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Abstract
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Under homological mirror symmetry, we establish an explicit correspondence of
Lagrangians in pair-of-pants surface (A-model) and Cohen-Macaulay modules
over the degenerate cusp singularity defined by xyz=0 (B-model).

In A-model, we show that Cho-Hong-Lau’s localized mirror functor is stable
under homotopy of Lagrangians. It motivates us to introduce loop/arc data to
parameterize Lagrangians equipped with a holonomy. Their mirror images under
the mirror functor provide the canonical form of matrix factorizations of xyz.

In B-model, we review Burban-Drozd’s representation of Cohen-Macaulay
modules, whose indecomposable isomorphism classes are classified and
parameterized by band/string data. We introduce a combinatorial method to
compute their corresponding matrix factorizations of Xxyz.

It turns out that there is a conversion formula between loop/arc data and
band/string data, which translates Burban-Drozd’s classification result of
Cohen-Macaulay modules into the language of matrix factorizations, presenting
their explicit canonical form. It realizes a one-to-one correspondence between
indecomposable isomorphism classes of Lagrangians and Cohen—Macaulay modules.
As a consequence, we find their relation with geodesics in hyperbolic
pair-of—-pants.

For a geometric understanding of Cohen-Macaulay modules over degenerate cusp
singularities, we develop a new geometric notion called degenerate vector bundles
over those singularities. It naturally induces Cohen-Macaulay modules from
Burban-Drozd’'s representation, providing the concrete geometry underlying our
computation.
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Chapter 1

Introduction

Homological mirror symmetry (HMS) conjecture comes from Kontsevich’s original formulation
D™ (Fuk (X)) = D”Coh (X),

saying that the derived Fukaya category of some compact symplectic manifold X (A-model) and the
bounded derived category of coherent sheaves on a mirror dual compact complex variety X (B-model)
are equivalent. Allowing X to be non-compact and X to be singular, it has been generalized into the
equivalence

D™ (W Fuk (X)) = Dging (W1 (0))

of the derived wrapped Fukaya category of the symplectic manifold X (A-model) and the singularity cat-
egory of its mirror Landau-Ginzburg (LG) model (Y,W :Y — k) (B-model).

HMS between punctured Riemann spheres and the corresponding LG models was first established in
[ 1, where the authors constructed a mirror LG model (Y (n), W: Y (n) — k) corresponding to the
n-punctured sphere X = S?\ {n points} for each n > 3 and proved the above equivalence of categories.

HMS of 3-punctured sphere and singularity xyz = 0. In this thesis, we focus on HMS between the 3-
punctured sphere and the corresponding LG model (k*, xyz).

A-model B-model

74

mirror pair

X y
2 = $%\ {3 points} X={xyz=0}ck®
pair-of-pants surface normal crossing singularity
symplectic geometry : : algebraic geometry
D™ (W Fuk(£)) = Dysing (X)
derived wrapped (AAEKO ’13) category of
Fukaya category singularities



In A-model, we consider a 3-punctured sphere 2 := §?\ {3 points}. Together with any area form w, it
becomes a symplectic manifold called a pair-of-pants surface. It gives rise to an invariant D" (W Fuk (£?)),
the derived wrapped Fukaya category.

In B-model, we consider the algebraic variety X in k3 defined by a single equation xyz = 0. More
precisely, we define X := Spec(A) as the spectrum of a complete local ring A := k[[x, y, z]] / (xyz). It has
a non-isolated singularity at the origin called a normal crossing singularity. It gives rise to an invariant
Dsing(X), the category of singularities.

Two categories seem very different at the first glance, but are proven to be equivalent in [ l.
The first part of this thesis is dedicated to investigate the classification and explicit correspondence of
indecomposable objects in both categories.

Objects in A-model. We consider objects in the Fukaya category D™ (W Fuk (£2)) given by

« closed immersed oriented loops L: S! — 2 equipped with a rank u local system (E, V), and

* open immersed oriented arcs L: R — & which start and end at punctures.

&‘AA{% N A{fﬁ"

(a) A closed loop with holonomy A € GL, (k) (b) An open arc

Figure 1.1: Objects in D™ (W Fuk (2?))

A rank p local system on the loop L is given by a k-vector bundle E of rank p along L together with
a (flat) connection V on it. It turns out that its total holonomy A € GL,, (k) up to basis change is the only
invariant under the quasi-isomorphism in the Fukaya category. We mark it on some point of the loop as
a star mark(s). From now on, a loop with local system (L, E, V) will be simply shortened to a loop L with
(total) holonomy A.

Objects in B-model. The category of singularities is defined as a quotient
Dying (X) := D” Coh(X) / Perf(X)

of the bounded derived category of coherent sheaves on X by its full subcategory of perfect complexes.
This was introduced and studied in [ , ]. In the current paper, however, we will work with
another well-known equivalent categories:

Eisenbud Buchweitz

coker
MF(xyz) — CM(A) — Dging(X)

3



Here, MF(xyz) is the stable category of matrix factorizations of xyz, and CM(A) is the stable category of
(maximal) Cohen-Macaulay modules over A. Hereafter we will omit the word maximal because it doesn’t
change the definition in this case.

The objects in MF(xyz) are especially easy to describe in a concrete way, as shown in the following
example:

z 0 0 Xy 0 o
-y x —z||y¥+Azx* yz Z|=xyz- L.
-Ax? 0y Ax3 0 =zx
¢ v

The above pair (¢, ) of 3 x 3 matrices form a matrix factorization of xyz for any A € k, providing a one-
parameter family of objects in MF(xyz). In general, a pair (¢, ) of nx n matrices is called a matrix factor-
ization of xyz if it satisfies ¥ = w¢ = xyzI,. Because either ¢ or v is automatically determined by the
other factor, we often write only the first factor ¢ to indicate the whole pair (¢, ).

The matrix ¢ induces a map ¢ : A" — A". Taking cokernel of ¢ yields a Cohen-Macaulay module
coker g over A. This induces a functor from MF (xyz) to CM (A), which is proven to be an equivalence by
Eisenbud.

Localized mirror functor. Putting the above discussion together, we know that all categories D" (W Fuk (£2)),
Dsing(X), CM(A), and MF (x yz) are equivalent. But it is still not easy to draw an explicit correspondence
between objects in the Fukaya category and objects in the other categories.

In this situation, Cho-Hong-Lau'’s localized mirror functor [ ]

FL: D" (WFuk(?)) — MF (xyz)

becomes a powerful tool to convert objects in the Fukaya category into matrix factorizations of xyz. It
uses the Seidel Lagrangian L as a reference, which is a weakly unobstructed object in the Fukaya category
with potential xyz.

Given any loop or arc Lin 22, we can compute the corresponding matrix factorization & L) = (<I>[L (L), ¥t (L))
using Lagrangian intersection Floer theory developed in [ ]. More specifically, the size of matrices
is determined by the number of intersections of L and L, and the entries are given by counting immersed
polygons bounded by L and L. In Section 2.1.1, we will explain this in more details with examples.

Homotopy invariance. We prove that the localized mirror functor &' is stably invariant under free ho-
motopy of immersed loops and conjugation of total holonomies. Similarly, Zt is also invariant under
homotopy of immersed arcs, keeping the end points in the same boundaries.

Proposition 1.0.1. (1) If two loops L and L' in & are freely homotopic to each other and have the same
total holonomies A and A" up to basis change, then their mirror matrix factorizations F* (L) and F" (L')
are isomorphic in the stable category MF (xyz).

@) If two arcs L and L' in & are homotopic to each other under a homotopy keeping the end points in the
same boundaries, then their mirrors ' (L) and F (L) are isomorphic in MF (xyz).

Loop/Arc word. We say that aloop L is non-essential if it winds around only one of three holes. Aloop/arc
which is not freely homotopic to any non-essential loop is called essential. A non-essential loop L can



always be deformed so that it doesn’t meet the reference L at all, which means that %" (L) is stably trivial.
Therefore, non-essential loops will be excluded from our consideration.

The homotopy invariance of #' suggests that it is enough for us to consider only one loop/arc in each
essential (free) homotopy class.

For the loop case, we take the following specific representatives: Given a loop word

w' = (1}, my, ny, b, mh, ..., I, ml, nl) e Z°7

(t € Z>1), consider the loop described in Figure 1.2. It visits 3 holes A, B, and C in turn, winding them
around the number of times specified in w'. Namely, it winds hole A [} -times, hole B m]-times, hole C
n!-times, hole A [}-times, hole B m/-times, and so on. After finally it winds hole C n}-times, it returns
to the starting point to form a closed loop. The loop thus constructed is denoted as L(w'), and its free
homotopy class is denoted as [L(w')].

In the case of an arc, we should decide which hole to starts from and which hole to ends at. So there
are 3 x 3 =9 cases. For example, we use an arc word

w' = (A, m), 1}, 1, mh, nh, ..., 1L, B) € (A} x 2373 x {B}

(T € Z5) to denote an arc which starts from hole A, winds hole B m]-times, winds hole C n}-times, and
so on, and finally ends at hole B. Similarly, there are 9 types of arc words, each belonging to

{A}x 7371 x (A}, {A}xZ373x (B}, {A}xZ372x{C},
(B} x 7372 x {A}, {B}xZ3""!x{B}, {B}xZ373x{C},
{CYxZ3T 3 x {A}, {C}xZ32x{B}, {C}xZ% 'x{C}

for some 7 € Z>,. The arc constructed according to the arc word w' is denoted as L (w'), and its homotopy
class is denoted as [L(w')].

Example 1.0.2. The loop drawn in Figure 1.1a is L((3,-2,2)), and the arc in Figure 1.1bis L((A, 3, C)).

Loops/arcs constructed in this way exhaust all (free) homotopy classes, but some of them may rep-
resent the same class. For example, if a loop word w’ is a shift of another loop word w’,, they give the
same free homotopy class [L(w')] = [L(w.)]. This can also happen even when w' is not a shift of w/,. We
define the normality condition of loop/arc words so that normal words (up to shifting) produce only one
loop/arc in each essential (free) homotopy class. Especially, they automatically exclude the non-essential
loop classes.

Normal loop/arc words and geodesics. Now we give &2 a hyperbolic metric with three cusps. From an
elementary fact in hyperbolic geometry, we know that there is at most one geodesic in each (free) ho-
motopy class of loops/arcs in 2. To be specific, there is no geodesic in non-essential class, and there is
exactly one for the other classes. So we have another nice description of normal loop/arc words.

Proposition 1.0.3. We give & a hyperbolic metric with three cusps. Then there are one-to-one correspon-
dences

1:1

{normal loop words} | ~pifiing < {closed geodesics in 22}
1

—

{
& {normal arc words} <> {open geodesics in 2} .

'\_-
= Y|



Loop/Arc data. As total holonomies on a loop L(w'), we also consider only one in each conjugacy class,
namely, the u x p Jordan block J, (') € GLy, (k) with eigenvalue A’ € k. We denote by L (w’, ', 1) the loop
L(w') equipped with a rank p local system whose total holonomy is J,, (A').

Definition 1.0.4. (1) A loop datum (w', X', 1) consists of a normal loop word w' € 73" (1 € Z>,), the holon-

omy parameter \' € k*, and the multiplicity 1 € 7. We refer to the corresponding loop with holonomy
L(w', A, p)

as the canonical form of loop-type objects in D™ (W Fuk (2?)) . Note that they consist countably many one-

parameter families.

(2) An arc datum w' consists of only a normal arc word w' € {A,B,C} x Z37~* x {A, B, C}. We refer to the
corresponding arc

L(w')

as the canonical form of arc-type objects in D" (W Fuk (2?)) . There are only countably many of them.

C 2, -y, 0 0 e 0 —x7,W!
—y L, xl, -2, 0 - 0 0
0 -z, oyl -x27'p, - 0 0
ot 0 0 -xb1, oz
= —ymly, 0
\\_ 7 -times 0 0 0 syl xI, -zl
_xli_lfu(/n 0 0 T 0 -z Iu 2 3Tux3rp

l; -times

where x%, y?, z% are regarded as 0 if a < 0
T T
1w = (1, mly )T A ) o (w'= (1, mlyn))T_ A p)

Figure 1.2: Canonical form of loop-type objects in D" (W Fuk (£2)) and MF(xyz)

Matrix factorizations from Lagrangians. Localized mirror functor #L : D* (W Fuk (2?)) — MF (xyz) con-
verts each loop with holonomy L (w’, 1, i) and each arc L (w') into matrix factorizations % (L (w/, A/, )
and F* (L(w')), respectively. We compute them and show that they are isomorphic to a very nice form.

For a normal loop word w' € 737 (1 € Zs1), anonzero scalar A € k*, and a positive integer € Z-;, we
define the corresponding matrix factorization (¢ (w', A, 1), w (w', A, n)), whose first component is shown
in Figure 1.2. But in degenerate cases where w’ = (2,2,2)*" and A = 1, the second factor y (w/, A, 1) is not
defined, so we use an alternative form (@qeg ((2,2,2)"7, 1, 1), Waeg ((2,2,2)"7, 1, 1)) .

For a normal arc word w’, we similarly define the corresponding matrix factorization (¢ (w'),y (w')).

Theorem 1.0.5. (1) For a non-degenerate loop datum (w',\', ), there is an isomorphism

FHL(W\ A p) = (oW 4w,y (W' 4p)

in MF (xyz), where A is either ' or —A' depending on w'.

= Y|



In degenerate cases (w' = (2,2,2)"",1' = —1), we have

FHL(22,2"7,-Lu) = (Paeg((2,2,2)"7,1, 1), Waeg (2,2,2", 1, 1))

(2) For an arc datum w', there is an isomorphism
FH (L) = (p(w)y(w)).

Inspired by this observation, we propose the canonical form of matrix factorizations of xyz in the
following way.

Definition 1.0.6. (1) For a normal loop word w' € 737 (1 € Zs1), a nonzero scalar A € k*, and a positive
integer € Z>1, we refer to the corresponding matrix factorization

(p(w' A p),w (W' Ap) or (paeg((22,2",1, 1), Waeg((2,2,2)77,1, 1))
as the canonical form of loop-type objects in MF (xyz) . The latter is chosen only in degenerate cases (w' =
2,2,2"7,1=1).

(2) For a normal arc word w' € {A, B, C} x Z37~* x {A, B, C}, we refer to the corresponding matrix factorization

(¢ (w), v (@)

as the canonical form of arc-type objects in MF (xyz).

It is in general a non-trivial problem to determine whether a given object is indecomposable or not in
the Fukaya category D" (W Fuk (2?)) or the stable category MF(xyz).

Question 1.0.7. When is the above canonical form indecomposable?

Moreover, we do not know yet if they are all different and exhaust all indecomposable isomorphism
classes.

Question 1.0.8. Does the canonical form uniquely represents every isomorphism class of indecomposable
objects in D™ (W Fuk (£2)) or MF(xyz)?

We need another algebraic framework to answer the above questions.

Representation of Cohen-Macaulay modules. In a recent work [ | of Burban-Drozd, they developed
a new representation-theoretic method to deal with Cohen-Macaulay modules over non-isolated surface
singularities such as A = k|[x, y,z]]/(xyz). As a consequence, they classified all indecomposable Cohen-
Macaulay modules, proving that those non-isolated surface singularities have tame Cohen-Macaulay rep-
resentation type.

More precisely, they introduced new categories Tri (A) (category of triples) and Rep (X 4) (category of
elements of a certain bimodule X 4) and constructed functors

F H
CM(A) — Tri(A) — Rep (X ,)



such that [F is an equivalence of categories and H preserves indecomposability and isomorphism classes
of objects. Objects in Rep (X 4) can be represented as

k()

g‘iy \efz
k()% k(1)
e[ ML (1.0.1)
k() k()

o~

QY
Xy
lk((t))d"y

for six k((1))-vector spaces and six k((#))-linear maps between them. Consequently, the classification
of indecomposable objects in CM (A) is equivalent to the classification in Rep (X 4), which reduces to a
certain problem of linear algebra called the matrix problem.

A slight modification of morphisms in Rep (X 4) allows the functor H to be an equivalence. We denote
the underlying quiver as Q4 := r T and the modified category as Rep (Q4) (category of decorated

N
o

representations on Q). Then we have an equivalence

F H'

~ . ~ (1.0.2)
Fgp: CM(A) — Tri(A) — Rep(Qa),

as will be shown in Chapter 5. Because the natural functor Rep (Q4) — Rep (X 4) preserves indecompos-
ability and isomorphism classes of objects, the classification of indecomposable objects agrees in both
categories.

Band/String data. Burban-Drozd provided a complete list of indecomposable objects in Rep (X 4) (hence
in Rep (Q4)), which fall into two types: band-type and string-type. The canonical form © (w, A, 1) of band-
type objects is given in Figure 1.3, which is parameterized by the band word

3T
w= (llvmlrnlrl2,m2rn2y---rl‘[rm‘l,')n‘[) €z

(T € Z>1), the eigenvalue A € k*, and the multiplicity u € Z-;, which together form the band datum
(w, A, p). It is decomposable if and only if the band word w is periodic, i.e., w = w*N for some band word
w and N € Z>,. The band-type canonical form consists countably many one-parameter families.



(r”lﬂlu 0 ) t”f“[# 0

k()™

0 7+l I, \ 0 tn;+11p
I+l
0 O\ ko™ (™ g 0
(') 0 . tl;“I# T T ( 0 - my +1 )
TH TH T
A 0 e o ) K@ k()

™~

I~ +1 / +
1ty 0 m7 +1
( g ) ke [0
[l;+lfu

0 0 tm;Url Iﬂ

where a* := max{0, a} and @~ := max{0,—a} forae Z
O(w =i, mi,n)i_ A )

Figure 1.3: Canonical form of band-type indecomposable objects in Rep (X 4)

The canonical form O (w) of string-type objects is parameterized the following 9 sets:

x4 x{x, XxZ373x{yl, KxZ¥%x{z},

{y} x Z3T—5 x {X}, {y} x Z3T—4 x {y}, {y} x ZST—S x {Z},
ZxZ7 0 x{x}, {ZxZ7 P x{y}, @xZ7*x{g.

Each element w is called the string word (or the string datum). They are all indecomposable. There are
countably many of them.

The corresponding canonical form of band-type and string-type objects in CM (A) are denoted as
M (w, A, p) and M (w), respectively. They were obtained in | ] by an algebraic way called the recon-
struction procedure.

Theorem 1.0.9 (Burban-Drozd). Any indecomposable Cohen-Macaulay module over A =k|[x, y,z]1/(xyz)
is isomorphic to either M (w, A, ) for some non-periodic band datum (w, A, i) or M (w) for some string
datum w. They are not isomorphic to each other, except that M (w, A, ) = M (w-«, A, i) if a band word w.
is a shift of another band word w.

This reveals that the singularity A has tame Cohen-Macaulay representation type. Namely, indecom-
posable isomorphism classes in CM(A) is neither finite nor countable, but still they consist countably
many one-parameter families.

This makes A a very important object from a representational point of view.

The same method was also applied to every degenerate cusp singularities to show that they are all
Cohen-Macaulay tame.

The stable category CM(A) = CM(A) /{A} shares all isomorphism classes of indecomposable objects
with the original category CM(A), but loses just one class containing the free module A. This is be-
cause the free module A is regarded as a zero object in CM(A). It is written in the canonical form as
A=M((0,0,0),1,1) in the original category CM(A).



Under Eisenbud’s equivalence MF(xyz) = CM(A), Burban-Drozd obtained matrix factorizations cor-
responding to indecomposable Cohen-Macaulay modules M (w, A, 1) in the case of rank 1 band data.

Question 1.0.10. For general band/string data, what matrix factorization corresponds to the Burban-Drozd’s
canonical form of indecomposable Cohen-Macaulay modules?

Then they raised a question of what their symplectic images would be in the Fukaya category D" (W Fuk(£?))
under homological mirror symmetry (Remark 9.8 in [ 1). This naturally leads to the more general next
question.

Question 1.0.11. What are symplectic images of indecomposable Cohen-Macaulay modules in the Fukaya
category, and are they geometric?

Question 1.0.10 is purely algebraic, but we will use homological mirror symmetry to answer it. We al-
ready have candidates for the corresponding matrix factorizations, that is, the canonical form of loop/arc-
type matrix factorizations. If they turn out to be suitable, we can also answer Question 1.0.11. Recall that
they came from corresponding canonical form of loops/arcs with holonomies, which are geometric ob-
jects in the Fukaya category.

Mirror symmetry correspondence. Summing up, we have equivalences and correspondences as follows.

localized Burban

) Eisenbud
mirror functor -Drozd
ot coker Fgp

D"(WFuk(@)) — MF(xyzs) — CM(4) — Rep(Qa)

L(w', V) = p(w', A, p) L M(w, A p) — O(wA p)
~ 2

L(w") — o(w') — M(w) — O(w)

Note that objects in each category are parameterized by loop/arc data or band/string data. The main task
of the current thesis is to establish the correspondence between the canonical form in MF(xyz) which are
parameterized by loop/arc data and the canonical form in CM(A) parameterized by band/string data. But
we don’t yet have enough language to interpret the module M (w, A, 1) (or M (w)) and compute an explicit
form of the corresponding matrix factorization.

The conceptual understanding of the Cohen-Macaulay module corresponding to the decorated rep-
resentation will be postponed to Chapter 5, where we will discuss a geometric construction of a quasi-
inverse functor of Fgp.

Matrix factorizations from Cohen-Macaulay modules. We deal with the computational aspect first. Fol-
lowing the reconstruction procedure in [ 1, what we are explicitly given first are generators of an
A-module M (w, A, ), which is not Cohen-Macaulay in general. Then a process called Macaulayfication
extends it to the actual Cohen-Macaulay module M (w, A, u) by adding Macaulayfying elements. Next, we
need to find a matrix factorization (¢, 1) such that coker ¢ is isomorphic to M (w, A, ), or equivalently,
find a free resolution of M (w, A, ). However, because the Macaulayfying elements appear irregularly
depending on the band/string data, it is not easy to establish free resolutions involving them all at once.

To address this difficulty, we introduce a combinatorial tool called generator diagram which allows
us to perform a systematic computation in the following steps.

10



(1) Represent generators of M (w, A, 1) on the generator diagram.

(2) Add Macaulayfying elements of M (w, A, 1) to Macaulayfy it to M (w, A, 1).

(3) Find a free resolution of M (w, A, 1), which yields the corresponding matrix factor ¢ (w’ A, 1).

(4) Substitute J,, (1) for Ain ¢ (w’, A,1) to obtain the matrix factor ¢ (w’, A, ) corresponding to M (w, A, p).
The situation is similar for the string-type M (w), and we apply steps (1) to (3) above.

Conversion formula. Interestingly, it turns out that there is a conversion formulabetween normal loop/arc
words w' and band/string words w, which relates the canonical form ¢ (w’, A, ) or ¢ (w') of matrix fac-
torizations with the canonical form M (w, A, 1) or M(w) of Cohen-Macaulay modules.

Theorem 1.0.12 (Main Theorem I). (1) We have a conversion formula

{normal loop words} 2 (band words}

w - w

under which there is an isomorphism
cokerg (w' A, u) = M(w, A p)

in CM (A), except for the degenerate cases where w' = (2,2,2)"" — w = (0,0,0)" and A = 1.

In a non-periodic degenerate case where w' = (2,2,2) < w =(0,0,0), A =1 and p € Z >, we have
coker @geg ((2,2,2),1,u-1) = M((0,0,0),1,p),

in CM(A). Note that u =1 case corresponds to the zero object, which is not counted as an indecomposable
object by definition.

(2) We have a conversion formula

1:1 .
{normal arc words} < {string words}

wo - w

under which there is an isomorphism in CM(A)

cokerg(w') = M(w).

The conversion formula between loop/arc data and band/string data realizes one-to-one correspon-
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dences between indecomposable objects (up to isomorphism) in each category as
{loop-type indecomposable objects in D™ (W Fuk (£?)) or ME(xy2)}/ ~isomorphism

& {non-periodic loop data}/ ~ghifting

4 ({non-periodic band data}\ {((0,0,0),1,1)}) / ~shifting

< {band-type indecomposable objects in CM(A) or @(Q A)} / ~isomorphism

& {arc-type indecomposable objects in D" (W Fuk (2)) or MF(xy2)}/ ~isomorphism

1:1
< {arc data}

ik {string data}

il {string-type indecomposable objects in CM(A) or RE(QA)}/ ~isomorphism -

This answers to all questions raised so far. Regarding Question 1.0.7, the arc-type canonical form is
always indecomposable, while the loop-type canonical form is indecomposable if and only if the loop
word is non-periodic. This implies that a periodic loop is quasi-isomorphic to the direct sum of non-
periodic ones in the Fukaya category, which is not obvious at all.

The above shown correspondences also provide a positive answer to Question 1.0.8: The canonical
form of loop/arc-type indecomposable objects represents every isomorphism class of indecomposable
objects in D™ (W Fuk (£?)) or MF(xyz).

Those also translates Burban-Drozd’s classification result of Cohen-Macaulay modules into the lan-
guage of matrix factorizations, providing the explicit canonical form which would have hardly been found
without the aid of mirror symmetry. This gives a complete answer to Question 1.0.10.

Because the canonical form L(w',A’, i) or L(w') is geometric (not need to be expressed as a twisted
complex of another geometric objects) in the derived Fukaya category D™ (W Fuk(£?)), we have a com-
plete and positive answer to Question 1.0.11.

Correspondence of modules and geodesics. Combining Proposition 1.0.3, Theorem 2.4.2 and Theorem
1.0.12, we get the following neat and intuitive conclusion.

Corollary 1.0.13. Under homological mirror symmetry, there is a one-to-one correspondence
{isomorphism classes of indecomposable Cohen-Macaulay modules over A}\ {[Al}
H closed geodesics in 22 with holonomy J,(A') € GL, (k)! U {open geodesics in &
& Y Ju w pen g

where 2 is given a hyperbolic metric with three cusps.

Geometric interpretation of tameness. In a representation-theoretic point of view, the above symplectic-
geometric interpretation explains very naturally the tameness of Cohen-Macaulay modules over A. As
already pointed out in Definition 1.0.4, it is very obvious that loop words (or free homotopy classes of
loops or closed geodesics) and arc words (or homotopy classes relative to bounded end points or open
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geodesics) in & are only countably many. Then an indecomposable local systems lying on a fixed loop
and having a fixed rank pu are only parameterized by the holonomy parameter A’ € k* up to gauge equiv-
alence. It counts for the reason why loop data consist countably many one-parameter families.

Applications. The above parameterization and correspondence interchange plenty of algebraic structure
and geometric symmetry lying naturally on each category. In particular, we can gain insights or perform
certain calculations on one side that are difficult on the other side. Here we present only three of those
kinds of application, while expecting that there would be further interesting translation between two dif-
ferent languages.

First, categories involved in HMS have a natural triangulated structure. Along with the parameteri-
zation by band or loop data, an object with higher multiplicity is given by some mapping cone or twisted
complex consisting of objects with lower multiplicities, which can be also understood as a higher rank
local system attached to the Lagrangian. This reveals that the twisted complexes can be well expressed
using band or loop data and makes the computations regarding them much easier.

Second, we show that taking dual of modules in CM (A) corresponds to an inversion of curves in
D™ (W Fuk (£2)) that flips the punctured sphere back and forth. The operations can be done by multiplying
—1 to band/string or loop/arc words. See Proposition 4.2.1.

Finally, the Auslander-Reiten translation in CM (A) is in general not easy to compute in terms of
the band data. But it is equivalent to reversing the orientation of underlying curves in D" (W Fuk (£2)),
which we can understand more intuitively. It also have a neat description in loop data, which can then be
converted into band data. See Proposition 4.2.2.

13



Introduction to Chapter 5. The discussion so far shows that Cohen-Macaulay modules over degenerate
cusp singularities have a quite complicated nature. Representation theory of Cohen-Macaulay modules
in [ ] is highly non-trivial and the reason why the hexagonal quiver is involved is also not obvious at
all. We already introduced the generator diagram as a visual tool to understand the combinatorics of gen-
erators of Cohen-Macaulay modules, however, it doesn't still account for the meaning of those generators
and their relations.

Here we study the underlying geometry of degenerate cusp singularities as well as Cohen-Macaulay
modules over them, which would provide a more intuitive and direct relation between Cohen-Macaulay
modules and decorated quiver representations. It will also reveal the underlying geometry of the combi-
natorics over the generator diagram.

As another consequence, it provides an explicit quasi-inverse of the Burban-Drozd functor
Fpgp: CM(A) — Tri(A) — Rep(Q4).

discussed in Equation 1.0.2. It has also appeared in [ ] in a different form, but our construction will
still add it a geometric flavor.

The construction below is also applicable to another degenerate cusp singularities whose normaliza-
tion is regular, but in this thesis we focus only on A for simplicity.

Geometry of X = Spec(A). The affine scheme X = Spec(A) is defined by a single equation xyz = 0 in an
infinitesimal neighborhood of the origin. In an elementary-geometric language, it is nothing but a union
of three planes which perpendicularly meet at the origin. Again in the language of schemes, X is still
a gluing of three ‘infinitesimal planes’ Speck|[x, yll, Speckl[y, z]], Speck[[z, x]] along three ‘infinitesimal
axes’ Speclk((x)), Speck((y)), Speck((z)) in the following sense. Together with six natural ‘inclusion maps’
from axes to planes, they form a hexagon diagram as in Figure 1.4.

z
Zz Zz
Speck((z)) .
. / \ v
Speck([z, x]] Speck|[y, zl] (Cgcl)gglngt)
AN~
X y
Specl((x)) Speck((y))
/ \ / \ X = Spec(A)
X Speck([x, y1] g

<2

Figure 1.4: Geometric Construction of X = Spec(A)
Proposition 1.0.14. The affine scheme X = Spec(A) is the (categorical) colimit of the hexagon diagram of
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affine schemes in in Figure 1.4.

Degenerate Vector Bundles. The above observation on the geometry of X gives us great insight into
motivating the following definition.

Definition 1.0.15. Given a decorated representation ® on Q4 as in Diagram 1.0.1, we construct a hexagon
diagram © of affine X -schemes as shown in Figure 1.5. We attach (trivial) vector bundles Speck[[x, y]] x
A%y, Speck|[y, z]] x A%, and Speck|[z, x]] x A% over infinitesimal planes at three target vertices, and (triv-
ial) vector bundles Speck((x)) x NX, Speck((y)) x AIY, and Speclk((z)) x Al over infinitesimal axes at three
source vertices. The ranks of them are determined by the dimension of k((t))-vector spaces in ©. At six ar-
rows we attach appropriate vector bundle maps 0/\.‘. which come from six k((t))-linear maps 04, in ©. Then
we define the degenerate vector bundle & (©) over X associated to © as the colimit

& (©) := colim®

of the diagram © in the category of affine X -schemes.

Speck((2)) x Ak
. % 7
Z
efx/k((t)) \gfz
eck([z, x]] x Adx Speck|[y, z]] x A%= ..
k()%= k()b S pecklly 2l colimit
construct (gluing)
0% ¢} o, T 0% ¢) o, >
k((enh k() Specte(() x A Speck((y) x Al
pec X)) X A% pec y) x A%
~N

05y
Xy
k((t))dxy X k& %
Xy xy

Speck([x, y]] x Ay
Figure 1.5: Degenerate Vector Bundle & (0) associated to the Representation ©

The base spaces (Speclk[[+,H]] and Speck((e))) are glued under the natural inclusion maps and the
fibers (A%® and A) are glued according to maps 6%, in ©. Then the universal property of the colimit,
or intuitively just by forgetting fibers, we get the projection map 7 : § (@) — X, which makes & (©) an
X-scheme.

Because the rank of individual trivial bundles are different over each component, we cannot call & (©)
as a vector bundle in a traditional sense. But together with the projection map we can still enjoy similar
concepts and properties of it.
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Degenerate vector bundles over X form a subcategory DVB(X) of category of X-schemes. Then the
above construction gives rise to a functor & : Rep (Q 4) — DVB(X), which is shown to be an equivalence of
categories.

Global sections. A (global) section §: X — & (0©) is by definition an X-morphism, that is, a morphism of
schemes satisfying 7 o § = idx . It is made from 6 individual sections

Sxy € kllx, y11% : Speck([x, y]] — Speck[[x, y1] x A%, 1y € k((x))% : Speck((x)) — Speck((x)) x Ak,
syz € kl[y, 211% : Speck([x, y]] — Speckl[x, yI] x A%, ry e k()" : Speck((y)) — Speck((y)) x Ab,
szx € kllz, x11%x : Speck([x, yI] — Speck([x, y]] x A%, 1, € k((2))" : Speck((z)) — Speck((2)) x ALz,

of trivial vector bundles satisfying 6 gluing conditions
Sox (0,) = 02 () 1 (x), Sy (x,0) = 0% (%) 75 (%),
sy (0,7) =67 (M) ry (¥), 82 (1,0) =63 (¥) 1y (¥),
$2(0,2) =0} (2)1,(2), Sz (2,0) =02 (2) 1, (2).

Namely, they must be compatible with the gluing of the underlying degenerate vector bundle to be merged
together. If then, the universal property of colimit ensures a unified section $.

Proposition 1.0.16. Any section of the degenerate vector bundle & (®) is induced in the above way.
Whenever a tuple (syy, Syz, Szx ' I'y, I) induces a section §, it turns out that (ry, ry, ) is uniquely deter-

mined by (yy, Syz, Sz) - Therefore the section § can be identified with an element s := sy, Syz, Sx) . In this

respect, we can identify the set of all sections I (§ (©)) with a subset of k[[x, y]]dxv xklly, z]]1% x [k [[ z, x]] %=

satisfying the gluing conditions for some (ry, ry, ;). Moreover, it has a natural A-module structure because
A is the function ring of the base scheme X.

Lemma 1.0.17. ThesetT (& (®)) of all sections is a Cohen-Macaulay A-module.

Taking global sections gives a functor I' : DVB(X) — CM(A).

Equivalence of categories. So far we constructed the category DVB(X) and two functors & : Rep (Q4) —
DVB(X) and I' : DVB(X) — CM(A). Now we can state our main theorem.

Theorem 1.0.18 (Main Theorem II).

DVB (X)
‘/glohal ‘Ygluingfuncl’or
section
F
CM(A4) ————— Rep(Qn)

(1) To&)olFpp =idem(a)
(2)Fppo (I'0&) = idgep(qy)
Therefore, categories CM (A) and Rep (Q4) are equivalent. As the gluing functor & is also an equivalence,

the category DVB (X) is also equivalent to them.

Therefore we can identify Cohen-Macaulay modules and decorated quiver representations with de-
generate vector bundles, adding geometry to previous concepts. We hope that this new geometric per-
spective would enhance our understanding of algebraic operations such as dual, tensor product, and
triangulated structures on Cohen-Macaulay modules.
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Chapter 2

Wrapped Fukaya Category of Pair-of-Pants
Surface

2.1 Fukaya Category and Localized Mirror Functor

Let us recall our geometric setup of Fukaya category and localized mirror functor. We refer readers to
Fukaya-Oh-Ohta-Ono [ 1, Seidel [ 1, Akaho-Joyce [ ] for general definitions and properties
of Fukaya category, and [ | for localized mirror functor formalism.

In this paper, a symplectic manifold (M, w) is given by a punctured Riemann surface X~ with an area
form w on it. In particular, many operations on the Fukaya category can be explained combinatorially as
counts of suitable (immersed) polygons (instead of counting solutions of /-holomorphic curve equation).

An object of Fukaya category of X will be given by oriented immersed curves ¢ : L — M, which auto-
matically satisfies the Lagrangian condition (¢* (w) = 0,dim(L) = %dim(M)). We will call L an immersed
Lagrangian. Our Lagrangian is always oriented, and hence we will omit it from now on. (In fact, we will
only consider regular immersed curves; see Definition 2.2.2). We allow non-compact Lagrangians that
start and end at punctures (morphisms between them will be defined as in wrapped Fukaya category).
Our Fukaya category is defined over the Novikov field A where

00 1
A::{l;)aiT i

a;eC, lim A; = oo}.
1—00

This was introduced to handle infinite sums whose energy (exponent of T) of summands approach infin-
ity. Note that M is an exact symplectic manifold w = d6, and if we consider exact Lagrangians ¢: L — M
only (with (*8 = d f; for some function f; : L — R), we can work with C-coefficients. With exact La-
grangians, a J-holomorphic curve with prescribed inputs and an output has a fixed energy, and hence
its count is finite from the Gromov-Compactness theorem.

But compact immersed Lagrangians that we are interested in are not exact, hence we need to work
with A a priori. The energy filtration of A is used to run Maurer-Cartan formalism as well as the localized
mirror functor.
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To compare with the matrix factorizations over C, we will make an evaluation T =1 later. In general,
an evaluation T = 1 for an element of A does not make sense. But for regular immersed curves, even
though they are not exact, we will be able to make the evaluation T =1 (see Appendix 2.2).

Let us recall the definition (and convention) of an Ay,-category over the field A.

Definition 2.1.1. An A, -category € over A consists of a collection of objects Ob(€), a (graded) A-module
Hom(A;, Ay) for A1, Ay € Ob(€6), and a set of Ax-Operations {my} -, where

my : Hom(A, Ap) ® --- @ Hom(Ag, Ag+1) — Hom(Aq, Ag+1).
They satisfy A -relations

Z(_I)Tmn—q+l (fl»n-;fp)mq (fp+l)~'~)fp+q))fp+q+1)~~)fn) =0
pq

for any fixed k = 1 and possible p,q = 1. Here, T = |a)| +--- + |ap| — p is related to the grading of inputs.
An Ao -functor & between two Ao -categories oI , B consists of maps {Fy} o Where
F0:0b(sf) — Ob(%AB)
and fork =1,
Fr:Homy (A1, A2) ® -+ ® Homgy (A, Ag+1) — Homg (F (A1), Fo(Ak+1))-
They satisfy similar Ao -relations
Yo wmy(Fy (ar,eeeai) e Fi (G 41s e an))
t,iy++i=n
= Z(_l)fgn_q_'.l (ar,...,ap,mg (Aps1,...r Apig),-.., an).

p.q

We will only consider a countable family of regular immersed Lagrangians on X as objects of Fukaya
category. Without loss of generality, we may assume that these curves intersect transversely away from
self intersection points and there are no triple (or higher) intersections.

Since M is non-compact and has cylindrical ends toward the punctures, we choose a Hamiltonian
function H on M which is quadratic at infinity (to define wrapped Fukaya category). Let ¢y be a time
one map of its Hamiltonian vector field Xj;. Often we will simply write L instead of writing the immersion
t: L — M for convenience.

Definition 2.1.2. For two immersed oriented Lagrangians L, L, that intersect transversely, CF* (L1, Ly) isa
Z|2-graded vector space over A generated by ¢ (L) N L. Here an intersection p € CF*(Ly, Ly) is odd if the
orientation of T,,L1 & Ty, L, agrees with that of T, M and it is even otherwise. The self Hom space CF* (L, L)
is a Z12-graded vector space over A generated by ¢ (L) N L.

It is well-known how to define a differential and A,,-operations in general. We will add another object,
compact immersed Lagrangian in the pair of pants, called Seidel Lagrangian L. To run the Maurer-Cartan
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theory, we can work with the following Morse complex version of self-Hom space instead of Hamiltonian
perturbation. We refer readers to Seidel [ ] for more details, and in particular the sign convention.

Let:: L — M be aregular compact Lagrangian immersion. We fix a Morse function on L so that its crit-
ical points are away from immersed points, and intersection points with other Lagrangians, and denote
by C},,, . (L) the resulting Morse complex of L over A. Let us explain the association of two immersed
generators for each self intersection point p € M of 1. For two branches L;, L, of (L) in the neighborhood
of p, we can associate two local Floer generators p € CF (L1, L), peCF (L, Ly). We may choose branches

so that p is odd, and p is even. For the Seidel Lagrangian L, we define

CF*(L,L):= C}ypr o L DA (D) ® A(D))
p

where the sum is over the self intersection points of L.

If Ly,..., L are immersed Lagrangians and for w; € CF*(L;—1,L;) for i = 1,--- k given by transverse
intersections or immersed generators, an As-operation myg(ws,..., wy) is defined by counting immersed
rigid (holomorphic) polygons with convex corners at wy, -+ , wy, wo with wy € CF'*0l(Ly, Ly), contributing
aterm +T°W ., € CF'IWl(Ly, L;). We take the sum over all such u and wy. If a polygon has a non-
convex corner, it is not difficult to show that such a polygon comes with at least one parameter family of
holomorphic polygons and thus it is not rigid.

Let £ be a pair of pants which is a three-punctured sphere P!\ {a, b, c} and L be the Seidel Lagrangian
in £ as in Figure ?2. Since L has 3 self-intersections, a Floer complex of L has 8 generators

CF*LL)=(eX,Y,Z,X,Y,Z,p)
where e and p are a minimum and a maximum of the chosen Morse function on L.
Theorem 2.1.3. [ | Assume that the areas of two triangles bounded by L in & are the same. A linear

combinationb=xX+yY +zZ € CF*(L,L) ® A(x, y, 2) is a weak bounding cochain. Namely, we have

Y my(b,...,b)=xyz-e. 2.1.1)
i=0

The only nontrivial Ay-operation is m (X, Y, Z) which counts the front triangle bounded by L passing
through e, and we have the mirror potential W = xyz from the pair of pants 2.

For weakly unobstructed Lagrangian L in symplectic manifold M, localized mirror functor formalism
[ ] gives an Ao -functor from Fukaya category of M to the matrix factorization category of W' (here
we follow the convention in [ D.

Theorem 2.1.4. [ ] Let WY be the disc potential of .. The localized mirror functor F* : W F(X) —
MFWY) is defined as follows.

* For a given Lagrangian L, mirror object F" (L) is given by the following matrix factorization M,

(CE(L, L), ~m%?), where m%’(x) = ¥ mi(x,b,..., b).
1 1 ;) l
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* Higher component of the A, -functor
Fy :CF(L1,Ly) ®--® CF(Lg, L) — MF (M, My,,)
is given by

o0
FE(fiyeos i) =m0 (1, foo) = Y i1 (s fio oo by, B
k ) ) ) ) ] +1+I\U1» yJkr»® Y )
k+1 = T
Here the input o is an element of My,,, = CF(Li1,L).

Then, F* defines an Ao, -functor, which is cohomologically injective on L.

b

Figure 2.1: Reading off entries of matrix factorization from decorated strips

The above theorem prescribes how to find the mirror matrix factorization from geometry. Given a
curve L, take the Z/2-graded vector space generated by the intersection LN L. Count decorated strips
bounded by L and L as in Figure 2.1. Here decorated means that we allow strips to have arbitrary many
corners (of X, Y, Z), and the resulting count records the labels of them (by x, y, z). By index reasons, each
strip should map an even (resp. odd) intersection to an odd (resp. even) intersection. If we record all
these data in two matrices, they become the matrix factorization of the disc potential function W corre-
sponding to L.

In our case, a disc potential of Seidel Lagrangian L is W' = xyz, and three simplest non-compact
Lagrangians connecting different punctures are mapped to the three factorizations x- yz,y-xz,z- zy.
From this, #' becomes an quasi-equivalence recovering the results of [ ] for 22.

Theorem 2.1.5. % F(2?) is derived equivalent to MF(xyz).

2.1.1 Computation of localized mirror functor

In this section, we illustrate the computation of the localized mirror functor with a relatively simple exam-
ple. Namely, we will find the mirror matrix factorization of the loop with holonomy L:=L ((3, -2,2), A, 1) .

Note that L and L have 6 intersections, say p, ¢, r, and s, ¢, u as shown in Figure 2.2. Here we will
consider them elements of Hom (L,L). It is convenient to view them as clockwise angles from L to L.
Their complement clockwise angles from L to L consist Hom (L, L) and are denoted as p, ¢, 7, and 5, f,
u, respectively. We are using a Z/2-grading on Hom (L, L), where the degree of each angle is determined
by orientations of two curves L and L at the angle. Namely, the orientations of L and L are the same at
even(+ or 0) -degree angles p, g, and r, and different at odd(— or 1) -degree angles s, ¢, and u. So we have
a decomposition as

Hom (L,L) = Hom® (L,1) @ Hom! (L,L) =k (p, g, r) @ k (s, £, u).
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Then two restricted operators m?’b : Hom® (L,) — Hom! (L,L) and m(l)‘b : Hom! (L,1) — Hom® (L,L)
with respect to ordered bases { D q r} and {s, ¢, u} yield two 3 x 3 matrices @b (1) and YL (L), respectively.

p q T S r u
L s z 0 O p Xy 0 O
— tl 2 x -z| q|-y¥*+NVzx? yz Z°
u\-A'x> 0o y) r A x3 0 zx
@E(rL) lIT’E(FL)

Figure 2.2: Matrix factorization of xyz corresponding to L=L((3,-2,2),1/,1)

Entries can be computed by reading off the coefficients of m(l)’b evaluated at the corresponding inputs.
Namely, the (m, ¢)-entry of @' (L) is the coefficient of m in m(l)‘b (o) for e € {p,q,r} and m € {s, £, u}. It is by
definition the weighted signed counting of immersed polygons (or deformed strip) bounded by L and L,
whose vertices consist of e, elements in {X, Y, Z} as many as needed, and then m, in a counterclockwise
direction. Whenever there is a such polygon, a monomial of x, y, and z is added to the m-coefficient in
m(l)’b (¢), whose multiplicities are equal to the number of times X, Y, and Z are passed in the polygon.

We follow the sign rule established in Section 7 of [ ]: Consider the boundary orientation of the
polygon as usual, that is, it is given in such a way that the polygon lies on the left along the orientation of
the boundary. The orientation of L is irrelevant. Let the pieces of L constituting the polygon be L, ...,Ly4
in a counterclockwise direction. If the orientation of L; coincides with the boundary orientation of the
polygon, we do nothing. If they don't coincide, we multiply (-1)'*! to the monomial, which changes the
sign only when the angle ¢ from L to L, has odd-degree. For 1 < k < d, whenever the orientation of L
differs from the boundary orientation, we change the sign, because angles X, Y, or Z from L;_; to L all
have odd-degree. Finally, if the orientation of L; does not match the boundary orientation, we change
the sign by (—1) x (—1)!™, where the first one comes from one of X, Y, or Z from L,4_; to L4 and the second
one from the degree of the output angle m from Lto L.

Note that we are considering loops L and L equipped with a rank 1 local system, which has a scalar
holonomy A’ or —1 € k*, respectively. (We will explain later how we deal with higher rank local systems,
which has a matrix-valued holonomy A € GL, (k)). It is marked as a star mark(%) on some point (say
holonomy point) on loops. Whenever the boundary of the polygon passes through a holonomy point,
the holonomy contributes to the corresponding monomial. Here we distinguish whether the holonomy
is written inside or outside the polygon at the point. If the polygon contains the holonomy A’ inside, it is
just multiplied to the monomial. Otherwise if it is placed outside the polygon, we multiply A'~! instead.
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(t, p)-entry = y2 (t,r)-entry=-z

(u, p)-entry = —1A'x?

Figure 2.3: Some entries of @L(L) and YL (L)
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2.2 Finiteness and Homotopy Invariance

In this section, we prove two Propositions 2.2.3 and 2.2.5 about the localized mirror functor.

The first proposition is about the ‘finiteness’ of the mirror matrix factorizations. Let us first remark
that for exact Lagrangians in exact symplectic manifolds, their Fukaya category can be defined over L.
Punctured Riemann surfaces are exact symplectic manifolds, but the immersed loops/arcs L that we con-
sider are not exact, hence a priori, we need to work on the Novikov field

0
A:{ZaiT’li

i=0

a; € k, 1im /1,' IOO}
i—o0

to define their localized mirror functor images & L= (cD[L (L), ¥t (L)). This means, for an arbitrary un-
obstructed loop/arc L, each entry of @b (L) or YL (L) is an element of A[[x, ¥, zl] and each coefficient of a
monomial (consisting of x, y and z) in it is an element of A. In this case, the evaluation T = 1 may not
make sense for general infinite sums in A.

Definition 2.2.1. We say that & L= (@L (L),¥wL (L)) is finite if each coefficient (in A) of a monomial in
any entry of ®* (L) and ¥'" (L) is a finite sum. In this case, we can make T = 1 substitution in F' (L) to get a
matrix factorization of xyz over k, or an object in MF (xyz).

We need the concept of ‘regularity’ of immersed loops/arcs to ensure the finiteness of its mirror image.

Definition 2.2.2. Consider an immersed loop L: S' — 2 or an immersed arc L: R — 2. We also regard the
Seidel Lagrangian L as an immersed loop L : S' — 22.

(1) L is said to bound an immersed ‘fish-tale’ if there is an immersion i : D? — @ which satisfies i (62” ”) =
L(1(2)) for some immersion 1:[0,1] — S* orR.

(2) Loops L and L are said to bound an immersed ‘cylinder’ if there is a continuous map j : S* x [0,1] — 22
which is an immersion on S x (0,1) and satisfies j ((¢*™"*,0)) = L(1(2)) and j ((e*™'!,1)) = L(; (1)) for some
immersions 1, j: S — S!.

(3) L is called unobstructed if it satisfies the following conditions:
* L andL meet transversally,
e LUL does not have a triple intersection, and

* L does not bound any immersed disks or fish-tales.
(4) L is called regular if it is unobstructed and satisfies the following additional condition:

e L andl do not bound any immersed cylinders.
Proposition 2.2.3. For a regular immersed loop/arc L, its mirror matrix factorization F* (L) is finite.

Remark 2.2.4. It is not hard to show the converse statement that an unobstructed Lagrangian L with F* (L)
finite can be shown to be a regular immersed loop (up to Hamiltonian isotopy).
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The second proposition is about the ‘homotopy invariance’ of the localized mirror functor on regular
loops. It was already shown in [ ] Proposition 5.4 that the localized mirror functor takes Hamilto-
nian equivalence of the Fukaya category to the homotopy equivalence of the DG-category matrix factor-
ization (over A). But a homotopy between immersed loops that we consider here, are more general than
a Hamiltonian isotopy, and also we want to establish such homotopy equivalence over k.

Proposition 2.2.5. (1) If two regular immersed loops L and L' are freely homotopic to each other and have
the same total holonomy up to basis change, then their mirror matrix factorizations & L= (@[L (L), vt (L))
and F* (L) = (@' (L), ¥ (L)) overk are homotopically equivalent in MF (xyz).

) If two immersed arc L and L' are homotopic to each other under a homotopy keeping the end points
in the same boundaries, then their mirrors F* (L) and F" (L) over k are homotopically equivalent in
MF (xyz).

An overview of the proof of Propositions 2.2.3 and 2.2.5 is as follows. As we set T' = 1, we only concern
about the signed count of holomorphic polygons with holonomy contributions, not about the area of
such polygons. Therefore, any homotopy of a Lagrangian L, which does not change the intersection and
holonomy pattern with L, provides exactly the same matrix factorization over k.

Meanwhile, any change of intersection pattern with fixed L in the same free homotopy class of L can
be made into a composition of five types of homotopy moves described in Figure 2.4 (Lemma 2.2.6),
with some holonomy movements. But here we focus only on homotopy moves, as holonomy moves are
easier to deal with. (Actually, it was already shown in [ ] Lemma 5.3 that the gauge equivalence of
Lagrangians yields an isomorphism in their mirror matrix factorizations.)

P
) ( [
\
\

(d) Type IV (e) Type V

(c) Type IIT

Figure 2.4: 5 types of homotopy moves: L is green and L is red

The type [, IT or Il is when L slides across a self-intersection of L, an intersection of L and L or a self-
intersection of L, respectively. Later we will further divide type III into subcases III-i to I1I-iv as illustrated
in Figure 2.5, according to the orientation patterns given to the curves, because they give different results.
The type IV or Vis when L unpoke out or poke in a part of L or L, respectively. We sometimes denote by
IV [IV~] and V*[V~] for moves from the right[left] to the left[right] for convenience.
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Then we look at how matrix factorizations are related under those moves. Type [, II, I1I-i, III-ii and IV
moves don't change the resulting matrix factorizations at all, regardless of orientations (unless specified)
on curves. In type III-iii and III-iv moves, however, they are no longer the same, but are still isomorphic
to each other by some row or column operations. Especially, the finiteness of the matrix factorizations is
preserved under type I, II, IIl and IV moves (Lemma 2.2.8).

In type V moves, the resulting matrix factorizations have different sizes so they can no longer be iso-
morphic in MF (xyz). However, we show that if L' is regular and &' (L) is finite, then &' (L') is also finite
and completely determined by &' (L), and they are homotopic to each other in MF (xyz) (Lemma 2.2.9).

Finally, to show Proposition 2.2.3, we adopt the notion of ‘admissibility’ introduced in the paper of
Azam and Blanchet | ] and show that &t (L) is finite for any admissible loop L (Definition 2.2.12 and
Corollary 2.2.19). Next we show that any regular loop L' can be deformed to an admissible loop L using
finitely many homotopy (poking) moves of type V (Lemma 2.2.21). Then we deduce the finiteness of
Z' (L) from the finiteness of #! (L) using Lemmas 2.2.8 and 2.2.9 inductively.

After the finiteness is insured for regular loops, the proof of Proposition 2.2.5 follows automatically
from Lemmas 2.2.6, 2.2.8 and 2.2.9.

2.2.1 Matrix Transformations under Homotopy Moves

In this subsection, we find the relations between matrix factorizations before and after the homotopy
moves. In the process, we will have ‘row/column operation’ according to a sliding of a curve in Lemma
2.2.8.(2) and the ‘matrix reduction’ according to removing a bigon in Lemma 2.2.9. In each type, we derive
explicit isomorphisms or homotopies. They are very useful for practical calculations as well as establish-
ing finiteness or homotopy equivalence over C.

Lemma 2.2.6. Iftwo unobstructed loops L and L' are freely homotopic to each other, the intersection pattern
of L with L can be transformed to that of L' with L (and vice versa) by a finite composition of type I to V
homotopy moves. Moreover, if L and L' are regular, we can also choose all loops that appear in the process
as regular loops.

Remark 2.2.7. (1) Except the regularity condition, the assertion is just a classical Reidemeister move type
proposition. So we only explain how to construct a homotopy sequence which preserves regularity.

(2) To prove the lemma, we need the notion of ‘strong admissibility’ which will be introduced in Section
2.2.2. So we will give the proof after proving Lemma 2.2.21.

Next we seek how the matrix factorizations transform under each type of homotopy moves. We take
the strategy to minimize direct disk countings and find non-trivial ones by As.-relations. It will be accom-
plished by finding isomorphisms in the Fukaya category between loops before and after the move.

Lemma 2.2.8. Let two unobstructed loops L and L' can be made into each other by one of type I to IV
moves. Then their mirror matrix factorizations F* (L) = (®% (L), Y1 (1)) and F' (L) = (% (L), ¥* (1)) are
determined by each other by the following rules. Especially, if one is finite, so is the other.

(1) In type I, II, I1I-i, I1I-ii and IV cases, F" (L) and F* (L') are exactly the same.
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(2) In a type I1I-iii case, let y be one of x, y or z according to whether by is X, Y or Z (in Figure 2.5c).
Then ®* (L') can be obtained from @' (L) by adding y times the column corresponding to py_1 to the column
corresponding to py, and ¥ (L') can be obtained from P" (L) by subtracting y times the row corresponding
to py from the row corresponding to py—1. In a type IlI-iv case, exactly the same holds if we exchange
- ¥l andp; — s;.

Proof. We restrict to a type III-iii case, but most part of the proof works also for the other cases.

We can assume that L' is a C%-small perturbation of L as shown in Figure 2.5c. Namely, they have
two intersections near the self-intersection by € {X, Y, Z} < Hom! (L, L) of L, denoted by f € Hom° (L', L)
and g € Hom® (L, L’), so that by is bounded by the ‘small' embedded bigon made by a perturbation L’
of L between vertices f and g. We further assume that the remaining part of L is perturbed to L' in the
opposite direction, which is possible as the underlying surface 22 is orientable. Therefore, we have one
more ‘long’ immersed bigon between f and g, only the ends of which are shown in the figure and the
middle part of which might intersect with itself.

(b) Type III-ii (c) Type II-iii (d) Type 1I-iv

Figure 2.5: Isomorphisms in type III homotopy moves

Then the small and long bigons together give the following 4 equations:

mi(f)=8-8=0, mi(g)=—f+7=0, ma(f,g)=idy ma2(g f)=idL.

Here g € Hom! (L', L) in the first equation is the complement of g, where the first and second terms come
from the small and long bigons, respectively. These 4 equations show that f and g are isomorphisms be-
tween L and L’ in the Ay, -category Fuk (2?) (though we need only the first equation to prove this lemma).

Note that each intersection of L and L is paired with an intersection of L’ and L. So we can write

Hom®(L,1) =C(py,...,px), Hom'(L,L)=C(sy,..., sk,
Hom? (L',L) :C(p'l,...,pgc), Hom! (L) :C<3/1""’s;c>’

where py_1, p;C_l, pr and p;c denote the intersections on the boundary of the small bigon.

As ZL is an Ao-functor, we know from Definition 2.1.1 that

w7 (gL (£) = L (ma (1))
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holds. Its left side is calculated as
(@ (L) 0@} (f) - ¥T ()o@t (), ¥H(L)owy (f) - @Y (f)o¥" (1)) € Hom' (F* (L), F* (L)),
whereas the right side is just (0,0) as m; (f) = 0. This means that the following diagram commutes.

oL(L) (L)

S(P1yepry ————> S(S1,0sk) ————> S{P1,-Pk)

o5 (f) i (f) 2 (f)

! ! ¢[L(L’) / / ! !
S(Plrespl) ————> S(s},nsl,) ———> S(p},... P}

Now we perform some polygon counting containing f to get

Looifi=1,...,k-1, o
¢[i(f)(vi)=m3’°’b(f»m):{p o and Wi (f)(s)=my®"(f,s1) =5} ifi=1,...k,

—xp,_,+p, ifi=k

which are obvious from Figure 2.5c. These yield
Iy, —xej_
ot (0)=("5" T and wh() -k

as matrices of maps Sk — Sk where ej._; is the column vector in $¥~! whose (k —1)-th entry is 1 and the
rest are 0. This proves the lemma in type I1I-iii case. In type I, II, I1I-i, III-ii and IV cases, we have cD[lL (f)=
%L (f) = It, and in type III-iv case, @ (f) and 1 (f) are just swapped, which prove the lemma. O

We next illustrate the ‘matrix reduction’ process according to a type V move, where L’ is obtained
from L by removing a bigon made by L and L. As in Figure 2.6, we divided type V moves into 4 sub-cases
according to the orientation patterns. Namely, in type V-i and V-ii cases (resp. V-iii and V-iv cases) the
vertices of the bigon reverse (resp. preserve) the orientation of curves.

Lemma 2.2.9. Let an unobstructed loop L' can be obtained from an unobstructed loop L by a type V-
homotopy move, that is, by removing a bigon made by L and L. Suppose that L' is regular and F" (L) is
finite so that written as

Lory — (ol Lery. cka o, ok _((€ DY(F G
9(L)_(¢> (L), ¥ (): ke s Seas)_((ET u)(HT U))

for some matricesC, F € Sk*k D E, G, He S¥*! and u, v € S, where the last column and row of each matrix
correspond to intersections py+1 or Si+1 on the bigon (as in Figure 2.6). Then u (resp. v) is a unit in S in
type V-i or V-ii cases (resp. V-iii or V-iv cases), and & L (L) reduces to the matrix factorization of L' as

(C-Du'ET, F) intype V-i or V-ii moves, or

FL (L) =" (1), ¥t (L)) : 8k — sF| =
(z) ( (). ¥ (L) ) (C, F-Gv 'HT) in type V-iii or V-iv moves.

In particular, F* (L") is also finite and completely determined by F L (L). Moreover, they are homotopically
equivalent (over C) to each other in MF (xyz).
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Proof. We proceed in a similar way as in the proof of Lemma 2.2.8. Here we only consider type V-i case.
For the V-ii type, the same can be done with a slight sign considerations. For the other cases, we can do
the same by just switching the role of ®* and Y.

Skt AL Skl e Pr+1 Prti g

A

(a) Type V-i (b) Type V-ii (c) Type V-iii (d) Type V-iv

Figure 2.6: Isomorphisms in type V homotopy moves

As in the previous lemma, f and g are isomorphisms between L and L' in Fuk (7). But note in this
case that L has 2 more intersections with L than L’ does. So we can write

Hom? (L,1) = C{p1,..., Pr» Pk+1), Hom!(L,L)=C(sy,..., Sk Sks1)»
Hom (L',L) =C(p},..., p}), Hom' (L/,L) =C(sj,...,s,),
where py+1 and si+; denote the intersections of L and L on the boundary of the small bigon.

Denote @L (L) =: ( ¢

BT l;) and YL (L) ::( F

G .
HT l)) as matrices of maps

oM (L)
S*eS=S(p1,..., pr) ® S(Prs1) <E—_> Sk®S=S(st,..., 5 ®S(Sks1)-
Yh(L)

Then we have the following commuting (ignoring gray arrows) diagram from an A.-relation on &' and
the vanishing of m; (f) and m; (g), as in the previous lemma.
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ars ol
u v
S(P1rr i) OS{Picsr) S0 SkYBS(Sr1) S{P1ye DE) S Pii1)
, 0 0
(g f)= ~ (00
i (“”/)7(0 —u ') 7(1)!’(5”“:(0 0]

DY (f)=(1x 0) vH(f)=(I -Du™?) oL (f)=(Ix 0)

! J / III[L(L, ! !
S{Plrnr S(sl,...,sk) S(pl,...,pk)
I
L —
v (g)- s@-_" )
(e ) o e )
u H v
S{p1,ePr) @S Pri1) S(S100rSE)BS(Sk41) S{P1yr D) DS Pica1)

The second Axo-relation on F' from Definition 2.1.1 evaluated at (g, f) is written as

w T (gL (g, 1) +my T (2L (g), FL (1))
= F% (1 (g), ) + D8 L (g my (£) + FE (m2 (g, £)).

The left hand side is calculated as

(LHS) = (Y" (L) o @5 (g, f) + V5 (8. ) o @ (L) + D7 (8) 0 @} (),
ot (L) o WL (g, f) + @5 (g, f) oW (L) + ¥ (g) 0 WL (£))

and the right hand side is done as

(RHS) = 1 (idy) = (0} (idy), L (idy)) = (mg'O”’ (idz, «),m>%" (idy, -)) = s, Tesn),

using my (f) =0, my(g) =0, mz(g, f) = id;. and the property of the unit element id;. Thus comparing

both sides yields two equations

(8 f)) o @* (L)

. . (2.2.1)
(8.1)) 0¥t )

{ DL (g) o DL (f) = sy + PL(L) o (-0L (g, ) + (-
L
2

L
2
WL (g) o WL (f) = Iy1 + O~ (L) o (-¥L (g, f)) + (-5
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On the other hand, by some direct polygon counting containing f or g, we get

4 fori=1,...,k,
(1) (pi) = w3 (fpi) =P oz s el = (o)
Y’Hf)(si) = mg’o'b(f,si) =5 fori=1,...,k = l[’Hf) = (Ir %)

. 1
o1 (g)(p)) = my™"(g.p)) =pitMprafori=l...k =  o(g) =(k

*

|
o)

‘PiL (g) (s;) = mg,O,b(g,s;.) =5 fori=1,...,k = IP% (g) = (0

L 0,0,b . L 00
Qz(g,f)(l’i)zms (g,f,pi)zo fori=1,...,k+1 = @2(g,f): 00
L ( f)(s~):m0’0’b( fs-):{o fori=1,...,k, I f)=(0 0)

2 8 i 3 8,J,Si WPks1 fori=lk+1 2 8 0w

for some w € S. Here, a priori, some coefficient of a monomial in w might consists of an infinite sum so
we cannot assume that w is indeed an element of S. But we will demonstrate that this is not the case in
the next two paragraphs, under the regularity of L’ and the finiteness of ' (L).

First, we claim that the constant term (not containing x, y or z) of w is just 1 (after substituting T' = 1).
This is equivalent to showing that ms (g, f, sg+1) has only one term py.1, coming from the obvious small-
est (embedded) quadrangle (I:lg f Sk+1M) in the figure with vertices g, f, si+1 and pi+1. Indeed, if
there is an another (immersed) quadrangle (0g f sg+1Pr+1) having the same vertices, it should contain
(Og fsk+1Pk+1) at least twice at its ends, and subtracting one of them from one end would give an im-
mersed cylinder bounded by L’ and L, which contradicts the regularity of L'.

Next, substituting the above computations into Equations 2.2.1 gives wu = uw = 1 (which should
hold a priori over A). Therefore, we know that the constant term of u is also 1, implying that u is a unit
(both in A[[x, y,z]] and S). Furthermore, by the finiteness of %' (L), each coefficient of a monomial in u
consists of a finite sum (in A before substituting T = 1) and then so does w = u Y resultingin w € S.

Equations 2.2.1 also fill in all other missing entries so that we have

vLH(f)=(Irx -Du'), @%(g)= (—u{]iET) and ¥i(g f)= (8 u(zl)

and finally, commuting of the diagram determines
o (L')=C-Du'ET and ¥'(L')=F

Note that #1 (f)oZ (g) is exactly the identity morphism of #* (L'), and # (g)oZ} (f) is homotopic
to the identity morphism of & (L) through an explicit homotopy

0 0 0 0
0= o) -2en=(y _u))
as described in Equations 2.2.1. That is, # (L) and %" (L') are homotopically equivalent. O

30



An example of the matrix reduction according to removing a bigon was given in Proposition ?2. We
remark here that actually a type IlI-iii or III-iv move can also be obtained by a composition of type III-i,
I11-ii and V moves. It would be a good exercise to check that the row/column operation process in Lemma
2.2.8.(2) matches that obtained from Lemma 2.2.8.(1) and the matrix reduction in Lemma 2.2.9.

Remark 2.2.10. According to Eisenbud’s theorem, two homotopically equivalent matrix factorizations of
xyz should yield the same Cohen-Macaulay modules over A up to free modules. In the case of Lemma 2.2.9,
in particular, we can find an explicit stable isomorphism between them as below.
vur{ ) e
E" u H' v
S(P1y o PioPis1) —————> S(S1euSkiSke1) —————————————> S{P1rPrPh+1)

( Tk O] i > (L) aul (Ik _Duil) L) 2l ( Tk 0]
uET 1 L 0 u’! L uET 1
C-Du'ET 0) (F 0 )
0 0 xyz
S(pi,...,p}c)@s S(si,...,s}C)GBS S(p’l,...,pgc)eas

Commuting of the diagram is immediate from some matrix calculations and the fact that (@* (L), ¥" (L))
is a matrix factorization of xyz. Also, note that the vertical maps are all isomorphisms. From this we get
isomorphisms

oL (L) o
coker@" (L)Ecoker( (() ) I)Ecokercb[L (L") and

L ! 0
coker¥t (L) = coker( (E ) 0) = cokeryt (LYo A inCM(A).

This is also closely related to the algebraic version of matrix reduction process used in Lemma 3.6.8 which
corresponds to the removing a redundant generator of a module.

2.2.2 Admissibility

In this subsection, we recall the notion of ‘admissibility’ introduced in the paper of Azam and Blanchet
[ ], and prove some related lemmas that we need for our propositions. In particular, we define the
notion of ‘strong admissibility’, which is a special type of admissibility that is easier to see whether a given
loop has the property.

Let L be an unobstructed loop which intersects transversally with the Seidel Lagrangian L and L it-
self. Then 22\ (LuUL) and (LuULl)\ {intersection points} have only finitely many path connected com-
ponents. Define C, = Co (%L, L; Z) as a free Z-module generated by components which do not con-
tain punctures. Also define C; = C; (£%;L, L; Z) as a free Z-module generated by components of (LUL) \
{intersections points}. Then there is a natural boundary operator 9 : C, — C;. The orientations of el-
ements in C; and C, are inherited from the orientation of &2,L and L. Let us call an element of C; an
i-chain and a basis element of C; an i-basis for i = 1,2. Let us denote by (x, ) the coefficient of 7 in x,
where 7 is an i-basis and x is an i-chain for i = 1,2. Note that for any 2-basis o and 1-basis 7, (0o, 1) = 1,0,
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or —1. Also note that for each 1-basis 7, there are at most two 2-basis ¢ such that (0o, t) # 0 and if there
are two, then they should have opposite sign.

Note that there are exactly three component containing punctures. Let us denote them by A, B, and
C. By measuring distance from the puncture, we can give a natural grading called level to each 1- and
2-basis as follows. First, boundary components of A, B and C are set to be of level 0. If a 2-basis has a
boundary component of level 0, then is is said to be of level 1. For a positive integer n, a 1-basis is said to
be of level n if it is not of level k for each k < n, and it is a boundary of some level n-component. Also, a
2-basis is said to be level 7 if it is not of level k for each k < n, and it has a boundary component of level
(n—1). Since basis is finite, level is well defined.

Lemma2.2.11. The boundary map 0 is injective.

Proof. Suppose that x is a 2-chain such that d(x) = 0. Take a 2-basis ¢ of minimal level k in x. Then, by
definition, dx has level k boundary 1-basis. To eliminate it, there should be 2-basis of level (k—1) in x,
which contradicts minimality of 0. Thus x = 0, which implies that 9 is injective. O

Now recall the definition of the Euler measure e: C; — Z. For a 2-basis o, define its Euler measure as
e(o)=1- i#{boundary components of g} and extend linearly to whole of C,. Let [L] and [L] be 1-chains
obtained from the Lagrangians L and L, respectively and define a set H(L) consisting of 2-chains with
Euler measure 0 whose boundary is a linear combination of [L] and [L].

Definition 2.2.12. An unobstructed loop L is said to be admissible if any nonzero 2-chain in H(L) has both
positive and negative coefficients.

Remark 2.2.13. The regular loops turn out to be a wider class than the admissible loops. Indeed, we can
show with an obvious argument that an admissible loop is always regular, but the converse is false.

Example 2.2.14. Let L be an unobstructed loop. Then there are three components containing puncture,
namely A, B, and C. Suppose that the boundary 6(A),8(B),0(C) have both positive and negative compo-
nents of [L]. Since the boundary operator 0 is injective and A, B, and C are not 2-basis, there are not positive
or negative 2-chain of which boundary is a linear combination of [L] and [L]. Thus L is admissible. This
motivates the following definition.

Definition 2.2.15. An unobstructed loop L is said to be strongly admissible if the boundary of punctured
components A, B, C have both positive and negative components.

From the definition, the proposition below immediately follows.

Lemma 2.2.16. If an unobstructed loop is strongly admissible, then it is admissible.

Let p,g € LnL and by, -+, b, be self intersection points of L, and denote the set of decorated strips
whose vertices are p, by, , by, q by 4 (p, b1, , by, q). Note that an element of .4 (p, by,---, br, q) gives
a 2-chain. By mimicking the proof of Lemma 3.3, Proposition 3.4, and Corollary 3.5 in [ ], we get the
following result.

Lemma 2.2.17. Let n be a positive integer and Z - be the set of nonnegative integers. Then for any infinite
subset S< 7%, there are distinct elements x = (x1,-+-,Xp) and y = (y1,--+, ¥n) Such that x; < y; forall i.

=0’
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Lemma 2.2.18. Let L be an admissible loop and p,q € LNL be intersection points. Let also by,---,b; €
{X,Y, Z} be self intersections of L. Then the moduli space 4 (p, b1, , by, q) is finite.

Corollary 2.2.19. For an admissible loop L, its mirror matrix factorization & L) = (@[L (L), vt (L)) is fi-
nite.

As pointed out in Remark 2.2.13, there are regular loops that are not admissible. To show that the
finiteness still holds for regular loops, by Lemma 2.2.9, it is enough to show that any regular loop can be
obtained from an admissible loop by only some type V™ moves (Lemma 2.2.21). But we also require the
intermediate loops to be regular, for the proof of Lemma 2.2.6. So we first show the following lemma.

Lemma 2.2.20. Let L be a regular loop and L' be a loop obtained from L by type I, II, III, IV and V* moves.
Then L' is also regular.

Proof. As already mentioned above, type I, II and IV moves do not change intersection patters of L with
L, so they do not affect regularity. We restrict to the type V* case, but the proof also works for the type 111
case. Let us prove that if a perturbed Lagrangian is not regular, then so is the original one.

Let L' be a Type V" -move of L as in Figure 2.7a, and let us denote By, B, the bigons with vertices f, g
as in Figure 2.7b. Suppose that L’ is not regular so that there is an immersed cylinder bounded by L’ and
L. There are two cases depending on the direction of the cylinder as in Figure 2.7c and 2.7d. Suppose that
the cylinder is on the left. Then the bigon B is totally contained in the cylinder. Thus, by cutting out B;
and attaching B, to the cylinder, we get another cylinder bounded by L and L. The old and new cylinders
are illustrated in Figure 2.8. Similarly, if the cylinder is on the right, one can obtain a new cylinder by
cutting out B, and attaching B;. Hence we prove that if L’ is non-regular, so is L.

L L’ L I/ L L/ L L
f f f
Y Y
g g g
(a) Perturbation (b) Bigons (c) Cylinder at the left side (d) Cylinder at the right disc
Figure 2.7
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(a) Domain of the cylinder (b) Perturbed domain of the left side cylin- (c) Perturbed domain of the right side

der cylinder

Figure 2.8: Cylinders

O

Lemma 2.2.21. For any regular loop L', there are regular loops L' = LO, LY. L9 = [ satisfying the
following:

L is admissible, and

Fori=1,...,d, the intersection pattern of L' with L is obtained from that of L~V with L by performing a
move of type V'*.

Proof. We show that any regular loop can be deformed into a strongly admissible one by using only type
V* moves, which preserve regularity by Lemma 2.2.20. Choose any puncture, say a and take paths from
ato ¢, and /,. We may take the paths so that they do not go through self intersections of L' and meet
L’ transversally. Then perturb L’ along the path as in Figure 2.9, the component containing a has both
positive and negative boundary component of the Seidel Lagrangian, which implies that the resulting
loop is strongly admissible. This proves the lemma.

D )
~ Y - (O\ A & 0o Y " o Y
Lo e I, I a L A a by iy 17} I
Figure 2.9: Deforming process
O

Now we are ready to give the proof of Lemma 2.2.6.
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Proof of Lemma 2.2.6. Suppose that homotopic unobstructed regular loops Ly, L; are given. In the proof
of Lemma 2.2.21, we may take paths from a puncture to Seidel Lagrangian so that they satisfy intersection
condition for Ly and L; simultaneously. Then Ly and L are deformed to strongly admissible loops Ly and
L1, while maintaining the regularity. Note that two loops Ly and L; are still homotopic to each other (As
in Figure 2.10, we may pretend that the puncture became larger, containing the chosen paths). Moreover,
loops appearing through the homotopy are still strongly admissible, which implies regularity. Thus we
have a sequence of regular loops connecting Ly and L;.

Figure 2.10: Deforming process
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2.3 Loop Data and Arc Data

The homotopy invariance of #L suggests that it is enough for us to consider only one loop in each es-
sential free homotopy class, and only one arc in each homotopy class keeping the end points in the same
boundaries. So we will take some specific representative in each class.

2.3.1 Loop/arc words for immersed Lagrangians
Note that the fundamental group of &2 can be presented as 7 (2?) = («, B,y | afy = 1) with the based loops

a, f and y in &2 shown in Figure 2.11a. Also recall that there is a one-to-one correspondence between the
free homotopy classes and the conjugacy classes in 77 (22).

\ h
I
\ '
\ '
\ '
'
K ]
,

l;—limes
(a) Generators a, f3, y of 1 (2?) (b) Canonical form L(w’,A’, 1) of loops with holonomy

Figure 2.11: Fundamental group and loop data

Definition 2.3.1. A loop word of length 37 is
w' =y, my,n, b, mh, n,..., 1L, m, nl) € 737

(T € Z>1). The associated loop L(w') is illustrated in Figure 2.11b. It visits 3 holes A, B, and C in turn,
winding them around the number of times specified in w'. Namely, it winds hole A I} -times, hole B m/ -
times, hole C n| -times, hole A I, -times, hole B m:,-times, and so on. After finally it winds hole C n', -times, it
returns o the starting point to form a closed loop. Note that its free homotopy class in [S', 2] is

[L (w’)] = [aliﬁm/l'}/n/l aléﬂmé}/né e aléﬁm;r}/n;] .
An arc word w' is an element in one of the sets

{A}x 7371 x (A}, {A}xZ3T 3 x (B}, {A}xZ372x{C},
(B} x 7372 x {A}, {B}xZ3""!'x{B}, {B}xZ%73x{C},
{CYxZ37 3 x {A}, {C}xZ3"2x (B}, {C}xZ1x{C}
(t € Z>1). The associated arc L (w') starts from the hole specified in the first entry of w' and ends at the hole
p ry

specified in the last entry of w'. In between, it sequentially winds holes A, B and C in turn the number of
times specified in the remaining entries of w'. Its homotopy class is denoted as [L(w')]. See Example 1.0.2.

Two looplarc words w' and w/, are regarded as equivalent if [L(w')] = [L(w})].
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We sometimes denote the j-th value of a loop/arc word w' as w} so that

w' = (w}, wh, ws,..., ws,_;,ws,) € Z°" intheloop case, and
w' = (x, wi, wh,..., wh_,,*)€{A,B,C} x Z°* x{A,B,C} in the arc case.

/

Then any tuple (w}, w}_ ;.-

., w)) for some distinct k, [ € Z3; is called a subword in w'.

In the loop case, we regard the index i of l;, m; and n; to be in Z; (hence 3i € Z3;) and the index j
of w;. to be in Z3;. Therefore, for example, (w} _,, w;,, w}) is a subword. We define the 1-shift of a loop

word w’ to be

/

1 i 1o li g I 37
W = (1, my,n),.... 1L,m,, nl, I}, m),n}) €Z

w
and k-shift to be w'® which is obtained from w’ by applying the 1-shift k-times (k € Z).

The following lemma is easy to check.

Lemma 2.3.2. The following operations on a loop/arc word w' do not change the equivalence class of w':

(inserting 0s) insert the subword (0,0,0) somewhere in the middle of w',

(removing 0s) remove a subword (0,0,0) in w' if it exists,

(adding 1s around 0) add (1,1,1) to the subword (w;._l,O, w}ﬂ) in w' where w; =0, and
(subtracting 1s around 1) subtract (1,1,1) from the subword (w}_l, 1, w;.H) in w' where w}. =1,
(shifting) take k-shift of a loop word w' for some k€ Z.

The converse statement is also true, but its proof involves some non-trivial word problem.

Proposition 2.3.3. Two loop/arc words w' and w!, are equivalent if and only if w'!, can be obtained from
w' by performing the above operations finitely many times.

Proof. See | 1. O

Note that several equivalent loop/arc words can represent the same (free) homotopy class. To find a
unique representative in each class, we propose the following normal form of loop/arc words. It turns out
that this also plays an important role in the conversion formula between loop/arc data and band/string
data.

Definition 2.3.4. A loop/arc word w' is said to be normal if it satisfies the following conditions:
any subword of the form (a, 1, b) in w' satisfies a,b <0,

any subword of the form (a,0,b) in w' satisfiesa<-1,b=1ora=1,b<-1ora,b=1,

w' has no subword of the form (0,-1,-1,...,—1,0), and
in the loop case, w' does not consist only of -1, that is, w' # (-1,-1,...,—1).
37
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We say that a loop L is non-essential if it winds around only one of three holes. A loop/arc which is
not freely homotopic to any non-essential loop is called essential. A non-essential loop L can always be
deformed so that it doesn’t meet the reference L at all, which means that &L (L) is stably trivial. Therefore,
non-essential loops will be excluded from our consideration.

According to Definition 2.3.1, non-essential loops are produced by non-essential loop words, which
are by definition equivalent to a loop word of the form (7’,0,0), (0,m',0) or (0,0,n’) for some I',m’,n’ €
Z. Loop/arc words other than these are called essential. Interestingly, the above normality condition
automatically rules out non-essential loop words. Except for those, the normal form up to shifting gives
exactly one representative among equivalent essential loop/arc words.

Proposition 2.3.5. Any normal loop word is essential. Moreover, any essential loop/arc word is equivalent
to a unique normal loop/arc word up to shifting.

Proof. See | 1. O

For an immersed loop L: S! — 2, we define its N-concatenation by the immersed loop
[*N.gl g p2mit,_, L(eZNm't)

A free homotopy class of loops is called periodicifitis represented by an N-concatenation of another loop
for some N € Z>».

For a normal loop word w', we define its N-concatenation (w' )#N as the N repetitions of w'. It is

called periodic if it is N-concatenation of another normal loop word for some N € Z>,. The notion of
concatenation and periodicity for a normal loop word w’ and corresponding loop L(w') (or [L(w')]) is
compatible in an obvious way.

2.3.2 Regularity of L(w') and perturbation in case w' = (2,2,2)""

According to Proposition 2.2.3, the regularity of loop/arc L(w') must be guaranteed to find its mirror
image.

Proposition 2.3.6. For a normal loop/arc word w' other than of the form (2,2,2)*, the corresponding
looplarc L(w') is regular.

In case of w' = (2,2,2)"" for some 7 € Z, the corresponding loop L((2,2,2)*") has the same free ho-
motopy type with L*C7). Then they have the potential to bound an immersed cylinder, which breaks the
regularity of L((2,2,2)*7). To prevent this, we give a very specific perturbed version for this case. We first
define the loop L((2,2,2)) as shown in Figure 2.12. Then we define L((2,2,2)") as the T-concatenation of
it.
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Figure 2.12: Perturbed loop L((2,2,2))

2.3.3 Normal loop/arc words and geodesics
Give &2 a hyperbolic metric on with three cusps. It can be achieved by considering the Poincaré disc as
the universal cover of &2 as shown in Figure 2.13.

From an elementary fact in hyperbolic geometry, we know that there is at most one geodesic in each
(free) homotopy class ofloops/arcs in &2. There is no geodesic that winds around only one cusp, and there
is exactly one for the other classes. That is, geodesics are in one-to-one correspondence with essential
(free) homotopy classes. This provides another nice description of normal loop/arc words.

Proposition 2.3.7. We give & a hyperbolic metric with three cusps. Then there are one-to-one correspon-
dences

{normal loop words} | ~ ifiing £ {closed geodesics in 2}

& {normal arc words} <> {open geodesics in P} .
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2.3.4 Holonomies on loops and canonical form in D" (W Fuk (£2))

As total holonomies on a loop L(w'), we consider only one in each conjugacy class, namely, the u x
Jordan block J, (A') € GL, (k) with eigenvalue A’ € k*.

Definition 2.3.8. (1) A loop datum (w', \', 1) consists of the following:

(normal loop word) w' = (I}, m}, n}, I, my, n),..., I, m,, n}) € %" for somet € Z1,
(holonomy parameter) A’ € k*,

(multiplicity) p € Z»,.

It represents the loop L(w') equipped with a rank p local system whose total holonomy is ], (1), which we
denote as

L(w' A, u).

For a non-periodic normal loop word w', we refer to it as the canonical form of loop-type indecomposable
objects in D™ (W Fuk (2)) .

(2) An arc datum w' consists of only a normal arc word w' € {A, B, C} x 73 * x{A,B,C. We refer to the
corresponding arc

L(w')

as the canonical form of arc-type indecomposable objects in D" (W Fuk (2)).
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2.4 Matrix Factorizations from Lagrangians: Loop-Type and Arc-Type

Now we compute the mirror image of canonical form of loop/arc-type objects in D" (W Fuk(2?)). For a
loop datum (w', ', 1) where

w' = (1, my,n}, L, my,ny,... 1L, m., n.),

the corresponding loop L(w’) has 67 intersections with L. We name even-degree angles from L to L by
pPLq1L T, PGy T € Hom® (L,L) and odd-degree angles from Lto L by s, f1, uy, ..., S¢, b7, Ur € Hom! (L,L)
in the order in L.

I ; -times

Figure 2.14: Elements in Hom (L, L)

Proposition 2.4.1. The matrix factor corresponding to L (w',A', ) is given by

2y =y, o 0 o0 =0T m
y i, xl, -2, 0 . 0 0
—n! -1
0 2L oy~ e 0 0
!
0 0 —(-x"21, aI
L I al u u
O (L(w V1)) =
_ym.’[fllu 0
0 0 0 ey xd -z",
!
=07, o 0 0z, Yl 3rpx3T

where x%, y*, z% are regarded as 0 ifa <0
Theorem 2.4.2. (1) For a non-degenerate loop datum (w',\', i), there is an isomorphism

FHL(W\ A p) = (o(w' A p),y (w4 p)

in MF (xyz), where A is either ' or =\’ depending on w'.

41



In degenerate cases (w' = (2,2,2)"",1' = —1), we have
FHL(2,2,2"7,-L1)) = (Pdeg((2,2,2)"7,1, 1), Waeg ((2,2,2"7,1, 1))
(2) For an arc datum w', there is an isomorphism
FH(L(w) = (o) v(w)).

Inspired by this observation, we propose the canonical form of matrix factorizations of xyz in the
following way.

Definition 2.4.3. (1) For a normal loop word w' € 73" (1 € Z>1), a nonzero scalar A € k*, and a positive
integer |1 € Z>1, we refer to the corresponding matrix factorization

((p(w,)/l’lvl')’UI(wly A«»/J)) or (‘Pdeg((z;z»z)#rylyﬂ)’U/deg((z,zyz)#ry 1!,“))

as the canonical form of loop-type objects in MF (xyz) . The latter is chosen only in degenerate cases (w' =
2,2,2"7, 1=1).

(2) For a normal arc word w' € {A, B, C} x Z37~* x {A, B, C}, we refer to the corresponding matrix factorization

(o (w'), w(w))

as the canonical form of arc-type objects in MF (xyz).
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Chapter 3

Representation of Cohen-Macaulay Modules
over Singularity xyz =0

3.1 Cohen-Macaulay Modules and Eisenbud’s Matrix Factorization Theorem

In this section, we give a gentle introduction to the necessary algebraic notions for geometry minded
readers.

3.1.1 Algebraic preliminaries

Recall that for a local ring (A, m), the inverse system (A/m") gives the completion A= l(iil(A/ m”) together
with the canonical map ¢4 : A — A induced from the canonical projection A — A/m” for each n € Z.
A local ring (A,m) is said to be complete if the canonical map ¢4 is an isomorphism. We are interested
in a complete reduced Noetherian local ring with the residue field C. For example, the power series ring
Cllx1,- -, x,]] and its quotient ring C[[x, -+, x,]]/I, where I is a radical ideal, are complete reduced local
ring with the maximal ideal (xi,---, x;). Note that each of them has the residue field C. Also we recall
some notion of dimension.

Definition 3.1.1. The Krull dimension dimg,(A) of a local ring (A, m) is defined as the maximal length of
chains of prime ideals.

For example, the Krull dimension of C[[x]] is 1 since it has only one non-zero prime ideal (x). More
generally, the Krull dimension of the power series ring C[[x1, -+, x,]] is n. The following example is our
main object.

Example 3.1.2. The Krull dimension of A = C[[x, y,zll/(xyz) is 2. Indeed, suppose thatpy T p1 C --- T pr
be a maximal chain of prime ideals of A. Then, since xyz = 0 in A, one of x,y, and z should be in p.
Without loss of generality, we may assume x € po. Then the chain can be viewed as a chain of prime ideals
of Al (x) = Clly, zll. Hence dimg, (A) = dimg,(Cl[[y, z]]) = 2.

There is also a notion of algebraic dimension, depth.
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Definition 3.1.3. Let (A, m) be a local ring. A sequence of elements (f1,---, f+) is said to be regular if the
following are satisfied.

f1 is neither a unit nor a zero divisor in A.

For each i = 2, f; is neither a unit nor a zero divisor in Al (fi,-+-, fi-1)-
The depth of A is the maximal length of regular sequences of A and is denoted by depth(A).

There is a ring whose Krull dimension and depth are not equal. If the Krull dimension and depth of a
ring are the same, the ring is called a Cohen-Macaulay ring.

Definition 3.1.4. A local ring (A,m) is said to be Cohen-Macaulay if dimg, (A) = depth(A).

Example 3.1.5. Forexample, a sequence (x+y+z,y—=z) inC[[x,y, zll/ (xyz) is regular. Hence depth(A) = 2.
It is known that depth(A) < dimg,(A). Hence depth(A) = 2. Thus the ring Cl[(x, y,zll/(xyz) is Cohen-
Macaulay.

Remark 3.1.6. It is known that a local ring (A, m) with a residue field C is Cohen-Macaulay if and only if
Ext}, (C, A) = 0 for i < depth(A).

Definition 3.1.7. Let A be a local ring with a residue field C. A finitely generated A-module M is said to be
maximal Cohen-Macaulay ifEthq (C,M) =0 fori < depth(A).

For aring A, denote by Mod(A) the category of A-modules. Denote by CM(A) the full subcategory of
Mod(A) whose objects are maximal Cohen-Macaulay modules.

We are interested in the case that A is a non-isolated singularity.

Definition 3.1.8. Let (A,m) be a local ring with a residue field C and p be a prime ideal of A so that
there is an associated local ring A, with a maximal ideal p Ay. The prime ideal p is said to be regular if
dim¢ my/ mg =dimg; Ay. Otherwise, it is said to be singular.

Suppose that in a local ring (A, m), the maximal ideal w is singular. The ring (A, m) is called an isolated
singularity if every non-maximal prime ideal is regular. Otherwise it is called a non-isolated singularity.

Example 3.1.9. The maximal idealm = (x, y,z) of thering A = C[[x, y, zl]/ (xyz) is singular because
dim¢ m/m? = dimc((x, y, z)/(xyz))/((xz, y2, z2, Xy, ¥z, x2)! (xyz)) = dimc(x, y, z)/(xz, yz, z2, Xy,yz,xz) =3,

whiledimg, Ay = dimg, A= 2.

The ideal p = (x, y) is non-maximal prime ideal, but is singular. Indeed,
dime p/p? = dime (x, )/ (x%, xy, y*) = 2,

whiledimg, Ay = 1. Hence the ring C[[x, y, z]1/ (xyz) is non-isolated singularity.
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3.1.2 Matrix Factorization

The Eisenbud’s theorem | ] says that for a hypersurface singularity, maximal Cohen-Macaulay mod-
ules are equivalent to matrix factorizations. In this subsection we recall basic definitions and properties
of matrix factorizations. We refer readers to the book of Yoshino [ ] for more details.

Let S be a regular local ring and W be a nonzero-divisor in S.

Definition 3.1.10. A matrix factorization of W is a Z,-graded free S-module X = X° ® X' with an odd
degree map d : X — X such that d? = Widy. Amorphism from (X, dx) and (Y, dy) is an S-module homo-
morphism from X to Y. A morphism f is decomposed into an odd part f° and an even part f! so that the
set of morphisms Homl\D,[(F; ((X,dx), (Y,dy)) has a natrual Z,-graded S-module structure. A differential d on
the hom module is given by

d(fy=dyof+ =DV fody,

where f is homogeneous of degree | f|.
From the definition, we have three categories for matrix factorization as follows.

* The DG-category MFPY(S, W), whose morphism set is given as Homﬁg((X, dx),(Y,dy)).
e The ordinary category MF(S, W), whose morphism set is given as ZO(Homl\D,[g((X ,dx), (Y, dy))).
e The homotopy category ME(S, W), whose morphism set is given as HO(HomI\D/[g((X ,dx), (Y,dy))).

Remark 3.1.11. Note that any matrix factorization (X,d) is isomorphic to (S" & S" = S}, ® Sgdd,(p :
Seven = SoapV i Sh a4 — Seven) for some n. We will denote this matrix factorization by (¢, ) and n is
called the rank of it . Also note that for two matrix factorizations (¢, v), (¢',w'), a morphism is given by a

pair of matrices (a, B) satisfying Bop =¢@'oa and aoy =y’ o p.

s Ly gn Yy gn sn Ly gn Ly gn
o b L /@/Lﬁy
sy g Wy g n Yy g Py gn

A morphism of matrix factorizations A homotopy between morphisms

Let us consider a quotient ring A = S/ (W). Given a matrix factorization (¢, ), we have an induced
2-periodic acyclic chain complex of A-modules (see section 7.2.2 in [ D.

The cokernel coker ¢ is a Cohen-Macaulay A-module, and it defines a functor
coker : MF(W) — CM(A)

(¢, ¥) — coker g
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Conversely, Theorem 6.1 of | ] states that for any A-module M, its minimal free resolution is even-
tually periodic with periodicity 2. Moreover, the theorem also tells that the minimal free resolution is
2-periodic itself if and only if the module M is maximal Cohen-Macaulay. In this case, the resulting reso-
lution gives rise to a matrix factorization. Thus the functor coker is essentially surjective.

The stable category of Cohen-Macaulay modules is similarly defined as follows.

Definition 3.1.12. For two Cohen-Macaulay A-modules M and N, consider the set I (M, N) of morphisms
f: M — N that passes through a projective A-module P (namely, there are morphismsg : M — P, h: P — N
satisfying f = hog). Then I (M, N) is an ideal of Homcma) (M, N), which allows us to define

HOII’IC—M(A) (M,N) = HOIIICM(A) (M,N) /I(M,N).

The stable category CM(A) of CM(A) is the category whose objects are the same as CM(A) and the hom set
between two objects M, N is given by Homcwm4) (M, N).

Now the theorem of Eisenbud can be stated as follows.

Theorem 3.1.13. (Eisenbud’s matrix factorization theorem [ ]) The induced functor
coker: MF(W) — CM(A)

is an equivalence of categories.

Instead of MF(W), we will work with the following (A.-analogue of) dg-category of matrix factor-
izations, to which A..-functor from the Fukaya category is defined. One can find the definitions of the
Axo-category and functor in the next section.

Definition 3.1.14. The Ay, -category M F (W) has the same set of objects as MF(W), and its Z/2-graded
hom space is defined as

Hom 45w (¢ y'), (0,w)) := Homypy, (0, w), (¢ v))

with A -operationsmy (k=1,2,...):
my ((a,B))=Df=dof—(D)fod, my(fi,f):=D)"fiof

and my =0 for k # 1,2. Here, a morphism defined in Definition 3.1.10 is of even degree and odd degree
morphism is defined in a similar way but with a condition ap, =y, and v = pra.
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3.2 Burban-Drozd Triple Category

In this section, we recall the work of Burban and Drozd from [ ] on the classification of maximal
Cohen-Macaulay modules over degenerate cusps. They introduced the notions of bunch of decorated
chains, their category of representations rep(X 4) and another equivalent category Tri(A). They showed
that locally free maximal Cohen-Macaulay modules for xyz are classified by a band data, which in turn
produces an element of rep(X 4) or Tri(A).

3.2.1 The category Tri(A)
Let Abe aring. Then the set of all non zero-divisors S becomes a multiplicative set. The localization of A
with respect to S, which is denoted by Q(A), is called the total ring of A.

Definition 3.2.1. Let A be a ring and Q(A) be the total ring of A. The normalization of A is the integral
closure of A in Q(A). Let R be the normalization of A. The conductor ideal of R is defined as

ann(R/A)={re R:rRc A}.

From now on, let (A,m) be a reduced complete Cohen-Macaulay ring of Krull dimension two which is
non-isolated singularity. Also, we denote by A, R the quotient ring A/I and R/I, where I is the conductor
ideal of the normalization R of A.

Example 3.2.2. Thering A=Cl[x,y,z]]/ (xyz) is a reduced complete Cohen-Macaulay ring of Krull dimen-
sion two. Let R be a product ring C[[x1, y11] x Cl[y2, 2211 x Cllzs, x3]] and consider an embeddingi: A — R
which is given by 1(x) = x1 + x3,L(y) = y1 + ¥2,4(2) = 22 + z3. Then R is integral over 1(A). For example, x, is
a root of a monic polynomial t? — (x; + x3)t = 0, where x1 + X3 = 1(x) € 1(A). Since each component of R is
integrally closed, R is a normalization of A.

The conductor ideal I is, as an A-module, (xy,yz, xz). As an R-module, it is given by (x1y1, y222, X323).
Therefore, A= All = C[[x,y,z]]/ (xyz) and Q(A) = C((x)) x C(()) x C((2)). Similarly, we have

Q(R) = C((x1) x C((x3)) x C((y1)) x C((y2) x C((22)) x C((23)).
We recall the category Tri(A) introduced in [ ] which is equivalent to CM(A).
Definition 3.2.3. An object of Tri(A) is a triple (M, V,0) consisting of the following data.
» A maximal Cohen-Macaulay R-module M.
* A finitely generated Q(A)-module V.
* A surjective Q(E) -module homomorphism

0:QR) ®,+ V— QR &M

Q(A)
such that the following induced Q(A)-module homomorphism is injective:

V-Q® &, VLR er

Q@A)
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A morphism between two triples (M, V,0) and (M',V',0") is a pair of morphisms (¢ : M — M’y :V — V')
with a suitable commutative diagram.

Example 3.2.4. The category Tri(A) for A = Cl[x, y,z]1/(xyz) is computed as follows. It is known that any
maximal Cohen-Macaulay R-module M is of the form C[[x1, y111% x Cl[y2, zz]]b x Cl[z3, x3]1¢ for some non-
negative integers a, b, c and a finitely generated Q(A) -moduleV is of the form C(x))4xC((y)e xC((2)] for
nonnegative integers d, e, f. Thus the morphism 0 : Q(R) ® 0@ V — Q(R) ®r M is written as

0 :C((x1)? x C((a3)? x C(11))° x C(12))° x C((22))! x C((23))]

—C((x1))% x C((x3))° x C(1))* x C(¥2))” x C((22))” x C((23))°.

This morphism is the direct sum of six morphisms

07 :C((x1)) = C(x1))%, 65 :Cl(x3)9 — C((x3))°
0] :C((y1)) = C((1)% 0y :C(y2))° — C(y2))"
0% :C((z2) = Cl(z2)?, 6%:C((z3)) — C(zs)".

Hence the morphism 6 can be identified with a collection of six matrices 07, G)g, @{ , @g , G)g, and ®§ over a
field C((1)) satisfying the following conditions :

* each matrices ©7, @g, @{ , G)%/ ,05 and ©% have full row-rank.
ox\ (oY 0?
* induced matrices (@916) , (G},) and (®§) have full column-rank.
3 3 3

These data may be illustrated as in the diagram below.
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0y 0%
o] (¥4
0] 03
oy ———— > o2
y o

3.2.2 Categorical equivalence between CM(A) and Tri(A)

In this subsection, we recall a construction of a functor from the category CM(A) to Tri(A) introduced in
[ 1, which gives a categorical equivalence.

The first step is the Macaulayfication. This is a functor (=)' from A-mod to CM(A). The following
definition is borrowed from [ 1.
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Proposition 3.2.5. [ ] For a Noetherian local Cohen-Macaulay ring A the following hold.

. Thereis a unique, up to isomorphism, A-module K 4 called the canonical module such that

0 ifi # dimg, (A)

Ext!,(C,K4) =
AT A {Cifi:dimKr(A)

. For any finitely generated module M, the module M .= Hom AMHom 4 (M, K4),K4) is a maximal Cohen-
Macaulay module over A and M is called the Macaulayfication of M. This gives a functor from A-mod to
CM(A)

The functor (—)' is left adjoint to the forgetful functor from CM(A) to A-mod. More precisely, for
any finitely generated A-module M and any maximal Cohen-Macaulay A-module N, we have a natural
isomorphism

Hom 5_mod (M, N) = Homepa) (M', N).

Under the situation of 3.2.1, we have two natural functors

* CM(A) — CM(R), sending a maximal Cohen-Macaulay module M over A to the Macaulayfication
RN, M= (Re, M.

e CM(A) — Q(A) —mod, sending M to the tensor product Q(A) ® 4 M.

Then there is a natural Q(E) -module homomorphism
Orm: QR @z (Q(A) @4 M) = Q(R) 8 (R®4 M) — Q(R) @ (R84 M)'.

We get a triple (RX 4 M, Q(Z) ® 4 M, 0,r). The next result shows that this is an object of Tri(A).
Lemma 3.2.6. | , Lemma 3.2] The morphism 0 is surjective. Moreover, the following canonical mor-
phism of Q(A)-modules is injective:
~ [— J— 0 J—
Op:QA) @A M — Q(R)®4 M —- Q(R) ®g (RX4 M)
Since the construction is natural to the module M, it defines a functor F : CM(A) — Tri(A). The main
result in Section 3 of [ ] is that this functor is an equivalence of categories.

Theorem 3.2.7. [ , Theorem 3.5] The functor F : CM(A) — Tri(A), which sends a maximal Cohen-
Macaulay module M to a triple (R4 M, Q(A) ® 4 M, 0)y), is an equivalence of categories.

Now recall two full subcategories CM¥(A) of CM(A) and Triff(A) of Tri(A).

Definition 3.2.8. A maximal Cohen-Macaulay A-module M is said to be locally free on the punctured
spectrum if the localization M, is a free A,-module for any non-maximal prime ideal p. We denote by
CMI(A) the full subcategory of CM(A) consisting of such A-modules.

We abbreviate it as locally free from now on. Similarly, an object (M, V,0) in Tri(A) is locally free if
the morphism 6 is an isomorphism. It is shown in Theorem 3.9 [ | that the functor F induces an
equivalence between full subcategories of locally free objects between CM'f(A) and Tri'f(A).

49



3.2.3 Burban & Drozd’s classification

We have mentioned that for aring A = C[[x, y, z]1/(xyz), an object of Tri(A) is determined by the 6 matrices
(@%@f{,@{ ,@g ,03,0%) in Example 3.2.4. By Theorem 3.2.7, maximal Cohen-Macaulay A-modules are
equivalent to this collection of matrices. In particular, locally free maximal Cohen-Macaulay A-modules
are determined by six nonsingular square matrices. By choosing appropriate basis for each C((¢))-vector
spaces, one can transform these matrices into a canonical form, which is given as follows.

Definition 3.2.9. Aband data consists of

positive integers T and [,
a nonzero complex number L € C*,

a collection of positive integers w = ((ay, b1, ¢1,d1, e1, f2),(az, by, c2,do, €2, f3), -+, (ar, by, ¢y, dr, ez, f1)) such
that min(f;, a;) = min(b;, ¢;) = min(d;,e;) =1 forall i.

Given band data (1, A, 1, w), define the corresponding canonical form as follows.

Let I, be ther x r identity matrix and J (1) be the Jordan block of size r x r with the eigenvalue .

Consider the following diagonal matrices

Api= U1, By = tP 1, Cy = 191, Dy = t9 1, By 1= t% 1, Fr =tV 1, H =t/ ], (A).

Then define the following matrices

@iC = diag(Al)AZ’ e ’A‘[)’ G)i} = diag(BlyB?_’ e ’BT)’ G%} = diag(cly CZr e ’C‘L')r
95 = diag(DlyDZ)"' )D‘[)) ®§ = diag(ElyEZ»"' )E‘r))

and a block matrix © := T .o
o o0 o0 - F
H 0 0 . 0

The maximal Cohen-Macaulay A-module corresponding to a band data is described explicitly in Def-
inition 3.4.4.

We are interested in indecomposable maximal Cohen-Macaulay modules. They correspond to a spe-
cial class of band data, called non-periodic band data.

Definition 3.2.10. Let (1,1, 4, w) be a band data. It is said to be periodic if there is some 1 < r <1 such that
(ai, bi, ci,di,ei, fi+1) = (@i+r, Ditr, Cixr, disr, €ivr, fixr+1) foreach 1 < i < T, where indices are considered as
an element of Z+.
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Theorem 3.2.11. [ , Theorem 8.2] Let A be a ring C[[x, y,zll1/(xyz). There is a one to one correspon-
dence between the set of isomorphism classes of indecomposable objects of Tril(A) and the set of non-
periodic band data.

Corollary 3.2.12. Locally free maximal Cohen-Macaulay modules over Cl[x, y, z]]/(xyz) are classified by
band data.
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3.3 Generator diagram and Macaulayfication

Burban-Drozd classified maximal Cohen-Macaulay A-modules for A= C[[x, y, z]]/ (xyz) by the band data
in Theorem 3.2.11. In fact, a given band data produces an A-module M which may not be maximal
Cohen-Macaulay, but it is known that any Noetherian A-module M can be extended to a maximal Cohen-
Macaulay module M that s called Macaulayfication of M. Once we obtain the maximal Cohen-Macaulay
module, we can apply the Eisenbud’s theorem to obtain the corresponding matrix factorizations.

Therefore, we need to carry out Macaulayfication of A-modules corresponding to band data, which
turns out to be quite subtle process. In this section, we introduce a combinatorial method to carry out
Macaulayfication for all A-modules in the list of Burban-Drozd. Namely we will introduce what we call a
generator diagram and explain how to perform Macaulayfication using such a diagram. In this section,
we give a gentle introduction to this method by explaining the rank 1 (7 = 1) cases in the list. Higher rank
cases are considerably more complicated, and will be discussed in Section 3.6.

3.3.1 Macaulayfication and Macaulayfying Elements

Recall from Section 3.2.2 that Macaulayfication of M is defined as M := Hom s (Hom 4 (M, K4), K4) for the
canonical module K. It is more convenient to find its Macaulayfication using Macaulayfying elements.

Definition 3.3.1. For an A-submodule M of a free A-module A", if there is an element F € A"\ M such that
xF, yF, zF € M, we call it a Macaulayfying element of M in A”.

Proposition 3.3.2. For an A-submodule M of a free A-module A", the following hold:

. M is maximal Cohen-Macaulay if and only if there is no Macaulayfying element of M in A”. We have
M' = M in this case.

. M = (N, F)", holds for any Macaulayfying element F of M in A .

Proof. (1) Recall from Corollary 2.23 of [ | that M is maximal Cohen-Macaulay if and only if 1}, (M) =
0 for i = 0,1, where m = (x, y, z) is the maximal ideal of A. By the long exact sequence

0 = Hp, (M) = Hp, (A7) — Hip, (A7/M) = Hip,y (M) = Hipy (A7) = -
and the fact that A” is maximal Cohen-Macaulay, it is also equivalent to say that
H{Om} (A" /M)={[Fle A" /M |m'[F]=0forsome t€Z>;}

is trivial, which proves the first part. See Theorem 2.18 of [ ] for the second statement.

(2) See Lemma 1.5 of | 1. O

We will compute the Macaulayfication of an A-submodule M of a free A-module A’ by finding all
Macaulayfying elements of M in A”.
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3.3.2 Generator Diagram and Macaulayfying Elements

Here we illustrate a method to find Macaulayfying elements of an A-submodule of A! (which is also an
ideal of A). For this, we arrange the monomials in A in a lattice form as in Figure 3.1, called the lattice
diagram for A.

i T 8
: T _ 23\ T
: T 22 1 y2® H
'e N
T /ZSIZ T 5 ZQ\ T yQZ‘%\J T
2287 227 1 y22 1 ysas
' o ~N ~
(IS B B B
«
/221,3 1 2T T yz % 1 y3~2\
«

T /mQ ! ./ ! ~ sz\ P
/ws ! S Y ~ ! ygz\
. T 1’2 2y yQ T .
g N LN G Ny
z 7y zy Y
« ~ 3 « \2 2/ " 3/ ~N
7y T4y zy
e ~N 3 2/ ~N 5 3/ ~N
Ty 7Y
's ~N 3 3¢ =g
o’ Yy e
. / \l

Figure 3.1: Lattice diagram for A= C[[x, y,z]]/ (xyz)

The colored arrows represent relations between them as elements of an A-module. Namely, the red,
green and blue arrows indicate how each element changes when it is multiplied by x, y and z, respectively.
If there is no corresponding arrow, this means that the element becomes zero.

Now, let us explain how to find the Macaulayfication of the following A-submodule M of A! generated
by three elements as an example.

M= (zx2 + xzy, xy2 +y2z, yz2 +z2x)A.

We can express M on the lattice by denoting its A-generators, which is described in Figure 3.2.(a). We call
it a generator diagram of M.

In Figure 3.2, each A-generator is marked with two (light green) circles with an edge between them.
Note that from these three generators, it is not hard to describe the module M as a C-vector space: Just
multiply x, y or z to the generators repeatedly, which corresponds to moving the two circles (connected
with an edge) along the red, green and blue arrows. A pair of circles may become one or disappear in this
process, if the corresponding element after multiplication lies in the ideal (xyz). Thus, we may draw the
generators only to describe M.

Let us show that F := xy + yz + zx € A is an Macaulayfying element of M. The element F is specified
in the right side of the picture by the three yellow circles and edges. Clearly F is not in M. We can easily
read from the diagram that x- F, y - F, z- F becomes three generators zx> + x>y, xy? + y*z, yz> + z2>x of M
(by moving these circles and edges in three directions). This means that F is a Macaulayfying element of
Min A'.
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Figure 3.2: Generator diagram in the degenerate case

We add F to M to obtain (M, F) 4 = (F)4 as original generators are all generated by F. It is easy to
check that there are no more Macaulayfying elements of (F) 4. Therefore, Proposition 3.3.2 implies that
Mt = (M, F); = (F):(4 = (F) 4. Furthermore, it turns out that the map A — (F) 4, a — aF is an A-module
isomorphism, which forces M = A as A-modules.

3.3.3 Matrix Factorizations

Let us describe the Macaulayfication and the corresponding matrix factorization of the following A-modules:
Definition 3.3.3. Rank 1 (modified) band data is given by l, m,n€ Z and A € C*, denoted as

((,m,n), A1)
We define the corresponding A-module as

W (L, m,m), A, 1) = (292, Y222, 2242, Azxl 2 4 <12y, xym++2 by 2 yzn++2 +2" 2,
where a®,a” (satisfyinga = a* — a”) for a € Z are defined as
a’:=max{0,a} and a :=max{0,—a}

We denote its Macaulayfication by

M((I,m,n),A,1) = M((I,m,n),A,1)"

Remark 3.3.4. A general definition of modified band data, and its corresponding module will be given in
Section 3.4.1. It is called modified as we replace sextuple (ay, b1, c1,d1, e1, f1) of the band data in Definition
3.2.9 by the triple (I, m, n).
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Now we compute the explicit Macaulayfication M ((l, m, n), A, 1) using the generator diagram. It turns
out that we need to split into multiple cases according to the signs of [, m and n. We discuss each case
separately and also find the corresponding matrix factorization as well.

Case 1: /[=m=n=0and A = 1. This is the "degenerate" case. The other cases will be called non-
degenerate. This is the module that appeared in the previous subsection.

M ((0,0,0),1,1) = (zx? + chy,xy2 + yzz,yz2 + zzx)j:1 ={(xy+yz+zx),= A
It gives a trivial matrix factorization (xyz)-1=1-(xyz) = xyz where we have coker (xyz) = coker(0) = A

as A-modules.

Case 2: [,m, n =0 and nondegenerate.

Wehave [t =1, m*=m,nt =nand " =m™ =n" =0and hence
M((L,m,n), A1) = Azx"*2 + X2y, xy™ 2 + 22, y2" 2 + 2°x) .

The corresponding generator diagram is shown in Figure 3.3a. Note that there are no Macaulayfying
elements of M ((I, m,n),A,1) in A and therefore it is already maximal Cohen-Macaulay. That is,

M((I,m,n), A1) = (Azx""2 + X2y, xy™ 2 + Y22, y2" 2 + 2%x) .

We find a matrix factorization arising from this module. Denoting G := Azx'*? + x?y, G, := xy™ 2 +
y?z and Gs := yz"*? + z?x, then with the help of the generator diagram, we can find following 3 relations
(over A) among them:

ZG1 —/1)6”1 G3 =0
_ym+1 G + x Gy =0
—Z”+1G2+ yG3=0

From this we get matrix factors (over C[[x, y, z]])

z _ym+1 0 xy J/m+2 ym+lzn+1
-1
@= 0 X —z"1| and = (I_Axlymzn) Az I+ yz ZN+2
—Axitl 0 y Ax!+2 /lxlﬂymﬂ zX

of xyz which satisfy ¢w = ¢ = xyzI3. Here we computed v using the matrix adjoint adj¢ of ¢ which
satisfies the relation ¢ -adjp = adj¢ - ¢ = (dety) Is.

Then we have
cokerp = M ((I,m,n),A,1)

as A-modules. Indeed we will prove this rigorously in Theorem 3.6.1 in a more general situation.

Case3: />0, m<0andn<0.

We have

-n+2

M((I,m,n),A,1) = (2°x%, Azx! P2 + X2y, xy? + y "2 2, y22 + 272 x) .
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and the generator diagram given in Figure 3.3b. It is enough to add one Macaulayfying element Azx'*! +

xy+ y‘m“z of M ((I,m,n),A,1)in A!, which is marked in the picture by yellow circles and edges among
them:
n+2

M((I,m,n),A,1) = Azx"™ + xy+y ™z, 22 + 272, zzx2>A

where the order of the generators have been adjusted to obtain some desired form of matrix factorization.
Note also that if / = 1 or n = 0, the third generator is redundant. But we do not exclude it to consistently
get a 3 x 3 matrix in any cases below.

We can find relations among the above generators as before which gives the matrix factors

z 0 0 Xy 0 0
p=| -y ™ x 0| and y= y~mrl yz 0
“AxITt oz oy y Mz 4 Ax! 2 zx

of xyz satisfying cokerg = M ((I,m,n),A,1) as A-modules. Also, when [ >0, m <0 and »n > 0, one can
compute its Macaulayfication in a similar way.

Case4: />0, m=0and n<0.

The module and the generator diagram are given respectively by
M((1,0,m),4,1) = (22x?, Azx"*2 + ¥y, xy? + y? 2, y2* + 27" 2x) 4.

and Figure 3.3c. Here we have a Macaulayfying element Azx'*! + xy + yz + 2z "*'x of M ((1,0,n),A,1) in
A! and no more, which implies

M((1,0,m),1,1) = (Azx' ™1 + xy+yz+z "y, yzt + 27"y, zzxz)A.

This gives the matrix factors of xyz as

z 0 0 Xy 0 0
p=| -1 x 0| and w= y yz 0
“AxITV —zm oy 7+ Axt oz zx

satisfying coker @ = M ((1,0,n), A,1) as A-modules.
The other cases:

e The case [, m, n < 0 and nondegenerate can be treated in the same way as in Case 2.

* When the word (I, m, n) contains two nonzero elements with different signs, it is further subdivided.
In the case (0, —, +) and (-, +,0), there appears + — 0 — — in cyclic order. These cases are equivalent
to Case 4 (for (+,0,-)) if we change the order of x, y and z cyclically (and the auxiliary parameter
A should be handled appropriately), and we may rotate the corresponding generator diagram ac-
cordingly.

¢ In the remaining cases, the word has a subword of the form + — — in cyclic order. In those cases,
we can cycle the order of x, y and z and make some modifications to proceed as in Case 3.
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3.3.4 Correction number and a uniform expression of matrix factorizations

Let us define the notion of ‘correction number’ which enables us to write matrix factorizations in the
above multiple cases into a single formula. This correction number turns out to be the data needed for
mirror symmetry correspondence as well.

Definition 3.3.5. Define the correction number € of the band word (I, m, n) by
2 if Lmn=0,

[>0,m>0,n<0 or
1 if {1>0,m<0,n>0or

l<0,m>0,n>0,
e=¢e(l,m,n): =+
[>0,m=<0,n<0,(m,n) #(0,0) or

0 if I<0,m>0,n<0, (nl1)#(0,0) or
I<0,m=<0,n>0,(l,m)#(0,0),

-1 if I,m,n<0, (I,m,n)+#(0,0,0)

Proposition 3.3.6. We add the correction number to define a new triple (I',m', n') from (I, m, n);
(I',m',n') = (I, m,n) + (el m,n),e(l,m, n),e(l, m, n)).
Then, for each non-degenerate modified band datum ((I, m, n), A, 1), the Cohen-Macaulay module
M((I,m,n),A,1)

is equivalent to the following matrix factorization (@,vy) over C[[x, y, z]] under Eisenbud’s theorem.

2 _ym-l -1yl
y
! !
p:=| -y ™ x —z"-1 and
! !
—/lxl -1 _zn y
! ! ! ! ! !
Xy ym +/1—1Z—n x—l )L_lx_l +1 +ym —lzn -1
—_ — ! I_ I_ ! — 7 _ !
yi=u! y’”+}+)l,z"’ 1x{ 1 23 , 2"+ A lym
Axl 4y~ zn Z7MH g Axt Tyl zXx

where
! ! ’ ! ! !
wi= 1 Axl=2ym' =22 j-lyl'=lymmi=1,on'-1

Here, we are using a non-standard notation that x%, y* or z% is considered as zero if a < 0.

Namely, we have
p-y=v-p=xyz-I3, cokero=M((l,m,n),A,1) asA-modules

Definition 3.3.7. The matrix ¢ is called the canonical form of matrix factors arising from the band datum
((I,m,n),A,1) and denoteitby ¢ ((I',m', 1), A,1).

These definitions and propositions will be generalized into the higher rank case in Section 3.6 and the
rigorous proof will be given there.
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3.4 Band Data and String Data

To discuss higher length cases, we study some properties of loop data in this section. We will also intro-
duce a slightly modified version of the band data of Burban-Drozd [ ] to compare it with the loop
data.

3.4.1 Modified band datum

Let us denote the band datum of Burban-Drozd by (wgp, A, 1) (see (22)). Let us define a modified version
of band datum.

Definition 3.4.1. Amodified band datum (w, A, 1) consists of the following:

(band word) w = (I}, my, ny, lo, Mo, na, ..., Iy, Mg, ny) € Z37 forsomet € Z5,
(eigenvalue) 1 € C*,

(multiplicity) pe Z»,.

Thelength of the band word w or the band datum (w, A, u) is defined as 37, and the rank of the band datum
(w, A, ) is defined as T 1.

It is easy to see that two notions of band datum are equivalent.

Lemma 3.4.2. Modified band word w can be obtained from wgp by recoding the differences l; := f; —
a;,m; = b;—c;, n;:=d;—e; fori € Z;. Conversely, we can recover wgp from w by setting f; := max{0, [;} +1,
a; :=max{0,—1I;}+1, b; := max{0, m;}+1, ¢; := max{0,—m;}+1, d; := max{0, n;}+1 and e; := max{0,—n;}+1
foriez,.

Since the word w (resp. wgp) isin 737 (resp. 7%7) and it is easy to tell whether band datum is a modified
version or not. Therefore, we will call the modified band datum (w, A, ), simply as a band datum.

The notions of shift, subword, periodicity, period and concatenation of a band word can be defined
similarly following those of a normal loop word. Then two band words w and w. are considered equiv-
alent if they are the same as cyclic words, that is, w, = w® for some k € Z. Note that the periodicity
and the period of a band word are invariant under this equivalence relation. Two band data (w, A, 4) and
(wx, A+, W) are said to be equivalent if w and w, are equivalent as band words, A = A, and p = ..

Definition 3.4.3. Given a band datum (w, A, ) as above, define T (w, A, ) to be the following quiver repre-
sentation:
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0, 0
0 0 ey,

IF+1
cpym L ° © 2 e

0
T,

CU™ CU™

my+1
[zl Iy
0
0 T,

where I, is the u x u identity matrix and J,(A) is the u x u Jordan block with the eigenvalue A.

C(™ C()™

m7 +1
Mt 0

This generalizes the quiver in Example 3.2.4. This T(w, A, y) represents an object in the category
Tri(A), which is equivalent to the category of maximal Cohen-Macaulay modules (Theorem 3.2.7). We
describe the module corresponding to T'(w, A, 1) from | 1.

Definition 3.4.4. Given a band datum (w, A, 1) as above, define M(w, A, W) to be the A-submodule of A™"
generated by all columns of the following 6 matrices of size Ty x T:

xll_+2y1u le2++2[/.1 0
0 xk*t2y1 . :
YLy, YPRiLy, Z2xPILy, e (wA )= . ' Vi o ,
. . ° +
- ' S
+ +
zx1 4 (A) 0 e XTI —
(xymf+2+ym1‘+zz) I,u 0 0
0 (xym;'+2+ym2_+22) I“ 0
my (w, A, ) = ' . . _ ,
0 0 o (xym;'+2 +ymr_+2Z) I}t
TUXT
(yznf+2 +Zn1‘+2x) Iﬂ 0 0
0 (yz”5+2+z”2_+2x) Iy - 0
g (w, A, p) =
0 0 (yz”r++2+z”?+2x) I,
TUXTU

Then we define M (w, A, 1) to be the Macaulayfication M(w, A, 1)t of M(w, A, ).
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This generalizes the rank 1 case given in Definition 3.3.3. Now we can state one of the main results in
[ ] which establishes the relationship between band data and modules.

Theorem 3.4.3. For a non-periodic band datum (w, A, 1), the module M(w, A, ) is an indecomposable
maximal Cohen-Macaulay module over A. Furthermore, it is locally free of rank Ty on the punctured spec-
trum where the length of w is 37.

2. Any indecomposable maximal Cohen-Macaulay module over A which is locally free on the punctured spec-
trum is isomorphic to M (w, A, 1) for some non-periodic band datum (w, A, 1).

3. For two band data (w, A, 1) and (w«, A, U+), the corresponding modules M (w, A, u) and M(w+, A+, l4+) are
isomorphic if and only if (w, A, 1) and (w., A+, 1.) are equivalent.
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3.5 Conversion Formula between Loop/Arc Data and Band/String Data

Definition 3.5.1 (Conversion from band data to loop data). Pick a band datum (w, A, 1), with
w = (W1, Wa, W3, Wy, W5, W, ..., Wag—3, Wy 1, W3r) € Z°7.

We define the sign word 6 = 6(w) € {0, 1337, the correction word € = £(w) € {—1,0,1,2}37 of w and the loop
word w' € 737 converted from w below, where we regard the index j of w j»0j,€jand w;. to bein Z3;. First,
each entry of the sign word 6 = 6 (w) is defined as

0 if (wj<O0,or

w; = 0 and at least one of the first non-zero entries adjacent to the

0j:= string of Os containing w; (exists and) is negative,

1 otherwise.
Next, each entry of the correction word € = €(w) is defined as
Ej :=—1+5]‘_1+5]‘+5]‘+1.

Then each entry of the converted loop word w' is defined as

W= wj+e;
and the conversion from the band datum to the loop datum is given by

(W — W' =w+e), V' = (D" 4TY =)

wherel; = wsi_» fori € Z;.

Lemma 3.5.2. For a band word w € Z3% and its sign word 6 = 6 (w) € {0, 137, assume wy=-=w;=0 for
somek, l € Z3;. Then

. O0p_1=0111=1impliesdéy=---=08;=1,and
. eitherd_1=00rd;,1 =0 impliesd=---=06;=0.
Proof. Itis obvious from the definition of the sign word. O

Proposition 3.5.3. The loop word w' converted from a band word w is always normal.

Proof. Let w be any band word, € = £(w) the correction word of w, and w' = w + £(w) the converted loop
word. We will show that w’ satisfies all of 4 conditions to be normal in order.

* Condition 1 Assume that w} = 1 for some j € Z3;. As ¢; takes its value in one of -1, 0, 1 and 2, the

possible combination of w; and ¢; are (wj,sj) =(2,-1), (1,0), (0,1) and (-1,2). But the first one is
impossible as w; =2 means 6 ; = 1 so that £; > 0. The last one is also ruled out as w; = —1yields §; =0
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so that £; < 1. In the third case, in order for £; = 1 to be hold, only one of 61, §; and 61 is 0. But
this cannot hold under w; = 0 according to Lemma 4.1.2.

Thus only the second combination remains. In this case, in order to hold w =1 and € j =0, we must
have §; =1and 61 = 6;+1 = 0. Then we have w;_; <0. If §;_» = 0, we have £;_; = 0 and hence
w}_l < 0. Otherwise, if 6;_» = 1, we have £;_; =1 and w;_; < —1 by Lemma 4.1.2.(1) which gives
< 0 also holds.

w};l < 0. Therefore, w}71 < 0 holds in any case and similarly we conclude that w;. =

This establishes the first normality condition of w’'.

e Condition 2 Assume that w} =0 for some j € Z3;. The possible combination of w; and ¢; are
(wj; E]) = (]-v _1)7 (0) 0); (_1) _]-) and (_2) _2)

As before, one can easily exclude the first and the last cases.

In the second case, because £; =0, onlyone of §;_1, 6 and § ;11 is 1. As w; = 0, it follows from Lemma
4.1.2.(2) that one of 6 and 641 is 1. Hence, we can assume without loss of generality that ;1 =1
and 6; =641 = 0. Then we must have w;_; = 1 by Lemma 4.1.2.(2) and £;_; = 0 and hence w}_l >1.
Also, we have w;;; <0and €;,1 <0. If wj < -1, we get w; < —1. Otherwise, if w;;; = 0, Lemma

1=
4.1.2.(1) gives 6j+2 =0so that€j,; = -1 and w}H < —1 follow. Consequently, we have w}_l > 1 and
w} .1 =—1.If8 ;41 = 1, by symmetry, we get w;._l <-land w;. .1 2 1, establishing the second normality

condition of w'.

In the third case, e; =1and §; =0yield ;-1 =641 = 1. Then Lemma 4.1.2.(2) gives w;_1, wj;1 = 1.

Since €1, €j+1 = 0, we have w;._l, w}. +1 = 1, establishing again the second normality condition of w'.
* Condition 3 Assume there are integers k, [ € Z3; suchthat [ # k+1land w) =0, w , == w,  =-1,

w; = 0. By discussion in the previous case, we have wy = w; =0and 631 =0;4,1=1,6,=06;=0. It

can be easily checked that w},, =--- = w;_, = —1 implies 0441 = --- = §;-; = 0, yielding g1 =+ =
€1-1 = —1 and that wy;; = --- = w;—; = 0. Putting these together would contradict Lemma 4.1.2(1).
Therefore, we conclude that there is no subword of the form (0, —1,-1,...,—1,0) in w’, establishing the

third normality condition of w'.

* Condition 4 Assume w', = —1 for all j € Z3;. It can be easily checked that §; = 0 for all j, yielding
€j = —1 and w; = 0. But then by definition we have 6; = 1 for any such j, which is a contradiction.
Therefore, w' does not consist only of —1, establishing the last normality condition of w'.

Next we define the inverse of the above conversion formula.

Definition 3.5.4 (Conversion from normal loop data to band data). Pick a normal loop datum (w', A, ),
with
w' = (W), wh, Wy, Wy, Wh, W, ..., Wy, o, Wy _1, W) € 2.
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We define the sign word 8’ = §'(w') € {0,1}%7, the correction word €' = £/ (w') € {~1,0,1,2}3" of w' and the
band word w € Z%° converted from w' below, where we regard the index j ofw}, s}, 8’]. and w; to be in Z3;.
First, each entry of the sign word 6' = 6'(w') is defined as

N !
5. e 0 if w; <0
J 1 if w;.>0.
Next, each entry of the correction word €' = €' (w') is defined as
I / / /
€;:==1+6, 1 +6;+06;,,.

Then each entry of the converted loop word w is defined as

-
w]—wj 8]

and the conversion from the normal loop datum to the band datum is given by
W A, @)= (w=w - W) A= =D+ TY p=p
wherel; = wsi_» forie Z;.

Example 3.5.5. Consider a band datum (w, A, 1) whose band word w is given as below.

w =(6,0,2,-1,0,-3,0,0,5,0,-2,1,-1,3,4)

S(w=6w)=(1,1,1,0,0,0,0,0,1,0,0,1,0,1,1)

ew=¢w)=(2,2,1,0,-1,-1,-1,0,0,0,0,0,1,1,2)

w' =(8,2,3,-1,-1,-4,-1,0,5,0,-2,1,0,4,6)

We computed the sign word &(w), the correction word €(w) of w and the loop word w' = w + €(w)
converted from w. Note that w' is presented in the normal form. Then we computed the sign word §' (w'),
the correction word €' (w') of w'.

We underlined the spots of w in blue or red, respectively, according to whether the value of 6 on them
is 1 or 0. Likewise, the spots of w' are underlined according to the value of §'. Observe that both w and w'
have the same underline pattern, implying §' (w') = 6(w) and hence ¢’ (w') = e(w). Therefore, the band
word w' — €' (w') converted from w' is the same as the original band word w.

The parameter A and the holonomy parameter A' in this case are related by A' = (—1)67110+0-1+53 — _3

Proposition 3.5.6. The conversion from the band datum to the loop datum and the conversion from the
normal loop datum to the band datum are the inverses of each other.

Proof. Let (w, A, 1) be a band datum and

(W' = w+e), X' = (-1, )
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the converted loop datum, where [; = ws;_, for i € Z;. Then let
(w// —w —¢ (w/) AT = (_l)l{’+~-+l;’+rar"u _ /J/)

be the band datum converted from (w', ', u), where [ = wy, , for i € Z;. In order to show (w",A", u) =

(w, A, u), we notice that it is enough to show w” = w, which is also equivalent to ¢(w) = €' (w’). By the
construction of w and w’, therefore, we only need to show that §(w) = §’(w'). Denoting § = §(w) and
6'=6"(w'), we can prove §; = 6’]. for each j € Z3; as follows.

*Casel wj=<-1

In this case, we have §; = 0 and hence ¢; < 1, implying w} < 0so that 6’]. = 0 follows.

*Case2 wj=0

If 5; = 0, by Lemma 4.1.2.(1), at least one of 6 ;1 and 6 j+; must be 0, implying £; < 0 so that w} <0
and hence 6’]. = 0. Otherwise, if §; = 1, by Lemma 4.1.2.(2), both § ;-1 and 6§ ;11 must be 1, implying
€j =2 so that w}. =2 and hence 5’]. =1.

*Case3 wj=1

We have §; = 1 and hence €; > 0, implying w} > 1 so that 5’]. =1 follows.

Therefore, we proved that if we convert a given band datum to a loop datum and then convert it back
to a band datum, it returns to itself.

Conversely, let (w’,A’, u) be a normal loop datum and
(LU" —w —¢' (w), A = (_1)l£/+...+l;’+1/1/,u)
the converted band datum, where I = wy,_, for i € Z;. Then let

(w/// — LU" —E” (w//) ,AW — (_1)lir+...+lg+r/1//’u — 'u)

be the loop datum converted from (w”, A", u). In order to show (w"”’, A", u) = (w', A, 1), we only need to
show w"’ = w', which again follows from 6’ (w') = §” (w"). As above, denoting 6’ = §'(w’) and §” = 6" (w"),
we can prove 6’1. = 6’].’ for each j € Z3; by dividing the case.

e Case 1 w}. <-2

-

We have 6’1. =0.As €. = -1, we also have w}.’ < —1 and hence 6’].’ =0.

~

* Case 2 w;. =-1
We have 6’1. =0. Since w' is normal, w’ does not consist only of —1.

If the first non-(—1) element to the left of w;. is less than or equal to —2, namely, if there is an integer
k € Z3; \ {j} such that W, <=2, W, == w} = —1, we have w < -1, wj ,..., w;.’ < 0, implying
5;.’ =0 by Lemma 4.1.2.(2).
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If the first non-(—1) element to the left of w} is greater than or equal to 1, namely, if there is k € Z3, \{}

/ L / " "
such that w, = 1, Wi = w; 1, we have €t ka2 Wi <0,

1
implying 6’].’ =0byLemma 4.1.2.(2).

> 1 < _
= 0 and hence Wi, < 1, w

The above discussion also applies to the elements to the right of w}. It remains a case where both the

first non-(—1) element to the left and the right of w;. are 0, namely, there are k, [ € Z3; \ {j} such that

k< j<land w;c =0, w;Hl == w;_l =-1, wg = 0. But this violates the third condition for w’ to be

normal. Thus we conclude that 6’].’ =0 whenever w} = —1and w' is normal.

e Case 3 w}. =0

! / / !/
i1 < -1, wj+1210r u/]._1 >1, wj+1_ i1
w} .1 = 1 must hold. In the first case, we have £’j =0, w}’ =0 and 6’].’_1 = 0 bt arguments in the case 1

and 2. Hence, Lemma 4.1.2.(2) gives 0 ;.’ = 0. The second case can also be handled in the same way. In

We have 6’]. = 0. Because w' is normal, one of w < —-1orw'

the third case, we have 8;. =1, w}’ = —1and hence 6;.’ =0.

* Case 4 w} =1
We have 6;. =1. As w' is normal, both w}_l and w} .1 are less than or equal to 0. Therefore, we have

s;. =0, w}’ =1 and hence 5’].’ =1.

e Case 5 w} =2

We have §’. = 1. If w’ consists only of 2, then w” consists only of 0, whence § ;.’ = 1. Now assume that
this is not the case.

If the first non-2 element to the left of w} is less than or equal to 1, namely, if there is k € Z3; \ { j } such

that wi, <1, w) == w} = 2, we automatically get w;_ < 0 by the first condition that w’ is normal.
Thus we have 8§C+1 =1and hence w;C’H =1, w;c’+2, e w;.’ > 0. And if the first non-2 element to the left of
w'; is greater than or equal to 3, namely, if there is k € Z3 \ {j} suchthat w} =3, w,,, =---= w' =2, we

I

have w21, w w = 0. Therefore, in any cases, either w7 =1 or there is k € Z3; \ {j} such that

k+1’°°°
wiz1, wl,,... w}’ > 0. This result also applies to the elements to the right of w} and therefore we
conclude that either w}’ > 1, or there are k, [ € Z3, \{j} with k < j < [ such that w;C’ >1, w;C’H,..., w;’_l >

0, w;’ > 1. In either case, we have 6’].’ =1.

e Case6 w}. =3
We have 5’1. =1.As e’j < 2, we also have w}.’ =1 and hence 6’].’ =1.

We proved that if we convert a given normal loop datum to a band datum and then convert it back to
aloop datum, it returns to itself. O

Remark 3.5.7. We could have chosen different forms in the conversion formula from band words to loop
words. To be more specific, we can take any sign word §* := 5* (w) € {0,1}3" in Definition 4.1.1 satisfying the

following:
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ifw;=0andd* < 6%, ., then the first non-zero entry to the left of w ;.1 (exists and) is negative and
J j j+l ry J 8!
the first non-zero entry to the right of w; (exists and) is positive,

ifwj=0and 6;7 > 6’; +1» then the first non-zero entry to the left of w1 (exists and) is positive and

the first non-zero entry to the right of w (exists and) is negative.

Then we can prove that loop words obtained from the same band word should be equivalent to each other,
no matter which sign word 6 (w) is used. In this case, all converted loop words satisfy the following ‘quasi-
normal’ conditions:

any subword of the form (a,0, b) in w' satisfiesa<-1,b=1o0ora=1,b<-1ora,b=1,
any subword of the form (a, 1, b) in w' satisfiesa=2,b<0o0ra<0,b=2ora,b<0,
w' has no subword of the form (0,-1,-1,...,-1,0), and

w' has no subword of the form (1,2,2,...,2,1).

The conversion formula from ‘quasi-normal’ loop words to band words remains the same as in Definition
4.1.4. If one convert a given band word to a loop word using any sign word and then convert it back to a
band word, it returns to itself. Conversely, if one convert a given ‘quasi-normal’ loop word to a band word
and then convert it back to a loop word using some sign word, it is equivalent to the original one.
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3.6 Matrix Factorizations from Cohen-Macaulay Modules: Band-Type and
String-Type

In this section, we work out the higher rank analogue of Section 3.3 to prove Theorem 22.

Let us briefly recall our setting. Let S := C[[x, y, z]] be the formal power series ring of three variables
and A :=C[[x, y, zl]/ (xyz) its quotient ring. Given a band datum (w, A, 1) of length 37 and multiplicity 1, let
6 :=6 (w) and ¢ := € (w) be the sign word and the correction word of w, respectively and (w’, 1/, 1) the loop
datum obtained by the conversion formula, which are described in Definition 4.1.1. Then the module
M (w, A,1) corresponding to (w, A, 1) and the Lagrangian L(w’, 1, 1) corresponding to (w’, A, 1) give matrix
factors of xyz over S. To compare them, we proposed the canonical form ¢(w',A,1) of matrices arising
from (w, A, 1) as

!

z —ymt oo 0 e 0 -A1xh
—y_mll x -zt o 0 0
0 —z n y —xlé 1 0 0
! .
(p(w ’/1’ 1) [ 0 0 —x*lé z
) . . . L o
0 0 0 cee _y—m; x g
At o 0 - 0 g
—AX -z y 37x37
As always, we denote I’ := w!. ., m’:=w'. ., n’:= w’. and regard x%, y? or z% to be zero if a < 0.
i 3i—-2 i 3i—1 i 3i

The entries of the matrix ¢(w’,A,1) are considered to be in S and then it yields an obvious S-module
homomorphism ¢(w',1,1) : $37 — 37 petween free S-modules.

Then we denote by @(w’, A, 1) the matrix ¢(w’, A1,1) modulo xyz. That s, ¢(w’, A, 1) is the same form
as ¢(w', A,1) but entries are considered to be elements of A. This yields an A-module homomorphism
o', A,1): A3T — A37 between free A-modules.

Note that each A-module M also has a natural S-module structure, and we will denote by Mg the
corresponding S-module. Namely, the underlying set and abelian group structure of Mg is the same as M
whereas the scalar multiplication is defined by f-u:=[f]-u, where f € S, [f] € A= S/(xyz). and u in the
left hand side is an element of Mg and u in the right hand side is the same element of M. Readers should
note that xyz-u = 0 for any u € Mg even if it is an S-module operation. Note also that a subset of M or Mg
generates the whole set with the A-module structure if and only if it does with the S-module structure.

Our goal in this section is to show that the matrix factor of xyz over S arising from the module
M (w, A, 1) fits into the above canonical form ¢ (w’, A, 1).

Theorem 3.6.1. For a nondegenerate band datum (w, A,1) of length 31 and multiplicity 1, we can construct
the following free resolution of Ms (w, A, 1) as an S-module:

' A1
0 —» 30 LA G Ty v A1) — o (3.6.1)

The map n will be constructed during the proof. In particular,

M (w, A, 1) = cokerp(w', A,1)
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holds as A-modules.

This together with the conversion formula proves Theorem ?22.

3.6.1 Notations and Properties
For rings S:=Cl[x, y,z]] and A =Cl[[x, y,z]]/(xyz), let
A" =Cllxy, y1, 211/ (x1y121) % -+ x Cl[x7, Y1, 211/ (X1 Y2 21)

be the free A-module of rank 7. We introduce an alternative notation for elements of S, A and A”. This is
to represent the variables such as x, y and z at once.

Notation 3.6.2. We denote by
X3i—2:=X, X3i-1:=y and x3j:=2z

fori € Z; the elements in the ring S or A, depending on the context. Then we consider y% to be zero ifa <0,
J
forany jeZs;.

. We abbreviate some monomials in A* as

Iym _ . m myn ._ .,m_n nyl ._ n.l
Xgi oi=x;y;, " Xg_ 1=y 2z and "X3:=z;X;

forieZ;andl, m,neZs;,.

. To deal with the eigenvalue A, we introduce the symbols

A+ = and

J

{A ifj=1andé, =1,
i

A- = AY ifj=1landb; =0,
1 otherwise

1 otherwise

for j € Z3;, depending on the band datum (w, A, 1).

For later use, we summarize some useful properties of new notations in the following proposition.

Proposition 3.6.3. As elements of A",
b b
an = X?Xj-}.]ei

forieZ;, jeZs; with3i—2< j<3ianda,beZs, wheree; is the column vector in A* whose i-th entry
is 1 and the rest are 0. Here the multiplication of)(;?)(]b.ﬂ € (SorA) toe; € (A%)g or A") can be either an
S-module or an A-module operation.

. We have the arithmetic rules
avb) _a+l~yb avb) _ ayvb+l avb) _
Xj+3,-( Xj)— x?, Xj+3,-+1( Xj)— XU, and xj+3i+2( Xj)—O (3.6.2)

foranyieZ;, jeZs; and a, b € Z5,, regardless whether these are S-module or A-module operations.
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Using new notations, we can rewrite the relevant modules and matrices.

Proposition 3.6.4. M (w, A, 1) is the A-submodule of A" generated by 61 elements

22 a1 2 (w742 41 .
H;:=2X? and G,-._Aj(xj_f1 +Aj(f Xj) (jeZs).

2. The canonical matrix ¢(w', A, 1) can be written as

-1

X3t _A;XZ 0 0 0 _AIXI !
—lU W/—l
-Ax, 2 X1 -ATxs3 0 0 0
_—w! / 1
0 —AJxs 12 —A*)(4 0 0
!/ Al _ oWy
(P(w; » )— 0 0 _A47C4 X3
_AY whp 11 0
37-1X37-1
_ - w} _ n—1
0 0 0 “Agy g ! X3r-2 ~Ag Xa"
-1 —w
- 3
_A+7(1 0 0 0 —Ag Xa " X3r-1 31tx3T

where entries are elements of S. The matrix ¢(w',A,1) can be written in the same form but entries are
considered to be in A.

Proof. The second statement can be checked easily. For the first one, recall that M (w,A,1) is the A-
submodule of A" generated by all columns of the 6 matrices

xzyZIT, yZZZIT, zzxZIT, 7y (w, A1), 7y (w,A,1) and 7. (w,A,1)

in A™*?, where the last three are given by

+2y leiwz,,, 0 . ) . .
B . xym1+2+yml+zz 0 yznl+2+znl+2x“. 0
0 le +2y
) )
‘. 1+ 42
. zxT + - + -
o e 0 xymr+2+ym.[+zz IXT 0 yznr+2+znr+2x IXT
) Azx'1 0 s Xy ok ) )
in order. Now the i-th column of each matrix as an element of A” is
22 22 22
X3l 2’ X3l 1’ X3l’
A+ (A_ ) le3t ot + Wsl 2+2X1 lXWSt 1 + w3l 1+2X1 and lesz LU3 +2X1
3i-2 3i-2 3i-3 3i—-2? 3i-2 3i—1 3i—1 30’
respectively, in order. O

Recall in linear algebra that the adjoint matrix adj B of a square matrix B is the transpose of the cofac-
tor matrix of B whose (a, b)-entry is (~1)**? times the (a, b)-minor of B. A useful property of the adjoint

matrix is that it satisfies
B-adjB=adjB-B=(detB)I (3.6.3)
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where I is the identity matrix of the same size as B. This is valid whenever the matrix B has entries in a
comimnutative ring.

Proposition 3.6.5. Let (w, A, 1) be a band datum of length 31 and multiplicity 1.

. The determinant of p := ¢ (W', A,1) is
detp(w' A,1)=x"y"z'u

where , ,
T ! T !
L ' 1 + MU—Z__ _ —uﬁ—l
u=u(w,11):=1 HA].)(]. ,HAij
j=1 j=1
is a unitin S if and only if (w, A,1) is nondegenerate. In particular, u = 1 unless w; = 0 forall j or w; <0
forallj.

. The (a, b)-entry of the adjoint matrix of ¢ (W', A,1) is

a-2
H)(j if a=b,
j=a

(adjep (w',4,1)) =

a—2 b w'.—1 b-2 a —w'
(l_[b)(])( [T Ajx;’ )+(Hx;)(,l_[ AGx; ’) if a#b
J= j=a J

j=a+l1 =b+1

b
where we regard the product ]_[ hjaslifb=a—-1andhg---h3 hy---hy ifb<a-2.

j=a

Proof. Itis a straightforward calculation using the fact )(;}j B X “I = 0 forall j- O

J

In particular, Proposition 3.6.5.(1) together with the equation 3.6.3 and the fact that S is an integral do-
main demonstrates that the map ¢ : S3" — S°7 is injective. This establishes the exactness of the sequence
3.6.1 at the leftmost arrow.

Corollary 3.6.6. For a nondegenerate band datum (w, A, 1) of length 3t and multiplicity 1, define a matrix
¥ i=7(w,A,1) e ST by

XaXa+1 if a=b,
(5 (' 11) =

b / a /
W.—2+’|]'(+1'b} _ —W.—1+ﬂ'(b+1,} .

[T Afx” 777+ 11 Ajy 7 77" i a#b

j=a+1 j=b+1

where we regard the product symbol as in Proposition 3.6.5.(2) and lje(q,py is 1 if j € {a, b} and 0 otherwise.
Then the matrixy =y (w',A,1) € $37*37 defined by

w(w,A,1) = (u(w',2,1)) " @ (w',4,1)
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satisfies
Py =y =xyzls.

That is, both ¢ and y are matrix factors of xyz over S.

Proof. One can check that

adj(p — xT_lyT_lzT_luf.
Substituting this and det ¢ = x* y* z* u into the equation 3.6.3 gives

xT_lyT_IZT_l(plil — xT_lyT_IZT_llfl(p — xTyTZT uls;.
We may cancel out the common terms x”~!y?~1z7~! in both sides since S is an integral domain, which
yields the desired result. O

3.6.2 Generators, Relations and Macaulayfying Elements

Recall that M := M (w, A, 1) is generated by elements Gj, ..., Gs; together with Hy,..., H3; in A”. Here we
investigate the relations among them by plotting them on the lattice diagram for A’. Figure 3.4 illustrates
a part of generator diagram for M representing G;, H; and Gj4; in each case depending on the value of
0 j and 6 j+1-

In each case, we can observe the relations among G;’s and determine whether H; is spanned by them
or not, as follows:

. w.+1+1 —_— . . . —_ . .
*8j=0m=1 A ¥ Gi=xiGja, Hj=xjn1G;j
*6;j=1,6j11=0: Xj+1Gj=xjGj+1, Hj=xj+1Gj=xjGj+1

_ —wjtl
*§j=0j1=0: Xj+1Gj=Aj7(jw’ Gj+1, Hj=x;jGjn
lUj+1+1

o 5j=0,5j+1=l: At

_ —wj+l
je1Xja szA].)(jwf+ Gj+1, Hjmaynotbespannedby Gy, ..., Gs;

The relations among G;’s can be summarized as

N w}+1+1 _ wi+l
ATax;y Gi=A5x;) Gia (3.6.4)
for j € Z3; in any cases, noting that A]‘. =1, wj=z0whend; =1and A}r =1, wj<0whend; =0.

On the other hand, Hj is not spanned by Gi,...,G3; only if §; =0 and 6 ;1 = 1 hold simultaneously.
The converse is not true in general, as w; = 0 may still hold in this case. As a consequence, M is generated
by Gi, ..., G3; together with those H;’s. In such a case, we find in Figure 3.4d the relations

Wj1

~Xj-2Gj+A;x; "Hj=0, xj-1Hj=0 and A}, 17 Hj=2;Gjs1=0 (3.6.5)

among H; and G;’s. Note that these relations are ‘enough’ in the sense that any other relations containing
Hj are S-linear combinations of these. Namely, if sH; can be represented as an S-linear combination
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of G;’s for some s € S, then s should be an S-linear combination of )(J_ uth xj-1 and )(;Uﬁl and the whole
equation should be an S-linear combination of the above 3 relations.

Next, we find Macaulayfying elements of M in A”. For any 1 € Z3; with §, = 1 and §,,; = 0, there are
J€Z3 \{t}andk €{0,...,7 — 1— 1} such that

w21, wWi1==Wux=0, Wix+1=-1, Wixs2,..., w; <0 and w;41=1. (3.6.6)

One should be careful about the indices. If x = 0, then the second condition in 3.6.6 becomes an empty
condition. If k = j —1—1, then the fourth one is empty.

In this case, we have the identities
6,=1, 6s1="=0xs1=""" :6] =0, 5]+1 =1 (3.6.7)

by definition of the sign word §. Figure 3.5 shows the relevant part of the generator diagram for M.

Figure 3.5: A Macaulayfying element of M in A3?

One may notice that the element F, € A3" \ M marked with orange color is a Macaulayfying element
of M in A37, which can be written as
i+l - - .-
Fyi= A (M) X AL () + A AL (X))

R (Az_+1 e Az_+1<) (1X11+1<) + (Az_+1 e z_+1<+1) (_WHKHHX}HHI)

K a K+1
_ 1y w,+1 - 141 - BT e |
- A:r( Xl—l )+ Z (H Az+b ( Xz+a) + H Az+b)( Y 1+ XL+K+1)'
a=0\p=1 b=1
(3.6.8)
Indeed, we can express x,+1F;, X:+2F; and x,+3F,; as S-linear combinations of
;,—1’ G, Gy G;+2’ e ;+1<+1
where
H,_, ifd6,.1=0
"no._ -1 -1 I_ o I
Gl_l.—{Gl_1 6. =1 G,:=G, ..., G;:=G, and G, =H), (3.6.9)

confirming that xF,, yF, and zF, are elements of M. Note that G, = G, and G; +1 = Gi41 always hold.

Moreover, each of G/ ; and G}, , is one of G;’s or one of H;’s that is not generated by G|’s, by the discussion
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in the above paragraph and identities 6, =1, 6, =0 and 6, = 1. For later use, we write down the explicit
formulas as follows:

_ -1 1

XiF = G + 010G T+ e Gl
X1 Fr = Gin +0 112G+ O i Gl (8.6.10)

w;_l l+
Xi2Fi=ATx, " G,y A X Glag + (112G + 48y 11 Grinnn
where
w -1 .
( 1 AL, Hb’”’ if c=b (mod 3)

nab = \d=a+l (3.6.11)

0 otherwise

forbe{2,...,x+1},ac{-1,...,b—1}and c € Z. These can be observed in Figure 3.5 or computed straight-
forwardly from equation 3.6.8 applying the arithmetic rules 3.6.2, the (in)equalities 3.6.6, the identities
3.6.7 and the conversion formula w}. =wj+6j-1+6;+06j+1 —1in Definition 4.1.1.

-1
We remark here on some basic properties of the symbols ¢¢ . First note that the monomial X Wi

1+b
is1for b€ {2,...,x} and is nonzero for b = x + 1. This follows from the observations w!_ , =--- = w,,, = -1
b

andw), ., <-1 ( , is just an element of C, namely H A7, ; unless b =« + 1. Based on this fact, we

d=a+1
find that the symbols satisfy algebraic relations

b+d d

cl Z bcz b,c (f,-;,c (3.6.12)

foranyce{2,...,x -2}, be{2,...,c—1},ac{-1,...,b—1} and d € Z, i.e. whenever all terms are defined.

Other than the form of F,, there seem to be no further Macaulayfying elements. This will be revealed
to be true in the proof of Theorem 3.6.1.

3.6.3 Proof of the Theorem

Let My := My (w, A,1) be the A-submodule of A" generated by the 37 elements Gy,...,G3;. Then M is
generated by elements of M) together with Hy, ..., H3; in A”. And then M is generated by elements of M
together with the Macaulayfying elements of M in A”.

The overall strategy of the proof is as follows. We will complete it in four steps. In step 1, we will first
find a (part of) free resolution of (Mj)g as an S-module. In step 3, we modify it to get a (part of) free
resolution of Ms. In step 4, we fix it again to finally establish the desired free resolution 3.6.1 of Ms. But
for some technical reasons, we treat the special cases where w; > 0 for all j or w; <0 for all j separately
in step 2.

In step 3 and step 4, we need some technical lemmas, which allow us to modify the free resolution of a
module when we add or replace its generators. Lemma 3.6.7 describes the ‘matrix expansion’ process ac-
cording to adding a generator and lemma 3.6.8 gives the ‘matrix reduction’ process according to replacing
aredundant generator. There is also a geometric version of matrix reduction in lemma 2.2.9 and remark
2.2.10.
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Lemma 3.6.7. Let g € A”? and ¢y € S?*¢ be matrices such that the sequence
§¢ % 8P % (A" — 0

of S-modules is exact and B € A”! and CT € §'*4, D € S?*“ be matrices such that the enlarged matrices

0 D
M= o B |e AP and ¢, := ¢ e S+hxlerd)

0 ct
satisfy i@y = 0 € A D Assume further thatim CT < S contains the conductor
anng (imm; /imng) := {s€ S|s(imm;) Simmo} = {s€ S|sB Simmo}

ofimmy inimm,. Then we have the following modified exact sequence of S-modules:

a1

SC+d ﬂ) Sb+l _> (As)a _> 0.

Proof. Note that imm; = (As)? immediately follows from im g = (As)?. The inclusion im¢; < kerm; is
U1
U2
of kerm, for some v, € S? and v, € S. Then mv = 0 € A% yields mgvy + Bvy = 0 € A%, Thus, we have
V2B € immy and the assumption implies vy € im CT. Put v, = CTu, for some uy € S and substitute it to
the previous equation, which gives mov; + BCTu, = 0 € A%. Note that the assumption 71¢; = 0 implies
the equation oD + BCT = 0 € A%*4, Combining these, we get 7o, — moDuy = 0 € A%, or equivalently,

also immediate from 7;¢; = 0. For the opposite inclusion, assume that v := ( ) € §P*1 is an element

. u
v1 — Duy € kermy = im¢g. Thus we have v, = @ou; + Du, for some u; € S. Now put u := (ul) € §¢*4 then
2

one can check v = ¢pju €im¢;, implying ker7; Cime;. O

Lemma 3.6.8. Let 1 € A%, Be A% Ce §P*¢, D e S and ET € SY*¢ be matrices and u € S be a unit
such that for matrices

C D
Mo = m B |e A%P*Y and o= e sbrhxierl)

the sequence
7o

Sc+1 ('00; Sb+l s (As)u )

of S-modules is exact. Setting ¢, := C— Du~'ET € §"*¢, we have the following modified exact sequence of
S-modules:

s¢ Py gb My ag0e s 0,
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Proof. Consider the following diagram of S-modules:

v _( c D)
0=\ T _
‘oS Eu)l | ghgs M= B pge L
I. 0 ) I, —Du™!
(u’lET 1) N "1 v (0 u! ) i o
(c Du'ET 0)
oS 0 U, shgs (m 0) (Ag)® 0

One can immediately check by matrix calculations that both squares in the diagram commute. Also, note
that the vertical maps are all isomorphisms, hence the exactness of the top row yields the exactness of the
bottom row, which also implies the exactness of the desired sequence. O

Proof of Theorem 3.6.1. We now prove the theorem, step by step as illustrated above.

Step 1: Find a (part of) free resolution of (Mp)g.

Note that My = (Gy,...,Gs;) 4 € A" yields an S-module (My)s = {(G,..., G3r)s € (Ag)T, where Ag is the
same as A but considered as an S-module. That is, My and (M) s are the same as underlying sets and the
subset {Gy, ..., G3;} A-generates My and at the same time S-generates (Mp)s.

Consider the T x 37 matrix g := 7y (w,A,1) € A7*37 whose j-th column is Gj€ A" for j € Z3;. That s,

mo:=(G1| G| Gs|-+|Gar-1]Gsr )

Tx37"°

Then regard the matrix as an S-module homomorphism g : S37 — (Ag)7, which is well-defined using the
natural isomorphism Homg (S, As) = As where Ag is the same as A but considered as an S-module. As a
result, the S-module (M) is the image of 7 : S3T — (Ag)”. Restricting the codomain, we also denote the
map by 7 : S37 — (M), which becomes automatically surjective.

We need to figure out the kernel of 7 to further resolve (Mp)s. It is equivalent to find relations among
generators G; of (Mp)s, or the columns of 77¢. Based on the observations

wt+1

+,,0 - wj*1+1 i
Afx;? Giai=Ajx;) Gy and yj2xj-1G;=0 (j€Zs) (3.6.13)

from equation 3.6.4 in Subsection 3.6.2, we define two matrices below. First, the matrix ¢¢ := ¢o (w,1,1) €
$37%37 is defined by

R Ry Rs3 R3r-) Rs;
) _ ws +1 w+1
G' [ Asxs -Ajx,? 0 0 0
p wi +1 wl+1
G? 0 Ayt ATyt e 0 0
.
@ 0 0 A2
©0:= (3.6.14)
. w +1
: _A;r—lxsrs—rll 0
_ wr o+l wi +1
Gt 0 0 0 C Ao Xas A Xa "
wt+1 wy, q+1
G\ -Afx, ! 0 0 0 S S
31x37T
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We denote the j-th row and the k-th column of ¢g as G/ and Ry, respectively, for each j, k € Z3,. This is
considering that column R* represents the k-th relation of G ;'s given in the left part of 3.6.13, when the
entry in row G/ is multiplied to G; for each j. This proves mo¢q = 0.

Next, we define the matrix @g4 € S7*37 by

Ry# Roy R3y e Rigr-1)# R34
Pox := ( X3r-1X3r€01 | X3r X1€62 ‘Xlxze@ ‘“"X3r—37(3r—2963771 AX3r-2X37-1€G3" )3”3,

where e; is the column vector in S3* whose unique nonzero entry is 1 and lies in the same position
corresponding to row G/, namely the j-th row. We denote the j-th row and the k-th column of ¢y by G/*
and Ry, respectively, for each j, k € Z3;. Then column Ry corresponds to the k-th relation of G;’s in the
right part of 3.6.13, when the entry in row G/# is multiplied to G ; for each j. This yields mo¢ox = 0.

Now we claim that the following sequence of S-modules is exact:

(@ol@or )

67 y $37 % (My)s — 0. (3.6.15)

Since we already know 7 ((po |(P0# ) = 0, we only need to show that ker 7y € im ((po |(po# ) Leta=(ay,...,as;) €
S37 be an element of ker 77y. Then, as the j-th column of ¢ is G; as an element of A”, the equation mga = 0
is equivalent to the relation

a1 Gy +--+ a3 G3r =0,

which can be also written as

3T L Wi+l _ wi+l 1ol
Zl N aa+aix a)(1xd) =o. (3.6.16)
]:

This also implies that each summand vanishes.

Note that each a; € S can be uniquely expressed as
aj=ajo+ajixj-1+aj2Xj+ajsxj+1+ajaXj-1Xj+tajsxjxj+1+ajexXj+1xXj-1+a;rxyz (3.6.17)

for some ajo € C, a;1 € Cllxj-1ll, aj2 € Cllx 1], aj3 € Cllxj+11l, aja € Cllxj-1, %11, ajs € Cllxj, x j+111,

aje € Cllxj+1,xj-11l and aj7 € S. Substituting this into the j-th summand in 3.6.16, simplifying using

proposition 3.6.3, and comparing coefficients of each monomials yield the following:
ajo=aj2=aj+1,0=aj+1,2=0 and

+ w}-+1+1 _ Wj+1
Nty (ajeaxy+ajaxixia) +Ajx; " (ajsxje+ajsxxg) =0.

From the latter one, we can write

. . . v =—AT w]f+1+1b. d . . . v = AT w;+1b.
aj3Xj+1tajsxjXj+1=— j+1Xj+1 j+1 an Ajr11Xj+tAj+1,4XjXj+1 = ij j+1

for some bj1 €S.
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Substituting into equation 3.6.3 what we have earned so far, we get

Wi,

_ +1 + w]’.'+1+1
aj =N x5 bj=Aax T bia+(aje+ajzng) viaxi-

for any j €{1,...,371}, or equivalently,
37

a=)_ (bjRj+(ajs+aj7x;) Rjs)-
j=1

Thus a is an S-linear combination of the columns Ry and Ry, that is, a € im ((,00 |(P0#). Consequently, the
sequence 3.6.15 is exact.

Step 2: Establish a free resolution of Mg in special cases.

- ,_
j=ow;=

Ay =1 for all j. Relations H; = yj+1G; show that M is generated by only 37 elements G; (j € Z3;) in A”

Here we first consider the case where w; = 0 for all j. Then we have w}f =wj, w w;j+2and

and hence My = M. We denote 7, by 7. One can also notice ¢q = ¢.

Meanwhile, one can observe in Corollary 3.6.6 that v, is a multiple of y,+1xp for any a, b € Zs;.
Therefore, the b-th column of v is a multiple of y; and can be written as v, for some v}, € S37. Using
the equation ¢@v = xyzls;, we now have

XbPVp=XYyzZ€sh.
Since S is an integral domain, we may cancel out common terms }j in both sides. The result is
PV = Xb-2Xb-1€GH»

where the right side is the b-th column of ¢g4. This proves im ¢y, < im¢ and the exact sequence 3.6.15
yields a new exact sequence

[ = -
0 — & — &% 2 Mg —> 0.

From this we deduce M = coker ¢ as A-modules, which guarantees that M is already a maximal Cohen-
Macaulay A-module and hence M = M. Setting 7 := 7, we get the desired free resolution 3.6.1 in the
theorem.

We can handle the case where w; <0 for all j in a similar way but using some coordinate translation
in the matrix. We leave it to the readers. For the other cases, we move on to the next step.

Step 3: Get a (part of) free resolution of Ms in the other cases.

In the rest cases, some of w; are positive and some are negative. Therefore, some of 1) j are 1 and some
are 0. Let’s say the value of § ; changes 2¢ times for some ¢ € Z»; with 2§ < 37. Then there are 2¢ different
integers 11, J1,...,1, J¢ in cyclic order in Z3; such that

B =m0, =1, Spar==08,=0, 8= =8,=1 .., S =--=08, =0,
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By the discussion in the first paragraph in Subsection 3.6.2, M is generated by elements of M, =
(G1,...,G37) 4 together with Hy,...,H;,. We denote it by M) := M. To resolve it, we enlarge the matrix
mo € AT to a new matrix 71 := 71 (w, A, 1) € AT*®7) by inserting the new column H,, € A” between the
columns G,, and G,,+; of 7o for each v € {1,...,¢}. As a result, we get

1= (G| |G | 1, |Gt |-+ |G| .| G |-+ | Gy

‘GJ:“ ""‘G3T )Tx(317+<f)'

Then it can be viewed as an S-module map 7 : $37+¢ . (Ag)” whose image is (M;)g = M. Restricting the
codomain, we get the surjective map 7y : S37+¢ — (M)5.

Next, denote by
¥o [Gjl :GJIZ;R;Cl :sz]

the submatrix of ¢y taking rows from G/* to G/ and columns from Ry, to Ry,. Now, for each v € {1,...,¢&},
look at submatrices

((po); =9o [le+2 : G]V+1;Rlv+2 : R]v"'l] and ((po);+l =9o [G]v : GIVH_I;R]V"'l : Rlv+1]

of ¢, which are highlighted in Figure 3.6 respectively as a red box and a blue box. Check that the en-
tries are the same but only expressions have changed from the original definition 3.6.14 of ¢y, using the

inequalities w; +1,..., w;, <0and w; +1,..., w,,,, =0.
R, Ry Ry 2 R, Ry, Ry,+2 Ri,.,
G AL (o)
G» Aot X
Gh! X, “Xu+2
Gh A;+1Xz_vu+"f/”+l “Xn+3 0 0
0 ALt
X 0 (‘PO];H
e 0 0 R Y il B S e 0 0 0
(%0, 0 X+l
AL
Gt 0 0 AL

Figure 3.6: Submatrix ¢ [G" ™1 : G"*1"L; R, R, ] of ¢
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Note that the diagonal entries of (o), and (¢o),, , can be read off respectively as

. - Wiy +1=0,+1+1 ~ ~w;,—6,,+1 =1y
diag(¢o), :( wel X TGy, )eS] " and
5 (3.6.18)
. + Wiy, +1+6,, 41 Wy, +6,,,,+1 vil—]v
diag(¢o),,, = ( AJ+V+1X]V]+1 AT WA A ) c gl
by the identities 6,41 =+--=6,,=0and §,,+1 =---=§,,,, = 1, where diag B denotes the tuple consisting

of the main diagonal entries of B for any matrix B.

Now we modify the matrix g € S¥*%7 to a new matrix ¢, € SG7+9*G7+20) by performing the following
procedure for each v € {1,...,¢}:

Multiply the columns R, ., ..., R, by -1,
Insert a new row consisting of zeros between the rows G/* and G/**!, and then

Replace column R, . with the new three columns 7', , 7, ;and 7, .»

as described in Figure 3.7. We keep the same names for the original rows and columns, although their size
and entries may have changed. But submatrices ((po) and ((po) v+1 Of o are readjusted to submatrices

(1), =1 [G¥™2: HR, 12:T))] and (1), :=¢1 [H": G 75T, 2 R, ]

of ¢y, respectively. Check that the replaced column R) . is an S-linear combination of the new columns,
namely

W+l

—AS X T+ AL T
meaning that the presence of the replaced column does not affect the image of ¢;. We also shifted indices
in the upper diagonal entries of (¢1), by 3, which does not actually change the entries, to make them

consecutive with those in the lower diagonal of ((pl) Vil

The construction of ¢ is based on the relations

—X5,-2Gy, +A]_1,X]_ijv H;, =0, x;-1H;,,=0 and A] +1X7/]Hl Hy, = x;,G;+1=0

onG,,, H;, and G, +, for v e {1,...,&}, already observed in equation 3.6.5. This enables the matrix equa-
tion 7;¢; =0 to hold.

Comparing the exponents of the diagonal entries of (¢1),, and (1), , with those of (o), and (¢o)., |,
only the last one of (1), and the first one of (¢;)., ; have been changed. Now we can rewrite 3.6.18 for

v+1
those as
. - =6,,41—0 +1 wy,—6,,—0;,+1+1 _
dlag((pl)v :( +1X1 l-li—,llwl A A]vxlv ' ' " )E S]V " and
. + + w]v+1+6]v+5jv+]_1 + Wy +5’v+1‘1+6’v+1_1 ly+1— Jv
dlag((pl)vﬂ ( A]V+1 Jv+l v Ty A es™
using 6,41 =---=06,;, =0and §;,+; =--- = §,,,, = 1 again. Taking one step further, by the conversion

formula
w}: wi+8j1+6j+6j -1 (je€Zs).
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in Definition 4.1.1, these can also be written as

i - Wiyr1 =01, =01y 11 =01y 12+2 - Wiy +2=0r 1100y 42— 5w+3+1 A= W16, =6t
diag (1), = (-An a0t A 1 A
et A e AT ) e and
lv+1 1,+1 ’ lv+lev+2 yesey ]ijv
_ wjv+1+5jv+5,v+1+5”+z 2 + Wiy 140, 246,140, -2 Wiy #0010 -1+80,,, +05,, 1 41-1
dlag (pl 1/+1 _( AJV+1 Jutl ""_Atm—lxzm—l lv+1le+1

= ]VH -1 A+ w;v+1 1 _A+ w;v+1 € Slv_]vfl
- ]V+1 ]V+1 reen ly+1— lxlwr] 1 thleH .

(3.6.19)

We also enlarge the matrix @gs € S37*37 to a new matrix ¢4 € S®7+9*37 by inserting a new row H/"*
consisting of zeros between the rows GUv*D* and GUv+2* of ¢, for each v € {1,...,&}. We use the same
name Ry for the k-th column. Then it is easy to see that m,¢14 = 0. Moreover, we have the inclusion
im¢4 Cime;. Indeed, the equations

Ra,v1¢ = Xu-1Xn€cenv+t =Xy Ry 2+ A +1Xl +1 “Ru,+20#

- Wit
R4 = Xp-3Xp-2€cv1 = Xp-2By A, X, 7 Ry

(3.6.20) R]V# = Xp-2Xj.-1€Gw _X]v—lT]V"'A X VT]v+1

Wiy+1

— — +
R,+1)#=  Xp-1Xp€cena = A Jv+1X 41 Ty 1+ x5,-1T)42

_ —_ ATt Wiy +2
R4 = XpXp+i€owez  =A7 ox, o R )s T X Ry 2

— +1
Rlv+l# - Xlwrl _2X1V+1 _lelerl Alv+1 le+1 R(lv+1 -D)# + le+1 _2R1v+1

show that the columns R, +1)# through R, # of ¢4 are spanned by the columns of ¢;. This holds for all
vefl,..., & Thus, we have im @4 S ime;.

Now we have the matrix equation 71 (1 |¢14) = 0. We also checked in the below of equation 3.6.5 in
Subsection 3.6.2 that any element s € S satisfying sH,, € (M) s is S-generated by three elements

-, Wy Wiy+1
_A]vX]V ’ X]v_l and A] +1X]v+1

in S, which are the nonzero entries in the newly added row of ¢;. Thus, we can apply Lemma 3.6.7 for
each v e {1,...,¢} to get a part of free resolution of (M;)g = Mj as follows:

Seﬂ_gs (p1lp1s) S3T+€ 71 (My)s 0.

Using im ¢4 < im ¢4, we can drop ¢1# and have the following simplified one:
S3T+2§ (p1> S3T+f ﬂl; (MI)S s 0.
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Step 4: Continue to establish a free resolution of Mg.

Recall that we have 2¢ different numbers 11, J1,...,1, J¢ € Z3; in cyclic order such that
6];+1 :"':511 =1, 511+1:"':5]1 =0, 5]1+1:"':512 =1, .., 6l‘t+1:"':6]5 =0.

For each v € {1,...,¢}, we know that w;,, = 1 and all w; +1,..., w;, must be non-positive while at least one
must be negative, by the definition of the sign word & ;. Thereis x, € {0, ..., j, — 1, — 1} for each v such that

w, =1, w4 1==W,4, =0 and w;, +x,+1=-1.

Then we have a Macaulayfying element

41 Ky a B Ky+1 B B
Fy = A7 (IXZJL—; )+Zo ;_[sz+b (" Xiea) + 1}_[ A | X i)
a=0\p=1 -1

of M; = M in A" for each v, by the observation in Subsection 3.6.2.

We know by Proposition 3.3.2.(2) that M = (Ml)T = <M1:ler---»Fz,5>TA- Let M := (Ml,F,l,...,F,E)A c
A?, for a while. Later we will find out that M, is actually maximal Cohen-Macaulay and hence M, = M.
Therefore, the goal is to construct a free resolution of (M>)g.

We further enlarge the matrix 1 € A7*37+% constructed in Step 3 to a new matrix 7, € A7*67+20 py
inserting column F,, € A" between the columns G;’V _, and G,, of my for each v € {1,...,¢}. Here G;’V _, is
H, _1if6,,-1 =0, or equivalently j,_; +1 = 1,, and is G, —; otherwise, as in equation 3.6.9. As a result, we
get

w2:=(G1|--|Guor|Fo |G |- |Gy | H), | Gt |-+ Gt | i | G

16,

‘ng-%—l ‘ ""G?’T )-p<(3‘[+25) ’

Then it can be viewed as an S-module map 7> : §3T+2 (As)" whose image is (M»)s. Restricting the
codomain, we get the surjective map 7 : S37+% — (Mb)s.
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I
T/‘ 2 R_/‘ +2 R/rl | R[\ R[\+l Rl\+2 R1\+3 R;/\ T,
I
I
At w;v—l*rl |
Ay dyna 0 0 P
I
I
I
wo,-1 !
~Jy-1+1 _At Jv-1t2 7 !
G Xy Aj w2 e 0 b0
|
I
I
0 o : (1),
|
I
+ wy, =1
A, 0
|
1,1 ‘ w,
G 0 0 Xz AT,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L EEEEE e
I
GW ! Xi,-1 Xi+1
|
1y+1 i
G | —Xu Xi,+2
I
I
1, +2 3 - —w;, 41
G | 7A11,+1Xz1,+1 Xy 0 0
|
I o
! - TWiyrae,
| 0 _sz+2sz+2‘ .
I
|
I
! ((701)1/ X3 0
I
I
; | _ —w,
oh 1 0 0 AT X2
I
: »
! _A- v
! 0 0 0 A]V)(]v

Next, for each v € {1,...,¢}, look at the submatrix ¢, [H/*': H; T;,_42: T}, | of ¢ containing (¢1)

Figure 3.8: Submatrix ¢, [ H/¥-!

tHlv; T]v—1+2 : T]v+2] 0f(p1

X1

T),+2

(‘pl):ﬂ

.
Wiy

¥
_A/V+1X]V+1

+
v

and ((pl); as shown in Figure 3.8, whose diagonal entries have been calculated in 3.6.19.

We modify the matrix ¢, € SCT+9*G7+20 (o a new matrix ¢, := @3 (w,A,1) € S

following way. For each v e {1,...,¢},

e Insert a new row

(37+28) x (31+5¢)

consisting of zeros above the row G*, and then

in the

* Insert the new three columns Q,, 1, Q;, and Q,,  to the left of the column R, (or 7, ., in the case

Jv-1+t1=1))

as described in Figure 3.9, where the entries of the new columns that do not appear in the figure are all

zeros. In the figure, the rows indicate

HIv-1

—I\
(le 1) = le—l

otherwise

if ]V—1+1: ly

. (G™):=G",
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depending on the case, imitating the definition of G;’V _;and G| , , givenin 3.6.9, and the columns indicate

T if jy1+1=1

"o._ Jv-112 Jv-1 v / I _

R, = {Rl 1 ihervice , R =Ry+1, ..., R, :=R; and R] =T,
similarly. Note that we always have (G™)' = G", (G**!)' = G**! and R] | = R, +1. The symbols {¢ Lpare

as defined in 3.6.11.

The construction of ¢, is based on the formulas 3.6.10, which makes the matrix equation m2¢2 =0
hold. It is obvious that any element s € S satisfying sF, € (M;)s = Mg is in the ideal of S generated by
three elements x, y and z in S, namely the maximal ideal of S. Since these elements coincide with the
nonzero entries x;,, X;,+1 and x, +2 in the newly added row of ¢,, we can apply Lemma 3.6.7 for each
vefl,..., &} to get a part of free resolution of (M>)g:

§BT+5¢ P2y g3t M2y (Mp)s —> 0. (3.6.21)

Then some appropriate coordinate changes on the codomain, i.e. elementary row operations, enable
us to remove the terms —(7 _, ,in ¢,. The detailed recipe for each v € {1,...,¢} is given as follows:

Set (G]V+1) (G]V+1) (G]")* = (G]"), (G1V+Kv+3) (le+1<v+3)

+b+3) * for

Add Cl b-1.h+2 times the row (G**?)' to the row (G**?*3)" and rename the changed row (G*
each b€ {xy — 1,y —2,...,1,0} in order, and then

Set (G»*2)" := (G*2), (G**1)" := G¥*! and (G™)* := G™.

We perform those for all v and denote the resulting matrix by @3 := @3 (w,A,1) € SET+2IxET+50) W
keep the original names for columns, although they may also have changed. For each v, the procedure

eliminates the all terms —¢7 ., (in the row (sz+b+3)’) in ¢, in the order from bottom to top, using

the identities {fv,—l,b 1(Z,b Lbi2 = {lv,—l,b+2 observed in equation 3.6.12. At the same time, it yields some
‘unwanted terms’. They are described in Figure 3.10 in pink color, where we calculated as, for example,

b- - Wiyspo1| _ yb- b- b-1
( Gy 1b+2)( Ay - 17Cz +b-1 ) ¢ b 1b+28s, b 21X +b-1=C, o pioXi+bi2)

forbe{3,.. — 1} using the definition ofC in 3.6.11 and the identity 3.6.12 again.

Iy b 2,b-1

We should carry out the coordinate changes on the domain, i.e. elementary column operations on
7o € AT*BT+20 corresponding to the row operations taken to ¢, to maintain the exactness of the se-
quence that has been obtained. We proceed for each v € {1,...,¢{} as follows:

Set Gy ,,:=G ,1,G},:=G) ,..., Gy 1\, =G| 4, and then
/ *
Add ¢P- L b 1,b times the column G; by (O the column le . and rename the changed column le L for

eachbe{xv—l Ky —2,...,1,0} 1norder
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Denoting the transformed matrix by 73 := 75 (w, A, 1) € AT*®7+2) we can express it as

n?’::(Gl‘”“Gll_l‘ ‘G;kl ‘G}kl ‘G]H—l"”‘Glf_l‘ ‘GZ' ‘G}k{ ‘G]f'*'l"”‘GjT)TX(gT_‘_zg)
where the explicit form of columns are given by
Ky+2
Gi+b+ ). Cl ote—1Gnre  fO<b<k,—1,
c=b+3
G*
wib Gy +b ifxy <b<jy—1y,
o
sz+b_ .
Hy, ith=j,-1,+1.

Then we may check im ¢3 = ker 3 from the fact that im ¢, = ker, and the above constructions of ¢3
and 3. Moreover, the construction of 73 yields im 3 = imm,. Thus, setting M3 := M>, we get the following
modified exact sequence of S-modules from 3.6.21:

§BT+5¢ Py 3T+ Ty (Ms)g — 0. (3.6.22)

To get rid of the ‘unwanted terms’ in the matrix ¢3, we execute coordinate changes on its domain, i.e.
elementary column operations on it. First, to remove the bottom-right entry, consider the column

Ky+1

Ky—2 Ky +1

Clv;Kv 2Kv+1XlV+KVe(GW+KV+2)’ _( H AH—d)le-FKV-Fl le+Kve(G’V+KV+2)/'
d=x,-1

When 1, +xy +1 = Jy, it is just an S-multiple of the column T, 41 = x; -1ep~ in ¢3. Otherwise, when
Iy +Ky+2 < Jy, itis an S-multiple of the column y,,+«, X1, +«,+1€Gw+v+2, Which is an S-linear combination
of columns R; K43 e R}V+1 and T}, 41 in @3, by the same argument used in equations 3.6.20. In any
cases, therefore, the mentioned column is an S-linear combination of columns in ¢3.

Using this fact, we provide the explicit manual to remove all ‘unwanted terms’ in 3 as follows: For

eachve{l,..., &,

Add the column ¢ fv Ky =2,y +1 X 1K, € (Grvrvs2) to the column R; +x, Using elementary column operations,
!/ !

Add Cl bo2.bil times the column R L +bs3 O the column sz+b foreach b e {x, - 1,x,-2,...,2,1}, and then

Add A} 1x, +’1”1 times the column R] _ ; to the column R}’ .

We denote the transformed matrix by ¢4 := @4 (w, A,1) € S§BT+2E)xBT+56) and keep the original names for
its rows and columns.

One can check indeed that the process eliminates the entries of ¢3 which are colored in pink in Figure
3.10. The bottom-right entry disappears in the first stage. The entries other than this and the top-left
entry are removed in the second stage in order from right to left, using identities such as

W+b+z b— b+2 b—
Azv+b+27(zv+b+2 (zv,b 2 b+lczv,b+1 p+2X 1 +b+2 = ¢

b
(lv,b 2,b+1 b 2, b2 X 1y +b+2

Ly,
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for be {1,...,x, — 1}, which follow from the definition of (f”gﬂ be2 in 3.6.11 and the identity 3.6.12. Then

in the final stage the top-left one goes away, butanew term A )(l_vl_t’lv“ X, is created instead in the place

marked with (*).

As coordinate changes on the domain of ¢3 do not affect the exactness of sequence 3.6.22, just setting
74 =13 € AT<G720 and M, := M3, we get the following exact sequence:

S3T+5f (,04; S3T+2£ ”4; (M4)S 3 0.

Here we may abandon three columns R, R, +1 and R;v +» In @4 because they can be expressed as
S-linear combinations of other columns, not contributing to im ¢4. To be specific, we have

i
R, =x1,Qu+1—~X1,-1Qu,-1,
Ri,1=—X0,+1Qu,-1+ X1, Qs

A
/ + w, -1
Rlv+2 = _)(zv+2QzV +le+1le+1 + AIVXLVW le+1e(sz—1)”.

-1 .. .
Note that the column A;X;/W X1 +1€(Gr-1y i just an S-multiple of the column T;,_ +1 = x;,_,-1€H5-1
in ¢4 if jy—1 +1 = 15, and an S-multiple of the column y, 3}, —2eg~-1 otherwise, which is an S-linear
combination of columns T}, _, +1, T;,_ +2, R;,_,+2, ..., R;,—1 in ¢4 by the same argument used in equations
3.6.20.

Then we further delete rows (G*)*, (G’V“)* and columns Q,, -1, Q;, in ¢4. Denote the surviving
matrix as @5 := @5 (w, 1, 1) € $37*37 after removing two rows and five columns in @4 € SGT+29)*B7+50) for
each v € {1,...,¢}. Then, finally, we find that ¢5 is in fact exactly equal to ¢, comparing the submatrix
@s [H' : HI*; T, 42T, +2] of g5 described in Figure 3.11 with the corresponding part of ¢. We name
the rows and columns of ¢ the same as the corresponding rows and columns of ¢5, and define submatri-
ces ¢} and ¢;, of ¢ as boxed in the figure.

To get an exact sequence containing ¢ = ¢s, we also have to erase columns G; and G; , in 74 €
v

AT*BT+2) corresponding to the removed rows in ¢4. As aresult, we get the reduced matrix 5 := 75 (w,1,1) €
AT given by

7I5:=(G1""‘Gl171‘ ‘G:‘1+2"~-‘G}k]

[Gr]-+| G| Fi] G,

k1%

‘Gj¢+1"”‘G3r)

Tx3T

Consequently, setting M5 := My, we get the following (part of) free resolution of (M5)g by Lemma 3.6.8:

st Ly 3t oy (Mp)s — 0.

To finish the proof, we recall in Proposition 3.6.5.(1) that det¢ is a unitin S when (w, A, 1) is nondegen-
erate. This implies that the map ¢ : $37 — S is injective. Indeed, if ¢u = 0 for some u € $37, we multiply
adj ¢ to both sides, then we have adj¢ - gu = (detg) u = 0 by equation 3.6.3, yielding u = 0 when det¢ is
a unit. Therefore, by Theorem 3.1.13, we know that Mjs is isomorphic to coker ¢ as an A-module and it is
actually a maximal Cohen-Macaulay A-module. But we also have M5 = My = M3 = M, and M = (M)" by
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construction. Taking these together, we conclude that M = M5 and thus establish the free resolution of
Mgswithm:=m(w,A,1):=7a5€ ATX3T.

3.6.4 Higher multiplicity cases

Theorem 3.6.9. For a band datum (w, A, 1), let w' be the corresponding loop word. Define the correspond-
ing matrix as

L-1pT -1 -1_4-1
p(W Ay = oW A1)l —x"" Py (Ju(D)—Al)—x""Ps @ (J,(M) =17 1)
ml -1 - -1
2,  —y™mTL, 0 0 0 -xyWw
-y, oxl, -2, 0 - 0 0
0 -z ML, oyl —x27' e 0 0
= 0 0 —x_lélp zly
—ymr 0
0 0 0 -y L, oxl,  -z'l,
_xll_lfu(’l) 0 0 T 0 -z "Iy, Y 3Tux3TU
0001 0100
0--000 0010 _ ‘
where P3;:=|0--00 Q) y Ny = (0 00 ™ and ], (A) := Al + Ny, is the Jordan block of eigenvalue
Do R |
0--000737x37 0000/ uxp
A and size pu x 1. Then ¢ (w', A, ) is a matrix factor of xyz and satisfies

M (w, A, p) = coker (w', A, ).

Definition 3.6.10. Let R be ak-algebra. For a one-parameter family

(S .
e = 3 @A eR™ (1)
i=—N
of R-valued matrices and a k-valued matrix A € kK**¥, we define a new matrix ¢ (A) by
o0 .
@M= ) @;®AN e R

i=—N

Remark 3.6.11. (1) 7y (w, A, i) = 7y (w, Ju (A)) where y € {x, y, z}.
@ (WA p)=¢ W, Q).
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Lemma 3.6.12. Let @ (1) € R™"((A)), w (A) € R™™((A)) be R((A))-valued matrices satisfying
@ v A)p (L) =0 as R((A)) -valued matrices,
(@) ¢ (1) =kery () for all eigenvalues A of A.
Then we have ¢ (A) = kery (A).

Proof of Theorem 3.6.9. Let

f(w A )= (xzyzlw‘yzzzlw‘zzlew‘”x (w, Ju (1) ‘”y (w, 7, (W) ‘”z (w, ] () )rux6w

be an A-valued matrix. Then we have

Mw, L) =7 (w,A,1) c A”.

Recall that we found all of its Macaulayfying elements F, , ..., F;, in A". Here, a Macaulayfying element
of M (w, L) in AT is an element F € A"\ M (w, 1) satisfying

yFeMw,A) forany ye€{x,y,z}.
It turned out that such elements appear in the form of Laurent series F (1) € A*((A1)) in A and satisfy
¥F) =7 (w,A)ay(A) forany ye{x,yz}.

for some ay (1) € ASTE((Q)). See equation (9.10) in [CJKR].

Using those elements, we got the Macaulayfication of M (w, 1) as

M (w,A) := M (w, )" = (M (w, 1), F,, (1), ..., F,, ()
=g (w,A)c A’

for some matrix 7 (w, 1) € A7*37 and also constructed its free resolution

pw',A) 7

0 —3 S37 b §37 WD o e ) — 0

as an S-module.

Now we consider
M(w, A, p) =7 (w, A, p) < A™.

and its Macaulayfication. For each Macaulayfying element F (1) = }.7° NFi}Li € A" of M(w, A,1) in A7, we

associate a matrix F (J, (1)) := Y2 yvFie (A)! € ATH*E_ Then it satisfies

¥F(Ju W) =7 (w, A, p) ay (Ju (D) forany ye{x,yz},

so that each column of F (J, (1)) is a Macaulayfying element of M (w, A, u) in A™. From this we get

M(W’Ayﬂ) ::M(w)Ay”)T = <M(W,A/,IJ),F11 (]y(l))y---!Flf (]p()l))>T
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and
(M (w, A, ), Fyy (Ju M)y Ere (Ju D)) =7 (w, Ty (V) < A™H,

On the other hand, applying the lemma on the above resolution, we have a free resolution

(P(w’,]u(/l)\) 3 ﬂ(w,];l(l))\
7

0 —> S S3TH > 1 (w, Ju()g —> 0 (3.6.23)

of 7 (w, Ju (1)) as an S-module. Finally, we know that ¢ (w’, J,, (1)) is a matrix factor of xyz, namely,

(W, Ju W)y (W', ], W) = xyzlsy,

which implies that 7 (w, J, (1)) is already Cohen-Macaulay and hence equals M (w, A, ). O
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(a)6j=6j+1=1 (b)5j=1and6j+1=0

1yl 1 1
X; X;

, w2 Y2
P IR

(C)5j=§j+1=0 (d)5j=0and6j+1=l

Figure 3.4: A part of generator diagram for M containing G;, Hj and G1 in each case
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R, R+ Ry 42 Ry 43 Ry, T, T),+1 T),+2 Rj, 42 R, R,
Gt —A:'V)(ft”“ ((ﬂl):
G" Yot Xt
G X Xu+2
G2 DY TR o
L TS Tt S
X3 0
Gn 0 0 YRy P S T (1)
H» 0 0 0 A e AL 0 0 0
G+l (1), P VS o 0 0
0 X+l
ALt o
G-l 0 0 Xivi-2 _A;HX:/:“H

Figure 3.7: Submatrix 1 [G¥™1:G"*1"; R, :R,,,, | of ¢1
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Qxﬁl le leﬂ R;(

R, 11 R;\,+2 R:\+K‘,+1 R;\,+K\+2
_ wy, -1 w), +
(Gr=1" 0 0 A X0, -Af X (¢1),
F 1 Yol Yii2 0 0 0 0 0 0 0 0
GWv -1 0 0 Xi,-1 Xi,+1
G 0 -1 0 —Xu Xi+2
’ _ —w, . _ —w, ,+1
(le+2) 0 0 ATV P ' _sz+lxtv+1 ' Xy 0 0 0 0
43 -1 0 1 oW
(G¥*9) o1 (oo 12 0 YTy PR Xu+1 0 0 0
)/ -1 0 1 o W
(G 13 i1 €13 0 0 A +3X043 Xiy+2 0 0
! -0 e 0 0 0 ~A- Wiy
1,-14 1y,-14 1y,-14 1,44k, +4
. c- Xy +x,-2 0
Vi +1) -1 0 1 - Wy iy
(Gl +Ky+ ) 7(%*1,1@ 7(”'7”“ 7(”'7”@ 0 0 0 0 _sz+xvxh+1<v Xiy+x,-1
(#1),
i +2Y/ -1 0 1 - Wy
(Grrr2) T T CANR I R SR 0 0 0 0 0 AL 1 X041

Figure 3.9: Submatrix ¢, [(G’V‘l)” (G 2) Q1 R, L o] of 0o
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"
QLfl QLL le+1 RL\ RL»H R;\Jrz R;\,+1<\,+1 R;L+xv+2
(le,l " 4o w1 L oow,
) 0 0 _szltv =N X, (‘Pl)v
,4‘[‘
X, X+l Xu+2
(G™) -1 0 0 Xi,-1 Xi+1
(Gv1y” 0 -1 0
—Xu Xuy+2
1,42)* _A- W (* _ —w, +1
(G ) 0 0 sz+lxzv-¢-14r 0t _AI\+IXI\+1 I X 0 0 0 0
71 —1
Gw3)* ’(:_ 1,2 12 - Wiy
( ) 0 0 0 Yiso X[/ e 0 _sz+27(zv+2 : X+l 0 0 0
0 0
Ghv4)* ¢ w-13 ¢ 0,3 - —wj,
( ) 0 0 0 )((/ . X/I . 0 _sz+37(zv+t3 b Xuy+2 0 0
0 0 0 (},(H ’(’}“1‘4 - “Wiys
X1, +4 X1, +3 0 _Alv+4xl"+4
X, +x,-2 0
(le+7(v+l)* 0 0 0 0 (T‘j) 1K ’(7“.; 3,Ky 0 - ~ Wiy ey
Yivax Yoo exo—1 _sz+xv7(zv+xv Xi+x,-1
((pl)v
2
(G1v+1(v+2)* 0 0 0 0 0 ¢ Ky—2,ky+1 0 AT “Wimy
Y1 ix, 1V+xv+lxtv+1<v+l

Figure 3.10: Submatrix @3 [(le‘l)” H(GWTY Qo1 R

93

’
Iy +Ky+2 of 3



Ty, 142 R), \+2 Ry, Qu,+1 Ry, +3 R, T, T),+1
: + w1

H —Ah_lﬂ)(]v_lil 0 0 0

Jy-1+1 + w;v—l“fz_l
G» Kiva _A]v—1+2X]v—1+2 0 0

oy
0 X+l
. + wi«/—l_l
C AL 0

-1 + Wiv_l
G" 0 0 Xi,-2 _Atv)(lv

FW Xi,-1
1, +2)* - _“/V+

(G] : ) _sz+lxzv+‘1 ' Xy 0 0
- W,
0 _1\1V+275z‘,+2W
_ 0
vy i3
- —w,_
el 0 0 CoALX, T X2

1 - 7w'v

HI» 0 0 0 =N, Xiv-1

Figure 3.11: Submatrix ¢ [ H/v-!
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Chapter 4

Mirror Symmetry Correspondence between
Modules and Lagrangians

4.1 Loop/Arc-Type Lagrangians — Band/String-Type Cohen-Macaulay Mod-
ules

We have defined the conversion formula from rank 1 band data (I, m, n) to normal loop data (I', m’, n’)
in Proposition 3.3.6, and showed that it defines a bijection in Theorem 22. In this section, we discuss the
conversion formula for higher rank cases that appeared in Theorem ?22.

Definition 4.1.1 (Conversion from band data to loop data). Pick a band datum (w, A, ), with
w = (Wi, Wy, W3, Wy, W5, We, ..., Wir—2, W3r—1, War) € Z°7.

We define the sign word § = §(w) € {0,1}37, the correction word ¢ = £(w) € {~1,0,1,2}3" of w and the loop
word w' € Z3" converted from w below, where we regard the index j of w;, 6, € ; and w} to be in Z3;. First,
each entry of the sign word 6 = 6 (w) is defined as

0 if (w;j<O0,or
w; =0 and at least one of the first non-zero entries adjacent to the
0= string of Os containing w ; (exists and) is negative,
1 otherwise.
Next, each entry of the correction word € = €(w) is defined as
£j 2=—1+5j_1+5j+5]’+1.
Then each entry of the converted loop word w' is defined as

I _

J
and the conversion from the band datum to the loop datum is given by

w w]‘+€j

(WA W — W' =w+ew), A = (DT =

where l; = ws;_y fori € Z;.
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Lemma 4.1.2. For a band word w € Z37 and its sign word § = 6 (w) € {0,1}%7, assume wy = --- = w; = 0 for
somek, l € Z3;. Then

. Og-1=0141=1implies6p=---=0;=1, and
. eitherb_1=00r6;,1 =0 impliesdy=---=6;=0.
Proof. Itis obvious from the definition of the sign word. O

Proposition 4.1.3. The loop word w' converted from a band word w is always normal.

Proof. Let w be any band word, € = e(w) the correction word of w, and w’ = w + £(w) the converted loop
word. We will show that w’ satisfies all of 4 conditions to be normal in order.

* Condition 1 Assume that w} =1 for some j € Z3;. As ¢; takes its value in one of —1, 0, 1 and 2, the
possible combination of w; and ¢; are (wj,sj) =(2,-1), (1,0), (0,1) and (—1,2). But the first one is
impossible as w; =2 means 6 ; = 1 so that £; = 0. The last one is also ruled out as w; = —1yields §; =0
so that £; < 1. In the third case, in order for £; = 1 to be hold, only one of §;_1, §; and § ;1 is 0. But
this cannot hold under w; = 0 according to Lemma 4.1.2.

Thus only the second combination remains. In this case, in order to hold w; =1 and ¢; = 0, we must
have 6; =1and 61 =61 = 0. Then we have w;_; <0. If §;_» = 0, we have £;_; = 0 and hence
w};l < 0. Otherwise, if §;_» = 1, we have £;_; = 1 and w;_; < -1 by Lemma 4.1.2.(1) which gives
w}_l < 0. Therefore, w}_ 1 =0 holds in any case and similarly we conclude that w} +1 = 0 also holds.

This establishes the first normality condition of w'.

e Condition 2 Assume that w}. =0 for some j € Z3;. The possible combination of w; and ¢; are
(LU]',E]') = (]-, _l)y (0) O)v (_]-) _1) and (_2) _2)

As before, one can easily exclude the first and the last cases.

In the second case, because €; =0, only one of 61, 6; and § 11 is 1. As w; = 0, it follows from Lemma
4.1.2.(2) that one of 6 and 641 is 1. Hence, we can assume without loss of generality that ;1 =1
and §; =641 = 0. Then we must have w;_; = 1 by Lemma 4.1.2.(2) and £;_; = 0 and hence w}_l >1.

Also, we have w;;; <0and €j,; <0. If wj, < -1, we get w; < —1. Otherwise, if wj;; = 0, Lemma

1=
4.1.2.(1) gives 5j+2 =0sothatej =—-1and w}ﬂ < —1 follow. Consequently, we have w}_l > 1 and
w} .1 =—1.If8;41 = 1, by symmetry, we get w}_l <-land w; .1 = 1, establishing the second normality

condition of w'.

In the third case, e; =1and §; =0yield §;_; =641 = 1. Then Lemma 4.1.2.(2) gives w;_1, wj;1 = 1.
Since €1, €j+1 = 0, we have w;._l, w', . =1, establishing again the second normality condition of w’'.

Jj+1 =
* Condition 3 Assume there are integers k, [ € Z3; suchthat [ # k+1land w) =0, w,, , == w,_ =-1,
w; = 0. By discussion in the previous case, we have wy = w;=0and 6;_; =0;41 =1,0,=0;=0. It
can be easily checked that w},, =--- = w)_, = —1 implies 044 = --- = §;-; = 0, yielding x4 =+ =
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€1-1 = —1 and that wy,1 = --- = w;—; = 0. Putting these together would contradict Lemma 4.1.2(1).
Therefore, we conclude that there is no subword of the form (0, —1,-1,...,—1,0) in w/, establishing the
third normality condition of w'.

¢ Condition 4 Assume w} = —1for all j € Z3;. It can be easily checked that §; = 0 for all j, yielding
€j = —1 and w; = 0. But then by definition we have §; = 1 for any such j, which is a contradiction.
Therefore, w' does not consist only of —1, establishing the last normality condition of w'.

Next we define the inverse of the above conversion formula.

Definition 4.1.4 (Conversion from normal loop data to band data). Pick a normal loop datum (w', ', ),
with
w' = (W), wh, Wy, Wy, We, W, ..., Wy,_p, Wy, _1, Wh,) € ZT.

We define the sign word &' = 6’ (w'") € {0,1}%7, the correction word &' = £/ (w') € {~1,0,1,2}3" of w' and the
band word w € 737 converted from w' below, where we regard the index j of w}, s;., s’j and w; to be in Z;.
First, each entry of the sign word §' = 6'(w') is defined as

5 ._{ 0 if w}SO

Il if w;.>0.

Next, each entry of the correction word €' = €' (w') is defined as

!

,'_— ,. ,. .
€;:==1+6,_,+6;+06;,,.

Then each entry of the converted loop word w is defined as
wj= w;. - 8']-
and the conversion from the normal loop datum to the band datum is given by
WA, w)— (w=w—¢e'Ww),A= (=Dt y=p)
wherel; = wsj_» fori € Z;.

Example 4.1.5. Consider a band datum (w, A, ) whose band word w is given as below.

w :(6)072)_1’O)_3)070)5)0,_2)17_1)3’4)

S(w=6w)=(1,1,1,0,0,0,0,0,1,0,0,1,0,1,1)

ew=¢w)=(2,2,1,0,-1,-1,-1,0,0,0,0,0,1,1,2)

w =(8,2,3,-1,-1,-4,-1,0,5,0,-2,1,0,4,6)
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We computed the sign word &(w), the correction word €(w) of w and the loop word w' = w + €(w)
converted from w. Note that w' is presented in the normal form. Then we computed the sign word 6' (w'),
the correction word €' (w') of w'.

We underlined the spots of w in blue or red, respectively, according to whether the value of 6 on them
is 1 or 0. Likewise, the spots of w' are underlined according to the value of §'. Observe that both w and w'
have the same underline pattern, implying §' (w') = 6(w) and hence ' (w') = e(w). Therefore, the band
word w' — &' (w') converted from w' is the same as the original band word w.

The parameter A and the holonomy parameter A' in this case are related by A' = (—1)67110+0-1+53 — _3

Proposition 4.1.6. The conversion from the band datum to the loop datum and the conversion from the
normal loop datum to the band datum are the inverses of each other.

Proof. Let (w, A, 1) be aband datum and
(“" =w+ew),'= (—1)ll+"'+lf”/1»ﬂ)
the converted loop datum, where I; = ws;_, for i € Z;. Then let

(w,, —w —¢ (w/) A = (—l)l{’+"'+l¥+rll,,u _ 'u/)

be the band datum converted from (w', 1, u), where I = wy,_, for i € Z;. In order to show (w",A", u) =

(w, A, w), we notice that it is enough to show w” = w, which is also equivalent to £(w) = €' (w’). By the
construction of w and w’', therefore, we only need to show that §(w) = §’(w'). Denoting § = §(w) and
6'=0"(w'), we can prove § ; = 6’]. for each j € Z3; as follows.

*Casel wj=-1

In this case, we have §; = 0 and hence ¢; < 1, implying w;. < 0so that 6’]. = 0 follows.

*Case2 wj=0

If 5; = 0, by Lemma 4.1.2.(1), at least one of 6 ;1 and 6 j+; must be 0, implying £; < 0 so that w}. <0
and hence 6’]. = 0. Otherwise, if §; = 1, by Lemma 4.1.2.(2), both § ;1 and 6 j+; must be 1, implying
€j =2 so that w}. =2 and hence 5’1. =1.

*Case3 wj=1

We have §; = 1 and hence €; = 0, implying w} > 1 so that 5’]. =1 follows.

Therefore, we proved that if we convert a given band datum to a loop datum and then convert it back
to a band datum, it returns to itself.

Conversely, let (w’, A, 1) be a normal loop datum and

(LU" —w —¢' (w), A = (_1)l£/+...+l;’+1/1/,u)
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the converted band datum, where [} = w},_, for i € Z;. Then let

(w/// —w' —g" (w//) A= (_l)lir+...+lg+r/1//”u — ,u)

be the loop datum converted from (w”, A", ). In order to show (w"”, A", u) = (w', X', w), we only need to

show w"’ = w', which again follows from 6’ (w') = §” (w"). As above, denoting 6’ = §'(w’) and §” = 6" (w"),
we can prove 5’1. = 6’].’ for each j € Z3; by dividing the case.

e Case 1 w} <-2

We have 6’]. =0. As 8’]. = —1, we also have w}.’ < -1 and hence 6’].’ =0.

* Case 2 w;. =-1
We have 6’]. =0. Since w' is normal, w’ does not consist only of —1.

If the first non-(—1) element to the left of w;. is less than or equal to -2, namely, if there is an integer
k € Z3; \ {j} such that w} < -2, w;
6}’ =0 by Lemma 4.1.2.(2).

=w' = -1, we have w! < -1, w

" . .
= = f ke Wi S 0, implying

If the first non-(—1) element to the left of w’ is greater than or equal to 1, namely, if there is k € Z3; \ {j}

L,wh=<o,

such that w =1, w. . =-=uw =-1, we have ¢’ .. = 0 and hence w' e+ i

k+1 — j k+1 —
implying 6’].’ =0by Lemma 4.1.2.(2).

ka1 < L wy

The above discussion also applies to the elements to the right of w;.. It remains a case where both the
first non-(—1) element to the left and the right of w; are 0, namely, there are k, [ € Z3; \ { } such that

k<j<land w =0, w,C == w; =L w = 0. But this violates the third condition for w’ to be
normal. Thus we conclude that 6’].’ =0 Whenever w' i =—1and w' is normal.

* Case 3 w} =0

! ! 3 /
Wehave6j—0. Because w' is normal, oneofw]._1 ]+1210r w] 1 =1 w]+1_ —1lor w] .
!/

Wiy, = 1 must hold. In the first case, we have 5’]. =0, w}’ =0 and 5’] .’_1 = 0 bt arguments in the case 1

and 2. Hence, Lemma 4.1.2.(2) gives 6 ;.’ = 0. The second case can also be handled in the same way. In
the third case, we have s;. =1, w}’ = —1and hence § ;.’ =0.

<-1l,w

* Case4 w} =1

We have 6’. = 1. As w' is normal, both w;._l and w;. L are less than or equal to 0. Therefore, we have

6;. =0, w;.’ =1 and hence 6’].’ =1.

e Case5 w;. =2

We have 5’]. = 1. If w’' consists only of 2, then w" consists only of 0, whence § ’]’ = 1. Now assume that
this is not the case.

If the first non-2 element to the left of w;. is less than or equal to 1, namely, if there is k € Z3, \ {j} such
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that w, <1, w) == w;. = 2, we automatically get w}. < 0 by the first condition that w' is normal.

Thus we have £;€+1 =1and hence w;C’H =1, w;c’+2, . w}’ > 0. And if the first non-2 element to the left of
w;. is greater than or equal to 3, namely, if there is k € Z3; \ {j} such that w}c >3, w;Hl =...= w}. =2, we

I

have wi =1, w{,,,...,w} = 0. Therefore, in any cases, either w7 = 1 or there is k € Z3; \ {j} such that

AT w}’ > 0. This result also applies to the elements to the right of w;. and therefore we

conclude that either w}’ > 1, or there are k, [ € Z3,\{j} with k < j < [ such that w;c’ >1, w;c’H,..., w;’_l >

w;c’ >1, w
0, wg’ > 1. In either case, we have 6’].’ =1.

e Case6 w;.z?,

We have 5’]. =1.As 5’]. < 2, we also have w}’ =1 and hence 6’].’ =1.

We proved that if we convert a given normal loop datum to a band datum and then convert it back to
aloop datum, it returns to itself. O

Remark 4.1.7. We could have chosen different forms in the conversion formula from band words to loop
words. To be more specific, we can take any sign word §* := 5* (w) € {0,1}3" in Definition 4.1.1 satisfying the
following:

5;=0 l'fw]'<0,

ifwj=0and 5; < 67“, then the first non-zero entry to the left of w1 (exists and) is negative and

the first non-zero entry to the right of w; (exists and) is positive,

ifwj=0and 5;7 > 6’]‘?+1, then the first non-zero entry to the left of w j+1 (exists and) is positive and
the first non-zero entry to the right of w; (exists and) is negative.

Then we can prove that loop words obtained from the same band word should be equivalent to each other,
no matter which sign word 6* (w) is used. In this case, all converted loop words satisfy the following ‘quasi-
normal’ conditions:

any subword of the form (a,0,b) in w' satisfiesa<-1,b=1ora=1,b<-1ora,b=1,
any subword of the form (a,1,b) in w' satisfiesa=2,b<00ora<0,b=2ora,b<0,
w' has no subword of the form (0,-1,-1,...,-1,0), and

w' has no subword of the form (1,2,2,...,2,1).

The conversion formula from ‘quasi-normal’ loop words to band words remains the same as in Definition
4.1.4. If one convert a given band word to a loop word using any sign word and then convert it back to a
band word, it returns to itself. Conversely, if one convert a given ‘quasi-normal’ loop word to a band word
and then convert it back to a loop word using some sign word, it is equivalent to the original one.
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Finally, we can state our main theorem.

Theorem 4.1.8. The following diagram commutes.

¢(w',A,1) € ME(xyz)

coker

P & localized mirror funcror
(Eisenbud, 1980)
resolve
M (w,A,1) € CM(A) WF(@)>L(w, A1)
classification Thm . .
classify objects
(Burban-Drozd)

conversion formula

(w,A,1) band data < > loop data (w',',1)

Namely, given a non-degenerate band datum (w, A, 1) and the corresponding loop datum (w',1',1),

(1) M (w, A, 1) corresponds to ¢ (w', A, 1) under Eisenbud’s theorem, i.e.,

M (w,A,1) = cokergp (w',A,1)  in CM(A),

) L(w',A',1) corresponds to ¢ (w', A, 1) under the localized mirror functor; i.e.,
FH(L(W, A1) =2 (w, A1)  in ME(xyz).

Proof. We will prove (1) and (2) in Section 3.6 and 2.4, respectively. See Theorem 3.6.1 and 2.4.1. O

Remark 4.1.9. The above theorem is between the band data and the loop data. On the other hand, there
are indecomposable maximal Cohen-Macaulay modules that are not locally free on the punctured spec-
trum, and they correspond to the string data (Burban-Drozd). On the mirror side, these correspond to
non-compact Lagrangians which start and end at punctures (i.e. Lagrangian immersions of R). Most of
the proof'in this paper would carry over to these cases without much difficulty, and hence we do not discuss
them.

Remark 4.1.10. In the sequel, we will generalize the above theorem in the following sense.

(1) The above theorem is for the multiplicity 1 (u = 1). We will prove the corresponding statements for
the higher multiplicity, namely for (w, A, u) with pu = 2 as well. The mirror Lagrangian will be given by
twisted complexes (of length ) of a single Lagrangian L(w',A,1).

(2) The above theorem holds even for periodic words. (Recall that the definition of the band and loop
data excludes periodic ones). They correspond to some direct sums of indecomposable objects corresponding
to non-periodic words in each category.

(3) The theorem holds for degenerate band/loop data. For degenerate cases, the correspondences become
somewhat subtle, and we will explain how to handle them in the sequel.
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Theorem 4.1.11. The following diagram commutes.

o (w1, 1) € ME (xy2)

coker
(Eisenbud, 1980)

P2 Q localized mirror functor

resolve

M (w, A, ) € CM (A) WF (@) L(w', A, p)
classification Thm/l\ . .
classify objects
(Burban-Drozd)

conversion formula

(w, A, 1) band data < > loop data (w', N, )

Namely, given a non-degenerate band datum (w, A, i) and the corresponding loop datum (w', \, ),

(1) M (w, A, ) corresponds to ¢ (w', A, 1) under Eisenbud’s theorem, i.e.,
M (w, A, p) = cokergp (w', A, 1) in CM(A),
@) L(w', ', p) corresponds to ¢ (w', A, ) under the localized mirror functor, i.e.,
gt (L(w" A, p) 2@ (w',A,u) in MF(xyz).
Corollary 4.1.12. There is a one-to-one correspondence

{indecomposable Cohen-Macaulay modules over A}/ ~ isomorphism

1:1 (. . ..
— {mdecomposable flat connections on vector bundles over geodesics in 32’} / ~ gauge equivalence -
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4.2 Applications

In this section, we give two applications (Proposition 4.2.1 and 4.2.2) of the correspondence between
Lagrangians and Cohen-Macaulay modules. It relates algebraic operations of matrices or modules with
symmetry of mirror geometry.

Pair-of-pants surface 22 has many obvious symmetries. Here we focus on its Z,-symmetry by flipping
back and forth. We can invert a loop/arc L under this symmetry. Then its mirror matrix factorization
FH (L) = (@" (), ¥ (1) is transposed into FL ()T = (¢ (1), ¥* (1)T) . Taking cokernel of " (L) is then
corresponds to the dual of coker @' (L). Therefore we have the following proposition.

Proposition 4.2.1. Under homological mirror symmetry, the following operations are compatible with
each other:

e [nversion of Lagrangians in D" (W Fuk (2)),
» Transpose of matrix factorizations in MF(xyz)

* Dual of Cohen-Macaulay modules in CM(A)

By reversing orientation of a loop/arc L, its mirror matrix factors change their position so that
FhLn) = (YHw), et ).

Because cokernels of two complementary matrix factors are Auslander-Reiten translation of each other,
we have the following proposition.

Proposition 4.2.2. Under homological mirror symmetry, the following operations are compatible with
each other:

¢ Orientation-reversing of Lagrangians in D" (W Fuk (2?)),
* Position-changing of matrix factorizations in MF(xyz)

* Auslander-Reiten translation of Cohen-Macaulay modules in CM(A)
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Chapter 5

Degenerate Vector Bundles over Degenerate
Cusp Singularities

5.1 Burban-Drozd Triples and Decorated Quiver Representations

Let A:= k([x,y,z]]/ (xyz) be a degenerate cusp singularity and R := k[[x2, y11] x kl[y2, z11] x k[[z2, x1]] be
its normalization with an inclusion map given by x — x; +x», y — y1+ )2 and z — z; + z». The construction
in this thesis is also applicable to Aj, := k[[xl,...,xn]]/(x,-xj| li—jl=2, i,j€ Z/n) and its normalization
Ry :=kl[uy, v1]] x - -- x k[[uy, v,]], but we focus on A3 case here for simplicity.

Definition 5.1.1. ABurban-Drozd triple (M, V,0) on A consists of

e Cohen-Macaulay R-module M,
e Noetherian Q (A)-module V, and

* Q(R)-module epimorphism6: Q(R) ®,(1) V — Q(R) ®r M which (canonically) induces a
Q (A)-module monomorphism V — Q(R) ®q(z) V — Q(R) ®r M.

Amorphism (¢,y): (M,V,0) — (M',V',0') between triples consists of
e R-module map ¢ : M — M', and
* Q(A)-modulemapy:V — V'
such that the following diagram is commutative:

QR)®ga V —— Q(R)&r M

lﬂ@w lﬂ@up

- o' - ~
Q(R) ®qa) V' — Q(R)er M'
We denote by Tri (A) the category of Burban-Drozd triples on A.

104



Definition 5.1.2. Arepresentation © = {Bﬁy, H)Y(y, Hsyfz, 052,67 H’Z‘X} on the decorated quiver Q 4 is a collection
of k((1))-vector spaces and k((t))-linear maps

o KOE
7X yz
e N
(1) P k()%
6[ o T 6L, (5.1.1)
k((nh k((enh
o ,/ay
Xy d Xy
k()™
such that
— 0%, k()P — k() 00 k()™ — k()% are surjective, (5.1.2)
0:.
i (ef ):ﬂ««m" — k()= s injective 613
n

for(a,e,m)=(x,y,2),(y,2,X), or (z,X,Y).
Amorphism ® = {(pxy, Py, Pz, Ux, Uy, Wz} : © — O’ between representations is a collection of k[[u, v]]-
linear maps p.a : kl(u, v]]d°' — kllu, v]]d"I and k((t))-linear maps . : [k((t))l’ — Ik((t))l/'

v,
k(' — MO
02, 0%, gz 0z 05,
k((t? k() ®” ke (1) Pox P52 k()™
();\T ) T()i,‘ A Y (o
0
k(20 w k(1 ¥y k(o)
> L Ca ¥ e . T
Lok —Z ey k™
\/
Py
satisfying the 6 commuting rules
] 3 . ] . !
— lgobia=0ihow. where ¢y :=@.a(t,0):k((£)%® — k((1)%n, (5.1.4)
. . . . ° ’.
— .00, =0 0w, where ¢}, :=,.(0,1) : k(D)™ — k()% (5.1.5)

for (a,e,m) = (x,y,2),(y,2,%), 0or (z,X,y).

We denote by Rep (Q 1) the category of representation on Q 4.
Remark 5.1.3. Our definition of Rep (Q,) is almost the same as Rep (X 1) in [BD17], but the morphism rules
at targets are slightly different. Namely, in Rep (X »), the maps ¢.u: (kl[u, v1]/ (uv))d" — (kllw,v1l/ (uv))d"
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are k[[u, v]]/ (uv)-linear maps which satisfy a similar commuting relation as above. So we have a natural
functor Rep (Qa) — Rep (X 4) which is full and essentially surjective but not faithful.

This alternative definition is necessary in our next discussion where we will define functors (in particu-
lar to send morphisms) from Rep (Q ) to other categories and derive their equivalences. In the meantime,
the functor Rep (Q4) — Rep (X 4) preserves indecomposability and isomorphism classes of objects, so the
classification result on Rep (X 1) in [BD17] directly applies to Rep (Q 4) as well.

. . _ y y
Remark 5.1.4. Given a representation © = {9;‘,(,9%,, Oxy, 05,05

yz,Béx} on Q4 as in Diagram 5.1.1, we asso-
ciate a Burban-Drozd triple (M, V,0) on A as follows:

V= k() x k()b x k()"
M :=K[[x, 1% x k([y, 211 x k[[z, x]]%,

0 := 0%, x Oy x 0y, x 0%, x 02, x 03
()5 x k(b x k((y)y x k(@)% x k(@) x k((x)k
— e ((x)) % x k()% x k(1)) % x ke ((2)) = x ke ((2)) % x ke ((x)) %,

Given a morphism ® = {(pxy, Dyz, Pz, Y, Wy, Y.} : © — O between representations, we associate a mor-
phism (¢, v): (M, V,0) — (M',V',0') between triples as follows:

P 1= Pay X Pyz x P K12, Y% x K[y, 211 x k[ [2, x1]% — K[, y11% x k[[y, 21147 x k[[2, x])%, and
W=y x Py x W, k((0) 5 x k() x k(@) — k((0)5 x k()Y x k((2)% .

Then we can check that those assignments indeed define a functor Rep (Q 4) — Tri(A). We can also show
that this induces an equivalence of categories. Indeed, any Cohen-Macaulay R-module M and Noetherian
Q (A) -module V' can be expressed in the above form for some dyy, dy;, d;x, I, ly, I, € Z>o, and then any Q (R) -
module map 0 decomposes into above form. It is also similar for morphisms (¢,w). This gives a (non-
canonical) quasi-inverse of the above functor.
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5.2 Geometry of X = Spec(A)

Geometrically, the affine scheme X = Spec(A) is a gluing of three ‘(infinitesimal) planes’ Spec (k[[x, y11),
Spec (k([y, zl1), Spec (k[[z, x]]) along three ‘(infinitesimal) axes’ Spec (k((x))), Spec (Ik((y))) Spec (k((2)))
in the following sense. We consider six ‘inclusion maps’ from axes to planes, for example, 7, : Spec (k((x))) —
Spec (k[[x, y]1) induced from the dual ring homomorphisms l :kllx, ¥ = k((x), f(x, y) f (x,0), etc.
Then they form a hexagon diagram T as in top left in Figure 5. 1

4
— Spec(k((2))) z
V \yf

Spec (ﬂ«[[z X1 Spec [k[[y z11) colimit

(gluing)
lZX A Z
Y X 1%
Spec (k((x))) Spec (k(()))

/ \ / \ X = Spec(A)

xySpec([k[[x y]]]lxy

<

Idual Idual
Z k((2)) l:Z,;
N
k([z, x]] KkIly, 1] limit
’ ’ (fiber product)
TJ T JE BA0acs A=Kllx,y,2]l/ (xyz)
k((x)) k()

By kilx, 11 By

Figure 5.1: Geometric Construction of X = Spec(A)

Proposition 5.2.1. (1) The affine scheme X = Spec(A) is the (categorical) colimit of the hexagon diagram T
of affine schemes in top left in Figure 5.1.

(2) The commutative ring A=kl[x, y, zl1/ (xyz) is the (categorical) limit of the hexagon diagram T of com-
mutative rings in bottom left in Figure 5.1, which can be written as

A={(f g h) ekllx, Il xklly, 21l x ki[z, x]]| h(0, %) = f(x,0), £(0,y) = g(1,0), g(0,2) = h(z,0)}.
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5.3 Degenerate Vector Bundles

In this section, we introduce the notion of degenerate vector bundles.

Definition 5.3.1. Given a representation ©® on Q, as in 5.1.1, we construct a hexagon diagram © of affine
X-schemes as shown in Figure 5.2.

o At6 vertices, we attach trivial vector bundles

Spec (kllx, y11) x A%,  Spec(klly, z]1) x A%, Spec (kl[z, x]]) x A%,
Spec (k((x))) x Ak, Spec(k((y)) xAl,  Spec(k((2))) x AL,

whose ranks are determined by the dimension of k((t))-vector spaces in ©. (Figure 5.2 illustrates the case
where (dxy, dyz, dzx, Iy, ly, lz) =(0,1,1,1,1,2). ) They are also affine X-schemes via the natural inclusions
Spec (k[[«,m]]) — X and Spec (k((*))) — X.

e At 6 arrows, we attach vector bundle maps (with respect to the inclusion maps between base spaces in 1)
determined by k((t))-linear maps in ©. For example,

é,’g, :Spec (k((x))) x Ak — Spec (k([x, y1]) x A%y

is induced from the dual ring homomorphism

§§y:u<[[x,y]] [siy,...,sf}fy] —k((x) [r)!’.“,r)ix]
F(x sty ) = F(%,0,65 9 (1 o))

and so on. They are also X -morphisms between X -schemes.

Then we define the degenerate vector bundle & (®) over X associated to © as the colimit
& (0) :=colim 0

of the diagram © in the category of affine X -schemes. In general, we call an X -scheme which is isomorphic
to & (O©) for some O € Rep (Q 4) as a degenerate vector bundle over X.

108



IN(63
6%/ ) \9{
k(([))dﬂ k((t)]d)'z construct
07 €] 63,
k(nh k(@
k()

Figure 5.2: Degenerate Vector Bundle & (0) associated to the Representation ©®

Spec (k((z2))) x Az

Spec (k([[z, x]]) x A%

H/g{’

Spec (k((x))) x Ak

Spec (kl[x, y11) x A%y

@

Spec (k[[y, z11) x A=

Spec (k((3) x Al

L
P

Note that the natural projection maps of the trivial vector bundles form the hexagonal prism diagram
as shown in Figure 5.3. The fact that the attached maps above are vector bundle maps respecting the
diagram T ensures that all vertical rectangles commute. Via natural inclusions Spec (k[[,m]]) — X and
Spec (k((e))) — X, we can assume that they have a common target X. Then the universal property of the
colimit yields the projection map

T:8(0)—
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Y Kllxyl) by
x y
Figure 5.3: Projections Ty, y;, T,x and 7y, 7Ty, 7T, Figure 5.4: Dual projections 7ixy, Ty, T,x and 7y, Ty, T,
defining the projection 7 : & () — X defining the dual projection 7: A — % (0©)

Remark 5.3.2. Conceptually, we can view the degenerate vector bundle & (®) as a gluing of three vector
bundles over ‘planes’ along three vector bundles over ‘lines’. A ‘point’ (x, (r)}, e r)ﬁ")) on the ‘fiber’ over x in

the x-axis, for example, is identified with the ‘point’ ((x, 0),0% (1) (r,},...,ri")) on the fiber’ over (x,0) in

the xy-plane’ and at the same time with the ‘point’ ((0, x),0% (x) (r;, e r,f")) on the ‘fiber’ over (0, x) in the
7zx-plane’ As it has different ranks on each component, it can not be a vector bundle in the traditional sense
in most cases.

We can provide a concrete realization of & (©) by using the dual language of commutative rings.
Specifically, consider the hexagon diagram © of commutative rings as shown in Figure 5.5, which is dual
to the diagram O of affine schemes. Therefore, denoting the limit of © as

R (0) :=1imO,

we have & (©) = SpecZ (©) . The ring Z (©) has a concrete description as in the next proposition.
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k((2) [rzl ..... r;] N

0% 0y,
O

07 v
dy,
p / \ . k[[z, xI] [s%x ,,,, sg;x Ik[[y,z]] [SSI,Z ..... Syz) ]
k(™ O™ construct limit
o o o, 3 6 o, > RO
K((en'x k(o L I
~ - k() [rx ,,,,, r;] k() [ry ..... ry]
0 o,
Xy Xy
k() ‘x /
GX

w o
KILx 111 sk iy

Figure 5.5: Ring Z (0) associated to the Representation ®

Proposition 5.3.3. The (categorical) limit of the hexagon diagram © of commutative rings in Figure 5.5
can be written as

dzx

cd kllz,x]] [S;x*""szx ]

R(©) ={(F,G,H) € kllx,}] sk, sy | xKl[,21] [ ], 505

05 () = 03, (F), 03y (F) =6}, (G), 07, (G) =05 ()}
Proof. (Need to write) O

Note that the natural projection maps of trivial vector bundles are induced from the dual ring homo-
morphisms. For example,

Ty : Spec (k[[x, y1]) x A% — Spec (kllx,yl]) and 7x:Spec(k((x))) x Ak — Spec (k((x)))

are respectively induced from the natural inclusions of rings

oy 1 k1%, 11 — KI[x, 1] [s}(y,...,s,‘fy‘y and 75 k((x) — k((x)) [r)},...,r,?]
f(y)= f(xy) p(x)— p(x)

and so on. They form the hexagonal prism diagram in Figure 5.4, and the universal property of the limit
yields the dual projection map between rings. Under the expression of & (©) given in Proposition 5.3.3, it
is written as

A= R©),p(x,y2)— (p(x0),p(0,52),px0,2).

Next we define morphisms between degenerate vector bundles. Recall that a morphism from 0 to
©' in Rep (Q,) is a collection ® = {(pxy, Pyz, Pz Vo Py, wz} of k[[u, v]]-linear maps @.q : k[, p]]dem
kllu, v]]dil and k((#))-linear maps v. : [k((t))l' — [I«((t))l" satisfying the commuting rules 5.1.4.

Definition 5.3.4. Given a morphism ® = {Qxy, Pyz, P2, Wx, Wy, W5} : © — ©' in Rep (Qa), we construct a
hexagonal prism diagram ® of X -schemes from © to ©' as shown in Figure 5.6.
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* Between trivial vector bundles having the common base space Spec (k[[e,m]]), we attach vector bundle
maps determined by k([u, v]]-linear maps in ®. For example,

®xy : Spec (k([x, y11) x A% — Spec (kllx, y11) x A%y
is induced from the dual ring homomorphism
S dy
Oxy  kllx, y1] [s}(y,...,sxy"y] — k[[x, yl] [s,l(y,..., f;y]
d, d
F(x,y,s}(y,...,sxyy) — F(x,y,(pxy(x,y) (s)l(y,...,sxy"y))
and so on.

* Between trivial vector bundles having the common base space Spec (k((*))), we attach vector bundle maps
determined by k((t))-linear maps in ®. For example,

Wy : Spec (k((x))) x Ak — Spec (k((x))) x Ak
is induced from the dual ring homomorphism
T k) [y | = (OO [
I

P(x, il r)ii) — p(x,ij(x) (r,},...,rxx))

and so on.
v,
Spec (k((2))) x Ak Spec (k((2))) x AL
Spec (kl[z, x]]) x A% Spec (kl[y, z11) x A%z Spec (k[[z, x]]) x Adx __ Spec (kl[y, zl1) x A%

e |

Spec (k[[x, y11) x A% Spec (k[x, yI]) x A%

Pxy

Figure 5.6: Natural transformation @ : © — @ associated to a morphism ®:© — ©' in Rep (Q4)

Then the commuting rules of ® described in Equation 5.1.4 yield the commuting of ®
~ Penolin=0:koW. and §roli, =000, for (aem)=xY,2),y,2%), orzxy),

corresponding to 6 horizontal rectangles in Figure 5.6. (See also Remark 5.3.6.) The functoriality of taking
colimit gives an X -morphism
& (®):=colim®: & (@) — & (@)

between X -schemes.
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Definition 5.3.5. The category of degenerate vector bundles over X, denoted as DVB (X)), is a subcategory
of the category of X -schemes consisting of X -schemes which are isomorphic to & (©) for some © € Rep (Q4).
We define the morphism space from & (©) 10 & (©') in DVB (X) as

HOIIIDVB(X) (é’y (©),8 (@,)) = {éa (D) |q) € HOIIlRep(QA) (@,@,) } .
The assignments
Rep (Qa) = DVB(X), ©—&(0)
in Definition 5.3.1 and
Homgep(g,) (©,0") — Hompyg(x) (€ (©),€ (0')), @— & (@)
in Definition 5.3.4 define a covariant functor
& :Rep (Q) — DVB (X),

which we call the gluing functor. It is obvious from the definition of DVB (X) that & induces an equivalence
of categories.

Remark 5.3.6. The dual construction of definition 5.3.4 can be described in the category of commutative
rzngs Namely, given a morphism ® : © — @' inRep (Q4), we construct a hexagonal przsm dzagram $:0' —
© of commutative rings as shown in Figure 5.7, which is dual to the above construction ®: © — 0.

Iz
/\ ,
[k((z))[r) ..... /ﬂ B ﬂﬁ((z))[r,' ..... /,’} N

Mlz"\“[S’I"”"Si[\ﬁJ k[[y’:‘][s.\l"/ '''' 5i[/J kilz, \H{ /v-..,s;\ J kHJnZH{S;/ ..... \iI/J

X
HV,\

Figure 5.7: Natural transformation ®: 0 — O associated to a morphism ®: 0 — 0’ in Rep (Q4)

We can directly check here the commuting of ®:
~0inoPew=1.00i and 07, 0pn.=9.007. for (a+m=xY,2,y 2%, orzxy),

corresponding to 6 horizontal rectangles in Figure 5.7. The functoriality of taking limit gives the morphism
between commutative rings, which can be written as

Z (@) :=1lim®: % (0') — % (©)
(F,G H) = (9xy (F), 92 (G), @ (H'))..
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in the context of Proposition 5.3.3. Thus we have a contravariant functor Z : Rep (Q4) — CRing fo the
category of commutative rings.
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5.4 Global Sections

A section of the degenerate vector bundle & (@) over X is an X-morphism §: X — & (0) between X-
schemes, that is, a morphism of schemes satisfying 7 o § = idx. In this section we will discuss how to
construct sections, and we will demonstrate that it covers all sections.

Definition 5.4.1. To construct a section 5: X — & (©) of a degenerate vector bundle & (©), we consider a
hexagonal prism diagram as shown in Figure 5.8.

The sections Sgy, Sy, and S of Spec (kl[x, y11) x A%, Spec (kI[y, z]1) x A%z, and Spec (kl[z, x]]) x A% are
determined by sxy € k|[x, y]]dxy » Sxy € klly, z11%, and Sxy € kllz, x]] %, respectively. For example, a section

Sy : Spec (kl[x, y11) — Spec (k[[x, y11) x A%y

is induced from the dual ring homomorphism

S K101 [shy o s — KL )

F(x,y,s,l(y,...,sgy) »—»F(x,y,s}(y(x,y),...,s@y(x,y))
where sy = (siy,...,sfy"y) e k([x, yl]%.

Similarly, the sections rx, fy, and 7, of Spec (k((x))) x Al Spec (lk((y))) x Al and Spec (k((2))) x Al are
determined by ry € k((x)), Iy € k((y)Y, and r, € k((2))%, respectively.

The commuting of 6 vertical rectangles in Figure 5.8 yields the 6 gluing conditions

$2x (0,%) = 025 (X) 1 (%), Sy (x,0) = 0 (%) 1 (),
sy (0,0) =05 (M) ry (9), 82 (1,0) =63 (¥) 1y (), (5.4.1)

$2(0,2) =0} (2)1,(2), Sz (2,0) =02 (2) 1, (2).

In that case, we can assume that such sections have a common target & (0). Then the universal property of
the colimit yields a section
$: X — &)

of &(0). This means that for any tuple
(Sxy» Syz» Sz T Ty T2) € KL, Y11% x K[y, 21147 x k[[2, x11% x k()% x k((y) x k((2)"
satisfying the gluing conditions, there exists a corresponding section § associated with it.

Remark 5.4.2. Conceptually, we can understand a section s of & (®) associate with (sxy, Syz» Szx» Txo Ty rZ) as
a gluing of sections over individual trivial vector bundles. In view of Remark 5.3.2, the gluing conditions of
these sections ensure the consistency of the sections along the three axes, as they are merged together under
the gluing rule © of & (©).
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k((2)

-1
Tyreeo T,

P

d([x, y11) x A Y

kllz, x1]
g k((x)
X l‘}‘—"Spec (kllx, yHYiy ;\ /

5 Kl yll Ky

X Y
Figure 5.8: Sections Sy, Sy, Sx and 7, 7y, 75 Figure 5.9: Dual sections Sy, Sy, $x and 7, 7y, 5
defining a section §: X — & (©) defining a dual section 5: Z (@) — A

Remark 5.4.3. In the dual hexagonal prism diagram as shown in Figure 5.9, the universal property of the
limit yields the dual section

SIZ(O)— A

d d
(F(x,y,s,lw,...,sxyxy],G(y,z,syl,z,...,syg'z),H(z,x,s;x,...,sfxz")) — (F(,1,8 (1)), (G (12,82 (1,2)), (H(2,X,8,x(2,X))),

which is written in the expression of % (©) in Proposition 5.3.3 and A in Proposition 5.2.1(2).

Proposition 5.4.4. Any section of the degenerate vector bundle & (©) over X is induced from a tuple

(Sxy» Syz» Sz T Ty T2) € L1, Y114 x K[y, 211%7 x K[z, x11% x be((x)) X x ke (1) x ke ((2))

satisfying the gluing conditions as in Definition 5.4.1.

Suppose that we have a tuple

(Sxy» Syz» Sz T Ty T2) € 1, Y11% x K[, 211%7 x ke[ [z, 211 % x ke ((20) % x k(7)Y x k((2)*
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satisfying the gluing conditions. The assumption

_ o;. . le Apotcom e iimioos _
o* k(1) = k(D) isinjective for (a,e,m) = (x,¥,2), (y,2,X), or (,X,Y)

imposed on © € Rep (Q4) in Equation 5.1.2 implies that (ry, ry, ) is uniquely determined by (syy, Syz, Szx)-
Therefore, a section can be naturally identified with an element

§:= (Sxys Syz S2) € KL, Y11% x K[y, 2112 x K [[ 2, x]] %=

In this respect, we can identify the set of all sections of 77 : & (©) — X with
I'(&(@):= {s:= (Sxy Syz» S2x) € kl[x, Y114 x K[y, 2] x k([2, x]] %

$2x (0, %) = 02 (X) 1 (X), 8y (x,0) = 0y (%) 1 (%),

sy (0,7) =05 () 1y (), sy (1,0) =6y (¥) ry (¥),
5y2(0,2) =0} (2)1,(2), sx(2,0=0%(2)r,(2) [’

for some (ry, ry, 1) € k((0))x x k()5 x k((2)) "
which is a subset of k[[x, y1]% x k[[y, 211% x k[[z, x]]%.
Note that the set of all sections has a natural A-module structure. Namely, each of
x5 = (X8xy, 0, X85x), V5= (VSxy» ¥Sy2,0), 25 =(0,28y;, 25)

satisfies the gluing conditions with (rX, Iy rZ) multiplied by x, y or z, respectively. Thus, I'(& (0)) is an
A-submodule of k[[x, y11% x k[[y, z]]%* x k[[z, x]]%.

Remark 5.4.5. By the above discussion, I (€ (©)) is determined by the following pull-back diagram.

T(&(0)) k()5 x k()b x k((2)"

l le

kilx, y11% x k[[y, 21]1% x k[[z, x]]% —Z> k((x)% x k()% x k()% x k((2))% x k((2))% x k((x)) %

Thus, algebraically the gluing conditions naturally arises from the diagram. It has already been developed
and exploited several times in the literature, e.g., [BD17] defined a functor Tri' (A) — M (A) and [LW12]
defined a functor BD' (A) — CM (A) using this construction.

Lemma 5.4.6. T' (& (0)) is a Cohen-Macaulay A-module.

Proof. We show that (ay,az) := (x+y+z,xy+ yz+ zx) is a regular sequence of T := I' (& (0)), which di-
rectly yields depthT = 2 and hence I' € CM (A). Since x + y + z is not a zero divisor of k[[x, y]]dxv X
kily, z]]%= x k([z, x]]1%, it is also not a zero divisor of I'. To show xy + yz + zx is not a zero divisor of
I'/(x+y+2)T is equivalent to show

sel, (xy+yz+zx)se(x+y+z)I = se(x+y+z)l.
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By assumption, we have

(XY Sxys Y28y, 2XS5x) = (X + ) txy, (¥ + 2) Uyz, (2+ X) Usx)

for s = (Sxy Syz, S2x) € I’ and for some u = (uyy, ty,, Uzx) € I'. Because each k([x, yl1, k([y, z]] and k[[z, x]] is
a UFD, we have

Sy = (X+Y)sgy  Syz=(V+2) sy, Six = (2+X) sy
for some s’ := (s,’(y, s'yz,séx) € kllx, y1% x ki[y, 2114 x k[[z, x]]1%* and hence s = (x + y + z) '.

Gluing conditions for s € I' imply

X855 (0, ) = 05 () 1x (%), X5y, (x,0) = 6 () 7 (%),

sy (0,9) =03 (V) ry (), ysy (1,0) =05 () 1y (¥),
25y, (0,2) =0y (2) 1,(2), 28, (2,0) = 07 (2) 1,(2)

for some (rx, Iy rz) € k((x)k x Ik((y))ly x k((2)%. Dividing each equation by x, y or z, we know that s also
satisfies the gluing conditions with r' = (ry/x,ry/y,1,/2) € k((x))% x k()" x k((2))%. Therefore, we have
s’eTand hence s€ (x+y+z)T. O
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5.5 Equivalence of Categories

Theorem 5.5.1.
DVB (X)
‘/global Y&e‘:’luing functor
section
CM(A) Fsp Rep (0)

(1) To&)olFpp = idcm(a)
(2)Fgpo(I'o&) =idgep(Q,)

Therefore, categories CM (A) and Rep (Q4) are equivalent. As the gluing functor & was established as an
equivalence in Definition 5.3.5, the category DVB (X) is also equivalent to them.

Proof. (1) For any M € CM (A),
Fep (M) = (M:=RX s M, Vy:=Q(A) @4 M,0p:Q(R)®s M — Q(R) 2 M).

We choose trivializations
Q(A) @ M =k((x)x x k((y)h x k((2)",
M = k([x, y1% x k([y, 211 %= x k([z, x]] %,
which yield another trivializations
Q(R)®a M=K((x)) x k(b x ki)l x k((2)" x k((2)" x k((x)h,
Q(R) &g M = k((x))% x k((y)% x k(1)) % x k()% x k((2)) % x k((x))%,
and expression of 8 as
BMEHQXH)XYXBg,’ZXH;ZXHfXXH’Z‘X

k()5 < k(Y x k() x k(@)% x k(@)% x k((x)5

— ke ((x)) % x k(1) % x k((1))% x k((2) % x k((2))% x k((x))%,

which gives a representation @y, = (Bﬁy, 9,%,, HSY,Z, 052,07 H’Z‘X) € Rep (Qa) of M on Q4.

To prove that I' (& (@) is naturally isomorphic to M, we identify it as an A-submodule of
M =l[lx, yl1% x klly, 211 x kllz, x]1%.
Note that there is a natural injection 2, : M — M. Therefore, it is enough to show the equality

T (& (@) =im 1. (5.5.1)
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In the following commuting diagram, both rows are exact.

0 —> kerm —> M —— Q(A)®s M
1lekem 11M lffM:,mM (5.5.2)

0 IM M —— Q(R)er M

For any s = (Sxy, Syz, Szx) € M,
7 (8) = (Sxy (%,0), 8¢y (0, ), 8yz (1,0), 8y2 (0, 2), $2x (2,0), 855 (0, %)) € Q (R) ®g M
and for any r = (ry, 1y, 1,) € Q(A) ®4 M,
(1® ) (1) = (1 Iy Tys T2 T2, 1x) € Q(R) @4 M

and hence
Om(r) = (9;‘yrx,Gzyry,egzry,Gézrz,ﬁéxrz,e’z‘xrx) €Q(R)®r M.

Therefore, s € M satisfies the gluing conditions specified in Equation 5.4.1 if and only if
ft(s) =0 (1)

for some r € Q(A) ® 4 M.

The (o) part of Equation 5.5.1 immediately follows, as 1) (a) satisfies the gluing condition 7 (s) =
0;\4 (r) forany ae M.

To establish (<) part, we need a further claim that TM < im 1. We have a natural commuting diagram

Hom 4 (Hom, (M, A), A) = M <> M = Homg (Hom4 (M, R), R)

T !

Hom 4 (Homy4 (M, R), A) Hom 4 (Homy4 (M, R), R)

for M € CM (A). Forae I ={a€ AlaR < A} =Homy (R, A) and f € M = Hompg (M, R) where M := Hom4 (M, R),
we have af € Homy (M, R), im(af) < A and hence af € Hom4 (M, A). Then commuting of the diagram
yields af € im 1), proving the claim.

Now let s € M satisfy the gluing condition 7 (s) = 6 (r) for some r € Q (A) ®4 M. Note that x"r € imn
for sufficiently large n € Z. Let’s say 7 (ax) = x"'r for some my € M. Then

7 (x"s) = Opr (x"' 1) = Opr (0 (M) = 72 (a1 (1)

yields
x"s—1p (my) € IM cimiy,

and hence x"s € im ). Similarly, we have x"'s, y"s, z"s € im 1) for sufficiently large n € Z. Because M is
Cohen-Macaulay, by Proposition 3.3.2, finally we have s € im 1.
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Naturallity follows from commuting of the diagram

for M, N e CM (A).
(2) Let® = (Bﬁy, eiy,egz,e?;y 07, H’Z(X) € Rep (Q4) be arepresentation on Q4.
Step 1: Characterize elements of I' (& (®)).

We divide the sections in I' (& (®)) into the following three types.

First type: The sections written in the forms
xys=(xy$x,0,0), yzs=(0,yz8y;,0), or zxs=(0,0,2x5)
for some s:= (sxy, Syz» szx) e k[[x, y]]dxy xklly, z]]1% x k|[[z, x]]dZX, whose support lie on the complement of

Spec( A/ (xy)), Spec( A/ (yz)), or Spec(A/ (zx)) in X = Spec (A), respectively.

Second type: The sections written in the forms

S (x1%) 1= (xe;‘y (x) 15,0, X0 (x) rx) where 0}, (x)rx€ ke [[x]] %, Hﬁy (x) 1y € k[[x]] %,
sy (yry) := (v03y (¥) 1y, ¥65, (¥) 1y,0)  where 65 () ry ekllyn®, 65 () ry e k[[yl]%, or
S, (zry) = (0, zQ}Z,Z (2) 1,207 (2) rz) where 6%, (2)r, € k[[z]]%, 0 (2)1r, € k[[z]]%

z
yz

for some rx € k((x)k, Iy € Ik((y))lY,rZ € k((2)%, whose support lie on the complement of Spec (A/ (z)),
Spec (A/ (x)), or Spec( A/ (y)) in X = Spec (A), respectively.

Third type: For any other section s € I'(§ (®)), each of xs, ys and zs can be expressed as an A-linear
combination of sections of the first or second type. For example, xs is expressed as
x5 = (x5 (x,),0, X85 (2, X))
= (x8xy (x,0),0, x5, (0, %)) + (xys)'(y (x,) ,0,0) +(0,0, zx s}y (2, %))

= sx (xrx) + xys' + zxs'
for some ry € k((x) and s}’(y e k([x, y]]dxy, séx € k[[z, x]]% , where we decompose syy and s, as

Sxy (%, 7) = sxy (%,0) + (Sxy (%, ¥) = $xy (%, 0))
= Sxy (x,0) + ys)'(y (x,¥),
Szx (2, X) = 875 (0, X) + (8¢ (2, X) — 825 (0, X))

= 5,x(0,%) + 28, (2, %)
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Step 2: Find a basis for each component of Vi) = Q(A) ® 4T (€ (©)) = k((x)x x k() x k((2)".
For any section s € I' (£ (©)), we have
los=x '®@xsek((x)®,4T (& (©))

and the discussion in Step 1 implies that the k((x))-vector space k((x)) ® 4 I' (€ (®)) is generated by ele-
ments of the form

lexys, 1®yzs, 1®zxs, 1®s(xry), 1®sy(yry), 1®s,(2r,).
We show the first three vanish. For any sy, € kl[x, y11%, we have Sxy (x,0) € kl[x]]%. As 0y Is sur-

jective, there is a 7 € k((x)) 5 satisfying syy (x,0) = HXXY (x) ry. Take n € Z>( so that x"@x (X)rg € K [[x]] %,

x"6%, (x) 1y € k[[x]19> and hence sy (x" 1) = (x”“@i%, (x) 15,0, X 10X, (x) rx) isincludedin T (& (©)). Then
the calculation

x" (xys) = x" (xysyy (x,0),0,0) + x" (xyzs' (x,y),0,0)
=x" (xy@ (x) 1%, 0, 0) + xRS

(x

(

se (X" ) + X"y e yT (& (©)

(5.5.3)

n+l_2 ./

"“0" (x) rx)+x y°s

(X) 1, 0, x" 10X

shows that

n+1rx) + xn+1ys/)

vanishes in k((x)) ® 4 T' (& (©)) since y acts as 0 on k((x)). Similarly 1 ® yzs and 1 ® zxs also vanish.

lexys=x"®x"(xys)=y-x"® (sx(x

The last two also vanish, for example,

1@ sy (yry) =x" ® (xy6%; (¥) 1y,0,0) = x 7' (18 (xy$5,0,0)) =x~' (1@ xys) =0 e k((x)) ®4T (£ ().

Consequently, k((x)) ® 4 T' (& (©)) is generated by elements of the form 1 ® sx (x7x), or equivalently, by
Iy elements
x"® s (x"er),..., x " @ s (x"ey)
:=(0,...,0,1) € k((x) % all satisfy sx (x"e;) € T' (& (@)) for some n € Z. They

X

where e; := (1,0,...,0),...,¢;

X

indeed form a basis, whose linearly independence follows from injectivity of k()5 — k((£) %t

xy
Therefore, we get an explicit isomorphism k((x)) ® 4 T' (& (©)) = k((x))* and this is also similar for

k(1) @aT(&(©)) =k(()" and k((2)) ® AT (& (©)) = k(())".

Step 3: Describe the map ;) : ' (& (©)) — ['(& (©)) =kI[x, y11% x k[[y, 2]1% x k[[z, x]]%.

We use the decomposmon

I (€(©)) = Hompg (Homy (I' (8 (©)),R),R)

Homy(y,yy; (Hom (T (& (©)), kllx, y11),kl[x, y11)
x Homy(,z; (Homa (T (& (©)),kI[y, 211), k[[y, 21])
x Homyz, ) (Hom 4 (T (& (©)),kl[2, x11), k[[z, x]]).

n
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Note that for any f € Homy (T'(& (0)),kl[x, y]1) and xys = (xysyy,0,0) € I' (& (©)), we have from 5.5.3 that

x"f (xys) = yf (sx(x" i) + X" ys')
and hence y|f (xys). Similarly, we also have x| f (xys) and therefore xy|f (xys).

It enables us to define a k[[x, y]]-module isomorphism
Homy (T (€ ©)),kil[x, y11) — kilx, yl]%
f— (f((xyel,0,0)) /xy,...,f((xyedw,0,0)) /xy)
with an inverse
k([x, y1% — Homy (' (& (©)), kl[x, y11)
(sf,...,s;xy) — (f: (Sxy» Syz» Szx) — si‘s}(y+...+s;lxysdxy)_
Therefore, we have an isomorphism
Homyx,y)) (Hom, (T (8 (©)), kILx, y11), kl[x, y11) = Homyx,y (kllx, y11, klx, y11) = kllx, yl1 %
which is composed with a natural map
I' (& (©)) — Homyy, ;) (Hom (T'(& (©)), kllx, y11), kllx, y11),
to yield
T (& ©)) — kilx, ylI %
(50520 sy ).
Finally, we have an injection
@) : T ©) =T E®)=kilx, yl1% xkily, 211" x kl[z, x]] %
(Sxy» Syz» Szx) — ((siy, ) sff) ) (531,2, s s;izyz) , (S;X, e sf,?‘)) )
Step 4: Describe the map
Orse) : Q(R)®aT (& (©)) = k()™ x k(¥ x k(¥ x k((2)" x k((2)" x k((x)™
— Q(R)®rT (& @) = k((x)™ x k()™ x k(™ x ke ((2) P x k() x ke ((x))*.

Under the natural ring homomorphisms

A=kllx, y 2]/ (xyz) —> A=Kkllx, 2]/ (xy,yz,zx) — Q(A) =k((x) x k() x k((2)

| | |

R =kllx,yl]xRI[y2l]xRl[zx]] > R =kilxyl/xy)x kil (ya)xkilza]/(zx) <> Q (R) () x k(1) <k (1) ¥k ((2)) xk ((2)) xk ()

123



we have

I'&©) Q(A)® AT(E @)=k ((0)) x xk ()Y xk((2)'2
RCC) Q(R)® T (& @)=k (X)) x k()X x k()Y x k(Y x k(2D x k((2)"
ler@(@»

TE@)=kI[x,yN14 xk([y, 21147 xk[[z,x11%% —> Q(R)®rT(E©)=k((x))™ xk (1) xk (1) N7 xk ((2)) D7 xk ((2)) % x e ((x)) 42X

where the map 0rg(@)) decomposes into 6 maps

(Oreson)yy k()5 = k)%, (Breen)y, : kDY = k%, (Oreen)y,: k(@) — k(@)%

(Orson)yy - kDY =k, (Oreen)y, k(@) = k@)%, (Breen)p: k)" — k()%

We claim that (Qr(g(@))))iy coincides with the originally given 65, and similar for others. By discussion
in Step 2, k((x)) ® 4T (&€ (©)) = k((x)) has a basis consisting of
x " @ s (x"er),...,.x " @ s (x"ey ),
where sy (x"e;) = (x”G;‘y (x)e;,0,x"0%, (x) el-) e I'(€ (0)). The result in Step 3 reveals
Oreey (x" @ sc(x"ei)) = x™" @ irs(o) (5 (x"ei))
= x "o x"0) (Ve € k((0) @ (kllax, yl1% x klly, 211 x kllz, 11
= 0% (x)e; e k()®,

which proves the claim. Therefore, we have a decomposition of Ore)) as

Or s (©) Z0x, x Oyy x 0, x 07, x 0 x Oy,
k()5 x k(Y x k(Y x k((2)7 x k((2)"7 x k((x)5
— () D x k()P x k(1) x k() x k((2)) % x k((x)) %
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