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ABSTRACT. We study absolutely Koszul algebras, Koszul algebras with the Backelin-Roos prop-
erty and their behavior under standard algebraic operations. In particular, we identify some
Veronese subrings of polynomial rings that have the Backelin-Roos property and conjecture that
the list is indeed complete. Among other things, we prove that every universally Koszul ring
defined by monomials has the Backelin-Roos property.

1. INTRODUCTION

Let k£ be a field and R a standard graded k-algebra. Recall that R is said to be Koszul if
k, viewed as an R-module via the canonical augmentation R — k, has a linear free resolution.
This is the commutative version of a notion that goes back to Priddy [30]. For a recent general
overview of this class of algebras in the commutative context, and related ones like universally
Koszul algebras [12] and the strongly Koszul algebras [24], see [14].

Koszul algebras are known to behave well from several points of views. For example, the Koszul
property can be completely characterized in terms of finiteness of the Castelnuovo-Mumford
regularity, see Avramov, Eisenbud and Peeva [5], [6]. On the other hand, not all the Koszul
algebras are born equal. According to Roos [31] a Koszul algebra R is good if for each finitely
generated graded R-module M, its Poincaré series, which is the generating series of the Betti
numbers of M, is rational and with denominator depending only on R. Roos described in [31]
examples of bad (i.e. not good) Koszul algebras.

The focus of this work is on a class of good Koszul algebras called absolutely Koszul algebras.
It was introduced in [29] through the notion of linearity defect as follows. Consider the minimal
graded free resolution F' of a finitely generated R-module M. The multiplication with the
maximal homogeneous ideal m of R induces on F' a suitable filtration (see Section 2 for details)
whose associated graded complex is denoted by lin® F. The linearity defect of M is defined as

ldg M = sup{i : H;(lin® F) # 0}.

This homological invariant has been introduced by Herzog and Iyengar [26] building on work of
Eisenbud, Flgystad, and Schreyer [19] on resolution of modules over exterior algebras. The ring
R is absolutely Koszul if ldg M is finite for each finitely generated graded R-module M.

One of the things that has emerged from the work reported here is that the absolutely Koszul
property for R, which concerns the structure of all R-modules, is closely related to one concerning
the algebra structure of R. Namely whether there exists a surjective morphism ¢: ) — R of
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standard graded k-algebras such that the ring ) is a complete intersection and the map ¢ is
Golod. When such a map exists we say that R has the Backelin-Roos property; see Section 3 for
details. For a Koszul algebra R one has the following implications:

R has the Backelin-Roos property

4
R is absolutely Koszul

4

R is good in the sense of Roos.

These implications are proved in [26, §1.8] and [26, Theorem 5.9]. We are not aware of any
examples that show the implications are strict. In other words, every absolutely Koszul algebra
that we know of has the Backelin-Roos property (at least after a field extension), and the ones
that are not absolutely Koszul rings are bad Koszul algebras in the sense of Roos. However if
one drops the assumption that R is Koszul, there are examples of algebras R that are good in
the sense of Roos without having the Backelin-Roos property, see [2, pg.30-31] and [28, Sect.6].

The first goal of the paper is to track the absolutely Koszul and the Backelin-Roos properties
under standard algebra operations. This is the content of Sections 2 and 3. The focus of Section
4 is on Koszul algebras with monomial relations, and one of the main results there is that any
universal Koszul algebra with monomial relations has the Backelin-Roos property.

Section 5 is devoted to identifying Veronese and Segre algebras that have the Backelin-Roos
property. When k is algebraically closed and of characteristic zero, we show that a Cohen-
Macaulay domain R with e(R) < 2codim(R) has the Backelin-Roos property and, under some
additional assumptions, the same is true also for Gorenstein domains with e(R) = 2 codim(R)+2.
These statements are proved in Theorems 5.2 using a reduction to the Artinian case, exploiting
a result of Harris on the general hyperplane sections of irreducible projective curves stated in
[1, page 109], and results of Conca, Rossi and Valla [15] on the Koszul property of points in
projective space and of Jega and Henriques on the Backelin-Roos property of Gorenstein Artinian
algebras with socle in degree 3. From this one deduces that the c-th Veronese S(© subalgebra of
the polynomial ring S in n variables over an algebraically closed field of characteristic 0 has the
Backelin-Roos property in the following cases:

(1) n < 3 and any ¢
(2) n=4 and ¢ < 4;
(3) n <6 and ¢ < 2;

See Corollary 5.4 and Corollary 5.6.

On the other hand, when (n, ¢) equals (4,5), or (5,3), or (7,2), the algebra S© does not have
the Backelin-Roos property; see Lemma 5.7. Indeed the h-polynomial hg(z) of an algebra R
with the Backelin-Roos property must satisfy the inequality hgr(—1) < 0; see Corollary 3.13,
and this condition is violated for the values of (n,c) listed above. A more stringent numerical
obstruction is described in Proposition 3.12. In fact, computational evidence suggest that all
the Veronese algebras S(© with (n, c) different from the values in (1),(2), and (3) above violate
the inequality. A similar situation occurs for Segre products of polynomial rings.

We are thus faced with the following intriguing question:

Are all Veronese subrings of polynomial rings absolutely Koszul? What about Segre products?
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Finally in Section 6 we discuss the global linearity defect glld R of R, defined as the supremum
of all the linearity defects of modules over R. This number invariant is rarely finite; see [26,
Theorem 6.2]. Our goal in this section is to find bounds on the global linearity defect.

The first author would like to thank Volkmar Welker for useful discussions concerning the
Hilbert series of Veronese algebras.

2. ABSOLUTELY KOSZUL ALGEBRAS AND CHANGES OF RINGS

In this section we establish some results, and recall earlier ones, that track the absolutely
Koszul property under change of rings. Throughout, k£ will be a field and R a standard graded
k-algebra. Let M be a finitely generated graded R-module and

F:..—F —---—F —F—0
its minimal graded free resolution. For each i > 0, consider the subcomplex FF of F given by
FF: o5 Fg—F—-mF,— - —>m ' —>mF—0.

where m = R, is the homogeneous maximal ideal of R. The associated graded complex of the
descending filtration {F*F};cy is denoted by lin” F, and called the linear part of F. Observe
that (1in® F); = gr, (F;)(—4) and that the matrices of differential of lin® F' are obtained from
those of I’ by replacing all entries of degree > 2 by zero.

The linearity defect of M is defined as

ldg M = sup{i : Hy(lin® F) # 0}.

By definition, R is absolutely Koszul if 1dg M is finite for every M. Romer proved that when
R is Koszul, a module has linearity defect zero if and only if it is componentwise linear in the
sense of Herzog and Hibi [23]; see, e.g., [29, Theorem 5.6].

To prepare the reader to better appreciate the results below, we recall an example that shows
that, unlike for Koszul algebras, the class of absolutely Koszul algebras is not closed under tensor
product over k.

Ezample 2.1. Let k be a field and set R = k[z,y|/(z,y)?, where both = and y are of degree one.
This ring is absolutely Koszul: evidently it is Koszul, so 1dg k = 0, and the first syzygy module
of any R-module is direct sum of shifted copies of k. In fact, it is not hard to verify directly
from definitions that the linearity defect of any R-module is zero.

However, R ®; R is Koszul but not absolutely Koszul. This is because R is a bad Koszul
algebra, in the sense of Roos [31, Theorem 2.4b(A)].

Another such example is the ring R = k[z, y|/(z? xy): it is absolutely Koszul but R ®; R is
not; see [31, Theorem 2.4b(C)].

Change of rings. We present a few results concerning the ascent and descent of the absolutely
Koszul property along a morphism ¢: R — S of standard graded k-algebras. Following [29], we
call the number

glld R = sup{ldg M : M a finitely generated graded R-module}
the global linearity defect of the k-algebra R.

Lemma 2.2. Let R be a standard graded k-algebra and k C | an algebraic extension of fields.
Set S =1®y; R and let p: R — S be the canonical inclusion. The following statements hold.
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(1) lds(l @ M) =1dgr M for any finitely generated graded R-module M.

(2) Ids N =1dg N if k C 1 is a finite extension and N is a finitely generated graded S-module.
(3) glld S = glld R holds.

(4) R is absolutely Koszul if and only if S is.

Proof. The morphism ¢ is flat and R>1S = S-1; this remark will be used repeatedly in the proof.

(1) It is not hard to verify that if F' is the minimal graded free resolution of a finitely generated
graded R-module M, then the complex of S-modules | ®; F' is a minimal graded free resolution
of the S-module [ ®; M, and that there is an isomorphism of complexes

1in®(l @ F) =1 @4 lin® F.
This explains (1).

(2) Let G be a minimal graded free resolution of N as an S-module. The extension k& C [ is
finite, so S is a finitely generated free R-module. It follows that G is also the minimal graded
free resolution of N viewed as an R-module via ¢, and that there is an isomorphism of complexes

lin® G = 1in° G .
This implies the desired equality.

(3) and (4) When S is absolutely Koszul, it is immediate from (1) that R is absolutely Koszul
as well, and that there is an inequality glld R < glld S. For the converse: let N be a finitely
generated graded S-module. Observe that N can be realised as [ @y N’, where [’ is a finite
extension of £ and N’ is a finitely generated graded module over I’ ®; R. Then from (1) and (2)
one gets equalities

lds N =1dye,r(N') =1dg N'.

This implies that if R is absolutely Koszul, so is .S and also yields glld S < glld R. O

In preparation for proof of the next result we recall that the (i, j)-graded Betti number of
finitely generated graded M over a standard graded k-algebra is the integer

(M) = dimy, Torf(k, M); .

z’]
The graded Poincaré series of M is the formal power series

Pi(s,2) = BL(M)s'2" € Z[s][|z]);

€L JEL

it has non-negative coefficients.

Proposition 2.3. Let p: R — S be a morphism of standard graded k-algebras. If there exists
a morphism o: S — R of k-algebras such that po: S — S is the identity, then the following
statements hold.

(1) If 1dr S =0, then ldg N = 1dg N for every finitely generated graded S-module N.
(2) When R is Koszul, so is S and ldg S = 0.
(3) When R is absolutely Koszul so is S and there is an inequality glld S < glld R.

Proof. (1) Let F' be the minimal graded R-free resolution of S and G the minimal graded S-free
resolution of N. The complex of R-modules F' ®g G, where S acts on F' by restriction of scalars
along o and R acts on the tensor product via its action on F', is then the minimal graded R-free
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resolution of N: Indeed, it is clearly minimal, and as G is a complex of free S-modules, the
quasi-isomorphism F = S induces the first quasi-isomorphism below

(%) F®5GE>S®SG2N.

See [22, Theorem 1] for details. Arguing as in the proof of [29, Lemma 2.7] one gets an isomor-
phism of complexes of R-modules:

lin”'(F @5 G) =2 lin" F ®41in° G
Since lin® FF ~ S, as 1dg S = 0, and lin® G is a complex of free S-modules, the canonical map
lin® F @41in® G —— S @4 1in® G 2 1in° G
is a quasi-isomorphism. This gives the desired equality.
(2) The isomorphism (%) above, with N = k, implies an equality of formal power series
Pl(s,z) = PE(s,2) P2 (s, 2).
When R is Koszul, 3[(k) = 0 for all i # j. Recall that one always has inequalities
R(S)=0=p3(k) fori>j

1,J
so it follows from the equality above and the condition on 3% (k) that [ (S) = 0 = 57;(k) also
for ¢+ < 7. Thus S has a linear resolution over R, so that 1dgz S = 0, and also S is Koszul.

(3) is a direct consequence of (1) and (2). O

Recall that a flat resolution of a (not necessarily finitely generated) R-module M is a complex
F of flat R-modules with F; = 0 for ¢« < 0 equipped with a quasi-isomorphism F' ~ M. The flat
dimension of M is

there exists a flat resolution F' ~ M
deM::inf{nZO’ }

such that F; = 0 for i ¢ [0, n]

This equals the projective dimension of M when M is finitely generated. The result below
extends [29, Theorem 2.11] where it is assumed also that S is a finitely generated R-module.

Theorem 2.4. Let R — S be a morphism of standard graded k-algebras such that fdgr S is finite.
If S is absolutely Koszul, then so is R, and there is an inequality

glld R < glld S + fdg S + dim(S/mS),
where m is the homogeneous mazximal ideal of R.

Proof. We reduce to the case where the R-module S is finitely generated, as follows.

Enlarging the field k if necessary, we may assume it is infinite; see Lemma 2.2. Then, by
Noether normalisation, there exist elements s, ..., s. in S7 that form a system of parameters for
the ring S/mS. Set R' = R[y1,...,y.], where y := {y1,...,y.} are indeterminates in degree one,
let o: R — R’ be the canonical inclusion, and ¢': R — S the morphism of R-algebras defined
by the assignment y; — s; for each 7. These give a factorisation

R—* rp_¥ g
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of p. Note that m" = m + (yi1,...,9.) is the homogeneous maximal ideal of R’ and that
ranky (S/m’S) is finite, by construction. Therefore, S is finitely generated when viewed as an
R’-module via ¢'; this is by Nakayama’s Lemma for graded modules.

Consider the morphism R — R'/(y) = R. The Koszul complex on y is a minimal graded free
resolution of R as a module over R’. Given this it is clear that ldz R = 0. Moreover, composing
¢ with R' — R gives the identify on R, so Proposition 2.3 applies and yields that when R’ is
absolutely Koszul so is R, and that there is an inequality

glldR < glldR'.
We claim that there is an inequality
de/S < deS+C.

Indeed, this holds because ¢ is a flat morphism and R'/mR’ is a c-dimensional regular ring; see
[7, (3.3)] for an argument in the case of local homomorphisms; it carries over to the graded case.

In summary, replacing R by R’ we may assume that S is finitely generated as an R-module,
and of finite projective dimension. In this case [29, Theorem 2.11] applies—noting once again
that whilst op.cit. deals with local rings the argument carries over to the graded case—and gives
the desired statement. O

Corollary 2.5. Let R be a standard graded k-algebra and x an indeterminate with degx = 1.
Then R is absolutely Koszul if and only if so is R|x].

Proof. Indeed, both implications can be deduced from Theorem 2.4, by applying to the canonical
inclusion R — R|x] and the canonical surjection R[z] — R. O

Fibre products. Let S and T be standard graded k-algebras, and eg: S — k and ep: T — k
the canonical augmentations. The fibre product of S and T is the ring

SxpT :={(s,t) € SxT |es(s)=er(t)}.
Thus, if S = k[z1,...,z,]/] and T = K[y, ..., y,]/J, then

k[mlw < Ty Y1y - - - 7yn]
I+ T+ (py; 1 <i<m,1<j<n)
Observe that the fibre product is itself a standard graded k-algebra.

Theorem 2.6. The fibre product S x ;T is absolutely Koszul if and only if S and T are. Moreover,
when glld S and glld T are finite so is glld(S xx T).

Proof. 1t is well-known that S x; T is Koszul if and only if S and T are Koszul; see [8]. Hence we
assume from the beginning that S and 7', and hence also S x T, are Koszul. Set R =5 x; T,
and note that the augmentations of S and 7" induce morphisms

€SXkT:R—>T and SXk€TiR—>S

of graded k-algebras. Observe also that the composition of the inclusion 7" — R with eg X3 T
is the identity on T, whilst that of S — R with S xj &7 is the identity on S. Proposition 2.3(3)
thus applies and yields that when R is absolutely Koszul, so are S and T'. The same result also
implies that when S and T are absolutely Koszul, any R-module that is obtained from S by
restriction along S X, ep, or from T by restriction along g X T, has finite linearity defect. It
remains to note that the second syzygy of any finitely generated graded R-module is of the form
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N @ P where N is an finitely generated graded S-module and P is a finitely generated graded
T-module; see [17, Bemerkung 3]. O

3. THE BACKELIN-ROOS PROPERTY

Let ¢: Q — R be a surjection of standard graded k-algebras such that Kerp C (Q>1)? By
a result of Serre, see for example [3, Prop.3.3.2], there is a coefficientwise inequality of formal
power series:

Q

PR(s,2) < by (s 2) :

1— z(Pg(s, z)—1)
When there is equality, ¢ is said to be Golod. The ring R is said to be Golod if some (equivalently,
any) minimal presentation k[xq,...,z,] — R, meaning that xi,...,z, are indeterminates over
k and n = embdim R, is a Golod homomorphism.

For what follows, it is helpful to have the following notation: For any finite generated graded
@-module M and integer ¢ > 0, set

t9(M) = max{j € Z | Tor®(k, M); # 0}.

Here is a simple test for detecting Golod maps when the source and target are Koszul; this was
proved by Herzog and Iyengar [26, Proposition 5.8] in the local case, but the argument applies
also in our context.

Remark 3.1. The following statements are equivalent:

(i) R is a Koszul algebra and ¢ is a Golod morphism;
(ii) Q is a Koszul algebra and t?(R) < i+ 1 for each i > 0.

In (i), the condition on the t?(R) can be stated as: Ker(p) has a 2-linear Q-free resolution. A
special case of this equivalence is worth noting: The ring R is Koszul and Golod if, and only, if
the kernel of any minimal presentation k[z1,...,x,] — R has a 2-linear free resolution.

The elementary observation below will prove useful.
Remark 3.2. Given a complex of graded )-modules
c: - -—=C;—=C_1—--—Cy—0.

A simple computation, based on breaking C' into short exact sequences, yields that for each
integer © > 0, there is an equality

t9(Hy(C)) < max{a;, b;}
where the integers a; and b; are defined as follows:
a; = max{t?(Ci,j) :j=0,...,i}
bi = max{t?(H;_j_1(C)) 1 j = 0,...,i — 2}.
As before, let R be a standard graded k-algebra.

Definition 3.3. We say that R has the Backelin-Roos property if there exists a surjective Golod
morphism ) — R, with ) a standard graded complete intersection ring.
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For example, when R is either a complete intersection or is Golod, it has the Backelin-Roos
property. Observe that when R is Koszul, any () as above also has to be Koszul, by Remark 3.1,
and hence defined by quadrics.

The next result is a version of [26, Theorem 5.9] for graded rings; again the proof carries over.
It is essentially the only method we know for detecting absolutely Koszul rings.

Proposition 3.4. Let R be a standard graded Koszul k-algebra. If for some algebraic extension
[ of k, the ring | ® R has the Backelin-Roos property, then R is absolutely Koszul.

Proof. By [26, Theorem 5.9], the ring [ ®j R is absolutely Koszul; now apply Lemma 2.2(4). O

In the remainder of this section we establish some techniques for detecting when a ring has
the Backelin-Roos property. Since the focus of this work is on Koszul algebras, we consider only
this class of algebras, though some of the results (for example, Lemma 3.5 below) hold without
this additional assumption. The Koszul property makes it easier to test when a morphism is
Golod; see Remark 3.1.

Lemma 3.5. Assume that k is an infinite field. Let R be standard graded Koszul k-algebra.
If R has the Backelin-Roos property then there exists a Golod morphism ) — R where Q) is a
complete intersection whose dimension and codimension equal that of R.

Proof. By hypothesis, there exists a surjective Golod morphism P — R with P a standard
graded complete intersection ring. The Golod property implies that the kernel of P — R is
contained in P.o. Hence the embedding dimensions of P and R coincide. It thus suffices to
prove that one can choose P such that its dimension equals that of R.

Suppose dim P > dim R. Let I and J be the defining ideals of P and R as quotients of the
same polynomial ring. We have I C J and height I < height J, and [ is generated by a regular
sequence of quadrics. As k is infinite, by prime avoidance there exists a quadric f in J that is
regular over P. Set Q = P/(f). Then (@ is a complete intersection of quadrics and hence Koszul.
We prove that Q — R is Golod by verifying that ¢t?(R) < i+ 1 for every i; see Remark 3.1.

Let F' be the minimal graded free resolution of R as a P-module and set G = F' ®p ). Then
one has H(G) = Tor” (R, Q). Since f is regular over P and fR = 0 it follows that

R fori =0
H(G)=< R(-2) fori=1
0 fori>1

Applying Remark 3.2 to the complex of -modules G and taking into consideration that G; is
Q-free and generated in degree 0 for ¢+ = 0 and in degree ¢ + 1 when ¢ > 0, one obtains:

t2(R) < max{i + 1,12 ,(R) + 2} .
Since t2(R) = 0 and t2(R) = 2 by construction, it follows by induction that t?(R) <i+1. O

The following example shows that when R has the Backelin-Roos property not all the maximal
regular sequences contained in its defining ideal induce a Golod map.

Ezample 3.6. Set P = kla,b,c,d], I = (a* V*, ad,ac,bd) and R = P/I. Note that (ad, ac, bd) has
a 2-linear resolution over P. Hence, by virtue of Theorem 4.1 proved in the next section, the
algebra R has the Backelin-Roos property. On the other hand J = (ac, bd) is a maximal regular
sequence in [ and the map @ := P/J — R is not Golod since B&(R) =1.
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Lemma 3.7. Let R be a standard graded k-algebra and x+,...,x, a reqular sequence in Ry. If
R/(x1,...,x,) is a Koszul algebra with the Backelin-Roos property, then so is R.

Proof. 1t suffices to verify the assertion for n = 1. So assume x € R; is a non-zerodivisor and
that there exists a surjective morphism of standard graded k-algebras

¢: B— R/(x)

such that B is a complete intersection, necessarily of quadrics. Let x1,...,z. be a k-basis of R;
with © = z.. We may suppose B = P/J where P = k[y,...,y._1] is the polynomial ring, J is
generated by a regular sequence in P, and that the residue class of y; is the residue class of z;,
fori=1,...,e—1.

Say J = (f1,..., f.) and consider the morphism of k-algebras 7: Ply.] — R that sends y; to
x; fori=1,... e. Since fi(x1,...,2.—1) =0 mod (x.), there exist homogeneous elements g; in
P such that fi(z1,...,%e 1) = Tegi(x1, ..., x.), that is to say, f; — y.g; are in Ker . Set

A= Ply.]/J1 where Jy=(fi—vegi|i=1,...,¢).

Since J; C Kerm we have an induced morphism of k-algebras 1#: A — R sending y; mod J; to
x; for i =1,... e. Now, since

J1+(ye) :‘]+<y8): (flw"afcaye)

is generated by regular sequence, it follows that fi — y.g1, ..., fo — yegc is a regular sequence of
quadrics in P[y.], and that y. is regular on A. Since A/(y.) = B there is an isomorphism of
graded k-vector spaces

Tor'(k, R) = Tor?(k, R/(z)).

Hence t/(R) = tP(R/(z)). Noting that A and B are Koszul algebras, it follows from Remark 3.1
that since B — R/(x) is Golod, so is A — R, and that R is Koszul. O

Theorem 3.8. Let S and T be standard graded Koszul k-algebras. If S and T have the Backelin-
Roos property then so does the fibre product S X, T'.

Proof. Assume that S and T have the Backelin-Roos property, so that there are Golod morphisms
S1 — S and T} — T where S; and where T are complete intersections, necessarily of quadrics,
for S and T are Koszul. Set ) = S; ®, 11 and R = S X, T. Observe that () is a complete
intersection of quadrics, and in particular Koszul. Consider the composite morphism

Q—SxT—R.

We claim that this map is Golod, and verify it by proving that tiQ(R) < i+ 1 for every i; see
Remark 3.1. To that end, consider the exact sequence of ()-modules

0O=+R—=>S0T —k—0.
From this it follows that for ¢ € N there are inequalities
t2(R) < max{t?(S), t2(T), t4., (k) } .

It suffices to verify that each term on the right is bounded by 7 + 1.
Now, since () is Koszul, one has tfil(k) =i+ 1fori>0.
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As a ()-module, one can identify S with S ®; k, so its minimal graded free resolution is
obtained by tensoring, over k, the minimal graded free resolution of S as a S;-module with the
minimal graded free resolution of k as a Tj-module. It follows that

t2(S) < max{t;"(S) + ¢/, (k) | j =0,...i}.

Since tfl(S) <j+1and t;ﬂj(k) — i — j, by assumption, one obtains t#(S) < i+ 1.
By symmetry tiQ(T) <i+ 1. O

Lemma 3.9. Let R be a standard graded Koszul k-algebra that has the Backelin-Roos property.
Let QQ be a complete intersection of quadrics and (Q — R a Golod map.

(1) If a quadric f € Q is Q-regular and R-regular then Q/fQ — R/fR is a Golod map and
hence R/ fR has the Backelin-Roos property.
(2) R[z] and R[z]/(z*) are Koszul and have the Backelin-Roos property.

Proof. (1) Set A = R/fR and B = Q/fQ. Let F be the minimal free resolution of R as a
(Q-module. Since, by assumption, f is a regular over R and () we have that F'® B is the minimal
free resolution of A as a B-module. Hence t2(A) = t?(R) = i + 1 for every i > 0. Since A is
Koszul and B is a complete intersection of quadrics, it follows that the map B — A is Golod
and hence A has the Backelin-Roos property.

(2) The extension Q[z] — R|z] of () — R is clearly Golod. Hence R|x] has the Backelin-Roos
property. Then (1) implies that R[z]/(z?) has the Backelin-Roos property as well. O

Remark 3.10. In the table below we collect what we know concerning the transfer of the abso-
lutely Koszul and of the Backelin-Roos properties with respect to standard algebraic operations.
Let R be a Koszul algebra, and let ¢ € Ry and ¢ € Ry be non-zerodivisors.

] \ Absolutely Koszul \ Backelin-Roos \

Fiber product yes (2.6) yes (3.8)
Ascend from R/(R to R yes (2.4) yes (3.7)
Descend from R to R/(R 77 77
Ascend from R/qR to R yes (2.4) 77
Descend from R to R/qR 77 77
Preserved by algebra retracts yes (2.3) 77
Preserved by the extension R — R[z]/(x?) 77 yes (3.9)
Preserved by the extension R — R[] yes (2.5) yes (3.9)

Recall that S is said to an algebra retract of R if there are morphisms of rings S = R 5 §
such that the composition ¢o is the identify on S. Perhaps the most interesting open question
related to the table above is the following.

Question 3.11. Let R be a standard graded k-algebra that is Koszul and has the Backelin-Roos
property. If S is an algebra retract of R, does it also have the Backelin-Roos property?

The following is a numerical obstruction to the Backelin-Roos property in terms of Hilbert
functions. It is reminiscent of the one for the Koszul property itself, namely, the formal power
series Hr(—t)~! should have non-negative coefficients.
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Proposition 3.12. Let R be a standard graded Koszul k-algebra with the Backelin-Roos property.
The following formal power series, where ¢ is the codimension of R and hgr(z) its h-polynomial,
has non-negative coefficients:

hr(=2)

(1—2)
Proof. Enlarging the field if necessary, we can assume that £ is infinite. Let () — R be a Golod
morphism where () is a standard graded complete intersection, with dimension and codimension
equal to that of R; see Lemma 3.5. Then, by Remark 3.1, the minimal graded free resolution of
R over () has the form
= Q=i — 1) = Q(—i) = =5 Q(—2) - Q — 0.
Therefore the Hilbert series of R is

1—

1— 22 c
Hp(z) = Ho(2)(1 = p12% + oz’ — -+ ) = ﬁ(l — P12 4 B2’ — ),
where m = embdim R. On the other hand
hr(2)
H ="
R(Z> (1 _ Z)mfc
Equating the two expressions for Hg(z) yields an equality
hr(2) 2 3
— = [12°— [oz” 4 -+ .
(1 + Z)C Bl 52
Replacing z by —z yields the desired statement. O

Corollary 3.13. Let R be a standard graded k-algebra, let hg(z) be its h-polynomial. Let a € N
be the order of vanishing of hr(z) at —1 so that hg(z) = g(2)(1 + 2)* with g(z) € Z[z] and
g(=1) # 0. If R is Koszul with the Backelin-Roos property and it is not a complete intersection
then

g(—1) < 0.

Proof. We may assume k is infinite. Let ¢ denote the codimension of R and e(R) its multiplicity.
Since the defining ideal of R contains a complete intersection of ¢ quadrics, one has e(R) < 2¢.
Indeed by virtue of 3.15 we have e(R) < 2¢ since R is not a complete intersection. Hence
2°>e(R) = hg(1l) = 2%(1)

It follows that g(1) > 1 and that ¢ > a.

By Proposition 3.12, the coefficients of the powers series
9(=2)
(1—2)
are non-negative. On the other hand, they are eventually given by a polynomial of degree
d — 1 > 0 whose leading coefficient is —g(—1)/(d — 1)!. Thus, g(—1) < 0 holds, as claimed. [

1-— where d =c—a > 0,

As an application of 3.13 we obtain:

Corollary 3.14. Let Ry and Ry be standard graded k-algebras and let T = Ry ®; Ry. Assume
that Ry and Ry are Koszul with the Backelin-Roos property. Then we have:
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(1) If Ry is a complete intersection then T is Koszul and has the Backelin-Roos property.
(2) If both Ry and Ry are not complete intersection then T is Koszul and does not have the
Backelin-Roos property.

Proof. That T is Koszul is a general fact, see [8]. If R; is a complete intersection then one
deduces from 3.9 (1) that 7" has the Backelin-Roos property. Finally, if Ry and Ry are both not
complete intersections then, by virtue of 3.13, the corresponding polynomials g;(z) and ¢s(z)
satisfy ¢1(—1) < 0 and go(—1) < 0. Now the polynomial g(z) associated to T is ¢1(z)g2(2).
Hence g(—1) = g1(—1)g2(—1) > 0 and T is not a complete intersection. It follows from 3.13 that
T does not have the Backelin-Roos property. 0

The following well-known fact, whose proof follows from the additive formula for multiplicity
[10, Cor. 4.7.8], has been used in the proof of 3.13.

Lemma 3.15. Let J,I be homogeneous ideals in a polynomial ring S. Assume that J C I
and height J = height I. Assume further that J is pure i.e. height P = height J for every
P e Ass(S/J). Then e(S/J) > e(S/I).

The following example illustrates that the absolutely Koszul property does not descend along
Golod homomorphisms. Thus, with regards to Proposition 3.4, it is critical that the ring @ in
the definition of the Backelin-Roos property is a complete intersection.

Ezample 3.16. Let k be a field and, set Q = k[z,y, 2,t] /(2% xy, 2?) and let R = Q/(zt).

The ring ) has the Backelin-Roos property, and hence is absolutely Koszul. One way to
verify this is to note that the ring k[z, y]/(z?, zy) is Golod (use Remark 3.1), and hence has the
Backelin-Roos property, and the latter is inherited by k[z,y, 2]/(2?, 2y, 2?); see Lemma 3.9.

The Q-free resolution of R is given by

L Q(-1) S Q(-3) = Q(-2) Q@ — 0,

so the map () — R is Golod, by Remark 3.1.
Finally, it remains to recall that R is not absolutely Koszul, as explained in Example 2.1; note
that R is isomorphic to k[z,y|/(z?, vy) ®x k[z,y]/(z?, zy).

4. ALGEBRAS DEFINED BY MONOMIAL RELATIONS

In this section we identify a class of Koszul algebras defined by monomial relations that have
the Backelin-Roos property. This is the content of the result below. It may be viewed as a first
step towards addressing [14, Question 4.15] that asks for the classification of absolutely Koszul
algebras defined by monomials relations.

Theorem 4.1. Let L, be quadratic monomial ideals in the polynomial ring S = klxy, ..., z,)].
Assume that L has a 2-linear resolution, and I is generated by a reqular sequence. Then the ideal
(I +L)/I in S/I also has a 2-linear resolution. In particular S/(I + L) has the Backelin-Roos

property and hence it s absolutely Koszul.

Proof. By a result of Herzog, Hibi and Zheng [25, Theorem 3.2], the ideal L has linear quotients;
namely, there exists a labelling mq, ..., my of the minimal monomial generators of L such that
the ideal (mq,...,m;_1) :s¢ m; is generated by variables, for each integer i with 1 <i <d.
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Set @ = S/I, and writing 5 to denote the residue class in @ of an element s € S, set
J; = (my,...,m;), forl<i<d.

We claim that the colon ideal J;_; :¢ m; is either the unit ideal or an ideal of ) generated
by residue classes of variables. This follows by applying to the present situation the following
general rule to compute colon of monomial ideals. For monomials aq, ..., a;, a one has

(a1,...,a¢) :5 a = (a;/ ged(az,a) i =1,...t).

We claim next that regg J; = 2 forall 0 < <d.
Indeed, note that by the computation above, one has exact sequences of graded )-modules

0= Ji1— J; — %(—2) — 0

where the ideal U = J;_y :¢g m; is either () or generated by residue classes of variables. Since
@ is defined by quadratic monomials, it is strongly Koszul in the sense of [24], so every ideal
generated by residue classes of some variables has a linear resolution; see [14, Sect.3.3]. Given
this and the exact sequences above, an induction on ¢ yields the desired claim.

For i = d one thus obtains regy(/ + L)/I = 2, as desired. It remains to note that the map
Q — S/(I + L) is Golod, by Remark 3.1. O

The example below is intended to show that in the result above, both the complete intersection
I and the 2-linear ideal J need to be generated by monomials.

Example 4.2. Let I be the complete intersection of quadrics (z% — z129, 22 — zox3) and J the
monomial ideal (z4xg,2526), in the polynomial ring S = Qzy,...,z6]. It is easy to verify
that the minimal graded S-free resolution of J is 2-linear. It can also be checked (by direct
computation, or using some computer algebra system) that S/(I 4+ L) is not even Koszul: the
minimal graded free resolution of k over it has a generator in (3,4).

Similarly, the ring defined by (zy — 2t) + (22,32, 2%, t?) in the ring Q[z, y, 2, t] is not Koszul.

Universally Koszul algebras. A ring R is said to be universally Koszul if every ideal generated
by linear forms has a 1-linear resolution; equivalently, the collection of ideals generated by linear
forms is a Koszul filtration for R; see [16]. We recall Conca’s classification [13, Theorems 5, 6]
of universally Koszul algebras defined by monomials relations.

Remark 4.3. For each m > 0, let H(m) = k[zy,...,zm]/(T1, ..., Tm_1)? + 22,
When the chark # 2, any universally Koszul k-algebra defined by monomial relations is
obtained from the H(m)’s by repeatedly performing the following operations:

e polynomial extension,
e fibre product over k.

When char £ = 2 one may need, in addition, the following operation:
e extending A to A[z]/(2?) where x is an indeterminate, of degree one.

The result below settles [14, Question 4.13(3)] in the affirmative, for algebras defined by
monomial relations.

Theorem 4.4. Universally Koszul algebras defined by monomials have the Backelin-Roos prop-
erty, and hence are absolutely Koszul.
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Proof. Observe that the ring H(m) has the Backelin-Roos property: The ring

k‘[.’lfl, Ce ,fljm,l]/(fljl, e ,xm,1)2

is Golod, as is easily verified, and hence has the Backelin-Roos property, so it remains to apply
Lemma 3.9. In view of Remark 4.3 the desired statement is thus an immediate consequence of
Theorem 3.8 and Lemma 3.9. U

Theorem 4.4 motivates the following

Question 4.5. Does every universally Koszul algebra have the Backelin-Roos property, at least
after extending the field?

5. VERONESE AND SEGRE ALGEBRAS

In this section we turn to Veronese subrings of polynomial rings. For certain values of the
parameters involved we verify that they have the Backelin-Roos property. On the other hand
for other values we verify that they do not have the Backelin-Roos property leaving open the
question of whether they are absolutely Koszul. We prove first the following general results.

Proposition 5.1. Let R be the homogeneous coordinate ring of e points in general linear position
in P, where n > 1. When e < 2n, the ring R is Koszul and has the Backelin-Roos property.

Proof. Kempf proved in [27] that R is Koszul. In [15, Theorem 3.1] it is shown that R is even
defined by a Grobner basis of quadrics. Indeed the proof of [15, Theorem 3.1] shows there exists
an artinian reduction, say A, of R for which there exists an element a € A; with a®> = 0 and
m? = am, where m = A, the maximal ideal of A. In [4], such an element is called a Conca
generator of m, and it follows from [4, Theorem 1.4] that A has the Backelin-Roos property, and
hence does R; see Lemma 3.7. O

Recall that an algebra R over a field k is geometrically integral if the ring R @ k is a domain,
where k is the algebraic closure of k.

Theorem 5.2. Let k be a field of characteristic zero and R a standard graded algebra that is
geometrically integral. The ring R is absolutely Koszul in the following cases:

(1) R is Cohen-Macaulay with e(R) < 2codim R, or
(2) R is a Gorenstein isolated singularity with e(R) = 2 codim R + 2 and defined by quadratic
relations.

If moreover, k is algebraically closed, then R also has the Backelin-Roos property.

Proof. In view of Proposition 3.4, it suffices to consider the case when k is algebraically closed,
and verify that R is Koszul and has the Backelin-Roos property. In particular, we may assume
R is a Cohen-Macaulay domain. Also dim R > 2, else by Hilbert’s Nullstellensatz R is the
homogeneous coordinate ring of a point or R = k, so codim R = 0, contradicting our hypotheses.
Furthermore, going modulo (dim R—2) general linear forms and using that by 3.7 the Koszulness
and the Backelin-Roos property ascend from the quotient to the original ring, we may further
assume dim R = 2. Observe that this process preserves the hypotheses of the desired result; for
the domain property, this uses Bertini’s theorem.

Case (1). Let x be a general linear form in R. By Harris’ general position theorem [1, page
109], the ring R/(z) is the homogeneous coordinate ring of e(R) points in general linear position.
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Since e(R) < 2codim R, Proposition 5.1 yields that R/(z), and hence also R, is Koszul and has
the Backelin-Roos property.

Case (2). Since R has dimension two and is an Gorenstein isolated singularity, it is normal. By
the discussion at the end of page 7 in [18], it then follows that R is the homogeneous coordinate
ring of a canonical curve. As R is quadratic, by the discussion before Theorem 5.3 in [15] and
Theorem 2.4, we can further replace R by the homogeneous coordinate ring of a set X of 2n 42
distinct points in P™ with the following properties:

(i) X = Y1 UY; where Y], Y5 are sets of n + 1 distinct points such that the points in Y;
belong to a hyperplane H; in P" for ¢ = 1,2, and,

(ii) H; contains no point of Y5 and Hy contains no point of Y.
In particular, X and R satisfy the condition of [15, Theorem 5.3]. From the last paragraph in the
proof of ibid., there exists an R-regular linear form [ such that in the ring A = R/IR there exists
a non-trivial linear form a with > = 0 and rank(A; — Ay) = n — 1. By the argument in the
proof of [15, Proposition 2.13(a)], one deduces that (0: a) = (a). Then, since A is Gorenstein,
so is the ring A/(a), with Hilbert series 1 + (n — 1)z + 22, Since k is algebraically closed, it
follows from [11, Lemma 3| that A/(a) has a Conca generator, in the sense recalled in the proof
of Proposition 5.1. It now remains to apply [21, Proposition 3.9] to deduce that A, and so also
R, has the Backelin-Roos property. U

Remark 5.3. Concerning the preceding result, and Proposition 3.12, if h(z) = 1 + az + bz?
for positive integers a, b the coefficients of power series expansion of the rational function 1 —
h(—z)/(1—2)* are all non-negative if and only if a > b. This is exactly the condition h(1) < 2a,
that is, e(R) < 2codim(R).

The following is a direct corollary of Theorem 5.2.

Corollary 5.4. Assume chark = 0. Let S = k[z1,...,x,] be a polynomial ring in n variables
and ¢ an integer > 2. The Veronese subring S© of S is absolutely Koszul in the following cases:
(1) n <3 and any c;
(2) n <4 and c < 4;
(3) n <6 and ¢ = 2.

When, in addition, k is algebraically closed, S\© also has the Backelin-Roos property.

Proof. As is well-known, S is geometrically integral, Cohen-Macaulay, and satisfies

e(S@)=c"1 and codimS® = (n +2 1) —n
A direct verification shows that when n < 3 and ¢ > 2, or when n =4 and ¢ = 3, or when n =5
and ¢ = 2, one has e(S©)) < 2codim S® holds; in fact these are the only values for which the
inequality holds. In these cases, desired statement follows from Theorem 5.2(1).

It remains to tackle the case n = 4 = ¢, and n = 6 and ¢ = 2; set R = S©. In the first
case e(R) = 32 and codim R = 15, whilst in the second e(R) = 64 and codim R = 31. In either
case R is a Gorenstein, quadratic with isolated singularity and with e(R) = 2 codim(R) + 2, so
Theorem 5.2(2) applies and yields the desired conclusion. U]
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Using a Grobner basis argument, we can show that second Veronese subrings of polynomial
rings in n < 6 variables satisfy the Backelin-Roos property for any field k. The key observation
is the following:

Lemma 5.5. Let I be an ideal of a polynomial ring S and < a term order. If in(I) =U +V
where U and V' are monomial quadratic ideals such that U is a complete intersection and V' has
a 2-linear resolution, then S/I is Koszul and has the Backelin-Roos property.

Proof. By assumption U = (uy, ..., u,) where u; is a quadratic monomials and ged(u;, u;) =1
whenever i # j. Furthermore V' = (vy,...,v;) where the v;’s are quadratic monomials. Consider
a Grobner basis of I, say g1,...,0p, f1,--., ft, such that in(g;) = w; and in(f;) = v; for every i
and j. Let J = (¢1,...,9,). It follows immediately that gi, ..., g, is a regular sequence and that
in(J) = U. Since in(I) = U+V we may apply Theorem 4.1 and deduce that regg ;) (S/ in(1)) =
1. Then the standard Grobner deformation [9, Prop.3.13| argument yields that

regg, ;(S/I) < regg)iny(S/in(I)) =1.
It follows that the map S/J — S/I is Golod. O

Corollary 5.6. Let k be an arbitrary field and S = k[zy,...,x,]. Then S® has the Backelin-
Roos property for every n < 6.

Proof. Let T = klzy; : i < j] = Sym(Ss) and ¢: T — S® be the canonical morphism mapping
the variable z;; to the monomial z;z; for 1 <7 < j <n. We will apply Lemma 5.5 to the ker ¢.
We do it for n = 6. For smaller values of n the argument is easier. The kernel of ¢ contains
all the binomials of the from x.,@cq — Tefry, where {a,b,c,d} = {e, f, g, h} as multisets. Indeed
these binomials form Grobner basis of ker ¢ with respect to every degree reverse lexicographic
term order on T. Let < be the degree reverse lexicographic term order on 7T associated to the
following total order of the variables

T < Tog < - < Xgg < T12 < Tyy < Tsg < ... all the other variables in any order.

For every 1 <1 < 7 < 6 consider the the binomial

_ .2
9ij = Lij — Liiljj

of ker ¢ whose leading term is xfj By what we have said above and taking into consideration

the underlying multigraded graded structure we have that
in(ker p) = (ZL‘ZQJ 1<i<j<6)+L

where L is generated by square-free monomials of degree 2 in the variables z;; with 7 < j. We
have to show that L has a 2-linear resolution over the polynomial ring 7'. In order to do that
we associate to L a graph G with vertices z;; with 1 <4 < j < 6 and edges connecting x;; to
xp if and only if x;;25 & L. According to Froberg theorem [20], it is enough to show that G is
chordal, i.e. every cycle of length > 4 has a chord. A simple count shows that G has 15 vertices
and 15 edges. It is also clear that the following are edges of G:

6 edges of the form x5 — x4, with {a, b} disjoint from {1, 2},
5 edges of the form x34 — x4, with {a,b} disjoint from {3,4} and (a,b)
4 edges of the form x5 — x4, with {a,b} disjoint from {5,6} and (a,b)

NN
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Since 6 + 5 + 4 = 15, these are all the edges of G. We can now see that the graph G is chordal,
since every vertex which is different from x5, 34 and 55 has only degree 1. For example x35 is
connected to x5 but not to x34 or to x5 and so on. This finishes the proof of the statement. [

However most Veronese subrings do not have the Backelin-Roos property.

Lemma 5.7. Set S = k[z1,...,x,] and let h, (z) denote the h-polynomial of S'©. One has an
inequality hy,.(—1) > 0 for the following values (n,c) = (7,2),(5,4),(5,3), (4,¢) with ¢ > 4. In
particular S\ does not have the Backelin-Roos property from those values on (n,c).

Proof. Set R = S, The Hilbert function of R is given by

HF(R. 1) = (n—l%—ic)'

n—1

It coincides with the Hilbert polynomial for all ¢ > 0. This implies that deg h, (z) < n, say

n—1
z) = Z h;z
i=0

o ()

When (n, ¢) equals (7,2), (5,4), a

where

d (5,3) this gives
hro(2) =1+ 212 + 352> + 72°
hsa(z) = 1+ 652 + 1552% + 352°
hs3(2) = 14 30z + 452% + 52°
These functions are positive when evaluated at z = —1. Finally for (n,c) = (4,¢) one uses the
formula above to compute hg, hy, ha, h3 and then obtains:
hye(—1) = 1/3(c — 4)(c* + 4c — 6)
that is clearly positive when ¢ > 4. U

Remark 5.8. The set T = {(7,2),(5,4),(5,3),(4,¢) : ¢ > 4} of pairs we have tested in 5.7 is

chosen so that for any pair (n, ¢) that does not satisfy the conditions of Corollary 5.4 there exists

a pair (m,c) in T with m < n, so that k[zy,...,2,] is an algebra retract of k[xi,...,z,].

Therefore a positive answer to Question 3.11 in combination with Lemma 5.7 would imply that

the list of Veronese algebras with the Backelin-Roos property given in Corollary 5.4 is complete.
A caveat: h,,.(—1) < 0 for certain values of (n,¢). Indeed, a direct computation yields

he7(2) = 62° + 12512% + 78722% 4 68912> + 7862 + 1
so hg7(—1) = —521. Nevertheless,

h677(—2)
(]_ _ 2)786

where o ~ —(1.5)10'%2. Hence, by virtue of Proposition 3.12, the corresponding Veronese subring
does not have the Backelin-Roos property.

1- = 3016142 + 1564538362° + - - + az' + - -
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Indeed, computational evidence suggests that the only Veronese algebras that satisfy the
conditions of Proposition 3.12 are those listed in Corollary 5.4.

Segre products. Let S,,, denote the Segre product of polynomial rings A = k[zy, ..., z,,] and
B = k[y1,...,yn] where m < n, and let h,,,, denote its h-polynomial. Obviously the Hilbert
function of .S, , is

i\ (n— 14
HF(S)n ;) = dim A; dim B; — (m “) (" “) .

m—1 n—1

One deduces immediately that

In analogy with the Veronese case we have:

Proposition 5.9. Assume k has characteristic 0. The ring Sy, is absolutely Koszul when

(1) m <2,
(2) m=3 and n <5,
(3) m=n=4.

When, in addition, k is algebraically closed, these S,,, also have the Backelin-Roos property.

Proof. As is well-known, S,,, is quadratic, with isolated singularity, geometrically integral,
Cohen-Macaulay. Furthermore S, ,, has codimension (m — 1)(n — 1) and it is Gorenstein when
m = n.

The case m = 1 is obvious since S, is a polynomial ring. A direct verification shows that
when m = 2 or when m = 3 and n < 5 one has e(S,,,,) < 2codim S holds; in fact these are
the only values for which the inequality holds. In these cases, desired statement follows from
Theorem 5.2(1).

It remains to tackle the case m = n = 4. We have ¢(S;4) = 20 and codim S, 4 = 9. Hence
e(S14) = 2codim(Sy4) + 2, so Theorem 5.2(2) applies and yields the desired conclusion. O

The Segre products S3¢,S45 do not have the Backelin-Roos property, as can be verified by
computations similar to the one for Lemma 5.7. And the argument of Remark 5.8 applies to
this situation too.

6. GLOBAL LINEARITY DEFECTS

In this section we investigate bounds on the linearity defect of modules. We begin with the
following observation.

Lemma 6.1. Let R be a standard graded k-algebra and N a finitely generated graded R-module.
If x € R is an N-regular element of degree d > 2, then there is an equality

ldp(N/zN) =1dg N + 1.
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Proof. Consider the exact sequence of R-modules
0— N(—d) =+ N — N/zN — 0.
Let F be the minimal graded free resolution of N over R. The mapping cone, say G, of the
morphism ¢: F(—d) - F of complexes is then the minimal graded R-free resolution of N/zN.
Since Im(p) € m?F, where m is the homogeneous maximal ideal of R, it is easy to see that
lin®(G) = lin" F @ (1lin® F)[-1].
The desired equality is now immediate. 0

Theorem 6.2. Let R be a standard graded k-algebra. Then glld R[x] = glld R + 1.

Proof. To begin there, there are inequalities
glld R < glld R[z] < glld R+ 1

where the one on the left is from Proposition 2.3, applied to the canonical surjection R[z] — R,
and the one on the right is from Theorem 2.4, applied to the inclusion R — R[z]. We may thus
assume that glld R is finite and then it suffices to check that glld R[z] > glld R + 1.

Let M be a finitely generated graded R-module with ldg M = glld R. Setting S = R[z| and
N = 5 ®g M, there are equalities

ldg(N/2°N) =1dg N +1=1dg M + 1
where the one on the left is by Lemma 6.1 and the one on the right holds because R — S is flat.
This justifies the desired inequality. U

Proposition 6.3. Let R be a standard graded k-algebra, M a finitely generated graded R-module.
Then there is an inequality

ldgp M + depthy M < glld R.
In particular, glld R > depth R.

Proof. We proceed by induction on depth M. The base case depthp M = 0 is trivial. When M
has positive depth, choose an M-regular element x € R of degree > 2. Then Lemma 6.1 gives
the first equality below
ldg M + depth M = 1dg(M/xM) — 1 + depthz(M/xM) + 1
=1dr(M/xM) + depthz (M /xM)
<glldR
and the last one is the induction hypothesis. 0

Corollary 6.4. Let R be a Cohen-Macaulay standard graded k-algebra satisfying reg R = 1.
Then R has minimal multiplicity and glld R = dim R.
In particular, if f is a non-zero quadratic form in klzy,...,x,], then glld(k[x]/(f)) =n — 1.

Proof. We may assume £k is infinite; see Lemma 2.2. Given Proposition 6.3, it remains to
show glld R < dim R. This was claimed in [26, Remark, p. 21]; we include a proof for the
benefit of the second author who could not recollect the details of the argument. Note that
glld R < glld(R/Rx) + 1 if x € R, is R-regular; this is by Theorem 2.4. We may thus reduce to
the case when dim R = 0. Note that the regularity of R and its multiplicity remain unchanged.
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Let R = P/I where P is a polynomial ring and I C m?, where m = P-;. Since I has 2-linear
resolution and pdp R = n, there is an equality of Hilbert series

Hp(z)1—2)"=1—- Brz2 4+ (_1)nﬁn2n+l,

where 3; # 0 is the ith Betti number of R over P. Therefore by comparing degrees of the
polynomials, R; = 0 for i > 2, so I = m?. Then every R-module is Koszul, so glld R = 0.
The last statement holds as k[x]/(f) is Cohen-Macaulay of dimension n — 1. O

Theorem 6.5. If R is defined by monomial relations, then glld R > dim R.

Proof. Suppose R = P/I where P = k[xy,...,x,]is a polynomial ring and I is a monomial ideal;
we may assume it is quadratic, for else ldg £ is infinite. Reordering the variables if necessary
we may assume that in the primary decomposition of I the component of minimal height is

(23,... ,xg,xqﬂ, ..., Ts), where s =n — dim R.
We claim that 1dgr(R/J) = dim R where J = (z1,..., 25,22 4,...,22).
Indeed, set S = k[zsy1,...,2,] and let R — S be the canonical surjection. Note that the

composition of the inclusion S — R with the map R — S is the identity on S. Moreover
ldg S = 0, since R is strongly Koszul. Therefore, noting that the action of R on R/J factors
through S, from Proposition 2.3 one gets the first equality below:

ldp(R/J) =1ds(R/J) = 1ds(S/(22,,,...,22)) =n —s.

n

The last equality is a direct computation; one can get it from Lemma 6.1. 0
Motivated by the last result, we ask
Question 6.6. Does the inequality glld R > dim R always hold?

By Proposition 6.3 this is the case for Cohen-Macaulay rings; more generally, it holds when
R has a maximal Cohen-Macaulay module, and in particular when dim R < 2.
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