OTKA T068477: Kvazioroklodo és standardul rétegezett algebrak
Zardbeszamolo

A kvazioroklsds algebrik osztalyat az 1980-as évek végén definidlta Cline, Parshall
és Scott, és igen hamar megindult az intenziv kutatasuk. (Csak érdekességként jegyzem
meg, hogy az eredeti cikkre, mely 1988-ban jelent meg, a Googlescholar 444 hivatkozést
sorol fol; a témaban irt cikkek szdma ennél nyilvan joval nagyobb.) A 90-es évek oOta
pedig szdmos altaldnositasuk is ismert: a legtermészetesebb ilyen osztily a standardul
rétegezett algebréké, melyekre a kvaziorokl6ds algebrak szamos strukturalis és homologikus
tulajdonsdgiat mar sikeriilt altalanositani. A legaltalanosabb ezen altaldnositisok koziil
az un. CPS-rétegezett algebrak osztilya, melyeknek a vizsgalata Auslander, Platzeck és
Todorov, illetve Cline, Parshall és Scott 90-es években megjelent cikkeire vezethet§ vissza.
Ennek az osztilynak a strukturalis és homologikus vizsgilata sok tekintetben még varat
magara.

Hogy a beszamold érthetébb legyen, definiadljuk a témahoz tartozo f6bb fogalmakat.
Valamennyi itt szereplé osztalynal a kovetkezd alaphelyzettel szamolunk. Adva van egy
A véges dimenzids algebra egy K test f6lott, melyrdl foltessziik, hogy bazisalgebra, s rog-
zitjiik primitiv ortogonalis idempotensek egy teljes rendszerének egy (az indexeikkel kife-
jezett) teljes rendezését: 1 = e; + ex + -+ + e,. Ezt az alaphelyzetet (A, e) jeloli, ahol
e=(ey,...,e,). Ekkor az ¢; = ¢; +- - - +¢,, idempotensek altal generalt I; = Ae; A nyomi-
deélok egy filtralasat adjak az algebranak: 0 C I,, C I,,_1 C --- C I, = A. Az i-edik direkt
folbonthatatlan projektiv modulusnak, e; A-nak az 7 + 1-edik nyomideal szerinti faktorat
nevezziik i-edik standard modulusnak: A(i) = e;A/e;Ae; 1 A. Az i-edik valddi standard
modulus A(i) = A(i)/(rad A(i))e; A. Azoknak a modulusoknak a részkategoriajat, me-

lyeknek van A-kkal valé filtralasa, F(A) jeldli; hasonloképpen beszélhetiink F(A)-rdl is.
Egy A algebrét akkor neveziink standardul rétegezettnek, ha A4 € F(A) vagy Ax € F(A)
(azaz A A-filtralt vagy A-filtralt); s egy algebra akkor kvdziérikléds, ha standardul réte-
gezett, és A(i) = A(i) minden i-re, azaz F(A) = F(A). A bal oldali standard modulusok
K-dualisait mondjuk kostandard modulusoknak, s a jelik V, illetve V. Egy I idempo-
tens idealt rétegezd idedlnak neveziink, ha minden X,Y modulusra, melyet [ annullal,
Eth/I(X, Y) = Ext¥ (X,Y) minden k > O-ra. Egy (A, e) algebrat CPS-rétegezettnek ne-
veziink, ha mindegyik Ae; A nyomideal rétegezs ideal. Konnyen bizonyithat6, hogy minden
standardul rétegezett algebra egyuttal CPS-rétegezett is.

[1] AcosTon, I., DLAB, V., LukAics, E.: Approximations of algebras by standardly
stratified algebras, J. Alg. 319 (2008), 4177-4198.

A palyazati id6szak elején egy kordbban megkezdett munkankat fejeztiik be. Ebben a
munkankban Dlab és Ringel egy korabbi cikkébdl indultunk ki. A cikkben Dlab és Ringel
axiomatikus jellemzését adta azoknak a modulus-részkategériadknak, amelyek ekvivalensek
egy A kvaziorokl6ds algebrahoz tartozé Fa(A) részkategoriaval. Mi ugyanezt a kérdést

tettiik fol a standardul rétegezett algebrak megfeleld részkategoridira, F(A)-ra és F(A)-ra.
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Az axiomatikus jellemzésbdl kideriilt, hogy ezek a kategéridk mar meglehetGsen altalano-
sak, de ez az altalanossag egyuttal 0j kapcsolatokra vilagitott ra. Ugyanis barmely (A, e)
véges dimenzios algebra esetén értelmezhetSk az F4(A) és az Fa(A) kategoridk, s meg-
mutattuk, hogy Morita-ekvivalencia erejéig egyértelmiien létezik egy ¥(A)-val, illetve egy
Q(A)-val jelslt algebra, melyekre az igaz, hogy ¥ (A) A-filtralt, Q(A) A-filtralt, és Fa(A)
ekvivalens Fx4)(A)-val, F4(A) pedig ekvivalens Fo(a)(A)-sal. Ezzel algebraknak két ek-
vivalencidjat definialtuk, s az ekvivalenciaosztalyok mindegyikében pontosan egy A- illetve
A-filtralt algebra van. Még meglepdbb volt, hogy ha a ¥ és 2 idempotens operatorokat
folvaltva alkalmazzuk egy algebrara, akkor az igy kapott algebrasorozat véges sok 1épés
utan megall egy olyan algebranal, mely egyszerre A és A-filtralt. A stabilizalédas helyére
sikeriilt pontos f6ls6 becslést adnunk az egyszer modulusok szdméanak fliggvényében. Ez
azt jelenti, hogy ha vessziik az 0sszes standardul rétegezett algebra grafjat, melyben ira-
nyitott és szinezett éleket hataroznak meg a > és () operdtorok, akkor ennek a grafnak a
komponensei paraméterezhetSk az egyszerre A- és A-filtralt algebrakkal. — A cikk ered-
ményeirl Agoston Istvan konferenciaeladéast tartott 2007 végén Torunban az ICRA XII
Nemzetkozi Reprezentacidelméleti Konferencidn, és ugyanezen évben Szegeden a Bolyai
Intézet algebra szemindriumén. Mivel a cikk eredményeinek nagy része még a korabbi
OTKA-péalyazatunk idején sziiletett, ezért annak a szidma van rajta foltlintetve, noha a

végsd publikicid elGkészitése mar a jelen palyazat idejére esett.

[2] AcosToN, I., DLAB, V., LukAcs, E.: Constructions of stratified algebras Comm.
Algebra 39 (2011), 2545-2553.

Ismét a kvaziorokléds algebrak esetébdl indultunk ki. Minden kvazioroklsds algebra-
hoz hozzarendelhet6 kvazioroklsds algebraknak két sorozata: egyik a nyomidedlok szerinti
faktoralgebraké: B; = A/Ae;1A; a masik pedig az ;A projektivek endomorfizmusal-
gebraié, az un. C; = g;Ag; centralizatoralgebraké. A kvazioroklgds algebrak rekurziv
definicigjahoz az els6 konstrukcié all kozelebb, de egyes algebrai geometriai alkalmazasok-
nal a masodik konstrukci6 jatszik szerepet. Dlab és Ringel mutattdk meg, hogy hogyan
lehet a centralizatoralgebrakat félhasznélni arra, hogy minden kvazioroklgds algebrat meg-
kaphassunk egy konstrukci6 iterdlt alkalmazasaval lokalis algebrakbol és alkalmasan filt-
ralt bimodulusokbdl. A cikkiinkben azt mutatjuk meg, hogy az eljaras altalanosithat6 a
standardul rétegezett algebrékra is, de az egyszerti modulusok bonyolultabb homologikus
viselkedése miatt (itt mar lehet az egyszerti modulusoknak 6nmagukkal vett bévitése) az
egész eljaras is bonyolultabb4 valik. Azon ttlmenden, hogy alkalmas standardul rétegezett
algebrabdl, egy lokilis algebrabél, két megfelelGen filtralt bimodulusbdl, valamint egy bi-
modulushomorfizmusbél kiindulva egy adott természetes eljarassal standardul rétegezett
algebrat kapunk, esetenként sziikség lehet egy tovabbi lépésre is, hogy valamennyi stan-
dardul rétegezett algebrat megkapjuk. A hidnyzé algebrakat ugy allithatjuk el6 az el6bbi
konstrukciobol, hogy egy jol meghatarozott tipusi ideallal faktorizalunk. Megjegyzendd,
hogy a faktorizacios 1épés megengedésével megszabadulhatunk attol a foltevéstsl, melyet
Dlab és Ringel tettek a kvéaziorokl6ds esetben, nevezetesen hogy az alaptest perfekt. A
cikk elején kiegészité eredményeket talalhatunk CPS-rétegezett algebrakra is.

[3] AcosTon, I., LukAcs, E.: Stratifying pairs of subcategories for CPS-stratified al-
gebras (kézlésre benyijtva), 11 oldal



Mar a standardul rétegezett algebrik finitisztikus dimenzidjaval kapcsolatos vizsga-
lataink soran (melyeknek eredményét még 2000-ben publikaltuk) folmeriilt az a prob-
léma, hogy megfelels struktiraelmélet nélkiil az ottani eredmények nem vihetsk at CPS-
rétegezett algebrakra. A standardul rétegezett algebrak struktirajit és a moduluskate-
gobria homologikus tulajdonsagait is nagymértékben befolyasolja az a tény, hogy A-filtralt
algebra esetén az F(A) és F(V) kategoridk egymasra merélegesek (azaz nincs egyméssal
béviteésiik), s6t, F(V) = F(A)L és F(A) = LF(V), azaz a mondott kategoridk egy-
mas ,merGlegesei”. Kz pl. lehetévé tette a standardul rétegezett algebrikra vonatkozo
finitisztikusdimenzio-sejtés bizonyitdsdnal, hogy homologikus tulajdonsigokbdl struktura-
lis kovetkeztetéseket vonjunk le. Ezt a helyzetet probaltuk meg dtvinni a CPS-rétegezett
algebrakra, ahol a homologikus definiciébél eleve nem kévetkezik semmilyen szerkezeti
(pl. filtraltsagi) tulajdonsag. A kiindul6 fogalmat a rétegezs idedlok egy jellemzése adta:
egy I = AeA idempotens ideal pontosan akkor rétegezs ideal, ha I4 € *mod-A/I. Ezért
azoknak a modulusok kategoriéit vizsgiltuk el6szor, amelyeknek létezik egy olyan filtralasa,
melyben a faktorok benne vannak a P;(e) = (+mod-A/Ae; A)NGen(e; A)Nmod-A/As; 1 A
részkategoridkban. Bizonyos altalanos zartsagi feltételek teljesiilése esetén az ilyen tipusi
kategoriakat rétegezd részkategorianak neveztiik. Ezzel a megfogalmazéssal azt is mond-
hatjuk, hogy egy algebra pontosan akkor CPS-rétegezett, ha van rétegez6 részkategoridja.
A-filtralt algebrak esetén pl. F(A) ilyen részkategoria; ha az algebra A-filtralt, akkor F(A)
lesz feltétleniil rétegezd részkategoria. A duélis fogalom az Gn. korétegezd részkategoria fo-
galma. Megmutathatd, hogy egy rétegezd részkategéridnak az ortogonilisa korétegezd, és
azt is igazoltuk, hogy minden CPS-rétegezett algebra esetén létezik rétegezd, ill. korétegezs
részkategoridknak egy olyan pérja, melyek egymas merdlegesei. Konnyen 1athato, hogy pl.
kvézioroklsds algebrak esetén az egyetlen ilyen par az (F(A), F(V)) pér, de példat mu-
tatunk olyan CPS-rétegezett algebréara is, melyhez végtelen sok ilyen részkategoéria-par
létezik. Mivel egy rétegezé részkategoria létezése egyuttal a projektiv modulusok egyfajta
filtrdldsidt vonja maga utan, tgy tekinthetiink ezekre a részkategéridkra mint egy struktu-
raelmélet épitékoveire. — A cikk eredményeirdl Lukics Erzsébet szamolt be a Rényi Alfréd
Matematikai Kutatointézet algebra szeminiriuman 2011 janiusaban.

[4] AcosTon, I., Lukics, E.: Construction of CPS-stratified algebras (kézlésre be-
nyijtva), 14 oldal

Az el6z6 két cikkiinkre alapozva ebben a munkdnkban a CPS-rétegezett algebrak
konstrukciojaval foglalkozunk. Noha a [2]-es cikkben egyes eredmények a CPS-rétegezett
algebrakra is alkalmazhatok voltak, az ottani konstrukcié alapvet&en épitett a szerepld
bimodulusok szeleteinek relativ projektivitdsara (azaz arra, hogy A-filtraltak). Ebben a
munkankban a [3]-as cikkben kidolgozott rétegezs részkategoridk fogalmanak segitségé-
vel épitjiik fol azt az eljarast, mellyel az Osszes CPS-rétegezett algebrat megkaphatjuk.
Itt is a centralizdtoralgebrak sorozatara koncentralunk, s elszoér azt mutatjuk meg, ho-
gyan kapcsolodnak az eredeti (A,e) algebra folotti rétegezs parok a C; centralizatorok
folotti parokhoz. Ebben a folyamatban donté szerepet jatszik harom funktorcsaldd: a
Homa(g;A4,—), a —®¢;A és a Home, (Ag;, —) (ezek a kvazioroklsds algebrak elméletébdl

EiAEi
ismert Gn. recollement funktorai). Ezekre az eredményekre tdmaszkodva megmutatjuk,
hogyan jellemezhets egy CPS-rétegezett algebra az ¢; idempotensek Peirce-félbontasdnak
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komponensei segitségével, s megadjuk az eljarast az Osszes CPS-rétegezett algebra meg-
konstrualasara.

[5] VoLopyMYR MAzORCHUK: Koszul duality for stratified algebras I. Balanced quasi-
hereditary algebras, Manuscripta Mathematica 131 (2010), 1-10

[6] VoLoDYMYR MAzORCHUK: Koszul duality for stratified algebras II. Properly strati-
fied algebras, J. Australian Math. Soc. 89 (2010), 23-49.

A fonti cikkekben azoknak az eredményeknek a tovibbfejlesztése szerepel, melyeket
Mazorchuk Ovsienkéval egyiittmiikodve kapott. A tovibblépés egyik legfontosabb eszkoze
az Gn. standard Koszul algebrak fogalma és eszkoztara. Ezt a fogalmat Agoston, Dlab
és Lukacs vezették be 2003-ban, majd 2005-ben &altaldnositottik standardul rétegezett al-
gebrakra. A szerz6 a cikkben tobbek kozétt megmutatja pl., hogy a standard Koszul
kvaziorokl6dé algebrak osztalyan a Ringel-, illetve a Koszul-dudlis képzésének a sorrendje
folcserélhets. A cikk méasodik felében alkalmas feltételek mellett az elsG rész eredményeinek
az altalanositasa olvashato standardul rétegezett algebrakra. — A cikkek alapvetGen Ma-
zorchuk eredményeit tartalmazzék, melyek az OTKA-tadmogatassal megvalosult budapesti
tartozkodasa alatt sziilettek az Agoston Istvannal és Lukécs Erzsébettel folytatott beszél-
getések nyomén. A cikkek egyszerzdsek, s a tdmogatas ténye csak koszonetnyilvanitas
formajaban szerepel a cikkben, maga a palyazat sorszdma nem.

Végerzetiil par szot szélnank a ,be nem fejezett” dolgokrol is.

A) Az [1]-es cikk eredményeinek a tovabbfejlesztéséhez, valamint algebrak reprezen-
taciédimenzidjanak a kiszdmol4sdhoz sziikségiink volt egyes modulusok endomorfizmusal-
gebrajara. Az esetleges tovabbi vizsgilodasok megkonnyitésére Lukacs Erzsébet egy GAP-
programot irt, melyet modulusok endomorfizmusalgebrajinak kiszdmitaséara, szerkezetének
kideritésére szeretnénk hasznalni. A program miikédik, de a fejlesztése abbamaradt, ami-
kor a kutatasunk — eredmények hijan — a témardl mas franyba terel6dott. Ettél fiiggetleniil
a program hasznos segédeszkoze lehet a tovabbi munkanknak.

B) Kutatasi teriiletiink mésik témaja a finitisztikus dimenzié témakore. Ebben a té-
maban varatlanul igen érdekes eredmények sziilettek vildgszerte. A 2000-es évek eleje 6ta
nétt meg ismét az érdeklgdés az algebrak reprezentaciédimenzidja irant. (Ezt a fogalmat
még Auslander vezette be a milt szadzad 70-es éveiben.) Igusa és Todorov megmutattak,
hogy ha egy algebra reprezentaciédimenziéja legfoljebb 3, akkor a finitisztikus dimenzidja
véges. Iyama, szintén a 2000-es évek elején, bebizonyitotta (folhasznalva a kvazioroklds
algebrak fogalmat), hogy tetszéleges véges dimenzios algebra reprezentéciddimenzidja vé-
ges, és sokaig nem volt ismeretes olyan példa, melynek a reprezenticiédimenziéja nagyobb
3-nal. Sajnos, Rouquier 2004-ben mutatott példat olyan algebrara, amelynek a reprezen-
taciodimenzidja nagyobb, mint 3, s a konstrukciot Oppermann kés6b altalanositotta. 2008
tavaszan jelent meg Zhang és Zhang cikke, melyben megmutattak, hogy amennyiben egy
A algebra reprezentacidodimenzidja legfoljebb 3, akkor minden olyan algebra finitisztikus
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dimenzidja is véges, amely el6all mint egy A f6l6tti projektiv modulus endomorfizmus-
lagebraja. Kozismert, hogy minden véges dimenzidés algebra beagyazhaté ilyen médon
egy kvaziorokl6ds algebraba, tehat folmeriilt kérdésként, hogy a kvaziorokléds algebrak
reprezentaciddimenzidjarol mit lehet mondani. 2008 nyaran kanadai tartézkodasunk idején
Dlabbal kozosen észrevettiik, hogy az az eljaras mellyel Opperman konstruélt akdrmekkora
reprezentaciodimenziéji algebrakat, ilyen tipusa kvaziorokléds algebrékat is szolgaltat. A
finitisztikus dimenzi6val kapcsolatos sejtés altalanos bizonyitdsa tehat nem oldhaté meg
egyszertien, a Zhang—Zhang-cikk kozvetlen félhasznalasaval. Viszont azt sejtjiik, hogy
azoknak a kvazioroklgds algebriaknak, melyeknek a A- és V-tipusa véges, a reprezenticio-
dimenziéja valéban 3, s ezaltal sok 1j algebrarol lehet igazolni, hogy a finitisztikus dimen-
zioja véges. Az allitas igazolasara (részben a programunk segiségével) kiszamolt sok-sok
példa alatamasztani latszik a sejtésiinket. A kiegészit§ 1épéshez azt préobaltuk igazolni,
hogy minden kvaziorokl6ds algebra bedgyazhatd egy fenti tipusiiba; ez a probalkozasunk
egyelére akadélyokba iitkozott.

C) Kozvetlen és megfoghaté célunk a finitisztikus dimenzié végességének bizonyitasa
CPS-rétegezett algebrakra. A [3]-as cikkben szerepld rétegezs részkategoriak segitségével
sikeriilt a kérdést dtfogalmaznunk és allitdsok hierarchidjat folallitanunk a kérdéskorben.
Az eszko6zok ilyen jellegli hasznalata azonban meglehetésen 1j; dont6 eredmény nem szii-
letett a témakorben.



APPROXIMATIONS OF ALGEBRAS
BY STANDARDLY STRATIFIED ALGEBRAS

ISTVAN AGOSTON', VLASTIMIL DLAB? AND ERZSEBET LUKACS!

ABSTRACT. The paper has its origin in an attempt to answer the following question:
Given an arbitrary finite dimensional associative K-algebra A, does there exist a quasi-
hereditary algebra B such that the subcategories of all A-modules and all B-modules,
filtered by the corresponding standard modules are equivalent. Such an algebra will
be called a quasi-hereditary approximation of A. The question is answered in the
appropriate language of standardly stratified algebras: For any K-algebra A, there
is a uniquely defined basic algebra B = X(A) such that Bp is A-filtered and the
subcategories F(A4) and F(Apg) of all A-filtered modules are equivalent; similarly
there is a uniquely defined basic algebra C = Q(A) such that C¢ is A-filtered and
the subcategories F(A4) and F(A¢) of all A-filtered modules are equivalent. These
subcategories play a fundamental role in the theory of stratified algebras. Since, in
general, it is difficult to localize these subcategories in the category of all A-modules,
the construction of £(A) and Q(A) often helps to describe them explicitly. By applying
consecutively the operators ¥ and €2 for an algebra, we get a sequence of standardly
stratified algebras which, after a finite number of steps, stabilizes in a properly stratified
algebra. Thus, all standardly stratified algebras are partitioned into (generally infinite)
trees, indexed by properly stratified algebras (as their roots).

1. Introduction

Let (A,e) be a finite dimensional K-algebra with a (linearly) ordered com-
plete set e = (e1,...,e,) of primitive orthogonal idempotents. Let Ay =
(A(1),A(2),...,A(n)) and Aa = (A(1),A(2),...,A(n)) be the respective se-
quences of (right) standard and properly standard A-modules. Hence, we have
the well-defined (full) subcategories F(A4) and F(Aa) of all Ax-filtered and
Aa-filtered A-modules, of the category mod-A of all finite dimensional (right) A-
modules, respectively.

The concept of standardly stratified algebra (i.e. of A- and of A-filtered al-
gebra) has its origin in the concept of a quasi-hereditary algebra introduced by
Cline—Parshall-Scott [CPS] in order to deal with highest weight categories as they
arise in the representation theory of semisimple complex Lie algebras and algebraic
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2 AGOSTON, DLAB AND LUKACS

groups. The subcategories F(A4) and F(A4) of mod-A of all A- and A-filtered
modules of such algebras play a fundamental role in the theory.

In [DR] Dlab and Ringel established a simple characterization of the category
F(Ay) of a quasi-hereditary algebra in terms of a “standardizable” set of an abelian
K-category. Their method, consisting of presenting the quasi-hereditary algebra as
the endomorphism algebra of the direct sum of the relevant indecomposable Ext-
projective objects, has been reformulated and applied in a number of papers (e.g.
[ES], [MMS1], [MMS2]).

Note that one of the corollaries of their result is the following statement: Given
an arbitrary algebra whose standard and proper standard modules coincide, there
is a unique basic quasi-hereditary algebra A, such that F(Aa) and F(Aa,) are
equivalent via an exact functor.

Here and throughout the paper we shall assume that the equivalence functors
between F(Ay4) and F(Ap) are exact, meaning that sequences of Delta-filtered
modules which are short exact in mod-A or mod-B are mapped into short exact
sequences in the other module category.

In the present paper we are going to use this method to extend this result to
standardly stratified algebras (Theorem 2.2 and 2.3) and to investigate two equiva-

lences ~ and 2 in the class of all algebras (A, e): we shall say that (4, e) L (A')¢e)

ifand only if F(A4) = F(A4/) and (A, e) L (A’;e') if and only if F(Aa) ~ F(Aar),
the equivalence in both cases being induced by an exact functor. The respective
equivalence classes are, up to fully described exceptions, infinite (cf. Theorem 3.3.

and 3.5). The main point is the fact that every é—equivalence class is represented

by a unique basic A-filtered algebra and every f%—equivalence class by a unique
basic A-filtered algebra (cf. Theorem 2.2 and Theorem 2.3).

This process allows us to define two operators ¥ and 2 on the class of all
algebras (A,e) with a given ordering on the simple types. The range of these
operators will be the union of the class A(A) of all basic A-filtered algebras and
the class A(A) of all basic A-filtered algebras. Recall that for a basic algebra
(A,e) € A(A) means that the regular representation A4 belongs to F(A4) and
(A,e) € A(A) means that Ay € F(A). Thus the class A(A)NA(A) consists of all
properly stratified algebras in the sense of [D2].

We define ¥(A) as the unique algebra such that 3(A) € A(A) and A L S(A).

Similarly we define Q(A) by Q(A4) € A(A) and A S Q(A). Note that ¥ acts as the
identity operator on A(A) while € acts as the identity operator on A(A). We shall
investigate the action of the operators ¥ and €2, mostly on A(A)UA(A).

In particular, we shall show that for every algebra A with n (non-isomorphic)

simple modules

Q)" 7H(A4) = Z(Qx)"H(4)
(see Theorem 4.1). Defining a partial order < on A(A)U.A(A) by taking A’ < A if
and only if A’ can be obtained from A by successive applications of the operators

¥ and Q, the class A(A)UA(A) becomes a (disjoint) union of rooted trees whose
roots are in one-to-one correspondence with the properly stratified algebras. In
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other words, the orbits of the action of the semigroup generated by the operators
Y and € carry a natural tree structure and they are indexed by properly stratified
algebras.

The results of this paper were reported at the conference ICTAMI 2005 in Alba
Tulia by I. Agoston on Sept. 16, 2005 and at the Representation theory seminar of
University of Bielefeld by V. Dlab on September 26, 2005.

2. A and A equivalence of algebras

Throughout the paper we shall assume that A is a finite dimensional basic
algebra over a field K. We shall fix in A a complete set of primitive orthogonal
idempotents: e = (eq,...,e,) such that 1 = e; +- - - +e,, together with its ordering
inherited from the natural ordering of the index set. The indecomposable projective
(right) modules will be denoted by P(i) ~ e; A, and the corresponding simple tops
by S(i) = P(i)/rad P(i), while the standard modules (with respect to the given
order) are A(i) = e¢;A/e;A(eip1 + - -+ + en) A and the proper standard modules are
A(i) = eiA/ei rad A(e; + - -+ e,)A for 1 <i < n. Thus the standard module A(%)
is the largest quotient of P(4) such that the composition multipicity [A(4) : S(5)] is

0 for j > 4, while A(¢) is the largest quotient of A(4) such that [A(7) : S(7)] = 1.

Recall that in some of the earlier papers (A4, e) is said to be standardly stratified
if the right regular module A, belongs to F(A4) while in others it is said to be
standardly stratified if A4 € F(Aa). Let us reiterate that F(A4) (or F(A4))
is the full subcategory of mod-A consisting of modules X with a filtration X =
Xo 2 X1 2... 2 Xy O Xyp1 = 0 such that for every 0 < j < /£ the quotient
X;/Xj41 ~ A®) (or Xj/X;11 ~ A(i)) for some 1 < i < n. By a result of [D1]
As € F(Aa) if and only if AFL, € F(Agore). In this spirit, in order to streamline
our formulations, we shall use throughout the paper the terminology of A-filtered
algebras (i.e. when Aa € F(A4)) and A-filtered algebras (i.e. when Ax € F(A4)).
Those algebras that are either A-filtered or A-filtered will be then called standardly
stratified. We believe that this terminology is more appropriate and hope that it
will be generally accepted.

The algebra (A, e) is quasi-hereditary if and only if it is A-filtered and A(i) =
A(i) for all 1 < i < n. Note that quasi-hereditary algebras are those A-filtered
algebras which have finite global dimension. For elementary properties of standard
modules, quasi-hereditary algebras and standardly stratified algebras we refer to
[DR], [ADL] and [CPS].

Theorem 2 of [DR] provides a full characterization of the category F(A4) for a
quasi-hereditary algebra A by listing some characterizing homological properties of
the standard modules. This characterization also leads to an explicit construction:
given a subcategory C of modules satisfying these requirements we can construct a
unique quasi-hereditary algebra (A, e) such that its F(A,4) is equivalent to C.

It turns out that by making several adjustments and by taking care of some
technicalities, we can establish a similar characterization in the case of standardly
stratified algebras (see Proposition 2.1). In fact, such a generalization can be found
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also in the paper [ES] (although with slightly different emphasis and not explic-
itly referring to the corresponding ’standardization theorem’ of [DR]). As a conse-
quence, given an algebra A, there is a uniquely defined representative in the class
of all basic A-filtered algebras B whose categories F(Ap) are equivalent to F(A4)
(Theorem 2.2). In a similar spirit, we can establish the existence of a uniquely de-
fined representative in the class of all basic A-filtered algebras C' whose categories
F(Ac¢) are equivalent to F(A4) for a given algebra A (Theorem 2.3).

Let us recall here the above mentioned characterization of the category F(A)
over a quasi-hereditary algebra (cf. Theorem 2 of [DR]). Given a subcategory C of a
module category mod-A, this subcategory C is equivalent to F(Ap) for some quasi-
hereditary algebra (B, e) if and only if C = F(O), for a finite set of indecomposable
objects © = {O(i) € C|1 < i < n} satisfying the following conditions:

(1) Homx(6(i),0(j)) =0for 1 < j<i<m;

(2) Ext4(0(i),0(j)) =0for 1 < j <i<n;

(3) Ext}(0(i),0(i)) =0 for 1 <i < n;

(4) Homyu(©(4),©(7)) is a division algebra for 1 < i < n.

Note that the indecomposability of the objects in © actually follows from condition
(4). However we prefer assuming indecomposability in our formulation since for
characterizing A-filtered modules of A-filtered algebras we just omit the condition
(4). In [DR] the elements of © are called standardizable objects of C. Let us note
here that standardizable objects may be identified within the category as the only
objects which do not admit a non-trivial filtration within this category.

It is a well-known fact that standard modules over a quasi-hereditary alge-
bra satisfy these conitions. To prove the sufficiency of these conditions one can
show first that there are enough Ext-projective objects in the category C. In fact,
there are precisely n indecomposable (non-isomorphic) Ext-projective modules. De-
noting by M their direct sum, B = End 4 (M) is basic quasi-hereditary algebra and
Hom 4 (M, —) defines a categorical equivalence between C = F(©) and F(Ap). (Let
us point out that the endomorphisms of right A-modules will be written from the
left.) Since for a quasi-hereditary algebra F(A) contains the projective modules
(and they can be identified as the Ext-projective objects of the category), the al-
gebra itself is uniquely determined by F(A) as the endomorphism algebra of the
direct sum of the indecomposable Ext-projective objects. (Note that in [ES], using a
dual approach and dealing with Ext-injective objects instead of Ext-projectives such
systems, consisting of standardizable objects and the indecomposable Ext-injectives
were called stratifying systems.)

The differences between quasi-hereditary algebras and A-filtered algebras stem
from the fact that standard modules of A-filtered algebras are not necessarily
Schurian, i.e. condition (4) above is not, in general, satisifed. If we retain the
remaining conditions, we get a characterization of F(A 4) for A-filtered algebras.

PROPOSITION 2.1. Let C be a full subcategory of mod-A of an arbitrary finite di-
mensional algebra. Then C is equivalent to F(Ap) of a A-filtered algebra (B, e)
via an exact functor if and only if C = F(©) for a finite set of indecomposable
objects © = {0O(i) € C|1 <i < n} satisfying the conditions (1), (2) and (3) above.
Moreover, the algebra B is unique up to Morita equivalence.
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Proof. For the proof, we refer to Theorem 2 of [DR]. The only major difference is
that in the recursive construction of the Ext-projective objects Pg(i), the resulting
module does not have to be indecomposable, but it will have a unique indecom-
posable direct summand containing O(¢) in its top. Note that, in general, the
Ext-projective modules will not be local. (See Example 2.9 at the end of this sec-
tion). O

It is easy to see that the set of standard modules of any algebra A satisfies the
above conditions (1)-(3). Thus an immediate consequence of Proposition 2.1 is the
following theorem.

THEOREM 2.2. Let (A,e) be a finite dimensional algebra. Then there exists a
unique basic A-filtered algebra (B,f) such that the categories F(A4) and F(Ap)
are equivalent via an exact functor. In this case the number of isomorphism types
of simple A-modules and simple B-modules is the same.

Unlike standard modules, proper standard modules are Schurian. Thus, they
satisfy the condition (4). On the other hand, in general, proper standard modules
have self-extensions, i.e. they fail to satisfy (3). However, we can formulate a
statement parallel to Theorem 2.2.

THEOREM 2.3. Let (A,e) be a finite dimensional algebra. Then there exists a
unique basic A-filtered algebra (C,g) such that the categories F(Aa) and F(Ac)
are equivalent via an exact functor. In this case the number of isomorphism types
of simple A-modules and simple C'-modules is the same.

Proof. Let us follow the line of proof of Theorem 2 in [DR], by constructing enough

Ext-projective objects in F(A4), namely n indecomposable modules N (i), 1 <i <

n, such that:

(i) N(i) € F(A@), A +1),...,A(n));

(i7) there exists an epimorphism N (i) — A(i) and

(#ii) N(i) is Ext-projective in F(A4), i.e. Exty(N(i),A(f)) =0forall 1 < ¢ < n.
The modules N (i) will be defined recursively, step by step, constructing a

sequence of A-modules Q(i,7), i < j < n, such that each Q(¢,J) satisfies the

following conditions:

(1) Q(i,4) € F(AG@), Ali+1),... A());
(#7)" there exists an epimorphism Q(7,7) — A(%);
(#31)" Ext4(Q(i,4), A(£)) =0 for 1 < £ < j.
Obviously, N(i) = Q(i,n) will then satisfy the conditions (i), (i) and (i4).

Let us start the construction by defining Q(i,4) to be the maximal quotient
of A(i) belonging to F(A(i)). Due to the fact that Ext(A(i), A(¢)) = 0 for all
¢ < i, only the condition Ext!(Q(i,1), A(i)) = 0 requires a proof. Applying, for
1< ¢ <i—1, the functor Hom(—, S(¢)) to the exact sequence

0— 27— A®) — Q(i,i) = 0 (2.3.1)
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we see that Hom 4 (Z, S(¢))=0 and thus, due to the maximality of Q(i,%), we get that
Hom(Z, A(i))) = 0. Consequently, applying Hom s (—, A(7)) to (2.3.1), we conclude
that Ext!(Q(i,1), A(i)) = 0, as required.

Proceeding by induction, assume that Q (4, j — 1)for some i < j < n has already
been constructed. For convenience we write Q(i,j — 1) = @ and consider the
universal extension U; of Q by A(j):

OﬂXligBA(j)HU1HQHO. (2.3.2)

Here d; = dimp, Ext!(Q, A(j)), where D; = End4(A(j)). (The universality of the
extension means that the pushout sequences along the projection maps X; — A(j)
form a basis for Ext’ (Q, A(4)).) Clearly, in addition to the conditions (i)’ and (ii)’,
U, satisfies, by recursion, Ext (U, A(f)) = 0 for all 1 < ¢ < j — 1. In general,
however, Extl (U1, A(j)) # 0; denote its Dj-dimension by dy and construct the
universal extension Uy of A(j) by Us:

O—>X2=@A(j)—>U2—>U1—>O
do

This sequence yields the following derived exact sequence:
0—>Xs—Us—Q—0,

where X5 € F(A(j)) is an extension of Xo by X;. If Exty(Us, A(j)) # 0, we
continue this process. In t steps we get — again by means of constructing the
universal extensions

0—-X;,—-U —-U;_1—0 (2.3.3)

of A(j) by Us_1 — the corrseponding sequence:
0—-X:—U —Q—0.

Note that, in each step of this procedure, we have the following commutative dia-
gram:

0 0 0
! 0 1
o —- X — Xy —- Xy 1 — 0
| | l
o — X - U — U_-1 — 0 (2.3.4)
! ! !
0o - Q@ = Q@ —= 0
! !
0 0

Here, by recursion (i), (i)’ and Ext’ (U, A(¢)) = 0 hold for 1 < £ < j —1.

We are going to show that after a finite number of steps, the process of con-
structing the universal extensions will stabilize, i.e. that Ext}(Us,, A(j)) = 0 for
some tg.
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Indeed, we can show by induction that Hom (X, A(j)) =~ Ext}y (Q, A(j)). The
statement clearly holds for X; = X; by the universality of the extension (2.3.2).
For arbitrary ¢+ > 1 we can apply the functor Hom4(—, A(j)) to the diagram in
(2.3.4) to get the following commutative diagram with exact rows and columns:

T

0— Hom(YtT_l, A®j) = Hom(YTt, A7) — Hom(X”t, AG)) S Extl(YtT—l, A7)
)

0 — Hom(U;_1, A(§)) — Hom(Up, A(§)) — Hom(Xy, A(j)) = Ext'(Us_1, A(j))

T
Extl(CT),A(j))

Hom(X;_1, A(5))
T

Here 7 is an isomorphism since (2.3.3) is a universal extension, furthermore ¢ is
an isomorphism by induction. Thus we get that J is injective and so is 3. This
implies that « is an isomorphism which, in view of the induction hypothesis, yields
the statement.

Observe that the isomorphism Hom 4 (X, A(j)) ~ Ext! (Q, A(j)) implies that
Hom 4 (X¢, A(5)) =~ Hom (X1, A(5)) for each t. Note also that X, is an extension
of a module in F(A(j)) by X1 = Sa A(j). Hence, the previous isomorphism implies

1

that X, is a homomorphic image of @4, A(j), and thus its dimension is bounded.
Since dim X; < dim X5 < ... < dim X; we get that the sequence of the universal
extensions must, after a finite number of steps, stabilize, i.e. Exth (Uy,, A(j)) =0
for some tg. We set Q(i,5) = U,.

Thus, using this recursion we have constructed the Ext-projective objects N (4)
in F(Aa). To show that the modules N(i) are indecomposable, we need the fol-

lowing lemma.

LEMMA 2.4. F(A4) is closed under taking direct summands.

Proof. Let M be an element of F(A4), and suppose that M = U@ V. Since
Exta(Aa(n),Aa(i)) = 0 for i # n, Me,A = Ue,A® Ve, A € F(Aa(n)) and
M/Me,A ~ UJUe, A®V/Ve, A € F(Aa(1),...,Aa(n —1)). So it suffices to
prove the statement for Me,A € F(Aa(n)), and apply induction on the factor
module. For simplicity assume that M = Me, A. Then, M € F(Aa(n)) implies
that 0 # Homa (M, Aa(n)) = Homa (U, Aa(n))®Homa(V,Aa(n)) so one of the
summands, say, Hom 4 (U, A 4(n)) is nontrivial. But the top of U, and thus the top
of any nonzero homomorphic image of U is filtered by S(n), so a nonzero homomor-
phism from U to Aa(n) must be an epimorphism. This means that M/(U; & V) is
isomorphic to A(n) for some Uy < U, and thus U; @V is Aa(n)-filtered because
F(Aa(n)) is closed under kernels of epimorphisms (cf. [ADL]). Recursively we can
prove that both U and V are A 4(n)-filtered. |
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Now we can prove the indecomposability of N (i), by showing that in the re-
cursive construction of N(i), every module Q(7,j) is indecomposable. The initial
module Q(7,7) is a quotient of the local module A(7), hence it is indecomposable.
Suppose now that Q(7,j —1) is indecomposable for some i < j < n. We constructed
Q(i,7) as an extension of a A 4(j)-filtered module X by Q(i,5 — 1):

and we also know that in the long exact sequence

- — Homa(Q(i. j), Aa(j)) 2> Homa (X, Aa(j)) > Exty(Q(i,j — 1), Au(j)) — ---

the morphism « is an isomorphism. Thus g = 0.

Now suppose that Q(i,7) = U @V is a proper decomposition of Q(z,j). Since
X =Q(,j)e;A =UejA® Ve, A, we have Q(i,j — 1) ~ U/UejA®V/Ve;A. The
indecomposability of Q(i,j — 1) implies that one of the components in the latter
decomposition is 0. We may assume that U C X. The previous lemma implies that
U is Aa(j)-filtered. But then an epimorphism from U to A4(j) gives a homomor-
phism in Homa(Q(4,5), Aa(j)), which has a nonzero restriction to X. This is a
contradiction, since g = 0.

This proves that each Q(,7) and thus each N (i) must be indecomposable for
1<1<n.

Put N = _%IN(i) and C' = End4(N).

To show that C' is a basic A-filtered algebra and that the functor Hom 4 (N, —)
induces an equivalence between F(A4) and F(Ac¢) we can follow almost word by
word the rest of the proof of Theorem 2 in [DR]. This task is left to the reader. O

In view of Theorems 2.2 and 2.3, we can introduce the following definitions.

DEFINITION 2.5. (1) The algebras (A, e) and (B, f) are called A-equivalent if the
respective full subcategories F(A4) C mod-A and F(Ap) C mod-B are equivalent
via an exact functor; in this case we write (A, e) S (B,f) or simply A 2 B.

(2) The algebras (4,e) and (B, f) are called A-equivalent if the respective full
subcategories F(A4) € mod-A and F(Ap) C mod-B are equivalent via an exact

functor; in this case we write (4,e) & (B, f) or simply A & B.

In this way we get two equivalence relations on the class of all algebras (or
rather, on Morita equivalence classes of algebras).

DEFINITION 2.6. For an arbitrary algebra (A, e) we define ¥(A) to be the unique
algebra satisfying:
(1) (X(A),f) is A-filtered and basic;
(i) AR X(A).
Similarly we define 2(A) to be the unique algebra satisfying:
()" (2(A),f) is A-filtered and basic;

(i) A2 Q(A).
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Thus, A £ Bif and only if ¥(A) ~ X(B) with the isomorphism preserving the

corresponding orderings. In a similar fashion, A £ B if and only if Q(A) ~ Q(B).
The explicit construction in the proof of Proposition 2.1 and Theorem 2.3 gives
us a bound on the dimension of these algebras:

PROPOSITION 2.7. There exist functions f : N — N and g : N — N such that for
any algebra A we have:

dimX(A) < f(dim A) and dim Q(A) < g(dim A).

Proof. We will not make any attempt to give an optimal bound: our estimate will
be very rough and in most cases far from the best possible bound.

Since X(A) and Q(A) can be obtained as the endomorphism algebras of the
direct sum of indecomposable Ext-projective modules in F(A) and F(A), respec-
tively, it is enough to show that there is an upper bound on the dimension of these
indecomposable Ext-projective modules, since their number is n, the number of
isomorphism types of simple A-modules, and this is not greater than dim A = d.

First we show that for modules of bounded dimension the dimension of their
first extension group is also bounded. Let us take two A-modules, X and Y with
their dimensions bounded by x and y, respectively. If 0 — Q1 (X) - Pp — X — 0
is a projective cover of X, then dimQ;(X) < dim Py < dimA - dimX < dx.
The long exact sequence --- — Hom4(Q;(X),Y) — Ext}(X,Y) — 0 yields that
dim Ext! (X,Y) < dim Hom 4 (Q(X),Y) < dzy.

Thus if Z is the universal extension of X with Y, i.e. we have 0 — Y* — Z —
X — 0 with k& = dim Ext (X,Y), then dim Z < z + ky < x + dzy? = 2(1 + dy?).

We can apply this estimate to the recursive construction of the indecomposable
Ext-projective modules Ma (i) in F(A4), to their direct sum M and to £(A) =
End 4 (M). We use the bound dim(A(i)) < d to get:

dim Ma (i) < d(1+d*)"" < d(1+ d*)"
dim M < nd(1 4 d*)"
dim ¥(A) < n?d*(1+ d*)*"

Since the number of simple module types n is cleary not more than d, we get the
desired function f.
In the recursive construction of the indecomposble Ext-projective modules

N3 (i) in F(A4) we have seen that when one of the intermediate modules X is

extended by a module filtered by A(j)-s then the latter module is the homomorphic
image of the direct sum of k copies of A(j)-s where k = dim Ext’ (X, A(j). Hence
we get the earlier recursive estimate for the dimension of the indecomposable Ext-
projective objects: dim Nz (i) < d(1 + d®)™. Thus we also get the same estimate
for dim Q(A) as for dim ¥(A), namely: dim Q(A4) < n2d?(1 + d*)?". This gives the
function g. O

At the end of this section, let us give some examples for these constructions.
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ExAMPLE 2.8. Let us consider the algebra A = KQ4/I4 whose quiver Q4 and
right regular representation are as follows:

N 2
Qa: 10?02; Ia=(ap); AAzé@é'

Then the direct sum M of the indecomposable Ext-projective objects in F(A ) is:

MA =10 % ;
2
hence ¥(A) = Enda(M) = KQxa)/Ixa) is given by:
Qsa)y: 10 2 'O a Isa) = (@®) ;
sZ(A) =183 ; S(A)pay =13 .

On the other hand, for the Ext-projective object N in F(A4) we get
Na=1®2;
hence Q(A) = Enda(N) = KQqa) is given by:

QQ(A): 1 0<—e 2 ¢ Q(A)Q(A) = % D 2 Q(A)Q(A) =1 % .

ExXAMPLE 2.9. Let us take the algebra A = KQa/I4 whose quiver Q4 and right

regular representation are as follows:
1

X )

1 2
O >© C Li=(R05.aBA0 B0l Aa=3030 7%
2 Y

Then the direct sum M of the indecomposable Ext-projective objects in F(A4) is:

W

13 2 3 3
Ma= \/\ & \/\ & /\
31 3 1 3 1
and its endomorphism ring ¥(A) = Enda(M) = KQxa)/Ixa) is given by:
B1,82 e

QRz(a): ; Iy = (Brcv, Bac — (v, BacBr, BarBa, Baa();

1 2 5
3 3 /N
N(A)s) = 1/9\2 ® 1/9\2 G112
\/ \/ \
3 3
The Ext-projective object N in F(A) is given by
2
Na=16& 3 ® 3
and its endomorphism algebra Q(A) = KQq(a) is as follows:

2
Qa(a): o2 QA)g)y =18 3 3
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3. The size of equivalence classes

In this section we will look more closely at the equivalence classes with respect

to the relations ~ and 2.

It may happen that the categories F(A) or F(A) fully determine the algebra,
more precisely the whole module category. For example, when all standard A
modules are simple — note that this fact can be recognized within F(Ay4) since
this means that the standardizable objects are Schurian and there are no non-trivial
homomorphisms between different standardizable objects — then F(A 4) is the full
module category. Thus any algebra A-equivalent to A must be Morita equivalent
to A. A similar situation arises when the proper standard modules are simple.

In the above situations the corresponding 2 or A class has only one (basic)
element. On the other hand the following two examples show that some equivalence
classes are infinite.

ExamMpPLE 3.1. Let Ay for £k > 1 be the algebras whose quiver and right regular
representation are as follows:

1 2
1e | e2 and (Ar)a, = N, @1

with k arrows heading from 1 to 2. Here the Ext-projective module M in F(Ay4)
and its endomorphism algebra ¥(Ay) are given by:

Ma, =107 ; sanZay =3 @25 N(Akn, =187 ;

thus, X(Ag) is independent of k, i.e. it is isomorphic for every algebra Ay. Note
that F(Ay,) = F(Aa,) and F(Axa,)) = F(As(a,)); hence, Q(Ar) = S(A).

EXAMPLE 3.2. Let us now consider the algebras By for k£ > 1 whose quivers and
right regular representation are as follows:

—
: 2\
: 1

—

1e<——e 2 and B = N @& 111 ;

: (Br) 5, 2722 N/
: 2

b —

here, there are k arrows aq, ..., ax from 1 to 2 and k+1 arrows (g, . .., O from 2 to

1 satisfying the following relations: o8, = 0 for any 1 < j <k and 0 </ <k and
Bia; = 0 for 7 # j and By = By for any 1 < 4,5 < k. Then an easy calculation
shows that Ap, (1) and Ap, (2) are Ext-projective in F(Ap,). By taking for M
their direct sum, the algebra X(By) = Endp, (M) does not depend on k and it can
be described by the regular representations

2BoE(Br) =5 © 3 ; S(Br)spy = 1@ 4% -
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It turns out that these two extreme cases exhaust all possibilities: apart from
one element classes, the equivalence classes are always infinite.

THEOREM 3.3. Let (A,e) be an arbitrary algebra. Then the number of Morita
equivalence classes of algebras which are A-equivalent to A is:

(1) one if all standard modules A(i) for 2 < i < n are simple;

(#i) infinite otherwise.

Proof. The fact that a standard module A(%) is simple is clearly invariant under
A-equivalence: it means that Hom 4 (A(5), A(é)) = 0 for j # ¢ and A(%) is Schurian.
Furthermore, if all standard modules A 4(i) are simple for 2 < i < n then the
algebra A must be A-filtered. Since every A-equivalence class contains a unique
basic A-filtered algebra, we are done with case (7).

We have to show now that if at least one of the standard modules A(7) for
1 > 2 is not simple then there are infinitely many non-isomorphic basic algebras
which are A-equivalent to A.

To this end let us first formulate a technical lemma, giving a general framework
for the construction of these algebras.

LEMMA 3.4. Let U be an (A, A)-bimodule, ® = Homa(Ua, Aa) and X = Tra(Ua)
the trace of Uy in Aa (i.e. X =Y {Imp|lo e ®}). Thus ® and X also carry a
natural (A, A)-bimodule structure. Assume that XU = UX = 0. Then the (A, A)-

bimodule 3
A=A Usd?

can be given an associative algebra structure as follows: multiplication by elements
of A is given by the (A, A)-bimodule structure; U® = UU = ¢ = 0; finally
v-u=@(u) for p € ® and uw € U. Furthermore U is a right ideal of A such that

End(A/U) ; ~ A.

Proof. First, the assumption XU = UX = 0 implies that XX = 0 and &X =
X® = 0. Using these relations, it is easy to verify that the multiplication

(a,u, ) - (a,u',¢") = (aa’ + (u'), v’ + ua’, a¢ + pa’)

is associative.
Clearly, since (0,u,0)(a’,u’,¢") = (0,ua’,0), U is a right ideal of A.
Moreover, every endomorphism of the (right) A-module A/U is induced by left
multiplication by an element (ag,ug, po) of A such that (ag,uo,o)U C U. As a
consequence, in view of (ag, o, ¢0)(0,u,0) = (wo(u), apu,0) for all u € U, we have
o = 0. But then, modulo U,

(a03 Ug, 0) (av 07 90) = (a()a, Upa, ao‘P) ~ (a()a, 07 (Z()QD) = (a03 Oa 0) (a7 07 90)
Thus, End ;(A/U) ~ A.



APPROXIMATIONS OF ALGEBRAS 13

Returning to the proof of Theorem 3.3, we define the (A, A)-bimodule U =
®S°(1) @k e;Afe;irad A(er + ...+ ¢€;) A (here ©5°(1) is the direct sum of any finite
number of copies of the left A-module S°(1)). Define A as in Lemma 3.4. We are
going to prove that 3(A) = A.

Note that the conditions that A(%) is not simple but A(j) is simple for all j > 4
imply that e;rad A(e; + ... +¢;) # 0 and e; rad Ae,, =0 for all j > i and k < j.

First we verify that the relations in the construction of A in Lemma 3.4 are
satisfied, i.e. that X := Tr4(U) C rad A and, as a consequence, XU = UX = 0.
Indeed, the definition of U yields U = Ue; A and Urad A(e; +...+¢;) = 0,80 X =
Xe;A and Xrad A(e1 +...+¢€;) =0. Now for j # i, ;X =e;Xe;A Ce;rad A. To
prove that e; X is also in rad A, we first observe that e; X rad A(e;+...4+¢;) = 0; but
eirad A(e;+...+e;) #0,s0 e; ¢ ¢;X. Thus e; X is a proper submodule of the local
module e; A, hence ;X C e;rad A. This finishes the proof of the first statement.
The rest follows from XU C (rad A)U =0 and UX = UXe; A C U(rad A)e; A = 0.

Second, let us show that A/U is A-filtered. Observe that the condition that
A(j) are simple for j > ¢ means that e;jrad Aey, = 0 for j > i and k£ < j, and
that this property is inherited by the algebra A: (ei41+ ...+ en)U = 0 and
(eix1+...+en)PU = (ejy1+ ...+ €,)PUe;AC (ej41+ ...+ €,)Ae; A = 0 implies
(ei41+ ...+ €,)® =0, and thus e; rad Aej, C ejrad Aey =0 for j > 7 and k < j.

It is easy to check that A/A(e;41+...+eyn)A is isomorphic to the algebra that
we obtain by the same construction from A/A(e;+1 + ...+ e,)A. So it is sufficient
to prove that A/U is A-filtered in the case when i = n.

In this case, since A is A-filtered, Ae, A is A(n)-filtered, i.e. Ae, A ~ @ e, A.
The ismorphism naturally induces an isomorphism from Ae, ® = Hom(U 4, Ae,, A4)
to the direct sum of copies of e, ® = Hom(Uy, e, A4) as right A-modules. On the
other hand, Ae,A/U = (Ae, A + Ae,® + Ue,A)/U = (Ae, A + Ae,®)/U, while
enA = en A+ e, ®, so this proves that flenA/U is A-filtered . To finish the proof we
only need to observe that A/U—I—Aenfi = fl/flenfl >~ A/Aen A, since U+® C Ae, A,
and this shows that the A(j)’s of A for j < n are the same as those of A and A/U
is A-filtered.

Finally, we show that A /U is the direct sum of indecomposable Ext-projectives
in the category of A-filtered right A-modules:

Since A/U is the direct sum of local modules with tops S(1),...,S(n), the
only thing left to prove is that Ext'(A/U, A ;(j)) = 0 for all j. If we apply the
Hom(—, A 5(j)) functor on the short exact sequence 0 - U — A — A/U — 0, then
we see that Ext'(A/U, A;(j)) = 0 if and only if the morphism Hom(A, A ;(j)) —
Hom(U, A 5(j)) is surjective. This condition is easily satisfied for j # i because
in that case U = Ue;A (and the simplicity of A ;(j) for j > ) implies that
Hom(U,A ;(j)) = 0.

In the case when j = i, we can assume again that ¢ = n. Under this condition
Aji(n) = enA = e A+ e,®, and ® = dey, while Ue; = 0, so Hom(U, A 4(n)) =
Hom(U,e,A) = e,®. Let ¢ € Hom(U, e, A), and define a € Hom(A, e, A) with
a(a) = pa. Since pA C e, ®A C e, A, we get that @ € Hom(A4, A ;(n)), and
alu) = pu = @(u), so « is an extension of ¢. This proves that the morphism
Hom(A, A 5(n)) — Hom(U, A ;(n)) is surjective, thus implying that A/U is an

Ext-projective module in the construction of ¥(A). Now, applying Lemma 3.4, this

shows that 3(A) = A.
O
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Let us now formulate the parallel statement for A-equivalence.

THEOREM 3.5. Let (A,e) be an arbitrary algebra. Then the number of Morita
equivalence classes of algebras which are A-equivalent to A is
(i) one if all standard modules A(i) for 2 <i < n are simple;

(i1) infinite otherwise.

Proof. The proof of case (i) is similar to that of the corresponding case of
Theorem 3.3.

To prove case (ii), we could slightly modify the construction in the proof of
Theorem 3.3. For later use, however, we shall give now a different construction
showing that if at least one of the modules A(i) for i > 2 is non-simple then there
are infinitely many algebras in the A-equivalence class of A. (Recall that A(1) is
always a simple module.)

Thus, let i be such that A(7) is not simple and A(j) is simple for all j > 4. Let
us define the following (A, A)-bimodule: L = Ae; @ S(i). Finally let A be defined
as the trivial extension of A by L, i.e.

A:LxA:{(S i)‘aeA, eeL}.

(Note that for path algebras this means adding one extra loop « at vertex i and
an additional defining relation o> = 0.) We want to show that A and A are
A-equivalent. Then, repeating the construction we can get infinitely many non-
isomorphic basic algebras which are all A-equivalent to A.

Note that there is a natural action of A on all A-modules and the modules
S(i) for 1 < ¢ < n give a natural set of representatives of all simple A-modules.
Furthermore, L is an ideal in A contained in rad A, isomorphic as a right A-module
to a direct sum of simple modules of type S(i). This implies that for each indecom-

posable projective A-module P;(j), we get an exact sequence of A-modules
0 — K(j) = Pz(j) — Pa(j) — 0,

where P4(j) is the corresponding indecomposable projective A-module; moreover,
K(j) = ®S(0). 7 ~

Now, let us observe that the proper standard A-modules A 4(j) are — as A-
modules — isomorphic to the proper standard modules A i) for 1 < j < n.
This holds because the choice (the maximality) of ¢ implies that L has a trivial
intersection with the idecomposable projectives ejfl for j > 4, while for j < i the
kernel of the epimorphism e; A — A ;(j) contains L NejA since L is a direct sum
of S(i)-s, contained in the radical of A.

This also implies that modules in F(A 4) also belong to F(A ;). In particular
the direct sum M of indecomposable Ext-projective modules in F(A 4) belongs to
F(A ;). To show that A(A) and A(A) are isomorphic, it is enough to show that
M remains Ext-projective in F(A ;).
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To this end let us take the projective cover P4(M) of M over A and the
projective cover P;(M) of M over A. Then we get the following diagram of A-
modules:

0 0
1 1
0 - K - K' — 0
] 1 1
0 - K —- PiM) - M — 0
1 1

0 - K —- Ps(M) - M — 0

Here, as mentioned earlier, K’ ~ K” ~ @S5(i), moreover the map K — K must
be surjective. In view of our choice of i, there are no non-zero homomorphisms
S(i) — A(j) for 1 < j < n, and thus Hom ;(K,A(j)) ~ Hom ;(K,A(j)) and
Hom g (Pa(M), A(j)) = Hom (P4(M), A(j)). Since Exth(M, A(j) = 0, the map
Hom 4 (P4 (M), A(j)) — Homu (K, A(j)) is surjective. Using the previous isomor-
phisms we get that Hom 5(P;(M), A(j)) — Hom 5(K, A(j)) is also surjective. This
means that Extlli(M, A(j)) = 0 and shows that M is Ext-projective in F(A ). The
proof is completed. O

Let us observe that from the construction of A it is easy to derive (say, by a
dimension counting argument) that if the original algebra A is A-filtered then so is
A. Thus, we get the following corollary.

COROLLARY 3.6. If a A-equivalence class has more than one element and contains

at least one A-filtered algebra then it contains infinitely many non-isomorphic basic
A-filtered algebras.

4. The orbit graph of the operators ¥ and ()

As before, all algebras in this section will be basic. Let us point out that

the equivalence (A,e) r%(B,f) (or (A,e) r%(B,f)) implies the respective equiva-
lence for the factor algebras fact;(4) = A/A(e;41 + -+ + en)A and fact;(B) =
B/B(fig1+ -+ fa)B for all 1 < i < n. This follows from the fact that in the
equivalence between the categories of A-filtered (or A-filtered) modules over A and
B, the modules filtered by A(j)’s (or A(j)’s) with j < i correspond to each other.
Consequently,

Y(fact;(A)) ~ fact; (X(A4))

and
Q(fact;(A)) ~ fact; (Q2(A)).

THEOREM 4.1. Denote the number of the (non-isomorphic) simple A-modules by
n. Then the algebra (QX)"~1(A) is properly stratified.

For the proof of the theorem we shall need the following lemma:

LEMMA 4.2. Let A be a A-filtered algebra such that the factor algebra fact,_1(A)
is A-filtered. Then Q(A) is properly stratified.
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Proof. Let e, A/e, X be a maximal A-filtered factor of e, A. Then Hom(e, X, A(j))

= 0 is true for all j: for j < n it follows from [A(j) : S(n)] = 0, while for j = n, any
nontrivial homomorphism from e, X to A(n) must be surjective, and thus bijective,
so the existence of such a homomorphism would contradict the maximality of the
factor e, A/e, X.

Now, consider the ideal I = Ae,X of A. Since Ae,A is a direct sum of
the modules A(n) = e,A, the ideal I is a direct sum of the submodules e, X.
Thus Hom(I,A(j)) = 0 for all 1 < j < n. Since Ext'(4,A(j)) = 0, also
Ext'(A/I,A(j)) = 0 for all 1 < j <. Consequently, in view of the fact that A/I is a
direct sum of n A-filtered factors of the projective modules P(j) = e; A, A/I is the
Ext-projective module used in the construction of Q(A), i.e. Q(A) ~ Enda(A4/I) ~
A/l

Since Q(A) must be A-filtered, we only need to prove that A/I is A-filtered.
The assumption of the lemma gives that A/Ae, A is A-filtered, and we saw that
Ae, A/l ~ ®e,Ale,l, so Ae, A is A(n)-filtered. This finishes the proof that Q(A)

is properly stratified. O

Proof of Theorem 4.1. Let us proceed by induction. The statement trivially holds
for n = 1. Assume now that the statement holds for algebras with n — 1 simple
modules. Then (QX)"~%(A/Ae, A) is properly stratified. Thus, denoting X(Q%)"~2
by II, we have H(A/AenA) ~ H(A)/H(A)enH(A) is A-filtered. Furthermore, I1(A)
is A-filtered by definition. Hence, applying the lemma to II(A4), we get QII(A)
(Q%)"~1(A) is properly stratified.

ol

EXAMPLE 4.3. The following example shows that the bound in Theorem 4.1 is
optimal. Let A be the algebra given as A = KQ /14, where Q4 is given by:

1 1,2 2 23 3 Qg4 n—1 QAn—1,n n
2 3 TYn—1 In

and Iy = (72, vivii41 — @iiy1%i+1|2 < i < n —1). Thus the right regular repre-
sentation of A can be described as follows:

1 /7N 3
_3 . "
Ap=3%0 NN e 4 e & 7
. N . .. n
: n /
n 7/ n

2 23 3 g4 n—1 Qn—1,n
) e )
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and Ip = (Bi1ci2aa3 - - - a—1,; | 2 < i < m) with regular decomposition:

1
2
/2\ 1/ \3
1 3 /7N
/7N 1 4 n
1 4 /770N ,
s /7N 2 1 1
2 /1 . 2/ t. 2/
* n
Bp= _* @ 87 vo @ 3
3 1 Y 7
/ 2
2 /
37 /3 n-1
7/
n—l n—1

Here X(Q%)"2(A) is A-filtered but not A-filtered. The last projective (i.e. the last
standard module) is a uniserial module with a composition series of length n+ 1 as
follows: S(n),S(1),S5(2),...,5(n —1),S5(n).

Let us now take the Cayley-graph of this action of the operators ¥ and €,
restricted to the class of all standardly stratified algebras (A,e). Thus, we define
an arrow of type ¥ from A to X (A4) and an arrow of type Q from A to Q(A).

For this graph, as an immediate consequence of Theorem 4.1 we get the fol-
lowing corollary.

COROLLARY 4.4. The family of all basic standardly stratified algebras with n non-
isomorphic simple modules is a disjoint union of oriented trees of algebras, indexed
by properly stratified algebras as their roots. The height of these trees is bounded by
2(n—1).

Note that although Theorem 4.1 is valid for general algebras, we have restricted
our formulation of Corollary 4.4. to standardly stratified algebras, where it seems
to be possible to describe also the proper preimages X ~!(A) and Q7!(A) (i.e. the
preimages not including the algebra itself), of a given algebra. In the family of
all algebras this may be an impossible task. A more detailed description of the
structure of this graph will be presented in a separate paper. Here we conclude our
discussion with two remarks only, illustrating the complexity of the question.

Corollary 3.6 immediately implies that if A is a standardly stratified algebra
then the proper preimage Q~1(A) is either empty or it is infinite. (Note that we have
excluded the algebra A from its proper preimage.) Namely, if Q~1(A) is non-empty
then A is A-filtered and its A-equivalence class contains at least one A-filtered
algebra, not isomorphic to A. Thus by Corollary 3.6 it contains infinitely many
A-filtered elements, hence ’Q_l(A)| = 0.

On the other hand the following example shows that the cardinality of X71(A)
can be equal to any natural number.

EXAMPLE 4.5. The following examples of algebras show that the A-equivalence
classes of algebras can contain an arbitrary finite number of A-filtered algebras.
Let k € N, k > 1 be given and consider the algebras A; j defined for 1 <+¢ < k as
Air = KQa, ,/1a,, with Q4,, having two vertices, one arrow « from 1 to 2 and &
loops at 2, denoted by f31,. .., Bk, subject to the relations 14, , = (BpfBq, afr, | 1 <
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p,q <k, i <r <n). Thus the right regular decomposition of A4; j, can be described

as follows:
1
2 N
(Aik)a,, = RAN RN
— ——
k copies

i—1 copies
Clearly each algebra A;  is A-filtered, moreover A, is a homomorphic image of
Aj for i < j. In this way we can say that the standard modules for A, are
also standard modules for each A; ; and dim Ext}% L(A(1),A(2)) = k for each 1 <
i < k. Hence the universal extension construction of A(2) by A(1) over Ay gives
the Ext-projective module for every algebra A;;, 1 < ¢ < k. This implies that
Y(Ai) @ E(A4j ) for 1 <i,5 <k.

We want to show that there is no other A-filtered algebra A for which %(A)
is isomorphic to X(A4; ). Suppose that A and A;y are A-equivalent and A is
A-filtered. Then it is easy to see that A4(2) must not contain a simple mod-
ule of type S4(1) in its socle, since this would give a nonzero homomorphism in
Hom4(A4(1), Aa(2)) although such a homomorphism does not exist in F(Ay, , ).
Since A is A-filtered, we get that A4(2) is homogeneous, containing only sim-
ple factors of type S(2). Now it is easy to see that the structure of A,(2) is
well described by its endomorphism ring End4(A4(2)) which is isomorphic to
Enda, , (A4, ,(2)). Now, knowing the structure of Ext}y (Aa(1), A4(2), we get that
rad PA(l)/md2 P4(1) is isomorphic to S4(2), hence rad P4(1) is a homomorphic
image of A4(2). This implies that, depending on the composition length of P(1),
the algebra A must be isomorphic to one of the algebras A; j.

5. An example of A-equivalence

Let us conclude the paper by exhibiting the subcategories of A-filtered modules
in one particular case. Compare the inclusions of the subcateogories F(A,4) and
F(Ax(ay) in the Auslander-Reiten quiver of A and 3(A).

EXAMPLE 5.1. Let A = KQa/I4 be the algebra given by the following quiver and
right regular representation:

X Y
: . ; Iy = (ay,7%); Ap=}0%0
QA /2,@ A <a77> A 2 2
B

3@

NN W

Thus A is a A-filtered algebra. The standard and proper standard modules are
given by:
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The Auslander—Reiten quiver of the indecomposable right A-modules is as follows

(encircled are the elements of F(Ay):
/NSNS N

o RATATN

Thus there are 17 indecomposable A-modules in three T-orbits, while there are five
indecomposable modules in F(A 4), forming the relative Auslander—Reiten quiver:

Findla): [

The direct sum of indecomposable Ext-projective objects in F(A 4) is given by

My = 122 P 3 ® %
Here, ¥(A) = Enda(M) is given by X(A) = KQx(a)/Is(a) with the quiver and
regular representation as follows:

1e
8 Loy 3
QZ(A)5 /2. ; Isa) = (Bap) ; E(A)E(A) = f D é D %
2 2
3 077

Clearly, X(A) is A-filtered. The standard modules are given by:

2
Axay(1) = 1; Axa)(2) = 1 Ax)(3) =

N =N W
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The Auslander—Reiten quiver of the indecomposable right A-modules is as follows
(encircled are the elements of F(Ax(4)):

ind-%(A) :

N =

[\CRVL}
'

Thus there are 24 indecomposable X(A)-modules in three T-orbits, and five inde-
composable modules in F(Ax4)), forming the relative Auslander-Reiten quiver:

5 13
Find(Aa) : {1 ....... 2
2
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CONSTRUCTIONS OF STRATIFIED ALGEBRAS

ISTVAN AGoSTON!, VLASTIMIL DLAB2 AND ERZSEBET LUKACS!

ABSTRACT. In this paper a construction to build recursively all basic finite dimensional
standardly stratified algebras is given. In comparison to the construction described by
Dlab and Ringel for the quasi-hereditary case ([DR3]) some new features appear here.

1. Introduction

The concept of standardly stratified algebras (or A-filtered algebras) appears
as a natural generalization of the concept of quasi-hereditary algebras. The class of
quasi-hereditary algebras was introduced by Cline, Parshall and Scott (see [CPS1],
[PS]) in connection with their study of highest weight categories arising in the rep-
resentation theory of semisimple complex Lie algebras and algebraic groups. The
study of quasi-hereditary algebras grew into an extensive volume of contributions
starting with the seminal papers [DR1], [R], [DR2]. The concept of standardly strat-
ified algebras was introduced independently in [D1] and in the comprehensive study
[CPS2] and further extended in [ADL1] and [ADL2]. It may be also pointed out that
the concept of a stratifiying ideal of [CPS2] appeared already as a strongly idem-
potent ideal in [APT]. A particular type of standardly stratified algebras, namely
properly stratified algebras of [D2] illustrates again a very close relationship to the
representation theory of Lie algebras (see also [FM], [FKM]).

Ever since their introduction, standardly stratified algebras have drawn much
attention; their structural and homological properties were investigated among oth-
ers in [AHLU1], [AHLU2], [ADL3], [ChD], [ADL4], [M]. It is worth mentioning
that the main body of results in this field is established for standardly stratified
algebras and then easily generalized for particular types of these algebras such as
quasi-hereditary and properly stratified algebras.

As in the case of quasi-hereditary algebras, the structure of standardly strat-
ified algebras includes two recursive sequences of standardly stratified algebras.
One sequence is obtained by taking consecutive quotients of the algebra modulo
the respective idempotent trace ideals. The other sequence is obtained by tak-
ing centralizer algebras of the corresponding sequence of indecomposable projective

1991 Mathematics Subject Classification. Primary 16D20, 16S20. Keywords: stratified
algebra, quasi-hereditary algebra, centralizer

I Research partially supported by Hungarian NFSR, grant no. T068477
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modules. In most cases the first approach is used to study these algebras. On the
other hand Dlab and Ringel ([DR3]) have shown that the sequence of centralizer
algebras relates to the structure of the categories of perverse sheaves and provides
a recursive construction of all finite dimensional basic quasi-hereditary algebras.

The goal of this paper is to extend this construction for the general situation.
Much of the original results can be adopted for this case, however, the complexity
of standard modules requires some extra precautions. Furthermore, to construct
all standardly stratified algebras we need to introduce an extra step to make the
procedure complete. Thus, the main result is the following theorem.

THEOREM. Let L be a local algebra, and C' a basic algebra such that Cc is filtered
by standard C-modules with respect to some order (ea,...,en) of a complete set of
primitive orthogonal idempotents in C. Furthermore, let [ Ec and ¢ Fy, be bimodules
such that E¢ is filtered by standard C'-modules and ¢ F is filtered by proper standard
C°PP-modules. In addition, suppose that p : F(%)E — rad C is a C-C bimodule

homomorphism. Then A = L SEQF)®E®F®C has an algebra structure such
c

that flA is filtered by standard A-modules with respect to the order (1p,€2,...,€p).
Moreover, one can get all basic standardly stratified algebras recursively, starting
with a local algebra, by constructing and taking suitable quotients of algebras A
obtained this way.

2. CPS-stratified algebras

Let (A,e) be a basic finite dimensional K-algebra with a (linearly) ordered
complete set € = (eq,. .., e,) of primitive orthogonal idempotents. Here K denotes
an arbitrary field. We also use the notation ¢; = e; +. ..+ e, throughout the paper.

Let us recall some of the characterizations of the so-called CPS-stratifying
ideals.

DErFINITION 2.1. (Cf. [CPS2], [APT], [ADL2]) An idempotent ideal AeA of the
algebra A will be called CPS-stratifying (or stratifying for short) if it satisfies any
of the equivalent conditions (S1), (S1’), (S2), (S3):

(S1) (i) the multiplication map induces a bijection Ae (%) eA — AeA, and
(i) Tor{*¢(Ae,eA) =0 for all t > 0;
(S1) (i) the multiplication map induces a bijection Ae % eA — AeA, and
(ii) Ext! 4. (Ae, D(eA)) =0 for all t > 0;
(S2) Extfﬁl/AeA(X, Y) = Ext’(X,Y) for all t > 0 and A/AeA-modules X and Y
(S3) Each term in the minimal projective resolution of AeA, is generated by eA.
DEFINITION 2.2. (A, e) is said to be CPS-stratified if either n = 1 (i.e. the algebra

is local) or in case n > 1, the ideal Ae, A is stratifying and (A4/A4e, A, (e1,...,€n—1))
is CPS-stratified.

In the later sections of the paper we shall use some simple facts about CPS-
stratified algebras (cf. also [CPS2]). In particular, we will need the following lemma.
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LEMMA 2.3. Let (A,e) be CPS-stratified. Then Ae;A is a stratifying ideal and
(e;4e;, (ei, ..., en)) is CPS-stratified for alli=1,... n.

Proof. We prove both statements by induction on n — ¢, where the i = n case
immediately follows from the definition of CPS-stratified algebras. Now suppose
that n—4 > 0. Then the algebra A = A/Ae, A is CPS-stratified with respect to the
idempotents & = (ey,...,e,_1), so the lemma holds for A (for the same i) by the
induction hypothesis.

To prove the first statement, we show that condition (S2) holds for Ae; A. Let us
take X,Y € mod-A/Ag;A. Then we have Extly 4., 4(X,Y) = Extly, 1. 1(X,Y) =
Ext3(X,Y) = Ext’, (X,Y) for all t > 0, thus Ae; A is stratifying in A.

Next, the fact that Ae, A is stratifying implies by (S3) that €;Ae,, Ae; is strat-
ifying in €;Ae;. On the other hand ¢;A¢; /e; Ae, Ae; ~ e;Ag; is CPS-stratified by
induction, hence ¢;Ag; is CPS-stratified. a

LEMMA 2.4. Suppose that for some i the algebra (g;Ae;, (es,y...,en)) is CPS-
stratified, and Ae;A is a stratifying ideal in A. Then the multiplication map
Ae, ® e,A— Ae,A is bijective.

enAen

Proof. Let us denote £;Ae; by C;. Since the multiplication map is clearly surjective,
it is enough to show that Ae, ® e, A and Ae, A are isomorphic. So the following
C

n
succession of isomorphisms provides a proof.

Ae, ® e, A=
Ch
Aeg;Ae, ® e, Ag; A ~ (since Ag;A is stratifying in A)
Ch

(Ae; @ e;A)e, ® en(Ag; ® g, A) ~
C; Ch C;

i

Ag; g@(eiAen é@ enAe;) é@ giA ~ (since ¢; Ag; is CPS-stratified)
Ag; ® g;Ae, Ac; Q e, A =
(Ae; @ e;A)ep,Ae; @ e, A ~ (since Ag;A is stratifying in A)
C; C;
Aeg; Ae, Ag; g@ g A=
Aeg;Ae,(Ae; @ g, A) ~ (since Ag; A is stratifying in A)
C;

A&‘iAenAEiA =
Ae, A.

3. A-filtered algebras
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For the reader’s convenience let us recall some basic definitions and results.

For a given algebra (A,e) the standard modules are defined by A(i) =
eiA/eiAEH_lA and the proper standard modules by A(i) = eiA/ei rad Ae; A for
1 <4 < n. Similarly one can define the left standard and left proper standard mod-
ules A°(i) and Ao(z) The (full) subcategories F(A ) and F(A4) of the category
mod-A of all finite dimensional right A-modules consist of those A-modules which
have a filtration by standard modules (or proper standard modules, respectively).

It is well known (cf. for example [ADL1]) that a module M € mod-A belongs to
F(A4) (in this case we will say that M is A-filtered) if and only if the trace Me, A
is projective (i. e. it is A(n)-filtered) and M /Me, A is A-filtered as an A = A/Ae,, A-
module. Similarly, M € F(A,) if and only if Me, A has a filtration by A(n) and
M/Me, A belongs to F(Az)-

DEFINITION 3.1. An algebra (A,e) is said to be A-filtered if the regular module
A4 belongs to F(A4). Similarly, (A, e) is said to be A-filtered if Ay € F(A4). An
algebra is called standardly stratified if it is either A or A-filtered.

By a result of Dlab (cf. [D1]) (A,e) is A-filtered if and only if (A°PP, e) is A°-
filtered. Furthermore it is straightforward that A-filtered algebras are also CPS-
stratified (cf. condition (S3) or [CPS2]). Hence the above result of Dlab implies
that A-filtered algebras are also CPS-stratified algebras (since condition (S1) is
obviously left-right symmetric).

In the following we want to describe the property that (A,e) is A-filtered
in terms of its centralizer algebra e5Aeo, and the corresponding subalgebra and
bimodules ey Aeq, e1 Aeg and g5 Aey.

THEOREM 3.2. Given an algebra (A, e) let us consider the local algebra L = ey Aey,
the centralizer algebra C = e5Aey together with the order € = (ea, ..., e,) and the
bimodules E = e1 Ao and F = e9Ae;. Then (A, e) is A-filtered if and only if the
following conditions hold:

(1) Cc € F(Ac);

(2) Ec € f(AQQ;'
(3) cF € FlcA);

(4) the multiplication map E((Xj) F — L is injective.

Proof. Let us note that the condition (4) is equivalent to the condition (4') stating
that the multiplication map Aey ® e9A — Aeg A is injective (in fact, bijective), since
C

Aeg = E@C, e9A = F@ C, and the injectivity of the multiplication map on the
other three components is obvious.

First assume that A is A-filtered. Then it is also C' PS-stratified and thus by
Lemma 2.3, (4') and hence (4) of the theorem holds. The conditions (1) and (2)
follow from the fact that Aes A is A-filtered. Hence e; Aes A and 2 A are also A-
filtered, and therefore e Aeg and e Aes are A-filtered over esAes. Similarly, (3)
holds because Aes A is Ao—ﬁltered.

The opposite statement will be proved by induction on n. Thus, assume that
the conditions (1)—(4) hold for A. We will show that Ae, A4 is projective and that
the conditions (1)-(4) hold for the factor algebra A = A/Ae, A.
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First, let us prove that Aes A is a stratifying ideal. By the condition (4') the map
Aey ® e9A — Aes A is injective. On the other hand, using the condition (1) and the
c

dual of Theorem 3.1 of [ADL1], we conclude that Ext’(A¢, D(CAO)) =0forallt >
0. Thus (2) and (3) imply that Ext’(Aeq, D(e2A4)) = ExtL(E@C, D(F & C)) =0
for all t > 0. Hence the condition (S1’) implies that Aes A is a stratifying ideal in
A.

By the conditions (1) and (2), Aes = E® C € F(A¢), so the trace of Ac(n)
on Agy is projective: Ae,Aco ~ @ e, Aes. Thus Ae, ~ G e, Ae, as e, Ae,-modules.
Hence we get that Ae, ® e,A~ (De,de,) ® e, A~ Pe,A is a projective

enAen, enAen,

A-module. Finally, by Lemma 2.4 (using that C is A-filtered, thus C PS-stratified
as well), Ae,, ® e, A~ Ae,A, and so Ae, A is a projective right A-module.

enAey,

Now, take the factor algebra A = A/Ae, A. The corresponding objects to con-
sider are C' ~ gy Aey/eoAe, Acy, E ~ e1Acs /e Ae, Acy and F ~ ey Aey [eo Ae, Aey.
The remarks preceding Definiton 3.1 show that the conditions (1), (2) and (3) also
hold for A. Finally, since AeyA and Ae, A are stratifying, (S2) implies that A&, A
is stratifying in A: for any X,Y € mod-A/A& A we have EXtii/AgQA(Xv Y) =
Ext!y 4, 4(X,Y) = Ext}y(X,Y) = Ext}{(X,Y). Thus by (S1), the condition (4)
also holds for A. By induction we get that A is A-filtered, so A is also A-filtered.

O

Note that the data above correspond to the Peirce decomposition of the algebra
A~ L FE
~{r )
4. Construction of A-filtered algebras

In this chapter we proceed in the opposite direction and construct all A-filtered
algebras from “smaller” algebras, using a recursive process.

Suppose L and C' are algebras together with an L-C-bimodule F and a C-L-
bimodule F' and a C-C-bimodule homomorphism g : F QEE — rad(C). Then it is

easy to see that the map

(E@F)®(E®F)~ EQ(FQE)@F 28 pocgF~EoF
L C C L C C C C

defines an algebra multiplication on the L-L-bimodule E <§C§> F. Thus:

(e f)ldaf)=eufee)of =eau(fee)f.

The split extension L = LM(EQgF) of the algebra L by E%F is defined, in

the usual way, on the cartesian product with multiplication:

(Lu) (U u')y = A 1w + ul’ 4+ wu').
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Now we can extend the L-C' and C-L bimodule structure of E and F respectively
to L-C' and C-L structure, using the maps

(EQF)RE~E@(FoE) 28" EQC~F

and
FRE®F)~(FRE)®F "25° CoF~F
L C L 'cC c
Finally, the C-C-bimodule map p : F® F — rad(C) induces naturally a C-C-
L
bimodule map fi : F® E — rad C, since ,u(f(e’(%f’)@e) =p(p(fee)f'®e) =
i L L L
!/ / _ / ! — / ! X
wf@eu(f @e) =n(f@eu(f @e)) = u(f&(e'® fe) )
It is easy to show that if L is a local algebra then L is also local. In-
deed, E® F is a nilpotent ideal in L, since (E® F)*¥ = E@(u(F® E))F1F C
c c c L
E%)(rad C)*=1F. Thus, rad L + (E Qg F') is a nilpotent ideal of L, and furthermore,
L/(rad L 4 (E Qg F))~ L/rad L is a simple L module.
L E
F C

Now we can consider the matrix algebra A = ( > with the natural

multiplication structure:
T e o e ' +e® fl ze' + ec
_ c
<f c) (f’ c’> - ( fo vef ifed) +cc’>
L

for arbitrary z,2’ € L, e,e’ € E, f,f' € F and ¢,¢ € C. The associativity of the
multiplication follows directly from the definition of the bimodule structures ; Ec
and ¢ F;. (Note that the algebra Ais usually called the Morita ring corresponding to
the Morita context (E, C,E,F,., i) where v : E ? F — L is the natural embedding.)

THEOREM 4.1. Let L be a local algebra with identity element denoted by e and let
(C, (eg,...,en)) be a (basic) A-filtered algebra. Let  Ec and ¢ Fy, be two bimodules
such that Ec € F(A¢) and ¢F € ]:(CAO), together with a bimodule map p :
F%E — rad C. Then the algebra A constructed above is a A-filtered algebra with

respect to the sequence of idempotents e = (e1,€a,...,€y,).

Proof. We have seen that L = e; Ae; is local, so € = (ey, ea,...,e,) is a complete
sequence of primitive orthogonal idempotents. It is also clear that g9Aey = C and
that e;Aey = E and egAe; = F satisfy the filtration conditons of Theorem 3.2 by
the assumptions on C, E and F. Moreover the multiplication map ¢ : F % F—> 1L

is injective by definition, so (A,e) is A-filtered. O
To construct all A-filtered algebras, we need the following concept.

DEFINITION 4.2. Let (A, e) be a A-filtered algebra. An ideal H <A will be called
auziliary if H C eq(rad A)e; and H NejAegAey = 0.
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LEMMA 4.3. Let (A,e) be a A-filtered algebra and H <A an auziliary ideal. Then
(A/H,e) is also A-filtered.

Proof. The conditions imply that Aes AN H = 0, hence the trace ideal Aeo A maps
injectively into /_1_: A/H. Thus the A4-filtration of Aea A4 gives a A 4-filtration
of AegA ;. Since A/Aes A ~ A 5(1), the algebra (A4, e) is also A-filtered. O

Finally, we show that all A-filtered algebras can be obtained using the con-
struction of Theorem 4.1, followed by factoring out an auxiliary ideal.

THEOREM 4.4. Let (A,e) be a basic A-filtered algebra. Take L = ejAe;, C =
e9ley, F = e1Aey, F = egley and let p : FOFE — radC and v : EQF —
L c

L be the multiplication maps in A. Construct the algebras L= LM(E@CQF) and
A= <}L7 g) as in Theorem 4.1. Then H = {V(u) —quE%@F} C Lisan
auziliary ideal of A and the algebra fl/H 18 isomorphic to A.

Proof. First, let us observe that Theorem 3.2 implies that L,C, E' and F satisify
the conditions of Theorem 4.1, hence the algebra A is A-filtered.

In order to show that H is an ideal in A, note first that for any u,u’ €
E®F C L we have v'u = u'v(u). Indeed, for e,¢’ € E and f,f € F we get

c
(e@f)exf) = dou(f'ee)f = a(f'e)f = @ f(ef) = (& f)ef) =
(/@ fiv(e® f). Similarly, for any f' € F and u € E®F we have f’u = f'v(u),

since fi(e® f) = u(f' @)f = (Fe)f = fief) = Frlef). Thus, for a ¢ A

andu € EQF:
c
U'+u € u—v(u) 0
bl d 0 0

Similarly, one can show that (v — v(u))a € H. Since H is clearly closed under
addition, H < A. 3 3
Also, HCE %F +rad L =rad L = e;(rad A)ey. Since the map v is injective,

u — v(u) # 0 implies that v # 0 and v(u) # 0. Then LN E?F = 0 yields that
u—vu) ¢ EQC?F and ¢ L, and consequently HHEQCQF =0and HNL =0. It
follows that the condition H NeyAegAey = HN (E %F) = 0 holds for the ideal H,
hence the ideal H is auxiliary. Furthermore, HNA=HNLNA=HNL =0.
Also, it is straightforward that A+ H = A, so A/H ~ A. O

COROLLARY 4.5. Let L,C, E, F' and p be given as in Theorem 4.1 and let I be an
auziliary ideal of the algebra A. Then A/I is a A-filtered algebra, and every basic
A-filtered algebra can be obtained in this way.



8 AGOSTON, DLAB AND LUKACS

While all (basic) quasi-hereditary algebras over a perfect field can be recursively
obtained by applying the construction described in Theorem 4.1, the next example
illustrates that for standardly stratified algebras in some cases one cannot avoid
factorization modulo an auxiliary ideal.

ExAMPLE 4.6. Consider the algebra A = K@Q/I, where the quiver @ is

'
1 « 2
=

and the admissible ideal I = (ya,7? — af3, Ba, 3v). Thus, the right regular repre-
sentation of A is )
AA = 112 D % .

Then the construction described in Theorem 4.4 results in A with regular represen-
tation as follows: )
Ai=1202.
A= 119:

Observe that the quiver of A and A coincide, however the products 42 and a8 are not
yet indentified in A. This is done when we take the quotient modulo the auxiliary
ideal (y2 —af). Note that e; Aey Ae; has no subalgebra complement in e; Ae; hence
A cannot be obtained directly in the form A for a suitable local algebra L.

EXAMPLE 4.7. Consider the algebra A = KQ/I', where the quiver @ is the same
as in Example 4.6 and I’ = (ya,~2, B, 7). Thus, the right regular representation
of A is L

Ay=1 2 ® 2.

Here, the algebra A constructed according to Theorem 4.4 has the following regular
representation:

. 1
o 2
AA—llf@l.

Hence in this example the quiver of A differs from the quiver of A, since we get a
new arrow corresponding to § = a3 € L. This element is different from the product
of arrows o and 3, taken in A. We get A as a quotient of A modulo the auxiliary
ideal (0 — af3). Unlike the previous example, in this case we could obtain A directly
as an algebra A: we would have to start with the local subalgebra L = (e1,7)
instead of ej Ae;.
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STRATIFYING PAIRS OF SUBCATEGORIES
FOR CPS-STRATIFIED ALGEBRAS

IsTVAN AcosSTON! AND ERzSEBET LUKACS!

ABSTRACT. Two special types of module subcategories are defined over stratified al-
gebras of Cline, Parshall and Scott. We show that for every stratified algebra there
exists a (not necessarily unique) pair of subcategories which are the perpendicular cat-
egories of each other and which describe to a large extent the stratification structure of
the algebra. These subcategories generalize the notion of modules with standard and
costandard filtration for standardly stratified and quasi-hereditary algebras.

1. Introduction

In the theory of quasi-hereditary and standardly stratified (A or A-filtered)
algebras the subcategories F(A) and F(V) of modules with standard and proper
costandard filtration play a crucial role (see for example [DR], [ADL1], [AHLU]).
One of the key homological features of these subcategories is that they are per-
pendicular to each other. Much of the structure theory and a (limited) left-right
symmetry for these algebras stems from this fact. On the other hand so far no such
pairing is known for the more general case of so called strictly stratified algebras
and CPS-stratified algebras (cf. [ADL2] and [CPS]) and they also lack a reasonable
structure theory.

In this article we will present a setting in which to every CPS-stratified algebra
A we will associate a perpendicular pair of subcategories so that the correspond-
ing subcategories of modules with appropriate filtration will describe the structure
of projective and injective A-modules, in particular, the structure of the regular
module itself.

Thus in Section 2 we will define the concept of stratifying and costratifying
subcategories and describe their basic properties. We will relate these subcategories
to subcategories of modules with standard or costandard filtration over standardly
stratified algebras. In Section 3 we will show that by taking the perpendicular
category of a stratifying subcategory we get a costratifying subcategory (and vice

1991 Mathematics Subject Classification. Primary 16D90, 16E10, 16E30. Keywords: strati-
fied algebra, filtered module, perpendicular category
I Research partially supported by Hungarian NFSR grant no. T068477
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versa). Moreover we show that for each CPS-stratified algebra we can find a pair
of stratifying and costratifying subcategories so that each of these subcategories
is the perpendicular category of the other (this will be called a stratifying pair).
For quasi-hereditary algebras this pair is given by the category of modules with
standard and costandard filtration, respectively. Finally we give an example of a
CPS-stratified algebra for which an infinite number of stratifying pairs exist.

2. Stratifying and costratifying subcategories

Let K be an arbitrary field and (A, e) a basic finite dimensional K-algebra
with a (linearly) ordered complete set e = (e,...,e,) of primitive orthog-
onal idempotents. Throughout the paper we shall be dealing with right A-
modules. In particular, P(i) = e;A will stand for the ith indecomposable pro-
jective module, Q(i) = Homg (Ae;, K) the ith indecomposable injective module
and S(i) ~ P(i)/ Rad P(i) ~ Soc Q(i) the corresponding simple module. The cat-
egory of all finitely generated right A-modules will be denoted by mod-A. If C
is an arbitrary class of modules in mod-A then F(C) is the full subcategory of
mod-A consisting of modules M with a C-filtration, i.e. a chain of submdoules
0=MyC M; C--- C M, = M such that the factor modules M;/M;_; all belong
to C.

For 1 < i < n let us define the subclasses of modules P;(e) as

Pie) = { X € mod-A| X € F(S(1),...,5(1)), Ext'(X,S(j)) =0Vt >0, j<i},

and P(e) = F(Pi(e),...,Pn(e)). We call the algebra (A, e) CPS-stratified if As €
P(e), i.e. all projective modules are in P(e) (cf. [CPS], [ADL2], [ADL3]).
Dually, we define the subclasses Q;(e) as

Qi(e) ={Y € mod-A|Y € F(S(1),...,S(i)), Ext/(S(j),Y) =0Vt >0, j<i},

and Q(e) = F(Qi(e),...,9,(e)). Since (4,e) is CPS-stratified if and only if
(A°PP, e) is CPS-stratified (see for example [CPS]), all injective modules over a CPS-
stratified algebra (A4, e) are in Q(e). Note that the definition implies that P;(e) and
Q;(e) are closed under extensions, direct summands, kernels of epimorphisms, and
cokernels of monomorphisms.

For an A-module X, we denote by T;(X) the trace of the projective module
P@)®---@®P(n) in X; thus if e; = ¢; + ... + e, then T;(X) = Xe; A. In other
terms, T;(X) is the unique submodule of X such that Hom(7;(X), S(j)) = 0 for
all j < i, and X/T;(X) € F(S(1),...,5(i — 1)). Dually, let R;(X) be the reject of
the injective module Qi) ®--- & Q(n) in X, i.e. the largest submodule of X such
that R;(X) € F(S(1),...,5(i —1)). Then R;(X) is the unique submodule of X for
which R;(X) € F(S(1),...,S(i — 1)) and Hom(S(j), X/R;(X)) = 0 for all j < 1.

In the sequel we shall frequently make use of the following equivalence (cf.
[CPS], [APT] or [ADL3]): the algebra (A, e) is CPS-stratified if and only if for every
X,Y € mod-(A/T;(A4)) (1 <i < mn) and every t > 0 we have Exti‘/Ti(A)(X, Y)=
Ext (X,Y).
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LEMMA 2.1. Let X € F(Py,...,Py), where P; C P;(e) for alli and take a filtration
0=XoC X1 C+ - CXk=2X of X with factors Y, = X,/ X, —1 from P1U...UP,.
Then X has a filtration with the same factors (up to isomorphism) but possibly in
different order such that for the factors Y{,..., Y, we have Y, € P; with iy > iy >
>

Proof. We use induction on k and the fact that Ext' (P;(e),P;(e)) =0fori > j. O

LEMMA 2.2. Let P; C Pi(e) for 1 <i<n. Then X € F(P1,...,Py) if and only if
the trace factors T;(X)/T;11(X) are in F(P;) for 1 <i<n.

Proof. If the factors T;(X)/T;i+1(X) are in F(P;) for each i then clearly X €
F(P1,...,Pn). For the converse, let us observe first that by Lemma 2.1, we may
take a filtration 0 = Xg C ... C X, = X with factors ¥, = X,./X,_1 € P;,
such that 74 > .-+ > 4. Let s be the last index such that i, > 4. Since
Hom(Y,,S(j)) = 0 for all » < s and j < 4, we have Hom(X,, S(j)) = 0 for j < 4,
and also X/Xs; € F(Pi1,...,Pi—1) C F(S(1),...,S5@ — 1)), thus X, = T;(X), and
the statement follows O

PROPOSITION 2.3. Suppose that (A, e) is CPS-stratified and let P; C P;(e) be such
that F(P;) are closed under kernels of epimorphisms. Then P = F(Pi,...,Py) is
also closed under kernels of epimorphisms.

Proof. We use induction on n, the number of simple modules. A will stand for the
algebra A/T,(A) and in general, for X € mod-A we shall have X = X/T,,(X) €
mod-A.

Since for a CPS-stratified algebra Ext%(X, Y) = BExt}(X,Y) for all X,Y €
mod-A, the subclasses P;(e) C mod-A and P;(e’) C mod-A will be equal for 1 <
i <n—1, where e’ = (ey,...,e,—1). Thus we get by induction that F(Py,...,Pn_1)
as a subcategory of mod-A4 is closed under kernels of epimorphisms, hence the same
holds for F(P1,...,Pn_1) as a subcategory of mod-A.

Suppose now that 0 — X — Y% Z — 0 is exact, and Y, Z € F(Py,...,Pn).
It is easy to see that gi, the restriction of g maps surjectively T, (Y) to T,,(Z) and

we also have an induced surjection Y EA Z. Thus by the Snake Lemma we get the
following commutative diagram with exact rows and columns:
0 0
| |
0 — Kergg — To(Y) &
|
0 — X —
|

0 — Kerg —

|

0
By Lemma 2.2, T,,(Y),T,,(Z) € F(P,), and since F(P,,) is closed under kernels
of epimorphisms by assumption, Kerg; € F(P,). Similarly, ¥ and Z are in
F(P1,...,Pn_1), hence by induction we get that Kerg € F(Py,...,Pn_1). This
implies that X € P = F(Py,...,Py), as required. |
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Let us recall that a subcategory of mod-A is called resolving if it is closed
under extensions, direct summands and kernels of epimorphisms, and it contains
all projective modules. Thus we have the following statement.

PROPOSITION 2.4. If the algebra (A, e) is CPS-stratified, then P(e) is a resolving
subcategory of mod-A.

Proof. From the definition of P(e) it is clear that it is closed under extensions.
Observe that P;(e) = F(P;(e)) is closed under direct summands, hence the fact
that P(e) is closed under direct summands easily follows from Lemma 2.2, using
that T;(X @ Y) = T;(X) @ T;(Y). Next, since P;(e) is closed under kernels of
epimorphisms, Lemma 2.3 implies that the same holds for P(e). Finally A4 € P(e)
holds for a CPS-stratified algebra, so all projective modules are in P(e). O

DEFINITION. Let P be a resolving subcategory of mod-A. We say that P is
a stratifying subcategory if there are P; C Pi(e) for 1 < ¢ < n such that
P=FPi,...,Ppn).

LEMMA 2.5. If P = F(P1,...,Pyn) is a stratifying subcategory with P; C P;(e) then
F(P;) =PnPie).

Proof. We only need to prove that P N P;(e) C F(P;). Suppose X € P N P;(e).
Then X € F(S(1),...,5(7)) implies that T;41(X) = 0. Hence X € P;(e) gives
X =T;(X)=T;(X)/Ti+1(X), so X € F(P;) by Lemma 2.2. 0

PROPOSITION 2.6. A subcategory P = F(P1, ..., Py) with P; C P;(e) is stratifying
if and only if each F(P;) is closed under direct summands and kernels of epimor-
phisms, and T:(A.4)/Ti1 (A4) € F(Py).

Proof. Suppose P is stratifying. Then F(P;) = PNP;(e) by Lemma 2.5, hence it is
closed under the given operations, since both P and P;(e) are closed. Furthermore,
Lemma 2.2 and A4 € P implies that T;(A)/T;+1(A) € F(P;). In the opposite
direction, the last condition implies that (A4, e) is CPS-stratified, i.e. all projective
A-modules are in P. Clearly, P is closed under extensions and by Proposition 2.3
P is closed under kernels of epimorphisms. Finally to prove that P is closed under
direct summands we can follow a similar argument as in the proof of Proposition 2.4.

|

We shall also need the duals of the previous statements. The proofs follow by
straightforward dualization.

LEMMA 2.7. Let X € F(Q1,...,Qn), where Q; C Q;(e) for all i and take a fil-
tration 0 = Xo C X3 C --- C X = X of X with factors Y, = X,./X,_1 from
Q1 U...UQ,. Then X has a filtration with the same factors (up to isomorphism,)
but possibly in different order such that for the factors Y{,..., Y, we have Y, € Q;,
withi1 Siz SSZ}C

LEMMA 2.8. Let Q; C Q;(e) for 1 <i<n. Then X € F(Q1,...,9Qy) if and only
if the factors Riy1(X)/Ri(X) are in F(Q;) for 1 <i <n.
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PROPOSITION 2.9. Suppose that (A,e) is CPS-stratified and let Q; C Q;(e) be
such that F(Q;) are closed under cokernels of monomorphisms. Then Q =
F(Q1,...,9n) is also closed under cokernels of monomorphisms.

A subcategory of mod-A is called coresolving if it is closed under extensions,
direct summands and cokernels of monomorphisms, and it contains all injective
modules. Thus we have the following statement.

PROPOSITION 2.10. If the algebra (A, e) is CPS-stratified, then Q(e) is a coresolv-
ing subcategory of mod-A.

DEFINITION. Let Q be a coresolving subcategory of mod-A. We say that Q is a
costratifying subcategory if there are Q; C Q;(e) for 1 < i < n such that Q =

f(Qla"'aQn)'

LEMMA 2.11. If Q = F(Q1, ..., Qn) is a costratifying subcategory with Q; C Q;(e)
then .7:(91) = Q n Ql(e)

PROPOSITION 2.12. A subcategory Q = F(Q1, ..., Q) with Q; C Q;(e) is costrat-
ifying if and only if each F(Q;) is closed under direct summands and cokernels of
monomorphisms, and R;11(D(aA))/Ri(D(4A)) € F(Q;).

Note that (A, e) is a CPS-stratified algebra if and only if there exists a stratify-
ing subcategory in mod-A, or equivalently, if there exists a costratifying subcategory
in mod-A. In fact, for a CPS-stratified algebra P(e) is the largest stratifying and
Q(e) is the largest costratifying subcategory. Examples of minimal stratifying and
costratifying subcategories will be provided by subcategories of modules with stan-
dard and costandard filtration.

Let us first recall the definition of standard and costandard modules. For a
given algebra (A, e) the standard module A(7) is defined as A(z) = P(i)/T;+1(P(i))
for 1 < ¢ < n. Dually, the costandard module V(i) is defined as V(i) = R;11(Q(%)).
The proper standard module A(i) is the largest quotient of A(i) such that the

composition multiplicity [A(¢) : S(i)] = 1. Similarly, the proper costandard module
V(i) is the largest submodule of V(i) such that [V(i) : S(i)] = 1. Then with the
notation A = {A(1),...,A(n)}, A = {A(Q),...,A(n)}, V. ={V(1),...,V(n)}
and V = {V(1),...,V(n) } we get the subcategories F(A), F(A), F(V) and F(V).
An algebra is called A-filtered if Ay € F(A) and A-filtered if Ay € F(A). The
algebra is standardly stratified if either A or A°PP is A-filtered. It is easy to see that
A°PP ig A-filtered if and only if D(4A) € F(V) and it is well-known (cf. [D]) that

these conditions are equivalent to A4 € F(A), i.e. that A is A-filtered.

PROPOSITION 2.13. Let (A,e) be CPS-stratified, and P a stratifying subcategory.
Then F(A) CP C P(e). Furthermore, F(A) is a stratifying subcategory if and only
if Ag € F(A). Dually, for every costratifying subcategory Q we have F(V) C Q C
Q(e), moreover F(V) is a costratifying subcategory if and only if D(4A) € F(V)
(i.e. A is A-filtered).
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Proof. Since P(i) € P, we get A(i) = P(i)/T;+1(P(%)) = T;(P(i))/Ti+1(P(i)) € P;
by Lemma 2.2, so F(A) C P.

It is clear that A(é¢) is the ith projective indecomposable module over
A/T;+1(A). Since T;41(A) is an idempotent ideal, the category F(A(4)) is the
same over A as over the factor algebra A/T;;1(A), so it consists of the direct
sums of copies of A(i). Consequently F(A(7)) is closed under direct summands
and kernels of epimorphisms. If in addition, A4 € F(A), then by Lemma 2.2,
T;(A)/Ti+1(A) € F(A(2)) for all 4, so by Proposition 2.6, F(A) is a stratifying
subcategory.

The proof of the dual statement is omitted. O

Later we shall see that F(A) is also a stratifying subcategory if A is A-filtered
and F(V) is a costratifying subcategory if A is A-filtered.

3. Stratifying pairs of subcategories

For a subcategory C of mod-A we use the notation
Ct=Ci={Y €mod-A|Ext'(X,Y)=0Vt>0and X €C}.

and
Le=1Cs={X €mod-A|Ext!(X,Y)=0Vt>0and Y €C}.

It is clear that if C is resolving (coresolving, respectively) then in the above defini-
tions it is enough to require that Ext'(X,Y) = 0.

LEMMA 3.1. Let P be a stratifying subcategory. Then

(1) P = F(Pi,...,Pu_1) = PN F(S1),...,S(n — 1)) and P is a stratifying
subcategory over A = AJT,(A);

(2) P35 =P4NF(S1),...,Sn—1)).

Proof. (1) The equation F(P1,...,Pn—1) = PNF(S(1),...,S(n—1)) immediately
follows from Lemma 2.2. Now we prove that P is a stratifying subcategory over
the factor algebra A. As in the proof of Proposition 2.3 we get that the subclasses
P;(e) € mod-A and P;(e’) C mod-A are the same for 1 < i < n—1 and e =
(e1y...,€n—1), so P; C P;(€'). Furthermore, the subcategory F(P1,...,Pn_1) is
the same over the two algebras, hence the required closure properties also hold.
Finally, the projective modules of A are the factors P = P/T,(P) of projective
modules P over A, and Lemma 2.2 implies that P € F(Py,...,Pn_1).

(2) 75‘% D PrNF(SQ),...,5(n — 1)) is clear from the fact that A is CPS-
stratified. We only need to show that ﬁﬁ C P4. But for any Y € ﬁ% we have
Y € Pk, since Y € F(S(1),...,8(n—1)),50Y € F(Py1,...,Pn_1,Pu)- =P+, O

THEOREM 3.2. If P is a stratifying subcategory over (A, e) then P* is costratifying.
Dually, if Q is a costratifying subcategory over (A, e) then +Q is stratifying.

For the proof we need two preparatory lemmas.
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LEMMA 3.3. Let P be a stratifying subcategory. If Y € P+ such that R, (Y) = 0,
then' Y € Q,(e).

Proof. The condition R, (Y) = 0 yields that Hom(S(i),Y) = 0 for all ¢ < n. By
Proposition 2.13, A(i) € P;. Let us consider for some fixed i < n the exact sequence

O—-U— A(i) = 5() — 0.
This yields the long exact sequence
-+ — Hom(U,Y) — Ext'(S(i),Y) — BExt'(A(i),Y) — -

Here Hom(U,Y') = 0 since U € F(S(1),...,S5(i)) and Hom(S(j),Y) =0 for j < n,
furthermore Ext' (A(i),Y) = 0, because Y € P+. Thus Ext'(S(i),Y) = 0, and this
is true for all i < n. Now we can prove by induction that Ext’(S(i),Y) = 0 for all
t > 0 and 7 < n, using the following segment of the above sequence:

= Ext!(U,Y) — Ext't(S(i),Y) — Ext' ™ (A®1),Y) — - -
]

LEMMA 3.4. Let P be a stratifying subcategory. If Y € PL, then R, (Y) € P+ and
Y =Y/R,(Y) € P+.

Proof. Consider the exact sequence
0— R,(Y)>Y Y —0

and let us take a module X € F(Py,...,Pn_1). Then we get the induced long exact
sequence

.- = Hom(X,Y) — Ext!(X, R,(Y)) — Ext}(X,Y) — - --

Here X € F(S(1),...,5(n — 1)) implies that Hom(X,Y) = 0, furthermore by
assumption Ext'(X,Y) = 0, thus Ext'(X,R,(Y)) = 0. On the other hand, if
X € P, then Ext'(X,R,(Y)) = 0 since R,(Y) € F(S(1),...,S(n —1)). Thus
Ext' (X, R,(Y)) = 0 for any X € P. Using the fact that P is a resolving subcat-
egory, we get that R,(Y) € P+. From the same long exact sequence we get now
that Ext!(X,Y) =0forallt>0and X € P, i.c. Y € PL as well. 0

Proof of Theorem 3.2. Clearly, Q = P+ is a coresolving subcategory. We only need
to show that Q@ = F(Qi,...,9n), where Q; = QN Q;(e). By Lemma 3.4, ev-
ery element of Q is filtered by QN F(S(1),...,S(n—1)uU{Y € Q|R,(Y)=0}.
By Lemma 3.1 we know that Q N F(S(1),...,S(n — 1)) = ’ﬁ% with A =
A/T,(A). Thus we may use induction on the number of simple types to get that
ONF(SA),...,S8(n—-1))=F(Q1,...,9n—1). On the other hand, by Lemma 3.3
{YeQ|R,(Y)=0}=9NnQ,(e),so Q=F(Q1,...,Qn).

The dual statement can be proved along the same lines. O
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DEFINITION. A pair (P, Q) of subcategories in mod-A is called a stratifying pair

if P is a stratifying subcategory and Q is a costratifying subcategory such that
Pt =Qand tQ="P.

It is easy to find stratifying pairs over standardly strtaified algebras.

THEOREM 3.5. Let (A, e) be a standardly stratified algebra.
(1) If A is A-filtered then (F(A), F(V)) is a stratifying pair, and F(A) = P(e).

(2) If A is A-filtered then (F(A),F(V)) is a stratifying pair, and F(V) = Q(e).

Proof. We shall prove only (1); then (2) will follow by duality.

If A is A-filtered, then from Proposition 2.13 we get that F(V) is a costrati-
fying subcategory. Theorem 3.1 of [ADL1] implies that F(A) = +F(V), hence by
Theorem 3.2 we get that F(A) is a stratifying subcategory. In order to prove that
(F(A), F(V)) is a stratifying pair we still have to show that F(V) = F(A)*. We
use induction on the number of simple types.

The statement clearly holds for n = 1, since in this case F(A) = mod-A,
and F(V) is the category of injective modules. Now let n > 1 and assume that
the statement is true for the A-filtered algebra (A,e’) with A = A/T,(A) and
e = (e1,...,en-1). Then Fa(A)* N Q(e) = F3z(A)* by Lemma 3.1, and the
induction hypothesis implies that F3(A)* = F3(V) = Fa(V(1),...,V(n — 1)).
On the other hand, we shall prove that every module Y € F(A)* N Q,(e) is
injective, i.e. Ext’(S(i),Y) =0 foralli =1,...,n and ¢ > 0. Indeed, the fact that
Ext'(S(7),Y) = 0 for i < n and t > 0 follows from Y € Q,(e). Let us take the

exact sequence
0—U— A(n) — Sn)—0

and the induced long exact sequence
= Ext"(U,Y) — Ext'™(S(n),Y) — Ext"™ (A(n),Y) — - --

Here Ext'(U,Y) = 0 holds for ¢ > 0 since U € F(S(1),...,S(n — 1)), while
Ext'™(A(n),Y) = 0 follows from Y € F(A)*, so Ext'™(S(n),Y) = 0 for t > 0.
This shows that Ext’(S(i),Y) = 0 fori = 1,...,n and t > 0, i.e. Y is injective.
Thus F(A)* N Q,(e) = F(V(n)). Since F(A)* is a costratifying subcategory,
Lemma 2.11 implies that F(A)+ = F(V).

Finally, F(A) C P(e) implies P(e)t C F(A)t = F(V) and since P(e)' is a
costratifying subcategory, we get from Proposition 2.13 that F(V) C P(e)*. Thus
P(e)t = F(V). In this way we get P(e) C +(P(e)t) = LF(V) = F(A) C P(e),

hence F(A) = P(e). O

Our next goal is to find stratifying pairs of subcategories for arbitrary CPS-
stratified algebras. The first statement of the next proposition is an immediate
consequence of Theorem 3.2.
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THEOREM 3.6. Suppose (A,e) is a CPS-stratified algebra.

(1) If P is a stratifying subcategory in mod-A then (*(PL),PL) is a stratifying
pair. Dually, if Q is a costratifying subcategory in mod-A then (+Q, (+Q)%)
is a stratifying pair. In particular, (P(e), P(e)) and (+Q(e), Q(e)) are strat-
ifying paairs.

(2) Let M = My U...UM,, where M; C P;(e). Then Q = M+ N Q(e) is
a costratifying subcategory. Furthermore, (+Q, Q) form a stratifying pair in
mod-A.

Proof. Theorem 3.2 implies that the mappings P — PL and Q — +Q define an
order reversing Galois connection between the set of stratifying and the set of cos-
tratifying subcategories. Hence the first statement of (1) follows immediately. Since
P(e) is the largest stratifying subcategory, +(P(e)t) = P(e), hence (P(e), P(e)l)
is a stratifying pair. The dual statements follow similarly.

Let us now prove the statements in (2). Since M+ and Q(e) are clearly core-
solving, so is their intersection.

We shall use the notation Q; = QN Q;(e) and M = M; U...UM,_;. We
still need to prove that Q@ = F(Q1,...,Qy); we shall use induction on n. Thus
we may assume that the statement holds for M C mod-A with A = A/T,,(A), i.e.
Ml n Q(e’) = ]:(Ql, ey Qn—l) with e = (617 . ,en_l).

For Y € Q let us consider the short exact sequence

0— R,(Y) =Y =Y —0.

Lemma 2.8 implies that R, (Y) € Q(e/) and Y € Q,(e). For arbitrary X; € M we
get the long exact sequence

= Bxt!(X1,Y) — ExtH (X1, R (Y)) — Ext™* (X, Y) — -

Here Ext!(X1,Y) = 0 for t > 0, since X; € F(S(1),...,S(n—1)) and Y € Q,(e),
while Ext'™(X;,Y) = 0 follows from Y € M*. Thus the middle term is also 0, so
Ro(Y) €M NQ(e),i.e. Ro(Y) € F(Qi,...,Qn_1) by the induction hypothesis.
On the other hand, for any X, € M,, C P, (e) we have Ext’(Xz, R, (Y)) = 0 for all
t >0, since R,(Y) € F(S(1),...,5(n —1)). Thus, putting together the two cases,
we get that R, (Y) € M=,

Let us take now an arbitrary X € M. Then in the long exact sequence

o Extf(X,Y) - Ext!(X,Y) — Bxt"THX, Ry (Y)) — - -

Ext!(X,Y) = Ext" (X, R, (Y)) = 0 for all t > 0. Thus Y € ML N Q,(e) = Q,,
soY € F(Q1,...,9,). This proves that Q is a costratifying subcategory.

It follows from Theorem 3.2 that +Q is a stratifying subcategory. The inclusion
M C (M N Q(e)) = +Q implies that (+Q)+ € ML, Since (+Q)t C Qfe)
clearly holds, we have (+ Q)+ C M N Q(e) = Q. Finally, since the containment
(+Q)* D Q is obvious, we get from part (1) that (+Q, Q) is a stratifying pair. O
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In general, not every perpendicular pair of modules X € P(e) and Y € Q(e)
are contained in a stratifying pair of subcategories. However we have the following

characterization.

PROPOSITION 3.7. Let (A,e) be a CPS-stratified algebra. For arbitrary modules
X € P(e) and Y € Q(e) the following are equivalent.

(i) There is a stratifying pair (P, Q) in mod-A such that X € P and Y € Q.
(1) X; = T3(X)/Tix1(X) € H{Y } fori=1,...,n.
(i1) Vi = R (Y)/Ry(Y) € { X }* fori=1,...,n.
(iii) Ext'(X;,Y;) =0 forallt >0 andi=1,...,n.

Proof. (i) = (iii): By Lemma 2.2 and 2.8, X; € P, CPand Y; € Q; C Q, so (ii1)
follows from the fact that P and Q are perpendicular to each other.

(19) = (4i): Since X; € Pi(e) and Y; € Q,(e) by Lemma 2.2 and 2.8, we
have Ext’(X;,Y;) = 0 for all i # j and ¢ > 0. Together with (i) this implies that
Ext!(X;,Y)=0forallt>0andi=1,...,n.

(19) = (i): Take M; = {X;} in part (2) of Theorem 3.6. Then ¥ € Q.
Furthermore X; € +1Q =P for i = 1...,n, implying that X € P.

Finally, (i74) = (ii') = (i) follows by duality. |

A similar statement can be formulated giving a condition for arbitrary sub-
classes of P(e) and Q(e) to be included into a stratifying pair.

It is easy to see that if (A, e) is quasi-hereditary (i. e. standardly stratified with
A(i) = A(i) for i = 1,...,n) then (P(e), Q(e)) is the only stratifying pair. This
follows from the fact that by Proposition 2.13 and Theorem 3.5 F(A) = F(A) =
P(e) is the only stratifying subcategory. Non-quasi-hereditary examples with a
unique stratifying pair can also be found. On the other hand the following example
shows that for a general CPS-stratified algebra there may be even infinitely many

different stratifying pairs of subcategories.

EXAMPLE 3.8. Let A = KT/I, where I': be v and I = (e, fafB,7?).
B

Then
2 1o 12
® 52 and D(aA) = 2 @ 2,
2 2

Ay =

N =N

Let M = ;, N = 1,2 and M. = P(2)/(Ba — ¢y) for any 0 # ¢ € K. Then
M={MM|0#ce K} CPyle)and N = {N,M.|0 # c€ K} C Qz(e).
For any subset L of K \ {0} take My = {S(1),M,M.|c € L}. By Theorem 3.6,
Qr = M N Q(e) and P, = +Qy, form a stratifying pair of subcategories. Easy
calculation shows that QNN = { N, M,|d € K\({0}UL) }, furthermore P,NM C
H(QrNN)NM C My. Since the other inclusion is obvious, we have that PrNM =
My, i.e. for each choice of L C K \ {0} we get a different stratifying pair.
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CONSTRUCTION OF CPS-STRATIFIED ALGEBRAS

IsTVAN AcosToN! AND ERzSEBET LUKACS!

ABSTRACT. The results of [DR] and [ADL2] gave a recursive construction for all quasi-
hereditary and standardly stratified algebras starting with local algebras and suitable
bimodules. Using the notion of stratifying pairs of subcategories, introduced in [AL],
we generalize these earlier results to construct recursively all CPS-stratified algebras.

1. Introduction

Ever since their introduction by Cline, Parshall and Scott in the late 1980’s
quasi-hereditary algebras have drawn a lot of attention and they keep playing an
important role. One of the key defining features of these algebras is the way how
they are put together from simpler algebras (cf. the notions of recollement and
partial recollement). Much of the homological properties and of the structure theory
developed for quasi-hereditary algebras carry over to the class of so called standardly
stratified algebras which is the most straightforward generalization of the original
concept. On the other hand for so-called CPS-stratified algebras, which rely on the
notion of stratifying ideals, defined by Cline, Parshall and Scott in [CPS] (but also
investigated earlier by Auslander, Plateck and Todorov in [APT]) and which seem to
be the most general class definable in terms of stratification, no such generalization
is known. In particular the lack of adequate structure theory makes it more difficult
to handle some general questions concerning these algebras.

In an attempt to provide a basis for such a structure theory, the notion of
stratifying pairs of module subcategories was introduced in [AL]. This notion was
modelled on the subcategories of modules with standard and costandard filtration
over standardly stratified algebras. Their homological behaviour is to a large extent
determined by the fact that modules in such a pair of subcategories are perpendic-
ular to each other (actually, the individual strata of these modules also have this
property), moreover the strata will also satisfy some further homological conditions.

In the present paper we use the language of stratifying subcategories and
stratifying pairs to extend earlier results of [DR] and of [ADL2]. Namely, each
of these classes, i.e. quasi-hereditary algebras, standardly stratified algebras and
CPS-stratified algebras — when defined for an algebra together with a complete
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2 AGOSTON AND LUKACS

ordering on a complete set of orthogonal idempotents — come with two sequences
of algebras: one is a sequence of quotient algebras and the second a sequence of
centralizers (i.e. endomorphism algebras of projective modules). While it is more
common to deal with these classes via the recursive approach which uses the se-
quence of consecutive factors, the papers mentioned earlier ([DR] and [ADL2]) deal
with the sequence of centralizers and bimodules with appropriate filtration, and
give an explicit construction for quasi-hereditary and standardly stratified algebras.
In this way one can obtain each quasi-hereditary and standardly stratified algebra,
starting with local algebras. We extend this result to the class of CPS-stratified
algebras.

In section 2 of the paper we establish a few results about the functorial con-
nection between stratifying subcategories for the original algebra and stratifying
subcategories for the centralizer algebras. Then in section 3 first we give precise
conditions in terms of the Peirce decompositions of the algebra to be CPS-stratified.
Finally we show how these conditions can be applied to construct from suitable al-
gebras and bimodules a CPS-stratified algebra. We also show that this construction
is universal in the sense that every CPS-stratified algebra can be obtained this way,
starting with local algebras. We conclude with examples.

For background and unexplained notions concerning quasi-hereditary and stan-
dardly stratified algebras we refer for example to [DR], [ADL2] and the literature
quoted there, however we shall not need them in this paper.

2. Stratifying subcategories and centralizers

A will always denote a basic finite dimensional algebra over a field K. Modules
— unless otherwise stated — will be right modules and mod-A (or A-mod) will stand
for the category of finitely generated right A-modules (left A-modules, respectively).
Let us recall some of the basic characterizations of so-called stratifying ideals.

DEFINITION. (Cf. [CPS], [APT], [ADL2]) An idempotent ideal AeA of the algebra
A (with €2 = e € A) is called stratifying if it satisfies any of the following equivalent
conditions (S1), (S1'), (S2), (S3):
(S1) (4) the multiplication map induces a bijection Ae (% eA — AeA, and
(i1) Tori*¢(Ae,eA) =0 for all t > 0;
(S1) (i) the multiplication map induces a bijection Ae ® eA — AeA, and

eAe

(ii) Ext! . (Ae, D(eA)) =0 for all t > 0, where D denotes K-duality;
(S2) Extil/AeA(X, Y) = Exty(X,Y) for all t > 0 and X,Y € mod-A/AeA;

(S3) Each term in the minimal projective resolution of AeA4 is generated by eA.
The last condition is of particular interest to us.

DEFINITION. Let e € A be an idempotent element. The subcategory P(e) consists
of all those A-modules for which there is a projective resolution with all projective
terms in add(eA). In particular, AeA is a stratifying ideal if and only if AeA € P(e).
Dually, Q(e) consists of all those A modules for wich there is an injective resolution
with all injective terms in add(D(Ae)).
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It is easy to see that M € P(e) if and only if Ext’ (M, N) = 0 for ¢t > 0 and all
modules N with Ne = 0. This implies that P(e) is closed under extensions, direct
summnads and kernels of epimorphisms.

For C C mod-A we use the notation F(C) for the class of modules filtered by
elements of C. Furthermore, take

Ct=Cxi={N €mod-A|Ext)(M,N)=0Vt>0and M €C},
LC="Cs={M € mod-A|Ext) (M,N)=0Yt>0and NeC}.

It is obvious that *C is always a resolving subcategory in mod-A, i.e. it is closed
under extensions, direct summands and kernels of epimorphisms, and it contains
the projective modules, and similarly, C* is necessarily a coresolving subcategory
in mod-A, i.e. it is closed under extensions, direct summands and cokernels of
monomorphisms, and it contains the injective modules.

Note that if C is resolving (coresolving, respectively) then in the above defini-
tions it is enough to require that Ext'(M, N) = 0.

We list here some further homological properties of modules in P(e). (A version
of) the next statment can be found in [APT]. For the convenience of the readers we
include a proof.

LEMMA 2.1. Let AeA be a stratifying ideal and X € P(e). Then:
(a) Toré®(Xe,eA) =0 for allt > 0;
(b) X ~ Xe <§> eA.

Proof. Let us take the projective cover of X:
0-Q—-P—X—0.

We can apply to this sequence the exact functor Hom4(eA, —) to obtain

(1) 0— Qe— Pe— Xe—0
and then the functor — ® eA to get the exact sequence:
eAe
(2) 0—>K—>Qe ®eA— Pe ® eA— Xe ® eA—0

eAe eAe eAe

where K = Tor¢4¢(Xe,eA). Note that the exactness follows from the fact that
Tor$4¢(Pe, eA) = 0 by (S1)(ii). We can also observe that Ke = 0 since by applying
Homy (eA, —) to (2) we get back (1) with Ke standing in place of 0.

Let us factor out K from the first two non-zero terms of (2) and apply the
natural multiplication maps 8 and v to the last two terms to get the following
diagram:

0 - Qe®ed)/)K — Pe®@eA — Xe®@eA — 0
eAe Ae eAe

e
le 16 1
0 — Q — P — X — 0
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X € P(e) implies that PeA = P and XeA = X, hence v is surjective and by

(S1)(¢) the map § is an isomorphism. Thus, by the Snake lemma Ker~y ~ Coker «

and Kera = 0. Since (Xe ® ed)e ~ Xe, we get that (Kery)e = 0. On the
eAe

other hand, X € P(e) clearly implies Q € P(e) and this gives Q = QeA. So
Coker a = (Cokera)eA ~ (Kery)eA = 0. Thus v and « are also isomorphisms.
This proves (b).

Q € P(e) and Ke = 0 gives that Ext'(Q, K) = 0. Thus the sequence 0 — K —

Qe ® eA — Q — 0 splits, giving that K is a direct summand of Qe ® eA. This
eAe eAe

implies that K = KeA = 0, i.e. Tor;(Xe,eA) = 0. Applying the result for the
syzygies of X, we get the same statment for higher Tor’s, hence we proved (a). O

For an arbitrary idempotent element ¢ € A we denote by C' = eAe the corre-
sponding centralizer algebra in A. Throughout the paper we shall also make use of
the following functors:

® = Homgy(ed,—) : mod-A— mod-C
r = - % eA : mod-C' — mod-4
© = Hom¢(Ae,—) : mod-C — mod-A

Observe that the functor © is naturally equivalent to DI'°D, where D =
Hompg (—, K) is the standard K-duality functor, and I'° = Ae® — : C-mod —
c

A-mod. Indeed, we have HomK(Ae%D(X),K) ~ Home (Ae, Homg (D(X), K)) =
O(DD(X)) ~ O(X). It is also easy to see that both ®I' and ®O are naturally
equivalent to idped-c, 50 @ and T' (or ® and O) give an equivalence between mod-C

and the image of T' (or the image of ©, respectively). We shall also use the following
adjointness relations between these functors:

Homy (I'(X),Y) ~ Home (X, ®(Y)) for X € mod-C, Y € mod-A;

Home (®(X),Y) ~ Homy (X,0(Y)) for X € mod-A, Y € mod-C.

Note that if AeA is a stratifying ideal, the functors ®, I" and © are the functors of
the so called recollement on the module category level (cf. [CPS]).

We shall adopt the following convention: when C is an isomorphism-closed
subcategory of mod-A or mod-C, respectively, then ®(C), T'(C) and ©(C) will stand
for the isomorphism-closed subcategory of mod-C or mod-A, respectively, which is
generated by modules of the form ®(X4), I'(Ye) or ©(Z¢).

LEMMA 2.2. Suppose that for an idempotent element e € A the ideal AeA is a
P @

stratifying ideal. Then P(e) == ®(P(e)) and Q(e) == ®(Q(e)) are equivalences
T ©

between the given subcategories of mod-A and mod-C, with ®, I' and © being ezxact.

Proof. We have already seen that ®I' ~ id,0q-¢, hence the same natural isomor-
phism applies to the restriction of I' to ®(P(e)). Next, Lemma 2.1(b) implies that
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I'P(X) ~ X for every X € P(e) and it is easy to see that the isomorphism is natu-
ral. Thus, ® and T are inverse equivalences when restricted to P(e) and ®(P(e)).
The exactness of @ is obvious, while the exactness of I' when restricted to ®(P(e))
follows from Lemma 2.1(a).

The statement about the equivalence of Q(e) and ®(Q(e)) follows by K-duality
from the previous part, since D(Q(e)) = P°(e), where P°(e) consists of all left
A-modules for which there is a projective resolution with all projective terms in
add Ae. O

LEMMA 2.3. Suppose AeA is a stratifying ideal. Then

(a) ®(P(e)) is a resolving and ®(Q(e)) is a coresolving subcategory of mod-C';

(b) If P' € mod-C is a resolving subcategory, and D(eA) € (P')* then T'(P') C
P(e). Dually, if @ C mod-C is a coresolving subcategory, and Ae € +(Q’)
then ©(Q') C Q(e).

Proof. To prove (a), we shall use the fact that P(e) is closed under extensions,
direct summands and kernels of epimorphisms.
Let us take an exact sequence in mod-C":

(3) 0-X—->Y—>Z-0.

We can apply the functor I' = — ? eA to get
(4) 0-T(X)—-T(Y)—>T(Z)—0

By Lemma 2.1 (a) the sequence in (4) is exact if Z € ®(P(e)). Furthermore, by
Lemma 2.1 (b), if M4 € P(e), then T®(M) ~ M, hence for any N € ®(P(e)) we
get that T'(IV) € P(e).

Thus if X,Z € ®(P(e)), then (4) is exact, and I'(X),I'(Z) € P(e), giving
that T'(Y) € P(e) and ¥ ~ ®I'(Y) € ®(P(e)). Similarly, if Y, Z € ®(P(e)) then
X € ®(P(e)). Thus ®(P(e)) is closed under extensions and kernels of epimorphisms.

When (3) is a split sequence then (4) is also split exact. In this case, if Y €
®(P(e)) then T'(Y) € P(e), so we get that I'(X),['(Z) € P(e) and X ~ ®I'(X) and
Z ~ ®I'(Z) belong to ®(P(e)), i.e. ®(P(e)) is closed under taking direct summands.

Finally, since eA € P(e) and ®(eA) = ede = C € &(P(e)), we get that ®(P(e))
contains the projectives in mod-C, hence ®(P(e)) is a resolving subcategory.

To prove (b), let X be a module in P’ and let us take a minimal projective
resolution of X in mod-C. We know that P’ is resolving, hence each syzygy is in
P’. Since D(eA) € (P')* implies that TorS (M, eA) ~ D(ExtL (M, D(eA)) = 0 for
M € P’, we get that T' maps the projective resolution of X into an exact sequence.
Clearly, projective C-modules are mapped to projective A-modules from add (eA),
hence T'(X) € P(e). This shows that T'(P’") C P(e).

The dual statements about Q(e) and Q' can be proved by applying the state-
ments about P(e) and P’ to left modules and taking K-duals, using the natural
equivalence between © and DI'°D a
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From now on we shall fix an order e = (ey,...,e,) of primitive orthogonal
idempotents and define the idempotents ¢; = e; + ...+ e,. Let e = ¢; for a fixed
1 > 2; then the corresponding centralizer algebra is C' = ¢;Ag;, with a fixed order
of primitive orthogonal idempotents €’ = (e;, ..., e,). The functors defined earlier
are ® = Homa(g;A,-), T’ = —(%{-ZiA, © = Hom¢(Ae;, —). We shall also use the
notation B = A/Ae; A and €’ = (e1,...,€;-1).

We need to recall a few concepts from [AL].

DEFINITION. For (4, e) we define the subcategories

Pi(e) = { M € mod-A|Me; 1 =0 and Ext’(M,S(j))=0Vj <i, Vt >0},
where S(j) denotes the simple top of the projective module e;A.

Q;(e) = { N € mod-A|Ne;y1 = 0 and Ext'(S(j),N)=0Vj <i, Vt>0}.

Let us note that P;(e) C P(e;) and Q;(e) C Q(g;) for j > ¢, and in the case when
Agiy1A is a stratifying ideal, Pj(e) = Pajac, ,a(e:) and Q;(e) = Qayac,., ale:).
Finally, let

P(e) = F(Pi(e),...,Pn(e)) and

Q(e) = F(Qi(e),...,Au(e)).

DEFINITION. The algebra (4, e) is CPS-stratified if Ay € P(e), or equivalently, if
D(4A) € Q(e). (Cf. also [CPS] and [ADL1].)

Note that (A4, e) is CPS-stratified if and only if the ideals Ae; A are stratifying
ideals in A for 1 <3 <n.

By [AL], P(e) is a resolving and Q(e) is a coresolving subcategory for (A, e) if
(A, e) is CPS-stratified.

DEFINITION. P C mod-A is a stratifying subcategory for (A, e) if it is resolving, and
P = F(Pi,...,Ppn) for some P; C P;(e). Similarly, @ C mod-A is a costratifying
subcategory for (A, e) if it is coresolving, and Q = F(Qq,...,Q,) for some Q;, C
Q;(e). A stratifying subcategory P and a costratifying subcategory Q for (A,e)
form a stratifying pair for (A,e) if Q = P+ and P = 1Q.

It was shown in [AL] that if P is a stratifying subcategory for (A, e) then P~ is
a costratifying subcategory and similarly, if Q is costratifying then - Q is stratifying.
Every CPS-stratified algebra has (at least one) stratifying pair: in fact, if (4,e) is
CPS-stratified then P(e) and P(e)* form such a pair.

LEMMA 2.4. Let Ae; A be a stratifying ideal in (A, e), and j > i. Then the pairs
@ @

of functors Pj(e) == ®(P(e;)) N P;j(e') and Q;(e) ? D(Q(e;)) N Q,(€) define
r o

equivalences between the corresponding subcategories of mod-A and mod-C.
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Proof. Since P;(e) C P(e;), we can apply Lemma 2.2. So it suffices to prove that
B(P,(e)) = B(P(=1) N Py(e).

Suppose that X € P;(e). Then X has a projective resolution in P(e;), whose
projective terms belong to add(¢;A), so ®(X) has a projective resolution with
projective terms in add (g, Ae;). Furthermore, if X € mod-A/Ae;j 1A, 1.e. Xejpq =
0, then (Xe¢;)ej41 = 0. Thus for X € Pj(e), we have ®(X) € P;(e).

Conversely, let X be in ®(P(g;)) N Pj(e’), and consider a minimal projec-
tive resolution of X. By Lemma 2.3 (a) the syzygies of this resolution are in
®(P(e;)). Lemma 2.1 yields that by applying the functor I' to this resolution
we get a projective resolution of I'(X') with projective terms in I'(add (¢;Ae;)) =
add (sjAs,-%esiA) = add (¢;A). Furthermore, if Xeji1 = 0, then I'(X)ejp1 =
X%@siAst = Xe;Aejn %{)ejﬂ = Xejn ?€j+1 = 0. So I'(X) € Pj(e), and
X ~ 30(X) € B(P;(e)).

The second statement follows from the first by K-duality. O

The following two propositions give a connection between stratifying subcate-
gories of (A4, e) and those of (C,e’) and (B, e”).

PROPOSITION 2.5. Let P be a stratifying subcategory for (A,e) and let P’ be the
image of P under the functor ®, i.e. P’ = ®(P) = Pe;. Then P’ is a stratify-
ing subcategory for (C,e’) and P"” = P N (mod-B) is a stratifying subcategory for
(B,e").

Proof. Let us observe that ®(P) = ®(F(P1,...,Pn)) = ®(F(Pi,...,Pn)), where
F(Pi,...,Pn) = PN P(g) since for any X € PN P(g;) we have X = Xe; A and
XejA/Xej11A € F(P;) by Lemma 2.2 of [AL]. Since PNP(g;) is closed under exten-
sions, kernels of epimorphisms and direct summands, Lemma 2.2 and Lemma 2.3 (a)
give that ®(P) = ®(PNP(e;)) is also closed under these operations. Furthermore,
g;Ag; = ®(g;A) € ®(P) also holds, thus ®(P) is a resolving subcategory. By
Lemma 2.4, ®(P;) C P;(€’) for all j > i, s0 P’ = ®(P) = F(®(P;)---,P(Pr)) is a
stratifying subcategory for (C,e’).

To show that P = PNmod-B = F(Py,...,P;_1) is a stratifying subcategory
for (B, e"), observe first that it is clearly resolving. Thus we have to show only that
P; C Pj(e") for j < i. But this follows from the fact that Ae; A is a stratifying
ideal, hence by (S2) the extensions of B-modules over B and A are the same, thus
the subcategories P;(e”) and P;(e) are identical for j < i. 0

PROPOSITION 2.6. For a given (A, e) suppose that
(i) P’ is a stratifying subcategory for (C,€'), and P" is a stratifying subcategory
for (B,e");
(i1) Ae; QgsiA ~ Ag;A;
(iii) Ae; € P', D(e;A) € (P')*.
Then P = F(P",T(P")) is a stratifying subcategory for (A, e) such that ®(P) = P’.
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Proof. Note first that conditions (i¢) and (i#¢) imply by (S1’) that Ae; A is a strat-
ifying ideal. It is also clear that A4 € P, since Ag;A ~ Ag; ®¢;A € T(P') and
c
AJAe; A e PV,
Lemma 2.3 (b) implies that T'(P’) C P(g;), and from the equivalence given by
@
the (exact) functors I'(P’) =P’ = ®I'(P’) (see Lemma 2.2) it follows that I'(P’)
r

is closed under extensions, kernels of epimorphisms and direct summands.
Lemma 2.4 proves that I'(P;) C Pj(e) for j > i, and the elements of P are

filtered by Py, ..., P/ 1, T(P}),...,T(P},). Since the latter satisfy the closure prop-
erties of Proposition 2.6 in [AL], P is a stratifying subcategory for (A, e).
Finally, ®(P) = ®(F(P",I(P'))) = ®I'(P') = P'. ]

To establish a similar connection between stratifying pairs of subcategories for
a CPS-stratified algebra (A, e) and its centralizer algebra (C,e’), we need first the
following lemma.

LEMMA 2.7. Let (A,e) be a CPS-stratified algebra, X € F(P;(e),...,Pn(e)) and
Y € F(Qi(e),...,Qn(e)). Then for arbitraryt >0

Exty (X,Y) =0 <= ExtL(®(X),®(Y)) =0.

Proof. We prove the statement only for ¢ = 1; then the general statement will
follow by a usual dimension shifting argument, using the fact that the syzygies of
X € F(P;i(e),...,Pn(e)) = PN P(e) also belong to F(P;(e),...,Py(e)), and ®
maps a projective resolution into a projective resolution.

Let us assume first that Ext’ (X,Y) = 0. This is equivalent to saying that for
the projective cover of X in mod-A:

0o — Q0 % P — X — 0

the map Hom(P,Y) — Hom4(9,Y) is surjective. That is to say, for every 8 €
Homyu (€2,Y) there is v € Homy (P, Y) making the following diagram commutative:

0o — O = P — X — 0

’
’

5i P
Y

By applying the functor ® to this diagram we get the following commutative dia-
gram:

o(P) — P(X) — O

where ®(P) is projective. Note that X € F(P;(e),...,Pn(e)) C P(e;) implies that
Q€ P(e;) so Lemma 2.1 (b) and the adjointness of the functors I' and ® give

Homyu (2,Y) ~ Homy (T'®(2),Y) ~ Home (P(2), D(Y)).
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This shows that Home (®(P), ®(Y)) — Home (P(2), D(Y)) is also surjective, hence
Exts(®(X), ®(Y)) = 0.

Conversely, let us now assume that Extg (®(X),®(Y)) = 0. This means that
if we take the projective cover of ®(X) in mod-C:

[0

0o — 9 — P — X)) — 0,
the map Home(P/, 2(Y)) — Home (', (Y)) is surjective:

0o — O % P — dX) — 0
B i o
oY)

This gives rise to the following commutative diagram:

0 — 1) " ey — rex) — o

I

0d(Y)

Here the maps 3’ and ' are obtained from 3 and  using the natural isomorphisms,
coming from the adjointness of ¢ and O:

Home (M, N) ~ Home (ST (M), N) ~ Hom(D(M), O(N)).

As in the previous part, we get that Hom 4 (T'(P’), ©®(Y)) — Hom4 (I'(QY),09(Y))
is surjective. Since I'(P’) is projective, this proves that Ext!(T®(X), 0®(Y)) =
0. But X € P(g;) implies I'®(X) ~ X and YV € 9(g;) implies OP(Y)

Lemma 2.1 (b) and its dual. So Ext!(X,Y) = 0. O

PROPOSITION 2.8. Let (A,e) be a CPS-stratified algebra. Then the following are
equivalent for a pair (P', Q') of subcategories of mod-C.

(1) (P, Q') is a stratifying pair over (C,e") with Ae; € P’ and D(g;A) € Q.

(2) There is a stratifying pair (P, Q) over (A, e) such that (P', Q") = (®(P), ®(Q)).

Proof. Let us fix a stratifying pair (P”, Q") for (B, e").

Let H denote the set of all those pairs (P, Q) of stratifying and costratifying
subcategories for (A,e) for which that P N (mod-B) = P”, @ Nmod-B = Q" and
QC Pt

Let H' denote the set of all those pairs (P’, Q') of stratifying and costratifying
subcategories for (C,e’') for which Ae; € P', D(g;A) € @', and Q' C P'+.

Consider the following maps:

p o (P,Q) — (®(P),®(Q)) for each (P, Q) e H
v o (P,Q)— (F(P",T(P)),F(Q",0(Q))) foreach (P, Q) eH

Then p maps every pair (P,Q) € H to a pair (P, Q') € H', since Propo-
sition 2.5 and its dual imply that P’ = ®(P) is a stratifying and Q' = &(Q)
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is a costratifying subcategory for (C,e'); As € P gives that Ae; € P/, and
similarly, D(4A4) € Q gives D(g;A) = D(A)e; € Q'; finally, Q' C P'+ follows
from Lemma 2.7, since ®(P) = ®(F (P, ..., Pn)), ®(Q) = ®(F(Q;,...,9x)), and
F(Qiy. s Qn) CF(Piy. ., Pu)t.

Next we show that the map v maps every pair (P, Q) € H' to a pair (P, Q) €
‘H. Proposition 2.6 and its dual imply that P = F(P”,T(P’)) is a stratifying
and @ = F(Q",0(Q')) is a costratifying subcategory for (A,e). Furthermore,
P N (mod-B) = F(P",T(P")) N (mod-B) = P”, similarly, Q@ N (mod-B) = Q".
We still have to prove that @ C P+. First, Ext)y (P”, Q") = Exth(P"”, Q") = 0
for t > 0, since (P”, Q") is a stratifying pair for (B,e”) and Ae; A is a stratifying
ideal. Next, Ext (P”,0(Q")) = Ext,(I'(P"), Q") = 0 for t > 0, since O(Q') €
Q(g;) and T'(P’) € P(e;) by Lemma 2.3 (b). Finally, ©(Q") = F(Qi,...,On),
L(P') = F(Pi,...,Py) and Ext-(Q',P') = 0 for t > 0, so Lemma 2.7 gives that
Ext (T(P),0(Q") = 0.

It is clear that pur = idyr. On the other hand, for any pair (P,Q) €
H, F(P",T®(P)) = P, since I'®(P) = T'®(F(P;,...,Py,)), which is equal to
F(Pi,...,Py) by Lemma 2.2, and dually, F(Q",09(Q)) = Q. So vu = idy.

Now let us assume that (P, Q) is a stratifying pair over (A,e), and let P =
PN (mod-B) and Q" = QN (mod-B). Consider the classes H and H’ and the maps
p and v with this fixed pair (P, Q”). Since Q = P+, Q is the largest costratifying
subcategory such that (P, Q) € H. Thus, for (P’, Q') = u(P, Q), the subcategory
Q' is the largest costratifying subcategory for (C,€’) such that (P’, Q') € H'. But
(P',(P")*) is also in ‘H/, so (P'): C @ C (P')*, i.e. (P')+ = Q, and similarly,
L(Q') =P So (P, Q') is a stratifying pair with Ae; € P’ and D(g;A) € Q'. This
proves that (2) implies (1).

With an analogous argument we get that for any stratifying pair (P’, Q') € H’
the pair (P, Q) = v(P’,Q’) is a stratifying pair for (4,e) with P’ = ®(P) and
Q' = ®(Q). So (1) implies (2). O

),
).

3. Recursive construction of CPS-stratified algebras

THEOREM 3.1. For (A,e) let p; = e1 + ...+ €1 = 1—¢;, and E = p;Aey,
F =¢Ap;, C =¢;Ae;, B= A/Ae;A. Then (A, e) is CPS-stratified if and only if
the following conditions hold:

(i) (C,€') and (B,e") are CPS-stratified;

(ii) the multiplication map E((Xj) F — @;Ap; is injective;

(i4i) there is a stratifying pair (P, Q') for (C,€’) such that E € P’ and D(F) € Q'.

Proof. Let us assume first that (A, e) is CPS-stratified. Then P = P(e) is a strat-
ifying subcategory. By Proposition 2.5, (C,€’) and (B,e”) are CPS-stratified, as
stated in condition (7). Since Ae;A is a stratifying ideal, the multiplication map
Ag; Qg g;A — Ae; A is injective by (S1), so p;Ae; %)QA% — p; Ag; A, is also injec-
tive, proving condition (i4). Finally, by Lemma 2.5, P’ = ®(P(e)) C ®(P(g;)) is a
stratifying subcategory for (C,e’) with E = ®(p;A) € P’, and by Lemma 2.1 (a)
the costratifying subcategory Q' = (P’)* contains D(g;A) and its direct summand
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D(F) = D(g;Ap;) as well. Since +(Q’) is a stratifying subcategory for (C,e’), by
Proposition 2.6 I'(+(Q’)) can be included in a stratifying subcategory for (A, e), so
it is in P(e), hence +(Q’) = ®I'(+(Q)) C ®(P(e)) = P'. But the latter is clearly
contained in +(Q’), so +(Q') = P’. Thus (P, Q) is a stratifying pair for (C,e’),
satisfying condition (#41).

Now suppose that conditions (z), (i4) and (#i) hold. Condition (i), i.e.
the injectivity of the map E%)F — ;Ap; implies that the multiplication map

Ae; ;A = (FeC)@(F@®C) — A is also injective, since the injectivity for
c c

the other three direct components is obvious. Thus condition (ii) of Proposi-
tion 2.6 holds. Condition (%i7) of the theorem implies that Ae; = E®C € P’
and D(e;A) = D(F)® D(C) € @', since C¢ is projective and D(cC) is injective,
so condition (7i¢) of Proposition 2.6 is also satisfied. Finally, we can take any strat-
ifying subcategory for (B,e”) as P” to satisfy condition (i) of Proposition 2.6, so
there exists a stratifying subcategory for (A,e), i.e. (A,e) is CPS-stratified. O

If © = n in the previous theorem then (C,e’) is automatically CPS-stratified
since C' is local.  Furthermore condition (i#i) is equivalent to saying that
Ext'(E,D(F)) = 0 for all ¢ > 0 (see Proposition 3.7 of [AL]), so (ii) and (i)
together give, by (S1’), the condition that Ae;A is a stratifying ideal. This is the
usual recursive definition of a CPS-stratified algebra.

Similarly, if ¢ = 2, then B is local, hence the condition on the algebra B can be
dropped. Actually, we can use the previous theorem for this situation to construct
all CPS-stratified algebras. The construction follows closely the construction of A-
and A filtered (i. e. standardly stratified) algebras in [ADL2], so we only prove what
is different in this case.

Let us take a local algebra L with unit element e;, and a CPS-stratified algebra
(C,€'), where € = (eg,...,e,). Furthermore, let ; Ec and ¢ Fr, be bimodules such
that Ec € P’ and D(cF') € Q', where (P’, Q') is a stratifying pair for (C,€’). Note
that by [AL], Proposition 3.7 such a stratifying pair exists if and only if Ec € P(e'),
D(cF) € Q(e') and Extl,(Ee;C/Eej1C, D(Ce;F/Cejy1F)) = 0 for all t > 0 and
j > 2. We also fix a C-C bimodule homomorphism g : F%) E —radC.

We extend L to a larger local algebra L so that
L=LxE 9 F)

is the split extension of L by the algebra F ® F', where the algebra multiplication
c
on F® F is defined by
c

(EQF)RE®F)~EQ(FeE) oF P2 pecgF~EQF.
L C C L C C C C

In a similar fashion we extend the IN/—module structure on E and F to an L-module
structure. Thus E and F become L-C and C-L bimodules. Finally, we define the

algebra A as ~
~ L FE
=(r ¢)
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with the natural algebra structure. In an obvious way e = (e1,...,e,) gives a

complete oredered set of primitive orthogonal idempotents in A.

Since ey Aey = C, AV/AVEQAV ~ L, (6112[52)6' = Fo and c(&ggel) = ¢F, con-
ditions (i) and (i) of Theorem 3.1 are satisfied. The construction of L = e; Ae;
ensures that F % F = elﬁfsgﬁel, so condition (¢i) of Theorem 3.1 also holds. Thus

we proved the following theorem.

THEOREM 3.2. Let L be a local algebra with unit element ey, (C,€') a CPS-stratified

algebra with € = (ea,...,en), LEc and ¢Fp bimodules such that Ec € P’ and

D(cF) € Q, where (P', Q') is a stratifying pair for (C,€'), and finally, p: FQE —
L

rad C' a bimodule homomorphism. If A is the algebra constructed above and e =

(e1,...,en), then (A, e) is CPS-stratified.

As in [ADL2], we can take an ideal H <A such that H C rad L and HnN
(E®F) = 0. In [ADL2] such ideals were called auziliary ideals. Then A = A/H
c

is also CPS-stratified since C, F, F' remain the same and the map FE® F — E/H
c

remains injective.
In this way we can construct all CPS-stratified algebras:

THEOREM 3.3. Let (A,e) be a CPS-stratified algebra and let us take L = ej Aey,
C =e9Aey, E = e1Acy, F = egAe; and the multiplication map p : F(%)E —radC.

Then with the algebra A and an appropriate auziliary ideal H C elﬁel, we have
A~ A/H.

Proof. Let us define v : E® F — L to be the natural multiplication map, and H =
c

{ u—v(u)|u€eE Gg F } Theorem 3.1 implies that conditions of Theorem 3.2 for C,

E and F are satisfied, thus we can construct A in the prescribed way. Furthermore,
the proof of Theorem 4.4 of [ADL2] can be applied to show that H is an auxiliary
ideal, and A/H ~ A. O

Let us conclude with two examples.

EXAMPLE 3.4. We give an example of a situation where a stratifying pair for (C, €’)
cannot be extended to a stratifying pair for (A,e) (cf. Proposition 2.8). Let A =
KG/I, where G is the graph

SRR NN
O O
)

and I = (af3, 32,78, 87,52). So the right regular representation of A is given by

Y

AAzé@g@z?js

and for C' = g9 Aey we have
Co = g ® 233'
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C'is a A-filtered (hence standardly stratified) algebra with only two stratifying pairs:
(add Cc = F(A),mod-C) and (F(2, ,%,),F(32, 3)). Here the first stratifying pair
cannot be extended to a stratifying pair for (A, e), since e; Aes & add C. On the

other hand the second pair can be extended to the pair (F(1, 2, ,%,),F(1, 3, 3)).

ExAMPLE 3.5. Here we show how Theorem 3.2 can be applied to construct CPS-
stratified algebras, starting with two local algebras.
Let G be the graph with one vertex and two loops:

aOfOﬁ

Let us take C = KG/I with I = (a?, 3?,af) and use the notation e; = 1¢. The
regular representation of C' can be described by

|

For L we can take the base field K as a local K-algebra. Since C' is local, to find
suitable bimodules E and F we only have to satisfy the conditions Extl, (E, D(F)) =
0 for t > 0: by Propositon 3.7 of [AL] if these conditions are satisfied, we can always
find a stratifying pair for (C,es), containing the given modules. To this end, let us
consider the following modules: X = C/ﬁC, Y, = C/(a —AB)C for 0 # X\ € K and
Z =C/(aC + BaC). Thus we have:

X =

o —
o —
=

2

a Yy )= @ |2|>\5 Zo =

One can check easily that the following extension modules are all zero:
Extt(X,Y)) = Exti (X, Z) = ExtL (Y, Ye) = Exti(Ya, Z2) =0

for all t > 0 and X # k.

Thus we can start for example with Fo = X and ¢F = D(Y7). In order
to define the map p : F(%E — rad C, we fix a basis for C, L, E and F. Let
C = (es,0,8,0a) and L = (e1); and similarly E = (e}, a’) with eba = o’ and
ehf=a'a=da'f=0and F = (e),a") with ael = Be}) = & and aa = o’ = 0.
Then we can define the C-C bimodule map p as follows. Let us take u(ef ® e5) = 3;
then p(ef ® ') = fa, furthermore p(a” @ eh) = p(a” @ ') = 0. Note that E%F

is one dimensional and the multiplication on £ ® F' becomes zero. Actually we can
c

obtain the complete multiplication table of A. We get that the regular module over
A can be described by

2
1 /
_ | 7N\
AX: /2\ D é 2
1 2 2/ \1/
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and hence A = KG /I where G is the graph

1 ¢ 2

o—> @ a
"

€2

and I = (a?, ehehel, ehebel — ael). In this way we get a CPS-stratified algebra,

which is not standardly stratified. Since there are no non-zero auxiliary ideals, this
input set (L, E, F\, C, 1) gives only this algebra by our construction.

On the other hand by modifying the map p we can obtain a completely different
algebra. If (e ® e]) = Ba then we get an algebra A with regular decomposition

T Ot/ T \
A b 2 2ﬁ 1
A RN ) \1/ \f;/

Let us note also that by using different perpendicular pairs of bimodules (for
example using the modules X, Yy and Z in a different setup) we can get infinitely
many CPS-stratified algebras.
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KOSZUL DUALITY FOR STRATIFIED ALGEBRAS 1.
QUASI-HEREDITARY ALGEBRAS

VOLODYMYR MAZORCHUK

ABSTRACT. We give a complete picture of the interaction between
Koszul and Ringel dualities for quasi-hereditary algebras admitting
linear tilting (co)resolutions of standard and costandard modules.
We show that such algebras are Koszul, that the class of these
algebras is closed with respect to both dualities and that on this
class these two dualities commute. All arguments reduce to short
computations in the bounded derived category of graded modules.

1. INTRODUCTION

Let A be a positively graded quasi-hereditary algebra. Then there
exist two classical duals for A: the Ringel dual R(A) ([Ri]), which is
the endomorphism algebra of the characteristic tilting A-module, and
the Koszul dual E(A) ([ADL2]), which is the extension algebra of the
direct sum of all simple A-modules. The algebra R(A) is always quasi-
hereditary, while the algebra E(A) is quasi-hereditary only under some
additional assumptions. For example, E(A) is quasi-hereditary if both,
projective resolutions of all standard A-modules and injective coreso-
lutions of all costandard A-modules, are linear (see [ADL2]). Such
algebras were called standard Koszul in [ADL2].

The natural question to ask is whether R(E(A)) = E(R(A)). This
question was addressed in [MO], where it was shown that this is the
case under some assumptions, which, roughly speaking, mean that the
algebras A, R(A), E(A), E(R(A)) and R(E(A)) are standard Koszul
with respect to the grading, induced from the grading on A. The main
disadvantage of this result was that the condition was not formulated
in terms of A-modules and hence was very difficult to check.

The main motivation for the present paper was to find an easier con-
dition which would guarantee the isomorphism R(E(A)) = E(R(A)).
For this we further develop the approach of [MO], based on the category
of linear complexes of tilting A-modules. The main point of the paper
is that we find an easy way to check Koszulity of A and quasi-heredity
of E(A) based on direct computations in the derived category. This
looks much easier than, for example, the subtle analysis of the structure
of projective resolutions, carried out in [ADL2].

A part of the condition, used in [MO], was formulated as follows: all

standard and costandard A-modules have linear tilting (co)resolutions.
1
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We call such algebras balanced. Using our computational approach
we show that already this is enough to ensure that all algebras in the
list A, R(A), E(A), E(R(A)) and R(E(A)) are standard Koszul with
respect to the induced grading and derive as a corollary that Koszul
and Ringel dualities on such A commute. Under our assumptions we
reprove main results from [ADL2] and strengthen the main result from
[MO]. Our main result is the following:

Theorem 1. For every balanced quasi-hereditary algebra A we have:

(i) The algebra A is Koszul and standard Koszul.
(i) The algebras A, R(A), E(A), E(R(A)) and R(E(A)) are bal-
anced.
(11i) Every simple A-module is represented by a linear complex of tilting
modules.

(iv) R(E(A)) =2 E(R(A)) as graded quasi-hereditary algebras.

By [BGS, MOS| we also have equivalences of the corresponding
bounded derived categories of graded modules for the algebras A, E(A),
R(A) and R(E(A)) = E(R(A)). Another advantage of our approach
is that it admits a straightforward generalization to stratified algebras,
both in the sense of [ADL1] and [CPS]. There is, however, a technical
complication in this generalization: In the case when a stratified alge-
bra is not quasi-hereditary, it has infinite global dimension and hence
the Koszul dual is infinite-dimensional. Thus to apply our approach
one has first to develop a sensible tilting theory for infinite-dimensional
stratified algebras. This is an extensive technical work, which will
be carried out in the separate paper [Ma2]. In the present paper we
avoid these technicalities to make our approach clearer. Another ad-
vantage of our approach is that it generalizes to infinite-dimensional
quasi-hereditary algebras of finite homological dimension.

The paper is organized as follows: In Section 2 we collect all neces-
sary preliminaries about graded quasi-hereditary algebras. In Section 3
we prove our main result. We complete the paper with some examples
in Section 4.

Acknowledgments. This research is partially supported by the
Swedish Research Council. Most of the results of the paper were ob-
tained during the visit of the author to Department of Algebra and
Number Theory, E6tvos University, Budapest in September 2008. The
hospitality of Eotvos University is gratefully acknowledged. The author
also thanks Istvan Agoston and Erzsébet Lukacs for their hospitality
and many stimulating discussions.

2. GRADED QUASI-HEREDITARY ALGEBRAS

By N we denote the set of all positive integers. By a module we
always mean a graded left module, and by grading we always mean
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Z-grading. Let k be an algebraically closed field and A be a basic,
finite-dimensional, positively graded and quasi-hereditary k-algebra.
Let A = {1,...,n} and {e) : A € A} be a complete set of pairwise
orthogonal primitive idempotents for A such that the natural order on
A is the one which defines the quasi-hereditary structure on A. Then
A= @iZOAia AO = ]1{61 DD ]ken and rad(A) = @i>0Ai-

Let A—gmod denote the category of all finite-dimensional graded
A-modules. Morphisms in this category are homogeneous morphism
of degree zero between graded A-modules. This is an abelian category
with enough projectives and enough injectives. For ¢ € Z we denote
by (i) the autoequivalence of A—gmod, which shifts the grading as
follows: (M (i)); = M1, j € Z. We adopt the notation hom, and
ext’; to denote homomorphisms and extensions in A—gmod.

For A € A we consider the graded indecomposable projective module
P(\) = Ae,, its graded simple quotient L(\) = P(\)/rad(A)P(\) and
the graded indecomposable injective envelop I(\) of L(A). Let A()\) be
the standard quotient of P(A) and V(A) be the costandard submodule
of I(A). By [MO, Corollary 5], there exists a graded lift T'(\) of the
indecomposable tilting module corresponding to A such that A(X) is a
submodule of T'(A\) and V() is a quotient of T'(\).

For every i € Z we will say that centroids of the modules L(\)(i),
AN (@), V(A (i), P(A\) (@), T(N) (@) and T'(A)(i) belong to —i. Simple,
projective, injective, standard, costandard and tilting A-modules will
be called structural modules. A complex X'®

di_ L die . d; o di
(X'7d.);..._2>X271_1>XZ_>X2+1;1>...

of structural A-modules is called linear provided that for every ¢ € Z
centroids of all indecomposable direct summands of X? belong to —i.

The algebra A is called standard Koszul provided that all standard
modules have linear projective resolutions and all costandard modules
have linear injective coresolutions (see [ADL2]). The algebra A is called
balanced provided that all standard modules have linear tilting coreso-
lutions and all costandard modules have linear tilting resolutions (see
[MO], where a stronger condition was imposed, however, we will show
that both conditions are equivalent). The algebra A is called Koszul
provided that projective resolutions of simple A-modules are linear (see
[Pr, BGS, MOS]). Denote by E(A) the opposite of the Yoneda exten-
sion algebra of the direct sum of of all simple A-modules. If A is Koszul,
the algebra E(A) is called the Koszul dual of A and we have that F(A)
is Koszul as well and E(FE(A)) = A.

Let D(A) denote the bounded derived category of A—gmod. For
i € Z we denote by [i] the autoequivalence of D°(A), which shifts the
position of the complex as follows: X[iJ) = X j € Z and X* €
Db(A). As usual, we identify A-modules with complexes concentrated
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in position 0. If A is Koszul, then the Koszul duality functor
K= RhOIIlA(@ZGZp<Z> [—i]’, _),

where P* is the projective resolution of the direct sum of simple A-
modules (see [BGS, MOS]), is well-defined and gives rise to an equiva-
lence from D°(A) to DP(E(A)).

Denote by £% the full subcategory of D’(A), which consists of all
linear complexes of tilting A-modules. The category £% is equiva-
lent to F(R(A))—gmod and the simple objects of £F have the form
TN (—0)[i], A € A, i € Z ([MO]).

Let R(A) denote the Ringel dual of A, which is the opposite of the
(graded) endomorphism algebra of the characteristic tilting module
T = ®reaT'(N). The algebra R(A) is quasi-hereditary with respect to
the opposite order on A. The first Ringel duality functor

F= RhOIﬂA(@ieZT<i>u —)

induces an equivalence from D°(A) to D°(R(A)), which maps tilting
modules to projectives, costandard modules to standard and injective
modules to tilting. The second Ringel duality functor

G = Rhomy(—, ®iezT(7))",

where * denotes the usual duality, induces an equivalence from D’(A) to
Db(R(A)), which maps tilting modules to injectives, standard modules
to costandard and projective modules to tilting.

3. THE MAIN RESULT

The aim of this section is to prove Theorem 1. For this we fix a
balanced algebra A throughout. For A € A we denote by S and C3 the
linear tilting coresolution of A()A) and resolution of V(\), respectively.
We will need the following easy observation from [MO] and include the
proof for the sake of completeness.

Lemma 2 ([MO]). The natural grading on R(A), induced from
A—gmod, is positive.

Proof. Let A\, p € A. Then T'(X\) has a standard filtration and 7'(u1) has
a costandard filtration ([Ri]). As standard modules are left orthogonal
to costandard modules ([Ri]), every morphism from T'(\) to T'(u){j),
j € Z, in induced by a morphism from some standard module from a
standard filtration of T'(A) to some costandard module from a costan-
dard filtration of T'(11). Hence to prove our claim it is enough to show
that every standard module occurring in the standard filtration of T'(\)
and different from A(\) has the form A(v)(j) for some j > 0; and that
every costandard module occurring in the costandard filtration of T'(u)
and different from V() has the form V(v)(j) for some j < 0.
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We will prove the result for T'(\) and for 7'(x) the proof is similar.
We use induction on A. For A = 1 the claim is trivial. For A > 1 we
consider the first two terms of the linear tilting coresolution of A(\):

0— AN —-TWN) — X.

By linearity of our resolution, all direct summands of X have the form
T(v)(1) for some v < A. All modules from the standard filtration of
T()\), except for A()N), occur in a standard filtration of X. Hence the
necessary claim follows from the inductive assumption. 0

From Lemma 2 we directly have the following:
Corollary 3. We have homy(T'(N) (i), T'(1)) =0, A, p € A, i € N.

Corollary 3 allows us to formulate the following main technical tool
of our analysis. Let X'* and )* be two bounded complexes of tilting
modules. We will say that X'* dominates Y* provided that for every i €
Z the following holds: if the centroid of an indecomposable summand
of X belongs to j and the centroid of an indecomposable summand of
V' belongs to j', then j < j'.

Corollary 4. Let X* and Y* be two bounded complexes of tilting mod-
ules. Assume that X* dominates Y*. Then Hompu 4)(X*®, V*) = 0.

Proof. Since tilting modules are self-orthogonal, by [Ha, Chapter 111(2),
Lemma 2.1] the necessary homomorphism space can be computed al-
ready in the homotopy category. Since X'®* dominates )*, from Corol-
lary 3 we obtain Homy(X?, Y?) = 0 for all 4. The claim follows. O

Proposition 5. For every A € A the module L(\) is isomorphic in
Db(A) to a linear complex LY, of tilting modules.

Proof. Consider a minimal projective resolution P* of L()\). Since A
is positively graded, for every ¢ € Z centroids of all indecomposable
projective modules in P belong to some j such that j > —i. Each
projective has a standard filtration. Hence all centroids of standard
subquotients in any standard filtration of an indecomposable projective
module in P? also belong to some j such that j > —i.

Resolving each standard subquotient A(MN)(j) in every P’ using
Sx(5)[i]*, we obtain a complex P° of tilting modules, which is isomor-
phic to L()\) in D°(A). By construction and the previous paragraph,

for each i all centroids of indecomposable summands in P’ belong to
some j such that j > —i.

Similarly, we consider a minimal injective coresolution Q° of L(\).
Since A is positively graded, for every ¢ € Z centroids of all indecompos-
able injective modules in Q° belong to some j such that j < —i. Resolv-

ing each standard subquotient V(A\){j) in every Q' using Cy(j)[—i]°,
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we obtain another complex, Q., of tilting modules, which is isomor-
phic to L(\) in D’(A). By construction, for each 4 all centroids of

indecomposable summands in @ belong to some j such that j < —i.
Because of the uniqueness of the minimal tilting complex L3, repre-
senting L(A) in D°(A), we thus conclude that for all i € Z centroids
of all indecomposable summands in £} belong to —i. This means that
L3 is linear and completes the proof. l

Corollary 6. The algebra A is Koszul.

Proof. Assume that ext’(L()\), L(u){j)) # 0 for some \, u € A and
j €Z. Then j < —i as A is positively graded. By Proposition 5, such
a nonzero extension corresponds to a non-zero homomorphism from £3
to L£,(j)[i]*. Since both £} and £,(j)[i]* are linear, the complex L3
dominates £, (j)[i]* for j < —i and the homomorphism space vanish
by Corollary 4. Therefore 7 = —i and the claim follows. U

Corollary 7. The algebra A is standard Koszul.

Proof. That the minimal projective resolution of A(M) is linear, is
proved similarly to Corollary 6. To prove that the minimal injective
coresolution of V(u) is linear we assume that ext’y (L(\)(j), V(i) # 0
for some A\, u € A and 5 € Z. Then 5 > i as A is positively graded. As
both L(A\) and V(u) are represented in D?(A) by linear complexes of
tilting modules, one obtains that for j > i the complex £, (j)[—i]* dom-
inates C;, and thus the extension must vanish by Corollary 4. Therefore
7 =14 and the claim follows. 0

Corollary 8. The algebra R(A) is balanced.

Proof. By Lemma 2, the algebra R(A) is positively graded with re-
spect to the grading, induced from A—gmod. The functor F maps
linear injective coresolutions of costandard A-modules to linear tilting
coresolutions of standard R(A)-modules. The functor G maps linear
projective resolutions of standard A-modules to linear tilting resolu-
tions of costandard R(A)-modules. The claim follows. O

Remark 9. A standard Koszul quasi-hereditary algebra A is balanced
if and only if R(A) is positively graded with respect to the grading
induced from A—gmod, see [MO, Theorem 7.

Corollary 10. The algebra R(A) is Koszul.
Proof. This follows from Corollaries 6 and Corollaries 8. U

Proposition 11. (i) The objects S, A € A, are standard objects in
L% with respect to the natural order on A.
(1) The objects Cy, A € A, are costandard objects in £X with respect
to the natural order on A.
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Proof. We prove the claim (i), the claim (ii) is proved similarly. Let
Ao € A be such that A > p. Every first extension £ from S} to
T(p)(—i)[i], i € Z, is a complex and hence is obtained as the cone of
some morphism ¢ from S[—1]} to T'(1)(—i)[:]. The homology of the
former complex is A(A) and the homology of the latter is T'(p), which
has a costandard filtration, where V(\) does not occur (since p < \).
Since standard modules are left orthogonal to costandard modules, we
get that all homomorphisms and extensions from A(\) to T'(x) vanish.
Therefore ¢ is homotopic to zero, which splits £&. The claim follows. [

Proposition 12. For all \,u € A and i, € 7Z we have

k, A=p,i=j=0;
0, otherwise.

(1) Hompuen) (S5, Culi)[~1]") = {

Proof. Via the equivalence KoF| the equality (1) reduces to the equality

k, A=pui=75=0;

Hompe 4y (A(N)®, V() (j)[—1]*) = {0 otherwise.

The latter equality is true as standard modules are left orthogonal to
costandard modules (see [Ri]). O

Corollary 13. The algebra E(R(A)) is quasi-hereditary with respect
to the natural order on A.

Proof. By Propositions 11 and 12, standard F(R(A))-modules are left
orthogonal to costandard. Now the claim follows from [DR, Theorem 1]
(or [ADL1, Theorem 3.1]). O

Corollary 14. The complexes LS, X € A, are tilting objects in £F.

Proof. Because of [ADL1, Theorem 3.1] (or [DR, Ri]), we just need
to show that any first extension from a standard object to L} splits,
and that any first extension from L5 to a costandard object splits. We
prove the first claim and the second one is proved similarly.

Any first extension & from S, (—)[i]*, p € A, i € Z, to L3 is a cone of
some homomorphism ¢ from S,(—%)[i — 1]* to L3. Thus ¢ corresponds
to a (nonlinear) extension of degree 1 —i from A(p)(—i) to L(\). As A
is standard Koszul by Corollary 7, we get that ¢ is homotopic to zero,
and thus the extension £ splits. The claim follows. 0

Corollary 15. There is an isomorphism FE(A) = R(E(R(A))) of
graded algebras, both considered with respect to the natural grading in-
duced from DY(A). In particular, we have R(E(A)) = E(R(A)).

Proof. By Corollary 14, the algebra R(E(R(A))) is the opposite of the
endomorphism algebra of @y eaL}. Since L3 is isomorphic to L(A) in
Db(A), from [Ha, Chapter I11(2), Lemma 2.1] it follows that the same
algebra is isomorphic to F(A). The claim follows. O
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Corollary 16. Both E(A) and R(E(A)) are positively graded with re-
spect to the natural grading induced from D°(A).

Proof. For E(A) the claim is obvious. By Corollary 15, we have
R(E(A)) = E(R(A)). As R(A) is positively graded with respect to
the grading induces from D?(A) (Lemma 2), the algebra E(R(A)) is
positively graded with respect to the induces grading as well. (l

Proposition 17. The positively graded algebras E(A) and R(E(A))
are balanced.

Proof. Because of Corollary 8, it is enough to prove the claim for the
algebra F(A). Consider the algebra E(R(A)), whose module category
is realized via £%.

Lemma 18. The algebra E(R(A)) is standard Koszul.

Proof. We already know that F(R(A)) is positively graded with respect
to the grading, induced from D°(A). Let us show that projective resolu-
tions of standard E(R(A))-modules are linear. For injective resolutions
of costandard modules the argument is similar.

We have to compute

(2) hompeex) (ST (1) (5)[2])

for all \,u € A and 7,5 € Z. Via the equivalence K o F, the space
(2) is isomorphic to the space homps 4y (A(N), T(u){(j)[z]). As T(u)
has a costandard filtration and standard modules are left orthogonal
to costandard, we get that the later space is non-zero only if i = 0.
As R(A) is positively graded, we also get that j < 0. Applying [MOS,
Theorem 22] we obtain that the standard F(R(A))-module S has only
linear extensions with simple E(R(A))-modules. This completes the
proof. O

Using Lemma 18, the proof of Proposition 17 is completed similarly
to the proof of Corollary 8. O

Proof of Theorem 1. The claim (i) follows from Corollaries 6 and 7.
The claim (ii) follows from Corollary 8 and Proposition 17. The claim
(iii) follows from Proposition 5. Finally, the claim (iv) follows from
Corollary 15. U

4. EXAMPLES

Example 19. Graded quasi-hereditary algebras, associated with
blocks of the usual BGG category O and the parabolic category O
for a semi-simple complex finite-dimensional Lie algebra, are balanced
by [Mal].

Example 20. The algebra A is called directed if either all standard or
all costandard A-modules are simple (this is equivalent to the require-
ment that the quiver of A is directed with respect to the natural order
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on A). For a directed algebra A tilting modules are either injective (if
standard modules are simple) or projective (if costandard modules are
simple). Hence any directed Koszul algebra is balanced.

Example 21. Finite truncations Vr of Cubist algebras from [CT, Sec-
tion 6] are balanced. Indeed, V7 is standard Koszul by [CT, Propo-
sition 46], and that the Ringel dual of V7 is positively graded with
respect to the induced grading follows from [CT, Corollary 71]. So, the
fact that V7 is balanced follows from Remark 9.

Example 22. One explicit example. Consider the path algebra A of
the following quiver with relations:

£
S

b
b
b
We have A(1) = T(1) = L(1) = V(1) and for A = 2 we have the

following standard and tilting modules:
A(2): T2): 1 1 1
\ | /
as
al as
2 ;
il/ blg \\hi V b|2 \ﬁ
1 1 1 1 i 1

Hence we have the following linear tilting coresolution of A(2):
0— A(2) »T(2) = T(1)(1) @T(1)(1) DT(1)(1) — 0.

Swapping a; and b;, i = 1,2, 3, defines an antiinvolution on A, which
preserves the primitive idempotents. Hence there is a duality on
A—gmod, which preserves isomorphism classes of simple modules. Ap-
plying this duality to the above resolution gives a linear tilting res-
olution of V(2). Thus A is balanced. In this example one can also
arbitrarily increase or decrease the number of arrows.

1 2, aibj:0, i,j:1,2,3,

Example 23. One computes that the path algebra of the following

quiver with relations
a C
1 e =3,
b d

is standard Koszul but not balanced. In fact, the Ringel dual of this
algebra is the path algebra of the following quiver with relations

1/;%3 |
\ﬂy

ab =cd =0,

fa =6y = fyda =0,
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which is not Koszul (not even quadratic). So, our results can not be
extended to all standard Koszul algebras.

Remark 24. Directly from the definition it follows that if the algebra
A is balanced, then the algebra A/Ae, A is balanced as well. It is also
easy to see that if A and B are balanced, then both A® B and A ®, B
are balanced.
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KOSZUL DUALITY FOR STRATIFIED ALGEBRAS II.
STANDARDLY STRATIFIED ALGEBRAS

VOLODYMYR MAZORCHUK

ABSTRACT. We give a complete picture of the interaction between
the Koszul and Ringel dualities for graded standardly stratified al-
gebras (in the sense of Cline, Parshall and Scott) admitting linear
tilting (co)resolutions of standard and proper costandard modules.
We single out a certain class of graded standardly stratified alge-
bras, imposing the condition that standard filtrations of projective
modules are finite, and develop a tilting theory for such algebras.
Under the assumption on existence of linear tilting (co)resolutions
we show that algebras from this class are Koszul, that both the
Ringel and Koszul duals belong to the same class, and that these
two dualities on this class commute.

1. INTRODUCTION

In the theory of quasi-hereditary algebras there are two classical
dualities: the Ringel duality, associated with the characteristic tilting
module (see [Ri]), and the Koszul duality, associated with the category
of linear complexes of projective modules (see [CPS2, ADL1, MO]). In
MO, Ma] it is shown that a certain class of Koszul quasi-hereditary
algebras is stable with respect to taking both the Koszul and Ringel
duals and that on this class of algebras the Koszul and Ringel dualities
commute.

The approach of [Ma] is ultimately based on the possibility to re-
alize the derived category of our algebra as the homotopy category of
complexes of tilting modules. This also suggested that the arguments
of [Ma] should work in a much more general setup, whenewer an ap-
propriate stratification of the algebra and a sensible tilting theory with
respect to this stratification exist. The aim of the present paper is to
define a setup for the study of Koszulity for stratified algebras and to
extend to this setup the main result of [Ma]. We note that Koszul
standardly stratified algebras, which are not quasi-hereditary, appear
naturally in [ADL2, Fr3, KKM].

The most general setup for stratified algebras seems to be the no-
tion of standardly stratified algebras as introduced by Cline, Parshall
and Scott in [CPS1]. The main problem which one faces, trying to
generalize [Ma] to such stratified algebras, is that standardly stratified
algebras have infinite global dimension in general. In particular, this

means that the Koszul dual of such an algebra (in the case when the
1
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original algebra is Koszul) is always infinite dimensional. Therefore
any reasonable extension of [Ma] to stratified algebras must deal with
infinite dimensional stratified algebras, for which many of the classical
results are not proved and lots of classical techniques are not developed.

In the present paper we study the class of positively graded stan-
dardly stratified algebras with finite dimensional homogeneous compo-
nents satisfying the additional assumption that all projective modules
have finite standard filtrations. For such algebras we develop an ana-
logue of the classical tilting theory and Ringel duality. This follows
closely the classcal theory, however, at some places one has to be care-
ful as we work with infinite dimensional algebras, so some extension
spaces might be infinite dimensional. We use the grading to split these
infinite dimensional spaces into an (infinite) direct sum of finite di-
mensional ones. We also give some examples which justify our choice
of algebras and show that outside the class we define the classical ap-
proach to tilting theory fails. The Ringel duality functor turns out to be
an antiequivalence between three different kinds of derived categories.

Using the standard grading of a characteristic tilting module, we re-
strict our attention to those standardly stratified algebras, for which
all tilting coresolutions of standard modules and all tilting resolutions
of proper costandard modules are linear. For an algebra A let R(A)
and FE(A) denote the Ringel and Koszul duals of A, respectively. Gen-
eralizing the arguments of [Ma] we prove the following (see Section 2
for the definitions):

Theorem 1. Let A be a positively graded standardly stratified algebra
with finite dimensional homogeneous components. Assume that

(a) Every indecomposable projective A-module has a finite standard fil-
tration.

(b) Every standard A-module has a linear tilting coresolution.

(¢) Every costandard A-module has a linear tilting resolution.

Then the following holds:

(i) The algebra A is Koszul.
(i) The algebras A, R(A), E(A), E(R(A)) and R(E(A)) have prop-
erties (a), (b) and (c).
(i1i) Every simple A-module is represented (in the derived category) by
a linear complex of tilting modules.

(iv) R(E(A)) =2 E(R(A)) as graded standardly stratified algebras.

Theorem 1 extends and generalizes results from [ADL1, ADL2, MO,
Ma].

The paper is organized as follows: in Section 2 we collected all neces-
sary definitions and preliminaries. In Sections 3 and 4 we develop the
tilting theory for graded standardly stratified algebras. This theory is
used in Section 5 to prove Theorem 1. We complete the paper with
several examples in Section 6.
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2. GRADED STANDARDLY STRATIFIED ALGEBRAS

By N we denote the set of all positive integers. By a grading we
always mean a Z-grading and by a module we always mean a graded
left module.

Let k be an algebraically closed field and A = ., A; be a graded
k-algebra. We assume that A is locally finite, that is dimy A; < oo.
Set 1(A) = @,.,Ai. We further assume that Ay = @, , ke, for
some set {ey : A € A} of pairwise orthogonal nonzero idempotents
in Ay, where A is a nonempty finite set (using the classical Morita
theory one extends all our results to the case when Ay is a semi-simple
algebra). Under these assumptions the algebra A is positively graded
in the sense of [MOS]. In what follows we call A positively graded if
it satisfies all assumptions of this paragraph. A typical example of a
positively graded algebra is k|x|, where 1 has degree zero and z has
degree one.

Let A-gmod denote the category of all locally finite dimensional
graded A-modules. Morphisms in this category are homogeneous mor-
phism of degree zero between graded A-modules. Consider the full
subcategories A'-gmod and A'-gmod of A-gmod, which consist of all
graded modules M = &p,_, M; for which there exists n € Z such that
M; = 0 for all i > n or i < n, respectively. All these categories are
abelian, the category A'-gmod has enough projectives and the category
A'-gmod has enough injectives. For M € Al-gmod we set

+00, M = 0;
b(M) = {minneZ{Mn £0Y, M #0.

For ¢ € Z we denote by (i) the autoequivalence of A-gmod, which
shifts the grading as follows: (M(i)); = M,y;, where j € Z. This
autoequivalence preserves both A'-gmod and A'-gmod. Denote by ®
the usual graded duality on A-gmod (it swaps A'-gmod and Al-gmod).
We adopt the notation hom, and exty to denote homomorphisms and
extensions in A-gmod. Unless stated otherwise, all morphisms are con-
sidered in the category A-gmod.
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For A € A we consider the graded indecomposable projective module
P(X\) = Ae,, its graded simple quotient L(\) = P(\)/r(A)P(\) and
the graded indecomposable injective envelop I(A) of L(\). Note that
we always have the following: P(\) € Al-gmod, I()\) € Al-gmod and
L(\) € Al-gmod N Al-gmod.

Let < be a partial preorder on A. For A\, € A we write A < u
provided that A < p and p A X\. We also write A\ ~ p provided that
A = pand < X Then ~ is an equivalence relation. Let A denote the
set of equivalence classes of ~. Then the preorder < induces a partial
order on A, which we will denote by the same symbol, abusing notation.
For A € A we denote by A the equivalence class from A, containing .
We also denote by <°P the partial preorder on A, opposite to <.

For A € A we define the standard module A()\) as the quotient of
P(XA) modulo the submodule, generated by the images of all possi-
ble morphisms P(u)(i) — P()\), where A < p and i € Z. We also
define the proper standard module A(\) as the quotient of P()\) mod-
ulo the submodule, generated by the images of all possible morphisms
P(u)(i) — P(\), where A < p and ¢ € Z satisfies i« < 0. By defini-
tion, the modules A(A) and A()) belong to A'-gmod. Dually we define
the costandard module V()\) and the proper costandard module V()
(which always belong to A'-gmod).

The algebra A will be called standardly stratified (with respect to
the preorder < on A) provided that for every A € A the kernel K(\)
of the canonical projection P(\) — A(A) has a finite filtration, whose
subquotients are isomorphic (up to shift) to standard modules. This is
a natural generalization of the original definition from [CPS1] to our
setup. For example, the algebra A is always standardly stratified (with
projective standard modules) in the case |A| = 1 and, more generally,
in the case when the relation < is the full relation.

3. TILTING THEORY FOR GRADED STANDARDLY STRATIFIED
ALGEBRAS

Tilting theory for (finite dimensional) quasi-hereditary algebras was
developed in [Ri]. It was extended in [AHLU] to (finite dimensional)
strongly standardly stratified algebras and in [Fr2] to all (finite dimen-
sional) standardly stratified algebras. For infinite dimensional algebras
some versions of tilting theory appear in [CT, DM, MT]. This section
is a further generalization of all these results, especially of those from
[Fr2], to the case infinite dimensional positively graded algebras. In
this section A is a positively graded standardly stratified algebra.

Let C(A) denote the full subcategory of the category Al-gmod, which
consists of all modules M admitting a (possibly infinite) filtration

(1) M=MYD>MYDO>MD D |
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such that for every i = 0,1, ... the subquotient M® /M+Y is isomor-
phic (up to shift) to some standard module and lim b(M®) = +oo0.

i—-+00

Note that for M € Al'-gmod with such a filtration we automatically get
ﬂ M® = 0. Denote by FL(A) the full subcategory of A'-gmod, which
i>0

consists of all modules M admitting a finite filtration with subquotients
from C(A). The category F*(A) is obviously closed with respect to fi-
nite extensions. Similarly we define F+(V). Let F*(A) and F*(V) be
the corresponding full subcategories of modules with finite filtrations
of the form (1). We start with the following result, which generalizes
the corresponding results from [AB, AR, Ri, Fr2].

Theorem 2. Let A be a positively graded standardly stratified algebra.
(i) We have
FHA) = {M e Al-gmod : extly(M,V(A\)(j)) =0,Yj € Z,i > 0,\ € A}
= {M € Al-gmod : ext(M,V()\)(j)) =0,Vj € Z,\ € A}.
(ii) We have

FUV) = {M € Algmod : ext!, (AN (j), M) =0,Vj € Z,i > 0,\ € A}
= {M € Al-gmod : ext (A(N){j), M) =0,Vj € Z,\ € A}.

To prove Theorem 2 we will need several auxiliary lemmata. We will
often use the usual induction for stratified algebras. To define this let
A € A be maximal with respect to <. Set ex = > ey, I5x = AegA
and By = A/I;. The algebra By inherits from A a positive grading and
hence is a positively graded locally finite algebra. Further, just like in
the case of usual stratified algebras, the algebra By is stratified with
respect to the restriction of the preorder < to A\ {A}. Any module
M over By can be considered as an A-module in the usual way. Set

P(A) = @,z P(n)-
Lemma 3. For all M, N € B%—gmod and all i > 0 we have
ext (M, N) = exty (M, N).

Proof. Let P® denote the minimal projective resolution of M in
Al-gmod. As M ¢ B%—gmod7 there exists & € Z such that M; = 0
for all 7 < k. Since A is positively graded, we get 77; =0forall j <k
and all 7.

Consider the projective module P = P, P(\){j). As A is stan-
dardly stratified, for every 7 the sum T of im_ages of all homomorphisms
from P to P’ has the form @, _, P;;, where P, ; € addP(\)(j).

The differential of P* obviously maps 7% to T%~!, which means that
the sum of all 7" is a subcomplex of P*, call it 7°. Since M € B%—gmod,

the quotient P° of P* modulo 7* gives a minimal projective resolution
of M over Bs.
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Since N € B%—gmod, any homomorphism from P? to N annihilates
T and hence factors through P'. The claim of the lemma follows. [

Lemma 4. For all p € A we have V(p) € Al-gmod, in particular,
V(u) is finite dimensional.

Proof. We proceed by induction on the cardinality of A. If [A] = 1,
then all A()) are projective and all V(i) are simple, so the claim is
trivial.

Assume now that |A] > 1. Let A € A be maximal. Then for all
w & X, the claim follows from the inductive assumption applied to the
stratified algebra Bs.

Assume, finally, that p € X is such that V(u) € Al-gmod. Then
there exists v € A and an infinite sequence 0 < j; < jo < ... of positive
integers such that for any [ € N there exists a nonzero homomorphism
from P(v)(j;) to V(u). Let M; denote the image of this homomorphism.
Then M, has simple top L(v)(j;) and simple socle L(u) and all other
composition subquotients of the form L(v')(j), where v/ < p and 1 <
J<nu—L

The module M;(—j;) is thus a quotient of P(r). Then the socle
L(p)(—7g1) of My(—ji) gives rise to a nonzero homomorphism from
P(p)(—71) to P(v). Since p is maximal and all other composition
subquotients of M;(—j;) are of the form L(v')(j) for some v/ < pu, the
above homomorphism gives rise to an occurrence of the standard mod-
ule A(p){—j;) in the standard filtration of P(v). However, we have
infinitely many ;s and, at the same time, the standard filtration of
P(v) is finite. This is a contradiction, which yields the claim of the
lemma. U

Lemma 5. For all i,j € Z such that i > 0, and all \, x € A we have

extiy (A, F())) = {“g AT

, otherwise.
Proof. We proceed by induction on the cardinality of A. If |[A| = 1,
then all A()) are projective and all V(i) are simple, so the claim is
trivial.

Assume now that |A|] > 1. Let M € A be maximal. Then, by
definitions, the module A()\) is projective for all A € X. Hence for
such A the claim of the lemma follows from the definition of V(). If
A, o € N, the claim follows from the inductive assumption applied to
the standardly stratified algebra By; and Lemma 3.

Consider now the case when p € X and A € ). Then A()) does not
have any composition subquotient of the form L(x)(j) and hence

hom 4 (A(A), V(u)(7)) = 0.
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Let us check that

(2) exty (A(N), V(i) (7)) =

for all j. Applying hom4(A(\), _) to the short exact sequence
V() {j) = 1(p)(j) — Coker,

we obtain the exact sequence

hom 4 (A(X), Coker) — exty (A(X), V(1) (7)) — extia(AN), I()(5))-
Here the right term equals zero by the injectivity of I(u). By the
definition of V(u), the socle of Coker has (up to shift) only simple
modules of the form L(v), where v € N, which implies that the left
term equals zero as well. The equality (2) follows.

Now we prove our claim by induction on A with respect to =
(as mentioned above, the claim is true for A\ maximal). Apply
hom(_, V(1){5)) to the short exact sequence

(3) Ker «— P(\) — A())

and, using the projectivity of P(\), for each ¢ > 1 obtain the following
exact sequence:

0 — extly ' (Ker, V() (j)) — exty (A(X), V(1) {(j)) — 0.
Since A is standardly stratified, Ker has a finite filtration by standard
modules of the form A(v), where A < v, (up to shift). Hence, from

the inductive assumption we get ext’, ! (Ker, V(1)(5)) = 0. This yields
extyy (A(N), V(1)(j)) = 0 and completes the proof. O

Corollary 6. Let A be a positively graded standardly stratified algebra.

(i) For any M € FYA), X € A, i € N and j € Z we have
ext!(M,V(\){j)) = 0.

(ii) For any M € FYV), X € A, i € N and j € Z we have
ext’'(A(N)(j), M) = 0.

Proof. 1t is certainly enough to prove statement (i) in the case when M
has a filtration of the form (1). As lim;_ o b(M®) = +o00 and V()) is
finite dimensional (Lemma 4), there exists n € Z such that for any ¢ € Z
with V(A){(5); # 0 we have i < b(M™). Since A is positively graded,
there are no homomorphisms from any component of the projective
resolution of M™ to V(A){j). This means that all extentions from
M™ to V()\)(j) vanish. At the same time, the quotient M/M™ has
a finite filtration by standard modules and hence all extensions from
M/M™ to V(A)(j) vanish by Lemma 5. Statement (i) follows.

It is certainly enough to prove statement (ii) in the case when M
has a filtration of the form (1) (with subquotients being proper co-
standard modules). Let P® be the minimal projective resolution of
A(N)(j). As every indecomposable projective has a finite standard fil-
tration, it follows that P*® has only finitely many nonzero components,
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moreover, each of them is a finite direct sum of projective modules.
As lim; . oo B(M®) = 400, there exists n € N such that there are no
maps from any P’ to M, in particular, all extensions from A(X)(j)
to M vanish. At the same time, the quotient M/M™ has a finite
filtration by proper costandard modules and hence all extensions from
AN)(j) to M/M™ vanish by Lemma 5. Statement (i) follows and
the proof is complete. Il

The following lemma is just an observation that the category F*(V)
can, in fact, be defined in a somewhat easier way than the one we
used. For the category F!(A) this is not possible in the general case,
see Example 43.

Lemma 7. Any module from F'(V) has a filtration of the form (1).
Proof. Let X, Z € C and
X=X0O>xW>x@ >

and
Z2=2z9>20>72%>5

be filtrations of the form (1). Assume that Y € Al-gmod is such that
there is a short exact sequence

00— X—-=Y—-27—0.

To prove the claim of the lemma it is enough to show that Y has a
filtration of the form (1).

Since all costandard modules are finite dimensional (Lemma 4) and

lim b(Z%) = +oo, there exists k € {0,1,2,...} such that for any

1—400
i € Z with (X© /X)), £ 0 we have i < b(Z®).

Now for i = 0,1,...,k, we let Y be the full preimage of Z® in
Y under the projection Y — Z. In this way we get the first part of
the filtration of Y with proper costandard subquotients. On the next
step we let Y1) denote the submodule of Y¥) generated by X and

Y " where i > b(Z®). Then Y*+1) 4 X© = y® Ly construction.

K3
At the same time, from our choice of k in the previous paragraph it

follows that Y**tD 0 X©) = X®) and hence
y(k)/y(kJrl) o X(O)/X(l),

which is a proper costandard module.
Now we proceed in the same way constructing a proper costandard
filtration for Y *+1_ The condition lim b(Y?) = +oo follows from

1——+400

the construction. This completes the proof. U

Lemma 8. Let M € Al-gmod be such that exty(A(N)(j), M) =0 for
all X and j. Then M € FY(V).
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Proof. First let us show that the conditions of the lemma imply
(4) exty (A(N)(j), M) = 0

for all 7, all A and all 7 > 0. If X is maximal, then the corresponding
A()) is projective and the claim is clear. Otherwise, we proceed by
induction with respect to the preorder <. We apply homa(_, M) to
the short exact sequence (3) and the equality (4) follows from the
inductive assumption by the dimension shift in the obtained long exact
sequence.

We proceed by induction on the cardinality of A. If [A| = 1, then
FYV) = Al-gmod and the claim is trivial.

Assume now that |[A] > 1 and let \' € A be maximal. Let N denote
the maximal submodule of M, which does not contain any composition
factors of the form L(u), where u € N (up to shift). Let v & N.
Applying hom4(A(v)(j), —) to the short exact sequence

(5) N — M — Coker,
we obtain the exact sequence
hom (A(v)(j), Coker) — ext}y (A(r)(j), N) — exty (A(v)(j), M).

Here the right term is zero by our assumptions and the left term is zero
by the definition of N. This implies that the middle term is zero, which
yields extp (A(v)(j), N) = 0 by Lemma 3. Applying the inductive
assumptionA to the standardly stratified algebra By;, we obtain that
N € FYV).

Since F}(V) is extension closed, to complete the proof we are left
to show that Coker € F' (V). Applying hom,(A(N){(5), ) to (5) and
using (4), the previous paragraph and Lemma 5, we obtain that

(6) exti, (A(\)(5), Coker) = 0

for all j, A and 7 > 0.

If Coker = 0, we are done. Otherwise, there exists some x € N and
a maximal possible j' € Z such that there is a nonzero homomorphism
from Coker to I(u)(j"). Let K denote the image of this homomorphism.
Applying hom 4(A(X)(j), ) to the short exact sequence

(7) Ker — Coker — K,
and using the definition of K, we obtain that
(8) exty (A(A){7), Ker) = 0

for all A and j. The equality (8), the corresponding equalities (4) (for
M = Ker) and the dimension shift with respect to (7) then imply

(9) exty (A(N)(j), K) =0
for all A and j.
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By the definition of K we have a short exact sequence
(10) K = V(u)(j") - C'

for some cokernel C’. By the definition of V(u), all composition sub-
quotients of C’ have the form L(v), where v < u (up to shift). Let
A € A be such that A < p. Applying hom4(A(N)(j), ) to (10) we get
the exact sequence
(11)
homa(A(A)(7), V(1){5")) — homa(A(N)(5), C") — exty(AN){5), K).
Here the left term is zero by the definition of V(u) and the right hand
term is zero by (9). This yields that the middle term is zero as well
and thus C" = 0, that is K is a proper costandard module.

We can now apply the same arguments as above to the module Ker
in place of Coker and get the short exact sequence

Ker’ — Ker — K’,

where K’ is proper costandard and ext! (A(X)(j), Ker’) = 0 for all A
and j. Proceeding inductively we obtain a (possibly infinite) decreasing
filtration

Coker O Ker D Ker’ D ...

with proper costandard subquotients. That lim b(Coker(i)) = +©

1—+400
follows from the construction since all our modules are from Al-gmod,
all proper costandard modules (subquotients of the filtration of Coker)
are finite-dimensional by Lemma 4, and there are only finitely many
proper costandard modules up to isomorphism and shift (which implies
that dimensions of proper costandard modules are uniformly bounded).
Therefore we get Coker € F(V). The claim of the lemma follows. [

Lemma 9. Let M € Al-gmod be such that exty(M,V (u){j)) = 0 for
all o and j. Then M € FH(A).

Proof. Let M € Al-gmod be such that ext! (M, V(u)(j)) = 0 for all
p and j. We again proceed by induction on |A]. If |A| = 1, then
proper costandard modules are simple and hence M is projective. All
indecomposable projective modules belong to F!(A) as A is standardly
stratified. Using this it is easy to check that all projective modules in
Al-gmod belong to F+(A). So, in the case |A] = 1 the claim of the
lemma is true.

If |A| > 1, we take some maximal v € A and denote by N the sum of
all images of all possible homomorphisms from A(X)(j), where A € ¥
and j € Z, to M. Then we have a short exact sequence

(12) N — M — Coker.
Compare with (5) in the proof of Lemma 8. Using arguments similar to

those in the latter proof, one shows that ext}(Coker, V(1)(j)) = 0 for
all p € A\ 7 and all j. By construction we have that Coker is in fact a
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Bz -module. Therefore, using Lemma 3 and the inductive assumption
we get Coker € FL(A). From Corollary 6(i) we thus get

(13) ext’ (Coker, V(1) {5)) = 0

forall u e A, j€Z and i € N.
Furthermore, for any p and j we also have the following part of the
long exact sequence associated with (12):

exty (M, V(p)(5)) — exty (N, V(1) (j)) — ext(Coker, V(1) (j)).

The left term is zero by our assumptions and the right term is zero by
(13). Therefore for all ¢ and j we have

(14) exty (N, V(1) (j)) = 0.

Fix now y € A and j € Z and denote by C the cokernel of the natural
inclusion L(u)(j) < V(p)(j). Applying hom4 (N, _) to the short exact
sequence

L(p){g) = V() () - C,
and using (14) and the fact that hom, (N, C) = 0 by construction, we
obtain that ext!y(N, L(x)(j)) = 0 for any p and j. This yields that N
is projective and thus belongs to F'(A). Since F(A) is closed under
extensions, the claim of the lemma follows. U

Proof of Theorem 2. Let

X = {M e Al-gmod : ext’ (M, V(N)(j)) =0,Vj € Z,i >0, X € A};
Y = {M e Al-gmod : ext (M, V(N\){j)) =0,Vj € Z,\ € A}.

The inclusion X C Y is obvious. The inclusion J C FH(A) follows
from Lemma 9. The inclusion F'(A) C X follows from Corollary 6(i).
This proves Theorem 2(i). Theorem 2(ii) is proved similarly using

Lemma 8 instead of Lemma 9 and Corollary 6(ii) instead of Corol-
lary 6(i). O

Corollary 10. Let A be a positively graded standardly stratified alge-
bra.

(i) For every M € FYA), X € A and j € Z the multiplicity of
A(N)(j) in any standard filtration of M is well-defined, finite and
equals dim hom 4 (M, V(\)(5)).

(ii) For every M € FYV), X € A and j € Z the multiplicity of
V(A () in any proper costandard filtration of M is well-defined,
finite and equals dim hom 4 (A(N)(j), M).

Proof. Follows from Lemma 5 by standard arguments (see e.g. [Ri]).
]

Remark 11. Note that the ungraded multiplicity of A()\) (or V()
in M might be infinite.
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Let F1(V) denote the full subcategory of the category A'-gmod,
which consists of all modules M admitting a (possibly infinite) filtration

(15) 0=MOcmM® cM?C. ..
such that M = UM @ and for every i = 0,1,... the subquotient
i>0
MUY /M@ is isomorphic (up to shift) to some proper costandard
module. Since all proper costandard modules are finite dimensional
(Lemma 4) from the dual version of Lemma 7 one obtains that F'(V)
is closed under finite extensions.
Theorem 12. We have
FI(V) = {M e Al-gmod : extl,(AN)(j)
= {M € Al-gmod : ext!(A(N){j)
Proof. Set
X ={M € Al-gmod : ext (AN){j), M) =0,Vj € Z, X € A},

Y ={M e Al-gmod : ext’,(AN){j),M)=0,Yj € Z,i>0,\¢c A}
Obviously, ) C _X i

Let M € FI(V), A € A and j € Z. Assume that (15) gives a proper
costandard filtration of M. As M € Al-gmod and A(\) € Al-gmod, it
follows that there exists k € N such that

extly (AN (4), M/M®)) =0
for all 4 > 0. At the same time we have
exty (AN (j), M) =0
for all ¢ > 0 by Lemma 5. Hence
extly (A(N)(j), M) =0

for all i > 0 and thus F'(V) C ).

It is left to show that X C F'(V). We will do this by induction on
|A]. If [A| = 1, then all proper standard modules are simple, which
yields F1(V) = Al-gmod. In this case the inclusion X C F(V) is
obvious.

If [A| > 1 we fix some maximal u € A. Let M € X. Denote by N the
maximal submodule of M satisfying [V : L(v)(j)] = 0 for all v € @ and
j €7Z. For A € A and j € Z, applying the functor hom4(A(N)(j), -)
to the short exact sequence

N — M — Coker,
and using M € X, gives the following exact sequences:
(16) hom 4 (A(MN) (), Coker) — ext! (A(N)(j), N) — 0
and
(17) 0 — exty (A(N){j), Coker) — ext% (A(N)(j), N).

yM)=0,Vj €Z,i>0,\€ A}
,M)=0,Yj € Z,\ € A}.
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By construction, any simple subquotient in the socle of Coker has the
form L(v)(j) for some v € fi and j € Z. Therefore, since p is maxi-
mal, in the case A € i we have hom4(A(X)(j), Coker) = 0 and hence
ext} (A(N)(j), N) = 0 from (16). For A € 1z the module A(\)(j) is pro-
jective and hence ext! (A(M\)(j), N) = 0 as well. This implies N € X.
As, by construction, N € Bz-mod, using Lemma 3 and the inductive
assumption we obtain N € F!(V). As the inclusion F'(V) C Y is al-
ready proved, we have N € ) and from (17) it follows that Coker € X.

Since F'(V) is closed under finite extensions, it is left to show that
Coker € F'(V). If Coker = 0, we have nothing to do. If Coker # 0,
we choose maximal k € Z such that Cokery # 0. Denote by V the
intersection of the kernels of all possible maps from Coker to I(v)(j),
where v € 7w and —j < k, and consider the corresponding short exact
sequence

(18) V — Coker — Coker’.

From the construction it follows that the socle of V' is V}, and that for
any j < k every composition subquotient of V; has the form L(v)(—j)
for some v ¢ 7. Therefore, taking the injective envelope of V and
using the definition of proper standard modules, we obtain that V is
a submodule of a finite direct sum of proper standard modules (such
that the socles of V' and of this direct sum agree). In particular, V'
is finite dimensional as both V, and all proper standard modules are
(Lemma 4). Hence V € Al-gmod.

For A € A and j € Z, applying the functor hom4(A(X)(j), ) to (18)
and using Coker € X' gives the following exact sequences:

(19) hom 4 (A (M) (), Coker’) — ext! (A(N)(5), V) — 0
and
(20) 0 — exty (A(N){j), Coker') — ext? (A(N){5), V).

If \ € 7, then, by the definition of the module Coker’, we have
hom4(A(XN)(j), Coker’) = 0 and hence exty(A(N){j),V) = 0 from
(19). If X € @, then A(N)(j) is projective by the maximality of
p and ext (A(N)(j),V) = 0 automatically. Hence V € X. Since
V € Al-gmod as shown above, from Theorem 2(ii) we deduce that V'
has a (finite) proper standard filtration and thus V' € F'(V). Using the
already proved inclusion F1(V) € Y and (20) we also get Coker’ € X.
Note that Coker), = 0 by construction.

Applying now the same arguments to Coker’ and proceeding induc-
tively (decreasing k) we construct a (possibly infinite) proper costan-
dard filtration of Coker’ of the form (15). This claim of the theorem
follows. U

The following claim is a weak version of [DI, Lemma 2.1] and [Fr2,
Theorem 1]. The original statement also contains the converse assertion



14 VOLODYMYR MAZORCHUK

that the fact that indecomposable injective A-modules belong to F'(V)
guarantees that A is standardly stratified.

Corollary 13 (Weak Dlab’s theorem). All indecomposable injective
A-modules belong to F1(V).

Proof. If I in an indecomposable injective A-module, then we obviously
have exty (A(N)(j),I) =0 for all j € Z, i > 0 and X € A, so the claim
follows from Theorem 12. 0

The following statement generalizes the corresponding results of [Ri,
AHLU, Fr2]:

Theorem 14 (Construction of tilting modules). Let A be a positively
graded standardly stratified algebra.
(i) The category FHA)YNFH (V) is closed with respect to taking direct
sums and direct summands.
(i1) For every A € A there is a unique indecomposable object T'(\) €
FHA)NFYV) such that there is a short evact sequence

A(N) = T(N) — Coker,

with Coker € FH(A). B
(iii) Every indecomposable object in F'(A) N FLHV) has the form
T(N)(j) for some A € A and j € Z.

We would need the following lemmata:
Lemma 15. For all \,;p € A, i > 0 and all j > 0 we have
exty (A(N) (7). A(w)) = 0.

Proof. We proceed by induction with respect to <. If A is maximal, the
module A()) is projective and the claim is trivial for i > 0. For i = 0
the claim follows from the fact that A is positively graded. Now, if X is
not maximal, we consider the short exact sequence (3). In this sequence
Ker has a finite filtration by (shifted) standard modules, whose indexes
are strictly greater than A with respect to <. Hence the claim follows
by the usual dimension shift (note that it is enough to consider only
finitely many values of i, namely i < |A]). d

Lemma 16. For all \,;n € A and j € Z the inequality
exty (AN)(j), A(u)) # 0.
implies A < p.

Proof. If X £ u, then, using Lemma 3, we may assume that A is maxi-
mal. In this case A()\) is projective and the claim becomes trivial. [

Lemma 17. For all M € FY(A), N € FYV) and i € N we have
exty, (M, N) =0.
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Proof. 1t is enough to prove the claim in the case when M has a filtra-
tion of the form (1). Let A be a maximal index occurring in standard
subquotients of M. Then from Lemma 16 we have that all correspond-
ing standard subquotients do not extend any other standard subquo-
tients of M. Therefore M has a submodule isomorphic to a direct sum
of shifted A(X) such that the cokernel has a standard filtration in which
no subquotient of the form A(X) (up to shift) occur. Since A is finite,
proceeding inductively we construct a finite filtration of M whose sub-
quotients are direct sums of standard modules. This means that it is
enough to prove the claim in the case when M is a direct sum of stan-
dard modules. In this case the claim follows from Corollary 6(ii). O

Proof of Theorem 1/. Statement (i) follows from the additivity of the
conditions, which appear on the right hand side in the formulae of
Theorem 2.

The existence part of statement (ii) is proved using the usual ap-
proach of universal extensions (see [Ri]). We start with A(X) and go
down with respect to the preorder <. If all first extensions from all
(shifted) standard modules to A()) vanish, we get A(\) € FL(V) by
Theorem 2(ii). Otherwise there exist 4 € A and j' € Z such that

extyy (A(u)(j'), A(N)) # 0.

We assume that p is maximal with such property (we have p < A by
Lemma 16) and use Lemma 15 to choose j’ such that

exth (A(v)(5), A(N) #0

implies j < j for all v € .
For every v € 11 and j < j' the space ext} (A(v)(j), A(N)) is finite
dimensional, say of dimension [, ;. Consider the universal extension

(21) XY > 2
where X = A()) and

Z=PParw) e Fia)

VER j<j'

(note that exty(Z,Z) = 0 by Lemma 16). We have Y € F'(A) by
construction. We further claim that Y is indecomposable. Indeed, Let
e € end4(Y) be a nonzero idempotent (note that e is homogeneous of
degree zero). As v < A, we have homy4(A(XN), A(v)(j)) = 0 for any v
and j as above. Therefore e maps X (which is indecomposable) to X.
If e|x = 0, then e provides a splitting for a nontrivial direct summand
of Z in (21); if e|x = idx and e # idy, then idy — e # 0 annihilates X
and hence provides a splitting for a nontrivial direct summand of Z in
(21). This contradicts our construction of Y as the universal extension.
Therefore e = idy, which proves that the module Y is indecomposable.



16 VOLODYMYR MAZORCHUK

By Lemma 16, there are no extensions between the summands of Z.
From ext! (Z, Z) = 0 and the universality of our extension, we get

exty (A(v)(5),Y) =0

for all v € 7 and all j.

Now take the indecomposable module constructed in the previous
paragraph as X, take a maximal y’ such that for some j we have
exty (A(p'){(j), X) # 0 and do the same thing as in the previous para-
graph. Proceed inductively. In a finite number of steps we end up with
an indecomposable module T'(\) such that A(X) < T'()), the cokernel
is in FY(A), and

ext (A(1)(7), T(V) = 0
for all ;z and j. By Theorem 2(ii), we have T'(\) € F}(V). This proves
the existence part of statement (ii). The uniqueness part will follow
from statement (iii).

Let M € FYA) N FYV) be indecomposable and A(\) — M be
such that the cokernel Coker has a standard filtration. Applying
homy(_,T())) to the short exact sequence

A(N) — M — Coker
we obtain the exact sequence
hom 4 (M, T(\)) — homa(A(N), T()\)) — ext! (Coker, T())).

Here the right term is zero by Lemma 17 and the definition of T'(\).
As the middle term is obviously nonzero, we obtain that the left term
is nonzero as well. This gives us a nonzero map « from M to T'(\).
Similarly one constructs a nonzero map [ from T'(\) to M such that
the composition a o [ is the identity on A(X). We claim the following:

Lemma 18. Let T'(\) be as above.

1) For any n € there exists a submoadule 0 with the
) F Z th ' bmodule N™ of T(\) with th
ollowing properties:
Jollowing '
a is indecomposable;
N®™ s ind bl
as finite standard filtration starting wit s
b) N p ' dard filtrati ) ith A(A
(¢) N =T(X); for all i < n;
(d) every endomorphism of T'(\) restricts to an endomorphism of
N®,
(i) The composition ao 3 is an automorphism of T(\).

Proof. Consider the multiset M of all standard subquotients of T'(\).
It might be infinite. However, for every m € Z the multiset M,, of
those subquotients X of T'()), for which X; # 0 for some i < m is
finite since T(\) € A'-mod. Construct the submultiset ' of M in
the following way: start with M, U {A(X)}, which is finite. From
Lemma 15 it follows that every subquotient from M, has a nonzero
first extension with finitely many other subquotients from M. Add to



KOSZUL DUALITY FOR STRATIFIED ALGEBRAS 17

N all such subquotients (counted with multiplicities), moreover, if we
add some A(p)(j), add as well all A(v)(i), where i > j and pu =< v,
occurring in M. Obviously, the result will be a finite set. Repeat now
the same procedure for all newly added subquotients and continue. By
Lemma 16, on every next step we will add only A(v)(i) such that u < v
(strict inequality!) for some minimal y in the set indexing subquotients
added on the previous step.

As A is finite, after finitely many steps we will get a finite submultiset
N of M with the following properties: any subquotient from N does
not extend any subquotient from M\ N; there are no homomorphisms
from any subquotient from N to any subquotient from M \ N. Using
the vanishing of the first extension one shows that there is a submod-
ule N™ of T(A), which has a standard filtration with the multiset of
subquotients being precisely A, in particular, N™ satisfies (ib). By
construction, N also satisfies (ic). The vanishing of homomorphisms
from subquotients from N to subquotients from M \ A implies that
N™ satisfies (id). That N satisfies (ia) is proved similarly to the
proof of the indecomposability of T'(\). This proves statement (i).

To prove that a0 3 is an automorphism (statement (ii)) it is enough
to show that for any n € Z the restriction of awo 3 to T'(A),, is a linear
automorphism. The restriction of a o 8 to N (which is well defined
by (id)) is not nilpotent as it is the identity on A()\). As A is positively
graded, the space hom4(A(u), A(v)(j)) is finite dimensional for all u, v
and 7. From this observation and (ib) it follows that the endomorphism
algebra of N is finite dimensional. This algebra is local by (ia).
Therefore the restriction of o3 to N being a non-nilpotent element
of a local finite dimensional algebra, is an automorphism. Therefore
the restriction of avo 3 to all Ni(”)7 in particular, to N& = T(N), (see
(ic)), is a linear automorphism. This completes the proof. O

After Lemma 18, substituting o by (oo 3)7! o a, we may assume
that avo 3 = idp(y). We also have that 3 is injective and « is surjective.
The gives us splittings for the following two short exact sequences:

Ker(a)¢ M T(X) 0

0 T(A) - M Coker(f3)

As M is assumed to be indecomposable, we obtain Ker(a) =
Coker(3) = 0, which implies that o and 3 are isomorphisms. Therefore
M = T(\), which completes the proof of the theorem. O

The objects of the category FH(A)NFH(V) are called tilting modules.
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Remark 19. Note that a tilting module may be an infinite direct sum
of indecomposable tilting modules. Note also that the direct sum of
all indecomposable tilting modules (with all shifts) does not belong to
Al-gmod. It might happen that it does not belong to A-gmod either,
since local finiteness is an issue.

Corollary 20. Let A be a positively graded standardly stratified alge-
bra.

(i) Every M € FL(A) has a coresolution by tilting modules of length

at most [A] —1.
(ii) Every M € FY (V) has a (possibly infinite) resolution by tilting
modules.

Proof. This follows from Theorem 14 and the definitions by standard
arguments. U

Remark 21. Note that the standard filtration of 7'(\) may be infinite,
see Example 43.

Unfortunately, Remark 21 says that one can not hope for a reason-
able analogue of Ringel duality on the class of algebras we consider.
We can of course consider the endomorphism algebra of the direct sum
of all tilting modules, but from Remark 21 it follows that projective
modules over such algebras might have infinite standard filtrations and
hence we will not be able to construct tilting modules for them. An-
other obstruction is that we actually can not guarantee that the induced
grading on this endomorphism algebra will be positive (see examples
in [MO, Mal). To deal with these problems we have to introduce some
additional restrictions.

4. RINGEL DUALITY FOR GRADED STANDARDLY STRATIFIED
ALGEBRAS

Consider the k-linear category %, which is the full subcategory of
Al-gmod, whose objects are T'(\)(j), where A\ € A and j € Z. The
group Z acts freely on ¥ via (j) and the quotient of T modulo this
free action is a Z-graded k-linear category ¥, whose objects can be
identified with T'(X), where A € A (see [DM, MOS] for more details).
Thus the ungraded endomorphism algebra R(A) = End4(T'), where
T = @, T(A) becomes a Z-graded k-algebra in the natural way.
The algebra R(A) is called the Ringel dual of A. The algebra A will
be called weakly adapted provided that every T'(\), where A € A, has a
finite standard filtration. The algebra A will be called adapted provided
that the above Z-grading on R(A) is positive.

Proposition 22. We have the following:

(i) Any adapted algebra is weakly adapted.
(i1) If A is weakly adapted, then R(A) is locally finite.
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Proof. Because of Lemma 5 and the definition of tilting modules, every
homomorphism from T'(A\) to T'()(j) is induced from a homomorphism
from some standard subquotient of T'(\) to some proper standard sub-
quotient of T'(11)(j).

Since V(u){j) is a (sub)quotient of T'()(j), the condition that the
above Z-grading on R(A) is positive implies that every standard sub-
quotient of T'(\), different from A(\), must have the form A(u)(j) for

some j > 0. However, the vector space @ T'(X); is finite dimensional
<0
as T'(\) € Al-gmod, which yields that any standard filtration of T'(\)
must be finite. This proves statement (i).
Statement (ii) follows from the finiteness of a standard filtration of
T(A) and the obvious fact that hom4(A(X), M) is finite dimensional
for any M € A-gmod. O

Corollary 23. Assume that A is adapted. Then every M € F°(A),
in particular, every indecomposable projective A-module, has a finite
coresolution

(22) 0O—-M-—-Ty—T — - —T,—0,

such that every T; is a finite direct sum of indecomposable tilting A-
modules.

Proof. 1t is enough to prove the claim for M = A(X). The claim is
obvious in the case A is minimal as in this case we have A(X) = T'(\).
From Theorem 14(ii) we have the exact sequence

0 — A(N) — T(\) — Coker

such that Coker has a standard filtration with possible subquotients
A(p)(i), where p < A and i € Z. By Proposition 22(i), the standard
filtration of Coker is finite and hence the claim follows by induction
(with respect to the partial preorder =). Il

A complex X* of A-modules is called perfect provided that it is
bounded and every nonzero X’ is a direct sum of finitely many in-
decomposable modules. Let P(A) denote the homotopy category of
perfect complexes of graded projective A-modules. As every indecom-
posable projective A-module has a finite standard filtration, it follows
by induction that F°(A) C P(A). Consider the contravariant functor

G = Rhomy (-, %)

(see [MOS] for details of hom-functors for k-linear categories). As we
will see in Theorem 24(iii), the functor G is a functor from P(A) to
P(R(A)). To distinguish A and R(A)-modules, if necessary, we will
use A and R(A) as superscripts for the corresponding modules.

Theorem 24 (Weak Ringel duality). Let A be an adapted standardly
stratified algebra.
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(i) The algebra R(A) is an adapted standardly stratified algebra with
respect to <°P.

(i1) We have R(R(A)) = A.

(111) The functor G is an antiequivalence from P(A) to P(R(A)).

(iv) The functor G induces an antiequivalence between F*(AMX) and
Fo(ARA) which sends standard A-modules to standard R(A)-
modules, tilting A-modules to projective R(A)-modules and pro-
jective A-modules modules to tilting R(A)-modules.

Proof. By construction, the functor G maps indecomposable tilting
A-modules to indecomposable projective R(A)-modules. From Corol-
lary 23 it follows that every indecomposable projective A-module M
has a coresolution of the form (22), such that every T; is a finite direct
sum of indecomposable tilting A-modules. This implies that every ob-
ject in P(A) can be represented by a perfect complex of tilting modules.
This yields that G maps P(A) to P(R(A)). As T is a tilting module,
statement (iii) follows directly from the Rickard-Morita Theorem for
k-linear categories, see e.g. [Ke, Corollary 9.2] or [DM, Theorem 2.1].

The functor G is acyclic, in particular, exact on F°(AM) by
Lemma 5. By construction, it maps tilting A-modules to projective
R(A)-modules and thus projective R(A)-modules have filtrations by
images (under G) of standard A-modules. By Proposition 22, these fil-
trations of projective R(A)-modules by images of standard A-modules
are finite. As in the classical case (see [Ri]) it is easy to see that the
images of standard A-modules are standard R(A)-modules (with re-
spect to <°P). From Proposition 22(ii) and our assumptions it follows
that the algebra R(A) is positively graded. This implies that R(A) is
a graded standardly stratified algebra (with respect to <°P).

Because of our description of standard modules for R(A), the functor
G maps F*(AM) to FP(AEAD)) In particular, projective A-modules
are also mapped to some modules in FP(AFA)) Since G is a derived
equivalence by (iii), for i > 0, j € Z and A\, u € A we obtain

extin 4 (GAN) (7), GP (i) = extly (P(1), AN (j)) = 0.

Hence GP(u) has a proper costandard filtration by Theorem 2(i), and
thus is a tilting R(A)-module, which implies (ii). As projective A-
modules have finite standard filtration, the algebra R(A) is weakly
adapted. It is even adapted as the grading on R(R(A)) coincides with
the grading on A and is hence positive. This proves (i). Statement
(iv) follows easily from the properties of G, established above. This
completes the proof. O

Similarly to the above we consider the contravariant functors
F = Rhomy(%, _)® : DT (Al-gmod) — D~ (R(A)'-gmod)
F = Rhom(%,_)® : D~ (A'-gmod) — D (R(A)'-gmod).
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Although it is not obvious from the first impression, the following state-
ment carries a strong resemblance with [MOS, Proposition 20]:

Theorem 25 (Strong Ringel duality). Let A be an adapted standardly
stratified algebra.

(i) Both F and F are antiequivalences.
(i) The functor F induces an antiequivalence from the category

F1 (V(A)) to the category F* (W(R(“‘”), which sends proper costan-
dard A-modules to proper costandard R(A)-modules, and injective
A-modules to tilting R(A)-modules.

(i1i) The functor F induces an antiequivalence from the category

Fl (V(A)) to the category F' (W(R("‘”), which sends proper costan-
dard A-modules to proper costandard R(A)-modules, and tilting
A-modules to injective R(A)-modules.

Proof. Consider the covariant versions of our functors:
H = Rhomy(%, ) : DT (A'-gmod) — DT (gmod-R(A)")
H = Rhom4(%,_) : D~ (A'-gmod) — D~ (gmod-R(A)").

Every object in D~ (A!-gmod) has a projective resolution. Since T is a
tilting module, every object in D~ (A'-gmod) is also given by a complex
of tilting modules. As tilting modules are selforthogonal, for complexes
of tilting modules the functor H reduces to the usual hom functor.
Similarly every object in D*(Al-gmod) has an injective resolution and
for such complexes the functor H reduces to the usual hom functor.

The left adjoints H' and H’ of H and H, respectively, are thus given
by the left derived of the tensoring with €. As T is a tilting module,
these left adjoint functors can be given as a tensoring with a finite tilt-
ing complex of A-R(A)-bimodules, projective as right R(A)-modules,
followed by taking the total complex.

Using the definition of proper costandard modules it is straightfor-
ward to verify that both H and H map proper costandard left A-
modules to proper standard right R(A)-modules. Similarly, both H’
and H' map proper standard right R(A)-modules to proper costandard
left A-modules. Since proper (co)standard objects have trivial endo-
morphism rings, it follows by standard arguments that the adjunction
morphism

Idp+ (gmod-r(ayy = HH',  H'H — Idp+ (a1 gmoa)

Idp- (gmod-r(ayH) — HH',  H'H — Tdp- (41gmoa)

induce isomorphisms, when evaluated on respective proper
(co)standard objects.  Therefore the adjunction morphism above
are isomorphisms of functors on the categories, generated (as triangu-
lar categories) by proper (co)standard objects. Using the classical limit
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construction (see [Ric]) one shows that both H and H are equivalences
of categories. This yields that both F and F are antiequivalences of
categories. This proves statement (i) and statements (ii) and (iii)
easily follow. O

5. PROOF OF THE MAIN RESULT

If M € {P()\),I(\),T(\),A(N),V(\)}, we will say that the centroid
of the graded modules M(j), where j € Z, belongs to —j. Let X
and )* be two complexes of tilting modules, both bounded from the
right. A complex X'® of projective, injective, tilting, standard, or co-
standard modules is called linear provided that for every ¢ centroids of
all indecomposable summand of X* belong to —i. A positively graded
algebra B is called Koszulif all simple B-modules have linear projective
resolutions. The Koszul dual E(A) of a Koszul algebra A is just the
Yoneda extension algebra of the direct sum of all simple A-modules.
The algebra E(A) is positively graded by the degree of extensions.

We will say that X* dominates Y* provided that for every ¢ € Z the
following holds: if the centroid of an indecomposable summand of X
belongs to j and the centroid of an indecomposable summand of )*
belongs to j’, then j < j'.

The aim of this section is to prove Theorem 1. For this we fix an
algebra A satisfying the assumptions of Theorem 1 throughout (we
will call such algebra balanced). For A € A we denote by Sy and C3 the
linear tilting coresolution of A()) and resolution of V(\), respectively.
We will proceed along the lines of [Ma, Section 3] and do not repeat
the arguments, which are similar to the ones from [Ma, Section 3].

Lemma 26. The algebra A is adapted.

Proof. Mutatis mutandis [Ma, Lemma 2]. O
Corollary 27. We have homa(T'(N)(i),T(p)) = 0, for all \,pp € A
and i € N.

Corollary 28. Let X* and Y* be two complexes of tilting modules,
both bounded from the right. Assume that X* dominates Y*. Then
HOII]D—(A)(X.,J}.) =0.

Proof. Mutatis mutandis [Ma, Corollary 4]. O

Proposition 29. For every A € A the module L()\) is isomorphic in
D= (A) to a linear complex L3, of tilting modules.

Proof. Just as in [Ma, Proposition 5], one constructs a complex P of
tilting modules in D~ (A), quasi-isomorphic to L(A) and such that for

each i all centroids of indecomposable summands in P belong to some
j such that j > —i.
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Let us now prove the claim by induction with respect to <. If A
is minimal, then L(\) = V()) and we can take £ = C}. Otherwise,
consider the short exact sequence

0 — L(A\) — V(\) — Coker — 0.

Since A is positively graded, we have Coker; = 0 for all j > 0. More-
over, Coker is finite dimensional (Lemma 4) and all simple subquotients
of Coker correspond to some p € A such that o < A. Using the induc-
tive assumption, we can resolve every simple subquotient of Coker using
the corresponding linear complexes of tilting modules and thus obtain
that Coker is quasi-isomorphic to some complex X*® of tilting modules
such that for each i all centroids of indecomposable summands in X
belong to some j such that j < —i — 1. As V()) has a linear tilting
resolution, it follows that L(\) is quasi-isomorphic to some complex Q°
of tilting modules, such that for each ¢ all centroids of indecomposable
summands in @ belong to some j such that j < —i.

Because of the uniqueness of the minimal tilting complex L3, rep-
resenting L()\) in D~ (Al-mod), we thus conclude that for all i € Z
centroids of all indecomposable summands in £ belong to —i. This

means that L3 is linear and completes the proof. O
Corollary 30. The algebra A is Koszul.
Proof. Mutatis mutandis [Ma, Corollary 6]. O

Corollary 31. We have the following:

(1) Standard A-modules have linear projective resolutions.
(ii) Proper costandard A-modules have linear injective coresolutions.

Proof. Assume that ext’ (A(X), L(u){(j)) # 0 for some \,u € A, i >0
and j € Z. As A is positively graded we obviously have j < —i.
On the other hand, this inequality yields an existence of a non-zero
homomorphism (in D~ (Al-mod)) from S} to L£3[i](j). But both S}
and L3 are linear (Proposition 29) and hence from Corollary 28 it
follows that j > —i. Therefore j = —i and statement (i) follows. The
statement (ii) is proved similarly. O

Corollary 32. We have the following:

(i) Standard R(A)-modules have finite linear projective resolutions.
(i1) Standard R(A)-modules have finite linear tilting coresolutions.
(i11) Proper costandard R(A)-modules have linear tilting resolutions.
(iv) Proper costandard R(A)-modules have linear injective coresolu-

tions.

Proof. Using Theorem 24(iv) we see that the functor G maps a finite
linear projective resolution of A (Corollary 31(i)) to a finite linear
tilting coresolution of A Tt also maps a finite linear tilting cores-
olution of A™ to a finite linear projective resolution of A4,
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Using Theorem 25(ii) we see that the functor F maps a linear injec-
tive coresolution of V' (Corollary 31(ii)) to a linear tilting resolution
of VA, Using Theorem 25(iii) we see that the functor F maps a lin-

ear tilting resolution of v(A) to a linear injective coresolution of V(R(A)).
The claim follows. U
Corollary 33. The algebra R(A) is Koszul.

Proof. This follows from Corollaries 30 and Corollaries 32. U

Denote by £% the full subcategory of D~ (A), which consists of all
linear complexes of tilting A-modules. The category £% is equivalent
to gmod-E(R(A))" and simple objects of £X have the form T'(\)(—4)[i],
where A € A and i € Z (see [MOS]).

Proposition 34. We have the following:

(i) The objects Sy, where A\ € A, are proper standard objects in £%
with respect to <.

(i) The objects CY, where A € A, are costandard objects in £F with
respect to <.

Proof. Mutatis mutandis [Ma, Proposition 11]. O
Proposition 35. For all \,u € A and t,5 € Z we have
k, N=pu,i=7=0;

0, otherwise.

(23)  Hompi(eg(SX, Culd)[—i]*) = {

Proof. Mutatis mutandis [Ma, Proposition 12]. O

Corollary 36. The algebra E(R(A)) is standardly stratified with re-
spect to <.

Proof. Applying the duality to Propositions 34 and 35 we obtain that
standard F(R(A))-modules are left orthogonal to proper costandard.
Using this and the same arguments as in the proof of Theorem 2 one
shows that projective F(R(A))-modules have a standard filtration.
Since standard E(R(A))-modules are left orthogonal to proper co-
standard modules, to prove that the standard filtration of an inde-
composable projective E(R(A))-module is finite it is enough to show
that the dimension of the full ungraded homomorphism space from any
indecomposable projective E(R(A))-module to any proper costandard
module is finite. In terms of the category £% (which gives the dual pic-
ture), we thus have to show that the dimension N of the full ungraded
homomorphism space from S to any injective object in £% is finite.
Realizing £% as linear complexes of projective R(A)-modules, we know
that injective objects of £% are linear projective resolutions of simple
R(A)-modules (see [MOS, Proposition 11]), while the proper standard
objects are linear projective resolutions of standard R(A)-modules. We
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thus get that N is bounded by the sum of the dimensions of all ex-
tension from the corresponding standard module to the corresponding
simple module. Now the claim follows from the fact that all standard
R(A)-modules have finite linear resolutions (Corollary 32(i)). O

Corollary 37. The complexes LY, where A\ € A, are tilting objects in
£%.

Proof. Mutatis mutandis [Ma, Corollary 14]. O
Corollary 38. There is an isomorphism E(A) = R(E(R(A))) of

graded algebras, both considered with respect to the natural grading in-

duced from D~ (A). In particular, we have R(E(A)) = E(R(A)).
Proof. Mutatis mutandis [Ma, Corollary 15]. O

Corollary 39. Both E(A) and R(E(A)) are positively graded with re-
spect to the natural grading induced from D~(A).

Proof. Mutatis mutandis [Ma, Corollary 16]. O
Lemma 40. The algebra E(R(A)) is standard Koszul.
Proof. Mutatis mutandis [Ma, Lemma 18]. O

Proposition 41. The positively graded algebras E(A) and R(E(A))
are balanced.

Proof. Mutatis mutandis [Ma, Proposition 17]. O

Proof of Theorem 1. Statement (i) follows from Corollaries 30 and 31.
Statement (ii) follows from Corollary 32 and Proposition 41. Statement
(iii) follows from Proposition 29. Finally, statement (iv) follows from
Corollary 38. O

6. EXAMPLES

Example 42. Consider the path algebra A of the following quiver:

aCl o 2

It is positively graded in the natural way (each arrow has degree one).
We have A(2) = P(2) = L(2), while the projective module P(1) looks
as follows:
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In particular, we have that the ungraded composition multiplicity of
L(2) in P(1) is infinite and hence P(1) has an infinite standard filtra-
tion. In particular, Lemma 15 fails in this case and hence the universal
extension procedure does not have a starting point and can not give us
a module from A'-gmod.

Example 43. Consider the path algebra B of the following quiver:

«

1 236

It is positively graded in the natural way (each arrow has degree one).
We have A(1) = L(1) = T(1), A(2) = P(2) and the following projec-
tive B-modules:

P): 1 P2): 2
a B

2 2
B B

2 2
B B

The module T'(2) looks as follows:

In particular, T'(2) has an infinite standard filtration and hence the
algebra B is not weakly adapted.

Example 44. Consider the path algebra C' of the following quiver:

07

S ™
s 1 2 JP
modulo the ideal, generated by the relation a8 = fSa. It is positively
graded in the natural way (each arrow has degree one). We have V(1) =
L(1) and also the following projective, standard, proper costandard and
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tilting C-modules:
P(1)=T(2)[-1]: 1 P2)=A(2): 2

,@\ s
1 2 2
[\ lﬂ g
1 2 2
B\LB s
V@) o1 1) =A1): 1
\ J{ﬁ
2 1
|

Standard and proper costandard C'-modules have the following linear
tilting (co)resolutions:

0—-A(l)—=T(1)—0
0—-A2) —T((2)—-T1)[1] —0

0— T(1)[-1] —T(1) — V(1) — 0

0— T(2)[-1] — T(2) — V(2) — 0.
Hence (' is balanced. The indecomposable tilting objects in £% are:

0—-T(1)[-1]—-T(1)—0
0—-T12)[-1—-T2)eT(1)—T(1)[1] — 0.
We have R(C) = C°P, E(C) is the path algebra of the quiver:
s(C1 - 2 )8

modulo the ideal, generated by the relation a3 = Sa and 3? = 0, and
R(E(C)) =2 E(R(C)) = E(C)°P.

Example 45. Every Koszul positively graded local algebra algebra A
with dimy Ag = 1 is balanced. Every Koszul positively graded algebra
is balanced in the case when < is the full relation.

Example 46. Directly from the definition it follows that if the algebra
A is balanced, then the algebra A/AesA is balanced as well for any
maximal A. It is also easy to see that if A and B are balanced, then
both A @ B and A ®, B are balanced.
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