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Abstract

The primary aim of this note is to initiate the study of the degenerations of projective
dualities. We prove that, under certain conditions, the flat limit of a smooth family of
zero loci of general sections of a vector bundle can be described as the zero locus of a
section of the excess normal bundle. As an application, we examine the case of Shinder-
Zhang’s degree-five elliptic curves and show that they degenerate to the elliptic curve on

the quadric 3-fold, appearing in the Mori-Mukai link of Fano 3-fold.

Keywords: Degeneration, Excess Normal Bundle, Intersection, Homogeneous Variety, Al-

gebraic Geometry

vil doi1:10.6342/NTU202500514


http://dx.doi.org/10.6342/NTU202500514

doi:10.6342/NTU202500514



http://dx.doi.org/10.6342/NTU202500514

Contents

Page

o iii
SRS v
Abstract vii
Contents ix
Chapter 1 Introduction 1
Chapter 2  Preliminaries 5
2.1 Algebraic Groups . . . . . . . . ..o e 5

2.2 Homogeneous Varieties . . . . . . . . . ... it 6

2.3 FlatLimit . . . . .. ... ... . . . . 7

24  Zero LocusofaGeneral Section . . . . ... ... ... ....... 9
Chapter 3 Main Result 11
3.1 Setup for the Main Theorem . . . . . . ... ... .. ... ..... 11

32 MainTheorem . . .. ... ... ... ... 12
Chapter 4 Application 17
4.1  Canonical bundle of Gr(k,n) . . ... ... ... ... ....... 17

4.2 Shinder-Zhang’s Elliptic Curves of Degree 5 . . ... ... ... .. 18

4.3  Non-transverse Intersection . . . . . . . ... ... ... ... ... 19

4.3.1 Isotropic Grassmannian . . . . . . . . . . . . .. ... 19

1X doi:10.6342/NTU202500514


http://dx.doi.org/10.6342/NTU202500514

4.3.2 Non-transverse intersection . . . . . . . . . . . . . .. O 20

4.4 Calabi-Yau pair of Homogeneous Roof of Type C5 . . . .. | = . 22

4.4.1 Quadric 3-folds and spinorbundles . . . . . . ... ... @ . .. 22

442 Degeneration . . . . . . . ...l e e e e 23
References 29

X doi:10.6342/NTU202500514


http://dx.doi.org/10.6342/NTU202500514

Chapter 1 Introduction

Let X be a smooth projective variety. We denote by D’(X) := D’(Coh(X)) the
bounded derived category of coherent sheaves of X. We say that a pair of smooth projec-

tive varieties X and Y are D-equivalent if D°(X) ~ D*(Y).

For example, let X be a 3-dimensional smooth linear section of the Grassmannian
X =Gr(2,7)NP" C P*

in the Pliicker embedding. It is a Calabi-Yau 3-fold. The classical projective dual of
Gr(2,7) is the Pfaffian variety Pf(4,7). Let Y the intersection of the projective dual of
Gr(2,7) and P** in P*, which is smooth. Y is also a Calabi-Yai 3-fold. It has been proved
by L. Borisov and A. Caldararu that X and Y are D-equivalent | ]. We usually call

(X,Y) a Pfaffian-Grassmannian CY3 pair.

Recently, L. Borisov first solved the problem of whether the class L of affine line
is a zero-divisor in the Grothendieck ring of varieties using the Pfaffian-Grassmannian
CY3 pair [ ]. The result was refined by N. Martin. He proved, in [ ], that for a

Pfaffian-Grassmannian CY3 pair (X, Y),
L ([X] - [¥]) =0.
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We say a pair of smooth projective varieties X and X are L-equivalent if

L*(X]-[Y])) =0

in the Grothendieck ring of variety K (Var/ C) for some k& > 0. The Pfaffian-Grassmannian

CY3 pair (X, Y) gives an example of an L-equivalent pair.

In| ], A. Kuznetsov and E. Shinder conjectured that for a pair of smooth projec-
tive simply connected varieties, D-equivalence implies L-equivalence. The assumption
of simple connectedness is necessary, as A. Efimov constructed a D-equivalent pair of

abelian varieties that is not L-equivalent [ , Theorem 3.1].

The pair (X, Y') above is an example of a D-equivalent pair that is also L-equivalent.
In [ ], A. Tto, M. Miura, S. Okawa, and K. Ueda constructed a pair of L-equivalent
Calabi-Yau 3-fold (X', Y”), which is the zero locus of a general section of vector bundles

over the GG5-Grassmannian pair. They showed that

L-([X"] - [Y']) =0.

Later, A. Kuznetsov proved that the pair (X', Y”) is also D-equivalent [ ].

In[ ] it was mentioned that the pair (X', Y”) is a degeneration of the Pfaffian-
Grassmannian CY3 pair (X, Y). It is natural to ask whether there are other examples of
D-equivalent and L-equivalent pairs (X, Y') that degenerate to another D-equivalent and

L-equivalent pair.

In[ ], E. Shinder and Z. Zhang proved that if (C}, C5) is a pair of genus 1 curves

of degree 5, which are the linear sections of the Grassmannian Gr(2, 5) and its projective
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dual (also isomorphic to Gr(2,5)), then

L ([C1] = [Ce]) = 0.

The pair (C1,C5) is also D-equivalent (see, e.g. [ , Section 6.1]). On the other
hand, we have a pair of genus 1 curves (C!, C}) in the Mori-Mukai link between P and
Q3 [ , Proposition 3.6]. H.-Y. Lin and E. Shinder proved that the pair (C], CY) is
L-equivalent and satisfies

L-([C1] = [C3]) = 0.

In Corollary 4.4.2, we will prove that one of the genus 1 curves C5 degenerate to the genus

1 curve CY in the quadric 3-fold.

Moreover, M. Rampazzo proved that the pair (C7, C) is D-equivalent [ , Lemma
A.1]. We expect that the pairs (C1, Cy) and (C7, C}) give another example of degener-
ation of DL-equivalent pairs. This thesis aims to establish some first steps toward this

statement.

The paper is organized as follows. We review some necessary backgrounds in Section
2. We prove a general theorem about degeneration (Theorem 3.2.1) in Section 3. Finally,

we prove the degeneration of the elliptic curve for the (Q* side in Section 4.

We work over the complex numbers C.
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Chapter 2 Preliminaries

2.1 Algebraic Groups

We begin by reviewing some basic facts about algebraic groups. The details can be
found in most classical textbooks, such as [ ]. We also use some results from a note

written by Ottaviani on rational homogeneous varieties [ ].

Let GG be a semisimple, simply connected, connected algebraic group. Semisimple
means that G has no nontrivial (closed) normal connected solvable subgroups. It is known
that any semisimple algebraic group is a direct sum of simple algebraic groups [ ,
Theorem 6.13]. An algebraic group is simple if it has no nontrivial (closed) normal con-
nected subgroups. The assumption of simple connectedness is natural, as the Lie algebra

of an algebraic group is isomorphic to the Lie algebra of its universal cover.

By the classification of semisimple connected algebraic groups, there exists a bijec-
tion between simply connected semisimple algebraic groups and Dynkin diagrams. We
typically use the Dynkin diagram to name the algebraic group. For instance, for a sim-
ply connected algebraic group of type (5, we mean the algebraic group whose associated

Dynkin diagram is of type C5.

A subgroup B is called a Borel subgroup if it is maximal among all connected solv-
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able subgroups. A subgroup P is called a parabolic subgroup if it is closed and G/ P is
projective. A closed subgroup P is parabolic if and only if P contains a Borel subgroup

[ , 11.2, Corollary]. By definition, a Borel subgroup is parabolic.

For a simple, simply-connected, connected algebraic group G with Dynkin diagram
A, there is a bijection between non-empty finite subsets > C A and the parabolic sub-

groups P(X) of G, up to conjugation [ , Theorem 7.8].

2.2 Homogeneous Varieties

Definition 2.2.1. A variety X is called a homogeneous variety if there exists a transitive

algebraic group action on X.

Many varieties are homogeneous. For instance, the projective spaces P", Grassman-
nians Gr(k,n), abelian varieties, quadric hypersurfaces, etc. A well-known decomposi-
tion theorem, given by Borel and Remmert | , Theorem 1.5], states that any projective
homogeneous variety can be decomposed into a product of an abelian variety and a rational

homogeneous variety. Therefore, it is natural to consider rational homogeneous varieties.

Moreover, another theorem by Borel and Remmert | , Theorem 1.6] states that

any rational homogeneous variety X can be decomposed as

X ~G/P %+ x Gn/Py,

where (G; are simple algebraic groups and P; are parabolic subgroups. Hence, we can

focus on rational homogeneous varieties of the form G/ P.

In the previous section, we mentioned that parabolic subgroups of a given simple,

6 doi1:10.6342/NTU202500514
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simply connected, connected algebraic group G with the Dynkin diagram A are classified.
As a consequence, rational homogeneous varieties of the form GG/ P(X) are in one-to-one
correspondence with the crossed Dynkin diagrams, where > C A is the set of crossed

nodes.

For example, a Borel subgroup of GG is the minimal parabolic subgroup, so the cor-
responding crossed Dynkin diagram is fully crossed out. More explicitly, let G be of type
A,,. Then G ~ SL(n, C), and all Borel subgroups B are conjugate to the group of upper
triangular matrices. The corresponding homogeneous variety G/ B is the complete flag

variety.

Let X = G/P(X) be the homogeneous variety corresponding to the crossed nodes
¥ ={iy,...,ix} of A. By [ , Proposition 10.4], the Picard group Pic(X) ~ Z%*. In

particular, X has Picard rank 1 if and only if |X| = 1.

2.3 Flat Limit

Definition 2.3.1. A flat family is a flat surjective morphism 7: X — C' of schemes. We

denote the fiber over ¢t € C' by X; C X.

Obviously, not all families are flat. Let 7: Y — C be a family over a curve, and
let 0 € C be a regular point. Suppose 7 is not flat over 0. In some situations, we can
replace the fiber Y| so that the resulting family becomes flat. The intuition is to take the
complement of Yj and then take the closure. We recall the definition of flat limit following
[Vak, Section 24.3.13]. One can also find it in the classical textbook [ , IIT Section

9]
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Proposition-Definition 2.3.2. Let C be a 1-dimensional Noetherian scheme, 0 a regular
closed point of C', X a locally Noetherian scheme, and 7: X — ' a morphism. Suppose
Y is a closed subscheme of =1 (C'\ {0}) and is flat over C'\ {0}. If Y’ is the scheme-
theoretic closure of Y in X, then Y is flat over C. The fiber of 0 of Y, denoted Y, is

called the flat limit of Y.

We first prove the following lemma.

Lemma 2.3.3 ([ Vak, Exercise 24.3.J],[ , I Proposition 9.7]). Let m: X — C' be a
morphism from a locally Noetherian scheme to a regular curve. Then 7 is flat if and only

if 7 sends all the associated points of X to a generic point of C'.

Proof. Suppose 7 is flat. Let x € X be such that 7(z) = y is a closed point. Since C is
a regular curve, O ¢, is a DVR with maximal ideal m, = (¢) and uniformizer ¢. ¢ is not
a zerodivisor. Since 7 is flat, the pullback of ¢ to the maximal ideal m, of O'x , is not a

zerodivisor. Hence, z is not an associated point.

Conversely, suppose that 7 is not flat. That is, there exists © € X such that y = 7(x)
is a closed point and O’y , is not a flat &'« ,-module. We still denote ¢ as the uniformizer
for the DVR O¢,. Since O, is a DVR, it s, in particular, a PID. It is known that over a
PID, a module is flat if and only if it is torsion-free. Therefore, &'x , is not a torsion-free
O ¢ y,-module, i.e., the pullback of the uniformizer 7%t to & x , is a zerodivisor, so 7*¢ must
be contained in an associated point. Hence, we found an associated point that is sent to a

generic point. This completes the proof. [

Proof of Proposition-Definition 2.3.2. We may assume C' = Spec A where A is a discrete
valuation ring. Let 0 € Spec A be the closed point and 17 € Spec A be the generic point,

8 doi1:10.6342/NTU202500514
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X be a locally Noetherian scheme over A, and Y C X, is a closed subscheme that is flat

over A. Finally, let Y’ be the scheme-theoretic closure of Y in X.

By our assumption that Y C X, is flat over A, Y has no associated point. It is known
that the associated points of the scheme-theoretic closure Y are the associated points of

Y, so Y’ has no associated point. Therefore, by Lemma 2.3.3, Y is flat over A. O]

2.4 Zero Locus of a General Section

Let X be a smooth variety, & be a rank r vector bundle, and o € H°(X, &).

Definition 2.4.1. The zero locus of ¢ is defined as

Z(o)={x € X | o(z) = 0}.

Let 0x — & be the morphism of multiplying by o. The ideal sheaf of Z := Z (o) is
the image of the morphism & — O'x. It is a closed subscheme of X with the expected

codimension r = rank(&’).

Lemma 2.4.2 ([ , Proposition-Definition 6.15(c)]). Let X be a smooth variety and
& be a vector bundle of rank . Suppose Z = Z(o) is the zero locus of a section of & of

codimension r, which we assume to be smooth. Then

JVZ/X 25|Z7

where A 7/x = (£ 7/ .¥7)" is the normal bundle of Z in X.

Proof. Let E be the total space of &. We may view ¢ as a morphism o: X — E. The

9 doi1:10.6342/NTU202500514
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tangent bundle of F restricting to the zero section X C FE has the splitting .7 g |x ‘=~

T x @ &. The derivative Do restricting to the zero locus Z C o(X) is zero, so we get

Ty Txl225 Tx|20E|;— &z

is zero. For any z € Z, the image of .7 x , inside .7 x , & &, is the tangent space o(X).

Since Z is smooth of codimension 7, o(X) N X transversely. That is, the projection

T x,. — & is surjective. Therefore, the composition

yx|zﬁ>§x|z@égyz—)é@|z

is surjective. Computing rank, the sequence

02T Tx|lz—>8|z—0

is exact. Thus, A ;/x ~ & |7. O

10 doi1:10.6342/NTU202500514
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Chapter 3 Main Result

3.1 Setup for the Main Theorem

Leti: X — Y be a closed embedding between smooth varieties with dimY = n.
Let ¢ be a vector bundle of rank » on Y which is a direct sum of r very ample line bundles.
Leto € HO(Y,¥) be a general regular section. Let Z = Z(0) C Y be the zero locus of 0.
Define W = X N Z, which we also assume to be smooth as a scheme. We do not assume
the intersection is transverse (i.e., the intersection W may have higher dimension). The

following Cartesian diagram represents the setup:

S

W%
-

(3.1)

J

S

~

/AN

Note that W = Z(i*0). We have morphism of exact sequences given by tangent bundles

of the diagram (3.1)

lj 1w | (3.2)

0—>gzywﬂ>9y|wéf/1/z/y|w—>o

The vertical arrow on the right of the diagram (3.2) is defined by the composition goi, |y o

p~ ! and it is well-defined because the square on the left is commutative.

11 doi1:10.6342/NTU202500514
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Definition 3.1.1 ([ , Section 6.3]). Let the notation be as above. We define

_ I Ny
M ix

éawi

to be the excess normal bundle of the diagram (3.1).

One may view &y as a way of measuring the non-transversality of the diagram (3.1).

When the intersection is transverse, for any w € W, we have

<7.W,w:<?X,wm<7.Z,wa and <7.Y,w:<7.X,UJ_‘_<7.Z,UJ-

Using the isomorphism theorem,

yX,wN L?.X,w NyX,w—’_yZ,ngY,w
t7.W,u) yX,wmyZ,w C?.Z,w yZ,w

Thus, the excess normal bundle is trivial.

3.2 Main Theorem

Let the notation be as in Section 3.1. Let 7 € H°(Y,¥) be another general section.
Let C' := A{ denote the affine line, and set C* := A{ \{0}. Letm;: X x C — X be the

first projection. Define the section s € H°(X x C, 71i*¥4) by

s(x,t) == t(mi*r)(x) + (7)i%0) (2).

We assume that, in a neighborhood D of 0 € C' with ¢ # 0, s(x, t) is a regular section for
every t. Let M := Z(s(z,t)) C X x C be the zero locus of s. By construction, M is a
closed subscheme of X x C. Under the assumption that s is a regular section, the fiber

12 doi1:10.6342/NTU202500514
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Z(s(x,t)) overt € D\ {0} has the expected codimension.

Letm: M — C betherestriction of the second projection 7o : X xC-— C'to. M. We
use the notation M, := 7~1(¢t) C M for the fiber over ¢. Note that 7: 7~ 1(C™) — €~ is
a submersion, so 7 is smooth over C'*. In particular, 7 is flat over C*, and by Proposition-

Definition 2.3.2, we can define

M = M\ M,y C X x C,
and M’ is flat over C. Let ’': M’ — C be the restriction of 7 to M’. By definition, the
fiber My := 7/~1(0) is the flat limit of M \ M.

The image of 7 € H°(Y,%) under the composition
HY(Y,9) — H(W,9 |w) — H* (W, &w) (3.3)

is denoted by 7. The zero locus of 7/ in W is denoted by Z(7'). We now prove the

following result, which is the main theorem of this note.

Theorem 3.2.1. Let the notation be the same as above. Then M[ = Z(7'). In other

words, the family M, degenerate to Z(7').

Proof. Using implicit function theorem, for any p € W, there exists an analytic neigh-

borhood of p on which the diagram (3.1) is of the form

Vx{p} —— VxX

I " j (3.4)

VxZ——sVxY

with all the morphisms restricting to V' are identity.

13 doi1:10.6342/NTU202500514
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Therefore, we may assume that in (3.1), W is a point {p}, and let

{r} —— X

I " [ 3.5)

7 — Y’
be the corresponding commutative diagram. Here, X', Y”’, and Z’ are smooth. We assume

that dim Y’ = n, dim X’ = m and dim Z’ = /. Recall that 7’ is the zero locus of a general

section of a rank r vector bundle ¢4, so ¢/ =n — r.

Since Z’ and Y are smooth, using implicit function theorem, we can choose U C Y
a local trivialization of ¢ such that ¢ |y ~ U x C" and for y € U, the section o(y) =
(Yex1, - - -, Yn), the projection of the last r-components of y. That s, viewing Z' = Z(o) as

a closed subvariety of Y, the coordinates of z € Z' N U is given by (z1, ..., 24,0, ...,0).

Note that we have the closed embeddings X’ < Y’. We choose the coordinates near

p < X' such that p maps to 0, and X’ < Y is given by

(1, ..oy Tm) = (0,...,0,21,...,2m,0,...,0)
——— ——

l n——L{—m

In conclusion, on U, the coordinates are given by

(Zlv"‘7Z€7x17‘"7xm7y€+m+17""yn)'
In this case,
olxnv(x) = (21,...,Tm, 0,...,0).
¢
Hence, {p} = Z(o|xnv) = {z1 =" =z, = 0}

By assumption, 7 € H°(Y, %) is aregular section. We write 7(y) = (7¢:1(y), - - -, Tu(v))

14 doi1:10.6342/NTU202500514
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to match up the index of y. On (X' NU) x C, the section s(z, t) is given by

s(x,t) = (1 + t1e01(), - oy T + ET0em (), tTormyir (), - . tmm(@)).

When t = 0, we have s(z,0) = (x1,...,2m,0,...,0) and Z(s(z,0)) = {z; = -+ =

rm =0} = {p}.

We apply the coordinates that we choose to the diagram (3.4) and we claim that on

V x {p},

Z(T/) ={74m41 =+ =7, =0}

where 7’ is the image of 7 under the composition (3.3). Indeed, the fiber of the normal

bundle A"y, (p}/v x x7, Which is actually the tangent bundle .7 x+, at any (v, p) € V x {p}

0
1, wn )

Also, the fiber of the normal bundle A"y, 7/ /v xy |V><{p} at (v, p) has basis

9
01, (v.,p) '

Hence, the fiber of the excess bundle &'y ¢,y = e at (v, p) has basis
. < {p w X!

9
ayz+m+1 (v,p) .

The trivialization on & is induced by the trivialization U on ¢. Therefore, the section 7/

has basis

0

wp)  OTm

0

,amm

0

(i) Otrms1

9
S

(v,p) (vip

‘/VVXZ//VXY/ |V><{p}

9
o

(vp

under the coordinates is of the form 7" = (74441, - - ., 7») and the result follows.

Finally, we show that on W N U, Z(7') = M. On one hand, for ¢ near but not 0, if

15 doi1:10.6342/NTU202500514
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(x,t) € M\ My, then

(2,1) € {(2,8) € (X NU) x C |t £ 0, Tpsm1(z) = - = 75 () = 0}.

by the coordinates we choose for s(z, t). Then by taking closure and restricting to ¢t = 0,

we have My C Z(7').

On the other hand, the fiber Mj, and Z(7') are both irreducible. By flatness of the
family M’ — C, the dimension of My, is the same as the dimension of Z(7’). Hence, we

obtain the equality M[, = Z(7').

16 doi1:10.6342/NTU202500514
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Chapter 4 Application

The main goal of this section is to apply Theorem 3.2.1 to the family of Shinder-

Zhang’s elliptic curves (Corollary 4.4.2).

4.1 Canonical bundle of Gr(k,n)

We begin with the computation of the canonical bundle of the Grassmannain. We

will constantly use it in the following subsections.

Let V be a vector space of dimension n. Let Gr(k, V') be the Grassmannian, i.e., the
set of k-dimensional vector subspaces of V. Sometimes, we write Gr(k, n) if the vector
space V is clear. It is well-known that the Grassmannian is a projective variety and we

have the Pliicker embedding Gr(k,n) < P where P = P(AFV).

Let 77 and 2 be the tautological subbundle and tautological quotient bundle of

Gr(k, V), respectively. They satisfy the tautological exact sequence
0= % = Ogyy =~ 2 0. (4.1)

From the exact sequence (4.1), we see that det 0¢[l; ) =~ det(% )@det(2). Asdet O, ) =~
O Gr(k,n)» We know that det(%/) ~ det(2)".

17 doi1:10.6342/NTU202500514
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It is well-known that the tangent bundle of Gr(k, V') is gy, v) ~ Fom(U , L)~

" @ 2. The cotangent bundle Qér(k,\/) ~ % ® 2". The canonical bundle is

Wer(k,v) = det(Qrry) = A (% @ 2Y) ~ det(%)*" ™ ® det(2)F ~ det(%)*".

Asdet(% ) ~ Ogr,v)(—1) := Op(—1)|6rk,v) from the Pliicker embedding, we conclude

that

Wer(k,v) ~ Ocr(e,vy(—n) (4.2)

4.2 Shinder-Zhang’s Elliptic Curves of Degree 5

In [ ], they constructed a pair of elliptic curves of degree 5 as the linear sec-
tion of the Grassmannian Gr(2,5) N P* C P? in the Pliicker embedding. We review the

construction.

Let V be a vector space of dimension 5. Consider the Grassmannian Gr(2, V). We
have the Pliicker embedding Gr(2,V) — P(A%V) ~ P°. Let A C A%V" be a general
5-dimensional subspace. By generality, the intersection C' := Gr(2,V) N P(A*) in PY is
transverse, which is an elliptic curve of degree 5. That is, it is a smooth projective curve

of genus 1 equipped with a line bundle . of degree 5. Indeed, by adjunction formula,

We = wWar2,v)|c ® det( A 6rz,v))

Here, wer(2,v) ~ O(=5) by (4.2). For A¢6r2,vy, we may view C' as a zero locus of
general section of ¢(1)®° on Gr(2,V). Then A¢/grov) = O(1)%°|c. It follows that
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det(0(1)%°) = 0(5)|c. Therefore, by the previous computation,

we =~ Ogr2,v)(=5)|c ® Ocrzvy(5)|c ~ O¢

is trivial. The degree 5 line bundle .Z is simply the determinant of the normal bundle

NC/Gr2,v)-

In fact, according to [ , Lemma 2.6], the converse also holds, i.e., every elliptic

quintic is a transverse intersection of Gr(2, 5) with a linear subspace of dimension 4 in P’.

The projective dual of Gr(2, V) is non-canonically isomorphic to itself. Indeed, the

projective dual of Gr(2, V) is Pf(2, V") = P{w € A?V" | rank(w) < 2} = Gr(2, V).

Let A be as above. By [ , Proposition 2.24], Gr(2,V) N P(A*) is smooth if
and only if Gr(2, V) NIP(A) is. Using similar arguments, we know that the transverse

intersection Cy := Gr(2, V") NP(A) is also an elliptic curve of degree 5.

4.3 Non-transverse Intersection

The intersection will become non-transverse if we choose the linear subspace P(A~)
in a special position. In fact, we can find linear subspace P(A~) such that the linear section

is the isotropic Grassmannian, which is also a quadric 3-fold.

4.3.1 Isotropic Grassmannian

Let W be a vector space of dimension 2m and w € A2WY be a symplectic form
on WW. The isotropic Grassmannian IGr(k, V') parametrizes the k-dimensional isotropic
subspace of W, i.e., subspace of /W on which w vanishes. Note that if & = 1, then
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IGr(1, W) = Gr(1, W) ~ P(W) since every line is isotropic.

We can describe IGr(k, W) as the zero locus of a general global section (induced
by w) of N2% Y ~ Ocre,wy(1) in Gr(k, W), where 7% is the tautological subbundle of
Gr(k, W). More explicitly, since we have the natural inclusion of vector bundles % —
W & O r(1,w), by taking the dual and wedge power, we get (A\*WY)Q Ogro iy — N2 %",
We can view w as a global section of (A2W") ® Ogrxw). By pushing w to A2 %", we

get a section whose zero locus is IGr(k, ).

4.3.2 Non-transverse intersection

Recall that V' is a 5-dimensional vector space. Fix a decomposition V' = W & L
with dim W = 4 and dim L = 1. We also fix a symplectic form w € /\2 WYonW,ie.,a

non-degenerate alternating bilinear form.

We try to find a subspace A C A?V such that IGr(2, W) = P(A) N Gr(2,V) in the

projective space P(A2V) ~ PY. Notice that we have the direct sum decomposition

NV ~ (NPW) & (W® L)

and its dual

NVY = (NPWY) @ (WY @ LY).

We may regard w as w + 0 € A2V and define

Aw) =N w+ae (NPW)e (WYRLY)|AeC, ac WY®L"} C A VY.

Then A(w)* C A2V consists of points that are killed by w as well as all linear forms
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o € WY @ LY. Therefore, we have the non-transverse intersection
IGr(2, W) = Gr(2,V) NP(A(w)") C P(A?V).

Note that IGr(2, W) is the zero locus of a general section of O (2w (1) in Gr(2, W), and
Gr(2, W) is also the zero locus of a section of % {,, the dual of the tautological subbundle,
in Gr(2, V') (we will give the detail in the proof of Corollary 4.4.2), so the intersection is

an intersection as a scheme.

We put it into a Cartesian diagram

IGr(2, W) —— Gr(2,V)

j [ (4.3)

P(A(w)') —— P(A2V)

As we mentioned earlier, IGr(2, 1) is a quadric hypersurface inside P*, and IGr (2, W)

is also the quadric 3-fold obtained by the hyperplane section of Gr(2, W).

On the other side, for such w, the intersection P := Gr(2, VV)NP(A(w)) C P(A2VY)
is not transverse, either. Here, we can think of Gr(2,V") as Pf(2, V"), the space of de-
generate 2-forms. In this way, we see that for [\w + a] € P, A must be zero since w is

non-degenerate. Therefore, we have the following commutative diagram

P(W) — Gr(2, V)

| |

P(A(w)) —— P(A2VY)

Actually, P = P(WVY ® LV). Indeed, let {e;,...,e4} be a basis of W and {e5} be a
basis of L. Then we can write & € P as & = v A ef where v € WV and ¢! is the dual

basis of e5. Therefore, [a] € P(WY ® LY).
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Conversely, for [a] € P(WY @ L) ~ P(Hom(L, W")), the plane (L) & LY in V"

gives an element in Gr(2,V"). Thus, P = P(W"Y ® L") ~ P(Hom(W, L.Y)) ~ P(W).

Remark 4.3.1. In | , page 117], Mori and Mukai prove that for Fano 3-fold with
by = 2 (which, in this case, is the same as the Picard rank) of type (E; — E}), there are 6

deformation types. Our case is exactly type 2) in the list.

4.4 Calabi-Yau pair of Homogeneous Roof of Type ()

4.4.1 Quadric 3-folds and spinor bundles

Before we start, we review some basic properties of quadric 3-folds and spinor bun-
dles. Let Q3 be a smooth quadric 3-fold, meaning a smooth variety () that admits a
closed embedding ¢: Q* < P*, such that Q® is a quadric hypersurface. We denote

ﬁQ3<1) = L*ﬁw(l).

Suppose the quadric 3-fold ® is a linear section of a quadric 4-fold Gr(2,4) ~ Q*.
On @3, recall that the spinor bundle is the pull-back of the tautological subbundle on
Gr(2,4). It is also the pullback of the dual of the tautological quotient bundle on Gr(2,4)
[ , Theorem 1.4 (i)]. The following is classical and we will use it in the proof of

Corollary 4.4.2.

Proposition 4.4.1. There exists an exact sequence

0= = 05— =0, (4.4)

and .7 ~ (1), where /(1) :== ./ ® Os(1).
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Proof. The exact sequence (4.4) follows from the tautological exact sequence (4.1) on
Grassmannian Gr(2,4) and the fact that the spinor bundle is the pullback of the dual of

the tautological quotient bundle.

For .V, since it is of rank 2 and it is, by definition, the pullback of tautological

subbundle on Gr(2,4), we have

S = VRN S = SR Og(-1).

4.4.2 Degeneration
Recall the setting in Section 4.3.2. Let
IFI(1,2, W) :={LCPCW|dimL =1, dimP = 2, P is isotropic}

be the partial isotropic flag variety, IGr(2, W) be the isotropic Grassmannian of . Con-

sider the following diagram

IFI(1,2; W)

N (4.5)

P(W) IGr(2, W)
Here, p; and p, are the canonical projections.

In fact, these three varieties can be described as homogeneous varieties. Let GG be a
simple simply connected algebraic group of type C5. The Dynkin diagram of G is exs.
Using the crossed Dynkin diagram, IFI(1,2; ) corresponds to xx, P(WW') corresponds
to =+, and IGr(2, W) corresponds to e . The diagram (4.5) is sometimes called the ho-
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mogeneous roof of type (5 (see [ , Section 5]). We will use the fact that IFI(1, 2; 1)

is a projective bundle over both P(1¥) and IGr(2, V).

Both P(W) and IGr(2, W) are Fano varieties of Picard rank 1. The ample generator
for P(W) is Opw)(1) and the ample generator for IGr(2, W) is Ogra,w)(1) := det.”,
where .7 is the spinor bundle on 1Gr(2, ). By Borel-Weil Theorem [ , Theorem

10.6], the ample line bundles &'p(1y)(1) and O1gr(2,w) (1) are very ample.

Consider the ample line bundle & := p} Opw) (1) ® ps Orgri2,w) (1), which is also

very ample. Take s € HO(IFI(1,2; W), %) be a general section and let

O = Z(pr.s) C P(W)

CY := Z(paws) C IGr(2, W).

(We use the notation C to align with the notation introduced in Section ??.) Since .Z is a
very ample line bundle, it is globally generated. By [ , Theorem 1.8], p;. -Z are also

globally generated. By generality of s, C! are smooth schemes [ , Theorem 1.10].

With Theorem 3.2.1, we can prove the following.

Corollary 4.4.2. The Shinder-Zhang’s elliptic curves degenerate to the elliptic curve C, =

Z(p2xS).

Proof of Corollary 4.4.2. Recall the diagram (4.3). P(A(w)?!) is the zero locus of a section
o of 0(1)®® in P(A*V). The non-transverse intersection IGr(2, W) = Z(olgr2,v)) is
smooth. Also, recall that the Shinder-Zhang’s elliptic curve is the smooth zero locus of a

general section of Ogr(2,)(1)®° in the Grassmannian Gr(2, V) (Section 4.2).

Let C' = A' be the affine line and 7, : Gr(2,V) x C — Gr(2,V) be the first pro-
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jection. We choose another general section 7 € H°(P(A?V), 0(1)®°) such that M C

Gr(2,V) x C' is defined to be the zero locus of the section

s=0+tre HYGr(2,V) x C, 7} Ogron (1))

and for ¢t # 0, the fiber M, over t € (' is the Shinder-Zhang’s elliptic curve. The
flat limit of M \ My is, by Theorem 3.2.1, the zero locus Z(7') C IGr(2, W) of 7/ €

HO(IGr(2, W), &w), where 7’ is the image under the composition

HY(P(A?), 0(1)%°) — H(IGr(2, W), 0(1)®|igrew)) — H (1IGr(2, W), E1griaw))-

Since the flat limit can be described as the zero locus of the section 7 of the excess
bundle &1gr2,w), our goal is to show that &'1gr(2,1w) is isomorphic to the bundle p, Z.

Then the desired result follows.

First we show that the excess normal bundle &igr2wy is (1), where . is the
spinor bundle of the quadric 3-fold IGr(2, W). As P(A(w)*) ~ P* is the zero locus of a

section in H(P(A?V), 0(1)%®), the normal bundle

N paw) Ly pnevy > O(1) P [paw)t) 2 Opagy) (1)

By the definition of excess normal bundle (Definition 3.1.1),

N paw) L) ey lerew)  Oterew)(1)®°

EGre,w) = o~ :
"@W) N 16r(2,w)/Gr(2,V) N 16r(2,w)/Gr(2,V)

Consider the embedding

IGr(2, W) — Gr(2, W) — Gr(2,V).
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Since these three varieties are all smooth, we have the normal bundle exact sequence

0 = Mare,w)/Gre,w) — Mare,w)/Gr,v) — arew)erevierewy— 0. (4.6)

To compute the normal bundle Agr(2.w)/Gr(2,w), we notice that IGr(2, W) C Gr(2, W)
is the zero locus of a global section of @gr2,w)(1) given by the sympletic form w as de-

scribed in Section 4.3.1. Thus, Agr2,w)/ri2,w) =~ Otariz,w)(1).

On the other hand, the Grassmannian Gr(2,W) is the zero locus of a section of
H°(Gr(2,V), %), where %7, is the dual of tautological subbundle of Gr(2,V). In-
deed, consider the canonical exact sequence 0 — W — V' — L — 0. Then any 2-plane
P lies in W if and only if the projection V. — L ~ C restricts to P is 0. The pro-
jection gives a section of %, via the canonical inclusion % — V @ O Gr(2,v)- Thus,
Ner@w)/erv) = U arewy = U vy, where %y, is the dual of tautological subbundle
of Gr(2, W). Note that if we view IGr(2, W) as a quadric 3-fold, then %/ |igr2,w) ~= -7,

where . is the spinor bundle on IGr(2, W).

Therefore, by (4.6),

Owerew) (D) Oerom)(1)®°/ Oerom) (1) Orerow) (1)
Niarewyerev)  Nierewyerey) / Oerew)(l) 72 '

Elere,w) =
(4.7)

Notice that in the first isomorphism, we use the fact that Og.(2.v(1) restricts to Gr(2, W)
is exactly Ogra,w)(1) given by the Pliicker embedding. This is because P(A2W) —»

P(A*V) is a linear embedding.
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The inclusion

SV~ Niarewy/erev) [ Oerew) (1) = W @ Oy (1) ~ Oy (1)®

inducing (4.7) is obtained from the natural inclusion of the normal bundle

N Grew)/Grev) = A Baw)h) ey lerew) = V @ Oirew)(1) = Oxrew) (1)
modding out &'(1).
On the other hand, we have the spinor bundle exact sequence (4.4)

0= .7 = Oy = =0

on the quadric 3-fold IGr(2, W). It is the restriction of the tautological exact sequence on
Gr(2, W) to IGr(2, W). Tensoring by &'(1) and using the isomorphism .7 ~ .7(1), we
have

0— S = Ograw)(1)® — .7Y(1) = 0.

These two inclusions coincide. Therefore, combining (4.7), we conclude that

glGr(Z,W) ~ yv(l).

Next, we show that on IGr(2, W), we have py..Z =~ .#"(1). By the projection
formula, po. Z = po.(pi O(1) @ p5 O(1)) ~ papi O(1) ® O(1). By [ , ()],

ppl O(1) ~ 7", Therefore,

pup; O(1) @ O(1) ~ .7V (1) ~ Egrow -
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Thus, the flat limit of M \ M, is Cj, which is the zero locus of py, £ > E1gre,1)-

[
Remark 4.4.3. We expect that the P* side also holds, but we are not able to prove it yet.

Remark 4.4.4. In [ , Proposition 5.1], they show that the Calabi-Yau 3-fold in G5-
Grassmannian X defined by the zero locus of the bundle .7V ® A22 is the degeneration
of Calabi-Yau 3-folds obtained by linear section in Gr(2,7). Apart from this, in [ ,
Proposition 7.1], they show that the family of linear sections of Pfaffian degenerates to

the Calabi-Yai 3-fold in the other G5-Grassmannian, which is a quadric 5-fold.

Remark 4.4.5. Recently in [ , Proposition 3.3], M. Rampazzo proved that all Calabi-

Yau pairs associated to a homogeneous roof are L-equivalent.
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