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Abstract

Abstract

This thesis generalises the classical cross-ratio of four projective points in CP! to a pairing
of two k-dimensional and two (n —k — 1)-dimensional linear subspaces of CP™. We prove
that the absolute values of the generalised cross-ratio determine the local height pairings of
the corresponding cycles. For the Archimedean height, the proof avoids integrating Green’s
forms over high-dimensional subspaces by relating this height, via an incidence correspon-
dence, to an explicit height pairing of points and a principal divisor on a Grassmannian.

We then study degenerating families of these linear subspaces and describe the asymptotic
behaviour of all local height pairings as the cycles intersect. We show that the asymptotics
are governed by the intersection degree of the families of cycles, in any degeneration.

Furthermore, using a global construction, we show that the generalized cross-ratio itself,
rather than its norms, computes a generalised Hodge theoretic height. We do this by
showing that the relative homology group, induced by the two k-planes and two (n—k—1)-
planes, is naturally an extension of mized Hodge structures of Z(0) by Z(1), and that the
height of this extension equals the generalised cross-ratio.

Finally, using local methods, we can study the regularised limits of local heights, and
interpret these limits using only the central degenerate geometry, together with small per-
turbations. This thesis provides an entirely new class of examples associating geometric
shapes to limits of local heights.
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1 Introduction

Introduction

Height pairings are an important tool in modern algebraic geometry. For example, they are used
as a powerful tool in the study of diophantine equations, the field of finding integer solutions
to equations with integer coefficients. These diophantine equations have wide-ranging applica-
tions such as balancing chemical reactions | |, describing the geometric structure of viruses
[ | and elliptic curve cryptography [ ].

Recently, Gerd Faltings was awarded the Abel prize | |, one of the most prestigious
mathematical awards, for his work in arithmetic geometry and resolving the long-standing dio-
phantine conjectures of Mordell and Lang | |. Mordell predicted that if a polynomial equa-
tion defines a sufficiently complicated curve, then it has only finitely many rational solutions.
More specifically, any non-singular algebraic curve, defined over Q, of genus g > 2, has at most
finitely many rational points. Faltings’ work is not only spectacular for the result he proved,
which for example implies a weak version of Fermat’s Last Theorem, namely that there are at
most finitely many integer solutions to the equation

a+b" =c",

for n > 4. His work is also important because it proves that the arithmetic (rational points) is
controlled by topology (geometric complexity of the curve). The main idea of Faltings’ proof is
the comparison between a specific kind of height pairing, the Faltings height, and naive heights
via Siegel modular varieties | ]

Another motivation for studying heights is that they give rise to interesting numbers. Like
familiar constants such as m, these numbers often reappear in different parts of mathematics,
sometimes through constructions that look unrelated at first sight | , |. In particular,
one may encounter the same invariants in very analytic and purely arithmetic constructions.
Such coincidences suggest that these theories are connected in a deeper way, even when the
methods used to define the numbers are quite different. One way to investigate why the same
numbers appear in different contexts is to study different height pairings.

In this thesis, we will study height pairings in a concrete and classical setting. We prove a
formula that computes the Archimedean height pairing of projective linear subspaces of complex
projective space, which is a complex manifold that we will introduce below. The Archimedean
height will be entirely determined by the generalised cross-ratio which we define in Chapter 2.

Because this formula is so explicit, we are able to prove an instance of a conjecture by Z.

Chen and R. de Jong | , Conjecture 1.5]. This conjecture states that the rate of divergence
of the Archimedean height of certain families of algebraic cycles is controlled by their intersec-
tion degree, in proper degenerations. In | , Theorem 2.1] such a result has been proven for

degenerations of curves. We have been able to prove this for degenerating higher-dimensional
projective linear subspaces, not just for proper, but also for general degenerations. This suggests
that the conjecture by Chen and de Jong, could hold in a more general setting.

Using this result, we can renormalize the Archimedean height by subtracting the correct
divergent term and talk about the regularized limit. 1t is very difficult to study these numbers
themselves, because they lack an obvious structure. An algebraic variety which gives rise to such
numbers is far easier to understand. The limit geometry of curves | |, and later nodal
degenerations of certain odd-dimensional varieties | | has been studied. We give a geometric
interpretation of this number and show that it is closely related with the central geometry of the
degeneration. This thesis provides an entirely new class of examples, in arbitrary dimensions
and for all degenerations of linear projective subspaces.
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Complex projective space. A complex manifold, of complex dimension n, can be thought
of as a shape, which locally looks like an open subset of C™. The transition functions describing
how to change between different local complex coordinates are required to be holomorphic. In
particular, C™ is a complex manifold of complex dimension n, and so is any open subset U C C™.
By virtue of being compact, complex projective spaces are important examples. They are the
standard ambient spaces in algebraic geometry and defined by

CP" = {L c C""! | L is a complex line through the origin},

as discussed in Section 2.1. Similarly to complex space itself, they can be equipped with coor-
dinates. An equivalent definition which makes this apparent is the following

CP" = (C™'\ {0})/ ~

where we declare (zg,...,x,) ~ (Yo, -.,yn) if there exists a single scalar A such that y; = Ax;
for all i. Such an equivalence class is denoted by [z : - - - : x,], and these x; are the homogeneous
coordinates. There is a natural action of invertible matrices M € GL;,4+1(C) on these elements,
which is invariant under scalar multiples of these matrices. For this reason, we define projective
transformations to be

PGLn—H(C) = GLn-‘rl(C)/ ~
where A ~ B if B = \A for some scalar .

Classical cross-ratio. Now, let us specialize to the case where n = 1, CP', the Riemann
sphere. There are three special points in CP!

0=1[1:0], 1=11:1], oo =[0:1].

Now, given four distinct points P, Q, R and S in CP!, there exists a unique projective transfor-
mation M, which maps
P+—0, Qr—1, R — 0.

One classically defines the cross-ratio to be the unique complex number CR(P,@Q; R, S) such
that, under the projective transformation M,

S+—[1:CR(P,Q;R,S).
If we assume that the original points P, Q, R and S can be written as
P=[:p, Q=[:qd, R=[:1], S=[:s, (0.1)
then the cross-ratio is given by

(p—7)(q —5)
(g=r)(p—s)

The cross-ratio is an important concept, as any projective invariant of four projective points is
a function of the cross-ratio, see | |[Example 8.34]. Furthermore, the moduli space Mg 4
parametrizes smooth genus 0 curves with four ordered marked points, up to isomorphism. Since
every smooth genus 0 curve is isomorphic to P!, this is equivalently the moduli space of ordered
configurations of four distinct points on P!, up to projective transformations. Thus, the cross-
ratio is the natural parameter on this moduli space, see | , p- 5.

CR(P,Q;R,S) =
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Generalised cross-ratio. Alternatively, the points P, @, R and S correspond to lines Lp, Lg,
Ly and Lg in C? that pass through the origin. Let vp,vQ, VR and vg be elements of C? that
generate the respective lines, i.e., any non-zero vector contained in the line. Because C? is
a complex vector space of dimension 2, there exists a non-canonical isomorphism of complex
vector spaces between the two-fold exterior product A2C? and the complex numbers themselves.
In Proposition 2.3 we show that regardless of the chosen isomorphism, the value

(vp Avgr)(vg A vs)
(vg ANvg)(vp A vg)

is well-defined, independent of the choice of vectors, and equals the classical cross-ratio. This
definition can now be generalised from four distinct points P,@Q, R and S in CP!, to two k-
dimensional linear subspaces Yp, Y and two (n — k — 1)-dimensional linear subspaces Yg, Ys in
CPP™, for which

YpﬂYR:YPQYSZYQQYR:YQQYSZQ,

which we call a non-degenerate quadruple. These dimensions are chosen in such a way that

dim(Yp) + dim(Yg) = dim(CP") — 1,

similarly to the simpler case of points in CP'. We can choose a basis vé) Yo ,v,f for Yp when

viewed as a (k + 1)-dimensional subspace of C"*!. Let vp = v A--- Aol and similarly for

vQ,vr and vg. We then define, see Definition 2.3, the generalised cross-ratio to be

(vp A vR)(vg A vs)
(UQ Avg)(vp Avg)

CR"(Yp,Yq; YR, Ys) =

Archimedean heights. With this in mind, we now turn to the Archimedean height pairing.
All these definitions are carefully introduced in Chapter 1. Suppose Z and W are formal sums
of subspaces of a complex manifold X, such that

dim(Z) + dim(W) = dim(X) — 1.

Then the Archimedean height, denoted by (Z, W), is a way of describing the complezity of the
subspaces Z and W. For simplicity, assume that Z and W are homologically trivial analytic
subspaces. Then the Archimedean height can be computed as follows. First, we associate to the
subspace Z a Green’s current Gz satisfying

dd°Gz + 7 = 0.

Then, we compute a Green’s form for Z, i.e., a differential form gz such that the associated
current [gz] = Gz. Lastly

(2, W)oo = — /W 0z

However, note that computing these Green’s forms and then integrating over the possibly high-
dimensional subspace W is hard to do explicitly in general.

Archimedean height in CP'. Since CP! is a complex manifold of complex dimension 1,
we can only pair points against each other. Because we assume the cycles to be homologically
trivial, we will pair P — Q against R — S, where P, Q, R and S are distinct points in CP!. Again,
let us assume that P,Q, R and S can be written as in Equation 0.1. In Section 2.2, we will show
that a Green’s form for P — @Q is given by

gp—q(z) = —log

Z—p
z—ql
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Since integration over points is simply evaluation, we conclude that the Archimedean height is
given by
<P7QaR*S>oo:log’CR(PanR)SNa (02)

see Proposition 2.5. It is classical, yet remarkable, that the arithmetic complezity of differences
of points, as captured by the Archimedean height, is completely governed by their cross-ratio.

Archimedean height in CP". The first main result of this thesis is that we extend this
relation to the case where Yp, Yy are k-dimensional linear subspaces, and Yg,Ys are (n —k—1)-
dimensional linear subspaces, non-degenerate in CP".

Theorem A (Theorem 2.20). Let Yp,Yp,Yr and Yy be as above. Then the Archimedean
height is given by

(Yp —Yq,YRr — Ys)oo = log |CR"(Yp, Yg; YR, Ys)|-

This formula allows one to easily compute and manipulate the Archimedean height, in higher-
dimensional examples. A formula for a Green’s current associated to a linear subspace of CP™
exists, it was first introduced by H. Levine, see | , Proposition 5.1]. However, it is very
complicated and integrating it over a high-dimensional analytic subspace seems unpleasant.
Instead, we compute it by relating it to the case of principal divisors and points, in another
ambient space called a Grassmannian, see Lemma 1.23.

Asymptotic behaviour. Throughout this introduction, we have always assumed the objects
of study to be disjoint. The cross-ratio is not well-defined when the points, or higher dimensional
subspaces, intersect and neither is the Archimedean height associated to them. However, it is
interesting to study the asymptotic behaviour of the Archimedean height pairing if the subspaces
are moving, say holomorphically dependent on some complex parameter .

Theorem B (Theorem 3.5 & Theorem 3.21). Let Yp(t) and Y(t) be moving k-dimensional
linear subspaces of CP", and let Yr(t) and Ys(t) be moving (n — k — 1)-dimensional linear
subspaces of CP™, all holomorphically dependent on ¢. Assume that for all sufficiently small
non-zero t, the linear subspaces are non-degenerate, then

(Yp(t) = Yo(t), Yr(t) — Ys(t))eo = deg ((Yr — Yg) - (Yr — Ys)) log|t| +log |u(t)|,  (0.3)

for some nowhere-vanishing holomorphic function u(t).

We denote the families by Yp, YTQ, YR and Yg. Furthermore, - denotes the intersection prod-
uct. Because the families are of complementary dimension, their intersection product will consist
of a formal sum of points, the degree deg(—) simply sums the integral coefficients. In Section
3.3, we will introduce the necessary ingredients from intersection theory, to properly define these
families and the intersection degree.

First, we assume that the intersection is proper, i.e., of expected dimension, when ¢ = 0. For
example, if Yp(¢) is a line and Yy(¢) is a plane, for all ¢, then dim(Yp(¢)) = 1 and dim(Yg(t)) = 2
and as a family dim(Yp) = 2 and dim(Yg) = 3. These families are now not just subspaces of CP*
but of (CIP’(?: e which allows them to be viewed as if they are moving, and is now a 5-dimensional
space. All these concepts are introduced in Section 3.1. For a proper intersection, we expect

dim(Yp N Yg) = dim(Yp) + dim(Yz) — dim(CP¢,) =243 -5 =0.

In the next figure we show an example of two different degenerations of Yp and Yz, one that is
proper and one that is not.
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y ?»KQ\

y ?KQ\

Figure 1: Left: Proper intersection. Right: Excess intersection.

When we restrict to proper degenerations, Theorem 3.5 proves a Conjecture by Z. Chen and
R. de Jong | , Conjecture 1.5] for the specific cycles Yp — Y and Yg —Ys. In Theorem 3.21
we generalize this result to arbitrary degenerations. This provides evidence that their conjecture
might hold in an even more general setting.

Non-Archimedean contributions. Number theory often studies geometric objects not only
over the complex numbers, but also through their reductions modulo primes. Each prime p gives
rise to a different local picture: even when planes are disjoint over the complex numbers, it can
happen that they intersect non-trivially when reduced modulo some prime p. The corresponding
local height at p measures precisely this p-adic contribution to the arithmetic complexity of the
cycles. In Chapter 4 we apply the machinery from Chapter 3 to the ring Z,, for any prime p,
to find the local heights whenever the planes Yp, Yy, Yr and Yg are defined over Z or Z,,.

Theorem C (Corollary 4.2). Let p be a prime number. Let Yp and Yy be k-dimensional
linear subspaces of CP™ and let Yz and Yg be (n — k — 1)-dimensional linear subspaces of
CP", non-degenerate and defined over Z,. Then the local height is given by

(Yp =Y, Yr — Ys), = log |CR"(Yp, Yg; YR, Y5)lp,

where | - |, denotes the p-adic norm.

Here (-, -), denotes the local height at place p. Thus, not only the Archimedean height, but
all local heights are completely determined by the corresponding norms of the cross-ratio.

Regularized cross-ratio. When the k-planes Yp and Yy and the (n — k — 1)-planes Y and
Ys are defined over the integers we can further extend the definition of the cross-ratio. We now
allow Yp and Yy to intersect Yz and Ys. Let Vp, Vg, Vg and Vg denote the underlying lattices of
the projective linear spaces. Then, when intersection occurs, choose normal tuples which consist

of vectors
Zn—l—l
T}DR,...,TF”R € —
s ) (VP + VR)sat
such that the images of 7“1137 R TBR form a basis of the normal directions after tensoring with Q.
Let rpp = (1"1137 Ro-- - Tpgand similarly define 7p 5,70 g and rg 5. Then we define the regularized

cross-ratio of Yp, Yy, Yr and Yg, together with these normal vectors r = (rpr,7p.s,7Q.R, Q,S)
by
[Zn+1 : (Vp + Ve + TP,R)] [Z”'H : (VQ + Vg + TQ73)]

[Z”'H : (VQ + Ve + T’Q,R)] [Z”‘H : (VP + Vs + Tp,s)] ’

which is well-defined up to sign, see Definition 4.9 for more details and Figure 2.

|CR?(YP, YQ; YR, Ys)‘ =
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Figure 2: An example showing the vectors rpr,rps and rg g used to define the regularized
cross-ratio for intersecting Yp, Yy, Yz and Y.

Regularized limit. In Chapter 4 we also find a geometric interpretation of the remaining
constant u(0) from Equation 3.2, which we call the regularized limit. Unlike the cross-ratio itself,
this constant is well-defined up to sign for the individual intersections Yps-Yrs, Yrs-Yss, YiQs YR
and Y, - Yg, so, for simplicity, we only focus on a single intersection, and denote the families
by X and Y. When the families of planes X and Y are defined over Z, we show that there
is a canonical Z-basis for the direction in which the planes collide. In the case of an excess
intersection, there are multiple normal directions, see Figure 3.

Figure 3: Left: Proper degeneration. Right: Excess degeneration.

On the left, the unique normal direction is denoted by &, and on the right there are two
normal directions spanned by & and &. The families X and Y induce vectors, one for each
normal direction denoted by r (left) or 1 and 7o (right), which are determined by the rate at
which these families move in these normal directions.

Theorem D (Corollary 4.10). The absolute value of the constant |u(0)], as in Equation 3.2,
is given by the regularized cross-ratio of Ypy, Yq, Yr, and Yg, together with the induced rate
of collision vectors rpgr,7ps,7Q,r and rg g.

For the precise statement of Theorem D we refer to Theorem 4.8. It is via this interpretation
that we can associate a canonical geometric object to the regularized limit «(0). Finding such a
regularized limit of shapes is in general very hard, and an interesting open problem. The case of
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curves | | and nodal degenerations of certain odd-dimensional varieties | | have been
handled. This thesis shows the that the regularised limit is determined by the central geometry,
also in the case of degenerations of projective linear subspaces in arbitrary dimension.

Augmented height pairing. In some sense, Theorems A and C are evidence that the pro-
posed generalisation of the cross-ratio is a natural choice. We see that the norms of the gen-
eralised complex-valued cross-ratio share the same relation with local heights as the classical
cross-ratio. We will show that not just the norm of the cross-ratio, but also the complex value
itself, is canonical. To do this, we will study the augmented height pairing of Yp — Yg and
Yr — Yg in Chapter 5, which is now not just a real, but a complex number. We will recall some
standard facts, showing that the singular homology group

Hsing

on—k)—1(CP"\ [Yp = Yol, [Yr — Ysl),

can be equipped with the structure of an integral mixed Hodge structure, denoted by H. After
twisting H(—(n—k—1)) = H® Z(—(n — k — 1)) fits in a short exact sequence of mixed Hodge
structures

0—-2%Z(1)— H(—(n—k—1)) = Z(0) — 0,

in other words, can be interpreted as an element of Ethl\/[HSZ (Z(0),7Z(1)). In Proposition 5.12
and Corollary 5.13 we recall that this extension group is canonically isomorphic to C*, the non-
zero complex numbers. The height of this extension is called the augmented height of Yp — Yg
and Yr —Yg, denoted by (Yp —Yg, Yr — Yg)aug, which is a non-zero complez number. Similarly
to the local heights, we show in Section 5.4 that

<P_ QaR_ S)aug = CR(P7Q7R7 8)7

for distinct points P, @, R and S in CP'. We then generalise this result in Section 5.5.

Theorem E (Corollary 5.21). Let Yp and Yy be k-dimensional linear subspaces of CP™ and
let Yz and Yg be (n — k — 1)-dimensional linear subspaces of CP", which are non-degenerate.
Then the augmented height is given by

(Yp —YQ,YR — Ys)aug = CR"(Yp, Y; YR, Ys).

We would like to remark that (the proof of) Theorem E actually implies both Theorems A
and C, see [ , Proposition 3.3.12]. Nevertheless, we still present the direct proof in Chapter
2, because, although challenging, it is a far more intuitive direction to follow. This proof also
requires far less technical machinery, which allows a broader audience to appreciate its result.

Conclusions. Theorems A and C show that the norms of the cross-ratio satisfy the relations

<Yp — YQ,YR — YS’>oo :log ‘CRH(YP, YQ; YR, YS)’ y

(Yp —Yq,YRr — Ys), =log |CR"(Yp,Yg; YR, Ys)| (for all primes p).

p?

Theorem E, which relates the augmented height pairing with the generalised cross-ratio,
(Yp =Y, YR — Ys)aug = CR"(YpP, Yg; YR, Ys),

further confirms that the generalised cross-ratio is canonical not only through its norms, but
also as a complex number. It is remarkable that such a simple constant completely governs
the arithmetic complexity of linear subspaces in CP". The simplicity of the cross-ratio made it
possible to study asymptotics as complex linear subspaces degenerate, Theorem B, proving an
instance of | , Conjecture 1.5]. It also made it possible to to interpret the regularised limit
geometrically, Theorem D, as described in | , ].
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Chapter 1: The Archimedean Height Pairing

The main goal of this chapter is to introduce the Archimedean height pairing and prove a new
formula that helps compute it. This chapter is mostly expository and serves to introduce the
relevant notions for the rest of this thesis. In Sections 1.1 and 1.2 we will recall what differential
forms and currents are and introduce a special kind, namely Green’s forms and currents. Using
these Green’s forms we will recall the definition of the Archimedean height pairing in Section
1.3. Computing the Archimedean height explicitly is in general very hard. However, in Example
1.5, we observe that for a specific kind of cycles, it is easy and explicit. Lastly, in Sections
1.4, 1.5 and 1.6, we will work towards Lemma 1.23, which can reduce a priori difficult height
computations to a case where we can compute them easily and explicitly. This is the main result
of this Chapter, and will be used extensively in Chapter 2.

Section 1.1: Push-forward and pull-back of differential forms

In this section, we will recall what the push-forward of differential forms along a suitable map
p is. We expect familiarity with the concepts of (complex) manifolds, their (co)tangent bundles
and differential forms. For additional information on these topics, or an excellent introduction,
we refer to “Introduction to Smooth Manifolds” by J. M. Lee [ |, in particular Chapter 14
on differential forms.

Let M be a smooth manifold. Recall that a differential k-form is a smooth section of A¥T* M,
the bundle of alternating k-tensors on M. We denote the vector space of differential k-forms by

QF (M) := T(A*T* M),

and

QM) == P " (M).

k>0

For a k-form w and an I-form 7, we define the wedge product w A n, an (k + [)-form pointwise,
ie. (wAn)p=wpAny. Since we are on a manifold, locally we can write a differential k-form w

as
wly = Z wrdxy,
|I|=k
where dx; = dxi, A -+ Adx;,, and wr € C°(U). Now let f: M — N be a smooth map. The
differential dfy, : T,M — Ty, N induces a map
5 QF(N) = QF (M)
given by
(f*wW)p(v1,s ey Vi) = Wiy (dfp(v1), ooy dfp (V1))

This map is R-linear, and f*(w A n) = f*w A f*n, see | , Lemma 14.16]. When working
with a complex manifold, the induced pull-back map is also C-linear.

Remark 1.1. The pull-back map is also C*°(N,R)- or C*°(N, C)-linear, via
[ gw) = (go [)f* ().

There is also a natural differential operator on differential k-forms, called the exterior deriva-
tive d,
d: QF(M) — QFFL(M).
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It is locally given by

The exterior derivative commutes with respect to pull-back, i.e. f*(dw) = d(f*w), see | ,
Proposition 14.32]. The push-forward of differential forms, also called fiber integration, is only
defined for suitable smooth maps, such as fiber bundles with compact fibers, or for compactly
supported differential forms. For a comprehensive introduction, we refer to “Lecture notes al-
gebraic topology 11 2024-2025” by T. Rot and R. Hoekzema | ].

We follow Chapter 7 of “Connections, Curvature, and Cohomology” by W. Greub et al.
[ ]. Let F — E 5 B be a fiber bundle. We say a differential form w € Q(E) has
fiber-compact support if for all compact K C B the intersection 7~ (K) N Supp(w) is compact,
where

Supp(w) = {p € E | w, # 0}.

Denote those forms by Qp(E), and let compactly supported forms be denoted by Q.(E). We
thus have a chain of inclusions
Q.(E) C Qp(E) C QE).

Now consider a vector bundle over the same base H — M % B. Write B = (F — E = B)

and £ = (H - M ™5 B). Let Vg C TE be the vertical subbundle, i.e. Vg, = Vi(E) =
Ker((dm), : T,E — Ty B). Let r = dim F and let ¥ : A"Vg — £ be a bundle map inducing 7 at
the base, i.e.

We define Supp(¥) := {z€ E |9, #0} C E. We say that ¥ has fiber-compact support if
71 (K) N Supp(¥) is compact for every compact subset K C B. Now assume B is oriented and
9 has fiber-compact support. We will construct a section o : B — M which is called the integral
over the fiber of 9.

For all x € B, ¥ determines an M, -valued r-form on FE,, namely 9, € Q" (E,, M,) given by

—_—

79%(27 m, "'7777“) - 19(771 Ao A 777“)

for z € E, and n; € T,E, = V,(E). Then finally, we define

o(x) = Uy € My,
Ey

where we note that this integral is not in general zero because ¥, is a top-degree form on F.
We may write o = [, which is smooth, see | , Proposition VII, p. 299].

In a less general setting, let us observe what happens when we push forward differential
forms. In the same setup, let dim(F) = r and dim(B) = n. Our goal is to construct a map
[0 Qr(E) — Q(B), which is R- (or C-)linear and homogeneous of degree —r. Let w € Q7 (E),
for all z € B, w determines a compactly supported r-form, w, on F, with values in APT,(B)*.
As follows, fix z € E, and ni,...,n, € Vo(E) and &, ...,& € Tp(B). Let (; € T,(E) satisfy
(dm) ¢ = &. Then w, is defined by

(We(Z M1y ey )y E1 N e NEp) = w(25C1, eey Cpy M1y oves )
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()~

Note that if one chooses another lift ¢, then the difference ( — {’ is an element of V. (FE) which
has dimension 7, so this would mean we plug in, at least r + 1, tangent vectors from V,(E) into
w giving 0 by anti-symmetry.

Then we define

Example 1.2. Let us apply this to an easy example. Consider the fiber bundle [0, 1] — [0, 1] x
[0,1] =5 [0,1]. As before we let E denote the total space [0,1] x [0,1], B the base [0,1] and F
the fiber [0, 1]. Consider the 2-form w = dz Ady € Q%(E) = Q*(E). We will try to compute the
I-form [ w = Fiw. In this case r = p = 1. Fix 0 € [0,1] and z € Fy = {0} x [0, 1] say z = (0,0).
Now we choose 7 € V,(E) to be an arrow of length 1 pointing up, so (0,1) € R? = T,(E),
and ¢ an arrow of length 1 pointing to the right, so 1 € R = T,(B). Now we need to find
¢ € T,(F) such that (dm),¢ = &, choose for example an arrow of length 1 pointing to the right,
so (1,0) € R? 2 T,(E). Then

(walm),€) = w(z: C.m) = da (;) dy (;y) e ((fy) ay (8‘1) 1

Finally, we define [, w, a 1-form on [0,1]. We will show that this 1-form equals dz by testing it
on the tangent vector &.

</Fw)x © = /z w6 =) = /{m}x[m] dy = /ylzo dy = 1.

Here we note that w(z;(,—) : T.F — R behaves exactly like dy, when we consider the fact that
w(z; ¢, 8%) = 1. Here we use notation slightly abusively, since we do not distinguish between the
variable y in the fiber F, and in the total space F, but this is a harmless identification.

Lastly, following Chapter 6 of “Differential Forms in Algebraic Topology” by R. Bott and
L.W. Tu | ] we will make this concept even more explicit. First, consider a trivial vector
bundle M x R* 55 M. We can decompose any w € QF(M x R") as parts which contain
dty A ... Adt,, and those which do not. Write w = (7*a) f(z, t1, ..., t,)dt1 A ... Ndt, + 3. Then for
reM

(Tew) g == Qg - . flz ity . ty)dty...dty,
where (each) f has compact support for every z. Then, for an arbitrary orientable vector
bundle £ 5 M we do the above locally, it only remains to check that on the intersections
U, NUg the different forms agree. Let w be a differential form on U,. Locally we can express
wly, = (m*a) f(z,t)dty A ... Adt, + o' and w|y, = (7*B)g(x, s)ds1 A ... Adsy, + 3. Then we have
that s = p(z,t) and ds = %—f(az,t)dt + g—i(x,t)dx, hence

0
dsi A ... ANds,, = det <({;t0(x,t)> dti A ... Ndty + €,

where € is no longer a top-degree form with respect to the coordinates on the fiber. Hence
0
@) (a,t) = Blolala, ol 1) det (520
Then we finally find:
0
o) [ atwsis=5te) [ (atopteaen (G are)
m1(z) 7=1(x) ot
—a(e) [ fbat
m(z)

and hence the push-forward, integration along the fiber, defines a well-defined global form on the
base. This construction clearly shows that (m1)«(dx A dy) = dz as in the previous example.
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Section 1.2: Green’s Currents and Green’s Forms

Following the paper “Arithmetic intersection theory” by H. Gillet and C. Soulé | ], we will
define Green’s currents and forms associated to an algebraic cycle Z. These play a particularly
important role in this thesis as they are used to define the Archimedean height pairing. It is in
general very hard to compute these explicitly. However, in the special case where the cycle is a
principal divisor, we can compute it explicitly, as in Example 1.5.

Let X denote a complex manifold of complex dimension n. Let Dy (X) denote the bornolog-
ical dual of Q’g(X ). This dual space is called the space of currents. We can decompose the

differential k-forms as
OFx) = @ ai(x)
ptq=k

where a differential form w of bidegree (p,q) can locally, in a holomorphic chart with local
coordinates z1, ..., z,, be written as

wly = Z wr,gdzy Ndzy,
[I|=p,|J|=q

meaning there are p holomorphic factors dz;’s and ¢ anti-holomorphic factors dz;’s. This induces
a similar decomposition on the space of currents, denoted by D, ,(X). We can also decompose
the exterior derivative as d = 0 + 0.

Example 1.3. Observe that dz; = dx; + idy; and dz; = dzr; — idy;. Any smooth f can be
differentiated

df =0f +0f = Za dzj~|—z 5795

Wher? a%j = %(% _iaiyj) and 67]_ = %(877 —i—ia—y]_). Thus in particular, 9 : QP9(X) — QPT14(X)
and 0 : QP(X) — QP9H1(X). More concretely, if w = f(z1, 22, 21, Z2)d21 A dZy € Q51(X), then

Oow = of ——dzy NdZy Ndzy = —ﬁdzl ANdzo N\ dZo
8zz 8z

Ow = of ——dzy NdzZy Ndz; = —ﬁdzl ANdzy N\ dzs.
071 07z

In a similar fashion, the dual of d, also denoted by d, decomposes as well.

Now any smooth oriented k-simplex o : A¥ — X or k-chain ¢ = > i ajo; defines a current

dc € Di(X) defined by

Because of Stokes’ theorem we have d(d.) = dg. as

(dbe)(w) = 6,(dw) /dw—ZaZ/Ak (dw) ZQZ/M oiw) Zal/ olw = Gpe.

Next up, we will move to analytic subspaces. Endow CF with coordinates z1, ..., z;, and the
orientation form

-\ k
(;) dzy Adzy A oo Adzg A dzg = dzy Adyi A .. A day, A dyg.
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Then any closed submanifold Z C X of (complex) dimension k has a canonical induced orien-
tation. Thus, we can associate to any such Z a current d; € Do (X) defined by

b2(w) = [ it

where i : Z — X is the inclusion and w € Q2*(X). Observe that 0z € Dy x(X), as i*w = 0
unless w is a form of bi-degree (k, k). We extend this linearly, so when Z is a smooth analytic
cycle given by Z = 3. n;[Z;] then 07 = ), n;0z,. By a result of Lelong | , ], we can
extend this to analytic subspaces Z that are not necessarily smooth by setting

6Z(w):/ i*w:/ﬂ'*i*w,
ns 7

where Z™ is the dense and open subset of smooth points of Z, and 7 : Z — Z is a resolution of
singularities of Z.

Let d° = ﬁ(é — 0), and consequently dd® =
notational simplicity we define

£90 (we use the convention as in | ]). For

DPU(X) = Dnpn—q(X)

and

OPI(X) = QPI(X) /(0P 1I(X) + I (X)),
DPI(X) = DPI(X)/(dDP~1(X) + ODPI71(X)).

We call a current T' € DF* real if

for any w € ngk(X) Note that we have a map

QPA(X) = Dnpn—qg(X),
w = [[w]],

where
[w)l(n) = /X WA

for any n € Q¢ "1
Definition 1.4. Let X be a complex manifold, and Z = Yo ailZi] be an analytic cycle on
X of codimension k. We call an element Gz € D¥~VF=1(X) a Green’s current for Z if it is the
class of a real current, such that

dd°Gz + 67 = [[w]],

where w is a C*°-form of bidegree (k, k).

As mentioned in the Introduction, for a specific type of cycle we can compute the Green’s
current explicitly, namely a principal divisor. Let X be a connected complex manifold and let
M x denote the sheaf of meromorphic functions on X. For a non-zero meromorphic function
f € Mx(X)*, and for each irreducible analytic hypersurface Z C X (i.e. an irreducible analytic
subset of codimension 1), one defines the order ordz(f) € Z as follows. Choose a smooth point
z € Z. Then there exists a neighborhood U of z and a holomorphic function g € Ox (U) with
ZNU={g=0} and dg # 0 along ZNU. On U one can write

f=9"u,
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where u € Ox(U)* is a nowhere-vanishing holomorphic function (a unit) and m € Z. The
integer m is independent of all choices and is called ordz(f), with positive values corresponding
to zeros and negative values to poles. The principal divisor associated to f is

Div(f) =Y ordz(f)[Z]
Z

where the sum runs over all irreducible analytic hypersurfaces Z C X and is locally finite.

Example 1.5. Let X be a connected complex manifold and Z = Div(f) a principal divisor.
We will show that [—log|f|] is a Green’s current for Z, i.e.,

dd[—1og | f[] + Opiv(s) = [w],

for some C*°-form w.

Write Z = >, ordz,(f)[Zi] and locally near each component we can choose coordinates
such that Z; = {z; = 0} and write
ordz (f)
f =z - Ug,
where u; is some non-vanishing unit. Then locally log | f| = ordz, (f) - log |z1| + log |u;|. We now
want to compute dd°[— log|f|], but first let us consider an even easier case. In just one variable
z we will compute dd°[—log |z|] and show that it equals —dy.

Approximate — log |z| by the functions f.(z) := —1 log(|2|?+¢). Then by explicit calculations
and because f. is smooth for all € # 0,

7 € €

1
dd* = [dd° =||l—z—7——dz NdZ|| = |z 75— dz Ady| .
[ = b 1400 = |5 e o] = [y e ]
We say that dd°[f.] converges to —dg as currents if for all ¢ € C3°(R?) we have that

/ dde f- (), y) <=2 / —bo(z, w)p(,y) = —(0,0).
R2 R2

Now let x = rcosf and y = rsinf, then the integral above evaluates to

27r
/ / 7“00529 , 7 sinf)r dodr.
(r2 +¢)?

now let ¢t = ﬁ. Then this becomes

27r 27r
_/ / Vet cos, ﬁsm&)redadt / / Vet cos 0, /et sin O)r d0dt

(et +¢)? (t+1)2

Then using the dominated convergence theorem we get that this converges to

27r
// t2 d@dt —(0,0).

So indeed, we have now shown that dd°[— log \z|]] = —Jp and in similar fashion dd‘[— log |z1|] =
—0fz,—0) = —0z,. So, to answer our original question

dd°[~log |f] =) ordz,(f) - dd°[~log|=[] + dd‘[~log |u;]]

= Zordzi(f) - =0z, + [dd°(—log |u;|)]

= —dz + [w].
Here dd°[—log |u;|] = [dd°(— log |u;|)] because the log |u;| are smooth.
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We would like to stress that in the case of divisors (i.e., codimension 1 cycles) a Green’s
current is the class of a real current in D%%(X). Thus it is often locally given by a distribution.

Example 1.6. Let us make the previous example even more clear. Consider the ambient space
X =Cand f:C — C given by

(2= P)(z = Q)
(z—RpP 7

flz) =

so that Div(f) = [P]+[Q]—3[R]. Locally near the point P, we can use the change of coordinates
w = z — P and we have that [P] = {w = 0}. So then f can be written as

w+ P —Q

f(w)zwl'm,

so w times a unit. We conclude that locally the Green’s current corresponding to Div(f) is given
by [—log |w|]. Globally we can write

[z = Pllz— Q|

T RP ﬂ = [3log|z — R| —log|z — P| —log|z — Q] -

Gpiv(p) = [[— log

Finally, we get to the definition of a Green’s form. Let Z denote a closed analytic subset of
X. If a form w is only defined on X \ Z, i.e., w € QP9(X \ Z), but is locally L! near Z, we can
define the current on all of X, denoted by [w] given by

[w](n) = /X LEAT e arI)

Definition 1.7. Let X be a complex manifold, and Z = " | ai[Z;] be an analytic cycle on
X of codimension k. A Green’s form for Z is a smooth form gz € Q¥~LA=1(X \ |Z|), which is
locally L! integrable near | Z|, such that [[gz]] is a Green’s current for Z.

In the situation of Example 1.5, a Green’s form for Div(f) is thus given by

9z = _10g|f’7

which is smooth on X \ |Z].

Section 1.3: The Archimedean Height Pairing

In this section we will introduce the Archimedean height pairing, which assigns a real number
to a pair of disjoint analytic cycles Z and Y on a complex manifold X. In this thesis we always
work with a compact ambient space X, e.g. complex projective n-space CP"™ or more generally
complex Grassmannians

Gry(C") = {k-dimensional complex linear subspaces of C"}.

Definition 1.8. An analytic cycle Z € Zx(X), of complex dimension k, determines a homology
class [Z] € Hox(X,Z) and via Poincaré duality a cohomology class [Z] € H2(dme(X)=k)(x 7).
We call a cycle Z homologically trivial if [Z] = 0.

Under the assumption that both cycles Z and Y are homologically trivial, we will define
the Archimedean height pairing. There is one more condition, we require Z and Y to be of
sub-complementary dimension, i.e.

dimc(Z) + dime(Y) = dime(X) — 1.
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Definition 1.9. Let X be a compact complex manifold and let Z,Y be disjoint homologically
trivial cycles of sub-complementary dimension. Then the Archimedean height pairing is defined
as

(Z,Y)oo = / 9z (1.1)
Y
where gz is a Green’s form for Z on X.

Under the above assumptions, the Archimedean height pairing is symmetric, i.e. (Z,Y)o =
(Y, Z) o, see | , p- 5]. Furthermore, we might explicitly write (Z,Y)X to stress that the
cycles Z and Y are in the ambient space X.

In general, it is very hard to compute Green’s currents, Green’s forms and Archimedean
heights explicitly. We will work towards providing a non-trivial, yet explicit, calculation of the
Archimedean height of disjoint differences of linear subspaces of sub-complementary dimension
in complex projective space. The main idea is the fact that we can compute the Green’s form
for principal divisors very easily. From there computing the Archimedean height provides no
additional issues, since integrating over points simply boils down to evaluation.

(Div(f), P~ Q)oo = — /X 5p_q Mgz = log |f(P)| — log| £(Q)].

In the next two sections we will show that Green’s currents and Green’s forms are very well
behaved under push-forward and pull-back along appropriate maps. It is via this construction
that we will then relate the Archimedean height of linear subspaces in projective space to prin-
cipal divisors and points in another ambient space, the Grassmannians. In sections 2.1 and 2.4
we will introduce these spaces briefly.

Section 1.4: Push-Forward and Pull-Back of Green’s Currents

The following two subsections can be viewed as a recollection of standard results, written down
carefully, to be used in the proof of Lemma 1.23. Throughout these sections let X and Y denote
complex manifolds.

Lemma 1.10. Let p: X — Y be a holomorphic map. Let g be a current on X, and let i denote
0 or 0, then

w(p«g) = p«(png)-

Proof. Let wy, ..., w, be local coordinates on Y and zi,...,2, on X. We can write a general
(p,q)-form w on Y as

w= ZgLde[ ANdwy.
1,0

Now, by definition

p'w =" (917 0p) p*(dwr) A p*(diwy)
1,J
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Then, by the Leibniz rule, we have

d(p*w) =D dgr.s o p) p*(dwr) Ap*(dwy) + Y (gr.s 0 p) A(p*(dwr)) Ap*(diws)
1.7 1.7

+ (91,5 0p) p*(dwr) AO(p*(divy))
1,J

= " 0(g1.y0p) p*(dwr) Ap*(dwy) + Y (91,5 0p) O(p*(dwr)) A p*(di,y)
I1,J 1,J

= (g1, Adwr Adwy)op+ Y gryop (d(dwr) Adwy)op
1,J 1,J
=p*(0w)

Here O(p*(dw;)) = 0 for all j exactly because p is holomorphic. The last equality is justified
because the pull-back along a holomorphic function of a (complex) function commutes with the
0 operator. This follows simply by the chain rule

n

d(gop) 228(90p)d2j = 99 (p(z))MJFZ 9y (p(z))w

i—1 aZj = 8wj azi awj

Jj=1

where the last sum vanishes because p is holomorphic, and hence equals p o 0dg. Now similarly
this works for 1 = 0, where now all the 0(p*(dw;)) terms will vanish. Now we will show equality
of the currents p(p.g) and p.(ung) by showing they are equal when paired with any (suitable)
form w.

(1(p+g),w) = (P29, pw) = (g, p" (pw)) = (g, p(p*w)) = (ug, p'w) = (P«(pg), w)-
This shows the desired equality of currents. O

Corollary 1.11. Let p: X — Y be a holomorphic map. Let g be a current on X, then

dd®(p«g) = p«(dd°g).

Proof. Observe that dd® = %35, hence

i i _ i _ i
dd®(psg) = ;35(29*9) = ;ap*(ag) = ;p*(aag) = p*(;aag) = p.(dd°g),
as desired. ]

This shows that the operator dd® commutes with holomorphic push-forward. We will now
show that it also commutes with pull-back along proper surjective submersions.

Lemma 1.12. Letp: X - Y be a proper surjective submersion. Let g be a current on'Y, and
let p denote 0 or 9, then

w(p*g) = p*(pg)-

Proof. Because p : X — Y is a proper surjective submersion we can apply Fhresmann’s fi-
bration theorem, meaning p is a locally trivial smooth fiber bundle. Thus locally, above some
neighbourhood U C Y we have a commuting square

p W U) L5 UxF

| |

U:U
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where ¢ : p~}(U) — U x F is a diffeomorphism. Thus we may reduce to the case where
p:Y x F — Y is the projection, with compact fiber F' (without boundary). In this case we may
decompose the exterior derivative

H=py + pp

where py takes the derivative in the Y-component and pp only considers the vertical derivative.
Then

P (pw) = pu(pyw) + pu(prw)

/uyw—k/,u;m
—uy/w-l-/
oF

= p(psw

Here we used Stokes’ theorem and the fact that the boundary of F' is empty, together with the
dominated convergence theorem to bring the uy operator outside of the integral over the fiber.
Because push-forward and g commute when applied to differential forms, it follows by duality
that pull-back and p commute when applied to currents. A partition of unity argument can glue
these local pieces together to show this holds for general p, under the assumed conditions. [

Corollary 1.13. Let p : X — Y be a proper surjective submersion. Let g be a current on'Y,
then

dd®(p*g) = p*(dd‘g).
Proof. Again, dd¢ = %65, hence

C ([, % _ i YIRS — i *(9 — 1 * a — ¥ 1 2 — ¥ C
dd*(p*g) = —00(p"g) = —0p"(99) = —p*(90g) = p*(_90g) = p’(dd°g),
as desired. O

Now we will define the pull-back and push-forward of analytic cycles.

Definition 1.14. Let f : X — Y be a holomorphic map. If f is a submersion of relative
dimension r, then f induces a pull-back on the cycle groups

[ Ze(Y) = Zpgr (X)
D onilZi =Yl N2
If f is proper, then f induces a push-forward on the cycle groups

[t Zk(X) = Z(Y)
an Hznzdeg Wi/ f(Wa)[f (W),

if dim(f(W;)) = dim(W;) = k, and otherwise we set f,[W;] = 0.

Proposition 1.15. Let p : X — Y be a proper holomorphic map. Let Z = ). n;[Z;] be an
analytic cycle on X, such that p|z, : Z; — p(Z;) is a biholomorphism of analytic spaces for each
i, then

P+0z = Op,(2)-
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Proof. Let w be a form on Y, then

(Pdz,w) = (0z,p"w)

:Z:ni/Zipw
:Zi:ni/p(zi)w

= <5p*(Z),LL)>.
The only non-trivial step, [, p*w = fp(Z_)w, follows from | , Proposition 16.1], together

with the fact that p|z, : Z; — p(Z;) is a diffeomorphism on the underlying smooth manifolds,
for all 4. O

Proposition 1.16. Let p : X — Y be a holomorphic proper surjective submersion. Let Z =
> i nilZ;] be an analytic cycle on'Y, then

p*(SZ = 5p*Z~

Proof. We first prove the statement under the additional assumption that each component Z;
is smooth. The general case follows from the same argument applied to the regular loci Z;.
Indeed, the integration current associated to an analytic cycle is defined by integration over its
regular locus, and the singular locus has strictly smaller dimension, hence does not contribute
to the current. Because p: X — Y is a proper surjective submersion we can apply Ehresmann’s
fibration theorem, meaning p is a locally trivial smooth fiber bundle. Thus locally, above some
neighbourhood U C Y we have a commuting square

p W U) L5 UxF
Pl J/m
U —— U

where ¢ : p~}(U) — U x F is a diffeomorphism. Thus we may reduce to the case where
p:Y x FF — Y is the projection, with compact fiber F. Let ¢ be a form on Y x F, then we
may (locally) write

Y= g1z, y)der Ady,,
17

where {x1, ...,z } denotes the local coordinates on F' and {yi,...,y,} denotes those on Y. Let
g be equal to gr s in the special case where I = {1,...,m}. Then (locally)

(p*0z,v) = (0z,p:)

_Zm/z Pt

7 2

N an /Z > (/pl(y) §J(x,y)dw> dy.

J($’y)d$> dyy

VR
_—_—
K=}
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Because the integral is defined locally, these local pieces glue together and hence the desired
(global) conclusion follows. This is typically done with a partition of unity type argument. []

Proposition 1.17. Let p : X — Y be a holomorphic proper surjective submersion map. Let
Z =Y, ni[Z;] be an analytic cycle, such that p|z, : Z; — p(Z;) is a biholomorphism of analytic
spaces for each i. Let Gz be a Green’s current for Z on X, then p.(Gz) is a Green’s current
for p.(Z) onY.

Proof. This is a direct consequence of Proposition 1.15 and Corollary 1.11.

dd®(p«(Gz)) = p«(dd°(Gz))
pi(—0z + [wz])
= =0, (z) + P« ([wz]).

Because wyz is a smooth form on X, now p.([wz]) = [p«wz] comes from a smooth form on Y.
Hence we find that p.(Gz) satisfies the defining equation for a Green’s current for p.(Z) on Y,
ie.,

dd(p«(Gz)) + 8y, () = [nl,

for some smooth form 7 on Y. O

Proposition 1.18. Let p : X — Y be a proper surjective submersion. Let Z = ) . n;[Z;] be
an analytic cycle on'Y, and let Gz be a Green’s current for Z on'Y, then p*(Gyz) is a Green’s
current for p*(Z) on X.

This proof is analogous to that of Proposition 1.17, where we combine Proposition 1.16 and
Corollary 1.13.

Section 1.5: Push-Forward and Pull-Back of Green’s Forms

Whenever we talk about the Archimedean height pairings we must consider Green’s forms and
not Green’s currents. Recall that for a differential form w we let [[w]] denote the associated
current given by

[wll(m) = /X w AT,

for suitable 1. Again, let X and Y denote complex manifolds and every map is holomorphic.

Lemma 1.19. Let p : X — Y be a proper surjective submersion. Let n be a differential form
on X, then we have an equality of currents

<[l = [lp«()ll-

Proof. As before, we can restrict to the case where p : Y x F' — Y is the projection map. Let
w be a suitable test form, then

3

[[n]]

/
/_I(Y nApt(w)
[ pernp @)

—/p*(??)/\w
Y
= [[p«(m)]](w).

Since the currents agree on any test form w, they agree as currents. O

pl[n]](w

B
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Lemma 1.20. Let p: X — Y be a proper surjective submersion. Let n be a form on'Y, then

pr{nll = (" (m)]]-

Proof. We can do this locally, so assume that p: Y x F' — Y is the projection map. Let w be a
suitable test form, then

X
B!

Since the currents agree on any test form w, they agree as currents. O

Proposition 1.21. Let p : X — Y be a proper surjective submersion of complex manifolds.
Let Z C'Y be an analytic subspace, and let gz be a Green’s form for Z on'Y, then p*(gz) is a
Green’s form for p*(Z) on X.

Proof. Because gz is a Green’s form for Z on Y, we have by definition that [[gz]] is a Green’s
current for Z on Y. Then by Proposition 1.18 we have that p*[[gz]] is a Green’s current for
p*(Z) on X. Moreover, by Lemma 1.20, we note that p*[[gz]] = [[p*(9z)]] as currents on
X\ p~tZ. Since gz is L' near Z, so is p*gz near p~'Z thus we may extend and conclude that
p*[lgz]] = [[p*(9z)]] as currents on X. Thus p*(gz) is a Green’s form for p*(Z) on X. O

Proposition 1.22. Let p: X — Y be a holomorphic proper surjective submersion. Let W C X
be an analytic subspace, such that plyw : W — p(W) is a biholomorphism of analytic spaces. Let
gw be a Green’s form for W on X, then p.(gw) is a Green’s form for p.(W) on Y.

Proof. Because gy is a Green’s form for W on X, we have by definition that [[gy]] is a Green’s
current for W on X. Then by Proposition 1.17 we have that p.[[gw]] is a Green’s current for

p«(W) on Y. Moreover, by Lemma 1.19, we note that p.[[gw]] = [[p«(gw)]] as currents on Y
because gy is L' near W, we have that p.gy is L' near p(W) and hence the induced currents
agree on Y. Thus, p.«(gw) is a Green’s form for p.(W) on Y. O

Section 1.6: Push-Pull of Archimedean Heights

Now we are ready to combine the push-forward and pull-back of Green’s forms, Propositions
1.22 and 1.21 together with Propositions 1.15 and 1.16 to relate the Archimedean height pairings
in different ambient spaces. Consider the following situation

1

X Y

Here X,Y and I are compact complex manifolds, p and g are holomorphic proper surjective
submersions. Furthermore, let Z and W denote disjoint homologically trivial cycles of sub-
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complementary dimension in I. Write

W= ij[Wj]

Lemma 1.23. In the situation as above assume that, for each j, qlw, : W; — q(W;) is
a biholomorphism of analytic spaces. Lastly, suppose that, for all j, p~t(p(W;)) = W; and
deg(W;/p(W;)) = 1. Then

(@:(2), e (WY = (0 (4:(2))), 2 (W)X

Proof. Let g be a Green’s form for ¢,(Z) on Y, then by Proposition 1.21 ¢*(g) is a Green’s form
for ¢*q.(Z) on I. Then, by Proposition 1.22 p,g*(g) is a Green’s form for p,(¢*(¢+(Z))) on X.
Then,

(0(2), 0. (W)L = - % / p

5 JaW;)

-3 /Wj ¢ (9)

- zj:/p—l(mwj)) 1)
- —; / 3 P

= (p(q"(a:(2))), D (W)X

Note that all the induced maps must send homologically trivial cycles to homologically trivial
cycles, since they are group homomorphisms, and hence the Archimedean heights are well-defined
in the ambient spaces X and Y. ]

Despite all the required conditions, we are now in an excellent position. We will show
that a special type of correspondence, namely the incidence correspondence between CP™ and
Grp(C™*1) satisfies all conditions of Lemma 1.23, and this will become especially useful as it
can transform one of the cycles Z into a principal divisor p.(q*(g«(Z))) and the other cycle W
into a zero-cycle, i.e., a formal sum of points, p.(W).
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Chapter 2: The Archimedean Height Pairing in Projective Space
and the Generalised Cross-Ratio

In Section 2.1, we will introduce the projective space P(V'), the space of lines in a vector space V.
We will focus on complez projective n-space, i.e., the space of complex lines in C"*!, denoted by
CP". We call CP! the (complex) projective line, which is a one-dimensional complex manifold.
In CP! analytic cycles of sub-complementary dimension simply consist of formal sums of points.

A homologically trivial cycle can be decomposed into differences of points, so when comput-
ing heights in CP! we have to compute (P — Q, R — S)o for distinct points P,Q, R, S € CP*.
We will carry out this computation in Section 2.2 and show that it is related to the cross-
ratio, a number associated to an ordered quadruple of points P,Q, R and S in CP', denoted by
CR(P,Q;R,S).

In Section 2.3, we will generalise the cross-ratio, i.e., associate a complex number to an
ordered pair of two k-dimensional and two (n — k — 1)-dimensional subspaces which are non-
degenerate in CP"”. QOur goal is to show that the Archimedean height of these linear sub-
spaces is closely related to the generalised cross-ratio. However, this requires us to compute the
Archimedean height in arbitrary dimension. As hinted at in the previous section, we will do this
using Lemma 1.23 together with the incidence correspondence. For this we need some knowledge
of the space of k-dimensional linear subspaces of C"*! denoted by Grj(C"*!), called a Grass-
mannian. These will be introduced in Section 2.4. Lastly we will combine all the previously
introduced machinery and carry out the computation in Section 2.5 and prove the following
theorem.

Theorem A (Theorem 2.20). Let Yp,Yp,Yr and Yy be as above. Then the Archimedean
height is given by

(Yp — Y@, YR — Ys)oo = log |CR"(Yp, Yq; YR, Ys)|.

Using this result, we have an explicit formula for the Archimedean height pairing. The
cross-ratio is easy to compute and manipulate, and we will exploit this heavily in the next
two chapters, first to study the asymptotic behaviour of the Archimedean height as the cycles
degenerate, i.e., intersect, and later to compute the non-Archimedean contributions of the global
height pairing on CP".

Section 2.1: Complex Projective Space and the Classical Cross-Ratio

There are many equivalent ways to define projective space. We will give a hands-on definition
and describe some properties. First, we will describe projective space as a topological space.
Let V' be an (n + 1)-dimensional vector space, then define

P(V) = (V\{0})/ ~

where we declare (zg,...,Zn) ~ (Yo, - - ., Yn) if there exists some scalar A € C* such that y; = Ax;
for all .. We usually denote an element of P(V) by [xg : --- : z,] with respect to some basis.
Clearly, a vector space has a topology induced by any norm. Then V' \ {0} has the subspace
topology and finally P(V') has the quotient topology. In the special case where V = C"*!, we
write CP" for P(V). Now let V be a complex vector space (of complex dimension n + 1), then
P(V) is an n-dimensional complex manifold. Fix a basis for V, and define

Ui={[xo: - :zy] | & #0}
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then note that U; 2 C" via the map that sends
[zo 1t wn] = (To/Tiy o Tim1 [T, T 1 [Ty T T5).

The transition functions between such opens are given by x;/xz; with inverse x;/z;, and this
gives a holomorphic atlas for P(V') and in particular for CP". For CP! in particular, there is an
easy description of all points and we have an equality of sets

Plz{[l:z} | z€ CtU{[0:1]}.
Via the inclusion C — CP!, which maps z + [1 : 2], we can describe the points of CP! simply
by the complex numbers, together with the point at infinity [0 : 1] denoted by oo.

Definition 2.1. Let P,Q,R,S € CP! be distinct points. There exists a unique projective
transformation which maps

P+—0, Qr—1, R — o0.

Applying this transformation to the point S will give a complex number, which is called the
cross-ratio and is denoted by CR(P, Q; R, S).

A projective transformation is an invertible 2 x 2 matrix, defined up to scaling, which acts
in the usual way on an element [z : y] € CP'. When all points P,Q, R and S are not equal to
00, i.e., are given by complex numbers, it is well-known that we can compute the cross-ratio via

(P - R)(@—S5)

(P-8)(Q—-R)

The cross-ratio corresponding to four distinct points depends on the order. A priori, there are
4! = 24 ways to order four points. However, some symmetry does exist.

the formula

R(P,Q;R,S) =

Proposition 2.2. Let P,Q, R, S € CP! be distinct, then
CR(Q, P;S,R) = CR(R,S; P,Q) = CR(S,R; Q, P

7

1
CR(Q.P; R, S) = CR(R, $;Q, P) = CR(S, R: P.Q) = 1.

( ,S§) = CR( ( ) =

( ) = CR( ) ( ) =
CR(P,R;Q, S) CR(Q, S; P,R) = CR(R, P; S,Q) = CR(S,Q; R, P) = 1 — )\,

( ) = CR( ) ( ) =

CR(P, R; 5,Q) = CR(Q, S; R, P) = CR(R, P;Q, S) = CR(S, Q; P, R A,

—1
CR(P, $;Q, k) = CR(Q, ; P, $) = CR(R, @; 5, P) = CR(S, P; R, Q) = “——,
CR(P, S; R, Q) = CR(Q, R; 8, P) = CR(R, Q; P, S) = CR(S, P;Q, R) = %

In a similar fashion, the cross-ratio may be defined over any field. Namely, if k is a field and
V is a two-dimensional k-vector space, then the cross-ratio exists for four distinct points in P(V').

In Section 2.3 we are going to define a cross-ratio associated to higher-dimensional linear
subspaces of CP™. It is not immediately clear if this is possible using a similar universal property,
as there are many more degrees of freedom in higher-dimensional vector spaces. However, there
is another way to define or interpret the classical cross-ratio, one which does hint at a canonical
generalisation.

As before, let P,Q, R, S € CP! be distinct points. By definition, these points correspond to
lines Ip,lg,lR,ls C C? passing through the origin. For each of these lines, choose a generator,
i.e., a non-zero vector v; € l;. Then pick any volume form, i.e., any w € A?(C?)* = (A2C?)* = C
which is non-zero.
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Proposition 2.3. With notation as above

w(vp A vR)w(vg A vs)
w(vp Avg)w(vg AvR)’

CR(P,Q;R,S) =

and consequently, the right-hand side is independent of the choice of representatives vp,vQ, VR, vs
and volume form w.

Proof. First, we show that the right-hand side expression is independent of the choice of repre-
sentatives vp,vg,vr and vg. If we replace v; with A;v; then, for any scalars A\; # 0,

w((Avi) A (Aj3)) = Aidjw(vi A vj),
and so

w((Apvp) A ()\RUR))LU(()\QUQ) A (Asvs)) _ APARAQAS w(vp A UR)W(UQ Avg)
w((Apvp) A (Asvs))w((Agug) A (ArVR))  ApAsAQAR w(vp A vs)w(vg A vR)
~ w(vp Avg)w(vg Avs)
~ w(vp Avg)w(vg Avg)

Next, we show that the right-hand side is independent of the choice of volume form w. Since
(A2C?)* = C, any other volume form w’ can be written as w’ = Aw. Then

Aw(vp Avg)dw(vg Avs) A2 w(vp Avg)w(vg Avs)  w(vp Avg)w(vg A vs)

Mw(vp Avg)dw(vg Avr)  A2w(vp Avs)w(vg Avr)  w(vp Avg)w(vg Avg)’
and so the right-hand side is well-defined. Finally, we will show that the right-hand side equals
the cross-ratio. Without loss of generality, assume that none of the points is equal to co. If this
is not the case, simply apply a projective transformation that moves the point at infinity away.
By abuse of notation, write P =[1: P], Q@ =[1:Q], R=[1: R] and S = [1: S]. Now choose
representatives vp = (1, P), vg = (1,Q), vg = (1, R) and vg = (1, S) in C2. Using the standard
volume form, which is simply taking the determinant, we find

corrmtianss [P #lle 8- mio-s

w(vp Avg)w(vg A vR) 1 1]|1
P S||Q R

which is exactly the cross-ratio. O
Because the choice of volume form is irrelevant, we will denote this expression by

(vp Avr)(vQ A vs)
(’UQ AN UR)(UP A\ Us) ’

We would like to give the reader the opportunity to come up with the generalised cross-ratio
themselves, but we will give the formula in Section 2.3.

Section 2.2: The Archimedean Height in CP!

Before moving on to higher dimensions, we would like to compute the Archimedean height of
four distinct points in CP!. We will show that the Archimedean height (P — Q,R — S) is
closely related to the cross-ratio CR(P, Q; R, S).

A Green’s current for P = [a : b] € CP! is given by

|bzo — azl\z)
20> + |21]2 )

1

gp(z0,21) = D) log <
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defined on CP! \ {P}. Let us assume that P # co. Then, by letting p = g, we can write
P =[1:p]. The Green’s current above reduces to

1 |z —pl
=21
gp(2) 5 0g<1%ZP ;

up to the irrelevant constant —% log |a|?>. Now observe that

1 1 dzAdZ
dd° = dd°~ log(1 %) —ddlog|z —p| = =—— 5 — Op.
gp(2) 5 log(1 +[2[%) oglz —p| s (L+ 222 OF
The first term, which we denote by wrg, is called the Fubini-Study form on CP', which is smooth
on CP!. Thus, we can indeed see that gp(z) is a Green’s current corresponding to P.

Remark 2.4. One may ask why the extra 1 + |2|? term is needed, as in C" we only needed
log |z —p|. On the affine chart where P = [1 : p| lives this would work, as locally dd¢log |z —p| =
dp. However, because we are in projective space there is some point at infinity. In the other
chart, introduce the variable w = % on the overlap. Then we get, in terms of w:

— pw

1
= —log = —log |1 — pw| + log |w|.

1
—bgb—p==—bg‘—p
w

Thus we see that at infinity, i.e. where w = 0, our function blows up. The term log(1 + |z|?)
removes this singularity. In the w-coordinate:

12\ 1 T+]w2) 1 )
L >=21og(,w2‘ — 2 10g(1 + [u]?) ~log ul,

1 1
§log(1 +|2») = Elog (1 + ’

so they cancel out at the point co = [0 : 1].

To compute the Archimedean height we need to consider a difference of two points P — @,
and not just the point P itself. By linearity of the operator dd® we conclude that a Green’s
current corresponding to the cycle P — @) is given by
lz—pl* 1, |2—q? | — p|
TP T2 T Ty
Here we make sure to choose a projective transformation such that both points P and @ lie in
the same affine chart and are given by [1 : p|] and [1 : ¢] respectively.

1
gpr-q(z) = —5 log

Computing the Archimedean height is now simple, since the other cycle R—S is 0-dimensional.

Proposition 2.5. Let P,Q,R and S be distinct points in CP'. Then the Archimedean height
of the cycles P — Q and R — S is given by

Proof. The result follows immediately from the definition of the Archimedean height combined
with the explicit formula for the Green’s current. Since P — @) is a divisor this current is the
same as the Green’s form and we are left to integrate over points.

(P=Q,R—S)oo = — drR-5 N gpP—q
P!

Z—/QPQ—i-/QPQ
R s

lr — p| 1\s—m
Ir —q |s —q
:bgv—m'b—ﬂ
lr —ql - |s —pl
= log(|CR(P,Q; R, 9)]).
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We will do the same computation again, this time without choosing coordinates. So rather
than working with points in CP! we will work with lines in a complex vector space of dimension 2.

Let V' be a complex vector space of dimension 2, so that P(V) = CP!. Let P,Q € P(V) be
two distinct points. Choose non-zero vectors vp,vg € V representing them. Choose a non-zero
volume form

w e (A2V)V.
Using w, we define linear forms pp, g € V" by
op(v) :=wlvp Av), 0g(v) = w(vg Av).

Since w is alternating, we have ¢p(vp) = 0 and pg(vg) = 0, so ker(pp) = P and ker(¢q) = Q.
The ratio of these two linear functionals defines a rational map

PP (V) --» C,
¥Q

which is well-defined on P(V') \ Q. Explicitly,

PP (o)) = 202 AV)

%) w(vg Av)’

Because (A2V)Y 2 C is one-dimensional, replacing w by a non-zero scalar multiple does not
change this ratio. Thus, the construction is independent of the choice of volume form.
Moreover, ¢p vanishes precisely at P and ¢g vanishes precisely at (). Hence the divisor of

the rational function pp/¢q is
Div (W) —P_Q.
YQ

As seen previously, we know exactly what the corresponding Green’s form is, namely gp_g =
_ YpP
log ‘ o ‘

Proposition 2.6. Let V' be a complex vector space of dimension 2, and let [vp], [vg], [vr], [vs] €
P(V) be distinct elements. Then

(vp ANvg)(vg A vs)
(vg N vr)(vp A vg)

([vr] = [vel, [vR] = [vs])oo = log = log [CR([vp], [vQl; [vr], [vs])] -

Proof. By the observations above, the divisor P — (@) is a principal divisor, given by Div(¢p/¢q).
By Example 1.5 we know a Green’s current, and hence form, corresponding to this cycle.

- [ PP
Div ( =— ), [vr] = [v :—/ Oy pl—Tva] A
(o (G ) et} == o Ay oy

Q

er ep
SOQ([ wQ([ s])

~ log (|UP/\UR|> log (|UP/\US|)
lvg A VR lvg A s

) <]vp/\vR\ |UQ/\1)5) .
lvg A vr| lvp Avg|

= log vg])| —log

The last equality follows from Proposition 2.3 and the laws of logarithms. 0
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Section 2.3: The generalised Cross-Ratio

In this section we will extend the cross-ratio to higher dimensions. Throughout this section, let
K denote a field. In | ], Olver introduced the volume cross-ratio as a higher-dimensional
analogue of the classical cross-ratio. Given non-zero vectors vy, ..., Vn—2,v;, Uk, v, 0y € K ntl
he defines

det(vo, . .., vn—2,v;,vx) det(vo, . . ., Un—2, v, Vp)

C(vg,y ..., Up_2; Vi, Uk, U, Up) = .
(v, Un—2; 0y Uk, V1, Un) det(vo, ..., vn—2,vj,v;) det(vo, . .., Un—2, Vg, Un)

In | ], Kaplenko and Ponomarev introduced a cross-ratio for suitable ordered quadruples
(V; By, Eo, E3, Ey) where V is a finite-dimensional vector space over a field k, and F1, E2, F5 and
E, are subspaces of V. They call such a quadruple non-degenerate if for all i # j, &; + E; =V
and F; N E; = 0. Let e;; denote the projection onto F; along FE;, they define the cross-ratio
denoted by

2 5] -tar-eo

which is no longer a number but an operator on V.

We propose a different generalisation, one for which the connection with Archimedean heights
remains clear. The classical cross-ratio takes as input two points P,Q € CP! together with two
more points R, S € CP! just like the Archimedean height is defined for P — @Q and R — S. In
higher dimensions, say in CP™, one still has the notion of Archimedean height for cycles of sub-
complementary dimensions, i.e., if the analytic cycle Yp — Y has dimension k, then we require
the dimension of Yz — Yg to be n — k — 1.

So, let V' be a K-vector space of dimension n + 1, so that P(V) has dimension n. Let Yp
and Yy denote k-dimensional linear subspaces of P(V'), and let Yi and Ys denote (n — k — 1)-
dimensional linear subspaces of P(V'), such that each of Yp and Yy is disjoint from each of Yr
and Yg. These are also called k-planes and (n — k — 1)-planes. Let Vp, Vg, Vg and Vs be the
vector subspaces of V' corresponding to Yp, Yy, Yr and Yg, so that Yp = P(Vp), and similarly
for Yo, YR and Ys. Next, choose non-zero vectors in V' such that

Kl ..., o)y =Vp,
K(vég,...,v,?) = Vo,
K(uff,... .0l 1) = Va,
K(Ubg,...,’l)gfkfﬁ =Vs.

Let vp = vgf VARERWA v,f and similarly for vg,vg and vg. Lastly, choose a non-zero volume form
w € (A"V)V. We call a quadruple of two k-planes Yp and Y and two (n — k — 1)-planes Y
and Yg non-degenerate if

YpﬂYR:YpﬂYSZYQﬂYR:YQQYSIQ.
The following formula was suggested by Emre Sertoz.

Definition 2.7. We define the generalised cross-ratio of two k-planes Yp and Yg, and two
(n — k — 1)-planes Yr and Yg, which are non-degenerate in P(V') to be

w(vp Avg) w(vg Avs)

CR™(Yp,Y0; YR, Ys) = .
(Y, Yoi Y, ¥s) w(vg A vr) w(vp Avg)

First, we will show that this definition is well-defined.
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Proposition 2.8. The generalised cross-ratio CR™(Yp,Yq; YR, Ys) is independent of the choice
of representatives and volume form. Therefore, we will write

(vp ANvR) (vQ A vg)
(UQ AvR) (vp Avg)’

CR"(Yp,Yq; YR, Ys) =

Proof. For notational ease write vil = vip , vl-z = ’UZ-Q, Uf’ = UZR and vgl = vf for all suitable 7. If we

/\)\Z]U H)\Z]/\v

replace v} with A\;jv/, then

and so

w (/\z /\ilv% A /\z )\igv?) w (/\z )\Z‘QU? A /\z )\MU?) _ Hi,j )\z',j OJ(UP VAN UR) w(vQ A\ Ug)
w (A Ai2v2 AN Aisvd) w (A dirvf AN X)) T Aij wl(vg Avg) w(vp Avs)
The constants will cancel and hence the expression is independent of the chosen representatives.

The fact that this expression is independent of the chosen volume form follows by the same
argument as in the proof of Proposition 2.3. ]

Thus, when computing the cross-ratio, note that vp A vg is simply given by
P P
det(vd, ..., vl ol 0B ).

We will show that this generalised formula is invariant under projective transformations. This
is well-known about the cross-ratio on P!(C).

Proposition 2.9. The generalised cross-ratio is invariant under projective transformations,
i.e., for two k-planes Yp and Yg and two (n—k —1)-planes Yr and Yg, non-degenerate in P(V')
and T € PGL,,(K) we have

CR"(Yp,Yq; Y&, Ys) = CR*"(T(Yp), T(Yq); T(Yr), T(Ys)).

Proof. Choose alift T € GL(V) of T. If o, ..., vl are representatives for Yp, then T(’U(I)D), e ,Tv(vk
represent T'(Yp). This works similarly for Y, Y and Yg. Then

(T(vp) A T(om)) = det (T(]), ..., TE), T, ., Twh )
= det (T vo,.. vk,v(ﬁ%,...,vf,k,l))
= det(T) det (vo e ,vf,v(}f, . ,vf_k_l)

= det(T)(vp A vR).

Combining this for all terms, we get

CR™(T(Yp), T(Yy); T(Yr), T(Ys))

_ Up/\’UR) (UQ/\US)
(UQ/\UR) (Up/\vs)

= CR”(YP, YQ; YR, YS)

We conclude that the generalised cross-ratio is invariant under the action of projective transfor-
mations. O



29 Section 2.3: The generalised Cross-Ratio

In the same way as for the classical cross-ratio, the generalised cross-ratio also has some
symmetric properties.

Proposition 2.10. Let Yp and Yq denote two k-planes, and Yr and Ys denote two (n—k—1)-
planes, which are non-degenerate in CP™. Then the four expressions

CRn(Yp, YQ; YR, Ys) = CRn(YQ, Yp; YS, YR> = CRn<YR, YS; Yp, YQ) = CRn(Ys, YR; YQ, Yp)
are equal. Furthermore,
CR"™(Yp,Yg; Yr,Ys) = CR™(Yp, Yo; Ys, Yr) "

Proof. This follows immediately from the symmetry in the definition of the generalised cross-
ratio. O

Proposition 2.11. Let Yp and Y denote two k-planes and let Yr and Ys denote two (n—k—1)-
planes, non-degenerate in CP™. Then we can alternatively define the generalised cross-ratio to
be
A A
CR(Yp, Yo: Vi, Ys) = (pp Nor)(pQ N es) _ er(vp)ys(ve)
(er Nes)(pQ Aer)  @r(vQ)es(vp)

Here op = ¢op1 A -+ N opn_k where pp; are linear functionals on C™ such that Vp =
Z(op1s-- s opn_t). Similarly for ¢o,or and s, and pp A pr € A"THC" )Y = C, again
non-canonically, but the expression is well-defined and independent of the choices made.

Proof. First we will show that

CR"(Yp,Yq; YR, Ys) = prlvp)os(g)
¢r(vQ)es(vp)
Fixing Yg, consider the element Fr € AFT1(C™1)V given by

Frvi A+ Avggr) =w(Wi A= Avgyp1 AvRi A= ANVpa—k) € C,

for some volume form w. Note that if any of the v; lies in Y then Fr(vi A+ Avgyq) =0 so in
fact Fr € A*1(YR)* and A*T1(YR)+ = C with basis ¢g and so Fr = crpr. Similarly define
Fs and conclude Fg = cgpg and

n , _ Fr(vp)Fs(vg)  crer(vp)csps(vg)  wr(vp)es(vg)
CR (Ve Yo: Yo ¥5) = T (0 ) Fs(up) — erpn(v)eses(or) — wr(v)ps(op)

From the dual standpoint we can analogously show

er(vp)ps(vg) — (pp A vr)(PqQ Aps)

or(vQ)es(vp)  (pp Aps)(wq Ayr)’

which completes the proof. O

Remark 2.12. This remark is due to an observation by Richard Kraaij. Suppose we are in the
special case where k = 0, so Yp and Yy are complex projective points, and Yr and Yg are two
(n — 1)-planes, non-degenerate in CP"™. Then one can reduce the generalised cross-ratio to the
classical one in the following way. Let L be a projective line passing through the points Yp and
Yg. Let A= LNYgand B = LNYg, then the four points Yp, Yy, A and B are all elements of
L = CP! and

CR(Yp,Yp; A,B) = CR"(Yp,Yq; YR, Ys).

It could be that Yp,Yg, A and B are not all distinct. In that case the left-hand side still makes
sense using Definition 2.7.
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Proof. Let Ip and lg denote the complex lines in C"*! corresponding to Yp and Yo and let vp
and vg be any non-zero vector in [p and Ig respectively. Let Vi and Vs denote the n-dimensional
linear subspaces corresponding to Yz and Yy, which are the zero loci of some linear functionals
vr and pg. Give L coordinates

[z :y] = [zvp +yvg] € L.

In these coordinates Yp = [1: 0] and Yy = [0 : 1]. Furthermore, A is precisely the point [z : y]
such that

pr(zvp +yvQ) = zPR(VP) + YPR(VQ) =0
so A = [pr(vg) : —¢r(vp)] and similarly B = [ps(vg) : —ps(vp)]. So, we compute the
determinants

1 vr(vq) }
Yp AN A =det v
P 0 - or(vp) —pr(vp),
Yp A B = det 1 SDSUQ ]
0 —ps(vp)
Yo AA=det | SOR”Q }
1 —pr(vp)
0 ws( UQ
Yo A B = det —pg(v
Q 1 —ps(vp) ps(vq)-
Thus
(—es(vr))(—¢r(vq))  ¢r(vQ)ps(vp)
which equals exactly the generalised cross-ratio as in Proposition 2.11. O

This statement can even be upgraded slightly to the case where, now for general k, Yp and Yg
intersect in a (k — 1)-dimensional subspace of CP". As before, let Vp, Vi, Vg and Vg denote the
complex vector spaces corresponding to Yp, Y, Yr and Ys. By assumption Vpg = VpNVy = C*.
Let

Vp=Vp/Vpg=C,
Vo =Vo/Vpq=C,
Ve=Vr+Vpg)/Vpo=C' "
Vs =(Vs+Vpo)/Vpo=C*
Then projectivising gives back the situation of two points Yp = P(Vp) and Y = P(Vg) and

two hyperplanes Yr = P(Vg) and Yg = P(Vs) in CP"*. We leave it as an exercise to the
reader to confirm that

CR"(Yp, Yo Yk, Ys) = CRn_k(?p, ?Q; ?R, ?s)

Then we are again in the situation described above, where we can draw a line between the
complex projective points Y p and Y and further reduce to the classical cross-ratio.

Section 2.4: Grassmannians

The goal of the remaining part of this chapter is to compute the Archimedean height pairing of
Yp —Yg and Yi — Ys where Yp and Y are k-planes and Yp and Yy are (n — k — 1)-planes, non-
degenerate in an ambient CP”. By means of Lemma 1.23, we want to relate this height to that of
divisors Wp — W and points R — S which are related to the original linear subspaces Yp, Yg, Y
and Yg, and are defined in Section 2.5. These new cycles are elements of a Grassmannian,
another compact complex manifold which we will introduce in this section. We will give a
definition, state and prove some properties and lastly introduce the incidence correspondence.
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Definition 2.13. Let V be a complex vector space of dimension n + 1. The Grassmannian

Gr(V) is the set
Gri (V) ={W Cc V | W is a complex linear subspace and dim¢(W) = k}.
Our first goal is to show that Gry (V') is a complex manifold of dimension k(n + 1 — k).

Proposition 2.14. The Grassmannian Gri(V) admits the structure of a complex manifold of
complex dimension k(n + 1 — k).

Proof. Fix a point Wy € Gri(V), and let VVOL denote its orthogonal complement with respect
to any (fixed) Hermitian inner product on V. We define

Uy, = {W € Grp (V) | W N W3 = {0}}.

We claim that Uy, is an open neighbourhood of Wy, and that it can be identified with the
complex vector space Home(Wp, Wgh). Indeed, let W € Uy,. Since W N W5 = {0} and
dim W = dim Wy = k, the projection

Twe: V = Wo @ W5 — Wo
restricts to an isomorphism W = Wy. Hence, there exists a unique linear map
Awi Wy — VVOL

such that
W ={w+ Aw(w) : w € Wy},

that is, W is the graph of Ay . Conversely, given any A € Homg(Wp, WOJ'), its graph
I'A) ={w+ A(w) : w € Wy}

is a k-dimensional complex subspace of V satisfying I'(A) N W3- = {0}, hence I'(A) € Uyy,.
Thus, we obtain an isomorphism

(27 UWO — Hom(c(Wo, WOJ'),

This is a complex coordinate chart, because
Home (W, Wg-) 2 CHH1=F),

It remains to check that the transition maps are holomorphic. Let
V=W Wit =W, & Wi

be two decompositions, with corresponding charts

o, : Uy, — Home (Wo, Wyb),
©ow, : Uy, — Home (Wi, WiH).

On the intersection Uy, N Uy, , the transition function
—1
Pwy © 90W0

sends a linear map A € Home(Wy, W) to the unique map whose graph equals I'(A), now
viewed relative to the decomposition V = W7 @ I/Vll More concretely, define

ia:Wo—V,
ia(w) =w+ A(w),
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so that I'(A) = im(iy4). Let
Wy : V — Wl,
Tyt V — Wf‘
denote the projections associated to the decomposition V = Wy @ Wi-. Since T'(A) N Wit = {0},

the map
mw, 04t Wo — W1

is an isomorphism, because it is an injective linear map between vector spaces of the same
dimension. Hence I'(A) is the graph of the linear map

B = (’/TWIL 0ig)o (mw, 0ia)”t € Home(Wy, Wih).

Therefore the transition map ¢w, OSDITI% is given by A —— (my, Lod 4)o(mw, 0ia)~ L. This depends
holomorphically on A, since it is obtained from A by linear operations and inversion on the open
set where my, o4 is invertible. Thus, the transition functions are holomorphic. Hence, these
charts define a complex manifold structure on Grg(V'), with complex dimension k(n+1—k). O

We now turn to the Pliicker embedding. Recall that A*V is a complex vector space, and
hence one may form the projective space P(AFV).

Definition 2.15. The Pliicker embedding is the map
v: Gry (V) — P(AFV)
W— [wy A+ A wg],
where wy, ..., w; is any basis of W.

Firstly, we will show this map is well-defined. If wf, ..., w; is another basis of W, then there
exists a matrix M € GLg(C) such that

(W, ..., wg) = (wy,...,wg) M.

Hence w) A--- Awj, = det(M)wi A--- Awy, and because det(M) # 0 these two elements define
the same point in projective space.

Proposition 2.16. The Plicker map v: Gry(V) — P(A¥V) is a holomorphic embedding.
Proof. We first prove injectivity. Suppose that (W) = +«(W'). Choose bases wy, ..., wy of W

and wi,...,wj of W/. Then [wi A -+ Awg] = [w] A--- Aw,], so there exists A € C* such that
wi A Awp = Aw] A--- Awy, and hence the k-dimensional subspaces generated by wi, ..., wy
and wi,...,w) are equal, i.e. W = W’. To see that ¢ is holomorphic, work in a chart Uyy,.
Choose bases e1,...,e; of Wy and fi,..., fn4r1—k of WOL. Let A € Home (W, WOL), and write
n+l1—k
A(€l) = Z ajifj.
j=1

Then the graph I'(A) is spanned by

n+1-—k
e; + Z ajifj, i=1,...,k.
J=1

Hence

(D) = [(er+ D afi) Ao A (ex+ D adi) |

Expanding this wedge product in a basis of A¥V | we see that the homogeneous coordinates of
t(I'(A)) are polynomial functions in the entries aj;. Thus, ¢ is holomorphic. Finally, in these
local coordinates the image uniquely determines the graph, so ¢ is a holomorphic embedding. [
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Choose a basis ey, ..., e, of V. Then the induced basis of ARV s
€y N N €y, 0<i <+ <4 <.
Accordingly, points of P(A*V") have homogeneous coordinates

[pil,...,ik]0§i1<'-'<ik§na

called the Pliicker coordinates. The image of the Pliicker embedding is cut out by certain
homogeneous quadratic equations in these coordinates, called the Pliicker relations. We do not
need their explicit form here. The important point is that the image of the Pliicker embedding
in P(A¥V) is closed.

Theorem 2.17. The Grassmannian Gri(V') is compact.

Proof. Since AFV is finite-dimensional, the projective space P(A*V) is compact. The image of
the Pliicker embedding is defined by homogeneous polynomial equations, namely the Pliicker
relations, and is therefore Zariski closed in P(A*V'). In particular, it is closed in the usual complex
topology. Hence ¢(Grg(V)) is compact. Finally, since ¢ is an embedding, it is a homeomorphism
from Grg (V') onto its image and therefore Gry (V') is compact. O

Section 2.5: The Archimedean Height of Linear Subspaces in CP"

At last, we will compute the Archimedean height pairing of Yp — Y and Y — Yg, where Yp
and Yy are k-planes and Yi and Yy are (n — k — 1)-planes, non-degenerate in CP". As before,
choose generators for the corresponding vector subspaces such that

Vp =C(ur ..., V1),
Vo =Cl?, ..., v,
Vi = C@f" vvffk%
Vs = (C<U1Sa »Uik>

Let vp = U{D A-- -/\v,f 1 and similarly for vy, vg and vg. Without loss of generality let us assume
k >n—k—1, so all relevant planes can be parametrised by Gr,_,(C"*!). Let R and S denote
the points in Gr,_;(C"*!) that correspond to the linear subspaces Yz and Yg. The compact
complex manifolds CP" and Gr,,_;(C"*!) are related via the incidence correspondence

T ={(W,z) € Gr_(C"*) x CP" | x € W}
/ \
Lastly, consider Wp = m(my '(Yp)) and Wg = m1(m, ' (Yg)). Next, let Ip = m; "(Wp),Ig =
1 (Wg), Ir = m; H(R) and Is = 7, *(S). Observe that (m1)*([Wpe] — [Wg]) = [Ip] — [Ig] and

similarly (m1)*([R] — [S]) = [Ir] — [Is]. These will be the cycles we start with in Lemma 1.23.
We will prove some preliminary results about this setup.

Grn,k(CnJrl) CPpr

Lemma 2.18. (i) The subspaces Wp, Wqo C Gry,_,(V') are divisors, i.e., of codimension 1.

(ii) As divisors we can write
[Wp] = [Wol = Div(er/¢q)
where
(pp/(p@ : Grn,k((C”H) -—— C,

vp A i(x)
[} — vo Au(z)’
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(iii) Alternatively we can define Wp and Wg as follows. Consider the annihilators Y]ﬂ' C
(CH)Y and Yy € (C"*1)Y of Yp and Yq, respectively. Because Yp and Y are of codi-
mension n — k, as viewed in C*, we can write

Y =Clets i)
1

Then let pp = [PV A--- Aol ] and pg = [go? RRRWA gogfk] be points in (Gr,_,(C*TH)V.

Then
op/eq : Gry_i(C*1) --» C
op([z])
= o)

is a well-defined map on Gr,_(C"*1)\ Wy and
[We] = [Wo] = Div(er/¢q)-

Proof. The first point follows immediately if we can realise Wp = ker(¢p). To this end we need
to fix a volume form w € A" (C"*1)V = C, that is non-zero under the identification with C.
So we can define pp : Gr,_;(C"*!) — C by sending [z] — w(vp A 1(z)), which is well-defined
up to a (non-zero) scalar. Hence, the ratio ¢p/pq is well-defined on Gr,, (V) \ ker(pgq). It
remains to identify ker(op). It consists of all (n — k)-planes Y in V such that the intersection
Y NYp # 0. Thus, we see immediately that ker(¢p) = Wp and similarly ker(ypg) = Wgo. We
conclude that Div(pp/pq) = [Wp] — [Wg] and that Wp and Wy are of codimension 1.

To prove (iii) note that the ratio ¢p/pq is exactly the same map in the descriptions of (ii) and

(iii). Thus we may use either description. O

We will verify that we are in a position to apply Lemma 1.23 to the cycles [Ip] — [Ig] and
[Ir] — [Is]. Firstly, note that Z, CP" and Gr,_;(C"™!) are all compact complex manifolds.
Furthermore, 7 is a surjective smooth submersion, with fibres that are copies of CPP" which
have no boundary, and 72 is holomorphic. Secondly, observe that ma|r, : Ip — m2(Ip) = Yp and
ml1g : Ig — m2(lg) = Yg are orientation-preserving diffeomorphisms. Lastly, we need to check
that both the cycles [Yp] — [Yp] and [Yr] — [Ys] are homologous to zero.

Lemma 2.19. The cycle [Yp]| — [Yg| is homologically trivial.

Proof. These are k-planes in CP". Now note that H;Lng((CIP’”) 2 Z and any non-zero k-plane is a

generator. Thus, we find that the homology class associated with [Yp] — [Yp] is 1 —1 = 0. Note

that, by the functoriality of the induced maps of m; and 72 on homology, the divisor [Wp]—[Wg]

is also homologous to zero. O
Let us now state the main result of Chapters 1 and 2.

Theorem 2.20. The Archimedean height pairing of the cycles Yp —Yg and Yr —Ys, where Yp
and Yg are k-planes and Yr and Ys are (n — k — 1)-planes, non-degenerate in CP", is given by

([Yp] = [Yol, [V&] = [Ys])oo = log|CR™(Yp, Yo; Vi, Vs)| -
Proof. We apply Lemma 1.23 to the cycles Ip — Ig and Ir — Ig to find
n Grn, (Cn+1
([Yp] — [Yol, [V&] — [Ys)" = ((Wp] — [Wo), [R] — [S]ysn+E")

= log|op/eQ([R])] —logler/pq([S])]
vp NVR Vg A vUg

=lo
& vQ NVRvp N Vg

= log |CR"(Yp, Yq; YR, Ys)|.
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Remark 2.21. Using the alternative characterisation of [Wp] — [W(], as described in part (iii)
of Lemma 2.18, we can also write the height pairing as

() = [Yol. ¥ = DS = (0] = Wl L) = )&+ = tog (ZL PO,
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Chapter 3: Asymptotic Behaviour of Archimedean Heights in
Projective Space

In the previous section, we computed the Archimedean height pairing for disjoint k-planes
Yp — Yp and (n — k — 1)-planes Yr — Yg in CP". Suppose now that these planes depend on
some parameter ¢, denoted by Yp(t),Yp(t),Yr(t) and Ys(t) and that when t = 0, the cycles
are no longer disjoint. For example, suppose that Yp(0) N Yz(0) # @ in CP™. For fixed ¢, let
vp(t) = v (t) A+ AvE () and vR(t) = vl () A-- - AvE , (t) be some generators. As t approaches
zero, note that vp(t) A vg(t) also approaches zero, because of the anti-commutativity of the
wedge product. More specifically, when ¢ = 0, we can choose representatives for Yp(0) and
Yr(0) that share at least one basis vector, say vg. Then vp(0) Avg(0) contains vg Avg = 0. So, if
the configuration is otherwise non-degenerate, the Archimedean height diverges as t approaches
zero. In this chapter, we will study this asymptotic behaviour. We will show that, for small ¢,

(Yp(0)] = [Yo(0)l, [YR(D)] — [Ys(t)])oo = Alog|t] + log |u(t)], (3.1)

where u(t) is some nowhere-vanishing holomorphic function and express A as an intersection
degree.

In this chapter, we will first rephrase some of the previous results and definitions in the
language of algebraic geometry. We assume familiarity with commutative algebra and the the-
ory of schemes. For background on commutative algebra, we refer to | |, and for algebraic
geometry to | , ].

Rephrasing the first part of this introduction we will let T denote a discrete valuation ring
(DVR), such as C[t], and consider families of k-planes Yp, Yy and (n — k — 1)-planes Yg, Ys
over Spec(T"). This means that, over both the generic point n € Spec(T) and the special point
s € Spec(T), all fibres are k- or (n — k — 1)-planes in P} or IP.. In Section 3.1 we treat the case
of proper intersections between the families. In Section 3.2 we show an example of all possible
degenerations of families of lines in CIP3. To be able to handle the case of excess intersection we
introduce the necessary machinery in Sections 3.3 and 3.4. Lastly, in Section 3.5 we extend the
result of Section 3.1 to general degenerations.

Theorem B (Theorem 3.5 & Theorem 3.21). Let Yp(t) and Yy(t) be moving k-dimensional
linear subspaces of CP", and let Yr(¢) and Yg(¢) be moving (n — k — 1)-dimensional linear
subspaces of CPP", all holomorphically dependent on ¢t. Assume that, for all sufficiently small
t # 0, the linear subspaces are non-degenerate in CP". Then

(Yp(t) = Yo(t), Ya(t) — Ys(t))oo = deg ((YP — Yq) - (Yg — Ys)) log |t| +log [u(t)|,  (3.2)

for some nowhere-vanishing holomorphic function u(t).

In Chapter 4, we will also find a geometric interpretation of the remaining constant u(0), as
in Theorem 4.8.

Section 3.1: Proper Degenerations

Instead of working with complex linear subspaces of C"*!, we will work with linear subspaces
of free T-modules, where T is a discrete valuation ring. Two important examples of discrete
valuation rings are C[t] and Z,, for any prime p. We will briefly recall why these rings are
discrete valuation rings and what their fraction field and residue fields look like. First, the ring
of formal power series C[[t]. Observe that every non-zero element f € C[t] can be written
uniquely in the form

f=t"u
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with m > 0 and u € C[[t]* a unit. Thus, the unique maximal ideal is generated by ¢, so t is a
uniformizer. Its fraction field is the field of Laurent series

C((t)=4> ant" | NEZ, a,€Cy,

n>N

and its residue field is given by

Cl/(®) = C.

The associated valuation
ve: C(1)* = Z

is given by
vy Z ant" | =min{n |a, #0}.
n>N

Second, the ring of p-adic integers Z,, for any prime p € Z, is a discrete valuation ring.
Every non-zero element x € Z, can be written uniquely in the form

x=p"u

with m > 0 and u € Z]f a unit. Hence, the unique maximal ideal is generated by p, so p is a
uniformizer. Its fraction field is the field of p-adic numbers

Qp,
and its residue field is given by
Zp/(p) = Fyp.
The associated valuation
vp: Q) = Z
is characterized by the property that if
a
—
T = p b 9
with a,b € Z not divisible by p, then
vp(x) = m.

Equivalently, v,(x) is the exponent of p in the prime factorisation of z.
In both cases, the valuation measures the order of vanishing with respect to a chosen uni-
formizer: t in the case of C|[[t]], and p in the case of Z,.

We will now properly introduce the objects of study. Let T be a discrete valuation ring with
fraction field K, and residue field x. Let T = Spec(T).

Definition 3.1. Let U C T"*! be a direct summand of rank k + 1, and let
U=Uc ot
be the corresponding locally free sheaf. We define the associated family of k-planes by
Y = Proj(Syme,.(U)Y) C Proj,(Syme, (OF")Y) = P}.
Because U is assumed to be a direct summand this family is flat over 7" and the fibers
Y, =Px(U®r K) C P,
Y, =P.(U®r k) CPL,

are true k-planes, isomorphic to ]P”;( and ]P’ﬁ, respectively.
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Equivalently, a family of k-planes in 7}, is given by a free submodule U C T+ of rank k+1,
such that the quotient 7"*!/U is free of rank n — k. For such a submodule U, we write

Pr(U) = Projr(Symo, (0)").

We will study two families of k-planes, denoted Yp and Y, and two families ofln —k—1)-
planes, denoted Yr and Yg. Let Up,Ug C T™*! be direct summands such that Yp = P7(Up)
and Yy = Pr(Ug). To define Yi and Yg, it is convenient to work dually. Let

(7)Y = Homy (T, T),

and choose direct summands
VR7VS C (TnJrl)\/

of rank k£ + 1. Each such submodule determines a natural morphism
™ vy
vi— (o = 9(v)),

and similarly for Vg. Since Vi and Vg are direct summands of (T7+1)V, these maps are surjective,
and their kernels are direct summands of 77! of rank n — k. We define

YiR = PT(ker(TnJrl — VI}?/))ﬂ ?S = ]P’T(ker(T’Hl — VS\'/))

Now choose bases for Up,Ug, Vg and Vg

UPZT<’U(1)D,.. ,v,f),
Ug=TwS,...,09),
VR - T<SO(})%7 a(ka>7
VS:T<QO€7 790£>
Define
k41 k+1
vp=vh A Auf € /\UPC /\T"Jrl,
k+1 k+1
UQ:vg?/\---/\UI?G /\UQC /\T”H,
k41 k41
pr=eo N nee N Vec NTYY,
k+1 k+1

Os =S A ANt € /\VSC /\(T"+1)V.

The elements i and g define alternating (k + 1)-linear functionals on 7"*!, and hence

induce T-linear maps
k+1

/\ T T

In particular, we may evaluate them on vp and vg. Explicitly,

er(vp) = det(of (v ))o<ijer,  r(vg) = det(@f(i}?))osfi,g‘gka

and similarly for ¢g(vp) and pg(vg). Assume now that the generic fibers,

YiPn? ?an YiRna ?S'r]
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are non-degenerate. Then the above determinants are non-zero in the fraction field K. Then
we may define
7 v .= = PrRP)©s(vQ) _ .«
CRn(YP,Y ;YR,Ys): e K”.
Qe TR TS G p(ug) s (vp)
This quantity is independent of the chosen bases of Up, Ug, Vi and Vg, since a change of basis
multiplies the individual determinants by units, which cancel in the above expression. As in

Proposition 2.11, we can give different equivalent descriptions. Choose generators

n—k n—~k
UR € /\ ker(T" — V), vg € /\ ker(T" — V).

After fixing an isomorphism
n+1

/\ Tn+1 o~ T,

the elements
vp AVR, vQ NVR, vpAvs, vQAUg

may be viewed as elements of T', well-defined up to a fized unit. Then we define

vp ANUR VQ A Ug

CRn(Yipn7Y7Qn;Y7Rn7TS77) = € KX‘

vQ NVR VP N Vg

Similarly to the generalised cross-ratio for fields, the ratio is now a well-defined element of the
fraction field K*. Equivalently, we can also do this on the dual side, and find

— v .o v\ _ PPAPRYQNPs
CR"(Ypy, Yq,;: YRy, Ysy) = o0 A oR 9P N oS e K*.

This gives us three different ways to compute the same cross-ratio, associated to these k- and
(n — k — 1)-planes. Lastly, because T is a discrete valuation ring, we can now assign an integer
to the cross-ratio
ur (CRn(YPn, Yan YRn7 YS?])) )
We will show that this equals
de (V7 ~ Vo) - (Vi — 5)).
To establish this result we will make use of the following fact from linear algebra.

Lemma 3.2 (Smith Normal Form). Let M be a non-zero m x n matriz, with elements in a
principal ideal domain R. Then, there exist invertible m x m and n x n matrices U and V' such
that the product UMYV is given by

ap 0 O 0 0
0 a9 0
0 0

Ay
0 0 0
0 0 - 0]

The diagonal elements satisfy a;y1|oy for all 1 <i <r.

Before stating and proving the main theorem of this section we need to recall what a proper
intersection is.
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Definition 3.3. Let X be a nonsingular variety. Let W,V C X be closed subvarieties with
dim(W) = s and dim(V') = r. We say that W and V intersect properly if

dim(VNW) <r+s—dim(X).

In our setting the condition that Yp and Y3 intersect properly means that YT:W N YT%W =0
and L
dim(Yp, NYR) < (k+1)+(n—k)—(n+1)=0.

The reason proper intersection forces disjointness over the generic fiber is because the generic
point 7 is dense in Spec(7’). More precisely, suppose Yp, N Yg, # @. Choose an irreducible
component Z of this intersection. Then the induced structure morphism

Z — Spec(T)
is dominant, i.e. the image is dense. Thus
dim(Z) > dim(Spec(T)) =1,

which implies that dim(Yp NYg) > 1, so the intersection is not proper. We assume familiarity
with the intersection product on algebraic cycles. For a brief review, see Section 3.3. For a more
detailed treatment, see | ) ]

Theorem 3.4. Let T be a discrete valuation ring, with valuation vy and uniformizer w. Let
Yp and YTQ be k-planes and Yr and Ys be (n — k — 1)-planes in PT.. Assume that Yp — YTQ and
Yr — Yg intersect properly. Then

deg (Ve — ¥o) - (Y — Ys)) = vr (CR" (Yoo, Yo i Vg ¥y)) -
Proof. Because of the linearity of both the degree and the valuation it suffices to show that

deg(Yp - Yr) = vr(¢r(vp)). (3.3)

By assumption, YT@7 and ?Rn are disjoint, so intersection can only happen in Yp;NYg,. Further-
more, because Yp, and Yr, are linear subspaces of PJ;, together with the fact that they intersect
properly, we can conclude that they intersect in at most one point, call this point £&. Thus

deg(Yp - Yr) = > ma(Yp, Ya; Ph) = me(Yp, Vi; Pp).
z€P

Now

—— OIP’%,E
me(Yp, Yr; Pp) =1 Ip+In

deg=0
_y Tlxo, ..., %n)e
(QDOPa---7¢5_k_1a@§7---,¢§)

Here ¢! and gaf are such that Yp = Z(p{',...,¢0 . ) and Yr = Z(pl,...,oF). These are

equations cutting out Yp and Yz. This notation means that Yp is exactly the common zero-locus
of these linear functions 3063 yees 780571%1- These functions are all linear, and hence they can be
rewritten as

P
“0
. Zo
P
(pn—ll%—l — :
. 9
L)
. Tn
R
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for some matrix M with elements in T. Now, because T is a discrete valuation ring it is also a
principal ideal domain and hence we can apply Lemma 3.2. So, there exist invertible matrices U
and V and a diagonal matrix D such that M = UDV. Now, because YT:n and Yan are assumed
to be disjoint, M becomes invertible over K. Furthermore, because the intersection of Yp and
YR is assumed to be proper, the rank of M base changed to x, denoted by M, is at least n. Now,
a priori D = Diag(uom®, ..., u,7*"), where m denotes the uniformizer of T. However, because
the rank of D may drop at most by 1, when base changed to x = T'/(7), we can conclude that
ol =--=a, =0.

Next, we change coordinates, and let [yo---yn|T = Vizg---z,]7. Also, let [po---pn] =

U_l[cpg---wf_k_l ngR---go?]T. Then, because U is invertible, the ideals (¢o,...,p,) and
(f,... ,wﬁ,k,l,tpg, .. .,gokR) are equal. Furthermore, observe that the point of intersection
& becomes

é’: (7T7y17"'7yn)a

in the new coordinates. Hence
d 0 deg=0
I T[I‘o,...,$n]§ ® yOa ..,yn}g ®
(SO(I)D"”7905_]6_1590(1)%7"‘790]6) 900)"'7@71)
deg=0
I yO,-..,yn]( Y1, ,yn)> ¢
07T anla"'ayn)

On the other hand, observe that pp A pr = det(M), up to a unit in K, thus

l

vr(¢r(vp)) = vr(Pp A ¢R)

So, we have shown that both sides of Equation 3.3 equal ag. This concludes the proof. O

Next up, we want to relate this to the asymptotic behaviour of the Archimedean height
pairing. Consider the special case where we take T' = C{t}, the ring consisting of convergent
power series, with uniformizer ¢. Equivalently, it is the ring of germs of holomorphic functions
at 0 € C. Again, let Yp and Yy be k-planes and Y and Yg be (n —k — 1)-planes in P%. Assume
that YiPinQn’YiRn and ?Sn are non-degenerate in P and that the families intersect properly.
We can find equations cutting out these families, i.e., Yp = Z(gpéj, e ,9057,%1) where each gozp
is a C{t}-linear combination of the homogeneous coordinates zo, ..., z,. Because the ¢; s are
convergent power series, on a small enough disc

Ac={teC||t| <€},
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we can actually evaluate the p’s on t to get equations ¢!’ (t) € Clxo,...,z,). Let Yp(t) =
Z(E®),....9F ;| (t)) C CP, similarly for Yy(t), Yg(t) and Ys(t). Now, by Theorem 2.20,
we have shown that

(Yp()] — [Yo(0)], [YR(®)] — [Ys(t)])oo = log [CR"(YP (1), Yo(t); YR(2), Ys(1))]-

Suppose now that the families do intersect over the special fiber, i.e., when ¢ = 0. Then the
cross-ratio could vanish or diverge, exactly with rate vr(CR"(Yp,, YQ,: iy, Ys,)). So, we can
write

([Yp(0)] = Yo@)], [Ya(t)] — [Ys(t)])oo = vr(CR™ (Ypy, Yq, i Yry, Ysy)) log [t] + log [u(t)],

for some nowhere-vanishing holomorphic function u(t). Lastly, we note that every operation
in the construction of the cross-ratio commutes with base changes. Thus, base changing the
cross-ratio from C{t} to C, i.e., for sufficiently small non-zero ¢,

CR™(Yp,Yq: YR, Ys)(t) = CR"(Yp(t), Yo(t); YR(t), Ys(t)).

Combining this with Theorem 3.4 yields the first result about the asymptotic behaviour of the
Archimedean height pairing, namely in the case of proper degenerations.

Theorem 3.5. With the notation and assumptions as above, the following holds, for t small
enough,

([Yp()] = [Yo@)], [Yr(t)] — [Ys(t)])oo = deg (VP — Yg) - (Y — Ys)) log [t| + log [u(t)],
where u : A, — C is some nowhere-vanishing holomorphic function.

Remark 3.6. Theorem 3.5 is an instance of a conjecture by Z. Chen and R. de Jong [ ,
Conjecture 1.5]. This conjecture states that the rate of divergence of the Archimedean height of
certain families of algebraic cycles is controlled by their intersection degree, in proper degener-
ations. In | , Theorem 2.1] such a result has been proven for degenerations of curves. We
have now proven this for properly degenerating higher-dimensional projective linear subspaces.
We aim to generalise this result to arbitrary degenerations in the next sections.

Section 3.2: An Example of Degenerating Families of Lines in (CIP’%{t}

Let us consider the following example to illustrate the existence of non-proper degenerations.
Again, T = C{t} and we are dealing with four families of 1-planes, i.e., families of lines in P3.. For
simplicity we assume that the lines Yp(t), Yo(t), Yr(t) and Ys(t), interpreted as TPW,TQW,TRW
and 7577 base changed to C, depend linearly on t. Because of this, the valuation vy counts the
dimension of the intersection,

vr(CR™ (Ypy, YQ,; Yry, Ysy) = dim(YpNYR,)+dim(Yo NYs,) —dim(Yp,NYs,) —dim(Yo ,NYks).-

This dimension can exceed the expected dimension 0. This is a first example of non-proper
intersections, called excess intersection, which will be treated in Section 3.4. Up to symmetry,
Figure 4 depicts all possible degenerations, together with the value of

A= deg (Yp— o) - (Vr— 5)).

The four lines come with a sign, 1 for Yp(0) and Yz(0) and —1 for Y5(0) and Ys(0). In the figure
the positive lines are coloured in red and the negative lines are coloured in blue. Intersections are
either red or blue, dependent on the product of signs of the two intersecting lines. For example,
when Yp(0) intersects Yg(0) the intersection is coloured blue, because 1-(—1) = —1.
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Figure 4: Linear degenerations of families of lines in (CIP’% e

We will now start developing the necessary intersection theory to be able to compute the
degree of excess and, more generally, residual intersections.

Section 3.3: An Introduction to Intersection Theory

In the remainder of this chapter we will recall the classical intersection product, between classes
of algebraic cycles which intersect properly. Following Intersection theory by W. Fulton [ 1,
we will recall the generalised construction to handle non-proper intersections. In Section 3.4 we
will assume that the intersection is defined using regular embeddings. Later, in Section 3.5, we
will treat the most general case.

First, let us recall what the intersection product is. Let X be a smooth variety. Let Z*(X )
denote the cycle group, which consists of formal sums of irreducible closed subvarieties of codi-
mension k. Next up, we define the Chow groups A*(X) = Z¥(X)/ ~rat, where two irreducible
subvarieties V; and V5 are said to be rationally equivalent if there exists a flat family W C X x P!
such that Wy = V4 and W, = V5. We leave it as an exercise to the reader to verify that this
is an equivalence relation and extends linearly to the cycle groups Z*(X). We have an obvious
additive group structure on these Chow groups, and we aim to upgrade this to a ring structure.
This is where the intersection product comes in.

First, assume that two irreducible subvarieties V; and V5 meet transversely, meaning that
for all p € V1 N V5 the tangent spaces of Vi and Vs together span all of the tangent space of X,
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i.e.,

T,Vi + T,V = T, X.

There exists a unique intersection product, such that for all transverse intersections Vi and V5
this intersection is given by

ANX) x AV(X) = AT (X)
VA] - [Va] = Vi V2],

see page 19 of | ]. We can upgrade this slightly to the case where V; and V5 meet generically
transversely, i.e. when there is a dense open subset U C V3 NV, on which Vi and V5, meet
transversely. Now we will state an important and well-known result.

Lemma 3.7 (Moving Lemma). Let X be a quasi-projective variety. Given «, 5 € A*(X) there
exists an o rationally equivalent to o such that o meets 3 properly.

There are, however, two important caveats concerning the moving lemma. First of all, it
is unclear whether a complete proof exists, as all classical proofs turned out to contain errors.
Secondly, the Lemma is an existence result and therefore not immediately useful to compute
actual intersections.

Now in the case where X is also smooth, proper intersection implies generically transverse.
Hence for any cycle we can find one that is rationally equivalent, which intersects the other
cycle generically transversely. In that case we also declare [Vi] - [Va] = [Vi N Va]. When the
intersection of V; and V5 is transverse, in particular the subvariety V3 N Vs is reduced, and hence
justifies calling it a subwariety. When we are studying families of varieties we do not want to
move cycles using the moving Lemma and we may need to define an intersection product that
allows non-transverse intersections. We omit the condition that V; and Va meet (generically)
transversely, but only require them to intersect in the expected dimension, i.e.,

codim(Vy N Va2) = codim(V7) 4 codim(V3).

In this case we can compute, see [Sta, Section 43.1], the intersection product as follows,
Wil-[al = Y. mz(Vi,Va; X)[2], (3.4)
ZCcVinVa

where Z runs over the irreducible components (of expected dimension) of V3 N Va. Furthermore,
my is given by

o i Ox,z

mz = Z(_l) lengthOX,Z (TOI‘l- (OVLZ? OV27Z))7
i

this reduces to

my = lengthoxynz (Oviny ®0x,, OVanz) (3.5)
when for example, W is cut out by a regular sequence in Ox 7z which also defines a regular
sequence in Oy, z. Here Ox denotes the structure sheaf of X, and 17 denotes the generic point
of the irreducible subscheme Z.

Example 3.8. Consider the following example. Take X = A% = Spec Z[z, y] with coordinates
x and y. Then we consider the two smooth irreducible subvarieties,

‘/i:Z(y—l'2),

Then set-theoretically V3 N Vo = £ where £ is the single point given by (0,0). Unfortunately, V;
and V5 do not meet transversely, or generically transversely. In this example the intersections
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are cut out by regular sequences and we can compute [Vi] - [V3] using Equations 3.4 and 3.5.
Observe that the pull-back square of affine schemes,

§ ——— SpecZz,y]/(y — %)

| b

Spec Z[$7 y]/<y) —Z> Spec Z[mv y]
corresponds exactly to the push-out square of rings

O (&) ——— Z[z,y]/(y — 2?)

I o

Z[ac,y]/(y) A — Z[xay]

and we note that

O¢(€) = Zla,y)/ (y) @zjay) Lz, y)/ (y — 2°) = Z[z]/ (2?).

Thus finally we see

Vil-[Val = > mp(Vi, Vas X)[p) = lengthyy  (Z[] )/ (2%))[€] = 2[€].
peVINVa

Remark 3.9. To show that these defining properties agree we have to show that the intersection
multiplicity is always 1 in case of a transverse intersection. This is a standard result in commu-
tative algebra and uses the famous Nakayama lemma (or rather, one of the many formulations
of it), see | , Theorem 1.26].

Section 3.4: Excess Intersection Theory

However, even with this refined definition, we still cannot handle the case where V; and V5 in-
tersect in a higher dimension than expected. This is called an excess intersection. To be able to
handle this case we require some serious retooling and in this subsection we will go through this
construction, as presented in [ ]. First, we will recall the construction in the case of proper
intersections and show that it agrees with the definition as above. Then this will be upgraded
to the case of excess intersections.

The setup is as follows. Let i : X — Y be a closed embedding of codimension d. Let V' be
a purely k-dimensional scheme and let f : V — Y be any morphism. Let W = f~!(X) denote
the inverse image scheme of X so that we have a fiber square

WV

"I

X —5vy
Consider the normal bundle of X in Y, denoted by NxY which is defined via the short exact
sequence of vector bundles over X

0—-TX = *TY — NxY — 0.

We let N = ¢g*NxY, viewed as a vector bundle over W. We can construct this because ¢ is a
regular embedding. However, j need not be a regular embedding so we have to consider the
normal cone of W in V| denoted by Cy V' and defined by

CwV = Spec G"/G™"",

n>0
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where G denotes the ideal sheaf of W in V. Let C' = Cy'V, we want to realise C' as a k-cycle on
N. Let s : W — N denote the zero section of the vector bundle N — W. Since s is a regular
embedding, it has an associated refined Gysin homomorphism

S! : Ak(N) — Ak—rkN(W)-

Geometrically, s' is intersection with the zero section. It takes a cycle on the total space of N
and produces its refined intersection with W, viewed as the zero section inside N. Applying this
to the cycle represented by the normal cone Cy V' C N, we obtain a cycle

s [CwV] € Ap_en (W),
which is the desired excess/intersection cycle on W. First, we need the following lemma.
Lemma 3.10. The ideal sheaf F of X in'Y generates the ideal sheaf G of W in V.
Proof. Consider the canonical short exact sequence of Oy-modules
0—-F— 0Oy —i.0x — 0.

Then apply f*, the pull-back of Oy-modules as constructed in | , p- 65]. This is right
exact so we get
f*F = Oy — j.Ow — 0,

where we used that f*Oy = Oy and the fact that f*i,Ox = 7.9*Ox = j.Ow. Thus we can
construct a surjection f*F — G because G fits in the short exact sequence of Oy modules

0—=G — Oy — 5.0 — 0.
This is exactly what it means for F to generate G. O

Thus, as a direct consequence there is a surjection
@f*(fn/Fn+l) N GBQTL/gn—H7
n n
and hence a closed immersion

SpecG}Q”/Q"+1 — Spec@f*(]:”/}"”ﬂ).

Thus we obtain a closed immersion C' < N. Here we used the functoriality of pull-backs to
write N as

Spec P j* f*(F"/F**1) = Spec @B g* (F"' | F'H).
n n
So in particular, we get a commutative diagram

C —— N

Now because V is a purely k-dimensional scheme C' = Cy/V is also a purely k-dimensional
scheme, see | , Appendix B.6.6]. Thus in particular, C' determines a k-cycle on N given by
[C]. Now we may define the intersection product X -V to be the unique class in Ag_q(W) such
that 74 (X - V) = [C] in Ax(N), or equivalently s'[C], where s' is the Gysin homomorphism.
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Example 3.11. We will now compute the intersection of families of lines X and V in IP)E}, where
T is some discrete valuation ring. Let x,v, z, w denote the homogeneous coordinates on P? and
let ™ denote the uniformizer of T'. Define the flat families

X =Z(x,y—a"),
V =2y, z).

Observe that the set-theoretic intersection X NV = {([0 : 0 : 0 : 1], s)}, again s denotes the
closed point of Spec(T'). Let us switch to the chart where w # 0. Then we get that

W =X xpy V = SpecTlr,y. 2]/ (2,5, 2,y = =) = Spee T/(x™),

and we get the following fiber square

Spec T/(7™) —— 4 SpecT[x]

o - s

SpeCT[ya Z]/(y - ﬂ—m) 4Z> SpecT[:L', Y, Z]

Now observe that the ideal sheaf F of X in IP’%, and the ideal sheaf G of W in V are given by

F=(x,y—7"),
g - (xuﬂ-m)7
f*F = (z, ™).

Hence, we note that C' = N, in particular C' determines the class [N] € A2(N), the fundamental
class. Hence, we need a cycle Z € Ayg(W) such that 73 Z = [C], and the fundamental class of
W satisfies this precisely, thus

XV =[W]=m-[g] € A(W).

So in particular,
deg(X - V) =m.

We can also compute the intersection using Chern and Segre classes.

Proposition 3.12 (Fulton’s Proposition 6.1). With the notation as above
XV = {e(N) 0 s(W, V) by

We will briefly introduce these concepts and quickly specialise to a simple case which will
suffice for our purposes. Let E be a vector bundle of rank r on a scheme X. Then, the total
Chern class is given by

c(B)=1+c(E)+ - +c¢(E) e A*(X),

where each Chern class ¢;(E) € A*(X) is determined by the following axioms. For any morphism
of schemes f : Y — X we have f*c(E) = ¢(f*E). Secondly, given an exact sequence of vector
bundles

0—-F —-E—E">0,

we have ¢(E) = ¢(E")-¢(E"). Thirdly, ¢(O(1)) = 1+ [H], for O(1) on P" and where [H| denotes
the class of a codimension 1 hyperplane. Finally, the Chern classes satisfy the splitting principle.
Soif E=L1&---® L, then

r

c(B) = [J(1 + er(L)).

i=1
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The Segre classes measure the deviation of a subscheme Z C X from being a regular embedding.
Let CzX be the normal cone of Z in X and let 7 : CzX — X denote the projection. Then

[CzX] )
c(0)) )’

where O(1) is the tautological line bundle on P(Cz(X)®1). However, in our case the subscheme
Z C X is locally defined by an ideal I. Then the formula reduces to

$(Z,X)=m, (

s(Z, X) = m([Cz X))

Example 3.13. We will compute the intersection X -V of example 3.11 again, this time using
Proposition 3.12. For this we need to compute ¢(N) and s(W, V). Note that N is just the trivial
vector bundle of rank 2 over W and hence ¢(N) = 1. Then

{c(N) N s(W, V) }o ={1N(7n)+[Cl}o
= {(mn)«[N}o
={Wl}o
= {m - [{]}o
=m-[¢].

Now finally we can introduce the Excess Intersection Formula | ]. Consider the fiber
square

X Ly
I
X -y
where i : X — Y is a regular embedding of codimension d. We define homomorphisms

i Z(Y) = Ap_a(X')

where X -V} is the intersection product as constructed in the previous subsection. We state that
these descend to a homomorphism on the Chow groups

it AR(Y') = Ap_a(X'),

see | , - 98]. These maps are called the refined Gysin homomorphisms. Now consider the
double fibre diagram
X// Y//

Lo
X Ly
_I
Lo
X >y
Here i (resp. j) is a regular embedding of codimension d (resp. d') with normal bundle N (resp.

N'). Then, as seen before, there is a closed immersion of N’ in g* N, because now both of these
are truly vector bundles we can form the quotient bundle

E =g*N/N’,

called the excess normal bundle of the lower fibre square of dimension e = d — d'.
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Theorem 3.14 (Excess intersection formula). For any o € Ai(Y"),
() = ce(g"E) N j'(a)
mn Ak_d(X//).

This formula can help when computing the intersection product in the case of an excess
intersection.

Example 3.15. Consider a slight modification to the example 3.11, where we now let

X =Z(x+tz,y),
V =Z(z,y + tw).

Observe that over the special fiber, i.e. when t =0, X; = Z(z,y) = V5. Thus, the set-theoretic
intersection
XNV =1Lx{0}cP

where L is the line given by {[0: 0 : z : w] : [z : w] € P!}, which is of dimension 1 and not 0.
This is an excess intersection. Note in this case that d = 2 and d’ = 1 and so the excess bundle
FEisof rank e =2 —1 =1, i.e. a line bundle. First let us compute NxY, the normal bundle of
X inside Y. For this note that the normal bundle

NxY = /HOmOX(IX/Ig(aOX)v

where the ideal sheaf of X in Y is given by

e~

Ix = (z +tz,y) C Oy.

On the affine chart z # 0, write u = x/z, v = y/z and s = w/z. Then the defining equations
become
v=0, u+t=0.

Thus, in particular, locally Zx /Z% is free of rank 2 generated by the classes [v] and [u + ¢]. If
we now switch to the other chart of X, namely w # 0, write v’ = z/w, v' = y/w and r = z/w.
Then the defining equations become

V=0, u+tr=0.

Furthermore, v' = Zv and v’ +tr = Z(u+t), so the transition function from U, to U, is given
by Z and hence these local pieces glue together to form Ox(—1) @ Ox(—1) so in particular the
dual

NxY =2 0O0x(1) ® Ox(1).
Now consider the normal bundle of X’ in Y, given by

IX/7y/ = (tz,tw) C Oyr.

On the chart U, we have (tz,tw) = (¢) and on the chart U,, we also have (tz,tw) = (t) so the
pieces glue together trivially and we note that

Ny Y' = Ox(0).

Now we have
g°NxY _ Ox/(1)®Ox/(1)

FE = =
Ny'Y' Ox(0)

= Op (2),
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and so we observe that ¢;(E) = 2[pt]. Thus, now finally the intersection formula gives us (where
we take Y =Y’ and X" = X)

i([Y']) = er(B) N ([Y']) = 2[pt] N [X'] = 2[pt] € Ao(X").

Here we used that j'([Y']) = [X'] - [Y’] = [X’] because [X'] is a principal Cartier divisor. Hence
we note that deg(X - V') = 2 and this agrees with

0

= vp(—t?) = 2.

1
v det (2
0

O O = O
SO O =
+~ O =

Remark 3.16. The excess intersection formula gives a very nice and explicit formula for com-
puting the intersection X - V. However, there is a strong condition which is not always satisfied
in our case, namely we require W = V' N X to be regularly immersed in V' (or X). Consider the
following example, in IP)?:’F we have two families of lines X and V such that the intersection of W in
V is given by the ideal (xt%, yt*). This closed immersion is a regular immersion, of codimension
1, if and only if a = b and a,b > 0. Of course, when a = b = 0 then W = @ and whenever
only a or b is 0, then the intersection is in the expected dimension and the codimension of W
in V is 2, so we will exclude these cases. Now suppose a = b, then locally, the ideal defining W
is given by (t*), we can check this on the two charts of W = PL. On the chart where z # 0
we have (zt% yt*) = (t*,yt*) = (t*) and similarly on the other chart. Now on the other hand,
suppose that a < b, then we cannot find a regular sequence of non-zero-divisors of length 1 (or
any length) defining 1. Consider the chart where y # 0 then the ideal is given by (xt?,t°)
which is not principal because a < b. Furthermore, the dimension of W is 1, and the dimension
of V is 2 so if W is regularly immersed in V' it would have to be of codimension 1, which is not
possible. Because of this we will resort to the residual intersection formula, which generalises
the excess intersection formula.

Section 3.5: General Degenerations

To handle the case where the ideal defining W in V' and X does not define a regular immersion
we must turn to residual intersections. First, we will state the relevant results from | ,
Chapter 9]. Consider the following situation.

D a W J 1%

g f

Xt sy

Here a,b,1,j are closed immersions, and V is a purely k-dimensional variety. Furthermore,
assume ¢ is a regular immersion of codimension d, j o a embeds D as a Cartier divisor in V and
R is the residual scheme to D in W. This means that

W =DUR,
and furthermore, the ideal sheaves on V are related by
I(W)=1Z(D)-Z(R).
Then
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Theorem 3.17 (Residual Intersection Theorem, Fulton 9.2). Let N = ¢*NxY and O(—D) =
j*Ovy(—=D). Define the residual intersection class R in Ap_q(R) by the formula

R = {¢(N ® O(—D)) N s(R, V) }s—a.

Then
X -V=A{c(N)Ns(D,V)}r_aq+R.
First of all, following Corollary 9.2.1 of | |, note that
c¢(N)
c(N)ns(D,V k—d:{} N |D].
() 5DV b = { o5, 1D

With all the machinery as above, we will generalise the result of Theorem 3.4, to the case where
the pairwise intersections need not be proper. As a last preliminary result we will compute
the normal bundle of a regular immersion 7 : X — P7 of codimension d, together with its
total Chern class. We quickly note that in | ] all schemes are assumed to be finite type
over a field. In this case, these are not schemes over a field, but rather over the spectrum of a
discrete valuation ring. Fulton notes that “the residual intersection theorem generalises without
change”, see [ , D- 395], to the case where our schemes are of finite type over the spectrum
of a discrete valuation ring.

Proposition 3.18. Let X = }P’%*d and Y = Ph. Leti : X — Y be a regular immersion of
codimension d, then
NxY = Ox(1)%

and furthermore
o(NxY) = (1+ [H]),

where
[H] =i"c1(Oy (1)) = c1(Ox (1))
the class of a hyperplane on X.

Proof. Now, as in Example 3.2.11 in | ], we have an exact sequence on P”
0 — Opn — Opn (1)) 5 Tpw — 0,
and similarly on P"—¢
0 = Opn-a = Opn—a(1)®C=FD 5 T4 — 0.
Furthermore, as in Example 3.2.12 in | ], we have an exact sequence on P"~¢
0 — Tpn-a — " ITpn — Npn-aP" — 0.
Then we have
Npn—aP™ 2 *Tpn / Tpn—a
~ (i*(’)P ( @(n+l)/Z*OPn> <(’)Pn . (n=d+1) j0yp,, )
~ (OP"_du e(n+l) 10, d) (OP" 4(1)2m—d+D) /Opn_d>
2 Opna(1)2OD /Op, o (1)B(—d+D)
= Opn-a(1)%.

Then using the fact that ¢(Opn-a(1)) = 1 + [H] for [H] as above, together with the standard
properties of Chern classes we have

d
(Opn-a (1)) = [[ e(Opn-a(1)) = (1 + [H])",
=1

as desired. O
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Now let us state the main theorem of this section and in fact, of this thesis.

Theorem 3.19. Let T be a discrete valuation ring, with valuation vy and uniformizer w. Let
Yp aﬁi Yq be k-planes and Yr and Yg be (n — k — 1)-planes in P%.. Assume that Yp,), YQn’ YRy,
and Yg, are non-degenerate in P. Then
deg (Y — Yo) - (Vi — ¥5)) = vr (CR" (Vi Yo, Viey, Vo) ) -
First, we will prove a convenient lemma, which we will use in the proof of Theorem 3.19.

Lemma 3.20. Let T be a discrete valuation ring, with uniformizer w. Let V' be a k-plane, and
let X be an (n —k — 1)-plane in P}.. Then, after a change of coordinates, we may assume

V= Z(.’L'k-+1, NN ,$n) C Pgw

Furthermore, the scheme-theoretic intersection W of X and V inside V is given by
IVV,V = (ai‘()ﬂ'ao, . ,.’I)kﬂak),

after possibly changing the first k + 1 coordinates again.

Proof. Write the defining equations for V' in an (n — k) x (n + 1)-matrix M, where each row
is given by the coefficients of a T-linear equation in the coordinates zg,...,z,. Because V is a
k-plane it is of constant full rank, so when we decompose M = VDU in Smith-Normal form,
see Lemma 3.2, with V, U invertible and D a diagonal matrix, D will be of the form

up 0 0 0 0
0 u O e 0 0
D=1. . . .
0 0 0 wup-pg—1 -+~ O

Here u; is a unit for all 0 < j <n — k — 1. After the change of coordinates given by U, we find
V = Z(upxo, ..., Un—k-1Tn—k—1) = Z(T0y ..y Tp—k—1)-
We then relabel the coordinates, e.g. x; := x,_;, and conclude
V =Z(Tkt1y.- -5 Tn).
Then, the ideal defining W in V is given by

Iwyv = (¢o,- .-, ¢k),

with ¢; € T[zo,..., 7=, We can then apply the Smith normal form again, and after a

change of coordinates we may assume
(e o
IVV,V:<1'O7T 0,...,a:k7r k)

Note that here we could not assume that the diagonal elements were given by units, as W need
not be flat over Spec(7). O

Now let us prove Theorem 3.19.
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Proof. Similarly to the proof of Theorem 3.4, it suffices to show
deg (Yp - Yr) = vr(pp A ¢R).

First of all, let Y =P, X =Yg and V = Yp. Write W for the scheme-theoretic intersection of
XandV. Leti: X — Y and j : W — V denote the closed immersions of X and V. Note that ¢
is a regular immersion of codimension k+1 by Corollary 3.14 of | ], as the discrete valuation
ring T is in particular Noetherian. Using Lemma 3.20, find a suitable set of coordinates, such
that V' is stationary and given by Z(zki1,...,2n) C T[xo,...,x,] and the ideal defining W
inside V' is given by

Iy = (xom®, ..., xpm™®).

We will prove

k
deg(X - V) =) a; =vr(¢pp A@r)
i=0
by induction on [ = #{«a; # 0} — 1, the excess dimension. First, consider the case where [ = 0,
so the ideal defining W in V is, without loss of generality, given by (zo7®°,z1,...,zx) and so
X and V intersect properly. Then Theorem 3.4 gives that

k

deg(X - V) =vp(ep ApRr) = ag = Zai.
i=0

Now, suppose that the induction hypothesis holds for all [ < [y, then we will show that it also
holds for Iy + 1. So suppose the ideal defining W in V is given by

(0% (0%
IVV,V = (517071' Oa sy Llg41T0 l0+1733l0+27 ceey Ilfk;),

where, again without loss of generality, we assume 0 < o < -+ < yy41. Observe that x; = 0
is a condition for X to intersect V. However, z; need not be zero itself in X. We can find
linear functionals v; such that ;(zo,...,zx,0,...,0) = z;, for all [y +2 < j < k, and X C
Z(Yiy+2,---,¢r). Now change V, call it V', to include the conditions ¢y 1o = 43 = -+ =
Y = 0, and remove them from X, call that X’. Note that we cannot do this for the other
coordinates, as then V’ would no longer be flat over Spec(T'), whereas in this case V remains
flat, i.e., a k-plane. Now we will show that the intersection

[X]- V] = [X]- [V'].
To see this, let H; = {tp; =0} C Y for Iy +2 < j < k. These are Cartier divisors on Y. Let
H = [Hjy42 N Hig13 M-+ N Hy] = [Hig 2] - [Hig43] - [Hyl,

Furthermore,
X]-[V]=(XT]-H) - [V]=[X]-(H-[V]) = [X']- [V],

because neither X nor V' is contained in any H}, and the associativity and commutativity of the
intersection product. Now X’ is of codimension [y + 2 inside Y, and the ideal defining W in V'
is given by

IW,V’ = (xoﬂao, e ,.%'loJrlﬂ'alO"'l) = (ﬂ'ao) . (x(), xlﬂoq—oco’ e ,$10+17Tal0+1_a0).

Now consider the principal Cartier divisor D globally given by Div(7®?). By the above equality,
the residual scheme to D in W is given by

R = Z(xg,x1m™ ... ,:EZO+17TC”0+1_QO).
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Using Theorem 3.17, we find
N)
X’-V’:{C(} N[D] +R.
oo f, "

Now, first of all observe that the residual scheme R is given by an ideal with excess dimension
less than or equal to . To see this, consider XV which is constructed as follows. X’ is given
by the zero locus of [y + 2 equations

X/ = Z(@Oa . 'agplo-i-l)v

such that 7% divides ¢;(zo,..., 2k, 0,...,0). Thus, in particular

g T alj$l+ § A5,

i=k+1

where a;; € T. Then define

new § :
;54

and
XU = 2 ).
Then
R={c(N®O(-D))ns(R,V')}o (by definition)
= {c(N) N s(R,V')}o (as O(=D) = Ow)
= {1+ [H)" N s(R,V)}o (by Prop3.18)
= {c(g"* NxnewY) N s(R™Y, V') }o (by Prop3.18 and R = R"%)
= [X"V] - [V'] (by definition).

Here RV, the ideal defining the intersection X™*¥ NV’ in V| is precisely given by R. Further-
more, because —D is a principal Cartier divisor O(—D) is a trivial vector bundle and hence

N®O(-D) = N.

Finally, we used that if ¢ is the inclusion of the intersection W=V of XV and V' in X"V then
g* NxnewY = Oppnew (1)®10+2 by Proposition 3.18. Hence we may invoke the induction hypothesis
to conclude

lo+1 lo+1
deg(R) = Z — Oéo Z o — lo + 1
i=1

Now, observe that [D] = ap - [IPLOH], where k is the residue field of T, as this is
(r)yNn V"

Furthermore, because D is a principal Cartier divisor, O(D) is a trivial vector bundle and hence
c(O(D)) = 1. Lastly, using Proposition 3.18, we observe that N = Oy (1)®0+2 because now
1: X — Y is a regular immersion of codimension Iy + 2 and so

c(N) = (1+ [H])"*
where [H] is the class of any hyperplane in ]P’LOH. Then
X' .V = {(1 + [H])l0+2}l0+1 N CVO[]P)?+1} +R

= (lo + 2)[H]" NPT + R
= (lo+2) - aolpt] + R.
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Therefore,
lo+1 lo+1
deg(X - V) =deg(X'- V') =ag - (lp + 2) +ZOzZ (lp+1) ao—Za,—vT(gch/\goR)
=0
This concludes the proof that deg(X - V) = vr(pp A ¢r) by induction. O

Similarly to Theorem 3.5, when T'= C{t} we find

Theorem 3.21. Let Yp and Yq be k-planes and Yr and Ys be (n — k — 1)-planes in Pe -
Assume that YP"’YQW’ YR77 and st are non-degenerate in IPFraCC{t}. Then, for t small enough,

([Yp()] — Yot), [Ya(t)] — [Ys(t)])oo = deg ((Yp —Yq) - (Y — Ys)) log [t| + log |u(t)],
where u : Ae = C is some nowhere-vanishing holomorphic function.

Remark 3.22. Theorem 3.21 is a generalisation of Theorem 3.5, where non-proper degenera-
tions of the projective linear spaces are now allowed. This result suggests that Chen’s conjecture
[ , Conjecture 1.5] could hold in a more general setting.

Remark 3.23. We highlight a simple aspect of the proof of Theorem 3.19. After modifying
the setup in a convenient way, we are counting the exponents of the ideal Iy defining W in V.
This ideal is of the form

Iy = (o, . s T Yig1s -5 Uk)s

where in this case [ is the excess dimension. When proving the equality

lo+1
deg(X - V) Z Qy,

the right-hand side counts these exponents in the obvious way, ag + a1 + - - - + . Interestingly,
the way the left-hand side is computed counts these exponents in a completely different way. 1
will highlight this difference by means of a simple example. Suppose the ideal Iy is given by

(m2x, iy, w2z, TOw).

Sw).

Figure 5: A figure representing the t-exponents of the ideal (72xz, 74y, 74z, 7

As stated before, the right-hand side will simply add the number of dots in each column.

The left-hand side takes a different approach. It will count the number of dots in rows, in the
following way.
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Figure 6: First the red dots 2 - 4, then the blue dots 2 - 3 and lastly the green dot.

Of course, counting the columns is the same as counting the rows (where we may count
multiple rows at the same time). In some sense, that is why

lo+1 lo+1
Qg - (lo + 2) + (Z o — Oéo(lo + 1)) = Z ;.
i=1 i=0
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Chapter 4: The Non-Archimedean Contributions

Number theory often studies geometric objects not only over the complex numbers, but also
through their reductions modulo primes. Each prime p gives rise to a different local picture. Even
when planes are non-degenerate over the complex numbers, it can happen that they intersect
non-trivially when reduced modulo some prime p. The corresponding local height at p measures
precisely this p-adic contribution to the arithmetic complexity of the cycles. In this chapter we
apply the machinery from Chapter 3 to the ring Z,, for any prime p, to find the local heights
whenever the planes Yp, Y, Yg and Yg are defined over Z or Z,. We will prove the following
theorem.

Theorem C (Corollary 4.2). Let p be a prime number. The p-adic local height of sub-
complementary linear subspaces defined over Z,, whose generic fibres are non-degenerate, is
given by

<Yp - YQ, YR - Y5>p == log ‘CRH(YP, YQ; YR, YS)|p,

where | - |, denotes the p-adic norm.

In the second part of this chapter, we will find a geometric interpretation of the constant «(0)
as in Theorem 3.19, namely a measurement for the rate of collision (or separation) of the moving
planes. We will extend the definition of the generalised cross-ratio to the case where all planes
are allowed to intersect, depending on chosen small perturbations. We call this the reqularised
cross-ratio. We will show that a degeneration of planes induces rate-of-collision vectors and
show the following.

Theorem D (Corollary 4.10). The absolute value of the constant «(0) from Theorem 3.19
is given by the regularised cross-ratio of Yp,Yqp,Yr and Yg together with the induced rate-
of-collision vectors rp g, 7p5,7Q,r and 7Q. 3.

We call u(0) the regularised limit. It is very difficult to study these numbers themselves,
because they lack an obvious structure. An algebraic variety which gives rise to such numbers is
far easier to understand. The limit geometry of curves | ] and later nodal degenerations
of certain odd-dimensional varieties | ] have been studied. This thesis provides an entirely
new class of examples in arbitrary dimension and for general degenerations of projective linear
subspaces.

Section 4.1: Local Height Pairing at a Prime p

In this section we will consider linear subspaces of P7, instead of P¢. Let Yp and Yy be k-
dimensional linear subspaces and let Yr and Yg be (n — k — 1)-dimensional linear subspaces
of P such that they are flat, when viewed as families over SpecZ, and non-degenerate over
the generic fibre. This means that as Q-vector spaces the planes intersect trivially, and the
dimension remains constant when we reduce modulo any prime p. Let Yp,,Yg ,, YR, and Yg,,
denote the base changes of Yp,Yg, Yr and Ys respectively to Z,. Then we can define the local
height pairings.

Definition 4.1. For any prime p, the local height pairing for the prime p is given by
<YP - YQ? Yr - YS>p = —deg ((YP,p - YQ,p) : (YR,p - YS,p)) log p,

and the global height is given by

(Yp—Yo.Ye—Yo) = > (Yp—Yq,Yr—Ys), + (Yp — Yo, Yi — Y5)oo-

p prime
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Note that, by assumption, the underlying Q-vector spaces of the planes Yp, Yy, Yr and Yg
form a non-degenerate quadruple, but may all intersect over I, for any prime p. We can apply
Theorem 3.19 to the discrete valuation ring Z,, for any prime p, to compute deg ((Yp, — Y0 ) - (Yrp — Ysp))-

Corollary 4.2. In the situation as above, the intersection degree is given by
deg (Ypp —Yo,p) - (Yrp — Ysp)) = vp (CR"(Yp, Yq: YR, Ys))

and hence
<Yp - YQ, YR - YS)p = log ’CRn(Yp, YQ; YR, Ys)|p .

Proof. The first equality follows immediately from Theorem 3.19. Furthermore, note that for
any € Q* and any prime p, we have by definition

ol = .
The second equality follows immediately. O
Corollary 4.3. The global height pairing of differences of linear subspaces of sub-complementary
dimension on P" vanishes.
Proof. This follows from the fact that, for any z € Q*, we have
log |z| + Z log |z|, = 0.
p prime
Because Yp, Yy, Yr and Yg are defined over Q, so is their cross-ratio. Hence

(Yp =Yg, Yr—Ys)= > (Yp—Yo,Yr—Ys)p+ (Yp — Y, YR — Yo)oo

p prime

= > log|CR™(Yp, Y; Y, Ys)lp + log |CR™ (Yp, Yo; Y, Ys)|

p prime

=0.

Here we used Theorem 2.20 to express the Archimedean height pairing in terms of the cross-
ratio. 0

Example 4.4. We give an example computing both the Archimedean and non-Archimedean
height pairings for lines in ]P’%. Consider the following four lines in IP’%, given by the following
rank-two submodules of Z*

Yp = Z{(1,0,0,0), (0,1,0,0))
Yo = Z{(0,0,1,0), (0,0,0,1))
?1\?, - Z<(2a 3a 07 1)7 (4a Oa 2a 3)>

)

Ys = Z((5,5,5,1),(2,3,5,7)

We note that these four submodules intersect pairwise trivially, i.e., only in the zero vector,
even when we base change to Q. Furthermore, reduction modulo p for any prime does not
change the dimension of Yp,Yq,YRr or Yg. Therefore, we can compute their Archimedean and
non-Archimedean heights using their cross-ratio.

(Up A\ UR) (UQ A 1)5)
(vg NvR) (vp Avg)
25

T 1230

1

"~ 36
11

CR"(Yp,Yq; YR, Ys) =
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Hence we find that, after base changing to C for the Archimedean height,

1
(Yp — Yo, Yk — Ys)oo = —2logH,

36
1
<Yp — YQ,YR — Y5>2 = log — = -2 log 2,
36|,
1
(Yp—Yp,Yr — Yg)3 =log i —2log 3,
3

<YP—YQ?YR_YS>p:10g|1‘:0 s p¢{2?3}

Therefore, we conclude that deg ((Yp2 — Yg.2) - (Yr2 — Ys2)) = 2and deg ((Yps — Yg3) - (Yr3 —Ys3)) =
2. It is not yet clear from which intersection these degrees appear. As shown before in Section

3.2, there are two possible ways, up to symmetry, in which these four lines can degenerate,
resulting in degree 2. Note that intersections may appear with higher degree here, so there are

more possible degenerations. Let us first treat the case p = 2. To examine the intersection mod

2, we compute the order to which the individual determinants vanish at 2. So, up to a sign,

vp ANvg = —2,
v Avg = —12=—1-2%.3,
v Nvs =5,

vpAvg=30=2-3-5.

Thus, we see that modulo 2, Ypo and Yg o intersect with multiplicity one, Y 2 and Y3 o intersect
with multiplicity two, and lastly Yps and Ys 9 also intersect with multiplicity one. Furthermore,
intersections also occur over Zs and Zs. In the following figure we have depicted the intersections
and coloured their intersections according to the sign +1 for Yp and Yr and the sign —1 for Yy
and YR.

Figure 7: Left: intersections over Zy, Middle: intersections over Zs, Right: intersections over
Zs.

An interesting phenomenon is that over Zs there is an intersection. However, because the
intersection is for both Yp and Yg and Y and Y with the same multiplicity, their contributions
cancel each other out.

Section 4.2: Geometric Interpretation of the Regularized Limit u(0)

In this section we will investigate the remaining nowhere-vanishing function u(¢) from Theorem
3.19, in particular «(0). We can find a canonical interpretation well-defined up to sign when all
planes are defined over Z. This means that our moving planes now move over a two-dimensional
base Spec Z[t]. Since the constant u(0) factors through the four different intersections, i.e.

_ upr(0)uq,s(0)
up,s(0)uq,r(0)’
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we will focus on a single intersection where X and Y are moving planes. In this setup we let
u(0) denote the following quantity. We can form the (n+1) x (n+ 1) matrix vx A vy which has
primitive generating vectors for X and Y in Z[t]"! as its columns. Then we define u(0) to be

1 o™
ﬁatim det('UX VAN 'UY) i

where m is the smallest integer such that the expression is non-zero. Let X and Y denote the
families in P7., where T = Z[t] and Spec(T") is a two-dimensional base. By assumption, both X
and Y are flat over the base Spec Z[t], i.e. when reduced modulo p we have induced families

X, — SpecF,[t] Y, — SpecF,[t],
which are families of k-planes, as before. More concretely,
X, =X xgpq Fplt], Xp,s = Xp X, Fp,
and similarly for Y, and Y, ;. We also have induced families
X, — SpecZ, Y, — SpecZ, X, — SpecQ[t], Y, — SpecQt].

Lastly, we have a family
X.NY, =X, Xpp Y s — SpecZ.

We denote by X and Y the underlying spaces in Z[t]" !, and X, and Y, the underlying spaces
at t = 0 in Z""!. We will first treat the case where X, NY is flat over SpecZ, i.e. the
intersection does not jump rank when further reduced modulo any prime p. We will write down
some preliminary results, and then state and prove the most general case under the flatness
assumption.

Lemma 4.5. Suppose X and Y are moving lines in P3., where T = Z[t]. Suppose that Yn and
7,] intersect properly, that X ,NY 4 is flat over SpecZ, and lastly that X and Y depend linearly
on t. Then there is, up to sign, a canonical basis for the normal direction in which the planes
X, and Yy collide, given by &€ € Z*. Furthermore, the rate at which X, and Y, collide is given
by |u(0)|, a length with respect to this basis.

Proof. First, we will establish this normal basis vector £. Since Yn and ?77 intersect properly,
they meet in a projective Q-point, i.e. X’ms N }Afn,s = Q- ¢ c Q4 for some generating vector .
Furthermore, since the intersection X, NY, is flat over SpecZ, the intersection also happens
over Z. So X, NY, =7 - ¢ C Z*, for a primitive basis vector ¢ € Z*. Since X,NY, 2 7Z the
vector ( is well-defined up to sign. So, write bases in Z[t]"*!

X =2 (1), 0X @), ¥ =Z] ()0} (1)).

Now, since these bases share a common generator ¢, when evaluated at t = 0, we can find
invertible matrices Ux, Uy € GLg(Z) such that after changing the bases for X and Y to

X = Z{Cx (1), a(t)), Y = Z{Cy (t),b(t)),

we have that

This in turn also gives us bases
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with a = a(0) and b = b(0). Because the intersection Xg NY; is flat, this means that Z((, a, b)
is a direct sum decomposition, i.e.

7 Z(C, a,b) = 7

Equivalently, the vectors ¢, a, b can be extended to a basis for Z*, call the additional basis vector
the normal vector £, so

= Z((, a,b,§).

Now, the rate of collision (or equivalently separation) is entirely captured by the &-direction.
So, consider the class

[ (0) = ¢ (0)] € Z*/Z{¢, a,b) = Z(E).

We will show that the class of this difference is well-defined. Suppose we have other moving
bases

A~ ~

X = Z{Cx(t),a(t)), Y = Z<<~Y(t)’ i)(t»a

with 5 R
(x(0) = ¢y (0) = ¢.
Then R :
Cx(t) = Cx () + f(Dalt),  Cy(t) = Cy(t) +g(t)b(t),
with

f(0) =¢(0) = 0.

Now the difference of their derivatives is well-defined.

[C5 (0) — G- (0)]

I
o~
bt
—~~

=)

N~—
|

Iy

Next, let M denote the matrlx whose columns are viX (t),vs (), v} (t) and v (t). Then by

definition u(0) is given by 2 5 det M|i—o. Now let U be the 4 x 4 block matrix with Uy in the top
left 2 x 2 minor and Uy in the bottom right 2 x 2 minor. Now det(U) = det(Ux) det(Uy ) =
SO

det M = +det(MU) = det [Cx(t) a(t) b(t) Cy(t)].

Now, by multi-linearity of the determinant, we have that

%det [Ar(t) - Ap(t)] = det [ZA(t) As(t)- - Ap(t)] +---+det [Ar(t) - Ap1(t) ZA,(1)].

Since (x(0) = ¢y (0) = ¢ the second and third term in the right-hand sum vanish, after evaluating
at t = 0. So we are left with

= det [¢4(0) a ]+detc a b ((0)]

&) a b

o det [ox(t) alt) b or(9]|

Now, (% (0) — i, (0) = ¢- £ under the isomorphism as above, modulo the basis Z{a, b, (). Hence,

det [(5(0) = (0) a b (]=det[c-& a b (]
= cdet [5 a b C]
= +c,
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since &, a, b, is a basis for Z*. Combining all the above, we find that

u(0) = %det M o +e,

and under the identification Z*/Z((,a,b) = Z also
[Cx(0) = Gy (0)] > .
Thus, up to sign, the rate of collision [¢% (0) — (3-(0)] is given by u(0). O

Let us illustrate this in Figure 8. In blue we see the lattice X s, in red YS and the intersection
X, NY, is coloured purple. We have indicated the generating vectors a,b,( as well as the
normal direction £. Lastly, the rate of this degeneration is the length of the vector |u(0)], in the
&-direction.

o -
£ @

Figure 8: Interpreting |u(0)| in a proper degeneration over Spec Z[t].

When X and Y are linearly moving k-planes and (n — k — 1)-planes in P} where T = Z[t],
the result of Lemma 4.5 can easily be generalised as follows. There is now a canonical normal
direction & € Z"*! and up to sign the rate of collision is still given by |u(0)| with respect to this
basis. We will now extend the result to arbitrary ¢-dependence. Again, we will prove the case
of moving lines in P2, and leave the more general proof to the reader.

Corollary 4.6. Suppose X and Y are moving lines in IP’;}, where T' = 7Z[t]. Suppose that Yn
and ?77 intersect properly and that X, NY 4 is flat over SpecZ. Then there is, up to sign, a
canonical basis for the normal direction in which the planes X, and Y, collide, given by & € 7.
Furthermore, the rate at which X, and Y collide is given by |u(0)|, a length with respect to this
basis.
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Proof. The only difference with respect to the statement and proof of Lemma 4.5 is the step
where we define the element [ (0) — ¢§,(0)]. The lines will intersect to order m, where m is the
highest power of ¢ which divides det M, with M as before. For this reason, we let

(0 - d70) | ezt a).

By the same argument this class is well-defined. What remains to show is that

1 o™

ﬁatimdetM‘ ::IIC,

where c is the element corresponding to

L (@o-dr0)]

We will again use the multi-linearity of the determinant,

1 o Ay A (0)
matimdetA‘t:O— Z det ( ml! yoeey ] .

mi+--+mg=m

So, when we compute

8m
Lo derfex(®) at) o) Gro]],,
1 om
= o det [Ce(t) = Gv () alt) b(t) ()] L:O
= > det 0 = g™ () a)(0) bm(0) ()
my+--+ma=m my! Comel T omgl T my!

(m) (m)

0) — 0

= det ( x =& ),a,b,§> :
m)!

because the m-th derivative, when evaluated at ¢ = 0, is the first time Cg?) (0) — C}(,k)(O) does not

vanish. The final conclusion follows in the same way as in the proof of Lemma 4.5. ]

As before, generalising this to the case of k and (n—k—1)-planes intersecting in a (projective)
point is left to the reader. What remains is to consider excess intersections.

Proposition 4.7. Let X be a moving k-plane and Y be a moving (n — k — 1)-plane in P,
where T = Z[t]. Suppose that X, and Y, are disjoint over the generic fibre of Spec Q[t]
and that Xs MY is flat over SpecZ. Let | be the (projective) dimension of the intersection
Yms N 7,],5 C P§. Then, there is up to signs, a canonical basis for the normal directions in
which the planes X, and Y, collide, given by o, ...,& € Z"TY. There is a canonical (I 4 1)-
dimensional volume, determined by the rate of collision in each direction with respect to this
basis. We will show that this volume is given by |u(0)].

Proof. Choose adapted bases

X =Z{G (), G (1) ara (8), -, ax (b)),

YV =2 (1), (), brga (), b1 (1),
such that ¢X(0) = ¢Y(0) = ¢; where

Xsmf/s:Z<C07'”7Cl>‘
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Let r; > 1 be the smallest integer such that (CZ-X)(”)(O) — ((Z-Y)(”)(O) # 0. Let &,...,& be the
unique basis, up to signs, of the normal directions

Zi&o, .-, &) 22" Z(o, - o, Gy a141(0), - - ag(0), bi11(0), ., bp—g—1(0)).

Because the elements )
= (€0 = (@) ©)

are well-defined classes in the quotient, they can be written in the basis &, ..., &. To this end,
write

l
(@0 (@) 0) = et
- e

Define C = (Ci,j){ogi,jgl}- Then the volume spanned by these [ + 1 vectors is exactly given by
| det(C')|. We will now show that this volume is equal to |u(0)|. So, let m be the smallest integer
such that det M (™) lt=0 # 0, equal to 79 + - - - + r;. To suppress all the indices we will denote by
a(t), all vectors a;41(t),...,a(t), and similar for the other vectors b, (X and ¢¥.

1 o™

u(0) = — o det (¢F (). a(t), ¢V (1), b(1)) ’t:O

7!

The third equality is because the r; are chosen in such a way that this is the only configura-
tion without a zero column, so this is the only determinant that is non-zero. Now, modulo
Z{a(0),¢,b(0)), we can again express these first [ + 1 columns in the £ = (&,...,&) basis. So
the above equals

det(C) det (&, a(0),¢,b(0)) = £ det(C),

because £, a(0),¢,b(0) form a basis for Z"*!, and hence must have determinant +1. Thus we
conclude that |u(0)| = |det(C)|. This finishes the proof. O

Again, let us illustrate the situation in Figure 9. Let X, and Y; be two-dimensional lattices,
which in this excess intersection coincide. We denote their common generators with ¢; and (s.
We let &1 and &5 span the normal directions. The vectors

GU0)-¢7(0)  and  GT(0) -7 (0)

depict the rate of collision (or separation) in both the &;- and &s-directions. Note that we have
assumed the t-dependence to be linear, otherwise these vectors should have been replaced with

(G0) = (¢HT)  and  ()T(0) - ()T(0).

Lastly, we want to stress that these vectors need not land in Z(&;) or Z(£3), but rather somewhere
in their joint span Z(&1, &2).
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Figure 9: Interpreting |u(0)| in a non-proper degeneration over Spec Z[t].

In the remaining part of this chapter, we want to generalise the result of Prop081t10n 4.7 to
the case where the intersection X NY is no longer flat over SpecZ. Suppose that X, and Y,
are given by Yp and Yg as in Example 4.4. Then we see that

dim@ Xs,n N ffsm =0, dimF2 X572 N ffs,g = diInI[r3 X&g N Y:g73 = dimF5 X5,5 N f/;’5 =1,

and for any prime p > 5
dimp, X5, NYs, = 0.

This non-flatness is caused by torsion in the quotient Z"*!/ (Xs —1—175) Let H denote the
submodule X+ Y, C Z*. We can correct for this torsion by passing to the saturated submodule

H = (H 27 Q)NZ

or equivalently
H* ={zcZ'|3ImeN:mzec H}.

In the example above,
X, = 7{(1,0,0,0),(0,1,0,0)), Y, = Z{(5,5,5,1),(2,3,5,7))

SO
H = 7Z(e1, e2,5e3 + ey, bey),

or after a change of basis (of Z*),
H= Z(el, €2, €3, 2-3- 564>.

Clearly, H = Z(eq, e2, 3, e4) and
[H* . H] = 30.
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Now in general H® is flat over SpecZ, so we can compute a canonical basis for the normal
directions with respect to this saturated lattice Z* JH®2*, In this quotient, the degenerations X
and Y induce the rate of collision vectors as in Proposition 4.7. Then |u(0)| will be given by
this volume, times the saturation index [H% : H].

Theorem 4.8. Let X be a moving k-plane and Y be a moving (n — k — 1)-plane in P7., where
T = Z[t]. Suppose that X, and Y, are non-degenerate over the generic fibre of Spec Q[t].
Let 1 be the (projective) dimension of the intersection Y,%S N ?7773 C Pg- After saturating the

submodule X5+ Y C Z"FY, there is up to signs, a canonical basis for the normal directions in
which the planes X, and Y, collide, given by &, ..., & € Z"TL. There is a canonical (I + 1)-
dimensional volume, determined by the rate of collision in each direction with respect to this
basis, denoted by V. Then

[u(0)] = [(Xs + Vo)t o (X5 + Y5)] - V-

Proof. We follow the same steps as in the proof of Proposition 4.7, up to the equality

u(0) = det <<<z-X )(0) = () (0)

Tz‘!

;a(0), ¢, b(0)> : (4.1)

Unlike before we now cannot assume that

Zn+1/Z<al+1(0)7 ey CLk(O), <07 ey Cl7 bl+1(0)7 ceey bn—k—1<0)> = Zl+17

since there can be torsion elements. Let pi,p2,p3,... denote the primes, and let €;; be the
largest integer for which the dimension of the intersection jumps rank after reduction modulo
pi"', from [+ 1 to I+ 1+ 6, Then let €5; denote the largest integer such that the dimension
further increases after reduction modulo p?‘i, from rank { +1 461, to I+ 14 91; + d2,;. Keep
repeating this process. If the intersection does not jump rank for any power p;, pg, p?, ..., then
€;i = 0;; = 0 for all j. Then we get

T
2 ) Z(ar1(0), - ., ak(0), Co, - -, Gy b1 (0), - - bpi—1(0)) = ZH @& @ (Z/ (i) 97 2) 4.
ij>1
Now the saturation index equals
~ ~ \ sat ~ ~ e
[(Xs +%) (K Y)] =TI v,
1,521
and in particular we can rewrite Equation 4.1 to

((g’f )(0) — (@)™ Z)

(5.1. i
u(0) = £ H p;” " det -
ij>1 !

where

N ~ \ sat
(Xs—f-}/s> :Z<7)1,...,Un_l>.

Now we can proceed as before. Writing V' for the (I + 1)-dimensional volume spanned by the
() ) (0)— ()i (0)

vectors .l
Ti:

in the normal directions &, ..., & we find that

u(0)] = [(fcsm)s‘““: (Xsﬂé)] v
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Using these techniques, we can define the regularised cross-ratio for possibly intersecting
k-planes Yp,Yg and (n — k — 1)-planes Yg, Yy in P7.

Definition 4.9. Let Yp, Y, Yg and Yy be as above. Let Vp, Vg, Vg and Vg denote their under-
lying lattices. Choose vectors 7'p g, ..., 7B € Z"! whose images in Z"*!/(Vp 4 Vi)™ form a
basis after tensoring with Q. We write rpr = (7“113’ Ri-- TP ). Similarly define rpg,rg r and
0.5 Note that, for example, when Yp and Yg are disjoint over Q, then (Vp + Vg)*at = Z"*1 so
rp,r is the empty tuple. Whenever we write Vp 4+ Vz +rp g, we mean the submodule generated
by Vp+ Vg together with all components of the tuple rpr. Let r = (rpr,rp,s,7Q,Rr,7Q,s). Then
we define the regularised cross-ratio to be

[ZnJrl : (VP + Ve + TP,R)] [Zn+1 : (VQ + Vs + TQ,S)]
VGRS (Vo + Vg +79,r)] [Zr*1: (Vp+ Vs +1pg)] '

|CR}(Yp,Yg; YR, Ys)| =

When we let [p g denote the dimension of the intersection of Vp and Vg over Q, and similarly
for Ipg,lg,r and lg g, this equals

[(Vp + VR)Sat : (Vp + VR)] [ZIP’R : <7’P,R>] [(VQ + VS)Sat : (VQ + Vs)] [ZZQ’S : <7“Q75>]
(Vg + VR)®t : (Vo + VR)] [Z'en : (ro,r)] (VP + Vs)s2t: (Vp + Vg)] [Z'P5 : (rps)]

Figure 10: An example showing the vectors rpg,rps and rg r used to define the regularised
cross-ratio for intersecting Yp, Y, Yr and Y.

Corollary 4.10. Let Yp and Y be two moving k-planes and let Yr and Ys be two moving
(n—k —1)-planes in ]P’%M. Suppose that Y7p77 UYTQW and YT:E77 U ?Sn are disjoint over the generic
fibre of Spec Q[t]. Let rpr denote the collection of rate of collision vectors for the (possible)
collision of Yp and Yg. Similarly define rps,TQrR ond rg s, and let r = (rpRr,7p,s,7Q.R,7Q,S)-
Then

[u(0)] = ‘CRZ"L(YPm YQS; YR Yss)

)

so the constant u(0) can, up to sign, be computed from the planes at t = 0 together with induced
vectors in the normal directions of all intersections.

Proof. This follows immediately from Definition 4.9 and Theorem 4.8. O

Remark 4.11. Note that via the generalised cross-ratio we can associate numbers to shapes,
e.g. the planes in P®. From Theorem 4.8 it now follows that we can associate a shape to



Section 4.2: Geometric Interpretation of the Regularized Limit u(0) 68

the regularised limit |«(0)|, namely the planes at ¢t =0, Yp,, Yo 5, YR s and Yg 4, together with
induced normal vectors r = (rpgr,7ps,rQ.Rr,rQ,s). Finding such a regularised limit of shapes
is in general very hard, and an interesting open problem. The case of curves | | and
nodal degenerations of certain odd-dimensional varieties [ ] have been handled. This thesis
shows that the regularised limit is determined by the central geometry, also for degenerations of
projective linear subspaces in arbitrary dimension.
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Chapter 5: Mixed Hodge Structures and the Augmented Height
Pairing

In this chapter, we aim to generalise the main result of Chapter 2, namely the Archimedean
height computation of non-degenerate projective linear subspaces of CP", see Theorem 2.20.
For this, we will briefly introduce Hodge theory, which connects algebraic geometry, algebraic
topology and complex geometry. First, in Section 5.1 we will define pure Hodge structures,
together with an example. Then we will define the category of mixed Hodge structures in
Section 5.2. In Section 5.3 we define the extension group Ethl\/IHSZ (Z(0), H) for a torsion-free
integral pure Hodge structure H. In particular we will show

Extyms, (Z(0), Z(1)) = C,

and it is via this isomorphism that we will define the height of an extension £, denoted by ht(&).
Then, we will show that if D = [Yp] — [Yg] and E = [Yg| — [Ys], where, as before, Yp and Yj
are k-dimensional linear subspaces and Yr and Yy are (n — k — 1)-dimensional linear subspaces,
forming a non-degenerate quadruple in CP". Then there is a canonical extension associated to
the pair (D, E) given by

Hy(n—i)-1(CP™ \ | DI, | EY).

We define the augmented height of D and E to be the height of this extension, denoted by
(D, E)ag = ht(Hau_—1(CP"\ D], |E])) € C*.
First, in Section 5.4 we assume that Yp, Y, Yr and Yg are distinct points in CP! and prove
(Yp —Y0,Yr — Ys)aug = CR(Yp, Yg; Yr, Ys).

Finally, in Section 5.5, we remove this assumption and prove the last result of this thesis.

Theorem E (Corollary 5.21). Let Yp and Y be k-dimensional linear subspaces of CP" and
let Yz and Yg be (n — k — 1)-dimensional linear subspaces of CP", non-degenerate. Then the
augmented height is given by

(Yp —Y0,YRr — Ys)aug = CR"(Yp,Y; Yr, Ys).

This confirms that the proposed generalisation of the cross-ratio is a very natural choice.

Section 5.1: Pure Hodge Structures

In this section, we will define pure (K, L)-Hodge structures of weight k£ € Z in two ways, via
a Hodge filtration or equivalently via a Hodge decomposition. We will then explicitly compute
the (Q,Q)-Hodge structure on P!\ {0,00}. Let us begin with the definition of an R-Hodge
structure.

Definition 5.1. An R-Hodge structure of weight k € Z on a finite-dimensional C-vector space
V' is a decomposition
V= @ %28
ptq=k
such that VP4 = V%P for p,q € Z.

For example, when X is a complex Kéahler manifold, then we have the decomposition

AX) = P A(X),

pt+a=Fk
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where we decompose k-forms into forms of bidegree (p, ¢). It turns out, via the use of harmonic
forms that this decomposition carries over to the de Rham cohomology groups, i.e. we get a
decomposition
Hip(X) = € H",
pt+q=k

where HP? consists of classes of closed forms of bidegree (p, q).

As mentioned before, we can equivalently define Hodge structures using filtrations. Let V be a
finite-dimensional complex (or more generally L-) vector space.

Definition 5.2. A bounded decreasing filtration on V', denoted by F'®, is a decreasing sequence
of subspaces
0C---CFPYVCFVCFrlVe...cV

A morphism of filtered vector spaces f : (V, Fy) — (W, Fy),) is a linear map f : V — W such
that
F(FPV) C FIW.

Then we can equivalently define an R-Hodge structure of weight & € Z, to be a finite
dimensional C-vector space, together with a bounded decreasing filtration F'®, such that for
every p € Z:

V = FPV @ Fk-rt1V.

To see the equivalence we can construct a filtration from the decomposition by defining
FPV = @5, V"F T
Conversely, given the filtration, we can recover
VPP = Py A FRopy.
Let K C R and L C C be fields.

Definition 5.3. A (K, L)-Hodge structure of weight k is a tuple
H = (Hk,(Hr, F*),p: Hx ®x C — H, ®1, C),

such that H is a finite dimensional K-vector space, Hy, is a finite dimensional L-vector space,
p is an isomorphism of complex vector spaces and H¢ := Hg ®k C is a R-Hodge structure of
weight k. Morphisms are pairs (f, g) where f : Hx — H} and g : H;, — H} such that they are
compatible with the isomorphism p.

It turns out that the category of (K, L)-Hodge structures of weight k is an Abelian category.
In the next subsection we will give a reference for a stronger theorem, from which this observation
follows. We will now compute two interesting examples.

Example 5.4. Let X = P}@\{O, o0}, a smooth quasi-projective variety over Q. We will compute
the (Q,Q)-Hodge structure of H'(X). Consider

Hl(X) = (Hsling(Xan;Q>7 Hzlde(X/Q>vp : Hzlde<X/Q) ®qC — Hsling(X; Q) ®q C).

It remains to compute the first singular cohomology group of X" = X (C) with coefficients in
Q, the first algebraic de Rham cohomology group of X over Q, and the comparison isomorphism
between them. Now, as (]P’(lc)“" =~ CP' ~ 52, we have that X" is a sphere with two punctures,
i.e. homotopic to the circumference S, so

HLo(X;Q) = H™8(X; Q)Y = (Q(I])Y = Q(h]Y).
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Here « is an oriented loop along the circumference of the punctured sphere X%". Next, for
algebraic de Rham cohomology, we note that X is an affine scheme, hence the complex of
differential forms €25 /Q is acyclic, hence we can compute the hyper cohomology HF (X, 0% /Q) =

Hk(QX/Q(X)'), and so

N Ve/eX)
Hiar(X/Q) = Im(d : Ox/o(X) — Q%(/Q(X))
N Q[x, %]d:p

" Im(d : Q[z, L] — Q[z, L]dx)
-~ @<[d5]>-

It remains only to compute the comparison isomorphism. Since we have found bases for both
H}m(X/Q) 2 Q([%]) and HY,,(X;Q) = Q([v"]), and since we use the perfect pairing between

sing
algebraic cycles and algebraic forms, we conclude that the comparison isomorphism must send

0| 5] = [ S =2ty

T T

i.e., it is given by multiplication by 27i, which is a C-linear isomorphism C — C. It is not true
that any complex variety X admits a (Q, Q)-Hodge structure. A similar result is true if we allow
mized Hodge structures, as we will define in the next subsection.

Section 5.2: Mixed Hodge Structures

A mixed Hodge structure consists of, in particular, a bi-filtered vector space Hc. First, let us
define an increasing (bounded) filtration W = W™°.

Definition 5.5. Let (V,F*®) be a filtered K-vector space. Let W C V, we get an induced
filtration on W given by
FPW =W N FPV.

If 7:V — @ is a surjection, then we get an induced filtration on ) given by
FPQ =Im(FPV — Q).

This allows us now to define a (K, L)-mixed Hodge structure, where, as before, K C R and
L C C are subfields. Sometimes we can also take K to be Z, and L = C for integral mixed
Hodge structures.

Definition 5.6. A (K, L)-mixed Hodge structure is a triplet
H = ((HK7 WO)? (HLa W.J F.)J p: (HK ®K (Cv WO) — (HL ®L Ca WO))?

where (Hg,W,) is a finite dimensional filtered K-vector space and (Hp,W,, F'*) is a finite
dimensional bi-filtered L-vector space, such that, for any k € Z, the graded piece

Cr})V H = (Gr)Y Hg, (Gr}V Hp,, F*),GrY (p))
is a pure (K, L)-Hodge structure of weight k.

Here the functor GrkW is defined as follows, for a bifiltered vector space (V, W,, F'*), we define

WiV

Gry'V = WV’

and Gr}¥(p) is simply p restricted to the k-th graded piece. We then let F* be the induced
subquotient filtration on GrkWH - We recall some celebrated results of Deligne from his papers

[ ) ) I
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Theorem 5.7 (Deligne | ). The category of (K, L)-mized Hodge structures is an abelian
category.
Theorem 5.8 (Deligne | ). Let X be a smooth projective complex algebraic variety. Then

for every n > 0, the singular cohomology group
sing (X, Q)
carries a natural pure Hodge structure of weight n.
This result is later generalised to arbitrary complex algebraic varieties.

Theorem 5.9 (Deligne [ ). Let X be a complex algebraic variety. Then for every n > 0,
the singular cohomology group

sing (X, Q)

admits a functorial mized Hodge structure.

Section 5.3: Extensions of Mixed Hodge Structures

From now on we will work with integral mixed Hodge structures. This consists of a finitely
generated Abelian group Hy, together with an increasing weight filtration W, on Hg = Hz ®7Q,
and a decreasing Hodge filtration F'®* on He = Hz ®7 C, such that the triple

((HQ’ W0)7 (H(C7 W, F.)7 idHcc)

is a Q-mixed Hodge structure. Before we define the extension classes of integral mixed Hodge
structures we need to define the Tate Hodge structures.

Definition 5.10. For n € Z we define the n-th integral Tate Hodge structure
Z(n) = (Z,C,(2mi)" : C — C),

where the Hodge filtration is simply given by FPZ(n)c = Z(n)c if p < —n and 0 otherwise.
Equivalently, it is the unique rank one pure Hodge structure of weight —2n.

Definition 5.11. Let H be a torsion-free pure Z-Hodge structure of weight £ < —1. An
extension of Z(0) by H is a short exact sequence of Z-MHS

0—H— FE—Z(0)—0.

Two such short exact sequences are said to be isomorphic if there is an isomorphism of the
central pieces extending the identity maps on H and Z(0). We denote the group of isomorphism
classes of extensions by

Extyys, (Z(0), H).

These are easily classified in this situation. Although classical and well-known, we will give
a constructive proof.

Proposition 5.12. There is a canonical identification

Hc

Extyys, (Z(0), H) = Ty + FOHe
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Proof. We will construct a morphism in both directions. We leave it to the interested reader to
confirm that these morphisms are each other’s inverses. First, given an extension F, we get a
short exact sequence of Abelian groups

0— Hy - FE7—>7 —0.
Let ez € Ey be a lift of 1 € Z. Similarly, we get a short exact sequence
0 — F°He — F'Ez — C — 0,

and let ec € FYEc denote a lift of 1 € C. By abuse of notation, we denote p(ez ® 1) € Ec
also by ez. Then observe that the element ey — ec € E¢ maps to 0, so is in the image of Hc.

This element [ez — ec] is well-defined in Hzfil%Hc' Conversely, given an element [h] € HerHilj“COfﬂc’

we will construct an extension E. First, we define Ey, = Hy @ Z(e) for some formal variable e,
such that the projection to Z maps e — 1. Then E¢c = Ez ®z C. Then, we specify the Hodge
filtration on F.

FPEc = FPHc @ Cle) forp < -1
F'FEc = FVHe @ Cle — h)
FPE: = FPH¢ forp > 1.
Then E is an extension of Z(0) by H. O
In particular, when choosing H = Z(1) we obtain the following.

Corollary 5.13. We have a canonical identification
Extygs, (Z(0), Z(1)) = C*.

Proof. Note that the isomorphism of Z(1) is given by multiplication with 27i, hence we get by

Proposition 5.12
C

where the second isomorphism is given by the exponential map. O

Section 5.4: The Augmented Height of Points in CP!

In this subsection, we will finish with a computation. Consider four distinct points P, Q, R and
S in CP'. We will show that H = H}"8(CP'\ |P—Q|,|R—S|) can be realised as an extension of
Z(0) by Z(1), and thus corresponds to a unique non-zero complex number in C*. This number
is denoted by (P — Q, R — S)Hodge, and we will show that it is equal to CR(P, Q; R, S). Let us
first recall some algebraic topology. Let X be a topological space and let A be a closed subspace
of X. Then we have a short exact sequence of complexes

Co(X)
0— Co(A) = Co(X) — 0.
(4) = CoX) = Eip
Here Co(X) denotes the chain complex of X and we define chains in X relative to A as
Co(X,A) = g:((if)) . We define the k-th singular homology group of X with coefficients in Z

as B Ker(a : Ck(X) — Ck—l(X))

© Im(0: Cryp1(X) — Cr(X))

and similarly we define relative homology

Ker([@] : Ck(X7 A) - Ck—l(X7 A))
Im([0] : Cpy1(X,A) = Cr(X,A))

H™8(X)

HY"8(X, A) =
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A short exact sequence of complexes gives rise to a long exact sequence on homology | ]
<o = Hp(A) - Hp(X) —» Hi(X, A) » Hi_1(A) — ...

Now let us specialise to (X \ Y, A) where X = CP!, Y = P -~ Q and A = R — S, where
P,Q, R and § are distinct points in CP!. Throughout this and the following subsection we will
write H;"®(X) to mean the Abelian group, and Hj(X) the (mixed) integral Hodge structure.
Furthermore, we will omit the | — | notation to denote the support of the cycles Y and A. We
will start with constructing an extension of Z(0) by Z(1) denoted by £y, 4, canonically associated
to the pair (X,Y, A), which allows us to compute

(D, E)aug = ht(Ey,4).
Consider the tail of the long exact sequence on homology associated to the pair (X \ Y, A),
Hi™(A) — H"8(X\ V) = H™(X \ Y, A) — HI"8(A) —» HY"8(X\Y) — HJ"8(X \ Y, A).

AS‘HSing describes the connected components, we observe that HSing(A) = Z(R) & Z(S) and
Hy"™(X\Y) 2 Z(X\Y) and Hy"8(X \ Y, A) = 0. As the dimension of A is 0, H;"#(A) =0,
so we get
0— H"8(X\Y) = Hi" (X \ Y, 4) » Z(R) ® Z(S) 5 Z(X \ Y) — 0.
As the map i : Z ® Z — Z is simply induced from the inclusion of A in X \ Y, this sends
i(a,b) = a+b. Thus, Ker(i) = Z{(1,—1)) =2 Z and so we get a short exact sequence
0— HSM(X\Y) = H"(X\Y,4) S Z(R - S) -0,

where the map 0 sends a chain v with boundary 0y = n- (R — S) to n € Z. Because the
construction of mixed Hodge structures on varieties is functorial, the induced morphisms on
homology are morphisms of mixed Hodge structures. The group Z(R — S) is isomorphic to Z(0)
in the trivial way. We now identify Hi(X \ Y) with Z(1), and then we have obtained a short
exact sequence of integral mixed Hodge structures

0—2Z(1)— Hi(X\Y,A) — Z(0) — 0,

and conclude that H1(X \ Y, A) can be interpreted as an extension of Z(0) by Z(1). First, as
Abelian groups, note that X \ Y is homotopic to a sphere punctured at P and (). Thus, we
choose p, a positively oriented loop around P, as generator for H; ¢(X \'Y). Next, we use the
perfect pairing

(- ) Hig(X\Y) x Hi"(X\V,C) = C
(], ) = / w.

Thus we are looking for a differential form wp g such that

/ wp,Q = 2mi. (5.1)
P

We present the following form

dz dz 1 z—P
w — — = [e)
Pe= P 2-Q t\z-q)"
where z is a local coordinate on a chart such that P, @, R and S all lie on that chart. Obviously
wp,q is closed, and if we switch to the other chart w = % one can check that this form is globally
well-defined. Furthermore, the form wp g satisfies equation 5.1.
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Remark 5.14. This is the reason we cannot just choose wp,g = dlog(z — P). Another beautiful
observation is the following. Let g be a positively oriented loop around @), then one can

/ wpg = —2mi.
7Q

Now this is not a coincidence from the construction of wp g, but rather forced by the equality

ol = ~lyp] in HI™(X \Y), as
ale] P

Lastly, from Deligne’s theorem we know that H'(X \Y) has a pure Hodge structure of weight
2 because X \ Y is smooth, and hence H1(X \ Y) is pure of weight -2. Since the isomorphism
is given by 27i we conclude H; (X \Y) = Z(1).

compute explicitly

Proposition 5.15. Let P,Q, R and S be distinct points in CP*. Then
<P - Q, R~ S>H0dge = CR(P, Q; R, S)

Proof. We will follow the construction of Proposition 5.12. First, choose an integral lift of 1
coming from the short exact sequence

0— Hi(X\Y) = H(X\Y,4) % Z(R—S) — 0.

This is given by the class of a path 7 g such that Oyrs = R —S. Then we construct a Hodge
lift of 1 coming from the short exact sequence

0= FOH (X \Y) = FOH (X \Y,4) S C—o.

Since H1(X \'Y) =2 Z(1) we note that FOH(X \ Y) = 0, and so we have an isomorphism. We
would like to remark that the unique inverse image of 1, denoted by h is a path with boundary

Oh = R — S such that
/sz,
h

for any holomorphic 1-form w. This is because the filtration F*H!(X \ Y, A) on cohomology,
consisting of only the holomorphic 1-forms, has FVH;(X \ Y, A) as its annihilator inside Hy (X \
Y, A). So we get a class
e FiX\Y)e

Hi(X\Y)z

Now we will use the constructed identification H;(X \ Y)c = C, to obtain

/ wRQ :/ wp,Q—/wp,Q
YR,s—h VR,S h
- P
T )
VR,S z=0Q
= / log (Z — P>
R-S z2—Q

=log(CR(P,Q; R, S)) € C/(2mi)Z.

[Yr,s — h]

After exponentiating, we get a well-defined complex number

<P - QaR - S>H0dge = CR(P,Q, R, S)
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Hence, in this situation we see a clear connection between the Hodge height and the Archimedean
height.

Re (1Og<P - Qa R — S>Hodge) = <P - Qv R — S>oo
This relation between the height of extensions and the Archimedean height is in fact true in a
much broader setting, see | ].
Section 5.5: The Augmented Height of Linear Subspaces in CP”

We will generalise the previous result. As before, let Yp and Yy denote k-dimensional linear
subspaces of CP", and Y and Yg denote (n — k — 1)-dimensional linear subspaces of CP" such
that they form a non-degenerate quadruple. We have previously computed

(Yp—Yq,YRr — Ys)oo = log [CR"(Yp, Yq; YR, Ys),

see Theorem 2.20. We now want to compute the Hodge theoretic height, i.e. a complex number.
To do this, first we construct a short exact sequence of mixed integral Hodge structures

0 = Z(1) = Hag—)-1 (CP" \ [Yp = Ygl, [Yr = Ys[)(=(n — k — 1)) = Z(0) = 0,

i.e., this twisted relative homology group defines an element of Ethl\/[HSZ (Z(0),Z(1)) = C*. Then
we show that under this identification the extension corresponds to

CRn(YP, YQ; YR, YS),

the generalised cross-ratio as defined in Definition 2.7. So, let us begin with the relevant part of
the long exact sequence associated to the pair (X \Y, A), where now X = CP", Y = Yp—Y( and
A =Yg —Ys. We would like to point out that the real dimension of Yr and Yg is 2(n — k — 1).

Hgl(r;g—k)q(A) — Hsl(r:zg—k)—l(X\Y) — Hgl(l:zg—k:)—l(X\Y7 A)

— Hie (AL HSME L (X\Y) — -

2(n—k—1) 2(n—k—1)
Some standard facts from algebraic topology now give us that H. ;l(ig_ k-1 (A) = 0 as the dimension
of the connected components of A is 2(n — k —1). Furthermore, H;l(?lg_k_l)(A) = Z(YR)®Z(Ys).

Furthermore, the map denoted by i above has the property that ¢(1,0) # 0, (0,1) # 0 and
i(1,—1) = 0. The fact that i(1,—1) = 0 is because the cycle Y — Yg is homologically trivial.
So the situation simplifies to

0 — Hsing

oty (X\Y) = Hy0® (XY, A) = Z(Yg — Ys) =0

2(n—k)—1

Next, we use Poincaré-Lefschetz duality for the first term. We have a functorial identification,
compatible with mixed Hodge structures,

Hyg )1 (X \Y) = B 207X Y) (n) = B H(X,Y)(n). (5:2)

This map is given by sending a cycle v to the functional f,y —. Now we will use the long exact
sequence of cohomology associated to the pair (X,Y)

HZE (X)L HZE (V) = HE(X)Y) - B2 (X)),

sing sing sing sing

We know the cohomology of X, in particular H2F (X) = Z(H*) and H2*'1(X) = 0, where H is

sing sing
a generic hyperplane in X. Since the dimension of the connected components of Y is exactly 2k
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we have H2* (V) = Z{ptp) @ Z{ptg). Generically, the codimension k-plane will intersect any

sing
codimension (n — k)-plane in a point, hence the map j is generated by 1 — (1,1). Hence,

Hsing

oy 1 (X\Y) = H2M(X V) = Coker(j) = Z. (5.3)

sing

From this we conclude that the singular homology H. Sl(ng _(X\Y) = Z. Thus far, we have
not ordered the pair Yp and Yg in Y. We do this now by choosing [Sp], the class of a linking

sphere around Yp as the generator of H. SI(r;l p_1(X \Y), as opposed to [Sq] = —[Sp]. More
explicitly defined as follows, consider the compos1t10n
i =~ Th B)
Hy"8(Y) o HS‘(‘;Lg (X X\Y) H;j‘f p1(X\Y),

where the first map is the Thom isomorphism. Since HS"8(Y) = Z{pty,) @ Z(pty,) we define
Sp = (9o Thy)(pty,),  Sg = (00 Thy)(pty,).

From the isomorphism in equation 5.2 we see that Hy(,_)—1(X \'Y) is a pure Hodge structure
of weight 2k — 2n = 2(k — n), since mixed Hodge Structures of rank 1 are automatically pure
Hodge structures. In summary, we have a short exact sequence of Abelian groups

0~ Z((Spl) — Hou_y-1(X \ Y. A) = Z([Y — Ys]) = 0.

We have seen that Z([Sp]) has weight —2(n — k) and similarly we have shown that Z([Yr — Ys])
has weight —2(n —k —1). If we twist everything by Z(—(n —k — 1)) we have weights -2 and 0 in
the outer rank 1 pure integral Hodge structures. It remains to identify [Sp| with the complex
number 27i (and to choose the identity as comparison isomorphism for the weight 0 integral
Hodge structure). In that case we get a short exact sequence of mixed Hodge structures &,

0 — Z(1) = Hyppy—1 (X \ Y, A)(—=(n — k — 1)) — Z(0) — 0.

Remark 5.16. It turns out that this is hard to do explicitly. Functionals on homology are
equivalently given by integration of differential forms, so we are searching for a differential form

np,q such that
/ npQ = 27i.
Sp

Furthermore, we also require npg € F"FH 2"/’“(X \'Y, A), which is equivalent to it annihilating
FOHy( )1 (X \ Y, A)(—=(n —k — 1)) = F* "1 Hy,_y_1(X \ Y, A). We want this because of
the followmg reason, when we compute the height of thls extension we find an integral lift, a
path g s with dyr s = Yr — Yy, and a Hodge lift h € FOHyq,_jy_1(X \ Y, A)(=(n —k —1)) =
Fr = Hy 0 ky—1(X \ 'Y, A). Then

ht(&) = / npQ = / npPQ-
YR,5—h VR,S

What we will do instead, is construct an isomorphic extension £’ associated to the pair (Gr,,_p_1(C"*), Wp—
Wg, R—S) where Wp, W are the divisors corresponding to p(¢~*(Yp)) and p(¢—1(Yy)) respec-

tively, and R, .S are the associated points to Yr and Yg. Because we are working with divisors

and points here, computing the height ht(&’) is easier.

We will now construct the extension £’. As before, from the long exact sequence on homology,
associated to the pair (X \ Y, A), where X = Gr,,_(C""), Y = [Wp — Wg| and A = |R — S|,

we obtain

0— HM8(X\Y) - H8(X\ Y, A) - H"(A) 5 HI"(X \Y) =0
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When we identify Ker(i) = Z(R — S), this further simplifies to
0— H™(X\Y) - Hy"™(X \Y,A) - Z(R - S) — 0.

As before, this is in fact a short exact sequence of integral mixed Hodge structures, we don’t
have to twist here since the end pieces are already of weight —2 and 0 respectively. To see that
H"™8(X \'Y) is of weight -2 we use Poincaré-Lefschetz again.

HY™(X\Y) = HZV (X, Y)(N)

sing

where N = dim¢(Gr,,_(C""1)). Now when we use the long exact sequence on cohomology,
associated to the pair (X,Y) we find that

H2N=2(X) 4 ;2N=2(y) o H2NY(X)Y) - B2V ().

sing sing sing sing
Now we know the cohomology groups of the Grassmannians (see | , Chapter 1, Proposition
on p. 196]), and conclude that Hfiﬁ/g_l(X) = 0 and Hfi]ryg_2(X) >~ 7. Thus, the desired coho-
mology group Hsziﬁfg_l(X ,Y') is of weight 2N — 2 and so after shifting by N of weight —2. Now

we will construct an explicit representative of the generator [yp] € H1(X \ Y), which is again
defined as the image of ptyy,, via

=~ Thy

HSing (Y) N H;ing(X, X \ Y) 9 > Hiing (X \ Y),

where we note that the Thom isomorphism now only shifts 2 degrees, because the codimension
of Y in X is 1. Let x € Wp \ Wy, and choose in an open U > z local holomorphic coordinates
(21,...,2n) such that = (0,...,0) and U N |Wp — Wy| = {z1 = 0}. Because Wp — Wy =

Div <%§E:g> = Div(f), where det ©®p(—) is exactly the map ¢p from Lemma 2.18, we can

choose these holomorphic coordinates such that
flo(z) = u(z)z1,
for some nowhere-vanishing holomorphic function u. Now consider
Ap={(z1,...,2n) €U | |z1]| < eg,20 =--- = 2y = 0},

and let vp = JAp, with the orientation coming from C. Thus vp(t) : [0,1] — X \ Y is given by
vp(t) = (e€2™0,...,0). So H;"8(X \'Y) = Z(vp). In this situation we can find a differential
form np g which satisfies all the mentioned properties above.

Lemma 5.17. The holomorphic 1-form on Gr,_i \ |Wp — Wq| given by

det ©p(—)
e = dlog <det @Q(—)>

satisfies

| neg=2mi
P

and furthermore, for any h € FOH(X \ Y, A)

/nP,Q =0.
h
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det O p
det @Q ?

morphic. Furthermore, locally we may write

(f oyp)(t) = (uwoyp)(t)ee* .

/ dlog f =
P

Proof. Again we write f for and observe that f is non-zero on X \ Y, and hence holo-

Then

T
SE

[t
o1 f

:/ d(f o vp)
o1 Jfoup

= dlog(f o~yp)

(0,1]

= | dlog((uovp)(t)ee*™)
(0,1]

= / a4 log((u o yp)(t)) + 2midt = 2mi.

For the second claim we observe that h € FOH;(X \ Y, A) if and only if

/w:(),
h

for all holomorphic w. Since np is a holomorphic 1-form the conclusion follows immediately. [

Now we can identify Z(yp) with Z(1) by integrating npq over a path. Thus we obtain the
desired extension &’ given by

0 — Z(1) — Hy(Gr,_x(C"™)\ [Wp — Wog|,|R — S|) — Z(0) — 0.
Proposition 5.18. The height of the extension &' is given by
ht(g/) = CRn(YP, YQ; YR, Ys)

Proof. Let yg s be an integral lift of 1, i.e., a path with Oygrs = R —S. We don’t have to
construct a Hodge lift, since integrating np ¢ over this path will vanish as shown in Lemma 5.17.
Thus, after identifying C/(27iZ) = C* via the exponential map, we get

f(R)

= "(Yp.Yo:Yr.Y<).
S CR"(Yp,YqQ; YR, Ys)

ht(£) = exp (/ 77P,Q> = exp (log(f(R)) —log(f(5))) =
YR,S

O

Theorem 5.19. The extensions £ and £ are isomorphic as extensions of Z(0) by Z(1). As a
result, ht(£) = ht(&’).

Proof. First, let us recall what it means for two extensions £ and £’ to be isomorphic. This is
given by an isomorphism ¢ : £ — £’ such that the following diagram commutes:

0 Z(1) > Z(0) — 0
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For notational simplicity, define

X = CP",

G = Gr,,_;(C™™),

W= [Wp - Wql,
=|R -S|,

Y =|Yp—Yql,

V = [Yr — Ysl,

Y =|¢ N (Yp) —q 1 (Yo)l,
L=[p " (R)—p (9]

First, observe that we have an incidence of pairs given by

(I\qY,p*L)

(G\W,L) (X\Y,V)

We will define a morphism of mixed Hodge structures p' as the composition of

Hi(G\W,L) ------- R * Hipok-1y(U\ Y, p"L)(—(n — k — 1))
H2™ (G \ L, W) (m) F———— H*™ (I \p'L,q"Y)(m)
Here the duality isomorphisms are isomorphisms of mixed Hodge structures (| | remark on
page 8), and m denotes the complex dimension of Gr,_j(C"*!). Then, let ¢ = ¢, op'. For
compact K, p'[K] = [p~'(K)] (see page 69 of | ). In particular, (R — S) = Yr — Y.

Furthermore, ¢([yp]) = [Sp] where vp is the generator for Hsmg(Grn K(CY N\ [Wp — W)
and Sp is the generator for H. Sl(ng ) L(CP™\ |Yp — Ygl), see Lemma 5.20. Let nPr denote the

form which we used to identify loops in the Grassmannians with integer multlples of 2mi. Let
nPQ be a representative of the unique class of forms, which we cannot write down explicitly,

with the property that
/ 77}(3% = 2mi.
Sp

Then we have a commutative diagram, where we omit the Tate twists in the relevant homology
groups,
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0 Z(1) H\(G\ W, L) Z(0) 0
S8 id R—S1

0 —— Z(vp) Hy(G\W, L) Z{L) —— 0
¢ ¢ ¢

- n¥s id YRp—Ys—1

0 Z(1) Hyn-y -1 (XY, V)(=(n—k = 1)) Z(0) 0

-1
(/ ng}g) opo (/ 77%,29) = idg),

(Yr =Yg 1)opo(R— S+ 1)"" =idyq).

Note that the compositions

Thus, we can conclude that £ and £’ are isomorphic extensions of Z(0) by Z(1). O

Lemma 5.20. With notation as above, [¢(yp)] = [Sp].

Proof. Let W denote Wp — W, let Y denote Yp — Yy and let ¢*Y denote ¢~ (Yp) — ¢~ (Vo).
Let G denote the Grassmannian Gr,_j(C""1), let X denote CP" and lastly let I denote the
incidence correspondence. By functoriality of p' and ¢, we have a commutative diagram

3" (W) = H3"8(G, G\ W) : HI"™(G\ W)
P P '
sin, % & Thyx sin, * o sin, *
Hg"(q"Y) s Hy0E (LI q7Y) Hy® I\ q"Y)
g qx qx
sin =~ Th sin, o sin
HO g(Y) - Hg(ng_k)(XvX \ Y) Hg(ng_k)_l(X \ Y)

Since [yp] = (9 o Thy)([pty,]) and [Sp] = (0 o Thy)([pty,]) it suffices to show that
(g+ o) ([Ptw,]) = [ty ],
since by commutativity it then follows that

(g= o p)([vp]) = @([vp)) = [Sp].

Now consider the commutative square

H™ (W) ’ H™ (")
Hﬁlg(W) . Hﬁlg(q*y)7
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where N = dimg(W). Since p: ¢*Y — W is generically isomorphic, i.e. on the dense open
Y= {L eG ‘ dim(c(L N Yp) = dim(c(L N YQ) = 1}

the degree of p is 1. Thus, since the pull-back map on top cohomology classes is given by

multiplication with the degree [’ct, Chapter 3.4], p* maps PD([pty,]) — PD([ptg-1(v,)))-
Thus p'([pty,]) = [Ptg-1(vp)) and gu[pte-1(v,)] = [a(Ptg-1(v,))] = [pty,] which finishes the
proof. O

Finally, we can compute the augmented height pairing of Yp — Yg and Yr — Y.

Corollary 5.21. Let Yp and Yy denote k-dimensional linear subspaces of CP", and let Yr and
Ys denote (n—k —1)-dimensional linear subspaces of CP™ such that they form a non-degenerate
quadruple. Then

<Yp — YQ,YR — YS>aug = ht(c‘:) = ht(g/) = CR”(YP, YQ; Yr, Ys).

Proof. The first equality is by definition. The second equality follows from Theorem 5.19. The
last equality follows from Proposition 5.18. O

Remark 5.22. Theorems 2.20 and 4.2 show that the norms of the cross-ratio satisfy the relations

(Yp—Y0,Yr — Ys)oo = 1log |CR"(Yp, Yq; YR, Ys)|,

(Yp —Yq,YRr — Ys)p, =log |[CR"(Yp, Yg; YR, Ys)| (for all primes p).

p 9

Corollary 5.21, which relates the augmented height pairing with the generalised cross-ratio,
<YP - YQ7 Yr — YS>aug = CR”(Ypa YQ; YR, YS)a

further confirms that the generalised cross-ratio is canonical not only through its norms, but
also as a complex number. It is remarkable that such a simple constant completely governs the
arithmetic complexity of linear subspaces in CP™.
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