THE GEOMETRY OF POINTS ON QUANTUM
PROJECTIVIZATIONS

ADAM NYMAN

ABSTRACT. Suppose S is an affine, noetherian scheme, X is a separated, noe-
therian S-scheme, £ is a coherent Ox-bimodule and Z C T(€) is a graded
ideal. We study the geometry of the functor I';, of flat families of truncated
B = T(€)/Z-point modules of length n + 1. We then use the results of our
study to show that the point modules over B are parameterized by the closed
points of Py2(£). When X = P!, we construct, for any B-point module, a
graded Ox — B-bimodule resolution.

1. INTRODUCTION

The purpose of this paper is to study the geometry of points on quantum projec-
tivizations and to use the results of our study to parameterize points on a quantum
ruled surface.

If S is an affine, noetherian scheme, X is a separated, noetherian S-scheme, £
is a coherent Ox-bimodule and Z C T'(£) is a graded ideal, the functor T, of flat
families of truncated T'(€)/Z-point modules of length n + 1 is representable by a
closed subscheme of Py2(£®™) [9]. Truncating a truncated family of point modules
of length 7 + 1 by taking its first ¢ components defines a morphism I'; — I';_;
which makes the set {I',,} an inverse system. In order for the point modules of
B = T(£)/T to be parameterizable by a scheme, this system must be eventually
constant. If k is a field and S = X = Speck, Artin, Tate and Van den Bergh
prove that I',, is representable [1, Proposition 3.9, p.48] and they describe sufficient
conditions for the inverse system {I',,} to be eventually constant [1, Propositions
3.5, 3.6 and 3.7, p.44-45]. They then show that these conditions are satisfied when
B is a regular algebra of global dimension two or three generated in degree one.

Returning to the case that S is an arbitrary affine, noetherian scheme and X
is a separated, noetherian S-scheme, we prove, as suggested by Van den Bergh,
analogues of [1, Propositions 3.5, 3.6 and 3.7, p.44-45] in order to give sufficient
conditions for the inverse system {I',} to be eventually constant. We then show
that when ProjB is a quantum ruled surface, sufficient conditions for the inverse
system {T',} to be eventually constant are satisfied and the point modules over B
are parameterized by a closed subscheme of Px2(€) whose closed points agree with
those of Px2(€). Van den Bergh proves [13, Proposition 5.3.1] that, when ProjB is
a quantum ruled surface, all the I'),’s are isomorphic without the use of geometric
techniques. While our parameterization of point modules over B follows from the
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work of Van den Bergh, our proof, which is distinct from Van den Bergh’s proof,
serves to illustrate the utility of the geometry of the I'),’s.

Quantum ruled surfaces were first defined by Michel Van den Bergh as follows:
Suppose X is a smooth curve over an algebraically closed field k and £ is an Ox-
bimodule which is locally free of rank two. If Q C £®p, € is an invertible bimodule,
then the quotient B = T'(£)/(Q) is a bimodule algebra. A quantum ruled surface
is the quotient of GrmodB by direct limits of modules which are zero in high degree
[10, p.33]. In order that B has desired regularity properties, Patrick imposes the
condition of admissibility on Q [10, Section 2.3]. We take a different approach by
insisting only that Q be nondegenerate (Definition 3.18).

Van den Bergh has developed another definition of quantum ruled surface [12,
Definition 11.4, p.35] based on the notion of a non-commutative symmetric algebra
generated by &£, which does not depend on Q. He shows that the point modules
over a non-commutative symmetric algebra are parameterized by Px2(€) then uses
this parameterization to show that the category of graded modules over a non-
commutative symmetric algebra is noetherian.

The paper is organized as follows. In Section 2 we recall the definition of the
functor Ty, and describe its representing scheme ([9, Theorem 7.1]). We then prove
analogues of [1, Propositions 3.5, 3.6 and 3.7, p.44-45](Propositions 2.9, 2.19 and
2.22) which provide us with sufficient conditions for the inverse system {I',,} to be
eventually constant. In Section 3 we review a notion of quantum ruled surface due
to Van den Bergh. The definition of a quantum ruled surface is given in terms
of the dual of a locally free Ox-bimodule, and we show that duality extends to
a functor (—)* : bimodX — bimodX. In Section 4, we use the results of Section
2 to show that if ProjB is a quantum ruled surface, the point modules over B are
parameterized by the closed points of Px2(€). In this case we show that, if X = P!,
the point modules over B have the expected resolution. More precisely, we have
the following Proposition (Proposition 4.11):

Proposition 1.1. If ProjB is a quantum ruled surface, an object M in GrmodB
with multiplication map p : Mo ® B — M and isomorphism ¢ : O, — My for p a
closed point in X has a graded Ox — B-bimodule resolution

B
00— (O Box B)(—1) —= 0, @0, BLEEL p— o

for q a closed point in X if and only if M is a point module.
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Notation and Conventions Throughout, assume k is an algebraically closed
field.

If A and B are categories and F': A — B and G : B — A are functors we write
(F, Q) if F is left adjoint to G.

If X is a scheme, let Qcoh X denote the category of quasi-coherent O x-modules.
We say M is an Ox-module if M is a quasi-coherent O x-module.
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2. THE GEOMETRY OF QUANTUM PROJECTIVIZATIONS

In this section we parameterize point modules over a bimodule algebra ([14,
Definition 2.3, p.440]) generated in degree one.

2.1. Parameterizations of truncated point modules over bimodule alge-
bras.

Definition 2.1. Suppose X is a noetherian k-scheme, and B is a graded Ox-bimodule
algebra. A point module over B is an N-graded B-module My @ M; @ - -- such
that, for each ¢ > 0, the multiplication map M; ®o, Bi — M,41 is epic and
M; =2 O, for some closed point p; € X.

Fix a noetherian affine scheme S and suppose X is a separated noetherian S-
scheme. If B is a graded Ox-bimodule algebra generated in degree 1, U is a
noetherian affine S-scheme, p : (U x X) xy (U x X) — X? is projection then
BY = p*B has the structure of an Oy x-bimodule algebra [9, Proposition 3.42,
p.47].

Definition 2.2. Let B be a graded Ox-bimodule algebra and let U be an affine
scheme. A family of B-point modules parameterized by U or a U-family
over B is a graded BY-module My @& M; @ --- such that for each ¢ > 0, the
multiplication map M; ®o, Bi — M, is epic and such that there exists a map
¢ :U—>X
and an invertible Oy-module £; with £y = Oy and
M; = (idy X q;)«L;.
A family of truncated B-point modules of length n parameterized by U,
or a truncated U-family of length n is a graded BY-module My®M; @ - - - such
that for each ¢ > 0, the multiplication map M; ®o, B1 — M,y is epic and such
that there exists a map
q:U—X
and an invertible Oy-module £; with £y & Oy,
Mi = (ZdU X q7)*£1
for i < n, and M; =0 for i > n.

We note that a point module over B is a family of B-point modules parameterized
by Speck. If f : V — U is a map of noetherian affine S-schemes, welet f: Vx X —
U x X be the map f X idx.

Definition 2.3. Let S be the category of affine, noetherian S-schemes. The assign-
ment '), : S — Sets sending U to

{isomorphism classes of truncated U-families of length n+1}

and sending f : V — U to the map I',(f) defined by T\, (f)[M] = [f*M)], is the
functor of flat families of truncated B-point modules of length n + 1.

We now describe the space which parameterizes truncated point modules. We
begin with some notation. If X, Y and Z are S-schemes, U is an X X Y-scheme
with structure map u, W is a Y x Z-scheme with structure map w, and if pr; :



4 ADAM NYMAN

XxY — X,Yand pr} : Y xZ — Y, Z are projections, we define the tensor product
of U and W over Y, denoted U ®y W, to be the pullback of

w

lpriw

U———Y.

prou

Now suppose S is a noetherian affine scheme, and X, Y, Z are noetherian separated
S-schemes.

Theorem 2.4. [9, Theorem 6.3, p.93-94] If £ is a coherent Ox — Oy -bimodule and
F is a coherent Oy — Oz-bimodule then there exists a canonical map

S IPXXy(E) Ry ]P)YXZ(F) — PXXZ(‘S ®0Oy f)

such that s is a closed immersion which is functorial, associative, and compatible
with base change. We call s the bimodule Segre embedding.

For the rest of this section, suppose &£ is a coherent Ox-bimodule, Z C T'(&)
is an ideal, and B = T(£)/Z. Define the trivial bimodule Segre embedding s :
Px2(E)® — Py2 (%) as the identity map.

Theorem 2.5. [9, Theorem 7.1, p. 118] For n > 1, T',, is represented by the
pullback of the diagram

(1) Px2(£)°"
Px2 (8®H/In) e PXQ ((C:@n)
We will abuse notation by calling the pullback of (1) T',.

2.2. Sufficient conditions for system {I',,} to be eventually constant. The
proof of the following Lemma is straightforward so we omit it.

Lemma 2.6. Let
AxgB-2— A

bl l

B C

be a pullback diagram of schemes. If ¢ and d are closed immersions, then so are a
and b. Furthermore, if f : D — A and g : D — B induce a morphism h : D —
A xX¢c B, and either f or g is a closed immersion, then so is h.

If 7 C €94 is a submodule, define Z(J) as the pullback of the diagram
Py (£)®™
]sz (5®n/.,7) —— Px2 (€®n)

For the readers convenience, we recall Grothendieck’s description of maps to pro-
jective bundles along with a result from [9] which we will need below.
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Proposition 2.7. [4, Proposition 4.2.3, p.73]. Let ¢ : U — V be a morphism of
schemes. Then, given an Oy -module G there is a bijective correspondence between
the set of V-morphisms v : U — Py (G), and the set of equivalence classes of pairs
(L, @) composed of an invertible Oy -module L and a epimorphism ¢ : ¢*(G) — L,
where two pairs (L,$) and (L', ¢') are equivalent if there exists an Oy-module
1somorphism 7 : L — L' such that

commutes.

If ¢g: U — V is a map of noetherian schemes, G is an Oy-module and £ is an
Opy-module, any Opy-module morphism ¢ : ¢*G — L corresponds to an Oy -module
morphism 9 : G — ¢, L since (g*, g«) is an adjoint pair. We say ¢ is the left adjunct
of 1. We will use this correspondence implicitly.

Choose n > 1, suppose U is an S-scheme, for 0 < i < n ¢ : U — X is
a morphism and for 1 < ¢ < n, £; is an invertible Opy-module. We recall the
existence of a natural morphism

n— 2l n—
@10 (¢ X Gis1)«Liv1 — (g0 X @n)+ (@75 Lit1)

whose domain is the bimodule tensor product of O x2-modules and whose codomain
is the direct image of the ordinary tensor product of Opy-modules.

Proposition 2.8. [9, Theorem 6.3, p.93-94, Lemma 7.6, p.124] Retain the notation
above. If J C E®™ is a submodule and U is an S-scheme, then X?2-morphisms
f:U — Z(J) correspond, via Proposition 2.7, to n-tuples of Oxz-module maps
Wi+ € = (¢ X qiv1)«Lixr1 such that the left adjunct of ¥; is an epi and such that J
is in the kernel of the composition

n—1
(2) gon Bt 1 (g X qie1)Livt — (G0 X )< (@1 Lit1)-

We define Z(€ ® Zy) N Z(Zy @ &) as the pullback of
Z(E®1y)

|

Z(ZyRE) — Px2 (£,
Proposition 2.9. For any d, there exists a closed immersion
Tiy1 = ZERL)NZ(Ti®E)
over Px (5)®d+1 which is an isomorphism if Tgp1 =E Q@ Tg+ Ty R E.
Proof. First, note that the inclusion £ ® 7y C Zy441 induces a closed immersion
(3) Prca (€5 [ Tay1) — Pxa (€941 /€ 0 T,).
Similarly, there is a closed immersion

(4) Px2(E9TY /Ta11) — Px2 (£ /Ty ® €)
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such that (3) and (4) make the diagram
Py (g®d+1/Id ® 5) ~— Py (5®d+1/Id+1)

l -

]PXZ (g®d+1) - IEDX2 (5®d+1/1-d+1)
PXQ (5®d+1/5 ® Id) - ]PJXQ (€®d+1/1d+1)
commute. Thus, the diagram of closed immersions

Z(Zgy1) ——=Px2 (9 Ty 11) —=Px2 (€9 /€ © Ty)

| |

P> (5)®d+1 Px- (g®d+1)

induces, by the universal property of the pullback, a morphism Z(Zz41) — Z(€ ®
Z4). By Lemma 2.6 this morphism is a closed immersion. In a similar fashion, we
obtain a closed immersion Z(Z4y1) — Z(Z4 ® £). By construction, these closed
immersions are morphisms over Px2(£)®9t!. Hence, they are morphisms over
Px2(£%9*1) so they induce a morphism

(5) Z(Id+1)HZ(5®Id)ﬂZ(Zd®5)
which is a closed immersion by Lemma 2.6. We next show that, if Z;11 = ERZy+
Ta®E,
ZERLYNZ(Tg®E) =Z(ERIL+TygRE).
We will show that the functors
Homs(f, Z(E X Id) n Z(Id & 5))

and
Homg(—, Z(E®ZIq+IaRE))

are isomorphic, which, by Yoneda’s Lemma, will prove the assertion. To this end,
suppose U is a noetherian affine S-scheme and f: U — Z(EQRZy) N Z(Z; R E) is
a map of S-schemes. By Proposition 2.8, f corresponds to a map of O xz2-modules
of the form (2) such that both £ ® 75 and Z; ® £ are contained in the kernel of ¢.
Thus, the sum £ ® Ty + Z4 ® £ is contained in the kernel of ¢. By Proposition 2.8
again, there is a morphism h: U — Z(E @ Iy +Z4 ® &) corresponding to ¢ making
the diagram

(6) U S Z(E®INNZ(Ti®E)

e

ZERL+Ta®E)

whose right vertical is (5), commute. Since (5) is a closed immersion, h is unique
with this property. The assignment sending f to h gives a bijection

HOmS(U,Z((S ®Id) N Z(Id ® 8)) — HomS(U,Z(E RLg+ 1Ty ® 8))
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We now show this bijection is natural. Suppose r : V. — U and let f : U —
Z(E®Iy) NZ(Zy®E) be given as above. Then, as above, the composition fr
corresponds to a map h' : V — Z(E ® Iy + Ty ® £) which is unique making the
diagram

U ZERLY)NZ(Ta®E)
1% - ZERLg+Ta®E)

commute. Since (6) commutes, the uniqueness of A’ implies that hr = b’ as desired.
O

Note that there exists a closed immersion I', ® x Px2(£) — Z(Z, ® &) induced
by the commutative diagram of closed immersions

T, @x Pyz(E) — = Py (£)27+

| |

Px2(E97/1,) ®x Px2(€) —Px2(£%7) ®x Px=2(€)
Pyx2((E97/1,) ® ) —————=Px2(£97H).

In a similar fashion, there exists a closed immersion Px2(€) @x ', — Z(€ ® 7).
Define I'; @ x Px2(€) NPx2(E) @x I, as the pullback of the diagram

(7) ' ®x IP_)@(E)

|

Z(ZI,®€E)
|
Px2() @x Iy — = Z(E QL) — Py (E97 ).

Corollary 2.10. IfZ is generated in degrees < d, then there is a closed immersion

I ®@x Px2(E) NPx2 () @x I'y — Iy
over Px2(E)®™*L forr > d.
Proof. 1t is clear from (7) that there is a morphism

I @x Px2(E)NPx2(E)@x T, — Z(Z, @E)NZ(ERT,)

which is a closed immersion by Lemma 2.6. Furthermore, it is not hard to show
that this morphism is over Px2(€)®"T1. The assertion follows from Proposition
2.9. ([l

Lemma 2.11. Suppose m,n are integers such that 1 < m < n < d. If pr‘fnm
denotes the projection Px2(E)®% — Px2(E)®"~™+L onto the mth through the nth
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factors of Px2(£)®4, then the composition

Ty ——> Pya(£)Bd — 5Py (£)©n-m+1

factors through the map Ty_pyi1 — Px2(E)®"~™FL Furthermore, the induced
map, which we call pfnﬁn :Tq — Ty is closed.

Proof. Let U be an affine, noetherian S-scheme. If &% (M, is a family of B-point
modules of length d+ 1 parameterized by U, then ®}_,, M, is a family of B-point
modules of length n—m+2 parameterized by U. This assignment induces a natural
transformation of functors I'y — I'y,_,,41 so that by [9, Theorem 7.1, p.118] and
Yoneda’s lemma, the assignment induces the map of schemes pfn’n Tg—Thomtr-
The first assertion follows. The second assertion will follow from the fact that Pﬁln,n
is projective. This is the content of the following result. O

Lemma 2.12. The map pfn)n 18 projective.

Proof. Since closed immersions are projective and since a product of projective
maps is projective by [4, 5.5.5.(1),(iv), p.105], the result follows from the fact that
Px:(&) is projective over X2. O

Lemma 2.13. Suppose A and B are schemes, A is noetherian and

A—lop_2.y

is a diagram of closed immersions. If fg = idpg, then gf =id4.

Proof. Since f and g are closed immersions, the sheaf maps f# : O4 — f.Op
and ¢# : Op — ¢,04 corresponding to f and g are surjections. By hypothesis,
(fg)« = idp« so that the composition

I# feg?
Oy —— fLOp —— f,9:04 = Oy

is a surjection of sheaves of rings. Since 04 is noetherian, the above composition
is an isomorphism. Next, consider the composition

1#

OA f*oB
restricted to an affine open set U C A. Let a € O4(U). Then f#(a— f.g% f#(a)) =
0 so that f.g” f#(a — f.g” f#(a)) = 0. Since f.g” f# is an isomorphism, a —
f«g7 f7(a) = 0, which implies gf = ida. O

feg

f*g*OA I g*OB

Lemma 2.14. The schemes Px2(E) and T'y are noetherian.
Proof. The Lemma follows from the fact that X is noetherian and £ is coherent. [

To prove Propositions 2.16, 2.19 and 2.22, which are variations of [1, Proposition
3.6, 3.7, p. 44-45], we need a preliminary lemma.

Lemma 2.15. If (a,b) € X2 is a closed point and Ola,p) 18 the associated Ox-
bimodule, then the bimodule Segre embedding

(8) Px2 (O(a,b)) ®x Px2(E) — Pye (O(a,b) Roy €)
is an isomorphism and

length O, 1) ®oy € = length O ®o €.
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Proof. We first prove (8) is an isomorphism. Since (8) is a closed immersion of
noetherian schemes (Theorem 2.4 and Lemma 2.14), it suffices to show that there
exists an isomorphism between the schemes.

Leti:ax X — X2 and j : bx X — X? be the canonical inclusion maps and let
k:X —axXandl:X — bx X be the canonical isomorphisms. We will show

(9) 5" =2 Oy ®oy € Z k" (Oap) @ox E).
This will imply
Poxx (7€) 2 Px (I"j°E) 2 Px (O ®oy £).
Since
Px2(Oap) @x Px2(E) = (b x X) X x2 Px2(€) = Poxx (),

we may conclude that
Px2(Op)) ®x Px2(€) = Px(Op ®oy €).

On the other hand, since the scheme-theoretic support of O, ) ®oy € is a closed
subscheme of a x X,

Px-2 (O(a,b) Rox 5) =~ PaXX(i*(O(a,b) Rox 5)) >~ Px(k’*i*(O(a’b) Rox 8))

By (9),
]P)X(k*i*(o(a,b) ®Ox 5)) = PX<Ob ®Ox 5)7

which will establish the first result.

We now prove (9). To this end, we will use the fact that if Z is any scheme and
M and N are quasi-coherent Oz-modules with equal and finite support {m,}, and
if My, =2 Ny, as Oy ,,-modules for all 4, then M = N as Oz-modules.

Let O, denote the structure sheaf of the closed point a localized at a and let
Oy, denote the structure sheaf of the closed point b localized at b. Let {c;} be the
support of each of the sheaves in (9). We note that

(7 E)bes = (Opp @ Ox.c;) @0 Ep,c,

X2 b,c;

so that

1%

(") e; = (Opp ® Ox ¢,) ®o

X2bc; b,c;

as Ox c,-modules.
Next, we note that

(Op @0k E)e; = (Pra«(priOy ® €)),
= (priOy @ E)pe,
= Opp oy, Oxp @ Ox ¢, @0
= (Opp @ Ox.c;) @0

X2 bc; 517705

X2bc; b,c; -

This establishes the left-hand side of (9).
On the other hand,
(i*<0(a,b) ®ox 5))a7ci = (O(a,b) R0y g)a,ci ®OX2 OaxX,mci

,a,c;
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and
(Oap) @0x E)are; = (0713+ (P10 (a,5) @ PT33E) )ases
= (priaOap) ® Praz€)ab.e;
= 00,0 ®O0bp R0y, Ox2,a0 @ Ox.e; ROy, Eboe;
= 04,0 ®Opp ®Ox.c, B0z, .. Epc,
Thus,

("i" (O(a,p) ®@0x €))e; = (Oaa @ Obp @ Ox,e, ®0a, . Ebei) ®O4a, . OaxXae:
= Oy @O0x ., R0

as Ox ¢,-modules. This establishes (9).
To show that

X2,b,c; b,ci

length O, ) ®o € = length O ®o &,
we need only note that
length O, ) ®oy € = length k*i*(O(4 ) ®ox ).
The result now follows from (9). O

Proposition 2.16. If a closed point p € I'y corresponds to a mazimal submodule
M of € via Proposition 2.7, then the fibres ofp‘li,";l1 and pgpil over p are isomorphic
to Px2(E9MM )Ty + M ®E) and Px2(E%9Y /Ty 1 + € ® M) respectively.

Proof. We prove the assertion for p‘le. The proof of the other assertion is similar,
so we omit it.
The fibre over p, denoted F(p), is the pullback of the diagram

Fata

!

Px2(E27/ M) @x Px2(E) — P2 (€)1,
Thus, F(p) is equal to
Px2(E9/ M) @x Px2(E) Xp_,()0at1 Px2(E)®T Xp _, (goar) Px2 (€5 /Ty10)
which is isomorphic to
Py2(E%/ M) @x Px2(E) Xp_, (goar) Px2(ES /Tapq).
Since the Segre embedding is functorial (Theorem 2.4), F'(p) is the pullback of
(10) Px2(E¥Y/ M) @x Px2(E)

|

Px:(£r @ €)

|

Py (£84+1)

Px2 (£ /Tq11)

where the top vertical is the Segre embedding and the bottom vertical and hor-
izontal are induced by epimorphisms of Oxz-modules. The subdiagram of (10)
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consisting of its bottom two rows has pullback equal to Px2(E¥9 /Ty 1 + M KE).
Since the top vertical of (10) is an isomorphism by Lemma 2.15,

(11) F(p) 2 Py (E% Ty + MR E).
as desired. O

Definition 2.17. If, for every i > 1, every fibre of pﬁl is a finite disjoint union
of projectivizations of finite dimensional vector spaces over k, then we say I' has
linear fibres.

Lemma 2.18. Retain the notation in the statement of Proposition 2.16. If, for
all closed b € X, length O, ®p,, € < 2 and Zyy1 s not a submodule of M ® E for
d > 1, then T' has linear fibres.

Proof. Since

£®d+1 a‘i‘g; £ o e
o~ o M
M®RE+Ty % J
for some submodule J C %W ®E&,
£%d
Sr®e&
F(p) 2 Px- <MT)

Since Z441 is not a submodule of M ® &, J is non-zero. Since, by Lemma 2.15,

£od
length N ® E =length O, ® £ < 2,

S RE
it follows that length MT <1. O

We will use Lemma 2.18 to prove that, for a quantum ruled surface, I" has linear
fibres (Proposition 4.3).

Proposition 2.19. Let 1 <m <n <d+1, and let 7 : U'qy1 — Tp_my1 denote
the projection map pfnf}l. If, for some p € T'y_11 the fibre of © at p, F(p), has
the property that either F(p) = p or F(p) is empty, then 7 is a closed immersion
locally in a neighborhood of p € T'yy_imy1.

Proof. Since m is projective by Lemma 2.12, it is proper by [4, Theorem 5.5.3,
p.-104]. Since T; is noetherian by Lemma 2.14, we may apply Chevalley’s Theorem
[5, Proposition 4.4.2, p.136] which tells us that 7 is a finite map in a neighborhood
of p. Thus, the localization of 7,Or,,, is a finite Or,_ ., ,-module. Since either
F(p) = p or F(p) is empty, the map Or,_, ., — Or,,, is surjective locally at p by
the Nakayama Lemma. |

Corollary 2.20. pr’f;l 1s injective on closed points for d < i <mn and I has linear
fibres then pY 4 is a closed immersion.

Lemma 2.21. Suppose piﬁ-l s a bijection on closed points for i > d and I' has

linear fibres. Then there exists an m > d + 1 such that p’l’f;n : I, — Ty, is an

isomorphism for all m’ > m and the point-modules over B are parameterized by a
closed subscheme of I'y whose closed points agree with those of T'y.
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Proof. By Corollary 2.20, p} ; is a closed immersion for n > d + 1. Since I'y is
noetherian by Lemma 2.14, there exists an m > d + 1 such that the image of T,
in Ty equals the image of T',,/41 in 'y for m’ > m. Since the closed points of T';
equal the closed points of I'y for ¢ > d, the assertion follows. O

Proposition 2.22. (1) Assume that, for some d, p‘f:;l defines a closed im-
mersion from Ugpq to Ty, thus identifying T'qi1 with a closed subscheme
E CTy. Then T4y defines a map o : E — Ty such that if (p1,...,pd+1)
15 a point in F,

U(plv s 7pd) = (p27 o 7pd+1)a

where (p1,...,pd+1) is the unique point of Tqy1 lying over (p1,...,pq) € Tq.
(2) If in addition o(E) C E, T is generated in degree < d and T’ has linear
fibers, then pY ;: I'n — E is an isomorphism for every n > d + 1.

Proof. The first assertion follows from the fact that £ =2 T'y,;. To prove the second
assertion, we show P4 is a bijection of closed points onto E. Our proof closely
follows the proof of [11, Proposition 22.2.10, p.319]. We first show py ; is injective
by induction on n. The case n = d + 1 is true by hypothesis. We assume the
assertion holds for n and prove it for n + 1. Let

(pla cee 7pn+1)7 (q17 e 7qn+1) S FTL+1

and suppose (p1,--.,pd) = (¢1,---,44). Since (p1,---,Pn)s (¢1,---,qn) € I'y, by the
induction hypothesis (p1,...,pn) = (q1,...,qn). Thus, (p2,...,p4) = (g2, .-, q4)-
But these are elements of E since (pa,...,pn+1) and (g2, ..., ¢ne1) belong to Ty,
Thus, (p2,...,Pn+1) = (g2 - - -, Gn+1) by the induction hypothesis.

We now show that p7; is onto the points of E. Let P = Px2(€). Since T is
generated in degree < d, there is a closed immersion over P&

(12) Pl ey E)yn (P lox E@xP)N...

.NPex E@x PP 4N (Eex P9 - T,

by Corollary 2.10 applied inductively. Now, let p = (p1,...,pq) € E. Define
Pd+1,---,Pn inductively by (piy1,...,pira) = o(p) for 0 < i < n —d. Since
o(E) C E, (p1,...,pn) belongs to the left hand side of (12), hence (p1,...,pn)
belongs to I', as desired. We may conclude that pf , is a closed immersion by
Corollary 2.20.
The map v : E — Px2(£)®" defined by
Y= pi i (el et

induces a closed immersion into each factor of the left hand side of (12). Hence, ¢
induces a closed immersion to I',, and the result now follows from Lemma 2.13. [

3. QUANTUM RULED SURFACES

In order to present Van den Bergh’s definition of a quantum ruled surface (Def-
inition 3.19) we need preliminary results regarding affine morphisms and duality.
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3.1. Affine morphisms. We begin with some notation. Let f : Z — Y be a
morphism of noetherian schemes and let A denote the quasi-coherent sheaf of Oy--
algebras f,Oz. Define a category QcohA as follows: the objects of QcohA are the
Oy-modules with an A-module structure, and the morphisms between two such
objects, M and A are the elements of Homy (M, ) which are compatible with
the A-module structure.

Lemma 3.1. [6, Ex. 5.17e, p.128] Suppose f : Z — Y is an affine morphism of
noetherian schemes. The functor f; : QcohZ — Qcoh A sending M to f.M is an
equivalence of categories.

Proof. We define f! : QcohA — QcohZ as follows: if {U;} is an affine open
cover of Y, M and N are A-modules and o : M — N is an A-module map,
let fTM(f~1(U;)) = M(U;) and let fla(f~*(U)) = a(U). Then fTM and fla
are defined by gluing, and it is easy to show that fT is quasi-inverse to f;. O

Let F : QcohA — QcohOy be the forgetful functor. The following result is easy
to prove, so we omit its proof.
Lemma 3.2. With the notation as above, both triangles in the diagram

fr
QcohOz QcohA
T

QcohOy

commute up to isomorphism.

We next explore the functorial properties of the map sending an affine morphism
of noetherian schemes f : Z — Y to the functor f : Qcoh. A — Qcoh®y. Suppose

g
is a composition of affine morphisms between noetherian schemes. Let B denote the
sheaf of rings g. f+Oz and let C denote the sheaf of rings ¢g.Oy. Define categories
QcohB and QcohC as before. Since f : Z — Y, there is a map of sheaves of rings
Oy — f.Oz, hence a map of sheaves of rings .0y = C — g, f.Oz = B. Thus, any

B-module has a C-module structure via this map. In addition, if « is an element of
Hompg(M,N), it has a B-module structure, hence a C-module structure.

Lemma 3.3. If I : QcohBB — QcohC is the functor induced by the map of algebras
B — C, then the diagram

.
QcohB M QcohA

zl lF
QcohC — QcohOy
g

commutes up to isomorphism.

Proof. Let M be an object in QcohB. Since (gf); and (gf)! are quasi-inverse,
there exists an N € QcohZ such that (¢f)1N = M. Now

Ff(gf)! M= f(gf) (gf TN = fN.



14 ADAM NYMAN

On the other hand, since I(gf); = g1 f«, we have
g I(gf1N =glg fN = fN
as desired. (Il

Corollary 3.4. With the notation as in Lemma 3.3, f.(gf)! = g'I.

If f:Z — Y is an affine morphism of noetherian schemes and M is an Oy-
module, the Oy-module Home,, (f«Oz, M) has an f,Oz-module structure. In
addition, if A is an Oy-module and o € Homy (M, N), Homo, (f«Oz,«a) is a
map of f,Oz-modules. It thus makes sense to define

H : QcohY — Qcoh A

as the functor sending M to Home,, (f.Oz, M) with its f.Oz-module structure.
We define f' : QcohY — QcohZ as the composition fTH, and it is not hard to show
that (f., f') is an adjoint pair.

Lemma 3.5. Suppose f: Z — Y be an affine morphism of noetherian schemes, F
is an Oz-module and G is an Oy -module. The natural isomorphism of Oy -modules

(13) feHomo, (F, f'G) — Homoy, (fo.F,G)
given in [6, Ex. 6.10b, p.239] is a map of f.Oz-modules.
Proof. The map (13) is given by the composition

fHomo, (F., ['G) — fHomo, (f* f.F, ['G) —

Homo, (fuF, f.f'G) — Homo, (f.F.G),
where the first map is induced by the counit f* f,.F — F, the last map is induced by
the counit f,f'G — G and the middle map is the obvious natural morphism, which
can be shown to be an isomorphism by checking locally. To show this is actually a
homomorphism of f.Oz-modules, it suffices to work locally. If f: S — R is a map
of rings, F an R-module, G an S-module, and for v € Homg(Rg,G), we define
evy () (evaluation of v at 1) as (1), we must show the map

1,[} .S HOHlR(F,R Homs(Rs,G)) — HOIDS(FS,G)

sending ¢ € Hompg(F,g Homg(Rg, G)) to eviop €p Homg(Fg,G) is a map of R-
modules. Let r € R. We must check r - (evyo¢) = evi(r-¢). Let f € F. We
have [r- ¢(f)](1) = ¢(f)(r). On the other hand, [r - (evy 0p)](f) = (evi0d)(rf) =
o(rf)(1) =ro(f)(1) = ¢(f)(r) as desired. O

3.2. The dual of a bimodule. Let bimodX denote the category of coherent bi-
modules over Ox [14, Definition 2.3, p. 440]. We present Van den Bergh’s definition
of the dual of a locally free Ox-bimodule of finite rank and show that this con-
cept defines a duality, in the following sense, on the full subcategory of bimodX
consisting of locally free, finite rank O x-bimodules.

Definition 3.6. [7, Definition XIV.2.1, p.342] A monoidal category (C,®, Q) with
tensor product ® and unit O has a (left) duality if for each object £ of C there
exists an object £* of C and morphisms 7: O - E®@E* and § : E* ®E — O in C
such that

(14) (ide ®9)(y ®ide) = ide
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and
(15) (0 ®ide+)(ider ®y) = idg .
We then show that duality extends to an endofunctor on bimodX.

3.2.1. The dual of a locally free bimodule.

Lemma 3.7. Let f: (R,m) — (S,n) be a finite local map of noetherian commu-
tative local rings. A finitely generated S-module of mazimal dimension is Cohen-
Macaulay as an S-module if and only if it is Cohen-Macaulay as an R-module.

Proof. Let M be a finitely generated S module of maximal dimension. We first
show that dim Mz = dim M. Since M has maximal dimension, it suffices to show
that dim M > dim M. To prove this fact, suppose p; & po are primes in S. Since
f is finite, S is integral over R. Hence RN p; # RN ps.

Since depth M = depth Mg [3, Ex. 1.2.26b, p.15] the assertion follows. O

Suppose X and Y are k-schemes, and let pr; : X XY — X, Y denote the standard
projections.

Corollary 3.8. [13, Proposition 4.1.6] Let X and Y be smooth schemes of the same
dimension and suppose E is a coherent Ox — Oy -bimodule which is locally free of
finite rank on one side. Then & is locally free of finite rank on the other side as
well.

Proof. Suppose &€ is locally free on the left. Set Z = Supp&. The pullback of &
to Z has dimension equal to that of Z. Let o and  denote the restrictions of pr;
to Z. Since « is finite and pri,.€ is Cohen-Macaulay, the pullback of £ to Z is
Cohen-Macaulay by Lemma 3.7. Since (3 is finite, then again by Lemma 3.7, pro.&
is Cohen-Macaulay. Since Y is smooth, pro,& is locally free of finite rank. ([l

We recall some notation from [14]. If X, Y and Z are schemes, o : Z — X and
B :Z — Y are morphisms and H is an Oz-module, we define ,Hg = («, 5)+H.

Definition 3.9. (Duality). Let X and Y be noetherian schemes and suppose & is an
Ox — Oy-bimodule. If Z = Supp & and 'H is the pullback of £ to Z, and if o and
[ are the restrictions of the projections pr; : X x Y — XY to Z, we define the
dual of £ to be the Oy — Ox-bimodule

& =5 [B"Homo, (BH, Oy )]a-

Lemma 3.10. [13, Corollary 4.1.9] Suppose X and Y are smooth schemes of the
same dimension. If € is a coherent Ox — Oy -bimodule which is locally free of rank
n on both sides then £* is locally free of rank n on both sides.

Lemma 3.11. [14, Proposition 2.2(5), p. 440] (Projection Formula) Let f : U —
W be a map of noetherian schemes. If M is an Oy -module, relatively locally finite
for f, and N is a quasi-coherent Oy -module then the natural map

(16) fiM@oy N = fu(M @0, f*N)

is an isomorphism.

Proof. The map (16) is the composition of natural maps
fiM oy N = fuf (M @0y, N) —

L(f M@0y, [TN) = fo(M @0y, f*N)
each of which is induced by the unit or counit of the adjoint pair (f*, f). d
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Lemma 3.12. Let f : U — W be an affine map of schemes. If M is an Oy -module
and N is an Ow -module then the map (16) is a map of f+Oy-modules.

Proof. We describe (16) locally. Let f : S — R be a map of rings, let M be an
S-module and let N be an R-module. Let m € M and n € N. We claim the map
of R-modules

(17) ¢:Mr@rN —g (S®rN)®s M)

sending (m ®n) to ((1 ®n) @ m) is an S-module map. Since (17) is just the affine
version of (16), this would complete the demonstration. If s € S,

s-opmedn)=s-((1®n)@m)=(1®n) sm.
On the other hand,
d(s-(m@n))=¢(smen)=(1®n)® sm.
Thus, (16) is a map of f,Oy-modules. O
Lemma 3.13. Let f : U — W be an affine map of noetherian schemes. If M is an

Oy -module such that f.M is locally free of finite rank, and N is a quasi-coherent
Ow -module, the natural isomorphism

(18) N ®oy, Homo,, (feM,Ow) — Hom(f M, N)
[6, Ex. 5.1b, p.123] is an isomorphism of f.Oy-modules.

Proof. We describe (18) locally. Let S — R be a map of rings, let M be an R-
module such that Mg is a free S-module of finite rank [ with isomorphism ¢ : Mg —
S®! and let N be an S-module. Finally, let n € N and let v € Homg(Mg, S).
Then (18)

0: N ®gHomg(Mg,S) — Homg(Mg, N)
sends n ® 1 to v € Homg(Mg, N) such that v(¢~1(1,...,1)) = (¢ (1,...,1))n.
Thus, if r € R,
5(r-n@¢)=dner v),
and
Sn@r-¥) (¢ '(1,...,1) =¢(r¢ '(1,...,1))n.
On the other hand
r-on@Y) (¢t (1,..., 1) =0n@y)(re  (1,...,1) = e (1,...,1))n

which is just what we needed to show. O
The proof of the following Proposition is due to Van den Bergh.

Proposition 3.14. Let X be a noetherian scheme and let £ be a coherent, locally
free Ox -bimodule of finite rank. The functors

— ®oy € : QecohX — QcohY

and
— ®o, £ : QecohY — Qcoh X

form an adjoint pair (— Qo €, — o, £F).
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Proof. Let A be an Ox-module and let B be an Oy-module. We show that
(19) Homy (A ®o, &,B) =2 Homx (A, B®p, ).
The left hand side of (19) is
Homy (3. (a* A ®0, H), B) = Homyz(a* A ®0, H,3'B)
>~ Homy(a* A, Homo, (H, 3'B))
>~ Homy (A, o Home, (H, 'B)).
On the other hand, the right hand side of (19) is
Homx (A, o (3"B @0, 81 Homo, (B.H, Oy))).
Thus, to prove that (19) holds, we must show that
(20) Homo,(H,8'B) = 8*B®o, B Homo, (B.H,0y).
To prove this fact, we note that
B.(8*B @0, B Homo, (B.H,0y)) = B®o, B.8'Homo, (B.H,Oy)
~ B®o, Homo, (6:H,Oy)
= Homo, (B:H,Oy)
> 3, Homo, (H,3'B)

where the first isomorphism is the projection formula (16), the second isomorphism
is induced by the natural isomorphism 3,' = I (3.2), the third isomorphism is (18)
and the final isomorphism is (13). By Lemmas 3.11, 3.13, and 3.5, the composition
of these four isomorphisms is an isomorphism of 3,0 z-modules. Thus, by Lemma
3.1 there is an isomorphism (20). O

Compare with [13, p.6]

Corollary 3.15. The map (—)* is a duality on the full subcategory of bimodX
consisting of locally free, finite rank Ox-bimodules is a duality in the sense of
Definition 3.6.

Proof. If £ and F are locally free, finite rank Ox-bimodules, then £ ®op, F is
also a locally free, finite rank Ox-bimodule [13, Lemma 4.1.7], so that the full
subcategory of bimodX consisting of locally free, finite rank Ox-bimodules is a
monoidal category.

Let € be a locally free, finite rank Ox-bimodule and let (1, €) be the unit and
counit of the adjoint pair (—® &, —®E*) (Proposition 3.14). If we let v denote the
composition

Ox — X L Oy 0ERE —= cmer

and we let § denote the composition

&~ €O x

E*RE Ox®ER®E

Ox

an easy computation shows that v and ¢ satisfy (14) and (15). O
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3.2.2. Duality for bimodules. We now show that duality (3.9) defines a functor
(=)* : bimodX — bimodX.

Lemma 3.16. Suppose
W

la
Z
S N
X X
is a diagram of finite maps between schemes. If K is an object of ModW then
sl Homo (B.0.1C, Ox)]a Zps [(85) Homoy ((86):K, Ox)]as-
Proof. By [14, Lemma 2.8(1), p. 443],
85(80) " Homo ((80):/C, Ox )]s =5 [0.(86) Homo ((88).K, Ox)la-

Thus, to prove the lemma, we must show

(21) 5.(88) " Homo (80K, Ox) = BT Homo (8.0.K, Ox).

Let A be the sheaf of rings (3,0,Ow and let B be the sheaf of rings 8,0z. Let
QcohA and QcohBB be the categories defined at the beginning of this section. Let

J : Qcoh A — QcohB

be induced by the map of sheaves of rings B — A. Since 6, (36)" = 31.J by Corollary
3.4, and since JHomo, (80K, Ox) is the module Homo, (89K, Ox) with its
B3+Oz-module structure, (21) holds as desired. O

Corollary 3.17. (—)* : bimodX — bimodX is a functor.

Proof. Suppose ¢ : £ — F is a map of coherent bimodules with supports W and
Z respectively. Let (o, ) : WU Z — X x Y be the inclusion map. We define
Y* ¥ — F* as the composition

g —= gl Homo, (B.B*E,Ox)la
lﬁ[ﬁ“ﬂomox (B+B"9,0x )]
slB"Homo, (88" F,Ox)|a — F*
whose first and last arrows are the isomorphisms from Lemma 3.16. (I
3.3. The definition of a quantum ruled surface.

Definition 3.18. Let X be a smooth curve over k, and let £ be a locally free, rank
two Ox-bimodule. An invertible bimodule @ C £ ®p, £ is nondegenerate if the
composition

(22) E"®oy Q—=E" ®ox ERox E—E

whose first composite is induced by inclusion and whose second composite is induced
by the counit map of the pair (— ®p, £, — Qo £*), is an isomorphism.
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Suppose B is a bimodule algebra [14, Section 4, p. 453]. Let GrmodB denote
the category of N-graded right B-modules, let tors denote the full subcategory of
GrmodJ consisting of coherent graded B-modules M such that M,, =0 for n >> 0
and let Tors denote the closure of tors under direct limits. Finally, let Proj8 denote
the quotient category GrmodB/Tors.

Definition 3.19. Let X be a smooth curve over an algebraically closed field k. A
quantum ruled surface over X is a category ProjT'(£)/(Q), where £ is a locally
free, rank two Ox-bimodule, and Q C £ ®p, € is nondegenerate.

Theorem 3.20. [13, Theorem 7.1.2] Suppose B =T(£)/(Q) and ProjB is a quan-
tum ruled surface. Then B; is locally free of rank i+ 1 for i > 0 and multiplication
induces an Ox — B-module resolution

0—-Q®B(-2)—E®B(-1) = B—0a—0

where A C X x X is the diagonal and Oa is concentrated in degree zero.

4. POINT MODULES OVER QUANTUM RULED SURFACES

Suppose Proj B is a quantum ruled surface. We parameterize point modules
over B. While our parameterization follows from work of Van den Bergh, our
proof, which is distinct from Van den Bergh’s proof, serves to illustrate the utility
of the general results from Section 2. We also construct Ox — B-module resolutions
for point modules when X = P'.

4.1. Parameterizations of point modules over quantum ruled surfaces.
Lemma 4.1. Ifp € X is a closed point, length O, @ B; =1 + 1.
Proof. By definition, we have O, ® B; = pra.(pri(Op) ® B;). Since the support of
B, is finite on both sides and k is algebraically closed, we have
length pro. (pri (Op) ® B;) =length pri(O0,) ® B;
=length pri.(pri(Op) ® B;)
=length O, ® pri.B;
=+ 1.
where the last equality is a consequence of Theorem 3.20. O

The following Proposition is due to S. Paul Smith.

Proposition 4.2. Suppose d > 1 is an integer. Given a B-point module M =
@f;ol/\/li of length d, there exists a unique isomorphism class of B-point module
[N] of length d + 1 such that the projection of any module in the class [N] to its

first d components is isomorphic to M.

Proof. Let E denote the functor —®e, £ and let E* denote the functor —®ep, £*.
Since M is a point module, there is an epi pg—2 : E(Mg_2) — My_1. Applying
the functor E* to ug_o we get a map
E*(pug—2) : E*XE(Mg—2) — E*(Mg_1).
Since (F, E*) is an adjoint pair, there is a unit map 7 : My_s — E*E(Mg_»).
We claim the composition

(23) E*(pa—2)n: Ma—2 — E*(Ma-1)
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is monic. For, since My_5 is simple, to show E*(puq—2)n is monic it suffices to show
that it is nonzero. By adjointness of (E, E*), there exists an isomorphism

v : Homp, (Mg_2, E*(Mg_1)) — Home (E(Mg_2), Mg_1).

Thus, to show that E*(ug—2)n is monic, it suffices to show that v(E*(ugq—2))n
is nonzero. But v(E*(ug—2))n = pa—2 which is nonzero since it is epi. Thus,
E*(pg—2)n is monic.

By Lemma 4.1, E* M4_1 has length two over k, so the cokernel of E*(ug_2)n, N,
is simple. Thus, we have an epi E*M4_; — N. Let @Q denote the functor —®¢, Q.
Since Q is nondegenerate, QE* = E giving an epi pg_1 : E(Mg_1) — Q(N). Let
Mg = QWN). We claim &¢ jM;, with dth multiplication 41, is a truncated
B-point module of length d + 1. We need only note that the composition
QE" pa—2

QM) —2L QE*E(Mg_») QE*(My_) —> My

T |

EE(Mg_3) E(Mg-1)

Hd—2

is zero since the top row is zero and the center square commutes by naturality of
the isomorphism QFE* = E. The result follows. (|

Proposition 4.3. T has linear fibres.

Proof. By Lemmas 2.18 and 4.1, it suffices to show that (Q)4+1 is not contained in
M ® & for any maximal submodule M C £%4.
Suppose (Q)g+1 € M ® £. Then the composition

®d
5®d‘1®Q—>5®d‘1®8®8—>%®5

equals 0. Tensoring this sequence on the right by Q~! yields the top row of a
commutative diagram

(24) B QON—EPlQERER QT —> £ RERQT!

| |

£ Q0N ——> ¥ lgERer ———= S "

whose left vertical is the identity, whose right two verticals are isomorphisms in-
duced by (22) and whose bottom left horizontal is induced by the unit map of the
adjoint pair (— ® &£, — ® £*). Tensoring the bottom row of (24) on the right by £
yields a commutative diagram

(25) EOIlgE —> £ lQ Rt @ — 5L RE RE

|

£%d
M

£oil g —————

whose verticals are induced by the counit map of the adjoint pair (— ® &, — ® £%).
Since both routes of (24) are 0, and since the upper-left horizontal composed with
the left vertical of (25) is the identity (Corollary 3.15), the bottom horizontal must
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be zero. This contradiction establishes the fact that (Q)4+1 is not contained in
M ® &, and the proof follows. |

Proposition 4.4. The point modules of B are parameterized by a closed subscheme
of Px2(&) whose closed points equal those of Px2(E).

Proof. By Propositions 4.2 and 4.3, the hypothesis of Lemma 2.21 are satisfied
when we set d = 1. Since I'y = Px2(E), the result follows. O

When ProjB is a quantum ruled surface, Van den Bergh has proven [13, Propo-
sition 5.3.1], without the tools we develop in Section 2, that truncating a truncated
family of point modules of length 7 4+ 1 by taking its first ¢ components defines an
isomorphism I'; — I';_; of functors. It follows immediately that, for n > 1 and
0 <4 < j < n, the morphisms p}’; are isomorphisms. Thus, the point modules over
B are parameterized by T's, which is the graph of an automorphism of Px2(£).

4.2. Resolutions of point modules. Suppose M is a B-point module, M_; is
the kernel of the multiplication map v : My ® E — My and p: EQ B;_o — B;—1
is the multiplication morphism.

Lemma 4.5. Let X and Y be schemes and suppose

K @

0 K M M 0

is a short exact sequence of Ox-modules, and

0 N r o 0

is a short exact sequence of Ox — Oy -bimodules. Then

kergi)@ox Y =1imk Rox idr + imid g Qox V-

Proof. The proof is nearly identical to the proof of [9, Corollary 3.18, p.38] so we
omit it. 0

Lemma 4.6. If i > 2 then the pullback, P, of the diagram

M_1RERB;_o

Mg®RQR®B; o —>MogRERERB;_»

is trivial.
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Proof. Consider the diagram

P M_1QERB;_o

|

MyRQAQRBig —>MyRERER B

T

MiRERB;_o

0

whose diagonal is induced by the monomorphism (23). Composing the left vertical
with the diagonal gives a monomorphism P — M; ® £ ® B;_3. On the other hand,
since this diagram commutes and the center column is a short exact sequence, P
must have trivial image. Thus P is trivial as desired. (I

Lemma 4.7. The pullback of the diagram
Mo® Q® Bi_s

MoyRERkery —>= MyRERER B2
is trivial.
Proof. To prove the result, it suffices to prove that the pullback of the diagram
QR B
l
EQkery—=ERERB;—o
is trivial. This holds if the pullback of

OREF 2 +ERER(Q)i—2

ERER(Q)i—2
ERER(Q)i—2+ER(Q)i—2QE ERERQEDI~2
EQRE®(Q)i—2 EQRE®(Q)i—2

is trivial, which in turn follows from the triviality of the pullback of

Q ® ((/’®i—2

|

ER QR ES3 —— g1
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Finally, the pullback of this diagram is trivial if the pullback, P, of
2®¢&
E®Q——>£%3

is trivial. Since
0 QREFERQ —E® = B3 —0

is exact and Bz is locally free of rank four by Theorem 3.20, Q® & + £ ® Q is locally
free of rank four. Since

0-P—-0QREDERQAL-QAREFERQA—O
is exact, P is locally free of rank zero. Thus P is trivial, as desired. [
Proposition 4.8. The pullback of the diagram
M_1®B;_1
MoRORBi_g —> MygRE R B;_1

whose horizontal is induced by the composition

QRBis—>EREDBis e @B,
s trivial.
Proof. Since the diagram
My@QRBig —>MyR®RERERB; 9 —> M1 RERB;_»
0——>M_ 1081 ————>MyRERB ] ——> M1 B ——>0

whose bottom row is exact, commutes by the associativity of B-module multiplica-
tion, it suffices to show that the top route is monic. Thus, we must show that the
pullback of the diagram

(26) Mo® Q® B2

kerv@u—>MpRERERB;_o
is trivial. By Lemma 4.5,
kerv@u=M_10ERBi_a+ Mo® E ® ker p.
By Lemma 4.6 and Lemma 4.7, the pullback of (26) is indeed trivial. O

Following [8, Section 4] we define the Hilbert series of a sequence of O x-modules
in terms of the K-theory of X. If M is a coherent Ox-module, we let [M] denote
the class of M in Ky(X).
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Definition 4.9. Suppose M = {M,};cz is a sequence of coherent Ox-modules.
The Hilbert series of M, denoted H(t) is the element 3;cz[M;]t¢ of the ring
Ko(X)[t, t71].

Now, assume X = P!,
Lemma 4.10. Ifp € X is a closed point, [0, ® B;] = (i + 1)[0,] and the Hilbert

series of Op Ry B is
([Op] - [Op}t + [Op}tg)_l'

Proof. This is an immediate consequence of Lemma 4.1. O

Proposition 4.11. An object M in GrmodB with multiplication map p : Mo®@B —
M and isomorphism ¢ : O, — Mg for p a closed point in X has a graded Ox — B-
bimodule resolution

@27) 00— (O oy B)(—1) —= 0, @0, B2\

for q a closed point in X if and only if M is a point module.
Proof. Suppose M has a resolution (27). From the ith component of (27), we find
[Op ® Bi] = [Mi] + [0y ® Bi—1].
Multiplying this equation by ¢* and summing over i, we have
Ho,25(t) = Hm(t) + Ho, (1)t
Since, [0,] = [O4] over P!, we may conclude that
(28) Hum(t) = Ho,os(t)([Ox] — [Ox]t).
By Corollary 4.10,
Ho,es(t) = ([0p] = [0p]t + [0,]t*) 7" = ([0x] — [Ox]t) " ([Op] — [Op]t) .

This, together with (28), implies that Haq(t) = ([Op] — [Op]t) L.

Conversely, suppose M is a point module, retain the notation as in the beginning
of the section. For ¢ > 2, there is a commutative diagram whose top row is an exact
sequence of O x-modules

0—Mi®QORBi g —>My®ERB 1 —> MogRB;, ——=0
=
M_1®B;_1
by Theorem 3.20. Furthermore, imy C ker v since
0—M_ 1 @Bic1 — MeRERBi1 —= M1 ®Bi-1 ——0

| |

My R B; M;

is commutative. If 1) were monic My ® B;/im ) would have length 1 so that since
M, is a quotient of Mg ® B;/imvy, M; would be isomorphic to My ® B;/im 1.
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But, since ker 1 is the pullback of the diagram

M_1Q®B;_1

|

My®@Q®Bi_g —> My®ER®B;_q,

1 must be monic by Proposition 4.8. (Il
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