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Abstract

This is the third paper in a series. In Part I we developed a deformation theory of objects in homotopy
and derived categories of DG categories. Here we show how this theory can be used to study deformations
of objects in homotopy and derived categories of abelian categories. Then we consider examples from
(noncommutative) algebraic geometry. In particular, we study noncommutative Grassmanians that are true
noncommutative moduli spaces of structure sheaves of projective subspaces in projective spaces.
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1. Introduction

In our paper [5] we developed the deformation theory of a right DG module over a DG cat-
egory A in the corresponding homotopy and derived categories. In the subsequent paper [6] we
proved pro-representability of the corresponding deformation pseudo-functors. In this paper we
would like to show how to apply this theory to deformations of complexes over abelian categories
(in the corresponding homotopy and derived categories).

In the second part of the paper we discuss the example of complexes of (quasi-)coherent
sheaves on a scheme. Then we give examples when our pro-representabity theorems in [6] can
be applied to this geometric situation.

The third part is devoted to the example of a global noncommutative moduli space of objects
in derived categories: noncommutative Grassmanians NGr(m, V). The noncommutative scheme
NGr(m, V) is a true noncommutative moduli space of structure sheaves Opw) € Dfoh Pv)),
where W C V are vector subspaces of dimension dim W = m. Namely, it satisfies the following
properties:

1) There is a natural fully faithful functor @ from the category of perfect complexes
Perf(NGr(m, V)) (Definition 8.20) to D’C’()h (P(V)). Its image is the double orthogonal to
the family of objects Op(), i.e. the full subcategory generated by objects Opcyy(m — n),
..., Op)(—=1), Op(y). This is Corollary 8.22 below.

2) There is a k-point xy € NGr(m, V)(k) = X gmv (k) (see Section 9 below) for each
subspace W C V of dimension dim W = m. Further, (xw).(k) lies in Perf(NGr(m, V)) and
@ (x4 (k)) = Op(w). This is a part of Theorem 9.11 below.

3) The completion of the local ring of the k-point xw (see Section 10.1) is isomor-
phic to H 0(3‘)01’ , where § is dual to the bar construction of the minimal Ao-structure on
Ext (Opaw), Opw)) (Theorem 10.3). It can be shown that the DG algebra RHom (Op(w),
Opw)) is formal and the graded algebra Ext (Opw), Op(w)) is quadratic Koszul, and hence
the projection S— HOS)isa quasi-isomorphism. Hence, the moduli space is not a DG space
but just noncommutative space.
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We do not have a moduli functor of our family of objects Opw), which should be defined
on the category of noncommutative affine schemes. However, the properties 1)-3) suggest that
NGr(m, V) is a true moduli space of this family of objects, in our context of deformations of
objects in derived categories.

It is remarkable that there is a natural morphism from the commutative Grassmanian Gr(m, V)
to noncommutative one NGr(m, V). Moreover, the functor @ : Perf(NGr(m, V)) — Dmh PV))
above coincides with Lfl,m,V’ where f1 v : P(V) — NGr(m, V) is a natural morphism. Both
these statements are parts of Proposition 9.13 below.

Section 6 contains some preliminaries on Z-algebras and the associated noncommutative
schemes (or stacks) Proj(.A) regarded as an abelian category of quasi-coherent sheaves together
with a structure sheaf.

In Section 7 we define the noncommutative Grassmanians as Proj of certain Z-algebras.

In Section 8 we describe the derived categories of noncommutative Grassmanians (Theo-
rem 8.19). This is an application of the more general result for geometric Z-algebras (Theo-
rem 8.14) which originally appeared in [4].

In Section 9 we make an attempt to relate two different approaches to noncommutative ge-
ometry. Namely, we associate to each (positively oriented) Z-algebra a presheaf of groupoids
X 4 on the category Algzp dual to the category of associative unital k-algebras. The groupoid
X 4(B) should be thought of as a groupoid of maps Sp(B) — Proj(A). We compare our defini-
tion with maps between commutative schemes (Proposition 9.9). Then we describe the k-points
of noncommutative Grassmanians (Theorem 9.11).

In the last Section 10, for any presheaf X of sets on Algzp , and its k-point x € X (k), we define
the notion of a completion of local ring O, which cannot exist a priori. Then we prove that in
the case of the noncommutative Grassmanian NGr(m, V) and the k-point xy corresponding to
the subspace W C V' of dimension m, the completion (’) exists and is isomorphic to H 0(8)op
=EH 0(S)) in the above notation.

We freely use the notation and results of [5] and [6]. The reference to [5] or [6] appears in the
form I, Theorem ..., or I, Theorem ... respectively.

Part 1. Deformations of objects in homotopy and derived categories of abelian categories

Let M be small a k-linear abelian category. Denote by C (M), H(M), D(M) the category
of complexes over M, its homotopy category and its derived category respectively. We will
also consider the usual categories C b(M), C*(M) of bounded (resp. bounded above, below)
complexes and the categories H? (M), D? (M), H* (M), D*(M) of cohomologically bounded
(resp. bounded below, above) complexes. Given E € C(M) and an artinian DG algebra R there
are natural notions of homotopy and derived R-deformations (and R-co-deformations) of E.
We start by defining this deformation theory and then show (under some assumptions) how it can
be interpreted as a deformation theory of a DG module over an appropriate DG category .A. This
interpretation allows us to translate the previous results obtained in the DG context to the case
of C(M). Our point of view is that the deformation theory developed in [5,6] in the language of
DG modules is more flexible. Hence for example in the context of abelian categories we omit the
notion of pseudo-functors DEF and coDEF from the 2-dgart to Gpd.

2. Categories Cr (M), C% (M), HR (M), DR(M)

The category of complexes over M is also naturally a DG category with the Hom-complexes
being the usual complexes of morphisms between objects in C (M). We denote this DG category
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by C%(M). Then H(M) is simply Ho(C%(M)) and the category D(M) is obtained from
Ho(C%(M)) by inverting quasi-isomorphisms. Notice that this is NOT the same as D(C%¢(M))
as defined in I, Section 3.1.

Definition 2.1. Let R be an artinian DG algebra. A right R-complex over M (or simply
an R“-complex) is an object S € C(M) together with a homomorphism of DG algebras
R — Hom'(S, S). This is the same as a DG functor from the DG category R (with one
object) to the DG category C%¢(M). Thus R -complexes over M naturally form a DG cate-
gory Funpg (R, C%8(M)) which we denote by C%’ (M). If in the category C%’ (M) we only
consider morphisms which are degree zero cycles (i.e. DG transformations between DG func-
tors), then we obtain an abelian category, which we denote by Ci (M). The homotopy category

Ho(C;lég (M) is denoted by Hp (M). If we invert quasi-isomorphisms in H R (M) we obtain the
derived category Dy (M).

The categories Hg (M) and Dr (M) are naturally triangulated. We will also consider the
obvious full DG subcategories C%(/\/l), C%(M) C C;iég (M) and the full triangulated subcate-
gories H2 (M), Hz (M) C Hr(M); D& (M), D3 (M) C DR(M).

Remark 2.2. Consider M as a DG category (with all morphisms being of degree zero) and let
R be an artinian DG algebra. Notice that an R -complex S € C(M) defines (by Yoneda) a
DG-module over the DG category M;’g = MP QR (3.1, 3.3 in Part 1), i.e. there is a full and
faithful embedding of DG categories

hY : C5 (M) <> M -mod.
Using this embedding we could directly apply our machinery in Part I to obtain a deformation
theory of objects in C(M). This deformation theory however would not always give the right
answer (in case of derived deformations). Our point is that there exists a natural independent
deformation theory for complexes over abelian categories which we define in the next section.
Eventually we will compare this theory to deformations of DG-modules as in Part I.

The next lemma is a repetition of I, Lemma 3.19 in our context.

Lemma 2.3. Assume that R € dgart_. Then there exist truncation functors in DR (M): for every
RP-complex S there exists a short exact sequence of R°P-complexes

7208 = § — 7208,
where H (t.0S) =0 ifi >0 and H' (t>08) =0fori <0.

Proof. Indeed, put

t<052=@5i®d(5_1). O

i<0

The next definition is the analogue of I, Definition 3.8.
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Definition 2.4. Let R € dgart. An R°-complex S is called graded R-free (resp. graded R-
cofree) if there exist M € C?8(M) and an isomorphism of graded objects (forgetting the differ-

ential) in C SM)M @R ~S (resp. M @ R* ~ S).
Proposition 2.5. A homomorphism ¢ : R — Q of artinian DG algebras induces DG functors
d d d d d
¢ CRM) > CEM),  dy: CHM) = CEM),  ¢': CEM) > CHEM).

The DG functors (¢*, ¢s) and (¢, ") are adjoint. That is for S € C SM) and T € C (M)
there are functorial isomorphisms of complexes

Hom’ ((]5*5, T) = Hom'(S, ¢.T), Hom' (¢, T, S) = Hom’' (T, ¢!S).

We denote by the same symbols the induced functors between the abelian categories CR (M),
Co(M) and the homotopy categories HR (M), Ho(M). These induced functors are also ad-
joint.

Proof. The categories M and C (M) are abelian and as such have all finite limits and colimits.
Let S € Ci5 (M). We put

P*(S)=S®r 0, ¢'(S) = Homi,, (Q. ).

That is ¢*(S) is defined as a colimit of a finite (since dim R < oo) diagram involving the object
S ®r Q; and qb!(S) is a limit of a finite (since dim R < 00) diagram involving the object S ®; O*
(since dim Q < 00). So these objects are well defined. The DG functor ¢, is simply the restriction
of scalars.

For each M € C S(M),NecC g(/\/l) we have natural functorial closed morphisms of degree
Zero

N (M) : (M) = ¢ (M) ®r Q — M, m(N): N — ¢.(N ®@r Q) = 4" (N),

induced by the structure morphism M ® Q — M, and by the inclusion N — N ® Q. They give
rise to the morphisms of functors

n i@ P, — id, N2 :id — @™,
It is also clear that the compositions

* ¢ (m2) * 7)1(_¢i) * ')2(¢* ¢*(771)

" — ¢ P ¢, b — P s — ¢x

are equal to identity morphisms. Hence, the pair of DG functors (¢*, ¢,) is adjoint. The same
arguments hold for abelian and homotopy categories.
The adjunction (¢, ¢') is proved in the same way. O

Example 2.6. Let i : R — k be the augmentation map and p : k — R be the obvious inclusion.
Then we obtain the corresponding functors i *, i, i Y P*, Dx, p!.
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Definition 2.7. An object S € C;lég (M) is called h-projective (resp. h-injective) if for every
acyclic T € C;jzg (M) the complex Hom' (S, T) (resp. Hom (7, S)) is acyclic.

Remark 2.8. Note that the collection of h-projectives (resp. h-injectives) is closed under arbitrary
(existing in C;j-f (M)) direct sums (resp. direct products).

Corollary 2.9. The DG functor ¢* (resp. ¢') preserves h-projectives (resp. h-injectives).

Proof. This follows from the adjunctions (¢*, ¢x), (P, d)!) and the fact that ¢, preserves acyclic
complexes. O

Proposition 2.10. Fix R € dgart_.

a) Assume that M has enough projectives. Then for every S € C, (M) there exists an h-
projective P € Cr (M) and a quasi-isomorphism P — S. We may choose P to be graded
R-free.

b) Assume that M has enough injectives. Then for every T € C;E (M) there exists an h-injective
Ie C;E (M) and a quasi-isomorphism T — 1. We may choose I to be graded R-cofree.

Proof. a) Fix § € C, (M) and assume that S’ =0 for i > iy. Since M has enough projectives
we can find (by a standard construction) an h-projective Q¢ € C~ (M) and a surjective quasi-
isomorphism €’ : Qg — p.S. We may and will assume that each Qé € M is projective. Moreover
we may and will assume that Qf, = 0 for i > ig. By adjunction we obtain a surjective morphism

in Cp (M),
€:Py=p*Qo— S,
which is also surjective on cohomology. Denote K = Ker(¢). Note that since R € dgart_ we

have K/ =0 for i > ig. Now repeat the procedure with K instead of S. Finally we obtain an
exact sequence

o> Py — P —>P0—€>S—>()
in C (M) with the following properties:
() P—p is h-projective for every n.
(ii)) P, =0fori > ipand all n.
(iii) The complex
cev—> H(P_1)—> H (Py)) > H(S)—0
is exact.

Denote by P the total complex

P =Tot(---— P_; — Py).
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Note that as a graded object

P=EP P_ulnl,

n=0
so that in each degree i the contribution to P! comes from finitely many P_,’s. Thus P is a

well-defined object in C;z (M) (we do not assume that infinite direct sums exist in M). Because
of the property (iii) above the morphism

e:P—> S

is a quasi-isomorphism. It remains to show that P is h-projective.
We have the standard increasing filtration by R°’-subcomplexes

F,P =Tot(P_, —» ---— P_1 — Py).
This filtration satisfies the following properties:

(a) P= Un>0 F,P;
(b) each quotient F, P/F,_1 P is h-projective;
(c) each inclusion of graded R -objects (F,,—1 P)8" — (F, P)8" splits.

It follows that P is h-projective.

b) The proof is very similar to that of a), but we present it anyway for completeness. Fix
T € CH(M), say T =0 for i < io. Since M has enough injectives we can find an h-injective
Jo € C71 (M) and an injective quasi-isomorphism s’ : p,T — Jo. We may and will assume that
Jo consists of objects which are injective in M. Moreover we may and will assume that Joi =0
for i < ip. By adjunction we obtain an injective morphism of objects in C;E(M),

s: T — Iy :=p!Jo,
which is also injective on cohomology. Denote L = coker(s). Note that since R € dgart_ we

have L' = 0 for i < ig. Now repeat the procedure with L instead of 7. Finally we obtain an exact
sequence

0—>Ti>10—>11 — ..
in C;; (M) with the following properties:
(i") Iy is h-injective for all n.
(ii") I} =0fori <ip and all n.
(iii") The complex

0— H(T)— H (Ip) > H (I}) —> -

is exact.
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Denote by I the total complex
I:=Tot(lp — 1) — ---).

Note that as a graded object

I =@ Ll-nl.

n>0

so that in each degree i the contribution to I’ comes from finitely many I,’s. Thus / is a well-
defined object in C%(M). Because of property (iii’) above the morphism s : T — I is a quasi-
isomorphism. It remains to show that I is h-injective.

We have the standard decreasing filtration by R°’-subcomplexes

F,I =Tot(l, > I,4+1 — ---).
This filtration satisfies the following properties:

(@ I'=lml/F,I;
(b) each quotient F,, P/ F,+1 P is h-injective;
(c) each inclusion of graded R -objects (Fy,111)8" — (F, P)8" splits.

It follows that [/ is h-injective.
Proposition is proved. O

Using the last proposition we can define derived functors of the functors ¢* and ¢'. Namely
assume that M has enough projectives (resp. injectives). Then given a homomorphism ¢ : R —
Q of artinian (non-positive) DG algebras we define the functor L¢™ : Dy (M) — Dé(/\/l) (resp.
Ro' : D;’z M) — DE(M)) using h-projectives (resp. h-injectives) in the usual way. Notice that
the functor ¢, is exact, hence it extends trivially to ¢ : DE(M) — D%(M). The functors
(L¢*, ¢4) and (¢, R¢') are adjoint.

Remark 2.11. Let R € dgart_ and M, N € C7dzg (M). Assume that (i) M has enough projectives
and M € D (M) or (ii) M has enough injectives and N € D;%(M). Then we can define the
complex RHom (M, N) and hence the vector spaces Ext' (M, N). Namely, by Proposition 2.10
in the first case we may replace M by a quasi-isomorphic h-projective P and in the second case
we may replace N by a quasi-isomorphic h-injective /. Then define RHom(M, N) as either
Hom (P, N) or Hom (M, I).

Proposition 2.12. Let ¢ : R — Q be a morphism of artinian DG algebras which is a quasi-
isomorphism.

a) Assume that M has enough projectives. Then the functor L¢* : D7 (M) — Dé(./\/l) is an
equivalence of categories.

b) Assume that M has enough injectives. Then the functor R¢' : D;;(/\/l) — D“é(/\/l) is an
equivalence of categories.
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Proof. a) It suffices to prove that for each h-projective P € C;lg M), P eC ng (M), the adjunc-
tion morphisms

m(P):¢*¢(P') > P'.  m(P):P— ¢.¢*(P)

are quasi-isomorphisms. As complexes in C (M), the cones of both morphisms are of the form
P’ @p Cone(R — Q), where P” is P or P’ respectively. So, it remains to prove the following

Lemma 2.13. If N is an acyclic finite-dimensional R-module and P € C7d§ (M) is h-projective,
then the complex P @ N is null-homotopic.

Proof. Let M be an object in C(M). Then we have
Hom' (P ®R N, M) = Homj,, (P, Hom; (N, M)),

and this complex is acyclic since the R°’-complex Hom; (N, M) is acyclic and P is h-projective.
Hence, the complex P ®z N is null-homotopic. O

b) The proof is similar. It suffices to prove that for each h-injective I € C%’ M), I' €
C S(M), the adjunction morphisms

M) :gep' (D) — 1,  m(I'):1'— ¢'¢u(I)

are quasi-isomorphisms. As complexes in C (M), the cones of both morphisms are of the form
Hom,,, (Cone(R — Q), I") where 1" is I or I' respectively. So, it remains to prove the follow-

ing:

Lemma 2.14. If N is an acyclic finite-dimensional R°P-module and I € C%) (M) is h-projective,
then the complex Hom'Ro,, (N, I) is null-homotopic.

Proof. Let M be an object in C(M). Then we have
Hom' (M, Homz,, (N, I)) = Homi,, (M, Hom (N, ),

and this complex is acyclic since the R°?-complex Hom, (N, M) is acyclic, h-injective and hence
null-homotopic. Hence, the complex Hom, (N, I) is null-homotopic. O

Proposition is proved. O
3. Deformation pseudo-functors

Let E be an object in C(M). As in the DG setting we first define the homotopy deformation
and co-deformation pseudo-functors

Def"(E), coDef"(E) : dgart — Gpd.

The definitions are copies (in our context) of the corresponding definitions in Part I.
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Definition 3.1. Fix E € C(M) and let R € dgart. An object in the groupoid Def%‘z(E ) is a pair
(S,0), where S € Cr(M) and o : i*S — E is an isomorphism of objects in C(M) such that
the following holds: there exists an isomorphism of graded objects 1 : (E ® R)& — S& so that
the composition

E=i"(EQR) L i*S % E

is the identity.

Given objects (S,0),(S',0') € Defl;z(E), amap f:(S,0) = (§',0') is an isomorphism
f:S— S suchthat ¢’ - i* f = 0. An allowable homotopy between maps f, g is a homotopy
h: f — g such that i*h = 0. We define morphisms in Def%‘z(E ) to be classes of maps modulo
allowable homotopies.

Note that a homomorphism of artinian DG algebras ¢ : R — Q induces the functor ¢* :
Def*;z(E ) —> Deth(E ). This defines the pseudo-functor

Def"(E) : dgart — Gpd.
We refer to objects of Def?a(E ) as homotopy R-deformations of E.
Example 3.2. We call (p*E,id) € Deld;z(E ) the trivial R-deformation of E.

Definition 3.3. Denote by Deld]r(E ), Defh (E), DefB(E ), Def*c’1 (E) the restrictions of the pseudo-
functor Def(E) to subcategories dgart 1, dgart_, art, cart respectively.

Let us give an alternative description of the same deformation problem. We will define the
homotopy co-deformation pseudo-functor coDef"(E) and (eventually) show that it is equivalent
to Def"(E). The point is that in practice one should use Def®(E) for an h-projective E and
coDefh(E ) for an h-injective E.

Definition 3.4. Fix E € C(M). Let R be an artinian DG algebra. An object in the groupoid
coDef%(E) is a pair (T, t), where T € Cr(M) and 7 : E — i'T is an isomorphism of objects
in C (M) so that the following holds: there exists an isomorphism of graded objects & : T8 —
(E ® R*)&" such that the composition

ESI'T 5 EQR)=E
is the identity.

Given objects (T, t) and (T', ') € coDef%‘z(E) amap g: (T,t) — (T', t’) is an isomorphism
f:T — T’ such that i' f - T = /. An allowable homotopy between maps f, g is a homotopy
h: f — gsuchthati'(h) = 0. We define morphisms in coDef;’z(E ) to be classes of maps modulo
allowable homotopies.

Note that a homomorphism of DG algebras ¢ : R — Q induces the functor P Def%‘z(E ) —>
Deth(E ). This defines the pseudo-functor

Def'(E) : dgart — Gpd.
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We refer to objects of coDef;‘z(E ) as homotopy R-co-deformations of E.

Example 3.5. For example we can take T = E @ R* with the differential dg g+ :=dpg @ 1 +1®
dg+ (and t =id). This we consider as the trivial R-co-deformation of E.

Definition 3.6. Denote by coDefﬂ‘_(E ), coDef™ (E), coDefg(E ), coDeflcll(E ) the restrictions of
the pseudo-functor coDef"(E) to subcategories dgart 1, dgart_, art, cart respectively.

3.1. Derived deformation pseudo-functors
Likewise we define derived deformation pseudo-functors. In view of Proposition 2.10 above
we restrict ourselves to non-positive artinian DG algebras and consider two cases: enough pro-

jectives or enough injectives in M.

Definition 3.7. Assume that M has enough projectives and fix E € D~ (M). We are going to
define a pseudo-functor

Def_(E) : dgart_ — Gpd

of derived deformations of E. Fix an artinian DG algebra R € dgart_. An object of the groupoid
Defg (E) is a pair (S, o), where S € D, (M) and o is an isomorphism (in D™ (M)

o:Li*S— E.

A morphism f : (S,0) — (T, t) between two R-deformations of E is an isomorphism (in
DL (M)) f: 8 — T, such that

7-Li*(f) =o.

This defines the groupoid Defr (E). A homomorphism of artinian DG algebras ¢ : R — Q
induces the functor

L¢™* : Defgr (E) — Defg(E).
Thus we obtain a pseudo-functor
Def_(E) : dgart_ — Gpd.
We call Def_ (E) the functor of derived deformations of E.

Remark 3.8. A quasi-isomorphism ¢ : R — Q of artinian DG algebras induces an equivalence
of groupoids

L¢* : Defg (E) — Defg(E).

Indeed, L™ : D (M) — Dé(./\/l) is an equivalence of categories (Lemma 2.12 a)) which com-
mutes with the functor Li*.
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Remark 3.9. A quasi-isomorphism § : E; — E3 in D~ (M) induces an equivalence of pseudo-
functors

84 : Def_(E ) — Def_(E»)
by the formula §,(S,0) = (5,6 - o).

Definition 3.10. Denote by Defy(E), Def;(E) the restrictions of the pseudo-functor Def_ (E) to
subcategories art, cart respectively.

Let us now define the pseudo-functor of derived co-deformations.

Definition 3.11. Assume that M has enough injectives and fix E € DT (M). We are going to
define a pseudo-functor

coDef_(E) : dgart_ — Gpd

of derived co-deformations of E. Fix an artinian DG algebra R € dgart_. An object of the
groupoid coDefg (E) is a pair (S, o), where S € D%(M) and o is an isomorphism (in D" (M))

o:E— Ri'S.

A morphism f : (S,0) — (T, 7) between two R-deformations of E is an isomorphism (in
D;é(./\/l)) f:8— T, such that

Ri'(f) -0 =1.

This defines the groupoid coDefgr (E). A homomorphism of artinian DG algebras ¢ : R — Q
induces the functor

R¢' : coDefg (E) — coDefg(E).
Thus we obtain a pseudo-functor
coDef_(E) : dgart_ — Gpd.
We call coDef_ (E) the functor of derived co-deformations of E.

Remark 3.12. A quasi-isomorphism ¢ : R — Q of artinian DG algebras induces an equivalence
of groupoids

R¢! :coDefR (E) — coDefg(E).

Indeed, R¢' : D (M) — D*Q'(/\/l) is an equivalence of categories (Lemma 2.12 b)) which com-
mutes with the functor Ri'.
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Remark 3.13. A quasi-isomorphism § : E; — E; in D' (M) induces an equivalence of functors
8% : coDef(E,) — coDef(E1)
by the formula §*(S,0) = (S, 0 - §).

Definition 3.14. Denote by coDefy(E), coDefy(E) the restrictions of the pseudo-functor
coDef_ (E) to subcategories art, cart respectively.

3.2. Summary of main properties of deformation pseudo-functors
Proposition 3.15. Let E € C(M). There exists a natural equivalence of pseudo-functors
Def(E) — coDef"(E).

Consider E as an object in the DG category C% (M) and denote by B the DG algebra B =
End(E). Then these pseudo-functors are also equivalent to the Maurer—Cartan pseudo-functor
MC(B) : dgart — Gpd (1, Section 5).

Theorem 3.16. Let E, E' € C (M) be such that the DG algebras End(E) and End(E") are quasi-
isomorphic. (For example assume that E and E' are homotopy equivalent.) Then the pseudo-
functors Def?(E) (=~ coDef(E)), Def’(E’) (=~ coDef"(E")) are equivalent.

Theorem 3.17. Assume that M has enough projectives and let P € C~ (M) be h-projective such
that Ext"'(P, P) = 0. Then there is an equivalence of deformation pseudo-functors

Def_(P) ~ Def (P).

Theorem 3.18. Assume that M has enough injectives and let I € C* (M) be h-injective such
that Ext~1(I, I) = 0. Then there is an equivalence of deformation pseudo-functors

coDef_([) >~ coDef!" ).

Corollary 3.19. Assume that M has enough projectives (resp. injectives) and E € D~ (M) (resp.
E € DY(M)) is such that Ext™(E, E) = 0. Then the deformation pseudo-functor Def_(E)
(resp. coDef_(E)) depends up to an equivalence only on the quasi-isomorphism class of the DG
algebra RHom(E, E). In particular, let N be another abelian category with enough projectives
(resp. enough injectives); assume that F : M — N is a functor such that C(F) : C(M) —
C(N) preserves h-projectives (resp. h-injectives) and induces an equivalence F : D~ (M) —
D~ (N) (resp. F: DT (M) — DT(N)), then the pseudo-functors Def_(E) and Def_(F (E))
(resp. coDef_(E) and coDef_(F (E))) are equivalent.

Theorem 3.20. Assume that M has enough projectives and enough injectives. Let E € D”(M)
be a complex with Ext™'(E, E) = 0. Then there exists an equivalence of pseudo-functors

Def_(E) >~ coDef_(E).

These propositions and theorems will be proved in the next two subsections.
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3.3. Relation with the homotopy deformation theory of DG modules

Let R be an artinian DG algebra. Recall (Remark 2.2) that an R°’-complex M € C?g (M)
defines a DG functor from the DG category M to the DG category of DG R’ -modules by the
formula N — Homedg pqy (N, M). This may be considered also as a DG module over the DG
category M% = (M ® R)°. Thus we obtain a full and faithful (by Yoneda) DG functor

h : C%(M) > MZ5-mod.

Notice that this DG functor #* does not commute with the DG functor ¢* in general (because
the usual Yoneda functor M — M°-mod is not exact). However we have the following result
which suffices for our purposes.

Lemma 3.21. Let ¢ : R — Q be a homomorphism of artinian DG algebras.
a) There is a natural isomorphism of DG functors from Cng(M) to M,O,g—mod
h% - s = s hy.
b) There is a natural isomorphism of DG functors from C%' M) to Mg—mod
o P ~¢ - hi.
¢) There is a natural morphism of DG functors from C% (M) to MOQP-mod
which is an isomorphism on objects T € C?é’] (M) such that T as a graded R°P-module
is isomorphic to S @i V, where S € C%(M) and V is a finite-dimensional RP-module.
In particular it is an isomorphism on objects T which are graded R-free.
Proof. a) is obvious. Let us prove b) and c). Fix M € C%’ (M) and N € M. We have

¢'h (N) = Homp,, (Q, Hom N, M)),

t‘clg(M)(

and

%™ (N) = Homy,, v (N, Homig,, (Q, M)).

Notice that both these complexes are naturally isomorphic to

HombdK(M)®R0P (N® 0, M).

This proves b).
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Now
¢*hig (N) =Homgy, \ (N, M) @R Q,
and
h% ™M (N) = Hom: (N, M ®% Q)
R - Cdg(M) ’ R .
We define the morphism of complexes § : ¢>*h%(N) — th(N) by

S(fRq)m) ==DT"f(n)®q.

Assume that M as a graded object is isomorphic to S ® V, where S € C¥¢(M) and V is a finite-

dimensional R°’-module. Then both complexes ¢* h%(N ) and th (N) are graded isomorphic
to Hom'Cdg M) (N, S) ®(V®gr Q) and § is the identity map. This proves ¢) and the lemma. O

Warning. In what follows we will compare deformations and co-deformations of objects E
in C(M) (or, which is the same, in C%(M)) as defined above, with deformations and co-
deformations of DG modules over DG categories (such as hE for example), as defined in [5].
These pseudo-functors are denoted by the same symbols (like Def), but we hope that there is no
danger of confusion because we always mention the corresponding argument (such as E or hf).

Corollary 3.22. Fix E € C%(M). The collection of DG functors {h;} defines morphisms of
pseudo-functors

h® : Def*(E) — Def"(h%), h® : coDef(E) — coDef" (h).

Proof. Notice that for an artinian DG algebra R the graded ./\/l;g-modules hE @ R and hE®R
(resp. hf ® R* and hE®R™) are naturally isomorphic. The rest follows from Lemma 3.21. O

Proposition 3.23. For every E € C€(M) the morphisms
h* : Def"(E) — Defh(hE), h* : coDef"(E) — coDefh(hE)
are equivalences of pseudo-functors.

Proof. Since the DG functors hZ, are full and faithful it follows that the induced functor
hy: Defl;z(E ) —> Def';z(hE ) is full and faithful. It remains to show that Ay is essentially sur-
jective.

Let (S,id) € Defl;%(hE). Consider the DG M -module p*S‘. Notice that S is just the DG
M -module p,.S together with a homomorphism of DG algebras R — End(p,S). Thus it suf-
fices to show that p,S is isomorphic to 45 for some § € C9(M). Notice that p«S is obtained
from E by taking finite direct sums and iterated cone constructions. The DG functor 4® preserves
cones of morphisms, hence p,.S is in the essential image of the DG functor /°.

The same proof works for the pseudo-functors coDef". O
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3.4. Proof of main properties of deformation pseudo-functors

Corollary 3.24. For any E € C(M) the pseudo-functors Def"(E) and coDef"(E) from dgart to
Gpd are equivalent.

Proof. Indeed, by the last proposition we have equivalences Def'(E) ~ Def'(h%) and
coDef"(E) ~ coDef" (h£). It remains to apply I, Proposition 4.7. O

For E € C% (M) denote by B the DG algebra End(E). Recall the Maurer—Cartan pseudo-
functor MC(B) : dgart — Gpd (I, Definition 5.4).

Corollary 3.25. The pseudo-functors Def"(E) (~ coDef"(E)) and MC(B) are equivalent. In
particular these pseudo-functors depend (up to an equivalence) only on the isomorphism class
of the DG algebra End(E).

Proof. This follows from Corollary 3.24 and I, Proposition 6.1. O

Recall that for quasi-isomorphic DG algebras B and C the corresponding Maurer—Cartan
pseudo-functors MC () and MC(C) are equivalent (I, Theorem 8.1). Hence we obtain the fol-
lowing corollary.

Corollary 3.26. Assume that for E, E' € C% (M) the DG algebras End(E) and End(E') are
quasi-isomorphic. Then the pseudo-functors Defh(E ) (x CODefh(E ) and Defh(E 0
(=~ coDef"(E")) are equivalent.

The next example is a copy of I, Proposition 8.3 in our context.

Example 3.27. a) Assume that for E, E’ € C%(M) are homotopy equivalent. Then the DG
algebras End(E) and End(E’) are canonically quasi-isomorphic.

b) Let P € C®(M) and I € C% (M) be h-projective and h-injective respectively. Assume
that f : P — I is a quasi-isomorphism. Then the DG algebras End(P) and End(/) are canoni-
cally quasi-isomorphic.

The proof is the same as that of I, Proposition 8.3.

We will need a more precise result as in Proposition 8.5 in Part I.

Lemma 3.28. Fix an artinian DG algebra R.

Let g : E — E’ be a homotopy equivalence in C%(M). Assume that (V,id) € Defé‘z(E) and
(V,id) € Defl;z(E/ ) are objects that correspond to each other via the equivalence Def?z(E ) >~
Def?z(E’ ) of Corollary 3.26 and Example 3.27 a). Then there exists a homotopy equivalence
g :V — V' which extends g, i.e. i*g = g. Similarly for the objects of coDefl;2 with i* instead

of i*.

Proof. The full and faithful Yoneda DG functor 2°® allows us to translate the problem to DG mod-
ules over the DG category M (Proposition 3.23). So it remains to apply I, Proposition 8.5a). O
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Theorem 3.29.

a) Assume that M has enough projectives. Let E € C~ (M) be such that Ext~l(E, E) = 0.
Choose an h-projective P € C~ (M) and a quasi-isomorphism P — E. Then there exists an
equivalence of pseudo-functors

Def_(E) ~ Def (P).

b) Assume that M has enough injectives. Let E € CT(M) be such that Ext"'(E, E) = 0.
Choose an h-injective 1 € Ct (M) and a quasi-isomorphism E — I. Then there exists an
equivalence of pseudo-functors

coDef_(E) ~ coDef!" ).

Proof. We may and will assume that each P/ € M (resp. I/ € M) is projective (resp. injective).
We need a few preliminaries.

Lemma 3.30. Fix R € dgart_. In the notation of the above theorem let (S,0) € Def%‘z(P) (resp.
(S,0) € coDef;‘z(l)). Then S € C;%’(M) is h-projective (resp. h-injective).

Proof. Let (S,0) € Defk;z(P). We may and will assume that i*S = P and o = id. By definition
S& ~ (P ® R)#" and since R is non-positive the graded R-submodule H i P/ ®R is actually
a subcomplex for each jj. Notice that for each j the R’ -complex P/ ® R is h-projective (since
P/ is projective). Hence also each R -submodule P i P/ ® R C S is h-projective. Now we
repeat the argument in the proof of Proposition 2.10 a) to show that § is h-projective.

The proof for (S, 0) € coDef?z(I ) is similar. O

Lemma 3.31. Let R be an artinian DG algebra and S, T € C;iég (M) be graded R-free (resp.
graded R-cofree).

a) There is an isomorphism of graded vector spaces Hom (S, T) = Hom (i*S,i*T) @ R
(resp. Hom'(S, T) = Hom'(i'S, i'T) ® R), which is an isomorphism of graded algebras if
S = T. In particular, the map i* : Hom'(S, T) — Hom' (i*S, i*T) (resp. i* : Hom'(S, T') —
Hom'(i'S,i'T)) is surjective.

b) The RP-complex S has a finite filtration with subquotients isomorphic to i*S as objects in
C% (M) (resp. to i'S as objects in C;ié’)(/\/l)).

¢) The DG algebra End(S) has a finite filtration by DG ideals with subquotients isomorphic to
End(i*S).

d) If f € Hom'(S,T) is a closed morphism of degree zero such that i* f (resp. i'f) is an
isomorphism or a homotopy equivalence, then f is also such.

Proof. The full and faithful Yoneda DG functor 4#°® allows us to translate the problem to DG
modules over the DG category M (Lemma 3.21). So it remains to apply I, Proposition 3.12. O

Now we can prove the theorem. We first prove a). Using Remark 3.9 it suffices to prove that
the pseudo-functors Def_ (P) and Def" (P) are equivalent. Let us define a morphism

B : Def (P) — Def_(P).
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Fix R e dgart_ and let (S,0) € Def;‘z(P). By Lemma 3.30 the R°’-complex S is h-projective.
Hence Li*S = i*S and therefore (S, o) € Defr (P). This defines a functor B : Defl;z(P) —
Defr (P) and a morphism of pseudo-functors f : Def" (P) — Def_(P). We need to show that
BRr is an equivalence.

Surjective on isomorphism classes. Let (T, t) € Defr (P). We may and will assume that T €
Cj{” (M) is h-projective and graded R-free (Proposition 2.10 a)). Thus (7, 1) € Def?z(i *T).
Since T is h-projective, so is i*T and hence 7 : Li*T = i*T — P is a homotopy equivalence.
It follows from Lemma 3.28 that there exists (S, id) € Def{;z(P) such that § and T are homotopy
equivalent and (S, id) and (7, 7) are isomorphic objects in Defg (P). Le. Br(S,id) >~ (T, 7).

Full. Let (S,1d), (5',1d) € Def*;z(P). Let f: Br(S,id) — Br(S’,id) be an isomorphism in
Def (P). Since S, S’ are h-projective (Lemma 3.30) this isomorphism f is a homotopy equiva-
lence. Because P is h-projective i * f is homotopic to idp. Let & : i* f — id be a homotopy. Since
S, S are graded R-free the map i*:Hom'(S, S’) — Hom’ (P, P) is surjective (Lemma 3.31 a)).
Choose alift /i : § — S’[1] of h and replace f by f f—- dh. Then z*f =id. Since S and S’ are
graded R-free f is an 1som0rphlsrn (Lemma 3.31 d)). Thus f (8,1id) — (8, 1d) is a morphism
in Def! 7 (P) such that Br f=f.

Faithful Let (S,id), (8’,id) € Defh (P) and let g1,g2: S — S be two isomorphisms
(in C $(M)) such that i *g1 = i*go = idp. That is g1, go are maps which represent mor-
phlSI’IlS in Defl;a(P). Assume that B (g1) = Br(g2), i.e. there exists a homotopy s : g1 — g2.
Then d(i*s) = i*(ds) = 0. Since by our assumption H~!Hom'(P, P) = 0 there exists f €
Hom™2(P, P) with dr = i*s. Choose a lift 7 € Hom~2(S, ') of 7. Then § := s — d7 is an al-
lowable homotopy between g1 and g>. This proves that S is faithful.

The proof of part b) of the theorem is similar and we omitit. 0O

Theorem 3.32. Assume that M has enough projectives and enough injectives. Let E € D”(M)
be a complex such that Ext"'(E, E) = 0. Then there exists an equivalence of pseudo-functors

Def_(E) ~ coDef_(E).

Proof. Choose quasi-isomorphisms P — E and E — I, where P is a bounded above h-
projective and / is a bounded below h-injective (Proposition 2.10). Then by Theorem 3.29 there
exist equivalences of pseudo-functors

Def_(E) ~ Def" (P), coDef_ (E) ~ coDef™ ().

But pseudo-functors Def® (P) and coDef" (I) are equivalent by Example 3.27, Corol-
lary 3.26. O

Corollary 3.33. Assume that M has enough projectives (resp. injectives) and E € D~ (M) (resp.
E € DT (M)) is such that Ext Y (E, E) = 0. Then the deformation pseudo-functor Def_(E)
(resp. coDef_(E)) depends up to an equivalence only on the quasi-isomorphism class of the DG
algebra RHom(E, E). In particular, let N be another abelian category with enough projectives
(resp. enough injectives); assume that F : M — N is a functor such that C(F) : C(M) —
C(N) preserves h-projectives (resp. h-injectives) and induces an equivalence F : D~ (M) —
D~ (N) (resp. F : DY(M) — DT (N)), then the pseudo-functors Def_(E) and Def_(F(E))
(resp. coDef_(E) and coDef_ (F (E))) are equivalent.
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Proof. This follows from Theorem 3.29 and Corollary 3.26. O
3.5. Relation with the derived deformation theory of DG modules

Finally in the situation of Theorem 3.29 we want to interpret the derived deformation pseudo-
functors Def_ and coDef_ in a context of DG modules.

Theorem 3.34. Assume that M has enough projectives and let P € C~ (M) be h-projective such
that Ext~'(P, P) = 0. Then the DG functor h® : C*%(M) — M°-mod induces an equivalence
of pseudo-functors Def_ (P) ~ Def_ (hP).

Proof. By Proposition 3.23 the morphism of pseudo-functors
h® : Def" (P) — Def™ (k")

is an equivalence. By Theorem 3.29 a) there exists an equivalence of pseudo-functors Def_ (P) =~
Def” (P). We claim that the pseudo-functors Def_ (h*) and Defh (h?) are also equivalent. In-
deed, notice that the DG M?’-module 1 satisfies property (P) (Definition 3.2 in Part I). Hence
it is h-projective. Therefore

Ext™'(h”, h") = H~"Hom'(h”, h") ~ H~'Hom (P, P) = 0.

Clearly h? is bounded above. Hence by I, Theorem 11.6 a) we have Def_ (hP) ~ Def" (hP).
Combining these three equivalences we obtain Def_ (P) =~ Def_ ). o

Remark 3.35. Notice that the DG functor 7°® : C4¢(M) — MP-mod does not preserve quasi-
isomorphisms in general. If M has enough projectives then we can consider a similar DG functor

Ppe . c¥% (M) — PP-mod,

where P C M is the full subcategory of projectives. This DG functor ”4* has all the good
properties of h® (full and faithful, induces an equivalence of homotopy deformation and co-
deformation pseudo-functors, etc.) and in addition it preserves quasi-isomorphisms. Thus ©' 7 is
better suited than 4#°® for comparing derived deformation pseudo-functors.

Next we want to prove the analogue of Theorem 3.34 for the pseudo-functor coDef_ in case
M has enough injectives. We can only prove it with an extra finiteness assumption.
We are still going to work with a covariant DG functor from C% (M) to MP-mod, but it will
not be 4°*. Consider the DG functor A} : C 48 (M) — M?P-mod defined by
hy(N) = Homj, ) (M, N)*,

where (-)* denotes the (graded) k-dual. Recall (I, Section 3.1) that for any W € M%-mod,
M e C%(M),

Hom' (W, i},) = W(M)*.
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In particular
Hom' (h}i,,l , h}‘;,,z) = h}’{,,l (My)* = Hom'cdg(M)(Ml, Mo)**,
Therefore the DG functor 4} is not full in general, but it induces a quasi-isomorphism
hY:Hom' (M, M) — Hom' (h*Ml , h}i,lz)
if dim H Hom(M, M3) < oo for all i.
Also for each M € M the DG M -module h}, is h-injective. Hence /7, is h-injective for

each M € Ct*(M).

Theorem 3.36. Assume that M has enough injectives and let I € C T (M) be h-injective such
that Ext~ (1, I) = 0. Assume that for each i dimExt (I, I) < oc. Then the DG functor

. C% (M) — MP-mod
induces an equivalence of pseudo-functors coDef_(I) > coDef_ (h}).

Proof. By Theorem 3.29 b) there exists an equivalence of pseudo-functors
coDef_ (1) ~ coDef" (I).
Since dim H! Hom(/, I) < oo for each i the homomorphism of DG algebras kY :End(I) —
End(h}) is a quasi-isomorphism. Hence the pseudo-functors coDef? (1) and coDef™ (h7) are

equivalent (Corollary 3.25 and I, Proposition 6.1, I, Theorem 8.1).
The DG M -module 47 is h-injective and bounded below. Hence by I, Theorem 11.6 b)

coDef" (h}) ~ coDef_ (I}).
Combining the above three equivalences we obtain the desired equivalence
coDef_(I) 2~ coDef_ (h}‘) o

In case of finite injective dimension we could still use the DG functor 4® to compare the
derived co-deformation pseudo-functors. Namely, we have the following result.

Theorem 3.37. Assume that M has enough injectives and let I € CP(M) be a (bounded) h-
injective such that Ext™'(I, I) = 0. Then the DG functor

h® : C4q(M) — MP-mod
induces an equivalence of pseudo-functors

coDef_(I) ~ coDef_ (hl)
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Proof. By Proposition 3.23 we have an equivalence of pseudo-functors
h® : coDef™(I) — coDef"(h").
By Theorem 3.18 there is an equivalence of pseudo-functors
coDef_(I) ~ coDef" ).

Finally, notice that 4/ is a bounded h-projective object in M°-mod. Hence by I, Theo-
rem 11.6 b) there is an equivalence of pseudo-functors

coDef™ (hl) =~ coDef_ (hl)
This proves the theorem. O
Part 2. Geometric examples, applications and conjectures
4. Deformations of bounded complexes on locally Noetherian schemes

Fix a locally Noetherian scheme X over k. Let E be a bounded complex of quasi-coherent
sheaves on X. The abelian category Qcohy of quasi-coherent sheaves on X does not have enough
projectives in general. Still there is a natural (classical) derived deformation pseudo-functor

Def(E) : cart — Gpd,

which is defined using h-flat objects.

The abelian category Qcohy has enough injectives, so we can define the pseudo-functor
coDef_(E) as in Definition 3.11 above. Our main result (Theorem 4.4 below) claims that the
pseudo-functors Def(E) and coDef | (E) are naturally equivalent. This allows us to consider the
pseudo-functor coDef_ (E) as a natural extension to dgart_ of the classical deformation functor
Def(E).

Let us first introduce some notation. For a scheme Y we denote by Mody, Qcohy, cohy
the abelian categories of Oy-modules, quasi-coherent Oy-modules and coherent Oy-modules
respectively. Denote by D(Y), D(Qcohy), D(cohy) the corresponding derived categories and by
Décoh(Y), Df (), Djf)h (Qcohy), ... their usual full subcategories defined by a cohomological
condition.

Note that none of the categories Mody, Qcohy, cohy has enough projectives in general. The
categories Mody, Qcohy have enough injectives and if the scheme Y is locally Noetherian, then
the natural functor

DT (Qcohy) — Dgcoh(Y)
is an equivalence of categories [8].

Definition 4.1. A complex F € C(Mody) is h-flat if the complex F ®», G is acyclic for every
acyclic G € C(Mody).
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For every S € C(Mody) Spaltenstein in [15] has constructed a functorial h-flat resolution.
That is he defines an h-flat F(S) € C(Mody) and a quasi-isomorphism F(S) — S. The com-
plex F(S) consists of Oy-modules which are direct sums of sheaves Oy for affine open subsets
U C Y (Oy is the extension by zero to Y of the structure sheaf of U). Using these h-flat res-
olutions we may define derived functors Lf* : D(Y) — D(Z) for a morphism of schemes
f :Z — Y. Namely, put

Lf*(S):= f*(F(S)).
For a commutative local artinian algebra R and a scheme Y put
YR = X @speck Spec R
and denote by i : Y — Y the closed embedding.

Definition 4.2. Let X be a scheme, E € Dqcon(X). We define the pseudo-functor

Def(E) : cart — Gpd

of “classical” deformations of E as follows.

Fix a commutative local artinian algebra R. An object of the groupoid Defg (E) is a pair
(S,0), where S € Dgcon(XRr) and o : Li*S — E is an isomorphism in Dgcoh(X). A morphism
between two such pairs (S, o) and (S’,0’) is an isomorphism f : S — S’ such that o0 = o’ -
Li*(f).

A homomorphism ¢ : R — Q of commutative local artinian algebras induces a morphism of
schemes ¢ : Xy — X which fits in a commutative diagram

¢
XQHXR
ZT Ti
X X.

Hence we obtain the functor L¢* : Defr (E) — Defg(E). This defines the pseudo-functor
Def(E) : cart — Gpd.

In [15] it is also shown that for every object S € C(Mody) there exists an h-injective J €
C(Mody) and a quasi-isomorphism S — J. As usual we define right derived functors using
h-injectives.

For example if ¢ : R — Q is a homomorphism of commutative artinian local algebras we
obtain the functor

¢': C(Mody,) — C(Mody,), ¢'T := Homo, (Oyg, T)

and its derived functor R¢' : D(YR) — D(Yg).
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In particular for a commutative local artinian algebra R and a scheme Y the closed embedding
i : Y < Yx induces the functor

i': C(Modyg) - C(Mody), i'T:= Homo,,, (Oy, T),
and its derived functor
Ri': D(Yr) — D(Y).
Definition 4.3. Let X be a scheme (over k) and E € Dqcon(X). We define the pseudo-functor
coDef(E) : cart — Gpd

of (“classical”) derived co-deformations of E as follows.

Let R be a commutative local artinian algebra. An object of the groupoid coDefg (E) is a pair
(T, 7), where T € Dgcon(XRr) and 7 : E — Ri'T isa quasi-isomorphism. A morphism between
two such object (7', 7) and (7”, ') is a quasi-isomorphism f : T — T’ such that 7’ = Ri'(f) - T.

A homomorphism ¢ : R — Q of commutative local artinian algebras induces the morphism
X o — X and hence the functor

R¢' : coDefR (E) — coDefg(E).
Thus we obtain the pseudo-functor coDef(E) : cart — Gpd.
The next theorem is our main result of this section.

Theorem 4.4. Let X be a locally Noetherian scheme, E € Dgcoh (X). Then there exists an equiv-
alence of pseudo-functors

Def. (E) — coDef(E).

This theorem follows from a more precise Theorem 4.16 below.

We need a few lemmas.

Fix a commutative artinian local algebra R. Denote as usual by R* the R-module
Hom, (R, k). Let Fr and I denote the categories of free and injective /R-modules respectively.

Lemma 4.5.

a) R* is the unique (up to isomorphism) indecomposable injective R module.

b) Every injective R-module is isomorphic to a direct sum of copies of R*. A direct sum of
injective R-modules is injective.

c) The categories Fr and I are equivalent. The mutually inverse equivalences are given by
¢:Fr— Ig, ¥ : Ir — Fr, where

o(M)=M ®r R*, ¥ (N) =Homjp (R*, N).
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d) The functorial diagram

Fr L Ir
|
k-mod —— k-mod

commutes.

Proof. a) Since the ring R is Noetherian and has a unique prime ideal m C R, the R-module R*
(which is the injective hull of R/m = k) is the unique (up to isomorphism) indecomposable
injective R-module (see [11]).

b) This follows from a) and the fact that the abelian category of R-modules is locally Noethe-
rian (see [8,7]).

c¢) Notice that the natural map of R-modules R — Hom'R(R*, R*) is an isomorphism. Now
everything follows from b) and the fact that the functors ¢ and ¥ commute with direct sums.

d) Let M be an R-module. Define a morphism of vector spaces

B: M Q@ k — Homp (k, M @ Homy (R, k)), B(m®E&)(n) =m @ &Ene,

where € : R — k is the augmentation map. This map is an isomorphism if M = R. Hence it is
an isomorphism for a free R-module M. 0O

Definition 4.6. A Qx . -module M is called R-free (resp. R-injective) if every stalk M, is free
(resp. injective) as an R—‘module. We call a complex S € C(Mody, ) R-free (resp. R-injective)
if every Ox -module S/ is such. Denote by Cr(Mody ) (resp. C;(Modx,)) the full subcate-
gories of C(Mody_, ) which consist of R-free (resp. R-injective) complexes.
Proposition 4.7. Consider the functors ¢, : C(Modx,) — C(Mody,).
9(S) =S @0y, p'Ox =S @r R*, ¥(T) =Homo, (p'Ox, T) =Homy (R*, T),

where p'Ox = Ox Q R*.

a) These functors induce mutually inverse equivalences of categories

¢:Cr(Mody,) — C;(Modyx,), Y :Cr(Mody,) — Cr(Mody ).

b) The functorial diagram

¢
CF(MOdXR) — Cy (MOdXR)

‘| I

CMody) =——— C(Mody)

commutes.
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Proof. a) Let x € XR. Then Ox,, » = Ox x ® R. We have
P(8)y =Sy ®R R*
and
¥ (T), = Homp (R*, T¢).

Now the assertion follows from part c¢) of Lemma 4.5.
b) For an Oy, -module M we have

i*M=M ®0x, Ox =M QRrk,
i'M = Homo, ., (Ox, M) = Homyp (k, M).
Hence the assertion follows from part d) of Lemma 4.5. O

Proposition 4.8. Let F € C(Mody, ). Suppose that Li*F € DP(X). Then F is quasi-isomorphic
to a bounded R-free complex.

Before we prove the proposition let us state an immediate corollary.

Corollary 4.9. Given (S, o) € Defg (E) there exists an isomorphic (S', 0') € Defr (E) such that
S’ is a bounded R-free complex.

Proof. Let us prove the proposition. This is done in the next two lemmas.

Lemma 4.10. For every S € C(Mody,) there exist quasi-isomorphisms P — S and S — J,
where P is h-flat and R-free and J is h-injective and R-injective.

Proof. This is proved in [15]. Namely, the assertion about P follows from Proposition 5.6 and
that about J follows from Lemma 4.3 and Theorem 4.5 in [15]. O

Let F be as in the proposition. By the above lemma we may and will assume that F is h-flat
and R-free. Hence Li*F = i* F. The following claim implies the proposition.

Claim. Let K € C(Mody ) be R-free and such that HI(i*K) =0 for j < joand j > ji. Then
K is quasi-isomorphic to its truncation T j, T> jo ' and moreover this truncation is R-free.

Our claim follows from the next lemma.

-1 0
Lemma 4.11. Let M® := M ™! 4, MO 4, M" be a complex of free R-modules. Assume that
HO(M* @% k) =0. Then H(M*) = 0 and Kerd® is a free R-module.

Proof. We can find a finite filtration R D m| D my ... by ideals such that mg/mg4| >~ k. Con-
sider the induced filtration on the complex M*®:

M®*DOmM® DOmyM®---.
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Then each subquotient msM®/mgy1M*® is isomorphic to the complex M*® ®% k. Hence
HO(mXM‘/mHlM') = 0 for each s and hence HO(M’) = 0 by devissage. This proves the
first assertion of the lemma.

To prove the second one we use the following fact: an /R-module N is free if (and only if)
TorF(N, k) =0 (see [3], Ch. 2, Ex. 26 and [1], Prop. 2.1.4).

Consider the exact sequence

M~ M > M' - cokerd® — 0.

Then by our assumption H)(M*® ®x k) = Tor?(cokerdo, k) = 0. Hence cokerd” is a free R-
module. Thus Im d° is free and hence also Kerd" is free. This proves the lemma. [

Proposition 4.8 is proved. O
Now we want to prove the analogue of Corollary 4.9 for the co-deformation functor.

Proposition 4.12. Let G € C(Modx, ). Assume that Ri 'G € D?(X). Then G is quasi-isomorphic
to a bounded R-injective complex.

Proof. By Lemma 4.10 we may and will assume that G is h-injective and R-injective. Hence
Ri'G =i'G. Then by Proposition 4.7 the complex ¥ (G) is R-free and i*y(G) = i'G, so we
may and will assume that H/ (i*y(G)) =0 for j < jo and j > jj. By the Claim in the proof of
Proposition 4.8 the complex v/ (G) is quasi-isomorphic to its truncation T j, T> j,¥ (G) which is
moreover R-free. But then this truncation is a direct summand of ¥ (G) as a complex (of sheaves)
of free R-modules. Applying the functor ¢ from Proposition 4.7 we find that G = ¢ (¥ (G)) is
quasi-isomorphic to its truncation ¢(tj, 7>,V (G)) = 1< T3, (¥ (G)) which is moreover
‘R-injective. This proves the proposition. 0O

We obtain the immediate corollary.

Corollary 4.13. Given (T, 1) € coDefR (E) there exists an isomorphic (T', t’) € coDefp (E)
such that T' is a bounded R-injective complex.

Proposition 4.14.

a) Let FeC b(ModXR) be a bounded R-free complex. Then F is acyclic for the functors i*
and ¢. That is i*F = Li*F and ¢(F) = Lo(F).

b) Let G € C*(Mod x5 ) be a bounded R-injective complex. Then G is acyclic for the functors
it and . That is i'G = Ri'G, ¥ (G) = Ry (G).

¢) If F (resp. G) has quasi-coherent cohomology then so do i*F and ¢(F) (resp. i'G and
v(G))

Proof. a) We have i*F = F Q@ k and ¢(F) = F @ R*. Now use the fact that a bounded
complex of free R-modules is h-projective.

b) We have i'G = Hom'R (k,G) and ¥ (G) = Hom'R(R*, G). Now use the fact that a bounded
complex of injective R-modules is h-injective.

¢) This follows from a), b) and Propositions 3.3 and 4.3 in [8]. O
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Theorem 4.15. Let X be a locally Noetherian scheme and E € Dgcoh(X ). Then there exist mu-
tually inverse equivalences of pseudo-functors

Lg : Def (E) — coDef(E), R : coDef (E) — Def(E),

such that for a commutative artinian local algebra R and S = (S,0) e Defr(E), T = (T, 1) €
coDefr (E),

Lo(S)=S én R¥, Ry (T) =RHomp (R*, T).

Proof. Fix an artinian commutative local algebra R. By Proposition 4.8 (resp. Proposition 4.12)
the category Defg (E) (resp. coDefg (E)) is equivalent to its full subcategory consisting of
objects (S,0) (resp. (T, t)) such that § € Cb(Mode) is R-free (resp. T € Cb(Mode) is
R-injective). Moreover by Proposition 4.14 Li*S = i*S, Ri'T =i'T and L¢(S) = S @ R*,
Ry (T) = Homy, (R*, T'). Now the theorem follows from Proposition 4.7 and Proposition 4.14
c). This also proves Theorem 4.4. O

The above theorem allows us to apply general (classical) pro-representability results to the
classical deformation functor Def.;(E). The point is that since the abelian category Qcohy does
not have enough projectives we cannot directly compare the pseudo-functor Def.(E) to the
analogous deformation pseudo-functor for a DG module over a DG category. But since Qcohy
has enough injectives this can be done for the pseudo-functor coDef(E). Namely, we have the
following corollary.

Corollary 4.16. Let X be a locally Noetherian scheme over k and E € DP con(X). Choose a
bounded below complex 1 of injective quasi-coherent sheaves on X which is quasi-isomorphic
to E. Assume that the minimal Ax-model A of a DG algebra C = End(I) is admissible (11,
Definition 4.1) finite dimensional Koszul (11, Definition 16.5) Ax-algebra. Put S = (BA)*, where
BA is the bar construction of the augmentation (Aso-)ideal A. (Thus S is a local complete DG
algebra which is acyclic except in degree zero.) Then

a) there exist equivalences of pseudo-functors from cart to Gpd,
Def(E) =~ coDef (E) >~ coDef.(C) >~ Def(C);
b) there exists an isomorphism of functors from cart to Sets,

h ~ 1 - Def(E).

HO(S)
Proof. The first and the last equivalences in a) follow from Theorem 4.4 and II, Theorem 13.5
respectively. Also b) follows from II, Theorem 16.7 b) and the middle equivalence in a). Thus it
suffices to prove the equivalence coDef.(E) >~ coDef(C). Clearly, coDef.(E) >~ coDef¢(1).

Denote by M the abelian category of quasi-coherent sheaves on X. We may consider M as
a DG category and then denote by M -mod the DG category of DG modules over the opposite
DG category M. Also let C%(M) be the DG category of complexes over M. Consider the
covariant DG functor &} : C% (M) — MP defined by
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* o . *
Iy (N) 1= Homi g, 0y (M, N)*,

where (-)* denotes the (graded) k-dual. Then by Theorem 3.36 this DG functor establishes
an equivalence of pseudo-functors coDef (/) =~ coDefCl(h’;), where the second pseudo-functor
is defined in I, Definitions 10.8, 10.14. (Notice that the homomorphism of DG algebras
hj:End(I) — End(h}) is a quasi-isomorphism.) Finally, since the DG M-module hj is
h-injective (I, Section 3.1) and is bounded below (I, Definition 11.5) we may apply II, Propo-
sition 9.10 to find an equivalence of pseudo-functors coDefCl(hj‘) ~Defy(C). O

4.1. Explicit description of the equivalence Def(E) ~ Def1(C)

Assume in the last corollary that the A,-algebra A satisfies the condition () in II, Defini-
tion 15.3, i.e. the canonical morphism

k — RHom 4, (RHomA(k, A), A)

is a quasi-isomorphism. Then ‘we can make explicit the equivalence Def;(E) =~ Def(C). A
Namely, consider the Ao A g-module k. It was shown in II, Section 15 that the DG (C ® S)?-
module

& =Hom'A(k,C)

is the universal pro-deformation of the DG C’’-module C. In particular, given a (commutative)
local artinian algebra R € cart and an object (7, t) € Defr (C) there exists a homomorphism of
DG algebras g : S — R such that the object (£ ®¢ R, id) in Defg (C) is isomorphic to (T, T)
(it follows from II, Lemma 8.10). (Notice that £ as a graded (C ® 3‘)"1’ -module is isomorphic to
C® S, so0 actually the graded C°’-module £ ®, R is free of finite rank.)

The complex (£ ®; R) ®]5 I of quasi-coherent sheaves on X7 is an object in Defr (I) =
Defr (E) corresponding to (7, 7).

5. Deformation of points objects on a smooth variety and other examples

Definition 5.1. Let X be a scheme and E € D?(cohy). We call E a point object of dimension d
if the DG algebra RHom' (E, E) is formal, i.e. it is quasi-isomorphic to its cohomology algebra
Ext (E, E), and this algebra is isomorphic to the exterior algebra of dimension d.

Let E be a point object and put C = Ext'(E, E). By II, Theorem 15.2 the deformation pseudo-
functor DEF_(E) is pro-representable by the DG algebra S = (BC)*. This DG algebra is quasi-
isomorphic to its zero cohomology algebra H 0(8), which is a commutative power series ring.
Thus the formal DG moduli space of point objects is an ordinary (concentrated in degree zero)
commutative regular scheme.

The following proposition justifies our term “point object”.

Proposition 5.2. Let X be a scheme of finite type over k and let p € X be a smooth k-point. Then
the structure sheaf O, € DY (cohy) is a point object of dimension dim © X, p-
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Proof. Denote by j : Spec Ox , <> X the canonical morphism of schemes. It induces an exact
functor j : Ox, ,-mod — Mody which preserves injective objects (being the right adjoint to
the exact functor j* : Mody — Oy, ,-mod). The functor j, maps k to O, and hence induces a
quasi-isomorphism of DG algebras

Jj« : RHomp,  (k,k) > RHompx)(O,, O)).

So it suffices to show that the DG algebra RHomo, , (k, k) is quasi-isomorphic to the exterior
algebra.

Denote the local ring Ox, , = A and let m C A be the maximal ideal. Consider A as an
augmented DG algebra concentrated in degree zero.

Choose a subspace V C m which maps isomorphically to m/m?. Consider the exterior coal-
gebra A\°V, where degV = —1, A(w)=v® 1+ 1 Qv for v € V and d = 0. Then the identity
map V — m is an admissible twisting cochain T € Hom;, (/\°V, A) (1, Definition 2.2). The
corresponding DG A% -module A°*V ®; A (I, Example 2.6) is just the usual Koszul complex
for A, hence it is quasi-isomorphic to k. Thus

R Hom o (k, k) = Hom'yp (/\ ve. A, Ve A).

Define a map of complexes

0 Homy ( \"V.k) > Homyo (A" Ver 4, A"V era)

by the formula 6(f)(a ® b) = f(a))ae) ® b, where A(a) = a1y ® a). Now exactly as in the
proof of II, Lemma 3.8 one can show that 6 is a homomorphism of DG algebras, which is a
quasi-isomorphism. 0O

Another example of a point object is provided by a line bundle on an abelian variety.

On the other hand let E be a line bundle on a (smooth projective) curve X of genus g. Then
the DG algebra RHom(E, E) is formal and Ext’(E, E) =k, Ext'(E, E) = W—a vector space
of dimension g, and Ext! (E,E)=0fori > 1. ByIlI, Theorem 8.2 the pseudo-functor DEF_(E)
is pro-representable by the DG algebra S= (BExt (E, E))*. This DG algebra is concentrated in
degree zero and is isomorphic to a noncommutative power series ring of dimension g.

Remark 5.3. The above two examples of line bundles show that the Picard variety of an abelian
variety is (at least locally) the “true” moduli space of line bundles, whereas the Picard variety of
a curve (of genus g > 1) is not (!). Indeed, the above argument shows that in the case of a curve
the Picard variety (at least locally) has a natural noncommutative structure.

Part 3. Noncommutative Grassmanians
6. Preliminaries on Z-algebras
In this section we define the notion of a Z-algebra and associate to it an abelian category

which should be thought of as a category of quasi-coherent sheaves on the corresponding non-
commutative stack. We also define Koszul Z-algebras.
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Definition 6.1. A Z-algebra A over the field k is a k-linear category with the set of objects Z. For
i,j € Z, we write A;; instead of Hom 4(i, j). Sometimes we will identify a Z-algebra A with
the corresponding ordinary non-unital algebra Alg 4.

Further, if A is a Z-algebra, then we define the abelian category Mod-A as the category
Fun(A“, k-Vect) of contravariant functors from A to k-vector spaces. Equivalently Mod-A is
the full subcategory of Mod- Alg 4 which consists of right Alg 4-modules M such that

M:@M-li

(quasi-unital modules). We call the objects of Mod-.A 4% -modules. For each i € Z put
P; :=Hom(—,i) =1; Alg 4 € Mod-A.
By Ioneda Lemma, for each M € Mod-.A we have
Hom gor (P;, M) = M (i),

hence P; are projectives. Clearly, each M € Mod-.A can be covered by a direct sum of P;’s, hence
the abelian category Mod-.4 has enough projectives.

Definition 6.2. Let M € Mod-A be an A% -module. An element x € M (i) is called torsion if we
have x.A;; =0 for j <« i. Torsion elements form a submodule of M which we denote by 7 (M).
An A°-module M is called torsion if we have M = t(M). We denote by Tors(A) the full
subcategory of Mod-.A which consists of torsion .4°”-modules.

The category QMod(.A) is defined as the quotient category Mod-.4/ Tors(.A). We denote by
7 : Mod-A — QMod(A) the projection functor.

If M, N are A°’-modules then
Homqmod(4) (7 (M), 7 (N)) = limHom 4o (M', N /T(N)),

where M’ runs over the quasi-directed category of submodules M’ C M such that M/M’ is
torsion.

The category QMod(A) should be thought of as the category QCoh(Proj(.A)) of quasi-
coherent sheaves on the noncommutative projective stack Proj(.A). Furthermore, the object
m(Py) € QMod(A) should be thought of as the structure sheaf Opygj(4).

Remark 6.3. Let A =@, _, A be a Z-graded (unital) algebra. Then one can associate to it a
Z-algebra A with A;; = AJ~" 50 that the composition in A comes from the multiplication in A.
Recall that in [2] there defined the category QGr(A) as the quotient category Gr A/ Tors of the
category Gr A of graded A-modules by the subcategory Tors of torsion modules. It is clear that
the categories Gr A, Tors, QGr A are equivalent to Mod-.A, Tors(.4), QMod(A) respectively.

Notice that it can happen that the graded algebras A; and A, are not isomorphic but the
associated Z-algebras are equivalent. Thus, it is more reasonable to consider Z-algebras but not
graded algebras.
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The projection functor 7 : Mod-A — QMod(A) admits a right adjoint functor
o : QMod(A) — Mod-A defined by the formula

w(X)(i) = Hom(n(Pi), X)
The adjunction morphism 7w — id is an isomorphism.
Definition 6.4. A Z-algebra A is called:

a) positively (resp. negatively) oriented if A;; = 0 for i > j (resp. for i < j);
b) connected if A;; =k for each i € Z;
c) locally finite if dim A;; < oo for any i, j € Z.

Let A be a positively oriented Z-algebra. We denote by A; the full subcategory of .A such
that Ob(Ag;) = {j: j <i}. Clearly, we also have the categories Mod-A; and Tors(Ag;). Itis
easy to see that the quotient category Mod-Ag; / Tors(Ag;) is equivalent to QMod(.A). We de-
note by mg; : Mod-A¢; — QMod(A) and wg; : QMod(A) — Mod-Ag; the projection functor
and its right adjoint respectively.

If A is a positively oriented Z-algebra then we put

Tij = P;j/(Pj<i,

where

(P)<i= @Akj-

k<i

Clearly, the A°-modules T;; are torsion.
If A is a positively or negatively oriented connected Z-algebra then we denote by S, the
simple .A%”-modules defined by the formula

. k fori=n,
Sp(i) = {

0 otherwise.

Notice that if A is positively oriented then S, = T}, ,,.

Definition 6.5. A connected positively (resp. negatively) oriented Z-algebra is called quadratic
if the algebra Alg 4 is generated by the subspaces Ay = P, .5 Ai; and A; = P, Ai i1 (resp.
A_1 =y Ait1,i) and is determined by the quadratic relations /; ;12 € Aj41,i42 ® A it1
(resp. Ii12,i € Aiy1,i ® Ait2,i+1)-

For a locally finite positively (resp. negatively) oriented quadratic Z-algebra .4 one can define
the dual quadratic Z-algebra A’ With the opposite orientation. It is defined by the dual generators
‘A§+1 i = Al (resp .Ai i11 = Af, ;) and the dual quadratic relations S(Il i) CAL L ®

1
“41+1 i+2 (Tesp. S i+2, D) CA 1 ®ATL ), where Iz i CAL @AY (resp. [, C

® Af ) is the dual subspace and S is the transposition of factors.

l+11 i+2,i+1
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Further, one can define a Koszul complex
K:A‘* ®A0A @Akj ®kv41]

Here A" =D ; A is a bounded dual of A'. It is an .A'-bimodule.
The d1fferent1al d K — K is defined as follows. Suppose that 4 is positively oriented.
We have the natural maps

* 1* 1*
Ajj+1 @ Aij = Ai jp1and  AG 1 @ Ay = A 4y

In particular, we have the maps

Viji t Aj j 11 ® Ajjv1 — Homk(A}:j ®k Aij, A}:,Hl @k Aijt+1)-

The non-zero components of d are the maps d;jr = ¥;jr (1 Ajjti ). Note that d is Ap-linear and

A' ® A°-linear. Thus, K,, = 1,K and K]' = K,1,, are d-invariant. The complex K, is of the
form

s A @ Py AL ® Py — Py 0,

and the complex K" is of the form

(K 1%
e ‘Ah,n—Z ® Am,n—2 - A}z,n—l & Am,n—l - Am,n — 0.

In particular, K, = k.
Analogously for negatively oriented Z-algebras.
For the rest of this section we assume that A is positively oriented.

Definition 6.6. A quadratic locally finite Z-algebra is called Koszul if the complex K is acyclic
for n # m, or, equivalently, K,, is a resolution of S,,.

We refer to [4] for the definition of co-Koszul and Gorenstein Z-algebras. We will not need
these definitions but we will need the following proposition:

Proposition 6.7. (See [4].) Let A be a Koszul (positively oriented) Z-algebra of finite homolog-
ical dimension n. Then the following conditions are equivalent:

(i) A is co-Koszul;

(ii) A is Gorenstein;
(iii) A' is Frobenious, i.e. A,_H”
perfect pairing for all i and j.

=k for all i, and the multiplication A;; @ Ajyn.j — k is a

Now we define the notion of a coherent Z-algebra and the category qmod(.A) for a coherent
Z-algebra A.
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Definition 6.8. Let A be a Z-algebra. An A°-module M is called finitely generated if there
exists a surjective morphism (in Mod-.4)

m
@ r, - m.
j=1

where iy, ..., i, € Z. Further, a finitely generated .4°”-module M is called coherent if for each
(not necessarily surjective) morphism (in Mod-.4)

m
o: PP, —>M
j=1

the A’ -module ker(¢) is finitely generated. A Z-algebra A is called coherent if for each i € Z
the module P; is coherent.

If A is coherent then we denote by qmod(A) the full (abelian) subcategory of QMod(.A4)
which consists of the images of coherent A% -modules.

The category qmod(.A) should be thought of as the category Coh(Proj(.A)). By definition, we
have that the structure sheaf Opygj(4) is coherent.

7. The definition of noncommutative Grassmanians

Let V be a finite-dimensional k-vector space of dimension n > 0. Let m be an integer such
that 1 <m < n — 1. We define the noncommutative Grassmanians by the formula

NGr(m, V) := Proj(A™"),
where A"V is the following quadratic Z-algebra:

AV :{V* for(n —m+ 1) 11,
hitl A"V otherwise,

and the quadratic relations are defined by the natural exact sequences

2% m,V m,V m,V ..
{ ATV = Ai+1,i+2 ®‘Ai,i+l - Ai,i+2 -0 for(n —m+1)1i,i+1,
n—m—1 m,V m,V m,V .
A Vo> AL @A —> A, — 0 otherwise.

Notice that if we fix a volume form w € A"V, then the A"V is naturally equivalent to the Z-
algebra associated to the symmetric algebra @,20 S!'v*, where deg(V*) = 1. Hence, the stack
NGr(1, V) is isomorphic to the commutative projective space P(V).

We claim that NGr(m, V) is a true noncommutative moduli space of structure sheaves
Opw) € Dfoh(P(V)), where W C V are vector subspaces of dimension dim W = m. Namely,
it satisfies the following properties:

1) There is a natural fully faithful functor @ from the category of perfect objects
Perf(NGr(m, V)) (Definition 8.20) to D?  (P(V)). Its image is the double orthogonal to

coh
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the family of objects Op(y), i.e. the full subcategory generated by objects Opcyy(m — n),
..., Opv)(=1), Op(v)y. This is Corollary 8.22 below.

2) There is a k-point xw € NGr(m, V)(k) = X gm.v(k) (see Section 9 below) for each
subspace W C V of dimension dim W = m. Further, (xw). (k) lies in Perf(NGr(m, V)) and
D (x4(k)) = Op(w). This is a part of Theorem 9.11 below.

3) The completion of the local ring of the k-point xw (see Section 10.1) is isomor-
phic to H 0(3'), where § is dual to the bar construction of the minimal Ao-structure on
Ext' (Opw), Opw)) (Theorem 10.3). It can be shown that the DG algebra R Hom(Opw), Opw))
is formal and the graded algebra Ext (Opw), Opw)) is quadratic Koszul, and hence the projec-
tion § — HO(S) is a quasi-isomorphism. Hence, the moduli space is not a DG space but just
noncommutative space.

Furthermore, we do not have a moduli functor of our family of objects Op(w), which should
be defined on the category of noncommutative affine schemes. However, the properties 1)-3)
suggest that NGr(m, V) is a true moduli space of this family of objects, in our context of defor-
mations of objects in derived categories.

It is remarkable that there is a natural morphism from the commutative Grassmanian Gr(m, V)
to noncommutative one NGr(m, V). Moreover, the functor @ : Perf(NGr(m, V)) — Dé’oh P(V))
above coincides with Lff'im,v’ where f1 . v : P(V) — NGr(m, V) is a natural morphism. Both
these statements are parts of Proposition 9.13 below.

8. The derived categories of noncommutative Grassmanians

Before we formulate and prove results on the derived categories of quasi-coherent sheaves
on noncommutative Grassmanians NGr(m, V) we need to remind some notions and results
from [4].

Let D be a k-linear enhanced triangulated category.

Definition 8.1. An object E € Ob(D) is called exceptional if Hom'(E, E) =0 for i # 0, and
Hom"(E, E) =k.

Definition 8.2. A collection (Ey, ..., E,,) of exceptional objects in D is called exceptional if
Hom*(E;, E;) =0fori > j.

Definition 8.3. A full exceptional collection of objects in the category D is a collection which
generates D as triangulated category.

Definition 8.4. An exceptional pollection (E1, ..., Ey) is called strong exceptional if it satisfies
the additional assumption Hom' (Ey, E;) =0 for i #0 and all k and /.

Let (E, F) be an exceptional pair. Define the objects Lg F and Rr E by the exact triangles
LgF — Hom (E,F)® E — F, E — Hom'(E,F)" @ F — RrE.
Leto = (Eq, ..., E,) be an exceptional collection. If 1 <i <n —1 (resp. 2 <i < n), then the

right (resp. left) mutation of the object E; in this collection is the object RE; = RE;, Ei (resp.
L'E;=L E;_, Ei); the corresponding mutated collection
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Rlli'io = (Ela (RN} El—]9 El+17 RE,‘+1Eia El+2? RN El’l)

(and the analogous collection L]E,- o) is exceptional. The multiple mutations of the objects and of
the collection are defined inductively:

RYEi=Rp RE;,  Rio=Ryip (R o), k<n—i

(and in the same way for left mutations).

Definition 8.5. A helix of the period » is an infinite sequence {E;};cz such that for each i € Z

the collection (Ej, ..., E;y,) is exceptional, and moreover R"E; = Eitn.
If o =(Eyq,..., E,) is an exceptional collection then it naturally extends to a helix by the
conditions
Ein=R""E;, i>1, E_,=L""E, i<n.

In this case the helix is said to be generated by the collection .

If the helix is generated by the full exceptional collection then it satisfies the property of the
partial periodicity: @ (E;) = E;_,, where @ = F[1 — n] is the composition of the Serre functor
F and the multiple shift [1 — n].

Definition 8.6. (See [4].) A helix u = {E;} is called geometric if for each pair (i, j) € 77 such
that i < j one has

Hom*(E;, Ej) =0 fork #0.

Definition 8.7. (See [4].) An exceptional collection is called geometric if it generates a geometric
helix.

Proposition 8.8. (See [4].) Each sub-collection of a geometric exceptional collection is again
geometric.

Proposition 8.9. (See [4].) A full exceptional collection of the length m of coherent sheaves on a
smooth projective variety X of dimension n is geometric iff m =n + 1.

Definition 8.10. (See [4].) The endomorphism Z-algebra A = End(S) of a helix S = {E;} is
defined by the formula

.A[j = Hom(E;, Ej)
with natural composition.
Theorem 8.11. (See [4].) If S is a geometric helix generated by an exceptional collection of

length n then the endomorphism Z-algebra A of S is Koszul, co-Koszul and of finite global
homological dimension n.
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Definition 8.12. (See [4].) Koszul co-Koszul Z-algebra of finite homological dimension n is
called a geometric Z-algebra of the period n.

Let A be a geometric Z-algebra of the period n. Let K C D(Mod-.A) be the full triangulated
subcategory generated by the modules P;. Note that S; € K. Let F' € K be the full triangulated
subcategory generated by the modules S;.

Theorem 8.13. (See [4].) Let A be a geometric Z-algebra of the period n. Then F is a thick
subcategory in K, the images of modules P; in K /F form a geometric helix S of the period n,
and moreover the Z-algebra of S is equivalent to A.

Now we prove the main theorem of this section. It is closely related to the previous one but
unfortunately cannot be deduced from it.

Theorem 8.14. Let A be a geometric helix of the period n. Put B = Aj1.n) = @D1<; j<n Aij-
Then there is an equivalence of categories D*(QMod(A)) = D*(Mod-B).

Proof. The proof is in two main steps. First we prove that the category D*(QMod(A4)) is
naturally equivalent to the quotient category of D*(Mod-.Ag,) by the full thick triangulated
subcategory DTOrS (Agn) which consists of complexes with torsion cohomology. Then we con-
struct mutually inverse exact equivalences between the categories D*(Mod-Ag,) /D7, (A<n)
and D*(Mod-B) given by DG bimodules.

Lemma 8.15. The categories D*(QMod(A)) and D*(Mod-Ag,)/D
equivalent.

Tors (A<n) are naturally

Proof. First recall the functor wg, : QMod(A) — Mod-Ag,. It induces a fully faithful functor

K*(@<n) : K*(QMod(Ag,)) — K*(Mod-Ag,)

between homotopy categories, which is right adjoint to the functor K*(w<,). It follows that
K* (QMod(A<n)) is equivalent to the quotient category K*(Mod-Ag,)/K *(7T<n)_1(0) Let

Tors (Agn) C K*(Mod-Ag,) be the full subcategory that consists of all complexes with torsion
cohomology. It is easy to see that acyclic complexes in the category K*(QMod(Ag,)) corre-
spond to the classes of complexes with torsion cohomology in K*(Mod-Ag,)/K *(ﬂgn)_l (0).
Thus D*(QMod(Ag,)) is equivalent to the quotient of K*(Mod-Ag,)/K* (7T<n)_l(0) by

Kiors (A<n)/ K ()™ 1(0). This quotient is further equivalent to D*(Mod- An) /Do (An)-
The lemma is proved. O

Denote by (Q1q,..., Q) the exceptional collection of indecomposable projective B%’-
modules. By Theorem 8.13 the helix {Q; };cz generated by (Q1, ..., Q,) is geometric. It follows
from its partial periodicity that for i < 0 we have Q; = H"~!(Q;)[1 — n]. Thus, we may and
will assume that Q; is concentrated in degree n — 1 for i < 0. Put My = @igo Qiln — 1].
Since Homp(Q;, Q) = Aij = A(i4n)(j+n)» Mo is naturally an Ag, ® B°’-module. Further,
the functor @' = F~I[1 — n] can be given by the object B'[1 — n] € D(B ® B°), where
B' = RHompwgp(B, B ® B). Since Q; ®% B'[1 — n] are pure modules for i = 1,...,n,
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B'[1 — n] is a pure bimodule. We define the object M| € D (Agn ® B°P) by the formula

L
M, := My ®p B'[2 — 2n].

‘We have that

L
Pi®a, M1 =Q;

for i < n. Since A, has finite left homological dimension, we have a well-defined functor

L
- ®A., Mi: D*(Mod-Ag,) — D*(Mod-B).

Lemma 8.16. For each K € DTors(Aogpn) we have

L
K ®Ag, M;=0.

Proof. Clearly, it suffices to prove the lemma for My instead of M. We have that the complex
K; from Section 6 is a projective resolution of S; for [ < n. Further, S ®I;l< My =K, ®A, My
and the last complex is up to shift of the following form b

00— A;in,lfh ® Qr_opln —1]1—

— Al p1n1 ® Qion—iln — 11— Qy[n =11 0— -+

This complex is acyclic since it corresponds to the image of K;_, in K /F under the equiva-
lence of Theorem 8.13, and the image of K;_, in K/ F is zero.

Further, the torsion modules T,,, k < m < n have finite filtrations with subquotients being
direct sums of ;. Thus, we have Ty, ®}4<n My=0.

Since each torsion A(z’ -modules has a left resolution by the direct sums of T,,, it follows

that the statement of the lemma holds if K~ is a pure torsion A » ,-module. Finally, since My is
quasi-isomorphic to a finite complex of bimodules which are pI‘O_]eCtIVC as left A-modules, the
statement of the lemma holds for each K~ € Do (Agn)' O

By the previous lemma, the formula —®£‘4<” M defines a functor
@ : D*(Mod-Ag,,)/ Dty (A<n) — D*(Mod-B).

Further, M, .= ®1gi< . Pi is naturally an AZ’n ® B-module. Consider the functor
¥ : D*(Mod-B) — D*(Mod-Ag,)/ Do (A<n)

defined by the formula
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L
U(—)= ntors(_ QB M2)»
where ors : D*(Mod-Ag,) = D*(Mod-Ag,)/ D7, (A<x) is the projection.

Tors

Lemma 8.17. The functors ® and ¥ are mutually inverse equivalences.

Proof. First, the isomorphism

L
My®u_, M1 — B

in D(B ® B°P) induces the isomorphism of functors @ o ¥ =1d.

Further, we claim that HO(M, ®Y% M) = A,, H"~'(M; ®% M) is torsion as .A-module
and Hi(Ml ®Ié M>) =0 for i #0,n — 1. Indeed, since K; is a resolution of S; it follows from
Lemma 8.16 by decreasing induction on / < n that

L L P fori =0,
Hi<Pl RAc, M1 ®B Mz) ={istorsion fori>n—1,
0 otherwise.

Thus, it remains to note that H*(M;) = 0 for k > n and M, is pure.
Finally, we have the natural morphism Ag, — M ®Ié M;in D(Ag, ® A(Z’n) and for each
K € D(Mod-Ag,) we have that

_ L L L L op
Cone(K - K ®a,, M1 ®p M2) =K Qu, Cone(.Agn — M| ®p M2> IS DTorS(.Agn).
Thus, ¥ o @ Z1d. The lemma is proved. O
The theorem follows from Lemmas 8.17 and 8.15. O

Now we apply the above theorem to noncommutative Grassmanians introduced in Section 7.
By Propositions 8.8 and 8.9 we have that the exceptional collection

o = (Opwy(m —n), ..., Opwy(—=1), Opy))

of coherent sheaves on P(V) is geometric. Let S = {E;} be the helix generated by o, so that
E; = O]p(v)(i) fori=m-—n,...,—1,0.

Proposition 8.18. The endomorphism Z-algebra A of the helix S is equivalent to A™ .

Proof. Note that both A and .A™" are quadratic and (n — m + 1)-periodic. It remains to show

that the space A; ;1 is isomorphic to A;"i’}:l fori =m—n, ..., —1,0, and the quadratic relations
Liiy2 € Aiy1.i+2 @ Aj i+1 coincide with that of A"V fori=m—n,...,0.
All of this is clear fori =m —n, ..., —1. Further, the object E is isomorphic to the complex

<> 00— Opyy(im—n) > VROpyyim—n+1)— - > A""VR0Opy)—>0— -,
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where the last non-zero term is in degree zero. It follows that
Ao, 1 =Hom(Ep, E1) = A"V = Ag’lv.

Furthermore, the quadratic relation I_1; C Ao ® A_jo coincides with the subspace
ATy C ATTMY @ V* as in A™Y | Finally, E» is the convolution of the complex

o0 Eppil > VQEppin— - —> A" WRE) > VIQE - 0— ---,

where the last non-zero term is in degree zero. It follows that the quadratic relation Ip» C A1 2 ®
Ap,1 coincides with the subspace Al c @ ANy agin 4™V, O

Let B™Y be the endomorphism algebra of . As a corollary of the above results we obtain
the following:

Theorem 8.19. The derived category D*(QMod(A™")) is equivalent to the derived cate-
gory D*(B™V). The objects mw(P;) in D*(QMod(A™")) form a geometric helix of the period
dimV —m + 1.

Proof. Indeed, by Proposition 8.18 and Theorem 8.11 the Z-algebra A™ " is geometric. Thus,
the first statement follows from Theorem 8.14. After that, the second statement follows from
Theorem 8.13. O

Now we introduce the perfect derived category.

Definition 8.20. Let A be a positively oriented Z-algebra. The category of perfect objects
Perf(QMod(.A)) is the minimal full thick triangulated subcategory of D(QMod(.A)) which con-
tains the objects 7 (P;). We will call the objects of Perf(QMod(A)) perfect complexes.

We will also write below Perf(NGr(m, V)) instead of Perf(QMod(A™")).

Proposition 8.21. Let A be a geometric Z-algebra of the period n, and B = @1—n<i,j<0 Ajj.
Then the category Perf(QMod(A)) is equivalent to Db(modﬁni,e-B).

Proof. By Theorem 8.14 (7w (P1—,), ..., (P—_1), w(Pp)) is full strong exceptional collection in
Perf(QMod(A)).  Further, the category Perf(QMod(A4)) is enhanced and
End(@pngigo 7 (P;)) = B. Hence Perf(QMod(.A)) is equivalent to Db (modginire-B). O

Corollary 8.22. The category Perf(QMod(A™ ")) is equivalent to the full triangulated subcate-
gory T™V e Db (P(V)) generated by the exceptional collection

coh

(Opvy(m —n), ..., Opy(—1), Opv)).

Under this equivalence the exceptional collection (7t (Py—y), ..., w(Py)) corresponds to the ex-
ceptional collection (Opyy(m —n), ..., Opy(—=1), Op)).
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Remark 8.23. Notice that by [12] the Z-algebra A%™ V=1V i5 coherent. Further, the Z-algebra
AV is Noetherian and hence is coherent. It should be plausible that all the Z-algebras A™
(and, more generally, all geometric Z-algebras) are coherent, but it is not clear how to prove this
statement. However, if A and B are as in Theorem 8.14, and A is coherent, then the subcate-
gory Perf(QMod(A)) € D(QMod(A)) coincides with the subcategory ngod (QMod(A)) which
consists of complexes with cohomology lying in gmod. This category is further equivalent to
Db(qmod(A)). Therefore, in this case we also have an equivalence

D’ (qmod(A)) = D? (modjinite-B).

The coherence of geometric Z-algebra A of period n is equivalent to some statement about
t-structures. Namely, let (t<o, 7>1) be a t-structure on Db (Mod-Aj; 1) induced by the equiva-
lence of Theorem 8.14. It can be shown that 4 is coherent iff the t-structure (t<o, T>1) induces
a t-structure on D’ (mod-finire (Af1.11))-

9. The k-points of noncommutative Grassmanians

To discuss the k-points of noncommutative Grassmanians defined above we should first relate
the following two approaches to noncommutative geometry.

The first one is to think of noncommutative stacks as of Proj(A), where A is a Z-algebra.
The special case of graded algebras, i.e. 1-periodic Z-algebras is studied in [10,16,17,2] and
other papers. However, it seems to be more reasonable to consider Z-algebras. Note that our
noncommutative Grassmanians are naturally defined as Proj of a Z-algebra but not a graded
algebra.

The other approach is to think of a noncommutative stacks as of (equivalence classes of)
presheaves of (small) groupoids X on the category Algzp opposite to the category of unital asso-
ciative algebras. Morally the groupoid X (A) should be thought of as the groupoid of maps from
the affine noncommutative scheme Sp(A) to X. This approach is studied in [13] in the case of
sets (trivial groupoids). In this case we have the category of quasi-coherent sheaves which is not
always abelian (it always has cokernels but may not admit kernels), and the structure sheaf.

In the second approach we obviously have the groupoid of k-points X (k).

From this moment we assume that the Z-algebra A is positively oriented but not necessarily
connected. We will make an attempt to define the presheaf of groupoids of morphisms Sp(A) —
Proj(A), A € Alg,. First note that a morphism f : Sp(A) — Proj(A) must give a k-linear additive
functor f*: QMod(A) — Mod-A together with an isomorphism f*( (Pp)) = A. Moreover, f*
must commute with colimits.

Notice that if C is a k-linear abelian category with infinite direct sums and F : A — C is a
k-linear functor then we have the tensor product functor

—®4F:Mod-A—C
given by the formula
M@pF=cokertb:- MQAQF - M F),

where b = uy @ 14 — 1y ® pr (we identify F with @, _, F(i) € C). Clearly, the functor
— ® 4 F commutes with colimits. We denote by TorlA(—, JF) its left derived functors.
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Definition 9.1. Let A be a positively oriented Z-algebra and let C be a k-linear abelian category
with infinite direct sums together with a distinguished object ¥ € C.

We denote by G(A,C,Y) the groupoid of pairs (f*,6), where f*: QMod(A) — C is a
k-linear functor commuting with colimits and 6 : f*(r (Py)) — Y is an isomorphism.

We denote by G2 (A, C, Y) the groupoid of pairs (F, o), where F : A — C is a k-linear functor
such that TorOA(T, F) = Torf‘(T, F) =0 for each torsion A% -module T, and o : F(0) — Y is
an isomorphism.

Theorem 9.2. Let A be a positively oriented Z-algebra and let C be a k-linear abelian cate-
gory with infinite direct sums together with a distinguished object Y € C. Then the groupoids
Gi1(A,C,Y) and Go(A, C, Y) are equivalent.

Proof. We define the functor @ : G{(A,C,Y) — Gy(A,C,Y) as follows. Let (f*,0) €
G1(A,C,Y). The functor @ (f*) : A — C is defined by the formulas

Cb(f*)(l') = f*(ﬂ(Pi))7
and for x € A;;,
() x) = f*(7(x)).

We claim that the pair (@ (f*), 0) is an object of G2(A, C, Y). Indeed, let T € Tors(.A). Since the
sequence

TTRQARARA) - 7(TRQA®A) - n(T®A) —0
is exact in QMod(.A) it follows that the sequence
TRAQAQP(f*) (A >TRAQRD(f*)(A) —>TQP(f*)(A—0
isexactinC, i.e.
Torg'(Si, @ (f*)) = Torg'(Si, @ (f*)) =0.
Thus, the functor @ is defined on objects. It obviously extends to morphisms.

Now we define the functor ¥ : Go(A,C,Y) — Gi(A,C,Y) as follows. Let (F,o) €
G>(A,C,Y). We claim that the formula

U (F)(r (M) =M@ F

well defines a functor ¥ (F) : QMod(A) — C which is right exact and commutes with infinite
direct sums. Indeed it follows from the condition

Torg\(T, F) = Tor{\(T, F) =0

for torsion A -modules T .
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Hence, the pair (¥ (F), o) is an object of G (A, C, Y). This defines the functor ¥ on objects
and it obviously extends to morphisms.

It is clear that the composition @ o ¥ is isomorphic to the identity functor. To see this for the
composition ¥ o @, it remains to note that each functor f* from the pair in G (A, C, Y) can be
reconstructed from the functor @ (f*) using exact sequences

TMROIARA) > a(MRA) — (M) — 0. O

Notice that it follows from the above theorem that each functor f* : QMod(A) — C com-
muting with direct sums and right exact has the right adjoint f; : C — QMod(A) given by the

formula f,(X) = 7w (f (X)),

F.(X)(i) = Home (f* (7 (P))). X).

and for ¢ € Home (f*( (P;)), X), x € A;j,

p-x=¢- f*(T(x).

Indeed, this follows from the formula

M) =M @4 F.

It is clear that X;(A) = (A — G;(A,Mod-A, A)), i = 1,2, are presheaves of groupoids on
the category Algzp , and the equivalence from the above theorem extends to the equivalence of
these presheaves.

However, not all functors f* commuting with colimits should come from true morphisms
f :Sp(A) — Proj(A). Although a true presheaf of groupoids should be defined as a full (small)
subpresheaf of X»(.4). We are going to make an attempt in this direction. Our motivation is the
following Proposition.

Proposition 9.3. Let A be a Z-algebra. Further, let C be a k-linear abelian category with in-
finite direct sums and with the distinguished object Y. Let (f*,0) € G1(A,C,Y) and (F,o) €
G2(A,C,Y) be objects which correspond to each other under the equivalence of Theorem 9.2.
The following conditions are equivalent:

(i) there exists a left derived functor L f* : D™ (QMod(A)) — D~ (C), and Lif*(n(Pj)) =0
fori#0andall j;
(i) we have Tor/\(T, F) =0 forall i >0, T € Tors(A).

Proof. Prove that (i) implies (ii). We have that the functor f* = — ® F maps acyclic right
bounded complexes of direct sums of 7 (P;) to acyclic complexes. Applying this to the projection
of the free resolution of a torsion module 7', we obtain that TorlA(T, F)=0fori >0.

Prove that (ii) implies (i). Since each object in QMod(A) can be covered by a direct sum of
7 (P;), it suffices to prove that f* maps right bounded acyclic complexes of direct sums of 7 (P;)
to acyclic complexes.
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Since the kernel and the cokernel of the morphism P; — wm(P;) are torsion, we have
TorlA(a)rr(Pj), F) =0 for i > 0. Further, if K" is a right bounded acyclic complex of direct
sums of 7 (P;) then w (K ") has torsion cohomology. Therefore,

L
1(K)=o(K)@aF=o(K)OsF,
and the last complex is acyclic since TorlA(T, F)=0fori >0, T € Tors(A). O

Definition 9.4. For each Z-algebra A we define the presheaf X 4 of groupoids on the category
Algzp as follows. It is a full subpresheaf of X (A) and the groupoid X 4(A) C X2(A)(A) consists
of pairs (F, o) € X2(A)(A) such that:

1) we have TortA(T, F)=O0foralli and T € Tors(A);
2) the A°?-modules JF (i) are flat.

It is clear that X 4 is indeed a subpresheaf of X,(A). For f = (F,0) € X 4(A) we denote
by f*:QMod(A) — Mod-A the corresponding functor — ® 4 F. We also regard the objects
f € X 4(A) as maps from Sp(A) to Proj(A), where Sp(A) is a noncommutative affine scheme
corresponding to A.

The following lemma simplifies the complicated condition on Tor;. Recall the torsion A°-
modules T}, ; from Section 6.

Lemma 9.5. Let A be a positively oriented connected 7.-algebra and let C be a k-linear abelian
category with infinite direct sums. Let F : A — C be a k-linear functor.

Suppose that TorlA(Tj,j, F)=0foralli and j. Then TorlA(T, F) =0 foralli and all torsion
A°P-modules T.

Proof. First note that if 7 = T1;, then T has a left resolution by direct sums of 7} ;. Hence,
lemma holds for such T'.

Further, the torsion modules T}, 4, p < g, have finite filtrations with subquotients 7}, such that
Ty = Ty, p <m < g. Hence TorlA(Tp,q, F) =0 for all i, and p < g. Now lemma follows
from the observation that each torsion module has a left resolution by direct sums of modules
Tpy O

Definition 9.6. We say that a positively oriented Z-algebra A satisfies the condition () if the
following hold:

(i) the algebra A is generated by its subspaces .Ap and Aj;
(ii) for each i € Z, the object 7w (P;) has a finite right resolution by direct sums of 7 (P;) with
j>i.

The next proposition motivates the condition ().

Proposition 9.7. Let A be a Z-algebra satisfying (xx), and A € Alg,. Then for each f =
(F,0) € X A(A) we have Aut(f) = {1}.
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Proof. Let g € Aut(f). Clearly, g(0) : 7(0) — F(0) is the identity morphism. Further, for each
i € Z the surjection A; ;1 ® 7(P;) — m(P;+1) is mapped by f* to the surjection A; ;11 ®
F (i) — F( + 1). Hence, we obtain by increasing induction over i that g(i) : F(i) — F(i) is
the identity for i > 0.

Finally, since A satisfies (), it follows from Proposition 9.3 that there exists an injection
of the form 7 (P;) — @, w(P;,) with j, > i which is mapped by f* to the injection F (i) —
@D, F(ju). Hence, we obtain by decreasing induction on i that g(i) : F (i) — F (i) is the identity
forallieZ. O

Therefore, if A satisfies () we may and will replace X 4 by the equivalent presheaf of trivial
groupoids 7o (X 4). It is easily seen from the proof of the above Proposition that (X 4(A)) is
a set. Thus, X 4 is a presheaf of sets.

Now we would like to compare our definition of morphisms from Sp(A) to Proj(A) with the
morphisms from commutative Noetherian k-schemes to commutative projective k-schemes.

Note that we can restrict the presheaf X 4 to the full subcategory of Alg; which consists
of commutative Noetherian k-algebras. Further, we can extend this restricted presheaf onto the
category Noethy, of all commutative Noetherian k-schemes.

Definition 9.8. Let .4 be a positively oriented Z-algebra. We define the presheaf X 4 :Noetth —
Gpd as follows. The groupoid X 4(Y) is a full sub-groupoid of G»(A, QCoh(Y), Oy) which
consists of objects (F, o) such that the following conditions hold:

1) we have TorlA(T, F)=0foralli and T € Tors(A);
2) the sheaves F (i) are locally flat.

We also regard the objects of the groupoid X 4(Y) as maps from Y to Proj(A). The analogue
of Proposition 9.7 obviously holds for Noetherian k-schemes instead of associative algebras. For
each commutative Noetherian k-scheme Y we denote by YV : Noetth — Sets the presheaf of
sets represented by Y.

Now let Z C IP(V) be a closed subscheme and let A be a Z-algebra associated to its homoge-
neous coordinate ring @d>0 STv*/1I.

Proposition 9.9. The Z-algebra A satisfies the condition (xx). The presheafs of sets Z" and
Xy Noetth — Sets on the category Noetth are isomorphic.

Proof. Recall that the category QCoh(Z) is equivalent to Proj(A) by Serre Theorem. The
sheaves Oz (i) correspond under this equivalence to 7 (P;).

Let f:Y — Z be a morphism. Then the sheaves f*(Oz(i)) are invertible and hence are
locally flat. Further, f* maps acyclic right bounded complexes of direct sums of Oz (i) to acyclic
complexes. Finally, we have an isomorphism f*(0Oz) = Oy. Thus, we have a morphism of
presheaves ZV — X 4.

Conversely, let Y € Noethy and g € X 4(Y). Notice that for each i € Z we have an acyclic
Koszul complex on P(V) twisted by Op(v) (i), and we can restrict it to Z:

0> O0z()=A"V*Q0z>i)—> AV 'W*@O4>(i+1)— - — Oz(>i+n)— 0.

In particular, the Z-algebra A satisfies the condition (k).
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Hence, we have acyclic complexes

0— g*((P)) = A"V* @ g*(n(P)) = A" 'V* @ g*(m(Piy1)) = -+
— ¢ (T (Pign)) = 0. ©.1)

In particular, we have surjections V* ® g*(w (P;)) — g*(w(P;+1)) and injections g* (7w (P;)) —
V ® g*(w(Piy1)). Since g*(w(Py)) = Oy, we obtain by increasing and decreasing inductions
on i that all the sheaves g*(7 (P;)) are coherent and are non-zero on each connected component
of Y. Since they are locally flat, they are locally free.

Further, put £ = g*(w(Py)). Clearly, g can be reconstructed from the surjective morphism
¢ : V*® A — L using the exact sequences

AV g*(n(Pim) = V@ g* (n(P)) — g (1(Pis1)) = O
and

0— g*(n(Pi_1)) = V @ g*(n(P)) = A2V ® g* (n(Pis1))

from complexes (9.1). Suppose that rank(L|y,) > 2 on some connected component Yy C Y.
Then it is easy to see that the morphism A"~ !V* ® Oy, — A" 2V* ® Lyy, is injective. Hence
g*(m(P-1)))y, =0, a contradiction. Thus, £ is an invertible sheaf.

The surjective morphism ¢ above defines a morphism g : Y — P(V). It follows that g* =
g*t*, where « : Z — P(V) is the embedding. Hence, g*((P;)) = L®'. Further, the induced
morphism of graded algebras

Ps'v— P H(c®)

d=0 i=0

passes through @d>0 S4v*/I, thus g passes through Z, and we obtain a morphism ¥ — Z.
Hence we have a morphism of presheaves X4 — ZV.
The constructed morphisms of presheaves are inverse to each other. Proposition is proved. O

Now we want to describe the k-points of noncommutative Grassmanians.
Lemma 9.10. Ler A be a geometric Z-algebra of period n. Then it satisfies the condition ().

Proof. By definition, Alg 4 is generated by 4o and .A;. Further, the projections 7 (K;) of Koszul
complexes are acyclic. The first non-zero term of 7 (K;4,) equals to 7w (P;) (since A' is Frobe-
nious). Therefore, each 7 (P;) has the required right resolution. O

Denote by pr'r"’v : Df,’ R PV)) — 7™V the functor which is right adjoint to the inclusion
TmY Dfah (P(V)). The next theorem describes the k-points of noncommutative Grassma-
nians and the objects in 7"V corresponding to their structure sheaves under the equivalence of
Corollary 8.22.
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Theorem 9.11. The k-points of the noncommutative Grassmanian NGr(m, V), i.e. the elements
f € X pmv (k), naturally correspond to vector subspaces W C V of dimension 1 < dim W < m.
Further, if f corresponds to W then f,(k) is a perfect complex, and it corresponds to the object
pr;"’V(O]p(W)) € T™V under the equivalence Perf(QMod(A)) = 7™V

Proof. Let f € X 4(k). For each i € Z we have the natural acyclic complex

0— f*(r(P)) AN @ f*(n(P)) = Ay @ f*((Pipn) = -
= (7 (Pign)) = 0.
In particular, we have surjective map V* ® f*(w(P;)) — f*(w(P;+1)) and injective map
[*(@(P)) > V& f*(mw(Pis+1))- Since f*(mw(Py)) = k, we obtain by increasing and decreas-

ing inductions over i that all the spaces f* (s (P;)) are non-zero and finite-dimensional. Further,
using the exact sequences

APVE® fH(m(Pi) = V*® f*(n(P)) — f*(x(Pit1)) = 0
and

0— f*(r(P_) > V& f*(n(P)) — A’V @ f*(m(Piy1)),

one can reconstruct f from the injection f*(7(P-1)) — V ® f*(w(Pp)) = V. Thus, we can
associate a non-zero vector subspace W C V to each f € X 4(k) and f can be reconstructed
from the subspace W. We will show that W C V gives a k-point iff 1 <dim W < m.

First suppose that dim W > m and W gives a k-point f. Then

f*(m(Py)) = coker(A"™™ 'V @ W — A""V),

and the last space is zero since dim W > m. But f*(w (P1)) # 0, a contradiction.

Now let 1 <dimW =d <m. Let S ={E;} be a geometric helix in gmVv of periodn —m + 1
such that E; = Op(v)(j) form —n < j < 0. Then the endomorphism Z-algebra of S is equivalent
to A™Y . We define the functor F : A — k-Vect by the formula

F(i) = Hom(E;, Opawy)” =Hom(E;, pr™Y (Opwy)) .

We put f = (F,id).
Now we prove that f € X qmv (k). By Lemma 9.5, it suffices to show that Tor; (S;, ) = 0 for
i >0, j € Z. Since the complexes

~ am,V!* m,V!*
0_)Ei="4i+n,i ®Ei—>A,~+n,[+1®Ei+1—>"'—>Ei+n—>0

b

of objects in D,/ , (P(V)) have zero convolutions, it suffices to prove that

Hom' (Ej» pr;n’v(OP(W))) = Hom' (E;, Op(w)) =0
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fori #0, j € Z. Itis clear that this holds for m —n < j < 0. Further, we have a Koszul resolution
of the sheaf Op(w) on P(V):

0= A" (V/W)* @ Opvy(d —n) = - = (V/W)* & Opv)(=1) = Op(y).
Thus, prT’V (Op(w)) is isomorphic to the complex

= 0= ATV /W) ® Opvy(m —n) — - -
- (V/W)*® Opvy(=1) = Opyy > 00— ---.
Since the helix {E;} is geometric, we have Homi(Ej, pr:"’v((’)[p(w))) =0fori >0, j<0.
Recall that Ej 1 —jp+1 = ®_I(Ej), where @ = F[m — n], and F is a Serre functor on 7" .
‘We have that
FUK) =p"Y (K ® Opyy(m)[1 —nl), 9.2)

onPV)) — T m.V s the functor which is left adjoint to the inclusion
7™V — Db (P(V)).

where pr;"’v . Db

B(V)) = T™V maps Ob(DZ:(B(V)) 1o

ZLpeyy)yn V),

coh

Lemma 9.12. The functor pr;n’V : Dfoh

Ob(D>i_m+1(IP(V)) NT"™V). The functor @~ preserves Ob(D

coh

Proof. The second statement follows from the first one by the isomorphism (9.2). To prove the
first statement, it suffices to note that

" (X) = Logy,y - Lopyym-nX)m—11. O
Since pr;"’v((’)(i)) =0fori=1,...,m—1, we have

@~ (pY (Opawy)) =pr)"" (Y (Orawy) ® Oy () (1 — m]
= Pr;"’v (Opw)(m)[1 —m],

and the last object belongs to Ob(Dig
we have that &~ (pr/™" (Opw))) lies in Ob(D

PV NT™V) by Lemma 9.12. Again by Lemma 9.12
29 py))NT™Y) for I > 0. Thus, we have

coh
Hom' (E j—(1—m+1yk» Pri" (Op(w))) = Hom' (E}, ok (prY (Opw)))) =0
fori <0,n —m < j <0, and k > 0. Therefore,
Hom' (Ej, pr;n’V(OP(W))) =0
fori #0, j <O0.

To prove the same for j > 0, note that Hom' (E s pr;”’v((’)]p(w))) is the i-th cohomology of
the complex
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= 0= ATT"(V/W)* @ Hom" ™" (Ej, Opvy(m — n)) — .
— (V/W)* @ Hom" ™™ (E;, Opvy(—1)) > Hom" ™" (E;, Opy)) = 0 — -+,

where the left non-zero term is in degree zero. This complex is dual to the complex
-+ = 0= Hom(Op(vy, Ej—nsm—1) = (V/W) @ Hom(Opvy(—1), Ej_pym—1) = -

— A""(V/W) @ Hom(Opvy(m —n), Ej—pym—1) = 0— -+,

and the last one is isomorphic to the complex
=0 HOm(Elfj, Opvy(m — n)) — (V/W) ®H0m(E1,j, Opvy(m —n + 1)) — ..
— A"_m(V/W)®Hom(E1,j,(’)P(V)) —-0— .. 9.3)
The complex (9.3) calculates Hom! (E|_ j» X0), where X is the complex
--0—= Opyy(m —n) = (V/W)® Opvy(m —n+1) — - -
— ATV /W) ®O0pwy)y—>0—---.

Thus, it remains to show that Homi(Ej, Xp)=0fori <0, j <O0.

If we prove this for n —m < j < 0, then the rest of the proof will be analogous to the proof
of the same vanishing for pr'r"’v (Opw)) instead of Xo. Soleti <0,n —m < j <0. We have the
chain of isomorphisms

Hom' (Op(v) (), Xo)
= Hom" "+ (prY (Opw)), Opvy(m — n — j)) ZExt" " (Opw), Opeyy(m —n — j))
~ Bx¢" ! (OIP’(V) (m—j), O[[D(W))v =H" ] (P(W), OIP’(W) (- m))v,

and the last space is zero since m —i — 1 > d — 1 =dimP(W).
Thus, f is indeed a k-point. Furthermore, we have that the complex

s 0> ATV W RQT(Pyn) = = (VW) Qa(P_y) > 7(Py) > 00— ---

is a resolution of f, (k). Thus, f.(k) is a perfect complex and it corresponds to the object
prf"’v (Op(w)) under the equivalence Perf(QMod(A™ V)) = 7™V The theorem is proved. O

It turns out that the embedding of k-points Gr(d, V) (k) < NGr(m, V) (k) for | <d <m can
be extended to a morphism Gr(d, V) — NGr(m, V).

Proposition 9.13. Let V be a finite-dimensional vector space and let 1 <d < m < dimV =n.
Then there exists a natural morphism fg ,, v : Gr(d, V) — NGr(m, V) such that the derived
inverse image functor L fd*’m, v induces a full embedding

Perf(NGr(m, V)) — Db

coh

(Gr(d, V).
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Proof. For each W € Gr(d, V) denote by fw the corresponding k-point of NGr(m, V). It is
clear that there exist vector bundles F (i) on Gr(d, V) such that the fiber of F (i) over the point
corresponding to W is naturally identified with f‘jkv (7w (P;)) (in particular, F(—1) is a tautological
bundle). So we have a natural functor F : 4 — QCoh(Gr(m, V)). Also by Theorem 9.11 we have
that the complexes of vector bundles

0= F) =AY @ F@) —» ALY @F(+1)— = F(i+n)—0
are acyclic in the fibers over closed points (if the residue field of a point is greater than k we can
make an extension of scalars). Hence, these complexes are acyclic themselves. It follows from
Lemma 9.5 that the pair (F, id) defines a map fy v : Gr(d, V) — NGr(m, V).

Further, for m —n < j < 0 we have that Lf;,m,v(”(Pj)) = f;,m,v(”(R/)) =S~/ E, where E
is a tautological bundle. The collection (S"™™E, ..., E, Og4,v)) is a sub-collection of the full
strong exceptional collection on Gr(d, V) constructed by Kapranov [9]. Moreover, the functor
Lf j,m,V induces isomorphisms

Hom(n(Pl-), JT(Pj)) — Hom(S_iE, S_jE)
form —n <i < j <0. Thus, the induced functor

Lf},.v : Perf(NGr(m, V)) — D,

coh

(Gr(d , V))
is a full embedding. 0O

Notice that the full embedding L fl* .y - Perf(NGr(m, V)) — D? (P(V)) coincides with the

coh
composition of the equivalence of Corollary 8.22 with the tautological embedding 7"V —
Db (B(V)).

10. Completions of local rings of k-points

Let X be a presheaf of sets on the category Algzp of noncommutative affine schemes. Let
x € X (k) be a k-point. Define the functor Fx , : art — Sets by the formula

Fxx(R)={f e X(R) | X((f)=x},
where ¢ : R — k =R /m is the projection.

Definition 10.1. Let X be a presheaf of sets on the category Algzp of noncommutative affine
schemes, and x € X (k) be a k-point. The completion of the local ring O, if it exists, is defined
as a pro-artinian algebra which pro-represents the functor Fy  : art — Sets.

We would like to describe the local rings of a k-point xy of the noncommutative Grassmanian
NGr(m, V) which correspond to a subspace W C V of dimension m. Recall that by Lemma 9.10
and by Proposition 9.7 we have that X 4m.v is (equivalent to) a presheaf of sets (trivial groupoids).
Thus, the above definition is applicable t0 X ym.v.
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Proposition 10.2. Let W C V be a vector subspace, and dimV =n, 1 < m =dimW <
n — 1. Then the DG algebra RHom (Opw), Opw)) is formal, and the graded algebra
Ext (Opaw), Opw)) is isomorphic to the graded algebra
n—m
c"V =P atwv/wyestwr
d=0

Proof. Denote by Ky, the Koszul resolution
0— A"""(V/W)* @ Opv)(m —n) — --- = (V/W)* ® Opy(—1) = Oprvy = 0
of the sheaf Op(w). Since
Ext" (Op(v) (i), Opvy (j)) =0
for k >0, m —n <i, j <0, the DG algebra RHom(Op(w), Opw)) is quasi-isomorphic to the

DG algebra Hom'O]P(V) (K, K-
Further, we also have that

Ext* (O]p(v) (i), O]p(w)) =0
for k > 0, m —n <i <0. Thus, we have the chain of isomorphisms of graded vector spaces:

H. (Homb]p(v) (KW’ KW)) ; H (Hombﬂ)(v) (KW’ OP(W))) ; Homb]p(v) (KW’ OP(W))
n—m
=P adv/wye siw =c"V. (10.1)
d=0
To prove the lemma, it suffices to construct a morphism of DG algebras

¢:C"V = Homp,  (Kiy, Kiy),

which induces the identity in cohomology (under the isomorphisms 10.1). To define ¢, one needs
to define its components

@a.i: AYVIW) @ STWH
— Hom(A™ (V/W)* ® Op(v) (i), A™ " (V/W)* ® Op(v)(i +d))

for0<d<n—m,m—n<i< —d.Todo that, choose a decomposition V =W @ U. Then we
have natural maps

Vai: AU QSW* Q@ AT U > A7 U @ s4v*,
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We define ¢, ; to be the maps corresponding to ¥4 ; via the isomorphisms

Hom(A™ (V/W)* ® Op(y) (i), A™ "4 (V/W)* ® Op(v)(i +d))
ATV /W) @ ATV W) @ STV,

and

Homy (AY(V/W) @ SIW*, A7 /(V/W)®@ A7~ (V/W)* ® STV*)
= Homy (AU @ $9W* @ A7 U*, A7 71U* @ §9V*).

A straightforward checking shows that the map ¢ with components ¢, ; satisfies the required
properties. O

Note that the graded algebra C"-V = Do ALV W) ® S?W* is quadratic Koszul. Indeed,
it coincides with “white” Manin product @/j_f A¢(V/W)o Do SYW*, and according to [14]
the white product of quadratic Koszul algebras is again Koszul.

Thus, if we denote by S the dual of its (augmented) bar construction, then we have that
the projection S— HO%S) is a quasi-isomorphism, and the algebra H 0(8) is the completion
of CW-V* with omitted grading. For convenience we will write C instead of C W.V We denote by
2l the completion C' of the algebra C' with omitted grading.

Theorem 10.3. Let W C V be a subspace of dimension 1 <m <n — 1. Let xw € X ym.v (k) be
the k-point of noncommutative Grassmanian NGr(m, V') corresponding to the subspace W C V.
Then the algebra A°P = C'°P coincides with the completion of the local ring of the k-point xy.

Proof. We will construct some morphism uy : Sp(°’) — NGr(m, V) and then prove that it is
the universal one. For convenience, we will write A instead of A™Y .

The construction of the morphism uyw : Sp(A°P) — NGr(m, V). First we define an ob-
ject uw.(2A) in the category QMod(A), together with a morphism of algebras f : A? —
End(uw+(20)). Denote by My, the complex of A% -modules

= 0> ATTVIW QP — > (V/IWRQP 1> Pp—>0— -,
where Py is placed in degree zero. As in the proof of Lemma 10.2, the DG algebra B =
End 4(My,) is quasi-isomorphic to C; moreover, each decomposition V.= W & U gives a
quasi-isomorphism C — B. The DG algebra B is naturally augmented: the augmentation sends
each ¢ € BO_ to its component ¢9 € End4(Po) = k. As usual, we have a natural element
a e MC((BB)* ® B). We put
My, ®q (BB)* = (B®. (BB)*) ®5 Myy.

This is a DG (A ® (BB)*)?’-module. Thus, H*(M}, ®, (BB)*) is an (A ® A)°P-module.
We put

uws () = (H(Myy ®¢ (BB)*)) € QMod(A).
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The map f : A” — End(uw.(2)) is the projection by 7 of the A°’-action on H O(M'W Ru
(BB)").
Define the functor F : A — 2A-Mod by the formula

F (i) = Homgor (Homqmoa(4) (77 (P;), uws(2)), 2A).
Further, note that we have an isomorphism of DG (BB)*-modules
(BB)* = Hom 4, (P, My, ®q (BB)*).
Passing to H°, we obtain an isomorphism
A — Hom a0 (Po, H(Myy ®« (BB)¥)).
Composing it with the projection by 7, we obtain the map

o’ : A — Homqpod(A) (JT(P()), UWs (Ql)).

Applying the functor Homger (—, 20) to the map o’ we obtain the map
o :F(0)— A
Lemma 10.4.

a) The map o’ (and hence o ) is an isomorphism, and Hi(MW ®q (BB)*) = 0 fori #0.
b) The pair (F, o) defines an object of X A(AP), i.e. a morphism Sp(A°P) — Proj(A) =
NGr(m, V).

Proof. a) Choose a decomposition V = W @ U. As we already mentioned above, such a de-
composition gives a quasi-isomorphism of DG algebras C — B. Composing the Koszul dual
morphism (BB)* — S with the projection S — HO(S) =, we obtain the quasi-isomorphism
B : (BB)* — . Thus, we may replace My, ®q (BB)* by My, ®g+(«) 2. The last object is the
complex of projective (A ® 2A)°’-modules. Furthermore, we have the isomorphism of complexes
of A°-modules

(MW ®ﬁ*(0!) Ql) Rq k = MW

Further, according to the proof of Theorem 9.11 H'(M w) = 0 for i # 0 It follows that
H' (My, ®p+@) %) =0 fori #0.

The space Homgwmod(4) (7 (Po), uw«(2D)) is thus the zeroth cohomology group of the complex
Hom'QMOd(A) ((Po), m(My, ®p+) ). It follows that o’ is an isomorphism.

b) First prove that Ext(m(P}), uws () =0 for k > 0, i € Z, and Hom( (P;), uw»(A)) is a
free finitely generated 2(°’-module for i € Z.

For i < 0, according to a), we have that Ext* (7w (P}), uw.(2)) is the k — th cohomology of
the complex Hom' (7 (P;), 7 (My, ®p+@) A)). It is concentrated in non-positive degrees, hence
Ext* (7 (P;), uw+(2)) = 0 for k > 0. Further, it is bounded below complex of free finitely
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generated 2°’-modules with the only cohomology in degree zero. Thus, this cohomology
Hom(w (P;), uw (1)) is free and finitely generated.

For i > 0, according to a), Extk(n(P,-), uw«(RA)) is the k — th cohomology of the com-
plex Ext"™"(m(P;), n(My, ®p+@) A[m — n]). This is a complex of free finitely gener-
ated A°?’-modules concentrated in degrees O, 1,...,n — m. If we multiply it by the left -
module k, we will obtain the complex Ext"™" (7 (P;), w(My,)[m — n]). This complex computes
Ext* (7 (P;), xw+(k)). Thus, the only cohomology of the source complex is in degree zero and is
a free finitely generated 2A°”-module.

Now we obtain that all (i) are free (and hence flat) 2-modules, and the complexes

e 0 AR ®F(k—n+m) > > AN @F(k—1) > Fk) > 0— -+
are acyclic. By Lemma 9.5, it follows that the pair (F, o) defines an object of X 4((°?) O

We define uw as the pair (F, o). If 7 : 2l — k is the projection, then by the very construction
of uy, we have X 4 (m)(uw) = xw.

Universality. Now we prove that the constructed morphism u is universal. More precisely,
the pair (F, o) gives the morphism of functors

()] Ihg[—) FXAnyv

such that for each f: A — R, @(f) = X 4(f)(uw). And we prove that @ is an isomorphism of
functors.

In the proof of Theorem 9.11 we have already seen that each element f € X 4(k) is uniquely
determined by the injection f*(w(P-1)) — V ® f*(w(Py)) = V. The same observation evi-
dently holds for arbitrary algebras R instead of k.

Choose again a decomposition V. = W @ U. Choose some bases (e1, ..., ey) of the vector
space W, and (ey,+1, ..., e,) of the vector space U. Let R be some complete local augmented
algebra with the (maximal) augmentation ideal m, and let 7 : R — k be the projection. Let f =
(F”,0") € X 4(R) be some element such that X 4(7)(f) = xw. In particular, we have a natural
isomorphism F”(—1) ® 4 k = W. Since the module F”(—1) is flat, it is free. Let I : 7/ (—1) <
V ® R be the structure injection. Clearly, there is a unique lift (e7, ..., &,) onto F”(—1) of the
basis (e, ..., e;) such that

n
I(ej))=e;®1+ Z e ® yij,
i=m+1

where y;; € m. Thus, for each (F”, ") as above we have associated a matrix (y;;), m + 1 <
i <n, 1< j <m, of elements in m. Moreover, (F”,o”) can be reconstructed (up to a natural
isomorphism) from this matrix.

If g: R — S is a morphism of complete local augmented algebras and (y;;) is the matrix
associated to f € X 4(R), then the matrix associated to X 4(g)(f) equals to (g(yi;))-

In the case R =, and f =uw = (F, o), the associated matrix is the following:

xij=€7®€j€(V/W)*®WC2[0p.
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The elements x;; are topological generators of the algebra 21. The quadratic relations on them
are the following:
[xij, x;j]]=0 form+1<i<I<n, 1<j<m, (10.2)
1<

[xij + Xik, x1j +x] =0 form +1<i <l <n, Jj<k<m. (10.3)

It follows that the morphism @ is injective. To prove the surjectivity and the theorem, it
suffices to prove the following lemma.

Lemma 10.5. Let R be a local complete augmented algebra and let f = (F",c") be as above.
Let (y;j), m+1<i <n, 1< j<m, bethe associated matrix, y;j € m. Then the relations (10.2),
(10.3) are satisfied for y;j instead of x;;.

Proof. Using bases changes, we can reduce the problem to the only relation [y,—1,m, Yn.m] =0.
We have

F'(1) Zcoker(¢: A" "'V @ F'(—=1) > A"V @ R).

Choose the basis of (ej, ..., &,) of the R%?-module F”(—1) as above. Then the explicit form
of the map ¢ is the following:

¢((€[1 /\"‘/\ein,m,l)®évj) = (eil /\.”/\einfmfl /\e])®1
n
+ Z (eil ANRERAN S /\e,-)®yl-j.
i=m+1

It is clear that the vector space (1) ®g (R/m) is one-dimensional and generated by the
projection of the element (ex4+1 A- -+ Ae,) ® 1. According to Nakayama lemma and the condition
on F”(1) to be flat, the R°’-module F”(1) is freely generated by the projection of the same
element.

Finally, we notice that

¢((€k+1 AN Nep—1) ® a;tynfl,m + (€k+1 AN NepaNey)® é;/n)’n,m
+ (ek+1 A Aen—a Aew) @ ém)

= (ek—i-l Ao ANey) ® (yn,m)’n—l,m - )’n—l,myn,m)-
Therefore, the image of the RHS in F”(1) is zero, and hence [y,—1.m, Yn.m]=0. O
The theorem is proved. 0O
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