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STRUCTURE THEOREMS FOR SOME CLASSES OF GRADE
FOUR GORENSTEIN IDEALS

YoNG SUNG CHO, OH-JIN KANG, AND HYouNG JUNE KO

ABSTRACT. The structure theorems [3, 6, 21] for the classes of perfect
ideals of grade 3 have been generalized to the structure theorems for the
classes of perfect ideals linked to almost complete intersections of grade
3 by a regular sequence [15]. In this paper we obtain structure theorems
for two classes of Gorenstein ideals of grade 4 expressed as the sum of
a perfect ideal of grade 3 (except a Gorenstein ideal of grade 3) and an
almost complete intersection of grade 3 which are geometrically linked by
a regular sequence.

1. Introduction

Structure theorem for perfect ideals in a noetherian local ring goes back to
the Hilbert structure theorem for perfect ideals of grade 2 over a polynomial
ring [12]. It was generalized by Burch to a local ring [4]. Using multilinear
algebra and algebra structure on finite free resolutions, Buchsbaum-Eisenbud
gave structure theorems for two classes of Gorenstein ideals and almost com-
plete intersections of grade 3 [6]. Kustin and Miller introduced the numerical
invariant A(I) to classify a class of Gorenstein ideals of grade 4 in terms of
resolutions of R/I in a Gorenstein local ring R [18]. Brown and Sanchez [3, 21]
described structure theorems for a class of perfect ideals of grade 3 with type
2 and A(I) > 0 and for a class of perfect ideals of grade 3 with type 3 and
A(I) > 2, respectively. These perfect ideals described by Buchsbaum-Eisenbud,
Brown and Sanchez are algebraically linked to an almost complete intersection
of grade 3 by a regular sequence. We gave a structure theorem for some classes
of perfect ideals of grade 3 which are algebraically linked to an almost com-
plete intersection by a regular sequence [15]. It says that every perfect ideal T
of grade 3 with type 7 and 1 < 7 < 4 algebraically linked to an almost complete
intersection J of grade 3 with type r by a regular sequence x = x1, 2, x3 has
the form:

I= (X’p11)p21a v apTl)a

Received October 4, 2015.

2010 Mathematics Subject Classification. 13C05, 13H10, 13C02, 13C40.

Key words and phrases. Gorenstein ideal of grade 4, linkage, minimal free resolution,
perfect ideal of grade 3.

©2017 Korean Mathematical Society
99



100 Y. S. CHO, O.-J. KANG, AND H. J. KO

where p;; is an element defined in (2.11) or (2.12). This contains some classes of
perfect ideals of grade 3 with type 4. Structure theorems proved by Buchsbaum-
Eisenbud, Brown and Sanchez are obtained from it. A structure theorem for
complete intersections of grade g > 4 is described in [10, 16]. A structure
theorem for some classes of perfect ideals of grade 3 which are algebraically
linked by a regular sequence to a class of perfect ideals of grade 3 minimally
generated by five elements is given in [14]. Kustin and Miller gave a structure
theorem for a class of Gorenstein ideals of grade 4 mentioned above. A struc-
ture theorem for a class of Gorenstein ideals of grade 4 expressed as the sum of
a Gorenstein ideal of grade 3 and an almost complete intersection of grade 3 ge-
ometrically linked by a regular sequence is studied in [7]. El Khoury, Iarrobino
and Srinivasan gave a structure theorem for a class of homogeneous Gorenstein
ideals I = @;>2l; of grade 4 in R = k[z,y, 2z, w] such that height (I) = 1
and (Iz) = (wz,wy,wz) or (Iz) = (wz,wy,w?) over a field k [13, 17]. The
main purpose of this paper is to give two structure theorems for some classes
of Gorenstein ideals of grade 4 expressed as the sum of a perfect ideal of grade
3 with type 7 (2 < 7 < 4) and an almost complete intersection of grade 3 with
type r geometrically linked by a regular sequence. These Gorenstein ideals of
grade 4 fall into one of the following two classes:

(E) a class of Gorenstein ideals H of grade 4 expressed as the sum of a perfect
ideal I of grade 3 with type 7 and an almost complete intersection J of grade
3 with even type r geometrically linked by a regular sequence x = x1, 22,23 in
IndJ

(O) a class of Gorenstein ideals H of grade 4 expressed as the sum of a perfect
ideal I of grade 3 with type 7 and an almost complete intersection J of grade
3 with odd type r geometrically linked by a regular sequence x = 1,22, z3 in
IndJ

In Section 2, we review linkage theory and a structure theorem for some
classes of perfect ideals of grade 3 with type 7 algebraically linked to almost
complete intersections of grade 3.

In Section 3, we construct the minimal free resolution of R/H, where H is
a Gorenstein ideal of grade 4 in one of two cases (E) and (O). To do this we
build up some matrices.

In Section 4, we give structure theorems for the two classes mentioned above.
We introduced a complete matrix which plays a key role in describing a struc-
ture theorem for complete intersections of grade 4 [16].

(a) If H = I + J is a Gorenstein ideal of grade 4 in class (E), then H is
generated by the pfaffian of a certain alternating submatrix of the alternating
matrix A(L) induced by a skew symmetrizable matrix L and the quotients L;
of the maximal order pfaffians of A(L), that is,

H = (Ly,La,...,Lyys, A(L)123).

(b) If H = I + J is a Gorenstein ideal of grade 4 in class (O), then H is
generated by the pfaffians of some alternating submatrices of the alternating
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matrix 7 = L defined in (4.5) and elements h; defined in Theorem 4.13 for
i=1,2,...,r, that is,

H = (TIQ; T13; T23; Pf(T>; Elv }_7’27 cey BT)
The proofs for these theorems depend on the Bass’ result [2, Proposition 2.9]
and the structure theorem for some classes of perfect ideals of grade 3 with
type 7 algebraically linked to an almost complete intersection of grade 3 with
type r by a regular sequence.

2. Structure theorems for some classes of perfect ideals and linkage

An nxn matrix Y = (y;;) with entries in a commutative ring R is alternating
if y;; = 0 and y;; = —y;;. The determinant of this matrix is a perfect square in
R, and the pfaffian of Y is defined as uniquely determined the square root of
the determinant of ¥ and is denoted by Pf(Y") (see Artin [1, p. 40]). Let (¢) be
a multi-index iy, 4z, ..., 4. If s <n, we define Pf;)(Y) to be the pfaffian of the
alternating submatrix of Y obtained by deleting rows and columns i1, 4o, . . ., i
from Y. Let (i) denote the sign of a permutation that rearranges (i) in an
increasing order. If (7) has a repeated index, then we set (i) = 0. Let 7(i) be
the sum of the entries of (i). Define

(2.1) Yoy = (1) O+10(0)Pe (1),

If s =mn,let Y, = (—=1)7@D+19(3) and if s > n, let Y = 0. Let y =
[Y1 Y, --- Yn} be the row vector of the maximal order pfaffians of Y,
signed appropriately according to the conventions described above. There is a
“Laplace expansion” for developing pfaffians in terms of ones of lower order.

Lemma 2.1 ([18]). Let Y be an n x n alternating matriz and j a fized integer,
1< j7<n. Then

(1) PAY) = _yi;Yij, and
i=1

(2) yY =0.

The following lemma follows from Lemma 2.1.

Lemma 2.2 ([21]). Let Y be an n x n alternating matriz. Let a,b,c,d, and e
be distinct integers between 1 and n. Then

(1) > yirYiab = —6kaYs + 6k Ya,
i=1

(2) Zyik}/iabc - 5ka}/bc - 5kaac + 5chab7

i=1

(3) > yikYiaved = —OkaYoed + Okt Yacd — OneYaba + OkaYabe:
i=1
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n
(4) Z yik}/iabcde = 6ka}/bcde - 6kaacde + 5chabde - 5deabce + 5keYabcd;
=1
where §;; is Kronecker’s delta.

For further purpose, we need a lemma which follows from Lemma 2.2.

Lemma 2.3. Let 7 be an integer with 7 > 4. Let i, j, k, and | be integers with
1<4,5,k, 1<t LetY = (y;;) be a 7 x 7 alternating matriz. Then we have

YiuYi = YiaY; + YiuYe — YipYr = 0.

A Gorenstein ideal of grade 3 in a noetherian local ring is characterized in
the following form.

Theorem 2.4 ([6]). Let R be a noetherian local ring with mazimal ideal m.
(1) Let n > 3 be an odd integer. Let F be a free R-module with rank F = n.
Let f : F* — F be an alternating map whose image is contained in mF.
Suppose that Pf,_1(f) has grade 3. Then Pf,_,(f) is a Gorenstein ideal
minimally generated by n elements.
(2) Every Gorenstein ideal of grade 3 arises in this way.

We notice that as in [6] or [20], in most cases, linkage is used in the case
of perfect ideals in Gorenstein or Cohen-Macaulay local rings. However, the
results that we use here are true for perfect ideals in any commutative ring, as
shown by Golod [11].

Definition 2.5. Let I and J be perfect ideals of grade g. An ideal I is linked
to J, I ~ J if there exists a regular sequence x = x1,x2,...,24 in I N J such
that J = (x) : I and I = (x) : J, and geometrically linked to J if I ~ J and
InJ=(x).

A fundamental result is that the linkage is a symmetric relation on the set
of perfect ideals in a noetherian ring R.

Theorem 2.6 ([20]). Let R be a noetherian ring. If I is a perfect ideal of
grade g and X = 1,2, ..., T4 is a reqular sequence in I, then J = (x) : I is a
perfect ideal of grade g and I = (x) : J.

An almost complete intersection of grade g is linked to a Gorenstein ideal
of grade g by a regular sequence x.

Proposition 2.7 ([6]). Let I and J be perfect ideals of the same grade g in
a noetherian ring R, and suppose that I is linked to J by a regular sequence
X = T1,2,...,T4. Then

(1) If I is Gorenstein, then J = (x,w) for some w in R and

(2) If J is minimally generated by x and w, then I is Gorenstein.

The following theorem provides a method of constructing a Gorenstein ideal
of grade g + 1 from perfect ideals of grade g.
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Theorem 2.8 ([20]). Let R be a noetherian ring. Let I and J be perfect ideals
of grade g. If I and J are geometrically linked, then H = I+ J is a Gorenstein
ideal of grade g + 1.

Let R be a commutative ring with identity, and let A = (a;;) be an r x 3
matrix and Y = (y;;) an r x r alternating matrix over R, where r is a positive
integer greater than 1. We define C = (¢;), E = (¢;), 5 = (si5), and Z = (z;5)
to be a 1 x3 matrix, a 1 Xr matrix, a 3 xr matrix and a 3 x 3 matrix, respectively,
given by the following: For any two integers m < t in {i,m,t} = {1,2,3}, we
define

Ayt . .
E Yuv if ris even
(2.2) C; = 1<u<v<r

iEm,t

0 if r is odd,

Aym Ayt

E —YjabeDape  if 7 is even

(23) €; = § 1<a<b<c<r
Y; if r is odd,
1)+t Z Yinani if ris even
1<h<r
(24) Sij = Aot
ity Yjuv if 7 is odd,
vm Ayt
1<u<v<r
diag{—Pf(Y"), —Pf(Y), —P{(Y)} if ris even
Z -7
5 z={|" & % o
—Z3 0 Z1 |, zZ = [Zl Zo Z3:| if r is odd,
Zy =71 0

where D g is the determinant of a 3 x 3 submatrix of A formed by three rows
a,b,c of A in this order, and Z; = — >, _, Yya, for i =1,2,3.
We also define w to be an element in R as follows:

P{(Y) if r is even
(2.6) w= > YaseDase if r is odd.
1<a<b<c<lr

For the case that r is even, we define F' to be a 3 X r matrix given by

aii azr 0 Grl _
(27) F = —a12 —a22 - —Aar2| = (fij)a where fij = (71)Z+1a]—i.
a13 a23 T Gr3

We give an another version of a structure theorem for almost complete in-
tersections of grade 3.
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Theorem 2.9 ([15]). Let R be a noetherian local ring with maximal ideal m
and J an almost complete intersection of grade 3 with type r. With the above
notation, if r is even, then

(28) J = (017627637w)7
with its minimal free resolution of R/Ks(f)

f3 f2

F:0 R R+3 R* R,
where
- Z S F
flz[c w],f2:f: af3:|::|a
c | E Y
and if r is odd, then
(29) J = (ZlaZQ;Z?nw)a
with its minimal free resolution of R/Ks(f)
F:0—sR —2opres 2op o p
where
— Z S .
fi=lz v, o=f= , fs=[A Y]
C E
Proof. See [15, Theorem 4.8]. O

Let x = x1, 2,3 be a regular sequence in an almost complete intersection
J = (t1,ta,t3,t4) of grade 3 with type r in (2.8) or (2.9). Then we can find a
4 x 3 matrix B = (b;;) such that

(210) X:[tl tg t3 t4} B.

Let Dgpe be the determinant of the submatrix of A formed by three rows a, b, c
of B in this order. In [15] we have defined pg; to be an element given by if 7 is
even, then

T

Pr1 = E ~YkaveDabe D123 — E (a11 D234 + a;oDi3a + ai3D124) Y
1<a<b<ce<lr =1

(211) = ex D13 — (s16 D234 — s2x D134 + s31.D124),
and if r is odd, then
(2.12) pr1 = — Y D12 + (SlkD234 — sorD13a + 53kD124)-

Now we give a structure theorem for some classes of perfect ideals of grade 3
linked to an almost complete intersection of grade 3 by a regular sequence.
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Theorem 2.10 ([15]). Let R be a noetherian local ring with maximal ideal m.

(1) Let J and B be an almost complete intersection of grade 3 and a matriz
defined above, respectively. Let x = x1,x2,x3 be a reqular sequence in J defined
in (2.10). Let r be the type of J.

(i) Letr be even. Let A, Y, E, and S be matrices defined in (2.2),...,(2.5),
with entries in m, and pg1 an element defined in (2.11) for k =1,2,...,
T

(ii) Letr be odd. Let A, S, Y, and Z be matrices defined in (2.2),...,(2.5),
with entries in m, and px1 an element defined in (2.12) fork =1,2,...,

T

If I is an ideal generated by x1, T2, T3, P11, P21, - - - Pr1, then I is a perfect ideal
of grade 3 linked to J by a regular sequence x and is type pu(J/(x)).

(2) Every perfect ideal of grade 3 linked to an almost complete intersection
J of grade 3 by a regular sequence x = x1, xa, x3 arises in the way of (1).

For further use we give the properties of matrices defined above.

Lemma 2.11 ([15]). With the above notation, let r be a positive integer.
(1) Ifr is even, then
(a) wE+CS =0, (b)) CF+EY =0, (c)ZF+SY =0.
(2) If r is odd, then
(a) SA=wlI, (b) SY =ZAT, (c) wy =yAS.

The following example illustrates Theorem 2.10.

Example 2.12. Let R = Q[[z,y, z,t]] be the formal power series over the field
Q of rationals with indeterminates x, vy, z,t and I the ideal generated by seven
elements

y4 — :I:Qyz — :I:yz2 — y2z2 + :I:Qyt + acyQt + y2zt — yt?’,
zy2 —xyz + y22 + 2%t + xyt — xzt — yzt — th,
z3 — $y2 + zyz + 25— y2t —zzt + yt2 — zt2,
— 23y + zy® + xyz? — 222t + ayt?,
22y? — yt 4 y22% — 2zyat + 242,
22yz + 3z — y2® — 2wyt + yzt?,
— 2%z + 22yt + y3t + y22t — yt.
Let A and Y be 4 x 3 and 4 x 4 matrices given by

t 2z vy 0 T 0 t
|zt =z =z 0 'y O
A= y x and ¥ = 0 -y 0 =z
r Yy =z -t 0 -z 0

Fori=1,2,3 and j =1,2,3,4, let ¢;,e; and w be the elements in (2.2), (2.3),
(2.6), respectively. Let F' be the matrix given in (2.7). Then we can rewrite [
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in the form

I = (yc1, c2, c3,ye1, yea, yes, yea).
By Algebra system, CoCoA 4.7.4, we can check that x = ycq, ¢2, ¢3 is a regular
sequence. Then J = (x) : I = (x,w) is an almost complete intersection of
grade 3 with type 4. Thus it follows from Theorem 2.10 that I is a perfect
ideal of grade 3 with type 2. Let K and G be 3 x 4 and 7 x 7 matrices given by

t z Y T 0 K
(2.13) K=|-yz -yt —xy —y?| and G =
y2  wy oyt yz —F? Y
The minimal free resolution F of R/T is
F:0—sR: o ps Popr B op

where
f1=[y01 C2 C3 yer yYyez yes ye4],

=[G U, U=[y 0, Ui=[0 ¢ —c,

Q Ct —w 211
fs=|5 EY,Q=|01], S=|["
—y 0 0 513

S14

3. Resolutions of two classes of Gorenstein ideals of grade 4

We construct the minimal free resolutions of two classes of Gorenstein ideals
of grade 4 mentioned in the introduction.

For a positive integer r with » > 1, let A and Y be the r x 3 matrix and
the r x r alternating matrix, respectively, defined in Section 2. Let K and G
be the 3 x r matrix and the (r + 3) x (r + 3) alternating matrix, respectively,
given by

ail azy - ary 0 K
(31) K= —a12 —a92 T —Qr2 and G =
a1z G23 - Gr3 -K! Y

We define H to be an ideal associated with the pfaffians of some alternating
submatrices of the alternating matrix G as follows. If r is even, then H is an
ideal minimally generated by the maximal order pfaffians of G and the pfaffian
of the alternating submatrix Y of G, that is,

(3.2) H = (G1,Ga,...,Gri3,G123)

or an ideal minimally generated by the pfaffians of some r x r alternating
submatrices of G and the pfaffian of a certain (r + 2) x (r + 2) alternating
submatrix of G, that is,

(33) H= (Gijk; Gij4, Gij5, ceey Gijr+3; Gk), where {i,j, k} = {1, 2, 3}
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If r is odd, then H is an ideal minimally generated by the maximal order
pfaffians of the r x r alternating submatrix Y of G and the pfaffian of G, that
is,

(3.4) H = (G1234, G1235, - - - , 123743, PE(G))

or an ideal minimally generated by the pfaffians of some (r + 1) x (r + 1)
alternating submatrices of G, that is,

(3.5) H = (Gri,Grj, Gra,Gis, - . ., Grrys, Gij), where {i,j,k} = {1,2,3}.

Yong Sung Cho proved that if H is of grade 4, then H is Gorenstein by con-
structing the minimal free resolution IF of R/H although H is slightly a different
form from [7].

Theorem 3.1 ([7]). Let R be a noetherian local ring with mazimal ideal m.
With the above notation, let A and Y be matrices with entries in m. If H is of
grade 4, then H is Gorenstein.

Proof. For the case that r is even, the proof is referred to [7]. For the case that
r is odd, the proof is similar to that of the case that r is even. (I

We construct the minimal free resolutions of R/H, where H is of the form
in class (E) or (O). Let t; be an element given by, for i = 1,2, 3,

L ¢; if ris even
1% if ris odd.

Let H be an ideal generated by (r 4+ 4) elements t1,to, t3,w, p11,021, - - -, Pr1
defined in Section 2. We construct the minimal free resolution H of R/H
(3.6) H: 0 R4 prea Mo prea) M2 prea Mg

Define h; to be a map from R**" to R given by

hi=1[t1 t2 ts w pu pa -+ pma]=[/1 P,

where f7 is the 1 x 4 matrix defined in Theorem 2.9 and P = (pg1) is the 1 x r
matrix. First in order to define ha, we introduce following four matrices M (¢)
for i =1,2,3,4. Let M(1) be a 3 x 3 matrix defined by if r is even, then

0 Digs  Diza
M(1) = |=Di24 0 Da3q
—Di134 —Da2zs 0
and if r is odd, then

—Dia3 0 0
M(l) = 0 —D1923 0
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Define M (2) to be a 3 x r matrix given by
uy - {30 e
where ay; is an element defined by
a1; = Di2aaiz + Disaais, @i = —Digaair + Dagsais, Gsi = —Dissain — Dassas
for each i. Let M(3) be a 1 x 3 matrix given by
M@3)=0 ifriseven and M(3)= [—D234 D134 —D124} if r is odd.
Finally we define M (4) to be a 1 X r matrix given by if r is even, then
M4) = [ml mo - mr] , where m; = a;1 D234 + a;2D134 + a;3D124
for each ¢, and if r is odd, then
M(4)=0.
Now we can define M to be a 4 x (r + 3) matrix given by
[20) | M
| M) | M)

3

and N to be an r x (r + 3) matrix given by
N=[-F' Y] if riseven and N =1[A Y] if risodd.
Define hy and hs to be maps from R2"*3) to R™+3 and from R"+3 to R2("+3),

respectively, given by

M f
hy = > and h3:[(} (I)} ht,
N | o

where I is an (r + 3) x (r + 3) identity matrix. More concretely, if r is even,
then

_ t
M(1) DisF Z S %
ha =1 0 M@) C E| and hz= —M(1) 0 |

—Ft Y 0 0

and if r is odd, then

M) A zZ S ;tZ ;t g
he=|M@B) 0 0 y| and hs= t t
A v o0 0 M(1) M@3) A

At 0 -Y
Finally we define hy4 to be a map from R to R™+3 given by
hy = hY.



STRUCTURE THEOREMS FOR SOME CLASSES 109

Lemma 3.2. With the above notation, hih;41 =0 fori=1,2,3.

Proof. We have two cases: r is even and r is odd. We prove Lemma 3.2 for the
even case. The proof for the odd case is similar to that of the even case.

(i) hihy = 0.

Let f1 and f2 be maps defined in Theorem 2.9. Since f; fo = 0, it is sufficient
to show that f1M + PN = 0. First we show that CM (1) — PF* = 0.

(CM(l))ll = — D124 — C3D134,
(=PF"11 = — (a1ipin + -+ + ar1pr1)
= —(e1a11 + - + €7a,1) D123
+ (811011 + S12a91 + - - + 51,0,1) Daza
— (s21a11 + S22a91 + -+ + S2,a,1) D134
+ (831011 + S32a91 + - - + 83,a,1) D124
= c3D134 + c2D1o4.

The last identity follows from parts (1) and (2) of Proposition 3.1 in [15], that
is,

0 —C3 —C2
FA=0 and SA=|—c3 0 c1
(6] C1 0

Hence
(CM(1))11 — (PFt)H =0.

In a similar way, we get
(CM(1))1; — (PF")1; =0 for i=2,3.
Finally we show that CM (2) + wM (4) + PY = 0. For each ¢, we have
(CM(2))1; = c1ai1D12s — c2ai2 D123 + c3a:3 D123,
(wM(4))1; = wm; = wa; Dasgs + waipDi3s + waizDioy,
(PY )1 = (e1y1i + e2yai + -~ + €,yri) D123
— (s1191i + S12Yy2: + - + Slryri)D234
+ (s21Y1i + S2292i + -+ - + S20Ypi) Di3a
— (s31y1: + 832921 + -+ - + 53,Ypi) D124
Hence we have
(CM(2) + wM(4) + PY)y;
= D123(C1a11 — CoQ4o + C3a13 + €1Y1; + €2Y2i + - + €rYri)
— Dasga(—wai + s11y1i + S12y2i + -+ + S10Yri)
+ D134(_w(_ai2) + $21Y1s + S22Y2i + -+ + S2rYri)
— Digs(—wais + ss1y1i + ss2y2i + -+ - + 53,Ypi) = 0.
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The last identity follows from parts (1)(b) and (1)(c) of Lemma 2.11.
(ii) hohs = 0.
We note that

- z ct0

M(1) DwF Z S]| & o

hehs=| 0 M) C El| gy
~Ft Y 0 0

Dio3Ft M(4)} —Y

We complete the proof of this part by showing the following eight identities.
(a) M(].)Z + Dlgngt - ZM(].) + SD123Ft =0.
(i) M(1)Z — ZM (1) = 0. This follows from a direct computation.
(11) D123FSt + SD123Ft - D123(Fst + SFt) =0.

0 Cc3 —C2
SFl=|-c3 0 ¢ | =FS"+SF'=(SF")"+ SF'=0.
Co —C1 0

(b) M(1)C* + D193 FE* + SM(4)! = 0.
Since EA =0, A'E* = 0. So we have FE! = 0. For i = 1, we have
(M(1)C")i1 = caD12s + ¢3D134,

(SM(4)")ir = Z S16Mk = Z s (ar1 Daga + ar2 Diza + a3 Dioa)
k=1 k=1

I
WE

(ak181kDasa + ar2s1x D134 + ak3s1kD124)

=
Il

1
= —c3D134 — 2Dy

So we have

(M(1)C")11 + (SM(4)")11 = 0.
Similarly, we have

(M(1)CYa + (SM(4)")i =0 for i =2,3.

Hence

M(1)C* + D193 FE' + SM(4)" = 0.

(¢) ZF + SY = 0. This follows from part (1)(c) of Lemma 2.11.

(d) M(4)S* — CM(1)+ EM(2)" = 0. This follows from part (b).
M(4)S" — OM(1) + ED1o3F' = (M(1)C* + D193 FE' + SM(4)")* = 0.
(e) M(4)E* + EM(4)" = 0. Since EA = 0, we have

E mie; = E (ar1D234 + ara D134 + agzDioa)er =0,
k=1

EM(4)! = (M(4)Et) ~0.
(f) CF + EY = 0. This follows from part (1)(b) of Lemma 2.11.
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(g) —F'Z +YS" =0. This follows from part (1)(c) of Lemma 2.11:
~F'Z+YS'=—(Z'F+85Y)' = —(ZF + SY)' = 0.
(h) —F'C* + YE* = 0. This follows from part (1)(b) of Lemma 2.11:
—F'C'"+YE'"= —(CF+ EY)" =0.

The second identity follows from the fact that Y = —Y.
(iii) hghg = 0. This follows from the definitions of h3 and ha:

0 I 0 I
hshy = [1 0] hihi = [1 0} (hiha)' = 0. _

Now we show that if H is of grade 4, then H is Gorenstein by constructing
the minimal free resolution H of R/H.

Theorem 3.3. Let R be a noetherian local ring with maximal ideal m. With
the above notation, let A andY be the matrices with entries in m.

(1) The sequence H of free R-modules and R-maps defined in (3.6) is a
complex of free R-modules and R-maps.

(2) Let d; = Dgpe where {i,a,b,c} = {1,2,3,4}. Assume that d; is contained
inm fori=1,2,3 and dy is not contained in m if r is even, and that every d;
is contained in m if r is odd. If H = I (h1) is of grade 4, then the complex H

defined in (3.6) is exact and hence H is Gorenstein.

Proof. (1) The proof for this part follows from Lemma 3.2.

(2) The exactness of the complex H defined in (3.6) follows from the Buchs-
baum and Eisenbud acyclicity criterion [5]. The proof of this part is similar to
that of Theorem 3.1 [8]. O

4. Structure theorems for two classes of Gorenstein ideals
of grade 4

We give structure theorems for two classes of Gorenstein ideals of grade 4
mentioned in the introduction.

As shown by Golod [11], linkage can be used in the set of perfect ideals
in a noetherian ring. Hence in Lemma 1.4 [19], Gorenstein local ring can be
replaced with a noetherian local ring. If I and J are linked perfect ideals of
grade g such that I is Gorenstein, then p(J) < g+ 1 where p(J) is the minimal
number of the generators for I. It will sometimes happen that J is a complete
intersection. The following lemma determines precisely when this occurs.

Lemma 4.1 ([19]). Let R be a noetherian local ring and I a perfect ideal of
grade g. Assume that K is a complete intersection of grade g which is properly
contained in I. Then K : I is a complete intersection if and only if I is a
complete intersection and p(I/K) = 1.
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The following corollary gives us a characterization of complete intersections
of grade g+ 1 that every complete intersection of grade g+1 is expressed as the
sum of two complete intersections of grade g geometrically linked by a regular
sequence.

Corollary 4.2. Let R be a noetherian local ring and H a complete intersection
of grade g + 1. Then there exist two complete intersections I and J of grade g
such that
(1) they are geometrically linked by a regular sequence z = z1, za, . . ., 24 and
(2) the sum of these two ideals is equal to H.

Proof. Let H = (y1,¥2, - - -, Yg+1) be a complete intersection of grade g+1. Then
I=(y1,y2,---,yg) and J = (y1,¥2,...,Yg—1,Yg+1) are complete intersections
of grade g. We set

21 =Y1,22 = Y2, -y 2g—1 = Yg—1,29 = YgYg+1-

Then z = 21, 29, ..., 24 is a regular sequence. Let K be a complete intersection
of grade g generated by 21, 22, ..., 24. Then u(I/K) = p(J/K) = 1. By Lemma
4.1, K : I and K : J are complete intersections of grade g. By Theorem 2.6,
we have I = K : J and J = K : I. So I and J are linked by a regular sequence
z. Since I N J = (z), they are geometrically linked. Clearly, H = I + J. O

Yong Sung Cho gave a structure theorem for a class of the Gorenstein ideals
H of grade 4 expressed as the sum of a Gorenstein ideal of grade 3 and an almost
complete intersection of grade 3 geometrically linked by a regular sequence.

Theorem 4.3 ([7]). Let R be a noetherian local ring with mazimal ideal m.

(1) Let G be the n x n alternating submatriz of G defined in (3.1) and t the
pfaffian of an alternating submatriz of G. If H = (an_l(é),t) is an ideal of
grade 4 defined in (3.2) or (3.3) or (3,4) or (3.5), then H is a Gorenstein ideal
of grade 4 such that H is expressed as the sum of a Gorenstein ideal of grade 3
and an almost complete intersection of grade 3 geometrically linked by a regular
sequence.

(2) Every Gorenstein ideal of grade 4 expressed as the sum of a Gorenstein
ideal of grade 3 and an almost complete intersection of grade 3 geometrically
linked by a regular sequence arises in the way of (1).

Proof. (1) Let H = (Pf,_1(G),t) be an ideal of grade 4 for some n x n al-

ternating submatrix G of G. Then we have proved in Theorem 3.1 that H is
Gorenstein. Let I = Pf,_1(G) be an ideal generated by the maximal order
pfaffians of G. Since H is of grade 4, I is of grade g (3 < g < 4). It follows from
Lemma 2.3 that I is of grade 3. Theorem 2.4 implies that I is Gorenstein. Let
Z = 21, 22, 23 be a regular sequence in I and J = (z) : I. Since I is a perfect
ideal of grade 3, by Theorem 2.6, J is a perfect ideal of grade 3. It is well

known from the Bass’ result that the type of I is equal to the minimal number
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of generators for the canonical module Ext%(R/I, R) and
(4.1) Exth(R/I,R) = (z) : 1/(z) = J/(z).

Since I is of type 1, it follows from Proposition 2.7 and (4.1) that J is an
almost complete intersection. Now we want to show that H = I 4+ J and I is
geometrically linked to J. Let r be the type of J. We have two cases: r is even
or r is odd. Assume that r is even. By Theorem 2.9, J = (¢, ¢2, ¢35, w), where
¢; is an element defined in (2.2) for ¢« = 1,2,3 and w = Pf(Y) is an element
defined in (2.6). We have two cases: 7 =2 or r > 2.

Case (a) r = 2. In this case, G has the form

0 0 0 ai az1

0 F 0 0 0 —ai12 —a929
(42) G = = 0 0 0 ais a3 s
—F! Y —a11 ai2 —a13 0 Y12
—a21 a2 —a3 —Yi2 0

where A, F' and Y are matrices in Section 2 with entries in m, respectively.
Moreover t = y12 and ¢; = det A; for i = 1,2, 3, where A; is the 2 x 2 submatrix
of A obtained by deleting the ¢th column of A. Since r is even, H has the
form defined in (3.2) or (3.3). Assume that H has the form defined in (3.2).
Then I = (c1,¢2,c3). Hence I is of grade less than or equal to 2. This is
contrary to the fact that I is of grade 3. Hence we may assume that H has
the form defined in (3.3). For {i,j,k} = {1,2,3}, we take G = G(i,j), the
alternating submatrix of G obtained by deleting rows and columns i,j of G.
Then H = (Y12, ¢jk, ik, k). We note that I = (yi2,ajk, aik). Since H is of
grade 4, ¢, is regular on R/I. Hence ¢, is not contained in I. Since J is of type
2, it follows from the Bass’ result that u(I/(z)) = 2. Since J = (c1, ¢2, ¢3,Y12)
and ¢y is not contained in I, we can choose z = y12,¢;,c;. Since ¢ is not
contained in I, I NJ = (z). Hence I and J are geometrically linked by z.
Clearly,

H = (y12, ajk, ai,cx) =1+ J.

Case (b) r > 2. First we let H be an ideal of grade 4 defined in (3.2). In
this case, we take G = G and t = G123. So H = (G1,Ga,...,Gr43,G123). Since
H is of grade 4, it follows from Lemma 2.3 and Theorem 2.4 that I = Pf,12(G)
is a Gorenstein ideal of grade 3. Direct computations show that

Gi:Ci for i:1,2,3, Giiei for i:4,5,...,T+3, and t:G123:7’w.

Hence I = (c1,co,c3,€1,€2,...,€.), where e; is an element defined in (2.3).
Since J is of type r, by the Bass’ result, u(I/(z)) = r. Since H is of grade 4, t =
—w is regular on R/I. Hence w is not contained in I. Since J = (c1, ¢2, c3, w),
we can choose z = ¢1, ¢a, ¢3. Since w is not contained in I, I N J = (z). Hence
I and J are geometrically linked by a regular sequence z. Clearly,

H = (c1,co,c3,e1,€2,...,ep,w) =T+ J.
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Next we let H be an ideal of grade 4 defined in (3.3). The proof for this part is

similar to that of the case mentioned above. In this case we take G = G(i,7)
and t = Gy, where {4, j,k} = {1, 2,3}. Direct computations show that

Gijk = —w, Gij4 = :|:Sk1, Gijg, = :|:Sk2, ey Gijerrg == :I:skr, Gk = Ck.

We note that I = Pf,_1(G(i,5)) = (w, $k1, Sk2, - - -, Skr) s Gorenstein. In this
case since ¢y, is regular on R/I, we can choose z = ¢;, ¢;, w. The proof for the
case that r is odd is similar to that of the case (b).

(2) The proof is similar to that of part (2) in Theorem 3.4 [7]. O

The following example demonstrates Theorem 4.3.

Example 4.4. Let R = C|[[z,y, z,t]] be the formal power series over the field
C of complex numbers with indeterminates z,y, z,t. Let A and Y be the 4 x 3
matrix and the 4 x 4 alternating matrix given by

rz y t 0 T 0 t
|y = = =z 0 'y O
A= z t and ¥ = 0 -y 0 =z
t 2z y -t 0 -z 0

[0 0 O T Y z t]

o 0 0 -y —x -t -z
0O 0 O t z T Y
G=|-z y -t O x 0 t
-y z —z —xz 0 Y 0
-z t —xz 0 -y 0 z
-t z —y -t 0 —2z 0

Let ¢; and e; be elements defined in (2.2) and (2.3). Then

22— y22 — 2%t + xyt + xzt + yzt + zt2,

co=—-y -z

co = —ny + xyz — rz? — 2t — zyt + yzt + 22t + yt2,

c3 = —z?z — Yz + y2z +z2? + y2t +xat — at? — yt2,

e1 = —2xyz + 25 + 2%t + y*t — 2%, eo = 2’z 4+ yPz — 2wyt — 2%t + 13,

es = 22y — y> — w22 + 2zt — xt?, eq = —a® + axy® — y2? + a2t — yt?
and w = P{(Y) = —(xz + yt). Using CoCoA 4.7.4, we can easily check that
¢ = ¢, ¢, c3 is a regular sequence. I = (c1,ca,c3,€1,€2,e3,€4) is a Gorenstein
ideal of grade 3 and the minimal free resolution F of R/I is

f3

F:0 R R

o ln
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and F' is a matrix defined in (2.7). Theorem 2.6 and part (a) of Lemma
2.11 say that J = (c¢) : I = (¢1,¢2,¢3,w) is an almost complete intersection
of grade 3. It follows from the Bass’ result that I is of type 1. We have
proved in the proof of Theorem 4.3 that I and J are geometrically linked by a
regular sequence c¢. We note that w is regular on R/I. Hence by Theorem 2.8,
H=1+4J=c1,c2,c3,w,e1,ea,e3,e4) is a Gorenstein ideal of grade 4. Let D
be a 7 x 7 diagonal matrix whose main diagonal entries are equal to —w and
fo the row vector of the maximal order pfaffians of fs. Then the minimal free
resolution H of R/L is

ha

H=F®G:0 R RS h il

RY R3 R,

=6 ], hzz[{f g] hsz[fé fﬂ h4=[‘f§w}

G:0——=R—>R

where

and

is a free complex.

Let r be a positive integer with r > 1. Let I = Pf,15(T") be a Gorenstein
ideal of grade 3 for an (r + 3) x (r 4+ 3) alternating matrix 7" which is not a
complete intersection, and u a regular on R/I. Under what condition, does the
Gorenstein ideal (I,u) of grade 4 has the form in Theorem 4.37

Corollary 4.5. Let R be a noetherian local ring. With the above notation, if
(I,u) is of grade 4, then u is contained in (x) : I for a regular sequence x in I
if and only if (I,u) has the form in Theorem 4.3.

Proof. Let J = (x) : I. Since I is a Gorenstein ideal of grade 3 which is not
a complete intersection, by Proposition 2.7 and Lemma 4.1, J is an almost
complete intersection of grade 3. By Theorem 4.3, it suffices to show that I
and J are geometrically linked by a regular sequence x. Since u is contained in
(x) : I = J, we have J = (x,u). Since u is regular on R/I, u is not contained
in I. Thus INJ = (x) and hence I and J are geometrically linked by a regular
sequence x. Clearly, (I,u) = I +J. Theorem 4.3 gives us the proof for this part.

To prove the converse, we assume that u is not contained in (x) : I. Let
J = (x) : I. Since (I,u) has the form in Theorem 4.3, (I,u) = I + J. Since u
is not contained in J, u is contained in I. Hence (I,u) is of grade 3. This is
contrary to the assumption that (I, u) is of grade 4. O

The following example demonstrates Corollary 4.5.

Example 4.6. Let C be the field of complex numbers and R = C|[z, y, z, t]] the
formal power series ring over C with indeterminates x,y, z, and t. Let Hs be a
5x 5 alternating matrix introduced by Buchsbaum and Eisenbud [6, Proposition
6.2]. By Theorem 2.4, I = Pfy(Hs) = (y?, —xz, 2y+22%, —yz, 2?) is a Gorenstein
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ideal of grade 3. Since t is regular on R/I, (y?, —zz,xy + 22, —yz,2%,t) is a
Gorenstein ideal of grade 4. First we show that there is no regular sequence
Z = 21, 22, z3 in I such that t is contained in (z) : I. If not, then ¢ is contained
in (a) : I for some regular sequence a = aj,as,a3 in I. Let J = (a) : I.
Since I is Gorenstein, by Proposition 2.7, J = (a,s) is an almost complete
intersection of grade 3 for some element s of R. Consider the ideal K = (a, ).
Then K is contained in J. Since R/K is isomorphic to C[[z,y,z]]/(a) and
dim C[[z,y, z]]/(a) = 0, dim R/K = 0. Since R is Cohen-Macaulay, we have

4=dimR =dim(R/K)+ht K =0+ht K =0+ grade K.

Hence K is of grade 4. However since J = (a) : I and J is a perfect ideal
of grade 3, by Theorem 2.6, J is of grade 3. Since K is contained in J, 4 =
grade K < gradeJ = 3. This is contrary. Thus ¢ is not contained in J. Hence
we can see from the argument mentioned above that for any regular sequence
zin I, (y%, —xz, 2y + 22, —yz, 22, t) # [ + J where I is geometrically linked to
J by a regular sequence z in I N J.

We give a structure theorem for class (E). Kang and Ko introduced the skew-
symmetrizable matrix in [16] to define a complete matrix of grade 4 which plays
a key role in describing a structure theorem for complete intersections of grade
4.

Definition 4.7. Let R be a commutative ring with identity. An nxn matrix X
over R is said to be skew-symmetrizable if there exist nonzero diagonal matrices
D’ = diag{uy, us,...,u,} and D = diag{ws, wa, ..., w,} with entries in R such
that D’ X D is an alternating matrix.

We denote by GA,, the set of all n x n skew-symmetrizable matrices over
R. Let X be an n x n skew-symmetrizable matrix. We define A(X) to be the
alternating matrix induced by X as follows:

A(X) = X if X is alternating
| D’XD if X is not alternating.

For example, if r is even, then

ws) EEORRT)
TR

is an (r + 3) x (r + 3) skew-symmetrizable submatrix of hsy in the complex H
defined in (3.6) which becomes an alternating matrix A(L) by multiplying the
first three columns of L by Dj23. Hence A(L) has the following form

) Ay [ Pv | ve) |
| Mt | v
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The maximal order pfaffians of A(L) are expressed as R-linear combination of
C1,C2,C3, W,P11,P215- -, Prl-
Lemma 4.8. With the above notation,

1) dydjw + d2¢;  for i=1,2,3,

(=) d3pyy  for i =4,5,...,7+ 3,
where

{i,a,b,c} = {1,2,3,4}, d; = Dape for i =1,2,3, and i =i + 3.

Proof. Let A(L) = (l:j) From Lemma 2.2 we have

r+3 r+3
A(L)l = Z lig.A(L)MQ = lggA(L)gu + Z liQ'A(L)ilQ
i=1 i=4
B B ’I“Jr3~
= D123 Da3qw + Z ligA(L) ;15
i=4
and
r+3 r+3 r+3 Z’ Z’
=~ Iy 7 i2 143
Zli?A(L>i12 = Zli? ZZJBA(L)]'M% = Z To L A(L)ji123
i—4 i—4 =1 4<i<j<r+3 |92 053
_ N2 Qy2  Ay3 _ N2
=Dy Y an o Yuw = Diger.
1<u<v<r

Hence we have
A(L), = D123Dozsw + Diysc1.
Similarly, we have the following for i = 1,2, 3,
A(L), = (-1)" dydsw + dic;,  where {i,a,b,c} = {1,2,3,4} and d; = Dgpe.
For ¢ = 4, we have
r+3 r+3

A(L)y = — ZTZBA(L)Z‘M = *TBA(L)LM - TQBA(L)%A - ZZNZ'BA(L)M'
i=1 i=5

Direct computations by Lemma 2.2 show that
r+3 r+3

*l~13A(L)134 = —D123D134 ZTkQA(L)k1234 = —D123D134 ZTkQA(L)k1234
k=1 k=5
= —D3y3D134 Z aiY1 = D3y3D134 ZYualz = —D3y3D134501,
=1 =1

r+3 r+3

*l~23A(L)234 = D123Da34 ZTklA(L)k1234 = Di23Da34 ZlNklA(L)mM
k=1 k=5
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r T
A2 7 A2 7 A2 7
= —D793D234 g an Yy = D793 D234 g Yiia; = Dig3Dosasi1,
=1 =1

r+3 r+3 r+3

- Zl:gA(L)Z-M = ZZs ZEQA(L)JQZ'?A
i=5  j=1

i=5
r+3 r+3

= Zl}, l~12A(L)12i34 + ZE2A(L)J‘2¢34

Jj=2
r+3 r+3 r+3

= ZEBE2A(L)1%34 + ZZB ZZVJ'QA(L)j2i34
i=5 i=5 = j=2

r+3 r4+3 r+3

= ZEzEgA(L)i1234 + Z ZEQZBA(L)j%M
i=5 i=5 j=5

r+3r+3

= —Dip3Di2a Z Yiiaiz — Digs Z Z aj2aisA( );2134

1=5 j=5
r+3 r+3

- D123D124 Z leaz3 D123 Z Z a]2a13-/4 )234”'

1=5 j=5
r+3 r+3

= D%23D124331 - D%23 Z Z aj2ai3A(L)234ij'

i=5 j=5
Since
r+3 r+3

A(L) 234ij — ZlklA k1234ij — Z lklA(L)1234z’jk = Dz Z ar1Yiigiks s
k=1

k=1
where 1 =4’ + 3 and j = j' + 3, we have
r+3 r+3

- Z Z aj2ai3 A(L) o34, = —D1as Z Z Z ax10;520:3 Y144k

i=1 j=1 i=1 j=1 k=1
= — Dio3 g (aklaj2az’3 — @;j10k2043 — k1020531 Q102053+ Aj10i20k3
1<i<j<k<r
— aj1a52ak3) Y15k = — D123 g —DijnY1ik = —Diaser.
1<i<j<k<r

Hence we have
r+3 r+3

_ZE3A(L)1'34:_Z~13A(L)134 l23A 234 ZlﬁA i34

_, _ _
= D7is3 (*D134S21 + Dagygs11 + Di2aszi — D123€1)

A(L),
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= *szg (D123€1 - (D234811 - D134521 + D124531))
= _D%23P11-
For i =5,6,...,r 4+ 3, in a similar way, we have the following

A(L), = (-1)"D3y3pin for i=4,5,...,r+3, and i=i'+3.

Now we define Pf,;2(A(L)) to be the ideal obtained from the alternating
matrix A(L) defined in (4.4) as follows.

Definition 4.9. Let R be a commutative ring with identity. With the above
notation, let L be the skew-symmetrizable matrix defined in (4.3). We set

’ (=1)"*YA(L);/d3 for i=4,5,...,7 +3.

We define Pf,.12(A(L)) to be the ideal generated by (r+3) elements Ly, Lo, . . .,
Loys.

We know that there exist n x n skew-symmetrizable matrices characterizing
structures of some classes of perfect ideals of grade 3 with types 2 and 3 [9)].

Now we are in a good position to describe one of our main theorems, a
structure theorem for class (E) of Gorenstein ideals of grade 4.

Theorem 4.10. Let R be a noetherian local ring with maximal ideal m.

(1) With the above notation, we let d; be an element defined in Theorem 3.3.
We assume that x is a regular sequence in an almost complete intersection of
grade 3 with even type r and 2 < p(J/(x)) < 4. If H = (Pf12(A(L)), A(L)123)
is an ideal of grade 4, then H is a Gorenstein ideal such that

(a) H = I+ J where I is a perfect ideal of grade 3 which is not Gorenstein
and J is a type r almost complete intersection of grade 3.

(b) I and J are geometrically linked by the reqular sequence x = x1, x2, T3
m I NJ.

(2) Every Gorenstein ideal of grade 4 expressed as the sum of a perfect ideal
I of grade 3 with type T and 2 < 7 < 4 and an almost complete intersection J of
grade 3 with even type geometrically linked by a regular sequence x = 1,2, x3
in I'N.J arises in the way of (1).

Proof. (1) Since d; is contained in m for ¢ = 1,2,3 and H is of grade 4, it
follows from Theorem 3.3 that H is Gorenstein. Let J be an almost com-
plete intersection of grade 3 with even type r. Theorem 2.9 says that J =
(c1,c2,c3,w). Let x = o1, 22, x5 be a regular sequence in J with 2 < p(J/(x)) <
4 and I = (x) : J. Then it follows from Theorems 2.6 and 2.10 that I =
(z1, 22,23, P11, P21, - - -,Pr1) 18 a perfect ideal of grade 3 with type u(J/(x)).
Since I is of type u(J/(x)) and u(J/(x)) # 1, I is not Gorenstein. Since
I+ J = (c1,c2,¢3,w,011,D21,--.,Pr1), by Lemma 4.8, H = I + J. This prove
part (a) of Theorem 4.10. Now we prove part (b) of it. We have three cases:
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w(J/(x)) =2, p(J/(x)) = 3 and u(J/(x)) = 4. We consider only the first case.
For other cases, the proofs are similar to that of the first case. Assume that
1(J/(x)) = 2. This implies that only two of the four generators for J are con-
tained in the complete intersection (x). We have two cases: (i) ¢; and ¢; are
contained in (x) or (ii) ¢, and w are contained in (x). We prove only the first
case. The proof of other case is the same as that of the first case.

Case (i) : ¢; and ¢; are contained in (x). In this case we may assume that
T; = ¢, T = ¢4, T = acy + bw for some elements a and b of R. Moreover, c;,
and w are not contained in (x) for k # ¢, j. We want to show that both ¢; and
w are not contained in I. If both ¢; and w are contained in I, then I = H. This
is contrary since [ is of grade 3 and H is of grade 4. Assume that only one of
the two is contained in I, say c;. Then we have I = (¢1, ¢2, ¢3, P11, P21, -« -, Dr1)-
Hence p(I/(x)) = r + 1. However since J is of type r, the Bass’ result says
that p(I/(x)) = r. This is contrary. Thus ¢, and w are not contained in I and
INJ = (x). So I and J are geometrically linked by the regular sequence x.

Case (ii) : ¢, and w are contained in (x). The proof of this part is the same
as that of the case (i).

(2) Let I and J be a perfect ideal of grade 3 with type 7 and 2 < 7 < 4 and
an almost complete intersection of grade 3 with even type r, respectively. Since
I is of type 7 and 7 > 2, I is not Gorenstein. Since I is geometrically linked
to J by the regular sequence x, by Theorem 2.10, I is the following form:
I = (x1,x2,x3,p11,P21,---,Pr1), Where every ¢; and every pg1 are elements
defined in (2.2) and (2.11). Since J is of type r and r is even, by Theorem 2.9,
J = (c1, ¢2,¢3,w). Thus

H=1+J= (ClaCQaC3awap117p21;- . ap’l“l)-

Let L be the (r + 3) x (r + 3) generalized alternating matrix defined in (4.3).
It follows from Lemma 4.8 that H = (Pf,12(A(L)), A(L)123). O

The following example illustrates Theorem 4.10.

Example 4.11. Let R and I be the ring and ideal defined in Example 2.12,
respectively. Let x = ycy, ce, c3 be a regular sequence mentioned in Example
2.12. Then J = (x) : I = (c1,¢2,c3,w) is an almost complete intersection of
grade 3 with type 4. Then I and J are geometrically linked by the regular
sequence. By Theorem 2.8, H = I + J = (c1, ¢2, ¢35, w, ye1, yez, yes, yeq) is a
Gorenstein ideal of grade 4. The minimal free resolution H of R/H is

hy

H:0 R RS h

rRE MR,

where
hi=[c ¢ 3 w yer yea yes yea,
0 yF Z S 0 I
o o C |, hg[ }hg, ha = Rt
0

hs
-Ft Y 0 Lo
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and [ is a 7 x 7 identity matrix. We note that the following submatrix of hg is
a 7 x 7 skew-symmetrizable matrix
~ 0 yF
G =
—F? Y

By multiplying the first three columns of G by y, G becomes an alternating
matrix. Simple computation shows that the generators for H are

a1 =AG)1/y 2 = AG)2/y? 5 = AG)s/y°,
yer = A(é)4/y2, e, Yey = A(é)7/y2,

w = A(é)lgg.

We give a structure theorem for class (O). We note that r is odd in this case.
To describe a structure theorem for this class, we define an (r + 3) x (r + 3)
alternating matrix L as follows:

- 0 At
(4.5) T=L= ,
—A Y

where 0 is a 3 x 3 zero matrix.

Lemma 4.12. With the above notation,
(1) Ty = (=¥ 24 for {i,j,k} = {1,2,3},

) Pf(T)=w defined in (2.6),

) Tiees = s forl=1,2,3, and for t =1,2,...,r,

) Tlggt = —Y;g_g fOTf:4,5,...,T+3,

5) pi1 = daTio3t43 + (Theg3di — Tosysda + T3eq3ds) for t = 1,2,... 7,
where d; is an element defined in Theorem 3.3 for i =1,2,3,4.

2
3
(4
(

Proof. The first four parts of Lemma 4.12 follow from Lemma 2.2 and part (5)
does from (2.12). O

Now we are ready to describe a structure theorem for class (O).

Theorem 4.13. Let R be a noetherian local ring with maximal ideal m.

(1) With the above notation, we let d; be an element defined in Theorem
3.3 and Bi = Thosiysds + Thipsdis — Toip3da + T3,43ds an element defined
in part (5) of Lemma 4.12 for i = 1,2,...,r. We assume that x is a regular
sequence in an almost complete intersection of grade 3 with odd type r and
2 < u(J/(x)) < 4. If H=(Z1,Zo, Z3,w,h1,ha, ..., h,) has an ideal of grade
4, then H 1is a Gorenstein ideal such that

(a) H =1+ J where I is a perfect ideal of grade 3 which is not Gorenstein
and J is a type r almost complete intersection of grade 3.

(b) I and J are geometrically linked by the reqular sequence X = x1, T2, x3
m INJ.
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(2) Every Gorenstein ideal of grade 4 expressed as the sum of a perfect ideal
I of grade 3 with type T and 2 < 7 < 4 and an almost complete intersection J of
grade 3 with odd type geometrically linked by a reqular sequence X = x1, T2, X3
in I N .J arises in the way of (1).

Proof. (1) Proof of this part is similar to that of part (1) of Theorem 4.10.
(2) The argument mentioned in part (2) of Theorem 4.10 gives us proof of this
part. In this case Lemma 4.12 is used. [l

The following example illustrates Theorem 4.13.

Example 4.14. Let R be the formal power series ring defined in Example
2.12. Let I be an ideal generated by eight elements

—at 4 2902y2 — 3z — :I:y2z — 2222 4228+ nyt — xyzt + x2t2,

— 22y + zy® + yt — 22%yz + ayPz — 2227 — 2Pyt + 2yt — Pt
:I:2y + y3 — 2z — 3xyz + y22: — 2%+ zyt —yzt + zt2,

— x3y + xy3 — xyzQ, :C2y2 — xy2z + xyzt, —:I:?’y + xy22 — nyt,
22y? — zy?z + 22yt, xyd — 22%yz.

Let A and Y be a 5 x 3 matrix and a 5 X 5 alternating matrix, respectively,
given by

T Yy =z 0 T Y z t
y z t -z 0 T Yy oz
A=z ¢t 0] andY=|-y —z O z Yy
t 0 =z -z -y —z 0 =z
0 =z y -t —z —y —xz 0

Fori=1,2,3,and for j =1,2,...,5, let Z; and w be the elements defined in
(2.5) and (2.6), respectively. Then

w=z* — 2%y% — 2y® + 232 + 2%yz + 22 + y2® + 22yt — 2?2t — 2xyzt

— 22zt — 2wzt — y22t + 2%t + 3xyt? + v + 222 — 1!,
and we can rewrite I in the form
I = (xZ1,y2s, Z3, —xyY1, —xyYs, —xyYs, —xyYsy, —ryYs).

We can check by Algebra System, CoCoA 4.7.4, that x = x©Z,,yZ>,Z3 is a
regular sequence. Then J = (x) : I = (Z1,Z2, Z3,w) is an almost complete
intersection of grade 3 with type 5. Thus it follows from Theorem 2.10 that
I is a perfect ideal of grade 3 with type 3. Since J is an odd type, by (2.9)
J = (21,72, Z3,w). Since I NJ = (x), by Theorem 2.7, H = I + J is a
Gorenstein ideal of grade 4 which has the form

H= (Zla ZQa Z3a w, iEle, ZCQYQ,WJY&WJY@ inYE))
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On the other hand, we can get a 4 x 3 matrix B such that
0

B =

0
o and x=[Z Zo Z3]B.
0

OO OR
o = O

Hence we have Dis3 = xy and D, = 0 for {i,j,k} # {1,2,3}. Then the
matrices M (1), M(2), M (3) defined for an odd type r in section 3 are given by
M(1) = diag{—=zy, —zy, —xy}, M(2)=0, M(3)=0,

and the entries of a matrix S defined for the case are

s11 = + TYZ — y22 + y2t + zt2, S91 = —zyQ + 22?2 + zyt — xzt + yt2,

s31 = w22 — 2%t — ayt —yzt + 22, ... 535 = —x2® + 25 + 2ayt — 2yt + xt?,
The minimal free resolution H of R/H is

H:0 R4 po Lo n

R16 RO R,

where

h=1[Zy Zy Zs w ayYr xyYs xyYs wxyYy xyYs),

M(1) 0 Z S Z 00
S y 0
h2 = 0 0 0 Y|, h3 = t ’
4 Vv o o M(1) o0 A
At 0 -Y
hs = ht.
We note that the following submatrix of hg is a 8 x 8 alternating matrix
0 At
T =
—A Y

Simple computations show the identities in Lemma 4.12.
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