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1.2

In this paper we prove that these small examples are exceptional, and that for
p 5 there is a theory of Specht and dual Specht filtrations with well defined
multiplicities. In fact, we will state our results in a more general framework using the
Hecke algebra Hq(d) of type A and the g-Schur algebra Sq(n,d). Forn  d, one has a
Schur functor from Mod(Sq(n, d)) to Mod(Hq(d)). Tilting modules, Young modules,
Specht modules and dual Specht modules all have analogues in the quantum setting.
In Section 3 we prove that if q is an Ith root of unity with | 4, then there is a
notion of Specht and dual Specht filtrations with well defined multiplicities for
Hq(d). Using the (quantum) Schur functor and its adjoint, we give a cohomological
condition which provides necessary and sufficient conditions for an Hq(d)-module
to admit a Specht (respectively dual Specht) module filtration.

Finally we apply this theory to give a new construction of the Young modules
via extensions of Specht modules. The motivation for this construction is a
similar construction of the tilting modules. This construction allows us to equate
dimensions of certain extension groups between Specht modules to decomposition
numbers for the Hecke algebra.

2. Notation and preliminaries

2.1

Let g be a unit in k. The Hecke algebra Hg(d) =Hyq(2q) is the free k-module
with basis {Tyw : W 3g}. The multiplication in the algebra is defined by the rule

Tws (ws) > (w)
TwTs = = .
gTws + (@S 1)Tyw  otherwise,

where s= (i,i +1) ¥q is a basic transposition and w 4. The function : X4 S
N is the usual length function.

Let | be the smallest integer such that 1+ q+ ...+ d ' =0. Notice that when
g=1, then | = pis the characteristic of k. In this (classical) case we will use the more
traditional notation p for the characteristic of K when q=1. When ¢ is a primitive
j th root of unity, then | =j. We only consider the case where  is a root of unity
(sol< ), since otherwise Hq(d) is semisimple. There are an automorphism # and
an antiautomorphism * of Hqy(d) defined by

T = (59 ™(Ty4) ™,
T = Tw-1.

The maps # and * are both involutions, and they will be used in the next subsection.

2.2

The representation theory of Hg(d) largely parallels that of kXq. It was first
described by Dipper and James [5] and is thoroughly surveyed in [22]. We just
sketch it here.

Let A be the set of partitions of d. For each A there is a ¢-Specht module
of the Hecke algebra Hq(d), denoted by S . A partition ( 1, 2,...) is called I-
restricted if ; S ir1 | S 1 for all i. The set of the |-restricted partitions of d will
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be denoted by A,es. A partition is called I-regular if its transpose ' is I-restricted.

We denote the set of all I-regular partitions of d by Ayeg. If Aveg, then S has a

unique simple quotient, which we denote by D . The collection of modules D for
Ayeg is a complete set of non-isomorphic simple Hq(d)-modules.

For any Hg(d)-module M, we can define a dual module M *:= Homy (M, k),
where the action of Hqy(d) is given by (hf )(m):=f (h*m). The simple modules D
are self-dual and absolutely irreducible.

Let A(n,d) be the set of compositions of d into at most n parts. For ~ A(n,d),
let ¥ be the corresponding Young subgroup of ¥g, so that ¥ =% x ¥ ,x ...,
There is also a corresponding parabolic subalgebra of Hq(d)

Ha( ) :==Hq( 1) xHq( 2)x ...

generated by {Ty |W X }. Set

X :ZTW.

wex

Define M :=Hg(d)x . For a partition A, the module M has a unique sub-
module isomorphic to the Specht module S , and there is a unique indecomposable
direct summand of M containing S ; this is the Young module Y . We have
Y =YW ifand only if =p. For any A(n,d), the module M is a direct sum
of such Young modules (see [21, 4.6]).

We remark that Hq(d) has two one-dimensional representations [22, 1.14], which
we denote k and sgn, given by

k(Tw)=d™ and sgn(Ty) = (51)'™. (2.2.1)

Of course, when q=1 these specialize to the usual trivial and sign representations
of kZd.

In general, the tensor product of two Hgq(d)-modules is not an Hq(d)-module,
since Hq(d) is not a Hopf algebra. However, the automorphism # lets us define, for
each Hq(d)-module M, a new module M # with the same underlying vector space
and with action given by h m:=h#m. Since this specializes for =1 to tensoring
with the sign representation, we henceforth denote it by

M  sgn:=M7,

The simple Hq(d)-modules can also be indexed by Ayes. For Ares We denote
the corresponding simple module by D . Then it is known that D =soc(S ). The
relationship between these two parameterizations is given by

D =D, sgn forany  Ayeg. (2.2.2)

We also make extensive use of the following [15, 6.7; 22, Exercise 3.14].

S sgn=(S ) :=S.. (2.2.3)

In particular, (2.2.3) shows that tensoring with the sign representation turns Specht
modules into dual Specht modules, and vice versa.
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2.3

Henceforth, let N d. The ¢-Schur algebra was introduced by Dipper and James
as follows:

A :=S4(n,d) =Endy, @) | € M
€A(nd)

When q=1, this is the classical Schur algebra S(n,d) studied in [14].

The representation theory of A was described in [6], and it parallels the S(n, d)-
theory. The simple A-modules are indexed by A, and we denote the simple A-module
with highest weight by L( ). We also write A( ) and () for the standard and
costandard A-modules with highest weight , respectively. Moreover, if A, let
P( ) be the projective cover of L( ) and let T( ) be the corresponding tilting
module. These modules are described in detail in [21, Chapters 3,4, 7].

Just as the classical Schur algebra has an involutory antiautomorphism corres-
ponding to the taking of matrix transposes, so does A [6]. Thus A-modules have
a contravariant dual, fixing simple modules, which we denote by M

Let e be the idempotent in A called §,,, in [6]. Then eAe=Hq(d). The Schur

w,W
functor F is the covariant exact functor from Mod(A) to Mod(Hq(d)) defined on
objects by F(M)=eM. The duality and the usual duality ‘ ’ in Mod(Hq(d))
are compatible in the sense that €M )=(eM)* for any finite-dimensional
M Mod(A). It is well known that F(L( )) is non-zero if and only if Aves,
in which case F(L( ))=D .

One has the following correspondences between A-modules and Hq(d)-modules
under F (see [9]).

FO ()=S, F(A())=S =S sgn, F(P())=Y , F(T())=Y  sgn.

2.4. The inverse Schur functor G

Recall that A =S4(n,d). The Schur functor F can be represented as a tensor
functor F (M )=eA a M. The functor F admits a right adjoint functor G defined
by

G(N ) = HomeAe (eA, N )
= HOqu(d)(V®d, N ),

where V ®9 is the ¢rtensor space. The g-tensor space V®¢ is de“ned in [6] as being
eA, but for an explicit construction, see [22, Exercise 3.19]. In particular,

vel= P M
eA(nd)
The functor Gis a right inverse to F, that is, F G (N) =N, but not a two-sided
inverse. However, we do have the following.
Proposition 2.4.1[12, 3.3]. Suppose thatM  Mod(A) hasl-restricted socle.
Then there is an exact sequence oA-modules
0S MSGF (M)S DS o,

where D has nol-restricted composition factors.
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The functor Gis only left exact, and so it has higher right derived functors
RIG(N) = Extly, q)(VZ%,N).

These functors seem to control a great deal of the relationship between the
cohomology theory of A and Hq(d). There is a nice spectral sequence relating these
two functors. Under suitable assumptions, these higher right derived functors allow
one to extend the adjointness to Ext!.

Theorem 2.4.2[12,2.2]. LetM Mod(A) and let N Mod(Hq(d)).
(i) There exists a “rst quadrant spectral sequence

E;j :ExtiA(M,RjG(N ) EXtIJrJ( )(F (M),N).

(ii) If either M/ rad M has onlyl-restricted composition factors, or if RI1G(N ) =
0, then

Exta (M, G(N)) = Extyy (q)(F (M),N).

2.5. Good and Weyl “ltrations

In this subsection we collect some necessary results from the cohomology of
quantum groups. The standard reference here is [19] for the classical case. For
the quantum setting, the results are proved in [10].

An ascending chain

0=My M; My...

of submodules of an A-module M = | J M is called a good “Itration if each M{j/M ; _;
is isomorphic to some (). Similarly, M has a Weyl “ltration if the quotients are
isomorphic to A( ). Since A( ) = ( ), amodule M has a good filtration if and
only if M has a Weyl filtration.

The first three parts of the following proposition are due to Donkin [7, 1.3], and
the last is due to Ringel [23, Corollary 4].

Proposition 2.5.1. LetV Mod(A). The following are equivalent.
(i) Vadmits a Weyl “ltration.
(ii) Exta(V, ( ))=0 for all A.
(iii) ExtA( ( ))=0 for all A and for all i > 0.
(iv) Extp (V,T( ))=0 for all A and for all i > 0.

Since V has a Weyl filtration exactly when V has a good filtration,
Proposition 2.5.1 also gives equivalent conditions for good filtrations, and we will
use this without comment. As far as we know, part (iv) cannot be strengthened to
require vanishing only of Ext?.

A crucial result in the cohomology theory for A is the following.

Bxia (80 )= {5 L oniee”

Equation 2.5.2 allows one to conclude easily (see [19, I11.4.16]) that the filtration
multiplicities in an A-module with a good filtration are well defined, and similarly
for a Weyl filtration. In particular, if V has a Weyl filtration, and if [V:A( )]
denotes the number of factors isomorphic to A( ), then

V:A( )] = dimy Homa (V, (). (2.5.3)

(2.5.2)
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3. Specht and dual Specht “Itrations

3.1

We define a Specht and dual Specht filtration analogously to that of a good or
Weyl filtration, namely, an Hq(d)-module N has a Specht “ltration if we have

0=Ng N; Nz...,

where N = [JN; and N;/N _; is isomorphic to some S '. Similarly, N has a dual
Specht “ltration if the quotients are isomorphic to some S ;. We remark that (2.2.3)
shows that N has a Specht filtration if and only if N  sgn has a dual Specht
filtration.

3.2

We would like a theory of Specht filtrations that is like that of good filtrations.
Unfortunately, the result corresponding to (2.5.2) for the symmetric group is not
true; indeed Extpy , (S ,SH) can be nonzero. It has long been assumed that the fil-
tration multiplicities for Specht or dual Specht filtrations are not well defined, since
they are not well defined for p=2 and p=3. For example, when p=d=2, the
two Specht modules S?) and S(*) are both one-dimensional and are isomorphic.
Thus the two-dimensional regular representation has a filtration with two copies
of S@, a filtration with one with a copy of S? and one copy of S*), and a
filtration with two copies of S(lz), so the multi}é)licities are not well defined. This
module is isomorphic to the Young module Y ("), providing an example of where
the multiplicities are not well defined, even for a Young module.

For p=3 and d=7, the Specht module SG%1) has the obvious Specht filtration
(it is already a Specht module!). However, it also has a filtration

08 sBGHg sEng g |

3.3

We first look at an important calculation involving the higher right derived
functors. The corresponding result for symmetric groups is in [11, 4.1], but the
proof does not generalize to the Hecke algebra setting. Let k and sgn be the one-
dimensional representations of Hg(d) from (2.2.1). Then we have the following
proposition.

Proposition 3.3.1. Let| 4. Then the following hold.
(i) Ext%{q (d)(K, sgn) =0.
(ii) R'G(sgn)=0.

Proof. (i) Without loss of generality, we may assume that | | d, because other-
wise the Nakayama rule [22, 5.38] implies that k and sgn are in different blocks.
Now S(4=1) =k, so the usual branching rule [22, 6.2] shows that

— Hq(d)
M := IndH:(d_l)k
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has a filtration with quotients being Specht modules S and S@=11)_ Since M is
self-dual, we have

k

— [ngMa @ -
M :=Indj'(g) k= DL
k

Now let

k
N := D (d-1,1)

and consider the short exact sequence
0S kS MS NS o
This yields a long exact sequence of the form
...S Homyy, gy (K, sgn) S Ext%{c| @ (N, sgn) S Ext%{q (d)(M, sgn) S .
(3.3.2)

Since | = 2, we know that Homy, (q)(K, sgn) =0. Therefore Frobenius reciprocity
and the fact that | | dS 1 imply that

Ext%_tq (@) (M, sgn) = Ext%{q @—1) (K, sgn) =0.
It follows from (3.3.2) that Ext%_(q (@)(N, sgn) =0. Now consider the short exact
sequence
0S DULDS NS kS o
From this we obtain the exact sequence
0S Homyy, (d)(D(d_l’l),sgn) S Ext%{q (d)(k,sgn) S o.

(d—1,1)

However, Homy,, () (D ,sgn) =0 since | = 3; thus Ext%{q (d)(K, sgn) =0.

(ii) From part (i), we can conclude that
R'G(sgn) = Ext%{q Y ©d sgn)

= @ Ext%{q(d)(M ,sgn)
€A(nd)

= @ Ext%{q( (K, sgn). (3.3.3)
€A(nd)

Now we apply the Kunneth formula to each Ext%{q( )(k, sgn). Since every term
in the expansion will include an Ext%{q t)(K,sgn) for some t  d, part (i) implies
that R'G(sgn) = 0. O

Henceforth, assume that n=d. Recall that S sgn =S /. Part (i) of the next
result generalizes [2, 2.4], although the proof is closer to that given in [11, 4.2].

Theorem 3.3.4. Letl 4 and A.
(1) EXt%_[q (d)(k’ S ') =0.
(i) R'G(S  sgn)=0.
(iii) R'G(Y  sgn)=0.
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Proof. (i) Putting M =A( ) and N = sgn into the spectral sequence from
Theorem 2.4.2(i) gives

EY = Exts ) (A ), RIGsgn)  Extif (S sen,sen).

From [12, Theorem 5.2(i)], G(sgn) = , where is the determinant representation.
Thus the spectral sequence yields an exact sequence [12, 2.2]

08 Extg, na)y(A( ), )S Exty, @)k S ) S Homsg,na)(A( ),R'Glsgn)).

(3.3.5)
However, Extisq(n]d)(A( ), )=0fori > 0since = (19), and R'G(sgn) =0 by
Proposition 3.3.1(ii), so (3.3.5) proves (i).
(ii) The proof of (ii) is similar to (3.3.3), and it is modelled on [20, 6.4]:
R'G(S  sgn) = Exty, @) (VS /)
= D Bxti M .S )
eA(nd)
€A(nd)

Now we use the fact [18] that S ; has a filtration with factors of the form Sy,
... Sy, when restricted to Hq( ). Thus the Kunneth formula and part (i), when
applied to (3.3.6), complete the proof.

(iii) The proof of (iii) follows from (ii), because Y  sgn admits a dual Specht
module filtration. O

The restrictions on | in Theorem 3.3.4 cannot be improved. Indeed, for | =3 and
for d small, R'G(S(®  sgn) may be nonzero in the classical symmetric group case
[11, 4.1].

3.4

Part (i) of the following lemma is due to James [16, 2.8] in the classical case, and
it follows from the same argument in the quantum case [9, Section 4.3]. Part (ii) is
immediate from the adjointness of F and G.

Lemma 3.4.1. Let AandletN Mod(Hq(d)). Then the following hold.
(i) A( ) hasl-restricted socle.
(ii) G(N) hasl-restricted socle.
(iii) T( ) hasl-restricted socle.

Proof. Only (iii) needs to be proved, and it follows since T( ) is well known
to have a filtration by Weyl modules. Any module with a Weyl filtration will have
[-restricted socle. This follows from (i) because, given a short exact sequence

0S vS TS US o,
soc(T) embeds in soc(U)  soc(V). O

The following theorem (the motivation for which is [20, 3.1, 3.2]) shows that
the functor G is well behaved on dual Specht and twisted Young modules. We
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remark that Theorem 3.4.2 and Corollary 3.8.2 first appeared in [13, Theorem 7.6,
Proposition 7.5; 4, Theorem 5.2.4] with fewer restrictions on |. Their approach uses
base changes. We provide alternative proofs of these results to make the exposition
more self-contained.

Theorem 3.4.2. Suppose thatl 4. Then the following hold.
() G(Y " sgu)=T( ).
(il) G(S sgn) = A( ).

Proof. (i) First we will show that G(Y ' sgn) has a good filtration. A similar
exact sequence to (3.3.5) gives an injection.

08 Ext$ ng)(AM),GY " sgn)) S Exty, @(S,,Y  sgn).
However, Y " is a summand of V ®4: therefore,
Ext%_tq @ (S Y / sgn) E><t71L{q(d)(Su,V®d sgn)
= Ext%q(d)(v@)d,S“ sgn)
= R!G(S* sgn)
= 0.
Therefore, by Proposition 2.5.1 ; G(Y ' sgn) has a good filtration.

By Lemma 3.4.1, T( ) has l-restricted socle. Thus, by Proposition 2.4.1, there
exists an exact sequence of the form

08 T()SG (Y  sgn)$S X§ o,

where X has no |-restricted composition factors. Because the modules T( ) and
G(Y sgn) have good filtrations, it follows that X must have a good filtration.
Consequently, X =0 because each () has an |-restricted head.

(ii) Since A( ) has an I-restricted socle, Proposition 2.4.1 yields a short exact
sequence of the form

0S5 A()SG (S' sgn)S XS o

We will prove that A( ) and G(S ' sgn) have the same composition factors with
the same multiplicities to show that X =0. We have
[G(S l sgn) : L (W)] = dimg Homyy, ()(YH, S ' sgn) by [12, 2.6]

= dimk Homyy, )(S /, Y#  sgn)

= dimy Homg, (ng)(A( '), G(Y* sgn)) by adjointness

= dimk Homg, (ng)(A( '), T (1))

=[TW): () by (253)

=[A( ):L(M)] by reciprocity. (I

3.5

Despite the failure of (2.5.2) for symmetric groups, we will show that Specht
filtration multiplicities are well defined, as long as | 4. The key observation is
that Gis a two-sided inverse to F on modules with Weyl filtrations. We begin with
the following theorem.
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Theorem 3.5.1. Letl 4andletN Mod(Hq(d)). Then there is a one-to-one
correspondence between dual Specht module “Itrations oN and Weyl “Itrations
of G(N ).

Proof. The Schur functor F is exact and F (A( ))=S . Since F (G(N))=N, it
is clear that a Weyl filtration of G(N ) induces a dual Specht filtration of N via F.
We prove the converse by induction on the length of the filtration. Thus suppose
that N has a dual Specht filtration; we show that G(N ) has a Weyl filtration.

Theorem 3.4.2(ii) proves the case where N =S;,. Now suppose that we have

0S SyS NS US o,
and assume by induction that G(U) has a Weyl filtration. Applying G gives
0SG (Sy)SG (N)SG (U)S R'G(Sy).
However, R'G(S,) =0 by Theorem 3.3.4(ii), so G(N ) has a Weyl filtration. O

3.6

Theorem 3.5.1 allows us to translate Proposition 2.5.1 into a criterion for an
Hq(d)-module to have a dual Specht filtration in terms of A-cohomology.

Theorem 3.6.1. Let | 4 and let N Mod(Hq(d)). The following are
equivalent.
(i) N has a dual Specht module “ltration.
(i) Exta(G(N), ( ))=0 for all A.
(iii) Exty (G(N), T( ))=0 for all A and for all i > 0.

Of course N has a dual Specht filtration if and only if N  sgn has a Specht
filtration, so Theorem 3.6.1 also yields a criterion for Specht filtrations. That is, we
have the following theorem.

Theorem 3.6.2. Let | 4 and let N Mod(Hq(d)). The following are
equivalent.
(i) N has a Specht module “Itration.
(ii) Ext‘k (GIN  sgn), ( ))=0 forall A.
(iii) Exty (G(N  sgn), T( ))=0foral A and foralli> 0.

3.7

It is well known that a Young module for k¥4 is a p-modular reduction
of a unique characteristic zero module, and so it has a well defined ordinary
character. For ,j1 A, let (Y :SH) denote the multiplicity of the complex character
corresponding to SM in the character of Y . Then Y is known to have a Specht
filtration with each S* appearing (Y :SH) times. This is the filtration induced
by F from the good filtration of | ( ), the injective hull of L( ). Although this is
often denoted by [Y :SH], this notation is ambiguous, since we saw in Subsection
3.2 that Young modules can have Specht filtrations with different multiplicities.
The following theorem, which is immediate from (2.5.3) and Theorem 3.5.1, proves
that for | 4, filtration multiplicities in Specht and dual Specht filtrations are well
defined for any Hq(d)-module. In particular, for k¥q there is no ambiguity when
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p 5, that is, [Y :SH]=(Y :SM) is well defined. Thus we can define [N :S ] as
the multiplicity of S in any dual Specht filtration of N.

Theorem 3.7.1. Letl 4andsupposethatN Mod(Hq(d)) has a dual Specht
“ltration and that M  Mod(Hq(d)) has a Specht “ltration. Then the “ltration
multiplicities are well de“ned. Speci“cally,

[N :S | = dimkg Homa (G(N), ( )).
Similarly, for Specht “ltrations,
[M :S ] =dimx Homa (G(N*), ()).

3.8

Theorem 3.5.1 and Proposition 2.4.1 show that on the category of modules with
Weyl filtrations, G is a two-sided inverse to F. Namely we have the following
theorem.

Theorem 3.8.1. Let| 4. Suppose thatM Mod(A) has a Weyl “ltration.
Then M =G(F (M)).

Proof. Since M has a Weyl filtration, we can apply Proposition 2.4.1 to M to
obtain

0S MSG (F(M)).
However, M and G(F (M ))) both have Weyl filtrations with the same multiplicities,
so they must be isomorphic. ]
This result lets us determine G on Young modules.

Corollary 3.8.2. Letl 4.ThenG(Y )=P( ).

Thus we can determine G on Young, twisted Young and dual Specht modules,
because these modules all have dual Specht filtrations. However, G(S ) is not
known.

3.9
In [20], some conditions were given for when
Exthy (M,N ) = Extl,. (eM,eN).
Theorem 3.8.1 gives such a stability result for A and Hq(d) extensions of modules

with Weyl and dual Specht filtrations. Namely we have the following corollary.

Corollary 3.9.1. Letl 4. Suppose thatN, Mod(A) has a Weyl “Itration.
Then

Exta (N1, Na) = Extyy ) (F (N1),F (N2)).

Proof. This is immediate from Theorem 2.4.2 and Theorem 3.8.1, since No =
G(F (N3)) and R'G(F (N)) =0. Ol
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In the classical case, an induction argument on the Sylow subgroups of ¥4 allows
us to extend the stability of Ext! in Corollary 3.9.1 to higher Ext. The details can
be found in [20], but we note the result here.

Corollary 3.9.2. Letp 5, and suppose thatN, mod(S(n,d)) has a Weyl
“ltration. Then, for 0 i pS2,

Extis(n'd)(Nl, N5) = Extjy, (F (N1), F (N2)).

4. A new construction of Young modules

4.1

Since F (T( ))=Y " sgn, one might expect Young modules, or twisted Young
modules, to play a role similar to that of tilting modules. In Mod(A), the
tilting modules are exactly those modules with both good and Weyl filtrations.
Young modules have both Specht and dual Specht filtrations, but they are not the
only modules that do. For example, any simple Specht module has both a dual
Specht and a Specht filtration, but simple Specht modules are not always Young
modules. Still there are parallels, and in this section we show how the results from
the last section lead to a new, cohomological, construction of Young modules, for
which the motivation is a similar construction of tilting modules. First we need a
result similar to [20, 6.4(b)].

Proposition 4.1.1. Let| 4and ,u A. Then Exty q)(S",Y )=0.

Proof. Since R'G(S,) =0, the proposition is immediate from Theorems 2.4.2
and 3.4.2(ii). Namely,

EXt%_‘q (d) (Su, Y ) = EXt%_[q (d)(Y , Su)
=Extp (P( ),A(n)) =0. 0
We remark that [20, 6.4(b)(iv)] claims incorrectly that Extgy, (YH,S )=0 (the
. 1 .
k ’ H)= . ’ )
argument given actually proves that Extyy (S ,YH*)=0). For example, in [3], the

nonprojective Young modules of defect 2 are determined. From those results, we
calculate that, for p=>5 and d=13,

Eth1213 (Y (7,2,2,1,1), 5(6,3,2,1,1)) =0.

4.2
We also need another proposition, for which the motivation is [20, 3.3c]. Let

denote the usual dominance order on partitions [17, 1.4.5].

Proposition 4.2.1. Let| 4, and suppose thatu . Then Ext%iq(d)(S“, S)
=0.
Proof.
EXt%_(q (d)(S“, S ) = EXt%_‘q (d) (SLl sgn, S Sgn)
= Extyy, ) (S, S 1)
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= BExt (A(W),G(S +)) by Theorem 2.4.2
= BExtp (A(W),A( 7)) by Theorem 3.4.2(ii).

However, Extp (A(W),A( 7)) =0, since ' W', by [19, II, 2.14]. O

4.3

We can now begin the construction of the Young module Y . We will follow
the description of the Ringel-Donkin construction of T( ) as presented in [1].
Henceforth, assume that | 4 and fix d. Define Wy =S . Choose 1 minimal
with respect to  such that

ty = dimy Extz, @)(S *,S ) = 0.
Let W; denote the corresponding extension:
0S S S W, S (SsH)% S o.
Notice that 1 by Proposition 4.2.1. Now choose 5 minimal such that
ty = dimy Extyy g)(S 2,W;) =0.
Let Wy denote the corresponding extension:
0S W;S W,S (S)%:28 o

We remark that 1 2 by Proposition 4.2.1 and the minimality of ;. Continue
in this way to construct a module W with a filtration

0 S =Wy, W, ... W, =W,
where
Wi/W i _; = (S )%,
It is clear from the construction that ;_; i; that is, at each step, the new

partition will not be  any of the previous partitions. However, there are only
finitely many partitions of d, so the process must terminate. We conclude that W
is finite-dimensional and
Extyy @)(S W ) =0 A. (4.3.1)

At this point in the corresponding construction of T( ), one could conclude
immediately from (4.3.1) that T( ) has a Weyl filtration. However, we do not have
an analogue of (2.5.2) for the Hecke algebra, so instead we must exploit the functor
G to study W .

4.4

Having constructed the module W | we will now prove that it is isomorphic to the
Young module Y . First we recall a basic lemma from [15, 13.17] for the symmetric
group and [22; Section 4.1, Exercise 4.11] for the Hecke algebra.

Lemma 4.4.1. Letl 3.
(i) If M, then Homsy, ) (S ,S*) = 0.
(11) HOIHHq (d)(S y S ) =k.

Next we show that W is indecomposable.

Proposition 4.4.2. W is indecomposable.
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Proof. We prove that W; is indecomposable by induction. Wy =S is inde-
composable whenever | 3 by Lemma 4.4.1(ii), so the induction begins. Assume
that W; is indecomposable for all t<i . We will prove that W, is indecomposable
by showing that the only idempotent in Endyy, q)(Wi) is the identity.

Therefore choose an idempotent f  Endjy, (g)(Wi). By construction, we have a
short exact sequence

0S W1 S WS (SH® S o, (4.4.3)
where is the natural projection.

If f (Wi—1), W,_q, then f would be a nonzero map from W;_; to (S 1)®t
which would contradict Lemma 4.4.1(1). Thus f|w, , is an idempotent in
Endy  (g)(Wi-1). However, W;_; is indecomposable by inductive hypothesis, so
f lw,_, is the identity map.

Define

=fS1:W; S W,.
Since W;_; ker , we get an induced map

(ST S W,
where =0 if and only if =0. Consider the long exact sequence resulting from
applying Homyy, )((S )", S) to (4.4.3). By construction of the W;, the induced
map

Homy, @)((S )™, (S )®) S Extyy, g)((S )™, Wiy)
is an isomorphism.

Thus any map in Homy, gy ((S ')®", W; ) comes from a map in Homyy, ) ((S ')®",
W;_1), that is, has image in W; _1. In particular, Im W, _;,soIm(f S1) W, _;.
However, f |w,_, is the identity, so

fS1=f (fS1) sincef isthe identity on Im(f S 1)
=f fSf
=fSf
=0.
Thus f is the identity map, as desired. ]

4.5

In this subsection we prove some nice homological properties of W | which we
will apply to show that it has a Specht filtration.

Lemma 4.5.1. Letl 4.
EXt%_[q (d)(V®d,W ) =0= EXt%{q (d) (V®d,W sgn).

Proof. Use (4.3.1) and the well known fact that both V@ and V®?  sgn have
Specht filtrations. O

Corollary 4.5.2. LetM mod(A).
(i) 0=R!GW )=RIGW  sgn).
(i) Exta (M, GW ))= Exts, @) (F(M),W ).
(iii) Exts (M, GIW  sgn)) = Ext}Hq @(F(M),W  sgn).
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Proof. Part (i) is a restatement of Lemma 4.5.1. Parts (ii) and (iii) then follow
from Theorem 2.4.2. U

4.6

In order to show that W is a Young module, we first show that it has a dual
Specht filtration.

Lemma 4.6.1. W has a dual Specht “ltration.

Proof. From (4.3.1), we have
0 = Extz, @)(S W ) A
= Ext%_lq @) (S W sgn)
= Extp (A(/),G(W  sgn)) by Corollary 4.5.2(iii).

Thus G(W sgn) has a good filtration by Proposition 2.5.1, so W sgn has a
Specht filtration and so W has a dual Specht filtration. |

We just observed in proving Lemma 4.6.1 that G(W  sgn) has a good filtration.
However, W has a Specht filtration by construction, so W  sgn has a dual Specht
filtration. Thus G(W sgn) has a Weyl filtration by Theorem 3.5.1. Therefore
G(W sgn) has both a good and a Weyl filtration; thus it is a tilting module.
Since F G =1d, the module W sgn must be isomorphic to Y*  sgn for some
K. However, the Specht filtration of W implies that p= , that is, we have shown
the following.

Theorem 4.6.2. W =Y .
4.7

We remark that this construction works just as well if we start with S and build
the dual Specht filtration of Y down from the top. Furthermore, this construction
allows us to equate certain decomposition numbers with extensions between Specht
modules. Specifically, we have the following theorem.

Theorem 4.7.1. Let| 4.Fix and set

L := {u: Exty, @) (S",S ) = 0}.
Let L™ pe all the elements ofL minimal with respectto . Then, forany p L™,
[Y :S*] = dimg Extyy, g)(S*,S ).

Proof. This is clear from the construction of W and the observation that, for

Ui, M2 L™ py and Yy are incomparable, so
0= EXt%‘lq (d) (SLll y SH2 ) = EXt%‘{q (d) (S“z y SLll )

That is, putting the SH* on top of S first, or putting the SH2 on first, will result
in the same module W . O

By the well known reciprocity law,
(Y 1S =[Sh:D | =[AMW):L( )]

so Theorem 4.7.1 really does equate certain decomposition numbers and extensions
between Specht modules.
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