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Abstract The dominant dimension of algebras in the class A of 1-quasi-hereditary algebras
introduced in Pucinskaité (J Lond Math Soc (2) 87(2):478-496, 2013) is at least two. By
the Morita—Tachikawa Theorem this implies that A is related to a certain class B of pairs
consisting of an (another) algebra and a module satisfying the double centralizer condition.
In this paper we determine the class B, and show the connection between the partial order
of a 1-quasi-hereditary algebra and the structure of the related pair in B (see Theorem A). If
the first component of a pair in B is a commutative algebra, then the corresponding algebra
in A receives additional features described in Theorem B. Finally we introduce the Ringel
dual for objects in B. Of particular interest are those pairs in B which occur as Ringel dual
(see Theorem C).

1 Introduction

Let A, B be algebras. An A-B-bimodule 4Mp satisfying the double centralizer condition
A = Endg(Mp) and B = End 4(4.M) provides a relationship between the representation
theories of the algebras A and B that may differ in terms of their homological proper-
ties. Soergel’s *Struktursatz’ relating an algebra Ag(g) corresponding to a block ® of the
Bernstein-Gelfand-Gelfand category O(g) of a complex semisimple Lie algebra g with a sub-
algebra of the corresponding coinvariant algebra as well as the Schur-Weyl duality between
the Schur algebra S(n, r) for n > r and the group algebra K %, of the symmetric group are
prominent examples for this connection (see for instance [10]).

In this paper we present a further example for this situation which relates a 1-quasi-
hereditary algebra A defined in [11] with a local self-injective algebra B via an A- B-bimodule
L whose structure has a precise description: The A-module L is a projective-injective inde-
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642 D. Pucinskaité

composable and the End4 (L)°?-module L decomposes into a direct sum of local ideals
of B := End4 (L) generated by the endomorphisms corresponding to certain paths in the
quiver of A (see Proposition 3.4). The B-module L is a generator—cogenerator of mod B
(i.e., any projective and any injective indecomposable B-module is a direct summand of
L). Thus, any 1-quasi-hereditary algebra can be defined as an endomorphism algebra of a
generator—cogenerator of a local self-injective algebra.

The algebras A (g) and S(n, r) belong to the class ' of quasi-hereditary algebras with
a duality (induced by an anti-automorphism) and with dominant dimension at least two (see
[10] and [6]). The class of 1-quasi-hereditary algebras has a non-empty intersection with 7.
Many factor algebras of Ag(g) related to certain saturated subsets of weights are 1-quasi-
hereditary. Note that a 1-quasi-hereditary algebra does not have a duality in general. The
results in this paper clarify the connection between Ag (g) and the coinvariant algebras (see
Remark 5.7).

Throughout this paper K is an algebraically closed field. Our first result presents a one-
to-one correspondence (up to isomorphism) between the class of 1-quasi-hereditary algebras
and the class of pairs (B, L) yielding 1-quasi-hereditary algebras via the double centralizer
condition. There B is alocal self-injective algebraand L € mod B satisfies certain properties.
Any algebra A in this paper is basic, thus given by a quiver and relations (Q(A), Z(A)).

Theorem A Let A, B be finite dimensional basic K -algebras and L be a B-module. Let
n € Nand (A := {1, ...,n}, <) be a partially ordered set. The following statements are
equivalent:

(i) Awith (A, <) is I-quasi-hereditary (here we identify A with the vertices in Q(A)), i.e.,
A Z Endp(L)°P, where L is a multiplicity-free generator—cogenerator of mod B.

(ii) B is local, self-injective with dimg B = n and L = @ieA L (i) where L(i) are local
submodules of B and L(1) = B, moreover, foralli, j € A the following properties hold:

(a) There exists an epimorphisms L(i) — L(j) ifand only if i < j,
(b) rad(L(i)) =D L(j).
i<j

Recall that an algebra of the form Ag(g) is 1-quasi-hereditary if rank(g) < 2, hence
Theorem A is applicable for these algebras.

Dlab, Heath and Marko have shown in [3] that a pair (B, L) with the properties in (ii)
and if B is commutative yields a quasi-hereditary BGG-algebra (defined by Irving in [8]).
The next theorem strengthens the main theorem in [3] by determining the properties of a
1-quasi-hereditary algebra A = Endp(L)°P for which B is commutative.

In the quiver Q of a 1-quasi-hereditary algebra (A, <) between two vertices i and j
either there are no arrows or two arrows pointing in opposite directions i < j and i, j are
neighbours with respect to < (see [11, Theorem 2.7]). Thus for any path p in Q there exists
an uniquely determined path p°P running through the same vertices in the opposite direction.

Theorem B Let B be an algebra and L a B-module with the conditions (ii) in Theorem A,
and A = Endp(L)°P. The following statements are equivalent:

(i) B is commutative.

(ii) If p € I(A) is arelation of A, then p°P is also a relation of A.
(iii) A has a duality induced by the anti-automorphism p — p°P.
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Quasi-hereditary algebras via generator—cogenerators 643

Theorem B implies that for a 1-quasi-hereditary algebra A = Endp(L)°? = K Q/7 with
B is commutative there exists a set JR of relations with Z = (fR) such that p € R if and
only if p°? € R. The coinvariant algebra B := Bg(g) related to the algebra A := Ag(g)
is commutative. Moreover, A = Endg (M) for a B-module M (Soergel’s *Struktursatz’).
Note that the properties (ii) and (iii) in Theorem B are satisfied for all algebras Ag (g) that
have been computed in the literature so far, also for some algebras which are not 1-quasi-
hereditary, for example 4o (sl4) (see [15]).

Moreover, according to [5], any 1-quasi-hereditary algebra A = Endpg(L)°?, where B
is commutative, is isomorphic to Hom4 (D(A), A) as an A-A-bimodule (here D denotes
the standard duality), A is also a Morita algebra in the sense of Kerner and Yamagata
(see [9)).

The concept of Ringel duality introduced in [13] is essential in the theory of quasi-
hereditary algebras: For a (basic) quasi-hereditary algebra A there exists another quasi-
hereditary algebra R(A) such that R(R(A)) = A. In this paper we show how the Ringel
duality induces a corresponding concept R(—) on the class of pairs (B, L) with the proper-
ties (i7) in Theorem A: For a pair (B, L) there exists another pair (R(B), B(L)) such that
R(R(B)) = B and R(R(L)) = L (we will show B = R(B), see Lemma 5.2). The class of
1-quasi-hereditary algebras is not closed under Ringel duality thus the pair (R(B), R(L)) do
not satisfies the conditions (ii) in Theorem A. However the “Ringel dual” of (R(B), R(L))
yields a pair with properties (ii) in Theorem A. I would like to emphasize that the consider-
ation of the structure of L(R) is related to the consideration of the algebras .Ag(g) because
they also come from an algebra 5 and a B-module M.

Our next result explicitly determines the aforementioned correspondence for those 1-
quasi-hereditary algebras, whose Ringel duals are also 1-quasi-hereditary.

Theorem C Let (A, <) and (R(A), =) be I-quasi-hereditary algebras as well as (B, L)
and (R(B), R(L)) the corresponding pairs (w.r.t. Theorem A (ii)), where L = @,EA L)
1

and R(L) = @ieA R(L(i)). Then B = R(B) and for every i € A we have

R(L()) = B/ | D L) | = () ker (B — L(j)).
JKi ik

In particular, if a 1-quasi-hereditary algebra is Ringel self-dual, then L = R(L). There
exists a permutation o € Sym(dimg B) with L(o(i)) = R(L(i)). The algebras of the form
Ae (g) are Ringel self-dual. In case of rank(g) < 2 the algebra Ag(g) is 1-quasi-hereditary,
we have for them the situation described in Theorem C. (See Example 2.6 and Remark 5.6
for the pairs (B, L) and (B, R(L)) corresponding to the algebra Ao (sl3).)

The paper is organized as follows: In Sect. 1, we introduce the Morita—Tachikawa The-
orem which shows that a minimal faithful module over an algebra of dominant dimension
at least two has the double centralizer property. The results of this paper build upon on
this theorem. We also recall the relevant definitions and give some examples which show
the diversity of modules over a local self-injective algebra satisfying the double centralizer
condition.

Section 2 is devoted to the proof of Theorem A. The paths in the quiver of a 1-quasi-
hereditary algebra of the form p(j, i, k) defined in [11, Section 3] play an important role.
The other part of the proof is based on the structure of the B-module L which will be analyzed
in Lemma 3.5. We also determine an easier transition from the B-maps of L to the relations
of the algebra A = Endpg(L)°? (see Remark 3.10).
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644 D. Pucinskaité

This is used in the proof of Theorem B in Sect. 3.

In Sect. 4 we describe the transfer of Ringel duality. Consequently we obtain a decom-
position of the class of 1-quasi-hereditary algebras with their Ringel duals into subclasses
which are closed under Ringel duality. Moreover, the algebras in a fixed subclass arise from
the same local self-injective algebra. Subsequently we present the proof of Theorem C.

2 Preliminaries

Unless otherwise specified, any algebra A is an associative, finite dimensional, basic K-
algebra over an algebraically closed field K . Thus A is determined by a quiver Q := Q(A) =
(Qo, Q1) = ({the set of vertices}, {the set of arrows}) and relations Z, or in other words,
A = K Q/7Z is a quotient algebra of the path algebra K Q by an admissible ideal Z (Theorem
of Gabriel). The algebra K Q /7 is is said to be a bound quiver algebra. The product of arrows
(k — i) and (i — j)is given by the path (k — i — j) = (i — j) - (k — i). If we say
that p is a path in Q (resp. in A), then this means that p is an element in K Q (resp. p the
corresponding residue class in K Q /7). The relevant material can be found in [1, Chapter III].
Furthermore, mod A is the category of finite dimensional left .A-modules. For M € mod A
we denote by soc M, rad M and top M the socle, the radical and the top of M, respectively,
and add(M) is the full subcategory of mod .4 whose objects are the direct sums of direct
summands of M (for references see [1]).

We repeat some notations and facts about bound quiver algebras A = K Q/Z. Throughout,
we identify the set of vertices Qg := Qo(A) with the set A = {1, ..., |Qol}. We denote by
P(i), 1(i), S(i) and ¢; the projective indecomposable, injective indecomposable, simple .A-
module and the primitive idempotent, respectively, corresponding toi € A. The module P (i)
as a vector space is generated by all paths in .4 which start in the vertex i. Let M € mod A,
then for M as a K-space we have M = @), , M; with M; = Hom4(P (i), M) via
m > fouy : P(i) = M, where f(n)(a-e;) =a-mforalla € A In particular, P(j); =
Hom 4 (P (i), P(j)) = spang {f(,,) | pisapathin A, p startsin j and ends in i}. Recall

that End 4 (M)P is a K -algebra with the product F o G = (M s M £ M) The (left)

End 4 (M) -module M is isomorphic to €p; ., Hom 4 (P (i), M), written gnd 4 (A)or M.
The Jordan-Holder multiplicity of S(i) in M is denoted by [M : S(i)]. In particular, we
have dimg Hom 4 (P (i), M) = [M : S(@{@)].

2.1 Theorem of Morita—Tachikawa

Based on various works by Morita and Tachikawa (see [16,17]), in [14] is described a
relationship between the algebras A and End 4 (M) via an A-module M having the double
centralizer condition. We recall some notations and terminology needed in the statement of
the theorem below.

The dominant dimension of A is at least 2 (written dom.dim A > 2), if there exists an
exact sequence 0 — 4.4 — M — Mj such that M, M, are projective and injective .A-
modules. An.A-module M is called faithful if 4.A canbe embedded into adirect sum of copies
of M. An A-module M is minimal faithful if M is faithful, and M is a direct summand of
any faithful .A-module. A minimal faithful .A-module is unique up to isomorphism and will be
denoted by .# (A). An A-module ¢ is a generator—cogenerator of mod A if every projective
indecomposable as well as every injective indecomposable .A-module is a direct summand
of M. We denoted by [A] resp. [A, ¢] the isomorphism class of .4 and a .A-module ¥.
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Quasi-hereditary algebras via generator—cogenerators 645

Theorem 2.1 (Morita—Tachikawa) There are bijections ¥ and ® between

X:= {[A] | A is a basic artin algebra, dom. dim A > 2 } and

Y= 1189 B is a basic artin algebra,
T ’ 9 is a multiplicity-free, generator—cogenerator of mod B
defined as follows:
x Sy y 5x

and )
[A] b [B(A) = End o (4 (AP , 5y (A)] [B.9] > [Endp(@#)]
such that ¥ o ® = Idy and ® o ¥ = Idy.

This theorem also provides correspondences between the subsets of X and their image
under @ in Y. By the Theorem of Konig et al. [10, Theorem 1.3] the algebras of blocks of the
BGG-categoy O as well as Schur algebras S(n, r) (with n > r) have dominant dimension at
least two. The Theorem 2.1 covers this kind of algebras. Especially the module .# (A) has
the double centralizer condition.

Note that the Theorem of Morita—Tachikawa provides some connections between a finite
dimensional algebra A = K Q/Z with dom.dim.4 > 2 and a pair (B, ¥) with ®[A] =
[B, ¥4]. Because A — .# (A)" for some m € N, we have [.#Z(A) : S(i)] # 0 and conse-
quently Hom 4 (P (i), .#(A)) # 0 for alli € A(= Qg). Obviously B = End 4 (. (A))°?
and g4 (A) = @;cp Hom 4 (P (i), 4 (A)). Since A = Endp (5.4 (A))°P is basic, the num-
ber of vertices of the quiver of A is the number of indecomposable summands of g.Z (A).
Therefore Hom 4 (P (i), .# (A)) is indecomposable for any i € A. The B-module ¢ has |A|
pairwise non-isomorphic, indecomposable direct summands.

2.2 Quasi-hereditary algebras and local self-injective algebras

In this paper we consider a subclass of quasi-hereditary algebras with dominant dimension
at least 2 which are related to local self-injective algebras. We recall some definitions.

Quasi-hereditary algebras were defined by Cline et al. in [2]. We use the equivalent def-
inition and terminology given by Dlab and Ringel in [4]: Let A be a bound quiver algebra
and (A, <) aposet (so A is the set of vertices). For every i € A the standard module A (i) is
the largest factor module of P (i) such that [A(i) : S(k)] = O forall k € A with k £ i. We
denote by F(A) the full subcategory of mod A consisting of modules having a filtration such
that each subquotient is isomorphic to a standard module. The modules in F(A) are called
A-good and these filtrations are A-good filtrations. For M € §(A) we denote by (M : A(i))
the (well-defined) number of subquotients isomorphic to A(i) in a A-good filtration of M.

An algebra A with (A, <) is quasi-hereditary if for all i, k € A the following conditions
are satisfied:

o [A(D):S(DH] =1,
e P(i)isa A-good module with (P (i) : A(k)) =O0forall k 2iand (P(i): A@i)) = 1.
Throughout, (A, <) denotes an algebra A with a partial order < on A.

We can identify the vertices of the quivers of A and A°P. An algebra (A, <) is quasi-
hereditary if and only if (A%, <) is quasi-hereditary (see [4]). The standard duality D :=
Homg (—, K) provides the costandard A-module V(i) = D(A 4er(i)) corresponding to
i € A and also the subcategory §(V) of mod A of all V-good modules.

We recall the definition of a 1-quasi-hereditary algebra from [11] and we will show that
the dominant dimension of them is at least two. To distinguish between an arbitrary algebra
A and a 1-quasi-hereditary algebra, we denote the latter by A.
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646 D. Pucinskaité

Definition 2.2 (/-Quasi-hereditary) A quasi-hereditary algebra A with (A, <) is called I-
quasi-hereditary if for all i, j € A = {1, ..., n} the following conditions are satisfied:

(1) There is a smallest and a largest element with respect to <,
without loss of generality we will assume them to be 1 and n, respectively,
@) [AG) : S(D] = (P(j): AGW)) = 1for j < i,
(3) soc P(j) = top1(j) = S(1),
@) A@) — A(m)and V(n) — V().

Proposition 2.3 Let (A, <) be a quasi-hereditary algebra and let I be a projective-injective
A-module. For any i € A assume that

e soc(A(i)) € add (soc I) and
e P(i) — I with I/P(i) € F(A).

Then dom. dim A > 2.

Proof Let0 = Dy C Dy C --- C D, = I/P(i) be a A-good filtration with Dy /Dy_1 =
A(jx). Then soc (I/P(i)) € add (@;:] soc(A(jk))) C add (soc ). Therefore I /P (i) can
be embedded into some copies of / for any i € A. There exists an exact sequence 0 —
P(@i) — I — I" for some r(i) € N. Since 4A = @, P(i), there exist m, r € N such
that the sequence 0 — 4 A — I"™ — I" is exact. O

Lemma 2.4 Let (A, <) be a I-quasi-hereditary algebra with {1} = min(A, <). Then P(1)
is a minimal faithful A-module and dom.dim A > 2.

Proof According to [11, 2.6] we have P(1) = I (1) and A(i) — P(i) — P(1) for every
i € A.Thus wehave soc A(i) € add (soc I(1)). Moreover, P(1)/P (i) € §(A)foranyi € A
(see [11, 4.3]). Therefore dom. dim A > 2 according to Proposition 2.3.

In particular, P (1) is a minimal faithful A-module because P (1) is indecomposable, and
AA = P! We have .7 (A) = P(1). O

To distinguish between an arbitrary algebra and a local, self-injective algebra, we denote
the latter by B. Recall that an (finite dimensional, basic) algebra B is local and self-injective
if and only if the socle and the top of p B are simple. An ideal I of B is a two-sided, local
idealif B-1 C I aswellas I - B C [ and rad(/) is the unique maximal submodule of /.

Definition 2.5 (). Let B be an algebra, L € mod B and (A = {1, ..., n}, <) be a poset.

We say that the pair (B, L) satisfies the condition if

(1) B isalocal, self-injective algebra, dimg B = n,

2) L= @ieA L(i),where L(1), ..., L(n) aretwo-sided local ideals of B suchthat L(1) =
B and forall i, j € A the following is satisfied:

(a) L(i) — L(j)ifand onlyif i < j, (b) rad (L(i)) = Zi<jL(j).

If (B, L) satisfies the condition , then [B, L] € Y: Since B is local and self-injective,
any projective (resp. injective) indecomposable B-module is isomorphic to pB. Hence L
is a generator—cogenerator of mod B, because g B(= L(1)) is a direct summand of L. The
condition (a) implies L(i) = L(j) if and only if i = j, therefore L is multiplicity-free.
The quiver of B consists of one vertex and finitely many loops. To distinguish between an
arbitrary generator—cogenerator ¢ of mod B and a generator—cogenerator related to , we
denote the latter by L.

It should be noted that for a fixed local, self-injective algebra B, the poset (A, <) and the
B-module L which satisfy the condition are not uniquely determined.
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Quasi-hereditary algebras via generator—cogenerators 647

Example 2.6 The algebra B = C[x, y]/{xy, x> — y3) is local and self-injective with
dimc B = 6. The next diagrams present the partial orders <) on A = {1,...,6} and
the generators-cogenerators Ly = @?:1 Ly(i) of mod B for k = 1,2,3. The arrow
Li(i) - Li(i’) means i <) i’ and i, i’ are neighbours. In the diagram on the right-hand

/3

side, w = % + i73 is a 6th root of unity, where i2=—1.

L1(6) = <x3>

LQ(B):<X3> L3(6):<iX3>
/7 \. AN /N
L) = (X?) () =ne La(1) = (X?) () =120 L@ = (X2 +0?v2) (w2X24+¥2) = Ly(5)
L1(2) = (X) (Y) = Ly(3) L2(2) = (X) (X +Y) =La(3) L3(2) = (X +wY) (WX +Y) = L3(3)

Ly =f La(1) = (1) La(1) = (1)

It is easy to check that (B, L) satisfies the condition . Therefore, [B, L] € Y. In

view of Theorem A, the module L; is an Ag-B-bimodule, where Ay = Endp(Ly)?? is a
1-quasi-hereditary algebra for k = 1, 2, 3. Note that the algebra A3 is associated to a regular
block of the BGG-category O(sl3). The quiver and relations of A3z are presented in [12,
Example 1].

The Morita—Tachikawa Theorem 2.1 and Lemma 2.4 yield that for any 1-quasi-hereditary
algebra A there exists an (up to isomorphism) uniquely determined pair (B, %) with A =
Endg(¥)°P, where B is an algebra and ¢ a generator—cogenerator of mod B. In other words
when A = Endg(¥)°P for some generator—cogenerator ¢ of mod B, then A and B are related
by double centralizer properties.

In the next section we prove Theorem A which can be rewritten as follows:

Theorem A. Let A, B be finite dimensional basic K-algebras and n € N. Moreover, let
(A :={1,...,n}, <) be partially ordered. The following statements are equivalent:

(i) The algebra (A, <) is 1-quasi-hereditary, i.e., A = Endg(L)°P and L is a (multiplicity-
free) generator—cogenerator of mod B,
(i) The pair (B, L) satisfies the condition .

Theorem A provides bijections between the isomorphism classes of 1-quasi-hereditary
algebras and the pairs defined in 2.5. In the Example 2.6 the algebra B is commutative. In
the next subsection we consider this situation. In general B does not have to be commutative.

Example 2.7 Letn > 3 and C = (cij),.; -, € GLu—2(K). We define B := B, (C) =
K (x2,...,xp-1) /T with T := ({cmk “XjXj = Cij X v Xk, x? |2 <j,i,k,m <n— 1})

Let Xy =xx+Iforanyk € I' :={2,...,n — 1}. Since det C # 0, foreveryi € I' there
exist/(i), r(i) € I" suchthatc;;); # Oandc;r;y # 0, therefore c(jy; X; Xriy = cir) Xi(j) X j
Furthermore, we have ¢;x = 0 iff X; X; = 0. For any j € A there exists A; € K such that
XiX; = A;jX;X,). Since X; =O0forallm € I', we have X; X ; X; =Oforalli, j, k €T.
Thus

(X,‘) =B- X,’ = spanK {X,‘, X](,‘)X,'} = spanK {Xi, X,’Xr(,‘)} = X,’ -B

is a two-sided local ideal of B and soc B = (Xi Xr(i)) for all i € I'. The algebra B is self-
injective and dimg B = n. Let (A = {1, ..., n}, <) be the poset given by 1 <i < n for all
2 <i <n —1 and let the B-module L := @;’zl L(i) be givenby L(1) = B, L(i) = (X;)
foralli € I" and L(n) = soc B. The pair (B, L) satisfies the property . The quiver
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648 D. Pucinskaité

and relations of the 1-quasi-hereditary algebra A, (C) := Endg(L)°’ can by found in [12
Example 3]. The algebra B is commutative if and only if C = C".

L(n)

re
~

L(1)

T
L(i) ---L(n—1)
T

e

2.3 BGG-algebras

We refer to the definition of BGG-algebras given by Xi in [18]: A quasi-hereditary algebra
A is called a BGG-algebra if there is a duality § of mod .A such that §(S(i)) = S(i) for all
i € Qo(A).

Recall that an anti-automorphism € : A — A of A is a K-map such that é(a - @’) =
E@@)-é(a)and €2(a) = aforalla, d’ € A.

Moreover, Xi has shown that if there is an anti-automorphism € of A such that A - €(e;) =
A -e; foralli € Qo(A), then A is a BGG-algebra (see [18, Theorem 1.5]).

We recall some properties of 1-quasi-hereditary algebras which we need. According to
[11, Theorem 2.7], the quiver Q(A) of a 1-quasi-hereditary algebra (A, <) is the double of
the quiver of the incidence algebra of (A, <): Leti, j € A, we write

i<jandivj

if i is a smaller neighbour of j and i is a larger neighbour of j, respectively. We have

lifi<j,
Hae 01(A) | i —>JH = iifioj,
0 else
Thus for any path p = (iy — i, — --- — i) there exists a uniquely determined path

p°P = (i, = -+ — iy — i1) in Q(A) running

n

tl.l'ff ‘\tv
V4
/.\\km o

N7

through the same vertices in the opposite direction. Obviously, (p°?)°? = p. Since the set of
pathsisa K -basis of K Q,the map p +— p°P canbelifted tothe K -linearmape : KQ — K Q.
Note that in general € do not induces a K-map € : A — A givenby €(p +7) = p? + 1.

In the Example 2.7 for the algebra A := A4(C) with C = ( ) and g # 0, we have that

the residue class of the path p = (3 — 1 — 2) is zero, but the residue class of p° is
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Quasi-hereditary algebras via generator—cogenerators 649

non-zero. In general, 1-quasi-hereditary algebras are not BGG-algebras (see [12, Example

3D.

Definition 2.8 We say that a 1-quasi-hereditary algebra A = K Q/7 is a BGG(«) -algebra,
ifthemapé : A > Awithé(p+Z) = p°? +Z,induced by K-map KQ — KQ, p — p°P,
is an anti-automorphism of A.

It should be noted that it is not known in general whether a duality § of mod .4 comes
from an anti-automorphism of A. It is also not known how an anti-automorphism with the
properties in [18, Theorem 1.5] does look like (the condition A - €(e;) = A - ¢; does not
imply €(e;) = ¢;). It is not known in general whether a 1-quasi-hereditary BGG-algebra is a
BGG()-algebra. In the Example 2.7 the algebra A, (C) is a BGG()-algebra if and only
if C =cW.

Theorem B. Ler A = Endp (L) = K Q/Z with (A, <) be a 1-quasi-hereditary algebra
such that (B, L) satisfies the condition . The following statements are equivalent:

(i) B is commutative.
(i1) A is a BGG ) -algebra.

(iii) Z:zl ¢t - pr €T ifand only if 2:21 ¢ - pif el

Note that for a BGG(=)-algebra A = K Q /7 there exists a set % of relations generating
7 such that p € % implies p° € . This set can be written as & = RoURUR,, where the
starting and ending vertex of the paths p; inarelation p = >;_, ¢, p; of Ry is the same. The
paths of a relation in R start and end in different vertices such that |, = {p°? | p € R}.

Dlab, Heath and Marko have shown in [3] that if for a commutative algebra B and a
B-module L the pair (B, L) satisfies the condition , then the algebra Endp (L)% is a
BGG-algebra as defined by Irving in [8]. Our Theorem B provides a strong form of the main
Theorem [3].

The correspondence between the isomorphism classes of 1-quasi-hereditary algebras and
the pairs satisfying the property is a restriction of the Morita—Tachikawa correspondence

2.1 which is unrelated to the statements of Theorems A and B. For the subsets X(1) :=
{LA]| A is a 1-quasi-hereditary algebra}, X' := {[A]| A is a BGG(s -algebra} and
Y(1):= {[B, L]| (B, L) has the property } .Y :={[B, L1€Y(1)| Bis commutative} of
X and Y, respectively, (defined in 2.1) we have ® (X(1)) = Y(1) and W (Y (1)) = X(1)
as well as @ (X’) =Y and ¥ (Y’) = X'. The function ® restricted to X(1) maps [A, <]
to [EndA(P(l))"”, P(l)], where {1} = min(A, <). The relation between X (1) and Y(1) as
well as X" and Y’ yields the precise version of the Morita—Tachikawa correspondence. It may
be visualised as follows.
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650 D. Pucinskaité

3 Proof of the Theorem A

In this section let (A, <) be a poset. Until the end of this paper for any j € A we denote by
Ajy and AY) the following subsets of A:

Agy=f{ieA|i<jtand AV :=(ieAl|i>j}.
We also adopt all notation of the previous section.

3.1 Proof of the Theorem A (i) = (ii)

In this subsection the algebra A with the ordering (A, <) denotes a 1-quasi-hereditary
algebra. We assume 1 is the unique minimal element in (A, <). Then P(1) is a mini-
mal faithful A-module, and Morita—Tachikawa Theorem 2.1 as well as Lemma 2.4 imply
that for any [B,¥] € Y with A = Endg (4)°? we obtain B = Ends(P(1))°? and
4 = Endy Py P(1) = @ p Homa (P (k), P(1)). Until the end of this section we write

B = End4(P(1))°P and ¥ (k) = Homu (P (k), P(1)) for any k € A.

Remark 3.1 We recall some notations and properties of 1-quasi-hereditary algebras from
[11]and [12]: Let Q be the quiver of A and Z be the corresponding ideal of K Q generated by
the relations of A. The structure of Q (see Subsection 1.3.2) shows that forall j, i, k € A with
ie AVNA® thereexistsapath (j - A1 — - > Ay > ) withj <Ay < --- <Ay <
andapath (i —» puy1 — - > wr > k) withi > w1 =2 --- 2 upm = k.WewritepT(j,i)
resp. pt (i, k) for the residue class A of a such path. If i # j then a path of the form p'(j, i)
runs strictly increasing from j to i and p¥(i, j) runs strictly decreasing from i to j (the
arrows |, and 7 in the notations accent the shape of these paths). The concatenation of these
two paths is denoted by p(j,i,k) = p¥(@i, k) - pT(j,i). Forany i € AV N A® we fix a
path of the form p1(j, i) and p'(i, k). Note that for i = k we have p(j,i, k) = p(j, i),
and for j =i we have p(j, i, k) = p¥(i, k). By f(Tj,i)’ f(ii,k) and f(; ; k) we denote the A-maps
corresponding to p1(j, i), p¥ (i, k) and p(j, i, k) respectively. In particular, the map f(Tj.[) is
injective (see [11, 3.1(a)]). '
4 i Fo 7
fGik = (5. © Fiy :(P(k) — P(i) = P(j)); ex>p(j, i, ) =p*G. k) - p' (i)

Remark 3.2 According to [11, Theorem 3.2], the set {p(j,i,k) |i € AV NA®}isa K-
basis of the K-subspace P (j)r of P(j), thus for all j, k € A we have

D {fGin 11 e AV NA®}Y isa K-basis of Homa(P(k), P(j)).

@ [f(l,i,k) li e A<’<>} is a K -basis of the B-module 5 P(1) = D) Homa (P (k), P(1)).
keA keA

The proof of of Theorem A 1.2.6 (i) = (ii) is based on the following properties of
B-modules generated by the maps f(1, k).

Lemma 3.3 Leti € A. The following statements hold.

(1) Bofa,ik =spang {fi |1 € A(i)} where k € A(;).
(2) Bofly ;= Bofin. ‘
(3) B Of(l,i,l) = f(l,i,l) oB = span g {f(]’[’]) | t e A(l)}
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4 . 2.1.2(1) .
Proof (1) We have F o fg ,, € Homa(P(@i), P(1)) €  spang {fa.0iy |t € AD} for
any F € B. Thus F o f?l’i) = D ,ea® ¢t - 1,10 for some ¢; € K. Since p(1,1,k) =

p¢(i, k) - p(1,¢,1i), this implies §(1,r k) = f(1,1,i) © f(il. 5 (we may visualise the situation as in
the following picture).
Thus we obtain B o f(1,;x) S spang {f1.re) | £ € AP} because

Fofa,ikn=Fo (T(T],i) o f(i,-_k)) = Z e (f(l,z,i) Of(ﬁ-,k))

teA®
= D ¢ fuk € spang [f(l,t,k) |t e A(i)}
teA®
n
'._1-‘//175\%; p(1,t,1)

i p(1, 6, k)
e

=—p'(1,1)
' pl (iv k)

1

Since f(Tl i P(i) — P(1) = I(1), the universal property of injective modules implies
that for any ¢ € A there exists F(¢) € B such that F(¢) o f(Tl H= f(1,1.i)- Letk € Ay, then

f?l o fé o = fa.ip provides the commutative diagram

£ [
ftky @ P(k) o P() f&)) P

iy
|| J/ (1.i) ||
f(Liky F()
F()ofain: Pl 2 pay 22 Py
F(1) ofa,iky = faui) © f(li,k) — Jaup forany 1 € AD implies B o fix 2 spang
{f(l,z,k) |t e A(t)}'
(2) We consider the map (_ o ft‘,l)) :Bo f(Tl,i) — Bofq,1, Fo f?l,i) — Fofuin.

Obviously, this map is a surjective B-map. The set {f(l,,’k) |t e A(i)} (as a subset of a K-
basis) is K-independent for any k € A(;) (see 3.2(1)). Thus for k = 1 and k = i we have

. 1) ;. i .. . ~
dimg (B o f(Tl’i)) = dimg (B o f(l,i,l)) = |A(’)|. This implies B o f(Tl,i) = B ofa,i,1)-

(3) Since B o §(1.:.1) @ spang {11y |+ € AP}, itis enough to show f(1i1) o B
; oy 212
spang {f1r,1) | t € AD}: We have f(li’l)oF € Homy (P(1), P(i)) "= spang {f..1) | t
A(i)} for all F € B. With similar arguments as in the proof of (/) we obtain f ;1) =
f(Tl,i) o fa1)- This yields fa,in o F = f;rl,i) o (f(li,l) o F) € spang {f(Tl,i) o fi,1,1) |
t € A(i)} = spang {f(l,z,l) |t € A(i)} for every F € B. We obtain f(1;1) 0o B C
span g {f(l,t,l) |t e A(Z)}.

m
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The A-module A - p(1, ¢, 1) is a submodule of A - p(1,i, 1) forany t € A® (see [12,2.2
(a)]). There exists p(t) € P(1); with p(1,¢, 1) = p(¢)- p(1,i, 1). Let F(¢t) € B be given by
F(t)(e1) = p(t), then f(1,1,1) = f(1,i,1y © F (). Thus f1,i,1y 0 B 2 spang {f1..1) | t € AD}.

O

For the implication (i) = (/i) in Theorem A we have to show that the pair (B, ;.5 4(i))
satisfies the property , where 4 (i) = Hom4 (P (i), P(1)). We have to show

1. The algebra B is local, self-injective, and dimg B = |A].
2. 9(j) » ¥(@) ifandonly if j <i, and pB € {¥(i) | i € A}
3. 9()=B8B of(Tl_i) foranyi € A.

4. rad (B ¢} f(l,i.l)) = Zi<t (B o f(l,t,l)) for anyi € A.

Recall that an (left) ideal I of an (basic local) algebra B is local if and only if it is generated by
some non-zero element in B. Moreover, dimg (rad /) = dimg (/) — 1. According to Lemma
3.3 (2) and (3) the statement 4 (i) = B o f(Tl’i) implies that (i) = B o f(1,i,1) = f1,i,1) o B
is a two-sided local ideal of B.

Proof 1. The algebra B = End4 (P (1))°P islocal, since P (1) is indecomposable. According
to Remark 3.2(1) for j = k = 1 we have dimg B = |A|. It is enough to show that soc(p B)
is simple: Since P (1) = I (1) there exists S € B with im(S) = soc P(1) = S(1). For any
non-invertible 7 € B we have soc P(1) C ker(h). Since h o S = 0 for all non-invertible
h € B, the submodule B o S of g B is simple.

Let f € B\ {0} and f € Homy (P (1), im(f)) with f(p) = f(p) forall p € P(1).
Since top(im f) = S(1), there exist a surjective A-map g : im(f) — S(1). The A-module
P(1) = I(1) is an injective envelope of P (1), im(f) and S(1), because the socles of these
modules are S(1). Thus there exist g € B and inclusions (1, ¢ such that the diagram

gof: Py L oim(n 5 s
[l . I %)
gof:P()-L Py = P(D)

is commutative. The map (5 o g o f = g o f is a scalar multiple of the map S. This implies
B oS C Bo f.Thus B o S is a submodule of any non-zero submodule of g B. Therefore
B o S is the socle of g B.

2. Since the map fzj.i) : P(i) - P(j)is aninclusion and P (1) = I(1), the contravariant

functor Hom4 (—, P(1)) : mod A — mod B is exact. Therefore f(ij 0 induces a surjective B-
map Homy (P(j), P(1)) - Hom4 (P (i), P(1)) with g > gof(T/. l.).We have P (i) <— P(j)

9(j) 20!

ifand only if i € A (see [11, 2.2]). Thus 4(j) — ¥(i) if and only if j < i. Moreover,

BB =9(1) e{¥9@)|ie€A}.
3. The surjection ¥(1) — %(i), f +> fof, ; provides%(i) = B of?l’i) foranyi € A.
4. The B-module B o f( ;1) is local and B o f1,,,1) C B o fu,1 for all t €
AO\{i} = {reA|i<t} (see Lemma 3.3 (1)). This implies it (B Of(l,t,l)) -
rad (B o f(1,i,1))- Since the set {f(1,1,1) | i < t}islinearly independentand {f(1 1) | i <1} €
> (Bofar), wehavedimg (3, (Bofar)) = [AD|—1=dimg (B ofui1)—
1 = dimg rad (B o f(l.i,l))~ ‘We obtain Zi<t (B o f(l,t,l)) = rad (B o f(l,i,])) foralli € A.
O
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Moreover, there is the following explicit expression of the B-module P (1):

Proposition 3.4 For a I-quasi-hereditary algebra (A, <) with {1} = min (Qo(A), <) and
B = End (P (1)) we have g P(1) = ;. Bof,i1), where (1) is the endomorphism
of P(1) as described in Remark 3.1.

3.2 Proof of the Theorem A (ii) = (i)

In this subsection let B be alocal, self-injective K -algebra withdimg B = n.Lettheset (A =
{1,...,n}, <) be partially ordered. For any i € A let L(i) be a two-sided local ideal of B
with L(1) = B. Moreover, let L(j) — L(i)ifandonlyif j < i,andrad L(j) = Zj<l- L@i).

In other words B and L := @ie A L) satisfy the condition (see Definition 2.5). The
letter L is used to accent the property “local” of a generator—cogenerator L of mod B.

Recall that L(i) = B - x; for some x; € B\ {0} and L(i) = spang {x;Urad L(i)} for
any i € A. Moreover, for a submodule N of B, any B-map g : L(i) — N is induced by
right multiplication by an element » € B (in this case we write L(i) —b> N). The element
g(x;) = x; - b generates im(g) = B - g(x). In particular, we have Homp(L(i), B) =
{L(i) L Blbe B]. The annihilator of L(i) is Ann(L(i)) := (b € B | b - L(i) = 0}.

The proof of Theorem A 1.2.6 (ii) = (i) is based on some properties of the B-module L
which we consider in the next Lemma.

Lemma 3.5 Then foralli, j, k € A the following properties are satisfied:

(1) There exists a uniquely determined minimal element and a unique determined maximal
element in (A, <) (without loss of generality, 1 is the minimal and n = | A| is the maximal
element).

(2) Letxj € B be a generator of L(j) and W(j) := {xi |ie A(f)}. Then we have:

(2.1) The set W(j) is a K-basis of L(j). In particular, for any subset ' C A the set
Ujel‘ W(j) is a K-basis of Zjel" L(j), and ﬂjel" W(j) is a K-basis of
e LG
(22) L(j)=B-xj =x;-B.
(3) Let N be a submodule of B, then im(g) € L(j) N N forall g € Homp(L(j), N).
(4) We have L(i) < L(j) resp. L(j) — L(i) ifand only ifi € AW, Moreover,
(4.1) im (L(i) — L(j)) = L(i) for any injective B-map from L(i) to L(j),
(4.2) ker (L(j) — L(i)) = Ann(L (7)) - L(j) for any surjective B-map from L(j) to L(i).
(5) Fori € AV N AR Jer 8(i—k) : L(i) <= L(k) be an injective, g(j—i) : L(j) — L)

8(j—»i 8(i—k)

Lo . ) .
a surjective B-map and g jy ‘= gi<k) © &(j—i) : (L(]) - L) — L(k)).
Then
(5.1) B, k) == {8k | i € AY N AR} isa K-basis of Homp(L(j), L(k)),
(5.2) every map g € Homp(L(j), L(k)) factors through @;pioa® L(0).
Proof (1) Since B(= L(1)) is a projective cover of any local B-module, we have
L(1) — L(i). The condition ”L(j) — L(i) if and only if j < i” implies 1 < i foralli € A.

Let n € A be maximal, then the condition rad L(n) = >, _; L(i) yields rad L(n) = 0.
The local submodule L(n) of B is simple. Thus L(n) = soc(B), because the socle of a local
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self-injective algebra is simple, and L (n) belongs to any non-zero submodule of B. Therefore
L(n) € L(j) forevery j € A. Since L(n) = L(j) if k = j, we have L(n) C rad L(j) for
all j € A with j # n. The condition rad L(j) = Zj<i L(7) implies j < nforall j € A.

(2.1) This is proved by induction ondimg (L (j)): If dimg (L(j)) = 1, then L(j) is simple,
thus j = n and W(n) = {x,} is a K-basis of L(n) = soc B. Let j € A withdimg (L(j)) =
m + 1, then for any i € AUN\{j}={i € A|j <i}wehave L(i) C rad L(j). This implies
dimg L(i) < dimg (rad L(j)) = m. The induction assumption implies L(i) = spang W (i).
Thus rad L(j) = Zj<l- L(i) is spanned by Uj<i W) = {x; | j < i} and consequently
W) = {x;j} U U< W() spans the K-space L(j). Since W(1) = {x1, ..., x,} spans
B = L(1) and dimg B = n, the set W(1) is a K-basis of B. Consequently, the subset W ()
of W(1) is linearly independent.

LetI" € A. The subsets Ujer W) = {xk | ke AYD, forsomei € F} and ﬂjel“ W)
= [xk ke MNjer A(/)} of W(1) generate > ;.- L(j) and () ;i L(j) as K-spaces, respec-
tively.

(2.2) Since L(j) — L(i), there exists b; € B with L(j) ﬁ'» L(@) and x; = xj - b; for
anyi € AV . Lety e L(j) = B - xj, then y D DAl CicXi = Dicam Ci - Xj - b =
xj-(Xjench ci - bi) (herec; € K). Weobtain B-x; C x;-B. Since L(j) is atwo-sided ideal,
wehave B-x;-B C B-xj,thusx;-B C B -x; and consequently L(j) = B -x; = x; - B.

(3) For g € Homp(L(j), N) there exists some b € B with g : L(j) —> N.Letx; bea
generator of L(j), then g(x;) = x;-b = b- -x; for some b € B by (2.2). Thus g(x;) € L(j)
and consequently im(g) € L(j)N N.

(4.1) Let N be a submodule of L(k) with N = L(i) and g € Homp(L(i), N) be an
isomorphism, then g(L(i)) = N € L(i) N N (see (3)). We obtain g(L(i)) = L(i) = N

(4.2) Let; : L(j) — L(i) be a surjection and x; a generator of L(j). Then x; := m; (x;)
generates L(i). Let x € L(j), then x = b - x; for some b € B. Obviously, x € ker (7;) if

and only if 77;(x) = b - x; = 0 and this holds if and only if b - x; - B =’ b - L(i) = 0. We
obtain ker(7;) = {b - x; € L(j) | b € Ann(L(i))} = Ann(L(i)) - L(]).

(5.1) Let x; be a generator of L(j). Then x; := g(k i j)(x j) generates the submodule
L(@) of L(j) N L(k). The set {x, lie AVN A(k)} W(j) N W(k) is a K-basis of
L(j) N L(k). Let g € Hompg(L(j), L(k)), then im(g) € L(j) N L(k) (see (3)). Thus
8(xj) =D icahna® Ci - x; and consequently g = D> i A(Hna® Ci - &(k,ij)-

(5.2) Let hy, hy be the B-maps given by h; : (L(]) —> Dieavinaw L) ) and
Xj = (g(jﬂ»i)(xj))iem)m(k)

G L(i) — L
hy (®1€A(1)0A<k) (@) (k) ) . We have g = hy o hy. Thus g
ODieADnA® P> 2ieAna® Ci - 8w j) (Vi)
factors through @, i)k L(). =

Remark 3.6 Let the pair (B, L) be as above. We denote by B the algebra B and by L(i)
the B-module D(L(i)), where D : mod B — mod B is the standard duality functor. Since
top L(i) and soc L(i) are simple, we obtain that soc L(i) and top L(i) are simple. In particular,
B is a local, self-injective algebra ince as a module B = L(1), and dimg B = dimg B = n.
For any i € A the module L(i) can by considered as a local (left) ideal of B.

We denote by g k) the B-map D (g.i,jy) : Lk) — L(j) for all i, j,k € A with
i e AV NA®, where g j) is the B-map described in 3.5(5). As D is duality, we have
Ik—i) = D(8i—k) and g jy = D(g(j—i)) as well as
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D(g<k,,~,,) L) 5" L L(k))zg(j,i,@ Lo S L) S L)

Proposition 3.7 A pair (B, L) satisfies the condition| < |if and only if (B°P, D(L)) satisfies

the condition .

Proof Any two injections ¢, 1> : L(i) < L(j) are induced by some surjections 1, 72 :
L(j) — L(). Since ker(r;) ==
ieAD.

Let1:=1g, theny; := g;; 1)(1) is a generator of the submodule L(i) of L(;) for any

i € AY) Theset {g(j’,»,l) |ie A(j)} is a K -basis of Homg(L(1), L(j)) (see Lemma 3.5(5)).
2.2.1(2)

ker(mp), we obtain im(11) = im(rp) = L(7) for all

Thus W(j) := {y; | i € AV} is a K-basis of L(j), since dimg L(j) = dimg L(j)
[W(p)l
-bi

Now we show L(k) = B -y = v - B. Let gy : Li(k) — L(i) such that y; = vy - b;
forany i € A® letyeB- Vi, theny = ziEA(k) CiYi =Yk (ZiEA(k) Ci - b,-) € vy + B,
thus B - v C yy - B. On the other hand, if y € y; - B, then y = yy - b for some b € B. Let
g € Homg (L(k), L(1)) = spang {g(l’i,k) |ie A(k)} be given by g : L(k) '—b> L(1) = B,
then y € im(g). Since im (g(1;4) = L(i) € L(k), we have im(g) € L(k). Thus y €
L(k) = B - yy. Therefore B - v, 2 vy - B. This implies that L(k) is a two-sided local ideal of
Bforany k € A.

If i # j,then L(i) # L(j), thus L(i) € rad(L(j)) for any i € AU\ {j}. Conse-
quently, >, _; L() C rad(L(j)). The set |J,;_, w(i) = {v; |i € AW\ {j}} is a K-basis

of Zj<l- L(i), since W(i) is a K-basis of L(i). Thus dimg (Zj<z L(z)) = |A(1)\ | _

|AP| =1 = dimg L(j) — 1 = dimg (rad L(;)) and we obtain 3" ; _; L(i) = rad(L(,)) for
all j € A. O

~

Furthermore, we consider the algebra A := Endp(L)°? = Endg (L). Because L is
multiplicity-free and has n direct summands, A is basic and the quiver Q (A) has n vertices. We
identify these with the elements in A. The evaluation functor Homg (L, —) : mod B — mod A
provides an isomorphism Homg(L(i), L(j)) = Homux(P(i), P(j)) (see [1, Proposition
2.1]). Moreover, because Homg (L, —) is left exact, an injective B-map L(i) < L(j) induces
an injective A-map P (i) < P(j).

The properties described in Lemma 3.5 are also satisfied for the B-ideals L (i) (see Proposi-
tion 3.7). Since im (L(i) < L(j)) = L(i) for any injective B-map (see 3.5(4)), a submodule
of P(j) isomorphic to P (i) is uniquely determined for any i € AW We consider >ier PO
as a submodule of P () for any subset I" of A,

Remark-Notations 3.8 By f  and f k) We denote the A-maps induced by B-maps g ;< j)

and g (x_.;) respectively (descrlbed in 3.6). And the A-map f(;; k) is induced by g(; ;) €
Homg (L(k), L(j)). Since g i k) = I j) © Gk—i) and g j) is injective, we obtain

l
Fiid =l of(ﬁ,k):(P(k) R P(z) VPG ))

Obviously, im (f(j,i,x)) belongs to the submodule P (i) of P(j). For any f € Homy4 (P (k),

P(j)) we have im(f) C ZieA(/)ﬂA<k) im (f(j,i,k)) - ZieA(/)ﬁA(“ P(i). In particular, if
k £ j we have im(f) C Zj<i P (i) forall f € Homa(P(k), P(j)).
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Recall that for any A-module M the K -subspaces My = {f(ex) | f € Homu (P (k), M)}
of M yield a direct decomposition M = @, My as a vector space.

Lemma 3.9 Leti, j. k € Awithi € ADNA® Let p(j., i, k) := fj.ix(ex) and B (i, k) :=
{p(j, tky|te AN A(k)}. For any subset T' of AY) the following hold:

(1) Bj(T, k) := U;er Bj (i, k) is a K -basis of the subspace (;cr P(i)), of P(j)x.

(2) Bj(T") := Ugen Bj (T, k) is a K-basis of the submodule ) ;- P (i) of P(j).

Proof (1) Note that B; ({i}, k) = Bj(A(i),k). According to Lemma 3.5(5) the set
{f(j,i,k) |i e AV N A(k)} is a K-basis of Homy (P (k), P(j)) for each j,k € A. Since
the K-map Homy (P (k), P(j)) — P(j)k wi;h f +— f(er) is an isomorphism, the set
B;({j}. k) = {§jin(e) = p(j.ik) | i € A N A®Y s a K-basis of P(j)r. By apply-
ing Homa (P (k), =) to f{, ;) « P(i) = P(j), ei = fl; ; (ei), we obtain

Homu (P (k), P(i)) < Homy (P (k), P(j)) with f¢ ;x) — f?j’[) o f,e,k) = F(jt.k)

or, equivalently, P(i)y < P(j)i with p(i, t, k) — p(J, t, k). This injection maps B, ({i}, k)
to B;({i}, k). Thus B ({i}, k) is a K -basis of the subspace P (i) of P(j)i.

Obviously, B;(I', k) = {p(j. £, k) | t € U;er (AP N AP} Since AONA® € AN
A® foralli e T, we have B;(T',k) € B;({j}, k). Thus B;(I', k) is linearly independent
and the subspace (Zier P(i))k of P(j) is spanned by B; (T, k).

(2) The union UkeA B, (T, k) is disjoint, thus B; (") is a K -basis of ZieI‘ P(@). ]

The poset (A, <) has a uniquely determined minimal element and a uniquely determined
maximal element (see 3.5(7)). In order to prove that (A, <) is a 1-quasi-hereditary algebra
(see Definition 2.2) we have to show that for all j € A the following holds:

L. [A(j) : S(k)] = 1forallk € A,
. N . . 1 if i e AV,
2. P(j) has a A-good filtration with (P(j) : A(i)) = 0 else
3. soc P(j) ZEtopl(j)=SQ),
4. A(j) = A(n)and V(n) — V(j).

Proof 1.The definition of the standard modules provides A(j) = P(j)/N(j),where N(j) =
2.2.4

2k 2feHomy (P, Py M) S > ; P(i). Since P(i) = im (f(Tj,i)) C N(j) for any

j < i, weobtain N(j) 2 X;_; P(i), thus A(j) = P(j)/ (Zm’ P(i)).

Lemma3.9(1)yields P(j); = spang B; (A(j), k) and (qu’ P(i))k = spang Bj(A(j)\
{j},k). By assumption k € A (e, AD N A® = AWU) hence we obtain
B;(AY k)| = |Bj(AYN\{j}. k)| + 1. Thus [A(j) : Sk)] = dimg A(j) =
dimg (PG/ (22 P©) ) =1.

2. Leti € £(j) == {(i1. 2, .. ip) lim€ AV iy iy, 1 <1 <t <r:=]|AD]|} (see
[11, 4.2]). Obviously, P(i;) € P(j) = P(i1) forall 1 <t < r. Denote by Z(i) the filtration
0=D@r+1) CDF)C---C D) C---C D) with D) := > Plim). Itis easy to
check thatB; (A\ {i;}) = B; ({iifhNB; ({is41, ..., i} forall 1 < < r—1.Thisimplies
ik P(k) = P(ir) N (X),=41 Pim)) (see 3.9(2)) and consequently D(1)/D(r + 1) =
P(i;)/ (Zi¢<k P(k)) = A(;) forall 1 <t < r. The filtration 2(i) of P(j) is A-good.

Since {i1, iz, ..., i} = AY) and I # ¢ implies i; # i;, we obtain (P(j) : A(i)) = 1 for any
ie AYand (P(j): AG)) =0ifi € A\AW.
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3. Since P(i) — P(1) for all i € A, it is enough to show that soc P(1) = S(1). We
consider the map f(1,,,1) : P(1) — P(1) induced by g(j » 1) : L(1) — L(n) — L(1),
here L(n) = soc L(1) since n is maximal. We show that im (f(l,n,l)) C im (f) for all f €
Homy (P(i), P(1))\ {0} and all i € A (this implies that im (f(l,n,l)) is contained in every
local submodule of P (1) and therefore in every non-zero submodule of P (1)): Let f be induced
by g € Homg (L(7), L(1)), then g # 0 and consequently L(n) < im (g). There exists some
x € L(i) with g(x) = b,, where b, is a generator of L(n). Let h € Homy4 (P (1), P(i))
be induced by h : L(1) > L(i). We have g o h = gq_,.1). This implies § o § = f(1..1)
and consequently im (f(1,,,1y) < im (f). Thus im (f(1,4,1)) is the uniquely determined simple
submodule of P(1). Since top (im (F(1,n,1))) = S(1), we have im (f1,,,1)) = S(1).

According to 3.7 for the algebra A°? = Endg (L) = Endgor (D(L)) we have soc Pyop (i) =
Saor (1), thus top I (i) = S(1) holds for all i € A.

4. Let f%n,j) : P(j) — P(n) be the A-map induced by the B-map g _.n) : L(j) — L(#n).

It is enough to show Zj<i P(i) = ker (f(ln,j)), because this implies P(j)/ (qu' P(i)) 1
A(j) = P(n) = A(n)forany j € A:Leti € AWM {j}, then the functor Homg (L, —) maps
IS - T N
aB-mapg: (L) — L(j) — L(n))tothe A-mapf:{ P(@) — P(j) — P(n) ).
Since L(n) = soc B is simple, we have ker (g(j_,,”)) = rad L(j). Because j < i, we have

L(i) C radL(j). Hence g and therefore § are zero-maps. Consequently, the submodule P (i)
of P(j) belongs to ker (f(in’j)) for any j < i. We obtain Zj<i P(i) C ker (f(in’j)).

Because A(j) = P(j)/ (qu‘ P(i)), there exists a submodule U of A(j) such that
P(j)/ (ker f(in’j)) = A(j)/U. For the K -subspace im (f(ln,j))k of im (f(in,j)) we have

dimg (imf}, ;) = dimg (P()/kerff, ;) = dimg (AG)/U)y < dimg (AG)) -

Jk— j 9(j—n .
Let k € Agj, then the B-map g : (L(k) =7 L(J) R )L(n)) is non-zero. Thus

{
(k) (n,j)

it f
the induced A-map | : | P(k) — P(j) — P(n)) is non-zero. Hence 0 # f(ex) €

(im f(in’j))k, thus dimg (im f%n,j))k # 0 and consequently for all k € A we have

1ifk e A(j),

. We obtain U = 0 and therefore
0 else

dimg (imf(in’j))k — dimg (AG)), = [
> P(i) = ker (f(ﬁ,’j)).

Proposition 3.7 implies that the functor Homp (L, —) : mod B — mod A% yields an
inclusion A ger (j) <> Aaer(n). By applying the duality we get a surjection V(n) — V(j)
for each j € A.

This finishes the proof of Theorem A 1.2.6. O

The features of the B-module L = ;. L(i), for a pair (B, L) with , imply some
properties for the quiver and relations of the 1-quasi-hereditary algebra A = Endp (L)°P.

Remark-Notations 3.10 For every i € A we fix a generator X; € B of the direct summand
L({i)of Landx; = 1 := 1p,here {1} = min (A, <).Foralli, j € A with j < i there exists
b;; € B withx; - b;; = x;, because x; € L(i) C L(j) = B -x; =X; - B (see 3.5(2)). We
define an injective and a surjective B-map between L(i) and L(j) by
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1 . . bij .
iyt L) S L) and g L() — L)

Note that for an inclusion g j) described in Lemma 3.5(5) there exist ¢ € K\ {0} and
rerad L(i) € L(j)suchthat g, jy(x;) = c¢-X; +r.Inother words g ;) = -8t

where g : L(i) =5 L(j) withx; -7 = r. The maps g;_,; and g(j;) are related in a similar
way.

For any [,t € A let X(L(l),L(t)) be the space of non-invertible maps g €
Homp (L(l), L(t)) with the property ” if g = g» o g1 factors through add L, then either
g1 is a split monomorphism or g is a split epimorphism”. The number of arrows from / to ¢
in the quiver of the algebra A is dimg X(L (1), L(¢)) (see [1]).

According to 3.5 (5), any map g € Homp (L(!), L(t)) factors through @ieAU)ﬁA(f) L().
If / and ¢ are incomparable, then /, ¢ ¢ AD N AD thus X(L(), L(r)) = 0. Assume [ < ¢

and g : L(I) — L(t). There exists b € B with x; - b = g(x;), since L(t) = B - x; 2212)
X; - B and hence g : (L (1) - L(t) —b> L(t)). If g is not surjective, then b is not invertible

and consequently g & X(L(l), L(¢)). If g is surjective but / and ¢ are not adjacent, then
g: L) —» L(j)—» L(t)forsome j € A with/ < j < t and therefore g ¢ X(L(l), L(t)).
b b
Letl<tand h : L() — L(t) with h : (L(l) — L(t) — L(t)), then L(t) — L(t) is a
split epimorphism if b = ¢ - 1 for some ¢ € K\ {0}, in other words h = ¢ - g(;_,;. Using
spang {gq,} ifl>1,
analogous arguments also for j > ¢, we obtain X(L(/), L(¢)) = { spang {g(t_»l)} ifl «t,
else.
(1) In the quiver of a 1-quasi-hereditary algebra A two vertices i and j are connected by an

arrow if they are neighbours with respect to <. More precisely, we have i = j. Assume j <,
thenthe B-maps g;, ;) and g;_,;) can by considered as the maps corresponding to the arrows

1

i — jand j — i respectively. In this case we use the notation L(i) = L(j). In general the
by

. L . . . | @, by if j«i,

notation L (i) I L(j) means that i and j are neighbours and (a, b) = ‘ (bji, 1) if j > i.

. . _ | &ivxg) if j <,

We always have (x; - a,X; -b) = [ (X, %)) if j o 1.

(2) Let p; = (, 'Y), e 1,52 j) for1 <t < r besome paths in Q(A) (obviously, i,ﬁ') and

(1)

i are neighbours). Then 37/, ¢; - p; € Z(A) if and only if

r O B® b b
Doa-\ L) = LG = - T5LGE) =5 LG) | =0,
t=1

()

N
here the maps L(i; ") — L(’k+1

) are of the form g,y or g;_,).-

Lemma 3.11 Let A = Endp (L)? = K Q/Z with (A, <) be a 1-quasi-hereditary algebra,
where (B, L=, L(i)) satisfies the property .

(1) If p and q are some pathsin Q of the form p(j, i, k) (see Subsection 2.1), then p —q € T.
In particular, p(j, i, k)P = p(k, i, j).

(2) Let T be the set of (larger) neighbours of 1, where {1} = min(A, <) and x; be some
generator of L(i) for anyi € T'. Then the set {x; | i € I'}is a generating system of B. In
particular, B is a factor algebra of K (y1, ..., Ym), where m = |T'|.
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Proof (I)Letj < iandv,w be some increasing paths from j toi. Thereexistsi = ig<i|<- - -<
inm=jandi = jo<ji<---<jr = jwithv = (,i1,...,0m, j)andw = (i, j1,..., jr, j)as
well as v = (j, iy, ..., 11,i) and w? = (§, jr, ..., j1,1). For the corresponding B-maps
8w) = Blin ) © OBl >i) OBlieiy) AN Bu) 1= 8(jpm j) O OB (j e jo) OB(ies jy) A8 Well
as 8(yor) = iy i) © By —in) O © B(j i) AN Buor) = &(jii) ©8(jp—ji) © " O Bjj)
we obtain g,y — gy = 0 and g(epy — Eeyory = 0.

Forsomei, j, k € Awithi < j, klet p and g be some pathsin Q ofthe form p(j, i, k), then

_ ()p . d _ l}p . . h . . h f k . d f
p=v| -vyandqg = w," -w; with some increasing paths vy, w from k to i and vz, w7 from
j.to i. For the corresponding B-maps we have g({,) = g, ©8(y) .an.d g(u.)) = 8w © 8(wy)-
Since g(,,) = &(u,) and 80y = Bwr) We obtain g,y = g(,)- This implies p — g € Z.

(2) For any i € A withi # 1 there exists j € I with j < i. Thus L(i) € L(j) and
124@®) > ier L(i). The set {x; | i € '} generates

rad B. Since B is local, we obtain that B is a factor algebra of K (yl, R y|r|). O

consequently rad B = >, x\ 1y L)

4 Proof of Theorem B

In this section let (A, <) be a poset, (B, L = @i ea L(@)) is a pair with the property ,
and let A = Endp(L)°? = K Q/7 be the corresponding 1-quasi-hereditary algebra.

Recall that two vertices in the quiver of A are connected by an arrow iff they are neighbours
with respect to <, and in this case there is a pair of arrows, i < j. For any path p in the
quiver of A there exists a uniquely determined path p°? running through the same vertices
in the opposite direction.

For arelation p = >/_, ¢; - p; in Z we can define p°” = >"/_, ¢, - p;”. Recall that A is
a BGG(x)-algebraif (=) : A — A, p 4+ 7+ p°? + T is an anti-automorphism.

For the proof of Theorem B we have to show the equivalence of the following statements:

1. B is commutative, 2. Ais a BGG =) —algebra, 3.p € Zif and only if p7 € T

For every i € A we fix agenerator X; € Bof L(i) andx; = 1 := 1p. Fori, j € A with
i<jorir> jwe denote by L(l) = L(j) the B-maps described in 3.10(1). Note, if i < j, the

map L(i) 3 L(j) is surjective with X; - a = X, and the map L(j) X L (@) is injective with
b =1, because X; - b = x;. In particular, if i = l we havea = 1 - a = x.

Lemma 4.1 The following statements are equivalent:

(i) B is commutative.

2 ‘@m
(ii) Let p = (io, i1, ..., im) be some path in Q and L(l()) L(11) - = L(i,) be the
1 Om
corresponding B-maps. Then x;, - a1 -az---am = xlm by bz - by.
(iii) Statement (ii) holds for m = 4.

a
Proof (i) = (ii) We show this by induction on m: If m = 1, then for L(ip) = L(i1) we
by

have (Xio -aj, Xi] . bl) e { (XiO’ XiO) s (Xil’ Xl'l) } (see 310(1)), thus Xi() ca] = le . bl.
Assume X;, -aj-az - am—1 = Xj,,_; - Om—1 - -2 - by, then by multiplication with a,, we
obtain

Xjg-al-az - am—1-am = Xj,_, - a@m - bp—1---b2 - by, (®)
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because B is commutative. If i,,_1 > i, then a,, = 1 and x;, _, = X;,, - by,. The equation
(®) yields xj, - a1 -a2 - -am—-1-am = X, - Oy - bm—1---b2 - by. If i,,_1 <i,;, we obtain
Xi,_, - am = X;, and b, = 1, thus the equation (®) is X;, -aj-az---am—1 - am =

Xim .bm bm—l 'b2 bl
(ii) = (iii) This is trivial.
(fii) = (i) Leti,je{le A|1<l}and L(l) L(z) L(l) L(]) L(l) Since
by b3 Ty

oo
l<i>1<j>1,wehave (a1, b1) = (x5, 1), (az,b2) = (1,x;), (a3, b3) = (x;,1), and

(a4, bs4) = (1, x;). By the assumption, we have X| - aj -az-a3-a4 = X| -bg -bz - by - by,
in other words, 1-X; -1-X;-1 = 1-X;-1-x;-1. Thisimplies X; - X; = X; - x;. The algebra
B is commutative, because {xi | 1 <k} is a generating system of B (see Lemma 3.11(2)).

O

Proof 1=3 Let p = Zle c - (ét),zgt),.. z,(,f,)) be a relation with i = l(()t), j =
NG

1,(,;), and L(iffll) = L(i,gt)) the corresponding B-map for 1 < ¢t < r. We obtain
bm

i (L(z) L") 3

(t ) a"
mr

— L(j)] = 0 (see 3.10(2)). Hence, >_; ¢ -

3.1

(xi all.. af,iz) = 0. We have > /_, ¢/ - (x‘,- by - ~b§t)) = 0. This 1mpl1es por =

() b( )

bnl
> c,~(i,(,f,), e zY), zg)) € I, because > ;_; c,-(L(j) i PN L(l(t)) 4 L(z))

=0.
3=1LetI := {k € A |1<k}. Itis enough to show xk Xj = Xj - Xg for allk,j el
Xk X
(see 3.11): Let k, j € T, then we have L(1) = L(k) = L(1) = L(]) = L(l) since

Xk j

1 <k, jr 1. Let g and h be the composition of the maps Wthh goes from left to right
. 1 X 1
and from right to left, respectively, i.e., g : (L(l) X L(k) — L(1) i L(j) — L(l)) and

L) 2 LGy S L) X Ly <> L(1)). We obtainxi - x; = g(1) = h(1) = x; - x¢

if and only if g = h. Since g and h correspond to the paths (1,4, 1, j, 1) and (1, j, 1,k, 1)
respectively, we have to show that (1, j, 1,k,1) = (1,k, 1, j, 1) in A.

According to [11, Theorem 3.2] for the path (j, 1, k) there exists some ¢; € K
with p = (j, 1,k) — ZieA(j)ﬂA(/‘) ¢i - p(j,i,k) € Z. Since (j, 1,k)°° = (k, 1, j) and
p(j, i, k)7 = p(k,i, j), by our assumption we obtain p% = (k, 1, j) — D i xG)na® Ci -
p(k,i, j) € Z.Obviously, (1, j, 1,k, ) =k —> 1)-(j, ,k)- (1 - j)and (1,k, 1, j, 1) =
1,4, L,k 1) =G — 1)-(k, 1, j)- (1 - k). The relations p and p°P imply the following
equations in A:

Lk D= D (k= D-pQik)-(1— j)
ieADNA®
Lk Lj, D= > (=D pkij)(1—>k)

ieADNAK)

For every i € AD N A® the paths piy = (k — 1) - p(j,i,k) - (1 — j)and g4 =
(G — 1) -pk,i, j) - (1 - k) are of the form p(1,i, 1) (in the picture below the black
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and the inner gray path respectively). Thus Lemma 3.11(1) implies p;y = q(;) in A, hence
a4, j, Lk, 1)=(~U,k1,j1).

\

24<3 Assume the K-map (—)” : A — A with p — p° is an anti-automorphism of A.

If for some paths p1, ..., p,, which start in i and end in j we have Z:Zl ¢ - pr = 0, then
e p)” =2 ¢ p{’ = 0 (in other words, if p € Z, then p°? € T ). On the other
hand, if Z = {p°? | p € T}, then (—)°? : A — A is obviously an anti-automorphism. m]

5 Ringel-duality on generators-cogenerators of local self-injective algebras

Let (A, <) be a quasi-hereditary algebra, then forany i € Qo (A) there exists a (up to isomor-
phism) uniquely determined indecomposable module 7' (i) € §F(A)NF(V) with the following
properties: For all j € Qo(A) with j £ i we have [T (i) : S(j)] = 0and [T (i) : SG)] =
(TG) : AG)) =(T(@E) : V(i) = 1, moreover, F(A) NF(V) = add (@ier(A) T(i)). Note
that for a minimal vertex 1 we always have 7(1) = A(1) = V(1) = S(3).

For any 1-quasi-hereditary algebra (A, <) with 1 < i < n we have T(1) = S(1), and
P(1)=1(1)=T(n),since P(1) € F(A) NF(V) is indecomposable and (P (1) : A(n)) =
(I):Vm) =1.

The module T := P, o, (a) T (@) is called the characteristic tilting module. The Ringel-
dual R(A) := End4(T)°? of A is a basic algebra on the same vertex set Q¢(R(A)) =
Qo(A). Also, R(A) is quasi-hereditary with the opposite order > (we use the notation <(g)).
Moreover, R(R(A)) = A as quasi-hereditary algebras. The functor Z := Homu (T, —) :
mod A —> mod R(A) yields an exact equivalence between the subcategories §F(V 4) and
S(ARa)). Moreover, Pray(i) = Z(T (i), Trea)(i) = Z(1(i)) and Ap(a)(i) = Z(V(i))
foralli € Qg(A) (for more details, see [13]).

The class of 1-quasi-hereditary algebras is not closed under Ringel duality. Example 4
in [12] presents a 1-quasi-hereditary algebra A for which R(A) is not 1-quasi-hereditary.
However, the properties of R(A) for a 1-quasi-hereditary algebra A considered in [11,
Lemma 6.2] yield the following lemma. (For R(A)-modules we will use the index (R), note
that 1 < i < nimpliesn <(g) i <(gy 1foralli € A := Q¢(R(A)) = Qo(A).)

Lemma 5.1 Let (A, <) be a 1-quasi-hereditary algebra with 1 < i < n foranyi € A and
let (R(A), <(r)) be the Ringel dual of (A, <). Then dom.dim R(A) > 2 and Pgy(n) is a
minimal faithful R(A)-module.

Proof Since {1} = max (A, <(g)), the definition of standard modules implies P(g)(1) =

A(gry(1). According to [11, Lemma 6.2] we obtain Az)(i) < Ag)(1) = Pr)(l) —
Pry(n) = Igy(n). We have soc (A(R)(i)) € add (soc I(g) (n)) for all i € A. According
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to Proposition 2.3, it is enough to show P(gy(i) < P(ry(n)"" (for some r; € N) and
P(R) (n)ri/P(R)(i) S &(A(R)) for any i €A.

Since (i) € F(A), we have soc (1) € add (e s0e AG)) 'Z' add (S(1)). Let
socT(i) = S(1)7, then T(i) — T(n)" since T(n) = I(1) (see [11, 5.3]). The exact
sequence £ : 0 —> T(@{) > T(n)" — Tm)'/T@H) — Oyields T(n)/T@{) € F(V),
because F(V) is closed under cokernels of injective maps (see [13]). By applying Z(—) to
& we obtain an exact sequence 0 — Pg)(i) = Pry(n)"" — Pry(n)"/Pry(i) — 0 with
P(R) (l’l)ri/P(R)(i) S S(A(R)) for any i eA. O

5.1 Transfer of Ringel duality

@
Throughout, we keep the notation for the sets X, Y, X(1), Y(1) and for the functions X = Y

used in Sect. 1. Moreover, we denote by X(R(1)) the set of isomorphism classes of Rin\;el—
duals of 1-quasi-hereditary algebras. Lemma 5.1 implies that X(R(1)) € X. We denote by
Y(R(1)) the image of ®|x(Rr(1))- Moreover, let X =X(1)UXRM)and Y = Y(1) U
Y(R(1)) as well as X := X(1) N X(R(1)) and Y := Y(1) N Y(R(1)).

Note that the second component of a pair in ) is not necessarily a direct sum of local
modules. We use again the notation ¢ for a generator—cogenerator.

The map R : X — X with R ([A]) = [R(A)] is obviously bijective and R2 = idy. The
Morita—Tachikawa Theorem 2.1 and Theorem A 1.2.6 yield the transfer of Ringel-duality
for X on ) (we may visualise the situation as in the following picture).

Let R := ®|y o R|x 0 U|y, then

R:Yy—)Y
R([B,(ﬁ]) = [R(B)7 H((g)}
and

Obviously, for any pair [B, 4] € Y with [A] = ¥ ([B, ¢]), the algebra (A, <) or (R(A),
<(R)) is 1-quasi-hereditary. Without loss of generality assume that A with partial order (A, <)
by 1-quasi-hereditary. Since ¢ has |A| = dimg B (pairwise non-isomorphic, indecompos-
able) direct summands, the quiver of the algebra A as well as the quiver of R(A) has |A|
vertices. Thus for R[B, 4] = [R(B), R(¥¢)] we obtain that the generator—cogenerator R(¥)
of R(B) has also |A| direct summands, which are denoted by R(¥4(i)) fori € A.

Lemma 5.2 Let [B,L] € Y(1) and [A] = VY ([B,L]) € X(1). Then for R([B, L]) =
[R(B), R(L)]with R(L) = @ieA R(L(i)) we have

B=R(B) and R(L(i)) =Homa(T (i), T (n)).

Proof The Morita—Tachikawa Theorem 2.1 and Lemma 5.1 yield B = End4 (P (1))°? and
R(B) = Endg(a)(P(ry(n))°?.Since R(A) = End4(T)°P and P()(i) = Homa (T, T (i)), the
functor Hom4 (7, —) : mod A — mod R(A) yields an isomorphism Hom4 (T (i), T'(n)) =
Hompga)(Pr) (i), P(ry(n)) foralli € A (see [1, 2.1]). Since T'(n) = P(1), we have

B = EndA(P(l))OP = EndR(A)(P(R)(n))"p = R(B).
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Since P(g)(n) is the minimal faithful R(B)-module, R(L) is isomorphic to g(g) P(r)(1).
Thus

R(L) = ®ieA Hom ga)(P(r) (i), P(ry(n)) = ®ieA Hom (T'(i), T (n)).

m}

Lemma 5.2 implies that for any [B,¥] € ) we have R([B, ¥]) = [B, R(¢)]. Since
[B,9] € Y(1) or R([B,¥]) € Y(1), the algebra B is a local self-injective algebra having a
module with the property in Definition 2.5 for some (A, <). Let B be an algebra and

M(B):= {M e mod B | (B, M) or (B, R(M)) has the property , for some (A, g)} .

Obviously, there exist finitely many partial orders on A. However, 9t(B) has infinitely many
pairwise non-isomorphic B-modules.

Proposition 5.3 LetL:={[B]|9MM(B) #0}and[B] € L. ThenY(B):={[B, M]| M € M(B)}
and X(B) := {[EndB (M)””] | M e EITZ(B)} is closed under Ringel-duality R and R, respec-

tively. Moreover, Y = |J g1 Y(B) and X = ;g1 X (B).

Proof Itiseasy tosee that forall [B], [ B'] € L with [B] # [B'] wehave Y(B)NY(B') = 0,
and any pair in ) belongs to Y(B) for some [B] € L.

Let M € M(B), then there exists < on A such that (B, M) or (B, R(M)) has the property
. Since R[B, R(M)] = [B, R(R(M))] = [B, M], the pair (B, R(M)) or (B, R(R(M)))
has the property . Thus R(M) € 9M(B), and consequently R[B, R(M)] € 9(B). The
Morita—Tachikawa Theorem 2.1 yields that for any [A] € X' (B) we have [R(A)] € X(B).
Obviously, [B] # [B’] implies X (B) N X (B’), and any [A] € X belongs to X (B) for some
[B] € L. O

Note that the function X(1) — L with [A] +— [End4 (P (1))] is surjective, non-injective.
The set L is not finite (for example we have [B; ® B;] € L for all [B;], [B2] € L). In the
picture the sets X and ) are presented as the disjoint union of X'(B) and )(B) (symbolized
by the circles, they are closed under the Ringel-duality R and R) respectively.

The dark circles inside the circle corresponding to X' (B) symbolize X' (B) N X. Similarly,
a pair [B, M] in the dark circle of )(B) has the property and R([ B, M]) has the property

, ie., [B,M] € Y. In particular, X and Y are the disjoint unions of the dark circles.

They are also closed under R resp. R. The observation of Ringel-duality on X and ) can by
restricted to X' (B) and Y(B) respectively.

=

(5]
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Remark 5.4 In general for a fixed poset (A, <) the number of pairs [ B, L] with the property

is not finite. For example, the algebra B = K[x, y]/ (xz, y2) is a local and self-injective

algebra of dimension 4. The poset ({1, 2, 3,4}, <) is givenby 1 «2,3<4. Let L(1) = (1p),

L(2) = (X),L4) = (XY)and L,(3) = (Y + X1 - X) for A € K. The pair [B, L,] with

Ly = L,(3) ® P*L(i) has the propertyfor all A € K,but L (3) % L, (3) if A # .
i=1

i£3
Moreover, if (B, L) and (B, L) satisfy the condition , then the property [B, L] € y
does not imply [B, L'] € )7

5.2 Ringel-duality on y

In [11, Sec. 5 and 6] 1-quasi-hereditary algebras whose isomorphism classes belong to X
have been considered. These results yield a precise description of the Ringel-duality R on .

Let [B, L] be in Y(1) and A = Endg(L)°’? = K Q/Z be the corresponding 1-quasi-
hereditary algebra with (A, <) (here 1 < i < nforalli € A). Then B = End4 (P (1))’ and
L Z @, B ofa), where f;y := f(1,i,1) is the endomorphism of P(1) corresponding to the
path p(1,i, 1) of A (see Proposition 3.4). Assume that R(A) = End4(T)°? with (A, <(r))
is also 1-quasi-hereditary. According to Theorem 6.1 in [11], the direct summand 7 (i) of T
is a submodule and a factor module of P (1) = I(1) for any i € A. More precisely,

TO=PW/ > PO =[], ker PO = 1)

JEMA @)

(using the notations of Sect. 2, we have A\Aj) ={j e A|j Li} = {j eAN|i £ j}).

Consequently, the subspace P (1) 212 spang {p(1, j, 1) | j € A} of P(1) contains an ele-

ment t(i) which generates 7'(i)(= A - t(i)). For any i € A we denote by 6;) the following
(i i i
endomorphism of P(1): 6;) = (1) o 7)) - (P(l) < T@i) & P(l)) with e y'r_(; (i)

and (i) 3 t(i)
Using Lemma 3.2 [12] it is easy to show, that the pair (B, £) with £ = @ieA B o6

satisfies the condition .

The Ringel duality R on ) provides a relationship between the endomorphisms
Oy, .-, 60w and fa), ..., fm) of P(1). The following statement yields Theorem C from
the introduction.

Theorem C. Let (A, <) be a I-quasi-hereditary algebra, B = End4(P(1))°? and
L =@, L) where L(i) = B o fg) forany i € A (i.e., [(B, L), <] is the corresponding
pairinY(1)). Let [B, R(L)] with R(L) = €D, R(L(i)) be the Ringel-dual of [B, L. Then
the following statements are equivalent:

() [B.L1€ Y.
(i1)) R(L()) = B o 6, where im (G(i)) = T (i) foreveryi € A.

(iii) R(L()) = B/ (ZjeA\Am L(j)) = M jearay, ker (B — L(j)) for everyi € A.
Proof According to Lemma 5.2 for any i € A we have R(L(i)) = Homu (T (i), T (n)).

(i) = (ii) The assumption [B, L] € )7 implies [A] € X. As already explained, we
can define endomorphisms 6y = (i) o 7)) for any i € A. Since Hom4(—, P(1))

is exact, the inclusion 7 (i) fli; P(1) yields a surjective B-map Homy4 (P (1), P(1)) —
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Homy (T (i), P(1)) with F +— F o (). Thus Homa (T (i), P(1)) = B o t). The map
(—omy) : Bouiy — B o is obviously a B-module isomorphism. We obtain
R(L()) = Boti = Bobforalli € A.

(ii) = (i) Since im (6;)) = T(i) for every i € A, the top of any direct summand of
the characteristic tilting A-module is simple. According to Theorem 5.1 and 6.1 in [11] the
algebra (R(A), <(r)) is 1-quasi-hereditary. This implies R[B, L] € Y(1).

(i) = (iii) Forany i € A the map Y(;) : B — L(i) with F — F o f(; is a surjective
B-map. The properties of 7 (i) yield dimg Homa (P (i), T(j)) = [T (j) : S(@)] = O for any
j € A\A®. Thus (in the notations of Subsection 2.1) we have

: 7,
(9<,-)of<i>):(P(1> D piy Y pay™ 7y P(l))

Foralli, j € A withi £ j we have 6y € ker(Y;)), thus R(L(j)) = B o 6(;) C ker(Y;))
and

ZjeA\Am R(L(j)) € ker(Y(;)) aswellas R(L(j)) € (). ker(Y)).

ZEA\A(I')
By our assumption the pairs (B, L) and (B, R(L)) satisfy the properties and
respectively. Therefore dimg L(i) =" | A@|implies dimg ker (Y)) = |A\A@|. More-

. . 2.2.1(2 . : .
over, dimg (ijeA\A(i) R(L(]))) A Ujen fke Al j <@ k)| = [A\AD]. This
ES3Y

implies ZjeA\A(") R(L(j)) = ker(Y(y). Because R(L(k)) € R(L(j)) forall k € A
with j <(g) k, we obtain ﬂieA\Am ker(Y()) = Z/<(R>k R(L(k)) = R(L(j)). There-

fore L(i) = B/ker(Y()) = B/ (zjeA\Am R(L(j))) — B/ (Z./K(R)i R(L(j))). Using
the dual arguments we obtain R(L(i)) = B/ (ZjeA\Am L(j)) foranyi € A
(iii) = (i) We have to show that (B, @; ., R(L(i))) satisfies the property | < ' : Since

Li)=B8B of(l) f(,) o B, for f, g € Bthereexistsh € B w1thgof ofuy = gofuoh.
Therefore, g € ker (B A L(i)) implies g o f € ker (B A L(i)). The assumption

R(L(j)) = ﬂiEA\A(,-) ker (B — L(i)) implies R(L(j)) o B € R(L(j)). Thus R(L(j))isa
two-sided local ideal of B, since R(L(j)) is a factor module and a submodule of B.

The property | < | of L(i) implies R(L(k)) — R(L(j)) and also R(L(j)) € R(L(k)) if
andonlyifk <(g) j,because A\Ax) € A\A(jifandonlyif j < k. Wehaverad R(L(k)) =

Z,K(R)j R(L(j)) forall k € A because R(L(k))/ (Zk<(R)j R(L(j))) is simple. O

Example 5.5 Let B := B, (C) be the algebra givenin Example 2.7and L = Bea@;’;zl (X;)®
(soc B). The Ringel dual of the corresponding 1-quasi-hereditary algebra A, (C) is also 1-
quasi-hereditary (see [12, Lemma 1.2]). Thus [B, L] € Y, in particular, R(L(1)) = soc B,

R(L(n)) = B and R(L(i)) = B/(z';;;L(j)) = <Z;’;;dj,-X‘,-> for2 <j<n-—1,

i#j
where the d;; are given by inverse of C, i.e. cl= (dij)2<i,j<n—1-
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Remark 5.6 1If a 1-quasi-hereditary algebra A is Ringel self-dual, then (A, <) = (R(A),
<(r)) implies [B, L] = ®([A]) = ®([R(A)]) = [B, R(L)]. In other words: The pair
[B, L] satisfies the property and the property . Thus, there exists a permutation
o € Sym(dimg B) with L(o(i)) = R(L(@)).

The algebras associated with blocks of the category O(g) are Ringel self-dual. In the Exam-
ple 2.6 the 1-quasi-hereditary algebra (A3, <(3)) corresponding to the pair (B, L3) is related
to a regular block of O(sl3). It is easy to check that the permutation o = (o (1), ..., 0(6)) =
(6,5,4,3,2,1) € Sym(6) yields L3(o (i)) = R(L3(i)).

In the same example the algebra (A1, <(1)) is also Ringel self-dual. The permutation
T € Sym(6) with L1(z(i)) = R(L1(i)) is givenby 7 = (6,4, 5,2, 3, 1).

If [B,L] € )7, then the socle of B/ (ZjeA\AU) L(j)) is simple for all i € A, because
these factor modules of B are also submodules of B (see Theorem 4.2.1). In the Exam-
ple 2.6 the algebra R(A») is not 1-quasi-hereditary, because soc(B/ (ZjeA\A<4> Lz(j))) =
soc (B/L»(5)) is not simple. Thus [A2] & X.

In general, for some [B, L] € Y the equation [B, L] = [B, R(L)] is not satisfied (see
Example 5.5). Consequently a 1-quasi-hereditary algebra A with [A] € X is not Ringel
self-dual, in general.

Remark 5.7 The class of Ringel self-dual, 1-quasi-hereditary algebras is a subclass of

dom.dimA > 2,
(A, <) is Ringel self-dual, and 1 < i < nforalli € A,
0:=1[A]| P(1) = I(1) is the minimal faithful A-module, cX

A has BGG reciprocity : (P(@) : A(j)) =[A(j) : S@)] foralli, j € A,
(P(1): A(j)) =1forall j € A

The most important examples in O are the algebras of the form Ag (g) (for simplicity, let ©
be a regular block)(see [6] and [7]). The vertices of the quiver of Ag(g) correspond to the
elements of the Weyl group W of g and < conforms to the Bruhat ordering.

For any [A] € O we have [A] = [Endg(s P (1))°?], where B = End 4(P(1))°P. In the
case A = Ag(g), the algebra B is the coinvariant algebra of W.

The methods used in the proofs for 1-quasi-hereditary algebras can be carried over to
the proofs of some properties of (B, gP(1)). In Subsect. 3.1 (proof of 1) we have seen that
B = End 4(P(1))°? is a local and self-injective algebra. The proof uses only the fact that
P(1) is a projective-injective indecomposable .A-module. The same argument yields that the
coinvariant algebra of W is a local self-injective algebra. Moreover, BGG reciprocity and
(P(1): A(j)) = 1forall j € A implies dimg P(1); = dimg B = |W]|.

As shown in this paper, the structure of the pair (B, L) depends on the structure of the
poset (A, <) of a 1-quasi-hereditary algebra A = End g (L)°P. This raises the questions how
the structure of the coinvariant algebra depends on W and its Bruhat ordering, and what
influence the commutativity of coinvariant algebra has on the relations of .Ae (g).

The algebras in O are BGG-algebras, thus the number of arrows from i to j is the same as
the number the arrows from j to i (see [18, Corollary 2.6]). But this number is in general not
equal to 1, and i, j are not necessary adjacent. For adjacent vertices we have i < i’. Thus for
any three vertices j, i, k with j, k < i we can construct the paths of the form p(}j, i, k) running
through adjacent vertices strictly increasing from j to i and strictly decreasing from i to k, as
described in Remark 3.1. Using the same arguments as in the proof of [11, Lemma 3.3] it is
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possible to show that the set [ fi) (P(l) — P )

ei +— p(l,i,1)
of B. Furthermore, the arguments used in the proof of Lemma 3.3 (2) yield that if soc P (i)
is simple B o f(;) is a direct summand of the B-module P (1). This raises the question of the
remaining direct summands of the B-module P (1) and their dependence on the given partial
order.

Furthermore, since A = Ag(g) is Ringel self-dual, for the B-module P (1) we have
gP(1) = @;cy Homy(P (i), P(1)) = @P;cyy Homy(T (i), T(n)). Thus there exists
o € Sym(|W]) with Hom 4 (P (i), P(1)) = Homa(T (o (i)), T (n)). If soc P (i) is simple,
then B o f;y = Hom 4 (P (i), P(1)) = Hom4(T (0 (7)), T (n)) and im(f;)) = T (o (i)). For
each i with soc P (i) simple we obtain one indecomposable direct summand 7 (o (i)) of the
characteristic tilting module. The module theoretical structure of those 7' (o (i)) where i is
such that soc P (i) is not simple appears to be unknown.

For example, when g = sl4(C), the Weyl group (so the set of vertices of the quiver of
Ae(g)) is Sym(4) and P(4321) is minimal faithful. All indecomposable projective Ag(g)-
modules, except those who corresponds to (3412) and (4231), have simple socle. The map
o : Sym(4) — Sym(4) with o (i1i2i3i4) = (4321)(i1i2i3i4) induces a permutation such that
iM(f(i,i0i515) = T (0 (i1i2i3i4)) for all (i1i2i3is) € Sym(4)\ {(3412), (4231)}. A set of the
relations of Ag (g), calculated in [15], can be transformed in a set 2R such that p € 98 implies
p°P € R. This computation has been carried out and is not given here.

i€ A] of B-maps is a K -basis
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