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ABSTRACT

New cases of the multiplicity conjecture are considered.

Introduction

Throughout this paper, we fix a field K and let R be a homogeneous K-algebra. In
other words, R is a finitely generated K-algebra, generated over K by elements of
degree 1, and hence is isomorphic to S/I where S = KJz1,...,z,] is a polynomial
ring and I a graded ideal contained in (z1,...,x,). Consider a graded minimal free
S-resolution of R:

by b1
0— P S(—dp) — - — P S(—drj) — S —0.

Jj=1 J=1

The ring R is said to have a pure resolution if for all 4, the shifts d;; do not depend on
j (but only on 7). Hence if the resolution is pure, it has the following shape:

0 — S%(—dy) — -+ —> ¥ (~dy) — S — 0.

When R is Cohen-Macaulay and has a pure resolution, Huneke and Miller’s formula [15]
says that the multiplicity of R is given by

o(R) = (li[ldi) /.

Keywords: Multiplicity, graded resolutions, regularity.
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212 HERZOG AND ZHENG

In general we define M;(I) = max{d;; : j = 1,...,b;} and m;(I) = min{d;; : j =
1,...,b;} for i =1,...p. When there is no danger of ambiguity, we write M; and m;
for short.

Huneke and Srinivasan had the following

Conjecture 1. For each homogeneous Cohen-Macaulay K-algebra R
P P
(Hmi)/p! <e(R) < (HMz)/p'
i=1 i=1

Conjecture 1 has been widely studied and partial results have been obtained. In [13],
the first author and Srinivasan showed that this conjecture is true in the following
cases: R has a quasi-pure resolution (i.e., m;(I) > M,;_1(I)); I is a perfect ideal
of codimension 2; I is a codimension 3 Gorenstein ideal generated by 5 elements; I
is a stable ideal; I is a squarefree strongly stable ideal. Furthermore, Guardo and
Van Tuyl [10] proved that the conjecture holds for powers of complete intersections,
and Srinivasan [21] proved a stronger bounds for Gorenstein algebras with quasi-pure
resolutions. And recently, in [17], Migliore, Nagel and Romer proved a stronger version
of Conjecture 1 when R is a codimension 2 or Gorenstein codimension 3 algebra (with
no limitations on the number of generators). As a corollary, they showed that in these
two cases, the multiplicity e(R) reaches the upper or lower bound if and only if R has
a pure resolution.

It was observed in [13], that the lower bound in Conjecture 1 fails in general if R is
not Cohen-Macaulay, even in one replaces in Conjecture 1 the projective dimension by
the codimension. In the same paper, the authors had the following stronger conjecture
for the upper bound of the multiplicity of R.

Conjecture 2. Let R be a homogeneous K -algebra of codimension s. Then

e(R) < (UM)/S'

If the defining ideal of R is stable, or squarefree strongly stable, or if R has a linear
resolution, Conjecture 2 is shown to be true in [13]. In addition, Gold [9] proved it for
codimension 2 lattice ideals. This was generalized by Romer [20] for all codimension
two ideals. In the same paper Romer proved Conjecture 2 for componentwise linear
ideals in characteristic 0.

In Section 1 we show that if I C S is an ideal of codimension s, not necessarily
perfect, for which one has

(Zf[lmz)/s' <e(R) < (Zf[lMi)/S!’

and if f1,..., fin is a regular sequence modulo I, then the corresponding inequalities
are again valid for (I, f1,..., fm). One might expect that the proof of this statement
is rather simple. But again careful estimates are required to establish the result.
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In Section 2 we show that Conjecture 2 is valid in the limit with respect to taking
powers of ideal, that is, we show that

Ik
ST
k—oo 5 T[Ty M;(I%)

Unfortunately, this does not imply that Conjecture 2 holds for all sufficiently high
powers of I.

In view of the results by Migliore, Nagel and Romer [17] one is lead to ask the
following question: suppose that for a ring R the lower bound in Conjecture 1, or the
upper bound in Conjecture 2 is reached. Does this imply that R is Cohen-Macaulay
and has a pure resolution?

In Section 3 we show that not only in the cases described by Migliore, Nagel and
Romer this improved multiplicity conjecture holds, but also for rings with almost pure
resolutions, as well as for rings defined by componentwise linear ideals.

We also recall a recent result of Miré-Roig [19] who showed that graded ideals of
maximal minors of maximal grade satisfy Conjecture 1, and we show that again in this
case the upper or lower bound is reached if and only if the resolution is pure. This
case includes rings whose defining ideal is a power of a graded regular sequence. We
also would like to mention that Migliore, Nagel and Romer [18] recently independently
gave different proofs of Theorem 1.1 and Theorem 3.5.

1. The multiplicity conjecture and regular sequences

Let I C S be a graded ideal of codimension s, R = S/I and fi,... f; a homogeneous
regular sequence of R. Suppose that

(ﬁmi(f))/s! <e(R) < (ﬁMl([)>/8|
=1 i=1

Are the corresponding inequalities again valid for R/(f1,..., fm)? In fact, without
assuming that S/I is Cohen-Macaulay, we have the following

Theorem 1.1

Let I C S be a graded ideal of codimension s, R = S/I and f = f1,...fn a
homogeneous regular sequence of R. Suppose that

(TTm(n) /st < e(m) < (T[4) /.

Then

s+m s+m

( I1 mi(L,£)) /(s +m)! < e(R/(£) < ( T] Mi(L.£)) /(s +m)!.

i=1
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Moreover, if e(R/(f)) = ([I:2" Mi(I1,£))/(s + m)!, then e(R) = (I[;_y Mi(I))/s!, all
fj have the same degree, say d, and M;(I) =id fori=1,...,s.

Proof. By using induction on m, one needs only to show the case m = 1. For simplicity,
we denote f1 by f, M;(I) and m;(I) by M; and m;, respectively. Let d = deg f.
We first show that

s+1

e(R/(1) < (T Mi(1.) /s + D1

We have codim(/, f) = s+ 1 and e(R/(f)) = e(S/(I, f)) = e(R) - d.

Let G. be the minimal graded free resolution of R, and H, the minimal graded
free resolution of S/(f). Then F, = G, ® H, is the minimal graded free resolution
of R/(f) = S/(I,f). Hence F; = G; ® S @ G—1 ® S(—d), i = 1,...,p+ 1, where
p = projdim S/I. Therefore M;((1, f)) = max{M;, M;_1 +d} fori=1,...,p+ 1.

Thus we need to show that

s s+1
(s + 1)dH M; < H max { M;, M;_1 + d}, where My = 0. (1)
i=1 i=1

Set M; =id+y; for 1 <i<s-+1. Then
max {M;, M;_1 + d} = max {id + y;,id + y;—1} = id + max{y;—1,y; }.

Let N={i :y; >0, 1<i<s+1},andlet j=max{i :i€ N}. Incase N =0, we
set 7 = 0. Then y; < 0 for all ¢ with j <i < s+ 1.
We will distinguish two cases:

Case 1. j = s+ 1. We have max {ys, Ys+1} > ys+1 > 0. Inequality (1) is equivalent
to the inequality

S S
(s+1)d H M; < H max {M;, M;—1 +d} - ((s + 1)d + max {ys, Ys+1}),
i=1 i=1
which is satisfied since M; < max{M;, M;_1 + d} for i = 1,...,s, and because

nlaX{yS7y5+1} 2:0'
If e(R/(f)) = (IT:X] Mi(1, f))/(s + 1)!, then we have

s+1 S s+1
[T ML, f) = (s + Dide(R) < (s + 1)d [[ M: < J] Ma(Z, f).
i=1 =1 =1

Hence e(R) = ([[;=; Mi(1))/s!, M; = max{M;,M;_1 + d} for i = 1,...s and
max {ys,ys+1} = 0. From M; = max{M;, M;_; + d} for i = 1,...s, one sees that
Ys > Ys—1 > -+ > y1 > 0. One the other hand, since 0 = max {ys, ys+1} > yst+1 > 0,
one has ys < 0. Therefore ys =ys_1 =---=y; =0, that is, M; =id fori =1,...s.

Case 2. j < s+ 1. Since

J J
H M; < H max {M;, M;_1 + d}
i=1 i=1
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it suffices to show that

id s+l s+1
(s+1d [ Gd+w) < [ Gid+yic1) = (G +Dd+y;) [[ (d+wyiz1). (2)
i=j4+1 i=j41 i=j+2

Set z; = y;/d. Then inequality (2) is equivalent to the inequality

I G+z)-(s+D)<(G+1)+2) [] (G+1)+2).
1=7+1 i=j+1

Since id + y; = M; > 0, it follows 0 < i+ z; for i = 1,...,s + 1. Hence we need to
show that

S
s+1<((G+D)+2) [] Q+1/6G+2)).
i=j+1
Since z; < Oforalli =j+1,...,s, and since i+ z; > 0, it follows that 1/(i + z;) > 1/i.
Therefore, using the fact that z; = y;/d > 0, we have

S S

s+1=0G+1) JI O+1/0)<(G+D+2z) [T Q+1/6+2).
i=j+1 i=j+1

Since 1/(i + z;) is strictly greater than 1/i, we even have

I ML)

e(R/(f)) < HEL

In other words, e(R/(f)) can never reach the upper bound in this case.
Finally, by taking j = max{i : y; < 0, 0 < i < s+ 1}, where y9 = 0, and
distinguishing the cases j = s+ 1 and j < s + 1, a discussion as before shows that

el () > Bl )y

as desired. O

2. Powers of an ideal

As the main result of this section we want to prove that Conjecture 2 is true in the
limit with respect to taking powers of an ideal. To be more precise, we show

Theorem 2.1

For any graded ideal I C S of codimension s we have

Ik
koo o [Timy Mi(I%)

Proof. For the proof of this result we will proceed in several steps.
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(i) Let M be a graded S-module of projective dimension p. We set
reg;(M) = max {j: Bii+;(M) #0} for i=0,...,p.
Then M;(I) =reg;(S/I)+ i fori=1,...,p, and
reg(l) = max {reg;({): i =0,...,p}

is the regularity of 1.
Let L C S be a graded ideal of codimension s. We claim that reg;(S/L) >
reg;,_1(S/L) for i =0,...,s. In fact, let

0 Fp Pp Fp—l Pp—1 . P2 Fl ®1 FO S/L 0

be a graded minimal free resolution of S/L. Suppose that reg;(S/L) < reg;_;(S/L) for
some i < s. Then M;(L) < M;_1(L). Let e € F;_; be a homogeneous basis element of
degree M;_1(L), and let f be any homogeneous basis element of F;. Then deg ¢;(f) =
deg f < M;(L) < M;_1(L). Thus if we write ;(f) as a linear combination of the basis
elements of F;_1, the coefficient a of e will be of degree dega < M;(L) — M;_1(L) < 0.
This is only possible if a = 0, since ¢;(f) € mF;_1, where m is the graded maximal
ideal of S.

Now we consider the S-dual of the resolution F. Let e* be the dual basis element
of e, and ¢}: F" | — F* the map dual to ;. Then it follows that ¢} (e*) = 0. Thus
e* is a cycle of the dual complex. On the other hand, e* cannot be a boundary, since
e* is a basis element of F;* ; and since the image of ¢;_|: F;* 5 — F° , is contained in
mFE} ;. Hence we see that Extt '(S/L,S) = H'"}(F*) # 0. This contradicts the fact
that Extg(S/L, S) =0 for j < s, since grade L = codim L = s.

(ii) Cutkosky, Herzog and Trung [6, Theorem 3.1] showed that
reg; (I*) = gik + ¢; (3)

is a linear function for k& > 0. In particular, reg(I¥) = gk + ¢ for k > 0. It is also
shown that ¢ = g, see [6, Corollary 3.2].
By (i) we have
vego(I*) < reg,(I*) < reg(I*")

for i =0,...,5 — 1 where s = codim I (= codim I* for all k). Thus (3) implies
gk +co < gik+ci <gk+c
fori=0,...,s—1 and all £ > 0. This implies that ¢; = q fori =0,...,s — 1.

(iii) From (ii) it follows that

1< s
EHMi(Ik):%ks+--- for k>0
11 !

is a polynomial function of degree s whose leading coefficient is ¢®/s!.
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(iv) For k >> 0, the function sle(S/I*) is a polynomial function whose leading
term is an integer which we denote by e(7,S). In other words,

e(I,S)

ol k*+--- for k>0.

e(S/1") =

For all k> 0, let {Py,..., P.} be the (stable) set of minimal prime ideals of S/I* of
height s. The associativity formula of multiplicity ([4, Corollary 4.7.8]) then shows
that

e(S/1") = Ze Sp,/T§,)e(S/ Py).

Here ¢(M) denotes the length of a module M.
Each Sp, is a regular local ring of dimension s, and Ip, is P;Sp, primary. Therefore

Ip,,Sp,) s
g(spi/[]/gi):‘wk 4o

is a polynomial function of degree s for k > 0, see [4, Proposition 4.6.2], where the
numerator e(Ip,, Sp,) of the leading coefficient of this polynomial is the multiplicity of
Sp, with respect to Ip,. This proves (iv) and also shows that

e(1,8)=> e(lp,Sp)e(S/P), (4)

P

where the sum is taken over all asymptotic minimal prime ideals of 1.

(v) The theorem will follow once we have shown e(/,S) < ¢°. We first notice
that e(I,S) < e(J,S) for any ideal J C I with codimJ = codim] = s, and that
e(I,S8) = e(J,S) if J is a reduction ideal of I, that is, if JI*¥ = I**! for some k.
Indeed, this follows from formula (4) and the fact that the corresponding statements
are true for ideals in a local ring which are primary to the maximal ideal, see [4,
Lemma 4.6.5].

Now we use the fact, shown by Kodiyalam [16, Theorem 5|, that I admits a
reduction ideal J with regy(J) = q. Hence replacing I by J we may assume that [ is
generated in degree < q.

After a base field extension we may assume that K is infinite. Then, since
codim I = s, generically chosen g-forms f1,..., fs € I; will form a regular sequence.
Let L be the ideal generated by these forms. Then e(I,S) < e(L,S) = ¢°, as de-
sired. It just remains to establish the last equation. This can be seen as follows:
Since the L is generated by a regular sequence each of the factor modules LF~1/L*
is a free S/L-module, whose rank is (stﬁfl

e(LF=1/LF) = ¢ (8+k ). Tt follows that

. Hence, since e(S/L) = ¢°, we see that
)

k
+k—-1 q°
Lk s § :7]{3
e(S/ qZ( s—1 > s! +

j=1
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This implies that e(L, S) = ¢°. O

Unfortunately Theorem 2.1 does not imply that Conjecture 2 is true for all high
enough powers of an ideal, as it is easy to find ideals for which

k
s/
ke 1 TTiy Mi(1F)

3. The improved multiplicity conjecture

Motivated by the results of Migliore, Nagel and Romer [17], we say that the improved
multiplicity conjecture holds, if all standard graded K-algebras R satisfy the multi-
plicity conjectures, and whenever the bounds are reached, then the defining ideal has
a pure resolution and R is Cohen-Macaulay.

In this section we show that for some interesting classes of examples the improved
multiplicity conjecture holds.

Generalizing the result [17, Corollary 1.3] we first show.

Theorem 3.1

Let I C S be a graded ideal of codimension 2. Then S/I satisfies the improved
multiplicity conjecture.

Proof. Romer proved in [20, Theorem 2.4] that R = S/I satisfies Conjecture 2. Thus it
remains to be shown that if e(R) = (1/2) M1 Ma, then R is Cohen-Macaulay and has a
pure resolution. Once it is shown that R is Cohen-Macaulay, then by [17, Theorem 1.3]
we also have that R has a pure resolution. (This last fact also follows from Theorem 3.5

below.)
Let S = Klz1,...,x,]). One may assume that |K| = oo, and that (after a generic
change of coordinates) 1, .. ., x, is an almost regular sequence on R, i.e, multiplication

with ; on R;_1 = R/(z1,...,z;—1)R has a finite length kernel for all 7. In his proof,
Romer showed that

e(R) < e(Rnp—2) < (1/2)M1 My, .
He also showed in [20, Lemma 2.3] that e(R,—2) = e(R) + length(0 :g, , x—2). Thus
if we assume that the upper bound is reached, then x,,_9 is regular on R,,_3. By [12,

Proposition 3] this implies that z1,...,2,-2 is a regular sequence, and hence R is
Cohen-Macaulay. O

We say that I is componentwise linear if all ideals spanned by the graded com-
ponents of I have a linear resolution. Our next class of rings satisfying the improved
multiplicity conjecture is the following

Theorem 3.2

Let I C S be a componentwise linear ideal of codimension s. Then for S/I the
improved multiplicity conjecture holds.

Before we prove this theorem we first note the following generalization of [1].
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Lemma 3.3

Let I C S be a componentwise linear ideal. Then I and Gin(I) have the same
graded Betti-numbers and Gin(I) is a stable monomial ideal.

Proof. We may assume that the base field is infinite. Let [, be the ideal generated
by all elements of degree j in I. By our assumption on I, the ideal I;; has a linear
resolution. Applying the Bayer-Stillman theorem [3] it follows that Gin(/;) has a
linear resolution, so that Gin(/;) = Gin([l);). This proves that Gin(I) is again com-
ponentwise linear. Since Gin(/(;) = Gin([/);) is p-Borel and has a linear resolution,
Proposition 10 of Eisenbud, Reeves and Totaro [7] implies that Gin([);, is a stable
monomial ideal for all j, and hence Gin(/) is a stable monomial ideal. With the same
arguments as in the proof of [11, Theorem 1.1] it then follows that I and Gin(/) have

the same graded Betti-numbers. U

Proof Theorem 3.2 By the preceding lemma, we may assume that [ is a stable mono-
mial ideal. Its Betti-numbers do not depend on the characteristic of the base field.
Thus we may assume that the base field has characteristic 0. Since I is component-
wise linear it follows from [11, Theorem 1.1.] (see also the proof of Lemma 3.3) that
Gin(I) is again componentwise linear and that I and Gin(J) have the same graded
Betti-numbers. Replacing I by Gin(I) and observing that Gin(I) is strongly stable
since the characteristic of the base field is 0, we may now assume that [ is strongly
stable.

The proof of the multiplicity conjecture for stable ideals given in [13, Theorem 3.2]
is in fact only valid for strongly stable ideals, as it is used there that if I C Klx1,...,zy]
is stable, then I : z,, is stable as well. But this is only true for strongly stable ideals.
However, as seen above, the stable ideal may be replaced by a strongly stable ideal.
Thus for the rest of our proof we may follow the arguments given in the proof of [13,
Theorem 3.2].

We first treat the case that S/I is Cohen-Macaulay. Let G(I) denote the unique
minimal monomial set of generators of I, and let j be the maximal number such that
z; divides some u € G(I). It follows from [13, Lemma 3.1] that 2§ € G(I) for some a.
Since non of the variables x; for k > j divides any of the monomial generators of I we
may as well assume that that j = n = dimg Si, so that in particular S/I is Artinian.
In the proof of [13, Theorem 3.2] it is shown that e(S/I) < e(S/(z1,...,2,)%) =
(1/n!)) ITi=y M;. Thus if the upper bound is reached, then I = (z1,...,2,)%, and so
S/I even has a linear resolution.

Now suppose S/I reaches the lower bound. We prove the assertion by induction
on the length of S/I. The case length(S/I) = 1 is trivial. So now we assume that
length(S/I) > 1. Let J C S = Kl[z1,...,7n_1] be the unique monomial ideal such
that (J,z,) = (I,zy). The ideals J and (I : x,) are again strongly stable ideals, and
since the multiplicity conjecture holds for strongly stable ideals we have

e(S/1) = e(S/(I,n)) + 6(5/(1 X))
>(1/(n—1)! Hml 1/n')Hmi(I:xn).
i=1
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It is shown in the proof of [13, T heorem 3.2] that the right hand side of this inequality
is greater that or equal to (1/n!) [[in; m;.
Our assumption implies that

e(S/(I,zy)) =e(S/J) = (1/(n— 1)) ]:[mZ

and e(S/(I : z,)) = (1/n!)Ilix; mi(I : zy,). Hence the induction hypothesis yields
that both S/J and S/(I : x,) have a pure resolution. Lemma 3.3 then implies that
both S/J and S/(I : ;) have a linear resolution. Since S/I is Artinian, it follows
that S/J and S/(I : z,,) are Artinian, and so there exist numbers a and b such that
J=(x1,...,2,1)% and (I : ) = (x1,...,2,)". Therefore,

I=(z1,...,20-1)%+ (21,...,20) 0.

If n =1, then I has a linear resolution. Thus we now may assume that n > 1.
Since J C I C (I : zy) it follows that a > b, and since I is strongly stable it
follows that a < b+ 1. Suppose that a = b. Then

e(S/I) =e(S/J)+e(S/(I : x,)
_ (nj;i;2> n <n—|—z—1>7

n—2

nle(S/I) = (2n+a —1) H (a+1).
=0
On the other hand, m; =a+i—1fori=1,...,n—1 and m, = a+n. Therefore,
nle(S/I) # T, m; for n > 1, a contradiction. Hence we conclude that a = b+ 1, and
so I = (xq,... ,a:n)b“. In particular, I has a linear resolution.

so that

Finally, let I be an arbitrary strongly stable ideal such that the multiplicity of
S/I reaches the upper bound. We want to show that S/I is Cohen-Macaulay.

We may assume that (I : x,,) # I, because otherwise I C S = K|x1,..., 2, 1],
and we are done by induction on n. Assume S/ is not Cohen-Macaulay. In this case
it is shown in the proof of [13, Theorem 3.7] that

e(S/I)=e(S/(I:xy)) < 1/t!ﬁMi(I txy) < 1/l ﬁMi,
i=1 i=1

where ¢t = codimS/(I : x,) < codimS/I = s. It is also shown in [13, Lemma 3.6]
that M;(I : =) < M; for all i. Since on the other hand, M;([)/i > 1 for all i, our
assumption implies that

(i) t =s,
(il) M;(I : xp) = M;(I) for alli=1,...,s, and

(iil) e(S/(1:xp)) =1/sT[;=1 Mi(L : xp).
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Using Noetherian induction, condition (i) and (iii) yield that S/(I : z,) is Cohen-
Macaulay of codimension s with pure resolution. Since [ : x, is componentwise linear
it follows then that I : x,, even has a linear resolution. Finally, since (I : x,) is strongly
stable we conclude that (I : z,,) = (x1,...,2)* for some integer a.

Let G(I) ={u1,...,Ur,V1%n, ..., 04Ty}, where the monomials u; are not divisible
by ,. Then (I : z,) = (u1,...,Up,v1,...,0¢). Since M1(I : x,) = My(I) = a, it
follows that I = (u1,...,u,). This contradicts our assumption that (I :xz,) #I. O

In order to prove the improved multiplicity conjecture in the quasi-pure case we
must assume that the considered algebras are Cohen-Macaulay. It would be nice this
hypothesis could be dropped from the assumptions.

Theorem 3.4
Suppose that I C S is a Cohen-Macaulay ideal of codimension s with a quasi-pure

resolution. Then S/I satisfies the improved multiplicity conjecture.

Proof. The proof given in [13] yields the assertion. We sketch the arguments. Let

bs by
0— P S(—dsj) — - — P S(—dij) — 5 —0
j=1

J=1

be the minimal graded free resolution of S/I. There are square matrices A and B
derived from the shifts d;; with

S
det A = Z Hdzjlv(dl_]l? "7d8js)7 (5)
1<j;<b; 1=1
1<i<s
where V(dyj,,...,ds;,) is the Vandermonde with entries given by dyj,...,dsj,, and
such that
det A = sle(S/I)det B. (6)
It is also shown that
detB= Y V(dy,...,dsj,) (7)
1<7;<b;
1<i<s

Using the fact that the resolution is quasi-pure, it follows from (7) that det B > 0.
Taking minimum and maximum of the d;;; in the products in (5) and using (6), one
obtains the inequalities

(f[ mz) det B < sle(S/I)det B < (ﬁ Mz’) det B.
=1 i=1

Here the lower, resp. the upper inequality becomes an equality if and only if m; = d;;,
resp. M; = d;; for all ¢ and j. Thus the assertion follows. O

As a last example we consider ideals of maximal minors. For these ideals Mir6-
Roig has proved Conjecture 1. Inspecting the inequalities in her proof one can also
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see that improved multiplicity conjecture holds. For the convenience of the reader we
give a complete proof of the theorem, similar to that of Mir6-Roig, in order to see
explicitly that the bounds are reached only when the resolution of the ideal is pure.
Independently, also Migliore, Nagel and Romer [18] found a proof of this theorem.

Let H = (h;j) be an m X n-matrix with m < n, whose entries are polynomials. We
say that H is a homogeneous matriz if all minors of H are homogeneous polynomials.
In particular, the entries of H itself must be homogeneous. For each i and j let
d;; = deg h;;. Then, since the 2-minors are homogeneous, we get di; + d;1 = d11 + d;j
for all 7 and j. Thus if we set b; = d;j1 and a; = di1 — d1, then

dij =b;—a; forall i=1,...,m and j=1,...,n
Conversely, given any sequences of integers by,...,b, and aq,...,a, we obtain the
degree matrix of a homogeneous matrix by setting d;; = b; — a;. After a suitable
permutation of the rows and columns, we may assume that a1 < as < --- < a, and

by < by--- < by,. Then this implies that d;1; > di; > d; j41 for all i and j. For the
rest of this section we will remain with this assumption on the degrees of the entries.
Set r = n —m, and let I,,(H) be the ideal of maximal minors of M. Then
height I,,,(H) < r + 1, and if equality holds then I,,(H) is perfect, see [5, Theorem 2.1
and Theorem 2.7].
We want to prove the following

Theorem 3.5

Suppose that height I,,,(H) = r + 1. Then the improved multiplicity conjecture
holds for S/I,,(H).

Proof. For later calculations it is useful to set u;; = d;;4+j—1 forall¢=1,...7+1 and
j=1,...,m. Using this notation, we have

bj — Gitj—1 = i

for all 4 and j in the above range, and since we assume that a1 < as < --- < a, and
by <by <--- < by, we have

UljZ“2jZ"'Z“r+l,j for j:].,...,’l"+]., (8)
and
uij > uip1,j—1 foralld, jwithi+j<n+m+1,i<r+1land1<j. (9)
According to [14, Corollary 6.5] the multiplicity of R = S/I,,,(H) is then given by
r+1
e(R) = > [T wii. (10)
1<1<ja<-<jrg1<m i=1

Since by assumption I,,,(H) is perfect, the Eagon-Northcott complex provides a
minimal graded free S-resolution of I,,,(H). This allows us to compute the numbers
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M; (I (H)). Following [5], the Eagon-Northcott complex resolving I,,,(H) can be de-
scribed as follows: let F' an G be finitely generated free S-modules with basis fi,..., fm
and ¢g1,...,gn, resp., and let ¢p: G — F be the linear map with

m
o(g;) => hijfi, j=1,....n
i=1

denote by A7 G the jth exterior power of G, and by Si(F") the ith symmetric power of
F. For j =1,...,n we may then view ¢(g;) as an element of the symmetric algebra
S(F) =@, Si(F), and the Koszul complex of ¢(g1),...,¢(gn) is then given by

n 1 0
0— NG&SF) — - — NG S(F) — \G&S(F) — 0.

The symmetric algebra S(F') is graded, and the elements ¢(g;) are homogeneous of
degree 1 (the coefficients h;; are here considered to be of degree 0). The rth graded
component of the Koszul complex

r 1 0
0—>/\G®SQ(F)—>-~—>/\G®ST_1(F)—>/\G®ST(F)—>O (11)

is a complex of free S-modules, whose S-dual

0— (/O\G@)ST(F))*—>--- — (T/_\1G®51(F))* — (/T\G(X)SO(F))* —0

is the Eagon-Northcott complex resolving I,,(H).

Set deg fi = a—b; for i =1,...,m and degg; = a —a; for j = 1,...,n. Then
the Koszul complex (11) is a graded complex. In order to make the augmentation
map (A" G®Sy(F))* — I,,(H) homogeneous of degree 0. We let the Eagon-Northcott
complex be the dual of complex (11) with respect to S(—(r—1)a—b), wherea = Y 1" ; a;
and b= >, b;.

Now we can compute the M; for the ideal I,,(H). For a basis element e €
N %G ® S(F) we denote by e* the dual basis element in (A" % G ® Sj(F))*. Then
the elements

(9is N gio Ao N Giy oy © Fjr fio - Fin)”

establish a basis of (A" * G @ Si,(F))*, and we have

deg(gil NGig N NGy © fjlsz T f]k)*

r—k k
=(r—Da+b- (a—ay) =Y (a—b)
s=1 t=1

r—k k
=—a+b+ Y a,+ Y b
s=1 t=1
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It follows that

Mk+1:—a+b+am+k+1+---—|—an—|—kbm

m—1
:Zb_az +Z am—H

1
-1 k+1

Uyj Z Uim -

1

3ﬂ

RN
Il

Thus we need to prove the following inequality

r+1 r k+1
(r+1)! S [T ws < TI( Z uij + Z im ) (12)
1<j1<ja < <jrpr1<m i=1 k=0 j=1

We use induction on min {r + 1, m} to prove this inequality. In case r = 0, we have
n = m, and on both sides of the inequality we have the same expression, namely
> i u1j. In case m = 1, the ideal I,,(H) is generated by the regular sequence
hii,...,hin. In this case the inequality is also known to be true, see [13].

We now assume that min{r + 1, m} > 1, and decompose the expression for the
multiplicity as follows

r+1 r+1
(r+1)! > [T wii = (r+1)! > 11 wis.
1<j1<)2 < <grp1<m i=1 1<j1<je < <frpr<m i=1

+ (r+1) (r! Z ﬁ ui,ji)ur-i—l,m-

1< < <jr<m i=1

Using induction we can replace the second summand by the larger term

r—1 m-—1 k+1
H ( Z Uiy + Zuzm)ur-‘rl ms
k=0 j=1

and obtain the inequality

r+1
(r+1)le(R) < (r+1)! > 1T wi. (13)
1<j1<g2 < <jry1<m =1
k+1

r—1 m-—1
+ T+1 H(Zulj+zuzm)u7“+lm
k=0 j=1

On the other hand, by (8) we get

r m—1 k+1 r—1 m—1 k+1 m—1
11 ( > uy+ Zuzm) > 11 ( > g+ Zuzm)( > g+ (r 4 urys m) (14)
k=0 = j=1 k=0 = j=1 i=1 j=1
r—1 m—1 k+1 m—1
= H ( Z U1j+zuim)( Z Ulj)
k=0  j=1 i=1 j=1

r—1 m k+1

(r+1) H ( Z ui; + Z uim)ur+17m.

-1
k=0 j=1 i=1

_|_
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Thus comparing (13) and (14) it remains to be shown that

r+1 r—1 m-—1 k+1 m—1
(r+1)! Z H wij; < H ( urj + Z u2m> ( ulj).
k=0 j

1<j1 <ja <o g1 <m—1 i=1 j=1 i=1 j=1

By induction hypothesis

r+1 T k+1
(r +1)! 3 Hui,jigﬂ(ZmﬁZuzm 1)
1< <ge < <grr1<m—1 i=1 k=0 =

Thus the desired inequality follows once we can show that

r k+1 k+1 m—1

H(Zm]%—Zulm 1)<H<Zulj+2ulm)(2ulj), (15)

k=0 j=1 7=1

This however is obvious, since the kth factor on left hand side for k£ = 0 is equal to the
last factor on the right hand side, and since due to (9), for k =1,...,r, the kth factor
on the left hand side } 7" ulj + Z 1 Ui m—1 is less than or equal to the (k — 1)th
factor ZT:? uij + Zle u;m on the left hand side.

In order to prove the lower inequality, note that

mpy1=—a+b+ay+ -+ ar_p + kb

m k
= (bi — arsi) + > (b1 — ar—it1)
i=2 i=0
T m
= Z Uil + Z Ur41,5-
i=r+1—k Jj=1

Thus we need to prove the following inequality

r+1 m
(7“ + 1)! o Z ‘ H uml > H ( Z U;1 + Z ur+1,j). (16)
1<i1<ge < <gry1<m =1 k=0 i=r4+1-k j=1

The proof of this inequality is completely analogue to that of inequality (12), since the
situation somehow dual to previous case. Indeed, the substitution

Ujj = Upg2—imy1—; for t=1,....r and j=1,....,m

transfers (12) to (16) and reverses the inequalities (8) and (9). Thus the lower bound
follows from the upper bound.

Now suppose the multiplicity of S/I,,,(H) reaches the upper bound. This is only
possible if we have equality in (13), (14) and (15).

It follows from the formula for the shifts in the resolution of the Eagon-Northcott
complex, that the resolution of S/I,,,(H) is pure if and only if a; = a3 = --- = a, and
by = by = -+ = by, which is equivalent to say that all u;; are equal.

Hence by induction we have equality in (13) if and only if u;; = u for some v and
alli=1,...,r+1and j =1,...,m — 1. On the other hand, we get equality in (14)
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if and only if wiy = upy1,m for i = 1,..., 7, while equality holds in (15) if and only if
Ui = Wim—1 = u for ¢ =1,...,r. Thus all u;; must be equal to u.

Using the reflection principle above it also follows that the lower bound for the

multiplicity is reached only when the resolution of S/I,,,(H) is pure. O
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