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The structure of free resolutions of finite length modules over regular local rings has
long been a topic of interest in commutative algebra. Conjectures by Buchsbaum-
Eisenbud-Horrocks and Avramov-Buchweitz predict that in this setting the minimal
free resolution of the residue field should give, in some sense, the smallest possible
free resolution of a finite length module. Results of Tate and Shamash describing the
minimal free resolution of the residue field over a local hypersurface ring, together
with the theory of matrix factorizations developed by Eisenbud and Eisenbud-Peeva,
suggest analogous lower bounds for the size of free resolutions of finite length modules
of infinite projective dimension over such rings. In this dissertation we describe both
positive and negative results pertaining to these lower bounds. By refining an argu-
ment of Charalambous, we show that the lower bounds hold in certain multigraded
settings. We are also able to obtain results for finite free resolutions of multigraded
modules, recovering results of Charalambous and Santoni. For the local case, how-
ever, we use a construction of Iyengar-Walker to provide examples showing that the
lower bounds do not always hold. In order to accomplish this, we make use of the
theory of higher matrix factorizations developed by Eisenbud-Peeva to investigate the

structure of free resolutions over complete intersections of arbitrary codimension.
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Chapter 1

Introduction

Commutative algebra is the study of commutative rings and their modules. Modules
over certain rings can be quite simple to describe. For example, if k is a field, then a
finitely generated module over k is nothing more than a finite-dimensional vector space
over k. As we work with more complicated rings, however, we find that their module
theories become more complicated as well. This makes it necessary to develop tools
and techniques that, in certain situations, allow us to reduce the problem of studying
arbitrary modules over arbitrary rings to the problem of studying vector spaces over
fields, which is much more familiar territory. One of the most fruitful methods for
accomplishing this reduction is to study free resolutions of modules.

If (R, m, k) is a local Noetherian ring, a general recurring principle is that the min-
imal free resolution of the residue field R/m = k plays a crucial role in understanding
both the structure of R and its module theory. For example, we have the follow-
ing central result which initiated a rich interplay between the areas of commutative

algebra and homological algebra:



Theorem 1.0.1 (Auslander-Buchsbaum-Serre). For a local Noetherian ring (R, m, k),

the following are equivalent:
1. R s a regqular local ring.
2. Fvery finitely generated R-module has a finite free resolution.
3. The R-module k has a finite free resolution.

When R is a regular local ring of Krull dimension d, we are actually able to say
exactly what a minimal free resolution of its residue field is. Namely, it is a Koszul

complex on a minimal set of generators of its maximal ideal. This yields an equality

where Bf(k), the i*" Betti number of k, is the rank of the free module appearing in
the i'" step of the minimal free resolution of k.

After understanding the minimal free resolution of the residue field, it is natural
to consider resolutions of modules of finite length, which are essentially the modules
that can be “built” from the residue field. More formally, if R is a commutative ring,

then an R-module M has finite length if there exists a filtration

0=MyC M C---CM,=M

of R-modules such that M;,;/M; = R/m; for some maximal ideal m; C R for each
0 < i < n. The following conjecture from [11] predicts that, step by step, the Koszul
complex gives the smallest possible resolution among all resolutions of finite length

modules:



Conjecture 1.0.2 (Buchsbaum-Eisenbud-Horrocks Conjecture). Let (R, m, k) be a
Noetherian local ring of Krull dimension d, and let M # 0 be a finite length R-module
of finite projective dimension. Then for all v there is an inequality

BIH(M) = (d)

]

This conjecture, henceforth referred to as the BEH Conjecture, has received significant
attention over the years, see for example Santoni [28] and Charalambous [15] for
results in the multigraded case and Chang [14] and Burman [13] for results in the
Loewy length two case. Also, in [6] it is noted that for local rings of dimension d < 4
the conjecture holds for elementary reasons.

Avramov-Buchweitz introduced a weaker form of the BEH conjecture in [6], which
predicts that the total sum of the Betti numbers of a nonzero finite length module
will be at least as large as the total sum of the Betti numbers coming from the Koszul

complex of a system of parameters:

Conjecture 1.0.3 (Total Rank Conjecture). Let (R, m, k) be a Noetherian local ring
of Krull dimension d, and let M # 0 be a finite length R-module of finite projective

dimension. Then there is an inequality

Using the Evans-Griffith Syzygy Theorem (see [20]), Avramov-Buchweitz proved the
conjecture when d = 5 under the assumption that R contains its residue field (see
[6]). Due to recent work of André and Bhatt (see [1] and [9]) on the Direct Summand
Conjecture, the assumption about the residue field is no longer needed. In [31], Walker

proved the conjecture when char k # 2 with additional assumptions on R, including



the case when R is a regular local ring.

So far, these conjectures have all revolved around modules having finite free res-
olutions. Once we move out of the regular local case, however, we must contend
with infinite free resolutions. The next simplest case comes from rings of the form
R =Q/(f), where (Q,n, k) is a regular local ring, say of Krull dimension d + 1, and
f € n? is a nonzero element. Shamash [29] and Tate [30] provide an explicit structure
for the minimal free resolution of k as an R-module, and in particular demonstrate
an equality

B (k) =2
for all i > d. Eisenbud [18] went on to describe the asymptotic structure of arbitrary
free resolutions over such rings: given any finitely generated R-module M, its minimal
free resolution eventually becomes periodic of period 2 after at most d + 1 steps. The
periodic part of the resolution comes from a matrix factorization of the element f,

and there is an equality

B (M) = B (M)

for all i > d + 1 (see [18]). Based off of the same intuition as in the regular case,
we might expect that any finite length R-module of infinite projective dimension will
have a larger minimal free resolution, at least asymptotically, than the residue field.

This leads to the following conjecture:



Conjecture 1.0.4 (Matrix Factorization Conjecture). Let (Q,n, k) be a regular local
ring of dimension d+ 1, let f € n* be Q-regular, and set R = Q/(f). If M is a finite

length R-module of infinite projective dimension, then there is an inequality

BE(M) =2 foralln > d.

We call this the Matrix Factorization Conjecture (MFC) because the inequality is
equivalent to saying that the matrices appearing in a matrix factorization giving the
periodic part of the minimal free resolution of M are at least as big as those appearing
in a matrix factorization giving the periodic part of the minimal free resolution of k.
Although this conjecture does not appear explicitly in the literature, it is suggested
both by the aforementioned results of Shamash and Tate and also results of Eisenbud-
Peeva in [19] which relate the sizes of certain matrix factorizations to other invariants
of modules over complete intersections, which we describe below.

Let R = Q/(f1,-.., f.) be a complete intersection of codimension c¢. This means
that (Q,n, k) is a regular local ring and fi, ..., f. € n? is a Q-regular sequence. If
M is a finitely generated R-module of infinite projective dimension, results of and
Avramov [2] and Gulliksen [22] show that the Betti numbers of M are eventually
given by two polynomials, one for the even Betti numbers and one for the odd Betti
numbers, each of degree j for some 0 < j < ¢ — 1 and each with the same leading
coefficient. The value j + 1 is known as the complexity of M. Avramov-Buchweitz

[5] give the following description of the leading coefficient of these polynomials:



Theorem 1.0.5. ([5/, Theorem 7.3) With the notation as above, if the complexity
of M is d > 1, there exist a positive integer B-degr(M) and polynomials peyen(t) and

Doad(t) € Q[t] of degree < d — 2 such that

B-degp(M) , , | Peven(n) for evenn>>0
= n

55(M)—m

Poad(n)  for odd n > 0.

The number S-degg (M) is the Betti degree of M. Avramov-Buchweitz [5] go on to

introduce the following conjecture:

Conjecture 1.0.6 (Betti Degree Conjecture). With the notation as above, there is

an inequality B-degr(M) > 2971, Equivalently,

- Br(M) 1
nhlgo nd-1 > (d—1)

Eisenbud-Peeva give explicit formulas in [19] for certain Poincaré series over complete
intersections that relate Betti degrees to the size of certain matrix factorizations.
Their results, together with the Betti Degree Conjecture (BDC) and the motivation
described earlier, lead one directly to the statement of the MFC. By recent work of
Iyengar-Walker in [24], the BDC has been shown to be false in general.

In this work we explore the relationships between these various conjectures, paying
special attention to the MFC. In Chapter 2 we study the graded analogue of the
MFC. By refining an argument of Charalambous we show that the conjecture holds

for multigraded modules over a certain class of multigraded hypersurface rings:

Theorem 1.0.7. Let S be a G-graded finitely generated algebra over a field k, where
G is an abelian group, that is also a hypersurface ring. Let R = S|x] be the polynomial

ring over S. If the graded MFC holds for all G-graded S-modules, then it also holds



for all G X Z-graded R-modules. In particular, if S is multigraded and the graded MFC
holds for all multigraded S-modules, then the graded MFC holds for all multigraded

R-modules.

Additionally, we are able to recover results of Charalambous and Santoni pertaining
to the graded analogue of the BEH Conjecture, and we give a new result pertaining

to the graded analogue of the Total Rank Conjecture:

Theorem 1.0.8. (/28/, Corollary 2.6) Let S be a G-graded finitely generated algebra
over a field k, where G is an abelian group, and let R = S[x| be the polynomial
ring over S. If the graded BEH Conjecture holds for all G-graded S-modules, then
it holds for all G x Z-graded R-modules. In particular, if S is multigraded and the
graded BEH Conjecture holds for all multigraded S-modules, then the graded BEH

Congecture holds for all multigraded R-modules.

Theorem 1.0.9. Let S be a G-graded finitely generated algebra over a field k, where G
is an abelian group, and let R = S[x] be the polynomial ring over S. If the graded Total
Rank Conjecture holds for all G-graded S-modules, then it holds for all G x Z-graded
R-modules. In particular, if S is multigraded and the graded Total Rank Conjecture
holds for all multigraded S-modules, then the graded Total Rank Conjecture holds for

all multigraded R-modules.

In Chapter 3 we return to the local setting. After recalling some basic defini-
tions and constructions, we review the theory of higher matrix factorizations. Along
the way we provide a new proof of the following essential result, originally due to

Eisenbud-Peeva:

Theorem 1.0.10. (/19], Theorem 1.3.1) Let (Q,n, k) be a regular local ring with

infinite residue field k, let fi,...,f. € n? be a Q-reqular sequence, and set R =



Q/(f1,., fo). If M is a finitely generated R-module, then for all n > 0 the mod-

ule Sysz(M ) is a higher matriz factorization module with respect to some generating

set f{a e fé Of (fl’ e fc)

Next, we revisit the Betti Degree Conjecture. Although it is known to be false in
general (see [24]), we provide some specific cases where the conjecture does hold. In

particular, we will show

Proposition 1.0.11. Let (R, m, k) be a complete intersection, and let M be a finitely
generated R-module of infinite projective dimension whose Betti numbers are eventu-

ally polynomial. Then the Betti Degree Conjecture holds for M.

Finally, we return our attention to the Matrix Factorization Conjecture. We begin
by relating it to some of the other existing conjectures, and then we show that the
conjecture holds in certain cases. However, using the [yengar-Walker construction,

we show

Theorem 1.0.12. There exist hypersurfaces R = Q/(f) with f an element of the

cube of the mazimal ideal of () such that the MFC fails over R.

Drawing inspiration from the theory of Knorrer periodicity, we produce additional
counterexamples over “quadratic hypersurfaces” (those whose defining relations are
in the square, but not the cube, of the maximal ideal) that are not immediately

obtainable through the Iyengar-Walker construction.

Proposition 1.0.13. If R = Q/(f) is a local hypersurface ring for which the MFC
fails, and the characteristic of the residue field of R is different from 2, then the MFC

also fails for R*# = Q[[x,y]]/(f + zy).



Having seen that the MFC fails in general, we end by asking what lower bounds are
obtainable for the asymptotic size of minimal free resolutions of finite length modules

over hypersurface rings. Using an elementary argument, we give a first step:

Proposition 1.0.14. Let R be a local hypersurface ring of dimension d and let M be

a finite length R-module of infinite projective dimension. Then there is an inequality

BE(M) > for alln > d.

N |
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Chapter 2

Resolutions of Finite Length Multigraded Modules

Given a polynomial ring R = k[zy, ..., x4) with coefficients in a field k, we often exploit
the fact that it has a graded structure. The standard way to grade R is to declare that
each variable x; has degree one, in which case we have a decomposition R = 69@0 R,,
where R, is the k-vector space spanned by all monomials x{* - - - 2 satisfying a; > 0
foreach 1 <i < dand a; + -+ ag = n. In particular, we say that R is a Z-graded
ring.

In this section we study properties of modules with a more refined graded struc-
ture. Instead of considering Z-graded modules over Z-graded rings, we will focus our
attention on Z"-graded modules over Z"-graded rings. It turns out that this addi-
tional graded structure allows us to place additional restrictions on free resolutions of
such modules that need not be present in more general settings. After developing the
necessary preliminaries we will proceed to our main results, which pertain to modules

of both finite and infinite projective dimension.

2.1 Preliminaries

We begin by collecting the necessary terminology for multigraded rings and modules.
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Definition 2.1.1. ([10], Section 5.1) Let (G,+) be an Abelian group. A G-graded
ring is a ring R together with a decomposition R = @, Ra as an Abelian group
such that RyRy, C Rayp for all a,b € G. A G-graded R-module is a module M with
a decomposition M = @aec M, as an Abelian group such that R,M, C M,y for all

a,beq.

If G = Z" in the previous definition for some n > 0 we say that R is a multigraded

ring. If M is a Z"-graded R-module, we say that M is a mutigraded R-module.

Example 2.1.2. If k is a field, the polynomial ring R = k[z1, ..., x,] is a Z™-graded
ring with the degree of x;, denoted |z;|, given by (0,...,1,...,0) where 1 is in the i™

component.

Example 2.1.3. The multigraded R-submodules of R = k[z1,...,x,] as above are
precisely the collection of monomial ideals of R. Moreover, if I C R is a monomial

ideal, then R/I is a multigraded R-module.

2.2 The Infinite Projective Dimension Case

2.2.1 Endomorphisms of Tor Modules

We will let k£ be a field, G an abelian group, S a G-graded finitely generated k-
algebra of (Krull) dimension d — 1, and R = S|[z] the polynomial ring over S with
|z| = (eq,1) € G X Z (e is the identity element of G). M will denote an R-module.
As usual, we set 37(M) = dim; Tor’(M, k), and we will adopt the notation of [15]

by setting

(M) = rankp SyzF(M).
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Note that for each i > 0, v*(M) is well-defined for all finite length R-modules M
since rankg(M) = 0 ([10], Proposition 1.4.5). We begin with a series of results from

Charalambous:
Lemma 2.2.1. (/15], Lemma 1) Any R-module M fits into a functorial short exact
sequence of R-modules

0—>R®@s M —>RosM—>M—>0
where p(l@m) =z-(1@m)—1®@x-m and e(r @m) = rm. Moreover, ¢ is equivalent
to multiplication by x if and only if v - M = 0.

Lemma 2.2.2. ([15], Lemma 2) There are isomorphisms Tor®(RogM, N) = Tor? (M, N)

7

fori>0.

Suppose M is an R-module of finite length. Then we obtain an exact sequence of

finite dimensional k-vector spaces
Tor®(R @5 M, k) —2= TorE(R @ M, k) = Tor®(M, k) —= Tor® | (R ®s M, k).

From this we see that Image ¢; = Coker ¢; for all i. Moreover, as ¢; is an endomor-

phism of k-vector spaces, there is an equality
dim,, Coker ¢; = dimy, Ker ¢;

(see [15], Section 3). These facts lead to
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Lemma 2.2.3. ([15], Lemma 4) If M is a finite length R-module, then for each i > 0

dimy, Torf(M, k) = dimy, Coker ¢; + dimy, Coker ¢;_.

From now on, we can (and will) assume that ¢; is an endomorphism on Tor? (M, k),

as in [15].

Lemma 2.2.4. ([15], Lemma 5) Let M be a finite length R-module. Then vF(M) =

dimy, Coker ¢;_1 for i1 > 1.

2.2.2 Extending Results of Charalambous

Let R = S[z] as before. In addition to viewing S as a subring of R, we can also view
it as a quotient of R, since S = R/(x). We begin by recalling a result of Nagata,
and Shamash independently, that illustrates the utility of the latter interpretation.
Although we will state it in terms of graded modules over graded rings, we remark

that in [29] the result was stated in terms of modules over local rings (see also [26]).

Proposition 2.2.5. ([29], Corollary 1) For a finitely generated graded R-module M

such that x - M = 0, there is an equality of Poincaré series

Pii(t) =

In particular, for each i there is an equality

BIH(M) = 87 (M) + B, (M).

From this, we have the following useful corollary:
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Corollary 2.2.6. Let M be a finitely generated S-module such that x- M = 0. Then
pdg(M) < oo if and only if pdr(M) < 0.

Let M be a graded (G x Z-graded) R-module of finite length. As was done in [15],

we may decompose M as

M:MO@"'@Mj

where M; := @ M, is a G-graded S-module of finite length and x - M; C M, 4
geG
for each i. As we are interested in modules of infinite projective dimension, it will be

important to understand the values pdg(M;).
Lemma 2.2.7. If pdg(M;) < oo for all i, then pdr(M) < oco.

Proof. We proceed by induction on j. If j = 0, then M = M,, and so we may use

Proposition 2.2.5. If j > 0, we can write a short exact sequence of R-modules

0=+ Msy =M — My—0

(since My = M/Msq, it is an R-module satisfying x - My = 0). By assumption,
pdg(M;) < oo for all i. Thus, we see that pdz(Ms1), pdg(My) < oo by the inductive
hypothesis. An inspection of the induced exact sequence of Tor modules now yields
pdp(M) < oc.

O

When we prove the main result of this section, we will ultimately want to reduce
to the case where pdg(My) = oo. Iterating the next result allows us to make this

reduction.
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Lemma 2.2.8. Let M be an R-module as before. If pdg(My) < oo, then
R R :
Yii(M) =~ (Msy)  foralli>d,

with equality for v > d.

Proof. We begin with the graded version of a construction from ([8], Lemma 2.3). Let
F, — M and G, — M, be minimal graded R-free resolutions, and let ¢ : Fy, — G,
be a lifting of the natural surjection of R-modules M — M. Since F; maps onto M,
by way of composition, ¢y must be surjective by Nakayama’s Lemma. We obtain a

mapping cone
Cone(p) : -+ > F1®Gy —> Fpd Gy — Gy — 0
with the usual differential. Now set
T.:---—>F269G3—>F169G2—>Ker(g00 alG) — 0

with Ty = Ker (g0 0).

We claim that 7, is a graded free resolution of M, following the argument of
(18], Lemma 2.3): First note that Ker (¢ 0{') is a free R-module, since (¢ 9f) is
a surjection from the free R-module Fj & GG; onto the free R-module Go. Also, it is

clear that H,;(T,) = H,;41(Cone(yp)) for i > 0. The exact sequence

0 — G4 — Cone(p) — XF, — 0
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induces an exact sequence on homology:

s = Hl(G.) — Hz(Cone(go)) — Hi_l(F.) — Hi_l(G.) — e

From this we see that H;(T,) = 0 fori > 1 (F, and G, are acyclic). Another inspection
of the exact sequence on homology yields Hy(T,) = H;(Cone(p)) = M-;. Thus, T,
is a graded free resolution of M-;.

Since pdg(My) < oo and x - My = 0, we know that pdz(My) < oo by Corollary
2.2.6. Thus, T, is minimal starting in homological degree d. It now follows that

Syzi{ (M) = Syzi(Ms,) for i > d. In particular, we get equalities

V(M) = vR(Msy)  for i > d.

As for i = d, we observe the exact sequence of Tor modules:

Tork (Mo, k) — Tork(Ms,, k) — Torf(M, k) — Tor (Mo, k) — Tor (M=, k)

By assumption, Tor (Mo, k) = 0, and so 8%(M=,) < BE(M). Therefore, we’ll have

VE(M) = BE(M) =~ (M)

which completes the proof.
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2.2.3 Verifying the Lower Bound

We now arrive at the main result of Section 2.2:

Theorem 2.2.9. Let S be a G-graded finitely generated algebra over a field k, where
G is an abelian group, that is also a hypersurface ring. Let R = S[x] be the polynomial
ring over S. If the graded MFC holds for all G-graded S-modules, then it also holds
for all G X Z-graded R-modules. In particular, if S is multigraded and the graded MFC
holds for all multigraded S-modules, then the graded MFC holds for all multigraded

R-modules.

Proof. Set dim S = d — 1. Decompose M = My @ --- ® M;, with each M, a finite
length G-graded S-module and z - M, C M, ;. Fixing ¢ > d, we obtain a direct sum

decomposition

Tory (M, k) = Tor; (Mo, k) @ --- @ Tor; | (M;, k).

The argument from ([15], Theorem 1) carries over to show that Tory (Mo, k) is a

direct summand of Coker ¢;_;, where

¢i_1 : Tory (M, k) — Tor (M, k)

is the map induced from multiplication by z. Combining Lemmas 2.2.7 and 2.2.8, we
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may assume without loss of generality that pdg(My) = co. We now have

vB(M) = dimy Coker ¢;_; (by Lemma 2.2.4)
> dimy Tor? | (Mo, k)
= B21(Mo)

24-1,

WV

The result now follows from the equality 57 (M) = v (M) + ~, (M). O

Example 2.2.10. Let S = k[xo|/(zf) for somen > 1. Then S is a zero-dimensional
hypersurface ring, and so the graded MFC holds trivially for S. Theorem 2.2.9 implies

that the graded MFC holds for multigraded modules over the ring

R = S[‘Tla ...,.Td] = k[xoaxla ,QZd]/(«CI:?(;J)

Example 2.2.11. The Theorem also applies to the graded hypersurface ring R =
klxo, 1, ..., zq]/(xfx]) for nym > 1. Indeed, we can view R = S[za,...,x4] where
S = k[xg, z1]/(xgz"). The graded analogue of Proposition 3.3.3 below shows that the
graded MFC holds for S.

2.3 The Finite Projective Dimension Case

We now return to the case of finite free resolutions, where we will see that our methods
from the previous section can be applied to both the BEH Conjecture and the Total
Rank Conjecture.

2.3.1 The Buchsbaum-Eisenbud-Horrocks Conjecture

We begin with the BEH Conjecture.
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Theorem 2.3.1. ([28], Corollary 2.6) Let S be a G-graded finitely generated algebra
over a field k, where G is an abelian group, and let R = S[z| be the polynomial ring
over S. If the graded BEH Conjecture holds for all G-graded S-modules, then it also

holds for all G X Z-graded R-modules.

Proof. Set dim S = d—1. Decompose M = My@---® M, as before. Fixing ¢ > 0, the
argument from ([15], Theorem 1) again implies that Tory (Mj, k) is a direct summand

of Coker ¢;, where
¢; = Tor? (M, k) — Tor? (M, k)

is the map induced from multiplication by x. By assumption, pdz(M) < oo, and so

Lemma 2.2.3 now implies that pdg(My) < co. Thus, it follows that

vE (M) = dimy Coker ¢; (by Lemma 2.2.4)

> dlmk TOTf(M(), k)

(7))

WV

But then BE(M) = vE(M) ++E, (M) > (¢2]) + (%,") = (9), which completes the

i—1 7

proof. O]

Example 2.3.2. (/15], Corollary 1; [28], Corollary 3.6) The graded BEH Conjecture

holds for Z%-graded modules of finite length over R = klxy, ..., 24).

Example 2.3.3. ([28], Corollary 3.6) Let S be a regular local ring (or a regular graded
k-algebra) of dimension d < 4. As mentioned before, the (graded) BEH Conjecture
holds for S. Theorem 2.3.1 implies that the graded BEH Conjecture also holds for

Z"-graded modules of finite length over R = S|xy, ..., x,).
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2.3.2 The Total Rank Conjecture

We now prove an analogous result for the Total Rank Conjecture.

Theorem 2.3.4. Let S be a G-graded finitely generated algebra over a field k, where
G is an abelian group, and let R = S[z| be the polynomial ring over S. If the graded
Total Rank Conjecture holds for all G-graded S-modules, then it also holds for all
G X Z-graded R-modules.

Proof. Set dim S = d — 1. Decompose M = My @ --- @ M; as before. Fixing 1 > 1,
Tor? | (My, k) is again a direct summand of Coker ¢;_;, where ¢;_1 : Tory | (M, k) —
Tor? (M, k) is the map induced from multiplication by 2 (see [15], Theorem 1). By
assumption, pd,(M) < oo, and so Lemma 2.2.3 now implies that pdg(My) < oo. Tt

follows that

d
M) = Zdimk Coker(¢;—1) (by Lemma 2.2.4)

4 T
=1 i=1

d
> Z dimy, ToriS_l(Moa k)
i=1

d—1
= Y B(My)
=0

> 2d—1.

d d
Since > SE(M) =2 (Z vE(M )), the desired result follows at once. O
i=0 i=1

Example 2.3.5. Let S be either a Noetherian local ring (or a graded k-algebra)
of dimension d < 5. Then the (graded) Total Rank Conjecture holds for S (see [6]).
Theorem 2.3.4 now implies that the graded Total Rank Conjecture holds for Z"-graded

modules of finite length and finite projective dimension over R = S[xq, ..., x,].
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Chapter 3

Resolutions over Local Complete Intersections

We now turn our attention to free resolutions over local complete intersections. First,
we recall the theory of higher matrix factorizations from [19] which describes the
asymptotic structure of minimal free resolutions over complete intersections of arbi-
trary codimension. We then proceed to the Betti Degree Conjecture from [5]. While
it was shown in [24] to fail in general, we demonstrate certain classes of modules and
complete intersections for which it holds. We also produce additional counterexam-
ples to the conjecture, using [24] as a starting point. In the closing section we return
to the Matrix Factorization Conjecture. After demonstrating certain situations where
the conjecture holds, we use higher matrix factorizations together with the Iyengar-

Walker construction to produce families of counterexamples to the conjecture.

3.1 Preliminaries

Throughout this section (@, n,k) will denote a Noetherian local ring, f € n will
denote a @Q-regular element, and R = Q/(f) will be the quotient of @ by f. Our
main goal will be to take homological information over the ring () and translate it
into homological information over the ring R.

As a first example of this translation, we recall a result of Shamash [29] which
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takes a (Q-free resolution of an R-module M and produces an R-free resolution of M.

The statement is taken from [4].

Proposition 3.1.1. (/29], Lemma 2) If R = Q/(f) with f a Q-reqular element, M
s an R-module, and U, is a Q-free resolution of M, then there is a family of Q-linear

endomorphisms o = {oV! € Homq(U,,U,) | |o9| = 25 — 1};50, such that

0 gl Il 4 gl — £ i, Za[n] ndl _
If {z@ | 29| = 2i},50 is a linearly independent set over R, then

n ) n—1 )
- ——= @ Rz @q U,y o D Rz @q Up_q_9; —
i=0 i=0

is an R-free resolution Sh(o,U,) of M with differential

Iz @ u) =

J

= 5079 @ ol (u).

The collection o is referred to as a system of higher homotopies of f. We will
call Sh(e,U,) the Shamash resolution of M over R, suppressing the system of higher
homotopies o and the Q)-free resolution U, unless specificity is required.

We remark that the Shamash resolution need not be minimal. For instance, taking
M = R from the Proposition we see that any Q)-free resolution of R and any system
of higher homotopies o of f produces an infinite free resolution of R as an R-module.
There are, however, situations in which the Shamash resolution is minimal. We record

one such instance now.
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Proposition 3.1.2. (/29], Theorem 1) Let f be a Q-regular element, let R = Q/(f),
and suppose M is an R-module such that f € n(0 :q M). If U, is a minimal Q-free
resolution of M and o is any system of higher homotopies of f, then Sh(o,U,) is a

minimal R-free resolution of M.

We now recall a construction that involves modding out () by a regular sequence
whose length may be bigger than one. Let f = fi,..., f. be a Q-regular sequence,
and set R = Q/(f1,..., f.). Given a complex F, of finitely generated free R-modules,
we construct a sequence of ¢ degree —2 chain maps on F, known as the Eisenbud

operators.

Definition 3.1.3. (/18], Section 1) Let (F.,0F) be a lifting of (Fa, ™) to Q. That
18, for each v € N, choose a map é? : f’l — ]5;_/1 of free QQ-modules such that 8?' QR =

df*. Since 0™ 0 0" =0 and [ is a reqular sequence, it follows that
i=1

for some degree —2 maps t;. We then define the Eisenbud operators associated to

fi, .oy fo to be the maps t; =t; ® R for 1 <i < c.

In [18], Eisenbud shows that the ¢;’s are chain maps of degree —2, and that they
are independent of the choice of liftings up to homotopy.

Suppose R = Q/(f1, ..., f.) as above, and let F, be the minimal R-free resolution of
a finitely generated R-module M. In this case we will denote the Eisenbud operators
associated to fi,..., f. by t}, ... tM. If we need to be specific about the generating
set f = fi,..., fo we will write 7(f),...,tX(f). When ¢ = 1 we write R = Q/(f) and

denote the Eisenbud operator associated to f by tﬁ‘/f . With this notation, we record

another situation when the Shamash resolution is minimal.
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Proposition 3.1.4. ([7], Proposition 6.2) Let f be a Q-regular element, let R =
Q/(f), and suppose M is an R-module. If U, is a minimal Q-free resolution of M
and o is a system of higher homotopies for f, then Sh(o,U,) is minimal if and only

if ty" is surjective.

3.2 Asymptotic Properties of Resolutions

We now explore the asymptotic structure of minimal free resolutions over complete
intersections. After beginning with the hypersurface case, we review the theory of
higher matrix factorizations from [19], where we provide a new proof that sufficiently
high syzygies over arbitrary complete intersections having an infinite residue field
are higher matrix factorization modules. Next, we proceed to our study of the Betti
Degree Conjecture. Although the conjecture fails in general (see [24]), we will demon-
strate a special case when the conjecture still holds. Namely, we will show that the
Betti Degree Conjecture holds for modules whose Betti numbers are eventually given
by a single polynomial. Together with results from [3], this will imply that the Betti

Degree Conjecture holds for all complete intersections of minimal multiplicity.

3.2.1 Matrix Factorizations

Let (Q,n, k) be a regular local ring, let f € n? be a Q-regular element, and set
R =Q/(f). We now recall the theory of matrix factorizations from [18] and its role

in describing the module theory of R.

Definition 3.2.1. ([18], Section 5) A matriz factorization of f is an ordered pair

of maps of finitely generated free Q-modules (¢ : F — G,¢ : G — F) such that

potp=f-idg and Yo = f-idp.
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Notes:

(1) Given a matrix factorization (¢ : F' — G,¢ : G — F') we will suppress the free

modules and simply write (p, ).

(2) Because f is Q-regular, one can deduce that ¢ and v are injective and that F

and G have the same rank.

Definition 3.2.2. (/32], Definition 7.1) A morphism between matriz factorizations
(p1,%1) and (p2,19) is a pair of morphisms («,3) making the following diagram
commute:

Qn Q-

Lo

Q- Qe 2
The matriz factorizations above are said to be isomorphic if o and [ are isomor-

phisms.

Let mf(Q, f) denote the category of matrix factorizations of f over ). We say that
the matrix factorizations (1, f), (f,1) € mf(Q, f) are trivial ([18], Section 6). Define
mf(Q, f)] to be the category with the same objects as mf(Q), f) but whose morphisms
are classes of morphisms from mf(@, f) modulo maps that factor through direct sums
of trivial matrix factorizations. Now let MCM(R) denote the category of maximal
Cohen-Macaulay R-modules whose morphisms are classes of morphisms of MCM
R-modules modulo maps that factor through a free R-module (for details see [32],

Chapter 7). Then we have the following result:

Theorem 3.2.3. (/18], Corollary 6.3) There is an equivalence of categories

cok : [mflQ, )] = MCM(R)
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given on objects by cok(p, ) = coker .

Defining a reduced matrix factorization (¢, 1) to be one in which each entry of ¢ and
Y isin n C @ ([18], Section 6), the above equivalence can also be interpreted as an
equivalence between reduced matrix factorizations of f over () and MCM R-modules
having no non-trivial free summand.

The inverse of this equivalence can be described on objects as follows (see [32],
Chapter 7): given a MCM R-module M with no nontrivial free summands, its minimal

Q-free resolution has the form

0 Qr —= Q" M 0.

The fact that pdg (M) = 1 follows from the Auslander-Buchsbaum formula, and the
fact that the free )-modules appearing in the resolution of M have the same rank
follows from the fact that f- M = 0. Moreover, since f annihilates M, there exists a
homotopy 9 : Q" — Q" such that poy) = f-idgn. So M gets assigned to the matrix
factorization (p, ) in [mf(Q, f)], which is reduced because M has no non-trivial free
summand.

We now describe an equivalence demonstrated by Buchweitz in [12] between

mf(Q, )], MCM(R), and the singularity category D% (R) of R. We begin with

sing

the definition of the derived category.

Definition 3.2.4. (/21], II1.2.1) Let R be a ring and let C(R) denote the category of
chain complezes of R-modules. The derived category, denoted by D(R), is a category

together with a functor m: C(R) — D(R) such that

1. w(f) is an isomorphism for any quasi-isomorphism f.
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2. Any functor ¢ : C(R) — X transforming quasi-isomorphisms into isomor-

phisms factors uniquely through D(R). That is, there exists a unique functor

¥ : D(R) — X such that p = oT.

Recall that a quasi-isomorphism of complexes is a morphism f : A, — B, of chain
complexes such that the induced map on homology H(f) : H(A.,) — H(B,) is an

isomorphism. Next we recall the definition of the bounded derived category.

Definition 3.2.5. ([12], Section 0.2) The bounded derived category of R, denoted
by D°(R), is the full subcategory of D(R) whose objects have finitely generated total

homology.

Finally we arrive at the definition of the singularity category. Recall from [12] that a
perfect complex is a complex X, € D’(R) that is isomorphic in D’(R) to a bounded
complex of finitely generated projective R-modules. The full subcategory Dgerf(R)

of perfect complexes can be shown to be a thick triangulated subcategory of D*(R),

and thus it is possible to take the Verdier quotient of D*(R) by D?_:(R) (see [12]).

perf

Definition 3.2.6. (/12], Definition 1.2.2) The singularity category of R, denoted by
Db

sing

(R), is the Verdier quotient category D°(R)/Db_ (R).

perf

Having gathered the necessary terminology, we close with the statement of the afore-

mentioned equivalences.

Theorem 3.2.7. ([12], Theorem 4.4.1) Let R = Q/(f) be a local hypersurface ring.

Then there are equivalences of categories

[mAQ, f)] -5 MCM(R) —— DV

sing

(R).
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On objects, the functors are given by cok(yp,v) = coker ¢ and i(M) = M (M is

viewed as a complex concentrated in degree zero).

3.2.2 Higher Matrix Factorizations

Our purpose in this section is to recall the theory of higher matrix factorizations and
to give a new proof of a version of Theorem 1.3.1 from [19] for complete intersections.
Instead of beginning in the natural way by defining a higher matrix factorization, we

begin with an equivalent notion (at least in our setting).

Definition 3.2.8. (/19], Definition 6.1.1) Let (Q,n, k) be a Cohen-Macaulay local
ring, let fi,..., fo € n be a regqular sequence, and set R = Q/(f1, ..., fc). We say that
a finitely generated R-module M of finite projective dimension over () is a stable

syzygy (or stable) with respect to fi,...,f. if c=0 and M =0, orif c > 1 and:

1. M = Sy (L) for some finitely generated R-module L such that L has finite pro-
jective dimension over Q, L is MCM without free summand, and the Fisenbud

operator tL is surjective.

2. The module M = Syzf(L) 1s a stable syzygy with respect to fi, ..., fo_1, where
é = Q/(fl) XD fC—l)-

Notes:

(1) From the definition one sees that if @) is regular, then for ¢ = 1 a finitely generated
R-module M is a stable syzygy if and only if M is MCM without free summand

(see [19], Proposition 6.1.6).

(2) If M is stable with respect to fi, ..., fe, then so are all of its syzygies (see [19],

Proposition 6.1.5).
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The benefit of working with stable syzygies is that their minimal R-free resolutions
can be constructed inductively, beginning with a finite free resolution over the regular
local ring (). This is clear in the case of ¢ = 1, but requires more justification in arbi-
trary codimension. By Proposition 3.1.4, if we can build a minimal R-free resolution
of a stable syzygy R-module M, then we can simply apply the Shamash construction
to obtain its minimal R-free resolution. Assuming by induction that we understand
the resolutions of stable syzygies in codimension ¢— 1, with the base case being MCM
modules without free summands over hypersurface rings, we need only find a way to
navigate between the modules M, L, and M from the definition. This is the content

of the following construction.

Construction: (The Box Complex: [19], Section 6.3) Let R = Q/(f) with (Q,n, k)
local and f € n? a Q-regular element, let L be a finitely generated R-module, and set

M = SyzJ(L). Let

F,: ... Fy

denote a minimal Q-free resolution of L. Since F, is a Q)-free complex that resolves
an R-module, there exists a system of higher homotopies o on F, with respect to f.
Let 6 := ¢! with components {0; : F;, = Fi11}i>0, and let 7 := 0B with components

{7 : F; = Fiy13}i>0. Given the above information, one can show the following:

Proposition 3.2.9. ([19], Box Theorem 6.3.2) A Q-free resolution of M = Syz(L)
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15 given by the complex

Bow(F): - ——>F-2-F % F
® " &
F11>F0

The resolution s minimal if and only if 61 is minimal. In particular, it i.s minimal if
L admits a surjective Fisenbud operator. Moreover, a homotopy for f on Box(F,) is

given by

0y 7o

0y O

) (03 7_1)7 947 95) 967 e

We now illustrate the construction by resolving a stable syzygy of complexity two in

codimension two.

Example 3.2.10. Suppose R = Q/(f1, f2) is a complete intersection of codimension
two and that M is a finitely generated R-module that is stable with respect to fi, fo.
By definition, M = Sy (L) where L is MCM without free summand, the minimal R-
free resolution of L is the Shamash resolution, and M = SyzQQ/(fl)(L) is MCM without

free summand. Then M has a two-periodic minimal Q/(f1)-free resolution.:

Fo:--- F1 F() F1 FO 0

and so L has a minimal Q/( f1)-free resolution of the form:

Fy Fy F Fy G1 Go 0
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Applying the box complex construction yields a minimal Q/( f1)-free resolution of M :

Fl FO Fl FO 0
D D
G1—>G0

Applying the Shamash construction yields the minimal R-free resolution of M (letting

bars denote tensoring down to R):

oG —FR oG — - —F oG — oG —0.

Having seen how to build resolutions of stable syzygies, we gather the preliminaries
necessary to prove that high syzygies of modules over complete intersections are

always stable.

Lemma 3.2.11. Let R = Q/(f1,..., f.) be a complete intersection of codimension
¢, let M be a finitely generated R-module, let Fy be the minimal R-free resolution
of M, and suppose there is a sequence f' = {f{,..., fl} generating (f1,..., fo) such

that tM(f") : Fy — F, is surjective. Let {f,..., f |} be another set of generators

for (fi, ... fi_y) and set f! = fl. Then f" = {f{,.... f!} generates (fi,.... f) and

tM(f") : Fy = F, is surjective.

Proof. The change of rings property of the Eisenbud operators ([18], Proposition 1.7)
implies that ¢)(f’) and ¢ (f") are homotopic. Thus, the surjectivity of ¢}/(f’) is

equivalent to the surjectivity of ¢’ (f”) since F, is a minimal complex. O

Construction: (The Iterated Box Complex) Let R = Q/(f) with (Q,n, k) local

and f € n? a Q-regular element, let L be a finitely generated R-module, and set
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M, = Syz& (L) for n > 0. Suppose
Fo: - > I3 — F,— F) = Fy

is a Q-free resolution of L. We construct a @-free resolution of M, for each n as

follows:

e n =1:Let o%* be a system of higher homotopies on F, for f and set Boxy(F,) =

Box(F,). Then as we have seen before, Boxy(F,) is a Q-free resolution of M;.

e n > 1: Suppose Boxyg,—1)(F,) is a Q-free resolution of M, _. Let o Box2(n-1)(Fe)
be a system of higher homotopies on Boxy(,,—1y(F%) for f. Then setting Boxs, (F,) =
Box (BOXQ(n_1)<F.)), the original arguments for the box complex carry through

to show that Boxa,(F,) is a Q-free resolution of M,,.

Note: Suppose F, is minimal and thc : Fy — F, is surjective. Then Boxs,(F,) is a

minimal @)-free resolution of M,, for each n > 0 by Proposition 3.1.4.

Theorem 3.2.12. (/19], Theorem 1.3.1) Let (Q,n, k) be a regular local ring with
infinite residue field k, let fi,...,f. € n? be a Q-reqular sequence, and set R =
Q/(f1,.-, fo)- If N is a finitely generated R-module, then for all i > 0 the syzygy

modules Syz'(N) are stable with respect to some reqular sequence f), ..., f* generating

(f1y s fe)-

Proof. We proceed by induction on ¢. When ¢ = 1, being a stable syzygy is equivalent
to being MCM without free summand, so this case follows from ([18], Theorem 6.1).
Now suppose ¢ > 1. After taking a generic choice of generators f' = {f{,..., f} of
(f1, ..., fe) and passing to a sufficiently high syzygy we may assume N is MCM and
tN (/') is surjective ([18], Theorem 3.1). Let R=Q/(fl, ..., f!_,) and suppose Y, is the
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minimal R-free resolution of N. By induction, there is a j > 0 such that Syzgj Lo(IV)

is stable with respect to f, ..., f/ ;, some generic choice of generators of (fi, ..., f._;).

s Je—1
Using Lemma 3.2.11, we may assume that f/ = f/ for 1 <i<c— 1

We claim that the module M = SyZQRj+2(N) is stable with respect to fi,..., fi.
To see this, set L = Syzfj(]\/) (so that M = Syz¥(L)). First, note that L is MCM
without free summand since N is. Also, t£( i’) is surjective since L is a syzygy of
N and t)(f') is surjective. Finally, we verify that Syzf‘(L) is stable with respect to

f1, -, fi_y. Using the iterated box complex construction, we see that the minimal

R-free resolution of L is Boxy;(Ys):

Boxy;(Ye): -+ Yajt0 Yajt1 Ys;
D D
j—1 j—1
@D Yors1 — P Yoy
k=1 k=1

But then Syzf(L) = Syz§+2(N), which is stable with respect to fi,..., fi_; by as-
sumption. Thus, we arrive at the desired result.

]

Finally, we arrive at the definition of a higher matrix factorization. In the case
where the ring @) below is a regular local ring (or more generally a Gorenstein local
ring) the notion of a stable syzygy is the same as the notion of a higher matrix

factorization module (see [19], Theorem 7.2.1).

Definition 3.2.13. ([19], Definition 1.2.2) Let fi,..., fo € Q be elements in a com-

mutative ring, and set R(p) = Q/(f1,..., fp) for 1 < p < c with R = R(c). A higher
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matriz factorization (d,h) with respect to fi, ..., fe is:

o A pair of free finitely generated QQ-modules Ag, Ay with filtrations
0C Ai(1) C--- C As(c) = Ag, fors=0,1

such that each As(p — 1) is a free summand of As(p);

o A pair of maps d, h preserving filtrations,
D Ao(q) — A1 —— A
q=1

c

where we regard P Ao(q) is filtered by the submodules P, Ao(q);

q=1

such that, writing

Ao(p) 2= Ay (p) 2= Ag(p) 1

N

3
N
o

for the induced maps, we have

1. dyhy = fp - iday) mod (fi, ..., fp-1)Ao(p)

2. mphpd, = fp -1, mod (fi,..., fo-1)(A1(p)/Ai(p — 1)), where 7, is the natural

projection Ay (p) — Ai1(p)/Ai(p —1).

Finally, we define the module of the higher matrixz factorization (d, h) to be M = M (c),

where

M(p) = Coker(R(p) @ d,), 1<p<c,

and refer to M as a higher matriz factorization module (HMF module).
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In the case when stable syzygies are equivalent to higher matrix factorization modules,
the proof of ([19], Theorem 6.4.2) shows that the maps d, and h, are essentially
liftings of various homotopy maps and differentials from resolutions of intermediate
stable syzygies M (p) over the intermediate quotient rings R(p).

It turns out that one can give a more thorough description of the relationship
between the modules M (1),..., M(c) = M (see [19] for more details). We start with

a definition:

Definition 3.2.14. (/19], Definition 7.3.1) Let S be a Gorenstein local ring and let
M be a finitely generated S-module. Choose an integer q > depth S — depth M. We

set
Apps(M) = Sy2° (Syz (M)

and refer to it as the essential CM S-approximation of M.

Note that the definition is independent of g by construction. In particular, Appg(M)
is an invariant of the module M. We now use this invariant to describe the aforemen-

tioned relationship between M(1), ..., M(c) = M:

Theorem 3.2.15. (/19], Theorem 7.4.1) Let Q) be a Gorenstein local ring, and sup-
pose M = M(c) is the module over R = R(c) = Q/(f1,.... fe) of a stable minimal

matriz factorization of a reqular sequence fi, ..., f..

1. For every p=1,...,c we have:

M(p) = Appp, (M).
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2. Suppose that M = Syzf(N) for some R-module N with j > depth () — depth N.

For every p =1, ..., c we have:

3.2.3 The Betti Degree Conjecture

We have seen in the introduction that the Betti numbers of every finitely generated
module over a complete intersection are eventually determined by two polynomials of
the same degree with the same leading coefficient (see Theorem 3.2.18 below). In this
section we examine the leading coefficient more closely by exploring the Betti Degree

Conjecture. We begin with a definition:

Definition 3.2.16. (/4/, Section 4.2) Let (R, m, k) be a Noetherian local ring and let
M be a finitely generated R-module. The complexity of M as an R-module, denoted

cxr M, is
crrg M = inf{d € N | BE(M) < pn®" for some real number 3 and for all n>> 0}.

In the same way that the Auslander-Buchsbaum-Serre Theorem classifies regular
local rings as those for which all modules have finite projective dimension, we have
the following result of Gulliksen [23] which classifies complete intersections in terms

of polynomial growth of Betti numbers:

Theorem 3.2.17. (23], Theorem 2.3) For a Noetherian local ring (R, m, k), the

following are equivalent:
a) R is a complete intersection.

b) cxtr M < oo for all finitely generated R-modules M.
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c) cap k < 00.
We now recall a result stated in the introduction due to Avramov-Buchweitz:

Theorem 3.2.18. ([5/, Theorem 7.3) Let (R, m, k) be a local complete intersection,
and let M be a finitely generated R-module of complexity d > 1. Then there exist
a positive integer [3-degr(M) and polynomials Peven(t) and poqa(t) € Qlt] of degree

< d— 2 such that

_ B-degp(M) 4, Peven(n)  for even n >0

B (M) = 2d1(d —1)"

Poda(n)  for odd n < 0

The Betti Degree Conjecture states that, in the setting above, there is an inequal-
ity S-degp(M) > 2771 In [5], Avramov-Buchweitz remark that the conjecture holds
for all modules M over all complete intersections R such that cxg M < 2. They also
note that the conjecture holds for the residue field of a complete intersection of arbi-
trary codimension. In the main result of this section, we show that the Betti Degree
Conjecture holds whenever the module in question has its Betti numbers governed by

exactly one polynomial:

Proposition 3.2.19. Let (R, m, k) be a local complete intersection and let M be a
finitely generated R-module of complexity d > 1. If the Betti numbers of M are
eventually given by a single polynomial, i.e., BE(M) = p(n) for all n > 0 for some

p(t) € Q[t], then 2971 | B-degr(M). In particular, B-deggr(M) > 2471,
Proof. Perhaps after passing to a high syzygy of M, we may assume without loss of
generality that SZ(M) = p(n) for n > 0. Then by Theorem 3.2.18 we may write

o B-degr(M) 4 4 d—2
Toii(go1y TR o

p(n)
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In particular, we note that p(t) takes on integer values for all ¢ € N. Next, define a
new function Aq(n) := p(n + 1) — p(n). Then for each 1 < ¢ < d — 1 set Ay(n) :=

A;_1(n+1)—A;_1(n). Note that each A; is an integer valued function. We now claim

that for each i the leading term of A, is %nd_l_i. To see this, we proceed by
induction on .

For i = 1, we have

Ay(n) = p(n+1)—p(n)
(G ) — (Gl o)
B-deg (M) (d—1Y d—
sy ()t 4

B-degp(M) d—1—
I

Now suppose the result holds for all 1 < j <7< d— 1. Then

AZ(TL) = Ai_l(n + 1) - Ai_l(n)
= (G ) - (G )
= St ()

-d M —1—3
- O

which gives the desired form. In particular, A, ; is an integer-valued function satis-

fying

S-degr (M) pd-1-(d-1) _ ﬁdegR<M)'

Bt = 550 =1 - (@ = 1)) 9d—1

It follows that 277! | B-degr (M), and so in particular 3-degy(M) > 2471, O
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3.2.4 Betti Numbers and HMF Modules

As we have seen, over a complete intersection R = Q/(fi,..., f.) of codimension ¢
every finitely generated R-module M has a sufficiently high syzygy that is stable
with respect to some generic choice of minimal generators of (f1,..., f.). Given the
explicit construction of the minimal R-free resolutions of stable syzygy modules, we
are able to describe the Poincaré series and the Betti degrees of such modules.

With the notation above, let M be a finitely generated R-module that is stable
with respect to fi,..., fe. Then M is a HMF module ([19], Theorem 7.2.1). Among
many other things, this implies that M comes with two finitely generated free @)

modules Aq, Ay, filtrations
0C A1) C---CAg(c) =A; fors=0,1

and direct sum decompositions Ag(p) = As(p — 1) ® Bs(p) for s=0,1 and 1 <p < ¢
(we also set A5(1) = By(1) for s = 0,1). It turns out that these free modules are key

players in determining the Betti numbers of M, as the following result shows:

Theorem 3.2.20. (/19], Corollary 5.2.1) Keeping the notation from above, suppose
M is a HMF module over R with respect to f1,..., f.. Then the Poincaré series of M

over R has the form
PR =S W ( rankp(Bi(p)) - t + ranka(Bo(p)) ) .

p=1

Moreover, the Betti numbers of M over R are given by the following two polynomials:

(20 = 30 (7 ) ronkat i)

C j—
p=1 p
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Note: In ([19], Corollary 5.2.3) it is shown that if

v = min {q | rankg(By(q)), rankg(B1(q)) # 0},

1<g<c

then rankg(By(7)) = rankg(Bi(7)) (this last equality reflects the fact that the “bot-
tom layer” of a HMF always comes from a classical matrix factorization). So, if M is

a HMF module over R with respect to fi,..., f. and we have

v= llélqigc{q | rankg(Bo(q)), rankg(Bi(q)) # 0},

then ([19], Corollary 5.2.3) yields an equality
B-degr(M) = rankp(Bo(7)) = rankg(Bi(7))-

3.3 The Matrix Factorization Conjecture

In our final section, we examine the Matrix Factorization Conjecture in the local set-
ting. We first show that it implies the Total Rank Conjecture and the Betti Degree
Conjecture for modules of maximal complexity over complete intersections. After list-
ing some situations for which the Matrix Factorization Conjecture holds, we produce

a family of counterexamples which build off of the Iyengar-Walker construction.
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3.3.1 Relationship with other Conjectures

We begin by showing that the Matrix Factorization Conjecture implies the Total

Rank Conjecture.

Proposition 3.3.1. If the Matrixz Factorization Conjecture is true, then the Total

Rank Conjecture is true for reqular local rings.

Proof. Let M # 0 be a finite length @-module, where (@, n, k) is a regular local ring
of dimension d. Then a positive power of n annihilates M, and so in particular there
is some regular element g € n such that g - M = 0. Setting f = ¢ we see that M is
a finite length module over R = Q/(f). Moreover, f = ¢g* € n(0 :¢g M), and so the
Shamash resolution is a minimal R-free resolution of M by Proposition 3.1.2. This

yields an equality of Poincaré series

Now fix 7 > d. Then we have an equality

BROM) =) B5(M) =) B (M).
i>0 i>0
As we are assuming the validity of the Matrix Factorization Conjecture, we know

that Sf(M) > 24!, and so

d

3" B000) = Y AR00) + 3 69,,(00) 3 2071 4 201 — 2t

1=0 120 120
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Proposition 3.3.2. If the Matriz Factorization Conjecture is true, then the Betti

Degree Conjecture is true for modules of maximal complexity.

Proof. Let (R, m, k) be a complete intersection of codimension ¢, say R = Q/(f1, ..., fe),
and let M be a finitely generated R-module of complexity ¢ with minimal free reso-
lution F,. We begin by making a series of reductions.

Since the Betti numbers of M remain unchanged after passing to a faithfully flat
extension, we may assume that () (and R) has an infinite residue field. Next, we
may pass to a high syzygy and assume M is MCM over R. Now let z be a maximal
R-regular sequence in m \ m?. Then z is an M-regular sequence as well, and so
F, ® R/(x) is the minimal R/(z)-free resolution of M/xM ([10], Proposition 1.1.5).
Thus, we may assume from the outset that R is an artinian complete intersection
of codimension ¢ and M has finite length. By passing to a high syzygy again, and
perhaps after relabeling the generators of the ideal (fi, ..., f.), we may use Theorem
3.2.12 to assume M is a stable syzygy with respect to fi, ..., f. and that M = Syzf(N)
with 7 > c and N a finite length R-module without free summand.

We have the equality 1 = min{p | By(p), Bi(p) # 0}. Moreover, by Theorem
3.2.15 there is an isomorphism M (1) = Syzf(l)(N), with R(1) = Q/(f1). But now we
have that M (1) is a stable syzygy of complexity one that is a high syzygy of a finite
length module over a dimension d — 1 hypersurface. Thus, the Matrix Factorization
Conjecture implies that 65(1) (M(1)) = rankg(By(1)) > 2¢71. But now using the note

after Theorem 3.2.20, we get 3-degr(M) > 2971 which is the desired result. O

We close by noting that Avramov-Buchweitz showed that the Betti Degree Conjecture

implies the Total Rank Conjecture ([5], Example 7.4).
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3.3.2 Examples of Small Dimension and Loewy Length

In this section we collect some examples in which the Matrix Factorization Conjecture

holds. We begin with hypersurfaces of small dimension:

Proposition 3.3.3. Let (R, m, k) be a local hypersurface of dimensiond =0 ord = 1.

Then the Matrixz Factorization Conjecture holds for R.

Proof. If d = 0 the result is trivial: the i*® Betti number of any module of infinite
projective dimension is at least 2¢ = 1 for all i > 0.

Now suppose d = 1, and let M be a finite length R-module of infinite projective
dimension. Then rankg(M) = 0. Thus, (M) = rankg(Syz:(M)) is well defined for
all i > 0 ([10], Proposition 1.4.5). Suppose (M) = 1 for some i > 2. This yields

an exact sequence

0 — Syz (M) — R — Syz['(M) — 0.

It follows that one of Syz;' (M) or Syz,, (M) has rank 0, and so one of these modules

is annihilated by an R-regular element, which is a contradiction. O]

Our final proposition in this section shows that for a fixed hypersurface R = Q/(f)
with a residue field k& of characteristic different from 2, there is a class of finite length
R-modules for which the Matrix Factorization Conjecture holds. We recall that for
a finitely generated module M over a local ring (R, m, k), the Loewy length of M is

given by

Ur(M) =inf{n e N| m"M = 0}.



44

Proposition 3.3.4. Let (Q,n, k) be a reqular local ring of dimension d + 1, with
chark # 2, let f € v, and set R = Q/(f). If M # 0 is an R-module such that

Ur(M) =m < j, then the Matriz Factorization Conjecture holds for M.

Proof. Since Ug(M) = (M) = m, we see that f € n/ = an/™! C n(0 :q M).
Letting U, be a minimal Q)-free resolution of M and choosing a system of higher
homotopies o of f, we know that Sh(U,, o) is a minimal R-free resolution of M by
Proposition 3.1.2. Because char k # 2 and @ is regular, we know from [31] that the

Total Rank Conjecture holds for (). Hence, we have an inequality

d+1

> BRM) > 27,
n=0

By the construction of the Shamash resolution, we obtain the inequality

d+1

1 1
RM:_ QM }_‘2d+1:2d
gron =3 (L ee0n) >3
for all n > d, which is the desired result. O

3.3.3 Knorrer Periodicity

In this section we use the Buchweitz Equivalence ([12], Theorem 4.4.1) to show that
the validity of the Matrix Factorization Conjecture is preserved under change of rings
in certain situations. To do this, it will be necessary to recall the theory of Knorrer
Periodicity from [25].

For the rest of the section we will use the following notation. Let (Q,n, k) be a
regular local ring of dimension d with char k # 2, let f € n? be nonzero, and set
R = Q/(f). Following [25], we define R* = Q[[z]]/(f + 2?) to be the double branched

cover of R, which is a hypersurface ring of dimension d. We can of course repeat this
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procedure, which yields R#*# = Q[u,v]]/(f + wv), a hypersurface ring of dimension
d + 1 (here we use that char k # 2 to replace f + 2? + w? with f + uv). Note that
any R-module admits an R#-module structure via the natural projection R# —» R
sending z to 0, and similarly for R##.

Next we define a functor F': mf(Q, f) — mf(Q[[u, v]], f + wv) from ([25], Section
3). Given (p: FF = G,v: G — F) e mf(Q, f), set F(p,v) to be

where H = (F & G) ®¢ Q[[u,v]]. From now on we omit the free modules in the

description of the matrix factorizations. For a morphism (a, ) in mf(Q, f), set

F(a, B) to be

a 0 a 0

0 p 0 p

It can be shown that F' induces a functor F : [mf(Q, f)] — [mf(Q[[u,]], f + wv)].

Moreover, we have the following result:

Theorem 3.3.5. (/25], Theorem 3.1) The functor F is an equivalence of categories
between [mf(Q, f)] and [mfAQ[[u, v]}, f + uv)].

In this situation we say that the hypersurface rings R and R*# are Knérrer equivalent.
Although we will have a result stated in terms of Knorrer equivalence, we will
actually be more interested in a functor # : [mf(Q, f)] — [mf(Q[[z]], f + 2?)], which

we now recall.

Proposition 3.3.6. ([32], Chapter 12) Let (Q,n, k) be a regular local ring, let f € n?
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be a Q-regular element, and set R = Q/(f). Then there is a functor # : [mfAQ, f)] —

(mAQI[2]], f + 2%)] given on objects by

(0. 9) — v : v
z -z Y

Remark 3.3.7. As it will come in handy later, we will note that

Y =z oz oz Y =z

1%

z g -z Y -z Y z oy

Note that # also yields a functor € = cokps o # o coky' : MCM(R) — MCM(R#). A
nice feature of the # functor is that there is a sense in which it preserves syzygies. We
make this notion precise with the following two results, the second of which appears

in the argument of a more general result in [19].

Proposition 3.3.8. (/32], Lemma 12.3) If M is a MCM R-module with no nontrivial

free summands, then

where M is regarded as an R¥-module via restriction of scalars along R* —» R.

Proposition 3.3.9. (/19]) If M is a finitely generated R-module and M’ = Sy (M),
then Syzf#(M’) =~ Syzfﬁ(M) foralli > 1.

The second Proposition yields the following:

Corollary 3.3.10. If M is a finitely generated R-module and M’ = Syzf(M) for
some j > 0, then Syle#(M’) = Sysz;(]\/[) for alli > 1.
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Proof. We proceed by induction on j. The case j = 1 is the previous proposition. If

7 > 1, then for all i > 1 we have

Syz (M) = Syzl* (Syzlt, (Syzf (M) = SyzE._ (Syzf (M) = SyzE(M).

7

]

Now suppose M is a finitely generated R-module of infinite projective dimension.

Then we can view M as a (nonzero) object in D% (R). In [12], Buchweitz uses the

sing
theory of MCM approximations to show that in D% (R), the module M is equivalent
to Syzg}(M ) for some (and hence for all) j > £. Now consider the following diagram:

Dl (R)—2e MOM(R) —% (@, 1)

L R

(R*) —% MCM(R#) —% [mf(Q[[2]), f + 22)

Db

sing

where « is the restriction of scalars functor induced by the ring map R* — R.
: . # ~ #
First, recall that for all ¢ > 0, Syzﬁzj(M) >~ Syzl (Syzfj(M)). Moreover, by

Remark 3.3.7 and Proposition 3.3.8 we see that

e(ig' (M) = e(Syz§(M))
= Syz{" (Syzg,(M))
= SyZ2Rjil(M)
= SyZZﬁQ(M)

= s (a(M)).

By definition, the second square commutes, and so we see that the diagram commutes.
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Sending M through the top row, we see that it corresponds to a unique reduced
matrix factorization; namely (p,1) = coky'(iz'(M)). Thus, we can read off the
eventual Betti numbers of M from its image in [mf(Q, f)]. Repeating the same

process on the bottom row, we see that

Y -z p .
, = cokpy (i ((M)))
z —z

is the reduced matrix factorization which describes the asymptotic structure of the

minimal R#-free resolution of M. This leads to the following result:

Proposition 3.3.11. Let (Q,n, k) be a regular local ring of dimension d+ 1, and let
f € n? be a Q-reqular element. If the Matriz Factorization Conjecture holds for the

ring R* = Q|[2]]/(f + 2?), then the Matriz Factorization Conjecture holds for the
ring R = Q/(f)

Note: Iterating this result and taking the contrapositive yields Proposition 1.0.13

from the Introduction.

Proof. Let M be a finite length R-module of infinite projective dimension, and sup-
pose its minimal R-free resolution is eventually desribed by the reduced matrix fac-
torization (i, ). Viewing M as an R#-module, we see from the preceding discussion
that its minimal R#-free resolution is eventually described by the reduced matrix

factorization

Y —z vz
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Since we are assuming that the Matrix Factorization Conjecture holds over R¥, it
follows that the size of these matrices is at least 29t x 29+1 This means that the

size of the matrices ¢ and v is at least 2¢ x 24, which gives the desired result. O

We close by remarking that there is an alternate proof of the proposition that
goes as follows: since dim R#* =d+1, R = R*/zR#, and dim R = d, it follows that
z is R*-regular ([10], Proposition A.4). Thus, we have an equality

Pif ()
Pul) = 55

([4], Proposition 3.3.5). In particular, SE (M) = BE(M) + BE (M) for all n > 0.

Applying the hypothesis yields an inequality
241 < B (M) = BR(M) + B, (M)

for n > d+ 1. But for n > d + 1 we also have 3%(M) = B2 (M), and so
2441 < 28%(M) for n > d + 1. Dividing both sides by two gives the desired re-
sult.

Although the second proof requires less machinery, the first proof is useful in
the sense that if we are given explicit matrix factorizations describing the eventual

structure of an R-resolution of M, we can produce explicit matrix factorizations

describing the eventual structure of an R*-resolution of M.

3.3.4 Counterexamples

In this section we recall a construction of Iyengar-Walker from [24] which produces
counterexamples to a variety of conjectures pertaining to complexes of free modules.

For our purposes, we will be the most interested in their construction providing a
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counterexample to the Betti Degree Conjecture, which will in turn provide a coun-
terexample to the Matrix Factorization Conjecture. We then build off of their con-
struction to produce additional counterexamples, both to the Matrix Factorization

Conjecture and the Betti Degree Conjecture.

3.3.4.1 The Iyengar-Walker Construction

In what follows, (@, n, k) is a regular local ring of dimension d > 8 with char k£ # 2 and
R=Q/(f1,..., f) is a complete intersection of codimension ¢ satisfying the condition
that f; € n3 for 1 < i < c. Let A be an exterior algebra on a k-vector space with
basis ey, ..., 4. In [24], Iyengar-Walker produce an endomorphism on A having small

rank.

Proposition 3.3.12. (/24], Corollary 2.3) There is an element w € A* such that

dimy, Ker(¢) + dimy, Coker(¢) < 2¢,

where ¢ : A — A denotes multiplication by w.

Let M be a complex of R-modules with finitely generated total homology. As in
[24], we will define the Betti numbers of M by taking a semiprojective resolution, say

F, of M over R, and setting

BE(M) = dimy, Extly(M, k) = dimy, H_;(Hompg(F, k)).

)

Because M has finitely generated total homology, there is Laurent polynomial py;(t)



o1

such that

PO = AN =

(see [4], Remark 9.2.6). Also, pas(1) # 0 if and only if cxg(M) = ¢ (see [4], Theorem
9.2.1). Finally, if ¢ > 1 and M has complexity ¢, then pys(1) = 25-degr (M) (see [24],
Section 4).

We now recall the structure of the modules Extg(k, k) and Exty(k, k) (see [4],

Example 10.2.3). Since @ is a regular local ring, there is an isomorphism of k-algebras
A = Exty(k, k).

Because of our assumption that the regular sequence fi, ..., f. is contained in n3, we

obtain an isomorphism of k-algebras
Exty(k, k) = A®; S,

where S = k[x1, ..., Xc] is a polynomial ring such that each y; has cohomological
degree 2. Using this structure, together with the previous Proposition, one obtains

the following result:

Theorem 3.3.13. ([2//, Theorem j.1) Let (R,m, k) be a complete intersection of
codimension ¢ with char k # 2 such that R = Q/(f1, ..., f.) with (Q,n, k) a regular
local ring and f; € n3 for all 1 < i < c. If e = embdim R > 8, then there exists a

fintely generated R-module N such that

0 < pn(l) <2°
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In particular, if R is artinian then we have ¢ = e. Thus, the module N from the Theo-
rem is a counterexample to the Betti Degree Conjecture. By taking the contrapositive

of Proposition 3.3.2, we immediately obtain the following corollary:

Corollary 3.3.14. For each d > 7, there is a local hypersurface ring (R, m, k) with

char k # 2 and dim R = d for which the Matriz Factorization Conjecture fails.

3.3.4.2 Extending to the Quadratic Case

The methods of the previous section produce counterexamples to the Betti Degree
Conjecture for certain complete intersections R = Q/(f1, ..., f) satisfying fi, ..., fe €
n%. By extension, the corresponding counterexamples to the Matrix Factorization
Conjecture all come from hypersurfaces of the form R = Q/(f) with f € nd,. In this
section we will produce counterexamples to the Matrix Factorization Conjecture with
f e u2Q \ n3Q, and we will produce counterexamples to the Betti Degree Conjecture
without assuming that each f; is in n?é.

In the case of the Matrix Factorization Conjecture, we have already done the nec-
essary work. By Proposition 3.3.11, if R = @Q/(f) is a hypersurface for which the
Matrix Factorization Conjecture fails, then R* = Q[[2]]/(f + 2?) is again a hyper-
surface for which the Matrix Factorization Conjecture fails. Making the necessary
adjustments for the Betti Degree Conjecture is a slightly more involved endeavor,
which we will now begin.

Let (@,n, k) be a regular local ring of dimension d. Let R = Q/(f1, f2, .-, fe)
be a complete intersection of codimension ¢ such that fi,..., f. € n‘Zf?, and set R# =
Qllz]l/(f1 + 2%, fa, .., fo). The next two results serve to illustrate the relationship

between homological invariants over R and homological invariants over R7 .

Lemma 3.3.15. Rfé s a complete intersection of codimension c. Moreover, the image
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of z in Rf s a reqular element.

Proof. By ([10], Proposition A.4), the first claim would follow if we could demonstrate
an equality dim R# =7 =d—c+ 1. We first note that dim R = d — ¢ and that

R~ RY/2R¥. We now obtain

dim R > dim R¥ —1 ([10], Proposition A.4)
= j—1
> (d—c+1)—1 ([10], Proposition A.4)
= d—c

This now forces j — 1 = d — ¢, and so we have dim Rfﬁ =d—c+ 1. From this we also
see that dim R = dim R# — 1, from which we conclude that the image of z in Rf is

a regular element. O]

Lemma 3.3.16. Let M be a finitely generated R-module. Then there are equalities
cxr(M) = ch#(M) and  206-degr(M) = B-degps (M).

Proof. From ([4], Proposition 3.3.5) we have an equality

which yields
BFE (M) = BR(M) + 7 (M) foralln > 1.

Both desired equalities now follow immediately. O]
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Having established these preliminaries, we can state our main result for the section.

Theorem 3.3.17. Let (Q,n, k) be a reqular local ring of dimension 2n with n > 20,
let R = Q/(f1, f2, .., fon) be a complete intersection of codimension 2n with f; € n’
for 1 <i < 2n, and set R? = Q[[2])/(fi + 22, fay ooy fon). If char k = 0, then there

exists a finitely generated Rf-module M of complezity 2n such that
2n—1
B—degR;#(M) <2

Proof. By ([24], Theorem 4.1), there is finitely generated R-module M of complexity

2n such that

By ([24], Remark 2.2), there is an inequality

;(Z(n +1)

) < 22n—1 X 4 < 22n—2
n+1 m(n+1) ’

where the last inequality comes from the assumption that n > 20. Lemma 3.3.16 now
implies that

B—dengﬁ(M) = 2B-degr(M) < 2-2272 = 221

which is the desired result. O

Earlier we saw explicitly how to take reduced matrix factorizations over a hyper-
surface R = Q/(f) that were counterexamples to the Matrix Factorizations and turn

them into counterexamples over R* = Q[[z]]/(f + 2?). It would be interesting to
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see if there was a similar correspondence between higher matrix factorizations that

yielded counterexamples to the Betti Degree Conjecture over R and Rf.

3.3.5 Establishing a Linear Lower Bound

We have now seen that the Matrix Factorization Conjecture need not hold in general.
This leaves us with the following question: is there any general lower bound, de-
pending only on the dimension of the underlying hypersurface, for the size of matrix
factorizations appearing in the minimal free resolutions of finite length modules of
infinite projective dimension? And if so, what is the optimal lower bound? In this
section we establish a lower bound that is linear with respect to dimension. This
bound follows from a general principle regarding free complexes having finite length

total homology:

Proposition 3.3.18. Let (R, m, k) be a Noetherian local ring of dimension d > 0 and
let Fy be a complex of finitely generated free R-modules such that 0 < ((H(F,)) < oc.
Also suppose there is a j > 0 such that for every x € W, multiplication on F, by x is

nullhomotopic. If F; # 0, then there is an inequality

rankr(F;_1) + rankr(Fiy1) = d.

Proof. Let F,, with differential 0, be a complex as described in the statement, and
suppose I; = R" for each j. We may assume, without loss of generality, that F, is a
minimal complex. Write 0; = (a;;) and 0,41 = (b;;) as matrices with a;;, b;; € R. Now

let € m’ be nonzero. By assumption, there is a nullhomotopy between multiplication
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by x and 0. This gives a diagram

a7.'+1

Rni+1 R % Rni—1

TR

RMi+1 i+l R 9 R™i—1

in which

8i+1/6’ + Oé@i =X Iani

for some matrices o = (c;’fj) and g = (dfj) with entries in R (the superscripts merely
indicate that these ring elements may depend on the choice of x). Equating the top

left entries in the matrices coming from this equality yields

Ni+1 ni—1

E blédfl + E Cbﬂafl = T.
/=1 /=1

Letting I := (011,-~-,ani_11,bl1,--~,blni+1) C R we see that x € I. As x € m’ was
an arbitrary nonzero element, we see that m/ C I C m (where the last containment
follows from the minimality of F,). Hence, ht(/) = ht(m) = dim R = d. On the other

hand, we know from Krull’s Principal Ideal Theorem that
ht(1) < p(l) < nimy + 1y,

which yields the desired result. O]

Corollary 3.3.19. Let (R, m, k) be a local hypersurface ring of dimension d, and let
M be a finite length R-module of infinite projective dimension. Then for alln > d+1

there is an inequality BE(M) > 4.
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Proof. We may assume d > 0. Let F, be a minimal R-free resolution of M. Then
0 < U(H(F,)) = ¢(M) < oo, and for j = €lr(M) > 0, multiplication on F, by
each x € m’ is nullhomotopic. Thus, Proposition 3.3.18 applies to F,. Choosing
n > d+1, we see that B, (M) = (M) = B;,(M) ([18], Theorem 6.1). The
previous Proposition yields an inequality 8% | (M) + 8., (M) > d. Thus,

d
2

BE(M) = S5, (M) + B, (1)) 2

I

which is the desired result. ]
Proposition 3.3.18 also has applications to finite free resolutions:

Corollary 3.3.20. Let (R,m, k) be a Noetherian local ring of dimension d, and let
M # 0 be a finite length R-module of finite projective dimension. Then there is an

imequality

R 1 2
> BEHM) = o (d +d).

=0

Proof. We may assume d > 0. Let F, be a minimal R-free resolution of M. Since M
is nonzero and has finite length, we know that pd;(M) = d. Proposition 3.3.18 now

yields

d
2;)623(]\4) = QZ%)rankR(Fi)
a = d—1
> rankg(Fy) + 2 > rankg(F;) + rankg(Fy)

=1

I
M=~

(rankp(F;—1) + rankg(Fii1))
0

WV
=1

+1)d.
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We remark that this result also follows from Theorem 3.3.22 below. The bound
from the previous result is in the same vein as one found in [6], where they demonstrate

a lower bound

for d > 5 (which is strictly greater than the lower bound from Corollary 3.3.20).

We conclude with a more general application of Proposition 3.3.18. First we re-
quire a definition. For a ring R, we say that a perfect complex is a bounded complex of
finitely generated projective R-modules (we take this as the “non-derived” definition

of perfect).

Lemma 3.3.21. Let (R,m,k) be a Noetherian local ring and let F, be a perfect
complex such that 0 < ((H(F)) < oco. Then Homg(F,, F,) is a perfect complex with
((H(F)) < 0.

Proof. Clearly Hompg(F,, F,) is a perfect complex. As for the statement about its
homology, let p be a prime ideal of R different from m. First, we have the usual

localization isomorphism

Hompg(F,, ), = Homp, ((F)y, (Fa)y)-

Note that (F,), is a perfect complex over R,, and in particular it is semiprojective
([17], Proposition 5.2.9). (F,), is also acyclic by assumption, and so it follows that
Hompg, ((F4)p, (F4)p) is acyclic as well. Hence the homology of Hompg(Fy, F,) is sup-

ported at the maximal ideal, and so it has finite length. O
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Theorem 3.3.22. Let (R,m,k) be a Noetherian local ring of dimension d, and let

F, be a perfect complex such that 0 < {(H(F)) < co. Then . rankg(F;) > 5(d*+d).
ieN

Proof. As before, we may assume without loss of generality that d > 0 and that F,
is a minimal complex. Also, perhaps after a suspension, we may assume that F, is
concentrated in homological degrees 0 through n for some 0 < n < oco. The New
Intersection Theorem (see [27]) implies that n > d. By Lemma 3.3.21, Hompg(F,, F,)
has finite length homology. Hence, there is a power j > 0 of m such that m’-[idg,] = 0
in Hy(Hompg(F,, F,)). Thus, there is a positive integer j such that multiplication by
x on F, is nullhomotopic for every x € m7.

Using Proposition 3.3.18, we see that for each 0 < ¢ < n there is an inequality
rankg(F;_1) + rankg(Fiy1) > d.

But then we have

n n—1
2 rankg(F;) > rankg(Fp)+2 Y rankp(F;) + rankg(F),)
i=0 i=1

I
=

(rankp(F;—1) + rankg(Fii1))
0

(n+1)d
(d+1)d.

.
I

WV

>

Dividing by two yields the desired result. O
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