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1 Introduction

Let S be the Hilbert scheme of n points of a projective K3 surface S. The main
theorem of [23] states that the action on the cohomology ring of the Neron—Severi Lie
algebra gng, which is the Lie subalgebra of Endg(H*(S [l Q)) generated by all algebraic
Lefschetz triples (eq, fa,h) (see Section 2), can be lifted to the Chow ring, and expli-
cit formulas for the lifts of e,, f, and h in terms of Nakajima operators are provided.
The goal of this master’s thesis is to investigate the question whether this theorem is
equally true for the Fano variety of lines F(Y) of a smooth cubic hypersurface Y C P5.
An analog for the Fano varieties F(Y) could be expected because they are examples
of hyperkéhler varieties deformation equivalent to the Hilbert schemes of points S of
suitable K3 surfaces S [2], which form the most well-known class of hyperkéhler varieties
other than K3 surfaces themselves.

Let X be a hyperkéhler variety deformation equivalent to S1? for a K3 surface S. In
particular, X is of complex dimension 4. As a matter of notation, for any cycle class
Z € CH*(X) denote by Z; and Z5 the pullbacks to X x X via the two projections. Denote
by ¢x the Beauville-Bogomolov quadratic form on H?(X,Q) and by B € H*(X x X, Q)
its associated cohomology class. Let a € H!(X,Q) such that gy (a) # 0. Recall the
Lefschetz operator e, which is given by the cup product with the class a as well as the
Lefschetz dual operator f,, both endomorphisms of H*(X,Q). Moreover, denote by h
the grading operator given on H*(X,Q) by multiplication by k& — 4. The first result of
this work is then Theorem 5.8, providing an explicit lift F,, of the Lefschetz dual f, to
the Chow ring of correspondences in terms of a lift L € CH*(X x X) of 8. With some
additional work, we obtain in Proposition 5.14 a lift H of h depending only on L.

Conjecture 1.1 (Conjecture 5.21). Let X be a hyperkahler variety of K3[®-type. Let
L € CH?(X x X) be a lift of B and let [ be its pullback along the diagonal embedding
A: X «— X x X. For any divisor class a € CH!(X) with gx(a) # 0 we define

2
wi= ———(lia1 + lsas) + L(a; + a GCHSXXX’
25‘1X(a)( 1a1 + laag) ax(a) (a1 2) ( )
_ 4 2 g2 3 B A
H = oo (ly = 1) + e Ll — 1) € CHY(X x X).

Then there exists a lift L as above such that the linear map
@ : gNs(X) — CH*(X X X)

given by ¢(e,) = Ax(a), ¢(fs) = F, and ¢(h) = H is a well-defined Lie algebra homo-
morphism.

This is analogous to the main theorem of [23]. For any hyperkédhler variety X of
K3[-type there exists a lift L € CH?(X x X) of B coming from Markman’s twis-
ted sheaves [19], see also [26, Theorem 9.15]. In the case X = SP for a projective



K3 surface S, it is shown in [26, Proposition 16.1] that the latter agrees with the ex-
plicit construction of a lift L in [26], stated in Theorem 4.21. We use this explicit lift
in Section 6 in order to prove that our formulas for the lifts F, of f, and H of h agree
with the canonical lifts provided in [23] in terms of Nakajima operators. This is the
content of Theorems 6.7 and 6.8. Hence, the main theorem of loc. cit. shows that the
conjecture is true if X = S, In the case of the Fano variety of lines ' = F(Y) of a
smooth cubic fourfold Y, the explicit construction of L in [26], given in Theorem 4.14,
is not rigorously proven to coincide with the cycle class obtained in [26, Theorem 9.15],
but Shen and Vial expect it to be true as well [26, p. 4].

Theorem 1.2 (Theorem 5.19). Let F' = F(Y) be the Fano variety of lines of a smooth
cubic fourfold Y and g € CH!(F) the Pliicker polarization class. Let L € CH?(F x F)
be the explicit lift of B from Theorem 4.14. Then there is an sl3(Q)-action on CH*(F')
given by the Lie algebra homomorphism

5l(Q) — CH*(F x F),
e~ Ay(g),
[ = Fy,
h— H,

lifting the sly(Q)-action on the cohomology ring H*(F, Q) given by eg4, f, and h.

Whenever F(Y) has Picard rank 1, i.e., CH!(F(Y)) = (g), which is true for very general
cubic fourfolds Y, Conjecture 1.1 indeed reduces to Theorem 1.2. Even more evidence
for the conjecture is provided by Proposition 5.29, where we are able to prove the addi-
tional commutation relation [F,, Fp] = 0 in full generality.

We propose two new relations in Conjecture 5.15 which hold in cohomology and would
yield a generalization of Theorem 1.2 to the case of divisor classes different from g, see
Proposition 5.20. Conjecture 1.1, however, would still be out of reach. The reason we
do not succeed in proving the latter in the case of the Fano variety of lines F/(Y) is that
we neither have at our disposal an analog of the machinery of Nakajima operators nor
do we have sufficiently strong injectivity results for the cycle class map yet, extending
results such as [6, Proposition 6.4], stated below as Theorem 4.15, which is the main
geometrical input used in the proof of Theorem 1.2.

One of the reasons why it is desirable to have explicit canonical lifts of f, and espe-
cially h available, is that the eigenspace decomposition of the lift H of h, if it is indeed
diagonalizable, could be expected to be multiplicative with respect to the intersection
product. This is because the eigenspace decomposition of H can be viewed as an analog
of the Beauville decomposition in the abelian variety case, as discussed in the intro-
duction of [22]. The following result establishes such an eigenspace decomposition in
particular in the cases X = F(Y) and X = S, mildly upgraded by Theorem 5.22.

Theorem 1.3 (Theorem 5.22). Let X be a hyperkahler variety of K 3[2-type endowed
with a lift L € CH?(X x X) of 9B satisfying all the relations (4.6)-(4.9) from Section 4.1,
e.g., X can be the Fano variety of lines of a smooth cubic fourfold or the Hilbert scheme



of two points of a projective K3 surfa(;e endowed with the explicit lift L of Theorems 4.14
and 4.21, respectively. Let Ag\ C CH*(X) be the eigenspace for the eigenvalue A of H,.
The operator H, € Endg(CH*(X)) is diagonalizable with eigenspace decomposition

where all direct summands are non-trivial and those not sitting in the leftmost column
belong to the homologically trivial cycle classes CH* (X )pom. Conversely, the cycle class
map is injective on A3 as well as on A} = (I?).

This decomposition agrees with the Fourier decomposition of [26, Theorem 2] by The-
orem 5.26, implying in particular the following multiplicativity conjecture in the case of
the Fano variety of lines of a very general cubic fourfold. We note also that the Fourier
decomposition requires all the mentioned relations (4.6)-(4.9) from Section 4.1 while the
last one of these (4.9) is not actually needed for Theorem 1.3. We introduce the following
notation. For s € Z let

CH'(X)s:={Z € CH'(X) : H(Z) = (2i —4—28)Z} = Ab;_4_o,.

In here, s should be seen as a sort of defect. The terms with s = 0 give the expected
eigenvalue 2i — 4 of H, and correspond to the leftmost column in the eigenspace decom-
position of H, above. We can see that only terms with s > 0 occur. In fact, there is
a conjecture by Beauville in the abelian variety case which predicts this behavior, see
again the introduction of [22]. It also predicts the injectivity of the cycle class map on
CH*(X)o, and Theorem 1.3 confirms this in all codimensions except 2. We can now
state the conjecture as follows.

Conjecture 1.4 (Conjecture 5.23). Let X be as in Theorem 1.3. Then for all occurring
s,t € Z we conjecture that the intersection product gives a well-defined map

CHY(X), x CH/(X)y — CH™™ (X) s 4.

This can be rewritten in equivalent ways, see [22] and also our short discussion after
Conjecture 5.23. By Theorem 1.4 of loc. cit. and our Theorem 6.8, the above conjecture
is true for X = S, An independent proof is obtained through Theorem 5.26, stating
that the decomposition of Theorem 1.3 agrees with the Fourier decomposition of [26,
Theorem 2], and using the multiplicativity of the latter [26, Theorem 3]. In the case of the
Fano variety X = F(Y') we show the simplest case of divisors directly in Proposition 5.24.
If Y is very general, the conjecture is true by the corresponding result for the Fourier
decomposition, see Corollary 5.27 and Remark 5.28. In fact, using [6, Proposition A.7],



only the case ¢ = j = 2, s = t = 0 is not yet known for arbitrary smooth cubic
fourfolds Y. In the paragraph preceding [26, Theorem 3|, Shen and Vial remark that
these results actually provide strong evidence for the Fourier version of Conjecture 1.4
which they, however, do not state explicitly. It agrees, of course, with Conjecture 1.4
because the decompositions agree.

Theorem 1.5 (Corollary 5.27). Conjecture 1.4 is true if X = S for a projective
K3 surface S and if X = F(Y') for a very general cubic fourfold Y.

The text is structured as follows: We will begin in Section 2 by recalling the Grothen-
dieck standard conjecture of Lefschetz type in order to provide some general motivation.
In Section 3 we introduce the Hilbert and Quot functor and state their representability.
In Section 4 we then concentrate on those Hilbert schemes especially relevant to us,
the Fano variety of lines of smooth cubic fourfolds and the Hilbert scheme of points
of K3 surfaces which at the same time provide examples of hyperkéhler varieties. We
introduce the Beauville-Bogomolov form ¢x and its associated cohomology class % in
Subsection 4.1. In the two following subsections we in particular introduce the explicit
lifts of B to the Chow ring constructed in [26]. Sections 5 and 6 contain our new results,
outlined above, and we end with a short appendix, collecting a few lemmas.

In this master’s thesis we work over C, and the Chow ring is always with coefficients
in Q. For basics on the Chow ring and intersection theory we refer to [5, 7]. We will also
make heavy use of the language of algebraic correspondences, as explained, e.g., in [15].
Finally, by a variety we mean a separated, integral scheme of finite type over a field,
usually over C.



2 The Grothendieck standard conjecture of Lefschetz type

We start by recalling very briefly some basic facts from Kéahler geometry. These can
be found, e.g., in [12, Section 1.2 and Chapter 3]. On a compact complex Kéhler
manifold X of complex dimension n, the operator of cup product with a given Kéhler
class a in HY1(X,C) is called the Lefschetz operator, denoted

ea t H*(X,C) = H*"%(X,C), B+ B Ua.

More generally, we will always denote by e, the cup product operator with a given class
a € H%(X), even if a is not a Kihler class and the field of coefficients is different from C.
In this particular case, however, the hard Lefschetz theorem gives the remarkable result
that k-fold iteration is an isomorphism

ek H R (X, C) = H"F(X,C). (2.1)

Let next h € Endc(H*(X,C)) be the grading operator, acting on H*(X,C) by multi-
plication with the integer k£ — n. Instead of coefficients in C we can equally consider
coefficients in Q.

Lemma 2.1. Let a € H?X F,Q) such that (2.1) holds for all 1 < k < n. Then there
exists a unique endomorphism f, € Endg(H*(X,Q)), called the Lefschetz dual operator,
which decreases the degree by 2 and satisfies [e,, fo] = h. In particular (eq, fq, h) is an
slo-triple, i.e., the commutation relations

[6117 fa] =h, [hv ea] = 2eq, [h, fa] = _2fa
hold.

Proof. Existence can be shown using the Hodge star operator in a linear algebra version,
see the proof of [12, Proposition 1.2.26]. Another proof, using the primitive decomposi-
tion, can be found in [14, Proposition 1.4.6].

Uniqueness is rather simple. We abbreviate f := f,, e := e, and H' := H'(X,Q). First
observe that f is uniquely determined on H? and H' because it decreases the degree
by 2. Now, let f be determined on H'. Let B € H* " and write 8 = e”*i(ﬁ)/\for a
unique 3 € H'. Then using [e, f] = h several times we can express f(53) = f(e"4(B)) as
a polynomial in a and 3 with the additional summand " *(f(/3)) which is determined
already. Hence, if f is determined on H?, then it is determined on H?"~* as well. Next,
if f is determined on H?"~"*4, then it is determined also on H. Indeed, for § € H' we
have f(8) € H*=2, and therefore e"~*72(f(/3)) can be expressed as a polynomial in a and
3 with the addtional summand f(e"~*2(53)). Here, e"~+2(B) € H?"~"** and e"~*2 is
an isomorphism H® "2 =2 H?"~+2 concluding the proof. O

Remark 2.2. One can also use the commutation relations to express f, directly as
a sum of compositions of powers of e, and the inverses (e¥)~! coming from the hard
Lefschetz theorem. For example, if n = 4, we have f, = 4(e)~1 oe? on H?(X) and
fo=4eqo(et)Loe2 +2(e2) L oe, on H*(X). It is possible to derive a general formula
of this sort but it is not overly helpful for our purposes.



If we now change the setting slightly and let X be a smooth projective variety over C and
a an ample divisor with cohomology class in H?(X,Q) N HY(X,C), again denoted a,
then in H?(X,C) the class a can be represented by a Kihler form, so that the e¥ are
isomorphisms by the hard Lefschetz theorem, and Lemma 2.1 gives a unique formal
Lefschetz dual f,. By construction, (eq, fa,h) is then an sly-triple, here with rational
coefficients. What can be observed about the operator e,, moreover, is that it is algebraic
in the sense that it lifts to the algebraic correspondence A,(a) € CH" (X x X) in the
Chow ring, where A : X — X x X denotes the diagonal embedding. The Grothendieck
standard conjectures now ask whether f, is algebraic as well [15].

Conjecture 2.3 (Grothendieck’s standard conjecture of Lefschetz type). Let a be an
ample divisor class on a smooth projective variety X of dimension n. Then the Lefschetz
dual f, lifts to a correspondence F, € CH" }(X x X).

As a consequence, the commutator of algebraic correspondences
H, = [A.(a), F,]

is automatically a lift of the grading operator h. Note that H,, contrary to h, might
depend on a.

Remark 2.4. In the literature two different definitions for the Lefschetz dual oper-
ator can be found in the algebraic setting. The Grothendieck standard conjectures of
Lefschetz type with respect to either one, however, are equivalent [14, 15]. The other
Lefschetz dual f!, is a one-sided inverse of the Lefschetz operator and can be defined via
the following diagrams (which are actually the same), the first for ¢ < n, the second for
1> Mn:

eq

Hi(X) — " geni(x) H>=i(X) — " Hi(x)

f{ |- | Jf&

Hi—Q(X) = F2n—(i-2) (X), F2n—(i-2) (X) . %2 Hz—Q(X)

627“72) e}lf —-n
However, we will only be interested in the classical definition from before.

Let a € H*(X,Q) be Lefschetz, i.e., (2.1) holds for all 1 < k < n. By Lemma 2.1, a
unique operator f, exists such that eq, f, and h satisfy the slo-commutation relations.
The triple (eq, fa,h) is then called a Lefschetz triple. Looijenga and Lunts [18] and
Verbitsky [28] introduced the total Lie algebra

g(X) € Endg(H*(X,Q))

of a smooth projective variety X which is generated by all Lefschetz triples (eq, fa, h).
The Neron—Severi Lie algebra of X is the Lie subalgebra

ans(X) € g(X)



generated by only those Lefschetz triples where a is algebraic, i.e., a € H' (X, Q).
In view of the Grothendieck standard conjecture of Lefschetz type, a natural question
to ask, then, is whether the Neron—Severi Lie algebra action on the cohomology ring
H*(X,Q) can be lifted to an action on the Chow ring CH*(X) or even whether there is
a Lie algebra homomorphism

gns(X) — CH"(X x X)
to the ring of correspondences CH*(X x X)) such that

gns(X) —— CH*(X x X)

\ [

Endg(H*(X,Q))

commutes, where cl denotes the cycle class map. By the main theorem of [23], this
is the case if X is the Hilbert scheme of points of a projective K3 surface. We will
investigate this question for the Fano variety of lines of a smooth cubic fourfold in
Section 5, obtaining Theorem 5.19 as a partial analog. For more context we also refer
back to the introduction.



3 Hilbert schemes

This part freely follows [27]. We give some foundational definitions regarding the Hilbert
and Quot functor and introduce notions such as that of a fine moduli scheme. We do
not prove the existence of the Hilbert or Quot scheme as this would take us too far, but
we deal with a few basic questions such as well-definedness of the functors.
Let S be a locally noetherian base scheme, and denote by Schg the category of locally
noetherian schemes over S. By an S-scheme (or scheme over S) we will always mean
an object of this category. The n-dimensional projective space over S is defined to be
¢ =17 xz S, and a projective S-scheme X is a closed embedding ¢ : X — P for some
fixed n. Moreover, let Set be the category of sets.

Definition 3.1. Let X and T be locally noetherian S-schemes. A family of closed
subschemes of X over S parametrized by T is a closed subscheme Z C X x g T which is
flat over T' with respect to the projection X xgT — T.

Definition 3.2. Let X be a projective S-scheme. The Hilbert functor
Hilbx /s : (Schg)? — Set

associates to an object T the set of all families Z of closed subschemes of X over S
parametrized by T. For a morphism f : T' — T of schemes over S the map of sets
Hilbx,s(f) sends a family Z parametrized by T to the family Z x7T" parametrized by 77,
viewed as a family of X over S via the natural isomorphism X xg7T" = (X xgT) xp T".

Lemma 3.3. The Hilbert functor is well-defined.

Proof. We first show for any morphism f : 7" — T of S-schemes that Z x7T" is a closed
subscheme of (X xgT) xp T = X xg T’ which is flat over T”. For this, consider

i X 1d 4/
ZxpT —2T s (X xgT) xp T' —— T

J | o |

7 « CLj,mb' X xgT —— 5 T.

The right square is cartesian by definition, and so is the entire rectangle, hence so
is the left square. As closed embeddings are stable under base change, ¢ X idyr is a
closed embedding as well. The compositon of the two lower horizontal arrows is flat
by assumption, and because flat morphisms are stable under base change, so is the
composition of the upper two horizontal arrows, so Z xr T" is flat over T”, as desired.

It remains to consider functoriality for compositions 7" ENYK i> T of morphisms of
S-schemes. Consider the following diagram:



(ZxpT)xp T ——=— ZxpT"
(iXidT/)XidT//l liXidT”
(X xgT) xp T') xp T" —— (X xgT) xp T"

~| E

(X xgT") xpr T" — X xgT".

The upper square commutes by the naturality of the isomorphism (Y xp T") xp T" =
Y xp0 T"” in Y. The lower square commutes by the uniqueness part of the universal
property of the fiber product. O

We now introduce moduli schemes from the categorical point of view where the cat-
egory of schemes over S could often be replaced by different categories, e.g., by full
subcategories like (smooth, projective) varieties over some field.

Definition 3.4. The functor of points of an S-scheme X is the contravariant Hom-

functor
hx : (Schg)® — Set, T — Homg(T, X),

which is given on morphisms by precomposition. A morphism ¢ : T — X of S-schemes
in hx(T) is called a T-valued point of X.

Definition 3.5. A contravariant functor h : (Schg)°? — Set is called representable if
it is naturally isomorphic to the functor of points of some S-scheme M, i.e., there is a
natural isomorphism 7 : hy; — h. In this case, the element ¢ := nuv (idar) € h(M)
is called the universal family, and the pair (M, &) (or simply M itself) is called a fine
moduli scheme.

Here, ¢ determines n uniquely as a natural transformation by the Yoneda Lemma.
Moreover, if (M’ ¢') is another fine moduli space for h then there is a unique isomorphism
f: M — M’ such that h(f)(¢') =¢&.

Definition 3.6. Let k be any field and X a projective k-scheme with respect to a fixed
closed embedding ¢ : X < P}. Let F be a coherent sheaf of O x-modules on X. Then the
Hilbert polynomial of F with respect to 4 is the unique polynomial Pr € Q[x] satisfying

Pr(m) = x(X, F(m)) = x(Pg, i».F(m)),

for all m € Z. Here, x denotes the Euler characteristic of the respective sheaf cohomology
groups. Moreover, if F = Ox we also write Py := Pp, and call it the Hilbert polynomial
of X.

The Euler characteristic y is well-defined because the sheaf cohomology groups are
finite-dimensional k-vector spaces, and at most those of degree < dim(X) are non-zero
by Grothendieck’s vanishing theorem. Moreover, for m large enough, x (X, F(m)) =
dimy, H°(X, F(m)) because all cohomology groups of higher degree vanish for m large



enough by Serre’s vanishing theorem. The Hilbert polynomial always exists by [11,
Exc. 11.5.2], and it really depends on the closed embedding i. It is by definition an
integer-valued polynomial, i.e., Pr(m) is an integer whenever m is — although not all
coefficients of Pr are necessarily integers. An important result is the following;:

Theorem 3.7 ([11, Theorem II1.9.9]). Let T be an integral noetherian scheme and
X a projective T-scheme with respect to a fixed closed embedding 7 : X — P7.
Denote by f:X — T the induced morphism. For each element ¢t € T denote by
X; = X x7 Spec(k(t)) the scheme-theoretic fiber of f over ¢ which is naturally a closed
subscheme of }P’Q(t). Then f is flat if and only if the Hilbert polynomial Px, of X; is
independent of t.

Here, X; is naturally a closed subscheme of P} ) =Py Xz Spec(k(t)) via

f

/\

X Tt s prx, T —2 37

T rooe

Xy —— P} xgz Spec(k(t)) —— Spec(x(t)).

In here, the entire rectangle and the right square are cartesian, hence so is the left square.
As closed embeddings are stable under base change, the lower left horizontal arrow is a
closed embedding.

One implication of Theorem 3.7, that if f is flat then Py, is constant in ¢, can be
extended to the case where T is not necessarily integral. In fact, if T is some locally
noetherian scheme and f is flat, then the map ¢ — Pk, is locally constant. This is the
main motivation to introduce the following functors.

Definition 3.8. Let P € Q[z] be an integer-valued polynomial and X a projective
S-scheme. The functor
Hilb s : (Schg)P — Set

associates to an S-scheme T the set of all families Z of closed subschemes of X over S
parametrized by 7" such that Pz, = P for all t € T'. It is also called the Hilbert functor
if P is understood.

Lemma 3.9. The functor ’Hz’lb§ /s is well-defined.

Proof. We need to show that for any morphism ¢ : 7" — T of S-schemes, the image of
Hilbi/s(g) actually lies in Hilb;}/s(T’), ie., for any Z € Hilbi/S(T) and any t' € T"
the Hilbert polynomial of (Z xp T")y agrees with that of Z; where t := g(¢'). For this,
consider the diagram

(Z x7T")y = Z xp Spec(k(t')) —— Py —— Spec(r(t'))

! o |

Zy = Z xp Spec(k(t)) — Py — Spec(k(t)).

10



In here, the entire rectangle and the right square are cartesian, hence so is the left
square. Also, all vertical arrows are flat because the rightmost arrow is induced by a
field extension (which is always flat). Let Oy be the structure sheaf of (Z xp T")p and
Oy that of Z;. By flat base extension [11, Proposition I11.9.3], we have

15Op =2 1" 5,0;.

Moreover, the Hilbert polynomial of (Z x7T")y at m € Z is just X(]P)Z(t’)? i+Op(m)), hence
it suffices to see that Hi(IF’Z(t), F) @upy 6(t') = H' (Pz(t,), b*F) for all co?erent sheaves F
on P . This can be seen by calculating the cohomology groups via Cech cohomology
and using that field extensions are flat, and hence tensoring with the field extension

commutes with taking cohomology, see also the proof of [11, Proposition 111.9.3]. O

Theorem 3.10 ([27, Theorem 8.1]). Let S be a locally noetherian scheme and X a
projective S-scheme. Then for each integer-valued polynomial P the functor Hilb§ /s

is represented by a projective S-scheme Hilb§ /5" In particular, the Hilbert functor is
representable by an S-scheme Hilbyg.

Remark 3.11. Hartshorne [10] showed that the schemes Hilbﬂ,]?g /s are connected if S is
noetherian and connected, but not much about the irreducible components is known in
general, and it appears to be a very difficult question.

The scheme Hﬂb§ /s for a fixed integer-valued polynomial P is usually referred to as the
Hilbert scheme if P is understood from the context. We now introduce the Quot functor
and the Grassmannian functor.

Definition 3.12. Let S be a locally noetherian scheme and X a projective S-scheme.
Let F be a coherent sheaf on X. The Quot functor

Quoty /5(F) : (Schg)*® — Set

associates to an S-scheme T the set of equivalence classes of all coherent quotients
Fr — Q — 0 on X xgT having Hilbert polynomial P over every point of T" and which
are flat over T via the the projection X xg T — T. Here, Fr is the pullback of F
along the projection X xg T — X. Moreover, two such quotients Fr — Q — 0 and
Fr — Q' — 0 are equivalent if there is an isomorphism of short exact sequences

0 K > Fr > Q 0

% |=

0 K’ > Fr > Q > 0.

Such an isomorphism, if it exists, is obviously unique. To a morphism f : T/ — T of
S-schemes the Quot functor associates the map of sets sending the class of Fr — Q — 0
to that of the pullback Fr» — (idx x f)*(Q) — 0.

11



The Hilbert functor ’Hilb;} /S is a special case of the Quot functor letting F := Ox be the
structure sheaf. Indeed, closed subschemes of X x g T which are flat over T' correspond
to those ideal sheaves of Ox  r with flat cokernel over T'. The following is therefore a
generalization of Theorem 3.10.

Theorem 3.13 ([27, Theorem 9.1]). The Quot functor Quot’’ / 5(F) is representable by
a projective S-scheme Quoti/s(}").

If we consider the Quot functor for X = § = ]P’% we can see immediately that only the
constant integer-valued polynomials P give a non-trivial functor. This leads us to the
definition of the Grassmannian.

Definition 3.14. The Grassmannian functor
Grg(r,n) : (Schg)®® — Set

is defined by Grg(r,n) = Quoty / 5(O%). Its representing projective S-scheme is denoted
Grg(r,n) or simply Gr(r,n) if the base scheme S is understood. It is called the Grass-
mannian scheme.

The elements of Grg(r,n)(T") are the equivalence classes of locally free quotients of OF.
of rank r. This can be seen stalk-wise because every finitely generated flat module over a
noetherian local ring is free, and its rank is precisely the Hilbert polynomial. It should be
mentioned that the Grassmannian Grg(r,n) can also be realized as the Hilbert scheme
Hilbﬂljn,l /s for the Hilbert polynomial P(z) = (x;riIl), the key reason being that a closed
subscﬂeme of a projective space over some field is a linear subspace of dimension r — 1
if and only if it has precisely this Hilbert polynomial, see [5, Proposition 6.7].

For simplicity we now restrict to the case S = Spec(A) for some noetherian ring A. The
representability of the Grassmannian can be seen more directly, and its construction
gives more specific information about the representing Grassmannian scheme such as
(depending on the ring A) irreducibility, reducedness and dimension.

Theorem 3.15 ([27, Proposition 2.18]). The Grassmannian functor over S = Spec(A),
A a noetherian ring, is representable by a projective A-scheme. It has an open cover by
finitely many affine spaces over A of relative dimension r(n — r). In particular, if A =k
is a field, then Grg(r,n) is a smooth projective variety of dimension r(n — r).

12



4 Hyperkahler varieties and some special Hilbert schemes

In this section we collect the foundational definitions and results for the later sections.
We do not give any full proofs.

4.1 Hyperkahler varieties

We introduce the notion of a hyperkéahler variety and one of the most important tools
for studying them, the Beauville-Bogomolov form.

Definition 4.1. A compact complex Kéhler manifold X is called hyperkdhler if it is
simply connected and the global sections of its sheaf of holomorphic 2-forms Q2(X) is
generated by a symplectic form, i.e., a 2-form which is non-degenerate at every point
of X. If a hyperkahler manifold is projective, then it is called a hyperkdhler variety.

Remark 4.2. The definition immediately implies that the Hodge number h?°(X) = 1,
and hence h%?(X) = 1 as well. It is also worthwhile to remark that hyperkihler manifolds
always have even complex dimension. This is because alternating non-degenerate bilinear
forms only exist on vector spaces of even dimension. Also note that a hyperkéhler variety
of complex dimension 2 is the same as a projective K3 surface.

The main family of examples of hyperkahler varieties is provided by the Hilbert schemes
of points Hilbyg /c = Sl of a projective K3 surface S, see Theorem 4.20 below. Another
set of examples, in complex dimension 4, is given by the Fano varieties of lines of a smooth
cubic fourfold, see Theorem 4.11. Note, however, that each of these is deformation
equivalent to SI? for a suitable K3 surface S [2, Proposition 2|. Some more examples
of hyperkahler varieties are known but they will not be relevant to us here. One of
the main motivations for studying hyperkéhler varieties is the following theorem, see [1,
Théoreme 1].

Theorem 4.3 (Beauville-Bogomolov decomposition). Every compact complex Kéahler
manifold with trivial canonical class admits a finite étale cover by the product of a com-
plex torus, simply connected irreducible Calabi—Yau manifolds and hyperkéhler mani-
folds.

We now introduce the Beauville-Bogomolov form which is one of the main tools for
studying hyperkéhler manifolds.

Theorem /Definition 4.4 ([24, Section 4.2]). Let X be a hyperkédhler manifold of
complex dimension 2n. There is an integral indivisible quadratic form

gx : H*(X,C) = C

and a positive rational number cx such that

/ o®" = cx (2n)!qx(a)" (4.1)
X

nl2n
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for all @« € H?(X,C). This determines qx uniquely if n is odd and up to sign if n is
even. In the latter case, we choose it such that gx (o + @) > 0 where o is a generator of
H?9(X). The associated symmetric bilinear form (—, —) = ¢x(—, —) is non-degenerate.
We usually consider cohomology with coefficients in Q, in which case, by integral-
ity, (—, —) takes rational values and is still non-degenerate. This is what we call the

Beauville-Bogomolov form in this master’s thesis. The constant cx 5332: is called the

Fugiki constant, and cx equals 1 if X is deformation equivalent to the Hilbert scheme of
points of a K3 surface [24].

By an induction argument it can be shown that (4.1) implies

CX
/ ay - Qop = nlon Z (ao(l)v 040(2)) T (aU(Qn—l)a ao(2n)) (42)
X ’ oc€San
for all ai,...,a2, € H?(X,C), and the same is true for rational coefficients. The

combinatorial factor in front of the sum simply means that we do not repeat products
which are formally equal after some reordering of the n factors and using the symmetry
of (—,—). As an example, if X has complex dimension 4, then

/X a1 ag = cx((ar, a0)(as, aq) + (a1, as)(ag, ag) + (a1, a4) (g, asz)). (4.3)
The Beauville-Bogomolov form can be made into a natural cohomology class
B c HY(X x X,Q)
as follows: Let r := dimgH?(X,Q). We can regard gx(—, —) as a Q-linear map
H*(X,Q) ® H*(X,Q) - Q,

hence as an element of H2(X,Q)"®H?(X,Q)". Now, as ¢x is non-degenerate, it induces
an isomorphism H?(X,Q) = H?(X,Q)Y. Under this identification we can view qx as
an element of H%(X,Q) ® H%(X,Q), namely

T
05 = Y gy v € HH(X.Q) © H(X,Q),

i,j=1

for a basis (v;) of H%(X, Q) where (g;;) is the inverse matrix of (¢x (v;, v;)). This formula
for q;(l does not depend on the choice of basis. Via the Kiinneth isomorphism we then
obtain an element B € H*(X x X, Q) corresponding to the element

00 gy ®0e (H'(X)® HY(X)) ® (H3(X) ® H3(X)) ® (H*(X) ® H'(X)),

and it is this element 9B that is called the Beauville-Bogomolov class of X and plays a
major role in the study of hyperkéahler varieties. By construction, for an orthonormal
basis (e;) of H?(X) with respect to gy we have

B = Z € R e;, (4.4)
=1

14



up to the Kiinneth isomorphism. Initially, one has to be careful because an orthonormal
basis need not exist over Q. Nonetheless, we can always find an orthogonal basis over Q
with respect to the Beauville-Bogomolov form, and even more conveniently, we can
just extend the field of coefficients to C where all square roots exist, and hence so do
orthonormal bases with respect to any non-degenerate symmetric bilinear form (by a
Gram—Schmidt process). The natural map

H*(X,Q) - H*(X,C) = H"(X,Q) ®g C

is injective, so that every relation among elements in H*(X, Q) which can be proved in
H*(X,C), e.g., by choosing an orthonormal basis, actually holds in H*(X,Q) already.
For this reason, we will write H*(X) most of the time, meaning coefficients in QQ except
when proving relations in the cohomology ring by usage of an orthonormal basis of
H?(X), which will happen frequently, in which case we will tacitly work in H*(X,C).
Let now b := A*(B) € H*(X) be the pullback via the diagonal embedding A : X <
X x X and b; and by the pullbacks via the two projections p; : X x X — X. With the
above expression for B, we then have

b=> ¢ (4.5)
=1

Theorem 4.5 ([19]). Let X be a hyperkéhler variety deformation equivalent to the
Hilbert scheme of n > 2 points of a K3 surface. Then there exists a lift L € CH?*(X x X)
of the Beauville-Bogomolov form ‘B.

Theorem 4.6 ([26, Proposition 1.3]). Let X be a hyperkéahler variety of complex di-
mension 4 such that H*(X) is generated by the cup products of elements in H?(X).
Then B satisfies the quadratic equation
1
B (b1 + by) — ————=(2b7 — rb1by + 203).
(b1 + b2) T(r+2)( 1 —rbiby + 2b3)
Here, r := dimH?(X). Moreover, 9B is uniquely determined up to sign by this equation.

Let now X be a hyperkéhler variety of K32-type and let L CH?(X x X) be a lift
of B. Denote by A : X — X x X the diagonal embedding as well as the cycle class of its
image. Let [ := A*(L) € CH%(X) and Iy, I the pullbacks to X x X via the projections.
In this situation, r = dimH?(X) = 23. We consider the following relations involving L
in the Chow ring of X (resp. X x X). The first is referred to as the quadratic equation
for L, analogous to the cohomological equation of Theorem 4.6:
2 1

T+2L(l1 +12) — " +2)

Additionally, we consider the following three relations for all ¢ € CH*(X) and all 7 €
CH?(X):

B2 = 2cx[A] -

T+ 2

L2 =2A — (213 — rlyly + 213). (4.6)

L.(1*) =0, (4.7)
«(l- Li(0)) = (r+2)Li(0), (4.8)
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These are the relations which Shen and Vial in [26] established to be the core relations
necessary to obtain a Fourier decomposition as in Theorem 2 of loc. cit. They indeed
constructed an explicit lift L satisfying these relations for both the Fano variety of lines of
a smooth cubic fourfold and the Hilbert scheme of two points of a projective K3 surface,
see Theorem 1 and the paragraphs after Theorem 2 of loc. cit.

Theorem 4.7. Let F' be the Fano variety of lines of a smooth cubic fourfold or the
Hilbert scheme of two points of a projective K3 surface. There exists a lift L € CH?(F x
F) of 98 such that all the relations (4.6)-(4.9) are satisfied.

For concrete constructions of such a lift L see Theorems 4.14 and 4.21 below.

4.2 Fano varieties of lines of smooth cubic fourfolds

Definition 4.8. Let Y C P° be a cubic hypersurface. The Hilbert scheme

F(Y) := Hilb{ ¢

for the Hilbert polynomial z + 1 € Q[x] is called the Fano variety of lines of Y.

A closed subscheme of P is a line if and only if it has Hilbert polynomial x + 1; see
[5, Proposition 6.7] for a generalization. Moreover, the definition yields that F(Y) is
projective by the general result Theorem 3.10 on Hilbert schemes.

The case n = 5 and d = 3 of [5, Corollary 6.33] gives the dimension and smoothness
in the following theorem, [5, Theorem 6.34] shows reducedness, and the proof of [13,
Proposition 2.3] indicates two approaches of how to show irreducibility.

Theorem 4.9. If Y C P5 is a smooth cubic hypersurface then the Fano variety F(Y)
of lines of Y is a smooth projective variety of dimension 4.

There is an obivious inclusion of F'(Y) = Hilbff/r(é into Hilbf,,;r/l(C which is a closed embed-
ding, and the latter agrees with Gre(2,6). This is because equivalence classes of locally
free quotients 0% — @ of rank 2 correspond to closed embeddings P(Q) — P(0S) =
P> xc T of T-schemes which are flat over T, and the fiber over every t € T is the
embedding of a line P};(t) — ]P’i(t), thus having Hilbert polynomial x + 1. So we have:

Proposition 4.10. F(Y) is naturally a closed subvariety of Gr(2,6).

See also the paragraphs of [13, Chapter 3] following Theorem 1.2 for an explicit way of
realizing Fano schemes as the vanishing set of a global section of some symmetric power
of the dual tautological bundle on the Grassmannian.

Theorem 4.11 ([2, Propositions 1 and 2]). Let Y C P5 be a smooth cubic fourfold.
Then F(Y) is a hyperkéhler variety deformation equivalent to the Hilbert scheme of two
points of some K3 surface.
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Definition 4.12. Let & be the tautological bundle on Gr(2,6). We fix the following two
notations. Let g € CHY(F(Y)) be the first Chern class ¢; (5]}/,(1,)). Then g is called the

Pliicker polarization class. Moreover, we denote by ¢ € CH?(F(Y)) the second Chern
class 02(5|}(Y)).

Let Z C F(Y) x Y be the universal family of the Hilbert scheme F(Y). It is given
on closed points as the set of incident pairs, i.e., pairs of the form ([I], ) with z € [
where [ C Y is a line and [[] € F(Y) the corresponding closed point. This is essentially
by definition: A closed point ¢ € F(Y) is denoted [I] and said to correspond to the
line [ C Y if and only if the fiber of Z over ¢ via the projection is precisely the line
[ CY. Therefore, as a set, the closed points of F(Y') really correspond to the lines in
Y. Formally, this correspondence is given by ngpec(c) where 7 : Hilbf,'/% = hp(y) is the
natural isomorphism coming from representability.

Definition 4.13. Let Y be a smooth cubic fourfold and F' = F(Y) its Fano variety
of lines. The incidence subscheme is the closed subset I C F x F' with the reduced
subscheme structure, given by the set of pairs of intersecting lines inside Y. Its cycle class
in CH2(F x F), also denoted I, is called the incidence correspondence. The tautological
subring R*(F x F) C CH*(F x F) is the Q-subalgebra generated by I, A, c1,c2, 91,92
where A C F' x F denotes the diagonal and g;, ¢; for i = 1,2 are the pullbacks via the
two projections F' X F' — F.

By [26, Lemma 17.2], we have I = *Z o Z which also yields the codimension of I because
Z has codimension 3 in F' x Y.

Theorem 4.14 ([26, p. 81]). Let Y be a smooth cubic fourfold and F = F(Y) its
Fano variety of lines. An explicit lift L of the Beauville-Bogomolov class 9B, satisfying
Theorem 4.7, is given by

1 3
L= g(g%+§g1gg +g5—c1—c) — 1, (4.10)
where I is the incidence correspondence. Moreover, we have | = 2cy(TF), where ca(Tr)
is the second Chern class of the tangent bundle, and co(Tr) = 5g% — 8c. Hence, the
tautological subring R*(F x F') contains L, 1, ls. By the quadratic equation (4.6) for L,
it then automatically contains A.

This lift L is from now on taken to be the canonical lift of B in the Fano variety setting.
As mentioned in the introduction, it is not rigorously proven that L coincides with the
cycle class obtained from Markman’s twisted sheaves [19] in [26, Theorem 9.15], but
Shen and Vial expect it to be the case [26, p. 4].

The following injectivity result enables us to prove certain relations in the Chow ring
via computations in cohomology. We make heavy use of it in the proof of Theorem 5.19
which is one of our main results.
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Theorem 4.15 ([6, Proposition 6.4]). Let F' = F(Y) be the Fano variety of lines of a
smooth cubic fourfold Y. Then the restriction of the cycle class map to

cl: R(F x F) = H**(F x F)
is injective.

Idea of proof. 1t suffices to consider the case where Y is very general in which case the
restriction of the cycle class map is surjective onto the rational (p, p)-classes, and because
the tautological subring is also a finite-dimensional Q-vector space, it now suffices to show
that in each degree the vector space dimensions of RP(F x F') and HPP(F x F,Q) agree.
This is relatively straight-forward for degrees # 5,6 but requires an additional relation
in the Chow ring in order to deal with these two cases, which is provided by the appendix
of [6]. O

4.3 Hilbert schemes of points of K3 surfaces

Two excellent introductions to Hilbert schemes of points of surfaces and Nakajima op-
erators are Lehn’s [17, 16]. See also [23, Section 2.3] for a brief overview and the most
important facts. Original sources are [21, 8]. Let S be a smooth projective surface and
Shnl .= Hilb'g /c the associated Hilbert scheme of n points of S. We already know that

S is projective. If n < 0 then S is of course the empty scheme. The Chow ring
of the empty scheme is the zero ring. Moreover, S = Spec(C) and its Chow ring,
concentrated in degree 0, equals Q.

Theorem 4.16 ([17, Theorem 3.3 and Lemma 3.7]). Let S be a smooth projective
surface. Then for all n > 0 the Hilbert scheme of points S is connected and smooth
of dimension 2n.

Theorem/Definition 4.17 ([17, Section 3.2]). The Hilbert-Chow morphism is a morph-
ism of schemes over C which topologically is given by

gl S" /S, T Zlength(os,x/zx)[x]‘
zeSsS

Here, S™/%,, denotes the n-th symmetric power of S, the points of which are formal
sums  , n;[x;) of distinct points x; € S such that ), n; = n, and the Z C Og are the
ideal sheaves with quotients of length n. For n = 1 the symmetric power is just S itself
and the Hilbert—Chow morphism is an isomorphism, as expected. For arbitrary n, the
Hilbert—Chow morphism is in fact still an isomorphism between the open subsets of n
distinct points.

A central idea for understanding Hilbert schemes of n points on a surface S is to consider
all n simultaneously.
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Definition 4.18 ([23, Section 2.3]). Let S be a smooth projective surface. For n > 0
and 7 > 1 the closed subset

Zpmi = {(&,2,m) € ST x § x S - supp(Z:/T,) = {z}}

of the product S x § x $"+ is endowed with the reduced induced subscheme structure.
Define the Nakajima operators

q+i : @ CH (™) — @) cH* (S x )
nez nez

to be given up to sign by the correspondence [Z, ,,1i] respectively its transpose. In terms
of the induced maps, for W € CH*(SI") we set

Qi W ="(Pgygintia)x ([Znntil - D (W))-

Similarly, on S["*% and for W e CH*(S["*) we set

4-i-W = (=1)" (Dgin1 x 8)x ([Znnti] - Dt (W) -

Moreover, qq is defined to be 0. For o € CH*(S) we define the correspondence

qei(@) @ cH* (s — @ CH*(51"+1)

nez neE”L

by substituting [Z, n1i] by [Znn+i] - p&(a). The composition of Nakajima operators
i, -+ - qi, is here understood to be a correspondence from Sl to Slntiztti] 5 Gk
inducing a linear map

@CH*(S[’I’L]) N @CH*(S[n+i1+...+ik] % Sk)7
nez nez
where the convention is that q;, contributes the leftmost S-factor. Moreover, for I' €
CH*(S*) we let qi, - - - qi, (T') be the correspondence from S to S+i+-+il given on
W e CH*(SI") by
(Pgtntintotin)« (i - qiy . W) - P (1)) -

Theorem 4.19 ([23, Section 2.3]). The Nakajima operators satisfy the commutation
relation

[Ams qn) = MOmgnp - id X Ag,

in particular

[dm (), qn(B)] = MOmn,0{c, B) - id,

where (—, —) is the intersection pairing on S.

Theorem 4.20 ([1, Théoreme 6.3]). If S is a projective K3 surface then S is a
hyperkahler variety of dimension 2n.
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We now consider the case n = 2 and set F := SP for a projective K3 surface S. We
fix several notations taken from [26, Part 2| that will be used again in Section 6. Let
Z C F x S be the universal family. Its set of closed points consists of the pairs (7, x)
where = € supp(n). This is a codimension 2 closed subscheme of the product, and we
denote by

the projections. The projection p is a double cover. Let ¢ € CHy(S) be the canonical
O-cycle, represented by any point on a rational curve in S [3, Theorem 1]. We let

S. = p«q*(c) € CH*(F). (4.11)

Moreover, denote by Agjp € CHl(F ) the divisor class on F' parametrizing the non-
reduced length 2 subschemes of S and set

1
6= iAHﬂb S CHI(F). (4.12)

This agrees with the convention of [26] which differs in the sign from [23]. Finally, let
I C F x F be the subset of pairs of length 2 subschemes which share a common support
point. This is closed and irreducible (see the proof of [26, Lemma 11.2]), and endowed
with the reduced induced subscheme structure it gives a closed subvariety of codimension
2, called the incidence subscheme. Its cycle class in CH?(F x F) is also denoted I and
called the incidence correspondence. By loc. cit. we have [ ='Z o Z.

Theorem 4.21 ([26, p. 67]). Let F = SP! for a projective K3 surface S. An explicit
liftt L of the Beauville-Bogomolov class B, satisfying Theorem 4.7, is given by

1
L=1-2(5)1 = 2(Se)2 = 5010, (4.13)

Moreover, by [26, Proposition 16.1], L agrees with the lift of B obtained from Markman’s
twisted sheaves [19] in [26, Theorem 9.15]. For its pullback along the diagonal embedding

in : F— F x I we have
5

2

In fact, | = 2¢p(Tr) where cp(Tr) is the second Chern class of the tangent bundle.

l: 62 (4.14)

iR (L) = 208, —
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5 An sly(Q)-action on CH*(F(Y))

5.1 The Lefschetz duals made explicit

Let X be a hyperkéhler variety of complex dimension 4 without odd cohomology over Q.
As hyperkihler varieties are simply connected by definition, H'(X) = 0 is automatic,
and by Poincaré duality we have H”(X) = 0 as well. So the condition of having vanishing
odd cohomology over @ is then equivalent to demanding only H3(X) = 0. With this
assumption, the cup product is really commutative and we always write a8 instead of
a U 8. Moreover, we denote the second Betti number 7 := dim(H?(X)).

Another standing assumption we make is cx = 1 in the Fujiki constant of Section 4.1.
This is true for both the Fano variety of lines of a smooth cubic fourfold and the Hilbert
scheme of two points of a K3 surface and more generally for all hyperkahler varieties
which are deformation equivalent to a Hilbert scheme of points of a K3 surface [24]. We
make this restriction mainly for simplicity and in order to ease the notation although
it is not technically important. In fact, the basic and general results of this section,
foremost Proposition 5.1 and Theorem 5.8, can be easily adapted to the case cx # 1 by
dividing Fy by cx, see Remark 5.9.

We do not require throughout this section that the cup product map

U: H3(X)® H*(X) — HY(X)

is surjective. This becomes a necessary assumption only if a cohomological decomposition
of the diagonal is needed, which is the case in particular whenever the quadratic equation
of Theorem 4.6 is used.

Let @ € H?%(X,Q) and denote by e, the endomorphism of H*(X) given by the cup
product with a. Let h be the grading operator from Section 2,

h:HYX) = H¥(X), B (k—4)8.
Finally, denote by 1 € H8(X) the generator of H®(X) with integral 1.
Proposition 5.1. Let a € H?(X,Q) be arbitrary. Define a map

fo:t HY(X) > H*2(X)

by
0 B e HY(X),
B 4(a, B)[X] 8 e H*(X),
fa(B) := { 2B.(aB) 8 e HY(X),
2aB. () 8 e HY(X),
(72 (Jx B) ba B € HY(X).

Then f, satisfies [eq, fa] = (a,a)h and [h, fo] = —2f,. Moreover, [h, e,] = 2e,.
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If (a,a) # 0, we set
1 ~

(w0
to obtain the usual sly(Q)-commutation relations. By Lemma 5.7 below, (a,a) # 0 is
equivalent to a being Lefschetz in the sense of Section 2.

fa =

Remark 5.2. In the latter case, f, is uniquely determined by the commutation relations
by Lemma 2.1. It should be emphasized that f, is linear in a € H?(X). This is quite
remarkable because for one, f, is not, and neither is it clear from the abstract description

of f, in terms of the inverses (e2)~! and (e?)~! that it would suffice to multiply f, by

some quadratic form gy (a) in a in order to make it linear in a. N
Note moreover that for (a,a) = 0 the commutation relations do not determine f,
uniquely. Indeed, the zero map also satisfies them while f, is non-zero on H?(X)
whenever a # 0 because the Beauville-Bogomolov form is non-degenerate.

Before proving Proposition 5.1, we need a series of lemmas.
Lemma 5.3. For arbitrary 7,7 € H?(X) we have [, byy = (r +2)(v,7/).

Proof. Let (e;) be an orthonormal basis of H2(X). A direct computation gives

/X[WV/:;/XQZVW’/
=Y (7)) +2(e,7)(€,7)
=1

= (r+2)(7,7),

where we used Zle(eiﬁ)(eia’/) = (’Ya’Y/)- i

Lemma 5.4. The linear map H?(X) — H%(X) given by the cup product with %b is
an isomorphism with inverse B,.

Proof. First, we show that the cup product with the element T%b gives an isomorphism
H?(X) — H%(X). By Lemma 5.3, for arbitrary v, € H?(X) we have

/X <ri2fw> v =17

Hence, H%bfy # 0 whenever v # 0 as (—, —) is non-degenerate. Now, by Poincaré duality,
dim(H?(X)) = dim(H®(X)), hence multiplication by %b is indeed an isomorphism.
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Next, we compute

T s

5.0 =) | Y oed) o | = X ([ ) e
ij=1 ij=1

r

= Z (v, €i) + 2655 (7, ¢5)) e

ij=1
' T I8

= Z > (veiei+ 2 (vee

7j=11i=1 i=1
=(r+2)y,

where we used again an orthonormal basis (e;). So, B, is indeed the inverse. O

Lemma 5.5. For all a, 3 € H?(X) we have the relation

(a7a)2 _ 2 2(“)6) 3
o b5 = (a,a)a B—Ta )

Proof. By Poincaré duality, the equation holds if and only if it holds after multiplying
by an arbitrary v € H?(X) and integrating. By Lemma 5.3, the left hand side then
equals (a,a)?(3,v) while the right hand side becomes

(a,a)((a,a)(B,7) + 2(a, B)(a,7)) — 2(a, B)(a, a)(a, ),
and they agree. O

Remark 5.6. In the case (a,a) # 0, Lemma 5.5 can also be interpreted as giving the
relation between the isomorphisms e2 : H?(X) — HY(X) and the cup product with

%b. Moreover, setting § = a for (a,a) # 0 gives

1 1,
r—f—Zba_ 3(a,a)a '

Observe here that the left hand side is defined even in the case (a,a) = 0 and is actually
non-zero if a # 0. Additionally, if X = F' is the Fano variety of lines of a smooth cubic
fourfold or the Hilbert scheme of two points of a projective K3 surface, then by [29,
Theorem 1.4], this relation lifts to the Chow ring if @ and 3 are interpreted as arbitrary
divisor classes and b is replaced by | = 2¢5(Tp) where ca(Ty) is the second Chern class
of the tangent bundle.

Lemma 5.7. Let a € H?(X). Then a is Lefschetz in the sense of Section 2 if and
only if (a,a) # 0 if and only if either one of the two maps €2 : H*(X) — H%(X) and
et HO(X) — HB3(X) is an isomorphism.
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Proof. The equation [y a* = 3(a,a)? proves that (a,a) # 0 if and only if ¢ is an
isomorphism, using that H°(X) and H8(X) are both of dimension 1. Next, for (a,a) # 0
let 3 € H?(X) be in the kernel of €2, i.e., a?3 = 0. It suffices to show 3 = 0 as by Poincaré
duality we have dim(H?(X)) = dim(H%(X)). Indeed, if a®8 = 0 then a?By = 0 for every
v € H?(X). Setting v = a gives

= CL3 = a,a)la
O/X 8 = 3(a, 0)(a, ),

hence (a, ) = 0. Then for arbitrary v we get
0= [ @By = (@a)(3.2) + 2e Hla.) = (@.0)(5.7).

so B = 0 as (—,—) is non-degenerate. Conversely, let e2 be an isomorphism. Then
certainly a # 0 and so 0 # e2(a) = a®. By Poincaré duality again, there is some
B € H?(X) with a8 # 0, so

04 /X a*B = 3(a,a)(a, B),

in particular (a,a) # 0. O

Proof of Proposition 5.1. We first show |[eg, fa] = (a,a)h case by case considering each
H'(X) separately. For 8 € H°(X) we can assume by linearity 3 = [X], in which case
indeed _ _

[ea, fol([X]) = 0 = fa(a) = —4(a, a)[X] = (a, a)h([X]).

For 8 € H%(X), we first note
B.(a*B) = (p2)- ((Pl)* (0%8) ) ei® 6@')
i=1

= ZZ; (/X a2ﬁei> e;

= Z ((a,a)(8,ei) +2(a, B)(a, i) e;
= Ezia)ﬁ +2(a, B)a.
Hence,
leas Fal(8) = afu(B) — Fa(aB) = 4(a, B)a — 2B.(a2B) = —2(a,a)B = (a, a)h(B),
as desired. Next, for 3 € H*(X),

lear fa)(B) = 2a%B.(aB) — 2a%B.(aB) = 0 = (a, a)h(B).
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In the case 8 € H(X), by Lemma 5.4, we can write 3 = %2[13 for a unique B € H*(X).
As h(B) = 2 we need to show [eg, fa](ﬁ) —2(a,a)p = 0, which, by Poincaré duality, is
equivalent to the vanishing of

] (few Fl(B) ~ 260, 3) 5

for all v € H%(X). For the latter, we indeed get
[ (few 78 ~20.08) 7 = [ (20%57)
[ (e (o) o) - [ (F500)

- <2(a,a)(3, 7) +4(a, E)(G’V))

— 4(a. B)(a,7) — 2(a,a)(B.7)
= 0.

Finally, let 3 € H8(X). In this case we have

4

[ear fal (B) = afa() =0 = —

(/x ﬁ) ba® = 4(a,a)5 = (a,a)h(B),

using [ N%QbaQ = (a,a) by Lemma 5.3 and the fact that H3(X) is of dimension 1. The

relations [, fa] ::2]}; and [h, e,] = 2e, follow directly from (and are, in fact, equivalent
to) the fact that f, decreases and e, increases the degree by 2. O

The following is basically a corollary of Proposition 5.1 and our first main result.

Theorem 5.8. Let X be a hyperkéahler variety of complex dimension 4 with cx = 1
and H3(X,Q) = 0. Let the Beauville-Bogomolov cohomology class B admit a lift
L € CH?(X x X). Then the cycle

- 4
Fy = ——(hai + ) +2L(a1 + az) € CH(X x X)

is a lift of fa, where a; := p}(a) are the pullbacks via the two projections p; : X x X — X.

If (a,a) # 0, we again set Fy, := (a}a) F,.

Proof. The cohomology class of F, is

=~ 4
[Fa] = m(blal + baaz) + 2B(a; +a2) € HS(X x X,Q),

and we want to show that the action of this cohomology class, viewed as a topological
correspondence, coincides with the map f,. First, we observe that every summand acts
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trivially on H'(X) for all but one i. Precisely, the bja;-summand contributes the action
on H?(X), i.e., for all B € H?(X),

(b1a1)+(B) = (p2)« (Z(B?aﬁ) ® [X]> = Z </X efaﬁ) [X] = (r+2)(a,B),

i=1 =1

and (b1a;). obviously acts as 0 on all H/(X) for i # 2. Similarly, the bsag-summand
gives the action on H8(X), as for 3 € H3(X) we have

(b202).(8) = (). (3 b)) = ( [ ) ba
The Ba;-summand contributes the action on H*(X),

(Bar)«(B) = (p2)« (a151B) = B, (afB).

Finally, the Bas-summand gives the action on H%(X),

(Baz)«(B) = (p2)« (B1a2B) = a(p2)« (B1B) = aB.(B),
where the second equation uses the projection formula. ]

Remark 5.9. In particular, this re-proves the Grothendieck standard conjecture of
Lefschetz type under the assumptions of Theorem 5.8. The latter are known to be
satisfied if X is deformation equivalent to the Hilbert scheme S of two points of a K3
surface S by Theorem 4.5, in particular also for the Fano variety of lines of a smooth
cubic fourfold. Also note again that F, is linear in a € CH!(X).

If ¢x # 1, then multiplying F, by c}l is the desired lift of the modified Lefschetz
dual fa Indeed, for cx # 1 Lemma 5.3 only changes by the factor cx, and in Lemma 5.4

multiplication by %b must be replaced by mb. From the proof of Proposition 5.1

it then becomes clear that f; essentially needs to be divided by cx with a minor exception
coming from observing

o X = g ([ 008) X = (). (9

(r+2)cx T+ 2)ex

for 5 € H?(X). Hence we can see that the H?*(X) case of the case distinction in the
definition of f, remains unchanged while all the other cases have to be divided by cx.

For simplicity, we now assume again cxy = 1.

Definition 5.10. Under the assumptions of Theorem 5.8, and for a fixed lift L of B,
we denote the commutator by

H, = [As(a), Fy] = (a2 — a1)F,

and H, := (a%)ﬁa for (a,a) # 0. Automatically, H, is a lift of (a,a)h where h is the

cohomological grading operator.
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Proposition 5.11. Let a € H%(X, Q) be arbitrary. Then, in H3(X x X,Q), the follow-
ing relation holds:
(a,a)Bby = (r + 2)Ba? — 2b1a;as.

Proof. Tt is not enough to merely show the equation for a running through a basis of
H?(X) as the equation is not linear in a. Instead, we fist observe that it suffices to show
the equation

((r +2)Bai — 2bjaraz — (a,a)Bby) v =0

for all v € H?(X). Indeed, denote the entire term surrounded by the bigger bracket B.
Then B lies in H%(X) ® H%(X) (up to the Kiinneth isomorphism). Now, by Poincaré
duality, H°(X) has a basis e for i € {1,...,r} satisfying [, e/e; = 6;;. We write
B=>3"_,e/ ®pB; for some ; € H 2(X), and these summands are linearly independent

7
in H%(X) ® H?(X) in the sense that B = 0 if and only if 8; = 0 for all i € {1,...,r}.
Thus, if B # 0, there is some k such that S # 0. Then letting v := e;, yields

T

BVl:Z(szek)®5i=1®ﬁk7é0.

=1

A direct computation now shows

By = (r 4 2)Baly — 2bjara9y1 — (a,a)Bbiy

T T

=(r+2) Z(eialy) ®e;—2 Z(e?a’y) ®a—(a,a) Z (eie?fy) ® e;

i=1 =1 4,j=1

=(r+2)-1® (Z ei(2(a,7)(a, €) + (a,a)(v, ei)))

=1
~2-1®a- Y ((a7) +2(a, ) (7, e:))
=1

T

- (a,a)-1® Z ei((% ei) + 20;5(7, ej))

ij=1
=2(r+2)(a,7)-1®@a+ (r+2)(a,a) - 1@~
—2r+2)(a,q) 10a
- (T+2)(aaa) -1 ®’Y
= ()7
as desired. O

Proposition 5.12. The following relation in H'°(X x X, Q) holds for all a € H?(X,Q):

r%blal = b%ag.
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Proof. Recall that b2 = r(r +2) - 1. We have

T

Bbia; = Z (eie?a) ®Re; = Z (/ em?a) 1®e;
X

ij=1 ij=1
T
=) (20(a¢) + (a,e:) - 1@ e
i,j=1
=(r+2)-1®a,
as desired. ]

Proposition 5.13. For all a € H?(X, Q) the following relation holds in H'%(X x X, Q):
(’I" + 2)%2a1 = 28bas + biboa;.

Proof. Both sides lie in H%(X) ® H*(X), and similar to the proof of Proposition 5.11 it
suffices to show the equation after multiplying by 71 for an arbitrary v € H?(X). We
calculate all three terms separately: First note bay = (r+2)(a,7)-1. Thus, byboa;y; =
(r+2)(a,7v) -1 ® b. Next, for the left hand side we have

T

SBQnyl = Z (eieja’y) ® (62'63')

ij=1

= ”221 </X eiejafy> -1 ® (esej)

= (6i5(a,7) + (a,e0) (7, €5) + (a,€)) (7, 1)) - 1 & (ese;)
ij=1

=(a,7)-1®b6+2-1® (ay).

Finally,
Bbragys = Y (eie}y) @ (eia)
ij=1
= Z (/ em?’y) -1® (e;a)
ig=1 WX
= ((ye1) +285(7,¢5)) - 1 @ (eia)
ij=1
=(r+2)-1® (ay),
and everything fits. O
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Proposition 5.14. Let X be a hyperkahler variety of complex dimension 4 with vanish-
ing H3(X,Q). Whenever L € CH?(X x X) is a lift of B to the Chow ring and [ = A*(L)
is the pullback along the diagonal embedding A : X «— X x X, then the cycle class

4 2
H:= 7(l§—lf)+r

— 4
BRI 5 (l2 = h)L € CHY(X x )

is a lift of the grading operator h € Endg(H*(X)) only depending on the lift L.
Moreover, if F' = F(Y) is the Fano variety of lines of a smooth cubic fourfold Y and L
is the canonical lift from Theorem 4.14, then H, = H in the Chow ring, where g is the
Pliicker polarization class.

First proof. We check the claim case by case. The action of (b?), is trivial except on
HY(X), and similarily (b3), acts trivially except on H®(X). Furthermore, (b1B). acts
non-trivially only on H?(X) while (b2 ), acts non-trivially only on H®(X). We directly
infer that [H], is trivial on H*(X), hence agrees there with h. Now, on H°(X),

.30 = ([ o) 1=+ 21,
so [H].([X]) = —4[X] = h([X]), as desired. Similarily, for 1 € H®%(X) we get
(b3):(1) = b* = r(r +2)1,

so [H]«(1) =4-1 = h(1) as well. For 3 € H?(X) we have

1 1
(;gm) 0= (g0) =5

by Lemma 5.4, hence [H].(8) = —28 = h(B). At last, let 3 € H°(X). Again using
Lemma 5.4, we obtain

1 1
(75%®) )= g0 5.0 =5,
so [H]«(8) =28 = h(p), as desired.

This implies (a,a)[H] = [H,] in cohomology for all divisor classes a. If X = F is the
Fano variety and a is a rational multiple of the Pliicker polarization class g, then both
(a,a)H and H, lie in the tautological subring R*(F x F) and thus agree in the Chow ring
by the injectivity result of Theorem 4.15. Finally, (g, g) # 0 by [25, Section 2]. Precisely,
we have g* = 108, so (g, g) = £6, and in fact (g, g) = 6 by [24, Remark 4.3 (2)] because
g is very ample. O

Second proof. Transposing the relation from Proposition 5.11, i.e., pulling back via the
automorphism of X x X which swaps the factors, we get

(a,a)Bby = (r 4+ 2)Ba3 — 2bsayas.
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Subtracting the two equations yields
(a,a)B(by — by) = (1 + 2)B(a3 — a?) — 2a1a2(by — by).
Now,

) = " - )R]

2(ag — a1)(bray + boas) + (r + 2)B(a3 — a?)

(r +2)B(a2 — a?) — 2a1a2(by — by) 4 2(boa3 — bya?)
a,a)B(by — by) + 2(bya3 — bya?)

(
(a,a)B(by — b1) +2(r + 2)(a,a)(12 — 11)
(

@,0)B(62 — b1) + = (0, )(63 — )

_ T;Q(a,a)[H].

Here, we used the above equation in line four, Lemma 5.3 in line five and [ x 62 = r(r+2)
in line six. Hence, fIa and (a,a)H agree in cohomology, and therefore H is a lift of h as
long as there exists some a with (a,a) # 0 which is always the case for formal reasons,
and also a = g always works. The rest is identical to the first proof. O

Conjecture 5.15. Let F' be the Fano variety of lines of a smooth cubic fourfold or
the Hilbert scheme of two points of a projective K3 surface and L the canonical lift of
Theorem 4.14 in the first and of Theorem 4.21 in the second case. We conjecture that
for all divisor classes a € CH!(F) with (a,a) # 0 the following relations hold in the
Chow ring:

(a,a)Ll; = (r + 2)La? — 2l a1az, (5.1)
TLllal == Z%CLQ, (52)
(r +2)L%a; = 2Llas + lilsay. (5.3)

Remark 5.16. The second relation follows from the first one whenever it is known that
a® is a multiple of la and la? is a multiple of [? in the Chow ring of F. In our setting
both are known by [29, Theorem 1.4]. Moreover, the first relation and its transpose
would imply the important equality H = H, by the second proof of Proposition 5.14
carried out in the Chow ring, replacing 8 by L and b by [. This equality is necessary
for establishing Conjecture 5.21 below. Note also that we indirectly show H = H, in

the Hilbert scheme setting in Section 6, see Remark 6.9.

Proposition 5.17. Conjecture 5.15 is true in the case of the Fano variety if a is a
multiple of the Pliicker polarization class g. In particular, H = H,.

Proof. By the aforegoing Propositions 5.11-5.13 the relations are true in cohomology for
all a. If a is a multiple of g, then by Theorem 4.15 they hold in the Chow ring as well
because all occurring terms then lie in the tautological subring R*(F' x F). O

30



Proposition 5.18. Let F' = F(Y) be the Fano variety of lines of a smooth cubic
fourfold Y. Let R*(F x F') be the tautological subring of Theorem 4.15. Then the latter
is closed under composition of correspondences,

R*(F x F)o R*(F x F) C R*(F x F).

Proof. This is a consequence of [6, Proposition 6.3]. Following the notation of loc. cit.,
denote by B the moduli space of cubic hypersurfaces in P5 (which is just a projective
space), and by B° the Zariski open subscheme of smooth cubic hypersurfaces. Denote
by X — B the universal family and by X° — B° its base change. Let F — B° be the
universal Fano variety of lines of the fibers of X° — B°. Denote by Fj the fiber of F
over b € B°. Then the cited proposition states that for all b € B® we have

im(CH*(f X go F) — CH*(F} x F,,)) — R*(Fy x F),

where the map on the left hand side is just the restriction to the fiber. In particular, if
we have two tautological cycle classes Z, W € R*(Fy x Fp) they have preimages Z,)V in
CH*(F X go F). But now we can simply form their composition ZoW € CH*(F X go F),
and its image in CH*(F}, x Fp) equals Z o W. By the proposition, therefore, Z o W lies
in R*(Fp x Fp) again. O

In the case CH(F(Y)) = (g), which holds for very general cubic fourfolds Y, the
following theorem is a full analog of [23, Theorem 1.1]. Even under Conjecture 5.15,
however, for arbitrary smooth cubic fourfolds we would not achieve a full analog in
the sense of lifting the action of the entire Neron—Severi Lie algebra to the Chow ring.
Despite these technical difficulties, we make Conjecture 5.21 at the end of this subsection.

Theorem 5.19 (Theorem 1.2). Let F' = F(Y') be the Fano variety of lines of any smooth
cubic fourfold Y. Let L € CH?(F x F) be the lift of B from Theorem 4.14. Then there
is an sly(Q)-action on CH*(F') given by the Lie algebra homomorphism

sly(Q) — CH*(F x F),

€ A*(Q)?
[ = Fy,
h— H = Hg,

lifting the sly(Q)-action on the cohomology ring H*(F') given by eg4, f, and h.

Proof. We have already seen that Fy lifts f, and H lifts h. Moreover, it is clear that A, (g)
lifts e4. By the explicit formulas for A,(g) = Agi, Fy and H we know that all of them lie
in the tautological subring R*(F x F') of Theorem 4.15. By Proposition 5.18, so do their
compositions. Hence all the commutators lie in R*(F x F'), and as the commutation
relations are true in cohomology, they are true in the Chow ring as well. 0

A natural question to ask is whether for the Fano variety I’ of some special smooth
cubic fourfold Y we can replace the Pliicker polarization class g in the theorem by some
linearly independent divisor class a. Indeed, under Conjecture 5.15, this is true.
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Proposition 5.20. Let X be a hyperkiihler variety of K3[2-type endowed with a sym-
metric lift L € CH?(X x X) satisfying the relations (4.6) and (4.7). Let a € CH'(X) be
a divisor class satisfying the relations of Conjecture 5.15 with respect to L. Then the
analogous version of Theorem 5.19 holds with respect to L and for g replaced by a.

Proof. We need to show the three necessary commutation relations
[H,A(a)] = 2A.(a), [H,F,]=—-2F,, and [A.(a),F,] = H.

For the last of these we already indicated this in Remark 5.16, and it uses the first
relation of Conjecture 5.15 and its transpose. Let us show now the first two commutation
relations. For the first one, observe that the left hand side equals

2 2
— H = 2 2 —L( — L l .
(a1 — a2) (a2 + l5a1) + Y (lhag + l2aq) 2 (lhay + l2ag)

4
r(r+2)
For the right hand side use the quadratic equation for L and the second and third relation
of the conjecture. Then

2. (a) = ——
-

D) (l%al + l%ag).

L(l l —_—
(lhag + lpaq) + "+ 2)

Hence the difference equals

r(r2+2)(l%a2 + l%al) — 7”—?—2L<lla1 + lgag) =0
by another application of the second relation of the conjecture and its transpose.
For the second commutation relation we show without loss of generality [H, ﬁa] = —2Fva.
Here, consider first the composition H o ﬁa. The only summand of the latter which is
not easily computed using the projection formula, L,(I?) = 0 and the second relation of
Conjecture 5.15 is A

—m(m:’,)* ((P13)*(Ll2a1) : (P23)*(L)),
where p;; : X x X x X — X x X denote the projections to the factors according to the
indices. Here, we use the transpose of the third relation of the conjecture in order to
write Llsa; = T—JQFQL%Q — %lllmg. From this we deduce that the above summand equals

2l1a2 — 2(p13)« ((p13)*(L2) ' (st)*(Lal))-

Next, using the quadratic equation for L? we obtain that the latter agrees with —4Lay.
All together we obtain

HoF,=— lia + lsas — 4Lay.

T+ 2 r—+2
Now, 'H = —H and tﬁa = ﬁa, SO

[H, ﬁa] = —4L(a; + a2) (liar + lpag) = —Qﬁa,

Cr42
as desired. ]
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The following would be an analog of the main theorem of [23] for hyperkéhler varieties
of K3Z-type.

Conjecture 5.21 (Conjecture 1.1). Let X be a hyperkéhler variety of K3[-type. Let
L € CH*(X x X) be a lift of B and r := dimg(H?*(X,Q)) = 23. For any divisor class
a € CHY(X) with (a,a) # 0 we define

4 2
F,i=— — L H3X X
(T'+2)(a,a)(l1a1+l2a2)+(a7a) (a1 + az) € CH?*(X x X),
R R S N T 4
H:= r(r +2) (I —17) + r—|—2L(l2 l1) € CH*(X x X),

according to Theorem 5.8 and Proposition 5.14. Then there exists a lift L as above such
that the linear map ¢ in the commutative diagram

gns(X S NN CH*(X x X)
Endg(H Q)),

given by ¢(e,) = Ax(a), ¢(fs) = F, and ¢(h) = H is a well-defined Lie algebra homo-
morphism.

As mentioned already in the introduction, the conjecture is true in the case of the
Hilbert scheme S of a projective K3 surface S by the main theorem of [23] and our
Section 6 where we show that our formulas for the lifts of e,, f, and h agree with
those of [23]. In the case of the Fano variety of lines ' = F(Y) of a smooth cubic
fourfold Y, if L is the explicit cycle class of Theorem 4.14 and F has Picard rank 1, i.e.,
CHY(F(Y)) = (g), which is true for very general cubic fourfolds Y, then the conjecture
reduces to Theorem 5.19. If Y is arbitrary, we lack injectivity results for the cycle class
map in order to lift the entire action of the Neron—Severi Lie algebra gns. Theorems 6.7
and 6.8 in the Hilbert scheme case, however, suggest that, if a conjecture of this type is
possible, then our formulas for the lifts of f, and A should be the correct ones.

5.2 [Eigenspace decomposition of the correspondence H

In this section, we consider the action of the induced map H, of the correspond-
ence H obtained in Proposition 5.14. First, we observe that H € CH*(X x X), so that
H,(CH'(X)) C CH(X) for all i. For the action on CH*(X) we know that in cohomology
h acts by multiplication with 2¢ — 4, hence we expect the eigenspace decomposition of
CHY(X) under H,, if indeed diagonalizable, to contain a direct summand for the eigen-
value 2¢ — 4. This is indeed the case but other eigenvalues occur as well. The eigenvalue
2¢ — 4 is called the expected eigenvalue and in the decomposition of Theorem 5.22 below
corresponds to the leftmost column.
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Theorem 5.22 (Theorem 1.3). Let X be a hyperkahler variety of K 32-type endowed
with a lift L € CH*(X x X) of 9B satisfying the relations (4.6)-(4.8) from Section 4.1.
Note that (4.9) is not needed here. E.g., X can be the Fano variety of lines of a smooth
cubic fourfold or the Hilbert scheme of two points of a K3 surface. Let A} C CH'(X)
be the eigenspace for the eigenvalue A of H,. The operator H, € Endg(CH*(X)) is
diagonalizable with eigenspace decomposition

All direct summands other than those in the leftmost column belong to the homologically
trivial cycle classes CH* (X )pom. We have

A} = CH*(X)hom, Af= (%), A3 =1-L.(CHY(X)),

so that the cycle class map is injective on the leftmost column except maybe on A%.
Moreover, all elements of A} @ A} are multiples of I, and multiplication by [ gives an
injective map CH'(X) — A3. Furthermore, L.(A}) = 0.

The last statement even shows A3 = [ - L.(A}) using the assumed relation L. (I?) = 0.
The following proof is inspired by the proof of [26, Theorem 2.2].

Proof. By Lemma A.3, it suffices to show that suitable products of linear polynomials in
H, with distinct zeros vanish. The result on CH!(X) for i € {0,1} is clear because the
cycle class map injects into cohomology in these cases. Note L,(CH!(X)) C CH"?(X)
and that (12), is trivial except on CH’(X) while (I3). is trivial except on CH*(X).
Now, for Z € CH?(X) we have L,(Z) = 0. Indeed, L.(Z) € CH’(X) and the equation
holds true in cohomology because the pushforward map (p2)s« of the second projection
p2: X x X — X acts trivially on the direct summand H®(X)® H?(X) of H¥(X x X, Q).
Hence,

=2
42

Now, our hypothesis includes the relation L.(I-Ly(0)) = (r+2)L.(0) for all o € CH*(X).
We obtain

H.(Z) L.(12).

r

((H, +2id) o H,)(Z) = (H, + 2id) (

4
——=L.(l- L.(1Z)) —
r+2)? (- L.(2)) r+2

—
=0

2L*(ZZ))

L.(12)

)
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giving the decomposition of CH?(X).
Next, let Z € CH3(X). Then
2

HA(Z) = —5IL.(2)

and L,(Z) is a divisor class. Therefore and by Lemma 5.4, L.(Z) = 0 if and only
if Z € CH?*(X)pom is homologically trivial. Again by Lemma 5.4, in cohomology the
cup product by ﬁ[l] is the inverse isomorphism of [L], : H(X) — H?(X). Hence, if
H,(Z) =0, then in cohomology

0= [H.(2)] =

hence Z € CH?*(X)pom (and thus L.(Z) = 0). We have shown A} = CH3(X)pom. Next,
by the quadratic equation for L,

—2

(L3, —2d)(2) = —=

IL.(Z) = —H.(2),

or, equivalently,
(H. —2id)(Z) = —(L2).(2).

But here, (L?).(Z) € CH3(X)pom = AJ because in cohomology

r

(B%):(12) = (02)s | Y (eies[2]) @ (eiey) |

i,j=1

and already e;ej[Z] = 0 for degree reasons. Therefore, H, o (H, — 2id) = 0 on CH?(X),
giving the desired decomposition. In order to see that [ - D is an element of A3 for every
divisor class D, just note H.(l - D) = %l - L,(ID), and L.(ID) is a divisor which in
cohomology agrees with (r + 2)D.

At last, let Z € CH*(X). Then

H.(Z) = T(ri% </X[Z]> 24 r_|2_2lL*(Z).

Now, [x[H.(2)] = 4 [[Z], implying

m(1.2) = oy 1) e i)

in particular (H2 —4H,)(Z) = Tjr—42lL*(Z ). Applying H, once again yields

(H. o (H? — 4H.))(2) = —>

rale(2) = 2(H? — 4H,)(2),
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using that [y [IL.(Z)] = 0. This is because L.(Z) € CH*(X )hom for degree reasons. We
have seen, then, that H, o (H2 — 4H,) = 2(H2 — 4H.,) or, equivalently,

H, o (H. — 2id) o (H, — 4id) =

giving the desired decomposition for CH*(X). Finally, let Z € A}. We want to show
that Z is a multiple of [2. Indeed,

l-L.(Z).

4Z:H*(Z):l2-4/[Z]+T+2

r(r+2)

Applying L, to the equation and using again the relation L.(l - Li«(0)) = (r + 2)L.(0)
for all o € CH*(X) from the hypothesis, we get

AL.(Z) = L.(1?) - 4/ [Z] + iL*(z - Li(2)) =2L.(2)

r(r+2) Jx r+2 ’

hence L.(Z) = 0. But then, the previous equation implies that Z is a multiple of [2. A

similar argument shows L.(A3) = 0. The equation Aj = [ - L,(CH*(X)) is immediate

from the explicit formula for H after observing A3 C CH4(X Jhom- O

In order to state our multiplicativity conjecture, we introduce the following notation.
For s € Z let

CHY(X)s:={Z € CH\(X) : Hi(Z) = (2i — 4 —25)Z} = Nb;_,_,,.

In here, s should be seen as a sort of defect. The terms with s = 0 give the expected
eigenvalue 2:—4 of H,. The eigenspace decomposition of H, above shows that only terms
with s > 0 occur. In fact, there is a conjecture by Beauville in the abelian variety case
which predicts this behavior, see the introduction of [22]. It also predicts the injectivity
of the cycle class map on CH*(X)g, and Theorem 5.22 confirms this in all codimensions
except 2. We can then rewrite the eigenspace decomposition of Theorem 5.22 as

CH’(X) = CH’(X)o,

CHY(X) = CHY(X)o,

CH?*(X) = CH*(X)o @ CH*(X)y, (5.4)
CH3(X) = CH3(X)o @ CH3(X);,

CH*(X) = CH*(X)p @ CH*(X); © CH*(X)s.

We can now state the multiplicativity conjecture more naturally.

Conjecture 5.23 (Conjecture 1.4). Let X be as in Theorem 5.22 such that L addition-
ally satisfies (4.9). For all occurring s,t € Z we conjecture that the intersection product
gives a well-defined map

CHY(X), x CH/(X); — CH™™ (X) s 4.
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An equivalent way of stating the conjecture is as follows: Let
~ 1
H:=SH+2A¢ CH*(X x X). (5.5)

Then the conjecture is equivalent to H, acting as a derivation, i.e.,
HA(Z -W)=H,(Z) - W + Z - H,(W) (5.6)

for all Z,W € CH*(X). Indeed, CH'(X), is precisely the eigenspace of H, for the
eigenvalue ¢ — s. The conjecture is then equivalent to saying that the product of the
eigenspaces of H for the eigenvalues ¢ — s and j — ¢ lands in the one for the eigenvalue
i+ 7 — (s+t) which is obviously satisfied if (5.6) holds. Conversely, if the conjecture is
true, then (5.6) holds on a generating subset of the Chow ring.

Let now multy denote the multiplication map with a cycle class Z. Then (5.6) can again
be rewritten as

[H,,multy] = multz (5.7)

Z)
for all Z € CH*(X), and in fact it suffices to show that the left hand side is multiplication
by some cycle class. A generalization of this in the case of Hilbert schemes of points of
projective K3 surfaces can be found in [22].

The conjecture is in fact true if X = S for a projective K3 surface S and if X = F(Y)
is the Fano variety of lines of a very general cubic fourfold Y, see Corollary 5.27 below.
But first, we treat the simplest case of divisors for the Fano variety of lines of an arbitrary
smooth cubic fourfold Y directly.

Proposition 5.24. Let F = F(Y) be the Fano variety of lines of a smooth cubic
fourfold Y. Then Conjecture 5.23 is true in the case of divisors, i.e.,

CHY(F) - CH'(F) C CH?(F)o.
Proof. In the case of divisors, only the defect s =t = 0 occurs and we need to show
(ALy)? C A3

with the notation of Theorem 5.22. In other words, if D, D’ are two divisor classes, we
have to show H,(D - D') = 0. Indeed,

2 2 2
l-L..D-DY- —L,(1-D-D')=——"—
r+ 2 ( ) r ( ) r—+ 2

L.(l-D-D),

using that L.(D - D') = 0 as this is a multiple of the fundamental class vanishing in
cohomology. We claim that L.(l- D - D’) = 0. But [ - D is a multiple of D3 and so
l-D-D'is a multiple of D3 - D', which is itself a multiple of [? by [29, Theorem 1.4]
using | = 2¢y(Tr) from Theorem 4.14. The latter also implies L,(I?) = 0, concluding
the proof. O
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We now compare the eigenspace decomposition of H, in Theorem 5.22 to the Fourier
decomposition of [26, Theorem 2| which needs the additional relation (4.9). The Fourier
transform is given by the correspondence

1 1 1
:[XxX]+L+§L2+6L3+ﬂL4eCH*(XxX).

We define the Fourier decomposition groups
"CH(X), := {Z € CH/(X) : (eX).(Z) € CHY"25(X)},

where s is divided by 2 compared with loc. cit. The Fourier decomposition groups do
not depend on the precise values of the coefficients of the powers L as long as they are
non-zero.

Theorem 5.25 ([26, Theorem 2]). Let X be a hyperkahler variety of K3[2-type endowed
with a lift L € CH?(X x X) of 9B satisfying all the relations (4.6)-(4.9) from Section 4.1.
Then there is the Fourier decomposition

CHO(X) = " CHO(X),,

CH'(X) = " CH(X),,

CH2(X) = ¢"CH2(X)o & ¢ CH2(X)1,

CH3(X) = ¢ CH3(X)o @ ¢ CH3(X)1,

CH*(X) = ¢ CH*(X)o & ¢ CHY(X), & " CHY(X)a.

Theorem 5.26. Let X be a hyperkihler variety of K32-type endowed with a lift
L € CH*(X x X) of B satisfying all the relations (4.6)-(4.9). Then the eigenspace
decomposition of H, from Theorem 5.22, or equivalently (5.4), agrees with the Fourier
decomposition of Theorem 5.25.

The only place where the relation (4.9) is needed is the existence of the Fourier decom-
position of CH2(X), see the proof of [26, Theorem 2.4]. The following proof will not
make any other use of this relation.

Proof. In codimensions 0 and 1 there is nothing to show. For codimension 2 it suffices
to show only the two inclusions

¢"CH%(X)o C CH%(X)o and ¢ CH2(X); C CH2(X),

because in both cases their sum is CH?(X), and the sums are direct. Let Z € e CH?(X)o,
ie., (e).(Z) € CH*(X) which is easily seen to be equivalent to (L?).(Z) = 0. Now,
applying the quadratic equation for L twice, it can be checked that

4 1 8
3_ (9_
L= <2 r+2> Adll) + <r+2 * (r+2)2> Lhty

4 2 4 2
" ((r+2)2 (e 2)) L +B)+ <r(r+2) B r+2> (i + hl3),
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where we used L-A = L- A, ([X]) = A (A*(L)) = A«(l). Applying this to Z gives

0= (L*.(2) = (2—Tj2>l-Z+(Ti2+(rf2)2>l-L*(l-Z)

(s rm) ([ra)®

Applying to this the operator L, yields then L.(l - Z) = 0 using the assumed relations
Li(I?) =0 and Ly(l - L«(0)) = (r + 2)L«(0) for all o € CH*(X). But now, the explicit
formula for H yields H.(Z) = r?ﬂl L.(Z)— m L.(1-Z) = 0 because L.(Z) is a multiple
of the fundamental class vanishing in cohomology. This proves the first inclusion.

For the second inclusion let Z € ¢"CH2(X); which is now equivalent to (L2).(Z) = 0.
Using the quadratic equation for L we get

0= (L*.(2)=2Z - L.l-2)+

2 (),

Now by [26, Proposition 4.1], I - Z € ¢“CH*(X)1, and the latter by [26, Theorem 4]
agrees with - L,(CH*(X)) € CH*(X )hom, hence [,[l-Z] =0. We thus obtain

L(l-2)=(r+2)Z,

and this is precisely equivalent to H.(Z) = 2Z. This shows the second inclusion and
finishes the codimension 2 case.

In codimension 3 let first Z € ¢“CH?(X);. This is equivalent to L,(Z) = 0. But now,
H,(Z) = r_ﬁQz L.(Z), so ©"CH3(X); = CH3(X)1, as desired.

Next, Z € ¢“CH3(X), is equivalent to (L2),(Z) = 0, i.e., by the quadratic equation
for L,

0= (LY.(2)=27Z - 1-L.(2),

r+2

hence H.(Z) = T+2l L.(Z) = 2Z, concluding the codimension 3 case.
In codimension 4, by [26, Theorem 4], we already know the equality of the direct sum-
mands

“CHY(X)o = (I%) = A} = CH'(X),
“"CHY(X); = - L,(CHY(X)) = A} = CH*(X);.

Finally, let Z € 6LCH4( )2 which is equivalent to the vanishing of both L.(Z) and
[X x X].(Z) = ([x[Z]) [X], in particular [, [Z] =0. So we get

H.(Z) = 7“(7“4—1—2) (/}([Z}) 2 Ti2l-L*(Z) 0,

ie., Z € A} = CH*(X)2, as desired. The reverse inclusion then follows automatically. [

39



Corollary 5.27 (Theorem 1.5). In the eigenspace decomposition of Theorem 5.22, or
equivalently in (5.4), all occuring direct summands are non-trivial. Moreover, Conjec-
ture 5.23 is true if X = S is Hilbert scheme of two points of a projective K3 surface S
and if X = F(Y) is the Fano variety of lines of a very general cubic fourfold Y.

Proof. For the non-vanishing of every occurring direct summand, see [26, p. 7]. For the
multiplicativity in the S 2 case we even have two independent possibilities. One is [26,
Theorem 3] and the other is [22, Theorem 1.4] together with our Theorem 6.8 showing
that the two canonical lifts of the cohomological grading operator h agree. The case of a
Fano variety of lines F'(Y") of a very general cubic foufold Y is again [26, Theorem 3]. [

Remark 5.28. It becomes clear from the proof of [26, Theorem 3] in the case of a Fano
variety F' = F(Y') that the assumption on Y to be very general is only needed for the
inclusions

CHY(F)o - CH?*(F)o C CH3(F)o,
CH?(F)o - CH*(F)o C CH*(F)o,
and the first one was dealt with for Y not necessarily very general in [6, Proposition A.7].

The second inclusion, however, still remains open for arbitrary smooth cubic fourfolds Y.
In the very general case these inclusions are even equalities.

5.3 Addendum: some more relations on CH*(F(Y) x F(Y))

Even though we cannot establish all necessary commutation relations in order to lift the
entire Neron-Severi Lie algebra action for the Fano variety of lines F'(Y) analogous to
[23, Theorem 1.1] for arbitrary smooth cubic fourfolds Y, we can at least establish the
following relation in full generality:

Proposition 5.29. Let X be any hyperkahler variety of complex dimension 4 with
H3(X,Q) = 0 and L € CH?(X x X) any lift of B with pullback I = A*(L) along the
diagonal embedding. Then for all divisor classes a,b € CH!(X) we have

[Fu, Fy) = 0.
This result is of course trivial if a and b are linearly dependent.

Proof. Without loss of generality we can assume cx = 1. During this proof we use the
well known “box notation” for pullbacks along the projection maps from the products
X x X and X x X x X. Denote by 1 := [X] € CH(X) the fundamental class. Then,
e.g., LX1 is the cycle (p12)*(L) € CH*(X x X x X) where p;j : X x X x X — X x X
are the projections to the factors corresponding to the indices. We set A := % to ease
the notation. By definiton,

[ﬁa,ﬁb] =F,0F, — F,oF,
= (p13)s (ﬁbxl-mﬁa—ﬁam-mﬁb).
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Obviously Fb X1-1K F becomes F X1-1KX Fb when exchanging the roles of a and
b, in particular all summands of Fb X1-1K F which are invariant under exchanging a
and b cancel out after subtracting F X1-1KX Fb, even before taking the pushforward.
We now compute

FyR1-18F, = (A1) R1R1+ 1R @) K1) +2- LK1 (bR 181+ 186K 1))
(M1 ()BT +1K 18 (l0)) +2- 1L (1HeB1+ 1K1 Ka))
— 22 ((lb) K (la) K1+ (1)K 1K (la) + 1K (2ab) K1+ 1K (1b) ¥ (la))
+2X1®Iw(Wﬂ&a&l+U®X1&a+l®@dﬁ&l+l®uw®a>
+2XL®1-@&U@&1+b&1&@@+1®@dﬁ®l+l&b®ﬂ@)
+4-L®L1®L-@xa®1+b®1®a+1xmm®1+1xb®@.

In here, [?ab = 0 for dimension reasons, and the summands

2A(IKL+LK1)-1X(lab)®1 and 4-LX1-1KL-1X (ab) ¥ 1

are symmetric in a and b, hence cancel out after subtracting ﬁa X1-1KX ﬁb. Moreover,
using the projection formula, the A2 term vanishes entirely after taking the pushforward
for dimension reasons, hence we can neglect this term. Up to the irrelevant A> summand,
for the difference we then obtain

2»1®L(um®ax1—a@®b®1+am®1®a—u@x1®b
+1®am@a—1xa@®b)
+2NL®1-@&U@&l—a&@@&l+b®l&ﬂ@—a&l&ﬂ@ 55
+1®b®u@—1&a®a@) '
+4-L®y1®L-@®a®1—a®b®1+b®1®a—a®1®b

+1®b&a—1®a®@.

Here, after applying the pushforward (p13). and using
L*(la) = (T -+ 2)CL = (tL)*(lCL) € CHl(X),

we get that in (5.8) the last two terms of the first big bracket as well as the first two terms
of the second big bracket cancel out. All the other summands in fact vanish individually
after applying the pushforward, concluding the proof. For this last claim note that any
cycle of the form

(p13)« (LX1-1IXL-1XKaX1)

is zero because it is a divisor on X x X vanishing in cohomology. O
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Let F = F(Y) be the Fano variety of lines. Let el = [F x F] + L+ $L*+ ... be the
formal power series in L with respect to the intersection product. In [26], this cycle e”
is studied as the kernel of the Fourier transform F by analogy with the abelian variety
case. For abelian varieties one has, e.g., the relation ' oeo F = —f in the Chow ring
[30, p. 11]. The following result suggests that the analogy does not carry over entirely
in this respect, at least for el as the kernel of the Fourier transform.

Proposition 5.30. Let F' be the Fano variety of lines of a smooth cubic fourfold,
g € CH!(F) the Pliicker polarization class and L the canonical lift of B8 of Theorem 4.14.
Then the relations

1
el o Ay(g)oe” = L(g1 £ g2) + 5(11 +12)(g92 £ g1)

hold in CH*(F x F).

Both cycles are not lifts of (multiples of) f,. Nonetheless, these cycles resemble Fy a lot.
For this simple reason it could be expected that there is a similar but different kernel
for the Fourier transform giving the analog of the abelian variety case.

Proof. One only needs to calculate the compositions of correspondences which have the
form
(p13)« (L°R1-1RL - 1K gK1). (5.9)

This vanishes whenever (s,t) ¢ {(0,3),(3,0),(1,2),(2,1)}. This is clear if s +¢ > 6 or
s+t < 1 for dimension reasons. Moreover, for s +¢ > 4 and s +t < 2 it follows in
cohomology for degree reasons and from the fact that (5.9) lies in the tautological subring
of Theorem 4.15 by Proposition 5.18. For the non-zero contributions consider first
s =1, t = 2. Here, we use the quadratic equation for L?, and by similar computations
get the result 2Lgs + l291. The case s = 0, t = 3 is even simpler and yields 3l2gs.
By symmetry, we have thus considered all the relevant cases, and putting everything
together yields the claimed formula. O
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6 The cycles L and H on K3 in Nakajima operators

Let S be a smooth projective surface. We will freely use the definitions and results of
Section 4.3. Let Z, C S x S be the universal family. With the notation of Section 4.3
we have Z9 = Z.

Lemma 6.1. Recall the definition of Z,,_1, from Definition 4.18. Let n > 1 and
Do 2 S x 8 x S — 5 x SI" be the projection. Then in CH*(S x SI") we have

(Pgxsi)s (Zn—1n) ="Z,.

Proof. First recall that Z,,_1 ,, is a closed subvariety of the product. This can be seen
using the projection map Z,,_1, — S (=1 onto the nested Hilbert scheme [16, Sec-
tion 1.2] and the fact that S*~1" is irreducible by [16, Theorem 1.9]. Indeed, the
projection is proper, hence closed, and it actually is a bijection on closed points. It
follows that Z,_1, is irreducible, hence a closed subvariety as it is endowed with the
reduced induced subscheme structure.

Now, to prove the claim, note that the equation is clearly true set-theoretically. As Z,,_1
is a closed subvariety of the product, it suffices to show that the degree of pg, gimi|z, 1.,
is 1. Considering a general fiber suffices, and if (z,n) € 'Z, with n supported at n
distinct points z, x2, ..., z, then the only preimage in Z,,_1, is ([z2,...,zy], 2,7) with
multiplicity 1. O

The following observation greatly facilitates the task of expressing the canonical lift L
of B from Theorem 4.21 in Nakajima operators.

Corollary 6.2. As correspondences in CH* (S x SP) we have
202 =-q([S]) o a-1([S])
in terms of Nakajima operators.

Proof. This follows from the fact that the Hilbert—-Chow morphism S} — S, sending a
length 1 subscheme to its support point, is an isomorphism and from the definition of
q+1([S]) as correspondences in CH*(S? x S[1). Indeed,
q1([S]) = (Pt siz)« (Z1,2)
q-1([S]) = (1) - (Pgnix521)+ (Z1,2) -
The operator q_;([S]) is then a correspondence from S®! to S while q;([S]) is a corres-

pondence in the opposite direction. Now, using S!!l = S by the Hilbert-Chow morphism,
Lemma 6.1 for n = 2 gives the desired result. O

Lemma 6.3. Let S be a projective K3 surface and Ag C S xS the diagonal. We denote
by the same symbol its cycle class in CH*(S x S). Then we have

A% = 24cico. (6.1)
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Proof. We use the Beauville-Voisin formula c2(Ts) = 24c for projective K3 surfaces 5,
proved in [3]. Then by the self-intersection formula [11, Appendix A.4.C7], we have

A% = (ing)ec2(Nag/sxs)-
Now, by the normal sheaf sequence
0= Tag — Tsxslas = Nag/sxs — 0,
by additivity of the Chern character chy and using ¢1(7s) = 0 we eventually obtain
c2(Nag/sxs) = c2(Ts) = 24c,
hence (ing)«c2(Nag/sxs) = 24Agc1 = 24cica, as desired. O

Proposition 6.4. Let S be a projective K3 surface and F = S/, We have the following
expressions for correspondences in terms of Nakajima operators:

1
[F > F] = Jaaa-19-1((5"), (6.2)
mults, = —qi1q-1(c1c2) — qaq—2(cic2), (6.3)
1
mults: = 12q2q_2(c1c2) — §Q1Q1q—1q—1(A1234), (6.4)
5
mult; = —20q1q_1(c1¢c2) — 50q2q_2(c1c2) + Zq1q1q71q71(A1234). (6.5)

Of course, as correspondences we interpret multy to be A, (Z).

Proof. The first of these equations follows immediately from Corollary A.2 and

(7] = sar((Shan([S]) - s

The last equation for mult; of course follows from the two preceeding ones together
with (4.14). For the second equation we use the notation from Section 4.3 yielding

Se = p«q"(¢) = mu(cha(Oz)p*(¢)),

as Z = cha(Oz) by [26, eq. (101) on p. 75]. Now, the first formula of [20, Theorem 1.6]
shows the claim. Finally, for mults: we use the operator es of multiplication by § and
its expression in Nakajima operators from [23, eq. (4)] and compute

multse = e5 0 e5
1
4

1
= Z (ClzqflCl71l11C|1q72(A123A456) + q1q1q72q2q71q71(A123A456)).

02
<Q2CI—1CI71(A123) + CI1€I1C172(A123)>
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Using the commutation relations for Nakajima operators, the second summand inside
the brackets equals —2q1q1q—19—1(A1234). For the first summand, we obtain

929-19-191919-2(A123A456) = d29-1919-1919—2(A124A356)
— g29-1919—2 ((,01256)*(A34A123A456)>
= —2929-1919-2(A1234)
= 2CI2CI—2((014)*(A23 - A1234))
= 484q2q-2(c1c2),

where in the last step we used Aqjo34 = A12A93A34 and A% = 24c¢;ic9 from Lemma 6.3
as well as Agc; = Agey = ¢qeo, concluding the proof. O

Proposition 6.5. Let S be a projective K3 surface and F' = S!2. Then, as correspond-
ences in CH?(F x F), we can express L in terms of Nakajima operators by

L=—qq-1([S x S5]) - é%qu([s x S]) — q1919-19-1(c1 + c4). (6.6)

Proof. We express each summand of (4.13) in terms of Nakajima operators. For I we
have I ='Z 0 Z = —q1q9-1([S x S]) by [26, Lemma 11.2] and Corollary 6.2. Recall that
[F] = 291([S])a1([S]) - 1. Using this, we have

§ = es([F])
1

1
= §(UI2CI—1CI—1(A123) + C[1C|1C|_2(A123)) o §CI10I1([5 x S]) - Lo

1
= ZCI2CI—1CI—1C{1C[1(A123) ~1go

1
= —§Q2Q—1Q1(A12) “Lgo
1
= 5‘12([5]) g

Together with Corollary A.2 this gives

~ 59102 =~ (0:(081) - 150) 2 (42(18]) - 1500)

Similarly, using Proposition 6.4, we get

S, = multgc ([F])

1
= —§Q1Q—1Q1q1(01€2) - 1o

= q1q1(c1) - Lgpo-
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Applying again Corollary A.2 yields
—2(Sc)1 = —qq1d-1q-1(ca) and  —2(Sc)2 = —quarg-19-1(c1),
and putting everything together gives the claimed formula for L. O

Theorem 6.6 ([3]). Let S be a projective K3 surface. Then in CHy(S x S x S) we have
a decomposition of the small diagonal

A123 = Aqacs + Agzca + Aozer — cica — c1c3 — cac3.

Theorem 6.7. Let S be a projective K3 surface and F' = § 2. Let a be a divisor class
on I and F, the canonical lift of the Lefschetz dual f, from Theorem 5.8 with respect
to the canonical lift L from Theorem 4.21. Then F, agrees with Oberdieck’s canonical
lift of f, in [23, eq. (6)], i.e.,

~ 1 1
Fo=-2% —3nd-n(a1 +az) = —2q1q-1(a1 + az) — 5 d2q-2(a1 + az), (6.7)

n>1

if a is in the surface part CH!(S) € CH!(SP) = CH!(S) ® Q6, and

~ 1 1 1 1 2 2 2
Fs=—3 > 9:9j0k (153 D12 + 5813+ 5l + — e+ — e+ ——c3)
i+j+k=0 J v J- v (X
! . , (6.8)
= 2q29-19-1 <C3 —c1— A — 8A23> + 2919192 (01 —c3 — Aoz — 8A12> .

Proof. First, let a be in the surface part CH!(S) € CH'(S[?). We begin by expressing
l1a; in terms of Nakajima operators, loas being its transpose. We use

lia; = [F X F] o mult; o mult,

as correspondences and the formulas from Proposition 6.4 as well as the formula for
eq = mult, from [23, eq. (4)]. This seems to be faster here than using Corollary A.2.
We have

l1a1 = [F X F} omultl O €y

= q1q1q_1q_1([54]) °

5
o <5C|1t11(6162) - 16¢l1q1q1Q1(A1234)> 0 q19-1(A«(a)) (6.9)
5
= q1919-19-1([S*]) o <5CI1Q1CI—1CI—1(A14G10263) + 8C|1CI1CI—1C|—1(A123401)> .

For the first summand in (6.9), we get

501919-1919-1919-19-1(A4gascecr) — 5q1919-1q19-19-1(cacsas)
= —501919-1919—19—1(A4s6a6cs) + 5q1919—19-1(c304)
= 10q1919-19—1(c3a4).
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The second summand in (6.9) equals

5 5
gCIlCIqulqqulqququl(A4678a8) - §q1q1q71q1qf1qf1(A456a6)
5

= —ZCI1CI1CI—1Cl1C|—1CI—1(A456a6)

15}
= 1¢|1CI1¢I—1CI—1(C3(14 + ascy)

5
= §q1q1q—1q—1(03a4),
where we used Asqas = ascy+ csaq (see [3]) which requires S to be a K3 surface. Hence,

25
liay = 3q1q1q_1q_1(63a4),

and therefore

4
%(51611 + lbaz) = 2q1q19-19—1(aica + c3a4).

We now calculate La; = (—L)o(—e,) employing the formula for L from Proposition 6.5.
We have

1
La; = (CI1Q1([S x S]) + §q2q72([5 x S]) + q1919-19-1(c1 + C4)>
o (a19-1(A+(a)) + a20-2(A(a)))
1
= q19-1919-1(Azsa4) + §Q2q—2qu—2(A34a4) + q1919-19-1919-1((c1 + c4)Aseae)

1
= qiq19-19—1(c1a4 + arcs) — q1q—1(az) — 1‘125[—2((12)
+ q1919-1919-19-1((c1 + ¢5)As6a6) — q1919-19-1(c1a4)

1
= —qiq-1(az) — ECI2CI—2(0L2) + q1q19-19-1(aics — cra4 — c3a4).

After adding Las, clearly q1q1q9—1q—1(a1cs — c1aq) cancels out. We obtain

1
2L(a1 + a2) = —2q19-1(a1 + a2) — §Q2Q—2(a1 +a2) —2q1919-19—1(a1c2 + c3a4),

and putting both pieces together yields the desired formula.
Let now a = §. Using the formula for es from [23, eq. (4)], we can analogously compute

161 = [F X F] o mult; o eg
= —25q1q19-2(c3),

so that 4
o5 (101 +1202) = —4a1019-2(c3) — 4929-19-1(c1). (6.10)
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Using the formula for L, we now consider 2Ld; = 2(—L) o (—e;s) and get

1
2L6, = (qlq—l([S x S]) + ngq-g([S x S]) + q1919-19-1(c1 + 04))
o (Cl1€I1CI—2(A123) + CI2CI—1CI—1(A123))

1
= q19-191919—2(As45) + §q2q72q2q71q71(A345)
+ q1919-19-191919—2((c1 + c4)Aser)

1
= —2q1919-2(Aa3) — ZCIQCI—1€I—1(A23) +2q1919-2(c1 + ¢3),

where we applied the Nakajima commutation relations several times. Therefore,

1
2L(61 + 02) = q1919-2 <2(C1 +c3) — 2003 — 4A12)
1 (6.11)
+q29-19-1 (2(61 +c3) —2A10 — 4A23> .

Putting equations (6.10) and (6.11) together yields the claimed formula for Fy. O

Theorem 6.8. Let H = ﬁ(lg —13)+ r—_2~_2(l2 — 1)L with r = 23 be the canonical lift
of the cohomological grading operator h from Proposition 5.14. Let S be a projective
K3 surface and F = S1?. If L is the canonical lift of B of (4.13) and [ its pullback

(4.14), then H agrees with Oberdieck’s canonical lift of h [23, eq. (5)], i.e.,

1
H=2 Z E%Q—n(@ —c1) = 2q19-1(c2 — ¢1) + qaq-2(c2 — c1). (6.12)
n>1

Proof. Let ¢ € CHy(S) be the canonical 0-cycle represented by any point p lying on a
rational curve inside S. Consider [2 € CHy(F). As [ is a multiple of co(TF) by (4.14),
by [29, Theorem 1.4] its square is a multiple of the 0-cycle [c, ] = q1(c)qi(c) - 1go) which
is represented by a single point in F, hence of degree 1. The latter is a multiple of 6% so
that the cited theorem is applicable. But this immediately implies

P =r(r+2)q(c)ai(e) - 1go
because it is true in cohomology. By Corollary A.2 therefore

r(r+2)
2

r(r+2)
2

I =

qiq19-19-1(czca) and 15 = q1919-19-1(c1¢2).

Thus, for the first summand of H we obtain

4
r(r+2)

(12 - 12) = 2q1919-19_1(c1c2 — c3¢4).
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In order to express the remaining summand of H in Nakajima operators, we only need to
compute Ll = Lomult; as Lly = mult;oL is just its transpose. In view of Proposition 6.5
and the formula for mult; of Proposition 6.4, the compositions of g2q_s summands and
q19—1 or q1q19—19—1 summands are all trivial using the Nakajima commutation relations
and the fact that we work on F = S, We claim

25
L o mult; = —quq_2(62) — 25q19-1(c2)

—25q1919-19—1(c3ca) — 25q1919—19-1(c1ca).

(6.13)

The last term agrees with its transpose, hence cancels out in L(lp — [;). Clearly, if
the claim is true, we obtain precisely the desired result. It remains to show (6.13).
First of all, the composition of the summand —$q2q—2([S x S]) of L and the summand
—50q2q—2(c1c2) of mult; gives

50 25
—02q-2q2q-2(c3ca) = —?qzq,g(@).

8
Next, the composition of —q;q_1([S x S]) of L with —20q1q_1(c1c2) of mult; yields

20q19-1919-1(c3ca) = 20q1q19—19—1(c2ca) — 20q19—1(c2).

Observe q1q19—-19—1(c2ca) = q1919-19—1(c1ca) by the commutation relations. For the
composition of —q1q—1([S x S]) with %qlqlq_lq_l(A1234) we have

5 5
—Zq1Q—1q1q1Q—1Q—1(A3456) = §q1q1q_1q—1(A234)-
Next, for the composition of —q1q1q9—-19—1(c1 + c4) with —20q1q_1(c1c2) we get

2091919-19-1919-1((c1 + ca)esce) = —20q1919-1q-1(c3¢4 + 2¢1€4).
Finally, the composition of _qlqlq—ch—l(Cl + 64) and §Q1Q1q—1q—1(A1234) is
5 5
_ZCIICIICI—N{—ICIIQI‘]—ICI—l((Cl + c1)Ase78) = —§Q1Q1Q—1UI—1(0364 + c1Aszy).

Summing up these five compositions yields after some cancellation

25 5
L omult; = —ECI2CI—2(C2) —20q1q-1(c2) + §q1q1q_1q_1(A234)
. (6.14)
—20q1919-19-1(c3cq + c1eq) — 5‘11‘11‘1—1(]—1(0304 + c1As4).

Now, we use the decomposition of the small diagonal in Theorem 6.6, i.e.,

Aogzy = Agzcy + Aggcg + Asycy — cacg — cacy — c3¢4.
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Plugging this into the corresponding summand gq 1919-19—1(Aa234) gives

5 5 5
§q1q1q71q71(A234) = §q1q1q71q71(A2304) + §q1q1q71q71(Az403)

5 5
+ 5¢l1¢l1q71q71(A3402) - 5¢l1¢l1¢|—1q71(6263)

5 5
- §Cl1€l1€l—1CI—1(0204) - §q1q1q_1q_1(0304).

In here, the commutation relations imply that the first two summands both agree with
2q1([5))q19-1(As)q-1(c). Clearly, the fourth and fifth summand agree as well, and for
the third summand we have

5 5
§q1q1q71q71(A3462) = §Q1Q1Q—1Q—1(A34C1)

by the commutation relations. We can then continue by

5
§q1Q1q—1q—1(A234) = 5q1([S])a19-1(As)g-1(c) — 5q1919-19-1(c1ca)

5

- §QIQ1Q—1Q—1(C3C4)

= —5q19-1(c2) — 5q1919-19-1(c1ca)
5

- 5‘110110{71%1(0364),

where in the final step we used

q19-1(Ag) = —idgn

as correspondences on S x SI. Inserting this into (6.14), we obtain exactly (6.13), as
desired. O

Remark 6.9. Theorems 6.7 and 6.8 further justify our claim that, given the canonical
lift L of 9B, the cycles F,, and H of Theorem 5.8 and Proposition 5.14 are the canonical
lifts of the cohomological operators f, and h. They also show that the lifting of the
cohomological sl(Q)-action obtained in Theorem 5.19 is the correct (partial) analog of
the lifting on S dealt with for arbitrary S in [23], and so provide additional evidence
for Conjecture 5.21. Finally, these two theorems together with the main theorem of [23]
also show the equation H = H, (see Remark 5.16) for all divisor classes a with (a,a) # 0
in the Hilbert scheme case, and so yields further evidence that this might be true for
general hyperkahler varieties X of K3[2-type.

Remark 6.10. Theorem 6.8 gives another proof for Conjecture 5.23 for Hilbert schemes
of two points of projective K3 surfaces by the more general [22, Theorem 1.4].
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A Auxiliary results

Lemma A.1. Let X, Y and Z be smooth projective varieties and I' € CH*(X x Y),
I' e CH*(X x Z) correspondences. Then as correspondences in CH*(Y x Z) we have

(I x I)4(Ax) =T o'T.

Proof. Writing out the definitions of both sides of the equation we see that we only need
to show

Py (D) - P,z (F) - i,y (Ax) = (idy x Ax xidz). (i (T) w2 (D). (A1)

In here, pyx and pxz are the projections from the triple product ¥ x X x Z toY x X
and X X Z, respectively. The projections px,v, px,z and px,x, are the projections
from the product X x Y x X x Z to the factors indicated by the indices. Moreover, Ax
denotes both the diagonal embedding X < X x X and the cycle class of its image. We
can now rewrite the argument of the right hand side of (A.1) as

pix(T) - piez(T) = (idy x Ax xidz)" (pix, (T)) - (idy x Ax x idz)" (p, ()
= (idy x Ax xidz)" (pyx, ('T) - Pie,2(D))
Hence, by the projection formula, the entire right hand side of (A.1) equals
(idy x Ax x idz). (pfx(T) - 2(D)) = Py, () -2 () -y (A1)
= Px,v(I) 'th(f) 'pﬁ(lxg(AX)-
O

This seemingly trivial result has an interesting consequence in the case X = Spec(C)
where Ax is an isomorphism. The following was pointed out to me by my advisor Georg
Oberdieck and uses only the fact that the Nakajima correspondences q; and q_; are the
transpose of each other up to sign.

Corollary A.2. Let S be a smooth projective surface and recall the Nakajima operators
from Section 4.3. Denote by q; and q; the operators

qi,q} : @CH*(S[T’L} x SM) N @CH*(S[m] % S« S)

m,n m,n

acting as q; on the first factor and the identity on the second factor respectively as q; on
the second factor and as the identity on the first factor. Obviously, q; commutes with
q;. Let I' € CH*(S**!). Then we have the equation of correspondences

Qip - Qi@ 0 (D) - Lgion = (1) Foqy g, - g, (7(I)),

where 7 : S¥tt — Sk+l permutes the factors according to the permutation of the indices.

o1



Proof. This follows from the definition of the Nakajima operators and Lemma A.1 on
noting that Agy = lgq under the identification SO §l01 = SO0 via the diagonal
map. ]

Lemma A.3. Let V be any vector space (possibly infinite-dimensional) over any field K
and f : V — V an endomorphism. Let A1,..., A\, € K be distinct and define the

polynomial
T

p(X) = [](X = \) € K[X].
=1

If p(f) = 0, we have

where V; = {v € V : f(v) = \jv}, which of course can be trivial.
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