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ABSTRACT. In this paper we introduce a noncommutative ana-
logue of the notion of linear system, which we call a helix £ :=
(Li)icz in an abelian category C over a quadratic Z-indexed al-
gebra A. We show that, under natural hypotheses, a helix in-
duces a morphism of noncommutative spaces from ProjEnd(£) to
Proj A. We construct examples of helices of vector bundles on
elliptic curves generalizing the elliptic helices of line bundles con-
structed by Bondal-Polishchuk, where A is the quadratic part of
B := End(£). In this case, we identify B as the quotient of the
Koszul algebra A by a normal family of regular elements of degree
3, and show that Proj B is a noncommutative elliptic curve in
the sense of Polishchuk [Pol04]. One interprets this as embedding
the noncommutative elliptic curve as a cubic divisor in some non-
commutative projective plane, hence generalizing some well-known
results of Artin-Tate-Van den Bergh.

1. INTRODUCTION

In classical algebraic geometry, one often uses sections of a line bun-
dle £ on a projective variety X over a field k to construct a morphism
f: X — P}. More algebraically, one obtains from this setup a homo-
geneous coordinate ring B = @&;H(X, f*O(i)) and a graded algebra
homomorphism k[zo,...,z,] — B which gives a Stein factorisation of
f. Artin-Tate-Van den Bergh [ATVdB90] famously constructed a non-
commutative example of this, “embedding” a genus one curve into a
noncommutative projective plane. They then used this embedding to
study the noncommutative projective plane. We continue this line of
study in this manuscript.

More precisely, in [ATVdB90], the notion of line bundle is replaced
by that of invertible bimodule, which are used to construct twisted
homogeneous coordinate rings. On the other hand, the notion of poly-
nomial ring is replaced by that of Artin-Schelter regular algebra. In
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[BP93], a more flexible approach was adopted, where instead of tak-
ing powers of a single invertible bimodule, one considered a whole se-
quence £ = (L;);ez of line bundles on a genus one curve as analogues
of f*O(i). The homogeneous coordinate ring is now replaced by the
endomorphism algebra of £, which is now a Z-indexed algebra as op-
posed to a Z-graded one. Their analogue of the polynomial ring is now
a type of Koszul Z-indexed algebra.

We further develop the approach in [BP93] as follows. We first ex-
tend the notion of Koszul algebra to the bimodule algebra setting and
introduce the notion of Koszul complex in an additive category. As
with the classical Koszul algebra, indexed bimodule Koszul algebras
have exact Koszul complexes which are analogues of the FEuler exact
sequences for projective spaces. Our point of view is that if f is some
morphism of noncommutative spaces (whatever that might mean), then
f* should preserve exact sequences of vector bundles. Our central no-
tion, that of a helix, will be an analogue of the pullbacks of the Euler
exact sequences on projective space. Given an abelian category C and
a quadratic Z-indexed algebra A, a complete helix in C of length n over
A (defined precisely in Definition 4.1), is a sequence £ = (L;);cz of
objects in C enriched by a collection of exact sequences of the form

0— LI — = L7 o2, Loy 2N L7 0

for each j € Z such that the end terms involving ¢;, ¢o resemble the
Koszul complex over A. If L is any sequence of objects, then the stan-
dard choice for A is the quadratic part S*(L) := T(V)/(l5) of End(£)
defined as the quotient of the tensor algebra on the degree one part
V of End(£L) quotiented out by the space of degree two relations Iy of
End(£). Before stating the following result, which gives our noncom-
mutative version of a Stein factorization map and is a combination of
Theorems 4.6 and 4.10, we remind the reader that if C' is a Z-indexed
algebra, ProjC' denotes the quotient of the category of graded right
C-modules by a suitably defined torsion subcategory, generalizing the
category of quasicoherent sheaves over a projective variety (see Section
4 for a precise definition):

Theorem 1.1. Let A be a quadratic algebra and let £ be a complete
length n heliz over A. Suppose, furthermore, that B := End(L)>o is
locally finite and that there exists m > 0 such that for all I > m and
7 > 0 we have Extj(ﬁi, Liv1) = 0. Then the restriction functor Gr B —

Gr A induces a functor Proj B — Proj A which has a left adjoint.
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Various related notions of helices occur in the literature and in-
spired our definition. In particular, we will use a variant of Bondal-
Polishchuk’s notion of an elliptic helix £ of period 3 in which the helix
is composed of objects in a k-linear abelian category C. The full defi-
nition is given in Definition 5.3, but the key property here is that for
all i € Z, if one left mutates £; twice, first past £;_; and then that
past L, o, one obtains £; 3 up to isomorphism (see Definition 5.2 for
our notion of mutation). Each mutation corresponds to an exact se-
quence and splicing these together gives a complete helix of length 3
over S™(L) as we show in Proposition 5.6.

The elliptic helices £ = (£;) of period 3 constructed by Bondal-
Polishchuk involve line bundles £; on a smooth elliptic curve and
End(£) is the analogue of Artin-Tate-Van den Bergh’s twisted homo-
geneous coordinate ring which appears as the quotient of an Artin-
Schelter regular algebra A of dimension three, by the ideal generated
by a normal element of degree three. We have the following analogue
of this result. See Theorem 5.4, Proposition 8.5 and Theorem 8.7 for
precise statements and further details.

Theorem 1.2. Let L be an elliptic heliz of period 3 in Coh(X) where
X 1s a smooth elliptic curve over an algebraically closed field k of char-
acteristic zero. Let A := S"(L) and suppose B := End(L) is equigen-
erated in the sense that dimy, By, = dimy, B1s = dimy, Bes = d. Then

(1) A is Koszul, 3-periodic, and is AS-reqular of dimension three.

(2) the canonical map A — B is surjective and induces adjoint
functors on Proj as in Theorem 1.1.

(3) the Hilbert series of A and B are

1 1—1¢3
Ha () = 1 —dt +di2 — 3’ Hp (t) = 1—dt +dt2— 3

(4) the kernel of A — B is generated by a normal family g of reqular
elements of degree three.

Finally, we produce a new family of examples of elliptic helices of
period 3, consisting now of vector bundles on a smooth elliptic curve.
The following sums up Theorem 7.23 and Theorem 8.11.

Theorem 1.3. Let X be a smooth elliptic curve over an algebraically
closed field k of characteristic zero, and let d > 3 an odd integer. Given
any two line bundles Ly, L1 of degrees 0 and d and a rank two vector
bundle L of degree d, there exists a unique elliptic helix L = (L;) of
period 3, incorporating the line bundles Ly, L1 above and such that Ly is
the right mutation R, LY. In this case, B := End(L) is equigenerated
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with dimyg Bgy = d so that Theorem 1.2 applies. Furthermore, B is
coherent but not noetherian and Proj B is a noncommutative elliptic
curve in the sense of [Pol04].

More generally, we give in Theorem 7.14 a numerical criterion for
when a triple of vector bundles Lq, L1, L5 on a smooth elliptic curve can
be completed to an elliptic helix of period three. It is unfortunately, not
so easy to check as it is in terms of positivity of a recursively defined
sequence. The proof of this latter theorem is based on a criterion

for being able to mutate vector bundles on elliptic curves given in
Theorem 6.6.

Notation 1.4. Throughout, we let (D;);cz denote a sequence of divi-
sion rings which we consider as “base” division rings. For many appli-
cations, all the D; will equal some fixed field & which acts centrally on
all objects. We let D = @D, which we consider as a Z-indexed algebra
concentrated in degree 0, that is, D;; = D; and D;; = 0 for ¢ # j. By
default, D-modules will be left D-modules unless otherwise stated, so
a D-module L = &L; in an additive category C is just a collection of
D;-objects L; in C, i.e. pairs (L;, p;), where L; is an object in C and
pi + D;i — Endc £_; is a ring homomorphism (the indexing conven-
tion is explained in Section 2). In practice, we will often start with
a sequence of objects £; in C whose endomorphism rings End £; are
division rings so we define D_; = End £;, and so obtain a D-module in
C.
Given M, N € C, we abbreviate

(M, N) := Hom¢(M, N)
and .
I(M, N) := Extf(M, N).
If X is a scheme, we let Coh(X) denote the category of coherent
sheaves over X.

2. INDEXED BIMODULE ALGEBRAS AND KOSZUL THEORY

In this section, we generalise the notion of Koszul Z-indexed k-
algebra from [BP93] to the bimodule algebra setting.

Let (D;);ez denote a sequence of division rings and let D = @D; as
in Notation 1.4. A Z-indexed D-algebra is a ring A with decomposition
A= @i,jeZAij such that

o A;; are (D;, D;)-bimodules,
e multiplication is induced by associative multiplication maps
Aij ®p, Aj — Ay (multiplication AyAy = 0 if j # k), and
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e cach A; contains a unit element e; satisfying the usual unit
axiom.

Note the indexing convention differs from [BP93|. The degree of A;;
and its elements is defined to be j—i. We will usually drop subscripts on
® when we take tensor products of objects with indices: for example,
Ay @ Ay = Aij ®p,; Ay. This should not cause confusion since the
default subscript, D;, is determined by the index. Note that D = &D;
is a Z-indexed D-algebra with D;; = D; and other summands zero.

Just as k-algebras often arise as endomorphisms of an object in a
k-linear category C, indexed D-algebras often come from a D-module
L = (L;)iez in an additive category C. Indeed, such a module gives
rise to a Z-indexed D-algebra End(£) defined as follows:

End(£);; := Homc(£_;, £_;)

with multiplication defined as composition of homomorphisms. We
choose our indexing convention for the following reasons: firstly, the
order of indices is a result of our natural indexing on Z-indexed al-
gebras. Secondly, the negative signs appear because we would like to
view the £;’s as analogues of line bundles O(i) on a projective vari-
ety, and this convention keeps our Z-indexed algebra positively graded
as a opposed to negatively graded. In addition, in the graded case,
the sequence L typically comes from applying the orbit of an auto-
equivalence to some object, so the endomorphism algebra is also called
the orbit algebra.

Suppose now that A is locally finite in the sense that all the A;; are
finite dimensional on the left and right. Since C is additive and £_; is
a Dj-object in C, A;; ® L_; is a well-defined D;-object in C (see [AZ01,
Section B3] for a concrete description of this tensor product in the
context of an abelian category). The tensor product is bifunctorial with
respect to maps of finite-dimensional right D;-modules and morphisms
of D;-objects, i.e. morphisms in C compatible with the D;-action. More
precisely, versions of [AZ01, Lemma B3.3, Lemma B3.9] hold in this
context, and we will use this fact without comment in the sequel.

As one might expect from the non-indexed case, morphisms A —
End(L), correspond to left A-module structures on L. The latter is a
collection of multiplication maps

Hij - Aij (9 ;ij — /:fi

satisfying the usual unit and associativity axioms of a module. The
maps f;; induce morphisms A;; — End(L);; which define a morphism
of Z-indexed algebras. Conversely, £ is naturally a left End(£)-module,

so any morphism A — End(L£) defines an A-module structure on L.
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We turn now to generalising Koszul theory to the bimodule setting,
taking our cue from [BP93]. One added complication is that given a
(D;, D;)-bimodule V', we have both a left dual *V := Homp,(V, D;)
and a right dual V* := Homp,(V, D;).

Definition 2.1. A quadratic D-algebra is a locally finite Z-indexed
D-algebra A, which is

(1) positively graded in the sense that A;; = 0 for ¢ > j,

(2) connected in the sense that all the A;; = D;

(3) generated in degree one, that is, by {A; 41 }iez

(4) and has only quadratic relations I; ;10 C A; ;11 ® Aji1,10 (see

[MN21] for relevant definitions).

In this case, we may define the left Koszul dual to be the negatively
graded Z-indexed D-algebra ‘A generated in degree -1 by 'A; 1, =
* A1 with relations L1 0, C 'Aii0i01 ® 'Ajy, defined as the kernel
of the map
!Ai+2,i+1® !Ai-i-l,i = "Aif1i42® A = (A1 ®@Aipire) = "o
induced by the inclusion of relations.

We may similarly define the right Koszul dual A' and note that
("A)' @ Aas'Aj1; = *Aiiy, and (11;,0,)F is canonically isomorphic
to I ito.

If n € Z and A is a Z-indexed D-algebra, we let A(n) denote the in-
duced Z-indexed D-algebra with A(n);; = Aiin j+n. Following [VdBI1,
Section 2], we say A is n-periodic if there is an isomorphism of Z-

indexed algebras A — A(n).

Lemma 2.2. If A is quadratic and ‘A is n-periodic, then A is n-
periodic.

Proof. By hypothesis, there exist isomorphisms 'A;1; — 'Aiiniiiin
such that there is an induced commutative diagram with vertical iso-
morphisms and with right horizontals equal to multiplication

| 1 |
0— ‘lio; — Aitoin1 @ Aitr, — A, —0

l l !

i ! ! !
0—"Litnt2itn— Aitnt2itnt1 ® Aitnttitn— Aifni2,in—0
This induces a commutative diagram with vertical isomorphisms

L
0— “Lij2; — *(Aiit1 ® Aig,it2) — "L —0

! ! !

1
0 ? Ii+n+2,i+n ? *(Ai+n,i+n+1 & Ai+n+1,i+n+2) ? *Ii+n,i+n+2 >0
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where the right horizontal maps are induced by inclusion. By taking
duals, we see that the isomorphisms in degree one are compatible with
the relations in A, whence the result. 0

Before introducing a fairly general notion of a Koszul complex, we
present some motivational arguments. Let £ = (£;) be a D-module
in an additive category C and let V; = Homc(L_;_1,L_;). If the V;
are finite dimensional on both sides, so that the tensor algebra T'(V)
over D is locally finite, then the canonical morphism T(V) — End(£)
makes L a left T'(V)-module. We will assume, throughout the rest of
the paper, that L is such that End(L;) and V; are finite dimensional on
both sides for all i € Z.

The following is a simple consequence of adjoint properties of tensor
products of bimodules (see [Nym16, Section 2.1] for more details), and
will be employed in Section 3:

Lemma 2.3. Let W;,W;.1 be finite dimensional right modules over
D;, D1 respectively, so that W; @ L_;, W1 ® L_;_1 are well-defined
objects in C. Consider a morphism ¢: W1 @ L_; 1 — W, ® L_; and
the associated composite map of D;y1-spaces

Hom(L_;_1,
§: Wipt = Wit ® Digy — Wiy ® Ende(£_; ) 2ty g v
Then ¢ factors in the following two ways.

(1) ¢: Wiz1 ® L_;4 UEIN Wi@Vi® Ly LN W;® L_;
where p is module multiplication.

(2) ¢: Wi ® L4 EUN Wip1® "V, @V, L_;—y e, W, L_;
where m s the adjoint of & and n s the unit morphism.

Remark 2.4. We will think of the morphism m: W,y ® *V; — W, as
a type of module multiplication by elements of *V;.

To define a Koszul complex, we need the data of a quadratic D-
algebra A, a left A-module £ in C and a locally finite right 'A-module
W = @W;;.

Definition 2.5. We define the W-Koszul complex of L to be

(2.1) WRL: ... > Wi @Lir SWRL_; — Wi  ®Liq — ...
where the differential is

Wip1 @ L ELULEN Wi ® "4 ® A1 ® Ly W@ L

where 7 is the unit map (noting 'A;,1; = *A;;41) and m, u are the 'A
and A-module multiplication maps.
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To prove the W-Koszul complex is actually a complex, we will need
the following

Lemma 2.6. (1) The composite of unit morphisms

n * 1n®1
Diyy = "Aiip1 ® Aiiyr ——

A1 ® A ® AL @ A
is the unit morphism on A;_1; ® A;iq1.
(2) The following is a complex

1
noo ! ST
Dign = A1 ® Aiici @A, @A — Aiic1 @410

where the first map is the composite in part (1) and u, ‘u are
the algebra multiplication maps in A, 'A respectively.

Proof. Part (1) is just a simple calculation. For part (2), let I C
A;_1; ® A; i1 be the space of quadratic relations on e;_1Ae; 1. Pick a

D,_i-basis vy, ..., v, for A;_1;® A, ;41 such that vy, ..., v; is a basis for
I, and let *vy, ..., *v, be the dual basis. Then (‘u@u)(Y. *v;@v;) =0
since v; € I for j < whilst *v; € I for j > [. O

Proposition 2.7. The chain of morphisms W ® L in Equation 2.1 is
indeed a complex.

Proof. Since the differential in W ® L is defined using module multi-
plication which is associative, the result follows from Lemma 2.6. [

Before we give our definition of Koszul algebra, we introduce the fol-
lowing notation. Let B be a Z-indexed D-algebra. We abuse notation
by letting e; B* denote the D; — B-bimodule with

(e]B*)z = HOHIDJ. (BU7 D]) = B:}
and with right multiplication induced in the usual way by the left B-
module structure of Be;. In constructing the Koszul complex, defined

below, the only graded right 'A-modules we will use are those of the
form e;' A*.

Definition 2.8. Given an A-module £ in an additive category C, the
degree j Koszul complez is the Koszul complex e;' A* @ L.

Definition 2.9. Suppose A is a quadratic D-algebra, C is the category
of graded right A-modules and £ is the module £_; = ¢;A. We say A
is Koszul if, for all j € Z, the degree j Koszul complex ¢;'A* @ L is a
resolution of the corresponding simple module e;A/(e;A);.

Remark 2.10. Suppose k is a field, D; = k for all i € Z and A is a
quadratic D-algebra. If

I oA* Y Ak
[jOA, — A, @A,
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is the qth component of the differential in the degree j Koszul complex,
then it is straightforward to show, in light of the fact that (‘A)' = A,
that the k-vector space dual of :

A1, ® Al — A, ® ‘A

is the jth component of the differential in the degree ¢ Koszul complex
of 'A. Furthermore, if A is Koszul, then the ¢gth degree component of
the Koszul complex

I Ax* I q* I A%
L @Ay — AL @Ay — AL @Ay

is exact if either j <l —1or j =1 —1 and ¢ > [. Dualizing, we get
that

* ! * ! * !
Al 9, ® Aoy — Al ,® Ay — A, ® A

is exact under the same conditions. Thus, in case ¢ > [, we get an
exact sequence

! ! |
A, Qe A— A ®e 1 'A— AT ®e'A,

while if ¢ = [ — 1, the complex is exact in degrees < [ — 1. Thus, 'A is
Koszul.

Note that an analogous result holds if A is a negatively graded qua-
dratic algebra generated by {4;;_1}icz and we define the Koszul com-
plex in the obvious way. It follows that if A is a positively graded qua-
dratic D-algebra such that 'A is Koszul, then A is Koszul (see [BS96,
Proposition 2.9.1] for a proof in the Z-graded case).

3. MORPHISMS TO ENDOMORPHISM ALGEBRAS

In the last section, we saw that given a quadratic D-algebra A and
an A-module £ in some additive category C, we may construct Koszul
complexes. In this section, we show conversely that a type of complex,
called a pre-heliz (which resembles part of a Koszul complex), can be
used to construct an A-module and hence a morphism from A to the
endomorphism algebra End(L).

Let A be a quadratic D-algebra. Below, we will need to use its
Koszul complex which in degree j is

(B1) - AL @A B AL e A AT e A
The following is well-known and easily verified.

Proposition 3.1. (1) The morphism 1 above is the composite of
the natural isomorphism !Ajﬂ,j ~ Aj i1 (tensored with ej11A)
and the multiplication map A;j11 ® ej 1A — ejA.
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(2) The morphism 1y is the composite of the inclusion of relations
p: !A;+2,j — !A;HJ ® !A;+2,j+1 and multiplication
Ajt1j42 @ €jpaAd = ej1 A,

. . | .
where the isomorphism "A% o .1 =~ Aji1j42 in (1) above has
been used.

Definition 3.2. A pre-heliz over A in C consists of the data of

(1) a D-module £ in C such that the natural morphisms D; —
End £_; are isomorphisms,
(2) for each j € Z, complexes of the form

(3.2) A 0L AL L A e L
such that
(a) (£_j_1,¢1) yields a map

can

~ (Lj1, L)

can |

" (L_j-1,01)
pit Ajjn = A @D ———

AL, Loy)

which is left D;-linear (it is automatically right D, ;-linear), and
(b) (£_j—2,¢2) yields a map

(‘C*'* N ) *
= !AjJrl,j ® (Lj2,Lj-1)

which factors as the inclusion of relations map

!A* can

*
ir2g = A ©Djps

p- !A;+2,j - Aj1; ® Aji e
in Proposition 3.1(2) and
1 & Hjt1: !A;-Fl,j X Aj+1,j+2 — !A;—H,j X (,C_j_g, »C—j—l)-

If the morphisms s, in part (a) are isomorphisms for all j, we say that
the pre-helix is complete.

Remark 3.3. The notion of a pre-helix is meant to be an analogue
of the notion of linear systems. In the latter setup, we have a number
of global sections of some line bundle £ on a k-scheme X or, more
invariantly, a morphism of vector spaces V' — HY(X, £). The maps
in Definition 3.2(a) are analogues of this map so complete pre-helices
are analogues of complete linear systems.

Proposition 3.4. If L is a pre-heliz over A, there exists an induced
morphism of connected Z-indexed algebras A — End(L). When L is
complete, this is an isomorphism in degree one.
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Proof. We construct an A-module structure on £. Let V denote the
degree one part of A so by definition, A = T'(V) /('A% ,;)jez)). The
“multiplication” maps p; in Definition 3.2(a) define an algebra mor-
phism T(V) — End(£) which we wish to show factors through A.

By Lemma 2.3(1) and property (a) in Definition 3.2, the map ¢, is
the composition

j®£,j,
A ® Ly L L)@ Ly > Ly,

where the rightmost arrow is canonical. Thus, ¢; is just 7'(V)-module
multiplication.

Similarly, by Lemma 2.3(1) and property (b) in Definition 3.2, ¢, is
the composite of maps i) induced by the inclusion of relations !A;f b2
Ar @AY L and i) T(V)-module multiplication Aj iy j1®@L_;_ —
L_;_1. The fact that (3.2) is a complex implies ¢1¢ = 0, which thus
amounts to saying that the relations !A;f +2,; act trivially on £ so L is

actually an A-module and the proposition is proved.
O

Remark 3.5. Under the hypotheses of the proposition, £ is an A-
module so we may speak of the Koszul complexes e;'A*® L. The proof
above shows that the complex (3.2) is actually the start of this Koszul
complex.

There is an elementary converse to Proposition 3.4.

Proposition 3.6. Let £ be a left module over a quadratic D-algebra
A such that the natural morphisms D; — Endc L_; are isomorphisms.
Then L is a pre-heliz over A when enriched with the data of the Koszul
complexes.

Proof. We need only check that the Koszul complexes satisfy property
(b) in Definition 3.2. This follows from Lemma 2.3 and Proposition 3.1.
O

Given a pre-helix £ in an additive category C, we defined in [CN21],
the quadratic algebra S™¢(L) as the quadratic part of End(L), that is,
the unique quadratic algebra coinciding with End(L) in degrees one
and two, and having the same relations in degree 2.

Proposition 3.7. Let L be a pre-heliz over A and let v : A —
End(£) be the map from Proposition 3.4. Then 1 lifts uniquely to an
algebra morphism 15: A — S"™(L). Furthermore, 1/; 15 an isomorphism
if and only if L is complete and 1) is an injection in degree 2.
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Proof. The morphism ¢ lifts to S"(L) since the relations in A are
all quadratic. If ¢ is an isomorphism, then it is, in particular, in
isomorphism in degree one. Hence L is complete. In addition, since
the canonical map S™(L£) — End(£) is an injection in degree two by
definition of S™¢(L), v is an inclusion in degree two.

Conversely, suppose L is complete and v is an injection in degree two.
Since A is quadratic, it factors through S¢(£) via 1p: A — $™(£). In
particular, 1; is a map of quadratic algebras which is an isomorphism
in degree zero, one and two, whence the result.

O

Remark 3.8. Suppose £ is a helix in the sense of [CN21]. Let A
S™(Hom(L_1, Ly)) which we showed in [CN21, Proposition 3.6(2)] to
be isomorphic to S™(L). Furthermore, [CN21, Corollary 3.7] gives
a morphism of Z-indexed algebras ¥: A — End(£) so L is an A-
module. Proposition 3.6 shows that £ is actually a pre-helix over A
when furnished with the Koszul complexes. We studied the map v
in detail in the case that A is the noncommutative symmetric algebra
of a finite dimensional vector space over k = C, C is the category of
quasi-coherent sheaves over a smooth elliptic curve over k and L is
an elliptic helix of period two determined by the line bundles £_1, £
which satisfy deg Lo > £_; + 1. In fact, we showed [CN21, Corollary
5.8] that Proj End(L£) is in some precise sense a double cover of the
noncommutative projective line Proj A. One of the goals of this paper
is to give period 3 analogues of this to embed noncommutative elliptic
curves into noncommutative projective planes.

4. HELICES AND GEOMETRY

In this section, we introduce our notion of a helix which generalises
the notion of Euler exact sequences on projective spaces P" as well
as their pullbacks via morphisms f: X — P". The notion should
be considered a noncommutative analogue of linear systems and, in
fact, they will induce noncommutative morphisms to noncommutative
projective spaces.

Definition 4.1. Let A denote a quadratic D-algebra and let £ be a
pre-helix over A in an abelian category C. We say that

o L is a helix of length 2 over A if for all j € Z, the pre-helix
complexes given as in (3.2) extend to exact sequences

(A1) 0—'A, @L ;o 25 AT 0L T AL — 0,

and
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e L is a helix of length n over A, where n > 3, if for all j € Z, and
for 3 <17 <n, there exist finite-dimensional right D, ,-modules
Vit ; such that the pre-helix complexes given as in (3.2) extend
to exact sequences as follows:

(4.2) 0= Vipnj @ Lojon = = Viga ;@ Lj3 —

A% é I A% é U oA*

Aj+2,j X £7j72 —2> AjJrLj (%9 ﬁ,j,l —1> Aj,j (%9 ;ij — 0.
Abusing terminology, we will also refer to these exact sequences
as helices. The helix is complete if the pre-helix is.

Example 4.2. Let V be an n+ 1-dimensional vector space over a field
k and S(V) be the symmetric algebra and A the Z-indexed algebra
associated to S(V'). Its Koszul dual is the indexed algebra associated
to the classical Koszul dual S(V)' = A(V*) which is just the exterior
algebra. Then £ := (O(i)) is a helix of length n whose exact sequences
are the Euler exact sequences K; := @; \' V®O(j—1). More generally,
if X is a projective scheme and f: X — P™ a morphism, then (f*O(i))
is a helix of length n in Coh(X).

Example 4.3. Morphisms of noncommutative spaces are usually de-
fined as a pair of adjoint functors mimicking f*, f.. Unfortunately,
this definition does not recover the commutative definition when those
spaces are just commutative varieties. To take a simple example, con-
sider a pair of adjoint functors

f*: Coh(P') — Coh(Speck), f.: Coh(Speck) — Coh(P'),

and suppose G := f,k € Coh(P'). Then, for given F € Coh(P'), we
have

(f*F)* = Homy(f*F, k) = Homp (F, f.k) = Extp: (G(2), F)*.

The commutative morphisms f: Speck — P! correspond to G being
a skyscraper sheaf, but there are many other possibilities. Even if one
imposes the condition that f* preserves structure sheaves, that still
leaves the possibility that G = Op1 which is realized by an adjoint pair
with f* = H'(P', (-)(—2)). However, f* does not preserve exactness
of the (twist of the) Euler sequence

0—0—=01)% =0(2)—=0
which suggests that a helix type condition is a useful hypothesis to

impose on morphisms of noncommutative spaces.

Throughout the remainder of this section, we assume L is a complete
helix of length n over a quadratic algebra A, with corresponding exact
sequences being given by those in Definition 4.1. We wish to show that
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helices with good homological properties define noncommutative mor-
phisms to noncommutative projective spaces. We need a preliminary
result.

Lemma 4.4. Let C be an abelian category and suppose
(4.3) Mo 0— M, — - — My — My —0

is an exact sequence in C. Suppose there exists X € C such that
P(X, M;) =0 forallp >0 andi=2,...,n. Then the complex (X, M.,)

18 exact.

Proof. Let ©; < M; be the syzygies in M, so that there are exact
sequences of the form
(4.4) 0—=Q - M; —Q;_1 =0

forj=1,...,n—1and Q, 1 = M,. Hence ?(X,Q,_1) = 0 for all
p > 0 and downward induction on j using (4.4) shows P(X,Q;) = 0
for all j. Then (X, —) preserves exactness of the sequences (4.4) and
hence of M.,. O

Below, given a Z-indexed algebra C, we let (5o be the positively
graded subalgebra with (4, j)-th component C;; for all ¢ < j.

Proposition 4.5. Let L be a complete helix of length n over A. Sup-
pose there exists an m > 0 such that for all 1 > m, 7(L;, Liy) = 0
for all 57 > 0 and for all i € Z. Then B := End(L)s>o satisfies the

following: o
(1) The start of the Koszul complex for the A-module B is exact for
allv>m+n,
!A;'k+2,z' ® Bitaite = Aiit1 ® Biylite = Biiyw — 0
(recall p here is module multiplication),
(2) for alli € Z, the right B-module (e;B)~; is generated by
Bi,i+17 CI 7Bi,i+m+n—1a
(3) for all i we have the following left D-module decomposition
Be; = ABi_m—n+t1,i ® Bimm—ny2: @ ... ® By.
Proof. We need only prove part (1) since parts (2) and (3) then follow
from surjectivity of u in part (1). By hypothesis
P(Ljov Lojn) = =P(Ljn, Loj2) =0
holds for all p > 0 and v > m + n. The result thus follows from

Lemma 4.4 on applying (£_;_,,—) to (4.1) or (4.2), and noting that
this sends the Koszul complex for £ to the Koszul complex for B. [
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Before we use Proposition 4.5 to obtain a generalization of [CN21,
Theorem 4.2 (Theorem 4.6), we recall some terminology from [CN21].
Suppose C' is a positively graded, connected Z-indexed algebra. We
let GrC' denote the category of graded right C-modules. A graded
right C-module M is right bounded if M, = 0 for all n >> 0. We
let TorsC' denote the full subcategory of GrC' consisting of modules
whose elements m have the property that the right C'-module gener-
ated by m is right bounded. If TorsC' is a localizing subcategory (or
even just a Serre subcategory) of GrC, then we may form the quotient
GrC/TorsC' =: ProjC. We let mo : GrC — ProjC' denote the quotient
functor, and sometimes write 7 instead of 7¢.

Theorem 4.6. Let A be a quadratic D-algebra and £ be a complete
heliz of length n over A in an abelian category C. Let B = End(L)>o.
Suppose furthermore that

e there exists an m > 0 such that for all | > m and all j > 0
j(ﬁmﬁiﬂ) =0, and
e foralli € Z, B;j is finite-dimensional over D; = Byj fori+1 <
i<i+n+m-—1.
Then

(1) B is connected,
(2) TorsB is a localizing subcategory of GrB, and
(8) the restriction functor GrB — GrA induces a functor

ProjB — ProjA.

Proof. Part (1) is clear. For part (2), it suffices by the proof of [MN21,
Lemma 3.5], to show that (e;B)-; is a finitely generated B-module
for all ¢. This follows by Proposition 4.5 and our assumptions. Since
restriction preserves torsion, part (3) will follow if we can show Tors A is
localizing. In this case, we see that for all i, (¢;A); is finitely generated
since A is generated in degree one. 0

Corollary 4.7. Let L be a complete heliz of length n over A satisfying
the hypotheses of Theorem 4.6. Let B = End(L)>o. Then (re_;B) ez

1s a helix of length n over A in Proj B whose helix structure is obtained
by applying (L,?) to the helices (4.1) or (4.2).

Proof. Given the Ext vanishing hypotheses on the L;, we see from
Lemma 4.4 that (£_;_,,7) is exact on (4.1) or (4.2) whenever v > m+n.
This gives the desired exact helix sequences in Proj B. U

For the remainder of the section, we will utilize internal tensor and
hom functors introduced in [MN21, Section 4 and Section 5]. Recall
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that if B and C' are Z-indexed algebras, M is a graded B-module and
N is a bigraded B — C-bimodule, we define a graded right C-module

M@ ,N = cok(@D Mi®p,, Bim®s,,,emN “—" @) M@, ,eaN).

Im
We denote the ith left-derived functor of —®,N by Tor/(—, N).
If, furthermore, P is an object in GrC', we let
Home(e;N, P)
denote the right Bj-module with underlying set Homg(e; N, P) and
with Bj;-action induced by the left action of B;; on e; N, and we let
MC(Na P)

denote the object in GrB with ith component Homc(e; N, P) and with
multiplication induced by left-multiplication of B on V.

Lemma 4.8. Let ¢ : B — C' be a morphism of Z-algebras. Then the
restriction of scalars functor

Y, : GrC' — GrB
has a left-adjoint, denoted by 1*.

Proof. Tt suffices to exhibit v, as right-adjoint to —®,C. By [MN21,
Proposition 5.3], this follows from the fact that there is an isomorphism
of functors ¥,.(—) = Hom(5Cc, —). O

We once again remind the reader that for the remainder of this sec-
tion, we assume L is a complete helix of length n over a quadratic
algebra A. We will use the following elementary fact repeatedly in the
proof of our next theorem.

Lemma 4.9. Let Sl = €ZA/(€1A>>1 and SZ-Op = Ael/(Ael)Q
(1) If N is a left A-module generated in degrees > i then S;® ,N =
0.
(2) If M is a right A-module generated in degrees < i then M® ,S7" =
0.

Theorem 4.10. Let £ be a complete heliz of length n over A, satisfying
the hypotheses of Theorem 4.6. Let 1) : A — End(L)so =: B be the
map constructed in Proposition 3.4. Then the functor ¢* constructed
in Lemma 4.8 descends to a functor

ProjA — ProjB
which is left-adjoint to the functor in Theorem 4.6(3).

Proof. By [Smil6, Lemma 1.1], it suffices to prove
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(1) —® 4B takes torsion A-modules to torsion B-modules, and
(2) the first left-derived functor of m1)* vanishes on TorsA.

To prove the first assertion, it suffices to prove that S;® ,B is torsion,
where S; = e;A/(e;A)s;. By Proposition 4.5(3), Be; is generated as
an A-module in degrees > j —m — n. Hence S;® ,Be; = 0 as soon as
j > 1+ m+n and part (1) is proved.

We now prove part (2). Note that the first left-derived functor of
mgh* is

WBM?(_a B)
so it suffices to show that Tori(S;, B) is torsion. From Proposi-
tion 4.5(3), there exists an exact sequence of A-modules of the form
0— ABj—m—n+1,j — Bej —T =0

where T' lives in degrees j —m —n+2,...,7.

We prove separately that Tors' (Si, ABj_m_ni1;) = 0and Tori'(S;, T) =
0 for j large enough. Consider the partial projective resolution

0— AiﬂquA — 61'14 — Sl — 0.

Lemma 4.9(2) shows that A; ;11 A® ,T = 0 assoon as i+1 < j—m—n+2
so Tori(S;, T) = 0 for j large enough.

We compute 7'07”{1(52-, ABj_,,_n+1,;) using the partial projective res-
olution

0—-K—-A® ijmfn+l,j — ABj,m,nJrLj — 0.

In view of Lemma 4.9 again, the proof of the theorem will be complete
if we can establish the following result.

Lemma 4.11. The A-module K is generated in degrees > j — m — n.

Proof. Let s < j—m—n and r € K,. Since A is generated in degree one,
we may lift r tosome 7 € A, 11 ® ... @A jmm—n+1 @ Bj_m_nt1,-
Consider the composite map
1ou
As,s+l®' . -®Ajfmfn,jfmfn+l ®ijmfn+1,j _ﬂ> As,s+1®Bs+1,j i> Bs,j'
Now by Proposition 4.5(1) we have
(1 ® HJ/)(’F) S ker,u = lm(p Is,s+2 ® Bs+2,j — As7s+1 ® Bs+1,j)

where I ;1o are the quadratic relations in Ay 0. We may thus find
7 € As,s+1 X... ®Aj—m—n,j—m—n+1 X Bj—m—n—‘rl,j such that (1 ®,U/) (7:) =
(1® p/)(7") and such that 7 maps to zero in A ® Bj_,—pn41,j. We may
thus replace 7 with

F—7 eker(1®p') = Assp1 @ ker gt/

But this shows that K, = A, ;1K1 and we are done by induction. [
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This completes the proof of Theorem 4.10. U

5. RELATION TO ELLIPTIC HELICES OF PERIOD 3

For the remainder of this paper, we will assume that k is an alge-
braically closed field of characteristic zero which will be our base field
so D = k. In [BP93], Bondal-Polishchuk introduced a different notion
of a helix called an elliptic helix of period 3. We show how, when these
live in a k-linear abelian category C, they give examples of helices in
our sense. Since D = k, left and right duals coincide, so we will revert
to the more traditional notation A' for the Koszul dual of A rather
than 'A.

Definition 5.1. ([BP93, Section 7, p.249]) An object £ € C is ellipti-
cally exceptional if 1) 7(L, L) = k for j = 0,1 and is zero otherwise and
ii) for any F € C, the natural pairing (£, F) ® (F,L) = YL, L) =k

is non-degenerate.

Unlike in [BP93], we will work in the k-linear abelian category C as
opposed to the derived category, so we introduce the following

Definition 5.2. An ordered pair £, F of objects in C is said to be left
mutable if 7(E, F) = 0 for j # 0 and furthermore the evaluation map

n:(E,F)@E—=F

is surjective. In this case we define the left mutation LeF = kern. We
also say F left mutates through £ in C. The right handed versions are
defined similarly.

Our abelian category version of Bondal-Polishchuk’s elliptic helices
is given by the following.

Definition 5.3. ([BP93, Section 7, p. 250]) Let £ = (L;)icz be a
sequence of elliptically exceptional objects in C. We say L is an elliptic
heliz of period three if
(1) for all i < j we have '(L;, L£;) = 0 for | # 0 while all the (£;, £;)
are finite dimensional and,
(2) for all i, £; left mutates through £; 1, L'L; := L.,  L; left
mutates through £; o and L?L; := L., ,L'L; is isomorphic to
Ei_g.

We need some facts about the endomorphism algebra of elliptic he-
lices proved by Bondal-Polishchuk, though not explicitly stated. Only
the last statement below is new and is an analogue of [ATVdB90, The-
orem 6.6(1)]. The concept of Frobenious algebra of index n invoked in
the following result is defined in [BP93, p. 239].
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Theorem 5.4 ([BP93|). Let L be an elliptic heliz of period 3. Let
A = S™(L) be the quadratic part of the endomorphism algebra B =
End(L). Then the following hold.

(1) The algebra A is 3-periodic, Koszul, has global dimension three,
and is AS-reqular of dimension three and Gorenstein parameter
three (in the sense of [MN21, Definition 7.1]).

(2) The canonical map A — B is surjective so in particular, B is
generated in degree one.

(3) A is a Frobenius Z-indexed algebra of index 3.

(4) B is graded torsion-free in the sense that as a left and right
B-module, it has no non-zero finite dimensional submodules.

Proof. Let B(S) be the index 3 Frobenius Z-indexed algebra defined
in [BP93, p. 251]. Then, as stated in the proof of [BP93, Theorem
7.4, p. 253], there is a surjection B(S)' — End(£) which is an iso-
morphism in degree one. Since B(S)' is quadratic, it induces a sur-
jective homomorphism B(S)' — A. One deduces readily that this is
an isomorphism in degree two from [BP93, Equation (7.2)] in light of
the form of B(S); 42 given immediately after [BP93, Equation (7.2)].
This, together with [BP93, Proposition 4.1], Lemma 2.2, Remark 2.10
and [BP93, Theorem 7.4], yields parts (1)-(3).

To prove part (4), it suffices, in view of part (2) to show that for all
i € Z, the left and right annihilators of B, ;41 in Be; and e, 1B respec-
tively are zero. Suppose that s € Bj; = (£_;, £_;) annihilates B; ;4.
This means that ker s C £_; contains the image of the evaluation map
ev: Bjiy1 ® L_,_1 — L_,. However, by definition of an ellitpic helix
of period 3, L£_; left mutates through £_,_; so ev is surjective. This
shows that kers = £_; so s = 0 proving the right annilator of B, ;;; is
zero. A similar argument gives the left handed statement. U

Now let £ be an elliptic helix of period 3. We wish to show it has
the structure of a length 3 helix as per Definition 4.1. Consider first
the defining exact sequence

(51) 0— ,C,jfg — *(£7j737£7j72> &® £,J’,2 5 R£7j72£,j,3 — 0.

Furthermore, by [BP93, Proposition 7.1], we know that this is the
same exact sequence as obtained by mutating R, ,L£_;_3 left through
L_;_5. We also consider the defining exact sequence

(52) 0— Lﬁfjilﬁ,j — (Efjfl, E,j) (%9 E,jfl — E,j —0

which again, is also the exact sequence of the corresponding right mu-
tation. Now L_j_3 ~ L*£_; means precisely that R, ,_,L_; 5 ~
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Le_, L_j so we may splice together (5.1) and (5.2). This gives the
following

Definition 5.5. The canonical heliz structure on the ellitpic helix £
of period three is the one defined by splicing together the above exact
sequences to get

(5.3)

0— £,j,3 — *(ﬁfj,;g, £7j72)®£7j72 B (L,jfl, ij)®£7j,1 g E,j — 0.
Proposition 5.6. The canonical helixz structure on an elliptic helixz £

of period three is indeed a complete helixz over A :== S"(L). In fact, the
heliz exact sequences (5.3) are Koszul complexes.

Proof. We first show that (5.3) define a pre-helix structure over A so by
Remark 3.5, we know that the first few terms coincide with the Koszul
complex.

We check properties (a), (b) in Definition 3.2. Note that ¢ in (5.3) is
the evaluation homomorphism so (£_;_1, ;) is the identity and prop-
erty (a) is verified.

We turn now to proving property (b) in Definition 3.2. To this end,
recall that if I; denotes quadratic relations in A; ;11 ® Ajiq 42, then
the dual of the exact sequence coming from the inclusion of relations
into Aj,j+1 & Aj+1,j+2 identifies A!2+j,j with I;, so that Ij = A!2*+j,j'

Lemma 5.7. There is a natural isomorphism
(L_jo,Re_; L j 3) =1
Proof. By definition of I}, it suffices to show that (L_; o, Rz, ,L_;_3)
is the kernel of multiplication
(Ljor, L) @ (Lojg, Lojr) —> (£oja, Loy)-

To prove this, we note that since £ is an elliptic helix of period 3, the
exact sequence (5.2) can be re-written as

(54) 00— Rﬁ_j_Qﬁ_j_g L) (ﬁ_j_l, /:,_j) X E_j_l — /:'—j — 0.

Applying (L£_,_2, —) to this yields an exact sequence
(5.5)
00— (Ljoo, Re | JLojs) S (Lojor, £)@(Ljn, Loj 1) — (Loja, L)
where the rightmost map is composition. The lemma follows by unique-
ness of kernels. O

Property (b) of Definition 3.2 amounts to showing that (£_;_o,»)
coincides with ¢ above in (5.5) on identifying

(Loja, Loja)=(Ljo, Re_; ,L j3)
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To see this, note that by definition, 5 is the composite of the non-
trivial surjection 7 in the exact sequence (5.1) with ¢ in (5.4). Now
(L_j_o, ) is just the identification *(£_; 3, £_;_2) = (L_j_o, Re , L j 3)
whilst (£_;_2,¢) is ¢ on the nose. This completes the proof that the
canonical helix structure defines a pre-helix structure over A. Further-
more, by definition of A we have A; ;1 = (£_;_1,L_;) so the pre-helix
is complete.

Since A' is Frobenius of index 3, it remains only to check that the
injection tean: L_j_g = *(L_j_3,L_j_3)®L_;_5in (5.3) coincides with
the remaining non-trivial map in the Koszul complex, namely,

LKos - A!]:—?),j & ,C_j_g — *(,C_j_g, ,C_j_g) X ,C_j_g.

Now A' being Frobenius of index 3 means in particular that A!j i3, =k
so the objects in the Koszul complex and canonical exact sequence
(5.3) coincide. Furthermore, since the latter is exact, we know that txes
maps L£_;_3 into tean(L_j_3). To see tkos: L_j—3 = tean(L_j_3) is an
isomorphism, we need only prove that tks is non-zero, for End £_;_3 =
k. To this end, note that (£_;_3, tkos) is just the following part of the

Koszul complex for A,
I 1x
Afysy = Afya; © Ajyajes

which is non-zero since A is Koszul. This completes the proof of the
proposition.
O

6. MUTATING VECTOR BUNDLES ON ELLIPTIC CURVES

The key to constructing elliptic helices is to have a good criterion for
left and right mutability. In this section, we establish such criteria in
the case where C = Coh(X) and X is a smooth elliptic curve over an
algebraically closed field k of characteristic zero.

We recall that a simple sheaf F on X is one such that End F = k so
is either a skyscraper sheaf, or a bundle of coprime rank and degree by
Atiyah’s classification of indecomposable bundles on X [Ati57]. In what
follows, we will routinely use the fact that if £ is an indecomposable
bundle of degree d and d > 0, then h°(€) = d, while if d < 0 then
hO(€) = 0 [Kul90, Lemma 2].

Lemma 6.1. Let £, F be simple bundles with u(F) > p(E). Then
(F,€) =0 and

dim(&, F) = deg(E* @ F) = rank(F) rank(E) (u(F) — u(€))
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Proof. Note that (£, F) = H*(£* ® F). Now [Ati57, Lemma 33] shows
that

6.1) ERQF~LQV

where V is an indecomposable bundle and £ is a direct sum of line
bundles £;. We take sheaves of endomorphism rings of both sides.
The left hand side gives a direct sum of torsion line bundles by [Ati57,
Lemma 22| whilst the right hand side is a tensor product of End £ =
@, ;L ® L; and EndV. However, as proved in [Ati57, Lemma 23],
End V is the tensor product of a direct sum of torsion line bundles, and
a direct sum of self-extensions of Ox. It follows that all the £; have
the same degree, so the same is true of all indecomposable summands
of £&* @ F. These must all be positive since the degree of £* ® F is
rank(F) rank (&) (u(F) —p(€)) > 0. The lemma now follows from Serre
duality and the fact [Kul90, Lemma 2(3)] that, any indecomposable
bundle £; ® V with positive degree d has dim H°(L; @ V) = d. O

The following well-known result is proven in [Tu93, Appendix Al:

Proposition 6.2. Fvery indecomposable vector bundle on X is semistable;
it 1s stable if and only if it is simple.

We introduce some alternative terminology for left mutability which
seems more appropriate in our present context.

Definition 6.3. Let £ € Coh(X). A coherent sheaf F on X is said
to be generated by £ or £-generated if there exists a surjection of the
form £9™ — F or equivalently, the canonical evaluation morphism
(€, F) ® € — F is surjective.

We consider the question: given a stable bundle £, when is a stable
bundle F generated by £€. The most obvious necessary condition is
(€, F) # 0 and then that dimy (€, F) rank(E) > rank(F). Hence we fix
a stable bundle £ and simple sheaf F with (€, F) # 0.

Proposition 6.4. Consider a stable bundle & and bundle F with (€, F) #
0. There exists a stable subsheaf G < F which is generated by £ and
satisfies the following properties.
(1) If F' is any E-generated subsheaf of F, then u(F') < u(G).
(2) The evaluation morphism (G, F) @ G — F is injective.
(3) If G is any E-generated subsheaf of F satisfying the mazimal
slope property in (1), then either u(G) > (&) or G = £.

Definition 6.5. We will call the sheaf G in the proposition, a mazimal
slope E-generated stable subsheaf of F
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Proof. Let I' = im((€, F) ® € — F). We can decompose I' = &7, T
where the I'; are indecomposable bundles and hence, by Atiyah’s classi-
fication [Ati57] of indecomposable bundles on elliptic curves and Propo-
sition 6.2, semistable with say non-decreasing slope. We also know that
I',, is the iterated self-extension of a stable subsheaf, say G. Further-
more, since G is isomorphic to a quotient of I', it is also £-generated.

We prove part (1) and consider an £-generated subsheaf F' < F.
The commutative diagram

EF)RE — F

| !

EF)QE — F
shows that F’ is a subsheaf of I', and since all the indecomposable
summands of T have slope bounded above by u(G), we see that p(F') <
1(G).

We now prove part (2). Consider the commutative diagram

G.F)®(E,G)®E —— (G.F)®g

‘| |
E,F)®E — F

where ¢ is induced by composition of sheaf homomorphisms and the
others come from evaluation. Surjectivity of £g in the commutative di-
agram above shows that every homomorphism G — F factors through
' < F, that is (G, F) = (G,T"). Now G has maximal slope amongst
all the components I';. Let I C {1,...,m} be the indices where I'; are
iterated self-extensions of G. Then (G, F) = @®ic;(G,T;) = kIl so the
evalution map (G, F)®G — F just identifies (G, F) ® G with the direct
sum of the copy of G in each I';,7 € I.

It remains to prove (3). Since G is E-generated, (£,G) # 0 and
w(€) < u(G). Let ¢: € — G be a non-zero morphism. If (&) = u(G),
then stability ensures that ¢ is an isomorphism. U

We have the following dichotomy regarding the evaluation morphism
e (E,F)®@& — F.

Theorem 6.6. Let £, F be stable bundles with u(€) < u(F). Then

exactly one of the following occurs. Either
(1) dim(&, F)rank(€) < rank(F) in which case (£, F)®E — F is
mjective or,
(2) dim(&, F)rank(E) > rank(F) in which case (E,F) @ E — F is

surjective.
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Proof. Tt suffices to show that the evaluation morphism ¢ is either in-
jective or surjective. Let F; < F be a maximal slope &-generated
stable subsheaf of F. For later use, we also let F; = F;. Proposi-
tion 6.4(2),(3) show that either a) u(€) = p(F1) in which case ¢ is
injective, or b) p(F1) > p(€). We may assume the latter case holds.
We are also done if ¢ is surjective, so suppose instead it has a non-zero
cokernel C. From [Kul90, Lemma 3(2)], C is also a simple sheaf so is
either a skyscraper sheaf which is certainly £-generated, or a simple
bundle with p(C) > p(F) > p(Fy). It follows from Lemma 6.1 that
(F1,C) # 0 and we may construct F, a maximal slope F;-generated
stable subsheaf of C. Note F, is also £-generated since Fj is. Let F,
be the pre-image of F, in F. We continue inductively constructing a
filtration
O<F<Fkh<..<F,=F

whose successive quotients JF; are all generated by &€ (and even Fi)
and have slope strictly greater than p(€) (it will be infinite if JF;
is a skyscraper sheaf). In particular, we have vanishing Ext groups
1(&,F) = 0 and hence also (&, F;) = 0.

Let I' =im(e: (£, F) ® € — F). It suffices to show by induction on
1 that F; is £-generated so lies in I'. The case ¢ = 1 follows from the
fact that F; is £-generated. Consider the exact sequence

0—=F 1 —Fi— F—0.

Applying Hom(&, ?) and using the fact that (€, F;_1) = 0 we see that
any homomorphism & — F; lifts to F;. Now F; is £-generated so we
can find a surjection ¢: £ — F; and lift it to ¢: £ — F,. Then
F; = Fi_1 +im which is clearly £-generated by induction, and hence
lies in I 0

7. CONSTRUCTION OF HELICES ON ELLIPTIC CURVES

Fix a smooth elliptic curve X over an algebraically closed field & of
characteristic zero. In this section, we study the

Question 7.1. How do you construct an elliptic helix of period 3 in
Coh(X)?

By Serre duality, the elliptically exceptional objects in Coh(X) are
the simple bundles and skyscraper sheaves. Since right mutating past
a skyscraper sheaf produces 0, an elliptic helix £ of period 3 can only
have simple bundles.

Remark 7.2. Suppose now that £ is a sequence of simple bundles
for which the “helical” property (2) of Definition 5.3 holds. Since L;
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left mutates through £;_; and both are stable, we must have p(£;_1) <
w(L;). Hence, the slopes are strictly increasing and by stability, '(£;, £;) =
0 for ¢ > j. Thus property (1) of Definition 5.3 follows from axiom (2)

in this case.

We thus concentrate on the helical property (2) which implies in
particular that £ is completely determined by a “thread” (Lo, L1, L2)
of simple bundles of increasing slope. Conversely, given such a triple,
one can try to generate a helix by left and right mutating, though in
general, the process may terminate. Actually it will be more convenient
to start equivalently, with the triple (Lo, Lz, Lo, £1). We thus make the
following

Definition 7.3. A triad is a triple T' = (A, B,C) of simple bundles on
X of increasing slope. If the slopes are pg, 1}, 11, then we say T is a
(o, pty, p1)-triad. We say that T' is right mutable if A and B both right
mutate past C in which case, the right mutation of T is the triple

RT = (C, RcA, RcB)
Left mutability and mutations are defined similarly.

Hence if £ is an elliptic helix of period 3 in Coh(X), then the triple
(Lo, Lz, Lo, L) is right mutable and its right mutation (£q, Lz, L3, £2)
is again a triad.

Definition 7.4. A partial elliptic helix of period 3 is a set of simple
bundles £;,7 € I where [ is an interval of consecutive integers and such
that properties (1) and (2) of Definition 5.3 hold whenever they make
sense. We also say the partial helix is indexed by I.

The following illustrates the inductive procedure we will employ.

Remark 7.5. Suppose that T = (Lo, £, £1) is a right mutable triad
such that RT = (Ly, £}, L) is again a right mutable triad with R?T =
(Lo, Ly, L3). Then Lo, L1, Lo, L is a partial elliptic helix of period 3 so
long as L3 is a bundle, since the simplicity of L3 follows from [Kul90,
Lemma 3].

Let £ be a partial elliptic helix of period 3 indexed on I. We define
L: to be Lg,Livq or R, L, o, they being isomorphic when both are
defined. In this case we consider the following numerical invariants of

L.

(7.1) d; :=deg L;, r; :=rank L;, d; :=deg L], r;:=rank L.
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The following result helps to compute these numbers and analyse the
mutability condition. Before we state it, we recall from [Kul90, Defini-
tion 1] that a pair of objects (C, D) of Coh X is a simple pair if both C
and D are simple bundles and !(C, D) is zero for all but one value of I.

Lemma 7.6. Let A and B be simple bundles on X with ranks r 4,z
and degrees d,dg. Suppose p(A) < p(B) and dim(A, B)rg > r4.
Then

(1) dim(A, B) = |f 4

(2) A right mutates through B and RgA is a bundle,

(3) RgA has rank dim(A, B)rg —ra and degree dim(A, B)dg — d 4,
and

(4) (B, RgA) is a simple pair with u(B) < u(RpA).

Proof. Part (1) is just a convenient restatement of Lemma 6.1 whilst
part (3) follows from the previous parts and the fact that rank and
degree are additive on exact sequences.

We prove part (2) now. Consider the evaluation map

(B, A*) @ B* =5 A*.
Our hypotheses ensure p(A*) > p(B*) and dim(B*, A*)rank B* >
rank A*. Thus, by Theorem 6.6, the map ev is an epimorphism. Since

its kernel is torsion-free, it is a vector bundle. Taking duals, we con-
clude that the coevaluation map

A— "(AB)®B

is injective with cokernel RzA a bundle.

Finally, to show (B, Rg.A) is a simple pair, it suffices to show (A, B)
is a simple pair by [Kul90, Lemma 3]. This follows from Serre duality
which gives (A, B) = (B, A)* = 0 since A, B are stable bundles with
slopes u(B) > p(A). Also, since (B, RgA) # 0, we must also have
1(B) < p(RpA). O

Lemma 7.6 immediately gives

Proposition 7.7. The numerical invariants of a partial elliptic helix
of period 3 satisfy the following recursion relations.

/ . . . .
(72) (d}) — dz—l dz—2 (dz—l) . <d1—2>
T; Ti—1 Ti—2| \Ti-1 Ti—2
and
. . / . !
o ()=l () ()
T Ti—1 T;_1| \Ti—1 i1
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Definition 7.8. A seed is a triple (po, p}, p11) of strictly increasing ra-
tional numbers. We write fractions in reduced form gy = f—g, =
f—:l, = d—l with positive denominators. The numerical invariants gen-

emted by the seed are the integers d;, r;, d;, v, i € N defined using the
recursion relations (7.2),(7.3).

Lemma 7.9. Forn > 1, the numerical invariants generated by a seed

!
satisfy dns1 dn = dn dy,

|-
Tn+1 Tn 'n T,

Proof. This follows from properties of the determinant:

dpt1 dn| ||dn d| (dy _ d, d,\| _|dn d,
Tne1l Tn| [|Tn 75| \Tn )\ )| e T
O
Lemma 7.10. Forn > 2, the numerical invariants generated by a seed
!
SatiSfy dn+1 ,n—i—l — dn—l dn—2 )
T'n4+1 7”7H_1 Tn—1 Tp—2
Proof.
dn—l—l d;L+1 _ dn+1 dn dn—l dn
T'n+1 T:H_l N T'n+1 ’ Tn Tn-1 Tn Tn 1
|dn dy| (dy B d, d dp_1
N Tn T;L Tn 7”;1 Tn Th-1 rn 1
_ _dn d{n dn dn—l_d dnl +d dnl
B Tn Th||Tn Tn-i| |Tn Ta-1 7“; rn T Tni
_ d dn_q
T Tho1
_ dn—l dn—2 dn—l - dn—2 dn—l
Tn—1 Th—2| \Tn—1 Tn—2)  \Tn-1
_ dn—l dn—2
N Tn—1 Tp—2 ’
O

The next result follows immediately from Lemma 7.9 and Lemma

7.10.

Corollary 7.11. For n > 3, the numerical invariants generated by a

. d d Ap_o  dy_ dypo d
seed satisfy | "t " n=2 T3 ond ne2 T2y
Tn+1 Tn Tn—2 Tp—3 T'n—2 Tn_z

U
dn+ 1 dn—i—l

/
Tnr1l Thpt
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This 3-periodicity of numerical invariants can also be nicely inter-
preted in terms of triads and their mutations using the following

Definition 7.12. Let T = (A, B,C) be a triple of objects in Coh(X).
The Hom dimension of the triple is

dim Hom(A, B,C) = (dim Hom(A, B), dim Hom(.A, C), dim Hom(B,C))

Proposition 7.13. Let T be a right mutable triad with Hom dimension
(a,b,¢). Then dim Hom RT = (b, ¢, a).

Proof. This follows from the lemmas above. O

This means that the 2 x 2-determinants in the recursion relations
(7.3),(7.2) can only be one of the 3 initial determinants of the seed.

We can now give a numerical criterion for when a triad can be re-
peatedly right mutated to produce a partial elliptic helix of period 3,
indexed by N.

Theorem 7.14. Let T = (Lo, £}, L1) be a (po, p1}, p1)-triad. Let v, 7
be the integers generated from the seed (po, 1y, p1) as in Definition 7.8.
If rp, 7! >0 for all n, then fori > 1, R'T =: (Ei;£;+1>£i+1) is a well-
defined right mutable triad. Furthermore, Ly.L1,Lo,... is a partial
elliptic helixz of period 3.

Proof. From Remarks 7.2 and 7.5, the last assertion that Lq, L1, Lo, . ..
is a partial elliptic helix of period 3 will follow from the assertion that
all the RT are well-defined triads. We prove the latter by induction
on 1.

First note that the initial Hom dimension dim Hom 7" = (a, b, ¢) con-
sists of positive integers a,b,c > 0 since T is a triad and Hom di-
mensions can be computed using Lemma 6.1. Suppose that Ri~!T
is a well-defined triad. Thus p(L;—1) < w(L;) and by hypothesis
dim(L;_1, Li)r;i — 1521 = ri,y > 0. Hence, by Lemma 7.6, £;_; right
mutates through £; and £; | is a bundle. The same argument using
the fact that r; > 0 shows that £ right mutates through £; and the
right mutation is a bundle £;;. Thus R'T is a well-defined triple. It
remains only to show that p(L;, ;) < p(Lit1). It follows from Proposi-
tion 7.13 that dim Hom R'T" also consists of the positive integers a, b, c
above (possibly permuted), so by Lemma 6.1, we are done. O

The hypotheses of the theorem naturally prompt

Question 7.15. Which seeds (uo, ¢}, f11) generate numerical invariants
with all 77, r; positive?
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Note that Bondal-Polishchuk [BP93, Proposition 7.3] constructed
an elliptic helix of line bundles or period 3. It can be built from any
(0, %, 3)-triad. This has the nice property that the Hom dimension is
the constant (3,3,3) so the recursion relations in (7.2), (7.3) simplify
considerably. We show below, the same is true for the seed (0,2, d)

)9
where d is an odd integer greater than three.

Lemma 7.16. Given the seed (0, g, ), the numerical invariants satisfy

dy, dp_q d, d d —d,q
Tn Tn—1 Tn Tn T'n Tn—1
foralln >1,
Proof. By Proposition 7.13, it suffices to check that all three 2 x 2-
minors of
dl dll do . d d 0
riory ro)  \1 2 1
equal d.

g

Proposition 7.17. If d > 3 is an odd integer, then the numerical in-
variants of the seed (0,d/2,d) defined in Definition 7.8 satisfy r,,r!, > 0
for alln > 0.

Proof. We begin by explicitly computing the numerical invariants r,,
d, and p, = d,/r, for n > 1. By Lemma 7.16 and (7.3) and (7.2),
both pairs r,, v, and d,,, d,, satisty the following recurrence relations:
a, = da,—1 — a,—o and a, = da,_; — a,,_,. Hence, after substitution,
we have

Ap41 = dan - danfl + ap_o

for n > 2. Using standard recursion relation methods (or induction)
we compute r, from the initial values ro =1 =1r; and 7, = d — 2 and
d,, from the initial values dy = 0, d; = d and dy = d?> — d. This gives

Lemma 7.18. Letting A = +/(d — 3)(d + 1), we have, for n >0,

=271 <(d—1—A)" (¥+1>+(d—1+14)” (1—¥))’

and
27"d
d, = " (d=14+A)"—-(d-1-A)").

Lemma 7.19. Ford>5,0<d—-1—-A<1.
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Proof. We must show that A < d—1and d —2 < A. We prove the
first inequality. The second is similar. Since A? = d? — 2d — 3 and
(d—1)? = d* — 2d + 1, it follows that A?> < (d — 1)?, whence the first
inequality. U

For later purposes, we also need the following result.

Lemma 7.20.

I dn _ 2d
Proof. The value of the limit follows readily from Lemmas 7.18 and
7.19. TIrrationality follows from the fact that (d — 3)(d + 1) is not a
perfect square, being distinct from (d — 2)?, (d — 1)? and d?. O

¢Q

Next, we bound ™. We begin with the following
Lemma 7.21. For all n>1
(I=(F)[d=-1+A)" > (1+(F)) (d—1-A)".
Proof. After rearranging, we must establish
(d—1+A)” o A+d-3
d—1-A) — A—(d-23)
where we have used Lemma 7.19. For n = 1, we must show
(d—=14+A)A—-(d-3)>(d—1—-A)(A+(d—3))

which we see holds on substituting A*> = (d — 3)(d + 1). Now suppose
the desired inequality holds for some n > 1. To prove the induction
step, it suffices to show d — 1+ A > d — 1 — A, which is clear. O

Proposition 7.22. Forn > 1, =t > 41

Proof. Using our explicit formula for r,,, we have
os1 1 ((d — 1= AR D)+ (d -1+ A (1 - <dA3>))

B (d—1—A)(E3 4 1)+ (d— 1+ A)yn(1 — L3

Tn 2

1 ((d—1—A)(d—1—A)”(dﬁ3+1)+(d—1+A)( — 14+ A1 -

2 (d—1—A)"(42 + 1)+ (d— 1+ A)n(1 - L2)
n(d=3 (d—3)

_l(d—1)+1A —(d—1—-A4) (?+1)+(d—1+A)( _E) .
2 2\ (d—1—-A)(E2 + 1)+ (d— 1+ A)n(1 — L2

By Lemma 7.21, the numerator of the second summand is nonnegative.
In addition, by Lemma 7.19, the denominator of the second summand
is positive. It follows that % > d;Ql for n > 1 as desired. OJ

)
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We may now complete the proof of Proposition 7.17. Now Propo-
sition 7.22 shows us that r, is an increasing function of n so must be
positive. Furthermore, 7/, = dr,,_y — r,_2 must also be positive. This
completes the proof of the Proposition. O
Theorem 7.23. Let T be a (0,2, d)-triad for some odd integer d > 5.
We may repeatedly mutate T' to the right to generate a partial elliptic
helix of period three, Lo, L1, Lo, .... We may also repeatedly mutate it
to the left to complete this to an elliptic helix L = (L;)icz of period 3.

Furthermore,
: A—(d-1)
1 =d| ——=
i i(Ln) (A_ (= 3>)

and this limit is negative and irrational.
Definition 7.24. We call £ in the theorem the heliz generated by T'.

Proof. Proposition 7.17 ensures that the hypotheses of Theorem 7.14

hold, from which we conclude that we can repeatedly mutate to the

right and generate the partial elliptic helix of period three, Lg, L1, Lo, . . ..
To mutate left, we consider the (0, %l, d)-triad

LT = (L1 ® L, L@ LY, L1 ® L)

The argument in the previous paragraph means we may repeatedly
mutate this to the right, and so the same is true of the triad T =
(Lr, L, Ly) on tensoring by L£¥. This gives a partial elliptic helix of
period three of the form Lj, L§, L*,,L*,,.... Now duals of partial
elliptic helices of period three are also partial elliptic helices of period
three since the dual functor takes evaluation short exact sequences of
vector bundles to coevaluation short exact sequences of vector bundles
and vice versa. We thus obtain an elliptic helix £ of period 3.

Finally, we compute the limit of the slopes. By Lemma 7.20, the
sequence defined by the right mutations of the triple £] ® 1" above has
limit slope

2d
A—(d-3)

and this is an irrational number. Thus,

) 2d A—(d-1)
1 f)=—d+ ———=—d|——F—=
JMim p(£2,) Ly Py (A—(d—S))’
which must be irrational as well, and positive by Lemma 7.19. It follows

that lim,, o pu(L,) =d — ﬁj—ﬁl) is irrational and negative. O
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8. PROPERTIES OF End(£) IN THE EQUIGENERATED CASE

Fix a smooth elliptic curve X. We know from Theorem 7.23, that
T = (0, %l, d)-triad with d > 5 an odd integer generates an elliptic helix
of period 3. Since dim Hom T = (d, d, d) in this case, for all i € Z, the
space of generators (L;, L£;11) in the endomorphism algebra End(L)
has dimension d by Proposition 7.13. In this section, we study helices
with this latter property, and study the Hilbert series and relations for
End(L£). This generalises some of the key results in [ATVdB90] and

[BP93].

Definition 8.1. We say that a Z-indexed k-algebra C'is equigenerated
by d elements if it is generated in degree one and dimy C; ;1 = d for
all 7 € Z.

Proposition 8.2. Let £ be an elliptic helixz of period 8 in Coh(X).
Then End(L) is equigenerated by d elements iff one of the following
equivalent conditions hold:

(1) L is generated by a triad T with dimHom T = (d, d, d).

(2) d = dlm(ﬁz,ﬁH_l) = dim(£i+1,£i+2) == dim(£i+2,£i+3) fOT

some 1 € Z.

In particular, if L is generated by a (0,%,d)—tm’ad, then End(L) is
equigenerated by d elements.

Proof. This follows from 3-periodicity of the dimensions of Hom spaces
Corollary 7.11 and Proposition 7.13. U

Proposition 8.3. Let £ be an elliptic helixz of period 8 in Coh(X).
Suppose that End(L) is equigenerated by d elements. If A = S"(L) is
the quadratic part of B = End(L) the following hold.

(1) For alli € Z, we have
dim Ai’iJ’,l = dim Bi,iJrl =d
and
dim Ai,i+2 = dim Bm'_;,_z = d2 —d.
(2) Ais a Koszul algebra whose Koszul resolutions all have the form
0— €j+3A — €j+2A®d — €j+1A®d — ejA — Ajj — 0.
Proof. From Theorem 5.4, we know that A is Koszul, A' is Frobenius of
index 3 and the morphism A — B is an isomorphism in degrees 0,1 and
2. Hence, we need only verify part (1) for A. Lemma 5.7, shows that the
quadratic relations in A are of the form Ay, = (L_j_o, Re_, ,L_;j_3).

This has dimension d, since by Proposition 7.13 the Hom dimension
of a generating triad and all its mutations is (d,d,d). This shows
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dim A; ;2 = d* — d. Furthermore, we now also know A' is dimension d
in degrees 1 and 2, and one dimensional in degrees 0 and 3 so part (2)
also follows. O

Definition 8.4. Let A be a Z-indexed k-algebra. The n-th relative
Hilbert series of A is defined to be

Hyn(t) = Z dim A, it
i€z
Proposition 8.5. Let L be an elliptic helixz of period 3 in Coh(X) such
that B = End(L) is equigenerated by d elements. Let A = S™(L) be
its quadratic part. Then for all n € Z.
1 1—¢
Hanl) = =g = ool =g —p

Proof. We first show that H4, is independent of n. To this end, let
hn; = dim A, ,4+; and note that for ¢ < 2, it is independent of n by
Proposition 8.3(1). The Koszul resolutions in Proposition 8.3 give the
following recursive formula for all n € Z,i > 3.

by — dhpi1i—1 + dhpyoio — hygsi—g = 0.

Induction on i using Proposition 8.3(1) shows that all the h,,; are in-
dependent of n so the same is true of the relative Hilbert series and we
may write H4 = H 4, The additivity of the usual Hilbert series on the
Koszul resolutions now gives

(1 —dt+dt* —t)Hu(t) =1
which gives the Hilbert series for A stated above.
As for B, note that if you change the indices in (£;) by an additive
constant, you still get an elliptic helix of period 3 whose endomorphism
algebra is equigenerated by d elements. It thus suffices to show that

. i -
HB(t) = Z dlm(£07 ‘Cl)t = 1—dt +di2 —¢3
>0

Let r; = rank £;, d; = deg L; be the numerical invariants of £ as also
defined in (7.1). As observed in the proof of Proposition 7.17, Propo-
sition 7.7 together with the fact that the triad generating £ and their
mutations all have Hom dimension (d, d, d), imply that the r;’s and d;’s
satisfy the recursive relation

(81) ;43 — dai+2 + dai+1 — a; = 0.
Hence the same is true of
d; dy

Ty To

hz' =
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Furthermore, we have h; = dim(Ly, £;) for ¢ > 0 by Lemma 7.6,

although dim(Lo,Ly) = 1 # 0 = hg. It follows that Hg(t) — 1 =

Zizl hztz Now
11—t

1 —dt+dt2—1t3

In view of Proposition 8.3(1) and the recursive relation the h; satisfy,
we see this power series is just ) .o, h;t" and the proof is complete. [

—l=(dt—d>)(A+dt+..)=dt + (d* —d)t* + ...

In [ATVdB90] and [BP93], the case in which d = 3 is analyzed in
detail. In that case, Artin-Tate-Van den Bergh show that the analogous
graded ring B is obtained from the Koszul Artin-Shelter regular algebra
A by factoring out a normal degree three element. Our Hilbert series
calculation suggests a similar result in our case. We turn to proving
this.

We recall from [CN16, Section 4], the notion of a normal family of
elements in an indexed algebra.

Definition 8.6. A normal family of elements of degree d in a Z-indexed
algebra A is a family g = (g;)iez where ¢g; € A;;+q and such that for
every i, j we have giAi;d,jer = A;;g;. An element g € A;; is said to be
reqular if right and left multiplication by ¢ are injective as maps from
Ae; — Ae; and ejA — e; A respectively.

Theorem 8.7. Let L be an elliptic heliz of period 8 in Coh(X) such
that B = End (L) is equigenerated by d elements. Let

m: A:=8"(L) - B

be the natural surjection from Theorem 5.4(2). Then ker  is generated
by a normal family of reqular elements of degree 3.

Proof. We follow the proof of the analogous graded result in [ATVdB90,
Section 7], the key difference being that we will replace the cohomo-
logical study of line bundles from [ATVdAB90] by the cohomology of
elliptic helices of period 3. From our Hilbert series calculation Propo-
sition 8.5, we know that the kernel of the surjection A; ;13 — B; 13 is
one dimensional so we can pick a k-basis g; € A; ;3. We wish to show
that g := (g;) is a normal family of regular elements generating ker m,
for which it suffices to show that ker 7 is generated on the left and on
the right, in degree three.

Let V. = (Biit1)icz be the space of degree one generators for A and
B and ¢: T(V) — B be the natural surjection from the tensor algebra
T(V). Let J = ker ¢. We define the following kernels of multiplication
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maps
Kzzbc = ker(Bab 0%y Bbc — Bac)a Kabcd = ker(Bab X Bbc X Bcd — Bad)'

The proof of the following result is elementary and identical to that
found in [ATVdB90, Lemma 7.27]

Lemma 8.8. The natural surjection T,; — By ® Bpe ® Beg induces an
1somorphism
Jad -~ Kabcd
Tab X de + Jac ® Tcd N Bab X Kbcd + Kabc ® Bcd

The key technical lemma is the following.

Lemma 8.9. Forn > 3 we have

KOIZn
1 =0 and,
(1) By ® Ko, + Ko12 @ Bay,

(2) Jiitn = Tiiv1Jivrion + Jiir2Tiv,in for all i € Z.

Proof. Note that Lemma 8.8 shows that part (1) implies part (2) in
the special case where i = 0. However, changing the indices in £ by an
additive constant we see that part (2) holds for all 7.

It thus suffices to prove part (1), which we do presently. Consider
the following commutative diagram with exact rows and columns

By ® K9, —— By ® Koy,

! l

0 —— Koion — By ® B1a ® By, —— By, —— 0

| l !

Koi2n \
0 Bo1®Kion > By ® By, — By, — 0

which naturally produces an isomorphism

We need the following
Claim 8.10. KOln >~ (ﬁ_n,Lgilﬁo).

Proof. This follows on applying the functor (£_,,?) to the exact se-
quence

0— Lﬁilﬁo — (,C,l,ﬁo) & £,1 — ﬁo — 0.
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We return to the proof of Lemma 8.9 for which it remains only to
show that the cokernel of the map Koo ® (L_p, L_5) — Ko, is zero.
In view of Claim 8.10, this amounts to showing the composition of
morphisms map

p: (Lo, Le Lo) @ (L, L o) = (L, L, Lo)
is surjective. Applying the functor (£_,,7) to the exact sequence
0L 3= (LoLe  Lo)®L o— Ly Lo—0
gives the exact sequence
(L_g,Le L)@ (L_p, L) B (L_n,Le_, Lo) = Y(L_n, L_3).

This completes the proof of the lemma since by definition of an elliptic
helix of period 3, we have '(£_,, £_3) = 0 as soon as n > 3. U

We now return to completing the proof of Theorem 8.7. Recall g =
(g;) was defined to be the family of elements g; € A; ;43 which span
the kernel of m;;13: A;i+3 — Bii+3. We first show that kerm = Ag :=
®Ae;g;. Indeed, this follows by induction on degree using Lemma 8.@(2)
and the fact that J; ;49 is zero in A. To prove the right-handed result
kerm = gA, we need only apply the left-handed result to the dual
elliptic helix of period three, ..., L5, £, L5, .. .. Finally, regularity of
the g; follows from our Hilbert series results Proposition 8.5. U

In the case of an elliptic helix generated by a (0, g, d)-triad, we can

say a little more about its endomorphism ring, or rather, its Proj.

Theorem 8.11. Let L be an elliptic helix of period 3 generated by a
(0,4, d)-triad where d > 3 is odd. Let B =End(L) and A = S"(L) be
its quadratic part. Then

(1) A and B are nonnoetherian and B is coherent and,

(2) ProjB is a noncommutative elliptic curve.

Proof. In light of Theorem 7.23, the proof of [Pol04, Theorem 3.5] shows
that the sequence L is ample for the noncommutative elliptic curve Cy

defined in [Pol04], where 6 = d(j_gj_g). This implies that B is co-

herent [Pol05, Proposition 2.3|, and establishes (2). The irrationality
of 0, proven in Theorem 7.23, implies, by [Pol04, Proposition 3.1] that
every nonzero object of Cy is nonnoetherian, so that B is nonnoethe-
rian, i.e. ¢; B is nonnoetherian for all 7 € Z. Thus, A is nonnoetherian,
whence (1).

O
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