LECTURE 4: UNIRATIONALITY OF GENERAL HYPERSURFACES
OF SMALL DEGREE

Our main goal in this lecture is to show that for every fixed d, a general hypersurface
of degree d in P™ is unirational, as long as n is large enough. This will be done in §4. We
begin with a general discussion of incidence correspondences for linear subspaces contained
in hypersurfaces. In §2, motivated by the rationality criterion for even-dimensional cubics
in Lecture 2, we compute the dimension of the space of smooth cubic hypersurfaces of
dimension 27 that contain 2 disjoint r-dimensional linear subspaces. The third section is
devoted to a necessary and sufficient condition for all hypersurfaces of degree d in P" to
contain an r-dimensional linear subspace.

1. FANO VARIETIES OF 7-PLANES AND THE INCIDENCE CORRESPONDENCE

For simplicity, in this section we work over an algebraically closed field k. Given
a projective space P" and r < n, let G be the Grassmann variety parametrizing the r-
dimensional linear subspaces in P" (hence G is a smooth, projective variety of dimension
(r+1)(n —r)). For d > 2, let P be the projective space parametrizing the degree d
hypersurfaces in P". Note that if V = H° (P",(’)pn(l)), so that P" = P(V), then P =

P((S%V)*), hence dim(P) = (”;d) -1

Consider the incidence correspondence
I={(X,A\)ePxG|AC X}

We begin be describing equations for I in P x GG, extending what we did in Lecture 2.
Suppose that we are over the open subset V o~ AT+D(=") of G where a subspace A is
described by the linear span of the rows of the matrix

10 ... 0 app41 --- aop
0 1 ... 0 a1 r41 --- QA1n
0 0 e 1 ar77»+1 ‘e afrm,
The hypersurface corresponding to ¢ = (¢,), where a = (ay, ..., ) with ), a; = d,

is defined by
fe= Z Cal®.

This contains the subspace corresponding to the above matrix if and only if
fe <£B0, AU Z ip 1Ty - - - Z amxi) =0 in klzg,..., 2z,
0<i<r 0<i<r

1
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We can write

(1) fe (xo,...,xr, Z Qi 1Ty - - - Z amxi> = ZFﬁ(a, c)xﬂ,
B

0<i<r 0<i<r

with the sum running over those 5 = (B, ..., 3,) with ). 8; = d. With this notation,
IN(P xV)is defined in P x V by (Fp)s. The equations over the other charts in G are

similar (in fact, these charts have the same form as V', up to a reordering of the coordinates
on P™).

Let p: I — P and ¢q: I — G be the morphisms induced by the projections onto the
two factors.

Proposition 1.1. The inclusion I — P x G makes I a projective subbundle over G, of
codimension (T+d). In particular, I is smooth and irreducible, with

d dim([):(r—i-l)(n—r)—i—(n;d) - (ng) 1

Proof. 1t is clear that it is enough to prove the first assertion. This can be checked over
suitable affine charts of (G, hence it is enough to show it over the subset V' considered
above. We have seen that /N (P x V) is defined in P x V' by (Tzd) equations that are linear
in the coordinates on P. Moreover, for every A € V', the subset cut out by these equations
in P x {A} is a linear subspace of codimension (Tjj'd). In order to see this, we may assume
that A is defined by x,,1 = ... = x, = 0. It is clear that if f defines a hypersurface X,
then X contains A if and only if all coefficients of the monomials in xy, ..., x, in f vanish;
this gives a linear subspace of codimension (Tzd). We thus conclude that 7N (P x V) is a
projective subbundle of P x V' of the claimed codimension. 0

For every hypersurface X of degree d in P", the Fano scheme of r-planes in X,
denoted F,(X), is the scheme-theoretic fiber p~!(X) of p over the point corresponding to
X. Note that in general this is a non-reduced scheme. By definition, the k-points of F.(X)
parametrize the r-dimensional linear subspaces of X, and a similar assertion holds for a
field extension K of k if we replace X by Xk and the linear subspaces are considered over
K, too.

Our next goal is to describe the tangent spaces to F,.(X); we also want to give a
condition for the smoothness of the map p: I — P at a point (X, A). In order to do
this, we first introduce some notation. Let (X, A) € I be fixed. Let ¢y,...,0, . € V =
H°(P", Opn(1)) be generators for the ideal of A. In this case, if f € S4(V) is an equation
for X, then we can write f = Y "1 {;f;, with f; € S4™'(V) = H(P", Opn(d — 1)). Let
g; = fila € HO(A, Oa(d — 1)) for 1 < 7 < mn —r. Note that the g; are independent of
the choice of the f;: if f = Z;:{ i f;, since £y, ..., €, form a regular sequence, we have
fi—fj € (lr,...,6uy), hence f;|n = fi|a for all j. If Z, is the ideal defining A in P",
then H°(P™,Z,(1)) is a vector space with basis /1, .., ¢, . and we consider on the dual
vector space the dual basis /7, ..., ¢’ . Consider now the multiplication map

i n—r:

® =Dy p: HO(A,05(1)) @ H'(P", Zx(1))" — H°(A, Oa(d))
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mapping u ® £ to ug;. We have seen that this is independent of the choice of the f;, and
it is easy to see now that it is also independent of the choice of linear forms ¢4,...,¢,_,,
hence it only depends on A and X (actually, on an equation defining X; if we choose

a different equation, then the map ® gets rescaled by a nonzero element of the ground
field).

Theorem 1.2. With the above notation, the following hold:

i) The tangent space Ty\F,.(X) to F,.(X) at the point A is isomorphic to Ker(®x a).
ii) If the map ®x p is surjective, then the morphism p: I — P is smooth at (X, A);
in particular, the Fano scheme F,.(X) is smooth at the point A.

Proof. We have to extend to our general setup the computation in the proof of Proposi-
tion 1.7 in Lecture 2. We may assume that A lies in the affine open subset V' of G that
we have used before, and in fact, after choosing appropriate coordinates on P", we may
assume that A corresponds to the point with a,; =0for 0 <7 <randr+1<j <n.
Let ¢ be such that f. = f is the equation defining X. We may choose the equations
ly, ..., 4, for the ideal Z, in P" to be given by ¢; = x,;. Note that in this case, if we
write f =Y """ {;f;, then

(2) ”
9i(xo, ..., x.) == fi(xg,...,2,,0,...,0) =

axr-i-i

(2o, .., 2,0,...,0) for 1 <i<r—n.

We use the equations (Fj)g that define I N (P x V) in P x V. Note that F,.(X) is
thus defined by the equations Fj(c, a) in the a; ;, hence

ThF.(X) = {u = (u;;) | Z Z 8Fﬁ (¢,0)u; ; = 0 for all ﬂ}

=0 j= r—|—1 i

On the other hand, by differentiating the formula (1) with respect to a; j, we get

OF, 0
(3) Z ’8 :xia—f(xo,...,xr,(),...,()).

804,] x;j

We thus see that u = (u; ;) lies in T) F,.(X) if and only if
0
ZUi7jxi8_£ =0 in k’[l’o, N ,l‘r].
17]
This says that if we put a; = Y ._ u; ;2 for r+1 < j < n, then u = (u;;) lies in Ty F,.(X)
if and only if
(g1, o) € HO(A, 04 (1)) ~ HO(A, 04(1)) @ HO(P™, Ty (1))
lies in the kernel of ®x 5. This completes the proof of i).

For ii), note that p is smooth at (X, A) if and only if the tangent map
de,A: T(X7A)I — TXP
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is surjective. In other words, we need that the projection onto the first component induces
a surjective map between the subspace

T(X,A)[ — TXp ) TAG

and TxP. It follows from Lemma 1.3 below and the description in (3) for the last
columns in the Jacobian matrix of p at (X, A) that dpxa is surjective if the polyno-

mials z;9;(zo,...,2,), for 0 <i <rand 1 <j <n —r span the vector space of degree d
polynomials in k[zo, ..., x,]. This is precisely the condition that the map ®x 5 is surjec-
tive. ]

Lemma 1.3. If A € My, min s a matriz defining a linear map k™ @ k%" — k%™ then
the projection onto the first component p: k™ @ k¥ — k®™ induces a surjective map
Ker(A) — k9™ if and only if the first m columns of A lie in the linear span of the other
columns. In particular, this holds if the last n columns of A span k®™.

Proof. The proof is straightforward and we omit it. 0

Remark 1.4. When A is contained in the smooth locus X, of X, then the two assertions
in Theorem 1.2 can be reformulated in terms of the normal bundle Ny ,x of A in X, as
follows. Since A, X, and P"™ are smooth, we have a short exact sequence of normal
bundles
0— NA/X — NA/Pn L) NX/pn’A — 0.
With the notation in Theorem 1.2, we have
NA/P'IL = @OA(l) and NX/Pn

j=1

A= OA(d),

and it is easy to see that the map p is defined by (g1, ..., gn—r). Therefore the map ® can
be identified with the map induced from p by taking global sections. First, assertion i) in
the theorem implies that

TAF,(X) ~ H°(A, Ny/x).

Second, since H'(I',0(1)) = 0, the assertion in ii) is equivalent to saying that if
H'(A, Na/x) = 0, then p is smooth at (X, A).

Remark 1.5. The results in Theorem 1.2 can also be obtained using the theory of
Hilbert schemes. If X is a hypersurface in P”, then the Hilbert scheme parametrizing
r-dimensional linear subspaces contained in X is precisely F,.(X). If A is contained in the
smooth locus of X, then it is a general fact that the tangent bundle to the Hilbert
scheme at the point corresponding to A is isomorphic to HY(A, Ny x). Moreover, if
H'(A,Np/x) = 0, then the Hilbert scheme is smooth at the point corresponding to A.
We refer to | | for the basics about Hilbert schemes, for the description of F,.(X) as
a Hilbert scheme, and for the results that we mentioned.

Remark 1.6. For simplicity, we worked over an algebraically closed field, but the results
in this section extend without any effort to arbitrary fields. It is clear that for every ground
field k, the incidence subscheme I < P x G can be defined over k£ and it is compatible
with field extensions (this follows, for example, from the explicit equations that we gave).
In particular, given a field extension K/k, the K-valued points of I are in bijection with



LECTURE 4: UNIRATIONALITY OF GENERAL HYPERSURFACES OF SMALL DEGREE 5

pairs (X, Ax), where X is a hypersurface of degree d in P%, and Ak is an r-dimensional
linear subspace in P’ that is contained in X. It is clear that Proposition 1.1 holds in
this setting, since the assertions can be checked after passing to the algebraic closure of
the ground field. The description of the tangent space, as well as the smoothness criterion
in Theorem 1.2 also hold at k-valued points of I.

2. M-DIMENSIONAL PLANES ON 2m-DIMENSIONAL SMOOTH CUBIC HYPERSURFACES

We keep working over an algebraically closed field k. Motivated by Theorem 2.1 in
Lecture 2, we now consider the 2m-dimensional cubic hypersurfaces containing 2 disjoint
linear subspaces, extending some of the results that we proved for cubic surfaces.

We begin with a general proposition, taken together with its proof from | ].

Proposition 2.1. Let X C P" be a hypersurface of degree d > 2.

i) If A C P™ is a linear subspace of dimension r contained in the smooth locus Xgp,
of X, then r < ”T’l

i) Ifd > 3 and r = ”T_l, then X contains in its smooth locus only finitely many
r-dimensional linear subspaces.

Proof. Let ¢1,...,¢,_, be linear forms that generate the ideal of A and let S be the
homogeneous coordinate ring of A. If f is an equation defining X, then the condition that
A C X implies f € (¢1,...,¢,_,), hence we can write

F=S0r
i=1

for some homogeneous polynomials f1, ..., f,_,, of degree d—1 > 1. If P € A is a common
zero of fi,..., fu_r, then multp(X) > 2, contradicting the fact that A C X,. Since any
r homogeneous polynomials of positive degree in S have a common root in P, it follows
that n —r > r + 1, giving the assertion in i).

Suppose now that n = 2r 4+ 1. Let g; € S be the restriction of f; to A, for 1 < i <
n —r =r+ 1. Since ¢, ..., g-+1 have no common zero in A, it follows that they form a
regular sequence in S.

We need to show that every point A € F,.(X) corresponding to a subspace A C X,
is isolated. For this, it is enough to show that T) F,.(X) = {0}. Recall that by Theorem 1.2,
if A, f, and ¢1,...,9,.1 are as above, then

r+1
TAFT(X) = {(ula' c . 7“’7“—}—1) S S{—H | Zulgl = 0} .
i=1

However, since ¢y, ..., g,+1 form a regular sequence, the Koszul complex constructed on
them is exact, hence the module of relations between these polynomials is generated in
degree d — 1 > 2. This implies that T\ F.(X) = 0, completing the proof of the proposition.

O
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Let P denote the projective space parametrizing cubic hypersurfaces in P2+ hence

dim(P) = (2"?4) —1=2(m+1)(m+2)(2m + 3) — 1. We assume that the ground field

is algebraically closed.

Proposition 2.2. The subset of P consisting of cubic hypersurfaces that contain two
disjoint m-dimensional linear subspaces is an irreducible, constructible subset of P, whose
closure has dimension (m + 1)*(m + 4) — 1. Moreover, it contains a constructible, dense
subset corresponding to smooth cubic hypersurfaces.

Proof. Let G be the Grassmann variety parametrizing m-dimensional subspaces in P?"+1,
hence G is a smooth, projective variety, of dimension (m + 1)?. Consider the open subset
U of G x GG consisting of disjoint pairs of subspaces. We also denote by W the open subset
of P parametrizing smooth hypersurfaces. We define the incidence correspondence

Z:{<X,A17A2) € P x U|A1 QX,AQ QX}

and consider the two maps induced by projections p: Z — P and ¢: Z — U. We also
consider the open subset Zy, of Z consisting of triples (X, A1, Ay) such that X is a smooth
hypersurface.

Note that the fiber of ¢ over a pair (Aj,Ay) is a projective space of dimension
(m + 1)*(m + 2) — 1. Indeed, after a suitable change of coordinates, we may assume that

AN=(xg=...=2,=0) and Ay = (Tpr1=...= Tops1 =0).
If f defines the cubic hypersurface X, then Ay, As C X if and only if
fe(rz;|0<i<mm+1<j<2m+1)

and it is easy to see that the space of homogeneous polynomials of degree 3 that lie in
this ideal has dimension (m + 1)%(m + 2).

Since ¢ is proper and all its fibers are irreducible and of the same dimension, it
follows from Proposition 1.4 in Lecture 2 that Z is irreducible and

dim(Z) = dim(U) + (m + 1)*(m +2) — 1 = (m + 1)*(m +4) — 1.

The set in the proposition is ¢(Z). It is constructible by Chevalley’s theorem and its
closure is irreducible since Z is irreducible.

Let us show now that that the open subset Zy, of Z is nonempty. For this, we assume
as usual that char(k) # 3 and consider the Fermat cubic @) given by fooﬂ z? = 0. Note
that this is smooth and if

[, ={z e P | 2, = ax, 1y for 0 <i < mb,
then by taking two different @ and 8 with o® = —1 = 8°, we see that I, and I's are

disjoint m-dimensional linear subspaces of ).

Since Z is irreducible and Zy, is open in Z and nonempty, it follows that ¢(Zy) is
dense in ¢(Z). Moreover, it follows from Proposition 2.1 that the fibers of ¢ over q(Zy)
are finite. We thus conclude that ¢(Z) = ¢(Zw ) has the same dimension as Z, completing
the proof of the proposition. OJ
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Remark 2.3. As we have mentioned in Lecture 2, when n = 2, we deduce from Propo-
sition 2.2 that in the space of smooth cubic hypersurfaces in P, we have an irreducible,
codimension 2 closed subset F', whose general element consists of a hypersurface that
contains two disjoint 2-planes, and therefore is rational. Arguing as in the proof of Propo-
sition 2.2, we see that the set of smooth cubic hypersurfaces in P® containing one 2-plane
is an irreducible divisor D in the space of all smooth cubics, hence F' is a divisor in D.

3. "-PLANES ON ALL HYPERSURFACES OF DEGREE d IN PROJECTIVE SPACE

In this section we do a small detour, applying the results from §1 to give a necessary
and sufficient condition for having an r-dimensional linear subspace on every hypersurface
of degree d in P™. In doing this, we follow closely the approach in | ]. Let k be an
arbitrary field.

Theorem 3.1. Given 1 <r < n and d > 2, the morphism p: I — P is surjective’ if and
only if the following condition holds:

i) If d > 3, then (r+1)(n—r) > (r;d).
ii) If d =2, thenn > 2r + 1.

Proof. 1t is clear that if p is surjective, then dim(/) > dim(P). Using the formula for
dim(/) in Proposition 1.1, we obtain the inequality in i). On the other hand, Proposi-
tion 2.1 implies that if we have an r-dimensional linear subspace on a smooth hypersurface
of degree d > 2 in P", then n > 2r + 1.

Therefore we only need to prove that if the numerical conditions in the theorem
are satisfied, then the morphism p is surjective. In fact, since p is proper, we only need
to prove that it is dominant. After extending the ground field, we may assume that it
is algebraically closed. It is enough to show that every smooth hypersurface X of degree
d contains an r-dimensional linear subspace. This is straightforward in the case d = 2.
Suppose, for simplicity, that char(k) # 2 (we leave the characteristic 2 case as an exercise).
In this case, an equation defining the smooth quadric hypersurface X can be written in
suitable coordinates x, ..., x, as

d
f= ZininH if n=2d+1isodd, and
i=0
d—1
f= x%d + Z ToiToir1 tf mn = 2dis even.
i=0

If L is the linear subspace defined by (zg,xs,...,Zss), then L is contained in X and
dim(L) = n—(d+1). It is then a straightforward computation to see that since 2r+1 <n
and r is an integer, we have dim(L) > r in both cases.

When the ground field is algebraically closed, then this condition says that every hypersurface of
degree d in P™ contains an r-dimensional linear subspace
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The interesting case is when d > 3. In order to show that p is dominant, it is
enough to exhibit one pair (X, L) € I such that p is smooth at (X, L). Let L be the
linear subspace of P" defined by the ideal (,41,...,,) and let W = H°(L,O(1)) and
V = H°(P",0pn(1)). If we can find a linear subspace U C S%!(W) spanned by n — r
elements and such that the canonical multiplication map

WeU— SYW)

is surjective, then we are done: if g,,1,..., g, € S91(V) lift a system of generators of U
and if
f= Z LiGis
1=r+1

then it follows from Theorem 1.2 that p is smooth at (X, L). The existence of U is trivial
if n — 7 > dimy ST H(W); otherwise, it follows from the following lemma. O

Lemma 3.2. Let W be a linear space over the algebraically closed field k, with dim, W =

r+1. Ifd > 3 and ¢ < dimy S“Y(W) are such that (r+1)¢ > (T;d), then there is a linear

subspace U C ST W) of dimension {, such that the natural multiplication map
WeU— SYW)

18 surjective.

Proof. For a given U, the map in the lemma fails to be surjective if and only if there is
a nonzero map ¢: SYW) — k such that ¢ vanishes on the image of W ® U. Note that
for every nonzero map ¢, by composing it with the multiplication map in the symmetric
algebra, we obtain a map W ® S4~1(W) — k, and therefore a map a,: W — (Sdil(W))*.
Then ¢ vanishes on the image of W ® U if and only if the composition

W =5 (SY W) — U

is 0; in other words, if and only if U* is a rank ¢ quotient of Coker(c,). Moreover, consider
W, := Ker(a,). By definition, ¢ vanishes on the image of

W, ® S4HW) — SYW).
Therefore it induces a nonzero map S*(W/W,)) — k.

We now formalize this as saying that the set of subspaces U that do not satisfy
the condition in the theorem is the union of the images of certain algebraic varieties Z,,,
where 7, corresponds to those ¢ as above such that dimy W, = m. Let m be fixed, with
0<m<r+1. Let A= A,, be the Grassmann variety parametrizing the m-dimensional
linear subspaces of W. On A we have a short exact sequence

0=>S—=>Wx04—Q—0,
with S the tautological subbundle and () the corresponding quotient. We consider
B =B, :=P4(5%Q)) - A.
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Note that a point in B corresponds to an m-dimensional linear subspace W' of W and
to a nonzero linear map @: S4(W/W’) — k. On B we have a morphism of locally free
sheaves

a:We 0 — Sd_l(W)* ® Op

that over a point corresponding to W’ and @ is equal to «,, where ¢ is the composition
of p with the canonical surjection SY(W) — S%(W/W’). Let By be the open subset of
B where « has rank equal to (r + 1 — m) (in which case the kernel of « is precisely
q*(S)). Suppose that By is nonempty. The cokernel F of o on By is locally free of rank
(TZiII) —(r4+1—=m) and let w: C,, — By be the Grassmann bundle over B, that
parametrizes the rank ¢ quotients of F. Finally, consider the Grassmann variety GG that
parametrizes the (-dimensional subspaces of S }(1W) (equivalently, the f-dimensional
quotients of S4~1(W)*). We have a morphism g,,: C,, — G that maps a point in C,,
corresponding to a triple (W', 3, p), where p maps Fy 3 onto an (-dimensional vector
space R, to the surjective map

Sdil(W)* — .F(W/@) L) R.

It follows from our discussion at the beginning of the proof that the set we are interested
in is the complement in G of the union of the images of the maps C,, — G, over those
m such that C,, is nonempty. The assertion in the theorem thus follows if we show that
dim(C,,) < dim(G) for all m with C,, nonempty. Since

dim(C’m):m(T+1—m)+<r_T§+d) —14¢- (<T2i11> —(r+1—m)—£)

r+d—1

P ) — E), a straightforward computation

whenever Cy, is nonempty and dim(G) = ¢- ((
shows that dim(C,,) < dim(G) if and only if

(*)m (f—m)(r+1—m)2<r—m+d).

d

This clearly holds if m = r + 1, hence we only need to consider m, with 0 < m <.
Note that the assumption of the proposition says that (x)g holds. Moreover, since d > 3,
an easy induction on d allows us to deduce from the hypothesis that ¢ > r.

We now show that for every integers ¢, r, and d, with » > 1 and d > 3, if (%), holds,
then (x); holds. For this, it is enough to show that

1 r+d > 14 lir+d—1
r+1)\ d )~ r d '
This is equivalent to

(r+2)--(r+d)>d+@r+1)---(r+d-1),
and it is easy to check this by induction on d > 3.

Applying this in our setting with ¢ replaced by ¢ —m and r replaced by r —m, where
m < r — 1, we see that if (x),, holds, then (x),,41 holds. Since (x), holds by assumption,
we deduce that (x),, holds for all m < r, completing the proof of the lemma. O
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Remark 3.3. Since the Grassmann varieties are covered by affine spaces and since any
open subset in an affine space has k-rational points whenever the ground field & is infinite,
we see that the assertion in Lemma 3.2 also holds if we assume that £ is infinite, instead
of algebraically closed.

4. UNIRATIONALITY OF HYPERSURFACES OF SMALL DEGREE AND LARGE DIMENSION

Our goal in this section is to show that if X is a general hypersurface of degree d > 4
in P", with n large enough, then X is unirational. This is a result due to Morin | ],
which was was extended by Predonzan | ] to complete intersections. We follow the
presentation in | |, but for the sake of simplicity, we stick to the case of hypersurfaces.

We work over an arbitrary field & with char(k) = 0. The idea is to proceed as in
the proof of unirationality for cubic hypersurfaces. Given a smooth hypersurface X that
contains a suitable linear subspace A, the projection with center A induces a rational
map X --» P(W). If X is the blow-up of X along A and Y is the exceptional divisor,
then the generic fiber of X — P(W) is a hypersurface of degree d — 1 in a suitable
projective space over k(P(W)) Using induction on d, we would be done if we could
guarantee that this generic fiber contains a linear subspace as prescribed by induction.
This is nontrivial, since k:(P(W)) is not algebraically closed. However, we will see that the
condition can be ensured (at least, after a suitable extension of k(P(W))) if the general
fibers of the morphism Y — P (W) are general hypersurfaces of degree d — 1 in A. This
will be guaranteed by the following strong condition on the pair (X, A).

Suppose that X is a hypersurface in P and A is an r-dimensional linear subspace
contained in X. Recall from §1 that if A is defined by (¢1,...,¢,_,) and if we write
f =217 l;f;, then the restrictions g; of the f; to H(A, O5(d—1)) span a linear subspace
that only depends on X and A. We denote this subspace by Ux . We say that the pair
(X, A) satisfies the condition (x) if Ux x = H°(A, Ox(d —1)). Note that by Theorem 1.2,
this condition implies that the morphism p is smooth at (X, A), but the condition (x) is
much stronger than the condition in the theorem. Note that in order for condition (x) to

be satisfied, we need
r+d—1
nere ( d—1 )

This is what motivates the following inductive definition. For every d > 3, we put
ng_1+d—1

Ng = Ng—1 + ( il ), starting with nz = 3. We also make the convention ny, = 1.

Remark 4.1. Let G be the Grassmann variety that parametrizes r-dimensional linear
subspaces in P and P the projective subspace parametrizing hypersurfaces of degree d
in P". If I — P x G is the corresponding incidence correspondence, it is easy to see that
there is an open subset U of I such that for every field K, the K-valued points of U
consist precisely of those pairs (Xg, Agk), with Xk a hypersurface of degree d in P, A
an r-dimensional linear subspace in P%, with Ay C Ag) and such that (Xg, Ag) satisfy

condition (x). Moreover, U is nonempty if and only if n —r > (Tﬁzl).
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Remark 4.2. Suppose that X is a degree d hypersurface in P and A is an r-dimensional
subspace contained in X. If L C P™ is another linear subspace such that A C L and
X ¢ L, and if we consider the hypersurface Y = X N L in L, then (X, A) satisfies (k) if
and only if (Y, A) satisfies (). In fact, it follows from the definition that in general, the
two subspaces of H° (A, Op(d — 1)) corresponding to X and Y, coincide.

Theorem 4.3. Let X C P™ be a smooth hypersurface of degree d and A C X be a
linear subspace of dimension ng_1. If (X, A) satisfies condition (x) and n > ng, then X is
unirational.

Corollary 4.4. If k is an algebraically closed field of characteristic 0, then a general
hypersurface of degree d > 4 in P™, with n > ng, is unirational.

Proof. Let U be the open subset in Remark 4.1, where we take r = ng_;. Note that U is
nonempty since n > ny. Since the projection p is smooth at the points of U, it follows
that p is dominant. Therefore p(U) contains an open subset of P, and the assertion in the
corollary follows from the theorem. 0

Example 4.5. Note that ny, = 23, hence Corollary 4.4 implies that over an algebraically
closed field of characteristic 0, a general quartic hypersurface in P”, with n > 23, is uni-
rational. One of the outstanding problems regarding unirationality concerns the behavior
of smooth quartic hypersurfaces in P*. While there are examples of unirational such hy-
persurfaces due to Segre | ], determining whether the general ones are unirational or
not is an open problem.

Remark 4.6. A more recent result, due to Harris, Mazur, and Pandharipande | ],
says that in fact, if n is large enough, then every smooth hypersurface of degree d in P
is unirational.

Proof of Theorem j.3. We argue by induction on d > 3. We have seen in Lecture 3 that
a smooth hypersurface X of degree d > 3 in P" is unirational, as long as n > 3 and X
contains one line. Therefore we may assume that we know the assertion in the theorem
for d — 1 > 3 and we will show that we obtain the corresponding one for d.

Let P(W) C P" be a linear subspace that does not meet A and such that dim (P(W))
n—1—r, where r = ng_,. We consider the projection map ¢: P" ~ A — P(W) and pro-
ceed as in the case of cubic hypersurfaces. Let : P" — P" be the blow- up along A,
with exceptional divisor . We know that the rational map ¢ o w extends to a morphlsm

f:P7— P(W). Let X be the strict transform of X and Y = X N E. Note that X is the
blow-up of X along A, with exceptional divisor Y, hence both X and Y are smooth and
irreducible. Recall that

L= (f,7): Pr < P(W) x P"

embeds P™ as a projective subbundle over P(W). If y: Spec(K) — P(W) is a K-valued
point of P(W), for some field extension K/k, then ¢ induces an embedding f~!(y) < P"%

as the linear span (Ag,y). Let g: X — P(W) and h: Y — P(W) be the restrictions of f.
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Claim. There is a nonempty open subset U of P(WW) such that for all K-valued points
y: Spec(K) — U, where K /k is a field extension, the fibers

97 (W) = (Ai,y) = P and h7H(y) = A
are hypersurfaces of degree d — 1, with g~!(y) smooth and irreducible.

It is convenient to choose coordinates on P™ such that
A=(x,y1=...=2,=0) and P(W)=(xg=...=2,=0).

Let f € k[zo,...,z,] be an equation of X. Since A C X, we can write f = > | 2;f;,
with the f; homogeneous polynomials of degree d—1. We also put g; = fi(xo, ..., 2,,0,...,0)
for all i.

Suppose that K/k is a field extension and we have a K-valued point y of P(W)
given by (Ary1,...,A,), with \; € K for all 7. In this case we have coordinates ay, . .., a,11
on (Ag,y) ~ P2 such that the subspace Ak is defined by (a,;) and the intersection
(Ak,y) N Xk is defined by

n
f(ao, vy Qp, CLT+1/\T+17 . ,CLT+1)\n) = Qp41 E Aifi(ao, vy Qe CLT+1)\7«+1, . ,ar+1/\n).
i=r+1

We see that if U is contained in the open subset

{()‘T+1> ceey An) | Z )\zgz 7é 0}7

then for every K-valued point y of U, we have
where Z is a hypersurface of degree d —1 in (Ag,y), not containing Ak, such that ZNAg
is defined by >, \;g;.

Recall that for every y as above, the map ¢ embeds the fiber f~1(y) in P% as the
linear span (Ag,y), inducing an isomorphism f~'(y) N Ex ~ Ag. This further induces an
isomorphism

g W) N Y = (') N Xk) N Ex ~ ((Ag,y) N Xg) ~ Ag.

In particular, we see that g is dominant. We now choose U as above such that, in addition,
for all K-valued points y of U, the fiber g~'(y) is smooth, of dimension

(n—1)—dimP(W) =r,

and not contained in Y (this is possible since X is smooth and we are in characteristic
0). Note that since g~!(y) is a smooth hypersurface in f~!(y) ~ P%F, it is irreducible.
Given such y, we see that

9 ' (y) =g () N Yk = (Ag.y)

is a hypersurface of degree d — 1. Moreover, we see that if y corresponds to (Aq11,...,A\y),
then A~ (y) < Ag is the hypersurface defined by > \;g;. This completes the proof of the
claim.
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Let P?® be the projective space parametrizing the hypersurfaces of degree d — 1 in
A and H — P? x A the universal hypersurface of degree d — 1 in A. More precisely, if
Ug, - - - , ug are the degree d—1 monomials in k[xy, . .., z,], and yq, . . ., ys are the coordinates
on P®, then A is defined by Y ;_, y;u,. It follows from the above description of the fibers
of h over U that we have a morphism ¢: U — P? induced by a linear projection such that

R U) ~U xps H over U.

Recall now that by hypothesis, g,.1, ..., g, span the space of homogeneous degree d — 1
polynomials in k[xo, ..., z,]; this implies that ¢ is dominant.

Let G be the Grassmann variety parametrizing ngy_o-dimensional linear subspaces
of A and I — A x G the corresponding incidence correspondence. Since [ is a projective
bundle over G by Proposition 1.1, we deduce that I is rational. Consider the Cartesian
diagram

V——1

.

U—1-ps.
Using the fact that ¢ is the restriction of a projection to an open subset, we see that V
is reduced and irreducible, and birational to the product of I with an affine space, hence
it is rational. Note also that since the projection I — P? is dominant, the map V — U is
dominant, hence the map

prg U)XV =g U)C X

has dense image. In order to show that X is unirational, it is enough to show some
irreducible component of g~!(U) xy; V that dominates X is a unirational variety.

It follows from definition that if L/k is any field extension, then giving an L-valued
point z of V is equivalent to giving an L-valued point y of & and an ng_s-dimensional
L-subspace of g~(y) € Ar. We take L to be the function field of ¥ and consider the
following commutative diagram, with Cartesian squares:

Y WY U) xy Y —= b= (U)
X/ g U) xy YV —g(U)

| | |

Spec(L) 1% U.

Note that X’ is a smooth hypersurface of degree d — 1 in Pfrl and Y’ is a hypersurface
of degree d — 1 in A;, C PTL“. The canonical morphism Spec(L) — V gives an ng_o-
dimensional linear subspace A’ of Ay, contained in Y’. Moreover, since the morphism

Spec(L) =V — 1

is dominant, it follows that the pair (Y’ A’) satisfies () (see Remark 4.1), and therefore
also the pair (X', A’) satisfies (x) (see Remark 4.2). We may thus apply the induction
hypothesis to conclude that X’ is unirational over L. If Z is the scheme-theoretic image
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of X’ — g7'(U) xy V, then Z is a variety over k that dominates X and and we have a
Cartesian diagram

X' zZ
L
Spec(L) —= V.

Since V is rational, it is in particular unirational, and we may apply Proposition 2.6ii) in
Lecture 3 to conclude that Z is unirational. This implies that X is unirational, completing
the proof of the induction step. O
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