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Abstract

We study tensor product decompositions of representations of the General Linear
Supergroup Gl(m|n). We show that the quotient of Rep(Gl(m|n),¢€) by the tensor
ideal of negligible representations is the representation category of a pro-reductive
supergroup G™. In the Gl(m/|1)-case we show G = Gl(m — 1) x GI(1) x GI(1).
In the general case we study the image of the canonical tensor functor F),, from
Deligne’s interpolating category Rep(Gly,—n) to Rep(Gl(m|n),e). We determine
the image of indecomposable elements under F,,,. This implies tensor product de-
compositions between projective modules and between certain irreducible modules,
including all irreducible representations in the GIl(m|1)-case. Using techniques
from Deligne’s category we derive a closed formula for the tensor product of two
maximally atypical irreducible Gi(2]2)-representations. We study cohomological
tensor functors DS : Rep(Gl(m|m),e) — Rep(Gl(m — 1|m — 1)) and describe
the image of an irreducible element under DS. At the end we explain how these
results can be used to determine the pro-reductive group Gy, — GI(m|m)™? corre-
sponding to the subcategory Rep(Gyp,e€) generated by the image of an irreducible
element L in Rep(GIl(m|m) e).

Zusammenfassung

Wir untersuchen die Zerlegung von Tensorprodukten von Darstellungen der Allge-
meinen Linearen Supergruppe. Wir zeigen, dass der Quotient von Rep(Gl(m|n),¢)
nach dem Tensorideal der vernachlassigbaren Morphismen die Darstellungskat-
egorie einer proreduktiven Supergruppe G™? ist. Im GI(m|1)-case zeigen wir
G = Gl(m — 1) x GI(1) x GI(1). Im allgemeinen Fall untersuchen wir das
Bild des kanonischen Tensorfunktors F},, von Delignes interpolierender Kategorie
Rep(Gly,—p) in Rep(Gl(m|n),e). Wir bestimmen das Bild eines indekomposiblen
Elements unter F},,. Dies impliziert explizite Tensorproduktzerlegungen fiir Ten-
sorprodukte zwischen projektiven Moduln und zwischen bestimmten irreduziblen
Darstellungen, wobei alle irreduziblen Gl(m|l)-Darstellungen so erhalten wer-
den. Mittels der Techniken in Deligne’s Kategorie leiten wir eine geschlossene
Formel fiir das Tensorprodukt zweier irreduzibler maximal atypischer GI(2]2)-
Darstellungen her. Im Anschlufl beschreiben wir kohomologische Tensorfunktoren
DS : Rep(Gl(m|m),e) — Rep(Gl(m — 1lm — 1)) und das Bild eines irreduziblen
Moduls unter DS. Wir beschreiben dann, wie diese Resultate dazu benutzt wer-
den kénnen, um die proreduktive Gruppe G < GI(m|m)"*¢ zu bestimmen, die
zu der Unterkategorie Rep(Gy,€), die von dem Bild eines irreduziblen Elements L
in Rep(G™4, €) erzeugt wird, zu bestimmen.
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Introduction

Representations of the General Linear Supergroup

The theory of the finite-dimensional representations of the algebraic group Gl(n)
over an algebraically closed field of characteristic 0 is well understood since the
work of Schur and Weyl. The category of representations is semisimple, formulas
for the character and the dimension of an irreducible representations are known
for almost 90 years and the decomposition of the tensor product between two irre-
ducible representation representations can be reduced to the analogous problem for
the symmetric group S,, where an explicite algorithm - the Littlewood-Richardson
rule - is known since the 1930’s (though proven only 1974).

The situation changes drastically if one passes from Gl(n) to the algebraic super-
group Gl(m,n). A Zs-graded algebra (a superalgebra) is said to be commuta-
tive (or super-commutative) if ab = (—1)P@?®)pg for all homogenuous elements
a,be A= Ay ® A;. As classical groups are usually defined as representable func-
tors, Gl(m|n) can be seen as a functor salg, — grp from the category of commu-
tative superalgebras to groups, sending a commutative superalgebra A = Ay & A;
to G(A), the group of all invertible (m + n) x (m + n)-matrices

A B
{(C D) |A € Mpy,m(Ao), B € My n(Ay),C € Mym(Ar),D € M, ,(Ao)}

We say G has a representation on a Zs-graded vector space V' if there is a natu-
ral transformation p : G — End(V) where End(V) : salgy — grp is the functor
End(V)(A) = (A®End(V))o. We only consider finite-dimensional representations.
As representations of algebraic groups are often studied through the representa-
tions of their Lie algebras, we will sometimes consider equivalently representations
of integrable weight of the underlying Lie superalgebra gl(m|n).

The theory of supergroups or superalgebras has a number of different ancestors.
From the mathematical side they were studied first in the early 60’s by Gersten-
haber [Ger63|, [Ger74] and Milnor and Moore [MMG65] in connection with cohomol-
ogy theories. In physics they occured first in the earlies studies of supersymmetry
such as in [Miy68| or [WZ74al, [WZ74b]. Especially in physics they have become
an indispensable building block in supersymmetry and supergravity. Again from
a mathematical perspective the theory of supergroups and their representations is
nowadays studied not only for its intrinsic interest but also for its connections to
other fields of mathematics.

e [t is expected that representations of supergroups yield new knot invariants
and that categorifactions of representations give ways to compute existing
categorifications such as knot Floer homology |[GPM10], [GKPMI11], [Sar13].
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Character formulas for the affine Lie superalgebra sli(m|n) have connections
to generalized theta series and mock modular forms [KW94], [BF13], [BO09).

They are related to categories of perverse sheaves on abelian varieties [Wei06],
[KWT1]

They appear in the theory of mixed motives as super tannakian categories.

Representations of the General Linear Supergroup describe categories of per-
verse sheaves on Grassmannians.

Due to the deceptively similar definition of GI(m|n) in comparison to the classi-
cal Gl(n)-case, one could expect just a Zy-graded version of the classical theory.
This is indeed misleading since hardly any result from the classical world holds for
the supergroup Gl(m|n). The category of its representations is not semisimple,
rendering many common techniques from Lie theory useless. The classification
of the indecomposable modules is an undecidable problem for m,n > 2 [Ger9§],
[BS10b]. Even for irreducible modules the analogs of the classical questions - char-
acter formulas, formulas for the (super)-dimension, tensor product decomposition
- remained open for a long time since the 70’s, when their systematic study was pi-
oneered by Kac [Kac7§|] [Kac77] and Djokovic-Hochschild [DH76]. In recent years
a number of very important results have been achieved.

e Serganova [Ser98| (using cohomology of bundles on flag varieties) and Brun-
dan [Bru03| (using quantum group techniques) gave an algorithm to find the
character of an irreducible representation. This generalized earlier results in
the Gl(m|1)-case by Bernstein and Leites.

e Kac and Wakimoto [KW94] conjectured a criterion for an irreducible rep-
resentation V' to have non-vanishing superdimension dimVy — dimV;. This
became known as the Kac-Wakimoto conjecture. It has been proven inde-
pendently by Serganova [Ser10] and Weissauer [WeilOb]. Weissauer also gave
a closed formula for the superdimension in terms of certain rooted trees.

e The Ext! between two simple modules were determined in a series of articles
by Brundan and Stroppel [BS08], [BS10al, [BS08], [BS10b]: The dimension
of Ext! can be described by certain Kazhdan-Lusztig polynomials associated
to Grassmannians and admits a combinatorial description.

In particular the latter work has linked the representation theory of G = Gl(m|n)
to a large number of other fields in representation theory and geometry. It is based
on the construction of a family of diagram algebras baptised as Khovanov algebras.
These Khovanov algebras control a number of different categories:

10
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representations of G parabolic category O

\/

Khovanov algebras

e

Perverse sheaves Geometry of Modules over the
on Grassmannians Springer fibres walled Brauer algebras

Despite all these achievements a notoriously persistent problem is the decomposi-
tion of tensor products of irreducible representations. The problem is wide open
and only very special cases have been solved. The cases of GI(1|1) and SI(2|1) have
been settled in [GQS07]. The work of Brundan and Stroppel [BS10b] gives a rule
to decompose the tensor product of an irreducible representation with the stan-
dard representation. As the list of the known examples tells us the problem has
hardly seen any progress and structural insight is poor. The situation is similar for
the other series of simple supergroups, such as the orthosymplectic supergroups
SpO(m,n) which generalize the classical B, C' and D series of symplectic and
orthogonal groups.

The universal semisimple quotient

In this thesis we study the problem of decomposing tensor products from a differ-
ent point of view. We study either nice tensor functors from a (well-understood)
tensor category C' — Rep(Gl(m|n)) into Rep(Gl(m|n)) or nice tensor functors
Rep(Gl(m|n)) — C into some (well-understood) tensor category C. Here a nec-
essary condition on a tensor functor to be nice is that it maps an irreducible
representation to an isotypic one. Indications for the existence of such tensor
functors date long back: In the Gl(m/|1)-case [VAJHKTMI0| [VdJ91] van-der-
Jeugt obtained a character formula for the simple modules. The knowledge of
such a character formula can be used to derive formulas for the superdimension of
these modules. It turns out that the superdimension of every such module L(\)
equals up to a sign the dimension of an associated simple GI(m — 1)-module L(X)
where A can be explicitely computed from A. These results were later general-
ized by [KW94] to other representations of some other simple supergroups. Since
a tensor functor preserves the categorial dimensions, these results could be seen
as incarnations of a hidden tensor functor as above. In the case of S1(2¢|2) an
algebraic-geometric construction of Weissauer suggests the existence of a tensor
functor Rep(S1(2¢g]2)) — Rep(Sl(2g — 2)) ® svec.

11
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A first construction of such tensor functors has been given independently by Duflo-
Serganova [DS05], Serganova [Ser10] and Weissauer [WeilOb]. In this case we have
a tensor functor Rep(Gl(m|n)) — Rep(Gl(m —n)) ® svec (for m > n) which maps
an irreducible representation to an isotypic representation or zero. Here the notion
of atypicality plays a role: Generically an irreducible module is a projective object
in the category. For some degenerate weights - called atypical - this is no longer
true; and this weights can be seen as responsible for the failure of semisimplic-
ity. The atypical weights can be again distinguished by their degree of degeneracy
by a number between 1 and n (for instance by measuring the rate of growth of
a projective resolution). The Kac-Wakimoto conjecture asserts that the superdi-
mension of an irreducible representation is non-zero if and only if the atypicality is
maximal. Both approaches prove this conjecture. However the fiber of an element
in Rep(Gl(m|n)) under this functor is so huge that these results do not shed light
on the tensor structure. Nonetheless these results are an important guideline for
the construction of tensor functors into classical representation categories: Since a
tensor functor will preserve the internal dimensions and the dimension of an object
in a semisimple tensor category is always non-zero, such a tensor functor can be
supported only by the ”‘maximal atypical part”’” A, of the category and can only
be expected to give information about this part.

The main player in this thesis is a construction which has been studied by Jannsen
[Jan92] and Andre-Kahn [KA02]. If A is a k-linear traced tensor category there
exists a universal semisimple quotient A/N such that the quotient functor w :
A — A/N is a tensor functor. This quotient is obtained by dividing through the
tensor ideal of negligible morphisms N. On objects the functor will kill precisely
the indecomposable modules X with dima(X) = 0 (”‘negligible objects”’). This
can be seen as an abstract version of results of Jannsen on numerical motives.
In [Jan92] Jannsen showed that the category of motives (defined via algebraic
correspondences modulo an adequate equivalence relation) is semisimple if and
only if the relation is the numerical equivalence. The following theorem generalizes
Jannsen’s results.

0.1 Theorem. [KAQ2] Let A a k-linear traced tensor category. Then the ideal
N of negligible morphisms is the only proper tensor ideal such that the quotient
A/N is semisimple.

Dividing by the ideal of negligible morphism is the abstract counterpart of taking
numerical equivalence. We apply this construction to the category of representa-
tions of an affine supergroup scheme A = Rep(G, €). Regarding this group we have
the following fundamental observation which follows easily from a deep character-
ization of super-tannakian categories by Deligne [Del02].

12
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0.2 Theorem. If A = Rep(G,¢€) or a pseudoabelian full tensor subcategory of
Rep(G,¢), the quotient A/N is again of the form Rep(G™ ) for some pro-
reductive supergroup G"?.

The main question of this thesis is to study this pro-reductive supergroup in the

case of A = Rep(Gl(m|n),e).

If A = Rep(GQ) for an affine k-group G, the group G, the proreductive enve-
lope, has been thoroughly studied by Andre and Kahn. The classical case is very
different from the super-case; in particular no object is killed under the functor
A — A/N. The methods and proofs of [KA02] do not apply any more to the
super-setting.

In chapter 2 we determine G in the special case of Gl(m|1), Sl(m|1) and
OSp(2|2n) (the latter only conditional). We show

0.3 Theorem. In the singly atypical case we have

Gl(m — 1) x GI(1) x GI(1) G = Gl(m, 1)
G = Sl(m—1) x GI(1) x GI(1) G = Sl(m,1), m >3
Sp(2n —2) x GI(1) x GI(1) G = OSp(2|2n)

These results follow from estimates on the transcendence degree of the
Grothendieck rings, the classification of the indecomposable modules and use a
construction of Weissauer [WeilOa] as a black box. None of these results is avail-
able in the general case. Since we can’t even classify the indecomposable modules
(of non-vanishing superdimension) in the general Gl(m,n)-case (m > n > 2) the
determination of A/AN is out of reach. We should therefore consider the weaker
questions:

What is the pro-reductive supergroup generated by the images of the irreducible
modules in AJN ? What is the reductive supergroup associated to the image of an

irreducible module in AN ?

In the later chapters we will restrict ourselves to the case Gl(n|n). Even this re-
duced questions are very difficult to attack. In general the functor A — A /AN is not
well-behaved: It is not exact, hence does not send tensor generators to tensor gen-
erators and does not induce a morphism on the underlying Grothendieck groups.
It is also not functorial with respect to embeddings of subgroups. Therefore it is
unclear how to approach the problem. On the other hand we have no chance to
compute any tensor products directly. As usual a construction of Deligne saves
the day.

13
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Deligne’s interpolating categories

In Rep(Gl(m|n)) the decomposition of the tensor product of two irreducible mod-
ules is known for a very small class of representations, the so-called covariant
modules. Let us sketch the construction. For simplicity we work with Si(n) and
Sl(mn). If A is a pseudoabelian k-linear tensor category and V' € A, the sym-
metric group S, acts on V®" r € N. The irreducible representations of S, are
parametrized by partitions A of . Denote by V) a corresponding irreducible mod-
ule in the isomorphism class associated to A. For a partition A\ of r define the
Schur functor Sy via S\(X) := Homg, (Vy, V") . Then one has an isomorphism

Priesiv)—ver

where the sum runs over the partitions of . For these special elements the following
decomposition formula holds [Del02], prop 1.6:

Su(V) @ S,(V) = P e, s (V)

where the sum runs over the partitions of r = |u| 4 [v| . The coefficients ¢, , are
known as Littlewood-Richardson coefficients and dozens of different algorithms
are known for their computation (though not a closed formula). It is however in

general very difficult to determine Sy(V') in practice.

If A is the category of finite-dimensional representations of Si(n) and V' the stan-
dard representation of dimension n, the work of Schur tells us that Sy (V) is nothing
but the irreducible representation L()\') with highest weight X = (Ay,..., A,). In
particular every irreducible representation of SI(n) is of the form Sy (V') for some
partition A\. Hence the formula above solves the problem of decomposing tensor
products in the classical case. If A is on the other hand the category of represen-
tations of Sl(m|n) and V the standard representation, the representation V®" is
again completely reducible for every r. The irreducible representations obtained
in this way - the covariant representations - can be parametrized by certain parti-
tions, so called (m, n)-hook partitions, and their highest weights can be explicitely
determined [Ser85] [BR&T]. It turns out that these modules form only a very small
subset of the irreducible SI(m|n)-modules. The classical approach is therefore
of very limited use. This suggests the following idea: Instead of considering the
space of covariant tensors V®" one should look at the larger space of mixed ten-
sors V& @ (VV)® r. s € N. However the space of mixed tensors is no longer fully
reducible. Accordingly the tensor product decomposition of two mixed tensors is
not understood. This problem can be solved using a construction of Deligne.

In [Del07] Deligne constructs for any 6 € k (say § = m) a tensor category
Rep(Gls) which interpolates the classical representation categories Rep(Gl(n))

14
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in the sense that for § = n € N we have an equivalence of tensor categories
Rep(Gls—,)/N — Rep(Gl(n)). These interpolating categories possess a canonical
element of dimension 6 which we call the standard representation st. Deligne’s
family of tensor categories are the universal tensor categories on an object of di-
mension ¢ in the sense of the following universal property.

0.4 Theorem. [Del07] Let A be a k-linear tensor category such that End(1) =
k. The functor F — F(st) is an equivalence Hom$ (Rep(Gls),A) of the tensor
functors of Rep(Gls) — A with the category of objects in A which are dualisable
of dimension ¢ and their isomorphisms.

In layman’s terms: For any dualisable object X € A of dimension § in a tensor
category there exists a unique tensor functor F': Rep(Gls) — A, st — X .

In particular for d = m—n € N>, we have two natural tensor functors starting from
the Deligne category Rep(Gly): One into Rep(Gl(m—n)) (determined by the choice
of the standard representation of GI(m — n)), the other one into Rep(Gl(m|n))
(determined by the choice of the standard representation of GI(m|n)). This opens
up a new approach to study the tensor product decomposition in Rep(Gl(m,n)):
We should understand the tensor product decomposition in Deligne’s category. If
we are then able to understand the functor F,,, : Rep(Gl,,_,) — Rep(Gl(m|n)),
st — st, we will be able to decompose tensor products in its image. The tensor
product decomposition in Deligne’s category has been determined by Comes and
Wilson [CW11]. They also determine the kernel of the functor F,, and show
that its image is precisely the space of mixed tensors 7": The full subcategory of
Rep(Gl(mn)) of objects which are direct summands in a tensor product V®" &
(VY)®s for some r,s € N. However Comes and Wilson are not able describe the
image F,,,(X) of an individual element X.

The space of mixed tensors has also been studied by Brundan and Stroppel [BS11].
More generally, in a series of articles [BS08], [BS10a], [BS08], [BS10b] Brundan
and Stroppel initiated the study of so-called Khovanov-algebras, a class of diagram
algebras arising from Khovanov’s categorification of the Jones polynomial. For a
particular special case of these Khovanov-algebras, the algebras K (m, n), the main
theorem of [BS10D] states an equivalenve of categories

E : Rep(Gl(m,n),e) — K(m|n) — mod

between the categories of finite-dimensional modules of K (m,n) and GI(m|n). Al-
though the tensor structure is not visible any more on the left-hand side, this result
had a fundamental impact on the theory as it allows to analyse many problems
from a combinatorial point of view. It turns out that the space of mixed tensors

15
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can also be described by the work of Brundan and Stroppel. In both approaches
the indecomposable mixed tensors are described by certain pairs A = (AL, \F)
of partitions, so-called (m,n)-cross bipartitions. The advantage of Brundan and
Stroppels results in our case is that it permits to analyse the Loewy structures
of the mixed tensors and gives conditions on their highest weights. This not-so-
dearly-loved analysis of the complex combinatorics of the Khovanov algebras forms
the part of chapter 3 and chapter 4. In this chapters we define two invariants
def(X) and k() of a bipartition. Let us quote two results from chapter 3 and
chapter 4.

0.5 Theorem. A mixed tensor is irreducible iff def(\) = 0. A mixed tensor is
projective iff k(A\) = n. Every projective module is a mixed tensor. We have an
explicit bijection 0, between the bipartitions with k(\) = n and the projective
covers of irreducible modules. Similarly we have an explicit bijection 6, between
the bipartitions with def(\) = 0 and the irreducible mixed tensors.

This solves the problem of decomposing tensor products of projective representa-
tions of GIl(m|n) since the tensor product decomposition in Deligne’s category is
known. We call an irreducible module a Kostant module if its weight diagram in
the sense of Brundan and Stroppel has a particular simple form (see chapter 2).

0.6 Theorem. Every irreducible mixed tensor is a Kostant module. Conversely,
for m > n, every maximally atypical Kostant module is a Berezin twist of an
irreducible mixed tensor.

Again this result gives the tensor product decomposition for the maximally atypical
Kostant modules. The result on the maximally atypical modules imply also the
tensor equivalence

T/N =~ Rep(Gl(m —n)).

We turn back to our original problem of determining the pro-reductive supergroup
associated to the category generated by the images of the irreducible representa-
tions in Rep(Gl(n|n))/N. However no maximally atypical irreducible representa-
tion of R,, = Rep(Gl(n|n), €) is in the image of F,,,, : Rep(Gly) — Rep(Gl(n|n),¢).
To circumvent this problem we proceed as follows: In chapter 5 we study the
class of the ”‘smallest”’” maximally atypical tensors (the ones of minimal Loewy
length) which we call the symmetric powers Agi, i € N. We derive a closed formula
for their tensor products Agi ® Ag;. As all mixed tensors these have a simple socle
which we denote by S*~!. One might hope to infer back from the Ag ® Ag;-tensor
product to the S*~! ® S7~!-tensor product. We put this question aside for the mo-
ment. Even if this would be possible, the irreducible modules S¢ form only a very
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restricted subset of the irreducible maximally atypical representations; and any
other approach to compute tensor products of more general classes of irreducible
modules seems out of reach.

Cohomological tensor functors

As a remedy we develop a way to reduce the determination of the pro-reductive
supergroup to the the lower rank cases for k < n. This will ultimately allow us to
make use of the machinery of mixed tensors in the GI(2|2)-case. For any z in the
nilpotent cone

X={reg |[r,z] =0}

(where g; is the odd part of the Lie Superalgebra gl(m|n)) multiplication by x on
a module M defines a complex

T T T T

M M M

Taking the cohomology of this complex gives a functor
DS : R, — Rep(Gl(n — kln — k))

where k € {1,...,n} is the so-called rank of z . The crucial and surprising point
is the following theorem.

0.7 Theorem. [Serl0] For all x € X the functor DS is a tensor functor.

This theorem will enable us to transfer information about tensor products in the
R._1-case to the R,-case once we are able to compute DS(M) for an indecom-
posable module M. From now on we fix a certain x of rank 1 and denote by
DS : R, — Rep(Gl(n — 1,n — 1)) the associated tensor functor. In that case we
review in chapter 7 the Main theorem of [HW13] which gives an explicit formula
for DS(L) = @@ L, for any irreducible module L as a sum of maximally atypical
irreducible modules in R,,_1 ®R,,_1[1]. The proof is a long and complicated induc-
tion to reduce the statement to the case of mixed tensors for which the situation
is well-understood. We make another reduction and study only the full subcat-
egory RI, of objects which appear as summands in an iterated tensor product
of irreducible elements whose superdimension is non-negative. It is easy to see
that DS sends negligible modules to negligible modules. Hence it induces a tensor
functor RI,/N — RI, 1/N. If H, and H,_; are the corresponding proreductive
groups, we get an injective homomorphism f : H,, 1 — H,,. The rule for the split-
ting of DS(L) can be seen as the branching rule with respect to the embedding
H, , — H,.
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This result shows the importance of the G1(2|2)-case: The Tannaka group RI,/N
will be the start for an inductive procedure to determine R, from the next lower
case RI,—1. To determine the Tannaka group in the GI(2|2)-case, the tensor
products of the maximally atypical irreducible modules have to be computed.
This is done in chapter 7. Every such module is up to a determinant twist of
the form S*. We first determine the Ky-decomposition of S? ® S7 recursively from
the Ky-decomposition of the Agi ® Ag;. We then use duality arguments and the
functor DS : Ry — R; to determine the corresponding indecomposable summands
and their Loewy structure.

0.8 Theorem. (see chapter 7 for a precise statement) Up to negligible modules
we have S ® S* = Ber™' @ M and S*® S7 = M’ for i > j for indecomposable
modules M and M'.

The following theorem is a consequence:

0.9 Theorem. [HWI3] The Tannaka group generated by S' is Si(2) and the
Tannaka group generated by S', i > 2 is GI(2). The proreductive group Hy C
1102, GL(2) is the subgroup defined by all elements g = [[ ), g, in the product H,
with the property det(g,) = det(g1)".

In [HW13] the case GI(3|3) is also established. As of present the proof for the
general case n > 4 is not complete.

This results can be seen as a (weak) version of a tensor product rule for max-
imally atypical irreducible modules since the well-known decomposition rules of
the classical groups tell us the tensor product decomposition up to modules of

superdimension zero. Consider as an example the representation X := I1[2, 1, 0] of
GI(3|3). It can be shown that Hx = Sp(6). Hence

X®X211@IQEB]3 mod./\/

with the indecomposable representations corresponding to the irreducible Sp(6)
representations L(2,0,0), L(1,1,0) and L(0,0,0). Now consider the tensor product
Iy ® I. Since I; corresponds to the Sp(6)-representation with highest weight
(2,0,0), its tensor product will have the same decomposition as the tensor product
of S?(st) ® S%(st) in Rep(Sp(6)) up to negligible modules.

Note. Several small parts of this thesis are used in the forthcoming preprint
[HW13]: Parts of 1.4, parts of 3.5, parts of 6.1, the section 6.2, section 6.3 and the
section 7.1. These sections have been written by myself.
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Notation

Agi the generalized symmetric power R(i;1%) in R,

Api the generalized alternating power R(1%4) in R,

i the Littlewood-Richardson coefficient to the partitions A, 4 and v

D), the linking number between the cap diagrams A\ and 1

def(\) the defect of the bipartition A

DS the tensor functor DS : Ry, — Ryp—1,,—1 for a fixed x € X of rank 1

Fon the canonical tensor functor Rep(Gl,,—,) — Rep(Gl(m|n),¢)

Fon the canonical tensor functor Rep(Gly,—,) — Rep(Gl(m — n))
T a special projective functor K(m|n) — mod — K(m|n) — mod

k algebraically closed field of characteristic 0

K()\) the Kac-module

k() the invariant def () + rk(\) for the bipartition A

K(mln)  a certain Khovanov algebra

LX) the irreducible module of highest weight A

A either a highest weight, a partition or a bipartition

A the cup diagram of the weight A

A the cap diagram of the weight A

(A) indecomposable element in Deligne’s category corresponding to A

{A} Sx(st)

AE(rs) SSA:=rand S \E=s

A" the set of (m|n)-cross bipartitions for some fixed m,n

lifts(.) the lift Rs — R, where t is an indeterminate

M, the image of M under Serganova’s tensor functor

N the tensor ideal of negligible morphisms

P(X) the projective cover of L(\)

Proj the tensor ideal of projective objects

p(A) the parity p(\) € Zy of the weight A

Rep(Gls) Deligne’s interpolating category attached to the element ¢ € k

Romn Rep(Gl(m|n),e)

R, Rep(Gl(n|n),€)

rk(\) the rank of the bipartition A

Sx(.) the Schur functor associated to the partition A

svec the category of finite-dimensional super vector spaces over k

0 the map 0 : A* — X*

T largest vertex in a bipartition labelled by x, o or part of a cap

X the nilpotent cone X = {z € g | [z,z] = 0}

X+ the set of integral dominant weights for Gl(m/|n)
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1. Preliminaries

1.1. Algebraic Supergroups

All the definitions and theorems can be found in the literature, for instance [Var04],
[Wei09], [Mas11], [Del02], [CCETI] and notably [Wes] from which most of the defin-
tions have been taken. We assume throughout the thesis that £ is an algebraically
closed field of characteristic 0.

1.1.1. Super Linear Algebra

A super vector space is a Zy-graded vector space V =V, @ V; over k. Elements in
Vo respectively Vi are called even respectively odd. An element is homogenuous
if it is either even or odd. For a homogenuous element v write p(v) for the parity

defined by
(v) = 1 v eV
Py = -1 veV

We denote by Hom/(V, W) the set of k-linear parity-preserving morphism between
two super vector spaces V' and W. The direct sum has a natural grading via
(VaeW),=V,&W,, i€ Zsy. The category svec of finite-dimensional super vector
spaces is an abelian category. It carries also the structur of a symmetric tensor
category. The tensor product of two super vector spaces has a natural Zs-grading
via
k=i

The dual V* has a natural Z,-grading given by: w € (V*); & p(w(v)) = p(v) +
i = 0. The inner Hom Hom(V, W) is by definition the set of all k-linear maps
V. — W of two Zs-graded vector spaces. This object is Zs-graded, with the
parity-preserving morphisms forming the even part. For the inner Hom functor
(V,W) +— Hom(V,W) we have the isomorphism Hom(V,W) ~ V* ® W. The
parity shift functor I1 : svec — svec is defined by (IIV)y = V4, (IIV); = V; and on
morphisms f: V — W via IlIf : v — f(v) where v is viewed as an element of TV
and f(v) as an element of II1W. We sometimes write V[1] instead of IIV.

With kP17 we denote the super vector space with Vy = kP, Vi = k. Any morphism
f 1 kPle — k715 can be written as a block matrix

A 0
(0 D) , Ae M, ,(k),D e M, (k).
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An element of Hom(V, W), can be represented by a block matrix

0 B
<C 0) , Be M, (k), C e M,k).
Write Mat, (k) for the matrices representing elements of Hom(kPI9, kPI9). Tt is
naturally Zs-graded with

A BY (A0 A BY (0 B
¢ p),”\o p)\c p),~\c o
with A, B,C, D as above. The supertrace Mat,q(k) — k is defined by

str (é g) — 1r(A) — tr(D).

The supertranspose of X € Mat,,(k) is defined by

AT —CT A B
ST _ _
X _(BT DT)forX—(C D)'
The categorial dimension in the tensor category of super vector spaces is given
by the superdimension sdim(V') = dimVy — dimV;. With the tensor product, the

inner Hom and the dual as above, the category svec is a symmetric rigid tensor
category.

1.1.2. Superrings and modules

A superring is a Zo-graded ring A = Ay @ A; such that the product map A x A —
A satisfies A;A; C A;;. A morphism of superrings is a Zs-grading preserving
morphism of rings. Elements of Ay are called even, elements of A; odd. An
element that is either even or odd is called homogenuous. The parity function p
can be explained for homogenuous elements in the same way as for super vector
spaces. A superring is commutative if ab = (—1)P@P®)pg = 0 for all a,b € AgU A;.
We say an abelian group is Zs-graded if G is a direct sum G = Gy @ G;. Let A be
a superring and M a Zs-graded abelian group M = My® M;. Then M is an A-left
module if M is a left A-module in the usual sense and the structure morphism
l:Ax M — M satisfies A; x M; — M;,,;. A morphism of A-modules is a parity
preserving map that commutes with the action of A.

Let A be a superalgebra over k and let APl = (PP A) @ ( 7_,114). Con-
sider maps APIY — A’ls that preserve sums and commute with the right action
of A: ¢(ma) = ¢(m)a for all m € AP, The set of all such maps is denoted
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Hom ,(APl7, A71*). An element is even if it preserves the Z,-grading and odd if
it reverses it. This makes Hom 4(AP!?, A™%) into a Zy-graded abelian group. De-
note by Mat,,(A) the set of (p + q) X (p + ¢)-matrices with entries in A. As in
the classical case we have a one-to-one correspondence between the elements in
Hom ,(APl4, AP19) and Mat,,(A). A matrix is even respectively odd if it so as an
element in Hom , (AP, AP1?). Mat,,(A) is an A-module by definining for a € A
(Fij)a = ((Foa);;) where we view a as the map m +— am. Via the multiplicication
of matrices Maty,(A) is an associative, unital non-commutative superalgebra.

1.1.3. Algebraic supergroups

A super coalgebra is a super vector space over k together with morphisms of super
vector spaces A : C' — C®C and € : C' — k satisfying id®@eo A = e®ido A =id
where we identify k ® C' ~ C ® k ~ C. We always assume further A ® id o A =
1d ® A o A. A super bialgebra is an associative superalgebra over k that is at the
same time a super coalgebra such that the comultiplication A : B — B ® B and
the counit € : B — k are superalgebra morphisms, ie. A(zy) = A(z)A(y) and
e(zy) = e(x)e(y). A super Hopf algebra is a super bialgebra H together with an
even linear map S : H — H, called the antipode, such that for all z € H we have
2'S(x") = S(a')x" = e(x). A morphism of super Hopf algebras is a morphism of
superalgebras f : H — H that is also a morphism of super coalgebras and that
satisfies 8o f = fo S.

A functor G : salg — sets is a group functor if it factors over the category of
groups. For any superalgebra A we have a functor Fy : salg — sets given by
Fy(B) = Homguy(A, B). We say a functor is representable if there is an object
A such that there is a natural isomorphism F(B) ~ F4(B) for all B. A group
functor G is called an affine supergroup G if G is a representable group functor
and if the representing superalgabra is finitely generated. Let G : salg — sets be
a representable group functor and suppose that k[G] represents G. Then k[G] is
a commutative super Hopf algebra. Conversely if A is a commutative super Hopf
algebra, the functor B — Homgq,(A, B) defines a representable group functor.
The most important example for us is the group functor GI(p|q). Define the functor
Gl(p|lq) from the category of superrings to the category of groups by sending A
to Mat,4(A) and the morphism f : A — B to the map that sends a matrix
(Xi;) € Gl(plg)(A) to the matrix (f(X;;)) € Gl(p|q)(B). For an invertible even
supermatrix X we define the superdeterminant Ber X (the Berezinian) by

A B\ _ det(A- BD71(O)
C D) det(D)

For any two X,Y € Gi(p|q)(A) we have Ber(XY) = Ber(X)Ber(Y). For the

representing super Hopf algebra see [Fioll] or [Wes|, 8.5. This group functor is
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called the General Linear supergroup. For the (p+2¢) X (p+ 2¢) matrix € defined

by
(1, 0 (0 -1,
o= (1 5) n= (0 )
we have the group functor OSp(p|2q) defined by

OSp(pl2q)(A) = {A € Gl(plg)(A) | X*TQX = Q}

which is a group subfunctor of GI(p|q). For amorphism f : A — B of superalgebras
define a morphism of groups OSp(p|2¢)(A) — OSp(p|2¢)(B) by applying f to each
maxtrix entry. For the representability see [Wes|. This group functor is called the
Orthosymplectic Supergroup.

Define the group functor Gly : salg — sets to be the functor that assigns to each
commutative superalgebra A the even invertible elements of Ends(V @ A). For
finite-dimensional V' Gly is an affine supergroup. Let G be a group functor and
V' € svec a finite-dimensional super vector space. A linear representation of G in
V' is a morphism of group functors G — Gly,. If G has a linear representation on
V', call V' a G-module. The action Gly(A) on (V ® A)g is a natural transformation
Gly x V' — V. Hence one can equivalently define a linear representation of G in V'
to be a natural transformation G x V' — V that factorises over Gl x V' — V. Let
V., W be G-modules. A super vector space morphism f : V' — W is a morphism
of G-modules if for all commutative superalgebras the diagram

G(A) x V(A) —= V(A)

iideA lfA

G(A) x W(A) —= W (A)

commutes where f,4 is the induced morphism f ® idy : (V ® A)g — (W & A)o.
As in the classical case one can define the notion of a comodule over a super

Hopf algebra and there is a one-to-one corespondence between G-modules and left
k[G]-comodules.

Let G be a supergroup scheme and let € be an element of G(k) of order dividing
2 such that the automorphism int(e) of G is the parity automorphism defined by
x = (—1)P@g for homogenuous z. Then let Rep(G, €) be the category of (finite-
dimensional) representations V' = (V, p) such that p(e) is the parity automorphism
of V. 1If G is an affine group scheme, € is central. In this case the category
Rep(G, €) identifies itself with Rep(G) with a new commutativity constraint: For
every representation (V, p) of G the involution p(e¢) defines a Zy-graduation on V/
and the commutativity isomorphism of the tensor product is given by the Koszul
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rule. If € is trivial, one recovers Rep(G). These two examples are important
since they allow us to see the classical representation categories as a special case
of super-representations. For the supergroup Gl(p|g) and non-trivial ¢ we put
Rep(Gl(plq), €) = R,y For the whole category Rep(Gl(p|q)) we also write R,.

1.2. Categorial properties
1.2.1. Super-Tannakian categories

1.1 Definition. A k-linear, abelian, rigid tensor category A with k ~ End(1) and
with a k-linear exact tensor functor p : A — svec (super fibre functor) is called a
super-tannakian category.

Recall that rigid means that every object X is dualisable in the sense that there
exists an element XV (the dual) with morphisms § : 1 — X ® XV and ev :
XY ® X — 1 such that the composed morphisms induced from ¢ and ev

X—=2X0X'eX =X
XV XXX = XY

are the identity. If p would be a functor into vec we would recover the notion of a
tannakian category. It is well-known that such a category is tensor-equivalent to
the category of representations of a groupscheme.

1.2 Theorem. [Del02] Every super tannakian category A is tensor equivalent to
the category A ~ Rep(G,¢€) of representations of a super group G.

Schur functors Recall [FH91| that the isomorphism classes of irreducible mod-
ules in Rep(S,,) are classified by the partitions of n. For every partition A of n there
is an idempotent ¢y € k[S,] called the Young symmetrizer of A. If S,, acts on an
object A € A, we have an algebra map k[S,] — End(A). By abuse of notation we
will not distinguish between the element of k[S,] and the induced endomorphism
of the representation. The object ¢\(A) is a direct summand of A.

1.3 Definition. For every partition A of n we define
SN (X)) 1= en(X®).

The assignment Sy(X) is called the Schur functor of \. We put Sym™(X) =
Sn) ()3) (the n-th symmetric power) and A™(X) = S(1,...1)(X) (the n-th alternating
power).
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An object X of A is called Schur-finite if there exists an integer n and a partition
A of n such that Sy(X) = 0. Consider the tensor category svec. Every object is
isomorphic to kP14 and S ,\(k:p|q) = 0 iff the partition A contains the rectangle with
p+ 1 rows and g + 1 columns. In particular for every object of Rep(G,€) there
exists a A such that S,(X) = 0.

1.4 Theorem. [Del02] If A is an abelian k-linear rigid tensor category with
End(1) ~ k such that every object is Schur finite, then A is a super tannakian
category. In other words, A is tensor equivalent to Rep(G,¢€) for some supergroup
scheme G.

In the classical case (the tannakian case) one has to replace the statement every
object is Schur finite by the condition for every object there is an integer n with
A™(X) = 0. In this case A ~ Rep(G) for a groupscheme G.

1.2.2. Nice categories and quivers

Following |Ger98| we call a small abelian k-linear category nice if morphism spaces
are finite-dimensional, every object has a finite composition series and the category
has enough projectives. An example is given by the category R, .

1.5 Lemma. [Ger98], lemma 1.1.1. If A is a nice category then
1. The endomorphism ring of any indecomposable object is a local ring.
2. Every object can be written as a direct sum of indecomposable objects.
3. Every indecomposable object has a unique simple quotient.
4. Every module has a unique projective cover

5. For any module M, the number of indecomposable projective modules with
Hom(P, M) # 0 is finite.

In particular we get a bijection between the simple objects and the indecomposable
projective modules. The simple object correesponding to A € X+ is denoted L(\).
We will describe a nice category by its Ext-quiver following the description in
[Ger98].

A quiver is a directed graph. If () is a quiver with vertex set X, define a category
kQ as follows: The objects are the vertices of Q. If \, u € X, the morphism
space Homyg(A, 1) is the space of all formal linear combinations of paths between
A and pu. Two morphisms are composed by linearly extending concatenations of
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paths. A representation V of a quiver is given by an X*-graded vector space
D cx+ Vi together with linear maps ¢ : Vy — V, for every arrow A — p in Q.
This defines a family of maps Homyg(A, 1) = Homy(Vy,V,) which is compatible
with composition. A morphism of representations is a morphism of X*-graded
vector spaces which commutes with the action of all arrows in (). The abelian
category of representations of () is denotes ) — mod.

A system of linear representations on () is a map R which assigns a subspace
R(A, i) in every Hom(\, ) such that for all \, p € X+

R(v, ) o Homyg (A, v) C R(A, 1)
Homyg(v, i) o R(A\, v) C R(A, ).

Given a system of linear relations on R the category of representations of ) with
relations R denoted kQ/R — mod is defined as the full subcategory of kQ — mod
such that for all vertices A, p the image of R(A, 1) in Homy (Vi ) is zero.

If A is a nice category we can associate to it its Ext-quiver. The vertex set X ™
is given by the set of isomorphism classes of simple modules and the number of
arrows from \ to u is given by Ext} (L(\), L()).

1.6 Theorem. [Ger98], Thm 1.4.1. Let A be a nice category and @ its Ext-quiver.
Then there exists (an explicitely given) set of relations R on () such that we have
an equivalence of categories

e:A— Q/R—mod
such that e(M) = @, x+ Homa(P(X), M) as graded vector spaces.

1.7 Lemma. [ASS06] Let M be an indecomposable representation of a finite
quiver () which has no cyclic path. Then the number of composition factors of
type L(p) in M are given by dimM,,.

A nice category is said to have wild type if it contains the category of finite-
dimensional representations of the free algebra on two generators. The classifi-
cation of the indecomposable modules of this algebra is not a solvable problem
[Ben98], 4.4. If A has only finitely many isomorphism classes it is said to have
finite type and it is said to be of tame type otherwise. Consider the quiver with
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n + 1 vertices pi1, ..., fin, A with one arrow from each p; to A (picture for n = 6)

® 6] ®lp1]

This quiver is known as the n-subspace quiver. The category of its representations
is of wild type if n > 5 [Ben9g].

A block T of X (or A) is a connected component of the Ext-quiver. Let Ar
be the full subcategory of objects of A such that all composition factors are in
I". This gives a decomposition A = @ Ar of full abelian subcategories. Every
indecomposable module lies in a unique Ar and all its simple submodules belong
to I'.

Loewy structures We assume now that A is super tannakian. We recall some
definitions from [HumOg|. A semisimple filtration of a module M is a filtration by
submodules

O=M"C...cM'c M =m

such that each quotient M*/M**! is semisimple and non-zero. A composition series
of M is a semisimple filtration of maximal length, ie. each quotient is irreducible.
The number of composition factors of M is called the length of M. A Loewy series
or Loewy filtration is a semisimple filtration of minimal length. Given a Loewy
series the semisimple quotients are called the Loewy layers. The number of these
layers is the Loewy length. In general a module can have many different Loewy
series.

The radical radM is the smallest proper submodule of M such that M/N is
semisimple. Define the radical series as follows: Put Rad’M = M, Rad'M =
RadM and put inductively Rad*M = Rad(Rad*~*M). The radical seris is given
by

0C Rad"M C ... C Rad'M C Rad’M = M

where r is the least integer for which Rad"M = 0. Write RadiM =
Rad*M/Rad**' M for the k-th radical layer. We call top topM the quotient
M /radM, the largest semisimple quotient of M.

The socle socM of M is the largest semisimple submodule of M. Define the
socle series as follows: Put Soc®M = 0, Soc' M = socM and let Sok*M be the
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unique submodule of M satisfying Soc(M/Soc*~*M) = Soc*M/Soc*~*M. The
socle series is given by

0= S0’ M C Soc*M c ... C Soc*M = M

where s is the least integer for which Soc°M = M. Write Soc,M =
sock M /Sock= M for the k-th socle layer.

Both series are Loewy series and hence r = s. Given any Loewy series M of M,
the M® sit between the radical and the socle series

Rad™*M c M™* < Soc* M.

We say M is rigid if the socle series and the radical series coincide. In this case
M has a unique Loewy series.

1.3. Lie Superalgebras

We follow [CW12], [Wes] and [Kac78]. A Lie superalgebra is a super vector space
g with an operation [,] : g ® g — g that preserves the Zy-grading and satisfies 1)
[z,y] + (—=1)P@PW[y 2] = 0 and ii)

(1P [, 2]+ (~ 1P [y, 2Ja] + (~1P) [z, aly] = 0.

We will always assume that g is finite-dimensional. A morphism of Lie superalge-
bras is a super vector space morphism that preserves the Super Lie bracket. The
even part go is an ordinary Lie algebra and the odd part g; is a module under g.
The main example is the super vector space Matp (k). It gets the structure of
a Lie superalgebra with the super commutator [X,Y] = XY — (—1)P0r(My X,
It will be denoted gl(p|q). If V is a super vector space, write gly for the Lie
superalgebra of all linear maps V' — V equipped with the super commutator.
The kernel of the supertrace map Mat,,(k) — k is denoted sl(p|q). Consider the
(p+ 2q) X (p+ 2q) matrix € defined by

(1, 0 (0 -1,
Q_(o Jq>"]q_(nq o)'

Then osp(p|2q) is the super vector space of (p+ 2¢) X (p + 2¢q)-matrices satisfying
X5TQ + QX = 0 with the super commutator. It is called the orthosymplectic Lie
superalgebra.

A Lie superalgebra is simple if it has no non-trivial ideal (in the Zj-graded
sense). The simple finite-dimensional Lie superalgebras have been classified by
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Kac [Kac77]. We assume from now on that g is basic classical in the sense of
Kac’ classification, in particular g is simple and go reductive. The Lie superalgras
sl(m,n) for m # n, sl(m,m)/ < 1,, > and the orthosymplectic Lie superalgebras
fulfill this condition. We also count gl(m,n) as being basic classical (although it
is not simple).

A representation of a Lie superalgebra g is a Lie superalgebra morphism

p:g—gl(V)

for some super vector space V. In this case V' will be called a g-module. Alterna-
tively to our definition of a representation of Gl(m|n) we could have equivalently
defined that a representation of Gz is the same as a finite-dimensional representation
p of gl(m|n) such that its restriction to gg comes from an algebraic representation
of GI(m) x Gl(n). In other words studying representations of GIl(m|n) means
studying integrable modules over gl(m|n).

A Cartan subalgebra § of g is by definition a Cartan subalgebra of go. Let b be a
Cartan subalgebra. For a € h* let

go={9€g|[hgl=alh)gVheh}

be the root space. The root system for g is given by
O ={aeh | g.#0,a#0}.
We define the even and the odd roots as

Oy ={aecd|g,Ngy#0}
<I>1:{a€<l>|gaﬂgl7é0}.

Let @ be a root system and F a real vector space spanned by ®. A positive system
®T is a subset of ® consisting of those roots o € ® which satisfy « > 0 for some
total ordering of E. The elements in ®* are called positive roots. Likewise we
dispose over the set of negative roots ®~. Putting ®; = &7 N ®; for i € Z, gives
Ot = o UPS. We define

n+:@gaa n_:®ga'

acdt aed—

One obtains a triangular decomposition
g=n ohodn'.
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The solvable subalgebra b = h @& n™ is called the Borel subalgebra corresponding
to . One has b = by ® b, with b; = bNg, for i € Zy. As in the classical case we
could conversely start with a Borel subalgebra which would determine a subset of
positive roots.

Let b be the standard Cartan subalgebra and ® the root system. Let b = & nt
be a Borel subalgebra of g and let ®* be the associated system of positive roots. If
V' is a finite-dimensional irreducible representation, V' contains a one-dimensional

b-module, which is of the form kv, for A € h* = (b/[b,b])*. Then V' has a weight
space decomposition
V= EB Vi

HEDh*

with the p-weight space
V,={veV | hv=u(h)v Vv e h}.

The weight space V), is 0 unless A — 1 is a Z, -linear combination of positive roots.
The weight A is called the b-highest weight and the vector vy s called a b-highest
weight vector for V' =: L(A). We often fix for b the group of upper triangular
matrices.

1.3.1. The gl(m,n)-case

Let h be the Cartan algebra of diagonal matrices, n™ respectively n~ the sub-
algebra of strictly upper respectively lower triangular matrices. This gives the
decomposition g = n~ @ h & n*. The even subalgebra gy has the decomposition
go =ng b ®nd withnf =go@n*. Put b=h@n* and by = h @ nJ. Let ¢, 0;
be the usual choices of the basis function of the dual of the Cartan subalgebra of
diagonal matrices in gl(m,n). With this choice of Borel the positive even roots
are
i ={e—e |1<i<k<miu{s;,—6|1<j<l<n}

and the positive odd roots are
O ={e—0;|1<i<mand1<j <n}.

The Lie superalgebra admits also a Z-gradation g = g— @ gg @ g7 where g— re-
spectively g7 is spanned by the elementary matrices E;; with ¢ > 0 > j respectively
1 <0< jand g5 = go.

For A € h* let Ly(A) be the simple go-module of highest weight A\ € h* relative to
bo. The go-module Lg(\) can be extended trivially to go @ gr. The Kac-module is
by definition

K(\) = Ind} .. Lo()\)

90DoT
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and the AntiKac-module is given by

K'(\) = Ind;

90DBg—1

Lo(N).

1.8 Lemma. K () has irreducible top and socle. The top is given by L(\). K(\)
is finite-dimensional iff Lq()\) is finite-dimensional iff L(\) is finite-dimensional.

In particular the simple g-modules are up to a parity shift parametrised by the same
set of highest weights as the simple go-modules. Hence the (integral dominant)
highest weights X of gl(m|n) are given by

m m+n
)\:ZAZQ—F Z )\jéj:()\1,...,)\m\)\m+1,...,)\m+n).
1=1 Jj=m+1

Here \; > ... > A\, and \,,.1 > ... > A\, are integers and every A\ € Z™1" with
these properties parametrises a highest weight of an irreducible g-module. This
set of highest weights is called X, so that the irreducible modules in Rep(g) are
given by the

{L\),TIL(\) | A € X}

where II denotes the parity shift.

We say that a module is a Kac-object if it has a filtration whose subquotients are
Kac-modules. The full subcategory of these modules is denoted C*. Similarly we
have the category C~ of objects which have a filtration by AntiKac-modules. By
[Ger98] C* N C~ = Proj. Both Ct and C~ are tensor ideals in R.

Atypicality. If K()) is irreducible the weight A is called typical. If not, A is
called atypical. K(\) is irreducible if and only if K () is projective as a g-module.
Generically a weight is typical. The atypical weights form a thin subset of all
weights in X . Define a bilinear form on h* by (e;,€;) = i and (0;,6;) = —dj
and (,6;) =0fori,k=1,...,mand j,l = 1,...,n. Define furthermore py to be
the half sum of positive even roots and p; the half sum of positive odd roots and
p = po— p1- Then

m n

1 , 1 .
po=3 ;:1 (m—2i+1)e + 3 ]E:l(n — 25+ 1)J;
n m
P1= 5 ;:1 AT 32:1: 0;-
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Then the degree of atypicality at(\) = at(L(\)) of A is the number of odd positive
roots 3 € ® for which

(A+p.B)=0

holds. The atypicality of A is zero iff the weight is typical. If at(\) = 1, the
weight is singly atypical. The atypicality of a weight is a number between 0
and min(m,n). If the atypicality is maximal, we say the weight is maximally
atypical. Examples are the trivial module 1 and the standard representation st of
highest weight A = (1,...,0/0,...,0) for m # n. Another example is the Berezin
determinant (given by the Berezin determinant of the supergroup GIl(m|n))

B=Ber=1L(1,...,1| —1,...,1)

of dimension 1. The degree of atypicality is a block-invariant. Hence we can
define the degree of atypicality of an arbitrary indecomposable module to be the
degree of atypicality of its composition factors. The full subcategory of modules
of atypicality i is denoted A;. Note that the irreducible atypical modules are
responsible for the failure of semisimplicity since the typical ones are projective
elements. If we are in the sl(m|n)-case all results are true; we just have to identify
two irreducible modules whose highest weights differ only from a weight of the
form (k,k,... k| —k,...,—k) for k € Z.

ST

The *-duality Recall that the supertranspose z°* of a graded endomorphism

x € End(k™") is given by

. (A B) Ly ST (AT —CT>
- \C D ~\BT DT )"
If one identifies gl(m|n) with End(k™") then 7(z) = —2°7 defines an automor-
phism of g such that 7(gq)) = g(—y for ¢ = —1,0,1. If M € Rep(Gl(m|n)) and
x homogenuous in g the Tannaka dual MY = (VY p¥) of M = (V,p) is the rep-
resentation z +— —p(2)°7 on V with the supertranspose p°7 on End(V). The
*-dual of M is given by M* = (V¥ p¥ o 1) where 7(z) = —2°T. If M € R,,,, then
MY M* € R,n. The duality * is the identity for irreducible and projective M.

1.3.2. The osp(2|2n)-case

The situation is completely analogous for the Lie superalgebra osp(2|2n). This is
no longer true for the other orthosymplectic Lie superalgebras. The decisive point
here is that osp(2|2n) still admits Z-gradation as above wheras this is false in
general. The go-part is given by go = so(2) @ sp(2n — 2). As a Cartan subalgebra
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we pick the space of diagonal matrices. The roots are expressed in terms of the
usual linear forms €, d1,...,0,_1. The positive even roots are

Of = {d; —9; (i <j), 0 +;}

and the positive odd roots

Highest weights of osp(2|2n) are written as

A= Xoe+ > A = (NolAr, -, An)

with integer coefficients satisfying Ay > ... > A\, > 0foralli e {1,...,n—1} and
basis functions e, ¢; as above. As above the irreducible modules in A = Rep(g) are
the

{L(\),TIL(\) | X e Xt}

The results about Kac-modules and atypicality carry over. Here the atypicality is
either zero (the typical case) or one (the singly atypical case). In this respect the
Lie superalgebra osp(2|2n) behaves as the Lie superalgebra gl(m|1) respectively
sl(m]1).

1.4. The results of Brundan and Stroppel

The most important work regarding representations of the General Linear Super-
group is a series of articles by Brundan and Stroppel [BS08|, [BS10a], [BS08],
[BS10b], [BS1I]. In these articles they develop a general theory of Khovanov-
algebras, so-named because they generalize certain diagrammatically defined alge-
bras H" used by Khovanov in his categorification of the Jones polynomial [Kho00].
We treat the existence and definition of these algebras as a blackbox and refer to
the very elaborate and lengthy constructions to the articles above. For our purpose
only a particular choice of these Khovanov-algebras, denoted K (m|n), is relevant.
These algebras are naturally graded. For K (m|n) we have a set of weights or weight
diagrams which parametrise the irreducible modules (up to a grading shift). This
set of weights is again denoted X ™. For each weight A € X+ we have the irre-
ducible module £(A), an indecomposable projective module P(\) with top L£(\)
and the standard or cell module V(\). If we forget the grading structure on the
K (m|n)-modules, the the main result of [BS10b] is:

1.9 Theorem. There is an equivalence of categories E from R,,, to the category
of finite-dimensional left K(m|n)-modules such that EL(\) = L(\), EP(\) =
P(A) and EK(X) = V() for A € X+,
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More precisely K(m|n) is isomorphic to the locally finite endomorphism algebra
End™(P)® of a canonical minimal projective generator P ~ Drcx+ P(N) for
Ronn- In particular E is a Morita equivalence. Hence E will preserve the Loewy
structure of indecomposable modules. This will enable us to study questions re-
garding extensions or Loewy structures in the category of Khovanov modules. Note
however that this is not an equivelence of tensor categories. In fact, all irreducible
K (m|n)-modules are one-dimensional.

The description of the irreducible K (m|n)-modules and their extensions via weight
diagrams suggests describing the irreducible modules in R,,,, in the same language.
This has been proven to be very fruitful, giving a clear picture to phenomena whose
structure was not visible in the highest weight language. Examples include the
description of blocks, a description of the Ext! between irreducible modules and
a formula for the superdimension of an irreducible module.

Weight diagrams. To each highest weight A € X we associate, following [BS10b],
two subsets of cardinality n of the numberline Z

[><<)\) = {Al,)\g—l,....,)\n—n—i—l}
IL(A) = {1—-m—=XApi1,2—=m — Apa2y ooy B — M — Ay b

The integers in I (A) N I,(A) are labeled by V, the remaining ones in I, () resp.
I,(\) are labeled by X resp. o. All other integers are labeled by a A. This labeling
of the numberline Z uniquely characterizes the weight A. If the label V occurs r
times in the labeling, then r is called the degree of atypicality of A\. Notice that
0 <r <mn,and A is called maximal atypical if » = n. This notion of atypicality
agrees with our original definition.

Blocks. Two irreducible representations L(\) and L(u) are in the same block if
and only if the weights A and p define labelings with the same position of the
labels x and o. The degree of atypicality is a block invariant, and the blocks A
of atypicality r are in 1-1 correspondence with pairs of disjoint subsets of Z of
cardinality m — r resp. n —r.

Bruhat order The Bruhat order > is the partial order on the set of weight diagrams
generated by the operation of swapping a V and a A, so that getting bigger in the
Bruhat order means moving V’s to the right.

Cups and Caps. To each such weight diagram we associate its cup diagram as in
[BSO8]. Here a cup is a lower semi-circle joining two vertices. To construct the
cup diagram go from left to right throught the weight diagram until one finds a
pair of vertices V. A such that there only z’s, o’s or vertices which are already
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joined by cups between them. Then join V A by a cap. This procedure will result
in a diagram with r cups. Now remove all the labels of the vertices and draw rays
down to infinity at all vertices which are not part of a cup. If we draw the picture
of a cup diagram we will not draw the rays. As an example consider the trivial
weight (0,...,0]0,...,0) in Gl(n|n). Its weight diagram is given by

with n V’s at the vertices —n + 1,...,0. Its cup diagram is given by

N

Analogously we define a cap to be a lower semi-circle joining two vertices. The
cap diagram is build in the same way as the cup diagram. It is obtained from the
latter by reflecting along the numberline. As with the cup diagram we will not
draw the rays in pictures.

Sectors and segments. For the purpose of this paragraph we will assume to be in
a maximal atypical block, i.e. weight diagrams do not have vertices labelled by
either x or o. Of the r cups of a cup diagram some may be nested. If we remove all
inner parts of the nested cups we obtain a cup diagram defined by the (remaining)
outer cups. We enumerate these cups from left to right. The starting points of
the j-th lower cups is denoted a;, its endpoint is denoted b;. Then there is a label
V at the position a; and a label A at position b;. The interval [a;, b;] of Z will be
called the j-th sector of the cup diagram. Adjacent sectors, i.e with b; = a1 —1
will be grouped together into segments. The segments again define intervals in the
numberline. Let s; be the starting point of the j-th segment and ¢; the endpoint
of the j-th segment. Between any two segments there is a distance at least > 1.
In the following case the weight diagram has 2 segments and 3 sectors

= = =
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whereas the following weight diagram has 1 segment and 1 sector.

N

Removing the outer circle would result in a cap diagram with two sectors and two
segments.

Plots. Note that the segment and sector structure of a weight diagram is completely
encoded by the positions of the V’s. Hence any finite subset of Z defines a unique
weight diagram in a given block. We call this finite subset A the plot associated
to A\. Sometimes we view a plot also as a function A : Z — {V, A} with finite
fibre A™'(V). Assume now that we are in the maximally atypical m = n-case, ie.
our block does not have vertices labelled by x or o. Given a cup diagram with
r sectors, the plot is the union of the r plots associated to each of the sectors.
We call these subsets the prime factors of A\ and write A\ = [[;_; A;. For such a
prime factor we write (I, K') where K is the finite subset of V’s in the prime factor
(called also its support) and I is the subset of cardinality 2§K of vertices in the
sector defined by the prime plot. For instance {—4,—3,—2,0,3} is a prime plot
with sector {—4,—3,—2,—1,0,1,2,3,4,5} as can be seen from its cup diagram

N N

2. The universal semisimple quotient

We define the universal semisimple quotient of a super tannakian category. We
prove that it is again a super tannakian category. We determine the pro-reductive
cover in the cases Gl(m|1), Sl(m|1) and give a conditional proof in the OSp(2|2n)-
case.
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2.1. The universal semisimple quotient

An additive category A is a Krull-Schmidt category if every object has a de-
composition in a finite direct sum of elements with local endomorphism rings.
An ideal in a k-linear category is for any two objects X,Y the specification of
a k-submodule T(X,Y) of Homa(X,Y'), such that for all pairs of morphisms
f e HmX,X'), g € Hom(Y,Y") the inclusion ¢7'(X",Y)f C T(X,Y’) holds.
Let T be an ideal in A. A/T is the category with the same objects as A and
with Homa,r(X,Y) = Homa(X,Y)/T(X,Y). It is again a Krull-Schmidt cate-
gory [Liu09], [KZ0§|. Let A be abelian and every object has finite length. Let X
be an indecomposable element and ¢ an endomorphism. By Fitting’s lemma ¢ is
either invertible or nilpotent. An element X is indecomposable if and only if its
endomorphism ring is a local ring.

Assume in the following that A is a super tannakian category or a pseudoabelian
full tensor subcategory. Then all the above conditions hold.

An ideal in a tensor category is a tensor ideal if it is stable under 1o ® — und
— ® 1 for all C' € A ist. The ideal is then stable under tensor products from left
or right with arbitrary morphisms. Let T'r be the trace. For any two objects A, B
we define N (A, B) C Hom(A, B) by

N(A,B)={f € Hom(A,B) | Vg € Hom(B,A), Tr(go f) =0}.

The collection of all N'(A, B) defines a tensor ideal N of A [KA02]. We recall
[KAQZ], 8.2.2a):

2.1 Theorem. (i) N is the largest proper tensor ideal of A.

(ii) The only proper tensor ideal Z of A such that the quotient A /T is semisimple,
isT=N.

The quotient A/A will be called the universal semisimple quotient of A. We have
the following fundamental lemma:

2.2 Proposition. The quotient A/N is again a super tannakian category. If
A’ C A is a pseudoabelian full tensor subcategory, the quotient A'/(N N A’) is a
super tannakian category.

Proof: The quotient of a k-linear rigid tensor category by a tensor ideal is again
a k-linear rigid tensor category. Since A is a tensor ideal the quotient functor
w: A — A/N is a tensor functor. The quotient category is semisimple by con-
struction. Since Hom-spaces are finite-dimensional one has idempotent lifting,
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hence A/N is pseudoabelian. A k-linear semisimple pseudoabelian category is
abelian by [KAQ02]. By [Del02] an abelian tensor category is super tannakian if
and only if for every object A there exists a Schur functor S, with S,(A) = 0. Since
w(S,(A)) = S, (w(A)) any object in A/N is also annulated by a Schur functor. O

The category A/N has the following universal property:

2.3 Proposition. Let w : A — C be a full tensor functor into a semisimple tensor
category C. Then w factorises over the quotient A/N .

Proof: Since C' is semisimple there are no negligible morphisms. However the
image of a negligible morphism is negligible, since a tensor functor commutes with
traces. Hence the image of a negligible morphism under p is zero, hence the functor
factorizes. m

For lack of references we assemble a few elementary lemmas about this quotient.

2.4 Lemma. An object X of A maps to zero in A/N if and only if id, = 1x
belongs to N (X, X).

Proof: Let 1y € N(X, X). By definition: Vg € End(X) : tr(1x o g) = tr(g) = 0.
Let f € Hom(X,Y). For all g € Hom(Y, X) tr(f o g) = 0 since f o g € End(X).
Hence f € N(X,Y) and Homa/n(X,Y) = 0. Similarly for f € Hom(Y, X). O

The collection of these elements - called negligible objects - is denoted by V.
2.5 Lemma. An indecomposable object is in N if and only if sdim(X) = 0.

Proof: If X € N we have Vg € End(X) : tr(g) = 0, in particular for g = 1y.
Let sdim(X) = 0. We have to show: 1x € N(X, X), ie. tr(g) =0 Vg € End(X).
Since X is indecomposable g is either nilpotent or an isomorphism. If g is nilpotent
tr(g) = 0. Let g be an isomorphism. Since X is indecomposable g has a unique
eigenvalue A and tr(g) = Asdim(X), hence tr(g) = 0. O

The following lemma is contained as a remark in [Bru00]. It is a well-known
property of quotients. For completeness sake we give a proof.

2.6 Lemma. The functor A — A/N induces a bijection between the isomor-

phism classes of indecomposable elements not in N and the isomorphism classes
of irreducible elements in A/N .
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Before the proof we recall that the trace of a nilpotent endomorphism is zero
[KA02] or [Bru00], 1.4.3.

Proof: Let X be indecomposable, X ¢ N. Since A and A/N are abelian and
every object has finite lenght, an object X is indecomposable iff End(X) is a local
ring. We have Endy/n(X) = Enda(X)/N(X). Since the quotient of a local ring
by a (two-sided) ideal is again local, the image of X in A/A is indecomposable,
hence irreducible. We show: If M 22 N in A we have Homa (M, N) = 0. Let
f € Homy (M, N). Its image is zero in Homp (M, N) = Homa(M,N)/N (M, N)
iff tr(fg) =0 Vg € Homa(N, M). Since M is indecomposable any endomorphism
is invertible or nilpotent. The endomorphism fg¢ is not bijective, hence nilpotent,
hence tr(fg) = 0 Vg € Hom(N, M), hence Homa(M,N) = 0. Evidently any
irreducible element in A/A comes from an indecomposable element in A. ]

Let I be an ideal in A. For X = @ X, and Y = @Y, we have canonically
I(X,Y) = @, [(X,,Y)) by [KA0Z. Let X = @ X, with X, € N for all 4, ie.
N(X;,Y) = Hom(X;,Y) and N(Y, X;) = Hom(Y, X;) for all Y € A. Tt follows
N(X,X) = Hom(X, X), hence X € N. If reciprocally X € N and X = P X,
we have X; € N.

2.7 Corollary. (i) N is closed under direct sums and direct summands. (ii) If X €
N andY € A, we have X ® Y in N and each indecomposable summand of X ® Y
has superdimension 0. (iii) Let X ¢ N and let X = @ X; be its decomposition
into indecomposable elements. Then Homun (X, X) = @B, sgim(x)z0 k- (iv) N is
neither closed unter submodules nor quotients.

2.2. The pro-reductive envelope

Since the quotient A/N is again a super-tannakian category, this defines a reduc-
tive super group scheme G"* with A/N ~ Rep(G™, €) with € : ys — G such that
the operation of uy gives the Zs-graduation of the representations, which we call
the pro-reductive envelope of G (following [KA02]). It might be very difficult to
determine G"¢ in practice.
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2.8 Theorem. In the singly atypical type I cases we have: !

Gl(m —1) x GI(1) x GI(1) G = Gl(m|1)
Slim —1) x GI(1) x GI(1) G = Sl(m|]1), m >3
Gl(1) x GI(1) G = Sl(2]1),
Sp(2n —2) x GI(1) x GI(1) G = OSp(2|2n)

Gred —

The proof will occupy the rest of this chapter.

If GG is actually an algebraic group, the pro-reductive envelope has been extensively
studied by Andre and Kahn. Their proofs do not apply to the supergroup case.
In the tannakian case N' = R is equal to the radical ideal. In particular no
indecomposable elements maps to zero. In the tannakian case the group G embeds
into the group G™?. Even in the tannakian case the pro-reductive cover will not
be of finite type in general. More precisely we have:

2.9 Theorem. [KA(2], theorem C.5 The proreductive envelope of an affine k-
group G is of finite type over k if and only if G is of finite type over k and the
prounipotent radical of G is of dimension < 1.

Consider two examples. If G = G,, then G = SI(2). If G = G, x G,, then G"*¢
is no longer of finite type. In fact, the determination of G < G"*? is unsolvable
since it would include a classification of the indecomposable representations of G
which is a wild problem [KAQ2], 19.7. This shows that the quotient G™? can be
very complicated. The situation is even more difficult in the supergroup case since
a lot of elements get killed by the quotient functor. For GIl(m|n) the following
holds:

2.10 Theorem. Assume m,n > 2. Then Gl(m|n)" is not of finite type.

Proof: This will follow from the description of the Tannaka group generated by
the irreducible elements in section 7. O

The statement also follows from the following lemma. This lemma should of course
also hold for m,n > 2, but would require a more difficult argument. Let () denote
the Ext-quiver of R,,,. Then there exists a system of relations R on () such that
Ronn =~ kQ/R — mod.

2.11 Lemma. Assume m,n > 3. Then the problem of classifying indecomposable

Lthe proof in the osp(2|2n)-case is conditional
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representations of non-vanishing superdimension is wild.

Proof: We show that that the classication is wild for every maximally atypical
block for n > 3. Any such block is equivalent to the maximal atypical block I' of
Gl(n,n) [BS10b]. Hence we show that the problem is wild in I". By [BS10a], Cor.
5.15 for any two irreducible modules L(\), L(u) € R,

dim(Bath, (L(A), L)) = 5, +p)

for the Kazhdan-Lusztig polynomials

IWOEDIN TS

>0

By [MS11], lemma 6.10 and [BS10a], lemma 5.2 pf\ll # 0 if and only if x4 is obtained
from A by interchanging the labels at the ends of one of the cups in the cup diagram
of A. For any [A\] € I" with \; > A\;; + 1 the cup diagram looks like

N 7N N Y

The combinatorial rule from above shows that for every irreducible module [\] away
from the diagonal dimExt ([N, [u:]) = dimExt*([u], [\]) = 1 for exactly 2n differ-
ent modules y; and dimExt!([\],v) = 0 for any v # p;. In particular for any vertex
away from the diagonal consider the subquiver with vertices [A], [i1], - . ., [pt2n] with
arrows corresponding to dimExt!([u1;],[A\]) = 1 and no arrows from [\] to any [1]
(so that [A] becomes a sink) (picture for n = 3):

®16] ®lp1]

Since this subquiver has no path of length > 1, it embeds fully into k(Q)/R. The
classifaction of indecomposable representations of the r-subspace quiver is wild for
r > 5. The superdimension formula of [WeilOb] shows that the superdimension
is constant of alternating sign away from the diagonal: if [\] has superdimension
d, the [u;] have superdimension —d. Hence an indecomposable representation of
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this subquiver will give an indecomposable representation in I' of non-vanishing
superdimension if and only if

2n

dimViy # > dimVi,) ().

i=1

We are done when we have shown that the classification of indecomposable
representations with (%) is wild. Fix the vertex [ug,] and consider an inde-
composable representation of the (2n — 1)-subspace quiver by specifying a vec-
tor space for the vertices [A], [p1],. .., [pton—1] with injections V[, — V. If
dimViy # 32" dimVy, we put Vi, = 0. If dimViy = 32", dimVj,, we put
Vius, = k and choose some injection of k into V[. This defines a bijection between
the isomorphism classes of indecomposable representations of the (2n—1)-subspace
quiver with a subset of the indecomposable representations of the 2n-subspace
quiver satisfying (x). O

More generally it seems likely that the following holds:

2.12 Conjecture. Let G be a super group scheme. Then G™? is of finite or tame
type iff Rep(QG) is of finite or tame type.

In particular if Rep(G) is of wild type, the problem of classifying indecomposable
modules of non-vanishing superdimension should be wild too. Therefore we should
not try to determine G"*? in this case, but ask the following weaker questions:
Given any object X € Rep(G) consider its image in A/AN. The tensor category
generated by it will always be a semisimple algebraic tensor category (since A/N

is semisimple). The semisimple algebraic tensor categories in characteristic zero
were classified in [Wei09]:

2.13 Theorem. Any reductive supergroup G over an algebraically closed field k
of characteristic zero Is isomorphic to a semidirect product G' << H of a reductive
algebraic k-group H with a product G' =[], Spo(1, 2r)" of simple supergroups
of BC-type, where the semidirect product is defined by an abstract group homo-
morphism

p:mo(H) — H Sh, -

r>1

Question What is the tensor category generated by the irreducible elements in
A/N? What is the tensor category generated by all irreducible elements in A /N7
And what is the associated pro-reductive supergroup scheme? Note that this
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supergroup scheme need not be of finite type: this is already the case for the
group G1(2|2) (see chapter 7).

2.3. Irreducible elements and the toy example Si(2|1)

We describe the irreducible elements in A/A. Then we determine G™ in the
S1(2|1)-case.

Assume from now on that we are in the GI(m|1)-case. Recall that Kac-modules
have a simple socle. The highest weight of the socle is denoted by T~A. The
highest weight of the socle of the AntiKac-module K’(\) is denoted by T\, If A
is atypical K () is an extension of L(\) by L(T~\):

0——=L(T~\) —= K(\) L(X) 0.
Similarly we have the exact sequence

0— > L(T*\) — = K'(\) —— L(\) ——>0.

By [Ger98] this sequences are up to equivalence all non-trivial extensions between
simple modules: Extl(L(\), L(n)) = C for u € {T*)\, T~\} and zero else.

In the case of g = sl(m,1) or gl(m,1) or osp(2,2n) an irreducible element is
mapped to zero iff it is typical or, equivalently, projective.

Indecomposable elements. We recall the results about the classification of
indecomposable modules in the singly atypical case obtained by [Su00] and [Ger9§].
We parametrise an atypical block as in [Ger98] by Z and denote the corresponding
weight with a € Z. The blocks of osp(2|2n) are equivalent to those of si(m]1).

By Germoni the indecomposable modules are either the Kac objects C* or the
AntiKac objects C~ or V sits in an exact sequence

0 U V L 0

with U € C* and L irreducible, or ) sits in an exact sequence

0 L U Q 0

with U € C* and L’ irreducible. In down to earth terms: Fix an arbitrary a € Z
(that is, an arbitrary weight a in the block, or its corresponding simple module
L(a)). From a we can either go a finite number of steps to the left to a point

46



2. The universal semisimple quotient 47

b < a using the extensions described by Kac-modules or a finite number of steps
to the right to a point b > a using the extensions described by Anti-Kac-modules.
To any such intervall [a, b] or [b,a] corresponds a unique indecomposable module
with composition factors L(a), L(a—1),...,L(b) (ie. L(\), L(T~X),..., L(T7'\)
where [ = |b — a|) in the case of a > b resp with composition factors L(a), L(a +
1),..., L) ((ie. L(N), L(T*X),...,L(T*)\)). For b = a one obtains the simple
modules L(a) and for b = a — 1 resp. b = a + 1 the Kac resp. Anti-Kac-modules.
These two families of indecomposable modules are called ZigZag resp Anti-ZigZag-
modules and denoted by Z!(a) resp. Z'(a) where [ is the number of composition
factors. They form a complete system of representatives of the isomorphism classes
of non-projective indecomposable modules in A.

Superdimension. The superdimension of any Kac resp. Anti-Kac-module is
zero for any Typ I Lie superalgebra (easily seen be the explicite description of K ()
as K(\) = U(g-1) ® L(\) with U(g_1) = @Zg(g’l) A*(g_1)). The superdimension

is clearly additive in short exact sequences, hence the short exact sequence

0—=L(T~\) —= K(\) —= L(\) —>0.
yields sdimT~ L(\) = —sdimL(\) for any atypical A and likewise sdimTtL(\) =
—sdimL(\).

2.14 Corollary. The superdimension of the indecomposable modules Z'(a) is
given by

sdimZ'(a) = Z(—l)isdz‘mL(a) =

i=1

The same for sdimZ'(a).

l {sdimL(a) [ odd

0 [ even.

The only other remaining indecomposable modules are the projective covers of the
atypical simple modules P(\). Since N is the biggest proper tensor ideal of A any
projective module is killed under the quotient functor w : A — A/N.

2.15 Corollary. The irreducible objects in A/N are up to isomorphism given by
the

{Z'(N), ZY(\) | A atypical, | odd}.
2.3.1. The toy example si(2|1)

Consider at first the general case of g = sl(m|n), m > n. The supergroup at-
tached to A/N will contain a group of type A,,_,_1 as a factor: The standard
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representation st of sl(m|n) is irreducible, atypical and its symmetric and exterior
square are irreducible. The tensor functor w commutes with A? and Sym?, hence
the image w(st) is an irreducible representation such that A?(st) and Sym?(st)
are irreducible. By the classification of [KWQ9] the tensor category generated by
w(st) in A/N contains a group of type A,,_, since the rang is also preserved under
w. However a tensor generator of A need not be mapped to a tensor generator of
A /N since the functor does not preserve injections or surjections. For the same
reason w does not induce a morphism of Grothendieck groups which might allow
us to control the size of A/N.

In the case of sl(m|1) we will determine the quotient by a direct inspection of the
tensor product rules up to elements in N. Consider first the case of sl(2|1). The
tensor products of the indecomposable modules have been computed by [GQS07]
and can be used to compute the formulas in the quotient.

2.16 Lemma. The tensor product of the irreducible modules in A/N is given by
the following rules:

o 7P () @ 2P (o) = ZPPHRIRL(G) 4 jy)
o Z°Hl () @ Z%2t(jy) = ZHPtp) (G 4 gy)
o 7P Hl(j) @ Z%2H(jy) = Z2 2PN () 4 Gy — py) for py < po
o 7Pl (jy) @ Z%2 1 (jy) = 72w p2)+1(j1 + J2 — pa) for po < p

Proof. This is an inspection using [GQS07]. The tensor products between ZigZag-
modules are given by Proposition 4 in loc.cit. as a direct sum of a 7-part and
a O-part. Since w preserves direct sums we omit any projective module in the
formulas. By definiton 7(,) consists of a direct sum of typical modules (formula
(44)). For the contributions of the ©-part see p.836 in loc.cit. Note that © maps
projective modules to projective modules. The g¢i(1|1)-formulas yield then the
above result. O]

We use the following reparametrization: We put

Z°PH(5) = (=p, —J),
ZH(5) = (p.p — ).

The irreducible elements in A/N are then parametrized by Z x Z. The rules for
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the tensor products read now:

(p1,P1 — J1) @ (P2, 2 — J2) = (p1 + P2, 01 + P2 — (J1 + J2))
(=p1,—J1) @ (=p2, —j2) = (=(p1 + p2), —(j1 + j2))
(p1,p1 — J1) @ (=pa, —j2) = (p1 — P2, 01 — J1 — J2)
(p1,p1 — J1)) ® (=p2, —j2) = (P1 — P2, P1 — J1 — Jo)-

Note that this is exactly the tensor product for the group GI(1) x GI(1).
2.17 Corollary. G™ = GI(1) x GI(1)

Proof: We have to define a functor p : A/N — Rep(GI(1) x GI(1)) which is an
equivalence of tensor categories. Use the parametrisation above of the irreducible
elements in A/N by Z x Z. Define p on objects by mapping the irreducible
element corresponding to (a,b) € Z x 7Z to the irreducible representation ¢ ® t° of
GI(1)xGI(1). Note that Hom-spaces are either zero or one-dimensional by Schur’s
lemma. The results on tensor products show that this is a tensor functor. O

2.4. Tensor products in the GI(m|l)-case

Motivated by the reparametrisation in the last section we change our notation.
We denote by R(a,...,b) the indecomposable module corresponding to the exact
sequence

0— K — Rla,...,bl » L(b) - 0

where K is a Kac-object with composition factors L(a),...,L(b — 1). We call
R a roof module. Similarly we denote by Bla,...,b] the indecomposable module
corresponding to

0 — L(a) = Bla,...,b] > K' =0

where K’ is a Kac-object with composition factors L(a + 1),..., L(b). We call B
a bottom module.

The homotopy category. Here we use the results of [WeilOal to compute the
tensor product of indecomposible elements up to superdimension zero. In [WeilOa]
Weissauer constructs a k-linear pseudoabelian tensor category HoTl and a tensor
functor Rep(Gl(m|n),e) — HoT such that the image of an irreducible object is
irreducible. Let us assume that n = 1. Any object of Rep(Gl(m/|1)) is a direct
sum of indecomposable modules. Those in C* become zero in HoT, those in C'~
not. The remaining ones get identified in HoT to the image of a simple module.
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More precisely the obvious morphisms Rja,...,b] — L(b) and L(a) — Bla,...,b]
are isomorphisms in HoT'. The indecomposable objects in HoT' are therefore up
to isomorphism the images of the simple modules L(a) or the AntiKac objects
K*la,...,a+ 2i + 1] with an even number of composition factors.

The quotient HoT /N is a semisimple k-linear rigid tensor category with End(1) =
k. Since the superdimension of the K is zero they get killed. The irreducible
elements are hence parametrised by the atypical weights. The main result of
loc.cit in the singly atypical case is the equivalence of tensor categories

HoT /N =~ Rep(Gl(m — 1) x GI(1)) & svec.

The homotopy category HoT is tensor equivalent to R/ < CF >, the quotient
of the stable category R by the thick tensor ideal C* of Kac objects. Similarly
we could consider HoT~ = R/ < C~ >. Then HoT/N ~ HoT~/N. However
the identification of the indecompable roof and bottom module with an irreducible
object changes: For the roof and bottom modules we have also exact sequences

0— K — Rla,...,b] = L(a) =0
where K is an AntiKac-object and the exact sequence

0— L(a) = Bla,...,a] = K' =0
where K’ is an AntiKac-object. This gives us the identifications R]a, . ..,b] — L(a)
and L(b) — Bla,...,b] in HoT~. We write w : R = HoT/N and w™ : R —
HoT~ /N for the two tensor functors so obtained. We write ¢ , for the coefficients

in a Gl(n — 1) tensor product L(a) ® L(b) = P ¢ ,L(c).

2.18 Lemma. Denote the image of L(a) under w by L(\,) .

Blay,...,a,) ® Blci, ..., a @Aam VA, A=(s—1) 4+ (t—1)

Rlay,...,a,) @ R(cy, ..., c @ Kn Bvy v =A), A= (s = 1)+ (t— 1)

B(ay,...,as) ® R(cy,...,¢) =

Bv,....v+A), A=(s—1)—(t—1), s>t
@CKENACl (V_A7" 7V)7 A:(S_l _(t_l), 5<t
v L(v) s=t
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2. The universal semisimple quotient 51

Proof: Consider the tensor product of two indecomposable modules of non-
vanishing superdimension, say, for simplicity B(a,...,a) ® B(c,...,7). Un-
der w they map to two irreducible representations of gl(m — 1) x gi(1), say,
L(a) = L(A\,) x t* and L(c) = L(\.) x t°. Their tensor product is given by
the Littlewood-Richardson-rule

L(a) ® L(c) = P &, A L) R (1 @ t°).

The fiber of an element L(a) x t* consists of a) the irreducible representation
L(a), b) the roof module R(a,...,a) for any o < a and c) the bottom modules
B(a,...,b) for any b > a. Under the tensor functor w™ the two indecomposable
elements map again to two irreducible gl(m — 1) x gl(1)-representations. Since
w™ respects Schur functors as well, it will map an irreducible module to the same
irreducible gl(m — 1) x gl(1)-module as w, and on the indecomposable modules R
and B the two functors differ by a gl(1)-twist: L(a) = L(A\,) X t* and L(v) =
L(\,) x t7. Their tensor product is given by the Littlewood-Richardson-rule

L(a) ® L(y) = P &, L) R (t* @ 17).

v

Introduce A = aa—a + B —0b. The tensor product in the two quotients differs then
by a twist with t2. Taking fibres we just have to look for common elements in the
fibre of w and w™: The possible bottoms which may appear in the tensor product
are of the form B(a,...,a;) for varying a; (contribution from w) and of the form
R(b;,...,a+A) for varying b; (contribution from w™). A possible equality happens
only in the case b; = a, a; = a + A. Roofs can never appear for in the tensor
product: The possible bottoms are of the form R(c;,...,a) (varying ¢;) (from w))
and R(a+A, ..., d;) (varying d;) (from w™). Since A > 0 these can never be equal.
The A = 0 case is easy, in that case both tensor products in the two quotients
are equal, and hence neither roofs nor bottoms may appear in the tensor product.
The same argument works in the case of the tensor product of two roof modules
with a negative A. In the case of a tensor product of a roof with a bottom module
R(a,...,b) ® B(c,...,d) and A one has roofs in the tensor product for A < 0,
Bottoms for A > 0 and an irreducible element for A = 0. O

Remark Note that this is analogously to the results in the s/(2|1)-case: Consider
eg. B(ay,...,a5) ® B(cy,...,¢), A = (s—1)+ (t — 1) and define p; and ps via
s=2p+1, t=2pp+1. Then A+ 1=(s—1)+(t—1)+1=2(p +ps) + 1. In
the old notation

Z2p1+1(a) ® Z2p2+l<b> _ EB CKQ,)\bZQ(pHpQ)H V).
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2.5. The pro-reductive envelope of Gl(m,1)

In this section we prove the following theorem.

2.19 Theorem. The quotient A/N is equivalent as a tensor category to
A/N ~ Rep(Gl(m — 1) x GI(1) x GI(1).

Let us describe the image of an atypical representation. Any tensor functor
commutes with Schur functors. The atypical covariant representations (i.e. the
atypical representations obtained by applying a Schur functor S, to the stan-
dard representaion) are of the form L(Ay,..., Ay—1,0[0) [BR87]. Hence the irre-
ducible representation L(Aq, ..., Ay,_1,0]0)) maps to the irreducible representation
Lo(A1, ..., A1) of the tensor subcategory generated by the standard representa-
tion in A/N.

If L(\) is atypical there exists an integer ¢ € {1, ..., m} such that A\, 1+\; = i—m.
Tensoring with the Berezinian Ber = L(1,...,1| — 1) shifts any representation of
highest weight A = (A1,..., A\| — Apm) to a covariant representation:

L(\) =~ Ber™ @ L(\)
for A= (A = Ay o3 At — Ams 0]0) = (A, - .., A1, 0]0). Hence
w(L(N) = w(Ber*) @ S5(X).
However S5(X) ~ det(X)™* ® S\(X), so
w(L(N)) = w(Ber*) @ det(X) ™ @ Sir,,am_1) (X).

Let IT := Ber '®@A™ !(X). Then II equals the irreducible socle L(0, ...,0, —1]—1)
of the Kac module K (1) by [SZ07]. The irreducible representation IT becomes
an invertible object in the homotpy category. In fact IT ~ 1[1]. Since 1[1] ®
1[m] ~ 1[n + m|, II generates a tensor subcategory isomorphic to Rep(GI(1),€)
for nontrivial € : Z/2Z — GI(1) in the homotopy category.

Fix an atypical block and identify the weights with Z as in [Ger98]. Assume that
A is atypical for some fixed ¢ # m : A\,11 + \; = ¢ —m. Tensoring with II shifts
(after projection to the block) an atypical representation by 1, so

Hkﬁ_l_)\m ® L()\) = L()\la SRR Ai—la )‘i+1 - 17 sy )‘m—lv )\Z + Am—i—l +m =i+ 1)

This corresponds to moving V to the left of all . The resulting irreducible repre-
sentation is covariant. The factor (Il ® Ber/det(X)) =1 is trivial in HoT. Hence
the irreducible representation L(Aq, ..., Ap|Ani1) is given in HoT by

-----

52



2. The universal semisimple quotient 53

We want to show A/N ~ Rep(Gl(m — 1) x GI(1) x GI(1). We define a functor
p: A/JN — Rep(Gl(m — 1) x GI(1) x GI(1). The discussion above forces the
following Ansatz:

p(L(N) = 1@ t* @ Sy(X)

for N = (A1,..., N2, A1 — 1, ..., A — 1), To each weight a in our block are
attached the indecomposable modules
R(a,...,a—3s), B(a,...,a+r) for some r,s > 0.

For these we make the Ansatz

p(R(a,...,a—3s)) =t °Rt" @Sy (X)
p(Bla,...,a+71))=1t" @t ® Sy (X)

Note that the Hom-spaces between the irreducible elements are either zero or one-
dimensional since Schur’s lemma holds in any semisimple tensor category, hence
the functor is trivially defined for the morphisms. Our results on the tensor product
decomposition above and on the image in A/NN show that p is a tensor functor.
It is clearly one-to-one on objects and fully faithful. This proves the theorem.

The special linear case Let us discuss the case Si(m|1), m > 3. In that case
Ber is trivial and IT = A™~!(X). Hence

L, - Am] = Am) = LM = Ay Aet — Am, 0]0) & LX) =~ S5(X),

hence w(L(A\)) =~ S5(X). So we obtain that the irreducible elements of GI(m|1)
obtained that way are the Sy(X) for some partition A.

2.20 Corollary. G™ = Sl(m — 1) x GI(1) x GI(1) for m > 3.

Remark Assume m = 2: In this case II equals the standard representation and
does not generate an additional GI(1).

2.6. The homotopy category in the OSp(2|2n)-case

Now we want to repeat the steps in the calculation of A/A in the GI(m/|1)-case
for the OSp(2|2n)-case. Hence we will first determine HoT /N and then use this
quotient to calculate the tensor products of certain indecomposable modules. Since
the blocks of Rep(OSp(2|2n)) are equivalent to those of Rep(Gl(m|1)) a number
of results concerning the block structure or Ext'-arguments in the Gl(m|1)-case
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2. The universal semisimple quotient 54

hold immediately in the OSp(2|2n)-case. We will just refer to [Weil0Oa] in this
case.

We have two tensor functors from HoT' into semisimple tensor categories: i) the
quotient HoT /N and ii) as in [WeilOal one can localize HoT by the class of the so-
called isogenies X. In the category HoT [ 71| =: T any two simple atypical modules
which lie in the same block in Rep(g) are identified. Any atypical block contributes
therefore a simple module in 7 and any simple module in T is obtained in this
way. The localization yields a second tensor functor HoT — T. The composition
of this tensor functor with the one to the homotopy category defines a tensor
functor
W :R— HoT —T.

In the following we will study the category 7" in the case of g = osp(2|2n). For the
case gl(m|1) see [WeilOal.

Consider the localization of the homotopy category w : Rep(OSp(2|2n)) — T. Tt
is a tensor functor which maps exact sequences to distinguished triangles. Hence
it induces a homomorphism of Grothendieck rings Ko(w) : Ko(Rep(OSp(2|2n)) —
Ko(T). By [Weil0a] T is an abelian semisimple k-linear category. The category is
super-tannakian and hence by Deligne equivalent to the semisimple representation
category of a supergroup scheme G over k. It is however not clear that T is
algebraic, i.e. has a tensor generator, and is hence equivalent to the representation
category of an algebraic supergroup. Clearly the tensor subcategory of any (self-
dual) object X in T is algebraic and equivalent to the representation category of
a supergroup.

Let st be the standard representation of 0sp(2|2n) on k22" and X = II(st). By
ILS02] the tensor module @7 (st) splits for n > f as

f /2]
Q)= D |l
J=0 \-f—2j

where A F n means partitions of length n. Here L(\) is the simple module asso-
ciated to the partition A\ and udy is the number of up-down Tableaux of length f
and shape A. For details see [LS02].

2.21 Lemma. Sym?(X) = 5(1,1,0,...,0) and A*(X) = C® S(2,0,...0).

Proof: By [CWZ07] there exists a surjective map A : S*(st) — S*2(st) with ker-
nel S(\) where N = (k,0,...,0). Since Sym°(st) = k, S*(st) has the composition
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factors k and S(k,0,...,0). For f = 2 the result of [LS02] yields

st @ st = X) |uds|L(N) & @D |uds|L(N).

A2 A0

The last sum gives the trivial module. In the first sum only the two fol-
lowing partitions may occur: (2,0) and (1,1). In both cases udy—;, hence
st® st =5(2,0,...,0)®S(1,1,0,...,0) ® k. When passing from st to X we get
Sym?(T1(st)) = A?(st). Since st ® st = Sym?(st) ® A%(st) the result follows. [

Consider now w(X). Note first that L(1,1,0,...,0) and L(2,0,...0) are both atyp-
ical, hence map to an irreducible module in A[¥7!]. Since Schur functors commute
with w we have

w(Sym?*(X)) = Sym?*(w(X)) = irreducible
since w maps irreducible to irreducible objects. Further

A (w(X)) = w(A*(X)) =w(k ® L(2,0,...,0) = w(k) ®w(L(2,0,...,0)
=k ® wrreducible

since w preserves direct sums.

2.22 Corollary. The tensor subcategory generated by X is equivalent to
Rep(Sp(n — 2)).

Proof: Since the action of st on k%2 is faithful, < X >g is connected. Since
< X >g is semisimple, the classification of [Wei09] yields that it is equivalent to
the representation category of a product H <[], Spo(1, 2r)" where H is a reductive
group. The classification of [KW09] yields that < X > is either Rep(Sp(2n —2))
where X = st or Rep(osp(1,2r) with X = st. However the last case is excluded
since dim(w(X)) = sdim(X) =2n—2#1—2r. O

We obtain an epimorphism p : G — Sp(2n — 2) of supergroups. The homomor-

phism splits and hence .
G =~ ker(p) x Sp(2n — 2).

We need to determine ker(p).
2.23 Lemma. ker(p)° is a torus of rank 1 or zero.

Proof: We will argue by the transcendence degree of the Grothendieck ring as
in [WeilOb]. Put 77 = Rep(OSp(2|2n)). By [SV07] the Grothendieck group of
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0sp(2]2n) is given by

Ko(Rep(g)) = {f € Z[u,vy, . ..,v,)"" | ug—f + vja—f €(u—w;), j=1,...,n}
w ov;
with the principal ideal (v — v;). This is a ring of transcendence degree n + 1.
w induces a homomorphism of Grothendieck rings Ko(w) : Ko(T) — Ko(A[XZY]).
The exterior power A™(st) of the standard representation of sp(m) vanishes. Since
W(A?2(X)) = A2 2(w(X)) = A2 2(st) = 0 A>"2(st) gets killed in T', Ko(T) is a
quotient of Ko(T)/A?"2(X)Ky(T). Recall that Ky(sp(2n —2)) has transcendence
degree n — 1. Since the transcendence degree is td(Ko(T)) = n + 1, we have

td(Ko(T) < n. Now

n > td(Ko(T)) = td(Ko(sp(2n — 2)) + td(Ko(ker(p)) =n — 1 + td(Ko(ker(p)),

hence td(Ko(ker(p)) < 1. Since ker(p) is semisimple and algebraic, its connected
component is a torus of rank 1 or zero. O

2.7. The pro-reductive envelope of osp(2|2n)-case

We form the quotient of HoT by the ideal of negligible morphisms A. This is
a semisimple super-tannakian category and w® : HoT — HoT/N is a tensor
functor by the former sections and [WeilOa]. The associated supergroup-scheme
is called GA¥. Although the tensor functor w® : HoT' — HoT /N does not induce
a morphism of Grothendieck groups since it is not exact, one can show that the
vanishing of A*"7?(X) in HoT/N leads to the estimate td(Ko(HoT/N)) < n
[Weil0Oa]. By the same argument as before the image of X in HoT /N creates
a tensor subcategory equivalent to Rep(Sp(2n — 2)) with trivial twisting factor.
However there is additionally the tensor subcategory < 1[1] > isomorphic to the
tensor category Rep(uo, GI(1)) = sveck for nontrivial g : Z/27Z — GI(1). By the
discussion in [WeilOa] this implies that the transcendence degree of Ko(HoT /N)

is strictly bigger than the one of Ky(T).

2.24 Corollary. td(Ko(HoT/N) =n and td(Ky(T)) =n — 1.

2.25 Corollary. (GA%)° = Sp(2n — 2) x GI(1) and (G)° = Sp(2n — 2).

We need to determine the group 7 of connected components. At the moment
we assume the following: The group of connected components is abelian. Then

the following lemma shows that 7 = Z/2Z. The following results depend on this
assumption, hence the result for OSp(2|2n) is conditional.
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2.26 Lemma. T contains up to isomorphism only two irreducible modules with
dimension =+1.

Proof: By [WeilOa] any simple object in 7 is the image of a simple atypical
object in T. Assume that L()) is atypical with respect to € + 0. By [KW94]
and [VdJ91] the superdimension of any such module L()) is up to a sign given
by the dimension of the simple sp(2n — 2)-module L(\') with highest weight \' =
Zi#k Aid;i + (61 + ... 0k—1). The only simple sp(2n — 2)-module with dimension 1
is the trivial module. Any integral dominant A such that X' = 0 is of the form
A = A€ + Ad;. Tt fulfilles one of the atypicality conditions Ay + A\; = 0 (atypical
with respect to € — d1) or \g — Ay — 2n + 2 = 0 (atypical with respect to € + 01).
By [SZ07]

]C )\ = —Omyin, 251

0 else.

Ext'(k,L(\)) = {

Here ¢, is the half sum of the positive odd roots, hence 6, = 3 > pear B =(n—1)e=
(2n,0,...,0); and —api, = (—1,1,0,...,0). By [VAJ91] if X is singly atypical with
respect to B € ®T and A — 5 € X then T\ = XA — 3. Hence for L(—nin) =
L(—1,1,0,...,0) the successive modules T=*L(\) are the L(A\g—k, \; +k,0,...,0).
Similarly for L(26;) = L(2n,0,...,0) the modules T*L(2§,) (using T+T~ =
T-T% = id) are of the form L(2n + k,k,0,...,0). Hence any atypical module
with highest weight A\ = X\ge + A1 d; is of the form T L(ay,) or T kyL(26,) for
suitable k1, ks, hence is in the block of 1. The parity shift 1[1] is of superdimension
-1. Since the tensor functor w preserves the categorial rang the claim follows [J

2.27 Corollary. We have 7(G) = Z/2Z, hence G = Sp(2n — 2) x Z/27.
2.28 Corollary. GAX is connected, hence GAX = Sp(2n — 2) x GI(1).

Proof: Ths follows from the exact sequence [WeilOa]
0= 7/27 — mo(G) — mo(GAE) = 0.
O]
We can now proceed as in the Gl(m/|l1)-case. Analogously to this case we have
two tensor functors w, w™ for the two homotopy categories obtained by dividing
the stable category by either the tensor ideal C or the tensor ideal C'~. The

computation of the tensor products between the R(a,...,a—s) and B(a,...,a+7)
is a formal consequencem, replacing Gi(m — 1) by Sp(2n — 2). We claim:

2.29 Theorem. G™? ~ Sp(2n — 2) x GI(1) x GI(1).
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Proof: Since HoT /N equals Rep(Sp(2n—2) x GI(1)) any irreducible object L(\)
is of the form t* ® Lo()\’) for some a € Z and Sp(2n — 2) weight \’. We make the
ansatz

p(L(N) =1 ®t* @ Lo(X)

to define p : A/N — Rep(Sp(2n — 2) x GI(1) x GI(1)). For R(a,...,a — s) and
B(a,...,a+r) we proceed as in the GI(m|1)-case. This defines a tensor functor
which is an equivalence of categories. O

Remark: Contrary to the GIl(m|1)-case we do not state the image of an irre-
ducible representation explicitely. The reason is that we do not know how Schur
functors behave for OSp(2|2n). Van-der-Jeugt showed that the superdimension
of an irreducible L()) is given (—1)*dimLg()\') for the explicite A’ from above.
Hence one should obtain w(L(\)) = 1 ® tY @ Ly(X') for \ atypical with respect to
i

3. Deligne’s interpolating categories and mixed
tensors

We introduce Deligne’s interpolating categories and explain how to decompose
tensor products in them. Then we describe the image of of a canonical functor
from Deligne’s category for the parameter 6 € N into Rep(Gl(m|n)), m —n = 0.
As a result we get rules to decompose the tensor product of two projective modules
and a description of the duals.

3.1. Bipartitions and indecomposable modules

For every § € k we dispose over Deligne’s interpolating category [Del07] [CW1I]
denoted Rep(Gls). This is a k-linear abelian rigid tensor category. By construction
it contains an object of dimension 4, called the standard representation. Given any
k-linear pseudoabelian tensor category C' with unit object and a tensor functor

F: Rep(Gl;) — C

the functor ' — F(st) is an equivalence between the category of ®-functors of
Rep(Gly) to C with the category of d-dimensional dualisable objects X € C' and
their isomorphisms. In particular, given a dualizable object X of dimension ¢ in a
k-linear pseudoabelian tensor category, a unique tensor functor Fx : Rep(Gl;) — C
exists mapping st to X.
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Let A = (A\F, A\%) a bipartition (a pair of partitions). Call |\| = (||, |\E|) (where
IANE| = ST AF) the size of the bipartition (notation A = [A|) and I(\) = [(AL) +1(\F)
the length of A\. We denote by P the set of all partitions, by A the set of all
bipartitions.

To each bipartition is attached an indecomposable element R(\) in Rep(Gls). By
[CWTI1] the assignement A — R(\) defines a bijection between the set of biparti-
tions of arbitrary size and the set of isomorphism classes of nonzero indecompos-
able objects in Rep(GLs). We often write (\) instead of R(X). By the universal
property of Deligne’s category there exists for 6 = d € N a full tensor functor

Fy: Rep(GLg) — Rep(GL(d)).

The correspondence between bipartitions and highest weights: Given a bipar-
tition A = (AL AE) of length d, A\ = (M ... A L0,..), AL > 0, A\ =

()\11127 R 7)\tL,O, .. .), )\é12 > 0, put wt()\) = )\f€1+...—|—)\£€s—)\ﬁ€d+1,t— ce —)\{{Ed.
This defines the irreducible GL(d)-module L(wt())) with highest weight wt(\).

By [CWT1I]

This defines a bijection between bipartitions of length < d with highest weights
of GL(d). Similarly we dispose over a tensor functor F,, : Rep(Gly) — Ry for
d = m — n given by standard representation of superdimension m — n.

3.1 Theorem. |[CWII1] The image of F,,, is the space of mixed tensors, the full
subcategory of objects which appear as a direct summand in a decomposition of

T(r,s) =V @ (V)

for some r,s € N. The functor F,,, is full. If X # p, we have F,,,(R(\)) #
Fyn(B(12)).

A Dbipartition is said to be (m,n)-cross if there exists some 1 < i < m + 1 with
MN4+AE ,_, < n+1. For a graphical interpretation see [CW11], section 8, or [BS11],
section 8. The set of (m,n)-cross bipartitions is denoted AY, or simply A*. By
[CW11] the modules R(\) := F,,,(L(X)) are # 0 iff A is an (m, n)-cross bipartition.
Up to isomorphism the indecomposable nonzero summands of V" @ W®¢ are the
modules [BS11], Thm 8.19,

{RO\) | A€ A,y (m,n) — cross}
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where
Mg :i={AEAN" | M =r—t, N =51t for 0<t<min(r,s)}

A Ay s 1f0#0, orr#sorr=s=0
AL\ (0,0) if §=0andr=s>0.

For any bipartition define the two sets A

IA) = AN =10 -2,
LA ={1—6- At 2-6- A} .}

Here we use the convention that a partition is always continued by an infinite
number of zeros. To these two sets one can attach a weight diagram in the sense
of [BSO§| as follows: Label the integer vertices i on the numberline by the symbols
A, V, o, x according to the rule

o ifi ¢\ UIy,
N dfieln, i ¢y,
vV oifiely, iél,,
x ifielNl,.

To any such weight diagram one attaches a cap-diagram as in [BS0§|. For integers
i < j one says that (7, j) is a VA-pair if they are joined by a cap. For A\, u € A one
says that y is linked to A if there exists an integer £ > 0 and bipartitions v for
0 < n < k such that v = X\, »*) = ; and the weight diagramm of (™ is obtained
from the one of =1 by swapping the labels of some pair VA-pair. Then set

D — 1 g is linked to A
A 0 otherwise.

One has D, , = 1 for all \. Further D, , = O unless u = X or |u| = (|A\F|—1, [\F|—i)
for some ¢ > 0. Let t be an indeterminate and Ry respective R; the Grothendieck

rings of Rep(GL;s) over k respective of Rep(GLy)) over k(t). Now define lifts :
Rs — R; be the Z-linear map defined by

lifts(A) = > Daupt.

By [CW11], Thm. 6.2.3, lifts is a ring isomorphism for every § € K.
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Tensor products. We recall the results of Comes and Wilson about the de-
composition of tensor products of the indecomposable modules R(\) in Deligne’s
category. To get the tensor product in R,,, the tensor product is computed in
Rep(GLy) and then pushed to Rep(GL(m,n)) by means of the tensor functor
Fon. By [CWI1I], Thm 7.1.1, the following decomposition holds for arbitrary

bipartitions in R;:
At = Z sV
vEA

with the numbers

L R rR L L R
FK,M - Z (Z ciac’;ﬁ) (Z 6/7\77 659) Cg@cgn’

a,B,n,0€P KEP yeEP

see [CW11], Thm 5.1.2. In particular if A+ (r,s), p b= (17, 8"), then 'y, = 0 unless
lv] < (r+1r',s+s). As a special case we obtain

(AF0) (050 =S ey

v keEP

in R;. So to decompose tensor products in Rs apply the following three steps:
Determine the image of the lift lifts(Ap) in Ry, uses the above formula and then
take lif tgl.

3.2. The modules R()\)

The interpretation of the mixed tensors as elements in the image of the tensor
functor F,,, gives a tensor product decomposition for these modules. However it
does not say anything about the structure of these modules and hence does not give
any way to identify the image F},,,(R(\)). This is possible by a different approach
by Brundan and Stroppel [BS11]. There the mixed tensors are interpreted as
the images of certain Khovanov-modules under the equivalence of categories E~! :
K (m|n)—mod — R,. We urge the reader to consult [BS08], [BS10a] for extensive
discussions of the following definitions.

Some terminology of Brundan and Stroppel Let «, 5 be weight diagrams for
K(m|n). Let a ~  mean that 8 can be obtained from a by permuting Vs and
As. The equivalence classes of this relation are called blocks. Given A\, u ~ « one
can label the cup diagram A resp. the cap diagram g with « to obtain A« resp.
aji. These diagrams are by definition consistently oriented iff each cup resp cap
has exactly one V and one A and all the rays labelled A are to the left of all rays
labelled V. Set A C a iff A ~ a and A« is consistently oriented.
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A crossingless matching is a diagram obtained by drawing a cap diagram un-
derneath a cup diagram and then joining rays according to some order-preserving
bijection between the vertices. Given blocks A, I" a AI'-matching is a crossingless
matching ¢ such that the free vertices (not part of cups, caps or lines) at the
bottom are exactly at the position as the vertices labelled o or x in A; and
similarly for the top with I'. Given a Al'-matching ¢t and o € A and 8 € I', one
can label the bottom line with o and the upper line with £ to obtain atf. atf
is consistently oriented if each cup resp cap has exactly one V and one A and the
endpoints of each line segment are labelled by the same symbol. Notation: o —¢ j3.

For a crossingless Al'-matching ¢ and A € A, p € I', label the bottom and the
upper line as usual. The lower reduction red(\t) is the cup diagram obtained
from At by removing the bottom number line and all connected components that
do not extend up to the top number line. The upper reduction red(tp) is the cap
diagram obtained from ¢z by removing the top line.

If M =B, M; is a graded K (m|n)-module, write M < j > for the same module
with new grading M < j >;:= M,_;. The modules {L(\) <j > | A€ X, j€Z}
give a complete set of isomorphism classes of irreducible graded K (m|n)-modules.
The Grothendieck group is the free Z-module with basis the L(\) < j >. Viewing
it instead as a Z[g,q ']-module so that ¢/[M] := [M < j >] Ky(Rep(K(m|n))
becomes the free Z[q, ¢~']-module with basis {L()\) | A € X T}.

Then for any AT'-matching ¢ we have the so-called special projective functors G-
in the category of graded K (m|n)-modules [BS10a].
The mixed tensors R(\) are special cases of the projective functors of the theorem.
Given a bipartition A we denote by the defect of A def(\) the number of caps in
the cap diagram and by rank of A\ rk(\) = min(#x,#0). For § > 0 one has
rk(A\) = #0o’s. Then set

k(X) :==def(N) +rEk(N).

Denote by 7n the weight diagram

where the rightmost x is at position zero, and there are 6 = m — n crosses. Let «
be the weight diagram obtained from 1 by switching the rightmost k(A) A’s with
the leftmost k(\) V’s.
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Let t be the crossingless matching between A and « obtained as follows: Draw the
cap diagram )\ underneath the cup diagram a and then join the rays in the unique
way such that rays coming from a vertex a € Z get joined with rays coming from
the vertex a except for a finite number of vertices. Now replace a with the weight
diagram ( (the weight diagram of the trivial representation)

Here the rightmost x is at position zero, and there are 6 = m — n crosses as well
as n V’s to the left of the crosses. Then adjust the labbels of A that are at the
bottoms of line segments to obtain A such that AT¢¢ is consistently oriented.

Let I" be the block of ¢, A be the block containing AT and set
R(\) = GarL(Q).

We transport R(A) by the equivalence of categories E : R, — K(m,n) — mod
to a g-supermodule. By Morita equivalence the Loewy layers are preserved. We
denote by AT the highest weight of the irreducible socle of R()\). This defines a
map 6 : AT — X+, A — A\l

3.3. Irreducible modules and projective covers

In order to make use of the results of Comes and Wilson the image of F,,, has to
be described more explictely. There is a priori hardly any connection between the
natural labelling with highest weights and the labelling by bipartitions. The only
transparent examples are the co- and contravariant modules. Bipartitions in the
image are neither bounded by degree nor length. For instance what indecompos-
able module of GI(3,2) is described by the bipartition ((1'°""); (38))? Among other
results we describe the R(\) which are irreducible and those which are the pro-
jective cover of some atypical representation. Additionally we show that certain
classes of modules are in the image.

3.2 Theorem. [BS1I], Thm 3.4. and [BS10a], Thm 4.11: (i) Given a AI'-
matching t as above. Then G L() is an indecomposable module with irreducible
head and socle which differ only by a grading shift. (ii) In the graded Grothendieck

group

[GArL(w)] =) (g + ¢ )" [L()]

~
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where n, denotes the number of lower circles in vt and the sum is over all v € A
such that a) p is the lower reduction of vt and b) the rays of each lower line in yvt
are oriented so that exactly one is V and one is A. (iii) If we forget the grading

then
[GarL(p)] = > [L(A)]-

ACa—tu, red(At)=p

The information about the graded composition multiplicities is much finer than
the mere information about the composition factors since it gives rise to a grading
filtration with semisimple quotients.

3.3 Corollary. R()\) has Loewy length 2def(\) + 1. It is rigid.

Proof: Let R(j) be the submodule of R(\) spanned by all graded pieces of degree
> j. Then

R(\) = R(=def(\) D R(=def(\) +1) D ... D R(def(\))

with successive semisimple quotients R(j)/R(j+ 1) of degree j. By [BS10b] every
block of R,, is Koszul. We already know that the top and socle are simple. Since
Koszul algebras are quadratic, the following proposition finishes the proof. O

3.4 Proposition. [BGS906], prop. 2.4.1. Let A be a graded ring such that i) A
is semisimple, ii) A is generated by A; over Ag. Let M be a graded A-module
of finite length. If soc(M) (resp. top(M) is simple, the socle (resp. the radical)
filtration on M coincides with the grading filtration (up to a shift).

3.5 Corollary. Every indecomposable module in R with irreducible top and socle
is rigid.

3.6 Corollary. R()\) is irreducible iff def(\) = 0.

Projective covers. Recall that the indecomposable projective modules in
Rep(Gl(m,n)) are precisely the irreducible typical modules by [Kac78| and the
projective covers of the irreducible atypical modules.

3.7 Lemma. Every indecomposable projective module appears as some R(\).
Proof: The module st ® st¥ is a tensor generator of R, [WeilOa]. Hence every
module M appears as a subquotient of some direct sum of T'(r,s). If M is inde-

composable projective the surjection will split, hence M appears as some direct
summand. ]
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Since every atypical weight appears in the socle and top of its projective cover we
obtain also

3.8 Corollary. The map 6 : A — X is surjective.

Now that we know that every projective cover appears as some R()), we charac-
terize the projective covers in this part.

3.9 Lemma. The crosses and circles of the bipartition A are at the same places as
the crosses and circles of the highest weight AT. In particular at(R(\)) = n—rk()).

Proof: This is clear since only the labels of A which bear a V or a A are changed
when applying 6. ]

Consider a block of atypicality k, i.e there are m — k crosses and n — k circles.
Since k() < min(m,n) there can be at most k cups in A\. In that case we say
that A has maximal defect (i.e. when k(\) = n).

3.10 Theorem. The projective covers of the irreducible modules are precisely the
modules R()\) where A\ has maximal defect m. In this case R(\) = P(\T).

Proof: We remark the following reduction: For every indecomposable module M
with head(M) = L(AT) there exists a surjection P(AT) — M by [Zou96], lemma
3.4. If M has the same composition factors as P()\), this surjection has to have
trivial kernel and gives an isomorphism. By [BS10b] the following formulas hold
in the Grothendieck group:

(PN =Y [K(W)]  K(u) =) [L(p)].

pDAT pCp

On the other hand

R(\) = G4 L(¢) = > L(p).

pCa—t( red(put)=¢

We will show that the second formula is equal to the first one. Since ( and t are
fixed, the condition o —* ¢ and « ~ ¢ implies that «(7) is fixed up to the choice of
the position of V and A in each cup: All other coordinates are determined by the
condition that the endpoints of line segments of ¢ must be labelled by the same
symbol (and implies that a has m cups and no free V’s). Hence any such « differs
from AT only by the the position of V and A in each cup. The set of a so obtained
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is precisely the set of & with & D AT: the condition that there cannot be free V to
the left of free As forces all m Vs to be bound in cups. Hence

R(\) = G4 L(¢) = > L(p).

pCadAt red(ut)=¢

The condition red(ut) = ¢ is however automatic: Since € is completely nested and
t is fixed we only have to show that no further cup can arise in ¢. In that case
there would exist two line segments starting from ((71), ((i2) (both marked with a
A) mapping to a(j1) resp. a(j2) such that a(j;) = V and a(j2) = A and such that
«;, is connected to «;j, by a chain of cups or caps. This is not possible because
a does not have free V’s. Hence we know R()\) = P(AT) for k(\) = n. For the
converse we show that any module with k(\) < n is not the projective cover of
M. For maximal defect the condition a <! ¢ is equivalent to & D Af. Generally
a <! ¢ fixes a up to the positions of V and A in the cups. For k(\) = n —r
cups one has r cups less which eliminates r choices. Hence the condition o <3t ¢
is stricter than the condition a D AT. Hence the composition factors of R(\) are
just a proper subset of the ones of P(\T). ]

Example: The module R((3,2,1),(3,2,1)) is the projective cover P([2,1,0]) in
Rss.

3.4. Injectivity of ¢

As noted by [BS11] the map 6 : A* — X7 is in general not injective. For instance
every projective cover appears. It is not even injective if one fixes the defect and
the rank of the bipartition as sample calculations in the the maximal atypical
GI(3,3) and Gl(4, 4)-case show. If one wants to use the tensor product formula of
Comes and Wilson one has to be able to go back from AT to \.

3.11 Lemma. 0 is injective for minimal and maximal defect (i.e. def(\) =0 and
in the case k(\) = n).

Proof: Consider the maximal defect case first. The position of the crosses and
circles is fixed by 6. Since all VV of AT are bound in cups their position is unchanged
under 6. These three labels determine the weight AT uniquely. Since every module
of maximal defect is a projective cover, the module is determined by its socle.

Now assume def(A) = 0. Assume the claim would be wrong. Then there would
exist two bipartitions (A, p), (XN, p') with same image under §. However since
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both modules are irreducible this would imply that they are equal. This is in
contradiction to R(\) = R(u) iff A = pu. O

Since € is injective for minimal and maximal defect we can describe its inverse
=1 : X+ — Ain these fixed situations. Here and in the following we use implicitely
the following obvious lemma:

3.12 Lemma. The labelled matching \ta is consistently oriented.
Proof: We have to show that line segments of ¢ starting with a V connect with

line segments labelled by a V and likewise for the A’s. After removing all crosses,
circles and cups « and A look both like

We will choose specific points T, T~ such that the matching is the identity for
labels > resp. < T resp T~. Then we just have to count the numbers of A’s
and V’s occuring in a and A. If the numbers agree we are done. We choose the
minimal positions T, T~ from which on ¢ is the identity. We put

T = maz(l(A®) + 1 — (m —n), A\l + 1)
T =maz(IA®) +1— (m —n), \XF+1,k(N\) +1).

Then T is the label left to the first position coming from /\l}f/\) or the position of
the rightmost x. Similarly put

Ty = min(—I(\"), —(m —n) — A
T~ = min(—I(\Y), —(m —n) = M, —(m —n) — k()\)).

We want to count the V and A between T+ and 7~. For a we count the A’s > Ty
and < —(m —n) — k(). There are

(=D = (=(m —n) = kA)) = =T (m —n) = k(}).
The number of V > k() + 1 and < T} is
5 — k() — 1.

Now we do the same count for A\: Between T} and Ty 2k()\) 4+ (m — n) positions
are bound, that is part of a cup or a x or a o. The number of A’s used in cups
and 2’s is k(A) + (m —n) := b. We count the total number of all A’s and substract
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b. The A-contributions come from the [(A!) nontrivial A¥ and from the A\ = 0-
contributions in (77, 7). This gives an additional —T} — I[(A¥). So the total
number of A’s is

M) + (=T = 1(A) = T}
Substracting b we obtain the number of free A’s:

—T\ — k(X)) — (m —n).

That agrees with the count for a. Then the number of V’s is also the same. [

As a consequence any «(i) # ((¢) will result in a switch of a label in A when passing
from A — AT. This results in the following simplified algorithm for A ~ AT

An algorithm: « differs from ( in the following way: To the left of the m —n
crosses we have n — k() different labels. To the right infinitely many. Define M
= maximal coordinate of a x or o or part of a cup in A\. The matching ¢ will be
the identity (meaning ¢ connects the ith position of av with the ith position of \)
from positions greater or equal to

T =mazx(k(\) +1,M +1).

Since «(i) # ((7) for all ¢ > T, all labels in A at positions greater or to T' will be
switched. Now define

X — 0 M+1<kE\)+1
M=k else.

A free position is one which does not have a cross, or a circle or is not part of a
cup.

3.13 Corollary. The weight diagram of \' is obtained from the weight diagram
of \ by switching all labels at vertices > T and switching the first X +n — k()
free positions < T.

Example: The typical case: Say the x are at position v; > vy > ... > v, and
the circles at position w; > ... > w,. Then

/\I = vy, A§ = vp+1, .., A = v Fm—1, )‘in+1 = wo+m—1,... Al . = w+m—n.

» Ym—+n

The inverse AT +— X: Given any typical weight \I. If T = n + 1, all the free
entries up to n are labelled with A’s and the remaining ones to the right with
V’s. Otherwise there will be V’s in the T'— n — 1 free positions to the left of the
rightmost cross or circle. After that (to the left) there will be A’s. This describes
6 and 0~! for AT typical.
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3.4.1. The map 6 in the typical case

It is an ill-posed problem to express the map 6 and 0! in terms of the coordinates
of the bipartition. In the simplest case when AT is typical we give an explicit
expression for the two maps.

3.14 Definition. (compare with [MVdJ04], [MVdJ06]) A bipartition (u,v) is in
the subset A" C A* if there exist J and L such that

J =min{j | i1 + Vi <m}with0<J<n
L =min{l | p—i41 + /11 <n}with0< L <m

In that case put  =m — L and K =n — J.

We associate to such a bipartition the highest weight 9~(,u, V) = Auw

* * * *
Miw = (p1, - o, — Voo —vy | ) —my o W — My = Ve, ., =),

Conversely we associate to any typical weight AT following [Moe06], lemma 3.15,
the following bipartition (i, v): let JL be the set of all (j,1) with 0 < j < n and
0 <! < m such that

J=0 or)\jnﬂ»>—l
. T
and j =n or Apyiyn < 1,
andl=m or )\jn_l >
and =0 or /\In_l+1 < J.

Let then J = min{j | (j,1) € JL} and L = min{l | (J,1) € JL}. The associated
bipartition is given via
ui:)\jforizl,...,]:m—Landm§Jf07‘i>J
uj:m—i—)\jnﬂ-forjzl,Q,...,Jandu;§If0rj>J
VZ:_ALankH fork=12... K=n—Jand v; < L for k> K

ul:n—)\i%lﬂ forl=1,...,Land v, < K forl> L

3.15 Lemma. Let X\ be such that R()\) = L(\') is typical. Then AT = Az y» and
the inverse 0~1(\T) is given by the prescription above.

Proof: The set A% is a subset of A*. Hence both {\T and A,, are defined on
Ast. Every typical weight in X is in the image of 6 by [Moe06], lemma 3.15.
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The character of L(),,) is computed in [MVdJ06] and is given by the supersym-
metric Schur function s,,,. Similarly the character of R(\) = L(A") is computed
in [CW1I]. The two characters are equal. Since the character determines the
irreducible representation the result follows. O

Remark: A warning: Note that the condition gl(m|m)-standard of loc.cit is not
equivalent to the condition (m,m)-cross. Furthermore the map of loc.cit which
associates to any bipartition the weight A, , does in general not agree with AT

3.4.2. Kostant weights

A weight p is called a Kostant weight, if the cup diagram of L(u) is completely
nested. In other words if its weight diagram is A V AV-avoiding in the sense that
there are no vertices ¢ < j < k < [ labelled in this order by A V AV.

3.16 Lemma. Every irreducible mixed tensor is a Kostant module.

Proof: This follows from the simplified algorithm since the weight diagram of a
bipartition with d(\) = 0 looks like

after removing the crosses and circles. Applying 6§ means specifying a vertex,
say V, and switching all free labels at vertices > V. This will not create any
neighbouring vertices labelled V A VA. [
3.17 Corollary. If L(u) is an irreducible mixed the tensor then:

1. The Kazhdan-Lusztig polynomials are multiplicity free: py .(q) = ¢"** for
all A < pi.

2. YisodimBEat' (V(A), L(p)) < 1 for all X € X+,

3. L possesses a resolution by multiplicity free direct sums of Kac modules
(BGG-resolution).

Proof: This are properties of Kostant weights [BS10al, lemma 7.2 and theorem
7.3

Remark: In fact an irreducible module has a BGG-resolution if and only if it is
Kostant [BS10a], thm 7.3. It has been known that the covariant modules possess
a BGG-resolution [CKLOg].
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3.4.3. Tensor products of projective modules.

We obtain now an algorithm to decompose tensor products of projective modules.
Note that Proj is a tensor ideal, ie. the tensor product of a projective module with
any other module will split in a direct sum of irreducible typical representations
and projective covers of atypical modules

PeM=EPPePLN).

Since we have shown that a) every projective module is in the image of F,,,, and b)
given an explicit bijection 6 between the projective modules and bipartitions with
k(M) = n, the tensor product formula in the Deligne category gives us an explicit
algorithm for the decomposition.

3.5. Tannaka duals

We also obtain an explicit description of the Tannaka dual of any irreducible
module. This is non-trivial since a closed expression for the highest weight of the
dual module is not known. Brundan [Bru03|] gave a complicated algorithm using
certain operators on crystal graphs. In [BS10a] an algorithm on the cup diagram
A is given to determine the highest weight of the dual module.

Any irreducible module occurs as socle and head in its projective cover.
3.18 Lemma. We have P(A\T)Y = P((AT)Y)
Proof: Clear. ]

On the other hand P(A)Y = R(AL, AB)Y = R(AE AE) = P((AT)Y). So to compute
the Tannaka dual of an irreducible module, take its highest weight and associate
to it the unique (m, n)-cross bipartition (A%, A%) of maximal defect as given above
(labelling the projective cover of the irreducible module), switch it to A= (AF )

and then compute AT. Then i
LN = L(AD.

In two instances we use this algorithm to describe the dual weight more explicitely:
For contravariant modules and for maximally atypical modules in the m = n-cae.
3.5.1. Duals in the maximally atypical m = n-case

Let A be a maximal atypical weight, and [A] = [A1,...,\,] the associated irre-

ducible representation. Note that (Ber* @ [A])Y = Ber ™" @ [A\]Y. To compute
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the Tannaka duals, by a twist with Ber 1, we therefore may assume \; = 0.
Furthermore recall that A uniquely corresponds to a plot, also denoted \. Let
A(s) = 1, Ai(s) be its prime factorization. For each prime factor A;(s) = (I, K)
with segment I and support K we define \i(s) := ([, K¢), where K¢ = [ - K
denotes the complement of K in I. Then put

A(s) = ng(s) .

3.19 Proposition. The Tannaka dual representation \¥ of a maximal atypical
representation A\ is given by the plot

A (s) = X(1—s).

We have to compute the socle of P(\)Y = R(AL, AE)Y = R(AE AL) for the unique
bipartition (AL, At) = 071([\]) with k(A\*, A\®) = n. In the case where \; = 0 the
weight diagram of (A, \?) is obtained from the weight diagram of X\ as follows:
Put V’s at the same vertices as in A and put V’s at all vertices > n. The remaining
vertices are labelled by A. Since the position of the V’s is given by the set

LB ={1 -2 - \F .}

this shows
M= (n—X,n— A1y, — Mgy 1),

We will see in chapter 4 that a mixed tensor is maximally atypical if and only if
(AL)* = A | so we simply write R(A\F, A®) = R(\F) in this case. We say that a
symbol V or A is bound in a cup if the underlying vertex is the starting or ending
point of a cup.

Proof: For A = [0, Ay, ..., A,] the set
LA ={0,X—1,...,\, —n+1}.

defines the left starting points of the sectors of the weight X. Let (AL, Af) be such
that P(\) = R(\E, ). Since dualising means interchanging A and A\® we have
to compute the socle of R(A%, A\L) for A% as above. For this specific A we get

In={n—=XAp,n—XA\,1—1,....n—n+1,-—n,—n-1,...}

and I, = Z\ I,. Exactly n of the vertices in I, will be bound in cups. The largest
vertex labelled by V is at position n — \,,. We go from the right to the left starting
from n — A, to determine the n labels V’s bound in cups. If

L __ _ L L _ _ L L _
M= . =A >0 0= . = A, > A=
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put 61 = s; and §; = s; — s;_1 and A; = /\SLZ_ — /\8Li+1:

Ag 53 Ag 52 Ay 01
—
LV LLVALLUAV L VALLUAV L VA LA

In the weight diagram we have d; labels A at the positions
{n=Ay,n—-X\,—1,....n— X\, — 0 + 1}

followed by A; labels V to the left. These labels V will form min(Aq,d;) cups
with the A’s to the right. Hence we get min(Aq, ;) bound V’s at the positions
n—A,—$1,n—A,—s1—1,....,n—X\,—s; —min(d;, A;)+1 and so on. Now consider
the weight diagram of A\. The n labels V are at the positions A\;, \o—1,..., \,—n+1.
These are bound in n cups. These V’s will be transformed into A’s by the change
(I,K) — (I,I — K). Going from left to the right throught the weight diagram we
have s; V’s to the left, then A; A’s, then d, V’s, then Ay A’s and so on:
51 Ay 02 Ag 3 Az

ViooVALLAVLLOVALLAV L VA LA L

Hence the rule for determining the n lables A bound in cups is exactly the same in
reverse order as the rule for the n labels V bound in cups in the weight diagram of
AL, Hence (if A denotes the weight defined by the plot \Y(s)) after the reflection
s+—1—sweget A= (\)Y + BerF for some k € Z. We have to show k = 0. Now
the leftmost V in the weight diagram of A is at position A, —n+1 and the leftmost
A in a cup is at position A\, —n + 1 + s;. It will give the rightmost V after the

reflection s — 1 — s. It maps under the reflection to n — A,, — s;. This is also the
position of the rightmost V in the weight diagram of AV, hence k = 0. O]

3.20 Corollary. L(\) = L(0, Ag, ..., \,) # 1 is never selfdual.
Proof: L()) is selfdual if and only if
ABY =M for X = (n— A\yyn— Aty .., — Ao, ).

This follows from the proof since a maximally atypical R()) is self-dual if and only
if A = \*. However the partition is evidently never self-conjugate. O

Example 1. Suppose A = [0, Ay, ..., \,] holds with 0 > Ay and \; > \;;; for
2<i<n—1.Then \Y=[n—-X\,—1,n— XA, 1—1,....,n— X — 1,n—1].

3.21 Lemma. For maximal atypical irreducible representations L = [Ai, ..., \p]
such that A\, = 0 the following assertions are equivalent
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1. LY = [py, ..., pn] such that p, > 0.
2. L is basic, i.e. \y > ...\, >0 and \; <n —i.

3. M <n—1and LY = [X\;,...,\]] holds for the transposed partition \* =
(AT, ..., A%) of the partition A = (A, ..., \p).

Proof: i) implies ii): If p, = 0 the leftmost V in the weight diagram of [p] is at
position —n + 1. Then the smallest A bound in a cup is at a position < 1 and
> 1 —n. After the change (I,K) — (I,I — K) and the reflection s — 1 — s
this means that the rightmost V in [p]¥ is at position < n — 1 and > 0 which is
equivalent to 0 < A; < n — 1. Likewise the i-th leftmost A bound in a cup is at a
position > —n+i+1 and < n. It will give the i-th largest V in the weight diagram
of [A]. After the change (I, K) — (I,I — K) and the reflection the i-th largest Vv
is at a position < n — 2i 4+ 1 which is equivalent to A\; < n — 4. ii) implies i): If A
is basic the largest V is at position < n — 1, hence the largest A bound in a cup is
at position < n. It gives the smallest V of [A]Y. Hence the smallest V of [A]Y is at
a position > 1 — n which is equivalent to A > 0.

ii) implies iii): If A is basic, the 2n vertices in cups form the intervall J := [—-n+1,n|
of length 2n. If Jy is the subset of vertices labelled by V, the subset J \ Jy is the
subset of vertices labelled by A. The intervall J is preserved by the reflection
s — 1 —s. If \is basic, so is A*. As in the proof of we use the following
notation: If

)\1:...:)\51>>\31+1: :)\82>>\82+1:"':)‘8r>)‘Sr+1:O

put 61 = sy and §; = s; — ;-1 and A; = A, — A, 41 Likewise for \* with ¢ and
Ar. Then

0 = Ai,, Ai =107,
Then the weight diagram of [A*] looks, starting from n and going to the left
53 A 53 A 53
"

LV VALLAV LUV ALLUAV LUV ALLA

and the weight diagram of [A] looks, starting from —n + 1 and going to the right
like
Ar: f 5 A A —1= (5 57" 1= A

Vi..VALLLAVLLOVALLLA VLV

We can argue now exactly as in the proof of . The two weight diagrams
are mirror images of each other and the rule for the V’s in cups in one is the
same as the rule for the A’s in the cups of the other. Hence after the change
(I,K) +— (I,I — K) and the reflection s +— 1 — s the two weight diagrams agree.
iii) implies i): trivial. O
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Example 3. Duals in the Rs-case. If a > b > 0, then [a,b,0]Y = [2,2—-b,2—a] =
Ber*™%[a,a—b,0]. If a > 1 then [a,a,0]Y =[2,1—a,1 —a] = Ber'=%[a+1,0,0] =
Beri-agatt

Example 4 Duals in the Ry-case: Assume [\ = [0, A2, A3, A\4]. In the table we use

the following convention: If we write [0, A2, A3, A4] we mean 0 > Ay > A3 > Ay, If
we had say As = A3 we would replace A3 by Ay, ie. write [0, Ay, A2, \y].

Case [A] extra condition [A]Y

1[0, Ao A, Ad] B L3 — A5, 3 — Mg, 3]
2 [0, /\2,/\3,/\3] Ay > A3+ 1 [2—/\3,2—>\3,3—)\2,3]
3 [0,/\2,/\3,/\3] )\2:)\3+1, 0> X +1 [2—)\3,2—)\2,3—)\2,3]
4 [0,-1,-2,-9] [4,3,2,2]

5 [0,)\2,)\2,)\2] 0> X +2 [1—)\2,1—)\2,1—)\2,3]
6  [0,—2,-2,—2] 3,3,2,2]

7 [0,—1 1, 1] 2,1,1,1]

8 [0, /\2,/\2,/\4] 0> )\2+1 [3—>\4,2—)\2,2—)\2,3]
9 [0,—1,—1,\] 3 23,3,2,2]

10 0.0, A, Ad] 3= A3 — Ag,2,2]

11 0,0,0, 5] Ag+2<0 2= g2 — Ag,2,2]

12 [0,0,-1, 1] 3,1,1,1]

13 [0,0,0,\] 3, 1,1,1]

Weakly selfdual representations. A representation M is called weakly selfdual, if
M"Y = Ber* ® M holds for some k € Z. Any Berezin twist of a self-dual module
is weakly self-dual, but the converse is true if and only if k € 27Z.

Example. Weakly selfdual irreducible modules in the R4-case: Going through the
list above we see that in case 2, 3, 5, 6, 9, 10, 12 and 13 the module is not weakly
self-dual. In case 1 the module is selfdual iff [A] = [0, A2, A3, Ao + A3] with twist
factor Ber=*2723%3_ The module [0, —1, —2, —2] is weakly selfdual with twist factor
Ber*. The module [0,—1,—1, —1] is Weakly self-dual with twist factor Ber?. The
module [0, A2, Ao, Ay4] is Weakly selfdual if and only if Ay = 1 4 2), in which case
the twist factor is Ber=?*2*2. The module [0,0, A3, \3] is always weakly selfdual
with twist Ber=*s+2,

We list the weakly self-dual modules of type [0, A2, A3, Ay]. Any other weakly
selfdual module is a Berezin twist of one of these. We use the same convention as
for the table above.
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Case [)] Berezin twist
1 [0, )\2, )\3, )\2 + )\3] BGT_)\g_)\2+3
2 [0, )\2, )\2, 1+ 2)\2] Ber_”?“

3 [0, 0, )\3, )\3] B€T’_)\3+2

4 [0,—1, -2, —2] Ber?

5 0,—1, -1, —1] Ber?

Y

None of these modules is selfdual. If [A] is selfdual, write [A\] = Ber? [0, Ao— A1, A3—
A1, Ay — Ap]. For selfduality the Berezin twist of [0, Ao — A1, A3 — A1, Ay — A\1] has to
be Ber?1. Case 4 and 5 give the selfdual modules [1,0,0,0], [2,1,0,0]. In case 3
we get a selfdual module only if A3 = 2)\3 is even (< 0). The corresponding selfdual
module is [~As + 1, =3 + 1, A\s + 1, A3 + 1] (for A3 = —1 we obtain [2,2,0,0]). In
case 3 we obtain the selfdual modules [—As + 1,1,1,2 — X\y] for Ay < —2 (eg for
Ay = —2 we get [3,1,1,0]). In case 1 —A3 + A2 + 3 must be even to get a selfdual
module. Hence either i) Ay odd and A3 even or ii) Ay even and A3 odd. In the first
case write Ay = 2X\y + 1 and A3 = )\3 By a Berezin twist with )\3 — )\2 + 1 we
obtain the selfdual module [— )\3 — Ao+ 1, A= A—3+2 A3 — )\2 +1 )\2 + A3+ 2] for
two negative numbers Ay and \; (p0851b1y equal) (example Ao = A3 = —1, then
we get [3,2,1,0]). In the second case we substitute likewise and get the selfdual
modules [— A3 — A2 +1 Ao —A—3+1, ) — )\2 + 2, + A3 + 2] for two negative
numbers )\2 and )\3 Wlth )\2 > )\3 (example )\2 = —1 and )\3 = —2 lead to the
selfdual weight [4,2,1, —1]).

3.5.2. Contravariant modules for m =n

The contravariant modules are the modules in the decomposition 7°(0,r) = (V*)®".
Hence they are the duals of the covariant modules {\}. Recall that the highest
weight of {A\} =: L(p) is obtained as follows: Put u; = A\, for i = 1,...,m
and fiymi = max(0,\f —m) for i = 1,...,m. Put further (A\y,...,\.)" =
(=Ary ..., =A1). Recall further that for A\ € H(m,m) we have \* € H(m,m) .
We give a closed formula for the highest weight of a contravariant module.

3.22 Theorem. {\}Y has highest weight ¥ where p is the highest weight of {\*}.

Proof: Assume at{\} = m — k. We determine A" of R(0,\) = L(AT). We have

Iy={0,-1,-2,..}
Iv:{1—)\1,2—)\2,...,m—)\m,m+1—)\m+1,...}.

The crosses are at the positions 1 —\q, ..., k— A\ with the property A\; —¢ > 0. The
remaining k + 1 — \pyq,...,... are p051t1ve and will give V. We have «(i) # ((7)
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for > k+ 1 and for i € [~k — 1, —m]. Indices in A which are connected to this
elements via t get switched. To obtain AT from A take the first [(\) +m — k free
positions (no crosses or circles) < I(A) + k and switch the symbols. In (0,1(\) + k]
there are [(\) switches since we have k circles. Hence there are m — k switches in
[—(m —k—1),0]. All free A(¢) for i > 0 are Vs which get turned into As. The first
m — k free positions < 0 are switched: All this yield Vs in Af.

Now we compute the other side: The highest weight of {A} is given by u; = \;
fori=1,...,m and py4; = max(0,\; —m) for i = 1,...,m. For the transposed
partition A} = #)A; : A; > . Hence the highest weight of \* is given by u; =
A=\ N >afori=1,...,m and pyy; = mazx(0,\; —m) fori = 1,...,m.
Applying ()? yields the conjectured highest weight of {\}Y

w=(—mazx(0,\,—m),...,—mazx(0,\y —m)|— (BN : Ay > m, ..., —(EN 0 N > 1).
Therefore
I, = {—max(0, \,, — m), —mazx(0, \yy_1 —m) —1,..., —max(0,\; —m) —m + 1}

Assume that there are d \; with \; > m. Then one has crosses at the position
1 — A, ...,d— A4 For the remaining A; one has max(0,\; — m) = 0, hence

L ={0,-1,....,—(m—d)+1,d— Ag,...,1 = A\ }.

This agrees with the position of the V and x in Af.

Hence the weights will be equal if the circles are at the same vertices. In the
Iy-picture the circles are at the k positions §(X\; : A\; > 1) = 1(\), =1+ 84N\ : N\ >
2),...,—k+1+#\ : N\ > k). In the A-picture the circles occupy the first k
free positions > 1, that is they occur when one has \; > \;;; > 1 for ¢ > k. For
Ai — N\iz1 = 7 one has r circles after the A at position 7 — A\; > 0. Now use a
counting argument just as in the proof of [3.19 O

3.6. The constituent of highest weight

We have seen that the irreducible modules in 7" are the ones with def(\) = 0. We
describe the constituent of highest weight of R(\) for def(A) > 0. The constituents
of R(A) are given by [R(N)] = [GArL(O)] = X2, casic, reduy=c L(1)]. The condition
i C « implies & > p in the Bruhat order, hence the constituent of highest weight
must be among the a —! (. We define Ay by taking the weight diagram of Af
and by labelling all caps in the matching ¢ by AV. This is the maximal element in
the Bruhat order among all the possible a. It will give the constituent of highest
weight if Ay satisfies the condition red(Axt) = ¢.
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3.23 Lemma. A, is the constituent of highest weight of R(\). It occurs with
multiplicity 1 in the middle Loewy layer.

Proof: If k(\) = n the assertion is clear (see the section on the projective covers).
So assume k(A) < n. The cup diagram of « is completely nested with k(\) cups
with the innermost cup at position (—1,0). After the change from « to ¢ the upper
line in the matching ¢ looks like

N

with n— k() free V to the left of the nested cups and n— k(\) free A’s to the right
of the nested cups. We call the ones to the left ki, k5, . .. ,kg_k(/\), the ones to the
right & ks, ..., k:—k()\) We have red(Axt) = ¢ iff k7 will be connected with k"
via t when performing the lower reduction, k, with k5 and so forth. Under ¢ k;
is connected to a position in Ay which we call again k|, k, to a position which we
call k5 etc. Since t is oriented the —-positions are labelled by a V, the +-positions
by a A. Assume first that k(\) =n — 1. If k; = k" — 1 then we are done. If not,
we look at the cup diagram in the intervall I = [k] + 1,k — 1]. By construction
of t there are no free V or A in /. We may ignore = and o’s and assume that the
cup diagram consists of one segment and r different sectors C4,...,C,.. If r =1
the cup diagram is completely nested and we get
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The situation generalizes immediately if the cup diagram is a union of r > 1
sectors, eg

Hence the assertion is true for k(A) = n — 1. In case k(\) < n—1 we may connect
ki to k{ as above. We may then remove the part of the cup diagram connected
to k; and k" and obtain a diagram with one k" less. We can then connect k; to
ki as above and iterate this procedure to finish the proof. ]

3.24 Theorem. Given two direct sums €@ P;, @@ Q; of projective modules, these
two sums are equal iff they are equal in K.

Proof: It suffices to test this for a single block I'. Any indecomposable projective
module is a projective cover P(w) of an irreducible module L(w) € T'. Given
two projective covers P(w) = R()\), P(w) = R(\), w # @ in a fixed block, the
matching t; = t(\) and t, = t(\) differ. Otherwise At = \. Since the defect
and the position of the z,0 are fixed this means that \ # ). Hence A, # A;.
Conversely R(A) of maximal defect is uniquely determined by giving A, and the
block. Hence it is equivalent to give the direct sum @D;_, P, and the set {A;}.
Hence @ P, = P Q; iff {A;} = {A;}. We are done if we can determine the set
{A;} uniquely from the decomposition [@ P;] in K. We will give an algorithm to
do so. The block will be represented by the numberline with & V’s (with variable
position) and m — k x and n — k o (with fixed position). Let P be the set of
composition factors of @ P;. It may be identified with the set of the corresponding
weight diagrams. We go from the right to the left through these diagrams. Let
11 be the rightmost position with a vV in P. We restrict to the subset P;, of P of
diagrams with a V at position ;. From i; we move to the left. Let 75 be the next
position with a V among the diagrams in P;,. Let P; ;, the set of weight diagrams
with a V at position ¢; and 4,. Iterating this procedure we obtain F; ;, ; . This
set consists of the weight diagram of a unique weight, possibly with multiplicity
> 1 (since z, o and V’s are fixed). We claim that this weight is of the form A;
for some P;. This is clear: The weight determines a composition factor of some
P(a). If L(...) # A,, then A, > L(...) in contradiction to the construction above.
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The factor A; determines the corresponding projective module P;. We remove
all the composition factors of the copies of P, from P. Now we apply the same
algorithm again to the set P\ r[P;] to obtain again a weight of the form A; with
corresponding projective module P,. We remove its composition factors etc until
there are no weights left in P. Hence we have constructed all the weights A; from
the Ky-decomposition. O

3.7. Serganova’s functor and base change

Let M be any g-module. For any £ € X there exists g € Gl(m) x Gl(n) and
isotropic mutually orthogonal linearly independent roots «g,...,a; such that
Ady(&) = & + ... + & with & € go,. The number £ is called the rank of &
[Ser10]. For any z € X = {z € g1 | [r,z] = 0} of rk(x) = k we dispose
over the (cohomological) tensor functor - called fibre functor - M — M, from
Rep(gl(m,n)) — Rep(gl(m — k,n — k)). We quote [Serl(], thm 2.1, cor 2.2

3.25 Theorem. If at(M) < rk(M), then DS(M) = 0. If at(M) = rk(x), then
DS(M) is a typical module. If rk(x) = r, then at(M,) = at(M) —r.

From now on we will study Serganova’s tensor functor for special x. We denote by

1 0 ...
0 1 0

8

S

|
R
o O
o
~__

@)

g

|
(@)
o

oo
oo
o

o
oo
oo

with r 1’s on the diagonal.

3.26 Lemma. DS, maps st to the standard representation of Gl(m — r,n —r).

Proof: Let * denote an arbitrary element. Let v = (g) be some element of k™",

Then
_ 0 €r r\ [(&y)
T o

ker(z - st) = {((z,0,...,0,%,...,%) [z €K™, (n—r)0s}

with r 1’s. So
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and
image(x - st) = {((*,...,*,O,...,O) | r +" s}
So
0
k - st
M ={vek™"|v= U1 , v €K wy € KT arbitr.}
image(x - st) 0
wy
3.27 Proposition. Under DS,
0 (AL, AT not (m,n) — cross

R(A", M)
( ) {R()\L,/\R) else

In the case r = 1 this specialises to

0 R(A\E,AE) projective

RO\ —
( ) {R(AL,)\R) else

Proof: This follows from the diagram

Rep(Gly,—y)

Fm—r,n—r
Fm,n
DS,

Tr
Tm,n Tmfr,nfr

Since DS, maps the standard representation to the standard representation the
universal property of Deligne’s category implies that the diagram is commutative.
In the case r = 1 the kernel of DSz consists of the (m—1,n—1)-cross bipartitions
which are not (m, n)-cross. By [BSTI] (AL, A®) is (m, n)-cross iff k(AL AE) < k(N).
Similarly (AL, Af) is (m — 1,n — 1)-cross iff k(AL, A\B) < n —1. Hence R(\L, ) €
ker(DS,,) iff k(A", \®) = n which is equivalent to R(AF, \®) projective. O

Remark: This is a special case of a more general result. We quote from [BKN09al,
page 16: If M is s-invariant, then M is projective iff M, = 0 for some = of rank
1. For general M the following holds: M is projective iff there exist two elements
T € g1, Y € g—1 such that M, = M, = 0, see loc.cit.

Example: If M := R(n — 1,n—2,...) in Gl(n,n) then the socle is Lin — 2,n —
3,...,1,0,0]. We obtain M, = P[n—2,n—3,...,1,0] in Rep(Gl(n —1,n—1) for
x of rank 1.
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3.28 Lemma. Let y € X of rank r such that DS, maps the standard repre-
sentation to the standard representation. Then DS, = DS, when restricted to

T.

Proof: This follows from the diagram above and the universal property of
Deligne’s category. O]

3.29 Lemma. If R(\Y, \%) is irreducible so is DS,, (R(\F, \F).

Proof: R(A,\®) is irreducible iff def(A", A) = 0. The defect of a bipartition
only depends on the difference m —n=(m —r) — (n —r).

3.8. Elementary properties of the R(\)

Given two (m,n)-Hook partitions A, A® we form the bipartition (AL, Af). Tt is in
general not (m,n)-cross. We will assume this from now on.

3.30 Lemma. Given two (m,n)-Hook partitions A\*, A\® such that (AL, %) is
(m,n)-cross. Then {\'} @ {\*}V contains R(A\*,\%) as a direct summand. In
the decomposition

Mo (Y = RPN @ D R(b)
all p? satisfy (u/)F < N and (/)R; < AP for all i and deg(p?) < deg(AF, AF).

Proof: Recall that in R,

(AF,0) ® (0, \F) = ZZC,:\VLCN R V.

v KEP

Putting £ = 0 yields v = A\, v = A\®. Hence

(A50)® (0,A%) = A + 3 N ngcg;y

v KEP,K#0

All other bipartitions v = (v*,v%) will have degree stricty lower than (AF A\%)

and length > than (A\*, \) (well-known properties of LR-coefficients). By Comes-
Wilson lifty(A) = A+ ... where the other bipartitions are obtained by swapping
successively VA-pairs, i.e. decreasing the coefficients of the bipartition. Since
(AL, AB) is the largest bipartition, R(AL, \%) will occur with multiplicity one in
the decomposition. O

82



3. Deligne’s interpolating categories and mixed tensors 83

For any two partitions A%, A% such that the pair (AL, \%) is (m, n)-cross we define
Ayeyr = {AF} @ {(AFY.
3.31 Proposition. R(\F, \F) is x-invariant

Proof: Clearly A, \r is *-invariant since irreducible modules are x-invariant. In
the decomposition

Ay e = RO N & @D R(w)

R(AF,AR) occurs as a direct summand with multiplicity 1; and deg(A", A) >
deg(p;). Assume R(AF)AR) would not be x-invariant. Then there exists a p; oc-
curing with multiplicity 1 in the decomposition with R(AL, A®)* = R(p;). Write
wi = (uk, pl). As for (A, M) R(u;) occurs with multiplicity 1 in the decomposi-
tion of the *-invariant

A ur = R(w) & D R(v;)
J

with degree strictler larger then the other bipartitions ;. Hence there exists
a v; with R(u;)* = R(v;). Since ** = id this forces v; = (A", \f). However
deg(\E, N) > deg(u;) > deg(v;). O

Hence by the lemma the R()\) are the modules with largest bipartition in the de-
composition {A\'} @ {\E}Y = RO NE) @ @ R(i/). This does not give a new
interpretation of the modules R(\) at all. We would like to have an intrinsic inter-
pretation in Rep(Gl(m,n)) not using either the Khovanov algebra nor Deligne’s

category. Can R(A) be characterised as a certain direct summand in the decom-
position {\'} @ {\E}V?

3.32 Lemma. Assume 1 < A\. Then k(\) > k(p).

Proof: By [BS11] A is (m,n)-cross iff k&(A\) < n. Choose n minimal such that A
is (m,n)-cross. Then k(\) = n. Since p < A p is (m, n)-cross, hence k(p) < n =
k(N). qed

3.33 Lemma. If R(\) is maximally atypical then def(X) > def(p;) Vj. If R(\)
is maximally atypical and irreducible then {\*} @ {\%®}V is completely reducible
and splits into maximally atypical irreducible summands.

Proof: R(\) is maximally atypical iff rk(\) = 0. Hence k(\) > k(mu;) implies
the first statement. If R(\) is additionally irreducible, then def(u;) =0Vj. O
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Remark: We will see that for m > n all maximally atypical modules are irre-
ducible. For m = n the second case cannot happen.

3.8.1. Tensor ideals

3.34 Lemma. In the tensor product
R(\) @ R(p) = ) K5, R(1)

all v; satisfy
k(vi) 2 max(k(A), k())-

Proof: Let n' = max(k(X), k(). Apply DS, : T = Ty Wlog ' = k().
Then R(M) is projective in T),,,. The projective modules form a tensor ideal,
hence R(\) ® R(p) decomposes in 7}, into indecomposable projective modules.
Sicne the tensor product comes from the Deligne category

Rep(Gly,—y)

F_ .1

m'n

F,
" ps ’

n—mn
Tmn Tm’n’

we have in T},
> K5 R(v;) ® ker(DS, )

with k(v;) > n' Vi. Further ker(DS,,_, ) are the mixed tensors R(v) with n’ <
k() <n. O

Example: Any irreducible summand in R(\) ® R(u) has atypicality < n — n’.
We denote by T7,,, the subset of mixed tensors with k(\) > 4.

3.35 Corollary. The T are tensor ideals in T}, for m > n and tensor ideals in
Tom U 1. We have strict inclusion

™oT'>...D1"
with T° =T and T™ = Proj.

By [Ser10] any two irreducible object of atypicality k generate the same tensor
ideal in R,,,,. Therefore write [ for the tensor ideal generated by any irreducible

84



4. Maximally atypical modules in the space of mixed tensors 85

object of atypicality k. Clearly Iy = Proj and I, = T, since it contains the
identity. This gives the following filtration of R

P’I“szlogjl g ---[n—l g]n:Tn
with strict inclusions by [Serl0] and [Kujll].

3.36 Lemma. [|;p = T" " form >nforallk =0,...,n. Form =n Ii|p = T"*
for all k < n.

Proof: For any atypicality k£ there exists an irreducible mixed tensor with that
atypicality (except for m = n and k = n), hence I|r C T"*. Conversely
let R € T" k. Tt occurs as a direct summand in R(A\*,0) @ R(0,\?). Then
max(k(A\,0),k(0,\%)) < n — k, hence rk(\F,0),7k(0,\?) < n — k, hence
at(R(AF,0), at(R(0, A\®)) > k, hence R € [, for any [ > k. O

3.37 Lemma. Form >n I, {|r =N|r. Frm=n Ny =T.

Proof: Clearly 73 C N|p. Ket m > n. If R € N|p, then k(\) > 1. Indeed
k(A) = 0 implies R(A) is maximally atypical irreducible, hence sdimR(\) # 0. O

4. Maximally atypical modules in the space of mixed
tensors

We have seen that every irreducible typical module occurs as some R(A). In
this section we characterize among other things the irreducible maximally atypical
modules in the image of F,,,,,. We give some applications regarding tensor products.

4.1. Multiplicities and tensor quotients

For d = m — n > 0 we have the two tensor functors

Rep(Gly—p)
Fon
- \
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4. Maximally atypical modules in the space of mixed tensors 86

given by mapping the standard representation to the two standard representations.
We also dispose over Weissauer’s tensor functor: By [WeilOb] there exists a purely
transcendental field extension K /k of transcendence degree n and a K-linear exact
tensor functor

P Rin @k K — Rep(Gl(m —n)) @ sveck.

By [WeilOb] each simple maximal atypical object L(u) maps to the isotypic repre-
sentation m(u)p(V)[p(p)] where m(u) is a positive integer, V' is the ground state
(see chapter 4.5) of the block of v and p(u) is the parity of u. After a suitable
specialisation of p we may assume that p is defined over k£ and maps the standard
to the standard representation. Hence we ge the commutative diagramm of tensor
functors (due to Deligne’s universal property)

Rep(Gly,—y)

Fm,n
Rep(GL(m,n)) Fin—n®svec

\
Rep(GL(m —n)) ® svec.
Here the functor F),_, ® svec maps R(A) to the even representation
L(wt(\)) € Rep(Gl(m —n)) C Rep(Gl(m —n)) ® svec.

4.1 Lemma. Let m > n and d = m —n. Then R(\) has superdimension # 0 iff
I(\) < d.

Proof: This follows from the commutative diagram above. Use the bijection be-
tween the highest weights of GL(d) and bipartitions of length < d to choose for
any (m,n)-cross bipartition A the irreducible highest weight module L(wt())). By
the commutativity the indecomposable module R(A) has to map to L(wt())). Its
superdimension is the dimension of L(wt(\)). O

Assume m > n. Let

T:@T(r,s)

be the full subcategory of F'(m,n) whose objects are direct sums of R(A) for all
bipartitions A. It is a pseudoabelian tensor subcategory of R,,,. It is closed under
duals (T'(r,s)” = T(s,r)) and contains the identity. The functor of Weissauer

p: Rpn — Rep(Gl(m —n)) & svec

can be restricted to 7.

86



4. Maximally atypical modules in the space of mixed tensors 87

4.2 Theorem. The functor pr : T — Rep(Gl(m —n)) ® svec factorises over T /N
and defines an equivalence of categories

T/N =~ Rep(Gl(m —n)).
It maps the element R(\) to the irreducible element L(wt()\)).

Proof: The functor will factorize if py is full 2.3] This follows from the commu-
tative diagram since an indecomposable module maps to an irreducible module.
R(X) — L(wt(X)) is forced by the commutativity of the diagram. By the bijection
between highest weights of GI(m — n) and bipartitions of lenght < m — n the
functor is one-to-one on objects. Fully faithful follows from Schur’s lemma in the
semisimple tensor category T /N. O]

Remark: Pulling back to T gives the tensor product of the modules in 7" up
to superdimension zero. We will see that the modules R(\) are essentially the
maximally atypical irreducible modules with completely nested cup diagram. We
will give a second proof of the above theorem in the next section which does not
use Weissauer’s functor.

4.1.1. An alternative approach

Assume m > n. All bipartitions are (m, n)-cross. We provide an alternative proof
that p : T/N =~ Rep(Gl(m — n)) which does not use the existence of a tensor
functor Rep(Gl(m,n)) — Rep(Gl(m —n)) ® svec.

4.3 Proposition. Let A\ be a bipartition of length < m — n. Then the weight
diagram of \ does not contain any VA-pair (i.e. has no caps).

Proof: Let k be the length of A\l = (ay, ..., ay), hence length of \® < m —n —k.
We use the notation \® = (by, by, ...). Define the sets
Iy =10 ={ay,...,a —k+1}UI*
]V — I\ém—n—k U I\?m—n—k
={l-m-n—0by,....m—-n—k—(m—n)—bp_p_rt UI"

We have
IEnIgmr=r =

More precisely:

I8 =[—k,—00), IJ™ "% =[-k+1,00).
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Hence crosses can only appear by the intersections
L=I"nIsm " L=1FnIsm ™ =1 NI

Note that
LULUI C (IFuI1smr).

However any A has at least m — n crosses. Since [T U IS™ "% = m —n we
obtain that the crosses are at the positions

IFFuIgmr,
This implies def()\) = 0: Since I™ "% > 2k a VA-pair is not possible. O

4.4 Corollary. lifty(\) = A for all d.

4.5 Corollary. Let A\, v be bipartitions of lenght < m—n. Then their tensor prod-
uct is given by the Littlewood-Richardson rule for GI(m—n) up to superdimension
0. More precisely

RN@R(p) = P il wwBW) mod N

v, l(v)<m—n

Proof: (cf the proof of 7.1.1 in [CW11]) Let 14, ...} bipartition such that
Mt =11+ ...V

in R;. Since lift(\) = A, lift(u) = p we may assume mod N that all v; have length
<m —n=d. So d fulfills d > [(v;) for all i and lift, fixes A\, u,v1,. ... Hence
A= v + ... holds in Ry as well. Using the tensor functor Fy : Rep(Gly) —
Rep(Gl(d)) which maps A to L(wt(\)) we obtain

L(wt(\)) @ L(wt(p)) = L(wt(1n)) & ... & L(wt(vy))
= ) )R<l/)

wi(N),wt(p
vl(v)<m—n

by the Littlewood-Richardson rule in Rep(Gi(d)). Taking the preimage one obtains
modulo N the result. O

Remark: The proof show more: For bipartitions of lenght < k and without cups

- up to contributions of higher length one gets a GI(k)-tensor product. However
some contributions might not be (m, n)-cross.
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4.6 Corollary. Let A and u be such that [(\) +1(p) < m—mn. Then R(\) ® R(u)
splits completely into irreducible maximally atypical modules. The decomposition
rule is given by the Littlewood-Richardson rule for Gl(m — n).

Example: Consider the irreducible representation A™"(X) = R(1™";0) and
tensor products R(1™™;0) @ R(\) for [(A) < m — n. The weight of (1™~") for
Glim—n)is (1,...,1),s0 A" "™(X)QL(A) = L(A+1, ..., Ap—n+1) in Rep(Gl(m—
n)). If R(\) = R(ay,...,ak;bgs1, ..., bpyr) for k417 < m —n, then tensoring with
AT gives

Rlay +1,...  ap+1,1m=G0 1 b — 1).

Recall that any R(A) with def(\) = 0 is irreducible. Hence
4.7 Corollary. Let m > n and I(\) < m —n. Then R()) is irreducible.

It is now easy to recover the theorem from the previous section. Since
Fon @ Rep(Gly—n) = Rom
has its image in 7" we can consider the diagram

Rep(Gly,—p)

%

T

|

T/N > Rep(Gl(m — n)).

Using the bijection between the irreducible elements R(\) and the irreducible el-
ements in Rep(GL(m — n)), we define the lower horizontal functor by putting
R(M\) — L(wt(\)) on objects. Since both categories are semisimple tensor cate-
gories, Schur’s lemma holds and the functor sends the morphism id : R(\) — R(\)
to id : L(wt(\)) — L(wt(\)). The results on the tensor products show that this
defines a tensor functor. It is clearly fully faithful.

4.2. Maximally atypical irreducible modules

In two cases the highest weight A is trivial to determine, namely in the case
of covariant and contravariant modules. The covariant modules are the irre-
ducible modules in the decomposition T'(r,0) = @ycp(mn n<r1r}: where A
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4. Maximally atypical modules in the space of mixed tensors 90

runs through the set of partitions which obey the (m,n)-hook condition and
{A\} = Si\(st). The contravariant modules are the duals of the covariant ones:
T(0,5) = D,ctrmm)pl<s1P}’- The highest weight of {A} =: L(y) is given as fol-
lows: Put p; = A; fori=1,...,m and ey = max(0,Af —m) fori=1,...,m, cf
[Sexr85], [BR&T].

We will show in this section:

4.8 Proposition. Let m > n. Every maximally atypical Kostant module is a
Berezin twist of an irreducible mixed tensor.

We will show this by analysing the effect of # on a bipartition of length < m — n.
Assume m > n, [(A) < m —n. Assume that

A= ((al, - ,ak), (bk—f—la . 7bm—n))

and assume additionally a; and bg; to be greater zero (otherwise we have covariant
or contravariant modules). Recall that the crosses are at the positions

[Sk U Igm—n—k
AN V .
We have

In=A{a,aa—1,...,ap — (k—1), =k, —(k+1),...}
I,={1—(m—-n)—bri1,....,(m—n)—k—(m-—n) —by_n,—k+1,+k+2,...}.

The m — n crosses are at the positions
ap,as —1,...a, — (k—=1),1—(m —n) —bgy1,...,—k —byn.

Since aq, . .., g, bgs1, - - ., bm—y are arbitrary, the position of the crosses is arbitrary.
Note that the crosses coming from the a; are to the right of the b;-crosses: ap —
(k —1) > —k — by_,. The position of the V’s: We have a; = A¥| hence there
are a; + n switches in the free positions left from the cross at a;. To know the
position of the V’s, the change from the A to the V’s has to be known: In fact
I7F = [k, —00), I;™ ™% = |-k + 1,00), hence the free positions < —k have
N’s, the free ones > —k+1 have V’s. In the free slots > —k+1 X has Vs. These get
turned into As. This are precisely a; free slots since there are k-crosses between a;
and —k. The next n free slots < —k contain As. These get turned into Vs. After
that all free slots contain a A. The cup diagram is completely nested: All the V
are in the first n free slots to the left of —k.
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4.9 Corollary. The irreducible maximally atypical modules in T' (and are not co-
or contravariant) are precisely the highest weights with weight diagram as follows:
The weight diagram has m—mn-crosses, n Vs and there exists some negative number
—k e {-1,...,—(m —n — 1)} such that all the V are in the free vertices < —k
and k crosses lie to the right of —k.

4.10 Corollary. In Sl(m|n) L(\) € im(F,,») < L(\) is a Kostant module. In
the Gl(m|n) case it is correct up to a twist with a suitable power of the Berezinian.

In particular the tensor product of two such modules can be decomposed ex-
plicitely.

Explicite Berezin twist. The explicite desription of A — A tells how to
twist with the Berezin to obtain an irreducible module in 7. Given a max-
imally atypical irreducible module with completely nested cup diagram. Let
V,, be the rightmost V. Count the crosses with labels to the right of V,,.
Name that number k. Then move V,, with a Berezin twist to the position —k.
An inspection of the algorithm above shows that this is an irreducible module in 7.

Example: Consider the highest weight A = (12,12, 10, 10, 10, 10,0|—11, —11, —12)
of GI(7,3) It is maximally atypical with rightmost V at position 8 and two crosses
at position 11 and 12 to the right. Hence twist L(u) with Ber=' to move V to
position -2 and obtain g = (2,2,0,0,0,0,—10| — 1, —1,—2). The two crosses are
now at position 1 and 2 and give a; = 2, as = 2. The two other crosses are at the
positions -3 and -16 giving b; = 13 and b, = 1, hence

Ber @ L(p) = R(2,2;13,1).

For two weights A = (A, ..., A | Mgty Aman) and g =
(f1y oy fom | Mttty ooy fhmin) say that A > p if there exists ¢ € {1,...,m}
with the property A\; = p;Vj < ¢ and A; > p;.

4.11 Lemma. Let R(\) be maximally atypical irreducible. Then R(\) = L(\T)
with L(\T) = L(,u;r-) for all j.

Proof: Define I7"**(\) = largest label with an = or V. We claim Im‘“()\) >
I m‘”(uj) for all j. The posmon of the crosses is given by the elements in I5* U
IS Since AF > [ I:%(u;) < IFF(N). There are k crosses to the right of —k
(meamng for ky and k). Hence for the first k,, \; > p;; for alli € {1,...,k,,}.
This holds in fact for the first ky-coordinates: There are k) crosses at positions
> —ky k,,; crosses at positions > —k, . The next ky —k,, positions with crosses or
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V’s in u; are then at the positions —k,,, —k,, —1,..., —ky + 1. Since there exists
at least one i with A\F > y;,; the claim follows. O

So the maximally atypical R(\) for m > n of sdim # 0 could be characterized
as follows: Take all the tensor products of two (m, n)-Hook partitions A%, A% such
that (A%, A®) is (m,n)-cross. Then the R(\) are the indecomposable modules in
the decomposition {\*} ® {A\F}V which satisfy R(\) = L(AT) = L(u;r-) for all j.

4.3. Multiplicity 1

Given two A, u Kostant weights we shift both into T’

L\ ® Ber =L(\) eT
L(p) ® Ber” = L(j) € T

where ), i/ only depend on the position of the unique segment. Therefore
LN ® L(p) = (LN ® L)) ® (Ber™ @ Bert)
— @ 5 L) ® BerN

for certain coefficients ¢f . which can be calculated explicitely from [CWT11]. In the

M
case Gl(m|1) and Si(m|1) every weight is a Kostant weight. Since Ber is trivial
in the Sl-case we obtain:

4.12 Proposition. Up to a twist of a suitable power of Ber every atypical irre-
ducible module of Gl(m/|1) is in T. Every irreducible atypical module of Sl(m/|1)
isinT.

Example: Let us study the GI(2|1)-case. Since [(A) < 1, the irreducible atyp-
ical mixed tensors are the covariant and contravariant tensors. The irreducible
tensor products with highest weight (A1, A2|\3) is atypical iff either Ay = —A3 or
A3 = —A; — 1. The covariant module R(a;0) has highest weight (a,0|0) and the
contravariant module R(0;b) has highest weight (0, —b + 1| — 1). The modules
with highest weights (A1, A2| — A2) are Berezin twists of covariant modules and the
modules with highest weights (A;, \a| — Ay — 1) are Berezin twists of contravariant
modules.

By [Ger98] and Su the indecomposable modules are the (Anti-)ZigZag-modules
and the projective hulls of the irreducible atypical representations.
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4.13 Corollary. GI(m|1)-case: If [(A) < m — 1, then R(\' is irreducible singly
atypical. If [(A\) > m — 1 and def(\) = 0 then R(\) = L(\) is typical. If \ is any
bipartition with def(\) = 1 then R(\) = P(\').

4.14 Corollary. In the decomposition L(\) ® L(p) between two irreducible
Gl(m, 1)-modules no ZigZag module Z'(a) with | > 2 appears.

Example: The conditions V < 0 and A atypical imply 1 — m — Apyg < 0
(atypicality condition), hence 1 —m < A, ;1. Additionally V cannot be too much
to the left: The leftmost possible position of V is at —(m — 1). Hence 1 —m +
(m —1) > A1, hence 0 > \,,11. Hence a necessary condition for A tobein T
is1—m <A <.

Tensor products. Any irreducible Gi(m, 1)-module is up to an explicit Berezin-
Twist in T'. So the tensor product formula in Deligne’s category and the descrip-
tion of the image of F}, ; solves the problem of decomposing any two irreducible
Gl(m, 1)-representations.

Example 1: We compute the tensor product between two irreducible atpyical
G1(4,1)-modules, namely L(2,0,0,0[0) ® L(1,0,0,0] — 1). Applying 6~ we see
that the corresponding bipartitions are (2;0) and (1;1). Since def = 0 we only
have to compute (2;0) ® (1;1) in R3. By [CWII], p.35 we have

(2;0) @ (1;1) = ((2,1); 1) + (3; 1) 4 (1%;0) + (2; 0)

for 0 = 3 in Rs. Each of these bipartitions describes an irreducible singly atypical
module. We have

Hence

L(2,0,0,0[0) ® L(1,0,0,0] — 1) =L(1,1,0,0/0) & L(2,0,0,0[0) & L(3,0,0,0| — 1)
& L(2,1,0,0/ — 1)

in Rep(Gl(4,1)).

Example 2: One could hope that the tensor product of two atypical irreducible
modules splits into a sum of irreducible atypical and typical modules. This is
wrong: Take Gl(4,1), A\l = (3,2,1), A = (1,1). Then R(3,2,1;1,1) is projective.

ZigZag modules of length greater than 1 never occur in the image of F},;;. However
the tensor product between an indecomposable projective module with a ZigZag-
module is easily reduced to the known cases by the following well-known fact:
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4.15 Proposition. Let P be projective and M any module. Then P @ M =
D, P ® M; where the sum runs over the composition factors M; of M.

Proof: Use induction on the length of M. If M is of length n consider an sequence

0 M; M M’ 0
with length(M') = n — 1. Tensoring with P and using that Proj is a tensor ideal
we see that the sequence splits. O

4.16 Lemma. Let P be an indecomposable projective Gl(m,1)-Module. Then
P® Z"(a) =P P ® L(a;)

P@Z (a) = P® L)

where the sums run over the composition factors L(a;) of Z"(a) respectively Z (a).

All in all the only remaining unknown tensor products in the Gi(m, 1)-case are the
tensor products Z"(a) ® Z*(b) and vice versa for the Anti-ZigZag-modules.

4.4. Maximally atypical R()\) for m =n

We have seen that all maximally atypical modules of superdimension # 0 are
irreducible and that for m = n no maximally atypical irreducible modules are in
T. In this section we characterise the maximally atypical modules for m = n.
Assume from now on that AT is in the maximal atypical block, i.e. the weight
diagram has no x, no o and exactly m V.

4.17 Lemma. If R()\, p) is maximally atypical, then p = \*. Conversely
R(AE, (AF)*) is maximally atypical.
Proof: We start with the following observation: Since there are no o:

[\/ U [/\ — Z

Since there are no x
]\/ N .[/\ — Q)

Hence p and A determine each other uniquely. The biggest A is at position A\;. We
use the same same notation as in and recall §; = A*_, and A; = ¢§_,. Note
further that the leftmost V is at the vertex

M=) 6= A+1=M\—-IMN) = A +1=1-();. O
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4.18 Corollary. T'(r,s) contains a maximally atypical summand only for r = s.

Proof: By [BS1I] and the characterisation of maximally atypical R

prrT(r,s) = @ R(A\, )
where || =r—t, |\*| = s—t. Since |\| = |\*| this can only happen for r =s. [

Notation: From now on we always write R(\) where A is a partition such that
(A, A*) is (m, m)-cross.

4.19 Lemma. Assume [(\) < m and def(\) = m. Then AT = [\]°.

Proof: This is easily seen using the algorithm of determining [A]° given in [BS10al,
page 36. and the fact that the positions of all V’s is determined due to maximal
defect. O

Examples: A\ = (3,2,1), then [A\]° = [2,1]; A = (3,3,1), then [A\]° = [1,1].

Remark. Let A be any partition and let £ the intersection of the Young diagram
with the box of lenght m and width m with upper left corner at position (0,0).
Then the Young diagram has the following shape

A= (5 0‘) .
Y
Hence if I(\) < m then v = 0. Consider the following weight Ay := [a+ 8+ (7*)"].
For I(A\) < m this is nothing but the weight [A]. A, = {A} ® {\*}Y always
contains the maximal atypical constituent [\| = [+ 5+ (7*)"] as heighest weight

representation with multiplicity 1 [WeilOc]. Since the restriction of Ay to the
maximal atypical block decomposes as

preds = R(\) & @ R(N)

for partitions A" with \; > >\§- for all 7,7, it seems likely to conjecture that the
unique constituent of highest weight in R(A) is given by Ay := [a + 8 + (7v*)"].
This is wrong, as the following example shows: Take Gl(4,4) and choose A =
(3%,12). Then A" = [1,1,1,0], Ay = [3,3,1,1] but [a+ 8+ (v*)’] = [3,3,3,1]. In
particular R(\) cannot be characterised as the constituent of highest weight in the
A -decomposition.
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4.4.1. The involution /

Recall that the Tannaka dual of an indecomposable element in 7' is given by
RAEMNE)Y = R(AE D). Similarly we define

TROE, MY = RO N\E),

4.20 Lemma. This is a well-defined operation on T for m = n (ie. (A\?", A7) is
again (m,m)-cross). I is an involution and commutes with Tannaka duality. I is
the identity iff R()\) is maximally atypical.

Proof: Let i € 1,...,m have the property A%, + M\E_, | < m, so A:; <k and
AE o1 < m —k for some k. Then (A, )* < iand (AE_,.|)* < m — 4, hence
()\ﬁﬂ)* + ()\ﬁfkﬂ)* < m. The other statements are clear. O

Remark: For m > n the bipartition ((A®)*, (AL)*) may fail to be (m,n)-cross.
Take for instance GI(7|3), Al = (10,10, 3,3,3,3,3,3) and A\® = (10, 10, 10, 10).
Then (A, A is (7, 3)-cross, but I\ is not.

4.21 Lemma. [ preserves dimensions.

Proof: Since the dimension is preserved under dualising (A%, A\%) — (A, AL), we
only have to take care of (A, A\®) — (A% A™*). By [CWTT], (43)

dimR(\) =Y Dy ,d,
pnCA
where d, is obtained from the composite supersymmetric Schur polynomial
su(z,y), = (21,...,%m), Y= (Y1,...,ym) by setting x;, =1 =y, Vi =1,...,m.
By [Moe06], (2.39) s.(z]y) = s.(ylz), hence d, = d,-. Let A F (rs).
Then A\* F (r,s). By [CDV11] the number D,, is the decomposition number
(A, s(A) : Ly s(p)] where A, is a cell module for the walled Brauer algebra B,,.
It is clear that D), = Dj-,», hence if >  _\ Dy, d, = d,, + ... +d, , then

e Dy = dus + .. dy.

nCA

Example: I([i;17]) = [j;17], hence AT = [i,0[0, —j] and IAT = [5,0]0, —i].

In the typical case the interpretation is as follows: The irreducible module
LA, ..oy M| A1y -« oy Aam) 18 induced from the irreducible Gl(m) x GIl(m)-
module L(A1,..., A\n) @ L(Api1, ..., Aam). The dual of the irreducible GI(m)-
representation L(Aq, ..., Ay) is given by L(—An,,...,—A1). Hence IR(A) is just
obtained by taking the GI(m) x Gl(m)-dual and then inducing.
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4. Maximally atypical modules in the space of mixed tensors 97

4.5. Lower Atypicality

The favourable properties of mixed tensors (for instance the behaviour under DS
or the tensor product rule) motivate the question which irreducible modules lie in
T. The results of the maximally atypical case raise the question whether every
Kostant module is a Berezin-twist of an irreducible mixed tensor. The answer is
negative. A counterexample will be given below in the GI(2]2)-case. We content
ourselves to prove two existence results about irreducible mixed tensors which are
not maximally atypical.

4.5.1. Ground states

We show that in the R, -case every ground state of a block of atypicality < n is a
Berezin-twist of an irreducible mixed tensor.

4.22 Proposition. Let
L=LA)Y =LA, ..., -,0,...,0[0,...,0, Agis1, - - - Azn)

be any irreducible i-fold atypical representation. Then L is a mixed tensor L =
R(\) for a unique bipartition of defect 0 and rk = n —i. Under DS

DS(L) = Ro-1(N) = L(AT)

where A is obtained from A\ by removing the two innermost zeros corresponding
to Al and A,

Proof: We apply 6~! to \. It transforms the weight diagram of \ into some other
weight diagram which might not be the weight diagram of a bipartition. However
if the resulting weight diagram is the weight diagram of an (n, n)-cross bipartition
of defect 0, then O(\) = AT and def()\) = L(AT). For AT

I:C:{/\l,/\g—l,,)\n_z—(n—@)—i—l,—n—I—z,,—n+1}
L={1-n,2—n,...;i—n,0+1—=n—XNpy14iy---, —Aan}-

Then I, NI, = {—n+1,...,—n + 1} (since the atypicality is i) and the n — i
crosses are at the positions A\j, Ao — 1,..., A,—; — (n — ¢) + 1 and the n — i circles
at the positions ¢ +1—n — A\, y144, ..., —Ao,. Define M, T, X as above. Note that
k(AT) = n —i. We distinguish two cases, either T =n —i+1ort = M + 1.
Assume first M +1 < mn — 17+ 1. Switch all free labels at positions > T and the
first n— (n—14) = 1 free labels at positions < T'. By assumption the 2n — 2i crosses
and circles lie at positions > ¢ —n and < n — i+ 1. However there are exactly
2n — 2¢ such positions. Hence the switches at positions < T' turn exactly the n V
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4. Maximally atypical modules in the space of mixed tensors 98

at positions ¢ —n,...,1 —n into A’s. In the second case T'=M +1>n—1+1
switch the first M 4+ n — 2(n — i) free labels at positions < T'. There are exactly
M +n —1 positions between M and i —n, M —n + 2i switches and 2n — 2¢ crosses
and circles between ¢ —n and T'. This results in M — n + i free positions between
i —n and T. The remaining i switches switch the i V’s. Hence in both cases 671
transforms the weight diagram into a weight diagram where the rightmost A is at
position ¢ —n and the leftmost V is at the first free position > ¢ — n and all labels
at positions > T are given by V’s. This is the weigth diagram of a bipartition of
defect 0 and rank n — . Indeed the labelling defines the two sets I, and I, and
this defines a two tuples A\l = (AF AL .. ) and A® = (A, Al ..). The positioning
of the A’s implies that AL_,,; = 0 and the positioning of the V’s implies A = 0.
Clearly A = \; > 0 and A\ > 0. Hence the pair A := (A\F, A\f?) is a bipartition (of
defect 0 and rank n — i) and §(\) = AT, It remains to compute the highest weight
of R,_1(\). The two sets I, and I, and accordingly the weight diagram of A do
not depend on n. Neither do t,m, s and the switches at positions > t. To get Af
in R, from X\ we switch the first s +n — (n — i) free labels < ¢t. To get AT in R,,_;
from A\ we switch the first s + (n — 1) — (n — i) free labels < ¢. This results in
removing the leftmost V at position 1 — n. O

Following Weissauer we call a groundstate of a block of atypicality ¢ an irreducible
representation of this block such that its weight is i) a Kostant weight and ii) all
V’s are to the left of all 2’s and all o’s. Such a weight is of the form

)\:<)\17---7)\n7i>)\n7"->)\n‘ _)\na--'a_)\n>)\n+i+17---7)\2n)

with )\n S min()\n_i, _/\n+1+i)-

4.23 Corollary. Every Groundstate of a block of atypicality ¢,i < n, is a Berezin-
twist of an irreducible mixed tensor.

4.24 Corollary. Denote by \ the weight in R,_; obtained from A\ by removing
the innermost (..., A, | Ant1,...). Then DS(L(X)) = L(A)[An41] for a groundstate
of a block.

4.5.2. Twisted symmetric powers

We classify the m — 1-times irreducible atypical modules appearing as a direct
summand in T' C R,,.

Since 6 preserves the x and o positions, I, NI, = {point} and I,UI, = Z\{point}.
Further I, < I, with the exception of a single point. We determine the possible
AE. Every jump AF > A, in MY will give a gap in the numberline. Exactly one
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4. Maximally atypical modules in the space of mixed tensors 99

gap (one o) has to appear. Since def(A) = 0 no V may fill the resulting gaps in the
numberline. Hence there can be either at most one jump of size 1 in \*, leading
to Al = (17) for some i > 0, or the A\ position is given by a cross, leading to
A= (i,0,...).

4.25 Lemma. The (m — 1)-times atypical irreducible modules are precisely the
o [(4),(19)],i>0, j#14, (i,7) # (0,0) or the duals

e [(17), ()] with the same conditions.

We call the (i;17) twisted symmetric powers. We compute their highest
weights. Clearly

Iy={i,—1,-2,..% I, =4{0,1,2, ..., j1,j+1,j+2,...}.

Since k(A) = 1 the resulting matching looks like

N

with the z at position i and the o at position j. We obtain A" by switching all free
positions > —m + 1. The first m — 1 are A’s and get turned to V’s. Hence

L={-m+1,...,—1i}, L={-m+1,...,—1,j}.
This implies AT = (4,0,...,0[0,...,0,—5), hence
R(\) = L(\") = L(4,0,...,0[0,...,0,—7)
Duals. Now we compute the highest weights of the duals. Here
In=A{1,0,—-1,...,—3+2,—j5,—j—1,...}s I, ={1—-14,2,3,4,...}.

All labels at positions > 2 will be switched as well as the first m — 1 free positions
< 2. We have to make a case distinction depending on whether z or o lies at one
of the first m — 1 positions > 1.
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4. Maximally atypical modules in the space of mixed tensors 100

Case a): The first m — 1 positions > 1 are only A’s. Then I, = {1,0,...,—m +
3,1—id}and I, = {1,0,...,—m + 3,1 — j}, hence
M=(1,1,...,1,m—i—m+j—1,...,—1).

This case occurs for i@ >m —2, j >m — 2.

Case b): Both x and o lie in that intervall. Then I, = {1,0,...,—j +
2,—j,...,—m+1}and I, = {1,0,...,2 —i,—i,...,—m + 1}, hence
A =(1,1,...,1,0,...,0/0,0,...,0,—1,...,—1)

where the gaps occur from positions j to j + 1 and from 2m — ¢ — 1 to 2m — 1.

Case ¢): x is in the intervall, o not. Then
M =(1,1,...,1] =m+4,0,...,0,—1,—1,...,—1).
Case d): o in the intervall,  not. Then

M=(1,...,1,m—i|—1,...,-1).

4.5.3. The GI(2,2)-case

We specialise to GI(2,2). We will see that most singly atypical irreducible
G1(2,2)-modules are Berezin-twists of a twisted symmetric power.

A stupid calculation shows that the atypicality condition for A = (A1, Ag| A3, Ag)
are: 1) >\1+)\3+1:0, 2) )\1+)\4:0, 3) )\2+)\3:0, 4) )\2+)\4—1:0. So a
singly atypical weight is of one of the following four types:

A= (A | = A — 1, A)
A= (A1, Aol As, = A1),
A= (A1, Ao — A2y \a)
A= (A, Aol Az, —Ae + 1)

Evidently any A with Ay — Ay # A3 — A4 is a Berezin twist of a twisted sym-
metric power. However there are singly atypical modules for which this does
not hold. For A of type 2 or 3 that cannot happen. For A of type 1, the
condition A\ — Xy # A3 — Ay forces A\; = Ao, hence the only such examples
are the A = (A, A — Ay — 1,—A; — 1). For case 4 we obtain the A of type
(A1, Aaf Ay — 220+ 1, =X + 1).
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The duals of the (,0]0,—7): If there is a A at position 1, then
M =(1,2—i| —2+4,—1).

This is always the case if 7,7 # 0. For j = 0,i > 1 AT = (0,2 —4| —1,—1), fori = 1
M =(0,0]—1,1). Fori=0, j > 1A = (1,1]j — 2,0); for j = 1 AT = (1,00, 0).
If L(\) is a module of type 1, then it is a Berezin-twist of the dual module with
j=0,1=2.1If L()\) is of type 4 it is in general not a Berezin-twist of a twisted
symmetric power or their duals.

4.26 Corollary. Not every Kostant module is a Berezin-twist of an irreducible
mixed tensor.

4.27 Lemma. The bipartitions which label (m — 2)fold atypical irreducible rep-
resentations in T’ are the following: First series:

Any [(27,1°),(a,b)] with a# —1+7r, b#1+1r+s.
and their duals [(a,b); (2",1%)]. Second series:
A= [(a,1°); (c, 1] with a > 1, ¢ > 1,¢ neq2,t > 0,t #a — 1.

and their duals.

Proof: For a bipartition which will yield an (m — 2)-fold atypical weight AT we
must have

I/\ N [\/ = {p17p2}7 I\/ U [/\ =7 \ {q17QQ}-

Further def(\) = 0. Any gap A* — A\, > 0 can’t be filled with V because a cap
would result unless at least one of the values A\l — (i —1) or A%, | —i is occupied by a
x. This gives the following possibilities for AL': (27, 1%), (a”, 1%),a > 2, (a,0),a > 2,
(27), 1°,s > 2, (a,b). O

4.6. Appendix: The orthosymplectic case

In this section we study a toy model: We divide the space of mixed tensors of an
orthosymplectic Lie superalgebra by the ideal N. Recall that for m > n we have
T/N ~ Rep(Gl(m —n)).

Here we prove the analogous result in the orthosymplectic case. As for GIl(n) there
exists an interpolating category Rep(Oy), t € k with a standard representation st.
Following Deligne [Del07] we define for ¢ = n € Z the following triples (G, ¢, X)
where G is a supergroup, € an element of order 2 such that int(e) induces on O(G)
its grading modulo 2 and X € Rep(G, ¢):
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4. Maximally atypical modules in the space of mixed tensors 102

en>0: (O(n),id,st)
e n=-2m<0: (Sp(2m),—1, st seen as odd )
en=1-2m<0: (OSp(1,2m),diag(1,—1,...,—1),st)

By the universal property [Del07], prop 9.4 the assignment st — X defines a tensor
functor Rep(O;) — Rep(G,e€).

4.28 Theorem. [Del07], thm 9.6 The functor st — X of Rep(O;) — Rep(G,e€)
defines an equivalence of ®-categories

Rep(O;) /N — Rep(G,e).

By the universal property we also have a tensor functor Rep(O;) —
Rep(OSp(n,m)) for t =n — m.

4.29 Proposition. For t = n — m we have a commutative diagram of tensor
functors

Rep(Oy)
Rep(OSp(n, m) N
Rep(G,e) ® svec.

Proof: We construct S,. Take

. (%) diag(l(,)...,l)>‘

Then x € g and [z,2] = 0. An easy computation shows rk(z) = def(g).
For any such x the formalism of [Serl(] gives a tensor functor M ~— M, from
Rep(OSp(m,n)) — Rep(G,e€). A second calculation shows that it maps the stan-
dard representation to the standard representation. Hence st — st on both sides
of the diagram. By the universal property a tensor functor from Deligne’s category
is already determined by the image of the standard representation. O

Let T denote the image of F),,, : Rep(0;) — Rep(OSp(m,n)). Instead of the
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5. Symmetric powers and their tensor products 103

above diagram we consider the commutative diagram

Rep(Oy)

T N

Rep(G ).
4.30 Theorem. We have T /N =~ Rep(G, ¢)

Proof: The functor T — Rep(G,e) factorises over T/N. The equivalence
Rep(O)/JN =~ Rep(G,e€) gives us a bijection between the irreducible elements
of Rep(G,¢€) and the indecomposable modules X in Rep(O,) with idx ¢ N. Any
X in Rep(O;) with idx € N maps to zero in T/N. Note that the image of an
indecomposable element of Rep(O;) in T'/N is indecomposable by [CW11], lemma
2.7.4 since F,, is full. This shows that the functor T/N — Rep(G, €) is one-to-one
on objects. Fully faithfullness follows trivially from Schur’s lemma. [

Similarly to the Gl(m,n)-case the maximally atypical modules of non-vanishing
superdimension in 7" are those which are parametrized by partitions of length < ¢.

5. Symmetric powers and their tensor products

We study a remarkable class of indecomposable mixed tensors living in the max-
imal atypical block for any n > 1 of Loewy length 3. They are the smallest
indecomposable modules in 7" with these properties. We then compute their ten-
sor products. This will be crucial for the evaluation of the tensor products between
the irreducible maximally atypical modules S* := [i,0,...,0].

5.1. The symmetric and alternating powers

We define
Agi := R(i; 1) = R(i) and Ay: := (Ag:)Y = R(1%4) = R(1%).
5.1 Lemma. Ifdef(\) =1, then R(\) = Ag: or Ay for some i > 0.

Proof: For def()\) = 1 there can be at most one jump A; > A;; in the bipartition,
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hence A = (a,0,...) or A = (b,b,...,b,0,...) forn > 1. For b > 1 two V will occur,
———

n

hence def(\) > 1. O

We want to compute ((i);0) ® (0;1) in R;, hence the sum >, > CS)VLCS;)R’
hence we search the pairs (k,v), (k,v*) in A7! resp (A\*)71. The Pieri rules tells
one that the only such pairs are the pairs

((0), () <= ((0), (1)) and ((1), (i — 1)) <— ((1),(1"1)).

Hence 4
(50) @ (0;1) = (i) + (1 — 1),
in R;. Now clearly lift(i) = (i) + (¢ — 1), hence

5.2 Lemma. Ag = {(i)} ® {(1°)}". Dito for Ay;.

5.3 Lemma. The Loewy structure of the Ag: is given by

Agi = (1,8 1)
Agi = (S, 8 @S2, 8 1<isn
Asn _ (Sn—17sn D Sn—2 D B—175n—1).

Proof: We sketch the computation for Agi, 1 < i < m. The module in the socle
can be computed by applying 6. The matching ¢ looks schematically like (picture
for i = 4)

N

N

with the upper cup at the vertices (0, 1) and the lower one at the vertices (i — 1,1).
To determine the remaining composition factors we search the p with u C o —*¢
¢, red(ut) = ¢. Since t and ( are fixed and the matching has to be consistently
oriented this determines o up to the position at the unique cup in ¢ at position
(i —1,7). Now consider u where p is obtained from AT = S*~! by moving the V at
position i — 1 to position i — 2. This gives a cup at position (i —2,7—1). The lower
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reduction property is satisfied and gives the weight S*~2. No other p C A fulfill
the summation conditions. The second possible case for a (switching the A with
the V in the rightmost cup, hence moving V one to the right) gives the module
(S = [i,0,...,0]. As in the case of @ = AT a second p C [S?] may be otained
by moving the rightmost V one to the left. The corresponding module is [S*~!]
and gives the second copy of [S*"!]. One can check that no other weight diagrams
fulfills the summation conditions. The Loewy layers can be determined from the
number of lower circles in red(ut) = 1. The remaining cases can be treated in the
same way. B ]

This recovers an older result of Weissauer [WeilOc] who had determined the Loewy
structures of the Agi by considering the restriction to the even part Gy.

Application: Typical ®S? As an application we sketch an explicite recursive

algorithm to compute the tensor product L(v) ® S* where L(v) is any typical

module in the m = n-case. The tensor product L(v) ® A is known since both
k

modules are in the image of F,,,. Since L(v) is projective and A = | S* | it splits
k

into 2L(v) & L(v) ® S'. Removing the two L(v) we obtain L(v) ® S!. Similarly

Lw)®@Ag = L(v)® S? @ 2L(v) ® S' @ L(v) which gives a formula for L(v) ® S2.

Iterating this procedure gives the decomposition of L(v)®S? for any i. In particular

it gives an

5.4 Corollary. Explicite algorithm to decompose L(v) ® L[a, b] where L(v) is any
typical G1(2,2)-module and L[a,b] is any maximall atypical weight of G1(2,2).

5.1.1. Alternating and symmetric powers in other blocks

By Serganova every block of atypicality k& in Rep(Gl(m,n)) is equivalent to the
maximal atypical block in Rep(Gl(k,k)). Since the Ag exist in the maximal
atypical block of any Gl(m,m) every atypical block of Rep(Gl(m,n)) contains
such that a family of modules (by abuse of notation again denoted by Agi). The
case of a singly atypical block is not very interesting: In that case the Ag: are just
the projective covers of the atypical irreducible modules. For k > 2 the Agi are
new. They are also interesting since the length of the modules in the other known
families of indecomposable modules - the projective covers and the Kac modules -
grows very fast when enlarging m.

A first try to mimick the construction in the m > n-case fails: Consider the tensor
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product {(7)} ® {(19)}¥ = R(4;0) ® R(0;1%). In R,
(;0) ® (0; 1) = (i; 1) @ (i — 1,1°71).
We have

Iy={i,—1,-2,-3,...}
I,={-(m—-n),1—(m—-n),....,(i—1)—(m—n),(i+1)—(m—n),...}

Hence

lift(i;1') = (i1°) (m # n).
A cup only arises for m = n. Accordingly the tensor product splits into a sum of
two irreducible modules

{@Ore {0} =Gl e6E-1,171).

Since the Agi do not appear in T" we neither have an interpretation as Khovanov
modules nor as modules in the Deligne category. In order to do so one has to know
the analogs of the S* in some random atypical block under the block equivalence.
This is possible via Serganova’s algorithm to associate to a k-fold atypical weight
in Rep(Gl(m,n)) the corresponding k-fold atypical weight in Rep(Gl(k,k)).

Extensions panachees. We recall from |Gro72], vol.1, IX.9.3 and [Dro09], ch.4
the notion of extension panachee: Given x € Ezt'(P,R), y € Exzt'(R,Q), their
Yoneda product is an element of Ext*(P, Q). It is zero iff there exists a module
M with a filtration

M=X,D2X; D Xy,DX3={0}

with quotients Xo/X; ~ P, X' /X? ~ R, X? = Q with x corresponding to Xy/X5
and y to X;/X3. We apply this for i # m to

Si—l
Agi = [ St 52
Si—l

We put P = S"! =Q and R = S*® S 2. Clearly Ag: is an extension panachee;
so the Yoneda product z ey equals zero for x € Fxt!(P, R), y € Ext*(R,Q). This
gives a way to define Ag: in any block of atypicality r by saying it is the extension
panachee corresponding to the vanishing Yoneda product of x and .

5.2. The tensor product Ag ® Ag;

We derive a closed formula for the tensor product Ag ® Ag;.
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5.2.1. The GI(1,1)-case

5.5 Corollary. The atypical GI(1,1)-modules in T" are the Ag: and their duals
Apj. They are the projective covers Agi = P[i — 1] and Ay; = P[—j + 1].

Proof: This follows since the defect of (i,0,...) and (1%,0,...) is maximal for
GI(1]1). O

5.6 Corollary. In GI(1|1)

Agi & AAj :ASHH\H @ 2As|ﬂ'+jl+1 S¥ ASH’H\
Agi ® Agi =Agi+vi ®2- Agivi—1 @ Agitj—

Proof: This is just rewriting the known formula (a,b € Z)

Pla)® P(b)=Pla+b+1)®2P(a+b)®Pla+b—1)
from [GQSO07].
Let us assume from now on m,n > 2.

5.7 Lemma. After projection to the maximal atypical block (n > 2)

Agi @ Api =Agi—iviire @ 2Ag1-ivji1 @ Agi—ivy © Ry
ASZ’ X Asj :ASH-]' D2- A5i+j—1 ) Asi+j—2 ® Ry

where R, and Ry are direct sums of modules which do not contain any Ag: or A,;.

Proof: This follows from the GI(1]|1)-case and the identification between the pro-
jective covers and the symmetric and alternating powers. In GI(1|1) [GQS07]

Pla)®@ P(b)=Pla+b—1)®2P(a+b) @& Pla+b+1).

Hence this formula holds for the corresponding Ag: respectively A,;. It then holds
in Rep(Gly) and hence in any Rep(Gl(m|m)) up to contributions which lie in the
kernel F,,, : Rep(Gly) — Rep(Gl(m|m)) and which are not (1, 1)-cross. O

We carry out the tensor product decomposition in Rep(Gly). Recall that this
consists of three steps: i) take the lift Ry — Ry; ii) decompose the lift in R,
according to Comes-Wilson, iii) take lift~!. From the resulting sum in Rep(Gly)
we remove the terms in ker(F,) and get the result in R,,.
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Lifts: Clearly lift(:) = (i) + (i — 1), lift(1") = (1*) + (171). In order to compute
the tensor product Ag: ® Ag; we have to compute the tensor product (i) ® (j) &
He(i-De@-1)e@ei@—-1)e(G—1)in R.

We derive first a closed formula for (i) ® (j) in Ry, ie. ((4,0,...),(1")) ®
(4,0,...),(17). Without saying we often restrict to the maximal atypical case
where v* = (v1)* and omit the other factors.

e The contribution ) _, cgfac[’;i]: Here A\® = (1%) and pt = (5,0,...).
iow the Pieri rule gives (u)™! = (0,5),(1,5 —1),...,(j — 1,1),(J,0) and
(A®)~L = (0,19, (1,171Y),...,(1%,0). In the sum over all bipartitions v we
consider only those with v* = (v#)*. This condition permits only the pairs
(0,4) <> (0,17) and (1,7 — 1) <+ (1,1771) (to have same 7).

e The contribution >, _,c:, Ff;- Here u® (1j) A= (z) As in the
previous case this gives only the possibilities ¢ ZCO , and ¢ e 161 Lot

Hence the sum

L R L R
Z ( Ci,adi,ﬁ)(Z CZ,QCLV?J]>

07577779 KEP ’YEP

collapses to

Yy 19 1 1t j
(COzCO 1 T Clz 161,15 1) (CO,liC(j),j_’_cl,li*lCJl,jfl)'

This corresponds to the choices

e D)n=1"1 0=j—1.

Only for these choices AC, AD, BC, BD can there be a non-vanishing contribu-
tion cgfacl’gz. We assume always v- = (v7)*.

e The AC-case: c” cl 1Z(VL, v®). By the Pieri rule v¥ can be any of (i+7), (i+

j—11), (i+j—2,2),... and v any of (1°"7), (2,172 ... (i,]i — j]|).
Hence the following bipartitions v appear with multiplicity 1:

(t+7),0G+75—11),...,((max(i,j), min(i,7)).
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e The AD-case: c;-j;_lc’l’fli_l. Restricting to v* = (v)* we obtain

L R .
e The BC-case: c;’_ljc’l’j_1 i~ Here v is any of

ve{(i+j5—-1,6+75—2,1),...,((max(i,7),min(i,7) — 1))}
e The BD-case: c;-’_LLj_lc’l’f_ljli_l. Here
ve{(i+7—-2),6+7j—3,1),...,(max(i — 1,7 —1),min(i — 1,7 — 1))}
Summary: Hence

(1) ® (j) =

(t+7)+G@+7—11)+...4 ((max(i,7),min(i, j))

+(i4+7—1)+GE+7—2,1)+...+ ((max(i, j), min(i, j) — 1))
+i+i—D+G+75—2,1)+...+ ((max(i,j),min(i,j) — 1))

+((+7-2)+0G+7-31)+...+(max(i—1,7—1),min(i— 1,7 — 1)).

We want to compute R((i)) ® R((j)). We know lift(i) = (i) + (i — 1). This gives
in By ((()+(@—=1))- () +0G=1) =@ +@O0G-D+0-1)0G) +E—-1)(—1).

The special case j = 1,i > 1: Then (j — 1) = 0. In this case lift((i) ® (1)) =
(Hel)e@ae(@—1)@ 6l —1)®(1). In R, we have

(@1)=0G+1)+ G 1) +20)+ (G —1)
so that
lift(i)@ (1) =0G+1)+ (G, 1)+46)+ (G —1,1)+40G — 1) + (i — 2).
After removing the contributions which will lead to Agi+1 & 2Ag & Agi-1 we are
left with (é,1) 4+ (i) + (i — 1,1) + (¢ — 1). Hence
5.8 Lemma. Fori > 2
Agi ® Agt = Agit1 D 2Agi D Agi-1 @ R(Z, 1).
In the general case we add up the contributions ((¢)+ (i —1))-((j)+ (7 —1)) =

O+ @)G—1)+GE—1)(j)+(i—1)(j—1). All the summands are of the following
type: (a,0), (a,b),a >b>0,(a,a),a >0. We have

lift(a,b) =(a,b) + (a,b— 1)+ (a—1,b) + (a—1,b—1) a>b>0
lift(a,a) =(a,a)+ (a,a— 1)+ (a —1,a—2) + (a — 2,a — 2).
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After removing the contributions in R; which will give the Agi+; ® 2 - Agitj—1 @
Agi+j—2 and applying successively the liftings from above we get the following
decompositions. We assume m =n > 2, 7+ > j:

Recall that for i > 1, 7 =1

Agi ® Agt =Agiv1 ®2-Agi B Agi
@ R(i, 1).
For i > 2,7 =2 we get

Asi X ASQ :Asi+2 D2- ASH—I I, Asi
©R(G+1,1)@R(,2) B2 R(i,1) @ R(i — 1, 1)

Assume now ¢ > 2, j > 2 und ¢ # j (for i = j see below) and ¢ > j. Then

Agi ® Agi =Agi+i ®2- Agivi—1 @ Agitj—

R(i+j—1,1)

R(i+7—22)®2-R(i+j—2,1)

Rii+j—33) @2 -Ri+j—32)@R(i+j—3,1)
Rii+j—4,4)®2-R(i+j—4,3)@R(i+j—4,2)
Rii+j—55 @2 -Ri+j—54) ®RGi+j—5,3)
R(i+j—6,6)..
R(i,j)EBQ'R(z,j—1)@]%(2’,]’—2)
R(i—1,5—1).

Now assume 7 = j. For ¢ = j = 2 we get:

Age @ Age =Aga B2 -Ags B Age
S¥ R(3, 1) D R(2, 2) d2- R(Q, 1).

Now i = 7 > 2. Then
Agi ® Ag;j :Asi+j B2 Agivi-1 & Agitj—-

R(i+j—1,1)

R(i+7—2,2)®2-R(i+j—2,1)
R(i+j—33)@2 R(i+j—3,2) @R +j—3,1)
Rii+j—4,4)®2-R(i+j—4,3)@R(i+j—4,2)
R(i4+j—505) @2 -R(i+j—54) & R(i+j—53)
R(i+j—6,6)&..

R(i,j) ®2- R(ZJ—l)@R(ZJ—2)
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We get the same result as for ¢ # j with omitting the last factor ®R(i + j —
min(i,j) — 1,min(i, 5) — 1).

Example We then obtain the following formula

Age @ Age = Aga ®2Ags A2 ® R(3,1) d R(2,2) ® 2% R(2,1)
Ags @ Age = Ags D2Aga P Ags @ R(4,1) D R(3,2) @2+ R(3,1) ® R(2,1).

Highest weights The highest weights appearing in the socle and head of these
indecomposable modules are (4,1) with highest weight [3,0,...,0], (3,2) with
highest weight [2,1,0,...,0]], (3,1) with highest weight [2,0,...,0]], (2,2) with
highest weight [0,0,...,0] and (2,1) with highest weight [1,0,...,0] where one
should insert the appropriate number of zeros depending on m.

5.3. The tensor products Ag: ® A,

We derive a closed formula for the tensor product Agi ® Ag;. We have
lift(he M) =0 Me(i-NeM)e@e @l He(i-1)e (7).
in the Grothendieck ring R,.

We may assume that j > 1 since Agi ® Ay1 = Agi ® Agi. We may also assume
that i > j since (Agi ® Api)Y = Api ® Agy.

We compute (7)®(17) in R;. Recall the classical Pieri rule (i)®(17) = (i+1, 17" ®
(3,19).

® > e Czé’LQCE;Z We evaluate this for A= (‘li), ,LLLA = (V). A(AR)_l =
(0,1%), (1,1°7Y),...,(1%0) and (u)—1 = (0,17), (1,1971),...,(19,0). Pairs
with the same ~ are
(0,1) (0, 1Y),
(1,17 < (1,177h),

ey

(1min(i,j)7 1z'—|z'—j\) o (1min(i,j)’ 1j—|i—j|)_
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* > . p céLac’:; Here uf* = (j), A = (i). Here the permitted pairs are the

(0,7) < (0,7),
(Li=1) < (1,5 -1),

(min(i, j), (i = |i = j|) < (min(i, j), (G = |i = j]).

The big sum collapses to

(€060 + - - & Conini.g).i—li—51 Cmnin(ing) j—liil)
16 19 1% 17
(Co,lico,ld +.o.t Cmin(i,j),l"*“*ﬂCmin(i,j),lj*“*ﬂ)

We multiply these sums and identify c(l)ili = c(l)jli etc and ignore squares since all
the coefficients ¢ are 1 anyway.

We have to evaluate >, >, 5,4 cgfecgf;u. The following values for these for
a, 3,1, 60 give non-vanishing coeflicients (let t = min(i, j)):

ea)a=1i =]

ebla=i—-1 g=j—1

o ...

et)a=i—t f=j5—1
and

ea)yn=1,0=1

o t)np=1"" =11
This gives (t 4+ 1)? non-vanishing products, namely aa’, ab’, ..., at, ba’, bb’, ...,

tt. iow we use (i) ® (1V) = (1 + 1,1771) & (4, 17) in order so see which ones will
give maximally atypical v.

112



5. Symmetric powers and their tensor products 113

iow I'Y |, = >, 59+ = 0 unless the indices form one of the admissible tuples
ad', abl, ..., at’' ba’,bb, ... tt'. A bipartion v will appear iff there exists an admissi-
ble tuple such that cgfecg’; # 0. The classical formula (1)®(17) = (i+1, 1971 & (4, 19)
tells us that such a v is necessarily of the form

v= [<n7 1ﬁ)? (ﬁ + 1, 1n_1)]
for n,n in a suitable range. We have

()™= (n,1") resp (n—1,1"1)
(VL)_1 =(n+1, 1"_1) resp (n,1")

Hence a given v can be realised in maximally 4 different ways: Through either one
of

ei)a=n0=1"3=n+1n=1""1
eii)a=nd=1"3=nn=1"
eiii)a=n—-1,0=1""" B=n+1n=1""1
eivia=n—1,0=1""B=nn=1"

Define a(v) = the number of cases i) - iv) which are fulfilled. Then

A= @ INRZE @ a(v)(n,1).

nef{i—t,....i},ne{i—t—1,...,5}

We carry out the summation Zfzo ZZ’:O K.

We first treat the partial sum aa’ 4+ ab’ + ... at’. In that case only aad’ and ab’ give
a contribution. aa’ yields (i + 1,177!) and (i, 17) and ab’ yields (i, 1771).

Now consider a generic summand k', ¢ # a,t. The corresponding product of the
Littlewood-Richardson coefficients is

L R
4 4
Ci115-kCj_f it

The possible v* are of the form
v =G =1+ 1,077 = (-1,
and the possible v# are of the form

=G —k+1,177Y, vi=(G—k17.
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We only consider v with v® = (v*)*. We have
() = — k17

This is equal to one of the two v® for k = [ in which case we get (vF) and (vF) as
a contribution. The pair Ik will not give any contribution for k ¢ {l — 1,1,1 + 1}.
For [ = k+1 we get the contribution (L) and fpr | = k —1 we get the contribution

(1)

The sum ta’ + ...+ tt’ gives the contribution

(i—j+D@i-j) i>]
L) @ (V) >
(1) @ (0) i=

Hence we obtain the following closed formula:

(Z) & (1j) — (Z + 1’ 1]'*1) @ (i, 1]') 2 (i, 1]'71)
o@Pli-LV " e -1V e -1+ e -1+ 1,17)]
=1
G—j+D)@GE—3) i>]
Gq e W) j>i
(1) @ (0) i—j

We apply this formula to the four summands of lift((i) @ (17)), (i) ® (19), (i —
1) ® (1Y), (i) ® (1771, (1 —1) ® (171). The contributions in the total sum are
either of the form (i) or (17) or (i,17). We have

lift(i, V) = (i, V)@ (i — LV)& (i, ) & (i—1,177").

From the GI(1,1)-case we know that the contribution of the alternating and sym-
metric powers will be given by (i > j)

Agi ® Ay = As|7i+j|+2 D 2A5\7i+j\+1 D Aspiﬂ‘l bR

and by
Agi @ Api = Agio B2AD AN DR

for ¢ = j for some R-term which does not involve any alternating or symmet-
ric powers. Removing all the corresponding bipartitions from the total sum and
working downwards as in the Agi ® Agj-case we obtain the final result:
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For ¢ = j = 2 we obtain:
Age @ Ape = Agiy ®2A D Ay © R(3,1) @ R(2,1%) ® 2R(2,1)
and for ¢ > 7 = 2 we obtain
Agi @Ay = Agi ©2Agi 1 D Agi 2 @R +1,1)® R(1,1%) ®2R(i,1) ® R(i — 1,1)
The general formula is for ¢ > j > 2 as follows:

Agi @ Api =Agi—itjiz @ 2Ag-i4j141 D Agi-ity|
SR(+j—(j—1),177)
®RG+7—719)®2R(G, 1Y @ R(i,177?)

OR(i+j—k1@®2-Rli+j—k1"Y®R(Gi+j—k 172
®...

ORGi—j+2,1)@®2-R(i—j+2,1)

®R(i—j+1,1).

For i = j > 2 one has to remove the last term R(i —j + 1,1).

We list some sample computations:

Ags @Ay = Ags D20 D Ag © R(4,1) @ R(3,1*) ®2R(3,1) ® R(2,1)
Ags @ Aps = Age ©2A ® Ape @ R(4,1%) @ R(3,1%) ® 2R(3,1%) @ R(3,1)
® R(2,1*) @ 2R(2,1)
Ago ® Aps = Ags ©2A g © Age @ R(10,1%) @ R(9,1°) ® 2R(9,1%)
® R(9,1°) @ R(8,1*) ® 2R(8,1°) @ R(8,1%) @ R(7,1%) ® R(7,1%)
® R(7,1) @ R(6,1*) ® 2R(6,1) ® R(5,1).

5.4. The Example Gi(2,2)
As an example let us compute the GI(2|2)-case explicitely. Let A be a bipartition.

o If rk(\) =2, R(\) is irreducible typical; and every typical module occurs as
some R(\)
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o If rk(A\) = 1, the defect of X is either 0 or 1. If it is zero, the irreducible
modules are the twisted symmetric powers and their duals studied in the last
chapter. If the defect is 1, R(\) = P(AT).

o If rk(\) = 0, R(\) is maximally atypical. We focus on this case for now.
The defect is either 1 or 2, leading either to the alternating and symmetric
powers or to the projectice covers P([a,b]).

We will not make use of the characterization of the projective covers and calculate
everything explicitely.

The condition (2, 2)-cross means: There exists ¢ € {1, 2,3} such that \;+ A%, ., ;, <
2, i.e. one of the following three conditions should hold:

This gives the following possibilities for partitions # 0:

i=1:A=(1,%,...), A=(2,%,...)
i=2:A=(%0,...), A=(%1,%,...)
i=3:A=(%0,...), A= (%x0,...)

where * is any number > 0 such that A is a partition.

Case 1: A =(a,0,...), a> 0. In that case X =a, k(\) = 1. One obtains
M =[a—1,0].

Case 2: A\ = (a,b,0,...), b # 0. In that case k(A\) = 2 unless a = b = 1 where
k(A) = 1. For a > 1 and a > b we obtain

M=1la—1,b—1].

In the second case we obtain
A =11,0].

Fora=10,a, b>2
M=T[a—2a—2].

Case 3: A\=(1,1,...,1,0,...),a>0. Fora>1k(A\) =1, X =1—a and
——

M =1[1,2 —ad].
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Fora=1
A =11,0].
Case 4: A\ =(2,2,...,2,1,...,1,0,...) and a > 0, b > 0. Then k(\) =2, X =
—— —

a b
2 —a and

M=[1-a1-a-"].
The case a = 0 has already been treated. For b =0 (and a > 0)
M=[l—-a,1-ad.
Case 5: \ = (a, 1,14’.,_1/,0,...). Assume a > 1, b > 0. Then k(A\) =2, X =a

and
M=Tla—1,-1].

We see by direct inspection:

e Every maximally atypical weight appears as a Af.

e For the following highest weights there exist precisely two bipartitions in the
fiber:

— highest weights of the type [1, —al,a > 0,
— highest weights of the type [a — 1,0],a > 2.

5.9 Theorem. (Gl(2,2)-case) a) Assume that \' # 1. The weight A" determines
R(\) uniquely up to projective covers. b) The only non-projective modules among
the R(\) are the symmetric and alternating powers. c¢) Considering only non-

projective and indecomposable modules we have Ay ~ R()). d) R(\) is projective
iff def(\) = 2 (i.e. maximal).

Remark: For m > 3 the analogs of statements a,b,c) are wrong.

Duals We compute the duals of the irreducible modules in the maximal atypical
block following the recipe from section 2. Since every such module is a Berezin-
twist of one of the S* we may restrict to these case. The projective cover of
S = [4,0] is the module R(i + 1,1). The conjugate partition of (i + 1,1) is
the partition (2,1"). Hence the dual of the projective cover P[i,0] is the module
R(2,1%). Via the list above the irreducible module in the socle has weight [1,1—1],
hence
() = [1,1 ],

ie. S*= Ber™1(S%)V. In particular the representations Ber~'S**! are selfdual.
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6. Cohomological tensor functors

In the last two chapters we sketch an approach to determine the reductive group
G, — G attached to an maximally atypical irreducible representation in R,,.
In chapter 6 we review shortly the main result about the image of an irreducible
representation under DS We also determine the kernel of DS and show, how the
main theorem implies a formula for the modified superdimension.

6.1. The Duflo-Serganova functor

We have already studied the Duflo-Serganova functor
DS : Rmn — Rmfr,nfr

where 7 is the rank of the fixed element x € X. We fix an element x of rk(z) =1
such that DS maps the standard to the standard representation. Define the functor
H*(V) via

H': R, — R,_1 =" R,_1
where pr : R, 1 — R, is the projection onto the even part of R, = R,, & R,[1].
Then we define H~ by the decompositon DS(V) = H(V) @ IIH (V). For H*
and H~ the long exact sequence defines an exact hexagon in R,,_;

H*(A) — H™(B)

\
H*(C)
/
~(B)~—— H~(A).

We refer to the sections 6-11 in [HW13] where refined versions of these cohomology
functors are studied.

6.1 Theorem. Suppose L(\) € R, is irreducible and atypical so that A corre-

sponds to a cup diagram
.,

U[ajvbj]

Jj=1

with r sectors |a;, b;] for j =1,...,r. Then
DS(L(A)) =~ @) L(A)[n]
i=1
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with shift n; as in [HW13]. The irreducible representation L(;) is uniquely defined
by the property that its cup diagram is

r

[CLZ—F].,bl—].]U U [aj,bj].

=1,

In other words: To each fixed sector of A corresponds a summand in DS(L(\)).
This summand has the same sector structure as A except that we we remove the
outer cup of the given sector.

Example: If L is a ground state of a block of atypicality < n, L is a mixed
tensor. By the permanence properties of the mixed tensors under DS, DS(L())) =
L(M\)[Any1] (see chapter 4). This example is very important since it will give us
the induction start in the proof of the theorem.

Example. Let L(\) = [2,2,0] in R3. Then A has the following cup diagram
=

with the two sectors [—2,—1] and [1,4]. Hence DS([2,2,0] will split into two
maximally atypical irreducible modules in R, namely in the module with cup

diagram
N

and the module with cup diagram

N N

The corresponding irreducible modules are [2,2] and [2, —1] with signs 1 and —1.
The parity shift is then given by ny = 0 and n; = 1, hence

DS(L(2,2,0)) = L(2,2) & L(2, —1)[1].
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6.2. The kernel of DS

Support varieties. We review some results from [BKN10], [BKN09D] and [BKNQ9a]
on support varieties and the connection to DS. Let (£) be the Lie superalgebra
generated by an odd vector £ with [{,&] = 0. Then () is an abelian Lie superal-
gebra. It has two indecomposable modules: The trivial module and its projective
cover U((£)). For ¢ in the cone X = {{ € g7 |[§, €] = 0} the condition M, # 0 is
equivalent to the condition that M is not projective as a U((£))-module [BKN09a],
3.6.1. By [BKN094 Vo (M) is canonically isomorphic to the rank variety

VIR(M) = {€ € gz1) | M not projective as a U((z)) — module} U {0}.

9(+1)

By [BKNI10], prop 6.3.1 it satisfies

Vrcmk<M ® N) — Vrank(M) N Vrank(zv).

9(£1) 9(£1) 9(£1)

We have further the associated variety of Duflo and Serganova

Xy ={§€ X | M #0}
={{ € X | M is not projective as a U(< £ >) — module} U {0}.

By the rank variety description of V; , (M) then

(:tl)(

v

9(—1

)(M)UVQ(U(M)QXM , Vi

B(ﬂ)(M) =Xy N @) -

Kac and anti-Kac objects. We denote by CT the tensor ideal of modules with a
filtration by Kac modules (Kac objects) and by C~ the tensor ideal of modules
with a filtration by anti-Kac modules (anti-Kac objects). We quote [BKN09al,
thm 3.3.1, thm 3.3.2

MeCh <V, (M)=0
MeC &V, (M)=0.

9(—-1)

Hence a module M is projective if and only if V4, (M) =V, _ (M) = 0.

Vanishing criterion. For any £ € X there exists g € Gl(n) x Gl(n) and isotropic
mutually orthogonal linearly independent roots ag,..., a4 such that Ad,(§) =
& 4 ...+ & with & € go,. The number k£ is called the rank of £ [Ser10]. By a
minimal orbit for the adjoint action of Gl(n) x Gl(n) on g(+1) we mean a minimal
non-zero orbit with respect to the partial order given by containment in closures.
Let {& | ¢ € I} be a set of orbit representatives for the minimal orbits on g(;) and
{y: | i € I} one for the minimal orbits on g(_1). In both cases one has a single
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minimal orbit. The n orbits for the action of Gl(n) x Gl(n) on gy are [BKNQO9al,
3.8.1

(w)r = {0 [r(€) =7}, 0<r <n}

with closure (gq1y), = {€ € gy | 7(€) < r}, hence (gu))r C (g))s if and only
it r < s. The unique mlnlmal orbit is then the set (g()):, which is the orbit
of the element x defined earlier. The situation is analogous for g_i). A slight
modification of [BKNQ9a], thm 3.7.1 and its proof gives

6.2 Theorem. If¢ € g1y then C~ C ker(DS;). If € € g(_1) then C* C ker(DSg).
If rk(§) = 1, then ker(DSg) C~ for £ € gy and ker(DSe) = C* for € € g(_y).
For £ = x we have M, =0 iff M € C~ ande:Oiﬁ”MEC”“.

Proof. Let M € C~. Then Vg, (M) = 0. Hence

{€eaq | Mg #0} =0.

Similarly for M € C*. Conversely let M = 0 for £ € g(1) of rank 1. Since V£4(1>(M)
is a closed Gl(n) x Gl(n)-stable variety it contains a Closed orbit. Since the orbits
(8(1))m are closed only for m =1, V(M) # 0 if and only if it contains (g()):-

But M = 0 implies

€ ¢ V(M) = Vy, (M),
hence Vg, (M) = 0, contradiction. Likewise for § € g(-1). O

6.3 Corollary. Let x € (gu)):. Then:
1. M is projective if and only if M, = 0 and M,, = 0.
2. M is projective if and only if M, =0 and M} =0
3. If M = M*, then M is projective if and only if M, = 0.

Proof. M, = 0 implies V(M) = 0 and M, (,) = 0 implies Vg _ (M) = 0, hence
i). (ii) and (iii) follow from [BKN09al, 3.4.1
Vg(il)<M*) = T(‘/g(:;l)(M))-
]

Ezample. [BKN09a], 3.8.1 For any M we have Vg (M) = (g(1)), for some r and

Voo (M) = (g(-1))s for some s. If M is either a Kac module, or an anti-Kac
module or an irreducible module of atypicality & [BKN09a], 3.8.1 and

VE(ﬂ) (M) = (g(:tl))k-
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6.3. Modified superdimension

The main theorem gives a closed formula for the modified superdimension of an
irreducible module in R,. For the normal superdimension such a formula was
found in [WeilOb].

Modified superdimensions and Kac-Wakimoto . We recall some definitions and
results from [Kujl1], [GKPMI1] and [Ser10]. The following definitions are copied
from [KujlI]. Assume m > n. Denote by cyyw : V@ W — W ® V the usual flip
v@w = (—1)POPWy @y, Put ev), = evy o cyvv and coevi, = cyyv o coevy. For
any pair of objects V, W and an endomorphism f:V @ W — V ® W we define

tri.(f) = (evy ® idw) o (idyv @ f) o (coevy, oidy,) € Endr(W)
trr(f) = (idy ® evy,) o (f @ idwv) o (idy ® coevy ) € Endyr(V)

For an object J € 7T, let I; be the tensor ideal of J. A trace on I; is by definition
a family of linear functions

t={ty: End7, (V) — k}
where V' runs over all objects of I; such that the following two conditions hold.

1. If U € I; and W is an object of T, then for any f € Endr, (U ® W) we have
tvew () = tu (ta(f)).
2. If U,V € I then for any morphisms f:V — U and g : U — V in 7T,, we have

tv(go f) =tu(fog).

For V an object of R,, a linear function ¢t : Endr, (V) — K is an ambidextrous
trace on V' if for all f € Endy, (V ® V) we have

t(tL(f)) = ttr(f))-

An object is ambidextrous if it is irreducible and admits a nonzero ambidextrous
trace.

6.4 Theorem. [Kujll|, thm 2.3.1 Let L be irreducible. If I, admits a trace then
the map tj, is an ambidextrous trace on L. Conversely, an ambidextrous trace on
L extends uniquely to a trace on I;,. The trace on I}, and the ambidextrous trace
on L are unique up to multiplication by an element of k.
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Given a trace on I, {ty}ver,, define the modified dimension function on objects
of I; as the modified trace of the identity morphism:

dy (V) = ty(idy).

6.5 Theorem. |Serl(] Let J be irreducible. Then J is ambidextrous and if L is
another simple supermodule with

atyp(L) < atyp(J),

then L is an object of I; and
atyp(L) = atyp(J) if and only if d;(L) # 0.

Tensor ideals. Recall from chapter 3 that by [Serl(] any two irreducible object
of atypicality k generate the same tensor ideal. Therefore write I, for the tensor
ideal generated by any irreducible object of atypicality k. Clearly Iy = Proj and
I, = T, since it contains the identity. This gives the following filtration

Proj:IOgllg---InflgIn:Tn

with strict inclusions by [Serl(] and [Kujl1].
The projective case. Define for any typical module the following function

(A +p,a)

o) TL )

ozEAIr

ar) = I]

aeAg

with the pairing (,) defined in chapter 1. Then d(L()\)) # 0 for every typical L(\).
By [GKPMII], 6.2.2 for typical L

Since the ideal [ is independent of the choice of a particular J and any am-
bidextrous trace is unique up to a scalar, we normalize and define the modified
superdimension on [y to be

sdimg(L) := d(L).

A formula for the superdimension. Applying DS iteratively k-times to a module
of atypicality k£ we obtain the functor

DS*:=DSo...oDS: T, = T, »
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which sends M with atyp(M) = k to a direct sum of typical modules (possibly
Z€ero).

We know that an ambidextruous trace exists on [ and is unique up to a scalar.
This applies in particular to Iy where we have normalized it already. Call this
trace t. Now we define for M € I,

where fpgr(ar) is the image of f under the functor DS k. We claim that this actually
defines a nontrivial trace on I. Let M = L be irreducible. Then

tL(’LdL) = t%Sk(L)<ZdDSk(L))

Now we compute DS¥(L). By the main theorem the irreducible summands in
DS(L) are obtained by removing one of the outer cups of each sector. Applying
DS k-times gives then the typical module in 7}, given by the cup diagram of L
with all V’s removed. Applying DS* to any other irreducible module in the same
block will result in the same typical weight. We call this unique irreducible module
the core of the block L®. Hence DS*(L) = my(L) - L®" & my(L) - L*"[1] for
some my (L), ma(L) which can be calculated explicitely from the structure of the
cup diagram of L. However by the sign rule of the main theorem one of m4(L)
and my(L) is zero. Hence

t%Sk(L) (ZdDSk(L)) — tpDSk(L) (del(L)Lune) # 0

Therefore this defines a nontrivial trace on .
We define

Now one should determine m(L). For L maximally atypical DS*(L) = V for some
super vector space of superdimension (—1)?™m()\) by Weissauer’s superdimension
formula where m(\) is some constant explicitely given in terms of the cup diagram
of L = L(\). On the other hand DS™(L) : T, — Ty = svec gives a super vector
space of the same superdimension, so clearly m(L) = m()\). Note that m(\) can
be defined equally well for any block of atypicality k (using Weissauer’s recursion
formula) and this formula ignores any crosses and circles. Likewise the rule for
m(L) given by the refined conjecture ignores any crosses and circles as well, hence

m(L) = m(A).

6.6 Theorem. For any irreducible module L()\) of atypicality k we have
sdimyg(L(X)) = £m(X) - sdimoL"
for some sign as in [HW13].
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7. The Tannaka group of an irreducible representation 125

7. The Tannaka group of an irreducible
representation

The formalism of cohomological tensor functors permits us get information about
the R,-case from the R,_;-case. Hence the G(2]2)-case plays a special role.

7.1. Tensor product decomposition in the R,-case

We compute the tensor product of any two maximally irreducible modules in R..
The summands in S? ® S? which are not maximally atypical are computed for any
n > 2.

7.1.1. The Ry-case: Setup

Every maximally atypical irreducible representation L(\) = [A1, A2] is a Berezin
twist of a representation of the form S? := [;,0] for i € N. The Ext-quiver
of the maximal atypical block I" of Ry can be easily determined from [BSI10a].
It has been worked out by [Dro09]. For all irreducible modules in I'" we have
dimExt*(L()\), L(p)) = dimExt'(L(), L(\)) = 0 or 1. The Ext-quiver can be
picturised as follows where a line segment between two irreducible modules denotes
a non-trivial extension class between these two modules and where an irreducible
module [z, y] is represented as a point in Z2.

Bi+3 Bi+3g1 .
Bit2 Bit2g1 Bit242 .
Bit+1 Bitigl Bi+142 Bitlg3 ..
Bi /BJsl/ Big? Big Big
A
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7. The Tannaka group of an irreducible representation 126

The Loewy structure of the projective covers of a maximally atypical irreducible
module can also be computed from [BS10a] or be taken from Drouot: For [a,b],a =
b+ k,k > 3 the Loewy structure is

By kSk
Ba—ksk—i—l o) Ba—ksk—l D Ba—k—lsk—H D Ba—k—i—lsk—l
QBa—k:Sk D Ba—k—lsk—l-Q @ Ba—k—lSk D Ba—k+25’k—3
Ba—kSk—i—l D Ba—kSk‘—l o) Ba—k‘—lsk—‘rl D Ba—k—i—lsk—l
Ba—ksk

For [a,b],a = b+ 2 the Loewy structure is

Ba_252
Ba7253 P Ba7251 o) Ba7353 o) Baflsl
2B*7*5* @ B* St @ B* S @ BIS? @ B @ B2
Ba—2s3 o Ba—2sl o Ba—353 P Ba—lsl
Ba_252

For [a,b],a = b+ 1 the Loewy structure is

Ba—lsl
Ba—lSZ @ Ba—l @ Ba—QSQ @ Ba @ Ba—2
2B*7'S' @ B**S* @ B**S' @ B*S'®
Ba7152 D Bafl P Ba7252 o Ba P Ba72
Ba—lsl
For [a,b],a = b the Loewy structure is
Ba
Basl D Ba—lsl D Ba+151
2 B P Ba—l o) Ba—2 o) Ba_152 o) BaS2 o) Ba+1 o) Ba+2
Basl D Ba—lsl o) Ba+151
Ba

7.1.2. The Rsy-case: Mixed tensors

We specialise the general formula for the symmetric powers to the GI(2]2)-case.
There all the R(a,b) are projective as in . In this case the following decompo-
sitions hold after projection to the maximal atypical block.
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First the result Agi ® Ag; for 7,7 < 2: We have

Agt @ Agt =Ag O 2Ag1 ® AL,
Agi ® Agi =Agir1 B2 -Agi DAgi1 @ P[Z -1, O]
Agi ® Age =Agiv2 B2 Agiv1 @ Agi

@ P([i,0) @ P(li —1,1]@2- P([i — 1,0]) @ P([i — 2,0])

where we assumed ¢ > 1 respectively ¢ > 2.
Assume now ¢ > 2, j > 2 und i # j (for i = j see below), wlog i > j.

Agi ® Ag; :Asm D2-Agitvi-r @ Agivj—2

Pli+j —2,0])
Pli+j—-31@®
Pli+j—4,2|®
Pli+j—53]@
Pli+j—6,4 @
Pli+j—175 @
Pli—1,5—-1]®2-
Pli—2,j-12].
Fori=j=2
Age @ Age

For ¢ = j > 2 we have

Pli+j —3,0]

Pli+j—4,1® Pli+j —4,0]
+Pli+j—5,21®Pli+j—5,1]
Pli+j—6,3|® Pli+j—6,2]

= Ag1 ® 2Ags © Ag2 @ P[2,0] & P[0,0] & 2P][1,0].

Agi ® Agi =Agiti D2 Agivi—1 D Agivj—2

Pli+j —2,0])
Pli+j—31®2-
Pli+j—4,2®2-
Pli+j—523®2-
Pli+j—64®2-
Pli+j—75&..
[

Pi—zi—m@z-Pw—Li—
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Pli+j—3,0]

Pli4+j—4,1@® Pli+j—4,0]
Pli4+j—5,2]@Pli+j—5,1]
Pli+j—6,3|® Pli+j—6,2]

2@ Pli—1,i—3].
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7.1.3. The Ry-case: Ky-decomposition

The tensor product decomposition of the Agi ® Ag; along with the knowledge of
the composition factors of the indecomposable summands permits to give recursive
formulas for the Ky-decomposition of the tensor products S* ® S7. Due to the
asymmetry of the formulas and the asymmetry of the K_-decompositions for Ag:
and Pla,b] for small i and a — b we compute the tensor products for small 7 and
7 first. As before the Ky-decomposition is only derived up to contributions which
are not in I'.

The Ky-decomposition S! @ S follows immediately from the Ag ® Agi-
decomposition since all other factors are known. We get

S'lesSt=21@25'eBe B e B 'S*a S%
Similarly one computes
S?@ St =25*+5°+B7'5%+ 5"+ BS!
and
S?®S*=8"+B'S"+25°+ 5* + BS* + 2BS' + 1+ 2B + B”.
7.1 Lemma. Fori > 1 we have P[i,0] = 2Agi+1 + B~ 'Agis2 + BAgi.

Proof. This is just a direct inspection of the Loewy structures above. O

7.2 Lemma. For all © > j we have in the Grothendieck group

g ® SJ :2(Si+j—1 + BerSHj—S 4t Berj_lsi_j_,_l)
+ S (14 Ber™") + -+ Ber’S" /(1 + Ber™') .

For 1 = 5 we get

S'® 5" =2(S*! + BerS* 3 4 ... 4+ Ber'™'5")
+ S*(1+ Ber ')+ -+ + Ber'(1+ Ber ')+ B!+ B2 .

Proof. We first consider the cases S? @ S and S* ® S? for i > 1 respectively
i > 2. The case S*® S!, i > 1: For the induction start i = 2 see above. Put
C; = S"® 8! in Ky(R,). For i > 4 we get then the uniform formula S° ®
Sl + 251’—1 ® Sl + Sz’—2 ® Sl — (Si—H + 25@' + Si—l) + (Si—l + 251’—2 + Si—3) +
(2C;_1+ Ber 'S 4+ Ber=1S""!' 4+ BerS*~! + BerS*~?). Hence using the induction
assumption S 2@ St = 2524 S 4 Ber 1S4 S8 4 Ber S 3 we get S'@ S =
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7. The Tannaka group of an irreducible representation 129

251 + Sl 4§71 4 Ber=1S + BerSi=!, and this proves the induction step.
Likewise for S* ® S2.
Now assume ¢ > j > 2. Then for Ag ® Ag; we get the regular formula in Ky(R,,)

Ag ®@Ag =5"® S +4(S @57 +2(5 @ )+
207 ® 577 +2(8'®@ ST + 5@ ST
20872 RS+ 5P+ 52 ST
All tensor products except S ® S’ are known by induction. On the other hand
this sum equals Agi+j + 2Agi+; + Agivj—2 + Pli+7—2,0]+ 2Pt + 75 —3,0] + Pli +
j—4,0/(1+B)+2BP[i+j—5,0]+ BP[i +j — 6,0](1+ B) + ...+ 2BI~2P[i —
Jj+ 1,0l + B72P[i — j,0](1 + B). Plugging in Pla,0] = 2Age+1 + B~ ' Aga+2 + Aga

for all @ > 1 and comparing terms with the same B-power on both sides finishes
the proof. The case i = 7 works exactly the same way. O]

7.1.4. The Ry-case: Socle Estimates

We say w(M) = k for a module M, if MV = Ber *M. Examples: w(S?) =i — 1
and w(Ber) = 2, and therefore

w(S'®S) = i+j—-2.
On the other hand for *-selfdual modules M we have
soc(M) = cosoc(M)

since *-duality is trivial on semisimple modules. On the other hand w(M) =
k implies soc(M)V = Ber *cosoc(M), so that both conditions together imply
w(soc(M)) = k. Hence being semi-simple, it is a direct sum of modules

soc(M) = soc (M) & @m(y) . Beyp? Gk+1-2v

VEZ

with S* = 0 for ¢ < 0 and certain multiplicities m(v), plus a sum soc (M) of
modules of type
(Ber” @ Ber"v7t1) 5/

for certain v € Z and certain natural numbers j with k —v — j + 1 # v.
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7.3 Proposition. For i > j > 2 we have sod (M) =0 for M = S"! @ S7~! and
s0c(STT @S 3. ST @ 2. Ber ST @ ... @2 Ber/ 29It
For i =j > 2 we have

s0c(STT® ST 3.8 3 2. BerS* P @-.-®2- Ber' St @ Bt .

Proof: . Assume i > j. Notice soc(M) — soc(A; ® A;) and by the above
formulas the latter is

Si+jfl@35i+j72 D 35i+j73 D (BGT D 1)Si+jf4 D 2Ber5i+j75

@®(Ber & 1)BerS™ 0 @ 2Ber’ ST g - -

®(Ber @ 1)Ber? 251 @ 2Ber! 25"+ |
Since k = w(M) = (i—1) —14(j—1) —1 = i+ j — 4, this implies
the assertion soc (M) = 0. Indeed the terms S™™~1 @ 35" ~2 and also N =
Ber @ 1)Ber” S™=4=2 can not contribute to soc’ (M), since
( ) ,

NV :(Berfl D 1)367071/Ber*i*j+3+2usi+jf472u

:(Berfl D 1)Ber7ifj+3+llsi+jf472u

and

Ber™*N =Ber *(Ber @ 1)Ber” S -4
=(Ber® @ Ber)Ber 'mit3tv giti—a-2v

have no common irreducible summand. Hence soc(M) is contained in 3 - S 73 @
2-BerS™S @ ... ®2- Beri25" 71 The proof is analogous for i = j. O

7.1.5. The Rs-case: Indecomposability

If we display the composition factors of S*®S7 in the weight lattice of I', we get the
following picture. Here [J denotes composition factors occuring with multiplicity
2 and the o appear with multiplicity 1. The socle is contained in the subset of
composition factors denoted by [J.
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o
o O] o
o ] o

with the two o to the upper left at position B7S*7 and B/~1S%~/ and the ones
to the lower right at position B~1S*/ and S**7. The picture in the i = j-case is
similar

o
} |:| |
oB—2 o [l o

with the composition factor ® at position B! appearing with multiplicity 2 and
the additional o at position B2,

In the GI(1,1)-case S* ~ B’ and hence S* ® S7 = S™J. We have already seen
DS(S") = S*+ B7!1 —i] and DS(B) = B[-1]. Hence DS(S*® S7) splits into

four indecomposable summands each of superdimension 1 or of superdimension -1:
DS(S'®87) = (S"®@ B™") @ (& @ B~'[1 — j])
=B eB ' 1-j]oB'1-i®B?2—i—j.

Hence M = S'®S7 splits into at most four indecomposable summands of sdim # 0.

7.4 Lemma. Every atypical direct summand is *-invariant.
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7. The Tannaka group of an irreducible representation 132

Proof: . If I is a direct summand which is not *-invariant, M contains [* as

a direct summand and [/] = [I*] in Ko(R,). However any summand of length
> 1 must contain a factor of type o which occur in M only with multiplicity 1.
Contradiction. ]

7.5 Corollary. The superdimension of any maximally atypical summand is # 0.

Proof. M does not contain any projectice cover (look at composition factors). If
sdim(I) = 0, DS(I) = 0. However ker(DS) = AKac which are not *-invariant,
unless they are projective. O]

Assume 7 > j. By x-invariance the Loewy length of a direct summand is either
1 or 3. If I is irreducible, then necessarily I = [J for a composition factor of
the socle. By socle considerations both [ will split as direct summands. The
remaining module has superdimension zero, hence the Loewy length of a direct
summand is 3. Fix a composition factor of type 1. The multiplicity of [J in the
socle cannot be 2. If the multiplicity of [J in the socle is zero, then [J has to be in
the middle Loewy layer. But this would force composition factors of type o to be
in the socle. Contradiction. Hence

7.6 Corollary. Fori > j
soc(S'® S7) = S 1@ BerS™ T @ - @ Ber! 1S

Assume ¢ > j. Then the superdimension of a direct summand is either 2 or 4.
Hence M is either indecomposable or splits into two summands M = I, @ I of
superdimension 2. If M would split, it would split in the following way:

o
o U o &> o O o
o O o o ] o
o O o o

Recall that d(M) = HT(M)—H~ (M) defines a ring homomorphism d : K¢(R,) —
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Ky(R,-1) fitting into the commutative diagram

KO(Tn) KO(Rn)

bs| Ja

Ko(Th-1) —= Ko(Ru-1)

where the horizontal maps are surjective ring homomorphisms defined by II — —1 .
We know
d(Sz ® Sg) _ Bi+j + (_1)1—jBi—1 + (_1>1—z’Bj—1 + (—1)2_i_jB_2.

Since DS maps Anti-Kac modules to zero, d() of any square with edges
BFSt BeHLGi-1 BEHLGi BEGiHL is zero. Hence d(I5) is given by applying d to the
hook in the lower right d(S*™ +S7=14+ B=1877) and to (B S" T +1=2v4 BvSiti—2v)
from the upper left of I,. We get d(Iy) = B + (=1)" 7B~ 2 4 (=1)*B"t1-v 4
(—1)"B*~" with the two additional summands (—1)?B*+1=v 4 (—1)vBiti—v,
Contradiction, hence M is indecomposable.

Now assume i = j. By the socle estimates for S* ® S* and x-duality either B!
splits as a direct summand or both B! lie in the middle Loewy layer. Note
that Hom(B"™!, 5" ® S) = Hom(B"!' @ (5%)V,S") = End(S*) = k, hence the
last case cannot happen. Hence B~! splits as a direct summand. We show that
the remaining module M’ in S* ® S* = B! @ M’ is indecomposable. As in the
i > j-case the Loewy length of any direct summand of M’ must be 3. As before
we obtain for i = j

soc(S'® S = S* '@ BerS** @ ... @ Ber'S'@ B

The remaining part M’ can either split into three indecomposable modules of
superdimension one each, in a direct sum of two modules of superdimension one
respectively two or is indecomposable. One cannot split the upper left [

o

o}

/

o

O
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as a direct summand since its superdimension is —1. Similarly one cannot split

O O

as a direct summand since the remaining module would have superdimension zero.
Since all composition factors except the B’s have superdimension zero, M’ can
split only into M’ = I} @ I with sdim(I;) = 1 and sdim(I3) = 2 with I3 as above.
We argue now as in the ¢ > j-case. We have

d(M) — BQi + (_1>1—z’Bi—1 + (_1>1_Z‘BZ‘_1’

but d(I3) has four summands as in the i > j-case. Contradiction, hence M is
indecomposable.

7.7 Corollary. S7 ® S* ~ M j # i where M is indecomposable with Loewy
structure o o , o
Sz+371 D BeTSwng DD Be,r.jflsz*j+l
S™i(1+ Ber ) + -+ Ber?S"J(1 + Ber™!)
SHi=l @ BerSi=3 @ ... @ Beri—1 8ttt

and S'® St = B"=' @ M’ where M’ is indecomposable with Loewy structure

S%-1q BerS* 3@ ... @ Bert~1S!
S%(1+ Ber™') + .-+ + Ber'S°(1 + Ber™!) + B~2
S%=1 @ BerS? 3@ ... @® Ber~15!

Remark. A similar result has been obtained in the psi(2|2)-case in [GQS05].
However the authors do not give any proofs.

7.1.6. Typical contributions
We compute the remaining contributions to the tensor product S* ® S7 in R,, for

n > 2.

7.8 Lemma. Agi ® Ag; is a direct sum of maximally atypical summands and
(n — 2)-times atypical irreducible representations. Likewise for Ayi ® Ay;. The
(n — 2)-times atypical summands are irreducible.
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Proof: . In the decomposition of lift((i) ® (j)) in R; the bipartitions which will
not contribute to the maximal atypical block are of the form

(i + 35—k, k); (27,1797
for some k,r > 0 and k # r [f, We have

In={i+j—kk—1,-2,-3—4,...}
I, ={-1,0,1,....r—2,r,r+1,...Ji+j—r—1i+j—r+1,..}

Since k # r, neither one of the two conditions i1+ j —k=i+j—r, k—1=r—1
is fulfilled, hence the two sets intersect at two points, hence the weight diagram of
any such bipartition has two crosses and two circles. Clearly the weight diagrams
do not have any VA-pair, hence the corresponding modules are irreducible. O

7.9 Lemma. The direct summands of S* ® S/ which are not maximally atypical
are given by the set

R((i+j—k,k); (20,1772 ), k,r =0,1,...,min(i,7), k #7.

All these modules are (n — 2)-fold atypical irreducible.

Proof: . This is again a recursive determination from the Agi ® Ag; tensor prod-
ucts. As before the S* ® S* and S* ® S?-cases for i > 1 respectively ¢ > 2 should
be treated separately. For S ® S7, i,j > 3 we obtain the regular formulas

Ag ®@Ag =(S"+28 1+ 57 ® (57 + 25771 + §972)
=5"® S7 4+ lower terms

where the lower terms are known by induction. In the Agi ® Ag; tensor product
the R(,)’s from above cannot occur (for degree reasons) in any tensor product
Agr ® Agq for p < 2, ¢ < j where either p < 7 or ¢ < j. Hence they cannot
occur in any tensor product decomposition of any S? ® S? for p, ¢ as above, hence
they have to occur in the S* ® S7-decomposition. The number of these modules
is (min(i,7)? — min(i,j). Substracting the inductively known numbers of not
maximally atypical contributions in SP ® S? in the Ag: ® Ag;-tensor product from
the number of all such contributions in Ag ® Ag; we get (min(i,5)* — min(i, j)
remaining modules. Hence there are no other summands in S* ® S7. O

7.10 Lemma. The highest weight of the irreducible module R((i + j —
k,k); (27,177972")) is given by

L(i+7—kk0,...,0[0,...,0,—r,—i — j +1).
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Proof: Let M denote the maximal coordinate of a cross or circle in the weight
diagram of the bipartition. To obtain the weight diagram of the highest weight
we have to switch all labels to the right of this coordinate as well as the first
M — n + 2 labels to its left which are not labelled x or o. Since we have four such
labels this amounts to switching all the labels at positions > —1 and < M (all of
them V’s) and the n — 2 A’s at positions —2,..., —n+ 1 to V’s. The crosses are at
the positions 7 + j — k, k — 1 and the circles at the positions i + 7 — r,r — 1. The
result follows. m

For a maximally atypical weight [Ay,..., \,] — A4, ..., —A1] denote by
Lo(A1, ..o, An) ® Lo(—=Ap, ..., —A1) the underlying irreducible Gl(n) x Gl(n)-
module. Denote by 7 the following map from irreducible Gi(n) x Gl(n) modules
to irreducible GI(n,n)-modules:

T((Lo(A1, -, M) B Lo(ptay - - -y fhn))

_ 0 LA, . \alpay ooy pin) €T
LA,y Aalpin, -y fin) else

7.11 Corollary. The not maximally atypical contributions to S* ® S’ are given
by

7( (Lo(3,0,...,0) R Lo(0,...,0,—i) ) ® ( Lo(4,0,...,0)® Le(0,...,0,—j) ).

We will see that the maximally atypical part of S* ® S7 is always given by

) ) M M. =i

Sigl =@M T

M;; LF ]
for some indecomposable modules M, My respectively M;;. Together with the
decomposition of the not maximally atypical part above this gives the complete

tensor product decomposition of the S* ® S7 (or their Berezin twists) in R, up to
projective covers.

Ezample. The tensor product S' ® S has the (n — 2)-times atypical contri-
butions R(2;2) & R(1%1%). Both modules are irreducible with highest weight
L(2,0,...,0]0,...,0,—1, —1) respectively L(1,1,0,...,0[0,...,0,—2).

7.2. The Tannaka groups

We denote by RI, the full subcategory in R = R,, & R,[1] of all objects which
appear as summands in iterated tensor products of irreducible representations of
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superdimension > 0. This includes all irreducible representations of atypicality
< n and all maximally atypical representations up to a parity shift. This is a
pseudoabelian k-linear rigid tensor category, hence the quotient R, /N is defined
and tensor equivalent to Rep(H,,¢) for some proreductive supergroup H,. We
prove in [HW13]

7.12 Lemma. The functor DS induces

DS :RIL, = RIL,1.

By definition all the irreducible representations in R1I, have superdimension > 0.
This inherits to all objects in RI,: Indeed DS preserves the superdimension and
by induction we may assume that it holds in R,,_;. By a characterization of
Tannaka categories by [?] an abelian k-linear rigid tensor category such that every
object has sdim > 0 is a Tannakian category. Hence the next lemma.

7.13 Lemma. R, is tensor equivalent to the representation category of a pro-
reducive algebraic group H,.

Since all objects in R,, have superdimension > 0, negligible objects map to negli-
gible objects. More precisely the results on the kernel of DS can be used to show
that the only possible maximally atypical modules of superdimension 0 in R1,, are
projective covers. We get

7.14 Lemma. DS : RI, — RI,_1 induces a k-linear exact tensor functor
n:Rn— Rn1.

It can be shown that this induces an injective homomorphism of affine k-groups
f : Hn—l — Hn

7.15 Proposition. The functor n : Rep(H,) — Rep(H,_1) can be identified with
the restriction functor for f.

Now consider the case GI(2|2). Up to a Berezin-twist the irreducible modules are
the S’. Their superdimension is (—1)2. Hence the irreducible maximally atypical
modules in R, are the X? := II'S? for 7 > 7 and their Berezin-twists. Note that S*
is selfdual. For an irreducible element M in R, denote by Hx the tensor category
generated by the image of M in RI,/N. Then we get

Hyxi = S1(2) and Hyi = GI(2) for i > 2
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For the full Tannaka group H, we get that Hy, C [[)~,Gl(2) is the subgroup
defined by all elements g = [[)7, g, in the product H, with the property det(g,) =

det(g1).

In the GI(3]3)-case put L; = II'[i, 0, 0]. These modules have superdimension 3 for
1 > 2. If Hy, is the associated Tannaka group, then

Hp, = GI(3).
More generally for the modules L; = II'[z,0,...,0] one has Hy, = GI(n) for i >
n>4. If X =(Ber'="® [20b,b,0] for b > 1, then Hx is either Sp(6), SO(6) or
O(6). If X =1*"[a,b,0], a >b>0, a#2b, Hy = GI(6).

7.16 Lemma. ([HWI3]) The derived connected group Gs = (H3)3,, of Hy is
Gg ~ H H)\,
A

where A runs over all X\ = [Ay, Ay, 0] with integers Ai, Ay such that 0 < 2y < )\
and

1 A=1[0,0,0]

SI2) A =[1,0,0]
Hy=<SI(3) A=[2+1,0,0,v>0

Sp(6) A= [2X2, Ao, 0], Ag > 0

[S16) A =[A\, A0 <2X < A

These results can be seen as a rule for the tensor product decomposition up to
elements of superdimension 0. Consider for instance the tensor product of two
maximally atypical irreducible elements L(A) and L(u) in RI, which are not
Berezin-twists of each other. Then

LN\ @ L(p) =1 mod N

for an indecomposable representation I of superdimension sdimL(\)sdimL().
Indeed L(\) and L(u) correspond to the standard representations of their Tannaka
groups G and G,. Since G and G, are disjoint grouos in G,,, tensoring with L(\)
and L(u) corresponds to taking the external tensor product stg, M stg, of the two
groups. If on the other hand we consider the tensor product L(A) ® L(A) this
corresponds to the tensor product of the standard representation of G with itself.
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7. The Tannaka group of an irreducible representation 139

As an example consider the representation X := I1[2,1,0] of GI(3]3). It can be
shown that Hx = Sp(6). Hence

X®X211@IQEB]3 mod./\/

with the indecomposable representations corresponding to the irreducible Sp(6)
representations L(2,0,0), L(1,1,0) and L(0,0,0). Now consider the tensor product
I, ® I. It decomposes as

6
]1®]1:@Jz modN
=1

with the 6 indecomposable representations .J; corresponding to the 6 irreducible
Sp(6)-representations in the decomposition

L(2,0,0)® L(2,0,0) = L(4,0,0) & L(3,1,0)® L(2,2,0) & L(2,0,0) & L(1,1,0) & 1.

Although n = 3 and the weight [2,1,0] are small, such a result is impossible to
achieve by a brute force calculation.

We end with some limitations of the present approach. If M is a maximally
atypical elements in RI, with sdim(M) = 0, then M is projective by the results
on the kernel of DS. We have no control about elements which are not maximally
atypical. Note that in the special case when X is a Berezin-twist of an S all such
elements are mixed tensors. It is not known wether such a result should happen in
general. We also do not know much about the modules I;, for instance their Loewy
structure or the elements in the socle. Note however that we can detect whether
I; is irreducible or not since an irreducible I; will correspond to the occurence of
the standard representation in the tensor product decomposition.
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