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INDECOMPOSABLE MODULES IN THE GRASSMANNIAN CLUSTER
CATEGORY CM(Bs )

DUSKO BOGDANIC!' AND IVAN-VANJA BOROJA?

ABSTRACT. In this paper, we study indecomposable rank 2 modules in the Grassmannian
cluster category CM(Bs510). This is the smallest wild case containing modules whose
profile layers are 5-interlacing. We construct all rank 2 indecomposable modules with a
specific natural filtration, classify them up to isomorphism, and parameterize all infinite
families of non-isomorphic rank 2 modules.

1. INTRODUCTION AND PRELIMINARIES

In their seminal work [7], Fomin and Zelevinsky used the homogeneous coordinate ring
C[Gr(2,n)] of the Grassmannian of 2-dimensional subspaces of C" as one of the first
examples of the theory of cluster algebras. Scott proved in [17] that this cluster structure
can be generalized to the coordinate ring C[Gr(k,n)]. These results initiated a lot of
research activities in cluster theory, e.g. [5,8,10,12-16,18]. Geiss, Leclerc, and Schroer
[9,11] gave an additive categorification of the cluster algebra structure on the homogeneous
coordinate ring of the Grassmannian variety of k-dimensional subspaces in C™ in terms
of a subcategory of the category of finite dimensional modules over the preprojective
algebra of type A,_1, called the boundary algebra. Jensen, King, and Su [14] introduced a
new additive categorification of this cluster structure using the maximal Cohen-Macaulay
modules over the completion of an algebra By, which is a quotient of the preprojective
algebra of type A,_1. In the category CM(By,,) of Cohen-Macaulay modules over By,
among the indecomposable modules are the rank 1 modules which are known to be in
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bijection with k-subsets of {1,2,...,n}, and their explicit construction has been given
in [14] (a k-subset I corresponds to a rank 1 module denoted L;). Rank 1 modules are
the building blocks of the category as any module in CM(By,,) can be filtered by rank 1
modules (the filtration is noted in the profile of a module, [14, Corollary 6.7]). The number
of rank 1 modules appearing in the filtration of a given module is called the rank of that
module.

The aim of this paper is to explicitly construct all rank 2 indecomposable Cohen-Macaulay
By, ,-modules in the case when & = 5 and n = 10. All indecomposable By, ,-modules of rank
2 whose rank 1 filtration layers L; and L, satisfy the condition |I N .J| > k — 4 have been
constructed in [4]. This covers all tame cases and the wild case (k,n) = (4,9). The case
(k,n) = (5,10) is the smallest wild case that contains rank 2 indecomposable modules whose
layers are 5-interlacing. In this case, the only profiles with 5-interlacing layers are of the
form {i,i4+2,i+4,i4+6,i+8} | {i+1,i+3,i+5,i+7,i4+9}, where i = 1,2. We construct all
indecomposable modules with the profile {i,i+2,i+4,i46,i+8} | {i+1,i+3,i+5,i+7,i+9},
classify them up to isomorphism, and parameterize all infinite families of non-isomorphic
rank 2 modules. It is important to remark that even though we only treat the case (5, 10)
in this paper, all arguments and results are also valid for the general case (k,n) for all rank
2 modules with tightly 5-interlacing layers.

We follow the exposition from [2,3,14] in order to introduce notation and background
results. Here, the central combinatorial notion is that of r-interlacing.

Definition 1.1 (r-interlacing). Let I and J be two k-subsets of {1,...,n}. The sets
I and J are said to be r-interlacing if there exist subsets {iy,i3,...,%9,—1} C I\ J and
{ig,44,... 192, } C J\ I such that iy < iy < i3 < -+ < iy < 41 (cyclically) and if there
exist no larger subsets of I and of J with this property. We say that I and J are tightly
r-interlacing if they are r-interlacing and |I N J| =k —r.

Let T',, be the quiver of the boundary algebra, with vertices Cy = Z,, on a cycle and
arrows z; ti—1 — 1, y;, 11 = i—1, i € Cy. We write CM(DBy,,,) for the category of maximal
Cohen-Macaulay modules for the completed path algebra By, of I',,, with relations zy — yz
and ¥ — y"~* (at every vertex). The centre of By, is Z := C[|t|], where ¢t = 3, z;y;. For
example, in the following figure we have the quiver I', for n = 5. We view the completed
path algebra of I'), as a topological algebra via the m-adic topology, where m is the two-
sided ideal generated by the arrows of the quiver, see [6, Section 1]. The algebra By, was
introduced in [14, Section 3]. Observe that By, is isomorphic to B, ,, so we will always
take £ < 7. Moreover, throughout this paper, we will be working with the algebra Bs 1¢.
For background results on algebras given by quivers and relations and their representations
we recommend [1].

The (maximal) Cohen-Macaulay By, ,-modules are precisely those which are free as Z-
modules. Such a module M is given by a representation {M; : i € Cy} of the quiver with
each M; a free Z-module of the same rank (which is the rank of M).
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FIGURE 1. The quiver I';

Definition 1.2 ([14, Definition 3.5]). For any By ,-module M and K the field of fractions
of Z, the rank of M, denoted by rk(M), is defined to be the length of M ®, K, rk(M) :=
len(M ®z K).

Note that By, ®z K = M, (K), which is a simple algebra. It is easy to check that the rank
is additive on short exact sequences and rk(M) = 0 for any finite-dimensional By, ,,-module
(because these are torsion over Z). Also, for any Cohen-Macaulay By ,-module M and
every idempotent e;, j € Cy, rkz(e; M) = rk(M), so that, in particular, rky (M) = nrk(M).

Definition 1.3 ([14, Definition 5.1]). For any k-subset I of Cy, we define a rank 1 By,-
module
L] = <U27 1€ Co; Ty Yi,s 1€ Co)
as follows. For each vertex i € Cy, set U; = C[[t]], e; acts as the identity on U; and e;U; = 0,
for i # 7. For each i € Cy, set
x;: U;_1 — U; to be multiplication by 1 if ¢ € I, and by t if i & I,
y;: U; — U;_1 to be multiplication by tif i € I, and by 1if i & I.

The module L; can be represented by a lattice diagram £; in which Uy, Uy, Us, ..., U,
are represented by columns of vertices (dots) from left to right (with Uy and U, to be
identified), going down infinitely. The vertices in each column correspond to the natural
monomial C-basis of C[t|]. The column corresponding to Uy, is displaced half a step
vertically downwards (respectively, upwards) in relation to U; if i + 1 € I (respectively,
i+1 & I), and the actions of x; and y; are shown as diagonal arrows. Note that the k-subset
I can then be read off as the set of labels on the arrows pointing down to the right which
are exposed to the top of the diagram. For example, the lattice diagram Ly 45} in the case
k =3, n =8, is shown in Figure 2.

We see from Figure 2 that the module L; is determined by its upper boundary, denoted
by the thick lines, which we refer to as the rim of the module L; (this is why we call the
k-subset I the rim of L;). Throughout this paper we will identify a rank 1 module L; with
its rim. Moreover, most of the time we will omit the arrows in the rim of L; and represent
it as an undirected graph.
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FIGURE 2. Lattice diagram of the module Ly; 45y

Proposition 1.1 ([14], Proposition 5.2). Every rank 1 Cohen-Macaulay By ,-module is
isomorphic to Ly for some unique k-subset I of Cy.

Every By, ,-module has a canonical endomorphism given by multiplication by ¢ € Z. For
Ly this corresponds to shifting £; one step downwards. Since Z is central, Homgp, , (M, N)
is a Z-module for arbitrary By ,-modules M and N. If M, N are free Z-modules, then so
is Homp, , (M, N). In particular, for any two rank 1 Cohen-Macaulay By ,-modules L; and
Ly, Homp,  (Ly,Ly) is a free module of rank 1 over Z = C[[t]], generated by the canonical
map given by placing the lattice of L; inside the lattice of L; as far up as possible so that
no part of the rim of Ly is strictly above the rim of L; [14, Section 6].

Every indecomposable module M of rank n in CM(By,,) has a filtration having factors
Ly, Ly, ..., L5, of rank 1. A specific filtration given by the dimension vector of a module
is noted in its profile, pr(M) =1, | I | ... | I,, [14, Corollary 6.7]. In the case of a rank
2 module M with filtration L; | L; (i.e. with profile I | J), we picture the profile of this
module by drawing the rim J below the rim I, in such a way that J is placed as far up as
possible so that no part of the rim J is strictly above the rim I. Note that there is at least
one point where the rims I and J meet (see Figure 3 for an example).

Ficure 3. The profile {1,3,5,7,9} | {2,4,6,8,10} in CM(Bs5 19).

For background on the poset and dimension vector associated with an indecomposable
module or to its profile, we refer to [14, Section 6].
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2. TIGHT 5-INTERLACING

In this section we construct all rank 2 indecomposable modules with the profile I | J in
the case when I and J are tightly 5-interlacing 5-subsets, i.e., when |\ J| = |[J\ I| =5 and
non-common elements of I and J interlace, that is, |I N J| = 0. Rank 2 indecomposable
modules with 3-interlacing and 4-interlacing layers have been constructed and parameterized
in [4].

In the case (5, 10), there are only two profiles with 5-interlacing layers, namely I | J and
J | I, where I = {1,3,5,7,9} and J = {2,4,6,8,10}. We will work with the profile I | J,
the arguments are the same for J | I.

In [4], we defined a rank 2 module M(7, J) with filtration L; | L; in a similar way as rank
1 modules are defined in CM(By ). We recall the construction here. Let V; := C[|t||®C[|¢|],
i=1,...,n. The module M(7, J) has V; at each vertex 1,2,...,n of I',,. In order to have
a module structure for By, for every ¢ we need to define z;: V;_y — V; and y;: V; = Vi_4
in such a way that z;3; = t - id and 2% = y"*.

Define
g [T Dain R Y
2i+1 — O 1 ) 21 — O t )

(1 —baia [t by
y21+1_ O ¢ ) Yoi = O 1 3

fori=0,1,2,3,4. Also, we assume that Z?:o b; = 0. By construction it holds that xy = yx
and z° = y'%75 at all vertices and that M([, J) is free over the centre of Bs . Hence,
M(I, J) is in CM(B5’10).

It was shown in [4] that M(7, J) is isomorphic to L; & L if and only if ¢ | b; 4+ b; 41, for i
odd.

Our aim is to study the structure of the module M(7, J) in terms of the divisibility
conditions the coefficients b; satisfy. Since I and J are fixed, M(7, J) will be denoted by
M.

We distinguish between different cases depending on whether the sums by + by, bs + by,
bs + bg, by + bg, and by + by are divisible by ¢ or not. We will call these the five divisibility
conditions t | by 4+ ba, t | by + by, t | bs + bg, t | by + bg, and t | by + byp, and write (div) to
abbreviate. Also, we write B; = b; + b;;1 for odd 7. There are four base cases: one of the
sums B; is divisible by ¢ and four are not, two are divisible by ¢ and three are not, three
are divisible by ¢ and two are not, and none of the sums is divisible by ¢. Note that it is
not possible that four of the sums are divisible by ¢ and one is not because they sum up
to 0.

Theorem 2.1. The module M(I, J) is indecomposable if and only if there exist odd indices
iy, and iy, such that t | b; + b1, for i, <i <1y, i odd, t)(b,-l1 + by 415 " biy, + by, 41, and
t1 bi,, + by 41+ by, + by 1
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Throughout the paper, in all the cases we consider, we will assume that the assumptions
of the previous theorem are fulfilled, i.e. that there are odd indices ¢;, and 7;, such that
t ‘ bi+bi+17 for ill <1< ’ilQ, 1 Odd, t )( bill +bill+17 t)[ bi12+bi12+17 and ¢ f bill +bill+1+bi12 +bi12+1-
This means that one of the base cases, the case where two of the sums B; are not divisible
by t and three are divisible by ¢, will not be considered, because in this case the assumptions
of the previous theorem are not fulfilled. More precisely, the sum of the only two B;’s that
are not divisible by ¢ is divisible by ¢, because 1%, b; = 0. Therefore, there are only three
base cases to consider.

We will show that there are infinitely many non-isomorphic modules with the same
filtration for the cases when none of the sums is divisible by ¢ and when four of the sums
are not divisible by t.

Let (c1,cq,c3, ¢4, Cs, Cg, C7, Cs, Co, C19) be another 10-tuple such that 1%, ¢; = 0 and that
the module defined by this tuple is indecomposable. Denote this module by M' and by C;
the sum ¢; + ¢ 1, for odd 7. We say that the modules M and M satisfy the same divisibility
conditions if the following holds: ¢ | B; if and only if ¢ | C;, and t | B; + B; if and only if
t|Ci+Cj.

For the rest of the paper, if t%v = w, for a positive integer d, then t~%w denotes v. If
there is an isomorphism ¢ = (p;) between the modules M and M, then the following holds.

Let us assume that ¢y = : ? . Then from p;z; = ;0,1 we get that o941 is
at(cr+ - F )ty Bt—aX i b+ 65 o — (SF b)) (23 ety
tly 6 — (b1 + ... b))t 0 ’

and that ¢o; is equal to
(a +(c1+ ety B+t (~a Z?il b; + (52?11 cj — t_lfyz Z] 1 cj)>

Y

y o — (bl —+ -4 bgi)tfl’y
where ¢ | v and

t | —Oé(bl + bg) + 5(61 + CQ) — (bl + bg)(cl + CQ)t_l’y,

t] —a Zb +0 - ch—t ’yZb Zc“

i=1 =1
(2.1) t] —a Zb +4- ch—t ’yZb Zc“
i=1 =1
t\—aZb +5Zb—t fyzb ch
i=1 =1

Since t | v and we would like ¢ to be invertible, then it must be that ¢ { « and ¢ 1 4.

. . o - . . .
Then the inverse of g is - 5i = <_7 f) . Thus, in order to construct an isomorphism
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between M and M, we have to make sure that the divisibility conditions (2.1) are met for
the coefficients of g. This will be used repeatedly throughout the paper.

Before considering base cases, in the next theorem we show that if the modules M and
M’ do not satisfy the same divisibility conditions, then they are not isomorphic.

Theorem 2.2. The above defined modules M and M’ are not isomorphic if they do not
satisfy the same divisibility conditions.

Proof. Let us assume that there is an odd index, say i;, such that ¢ t b;, + b;;+1 and
t| ey, +ciq1- If o = (p;) is an isomorphism between M and M, let ¢;, 1 = (3 g . Then

the coefficients of ¢;, 1 have to satisfy divisibility conditions (2.1). Since ¢ | ¢;, + ¢;, 41, the
first condition from (21), t | —Oé(bil + bil—i-l) + (5(611 + Cil-‘rl) — (b“ + bi1+1)(ci1 + Cil+1)t_17,
reduces to ¢ | a(b;, + bi,+1). But ¢t { o and ¢ { b;, + b;, 41 which is a contradiction. Hence, M
and M’ are not isomorphic in this case.

Assume that, for every odd i, t ¥ b; + b;y1 if and only if ¢ 1 ¢; + ¢;11. Since M and
M’ do not satisfy the same divisibility conditions, there is an index, say i;, such that
t 1 B;, + By, and t | C;; + Cy,. Then the second divisibility condition from (2.1), ¢ |
—Oé(Bz‘l + Bw) +5(O“ + 012) - (le + BZZ)(C“ + Ciz)t_l’}/7 reduces to t | —Oé(Bil + Bzg) But,
t{—a and t 1 B;, + B;, which is a contradiction. Hence, M and M’ are not isomorphic in
this case as well. U

For the remainder of the paper, when we investigate if the modules M and M’ are
isomorphic, we will implicitly assume that they satisfy the same divisibility conditions.

2.1. Three of the sums B, are not divisible by t. Assume that ¢ { b;, +b;,11,1=1,2,3,
and t | b, + b;,1, | = 4,5, where {iy,ia,13,14,i5} = {1,3,5,7,9}. Since 3,2, b; = 0, it
follows that ¢t ¥ B;, + B,,, for all I,s < 3. By Theorem 2.1, the constructed module is
indecomposable. Denote this module by M, 4, ;.. Let (¢;) be another tuple giving rise to
the module My, ;, ;,. The following theorem says that the modules M, ;, ;, and M
are isomorphic if and only if they satisfy the same divisibility conditions.

1,J2,J3

Theorem 2.3. The above-defined modules M, ;, ;, and M, ;, i, are isomorphic if and only
if {11, 12,05} = {71, j2, Js}-

P’I"OOf. Let {il,ig,ig} = {jl,jg,jg} and Yii—1 = <3 g) The lelSlblhty conditions (21)

reduce to the following two conditions (recall that we write B; for b; + b;y1):
t | —O./Bi1 + 6011 — Biloilt_l’j/,
t | —Q(Bil + Bzz) + 6(0“ + 07,2) — (le + BZQ)(C“ + CiQ)t_l")/.

Here, we assume that we started numbering from iy, and that i; < iy < 3.
Since there are no conditions attached to 3, we set it to be 0. If we set

—Osz‘l + 507,1 — Bilcilt_l’)/ = 0,
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_a(Bh + Blz) + 5(011 + sz) - (le + BZZ)(C” + Ciz)t_l’)/ = O,
then we get
a(Bi, + By,)[C N (Ci, + Cyy) — 1]+ 6(Cy, + Cy,)[B;, (B, + By,) — 1] = 0.

Ift | C;'(Ci, +Ciy) — 1, then ¢ | C,, which is not true. It follows that C;,'(C;, +C;,) — 1
is invertible. The same holds for Bl-_ll(BZ-1 + B;,) — 1. Thus, if we set 6 = 1, then we get

o= _(Cil + Clz)<Bl1 + Biz)_l[Bi_ll(Bh + Bl2) - 1][6’1_11(021 + Clz) - 1]_1

and
v =t(—aC;' + B ).
Hence,
_(Cil + Ci2)<Bi1 + BiQ)il[Bi_ll(BZd + Bi2> - 1][0121(011 + 012) - 1]71 0
Yo =

t(—aC' + B;Y) 1

The other invertible matrices y; are now determined from y;x; = x;i0;_1. Note that all of
them are invertible because their determinant is equal to ad — S+ which is an invertible
element.

If {iy, 42,43} # {J1, J2, j3}, then Ml and M’ do not satisfy the same divisibility conditions.

It follows by Theorem 2.2 that M and M’ are not isomorphic. U

The previous theorem tells us that the module M, ;, ;, only depends on the divisibility
conditions of the coefficients b;, so if we have two different tuples satisfying the same
divisibility conditions, then they give rise to isomorphic modules. In total, there are
(g) non-isomorphic indecomposable modules that arise this way, one for each subset of

{1,2,3,4,5} with three elements.

2.2. Four of the sums B; are not divisible by t. Assume that ¢t b;, +b;,41, [ = 1,2,3,4,
and ¢ | b +b; 11, where {iy,49,43,i4} U{j} = {1,3,5,7,9}. Since 3,2, b; = 0, it follows that
t| S, B, Recall that we assume that the divisibility conditions from Theorem 2.1 hold
so that the constructed module is indecomposable. Denote this module by M. It means
that t { B;, + B;,,, for at least one index [. If t { B;, + B, ,, then t { B;,,, + B;,,,. For the
remaining two sums B;  + B;,,, and By, + B;,, either both of them are divisible by ¢ or
none of them is. Thus, we have to distinguish between these subcases.

Before we start considering these subcases, we recall that two modules that do not satisfy
the same divisibility conditions are not isomorphic. Let (¢;) be another tuple giving rise to
another indecomposable module M'. Here, we assume that ¢ ¢, + ¢j,41, [ = 1,2, 3,4, and
t | ¢+ cip1, where {41, j2, 73, ja} U {i} = {1,3,5,7,9}. Since 312, ¢; = 0, it follows that
t| >0, Cj. Also, we assume that ¢ { Cj, + C;,, for at least one index [.

+1
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Now we examine if the modules M and M’ are isomorphic when they satisfy the same
divisibility conditions. Let {i1, 2,143,474} = {Jj1, jo, js, ja}. Here, we can assume that these
odd numbers are consecutive.

The first subcase is when two of the sums B;, 4+ B,, are divisible by ¢, and two are not.
Thus, we assume that t { B;, + B;,, t{ By, + B;,, t | Bi, + By, and t | B;, + B;,. The same
conditions hold for M, so t 1 C;, + Cy,, t 1 Ciy + Cyy, t | Ciy + Cyy, and ¢ | Cy, + Ci,. Note
that if t { By, + B;,, then t { B, + B;, because t | Y}, B;,. Analogously, if t | B;, + Bi,,
then t | By, + By,

Theorem 2.4. If M and M are such that t ¥ B;, + B,,, t | By, + Bi,, t 1 Ci, + Ci,, and
t|Ci, + Cy,, then M and M’ are isomorphic.

Proof. Keeping the same notation as before when constructing isomorphisms, the divisibility
conditions (2.1) reduce to:

t | —OéBil + (5011 — Biloilt_l'%
t| —a(Bi, + By,) +0(Cyy + Ciy) — (B, + Bi,)(Ci, + Ci,)t 1y,
because t | By, + By,, t | Ci, +Ciy, ] S B;,, and t | 31—, C;,. Now, we proceed as in the

proof of Theorem 2.3 in order to construct an isomorphism between M and M’ U

In total, this subcase gives 2(2) non-isomorphic indecomposable modules. There are two

modules for every choice of a four-element subset of {1,3,5,7,9}.
The second subcase is when none of the sums B;, + B, is divisible by ¢. Thus, we assume
that tt B;, + By, and t 1 C;, + C;, 44, for 1 = 1,2, 3,4.

Theorem 2.5. Iftt{ B, + B;+1 and t { C;, + Cj,41, for 1 = 1,2,3,4, then the modules M
and M are isomorphic if and only if

t| B;,Ci,B;,Ci, — Ci, Bi,Ci, By,

141

Proof. As before, if there were an isomorphism between M and M, its coefficients would
have to satisfy the following conditions that we obtain from (2.1):

t| —aB;, +0C;, — B;, Ci t™ 1,
t| —a(B;, + Bi,) +6(Ci, + Ci,) — (Bi, + By,)(Ci, + Ci))t ™,
t| aB;, —6C;, — B;,C;,t ™',
because t | S}, By, and t | 331, C;,.
From these we get that
t | aCy,[Cy (Ciy + C) ™" = 8B4, [Biy (Biy, + Bi,)] ™,
t | aCiy[Bi,(Ciy + Ci,)| ™" = 0By, [Bi, (Bi, + Bi,) ™"
Finally, from the last two relations we get

t | O./[Bz‘lcl‘QBi3Ci4 - CilBi20i3Bi4]~
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If t ¥ B;,Cy,Bi,Ci, — C;, B;,Ci, B;,, then there is no isomorphism between M’ and M. If
t| B;,Ci,Bi,Ci, — Cy, By, Ci, By, then we simply set a = 1, and compute ¢ and v from the
above relations (as before, we set 5 = 0). O

Remark 2.1. To classify all non-isomorphic indecomposable modules given by the previous
theorem, we use exactly the same arguments as in Section 5 in [4]. To each § € C\{-1,0,1}
corresponds an indecomposable module Mgz defined by B;, = 1, B;, = 3, B, = —1,
B;, = —p, and B;, = 0. Here, i; < i;41. It was proved in [4] that Mz = M, if and
only if § = 4+, and that for a given indecomposable module M there exists § such that
M = Mg. This means that all indecomposable modules in this case are parameterized by
a single parameter 5. Obviously, there are five different families (each in bijection with C),
depending on which i; is set to be divisible by ¢.

2.3. None of the five sums B; is divisible by ¢. Since ¢ { B; + B, for at least one odd
index i, there are three subcases we have to consider. The first subcase is when ¢ | B;+ B,y
and t | Biyo + Byy4 for a unique odd index i. The second subcase is when t | B; + By, for
a unique odd index i. The third subcase is when ¢ { B; + B, for all odd i. In the last two
cases, we get infinitely many non-isomorphic indecomposable modules as we will show.

As before, let us assume that (¢;)}° is another 10-tuple giving rise to a module M’
satisfying the same divisibility conditions as the module M.

Assume that there is a unique odd index i such that ¢ | B; + By and t | B2 + Bjyy.
Recall that whenever we state the divisibility conditions for the b;’s, we assume that the

same conditions hold for the ¢;’s.

Theorem 2.6. If | is odd such that t | By + Biya, t | Biyo + Biya, t 1 B; + Biya, for
i £ 1L,1+2, andt| Cp+ Cryg, t | Crya + Cryg, t1Ci+ Ciya, fori# 1,1+ 2, then M and M’

are isomorphic.

Proof. Without loss of generality we can assume that [ = 3. Keeping the same notation as
before when constructing isomorphisms, because t | By + Bs, t | By + By, the divisibility
conditions (2.1) reduce to:
t | —OéBl + 501 — Blclt_l’}/,
t ’ —CK(Bl + Bg) + 5(01 + Cg) — (Bl + Bg)(Cl -+ Cg)til"}/.
Now, we proceed as in the proof of Theorem 2.3 in order to construct an isomorphism
between M and M. O
There are five non-isomorphic indecomposable modules arising in this subcase, one for
each index [ € {1,3,5,7,9}.
Assume that there is a unique odd index 4 such that ¢ | B; + B2 and t { B; + Bj,, for
j#i.
Theorem 2.7. If 1 is odd such that t | By 4+ Bjya, t 1 B; + By, fori # 1, and t | C;+ Cpya,
t1C; + Ciya, fori#1, then M and M are isomorphic if and only if

t| (Bi—2 + B1)C1B114Cii6 — (Ci—a + C1) BiC144 B 6.
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Proof. Without loss of generality, assume that [ = 3. As before, if there were an isomor-
phism between M and M, its coefficients would have to satisfy the following conditions
that we obtain from (2.1):

t | —OéBl + (501 - BlClt_I%

t| —a(By + B3) + 0(Cy + C3) — (By + Bs)(Cy + Ca)t ™1y,

t | Ong - (509 - BgCgt_l’}/.

Now we proceed as in the proof of Theorem 2.5. U

Let us parameterize the indecomposable modules from the previous theorem. Let g € C
and denote by M the indecomposable module whose coefficients b; satisty By = 3, Bz = 1,
Bs=—-1,B;=—p—1,and By =1. Also, § #0,—1,—2.

Proposition 2.1. Let M’ be a module such that t | C; + Ciya, t 1 C; + Ciya, fori # 1.
There exists B € C\ {0,—1,—2} such that M = M.

Proof. Assume again that [ = 3. By the previous theorem, if M and My were isomorphic,
then ¢ | (C} + C3)C7 3 + C3Cy(3 + 1)2. If +; is the constant term of C;, then we set 3 to be
a solution of the equation

(B+1)* = =3 (0 +73) 7
Since the right-hand side of the previous equation is invertible, 3 # —1. If =0 or f = -2,

then —vy379 = (71 + 73)77, and subsequently, —y379 — 7377 = 7177 From 71 + 97 + 79 =0
(this follows from t | Cy + C7 + Cy), we get v3v1 = 7177. Thus, 73 = 77. This means that
Y7 + 5 = v3 + 75 = 0, which is not possible since ¢ { C5 + C7. Hence, § # 0, —1, —2. Ul

It is clear that Mg = M., if and only if (1+ 3)? = (1++)?. This means that either § = v
or § 4+~ = —2. This means that the non-isomorphic indecomposable modules given in this
subcase are parameterized by the set C \ {0, —1, —2}, where we identify two points if they
sum up to —2.

There are five different families (each in bijection with C) of indecomposable modules
arising in this subcase, one for each [ € {1,3,5,7,9}.

Assume that t 1 B; + B;42, for all odd 1.

Theorem 2.8. Ift1 B; + Biio and t 1 C; + Ciyo, for all odd i, then the modules M and
M’ are isomorphic if and only if the following conditions hold:

t ‘ 0133(05 + C7)Bg — Bng(B5 + B7)C9,
t | C1B3Cs5(B; + Byg) — B1C3B5(C7 4 Cy).
Proof. As before, if there were an isomorphism ¢ = (ip;) between M and M/, the coefficients

of gy = a p would have to satisfy the following conditions that we obtain from (2.1):
® )

t| —aB; +6C, — BiCyt™ 'y,
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t | —a(By+ Bs) + 0(Cy + C3) — (B1 + Bs)(Cy + C3)t ™'y,
t | a(By + By) — 6(Cr + Cy) — (By + By)(Cr + Co)t ™',
t ’ OéBg — (509 — BgCgtil’}/.

Now, we use the same calculations as in the proof of Theorem 2.5 in order to obtain
the desired divisibility conditions. The trick is to use any three of the above divisibility
conditions and treat them as in the proof of Theorem 2.5. For example, we use the
first two and the last condition, and treat Bs + B; as By in the proof of Theorem 2.5.
This gives us that ¢t | C1Bs(Cs + C7)Bg — B1C3(Bs + B7)Cy. Analogously, use the first
three conditions and treat B; + By as By in the proof of Theorem 2.5 to obtain t |
013305(37 + Bg) - 310335(07 + Cg)

Conversely, if the given conditions hold, by setting a = 1, one easily computes § and ~
from the above relations: § = ByC3B;'Cy ' (By + B3)(Cy + C3)7 L, v = t(=C; ' + 0By ).
We set g = 0. U

We are left to parameterize the indecomposable modules from the previous theorem.

Denote by M the indecomposable module corresponding to the coefficients B; = b; +b; 11,
for odd 7. Since > B; = 0, we can rescale so that one of the B;’s is equal to 1, say By,
because from the previous theorem it holds that the module M is isomorphic to the module
corresponding to the coefficients C; = B;B; ", for i # 7, and C7 = 1.

Let M’ denote another indecomposable module determined by the coefficients C; = «,
Cy =p,C5 =7, C; =1, and Cy = 6, all of them being complex numbers such that
a+B+~v+1+6=0. Also, o, 5,7,0 #0, 7,0 # -1, a+ 8 #0,a+0 #0, v+ [ #0.
Under the assumption that M and M’ are isomorphic, we will express «, 3, and J as a
function of v and coefficients B;. This will help us to find an appropriate parameterization
of indecomposable modules in this subcase.

By the previous theorem, it must hold

t|a(l+v)BsBy — 36B:1(Bs + 1),
t | ayBs(1+ By) — 5(1 + 9) By Bs.
These two relations imply that
t] (1+0)(1+4v)BsBy — v6(1 + By)(Bs + 1),
t | By ' By 'ayBs(1 + By) — a(l +7) B3 Bs By (1 + Bs) '] — 3.
The first of the last two relations is equivalent to
t| BsBy(a+ ) — v0(B1 + Bs).
Since, a + = —1 — v — ¢, this yields
t | —(1+7)[1+yB5'By (Bi + B3)] ™' —d.

The last divisibility condition is under the assumption that 1 4+ vBs'Bg'(B; + Bs) is
invertible, i.e., that t { 1 + vBsBg(B; + B3)~'. If this condition holds, then § # 0. If
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Bs'By'(By + B3) = 1, then from B; + B3+ Bs + 1+ By = 0 we get (Bs +1)(By +1) = 0,
which is not possible. Thus, 1 4+ vB;'Bg (B, + Bs) # 14+ v and § # —1. Also, from
t | BsBy(a+ ) — v(B; + Bs) follows that a + 3 # 0 because v6(B; + Bs) is invertible.

From ¢ | BsBy(a+ 3) —v6(By + Bs) and t | By By ! [ayBs(1+ By) — a(1+v)BsBsBy(1 +
Bs)™Y — B, we get t | a[(1 — By *(1 + Bs)"'BsBy) — By (1 + Bs) ' B3Bs*(B; + Bs))] —
6vB:; "Byt (By + Bs). If t { Bs By ' (By + Bs) "' (Bi(1 + Bs) — B3By) — v, then (1 — By*(1 +
Bs)"'BsBy) — By (14 Bs) "' B3 B; ' (B + Bs)) is invertible, and so a # 0. If t | a+9, then
from ¢ | a[(1— By (14 Bs) ' B3By) —vB1 (14 Bs) "' B3 B ' (By+B3))| —0vB5 ' By ' (By + Bs)
direct computation yields that ¢ | 1 + vBsBy(B; + Bs)~! which we already assumed is not
true. Hence, t{ o« + d and o + ¢ # 0. It is shown in a similar fashion that g+ v # 0.

Therefore, if we define § to be the constant term of —(1 +~)[1 +vyBs "By *(B; + Bs)] ™},
a to be the constant term of —6[(1 — By (1 + Bs) ' B3Bg) — vB; (1 + Bs) "' B3B; *(B; +
Bs))|7'B5'By ' (By + Bs), and 8 to be the constant term of —aB; (1 + Bs) ™' B3 B[l +
vBs ' By ' (B1+Bs)], we get a parameterization of the coefficients of Ml with only one complex
parameter v involved. The other parameters, «, 3, and 9, are expressed as a function of
~ and the coefficients B;. If we want to fix a value of one of the parameters «, 3, v, and
0, then the sum of the remaining three is fixed. Thus, one of them is determined by the
remaining two, so we end up with a parameterization of the form, e.g., a, =2 —a—~,~,1,1,
with two parameters. Two such modules corresponding to different 5-tuples of parameters
are isomorphic if and only if the divisibility conditions from Theorem 2.8 are satisfied.
Thus, we identify two 5-tuples if and only if they satisfy the divisibility conditions from
Theorem 2.8.

In this subcase there is only one family of indecomposable modules.

3. CONCLUSION

We explicitly constructed all rank 2 indecomposable Cohen-Macaulay Bj, ,-modules in
the case when k =5 and n = 10. This is the smallest wild case containing modules whose
profile layers are 5-interlacing. In this case, the only profiles with 5-interlacing layers are
of the form {i,i + 2,9 +4,1+6,i +8} | {i + 1,0+ 3,i+ 5,0+ 7,7 + 9}, where i = 1,2.
We constructed all indecomposable modules with such a profile, classified them up to
isomorphism, and parameterized all infinite families of non-isomorphic rank 2 modules. All
arguments and results are also valid for the general case (k,n) for all rank 2 modules with
tightly 5-interlacing layers.
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