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Fano varieties with torsion in the third
cohomology group

By John Christian Ottem at Oslo and Jgrgen Vold Rennemo at Oslo
With an appendix by Jdnos Kolldr at Princeton

Abstract. We construct first examples of Fano varieties with torsion in their third co-
homology group. The examples are constructed as double covers of linear sections of rank
loci of symmetric matrices, and can be seen as higher-dimensional analogues of the Artin—
Mumford threefold. As an application, we answer a question of Voisin on the coniveau and
strong coniveau filtrations of rationally connected varieties.

1. Introduction

If X is a nonsingular complex projective variety, the torsion subgroup of the integral
cohomology group H3(X, Z) is an important stable birational invariant. It was introduced by
Artin and Mumford in [1], where they used the invariant to show that a certain unirational
threefold is not rational.

For rationality questions, perhaps the most interesting class of varieties is that of Fano
varieties, that is, smooth varieties with ample anticanonical divisor. In dimension at most 2,
these are all rational, with H3(X, Z) = 0. In dimension 3, there are 105 deformation classes of
Fano varieties [20,21,23], and direct inspection shows that, in each class, the group H3(X, Z)
is torsion free. Beauville asked on MathOverflow whether the same statement holds for Fano
varieties in all dimensions [32] (an incorrect counterexample is proposed in the answer to [32];
see Section 4.4). In this paper, we answer the question in the negative.

Theorem 1.1. For each even d > 4, there is a d -dimensional Fano variety X of Picard
rank 1 with H3(X,7) = 7./2.

As a consequence, by [6,15], the variety X is rationally connected but not stably rational.
We do not know if it is unirational.
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The X in the theorem is a complete intersection in a double cover of the space of quadrics
of rank at most 4 in P4/2%+2_ The families of maximal linear subspaces of these quadrics give
Brauer—Severi varieties over X, and via the isomorphism Br(X) = Tors H3(X, Z), the associ-
ated Brauer class maps to the non-zero element in 43 (X, Z). Our examples can be regarded as
higher-dimensional analogues of the Artin—-Mumford threefold from [1], whose construction is
closely related to that of our X (see Section 4.3).

Starting in dimension 6, the Fano varieties we consider have a further exotic property.

Theorem 1.2. When d > 6, the d-dimensional Fano variety X from Theorem 1.1 has
the property that the coniveau and strong coniveau filtrations differ. More precisely,

0=N'H3X,2) S N'H*(X,Z) = H¥(X,Z) = Z)2.

The two coniveau filtrations N H! (X, Z) € N H! (X, Z) of H! (X, Z) were introduced
in the paper [3]. The subgroups of the filtrations contain the cohomology classes in H! (X, Z)
obtained via pushforward from smooth projective varieties (resp. possibly singular projective
varieties) of codimension at least ¢. In the case ¢ = 1, [ = 3, they are described as follows.
The group N'H3(X,Z) consists of classes in H3(X,Z) supported on some divisor of X.
Its subgroup N'H 3(X, Z) consists of pushforwards fif of classes B € H'(S,Z) via proper
maps f:S — X, where S is nonsingular of dimension dim X — 1.

An inequality of the two coniveau filtrations is particularly interesting for ¢ = 1 because,
for each [ > 0, the quotient

(1.1) N'HY (X, 2)/N'"H' (X.Z)

is a stable birational invariant for smooth projective varieties [3, Proposition 2.4].

While the examples of [3] show that this quotient can be non-zero in general, it is known
to be zero for certain classes of varieties. Voisin [31] proved that, for a rationally connected
threefold, any class in H3(X, Z) modulo torsion lies in N ! H3(X, Z). Tian [28, Theorem 1.23]
strengthened this to show that H3(X,Z) = N'H 3(X, ) for any rationally connected three-
fold. Theorem 1.2 shows that the quotient (1.1) can be non-zero for rationally connected X of
higher dimension, answering a question of Voisin (see [31, Question 3.1] and [3, Section 7.2]).

The paper is organized as follows. Section 2 begins with background on the geometry
of symmetric determinantal loci and their double covers. In Section 2.2, we explain how these
symmetric determinantal loci and their double covers are GIT quotients of affine space by an
action of an orthogonal similitude group. In Section 2.3 (more specifically Definition 2.13), we
define the main examples in Theorem 1.1 as linear sections of the double covers of symmetric
rank loci.

In Section 3, we use the presentation of the double symmetric rank loci as GIT quotients
to show that their smooth part has nontrivial torsion classes « € H3(X, Z). Taking a linear
section and applying a generalized Lefschetz hyperplane theorem then proves Theorem 1.1,
restated more precisely as Theorem 4.1. In Section 4, we study some special examples appear-
ing in our construction and compute their geometric invariants, in particular, the “minimal”
example of a 4-dimensional Fano variety.

In the final Section 5, we prove Theorem 1.2, restated precisely as Theorem 5.3. The
key point is that the mod 2 reduction of the generator @ of H3(X, Z) satisfies & # 0 (mod 2),
which implies that « is not of strong coniveau 1 by a topological obstruction described in [3].
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1.1. Notation. We work over the complex numbers C. We use the notation for pro-
jective bundles where [P (&) consists of lines in &. By a Fano variety, we mean a nonsingular
projective variety with ample anticanonical bundle.

2. Symmetric determinantal loci and related varieties

Here we survey basic facts on symmetric determinantal loci. Some of these are well
known; we in particular follow the works of Hosono—Takagi [13, Section 2] and Tyurin [29].

Let V = C". We identify P(Sym? V'V) with the space of quadrics in P(V) and let
Zyy CP (Sym? V) denote the subset of quadrics of rank r. The set Z r.n 1S @ quasi-projective
variety; its closure Z,, parameterizes the quadrics of rank at most  and is defined by the van-
ishing of the (r 4+ 1) x (r 4+ 1)-minors of a generic n x n symmetric matrix. We define Zg ,
and Zo,n to be empty. These give a nested chain of subvarieties of P(Sym? V'),

Z1y CZop C--C Znp=P(ESym?> V),

where 71,,1 is the second Veronese embedding of P*1 and 7,1_1,,1 is the degree n hyper-
surface defined by the determinant.

Proposition 2.1. The variety Z, p is irreducible of dimension
2.1) dim Z L2 + L
. im =rn——r —r—1.
r,n 2 2
The singular locus offr,n is 7r_1,n, unless r = 1 or r = n, in which case 7”1 is smooth.

This result can be checked using the incidence variety Z r.n parameterizing (n —r — 1)-
planes contained in the singular loci of quadrics

Zrn ={(L], Q) | P(L) C sing(Q)} C Gr(n —r, V) x P(Sym* V"),

For [L] € Gr(n — r, V'), the fiber of the first projection 7, can be identified with the space
of quadrics in P(V/L) ~ P™" 1, so 7y is a P""+1D/2=1 pundle over Gr(n — r, V). It follows
that Z,,,, is nonsingular, and its dimension is given by (2.1). Moreover, it is straightforward
to check that the second projection gives a desingularization m;: 7z rn —> Zrpn. For the claim
about the singular locus, see [13, Section 2].

Example 2.2. Forn = 5, P(Sym? VV) ~ P4, and there are 4 closed rank loci.

* Z45 is a quintic hypersurface defined by the determinant of the generic 5 x 5-symmetric
matrix.

. 73,5 is a codimension 3 subvariety of degree 20.
« Z»5 ~ Sym? P* is a codimension 6 subvariety of degree 35.

. 71,5 is the second Veronese embedding of P# in P14 it is a fourfold of degree 16.
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2.1. Double covers. We will only be interested in the case when the rank r is even. In
this case, we can define a double covero: W, ,, — 7,’,1 which is ramified exactly over the locus
7r_1,,,, of codimensionn — r + 1 in 7,5,,. The construction is based on the classical fact, that
for a quadric Q of rank r in n variables, the variety of (n —r/2 — 1)-planes in Q C P"~!
is isomorphic to the orthogonal Grassmannian OG(r/2,r), which has two connected com-
ponents.

The formal construction of W, , from this observation starts with the incidence variety

(2.2) Urn ={(L,Q0)| Q€ Zpand P(L) C Q} CGr(n —1/2, V)X Zyp.

Taking the Stein factorization of the projection U, , — Zr,n, we get a new variety W, , and
morphisms

(2.3) N:Upn — Wy and 0: Wy — Zyy,

where 1 has connected fibers and o is finite. The fiber of 1 at a general point of W; , is iso-
morphic to a connected component of OG(r/2, r). The morphism ¢ is a double cover, ramified
exactly along 7r_1,n (see [13, Proposition 2.3]).

For the remainder of the paper, we will let H = 0*07, (1) be the pullback of the
polarization from IP(Sym? V'V). The basic geometric properties of W, are as follows.

Proposition 2.3. The variety W, has Gorenstein canonical singularities contained in
o1 (Zy—2,n). It has Picard number 1 and its anticanonical divisor is

rn
(2.4) ~Kw,, = H.

In particular, W; 5, is a singular Fano variety.
Proof. See [13, Proposition 2.5]. D

Example 2.4. In the setting of Example 2.2, one can directly see that — Ky, ; = 10H
because Z4 5 C P4isa quintic hypersurface and o is étale over Z4 5 — Z> 5.

2.2. (Double) symmetric determinantal loci as GIT quotients. In this section, we
explain how the varieties Z, and W, , can be presented as GIT quotients of affine spaces,
which is a key ingredient in the cohomology computations needed in Theorems 1.1 and 1.2.

Let r be even, let S = C”, and let wg € Sym? SV be a nondegenerate quadratic form.
The orthogonal similitude group GO(S) C GL(S) consists of the linear automorphisms of S
which preserve wg up to scaling." In other words, an invertible linear map ¢: S — S lies in
GO(S) if there exists a y(¢) € C* such that, forall v € S,

X (@os (. v) = ws(P(v). ¢ (v)).

The map y: GO(S) — C* defined by this relation is a group homomorphism, and we have an
exact sequence

1 = 0(S) = GO(S) 5 C* - 1.

D The group GO(S) could more properly be denoted GO(S, wg), but since the choice of wg does not
matter, we omit it from the notation.
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The group GO(S) naturally acts on the orthogonal Grassmannian OG(r/2, S). The variety
OG(r/2, S) has two connected components, and the action of GO(.S) on this two-element set
gives an exact sequence

1 — GO(S)° — GO(S) — up — 1,
where GO(S)° is connected. We further have SO(S) = O(S) N GO(S)° and an exact sequence

1 = SO(S) — GO(S)° 5 C* > 1.

Consider now the affine space Hom(V, §) >~ A"". The group GO(S) acts on Hom(V, S)
" GO(S) x Hom(V, S) — Hom(V, S),
(@. /)= dof
We have a morphism of affine spaces
r:Hom(V, §) — Sym? V",

defined by, for any f € Hom(V, S) andv,w € V,

t(H.w) = fFos,w) = os(f(v). f(w)).

Let CZ,, C Sym? V'V be the subset of Sym? V'V corresponding to quadratic forms of rank r
sothat Z,, = CZy,/C*. The set t=1(CZ; ) C Hom(V, S) consists of the f:V — S such
that f*wg has rank r.

Lemma 2.5. The group GO(S) acts freely on T (CZ, ).
Proof. If f € t7Y(CZ,,), then f is surjective, so no element of GO(S) fixes f. O
Lemma 2.6. The group GO(S)° acts freely on T (CZ;n U CZr_1p).

Proof. The previous lemma shows that GO(S)®° acts freely on t=1(CZ,,). So let
f et (CZ,-1,), and let ¢ € GO(S) be an element which fixes f. We will show that ¢
is the identity.

Since f*wg has rank r — 1, we may find a basis vy, ..., v, of V such that

1 ifl<i=j<r—1,

[ ws)(wi,vj) = ws(f(vi). f(v))) = {

0 otherwise.

The elements f(vy),..., f(vr—1) € S are orthonormal, so we can choose a vector ¢ € S
such that f(vy),..., f(vr—1),e is an orthonormal basis for S. Since ¢ fixes f, we have
¢(f(vi)) = f(vi)forl <i <r—1. We have

ws(g(e), ¢(e)) = ws(e,e)
and, for each 7,
ws(@(f(vi). p(e)) = ws(f(vi), e).

This implies that ¢(e) = +e, and then the fact that ¢ € GO(S)° forces ¢(e) = e. This means
that ¢ is the identity element. |
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Lemma 2.7. The codimension of t~(CZ,_3,) in Hom(V, S) equals n —r + 2.

Proof. Let f € Hom(V,S). The rank of f*wg equals the rank of wg|s(y). Thus if
f*ws has rank r — 2, we either have that (V') has dimension r — 2 or that (V') has dimen-
sion r — 1 and P( f(V')) is tangent to the quadric V(wg) C P(S). The set of maps f of rank
r — 2 has codimension 2(n — r + 2), while the set of f with rank r — 1 has codimension
n —r + 1. The further requirement that P ( f(V)) is tangent to the quadric gives codimension
n—r+42. D

The character y of GO(S) induces a GO(S)-linearization of Ogem(y,s) such that
x € H'(Hom(V, S), Oiom(v.5))
is GO(S)-invariant if and only if, for all ¢ € GO(S) and f € Hom(V, §), we have

x(@f) = x(@)x(f).

Let Hom(V, S)* C Hom(V, §) denote the associated GIT semistable locus and let
Hom(V, S)** = Hom(V, S) — Hom(V, S)*.

Let
Z:Hom(V, S) — t71(0) — P(Sym? V)

be given by 7(f) = [t(f)].

Lemma 2.8. We have
Hom(V, )" = t71(0),

and there is an isomorphism
Hom(V, S)* ) GO(S) ~ Z, .

given on closed orbits by GO(S) - f + T(f). This isomorphism induces a bijection between
GO(S)-orbits of T~ (C Zy.n) and points of Zy .

Proof. Let R be the coordinate ring of Hom(V, S). The GIT quotient
Hom(V, S)* /) GO(S)

is given by Proj ROG) | where the ring ROG) s graded by the action of GO(S), an action
which factors through y: GO(S) — C*. Any linear function x on Sym? V'V defines an element
7*(x) € ROG) and the first fundamental theorem of invariant theory for orthogonal groups
says that these 7*(x) generate ROW) (see [24, p.390]). This shows that Hom(V, )" = t71(0),
and moreover that T gives a closed embedding Hom(V, §)* / GO(S) — P(Sym? V). It is
easy to see that its image is 7r,n.

For the final claim, note that T~1(Z,,) = t~1(CZ;.,), and so we have an isomorphism
1Y (CZrp) ) GO(S) =~ Z;». By Lemma 2.5, the action of GO(S) on t~!(CZ, ) is free, so
the points of 71 (CZ, ) /) GO(S) are GO(S)-orbits. m]



Ottem and Rennemo, Fano varieties with torsion in the third cohomology group 7

Thinking of x as a character of GO(S)°, we get a GO(S)°-linearization of Oyem(y,s)-
The associated GIT semistable locus in Hom(V, §) is the same as for the GO(.S)-linearization,
since GO(S)° has finite index in GO(S).

Lemma 2.9. The GIT quotient Hom(V, S)* ) GO(S)° is isomorphic to Wy .

Proof. Since GO(S)® has finite index in GO(S), the morphism
Hom(V, S)* /) GO(S)® — Hom(V, §)* ) GO(S)

is finite. Since Hom(V, §)* is smooth, Hom(V, S)* / GO(S)° is normal [22, p. 5].
The open subset

N (CZ, ) ) GO(S)° € Hom(V, S)* J GO(S)°

is isomorphic to 071 (Z,,) C W;., by the following construction. Fix an r/2-dimensional
isotropic linear subspace Lg C S. Recall the variety U, , from (2.2) and define a morphism
y:t Y CZyn) — Uy, by sending f € t71(CZ;p) to the pair of the quadric

0 ={leP(M)| ffos(v.v) =0}

and the linear subspace f~'(Lg) C V. Composing with n: Uy, — W, gives a morphism
noy: T_l(CZr,n) = Wi

This morphism 7 o y is GO(S)°-invariant, and we claim that it gives a bijection between
the GO(S)°-orbits in ™1 (C Z,,) and the points of 0~ (Z; ). To see this, note first that there
are natural GL(V)-actions on Hom(V, §) and U, ,, which in turn induce GL(}')-actions on
™ Y(CZ,,), on W, and on 071 (Z, ). Moreover, y and 7 respect these group actions, and
so n o y does as well.

The GL(V)-action on n~ 1 (071 (Z,,)) has a single orbit since, for every

(Q.L) € U_I(U_I(Zr,n)),

we can find coordinates xp, ..., X, on V such that Q is defined by x1x2 + -+ + x,—1x, and
L is defined by (x2, X4, ..., x;). It follows that 6~!(Z, ) has a single GL(V)-orbit, and so
n oy surjects onto 61 (Z, ).

Consider now the commutative diagram

1 (CZrn)/ GO(S)° —— 0 (Zrn)

! |-

‘L—_I(CZr’n)/GO(S) —_— Zr,n,

where the top arrow is the map induced by 7 o y. The bottom arrow is a bijection by Lemma 2.8.
The right-hand map is surjective with fibers of cardinality 2, as is the left-hand map, since
GO(S)° has index 2 in GO(S). From this and surjectivity of n o y, we get that the top arrow is
a bijection, as claimed.

Since 0~ 1(Z;.,) is smooth by Proposition 2.3, it follows from Zariski’s main theorem
that the induced morphism

Vit N CZn) ) GO(S)° = 07N (Zs )

is an isomorphism.
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The birational map  fits in the following commutative diagram:

Hom(V, §)% // GO(S)° ——1/19 Win

! I

Hom(V, $)* ) GO(S) —=—> Z,.

Let L be the function field of Hom(V, S)% / GO(S)°, identified with the function field of W} ,,.
Since these two varieties are normal and finite over 7r,n, they are both equal to the relative
normalization of Z,, in Spec L, and so ¥ extends to an isomorphism of varieties. O

Proposition 2.10. Etale locally near a point p € oW Z,—2.n), the pair (Wyp, p) is
isomorphic to (C x AM (0,0)), where C is the affine cone over the Segre embedding of
pr—r+l  pr—r+l (e C js the singular point, and M = dim W, , —dim C.

Proof. We use the isomorphism
Hom(V, )% ) GO(S)°® >~ W, p.

Let f € Hom(V, S)* be a point whose orbit maps to 0~ 1(Z,_5 ,) under this isomorphism.
Then f € ‘[_I(CZ,-_Z,”), and we can choose a basis v, ..., v, for VV such that

[rosi.v) = os(f@i). f(v)) = {1 ifl=i=j=r-2

0 otherwise.

This means that the elements f(vy),..., f(vr—2) are orthonormal in S, and we extend
this sequence to a basis of S by adding vectors e, e; such that

ws(ei.ej) = djj,
ws(ei, f(vj)) =0 foralli, j.

Since the f(vy—1),..., f(vy) are orthogonal to each other and to each f(v;), 1 <i <r —2,
the space ( f(vr—1). ..., f(vn)) is an isotropic subspace of { f(v1), ..., f(Vr_2))t = (e1, e2).
The isotropic subspaces of (e, e2) are (e1) and (e»). Reordering the e;, we may assume
that f(vr—1),..., f(vy) are all contained in (e7). After linearly transforming the v;, we may
assume that f(vy—1) = ye; for some y € C and f(v;) = 0 for i > r. There is a subgroup
T C GO(S)°, with T = C*, consisting of elements ¢, € GO(S)°, with A € C*, defined by

¢k(f(vl')):f(vi)v i=1,...,r =2,
paler) = ey,
prle2) = A ea.
There are now two cases to consider. If y # 0, the stabilizer group of f in GO(S)° is triv-
ial. The GO(S)°-orbit of f is not closed in Hom(V, S)* since limy_,o(¢p, f) is a point of
Hom(V, §)%. If y = 0, the stabilizer group of f is T'. In this case, the GO(S)°-orbit of f

is closed in Hom(V, §)% since the orbit has minimal dimension among orbits mapping to
-1
o (Zr-2,n).
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Let us write A’ () for a T-representation of dimension i with weight j. We then have
an isomorphism of 7 -representations

Thom(v,s).r = Hom(V, S) 2 A™(1) @ A™(—1) @ A""=2)(0).

The Luna étale slice theorem implies that étale locally near the orbit of f, the variety
Hom(V, §)% / GO(S)° is isomorphic to Ny / T, where Ny = Tyomv,s), r/ Tco(sye £.f is
the normal space to the GO(S)°-orbit of f. As T -representations,

TGo(s)o f,f = Lie(GO(S)°)/ Lie(T).

Computing
Lie(GO(S)°) = A" 2(1) @ A" 2(~1) @ A(2)+2(0),
Lie(T) = A1(0)

gives, for some M,
Np = A"77P2(1) @ A" T2 (—1) @ AM(0).

The quotient Ny // T is isomorphic to C x AM with C the cone over P*~"+1 x Pn=7+1 5o
this completes the proof. |

Corollary 2.11. Ifr > 4, the singular locus of W, is o1 (7r_2,n).

Proof. By Proposition 2.3, W, is nonsingular away from o1 (7r_2,n). If r > 4, then
W, is singular at every p € 0~ 1(Z,_2.,), by Proposition 2.10, and the claim follows since
the singular locus is closed. o

2.3. Linear sections of double symmetric determinantal loci. The varieties appear-
ing in Theorems 1.1 and 1.2 will be constructed by taking general linear sections of the double
cover W, ,, i.e., complete intersections

(2.5) X=W,,NHN---NHg,

where the H; are general divisors in |H|. In other words, X is a ramified double cover of
a linear section of Z, ,,
X—=>Z,nNLiN---NL

for hyperplanes L1, ..., L in P(Sym? VV).
We are particularly interested in the case when X is also a Fano variety. This can happen
only when r < 6.

Lemma 2.12. Let X denote a general linear section of Wy,. If 6 < r < n, then either
X is singular, or Ky is base-point free.

Proof.  Write X as in (2.5) for divisors H; € |H|. As the H; are general, and W, , is
Gorenstein with canonical singularities, it follows that the same holds for X. By Proposition 2.3
and adjunction, the canonical divisor is given by

rn

(2.6) Ky = (c - 7)H.
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Therefore, if ¢ > rn/2, X is of general type, and for ¢ = rn/2, itis Calabi-Yau. If ¢ < rn/2,
we note that

dimo N (Zy—op) —c>dimZ, 5, —rn/24+1=m—r)r—4)/2+71/2 -3,

which is non-negative for our choices of r and n. This means that X meets the singular locus
of W, ,, and hence it must be singular. O

By Lemma 2.12, we obtain Fano varieties as linear sections of W,.,, only when r = 2 or
r = 4. The case r = 2 gives W, = P"~! x P"~1 and many linear sections of P~ x P"~1
are indeed Fano, but these varieties do not have interesting cohomology groups from the point
of view of this paper.

We therefore focus on the case r = 4. In this case, the existence of the double cover
o:Wapn — 74,,, is explained as follows. A smooth quadric surface in IP3 contains two families
of lines; thus a quadric of rank 4 in n variables contains two families of (n — 2)-planes, each
parameterized by a P'. Thus W, , parameterizes quadrics plus a choice of one of the two
families.

The dimensions of the first few rank loci Z; are given by

dmZ4, =4n—-7, dmZ3, =3n—-4, dmZy, =2n-2, dmZ;, =n-1.

By Corollary 2.11, the double cover Wy , is singular along o~ ! (72,,1), which has codimension
2n —5in Wy 5. By (2.4), the canonical divisor of Wy , equals Ky, , = —2nH.

Definition 2.13. Givenn > 4 and ¢ > 0, let X, . be a general complete intersection

Xpe=Wan NH N---NH.

The varieties X in Theorems 1.1 and 1.2 are X}, 2,1 withn > 5and n > 6, respectively.

3. Cohomology computations

Let X, be the smooth part of X, .. In this section, we compute the low degree cohomol-
ogy of X;".. In Proposition 3.1, we compute the low degree cohomology of BGO(4)°, and in
Proposition 3.5, we show that this agrees with low degree cohomology of X;".. We summarize
the consequences for the cohomology of X" in Corollary 3.6. In order to prove Theorem 1.1,
we want a non-zero 2-torsion cohomology class of degree 3, and for Theorem 1.2, the class

should furthermore have a non-zero square modulo 2 (this will be explained in Proposition 5.2).

3.1. Cohomology of BSO(4). The cohomology rings with integer coefficients of the
classifying spaces BSO(n) were computed by Brown [5] and Feshbach [9]. For n = 4, the ring
is given by

H*(BSO4),7Z) = Z|v, e, p]/(2v),
where e is the Euler class (of degree 4), p is the Pontrjagin class (degree 4), and v is a 2-torsion
class of degree 3. Thus the low degree cohomology groups of BSO(4) are given by

HY H! H? H3 H* H?> H°
Z 0 0 Z/2v Zp®Ze 0 7Z/2-V?
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The cohomology ring of BSO(4) with Z /2-coefficients is given by
H*(BSO(4),Z/2) = Z/2[ws, w3, w4,

where wy, w3, wy € H*(BSO(4), Z/2) denote the Stiefel-Whitney classes [19].

The class v is equal to Bz (w2) € H3(BSO(4), Z), where Bz is the Bockstein homomor-
phism associated with 0 — Z — Z — 7 /2 — 0. Moreover, the mod 2 reduction of v is given
by w3 (see [12, p. 97]). Therefore, the mod 2 reduction of v? equals

w3 #0 in H*(BSO(4),Z/2).

3.2. Cohomology of BGO(4)°. In the following, we compute the low degree cohomol-
ogy of BGO(4)°.

Proposition 3.1. We have
H'(BGO4)°,Z) =0, H?*(BGO#)°,Z) =17, H3*BGO#)°.Z)=17/2.

Moreover, if 0 # y € H3(BGO(4)°, Z), the mod 2 reduction of y? is non-zero.

Proof.  'We use the exact sequence
1 — SO(4) - GO(4)° — C* — 1.

This gives a fiber bundle 7: BSO(4) — BGO(4)° with fiber C*. The associated Gysin sequence
for this circle bundle takes the form

.- — H'(BGO(4)°, Z) -, H(BSO(4),7Z) =5 HI"Y(BGO(4)°, Z) —> --- .
Using the fact that H%(BSO(4),Z) — H°(BGO(4)°, Z) is an isomorphism and
H'(BSO(4),Z) = H*(BSO(4),Z) = 0,
this sequence gives that
HY(BGO(4)°,Z) =0 and H?*BGO4)°.Z)=Z.

Since H3(BSO(4),Z) = 7Z/2, the map H3*(BSO(4),Z) — H*(BGO(4)°,Z) is 0, and so
H3BGO(4),Z) =7Z/2.1f 0 # y € H3(BGO(4)°, Z), then 7*(y?) = v2, which has reduc-
tion w% # 0 modulo 2. It follows that 2 has non-zero reduction modulo 2. O

3.3. Cohomology of hyperplane sections of W,”}!. Let S be a quadratic r-dimensional
vector space and L C P(Sym? VVV) is a codimension ¢ linear subspace. We analyze the natural
homomorphism

(3.1) H*(BGO(S)°.Z) — H*(L xp(sym? V") W )

and show that it is an isomorphism in low degrees. To define the homomorphism, begin with
the pullback maps

H*(BGO(S)°,Z) 5 HG*O(S)O (Hom(V, S),Z) — HSO(S)O (Hom(V,S) —t N (CZ—2.4).7),
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with 7 and CZ,_5 , as defined in Section 2.2. By Lemma 2.5 and Corollary 2.11, the variety
W2 is isomorphic to (Hom(V, §) — T Y(CZ,—3,,)/ GO(S)°, where the group action is free,
so we get an isomorphism

Heiosyo (Hom(V. S) = 171(CZy2,0).7) = H* (W3, 7).

ron
Finally, we have the pullback homomorphism

H*(W™ 7)) — H*(L XP(Sym? VV) W™, 7)),

r,ne r,n°

and composing these maps gives (3.1).

Lemma 3.2. Let G be an algebraic group on an affine space AN. Let Z ¢ AN be
a closed, G-invariant subset of codimension c, and let U = AN — Z. Then the natural homo-
morphisms
HL(pt,Z) — HE (U, Z), HEpt,Z)2) - HE(U,Z/2)

are isomorphisms for | < 2c¢ — 1 and injective for | = 2¢ — 1.

Proof. The Leray—Serre spectral sequence for equivariant conomology [18, p.501] has
E>-page Hé (pt, H/ (U)) and converges to HIG-H (U). Since H/ (U) = 0for0 < j <2c —2,
there are no nontrivial differentials whose domain is of degree (i, j) withi + j < 2c¢ — 2. The
claim of the theorem follows from this. O

Lemma 3.3. The homomorphisms
Hios)e (PLZ) = Hosye (Hom(V, §) =t (C Zy—2,0), Z),
Hosy0 (Pt Z/2) = Hiogy0 (Hom(V, S) =17 (CZy—2,1), Z./2)

are isomorphisms fori < 2n — 2r + 3 and injective fori = 2n — 2r + 3.
Proof. Combine Lemma 2.7 and Lemma 3.2. ]

Lemma 3.4. Let L € P(Sym? VV) be a generic codimension ¢ linear subspace. The
homomorphisms . .
H' (W Z) — H' (L Xp(sym2 V) Wrs,r,r,l, Z),

r.n>

H (W, 7/2) — H' (L xpsym? vv) Wen, Z./2)

r,n’

are isomorphisms for i < dim W, , — c¢ and injective fori = dim W, , — c.

Proof. The generalized Lefschetz theorem of Goresky and MacPherson [10, Theorem,
p. 150] states that we have isomorphisms on the level of homotopy groups for low degrees.
Combining this with the Hurewicz theorem gives the statement for cohomology groups. O

Proposition 3.5. Let L € P(Sym? V) be a generic codimension ¢ subspace. The

homomorphisms

H/(BGO(S)°.Z) — H*(L xp(sym2vv) Win. Z),
H’(BGO(S)°,Z/2) — H*(L xpsym? vv) Win.Z/2)
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are isomorphisms for j < N and injective for j = N, where

N = min(2n — 1,dim W, , —¢).
Proof. Combine Lemmas 3.2, 3.3 and 3.4. O

Corollary 3.6. Ifc < 4n — 11, then
HOXS™ 7)) =7, HY (X$™,Z) =0, H>(X3™,2) = Z, H3(X$™,Z) = Z/2.

n,c» n,c’ n,c’ n,c’

If moreover ¢ < 4n — 13, then the square of the non-zero class in H3(X nes L) does not vanish

modulo 2.

Proof. Since X, = L Xp(sym2vv) Wa for a generic codimension ¢ subspace L,
Bertini’s theorem implies X ,i“é = L xp(sym2vv) W35
The first claim then follows from Propositions 3.1 and 3.5. For the second claim, let

¢: H*(BGO(4)°,Z) — H*(X:™,7)

n,c»

be the natural homomorphism. Taking 0 # y € H3(BGO(4)°,Z), we know from Proposi-
tion 3.1 that 2 # 0 (mod 2). If ¢ < 4n — 13, Proposition 3.5 implies that the map

H®BGO(4)°,Z/2) — HS(XS™,7/2)

n,c’

is injective, and it follows that ¢(y)? = ¢(y?) # 0 (mod 2). |

Remark 3.7. When X, . is smooth and rationally connected, the torsion subgroup of
H?3(Xy ¢, 7) can be identified with the Brauer group Br(X, ). Under this identification, the
generator of H3(X, ,7Z) ~ 7Z/2 is represented by the Brauer—Severi variety given by the
restriction of : Ug , — Wi to Xy c.

4. The varieties X, .
We now analyze a few particularly interesting choices of n and c.

4.1. The case ¢ = 2n — 1. Suppose that X = X}, »,—1. Collecting our work, we have
now proved Theorem 1.1, restated more precisely as follows.

Theorem 4.1. The variety X is nonsingular of dimension 2n — 6 with Ky = —H, and
hence Fano. It has Picard number 1 and H3(X,7) = 7./2.

Proof. The singular locus in Wy 5, has dimension 2n — 2 by Proposition 2.1 and Corol-
lary 2.11, so it follows that X is nonsingular by Bertini’s theorem. The canonical divisor is
given by Ky = —H by (2.6). Finally, H3(X, Z) is computed in Corollary 3.6. ]

4.2. The Fano fourfold. Specializing further, let X = X5 9. The strata Z; 5 were de-
scribed in Example 2.2. The quintic hypersurface 74,5 C P !4 parameterizes singular quadrics
in 5 variables, i.e., cones over quadrics in IP3. The double cover Wy ,, — Z4 5 is ramified along
the 72,5 C P4, whichis a singular 8-fold.



14 Ottem and Rennemo, Fano varieties with torsion in the third cohomology group

Proposition 4.2. The fourfold X is a Fano variety with invariants
(1) Pic(X) = ZH, with H* = 10,
(2) —Kx = H,
3) h'3(X) =9 h*2(X) =67,
4) H3(X,Z)=17)2.

Proof. Parts (1), (2) and (4) follow from Theorem 4.1. Part (3) follows from Lemma 4.4
and Corollary 4.5 below. D

4.2.1. Homological projective duality. In the paper [25], the second named author
studies derived categories of linear sections of the stack Sym? P”~! from the perspective of
homological projective duality [17]. When n is odd, the paper defines a noncommutative res-
olution Y, of W;_1,,, and shows that linear sections of this noncommutative resolution are
related to dual linear sections of Sym? P”~! in precisely the way predicted by HP duality,
which strongly suggest that Y, is HP dual to Sym? P"~1,

Specializing to the case n = 5 and linear sections of the appropriate dimensions gives the
following result. Let VV = C>,let L1, ..., Lo be general hyperplanes in P (Sym? V), and let L
be their intersection. Let L~ = (L1, ..., Lo) C P(Sym? V") be the orthogonal complement.

In this language, X = L Xp(sym? v) Wa,5. Since X avoids the singular locus of Wy s,
the noncommutative resolution Y5 of Wy s is equivalent to Wy 5, and the main theorem of [25]
applies. On the other side of the HP duality, we find

4.1 S = Lt xp(sym? vvy Sym?> P(VY),

which is the intersection of 6 general (1, 1)-divisors in Sym? P(VV) = Sym? P*. The follow-
ing is a slight amplification of the main result of [25].

Proposition 4.3. The category D(X) admits a semiorthogonal decomposition
D(X) = (D(S), E1, Ez, E3, E4),
where the E; are exceptional objects.
The amplification consists in the fact that [25] only proves that D(S) includes as a semi-

orthogonal piece in D(X). The fact that the orthogonal complement is generated by four
exceptional objects is not difficult to show using the techniques of the paper.

Lemmad4.4. The surface S in (4.1) is smooth of degree 35 with respect to the embedding
S C P(Sym? V). It has Hodge numbers

W08y = 0, h20(S) = 9, K11 (S) = 65.

Proof. The map P4 x P4 — Sym?(P*) induces an étale double cover 7: T — S, where
T is a general complete intersection of 6 symmetric (1, 1)-divisors in P4 x P4, In particular,
T is simply connected by the Lefschetz theorem. Furthermore, we find that

K71 = Opaypa(l,1)|T,
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which gives dim H%(T, K7) = 19 and K % = 70. From Noether’s formula,
1(0s) =1+ 1%%(S) = (1+19)/2 = 10,

giving h2:0(S) = 9. As 7 is étale of degree 2, K7 = n*Kg, K§ = 35, and hence yp(S) = 85
by Noether’s formula. From this, we find that 21>1(S) = 65. m]

Corollary 4.5. With S and X as above, we have

4 2
D OR(X) =) hY(S) + 4,
i=0 i=0

hl,Z(X) — hO’I(S),

3 (X)) = h%2(S).

Proof. The semiorthogonal decomposition in Proposition 4.3 gives the relation of Hoch-
schild homology groups
HH.(X) = HH.(S) @ C*.

Expressing Hochschild homology via Hodge numbers through

dimHH; (=) = ) hP7(-),

p—q=i

and using the fact that 1% (X) = 0 since X is Fano gives the result. |

Remark 4.6. The fact that Tors H3(X, Z) # 0 can be seen as a consequence of the fact
that the conic bundle n: U4 5 — W, 5 does not admit a rational section.

To see this, recall that Uy s is a projective bundle over the Grassmannian G = Gr(3, V).
Explicitly, Us,s = P(E), where E is the rank 9 vector bundle appearing as the kernel of the
natural map S2(VV ® Og) — S?(UV), and where U is the universal subbundle of rank 3.
Now, if D C P(F) is the divisor determined by a rational section of 7, then D is linearly
equivalent to a divisor of the form aL + bG, where L = Op(g)(1) and G is the pullback of
Ocr(3,v)(1). We must also have D - L'3 =10 (as the I-cycle L!3 is represented by 10 fibers
of P(E) — Wj_5). On the other hand, using the Chern classes of S2(UY), we compute that
D - L'3 = —20b, contradicting the condition that b is an integer.

This shows that the Brauer group of Wjj‘sl is nontrivial. In our case, we may identify
the Brauer group with Tors H3 (W5, Z) because H Z(Wj:’;, 7)) = 7 is generated by algebraic
classes [2, Proposition 4]. Finally, Lemma 3.4 shows that H 3(W4‘,“§, 7) — H3(X,Z) is an
isomorphism, so the latter group has nontrivial torsion part as well.

For an alternative approach to the absence of rational sections, see Claim A.2 in the

appendix.

4.3. Thecasec =2n —2. Let X = X;; 24,—2. Then X has dimension 2n — 5, isolated
singularities in 6~ 1(Z5,,) N X, and Kx = —2H. Let X — X be the blow-up at the singular
points. Then the exceptional divisor E is a disjoint union of components Ej, ..., Eg, all of
which are isomorphic to P2 x P"~3, by Proposition 2.10.
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By Corollary 3.6, we have H3(X*™, Z) = Z/2. Since X ~ X — E,we get a pullback
map H3(X,Z) — H3(X*™,Z). This map is an isomorphism by the exact sequence

HYE,Z)— H*(X.Z) —> H*(X — E,Z) — H*(E.Z),

using also that H'(E,Z) = 0 and H?(E, Z) is torsion free.

Proposition 4.7. For eachn > 4, X is a smooth projective variety of dimension 2n — 5
with Tors H3(X,Z) # 0. The variety X is unirational, but not stably rational.

Proof. Only the unirationality remains to be proved. The incidence variety Uy 5 of (2.3)
is a P?"~2_bundle over the Grassmannian Gr(n — 2, V). This means that if X is a com-
plete intersection of 2n — 2 divisors in Wy ,, the preimage Uy = n~!(X) is birational to
Gr(n — 2, V). Therefore, Uy is rational, and hence X is unirational. D

Example 4.8. Whenn = 4, X is a double cover of I3 branched along a singular quartic
surface. This is the example famously studied by Artin and Mumford in [1], and for which they
prove Proposition 4.7. Here X has 10 ordinary double points and the blow-up X contains 10
exceptional divisors isomorphic to P! x P,

4.4. The case n = 4, ¢ < 6. The Artin-Mumford examples of X4 ¢ can also naturally
be generalized to X4  with ¢ < 6. We will explain that, at least when ¢ = 4 or 5, these do
not have torsion in H?3 in their smooth models (correcting a claim made in a MathOverflow
answer [32]).

The singular locus of X4 . has codimension 3 and is a smooth Enriques surface or
a smooth genus 6 curve when ¢ = 4 and ¢ = 5, respectively. There is a resolution : X - X4
obtained by blowing up the singular locus, where the exceptional divisor is a P! x P !-bundle
over the singular locus.

Proposition 4.9. With X as above, we have that the group H 3()? , Z) is torsion free for
¢ =5and0forc = 4.

Proof. To show that H3(X, Z) is torsion free, we first remark that H3(X, Z) has no tor-
sion by Corollary 4.11 below. Next, we consider the Leray spectral sequence associated to the
blow-up 7: X — X, with E»-page HP (X, Ri7,Z) converging to HP1t4(X 7). Let S C X
be the singular locus. We have Ron*ij = Zx, Rl7n, 7 =0, Rzn*ij = Fand R37.7Z = 0,
where F is a rank two local system. More explicitly, we have F = R%n4Zf, and since E is
a P! x Pl-bundle over S, this means F =~ R f,Zg’, where f:S’ — § is the étale double
cover of S corresponding to the two families of lines in each fiber of £ — S.

By Corollary 4.11, we have H3(X,Z) = 0, and so the only non-vanishing term of the
E5-page of the spectral sequence is

HY(X,R?n.Z%) =~ H (S, Ry fxZs)) = H (S, 7).
Running the spectral sequence then gives

0—> H3X.,Z)— H'(S".7Z) > H*(X. 7).
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Since H'(S’,7Z) is torsion free, the same is true for H3(f, 7). When ¢ = 4, the variety S
is an Enriques surface so that S’ is either a K3 surface or two copies of S; in either case,
H(S’,Z) = 0, which gives H3*(X,Z) = 0. o

The proof of Proposition 4.9 relies on the following version of the weak Lefschetz
hyperplane theorem for singular varieties.

Proposition 4.10. Let V' be a projective variety of dimension n + 1 and let D be an
ample divisor which is disjoint from the singular locus sing(V'). Then the natural maps

H;(D,Z) - H*>" 27V, 72)

are isomorphisms for i < n and surjective fori = n.

Proof. Letting U = V — D, the relative cohomology sequence takes the form
o> H(V,V=D,Z) > H(V,Z) > H'(U,Z) - H*'\(V,V =D, Z) — --- .

Moreover, since V' is smooth in a neighborhood of D, we may identify H i (V,V — D, Z) with
Hﬁ%_z_i (D) = Hyp4+2—i (D). Now, using that U is affine of dimension n + 1, the cohomol-
ogy groups H! (U, Z) vanish for all i > n + 1, by Artin’s vanishing theorem. |

Corollary 4.11. Let o: X — P" be a ramified double cover. Then, for eachi < %,
(i) H2i(X,Z) =7 and Hy;—1(X,Z) = 0,
(i) H*(X,Z) = Z and H*~1(X,Z) = 0.

Proof. Note that X can be defined by an equation of the form z2 = f(xq,...,X,) in
the weighted projective space V = P(1,...,1, %). Thus X is an ample divisor, disjoint from
the one singular point of V. Thus the conditions of Proposition 4.10 hold, and we find that
Hj(X,Z) = H?"/(V,Z) when j < n. The cohomology of V is computed in [14, Theo-
rem 1], which gives claim (i), and claim (ii) follows by the Universal Coefficient Theorem.

i

5. Proof of Theorem 1.2

In this section, we state and prove a precise version of Theorem 1.2. We first recall some
general background on the coniveau filtrations on cohomology of algebraic varieties, referring
to [3] for details. We restrict ourselves to the case of cohomology with integral coefficients
H'(X,Z) on a smooth projective variety X over C.

A cohomology class « € H [(X,7) is said to be of coniveau at least ¢ if it restricts
to 0 on X — Z, where Z is a closed subset of codimension at least ¢ in X. These classes
give the coniveau filtration N¢H I(X ,Z) C H l(X , Z)). Equivalently, viewing H I(X ,7) as
H,, ;(X,7Z) via Poincaré duality, a class o € H,,_;(X,Z) is of coniveau at least ¢ if and
only if o = j«f for some B € H,,_;(Y,Z), where j:Y — X is the inclusion of a closed
algebraic subset of X of codimension at least c. So, for example, N¢ H?¢(X, Z) consists of
exactly the algebraic classes in H?¢(X,Z).
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A class @ € HY(X,Z) is said to be of strong coniveau at least ¢ if « = fxB, where
f:Z — X is a proper morphism, Z is a smooth complex variety of dimension at most n — ¢,
and B € H'=2¢(Z, 7). Equivalently, « has strong coniveau at least 1 if @ = j4J is the Gysin
pushforward of a class § € H* (Y 7Z) and ]~ Y — Y isthe desingularization of a closed subset
of codimension at least c. These classes give the strong coniveau filtration

N°H'(X,z) c H (X, 7).
We have N°H!(X,7Z) c N°H! (X, Z) for every c. Moreover, the quotient
N'HY(X,2)/N'"H'(X.Z)

is a birational invariant among smooth projective varieties [3]. This invariant is particularly
interesting for rationally connected varieties X . In this case, all cohomology classes are of
coniveau at least 1.

Proposition 5.1. Let X be a rationally connected smooth projective complex variety.
Then, for any | > 0,
N'H (x,z) = H (X, 7).

Proof. See [4] for the case [ = 3, and [7] in general. O

In [31, Question 3.1], Voisin asked whether N'H!(X,Z) = N'H!(X, Z) for X a ratio-
nally connected variety, i.e., whether all cohomology classes are of strong coniveau 1 (see
also [3, Section 7.2]). In the same paper, she proved that any class in H3(X, Z) modulo tor-
sion is of strong coniveau 1. This was extended by Tian [28, Theorem 1.23] who proved that
H3(X,Z) = N'H 3(X, Z) for any rationally connected threefold. Our Fano varieties give the
first rationally connected examples where the two coniveau filtrations are different.

In [3], the following topological obstruction to strong coniveau at least 1 was introduced.

Proposition 5.2. If o € H3(X,7Z) is a class of strong coniveau at least 1, then the
mod 2 reduction & € H3(X,Z/2) satisfies @*> = 0in H%(X,Z/2).

Proof. This is a special case of [3, Proposition 3.5]. m)
Here is the precise version of Theorem 1.2.

Theorem 5.3. Forn > 6, the variety Xy 2n—1 from Definition 2.13 is a Fano variety of
dimension 2n — 6 with Ky = —H, such that
0=N'H3X,Z)# N'H3(X,Z) = H¥(X,Z) = Z)2.
Proof. Let X = X, 2n—1. The computation of dim X, H3(X, 7Z) and Ky is part of
Theorem 4.1. Since X is Fano, it is rationally connected, so Proposition 5.1 gives
N'H3(X,Z) = H3*(X,Z).

Corollary 3.6 shows that the non-zero class o in H3(X, Z) is such that the mod 2 reduction of
o? is non-zero. Proposition 5.2 then implies o« ¢ N'H3(X,Z),so N'H3*(X,Z) = 0. m)
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Remark 5.4. We can obtain examples of other rationally connected varieties where
N¢H! £ N°H' forany ¢ > 1 and [ > 2¢ + 1 by taking appropriate products with projective
spaces (see, e.g., [3, Theorem 4.3]).

Remark 5.5 (The Artin—-Mumford example). In light of Theorem 1.2, it is natural to ask
whether the 2-torsion class @ € H3(X, Z) in the Artin-Mumford example has strong coniveau
at least 1, i.e., whether the birational invariant (1.1) is zero. It turns out that this is indeed the
case: inspecting Artin—-Mumford’s “brutal procedure” in [1, pp. 82—83] shows that the class o
is obtained from a cylinder map H'(C,Z) — H?3(X,Z) from an elliptic curve C. In other
words, o is the pushforward from a class in H ! from some ruled surface S over C.

Note that this can also be seen as a special case of [28, Theorem 1.23].

5.1. Open questions. We conclude with two open questions regarding the two coniveau
filtrations.

Question 1. Are there rationally connected varieties X with
N'H'(X,Z) # N'H' (X, Z)

for some / > 0 and torsion free H (X, Z)?

Question 2. Are there rationally connected varieties of dimension 4 or 5 where
N'H'(X,Z) < N'H' (X, Z)

for some [ > 0?

Remark 5.6. Let X = X5 9 be the fourfold from Section 4.2. Then we do not know
if the generator o of H3(X,Z) has strong coniveau at least 1. We can show, however, that
a?> =0 in H(X,Z/2), so the topological obstruction of Proposition 5.2 vanishes. To see
this, we use the fact that the third integral Steenrod square Sq%: HP(Z,7) - HPT3(X,7Z) is
naturally identified with the third differential d3 in the Atiyah—Hirzebruch spectral sequence of
topological K-theory, with E»-page

HP (X, K*(pt)) = {H”(X’ Z). qeven,

otherwise,

converging to K?19(X). Now H*(X,Z) has torsion only in degrees 3 and 6, with torsion
part Z /2 in each of these degrees. It also has torsion Z/2 ¢ Z /2 in its topological K-theory,
by Proposition 4.3 (because S is a general type surface with fundamental group Z/2). This
implies d3 = 0, since otherwise the Atiyah—Hirzebruch spectral sequence would give that the
topological K-theory of X was torsion free. Since Sq% is an integral lift of the usual (mod 2)
Steenrod square Sq°, we then get

@Ua = Sq’(@) = 0.

In general, it would be interesting to find other obstructions to the equality of the two
coniveau filtrations than the topological obstructions of [3].
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A. Comments on the Fano fourfold
by Janos Kollar

In the present paper, Ottem and Rennemo construct smooth Fano fourfolds X such that
Hy(X,Z)=Z +7Z)2.

This appendix gives a shorter computation of H, (X, Z); see Claims A.2 and A.4.

We also add two new results. In Claim A.6, we exhibit two lines L', L” C X such that
L’ — L generates the torsion in Hy(X,Z) =~ 7 + 7./2.

Then, in Paragraph A.14, we show that X is birational to a double cover of P# ramified
along a degree 18 hypersurface R, which is obtained as the 5-secants of a degree 15, smooth,
determinantal surface S = (rank N < 4) C P#, where N is a 6 x 5 matrix whose entries are
linear forms. Although S is smooth, it is not a general determinantal surface, since the latter
have only 1-parameter families of 5-secants.

The higher-dimensional examples constructed in the paper can also be treated with minor
changes.

We refer to [26, Chapters VIII-IX] for symmetric determinantal varieties and to [16,27]
for the classification of lines on them.

A.1 (Basic set-up). We recall the construction of the Fano fourfolds in the paper. This is
the case when r = 4 and n = 5 (see Section 4.2). Let Z; C P1# be the space of rank at most i
quadrics in P#. Our main interest is Z = Z4 C P14, the space of rank at most 4 quadrics
in P4, It is a quintic hypersurface.

The universal deformation of a rank 3 quadric is given by

2_ 2 .2
Xo— X7 — X5 + E zijxixj = 0.
i<j

Fori = 0,1, 2, we replace x; by x;+/1 4 z;; and complete the squares to get the normal form
(A.1.1) x% — x% — x% + Z33x§ + z34X3X4 + Z44x§ = 0.

This has rank at most 4 if and only if 232.4 —4z332z44 = 0. So Z is singular along Z3, with
transversal singularity type Aj.

As in (2.2), define U to be the space of pairs (L2 C Q), where L? C P#is a 2-plane and
Q C P* a quadric. We have projections

GlyLy,

and Pic(U) = Z? is generated by pFO¢(1) and p50z(1).

Let U, C U be the closed subset where the quadric has rank at most 2. These quadrics
split into two hyperplanes, one of which must contain L2. So U, is a P! x P#-bundle over
Grass(2,4). Set U° := U — U,. This is the preimage of the open set Z° := Z4 — Z>.

Since U, C U has codimension 3, H (U°,Z) = H'(U,Z) fori <4 =23 —1). In
particular,

H°U°,z)=7, HYWU°,Z)=0, H*U°,Z)=17* H?*U°7Z)=0.
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As in Section 2.1, we define W using the Stein factorization of p,: U — Z,
viwi oz

In coordinates (A.1.1), Z =~ (Z% — 42123 = 0) x A, Set wy := /z1 and w3 := ,/Z3. Since
wiws = z/2, adjoining both w1y, wy is a degree 2 covering and

2 2 2
Z1X3 + 22X3X4 + z3x5 = (W1x3 + W3x4)".

Thus, locally analytically over the points of Z3 — Z», we have W = A2 x Al and the

wi,w2
family of quadrics becomes

(xg — x% — x% + (w1x3 + waxs)? = 0) x AL,
Thus U is the family of 2-planes in the same family as

(Yo —x1 = x2 — (W1x3 + wax4) = 0).

Each of these has a unique intersection point with (x3 = x4 = 0). Thus U is locally analyti-
cally isomorphic to the trivial family

Wx(xg—xlz—x§=0) c W x P2
Therefore, restricting to U °, we get
ve e % 70
and n°: U° — W° is a smooth morphism with conics as fibers.

Claim A.2. H3(W°,Z) = 7/2 and n has no rational sections.

Proof. Let [Q] € W° be arank 2 quadric. It is obtained by taking the cone over a conic
C twice. Thus the planes in Q are identified by the points of C; this is also the fiber F of n
over [Q]. As C degenerates to a pair of lines, we get that Fp is homologous to 2-times a curve
parametrizing a pencil of planes. Thus the image of

H*(U°,Z) — H*(Fp,7) = 7

is twice the generator. (Note that this splitting of Fp into two components happens in the fibers
over Z,, thus outside Z°.)
In the Leray spectral sequence for 1°, the only interesting map is on the E3 page,

7 =~ H'(W®°, R*>,27) — H3(W°, 7).
As we noted, the kernel is 27 and H3(U°,Z) = 0. Thus

H3>(W°,Z)~17Z/2 and H?*(W°,Z)==1Z. o

Definition A.3 (Construction of X). As in Section 4.2, let Xz C Z be the complete
intersection of 9 general hyperplanes and X := Xy C W its preimage. Then X C W° is a
Fano fourfold with Ky ~ —c* H.
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Claim Ad. Hr(X.Z) =7 +7)2.

Proof. The isomorphism H,(X,7Z) = H>(W?°,Z) follows from the quasi-projective
version of the Lefschetz hyperplane theorem of [11]; see also [10, p. 153] and Section 4.2. o

Note that, by [30], H2(X,Z) is generated by algebraic curves. Next we write down
a difference of two smooth, degree 1 rational curves that generates the Z/2-summand of
H>(X, 7).

Claim A.5. Let L C Z — Z3 C P be a line. Its preimage in W is a pair of lines
L' U L" such that

(1) L' and L" are numerically equivalent,

(2) U xw L' is the ruled surface F1 =~ B,P?,

(3) U xw L" is the ruled surface Fy = P! x P!, and

(4) L' — L" is a generator of the 7./ 2-summand of Hy(W°,Z) = 7 + 7. 2.

By Paragraph A.12, Xz contains a 2-parameter family of lines, and Claim A.5 applies to
them. Thus we obtain the following.

Claim A.6. Let L C Xz — Z3 be a line. Its preimage in X is a pair of lines L' U L”,
and L' — L" is a generator of the 7./ 2-summand of Hy(X,7) = 7, + 7./ 2. O

A.7 (Beginning of the proof of Claim A.5). By Claim A.4, H,(X, Z)/(torsion) is gen-
erated by Ky ~ —0*H, so L' and L” are numerically equivalent.
By Paragraph A.11, in suitable coordinates, we can write L as a family of quadrics

O(A:p) = (xo(Axz — px3) = x1(uxg — Ax3)).

All of these contain the 2-plane (xo = x1 = 0), defining a section so: L — U.
The preimage of L in W is a disjoint union of 2 lines L' U L”. We choose L’ to be
mosg: L —->U— W.
For any non-zero linear form £ = aA + b, a section C’'(€) of 7:U — W over L' is
given by
Lxg = uxq —Axz and Axpy — uxz = €xg.
For £1 # {5, the two sections C'(£1), C’(£3) meet at the point where £1 = £,. Thus U xy L'

is the ruled surface [F;.
In the other family of 2-planes, we have sections C”(€) given by

cxo =x1 and puxg —Axz = c(Axa — ux3).

These are disjoint for ¢y # c¢. Thus U xy L” is the trivial P!-bundle.
These show Claim A.5 (2)-(3). m)

Claim A.5(4) is a formal consequence of Claim A.5 (1)—(3). To see this, we need to
discuss how to detect 2-torsion in H, using P !-bundles. (Similarly, n-torsion can be detected
using P~ !-bundles.)
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A.8 (Comments on P!-bundles). Let X be a normal, proper variety and 7:Y — X
a P1-bundle (étale locally trivial). For a smooth curve C — X, let Cy — Y¢ := C xx Y be
a lifting. Set

(A8.1) oy (C) := (Cy - Ky, /c) mod 2.

This is well defined as a function on A (X), the group of 1-cycles modulo algebraic equiva-
lence.

If X is smooth and Y — X has a rational section S C Y, then Ky,;x ~ =28 +7*D
for some Cartier divisor D on X. In this case, oy (C) = (C - D) mod 2. Conversely, assume
that we are over C, H» (X, Z) is generated by algebraic curves, and oy (C) = (C - D) mod 2
for every C. Then Ky,x — ™ D is divisible by 2, giving a rational section. In any case, we get
the following.

Claim A.9. [fthere is a numerically trivial 1-cycle C such that oy (C) = 1 mod 2, then
[C] is a nontrivial torsion element in Hy(X,7Z), and Y — X has no rational sections. O

A.10 (End of the proof of Claim A.5). Since U xw L’ = 1, (A.8.1) shows that
oy (L") =1 mod 2.

Similarly, U xy L” = Fo implies that oy (L") = 0 mod 2. Thus C := L' — L” is numer-
ically trivial and oy (C) = 1 mod 2. We can now apply Claim A.9. o
In both cases, we could have used the isomorphism

wyyw = p106(—1) ® p;0z(1)

to compute oy (L') and o (L”). |

A.11 (Lines on Z). By [16], the lines on Z — Z, form three families of dimension 20
each. These are the following.

(1) (Q1, Q2) where the Q; contain a common 2-plane. The general such line L is disjoint
from Z3, and its preimage in W is a pair of disjoint lines L’ U L”. After coordinate
change, these can be written as

xo(Axz — px3) = x1(xg — Ax3).

(2) (Q1, Q») where the Q; have a common singular point. After coordinate change, these
can be written as

Aqi(xt,...,x4) + pnga(x1,....x4) =0,

where the ¢g; are quadratic forms. The general such line L intersects Z3 at four points,
and its preimage in W is a smooth, elliptic curve of degree 2.

(3) (Q1, Q) where the Q; have rank 2 and sing Q; is tangent to Q3—;. The general such
line L intersects Z3 at two points, and its preimage in W is a smooth, rational curve of
degree 2. After coordinate change, these can be written as

A(x§ + x1x2) + p(x2x3 + x7) = 0.
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A.12 (Lines on Xz). The space of lines in Z — Z3 has dimension 20, and with each
hyperplane section the dimension drops by 2. So the lines on Xz form three families of
dimension 2 each. Only A.11 (1) contains lines that are disjoint from sing X 7.

Since there are no lines on Z3 — Z», the only common lines to any two of these families
are the finitely many double tangents of sing X 7.

A.13 (Another representation of Xz). Let Ps be a general 5-dimensional linear system
of quadrics on P4 := P4 Fori = 4,5, we have the projections m;: P4 x Ps — P;. For brevity,
let us write (a,b) := amy H4 + bn Hs, where H; is the hyperplane class on P;. Set

Y :={(p,0):pe Py, Qe Ps5, pesingQ} C Py x Ps.

The condition p € sing Q is equivalent to the partial derivatives of the equation of Q vanishing
at p. Thus Y C P4 x Ps is the complete intersection of five divisors of bidegree (1, 1). Write
these as

4 5
(A.13.1) SO afyix; fort=1,...5.
i=0j=0

Over Ps, (A.13.1) is equivalent to a 5 x 5 symmetric matrix whose entries are the linear forms
mf = stzo afj x;. The condition det(mf) = 0 defines Xz as in Paragraph A.3.
Over P4, (A.13.1) is equivalent to a 6 x 5 matrix whose entries are the linear forms

nf = Z?:o afj yi. Note that m4: Y — Py is birational. Its inverse is the blow-up of a surface®
S C P4, defined by rank(nf) <4.

Let E4 C Y denote the exceptional divisor, and Y defines a rational map P4 --> Xz C Ps,
which is given by the 5 x 5 subdeterminants of (nf). Thus E4 ~ (5,—1)|y.

The inverse rational map Xz --> Py is a bit harder to see. It is given by a linear system
of divisors as follows. Let H € | H4| be a hyperplane and set

Dy :={Q e€Xz:HNsingQ # 0} C Xz.

Note that the condition H N sing Q is equivalent to Q |y being singular. (Here we need that Q
itself is singular.) This gives us the equation det(Q|g) = 0 for Dg. It has degree 4.

We claim that the intersection of (det(Q|g) = 0) with Xz has multiplicity 2. To see
this, choose coordinates such that H = (xg = 0) and Q = (xg + x% + x% + xﬁ = 0). For its
deformations, we can make linear coordinate changes to the x, x3, x4, but x¢ can only be
multiplied by a constant. Thus we get a miniversal deformation family

(X3 + t1xox1 + t2x? + x5 + x5 +x2 =0) C Ps x A%Jz'

For a given 1, t,, the quadric has rank 4 if and only if t12 — 41, = 0, and the singular point is
on (xo = 0) if and only if r, = 0. Their intersection is the length 2 scheme (112 =0).

Thus the Dy C Xz have degree 10 = %(4 -5) and 2Dy ~ 4Hs|y. In particular, the
divisor class Dy — 2Hs|y is 2-torsion in the class group CI(Xz). The corresponding double
cover is our X, constructed in Paragraph A.3.

2 This is not the surface S of Section 4.2.
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Let E5 C Y denote the exceptional divisor of 75: Y — Xz. The previous computations
suggest that it should be linearly equivalent to (—1, 2). However, Xz has multiplicity 2 along
the base locus of | Dy |, so the correct bidegree is (—2, 4).

On Py, the three families of lines A.11 (1)—(3) correspond to

(1) conics that are 9-secants of §,
(2) fibers of E4 — S, and

(3) lines that are 4-secants of S'.

A.14 (X as adouble P4). By the previous description, X is birational to a double cover
of P# ramified along the hypersurface R := m4(E5) C Pj.

The degree of R is given by (1,0)3[E5](1,1)>, which works out to be 18. The degree
of the surface S is (1,0)%[E4](0, 1)(1,1)> = 15. Note that S is a 6 x 5 determinantal surface.
However, it is not general since we have a symmetry condition on the P5 side, so results about
general determinantal surfaces do not apply to S.

The multiplicity of Y along S is 4. This follows from the computation

(1,0)?[E4][E5](1,1)° =60 = 4 - deg S.

Thus R is in the fourth symbolic power of the homogeneous ideal of S, but not in its fourth
power. For general determinantal surfaces, these are equal by [8].

Another interesting property of S is that the fibers of E5 — sing Xz give 5-secants of S.
Thus S has a 2-parameter family of 5-secants. Note that, by A.13 (3), the family of 4-secants
has dimension 2 as well.

Most surfaces in P4, including general 6 x 5 determinantal surfaces, have only 1-param-
eter families of 5-secants.
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