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1. Introduction

In this paper we show the local hard Lefschetz theorem for Soergel bimodules, as con-
jectured by Soergel and Fiebig. A key new ingredient is the study of intersection forms
and a proof of local Hodge—Riemann bilinear relations. These properties are interesting
in themselves, as a further example of the remarkable Hodge theoretic structure present
in Soergel bimodules (even when no geometry is obviously present). It is also important
because, by work of Soergel and Kiibel, it may be used to give an algebraic proof of the
Jantzen conjectures on the Jantzen filtration on Verma modules. (The first proof of the

Jantzen conjectures was given by Beilinson and Bernstein [2].)

In geometric situations Soergel bimodules may be obtained as the equivariant inter-
section cohomology of Schubert varieties. In this setting the local hard Lefschetz theorem
and local Hodge—Riemann relations for Soergel bimodules follow from the hard Lefschetz
theorem and Hodge—Riemann relations for equivariant intersection cohomology, applied
to a punctured standard affine neighbourhood of a torus fixed point. Hence the results
of this paper may be seen as a translation and proof of these Hodge theoretic statements

into the algebra of Soergel bimodules.
This paper is a sequel to [11] by Ben Elias and the author. The main ideas for the
proofs are already contained in [11]. This paper, like [11], draws much motivation from

de Cataldo and Migliorini’s Hodge theoretic proof of the decomposition theorem [8], [9].
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1.1. The fundamental example

We start by recalling the geometric setting that led Soergel and Fiebig to the local hard
Lefschetz conjecture. It is based on [4, Chapter 14], where Bernstein and Lunts call this
setting the “fundamental example”. For us the name is very appropriate: although all
the proofs of this paper are algebraic, all the motivation comes from the fundamental
example.

Assume that C* acts linearly on C™ with positive weights (i.e. lim, o z-v=0 for
all veC™). Let X CC™ denote a closed C*-stable subvariety. Let Hf. (pt; R) denote the
C*-equivariant cohomology of a point, which we identify with R[z], where z “is” the
first Chern class (of degree 2). When we come to discuss Soergel bimodules the choice
of coefficients in the real numbers will be important. When discussing the fundamental
example we could take coefficients in any field of characteristic zero. To simplify notation
we take coefficients in the real numbers throughout.

Let TH* (vesp. IH¢., IHg. ) denote (resp. equivariant, compactly supported) in-
tersection cohomology. A basic fact is that we have a short exact sequence of graded

R[z]-modules
0 — IHE. (X) — IHE. (X) — IH*T (X /C*) — 0, (1.1)
where X := X\ {0} and TH*(X /C*) is a graded HZ. (pt) =R|[2] module via the identification
IH* (X /C*) =THL. (X),

which holds because C* acts on X with finite stabilisers.

The above sequence is obtained by taking equivariant hypercohomology of the stan-
dard (“Gysin”) distinguished triangle for the equivariant intersection cohomology sheaf
on X with respect to the decomposition X ={0}UX. The first and second terms of (1.1)
can be identified with the hypercohomology of the costalk and stalk of the intersection
cohomology sheaf at 0€ X respectively. The resulting long exact sequence yields the
short exact sequence (1.1) by purity, which ensures that all connecting homomorphisms
are zero.

To lighten notation we set M!::IH(E*)C(X), M:=TH}. (X) and H:=TH*(X/C*) so

that our sequence takes the form
0— M'— M — H[1] — 0. (1.2)

(H[1] denotes a degree shift: H[1]*=H*"1.) Important ingredients in the fundamental
example are the following facts about the sequence (1.2):

(1) M' (resp. M) is a finitely generated free R[z]-module (as follows from purity)
generated in degrees >0 (resp. <0) (a consequence of the degree bounds on the stalks

and costalks of intersection cohomology complexes).
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(2) For all i>0 multiplication by 2% induces an isomorphism
zH™' =5 H.
(Indeed, the operator of multiplication by our generator z€HZ. (pt) on
IH;. (X) =IH*(X/C*)[-1]

may be identified, up to a non-zero scalar, with the action of the Chern class of the closed
embedding X /C*<(C™\{0})/C*=P, into a weighted projective space. Now the result
follows by the hard Lefschetz theorem for intersection cohomology.)

(3) As the intersection cohomology of a projective variety, H is equipped with a

non-degenerate graded intersection pairing
(-,-):HxH—R.

Moreover, for each >0, the “Lefschetz” form on H~% given by (h,h'):=(h,2'h’) (non-
degenerate by (2)) induces a Hermitian form on H ‘@ C whose signature is governed
by the Hodge—Riemann bilinear relations.

This paper is concerned with establishing algebraic analogues of (2) and (3) in the
setting of Soergel bimodules. The bimodule analogue of (1) is Soergel’s conjecture, which
was established in [11].

1.2. Results

Let (W, S) denote a Coxeter system. Let b denote the reflection faithful representation
of (W, S) over R described in §3.2, and let {as} Ch* and {«)} Ch denote the simple roots
and coroots (see §3.2). Let R denote the symmetric algebra on h* with deg h*=2. Let B
denote the category of Soergel bimodules (see §6.2). For any yeW, let B(y) denote the
indecomposable self-dual Soergel bimodule parameterised by .

Let B denote a Soergel bimodule and fix €W. Define B, (resp. B,) to be the largest
submodule (resp. largest quotient) of B on which we have the relation b-r=x(r)-b for all
r€R. Then B! and B, are free left R-modules. If B is indecomposable and self-dual
then B!, (resp. B,) is generated in degrees >0 (resp. <0) and their graded ranks are given
by Kazhdan—Lusztig polynomials (Soergel’s conjecture). Inclusion followed by projection
gives a canonical map

ip: B.“— B —» B,.

Moreover %, is an isomorphism over @), the localisation of R at all roots.
Any ¢V e yields a specialisation R—R|[z] given on degree-2 elements by a+— (a, (V)2
(“restriction to the line R¢CY Ch”).
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THEOREM 1.1. (Local hard Lefschetz) Suppose that oY €l is dominant (that is,
(g, 0V)>0 for all s€S) and that B is indecomposable and self-dual. Define H[1] as the

cokernel of the inclusion:
0— R[2]®gB. 225 R[2]®p By — H[1] — 0.

Then H satisfies the hard Lefschetz theorem: multiplication by 2* yields an isomorphism
H = H® for all i>0.

This result was conjectured by Soergel [28, Bemerkung 7.2] and Fiebig [13, Con-
jecture 6.2], motivated (as we will explain below) by the fundamental example applied
to the link of a singularity in a Schubert variety. In fact they conjectured the theorem
to hold for any ¢V e€h such that (a,V)#0 for any root a. The conjecture is false in
this generality. We will explain below that for Weyl groups its failure is related to the
failure of semi-simplicity of the layers of the Jantzen filtration associated with certain
non-dominant regular deformation directions.

The local hard Lefschetz theorem is the only geometric ingredient in Fiebig’s bound
for the exceptional characteristics occurring in Lusztig’s conjecture (see [15, §1.2]). Using
the above theorem one can deduce the results of [15] without recourse to geometry.

We now discuss the Hodge—Riemann bilinear relations. Suppose that B is indecom-

posable and self-dual. Then B carries an intersection form(")
<',->BZBXB—)R

which is graded, symmetric and non-degenerate. (This is the analogue of the equivariant
intersection pairing in equivariant cohomology.)
Restricting (-,-)p to B, CB, extending scalars to @ and using that i, gives us
a canonical identification Q® RB;:QQ@ r B, we obtain a symmetric and R-bilinear Q-
valued form
(-, Y5 :Bxx By — Q.

This is the local intersection form on B,; it is the main object in this paper.
Let 0¥ €h be dominant as above, and let R—R[z] denote the corresponding special-

isation. To simplify notation, set
N :=R[z]®rB,.

Since (0", a)#0 for any root «, we have that ¢" also induces a specialisation Q—R[zT1],
and the local intersection form (-,-)% induces a symmetric R[z]-bilinear R[z*!]-valued

form (-,-)ny on N.

(1) Throughout this paper, form always means symmetric bilinear form.
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The Hodge—Riemann bilinear relations give the signatures of the restrictions of these

forms to any homogeneous component of N. For i>0 set
P~ :=(deg._; N)*NN"".

(Here deg_; N denotes the submodule of N generated by all elements of degree <i.)
Then the hard Lefschetz theorem implies that we have a decomposition
N = @R[Z]@Rp_i,
i>0
which is orthogonal with respect to (-,-)n. Let min denote the minimal non-zero degree
of N.

THEOREM 1.2. (Local Hodge-Riemann bilinear relations) For any i>0 the restric-
tion of the R-valued form (n,n'):=z'(n,n')n on N~% to P~% is (—1)*®)(—1)%-definite,

where d=1(—i—min).

(The module N vanishes unless ¢ and min are congruent modulo 2, and hence the
sign makes sense.)

Let us try to explain what the Hodge—Riemann bilinear relations mean concretely
for the local intersection forms (-,-)%. Fix a graded basis ey, es, ..., e, for By as a left
R-module, such that dege;<deges<...<dege,,. We can think of the Gram(Q) matrix
((eise;)E)1<i,j<m as giving us a non-degenerate symmetric form on the trivial vector
bundle of rank m over bh,es:=Spec ). Moreover, this vector bundle is naturally filtered
by the subspaces generated by {ei}deg e;<d- In other words, we can think of our form as
a form on a filtered vector bundle. The Hodge—Riemann bilinear relations predict the
signatures of the restriction of our form to all steps of the filtration over the dominant
regular locus

rog = AN € breg : (s, AY) >0 for all s € S} C by
Roughly speaking the signs must alternate at each step in the filtration.
For example, if the graded rank of B, is given by v~ +3v~3+2v~! and ¢(z) is even,

then the signs alternate as follows:

+

+

(2) Throughout this paper Gram matriz means the (symmetric) matrix of a (symmetric) form in
some basis.
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If ¢(x) is odd then the signs are given by —+++——.

Finally, there is one entry of the local intersection form which is canonical. If B is
indecomposable and self-dual, then B~ B(y) for some y€ W, the smallest non-zero degree
of B(y), is —¢(y) and B(y);ay) is generated by an element ¢, , which is well defined
up to a non-zero scalar. Our final result calculates the pairing of this element with itself
(see Theorem 6.19).

THEOREM 1.3. (cw,y,cw,y>%(y)=76x,y for some yER~.

Here e, , is the “equivariant multiplicity”, a certain homogenous rational function

in @ given by an explicit formula in the nil Hecke ring.

1.3. Relation to the fundamental example

Let us briefly comment on the connection between our results and the fundamental
example.

Let GODBDT denote a complex reductive algebraic group, a Borel subgroup and
maximal torus, and let (W, S) denote its Weyl group and simple reflections. If we set X,
and X* to be the cocharacter and character lattice of T' then we can take h:=R®z X,

and h*:=R®y X*. The Borel homomorphism gives us a canonical identification

R=5(b") =Hr(pt).

Given any y€W we can consider the Schubert variety Z,:=ByB/BCG/B. By a
theorem of Soergel [27, §3.4] we may identify B(y) with the equivariant intersection
cohomology TH7-(Z,). The bimodule structure comes from the fact that IH7(Z,) is a
module over H}(G/B)=R®pgw R.

If B:=B(y) then the R-modules B!, and B, can be described as the T-equivariant
cohomology of the costalk and stalk of the intersection cohomology complex of Z, at
the torus fixed point zB/B€G/B. Moreover, any choice of homomorphism «V: C* —T
yields a line RyY Ch, hence a specialisation R—R[z], and one may obtain the equivariant
cohomology (with respect to the induced C*-action) of the stalk and costalk via extension
of scalars.

Now each T-fixed point «B/B in Z, has a unique T-stable affine neighbourhood
Xy We deduce from the exact sequence (1.1) that if vV:C*—T is such that the

induced action of C* on X, , is attractive, then we have

H=1IH"(X,,/C"),
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where X, ,:=X,,\{zB/B}. The hard Lefschetz and Hodge Riemann relations now
follow from the hard Lefschetz and Hodge—Riemann bilinear relations in intersection
cohomology.

The need to reduce from the T-action to a C*-action to apply the fundamental
example corresponds to the choice of cocharacter ¢V €l in Theorems 1.1 and 1.2. If one
chooses a cocharacter C*—T' such that the induced action on X, , is no longer attractive
but is still regular (i.e. X$, =2B/B) one still has

T,y

H[1] =1Hz. (X)),
but now there is no longer any reason why H should satisfy hard Lefschetz or the Hodge—
Riemann bilinear relations, because we cannot identify H with the intersection cohomol-
ogy of a projective variety. We will see below that hard Lefschetz does indeed fail for
certain specialisations corresponding to regular (that is, (o, " )70 for all roots «) non-

dominant v €Bh.

1.4. The Jantzen filtration

We conclude the introduction with a discussion of how our results are connected to the
Jantzen filtration and conjectures.

Let g¥ DbV DtY denote a complex semi-simple Lie algebra, Borel subalgebra and Car-
tan subalgebra. (The notation is intended to suggest that this data should be Langlands
dual to that of §1.3.) Given any weight A€ (t¥)*, we can consider A(\), the corresponding

Verma module. It is generated by a highest weight vector vy which satisfies
h-vx=A(h)vy for all het”.

Given a deformation direction y€(t¥)* one can consider the deformed Verma module

Acpz1(A), which is a (g, C[2])-bimodule generated by a highest weight vector vy satisfying
h-vy=(A(h)+2y(h))vy forall het”.

That is, Acp,)(A) is a “deformation of A(X) in the direction 4”. The deformed Verma
module Acp,j(A) admits a unique C[z]-bilinear contravariant form which specialises at
2=0 to the contravariant form on A(A). On Acp.j()\) one has a filtration by order of
vanishing of the form, and if one considers the specialisation at z=0 one obtains the

Jantzen filtration
LCJPC I =A0),

which is exhaustive if v is regular.
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The Jantzen conjectures [19, §5.17] are the statements (for deformation direction
~v=p, the half sum of the positive roots):

(1) certain canonical maps (e.g. embeddings A(u)—A(X)) are strict for Jantzen
filtrations (see [19, §5.17, equation (2)]);

(2) the Jantzen filtration coincides with the socle filtration.

(In [19, §5.17] both statements are questions rather than conjectures, and (1) is given
more weight than (2).) It was subsequently realised that the Jantzen conjectures have
remarkable consequences: Gabber and Joseph [17] showed that (1) implies the Kazhdan—
Lusztig conjectures on multiplicities of simple modules in Verma modules (in a stronger
form: the Kazhdan-Lusztig polynomials give multiplicities in the layers of the Jantzen
filtration). Building on the work of Gabber and Joseph, Barbasch [1] showed that (1)
implies (2).

The Jantzen conjectures were proved by Beilinson and Bernstein in [2]. They prove
that the Jantzen filtration corresponds under Beilinson—Bernstein localisation to the
weight filtration on a standard D-module. Part (1) of the Jantzen conjectures follows
from the fact that any morphism between mixed perverse sheaves strictly preserves the

weight filtration. Part (2) follows via a pointwise purity argument.

1.5. The approach of Soergel and Kiibel

An alternative (“Koszul dual”) proof of the Jantzen conjectures was initiated by Soergel
[29] and completed by Kiibel [22], [23]. Recall that, by results of Soergel (see [25]), the
principal block Oy of category O is equivalent to (ungraded) modules over a graded alge-
bra Ap. Soergel’s conjecture is equivalent to the fact that Ao may be chosen positively
graded and semi-simple in degree zero.

If one instead considers graded modules over A then one obtains a graded enhance-
ment of the principal block of O. It is known that Verma modules are gradable; that is,
the corresponding Ap-modules admit gradings. Taken together, the results of Soergel
and Kiibel show that the Jantzen filtration on a Verma module agrees with the degree
filtration on a graded lift. Then part (1) of the Jantzen conjectures is immediate, because
the canonical maps in question can be lifted to maps of graded modules. Part (2) follows
because the socle, radical and degree filtrations for the graded lifts of Verma modules
coincide. (Once one knows that the degree zero part of Ay is semi-simple, that Ae is
generated in degrees <1, and that the head and socle of a Verma module is simple, this
follows from a simple observation about modules over graded algebras [3, Proposition
2.4.1].)

We now explain in more detail how the link between the Jantzen and grading filtra-
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tions is made. Let W denote the Weyl group of g¥2>tV. For z€ W, denote by A(x) and
V(z) the Verma and dual Verma modules of highest weight z(g)—g. Let T' denote an
indecomposable tilting module in Op. Then A(z), V(x) and T all admit “deformations in
the direction 7” over C[[z]]. (We need to pass from C[z] to its completion C[[z]] to apply
idempotent lifting arguments.) We denote these deformations by Acyy(z), Ve (z)

and Tg(.y- Consider the canonical pairing
Hom (A2 (2), Teqy)) x Hom(Tez), Ve () — Hom(Ag (2), Ve (2))

which lands in Hom(Acy)(7), Ve (7)) =C[[2]]. As in the definition of the Jantzen
filtration, we may define a filtration on Hom(Acj;(z), Te.y) via order of vanishing.

Upon specialisation at z=0, we obtain the Andersen filtration
. CFHcFic..c F'=Hom(A(x),T),

which is exhaustive if v is regular.
Because everything in sight is free over C[[z]] we can view the pairing defining the

Andersen filtration instead as an inclusion (for - regular)
Hom(Acy.) (2), Teqgs)) = Hom(Teyzy), V) (2))*

where * means C|[[z]] dual. Now the Andersen filtration is obtained as the specialisation
at z=0 of the filtration:

. C %71(Zi+1 HOm(TC[[z]], V(C[[z]] (ZE))*) C %71(2’1. Hom(TC[[z]] s V(C[[z]] (x))*) C...

In [29, §10.2], Soergel identifies the inclusion s defining the Andersen filtration with the

inclusion (now over C rather than R)

Clle)lor B, 22, 2|k B,
appearing in the statement of local hard Lefschetz. Here B is an indecomposable self-dual
Soergel bimodule such that B =VTg, where B denotes the completion along the grading
of B, V is Soergel’s structure functor [29, §5.10], T denotes an S-deformation of T [29,
§3.5], and S denotes the completion along the grading of S (t¥) [29, Theorem 8.2].
Now comes the key observation: Theorem 1.1 holds if and only if the filtration on
Clz]®gr B, given by
L Ciy ("M ®@B,) Ciyt(2'®By) C ... (1.3)

induces the degree filtration on C®x B.,. (A sketch: our inclusion C[z]®i, is isomorphic

to a direct sum of inclusions N < M of free graded C[z]-modules of rank 1. Now the above
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filtration induces the degree filtration on C®z N if and only if N and M are generated
in degrees symmetric about degree zero. See the last paragraph of [29].)
In other words, local hard Lefschetz holds if and only if the Andersen and degree

filtrations match under the identification
C®grB. =Hom(A(z),T).

Finally, there is a contravariant “tilting” equivalence ¢ on the additive category of
modules with Verma flag, constructed by Soergel in [26]; it takes projective modules to
tilting modules and sends A(z) to A(—p—=x(p)). This equivalence induces an isomor-
phism

t: Hom(P, A(—o—x(0))) — Hom(A(z),T),

where P:=t ' (T') is a projective module. Now Kiibel shows (see [23, Corollary 5.8] and
the discussion afterwards) that this isomorphism can be upgraded to an isomorphism
of graded vector spaces, matching the (filtration induced by the) Jantzen filtration on
A(—o0—x(0)) on the left with the Andersen filtration on the right. By the discussion
above, the grading filtration on the right agrees with the Andersen filtration, and hence
the grading filtration on the left agrees with the Jantzen filtration. This is enough to
conclude that the grading and Jantzen filtrations agree on A(—p—2z(p)), which implies

the Jantzen conjectures.

1.6. Dependence on the deformation direction

The statement of the local Hard Lefschetz theorem for Soergel bimodules involved the
choice of a specialisation parameter ¢V €h. Similarly, the definition of the Jantzen fil-
tration involves the choice of a deformation direction ye(t¥)*. These choices match in
the proof of Soergel and Kiibel. In particular, for an arbitrary (regular) specialisation
0" €h, local hard Lefschetz is equivalent to the Jantzen filtration agreeing with the degree
filtration. We have already commented that unless ¢¥ is dominant, there is no geometric
reason to expect hard Lefschetz to hold.

Using these observations we are able to answer the following fundamental question
about the Jantzen filtration (which seems to have first been raised by Deodhar) in the

negative.

Question 1.4. (Deodhar, [19, §5.3, Bemerkung 2|) Is the Jantzen filtration indepen-

dent of the choice of non-degenerate deformation direction ~?

Remarkably, this already fails for s[,(C). Using Soergel bimodules and Theorem 1.3

one can see this failure via a simple calculation in the nil Hecke ring. One can also verify
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this example directly (without leaving the world of Verma modules). However here the

author needs computer assistance.

1.7. Structure of the paper

This paper is structured as follows:

§2 We recall basic notation (shifts, gradings, degree filtration).

§3 We recall the structure related to Coxeter groups underlying this paper (the
reflection representation b, positivity properties, nil Hecke ring).

84 We develop some algebra around the fundamental example (hard Lefschetz,
Hodge—Riemann, weak Lefschetz substitute).

§5 We develop the theory of §4 “over P'”. We define P'-sheaves, study their struc-
ture and establish various conditions for their global sections to satisfy hard Lefschetz
and Hodge—Riemann. Although elementary, the results of this section are the main new
ingredients in this paper.

86 We give background on Soergel bimodules, define local intersection forms and
establish some formulas for induced forms. We formulate a list of properties which form
the “local Hodge theory” of Soergel bimodules.

§7 We prove the main results of the paper.

§8 We outline an example in sl,(C) where the Jantzen filtration does not coincide
with the socle filtration.

89 Contains a list of the most important notation.
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2. Notation
2.1. Gradings and graded ranks

Given a Z-graded object (vector space, module, bimodule) M=) M we let M[j] denote
the shifted object with M[j]'=M**7. We call a graded object M even if M°dd=0 and
odd if MV =0. We say that M is parity if it is either even or odd. Given graded objects
M and M’, we denote by
Hom" (M, M') = @ Hom(M, M’i])
i€z

the (graded) space of homomorphisms of all degrees.

Let R denote a polynomial ring which we view as a graded ring with all generators
of degree 2. (Starting from §3, R will have a more specific meaning.) Given a graded

free and finitely generated R-module M we can choose an isomorphism
M @ R[m]@pm.

We call p=>_p_,v™€EZso[vt!] the graded rank of M.

2.2. Lattices and their duals

Let @ denote a localisation of R at some multiplicatively closed set of homogeneous
elements. Let Mg denote a finitely generated graded free -module equipped with a
non-degenerate graded symmetric form

<-,->:MQ><MQ —)Q

(Throughout non-degenerate means that (-,-) induces an isomorphism Mg l)M(’S =
Homg, (M, Q), or alternatively that the determinant of (-, -) in some basis is a unit in Q.)
An R-submodule M C Mg is a lattice if the natural map Q®r M — Mg is an isomorphism.
If M C Mg is a lattice the dual lattice is

M*:={meMg:(m,M)C R}.

Then M* is canonically isomorphic to the dual of M in the usual sense (i.e. the natural
map M*—>Hom"(M, R) is an isomorphism), M*C Mg, is a lattice and M=(M*)*. In
particular:

if M has graded rank p then M* has graded rank p. (2.1)

(By definition p(v)=p(v~') for a polynomial peZ[v*1].)
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2.3. The degree filtration

Let R be as in the previous section. Let M =@ M’ be a graded R-module. Set

dege, M :=R-EP M.

J<i
This gives the degree filtration

= deg; M—— deg; g M ...

of M by R-submodules. Any morphism of graded R-modules f: M — N preserves this
filtration. Hence degg; can be viewed as an endofunctor on the category of graded

R-modules.

3. Coxeter group background
3.1. Coxeter group

Let (W, S) be a Coxeter system with length function ¢: W—Zx( and Bruhat order <.
An expression x=sj ... Sy, will denote a word in S. Dropping the underline gives
an element z€W. An expression £=sj ... S, is reduced if {(x)=m. Given an expres-
sion £=sj ... S, & subexpression is a sequence u=t; ...t,, such that t;€{s;,id} for all 7.
Again, dropping the underline denotes the product in W. For example, if y is a reduced

expression for y then {zr€W:x<y}={u:u is a subexpression of y}.

3.2. The reflection representation

We fix a realisation (b, h*, {as}, {aY}) of (W, S) over R as in [28] and [11]. That is, b is

a finite-dimensional real vector space and we have fixed linearly independent subsets

{aS}SES C h* and {a:}SGS C h

such that, for all s,t€S, (as, ay)=—2cos(m/mg) (where mg; denotes the order, possibly
00, of steW). In addition, we assume that b is of minimal possible dimension satisfying
the above two conditions. We can define an action of W on b via s-v=v—(as,v)a, for
all s€S. This action is (reflection) faithful [28, Proposition 2.1].

We consider the roots ®:={J,, ey w-{as}Ch* and coroots ®V:=J,, oy w-{a}Ch.
We write ®, C® and ®Y C PV for the positive roots and coroots. We have &= LI—P,
and V=Y L—DY.
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We write T for the reflections (i.e. conjugates of S) in W. We have bijections

T 50, TLHI)X,
an
t— ay, tr—>oztv,

such that t(v)=v— (v, )y for all veh*.
Now let p€h* be such that (g, aY)>0 for all s€S. (Such a g exists because the set

{aY} is linearly independent.) Then we have
tz >z if and only if (x(g), ) > 0. (3.1)

Now fix ¢ in b such that (g, 0") >0 for all s€S.

Remark 3.1. The choice of ¢ and ¢V subject to the above positivity conditions is
made arbitrarily and fixed throughout. This positivity property is used in a crucial way
throughout this paper. We do not know if the results of [11] or this paper are valid for

an arbitrary reflection faithful representation of (W, .S).
LEMMA 3.2. Suppose that x<w. Then (x(),0")>(w(0),0").
Remark 3.3. One can view this lemma as saying that the map
W —R,
w— —(wo, 0"),
gives a refinement of the Bruhat order.

Proof. By definition of the Bruhat order we may assume without loss of generality

that w=tx >z for some reflection t€7T". Then
tw(0) =x(0)—(x(0), o Jur.
Since tx>x, we know that (z(p),;’)>0. Hence
(w(e), 0") = (tx(0), 0") = (x(0), 0") —(x(0), ;) {eu, 0") < (z(0), 0")

because {ay, 0¥)>0. O

3.3. Positivity

From now on R denotes the regular functions on h, or equivalently the symmetric algebra
S(h*) of b*. We view R as a graded ring with degh*=2. Throughout @ denotes the
localisation of R at the multiplicatively closed subset generated by ®. In formulas,

o1l
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By functoriality, W acts on R and @ via graded automorphisms.
For s€S we denote by Js the divided difference operator

ou(f) =151

Qs

Each 9, preserves R. If A€ R is of degree 2 then 95(\)=(), ).
We let A=R[z] and K=R[2*!], graded with deg z=2.
The map A— (), 0¥)z extends multiplicatively to a morphism of graded rings

occR— A

(“restriction to the line RpY Ch”). This map (fixed by our choice of g¥) will play an
important role below. Whenever we write AQg(-) we always mean that we view A as
an R-module via o.

Any homogenous element f of K is of the form az™ for some a€R. We will write

>0, f<0 and say that az™ is positive, negative etc. if a is.

3.4. The nil Hecke ring

Let Qw denote the smash product of @ with W. That is, Qw is a free left Q-module
with basis {d,,:weW} and multiplication determined by

Inside Qw we consider the elements
1 1
D, := —(5id—5s) = (§id+5s)7-

Qs Qs

The elements Dj satisfy the following relations:

D?=0; (3.2)
the Dy satisfy the braid relations; (3.3)
Dsf=(sf)Ds+0s(f) forall fe@. (3.4)

If y=st...u is a reduced expression for y€W then, by (3.3), we obtain well-defined
elements
Dy,:=D,D;...D, €Qw.

We define rational functions e, , for all x and y through the identity
D, = €z,y0z-

The rational functions e, , €@ are called equivariant multiplicities. They are homogenous
of degree —2£(y).
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Remark 3.4. The ring Qw acts naturally on @ via fd,-g=fxz(g). The nil Hecke
ring [21] is defined as the subring {g€Qw:q(R)CR}. In [21, Theorem 4.6] it is shown
that the nil Hecke ring is a free left (or right) R-module with basis {D,,:weW}. Kostant
and Kumar treat Weyl groups of Kac-Moody Lie algebras and take ) to be the field of

fractions of R, but their argument goes through in our setting.

Remark 3.5. For Kac-Moody groups, the e;, describe the localisations at torus
fixed points of the equivariant fundamental classes of Schubert varieties, hence their
name. These functions were introduced by Kostant—Kumar and may be used to de-
tect smoothness and rational smoothness [24], [7] of Schubert varieties, as well as p-

smoothness [20].
If y's=y and y' <y then expanding D, =D, D, one obtains

1
Cr = Jlan v T sy (3.5)

The following well-known proposition provides a useful characterisation of equivariant

multiplicities.

PROPOSITION 3.6. The equivariant multiplicities are characterised by the following
three properties:

(1) We have ey =0 unless z<y.

(2) We have

1
eyy = (—1)"¥ H -

Qi
teLr(y)

where Lp(y)={teT:ty<y}.
(3) Let y=s1 ... 5y, denote a reduced expression for y. Then for all A\eb* and x we

have
(xA—yNegy= Z<Si+1 e S\, ai)em,y% ,

where the sum on the right-hand side runs over those 1<i<m such that

y; =851...85—-1Si+1 - Sm

s a reduced expression.

Proof. Tt is obvious that (1)—(3) provide an inductive recipe for the computation of
€z,y. It remains to show that the claimed properties hold. Now (1) is immediate from

the definition. For (2) consider a subexpression w=t; ...t,, of y=s153... s, such that
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u=tq ... t,, =y. Then clearly t;=s; for all i because y is reduced. Hence

1 1 1 " 1
ey =10 _—§5. 6§ . —35 (-] ——"— 5
Y,y7y ( ) s 1 5o 2 Qs,, ’"( ) Z];[lsl...si_l(ai) Y
1
=0 ] o,
teLr(y)

and (2) follows.
For (3) we can repeatedly apply (3.4) (using that d5(A\)=(\,a))) to obtain the

equality (where ~ denotes omission)

m

Dy, ... Dy A= (YN Dy, . Dy, = > (sig1 .. 5mA, ¥ ) D, ... Dy, ... D (3.6)

. Sm

=1

If s1...8; ... 8y, is not a reduced expression then Dy, ... ﬁsi ..Ds, =0 by (3.2) and (3.3).

: Sm

Now writing both sides of (3.6) in terms of the basis J, gives the identity in (3). O

Recall the homomorphism o: R—R[z] from § 3.3. The following positivity property
of equivariant multiplicities will later fix a sign ambiguity in the Hodge—Riemann bilinear

relations.
COROLLARY 3.7. If <y then (—1)!@a(e, ,)>0.

Proof. We fix x and induct on £(y)—¥¢(x). The base case z=y follows from Propo-
sition 3.6 (2) because all o appearing are positive, and hence o(ay)>0.

Now let x <y and assume by induction that the proposition is known for all e; ,» with
{(y")<(l(y). Applying Proposition 3.6 (3) with A=p (our fixed element with (o, a)>0
for all s€.5) and multiplying by (—1)“*) we get the identity

(~)" o (zo—yo)o(esy) = (1) {sit1 e sm0, ) )o(eay,).

Now by (3.1) the (s;11 ... smo, @) ) are all strictly positive, and by Lemma 3.2, o(z0—y0)

is strictly positive. Induction now gives that the right-hand side is positive and the

corollary follows. O

4. Algebra around the fundamental example

4.1. Hard Lefschetz
Recall that A=R[z] and K =R[2*!], graded with deg z=2.
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Let N be a free finitely generated graded A-module generated in degrees <0. We
set Ng:=K®4N and assume that Nk is equipped with a symmetric non-degenerate
graded form

(+,"): Nk xNg — K.

We say that N satisfies hard Lefschetz if the restriction of (-,-) to

is non-degenerate for all d.

It is immediate that N satisfies hard Lefschetz if and only if any of the following
statements holds for all d<0:

(1) the determinant of the Gram matrix of the restriction of (-,-) to deg, N is
non-zero (< invertible in K);

(2) the determinant of the Gram matrix of the restriction of (-,-) to N is non-zero
(& invertible in K);

(3) (m,degg, N)=0 for some medeg, N implies m=0;

(4) the determinant of the Gram matrix of the form (n,z~%n’) on degcy N is non-
zero (< invertible in K).

Remark 4.1. Condition (4) probably seems like a strange reformulation at this point.
We have included it here, because it is this condition that will generalise to P!-sheaves

in the next section.

Because N is generated in degrees <0, the dual lattice N'C Ng is generated in
degrees >0 and hence N 'CN. Set

H:=N/(zN").

The following lemma (whose proof is an exercise) explains the terminology:

LEMMA 4.2. N satisfies hard Lefschetz if and only if for all d>=0 multiplication by

24 H=4 5 H? is an isomorphism.

4.2. Hodge—Riemann

Let N be as in the previous section and assume that N satisfies hard Lefschetz. For d<0

define the primitive subspaces:
P?:=N%N(degcy_ N)" C N

The following is an easy application of Gram-Schmidt orthogonalisation.
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LEMMA 4.3. We have an orthogonal decomposition N:@d@ A.P?.
The following explains the “primitive” terminology.

LEMMA 4.4. We have the decomposition (as A-modules)

H=P A/z""")eP".
d<0

The restriction of our form to N¢ for d<0 takes values in K2??=Rz¢ for degree
reasons. Hence the Lefschetz form (n,n’')rz"%(n,n’) on N¢ takes values in R.

We say that N satisfies HR (short for “satisfies the Hodge-Riemann bilinear rela-
tions”) if:

(1) N is parity (i.e. N vanishes in either odd or even degree);

(2) if min denotes the minimal non-zero degree of N then there exists e€{£1} such
that, for all d=min +2i<0, the Lefschetz form z=4(p,p’) on P is e(—1)!-definite.

LEMMA 4.5. Suppose that N satisfies HR and that N=N'®N" is an orthogonal
decomposition. Then N' and N satisfy HR.

Proof. Fix d<0 and peP%. Then we can write p=p’+p” with p’€ N’ and p"’eN".

Because p is primitive and N’ and N are orthogonal

0=(p,deg 4 N') = (p',deg 4 N') = (p',deg_4 N),

and hence p’€ P%. Similarly, p”€P? Hence our decomposition N=N'@N" induces
a refinement of the decomposition in Lemma 4.3 and the result follows, because the

restriction of a definite form to a subspace is definite of the same sign. O

Suppose that N is parity and generated in degrees <0, and that min denotes its

minimal non-zero degree. Then we can write its graded dimension as v™" f(v?) for some
fEZ)O[’U].

LEMMA 4.6. N satisfies HR if and only if there exists e€{+1} such that for all i>=0
with d=min+2i<0 the form (z~%x,y) on N has signature e(7<;f)(—1) (by definition

T<a(X av)) =30 g ag?).

Proof. Let d=min +2i<0. The decomposition in Lemma 4.3 gives a decomposition
Né=2pming . @2P4 20 P

This decomposition is orthogonal for Lefschetz forms and z: N¥~2— N¢ is an isometry.
The lemma now follows: fixing the signature of the Lefschetz forms on N¢ for all d<0 is

equivalent to fixing the signature on P? for all d<0. O
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4.3. Weak Lefschetz

Let Nk and Nj, be two finitely generated free graded K-modules equipped with non-
degenerate symmetric forms (-,-) and (-,-)’. Let NCNg and N'CNj, be lattices gen-
erated in degrees <0.

The following proposition provides a useful tool for establishing hard Lefschetz in-

ductively (it is essentially a restatement of [11, Lemma 2.3]):

PROPOSITION 4.7. (Weak Lefschetz substitute) Let d: N—N'[1] and d': N'— N|[1]
be maps such that

(1) d and d’ are adjoint (i.e. {(d(n),n'Y =(n,d'(n’)) for all neN, n'e N');

(2) d'od is equal to multiplication by 0£B€ A.

Then if N' satisfies HR then N satisfies hard Lefschetz.

Proof. First note that d is injective by (2). Now assume for contradiction that (-, -)
does not satisfy hard Lefschetz. In other words, there exists 0#mé& N of degree ¢ <0 such
that (m,deg; N)=0. By assumption, degy N=N and (-,-) is non-degenerate, so we
may assume that <0. Then 0#£d(m)e(N’)"*! and for all m/edegg; | N’ we have

(d(m),m)’ = (m,d'(m')) =0

because d'(m')cdeg; N. In particular, d(m) is orthogonal to degc; ; N’ (and even
to deg; N' because (N")i=0, as N’ satisfies HR and hence is parity). In particular
d(m)€eP*1C(N')**1. Hence, as N’ satisfies HR, we have

0% (d(m), d(m))" = (m, (d'>d)(m)) = B{m, m)

which contradicts (m,deg¢; N)=0. O

5. Moment graph sheaves on the projective line

In this section we study certain sheaves on the moment graph of P!, which we dub P!-
sheaves. This provides a useful language for discussing certain local calculations with
Soergel bimodules.

Remark 5.1. Although we do not discuss the general theory below, our discussion
has been strongly influenced by the Braden—-MacPherson and Fiebig theory of sheaves
on moment graphs [6], [13], [14].

5.1. Pl-sheaves

Let A=R[z] and K=R[2*!] as above.
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Definition 5.2. A sheaf on the moment graph of P! is a collection M of

(1) finitely generated graded A-modules My, M, and Mcs;

(2) graded A-module morphisms gg: Mo— Mc+ and 900 Moo — Mc+
such that Mc- is annihilated by z€ A.

The category of sheaves on the moment graph of P! is a graded (with shift functor

[1]), additive category in an obvious way.

Definition 5.3. Let M be a sheaf on the moment graph of P'. We say that M is a
P'-sheaf if My and M, are free A-modules, gy is surjective and g is isomorphic to the
quotient map Moo — My /(2).

Remark 5.4. Let C* act non-trivially and linearly on P'. Any object in the con-
structible C*-equivariant derived category of P! yields modules My, M., and Mg+ over
HE.(pt)=A by taking equivariant hypercohomology of the stalks at 0, co and C* [6],
[16]. This explains the name.

Remark 5.5. In Fiebig’s language, P'-sheaves are the Braden—MacPherson sheaves
on the moment graph of P!. However we prefer the term P!-sheaf in this context be-
cause Pl-sheaves are quite simple objects (in contrast to Braden—MacPherson sheaves on

general moment graphs).

The two most important examples of sheaves on the moment graph of P! are the
skyscraper at 0 (Mo=A, Mc«=My,=0) which we will call simply the skyscraper, and the
constant sheaf (Mo=Mo=A, Mc+=A/(z), 00, 00 the canonical quotient maps). Both

are P'-sheaves. In fact, we have the following.

LEMMA 5.6. Any P'-sheaf is (non-canonically) isomorphic to a direct sum of shifts
of skyscraper and constant sheaves. Hence any indecomposable P'-sheaf is isomorphic

(up to shift) to a skyscraper or constant sheaf.
Proof. Exercise. [

Let M denote a Pl-sheaf. The global sections of M are
Moo :={ (1m0, Moo) € Mo@® Moo : 00(M0) = 000 (Meo) } C (Mo® M),
which we regard as a left A-module via 7-(mg, meo)=(rmg, rms ). We have
K®A Moo =K@ Mo®K®4 Moo (5.1)

Remark 5.7. By Lemma 5.6, if the graded ranks of My and M, are pg, pso eZ;O[vil]

respectively, then the graded rank of My o is

(Po—Poo) +(1+0%)Poc = Po+0Poc.
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More generally we consider the structure algebra
Z :={(r0,700) € ABA:79 =70 mod (2) }.

Of course this is nothing other than the global sections of the constant sheaf. It is a ring
via pointwise multiplication. Moreover, one may check that Z acts on the global sections
of any Pl-sheaf via (79, 7o) (Mo, Moo )= (T0M0, Too Moo ) for (Mg, Moo ) € My, o0 -
Below a special role will be played by the action of degree-2 elements of Z on the
global sections of P-sheaves (“Lefschetz operators”). Of course
Z?=Rz®Rz.
We define the ample cone in Z2 to be

Z2mple = {()‘07 >\oo) = (GZ, bZ) S Z2 0<b< a}.

a

5.2. Polarised Pl-sheaves

Let M be a P'-sheaf. A polarisation of M is a pair of symmetric graded K-valued

A-bilinear forms:
(-, V0 Myx My — K and  (-,-)®: Moo x My — K.

A polarisation is non-degenerate if both (-,-)? and (-,-)° are non-degenerate over K.
A polarised P'-sheaf is a P'-sheaf together with a non-degenerate polarisation.

A polarisation of M induces an A-bilinear form
()=o) 4 ()% Moo X Mo,o0 —> K
on the global sections of M. We have
(ym, m’) = (m,ym/)

for all m, m’ € My o, and y€Z. By (5.1) we see that over K the form (-, -) is just the direct

sum of (-,-)° and (-,-)*. In particular, (-,-) is non-degenerate if the polarisation is.

5.3. Hard Lefschetz

Let M be a polarised P'-sheaf. We assume that the global sections of M are generated
in degrees <0.

We say that v€Z? satisfies hard Lefschetz on M if and only if for all d<0 the form
(v"%x,y) on degcy Mo oo is non-degenerate (i.e. the determinant of its Gram matrix is
invertible < non-zero in K). We say that M satisfies hard Lefschetz if - satisfies hard
Lefschetz on M for all ye ZZ ..
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Remark 5.8. See Remark 4.1 for some motivation for this definition.

Recall that Mj o is equipped with a non-degenerate form given by the sum of
the forms (-,-)° and (-,-)*. Let M}, CK®4Mo®K®4 M. denote the dual lattice.
Because My, is generated in degrees <0, M(!)’oo is generated in degrees >0 and so
M(I)’QOCMO,oo- We set

Ho,oo 1= Mo oo/ (2M} ).

Any y€Z? preserves My » and M(!),oo and hence induces a degree-2 operator on Hy .
The above definition is equivalent to ~ satisfying hard Lefschetz in the usual sense (i.e.

v': Hy'to—Hj . is an isomorphism for all i>0).

Remark 5.9. The condition for the P!-sheaf M to satisfy hard Lefschetz is not the
same as requiring that its global sections My o satisfy hard Lefschetz (in the sense of
§4.1). Indeed, My ~ satisfies hard Lefschetz if and only if y=(z, z) satisfies hard Lefschetz
on Hy o, whereas M satisfies hard Lefschetz if and only if (az, bz) satisfies hard Lefschetz
on Hy o, for all 0<b<a. Hence the condition for the global sections M » to satisfy hard

Lefschetz is a “degeneration to a wall” of M satisfying hard Lefschetz.

FEzxzample 5.10. We consider the simplest non-trivial example. Let M be a constant
P!-sheaf generated in degree m for some m<—2: My=M=A[-m], Mc-=A/(z)[-m],
00=0o0 the quotient maps. (The condition m<—2 is to ensure that the global sections

are generated in degrees <0.) Equip M with the polarisation
(1,1)9=Xp2™ and (1,1)*° =\2™ for some Ay, Ao €R.

We assume the polarisation is non-degenerate (i.e. Ag#£0#A). The global sections of
M are
MO,oo = A(l, 1)@A(Z, 0)

with the generators in degrees m and m+2, respectively. Hence,
0, if d<m,

degey Mo oo =4 A-(1,1), if d=m,m+1,
M0,007 1fd>m+2

Let y=(az,bz)€Z%. We calculate the forms (y~%z,y) on deg¢, My, in the above basis:

d=m,m+1: ((Moa 4+Ab d)z79m),

(Moa~ - Aoob™ D) z=dFm  \gq=dz—d+14m )

m+2<d<0:
X U= )\oa_dz_d+l+m )\Oa—dz—d+2+m
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Calculating determinants we conclude that « satisfies hard Lefschetz on M if and only if

Moa T+ A4 £0  for d=m, m+1,
Morooa 7440 for m+2<d<0.

For ’YGngple the second condition is automatic. The first condition holds for all y&
ngple (i.e. for all 0<b<a) if and only if either:

(1) Ao and Ay, have the same sign, or

(2) Ao and A\, have opposite signs and |Ag|=|Aso]-

Below it will be the second case that is relevant. In case (2) the global sections satisfy
hard Lefschetz if and only if we have strict inequality [Ag|>|\oo|- This is an illustration

of Remark 5.9.

5.4. Hodge—Riemann

Let M be a polarised P!-sheaf as in the previous section (i.e. the global sections of M
are generated in degrees <0).
Let v€Z? and assume that v satisfies hard Lefschetz on M. For d<0 define the

y-primitive subspaces:
Pj = (’Yidjq deggd—l M07OO)J_0M61,OO = (’yid+1M((Ji,;3)LmM(()i,oo C Méioo
The following is an easy application of Gram—Schmidt orthogonalisation:

LEMMA 5.11. We have a decomposition Mo,oo=69d<oRM-P$-

Warning 5.12. Unless y=(az,az), the subspaces Rh]-P;iCMQOo are not A-sub-
modules in general and the above decomposition need not be orthogonal (although it is

orthogonal between degrees d and —d).

We say that y€Z2 satisfies HR on M if

(1) My and M, are either both even or both odd (hence the global sections M
are either even or odd);

(2) if min denotes the minimal non-zero degree of My o, then there exists e€{+1}
such that, for all d=min +2i<0, the form (y~%p,p’) on Pff is £(—1)’-definite.

We say that M satisfies HR if all y€Z? satisfy HR on M.

ample

Remark 5.13. Because My  is parity we can write the graded rank of My o as
V™ f(v?) for some f€Zxolv], where min€Z denotes the minimal non-zero degree of
My, Fix d<0 with d=min +27<0. We have a decomposition

Mg =PloyPi?e...ay P
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From the definitions it follows that this decomposition is orthogonal with respect to the

form (x,~v~%y). Moreover, the induced form on the subspace
VP ..oy P C Mg,

agrees with the form (z,7~%*2y) on M{_? (ie. v: M2

d . .
o M o, is an isometry). In

particular, we see that - satisfies HR on M if and only if there exists e€{%1} such
that the signature of (x,7~%y) on Mg, is e(7<;f)(—1) for all min<d=min +2i<0. (See
Lemma 4.6.)

Remark 5.14. The form (-, -) on My o induces in a natural way an R-valued form on
Ho,oo:Mo,oo/(ZMém)- Then ~ satisfies HR if and only if y induces a Lefschetz operator

satisfying HR on Hy o (in the usual sense).

Ezxample 5.15. We continue the example of the polarised constant sheaf begun in
Example 5.10. The form (z,y~™y) on Mg is (M@~ 4+ Asob™™). The form (z,y~™2y)
on MS?;? in the basis {(z,0), (0,2)} is

(/\oa_m_2 0 )
0 Aogb™ ™2 )

For HR to be satisfied in degree m+2 this matrix must have signature zero. Hence if
veZ?

ample

if and only if Ay and A have opposite signs, and |\g|>|Aeo|. The global sections My o

then A9 and A\, must have opposite signs. We conclude that M satisfies HR

satisfy HR if and only if Ag and A have opposite signs and |Ag|>|Aso]-

It is clear that if v satisfies hard Lefschetz or HR on M then so does any positive

scalar multiple of 7. Hence the following lemma is easy.

LEMMA 5.16. Let M denote a polarised P'-sheaf whose global sections are generated
in degrees <0. Suppose that for all 1<c there exists 0<b<a such that c=a/b and
~v=(az,bz) satisfies hard Lefschetz (resp. HR) on M. Then M satisfies hard Lefschetz
(resp. HR).

5.5. Weak Lefschetz
The following is the analogue for P'-sheaves of Proposition 4.7.

PROPOSITION 5.17. (Weak Lefschetz substitute for P!-sheaves) Let M and M’ be
two polarised P!-sheaves and fix y=(\o, Aoo) EZ? such that g, \oo are both non-zero.
Assume that we are given morphisms d: M —M'[1] and d': M’ — M]|1] such that

(1) d and d’ are adjoint (i.e. (dm,m')"=(m,d'm’)" for 7€{0,00});

(2) d’'od is equal to multiplication by .
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Suppose that v satisfies HR on M'. Then ~y satisfies hard Lefschetz on M.

Proof. As in the proof of Proposition 4.7, condition (2) implies that do: Mo— M{[1]
and doo: Moo — M/ _[1] are injective.

Assume by contradiction that v does not satisfy hard Lefschetz on M. Then there
exists 0#me My oo of degree —i for >0 such that

(v'm, deg¢_; Mo,o) =0. (5.2)

Because (-,-) on M is non-degenerate and degg Mo, 0o=Mp o we must have i>0. Then
0#£dme(M')y 5t and for all m'edeg_; (M ) we have

0,00
(d(m), v’y = (m, ¥ () = (i, d (m)) =0,
Hence d(m) is orthogonal to v*((Mg o,)~""!). Also, (Mj )~ =0 as M} and M/ are
either both even or both odd. Thus d(m)e P, "' C(Mj ,)~""'. Because v satisfies HR

on M’ we have

0 (v'~d(m), d(m)) = (v~ m, (d'ed)(m)) = (m,y'm).
This contradicts (5.2). O

Remark 5.18. The above proposition reduces to Proposition 4.7 if M and M’ are

skyscraper sheaves.

5.6. Opposite signs and the limit lemma

For the Hodge—Riemann relations to have a hope of holding one needs to place some
assumptions on the signs at 0 and co. (We have already seen a hint of this in Exam-
ple 5.15. This will become clearer in the next section, where we discuss the structure
theory of polarised P!-sheaves.)

We say that a polarised P!-sheaf M is polarised with opposite signs if

(1) My and M, are either both even or both odd;

(2) the global sections of M are generated in degrees <0;

(3) both (-,-)% and (-,-)° satisfy HR;

(4) if we denote by P{CM¢ and PLCMZ the primitive subspaces, then, for all
d<0, the restriction of (-,-)% to P¢ and (-,-)* to P4 are definite of opposite signs.

Let N be a free A-module generated in degrees <—2 and equipped with a K-valued
non-degenerate form (-,-)n:N x N— K satisfying HR. We can build a constant P!-sheaf
out of N by setting My=M=N and M¢-=N/(z) with 0p, 0o being the quotient maps.
We can equip M with a polarisation by setting (-,-)°=(-,-)y=—(-,-)*°. Because N
satisfies HR this polarisation has opposite signs. A P!-sheaf which is isomorphic (iso-

metrically for polarisations) to such an M we will call polarised constant.
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Remark 5.19. In the following lemma the “opposite signs” assumption is crucial. Tt
occurs in a large class of examples coming from Soergel bimodules (as we will explain).

We do not properly understand its geometric meaning.

LEMMA 5.20. (Limit lemma) Let M be a polarised P-sheaf with opposite signs.
Consider yv=(az,bz)€Z? with 0<b<a. Then 7 satisfies HR on M for a/b>>0. More-
over the signs agree with the signs on My: if m=(mgy, ms) denotes a non-zero element
of minimal degree —d in My o then (yim,m) and (mo,mo)° have the same sign for

a/b>0. (The map mr—myg is an isomorphism in degree —d, as follows from Lemma 5.6.)

This lemma will be obvious later (see Lemma 5.27) once we have developed the
structure theory of polarised P*-sheaves.

In the following the assumptions on M are as in Lemma 5.20.

COROLLARY 5.21. Suppose that y=(az, z) satisfies hard Lefschetz on M for all a€l,
where ICR is a connected subset which is not bounded above. Then -~y satisfies HR on
M for all a€l. In particular, if I=[1,00) then the global sections My~ satisfy HR.

Proof. For any fixed d<0 the form (z,y) (z,7~ %) on Mg, varies continuously
in 7. If v satisfies hard Lefschetz for all a€l then these forms are non-degenerate, and
the previous lemma says that for a>>0 these forms have signatures given by the Hodge—
Riemann relations (see Remark 5.13). The lemma now follows, as the signature of a

continuous family of real non-degenerate forms is constant. O

5.7. Structure theory of polarised P!-sheaves

Throughout this section M denotes a polarised P!-sheaf. We assume in addition that
My and M, satisfy HR (with respect to the forms (-,-)° and (-,-)>).

The goal of this section is to show that M admits a canonical decomposition into
simpler pieces. That is, we will see that the decomposition in Lemma 5.6 becomes

canonical in the presence of a polarisation satisfying HR at 0 and oc.

LEMMA 5.22. We have a canonical decomposition
M=M®&N

such that
(1) N is a skyscraper, i.e. Noo=DNg==0;
(2) the induced decomposition of My is orthogonal for (-,-)°;
(3) the induced map M— M{.=Mc- is a projective cover.
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Let 7€{0,00}. By assumption M- satisfies hard Lefschetz. In particular it is gener-
ated in degrees <0. For d<0 let PiﬁiCMiﬁi denote the primitive subspace (see §4.2) and
set Pzi@ Pr;dCM'7

Proof. Let L denote the kernel of the composition Py— M, 25 Me«. Let LEcCP,
denote the orthogonal to L under the Lefschetz form (see §4.2) degree by degree. By
our HR assumption, each Lefschetz form on Py is definite in any fixed degree. Hence

Py=L®L~+. This leads to a canonical decomposition (see Lemma 4.3)
My=AQrLOARR L™ .

Hence we can write our sheaf as a direct sum M=N®M’ where N is the skyscraper
sheaf at zero associated with AQrL (i.e. No=A®grL, Nc»=No=0). (1) and (2) are
now clear. (3) follows because the composition L+ — Mo— M« =M. is an isomorphism

by construction. O

LEMMA 5.23. Let M be as above and assume additionally that og: Mo— Mc~ is a

projective cover. We have a canonical decomposition

M= M,

i<0

where each M; is isomorphic to a direct sum of constant sheaves generated in degree i
(ignoring forms). Moreover the induced decomposition of My (resp. Myo) is orthogonal

with respect to {-,-)0 (resp. (-,-)>).

Proof. Under the assumptions of the lemma the induced maps
Py — M+ +— Py
are isomorphisms. Now the canonical decompositions

Mo=P AcrP; and M=) AorPl,

i<0 i<0
lead to the desired decomposition. O

Remark 5.24. Two forms on a real vector space may be simultaneously diagonalised
if one form is definite. (I thank Pavel Etingof for this remark.) Hence we could further
decompose our polarised P'-sheaf into a direct sum of polarised sheaves of rank 1. The

decomposition of Lemma 5.23 is enough for our needs.
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5.8. Hodge—Riemann revisited

One can use the above structure theory to give a simple criterion for HR to be satisfied.

Let M be a P'-sheaf which is polarised with opposite signs, and whose global sections
are generated in degrees <0. We would like to know when the global sections of M satisfy
HR with the same signs as those on Mj.

Let M=N®M' be the decomposition of Lemma 5.22 (so N is a skyscraper). It
is easy to see that the Hodge—Riemann bilinear relations are always satisfied (with the
correct sign) for the summand of the global sections coming from N. Hence we may
assume that po: Mo— Mc- is a projective cover. By Lemma 5.23 we may even assume
that M is of the following form:

(1) Mg+=V for some finite dimensional graded real vector space concentrated in
fixed degree d<—2;

(2) My=Ms=ARRrV;

(3) there exist symmetric forms (-, )% and (-,-)> on V which are definite of opposite

signs and such that the local forms are given by
(100,100 = (v,0")°2¢ and (1@, 10V")*® = (v,v")>2?

for all v,v'€V.

LEMMA 5.25. The global sections of M satisfy HR (with the same signs as My) if
and only if the form (-,-)°+(-,-)> on V is definite (of the same sign as (-,-)°).

Remark 5.26. Informally, the global sections of a P'-sheaf which is polarised with
opposite signs satisfies HR if the “form at 0 dominates the form at co”. This will be a

subtle question in general!

Proof. The graded rank of My  is v¢+v9T2. To verify hard Lefschetz and HR it
is enough to show that the form 27" (z,y) on Mg", is non-degenerate for m=d,d+2,
and that its signature is the same as that of (-,-)” on Mg, and is 0 on Mgl;f (see
Lemma 4.6).

The global sections of degree d are given by the diagonal v— (1®wv,1®v). The
restriction of (-,-) to Mg

5 oo 1s given by

(1®v,10v), 1oV, 1av")) = ((v,v")°+(v,v")*) 2%

Hence the form 2~¢(x,y) is non-degenerate and the Hodge-Riemann relations are satis-
fied in this degree (with the correct signs) if and only if (v,v)?+(v,v)* is non-zero and
of the same sign as (v,v)?, for all 0£veV.
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The map (v,v")—(2®v, z8v") gives an isomorphism between V&V and the global
sections in degree d+2. This isomorphism identifies the form 2~42(z,y) on Mg“gf with
the direct sum of the forms (-,-)% and (-,-)* on V@V. So the non-degeneracy and HR
o0

relations in this degree follow automatically from our assumption that (-,-)% and (-,-)

are definite of opposite signs. O
The following lemma is an equivalent formulation of Lemma 5.20.

LEMMA 5.27. Suppose that M is a polarised P -sheaf with opposite signs. For non-
zero a>b>0 consider the rescaled polarisations a(-,-)° on My and b(-,-)*° on M.
Then if a/b>>0, the global sections My~ satisfy HR with signs agreeing with those of
My (see Lemma 5.20).

Proof. By the above structure theory we have an orthogonal decomposition of M
into a direct sum of skyscraper sheaves (satisfying HR) and constant sheaves of the form
of Lemma 5.25. In the notation of Lemma 5.25 a(-,-)°+b(-,-)° is definite of the same

sign as (+,-)? if a/b>0. Now the result follows from Lemma 5.25. O
Recall the notion of a polarised constant sheaf M (see §5.6).

LEMMA 5.28. (HR in constant case) If M is polarised constant then M satisfies
HR.

Proof. By Lemma 4.3 we may assume that My and M., are generated in one degree.
Now let y=(az,bz)eZ?

ample*

non-degenerate with the correct signature for m<0. As in Lemma 5.25 we can reduce

We have to verify that the form (y~™x,y) on Mg, is

to the case of the minimal non-zero degree d, in which case we are asking whether
a4, )04p=4(. .} is definite of the same sign as (-,-)°. However this is the case
because (-,-)®°=—(-,-)? (M is assumed polarised constant) and a>b>0. O

6. Soergel bimodule background
6.1. Bimodules

Let R be the regular functions on b, as above. We will work mostly inside the category
R-bim of graded R-bimodules (with degree zero morphisms) which are finitely generated
as both left and right R-modules. Given M, N € R-bim we write

Hom" (M, N) = @5 Hom(M, N[i])
i€L
for the graded vector space of morphisms of all degree (and similarly for other graded

objects, for example graded left R-modules).
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The category R-bim is a monoidal category via tensor product of bimodules. We
denote the monoidal structure simply by juxtaposition: given M, N € R-bim their tensor
product is

MN:=M®®gN.

Given elements meM and ne N, we abbreviate mn:=m®neMN. We also employ this
notation for morphisms: given f: M— M’ and g: N— N’ the (horizontal) tensor product
of these two morphisms is written fg: MN—M’'N’. Following standard practice we
will often use the symbol denoting an object to also denote its identity morphism. For
example fN denotes the morphism fidy: MN—M'N. Given reM, the morphism
obtained by left (resp. right) multiplication by r is denoted rM (resp. Mr).

Given an R-bimodule M, its dual is

DM :=HomY%_ (M, R)

(homomorphisms of all degrees of left R-modules). Then DM is a graded R-bimodule via
(r-f)(m)=f(rm) and (f-r)(m)=f(mr). This definition is only sensible for bimodules
which are free and finitely generated as graded left R-modules. This will always be the

case below. For such bimodules the natural morphism M —D(ID(M)) is an isomorphism.

6.2. Soergel bimodules

For background on Soergel bimodules see [28], [10], [11], [12] and the references therein.
We write B for the category of Soergel bimodules. By definition B is the full graded

additive monoidal Karoubian subcategory of R-bim generated by the bimodules
B(s):=R®g:R[1].

Given an expression w:=s1 83 ... S, we denote the corresponding Bott—Samelson bimodule
by
B(w) :=B(s1)B(s2) ... B($m)-

If w is reduced then B(w) contains a unique summand which is not isomorphic to a shift
of a summand of any Bott—Samelson bimodule B(w’) for a shorter expression w’. We

denote (the isomorphism class of) this bimodule by B(w). Then the set
{B(w):weW}

give representatives for the isomorphism classes of indecomposable self-dual Soergel bi-
modules, and any indecomposable bimodule is isomorphic to B(w)[m] for some weW
and meZ.

In this paper we arbitrarily choose to consider Soergel bimodules predominantly as

left modules.
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Warning 6.1. This emphasis on left over right is the opposite to the choice made in
[11]. It simplifies the notation a little in what follows. We have tried to include warnings

like this one when the conventions of the current paper differ from those of [11].

We define some elements and simple morphisms between Soergel bimodules that will

play an important role in this paper. Consider the elements
ca:=1®1€B(s)™" and c¢s:=1(a,®1+1®a,) € B(s)".

These are easily seen to give a basis for B(s) as a left or right R-module. One checks
easily that csr=rcs for r€ R. Define the maps:
m: B(s)— R[1], w: R[—1]— B(s),
and
feg— fg, fr—=Ffes.

(These are the units and counits (“dot” maps) of a Frobenius algebra structure on B(s),
see [10] and [12].) We have the “polynomial sliding relation” which for Aeh* takes the
form

B(s)A=s(N)B(s)+ (A, aY)(uom). (6.1)

6.3. Support, stalk, costalk

Any M € R-bim can be regarded as a coherent sheaf on hx b (remember that R is com-
mutative, so R-bimodules are the same thing as R® R-modules). For x€W consider its
“twisted graph”:

Grp:={(z\,A): Aebh} Chxh.

One may identify the regular functions on Gr, with the bimodule R(x) which is free of
rank 1 as a left R-module, and has right action given by

b-r=x(r)b

for be R(z) and reR.

Given any subset X CW we set Gry:=U,cx Gr,. Given a subset X CW we write
Bx (resp. BY) for the stalk (resp. costalk, i.e. sections with support) of B along Gry.
We write B, instead of By, and B! instead of Bf{w}. We have

B; —Hom" (R(a:), B) and B, = R(J?)@R@RB

(where in the second equality we regard R(x) and B as graded R® R-modules). Given
x,y€W we write R(x,y) for the regular functions on Gr, UGr, and B, , for By, ;. We
have By ,=B®grgrR(z,y).
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Remark 6.2. The modules By and By are denoted I'Y B and T'x B in [28].

Warning 6.3. Stalks and costalks appear so frequently in the present work that we
decided to denote them B, and B.. Let us emphasise that the indecomposable self-dual
bimodule parameterised by y€W will be denoted B(y) in this paper (and not By as in
[28] and [11]). We hope that this does not cause confusion for the reader.

For any Soergel bimodule B the stalks and costalks B, and B are free as left

R-modules [28, Theorem 5.15] and we have canonical inclusions and projections
B!+ B and B —» By,

which split when regarded as morphisms of left R-modules (see the proof of [28, Propo-
sition 6.4]). Recall that we write Q= R[1/®] for the localisation of R at all roots.

Taking the direct sum over the canonical maps we obtain injections

P B,“— B— P Bu.

weW weW

and both maps become isomorphisms after applying Q®pg(-). (This is not difficult to
check for Bott—Samelson bimodules, from which the general case follows.) In particular
the composition

ip: B, — B,

is an injection, which becomes an isomorphism after tensoring with Q.

In what follows it will be convenient to consider the injection (an isomorphism

over Q)
B P By, b (bw). (6.2)

weW

(Finitely many B,, are non-zero.)

6.4. Polarisations

An invariant form on a Soergel bimodule B means a symmetric graded bilinear form
(+,-}:BxB—R

such that (rb,b’)=(b,rb’)=r(b,t’) and (br,b')=(b,b'r) for all b,’€ B and r€R (note the

left /right asymmetry).

Warning 6.4. This does not agree with the terminology “invariant form” in [11],

where the roles of the left and right actions are interchanged.
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An invariant form on a Soergel bimodule B is non-degenerate if it induces an isomor-
phism B-"5DB. A polarisation of a Soergel bimodule B is a non-degenerate invariant
form (-,-) 5 on B. Throughout a polarised Soergel bimodule will mean a Soergel bimodule
B together with a fixed non-degenerate invariant form (-,-) 5. We will denote a polarised
Soergel bimodule by (B, (-,-)p) or simply B (in which case the form is implicit).

Let w be an expression. The set
{¢r :=cu,Cuy - Cu,, :T=11 ... Uy, a subexpression of w}

gives a basis of B(w) as a free left R-module. We define the intersection form on B(w)
to be

<f7 g>B(M) :Tl‘(fg)7

where Tr(fg) denotes the coefficient of ¢, in the above basis, and fg denotes the product
of fand g in B(w) (a ring). Then (-,-)p(w) is a non-degenerate invariant form on B(w)
(see [11, §3.4] and [11, Lemma 3.8], remembering to switch left and right actions). Unless
we state explicitly otherwise, we will always regard Bott—Samelson bimodules as polarised
with respect to their intersection forms.

An important case below will be given by the intersection form on B(s). In the left

basis {c¢iq, ¢s} of §6.2 we have
(cia,cia) =0,  (cia,cs) =(cs,cia) =1 and (cs,cs) = . (6.3)

Given two Soergel bimodules B; and Bs equipped with invariant forms (-, -)p, and

(-,-)B, it is easy to check that we get an invariant form on B; Bs via
<b1b27 bllb/2>Ble = <b1 <b2a b,2>B2 ) b/1>Bl = <b17 bll <b27 b’2>B2>Bl :

One may also check that if (-,-)p, and (-,-)p, are non-degenerate, then so is (-,-)p, B,-
(This is clear after choosing bases and dual bases for By and Bs.) In particular, if By

and B, are polarised, then so is B1 Bs.

Remark 6.5. This construction is associative in an obvious sense. One may check
that it returns the intersection form on a Bott—Samelson bimodule, starting from the

intersection form on each of the B(s) factors.

6.5. Positive polarisations

Recall that a Soergel bimodule B is perverse if

B=ED By)*"
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for some my €Z>q. (That is, B is isomorphic to a direct sum of indecomposable self-dual
Soergel bimodules without shifts.)

Recall that Soergel’s conjecture combined with Soergel’s hom formula [28, Theorem
5.15] implies that

R, ifx=y,

Hom<B<x>,B<y>>—{ (6.4)

0, otherwise.

Hence if B is any perverse Soergel bimodule we have a canonical “isotypic” decomposition

B=PV(z)@rB(z) (6.5)
for real (degree-zero) vector spaces V(z). The following important fact will be used

repeatedly in what follows (it also played a key role in [11]).
LEMMA 6.6. The decomposition (6.5) is orthogonal for any invariant form on B.

Proof. An invariant form yields a morphism B—DB2B which must respect (6.5)
by (6.4). O

Remark 6.7. Similar arguments show that giving an invariant form on B is the same
thing as giving a symmetric form on each V'(z), once one has fixed the intersection form
on each B(z).

In particular, a polarisation of B(z) induces an isomorphism B(z)—=+DB(z)=B(z),
and hence is unique up to a scalar. As in [11] we choose for every y€W an embedding
of B(y) as a summand in B(y) for some reduced expression y of y. Restricting the
intersection form on B(y) yields a polarisation of B(y). (The non-degenerate intersection
form gives an isomorphism ¢: B(y) —DB(y). As the summand B(y) C B(y) is unique up
to isomorphism, ¢ restricts to an isomorphism ¢: B(y) —DB(y). Hence the restriction to
B(y) is non-degenerate.) We call this polarisation the intersection form (it is well-defined
up to a positive scalar).

Let (B, (-,-)) be a polarised Soergel bimodule. We say that B is positively polarised
if it satisfies the following conditions:

(1) B is perverse and vanishes in even or odd degree;

(2) if we fix a decomposition as in (6.5) and let z€ W be maximal such that m,#0
then the induced form on each V (y) is (—1)“(=)=¢®))/2 times a positive definite form.

(Our assumption that B vanishes in even or odd degree forces all elements of {¢(y):

1

my#0} to have the same parity, and hence 5(¢(z)—£(y)) in (2) makes sense.)

Remark 6.8. Suppose yeW and s€S with ys>y. Then B(y)B(s) is perverse (as
follows from Soergel’s conjecture), and has a natural form induced from the intersection
forms on B(y) and B(s) (see §6.4). This yields a positive polarisation [11, Proposition
6.12].
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6.6. Adjoints

Let B and B’ be polarised Soergel bimodules. Given a map f:B—B’[m] (i.e. f is a
degree m map from B to B’) we denote by f*: B’— B[m] the adjoint map. It is uniquely
determined by the property

(0, (b)) = (f(b), ) B

for all b€ B and b’ € B’. In particular f=(f*)*.
Recall the “dot” maps m: B(s)— R[1] and pu: R— B(s)[1] from §6.2. An easy calcu-
lation shows that (with respect to the intersection forms on B(s) and R)

m=pu". (6.6)
Let By and Bs be two polarised Soergel bimodules. Then, if
f12 B1 — Bi [Z] and fQZ B2 — Bé [Z,]

are morphisms, then
(f1f2)"=f1f3: B1By — B1Boi+i']. (6.7)

6.7. Local forms

Now suppose that B is polarised via
(+,-y: BxB—R.
By extension of scalars, we obtain a form
(+,0:Q®rBxQ®rB — Q.

LEMMA 6.9. The form (-,-)q is orthogonal with respect to the decomposition in
(6.2).

Proof. Suppose that b€ B, and b’ € B,. Then, for all r€ R, we have
(b, 'y = (b,rb') = (b, b’y (r)) = by (r),b) = (xy* (r)b, V') =2y~ () (b, V).

Hence if (b,0')#0 then z=y (remember that R is an integral domain and W — Aut(R)
is faithful). O

Definition 6.10. We write (-,-)% (or (-,-)" if the context is clear) for the induced

@-valued form on B,, and call it the local intersection form.
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Remark 6.11. This local intersection form is not the same as the local intersection
form considered in [11]. In fact, the local intersection forms considered in [11] may be
“embedded” into those above. We will not discuss this here, but see §7.5.

The following proposition summarises the key properties of the local intersection

form.
PROPOSITION 6.12. (1) For all b,b’' € B we have
(b,6) =" (b, b),)".
weWw

(2) (-,)* induces a non-degenerate graded form on Q®prB,,.
(3) Bu, B!, CQ®RB,, are dual lattices with respect to {-,-)*.

Proof. Statements (1) and (2) follow from the definitions. For (3) note that, by
(1) and Lemma 6.9, (B!, B,,)*=(B!,, BYCR. Hence our non-degenerate form gives an
injection
B!, — (B,)".
Now, if we compare graded ranks (given by Soergel’s hom formula), we see that our map

is an isomorphism. O

6.8. Local induced forms

Throughout this section we fix a Soergel bimodule B. The goal is to relate two forms on
the Soergel bimodule BB(s).

PROPOSITION 6.13. For any Soergel bimodule B, x€W and s€.S we have a canon-
ical identification (BB(s))y=DBg »s[1] (as left R-modules).

Proof. For the proof let us work in the category of R® R-modules, viewing all R-
bimodules as R® R-modules. We have (all unspecified tensor products are over R)
(BB(s))®pgrR(7)[~1] = BRror (R®R®pgrs ROR)@Rpe R R(T)
=B®Rror(ROR®Rrgrs R(T))
= B@rer (R(z)B(s))[-1]
=B®perR(z,zs)
= B zs-

(We have used the isomorphism R(z)B(s)[—1]=R(x,zs). This follows from the identity
B(s)[—1]=R(id, s), which can be checked by hand.) The proposition now follows. O
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Remark 6.14. Recall that the invariant ring R® is the ring of regular functions on the
quotient h/(s). In the language of coherent sheaves the functor of tensoring on the right
with B(s) is isomorphic to 7*m,[1], where m:hxh—hxh/(s) is the quotient map. The
above proof is an algebraic translation of simple facts about the effect of push-forward

and pull-back on stalks.
LEMMA 6.15. The natural map By .s— By ® B, 1s injective.

Proof. The map in question becomes an isomorphism after applying Q®g(-). Hence
it is enough to show that B, . is torsion free as a left R-module. However this follows
from the previous proposition, as the stalks and costalks of Soergel bimodules are free
as left R-modules [28, Theorem 5.15]. O

LEMMA 6.16. Let f,g,h€R. For any x€W we have a commutative diagram

~

BB(s) —» (BB(S))x By zs€ > B @By

fBgB@)hJ J l J

BB(S) Em—d (BB(S))z - B:E,msc BatEBBISv

where y=(fx(g)x(h), fx(g)xs(h))ERDR. (The two isomorphisms are those of Proposi-

tion 6.13. All other horizontal maps are canonical.)

Proof. This follows easily by chasing fbgb’h®1 through the identifications in the
proof of Proposition 6.13. 0

Now let us assume that B is polarised by (-,-)p. Then By ;4 carries a form induced
by the sum of the two local intersection forms on B, and B, under the inclusion B, ,,—
B, ®B,s. On the other hand (BB(s)), carries a local intersection form (coming from

the induced form on BB(s)). The following proposition relates these forms.

PROPOSITION 6.17. Let B be a polarised Soergel bimodule. Then, under the identi-

fication
(BB(8))z = By ,us[1] C (Bz® Buys)[1]

of Proposition 6.13, we have

<'a'>IBB(s):7%(<'7'>$B+<'7'>IBS)'

Proof. Recall that for a general Soergel bimodule B’ we denote the map B'—p B.,
by b (b,). For the course of the proof let j, denote the composition

Jut (BB(8))z — B ws[1] < (B ®Bas)[1],
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where the first map is the identification of Proposition 6.13 and the second map is the

inclusion. We have (as follows from a simple calculation)

jw(bcid) - (bma bzs)7 (68)
Ja(bes) = (bpas, 0) = xas(by, 0). (6.9)
For the course of the proof let us write (-, )7 ; for the form displayed on the right-hand

side in the proposition. We want to show (-, )%, =(-,"){,q- In order to check this it

is enough to show that if we define a form on BB(s) via

<b’ b/>ind = Z <]x(b)7jz(b/)>1znd

zeW
then we have

<'7'>ind = <'7 '>BB(5)~
We do this by checking the defining properties of the induced form:

(beia, b'cia) BB(s) =0 (6.10)
(bes, b'cia) BB(s) = (beid, b'cs) pB(s) = (b, V') B (6.11)
<bCSa b/CS>BB(s) = <bv b/OLS>B = <ba$a b/>B (612)

(these formulas follow from (6.3) and the definition of the induced form).
Firstly, by (6.9) we have (for any b,0’' € B)

(beia,V'eia) = D (Galbeia)s ju('cia))ua= Y ((basbas), (bas bys)iaa

reX zeW
1 x s
= 3 (b )+ (b, b)) =0
zeW s

(The last line follows by breaking the sum into two pieces corresponding to xs>z and
xs<x and using that s(as)=—as.) This gives (6.10).
For (6.11) we have
1
bsab,iin: ‘xb€7.rb,i hd =
(beo, Veia)ina = Y _ (jx(bes), ju(V/cia))fna = D -

zeW zeW
=D (bebi) = (0,05
zeW
(We use that b’ as=x(a,)b” for all ¥’ €B,.) An almost identical calculation shows that
(bcia, b'cs)ina=(b, V') B.
For (6.12) we have

1
/ . =
<sz, b Cs>1nd § x

zeW

<b£am b;:>%

(brors, by )i = Y (bay bys) = (b, V' avs) .

s zeW

Hence (-, )ina=(", ") BB(s) and the proposition follows. O
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6.9. Local intersection forms and the equivariant multiplicity

Recall the nil Hecke ring from §3.4. For any expression y=u...ts define e, , €Q via

Dg:: Du DtDS = Z ez,g&'r

Then e, , =€y, if y is reduced and is zero otherwise (see §3.4). Let c; , denote the image
of I®1®...®1 in B(y), and let (-, *)B(y) denote the local intersection form on B(y)s.

LEMMA 6.18. We have <Cz,g7cz,g>IB(y):ez,g'

Proof. We prove the lemma by induction on the length of y, with the case of the
empty sequence being straightforward. Let y’:=wu ...t denote the expression obtained

from y by deleting the final s. Under the identifications and injection
B(y)z = (B(Y)B(8)z=B(Y )a,2s By )2 ®B(Y')as,

one checks that ¢, , maps to (6%17 st,g)- By Proposition 6.17 and induction we have

1

<Cm,g7 Cm,gy]g’(g) = .137043

(<C:c,y7’, Cr,?i/>%(y/) + <Cms,y7’a Cm5,£>%8(y/)) = E (em,g’ +ezs,g’) = ex,gy
= — s

where the last equality follows by expanding D, Ds. O

Recall that for all y we have fixed a realisation of B(y) as a summand of B(y), for
some reduced expression y for y. Let us denote by cpoq (resp. ¢, ) the image of 1®...®1
in B(y) (resp. B(y).). Because B(y)~“®¥) is 1-dimensional, cpot and ¢, ,, are well defined

up to a non-zero scalar.
THEOREM 6.19. We have <c$,y,c%y)3’]’3(y):fyew,y for some yER.

Proof. Let us denote by 4: B(y)— B(y) our fixed realisation of B(y) as a summand
of B(y). Recall that the intersection form on B(y) is defined as the restriction of the
intersection form on B(y). Hence we need to calculate (i(ce,y),i(cay))5(,)- However
B(y), and B(y), are both generated in degrees >—/(y) and are of dimension 1 in degree

—L(y). It follows that i(c;,, ) =cs, and the theorem follows from the previous lemma. [

Remark 6.20. Actually one may prove the existence of elements cpor € B(y) %) and

—¢
czy€B(Y)w W)
on B(y). With this choice the scalar factor + in the above theorem disappears. One

which are canonical up to sign, once one has fixed a positive polarisation

proceeds as follows: for any reduced expression y the positive integer N appearing in the
the proof of [11, Lemma 3.10] is easily seen to depend only on y. Now cpot (and hence

Cz.y) 1s fixed up to sign by requiring that (cpot, Qé(y)conB(y):N.
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6.10. Soergel bimodules and P!-sheaves

Let B be a Soergel bimodule and fix x€W and s€S with x<zs.
With this data we may associate a Pl-sheaf M(B,x,zs) as follows (we set M:=
M (B, x,xs) to simplify notation, and why we obtain a P!-sheaf will be explained later):
(1) My=A®prB:[1] and M=A®pg Bys[1];
(2) Mc- is defined as the push-out of (left, graded) A-modules:

A®RB(I),£CS[1] —_— A@RBQ;S[I]

J |

A®pBy[1] ——— Mc-;

(3) 00: Mo— Mc+ and poo: Moo — Mg+ are the maps occurring in the above push-out
diagram.

Now By 55— By @ By is an injective map of free R-modules which is an isomorphism
over () and hence AQr By 7s—A®r By ® A® R By is injective. Hence we have a canonical
isomorphism

A®RB:L’,ms[1] = MO,oo- (613)
Also, as the inclusion By ,5— B, ® Bys becomes an isomorphism after inverting z (o),
Me~ is annihilated by 0#0(z(as)). Hence we indeed have a sheaf on the moment graph
of PL.
PROPOSITION 6.21. M =M (B, z,xs) is a P-sheaf.

Proof. Deferred until the next section. O

Remark 6.22. Alternatively, one can deduce Proposition 6.21 from results of Fiebig
(indeed it was Fiebig’s work that led the author to consider P!-sheaves). In [14, Propo-
sition 7.1] Fiebig shows that one may obtain B as the global sections of a sheaf B on
the moment graph of W (we refer the reader to [14] for unexplained terminology). The
PL-sheaf defined above is obtained by restricting B to the directed subgraph z—zs and
applying A®x(-). It now follows from [14, Proposition 7.4] that we obtain a P!-sheaf.

If B carries a polarisation, then we can equip M with a polarisation via
(1) o((-,)")/o(z(as)) on Mo;
(2) o((-,)™)/o(z(as))==0((-,)"*)/o(zs(as)) on M.

Combining Proposition 6.13 and (6.13), we have an identification
Moo =AQR(BB(3))4, (6.14)
and by Proposition 6.17 we conclude the following result.

LEMMA 6.23. (6.14) is an isometry.
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6.11. Proof of Proposition 6.21

We keep the notation of the previous section. Our goal is to show that M:=M (B, z,xs)

is a Pl-sheaf. This is immediate from the following proposition.

PROPOSITION 6.24. Given a Soergel bimodule B, x€W and s€S with t<xs, By 45
is isomorphic to a direct sum of shifts of R(z,xs) and R(z).

Before giving the proof we need some terminology. We say that a graded R-bimodule

E has a biflag (with respect to z and xs) if it admits filtrations
C—FE—%D and D “—FE-—C (6.15)

such that C and C' (resp. D and D’) are isomorphic to direct sums of shifts of R(z)
(resp. R(ws)). If E has a biflag then C=E., C'=F,, D=E,, and D'=E' . Hence, the

filtrations (6.15) are canonical, if they exist.

Proof. For any Soergel bimodule B, B, ,s has a biflag (see the last three lines of
the proof of [28, Proposition 6.4]). It follows from the proposition below that B, .5 is
isomorphic to a direct sum of shifts of R(z), R(xs) and R(z,xs). Finally, one can use

[28, Lemma 6.10] to rule out any occurrences of R(zs). O

PROPOSITION 6.25. Suppose that E is a graded R-bimodule, and that E has a biflag.
Then E is isomorphic to a direct sum of shifts of R(x), R(xs) and R(x,xs).

We are grateful to Wolfgang Soergel for providing the following proof.

Proof. To simplify notation, set v=x and w=xs. It will be clear in the proof that
the only assumptions we need on v and w is that dim(Gr, N Gr,,) +1=dim Gr,, =dim Gr,.
In the proof, Ext! refers to degree-zero extensions of graded R® R-modules.

Each choice of linear form € (h@h)* with 0|qy, #0 and 0|q,,, =0 gives an extension
R(v)[~2] <%+ R(v,w) — R(w). (6.16)

Moreover, if we let I denote the regular functions on Gr, NGr,, then, by [28, Lemma

5.8], we have an identification of graded I-modules

P Ext' (R(w), R(v)[-2+m]) =T (6.17)
meEZ

mapping the class of (6.16) to 1€l. We fix such a § and hence an identification (6.17).
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Let us fix sequences mi>...2my and n;>...2>n, of integers. By additivity and

(6.17), we have an identification

f

Ext! < @ R(w)[nj], @ R(U)[TT%Q]) = @ Eth(R(w)[nj]’ R(v)[mi—Q])
= @ i

So now assume that E has a biflag. In particular, there exists a (homogenous degree-
zero) extension

I g
@ R(v)[m;—2]|“— E —» @ R(w)[n;] (6.18)

i=1 j=1

for certain m; and n; as above. Via the above identification, such an extension is deter-

mined by a matrix with entries
Cji € Bxt! (R(w)[ng], R(v)[m;—2]) ="~

As I<°=0 and I°=R, it follows that our matrix is block upper-triangular (i.e. Cj;=0 if
m;<n;) with scalar matrices on the diagonal (i.e. Cj;€I°=R if m;=n;).

Now I is even and so I"™~" =0 if m; and n; are not of the same parity. In particular
we may assume without loss of generality that all m; and n; are of the same parity.
Moreover, if there exists ¢ and j with nj=m; and 0#C); €R, then we change bases on
the left and right of (6.18) above to ensure that Cj;=1 and Cj;; =0=C}/; for all ¢’ and
j'#7. In this case our extension decomposes as E=R(v,w)®E’ and we can continue
with E’ in place of E.

Hence we may assume without loss of generality that our matrix is block upper-
triangular (i.e. Cj;=0 if m;<n;) with zeroes on the diagonal (i.e. Cj;;=0 if m;=n;).
Under these new assumptions we see that if my<n; then Cy;=0 for all i and so our
extension splits as E=R(w)[n1]®E’; again we are done by induction. So we may assume
that mq>ny. By assumption E has the biflag property, and hence if we consider the
filtration

E,“—~E-—E/E.,

we can find isomorphisms

g
= @R(w)[n;fﬂ withn) >..2n

Jj=1

E.

l
g
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and

f
E/E!, =~ @ R(v)[m;]  with m} > ... >m/.
i=1
Multiplication by 8 and the canonical quotient map give injections
E/EL[-2] Y5 B —» E/E..

(The first map is injective because E/E!, is isomorphic to a direct sum of shifts of R(v),
upon which multiplication by 6 is injective. For the second map, note that every non-
zero element of F is either non-zero in F,, or is contained in EL, and thus has support
containing either Gr, or Gr,. Hence E!NE! =0, which implies that the second map
is injective.) Similarly, after choosing »€(h®dbh)* with s|q,, #0 and |qy, =0, we have
injections

By Lemma 6.26 below we have mj€{m;, m;—2} and n;€{n;,n;+2}. If we consider the

graded rank of E as an R-module, we deduce that

f g

g f
. _ . _ ’ _ ’
E vfm1+2+§ v n;j :§ v m1+§ v nj+2'
j=1 i=1

i=1 j=1

Under our assumption mj >nq, we see (by considering terms of minimal degrees on both
sides) that m)=m; is impossible, and hence m} =m —2. Therefore the smallest non-zero

degree of E/E!, is 2—mj, and the injection

f
R(v)[m1—2] “— @ R(v)[m;—2| = E,“— E/E},
i=1

splits. The result now follows by induction on the graded rank of E. O

LEMMA 6.26. Let mi1>...>2my and mﬁ}...}m; and suppose that we have an injec-

tion

Then f<g and m;<m} for all 1<i<f.

Proof. Left to the reader. O
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6.12. Statements of local Hodge theory

The proof of local hard Lefschetz is an induction relying on some auxiliary statements
which are interesting in their own right. In this section we state these properties.

Let (B,(-,-)) denote a polarised Soergel bimodule. We say that B satisfies local
hard Lefschetz (resp. satisfies local HR) if for all €W the pair (A®r By, AQRr(-,)%)
satisfies hard Lefschetz (resp. satisfies hard Lefschetz and HR). We say that B satisfies
local HR, with standard signs if B satisfies local HR and for all z€W we have

(=1)"@o({c,c)5) >0,

where 0#£c€ B, denotes an element of minimal degree. (The term on the left-hand side
is a scalar times a power of z; our notation means that this scalar is positive.)

To simplify notation in inductive steps we employ the following notation:

hL(y): B(y) satisfies local hard Lefschetz.
HR(y): B(y) satisfies local HR with standard signs.

(As always we regard B(y) as polarised with respect to its intersection form.) Given a
subset X CW we write hL(X) (resp. hL(<x)) to mean that hL(y) for all y€ X (resp. for
all y<z). In a similar way we define HR(X) and HR(<x).

Fix s€S. In §6.10 we explained how to associate with a polarised Soergel bimodule
(B,{(-,-)) and z€W with z<zs a polarised P*-sheaf M (B, x,zs). We say that B satisfies
local hard Lefschetz (resp. satisfies local HR) in the s direction if

(1) B satisfies local hard Lefschetz (resp. local HR);

(2) for all z€W with x<xs the polarised P!-sheaf M(B,,zs) satisfies hard Lef-
schetz (resp. satisfies HR).

We abbreviate:

hL(y)s: B(y) satisfies local hard Lefschetz in the s direction.
HR(y)s: HR(y) holds and B(y) satisfies local HR, in the s direction.

7. Proof
7.1. Outline of the proof

With the terminology of the previous section, the main result of this paper is the follow-

ing.

THEOREM 7.1. For all yeW, HR(y) holds.
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We now outline the structure of the argument. Throughout, y€W and s€S is a
simple reflection.

The following are the key statements, which rely on weak Lefschetz style induction.
CLAM 7.2. (Proposition 7.15) HR(<y) implies hL(y).

CLAIM 7.3. (Proposition 7.17) If ys>y, then HR(<y)s+HR(y) implies hL(y),.
The following are “limit lemma” style arguments, which are easier.

CrLam 7.4. If ys>y, then HR(y)+hL(y)s+hL(<ys) implies HR(ys).

Proof. Firstly, if B(ys), satisfies HR, then it satisfies HR with standard signs, by
Theorem 6.19 and Corollary 3.7. Hence it is enough to check that B(ys), and B(ys).s
satisfy HR, for all z<xs. Because ys>y, B(y)B(s) is perverse (see Remark 6.8), B(ys)

is a summand of B(y)B(s) and we have an isometry (see Lemma 6.23)
A®R(B(y)B(s))s =Moo, (7.1)

where M =M (B(y),z,xs) is the Pl-sheaf associated with B(y), and z<xs. Moreover,
by Proposition 6.17 we have a canonical identification B(y)B(s),=DB(y)B(s)zs which is
—1 times an isometry (i.e. (-,-)*=—(-,-)" under this identification). By Lemma 6.6,
B(ys) is an orthogonal summand of B(y)B(s) and we can apply Lemma 4.5 to conclude
that it is enough to prove that My o satisfies HR for all z as above.

In other words, if multiplication by (z,z) on My « satisfies HR, then HR(ys) holds.
By our assumptions hL(y)s and hL(<ys), multiplication by (az,z) on M satisfies hard
Lefschetz for all a>1. By HR(y), the polarised P!-sheaf M is easily seen to have opposite
signs (Mo, is generated in degrees <0 by (7.1) and the fact that B(y)B(s) is perverse),

and now the result follows by Corollary 5.21. O
Cram 7.5. If ys>y, then hL(y)s+HR(y) implies HR(y)s-

Proof. Let x<xs and M =M (B(y),z,zs) be as in the previous proof. We need to
check that M satisfies HR. We saw in the previous proof that My o is generated in
degrees <0. Now,

(1) HR(y) implies that M is polarised with opposite signs;

(2) hL(y)s implies that multiplication by (az,z) on My « satisfies hard Lefschetz
for a>1.

The result now follows from Corollary 5.21 (with I=(1, c0)). O

The following is straightforward (“constant case”).

CrLAM 7.6. (Proposition 7.11) If ys<y, HR(<Ly) implies HR(y)s.
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From these claims we deduce the following.
CLAmM 7.7. If ys>y, then HR(<ys)+hL(y)s implies HR(ys).

Proof. We have

HR(<ys)+hL(y)s = HR(<ys)+hL(<ys)+hL(y)s (by Claim 7.2)
= HR(y)+hL(<ys)+hL(y)s
= HR(ys) (by Claim 7.4). O

We also have the following result.
CrLam 7.8. HR(y)+HR(<y)s implies HR(y)s-

Proof. If ys<y then this follows from Claim 7.6 (remember that HR(<y)s includes
HR(<y) by definition). So we may assume that ys>y. Now hL(y), holds by Claim 7.3,
and then we are done by Claim 7.5. O

Now we can give the proof of Theorem 7.1 (assuming the above statements).

Proof of Theorem 7.1. Let X denote an ideal in the Bruhat order, and for all x€ X
assume that HR(z) and HR(x), hold for all s€ S. If X #W, then we can choose y' € W\ X
of minimal length and s€S with y:=y's<y’. Now y€X, so HR(ys) holds by Claim 7.7,
and then Claim 7.8 tells us that HR(ys); holds for all t€S. Hence we can add ys to our
set X.

One may check directly that HR(id) and HR(id)s hold for all s€S. The above
induction tells us that HR(z) and HR(x); hold for all zeW and t€S. The theorem now
follows. O

7.2. Easy cases

In this section we make some easy observations which are used in the proof.

LEMMA 7.9. Suppose that B is positively polarised and that HR(y) holds for all
indecomposable summands B(y) of B. Then B satisfies local HR.

Proof. Consider the canonical decomposition B=@ V (y)®r B(y) of § 6.5. Let z be
maximal such that V(z)#0. Fix zeW. We want to show that (AQrB,;, AQgr (-, )%)

satisfies HR. Our decomposition induces a decomposition

A@rB, =D A2r(V (y) 2= B(Y)).-
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Now let pe AQr(V(y)®rB(y)), be a primitive element in degree d=—{(y)+2d’. Let
c=z"%p,p)*€R. Then, by HR(y) and the definition of positively polarised (see § 6.5)

we see that
0< (,1)(4('2)4(?/))/2(,1)d'+€(w)c — (,1)(4(2)+d)/2+5(w)c_

Hence the sign of ¢ depends only on #(z), £(z) and d, and not on y, and hence B satisfies
local HR. O

The proof of the following analogue of the previous lemma for P!-sheaves is similar,

and is left to the reader.

LEMMA 7.10. Suppose that B is positively polarised and that HR(y)s holds for all
indecomposable summands B(y) of B. Then B satisfies local HR in the s direction.

PROPOSITION 7.11. Suppose that ys<y with yeW and s€S. If HR(<Ly) holds
then for all x<zs the polarised P'-sheaf M (B(y),x,xs) is polarised constant, and hence
satisfies HR.

Proof. Our first step is to prove that the Pl-sheaf M:=M (B(ys)B(s),z,xs) is po-
larised constant. Let us check that the stalks are generated in degrees <—2. Because of
the shift involved in the definition of M, this is equivalent to checking that B(ys)B(s).
and B(ys)B(s).s are generated in degrees <—1. However B(ys)B(s) is perverse (see Re-
mark 6.8), and it follows from [28, Theorem 5.3] and the solution of Soergel’s conjecture
that the stalks of any B(z) with z#£id are generated in degrees <—1. Thus the claim
follows from the fact that B(id) is not a summand of B(ys)B(s), (all summands B(z)
satisfy zs<z).

Note that B(ys)B(s) is positively polarized by Remark 6.8. By Lemma 7.9 and our
assumption H R(<y), we conclude that B(ys)B(s) satisfies local HR. By Proposition 6.13
we have

(B(ys)B(8))z = B(ys)z.zs[1] = (B(ys)B(s))xs-

By Proposition 6.17 we see that under the above identifications we have

<' i >%(ys)B(s) = _<' )’ >31§9(ys)B(s)‘

It follows that the P'-sheaf M is polarised constant.

Now we have a canonical and orthogonal decomposition (see Lemma 6.6)
B(ys)B(s) = B(y)®E

where F is a polarised Soergel bimodule with all indecomposable summands isomorphic
to B(z) for z<ys<y. Now it is not difficult to see that any orthogonal summand of a
polarized constant sheaf is polarized constant. In particular the summand M (B(y), z, xs)
of M is polarised constant. Hence M (B(y), x, xs) satisfies HR by Lemma 5.28. O
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PROPOSITION 7.12. For yeW, (A®rB(y)y, AQRr(", -)yB(y)) satisfies HR with stan-

dard signs.
Proof. By Soergel’s character formula [28, Theorem 5.3], B(y), is free of graded
rank v—‘®) . Thus

(A®RB(y)y7A®R<'a >%(y))

satisfies hard Lefschetz, as this is automatic for A-modules of rank 1. Moreover, in the

notation of §6.9, ¢, ,€B(y), is a generator and

1

<Cy,yacy,y>%(y)=7€y,y=7(—1)l(y) H - for some v € R>,
telr(y)

by Theorem 6.19 and Proposition 3.6 (2). Applying o (and using that o(a)>0 for a€®*)
yields the result. O

Remark 7.13. More generally, the above proof works whenever B(y),, is free of rank 1

(the “rationally smooth case”).

7.3. Non-deformed case

PROPOSITION 7.14. Suppose that y=si ... 8y, 8 a Teduced expression and A€B* is
such that
<5i+1 Sm(>\), Oé;/?> >0

for all 1<i<m. Then there exists a positively polarised Soergel bimodule (B',{-,-)p’)

all of whose summands are isomorphic to B(x) with x<y and a map
d: B(y) — B'[1]

such that
d*ed=B(y)A\—(yA)B(y) (7.2)

(as always, B(y) is polarised with its intersection form).

The proof follows the same lines as the proof of [11, Theorem 6.21]. During the
proof we need the perverse filtration and the functors 7¢; of [11, §6.3].

Proof. We prove the proposition by induction on m. The statement makes sense for
m=0 (so y=id). In this case we can take B'=0.

Now assume m>1. Let z=ys,, and s=s,, so y=zs. Then we can apply induction
with z=s1 ... $;,—1 and sA€h* to find a positively polarised bimodule (D, (-,-)}p) and a
map

d': B(z) — D[1]
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such that
(&) od = B(2)s(\) —2(s(\) B(z) = B(2)s(\) —y(\) B(2).

Now consider the map

i < X\, a¥)B(z)m

B >:B(z)B(s)——)(B(z)EBDB(s))[l].

(The target is polarised with respect to the intersection form on B(z) and the induced
form on DB(s).) We have m*=p (see (6.6)) and hence the adjoint of d is (see (6.7))

d*=(V/(\aY)B(z)u (d)*B(s)),

and hence

by the “polynomial sliding” relation (6.1).

In particular d satisfies the relation (7.2). We now need to show that we can replace
B(z)®DB(s) by a perverse summand whilst keeping the relation (7.2).

Let us choose a decomposition D= B(u)®™ with m, €Z>( and define

D'= P Buw)®™ and D'= P B(u)®m.

us>u us<u
Then we have a canonical, orthogonal decomposition (see Lemma 6.6)
D=D'eD".
The bimodule D'B(s) is perverse. We have (canonically and orthogonally)
B(z)B(s)=B(y)®E (7.3)

for some perverse Soergel bimodule E (see Remark 6.8). Moreover the restriction of
the intersection form on B(z)B(s) yields the intersection form on B(y), up to a positive
scalar multiple. By rescaling the inclusion B(y)<— B(z)B(s) if necessary we may assume
that this scalar multiple is 1.

We have a (non-canonical and non-orthogonal) decomposition

DYB(s) = D'[1)@D'[-1].
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Consider the maps induced by d and d* on the (canonical) summands B(y)CB(z)B(s)
and DVB(s)CB(z)®DB(s):

B(y) - DB(s)[1] £ Bw) (2]
All summands of D' are isomorphic to B, with z<y. Hence f lands in
T<-1(D'B(s)[1]) = D*[2].
Similarly, f* is zero on 7<_1(D*B(s)[1]). In particular,
fref=0. (7.4)

Let us write the matrix of d with respect to these decompositions as

a b
d=|c¢ d|:Bly)®E— (B(z)@D'B(s)@D*B(s))[1].
I g

Then
d* _ (a* C* f* ) .
The computation of d*ed above and (7.4) imply that
a*oa+c ec=a"ca+c"oc+ f*o f = B(y)A—y(\)B(y). (7.5)
Now define dg,p, to be the composition
B(y) — B(2)B(s) = B(y) & E % (B(2)@ D' B(s)@ D* B(s))[1] — (B(2)& D' B(s))]1],

where the first (resp. last map) is the inclusion (resp. projection) with respect to the

above decompositions. By the orthogonality of these decompositions the adjoints of the

first (resp. last) map is the projection (resp. inclusion). By [11, Proposition 6.12] the

bimodule D'B(s) is positively polarised, and B(z) is clearly positively polarised.
Finally, by (7.5),

Qo oy = a”ca-+c*oe= By)A—y(NB(y).

Now we are done: we can take d=dsy, and B'=B(z)®D'B(s), which is perverse and
positively polarised. (It is easy to check that the signs on the two summands match
up.) O
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ProprosITION 7.15. HR(<y) implies hL(y).

Proof. The fact that hard Lefschetz is true for A®rB(y), follows from Proposi-
tion 7.12.

It remains to show hard Lefschetz for x <y. Let us apply the above proposition with

A=yp. Taking the stalk at = and applying AQg(-) we see that we have a map
A®RB(y). 4 A®g B[]

of free A-modules equipped with forms A® (-, ~>‘"’f3(y) and A®(-, )%, which are symmetric

and non-degenerate over K and such that d*od is equal to left multiplication by
o(z(A)=y(A)).

By Lemma 3.2, o(z(\)—y(X))>0, and in particular is non-zero. Moreover, as B’ is
positively polarised, Lemma 7.9 ensures that A®g B, satisfies HR. Now we can apply
Proposition 4.7 to conclude that A®grB(y), satisfies hard Lefschetz. The proposition
follows. O

7.4. Deformed case

PROPOSITION 7.16. Lel y=si ... 5 be a reduced expression and s€S be such that
ys>y. Let Neh™ be such that

N al)>0

and

(Sit1 - Sms(A),ay ) >0

for all 1<i<m.
Then, for any 0<a<1, there exist a positively polarised bimodule (B',(-,-)p:), all

of whose summands are isomorphic to B(x) with <y, and a map
d: B(y)B(s) — (B(y)®B'B(s))[1]

such that
d*od=B(y)B(s)A\—B(y)(as(A))B(s) = (1—a)ys(A)B(y) B(s) (7.6)

(B(y) is polarised with its intersection form).
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Proof. We want to find d such that
d*od=B(y)B(s)A\—B(y)(as(A))B(s)—(1—a)ys(A)B(y) B(s)
= B(y)(uem) (A, o)+ B(y)(1—-a)s(A) B(s)— (1 —a)ys(\) B(y) B(s)

(we have used (6.1)). Applying Proposition 7.14 with y=s; ... s, and (1—a)s(\)eh*
gives us a positively polarised bimodule B’, all of whose summands are isomorphic to

(7.7)

B(z) with z<y, and a map
d": B(y) — B'[1]

such that
(d)*ed =B(y)(1-a)s(\)—(1-a)ys(\) B(y).

Now, if we set

d;:< <A’a¥>3(y>m):3<y>3<s>ﬁ(B(y)@B'B(s»m,

d'B(s)
then
d = (/N al)Bly)p (d)*B(s))
and
0 ed= (0¥} Bly) (uem) + (&) od') B(s)
= (A, o) B(y)(uem)+B(y)(1-a)(sX) B(s) — (1-a)(ysA) B(y) B(s)
as required. O

PROPOSITION 7.17. If ys>y, HR(<y)s+HR(y) implies hL(y)s.
Proof. Let Aeh* and

d: B(y)B(s) — (B(y)©B'B(s))[1]

be as in the statement of the previous proposition (for some fixed 0<a<1). Fix z<xs
and let us take the stalk of z (we abuse notation and continue to denote these maps by
the same symbols):

d: (B(y)B(s))s — (B(y):®B'B(s)z)[1]
d*: B(y): ®B'B(s)s — (B(y)B(s))x[1].
We claim that we can obtain AQrd and A®grd* as the global sections of a pair of

adjoint maps
d:M—N[1] and d*:N — M][1] (7.8)



394 G. WILLIAMSON

of polarised P'-sheaves. Let B’ and d’ be as in the proof of the previous proposition.
Consider the following polarised P!-sheaves:

(1) M:=M(B(y),z,zs), polarised as in §6.10.

(2) N’ := the skyscraper at 0 with stalk AQrB(y), (i-e. Nj=A®rB(Y)z, Ncx=0,
NZ,=0 and polarisation o((-,-)p,)) on Np).

(3) N":=M(B',z,xs), polarised as in §6.10.

We have a natural map dy: M — N'[1] given by (bg, boo )~/ (N, ) (bo, 0). The ad-
joint d* is given by (bo, 0)—+/(\, a¥)(o(2(evs))bo, 0). Under the identification (6.14), one

checks that on global sections the maps dy and di agree with the maps
A®r(B(y)B(s))s — AQrB(y)2[1] and A®rB(y). — AQr(B(y)B(s))[1]

induced by
(A aY)B(y)m and /(A a)B(y)p.

The map d’: B(y)— B'[1] induces a map dy: M — N"[1] of polarised P'-sheaves. We
denote its adjoint by d~§ Under the identification (6.14), the map do agrees on global
sections with the map A®g(B(y)B(s)):—AQgr(B'B(s)):[1] induced by d'B(s). By

Lemma 6.23, d~§ agrees on global sections with the map
A®R(B'B(s))s — ARR(B(y)B(s))[1]

induced by (d’)*B(s). Hence, if we set N:=N'@&N" and d:=d; +ds, we have constructed
our desired maps in (7.8).

By the previous proposition
d*od=B(y)B(s)A\=B(y)(as(A))B(s)—(1—a)ys(A)B(y) B(s),

and hence, under the injection B(y)B(s),—=B(y)z®B(y)zs, Lemma 6.16 implies that
d*od agrees with multiplication by

(@(A)—a(@s(A)—(1—a)(ys(A)), zs(A) —a(zs(N)) = (1—a)(ys(}N))).
Thus, for all b€ My o, we have the relation
(d*od)(b) =7,
where 7= (Ao, A\oo ) €Z? is given by

Ao =o((z—ys)(A)—a(zs—ys)(N),

(7.9)
Ao =0 ((w5—ys)(N) —a(zs—ys)(N) =0 ((1—a)(zs—ys)(\)).
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2
ample

Using Lemma 3.2, one may check that yeZ for all dominant regular A and 0<a<1.
Now B’ is positively polarised and by our assumption HR(<y)s, B’ satisfies HR in
the s direction, by Lemma 7.10. Hence N’ satisfies HR. Also B(y) satisfies local HR
by assumption, and so N’ satisfies HR. Hence N satisfies HR (one checks easily that
the signs on N’ and N” match). We deduce from Proposition 5.17 that M (B(y), z,zs)
satisfies hard Lefschetz for all pairs (Mg, As) above.
We will see in the lemma below that we can vary A and a so that A\g/A- takes on

all values in (1, 00). Hence hL(y)s holds, by Lemma 5.16. O

LEMMA 7.18. For varying dominant reqular A€b* and 0<a<1, A\o/Aoo (see (7.9))

takes on all values in (1,00).

Proof. By continuity and the intermediate value theorem it is enough to show that
by varying A and a we can get values which are both arbitrarily large and arbitrarily

close to 1. We have
Ao—Aoo =0 (z(N) —z5(N)) = (A, o) Yo (2(as)),

and hence
Ao Aot (Mo—As) _ (1=a)C+ (N af)o(z(as))
Aoo Aso (I—a)C ’
where C'=0((zs—ys)(\)). Hence if we choose A=p then Ag/Aoc —00 as a—1.
On the other hand, if we take a=0 and let A approach the s-wall (so that (A, a)—0)

then we see that A\g/As—1. The result now follows. O

7.5. Soergel’s conjecture

In this section we discuss how these arguments can be adapted to deduce Soergel’s
conjecture. Unfortunately the most difficult parts of the proof take the same road as
[11], so this cannot be considered a new proof. In fact, in the author’s opinion the
current paper is strictly more complicated than [11]. For this reason we only give a
sketch.

In the following (as in [11]) we fix €W and s€S with zs>x and assume Soergel’s

conjecture for all y<xs.

PRrROPOSITION 7.19. If B:=B(z)B(s) satisfies local hard Lefschetz then Soergel’s

conjecture holds for B(xs).

Remark 7.20. This proposition seems to have first been observed by Soergel and
Fiebig a number of years ago. We will see in the proof that the proposition is not if and
only if. It is not clear to the author how much stronger local hard Lefschetz is. (There

is also the question of the choice of specialisation parameter o".)
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Proof. Fix y<axs and consider the inclusion
iy: B, B,.

Then B; is generated in degrees >/¢(y). Soergel shows that the image is contained in
B, -p, for some (explicit) product of ¢(y) roots p,. Moreover, by [28, Lemma 7.1(3)],
Soergel’s conjecture for B(xs) (under the assumption of Soergel’s conjecture for all B(y)
with y<as) is equivalent to the above inclusion inducing an inclusion (then necessarily

an isomorphism in degree £(y))
(Bg!;)e(y)(—> R®r(By-py)

for all y<xs.
If we specialise via 0: R— A=R][z], we see that Soergel’s conjecture is equivalent to

the natural map inducing an inclusion
(A®RB.) W< Rk (2" ®4B,).

This is the case if and only if

(1®B)N('W e B, =2 =0.
In other words, if we set H:=(A®gB,)/(2®rB,), we want

(ker(z.)mHﬁ(y))m(zf(y)HHff(y)%) =0,
or in other words that multiplication by z‘/®+2 should give an isomorphism
H =2 __ ly)+2

This is clearly the case if z satisfies hard Lefschetz on H, which is the case if B satisfies

local hard Lefschetz (essentially by definition, see Lemma 4.2). O

It seems likely that one could adapt the proof over the last few pages to prove local
hard Lefschetz for B(x)B(s) assuming only statements (Soergel’s conjecture, local hard
Lefschetz and HR, etc.) for elements y<z. One could then use the above proposition
to deduce Soergel’s conjecture and continue the induction. However the key ideas would

still be those of [11] and this paper is already complicated enough!
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8. Some calculations in sl4

The goal of this section is to give a few examples of local intersection forms and see the
connection to the Jantzen filtration.

Let g=sl4(R), bCg be the Borel subalgebra of upper-triangular matrices, and hCb
be the Cartan subalgebra of diagonal matrices. Denote by «,, a; and «,, the simple roots
in h* and by s, t and u the corresponding simple reflections in the Weyl group W. (Our
normalisation is such that su=us.) Let o), o' and o/ €h denote the simple coroots.

Using the realisation b, we can define the category of Soergel bimodules for W and

the theory of this paper applies. We work over R so that we can discuss signatures.

8.1. The strategy

Recall the definition of the local intersection form. We start with a polarised Soergel
bimodule (B, (-, )5). Then (-, )p induces an R-valued symmetric form on the costalk
Bé by restriction. The inclusion

B!“— B,

Y

is an isomorphism over ) and realises B;J and B, as dual lattices in Q@grBy. The R-
valued form on B!y then induces a @-valued form on B,, which is the local intersection
form.

We use the following lemma to calculate the local intersection form.

LEMMA 8.1. Let ey, ..., e, denote a graded R-basis for Bl!}7 and let e}, ...,er, denote
the dual basis of By. If M:=({e;,e;)B)1<i,j<m denotes the Gram matriz of (-,-)p on
B;/ in the basis e1, ..., em, then the Gram matriz of (-,-)p on By in the basis e}, ..., e},

is given by M.

Hence one needs to calculate a basis of Bz!; and then compute the restriction of (-,-)p
to it. Finding a basis for B?!J is a linear algebra problem (one knows the graded rank from
a calculation in the Hecke algebra). However this can be tricky in practice.

Below we will only consider the case y=id, in which case Bi!d can be calculated easily
using Soergel calculus [12], as we will see. (Actually the restriction y=id is not necessary,
but we don’t go into that here.) In the following we will use the notation of [12, §2 and
86] concerning expressions and light leaves morphisms. We will denote subexpressions
by the corresponding 01-sequence (see [12, §2.4]). See [18, §2.10] for a sample calculation

of local intersection forms using light leaves morphisms and Soergel calculus.
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8.2. The first singular Schubert variety

We calculate the local intersection form for B=B(tsut) at y=id.

In this case B(t)B(s)B(u)B(t) is indecomposable (as follows from a calculation in
the Hecke algebra) and hence B=B(t)B(s)B(u)B(t). There are two subexpressions of
z=tsut for y=id: e=0000 and f=1001 of defects 4 and 2 respectively. The corresponding

light leaf maps (with colour coding s, t and u) are as follows:

= [ e e[

Hence {l¢,ls} give a left (or right) R-basis for Hom"(R, B)=Bj,. Pairing the light leaf

maps gives the matrix of the restriction of the intersection form on Bi!d:

2
Ay OgQlyy (LgOly Ol
Qs Oy Ol — Qg

(where ag=as+ai+ay,). The determinant of this matrix is

det = —a?asau(as—i-at)(at"‘au)'

Inverting this matrix gives the matrix of the (@Q-valued) form on Big:

Qp 1
Be 1 < —a Qg _Oésatau> _ | asaray(astar)(aptay)  ag(astor)(at+ay)
det \ —asapa,  alasay 1 L

ar(astag)(artay) (s +a) (o +an,)
The determinants of the leading principal minors are

1
o and det BF=—

Fi1= .
1.1 s, (s o) (ot ay,) det

We conclude that for any regular dominant coweight ¢¥ €h the leading principal minors
are >0 and <0 respectively. Hence the Hodge—Riemann relations are satisfied. Also
E 1 agrees with the equivariant multiplicity at y=id in the Schubert variety indexed by
x=tsut (see Theorem 6.19).

8.3. The second singular Schubert variety

Let x=sutsu. Then

BS = B(s)B(u) B(t)B(s)B(u) = B(sutsu)&B(su)[1]& B(su)[-1].
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One possible choice of idempotent projector to B=B(sutsu) in End(BS) is the following

morphism (with colour coding s, ¢ and u as above):

There are four subexpressions of z for z=id: 00000, 10010, 01001 and 11011 of defects 5,
3, 3 and 1, respectively. The light leaf morphisms corresponding to the subexpressions
10010 and 11011 give zero when composed with the idempotent e, and the light leaf mor-
phisms 5 and [3 corresponding to 00000 and 01001 give a basis for Bi!Gl after composition

with e. The matrix of the intersection form on Bi!d is given by

<asatai(as+at) sy (s +auy) >
asapoy (astap)  —asay (s +20:+ay,)

with determinant —a2a;a? (o +ay) (o +ay ). Inverting this matrix gives the intersec-

tion form on Big:

Qs +20 4y, 1
E— asatau(asﬂ%t)(aﬁau)ao asau(atirau)ao
sy () ayg as(ap+ay,)ag

Again we see that E ; agrees with the equivariant multiplicity and that the two leading
principal minors have signatures 1 and 0 under any specialisation determined by a regular
dominant coweight. Hence the Hodge-Riemann bilinear relations are satisfied.

This example has an interesting feature not seen in the previous case. Since the
numerator of Ej; is not a product of roots, there exist regular vV €l such that the
evaluation of Fy 1 at v" gives zero (i.e. (as+2a4+ay,vY)=0). For such 7" local hard
Lefschetz fails. (All that matters in this example is Eq ;. Even if the reader did not
follow the above calculation, one can calculate F; ; easily using the nil Hecke ring and
Theorem 6.19.)

As explained in the introduction, via the work of Soergel and Kiibel this example
implies that the Jantzen filtration behaves differently for a choice of deformation direction
corresponding to v¥. We analyse this directly. (Actually, the example we will consider
corresponds to the local intersection form of B at y=su, not y=id (this gives a weight
space of more manageable dimension). However the behaviour is very similar to the

above.)
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8.4. Examples of the Jantzen filtration

We keep the notation above, except that now we work over C. Let
0= %(3045 +4a+3as)
denote the half sum of the positive roots and let
z-Ai=x(A+p0)—p

denote the dot action of W on h*. We work in Oy, the principal block of category O
(i.e. all modules are g-finitely generated, b-integrable, h-semisimple and have the same
central character as the trivial representation). We denote the Verma and simple module
of highest weight -0 by A(z) and L(x).

Motivated by the previous section, we consider the Verma module A(su) of highest

weight su-0=—as—a, and its weight space at
A=sutsu-0=—3a;—3a;—3ay,.

The dimension of the A-weight space is the number of Kostant partitions of
—(astay)—A=2as+30+2a,,

which is 13.

Let A:=U(g)®y(p)S(h) denote the universal Verma module (of highest weight univ).
Computing the Shapovalov form on the weight space univ —v, with v=su-0— A\, gives a
13x 13 matrix of polynomials in S(h). One can compute this matrix of polynomials
via computer (I used magma). Specialising via a highest weight p:S(h)—C gives the
Shapovalov form on the weight space p—v.

If we choose to deform via ¢ we get Jantzen filtration layers of dimensions
7, 3, 2 and 1.
Now choose y€h* such that v does not vanish on any coroot but
yla) +20) +a)) =0.
With this choice of deformation direction the Jantzen filtration layers have dimensions

7, 2, 4 and 0.
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By Kazhdan—Lusztig theory, we have (in the Grothendieck group of Op)
A(su) = L(su)+ L(stu)+ L(tsu)+ L(sut)+ L(uts)
+ L(suts)+ L(stut)+ L(stsu)+ L(tuts)+2L(stuts)+...

(where ... consists of terms L(x) with x> sutus). Taking the dimension of the A-weight

space we get (again by Kazhdan—Lusztig theory)
13=7+0+0+2+0+1+1+0+0+2.

By Kazhdan—Lusztig theory, one expects the following Jantzen filtration layers

L(su)
L(stu)® L(tsu)® L(sut)® L(uts)® L(stuts)
A(su)= L(suts)®L(stut)®L(stsu)® L(tuts)...
L(stuts)®...

w NN = O

where we have omitted any terms L(x) with z>sutus.

Taking dimensions of weight spaces gives

7
0+0+2+4+0+1
13=
1+1+0+0
1.

This matches the above calculation of filtration layers 7, 3, 2 and 1.
One sees what happens when the Jantzen filtration degenerates. The two subquo-
tients isomorphic to L(stuts) which generically occur in degrees 1 and 3 “slide together”

into degree 2 so that gry is no longer semi-simple.



402

G. WILLIAMSON

9. List of notation

The most important cast members, in order of appearance:

[m]
deg@-
(W, 5)
£, <
T,

b

0,0"
R,Q
s

Gr,,
M(B,x,xs)

BARBASCH, D., Filtrations on Verma modules. Ann. Sci. Ecole Norm. Sup., 16 (1983),

489-494.

BEILINSON, A. & BERNSTEIN, J., A proof of Jantzen conjectures, in I. M. Gel’fand Semi-

the shift of grading functor, §2.1

a term in the degree filtration, §2.3

the fixed Coxeter system, §3.1

the length function and Bruhat order, §3.1

an expression, a subexpression, §3.1

the reflection faithful representation of h, §3.2

fixed dominant regular elements of h* and b, §3.2

the regular functions on h and its localisation at ®, §3.3
a divided difference operator, 3.3

the rings R[z] and R[2*!], §3.3

the homomorphism R— A determined by ¢V, §3.3
primitive subspaces, §4.2

an equivariant multiplicity, §3.4

a Pl-sheaf and its stalks, §5.2

the structure algebra and its degree two elements, §5.2
the ample cone in Z2, §5.2.

a Bott—Samelson (resp. indecomposable) Soergel bimodule, §6.2
elements in Soergel bimodules B(s), §6.2

“dot” maps B(s)—R[1] and R— B(s)[1], §6.2

the stalk and costalk of a Soergel bimodule, §6.3

the inclusion B),— B,, §6.3
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the P'-sheaf associated with B and z<zs, §6.10
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