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Abstract. In this paper we generalize cellular algebras by allowing different partial
orderings relative to fixed idempotents. For these relative cellular algebras we classify and
construct simple modules, and we obtain other characterizations in analogy to cellular
algebras. We also give several examples of algebras that are relative cellular, but not
cellular: most prominently, the restricted enveloping algebra and the small quantum group
for slp, and an annular version of arc algebras.
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1. Introduction

Arguably the two main problems in the representation theory of, say, algebras
are the classification and the construction of simple modules. However, for most
algebras both problems—mnon-linear in nature—are out of reach.

In pioneering work [GL96] Graham-Lehrer introduced the notion of a cellular
algebra, i.e., an algebra equipped with a so-called cell datum. For example, of key
importance for this paper, the cell datum comes with a set X and a partial order <
on it; the latter plays an important role since it yields an “upper triangular way”
to construct certain “standard, easy” modules, called cell modules. The usefulness
of the cell datum comes from the fact that it provides a method to systematically
reduce hard questions about the representation theory of such algebras to problems
in linear algebra. In well-behaved cases these linear algebra problems can be solved,
giving, e.g., a parametrization of the isomorphism classes of simple modules via a
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subset of X, and a construction of a representative for each class. Thus, cellular
algebras provide a method to solve the classification and the construction problem.
Other upshots of cellular algebras are that they have certain reciprocity laws —
allowing to recover the multiplicities of simple modules in indecomposable projective
modules via the multiplicities of simple modules in cell modules—or that they
give various ways to study the blocks of the algebra in question.

After Graham-Lehrer’s paper appeared a lot of interesting algebras have found to
be cellular — among the more popular ones are various diagram algebras and Hecke
algebras of finite Coxeter type—and proving cellularity of algebras has turned out
to be a very useful tool in representation theory. In fact, another motivation for
studying cellular algebras is to understand these various examples of the theory by
putting them into an axiomatic framework, revealing hidden connections. However,
by far not all algebras are cellular since, e.g., their Cartan matrix has to be positive
definite.

In this paper we (strictly) generalize the notion of a cellular algebra to what
we call a relative cellular algebra, i.e., an algebra equipped with a relative cell
datum. For example, the relative cell datum comes with a set X, but now with
several partial orders <. on it, one for each idempotent € from a preselected set of
idempotents. Taking only one idempotent € = 1, namely the unit, and only one
partial order <;=<, we recover the setting of Graham-Lehrer.

Surprisingly, most of the theory of cellular algebras still works in this relative
setup. Thus, relative cellular algebras generalize the useful framework of cellular
algebras to a larger class. For example, relative cellular algebras can have a positive
semidefinite Cartan matrix.

However, the proofs are fairly different from the original ones, carefully incorpo-
rating the various partial orders. The purpose of our paper is to explain this in
detail.

Along the way we give examples of algebras that are relative cellular, but not
cellular in the sense of Graham—Lehrer.

The papers content in a nutshell
Our exposition follows closely [GL96].

(i) In Section 2 we introduce our generalization of cellularity. The crucial new
ingredient hereby is (2.1.c) asking for a set E of idempotents and partial orders
< for each € € E. Then we define cell modules for relative cellular algebras, and
discuss a basis-free version of relative cellularity. Further, in Section 2E, we give
some first non-trivial examples of relative cellular algebras that are not cellular.

(ii) Section 3 is the main technical heart of the paper where we recover relative
versions of some of the facts that hold for cellular algebras. Most prominently,
the construction and classification of simple modules in Theorem 3.17, and some
reciprocity laws in Section 3E.

(iii) In the fourth section, see Section 4, we show that the restricted enveloping
algebras of sly in positive characteristic are relative cellular algebras. We recover
the entire (well known, of course) representation theory of these algebras from
the general theory of relative cellular algebras. We note that the case of the small
quantum groups for sly at roots of unity works mutatis mutandis, giving very
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similar statements.

(iv) Finally, in Section 5 we discuss another, and in some sense the motivating,
example for relative cellularity: an annular version of arc algebras. We think of
this section as being interesting in its own right since annular arc algebras have
potential connections to, e.g., homological knot theory, exotic ¢t-structures, Springer
fibers and modular representation theory.

Moreover, we tried to make the paper reasonably self-contained, and we tried
to keep the exposition as easy as possible. In fact, throughout the text we have
included several remarks about potential further directions.

Remark 1.1. Note that any finite-dimensional algebra over an algebraically closed
field is standardly based (“cellular without involution”) in the sense of [DR98], cf.
[CZ19, Thm. 6.4.1]. However, the “naive” standard defining base which one can
produce via an algorithm can be fairly useless. We see relative cellular algebras as
being in between cellular and standardly based algebras, keeping some of the nice
properties of cellular algebras as, e.g., reciprocity laws, a symmetric Ext-quiver
and a more useful cell structure as we will see in our examples.

Conventions

We work over any field K and algebras, maps etc. are assumed to be over K, K-linear
etc., and ® = ®g. Moreover, if not stated otherwise we work with finite-dimensional,
left modules. (Even for potentially infinite-dimensional algebras.) By an idempotent
€ we always understand a non-zero element in some algebra 2 with €2 = ¢.

We use some colors in this paper, none of which are essential, and reading the
paper in black-and-white is entirely possible.
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2. Relative cellularity

2A. A generalization of cellularity
Following [GL96] we define:

Definition 2.1. A relative cellular algebra is an associative algebra R together
with a (relative) cell datum, i.e.,

(X,M,C,*,E,O,§) (2_1)
such that the following hold.
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(a) We have a set X, and M = {M(}\) | A € X} is a collection of finite, non-empty
sets such that

C: TLiex MOA) x M(A) — % (2-2)

is an injective map with image forming a basis of . For S,T € M(\) we
write C(S,T) = CgT from now on.

(b) We have an anti-involution *: R — R such that (Cg,)* = Cp 5.

(¢) We have a set E of pairwise orthogonal idempotents, all fixed by *, i.e.,
e* = ¢ for all € € E. Further, O = {<.| € € E} is a set of partial orders <.
on X, and g is a map €: [[,cx M(A) — E sending S to g(5) = €5 such that

eRe Cyp € R(ZN), (2-3)
Cyrp, ifes=
ey, = oo Mes=e (2-4)
0, ifeg # ¢,

for all A € X, S,T € M()\) and € € E. Hereby, for € € E, we let
R(<A) =K{Cyr | p € X, <c A, S, T € M)}, (2-5)

a notation which we also use for <. rather than for <., having the evident
meaning.
(d) For A e X, S,T € M(X) and a € R we have

aCyr € Ygemm) Ta(9 ) Co 1 + R(<er Ner, (2-6)

with scalars r,(S’, S) € K only depending on a, S, 5"
We call the set {C§ | X € X,8,T € M(\)} a relative cellular basis.

The first examples of relative cellular algebras are cellular algebras € in the
sense of [GL96, Def. 1.1]. As we will see in (2.8.b) below, the relative cell datum in
this case is (X, M, C,*,{1},{<1}, ), with € mapping everything to 1.

As in the cellular setup, a relative cell datum is not unique. Nevertheless, we
say that an algebra R is relative cellular if there exist some relative cell datum.
(Similarly, if we have already fixed part of the relative cell datum as, e.g., the
anti-involution *.)

Remark 2.2. The basic properties of relative cellular algebras do not require
IX] < o0; an extra assumption equivalent to %R being finite-dimensional, cf. (2.1.a).
However, numerous results later on, for example Theorem 3.17, will make this
additional assumption.

The following is our version of an observation from [GG11, Rem. 2.4].

Lemma 2.3. Let char(K) # 2. If R has a datum as in Definition 2.1 except that
(C3.r)" = Chs + R(<er A) (2-7)

holds instead of (2.1.b), then R is relative cellular.
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Proof. The proof is the same as in [GG11, Rem. 2.4]: The condition (C§ ,)* =
Ch.g + R(<er A) implies that, for all A € X and S,T € M()), we can find a
unique f(X,S,T) € R(<e, A) such that (C3,)* = Cp g+ f(X, S, T). Then the set
{CQ)T +2f(NS.T) | A€ X, S, T €M(A)} can be taken as a relative cellular basis.
(]

Remark 2.4. Note that Lemma 2.3 implies that imposing (Cé\*,T)* = C%7S+§R(<€T A)
is equivalent to imposing (Cg’T)* = C% ¢ unless char(K) = 2. However, in contrast
to the case of cellular algebras where ¢ is constant, (Cg;)* = Cp g + R(<ep A) is
not symmetric (this comes from our choice to work with left modules) and some of
our arguments in Section 3 fail if we would only require (Cg’T)* = C%\’,S + R(<ep A)
instead of (Cgp)* = C7 g-

Further directions 2.5. We could also work more generally over rings instead
of the field K, as, e.g., Graham-Lehrer [GL96]. This could be useful to extend the
notion of relative cellularity to some affine setup as in [KX12]. However, most of
the results in Section 3 use the fact that we work over a field. So, for convenience,
we decided not to do so.

If not stated otherwise, fix a relative cellular algebra R in the following. Moreover,
let us introduce a notation that will appear throughout the paper: for a subset
I C X we fix the linear subspace

R(I) =K{Csr | A€, S, T € M(\)} CR. (2-8)

Often these subspaces will be defined with respect to <.; for this we abuse notation
and, for example, (< A) can be understood as R({p € X | p <c A}) and similarly
for analogous expressions. Further, by an ideal I in the poset (X, <), <e-ideal for
short, we understand a subset of @ # I C X such that I is a directed, lower set in
the order-theoretical sense. (For example, <cA = {p € X | u <c A} is an <c-ideal.)

2B. First properties
The (very basic) statements below will be crucial for the definition of cell modules.
Lemma 2.6. The following properties hold.

(a) For A€ X, S,T € M(\), and € € E we have

A .
Csr: ifer=e,

CYpeRe € R(<N), CA pE = 2-9
3r (€N, G {07 AR )

(b) Ife € E and | C X, then eR(l) C R(I) D R(l)e.

(¢) For an <c-ideal I we have that R(Ie)e is a left and eR(1e) is a right ideal
n R.

(d) For A e X, S,T € M()), and a € R we have

C3.ra € YpvemTar (T, T) Ca v + €5R(<ey A), (2-10)

with the same scalars ro« (T, T) as in (2.1.d).
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Proof. (2.6.a). This follows by applying * to (2.1.c).
(2.6.b). The first inclusion follows from (2.1.c) and the second by applying *.
(2.6.c). For the left-ideal-statement let Cg)T € R(Ie)e. Then—Dby (2.1.d) —we
have

aC3 7€ € Ygiemin) TalS's5) Cy re + R(<ep MNere. (2-11)

But either ere = 0 or they agree and the last term is inside the linear subspace.
The right-ideal-statement is again obtained using *.
(2.6.d). By applying * directly to (2.1.d). O

Combining (2.1.c) and (2.6.a) we obtain:
Corollary 2.7. Let a € R such that ea = a = ae for e € E. Then

a € K{Csr | ANEX S, T €M), e5 =er =€} (2-12)

The same holds for a* as well.
Additionally, Lemma 2.6 gives us a further relation to cellular algebras.

Proposition 2.8. Let R be a relative cellular algebra with cell datum given by
(X, M, C,* E,0,¢g), and let € be a cellular algebra with cell datum (X, M, C,*) and
order < on X.

(a) For all elements € € E, the algebra eRe is a cellular algebra with cell datum
(X, Mg, Ce,*) and the partial order on X given by <,

Mc(A) = {S € M(N) | eC3 = Cop for T € M(M)}, (2-13)

and C¢ being the restriction of C to [ cx Me(A) X Mc(X).
(b) The algebra € is relative cellular with relative cell datum

(x7 Mv Cv*a {1}7 {<1}v§)7

with € mapping everything to 1.

Proof. (2.8.a). That M. and C. give a bijection with a basis of efRe follows by
combining (2.1.c) and (2.6.a). So we are left with checking the multiplication rule
for cellular algebras. For a € R, A € X, and S,T € M(\) with eg = ey = €, we use
(2.1.c) and get

eae CQ’T € D SreM(M) e e Teae (S, 9) Cg/’T + eNR(<c Ve C efRe. (2-14)

(2.8.b). By construction, (2.1.a) and (2.1.b) are part of the cell datum (X, M, C, *).
Next, the set E for (2.1.c) can be taken to be E = {1} (with 1 being the unit of R)
satisfying 1* = 1. The partial ordering < of € is the partial ordering <; for the
unit. Note hereby that (2-3) follows from (2.1.d), while (2-4) is automatic. O

Remark 2.9. For any cellular algebra ¢ and any idempotent & fixed by *, eCe is
cellular, see [KX98, Prop. 4.3]. However, Proposition 2.8 is different since we do
not assume ‘R to be cellular to begin with.
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Remark 2.10. As we have seen in the proof of (2.8.b), the two conditions (2-3)
and (2-4) are “invisible” in the non-relative setup. However, they are crucial for
our purposes, e.g., (2-3) is used in Lemma 3.12—a crucial ingredient for proving
Theorem 3.17.

Note that the map € is always surjective by (2.1.a) and (2.1.c). Furthermore,
only finitely many elements of E act non-trivially on a given element on fR. Thus,
the following is immediate.

Lemma 2.11. If [X| < oo, then R is unital with unit ) __pe. Otherwise R is
locally unital with set of local units being all finite sums of elements in E.

There is a quotient functor from the category of R-modules to modules over
R(E) = P. g €Re. By Lemma 2.11, this gives a bijection between the isomorphism
classes of simples for both algebras. However, some properties of this quotient
functor depend on the choice of the set E, and, e.g., fR is in general not a projective
R (E)-module since the projectives of both algebras might be fairly different. See
also Remark 2.22 below.
2C. Existence of cell modules
We proceed by defining cell modules.

Definition 2.12. For A € X and T' € M(\) let A(MT) = K{Mg’T | S €M)} We
define an action . of ;& on A(X;T') by setting

a'Mg,T = ZS’EM(A) ’I"a(S/,S) M)\’,Tv (2_15)
with r,(S’,S) being defined by (2-6).

Lemma 2.13. The action from Definition 2.12 defines the structure of an R-mo-
dule on A(X\;T'). Further, there is an isomorphism of R-modules AN, T) =2 AN T)
for any T,T" € M(\).

Proof. The coefficient r,(S’, S) is— by definition — additive with respect to a, and
one has r1(5’,S) = 0g,s:. Moreover, one also has

a'(aCyp) € a">gremny a8 S) Cy .+ a'R(<ep Ner

(2-16)
C Ysrsremony T (87, 8)ra(S',S) Cg“,T + R(<er Ner,
where the inclusion is due to (2-6) and (2.6.c), and
(d'a)Cyr € D srem Taa(S”,9) C3r r + R(<ep Ner. (2-17)
Thus, we have
rara(S",8) = X giemp Ta (8", 8)ra (S, S) for a,a’ € R. (2-18)

This in turn implies o’ . (a . Mg,T) = (d’a) « M3 7. Hence, we get a well-defined
R-module structure on A(X, T). Since r4(S5’, S) is independent of the second index,
the assignment Mé\',T — MQ’T, gives an R-module isomorphism. [

Due to Lemma 2.13 we omit the T in the definition and notation of A(X\;T).
We call A()) a cell module, and we denote the basis elements of A(A) by M3 only.
Furthermore — having Lemma 2.13 —we can define right Si-modules:
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Definition 2.14. We define the right $i-module A(A)* on the same vector space
as A()) by setting M3 . a = a* . M3.

We get — by construction — the following identification:.

Lemma 2.15. The linear extension of the assignment
0% AN ® AN = R({A}), 02 (M3, M) = C3 7 (2-19)

s an isomorphism of vector spaces.

2D. A basis-free definition of relative cellularity

In this section we let 2 be an algebra with a fixed anti-involution * and a set E of
pairwise orthogonal idempotents, all fixed by *. Furthermore, denote by K[E] the
semigroup algebra generated by the elements of E. Following [KX98, Def. 3.2] we
define:

Definition 2.16. Let J C 2 denote a linear subspace, and let A denote a finite-
dimensional, left 2-module. Assume that the following hold:

(a) The linear subspace J is fixed under *, i.e., J* = J.
(b) The linear subspace J is a K[E]-bimodule.

¢ ere is a -bimodule isomorphism ©~": S A®A* and a iagram
There is a K[E]-bimodule i hism ©~1: J AR®A dad

J—oe JA®A*
*l O lm®y'—>y®x (2_20)

JWA@A*,

where A* is the right 2-module on the same vector space as A and right
action of 2 defined via x.a = a* . z.

Then we call J a cell space.

Proposition 2.17. A finite-dimensional algebra A is relative cellular with respect
to * and E if and only if:

(a) The elements of E give a decomposition of the unit of 2.

(b) There is some index set X with |X| < oo and a vector space decomposition
of A into cell spaces, i.e., A= Py x Ir-

(c) For each € € E there is an enumeration X = {1, A2,..., A} such that

0cJfecifec - cIfec I eC U, (2-21)

is a chain of A-submodules Jis = @;:1 Jye.
(d) The submodule Jis as in (2-21) is a right €'Ue’-module for any €' € E.
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Proof. Definition 2.1 = Proposition 2.17. Fix € € E. Since <. is a partial order on
X, we can inductively construct the linear subspaces Jy,e C 2e by starting with

Jne=K{Cyr | S, T € M(\1),er =€}
() (2-22)
= K{C5'ze | $,T € M(\1),er =€}

for some <.-minimal A; € X. Then we set Jis = @;:1 J;€, and the so constructed
linear spaces are submodules and satisfy the cell chain condition (2-21) by (2.1.d).
Moreover, orthogonality and the *-version of (2-3) (see (2.6.a)) shows that (2.17.d)
holds as well.

Further, define Jy = @_.¢ Jae. These are cell spaces: By (2.1.b) and the fact
that es = € for some € € E we get (2.16.a), while (2.16.b) follows from (2-4).
Next— by virtue of construction—Jy = A({\}). Thus, we can set Ay = A(A),
whose properties — by Lemma 2.15—give (2.16.c) by defining @*1(C§,T) = (M3, M}).
Finally—by (2.1.a), Lemma 2.11 and finite-dimensionality — we get (2.17.a) and
(2.17.b).

Proposition 2.17 = Definition 2.1. First, let X = {\ | J is a cell space}. For any
cell space J, we first fix a basis {M3} of its associated A. Note that— by finite-
dimensionality — we can choose this to be a basis consisting of common eigenvectors
for K[E], and we thus can demand that this basis satisfies either eM§ = M3 or
€M§ =0 for each € € E. The A, S, T play hereby the role of some indexes, where
we set M(\) to be the set of all S,T’s that appear in this enumeration. Next, use
(2.16.¢) to define C(S,T) = Cy, = O~ (Mg @ M) for S, T € M(X). Since we have
already fixed *, this defines the relative cell datum up to the part about idempotents.
To define the remaining data, first note that E is already given. Moreover, the cell
chain condition (2-21) gives rise to a partial ordering <¢ on X for each € € E. Next,
observe that E(S)CQT = CgT for precisely one €(5) € E due to the choice of the
basis {M3}, orthogonality and (2.17.a). Thus, we can define €5 = (5), and we get
the last part of the relative cell datum.

It remains to check that we have defined a relative cell datum. First, note that all
M(A)’s are finite because — by assumption—the Ay’s are finite-dimensional, while
IX] < oco—also by assumption. Second —by (2.17.b) — we have an isomorphism of
vector spaces R = P, ¢ Ji, showing that (2.1.a) holds. That (2.1.b) holds on the
nose follows from the commutative diagram in (2.16.c), while (2.1.d) follows from
(2.16.b). Finally, it remains to show (2-3) and (2-4), where the latter is clear by
construction of £. The remaining part follows then by applying * to (2.17.d). O

Further directions 2.18. As explained in [KX98], the basis-free formulation of
cellularity is connected to ideals in the setting of quasi-hereditary algebras. In the
relative setup we lose the ideal structure (cf. (2.17.c) and (2.17.d)) and we do not
know what the relative version of the connection to quasi-hereditary algebras is.

2E. Examples of relative cellular algebras

Remark 2.19. For the following examples recall that the Cartan matriz C(2) of
some finite-dimensional algebra 2 is defined by counting the multiplicities of the
simples L in the indecomposable projectives P. Now, it follows from [KX99, Prop.
3.2] that ¢(€) is symmetric and positive definite in case € is a cellular algebra.
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Example 2.20. Consider the type A, graphs with doubled edges (where we
exclude the case n = 2 because it requires a slightly different setup):

A, = 1 2 3 n

;o (123)" =34,

Relations: (2-23)
All 2-cycles at the vertex i are equal, i.e., i>j—+i = i-k>1;

Going two steps in one direction is zero, i.e., i+j»k = 0, for i # k.

We let €(A,,) be the quotient of the path algebra of A,, (multiplication o being
composition of paths i+j o j-k = i+j-k) with relations as in (2-23). Up to base
change one gets:

cle(a)=(12

[ e)

2100 12900

). C(@(A@)(é%%?), CEAs)=[ 07390 ), ete., (2-24)
0012 00121
00012

all of which are positive definite. The algebra €(A,,) is known as the type A, zigzag
algebra, cf. [HKO1, Sect. 3]. Let us discuss the case n = 2 with respect to cellularity
in detail; the general case works mutatis mutandis.

First, the €(As)-action on itself is given by pre-composition of paths, and the
algebra can be equipped with the anti-involution * indicated in (2-23) that fixes the
vertex idempotents ey, €3, e5. Clearly, €(A3) has one-dimensional simple modules
L(i) for i € {1,2,3} where e; acts by d;;.

The algebra €(A3) is a relative cellular algebra with respect to *. As a relative
cell datum we can take

X={0<11<52<; 3},
M(0) = {12}, M(1) = {e1, 21}, M(2) = {ea, 32}, M(3) = {es},
CiST =SoT™,
E={1}, e(1-221)=¢€(e1) =€(2>1) = e(ey) =&(3+2) = e(e3) = 1.

(2-25)

Note that E = {1} is the same choice as in (2.8.b), and €(As3) is actually cellular.
Now, the cellular basis and cell modules are given as follows, where we write i
on top of the columns containing A(X;T')’s with e = e; (in the notation from
Definition 2.12):

2 3
LA\L 21 e <AEE) 352 | | es <Af) | (2-26)
BV ISEY) 3513
FA(O) 15251 @A( e 2+3A(2) =y
25352 35253

The left action is going in the indicated direction (or it stays within the A’s), as one
easily checks. Note the directedness: A(0) & A1) &L A(2) &L A(3), making
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the cell modules well-defined since they are obtained by modding out terms that
are <j-smaller.
Further, the indecomposable projectives are

P(1) = €(Az)er  P(2) =C(Az)eas  P(3) = €(As)es
A1) A(2) A(3)
L(1) , L) A1) L(3)] A(2) (2-27)
L(2)| A(0) L(3)| [L(1
L(1) L(2) L(3)

which have the indicated A-filtrations. We will see in Proposition 3.19 that this
is a general feature, with partial order in the filtration being relative. See also
Examples 2.21 and 2.23 below.

Morally speaking, in the relative setup we can separate parts that are cellular
by using the idempotents in E. Here are two prototypical examples:

Example 2.21. (We use a notation similar to that in Example 2.20.) Consider
the following family of quivers, i.e., the cycles on n vertices with double edges:

2
]\ 1»_‘] = j=i,
—

Relations:

ﬂ

J

ne—- (2-28)

All 2-cycles at the vertex i are equal, i.e., i+j->1 = i-k>1;
Going two steps in one direction is zero, e.g.1+n+>n—1=0.

(The case n = 2 is special and excluded.) As in Example 2.20, we let :R(A,,) be the
corresponding quotient of the path algebra of Kn, with relations given in (2-28),
and anti-involution * given by swapping the orientations of the arrows. Again, the
Cartan matrices are easy to calculate and up to base change:

~ 211 ~ 2101 ~ 12900
c(m(A3)):(121),c(m(A4))=(5§59),c(m(AS))z 01290 |, ete. (2-29)
b 1012 98612

The algebra 9‘{(:&”) is known as the type A, zigzag algebra, and is for example
studied in the context of categorical actions; see, e.g., [GTW17, Sect. 3.1] or [MT16,
Sect. 2.3]. In contrast to €(A,), the algebra (A, ) is not cellular (at least for even
n where the Cartan matrix is only positive semidefinite, cf. Remark 2.19, although
this holds in general, see [ET18, Thm. A]), but it is relative cellular as we discuss
now in the case n = 3, the general case again being similar.
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In this case we take the following relative cell datum. Let € = e; + e3 and let

M(1)={es, 21},
E:{el, 6},

Next, the relative cellular basis and the cell modules:

§(€1)

X={2 <¢, 3<e, 1}={1 <c 2 < 3},

M(2) =

{e2,3+2}, M(3)=
=e(1+3)=e1,€(e2)

=¢(e3) =€(2-1)

{es, 153}, Cgp=5o0T",
=g(3+2)=

2 3
LA 251 e A(2) 352 | | es A(3) 103 |
15251 <<l 24152 €~L 3+1+3
3»1A( ) 12 A(1) A(2)
15351 23352 35253

(2-30)

(2-31)

Hereby we like to stress the difference between A(1) in the left and middle column:
The one in the left column is A(1,e;), the other is A(1,2+1), the first of which is
defined using the partial order <.,, the second the partial order <..

The indecomposable projectives themselves are

lf(l) = R(As)es P( ) = %(Ag) P3) = %(Ag)
A1) A(2) A(3)
L(1)] AGB) L(2)] A1) L(3)| A(2) (2-32)
L(2) [L(3) L3)|[L(1) L(1)|[L(2)
L(1) L(2) L(3)

which have order dependent cyclic patterns.

Remark 2.22. Note that Example 2.21 also shows the dependence of the homological
characterizations of cell modules on the choice of idempotents and their associated
partial orders. If one chooses the finer set of idempotents e;, e;, and es and partial
orders

X={3<, 1<, 2} ={1<,2<, 3} ={2<¢, 3 <, 1}, (2-33)
one checks that %(Ag) is also relative cellular with this choice. But, in contrast to
the choice in Example 2.21, the cell module A(i,e;) is now the maximal quotient of
P(i) with all composition factors L(j) satisfying i <., j. This is reminiscent of the
properties of standard modules for quasi-hereditary algebras and was for example
used in [Xi02] to give homological characterizations of when a cellular algebra is
quasi-hereditary. In the relative cellular case these homological characterizations
depend decisively on the choice of idempotents and the partial orders.

We also stress that the 53(As)(E)-module structure of R(A3z) depends on E. This
can be seen by comparing the cases with E being as in 2.21 and E being as in (2-33).
Moreover, in both cases the sets of the isomorphism classes of simples of 9%(;&3)
and R(A;3)(E) contain three one-dimensional modules, but the indecomposable
projectives of R(A3)(E) depend on the choice of E.
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Example 2.23. (We use a notation similar to that in Example 2.20.) As in Ex-

ample 2.21 we use the graphs A,, to define a quiver algebra R’ (;&n) But we impose
the relations in (2-34) instead of those in (2-28). (We keep the anti-involution *.)

Relations:
All 2-cycles at the vertex i are equal, i.e., i+j+i = i-+k-i; (2-34)
Going around the circle is zero, e.g., 142+ - -»n+1 = 0.

The Cartan matrices are, up to base change, now

~ 333 ~ 4444 ~ 2523
c® (Aa)=(333). c<m'<A4>>=(3333), (¥ (As))=( 3333
4444 5555

arrranon

), ete., (2-35)

which are not positive definite giving us that the RR’(A,,) are, by Remark 2.19, not
cellular algebras. However, they are relative cellular, where we as before discuss
the n = 3 case in detail, the general case being similar. We can take

X={3<¢, 2 <, 1}={1 <, 3 <, 2}={2 <, 1 <, 3},
M(1)={es,3+1,2+3+1}, M(2)={ez, 152,312}, M(3) ={es, 23,1233}, (2-36)

CiS’T:S oT*, E={e1, e, 3}, e(i+)=e;.

The relative cellular basis and the cell modules are then

1 2 3
e A(1) 31 231 A(2) A(3)
<er <es <es
J’ 121 35121 J’ J’ i
231 A2) = = A(3) A(1)
<51J/ 1-+3-1 351531 <52J/ <53J/
24321 152535251
321 A(3) = = A(1) A(2)
251521 1521521
(2-37)

with the cell modules in the second and third columns being analog.
The indecomposable projectives themselves are

P(1) = R (As)es P(2) = R (As)e, P(3) = R/ (As)es
A1) A(2) A(3)
L(1)] A2) L(2)] A®3) L(3)| A1)
L) [L©2)] AG)» L) [LB)] A1) |L©@)][L(1)] A@2) (2-38)
L(2)] |[L)|LB)]  |LG)] [L(2)] |L(1)] |LA)] LB3)| |L(2)
L(3)| |L(2) L(1)| |L(3) L(2)| |L(1)
L(1) L(2) L(3)

which again have (quite heavy) cyclic patterns.
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Remark 2.24. In the above three examples we leave it to the reader to check that
(2.1.a) to (2.1.d) hold. (For Example 2.20: (2.1.d) is the most crucial thing to
be checked, with (2.1.c) then being automatic. See also the proof of (2.8.b) and
Remark 2.10. For Example 2.21: In this case (2-3) needs to be checked. It follows
since, e.g., 619‘{(:&3)61 equals the linear span of all 2-cycles at the vertex 1 that are
either ey or act on everything except e; as zero. For Example 2.23: Again, (2-3) is
non-trivial. However, it can be checked by keeping in mind that e; R’ (;&3)61 equals
the linear span of all 2-cycles at the vertex i.)

Example 2.25. Let K be a field of positive characteristic p > 0. In Section 4
we show that the restricted enveloping algebra ug(sly) is relative cellular, but
not cellular (except in case p = 2 where ug(sly) is actually already cellular, see
Remark 4.6.)

Similarly, let K be any field and fix ¢ € K to be a root of unity, g # +1. The
case of the so-called small quantum group u,(slz) at g associated to sly (see, e.g.,
[Lus90]) works mutatis mutandis as for ug(slz), i.e., uy(sly) is relative cellular, but
not cellular as long as ¢ # +/—1.

Example 2.26. Another example is an annular version of arc algebras Arc2™™

n
that we discuss in detail in Section 5. Note that 2rci"" is again not a cellular

algebra, but only a relative cellular algebra, cf. Proposition 5.21.

Further directions 2.27. The most famous examples of cellular algebras are
coming from centralizer algebras as, e.g., Hecke, Temperley—Lieb or Brauer algebras.
These arise from fairly general constructions via the theory of tilting modules, see,
e.g., [AST18] or [BT17, Appendix A]. We do not know what the relative version of
this is.

3. Simple and projective modules

In the present section we discuss the representation theory of relative cellular
algebras, following [GL96, Sects. 2 and 3]. We stress hereby that some of the
statements, e.g., Theorems 3.17 and 3.23, hold verbatim as for cellular algebras.
However, our proofs here are, and have to be, quite different.

We continue to use the notation from Section 2. In particular, SR denotes a
relative cellular algebra with relative cell datum as in (2-1).

3A. Simple quotients of cell modules

First, we define a bilinear form on cell modules to get a better handle on their
structure.

Lemma 3.1. Let A € X and a € R. Then, for S,T,U,V € M()\), we have
Cs aChy € ¢a(S, T)Chy + (euR(<ey A) NR(<ey Nev), (3-1)

where ¢a(S,T) =r1ey o(U,T) =740y (V. 5) €K

Proof. We apply (2-6), respectively (2-10), and compare coefficients. The statement
then follows immediately. [
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Thus, we can define ¢,(S,T) as in Lemma 3.1 and this definition is independent
of U,V € M()). Of special importance is the case where a = €} is a local unit for
the set {Cg)T | S,T € M(\)}, where we observe that ¢, (S,T) is the same for any
such local unit.

Definition 3.2. For A\ € X we define a bilinear form ¢*: A()\) x A(A) — K by
setting ¢* (M3, M}) = ¢e, (S, T) for S, T € M()), and extending bilinearly.

For (3.3.c) of the following lemma recall ©* as defined in Lemma 2.15. Its proof
is mutatis mutandis as in [GL96, Prop. 2.4] and omitted.

Lemma 3.3. For A € X we have the following.

(a) The bilinear form ¢ is symmetric.
(b) Fora € W and z,y € A(\) we have ¢*a . z,y) = ¢*(z,a* . y).
(c) Foru,z,y € A(N) we have O u® ) .y = ¢*(x,y)u.

The main use of ¢* is Corollary 3.5 below: Elements of A(\) not contained in
the radical of ¢* are cyclic generators for A()). Hereby, as usual, the radical of ¢*
is linear subspace of A()) given by rad(\) = {z € A(\) | ¢*(z,y) =0 for all y €
AN}

Lemma 3.4. Let A € X and z € A(X\). Then
RN« z = im(p* (L, 2))A(N) C R. 2. (3-2)

In particular, if im(¢*(_, 2)) = K, then we have A(\) = R({\}) .z = R.z2.
Proof. Let y € A(X\) and S,T € M(\). By (3.3.c) we have

Copn2=O Mg QM) 2 = 6™ (M7, 2)MF € im(¢* (-, 2)AN),  (3-3)
and conversely
¢y, 2Mg = O Mg ©y) . z € R({A}) . =. (3-4)

Hence, we have equality. The special case is then clear. [
Since we work over a field we get as a direct consequence:
Corollary 3.5. We have z € A(X) \ rad(\) if and only if R({\}) .2 = A(N).

Next, rad(\) allows us to deduce that cell modules have either a trivial or a
simple head.

Proposition 3.6. Let X € X.

(a) The radical rad(X) is a submodule of A(N).
(b) If ¢* is non-zero, then A(X)/rad()\) is simple.
(c) If ¢ is non-zero, then A(X)/rad()) is the head of A(N).
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Proof. (3.6.a). This follows immediately from (3.3.b).

(3.6.b). By Corollary 3.5, any z € A(\) \ rad()\) generates A(X). Thus, the claim
follows.

(3.6.c). Again by Corollary 3.5, any z € A()\) \ rad()) generates A()). Hence,
any proper submodule of A()) is contained in rad()). Thus, rad()\) is the unique
maximal submodule of A(X) and so equal to the (representation theoretical) radical
Rad(A())). (Recall that Rad(A()N)) is the intersection of all proper, maximal
submodules of A(N).) O

We write Xg = {\ € X | ¢* is non-zero}. Having Proposition 3.6 we can define:
Definition 3.7. For A € Xo, we set L(A) = A(N)/rad(N).

3B. Morphisms between cell modules

In contrast to the setup of cellular algebras, the existence of morphisms between
cell modules is a less useful tool as we will see.

Lemma 3.8. Let A € Xo, p € X, and f € Homxn(A(N), A(p)/N) non-zero for
some submodule N C A(p). Then there exists S € M(X) such that p <c4 A.

Proof. Since ¢* is non-zero there exists — by Corollary 3.5—a generator z € A(\)
such that R({\}) .z = A(N). Then there exists a € R({\}) such that f(a.z) =
a.f(z) #0, ie., there exist U, U’ € M(u) such that r,(U,U") # 0.

This implies that there exist S,T € M(A) such that for all V€ M(u) the
expansion of C’s\-ﬁTC‘,j’V7 using (2.6.d), contains a non-zero summand in R({u}).
Thus, p <., A. O

As can be seen in Lemma 3.8, it is possible to have morphism in both “directions”,
and obtain A\ <. pu <. A. But we might still have A\ # p in case € # ¢’. This is in
contrast to the framework of cellular algebras.

Let us give an alternative formulation of Lemma 3.8.

Lemma 3.9. Let A\, € X and S, T € M(\) such that CQ’T «A(p) # 0 for some
basis element ngT. Then p <eg A.

Proof. By assumption there exists U, V' € M(p) such that the expansion of Cg,TCZ,w
using (2.6.d), contains a non-zero summand in R({g}). Thus, p <., A. O

Despite the fact that hom-spaces between cell modules are not as useful as in
the case of cellular algebras, the following is surprisingly still true.

Proposition 3.10. If A € Xo, then Endn(A(N)) = K.
Proof. We prove the following claim, which immediately implies the proposition.

3.10. Claim. Let A € Xy and let N C A(X) be some submodule. Then any element
f € Homgn (A(X), A(XN)/N) is of the form f(x) = rx+ N for some r € K.

Proof of 3.10. Claim. By assumption we can choose y,y" € A(X) such that
#*(y,y') = 1. (Recall that we work over a field.) Fix u such that f(y') = v+ N and
set 1 = ™y, u). Then f(z) = f(¢*y,y')x) = OMNa®y). f(y') = Oz ®@y).u+N.
Hence, we get f(z) = ¢*(y,u)r + N =rz+ N. O
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3C. Projective modules

We have already seen in Section 3B that some statements from cellular algebras
are quite different in the relative setup. Even more, from now on the relative setup
needs some very careful treatment of the involved partial orders, all of which is
trivial for cellular algebras.

We start with some statements about idempotents. In the following we call an
idempotent e € R an idempotent summand of € € E if ee = e = ee. In this case we
write eEe.

Remark 3.11. By Lemma 2.11, at least in case |X| < oo, we can restrict our
attention to e@e: Since we get a(n orthogonal) decomposition of the unit, we can
find e € E for all indecomposable projectives P of R such that P = fRe for primitive
e@e. Thus, up to isomorphism, it suffices to study the projectives of the form Re
for e@e.

Lemma 3.12. Let e@e and Iz an <c-ideal. Then the following hold.

(a) One has eR({A}) C R(<e A) D R({A})e.

(b) One has eR(Ie) C R(Ie) D R(Ie)e.

(c) One has R(Le)e = R(I) NRe, and eR(L) = R(I) NeR.
(d) One hase € K{Cy, | A€ X, S, T € M(\),e5 = e = €}.

Proof. (3.12.a). By (2-3) and (2.6.a), since ee = e = ee implies that e € eRe.

(3.12.b). This follows from (3.12.a) since I, is an <.-ideal.

(3.12.c). We only prove the first statement, the second is obtained by applying *.
By definition we get R(Ic)e C Re, and by (3.12.a) we get R(Ic)e C R(Ie). Hence,
the left-hand side is contained in the right-hand side. Let ae € R(Ic) N Re. We
expand and — by assumption —obtain ae = ZMGIQS’TGM(#) TMS’TCQT for some
scalars v, 57 € K. Thus,

ae = (ae)e = 3 1. s remi TS TCs e € R(le)e. (3-5)

It follows that the right-hand side is also contained in the left-hand side.
(3.12.d). This follows immediately from Corollary 2.7 by assumption on e. [

Definition 3.13. For e@e we define a partial order <. on X as being <.

We write <.=<, etc. in the following.

If the partial order with respect to which an ideal in X is defined agrees with
the partial order <. for some e@e, then we can define submodules inside the
corresponding projective module P, = Re to obtain suitable filtrations.

Lemma 3.14. Let e@e and I a <c-ideal. Then R(1e)e is a submodule.
In case |X| < oo, there exists a filtration P, = Py D Py D --- D P. = {0} such
that P;/Piy1 = P.({\;}) for some A\; € X.

Hereby, similarly to (2-8), we let P.({\}) = R(<e Ne/R(<c Ne.
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Proof. For Cg 1 € R(Ie) we have

aCéTe = ZS’GM()\) Ta(Sl, S)Cg,,Te + (1) (3-6)

with (1) € R(<e, A)ere by (2.1.d). Then either ere =0 in case ep # €, and the
extra terms just vanish, or <.=<,, and ere = e. Hence, (1) € R(Ie).

Finally, choose a maximal chain of <.-ideals— whose existence is guaranteed by
IX| < co—and the statement about the filtration follows immediately. O

Analogously to Lemma 2.15, we let T*: A(\) @ (A(\)*.e) = P.({\}) defined

via TA(M3 @ (M) ve)) = CgTe. (Below we write M3y ® M} . e etc. for short.) Note that
the first step of the proof of Proposition 3.15 shows that I'* is well defined.
Proposition 3.15. Let A € X and e@e. Then T'* is an R-module isomorphism.
If additionally X € Xo, then Homg (P.({\}), A(N)) =2 Homg (A(M)* . e, K).
Proof. Well-definedness of T*. Define ﬁ(Mg, M) .e) = CgvTe and extend bilinearly
to obtain T2 : A(A) x A(N)*.e — P.({\}). If T* is well defined, then it is by
definition bilinear. So let 3 7y (y) rr(M3, M) . e) = 0 for some scalar 7 € K and
some element [M3, M} . e] € A(X) x A(N\)*.e. Then

2oremn) T Mg, M7+ €] = Sorrremo e (T, T) Mg, M7 ] (3-7)

Hence, > rcmiy) rrres (17, T) = 0 for all T" € M(A), and we have

ﬁ(ZTEM(A) rp Mg, M7 - 6]) =2 remm) rrC3 re

=Y rrem T er (T, T)Cg,T’ + (1)

Hereby (1) € R(<es A) by (2-10) and (f) € R(<e A) by (3.12.b), together giving
(1) € R(<. A). Since we also have that (1) = (T)e, it follows that (t) € Re. By
(3.12.c) we then get that (1) € R(<. A)e and so it vanishes in P.()\). Thus, T'* is
well defined and consequently T'* as well.

Surjectivity of T'*. This is immediate by noting that — due to (3.12.c)— P.({\})
is generated by elements of the form CgvTe for S, T € M(\) and these are in the

(3-8)

image of I'*.

Injectivity of T*. Let Y g pem s,7My @ My« e be in the kernel of I'* for some
scalars rgr € K, ie., g remin rs,TCQ’Te € R(<e Ae. By (3.12.c) we have
R(<e Ae =R(<. A) NRe and so expanding with (2-10) we obtain

s remm) TTC8 e = Dg 1 remp r. e (T T)Cs v + (1), (3-9)

with () € R(<. A) by (2-10) and (3.12.b). Thus, > 5y rsrre(1",T) = 0 for all
T € M(A), due to (3.12.c). This in turn implies that

s rem) TSTME @My ve =36 1 rvemen) Ts 1T (T, TIMg @Mz, = 0. (3-10)
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Hence, T is injective.

T is a R-module map. For T* to be a M-module map we observe that
CLCgTe = ZS’GM()\) ’I“a(Sl, S)Cg'/,Te + (T)Q (3'11)

where (1)e € R(<es Nese C R(<. e, which is zero in P.({\}). Thus, I'* is a
PR-module map.

Finally, for the isomorphism, let A € Xy. By the above

Homp, (P.({A\}), A()\)) =2 Homgk (A(N) @ A(N)* . e, A(N))
= Homg (A(N)* . e, Endgi (A(N))) (3-12)
=~ Homg (AN . e, K),

where the second isomorphism is the tensor-hom adjunction, and the last isomor-
phism follows from Proposition 3.10. [

In addition to statements about P.({A}), we will also need some knowledge
about slightly more general quotients of JR(I;)e.

Lemma 3.16. Let eEe and I, an <.-ideal. Assume that 1. contains <.-mazimal
elements Ay, , A and let 1. =T \ {1, -+, \-}. Then

R(le)e/R(I)e = Pe({M}) @ -+ & Pe({Ar}), (3-13)

which is an isomorphism of R-modules.

Proof. Let Is™ = {u € Ic | p <¢ A} for k = 1,---,r, and define IS

analogously. By assumption, we have R(Ie) = >, _; R(I5<*) and R(IL) =

Yoy RIS, Additionally, we clearly have R(IL) NR(IS< ) = R(IF ). Thus—

using (3.12.c) — we obtain R(IL)e N R(IS +)e = R(IS=** )e. Hence, the image of

R(IEM)e in R(Ie)e/R(IL)e is isomorphic to P.({Ai}) = RIS *)e/RISA*e.
In addition, for 1 < k,l <r and k # [,

RIS M)e N RIS e = RISN) NR(IZM) N Re

3-14
= RIS )e NRIZM)e. (3-14)

Thus, the images of R(IS<*)e and R(ISM)e in R(Ie)e/R(IL)e have trivial intersec-
tion. Together this gives the statement. [

3D. Classification of simples

Altogether we are now ready to prove the main statement of this section.

Theorem 3.17. Let |X| < co. The set {[L(A)] | A € Xo} gives a complete, non-
redundant set of isomorphism classes of simple R-modules.
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Proof. There are three statements to be proven: That the L(A)’s are simple, that
all simples appear, and that L(A) 2 L(p) if and only if A = p.

Simplicity. By Proposition 3.6, the L()) are simple 3-modules.

Completeness. Let e@e, with e being primitive. Then the head of its associated
indecomposable projective P, is simple, and we can obtain every simple module by
considering the heads of the indecomposable projectives of fR.

Let Ip denote the <.-ideal in X generated by {\ € X | P.({\}) # 0}. Thus,
P. =%(Ip)e and —by (3.12.c) and by applying * —one has e, e* € R(Ip).

Let Amax € Ip be <.-maximal. Then— by construction — P.({Amax}) # 0.

3.17. Claim.a. The form ¢*max is non-zero, i.e., Amax € Xo-

Proof of 3.17. Claim.a. Assume ¢*™x to be zero. By Lemma 3.4 we know that
céfrfnax . M%max — (b)\n—nax (Mi\/max’ M%naax)Mgmax — O7 (3_15)

for all T, U,V € M(Amax)-
Expanding e* = Z;LGIP,S,TGM(/J) r(p, S, T)C  with r(u, S, T) € K, we see

* A Amax __ 1 Amax
e"Cy'l _Zuelp\/\max,S,TeM(u)T(NvSv T)CS,TCV,U

3-16

= Zuelp\)\max,S,TeM(,u) ZT/GM(;L)T(M’ S, T)Tcgfr;;m(T/» T)Cg,T’ +(T), ( )
where (,) € esR(<es p) by (2-10). Hence, e*(t,) € e*esP(<cs p). Recalling
that e@e, this is either zero if g # €, or e*egR(<ey p) = *R(<e p) T R(<e 1),
with the final inclusion due to (3.12.a).

Multiplying the sum in (3-16) with e* we obtain an element inside e*R(Ip \ Amax)
that is contained in R(Ip\ Amax) by (3.12.a). Thus, e*Ci‘,:“(j‘x contains no summand in
R({Amax}) and we get e*.Mi‘;“'d" =0for all V € M(Apax), implying A(Apax)* e = 0.
Since P.({Amax}) = A(Amax) ® A(Amax)* + € by Proposition 3.15, we thus obtain
P.({Amax}) = 0. This is a contradiction to the choice of Ay being a <.-maximal
element. Thus, ¢ = is non-zero.

3.17. Claim.b. A(Amax) s a quotient of Po({Amax})-
Proof of 3.17. Claim.b. First, 3.17. Claim.a and Proposition 3.15 imply that

Homg (Pe ({Amasx })s AAmax)) = Homg (A(Amax)* » €, K) # 0. (3-17)

Using this identification, choose a linear form f on A(Apax)* - e and elements
ze € A(Amax)* « € such that f(xze) = 1 (recalling that we work over a field).
Let now z € A(Amax) be a generator (note that the existence of z follows from
Lemma 3.4). Then, using again P.({Amax}) = A(Amax) ® A(Amax)* « €, we obtain
that f corresponds to the map sending z ® ze to f(ze)z = z. Hence, A(Apax) is a
quotient of P.({Amax})-

By 3.17. Claim.b and Proposition 3.6, we get that L(Amax) 18 a quotient of
the module P.({Amax}). With the choice of Ayax being <.-maximal we have that
P.({Amax}) is a quotient of P, itself, and thus the head of P, contains L(Apax)-
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Since P, is indecomposable, it has a simple head. Thus, it has to be L(Amax). So
the completeness will follow after we have established 3.17. Claim.c:

3.17. Claim.c. There are no primitive idempotents e with aea ' &e for all e € E
and all units a € fR.
Proof of 3.17. Claim.c. This follows from Lemma 2.11, see also Remark 3.11.

Non-redundancy. We continue to use the notation from above.
3.17. Claim.d. The ideal Ip has a unique <.-maximal element.

Proof of 3.17. Claim.d. Assume that Ip has <.-maximal elements Ag, ..., A.. Then
for each of these we know that P.({\x}) # 0 and ¢** is non-zero, i.e., A(\;) has a
simple quotient. (This is 3.17. Claim.a.) Then—by Lemma 3.16 —we have that

R(p)e/RIp \ {ro, -+, Ar})e = Pe({ho}) @ - @ Pe({Ar}): (3-18)

This in turn implies that P. has L(X\g) @ --- ® L(A,) as a quotient, which is a
contradiction to P, being indecomposable. Hence, the ideal I p has a unique maximal
element that we denote by Apax-

Now, 3.17. Claim.e will establish non-redundancy, which will finish the proof.
3.17. Claim.e. L(\) = L(u) implies A = p for A\, u € Xp.

Proof of 3.17. Claim.e. Without loss of generality, assume that \ is a <.-maximal
element in an ideal Ip for some indecomposable projective P, corresponding to
e@e primitive for some € € E. (This is sufficient since we already proved above
that simples obtained for these elements of X give a complete set of isomorphism
classes of simples.)

We first observe that we have a quotient map

T P — L) — L(p), (3-19)

with z)y = m)(e) being a generator of L(u). Thus, one has e.z)y = z). Note now
that e € R(< A) since A is unique <.-maximal by 3.17. Claim.d. Thus, (3.12.d)
implies that there exists n <. A\, S,T € M(n) with es = er =€ and U,V € M(p)
such that the product

Cg,TCZ,V € ZT’eM(n) TcQU(TCT)Cg,T/ + e5R(<es M), (3-20)

expanded using (2-10), contains a summand in R({u}). Hence, with eg = & (giving
<e=<eg) it follows that p <. n <, A

On the other hand —by Lemma 3.4—we have A(u) = R({u}) . z for some
generator z € A(u) giving another quotient map

Ua: Ap) = L(p) = L(N). (3-21)

Fix now zy as above and choose y € A(p) with 9,(y) = 2. Then there exists
a € R({p}) such that y = a. z, but

Ya((ea) z) =ethr(a.2) = e Pr(y) = €.2) = €. 2\ = 22, (3-22)
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so we can assume that ea = a and a.¥»(z) # 0. So there exist S,T € M()\) and
U,V € M(p) with ey = € such that

CovCar € Xvemm) rey (VL VICh v +epR(<ey 1), (3-23)

expanded using (2-10), contains a summand in R({A}). Thus, with ey = € (giving
<e=<g, ) it follows that A <, p.
Hence, altogether we have A = u. O

Note that the primitive idempotent e such that e has L(\) as its head is not
unique. But if we demand the choice of an idempotent summand of some €y € E,
then €, is unique. In particular, the associated partial order <., is independent of
the choice of e. Thus— having Theorem 3.17 —we can define:

Definition 3.18. Let |X| < oo and A € Xg. We denote by P(X) the indecomposable
projective module corresponding to L(\).

The partial order associated to P()) is denoted by <.

Proposition 3.19. Let A € Xo. Then P(X) has a filtration by cell modules A(p)
such that p <) .

Proof. By the proof of Theorem 3.17 we know that P(\) = (< A)e for some
e@e) primitive. The statement follows by Lemma 3.14 and the description of the
subquotients as direct sums of cell modules from Proposition 3.15. [

The examples in Section 2E illustrate Proposition 3.19.

3E. Reciprocity laws

Throughout the rest of the section assume |X| < oco. Let A € Xy and p € X.

We denote by d,, » = [A(u) : L(N)] the Jordan—Hélder multiplicity of L(\) in
A(p) and by D = D(R) = (dy,2)uex,rex, the decomposition matriz of R. (We warn
the reader that D is, in contrast to the Cartan matrix, not necessarily a square
matrix.)

In contrast to [GL96, Prop. 3.6], the matrix 9 is not upper triangular, cf.
Example 3.24. But we have the following relative version.

Proposition 3.20. Let A € Xg and p € X. Then d,x = 0 unless u <) .
Furthermore, we have dy = 1.

Proof. Assume that d,, » # 0. Then there exists a non-zero map f: A(X) = A(p)/N
for some submodule N C A(u). Corresponding to L()) there exists some € € E
and e@e such that e acts non-trivially on L()). Hence, e acts also non-trivially
on A(A), and furthermore e € R(<), A). Since f is an $R-module map, e also
acts non-trivially on A(p)/N, and hence also non-trivially on A(p). Thus, there
exists 7 <x A, S,T € M(n) with es = & such that C§ . A(u) # 0. Thus— by
Lemma 3.9 —we have that pu <) n <) A

Assume now that A = pu € Xg. Let f: A(A\) = A(X\)/N for some submodule N
be a non-zero map. Then we know — by 3.10. Claim — that the map is a non-zero
K-multiple of the identity of A(\) composed with the natural quotient map. Thus,
f is always surjective and only in case of N = rad(\) is the image simple. This
givesdy =1 O
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Lemma 3.21. Let A € Xo and e@e) primitive. Then P(\) = Re if and only if
In={p e X | u<x A} is the smallest <-ideal such that e € R(I,).

Proof. =. Assuming that P(\) = Re, we know that Iy is an <,-ideal such that
e € R(I,), see the proof of Theorem 3.17. Assume now that I is another <-ideal
such that e € R(I). If A € T we are done, since I, C I. So assume A ¢ I and denote by
(TU X) the <y-ideal generated by I and A. Then P({\}) = R((TU X))e/R({TU )\
Ae =0, since P(A) = RR(I)e. This is a contradiction to L(\) being the quotient of
P(A). Thus, I, is the smallest <)-ideal with the desired property.

<. For I, being the smallest < -ideal with e € JR(I,), let u € Xq such that Re =
P(u). Then I, is the smallest <-ideal containing e, and thus— by assumption —
equal to I. Hence—Dby Theorem 3.17— P(u) has simple quotient L()), giving
p=A 0O

Since for a primitive idempotent summand of €y, the minimal <y-ideal I such
that e € SR(I) is equal to the minimal <y-ideal such that e* € R(I), the following
is immediate.

Corollary 3.22. Let A\ € Xq. If P(\) = Re for e@ey, then P(\) = Re*.

For A, u € Xo we denote by cy , = [P()) : L(p)] the Jordan—Hélder multiplicity
of L(p) in P(X), and by € = C(R) = (cap)apuex, the Cartan matriz of R. (By
Theorem 3.17 this coincides with the definition we used in Section 2E.)

Theorem 3.23. Let A € Xg, p € X and e@ey, primitive such that P(\) = Re.

(a) The multiplicity d,, x is equal to dim(A(u)*.e).
(b) If u € Xo, then
[PV L] = Xvex verws, [AW) s LVI[AW) L)), (3-24)
(Or ¢ = DY D, written as matrices.)
Proof. (3.23.a). This is straightforward, since
dy, ) = dim(Homg (P(N), A(pr))) = dim(Homep (Re*, A(p))) (3.25)
=dim(e* . A(p)) = dim(A(u)* . e),

with the second equality due to Corollary 3.22.

(3.23.b). Choose a maximal <jx-ideal chain inside I. Then we know for each
subquotient P({v}) = A(v) ® A(v)* . e as left SR-modules. Thus,

Cap = ZUEX,VSAA dim(A(v)* . e)dy,, = Zuexngk dvadyp, (3-26)

where — by Proposition 3.20 — any summand is zero unless v <, i as well. [

Example 3.24. Coming back to the examples from Section 2E, we have for n = 3

e~ (111) - (1) (1) - menrmen
cot) = (141) = (1) (}11) = 2@ toouay), @0
cVAa) = (333) = (111 (111) = DOV (As) TD(H (As)),
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(up to base change) and analogously for general n. Note that the decomposition
matrices have an upper triangular shape for €(A,) that is a cellular algebra.

As a direct corollary of (3.23.b) and the singular value decomposition, we get
a very easy to check, but weak, necessary criterion for an algebra to be relative
cellular.

Corollary 3.25. If R is relative cellular, then C is positive semidefinite.

As already discussed in detail in Section 2E, this is in contrast to the case of
cellular algebras where C is positive definite, cf. Remark 2.19.

3F. Further consequences

For the next proposition, we denote by D the (*-twisted) duality on $3-modules
defined by D(M) = Homg (M*, K). Note that A(\) is in general not isomorphic to
D(A(N)) as an R-module. But we have the following.

Proposition 3.26. Let A\, u € Xo. Then DL(A) = L(A\) as R-modules. Further,
there are isomorphisms Extg (L(X), L(p)) = Extg (L(w), L(X)) for all i € Z>o.

Proof. Let e@ey primitive such that P(A) = Re = Re*. We claim that P(A)
is a projective cover of the simple DL()). For ae* € Re* we define 0,0« by
Oger () = .« (ae*) for © € L(A)*. Here x . (ae*) = ea* . x is an element in eL(\)
that can be canonically identified with the endomorphism ring of L(\) that— by
Proposition 3.10 —is K. Thus, 0, defines a linear form on L(A)*. Clearly, the map
ae* — O+ is not the zero map, hence it is surjective and so P(A) is the projective
cover of DL(\).

Using Exth (L(\), L(p)) 2 Ext’ 4 o1 (L(A\)*, L(12)*), the latter being in right 9i-
modules, we obtain the statement about Ext-groups since vector space duality gives
a contravariant equivalence between left and right modules for a finite-dimensional
algebra. [

Remark 3.27. As a corollary of Proposition 3.26, the Ext-quiver of a relative cellular
algebra has a symmetric form. This is a well-known fact for cellular algebras.

Finally, the semisimplicity criterion for a relative cellular algebra is as in [GL96,
Thm. 3.8], and the proof— by using the results from Section 3E —is identical (and
omitted).

Proposition 3.28. Let R be a relative cellular algebra. Then the following are
equivalent.

(a) The algebra R is semisimple.
(b) The cell modules A(X) for X € X are simple.
(¢) The subspace rad(\) =0 for all X € X.

Example 3.29. None of the algebras from Section 2E, nor Arc2™ for n € Zsg
(for the latter see Section 5) are semisimple. There are various ways to see this, but
using Proposition 3.28 this follows since the simples are all of dimension one, while
the cell modules are not.
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4. An extended example I: The restricted enveloping algebra of sl
Throughout this section let K be any field with char(K) =p > 0.

4A. The algebra

We let F), be the prime field of K, and we also use the set F,, = {0,1,...,p—2,p—1} C
Z>¢ underlying F,. (Using the identification F,, = F,, we will sometimes read
modulo p.)

Definition 4.1. The restricted enveloping algebra of sla, denoted by ug(sls), is the

associative, unital algebra generated by E, F, H subject to

HE — EH =2E, HF —FH =-2F, EF —FE=H4H, (4-1)
EP =P =P — 3 =0. (4-2)
Said otherwise, ug(slz) is the usual enveloping algebra of sly modulo (4-2).

Note that the prime p enters the definition of ug(slz) in two ways: via the ground
field, but also via (4-2).

Remark 4.2. Our main source for the basics about ug(sly) are [FP88] and [Jan04]:
e.g., Definition 4.1 is taken from therein. Note that u, (sly) can be defined for a
choice of x € sl3. But, as we will see below, cf. Remark 4.9, it is crucial for us that
x = 0.

Recall the following PBW theorem, cf. [FP88, Sect. 1] or [Jan04, Sect. A.3]:
Theorem 4.3. The set

{F*HYE? | 2,y,2 € F,} (4-3)

is a basis of up(slz).

Our relative cellular basis for ug(slz) will be an idempotent version of (4-3). For
this we need the following weight idempotents. Let A € F, and define

= _HMG]FI”M;&A (H — ). (4-4)

Lemma 4.4. The set {1y | A € F,} is a complete set of pairwise orthogonal
idempotents.

We stress that the 1,’s are not primitive idempotents of ug(slz), but rather the
primitive idempotents of the semisimple subalgebra spanned by the #’s.

Proof. Observe that 1 is a degree p — 1 polynomial in # and therefore determined
by its values in F,. Now, substituting # with any element of F,, we see— by
Wilson’s theorem —that 1 is an idempotent. Similarly, orthogonality follows from
Fermat’s little theorem. Finally — by construction— ), x 1Ix evaluates for any
substitution # — p€F, to1l. O

The following tedious calculations, which we will use throughout, are omitted.
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Lemma 4.5. Let A€ F, and S,T € F,.
(a) For k € F, we have
H " = 2T (3 + 2T)F, 9" F5 = 5 (s - 29)",

INE = Ely_9, Ely=Iz12E, DLF = Flie, Flx=Ir_oF, (4-5)
Hiy = A1\ = 1\ H.

(b) We have
min(S,T)
ST T—S5+A .
£T 51, = ( . )TS‘JfT‘Jl :
’ ZI (S =T =\ ’
ST mi‘f”m SIT! (S—T—)\) R (%9)
FIET 1, = e )T S,
VU4 BTN *

with usual factorials and binomials taken modulo p.

Remark 4.6. For p = 2 it is—by Lemma 4.5—not hard to see that ug(sly) is
isomorphic to a direct sum of K[X,Y]/(X?,Y?) and a semisimple algebra. Thus,
ug(sly) is already cellular, and we from now on assume that p > 2.

4B. The cell datum

Next, we want to define the relative cell datum for ug(slz). To this end, we let
X = F, and M(\) = F,, for all A € X. Moreover —by Lemma 4.4 —we can let
E = {1, | A € X} be our idempotent set.

Further, we let CQ’T = F51ET, and set (FIET)* = FT 1, £°. And finally, let
the partial orders O = {<;,| A € X}, on X, be defined via

AF2(p—1) <y - < A+HA<, AF2 <, A (4-7)
and eg = Inyo5 for S € M()A). Note that these partial orders on X are well defined
since 2 generates [F), since we assume that p > 2.

To summarize, we have our cell datum

(X,M,C,*,E,0,¢). (4-8)

A direct consequence of Lemma 4.5 is:

Lemma 4.7. Let C3,, p =Cs p =C3pq =0 in case S, T ¢ F,. Then

EC5r =51 -85S+ NCs 17 +C5F
¥ Cg,T = Cg+1,T7 (4-9)
}[Cg,T =(A- QS)CQ,T,

Similar formulas hold for the right action of ug(slz) on the Cg,T ’s.
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4C. p = 3 exemplified
Example 4.8. Let p=3. Then 1o = —(H —1)(H —2), 1 = —(H —0)(H —2) and
I = —(H — 0)(# — 1). Moreover, the partial orders are

X = { <10 <10 @} = { <11 @ <11 } = {@ <12 <12 } (4_10)

Further, 1,uq(sl2)1,, consists of elements F51,E% such that A\ = p — 2S. Having
all this, it is easy to see that (4-8) defines a cell datum for ug(slz).
We get projectives and cell modules (here exemplified in case A = 0):

up(sls) 1o

2 0 2 1
A0) | #2119 Fly 1o I 1y X N S
. — SRS A B S T |
A2) | F21,E 19 FlaE 1o 1pE Iy A(1): Cap 55 Cip 55 Cop
Al | F21E% 19 F11E2 1y 1E? 1 5 5 A
(4-11)

These are either nine- or three-dimensional. The A’s are isomorphic to the so-called
baby Verma modules of highest weight . For example, the cell module A(1) in
ug(slz) 1o is the left ug(slz)-module as displayed in (4-11).

In order to get the simples L, we calculate the radical and then we use
Theorem 3.17. Note that, the pairing ¢*(F° 15, 7 1)) is zero unless S = T For
S =T we get:

1, if S=T=0, 1, if S=T=0, 1, if S=T=0,
A(0):{0, ifS=T=1, A(1):{1, if S=T=1, A(2):{2, ifS=T=1, (4-12)
0, if S=T=2, 0, if S=T=2, 1, if S=T=2.

Hence, using this and (4-11) we get in total

@mkﬂmm%um\@@%ﬂmn%unHAmgmm\(ua

with L(\) of dimension A. Next, note that we get from Theorem 3.23 (up to base
change)

ctuto) = (378) = (114)(}18) = ot oty (a1

which —by (4-13) —actually gives us the indecomposable projectives P()\)

AQW)|= P0) > A©0)| |A@©)|—|P1) »AQ)| [AQ=P@)| (415)

Finally, (4-14) also shows—by Remark 2.19 —that u(sl2) is not cellular. However
— by Proposition 2.8 —the so-called core

@OT@(U()(S[Q)):®)\€X1)\u0(5[2)1)\:10Ll0(5[2)10 P 11110(5[2)11 (o) 12u0(5[2)12 (4—16)

is a cellular algebra. This recovers [BT17, Thm. 1.2]. It also follows from Proposition
3.28 that ug(sly) is not semisimple.
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Remark 4.9. We stress that our assumption x = 0 gives (4-2). This is crucial since,
e.g., Lemma 4.7 implies that

£hCyp e Y K. (4-17)

Thus, if £P would not be zero, then A + 2p would appear in the above sum and
(2.1.d) would fail.
4D. Relative cellularity
The following is now the main statement in this section.
Theorem 4.10. The algebra ug(sly) is relative cellular with cell datum as in (4-8).
Proof. (2.1.a). Up to the statement that the CgT form a basis, this is clear. To see
the basis statement use Theorem 4.3.

(2.1.b). This follows since * is the Chevalley anti-involution.

(2.1.c). By construction, the 1,’s are fixed by *. To see (2-3) note that Lemma 4.4
and 4.5 show that

Lug(sl) 1, = K{F 1, 2% | v = pu — 25}. (4-18)
Thus — by Lemma 4.7 — all appearing basis elements in 1,u0(sl2) 1, Cg’T are smaller

than X in the order for . The rest follows from Lemma 4.5 and 4.4.
(2.1.d). Directly by using Lemma 4.7 we get

Cyr Chy= 7T g1,V

min — : . (4—19)
er(T,U) TSL\LLEVJFZ]-:O(T’U) 1 KTS+T—; 1M+2(U_j)£Ufg+V'

Thus, (2.1.d) follows since 151, equals 1, or zero and p + 2(U — j) <, p for
U—-jeF,and V7tV =0for U —j>p. O

4E. Some consequences

Similarly as in Example 4.8, we will explain how to recover the representation
theory of ug(slz) for general p > 2. All of this is of course known, but the point is
that we use the general theory of relative cellular algebras to do so.

Proposition 4.11. From the Theorem 4.10 and the theory of relative cellular
algebras we obtain the following, where A € X:

(a) The cell modules A(N) are of dimension p and isomorphic to baby Verma
modules of highest weight .
(b) The simple quotients L(\) of A(X\) are of dimension \ and we have

Lp-2-2) =AM > LY [A@-1)=Lp-1)].  (420)

(¢) The indecomposable projectives P(\) satisfy

Ap-2-2)|=|PO)»AM)|  [PE-1)=Ap-1)]. (421)

(d) The algebra ug(sle) is a non-semisimple, non-cellular algebra whose core
(defined as in (4-16)) Core(ug(slz)) is cellular.
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Proof. We use all the lemmas from Sections 4A and 4B. Using these, the general
case can be proven verbatim as the p = 3 case in Example 4.8:

(4.11.a). Clear by construction.
(4.11.b). The first claim follows since

(SH2(3), ifS=T,

. (4-22)
0, if S #T.

MNFI1, FO1) = {

The second claim follows then from (4.11.a).
(4.11.c). By using (4.11.b) and Theorem 3.23.

(4.11.d). Observe that (4.11.b) shows— by Proposition 3.28 —that ug(sl2) is non-
semisimple, while (4.11.c)—by Remark 2.19—shows that ug(sly) is not cellular.
The last claim follows from Theorem 4.10 and Proposition 2.8. [

This resembles the known representation theory of uy(sly) from the theory of
relative cellular algebras.

Remark 4.12. The case of the small quantum group u,(slz) for g being a complex,
primitive 2/*" root of unity with [ > 2 works — by carefully keeping track of the
quantum numbers — mutatis mutandis as above. Details are omitted.

Further directions 4.13. Having (4.11.d), it is tempting to ask whether one can
extend the setting of [BT18] and [BT17]. However, we stress that our above basis
is too “naive” to generalize to higher rank cases and certainly is not the relative
analog of the basis of €ore(up(slz)) constructed in [BT17, Thm. 4.6].

5. An extended example II: The annular arc algebra

Throughout, fix n € Z~q. The purpose of this section is to discuss the relative
cellularity of the annular arc algebra 2Arci*" in detail, with Theorem 5.16 being
the main result.

The definition of the underlying space and multiplication rule for 2Arc2™ are
due to Anno—-Nandakumar [AN16, Sect. 5.3], and we will recall their definitions in
Sections 5A to 5C in our conventions. Following [APS04], we show well-definedness

in Section 5D.

5A. The arc algebra in an annulus

The conventions we use for Arci"" are very much in the spirit of the type A arc

algebra Are, (see, e.g., [Kho02] or [BS11]), but using a TQFT as in [APS04].
Consequently, all the definitions below are adaptations of the corresponding notions
for Are,, to the annulus, where we keep the following illustration in mind:

n=3

B | ' B
A /-' A VS
dotted 11.1.1.9.','}1.....2 3[\ ......... (.
1

456:

1
dashed line dashed line




258 M. EHRIG, D. TUBBENHAUER

(In (5-1), note that the annulus is topologically a cylinder, a perspective that we
use silently throughout.) Readers familiar with 2Arc,, can immediately check 5.M
and 5.S in addition to (5-1) before reading the definitions.

5B. Combinatorics of annular arc diagrams

We start by defining the necessary combinatorial data. Hereby we closely follow
the exposition in the non-annular case from [BS11, Sect. 2] or [EST17, Sect. 3].

Definition 5.1. A (balanced) weight (of rank n) is a tuple A = (\;) € {v,a}?"
with n symbols v and n symbols A. The set of weights is denoted by X.

Simplifying notation, an example of a weight of rank 2 is A = v Aav.

Let S! denote the 1-sphere. The dotted line is topologically S' x {0} smoothly
embedded in R? x {0} together with a choice of an orientation (this orientation will
always be anticlockwise in illustrations), two distinct points », € and 2n discrete
points, called vertices, in the segment [p, 4] between » and <. We number the
vertices in order from 1 to 2n, reading along the chosen orientation. We view the
dotted line as being the bottom (or top) boundary of S' x [0,1] (or St x [0, —1])
smoothly embedded in R3, with orientation compatible with the one of the dotted
line. Similarly, the dashed lines are {»} x [0,+1] and {4} x [0, £1], see again in
S x [0,£1]. Note that each A = ();) € X gives a labeling of the vertices of the
dotted line by putting \; at the i" vertex.

Definition 5.2. A(n annular) cup diagram S (of rank n) is a collection {71, ..., vn}
of smooth embeddings of [0, 1] into S' x [0, —1], called arcs, such that:

(a) The arcs are pairwise non-intersecting and have only one critical point.

(b) There is a 1:1 correspondence between the vertices of the dotted line and
the boundary points of arcs, identifying the two sets.

(¢) The arcs cut the dashed lines transversely and each dashed line at most
once.

Similarly, a(n annular) cap diagram T* is defined inside S* x [0, 1].

Observing that (5.2.b) and (5.2.c) imply that each arc either stays within the
region [», 4] X [0, £1] or goes around the cylinder once, we can say that an arc is
of staying type or wrapping type. Similarly, if all arcs of a cup (or cap) diagram are
of staying type, then we say that the cup (or cap) diagram is of staying type.

Combinatorially speaking, we consider arcs to be equal if their endpoints connect
the same vertices on the dotted line and they are of the same type, and the
corresponding equivalence classes are still called cup and cap diagrams. We work
with these throughout, and illustrate them as exemplified in (5-2). We call the
corresponding arcs cups and caps, and we usually denote them by U, respectively
by N.

We note that cup (or cap) diagrams of staying type are those appearing for
2Arc,,, while all others are new in the annular setting.

Definition 5.3. An oriented cup diagram SA is a pair of a cup diagram and
a weight A such that the weight induces an orientation on the arcs of S (seen
topologically). An oriented cap diagram NT™* is defined verbatim.
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For A € X we denote by M(A) the set of all oriented cup diagrams of the form
SA.

Note that we can swap the cylinders S* x [0, —1] = S* x [0, 1] by reflecting along
the (z,y,0)-plane in R3. This induces an involution * turning a cup S into a cap
diagram S*, and vice versa. Clearly, (S*)* = S, and — by convention — (SA)* = AS*
and (AS*)* = SA.

Definition 5.4. A(n annular) circle diagram ST* (of rank n) is obtained from a
cup diagram S and a cap diagram T™* (both of rank n) by stacking T* on top of S,
inducing a corresponding diagram in S* x [—1,1].

An oriented circle diagram is built from an oriented cup SA and cap diagram
AT™ for the same weight A. We denote such diagrams by Cg,T, and we say that the

circle diagram ST* is associated to C3 p.

Just as cup and cap diagrams are built from arcs, circle diagrams are collections
of (up to m) circles C, with “circle” understood in the evident way.
All the above is summarized in (5-2) below.

A S T Cir

Definition 5.5. A circle C in a circle diagram ST™ is called essential if it induces
a non-trivial element in 71 (S' x [~1,1]), and usual otherwise.

For an oriented circle diagram SAT™*, any circle C gets an induced orientation.
Thus, we can say a usual circle is anticlockwise or clockwise (oriented), while
essential circles are leftwards or rightwards (oriented).

The picture illustrating Definition 5.5 is:

03 0

usual and anticlockwise usual and clockwise ( 5 3)
essential and leftwards essential and rightwards

(As in (5-3), we say, e.g., usual and clockwise for short.)

5C. The multiplication
We first define the vector space for the annular arc algebra, and explain the
multiplication afterwards.

ann
n

Definition 5.6. As a vector space, the annular arc algebra Arc®™® (of rank n) is

Ared™ =K{Cyp | A € X, S,T € M(A)}, (5-4)
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i.e., the free vector space on the basis given by all oriented circle diagrams (of rank

Before we define the multiplication by a surgery procedure, here is a prototypical
example, each step called a(n oriented) stacked diagram:

V*

V* V* CH

"
cUV

S

(In our notation, left multiplication is given by concatenation from the bottom.)

To define the multiplication Mult: Arc2™@Arcd™™ — Arcd™™ it suffices to explain
it on two basis elements CS o and CU v» and extend linearly. The multiplication of
such basis elements is defined as follows.

(a)

(b)

()
(d)

We let ngTC’&V = 0 unless T' = U. Otherwise, put the circle diagram
associated to C’l‘]y on top of the one associated to CQT, producing a stacked
diagram having 7*U in the middle, cf. (5-5).

For the stacked diagram perform inductively a surgery procedure by picking
any (note the choice involved) U-N pair available, meaning that the U and
the N can be connected without crossing any other arc, and replace it locally

In each step of (5.b) we replace the resulting stacked diagrams by a sum of
(oriented) stacked diagrams as explained below.

Finally, collapse the resulting stacked diagrams to circle diagrams as illust-
rated on the right in (5-5).

(5-6)

Observing that each step of (5.b) either merges two circles into one, or splits
one circle into two, we define how to reorient diagrams as follows. In all cases, we
say “orient the result” meaning to put the corresponding orientation locally on the
stacked diagram after applying (5.b), leaving all non-involved parts with the same
orientation.

5.M. Assume that two circles are merged into one.
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If one of the circles is usual and anticlockwise, then orient the result with
the orientation induced by the other circle.

If one of the circles is usual and clockwise and the other is not usual and
anticlockwise, then the result is zero.

If one of the circles is essential and leftwards and the other is essential and
rightwards, then orient the result clockwise.

Otherwise, the result is zero.

0

Example for (5.M.a) | Example for (5.M.b) || Example for (5.M.c) || Example for (5.M.d)

Y Yy
¥ oao pH

— 0

(5-7)

5.5. Assume that one circle is split into two.

(a)

If the circle is usual and anticlockwise and splits into two usual circles Cq
and Cs, then take the sum of two copies of the result. In one summand orient
C; clockwise and Co anticlockwise, in the other swap the roles.

If the circle is usual and clockwise and splits into two usual circles, then
orient both circles in the result clockwise.

If the circle is usual and anticlockwise and splits into two essential circles
C1 and Co, then take the sum of two copies of the result. In one summand
orient C; leftwards and Cy rightwards, in the other swap the roles.

If the circle is usual and clockwise and splits into two essential circles, then
the result is zero.

If the circle is essential, then orient the resulting usual circle clockwise while
keeping the orientation of the resulting essential circle.

V WA M)

\ A B ’\ A\ N .
— +

A\ v A/ -\ \
Cp(j‘ U U

Example for (5.5.a) Example for (5.S.b)

“6 NYR\YY, “& YO MM

— + —0 —
A A A A\ A\ A Azl
Example for (5.5.c) Example for (5.5.d) Example for (5.S.e)
(5-8)

We leave it to the reader to check that 5.M and 5.S are all possible configurations.
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5D. Well-definedness via annular TQFTs

We first prove well-definedness of Arc2™.

Proposition 5.7. The multiplication is well defined, i.e., independent of all in-
volved choices. This turns Arci™™ into an associative, unital, finite-dimensional
algebra with

E= {Cg,s | SAS™ contains only usual and anticlockwise Cs} (5-9)

being a complete set of pairwise orthogonal idempotents.

Proof. With the well-definedness as an exception, the statements are easy to verify.
We will sketch now why the multiplication is well defined. (A detailed treatment in
case of the non-annular arc algebras, that can be adapted to the annular setup,
is explained, e.g., in [EST17].) The main idea is to identify the algebraically
defined annular arc algebra with a topological algebra— whose elements are certain
surfaces — obtained via a TQFT. For this topological incarnation of Arc2™ the well-
definedness boils down to isotopies of surfaces, and the main problem is to find the
TQFT realizing 2Arc2™. However, in our case this is easy since we modeled 2(rc2™™
on such a topological defined algebra using the TQFT from [APS04]. (For further
details about this TQFT see, e.g., [Rob13, Sect. 2], [GLW18, Sect. 4.2] or [BPW19,
Sect. 2.4].) To be a bit more precise, using this TQFT one can define— following,
e.g., [EST17]— the topological incarnation of Arc2™. Then, after choosing a cup
basis as in [EST17], one checks that on this basis the topological algebra satisfies
the multiplication rules of Arc2™®. O

Further directions 5.8. The TQFT used in the proof of Proposition 5.7 origi-
nates in the context of versions of annular link homologies, see, e.g., the references
above. It would be interesting to know a connection between 2Arci™™ and those
homologies.

Example 5.9. Here the multiplication for symmetric pictures in case n = 1:

g 0.5 0.4 0,
G s on | oo ad|AF 105 av| £y oo
My Hoye Y

Y& AN YR AT YRR AT You

Note the changed roles of the weights.

(5-10)
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Example 5.10. The list of the idempotents from (5-9) in case n = 2 is

(5-11)

(For later use, cf. Example 5.23, we denote them by e; fori =1,...,6.)

Further directions 5.11. Our conventions here differ slightly from the ones in
[AN16, Sect. 5.3] and it would be interesting to find an explicit isomorphism
between the two algebras.

5E. Relative cellularity: The cell datum

Let us now give the relative cell datum.

First, as already indicated by our notation in Section 5B, the set X is the set of
weights, while the sets M()) are those cup diagrams S such that SA is oriented.
The map C is then given by the defined basis elements ngT. The anti-involution *
is given by reflection.

Furthermore — by Proposition 5.7— we let E be as in (5-9), and we can associate
to a cup diagram S the idempotent eg = Cg,s € E. This in turn defines the map
g(S) =es.

To define the partial orders <., with respect to the idempotents in E, note that
there is a rotation map p: X — X given by rotating rightwards. This is formally
done by renumbering the vertices on the dotted line to 2,3, - ,2n,1. The same is
done for cup diagrams, e.g.:

P
ANV Vf\V/\7 -U/ kg\w (5-12)
NVNR D ANNVN s 5

We note two lemmas whose (very easy) proofs we omit.

. A
Lemma 5.12. The map p defined on the basis as p(Cg’T) = Cigs))m(T) defines an

algebra automorphism of Arcd™.
Lemma 5.13. For each cup diagram S there is k € Z>o such that the cup diagram
Pk (S) is of staying type.

The set X has a partial order <., generated by saying that an ordered pair v A
swapped to A v creates a smaller element of X. (This is actually the partial order
for Arey,, cf. [BS11, Sect. 2].) Starting from this partial order we will define— by
using Lemma 5.13 — our partial orders using the rotation p.
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Definition 5.14. Let S be a cup diagram and A, x € X. Let k € Z>( be minimal
such that p*(S) is of staying type. Then we define p <c4 A if p*(11) <are, PF(N).

For example, Avva <eg AvAv, but Avav <g o Avvafor S asin (5-12).
Now — by Definition 5.14 —we set O = {<,| S is a cup diagram}, and have

(X,M,C,”,E,O,¢) (5-13)

as the candidate for the relative cell datum.

The main ingredient to prove relative cellularity is the following that is similar
to [BS11, Thm. 3.1], but more involved to prove. Its proof appears in Section 5J
below.

Theorem 5.15. Let A\, € X, S,T € M(X) and U,V € M(u). Then

0, if T #U,
C3rClhy = r(Cyp, U)Chy + (1), i T=U and V € M(n), (5-14)
(1), otherwise,

with r(Cg,T, U)e{0,1} CK, (f) € Ared™(<e, ) and es(t) = (1) = (1)ev.
This in turn implies the relative cellularity of the annular arc algebra.

Theorem 5.16. The algebra Arci™ is relative cellular with cell datum as in
(5-13).

Proof. (2.1.a). The sets X and M()\) are clearly finite, and the assignment C gives—
by definition —an injective map with the image forming a basis of rc2™

ann
(2.1.b). Clearly, * is an anti-involution with (CQ,T)* = Cé\“,s-
(2.1.c). All statements about the idempotents and the mapping € are— by, e.g.,
Proposition 5.7 — immediate except (2-3). For (2-3) we note that e2rci™eCy  is

zero unless € = €. In this case eArc2™e is spanned by elements of the form Cfg ¢

for p € X. The multiplication C’é’ SCQ)T will be a merge in each step and the only
non-trivial operation is that some circles in ST™ are reoriented from anticlockwise
to clockwise. However — by Lemma 5.34 below — this will decrease the weight with
respect to both, <., and <.

(2.1.d). We note that Theorem 5.15 is a stronger version of (2.1.d). O

5F. Further properties

By Theorem 5.16 we can use the notions from Section 3 regarding simples, cell and

indecomposable projective Arci™™-modules.

Proposition 5.17. Let A\, ;s € X and S € M(X), T € M(u) such that eg = Cgs
and ep = C, p. Then the following hold.

(a) We have [A(X) : L(p)] = 1 if and only if T A is oriented, otherwise it is zero.

(b) The projective P(\) has a filtration by cell modules of the form A(v) such
that Sv is oriented. Further, it has a filtration by 2™ cell modules, each
occurring once.

(¢) The value [P(N) : L(p)] can be computed by counting the number of orienta-
tions of ST*, with each orientation v giving the occurrence of L(u) in A(v)
inside the cell module filtration given by (5.17.b).
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Proof. (5.17.a). This follows immediately by noting that the basis elements of A())
are compatible with the choice of primitive idempotents, with exactly one of the
idempotents acting as 1 on a given basis element and all others acting by 0.

(5.17.b). The first statement follows by construction of the cell filtration in
Proposition 3.19. The second statement follows since the number of orientations
for S is exactly n.

(5.17.c). By combining (5.17.a) and (5.17.b). O

Remark 5.18. Note that — by the proof of (5.17.a) —it also follows that simple
modules always have dimension one. On the other hand, a cell module A()) has
dimension equal to the number of cup diagrams .S such that S\ is oriented. Thus,
dim A(A) > 1. Furthermore, (5.17.b) implies that P()) is also always different from
A(X). To summarize: No cell module is simple or projective.

Proposition 5.19. The algebra Arc™ is a non-semisimple Frobenius algebra of
infinite global dimension.

n

S # V, and otherwise U(ngT, Clrv) is set to be the coefficient of C% ¢ in the product
Cg’TC‘é,V, where v is chosen such that all circles in Sv.S* are oriented clockwise.
Associativity and non-degeneracy can be shown using the same TQFT methods
as in [EST17], using the TQFT as in the proof of Proposition 5.7, i.e., both are
immediate for the topological incarnation of Arci*™ due to the TQFT involved in
the construction. (Associativity being again an isotopy; non-degeneracy follows
from the non-degeneracy of the involved TQFT.)

From the dimension observations in Remark 5.18 it follows that Arc2™ is non-
semisimple. Further, recall that a Frobenius algebra has finite global dimension if

and only if it is semisimple. Thus, 2Arci™™ is of infinite global dimension. [

Proof. A bilinear form o: 2rc¢2™ @ Arci™ — K is given by U(CQT, C‘(}’V) =0 for

Remark 5.20. The Frobenius property in Proposition 5.19 can be proven directly
using combinatorics. While associativity of o follows immediately, the non-degene-
racy can be checked by carefully looking at products of the form Cé,TC% g and
noting that the surgeries can be ordered so that merges are performed first followed
by splits. Thus, for a given weight A, the 1 can be chosen appropriately so that all
circles, after performing the merges, are usual and clockwise and then the splits
will all create usual and clockwise circles, giving the non-degeneracy of o.

Proposition 5.21. The matriz C(2Arc2™) is positive semidefinite with determinant
zero.

Proof. By Corollary 3.25 it remains to check that the Cartan matrix is not of full
rank.

The case n = 1 is done explicitly in Example 5.22 below.

For the case n > 1, let S be the cup diagram having only arcs of staying type
with one arc connecting vertices 1 and 2n and arcs connecting 2¢ and 2i + 1 for
1 <i < (n-1). Let eg = SAS* for A = v(va)(vA)---(va)a. The multiplicity
[P(A) : L(p)] is—by (5.17.c) —obtained by counting the number of possible
orientations of the diagram ST™, where T is the unique diagram such that T'uT™ is
a primitive idempotent. Note that this is 2™ for m being the number of circles in
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ST*. Next, the number of such orientations is the same as the number of orientations
of p2(S)T*. This holds true since p?(S) connects the same vertices as S, just with
arcs that are not of staying type. Thus, [P()\) : L(u)] = [P(p*(N)) : L(p)] and with
the assumption n > 1 we obtain p?(\) # A. In total, the matrix C(2rc2™) has two
equal columns. [

5G. Low rank examples

Let us discuss the cases n = 1 and n = 2 in detail. This will be very much as in
Section 2E, whose notions we recommend the reader to recall.

Example 5.22. Let n = 1. Then the relative cell datum of Arci™" is as follows.

X={[av]<e, [val} ={va|<e, [aV]}, * ~» reflect diagrams,
(O M= (AT b6

vA)
E= {61 - .@.,62 = }\(} . e(M(va) = er,e(M(av)) = es.

Now, as for the usual arc algebra, the indecomposable projectives P(v A) = Arci™e;
and P(av) = Arci™ey are given by fixing (in our notation) the top shape. In
contrast, the cell modules A(v ) and A(av) are given by fixing the weight, and
we get

@f(l)ﬂ )( MU ?EM)) A(nv) ?((:J) A(vn)
AL My ) e
(

Note that looking at the bottom picture determines the action of the primitive
idempotents e; and es, and thus the simple module as illustrated.

(5-15)

o —

Finally, the above gives us the Cartan matrix C(Arci™™) = (2 %), showing that
Arci™ is not cellular.

Example 5.23. Let n = 2. We are now going to explain what the relative cellular
datum of Arci™" looks like. The relative cellular datum will be very much in the
spirit as in Example 5.22, with partial orderings relative to the idempotents in
Example 5.10. But since the algebra 2rc3™™ is of dimension 108, we will only
highlight some features by focussing on e, and es.
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First, we have X = {[vvaa],[vavAa][avval[vaav][avav] aavv} as the
set of weights. As explained in Section 5E, the partial orderings for the idempotents
are obtained from the usual one (i.e., (5-18) in this case) by ‘rotation of the cylinder’,

e.g.,

<ey T T<eay

—

. [TAVA] -<ea (5-17)

\<62$ <ey

—

ANV V

<es T T<es

—

[AVAV]—<es [anvy]  (5-18)

T<esy ey

The other partial orderings are similar, but rotated.
Now, the relative cell datum is
X ~sef. (5-17), * ~ reflect diagrams, M ~ cf. Example 5.23,
Cg,T ~ cf. (5-2), E ~> cf. Example 5.10 & ~» cf. Example 5.23.

Having these, the cell modules in P(vaav) are

(5-19)

(5-20)
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and in P(vava)
VAVA

00 A HA Y BN
GROORE NG00 A
AR BA 0 HRAG 00

These are ordered as in (5-17) and (5-18). Next, the indecomposable projectives
are

(5-21)

P(vanv)
L(vanv)| A(vaav) A(vaav)
L(vava) L(avav) L(vavn)
L M| L(vanav) L(vvan) L(» )| L(AvvA) L(vvan) L(varv)|L(avva)
L(vavn) L(avav) L(vavna)
A(vAnv) A( ) |L(vAnv)
P(vanav)
L(avav) A(AvvA)
L(vanv)|L(vanv) L(vvan) L(Avva) A(vaav) L(Avva)
L(vava) L(vavn) L(vavn) L(vava)
L( ) A(vanv) L(avvn) L(vvan) L(vaav)|L(vanv)
A(vanv) L(avav)

(5-22)

(Note: From n = 3 onwards the P(\)’s are not of the same size anymore. That
is, Ared™ is of dimension 1664 with P(A)’s being of dimension 80 or 88.) By the
above we see that the Cartan matrix is (up to similarity)

C(RArcg™) = (5-23)

INCFNCICHN
[CFN SN
[CFN SN
FNCFNCICHN
[CFN SN
INCFNCICHN

This again shows that Arc§™ is not a cellular algebra.

5H. Some concluding comments

A few potential generalizations regarding relative cellularity of 2rc2™ are:

Further directions 5.24. Everything can be done in the graded setup as well
with the algebra Arc2"™™ having an analogous grading as 2rc,. In particular, it

makes sense to define the notion of a graded, relative cellular algebra, generalizing
[HM10, Def. 2.1].
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Further directions 5.25. 2drc, was originally defined to construct tangle invari-
ants associated to Khovanov homology [Kho02]. Similarly, so-called web algebras
appear in the construction of tangle invariants associated to Khovanov—Rozansky
homologies. These web algebras are also known to be cellular algebras, see [MPT14,
Cor. 5.21], [Tubl4, Thm. 4.22] and [Macl4, Thm. 7.7]. Building on [QR18], it
should be possible to define annular variants, and the question whether these are
relative cellular arises.

Further directions 5.26. One could also define annular versions of the type D
arc algebra as in [ES16b], [ES16a] or [ETW16]. This algebra is again cellular, see
[ES16b, Cor. 7.3], and the question about relative cellularity again arises.

51. Relative cellularity: Technicalities
For the proof of Theorem 5.15 we need some more control over cups and caps,

necessitating a number of definitions and lemmas.

Definition 5.27. Let A € X and S be a cup diagram such that S\ is oriented.
Assume that we have the following local situations.

NP NV W SR TV W R

Then we call such cups or caps anticlockwise and clockwise, as indicated.

Comparing to (5-3), cups and caps in usual circles are always of the corresponding
orientation. Moreover, cups in essential and rightwards and caps in essential and
leftwards circles are clockwise, and vice versa.

Definition 5.28. Let C be a circle in a circle diagram ST*. Then S! x [—1,1]\C has
two connected components. For a usual circle the connected component containing
the boundary of S! x [—1,1] is called the exterior of C, the other is called the
interior. For an essential circle the one containing the boundary St x {1} is called
the upper (half), the other is called the lower (half).

Here is the picture illustrating these notions:

interior  upper left right right left
0V 60 VY oo
exterior  lower right left left right

As in (5-25), if furthermore a small circle C (i.e., a circle built from one cup and
one cap only) is endowed with an orientation in CQT, then we distinguish between
a right and a left side of C by using the orientation.

For more general circles we use repeatedly

left right right

left |right right | left

(5-26)
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to define the notions right and left side of C.
The following is clear.

Lemma 5.29. Let C be a circle in an circle diagram ST*. Then the notions in
Definition 5.28 are well defined and satisfy:

(a) If C is usual and anticlockwise, then its interior is to the left. If C is usual
and clockwise, then its exterior is to the left.

(b) If C is essential and leftwards, then its lower is to the left. If C is essential
and rightwards, then its upper is to the left.

We also need to distinguish certain types of cups and caps.
Definition 5.30. Let ST™ be a circle diagram and C a circle in ST™.

(a) Let C be usual. We say that a cup, respectively cap, in C is eU, respectively
eN, if the exterior of C is directly above the cup, respectively below the cap.
Otherwise we call it iU, respectively iN.

(b) Let C be essential. We say that a cup, respectively cap, in C is IU, respectively
IN, if the lower of C is directly below the cup, respectively below the cap.
Otherwise we call it u\U, respectively uN.

Note that Definition 5.30 depends only on the shape, and here is the picture:

ev ext. V] int.

o T a

ext. en int. 0N
(5-27)
lu upp. uy low.

gD gD

low. un upp. In

We write, e.g., eU instead of eU cup for short.

Lemma 5.31. Let C be a circle in an oriented circle diagram ngT.

(a) If C is usual, then the orientation of C and any eJ or eN agrees, while any
iU or iN is oriented in the opposite way.

(b) If C is essential and leftwards, then any IV or IN is oriented clockwise, while
any u\Y or uN is oriented anticlockwise.

(¢) If C is essential and rightwards, then any uU or un is oriented clockwise,
while any IV or IN is oriented anticlockwise.

Proof. All of these are easily proved by induction on the number of cups and caps
in the circle. Here the induction start:

en en uN uN uN uN
0 0 YA YA =
eyv eyv I lu lu lu

Then one continues using (5-26). O
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For the next two lemmas the circles are considered inside an oriented, stacked
diagram where the surgery is performed. Note hereby that we apply (5.b) only,
i.e., without reorienting the resulting diagram, but rather keeping the original
orientation. We call this applying the surgery naively.

Lemma 5.32. Assume an essential circle C splits into an essential C, and an usual
C., circle by naive surgery. Then the resulting diagram is oriented, C. is oriented in
the same way as C and C, is oriented opposite to the orientation of the U-N pair
involved in the naive surgery.

Proof. First—by (5.31.b) and (5.31.c) — we know that the cup and cap involved in
the naive surgery have the same orientation. Thus, these are the local possibilities:

(5-29)

C. is— by assumption —essential, meaning that all other possible situations can
be rotated into such positions. [

For two essential circles C, is above C; if C; is contained in the lower half of C,,.
We also say that C; is below C,.

Lemma 5.33. Let C be a usual circle splitting into two essential circles, C, being
above C;, by naive surgery. Then the result is oriented with C, being essential and
leftwards and C; essential and rightwards in case C is anticlockwise, and vice versa,
in case C s clockwise.

Proof. As before by (5.31.a), we know that the U-N of the naive surgery have the
same orientation. Thus, there is an induced orientation on the result after naive
surgery.

To see the second part of the claim, keeping

U
¢ s G Cu (5-30)
B

in mind, we use (5.29.a) and (5.29.b) with the interior of C turning into the lower
of C,, and the upper of ;. 0O
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For the following lemma we use the evident notion of usual circles to be nested
inside other usual circles. (We also say that one circle is the outer, having the
evident meaning.)

Lemma 5.34. Let Cg’T be an oriented circle diagram.

(a) Let Cp be obtained from Cg’T by reorienting an anticlockwise circle C
clockwise, as well as reorienting an arbitrary number of clockwise circles
nested inside C anticlockwise. Then p <c A and p <, A

(b) Assume that T is of staying type and let C’;}T be obtained from Cg’T by
reorienting a leftwards circle C rightwards, as well as reorienting an arbitrary
number of rightwards circles below C leftwards. Then p <e, A.

Proof. (5.34.a). We first use the rotation map p to obtain a diagram with S of
staying type. Then the statement p <. A follows by the same arguments as in the
usual case and is left to the reader. (For a similar proof see [ES16b, Lem. 7.7].)
The same can be done to obtain a diagram with T of staying type, giving p <¢, A.

(5.34.b). In this case we substitute all cups in S that are not of staying type
by cups of staying type that connect the same vertices to obtain a cup diagram
S’. Then the circle C determines a circle C’ in S’T* containing the same caps
as C. Observe that C’ is then anticlockwise. Hence, reorienting this we obtain —
by (5.34.a) —a weight ;1 <., A. If there are rightward circles below, they get
transformed to clockwise circles nested inside C’. So the statement also follows by
(5.34.a), if some of these are reoriented. [

5J. Relative cellularity: Main proof

We can now proceed and finish with the proof of Theorem 5.15 to obtain the main
part of relative cellularity for 2Arc2™".

Proof of Theorem 5.15. We show a stronger statement. Namely the appropriate
analog of the claim itself, but for each step within the multiplication process. In
each step the general idea is roughly as follows:

1% 1% v
other

U U surgery
surgery
P ? + terms

| o,
U naive naive <
Ek ,js\urgery surgeryk> }j—\sv

merge split

(5-31)

In words, we reorient before or after the surgery such that naive surgery gives
the result we want to consider. In doing so the reordering will— by Lemma 5.34 —
<¢, -decrease the weight. Observe hereby that this reorientation process is always
possible. But in case of a merge the reorientation might happen for circles not
touching the upper dotted line. (Examples are, for instance, provided by the



RELATIVE CELLULAR ALGEBRAS 273

merge rule (5.a).) Those cases need a bit more care, but this will only happen in
5.15.Case.C below.

Let us make this rigorous. To this end, let SAT*TuV™* be a stacked diagram.
Without loss of generality we also assume that the diagram is rotated in such a
way that V is of staying type. Further, let N denote a cap in T* and U the mirrored
cup in 7" such that one can perform surgery with the pair U-N. In the following,
let C denote the circle containing N and C’ the circle containing U. (These need not
be distinct in general.)

5.15. Claim.a. After naive surgery along\U-N and reorientation one obtains diagrams
with an orientation p' on the upper dotted line such that p' <g, p. Further, if u
appears, then it appears with coefficient one, independent of V.

Proof of 5.15. Claim.a. The proof is divided into three parts: First we assume that
N is oriented clockwise, then we assume that N is anticlockwise and divide the
cases of U being anticlockwise respectively clockwise. In all cases we silently use
Lemma 5.31.

5.15. Case. A: N is clockwise. We further distinguish depending on the properties of
the circle C that in turn imply further properties of N and U.

(i) C is usual and anticlockwise. This implies that N is iN.

(1) If the surgery is a merge of two circles, then C’ must be nested inside C.
Hence, C’ is usual as well, and C’ and U have the same orientation. In particular,
if ' and U are anticlockwise, we need to reorient C’ and U clockwise and then
perform the surgery naively. The resulting orientation p’ on the upper dotted line
is strictly <c,-smaller than u. If on the other hand €’ and U are clockwise, we need
to reorient both C and C’ and then perform the surgery naively. In this case this
also produces a p’ strictly <, -smaller than u.

(2) If the surgery is a split, then U is clockwise as well. Hence, the surgery
will create two usual circles both containing arcs in V. Note that the naive surgery
creates two circles that are usual and anticlockwise. Thus, for each summand of the
result one of the two circles needs to be reoriented creating strictly <., -smaller
orientations p'.

(ii) C is usual and clockwise. In this case N is eN.

(1) If one merges, then the only non-zero result occurs when C’ is usual and
anticlockwise. To obtain the result we need to reorient C’, and C if it is nested
inside C’, and then perform naive surgery. Since C’ contains arcs in V' this will
produce a strictly <., -smaller orientation '

(2) If one splits, then U is a clockwise eU. The only non-zero result is the split
into two usual circles, both touching the upper dotted line. After performing naive
surgery the outer of the two created circles is already clockwise, while the nested
is anticlockwise. Reorienting the nested circle again gives a strictly <., -smaller
orientation g’

(i) C is essential and leftwards. In this case N is IN.

(1) If the surgery is a merge, the non-zero cases are the ones where C’ is usual
and anticlockwise or essential and rightwards. In the first case, we have that U is
anticlockwise as well. In this case C’ needs to be reoriented, strictly <., -decreasing
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the orientation p’, and then naive surgery can be performed. In the second case, U
is clockwise. Performing naive surgery will then produce a usual and anticlockwise
circle containing arcs in V. Thus, reorienting the resulting circle gives a <., -strictly
smaller orientation p'.

(2) If the surgery is a split, then also U is clockwise. Performing naive surgery
will thus produce a usual and anticlockwise and an essential and leftwards circle.
Since both contain arcs in V, reorienting the former will again yield a strictly
<¢-smaller orientation y’ by Lemma 5.34.

(iv) C is essential and rightwards. Very similar to the leftwards case and omitted.

5.15.Case.B: N and U are anticlockwise. In this case the result after naive surgery
will always be automatically oriented, giving a coefficient 1 for the orientation pu.
It remains to rule out the case that other summands are not <, -strictly smaller
than p.

(i) We first assume that the surgery will be a merge. In the case that two
usual circles are merged, the result is already oriented in the correct way and no
reorientation is necessary. In the case that two essential circles are merged, note
that either N or U is upper, while the other is lower. This means that one has an
essential and leftwards and an essential and rightwards circle. Since the result of
the naive surgery is oriented clockwise, no reorientation is needed. Further, if the
merge includes a usual and an essential circle, then the usual circle is oriented
anticlockwise. Thus, there is again no need for a reorientation after surgery.

(ii) Assume now that the surgery is a split. If it is a split into two usual circles,
then the original circle was anticlockwise. After naive surgery we get a usual and
anticlockwise outer and a usual and clockwise nested circle. Thus, we obtain this
as a summand in the result and a summand where both circles are reoriented.
But since both contain arcs in V, this creates a strictly <, -smaller orientation
i/ on the upper dotted line. In the case that the split creates a usual and an
essential circle, then the usual circle is automatically anticlockwise after naive
surgery. Finally, if the split creates two essential circles, then C = C’ is anticlockwise.
Further, the upper of the two created circles is essential and leftwards, while the
lower is essential and rightwards after naive surgery. The second summand in the
result is obtained by reorienting both circles, but since both contain arcs in V', we
see that reorienting both will give a strictly <., -smaller orientation /.

5.15.Case.C: N is anticlockwise, U is clockwise. This case is a bit different than the
previous cases since the result will depend on whether the circle C contains arcs in
V or not, and what we show is that the result will always be independent of V.

Before we start, we note that, since the orientations of N and U are different, the
surgery will always be a merge.

(i) First assume that the circle C does not contain arcs in V. If C is usual, then
a merge with an usual or essential circle C’ will be performed by reorienting C
followed by naive surgery, hence, always resulting in the weight p in the result. In
case C is essential, the two possibilities for C’ are either an essential circle, oriented
in the same way as C, or C’ being usual and clockwise. Both cases result in zero.
Thus, in this case the result is independent of V.
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(ii) If on the other hand C contains arcs in V, then C being usual will always
strictly <e, -decrease the weight p’ when C is reoriented, while the case C being
essential, would still result in zero in all cases. Since in this case p never occurs, its
coefficient is again independent of V.

In the last case, the condition whether C contains arcs in V' or not is equivalent
to asking whether swapping all entries in A contained in the circle C would give
an orientation of C or not. If C does not contain arcs in V' then it would just be
the opposite orientation, while if C contains arcs in V', this would not result in an
orientation as the orientation on the top is unchanged. Doing this for all surgery
moves and always assuming the case that A\ appears in every step, thus implies
that V'€ M(\).

Taking all above together shows 5.15. Claim.a. This in turn implies the statement.
O
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