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MATRIX FACTORIZATIONS IN HIGHER CODIMENSION

JESSE BURKE AND MARK E. WALKER

ABSTRACT. We observe that there is an equivalence between the singularity
category of an affine complete intersection and the homotopy category of ma-
trix factorizations over a related scheme. This relies in part on a theorem of
Orlov. Using this equivalence, we give a geometric construction of the ring of
cohomology operators, and a generalization of the theory of support varieties,
which we call stable support sets. We settle a question of Avramov about
which stable support sets can arise for a given complete intersection ring. We
also use the equivalence to construct a projective resolution of a module over
a complete intersection ring from a matrix factorization, generalizing the well-
known result in the hypersurface case.
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1. INTRODUCTION

Given an element f in a commutative local ring @, a matriz factorization of f is
a pair of n x n matrices (A, B) such that AB = f -1, = BA. This construction was
introduced by Eisenbud to study modules over the factor ring R = Q/(f). Indeed,
in the case @ is regular local and f # 0, he showed [I5, Theorem 6.1] that for any
finitely generated R-module M, the minimal free resolution of the d-th syzygy of
M, where d is the Krull dimension of @, is of the form
B®oR

ARqR BRqgR

— R" R" R"
for some matrix factorization (A, B). Thus, matrix factorizations describe the cat-
egory of finitely generated R-modules, “up to finite projective dimension”. This

R" — 0,
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was further clarified by Buchweitz in [11] where he noted that there is an equiv-
alence of categories between the homotopy category of matrix factorizations and
the quotient of the bounded derived category of finitely generated R-modules by
perfect complexes:

(1.1) [MF(Q, f)] =N D®(R)/Perf(R) =: Dg(R).

This functor sends a matrix factorization (A, B) to coker A, regarded as an object of
Ds(R). Here, the homotopy category of matrix factorizations is defined analogously
to the homotopy category of complexes of modules. Also, a complex is perfect if
it is isomorphic in DP(R) to a bounded complex of finitely generated projective
R-modules. We call D (R) the singularity category of R, following [25].

In the equivalence (L)), the right-hand side is well defined for any ring R.

Question 1. What should the left-hand side of (II) be when R is a complete
intersection — i.e., when R = Q/(f1,..., f.) for a regular ring @ and a Q-regular
sequence f1,..., f.?

For a complete intersection R = Q/(f1,..., f.) we refer to ¢ as the codimension
of R (technically ¢ is the codimension of the presentation Q/(f1,...,f.) — but
we fix a presentation throughout); complete intersections of codimension 1 are
called hypersurfaces. In this paper we propose an answer for higher codimension
complete intersections and investigate the consequences. To state it we introduce
some notation. If X is a scheme, £ a line bundle on X, and W a regular global
section of £, then a matriz factorization of the triple (X, £, W) consists of a pair
of locally free coherent sheaves £;,&; on X and maps

855D 6L

such that eg o e; and (e3 ® 12) o ey are both multiplication by W. The homotopy
category of matriz factorizations, written [M F (X, L, W)], has these matrix factor-
izations as objects. To define the morphisms in this category one starts out as in
the affine case, but some adjustment is needed to deal with the higher cohomology
of the locally free sheaves involved. In Section 21 we recall the full definition of
morphisms and give details on the following:

Theorem 1. Let QQ be a regular ring of finite Krull dimension, fi,...,f. a Q-
reqular sequence, and R = Q/(f1,..., fc). Let X = Pé_l = Proj(Q[T1,...,T:]),
W =3, fiT; e I'(X,0x(1)), and define

Y= PI‘Oj(Q[Tl, cee aTc]/(W)) = X

to be the zero subscheme of W. There are equivalences of triangulated categories

IR

[MF(BG ™, O0(1),W)] — = Dy (Y) —— > Dyg(R).

coker

B

The first equivalence of this theorem has been proven in various contexts by
various authors in [24128/[29]. The version we use here is from our previous paper
[13]. The second equivalence is essentially due to Orlov [26] Theorem 2.1]. In
Appendix [A]l we provide a slight generalization of loc. cit. removing the assumption
that @ is equicharacteristic and, more significantly, that @ is regular. (When @ is
not regular, D is replaced by the “relative singularity category”.) This allows us
to state many results in the paper in a “relative” form in which @) is not necessarily
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regular but rather that the modules involved have finite projective dimension over

Q.

The composition of the equivalences in Theorem [Il which we write
U = & o coker : [MF (P, O(1),W)] = Deg(R),

provides an answer to Question [ We note here that matrix factorizations of
W were (perhaps first) used in the proof of [4, 3.2] and their relation to MCM
R-modules is currently being studied in work of Buchweitz, Pham, and Roberts;
see [I2]. Also related is the work of Isik [20]. In this paper we show that the
above equivalence and non-affine matrix factorizations provide a new and useful
perspective on many aspects of homological algebra over complete intersection rings.
These results are naturally stated in terms of the stable Ext-modules of finitely
generated R-modules M, N, defined as
Extr(M, N) := Homp,(gy(M[~n], N), n € Z.

These modules are also known as the stable cohomology, or the Tate cohomology, of
M and N. When R is Gorenstein it is a well-known result of Buchweitz that they
may be computed using a complete resolution of M; see [I1] and also Appendix
Bl The term “stable” reflects the facts that E}RZ(M, N) is zero if M or N has
finite projective dimension and that there are natural isomorphisms Exts (M, N) &
Ext (M, N) for n>> 0.

When R is a hypersurface it follows from (I)) that there are natural isomor-
phisms

Extn(M,N) = Exty (M, N)

for all n € Z. For complete intersections of higher codimension the stable Ext-
modules are not necessarily two-periodic in this sense. They are, however, given as
the sheaf cohomology modules of certain sheaves on Y that do satisfy a “twisted”
periodicity, as we now explain. For finitely generated R-modules M and N, let
M = B*(M) and N = B,m*(N), where 7 : P§; " — Spec(R) is the canonical
projection and S : IP";{l — Y is the evident closed immersion. (Here, we identify

M and N with coherent sheaves on Spec(R) as usual.) We show in Section Bl (see
Corollary B9 and Proposition BI1]) that for n >> 0 there are natural isomorphisms

Extp (M, N) 2= D(Y, Extl, (M, N)),
Ext, (M, N)(1) =2 Extpt? (M, N),
where Extg, (M, N) denotes the coherent sheaf satisfying
Extey, (M,N), = Ext’éx’x(/\/lm,./\/’m).

Combining these, there is an integer m > 0 and isomorphisms
2k
(

(1.2)

Exty (M, N)2TI(Y,Exts (M,N)(k)) forall k> 0,

(13) ——m-+2k+1

Extp (M, N) = DY, ExtB (M, N) (k) for all k > 0.
In other words, the even (respectively, odd) Ext-modules of M and N are given (in
high enough degrees) by the graded components of the graded Q[T1, . .., T.]-module
associated to the coherent Oy-sheaf Ext® (M, N) (respectively, ExtgH (M, N)).
If ¢ =1, then Y = Spec R and L is the trivial bundle, recovering the two-periodicity
for hypersurfaces.
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The isomorphisms (3] show that in high degrees there are natural maps of
degree two on the stable Ext-modules, given by multiplication by the variables
Ti,...,T.. On the other hand, it is well known that

Exty(M,N) = @) Exth(M, N)
n>0

is a graded module over the polynomial ring R[x1,..., X (which is graded by
setting |x;| = 2), where the action of the y;’s is induced by the Eisenbud operators
[15].
Theorem shows that these two families of operators coincide under the iso-
—n
morphisms Ext (M, N) = Ext’y (M, N), for n > 0:

Theorem 2. Let M and N be finitely generated R-modules. For n > 0 and
i=1,...,c there is an equality:

7 —n—+2
Xi =T, : Extp(M,N) — Exty (M, N).

The statement of this theorem and its consequences occupy Section Bl The
(surprisingly delicate) proof makes up Section [

As outlined above, the equivalence (L)) was first proved using the fact that the
minimal free resolution of a module over a local hypersurface is eventually given
by a matrix factorization. In Section Bl we go in the opposite direction and use the
equivalence ¥ to show:

Theorem 3. Let M be a finitely generated R-module and E = (&, — & — &1(1))
a matriz factorization of (Péﬁl, O1),W) such that

U(E) = M € Dy(R).

There is an integer n, that depends on E, such that the n-th syzygy of M has a free
resolution constructed from the sheaf cohomology of twists of €1 and &.

See Theorem [B.2] for a precise description of this resolution. In Section [l we show
how to construct a matrix factorization E,; such that W(Ey,;) & M, using a finite
resolution of M over @) and a system of higher homotopies, as in [I5, §7]. Using
this explicit construction we also show that one may describe Deg(R) using graded
matrix factorizations of W over the ring Q[T1, ..., T.].

When R is local, Avramov and Buchweitz in [4] use the action of R[x1,-- ., Xc]
on Exty (M, N) to define the notion of a support variety. Given finitely generated
R-modules M and N, their support variety is a closed subset of A}, which we write
as

Vé(M, N)AB C A§ = Speck[x1,. .., X,

where k is the residue field of R.
For R = Q/(f) a (not necessarily local) complete intersection, we define the
stable support set of a pair of R-modules M and N to be

VCS(M7 N) := supp Exty (M, N) C P$; L.

After establishing various formal properties of matrix factorizations in Section [1]
which we will use, in Section [§ we show the properties of stable support sets listed
in the theorem below. These generalize the properties of support varieties proven
in [4]; see also [9, 5.1].
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Theorem 4. For finitely generated R-modules M, N, M', and N', we have:

(1) VCS(M N)AB s the cone of the closed fiber of VCS(M N) when R is local;
(2) V&(M,N) =0 if and only if Exti(M,N) =0 for all n.>> 0;
(3) V, (M N)QVQ(M’ N') = VE(M,N)NVE(M',N); and

Moreover, it follows almost immediately from the definition that
Vo(M,N) = Vi (QR(M), N) = VG (M, Q(N))

for any n € Z, where Q% (M) is an n-th syzygy of M. (If n < 0, then Q%(M) is

defined if and only if there is a long exact sequence 0 - M — Py 3.5 P_,
with P; projective. In this case Q}(M) = P_,/0(P-n+1)-)

One can check that stable support sets are contained in the singular locus of Y,
which is a subset of P‘j{l; see Lemma Thus the following result shows that
every “conceivable” subset of IP"}}_I is the stable support set of an R-module. This
answers in the affirmative a question suggested to us by Avramov, and it generalizes
[10] and [5]; see also [32], 7.11].

Theorem 5. For every closed subset C' of the singular locus of
Y = PI'Oj (Q[Th s 7TC]/(W)) ’
there exists an R-module M with C = VQf (M, M).

This theorem is proved in Section 8l Also in that section we show how notions
of support for modules and complexes over complete intersections defined in [8}[32]
relate to stable support.

The paper also contains two appendices: Appendix [A] gives the generalization
of Orlov’s Theorem described above and Appendix [Bl shows that if a module M
has a complete resolution in the sense of [34], then this resolution may be used
to compute the stable Ext-modules as defined above. This is well known in the
Gorenstein case (see [I1]), but we could not find the result in the literature in the
generality that we need here.

As alluded to above, we have endeavored to state and prove the results in this
paper in a more general setting than discussed in this introduction. In particular,
we do not typically assume @ is a regular ring, but instead assume that M (and
occasionally N) has finite projective dimension over (). This leads to somewhat
more complicated statements than those listed in this introduction. To counteract
this, we have also sought to include explicitly the “simple case” in which Q is
regular, so that the reader who is only interested in this case can find the results
in a more pleasing and easy-to-understand format.

2. MATRIX FACTORIZATIONS OF LOCALLY FREE SHEAVES
AND ORLOV’S THEOREM

In this section, we summarize relevant results from our previous paper [13] on
matrix factorizations of locally free sheaves and then show how a theorem of Orlov
[26] relates these to affine complete intersections.
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2.1. Matrix factorizations of locally free sheaves. Throughout X will denote
a Noetherian separated scheme and £ a line bundle on X. To simplify notation, even
if £ is not very ample, for a quasi-coherent sheaf G (or a complex of such) on X and
integer n, we will write G(n) for G ®o, L®", where L& := Homp, (L®", Ox)
for n > 1. (Here, and elsewhere, Hom denotes the sheaf-Hom.) In particular,
O(1) = L. Similarly, if f is a morphism of (complexes of) quasi-coherent sheaves,
then f(1) = f ®1dg.

Definition 2.1. Let W be a global section of £. A matriz factorization E =
(&1 5 & =5 &1(1)) of the triple (X, L, W) consists of a pair of locally free co-
herent sheaves &1,&y on X and morphisms e; : & — & and ¢ : & — &1(1) such
that eg o e; and e1(1) o ¢y are multiplication by W. A strict morphism of matrix
factorizations from (&1 — & — &1(1)) to (F1 — Fo — Fi(1)) is a pair of maps
& — Fo,E1 — F; causing the evident squares to commute. Matrix factorizations
and strict morphisms of such form a category which we write M F(X, L, W) or just
MF for short.

The previous definition first appeared in [28]. The category MF(X,L, W) is
made into an exact category in the sense of Quillen [30] by declaring a sequence of
strict maps to be exact if it is so in both degrees.

Definition 2.2. A twisted periodic complex of locally free coherent sheaves for
(X, L) is a chain complex C of locally free coherent sheaves on X together with a
specified isomorphism « : C[2] = C(1), where we use the convention that C[2] =
C*t2. The category TPC(X, L) has twisted periodic complexes as objects, and a
morphism is a chain map that commutes with the isomorphisms in the evident
sense. There is an equivalence

TPC(X, L) = MF(X, L,0)

a"tod

given by sending (C, ) to C~1 % €0 224 c=1(1).
The motivating example of a twisted periodic complex is the following;:

Definition 2.3. Let E = (& <5 & <% &(1)) and F = (5 25 7 2% £7(1)
be matrix factorizations of (X, £, W). We define the mapping complex of E and F,
written Hompyr (E,F), to be the following twisted periodic complex of locally free

sheaves:
(1) Hom(Ey, F1) - Hom(Ey, Fo) 40 ( Hom(Eo, F1) ) o1(1)
L — @ —_— @ — (&) 1) —— ...
Hom(é‘l,fo(—l)) Hom(é’l,fl) Hom(é’l,fo(—l))

Here Hom(&y, Fo) @ Hom(Er, F1) lies in degree 0, and the differentials are given

by
51— (fl): —63} 4 o= {(fo*)* €0 ] ,
|: —e; (fo)* an €1 (fl)*
using the canonical isomorphisms
Hom(&;, F;(1)) = Hom(&;, F;) (1) = Hom(E;(—1), F;)
and
Hom(Ey, Fi) Hom(Ey, F1(1))
@ (1) = &)
Hom(gl, ]:0(—1)) ’Hom(é’l, .7:0)
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One checks that 9% 0 971 and 971(1) 0 8° are both zero, and hence Homyr (E, F)
is in fact a twisted periodic complex.

Note that there is an isomorphism
Hom (B, F) = Z°(T(X, Homyr (E, F))),

where T'(X, Homyr(E,F)) is the complex of abelian groups obtained by applying
the global sections functor degree-wise to Homyr (E,F), and Z° denotes the cycles
in degree zero.

Following [241[28] we define the homotopy category associated to M F (X, L, W),
written [MF(X,L,W)] or just [MF], as follows. First, one defines the “naive
homotopy category”, written [M Flpaive, to have Hom-sets

Hom|y/ ), ... (B, F) = H* (I' (X, Homyr (E, F))) .

nave (
Thus “homotopic” morphisms in M F' are identified. The category [M Flnaive 18
triangulated with shift functor and triangles as given in e.g. [I3 2.5]. An object E
of [M Flnaive is locally contractible if for each x € X the evident localization at z,
written E,, is isomorphic to zero in

[MF(SpeC OX,ac; ‘Cz; Wm)}naivc-

The set of such objects forms a thick subcategory. The homotopy category [M F
is the Verdier quotient

[MF(X,,C,W)] _ [MF(XVC’ W)]naiv? )
locally contractible objects
We developed in [13] a more explicit description of the Hom-sets of [M F| when
X is projective over a Noetherian ring. Recall that a scheme X is projective over
a ring () if there is a closed embedding j : X < Pf for some m > 0. In this case,
we say that Ox (1) := j*Opg(l) is the corresponding very ample line bundle on X.
To describe the construction, we first make a fixed choice of a finite affine open
cover U = {Uy,...,Up,} of X, and for any quasi-coherent sheaf F on X, let T'(U, F)
denote the usual Cech construction. Since X is separated, the cohomology of the
complex I'(U, F) gives the sheaf cohomology of F. We define I'(U/, Homyr (E, F))
to be the total complex associated to the bicomplex

0 — P T (Ui, Homyr (B, F)) = @ T (Ui N Ui, Homyr (B, F)) = - -,
i i<j

given by applying the Cech construction degree-wise. If G is another matrix fac-

torization, there is an evident morphism of chain complexes

(24) F(L{, Homyp (E, IF)) ® F(Z/{, Homyp (F, G)) — F(L{, Homyip (E, G))

which is associative and unital.
We set
Hq (X, HomMF (E, ]F)) = Hq (F(L{, ’H,omMF (E, F)))

and define the category [MF (X, L, W)]x to have the same objects as M F(X, L, W)
with morphisms

Homys ), (B, F) := H(X, Homyp (E, F)).
The composition maps in this category are the maps in homology induced by ([24)).
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There is a functor [M Fpaive — [M Fy that is the identity on objects. The maps
on morphisms are given by the canonical maps

H® (T (X, Homyr (E, F))) — H° (X, Homyp (E, F)).
This functor induces a functor [M F| — [M Flg by [13| 3.6].

Theorem 2.5 ([13, Theorem 4.2]). Let X be a scheme that is projective over a
Noetherian ring Q and L = Ox (1) be the corresponding very ample line bundle on
X. For any global section W of L, the functor

[MF(X,L,W)] = [MF(X,L,W)lx
is an equivalence.

The category [MF (X, L, W)y is similar to and inspired by Shipman’s category
of matrix factorizations defined in [3I]. In the rest of the paper X will always be
assumed projective over an affine scheme and we write [M F] for [M Fy.

2.2. Singularity category. The singularity category of a scheme Z is the Verdier
quotient
De(Z) := DP(Z)/ Perf(Z),
where DP(Z) is the bounded derived category of coherent sheaves on Z and Perf(Z)
is the full subcategory consisting of perfect complexes — i.e., those complexes that
are locally quasi-isomorphic to bounded complexes of free modules of finite rank.
This construction was introduced by Buchweitz [II] in the case when Z is affine
and rediscovered by Orlov [25].
We need the following generalization:

Definition 2.6. Let i : Z — X be a closed immersion of finite flat dimension.
An object F in DP(Z) is relatively perfect on Z if i,F is perfect on X. We write
RPerf(Z — X) for the full subcategory of D?(Z) whose objects are relatively perfect
on X.

Since ¢ has finite flat dimension, Perf(Z) is a thick subcategory of
RPerf(Z — X). We define the relative singularity category of i to be the Verdier

quotient

RPerf(Z — X)
DN(Z — X) 1= ——~— "~/
(2= X) Perf(2)

The canonical functor

Di/(Z < X) = Dgg(2)
is fully faithful and we thus identify D (Z < X) with a full subcategory of Dgg(Z).
(A different definition of “relative singularity category” is given by Positselski in

[29]. There is a fully faithful functor from the version given here to Positselski’s
version, but in general the two need not coincide; see [13], 6.9].)

If X =SpecQ is affine, so that Z=Spec R where R=Q/I, we write D;Z'(Q—»R)
for D;;'(SpecR — Spec Q). In this case, a finitely generated R-module M is in
D;Z'(Q — R) if and only if it has finite projective dimension as a @-module.

Recall that £ is a line bundle on X and W is a global section of £. We now set
Z < X to be the zero subscheme of W (i.e., the subscheme with ideal sheaf given
as the image of the map W* : L* — Ox).

For an object E = (& =% & <% £1(1)) of MF(X, L, W), we define the cokernel
of E, written coker(E), to be coker(e;). Multiplication by W on coker(e;) is zero,
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and so we regard coker E as a coherent sheaf on Z. When W is a regular, i.e. the
map Ox W, Lis injective, there is a finite resolution of 4, coker(E) on X by locally
free sheaves:

0— & 5 & — iy coker(E) — 0,
and hence i, coker(E) is perfect on X. Thus the image of coker(E) in Dg(Z) is
in DE(Z < X). This assignment is clearly natural and by [28, 3.12] there is an
induced triangulated functor

coker : [MF(X,L,W)] = D/(Z < X),
E — coker(E).

The following was first proved by Polishchuk and Vaintrob in the case when X
is regular, see [28] 3.14], and there are analogues in [22]24|29]. The version below
is [13, 6.3].

Theorem 2.7. Let X be a scheme that is projective over a Noetherian ring of finite
Krull dimension, L = Ox(1) be the corresponding very ample line bundle, and W
be a regular global section of L. Define i : Z — X to be the zero subscheme of W.
Then the triangulated functor

coker : [MF(X,L,W)] = DE/(Z < X)

is an equivalence. In particular, if X is regular, there is an equivalence of triangu-
lated categories

o

coker : [MF(X,L,W)]—Ds(2).

Corollary 2.8. Let X, Z and i be as in Theorem 21 If M is any object of
D;g'(Z — X), then there is a coherent sheaf F on Z and an isomorphism M = F

in the category DI(Z — X). In fact, F may be chosen so that i.(F) admits a
resolution of length one by locally free coherent sheaves on X.

Proof. Let E be the image of M under some inverse of coker. Then M 2 coker E,
and coker E is a coherent sheaf that admits a resolution of length one by locally
free coherent sheaves. O

2.3. Orlov’s Theorem. We now fix ) to be a commutative Noetherian ring of
finite Krull dimension, f = (f1,..., f.) a Q-regular sequence, and R = Q/(f). Set

]P’z;1 = Proj (Q[T1,...,T.]) and P%'=Proj(R[Ty,...,T.]),
where each T; has degree 1. Define W = fiTy +...+ f1. € F(P‘é‘l, OP;—I(I)) and
Y =Proj (Q[T},...,T.]/W) — P§ .

The natural surjection @ — R induces an inclusion § : P! — ]P’CQ_I. This is
locally a complete intersection of codimension ¢ — 1 and factors through the map
v:Y — szl. We have a commutative diagram of schemes

)
/_\
(2.9) P;Il—%g y Pyt

Spec R Spec @
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where the vertical arrows are the canonical proper maps and each horizontal arrow
is locally a complete intersection and thus has finite flat dimension. Since ( is a
finite map, there is a right adjoint to f., see [I8, II1.6], which we write as 3° :
Db(Y) — DP(PS; ).

The following was proved by Orlov in [26] Theorem 2.1] under the added as-
sumption that @ is regular and equicharacteristic, i.e. contains a field. A proof of
the version below may be found in the appendix; see Theorem [A4l

Theorem 2.10. The functor R, 3° : D*(Y) — DP(R) induces an equivalence of
triangulated categories
o :DE (Y c PG H)—Dg(Q — R).
In particular, if Q is reqular, we have an equivalence
P : Dg(Y) = Dgg(R).

Proof. In the notation of Theorem [A4] let S = Spec @, let £ be a free Q-module
of rank ¢, and let s = (f1,..., f.) € (S, &) = Q°. ]

As an immediate consequence of Theorems 2.7 and 2.10] we have:
Corollary 2.11. There is an equivalence of triangulated categories
U = ® o coker : [MF (PG, 0(1), W)]-=DE(Q — R)
such that
U(E) = R, 8’ coker E € Dgg (R).

In particular, if Q is reqular, we have an equivalence of triangulated categories
U [MF(Pg ™, O(1),W)]-=Dsg(R).

The inverse equivalence DIE(Q — R) — DIE(Y C ]P’gl) is induced by the functor

Rp. o L* = B, o7*, but the inverse of coker : [MF]iD;eg'(Y C IP’Z{l) requires
making choices, and hence so does an inverse equivalence to ¥. We fix one such
inverse equivalence ¥~ : DE(Q — R) — [MF], and for M € DE(Q — R) we
write Eps € [MF] for U=1(M). Recall that specifying the inverse ! amounts to

picking, for each object M of D;;'(Q — R), a matrix factorization Ej; together with

an isomorphism ¥(E M)i)M in DE(Q — R). In Section B we give one explicit
way of constructing E,; using a system of higher homotopies on a Q-free resolution
of M.

Definition 2.12. Let A be any commutative Noetherian ring and let M and N
be complexes of A-modules with bounded finitely generated homology. For g € Z,
the g-th stable Ext-module of M and N is

—q
Ext,(M,N) := HomDSg(A)(M7 Nq]).

The definition above first appeared in [I1] where the ring A was assumed to be
Gorenstein. We show in Appendix [B] that, as in [11], the stable Ext-modules may
be computed using a complete resolution of M when such a resolution exists.

Note that for all ¢ € Z there is a natural map

(2.13) Ext? (M, N) — Exty (M, N),
induced by the triangulated functor D?(A) — Dgg(A).
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The next result follows immediately from Corollary 2111 and the definition of
morphisms in [MF).

Corollary 2.14. Let M and N be objects of D;Z'(Q — R). For all ¢ € Z there is
an isomorphism, natural in M and N,

Extp(M, N) = HY(PS L, Homyr (Ear, Ex)).

In particular, if Q is reqular, such an isomorphism holds for all finitely generated
R-modules.

Fix an object E = (& 5 & <% &(1)) of MF(IP’Z;l, O(1),W). We write v*E
for the following complex of locally free coherent sheaves on Y:
(2.15)

" *eo(—1 % *e « *e % *eq(1 «
oy Eg(—1) T, ey T yrgy T e (1) T, yeg(1) o

where v : Y — ]P’CQ_l is the natural inclusion. This is a complex since multiplication
by W is the zero map on Y.

The following result is an analogue of Corollary 2.14] which relaxes the assump-
tion that N is perfect over Q.

Proposition 2.16. Let M be an object in D;Z'(Q — R) and let N be any object
in Deg(R). Set N to be the image of S.m*N in Deg(Y). For all ¢ € Z there are
isomorphisms that are natural in both arguments:

——q
Extp(M, N) = Homp,_ (r)(V(En), N(q])
(2.17) = Homp,(y)(coker Epr, Ng])
=~ H (Y, HOIHOY (’y*]EM,N)) .
Proof. By definition W(Ey;) = R, 3° coker(Epr) = M in Dgg(R). This gives the

first isomorphism in (2.I7).

The functor S,7* induces an equivalence Dgz'(Q —- R) — D;eg'(Y — X). This is

an inverse to R, 3%, so the natural map 3, 7*R,3” coker(Ey;) — coker(Ejy) is an
isomorphism in De(Y"). This gives
Homyp, () (¥(Ens)[—g], N) = Homp, (g, (R 3" coker(Ep)[—g], N)
= HomDsg(y)(ﬂ*w*Rw*Bb coker(Eps)[—q], N)
= Homp,(y)(coker(Exs)[—q], NV),

which is the second isomorphism in (ZI7). The third isomorphism is due to [13]
5.10]. O

3. EISENBUD OPERATORS

We remain under the assumptions of §2.31 For each matrix factorization E and
any ¢ = 1,..., ¢, multiplication by T; € F(IPCQ_I, (’)%71 (1)) defines a map

TE :E — E[2]
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given by
(3.1) & &o &(1)

51(1) E—— 50(1) EE—— 51(2)
These maps determine natural transformations
nZd[MF]_)(_)[Q][MF] for izl,...,C

from the identity functor on [M F| to the functor which sends E to E[2].

On the other hand, there is a family of natural transformations t; : idps(p)y —
(—=)[2]ps(ry, for i =1,... ¢, given by the Eisenbud operators [I5]; the construction
of these maps is recalled in §4.1] below. These descend to natural transformations

t; : istg(R) — (_)[2]D55(R) for = 1,...,c
One expects that these two natural transformations coincide via the equivalence
U : [MF]—DE(Q — R)
of Corollary 211l and this is precisely the content of the following theorem.

Theorem 3.2. For each object E of [MF) there is a commutative diagram in
DSg(R))

M wep)

¥ (E) l_
ti\

V(E)[2]

U(E)

where the vertical map is the canonical isomorphism associated to the triangulated
functor V.

Our proof of this theorem requires the development of additional machinery, and
is contained in Section @l In this section we explore several consequences of the
theorem. The first is the following:

Corollary 3.3. Let M and N be objects of D' (Q — R). The diagram

Sg

HO(PS, Homyr (Ear[—q), En)) Extr(M, N)

T,il lﬁx\t;(ti,N)

o g2
HO (B, Homrr (Enr[—q — 2], Ey)) — = Exty, (M, N)
commutes for i = 1,..., ¢, where the horizontal isomorphisms are given by Corol-

lary 214, the left vertical map is HO(]P’(C;;l, T;), where T; is multiplication by T; €
F(IPEQ_I, O(1)) on the complex of coherent sheaves Hommr (Enr[—q|, En), composed
with the natural isomorphism

Homyr (Err[—q], En)(1) = Hommr (En[—q], En)[2] = Hommr (En[—q — 2], En),

and t; is the i-th Fisenbud operator.
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Proof. Let T; : E[—q — 2] — E[—¢] be the map defined in (BI]). Consider the
diagram

Homps ) (B [—a], En) ——— HO(PG !, Hommp (B [—a], En)) ——— Homp, (g (M[—d], N)
Hq(mélvﬂomMF(TivEN))l HO‘“DSE(R)(%‘AN)\L
Hom(prp) (Ens[—q — 2], En) —> HO (PG, Hommr (En[—q — 2], En)) ——> Homp, () (M[—q — 2], N)

where the horizontal maps are induced by the functor ¥. The diagram commutes
by Theorem One checks that the middle vertical map above is equal to the left
vertical map in the statement of the corollary. O

We wish to extend the previous result by dropping the assumption that N is
perfect over ). This is best stated using a “stable Ext sheaf” introduced below.
With an eye toward future applications, we work at a level of greater generality
than needed presently.

3.1. Stable Ext sheaf. Let X be a scheme that is projective over a Noetherian
ring A of finite Krull dimension, £ = O(1) the associated very ample line bundle,
and W a regular global section of £. Let 7 : Z — X be the embedding of the zero
subscheme of W. Under these assumptions, by Theorem 2.7 there is an equivalence

coker : [MF(X, £, W)] = DI¥(Z — X).

We fix an inverse equivalence of coker, and for M in DQZ' (Z — X) we let E g denote
the image of M under this inverse.

Definition 3.4. Let X, £, W, and Z be as above. For M in DI¥/(Z — X), N a
bounded complex of coherent sheaves on Z, and an integer g € Z, define

gx\téz (M, N) = HHomo, (v Em, N),
where 7*E 4 is the complex of locally free coherent sheaves on Z defined in (215).

Remark 3.5. If N is also in DI(Z < X)), then by [13, 5.2.3] there is an isomor-
phism v, Home, (V*Er, N) = Homyp(Ear, Ex). Thus for each g € Z there is an
isomorphism

'y*a((lgz (M,J\/) = qu HOIIIMF(EM,EN).

Remark 3.6. When Z = Spec A is affine, the definition above agrees with the previ-
ous definition of stable Ext given in Definition 2121 by Example[B.5land Lemmal[B.6l

Lemma 3.7. The rule (M,N) — Home,(V*Exp,N) defines a functor from
DE(Z — X)° x D®(Z) to D(coh Z), the unbounded derived category of coh Z.

In particular, E}Réz(—, —) is a functor from DE(Z — X)°P x D*(Z) to coh Z.
Proof. Recall D(coh Z) may be defined as the category of complexes of coherent
sheaves, C(coh Z), with quasi-isomorphisms inverted. Then DP(Z) is the full sub-
category of D(coh Z) with objects those complexes with bounded cohomology. For
any fixed matrix factorization E, we have a functor from C?(Z) to C(coh Z) given
by
N — HOHIOZ (W*EM,N).

Since each component of v*E,; is locally free and A is bounded, this functor
preserves quasi-isomorphisms and hence induces a functor from D°(Z) to D(Z).
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Since the construction is natural for strict morphisms of matrix factorizations, we
obtain a functor from M F(X, L, W)°P x D®(Z) to D(coh Z).
If E — F is locally a homotopy equivalence, then so are v*E — +*F and

Hom(’)z (V*EMV/\/) — Hom(’)z ('Y*]EM,N);

and hence the latter is a quasi-isomorphism. It follows that we get an induced
functor

[MF(X,L,W)]°P x D*(Z) — D(coh Z2).
Precomposing with the chosen inverse of coker gives the result. (]
Proposition 3.8. Let X, L, W, and Z be as above. Also, let M be an object of

DE(Z — X) and N be an object of D®(Z). For ally € Z and q € Z there are
isomorphisms

— —q+2
Exte, (M, N) = Exte (M, N)(=1) and
= =
Exto, (M, N)y = Extp,  (My, Ny),
that are natural in M and N. For all q, there is a map
Homp,(7)(M[—q], ') = HY(Z, Homo,, (v'Ea, N)) = D(Z, Exte,, (M, N)),
that is natural in M and N'. This map is an isomorphism when q > 0.

Proof. The first isomorphism is due to the fact that Home, (v*Eaq, N) is a twisted
periodic complex; see Definition

For the second isomorphism, we are in the context of Example [B.5] which shows
that there is a complete resolution T' — P — M, with T' = v*(Eq),. It follows

from Lemma [B.G] that T can be used to compute E/)-X\t(')z‘y (M, N,) and we have
ord ~ *
EXtOz,y (My,Ny) = H? (Homoz‘y (7 (]EM)yvNy))
= H! (Homo, (v (Erm), N))
= Exto, (M, N),.

The last map in the statement of the proposition is an edge map in the spectral
sequence

Y

EPT = HP(Z,Exter, (M, N)) = HP*9(Z, Homo,, (v* B, N)).
By the first isomorphism and the fact that £ is very ample, we obtain
HP(Z,Exte, (M, N)) =0

if p > 0 and ¢ > 0 by Serre’s Vanishing Theorem, and hence the map is an
isomorphism for ¢ > 0. |

The following is the sought-after generalization of Corollary 3.3 which drops the
requirement that N be perfect over (). We return to the context and notation of

2.3

Corollary 3.9. Let M be an object of DI (Q — R) and let N be an object of Dg(R).
Let M and N be the images of B.m*M and B.m*N, respectively, in Dsg(Y'). For

all g € Z there is a natural map

(3.10) Exty(M, N) = D(Y, Exto, (M, N))
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that makes the following diagram commute:

Ext (M, N) (Y, Exte, (M, N))
liﬁ‘;(ti,zv) F(Y,Ti)l

Exty (M, N) — T(Y, Extor (M, N)) ——= T (Y, Extey, (M, N)(1)).

Here T; is multiplication by T; € T'(Y, Oy (1)) on the coherent sheaf E}ngy (M, N),
the isomorphism on the lower-right is from Proposition[3.8], and t; is the i-th Eisen-
bud operator. Moreover, for g > 0, the horizontal maps in this diagram are iso-
morphisms.

Proof. By Proposition we have the following string of isomorphisms:
Homp_ (ry(M[—q], N) = Homp_ gy (¥ (Ear)[—q], N) =N HY(Y, Home, (v*Epr, N)).

By Theorem and the naturality of the maps in Proposition 2.16] the following
diagram is commutative:

Hormp,g () (M[—a], N) ——— Homp, () (¥ (Enr)[—al, N) — = > HI(Y, Homoy, (v*Ear, V)
lHO'“DSg(R)(%»N) lHomDsg(R)(‘I’(TiE)vN) lrﬂ‘l(x?{omoy (v TENY)
Homp,, (r)(M[—q — 2], N) —> Homp,, (g (¥(Ear[—2D)[—al, N) —>= HU (Y, Homoy, (v"Enm[-2], ).
Now by Proposition 3.8 we have a natural map
HY (Y, Homo,, (Y Ep,N)) = T (Y, gx\téy (coker(IEM),N)) ,

noting that Ecoker(z,,) = Ear. This gives a commutative diagram

H (K HomOY (V*EMaN))

r (Y, E}Rqoy (coker(EM),N))
‘(HQ(Y,Hom@Y (v*TE,NY)) lF(Y,gRq(coker(TiE),N))
HI (Y, Homo, (v'Ear[-2], M) —2= T (¥, Exto, (coker(Ear)[-2],N))

One checks that the following diagram commutes:

r (Y, g}?ﬁéy (coker(EM),N)) r (Y, gX\t?QY (coker(]EM),N))
\LF(Y,é{x\tq(cokcr(Tf‘),N)) lF(Y’Ti)

r (Y, Exte, (coker(EM)[—2],N)) — T (Y, Exty, (coker(Er), N) (1))

1R

where the isomorphism
r (Y Exto, (coker(EM)[—2],N)) =N (Y, Exty, (coker(Eyr), N) (1))

is from Lemma B8 and T; is multiplication by T; € T'(Y,O(1)) on the coherent
sheaf Ext((lgy (coker(Eps), N).
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Finally, we claim that there is a natural isomorphism M 2 coker(E,;) in
D;;'(Y C Pzg_l). Indeed, since W(Ey;) := Rr,.3° coker(Eps) = M in D;;'(Q — R),
we have that

R, LR, 3’ coker(Ey) 2 RALr*M = M € DE(Y — PG ).

Since RA.L7* induces an equivalence DI(Q — R) — DIE(Y — ]P’E{l) that is
inverse to R,°, the natural map RB,Lr* R, 3° coker(Ey;) — coker(Eyy) is an

isomorphism in D;;'(Y — IP’CQ_l). Thus there exists a functorial isomorphism

M := RS, L7*M =N coker(Epy).

By the claim, there is a natural isomorphism S/)R((Igy(coker(EM) JN)= S/)R?gy (M, N).
Piecing together the commutative squares and the isomorphism M 2 coker E
gives the commutative diagram in the statement of the corollary.
That the horizontal morphisms are isomorphisms for ¢ > 0 follows from Propo-

sition B8] O

We return again to the more general context that X is a Noetherian scheme that
is projective over an affine scheme, L is the corresponding very ample line bundle,
W is a regular global section of £, and v : Z — X is the zero subscheme of W.
Recall that Sxtg/)z (M, N) denotes the quasi-coherent sheaf satisfying

Ext, (M, N), = Extl, (M., Nz)
for all z € Z.
Proposition 3.11. For each q € Z, there is a natural transformation
ng : Extl, (=, —) = Exto, (can(—), —),
of functors from RPerf(Z < X)°P x DP(Z) to coh Z, where
can : RPerf(Z — X) — RPerf(Z — X)/Perf Z = D;Z'(Z — X)

is the localization functor. For all y € Z, the induced map on stalks

Extd, (My,N,) = Extd, (M, N), — Exte, (M,N), = E\mgzvywy,/vy)

Y

is the map (ZI3). Moreover, for fited M € RPerf(Z < X) and N € D(Z), there
exists qo > 0 such that ng is an isomorphism for all ¢ > qo.

Remark 3.12. Corollary B9l and Proposition BIT] establish (I2)) and (I3]) from the
introduction.

In the case of an affine scheme, say Z = Spec A and M = M for an A-module

M, one may compute E/DE*A(M, —) using a complete resolution 7' — P — M by
Lemma [B.6l In this case the map T' — P induces the natural transformation
Ext® (M, —) — Ext 4 (M, —).

In the more general case, 7*[E represents, in some sense, the T in a complete
resolution of M in Dgg'(Z — X). However there is not necessarily a locally free
resolution P of M and a comparison map y*Exs — P. Thus to define the natural
transformation in Proposition B.11] requires more work than in the affine case. Our
approach is to construct a global version of the Eisenbud operators.
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We begin by proving that given a complex M = (--- = M1 = M; = ---) of
coherent sheaves on Z that is bounded to the right (i.e., M; =0 for j < 0), there
exists a sequence of maps of locally free coherent sheaves on X,

d; d;
£ = ..._>gj+1J_“>gj_J>gj71_>...7

and maps g; : & — 7.M; of coherent sheaves on X, for all j, such that the
following conditions hold: (1) & =0 for j < 0, (2) the square

(313) Sj —>£j71

L

YaMj —— 1 M1

commutes for all j, (3) the sequence v*(&) is a complex, and (4) the map v*(€) —
M of complexes given by the adjoints of the g;’s is a quasi-isomorphism. Note that
€ itself need not be complex.

It suffices to construct such sheaves and maps of sheaves so that (1) — (3) and
the following condition hold: (4’) the canonical map from v*&; to the pullback of

(3.14) Y€1

|

M]‘ —— Mj_l

is surjective for all j. Indeed, an easy diagram chase shows that, so long as v*€ is
a complex, condition (4’) implies that v*€ — M is a quasi-isomorphism.

We give a recursive construction of &£;, d; and g;. Since M; = 0 for j < 0,
there is no problem starting the construction. Suppose &;, d;, and g; have been
constructed for all j < n so that (BI3) commutes, the composition of v*&; —
v*Ej—1 — v*Ej—2 is the zero map, and the map from v*&; to the pullback of
BI4) is surjective, for all j < n. Observe also that these conditions ensure that
v*E; = M; is surjective for all j < n, since M; =0 for j < 0.

Now define F,, 11 to be the coherent sheaf fitting into the pullback square

]:nJrl —— 7*571

L

Myt ——= M,
Then we can construct a locally free coherent sheaf £, 11 and maps so that

dny1
57L+1 — > 5n

i icanonical

’Y*FnJrl — 7*7*€n

commutes and the left vertical map is surjective, by choosing &,,+1 to be a locally
free coherent sheaf mapping onto the pullback of the other three components of
this square. Define g¢,4; as the composition &,+1 = VFnt1 = VMps1. One
may readily verify that the above conditions are now satisfied for all j < n + 1,
completing the recursive construction.
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Tensoring the exact sequence 0 — £~! — Ox — 7,0z — 0 with any locally
free coherent sheaf G on X gives an exact sequence

0=2GRL =G —vyG—0.

It follows that for every j, the composite map

(‘:j — gj_g
factors through a uniquely determined map

Ej : gj — gj_g ® £
Let t; = v*(f;). By localizing and using the results of [15, Section 1], we see that
the collection t; determines a map of chain complexes
tiy (€) >y (€ LT[-2.

Lemma 3.15. For a complex M on Z with bounded coherent cohomology, choose
E and define t : v*(€) — v (€ @ L71)[—2] as above. Then t induces a natural
transformation of functors from coh Z to coh Z,

X?X,C,W) L Exty (M, —)(1) — Ext(gj(./\/l, -).

Moreover, this map is natural in M and it is the unique map such that, for all
y € Z, the induced map on stalks at y,

Extd, | (My,N,) @ (I/1%) = Bxtb2 (M,N),

is the Eisenbud operator arising from the surjection Ox y — Oz, with kernel I. In
particular, it is independent of the choice of &..

Remark 3.16. We have the exact sequence 0 — £~ — Ox — 7.0z — 0, and
hence the stalk of £~! at y is identified with I and the stalk of v*£~1 is identified
with /12
Now, I/I? is a free Oz, -module of rank 1, and picking a generator f of the
principal ideal I determines a basis of I/I? and hence yields the more customary
form of the Eisenbud operator for a hypersurface:
Extd, , (My, Ny) = ExtE” (My, Ny).

Y
But, this map depends on the choice of f — any other generator of I has the form

uf for a unit v of Ox ,, and the operator obtained from the choice of uf is given
by @ times the operator arising from f.

Proof. Observe that the uniqueness assertion, once established, will give that the
maps X((IX L) do not depend on the choice of £ and hence they determine a

natural transformation. We use the locally free resolution v*€ of M to compute
Exty (M, N). The chain map t : v*(£) = v*(€ ® L) induces

X{x ey : Exth, (M N)(1) = ExtS 2 (M,N)

for every ¢ > 0. It follows from the construction that, locally, this agrees with the
map constructed by Eisenbud. The naturality and uniqueness assertions may also
be verified locally and thus follow from [I5], Section 1]. |
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Proof of Proposition BI1l Recall that by definition
Exto, (M, N) = H Hom(y Ear, N)

where E 4 denotes the image of M under the fixed inverse of the functor coker. For
7 > 1, there is a natural isomorphism H"Hom(y*Ep, N) = Exty, (coker Epg, N)
since Y*Exq is a locally free resolution of cokerEpq by [I3, 5.2.1]. There is an

isomorphism coker(E() — M in DE(Z C X) that is natural in M. Such an
isomorphism is an equivalence class of diagrams

(3.17) M <+ G — coker(Ep)

in RPerf(Z — X) such that the cones of both morphisms lie in Perf(Z).
For P € Perf(Z) and any N, we have Ext{, (P,N) = 0 for ¢ > 0. It follows
that, given A/, there is an integer rg such that both arrows in

Extly (M,N) =5 Extly (G, N) & Extly (coker(Epq), N)

are isomorphisms for r > rg. This determines a family of isomorphisms

e Extly (M,N) S5 Exto, (M, N),r > 7.

The induced map on the stalk at any point y is given by the usual map from
ordinary to stable Ext-modules by Lemma and Proposition [3.8] This proves,
in particular, that for r > rg, 7, is natural in both arguments and that it is
independent of choices.

Finally, to complete the proof of the proposition, we extend the definition of 7,
to all r by using Lemma [B.I5] defining 7, to be the composition of

Bt (M. 5 B (A0
Nr42N S/X\tng(M,N)(—N) —g—) g)RZQZ (M,N)

for N > 0, where the isomorphism on the right is from Proposition B8 To see
that the definition of 7, is independent of the choice of N > 0 and that the
resulting map is natural, it suffices to localize at an arbitrary point. Locally, these

properties are seen by combining Lemma [3.15] the fact that S/)R:gz (M, N) =N

——r+2N
Sxtg; (M, N)(=N) is, locally, given by the Eisenbud operator, and the fact that

the canonical map from Ext to Ext commutes with the Eisenbud operator. The
latter property is seen to hold by using a complete resolution to compute the stable
Ext modules. (]

3.2. Some additional corollaries. Again we return to the context and notation
of .31 For complexes of R-modules M and N with bounded and finitely generated
cohomology, we define the graded R[T},...,T.] modules:

Exty (M, N) = D Exty' (M, N)
n>0
Extf'‘(M,N) = @ Ext3" (M, N),
n>0

where Ext®'(M,N) and Ext?'™(M,N) lie in degree n and the Tj’s act as
Exty(t;, N) for t; the i-th Eisenbud operator on M.
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When M has finite projective dimension over ), Gulliksen proved in [I7] that
Ext$Y (M, N) and Ext? (M, N) are finitely generated graded modules over the ring
R[Ty,...,T.]. They therefore determine coherent sheaves on IP’?;I, which we write

as Ext$ (M, N) and Ext%“(M, N). Note that while Gulliksen did not use Eisenbud
operators, it was shown in [7] that the action used by Gulliksen coincides, up to
a sign, with the Eisenbud operators, and moreover Gulliksen’s result, which was
originally stated only for modules, was extended to complexes of R-modules with
bounded and finitely generated cohomology.

Corollary 3.18. Let M and N be complexes of R-modules with bounded and finitely
generated cohomology and assume that M is perfect over Q. Set M = B,n*M and
N = B,n*N, where 3 : ]P}C%_l — Y is the canonical inclusion and w : Pf{l — Spec R
is the canonical proper map. For q > 0, there are isomorphisms of coherent sheaves

onY:

Exty (M, N)(—q) = B.Extyy (M, N),

Extog (M, N)(—q) = B,ExtH (M, N).

Proof. For n > 0, we have natural isomorphisms Ext'y (M, N) = @Z(M, N) that
commute with the Eisenbud operators. It thus follows from Corollary and
Proposition [3.11] that, for ¢ > 0, we have isomorphisms
P ExtZ (M, N) = @D HO(Y, ExtZ, (M, N) = @D HO(Y, Ext, (M, ) (n — )
n>q n>q n>q
of graded R[T1,...,T.]-modules. The coherent sheaf on Y associated to the first

—_~—

of these is S.Ext% (M, N), and the coherent sheaf associated to the last of these is
Exty (M,N)(—q).
The proof for the odd degree case is identical. O

Remark 3.19. The results above recover Gulliksen’s theorem on the finiteness
of Extp(M,N) over R[Th,...,Tc]. Indeed, since Ext, (M, N) is coherent, so
is v.Extd (M, N), where v : ¥ — IP’CQ71 is the canonical inclusion. Thus the
Q[T1,...,T.]-module

@HO(PEQ_l,’y*Ext%Y(M,N)(n))

n>0

is finitely generated. Hence so is (Ext% (M, N))>, for ¢ > 0, by Corollary 3.9 and
Proposition BIIl Adding on the finitely generated R-module (Ext% (M, N))<q,
we see that Ext® (M, N) is finitely generated over Q[T1,...,T.]. Finally, since
Ext% (M, N) is annihilated by fi,..., f, it is finitely generated over R[T7,...,T].

Corollary 3.20. Let M and N be complexes of R-modules with bounded and finitely
generated cohomology and assume that M is perfect over Q. Let M = B,n*M and

N = B,n*N. For all n € Z, the support of the Oy-module Eﬁgy (M,N) is
contained in P%ﬁl, and we have equalities

—o0
supp Exte,, (M, N) = supp Ext®’ (M, N),

—1
supp Ext o, (M, N) = supp Ext%(M, N)

of closed subsets of P%ﬁl.
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Proof. For n > 0 we have that g}?cr(;y (M, N) = Exty, (M, N) by Proposition 3111
For ¢ > 0, by Corollary BI8 we have that Extéqy (M, N)(—q) = B.ExtR (M, N)
and Extéq;rl(./\/l,./\/')(—q) >~ B,Ext%¥(M,N). Finally, by Proposition B8

QZIY (M,N)(—q) = EE?QY (M, N), and similarly for the odd case. O

We close with a definition.

Definition 3.21. Let M and N be complexes of R-modules with bounded and
finitely generated cohomology and assume that M is perfect over Q). The stable
support set of (M, N) is the closed subset Vé(M, N) of P$; ! defined as

Vé(M, N) :=supp Ext% (M, N) Usupp Ext%id(M, N).
The stable support set of M is defined to be VQf (M) := Vé(M7 M).

In Section [}l we study this support further and clarify its relation to the notions
of support for R-modules defined previously in [4l[8,[32].

Remark 3.22. By Corollary B:220) there is an equality
—0 —1
V(Dg(M, N) = supp Exto, (M, N) Usupp Exty, (M, N).
If N is also perfect over @, then there is an equality
Vé): (M, N) = supp H% Homyr (E]V[, EN) U supp H2i+1 Homyr (E]V[, EN)

for any ¢ € Z. This follows from Remark and the definition of Hompyp(Ear, Ex)
as a twisted periodic complex which shows that

H 2 Homyp (Eay, Ey) 2 (K Homype (Ear, Ex))(1)
for all ¢ € Z.

Remark 3.23. In fact, there is a containment

supp Exter, (M, M) 2 supp Exte, (M, M).
Indeed, for a local hypersurface ring T', and a finite T-module M, it follows from
[, 4.2] that M has finite projective dimension if and only if ETXT?(M, M) =0,
which implies that E}R;(M, M) =0.

4. PROOF OF THEOREM

In this section we prove Theorem The first step is to associate to a matrix
factorization E an explicit complex of finitely generated projective R-modules that
represents ¥(E) in Dgg(R), where U is the equivalence of Corollary 21T We remain
in the context and under the assumptions of §2.3

For any scheme X, we write C(X) for the category of arbitrary complexes of
quasi-coherent sheaves and C?(X) for the full subcategory consisting of complexes
with bounded and coherent cohomology. If X = Spec R, we write C(R) and C°(R).

Definition 4.1. Set §* to be the additive functor from MF(IP’Z)_I,(’)(l),W) to
CP(P$; 1) that sends an object E = (&1 — & — £1(1)) to

O = (- = 6%&(=2) = 67E1(—1) = 6°Ey(—1) — 0),
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where 6*&y(—1) is located in cohomological degree ¢ — 1. The action on morphisms
is the obvious one. Recall that ¢ : ]Pﬁ{1 — IP’CQfl is the canonical inclusion.

Remark 4.2. The complex §*IE is exact everywhere except on the right (i.e., except
in degree ¢ — 1). Indeed by [13, 5.2.1], v*E is an exact complex of locally free
sheaves, where v : YV — IP’E;I is the canonical inclusion and «*E is defined in
(ZI5). The sheaf M = H°(y*E=’) = coker d).; has an obvious right resolution by
locally free sheaves. Thus since 8 has finite flat dimension, where [ : IP’?{l — Y is
the canonical inclusion, LG* M = * M, i.e. L3* M has cohomology only in a single
degree. Since 7*E=Y is a locally free resolution of M, this translates to the fact
that B*y*E<? = §*E=C only has cohomology in a single degree. The claim follows
immediately.

Recall that g : P‘j{l < Y is the canonical inclusion, and that 8° is the right
adjoint to RfB,. By [I8 IIL.1.5, I11.7.3], the functor 3° sends a complex F to
LB*(F)(=1)[—c+1]. By [13] 5.2.1]

(1) 2 " E(-1) = 0
is a locally free resolution of coker(E)(—1). Thus there is a functorial isomorphism
in Db(IP";%_l):

L3* (coker(E)(—1))[—c + 1] = §°E,

since v o B = §. We thus have a functorial isomorphism
(4.3) §'E =5 B coker E

in the category DP(P%; ).

Let U = (Uy,...,U.) denote the standard affine cover of P$; ' and let P be a
complex of quasi-coherent sheaves on P '. As in Section B T, P) is the total
complex associated to the bicomplex given by applying the Cech construction with
respect to the cover U degree-wise to P. We view this as a functor I'(U,—) :
C*(PS ') — CP(R). There is a natural isomorphism

(4.4) (U, P) = Rrx,P € D*(R).

Combining [@3)) and @) we see that for E a matrix factorization, we have a
natural isomorphism:

R, 3" (coker(E)) = T'(U, 5*E).
Since R, 3° (coker(—)) induces the equivalence ¥ : [M F] — DE(Q — R) of Corol-
lary 2-T1] we have proven the following:
Proposition 4.5. The functor I'(U, 6% —) induces a functor [MF(IP’CQA, o), wW))—
D;;'(Q — R), which we also write as T'(U, %), and there is an isomorphism of
functors

U(-) = DU, ~) : [MF(Pg ', 0(1),W)] - DE(Q — R),

where W is the equivalence of Corollary EI11. In particular, T'(U, 6*~) is a triangu-
lated functor.

As the sheaves in the complex I'(U/, §*E) are not coherent, we look for a complex

of coherent sheaves that represents it in D£'(Q — R).
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Definition 4.6. Define F': Cb(P‘j{l) — C(R) to be the functor given by applying
e (P51, —) [—c + 1]
degree-wise. In particular,
F(E) == (- = HY(PG ', 6%E0(—2)) — HTH (PG 1, 661 (—-1))
— HHPG !, 676 (—1)) — 0),

with H ' (PS !, £(—1)) located in cohomological degree 2c — 2.

If £ is any coherent sheaf on P%_l, there is a natural map of complexes
(4.7) TU,E) — HHITWU,E))[—c+ 1]

since (T'(U,E))* = 0 for i > ¢ — 1. Since H/(T'(U, E)) = H (PS5 ', ), the map (@7
is a quasi-isomorphism if and only if H’ (]P"j{l,g) = 0 for all i # ¢ — 1. Applying
([@7) degree-wise to a chain complex P yields a map of bicomplexes, and taking the
total complex gives a map np : ['(U,P) — F(P). It is natural in P and so gives a
natural transformation

(4.8) n:TU,—) — F(-).

From this construction we see that if H (P, ',P7) = 0 for all i # ¢ — 1 and all j,
then np is a quasi-isomorphism. Also note that for all P there is a commutative
diagram

(4.9) ru, Pl)) 22 F(P[1)
LU, P - F(P)[1

where [1] is the shift functor on the respective categories of complexes.
For a complex P, recall that P<™ is the brutal truncation in cohomological
degree m. There are natural maps P — P<"™ and P<™ — P<" for m > n.

Definition 4.10. An integer m is sufficiently small for an object E = (&, — & —
&1(1)) of MF(IP’EQ_l, O(1),W) if every coherent sheaf £ appearing in the complex
SFE)S™ = (- = 5 (—1) = §*E(—1) — 0)=™ satisfies
(1) H'(P% 1, &) =0 for all i # ¢ — 1 and
(2) HY(PS 1, €) is a projective R-module.
The name of this condition is justified by:

Lemma 4.11. Let E be an object of MF(IPzg_l, O(1),W). There is an integer mo,
which depends on E, such that all m < mq are sufficiently small for E. Moreover,
if m is sufficiently small for E, then F (((Sﬁ]E)Sm) s a right bounded complex of
finitely generated projective R-modules and the map

n:T (U, (8'E)S™) =S F ((6'E)=™)

s a quasi-isomorphism.
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Proof. Consider the complex ¢6*E. By construction, if for some i the sheaf (§*E)? is

non-zero, then

(4.12) (8*E)=2 = (5*E)'(-1).

Let (—)Y denote Hompe—1(—, Ope-1). It follows from Serre’s Vanishing Theorem
R R

and the isomorphism (@I2)) that for m < 0, every coherent sheaf £ in §*ES™
satisfies
H'(PS 1, E(—¢)Y) =0 for all i # 0.

By [16} 7.9.10], H°(P$ !, £(—¢)V) is thus a finitely generated projective R-module
for each such €. By a corollary to Serre-Grothendieck Duality, see [I8] 111.5.2], we
get,
Homp(H'(Pg ', €(=¢)"), R) = Extg [ 7/(E(=¢)", O(=¢))
PR
= Extip ~(Ox, €)
o~ Hc_l_i(P(I:gl, 5)

for all £ in 6* ES™ and all i. The first two assertions follow.
The last part was noted below the definition of 7. O

Proposition 4.13. For every object E of MF(]P’gl, O(1), W) and integer m that
1s sufficiently small for E, there is an isomorphism

(I DU, 0°E) 5 F ((0*E)=™) in Deg(R)

such that the following naturality condition holds: given a strict map g : E — F and
an integer n < m that is sufficiently small for F, the diagram

I'(U,6°E) fT> F ((6*E)<m)
lF((é”g)S’")
¥(9) F ((6*F)=™)
lcanonical

I'(U, 5°F) fn—> F ((0*F)=<™)

commutes in Deg(R).

Proof. Given such a pair (E,m), define (f* to be the map in Ds(R) represented by
the composition of

(4.14) (U, 6'E) -5 F(6'E) — F ((*'E)=™),

where F(6*E) — F ((6*E)<™) is induced by the canonical map 6*E — (§*E)<™.
The naturality of 1 shows that the diagram

(4.15) LU, 6E) — F(5'E)

LU (FE)=™) —— F ((FE)=")
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commutes, where the vertical maps are induced by §*E — §*E<™. Thus to show
that ([@I4) is an isomorphism it is enough to show that the left vertical map and
the lower horizontal map in ([@I5) are isomorphisms.

The lower horizontal map of (@I5) is an isomorphism in Dsg(R) by Lemma
AI1l The cone of §*(E) — 6*(E)<™ is a bounded complex of locally free coherent
sheaves, i.e. is a perfect complex, and Rm, = T'(i,—) maps perfect complexes
to perfect complexes by [I, 1I1.4.8.1]. Thus the left vertical map of ([IE) is an
isomorphism in Dg(R).

The naturality assertion is evident from the construction. O

Remark 4.16. By (@3) and the construction of ¢ above, we see that there is a
commutative diagram

(4.17) T (U,64(E[2])) — F ((6*E[2])<™)

gl lu

T(U,6*E)[2] —— F ((§*E)=™) [2].

4.1. Recollection of Eisenbud operators. We recall from [I5] §1] the con-
struction of the Eisenbud operators for the commutative ring R = Q/(f), where
f=(f1,...,fc) is a Q-regular sequence. Note that the ring @) need not be regular
for this construction.

Let F' be a complex of projective R-modules such that there exists a sequence
of maps of projective Q-modules

~ ~ 517*1 ~ 5? ~
F=...oprt Z L pp 2y ppfl 5 .

with F = F ®qg R. The sequence of maps F is not required to be a chain complex.

Since F ®g R=F, for each ¢ = 1,...,c and all n, there exist (non-unique) maps
th . F™ — F"*2 guch that

(4.18) oo =N .
=1

Set t? =" ®g R : F™ — F"*2. Then the following properties hold [I5, Section 1]:

(1) for each 4, the maps ¢! assemble to give morphisms of chain complexes,
t;: F — F[2];

(2) the chain map t; is independent of the choice of F and the s, up to
homotopy;

(3) the t;’s commute, up to homotopy;

(4) the t;’s are natural, up to homotopy, in the argument F'.

It is assumed in [I5] that F is a complex of free R-modules, in which case a lifting F
always exists: viewing the differentials of F' as matrices, simply lift each element in
each matrix to an element of (). However, if F' is only assumed to be a complex of
projective modules for which such a lifting exists, then the proofs in [I5] go through
unchanged.

For any object M in DP(R) we may choose a complex of projective R-modules F,

an isomorphism « : FS5M e D°(R), and a lifting F of F as above. For example,
one could take F' to be a bounded above complex of free modules that maps via a
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quasi-isomorphism to M. Define tM : M — M|2] in DP(R) to be the composition
of

MRt pe 2B,

where the map t; is induced from a choice of maps ¢ satisfying (ZIS).
The facts listed above imply that ¢ does not depend on the choice of F or t;,
that tM oté—” = t;‘/[ otM for all 4,5 and, if g : M — N is a morphism in D(R), then

tzv

M )
]
N N|

—_—
commutes. In other words, the collection of maps tM form a family of pairwise
commuting natural transformations from the identity functor to the functor (—)[2].
We call these the Eisenbud operators on DP(R) given by (Q,f).

It is clear that tM descends along the canonical functor DP(R) — Dg(R) to
give natural transformations on Dgg(R), and we will also write these induced trans-
formations as tM. Moreover, these induced transformations, in turn, restrict to
give natural transformations of endo-functors on the full, triangulated subcategory
DE(Q — R) of Dgg(R).

g(2]

[
2]

Proof of Theorem B2l Let E be an object of [MF(]P’E{I,(’)(l),W)]. Let m be an
integer which is sufficiently small for E[2]; by definition it will also be sufficiently
small for E. By Lemma Bl and Proposition ©I3}, (™ : T(U,6*E) — F ((6*E)=™)
is an isomorphism in Dg(R) and F ((6*E)<™) is a complex of finitely generated

projective R-modules. Using the isomorphism of functors ¥(—) =N LU, ~) of
Proposition [£5] we have a commutative diagram:

o oy

T'(U,5E)

F ((0'E)=™)
\II(Ti)i F(U,Ti)l lF(é"(Ta)S"‘)
W(E[2])) —> T (U, 04(E[2])) —= F ((*E[2))<"™)

T

=~ T(U,8*E)[2) — = F ((§*E)<™) [2]

R

Indeed, the top left square commutes since it is given by a natural transforma-
tion applied to the map T;. The top right square commutes by Proposition I3l
The lower left square commutes since ¥(—) — I'(U,5%—) is an isomorphism of
triangulated functors, and the lower right square commutes by (ZI7).

Since F (((WIE)S’”) is a complex of projective R-modules, we may calculate Eisen-
bud operators using it. Let us call the right-hand vertical map in the above diagram
B+ F ((6*E)=™) — F ((6*E)=™) [2]. To prove Theorem it is enough to find a
lifting of F' ((5”E)Sm) to a complex of projective Q-modules and degree —2 endo-
morphisms #; of the lifting such that (ZI8) holds, and such that t; ®¢g R = 3;.
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To lift F ((5ﬁ]E)5m) to a sequence of projective Q-modules consider the sequence
of maps of Q-modules defined in analogy with Definition

F(B) :=(-- = HH PG, &(—2)) = HTH (PG, E1(-1))
— HH (PG, E(—1)) = 0),

with Hcfl(IP’CQ_l,é'o(—q)) located in cohomological degree 2c — 2. Just as for

F ((6*E)=™), if m < 0, each coherent sheaf in F(E)<™ is a finitely generated
projective @-module (but this is not a chain complex). We claim there is an iso-
morphism of chain complexes

FB)<" ©q R= F ((FE)™")

for all m < 0. Indeed, if £ is any coherent sheaf on ]P’CQfl, then by [18] I1.5.12] we
have the isomorphism Rm,Ld*E = R ®g Rp.£ in DP(R), where p : ]P’Eg_l — Spec @
is the canonical map. Moreover, if £ is locally free and Hi(IP’CQ_l,S) = 0 for all
1 # ¢ — 1, then this gives an isomorphism of R-modules

HH (PG 1, 6%6) =2 HTH (PG 1, €) ®g R,

and the claim follows.
Thus F(E)S™ is a lifting; to see it is the lifting we sought, note that j3; is given
in each degree by

He Y (P Th)
—_—

HE (P57, €5 (k) HO (P, & (k + 1),

The composition of two successive maps in ﬁ(E)Sm is the map on sheaf cohomology
induced by multiplication by >°;_, T;fi. Thus, letting #; = Hcfl(IP’CQ_l,ﬂ) we see
that 8; = 1; ®¢g R and the theorem follows. O

5. PROJECTIVE RESOLUTIONS

We continue to work in the context and under the assumptions of §2.3] with the
added assumption that ) is Gorenstein, i.e. () has finite injective dimension over
itself. Let M be a finitely generated R-module that has finite projective dimension
over Q. In this section we construct a projective resolution over R of a high syzygy
of M using the equivalence ¥ of Corollary 2111 and the explicit representative of
U(E) given in Section @

Recall that a coherent sheaf F on ]IDCR_1 is m-regular for an integer m if

H'(P$, F(m — 1)) = 0 for all i > 0.

The regularity of F is the smallest m such that F is m-regular; see e.g. [23, Lecture
14] and [30, Section 8]. By Serre’s Vanishing Theorem, every coherent sheaf on
P$; ! has finite regularity.

Definition 5.1. For a matrix factorization E = (&; — & — &£1(1)), we set
a(E) = max{regularity (§*&y)Y — 1, regularity (6*&;)" — 1},

where & : P, — IE”Z-;1 is the canonical inclusion, and (—)¥ = Hom(—, O).
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Theorem 5.2. Let R=Q/(f1,..., fc), where Q is a Gorenstein ring of finite Krull
dimension and f1,..., fe is a Q-regular sequence. Let M be a finitely generated R-
module that has finite projective dimension over Q and let E = (&, — & — &1(1))
be an object ofMF(}P’gl, O(1),W) such that ¥(E) =2 M, where U is the equivalence
of Corollary 211l Set

ng = 2a(E) + e — 1,
where e is the is the Krull dimension of Q. The complex
F*E)S™ =... & Hc_l(]Pf{l, 0*&1(m)) — Hc_l(]P’f;;l, 0*E(m))
—H NP, 0% E (m+ 1)) — -

is a projective resolution of an ng-th syzygy of M, where 6*F is defined in Defini-
tion @1l and F(—) is defined in Definition LGl

Remark 5.3. On this resolution one may choose the Eisenbud operators
t;: Hcfl(IP"j%_l, 0*&i(n)) — Hcfl(P%,l_l, 0*Ei(n+1))

to be multiplication by T; € F(PfQ_l, (9%71 (1)). In particular, these operators com-
mute.

We need several preliminary results for the proof of Theorem

Lemma 5.4. The integer —2a(E) — ¢ + 1 is sufficiently small for the matriz fac-
torization E, in the sense of Definition EI0L

Proof. By [30] 8.1.3], if a sheaf F on ]P"j{l is k-regular, then it is also (k+1)-regular.
Thus the sheaves (6*&y)Y and (6*&;)" are k-regular for all £ > «(E). In particular,

HY (PS, (0%€0)V (k) = 0 = H'(PS Y, (6%€1)V (k) for all i > 0 and all k > o(E).
As in the proof of Lemma [L.T1] this implies that for j = 0,1 and all k£ > «(E):

(1) the R-module H°(P% !, (6*&;)V (k)) is projective;
(2) there is an isomorphism

Hom g (H(BS; !, (6°€;)" (k)), B) 2 HC~ (B, (5°€,) (—k — o)),
and so in particular H* 1 (P!, (6*E;)(—k — ¢)) is projective;
(3) H'(PSH, (6°E;)(—=k —¢)) =0 for all i < ¢ — 1.
Now consider the complex
OE = (- = 6°E(—2) = 6" E1(—1) = 6*E(—1) — 0)
where §*Ey(—n) is in cohomological degree ¢ — 2n + 1. We have
(FE)S-20E -+ (. S 58y (—(a(E) + 1) — o)
= & (—a(E) —¢) = 6"y (—a(E) — ¢) — 0),
and by the above each sheaf appearing in this complex satisfies the two conditions

of Definition 10l O

Proposition 5.5. The cohomology of the complexr F(5*E)<—2*E) js concentrated
in degrees —2a(E) —c+1 < i < —2a(E).
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Proof. From the definition of F' we have that F(6*E)S—29®) = F((§*E)S—2a(E)—e+1),
Set n = —2a(E) — ¢+ 1. By Lemma [54] n is sufficiently small for E, and thus by
Lemma [TT] there is an isomorphism in D?(R):
F((0*E)=") =T (U, (B*E)=").
By Remark the complex of sheaves 6*E<" only has cohomology in degree n.
Setting ' = H"(§*E<") gives an isomorphism in D®(Y):
SES" = N[—n).
Since the functor I'(U, —) represents R, we have the following isomorphisms in
Db(R):
I (U, 8 (E)=") = R, (0(E)S") = R (N]—n]) = R, (V) [—n].
Since R, has cohomological dimension ¢— 1, we see that R, (N) has cohomology
in degrees at most 0 < i < ¢ — 1. Combining the above gives that
F((;ti]E)S*M(E) - F (511(]E)Sn)
~ T (U,5*(E)=")
~ Rrr, () [~n]
has cohomology in degrees at most n < i <n+c— 1. ([l

Proof of Theorem 5.2l Let M be a finitely generated R-module with finite projec-
tive dimension over @, and let E a matrix factorization such that ¥(E) = M €
Ds(R). Since —2a(E) — ¢+ 1 is sufficiently small for E by Lemma [5.4] there is, by
Propositions and T3] an isomorphism in De(R),

U(E) S F ((ﬂ(E)San(E)*chl) _ F(5'E)S20®),

Thus we have that

M = F(5*E)=>*®) € Dg(R).
By Proposition 5.5} the complex F(§#E)<—2¢(E)=c+1 only has cohomology in degree
—2a(E) — ¢ + 1. Moreover, since F(6*E) is a complex of projective modules, the
cone of the canonical map

(5.6) F(S'E)=—2®) 5 F(s'E)S -2 E) et

is perfect, and hence (5.6) is an isomorphism in D (R). Finally, since R is Cohen-
Macaulay, we may truncate F((W]E)S_z‘)‘(]E)_c+1 to the left d = dim R more steps
so that the module

N = H—2a(]E)—c—d+1 (F(éﬁE)g—&x(E)—c—dﬁ-l)

is maximal Cohen-Macaulay (MCM). Note also that ¢ + d, where ¢ is the length
of the regular sequence defining R, is exactly the Krull dimension of @), which we
called e. Thus —2a(E) — ¢ — d + 1 = —ng, which was defined above.

We now have an isomorphism

M = N[—ng| € Dgg(R).
g=m 9=t
Let P=... - p~m L pm+l ... p=1 2 PYbe a projective resolution
of M over R. By induction on n one checks that there are isomorphisms for all
m > 0:
M = (coker 05™)[m — 1] € Deg(R).
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Setting M’ = coker 8"* !, which is MCM since ng > d, we have that

M' = N € Dg(R).
By [11, 4.4.1] this implies that M’ = N in the stable category of MCM modules,
i.e. there exist projective R-modules @)1, Q2 and an isomorphism of R-modules

M ®Q =N Q,.
This allows us to glue the acyclic complexes

<o F(OE) ™™ 5 F(*E) ™™ — N — 0,
0— M — pmett 5 pmmet2 oo s p7t 5 PO S M -0

to give a projective resolution of M. O

6. A DESCRIPTION OF U~ ON OBJECTS

We work in the context and under the assumptions of §2.31 Let M be a finitely
generated R-module that has finite projective dimension over ). Our goal in this
section is to give an explicit method of constructing a matrix factorization E,; such
that U(Ep) = M holds in D (R), where ¥ is the equivalence of Corollary 2111
We achieve this using the data of a projective resolution of M over @) and a system
of “higher homotopies” on this resolution, as introduced by Eisenbud in [I5].

6.1. Standard resolutions. Let G =0 — G,, — -+ — Gy — 0 be a resolution of
M by finitely generated projective Q-modules.

For an element J = (a4, ...,a.) € N¢ we set |J| = > ] a;. We write the element
(0,...,1,...,0), where the 1 is in the i-th position, as i. By [15] 7.1] there exists a
family of endomorphisms of G

o={0’|JeN},

where 0/ € & has degree 2|.J| — 1 (i.e. the components are 07 : G — Gji2)5-1)
that satisfy the following equations:

UO = aGa
oo’ +o'0" = filg,

o’ a7 =0 for all J € N® with |J| > 2.
JtJr=J
Such a family o is called a system of higher homotopies.

Remark 6.1. The result above is stated for complexes of free modules in [I5], but
the proof works under the weaker assumption that the modules are projective.

Example 6.2. Let K = K{ey,...,e.|d(e;) = fi) be the Koszul complex resolving
R over Q. Then K has the structure of a differential graded (DG)-algebra with
multiplication given by the alternating product. For an R-module M with finite
projective dimension over (), we may find a finite projective resolution G of M
over @ such that G is a DG-module over K (and such that the Q-module structure
coincides with the restriction along the canonical map @ — K). See [3| Section 2]
for an explicit construction of such a G. Setting 0® = 9%, ¢* to be multiplication by
e;fori=1,...,c,and 0/ = 0 whenever |.J| > 2 gives a system of higher homotopies
on G. While such a system of higher homotopies is simpler than the general type,
not every @Q-projective resolution of M has the structure of a DG-module over K;
see [2].
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Define D = B, -, DI = @D, <o Homg(R[x1, ..., Xc]-j, R) to be the graded dual
of the polynomial ring R[x1,. .., X¢], where the x;’s are indeterminants of degree 2.
We regard D as a graded R[x1, ..., Xc]-module in the obvious way. (In fact D is a
divided power algebra, but we ignore the multiplication rule and regard it only as
a graded R[x1, ..., Xc-module.) Consider the graded R-module

Zj@hzl)

where G is the projective Q-resolution of M above, and G = G ®g R. Note that
G;®@rD? lies in cohomological degree 2j—i. Let o be a system of higher homotopies
on G, and define 9 = Y ;. 0/ @ x”7, where x7 = x{' ... x% for J = (ay,...,ac) €
N¢, a degree —1 endomorphism of G ® g D. When R is local, [I5, Theorem 7.2]
shows that this complex is an R-free resolution of M. By localizing, we see that,

in general, G ®@g D is a projective R-resolution of M. This is a standard resolution
of M which we write as G{o}.

6.2. Construction of a matrix factorization. Recall that S is the graded Q-
algebra S := Q[T1,...,T.], with |T;| =1, and W = fiTy +---+ f.T. € S. Let S(j)
denote the graded free S-module with S(j); = S;4;, and for a graded S-module E
we set E(j) = E ®g S(j).

Definition 6.3. A graded matriz factorization of W is a pair of graded free S-
modules E1, Ey and maps

B 25 By 2 Bi(1)

such that gg o g1 and g1(1) o g are multiplication by W.

Note that to any graded matrix factorization of W we may apply (—) to obtain
an object of [MF(IP’Z;l, o), w))].

Given a finitely generated R-module M with finite projective dimension over
@, pick a finite projective resolution G of M as a @-module, and a system of
higher homotopies o = {07}. We define the finitely generated graded projective
S-modules E; and Ej as follows:

By =@ Gaji1 @ S(j) and By := €D Gaj ©q S()).
j=0 j>0
For J € N¢ consider the maps
. O’J®TJ .
Gajy1 ® S(j) = Gojya1y @S + |J]),
. (TJ®TJ .
Gaj ® S(j) = Gajt2151-1 @ S(j + |J]).

We use these to define homogeneous maps ¢; : 1 — Eg and go : Eg — E1(1),
component-wise, as

(91); = Z 0! @ T : Gyj1 ©q S(j) = EBG% ®q S(i) = Eo,
JENe i

(90); = Z ol T : Gy g S(j) = @Gzi—1 ®q S(i) = E1(1).
JeNe %
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Using the defining properties of the system of higher homotopies, one checks:

Lemma 6.4. There are equalities:

&
gog =Y [T =1g @W,

i=1

g1(1) o go :Zfi@)Ti =1g, @ W.
i=1

This shows that E = E(M,G,0) := (B, 2% Ey 2 Ei(1)) is a graded matrix
factorization of W.
Definition 6.5. For G and o as above, we set E = E(M,G, o) to be the object
E(M,G, o) of [MF(Pg ", O(1),W)]. Explicitly, E = (& % & > £(1)) with

&= B =P G g Ope1(j) & =Eo= P as; 2q Ope1(4),
§>0 §>0
e1=g1:& — & eo = go: & — E1(1).

Proposition 6.6. Let M be a finitely generated R-module that has finite projective
dimension over Q). Let G be a finite projective Q-resolution of M, o a system of
higher homotopies on G, and E = E(M, G, o) the matrixz factorization constructed
above. Then the complex F(6*E), where 6*E is defined in Definition Bl and F is

defined in Definition L0, is exactly the standard resolution G{o} constructed from
G and o. In particular, there is an isomorphism in D (R),

U(E) = M,
where U : [MF(]P’E{I, O(1),W)] = D (R) is the functor of Corollary 211l

Proof. First note that 6*(Gk ®q Opgl(j)) G Qg OPC 1(j), where § : P! —

IP’E;I is the canonical inclusion. Thus, we have that

& (E) = *@G23+4®R0 %@G2J+3®RO —>®ng+2®130()

J J

where the last term is in cohomological degree ¢ — 1. Applying the functor F' we
have

F(H(E)) = -+ —» H (PG @D Gojra®rO()) = HTH PG €D Gajis®r0O))
J J
- Hc_l(P(I:%71> @§2j+2 ®Rr O(])) — 07
J
where the last term is located in cohomological degree 2¢ — 2. In general, we have
that F(64(E))% = @D, G2j+2(c—i) ® O(j). Now, by [19, Thm. IIL5.1], for all j,
there is a natural isomorphism
e (B, Ope 1 (7)) = Homp(R[Ty, ..., T.) 7~ R)
=~ Hompg(R[x1,- .-, Xe] 2 72¢, R) = D¥+2¢,
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Since each G; is a projective R-module, this gives that

F(H(E) 2 - — @) Cajra ©r DY = (P Tajys @5 DI
J j
- @62]’4-2 ®r D¥ T2 0,
j

where the last term is in cohomological degree 2c — 2. However, D7 = 0 unless
j <0 and G; = 0 unless 7 > 0, and thus the first non-zero terms of this complex
are

o= (Ga@D°) @ (Gy® D*) - G1®D° = Gy @ D — 0,
where Gy ® D is in degree 0. As a graded R-module this is exactly G ® D, and
one may readily verify that the differentials are the same.

Thus F(6*(E)) is a free resolution of M and so is isomorphic to M in D®(R).
Let m be an integer which is sufficiently small for E. Then by Proposition E13]
we have that F(6*(E))Sm—ctl = F(§*(E)<™) = U(E) € Dgg(R). Since F(5*(E)) is
projective in each degree, the canonical map

F(8(E)) — F(6*(E))=mctt
is an isomorphism in Dg(R). Thus M = U(E) € Dy (R). O

7. PROPERTIES OF MATRIX FACTORIZATIONS

In this section we state and prove basic isomorphisms using matrix factorizations
and discuss the support of a matrix factorization. These properties will translate
directly to the properties of stable support sets described in Theorem Ml of the
Introduction.

In this section, as there is nothing gained in working over ]P’CQ_l, we work in the
generality that X is a Noetherian separated scheme and L is a line bundle on X. As
a matter of convenience, we write F(1) for F ®, £ even though £ is not assumed
to be very ample.

Definition 7.1. Suppose W and V are global sections of £ and let E = (& <
S %5 &(1) and F = (F; 25 Fy &% Fi(1) be objects of MF(X, L, W) and
MF(X,L,V), respectively.
(1) Their tensor product is the object E®pp F of MF(X,L,W + V) given by
€0®~F1 HEBF €O®~FO HE®F 50®-7:1

® == ® 2 ) (1)

& ®Fo (& ® F1)(1) &1 Fo

The differentials are given by the formulas

]E®]F:|:1®f1 €1®1] and  OESF — 1@ fo (aa®1)(1)

D

1 e®1 —1® f eo®1l (=1® f1)(1)

using the canonical isomorphisms

E @ F (& ® F1)(1)
) (1) = ®
&1 ®Fy (&1 @ Fo)(1)

and & (1) ® F; = (& @ F;)(1) =2 & @ F;(1).
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(2) Their Hom-object is the object Homyp (E,F) of MF(X, L,V — W) given
by

Hom(é‘o,}]) -1 Hom(é'o,]:o) 0 Hom(é'o,.ﬁ)
® 2, e AN ( ® ) (1)
)

Hom(&,fo(—l)) ’Hom(é'h]:l) Hom(&,fo(—l

with the differentials defined using the same formulas as in Definition [2.3]
which represents the special case W = V.

Remark 7.2. We will eventually assume X is regular. If X is not regular, these
definitions should be viewed as “non-derived”.

Remark 7.3. If W+V =0, we may interpret E®pr F as an object of TPC(X, L),
i.e. a twisted periodic complex. See Definition 2.2 for the definition. If W =V = 0,
we obtain a tensor operator for the category TPC(X, L).

Proposition 7.4. Let W, V, and U be global sections of L, and E, F, and G be
objects of MF (X, L, W), MF(X,L,V), and MF(X, L,U), respectively. There are
isomorphisms:
(1) EQurF2FRyrE in MF(X, LW+ V),
(3) Hommpr(E@pyr F,G) = Homyr (E, Homyr (F, G)) in
MF(X,L,U-V —-W).

Proof. The isomorphisms of underlying locally free sheaves are the natural ones in
each degree, taking care to observe the usual sign convention. For example, the
map E®pypF — F ®ur E sends a section a ® b of & ® Fj to (-1)Yb®@a. A
straightforward, but tedious, check shows that these isomorphisms commute with
the differentials of the matrix factorizations. O

Definition 7.5. The dual of an object E = (& 2 & <% £,(1)) in MF(X, L, W)
is the object of M F(X, L, —W) given by

EY =&(1)Y =% &) 25 6(1)V(),

where (—)V denotes the functor Homoe, (—, Ox) and we use the canonical isomor-
phisms & (1)V(1) = &Y(-1)(1) 2 &
Remark 7.6. Equivalently, EV is Homyp(E, Ox), where Ox denotes the matrix

factorization (0 — Ox — 0) belonging to M F(X, £,0). We also note that there is
a natural isomorphism (EV)Y = E.

Proposition 7.7. Let E and F be objects of MF(X, L, W) and MF(X,L,V),
respectively. There is a natural isomorphism in MF(X, L,V — W),

EY @ F— Homyr (E, F).

Proof. Recall that for locally free coherent sheaves £ and F, there is a canonical
isomorphism &Y ® F—Hom(E, F) given on sections by d @ f +— (e — d(e) - f). In
homological degree 1, the isomorphism we seek is the direct sum of these canonical
ones:

® = ®

. 51\/ ® ]:0(—1) Hom(Sl,fo(—l)).

can 0 58/ ®]:1 HOHI((&),]‘H)
{ 0 can]
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In degree 0, it is
can 0 & @ Fo N Hom(&y, Fo)
0 —can|" © - 4
gl(l)v(g)fl(l) 7‘[0111(51,]:1),
where we have also used the canonical isomorphism
Hom(f,’l(l),fl(l)) = Hom(é’l,]:l).

We omit the straightforward verification that the differentials commute with these
isomorphisms. (Il

Remark 7.8. In the case W = V', the proposition gives an isomorphism of twisted
periodic complexes.

Proposition 7.9. For matriz factorizations E and F in MF(X,L,W) and
MF(X, L, V), respectively, there are natural isomorphisms

1) (E®ur IF)V ~EY QurFY in MF(X,L,-W —=V) and
(2) Homyr (E,F)Y = Homyp(F,E) in MF(X,L,W —V).
Proof. Part (1) follows from Hom-tensor adjointness and Proposition [T.7
For (2), we have the isomorphisms
HOHIMF(E,F)V = (]Ev RQMF ]F)v = (E\/)\/ QMF FY
*EQurFY 2FV QurE X Hompyr (F,E)

by Proposition[[7], part (1) of this proposition, Remark[.6] and Propositions[7.4}2)
and [Z7], respectively. ]

Proposition 7.10. Let Wy, ..., Wy be global sections of L and let E; be an object
of MF(X,L,W,), fori=1,...,4. There is an isomorphism

Homyr (Eq, Eo) @pp Homyr (Es, Ey) = Homyp (Eq, Ey) @y p Homyr (Eg, Es)
in MF(X, L, Wy — Wi + W, — W3).
Proof. This follows immediately from Propositions [.4] and [T.7 O

Definition 7.11. The support of a complex P of quasi-coherent sheaves on a
scheme X is

suppP = {x € X | P, is not exact} = U supp H'(P).
=4
For an object P of TPC(X, L) = MF (X, L,0), i.e., a twisted periodic complex, we
have that
supp P = supp H°(P) U supp H' (P)
since Ht2 = #H¥(1). In particular, the support of a twisted periodic complex is a
closed subset of X.

Recall that if £ = Ox is the trivial line bundle, then TPC(X, Ox) is the category
of Z/2-graded complexes of locally free coherent sheaves on X.

Lemma 7.12. Assume X is a reqular Noetherian separated scheme and L is a
line bundle on X. For a point x € X, let k(x) denote its residue field and let
iz : Speck(x) = X be the canonical map. Given P € TPC(X, L), a point v € X
belongs to supp(P) if and only if the Z/2-graded complex of k(x)-vector spaces i (P)
18 not exact.
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Proof. We can reduce immediately to the assertion that for a regular local ring
(S, m, k) and a (possibly unbounded) complex P of finitely generated free S-modules,
P is exact if and only if k ®g P is exact.

Let x1,...,x, € S be a regular system of parameters. The long exact sequence
in cohomology associated to the short exact sequence

0— PP — Ple,P —0

of complexes and Nakayama’s Lemma give that P is exact if and only if P/z,P is
exact. The result follows by induction on n. O

Remark 7.13. The assumption that X is regular is essential for Lemma [7.12]

Proposition 7.14. Assume X is a reqular Noetherian separated scheme and L is
a line bundle on X. For objects P and Q of TPC(X, L), we have

supp(P @prr Q) = supp P N supp Q.

Proof. For any x € X we have
i5(P @ur) Q) 2 iL(P) &l ih(Q),

where ®%(/j) denotes the tensor product for Z/2-graded complexes of k(x)-vector

spaces (i.e., for the category TPC(Speck(x),O)). For any Z/2-graded complex of
k(x)-vector spaces V, we have V = HO(V) & H1(V)[1]. It follows that for a pair
V, W of such complexes, we have

V@rpe W= (H'(V) @, HOW)) & (H'(V) @, H' (W)
@ (H(V) @ H(W)[]) @ (H'(V) @x HO(W)[L]) .

In particular, V ®ppc W is exact if and only if V' or W is exact. The result follows
from Lemma [7.12] O

Proposition 7.15. Assume X is a reqular Noetherian separated scheme and L is
a line bundle on X. For an object P of TPC(X, L), there is an equality

supp(P) = supp(P").
Proof. We have the isomorphism

in(P*) 2= (i3 (P))"

of Z/2-graded complexes of k(z)-vector spaces. For any such complex V', we have
V2HU(V)eHY(V)[1] and V* 2 HO(V)* @ H (V)*[1]. Thus V is exact if and only
if V* is exact, using Lemma [[.T2 O

8. STABLE SUPPORT

In this section, returning to the context and assumptions of §2.3] we study the
properties of stable support defined in Definition 32211 In particular, we prove
Theorems [] and ] from the Introduction.

Recall that the stable support set of a pair (M, N) of complexes of R-modules
with bounded and finitely generated cohomology and M perfect over @ is defined
to be

VE(M, N) = supp Ext§y (M, N) Usupp Ext3*(M,N) C P% .
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If M and N are both perfect over @, then it follows from Remark that the
stable support of (M, N) may be computed as the support of a twisted-periodic
complex:

VCS(M, N) = supp Homyr (Eps, En).

In the following @ is assumed to be regular so that we may use Propositions [[.14]
and [.15]

Theorem 8.1. Let Q be a regular Noetherian ring of finite Krull dimension and
let R=Q/(f1, -, [fe) for a Q-regular sequence f1,...,f.. For complezes of R-
modules M, N, M’, and N’ with bounded finitely generated cohomology, we have

(1) Vé(M, N) =0 if and only if Exty (M, N) =0 for all n>> 0,
(2) VE(M,N)nVE(M',N') = VE(M,N')nVE(M',N), and
(3) VE(M,N) = VEM, M)nVE(N,N) = VE(N, M).

Proof. The first assertion follows from the definition, using that for a finitely gen-
erated graded R[T7,...,T.]-module E, the associated coherent sheaf E vanishes if
and only if £, = 0 for all n > 0 if and only if suppE =0.

Since @ is regular every (J-module has finite projective dimension. In particular,
Vé(M, N) = supp Hompyr(Ey, Exy) and we may use the results of the previous
section. The second assertion follows from Propositions [.10] and [.T4l Using the
second assertion we have that Vé(M, M)N V(S(N, N) = V(g(M, N)Nn V(g(N, M). By
Propositions [79] [[14], and there is an equality VS(M, N) = VA(N,M). O

2
3

Although Theorem R1] assumes @ is regular, we do not make this assumption in
the rest of this section.
The singular locus of a Noetherian scheme Z is

Sing(Z) ={z € Z| Oz, is not a regular local ring}.

Recall that v:Y — Pzgl denotes the zero subscheme of W =" fiT; € (’)%71 (1).
By [32, 10.2] there is a containment Sing(Y) C P$; .

Lemma 8.2. For every pair (M, N) of complexes of R-modules with bounded and
finitely generated cohomology and M perfect over Q, there is a containment

VS(M,N) C Sing(Y).
Proof. By Corollary and Definition B.21] we have that
—0 —1
V(Dg(M, N) = supp Exto, (M, N) Usupp Exty, (M, N),

where M = B,7*M and N = B,7*N in the notation of §2.31 For any point y € Y,
we have

Exto, (M, N), 2 Exto, (My, ) = Homp, (o, ) (My, N, i),

where the first isomorphism is by Proposition 3.8 and the second is by Definition
If y ¢ Sing(Y), then Dg(Oy,,) = 0, and hence Exte,, (M, N), = 0. O
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8.1. Relation to other notions of support. In [4] Avramov and Buchweitz
defined a notion of support under the additional assumption that @ is local. In that
case, where for simplicity we assume the residue field k of Q) is algebraically closed,
the AB-support variety of M and N, which we write ch(M7 N)AB is the union
of the supports in Af, of the graded k[T7,...,T.]-modules Ext% (M, N) ®p k and
Ext®?(M, N) @ k. Tt follows immediately from the definitions that Vé (M, N)AB
is the cone of the closed subset

VE(M, N) Xspec r Speck C P51

In particular, we deduce from Theorem R that the analogous formulas for
Vé (M, N)AB hold. These were first established in [4].

Benson, Iyengar, Krause defined a support for all objects in the infinite comple-
tion K(Inj R) of DP(R) in [8]. Here K(Inj R) is the homotopy category of injectives;
see [21] for further details. For M an object in DP(R), the support in the sense of

[8], which we write as VQf (M)B® may be computed as
ch(M)BIK = Suppgy,,... 1. Exty (M, M) U suppgp, .. 1, EXt(J)%dd(Ma M) € Ag.

Thus Vé(M , M) is equal to the image of Vé(M )BIK under the canonical map A, \
{0} — P57t

Finally, in [32], for a Noetherian separated scheme Y with hypersurface singulari-
ties, Stevenson defined a support for all objects in the infinite completion K,.(InjY)
of Dsg(Y'); here Kuc(InjY') is the homotopy category of acyclic complexes of injec-
tive quasi-coherent sheaves on Y. In case ¥ — IP’CQ_l is the zero subscheme of

W € O(1), where we assume that @ is regular, then the support of a coherent sheaf
M on Y, which we write as V/5(M)5", is

ch(./\/l)st ={z €SingY | M, # 0 and pdp, , M, = oo} C SingY"

Indeed, by [33], 8.9], support may be computed affine locally, and then the proof of
[32, 5.12] shows that the support of compact objects on affine hypersurfaces takes
the form above. By [32, 10.2] there is a containment Sing V" C P$; .

Proposition 8.3. Let M be an object of D*(R). There is an equality
VE(M, M) = VE(M)S
where M = B.m*M.
Proof. By Corollary B:20] and Remark [3:23 we have that
—0
VCS(M, M) = supp Extg,, (M, M).
—0
The equality of support sets now follows from the isomorphism Exte,, (M, M), =
—0
Exto, , (Mz, My), and [ 4.2] which shows M, has finite projective dimension if
—0
and only if Exty (Mg, Mz) = 0. O

8.2. Realization. The following theorem answers a question posed to us by
Avramov.

Theorem 8.4. Let QQ be a Noetherian ring of finite Krull dimension and let R =
Q/(f1, -, fe) for a Q-regular sequence fi,..., f.. For every closed subset C of Y
that is contained in Sing(Y) and satisfies CﬁSing(Pz)_l) =0, there is an R-module
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M such that M has finite projective dimension over QQ and satisfies Vé (M, M) =C.
In particular, if Q is regular, then the result holds for every C C Sing(Y') and, in
this situation, M may be chosen to be an MCM R-module.

Remark 8.5. This recovers a theorem of Bergh [10] and Avramov-Iyengar [5]. When
@ is regular, Theorem B4 follows from [32] 7.11] using the relation, as sketched
above, of support defined in loc. cit. to stable support.

Proof. Let C be a closed subset of Sing(Y") such that C'N Sing(PEQ_l) = . Regard
Oc¢ as a coherent sheaf on Y where C is given the reduced subscheme structure.
The coherent sheaf ~v,O¢ is perfect on IP’CQ_l, since for any point x in Sing(}P’gl),
we have that (7.0O¢), = 0, and for any point z not in Sing(]P’CQfl)7 every finitely
generated (’)%717 ,~module has finite projective dimension.

Thus O¢ belongs to DE'(Y — IP’CQfl) and so determines an object
M eDZ(Q— R)

via the equivalences ® : DI/(Q — R) = DIZ(Y — ]P’CQ_l) of Theorem More-
over, every object of D;g'(Q — R) is isomorphic to an R-module by Corollary 28]
and so we may assume M is an R-module. When (@ is regular, every object of
DE(Q — R) = Dsg(R) is isomorphic to an MCM R-module, and so we may assume
M is an MCM R-module in this case.

Let M = SB,7* M, in the notation of §2.31 We have an isomorphism O¢ = M in
D;Z'(Y — IPCQ_I) since f,m* induces an inverse equivalence of ®. Thus we have that

Em =2 Ep,, and hence that
(8.6) HomMp(EM,EM) = ’HomMF(]EoC,IE@C).
We wish to show that VQf(M7 M) = C. By Remarks B.23] and B3] and 6, it is
enough to show that
——0
supp Exte,, (Oc, Oc) = C.

—0
The containment supp Extp,, (Oc,Oc) € C is clear. To prove the opposite con-
tainment, let y € C be the generic point of an irreducible component of the reduced

—0
subscheme associated to C', and observe that, since supp Ext,, (Oc, O¢) is a closed

subset of IP’CQ_l, it suffices to prove y € supp E/)ROOY(OC, O¢). Since C is reduced
and y is minimal, we have O¢, = A/m, where (A4, m) is the local ring of ¥ at y.
Thus % %

Exto, (Oc,Oc)y = Ext4(A/m, A/m).
We also have that A = B/(f), for some local ring B with f a non-zero divi-
sor, and pdg M < oco. Since y € C C Sing(Y), A is not regular, and hence

Extq(A/m, A/m) # 0. 0
APPENDIX A. ORLOV’S THEOREM

In this appendix we establish a generalization of a theorem of Orlov [26] Theorem
2.1]. This generalization does not require the schemes in question to be defined
over a ground field and drops a smoothness assumption. Our proof follows loc. cit.
closely; most parts of that proof work in the more general setup.

Let S be a Noetherian separated scheme of finite Krull dimension that has enough
locally free sheaves (i.e., every coherent sheaf on S is the quotient of a locally free
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coherent sheaf). Let £ be a vector bundle of rank r on S and let U € I'(S,€) be a
regular section. Let j : S’ < S be the zero subscheme determined by U.

Let ¢ : X = P(£) — S be the projective bundle corresponding to £ and write
Ox(1) for the associated line bundle on X. Let W € T'(X,Ox (1)) be the section
induced by U and let u : Y < X be the zero subscheme of W. Also consider the
locally free sheaf j*£ on S’, which is isomorphic to the normal bundle N/, of the
inclusion of S’ into S. Let p : Z = P(5*E) — S’ be the corresponding projective
bundle and Oz(1) the canonical line bundle.

The canonical map Z — X factors through Y — X viaamap i: Z — Y. There
is a short exact sequence of coherent sheaves on Z,

(A1) 0= Ngzyy = p'j"€ = 0z(1) =0,

where NZ/Y is the normal bundle of Z in Y and p*j*€ — Oz(1) is the canonical
map.
These constructions are summarized in the following diagram:

7 =P(*€) —L>Y —“> X =P(£)

P,

s’ J S

Since p is flat, Lp* = p* preserves boundedness of complexes. Since i is a closed
immersion, Ri, = i, preserves coherence and boundedness. It follows that ,p*
induces a functor

®, =i,p*: D?(S) — DP(Y).

Here, as in the body of the paper, we write D?(Y") for the bounded derived category
of quasi-coherent sheaves on Y with coherent cohomology.

We recall the definitions of relatively perfect complexes and the relative singu-
larity category from Definition

Definition A.2. Let i:Y — X be a closed immersion of subschemes of finite flat
dimension. An object F in D®(Y) is a relatively perfect complex for i if i, F is a
perfect complex on X. We write RPerf(Y < X) for the full subcategory of D?(Y))
whose objects are the relatively perfect complexes for i.

The category RPerf(Y < X) is a thick subcategory of DP(Y) and there is an
inclusion Perf Y C RPerf(Y < X). Moreover, the induced functor

RPerf(Y < X)/Perf Y — D°(Y)/Perf Y = Dgy(Y)

is fully faithful. We thus identify RPerf(Y < X)/Perf Y with the corresponding
full subcategory of D (V).

Definition A.3. The relative singularity category of Y in X is
Die/(Y C X) := RPerf(Y < X)/ Perf Y.
Theorem A.4. Using the notation above, the functor ®z induces a functor
5 - VU |
@z :Dg(S"CS) = Dg (Y CX)

that is an equivalence of triangulated categories.
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Remark A.5. In [26] Theorem 2.1] S is assumed to be a regular scheme over a field.
In this case X is also regular, and hence there are equivalences D;eg'(S’ Cc 9z
Dsg(S") and DE(Y C X) = Dgg(Y).

Proof. The functor ®; has a right adjoint, written ®7%,, which is given by Rp.i.
Here 4” is the right adjoint to Ri, and is given by Li.(—) ® wz/y, where wz )y =
A" INg v [—r + 1]; see [18, IIL.7.3]. The proof of Proposition 2.2 in [26] goes
through verbatim to show that the natural map id — ®7% ® is an isomorphism and
thus that @ is fully faithful.

Now observe that if F is an object of RPerf(S’ < S), then ®z(F) is an object
of RPerf(Y — X). Indeed, the diagram

z7*.x

|k

S =5
where k = u o4, is a Cartesian square and ¢ is flat. Since j.F is perfect on S, we
get that ¢*j. F = k.p* F 2 u. Py is perfect on X.
Also using that p* and i, take perfect complexes to perfect complexes, we obtain
an induced functor
5 . lrqr |
@7 :DG(S"CS) = Dg (Y C X),
and this functor is fully faithful by [26] 1.1].
We now show that if G is in RPerf(Y — X), then ®%(G) is in RPerf(S" < 5).
We have

where the last isomorphism uses the projection formula. Using the isomorphism
uw*u,G = G and the projection formula again, we obtain

U (G @ iswz/y) = Uy (W UG ® gy ) = 1, G @ Usiy)y -

Since wy/y is locally free on Z and 7 and u have finite flat dimension, u.i.wz/y is
perfect. Since we are assuming u,G is perfect, this shows that u.(G ® i*wz/y) is
also perfect. It now follows from [I} I11.4.8.1] that j,®7%(G) = Rg.u.(G ® ixwz/y)
is perfect.

Since ®% sends objects of RPerf(Y — X) to objects of RPerf(S" — S), we
obtain an induced functor

@y : DE/(Y € X) - DE(9' € 9)

that is right adjoint to ®. -
By Lemma [A.6] below, ®} has trivial kernel, and the rest of the proof is a
formality. We have a pair of adjoint functors

@z
D' cs) pEycx)
Y
such that one is fully faithful and the kernel of the other is zero, and so the pair
must be mutually inverse equivalences; see, for example the proof of Theorem 2.1
in [26]. |
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Lemma A.6. For G € DI(Y C X), if 5-(G) =0, then G = 0.

Proof. We need to prove that if G € RPerf(Y — X) is such that ®3(G) is perfect
on S’, then G is perfect on Y. By [13] 6.6] we may assume that G is the coherent
sheaf on Y given by the cokernel of an object of MF(X,O(1), W); see Section
for the definition. In particular, this implies, by [I3} 5.2.1], that G has an infinite
right resolution by locally free coherent sheaves on Y. It follows from this that
Li*G = i*G and hence ®%(G) = Rp.(1*G ® wz/y).

Using the short exact sequence (Ad) and [I8, p. 139] we have that wzy &
A"p*i*E @ Oz(—1). The projection formula gives

Rp.(i*"G ®@wyz/y) = Rp.(i*G(—1)) @ A"j*E,

and hence Rp.(i*G(—1)) is perfect on S’, since A"j*€ is a line bundle. By
the definition of MF(X,O(1),W) and the equivalence [MF(X,O(1),W)] =
DE(S" C S) of Theorem 27, one sees that G(n) = G[2n] in DIE(S" C S) for
all n € Z. Thus Rp.(:*G(n)) is perfect for all n € Z. It now follows from Lemma
below that i*G is perfect on Z.

Note that for any € Y, G, has an infinite right resolution by free Oy ;-modules.
Thus we may assume that we are in the following situation: let A be a commutative
local ring, f1,..., fc an A-regular sequence, set B = A/(f1),C = B/(fa,..., fe),
and let M be a finitely generated B module with an infinite free right resolution
such that M ®p C' has finite projective dimension over C. To finish the proof it is
enough to show that under these conditions M must be free. By [15, Lemma 0.1],
the B-regular sequence (fa, ..., f.) is also M-regular. Thus by [35] 4.3.12] we have
pdp M = pd(M ®p C). Finally, since C has finite projective dimension over B,
one checks that the infinite free right resolution of M remains exact upon tensoring
by C, and so M ®p C also has an infinite right free resolution. Thus M ®p C' is
free, and hence so is M because they have the same projective dimension. (Il

Lemma A.7 (|26, Lemma 2.6]). An object G € DP(Z) is perfect if and only if
Rp.(G(n)) is perfect over S" for all n € Z.

Since we are not working over a field, the argument given in loc. cit. does not
apply.

Proof. If G is perfect, then so is G(n) for all n, and by [Il I11.4.8.1] so is Rp.(G(n)).

To show the converse we may work locally and assume S’ is affine, so that p
has the form p : Z = P, — Spec R. Since G is perfect if and only if some syzygy
in a locally free resolution of G is, we may assume that G is a coherent sheaf.
Moreover, since G is perfect if and only if G(n) is perfect for some n, we may
assume that H(Z,G(n)) = 0 for all i > 0 and n > 0 by Serre’s Vanishing Theorem.
In particular, this implies that G is regular and that Rp.G = p,.G. (See Section
where the definition is of regularity is recalled.)

Since G is regular, [30, 8.1.11] shows that there is a resolution of G of the form

(A.8) 0= 0x(—r+1)@rTr—1— = O0x®@rTy =G —0,

where T; are R-modules defined as follows. We set Ty to be p.G, which is perfect
by assumption, and define Z; to be the kernel of the map Ox(—1) g Ty — G.
Note that p.(Z1(n)) is perfect for all n. Inductively, set T; = p.(Z;—1(4)) and Z; to
be the kernel of the canonical map Ox(—i) ®s T; — Z;—1. By [30, p. 132] Z,_1(3)
is regular. Using this, it follows from the definition and induction that each T; is
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perfect over R. Thus each term in the resolution (AZ8) of G is perfect over Z and
so G must be as well. O

APPENDIX B. STABLE EXT-MODULES AND COMPLETE RESOLUTIONS

Here we show that if M is a complex with bounded finitely generated cohomology
over a commutative Noetherian ring A, and M has a complete resolution in the
sense of [34], then one may compute E}RZ(M, —) := Homp_(4)(¥7"M, —) using
the complete resolution. This is well known in the case A is Gorenstein by [I1],
and is no doubt known in the generality presented here to the experts. However,
we could not find the result in the literature in the generality that we need.

Definition B.1. Let M be a complex of A-modules with bounded and finitely
generated cohomology. A complete resolution of M is a diagram

TP,

where T is an acyclic complex of projective A-modules such that Hom (T, A) is
also acyclic, ¢ is a projective resolution (i.e. a quasi-isomorphism such that P is
a complex of projective A-modules with P* = 0 for i > 0), and ~* (the degree i
component of ) is an isomorphism for ¢ < 0.

Remark B.2. The previous definition was made in [34] for arbitrary complexes; see
also [6].

Example B.3. Let R =Q/(f1,..., f.) be as in §2.3] and let M be a finitely gener-
ated R-module with finite projective dimension over @, ie. M 1is in
DE(Q — R). By [14, 1.2.10, 2.2.8] M has finite G-dimension over R, and by
[34, 2.4.1. 3.6] this implies that M has a complete resolution in the sense above.

Lemma B.4. Let M and N be complezes of A-modules with bounded finitely gener-
ated cohomology and f : M — N a morphism of chain complexes such that cone f is

perfect. If T XL P S Nisa complete resolution of N, then there exists a complete

resolution T' i> P 6—,> M of M and a diagram
T
T

that commutes up to homotopy.

¥ 5
—= P =M

£ ;

[

Y _ 9N

E——

Proof. Consider the triangle

M L N = cone f — M]1]

in K(A), the homotopy category of chain complexes of A-modules. Let §” : F =
cone f be a quasi-isomorphism from a bounded complex of finitely generated pro-
jective A-modules, which exists since cone f was assumed perfect. Let g : P — F

be a lifting over 6" of the composition P % N = cone f. We can complete this to
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a map of triangles:

cone g[—1] P F cone g
R
M ! N cone f —— M[1]

Set P’ := cone g[—1]. By construction P’ is a complex of projective A-modules with
(P)t =0 for i > 0 and (P')! = P* for i < 0. Moreover, ¢’ is a quasi-isomorphism
since ¢ and §” are. Thus 4§’ is a projective resolution of M.

Since Hom 4 (T, A) is acyclic, and since F' is a bounded complex of finitely gener-
ated projective A-modules, it follows that Hom 4 (T, F') is acyclic, i.e. there are no
maps from T to F in K(A). Thus the map v : T — P lifts, up to homotopy, to a
map ' : T — P’. This is the complete resolution we seek. |

Example B.5. Let B be a local Noetherian commutative ring and f € B a non-
zero divisor. Set A = B/(f). By [24, Theorem 1] (see also Theorem [277] above)
there is a fully faithful functor

coker : [M F(Spec B, Op, f)] < Dsg(A).
Let M be a complex of A-modules with bounded and finitely generated cohomology,

and assume that E = (B" 2 pr L B™) is a matrix factorization of f such that
coker E =2 M € Dgg(A). Set

A A
Tim oo AM 2822, gn YORA 0

It is clear that T'— T<® — coker E is a complete resolution. By Lemma [B.4] there
exists some projective resolution P — M which fits into a complete resolution
T—-P— M.

When A is Gorenstein the following is contained in [11} 6.1.2].

Lemma B.6. Let A be a commutative Noetherian ring and let M be an A-complex
with bounded finitely generated cohomology and a complete resolution T <> P — M.
Let N be any A-complex with bounded finitely generated cohomology. There is an
isomorphism, natural in N,

nd, : HYHom (T, N) = Ext'y (M, N).
Moreover, there is a commutative diagram

H?Hom (P, N) ———— HHomy (T, N)
H? Hom 4 (v,—)

:l *i”“

Ext%(M,N) —— > BExt 3 (M, N)
where the lower horizontal map is (2.13).

Proof. First note that we may assume that ¢ = 0. We view the bounded derived
category of A-modules as the homotopy category of complexes of finitely generated
projective modules with bounded cohomology. Thus we replace M by P and we
may assume that N is a complex of finitely generated projective A-modules. Fix
an integer k such that Pi=0= Nt fori>k.
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There is a natural map T — T<*, and the map ~ : T — P factors as
T
| ™\
Tk =P
Note also that the cone of € is perfect. In the remainder of this proof, we use ~ to
denote a morphism whose cone is perfect. For example, we have € : T<F =5 P.
The natural map 7' — T=F induces an isomorphism
Hom 4 (T<F, N) = Homy (T, N).
Given an element f in Z°Homa(T<F,N), we send it to the element of
Homp, (a)(P, N) represented by P Eorpsk Ly N f is null-homotopic, then
this diagram represents the zero morphism. Thus we have a well-defined map
—0
ny : H Homa(T, N) = H” Homu (T<*, N) — Homp_a)(P, N) = Ext ,(M, N).
This map is independent of the choice of k and thus is functorial in N.
We now show that the map fits into the commutative diagram above. Given an
element h € H Hom 4 (P,N) 2 Ext%(P, N), its image in Homp_(4)(P, N) is repre-

sented by P <— P 2y N. In the other direction, it is sent to Ao~y in H® Hom4 (T, N).

By definition n° sends this to P < T'<F Lo N. The diagram

T<k

shows that the diagram commutes.
We now show that n° is an isomorphism. Suppose that n(f) = 0. Then there
exists a complex of projective modules X and a diagram

T<k
€ \
P =~ N
\ -
X

in the homotopy category. Clearly T'— T<F = T'<F is a complete resolution. By
the previous lemma, there exists a complete resolution T — X’ — X making the
following diagram commute:

T T<k =<k
1 1 N
T X/ X N
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In
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other words we have a commutative diagram

T —— Tk

RN

N

This shows that f is null-homotopic, and so 7 is injective.

Now let P <= X — N be any morphism from P to N in Dsg(A). By the previous

lemma there exists a complete resolution T'— X’ — X and a commutative diagram

T —X ——X

1

From this, one sees that there exists an integer [ and a commutative diagram

T<!

which shows that P <= X — N is in the image of 7. ([l
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