COHERENT SHEAVES AND CATEGORICAL sl;, ACTIONS

SABIN CAUTIS, JOEL KAMNITZER, AND ANTHONY LICATA

ABSTRACT. We introduce the concept of a geometric categorical sly action and relate it to that of a
strong categorical sl action. The latter is a special kind of 2-representation in the sense of Rouquier.
The main result is that a geometric categorical sly action induces a strong categorical slz action.
This allows one to apply the theory of strong sl actions to various geometric situations. Our main
example is the construction of a geometric categorical sla action on the derived category of coherent
sheaves on cotangent bundles of Grassmannians.
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1. INTRODUCTION

1.1. Actions of sl; on categories. An action of sl; on a finite-dimensional vector space V' consists of
a direct sum decomposition V' = @V () into weight spaces and linear maps E(A) : V(A—1) — V(A+1)
and FI(A): V(A+1) = V(XA —1). These maps satisfy the condition

(1) EA—=1DFA—1) = FOA+1)E\+1) = Aly(.

Such an action automatically integrates to the group SLs. In particular, the reflection element t =
[_93] € SLy acts on V, inducing an isomorphism V(—X) — V(A).

A naive categorical action of sly consists of a sequence of categories D(A) with functors
E(AN):DA—=1) —=D(A+1)and FA) : D(A+1) - D(A-1)

between them. These functors should satisfy a categorical version of (1) above,
(2) EA—1)oF(A—-1) =I5} ®F(A+1)0E(A+1), for A>0
and an analogous condition when A < 0. This is just a naive notion of categorical sly action, since
ideally there should be morphisms between the functors which induce the isomorphisms (2).

The purpose of this paper and the accompaning papers [CKL1], [CKL2], is to apply categorical
sly actions to the geometric situation where D()) is the derived category of coherent sheaves of a
variety. The main example discussed in this paper is the case of cotangent bundles to Grassmannians

of planes in a fixed N dimensional vector space. Thus we fix N and as k varies we let D(N — 2k) :=
DCoh(T*(G(k,N)).

1.2. Strong categorical sl, actions and geometric categorical sl, actions. In this paper we
have two main definitions. First we define the notion of a strong categorical action of sly (section
2.1), a modification of definitions due to Chuang-Rouquier [CR], Lauda [L], and Rouquier [R]. These
axioms include the additional data of morphisms of functors X : E — E and T : E? — E? which rigidify
the isomorphisms (2). In a companion paper, [CKL2], where we prove (using ideas from [CR]) that
whenever there is a strong categorical action of sls whose weight spaces are triangulated categories,
then we can construct a triangulated equivalence between D(A) and D(—\).

The second notion introduced in this paper is that of a geometric categorical sl action (section 2.2).
This means that we have a sequence of varieties Y (A) and Fourier-Mukai kernels £(X), F(\), which are
objects in the derived categories of the products Y (A — 1) x Y(A 4 1). These kernels are required to
satisfy the commutation relation (2), but only at the level of cohomology. We also demand that there
exist certain deformations Y (\) — A! of Y'(\) with some special properties. The idea to impose the
existence of deformations was inspired by the work of Huybrechts-Thomas [HT] (see Remark 2.6).

The main theorem of this paper (Theorem 2.7) is that a geometric categorical sly action gives rise
to a strong categorical sls action when the categories involved are the derived categories of coherent
sheaves D(Y'(\)) and where the functors E(A), F()) are induced by the kernels £(A), F(A). Roughly
speaking, the morphism X : £(A) — £()\)[2] is the obstruction to deforming £()) in the family Y(\ —
1) x41 Y (A+1). Sections 4 and 5 are devoted to the proof of this theorem. In practice it is much easier
to check that certain geometric constructions give rise to a geometric categorical sly action rather than
a strong categorical sly action. So Theorem 2.7 provides a bridge between geometry (and the results
in [CKL1]) and more formal algebraic/categorical constructions provided by a strong sly action (such
as the equivalences constructed in [CKL2]).

1.3. Relation to 2-categories of Rouquier and Lauda. In [R], Rouquier defined a 2-categorical
version of quantum sly (based on work in [CR]). This is closely related (not coincidentally) to our
definition of strong categorical sly action. A strong categorical sl action immediately gives rise to
a 2-functor from Rouquier’s 2-category into the 2-category of triangulated categories. Thus another
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way of viewing Theorem 2.7 is to note that it provides a way of obtaining natural 2-representations
of Rouquier’s 2-category. A strong categorical sly action is a slightly more restrictive notion than a 2-
representation of Rouquier’s 2-category, however, because our definition demands additional conditions
on the endomorphism algebras Ext(E(\)(™, E(A\)(")). These additional restrictions are used in the proof
of the equivalence of triangulated categories between D(\) and D(—\) considered in [CKL2].

In [L] Lauda also constructs a 2-category which categorifies quantum sly. Lauda’s definition is
similar to Rouquier’s but involves some extra technical relations which, from our point of view, are
not entirely necessary; by this we mean that the equivalence between D(—\) and D()\) constructed in
[CKL2] does not require these extra relations. It is not obvious that a geometric categorical sly action
gives rise to a 2-representation of Lauda’s 2-category (although it is natural to conjecture that it does).
Understanding better the role played by these extra relations in Lauda’s definition is an interesting
problem.

Rouquier [R] and Khovanov-Lauda [KL] have also defined analogous (and closely related) 2-categories
for other Kac-Moody Lie algebras. In a future work [CKL3], we will construct 2-representations of these
2-categories (in the simply-laced case) on derived categories of coherent sheaves on quiver varieties,
generalizing the action on cotangent bundles to Grassmannians described below.

1.4. Contangent bundles to Grassmannians. Our main example of a geometric categorical sly
action is that of cotangent bundles to Grassmannians. We fix N and consider Y (N —2k) := T*G(k, N)
as our varieties. There are natural correspondence between Grassmannians which give us the kernels
E,F. In section 3, we use the results of [CKL1] to prove that this is indeed a geometric categorical sly
action.

Hence as a corollary of this paper and of [CKL2], we obtain an explicit equivalence of triangulated
categories between DCoh(T*G(k,N)) and DCoh(T*G(N — k,N)). This answers an open question
raised by papers of Kawamata [K] and Namikawa [Na] (see [CKL2] for more details).

Let us now informally explain how the example of derived categories of coherent sheaves on cotangent
bundles to Grassmannians is related to examples to categorical sl actions studied by Chuang-Rouquier
[CR], and Lauda [L].

In section 7.4 of [CR], Chaung-Rouquier defined a strong categorical sly action (in their sense) on
the singular blocks of category O for gl following the work of Bernstein-Frenkel-Khovanov [BFK]. By
Koszul duality of Beilinson-Ginzburg-Sorgel [BGS], this can be considered as a categorical sly action
on parabolic category O for gly,. We may restrict to the particular parabolic categories considered
in [BFK] section 4. Under the Beilinson-Bernstein localization, these categories are equivalent to the
categories of B-equivariant D-modules on the Grassmannians G(k, N). D-modules on G(k, N) are
related to coherent sheaves on T*G(k, N) by taking associated graded.

In section 7.7.2 of [CR], Chuang-Rouquier defined a strong categorical sly action where the categories
D(N — 2k) were categories of modules over H*(G(k, N)). Similarly, in [L], Lauda defined a functor
from his 2-category to a 2-category whose 1-morphisms are certain H*(G(k, N)), H*(G(l,N)) graded
bimodules. There is a functor from the category of perverse sheaves on G(k, N) (which is equivalent
to D-mod(G(k, N))) to H*(G(k, N)) graded modules by taking total cohomology.

Also there is a functor from the derived category of coherent sheaves on T*(G(k, N)) to dg mod-
ules over H*(G(k, N)) by taking Ext(Og,ny, ), because Ext™(Ogx,ny, Ogr,n)) = H*(G(k, N)) (see
Remark 5.11 in [CK1]).

To summarize we have the following rough picture:

ass. graded

D-mod(G(k, N)) Coh(T*(G(k, N))

total cohomology
t into Og(x,N)

H*(G(k,N))-grmod
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We expect that these “functors” (if they are made precise as functors) will intertwine the three sly
actions.
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2. MAIN DEFINITIONS AND RESULTS

First, a bit of notational discussion. We will denote composition of functors by juxtaposition and
reserve the symbol o to denote composition of morphisms. Also we will denote the identity morphism
and the identity functor by I. We denote by G(k,n) the Grassmannian parametrizing k-planes in
C™. We denote by H*(G(k,n)) the usual cohomology of G(k,n) but shifted so that it is symmetric
with respect to degree zero (equivalently, it is the intersection cohomology). For the purposes of the
definition of strong sly categorification, we will use (-) for the grading, whereas later in the paper we
will use replace (k) by [k]{—k}. For example,

HP")=Cn)eCn—2)d---a&C(—n+2) & C(—n)
=Chnl{-n}eCn-2{-n+2}tad - & Cl-n+2|{n -2} & C[-nl{n}
2.1. Strong sl categorification. Let k be a field. A strong categorical sl, action consists of the
following data.

e A sequence of k-linear Z-graded, additive categories D(—N),...,D(N) which are idempo-
tent complete. Graded means that each category D(A) has a shift functor (-) which is an
equivalence.

e Functors

EMN) : DA —7r) = DA +7) and F(\) : DA +7) — DA —7)

for > 0 and A € Z. We will usually write E(\) for E®(X) and F()\) for F(D(X). Tt is
convenient to set E(O)(\) and F(®()) to be the identity functor I on Y'(\).
e Morphisms

n:T— FONEM ) (A and 5 : T— ETNFT (X)) (=r))
e: FMMEM(A) — I{rA) and € : ED(A\)FM(X) — I(—r)).
e Morphisms
L ECTYO) () = EA+PED (A =1) and 7: E+7)EMD (A = 1) = ECTYU () (7).
e Morphisms
X(\) : EQA)(=1) — E(A)(1) and T(\) : E(A + 1)E(A — 1){(1) — E(A 4+ 1)E(X — 1)(—1).

Let Hom(D(X), D()\)) be the category of additive functors which commute with the shifts. This is also
a idempotent complete, additive category.

Remark 2.1. The fact that D(\) is idempotent complete is useful because then objects have unique
(up to isomorphism) direct sum decompositions.
On this data we impose the following additional conditions.

e The morphism 7 and € are units and counits of adjunctions
(i) EM(\)g = FM (M) {rA) for r >0
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(ii) EM(N) g = FM (A (=) for r >0
e Es compose as

ECD (A4 r)EMD (A — 1) 2 ECV2) () @ H(G(ra, -+ 72))
For example,
EO\ + DE(A — 1) = ED(A)(=1) & ED (A)(1).

(By adjointness the Fs compose similarly.) In the case r1 = r and ro = 1 we also require that
the maps

OT_o (XA + 7)) 0 1(—2i) : E"TD(N) @ H*(P") — E(A +7)EM (A - 1)
and

®7_om(2i) o (XA + 7)) : EA 4+ r)EM (A= 1) — EFHY(\) @ H*(P")
are isomorphisms. We also have the analogous condition when r; =1 and ry = r.
Remark 2.2. Intuitively, « maps into the “bottom” factor of

EON+r)EM W\ —1) 2 ECTD(N) @y H*(P")
while m maps out of the “top” factor.
e If A <0 then
FO+DEN+1) ZEN-1DF\—1) @I H (P71,

The isomorphism is induced by

-1
o+ Y (IXA+1))on:EA=1FA—1) @Tey H* @ 1) 5 F(A+ DE(A + 1)
j=0

where o is the composition of maps

EA—DFA—1) 2L FO+DEA+1DEN—1)F(A = (A + 1)

SO+ DEQ A+ DE( - DFA = 1A= 1)

Ao FA+DEN+1).

Similarly, if A > 0 then
EQA—DFA—1) 2 FA+DEN+1) @Iy H* (P 1)

with the isomorphism induced in the same way as above.
e The Xs and T's satisfy the nil affine Hecke relations:
(i) T(\)? =0
(i) (IT(\ - 1)) o (T(\ +
endomorphisms of E(A

DI) o (IT(A = 1)) = (T + DI) o (IT(A = 1)) o (T(A + )I) as
(iil) (XA+1DI)oT(N) — E
(A

) o

2)E(ME(A +2).
Jo(IX(A\=1)=T=—-IXA=1))oT(A\)+T(\) o(X(A+1))
) (A+1).

), EM(A)(i)) = 0 if i < 0 while End(E™()\)) =k - L.

as endomorphisms of E(A
e For r > 0 we have Hom/(E!

Remark 2.3. A strong categorical sly action is the same thing as a idempotent complete, integrable,
graded representation of Rouquier’s 2-category in the 2-category of k-linear categories [R], along with
the above extra condition on Ext(E(™(\), E()())).
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Remark 2.4. Although we have categories D(\) corresponding to weights —N < A < N the Es and
Fs jump by an even amount from an odd weight to odd weight or from an even weight to an even
weight. So we can separate our analysis into studying the odd and even weights. It will therefore often
be convenient to assume that D(—N + 1),D(—N + 3),...,D(N — 3),D(N — 1) are empty.

2.2. Geometric categorical sl; action.

2.2.1. A few preliminaries. If X is a variety we denote by D(X) the bounded derived category of
coherent sheaves on X. An object P € D(X x Y') whose support is proper over Y induces a Fourier-
Mukai (FM) functor ®p : D(X) — D(Y) via (-) — ma. (7] ® P) (where every operation is derived).
One says that P is the FM kernel which induces ®p. The right and left adjoints @% and ‘I>7L, are
induced by Pg := PV @ mjwx[dim(X)] and P, := PY @ mjwy [dim(Y)] respectively.

If 9 € DY x Z) then ®Po®p = Pg,p : D(X) — D(Y) where Q x P = w3, (7], P @ m33Q) is the
convolution product (see also [CK1] section 3.1).

If X carries a C* action then we can also consider the bounded derived category of C*-equivariant
coherent sheaves on X, denoted D™ (X). On X the sheaf Ox{k} denotes the structure sheaf shifted
with respect to the C* action so that if f € Ox(U) is a local function then viewed as a section
I € Ox{k}(U) we have t - f' = t~%(¢t - f). We will denote by {k} the operation of tensoring with
Ox{k}.

2.2.2. Definition. Once again we fix a base field k. A geometric categorical sl; action consists of
the following data.
e A sequence of smooth varieties Y(—N),Y (=N +1),...,Y (N —1),Y(N) over k equipped with
C*-actions and with C*-equivariant FM kernels
EDN eDYA=r)xY(A+7) and FOON) € DY(A+7) x Y (A —7)).
We will usually write £(X) for £ (\) and F(\) for FM () while one should think of £ ())
and FO(X) as Oa.
e For each Y'()\) a flat deformation Y (\) — Al carrying a C*-action which maps fibres to fibres
and acts on the base via x — t?z (where t € C*). We call this a compatible C*-action.

Remark 2.5. Strictly speaking we only need a first order deformation Y (\) — Spec(k[z]/22) but in all
our examples we obtain such a first order deformation from a natural deformation over A}. However,
we could replace Aj by Spec(k[z]/z?) in the rest of paper and very little would change.

On this data we impose the following additional conditions.
o All £Ms and F("s are sheaves (i.e. objects supported in one degree).
e (Adjunctions)
The £Ms and Fs are left and right adjoints of each other up to shift. More precisely
(i) EDN R =FONrA{-rA}
(i) DN = FON)[=rA{rA}.
e (Composition of £’s and F’s) At the level of cohomology of complexes we have
HAEN+ 1)+ ED (A 1)) = 0D () @y H*(P7)
while in the deformed case we have
H* (JazEN + 1) % j12.E7 (A = 1)) 2 TV [—r){r} @ TV [r + 1 {—r — 2}

where the j’s are the inclusions

Ji2 YA =1=-r)xYA=14r)>YA=-1-r)xY(A=147r)
Gos YA =147 XY A+147) oY A=1+7r)xY(A+147).
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We also have the same relations if we replace all the £’s by F’s.
e (Commutator relation)
If A <0 then

FO+D)«EQN+D)=2EN-1D)xFA-1)aP

and H*(P) = Oa @ H*(P~*~1). Moreover A ¢ supp(E(X — 1) x F(A — 1)).
In the deformed case we have the exact triangle

EA-1)«FA-1)[1]{-2}
®Oa[-AN{A-1}

where jio is the inclusion
G12: YA X Y(A+2) = Y(\) x Y(A +2).
Similarly, if A > 0 then
EA-D*xFOA-1D2FA+D*xEN+1) P

and H*(P') = Oa @k H*(PA~1) and A ¢ supp(F(A+1) * E(A+1)). In the deformed case we
have the exact triangle

FO+1)«EQ+ D=2} _
BOAN{-A -1} J12s

where j{, is the inclusion
Gra YA X Y(A=2) =Y (\) x Y(\—2).
e End(EM(\)) =k-Tfor r > 0.

EN—1)x F(A—1)

N FAF D iz EA+ 1) = 0 oA - 1)

FO+1)«EN+1)

EA=D i F A= = g0, N+ 1{r - 1}

Remark 2.6. Having the conditions at the level of cohomology may seem strange but it is often
much easier to prove that the cohomologies of two objects are the same than to prove that the objects
are isomorphic. Moreover, there are natural examples where isomorphisms hold only at the level of
cohomology. The moral is that also having deformations (with the properties described above) allows
one to lift isomorphisms from the level of cohomology of objects to isomorphisms of objects.

The idea of imposing the existence of a deformation was inspired by the work of Huybrechts-Thomas
on P™ objects. In particular, in Proposition 1.4 of [HT], they show that under certain conditions, the
deformation of a P™ object is spherical. When A = —N + 1, £() is a relative P" object and we impose
a “spherical” condition on the deformation.

2.3. The main result.

Theorem 2.7. Given a geometric categorical sly action set
D(A) = D(Y(N) and EV(N) 1= Dgi ) and F(N) 1= D iy

where the shift in D(\) is given by (r) = [r]{—r}. Then there exist morphisms ¢, m,e,1n, X, T giving a
strong categorical sly action. Moreover, the choice of the X and T is parametrized by

V(=17 x V(=2)" x k* 2 V(1) x V(2)" x k*

where V(AN C Ext*(Oa,Oa) denotes the linear subspace of transient maps defined in section 5.1.
The choices of v, m,e and 1 are unique up to k*.

Remark 2.8. One may very well choose to ignore the C*-action and nothing in the statement or proof
of Theorem 2.7 would change (except that we would have no {-} shift and (-) = []). One reason to
include the C* is because it occurs naturally in many of the examples we know and provides another
grading which will be useful in future work. Also, there are examples (such as the one below) where
the condition End(£(()\)) =k - I fails if one doesn’t work C*-equivariantly.
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3. THE MAIN EXAMPLE

Before proceeding with the proof of main Theorem 2.7 we give an example of a geometric categorical
sly action. We work over the base field k = C. The spaces involved will be cotangent bundles to
Grassmannians. In [CKL1] we gave an example of a geometric categorical sly action which is essentially
a natural compactification of the one here. However, we prefer the one given here since in some ways
it is simpler and more fundamental.

3.1. Spaces and functors. Fix N > 0. For our spaces Y () we will take the total cotangent bundle
to the Grassmannian T*G(k, N) where k = (N — X)/2. The C* will act naturally on the fibres of the
bundle. These spaces have a particularly nice geometric description as

T*G(k,N) = {(X,V): X € End(CM),0 c V c C¥,dim(V) = k and CV¥ 5 v =, 0}

where End(C?) denotes the space of complex N x N matrices (the notation CV X v X 0 means
that X(C") C V and that X (V) = 0). The action of t € C* is by X + t2X.
Forgetting X corresponds to the projection T*G(k, N) — G(k, N) while forgetting V gives a reso-
lution of the variety
{X € End(C"): X? = 0 and rank(X) < min(k, N — k)}.

On Y ()\) = T*G(k, N) we have the tautological vector bundle V' as well as the quotient CV /V.
To describe the kernels £ and F we will need the correspondences

W (\) € T*G(k + /2, N) x T*G(k — /2, N)
defined by
WA = {(X,V,V’) :X € End(CY),dim(V) = k + %,dim(V’) - g ocv cvecy
cN vV and V 5 0}

(here as before A\ and k are related by the equation k = (N — \)/2).
There are two natural projections 71 : (X, V, V') — (X,V) and w3 : (X,V,V') — (X,V’) from
WT(A) to Y(A —r) and Y (A + r) respectively. Together they give us an embedding

(1, m2) : WA CYA—71) xY(A+7).

Notice that we also have a natural C* action on W7 ()) given by X + ¢2X so that both m; and 7y are
C*-equivariant.

On W"(X) we have two natural tautological bundles, namely V := 75(V) and V' := 75 (V) where
the prime on the V' indicates that the vector bundle is the pullback of the tautological bundle by the
second projection. We also have natural inclusions

N ~ N
ocV'cvcc :Oé’iﬁm.

We now define the kernel £(X\) € D(Y (A —7) x Y(A+7)) by

g A = OWT'(A) ® det((CN/V’)—T‘ det(v)r{w}'

Similarly, the kernel £ ()\) € D(Y/(A+7) x Y(\ —r)) is defined by

FO) 5= Oy  den(v’ VMR

Notice that here V' = 73 (V') is the pullback from the projection onto Y (A — r) since we now view
Y (XA —r) as being the second factor rather than the first.
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Remark 3.1. Although W”(A) is not proper the projections onto Y (A — r) and Y (A 4 r) are proper
since the fibres are subvarieties of Grassmannians. Hence £ ()\) and F()()\) induce FM transforms
EC(X\) and F()(X) between D(Y (A — 7)) and D(Y (X +1)).

3.2. Deformations. Y ()\) = T*G(k, N) has a natural 2-parameter deformation over AZ, whose fibre
at the point (x,y) is given by

{(X,V): X €End(C"),0cV cCN dim(V)=kand X|y =21, X|c~v,y =y -1}

Notice that the fibre over (x,y) = (0,0) recovers T*G(k, N). This deformation restricted to the diagonal
r = y is actually trivial but if we take any other ray in A% through the origin we get a non-trivial
deformation of T*G(k, N). Which ray we choose is not that important but to make our notation match
the one in [CKL1] we choose the anti-diagonal = + y = 0 to obtain the deformation

Y(\) ={(X,V,2) :2€ C,X € End(CY),0c V c CV,dim(V) =k and X|y =z - L X|en/y = —z -1}

where A = N — 2k. The C*-action here acts, like before, by X + t?2X and by x — t?2. Thus we have
a compatible C*-action.

3.3. Relation to categorification of skew Howe duality. In [CKL1] we constructed a geometric
categorical sl action on varieties which compactified the above cotangent bundles. We now explain
how that categorification is related to the one above.

In [CKL1] we fixed integers m, N and defined varieties Y (k, 1) and functors £ (k, 1) where k+1 = N.
However, only the case when m = N is related to the example above. We now recall these varieties
and functors when m = N.

We define

Y (k,1) := {CV@C[[z]] = Lo C L1 C Ly € CN®C((2)) : 2L; C Li_y1,dim(Ly/Lg) = k,dim(Ly/L;) = 1}
so that D(Y (k,1)) will correspond to the weight space of weight A = — k. The C*-action on Y (k,1)
is induced by ¢ - z¥ = t2*2* acting on C((2)).

Next we define correspondences

WT(kJ) = {(L.,Ll.) 1Ly C L,17L2 = L/Q} - Y(kal) X Y(k + Tal - T)
followed by kernels
EM (k1) == Owrp1y @ det(La/Ly) " det(L1/Lo) {rk} € D(Y (k+ 1,01 — 1) x Y (k,1))
and
FO (k1) := Owre ey @ det(Ly/L1) """ {r(l = 1)} € DY (k, 1) x Y(k + 7,01 —1))
where (abusing notation a little) L; denotes the tautological bundle on Y (k,{) whose fibre over the
point (Lg C Ly C Lg) is L;. As usual, one can check that everything here is C*-equivariant.

Since 22Ly C Lo this means that CY ® C[[2]] € Ly € CV ® 272C[[z]]. Hence the N dimensional
space L/ Ly is a subspace of the 2N dimensional vector space CV ® 2~2CJ[[2]]/C[[#]]. Define the linear
projection P : CN ® 272C[[2]]/C[[z]] — CY by P(v® 2z71) = v and P(v® 2~2) = 0. Now consider the
open subvariety

U(k,l) :== {Lq : P(Ly) =CN} C Y(k,1).

The following result is due to [MVy, Theorem 5.3] and [Ng, Lemma 2.3.1]

Lemma 3.2. U(k,l) 2 T*G(k, N) via the isomorphism
(Lo C Ly C Ly) — (PzP™*, P(Ly/Lg)) = (X, V).

Moreover, this isomorphism is C* -equivariant with respect to the C* -actions on'Y (k,1) and T*G(k, N)
defined above.
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Proof. We give a sketch. The definition of U(k,l) implies that if L, € U(k,l), then P gives an
isomorphism between Ly and CV. So P takes L; to a k-dimensional subspace V. CV and 0 <

L, < L, induces the map 0 X v X N where X = PzP~!. The fact that this isomorphism is
C*-equivariant follows since the C*-actions are given by X — t2X and z — t2z. O

Now in [CKL1] we also had deformations
Y(k,1) :=={Le : 2|1, /1o =21 2|1, /1, = —2 -1, dim(L1/Lo) = k,dim(L2/L) = 1}.

These were also equipped with C*-actions induced by ¢ - z¥ = t?*2% and ¢ - x = t2z. From [MVy,
Theorem 5.3], we obtain the following result:

Lemma 3.3. The embedding T*G(k,N) = U(k,l) — Y (k,l) of Lemma 3.2 extends to an embedding
Y (A\) — Y (k,1) which is compatible with the projections to A{: and the C*-actions given above.

3.4. Obtaining a geometric categorical sl; action. In [CKL1], we showed that the varieties Y (k,1)
gave a geometric categorical sly action. Using that result, we can prove the following.

Theorem 3.4. The varieties Y (\) = T*G(k,n) along with the deformations Y ()\) and kernels £ (X),

FI(N), give a geometric categorical sly action.

Of course, the idea is to show that the categorical sly relations for the Y (k,1) varieties induce the
same relations for our open subvarieties T*G(k, N).

To do this we begin with the following observation. Denote by j : Y(A) = T*G(k, N) — Y (k,!) the
natural open immersion. Then it is not difficult to see that

(j x §) W (k1) = W"(\) € T*G(k, N) x T*G(k +r, N)
where A = N — 2k — r. Even better, we have
Gx )W (k1) =W"(\) C T*G(k,N) x Y (k+r,1—7)
Moreover, since L; and L} on W7 (k,l) correpond to V and V' on W7 () it is easy to check that
(% §) €T (k,1) = €T(N) and (j x j)*FT) (k,1) = FO(N)
and that
(3) (G x 1) EM (k1) 2 (1 x )£ (N\) and (5 x 1)* FO(k, 1) = (1 x 7). FT(N).
We can now make use of the following lemma.

Lemma 3.5. Suppose that Y1, Ys,Ys are smooth varieties and Uy, Us,Us are open subvarieties. Let
Ja : Uy — Y, denote the natural open immersion. Let Fio € D(Y] x Y3), Fos € D(Ys x Y3) denote
objects on the products and let

Fllz = (]1 X jg)*(Flg) S D(Ul X Ug) and F2/3 = (jg X jg)*(Fgg) S D(U2 X U3)
Suppose moreover that
(jl X 1)*F12 i (1 X jg)*Fl/2 S D(U1 X Yg) and (1 X jg)*Fgg = (jQ X 1)*F2/3 S D(Y2 X Ug)

Then Fys + Fly = (j1 X j3)* (Faz * F12)
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Proof. This follows by a direct calculation. We have

(J1 X J3)"(Fas * Fi2) = (j1 % J3) " misa(mi2 P12 ® T3303)
= pi3«(J1 X 1% j3)" (775 F12 @ w33 Fb3)
= pias ((J1 X 1 X j3) w12 ® (j1 X 1 X jg) w33 F23)
= P13« (PT2(J1 X 1)"Fi2 ®@ p33(1 X j3)" Fa3)
= pise (Plo(1 X J2)uFlg ® P33 (j2 x 1).Fy3)

1%

Prze (1% J2 X 1)umly Fiy @ (1 X iz X 1),7hy” Fyy)
= puga(l X jo X 1), (75" Fiy ® mhy " Fy)

T3 (T2 Fla © 3" Fy3)

Fyg Iy

1%

where pgp is the projection from Uy x Y x Uz onto the a,b factor and #/, is the projection from
Uy x Uy x Us onto the a,b factor. To get the 2nd and 6th isomorphisms we used commutativity of
pushing and pulling in a flat base change. To get the 7th isomorphism we used that 1 x jy x 1 is an
open immersion so tensoring commutes with pushforward. O

Proof of Theorem 3.4. We need to check that the £(A)’s and F()\)’s satisfy all the conditions of having
a geometric categorical sls action.

First, the condition on the adjunction between £(A\)’s and F(A)’s follows by a direct computation
identical to that in [CKL1].

Now, we compute the composition of £(A)’s. We apply Lemma 3.5 with U; :=Y(A—1—1),Us :=
YOA=14+7r),Us =Y A+1+r),Y7 =Yk+rl—r)Ys:=Y(k]I),Ys :=Y(k—1,1+1), where
A= N —2k—7r+1. We choose Fio := £ (k,1), Fa3 := E(k — 1,14 1). The main hypothesis of Lemma
3.5 follows from (3). From the conclusion of Lemma 3.5, we deduce that

EN+1)#EDN=1) 2 (j1 x js)"(E(k — 1,1+ 1)+ £V (k, 1)).

Applying H* to both sides, and using the fact that the underived pullback (j; X j3)* is exact, we obtain

HY(EN+71)«EDAN=1)) = (j1 x j3) (M (E(k — 1,1+ 1)« £V (K, 1))
= (1 x ja) (ETT (k= 1,1+ 1) @c H*(P"))

Il

ETHD () @c H*(PT).

Thus the relation for the composition of the £(A)’s follows from the corresponding relation for the
composition of the E(k,1)’s.

Now, we consider the condition in the deformation. Here we apply the Lemma with Y7, Y3, Uy, Us
as above but with Y5 = Y (k,1) and Uy = Y/(A — 1 4 7). By the same reasoning as above we obtain the
condition on composition of £(k,1)’s in the deformed case.

The commutator relation between £(X)’s and F(A)’s follows similarly.

The final thing to check is that End(£( (X)) = C-1. This follows if we can show that End(Oyr(y)) =
C-1. Now if we forget X then we get a projection map from W) ()\) onto the flag variety Flag(k —
,k+%, N). This gives W) ()) the structure of a C"-bundle over the flag (for some n). The C*-action
fixes the flag and acts linearly on the fibres of the bundle with zero the only fixed point. This means
that the only C*-equivariant section of Oy r(y) is the constant section and we are done. Notice that
this would not be true if we ignore the C*-action. (]
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Remark 3.6. It follows immediately from Theorem 3.4 that U,(sly) acts on the Grothendieck group

where K(D())) is a C[g, ¢!] module with —q acting by {1}.

The weight space K (D(A)) has dimension dimH*(T*(G(k,n)))) = (JZ) by the argument in Proposi-
tion 7.2 of [CK2]. Hence as a U,(sl2) representation, K (NN) is isomorphic to the Nth tensor power of
the irreducible 2-dimensional representation.

4. OBTAINING FORMALITY FROM DEFORMATIONS Y ()

The rest of the paper is devoted to the proof of Theorem 2.7. We will assume throughout that we
have a fixed geometric categorical C*-equivariant sly action.

The most difficult part of the proof (by far) is to construct the X (A)’s and T'(A)’s so that they satisfy
the nil affine Hecke relations. So we first check all the other properties and leave the nil affine Hecke
relations until the end.

First notice that the £’s (and F’s) are sheaves so we immediately get Hom (£ (X), £ (\)[i]) = 0
if i < 0. Also, since End(£()\)) = k - T the £’s (and by adjointness the F’s) are simple objects.

4.1. Some deformation theory. We begin with some general deformation theory. Our deformations
will be over Al although the arguments below are valid over more general one-dimensional bases.
Suppose Y — Al is a flat deformation of a variety Y and denote by j : Y — Y the inclusion of Y as
the fibre over 0 € Aj. We assume, as above, that we have a compatible C*-action on Y (i.e. it maps
fibres to fibres and acts on the base Al by z — t2z).
Given an object G € D(Y') we get the standard exact triangle

gll]® N;i/{/ —J3xG — G

obtained via the natural adjunction maps. Now N, v = Oy {2} the connecting morphism gives an
endomorphism « : G[—1]{1} — G[1]{—1}. Alternatively, o can be defined as the composition At(G) -
r(j) € Ext*(G,G) where At(G) € Ext!(G,G ® Qy) is the Atiyah class of G and x(j) € Ext!(Qy, Ny 3)
is the Kodaira-Spencer class (see the Appendix of [HT] for a proof of the equivalence of these two
definitions). From either definition it is apparent that j : ¥ — Y only defines the map o up to a
non-zero multiple because, though N, v = Oy {2}, this isomorphism is not canonical. Nevertheless,
regardless of the value of this non-zero multiple we will always have

Cone(G[-1]{1} = G[1]{~1}) = j*5.G{1}.
If we have flat deformations Y; — Aﬂi and Yy — Anlg of varieties Y7 and Y5 with compatible C*-actions
then we get deformations Y7 x Y5 and Y7 x Y5 of Y7 x Y5 and subsequently maps aq, as : Gio[—1]{1} —

Gi2[1[{—1} for any G12 € D(Y1 x Y3). As before ay and as are only defined up to a non-zero multiple.
Thus we get a family of maps

b
Gra[—1J{1} <22 G, [1){~1}
where a,b € k. The cone of aa; +bas will be isomorphic to jisj12+G12{1} where j15 : Y1 x Y5 — Yy %Yo
is the inclusion into some (twisted) fibre product of Y7 and Y3 (the parameters a, b control the twisting).

Suppose we are in the special case Y1 = Y5. Let Y3 be a third variety. Given Goz € D(Ys2 X Y3) we
would like to compute

Gas * Cone(Oa[—1]{1} Lartbaz, OA[1{—1}) = Gaz * (j12J12:0a{1}).

To do this we will use the following result.
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Lemma 4.1. Given three spaces Y; (i = 1,2,3) with deformations Y; — Al (i = 1,2,3) denote by
j122Y1><Y2—>Y1><AH1Y2,]'23:Y2><Y3—>Y2><An%Yg, andj13:Y1><Y3—>Y1><An1Yg, the natural
inclusions. Given G2 € D(Y7 X Y2) and Gaz € D(Y2 x Y3) we have

J13« (G23 * (J12J12+G12)) = (J23+G23) * (J124G12) = J13+ ((J33723+G23) * G12)

where the convolution product = in the middle term is relative to the base Al. In simplified notation
this says

which is reminiscent of the projection formula. FEverything still holds if we also have a compatible
C* -action.

Proof. The proof amounts to diagram chasing.

J1ax (Gag * jiad124G12) = J13+T13+ (M3 (J127124G12) ® T53Ga23)

T1zede (7T 20124612 ® T33G03)

where we use the commuting squares

i o o & i o S >
le}/Qng—>Y1><A[1Y2><AE1}/3 Y1><Y2><Y3—>Y1><AiY2><AiY3
T12 %IQ\L T3 ﬁ-wi
J1z2 bt - Jis ~ ~
Yix Yy — sV x Vs Vi x Yy s Vi x o Y

The projection formula gives

Frgade (J*Ti2d124G12 @ T53G03) = Fize (715(j124G12) ® Jim33Ga3)
713+ (719 (J12+G12) ® 753(j234G23))
J23+G23 * J12:G12

I

IR

where the second line follows from flat base change on the commuting square

;o . -
YixYoxYs—=Y; XA]:YQ XA&Y3

23 ﬁzgi

J23 Y 7
YoxYs —————=Y, XAR%Y?)

This proves the first isomorphism in the Lemma. The second isomorphism follows similarly. If we
also have a compatible C*-action nothing changes in the proof since all the maps are naturally C*-
equivariant. O

Corollary 4.2. We follow the notation above with Yy = Ya, Y1 = Y and Gos € D(Ys x Ys). If
Ext™(Gas, G23{2}) = 0 and End(Gas) =k -1

then
Gos * Cone(Oa[—1]{1} 225292, 0\ [1[{—1}) = jZ4j3.Ga3{1}.

for sufficiently general choices of a,b € k. Here jaz is the inclusion Ya x Y3 — Y3 x Y3 and by sufficiently
general we mean the complement of a hyperplane.



14 SABIN CAUTIS, JOEL KAMNITZER, AND ANTHONY LICATA

Proof. Fix a choice ¢ : Gag[—1]{1} — Go3[1]{—1} of the connecting morphism for jo3. So the cone of
any non-zero multiple of ¢ is isomorphic to j3;j23.Gas{1}.
Denote Y1 = Y3 by Y and Y3 by Y. First consider the case a = 0 and let

B2 = Gag * g : Gag[—1]{1} — Gag[1]{—1}.
Then
J13+ (%g * Cone(Oa[—1]{1} 2 OA[l]{*l})) = J13« (Go3 * J12J12+0a{1})
= ji34 (J537234G23 * Oa{l})
X J13«Jo3J23+Go3{1}.

where, since a = 0, j12: Y XY — Y xY. Then j13: Y xY' - Y x Y’ x Al is the inclusion into a
trivial family so ji5j13.(-) = () @ (+)[1]{—2}. Pulling back by ji; we get

(ng + Cone(Oa[-1]{1} =% OA[l]{*l})) R (k @ k[1]{—2}) = jizzja3Gas{1} @ (k ® k[1]{-2}).
Since D(Y x Y”) is idempotent complete this implies
Gaz * Cone(Oa[—1]{1} =2 OA[1{—1}) = j33j23.G23{1}
(see Remark 2.1). Thus

Cone(Gas[—1]{1} 25 Gos[1[{—1}) = j33jo3.Gas{1}.

Then by Lemma 4.3 below this means o = u¢ for some non-zero wu.
Now consider the case b = 0 and let 31 = Ga3 * a.
The same argument as above shows that

J13x (923 + Cone(Oa[-1]{1} =5 OA[l]{—l})) = j13xJ53723+G23{1}

where ji2 1Y xY — Y x Y. Now, since b = 0, Jos 1Y XY/ =Y x Y’ x Al is the inclusion into the
trivial family. Thus j35723.G23 = Gas ® Gas[1]{—2} so that

J13« (923 * Cone(Oa[—1]{1} =5 OA[l]{*l})) = j13+G23 @ J13.G23[1].

This means ji3«(01) = 0 so tha[c by Lemma 4.3 below we get that [; is some multiple of the connecting
morphism for j13: Y xY' =Y x Y.
Thus 81 = v¢ and hence Gog * (ac; + bag) = (au + bv)d where u # 0. So for general a, b,
a1 +ba k-
Gas * Cone(Oa[—1]{1} 22222 OA[1[{—1}) & j3s23.G23{1}
as desired.
Lemma 4.3. Let Y be a variety and suppose G € D(Y') with
Ext™'(G,G{2}) = 0 and End(G) =k -1

Let Y — Al be a flat deformation of Y carrying a compatible C*-action. Denote by j : Y — Y the
natural inclusion and let § € Hom(G[—1]{1},G[1]{—1}) be some map. Then

o if Cone(B) = j*5.G{1} then B is some non-zero multiple of the connecting morphism corre-
sponding to j
e if 1.0 =0 then (8 is some multiple of the connecting morphism corresponding to j
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Proof. Consider the following diagram

gl-1){1} —2> g[1]{~1} —> Cone(8) —= G{1}

1
[ [ |
[ | ~ i |
v
1

where the dashed lines denote maps which are to be determined. Since Ext™'(G,G{2}) = 0 the
composition

G[1]{~1} — Cone(B) = j*j.G{1} — G{1}
is zero. This means that we can fill all the dashed arrows with maps making the diagram commute
(this holds very generally in any triangulated category and follows by studying associated long exact
sequences). These maps we fill in must be non-zero and since End(G) = k-I they must be isomorphisms.
Thus ( is, up to a non-zero multiple, equal to the connecting morphism . This proves the first claim.

For the second claim notice that the map 7,G[—1]{1} 2 ELR JxG[1]{—1} is adjoint to the composition

J*3.9-1{1} S 6l-1{1} 2 gni{-1}
where ¢ is the counit of adjunction. So if j,3 = 0 then this composition is zero. But now if we consider
the diagram

j*j*g[l—l]{l} —~—g[-1){1} $9m{|—1}
‘I/ I |

A
B
Cone(f)[-1] —— G[-1{1} —=G[1{~-1}
this means that we can again find morphisms to fill in the dashed arrows and make the diagram
commute. Since End(G) =k -1, § is some multiple of v as desired. O

O

If we have a geometric categorical C*-equivariant sly action then 37()\) induces two deformations on
Y (A) x Y(X) (one on each factor) and subsequently two maps aq, s : Oa[—1]{1} — Oa[1]{—1}. Now
consider £(A+ 1) € D(Y(A) x Y(A+ 2)). By Corollary 4.2 for sufficiently general a,b € k the map

O(A) == aaq + bag : Oa[-1]{1} — Oa[l[{-1}
satisfies
E(\+ 1)  Cone(Oa[-11{1} “= Oa[U{~1}) = j*5.E(\ + D{1}
where j is the inclusion Y/(A) x Y (A +2) — Y(A\) x Y (A +2).
Note that the same argument shows that for sufficiently general a,b € k the map 6(\) also satisfies

Cone(Oa[~1{1} 22 OA[IJ{—1}) # EO — 1) = jjLE(A — 1){1}

where j’ is the inclusion Y(A —2) x Y(\) = Y(A —2) x Y()).
Definition 4.4. For each A we fix 0(\) such that:

£\ + 1)  Cone(Oa[-1]{1} 22,

where j: Y(A) x Y(A+2) = Y(\) x Y(/\ +2) and

Cone(Oa[-1[{1} 5 Oa[1{~1}) * £\ — 1) 2 j*jLE(N — 1){1}
where 7' : Y(A—2) x Y(A) = Y (A —2) x Y(\).

OalI{—1}) =j"j.E(A + 1){1}
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4.2. Formality of E("2) o E(") = E(m+72) @ H*(G(ry, 1 + 13)). Denote by
ON—1+7):EAN+r)«EDN=D[-1{1} = EN+r) «ED N =) [1{-1}
the map induced by (A — 1+ ) via
O+ 1) (Oa[-11{1} o OA[I{-1}) * €0 (A - 1),
This map has the following property.
Lemma 4.5. Fori=20,...,r the map
ON =147 EN+r)«EDN=1)[-1{1} = EN+7)« ET (X = 1)[—1 + 2i]{1 — 2i}
induces an isomorphism
HTEN+T)«EMDN=1)) 2 ETTDON{—r} = HTHEN+7) « EMD (X = 1)){—2i}.
Proof. Since we have a geometric categorical C*-equivariant sly action we know that
H(EN+7) % EM (N = 1)) = TV (N) @, H*(P").
Now consider the exact triangle
EN+r)*EDN-1)[-1]{1} —=
and the induced long exact sequence
CHEHENH ) ED A=) {1} I HAFHEN+ ) ED (A =1)){~1} — H (Cone®O(N\—1+47)) —

If we could show that Cone(©(A — 1+ 7)) has cohomology only in degrees —r — 1 and r then the maps
~; would have to be isomorphisms for i = —r+1,—r+3,...,r— 1. So applying ©(A—1+7)* we would
get an induced map

HTEN+7)«EDAN=1) L HTTZ(EN+7) « ED (A —1)){-2i}

where v = v_,49;—1 0+ 0y_p41, which is an isomorphism.
Now Cone(©(A — 1+ r)) is by definition

OO eh 4 1)« ED (A — D[1{—1} — Cone(O(A — 1 + 7))

E(\+7) + Cone(Oa[—1]{1} L2 O [1{-1}) # €D (A - 1)
which, by the way we defined (A — 1 + r), equals
JasdasE A 1) * ED (A = 1){1}
where jos : Y(A—=14+7) x Y A+147r) YA =1+7) xY(A+1+7).

Note that it suffices to show that j13.(j33j23:€ (A +7) * £ (A — 1)) has cohomology only in degrees
—r—1landr where ji3: Y(A=1—-7)xY(A+1+4+7) =Y A=1-7)xY(A+1+7) x AL. By Lemma
4.1
H* (joseEA+7) # 12,7 (A = 1))

313 ED(A) @k (k[-r]{r} @ K[r + 1{~r —2})

and we are done. O

H* (134 (faad23eEN + 1) x ED(X = 1))

I

Now define
L ETTD N =Y - EQ+ 1)« EMD (A =1)
as the natural inclusion into the bottom. Note that to define this inclusion we only need to know that

HA(EN+ 1)+ ED(A—1)) = U (N) @ H* (P7)
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at the level of cohomology. The fact that Ext* (€D (X), £+ (\){j}) = 0 for i < 0 (and any j € Z)
while End(£0+1()\)) 2 k - T means that ¢ is actually unique (up to a non-zero multiple). Similarly we
can define
m:EN+T) % 5(”()\ -1)— 5(T+1)(/\)[_7"]{7”}

as the natural projection out of the top.
Corollary 4.6. We have

ETD (N4 71) % (N — 1) = EMFTD(N) @y H*(G(r1,71 + 12)).
This relation also holds if we replace € by F.
Proof. We know this isomorphism at the level of cohomology and now we want to show formality (i.e.

that the complex breaks up as a direct sum of its cohomology).
We first deal with the case r; = r and ro = 1 as follows. Consider the map

ON=14+r)"o[-2r|{2r} ) D - - D ON—-14+71)0[-2]{2})D¢:
@5“"‘”@)[7" —2i{—r+2i} = EN+r)xEDA-1).
i=0
By Lemma 4.5 this is an isomorphism on cohomology and we are done (a quasi-isomorphism is an
isomorphism in the derived category).
Applying this isomorphism repeatedly we find that
EA+rit+ry =) xEN—r —ro+1) 2 EMHI(\) @y H*(Fly, )
where Fl,. denotes the complete flag of C”. Similarly, one finds that
EN+ri—rg—1D) sk EN =11 —rp+1) 2 EM(\ = 1) @, H*(FL,.,)
and
EQtritra—1D - xEN+r —ro+ 1) ZETDN 4 1)) @ H*(FL,.,).
Thus, using that D(Y (A —71 —72) X Y(A 47, 477)) is idempotent complete (see Remark 2.1), £2) (A +
r1) * £ (X — 1y) breaks up as a direct sum of (shifted) copies of £("+72)()\) (here we are using that
all the &’s are simple).
To figure out how many copies and in which degrees one notes that
H* (Flyy+r,) = HY(FL,,) @5 HY(G(r1, s + 12)) @5 H*(FL, ).
The analogous result for Fs follows by taking adjoints. (]

4.3. Formality of FoE 2 EoF ®I® H*(P). The proof of formality here is analogous to the one in
the last section. We suppose A < 0 and begin with a simple observation.

Lemma 4.7. If A < 0 we have
Hom(P,EA—1)« F(A—1)) =0 and Hom(EN—-1)* F(A—1),P)=0
where H*(P) =2 Op @ H*(P~ 1),
Proof. We have
Hom(Oa[n|{-n},EN—=1)« F(A = 1))

Il

Hom(E(A — 1) [nl{~n}, F(A - 1))
Hom(F(A — D)[=A+1+n]{A—1—n}, F(A — 1))

I

which is zero if n > A — 1. Since
—A—1
H(P)= P Oal-A—1—2j]{}+1+2j}

Jj=0
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this means Hom(P,E(A — 1) * F(A —1)) = 0.

Similarly, we have

Hom(E(A = 1)« F(A—1),0a[n]{—n}) = Hom(F(A—-1),E(\ —1)g[n]{—-n})
Hom(F(A—1),FA—=D[A=1+n{-A+1-n})
which is zero if n < —A 4 1. This means Hom(E(A — 1) * F(A —1),P) = 0. O

1

Recall that
FA+D+EN+D)=ZEN-1)xFA-1)aP.
Lemma 4.7 means that given a map F(A+ 1)« EA+1) = F(A+ 1)« E(A+1)[i]{j} there is an induced
map P — P[i|{j} well defined up to a non-zero multiple.
We denote by

O +2) s FO+ 1)+ EX+ DI-1]{1} — F(A+1) + £+ D[1J{-1}
the map induced by 8(\ + 2) via

FO+1) = (0a[-1{1} 2222, 04 [1{-1}) « EA + 1).

Lemma 4.8. Fori=0,...,—\A—1 the map
ON+2) : FOA+ 1)« EN+D[-1{1} = FOA+ 1)« EA + 1)[~1 + 2i]{1 — 23}
induces a morphism P[—1]{1} — P[—1 + 2i]{1 — 2i} which induces an isomorphism
HAMYP) =2 Oa{A + 1} — HAIF2(P) {20} = Op{\ + 1}
Proof. Since we have a geometric categorical C*-equivariant sly action we know that
FA+DH)«EQN+H)=2EN-DxFA-1)adP

where H*(P) 2 1@ H*(P~*71).
Now consider the exact triangle

FO+ 1)+ €N+ D[-1{1} 222 7+ 1) % £\ + 1)[1){=1} — Cone(O(A + 2))

and the induced long exact sequence
(4)
= HTHEN-DxFA=1D)@P){1} L5 HHHEN-1)*FA-1)@P){—1} — H(Cone®(A+2)) — ...

On the other hand we also know that
J«Cone(O(A +2)) = jiu(F(A + 1) # jiaf12.E(A + D{1}) = fi2u F(A + 1) # jr2.E(A + {1}
where j1g: Y(A) x Y(A+2) = Y(\) x Y(A+2), j is the inclusion into the trivial deformation and the
* convolution on the right is relative to the base Al. Since j is the trivial inclusion this means
Cone(©O(AN+2)) & jio.F(A+ 1) x j1o.EN+ 1) {1}

where the * convolution on the right is no longer relative to the base. Now, because we have a geometric
categorical sl, action we also get the exact triangle

(5)
EA—1)x FA=D[1J{~2}BOA[-N{A—1} — Cone(O(A+2)) — EA—1)+F(A=1)@OA[N+1]{-A—1}.

Now let’s compare the long exact sequence induced by the exact triangle (5) to the long exact
sequence from (4). If any map ~; for it = A+ 2,A+4,...,—A 4+ 2 does not induce an isomorphism

Oa{i — 1} = H Y (P) L HTY(P){—2} 2 Oafi — 1}
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then this map must induce zero. But then suppH?(Cone(©(\ + 2))) contains A for some j # —\, A +
1. Comparing with the long exact sequence induced by (5) we find this is impossible since A ¢
supp H*(E(A — 1) x F(A — 1)). Thus all the maps ~; in the range above induce isomorphisms on the
cohomology of P.
Finally, this means that if we apply ©(\ + 2)? then we get an induced map
H)"H('P) N H/\+1+2i(fp){_2i}
where 7 = y_42 0 -+ 0 Yxt+2, which is an isomorphism. This completes the proof. O

Corollary 4.9. Suppose we have a geometric categorical C* -equivariant sly action. Then if A < 0 we
have

FA+D)*EQA+D) ZEN -1« FA—1)® Oa @x H (P ).
while if A > 0 we have
EA=D s« FA=1) 2 FA+1)*EN+1) B Op @ H (P,
Proof. Suppose A < 0. Recall that F(A+ 1)« EAN+1) 2 EN—1) o F(A — 1) ® P where H*(P) =
Oa @, H*(P~*71). Consider the unit 7 : Oa[-A — 1J{\ + 1} — F(A + 1) * £(A + 1). This is nothing
but the natural inclusion of O into the bottom of P. Construct the map
(O +2) o n2(A + DH2A(-A— 1)} @+ & (O(A +2) o n[~2){2}) @1
—A—1
P Oal-A—1+2i{A+1-2i} = FA+1)xEN+1).
i=0

By Lemma 4.8, the composition of this map with the projection F(A 4+ 1) *x E(A + 1) — P is an
isomorphism on cohomology. This means that P = Op @, H*(P~*~!) and we are done.
The proof for A > 0 is the same. (|

Corollary 4.10. Suppose one has a geometric categorical sly action. Then if —\ —a+ b > 0 we have
FON+2a—b) « ED(N+a) 2P « FOI) @, H*(G(j, —A — a +1b))
J=0
where on the right-hand side End(£(4=7) « FO=1)) = k.1. Also End(£@ (A —2b+a)* FO(A-b)) = k-1.
Sitmilarly, if A\ —a+b > 0 then we have
EON=2a+b)x FON—a) 2 P F I« 0 @, H(G(j,A — a+1b))
Jj=0

where on the right-hand side End(F(@=7) x£=9)) = k.1. Also End(F@ (A 42b—a)*E® (A +b)) 2 k-1.
Proof. We will not be using this result much in this paper. See Lemma 4.2 of [CKL2] for the proof. O

5. PROOF OF NIL AFFINE HECKE RELATIONS

In this section we prove the following result which, together with the results in section 4, prove the
main Theorem 2.7.

Theorem 5.1. Given a geometric categorical sly action there exist morphisms
X(A) : EN)(=1) = EN)(1)
and
TA):EA+D*EN-1D{1) > EAN+1D)«EN—-1){(-1)
satisfying the nil affine Hecke relations
(i) T(\)?=0
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(i) T*TA=1)o(TA+1)*Do(I*xTA=1)=(TA+1)*xo(I*xT(A—1))
as morphisms EA+2) «x E(A) x E(A —2)(3) = EA+2) * E(N) * E(X — 2)(-3).
(iii) (XA+1)*«DoTAN)=TNo(IxX(A=1))=T=—-T+«XA=1))oTN)+TN)o(X(A\+1)*I)
as morphisms EA+ 1)« EA—1) =2 EAN+ 1)« EN-1).
The freedom in choosing such Xs and T's is parametrized by
V(=D)" x V(=2)" xk* = V(1) x V(2)"" x k*
where V(A)'" C Hom(Oa(—1), Oa(1)) denotes the linear subspace of transient maps defined below.

o(T(A+1)«1)

In this section, we use the notation (k) for [k]{—k}.

5.1. Construction and proof of Relation (iii). We first construct Xs and T's satisfying nil affine
Hecke relation (iii).

5.1.1. () and Transient Maps. The first step is to better understand maps E(A){(—1) — E(N)(1). We
will write A(X) for the diagonal inside Y (A\) x Y (\) when we want to emphasize where the diagonal
lives.

Without loss of generality we can assume A < 0. Then

Hom(E(N), E(N)(2)) = Hom(Oa,EN\) g * E(N)(2)) = Hom(Oa, F(A) * E(A) (A + 2)).
Now F(A) x EN) 2 EN—2)* F(\ —2) ® Op @ H*(P~*) and we have that
Hom(Oa, (A —2) % FOA—2)(A+2)) = Hom(Oa, FO\ —2)5 + F(A — 2)(2)))
Hom(F(A —2), F(A — 2)(2))).

[

1%

is zero if A < —1. So if A < —1 we get
Hom(£(A),E(N)(2)) = Hom(Oa,Oa @ H*(P7)(A+ 1))
2 Hom(Oa-1), Oar-1)) ® Hom(Oar—1), Oa(r—1)(2))-

1

Meanwhile, if A =0 we get
Hom(&(V), £(A)(2)) 2 Hom(F(A - 2), F(A — 2)) & Hom(Oax-1), Oar1) (2)).

In both cases we have the maps indexed by Hom(Oa, Oa(2)). If we examine the adjunction calcu-
lation above it is easy to see that these maps correspond to those of the form

EA) * (Oap-1)(—1) = Oap—1)(1)).
On the other hand, there is also the map

(Oap+(-1) Oap+1) (1)) xE(N).

This map cannot be of the form above because if it were then

EA+2) * (Oapnsn) (—1) 22 0541y (1)) % EN)

=2 EA+2)xEN) * (Oap—1(—1) — Oan—1)(1))
= £+ 1) (Oap-1y{—1) = Oapr-1)(1)) @ H*(P')
induces the zero map on the cohomology £ (A +1)(—1) @ E@ (A4 1)(1) of E(A+2) * E(N) (note that
the map itself is not zero). This contradicts Lemma 4.5 in the case i = 1.
We conclude that any map E(X)(—1) — £(A)(1) is of the form af(A+1)+¢ where ¢ : Op(r—1)(—1) —
Oa(a—1)(1) is arbitrary. Notationally we will write this map as (af(X + 1), ¢) to remind ourselves that

O(A + 1) acts on the left of £(A) while ¢ acts on the right.
There is one last piece of nice structure here worth exploiting. Take any

¢ € Hom(Oaa—1)(=1), Oar-1)(1))-

O(A+1)
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Then by the argument above

(Oap-n(=1) 2, Oap—1(1) *EA - 2)

must be equal to a map (a’0(A —1),¢’) for some a’ € k and ¢’ : Op(a—3)(—1) — Oa(r—3)(1). This
means that there exists a distinguished linear subspace

V(A =1)" € Hom(Oa—1)(—1),0ar—1)(1))

consisting of those ¢ which induce a’ = 0. We will call such an element ¢ € V(A — 1) a transient
map.

We can define transient maps V/(A)"" € Hom(Oax)(—1), Oax)(1)) for every Y () by using (A —1)
if A <0and F(A+1)if A > 0. There is a small conflict when A = 0 since there are two ways of defining
transient maps in that case. Fortunately the two definitions agree (see Proposition 5.3 below).

Notice that V(A)" C Hom(Oax)(—1),0ax)(1)) is a codimension one linear subspace (the only
exception is at the extremes where A\ = £N in which case every map is transient). If ¢ is transient
then we can “slide” it from the Y () slot to the Y(A — 2) slot if A < 0 (Y(A + 2) slot if A > 0) to
obtain some new ¢’. As Proposition 5.3 below shows ¢’ will again be transient and so we can repeat
the process. This is why we call them transient maps. To summarize:

Proposition 5.2. Every map E(A\){(=1) — E(X)(1) is of the form (a@(A+ 1),b0(A = 1)+ @) if A <0
and (a@(A+1) + ¢, b0(A—1)) if A > 0 where a,b € k and ¢ is transient. Taking adjoints we obtain the
analogous claim for maps F(X)(—1) — F(N)(1).
Proposition 5.3. Transient maps are well defined and come equipped with natural maps V(A" —
VIA=2) if A< 0 and V(A" = V(A +2)!" if A > 0. We also have isomorphisms V(—1)"" = V(1)"
and V(=2)"" = V(2)'". For X # £N, the quotient Hom(Oax)(—1),Oax)(1))/V (A", which is one-
dimensional, is spanned by [0(N)). If A = £N this quotient is zero.
Proof. To obtain the natural maps note that if ¢ € V/(A\)*" (where A < 0) then by definition
(¢,0): EA=1)(=1) = EA - 1)(1)
is isomorphic to (0, ¢’) for a unique ¢’ € V(A —2). What we need to check is that ¢’ is transient.
To this this we consider
(6,0,0) = (0,6,0)  EO — 1) « EA — 3)(=1) — £ — 1)+ £ — 3)(1).
We can do this unless A — 2 = —N in which case ¢’ is automatically transient since all such maps are
transient. Then (0, ¢',0) = (0,af(X — 2), ¢") for some
a €k and (;5” S HOm(OA(A,4)<—1>, OA(/\,4)<1>).

We need to show that ¢ = 0. To do this we consider the cone
Cone(E(\ — 1) % E\ — 3)(—1) LPO=D9D ey 1) 4 g(n - 3)(1))

If a # 0 then the induced map on cohomology is an isomorphism in homological degree zero and so the
cone has non-zero cohomology only in degrees —2 and 1. But this cone is the same Cone(¢, 0,0) which
does not induce an isomorphism in degree zero and hence has non-zero cohomology in homological
degrees —2,—1,0,1. Thus a = 0 and ¢’ is transient.

The case of A > 0 follows similarly.

That V(—1)"" = V(1) follows from the fact that we have natural maps V(—1)" — V(1) —
V(—1) whose composition is the identity. To see that the composition is the identity observe that a
map

E(0)(=1) — £(0)(1)
is of the form (af(1),b0(—1) + ¢) for a unique transient ¢.
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The isomorphism V(—2)*" 2 V(2)!" follows similarly by looking at maps £ (0)(—1) — £(3)(0)(1)
and using Proposition 5.7 which states that any such map is of the form (a8(2), b8(—2)+ ¢) for a unique
transient ¢. O

5.1.2. Defining the T's and X s modulo transient maps. As a first step we will define the X (\)s up to
transients. Working modulo transients is more convenient since (for A # +N)

Hom(E(A), £(A)(2)) modulo transients = {(a@(A+1),b0(A—1)) : a,b € k}

is two-dimensional spanned by (0,0(A—1)) and (6(A+1),0). Thus to determine X (\) modulo transients
we only need to choose a(\),b(\) € k? and define X () := (a(A\)f(A + 1),b(N)0(\ — 1)).
We begin by fixing an isomorphism
(6) EQA+1)xEN=1) S DN (-1 @ EPN)().
This isomorphism is not unique since we can compose it with elements of
Aut(EDA)(=1) @ EP(N)(1)) = {(“O'KI b(_)1> ca,be kX, ac Hom(E(Q)()\M1),5(2)(A)<1>)}

(here we use that Ext’(£®)(X),£F)(\){j}) =0 for i < 0 and any j € Z while End(£*)(\)) 2k -T).
Using this isomorphism we can write

T« X(A—1) = (é g) : (8(2(@))(5\;%) - (gé()?&;))

where A, D € Hom(£@ (\), €@ ()\)(2)), B € End(£®)(\)) and C € Hom(£® (\), E@(N\)(4)). Similarly,

we have KOy ed (éi g:) : (5(2(;((2);)(&;2>> — <5g()2())$)>\<)2>) )

Note that although these two matrices are defined only up to conjugation their traces A + D and
A’ 4+ D" as well as B and B’ are invariant under conjugation.

Lemma 5.4. If a(A — 1) # 0 then B is a non-zero multiple of I. Similarly, if b(A+ 1) # 0 then B’ is
a non-zero multiple of 1.

Proof. Since I« X(A—1) = (0,a(A—1)0(N\),b(A—1)8(A—2)) we know that (at the level of cohomology)
H(Cone(I * X (A —1))) H(Cone(0,a(X —1)0(X),0)

BN @k (k[-1]{1} @ k[2]{-3})

since a(A — 1) # 0. But the long exact sequence in cohomology induced by I * X (A — 1) looks like

1%

1%

0o EDN) B @0 0.
so that B has to be an isomorphism. Since End(£®()\)) =k - I the result follows.
The result for B’ follows similarly. O

At this point we define

0 0 EA(N) EA(N)(2)
" 0= (s o) (i) = (edsy )
Notice that this map is invariant under conjugation and hence does not depend on our choice of
isomorphism (6). In this notation it is now easy to check that nil affine Hecke relation (iii) is equivalent

to the conditions
B+B =0=C+C"and A= D' and A’ = D.
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Remark 5.5. A second way to characterize nil affine Hecke relation (iii) is by the conditions that
I« X(A—1)+ X(A+1) I is a multiple of the identity and

Trace(] * X (A — 1)) = Trace(X(A+1) * I) : EB(A)(=1) — EB(N\)(1).
This second condition can also be replaced by asking that

XA+D*«XA=1):EAF1)*EN-1)(=2) = EA+1)*xEN—1)(2)
is diagonal.

We will now recursively define the Xs. As a first step we let b(A 4+ 1) = —a(A — 1). Then we begin

with the smallest weight by first defining

X(—N+1):=(0(-N+2),0): E(-N + 1)(—1) = E(—N + 1)(1).
Notice that on Y(—N) all maps Oa(—1) — Oa(1) are transient so the only choice we have is which
(non-zero) multiple of (—N + 2) we should take. Clearly the space of such choices is parametrized by
k.

Now suppose by induction that we have defined X (—N+1),..., X(A—1), X(A+1) = (a(A+1)0(A+
2), —a(A —1)8()\)) such that nil affine Hecke relation (iii) holds for every pair up to E(A+1) «E(A—1)
and such that all the a’s are non-zero. This means

XA+3)=(aA+3)0A+4),—a(A+1)0(A+2)) : EA+3)(—1) = EN+3)(1)
where a(\ 4 3) remains to be determined.

Let’s fix again some isomorphism
(8) EAN+3)+EN+1) S EDN+2)(-1) P (A +2)(1)
under which we have the identifications

A B A" B
I« X(A+1)= <C’ b) and X(A\+3)*I = (C” ﬁ’) .
Lemma 5.6. We have B+ B' = 0= C + C’ while
A+ A =D+ D" = (a(A+3)0(A+4),b(A + 1)N) : ED (A 4 2)(~1) — E@ (A +2)(1).

Proof. We have
I« XA4+1)=(0,a(A+1)0N+2),—a(XA—1)0(N))

and
XA+3)xI=(aA+3)0N+4),—a(A+1)0(\+2),0)).
Hence
I« XOA+1D)+XA+3)*I=(a(A+3)0(X\+4),0,—a(X—1)0(N))
and the result follows. O

It remains to show that we can choose a(A + 3) # 0 such that A=1D"and A = D. To do this we
first need to understand the possible maps £ (A\)(—1) — @ (A\)(1).

Proposition 5.7. Every map £ (\)(=1) — @ (N)(1) is of the form (aB(\ + 2),b0(\ — 2) + ¢) if
A <0 and (aB(X+2) + ¢, b0(\ — 2)) if A >0 where a,b € k and ¢ is transient.

Proof. This result is analogous to Proposition 5.2 and the proof is very similar.
Suppose A < 0. Then

Hom(£® (1), € (A)(2)) = Hom(Oa, EP (N g + £ (N)(2))
=~ Hom(Oa, F@ () * ED(N) (21 +2)).
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Now by Corollary 4.10
FON+EDN 2ZEDN-—4)« FON—4) @ EN—3)« F(\ — 3) @ H*(G(1, =\ +2))
® Op Qp H*(G(2, -\ +2)).
Now
Hom(Opa, EP (A — 4) « FO (X = 4)(2X + 2)) = Hom(Op, FA (A — 4) g« F (X — 4)(4X — 6)))
=~ Hom(FP (A — 4), FA (X — 4)(4) — 6))

is zero for A < 0. Also

Hom(Oa,EAN=3)« F(A—3)) = Hom(Oa,FA—3)r*xF(\—3){A—23))
Hom(F(A — 3), F(A — 3)(A — 3))

[

1

so that
Hom(Oa,E(A=3)«F(A=3)@x H*(G(1, —A+2)(2A+2)) = Hom(]—'()\—?)),.7-'()\—3)®kH*(]P’_’\+1)(3)\—1))

is zero if A < 0 and isomorphic to Hom(F(—3), F(—3) ®x H*(P!)(1)) 2k if A\ = 0.
Finally, notice that H*(G(2, —A+2)) is supported in homological degrees > 2\ and one-dimensional
in lowest homological degrees 2\ and 2\ + 2 (remember A < 0). It follows that if A < 0

Hom(Oa, Oa @k H*(G(2, =X\ + 2)(2A + 2)) =2 Hom(Oa, Oa) & Hom(Oa, Oa(2))

while if A = 0 we get Hom(Oa, Oa ®x H*(G(2,2)(2)) =2 Hom(Oa, Oa(2)).
So if A < 0 the space of maps Hom(E® ()),£(3)()\)(2)) is spanned by maps of the form (0,b0(\ —
2) + ¢) (corresponding to the factor Hom(Oa, Oa(2)) in the calculation above) and one more map
(corresponding to the factor Hom(Oa,Oa) = k). Since (f(A + 2),0) is linearly independent to the
maps above (as a corollary of Lemma 4.5) we can use it as the extra map.
The proof for A > 0 is analogous. (|

Proposition 5.8. There exists a unique a(A + 3) # 0 so that A= D' and A’ = D in the notation
above.

Proof. Choose a(\ + 3) arbitrarily and consider the map
XA+3)«XA+1)*xXA—-1) : EN+3)«xEAN+1)*xEN—-1)(-3)
S EAH3)EQH 1) £ EN—1)(3)
at the level of cohomology. Recall that
EXA+3)xEN+1)xEN—1) 2 EGD (N +1) @ H*(Fl3).

A BN\ (A B\ (AD-BC 0
X(A“)*XQ_D:(C' D’)'(C D>:< 0 ADBC’>

since by induction we have nil affine Hecke relation (iii) and so B4+ B’ =0=C+ C’ and A =D’ and
A" = D. This means that

XA+3)«XA+1)*XA—1)=X(A+3)* (AD — BC) @ H*(P")

Now

where
X(A+3)%(AD — BC) : EA+3) * EDN)(=3) = EN+3) « EB(N)(3).

Since E(A +3) * £ (\) =2 £6) @, H*(P?) such a map is automatically zero at the level of cohomology
(regardless of our choice of X (A + 3)). Thus X (A +3) * X(A+ 1) * X(\ — 1) induces zero at the level
of cohomology.



COHERENT SHEAVES AND CATEGORICAL sl ACTIONS 25

On the other hand we can consider

XA +3)# X(A+1) = (g: g;) : (é g) = (I B(A/*_ D))

where we use that B + B’ = 0. Each entry marked * (whose precise value we do not care about) has
homological degree four or six. So by degree considerations each entry * induces zero on the cohomology
of
EN+3)xEN+1) = EPD (N +2) @, H*(PY).

Hence o A

BA = D)« X(A=1): EDA+2) % EN = 1)(=2) = EGN+2)x EN —1)(2)
must also induce zero at the level of cohomology. Notice that a(\+ 1) # 0 by induction so that B #0
by Lemma 5.4 and hence (A’ — D) % X (A — 1) must induce zero.

By proposition 5.7 we know that (modulo transient maps) (A’ — D) = (uf(A + 4),v0()\)) for some
u,v € k. Also X(A —1) = (a(A — 1)O(N), —a(X — 3)0(A — 2)) where a(A — 1) # 0. Thus if v # 0 then
by Lemma 4.5 both

(A= D)sTand I+ X(A—1): ESN+1)(=1) @ H*(P?) — EB (A +1)(1) @ H*(P?)

induce an isomorphism on the two copies of &) (A+1) in homological degrees —1 and 1. Consequently,
the composition
(A =D)ysDNo(IxX(A=1)=(A -D)xX(A\—1)
would induce an isomorphism on one copy of £®) (A+1). But we showed above this is not the case so
v=0.
Now notice that the map
OA+4),0,0): EA+3)« ENFT1){—-1) = EN+3)« EN+1){1)

O(\ +4) 0
0 OA+4)

(X4 3) 4+ (1 4),0)) XA+ 1) = (: B(u9(>\+4)70)> N (i Bce(x+4)>.

* *

corresponds to < ) under the isomorphism (8). Thus for ¢ € k we get

So if we take ¢ = —u and replace X (X + 3) by X (A 4 3) + (cf(\ + 4),0) then we get that A’ = D.
Since A+ A’ = A+ D’ we also get A = D’ and hence there exists a unique a(\ + 3) as required.
The only thing left is to prove that a(A + 3) # 0. To do this consider

EA+5)*EA+3)xEA+1).

Note that if E(A+5) =0 (i.e. A+ 5> N so we are past the highest weight) then V(A +4) = Y(N)
and hence 6(X + 4) = 0 so there is nothing to prove.

By construction we know that X (A + 3) * X(A + 1) is diagonal. From the argument above we know
this means that

) X(A+5) % X(A+3) = (i (“/Q(Ajmv(}))
for any X (A +5) we like. But if a(A 4+ 3) = 0 then
T X(A+3) = (0,0, —a(A+ 1)0(\ +2)) = <(0’ e o) — +01)0(A ) 2)))

while we can take

XA+5)«I=(0,0A+4),0) = (I 5)

*
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where § € k*. Then

X(A45)« X(A+3) = <I B0, —a(A + 1)O(A + 2))>

*

contradicting equation (9). Thus a(A + 3) # 0 and we are done. O
Thus repeatedly using Proposition 5.8 we find that:
Corollary 5.9. There exist non-zero as such that the X s defined by
XA +1) = (a(A+ 1DI(A+2), —a(A = 1)6(N))
together with the T's defined by equation (7) satisfy nil affine Hecke relation (iii) (modulo transients).

5.1.3. Defining the X's on the nose. At this point we can choose our Xs and T's so that they satisfy nil
affine Hecke relation (iii) modulo transients. We will now readjust these X's by appropriate transients
so that relation (iii) holds on the nose.

If N is odd we start with X (0) which we keep unchanged. Now any map

(@(1), 6(=1),(=3)) - £(0) * E(=2)(=1) — £(0) * E(=2)(1)

where the ¢ is a transient map is equivalent to a map (0,0, ¢) since we can slide over transient maps.
So under the isomorphism

E0) % E(=2) = E@D(—1)(=1) & EP(—1)(1)

any combination of transient maps is of the form ((b )

0 ¢

Since X (0) and X (—2) satisfy nil affine Hecke relation (iii) modulo transients we conclude that

X(O)*I=<élv g) and I+ X(-2) = (DE’QS A+B¢)

for some transient map ¢ : Op(—3)(—1) = Oa(—3)(1).
So if we replace X(—2) = (a(—2)8(-1),b(—2)0(—3)) by

X(=2) := (a(=2)0(=1),b(=2)0(=3) — ¢)
then we get nil affine Hecke relation (iii) on the nose. Notice that the ¢ by which we had to change
X (—2) is completely determined. Now we can repeat with X (—4), X(—6),... X(—N) and then similarly
with X(2), X (4),...,X(N). The overall freedom we had in redefining the Xs comes from being able
to choose X (0) arbitrarily. This choice is parametrized by V(1) = V(—1)"

If N is even we do the same thing except starting with X(—1). We then recursively redefine
X(-3),...,X(—N) as above followed by X (1), ..., X (V). This time the freedom we have in redefining
the Xs comes from being able to choose X (—1) arbitrarily. This choice is parametrized by V(—2)'.
Notice that by symmetry we could have started with X (1) and then the freedom would have been
parametrized by V(2)'" but by Proposition 5.3 V(—2)" = V(2)"

This completes the proof of nil affine Hecke relation (iii) in Theorem 5.1 as well as the proof regarding
the freedom we have in choosing the Xs and T's.

5.2. Proof of nil affine Hecke Relations (i) and (ii). Nil Hecke relations (i) and (ii) now follow
fairly easily from relation (iii).
Relation (i) is immediate. Notice that

T(N)?: €@ () @k (k(1) © k(3)) — ED(N) @k (k(-3) @ k(-1))

and there are no negative homological degree endomorphisms of £ (since it is a sheaf) so T'(\)? = 0.
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To prove relation (ii) note that
EN+2)+xEN*EN-2)=ZEP ) ® (k(-3) Dk(-1)*? @ k(1)*? @ k(3)).
Since End(£®)(\)) 2 k - T this means
Hom(EA+2)«EN) * EA—=2)(3),EAN+2) x EN) *E(X—2)(=3)) = k.
Thus (I«T(A—=1))o(TA+1)xI)o(I*xT(A—1)) and (T(A+1)*I)o(I+T(A—1))o(T(A+1)=I) must

be non-zero multiples of each other or one of them is zero. The rest of the argument below follows
formally from relations (iii). Note that we will not use relation (ii) in the proof of (iii).

Lemma 5.10. (T(A+1)*I)o (I «T(A—1)) #0.
Proof. We have (using shorthand notation)
XA=2)oTA+1)oTA-1)=TA+1)o XA —2)oT(A—1)
=T +1)o(T(A—1) o X(\) — )
=-TA+1D+TA+1)oT(A—1)o X(X)
where we use that X(A—1) =T+« I«X(A—1) and T(A+ 1) = T(A+ 1) x I commute to get the first
equality. So if T(A+ 1) oT (A —1) =0 then T (A + 1) = 0 (contradiction). O
Similar to above we obtain
(10) X(A—2)oT(A—1)oT(A+1)oT(A=1) = T(A—1)oT(A+1)oT(A—1)o X (A+2)—T(A+1)oT(A—1).

Notice that this means T(A — 1) o T(A+ 1) o T (A — 1) # 0 because T(A+ 1) o T(A —1) # 0.
Again by similar manipulations we obtain,

(11) X(A=2)oT(A+1)oT(A=1)oT(A+1) = T(A+1)oT(A=1)oT(A+1)* X (A+2)—T(A+1)oT(A—1).
Thus T(A4+1)oT(A—=1)oT(A4+1) #0. SoT(A—=1)oT(A+1)oT(A—1) = u(T(A+1)oT(A—1)oT(A+1))
for some p € k*. Combining (10) and (11) we obtain that u(T(A+1)oT(A—1)) = T(A+1)oT(A=1) #0
so u =1 and we are done.

5.3. Some final isomorphisms. Having proved Theorem 5.1 we need to finish the proof of the main
Theorem 2.7 by checking that certain maps induce isomorphisms.
The first of these is that
o (XN +7) xT)ou(=2i) : ETTVN) @ H*(P") —» EA+71) 0 EM(A=1)
and ‘
B _om(2i) x (XA +7)ol): EN+7)0 NN =1) = EFHD(\) @) H*(P)
induce isomorphisms. Fortunately, the first isomorphism follows immediately from Lemma 4.5 because
XA+r)xI=(@X+r)0A+r+1),b(A+r)0A+r—1),0)
induces the same map (up to non-zero multiple) on cohomology as @(A — 1+ 7r) = (0,0(A —1+41r),0)
(here we used that b(A + 1) = —a(A + 7 —2) # 0). The proof of the second isomorphism is the same.
The second thing we need to check is that for A <0
—A—1
o+ Y I+ XA+1)7(=2))on: EN—1)* FA=1) & Oa @ H* P71 5 F(A+ 1)« E(A +1)
§=0
induces an isomorphism (and similarly if A > 0). Now
—A—1
S U XA+1)(=2j))on: Oa @ H*P7) = FA+1)xEA+1)
§=0
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induces an isomorphism Oa @, H*(P~*~!) — P by Lemma 4.8. More precisely, Lemma 4.8 says that
SS2THO(M + 2)7(—25)) o i induces such an isomorphism where ©(A + 2) = (0,6(A + 2),0). But we

j=0
(0,0,6(0)7)
Bkt bl SN

know that the map P(—1) P(—1+ 2j) is equal to

()7 .
P+ (Oamy(—1) AP, Oan (=1 +24))

and so it induces zero at the level of cohomology. This means that
I+ X(A+1)7 = (0,a(A+ 1O +2),b(A+ 1)0(N))

and O(\ + 2)7 must induce the same map at the level of cohomology (up to a non-zero multiple).
It remains to show that

G EN—1)xFA—1) = FOA+1D)+EN+1D) 2EN-1D*FA—1)@P

induces the zero map E(A — 1) * F(A — 1) — P and an isomorphism on E(A — 1) * F(A — 1). The first
claim follows from Lemma 4.7.

Too see the second claim it suffices to show that o # 0 because of Lemma 5.11. To see this we look
at the composition

(Ix«XA+1)oo = [TxXA+1)oIxIxe)o(I*xTN)xI)o(n*IxI)
ITxIxe)o(Ix XA+ 1) xIxDo(IxT(N)xI)o(nxI=x1I)
IT«Ixe)o(I+({I*xTAN)«xI)o(IxT«XAN=1)xI))o(n*Ix1I)
IxIxe)onxIxI)+oo(X(A—1)x%1I)

where we used nil affine Hecke relation (iii) to get the second last line. Now if o induces zero then this
means that

~—~ o~~~

(IxIxe)o(nxIxI)=noe:EAN—=-1)«FA—-1)—=FA+1)o&EN+1)(2)
induces zero. But this map is the composition
EQA=1DxFA=1) S Oa(-A+1) L FA+1)«EN+1)(2)

where the second map is an inclusion of Oa(—\ + 1) into the bottom of Oa @, H*(P~!=1)(2). Thus
noe # 0 and thus o # 0.

Lemma 5.11. If A <0 then

0Oifi<0ori=0+#£j

Hom(EA — 1)« F(A—1),EA—=1)« F(A— D[i]{7}) = {k~I 0=

while if A > 0 then

Hom(F(A+ 1)« €0+ 1), FO+ 1) 5 £+ Vi) = {HZ S

Proof. Suppose A < 0. Then

Hom(EA -1« F(A—=1),EA=1)«F(A = 1D[]{j})
“Hom(FA—1),FA=1«EN-1D«FA—-DA=1+4{-A+1+j})

>~ Hom(FA—1)[-A+1—i{A=1—1LEN=3)« FA=3)« FA—1)® F(\—1) @ H* (P~ 1)),
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Now Hom(F(A—=1)[-A+1—i{\=1—j},F\—1) @ H*(P~**1)) is zero if i <0 or i =0 # j and k
if i =0=7. Also,

Hom(FA—1)[-A+1—-i{A—1—4}L,EN-3)« FA=3)x F(A—1))
=~ Hom(F(A = 3)[-A+3{A =3}« FOA = D)[-A+1—i{A =14}, F(A = 3) « F(A — 1))
=~ Hom(FP (A — 2) @ H*(P'), FA (A — 2) @ H*(PY)[2)\ — 4 +i]{—2\ +4 + j})

is zero since 2\ — 4 + 7 < —2. The result follows.
The case A > 0 is proved similarly. O
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