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Let K be a finite extension of Q,, with residue field [, and let £ be a prime such
that ¢ = 1(mod ¢). We investigate the cohomology of the Lubin—Tate towers
of K with coefficients in [F;, and we show how it encodes Vignéras’ Langlands
correspondence for unipotent [F,-representations.
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1. Main results

This paper is part of a project, outlined in [Dat 2012b], that aims at providing a geo-
metric interpretation of the Vignéras correspondence for modulo-£ representations
of p-adic linear groups.

1.1. Motivation.

1.1.1. The problem. Let K be a local p-adic field, £ a prime distinct from p, and
d > 1 an integer. Vignéras [2001] established a bijection between (classes of)
irreducible smooth B—representations of GL;(K) and (classes of) d-dimensional
Weil-Deligne F;-representations for K. On the one hand we have fairly natural
“automorphic objects”, but on the other hand we get fairly unnatural “Galois
objects”. Indeed, the nilpotent part of a Weil-Deligne F,-representation has no
obvious Galois interpretation, in contrast with @g—representations, where it is
related to the infinitesimal action of the tame inertia subgroup on some associated
continuous @, representation of the Weil group. Therefore in the F, case, this
nilpotent part appears as an “extra datum”, from the arithmetic point of view. In
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fact, Vignéras’ correspondence was obtained by purely representation-theoretic
arguments (a classification theorem a la Zelevinsky), and our aim is to find a
geometric interpretation for it.

1.1.2. The project. Since Carayol’s formulation of “nonabelian Lubin—Tate theory”,
the cohomology of the Lubin—Tate tower (Myr ,)nen Of height d is a natural place
to look for a realization of any Langlands-type local correspondence. Let us
fix a completed algebraic closure K of K and denote base changes to K* by
adding the exponent “ca”. It has long been noticed by the author that in order to
get something correct for nonsupercuspidal representations, one should use the
full “cohomology complex” RI' ({7, Z¢) as an object in the derived category
D? (Rep‘z (GL4(K))) endowed with an action of the Weil group Wk and of the
unit group D> of the division algebra with center K and invariant 1/d. Then
for an irreducible representation 7 (over Fy or @(), one considers the “derived
m-coisotypical component”

R := %*(R Homgz, 6L, k) (RTc (M{%, Zy), ) [1—d],

which is a finite-dimensional graded smooth/continuous D* x Wg-module sup-
ported in the range [1—d, d—1]. In [Dat 2012c], we proved the equality

(1.1.3) [R:]1=LI(7) @ 0®(m)

in the Grothendieck group of smooth/continuous D* x Wg-modules. Here LJ
stands for the so-called Langlands—Jacquet transfer of [Dat 2012d] and o (;) is
the Weil part (that is, the semisimple part), of the Weil-Deligne representation
o () = (o%(m), N;) attached to 7.

We want to enrich R} with a nilpotent operator so that a similar formula holds
in a suitable Grothendieck group of Weil-Deligne representations. The inspiration
for this is Arthur’s second SL, factor in the theory of automorphic forms. An hint
that this may be useful for our purpose is the relation between switching the two
SL,-factors of a local A-parameter and the Zelevinsky involution. Indeed, Vignéras’
correspondence is more a F¢-analog of the “Zelevinsky correspondence” than of
the Langlands correspondence for @g—representations of GL,(K).!

The origin of Arthur’s SL; lies in the Lefschetz decomposition of the intersection
cohomology of Shimura varieties. Building on this analogy, we defined in [Dat
2012b] a “Lefschetz operator”

L: RT (M, Z¢) —> RT(MT, Zo)[2](1)

IRecall that both correspondences are intertwined by the Zelevinsky involution.
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as the cup product by the Chern class of a natural equivariant line bundle on the
Lubin-Tate tower. In turn, this operator induces a graded equivariant map

L? :R; — R:[2](D).

In its roughest formulation, our hope is that the pair (R}, L) encodes the Weil—
Deligne representation associated to 7 by Vignéras’ correspondence. More precisely,
one can define the class [R;, L} ] =[R", L} ] — [Rgdd, L%] of (R}, L}) in the
Grothendieck group of Weil-Deligne [F, D *-representations, as in [Dat 2012a, 2.2.2].
The best we can hope for is then the equality

(1.1.4) [R:, L:]=LI(0) ® [0 (1), Nx].
1.1.5. Previous results. We proved such an equality in the following cases:

« When 7 is any irreducible Q-representation (in this case, by “Vignéras corre-
spondence”, we just mean the Zelevinsky correspondence) [Dat 2012b].

« When 7 is any unipotent irreducible F,-representation and the order of ¢ in
F/ is at least 4 [Dat 2012a].

In Vignéras’ terminology, a representation is “unipotent” if it belongs to the prin-
cipal block of the category Rep%’(G), that is, the unique block that contains the
trivial representation. For an irreducible m, this is equivalent to 7 occurring as a
subquotient of some Indg (x) for x an unramified character of a Borel subgroup B.
We note that, in the second case above, R¥ can be computed in greater generality,”
but the author is still unable to control L} when 7 is not unipotent. Also, the
arguments are much more difficult in the “Coxeter congruence” case (when the
order of g in [F(ZX is d) than in the “banal” case (when this order is greater than d),
due to some representation-theoretic complications. However, a common feature
of these two cases is that one can still use enough of the theory of weights (on
the Galois side) and exponents (on the GL, side) so as to split the complex and
compute explicitly Yoneda extensions. Moreover, in all the cases above, (1.1.3) and
(1.1.4) involve no cancellation because R’ turns out to be either oddly or evenly
graded. In fact, the “énoncé optimiste” from [Dat 2012b, 1.3.3] holds true in these
cases.

1.2. This paper. Here we study the case when ¢ = 1(mod ¢) and £ > d. This is
called the “limit case” in [Clozel et al. 2008, §5]. From the point of view of weights
or exponents, this is the most degenerate case, due to the congruence on g. For
example, in this situation, the unipotent summand of the complex RT. (M5, Z,) can
be shown to be indecomposable. Moreover, as we have noted in [Dat 2012c, 2.2.7],

2 And, in fact, for any irreducible , if one admits that the Z,-cohomology of the Lubin—Tate tower
is torsion free, as recently announced by Boyer.
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R is generally not evenly nor oddly graded. Despite this bad news, computations
are still feasible because of the additional assumption that £ > d, which simplifies
significantly the representation theory, as indicated by Vignéras’ appendix to [Clozel
et al. 2008].

1.2.1. The result of the computation. We explain in Corollary 3.1.3 that for &
unipotent, R’ vanishes unless 7 is a subquotient of Indg (F¢), or equivalently, unless
0% (7r) is the trivial representation of Wk of dimension d. Then o (1) = (¢ (), N)
is given by a nilpotent d x d matrix N, whose Jordan form has shape A for some
partition A of d. Through Vignéras’ correspondence we thus get a parametrization
A € P(d) — m; of all m’s that occur as a subquotient of Indg (Fy). We explain how
to construct 7, explicitly in Section 2.2.5. We now describe algebraically (R, L})
and provide geometric intuition for the result obtained.

For a finite-dimensional F,-vector space V with dual V, consider the graded
space H* := A"V ® N\*V endowed with the operator L* of degree 2 which on the
(p, q) part is given by

L NVeNy MBI Ary o Ve ve NV 288 APV @ ALY

When the dimension of V is less than £, this satisfies the hard Lefschetz property;
see Section A.1.4. In particular, this holds for V the standard representation of S,
(which has dimension d—1). In this case, H* also carries an action of F,[S,] that
commutes with L*, so we may decompose it as (H*, L*) =}, .5 (H}', L) by
applying central primitive idempotents associated to partitions.

Theorem. For A € P(d), the action of D* on Ry, is trivial and that of Wk is
unipotent. Moreover, there is an isomorphism (R L;A)EB‘IA >~ (H}, LY) of graded
Fe-vector spaces compatible with L operators.

Here d, is the dimension of the simple F/[&4]-module associated to A.

There is geometric intuition behind this result. Consider the diagonal torus T’
in PGL, and the discrete cocompact subgroup @ of 72" obtained by evaluating
cocharacters at a fixed uniformizer @ of Ok, and let A be the abelian variety
T /7o X, which has an action by the Weyl group &,. Its cohomology is equivari-
antly isomorphic to H* (note that V = X, (T) ® F, is the standard representation
of &,), and there’s a natural choice of a G4-equivariant ample invertible sheaf
on A whose associated Chern class can be put in the form described above. Now
the special fiber (analytic reduction) of Mumford’s formal model of A turns out
to be isomorphic to the quotient of the special fiber of Deligne’s formal model of
Drinfeld’s symmetric space by the action of B. This suggests a relation between
the cohomology of A and R?‘B withip = Indg Fo)=P Anfa % In general, however,
there is no such a relation because some multiplicities appear when one tries to
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compare vanishing cycles on both sides, but somehow these multiplicities disappear
when ¢ = 1 in the coefficients.

By representation theory of &, the theorem implies that Ry vanishes unless the
Young tableau of A is a hook or a double-hook. We explain in Section 2.2.7 that A
is a hook if and only if 7, is elliptic, that is, LI(;r;) # 0. In this case we can make
the theorem more explicit.

Corollary. Assume » = (d — j, 1Y) for some j € {0,...,d—1} and put j' =
d—1—j. Then we have (R}, , L} ) =~ (Pi)® 1 @ (Pj_1)® where Py denotes
the cohomology of a projective space of dimension k, shifted by —k, and with its
tautological Lefschetz operator.

In particular, the space R}, has total dimension 2/ j "4+d. When jj' # 0, the pair
(Rm, Ljf“) does not have the right dimension, and what is worse, it does not seem
related to the Vignéras pair (0% (1)), N,) in any reasonable Grothendieck group of
Weil-Deligne representations. In other words, (1.1.4) fails in this case.

However, it is still true that it encodes the Vignéras pair, provided one uses extra
structure.

1.2.2. Main result. Observe that R’ has the structure of a graded right mod-
ule over the derived endomorphism algebra Exta G(n’, ). Consider the subal-
gebra € generated by extensions that “come from the boundary”, namely by
the kernel of the map Ext1 (71 T) — Ext1 7(71 ), where G = GL,4(F,) and
7 =n't"Ma© For a unlpotent m, we'll see tﬁat €7 is also the image of a natural
map Ext (7‘[ 7!y — Ext* (71, m), where [ is an Iwahori subgroup and ¥ is the
corresponding Hecke algebra This is a local graded algebra and we denote by ¢
its maximal ideal. In the cases when (1.1.4) has been established, one also observes
that either € =0 or at least its action on R* vanishes. In contrast, in the limit case
under study here, this action is nonzero and is somehow responsible for R} being
“too big”. So, define Rred R*/R*€ . This is still a graded F¢-representation of
Wk x D*, and L induces an operator Lred Rred — Rffd[Z](l). Let us finally
denote by [R™, Lred] the image of the pair (Rred L™ in the Grothendieck group
of Weil-Deligne representations.

Theorem. Let 7w be an elliptic unipotent irreducible F,-representation of GL4(K).
As above, let m = m;_for A = (d — j, 1Y)). Then we have a Fy-linear isomorphism
(Rffd, Lffd) ~P;® (Py)®7[j']. Hence in the Grothendieck group of Weil-Deligne
F¢D* -representations we get

[R™, L™ = LI(7) ® [0%(7), Ny ].

When 7 is not elliptic but has a nonzero R} (that is, 7 is associated to a double
hook) we expect that [R™, L] vanishes, but we don’t prove this here.
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1.2.3. A sketch of the argument. Representation theoretic considerations tell us that,
under our assumption on ¢, the graded space R} for  unipotent is the abutment
of a spectral sequence whose Eé’ 7 term is Ext‘;e(HCq (Jl/ti‘i‘r’ Iz H_:g), '), where My,
is the Lubin—Tate space at Iwahori level, and ¥ is the Hecke—Iwahori algebra as
above. The main point of the paper is to compute this E; term and show that the
spectral sequence degenerates at E,. There are three ingredients coming into this
computation.

« We can compute the F¢-cohomology of i1 ; because the Q;-cohomology is
known and the simple geometry of Jlyr ; shows the Z,-cohomology has no
torsion.

o Representation theory of p-adic groups, under our assumption on £, reduces
the computation of the E, term to that of known multiplicities in certain tensor
product representations of a symmetric group.

» Some numerical coincidences appear, that force degeneration of the spectral
sequence.

Then comes the computation of LY. Here we have to understand cup-products
between the extensions mentioned above, and this also boils down to a problem
in representation theory of the symmetric group that we solve in the Appendix.
Once cup-products are understood, we need a handle on the Lefschetz operator
(after all, it could be trivial!). This is provided by the explicit form of L} when
7 is the trivial representation, which itself comes from the very definition of the
Lefschetz operator as the Chern class of a bundle that is lifted from the crystalline
(or Gross—Hopkins) period space. It turns out that knowing this particular L} is
enough to compute L for all unipotent elliptic 7r. Eventually, our computation of

cup-products also allows going from the pair (R, L¥) to (R™4, Lred),

Remark. Part of the above arguments can be generalized to approach the compu-
tation of R} for any irreducible representation 7 (under the same hypothesis g = 1
(mod ¢) and ¢ > d). Indeed, Boyer’s announcement that the Z,-cohomology of the
Lubin-Tate tower is torsion free implies that the only 7’s for which R is nonzero
contain a simple type (J, ). Then, in the above spectral sequence, one should
replace 9 by the Hecke ring of (J, 7), 7/ by Homy (t, 7), and H? ({5 ;, Fe) by
R?Hom;(t, RT . (M{F, F¢)). The main problem may then be to show that the latter
is torsion free. Granted this, and since the Hecke ring of (J, 7) is known to be
isomorphic to a Hecke—Iwahori algebra, all the combinatorics should be the same
as in this paper. However, as in the regular case, at the moment we don’t see how
to get any handle on L} when 7 is not unipotent.

1.2.4. Organization of the paper. Section 2 deals with most of the representation-
theoretic prerequisites. We recall and expand on Vignéras’ appendix to [Clozel et al.



Lefschetz operator and local Langlands modulo £: the limit case 735

2008] to describe the unipotent block and the elliptic unipotent representations in our
context. We then compute extensions of Iwahori-invariants of these representations.
This involves representation theory of the symmetric group, and in particular some
knowledge of the decomposition of tensor products. We postpone to the Appendix
a delicate computation of cup-products in this context, which we use in the study of
Rjrfd. Section 3 deals with the cohomological study. The main point is to show that
some spectral sequences degenerate, which implies that the cohomology complex at
Iwahori level is split. With this splitting property and our knowledge of extensions
and cup-products from Section 2 in hand, the results listed above are quite easy
computations. The theorem we gave in Section 1.2.1 is proved in Section 3.3 and
our main theorem in Section 3.4.

2. Representation theory

2.1. The unipotent block. We put G := GL;(K) and denote by Rep%’(G) the
abelian category of smooth representations of G with coefficients in the commutative
ring R. Let b be the unique primitive idempotent of the center 37, (G) of the category
Rep‘Z (G) which is nonzero on the trivial representation. Denote by Repy’(G) the
full subcategory of all objects on which b acts by the identity. This is a Serre
subcategory, called the unipotent block of Repoz‘; (G).

Let I be the standard Iwahori subgroup of G and let I be the maximal prime-to-£
subgroup of 1. This is a distinguished open subgroup of I and the quotient 1/1° is
isomorphic to the £-Sylow subgroup Sylg([F;)d of ([F;)d .

2.1.1. Proposition. The unipotent block is generated by the projective representa-
tion Z,[G/1].

Proof. When Z, is replaced by [y, this is explained in [Clozel et al. 2008, Appen-
dix 1], and we could probably reduce our claim to this reference. Here is another
argument relying on our description of the unipotent block in [Dat 2012a, §3.1].
Indeed, by [Dat 2012a, Proposition 3.1.2], our claim reduces to a claim about the
finite group G := GL4(F,). Namely, let B® be the maximal prime-to-¢ subgroup
of the standard Borel subgroup B of G, and let bz be the central idempotent in
Z/[G] corresponding to the sum of all blocks that contain a unipotent rational
series. Explicitly, bz is the sum in Q¢[G] of all central primitive idempotents e,
corresponding to irreducible @, G-representations 7= whose semisimple part s, in
Lusztig’s classification is an £-element. Then the claim is that P:=7,[G / B'lisa
projective generator of the category bg Repy, (G).

It is indeed clear that P is projective. Moreover, the Jordan—Holder constituents of
P Rz, Q; are all the irreducible representations whose semisimple part in Lusztig’s
parametrization is an £-element of a split torus of the dual group G*. But because
g = 1(mod ¢), every semisimple £-element of G* lies in a split torus. (]
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If H is an open compact subgroup of G, we denote by ¥z (G, H) the Hecke
algebra of left and right H-invariant measures on G with coefficients in R.

2.1.2. Corollary. The functor V +— V! " induces an equivalence of categories
RepY (G) = Mod(¥z,(G, 1Y),
a quasi-inverse of which is the functor M + Z,[G /"] ®9,(G,1%) M.

The “intersection” Repoo(G) NRep}’°(G) is Vignéras® unipotent block. In partic-
ular, the irreducible F,- objects in Repy’(G) are the irreducible Fo- -representations
which appear as subquotients of some representation Indg (x), induced from an
unramified F,-character x of a Borel subgroup B; see [Dat 2012a, Proposition 3.1.3].
Via the functor of the above corollary, these irreducible objects are in bijection with
simple %E (G, I*)-modules.

Let m; be the maximal ideal of the local subalgebra Z,[1/1 1 of #z2,(G, 1 .

2.1.3. Proposition. The ideal m := m;itz,(G, 1Y) is two sided and is equal to
¥#z,(G, IYm;. The map [Izglg] — [Ig1] induces an isomorphism of F-algebras

¥z,(G, 1% /m => F5,(G, I).

Before proving the proposition, we introduce some more notation. Let 7 be the
diagonal torus in G and let N := Ng(T') be its normalizer. We denote by 70 the
maximal compact subgroup of T, and by T the maximal prime-to-¢ subgroup of
7. Both are normal subgroups of N.

Proof. Since T* C I*, any element w € N/ T* gives rise to a well-defined Hecke
operator [1¢w1*]. By the Iwahori decomposition, the Hecke operators [1¢w1¢], with
w running on N/ T*, form a Z,-basis of ¥z,(G, I 6. Among them, the operators
[I¢t1%] witht € TO/ T* form a basis of the subalgebra Zg[l/le]. Then, the formula

(TwIf) « 1418 = [TCwrw™ ' T * [TPwI)

shows that m; %z, (G, Y= ¥z2,(G, IYmy is a two-sided ideal, since m; is gener-
ated by elements 1 — [/ G149, reT / T*. The same formula shows that the map of
the proposition is an isomorphism of [F,-vector spaces. That it is a morphism of
algebras follows from the definition of convolution products on both sides, and the
fact that for an element w € N the obvious map

(I Nwlfw Y1 — I Nnwlw H\I
is a bijection. (]

We note that if M is an %E(G, IY-module, then M /mM identifies with the
I-coinvariants M, where I acts through 1/I°.
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2.1.4. Corollary. Any simple ¥, (G, I Y-module is killed by m, and the map of the
previous proposition induces a bl]ectlon between simple 3¢ (G, I)-modules and
simple 3¢, (G, I Y-modules. Equivalently, for any lrreduc‘lble Fy-representations
V of G, we have vi'=vI = V; and the functor V +— V! induces a bijection
between irreducible [ ;- -representations in Rep}’(G) and simple ¥ (G I)-modules.

2.2. Elliptic unipotent representations. We first recall the structure of the Iwahori—
Hecke algebra, taking into account the fact that ¢ = 1 in [Fy.

2.2.1. Fact. The map w +— [IwI] is an isomorphism of F;-algebras
FoIN/T1 = %5,(G. 1).

Proof. In general, this map induces an isomorphism of algebras Ty, — [[w/]
from the Iwahori-Hecke algebra 3, (W) ® F, with parameter g of the extended
Weyl group W = N/T° of (G, T) to #g, (G, I). The multiplication in 3¢ (W) is
determined by the braid relation and the formula T?=(qg—1)Ts+q for each simple
reflection s associated to /. Specializing at ¢ = 1 therefore gives ?Cq(W) QF, =
Fe[W]. O

We now revisit the classical relation between parabolic induction and compact
induction in the context where ¢ = 1 in F,. Let x : T/T° — RX be an unramified
character of T and consider the (unnormalized) induction Indg (x). Let us also
identify the symmetric group &, with the subgroup of permutation matrices of G
in the usual way. Because of the double cosets decomposition G =|_| IwB =
Llyes, IwB, we see that

wGGd

(2.2.2) d$ ()" =nd$ (x)" .

In particular, the action of ¥ (G 1% on IndG ( X)I factors through ¥ (G I).
Through the previous 1somorphlsm F¢[N / 7] = Hg (G I), this action 1s given
as follows.

2.2.3. Fact. For w € Gy, let [IwB], be the unique element of Indg OO! that is
supported on IwB and takes value 1 on w. Similarly, let [wT], be the unique
element of indl}[ (x) that is supported on wT and takes value 1 on w. Then the map
(wT], + [IwB], is an isomorphism of F¢[N/ T°)-modules

indY () = Ind§ ().

Proof. The mixed Bruhat decomposition shows that ([/wB],)ycs, is a basis of
indg( 1) ! over Fy, therefore the map is an isomorphism of F,-vector spaces. It is
elementary to check that [/wI]*[IB], =[IwB], for all w € &4, showing that
the map is &4-equivariant. Moreover if ¢t € T dilates the unipotent radical of B,
we see that [/t1]*[IB], = x ! (H)[I B],. Since the semigroup T of all elements
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that dilate the radical of B generates the group 7, this equality is true for all t € T'.
The T-equivariance of the map follows. U

As a particular case, we get Indg (ﬂ_:g)le ~ B[N/T] = F¢[&4]. Because of our
assumption that £ > d, the right-hand side is a semisimple ¥ (G, / ©)-module. We
summarize this as follows.

2.2.4. Corollary. Indg (F¢) is a semisimple representation of G and the functor
V + V! induces an isomorphism between the poset of subrepresentations of
Indg (F¢) and that of subrepresentations of the regular F-representation of the
symmetric group S .

2.2.5. More notation. We put S :={1,...,d—1} and we think of S as the set of
simple roots of T in the upper triangular matrices, numbered by rows. To each
subset J C S is associated a unique standard parabolic subgroup P; which contains
B and such that J is the set of simple roots of 7 in the upper triangular matrices of
the Levi component L; of P;. Denote the Weyl group of L; by &, a parabolic
subgroup of the Weyl group &5 = &, of G. Then we have an isomorphism of
”_:[[N/ T°]-modules

nd$, (F)!" = Ind§, (Fo)! ~ Fo[S4/6,1.

In fact, the image of the submodule Indgj (Fo)! of Ind§(F,)! by the map of
Corollary 2.2.4 is the submodule Fg[@d/GJ] of F¢[S,4]. As usual in this context,
for any ring R we put

iy(R):=Ind§ (R) and v;(R):=i;(R)/ ) ik(R).
K>J

Recall that Indg (Qy) is multiplicity free, with pairwise distinct irreducible subquo-
tients all v;(Qy), J C S. In contrast, Indg (Fy) is not multiplicity free, and v 7(Fp)
need not be irreducible.

2.2.6. Notation again. We denote by P (d) the set of partitions A=(A; =2 A =>--+)
of d. To such a partition are associated the parabolic subgroup G, :=G,, x&;, x- - -
of &4, the permutation module M, := Fi[Sy /6,1, and the simple F/[S,]-module
S,.. The latter appears with multiplicity one in M, and may be inductively char-
acterized by equalities M, = S, + ) =3 Ma,pSy in the Grothendieck group of
F¢[S4]-modules. We will denote by 7, the unique irreducible [,-representation of
G such that ()’ ~ S;.

To a subset J C S we associate the unique partition A ; such that G, is conjugate
to G ;. We then have i](l]_:e)] >~ M,,, so that

if(l]_:f) =T, + Z My, uTu

H>Ay
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in the Grothendieck group of finite-length F,-representations of G. We can also
write
vy(Fo) =m, + Z My s

H>Ay
but in general m/x, ,, heed not vanish.

2.2.7. Elliptic unipotent representations. An irreducible representation of G is
called elliptic if it is not a virtual sum of parabolically induced representations.
We know from [Dat 2012d, lemme 3.2.1] that up to unramified twist, an elliptic
unipotent representation occurs as a subquotient of Indg(ﬁ). However, in contrast
with the regular case, not all such subquotients are elliptic.

Proposition. The representation m, is elliptic if and only if A is hook-shaped, that
is, if » = (i, 197D) for some i € {1, ...,d}.

Proof. The set [M,],.c p(a) 18 a basis of the Grothendieck group of Fy -representations
of G, (recall that £ > d). Write [S3] = ZM% ay,u[M,]. By the foregoing, m; is
elliptic if and only if a, () # 0. It is proved in [James and Kerber 1981, 2.3.17]
that this is equivalent to A being a hook. ]

Therefore, there are only d elliptic constituents in Indg(Fg), in high contrast
with the ¢-adic or banal case (2¢~! of them) or the regular nonbanal case (29 —1 of
them).

There is a convenient realization of the modules S; j»-»). Denote by Std the
standard (d—1)-dimensional F, -representation of G,4. This is the subrepresentation
of the permutation representation on I]_:‘Z on the subspace of vectors whose sum of
coordinates vanish.

Fact. Fori=1,...d, we have Si 1@y = /\d_i Std. In particular, S(ay is the trivial
representation, and Syw) is the sign representation.

The next fact will be an important technical tool in the study of the unipotent
part of the cohomology complex of the Lubin—Tate tower.

2.2.8. Proposition. Fori € {l1,...,d}, we have

e i—1y(F¢) and
Vig—i+1,...d—1)(Fe), it suffices to prove the following equalities of dimensions:

Proof. Because 7 j@-i 1s a Jordan—-Holder factor of both vy

,,,,,

..........

From the previous fact or from the hook-length formula, we have

. d—1
dlmB S(i’l(d—i)) = <d _ l) .
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On the other hand, for any subset / C S = {1, ..., d—1}, we have by definition
vy (H_:() =v;(Z) ®z, F, and we know from [Schneider and Stuhler 1991, Corol-
lary 4.5] that v;(Z,) is free over Z,. Therefore we have
dimg, vy (Fp)! = dimg, v;(Fp)! = dimg, v, (@) = dimg, vy (@))".
Denote by rp the normalized Jacquet functor along B. Then Borel’s theorem on
principal series representations tells us that for any J C S, we have
dimg, v, (@)’ = dimg, rz(v,(Qp)).
Now, for w € G4, put J(w) :={j € {1,...,d—1}, w(j) < w(j + 1)}. By [Dat
2012a, Fact 2.1.1 and subsequent paragraph], we have
dimg, rp(v;(Qp)) =#w € Sy, J(w) = J}.

Observe that in the cases where J ={1,...,i—1}or J ={d —i, ..., d—1}, the map
w > w)y induces a bijection from {w € &4, J(w) = J} to the set of nondecreasing
maps J — {1, ..., d—1}. Therefore, in the same cases, the map w — w(J) induces
a bijection from {w € &4, J(w) = J} to the set of subsets of size |/| =i —11in S,
whence the desired equalities

2.3. Extensions between some simple %ﬁ (G, I)-modules.

2.3.1. Let G° be the subgroup of G generated by compact elements. We have
G° = ker(|det|x : G —> RZX). The isomorphism of Fact 2.2.1 restricts to an
isomorphism

FL(NN GO/ T = %, (GO, D).

The group (N NG%)/T? is an extension
(rnG%/ 1% (NNGY /T - &,,

where (T N G°)/TY is a free abelian group of rank d—1 on which the conjugation
action of N N G factors through G, and is the standard representation, namely

Fe®7 (TNG%/T% ~g, Std.
2.3.2. Proposition. Let A and B be two F¢[S4]-modules, that we may see as
F¢[N/ T )-modules via the projection N/ T — &,.

(1) There is a natural isomorphism

Ext (A, B) => Homg, g (A, B® /\"Std)

*
Fe[(NNG0)/TO]

functorial in A and B.
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(ii) If C is another F,[S4]-module, cup-products are given by the following com-
positions:

(A, B) @ ExtL (B, C)

k
Ext FL(NNG)/ TO]

FL(NNGY)/TO)
= Homg, g (A, B® \'Std) ® Homg (s (B, C ® N Std)

— Homg,s,1(A, C® N Std® N Std)
—> Homg,s,1(A, C ® N Std)

~ k+

= BX [ ivngoy o (A5 ©);
where the second map is composition and the third is induced by the exterior
product.

Proof. As with any free abelian group of finite rank, there is a natural isomorphism
of graded algebras

EXt?%([(TmGO)/TOJ (l]_:€7 Eﬂ) = /\>|< (EZ ®Z ((T ﬂ GO)/TO))

This isomorphism is compatible with automorphisms of the group (T N G%)/T°,
and in particular with the action of &,. As already noted above the proposition, the
right-hand side with its &, action is /\"Std. With A and B as in the proposition,
we thus get

Ext}, (A, B) ~ Ext’ (A, B)®4

[(NNG®)/TO] ((TNGY/TO]
~ (Homg, (A, B) ® \*Std) ™
~ Homg,g, (A, B® /\"Std).
Here in the first line we have used that £ > d, so that G, has no higher cohomology
on F¢[S4]-modules. This also shows (ii) on the cup-products, since the algebra

% — — . . .
structure on Extﬂ[ (TGO T (F¢, Fy) is given by the exterior product. U
We see in particular that the dimension of Ext* (S5, S,) equals the

. . Fel(NNG®)/T°] o
multiplicity of S, as a constituent of ), ® S(,_, ®). Computing such multiplicities

is a notoriously difficult problem and remains largely open. Fortunately, enough is
known for our purposes in this paper.

2.3.3. Corollary. Fori, j , k €0, ce d—1}, the dimension over E of the extension
space Ethﬂ%g[(NﬂGO)/TO] (N'Std, /' Std) is either 0 or 1. It is 1 if and only if the
Jfollowing inequalities hold:

i+j2k  jHk>i k+izj, i+j+k<2d-2.
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Remark. The symmetry of the above conditions should not be surprising since the
dimension we are interested in is that of (/\i Std® N Std @ N\* Std) Sa by the last
proposition and the self-duality of irreducible representations of &,.

The above conditions are also invariant under the transformation

i, ) @G, j)=d-1—i,d—1-}).

This corresponds to the fact that /\i/ Std ~ N'Std ® A std.
A less symmetric formulation of the inequalities of the corollary, which is
sometimes more convenient, is:

(2.3.4) |j —i| <k <mini + j,i" + j).

Proof of the Corollary. This is Theorem 2.1 of [Remmel 1989], formulated in a more
symmetric way, and corrected. More precisely, assume, as we may from the above
remark, that i < j and i + j < d—1. Then our claim is that we have nonvanishing
(and multiplicity one) if and only if j —i < k < i+ j. To match the notation of
[Remmel 1989], we putn :=d, r :=n—i, and s :=n — j. Then Remmel asserts that
nonvanishing (and multiplicity one) holds if and only if j —i <k <i+j+1, which
seems incompatible with our claim, and which is obviously false when i = j = 0.
However, there is a slight mistake in the proof, located in the third line of [Remmel
1989, p. 113], where it is asserted that “there are two possibilities for the positions
of the remaining green cells [...]”. Indeed, in the case that there are no green cells
at all (that is, when x =n —i — j) there is only one possibility. Once corrected, we
get our claim. (]

In our study of the cohomology complex of the Lubin—Tate tower we will need
some cup-products between some nonvanishing Ext spaces of the above corollary.

In order to simplify the notation a bit, we will abbreviate A’ := /\' Std and write
koai iy k i J
Ext“(A!, A/) instead of EXtE[(GOmT)/TOJ (/\ Std, A Std).

2.3.5. Theorem. Fori =1, ...,d — 2, we fix a generator Q%i of Ext'(A!, AY). Let
i, j, k be integers such that Extf(A?, AY) is nonzero and Ext*T1 (AL, AY) is also
nonzero. Then, both the cup-product maps from Ext*(A?, A7) to Ext* (AT, AY),

1 1
§,U— and —U§;

are isomorphisms.

We postpone the proof of this theorem to the Appendix, in order to lighten
the exposition a bit. Let us mention the following corollary, in which we use the
notation i’ = d—1—i introduced above.

2.3.6. Corollary. Fori €{1,...,d—1}, the self-extension algebra Ext* (A, AY) is
(graded) isomorphic to Fg[X]/(szi“(i’i/)) via X — 5;'1,1" Moreover, for any other
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jell,...,d—1}, the graded space Ext*(A', A/) is a (shifted) cyclic module over
Ext*(A!, AY).

The proof of the next result is also postponed to the Appendix, Section A.1.4.

2.3.7. Proposition. Leti < j€{0,...,d—1}and let & le_l be a fixed generator of
Ext/~ (A7, AY). For any simple module S over Fo[Sql, the cup-product

/770 = Ext/ (A, ) — Bxt' (A7, 5)

is an isomorphism.

3. Cohomology and the Lefschetz operator

As in Section 1, we denote by RI". ({5, Z;) the cohomology complex of the Lubin—
Tate tower of height d of the field K. This is an object of the derived category
D’ (RepCZ (G)) with an action of the Weil group Wx and of the unit group D> of
the division algebra with invariant 1/d over K. We refer to [Dat 2007, §3.2] for a
precise definition of this object.

We want to compute the graded F,[D* x Wg]-module

R} := #*(RHomgz,g(RT(M{T, Z¢), 7)) [1—d]

for 7 a unipotent irreducible F,-representation of G. Notice the shift by 1—d, which
is here for convenience. Indeed, by [Dat 2012c¢, Proposition 2.1.3], the graded space
R’ is supported in the range [1—d, d—1].

3.1. The unipotent part of the cohomology complex. Thanks to the equivalence
of categories of Corollary 2.1.2 we have

4 4
R} = R*Homy, (g,16(RT: (M, Zo)", n')[1—d].

1

Moreover, since the action of / on 7" is trivial, Proposition 2.1.3 implies

> 14
Ry, = 3 (R Homs,, (6. (RTe(ME Z0)" ®F, (G 1oy Hp (G, D). 1)) [1-d]
=~ 9€*(R Homye,, 6.1y (L1 (RTe (M, Ze)), 7)) [1—d],

where L; denotes the left-derived functor of the /-coinvariant functor. Let My ;
denote the Iwahori level of the Lubin-Tate tower (a quotient of the tame level JlrT,1).
We have L;(RT:(M{T, Z¢)) >~ RT(M{T 1, Z¢). Now recall that the G-tower JMpr
is induced from a G-tower JI/L(LOT) (the notation we use is that of [Dat 2007, 3.5.1]).
The analytic space JI/L(LOT{ ; is the deformation space with Iwahori level structure of a
formal Ox-module of height d over k. Finally we have obtained

(.1.1) R; = %" (R Homie, (0,1 (RT(M, Fo), w))[1=d].
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Let us abbreviate
@r = RT(M3 D, Fo)ld—11 € D (9, (GO, D).

Its cohomology is quite easy to describe, although the author does not know any
elementary proof. Recall that any F¢[S4]-module inflates to a %E (G, I-module
via the isomorphism F,[(N N G®)/T°] = He, (G°, I) and the projection

(NNGY/ T - &,.

3.1.2. Proposition. The cohomology of “€; vanishes outside the range {0, . ..,d—1}.
Fori € {0,...,d—1}, we have % (@) ~ N\ Std, where i’ :=d—1—i.

Proof. The deformation ring %; with Iwahori level structure of a formal Og-
module of height d is known to be isomorphic to O[ X1, ..., X/ (X1 X2 - X4
— @), where O is the completed maximal unramified extension of O and @ is
a uniformizer of Og. A reference is [Taylor and Yoshida 2007, top of p. 483].
It follows that the vanishing cycles Wi(R;, Zy) are isomorphic, as Z,-modules,
to N'(Z¢™"). Since %' (6;) = HI"H (5, Fo) = w11, Fp)V, we get at
least the expected dimension for these cohomology spaces.

Unfortunately, computing the action of the Hecke algebra is not so easy. However,
here we observe that HI =+ ({3, Z,) is torsion free, so that

HITH R Y o) = BT UG, 2o © F,

and we may hope to deduce H?~ 1+ (Jl/ti?r”(?), F¢) by reduction modulo £ of

H:.l_l—H (*/‘/LCL%:,(?)’ @Z)

Indeed, by Proposition 2.2.8, it suffices to know that

iy ggea0) = =
H? 1+’(Jl/tcLaT’(1),@z) ~ v,y (@)

.....

There are two ways to infer such an isomorphism. It follows from Boyer’s local
theorem in [Boyer 2009], which uses global arguments, but remains “on the Lubin—
Tate side”. It also follows by purely local arguments, from the Faltings—Fargues
theorem [Fargues 2008] that the cohomology of the Lubin—Tate tower coincides
with that of the Drinfeld tower, and the Schneider—Stuhler computation [Schneider
and Stuhler 1991] of the cohomology of the Drinfeld symmetric space. (]
3.1.3. Corollary. We have R = 0 unless m is a subquotient of Indg(ﬁ) and
! = 1, with A a hook or double-hook partition. Moreover, the action of D> is
trivial and that of W is unipotent.

Proof. By the proposition we have a spectral sequence

P Tyl q I -
EJT = Exth, oo (N Std, ") = R,
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So R vanishes unless Ext‘;e o (/\q Std, ') # 0 for some p and ¢. In this case,

7! has to be tr1v1a1 on (TNG )/T0 C #(G°, I), so that 7 is a subquotient of

IIldG([Fg) and 7/ comes from a s1mp1e F¢[&4]-module. Then, by Proposition 2.3.2

this simple module occurs in A Std ® NP Std. It follows from Remmel’s theorem

[Remmel 1989] that this simple module is associated to a double-hook or hook
partition.

Let us turn to the actions of W and D*. We know that Wg acts trivially on the
cohomology of €; (because of ¢ =1 in Fy), therefore Wy acts unipotently on 6;
hence also on R}. For the same reason, the action of D on %; has to be unipotent.
However, the center F* of D> acts on R by the same character as F'* acts on 7,
that is, the trivial character. Since £ does not divide the pro-order of D*/F*, we
deduce that D> acts trivially. O

One consequence of the next section will be the following theorem.

3.1.4. Theorem. The complex <61 is split in Db(%H(GO I)). Namely, we have
(noncanonically) €; ~ EB" ! /\ Std[—i] in Db(%[F (G, D).

Proof. In the proof of Theorem 3.2.1 below, we get the following property on 6;.
Foralli =0,...,d—1, the spectral sequence

E7" =Extl o, (HY(€)), H' (€1)) = Hompo o,y (61lg — pl, H' (61))

degenerates at E;. But then, it follows from the proof of the implication (i) = (ii)
of [Deligne 1968, Proposition (1.2)] (or rather a dual version of it, as in [ibid.,
Remark (1.4)]) that the complex €; is split. O

Remark. In contrast, the complex bG R, (Myr, Fp) is certainly not split in Db (G).
Equivalently, € := RI' (M, [Fg)l is not split in DY (#(G, IY)). Indeed, 1t is a
perfect complex of F¢[7/1%]-modules whose cohomology spaces are not of finite
projective dimension since I acts trivially on them.

3.2. The graded dimension of R; when n is elliptic unipotent. For j =0, ...,
d—1, we put 77 := 7 4_; 1(»), SO that (nj)l ~ /\j Std. As in Proposition 3.1.2, we
put

jli=d—1—].
3.2.1. Theorem. The graded vector space R;/_ is supported in the range [—j', j'1.
Fork € [—]', j'] we have

j+1, ifk—j iseven,

d'm* Rk, =
g, (Re,) {j, ifk — j' is odd.

Proof. We prove equality of dimensions by proving inequalities in both directions.
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In order to bound above dimg (RX ), we use the spectral sequence
¢ J

(3.2.2) EJ? = Extly o (K7 (6), 7]) = RE.

Proposition 3.1.2 tells us that Ef 4 =Ext§€( 601 (/\q/ Std, N\ Std) and Corollary 2.3.3

then ensures that dimE(Ef 1y <1 for all p and ¢ and
dimg (ES ) =1<= (—=j'<p—q <j and —j < p+q—(d-1) <)
< (p,q) lies in the rectangle (0,j"), (j, 0), (d—1,j), (j,d—1).

This rectangle is contained in the square [0, d—1] x [0, d—1] and its faces have
slopes 1. Since this spectral sequence has finite support, it converges and we have

d—1 d—1
dimg, (RE ) =) " dim(ELF") <) dim(EATH.
i=0 i=0

In particular, we see that Rf‘,j vanishes unless —j" < k < j/, in which case we get
dim[fZ(Rf;f) <#ief0,...,d-1}, —j <k+2i —(d—1) < j}
=#{icl0,...,d—1},—j+k' <2 <j—k}
= #{even integers in the range [—j + k', j +k']}.

For the last equality, we use that [—j + &/, j + k'] C [0, 2d — 2], which is indeed
equivalent to —j" < k < j’. Now the last expression in the right-hand side above is
Jj+1if —j+k"=j —kiseven, and is j otherwise.

We now look for lower bounds on dimﬁ (R,’;j). We will use the fact that, by
Proposition 2.2.8, we have

wl:=vq.. j4(Z) and W =V, a—1)(Zy).

As recalled in the proof of Proposition 2.2.8, these are liftings of 7; over 7y, that
is, admissible free Z,-representations of G such that

:t [ ~ .
w i ®Z( Fp>~m -
Therefore we have universal coefficients exact sequences
k s k k+1
Rw:/t ®;, Fe = Ry — R T[L],
' J

for all k € Z, and where the [£] denotes £-torsion (kernel of multiplication by ¢£).
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Since the Riji are finitely generated Z-modules, we have equalities
dimg, (RC’;T ®;, Fo) = dimg, (Rf);t [€]) 4 dimg, (RC’;/#[I /2)),
where szg = Zg[l /2] is the fraction field of Zg. Therefore we get
(32.3)  dimg, (Ry,) =dimg, (R L[€]) +dimg, (R, €D +dimg, (Ri,<[1/¢)).
Since w}“[l/ﬁ] =, n_l}(@g), we have already

computed the last summand of the right-hand side in [Dat 2006] (see, more precisely,
the display below [Dat 2006, Lemma 4.4.1]). This gives

.....

(3.2.5) dim@z(Rki[l/lﬁ]) =1 if —j <k < j and j'—k is even,
(3.2.6) dimg, (R [I/E]) =j+1, dim@[(Ri}[l/E]) =1,

(3.2.7) dim@l(ij_j [1/¢D) =1, dlsz(RZ)/j_[l/ﬁ]) =j+1,

(3.2.8) dim@Z(RZ]i[l/Z]) =0 in all other cases.

Case k = —j In this case, the equality dimE(R;jj/) = j + 1 follows from (3.2.3)
applied to a) in degree —j’, (3.2.6), and our previously obtained upper bound.

Case k = j'. Similarly, the equality dimg, (RJJT';.) = j+1 follows from (3.2.3) applied
tow; in degree j', (3.2.7), and our previously obtained upper bound.

Case —j' <k < j'. For k in this range, we are going to prove that

dimg (R*,[£]) = j and dimg (R* [€]) =0 if j'—k is even,

3.2.8 ’ !

G289 dimg, (R*,[£]) = 0 and dimg (RY _[€])=j if j'—k is odd.
J J

Because of (3.2.3) and (3.2.5), this implies our desired equalities:

. j+1 if j'—k is even,
dimg, (REy=17"" 1T T
J J if j'—k is odd.
We will prove (3.2.8) by induction on k. The first case is k = —j’ + 1. When
(3.2.3) is applied to w; in degree — ' it reads

j+1=dimg (R ] ~J +1[Z])+d1m[F (R, e + 1.

The same equation in degree — j' — 1 tells us that R /' [E] 0, whence the desired
equahty dimg, (R, J ) = Jj. On the other hand, (3 2.3) applied to a) in degree
—j’ immediately 1mphes that dlm[F (R / +1[ £]) =

We now assume that (3.2.8) has been proved up to k—l and we want to prove it
for k. We distinguish two cases.

Suppose first that j* — k is even. Then our induction hypothesis tells us that
dimg, (Rf)J?l [£]) = j so that the upper bound already obtained and (3.2.3) for w; in
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degree k — 1 1mp1y that dlm[F (Rk [£]) = 0 and also that dlm[H (Rk = j. Then,
(3.2.3) for o™ ; in degree k — 1 together with the vanishing of Rk+ [£] (induction
hypothesis) and (3.2. 8) tell us that dlm[F (R +[£]) =], as desired.

Next, suppose that j’ — k is odd, and apply (3.23) to a) in degree k — 1. By the
induction hypothesis, the upper bound, and (3.2.5), we get that dimg, ( Rk f[e]) =
and also that dimg, (R" 'Y= j41. Apply then (3.2.3) to w; in degree k — 1. Agam
the induction hypothesm and (3.2.5) tell us that dlm[F (R [Z]) = j, as desired. [J

Corollary (of the proof). The spectral sequence (3.2.2) degenerates at E,.

In particular, Theorem 3.1.4 is now proved. We may use it to recast the foregoing
result in the following way.

3.2.9. Corollary. Any splitting @ /\q Std[—q] => 6; as in Theorem 3.1.4 induces
a graded isomorphism 9=

R = P Ext{;% oy (A7 Std, N Std)[g — pl.

—Jj'<p—q<j’
—j<pt+q+1-d<j

Moreover, each term of the above sum has dimension 1.

3.3. The description of the pair (R}, L} ). In this section we prove the theorem
from Section 1.2.1 and its corollary.

3.3.1. Let us write ig := Indg(ﬁ) and consider the graded F¢-vector space R;“B.
By (3.1.1) we have

R}, = 9¢*(R Homy, (o 1y (RT(MTT S Fo), (ip)D))[1=d].

On the other hand we Ilave on the left %B (G, I-module (ig)! =F/[G4] a right
module structure over Fy[S,] which induces a left module structure on R;"B. Now
let A € (d) and denote by ¢, the central idempotent corresponding to the simple
module S;, as well as d, := dimg, S;. We then may recover R} by applying &;:

(RE)®" =g, R}

As in Corollary 3.2.9, the splitting property of €; shows that for k =0, ...,2d —2
we have

ktl—d 'Std. T
R~ (D Ext, @ (A Std, Fe[S41).
p—q=k+1—d

Inserting Proposition 2.3.2 we get

REF= ~ (B Homg g, (A Std, N Sd@Fi[S,]).
p+q'=k
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By Frobenius reciprocity and self-duality we finally get a &4-equivariant isomor-
phism
RV~ (B ASsid® N s,
p+q'=k

which shows that, as a graded vector space R} [d—1] is G4-equivariantly isomorphic
to the graded space H* considered in the theorem given in Section 1.2.1. So we
have obtained half of this theorem and we now have to study compatibility with
Lefschetz operators.

3.3.2. We refer to [Dat 2012b] for the precise definition of the Lefschetz operator
L : RT(M, Fo) —> RT (M, FOL21(1)

on the cohomology complex of the Lubin—Tate tower. By functoriality, the lat-
ter induces a graded equivariant map L} : R} —> R:[2](1) for any smooth
F¢-representation of G. For our purposes here, the most useful feature of L is
that it is lifted from the Chern class of the tautological bundle on the crystalline
period space P?~! of the Lubin-Tate space. This explains the following description
of the pair (R;;O, L;;O) where 7y denotes the unit representation of G over Fy (see
the first paragraph of the proof of [Dat 2012a, Theorem 4.2.2]).

Fact. We have an isomorphism Rj;o ~ H*(P4-1a F)H[d—1]= EB?;OI Fold—1-2i]
with L7, corresponding to the Chern class of the tautological sheaf on pd-1,

Because of our assumption that ¢ = 1[£], we may and will forget all Tate twists
in the sequel. We will also denote by

L;e HOI’I’lDb(%H (GO, 1)) (CGI’ cg1 [2])

the morphism induced by L on the complex at Iwahori level. When 7 is in the
unipotent block and 7/ = 7!*, the morphism L* is induced by L; through the
identification (3.1.1). We also denote by L® := L[2k—2]o- - -oL: R\, —> RI'.[2k]
the k-th iterate of L, and similarly for (L N® or (Lj;)(k).

3.3.3. Theorem. Let 7w be any unipotent irreducible Fy-representation of G. Then
(LE)® induces an isomorphism R;* = RE for any k > 0.

Proof. We know from Theorem 3.1.4 that 6; is a split complex. Let us choose a split-
ting €; = @flz_ol Hi(€;)[—i]. As in Corollary 3.2.9, this induces an isomorphism
from R’ to the graded space associated to the bigraded space

(pv CI) = EJ’.;’q = EXt%ﬁe(GO’I)(Aq/’ T[I),

This also induces an isomorphism
d—1
Hom i, (60,1 (61, €1[21) = @D Ext 723 (6p), 9 (6))
i,j=0
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i
according to which we have a decomposition L; = ‘ Z LlI’j . By Proposition 3.1.2
we have i,j=0

Ext! 7 T2(% (6,), %/ (6))) ~ BExt: I t2(A", AT

and by Corollary 2.3.3 (see (2.3.4)), the latter has dimension 1 if |i — j| <i—j+2 <
min(i + j, i’ + j’) and vanishes otherwise. In particular, when it does not vanish,
we have i — j +2 > 1 with equality if and only if j =i + 1. Now, each L}’
acts on the bigraded space E, by a map of degree (i — j + 2,i — j). Since
i—j+2)+G—j) =0, it follows that L; preserves the decreasing filtration
on E; defined by Fil, E, := P ptqsr EP? hence that L preserves the filtration
induced on R¥. In particular, we may check the expected property of (L) on the
associated graded space. Concretely, this means that it suffices to prove that for all
0< p<g<d-—1,the map

EP4 E (L’)<q7p)E E9P
— Ly —> x> Lr

e

is an isomorphism. This map is the composition

p,p+1 p+1,p+2 Lq—],q
EP9 Ly gptle-17_ L pq.p

and is given by cup-product:

(PP u UL U - ExtP (AT, 1) — Ext (AP, 7).
But Proposition 2.3.7 and the next lemma imply that the latter map is an isomor-
phism. ]
Lemma. The element Lf’pH U---u L?_l’q is nonzero in Ext4—P (AP, A7).

Proof. Clearly, it suffices to prove this for p =0 and ¢ = d—1. Let us consider the
space HOI’nDh(%E(GO’”)((@[, “€;[2d — 2]). It is isomorphic to

d—1
@D Ext' /T2 (6)), % (6)))
i,j=0

via our splitting of €;. But for i, j € {0, ..., d—1} the space Exti_j+2d_2(Ai/, Aj/)
vanishes unless i — j +2d —2 < d—1, which happens only wheni =0 and j =d—1.
In other words, we have

Home (%B (GY, 1)) ((61 , C6] [2d — 2])
~ Ext!1(3°(6)), %71 (6)) = Ext’ (AT, AD).
Moreover, through this identification we have

(LD =r%uLy?u...uLy >
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So we are left to show that (L;)“~V is nonzero.

Now, in the case that 7 = 77 is the unit representation of G over Fy, the explicit
description recalled in the fact given in Section 3.3.2 shows that (LJ*TO)(d_l) is
nonzero, and hence so is (L;)@=D. O

3.3.4. Theorem 3.3.3 tells us that (R L* ) satisfies the “hard Lefschetz theorem”.
Therefore, by the discussion in Sectlon 3. 3 1 it is F,[&,]-equivariantly isomorphic
to the pair (H*, L*) shifted by 1—d of the theorem given in Section 1.2.1, which
finishes the proof of the latter theorem.

3.3.5. For & elliptic, we will now describe precisely the isomorphism class of
the pair (R}, L) in the category of finite-dimensional graded vector spaces en-
dowed with a degree-2 endomorphism. This category is abelian artinian and its
indecomposable objects are isomorphic, up to shift, to some

k
P, = <@ Folk — 2i1, Lk) with L the unique map of degree 2 and rank k.
i=0
Note also that
Py~ (H*(P*, K], c(Opi 1)),

the shifted cohomology of a projective space of dimension k with its tautological
Lefschetz operator.

Corollary. For j =0, ...,d—1,wehave (R} , L} ) = (Pt & (Pj_®/.
Proof. By Theorem 3.2.1, the graded pieces R;J J /, R;jj /+2, R R,J,; all have dimen-
sion j + 1. By Theorem 3.3.3 we see that L;“,, induces isomorphisms

./
R = RJ?? = ... = R,

whence the summand (Pj/)®f +1. Similarly, L;’;, induces isomorphisms

R ]+1 R ]+3 ;) Rj/—l
7
between all these j—dimensional spaces, whence the summand (Pj/,l)@j . U
red, *

3.4. Computation of (Ry ", L™%). We now assume that the unipotent represen-
tation 7 is elliptic. So it is of the form 7 = mr; for some j € {0, ...,d—1}. The
particular case j = 0 corresponds to the trivial representation 7 ; >~ F¢. In this case
we find that Ry = @?:_01 F¢[—2i +d—1] so that the total dimension of Ry isd.In
the other extreme case, when j =d—1 so that 77; is the Steinberg representation, we
get that R is concentrated in degree 0 and has dimension d. These are, however,
the only cases where the total dimension is d, in contrast with the other situations
we have studied in previous papers (£-adic, banal, and regular cases).
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3.4.1. In order to recover a d-dimensional vector space, we consider the following
“reduced” version of R;. We put

€)= R"Endy, go.(n") = P Exty, (o,
k=0
the self-extension algebra of the ¥, (G°, I)-module 7’ . This is a positively graded
algebra and we denote by €7 o= Diso Ext%F . 1)(71 7!y its augmentation
ideal. Via the isomorphism (3. 1 1), the graded [,-vector space R carries a graded
right-module structure over €*,. We then put

RI* = RX/REET

T gl

For 7 elliptic, we will show that this graded vector space has total dimension d, as
desired.

3.4.2. Theorem. Choose a splitting @1y \' Std[—q1=> 6; as in Theorem 3.1.4.
Then, through the isomorphism of Corollary 3.2.9, we have

+ ~ p q’ J
R;j%”} ) Ext%ﬂ(GOJ)(/\ Std, \ Std)[g — pl.
—j'<p—q<i’
—Jj<pt+q+1-d<j

Therefore we also get an isomorphism

d—1

Rred”@EXt% @ HAC A=) +2q1@ D Ext)’ (GO AT AN
q=j'+1

In particular Rf,ef‘ has total dimension d and its graded dimension is given by

i+l ifk=-j,
dimg, REY = 11 ifk=—j +2i with0<i<j,

0 else.

Proof. Let D be the square defined by the inequalities —j' < p — ¢ < j" and
—j<p+qg—d+1<jandlet DT be the complement in D of the left-side edges
definedby p—¢g =—j’ and p+q = —j+d—1. Corollary 3.2.9 expresses R* as the
graded vector space associated to the double graded vector space (p, g) — E Pq =
Ext? (A9, AV), whose support is D. For [ > 0, an element of %f,z = Ext/ (A7, AJ)
acts through a bigraded map of degree (/, 0). Therefore, R;J,%;} is the graded space
associated to a bigraded subspace of E** whose support is contained in DT. In
other words, the isomorphism of Corollary 3.2.9 takes R, %Jﬁ in the right-hand
side of our statement.
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To get the other inclusion, we need to understand the action of a generator f;‘
of %1 = Ext' (A7, A7), which is given by the cup-product

—UE! 11 , .
Extp(GOI)(A , A =5 gl — Ext;’aGO”(Aq,A/).

But Theorem 2.3.5 tells us that this is an isomorphism, whenever both sides are
nonzero. It follows that EP*1-4 R;j%;(, and finally that the isomorphism of
Corollary 3.2.9 induces the claimed isomorphism. The claim on R,r,‘?_d is a direct a
consequence of the latter. U

By definition the graded map L} commutes with %:,, so L? induces a graded
linear map L™ : R4 — Rred[2],

3.4.3. Corollary. For j =0,...,d—1, we have (RF!, LYY = P; ® (P)®/[j']
In particular we have the equallty

[RE, LY = LI()) ® (0%(x)), Na)
in the Grothendieck group of Weil-Deligne F, D* -representations.

Proof. By the corollary in Section 3.3.5 (and its proof) and the very definition of Rred
as a quotient of R 7> We see that Lrejd induces a surjective map R©F — Rred.k+2 for
all k > —j’. So our first claim follows from the description of the graded dimension
of R in the above theorem. The second claim follows from the equalities

e LI(mj) = (1) Li(mo) = (=1)/ LI(g—1) = (=1)/ [1 px] and
e 0¥(m;) = (IWK)@d and Ny, has Jordan type A = (d — J, 1)),

The latter equalities are seen, for example, by reducing modulo ¢ the corresponding
f}(@[) since we have 7; = v ([Fg) O

3.4.4. Remark. There are dual versions of the theorem and corollary. Instead of
considering R™®*, one could consider

equalities for vy

..........

R;ored,* = R;); [%:1]

the graded subvector space of R which is annihilated by the augmentation ideal
Cé:,. Then a very similar argument to the proof of the above theorem shows that
the isomorphism of Corollary 3.2.9 induces the following one:

Jj— d—1
d ~ J'+q VN j+dq
R = D Ext o0 (AT AN T@ P EX 0 ) (AT AN =24,
q=J
In particular R;‘j’_red’* has total dimension d and graded dimension given by
j+1 ifk=j,
dimg, R,rfjd’k =11 ifk=j —2i with0<i < j,

0 else.
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Similar arguments as in the last corollary show that L* takes RS to itself, and
that for j =0, ...,d—1, we have (Rf;j?red, Lff;red) ~Py® (Py)®7[—j", leading to
the same conclusion that [Rfr‘j’,red, Lf;jred] =LJ(w i) ® (0¥(m;), Nr,).

3.4.5. We now give the relation between the algebra €, used here and that used
in the statement of the main theorem in Section 1.2.2. The inflation functor from
%B (G, I-modules to %ﬂ (G, I*)-modules along the map of Proposition 2.1.3
yields a morphism of graded algebras

€ — EX%GO (m, )

and the right action of €*, on R} that one deduces from this morphism coincides
with the right-action used above, which was obtained from the expression (3.1.1).
We claim that the image of the above map is the algebra €} defined in Section 1.2.2.
Since €7, is generated in degree 1, we only need to see that sequence

1 1 _I 1 1 (= =
Ext%ﬂ(coy”(n , ') —> ExtmGO(n, T) — Extﬁé(n, )

is exact. But through the equivalence of Corollary 2.1.2 this sequence reads

1

1 I _I
EXt%H(GO,I)(n , ) — EXt%H(GO,I‘

I _I 1 I _I
)(n , ) — Ext%ﬂ (GLd(@),ﬂ)(n ,TT).
On the other hand, since £ > d, the right-hand side coincides with Ext}m ian (!, 7h).
Therefore the exactness is equivalent to the fact that any extension E of 7! by 7/
as #(GY, I*)-modules is a %(G°, I)-module if and only if it splits as an extension

of 1¢/I-modules. But this is clear.

Appendix: Proof of Theorem 2.3.5 and Proposition 2.3.7

In order to compute enough cup-products between the nonvanishing Ext spaces of
Corollary 2.3.3, we need to exhibit explicit generators of some of these Ext spaces.

A.1. Construction of extensions. Recall that we have abbreviated A’ := /\' Std
k i J koai i

and EXtE[(GOr’\T)/TO](/\ Std, /' Std) by Ext*(A’, AY).

A.1.1. Further notation. The standard representation A' = Std can be presented

as the quotient of the permutation module H by the line generated by (1,1, ..., 1).

Let ey, ..., e; be the image of the canonical basis of Ff in A!. This set of vectors

enjoys the following properties:

e it is a generating set with “only” linear relation Zle e, =0 and

» the action of &, is given by o (e,) = e, (), Wwhere we see S, as the permutation
group of {1,...,d}.
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More generally, if 1 is a subset of {1, ..., d} of size |I| =i we put
ej:=e N---Nep € Ai,

where [ = {ry,rp,...,r;}and r; <rp <--- < r;. For a collection I, ..., I, of
subsets of {1, ..., d} we define ({1, ..., I,) by the equality

epN---Nejp = e(ly, ..., In)eIIU---UI,l-
Thus (11, ..., I;) is 0 unless all I;’s are pairwise disjoint, in which case it is a
sign. Now, if we fix i, the set of vectors {e;, I C {1, ...,d}, |I| =i} enjoys the

following properties:

o It is a generating set whose space of linear relations is generated by the
following ones: Zle e(J,{rhejuyy = 0 for each J C {1,...,d} of size
|J| =i — 1. In particular, the subset of all e;’s for I contained in {1, ...,d—1}
is a basis of A,

 The action of &, is given by o (e;) = sgn(o|1)eq (1), where oy is considered

as a permutation of {1, ..., i} via the orderings on / and o (/) inherited from
that of {1, ..., d}.

When i =i; +---+1i, is a composition series of i, we have a canonical map

(exterior product) A" ® --- ® A P AT, We will later need the quasisection
;o can

A== A'®---® A" of this map defined by
can(vi A---A;)
= Z SEN(T) (Vr(1) A== AVr(i) @ -+ @ (Ve (i) A+ AVz(i)),
‘L’E[G,’/Gil ><---><G,'n]

where the index set stands for permutations 7 that are increasing on each [ZY i+,
D st is]. Note that prod o can is the multiplication by i!/(i!---i,!), which is
nonzero in F,, due to our assumption that £ > d. Note also that can is & 4-equivariant
and the evaluation on e; is given by

(A.1.2) can(e;) = > eIy, ....L)e, ®--Qey,.

Lu-ul,=1,|I|=i,

A.1.3. Definition. For d—1 > i > j > 0, we denote by Si’;j the generator of
Ext' =/ (A!, A7) provided by the nonzero & 4-equivariant map A' LA @A
via the isomorphism of Proposition 2.3.2(i).

A.1.4. Proof of Proposition 2.3.7. Since the regular representation F,[S,] is semi-
simple, it is sufficient to prove that for all i < j the cup-product

(A.1.5) E7TU— tExt/ (AT F[84]) — Ext’ (Y Fi[&4])
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is an 1s0m0rph1sm Note that, as a Fy[ [(NN GO)/TO]—module, we have F/[S,] =
ind¥NG/ (H:g) so Frobenius reciprocity tells us that

NG
J’ i T ~ Fytd i TN~ A AT
EXtﬁ[(NmGO)/TO](A , FelGal) = Ext[F [(TmGO)/TO](A ,Fe) @ Homg (A", A7).

Now, by the formula for cup-products in Proposition 2.3.2(ii) and the expression of
& J]l_l in Definition A.1.3, we see that the map (A.1.5) is isomorphic to the map

mg, (A", A") > Homg, (A7, A")
oy (A
That the latter map is an isomorphism is an avatar of the Lefschetz decomposition
of the exterior algebra of an hermitian space (see, for example, [Griffiths and Harris
1978, Chapter 0.7]). Since our field of coefficients F, has positive characteristic we
briefly review the argument in order to ensure that it is still valid in our context.
Let us consider the graded space H* := Homg, (A*, A™) = A* ® A*, where A
is the Fy-linear dual space of A. We endow it with an operator of degree 2 which
on the (p, q) part is given by

(A.1.6) ol

A @A TS A @ AT Ly AT,

L: Homg,(A”, A%) — Homg (APT!, AT
0> Lo: (AP S5 Ar @ A B8 At @ A L5 ATty
and an operator of degree —2 which on the (p, g)-part is given by

‘L: Homg,(A”, A%) — Homg (AP~ A7)

o®Id v can

o> Lo: (AP ' 5 AP AES AT A 55 A1),

Here the last map is the composition of can with the evaluation map A ® A —Fy.
Explicitly, denoting by e, ..., e;_, the dual basis of ey, ..., e;—1, we have Ly =
@ A (X ef ®e;), or, even more explicitly, we have for I, J C {1,...,d—1} with
|I| = p and |J| = ¢, denoting by /¢ the complementary subset,

Lej®e))= Y el.be(J. b)ejyu ®esup.
kelcnJe¢
while

‘Lie;®es)= Y e\ {k} eI\ k), bef\ ) ® e
kelnJ
Then a simple computation shows that commutator [L, ‘L] acts on Homg, (A?, A7)
by multiplication by p + ¢ — d + 1, hence it acts on H* by multiplication by
k —d + 1. It follows that the triple (L, [L, 'L], ’L) is a sl,-triple, that is, is the
image of the canonical basis (E12, E1; — E2, E2p) of sl (Fy) by a unique structure
of 5[2(@)—m0dules on H*. Moreover, the weights are 1-d,2 —d,...,d—1 and
the eigenspace of weight 1 —d + k is H*. Now, we use our assumption that £ > d.
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This means that the simple sl (F;)-modules with weights in the above range are
constructed in the same way as for sl (C). In particular, for each A € {0, ..., d—1}
there is a unique simple module (Vjy, r;) of highest weight A, its weights are
—A,A+2,..., A, and r; (E12) induces an isomorphism between eigenspaces V/\k =
Vf“ for —A <k < . Now, taking a filtration of H* with simple subquotients, we
see that L¥ induces an isomorphism H¢~ 1% = gd=1+k forall k =0, ...,d—1,
and consequently an isomorphism

L* : Homg, (A”, A9) => Homg, (APTF, A9HK)

whenever p 4+ g = d—1—k. But we have L*¢ = ¢ A (k! Y 4 €k ® ex ), so that
LK is also given by

L¥g = kI(APHF S5 AP @ AR 22N pa g pk 2y pat+k),

Now, taking p =i, k= j—i =i — j/, and g = j' we get that (A.1.6) is an
isomorphism, as desired. (]

A.1.7. Lemma. Fori=1,...,d—1, we define inductively an element F; € AQA!
by setting

(A18) F =1

S|

d d

1 .
Zler@)er, and Fi:EZIerAFil/\ersforl>l-
r= r=

Then, F; is a generator of (A" ® A")®¢ and we have the formula

(A.1.9) F, = (—1)i@-b2L Y @

i
Ic{l,...d},|I|=i

Proof. Formula (A.1.9) is easily checked by induction, using the fact that
e, NefQerNe,=e({r}, e, {r}ejur ® erupr)

is O unless € {1, ...,d}\ I, in which case we have ¢({r}, De(I, {r}) = (=Dl
Now, F; is clearly G -invariant, so it only remains to check it is nonzero. Consider
the element

.....

In our formula for F;, the only subset / that will contribute to E; is I = {1, ..., i},
so that we get

Ei=ci-eq,. . apnja—1) ® e, .. ani+1)

with ¢; = +i!/d' nonzero. Hence E; # 0 and therefore F; # 0. ([l
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The element F; defines a nonzero morphism éé,i A=F, — A'® A, and
therefore provides a generator f;‘é’ ; for Ext' (A, A"). More generally, for i < j, the
map A' — A/ QA7 vi—> v A Fj_; is a §4-equivariant map and the above
proof shows that it takes nonzero value on v = eyy—;, . 4—1j, for example.

A.1.10. Definition. For 0 < i < j < d—1, we denote by §l.{j_i the generator
of Ext/ (AT, AJ) provided by the nonzero &y-equivariant map v — v A Fi_i,
A5 AT @ AV via the isomorphism of Proposition 2.3.2(1).

A.1.11. Lemma. For 0 <i < d—1, the mapping e, — e, A\ F;_| A e, — F; extends
uniquely to a G j-equivariant F¢-linear nonzero map

LA — AT AL
1,i

Proof. Since the e,’s generate A', the extension is unique. For its existence we
need to check compatibility with the linear relation ) . e, = 0. But this follows
from the recursive definition (A.1.8). Equivariance is clear, given the invariance of
F; and F;_;. It remains to check nonvanishing. But we have

which was shown to be nonzero in the previous proof. ]

The homomorphism & i ; therefore provides a generator of Ext' (A, AT). We will
now construct generators of some other nonzero Ext spaces.

A.1.12. Explicit basis of Ext spaces. In this section we fix integers i, j, k € {0, ...,
d—1} and we assume that i < j and i + j < d—1. Under these assumptions,
Corollary 2.3.3 tells us that Ext*(A’, A7) has dimension 1 exactly when j —i <
k<j+i.

Definition. In this context, if k is of the form k = j — i 4+ 2I, we define

g0 NS ATRA - A @Ak

VROW > VA Fr_j Aw.
Ifkis of the formk = j —i 421+ 1, we define
g0 NS ATTTRATRA > A e At
v®u®w|—>v/\§f’;[_l(u)/\w.

By construction, the map Si]f ;s G-equivariant, and we denote by the same symbol
the corresponding element of Ext*(A?, A7) via Proposition 2.3.2(i).
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Remark. This definition is consistent with Definition A.1.10. Moreover, by
Proposition 2.3.2(ii), we see that by construction we have a factorization Si" =

g,V S;‘ikj j with [ as in the definition above.
The following proposition is the key to Theorem 2.3.5.

Proposition. For all k such that j —i <k < j+1i, the elementé is a generator
of Ext(A?, AJ). Moreover, ifk < j +i, we have

() &, Vg e B g"“ and
(i) &, UE)  eFy gt

Proof. The proofs of (i) and (ii) are somewhat lengthy and complicated computations,
and are postponed to Section A.2 in order to lighten a bit this section.

Let us deduce that Sk is a generator of Extf(A?, A7). We know that this is
equivalent to & ; k bemg nonzero. By either (i) and (iD), 1t is enough to prove that

& J]” is nonzero By definition, the homomorphlsmg AT — AV AT s
given by v — F; A v. But the proof of Lemma (A.1. 9) shows that, for example,
Fj ANejg—it1,....a) 1s nonzero (note that j +2 <d —i+1). O

A.1.13. Proof of Theorem 2.3.5. The last proposition implies the claim in the case
where i < j and i + j < d—1. Using duality we get the case where i > j and
i + j < d—1. Here by duality we mean contragredient A — A* = Homg, (A, Fe)
of Fy-representations of &,. Indeed, for such representations we have functorial
isomorphisms

Ext: (A, B) = Ext

% *
Fe[(NNGY)/T0] (B, A7)

Fel(NNGY)/T0]
that are compatible with cup-products in the obvious sense, and, on the other hand,
we have (A')* ~ A’ and (A/)* ~ A/. So the claim is now proved for i + j < d—1.

In order to get the case i + j > d—1 we use the endoequivalence of the category
of Fy-representations of G, given by A — A ® AY~!. Again we have functorial
isomorphisms

Ext* (A® A B AT

F vy, 7oy (As B) = Extz

F[(NNG)/TO)
that are compatible with cup-products. On the other hand, we have

AN@QAT A and AV QAT AT
and (d—1—-i)+ (d—1—j) <d—1 wheneveri +j > d—1.

A.2. Proof of the preceding proposition. We now prove items (i) and (ii) of the
proposition appearing on this page. We will evaluate both sides of the claimed
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equalities on elements e; for I C {1,...,d} of size i. Inserting (A.1.2) in our
definitions, we get

§ien) = 28(1 \{r}, {rhenpy A (e, ®er — F1)

rel
:Z€I®er_zg(l\{r}’ {r})el\{”}/\Fl'
rel rel

Similarly, when k = j —i + 2] we get
g e = Z e(i—r, e, N Fr Ney,

I1=I;_;ul;

and when k = j —i +2/+ 1 we get
%lfj (er) = Z e(lii—1,{r}, INes_,_, AN(er N Fr—j—1 Ne, — Fr_p) Ney,.
I=1;——u{riul

A.2.1. Proof of (i) in the case k = j —i + 2l. We assume that k = j —i + 2I.
From the two expressions above and from the dictionary for cup-products in
Proposition 2.3.2(ii), we get

(&' UEf e =A—B,
with

A= Z Silfj(el) Aep = Z Z ei—r, INeg_; N Fr_i Nep Ney

rel rel I=1I;_ul;

and
d
B= % 21:8(1 \{rh Arh X_;S,/fj(el\{,} Aeg) Aes.

Now in the expression A, each summand is O unless r € I;_;, in which case we have

e(li—, ey, NFryNep Ney
= (=D'e(i—y, eI \{r}, rDes,_ni A (e, A Feoi Aey) Aey,
= (=D'e(lio \ {r}, irh, IDer iy A (er A Fiop Aey) Aey,

so that eventually we may rewrite

A==D" Y 0 eUi {r) e Ale AFiner) Aey,

1=l u{riul

and thus recognize one summand of the expression of ";‘ik;rl(e[). Moreover, in

expression B each summand is O unless s is outside / \ {r}, in which case, putting
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I775 .= T\ {r}u{s}, we may write
£l (enim Aes) Aes
=e(I\{r}, {sDE j(er+s) Ney
=e(I\{r}, {s}) > sU T 1T epris Ay Aepris Aes.

J-rts ZII:rIJrs I_IIFVJFS

Now in the last expression, each summand vanishes unless s € Ii__rlﬂ and, as above,
we have

e(Ii:rlJrs’ [l—r+S)eI;rl+x AFr_ N ejr+s A eg

= (_1)18(11':’}‘1‘5 \ {S}7 {S}v I]7r+s)e1i_7rl+s\{s} 7AN (eS AN Fk_[ AN eS) A el,‘”"“
Hence we get
%’fj (en(ry Nes) Aes

=(D'ed\{r)hgs) Y. eUimir.{sh IDer_,, A(es AFioi Aey) Aey.
IN{r}=Li——1ul;

Because of the equality
el sk I) = (=D'e(i1, I {s) = (=D'e(i—1, Ie \ {r}. {s}).
we have
e(I\{r}, {sDeUiyr, {s}, I) = eI\ {r}, {rDe i1, {r}, 1),
so that eventually

-1’ §
o> el {rh Ien_ Ales AF Ae) Aey,

d
s=1 I=1,;1,1L|{r}|_111

B =

=0 > eUimr. {r) Ier_ A Feoipr Aey,

1=l u{riul

which gives the second summand in the expression of Sl.’f

jfl (e7). Namely, we have
shown that £/, UgF, = (=1)/&F" in this case.

A.2.2. Proofof (i) inthe case k= j—i+2l4+1. We now assume that k = j—i+2[+1.
Again we can write

(& UE e =A—B,
with
A= Zéi]fj(el) N ey

rel
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and
! d
B=2) eUN\{r){rD) D & jlenp Aes) Aes.
rel s=1
Inserting the expression of sl.lf j in A we may decompose A = A + A, with
Ay =Z Z eii—1,t, e, Neg NFr_j_1 NegNep Ney
rel I=I,',[,1I_I{I}\_II]

and
Ap==) ) elintDen  AFiheyAe.

rel I=I_—u{rjul
Each summand of A; vanishes unless » € I; _;_;. This remark allows us to rewrite
the sum in the following way:
Al = Z e(li_y, Ip) Z e N Fie_i_1Ne nepNep = 0.
I=I; Ul riteli_

Indeed, the sum vanishes because the summands are antisymmetric in (7, ¢). As for
Ay, we split it further as A, + Ay, according to whether r =1 or r # t:

Ay =— Z e(li—i—1,t, e, NFi_i Nep Ney,
I=1;——u{rjul;
Ap=-— Z Z eli—j—1,t, e, NFreyNep Ney.

I=1;_U{t}uly r#t

We are then pleased to see that

Ay =—(=1) Z e(li—y—1, Ut e, AN Fr_i Nejup

1= u{riul

=DM+ Y e IDen A F Aeyy,

I=1;_ Ul
= =DM+ DE S ).

The term A, will be canceled by a term occurring in B, so we now turn to B, and
begin to decompose it as By + B, with

d
By=Y) e(I\r, r)(éZe(I\r,s)

rel s=1

x Y el {1 ey, AecAFii_1Ae) A Aes>

Is=I,_ufury

and
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d

By=—Y el\r, r)(%Ze(l\r,s)

rel s=1

X Z ey, {t}, e, NFy—iNep Nes, )

Is=I7,_ufulf

where we have written /° := I \ {r} U {s}. We may split further, B, = By| + B»»,
according to whether t = s or ¢ # 5. Then we have

d

1
By =-) e\r, ”)(3 Y el \r,s)
rel s=1
x Y a1 {s). e AFiiAey /\€s>
N{r}=li——1ul;

d
1
== eU\rnZ > > (=Delim er_ AFiciAey Aey

rel s=1 I\{r}=L_;_1ul;
l 1
== eU\rr) Y (=D'eUi Ier AFeoiner A (3 > es)
rel 1\{}’}:1,',1,1L|1[ s=1

=0 <since Zes =0>.

s=1

As for Byy, we note that each summand vanishes unless s € Il.s_l_l. In this case, we
may write e, | = e(li—j—2,8)er,_, ,Nes for I;_;_» asubset of I\ {r, ¢}, and we
note that /;' is also a subset of 1 \ {r, s}, so we simply denote it by /;. Therefore we
may rearrange the sum in the following way:

By
! d
=— Z Z 7 Zsign(r,s, t,lij—2, e, ,NesAF_j Nep Neg,
ritel,r#t IN{r,t}=1;_;_oul; s=1

where

sign(r, s, t, Iy, ;) = eI \r,r)e(I\r,s)e(l;_j—2 U {s}, {t}, [De(l;_;—2, {s})
=e(I\r,")e(I\r, )e(li_i—2, {s}. {t}, 1))
= (=D!*e(I\r, e\ r,)e(Tii—2, {t}. 1, {s})
= (=D \r,r)e(imi—p. {t}. 1)
= (=D"e(li_ia, 1), I {r))
=e(li—y—2, {r}, {1}, I).
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But since e(1; _;_», {r}, {t}, I;) = —e(;_;_», {t}, {r}, I;), we see that By, = 0. It
remains to deal with B;. As in the case of By, we see that each summand vanishes
unless s € I ,_,, so that we may rearrange the sum

d
B= ¥ % > el ) ),

rtel, r;ét I\{rt Ii—— 2I_I11 s=1

Xejp NesA(er NFr_j—1Nep) Nep Nes

i—1-2

= (-1 Z Z e(lizj—2, {r}, {t}, IDey_, s N(es ANFr_ Nep) Ney,

ritel,r#t I\{r,t}=L_;_oUl;

> Do Ui U{t) {r) Ien_ A i Aey Ae

ritel,r#t I\{r,t}=I,—_;_oUl;

= - Z ZS(IHA, rodper ANFinep Ne
I=1 . u{riul; t#r

== A22.

Finally we have proved that in the case k = j —i +2[ + 1,
& U%,!fj)(eﬂ =A1+As+An—B1— By —Byn=Ay=(-D"({+ 1)5,571(61)-

A.2.3. Proof of (ii). Itis certainly possible to do a direct computation as above,
but it seems easier to use case (i) and prove (ii) by induction on k. Indeed, if we

assume that éi UE ;€ [FX S, L then we get, thanks to (i),

g UE] el g UESTUE] e F) g UES e FF gL

Therefore all we have to do is initialize the induction by proving that “;‘ I~y “;‘ !
I]:>< .i-‘ J~IH1 But since we already know that S S € I]: g2 IL it w1ll sufﬁce to
check that é Iy S 2. e [F>< S Jit2 (this 1nvolves less computation). Again we

evaluate both s1des on elements e;. Let us write
5,-{;1 (ef) =enNFj_i=Cj_; Z ejNeg Qeg,
K|=j—i
with Cj_; = (—1)U=DU=I=D/2(j —i)1/(d/~). We then have
ITUE e =Cii Y e, K)E (eruk) Ae.
K|=j—i
Inserting the expression

Sij(elUl() = Z e(IUK\r,r)ejuk\r AFi1 Ney,
relUK

which is valid for I and K disjoint, we get
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( ij,j_l Uéij)(el) =Cj-i Z Z e, K)e(IUK\r,r)ejuk\s ANF1 Aer Neg.
|K|=j—i relUK

We see that those summands where r € K vanish. Hence we may restrict the second
sum to /:

G Vg NN =Cjmi Y D el K)e(\rUK, nenuk AFiAe Aek

|K|=j—i rel
:Cj—i Z Z,U,(I, K,r)eI\,/\eK/\Fl/\eK/\er,
|K|=j—i rel

with
wl,K,ry=e(I, K)e(I\rUK,r)e(I\r, K)(—1)/~"
=e(I, K)e(I\r,K,r)(=1)/ " =e(I, K)e(I\r,r, K) =e(I\ 1, 7).
Eventually we get

(Si{;iUéﬁj)(el):Cj_i Z Ze(]\r,r)el\r/\eK/\Fl/\eK/\er

|K|=j—i rel

= Ze(l \r,r)ep, A <Cj,- Z eK/\Fl/\eK> Ney

rel |K|=j—i
= 28(1\r, rensANFj_it1Ney

rel
)
= 5,‘,]‘ (er).
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