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Triviality and split of vector bundles on

rationally connected varieties

Xuanyu Pan

In this paper, we use the existence of a family of rational curves on
a separably connected variety, which satisfies the Lefschetz condi-
tion, to give a simple proof of a triviality criterion due to I. Biswas
and J. Pedro and P. Dos Santos. We also prove that a vector bun-
dle on a homogenous space is trivial if and only if the restriction
of the vector bundle to every Schubert line is trivial. Using this
result and the theory of Chern classes of vector bundles, we give
a general criterion for a uniform vector bundle on a homogenous
space to be splitting. As an application, we prove that a uniform
vector bundle on a classical Grassmannian of low rank is splitting.

1. Introduction

The study of uniform vector bundles on homogenous spaces starts from
the papers [21], [22], and [3]. Recently, the paper [18] gives a systemati-
cal approach. The proofs usually come with a triviality criterion for vector
bundles.

In the preprint [4], it provides a beautiful triviality criterion for a vector
bundle on a separably rationally connected variety. In Section 2, we give a
simple proof of this theorem by the existence of a family of rational curves
on a separably rationally connected variety, which satisfies the Lefschetz
condition, see [14, Section 8] for details. The main theorem is the following,

Theorem 1.1. Let X be a smooth projective variety over an algebraically
closed field. If X is separably rationally connected, then a vector bundle V
on X is trivial if and only if the restriction of V to every rational curve on
X is trivial.

In Section 3, we prove the irreducibility of some moduli spaces of rational
chains on homogenous spaces to give a triviality criterion for vector bundles
on homogenous spaces, namely,
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Theorem 1.2. For a homogenous space G/P , a vector bundle V on G/P
is trivial if and only if the restriction of V to every Schubert line is trivial.

Use this triviality criterion and the theory of Chern Classes, we give a
splitting criterion for uniform vector bundles of low rank on homogenous
spaces.

Theorem 1.3. Let G/P be a homogenous space of Picard number one. If
its VRMT has good divisibility up to degree r, then a uniform vector bundle
V on G/P of rank at most r is splitting.

As an application, we apply this theorem to classical Grassimannians
and quardrics in Section 5.

Theorem 1.4. A uniform vector bundle on a classical Grassimannian or
quardric X of rank at most s(X) is splitting, for the corresponding X and
s(X), see Theorem 5.6.

2. Triviality of vector bundles and families of
rational curves

We start from a general triviality criterion for a vector bundle on an arbitrary
smooth projective variety.

Proposition 2.1. Let X be a smooth projective variety over an algebraically
closed field. A vector bundle E on X is trivial if and only if the restriction
of E to every curve C ⊆ X is trivial.

Proof. We prove this proposition by induction on the dimension. For dim(X)
= 1, it is trivial. By the existence of Lefschetz pencil, see [7], we always have
the following blow-up diagram,

P1 X̃
f

��π�� X

where f is a blowing up map along a smooth projective subvariety in X of
codimension 2, the map π is a Lefschetz pencil. Therefore, we have f∗O ˜X =
OX . By induction on dimension, the restriction f∗V |

˜Xs
to a smooth fiber

X̃s is trivial where s ∈ P1. Suppose X̃s is a singular fiber with one double
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singularity. We blow up the singularity and get a rational resolution

g : X̃Bl
s → X̃s

with g∗(O ˜XBl
s
) = O

˜Xs
. By induction, we have that

g∗(f∗V |
˜Xs
) = O⊕n

˜XBl
s

.

where n is the rank of E. By the projection formula, it implies that

f∗V |
˜Xs

= g∗g∗(f∗V | ˜Xs
) = O⊕n

˜Xs

Since π is flat, there exists a vector bundle W on P1 such that π∗W = f∗V
by base change theorem. We can choose a smooth projective curve C such
that

C
h ��

p
��

X̃

π
��

f
�� X

P1

where p is a finite and flat map of degree N . Since every vector bundle
on P1 is splitting, we can assume W = ⊕n

i=1OP1(ai) where ai ∈ Z. By the
hypothesis, we have

p∗W � h∗(f∗V ) � O⊕nC

Suppose there is ai which is positive, we have an exact sequence

0→ p∗OP1(ai)→ p∗W � O⊕nC ,

since the degree of p∗OP1(ai) is N · ai which is positive, the map between
p∗OP1(ai) and p∗W � O⊕nC has to be 0. It is absurd. Therefore, all the ai
are non-positive. Since we have

the degree of c1(p
∗W ) is N ·

(
n∑

i=1

ai

)
and c1(p

∗W ) = 0,

where is c1(p
∗W ) the first Chern class of p∗W , it concludes that

∑n
i=1 ai = 0,

hence, ai = 0, i.e, the vector bundle W is trivial. We have

V = f∗f∗V = f∗π∗W = f∗O⊕n
˜X

= O⊕nX

�
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For a separably rationally connected variety, we can choose the test
curves to be rational curves.

Lemma 2.2. Let X be a normal scheme and B, C be Artin stacks. Suppose
we have the following diagram,

B

σ
��

C
π��

f
�� X .

We have the following hypothesis,

(1) the morphism π is representable and flat with fibers of arithmetic
genus 0,

(2) σ is a section of π and the image of f ◦ σ is a point,

(3) the morphism f is proper and its general geometric fibers are nonempty,
irreducible and generic reduced.

(4) C is irreducible, reduced and contains a nonempty open substack as a
scheme.

If the restrictions f∗V |Cs
are trivial on fibers Cs of π, then the vector bundle

V is trivial.

Proof. By the Stein factorization for Artin stacks [16] or [19, Theorem 11.3],
we have

C
h

��

f

��
Z g

�� X

where g : Z → X is a finite morphism between two integral schemes and h :
C → Z satisfies h∗OC = OZ . We claim that f∗OC = OX . Since X is normal
and the hypothesis (4), to prove the claim is sufficient to prove Z and X
are birational via g. By the hypothesis (3) and (4), the geometrical generic
fiber CK is irreducible and generic reduced where K is the function field of
X. We have the following cartesian diagram

CK
��

��
�

L⊗K

�
��

�� K

��

C
h

�� Z g
�� X

where L is function field of Z and CK is flat over L⊗K. If L is a nontrivial
algebraic extension of K, then CK can not be irreducible or generic reduced,
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it is a contradiction with condition (3). Therefore, the map g is birational.
The claim is clear. Since f∗V |Cs

are trivial by the hypothesis (1)( i.e, the
fibers Cs is of arithmetic genus 0 and the representability of π), we have the
following properties by base change theorem, see [16],

(1) π∗π∗(f∗V )→ f∗V is an isomorphism,

(2) π∗(f∗V ) is a vector bundle on B.

In other words, there exists a vector bundle W on B such that π∗W =
f∗V . By the hypothesis (2), we have that W = σ∗π∗W = σ∗f∗V = E where
E is a trivial bundle since f ◦ σ is a point. It implies that f∗V = π∗W is a
trivial bundle O⊕nC . By the projection formula, see [16], we have

V = V ⊗ f∗OC = f∗(f∗V ) = (f∗OC)
⊕n = O⊕nX

�

A smooth variety X is separably rationally connected if it admits a very
free rational curves, see [12] for the definition. For a separably rationally
connected projective varieties, we have families of rational curves which
satisfies the Lefschetz condition [14, Section 8]. We can also choose these
families very flexibly, see [13, Remark 4] and [14, Section 8].

Lemma 2.3. [14, Theorem 8.10][13, Theorem 3] For a separably rationally
connected variety X over an algebraically closed field k, there is a family of
very free rational curves

D

σ
��

D × P1
π

��

f
�� X .

such that

(1) f ◦ σ is a point x,

(2) the general fibers of f are reduced and irreducible,

Proof. For the irreducibility of the general fibers of f , it follows from the
existence of a family of rational curves

D

s
		

CD
�� �� X
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satisfies the Lefschetz condition. In the terminology of [14, Section 8], we
pick D = Ds �→x. The reason for the general fibers to be reduced is due to
the construction of D only involved with gluing free, very free curves and
smoothing them, in fact, we can choose such D to be an open subvariety of
Homvf (P1, X) which parameterizes very free curves. Therefore, the fibers
of f are smooth by [6, Proposition 4.8]. See the proof of [13, Theorem 3] for
the details. �

Remark 2.4.

(1) In [14], we call such a family D come from a family D of rational curves
which satisfies the Lefschetz condition.

(2) For char(k) = 0, we know separably rational connectedness is equiv-
alent to rational connectedness, hence, a complete Fano manifold is
separably rationally connected. For char(k) = p, the rational connect-
edness can not imply the separably rational connectedness, it is subtle.
We even do not know whether every Fano hypersurface is separably
rationally connected.

(3) For char(k) = p, what we know is that a general Fano hypersurface is
separably rationally connected [23], and all the smooth cubic hyper-
surfaces are separably rationally connected [14].

The following theorem is due to [4], we give a simple proof of this beau-
tiful theorem.

Theorem 2.5. Let X be a smooth projective variety over an algebraically
closed field k. If X is separably rationally connected, then a vector bundle V
on X is trivial if and only if the restriction of V to every rational curve on
X is trivial.

Proof. Let M be (M0,1(X, e))red whereM0,1(X, e) is the Kontsevich moduli
stack parameterizing stable maps satisfying

(1) the domain is of arithmetic genus zero,

(2) the image is a degree e curve in X and the map has finite automor-
phisms,

(3) the domain has one pointed point on the smooth locus.

Let C be the universal family M0,2(X, e) of M0,1(X, e). By Lemma 2.3, we
have a morphism h induced the following cartesian diagram
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D × P1 ��

�π

��

CM

��

D
h ��

σ





M

σ0 ,

��

where we can choose D to parameterize the maps with trivial automorphism
by [13, Remark 4]. If char(k) = 0, then M0,m(X, e) is a proper Deligne-
Mumford stack, for arbitrary characteristic, it is a proper Artin stack with
finite inertia group, it contains an open substack as a scheme which is
parameterizing stable maps with trivial automorphism, see [9] and [2] for
the details. Let B be Im(h). It is obvious that a vector bundle on a chain
of rational curves is trivial if and only if its restriction to every component
of the chain is trivial. It is easy to check the family of rational curves

B

σ′
��

C|B�� �� X

with a section σ′ satisfies all the hypotheses of Lemma 2.2, hence it implies
the theorem immediately. �

3. Triviality of vector bundles on homogenous spaces

From this section on, we assume k be an algebraically closed field of char-
acteristic zero. Let X = G/P be a projective homogeneous space under a
semi-simple linear algebraic k-group G with a stabilizer parabolic subgroup
P . By the Bruhat decomposition, the Picard lattice of X is freely generated
by the line bundles associated to the Schubert varieties of codimension one,
denoted by L1, . . . , Lr. Dually, the curve classes are generated by Schubert
curves, denoted by C1, . . . , Cr.

Definition 3.1. For numbers i1, . . . , im ∈ {1, . . . , r}, we define a moduli
space of chains of Schubert curves with two pointed points and of the pattern
(i1, . . . , im). More precisely,

Chn2(X, i1, . . . , im) =M0,2(X, [Ci1 ])ev2
×X,ev1

. . .ev2
×X,ev1

M0,2(X, [Cim ])

(k = 1, 2), in a natural way. Moreover, we have an obvious evaluation map
induced by the first pointed point and the last pointed point of the chains,
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this moduli space is the following

ev1,m+1 : Chn2(X, i1, . . . , im)→ X ×X.

see the figure below.

� �

Figure 0

Lemma 3.2. The moduli space Chn2(X, i1, . . . , im) is a smooth irreducible
and rationally connected variety.

Proof. The fibers of ev :M0,1(X, [Ci])→ X are smooth irreducible and ratio-
nally connected varieties. Indeed, since X ×X has an open orbit of G by
Bruhat decomposition, we can apply [5, Lemma 15.6] and the fact that
any parabolic subgroup is connected. Therefore, we only need to prove
M0,1(X, [Ci]) is rationally connected. If G is simple, then , by [15, The-
orem 4.3], the Fano scheme M0,0(X, [Ci]) has two possibilities

it is G/P ′ or the union of two G-orbits,

an open obit and its boundary G/P ′

where P ′ is some parabolic subgroup related to P . It implies that M0,1(X,
[Ci]) is rational, in particular, rationally connected. In general, see the paper
[11, Theorem 3]. Since we have the following cartesian diagram

ev−11 (p) ��

��

�

ev−1(p)

�

��

��

{p}

��

M0,2(X, [Ci])
F ��

ev1



M0,1(X, [Ci])
ev �� X

where the map F is the forgetful map to forget the second pointed point,
therefore, M0,2(X, [Ci]) is the universal family over M0,1(X, [Ci]) via F , in
particular, it is smooth (P1 bundle). Hence, the fiber ev−11 (p) is a P1 bun-
dle over ev−1(p) which is a smooth rationally connected projective variety.
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So ev−11 (p) is a smooth rationally connected projective variety, by symme-
try, so ev−12 (p) is. By induction on m and the fiber product structure of
Chn2(X, i1, . . . , im), it is easy to see

Chn2(X, i1, . . . , im) =M0,2(X, [Ci1 ])ev2
×X,ev1

. . .ev2
×X,ev1

M0,2(X, [Cim ])

is smooth, irreducible and rationally connected. �

Lemma 3.3. There exists m and i1, . . . , im ∈ {1, . . . , r} such that the fiber
of the evaluation map ev1,m+1 is irreducible.

Proof. To prove this lemma, by Lemma 3.2 and [5, Lemma 15.6], it is suffi-
cient to prove there exists m and i1, . . . , im ∈ {1, . . . , r} such that the eval-
uation map

ev1,m+1 : Chn2(X, i1, . . . , im)→ X ×X

is surjective. In other words, it is suffice to prove for any two points p, q ∈ X,
we can find a chain of Schubert curves to connect them and the length of
the chain is bounded by a number independent of p and q. In fact, the proof
is more or less similar as the proof in the preprint [24, Proposition 10.6]. We
sketch the proof here. Since the parabolic group P contains a Borel subgroup
B, by the Bruhat Decomposition, we know the natural map

G/B → G/P

maps Schubert curves to G/B Schubert curves in G/P . It reduces the prob-
lem to G/B. When the rank of G is one, the map ev1,m+1 is surjective since
G/B = P1. We consider the natural map

q : G/B → G/PΔ−{α}

where Δ is the set of simple roots of G and α ∈ Δ. We know G/PΔ−{α} is
of Picard number one. By [12, Chapter IV, Corollary 4.14], we know any
two points in G/PΔ−{α} can be connected by a chain of Schubert curves in
G/PΔ−{α} of length at most dim(G/PΔ−{α}). For any two points s, t ∈ G/B,
by homogeneity, it is clear that we can lift a chain of Schubert curves in
G/PΔ−{α} connecting q(s) and q(t) to a chain of Schubert curves in G/B
connecting s′ and t′, where s and s′ (.resp t and t′) are in the same fiber of q.
The fiber q is PΔ−{α}/B which is a homogenous space under a semi-simple
linear subgroup of PΔ−{α} of smaller rank. By induction on rank, we can
choose chains of Schubert curves to connected s and s′ (.resp t and t′). These
three chains provide a chain of Schubert curves connecting p and q. �
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We know the invertible sheaf L = L1 + · · ·+ Lr is ample. Since X is
simply connected and homogeneous, by Stein factorization, the invertible
sheaf L is in fact very ample. Therefore, using this embedding, Schubert
curves are lines in some projective space PN , that is why we call it Schubert
lines.

Theorem 3.4. For a homogenous space X = G/P , under the natural
embedding, a vector bundle V on G/P is trivial if and only if the restriction
of V to every Schubert line is trivial.

Proof. By the previous lemma, we have an evaluation map

ev1,m+1 : Chn2(X, i1, . . . , im)→ X ×X

where ev1,m+1 = (ev1, evm+1). The evaluation map is surjective with integral
fibers. Let m be the smallest number such that ev1,m+1 is surjective for some
i1, . . . , im. The geometrical meanings for m is that it is the shortest length
of chain of Schubert lines to connect two general points in G/P . Similarly,
we can define

Chn1(X, i1, . . . , im) =M0,2(X, [Ci1 ])ev2
×X,ev1

. . .ev2
×X,ev1

M0,1(X, [Cim ])

with the unique evaluation map

ev : Chn1(X, i1, . . . , im)→ X.

We have the following diagram

D

evm+1|D

��

�

� � j
��� �

��
��

C

π

��

f
�� X

Chn2(X, i1, . . . , im)

F

��

ev1

��

B

σ

��

��

�

� �

��

{pt}

��

Chn1(X, i1, . . . , im)
ev �� X

,

where

(1) B is ev−1(p) and D is ev−11 (p),
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(2) F is the forgetful map to forget the second point on the chains,

(3) f : C → X is the universal family over B and σ is a section of π such
that f ◦ σ = {p}

(4) j is a natural inclusion which corresponds to the last component of Cb

over a general point b ∈ B.

Since the minimality m and (4) above, we have ,for a general point q∈X,

f−1(q) = evm+1|−1D (q) = ev−11,m+1(p, q)

which implies f−1(q) is integral.Since it is obvious that a vector bundle of
a chain of rational curves is trivial if and only if its restriction to every
component of the chain is trivial, we apply Lemma 2.2 to

B

σ
��

C
π��

f
�� X

and complete the proof. �

We provide a simple proof for this theorem based on [1, Proposition 1.2].
We sketch a proof here.

Proof. (sketch) We prove this theorem by induction on the rank of X =
G/P . For rank= 1, G/P is just P1, the proof is trivial. Since P is connected
and contains a Borel subgroup B, we consider the fibration

P/B � � �� G/B
p

�� G/P ,

we have

p∗(OG/B) = OG/P and p maps Schubert lines to a point or Schubert lines.

By the projection formula for vector bundles p∗V , we reduce the problems to
G/B. For G/B, we apply a similar argument as Lemma 3.3. With the same
notation as in the proof of Lemma 3.3, we consider the following fibration

PΔ−{α}/B
� � �� G/B

q
�� G/PΔ−{α} ,

the Schubert lines in PΔ−{α}/B is the Schubert lines in G/B via the natural
inclusion. Therefore, by induction, we know V is trivial on very fiber of q.
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Since q is smooth with connected proper fibers, by the base change theorem,
we have

V = q∗W for some vector bundle on W .

To prove V is trivial, it is sufficient to prove W is trivial. Since every Schu-
bert line in G/PΔ−{α} can be lifted to a Schubert line in G/B, we reduce
the problems to G/PΔ−{α} which is of Picard number one. Therefore, it
concludes the theorem by [1, Proposition 1.2]. �

4. A splitting criterion of vector bundles on
homogenous spaces

Let G/P be a homogenous space of Picard number one. The ample generator
of its Picard group is very ample. Under the embedding induced by this very
ample line bundle, we can talk about lines onG/P and the variety of minimal
rational tangents (VRMT for short) on G/P . We refer to [10] for a complete
account on the VMRT. In this case, VMRT is just the fiber of the evaluation
map

ev :M0,1(G/P, 1)→ G/P.

In principle, we can describe the VMRT of a homogenous space by the root
data, see [15, Section 4] for the details.

Definition 4.1. We call a smooth projective variety X has a good divis-
ibility up to degree r if x · y = 0, then we have x = 0 or y = 0, where
x ∈ CH i(X), y ∈ CHj(X) and i+ j ≤ r.

Theorem 4.2. Let G/P be a homogenous space of Picard number one over
complex numbers C. If its VRMT has good divisibility up to degree r, then
a uniform vector bundle V on G/P of rank at most r is splitting.

Proof. Since we can twist the vector bundle V with the ample generator of
Pic(G/P ), by Theorem 3.4, we can assume the vector bundle V has type
(a1, a2, . . . , ar) when we restrict it to Schubert lines where

a1 = a2 = · · · = ak = 0 and 0 > ak+1 ≥ ak+2 ≥ · · · ≥ ar.

We have the following diagram,
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V RMT ��

��

�

{pt}

��

M0,0(G/P, 1) C
ev ��

p
�� G/P

where C is the universal bundle of M0,0(G/P, 1), i.e, it is M0,1(G/P, 1).
Under our assumption, we have

H0(Cx, ev
∗V |Cx

) = H0
(
P1,
(
⊕kOP1

)
⊕ (⊕r

i=k+1OP1(ai)
))

= Ck,

where x ∈M0,0(G/P, 1). Since the dimension does not change when x varies,
the push forward p∗ev∗V is a vector bundle of rank k on M0,0(G/P, 1). We
claim there exists a short exact sequence of vector bundles as following,

0→ H = p∗p∗ev∗V → ev∗V → Q→ 0.

In fact, if we restrict to Cx, then we get

H|Cx
= O⊕kCx

⊆ ev∗V |Cx
= O⊕kCx

⊕ (⊕r
i=k+1OCx

(ai)
)
.

In particular, the quotient Q|Cx
is a vector bundle ⊕r

i=k+1OCx
(ai), hence,

the claim is clear.
The second claim is that there exists vector bundles V1 and V2 on G/P

such that

H ∼= ev∗V1 and Q ∼= ev∗V2.

Since the evaluation map is smooth and VRMT= ev−1(p), it is enough to
prove that

H|V RMT and Q|V RMT are trivial bundles for every p ∈ G/P .

Since the restriction of ev∗V to VRMT= ev−1(p) is trivial for every p ∈ G/P ,
we get a short exact sequence of vector bundles as following

0→ H|V RMT → O⊕rV RMT → Q|V RMT → 0.

Therefore, we have Q|V RMT and H∨|V RMT are global generated. There-
fore, to prove the claim, it is sufficient to prove the first Chern classes are
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vanishing, i.e,

c1(H
∨|V RMT ) = c1(Q|V RMT ) = 0.

By theWhitney formula of Chern classes and the above short exact sequence,
we have c(H|V RMT ) · c(Q|V RMT ) = 1, i.e,

(ck + ck−1 + · · ·+ 1)(c̃r−k + c̃r−k−1 + · · ·+ 1) = 1,

where we have

(1) c(H|V RMT ) = ck + ck−1 + · · ·+ 1,

(2) c(Q|V RMT ) = c̃r−k + c̃r−k−1 + · · ·+ 1.

Since ci and c̃j are in CH∗(VRMT) and VRMT has good divisibility
up to degree r, expanding the above equality of Chern classes and compar-
ing both sides, we prove the claim. Therefore, we have the following exact
sequence

0→ ev∗V1 → ev∗V → ev∗V2 → 0

Since we know H|Cx
is trivial, by Theorem 3.4, the vector bundle V1 is triv-

ial. Since VRMT is rationally connected, the cohomology group H1(V RMT,
OV RMT ) is trivial. Therefore, apply the functor ev∗ to this short exact
sequence, we have the following short exact sequence by projection formula
and R1ev∗(OC) = 0,

0→ V1 → V → V2 → 0.

By induction on the rank of vector bundles, it implies that V2 is splitting
vector bundle. By Theorem 3.4, we know the vector bundle V1 is trivial.
Since H1(G/P,L) = 0 for any line bundle on G/P if dim(G/P ) is at least
2, we have that

Ext1(V2, V1) = H1(G/P, (V2)
∨) = 0.

Therefore, we have V = V1 ⊕ V2, it completes the proof. For dim(G/P ) = 1,
it is P1, the theorem is trivial. �

5. Application to classical grassmannians

In the paper [18], the authors use different methods to prove that uniform
vector bundles of low rank on Grassmannians and quadrics are splitting. In
this section, we apply Theorem 4.2 to provide a uniform proof for Grass-
mannians and quadrics. Applying Theorem 4.2, we also prove uniform vector
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bundles of low rank on other classical Grassmannians to have this similar
properties, which can not be deduced from their approach.

Lemma 5.1. Projective space Pm has good divisibility up to degree m.

Proof. It is obvious since we know CH∗(Pm) = Z[u]/(um+1), see [8]. �

Lemma 5.2. Let X and Y be projective varieties. If we have

(1) X (.resp Y ) has good divisibility up to degree s (.resp t),

(2) CH∗(X × Y ) = CH∗(X)⊗ CH∗(Y ),

(3) CH∗(X) and CH∗(Y ) are free Z-module,

then X × Y is has good divisibility up to min(s, t).

Proof. Let A ∈ CHr(X × Y ) (.resp B ∈ CHh(X × Y )) be∑
k+l=r

ak ⊗ bl (.resp
∑

p+q=h

cp ⊗ dq)

where

(1) r + h ≤ min(s, t) and l, k, p, q are nonnegative,

(2) ak ∈ CHk(X) and bl ∈ CH l(Y ), similar for cp and dq.

Suppose A ·B = 0. If A and B are nonzero, then we can assume

• ak1
⊗ bl1 �= 0 where k1 = min{k|ak ⊗ bl �= 0},

• cp1
⊗ dq1 �= 0 where p1 = min{p|ck ⊗ bl �= 0}.

It implies that ak1
· cp1

= 0 or bl1 · dq1 = 0. Since we have

• k1 + p1 ≤ r + h ≤ min(s, t) ≤ s,

• l1 + q1 ≤ r + h ≤ min(s, t) ≤ t,

it implies that ak1
= 0 or cp1

= 0 or bl1 = 0 or dq1 = 0. It is a contradiction.
�

Lemma 5.3. [20, Theorem 1.12, Page 32] If m = 2n+ 1 and X is a m-
dimensional quadric, then

1, b, . . . , bn−1, a, ba, . . . , bn+1a
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generate H2i(X,Z) and bn = 2a where a ∈ H2n(X,Z). In particular, the
quadric X has good divisibility up to m.

Lemma 5.4. [20, Theorem 1.13, Page 33] If m = 2n and X is a m-
dimensional quadric, then

1, c, . . . , cn−1, a and b, ca, . . . , cna

generate H2i(X,Z) and ca = cb where a and b ∈ H2n(X,Z). Moreover,

(1) a2 = b2 = 1 and ab = 0 if n is even,

(2) a2 = b2 = 0 and ab = 1 if n is odd,

In particular, the quadric X has good divisibility up to m− 1.

Proof. Since quadrics are homogenous spaces, by the Bruhat decomposition,
we know H∗(X) = CH∗(X), see [8]. �

Lemma 5.5. If X is a nonsingular variety and has good divisibility up to
r and V is a vector bundle of rank n on X, then P(V ) has good divisibility
up to min(r, n− 1).

Proof. By [8], we have

CH∗(P(V )) = CH∗(X)[u]/(un + c1(V )u+ · · ·+ cn(V )).

The proof is similar to the proof of Lemma 5.2. �

Theorem 5.6. A uniform vector bundle on X of rank at most s(X) is
splitting, where X and s(X) is the following

X s(X) V.R.M.T

Pn n-1 Pn−1

Qn n− 2 if n is odd Qn−2

n− 3 if n is even

G(k, n) min(k, n− k − 1) Pk × Pn−k−1

OG(k, 2m− 1) min(k, 2m− 2k − 3) Pk ×Q2m−2k−3

for 1 ≤ k ≤ m− 2

SG(k, 2m− 1) min(m, 2m− 2k − 2) PPm(O(2)⊕O(1)2m−2k−2)
for 1 ≤ k ≤ m− 2

SG(m− 1, 2m− 1) m-1 v2(P
m−1)
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Proof. By the paper [15] or the survey [17], we know the V RMT for these
examples. Applying Theorem 4.2 and the lemmas in this section, we get the
results.

For Pn, we apply Lemma 5.1. For Qn, we apply Lemma 5.3 and 5.4.
For G(k, n), we apply Lemma 5.2.
For OG(k, 2m− 1), we apply Lemma 5.2 and 5.3.
For SG(k, 2m− 1), we apply Lemma 5.5.
For SG(m− 1, 2m− 1), we apply Lemma 5.1. �

Question 5.7. Classify the uniform vector bundles on X of rank s(X) + 1?

See the paper [18] for some answers.
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dles on Fano manifolds and applications. J. Reine Angew. Math., 664
(2012), 141–162.

[19] M. Olsson, Sheaves on Artin stacks. J. Reine Angew. Math., 603 (2007),
55–112.

[20] M. Reid, The Complete Intersection of two or more Quadrics (1972).
Thesis (Ph.D.)–Trinity College, Cambridge.

[21] E.-i. Sato, Uniform vector bundles on a projective space. J. Math. Soc.
Japan, 28 (1976), no. 1, 123–132.

[22] A. Van de Ven, On uniform vector bundles. Math. Ann., 195 (1972),
245–248.

[23] Y. Zhu, Fano Hypersurfaces in Positive Characteristic. Preprint (2011).

[24] Y. Zhu, Homogeneous Fibrations over Surfaces. Preprint (2011).

Department of Mathematics, Columbia University

New York, NY 10025, USA

E-mail address: pan@math.columbia.edu

Received April 8, 2014





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


