in degrees 1, 2, 3, etc., one
arrives at a semi-free T'-extension A — A(X), such that Hy(A(X)) = S, and
H, (A(X)) =0 for n # 0 (recall the argument for Proposition 2.1.10).

The Third Commandment imposes the following decisions:

(1) X =X.1;
(2) 0(X1) minimally generates Jo mod 01(A;);
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(3) {cls(0(x)) | © € X, 41} minimally generates H, (A(X <)) forn > 1.

Extensions obtained in that way are called acyclic closures of S over A.

The set X, is finite for each n, so we number the I'-variables X by the natural
numbers, in such a way that |z;| < |z;| for ¢ < j. The standard basis of Remark
6.2.1 is then indexed by infinite sequences I = (i1,...,%;,...), such that i; is a
non-negative integer, i; < 1 when |z;| is odd, and i; = 0 for j > ¢ = ¢(I); we call
such an I an indexing sequence, and set z) = xgil) e xéi").

We set |I| = Z;OZO ij]z;|. For an indexing sequence H = (hy,...,h;j,...), we set
I > H if |I| > |H|; when |I| = |H|, we set I > H if there is an ¢ > 0, such that
ip > he, and i; = h; for j > £. We now have a linear order on all indexing sequences,
and we linearly order the basis accordingly. Since |2!)| = |I|, it refines the order
on the variables, and is just (an extension of) the usual degree-lezicographic order.

To recognize an acyclic closure when we see one, we prove:

Lemma 6.3.2. A semi-free I'-extension A — A(X) is an acyclic closure of S if
and only if X = X.1, H(A(X)) = S, and the complez of free S—modules Ind’y A(X)
of Construction 6.2.5 is minimal.

Proof. As Xy = @, the complex Ind)j A(X) is trivial in degrees < 0.

Assume that A(X) is an acyclic closure. For 2’ € X,41, write z = 9(2') as
Y ow 0z +w with € X, a, € R, and w € A(X_,). If n =1, then 0(z) =
means ) a,0(x) € 01(A1), so a;, € m by (2). If n > 2, then ) _ a, cls(0(x
0 a; € m by (3); thus, Ind’; A(X) is minimal.

Assume that Ind} A(X) is minimal. If (2) or (3) fails, then there are
Tiyye ooy Tiy € Xnt1; Gigy ..., 05, € Ry y € A(X<p), such that z;, — agxsy — - —
ai, i, —yisacycle. In A(X), it is equal to d(u+)_ cx, ,, Covtw), withu € RXp o,
o € A1 = J1, and w € A(X ). As O(cyv) = O(cy)v — ,0(v) € JXpi1 + J X, +
AXC?2) and 9(w) € AX>?) | where X(>2) is the set of decomposable I'-monomials
from Construction 6.2.5, we get d(u) = z;, — asw;, — - — asz;, ¢ mInd) A(X).
This contradicts the minimality of Ind’y A(X). O

~— N

We are now ready to prove a key technical fact.

Lemma 6.3.3. If A(X) is an acyclic closure of k over A, then there exist A-linear
chain I'-derivations ¥;: A(X) — A(X) fori > 1, such that:
1) 9i(n) = 0 for |xh\§|xl| and h #1i;
1 forh=1.
(2) Fach 9; is unique up to an A-linear I'-derivation homotopy.
(3) When I is an indexing sequence, q is such that i; = 0 for j > g, 9 =
ﬁff e 19?, and H is an indexing sequence, then

0 forH<I;
91 () = {1 G H 1

Remark. In the composition 9!, the indices of ¥;; appear in decreasing order.

Proof. By Lemma 6.3.2, Indy A(X) is a complex of k—vector spaces with trivial
differential, so derivations ¢; satisfying (1) and (2) are provided by Proposition
6.2.7. As the ¥; are I'-derivations, (3) follows by induction on } ;. O
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The next result is due to Gulliksen [83].

Theorem 6.3.4. Let A be a DG algebra, such that Ag is a local ring (R, m, k), and
each R—-module H,,(A) is finitely generated. If A(X) is an acyclic closure of k over
A, then 0(A(X)) C JA(X), where Jo =m, and J, = A, for n > 0.

Proof. Take an arbitrary b € A(X), and write its boundary in the standard basis:
A(b) = 3 arrz ™). We have to prove that if |H| = [b| -1, then ag € m. Assuming
the contrary, we can find an indexing sequence I with a; ¢ mand ay € mfor H > 1.
Using the preceding lemma, we get

0, (07 (b)) =01 (0(b)) = ar + Y _ ag? (z7)) =a; mod mA(X) .
H>I
This is a contradiction, because 9;(A(X)1) = m. O

The important special case when A = Ag is proved independently by Gulliksen
[77] (using derivations) and Schoeller [140] (using Hopf algebras):

Theorem 6.3.5. If (R, m, k) is a local ring and R(X) is an acyclic closure of the
R—algebra k, then R(X) is a minimal resolution of the R—module k. O

As a first application we prove a result of Levin [111], where HY(¢) denotes the
Hilbert series Y -, rank,(m™N/m" 1 N)t" of a finite R-module N.

Theorem 6.3.6. For each finite R—module M there is an integer s such that
PE () =HE () PE(t) for each i>s.

Proof. By Theorem 6.3.5, there is a minimal resolution U = R{X) of k over R that
is a semi-free DG module over the Koszul complex K = R(X;). Choose s as in
Lemma 4.1.6.3, so that for i > s the complexes

C: 0-m"“*MerK,—...—>m 'MerK —m'MerKj)— 0

are exact (here e = edim R). Fix such an i, set N = m‘M, and for each p > 0 set
FP = @IeAI gp(mN ®@p K)ey, where {ex}rea is a Kf-basis of U
Take z € Z,(mN ®r U) N FP. When p = 0 we have
Zpn(mN @r K) = Z, (MM @ K) = 0(m'M @ Kpi1) = O(N ®p Kny1)

with the second equality due to the exactness of C**1*", When p > 0, assume by
induction that Z(mN @ U) N FP~1 C 9(N ®@r U), and write 2z = Z)\GAp axex +v
with v € FP~1. Now

0=0(z) = Z d(ay)ex = Z axd(ex) + 0(v)
AEA, AEA,
implies d(ay) = 0 for A € Ap, hence ay = 9(by) with by € N @g K, and
z = Z 6(6,\)6)\ +v= 6( Z b,\e>\> F Z b)\a(e,\) +uv.
AEA, AEA, AEA,

Since u = Z)\EAP byd(en) € N @gmU = mN ®pr U, we see that u + v lies in
ZmN ®@r U)NFP~! C9(N ®g U), and hence z € (N ®g U).
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We have Z(mN @r U) C (N @ U), so mN ®r U C N ®g U induces the zero
map in homology, that is, Tor’? (m“‘lM7 k) — Torft (miM7 k) is trivial. Thus, for
each n € Z we get an exact sequence

0 — Torf (m"M, k) — Tory’ (m'M/m"™ M, k) — Tory | (m™M,k) — 0

of k—vector spaces. They yield an equality of Poincaré series

Piiar(t) + Pty (1) = ranky (m? M/m? M) Pi(1) (*5)
for each j > i. Multiplying (*;) by (—t)’~%, and summing the resulting equalities
in Z[[t] over j > i, we obtain PH,, (t) = HE, () PE(t), as desired. O

The? reader will note that the argument above may be used to yield a new
proof of Theorem 4.1.8. By that result, PY(t) = Pf/[/miM(t) — tPE,(); by

Hilbert theory we know that HY,,,(t)(1 — t)4mM ¢ 7Z[t] (for each 7), hence

Corollary 6.3.7. If all R—modules of finite length have rational Poincaré series,
then PR, (t) is rational for all R-modules M. O

A second application, from Gulliksen [78], treats partial acyclic closures.
Proposition 6.3.8. If e = edim R, then H.1(R(X.,))*™ =0 for each n > 1.
Proof. By Theorem 6.3.5, Z;(R(X)) = (O(R(X))); € m(R(X)); for i > 1, so

Zi(R(X<n)) = Z(R(X)) N R(X < n)i Cm(R(X)) N R(X<n)i = m(R(Xcn)i) .
Thus, every cycle z € Z;(R(X¢,)) can be written in the form

z = thvj = Z@(xj)vj = ijé(vj) + 8(Z.ﬂj1]j> s
j=1 j=1 j=1 j=1

so each element of H,(R(X<,)) is represented by a cycle in X1R(Xc,). As
(X1R(X ) = (X1)M R(X_,,) =0, we get Ho 1 (R(X )T = 0. O

Remark 6.3.9. To study ‘uniqueness’ of acyclic closures, one needs the category of
DG algebras with divided powers: these are DG algebras, whose elements of positive
even degree are equipped with a family of operations {a — a(i)}i>0 that satisfy
(among other things) the conditions imposed on the I'-variables in Construction
6.1.1; they are also known as DG I'-algebras®®, due to the use by Eilenberg-MacLane
[56] and Cartan [50] of ;(a) to denote a®).

It is proved in [83] that R(X) has a unique structure of DG T'-algebra, that
extends the natural divided powers of the I'-variables in X, and if R(X') is an
acyclic closure of S, then R(X) = R(X') as DG I-algebras over R.

25 Attentive.
26This accounts for the I'’s appearing from Section 6.1 onward.
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7. DEVIATIONS OF A LOCAL RING

In this chapter (R, m, k) is a local ring.

We describe a sequence of homological invariants of the R—module k, that are
‘logarithmically’ related to its Betti numbers. They are introduced formalistically
in Section 1, and shown to measure the deviation of R from being regular or a
complete intersection in Section 3. In Section 2 we develop tools for their study,
that reduce some problems over the singular ring R to problems over a regular ring,
by means of minimal models for R.

7.1. Deviations and Betti numbers. We need an elementary observation.

Remark 7.1.1. For each formal power series P(t) = 1+ Z;’;l b;t! with b; € Z,
there exist uniquely defined e,, € Z, such that

H(l +t21’—1>e2,~,1
P(t) = =
H(]- _ tQi)ezi
=1

where the product converges in the (t)-adic topology of the ring Z[[t]].

Indeed, let p;(t) = (1 — (=t)) =D Setting Py(t) = 1, assume by induction
that P,_1(t) = Hz;i pr(t)er satisfies P(t) = P,—1(t) (mod t") with uniquely de-
fined ey,. If P(t) — P,_1(t) = e t™ (mod t"*1), then set P, (t) = Pn_1(t) - pn(t)®".
The binomial expansion of p,,(t)°" shows that P(t) = P,(t) (mod t"!), and that
en is the only integer with that property.

The exponent e, defined by the product decomposition of the Poincaré series
Pi(t) is denoted®” e,(R) and called the n’th deviation of R (for reasons to be
clarified in Section 3); we set £, (R) = 0 for n < 0. Here are the first few relations
between Betti numbers 3, = 3% (k) and deviations &, = ,(R):

19
B =c¢1; ﬂ3=E3+€2€1+<31);
€1

52€2+(2>; ﬂ4=54+6361+<522)+62(€21)+<€41>.

Remark 7.1.2. The equality Py (t) = Pkﬁ(t) and the uniqueness of the product
decomposition show that &,(R) = e, (R) for all n.

A first algebraic description of the deviations is given by

Theorem 7.1.3. If R(X) is an acyclic closure of k over R, then
card X,, = e,(R) for neZ.

Proof. By the minimality of R(X) established in Theorem 6.3.5, we have equalities
Tor” (k, k) = H(R(X) @rk) = k(X) = &X.,cx k(x). Furthermore,

o 1 4 ¢2i—1 if Xoii1:
S ranky(k(gh)en = 400 S e
~ 1/(1—t%) if z€ Xy,

27This numbering is at odds with [83], where &5, stands for ep41(R).
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by Constructions 2.1.7 and 6.1.1, so we get

H(l + t2i—1)card(X2i_1)
Pi(t) = =5
H(l _ tQi)card(Xgi)
i=1
The coefficient of ¢" depends only on the first n factors, so the product converges
in the t-adic topology, and the desired equalities follow from Remark 7.1.1. O

We record a couple of easy consequences.
Corollary 7.1.4. ,(R) > 0 for alln € Z. O
Corollary 7.1.5. If R = Q/I is a minimal regular presentation, then e1(R) =
vo(n) and ea(R) = vo(I).

Proof. By Remark 7.1.2, we may assume that R = @/I. Condition (6.3.1.0) for
acyclic closures then yields the first equality, and implies that R(X7) is the Koszul
complex K. The second equality now comes from Lemma 4.1.3.3. ([l

A most important property of deviations is their behavior under change of rings:
it is additive, as opposed to the multiplicative nature of Betti numbers. The loga-
rithmic nature of the deviations will reappear in Theorem 7.4.2.

Proposition 7.1.6. If g € R is regular, then

e1(R/(g)) = {61(3)—1 if gdm?;

e1(R) if gem?;
_ JeaAR) if g¢m?;
en(R/(9)) =en(R)  for n>3.

Proof. For R' = R/(g), Proposition 3.3.5 yields PR(t) = (1 — t2) PE (t) if g € m?
and PE(t) = (1 + 1) PkR/ (t) if g ¢ m?; now apply Remark 7.1.1. O

7.2. Minimal models. In this section (Q,n, k) is a local ring.
A minimal DG algebra over @Q is a semi-free extension @ — Q[Y] such that
Y =Y., and the differential 0 is decomposable in the sense that

n—1

oY1) C QY and o(Y,) C Z QY;_1Y,_; for n>2
i=1

where Yy denotes a minimal set of generators of n; the minimality condition can be
rewritten in the handy format 9(Q[Y]) C (Y)?Q[Y].

Remark 7.2.1. Along with a minimal DG algebra Q[Y], we consider the residue
DG algebras Q[Y]/(Y.n)Q[Y] = k[Y> ] for n > 1. Their initial homology is easy to
compute: for degree reasons, the decomposability of 0 implies that d(k[YS ,];) =0
when ¢ < 2n, hence
k if i=0;
Hy (k[Yan]) =40 if 0<i<mn;
kY, if n<i<2n.
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Mimicking the proof of Lemma 6.3.2, we get a criterion for minimality:

Lemma 7.2.2. A semi-free extension QQ — Q[Y] with Y =Y, is minimal if and
only if (Y1) minimally generates Ker (Q — Ho(Q[Y])) C n? and 8(Y,,) minimally
generates Hy, 1 (Q[Y< n—1]) for n > 2. O

Minimal DG algebras are ‘as unique as’ minimal complexes.

Lemma 7.2.3. FEach quasi-isomorphism ¢: QY] — Q[Y”] of minimal DG algebras
over Q is an isomorphism.

Proof. Consider the restrictions ¢<™: Q[Y.,] — Q[Y_ ] and the morphisms ¢~ " =
(k ®@qy<,) @) k[Y>n] — k[Y.,] induced by ¢. By the preceding lemma, J(Y1)
and J(Y{) are minimal sets of generators of Ker(Q — Ho(Q[Y])), so by Nakayama
é1: QY1 — QY is an isomorphism of Q-modules, and hence ¢<! is an isomorphism
of DG algebras over Q.

Assume by induction that ¢<™ is bijective for some n > 1. By Proposition 1.3.3
then ¢>" is a quasi-isomorphism, hence H,,11(¢> ") is an isomorphism. By Remark
7.2.1, this is simply ¢, : kY, 11 — kY., hence (k®qpy. 195" ) : k[Yenia] —
kY., 1] is bijective; by Nakayama, so is ¢<™t1. O

If R = Q/I, then a minimal model of R over @ is a quasi-isomorphism Q[Y] — R,
where Q[Y] is a minimal DG algebra.

Proposition 7.2.4. Fach residue ring R = Q/I has a minimal model over Q.
Any two minimal models are isomorphic DG algebras over Q.

Proof. Going through the construction in 2.1.10 of a resolvent of R over ) and
strictly observing the Third Commandment, one gets a quasi-isomorphism Q[Y] —
R; the DG algebra Q[Y] is minimal by Lemma 7.2.2. If Q[Y’] — R is a quasi-
isomorphism from a minimal DG algebra, then by the lifting property of Proposition
2.1.9 there is a quasi-isomorphism Q[Y] — Q[Y”] of DG algebras over Q; it is an
isomorphism by Lemma 7.2.3. (]

Remark. The proposition is from Wolfthardt [159], where minimal models are called
‘special algebra resolutions’. The ‘model’ terminology is introduced in [23] so as
to reflect the similarity with the DG algebras (over Q) used by Sullivan [148] to
encode the rational homotopy type of finite CW complexes. This parallel will bear
fruits in Section 8.2.

Minimal models are not to be confused with acyclic closures: If R = /I, then
the minimal model and acyclic closure of R over @) coincide in two cases only—when
I is generated by a regular sequence, or when R 2 Q.

It is proved in [159] when R contains a field (by using bar constructions) and in
[18] in general (by using Hopf algebras) that the deviations of R can be read off a
minimal model. More generally, we have:

Proposition 7.2.5. Let (Q,n, k) be a regular local ring.

If Q[Y] is a semi-free extension with Y =Y51 and H(Q[Y]) = R, then for each
n € Z there is an inequality cardY,, > €,41(R); equalities hold for all n if and only
if (Y1) C n? and Q[Y] is a minimal DG algebra.

Recall that two DG algebras A and A’ are quasi-isomorphic if there exists a
sequence of quasi-isomorphisms of DG algebras A ~ Al ~ ... ~ A™ ~ A’ pointing
in either direction. The next result is from Avramov [23].
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Theorem 7.2.6. Let R(X) be an acyclic closure of k over R, let R = Q/I be a
minimal Cohen presentation, and let QY] be a minimal model ofﬁ over Q.

For each n > 1 the DG algebras R(X <) and k[Y> ] = Q[Y]/(Y. ) are quasi-
isomorphic, and cardY,, = card X,,11 = €p41(R) forn > 0.

Thus, a minimal model of R over () contains essentially the same information
as an acyclic closure of k over R; the model has an advantage: it is defined over a
regular ring, where relations are easier to compute than over R.

In view of Proposition 6.3.8, minimal models are homologically nilpotent:

Corollary 7.2.7. If e = edim R and Q[Y] is a minimal model of R, then for each
n > 1 the product of any (e + 1) elements of Hy 1(k[Y> »]) is equal to 0. O

Wiebe [158] proves the next result through a lengthy computation.

Corollary 7.2.8. If R = Q/I is a minimal regular presentation and E is the
Koszul complex on a minimal generating set of I, then e3(R) = vo(Hq(E)) .

Proof. Remark 7.1.2, the theorem, and Lemma 7.2.2 yield e5(R) = e3(R)
cardYs = vg(Hi(E)).

ol

Part of Theorem 7.2.6 is generalized in

Proposition 7.2.9. If Q[Y] is a minimal DG algebra over a regular local ring Q,
then there exists an acyclic closure QY (X) of k over Q[Y], such that X = {x, :
y €Y, |zy| = |y| + 1} and for each y € Y there is an inclusion

n—1
Awy) —y €Y (V)QVonl(Xcn) wheren =y|.
j=0

We start the proofs of the theorems with a couple of general lemmas.

Lemma 7.2.10. For a (surjective) morphism of DG algebras ¢: A — A’ and a set
{zx}ren C Z(A) there is a unique (surjective) morphism of DG algebras

(X)) A{zataen |0(xr) = 20) = A'{{zatren |0(2) = d(21))
with ¢(X)|la=¢ and ¢(X)(zx)=zx forallxeA.
If ¢ is a quasi-isomorphism, then so is ¢(X).

Proof. The first assertion is clear. Since homology commutes with direct limits, for
the second one we may assume that X is finite. By induction, it suffices to treat
the case X = {z}. The result then follows from the homology exact sequences of
Remarks 6.1.5 and 6.1.6, and the Five-Lemma. ([l

Lemma 7.2.11. Let A = Ek[Y'] be a minimal DG algebra over k, and let kY’ C A
denote the span of the variables. For a linearly independent set Z = {zx}ren C
kY’ NZ(A) the canonical morphism of DG algebras

§: B =Afaahren [0(2r) = 23) — A/(2)
with f(xf\i)) =0 forallxeAandi>0

is a surjective quasi-isomorphism.
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Proof. Consider the subalgebra C' = k[Z]{xr}rea | O(zx) = 2)) C B. By (an easy
special case of) Proposition 6.1.7, the canonical projection e: C' — k is a quasi-
isomorphism. Since B is a semi-free DG module over C, Proposition 1.3.2 shows
that = B®c e: B — A/(Z) is a quasi-isomorphism. O

Proof of Theorem 7.2.6. The canonical map R(X) — R®p R(X) = E(X} is a
quasi-isomorphism, and induces quasi-isomorphisms R(X ) — ITZ(X <n) forn>1,
so we assume that R = /I and take a minimal model p: Q[Y] — R.

Choose a minimal generating set Yy = {¢1,...,t.} of m and pick s1,...,s. € Q

with p(s;) = t;. Lemma 7.2.10 yelds a quasi-isomorphism

R(Xy | 0(@:) = t;) XL Q)X | 0(:) = s4)

for a set of I'-variables X; = {z1,...,2.}. On the other hand, as s1,...,s. is a
Q-regular sequence, so Q(X1) — k is a quasi-isomorphism, and then Proposition
1.3.2 yields a quasi-isomorphism 7': Q[Y](X1) — k[Y].

Let n > 1, and assume by induction that we have constructed surjective quasi-
isomorphisms of DG algebras

R(X< ) &= QIYV)(X <) =5 k[Ya ]

The classes of {9(x) | * € Xp41} form a basis of H,, (R(X<,)) by (6.3.1.2). Since p”
is a surjective quasi-isomorphism, these cycles are images of cycles in Q[Y (X ,),
so by Lemma 7.2.10 we get a surjective quasi-isomorphism

R(X< 1) = RIXc ) (Xp1) &S QXL ) (Xgr) = QIVI(X e i) -

The same lemma yields a surjective quasi-isomorphism

QYN X 1) = QYN X e ) (Xngr) 2 KV (X ) -

As H, (k[Y>,]) = kY, by Remark 7.2.1, the differential 0,41 induces an iso-
morphism kX, — kY,. Lemma 7.2.11 yields a surjective quasi-isomorphism
EFL R[YL W) Xng1) — k[Yang1]. We set 77t = ¢"Hlon(X,,41), and note that
card(X,4+1) = enpt1(R) by Theorem 7.1.3. To complete the induction step, set
P = (X))

To complete the induction step set p"*1 = p"(X,,11). O

Proof of Proposition 7.2.5. Choose g = g1,...,9s € I and f = f1,..., f. € I such
that f Ug is a minimal set of generators of I, and g maps to a basis of I/(I Nn?).
The sequence g is then Q-regular, and R = Q’/I’ is a minimal regular presentation,
with Q' = Q/(g) and I’ = I/(g); set w' = n/(g).

After a linear change of the variables of degree 1, we may assume that there is
a sequence of variables y = y1,...,ys in Y7, such that d(y;) = g; for 1 < i < s The
Koszul complex Q[y | d(y;) = g;] is then a resolvent of @', so QY] — Q[Y]/(g,y) =
Q'Y’] is a quasi-isomorphism by Proposition 1.3.2. As card(Y,)) = card(Y,) — s
for n = 0,1, and card(Y,)) = card(Y,,) otherwise, we may assume that R = Q/I is
a minimal presentation, and Q[Y] is a semi-free extension with H(Q[Y]) = R; we
then have card(Yy) = e1(R).

Let Q[Y'] be a minimal model of R over @, so that card(Y,) = e,11(R)
by Theorem 7.2.6. Proposition 2.1.9 yields morphisms ~v: Q[Y'] — Q[Y] and
B: QY] — Q[Y'] of DG algebras over @, such that H(3) = id®. By Lemma
7.2.3, B is an automorphism of Q[Y’], so for each n > 1, the composition of
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v kYL, ] — K[Ys,] with 827 k[YS ] — K[YZ,] is then bijective. In particu-
lar, 82" is onto, so card(Y,,) > card(Y,)) = e,4+1(R) for n > 1.

Assume that card(Y},) = ep4+1(R) for all n. The equalities for n < 1 mean that
I € n? and (Y1) minimally generates I; equality for n > 2 implies that H,, (3> ") is
bijective, hence in k[Y: ] the differential 9,11 is trivial; this is equivalent to saying
that in Q[X] the differential 9,41 is decomposable. O

Proof of Proposition 7.2.9. We first construct surjective quasi-isomorphisms
" QY (Xcn) — k[Yor] with X, ={zy:y €Y, 1}.

Let Yy = {s1,...,8.} be a system of generators of n, set X; = {z1,...,z.},
and Q[Y|(X;1|0(x;) = s;). As in the proof of Theorem 7.2.6 we have a quasi-
isomorphism 7!: Q[Y](X;) — k[Y].

Assume that n™ has been constructed for some n > 1. Now each y € Y, is
a cycle in k[Y.,], so y = 7"(z,) for some cycle z,; write z, in the form y +
>yey, ayy +v, with ay € nfory’ € Y, =Yy \{y}, and v € QY n](X<p). Since
a, = O(b,) for appropriate b,, € QX;, after replacing z, with the homologous
cycle z, — G(Zy,ey7i byy'), we can assume that z, —y € Q[Y-,](X< ). For each
y €Y, set d(x,) = z,. Lemma 7.2.10 then yields a surjective quasi-isomorphism

QIYI(X 1) = QIVHX e i) (X 1) 2 By, (X 1)

Lemma 7.2.11 yields a surjective quasi-isomorphism £™: k[Y> [ (Xn+1) — K[Ys nt1]-

In the limit, we get a quasi-isomorphism 7: QY|(X) — k. As 0(X1) = Y)
minimally generates n, and 9(X,,) minimally generates H, (Q[Y](X<,)) for n > 2,
the DG algebra Q[Y](X) is an acyclic closure of k over Q[Y]. By the choice of z,
above, and Theorem 6.3.4, we see that d(x,) — y lies in

n—1
(QIY< (X<} )n N (NQIYIX) )n = Y (V)QY< (X))
=0
This is the desired condition on the differential. O

7.3. Complete intersections. Now we can ‘explain’ the term deviation.

Remark 7.3.1. By Corollary 7.1.5 £1(R) = edim R, so the following conditions
are equivalent: (i) R is a field; (ii) e1(R) = 0; (iii) &;(R) =0 for i > 1.

More generally, the regularity of a ring is detected by its deviations.

Theorem 7.3.2. The following conditions are equivalent.
(i) R is regular.
(ii) e2(R) =0.
(iii) en(R) =0 forn >2.

Proof. When R is regular, the Koszul complex K is exact, yielding P,Ij“(t) =
(1 + t)4m B thus, (i) = (iii) by the uniqueness of the product decomposition
(7.1.1). On the other hand, (ii) = (i) by Corollary 7.1.5. O

Recall that R is a complete intersection if R has a minimal Cohen presentation
Q/I, with I generated by a regular sequence; in that case, e2(R) = codim R by
Corollary 7.2.8. Complete intersections of codimension 0 (respectively, < 1) are
precisely the regular (respectively, hypersurface) rings.
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The next result gives characterizations of complete intersections in terms of
vanishing of deviations, due to Assmus [15] for (iii) and to Gulliksen [78] for (iv)
and [82] for (v). The use of minimal models in their proofs is new.

Theorem 7.3.3. The following conditions are equivalent.

(i) R is a complete intersection.
(ii) e3(R) =0.
(iii) en(R) =0 forn > 3.
(iv) en(R) =0 forn>0.
)

Proof. We may take R = @Q/I with (Q,n, k) regular, g = f1,..., fc minimally
generating I, and g C n?, cf. Remark 7.1.2; let E be the Koszul complex on g.

(i) = (iii). If g is a @-regular sequence, then ¢ = codim R, so the deviations
of R are computed by Theorem 7.3.2 and Proposition 7.1.6.

(i) = (i). By Corollary 7.2.8 we have Hy(F) = 0, so g is Q-regular.

(v) = (iv) Take n big enough, so that eo;(R) = 0 for 2¢ > n. By Theorem
7.2.6, the DG algebra k[Y: ] is a polynomial ring with variables of even degree.
Their boundaries have odd degree, so are trivial, and thus H(k[Y ,]) = k[Y> ,] is a
polynomial ring. Each element of H. 1(k[Y> ,,]) is nilpotent by Corollary 7.2.7, so
we conclude that Y ,, = @.

(iv) = (i) Taking, as we may, f = f1,..., f. to be a maximal regular sequence
in I, we set R' = Q/(f). By Corollary 6.1.9, the R'—algebra k has a minimal free
resolution of the form C' = R'(x1,...,Zc1.). By the choice of f, the DG algebra
C° = C ®@r' R can be extended to an acyclic closure R(X) of k by adjunction of
I-variables of degree > 2. We order them in such a way that |z;| < |z;| for i < j,
set C' = C%Teqert,- - Tereri), and s; = sup{n | H,(C?) # 0}. Assuming that R
is not a complete intersection, we prove that X is infinite by showing that s; = co
for each 7 > 0.

Each element of I is a zero-divisor modulo (f), so pdgp (R'/IR') = oo by
Proposition 1.2.7.2; as H(CY) = Tor” (R,k), we get s9 = oo. For the induc-
tion step, set A = C71, o = 2oy cty, 2 = O(2), and u = cls(z), and assume that
si = s < oo. When |z] is even, the homology exact sequence in Remark 6.1.6
yields s;—1 < s+ |z|, contradicting the induction hypothesis. When |z| is odd the
sequence in Remark 6.1.5 shows that H(A) = Hc (A) +uH(A). A simple iteration
yields H(A) = He 54 e)u)(A) + u¢tH H(A). But u*t' = 0 by Proposition 6.3.8, hence
si—1 < s+ e|ul; this contradiction proves that s; = oo. O

The last result is vastly generalized in Halperin’s [84] rigidity theorem:
Theorem 7.3.4. If£,(R) =0 and n > 0 then R is a complete intersection. |

A proof that uses techniques developed in Section 6.2, and extends the theorem
to a relative situation, is given in [30].

7.4. Localization. The theme of the preceding section may be summarized as
follows: The deviations of a local ring reflect the character of its singularity. Thus,
one would expect that they do not go up under localization, and in particular that
the complete intersection property localizes.

It is instructive to generalize the discussion by considering the number

cid(R) = e2(R) —e1(R) +dim R
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that in view of the next lemma we?® call the complete intersection defect of R. The
lemma also shows that in the definition of complete intersection the restriction to
minimal presentations is spurious.

Lemma 7.4.1. Ifﬁ >~ Q/I is a regular presentation, then
cid R = vg(I) — height(I) > 0

Furthermore, the following conditions are equivalent: (i) cid R = 0; (ii) I is gener-
ated by a regular sequence; (iii) R is a complete intersection,

Proof. Choose a regular sequence g = g¢1,...,gs as in the proof of Proposition
7.2.5. With Q' = Q/(g) and I’ = I/(g) we have a minimal Cohen presentation
R~qQ /I'. Corollary 7.1.5 provides the first equality below, the catenarity of Q’
yields the last one, and Krull’s Principal Ideal Theorem gives the inequality:

cidR = I/Q/(II) — Z/Q/(n/) +dimR = I/Q(I) — Z/Q(n) +dim R

=vg(I) — (dim@ — dim R) = vo(I) — height(I) > 0.
The equivalence (i) <= (ii) now follows from the Cohen-Macaulay Theorem.
Applied to the minimal presentation R = @Q'/I’, it yields (ii) < (iii). O

For the study of complete intersection defects and even deviations, the first part
of the next theorem?® suffices; it is due to Avramov [20]. For odd deviations one
needs the second part, due to André [9].

Theorem 7.4.2. If R — S is a faithfully flat homomorphism of local rings, then
for each i > 1 there is an integer 6; > 0, such that

£2i(R) < £2:(S) = £2:(R) + £2;(S/mS) — §;

£2i-1(S/mS) < e2;1(5) = e2i-1(R) + £2;-1(S/mS) —

Furthermore, §; =0 for i >0, and Y ;- 6; < codepth(S/mS). |
As in [20], we deduce:
Theorem 7.4.3. If R — S is a flat local homomorphism, then
cid S = cid R + cid(S/mS) .

In particular, S is a complete intersection if and only if both R and S/mS are.
Proof. The first two equalities of Theorem 7.4.2 yield

€9(S) —€1(5) = e2(R) — e1(R) + e2(S/mS) — 1(S/mS).
Classically, dim S = dim R 4 dim(S/mS), so we have the desired result. O
Corollary 7.4.4. For each prime ideal p of R, cid(R,) < cid R.

Proof. As dim R = dimﬁ we have cid R = cid R by Remark 7.1.2. Let R Q/I
be a regular presentatlon and pick prime ideals p’ C R and qg € @, such that
pNR=pandyp = qR As Rpr = Qq/14 is a regular presentation,

CidR = vQ(I) — height(I) > vq, (I4) — height(I;) = md(Rp ",
28Kiehl and Kunz introduced it in [96] by the expression in Lemma 7.4.1, and called it the

deviation of R; that was before an infinite supply of deviations appeared on the scene.
29For a more natural statement, cf. Remark 10.2.4.
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with equalities coming from Lemma 7.4.1, and inequality from the obvious relations
vQ(I) > v, (1) and height(I) < height([;). Finally, the theorem applied to the

flat homomorphism R, — ]TZ,,/ yields cid(ﬁp/) > cid(Ry). O

It is now clear that complete intersections localize, a fact initially proved in [19].
This is sharpened in the corollary of the next theorem from [20], [9], which repre-
sents a quantitative extension to arbitrary local rings of the classical localization of
regularity, cf. Corollary 4.1.2.

Theorem 7.4.5. If p is a prime ideal of R, then an inequality €,(Ry) < en(R)
holds for all even n and for almost all odd n. When R is a residue ring of a reqular
local ring the inequalities hold for all n.

Proof. If R is a residue ring of a regular local ring @, let Q[Y] be a minimal model
of R. If q is the inverse image of p in @, then Q4[Y] is a semi-free extension of @
with H(Qq4[Y]) = R,. Applying Proposition 7.2.5 first to Q[Y], then to Qq4[Y], we
get epq1(R) = card(Yy,) > epq1(Ry) -

In general, pick (by faithful flatness) a prime ideal p’ in ﬁ, such that p = p’ N R.
By Remark 7.1.2 and the preceding case we then have e, (R) = en(R) > 6,1(]?{,3/)
for all n. On the other hand, Theorem 7.4.2 yields an inequality En(ﬁp/) > en(Rp)
for all even n, and almost all odd n. (I

Corollary 7.4.6. If R is a complete intersection, then for each prime ideal p of R
the ring Ry is a complete intersection with codim(R,) < codim R. (]

Proof. In view of Theorem 7.3.3, the inequalities of deviations for n = 2i > 0 prove
that R, is a complete intersection. Since codim R = e5(R) by Corollary 7.1.5, the
inequality for n = 2 shows that codim(R,) < codim R. O

For the first deviation, there is a more precise result of Lech [104]; a simpler
proof is given by Vasconcelos [154].

Theorem 7.4.7. For each prime ideal p of R, e1(Rp) + dim(R/p) < e1(R). [ |

We spell out the obvious remaining problems. The first one has a positive solu-
tion when char(k) = 2, due to André [8].

Problem 7.4.8. Let R — S be a faithfully flat homomorphism of local rings. Does
an equality €, (S) = €,(R) + £,(S/mS) hold for each n > 37
Note that by Corollary 7.1.5 we have
e1(R) — e1(S) + €1(S/mS) = edim(R) — edim(S) + edim(S/mS) > 0.

The inequality is strict unless a minimal generating set of m extends to one of n,
so additivity may fail for n = 1 and hence, by Theorem 7.4.2; also for n = 2.

Problem 7.4.9. Does €, (Ry) < ,(R) hold for all p € Spec R and odd n > 37

It is easily seen from the proof of Theorem 7.4.5 that a positive solution of the
first problem implies one for the second. Larfeldt and Lech [103] prove that the
two problems are, in fact, equivalent.
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8. TEST MODULES

Ring are ‘non-linear’ objects, so some of their properties are easier to verify after
translation into conditions on some canonically defined modules.

The Auslander-Buchsbaum-Serre Theorem provides a model: the regularity of a
local ring (R, m, k) is tested by checking the finiteness of the projective dimension
of k. In terms of asymptotic invariants, this is stated as

cxpk =0 < Risregular <= curvpk =0.
The first two sections establish similar descriptions of complete intersections:
cxpk < 00 <= R is a complete intersection <= curvpk < 1.

For algebras essentially of finite type, another classical test for regularity is given
by the Jacobian criterion. Section 3 discusses extensions to complete intersections,
in terms of the homology of Kéhler differentials. The results there are partly mo-
tivated by (still open in general) conjectures of Vasconcelos.

8.1. Residue field. In this section (R, m, k) is a local ring.

We start with a few general observations on the Betti numbers of k. They show
that an extremal property of Poincaré series characterizes complete intersections—
and places across the spectrum from Golod rings.

Remarks 8.1.1. Set e = edim R, r = rank;, H; (K*), and ¢,, = £,,(R).
(1) There is an inequality of formal power series
(1+41)°
(1—1¢2)r
Indeed, Corollary 7.1.5 yields Pf(t) = (1+¢)¢(1—t2)""Q(t), with Q(t) = [[5=,(1+
2=y [T], (1 — t29)°24; also, Q(t) = 1 by Corollary 7.1.4.

(2) Theorem 7.3.3 shows that equality holds in (1) if and only if R is a complete
intersection. In that case, cxp k = r = codim R, and

Ry s~ fe—T\(n+r—1—i
ﬁn(k)—Z( ; )( e 1 ) for n>0.

=0

Pi(t) =

(3) If R is not a hypersurface, then 32(k) > gE | (k) for n > 1.

Indeed, then e > 1 and r > 2, so we have coefficientwise (in)equalities

ng() (B (k) = BR_1 (k)" = (1 = ) Pii(t) = mQ(t) 1 i 1)

Gulliksen [78], [82] extends the Auslander-Buchsbaum-Serre Theorem in

Theorem 8.1.2. The following conditions are equivalent.

(i) R is a complete intersection (respectively, of codimension < c¢).
(ii) cxp M < oo (respectively, cxgp M < c) for each finite R-module M .
(ili) cxpk < oo (respectively, cxp k < c).
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Proof. By Proposition 4.2.4 we have cxg M < cxpk, and the complexity of k is
equal to codim R by Remark 8.1.1.2, so (i) implies (ii).

When R is not a complete intersection Theorem 7.3.3 gives infinitely many in-
dices iq with €9;,(R) > 0. Remark 7.1.1 then yields an inequality

1 1 o~ (n+d—1\
PR - ‘ > : — (2i)n
k(1) (1 —t20).- (1 —t2ia) 7 (1 —¢t20)d Z( d—1 )t

n=0

with ¢ =41 ---i4. Thus, cxg k > d for each d > 1, so (iii) implies (i). O

Remark 8.1.3. We get a new proof of Corollary 7.4.6 by recycling the classical
argument for regularity. Proposition 4.2.4.1 and Remark 8.1.1.2 yield

cxp, (Rp/pRy) < cxr(R/p) < cxgk = codim R,
so R, is a complete intersection of codimension < codim R by the theorem.

We finish this section by a computation of the curvature of k in terms of the
deviations of R; the purely analytical argument is from Babenko [38].

Proposition 8.1.4. If R is not a complete intersection, then

curvg k = limsup V/e,(R).

Proof. Note that limsup,, ¥/e,(R) = 1/n, where 7 is the radius of convergence of
the series E(t) = Y.~ en(R)t". By the definition of curvg k, we have to show that
n = p, where p is the radius of convergence of the Poincaré series P(t) = P¥(t); note
that p > 0 by Remark 4.2.3.5. By Corollary 7.1.4, we have ¢,(R) = &, > 0, so by
the product formula of Remark 7.1.1 we get a coeflicientwise inequality P(t) = E(t),
hence n > p > 0.

To prove that p > 1, we show that if 0 < v < ), then P(t) converges at t = 7.
We have n < 1, because E(t) has integer coefficients and e, > 0 for infinitely many
n by Theorem 7.3.3. For j > 1 we then get

0<—-In(l1—+7)= — < I = - < .
Il( g ) Z h Z v 1-— 'yj 1— n
h=1 h=1
By a similar computation, 0 < In(1++7) < (1 — 7)1, so
S E()
0< L) =Y (eima (1 +9271) — ez In(1 — 7)) < ¢ 2 < oo
‘ -n
i=1
The numerical series with non-negative coefficients L(7) converges, so the product
in 7.1.1 converges at t =+, as desired. (]

8.2. Residue domains. In this section (R, m, k) is a local ring.
The results that follow are from Avramov [23].

Theorem 8.2.1. If p is a prime ideal of R such that R, is not a complete inter-
section, then there is a real number 3 > 1 with the property that

BR(R/p) > 3" for n>0.

The converse may fail: the ring R, in Example 5.2.6 is a complete intersec-
tion, but curvg(R/p) > 1 by Theorem 5.3.3.2. Finite modules over a complete
intersection have curvature < 1 by Proposition 4.2.4 and Remark 8.1.1.2, so
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Corollary 8.2.2. The following conditions are equivalent:

(i) R is a complete intersection.
(ii) curvg M <1 for each finite R—module M .
(iii) curvgk <1. O

The key to the proof of the theorem is to look at deviations.

Theorem 8.2.3. When R is not a complete intersection there exist a sequence of
integers 0 < s1 < --- < s; <... and a real number v > 1, such that

s, (R) > % for j>1
and sji1 =1;(s; — 1) + 2 with integers 2 < i; < edim R + 1.

Remark. The last result and its proof are ‘looking glass images’—in the sense
of [49], [33]—of a theorem of Félix, Halperin, and Thomas [66] on the rational
homotopy groups 7, (X) ®z Q of a finite CW complex X; it relies heavily on Félix
and Halperin’s [64] theory of rational Ljusternik-Schnirelmann category.

That theorem was used by Félix and Thomas [67] to prove Corollary 8.2.2 for
graded rings over fields of characteristic 0, but the L.-S. category arguments do not
extend to local rings or to positive characteristic. This is typical of a larger picture:
a theorem in rational homotopy or local algebra raises a conjecture in the other
field, but a proof usually requires new tools.

The arguments below use the properties of minimal models already established
in Section 7.2, and the additional information contained in the next lemma, proved
at the end of the section.

Lemma 8.2.4. Let k[Y] be a minimal DG algebra, such that H, (k[Y]) = 0 for
n>m. If ¢: k[Y] — k[U] is a surjective morphism of DG algebras, such that U is
a set of exterior variables and O(U) = 0, then card(U) < m.

As the proof of the theorem for rational homotopy groups, the one of the theorem
on deviations proceeds in three steps. The lemma is needed for the first claim,
which (now) can be obtained directly from Theorem 7.3.4, or from its precursor in
[34]: If R is not a complete intersection, then €,(R) # 0 for n > 0. We present
the original argument in order to keep the notes self-contained, and because of its
intrinsic interest. The exposition of the arguments for Claims 2 and 3 follows [30].

Proof of Theorem 8.2.3. As may assume that R is complete, we take a minimal
regular presentation R 2 @)/I and a minimal model Q[Y] of R over Q.

Note that the DG algebra k[Y] = Q[Y]/nQ[Y] is minimal by Remark 7.2.1, that
cardY,, = e,41(R) for n > 1 by Theorem 7.2.6, and that

H,(k[Y]) 2 Tor® (k,R) =0  for n>m=edimR+1. (%)
Assuming that R is not a complete intersection, we show that the numbers
2n
a(n) = card Y, and s(n) = Z a(y)
j=n

satisfy the following list of increasingly stronger properties:
Claim 1. The sequence s(n) is unbounded.

Claim 2. The sequence a(n) is unbounded.
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Claim 3. There exist positive integers r1,rg,... with rj 1 =i;7;+1and 2 <i; <
m, and a real number v > 1, such that a(n) > v" for each j > 0.

The last claim yields the theorem: with v =y/v and s; = r; + 1 we have

£s;(R) = a(rj) >v"7 = 2T > AT = 8 for 7>1.
For the rest of the proof, we write Y[n] for the span of U?Zan, and abuse
notation by letting Y,, stand also for the k—linear span of the variables y € Y,;
thus, Y[;} is the k-linear span of all products involving ¢ elements of Y[n].

Proof of Claim 1. Assume that there is a ¢ € N such that s(n) < c for all n > 1.

We are going to construct for all » > 1 and h > 0 surjective morphisms of DG
algebras ¢, : k[Y] — k[U}], where each U} is a set {uj, ,...,u}, .} of exterior
variables subject to the restrictions

(tpa | > Jup[+1 for > 1;

[uhys| > [uppq |+ |upgs | +1 for i=2,...,r.

The second condition forces O(U;) = 0, so in view of () Lemma 8.2.4 implies that
r < m. This contradiction establishes the unboundedness of s(n).

By Theorems 7.2.6 and 7.3.3, there is an infinite sequence y,ys, - - - € Yoqq with
l[yn+1| > |yn| +1. Setting np = |yn|, note that the compositions k[Y] — k[Ys,, | —
kY- n,]/ (Ysn, \ {yn}) have the desired properties for r = 1.

Assume by induction that morphisms ¢} have been constructed for some r > 1.
We fix n > 0, simplify the notation by setting u;; = uZn—O—i)r—i-j’ Ui =U],; and ¢; =
¢pyi fori=0,...,cand j = 1,...,r, and embark on an auxilliary construction.
Choose an index ¢ > |uc1| + - - + |uer| + 1 such that Y, # @, and pick y € Y;. For
1=0,...,c the intervals

L= [(q+ lual + 1), (g4 lual + - + |wir| +1)]

are disjoint and contained in the interval [g, 2q].

Since s(q) < ¢, we can choose an index i such that Yy = @ for all s € I,.
The restriction of ¢; to B = k[Y_ ] yields a surjective morphism of DG algebras
B — k[U;]. Tensoring it with k[Y] over B, we get a surjective morphism k[Y] —
C = k[U;] ®p k[Y]. Note that C% = k[U;] @y, k[Y>,]* is equal to k[U;] in degrees
< g—1, to kY, in degree g, and has no algebra generators in degrees from I;. As the
differential ¢ is decomposable, the ideal of C' generated by the variables Y- Ny}t
is closed under the differential of C.

We have now constructed a surjective morphism of DG algebras

kY] = C = C/(Yoq N {y})C = klur - uryi]

where u; = u;; for j = 1,...,7 and u,4;1 is the image of y; clearly, the condition
luj| > |ui| + -+ 4+ |uj—1] + 1 holds for j = 2,...,7 4+ 1. To end the auxilliary
construction, choose an integer n’ such that rn’ > (n+c+1)r. Setting n; =1 and
ny = ny,_, for h > 2, and applying the construction to ny, for h = 1,2,..., we get
a sequence of surjective morphisms qi);;ll with the desired properties.

Proof of Claim 2. We assume that there exists a number ¢ such that rank; Y, <c
for all n, and work out a contradiction.
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Fix for the moment an integer n > 1. For every y € Y., there are uniquely
defined a;(y) € Y[’n] C k[Y% ], such that

a(y) = Zai(y) mod ((Y> on)k[Y> nD .

i>2
Clearly, the maps «;: Y, ,, — Y[ﬁl}, where y — «;(y), are k-linear. The minimality

of k[Y] is inherited by k[Y% ], so there we have G(Y[;]) = 0 for all 7. Recalling from
Corollary 7.2.7 that

(H> 1(k[Y> n]))m =0 for every n > 1 (1)
we see that Y[;”] consists of boundaries, so we get an inclusion
> Vi Tfaa(Van) 2 Vi 1)
i=2

For degree reasons, «;(Y;) = 0 when j <in+1 or j > i(2n) + 1, so

2in+2 i(2n)+1
s(in+1)= > rankeY; > > rankgo;(Y;) = rankg 0;(Yan).  (§)
j=in+1 j=in+1
Set d = (2m)™ and choose by Claim 1 an integer ng such that s(ng) > (md)?.
Assume by induction on j that we have integers ng,n1,...,n; such that
m(np—1+1) > np + 1 and s(ng) > (md)s(np—1) for 1 <h <j. (N

Choose 141 = In; + 1 such that s(n;41) = max{s(in; +1) | 2 <i < m}. It is then
clear that m(n; + 1) > nj41 + 1. Using (§) and (I), we get

(m = 1)s(n;)™ 2s(njq1) = > s(n;)™ "s(in; + 1)
=2

( ranky Yi ) m ranky o (Y ;)

I

||
¥

>

?

> ranky, (Z lf[nijiai(Y2 g )) > ranky Y[:Z]
i=2
s(ni)\ o )™ _ s(ng) 0 nea
> > = .
> (") 2 e =
> (m*d)s(n;)" !
50 s(nj+1) > (md)s(n;), completing the induction step. Clearly, () implies that
m? (ng+1) > n;+1 and s(n;) > m’s(ng)d’ hold for j > 1. Thus, we get c(n;+1) >
s(n;), and hence c(ng + 1) > s(ng)d’ for all j. This is absurd.
Proof of Claim 3. Set b = (2m)™*!, choose 71 so that a(r1) = a > b, and assume
by induction that r1,...,7r; have been found with the property that

a(rhil)ih—l

b
for 1 < h < j. The condition 3(y) = 9(y) mod ((Y>,,)k[Y>,,]) defines a k-
linear homomorphism §: Y, — >2,.,Y,". Noting that 3(y) = 0 unless [y[ = 1
(mod r;), and using the fact that k[Y] is minimal and satisfies condition (}), we

rh =1h_1Th—1+1 with2 <ip_1 <m and a(ry) >
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obtain 37, V"' B(Yir;+1) 2 Y™ as in the the proof of the preceding claim. It
follows that
. alry)Y o alr)™ o alr)"
7Z:;a(rj) a(ir; +1) > < mJ ) > (272)m = (2m)+ )
The assumtion that a(ir; + 1) < a(r;)?/b for 2 < i < m, leads to the impossible
inequality (m—1)a(r;)™ > (2m)a(r;)™. Thus, a(ir; +1) > (r;)*/b for some i = ij,
so the induction step is complete with r;; =i;r; + 1.
The quantities P; = (i;---i1) and S; = > 7 _,(i; - - - ip,) satisfy

1 1 1 1
P>Pl=4---+=)>P(=+... - S,
G > ]<2+ +2])_ ]<i1+ +i1--~ij> S
Thus, Pj(ry +1) > Pjry + S; = 141, and hence P; > rj1/(r1 +1). Since a > b,
we have

a(rj)” a(rj_l)(lﬂjfl) aPJ a 7 a\ri+1
alrj) 2 == 2 =1, >z > 1) >3 .

To finish the proof of the claim, note that v > 1 and set v = "{/a/b. (]

Proof of Theorem 8.2.1. Since SE(R/p) > B (Ry/pRy) for each n, we may assume
that p = m; set 8, = B2 (R/m) and e = edim R.

As R is not a complete intersection, Theorem 8.2.3 provides an infinite sequence
51,82,... with (e+1)s; > s;41, such that e,,(R) > v* for some real number v > 1.
For n > 2 we have 3, > 31 = e > 1 by Remark 8.1.1.3, hence

ﬁ:min{ Yy, Bi,..., s{/fisl} >1
and 3, > " for sy >n > 0. If 5,41 > n > s; with j > 1, then
B > B, > &5, (R) > 7% > Bl > goitr > gn
so the desired inequality 5, > 8™ holds for all n > 0. ([l
Proof of Lemma 8.2.4. Since ¢: k[Y]? — k[U] is a surjective homomorphism of
graded free k-algebras, the ideal Ker ¢ has a linearly independent generating set
Y' = {y1,--» ¥ ...} C kY, which we can assume ordered in such a way that
Y51l > [y;| for j > 1. As Ker ¢ is a DG ideal, we have 9(y;) = 0 and d(y},,) €

(¥1,--.,y;) for j > 1. Assume that for some j > 1 the morphism ¢ factors through
a quasi-isomorphism

i A = kY@, ... 2) L kYT (y1,--05) = BJ
that maps 2™ to zero for 1 <4 < j and n > 1. As the Vi1 = 7 (Y),,) is a cycle
in B, there is a cycle zj;1 € A7 such that 77 (zj1) = 7/(y},,). By Lemma 7.2.10,
) extends to a quasi-isomorphism

7/ () 41): ATt = Aj<17;‘+1 | 0(x 1) = 2j11) — Bj<x;‘+1 10(241) = Tjya) -
Lemma 7.2.11 shows that the map &: Bi(«),,) — B’/(yj,,) that sends
Do bl-:c;.H(i) to bg + (y}H) is a quasi-isomorphism; thus, so is

It = §joﬂj<m;‘+1>1 AT =B <95;'+1> - Bj/(y;'ﬂ) = B/t
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In the limit, we obtain a factorization of ¢ in the form
E[Y] — E[Y(X") 5 k[U]

with a surjective quasi-isomorphism m, such that Ker 7 is generated by Ker ¢ and
x;-(l) with ¢,7 > 1. By Lemma 7.2.10, 7 extends to a quasi-isomorphism

m(X"): RYNXWXT) — K[UNX" [0(2]) = uy) -

where X" = {z,..., 27 }. The DG algebra on the right is quasi-isomorphic to k, so
we get a semi-free resolution W’ = E[Y](X'UX") of k over k[Y]. Another semi free
resolution W = k[Y|(X) of k over k[Y], such that X = {z, : |z,| = |y|+1,y € Y},
and I(k[Y](X)) C (Y)W, is given by Proposition 7.2.9 (applied with Q = k). By
Propositions 1.3.1 and 1.3.2, the vector spaces V' =k ®jy] W' = k(X' U X”) and
V =k ®py) W = k(X) are quasi-isomorphic. As 9V =0, we get (in)equalities of
formal power series

oo

H(l +t2i—1>card(X2171)

z‘:lOo = Z rank; V,t" = Z ranky, H, (V)"
[[0 - @it "
=1

= Zrankk H, (VHt" < Zrankk Vat"

n

) )
H(l + t2i—1)card(X§i71) H(l + t2i—1)card(X§;71)
_i=1 i1
H(l . tQi)card(Xéi) H(l . tQi)card(XéfL-)
i=1 =1

On the other hand, by construction we have for each j an equality
card Xj;1 = cardY; = card Y] + card U; = card X, + card X7

it
It follows that H(V') = V', that is, that 9(W') C (V)W'.
As W% is a free module over k[Y](X’) !, and H. 1 (W) = 0, we see that

Zoa (RYI(XT) = Zoa (W) 0 (RY X)) = 0(W') 0 (R[Y(X7))
S (MW NEY(X') = (VEYHXT) .

Since 7: k[Y](X') — k[U] is a surjective quasi-isomorphism, we can find
21,y 2m € Z(K[Y](X")) with 7(2;) = u;. For them we have

212 € (Lo (RYIX')))™ CZ((Y)"R[Y (X)) C Z(JK[Y](X"))
where J C k[Y] is defined by

0 forn <m;
In = S O(k[Y]my1) forn=m;
E[Y]n forn >m.

For degree reasons, J is a DG ideal of k[Y]. By hypothesis H, (k[Y]) = 0 for
n > m, so H(J) 2 H(k[Y]) = 0. Thus, the projection 7: k[Y] — k[Y]/J is a quasi-
isomorphism; Proposition 1.3.2 then shows that the induced map k[Y](X') —
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E[YX') /JE[Y](X') is one, hence
Z(JE[YNX')) = 0(JE[Y(X')) € O(k[Y(X"))

hence cls(z) = 0. The computation 0 = H(rm)(cls(z1) - - - cls(zm)) = up ...ty # 0
now yields the desired contradiction. [

8.3. Conormal modules. In this section we fix a presentation R = /I, where
(Q,n, k) is a local or graded ring, and I C n? is minimally generated by f. The
R-module I/1? is called the conormal module of the presentation®’.

If f is a regular sequence, then it is well known and easy to see that the image of
£ modulo I? is a basis of the conormal module, and the projective dimension pdg R
is finite. The starting point of the present discussion is a well known converse, due
to Ferrand [68] and Vasconcelos [154]:
Theorem 8.3.1. Ifpdy R < co and the R-module I/1I? is free, then f is a reqular

sequence. |

Later, Vasconcelos [155] conjectured a considerably stronger statement: If
pdg R < oo and pdp(I/I%) < oo, then f is a reqular sequence. Various known
cases of small projective dimension are surveyed in [156]; the one below is proved
by Vasconcelos and Gulliksen.

Theorem 8.3.2. The conjecture holds if pdz(I/1?) < 1.

Proof. In view of the preceding theorem, it suffices to assume that pdz(I/1?) = 1,
and draw a contradiction.

For the Koszul complex E = Q(X; |9(X1) = f),set Z = Z;(F) and H = H,(E).
Tensoring the exact sequence 0 — Z — Q" — I — 0 with R over @), we get
an exact sequence of R-modules Z/IZ — R" — I/I? — 0. As 0(E») C IEy,
we have an induced exact sequence H — R" — I/I? — 0. The assumption
pdr(I/I?) = 1 then implies that H contains a free direct summand Rcls(z) & R;
note that z € nF;, because f minimally generates I.

Let E(X.2) = Q(X) be an acyclic closure of R = Hy(E) over E, such that
O(x) = z for some x € X5. The cokernel of the differential do: RXs — RX; of the
complex of indecomposables Indz2 Q(X) is equal to H, so Proposition 6.2.7 yields
a Q-linear T'-derivation ¥: Q(X) — Q(X) of degree —2, with ¥(z) = 1.

The T'-derivation § = H(¥ ®¢ k) of Q(X)®gk = k(X) has 6(z) = 1. As
d(z)=2®1=0¢€ Ey/nE, each 2V is a cycle. Assuming that () = 9(v), we get
1 =0/ (zD) = 979(v) = 0, which is absurd. Thus, 0 # Hy; (k(X)) = Tor$ (R, k) for
all ¢ > 0, contradicting the hypothesis that pd, R is finite. (]

Next we present the results of Avramov and Herzog [35] on graded ring.

Theorem 8.3.3. Let Q = k[s1,...,Se] be a graded polynomial ring over a field k
of characteristic 0, with variables of positive degree, let I be a homogeneous ideal of
Q, and set R = Q/I. The following conditions are equivalent.

(i) R is a complete intersection.
(i) pdr(I/I?) < co.
(iii) exp(I/I?) < 0.
(iv) curvg(I/1?) <1.
If R is not a complete intersection, then curvg I/I? = curvg k.

300r: of the embedding Spec(R) C Spec(Q).
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The result is proved together with the next one:

Theorem 8.3.4. If R is as in the preceding theorem, and (g is its module of
Kihler differentials over k, then the following conditions are equivalent.

(i) R is a complete intersection.
(ll) CXR(QR|k) < 0.
(iii) curvp(Qgk) < 1.

If R is not a complete intersection, then curvg Qg = curvg k.

Remark. If pdg Qg < oo, then the theorem implies that R is a complete
intersection—another conjecture of Vasconcelos—but there is more.

If p is a minimal prime ideal, then Qg ; = (QR|k)p has finite projective di-
mension over R,. Thus, it is free, hence R, is regular by the Jacobian criterion,
and so R is reduced by Serre’s criterion. Conversely, if R is a reduced complete
intersection, then Ferrand [68] and Vasconcelos [154] prove that pdg Qg < 1.

The asymptotic results are easy consequences of more precise inequalities3! for
the graded invariants described in Remark 1.2.10.

Theorem 8.3.5. In the notation of Theorem 8.3.3, for alln > 0 and j € Z there
is an inequality between graded Betti numbers and deviations:

Boi(Qri) = enyr(R)  and i (1/1%) > eniaj(R).

Our proof proceeds through a structural result on the resolution of I/I2, that
depends on the grading and on the characteristic; the following is open:

Problem 8.3.6. When R is a local ring and R = Q/I is a regular presentation,
does an inequality 32(I/1%) > &,42(R) hold for each n > 07

In the arguments, we use graded versions of some basic constructions.

Remark 8.3.7. The first step in the construction of a minimal model of R over
Q@ is a Koszul complex on the set f of minimal generators of I; we choose f to
consist of homogeneous elements, so the first Koszul homology is a finite graded
@Q-module. Assume by induction that H, (Q[Y<,]) has the same property for some
n > 1; to kill it we adjoin a minimal set of homogeneous generators, and assign to
each variable y € Y,, 11 an internal degree, equal to that of d(y).

Thus, we get a graded minimal model Q[Ys1] = k[Y] of R over Q). Similar
considerations yield a graded acyclic closure R{(X) of k over R. The arguments
in Sections 6.3 and 7.2 are compatible with the internal gradings, so the ‘obvious’
graded versions of the results proved there are available.

Remark 8.3.8. Proposition 6.2.3 can be repeated for ordinary (that is, not subject
to a condition involving divided powers) k-linear derivations of the DG algebra k[Y]
over k, to produce a DG module of differentials Diffy, k[Y] over k[Y]. It is semi-free
with basis {dy : |dy| = |y|; deg(dy) = deg(y)}yey, where deg(a) is the internal
degree of a; the map y — dy extends to a universal derivation d: k[Y] — Diffy k[Y];
the differential is determined by d(dy) = d(9(y)); each k-linear derivation of k[Y]
into a DG module U over k[Y] factors uniquely as the composition of d with a
homomorphism of DG modules Diff k[Y] — U.

31Equalities hold for n = 0 by Corollary 7.1.5, but it appears that the other inequalities are
strict unless R is a (reduced) complete intersection.
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Consider the complex of free R-modules L = R ®yy) Diffy k[Y]. (Using
Lemma 7.2.3 on the uniqueness of minimal models and a functorial construction
of Diff k[Y], it can be shown that this complex is defined uniquely up to isomor-
phism by the k-algebra R; we do not use that here, and refer to [35] for details.)
For g € QY7, an easy computation shows that the differential

& af
O: Ly — Ly actsby 0(1®g)=1®) a—ydyi where 91(9)=f€Q.
i=1 7"
On the other hand, the ‘second fundamental exact sequence’ for the module Qg
of Kahler differentials of the k—algebra R has the form
I/1? LR R®q Qo — Qg — 0 with S(f+1%) = 1®§: of
0Y;

i=1 7"

As Qqyp, is free with basis {dy,, ..., dy.}, we conclude that Ho(L) = Qgs.

Recall from Remark 4.1.7, that an augmentation e: F' — N of a complex of free
R-modules F is essential, if for some lifting a: ' — G to a minimal resolution G
of N, the map k ®p « is injective. In that case, & maps F isomorphically onto a
subcomplex of G, that splits off as a graded R—module.

Theorem 8.3.9. The augmentation ¢*: L — Ho(L) = QRjk is essential.
A special morphism is at the heart of the arguments to follow.

Construction 8.3.10. Euler morphisms. The graded algebra R has an Fuler
derivation R — m, that multiplies each homogeneous element a € R by its (inter-
nal) degree. By Proposition 1.3.1, the R-linear map 7: Qg — m that it defines
lifts to a morphism w: Diffy, k[Y] — V of DG modules over k[Y], where ¢ : V —m
is a semi-free resolution of m over k[Y]. We call such a lifting an Fuler morphism;
it is unique up to k[Y]-linear homotopy.

Lemma 8.3.11. Let k[Y] be a graded minimal model of R over k, and let U =
E[Y(X) be a graded acyclic closure of k over k[Y], as in Remark 8.3.7.

The DG module V = >~Y(U/k[Y]) is a semi-free resolution of m over k[Y], and
there is an Euler morphism w: Diffy k[Y] — V, such that

w(dy) = —deg(y)r, mod nXp i1+ (k[Yé nt1)(X< n>])n+1 for yey,.

Proof. Set D" =], ,, k[Y]dy C Diff k[Y] = D.

The map a — deg(a)a is a k-linear chain I'-derivation k[Y] — U. In degree zero
homology it induces the zero map R — k, so it is homotopic to 0. If £: D — U
is the k[Y]-linear morphism that corresponds to it by Proposition 6.2.3, then ¢ is
homotopic to 0. We set £" = ¢|p» and by induction on n construct k[Y]-linear
homotopies ¢": D™ — U between £" and 0, such that

o™ pn1 ="t

o"(dy) = deg(y)z, mod nX, + (k[Y<J(Xn)])n )

If |y| = 0, then set 0%(dy) = deg(y)z,: clearly, the formula above holds. Let
n > 1, and assume by induction that ¢”~! has been found. It is easy to check that
&(dy) — deg(y)(xy) — o™ 10(dy) is a cycle; as n > 1, it is a boundary, that we
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write as d(uy + vy) with u, € QX 41, and vy € k[Y p41](X<n)n+1. Because d is
a derivation and 9(Y) C (Y)2k[Y], we get

d@Y) C d((Y)?KIY]) € (V)d(K[Y]) = (V)D
Since o™~ is k[Y]-linear, this implies:
o"1a(dy) = 0" 1d((y)) € Wi = nYy + K[Y_ J(Xcn)n
By Proposition 7.2.9, we have d(v,) € W,,, hence
O(uy) = €(dy) — deg(y)d(a,) — o™ 20(dy) — (v,) € Wi
By the same theorem, we conclude that u, € nX, ;. The map ¢": D" — U,

0" (dy) = deg(y)zy + uy + vy, defines a homomorphism of DG modules over kY]
that satisfies (x). As for |y| < n we have

do™(dy) + 0" 9(dy) = deg(y)d(z,) + I(uy + v,) + 0" A(dy) = &(dy),

the induction step of the construction is complete.

In the limit, the maps o™ define a homotopy o: D — U between £ and 0. Let
w: D — V be the composition of ¢ with the canonical k[Y]-linear, degree —1
homomorphism U — U/k[Y] — =~ 1 (U/k[Y]) = V. As Im¢ C k[Y], the equality
do + 00 = £ implies dw = wd, S0 w is a chain map D — V.

The homology exact sequence of 0 — k[Y] — U — U/k[Y] — 0 yields
H, (U/k[Y]) = 0 for n # 1 and Hy(V) = m, so V = =~ }(U/k[Y]) is a semi-free
resolution of m. For n = 0, formula () shows that Ho(w): Qg — m is the
homomorphism induced by the Euler derivation; for n > 1, the formula yields a
congruence w(dy) = — deg(y)z, mod nX, 11 + (E[Y<ni1 (X n)])nt1- O

Proof of Theorem 8.3.9. Let w: Diffy k[Y] — V be the Euler morphism, con-
structed in the preceding lemma, and consider the induced morphism

w: L = R @y Diffy kY] 225 R@yy V =G
of complexes of graded R—modules. The lemma yields congruences

(k@rw)(1®dy) =1®deg(y)ry mod (k(Xcpn)ny1) fory €Y, and n >0,
which show?? that k ® g @ is injective. Furthermore, Ho(w) is the homomorphism
v: Qg — m defined by the Euler derivation.

By Proposition 1.3.2, the quasi-isomorphism p: k[Y] — R induces a quasi-
isomorphism p @ V: V = k[Y] ®yy1 V — R®y) V = G, so G is a minimal
free resolution of m over R. Let F' be a minimal free resolution of {2g; over R, let
a: L — F be a lifting of the identity map of Qpg;, and let 8: F — G be a lifting

of 7. Since Hy(Ba) = ~, the morphisms w and Sa are homotopic. As noted in
Remark 4.1.7, this yields

k@rw=Fker (Ba) = (k@r B)(k®r ),
so k ®g « is injective. This is the desired assertion. (I

Proof of Theorem 8.3.5. By construction, L,, is a free R—module with basis Y,,, and
card(Y,) = ep4+1(R) by Theorem 7.2.6. The inequalities for the Betti numbers of
Qg follow from the result that we have just proved.

The morphism tw used in its proof induces a morphism @’: L' = =1L, —
571G 1 = @, such that w’? is a split injection of R-modules. An easy computation

32This is the only place where the hypothesis of characteristic 0 is used.
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shows that Ho(L') = I/I?, so replacing in the preceding argument F by a minimal
resolution of I/I%, we conclude that e — I/I? is essential. That gives the
second series of inequalities. (Il

Proof of Theorem 8.3.3 and Theorem 8.3.4. In view of Corollary 8.2.2, in each case
it suffices to prove the last assertion. Using Proposition 4.2.4.1, Theorem 8.3.5, and
Proposition 8.1.4, we get

curvg k > curvg(I/I%) = limsup {/BR(I/I%) > limsup Ve, (R) = curvg k.

We have Theorem 8.3.3. An identical argument yields Theorem 8.3.4. O
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9. MODULES OVER COMPLETE INTERSECTIONS

Currently, homological algebra over complete intersections is an active area of
research on infinite free resolutions. This chapter describes some basic techniques
and results. Most proofs depend on a remarkable higher level structure on resolu-
tions, introduced in Section 1 under more general hypotheses. It is then applied
to modules over complete intersections, to study Betti numbers in Section 2, and
other homological problems in Section 3.

9.1. Cohomology operators. In this section R = Q/(f), where f = f1,..., fr
is a regular sequence in a (not necessarily regular local) commutative ring Q. We
denote E = Qly1,...,¥yr|0(y;) = f;] the Koszul complex on f, and let k: E — R
be its canonical augmentation.

Extending Shamash’s [143] construction of resolutions over hypersurface sections,
cf. Theorem 3.1.3, Eisenbud [57] produces (in a finite number of steps, if pdy M is
finite) a free resolution of an R—module M starting from any free resolution of M
over (). Here we present a version from Avramov and Buchweitz [31]; the result is
somewhat weaker, but easier to prove and sufficient for our purposes.

Theorem 9.1.1. Let M be a finite R-module, let €V : U — M be a DG module
resolution of M over E such that U, is a free Q-module for each n.

Let G = Q{vi,...,v.) be a Q-module with basis {v) = v (h1)...q (hr)
oD | = 2(hy|vr| + - + helog]), H=(h1,...,h,) €N"}, and set

Cn(E7U) = @éz QR U7L—i7;

>0

™) @u) = — ZU(HJ') @ yju + v @ d(u)
j=1

where G; = R®qg G, Uj = R®q Uj, and Hj = (h1,...,h; —1,... k).
Then (C(E,U),d) is a free resolution of M over R.

Remark. The Koszul complex K on a regular sequence s with (s) 2 f is a DG
module over E; by inspection, C(E, K) = C, the resolution of Corollary 6.1.9.

Proof. Let pn: E ®g £ — E be the morphism of DG algebras, given by the mul-
tiplication of the exterior algebra. An elementary computation shows that Ker p
is generated by y;- =y;®1-1Q®y;, for j =1,...,r. Thus, p is the composition
of (E®q E) — D = (E®q E)(vi,...,v.|0(vj) = yj) with v: D — E, where
v(v)) = 0if |H| > 0. By Proposition 1.3.2, the map

is a quasi-isomorphism. As (E®qk)(y;) = y;, we see that H(E®¢q E) is the exterior
algebra on Hi (E®q E), itself a free R-module with basis cls(y}), ..., cls(y}.). Thus,
Proposition 6.1.7 applied to the I'-extension £ ®qg E < D, shows that v is a quasi-
isomorphism of DG algebras.

Since v is a morphism of semi-free DG modules over E for the action of E on
the right, by Proposition 1.3.3 so is v g U: D ®g U — E ®g U = U, hence
H(D ®p U) = M. On the other hand, (D ®p U)* = E* ®¢g G ®¢g U’ is a semi-free
DG module for the action of E on the left. Thus, by Proposition 1.3.2 the morphism
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kRQpU: D®rU — RRr D ®gU is a quasi-isomorphism. Comparison shows that
R®p D®pU = C(E,U) as complexes of R—modules. O

Construction 9.1.2. Cohomology operators. Let S = R[x1,...,Xx.| be a
graded algebra with variables xi,..., X, of degree®® —2. In the notation of the
preceding theorem, set x; o) = yUH5) for 1 < j < r. These are R-linear endo-
morphisms of degree —2 of C(E,U)%. They clearly commute with each other, and
a glance at the formula for the differential 9 of the complex C(E,U) shows that
they are chain maps: x;0 = 0x;. Thus, C(E,U) is a DG module over the graded
algebra®* of cohomology operators S of the presentation R = Q/(f).

The construction above, taken from [31], is a variant of that of Eisenbud [57],
cf. Construction 9.1.5. The introduction of operators of degree —2 on (co)homology
is due to Gulliksen [80]; other constructions have been given by Mehta [119] and
Avramov [25]. For a long time, it had been held that they coincide, but a close
reading of the published arguments has revealed serious flaws. In fact, they yield
the same result, but only up to sign: this is proved in [37]; ironically, that proof
introduces two new constructions.

Proposition 9.1.3. For each R—module N there are S—linear homomorphisms
xj: Tor® (M,N) — TorZ_, (M, N)

5 for 1<j<r andall n,
x;: Ext}h (M, N) — Ext};t? (M, N)
which turn Tor™ (M, N) and Extg (M, N) into modules over S.

These structures depend only on f, are natural in both module arguments, and
commute with the connecting maps induced by short exact sequences.

Proof. For the first statement, observe that for each R—module N, the complexes
C(E,U)®grN and Homp (C(E,U), N) have an induced structure of DG S—module.
Naturality in N is clear, as is linearity of the connecting homomorphisms induced
by an exact sequence 0 — N’ — N — N” — 0.

If B: M’ — M is a homomorphism of R—modules, and U’ is a resolution of
M’ given by Construction 2.2.7, then by the lifting property of Proposition 1.3.1
there is a morphism a: U’ — U of DG modules over E such that H(a) = g.
The expressions for the differential in Theorem 9.1.1, and for the action of x; in
Construction 9.1.2 show that v @ v’ +— v) @ a(u') defines a morphism of
DG S—modules C(E,a): C(E,U’) — C(E,U). All choices of o are homotopic,
so the degree 0 maps of S—modules H(C(F,a) ®g N) and HHomp (C(E, a), N)
are uniquely defined, and equal respectively to Tor™ (3, N) and Ext r(B,N). This
proves naturality in M, and independence from the choice of U.

Let 0 — M’ — M — M"” — 0 be a short exact sequence of R—modules, and
choose a semi-free resolution U” of M" over E, such that U”% is a free module
over E% By the usual ‘Horseshoe Lemma’ argument, there exists a differential on
Ut = UM @ U", such that U becomes a DG module resolution of M over E, and
the canonical exact sequence 0 — U’ — U — U” — 0 is one of DG modules over

33This will not be surprising, once the x;’s reveal their cohomological nature.
34The algebra S itself has a trivial differential; this nicely illustrates the fact that DG module
structures are to be found in all walks of life.



INFINITE FREE RESOLUTIONS 85

FE. Due to the expression for the differential in Theorem 9.1.1, it gives rise to an
exact sequence of DG modules over S:

0— C(E,U") — C(E,U) — C(E,U") —
that splits over R. It induces short exact sequences of DG modules over S
0—CEU)Y®r N - CE,U)@r N - C(E,U"Y®r N — 0
0 — Hompg (C(E,U"), N) —Hompg (C(E,U),N) —Hompg (C(E,U’),N) — 0
Their connecting maps commute with the action of the operators ;. [
The importance of the algebra of cohomology operators stems from

Theorem 9.1.4. If M and N are finite modules over a noetherian ring R, such
that R = Q/(f) for some Q-regular sequence f, then the S-module Extp (M, N)
is finite if and only if Ext¢y (M, N) =0 for n > 0.

Remark. Most of the remaining results in this chapter are based on this theorem.
Section 2 uses the ‘if’ part; different proofs for it are given in each one of the papers
quoted in Construction 9.1.2; here we use an elementary argument to establish a
special case, that suffices for many applications. Section 3 is based on the converse
statement in the special case N = k, proved in [25]; the general result is established
in [32].

Partial proof of Theorem 9.1.4. Assume that @ is noetherian, finite projective QQ—
modules are free, and pdp M is finite. Proposition 2.2.8 then yields a DG module
resolution U of M over E, which is a finite complex of free @—modules. By the
preceding result, we may use U to compute the action of S. As Hompg (C(E,U), R)
is a semi-free DG module over S with underlying module & ® g Homg (U, R) , we
see that it suffices to prove the

Claim. If F is a semi-free S—module of finite rank, then for each finite R—module
N the S—module H(F ®pr N) is noetherian.

The advantage is that now we can induce on n = ranks F. If n = 1, then F is a
shift of S, so H(F @ g N) 2 ="S ®r N is a finite S—module. If n > 0, then choose
a basis element v € F of minimal degree. As 9(u) = 0 for degree reasons, Su is
a DG submodule of F, and G = F/Su is semi-free of rank n — 1. The homology
exact sequence now yields an exact sequence of degree zero homomorphisms of S—

modules Su ®r N — H(F ®g N) — H(G ®g N), where the two outer ones are
noetherian by induction. The claim follows. O

Eisenbud [57] shows how to compute the operators from any resolution.

Construction 9.1.5. Eisenbud operators. A lifting to ) of a free resolution
(F,0) of M over R is a pair (F,d) consisting of a free Q-module F and a degree
—1 endomorphism 8 of F, such that (F,d) = (F ®q R,d ®¢ R).

Liftings always exist—just take arbitrary inverse images in @ of the elements of
the matrices of the differentials 9,,. The relation 92 = 0 yields 62 (F ) C (f)F, hence
for j =1,...,r there are degree —2 endomorphisms of Q—modules 77 : F—F , such
that 92 = Y7, f;7

Each lifting produces a family of Eisenbud operators

T:{Tj:?j®QR:F->F}1<j<T.
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Proposition 9.1.6. Let T be a family of Fisenbud operators defined by f.

For1 < j < the maps 70 are chain maps of degree —2, that are defined uniquely
up to homotopy, commute with each other up to homotopy, commute up to homotopy
with any comparison of resolutions F' — F constructed over a homomorphism of
R-modules : M’ — M, and satisfy

H(Homp (7/,N)) = —x; .

Proof. Let (F’,d') be a lifting of a free resolution (F’,d) of an R-module M’,
chosee a family of maps 7 = {77}: F/ — F’ as above, and set 7/ = {77 =
7 @g R}. If a: F' — F is a chain map and a: F’' — F is a map of Q-modules
such that @ ®g R = «, then the equality da = (—1)!*lad’ implies that for 1 <
j < r there exist Q-linear homomorphisms ¢J: F/ — F with |0J| = |a| — 1 and
da — (=1)llad" = > i1 fj07. Thus, we have

> fi(F@a-ar’) =0*a-ao”?
j=1
(Zafjaj alaw) (=1)le (ijajé’ - 5&5’)
j=1

= ifj (907 — (—1)|”j‘0j5') .
j=1

Since the elements of f are linearly independent modulo I?, we get
Hla—ar =8(c? @9 R) — (-1)7l(¢! ®g R)Y  for 1<j<r,

that is, 07 ®g R: F' — F is a homotopy from 77« to ar’/. We can now get most
of the desired assertions by suitably specializing the maps chosen above.

First, letting o = &' = d and @ = &' = 0, we can set 0/ = 0 for 1 < j < r, and
so conclude that each 77 is a chain map. Next, taking a = id?" and varying 7/, we
see that 7!,...,7" are defined uniquely up to homotopy. Then, keeping o = 77 and
7' = 7, we see that 77 commutes up to homotopy with each 7¢. Finally, choosing
« to be a lifting of a homomorphism of R-modules §: M’ — M, we obtain that

mia and ar’’ are homotopic for each j.
The resolution F' = (C(E,U),d) of Theorem 9.1.1 has an obvious lifting:

F=U"®,G with (™ @u)= Z H) @ yiu+ o) @ d(u) .
7j=1

From it we get (0 @ u) = — X, o) © fju = — S0, fx (0 © u) and
hence H(Homp (79, N) ) = —x; for 1<j<r. O

Remark 9.1.7. For any integer d with 1 < d < r, the operators x1,..., xq act on
Exty (M, k) in two ways: the initial one, from R = Q/(f), and a new one, from
the presentation R = P/(f1,..., fa) with P = Q/(fa+1,---, fr)-

These actions coincide. Indeed, if (F 8) is a lifting to @ of a free resolution
(F,d) of M over R, then it is clear that (F ®¢ P, 8®Q P) is a lifting of (F, ) to P.
In this case we have (8 ©g P)? = Zj:l [;(77 ®q P). Thus, we may use 77/ ®¢ P
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to compute the operation of x; coming from the new presentation. It remains to
observe that (77 ®¢g P)®@p R =77 ®¢ R.

9.2. Betti numbers. Our method for studying homology over complete intersec-
tions is to use the action of the algebra of cohomology operators, in order to replace
‘degree by degree’ computations by ‘global’ considerations.

At that level, we are essentially dealing with finite graded modules over poly-
nomial rings. This converts homological algebra back into commutative algebra,
and opens the door to the use geometric methods to study cohomology. Such an
approach was pioneered by Quillen [132] for cohomology of groups, and has evolved
into a powerful tool of modular representation theory, cf. Benson [41] and Evens
[62] for monographic expositions. Geometric methods are used in [25] to study
resolutions over commutative rings.

For reference and comparison, the next theorem is presented along the lines of
Theorem 5.3.3. It is compiled from four papers: the fact that P4, () is rational with
denominator (1 — ¢2)°4m £ iy from Gulliksen [80]; the comparison of the orders of
the poles, and (3), are from Avramov [25]; the first part of (5) comes from Eisenbud
[57], the second from Avramov, Gasharov, and Peeva [32].

Theorem 9.2.1. Let R be a complete intersection with edim R = e and codim R =
r. For a finite R—module M # 0 with depth R — depth M = m and pdpy M = oo,
the following hold.

(1) There is a polynomial p(t) € Z[t] with p(£1) # 0, such that

p(t)
PR = T

(2) cxp M =d < codimR and curvg M =1.

with c¢<d.

(3) BE(M) ~ 2C(db_1)' nd=t  where b=p(1) > 0.
B (M)

@ Jm Gr0n -
n1 (M)

(5.1) W =1 and Syzl,, (M) = Syz (M) forn >m if cxp M = 1.

1 (M) .

(5.2) W > 1 and Syzf‘_s_2 (M) — Syzlt (M) forn >0 if cxg M > 2.
Remark. A more precise version of the last inequality is proved in [32]: there are
polynomials hy (t) of degree d — 2 with leading terms ay+ > 0, such that for n > 0
the difference 8%, (M) — BE(M) is equal to hy(n) if n is even, and to h_(n) if n
is odd; however, it is possible that a4 # a_, cf. Example 9.2.4.

Example 9.2.2. By Remark 8.1.1.2, we have 8Z(k) ~ 2¢7"n"1/(r — 1)!, so ¢ =
—dim R, d = codim R, b =1, and pi(t) = 1.

Recall that if R is a complete intersection, then mult R > 2¢odim 2,

Example 9.2.3. If mult(R) = 2", then for each M there is an integer valued
polynomial b(t) € Q[t] such that BZ(M) = b(n) for n >> 0, cf. [28]. This generalizes
a well known property of complete intersections of quadrics.
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Not all Betti sequences are eventually given by some polynomial in n.

Example 9.2.4. Let ¢ = (“7') — rank; m?/m? be the number of ‘quadratic rela-
tions’ of R. It is proved in [28] that

1=+ (1 +t) 1. (et — 1)
(1—t) - (1+t)yr—a1-¢t

Pg/m2 (t) =

Thus, when ¢ < r — 2 the Poincaré series has poles at t = 1 and at t = —1,
so the even and odd Betti numbers are each given by a different polynomial. For
instance, if R = k[sq, s2]/(s{*, s52), with a; > 3, then B%(R/m?) is equal to 3n + 1
if n is even, and to %n + % if n is odd.

As (5.1) shows, if a Betti sequence is bounded, then it stabilizes after at most
depth R steps. However, if cxg M > 2, then there exist modules whose Betti
sequence strictly decreases over an initial interval of any given length. This shows
that no bound on the degree of the polynomial p(¢) can be expressed as a function
only of invariants of the ring R:

Example 9.2.5. Let R be a complete intersection of codimension ¢ > 2. Fix
N = Syz? (k), with n > dim R, and let F be its minimal free resolution. The
module N is maximal Cohen-Macaulay, cf. 1.2.8, hence the complex
* * 85 * Bf *

0—=N"—=Fy —F —Fy — ...,
where —* = Hompg (—, R) , is exact and minimal. Splice it to the right of a minimal
free resolution of N*: now you are holding a ‘doubly infinite’ exact complex of finite
free R—modules, that you can truncate at will. The cokernel of 9} is guaranteed

to have s 4+ 1 strictly decreasing Betti numbers at the beginning of its resolution,
cf. Remark 8.1.1.3.

Before starting on the proof, we make a general observation.

Remark 9.2.6. Let @ be a regular local ring, let f be a Q-regular sequence, and
set R = Q/(f). If M is a finite R—module, then Extp (M, k) is a finite module
over R[x1,...,Xr] by Theorem 9.1.4.

Since m annihilates Extp, (M, k) , we see that M = Extp (M, k) is a finit module
over the graded polynomial ring P = k[x1, ..., Xr]. In particular, the Hilbert-Serre
Theorem applies to the graded P-module M, and shows that P, (t) = ¢(t)/(1—t)"
for some polynomial ¢(t) € Z[t].

Proof of Theorem 9.2.1. The hypotheses of the theorem and its conclusions do not
change if one replaces (R, M) by (R', M ®g R’), where R’ is the completion of the
local ring R[u|m[,). Thus, we assume that R = Q/(f), where @ is regular with
infinite residue field k, and f is a regular sequence.

Let F be a minimal free resolution of M over R, and set 3, = BE(M).

(1) Due to Remark 9.2.6, PX;(t) can be written in the form

d
P (1) =

J

I
-

c—1
m;j

L
(1 — t)d—j + Z (1 i t)c_i + f(t) s

I
<
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with max{c,d} < r and f(t) € Q[t]. Thus, for n > 0, there are equalities

mo d—1 o

5 @ +(621)!
mo -nd_l _ 0

=1 -1

with mg # 0, and polynomials g4 (t) of degree < max{c,d} — 1. As the Betti
numbers of M are positive, we have d > ¢, and d > 0.

Assume next that d = ¢, so that £y # 0. The positivity of Betti numbers implies
that mo & £o > 0, hence mg > 0.

Set v(4,2s) = g:_j(—l)lﬂzs,i. Formula (%) shows that for all s,h > 0 the
function 2s — v(2h,2s) is given by a polynomial in 2s of degree d with leading
coefficient ag = ((4h+1)€o+my)/(d—1)!, and the function 2s — v(2h+1,2s) by a
polynomial of the same degree with leading coefficient a; = ((4h+3)ly —mg)/(d —
1! Thus: if ¢y < 0, then ag < 0 for h > 0, so v(2h,2s) < 0; if £y > 0, then a; >0
for h >0, so y(2h + 1,2s) > 0.

Localization of F' at a minimal prime ideal p of R yields an exact sequence

nt 4 g (n) foreven n;

(%)

14 g_(n) for odd n;

0— L;; — (ngJrj)p — ... (ng)p — ... (ng,j)p — Ng; — 0.
Counting lengths over R,,, we get an equality
v(J,2s) - length(R,) = (fl)j(length(LSJ) + length(Ns,j))

which shows that v(2h,2s) > 0 and v(2h + 1,2s) < 0, regardless of the sign of £.
We have a contradiction, so we conclude that d > c.

(3) Since d > ¢, formula (*) yields lim, oo B, /7% = mg/(d — 1)!.
On the other hand, mg = lim,_, (1 — )4 P, (t) = p(1)/2¢.

(2) and (4) are trivial consequences of (1) and (3).

(5) By Theorem 9.1.4, Ext (M, k) is a finite graded module over the polynomial
ring k[x1, ..., Xr]. Thus, its graded submodule

{uw € Extp (M, k) | (x1,---,xr)™p =0 for some m}

is finite-dimensional, and hence is trivial, say, in degrees > s. Since k is infinite,
we can find a linear combination y of xi,..., X, that is a non-zero-divisor on
Extz”® (M, k). Thus, the operator y is injective on Ext7® (M, k). Dualizing, we see
that x: T0r§+2 (M, k) — TorZ (M, k) is surjective when n > s.

Changing bases, we may assume that y = x1, and switch attention to the pre-
sentation R = P/(f), where P = Q/(fa,..., fr) and f is the image of f1; note that
f is P-regular. Let (F,d) be a lifting of the complex (F,d) to P, and let 7: F — F
and T =7®pR: F — F be the degree —2 endomorphisms from Construction 9.1.5.
By Remark 9.1.7, we have x = Hompg (7, k) .

Since x, is surjective for n > s, so are the maps T,i2: ﬁn+2 — ﬁn
and 7,42: Fh42 — F, by Nakayama. The chain map 7 induces surjections
Syzf+2 (M) — Syz!? (M) for n > s. Localize the defining exact sequence

0 — Syzn s (M) — Foia 2 R, — Syz (M) — 0

at a minimal prime p of R. For n > s a lengths count over R, yields

Bus1 — Bn = (length Syz.? , (My) — length Syz (M,) )/ length(R,) > 0,
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Next we assume that 8, = 8,41 = b # 0 for some n > s, and show that 8,12 = b.
Since 7,12 is surjective for n > s, we have Fn+2 =F ® G with F = Ker 7,42, and
the restriction 6 of 7,,19 to G is an isomorphism with F Let C G — Fn+1 be the
restriction of 8n+2 As 8n+1C is the restriction to G of 8n+18n+2 = fThio, where
P/(f) = R, we have 0,41¢ = f6, and hence

A Onir A ¢ = N (0ns1Q) = N(F0) = fP N\ 0.

Note that G, F,, 41, and F,, have rank b and fix isomorphisms of P with A\"(Q),
A’ (Fog1), and A°(F,). The maps A”9pi1, A°¢, and A°6 are then given by
multiplication with elements of P, say y, z, and u, respectively. The equality above
becomes yz = fPu. As 6 is bijective so is /\b(ﬁ), hence u is a unit in P. As f is
P-regular, so is y, hence 5n+1 is injective. From 5n+15n+2(E) = fTh+2(E) =0 we
now see that £ C Ker 5n+2, so Im 5n+2 is a homomorphic image of ﬁn+2/E = G
Remarking that

(Coker 8,,43) @p R = Coker 9,43 = Syz4a (M)

we conclude that Syz”? to (M) is a homomorphic image of the free R-module G ®p
R = RY. Tt follows that 3,42 < b= f3,. On the other hand, we already know that
Bn+2 = Bnt1 = Bn, hence all three are equal to b. Thus, the sequence {8, }n>s is
either strictly increasing or constant: we have proved (5.2).

If Bht2 = Bn, then rankp f‘n+2 = rankp ﬁn, so ' = 0 and the surjective ho-
momorphism 7,42 is bijective. To finish the proof of (5.1), we show that for
m = depth R — depth M the complex F. ,, is periodic of period 2. It is a minimal
resolution of N = Syz’ ., (M), and N is maximal Cohen—Macaulay by Proposition

1.2.8. Thus, F¥,, = Homg (F. ,,,, R) is acyclic, with Ho(F?,,) = N*. Since F¥ ,
minimal, N* is a syzygy of C,, = Coker 9}, for each n > m. For n >> 0 the mlmmal
resolution of C,, is periodic of period 2, hence so is FZ . O

9.3. Complexity and Tor. Let (R, m, k) be a local ring.

If R=Q/I is a complete intersection and @ is regular, then the finite global di-
mension of ) implies that all R—modules have finite complexity. However, to study
a specific R—module, it often pays off to use an intermediate (singular) complete
intersection P, that retains the crucial property pdp M < co. With this approach,
the following factorization theorem is proved in [25].

Theorem 9.3.1. Let R = Q/I be a regular presentation with I generated by a
reqular sequence. If k is infinite, then for each finite R—module M the surjection
Q@ — R factors as Q — P — R, with the kernels of both maps generated by reqular
sequences, pdp M < oo, and cxgp M = pdp R.

Proof. As in Remark 9.2.6, consider the finite graded module M = Ext}, (M, k)
over the ring P defined by the presentation R = /1. Elementary dimension theory
shows that the Krull dimension of M over P is equal to cxg M = d. As k is infinite,
we may choose a homogeneous system of parameters 1, ..., xq for M, and extend
it to a basis x1,..., X, of P2, the degree 2 component of P.

It is not hard to see that I can be generated by a @Q-regular sequence
f = fi...,fr that defines the operators xi,...,x,. Remark 9.1.7 identifies
klx1,...,xd) € P with the ring P’ of cohomology operators of a presentation
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R = P/(f1,..-, fa), where P = Q/(fa+1,---,fr). As M is finite over P’, The-
orem 9.1.4 shows that Exts (M, k) = 0 for n > 0, that is, pdp M < occ. O

To deal with intrinsic properties of the R—module M, a concept of virtual pro-
jective dimension is introduced in [25] by the formula3®

— " is a local ring such that R = Q'/(f’

vpd M:inf{pd,M‘ @ & Q/(f)}_
R Q / /
for some )'—regular sequence f

Clearly, vpdp M < co whenever R is a complete intersection.

Recall that pdp M is finite if and only if cxg M = 0. It is easy to see that in
that case, vpdg M = pdp M. Thus, the following result extends the Auslander-
Buchsbaum Equality.

Theorem 9.3.2. If M s a finite R—module and vpdp M is finite, then
vpdp M = depth R — depthp M +cxp M .

Proof. We may assume that R is complete with infinite residue field.
Choosing Q" with pdg, M = vpdg M, we have

vpdg M = pdg, M = depth Q" — depth M
=pdg R+ depth R — depth M > cxgr M + depth R — depth M

where the inequality comes from Corollary 4.2.5.4. On the other hand, the preceding
theorem provides a ring P from which R is obtained by factoring out a regular
sequence, and that satisfies pdp R = cxp M, so we get

vpdrp M < pdp M = depth P — depth M
=pdp R+ depth R — depth M = cxr M + depth R — depth M

where the inequality holds by definition. O

Next we study the vanishing of Tor functors over a local ring. The subject starts
with a famous rigidity theorem of Auslander [16] and Lichtenbaum [112]:

Theorem 9.3.3. If M and N are finite modules over a regular ring R and
Tor® (M,N) =0 for some i>0,
then Tor® (M, N) =0 for all n > i. |

Heitmann [85] proves that rigidity may fail, even with R Cohen-Macaulay and
pdp M finite. On the other hand, there are partial extensions of the theorem to
complete intersections. The first one is due to Murthy [123].

Theorem 9.3.4. If M and N are finite modules over a complete intersection R of
codimension r, and for some i > 0 there are equalities

Torf (M,N) =---=Tory (M,N) =0
then TorZ (M, N) =0 for all n > i.

In codimension 1, this is complemented by Huneke and Wiegand [91]:

35Tf k is infinite; otherwise, R and M are replaced by R= R[u]m[u] and M = M QR R.
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Theorem 9.3.5. If M and N are finite modules over a hypersurface R, and
Tor]' (M,N) = Torf; (M,N) =0 for some i>0,
then either M or N has finite projective dimension.

When the vanishing occurs outside of an initial interval, Jorgensen [95] draws
the conclusion from the vanishing of fewer Tor’s.

Theorem 9.3.6. Let M be a finite module over a complete intersection R, such
that cxp M = d and depth R — depth M = m. For a finite R—module N, the
following are equivalent.

(i) Torf (M,N) =0 forn>m.
(ii) Tor® (M,N) =0 forn>>0.
(iii) Torf' (M,N) =---=Torf’,(M,N) =0 for some i > m.
The number of vanishing Tor’s in (iii) cannot be reduced further; the next ex-

ample elaborates on a construction from [95].

Example 9.3.7. For i« > 1, R = k[[s1,...,82:]/(518r+1,- -, SrS2r), and
R/(Sr+41,...,592,) there is a module M;, such that cxg M; = r, Torf‘ (M;,N)
for i <n <i+r, but Tor’ (M;, N) # 0 for infinitely many n.
Corollary 6.1.9 yields a minimal resolution
F=R(zi,... x| a(xj) =35 )a(xT+j) = Sp45T; for 1 <j<r)

of M = R/(51,...,5) = K[[Sr41,--.,527])]. As M is maximal Cohen-Macaulay,
F* = Hompg (F, R) is exact in degrees # 0. It is easy to see that the sequence

N

2 Fy % F} e FY with o(x) = sp41 - Sorx
is exact. The splice of F' with 71 F* along o is a doubly infinite complex (G, 9)
of free R—modules. By construction, H, (G ® g N) = Torg (M, N) for n > 1 and
H,(G®g N) =Exty ™ (M,N) for n < —2; as 0 @z N = 0 trivial, these equalities
extend to n = 0 and n = —1, respectively.
For 1 < j < r, consider N; = N/(S;41,...,5-)N = Ek[[s1,...,s;]], note that
Tor® (M, N;) and Extp (M, N;) are annihilated by (31,...,32,), and set

(oo} oo
Tj(t) = Y rank, Tor (M,N;)t" and E;(t) = > ranky Exty (M, N;)t".
n=0 n=0

The exact sequences 0 — IV; 2, N; — Nj_; — 0 induce (co)homology sequences
in which multiplication by s; is the zero map, so
1
Ti-1(t) =T3(0) +tT3(t)  and By (t) = B5(6) + S B;(t).
Since and Ny & k, we have Ty(t) = Eo(t) = PY(t) = 1/(1 —t)", and hence
To(t) 1 t"Eo(t) t"
T.(t) = = d E.(t) = = .
O=ary " a-ey ™ O=Gry ~a-ey

Now set M; = Imd_,_;_1; as Torf (M;,N) 2H,,_—i(G®pg N) for n > 1, these
equalities establish the desired property.

We start the proofs with a couple of easy lemmas.
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Lemma 9.3.8. Let fi,..., fq be a reqular sequence in a commutative ring @, and
SetR:Q/(fla'-'?fd)' If
Torf (M,N) =--- = Tor® (M,N) =0

for integers s and t with s + d < t, then there are isomorphisms
Tor® ord—1 (M, N) =~ Tor®® | (M,N) ;
Tors+d(M,N) —=...=Tor? (M,N) =0;
Tor®, (M,N) = Torf, (M,N) .
Proof. The Cartan-Eilenberg change of rings spectral sequence 3.2.1 has

?Epq = TorX (Tor? (M, R),N) = Tor%,, (M,N).
If E is the Koszul complex resolving R over @, then
Tor® (M, R) = Hy(M ©q E) = M ®g E, = M() |

hence ?E,, = Tory (M, N)( ). Thus, 2E,q = 0 for s < p < t. It follows
that the only p0581bly non-zero module in total degree s +d — 1 is *Es_1 4 =
Torerd_1 (M,N), that all modules in total degree n for s +d < n < t are
trivial, and that the only possibly non-zero module in total degree ¢t + 1 is
*Eiy1,0= TorﬁH (M, N). For degree reasons, no non-trivial differential can enter
or quit these modules. This gives the desired isomorphisms. O

Proof of Theorem 9.3.4. By the lemma, TorH_T (M, N) =0and Torl_irH_1 (M,N) =
TorHrH_1 (M,N), so Theorem 9.3.3 yields T0r1+r+1 (M,N) =0, and we conclude
that Tor,_'rm_1 (M, N) = 0. Tteration yields Tor (M, N) =0 for n > i + 7. O

C. Miller [120] provides a simple proof of Theorem 9.3.5, based on

Lemma 9.3.9. Let M, N be finite modules over a complete intersection R.
If Tor® (M,N) =0 forn > 1, then cxg M + cxg N = cxg(M ®g N).
IfTor (M,N) =0 forn>>0, then cxg M + cxg N < codim R.

Proof. As PM®QN( ) = Pﬁ(t) . Pﬁ(t), cf. the proof of Proposition 4.2.4.6, com-
parison of orders of poles at ¢t = 1 and Theorem 9.2.1.2 yield the first assertion.
For the second one, replace M by a high syzygy M’; then cxp M’ + cxp N =
cxp(M' ®g N) < codim R, the inequality coming from loc. cit. O

Proof of Theorem 9.3.5. By Theorem 9.3.4, Tor® (M,N) = 0 for n > i; thus,
cxp M +cxp N <1 by lemma 9.3.9, so pdp M or pdp N is finite. (]

We use the factorization theorem to give a short

Proof of Theorem 9.3.6. Only (iii) = (i) needs a proof. We may assume that R
is complete with infinite residue field. By hypothesis, there are s,t € N, such that
m<s<s+d<tand Tor (M,N) =0 for s < j < t. For the smallest such s,
choose P as in Theorem 9.3. 1 as pdp M is finite,

pdp M = depth P —depth M = depth R+ d —depthM =m +d.

We see that if s > m + 1, then Torﬁ_d_1 (M,N) = 0; the first isomorphism in
Lemma 9.3.8 yields Torf_1 (M,N) = 0, contradicting the minimality of s. Thus,
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s = m + 1; it follows that ¢ +1 > pdp M, and so Tor{; (M,N) = 0. The last
isomorphism of the lemma yields Torﬂ_1 (M,N) = 0. Iterate. .. O



INFINITE FREE RESOLUTIONS 95

10. HoMOTOPY LIE ALGEBRA OF A LOCAL RING

It is a remarkable phenomenon that very sensitive homological information on
a local ring is encrypted in a non-commutative object—a graded Lie algebra. We
construct it, and show that its very existence affects the size of free resolutions,
while its structure influences their form.

This chapter provides a short introduction to a huge area of research: the use
of non-commutative algebra for the construction and study of free resolutions. We
start by providing a self-contained construction of a graded Lie algebra, whose
universal enveloping algebra is the Ext-algebra of the local ring.

10.1. Products in cohomology. We revert to a commutative ring k, and con-
sider graded associative’® algebras over k. The primitive example of an associative
algebra is a matrix ring. The graded version is the k-module of homogeneous ho-
momorphisms Homy (C, C), with composition as product and the identity map as
unit. If C' is a complex, then the derivation on Homy (C,C), used since Section
1.1, turns it into an associative DG algebra. It appears in

Construction 10.1.1. Ext algebras. When ¢: F — L is a free resolution of a
k—module L, Proposition 1.3.2 yields an isomorphism

HHomy (F,e) : HHomy (F, F) = HHomy (F, L) = Ext, (L, L) .

Thus, F' defines a structure of graded k—algebra on Exty (L, L).

In degree zero, it is the usual product of Homy (L, L), an invariant of the k-
module L. To see that all of it is invariant, take a resolution F’ of L, and choose
morphisms a: FF — F’ and o': F' — F, lifting the identity of L. As o/« also
is such a morphism, there is a homotopy o with o/a = id¥ +90 + 6. Define
¢: Homy (F, F) — Homy (F', F’) by ¢(8) = afa’. If 8 and v: F — F are chain
maps, then

¢(37) = apya = ap(a’a)ya’ — af(do)ya’ — ap(od)ya’
= (apa’)(aya’) = (~D)I?19(afoya’) = (~1)1" (afoya’)d
= 0(A)d(7) + 7+ (-1)"70

with 7 = —(—1)1Pl¢(Bo). In homology, this shows that H(#) is an homomorphism
of algebras. As ¢ is a quasi-isomorphism by Propositions 1.3.2 and 1.3.3, H(¢) is
an isomorphism. It is also unique: all choices for @ and o’ are homotopic to the
original ones, producing homotopic maps ¢, and hence the same H(¢).

We have finished the construction of the Ext algebra of the k-module L, with
the composition product®”.

The next structure®® might at first seem complicated.

36That is, not assumed positively graded or graded commutative.

37 Another pairing is the Yoneda product, that splices exact sequences representing elements of
Ext; they differ by a subtle sign, treated with care by Bourbaki [45].

38An early appearance is in the form g+ = 7, (X), the n’th homotopy group of a topological
space X, with bracket given by the Whitehead product; the proof by Uehara and Massey [152] of
the Jacobi identity for the Whitehead product was the first major application of the (then) newly
discovered Massey triple product.
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Remark 10.1.2. A graded Lie algebra *° over k is a graded k-module g = {g" } ez
equipped with a k—bilinear pairing, called the Lie bracket

[ g xg/ — g™ for ijeZ, (9,8) = [0,€],
such that for all ¥, £, ¢ € g signed versions of the classical conditions hold:
(1) [9,€ = —(=1)IVliEl[g, ) (anti-commutativity)
(2) 9,1 ¢I) = (19, €], ] + (=1)1IEIE, [9, ¢]] (Jacobi identity)

To deal with deviant behavior over rings without é, we extend the definition by
requiring, in addition®, that
(13) [9,9] =0 for ¥ € geven.
(23) [v,[v,v]] =0 for v € g°dd.
and that g be endowed with a reduced square
g2ht 4h+2

such that the following conditions are satisfied:

41

for heZ, v ol

— 9

(3) (v+w) = vl + WP 4 v, W] for v,w € g° with |v| = |w|;

(4) (av)l? = a?vP for a € k and v € g°%9;

(5) [0 9] = [v,[v,9]] for v € g°4 and ¥ € g.
A Lie subalgebra is a subset of g closed under brackets and squares; with the
induced operations, it is a graded Lie algebra in its own right. A homomorphism

B:h — g of graded Lie algebras is a degree zero k-linear map of the underlying
graded k-modules, such that 8[0,¢] = [3(9), B(¢)] and B(92) = B(9).

One way to get a Lie structure is to partly forget an associative one. Let B be
a graded associative algebra over k. The underlying module of B, with bracket
[z,y] = zy — (—=1)1*Wlyz (the graded commutator) and reduced square vl?l = v? for
v € B° is a graded Lie algebra, denoted Lie(B): the axioms are readily verified
by direct computations. The non-triviality of the operations measures how far the
algebra B is from being graded commutative.

There is also a vehicle to go from Lie to associative algebras. A universal en-
veloping algebra of g is a graded associative k—algebra U together with a degree 0
homomorphism of graded Lie algebras ¢: g — Lie(U) with the following property:
for each associative algebra B and each Lie algebra homomorphism g3: g — Lie(B),
there is a unique homomorphism of associative algebras 3': U — B, such that
B = B't; we call §' the universal extension of 3.

Remark 10.1.3. For the first few statements on enveloping algebras, one just
needs to exercise plain abstract nonsense:

(1) Any two universal enveloping algebras of g are isomorphic by a unique iso-
morphism, hence a notation Uy(g) is warranted.

(2) Each homomorphism h — g of graded Lie algebras induces a natural homo-
morphism Uy () — Ug(g) of graded (associative) algebras.

39n postmodern parlance, a super Lie algebra.

40 Anticommutativity implies 2[9,9] = 0 for ¥ € g°¥°n, so (1%) is superfluous when k > %
Jacobi yields 3[¢, [¢, ¥]] = 0 for all 9, so (2%) is redundant when k > %

410nly needed if 1 ¢ k: conditions (3) and (4) imply that 20(2) = [v, v]; when 2 is invertible,

2] _ %[v, v] satisfies condition (5), by the Jacobi identity.

ol
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(3) The graded k—algebra Ug(g) is isomorphic to the residue of the tensor algebra
T (g) modulo the two-sided ideal generated by

V@& —(-)Elewy—[9,¢]  forall 0,¢eg;

U®’U—U[2]

for all v e g°dd;
the map ¢ is the composition of g C T'(g) with the projection T(g) — U.

(4) Assume that g" = 0 for n < 0, and that 9 = {¥,;},-1 is a set of generators
of g, linearly ordered so that |9;| < || for ¢ < j. We consider indexing sequences
I = (i1,149,...) of integers i; > 0, such that ¢; < 1 if |9;| is odd and i; = 0 for
J > 0. For each I, pick any ¢ such that i; = 0 for j > ¢, and form the (well defined)
normal monomial 91 = 9g' - -9 € Ug(g).

The normal monomials span®? Uy(g). Indeed, (3) shows that Uy(g) is spanned
by all product of elements of 9. If such a product contains 9% with |9J;| odd, then
replace ¥? by 19?]; if it contains ¥;9; with ¢ < j, then replace it by 9,9; £ [9;,9,];
express each 92 and [¢;,9;] as a linear combination of generators. Applying the
procedure to each of the new monomials, after a finite number of steps one ends up
with a linear combination of normal monomials.

Returning to homological algebra, we show how basic constructions of Lie al-
gebras create cohomological structures. A DG Lie algebra over k is a graded Lie
algebra g with a degree —1 k-linear map 9: g — g, such that 9% = 0,

A, €] = [0(9), €] + (—1)I[9,0(¢)], and (V) = [8(9), 9] for ¥ € g4,

A morphism of DG Lie algebras is a homomorphism of the underlying graded Lie
algebras, that is also a morphism of complexes. Homology is a functor from DG
Lie algebras to graded Lie algebras.

Lie algebras of derivations are paradigmatic throughout Lie theory. Here is a
DG version, based on the I'-free extensions of Chapter 6.

Lemma 10.1.4. Let k — k(X) be a semi-free I'-extension. The inclusion
Der) (k(X),k(X)) C Lie(Homy (k(X),k(X))) is one of DG Lie algebras.

Proof. The proof is a series of exercises on the Sign Rule.
If b, ¢, are elements of k(X), and v is a derivation of odd degree, then

v?(be) =v (U(b)c + (—1)|b‘bv(c))
=02(b)e + (=)D (b)Y (e) + (=1) blu(b)u(e) + (=1)PHPIh?(c)
=v%(b)c + bv?(c).
If x is a I'-variable of even degree, and ¥, £ are I'-derivations, then

UQ(x(i)) = U(v(x)x(i_l)) = ’UQ(LL').%'(i_l) — (U(x))Q:r(i_Q) = Uz(x)x(i_l)

21 fact, if 9 is a basis of g, then the normal monomials form a basis of Ug(g): this is the
contents of the celebrated Poincaré-Birkhoff-Witt Theorem. The original proof(s) provide one of
the first applications of ‘standard basis’ techniques; for an argument in the graded framework,
cf. Milnor and Moore [121]; for the case needed here, cf. Theorem 10.2.1.
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and
[9,€](z®) =9¢(a®) — (=1)1IElgy(2)
=9(&(2)xC) — (—=1)PEle (9(2)x D)
=9¢ ()Y + (=1)1NElg (2)0 ()=
()l (@)D — (=) IEHIEND g ) ()2 =2)
= ([9,&](x)) 2~V

A lengthier computation shows that [, £] is a derivation, completing the verification
that Der) (k(X),k(X)) is a Lie subalgebra of Lie(Homy (k(X),k(X))).

It remains to prove that the differential of the derivation complex satisfies the
requirements for a graded Lie algebra. This is best done by ‘interiorizing’ it: as 0 is
a DG T-derivation of k(X), it may be viewed as an element ¢ € Der) (k(X),k(X)),
and then 9(9) = [5,9]. The conditions on d[d),£] and A(v!?!) are now seen to be
transcriptions of the Jacobi identity and its complement. O

It is tempting to mimic the construction of Ext algebras: Choose a Tate reso-
lution k(X) of a commutative k—-algebra P, and associate with P the graded Lie
algebra HDer; (k(X),k(X)). If Q C P, then it is an invariant of P: this is proved
by Quillen [133], as an outgrowth of his investigation of rational homotopy theory
[131]. The general case is very different:

Example 10.1.5. The Tate resolution A = k(X) of k over itself, with X = &,
yields HDer] (A, A) = 0. If F5 C k, then another Tate resolution of k is

B = ]k<u, {zs, T }iso0 | A(u) =0,0(z;) = u®) ,0(x}) = u(2i)xi>

with |u| = 2 (hence |z;| = 2°*! + 1 and |z}| = 2¢+2 4 2). Using Corollary 6.2.4 and
Construction 6.2.5, one gets HDer] (B, B) = Homy (Ind] B,k), and Ind] B is the
free k-module with basis {x;};>1 U{z;}iso0.

10.2. Homotopy Lie algebra. In this section (R, m, k) is a local ring.

Some of the problems occurring in the last example may be circumvented, by us-
ing acyclic closures. We follows the ideas of Sjédin [144], and simplify the exposition
by using complexes of derivations from Section 6.2.

Theorem 10.2.1. Let R(X) be an acyclic closure of k over R, where X = {x;};51
and |z;| < |x;| for i < j, and set m(R) = HDer), (R(X), R(X)).

(1) w(R) is a graded Lie algebra over k.

(2) rankg 7™(R) = e,(R) forn € Z.

(3) m(R) has a k-basis

O = {0; = cls(9;) | ¥; € Der}, (R(X), R(X)), ¥s(z;) = 035 for j <i}iz1.

(4) The normal monomials on © form a k—basis of Uy(m(R)).

(5) Derp (R(X), R(X)) C Hompg (R(X), R(X)) induces an injective homomor-
phism of graded Lie algebras v: w(R) — Lie(Extg (k,k)). Its universal
extension is an isomorphism of associative algebras

/' Ug(m(R)) & Extp (k, k) .

Remark. By Remark 6.3.9, different choices of acyclic closures yield the same Lie
algebra 7(R); it is called the homotopy Lie algebra of R.
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Proof. (1) and (2). Let e denote the quasi-isomorphism R(X) — k, and let k —
k(X)) be the semi-free I'-extension with trivial differential. Using Lemma 6.2.4, the
minimality of R{X), and Proposition 6.2.3.4, we get

7(R) = HDer}, (R(X), R(X)) = HDer), (R(X), k)
~ HDer] (k(X), k) = Der] (k(X), k) = Homy, (kX, k) .
So m(R) is a k—module; by Theorem 7.1.3, rank 7™ (R) = card(X,) = &, (R).
(3) Lemma 6.3.3.1 provides a set of R-linear I'-derivations {¢;};1, with
Yi(x;) = §;; for 7 < i. As {x;};>1 is a basis of kX, the isomorphisms above
imply that © is linearly independent in 7(R). Since ©,, has €,(R) elements for

each n, it is a basis by (2).
(4) and (5). In the commutative diagram

Dery, (R(X), R(X)) —— Hompg (R(X), R(X))
Derp (R(X) ,e)l: :lHomR(mX),e)
Der}, (R(X),k) ——  Homg (R(X),k)

the left hand arrow is a quasi-isomorphism, as noted for (1); the right hand one is
a quasi-isomorphism by Proposition 1.3.2.

Let 67 € Uy (n(R)) be a normal monomial on ©. For a normal I'-monomial x(/)
on X, by Lemma 6.3.3.3 we see that ¢/(67) (z(#)) = cls (9! (z(#))) is equal to 0 if
H < I,and to1if H=1. As the normal I'monomials on X form a basis of k(X),
the triangular form of the matrix implies that the images of the normal monomials
on O form a basis of Hompg (R(X), k) = Extg (k, k). Thus, the homomorphism ¢/
is surjective, and the images of the normal monomials are linearly independent. By
(4) and Remark 10.1.3.4, these monomials generate Uy (m(R)), so we conclude that
¢/ is an isomorphism, as desired. O

Sjodin [144] shows how to compute the Lie operations on 7! (R).

Example 10.2.2. Let R = @/, where (@, n, k) is regular, n is minimally generated
by s1,...,Se, and I is minimally generated by f1,..., f., with

fi= Z Ghi,jShSi with ap;; € Q for1<j<r.
l1<h<i<e

Using overbars to denote images in R, and setting z; = Y, _, @ni,jSn i, we see that
the acyclic closure R(X) of k over R is then obtained from

R<x1,...7me+T’8(xi) =5 for1 <i<e;0(xeqj) =2 for1 <y §r>

by adjunction of I'-variables of degree > 3. Let 11,...9Y. be the I'-derivations
of R(x1,...,x.), defined by 9;(xp) = ;. To extend them to I'-derivations of
R(z1,...,Zeqr), such that 09; = —1;0, note that

0i0(Teqj) = Vs ( Z ahi,j$h$i) = Z@n,ﬁh = 5’<Zahi,jfﬂh) ,
h=1 h=1

h<i

and set U;(Zeqj) = — Y j, Gnijon for 1 <i<eand 1< j <r. This yields

(O, Vi](Teqj) = —ani,; for h <i and 19?] (Teyj) = =i j -
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Thus, on the basis elements of Theorem 10.2.1, the Lie bracket 7!(R) x 7'(R) —
72(R) and reduced square 7' (R) — 72(R) are given by

[0,0:) = = > ahij0cr; forh<i —and ()% == af; 0et;
j=1

j=1

where a’ denotes the image in k of a € R.

Consider the k—subspace of 72(R), spanned by the commutators and squares of
all elements of 7!(R) (in fact, the squares suffice, cf. 10.1.2). By the preceding
computation, its rank ¢ is equal to that of the (“}') x r matrix (as; ;) reduced
modulo n, that is ¢ = (“7') —rank;,(I/INm?). In particular, 7' (R) generates 72(R)
if and only if the r quadratic forms f; = >, < @nijSns; are linearly independent
in gr,(Q). At the other extreme, the Lie subalgebra of 7(R) generated by m!(R) is
reduced to 7! (R) itself if and only if I C m?.

Example 10.2.3. By Theorems 10.2.1.2 and 7.3.3, if w(R) is finite dimensional,
then R is a complete intersection and 7 (R) is concentrated in degrees 1 and 2, so the
preceding example determines its structure. The Lie subalgebra 7> 2(R) is central in
7 (R), and its universal enveloping algebra is the polynomial ring P = k[f, ..., 0,].
An isomorphism of P-modules Exty (k, k) = P ®y, £, where € is the vector space
underlying the exterior algebra on 7!(R) = Homy (m/mQ, k) , refines the equality
PR(t) = (1+t)¢/(1—2)".

Conversely, each graded Lie algebra g with ranky g' > rank; g? and g" = 0 for
n # 1,2 is of the form 7 (R) for an appropriate complete intersection: one starts by
fixing the desired quadratic parts g; = Zhgiahiyjshsi of the relations, and uses a
‘prime avoidance’ argument to find elements p; in a high power of m, such that the
sequence g; + p1, - .., gr + D is regular, cf. [144].

We conclude with some general remarks on the homotopy Lie algebra. A detailed
study belongs to a different exposition.

Remark 10.2.4. A local homomorphism of local rings ¢: R — S induces a ho-
momorphism of graded Lie algebra 7(¢): 7(S) — 7 (R) ®j £, where ¢ is the residue
field of S. This yields a contravariant functor with remarkable properties. For
example, if ¢ is flat, then for each ¢ there is an exact sequence

0 —— 2 1(S/mS) —— 727 1(S) ——= 72" 1(R) @1 £

ﬁ 7r2i(S/mS) - 7r2i(S)

7% (R) @ L —= 0

where 3%~! = 0 for almost all ¢, and ) ;- rankd* ! < codepth(S/mS): this is
proved (in dual form) in [20] and [9]. The Lie algebra 7(R) is a looking glass version
of the Lie algebra of rational homotopy groups in algebraic topology, cf. [23] and
[33] for a systematic discussion.

Remark. The original construction of 7 (R) proceeded in two steps.

The first, initiated by Assmus [15], and completed by Levin [108] and Schoeller
[140], constructs a homomorphism A: Tor® (k, k) — Tor® (k, k) @5 Tor® (k, k) of
[-algebras, giving Tor” (k,k) a structure of Hopf algebra. The second identifies
the composition product as the dual of A under the isomorphism of Hopf algebras
Extp, (k, k) = Homy, (Tor™ (k, k), k).
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At that point, a structure theorem due to Milnor and Moore [121] in character-
istic 0 and to André in characteristic p > 0 (adjusted by Sjodin [145] for p = 2)
shows that such a Hopf algebra is the universal enveloping algebra of graded Lie
algebra. In fact, these results prove much more: namely, an equivalence (of certain
subcategories) of the categories of I'-Hopf algebras and graded Lie algebras, given
in one direction by the universal enveloping algebra functor.

Remark. A graded Lie algebra H*(R, k, k) is attached to R by the simplicially
defined tangent cohomology of André and Quillen. There is a homomorphism of
graded Lie algebras H* (R, k, k) — w(R), cf. [4]. It is bijective for complete inter-
sections, or when char(k) = 0, cf. [133]; when char(k) = p > 0, this holds in degrees
< 2p, but not always in degree 2p+1, cf. [7]. The computation of H*(R, k, k) is very
difficult in positive characteristic: for the small ring R = Fa[s1, s2]/(s%, 5152, 3) it
requires the book of Goerss [73]; for comparison, 7 (R) is the free Lie algebra on
the 2-dimensional vector space 7! (R).

10.3. Applications. Once again, (R, m, k) denotes a local ring.

We relate this chapter to the bulk of the notes by discussing two kinds of ap-
plications of 7(R) to the study of resolutions. The structure of 7(R) is reflected
in the Poincaré series of finite R—modules. To illustrate the point, we characterize
Golod rings in terms of their homotopy Lie algebras.

Example 10.3.1. Let V be a vector space over k. A graded Lie algebra g is free
on V, if V C g and each degree zero k—linear map from V to a graded Lie algebra
h extends uniquely to a homomorphism of Lie algebras g — b.

It is easy to see that free Lie algebras exist on any V: just take g to be the
subspace of the tensor algebra Ty (V'), spanned by all commutators of elements of
V', and all squares of elements of V,4q . Using the universal property of Ty (V) one
sees that g is a free Lie algebra on V', and comparing it with that of Uy (g) one
concludes that these two algebras coincide.

Avramov [21] and Lofwall [113] prove that R is Golod if and only if 7> 2(R) is
free, and then it is the free Lie algebra on V = Homy, (2 H, 1 (Kf), k).

This nicely ‘explains’ the formula (5.0.1) for the Poincaré series of k over a
Golod ring: f(t) = (1 + t)¢ is the Hilbert series of the vector space & under-
lying the exterior algebra on m!(R) = Homy, (m/m? k); the expression g(t) =
1/(1=3", rank H; (K )t"*1) is the Hilbert series of 7, the tensor algebra on V, and
P (t) = f(t)g(t) reflects an isomorphism Extp (k, k) = T ®4 £ of 7-modules.

The bracket and the square in a free Lie algebra are as non-trivial as possible, so
the cohomological descriptions of Golod rings above and of complete intersections
in Example 10.2.3 put a maximal distance between them (compare Remark 8.1.1.3).
However, there exists a level at which these descriptions coalesce: the Lie algebra
72 3(R) is free, because it is trivial in the first case, and because freeness is inherited
by Lie subalgebras, cf. [105], in the second.

Remark 10.3.2. It is proved in [28], using results from [24], that the following
conditions on a local ring R are equivalent:
(i) m(R) contains a free Lie subalgebra of finite codimension;
(ii) for some r € Z, the Lie algebra 72 "(R) is free;
(iii) for some s € Z, the DG algebra R(X_ ) admits a trivial Massey operation,
cf. Remark 5.2.1.
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When they hold, the ring R is called generalized Golod (of level < s). Such rings
abound in small codepth: this is the case when edim R — depth R < 3 (Avramov,
Kustin, and Miller [36]), or when edim R — depth R = 4 and R is Gorenstein
(Jacobsson, Kustin, and Miller [94]) or an almost complete intersection (Kustin
and Palmer [102]). Kustin [99], [100] proves that certain determinantal relations
define generalized Golod rings.

Theorem 10.3.3. Let R be a generalized Golod ring of level < s.

(1) There is a polynomial den(t) € Z[t], and for each finite R—module M there
is a polynomial q(t) € Z[t], such that P (t) = q(t)/den(t); the numerator
for M =k divides [[p;, 1 (1 4¢3 )2 (),

(2) If cxp M = oo, then curvg M = 3 > 1 and there is a real number a such
that BE(M) ~ af". [ |

The first part is proved by Avramov [28], the second by Sun [150]. Both use,
among other things, a theorem of Gulliksen [81] that extends Remark 9.2.6.

Theorem 10.3.4. Let R(X) be an acyclic closure of k over R. If M s a finite
R-module, then for each n > 1 there is a polynomial h,(t) € Z[t], such that

EOO ranky, H;(M @ R(X )t = fin(t) [ |
1 <n - - - .
i=0 [Toj<n(1 = £27)<25 (%)

Theorem 10.3.3, or results that it generalizes, has been used in essentially all
cases when the Poincaré series is known to be rational for all finite modules. It is
difficult to resist asking the next question; a positive answer would be unexpected
and very useful; a negative one might be equally interesting, since it would most
likely involve unusual constructions.

Problem 10.3.5. If P¥,(¢) is rational for each M, is then R generalized Golod?

Next we describe applications of 7 (R) that do not make specific assumptions on
its form. They use the following easy consequence of Theorem 10.2.1.

Remark 10.3.6. Let h be a graded Lie subalgebra of 7 (R). By completing a basis
of b to one of m(R), and considering the corresponding basis of normal monomials
of Ug(m(R)) = Extg (k, k), cf. Theorem 10.2.1, one easily sees that there is an
isomorphism Ug(g) = Ui (h) @4 V of left modules over Uy (h), where V is the tensor
product of the exterior algebra on (g/h)°d? with the symmetric algebra on (g/h)°Ve".
By a simple count of basis elements,
H?il(l + tzi—l)ﬁ“l

[, (1 =)™

For each R—module M, the vector space Extp (M, k) is a left module over the
universal enveloping algebra Extp, (k, k) : it suffices to make the obvious changes in
the construction of cohomology products in Section 10.1. This module structure is
the essential tool in the proof of the next result. In fact, it has already been used
throughout Chapter 9, in a different guise: over a complete intersection, the actions
on Extp (M, k) of the graded algebras denoted P in Remark 9.2.6 and in Remark
10.2.3 are the same, cf. [37].

Motivated by Proposition 4.2.4.1, we say that a module L over a local ring
(R,m, k) is extremal, if cxg L = cxgpk and curvg L = curvg k. For instance,

HY (t) =

with ¢ = rankg(g/h)".
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Theorems 8.3.3 and 8.3.4 show that (in the graded characteristic zero case) the
conormal module and the module of differentials are extremal when R is not a
complete intersection. Results from [29] add more instances, among them:

Theorem 10.3.7. If R is a local ring of embedding dimension e, M 1is a finite
R-module and L is a submodule such that L 2O mM , then

PE(t) - (1+t)° = PE(t) - ranky, (“;f‘f) .

For m*M C mi~'M, we get a quantitative version of Levin’s characterization of
regularity [108]: If mM # 0 and pdz(mM) < oo, then R is regular:
Corollary 10.3.8. If m*M # 0 for some i > 1, then m*M is extremal. O

Corollary 10.3.9. Each non-zero R—module M # k may be obtained as an exten-
sion of an extremal R—module by another such module. In particular, the extremal
R-modules generate the Grothendieck group of R. O

Here is another class of extremal modules from [29].

Remark 10.3.10. If N # 0 is a homomorphic image of a finite direct sum of
syzygies of k, then cxgp N = cxp k and curvg N = curvg k. As a consequence, we
get a result of Martsinkovsky [116]: pdiz N = oo, unless R is regular.

Proof of Theorem 10.3.7. The commutative diagram of R-modules

N

N 0

0 — —

mL mL

induces a commutative square of homomorphisms of graded left modules

Extp (L,k) —>— Bxtg (N, k)

I H

L
EXtR <nLL’k> L} EXtR(N,k)

over E = Extpg (k, k), where & and 9 are connecting maps of degree 1.
As m annihilates L/mL and N, we have isomorphisms

L L
EXtR (M’k) = E®k Homk (M7k>
Extp (N, k) = E @ Homy, (N, k)

of graded E-modules. By Remark 10.3.6, £ = U @, A(7*(R)) as graded left
modules over the subalgebra U = Uy (7>2R). Noting that 7'(R) = E!, we can
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rewrite 0 as the top map of the commutative diagram

L
U ®x /\(El) ®r Homy, (mL’k> _8, U ®x /\(E'l) ®y Homy, (N, k)

ul lu

L
U ®; Homy, <mL’ k)) _ U ®p, E! &5 Homy, (N, k‘)

H &

L 0
U @ Homy, <mLk) UED L Uy Exth(NE) .

of homomorphisms of graded left U-modules.
The preceding information combines to yield a commutative square

Extp (L, k) ¥ Extp (N, k)

I I

L 0
U @y Homy, (mL k) U9, U @y Exth, (N, k)

of homomorphisms of graded U-modules, with injective right hand vertical arrow.
Thus, Extp (N, k) contains a copy of the free module £(U) ®; Im 8. By the com-
mutativity of the square, Extp (L, k) contains a copy of U ®;, Im d°.

On the other hand, a length count in the cohomology exact sequence

M L 0
0— HOmR (N, k') — HOmR (‘['n_L, k) — HOmR (ka) 6—> EXt}% (Nak)

yields rank 8° = rank(mM/mL). Thus, P (t) = rank,(mM/mL) - HY(t). To
finish the proof, multiply this inequality by (1 + ¢)¢, then simplify the right hand
side by using the equality (1 + )¢ - Hi;(t) = Py (t) from 10.3.6. O
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