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Abstract

The k-systole of a Riemannian manifold is the infimum of the volume over all homo-
logically non-trivial k-cycles. In this work we discuss the behavior of the dimension two
and codimension two systole of the complex projective space for distinguished classes of
metrics, namely the homogeneous metrics and the balanced metrics. In particular, we
argue that every homogeneous metric maximizes the systole in its volume-normalized
conformal class, as well as that each Kahler metric locally minimizes the systole on the
set of volume-normalized balanced metrics. The proof demands the implementation of
integral geometric techniques, and a careful analysis of the second variation of the systole
functional. As an application, we characterize the systolic behavior of almost-Hermitian
1-parameter Zoll-like deformations of the Fubini-Study metric.

Keywords: Minimal surfaces, Hermitian manifolds, homogeneous manifolds.



Resumo

A k-sistole de uma variedade Riemanniana é o infimo do volume sobre todos os k-ciclos
nao triviais. Neste trabalho, discutimos o comportamento da sistole de dimensao dois e
codimensao dois do espago projetivo complexo para certas classes de métricas, especi-
ficamente métricas homogéneas e métricas Balanceadas. Em particular, provamos que
toda métrica homogénea maximiza a sistole quando restrita ao conjunto de métricas con-
formes com volume normalizado. Também provamos que toda métrica Kahler minimiza
a sistole de codimensao dois quando restrita ao conjunto de métricas Balanceadas com
volume normalizado. A prova destes resultados demanda a implementacao de técnicas in-
tegrais geométricas, bem como uma andlise cuidadosa da segunda variagdo do funcional
sistole. Como aplicacao, caracterizamos o comportamento sistélico de deformacoes quase
Hermitianas do tipo Zoll da métrica Fubini-Study.

Palavras-chave: Superficies minimas, variedades Hermitianas, variedades homogéneas.
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Introduction

The systole of a closed Riemannian manifold is defined as the infimum of the length over
all homotopically non-trivial loops. The interest in this geometric invariant started with C.
Loewner, who proved that for every Riemannian metric on the two-dimensional torus, the
systole is bounded by a universal constant times the square root of the area. This type of
inequality is called isosystolic inequality. Following his work, M. Pu provided an isosystolic
inequality for the two-dimensional real projective space and characterized the equality
case ([Pub52]). The subject of systolic geometry grew in interest with the stunning work
of M. Gromov, who generalized Loewner’s inequality for essential manifolds ([Gro96]).
One of the reasons for such interest is the relation with different areas of mathematics,
as, for instance, the link with isoperimetric inequalities. A friendly introduction to the
subject can be found in the following survey by L. Guth ([Gut10]).

Inspired by the works of C. Loewner and M. Pu, M. Berger proposed a definition
of higher orders systoles ([Ber72]). More concretely, if (M™,g) is a closed Riemannian
manifold, we define the homological k-systole with integer coefficients, or simply the k-
systole, as:

Sysi(M, g) = inf{voly(C) : where [C] # 0 in H(M,Z)},

where the volume of a cycle is computed with respect to the k-dimensional Hausdorff
measure induced by the Riemannian metric. From Cartan’s Theorem the 1-systoles are
realized by geodesics. The k-systoles with k£ > 1, are realized by stable minimal subman-
ifolds, possibly with singularities ([Fed69]). This creates a connection between systolic
geometry and the theory of minimal submanifolds.

Based on the aforementioned works, a natural question is the existence of isosystolic
inequalities for the k-systole. However, perhaps because of the wilder nature of minimal
submanifolds over geodesics, such inequalities are not expected. This phenomenon is
known as systolic freedom ([Ber93],[Kat95]). Therefore, a more approachable problem is
to study the points of local maximum and local minimum of the (volume) normalized
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systole,
Syspor (1, g) = 2 9)
vol(M, g)n

when restricted to distinguished subsets of Riemannian metrics. Note that the power in
the volume is chosen in such way that the functional is invariant by scaling of the metric.

The first significant contribution in this regard comes from M. Berger ([Ber72]), who
demonstrated that in CP™, the Fubini-Study metric serves as the maximum for the nor-
malized 2k-systole within its conformal class, for all 1 < k < n. It is worth noting that
in CP", homology is only non-trivial for even dimensions.

More recently, using the machinery of pseudo-holomorphic curves developed by M.
Gromov, Berger also showed that in CP?, the Fubini-Study metric is a local maximum
for the normalized 2-systole.

Theorem A (Gromov-Berger, cf. [Gro85], section 0.2.B). There exist an open neighbor-
hood grs € U of the Fubini-Study metric in the space (Riem(CP?),C*) of Riemannian
metrics, such that:

Sysho(CP?, g) < Syss"(CP?, grs),

for every metric g € U. Moreover, the equality holds if and only if there is an almost
complex structure J such that (CP2,J,g) is almost Kdihler.

In contrast with the global result of M. Pu for RP2, this local statement is the best
result we can expect in CP2. In fact, M. Katz and A. Suciu have proven that systolic
freedom holds in this space ([KK599]), excluding the possibility of a global version of this
theorem.

An interesting question is whether this theorem generalizes to the (2n — 2)-systole
in CP", for n > 2. However, given the significant differences in the character of pseudo-
holomorphic curves and almost complex submanifolds of higher dimensions, this was not
expected. In fact, in [Gro96], M. Gromov proved that this result is false for n > 2, by
exhibiting a family of almost Hermitian metrics approaching the Fubini-Study metric,
each one with normalized systole larger than the Fubini-Study metric.

Nevertheless, one question that remains and motivates part of our work is to charac-
terize the behavior of the normalized (2n — 2)-systole restricted to the set of Hermitian
metrics of CP™, n > 3, that are compatible with the canonical complex structure.

Our first observation is that, even when restricted to this smaller set, the Fubini-
Study metric is not a local maximum for the normalized systole. In fact, we have proven
that this metric represents a point of strict minimum for the normalized codimension two
systole restricted to the class of homogeneous metrics in CP?**!. Furthermore, we also
proved that systolic freedom holds within this class (see Theorem 2.0.2).

However, our main observation is that every homogeneous metric is balanced, meaning
that the associated fundamental form is coclosed. In dimension n = 2, every balanced
metric is almost Kahler. In other words, they do not play a role in Gromov-Berger’s
Theorem A. Therefore it is reasonable to ask if the balanced directions are the ones
where the normalized systole increases, for the case n > 3. This question leads us to our
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second result, namely: the Fubini-Study metric is a local minimum for the normalized
(2n—2)-systole in CP™ when restricted to the infinite dimensional set of balanced metrics.
Moreover, we characterize the equality case (see Theorem 3.0.1).

Another aspect of the Gromov-Berger Theorem that we can draw inspiration from for
generalizations is the rigidity statement. That is, the theorem guarantees the existence
of an open neighborhood U of the Fubini-Study metric such that, if g € U and

Sysy* (CP?, g) = Sysy* (CP?, grs),

then there exists an almost complex structure J such that (CP2,.J, g) is an almost Kéhler
manifold, i.e. its associated fundamental form is closed. By Taubes’ uniqueness Theorem
for symplectic structures on CP? ([Tau95]), up to diffeomorphism and scaling we can
assume that the fundamental form associated to the pair (J, ¢g) is the Fubini-Study form.
In this case, the work of Gromov on pseudo-holomorphic curves ([Gro&5]) implies that
for every point and every tangent complex line there is a unique J-holomorphic CP! that
contains the point and is tangent to the given complex line ([Sik04], [McK06]). Moreover,
each of these surfaces generates the homology of CP? and realizes the 2-systole.

Notice the similarity with the classical Zoll condition ([Zol03], [Bes78]), and also
the Ambrozio-Marques-Neves condition ([AMN21]). This motivates us to propose the
following definition.

Definition B. The set Z is defined as the class of almost Hermitian structures (J, g) in
CP" whose admit a family {2272}, ccpn of (2n — 2)-dimensional submanifolds satisfying
the following properties:

a) For every o € CP" the submanifold ¥, is diffeomorphic to CP"~!, minimal and
J-almost complex.

b) For every (p,II) € Gr]_,(CP™), in the Grassmannian of .J-almost complex hyper-
planes, there exists a unique o € CP" for which p € ¥, and 7,3, = II. Moreover,
the map Gr;_;(CP") 3 (p,II) = ¢ € CP™ is a submersion.

¢) The map CP" 5 o — 3, is smooth in the sense of the graphical convergence.

Moreover, we define the subset Z’ as the elements (J, g) € Z, for which 3, generates
Ho,_o(CP™, 7) for every o € CP™. The family {%2"~2},ccpn is called the associated Zoll
family.

Recall that, for a given family {¥, },ecpn of closed smooth submanifolds of (CP", g),
the map CP"™ > o +— ¥, is said to be smooth in the sense of graphical convergence
if, for every o9 € CP", there is an open neighborhood U of o9 and a smooth map
U0 — & € I'(NX,,) such that X, = {expp (&(p)) : p € By, } for every o € U.

Therefore, by our previous discussion, we can thus say that, if the metric g in a neigh-
borhood of the Fubini-Study metric satisfies the equality in Gromov-Berger Theorem,
there exists an almost complex structure J such that (J, g) € Z’. We proved the converse
statement is true (see Theorem 1.0.2). In other words, in a neighborhood of the Fubini-
Study metric, we can characterize the set Z’ as the points of maximum of the normalized
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systole. This result can be compared with the relation between Zoll metrics and systoles
(i.e. least length closed geodesics) in S? proved in ([ABHS17]).

Motivated by the previous characterization of the set Z’ and the results of V. Guillemin
([Gui76]) and Ambrozio-Marques-Neves ([AMN21]) on Zoll deformations of the round
metric in the sphere, we study 1-parameter deformations of the Fubini-Study metric in Z.
In particular, using the classical deformation theory developed by K. Kodaira ([KKod05]),
we were able to show that such deformations must be balanced with respected with the
canonical complex structure. In particular, such type of deformation must not decrease
the normalized codimension two systole.

The investigation of the (2n — 2)-systole invariant on CP"™ leads naturally to the topic
of balanced metrics, which plays a central role in this work. The first systematic work
in this topic is due M.L. Michelson in the seminal article [Mic82]. Since then, balanced
metrics arose in a variety of other contexts. For instance, in the theory of Twistor geom-
etry over 4-dimensional self-dual manifolds ([AHS78],[FZ15]), Twistor geometry over hy-
perkéhler manifolds ([Ver09]), Twistor geometry over hypercomplex manifolds ([Tom15]),
and also in the theory of complex Monge-Ampere equations ([F'Y08]).

Next we describe the structure of the Thesis. In Chapter 1 we classify the almost Her-
mitian manifolds which admit a large family of almost complex submanifolds that are also
minimal submanifolds. In Chapter 2 we study the systole functional for the homogeneous
metrics of the complex projective space. In Chapter 3 we study the normalized systole
restrict to the space of balanced metrics in CP™, for n > 3. In Chapter 4 we combine
the above results to study 1-parameter family of deformations of the Fubini-Study metric
that lies in Z. Finally, in Chapter 5, we discuss two open questions that have arisen from
this thesis. The thesis also contains two appendices, one that discuss the relation of in-
tegral geometric formulas with systolic inequalities, and the other that summarizes some
classical results in the theory of Hermitian geometry. The results here present appeared
as a preprint in [Jun23], and have been submitted for publication.
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CHAPTER 1

The Class W,

Introduction

The criteria of integrability of the almost complex hyperplanes by minimal submanifolds,
in the definition of Z (see definition B), can be view as a variation of the aziom of
holomorphic planes presented in the following paper by K. Yano and I. Mogi ([YM55]),
where they study integrability of complex planes by totally geodesic submanifolds, instead
of minimal ones. On its turn, this is a generalization of the classical axiom of r-planes,
defined and studied by E. Cartan. Moreover, the minimal counterpart of the axiom of
r-planes was characterized by T. Hangan ([Han96], [Han97]).

Therefore, with the objective of better understand the almost Hermitian structures
in Z, we can draw inspiration in these works to propose the following generalization of
the axiom of holomorphic planes.

Definition 1.0.1. Let (M?",J, g) be a 2n-dimensional almost Hermitian manifold, with
n > 2. For each fixed integer 1 < k < n — 1, we define the set W, as the class of almost
Hermitian structures (.J, g) satisfying the following property: for every (p,II) € Gr{ (M),
there exists a minimal and almost complex submanifold ZZ{“H of M such that p € ¥, 1
and Tp,(3, ) = 1L

The Section 1 will be devoted to the proof of the following classification theorem for
almost Hermitian structures that lies in Wj. For the reader less familiarized with the
theory of almost complex geometry, we refer Section 1.1 for definitions.

Theorem 1.0.2. Let (M?",.J,g) be a 2n-dimension almost Hermitian manifold, with
n > 2. Then, we have:

a) The pair (J,g) lies in Wy if and only if (M, J,g) is quasi Kdahler.
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b) For each fired 1 < k < n — 1, the pair (J,g) lies in Wy, if and only if (M, J,g) is
Kahler.

c) Forn > 3, the pair (J,g) lies in Wy_1 if and only if J is integrable and (M, J, g)
1s balanced.

The key computations for the proof of this theorem were inspired by the work of
A. Gray ([Gra65]), which contains a comprehensive study the theory of almost complex
geometry. In particular, it contains an important characterization of almost complex
submanifolds that are also minimal.

The technicality provided by the theory of almost complex structures can overshadow
the simplicity of this statement. Therefore, we state the following corollary, with focus in
the integrable case. Incidentally, it clarifies the relation of Theorem 1.0.2 and the theory
of calibrations ([HL82]).

Corollary 1.0.3 (Integrable Case). Let (M?",.J,g) be a 2n-dimension Hermitian mani-
fold, with n > 2, and let w € Q*(M) be the associated fundamental form.

a) For each fivzed 1 < k <n — 1, we have that (J, g) € Wk if and only if dw = 0.
b) Forn >3, (J,g) € Wy_1 if and only if dw™ 1 = 0.

One implication of the proof can be outlined as follows. Provided that J is integrable,
every element of Gri(M ) can be integrated by a germ of a complex submanifold. There-
fore, if w” is a calibration each of these germs must be a minimal submanifold, implying
that (J,g) € Wy. Hence, the main content of the theorem is to prove that if we have
enough minimal complex 2k-submanifolds, then w* necessarily defines a calibration.

A classical theorem in complex geometry due to Hirzebruch ([HK57]), Kodaira and
Yau ([Yau77]) states the uniqueness of the Kéhler structure in CP", up to biholomor-
phism. Combining this result with our classification we obtain the following.

Corollary 1.0.4. Let (M?",.J,g) be a 2n-dimension almost Hermitian manifold, with
n > 2. If M is homeomorphic to CP™ and the pair (J, g) lies in Wy, for some 1 < k < n—1,
then (M, J, g) is a Kdahler manifold biholomorphic to CP™.

This Corollary confirms our proposal that the relevant scenarios to study a Zoll-like
integrability property in CP™ are the cases of pseudo-holomorphic curves and complex
hypersurfaces, because the middle case presents a rigid structure. A counterpart of this
observation for the axiom of (minimal) r-planes was proved by T. Hangan in [Han97].

1.1 Preliminaries

This section will be dedicated to fix notation and recall definitions of complex and almost
complex geometry. This exposition is based in [Gra65].

Definition 1.1.1. Let M be a smooth manifold of dimension 2n. An almost complex
structure on M is an endomorphism J € Hom(TM) such that J?> = —Id. A manifold
(M?", J) equipped with an almost complex structure is called an almost complex manifold.

Instituto de Matematica Pura e Aplicada 6 2024
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In the context of almost complex geometry, interesting Riemannian metrics to be
studied are those that are compatible with the almost complex structure, in the following
sense.

Definition 1.1.2. Let (M?",.J) be an almost complex manifold. A Riemannian metric
g on M is said to be compatible with the almost complex structure J (or J-compatible)
if g(J-,J-) = g(+,-), and in this case we will write J € Iso(T'M,g). An almost complex
manifold (M, J,g) equipped with a Riemannian metric g that is J-compatible is called
an almost Hermitian manifold.

Suppose that (M?",.J, g) is an almost Hermitian manifold. Let us define the funda-
mental 2-form associated to (M, J, g):

W) = g(J-, ) € (M.

The anti-symmetry of w is guaranteed by the compatibility condition J € Iso(T'M,g). In
the general case, an almost Hermitian manifold does not satisfy any further compatibility
condition between these two structures. However, it is worth to highlight a few conditions
that arise naturally. For that, we introduce the following tensors.

Before proceeding with definitions, we establish notation: for any Riemannian mani-
fold (N, g), we denote by V the Levi-Cevita connection associated with the metric g.

Definition 1.1.3. Let (M?",J,g) be an almost Hermitian manifold and X,Y € X(M).
We define:

a) Nj(X,Y)=[X, Y|+ JJX, Y]+ J[X,JY] —[JX,JY] (the Nijenhuis tensor of .J).
b) Q(X,Y) = (VxJ)Y +(VyxJ)JY
H(X,Y) = (VxJ)Y —(

S(X,Y) = (VxJ)Y — (VyJ)X

c VixJ)JY

)
)
)
d)

Now, we proceed with the definition of distinct classes of almost Hermitian manifolds,
which are established through compatibility conditions determined by the previously
introduced tensors.

Definition 1.1.4. Let (M?", J, g) be an almost Hermitian manifold. We say that (M, J, g)
is:
a) Hermitian, if N;(X,Y) = 0.

b) Kaéhler, if it is Hermitian and VJ = 0.

d

)
)
c¢) Almost Kéhler, if dw = 0.
) Quasi Kéhler, if @ = 0.
)

e) Balanced, if dw™ ! = 0.

Instituto de Matematica Pura e Aplicada 7 2024
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Note the following inclusions between the previously defined classes of almost Her-
mitian manifolds: Kahler C almost Kahler C quasi Kéhler C balanced. Additionally, if
n = 2, the balanced condition implies the almost Kéhler condition. However, if n > 2, all
the inclusions are strict ([Gra80]).

Another important relation for us is that every quasi Kéahler manifold that is also
Hermitian is Kéahler. The proof of this fact is based on the following proposition.

Proposition 1.1.5. (cf. Corollary 4.2 in [Gra65]) Let (M?", J, g) be an almost Hermitian
manifold. Then (M, J,g) is Hermitian if and only if H = 0.

Corollary 1.1.6. An almost Hermitian manifold that is quasi Kdahler and Hermitian is
Kahler.

Proof. Given X,Y € X(M), we have: (VxJ)Y = $(Q(X,Y) + H(X,Y)) = 0, by the
previous result, as claimed. O

Moving forward, we collect next some useful identities and properties in almost Her-
mitian geometry.

Proposition 1.1.7. Suppose that (M>",.J, g) is an almost Hermitian manifold and X,Y, Z €
X(M). Then:
a) (Vxw)(Y,Z) = g((VxJ)Y, Z).

b) (Vxw)(Y,Z
¢) (Vxw)(JY, Z) = (Vxw)(Y, I Z).

) =—(Vxw)(Z,Y)

d) (Vxw)(JY,Y) = 0.
e) Ny(JX,Y) = —JN;(X,Y).

f) Let p e M, v e T,M and {e;, Je;} | be an orthonormal basis of T,M. Then the
codifferential of the associated fundamental form w is given by

dow(v) = Zg(Q(ei, €i),v).
i=1

In order to conclude this section, we describe one of the primary tools that we will
employ in this Chapter, the characterization of minimal submanifolds that are also an
almost complex submanifold. This characterization can be found in the following paper
of A. Gray, ([Gra65]). Before we present this result, lets recall the definition of almost
complex submanifold.

Definition 1.1.8. Let (M?",J) be an almost complex manifold and ¥2* < M?" a
submanifold. We say that X is an almost complex submanifold if for every p € ¥ we have
that J(T,X) = T,X.

Instituto de Matematica Pura e Aplicada 8 2024
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Then, the aforementioned characterization of almost complex minimal submanifolds
reads as follows.

Proposition 1.1.9. (cf. Theorem 5.6 in [Gira65]) Let (M*",g,J) be an almost Hermi-
tian manifold, and ¥?* — M?" an almost complex submanifold. Then ¥ is a minimal
submanifold of (M, g) if and only if for everyp € ¥ and v € TPLE,

k

Zg(g<ei’ e;),v) =0,

i=1
where {e;, Je;}k_| is an orthonormal basis of T,3.

Proof. In fact, the mean curvature vector H of 3 at the point p € 3 is given by:

k

g(JHp,U) = _ZQ(Q(ej’ej)vv)7

j=1

for every v € TplZ. O

1.2 The Classification Theorem

Before we proceed with the proof of Theorem 1.0.2 we recall the definition of the sets
Wi, in order to facilitate the read.

Definition 1.2.1. Let (M?",J, g) be a 2n-dimensional almost Hermitian manifold, with
n > 2. For each fixed integer 1 < k < n — 1, we define the set W, as the class of almost
Hermitian structures (.J, g) satisfying the following property: for every (p,II) € Gr{ (M),
there exists a minimal and almost complex submanifold ZZ{“H of M such that p € ¥, 1
and Tp,(3, ) = 1L

The first step in the proof of Theorem 1.0.2 is to notice that the property defining the
class Wy imposes restrictions, not only on the metric g, but also on the almost complex
structure J. Indeed, we have the following well-know result.

Proposition 1.2.2. Let (M?",.J, g) be an almost Hermitian manifold.

a) (cf. [NWG63]) For every (p,11) € Gr{ (M) there exists an almost complex submanifold
E?),H such that T,,(X, 1) = II.

b) (cf. Theorem 15 in [Kru03]) Fizx 1 < k < n—1, if (J,g) € Wy then the almost
complex structure J is integrable. In particular (M, J,g) is Hermitian.

A direct consequence of this result is that the proof of Theorem 1.0.2 essentially
reduces to show that (J,g) € Wy implies @ =0 for k <n — 1 and dw =0 for k =n — 1.
This conclusion agrees with the intuition presented earlier in the introduction.

The next proposition is the main step in order to translate the condition of being in
W;, into tensorial properties on our manifold.

Instituto de Matematica Pura e Aplicada 9 2024
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Lemma 1.2.3. Let (M?",J,g) be an almost Hermitian manifold.
a) Fir1 <k <n-—2.1If (J,g) € Wk, then Q is an anti-symmetric tensor.

b) If (J,g9) € Wp—1, then dw = 0.

Proof. a) Fix 1 < k < n — 2 and suppose that (J,g) € Wi. We want to show that the
tensor Q is anti-symmetric. But this is equivalent to prove that for allp € M and u € T,M
with unitary norm, we have that Q(u,u) = 0. So we fix p € M and u € T,M with |u|, = 1.
First, we observe that, in general, g(Q(u,u),w) = 0, for every w € Span{u, Ju}. Indeed,
suppose that w = au + bJu, for a,b € R. Then using Proposition 1.1.7 (a), we see that:

9(Q(u,u), w) =a(Vyw)(u,u) + b(Vyw)(u, Ju)
+a(V juw)(Ju, u) + b(V juw)(Ju, Ju).

However, by (b) and (d) of Proposition 1.1.7, each term of the right hand side vanishes,
which proves our claim.

In light of these observations, it remains to prove that g(Q(u,u),v) = 0 for every v
orthogonal to span{u, Ju}, with |v|, = 1.

Fix such v L span{u, Ju}. By definition of v, it is always possible to find an orthonor-
mal basis {u, Ju, e1, Je1, ...,en—1, Jen_1} of TyM with e; = v. Writing v; = g(Q(ej, €5),v),
we have to prove that v = 0. In fact, we will prove at once that v; = 0 for every
1<j<n-—1.

Take Z = {1 < 43 < ... < i < n — 1}. By the definition of W, there exists
a minimal almost complex submanifold E%k of M, such that p € ¥z and T),X7 =
span{e;, , Je;,, ..., €, Je;, }. Then, noticing that v L T,X7 and applying Proposition 1.1.9,

we have that
Zg (€i,r€i,),v) = 0.

By the definition of v;, we obtaln the following system of equations in terms of v;:
Yip + -+ Vg, =0, VZ:{1§21 < ... <’ik§n—1}.

Since k < n— 1, the only solution of this system is the trivial one, that is v; = 0 for every
1 <j<n-—1, as claimed.

b) We will prove that for a point p € M and u € T,M with unitary norm, we have
that dw(u) = 0. Using Proposition 1.1.7 (f) this is equivalent to

E:g (eiei),u) =0,

where {e;, Je;}i; is an orthonormal basis of T, M. Since |u|, = 1, we can suppose
that e; = w. Arguing as in the beginning of the proof of the first item, we have that
9(Q(u,u),u) = 0. Therefore, is enough to show that

Zg (ei,€:),v) =0, (1.1)
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Applying the hypothesis that (J,g) € W,_1 together with v L span{e;, Je;};j>2, we
conclude the existence of a minimal almost complex submanifold 3, such that p € 3,
and TpY%, = span{ej, Je;}j>2. Hence, (1.1) follows from Proposition 1.1.9, completing
the proof. O

The previous proposition covers the case were 1 < k = n — 1. However, for 1 < k <
n—1, it is still necessary to prove that Q being anti-symmetric implies that O is zero. For
that, we need to understand how the tensor VJ behaves under the commutation of the
first and second variables. Recalling that S is the anti-symmetrization of V.J, we present
the following.

Lemma 1.2.4. Let (M?",J,g) be an almost Hermitian manifold. Given X,Y € X(M)
we have

QX,Y) + Q(Y, X) = —2J8(JX,Y) — JN;(X,Y).

Proof. The proof is a direct computation. By definition of VJ and the symmetry of the
connection, we have
Q(X, Y) + Q(Y,X) = (ij)y + (ijj)JY -+ (VyJ)X + (ijj)JX
=VxJY — JVxY + V;xJ?Y — JV vy JX
+ VyJX = JVy X + Vv J2X — IV ;xJY
={VxJY = Vyy X} —{V,xY — VyJX}
— J{VixJY +Vy X +VyyJX +VxY}
=[X,JY] - [JX, Y] -2J{VyxJY + Vy X} — J{[JY,JX] + [X,Y]}.
On the other hand

VixJY +VyX =V, xJY — VyJ?X
= (VyxJ)Y +JV;xY — (VyJ)JX — JVyJX
=S(JX,Y)+ J[JX,Y].

Therefore combining this two equations we have that

QX,Y) + Q(Y,X) = [X,JY] + [JX,Y] — 2JS(JX,Y) — J{[JY,JX] + [X, Y]}
= —2JS(JX,Y) — JN;(X,Y),

concluding the proof. O

Corollary 1.2.5. Let (M, J,g) be an almost Hermitian manifold and suppose that Q is
an anti-symmetric tensor. Then we have the following identities

a) (VyxJ)Y = (VyJ)JX — INJ(X,Y)
b) (VxJ)Y = (VyJ)X — LIN;(X,Y).
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Now using this corollary and Proposition 1.1.7 we can prove a refinement of Proposi-
tion 1.2.3.

Proposition 1.2.6. Let (M?",.J,g) be an almost Hermitian manifold satisfying (.J, g) €
Wy, for some fixed integer 1 <k <n—1. Then Q = 0.

Proof. Take X,Y,Z € X(M). By Proposition 1.1.7 and Corollary 1.2.5 we have the fol-
lowing identities

(VJXw)(JY, Z) = (ijw)(Y, JZ)
=g9((Vyx )Y, JZ)

=g <(VYJ)JX — ;/\/}(X,Y),JZ)
= ~g(Vy )X, 2) = 39Ny (X, Y), 72)
= —g((Vx )Y, 2) — 59N (X.Y), ) — Sg(N;(X,Y),J2)
= —(Vxw)(Y, Z).
That is, for every X,Y and Z in X(M)
9(Q(X,Y),Z) = g((VyxJ)JY + (Vx )Y, Z) =0,
implying that @ = 0, as claimed. O
Finally, we concatenate all the previous results to provide a proof of Theorem 1.0.2.

Proof of Theorem 1.0.2. a) If (J,g) € Wy, Proposition 1.2.6 implies that Q@ = 0, so by
definition (M, J,g) is quasi Kéhler. Conversely, suppose that (M, J,g) is quasi Kéahler.
By Proposition 1.2.2 (a) we have a family {X,1 | (p,II) € Gr{(M)} of almost complex
submanifolds of M. By Proposition 1.1.9 every almost complex submanifold of a quasi
Kahler manifold is minimal.

b) Fix 1 < k < n — 1. Suppose that (J,g) € Wy. By Proposition 1.2.2 (b) and Propo-
sition 1.2.6, we have that (M, J, g) is Hermitian and quasi Kéhler. Therefore, Corollary
1.1.6 implies that (M, J, g) is Kéahler. Conversely, suppose that (M, J, g) is Kéhler. Using
complex charts, we construct a family {S, 11 : (p,II) € Gr{ (M)} of complex submani-
folds with p € ¥, i1 and 7,2, 11 = 1I. On the other hand, by Proposition 1.1.9 the Kahler
condition implies that each of these complex submanifolds is minimal.

¢) Fix n > 3. If (J,g) € Wp_1, then the desired conclusion follows immediately by
Propositions 1.2.2 and 1.2.3. Now, assume that (M, J, g) is balanced and Hermitian. Since
(M, J) is a complex manifold, we can produce a family {3, 11 | (p,II) € Gr/_(M)} of
complex submanifolds of (M, J, g) satisfying p € ¥, 1 and T,X, 1 = II. Using dw = 0
together with Proposition 1.1.7 (f) and Proposition 1.1.9, we see that every (2n — 2)-
dimensional complex submanifold of (M, J, g) is minimal. O
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CHAPTER 2

Systole of Homogeneous Metrics

Introduction

In [Ber72], M. Berger computed the 2k-systole of CP™ endowed with the Fubini-Study
metric, for 1 < k < n — 1. Moreover, using the integral geometric argument developed by
M. Pu (see appendix A), Berger also proved that the Fubini-Study metric is a maximum
of the normalized 2k-systole within its conformal class. In section 2, we will generalize
Berger’s results to the family of homogeneous metrics of the complex projective space, in
the context of dimension two and codimension two systoles.

Homogeneous metrics on CP™ have been classified by W. Ziller ([Zil82], section 3).
Besides the Fubini-Study metric and its rescalings, other homogeneous metrics exist only
when n is odd. These metrics behave similarly to the Berger metrics on the sphere, and
they can be easily described by means of the Penrose fibration, which is a fibration of
CP?"*! over HP™ with fibers CP".

In fact, if we denote the Penrose fibration by 7 : CP?"*! — HP", the family of homo-
geneous metrics can be constructed as follows. Consider the decomposition TCP?"*! =
A® @ A', with A® = kerdr and A' = (kerdn)t, where the orthogonal complement is
taken with respect to the Fubini-Study metric. Then, consider the family of metrics
gt = tgrs|pyo + grs|y1 for t € Ryg. As proved by Ziller, up to scaling and isometries,
they are all the homogeneous metrics in CP?"*1. Since the normalized systole is invari-
ant by scaling there is no loss of generality to restrict the study of homogeneous metrics
to {g:}ter.,. Geometrically, the parameter t € R in the family {g;}+er., controls the
volume of the fiber CP! in CP?"+1,

This family displays a number of interesting properties. However, the most relevant
for our work is the fact that each of these metrics is balanced. Hence, for every metric, the
calibration argument implies that the complex submanifolds are area minimizing within
their homology class. This fact, combined with the simplicity of the homology of the
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complex projective space, allows us to explicitly find the submanifold that realizes the
dimension and codimension two systole for those metrics.

Proposition 2.0.1. Suppose that (CP™, Jean,g), m > 2, is balanced. Then, its codimen-
sion two systole satisfies

SySQm—Q(CPm7g) = areag((cpz;nil)v (21)
where CP™~1 = {[p] € CP™ : p € S**! and p L o}, for each complex line o € CP™.

The above Proposition settles the computation of the systole for the homogeneous
metrics in the codimension two case. The dimension two case reduces to a comparison of
the area of the fiber of the Penrose fibration against a linear CP! that is traversal to the
fibers. Combining these observations, we obtain the following.

Theorem 2.0.2. The dimension and codimension two normalized systole functional for
the family of homogeneous metrics {g: }rer., in CP?*1 n > 1, satisfies the following:

1
#) 2ntl t272111 fo'r' t<1
a) Sysyr(CP2+1, gy) = o I R
() " fortz 1,

1

b) Sysir(CPP L g) = (G )™ (2 + 1) 1,

The explicitness of the formulas presented in Theorem 2.0.2, enables to derive two
significant observations about the codimension two normalized systole of CP?"*1. The
first is the minimality of the Fubini-Study metric over the set of homogeneous metrics.
The second is the presence of the phenomena of systolic freedom within this set, both as
t goes to 0 and +o0.

We remark, that the systolic freedom in the class of Hermitian metrics was already
observed by M. Berger ([Ber93]) and M. Gromov ([Gro96]).

The construction that leads to the Theorem 2.0.2 provides the minimal submanifolds
that realize the systole for each case studied. This allows us to construct integral geometric
formulas in the context of homogeneous metrics. Consequently, applying M. Pu and M.
Berger’s arguments we proved that each homogeneous metric maximizes the normalized
systole within its conformal class. This generalizes Berger’s result about the of Fubini-
Study metric.

Theorem 2.0.3. Let g be a homogeneous Riemannian metric in CP?" 1, forn > 1, and
g a metric in the conformal class of g. For k = 1,2n we have

Sysior(CP* ! ) < Sysher(CP* L g).

Moreover, a metric g attains the optimal bound if and only if is homothetic to g.
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An analogous result for homogeneous metrics on RP?3 was proven in ([AM20], Theorem
1.1).

This Chapter will be structured as follows. In Section 2.1, we will present a description
of the homogeneous metrics along with its properties. Section 2.2 contains the proofs of
Theorems 2.0.2 and 2.0.3 for the dimension two case, while Section 2.3 focuses on the
proofs for the codimension two case.

2.1 Construction of Homogeneous Metrics

As mentioned in the introduction, W. Ziller ([Zil82]) classified the homogeneous metrics

on complex projective space. Specifically, he proved that the only group acting transitively

on CP™ with non trivial isotropy representation is Sp(n + 1), for m = 2n + 1. The main

objective of this preliminary section is to established that each of these metrics is balanced

with respect to the canonical complex structure. To accomplish that, we first describe

this action along with a detailed construction of the associated homogeneous metrics.
Recall that the group Sp(n + 1) C U(2n + 2), for n > 1, is given by

This group acts transitively on S¥*3 C C?"*+2, where the stabilizer subgroup of e; =
(1,0,...,0) is isomorphic to Sp(n). Since Sp(n + 1) C U(2n + 2), this action induces a
transitive action on CP*"*1, with base point o = [e1], and stabilizer group Sp(n) x U(1).
More specifically

o0

Sp(n) x U(1) = {( 0 3) € Sp(n+1): Uy € Sp(n), e ¢ U(l)}.
0
Consequently, CP?"*! has the structure of the homogeneous space Sp(n+1)/Sp(n) xU(1).
At the level of Lie algebras, we have a decomposition sp(n+1) = sp(n) x u(1) ®m, where
we can identify m with T,CP?"*!. Moreover, m can be choose invariant by the adjoint

action of Sp(n) x U(1) on sp(n+ 1), and this action induces an irreducible decomposition
m = mg & my. Explicitly, these spaces are given by:

y —-XxT

(0 YTy (v O .
(X —y*\ o [0 -z (0w n

sp(n+1) = {(X _Y*) : X,Y €M, 1(C), Y =YT, X*= —X}; (2.2)
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Finally the identification m = T,CP?"*! is given by

m — T,CP?" 1 ¢ T, S +3

(y, z,w) — (0, 2, y,w). (2.3)

Once we have all the proper identifications, it is trivial to verify the next result.

Proposition 2.1.1. With respect to the Fubini-Study metric grs on CP?"*1, the decom-
position m = mgy @ my is orthogonal. Moreover, the induced metrics on my and my are
invariant by the adjoint action of Sp(n) x U(1).

Remark 2.1.2. In what follows, grg will always denote the Fubini-Study metric on the
complex projective space and 2 will denote the associated fundamental form. Moreover,
we assume that the Fubini-Study metric is normalized to satisfy fC p =1

We are now in position to introduce the family of homogeneous metrics in CP?"*1,
The invariant decomposition m = mg & my suggests the following family of metrics on m:

Gtlw = tgrsly, + 9Fs|n,

for t € R+o. As a consequence of the previous propositions these metrics extend to a family
of Riemannian metrics on CP?" 1, which we will denote by {g: }+er.,. Furthermore, this
family exhaust the set of homogeneous metric on CP?* ! up to isometries and homothety,
as proved by W. Ziller in [Zil82].

In what follows, we present an alternative construction for this family. First, we note
that the inclusions Sp(n) x U(1) C Sp(n) x Sp(1) C Sp(n + 1), induces a fibration:

Sp(1) Sp(n+1) ~  Spn+1)
U(1)  Sp(n) x U(1) ~ Sp(n) x Sp(1)’

This fibration is know as the Penrose fibration. Up to canonical identifications, it is given
by:
CP! — cp*t! L HpP"

. . (2.4)
(20t vt 2t w0 T wp] = [20 FwoT kst 20+ WG]

The relation between the Penrose fibration and the aforementioned invariant decom-
position of the tangent space of CP?"*! can be understood in the subsequent manner.
Let A = kerdr be the horizontal distribution defined by the submersion 7, and A! its
orthogonal complement with respect to the Fubini-Study metric. Given p € CP?"*! and
U € Sp(n+1), with U - 0 = p, we have

Ag =dLy|,(mg), All) =dLy|,(m1).

In particular, AY

can be expressed as:

=my and A} = my. Consequently, the family of metrics {g: }ter-,

gt = tgo + g1, (2.5)

where go = grs|yo and g1 = grs|y:-
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An immediate consequence of this approach, is that for the Fubini-Study metric ggpn
of HP™ the projection m : (CP?"*1, ¢,) — (HP", gup») is a Riemannian submersion for
every t € Ryg.

Notice the similarity in construction between the family of metrics {g;}+cr., and the
Berger metrics on RP3. As for instance, the parameter ¢ > 0 controls the volume of the
fiber of the Penrose fibration. This comparison allows us to draw parallels between our
results and those presented by L. Ambrozio and R. Montezuma in [AM20].

Subsequently we focus in proving that (CP?"*!, J..n, g¢) is balanced for every ¢t > 0.
We begin by justifying the compatibility condition of the canonical complex structure
Jean With the metrics {g; }er.,, and describing its fundamental forms.

Using the identification (2.3), we can observe that the decomposition m = my ® my is
preserved by the canonical complex structure Jean, and by the family {g;}ier.,. Conse-
quently, (CP?"*1, Jean, g¢) defines a Hermitian manifold. Furthermore, the decomposition
TCP?+1 = A9 @ Al also enjoys this invariance. Therefore, denoting the orthogonal pro-
jections onto the spaces A?, by IT; : TCP?" ! — A?, we can decompose €2, the fundamental
form of the Fubini-Study metric, in the following factors:

Qo(-,-) = Q1o+, o), () = Q- Ih-). (2.6)

It follows straightaway from the definition of the family of homogeneous metrics {g; }ier-,
on CP?"*! that the associated fundamental forms are given by:

wi () = ge(J-5 ) = 10, ) + (),

for every t > 0.
The previous decompositions provide the necessary tools to prove the balanced prop-
erty.

Lemma 2.1.3. If7: ((CPZ”H,gFS) — (HP", gupr) is the Penrose fibration, then Q2 = 0
and Q3" = (2n)!7*dV,

gupmn *

Proof. Take X1, ..., X4 € X(CP?"*1). By definition of Qo,
Qg(Xh ey X4) = Qg(Hole ey H0X4)'

However the vector bundle A has rank 2, so that {IIoX1,...,IIpX4} must be a linear
dependent set. Therefore Q3(X7, ..., X4) = 0, as desired.
Now fix p € CP?"*1. Since kerdr = A, the linear forms Q%"‘p and 7*dVj

top degree in A;). Hence, there must exist a € R such that:

wpn |, are of

2
anlp =ar"dVy, |p.
1
p7
(A}D, grs) = (TrpHP", gupn) is an isometry that preserves orientation, we conclude that
a = (2n)!, completing the proof. O

Evaluating these 4n-forms on a complex orthonormal basis of A;, and using that dr| P

Instituto de Matematica Pura e Aplicada 17 2024



Luciano L. Junior Balanced metrics, Zoll deformations and isosystolic inequalities in CP™

Proposition 2.1.4. For every t € Rwq, the Hermitian manifold (CP*" Y Joun, gt) is
balanced.

Proof. We will check that dw?™ = 0 for every ¢t € R-q. By Proposition 2.1.3

wf” = (tQO + Ql)2n

2n 2n
-y ( ’ )mgszfn—k
k=0
= 2nt QeQ" ! + Q"
= 2nt Qo3 + (2n)! 7*dV,

gupn -
Therefore, dw?" = 2nt d(QOQ%r‘*l) for every t € Rsg. However, for the Fubini-Study
metric 2 = wq, we have

1 n n—
0= %dwf = d(Qe2 ).
Hence, dw?™ = 2nt d(QoQ2" 1) = 0 for every t > 0. O

Remark 2.1.5. For the case n = 1, the Hermitian manifold (CP2, Jean, g¢) can be viewed
as the Twistor space over the anti-self-dual manifold (S*, gcan). Therefore, ([FZ15], The-
orem 3.1) gives another proof of the fact that this space is balanced.

2.2 2-Systole

Having established the notation and properties of the family {g}icr., of homogeneous
metrics on the complex projective space CP?"*1, for n > 1, we now proceed to demon-
strate Theorems 2.0.2 and 2.0.3 for the dimension two systole case.

We intend to prove a stronger version of Theorem 2.0.2 by explicitly exhibiting the
submanifold that realizes the systole. Taking inspiration in the well-studied case of the
Fubini-Study metric [Ber72] and [Gro96], together with the fact that the homogeneous
family {g:}+cr., is parameterized by the volume of the fiber of the Penrose fibration,
it is intuitive to guess that, for ¢ < 1, the systole should be achieved at the fiber of
this fibration. On the other hand, since there exists a linear projective plane in CP?"*!
with tangent bundle contained in the distribution A! by Proposition 2.2.1, the intuition
suggests that this linear projective plane should realize the systole for ¢ > 1.

Subsequently, we properly verify that the intuitions above are corrected. This entails
analyzing the two distinct cases t < 1 and ¢t > 1. As suggested, these cases differ signif-
icantly in nature, and their dichotomy will persist throughout the section. We begin by
exhibiting the aforementioned linear projective plane.

Proposition 2.2.1. There exists a linear projective plane (CP% C CP?™t such that
TCP} C A, Moreover, there exists a subgroup Spp(1) of Sp(n+ 1) isomorphic to Sp(1),
such that (CPTl, s tnwariant under its action, and the action is transitive.
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Proof. Define CP} = {[po: p1:0:...: 0] € CP?"*1}. Therefore, o = [e;] € CP} and
T,CPt = {(0,£,0,0) € Te, S 3 : ¢ € C} C my.

Consider the subgroup Sp;(1) C Sp(n + 1), given by:

Spp(1) = {(‘5‘ 2) A= <“(1)0 Id31> Ay € Sp(l)}.

Clearly CP} is invariant by the action of the subgroup Spy(1) of Sp(n+1), and moreover
the action is transitive. Hence for each p € CP; exist U € Spy(1), such that U - 0 = p,
and then T,CP;. = dLy|,(T,CPy) C A}, as desired. O

Formalizing our intuition above, our candidates to realize the two-dimensional systole
of the family {g;}ier., are CP} = 7 1(b) for t < 1 and CP} for ¢t > 1, where 7 :
CP?*t! — HP™ is the Penrose fibration and b € HP™. Incidentally, we observe that,
by the Koszul Formula, these families of linear projective planes are totally geodesic in
(CP?*1 g,) for every t € Rsg.

Now that we have well-understood our contestants to realize the systole, and since the
volume of (CP?*"*1 g;) can be readily computed to be voly, (CP?"*1) = tvol,,.,(CP?" 1),
for every t € R+, we can formulate the following refined version of Theorem 2.0.2.

Theorem 2.2.2. Let 7w : CP?"*1 — HP" be the Penrose fibration, and for every b € HP™
set CP} = w=1(b). Hence

a) If 0 <t <1 then Sysy(CP?" 1 g,) = |CP}|y, =t;
b) Ift > 1 then Sys,(CP*"*1 g,) = |CPL|, = 1.

We set forth the proof noticing that (CPb1 and CP} are linear projective planes in
CP?"*! for every b € HP™. Therefore, they homology classes are non-trivial, and the
following bound follows by the definition of systole:

Sysy(CP#", g¢) < min{|CPyly,, |CPrlg,}- (2.7)
This simple observation leads to the following result.
Lemma 2.2.3. For every b € HP™ and t > 0, we have:
a) Sys,(CP* 1 g) < |CP}|,, =t.
b) Sysy(CP2"+1 g,) < |CP71,\gt =1.

Proof. From (2.7) it is clear that the desired result follows by computing the volume of
these submanifolds. Since (CPb1 is a complex submanifold of (CP?"*!, J..n), with T (CPb1 C
A° for every b € HP", we have

yCPbl\gt:/ wt:t/ Qozt/ Q=t
CP} CP} CP}

b
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for every b € HP™ and ¢> 0. Again, CP} is a complex submanifold of (CP*"*1 J..,).
However, since (CP% is transversal to the fiber of the Penrose fibration, the following

identity holds
CPHy= [ w=[ = 0-1
CP} CP} CP}

T

for every t > 0. O

It is clear, by Lemma 2.2.3, that Theorem 2.2.2 is equivalent to equality in (2.7).
In order to prove that the equality must hold, we will follow the approach presented in
[Gro96] and show that if a closed 2-cycle C' € CP?"*! has less area than the bound given
in (2.7), then C has a trivial homology class in Hy(CP?"*1 Z). The foundation of this
argument is the following Crofton formula.

Lemma 2.2.4. Let C C CP?"*! be a closed 2-cycle. Then
1 e = [ o
C

where - : Hy(CP?" 1 7) x Hy, (CP?>"*1 7Z) — 7 denotes the intersection pairing.

Proof. Let C be a closed 2-cycle. Since [CP!] is the generator of Ho(CP?"*1 Z), there
exists a 3-chain R and an integer k such that, in homology, C' = kCP! +0R. Consequently

[C] - [CP?*"] = K[CP'] - [CP?"] + [0R] - [CP?"] = k,

since [CP!] - [CP?"] = 1 and [OR] = 0. On the other hand, by Stokes’ Theorem,

[
/Q:/ Q:k/ Q =k,
C kCP14+OR cp?

which concludes the proof. O
Recalling the Wirtinger inequality, we obtain the following.

Corollary 2.2.5. Let C C CP?*! be a closed 2-cycle. Then
|[C] - [CP?| < |Clgps.
Finally, we provide the demonstration for Theorem 2.2.2.

Proof of Theorem 2.2.2. In view of Lemma 2.2.3, it is enough to prove that we have an
equality in equation (2.7). Or, equivalently to prove that if C' is a closed 2-cycle satisfying
|Clg, < min{1,t}, then [C] = 0 in homology.

Consider initially the case ¢ < 1, and assume |C|;, < t. Given X € X(CP?*"!), we
can compare the metrics g; and gpg as follows:

(X, X) =t°(X, X) + ¢4(X, X) > t¢°(X, X) + tg' (X, X) > tgrs(X, X).
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This implies the comparison between volumes t|C|,.4 < |C|4,. Hence, applying Corollary
2.2.5 we have

n 1
(€] [CP*"]] < |Clyps < 5IClg < 1.

Now, since [C]-[CP?"] is an integer, it must be zero. However, we know that the homology
Hy, (CP? 1 7) is generated by [CP?"], and the intersection paring is non-degenerated,
so we must have [C] = 0, as claimed.

For the case t > 1, a similar argument as before shows that

1C]- [CP]] < Clgrs < |Cla.-
Then again, we conclude that [C] = 0 if |C|,, < 1. O

Our next goal is, still in the context of the 2-systole, to prove Theorem 2.0.3. This
theorem asserts that every homogeneous metric maximizes the normalized systole in
its conformal class. Inspired by the works [Ber72] and [AM?20], our strategy will be to
parametrize nicely the previously exhibited linear projective planes that realize the systole
and employ the coarea formula to prove that they admit an integral geometric formula, as
defined in Appendix A. Consequently, Theorem 2.0.3 will naturally follow as a corollary
of Theorem A.2.

Recalling the classification of homogeneous metrics proved by W. Ziller and the fact
that the normalized systole is invariant under isometries and homothety, we can summa-
rize our objective into the following.

Proposition 2.2.6. For a fizred t € R, there exists a family {¥,},ep of linear complex
projective spaces with complex dimension 1 in (CP?"*1 g,), parameterized by a closed
Riemannian manifold (B, gg), such that, for every function p € C*°(CP?*"*1), the fol-

lowing formula holds:
/ </ SOdAgt> dVyp = / @ dVy,.
B . Cp2n+1

Moreover, for each o € B, we have that Sys,(CP*"*1 g,) = |Xs],.

As seen previously, we can explicitly find the linear projective planes that realize
the 2-systole for each ¢t € Rsg. Therefore, we have natural candidates to comprise those
families (see Theorem 2.2.2). Inherently, we will have to analyze two cases: 0 < ¢t < 1
and ¢ > 1. In the first case, the Penrose fibration provides a simple way to perform this
construction, as show next.

Proof of Proposition 2.2.6 (case 0 <t <1). First fix 0 < t < 1. Recall that, the Penrose
fibration 7 : (CP*" ! g;) — (HP", gupn) is a Riemannian submersion. Therefore, by the
coarea formula, for each function ¢ € C°°(CP?"*+1), the following identity holds:

/ (/ (pdAgt> d%HP" = / (pdvgt'
mpr \Jep; cp2n+l

Instituto de Matematica Pura e Aplicada 21 2024




Luciano L. Junior Balanced metrics, Zoll deformations and isosystolic inequalities in CP™

Here CP! = n71(b) for each b € HP™. Finally, Theorem 2.2.2 ensures that the fibers of
the Penrose fibration realize the 2-systole. That is, Sys,(CP?" !, g,) = |CP}|,, for each
b e HP™. O

Let us proceed to the case t > 1. In this situation, the 2-systole is realized by the
linear projective space CP% (see Proposition 2.2.1 and Theorem 2.2.2). As before, our
objective is to find a parameterized family of linear projective spaces that are isometric
to CP% and admit an integral geometric formula. In order to do so, we will apply the
double fibration argument, which was already known and well-understood by M. Pu and
M. Berger (see, for instance, [Ber93]).

Following [APF07], Definition 2.6 and subsequently Example 3, we have that the
inclusions Sp(n) x U(1),Spy(1) C Sp(n + 1) induces the double fibration:

E = SP(7£+1)

/ \ (2.8)

2n+1 - Sp(n+1)
cp N = Spr(1)

where L = (Sp(n) x U(1)) N Spp(1) = U(1).

Note that the fibers of p : E — N are modeled by CP} = Sp;(1)/U(1). Therefore,
the parameterized family {v(p~'(c))}sen consists of linear complex projective planes,
each one diffeomorphic to CP} by a left translation of Sp(n + 1). Now, the existence of
an integral geometric formula will follow from this parameterized family, by applying the
coarea formula twice in the double fibration (2.8). However, first we need to introduce
appropriate Riemannian metrics on the manifolds £ and N.

Proposition 2.2.7. For each t > 1 there are Riemannian metrics gg and gy on the
manifolds E and N such that:

a) g and gy are Sp(n + 1)-invariants;

b) The Jacobian associated to the maps p : (E,gg) — (N,gn) and v : (E,gg) —
(CP?*1 g,) are constant;

¢) For each o € N, v|, 1, : (p~(0),g9r) = (CP?"*t g;) is an isometric embedding.
Moreover, ¥, = v(p~1(0)) is isometric to CP}, for allo € N.

Proof. We begin by constructing the metrics gy and gg. First, we define gy as any
Sp(n + 1)-invariant metric. Since the Lie group Sp(n + 1) is compact such metric exists.

In order to define the metric gg we recall that, by Example 3 in [APF07], we can
regard E as a submanifold of CP?"*! x N. Therefore we define ¢gg as the induced metric
from the product metric g; X gn.

Property (a) follows directly by construction. Property (b) is a simple consequence
of property (a) together with the fact that Sp(n 4 1) acts transitively in CP?"+1 N
and E. Therefore, it remains only to prove (¢). However, under the identification E C
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CP?"*1 x N, the projections v and p are given by the projections on the first and second
variables. Therefore (¢) is a simple consequence of the construction of the metric gg. [

Now we are in conditions to prove Proposition 2.2.6, for the case t > 1.

Proposition 2.2.6 (case t > 1). Applying the coarea formula for p and v in the double
fibration 2.8, and using that the Jacobian associated to the maps p : (E,gg) — (N, gn)
and v : (E,gg) — (CP?"*L g,) are constant, we obtain

1 1
pdA dVyy = pdVy, = —— pdA dV,
Jacp| Jx (/p_l(a‘) ¥ QE> 9N /E(p 9E |Jacy| /(CP2”+1 (/y—l(p) ¥ gE) ge

for every ¢ € C°°(FE). Since the metric gg is Sp(n + 1)-invariant, the fibers of v : E —
CP?"*! have the same area. Therefore, for a given ¢ € C°°(CP*"*1), defining ¢ = v*p,
we obtain

ol ([ ol [
dAg,, | AV, = dvy,.
Jacol Sy \J, 1) v palgy an = V7 (0)lge - pavg,

On the other hand, since v : (p~!(0),9r) — (Xs,g¢) is an isometry, for each o € N, we
can rewrite the above formula as

|Jacv| / /
dVy, = *odA,. | d
= o M VAR L

|Jacy| / (/ >
= dAg, ) dV,,.
Jacpllv1(0)]gp Sy s, 70 ) How

To conclude the proof, we define (B, gp) as (N, A\gn), where the constant X is defined as
2

(|Jacv|/|Jacp||v=1(0)|g,) T is constant. The fact that every %, for o € N, realizes
the systole follows from Proposition 2.2.7 (¢) and Theorem 2.2.2. O]

2.3 4n-Systole

Following what was done in the previous section, we will complete the demonstrations of
Theorems 2.0.2 and 2.0.3, by studying the 4n-systole case.

As we will see, Theorem 2.0.2 is a simple consequence of a classical calibration argu-
ment based on the fact that each homogeneous metric is balanced.

Proposition 2.3.1. Given t € Ry,

2nt+1

2n+1 _ 2n _
SyS4n((CP agt) - |(CP0 |gt - (2n+ 1)‘3

where CP2" = {[p] : p € S**3 and p L o}, for each o € CP?"+1,
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Proof. Fix t € Rug and o € CP?"*L. Since (CP*"*!, J.4n, g;) is a balanced manifold, the
2-form wy(+,-) = g¢(Jean, -) satisfies that w?" is closed.

Now, every homologically non-trivial, closed 4n-cycle C' in CP?"*! can be decomposed
as C' = kCP2?" + OR, where k is a non-zero integer and R is a (4n + 1)-cycle. Therefore,
by the Wirtinger inequality and the Stokes’ Theorem, we have

‘k| / 2n 1 / 2n 2
> w; "+ w = |k| |CP2"],...
|C|gt = (2n)| c (72" t (2%)' 5 t | H o |gt

Hence, as k is non-zero, the previous inequality implies that Sys,,, (CP?" 1, g;) = |[CP2"|,,.
It remains to compute the volume of CP2". For that, we recall that €, the Kihler form
associated to the Fubini-Study metric, was normalized so that f(c pon 0?7 =1, and also

that 02" = 2nQe02" ! + 02" where Q and Q; are defined in (2.6). Therefore, we have
the following identities:

1
P2n _ 2n
’C o ’915 (2n)'/(cpgn Wy
1 — n
= G </ ] 20t 4 O3 )
. (Cpan
! tQ%" (1 — )"
—(@2n)! \Uepzn !

1 n
:W<t+(1t)/(cpgn9§ )

So it is enough to compute f(CPgn Q2" But since Sp(n + 1) acts transitively in CP?" ! by

gi-isometries, it suffices to compute the integral for a fixed o9 € CP?"*!. For convenience
we take og generated by e, o € C?"12,
Now, by Proposition 2.1.3 we have Q" = (2n)! 7%V .., where 7 : CP?"+1 — HP"

is the Penrose fibration. So bearing in mind the following commutative diagram

C2n
[ \
- HP"

CP2r c CP2n!

where ® : C?* — CP2", (21, ..,Tn, Y1, -, Yn) = [1L 121 1 oo 22 2 02 yp : ot yy), and

o ?
U C? — HP", (T1,..,Tn, Y1y oy Yn) > [1 2 @1+ jy1 ... : Ty + jYn], are coordinates
charts with dense image, we have that

]. n * * n
2'/ Q% :/ m dVQHP" :/ Q dvg}}ﬂpn :/ dvg]}ﬂP" = |HP |9HP”‘
(2n)! cpzy cpzy o(C2n) T(C2n)

Applying the coarea formula to the Riemannian submersion 7 : (CP*" ! gpg) — (HP", gupn),

we have [HP"|g, ,n = m, concluding the proof. O
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We conclude this section proving Theorem 2.0.3 in the context of the 4n-systole. Sim-
ilarly to Section 2.2, we present a family of linear projective spaces admitting an integral
geometric formula. Therefore, once more, the desired result will follow from Theorem A.2.
As before, the integral geometric formula is derived through an argument using a double
fibration and the coarea formula.

In light of Proposition 2.3.1 the natural choice for the family of linear projective spaces
is {CP2"}  ccpent1, since every element of the family realizes the 4n-systole. Moreover, in
order to assist the construction of the integral geometric formula, we define the incidence
set T ={(p,0) € CP™T1xCP?"*1 . pe CP2"}. It is a well-known fact that the incidence

set 7 induces the double fibration
/ \ (2.9)

P2n+1 P2n+1

where v and p are, respectively, the projections onto the first and second coordinates
([APFO7]). For every t € Ry, the inclusion Z C (CP*"*! x CP**! ¢, x ¢;), induces a
Riemannian metric g; in the incidence set. In what follows, we underline some properties
of these double fibration and its Riemannian metrics.

Proposition 2.3.2. Lett € Rvg. The following assertions hold:

a) The action of Sp(n + 1) on CP? 1 x CP?"*! induces an action by isometries on
(Ia gt);

b) For each (p,o) € CP?"*1 x CP?>"*!  the maps U p-1(0) (p~Y(0),5t) — (CP?, g)
and pl,-1,) : (v=p), ) — ((CPPQ”,gt) are isometries;

¢) The map CP* 1 > ps fV 1(p) HZEZ;dAgt € R is constant.

Proof. We provide a proof for (¢), which is the only part not straightforward to check.
Firstly, due to the Sp(n+1)-invariance of the metrics ¢g; and g, the Jacobians |Jacv/|, |Jacp| :
T — R are also Sp(n + 1)-invariant. Now, fix p = U - 0 € CP?"*! for U € Sp(n + 1).
Using that pl,1, : (v=1(p), Gt) = (CP?", g;) is an isometry, we obtain

|Jacp| / | Jacy|
dA;, = dA
/V_l(p) |Jacy| cpn ’Jacy|( 7) ()

= [ 0, )

cpen |Jacy|

[Jacpl / |[Jacp|
/(szn ]Jacy]( mdAg, (n) = v—1(0) [Jacy| 7

as desired.
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A straightforward application of the coarea in the double fibration (2.9) allows us to
prove the existence of an integral geometric formula for the family {CP2"}, ccponit.

Proposition 2.3.3. For each t € Rwg, there exists a Riemannian metric g; homothetic
to g; such that, for each p € C*°(CP?*"*1), the following formula holds:

Lo eata) v = [ pav,. (2.10)
(CP2n+1 CPE"’ Cp2n+1

Proof. Applying the coarea formula twice in the double fibration (2.9) and Proposition
2.3.2 (b), for every ¢ € C®°(CP*1), we obtain

Jac
/ / @) dAgt dVgt (O') = / / ‘J p| dAf]t ¥ dVgt (p)
Ccp2n+1 (CPg" Ccp2n+1 (Cpgn ‘ acu|

Moreover, Proposition 2.3.2 (c) establishes that CP?"*1 5 p fy_l(p) | Jacp| dAz € R

[Jacy|
is the constant function. As a result, calling this constant § = 6(¢) and defining §; =

(H)anﬁ g+ we obtain the desired result. O
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CHAPTER 3

Systole of Balanced Metrics

Introduction

In Chapter 2 we proved that the Fubini-Study metric is the global minimum, among
homogeneous metrics, of the normalized (2n — 2)-systole functional on CP™, n > 3.
A crucial step of the proof was to determine the submanifold that realizes the systole
for each homogeneous metric, which was possible due to the fact that each of these
metrics is balanced. Therefore, a natural question is if the Fubini-Study metric remains a
point of minimum for the normalized (2n — 2)-systole functional among all the balanced
metrics, that are balanced with respect to the canonical complex structure of complex
projective space. This section is devoted to study this problem. More precisely, we will
prove Theorem 3.0.1, which is stated below after introducing notation.

Let # denote the space of smooth balanced metrics with respect to the canonical
complex structure of CP™. We endow this space with the C2-topology. We denote by
JH C % the subspace of smooth Kéahler metrics.

Theorem 3.0.1. Let n > 3. There exists an open set X C U C B, in the C*-topology,
such that for every metric g € U,

Sysp,o(CP", g) > Sysy." o(CP", gFs).
Moreover, g € U satisfies the equality if and only if g € .

The proof of this theorem relies on an analysis of the Taylor expansion of the functional
Sysonr_o : A — R over the set of Kéhler metrics. In order to formalize this argument, we
must first endow the spaces of Kéahler and balanced metrics with structures of smooth
Banach manifolds, in such a way that the inclusion is an embedding in a neighborhood

of each smooth metric. The next section is devoted to define these structures.
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3.1 Manifold Structure of the space of Balanced Metrics

In this section, we fix n > 3 and set J to be the canonical complex structure of CP".
Accordingly, the Hermitian condition will always be defined with respect to the canonical
complex structure.

In order to endow the space of balanced metrics with a structure of Banach manifold,
rather than a structure of Fréchet manifold, we will have to be less restrictive and work
in the space of C'1"¥ Riemannian metrics, for some 0 < v < 1 fixed. We choose to work in
the Hélder topology instead of directly work in the C?-topology to facilitate the use of
regularity theorems.

Let (Riem!'(CP™), C'¥) denote the space of C** Riemannian metrics endowed with
the C'1-topology. With the purpose of not generating confusion with the notation already
established, we will denote by # 1", ' and 1 the spaces of Kihler, balanced and
Hermitian metrics with regularity C'¥, respectively, equipped with the subset topology
induced by inclusion in (Riem!'”(CP™), C1).

Recall that we have a duality between the space of Hermitian metrics .##"" and the
space of differential forms. Indeed, endowing the space of C1"* complex valued differential
forms (C™(AL),CH) with the C1¥-topology, we have the following homeomorphism:

J 1 CH (ALY =

w g ) =w(- J), (3.1)

where
ABP = {a € ARP : avr, ..., vp, Jut, ..., Jup) > 0, for every {vj, ij}§:1 Li. set},

denotes the open cone of positive (p,p)-forms inside AR*, the bundle of real (p, p)-forms.
Thus, in order to define the manifold structure for the set of balanced metrics it is
enough to define a Banach manifold structure in the space B of balanced forms (of class
clv):
B=J ' (#") ={we (A dw" ™t =0}
Proposition 3.1.1. The space of balanced forms B has a structure of smooth Banach
manifold modelled over Ccll’y (Aﬂg_l’n_l), the Banach space of real closed (n — 1,n — 1)-

forms.

Remark 3.1.2. Note that the closeness property of differential forms is a closed condition
in the C1"-topology. Therefore, the space Cgl’V(Aﬁ’g’p ) of real and closed (p,p)-forms is a
closed subspace of C’l’”(Aﬁ’p ), consequently, a Banach vector space.

Proof. Regarding Cl’”(Ai’l) and C'L”(A?:l’nfl) as open sets of Banach vector spaces, it
is easily seen that the following map is smooth

@ CM(AYY) - (AT

W WL
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This map is also known to be bijective, see [Mic82]. Even more, for each w € C1 (Ai’l) the
map dP|, : C’l”’(A]ﬁ’l) — Cl’”(A%_l’"_l), a+— (n—1)aAw™ 2, is continuous. On the other
hand, Theorem B.4 (a) implies that this map is also bijective. Hence, it is a Banach space
isomorphism. Therefore, by the inverse function theorem for Banach spaces, the map & is
a smooth diffeomorphism. In particular, denoting by C’il’”(A?r_l’"_l) the space of positive,
closed (n — 1,n — 1)-forms, we have that ® : B — C”(A7""""") is a homeomorphism.
Since C’Cll’y (Ai_l’"_l) c o (A%_l’”_l) is an open set of a Banach vector space, the map

cl

Plg:B— Ccll”’ (Ai_l’"_l) defines a global chart. Then, the space of balanced forms has
a structure of smooth Banach manifold modelled over Ccll’y (Aﬂg_l’n_l). O

Corollary 3.1.3. The space of balanced metrics B has a structure of smooth Banach
manifold such that the map

- 1, —1n-1
B — (AT
g 2(9(J-))
defines a smooth diffeomorphism onto the open set Ccll’” (A?r_l’"_l) C Cil’” (Aﬁ_l’”_l).

Corollary 3.1.3 establishes the manifold structure of the space of balanced metrics.
Therefore, it remains to prove that the space of Kahler metrics has a structure of Banach
manifold with the property that the inclusion ¢ : J# < Z" is a smooth embedding
around every smooth metric.

Since the space of Kdihler forms (of class C*) K = J~! (%17”) = cll’y (A}F’l) is
an open set of the Banach space Ccll’” (A%’l), it has a natural smooth Banach manifold
structure, in such a way that the inclusion ¢ : £ < B is a topological embedding. The
aforementioned smooth embedding property can be stated as the following proposition.

The remaining portion of this section will be dedicated to proving it.

Proposition 3.1.4. Let j = ®o1: K — Cil’y (Ai_l’”_l). For each smooth Kdhler form
wo € K, there exists a closed subspace Ay, C T,,B, open neighborhoods U C K of wo
and V. C A, of 0, and an open set W containing j(wg) in Ccll’l’ (Ai_l’"_l), along with a
smooth diffeomorphism p : U x V. — W, satisfying the following properties:

0) TuyB = TuyK & Auy ;

b) p(wo,0) = j(wo);

&) p(U x {0}) =W N (U);

d) For every (w,§) € U XV and n € Ay, we have that dp|, ¢ -1 = d®|, - n.

The non-trivial aspect of Proposition 3.1.4 lies in finding the appropriate complement
of the tangent space of C. To accomplish this, we begin by presenting a characterization
of these tangent spaces.

Lemma 3.1.5. Let K and B denote, respectively, the Banach manifolds of Kdhler forms
and balanced forms, endowed with the C%-topology. Then:
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a) For each w € K, we have T,K = CY (Ag");
b) For each w € B, we have T,B = {77 e Cl,u(AI}g,l) L d(n /\w”*Q) _ 0};

¢) For each w € K, the map du, : T,K — T,,B is given by the canonical inclusion.

Proof. The prove of (a) follows immediately from the fact that I is an open set of
Ccll"/ (A%’l). To prove (b), fixw € Band let V, = {17 e Ctv (A]}Q’l) cd(np Awn?) = 0}. The
desired isomorphism is explicit given by

T,:V,—= 1,8
n = (7],

where 7 is the only curve in B defined by 7(¢t)""! = w" ! +t(n — 1)n A w2, for [t|
sufficiently small. Finally, (¢) follows by (a) and (b). O

In [ME56], B. Morrey and J. Eells generalized the Hodge decomposition theorem for
forms with distinct types of regularity. In particular, since the space of harmonic two-
forms in CP" is one dimensional they proved that for any smooth Kéahler metric g, € ¢,
the space O (A%{) can be decomposed as follows:

C* (AR) = Rw & Imd & Imé,,,

where the exterior derivative has domain C%" (Aﬁ{), and J,, is the codifferential induced
by ¢, with domain C?¥ (A%).

On the other hand, by Lemma 3.1.5 (a) we have that T, = (Rw @ Imd)NC* (A]}g’l).
Therefore, the aforementioned Hodge decomposition Theorem implies the splitting 7,,8 =
T,K @ (Imé,, N T,,3), under the assumption that the projection s, : C1 (Aﬁ) — Imd,,
preserves the subspace T,,B. In the next result, we prove that this assumption is satisfied,
thus proving the first part of Proposition 3.1.4.

Lemma 3.1.6. Let w € K be a smooth Kdihler form and n € T,B. Then, if w5, :
ctv (A%&) — Imd,, denotes the projection into the space of coexact forms, induced by the
Hodge decomposition, we have that

a) w5, (n) Aw' ! = 0;
b) ms,(n) € T,B.
In particular, T,B =T,K ® A, for A, =1Im(,)NT,B.

Proof. Let w and n be as in the statement. Consider also 1 = aw + da + §,0 the Hodge
decomposition of 7, where a € R, a« € C*¥(A}), and 0 € C**(A3).

First, we prove (a). According to the Lefschetz decomposition Theorem (see Theorem
B.4), it is enough to establish that A, (6,6) = 0, where A, denotes the dual of the Lef-
schetz operator associated with the Kéhler structure w (see Definition B.2). Nevertheless,
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since n € T,,B, we observe that dé,0 A w" 2 = 0. Consequently, invoking again the Lef-
schetz decomposition Theorem, we see that this condition is equivalent to A, (dé,0) = 0.
Moreover, we can commute the operators d and A, by means of Proposition B.8, leading
to

0 = (Awd)(0,0) = (dAy — &5)(0w8) = dAy0,0 + 6,650,
where the operator 67, is given by Definition B.7, and we have applied the identity 4,05, =
—050,- Since Im(d) L2 Im(é,), we further obtain
dA 0,0 =0 = 0,6.,0. (3.2)

To conclude that the constant function A, (0,0) is zero, it suffices to show that it has
zero mean. But, indeed

AubofdV,, = Aol A%, 1 = / 0 A (g, dw) =0,
cpn cpn cpn

where x4, denote the Hodge star associated with the metric g,,.

Now, let us proceed to the proof of (b). To demonstrate that 6,0 € T,B, we need
to prove that d(6,0 A w™2) = 0 and 4,0 € C1 (Aﬁgl). However, recalling the Hodge
decomposition of 7 and using the fact that w is a closed form, we obtain

0=dnAw"?) =d((aw+da) Nw"?) +d (6,0 Aw" %) =d (0,0 Aw™?).

Therefore, it only remains to show that ¢,,0 is of type (1, 1). Denoting the projection into
the space of (p, g)-forms by [], 4 : A& — AP%, we observe that [da+d,0]20 = [ —aw]20 =
0. Since, d = 0 + 0 and o = [a]1,0 + [a]o,1 we reach the following equality

8[04170 = _[50.)0]2,0‘ (33)

On the other hand, 9" = (6, — 165, once that 0w = 0" + 0* and ¢ = i(9* — 9*), where
0* and 0* denote the L?-dual operators of 0 and 0, respectively. Hence, by (3.2) we see
that 0*(0,0) = 0. Decomposing the form §,,60, we further obtain

0= 6*(5w0) = 8*([5w0]2,0) + 8*([&,9]1,1) + 8*([(%9]072).
Keeping in mind that o* (C’L”(Ap’q)) C C%(AP~149), the above equality translates to
0*[6.40]2,0 = 0. (3.4)

Since the Hodge Laplacian in a Kéhler manifold can be written as %A = 00" 4+ 0%0
(Proposition 3.1.12, [Huy05]), by (3.3) and (3.4) the form [d,0]20 is harmonic in CP".
However, since every harmonic form in CP™ is of type (1,1), the form [d,,60]20 must be
zero. Additionally, [0,0]0,2 = [6.0], o = 0, completing the argument. O

The previous Lemma establishes the property that, over smooth forms, the tangent
space of the Kéahler forms is complemented in the tangent space of balanced forms. As a
consequence, the proof of Proposition 3.1.4, that we provide bellow, reduces to a simple
application of the inverse function theorem for Banach spaces.
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Proof of Proposition 3.1.4. Fix wg € K a smooth Kéhler form. And consider the global
chart of the space of balanced metrics ® : B — C’Cll’”(ACerl’"fl), defined in Proposition
3.1.1, also let j = ®ou: K — CLY(AT ") be its restriction to the space of Kihler
forms, and finally let A,,, be the complement of T,,,K as defined in Lemma 3.1.6.

Since C;"(A%""71) is an open set of the Banach vector space C” (AR~ ""~") we can
define the following smooth map

p: K x Ay, — Ccll’y (A%fl’nfl)
(w,n) = j(w) + dPuy(n),

whose derivative at the point (wg,0) € K x A, is given by

dp|(wo,0) : TUJ()’C D Awo — Ccliy (Aﬁé—lﬂ’b—l)

(3.5)
(a,m) — d@\wO (da\woa + 77) .

Therefore, combining the decomposition T,,8 = T,K & A, with Proposition 3.1.1 we
conclude that dp|(w070) is a Banach space isomorphism. By the inverse function theorem
for Banach spaces, there exist open neighborhoods U C K of wy and V C A, of 0,
such that W = p(U x V) is an open set and the map p : U x V. — W is a smooth
diffeomorphism. The listed properties of this diffeomorphism follows directly from its
explicit definition. ]

3.2 First and Second variation of the normalized Systole

As mentioned earlier in this section, in order to establish Theorem 3.0.1, we must study
the Taylor expansion of the normalized systole function. To proceed with this analysis,
we require the formulas for the first and second derivatives of this map.

Before we carry on with these computations, it is necessary to establish and fix some
notations. We begin by noticing that our definition of systole naturally extends to metrics
of lower regularity. More specifically, if g is a metric in Riem(CP™)1", we set

Sysi(M, g) = inf{voly(C) : where [C] # 0 in Hy(M,Z)},

where the volume of a cycle is computed with respect to the Hausdorff measure induced
by the distance function of the C** Riemannian manifold (CP", g).

With a consistent definition of the normalized systole Sysj%", : £ — R in the
space of C1" balanced metrics, we can employ the balanced condition to establish its
smoothness in the Fréchet sense.

Lemma 3.2.1. Let g, € B be a balanced metric, then

n—1
nor n TL' e n— wn—l
Sysi (P, g) = T Jepra e (36)

0D (fepnom) ™

In particular, Sysho" 5 : B — R is a smooth map in the Fréchet sense.
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Proof. The formula (3.6) follow from a similar argument as the done in Proposition 2.3.1.
The smoothness is direct consequence of the given formula. ]

For our purposes, the most suitable way to approach the calculations of the first and
second derivatives, and further on, the Taylor expansion of the normalized systole, is by
doing it in charts. To achieve this, we rewrite the map Sys;o' , : % — R, modulo
constants, in terms of the global chart ® : 2 — Ccll’y(Arfr_l’"_l) (see Corollary 3.1.3),

leading to the following definition:
F:ORAT Y SR
Jepn-10 (3.7)

o —
(Jepno A¥(0)) ™

where U = &1 : Cil’”(Az_l’"_l) — B. Below, we will elucidate basic properties of the
functional F.

Proposition 3.2.2. The functional F : Ccll’V(A:L__l’n_l) — R satisfies the following prop-
erties:

a) F is invariant under homothety;
b) F is constant over the Kdhler forms, i.e., within the set ®(K).

Proof. The prove of (a) follow from the homothety invariance of the normalized systole
together with the fact that ®(\w) = A"~ 1®(w), for every A > 0 and w € B.

In order to prove (b), fix w € K. The Hodge decomposition Theorem implies that
w = af) + df. Here 2 denotes the fundamental form of the Fubini-Study metric, as
always. Therefore by Stoke’s Theorem

Fla(w) = Jeer T epn X8 g )
(fcpn Wn) " (an Jepn Qn) "

O

The last piece of notation that we will introduce is the space of normalized Balanced

forms
Bli{wEB: w"zl}.
cpn

Given the invariance of F under homothety, considering normalized balanced forms im-
poses no restriction and greatly simplifies the computations. Moreover, recall that we
have normalized the Fubini-Study form €2 to ensure its inclusion within this space.

Once we settle the notation, we follow through with the computations of the first and
second derivatives of the functional F : CLV(A7T""") = R.
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Theorem 3.2.3 (First Variational Formula of F). If w € By and p € CYY(AR~""1),

then
AF | gy - b= / B = / w' ! / pAW |,
“ cpn-1 cpn-1 cpr

where ® : B — CLY(AY"5"Y s given by ®(w) = w1 .

Proof. We start by defining the smooth curve t — p; = w” ! 4 tu in C’LZ’(AZ_I’"_I)7
for a short time interval. Making use that ® is a diffeomorphism we also can define the
smooth curve t — w; € B satisfying w?_l = p¢. Now, introducing the auxiliary functions

n—1

o(t) = /(Cpn_1 pe and P(t) = (/(Cpn Mt/\wt> o

we can express the functional F along the curve p; as F(u) = ¢(t)/1(t). Since, the
functional F is Fréchet differentiable and the curve ¢ — p; has initial conditions pp = ®(w)
and fi9 = u, the first derivative of F is expressed as

= ¢/(0) — ¢(0)¥'(0),

t=0

d
dﬂ@(w) TH= @}—(Nt)

where we used that ¢(0) = 1.
A straightforward computation shows that ¢/(¢) and ¢’(¢t) can be expressed as

1 (3.8)

r . m—1 n 9
Y'(t) = Mt N\ wi AW+ g N wy |
n (CPn (CP'rL at

1

Taking a derivative of the equation pu; = w;'™ ", we obtain p = (n— l)wl?_2 A %wt. Wedging

this equality with wy, we further obtain

mﬂ/\wtzwt_ Wt = e A

/\ -
ot ot

allowing us to reach the following simplification of ¢’ (¢):

o= (o) (fowrs) e

Finally, evaluating the equations (3.8) and (3.9) at ¢ = 0 together with the fact that
(e A wi)|—g = W™, we obtain

iy u= 00 -0 = ([ w)= ([ o) ([ wnw).

as desired. ]
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An immediate consequence of the first variational formula is that the Kahler metrics
are critical points for the normalized systole functional.

Corollary 3.2.4. Every Kdhler metric is a critical point for the normalized systole func-
tional Sysho" o : BLY — R.

Proof. In view of the previous identifications, is enough to show that dF |¢,(w) = 0 for every
w € K. Even more, since F is invariant under homothety, there is no lost of generality in
restring ourselves to the space of normalized Kéhler forms.

Therefore, fix w € K N By and p € CLY(AR "), Since both forms are closed
and w is normalized, the Hodge decomposition Theorem implies the existence of a € R,
a € C*(AL) and B € C*¥(AZ"?), such that w = Q + da and g = aQ"~! + dfB. Now
recalling that f(c Pk QOF =1, for every k > 1, and applying the first variational formula for
F together with Stokes’ Theorem, we obtain

ern ([ ) () (o)
() (L) (L)

Since p € Cl (AR L=1y is arbitrary we conclude the proof. O
We proceed with the computation of the second derivative of the functional F.

Theorem 3.2.5 (Second variational formula of F). Ifw € By, n € T,,B and p = d®| ,-n €
Ccll’V(Aﬁfl’nfl), then

dQ}—‘q)(W)(M,M) - </CP”‘1 w”1> ( CPnMAw> < cpn- 1“) </(CP"M/\w>
" (/«:pnlwn_ ) ( n—1) ( CP”“M’) _/(CPTLN/\U>,

where ® : B — Ccll’y(Aifl’nfl), is given by ®(w) = w1,

Proof. Keeping in mind the notation of Theorem 3.2.3, and making use that F is smooth
in the Fréchet sense together with the fact that ¢t — p; is a linear variation, we have that

d2

ﬁf(ut)

2 _
d f‘@(w)(ﬂaﬂ) Tt

t=0

Since 1(0) =1, ¢"(0) = 0, w is normalized and (3.8) holds, we can take the derivative of
W) — (@ (£ (t) — ()Y (1)) /P2(t) at t = 0 to obtain

d2 / /"

)| = =200) (Flagy 1) = 00, (3.10)
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All the terms on the right-hand side of this equation have already been computed, with the
exception of ¢)”(0). To calculate this term, we refer back to formula (3.9) and differentiate

1t:
. 1 —ln—n 8
Pit) = —— pe A W AW+ e A owr A W
n \Jcpr cpr ot cpn
cpn cpn OE)

By retrieving the identities (u¢ Awy)|,_y = w™ and (ps A %wf)‘tzo = (n%l
further obtain

0=ty (L) (L ()

Additionally, by definition of p, we observe that d®|,-n = p = d®|, - (%wt‘t20)7

)u/\w, we

which implies that n = %wt’ +—o- Hence,

L A R ) R

Therefore, the desired result follows by combining (3.9), (3.10), and (3.11), as well as the
first variation formula in Theorem 3.2.3. O

A non-trivial consequence of the second variational formula is that the Hessian of F,
over a Kahler form, is coercive in the L?-norm when restricted to the transversal direction
of the Kéhler forms. To show this, we apply Theorem 3.2.5 to the case of Kahler metrics.

Lemma 3.2.6. Let w € K be a normalized Kihler form, n € T,B and pn = d®|, -n €
Ccll’y(Aﬁfl’nfl). Then:

1\ 2 e
a) (nil)d2]:‘<1>(w) (1) = (Jepn n AW™™ )" = fepnn An Aw™™2;
b) If a € T,KC, then d2f‘<l>(w) (d®|, - o, p) =0,

where ® : B — Ccll’V(Aifl’nfl), is given by ®(w) = w" L.

Proof. First we prove (a). Let w € KXNBy. Then, by Corollary 3.2.4, we see that d]:|<1>(w) =
0. Therefore, by recollecting equations (3.10) and (3.11), we have

et ([ ) (i (forns) ~Loren)

On the other hand, since w is Kahler and normalized, we can apply the Hodge Decom-
position Theorem to write it as w = Q+df, implying that f(c pn-1 w1 = 1. Furthermore,
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by the definition of u, we have u = d®|, -1 = (n — 1)n A w" 2, leading to the desired
equality.

Now we prove (b). Since a € T,,K and n € T,,3, the forms o and n A w" 2 are closed.
Then, again by the Hodge Decomposition Theorem, we can express them as o = af) +df
and n A w2 = b1 + d. Hence, by (a) and Stokes’ Theorem, we see that

1
&2 F do|  -a,u) = (/ a A w”1> </ A w”1> — / aAn w2
(n—1) ‘@(w) (a2l - p) cpn | epn

= <a/ Q”) <b/ Q") —ab/ Q" =0,
cpr cpr cpn

as intended. O

Corollary 3.2.7. Let w € K be a normalized smooth Kdhler form, and let n € T,B.
Suppose that n has the Hodge decomposition with respect to the metric g, given by n =
aw + da+ 6,0. Then, if = d®|, - n, we have

1 2 _ 2
Pl = [ ARV, (312)

Here, ® : B — C5" (A1), is given by ®(w) = w™', and the Riemannian metric g,
has been extended to the space of differential forms.

Proof. Let w € K be a normalized smooth Kéhler form, and n = aw+da+4,,0. By Lemma
3.1.6, we have that ¢,0 € T,B. Moreover, applying Lemma 3.2.6 (b) and observing that
aw + da € T,K, we obtain the following simplification for the Hessian of F:

1 2 1 9
md ]:“:I)(w) (M,,U,) - md 'F“I)(w) (d(I)‘w ’ 5w67dq)‘w ' 50,)9)

2
= </ 8,0 A w"1> - / 8,0 N 6,0 N W™
Cpn Cpn

= / 8,0 N 6,0 A w2,
cpn

In the last equality, we used the fact that &, is the L?-dual of d, and w is closed. Moreover,
the term —&,0 A 6,0 A w™ 2 represents the Riemann-Hodge pairing of 6,0 (see definition
B.5). Since 4,0 is a primitive form of type (1,1), as stated in Lemma 3.1.6, the desired
result follows as a consequence of Theorem B.6. ]

3.3 Main Theorem

Gathering the results of Sections 3.1 and 3.2 we present a proof of Theorem 3.0.1. How-
ever, before providing a rigorous demonstration, we will discuss a useful intuition. For
convenience, we start by summarizing the previous results in the following Lemma.
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Lemma 3.3.1. Let F : Cl’V (An_l n_l) — R denote the normalized systole functional
under the global chart ® : B — C'IV(An Lm— 1). Then, for a fired smooth normalized
Kdhler form wo € K, there exist open neighborhoods U C K of wg and V. C A, of 0,
along with a smooth diffeomorphism p: U x V — p(V x U) C C’1 (A L=y such that
the map F = F op:U x V — R satisfies the following propertzes

a) F is constant over the set U x {0}.
b) dF|, =0, for everyw € U.

¢) The Hessian map dQF‘wO t Ty K Ay X T K & Awy — R is a symmetric, semi-
positive definite bilinear form. Moreover, its kernel is given by T,,,K.

d) Given (w,&) € U x V, the restriction d2F|(w ~ Ay X Awy — R is given by

d2F\ n n) = d*F| (dcp\wo -,d®|, 1), (3.13)

p(w,)

for every n € A,,. Hence, d2F‘w0(77»77) =(n— l)HnH%g , where HnH%g is given

by L?-norm induced by the Kdihler metric g, associated to the Kdhler form wy.

Proof. Fix a smooth normalized Kéhler form wy € K. Then, the desired conditions are
satisfied by the open neighborhoods U C K of wy and V' C A, of 0, along with the
smooth diffeomorphism p: U x V' — p(V x U) provided in Proposition 3.1.4.

Indeed, (a) and (b) are a direct consequence of Proposition 3.2.2 and Corollary 3.2.4.
Furthermore, to prove (c), we notice that ®(wp) is a critical point of F, and the Hessian
of F' is given by

d*F|,, ((a,n), (a,n)) = &*Fl g, (dply, - (@,n),dpl,,, - (a,m)),

for every a € T, ,K and n € A,,,. Therefore, (¢) result from equation (3.5) and Corollary
3.2.7.
In order to prove (d), note that for n € A,,, the definition of p in (3.5) implies that

Then, the transformation law given in (3.13) follows by taking a derivative of the above
equation. The second part of (d) is derived from the equation just proven, along with the

definition of A, . 0

It is interesting to observe, as an intuition, that it G : U xV C K x A4, - Ris a
smooth map that satisfies properties (a) through (¢) of Lemma 3.3.1, together with the
fact that the restriction dQG‘ (@) Ay X Ayy — R is coercive in the C1-topology, then

G(w,n) > G(wp) in a neighborhood of wy.
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In fact, since G : U x V — R is smooth in the Fréchet sense with respect to the
C1¥-norm, the second-order Taylor expansion with Lagrange remainder around w € U
implies the existence of a constant A = \(n) € (0, 1), resulting in the following bound:

G(w,n) = G(w) +dG|, -0+ d2G\ (wm (71)
= G(w) +dG|, -1+ §d2G\wO(n7 (d2G| () (11) = G| (, n))
> G(w) +dGl, -0+ Clinllgas + 5 (de\(w,M)(n,n) — dQG\wo(n,n)> :

where the constant C = C(wg) > 0 arises form the coercivity condition. Now, by the
assumed properties of the map G together with the continuity of d?G in the C'-topology,
we further obtain

1
Glw,n) = G() +dGl, -0+ Cllnlfza. + 5 (6] ) (1m) = &G, (1,m)
C
> Glwo) + ClllEas — 121
C
= G(wo) + 1l

after shrinking U and V, if necessary. Therefore, the desired result follows from classical
arguments in view of the last inequality.

In the situation we want to analyze, however, the function F': U xV C K x Ay, = R
has a Hessian that is not coercive in the C'""-topology, but satisfies the weaker property
stated in Lemma 3.3.1 (d) instead. In order to bypass this problem, our strategy is to
estimate the L?-norm of the Hessian, and then mimic the previous argument. Specifically,
we present the following.

Lemma 3.3.2. Let wg € K be a smooth and normalized Kdihler form. Then, there exist a
neighborhood N' C B of wy, in the CYV-topology, such that for each w € N and n € T,,,B
the equality

n—1
‘dQJr‘cp(wO) (pts ) — d2]:"¢(w) (1, M)’ < o HWH%EWOa
holds, where p = d®|, -n € C'1 v (An Lm— 1).

Proof. We begin by observing that it is enough to prove the existence of a neighborhood
N7 C By of wy, such that

2 2 n—1 9
’d f‘(}(wo) (Mwu’) - d F|<p(w) (%N)’ S T HnHng07 (314)

for every w € N7 and n € T,,,B.
Indeed, consider the continuous map v : B — R+ defined by v(w f(c pn W', which

allows us to normalize any balanced form w € B as @ = v(w)~ nw e 81. Furthermore, the
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homothety invariance property of F implies the following relation between the Hessians
over w and @

PF|, = v(w)i1d2F
‘@(w) v(w) ‘cp(w)'

Consequently, for every w in the open set N/ = {w eb: U(w)_%w €N1} and p =
do|, -n€ Csl’l’ (Aﬁ_l’n_l), the following inequality holds

’dsz(WO) (1, 1) = d2f\¢(w) (1, u)‘ < ’1 — p(w)AeT

(dQ]:‘ ®(wo) (1, U))

_2n_
(@) [P F g (1 18) = 2 F |y ) (1)
2n_
< |1 = 0(@) | (PP (1:10)
(n — 1) 2n_
@) Il

2n
2n | v(w)r-T
<(n-1) (\1 — o(w) ] + 4) Il .

where we have applied (3.14) along with Lemma 3.3.1 (¢) and (d). On the other hand,
since v is continuous and v(wg) = 1, we can choose the desired neighborhood as N =
{wen: j1 —o(w) 1|+ do(w) T <172},

It remains to prove the existence of the neighborhood N7 C Bj. Fix w € By and

p=d®[, -ne Cil’y (A%_l’”_1>. By Theorem 3.2.5, we can write the Hessian of F over

W as

1
Py (1) = 2Pt 1) 75 Bl 0) + RS g )

where the operators P,,, R., and R? are given by

)= o) (o) () = (o))
o= ([ ([
R2 (py 1) = (/(Cpn_l w“) </(CpnuAd‘If\q>(w) 'M) :

where, ¥ = ®~1: CLY (A" = B.
As showed in Corollary 3.2.4 we have that P,,, = 0, since wg is Kahler. This leads to
the estimate

1
‘dZ]:}cp(wD) (1, ) = d*Fl g,y (1, u)‘ < 2|Py(p, )| + =1 |RL, (1, 1) — R (11, 1) |

+ |R2, (s 1) = R2 (1, 1) -

Therefore, it suffices to study each of the terms on the right-hand side independently.
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We start with the operator P,,. First, note that every given closed form a € C1¥(A?"2)
can be written as o = awgfl + d€. Therefore, by applying Stokes’s Theorem and recalling
that wg is normalized, we have that

/ a:a/ wglz/ o A wy.
cpn-t cpn-1 cpn

Consequently, we can rewrite P, as

)= (L2 ) (o) ) = ()

To further simplify notation, we introduce the continuous map: w : B — R, given by
w(w) = [opn-1 w1, This implies that

Pl =| ([ wns)| ot ([ wnw) = ([ ne)]
B ’(/(cm“/\“’)‘ /(CPnM(w(w)w—wo)

Recall that for any top form & € C'(Ag"), it holds that | fzpn & < fopn [1€]lgu, Vi, -
Furthermore, since the complex projective space is compact, there exists a universal
constant C' > 0 such that |[a A B]|g,, < Cllallg, |Bllg,,- Moreover, C' > 0 will also

denote a constant that may possibly change throughout the calculations but depends
only on wg and n. Considering the previous observations, we have

Pl =| ([ one)| [ ol - an

<o (L Mttty ) ([ oy o) = cnl,
cpn cpr

2
< Clwllon w(@)e — wollons ( / !\u\g%) .
cpn

However, = d®|, -n=(n— 1)w8*2 An. Hence, applying Holder inequality we can find
a new constant C' > 0, such that

2
IR0 < Cllwllonlloho — sl ((n=1) [ ol 2l

< Cllullonelw@)w = wollcae InliE; -

Noticing that the function B; 3 w — Cl|wl||c1v||w(w)w — wol|c1r € R is continuous
and vanishes at wq, there exists a neighborhood W; C B; of wg, where the following
inequality holds

n—1
P, <= ||nll?
[P, )l <= =5 lInllzz,
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for any w € Wy and p = d®|, -n € C(}l’l’ (Aﬁé_l’”_l).

Now, we estimate the operator R'. Upon noticing that w(wg) = 1 and employing the
same reasoning as before, we obtain for each w in the non-empty open set {w € By :
w(w) > 0}, and for p=d®|, -n=(n—1)nA wi ™2, where 1 € T,,,B that

o) ([ ) = ([, n0)
[ nnwdbo ) ([ un i -w)|

2
w 4 wol|e1.v </ u)
cpn

w +w0||clvv|’77\|%go-

|RL (11, 1) — RE, (1 )| =

D=

N|=

N
Q
g
E
N

w — wol|c1v||w(w)

N

A
Q
=
E
[N

w = wollcrv |[w(w)

As before, notice that the map w — C’Hw(w)%w - oncl,wa(w)%w + wol|c1v s a contin-
uous function that vanishes at wy. We can define a neighborhood Ws C Bj of wy, in such
way that

n—1
|RL (1, 1) — Rby (o )| < —5—Inll72
].2 Gwq
for every w € W and pu = dq)‘wO ne Ccllﬂ/ (Aﬂgfl,nfl).

Finally we estimate the operator R?. Once more, taking w € By such that w(w) > 0,
and g =d®|, -n=(n—1)n Awy™?, where n € T,,,B C Cl’”(A]El), we have

R0 = 2, 0] = o) ([ navlag ) = ([ wnn)]

/@pn A (w(w)d‘PI<p<w) = n) ‘ :

Turning our attention to the map d®|,, we recall that it is induced by the bundle iso-
morphism Aﬁg’l Sa— (n—1DaArw2 € Aﬁ_l’"_l. Therefore, its inverse is induced by
the inverse of this bundle isomorphism. Consequently, if we denote such bundle map by
S, : A{{l’nfl — A%’l, we obtain the following pointwise bound

(3.15)

[lw(W)dWlg ) - 1= llgu, = [lw(w)Swp = nllg.,
< [1Sullguy 1w (w)p = S5 nllg,,
= (n = D)|1Sullgu, lw(@)n Awg™ = n Aw" 2|,

< Ol1Sullgag (@) ™ = " [l g 1] -

Using the compactness of the complex projective space and the equivalence of Eu-
clidean products, we can obtain a neighborhood W3 C By of wg such that |[Sullg,, <
2||S,||g., at every point. Moreover, since we can put any linear Kéhler form in canoni-
cal form, and S;! is wedging with the fundamental form, we conclude that ||S,||s, =

|[Swo g, for every w € B.
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Combining the aforementioned pointwise information with (3.15), we obtain the fol-
lowing inequality for every w € Ws

80010 = 2, 0] = o) ([ inavlag ) = ([ wnn)]
CpPn Cpn
<c / Loy 11e0(@)d® g - 1 = llg,
CpPn

<c /C Wl (1Sl o= = s Il

< Clluw(@)el ™ — "2l ( / |rn|3w0>
cpr

< Cllw(@)ef ™ = w2l Inlf?

: 0 ore il

where, in the last line, we applied Hélder inequality, and C' > 0 is a constant that depends
of n, wp and Ws. As the map W3 3 w — C'||w(w)wf 2 — w"?||c1» € R is continuous

and vanishes at wy, we can shrink Ws to ensure that
n—1
|RZ (1, 1) — R (1o )| < == IInll72
12 Jw

for every w € Wi and pp = d®|,, -n € Ccll’” (Aﬁé_l’n_l). We can conclude the proof defining
N =WinWe N Ws.
]

Now that Lemma 3.3.2 is established, we can apply the computations provided in the
beginning of the section to give a proof of Theorem 3.0.1. Which we restate below in
terms of the finer topology C'** and of the functional F : Cgl’y (A’fr_l’”_l) — R.

Theorem 3.3.3. There is an open set ® (K NQYH(CP™) cU C Ccll’u (A:Lfl’nfl), in the
CYV-topology, such that for every form o € U

Flo) > F(Q" 1.
Moreover, o € U satisfies the equality if and only if o € ® (K).

Proof. Let wp be a smooth Kahler form, and let p: U xV — p(U x V) C Ccll’l’ (Ai_l’n_l)
be the smooth diffeomorphism given in Lemma 3.3.1. Furthermore, we denote the the
functional F under this identification, by F' = Fop: U xV = R .

If NV C B denotes the neighborhood provided in Lemma 3.3.2, we can assume that
UcCKandV C A, are open convex sets which satisfying W,,, = p(U x V) C ® (N).

The second-order Taylor expansion with the Lagrange remainder for F': U x V — R
around w € U implies that for each n € V, there exists A = A(n) € (0, 1) such that the
following equality holds

1 2
F(w,n) = Fw) +dF|,-n+5d°F|, ) (0,m)

1 1
= F(w)+dF|, n+ §d2F\wo(n,n) +3 (sz\(wyA,,)(n,n) - d2F|wO(n,77)) :
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Since we are under the hypothesis of Lemmas 3.3.1 and 3.3.2 we further obtain

n—1
F(w,n) = F(wo) + THnHingJr

1 2 2
+3 (d Fl oy (@@l 1Pl - 0) = d2F|y ) (D], -0, d],, -n))
n—1 9 n—1 9
> _ =
> Flan) + "l ~ "l
n—1, 9
= Flen) + "l

Applying Proposition 3.2.2 to ensure that F is constant along the Kéahler forms, we
conclude that for every form o = p(w,n) € W,,, the following inequality holds

_ n—1
Flo) > F@ ™) + ——lInllZ;_ -
“o

Even more, if equality holds n = 0, that is, 0 = p(w,0) = ®(w) € ®(K). Conversely,
applying Proposition 3.2.2, if 0 € ®(K) then equality holds.

In conclusion, we constructed the desired neighborhood around each smooth and
normalized Kéhler form. To complete the proof, we need to extend this construction to
non-normalized forms. For that, we recall that by Proposition 3.2.2, the functional F
is invariant under homothety, allowing us to construct the aforementioned neighborhood
using dilatation. Finally, we can take U as the union of W,,, for each wy € XNQLH(CP™).

O
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CHAPTER 4

Deformations in Z

Introduction

In [AMN21], L. Ambrozio, F. Marques, and A. Neves explored the properties of Rie-
mannian metrics on the n-dimensional sphere that admit a family of closed, minimal
hypersurfaces, integrating the family of hyperplanes in Gry,_1(7'S™). These metrics nat-
urally appear as a generalization of the notion of Zoll metrics ([Bes78]). In this chapter,
we will adapt the Ambrozio-Marques-Neves condition to the context of almost complex
structures in the complex projective space and apply the results of chapters 1 and 3 to
classify 1-parameter deformations of such structures.

4.1 Classification of deformations in Z

In order to facilitate the reading we recollect the definition of the set Z.

Definition 4.1.1. The set Z is defined as the class of almost Hermitian structures
(J,g) in CP™ whose admit a family {32 2},ccpn of (2n — 2)-dimensional submanifolds
satisfying the following properties:

a) For every o € CP" the submanifold ¥, is diffeomorphic to CP"~!, minimal and
J-almost complex;

b) For every (p,II) € Gr]_,(CP™), in the Grassmannian of .J-almost complex hyper-
planes, there exists a unique o € CP" for which p € ¥, and 7,3, = II. Moreover,
the map Gr_;(CP") 3 (p,II) ++ 0 € CP™ is a submersion;

¢) The map CP™ 3 o — X, is smooth in the sense of the graphical convergence.

The family {3272} ,ccpn is called the associated Zoll family.

45



Luciano L. Junior Balanced metrics, Zoll deformations and isosystolic inequalities in CP™

Following the ideas in [AMN21], our interest is to classify 1-parameter deformations of
the Fubini-Study metric that lie in the set Z. More concretely, a smooth family t — (Jy, g¢)
of almost Hermitian structures is said to be a 1-parameter deformation of the Fubini-Study
metric in Z if (Jy, g;) € Z for every t, and there exists a family of Zoll families {3, ;}sccpn
such that the map (o,t) — X, is continuous in the sense of graphical convergence, and
moreover (Joy, go) and {X,0}sccpn are given by (Jean, grs) and {CP Y ccpn.

The first step to classify these deformations is to notice that the notion of (J,g) € 2
presented in the previous definition is a stronger version of the concept of belonging in
Wh—1, as defined earlier in Chapter 1 (see Definition 1.2.1). In other words, we always
have that Z C W,,_1. Therefore, we can apply Theorem 1.0.2 to derive basic properties
of almost Hermitian structures that are in Z.

Proposition 4.1.2. Let (J, g) be an almost Hermitian structure in CP™, for n > 2, that
belongs to Z. Then:

a) If n =2, the almost Hermitian structure (J,g) is Almost-Kdahler.

b) If n > 3, the almost complex structure J is integrable and the Riemannian metric
g is balanced with respect to J.

A consequence of the previous proposition is that each element ¥, in the Zoll family
of (J,g) € Z is non-trivial in Hay,_o(CP™ 7Z). In fact, if ¥, were trivial Stokes’ Theorem
would imply that voly(3,) = ﬁ fza w1 =0, since w" ! is closed.

From these preliminary properties we can use the classical theory of deformations
of complex manifolds develop by K. Kodaira ([Kod05]) and A. Frolicher, A. Nijenhuis

([FN57]) to prove the following classification theorem.

Theorem 4.1.3. Fizn > 3. Let R > t — (Jy, gt) € Z be a smooth 1-parameter defor-
mation of the Fubini-Study metric in Z. Then, there exists € > 0 and a continuous map
(—e,e) 2t — 0(t) € DIff (CP™), such that, module isotopy, for every |t| < e the following
properties are satisfied.

a) The almost complex structure Jy is constant and equal to Jean;

b) The metric g; is balanced with respect to Jean;

¢) The family {Eq+}oeccpn is given by {(CP(?(;}T)}GGCPH .

Proof. Applying Proposition 4.1.2; we conclude that .J; is integrable, and g; is balanced
with respect to J; for every ¢t € R. Since ¢ — J; is a smooth family of complex structures
in CP", the deformation Theorem of Kodaira (see Theorem 4.12, §4.2 in [[KXod05]) implies
that there exists an ¢ > 0 and a smooth isotopy ¢ : CP"™ x (—¢,e) — CP™ such that
&7 (J¢) = Jean. Therefore, up to the action of this isotopy, there is no loss of generality
in assuming that .J; is constant, given by the canonical complex structure, and that g; is
balanced with respect to Jean for every |t < e.

It remains to show that the family {¥,},ecpn is a re-parametrization of the equato-
rial family {CP? !}, ccpn. Since (o,t) — X, is continuous in the sense of the graphical
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convergence, we can assume that the second fundamental form of the complex subman-
ifold X5 of (CP™, Jean) is sufficiently close to the second fundamental form of cpri
for every o € CP™ and |t| < e. Hence, using the rigidity of complex submanifolds of
(CP™, grg) with sufficiently small second fundamental form ([Ogi70]), we can assume
that each X, is totally geodesic, possibly reducing ¢ > 0. Said differently, there is a map
0 : CP" x (—¢,e) — CP" satisfying ¥, = (CP;(;;), for every 0 € CP™ and [t| < €. On
the other hand, by part (b) of Definition 4.1.1, the map 6(t,-) is bijective and by part
(¢), is also smooth. Therefore, reducing € > 0 once more, we can assume that each one of
these maps is a diffeomorphism. Finally, the continuity of t — 6(t) € Diff(CP"™) follows
once more from the continuity of (o,t) — X +. O

The combination of the previous classification Theorem with our analysis of the nor-
malized systole over balanced metrics (Theorem 3.0.1) allow us to understand the nor-
malized systole along a 1-parameter deformation of the Fubini-Study metric in Z.

Corollary 4.1.4. Fizn > 3. Let R > t — (Jy,g9:) € Z be a smooth 1-parameter defor-
mation of the Fubini-Study metric in Z. Then there exists an € > 0 such that, for every
t € (—e,¢),

SySIQIZr_Q(CPn,gt) Z SySIQIZr_Q(CPn,gFS)
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CHAPTER D

Future Works

Introduction

In this final section, we provide a discussion on two problems that remain open. Our
conception is that any significant advancement in either of these would greatly enhance
our comprehension of the relations between systoles and Zoll metrics.

The first problem revolves around establishing an explicit relation between Zoll-like
metrics in CP? and the local extrema of the normalized 2-systole, thus providing a gen-
eralization to the Gromov-Berger Theorem. The second problem regards an extension of
Theorem 4.1.3 beyond 1-parameter deformations.

5.1 Normalized Systole of CP?

In [ABHS17], Umberto L. Hryniewicz and his collaborators have proven that a metric
in S?, satisfying a explicit pinching condition, is a maximum for the normalized systole
(i.e., the least length closed geodesics) if and only if the metric is Zoll. Previously in
the introduction, we explained how the Gromov-Berger Theorem (Theorem A) can be
understood as analogue version of their result in our context. Hence, a natural question
is to given a more explicit characterization of the local neighborhood which the Gromov-
Berger Theorem is valid. We conjecture that this neighborhood should contain all the
Zoll-like metrics.

Conjecture 5.1.1. Let Z)) C Riem(CP?) be the subset of metrics g such that (g, J) € 2’
for some almost complex structure J. There exists an open set Z5 C U C Riem(CP?), in
the C'*°-topology, such that for every metric g € U,

Sysyor(CP?, g) < Sysi® (CP?, grs).
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Moreover, g € U satisfies the equality if and only if g € Z.

In order to further enrich our discussion we will provide a sketch of the proof of the
Gromov-Berger Theorem. The original proofs can be found in [Gro85] and [Gro96]. We
start by recalling the duality in CP? between the set of almost Kihler structures .7 %
(see definition 1.1.4) and the set Z’ of Zoll-like structures (see definition B).

Proposition 5.1.2. &7 = Z'.

Proof. The inclusion 2’ C &/ % is a direct consequence of Proposition 4.1.2. Now let
(J,g) be an almost Kéhler structure. By Taubes’ Uniqueness Theorem for symplectic
structures on CP? ([Tau95]), we can assume that the fundamental form associated to the
pair (J, g) is the Fubini-Study form, up to scaling. In this case, the existence of the Zoll
family that generates the integer homology is guaranteed by the work of M. Gromov on
pseudo-holomorphic curves [Gro85] (see also [Sik04] and [McK06], Theorem 4). O

Remark 5.1.3. When regarding the duality &/ # = Z’ we will understand that the asso-
ciated Zoll family is the one given by the M. Gromov construction on pseudo-holomorphic
curves.

The crucial step in the proof of the Gromov-Berger Theorem is to show that the
integral geometric formula (see definition A.1) for the Fubini-Study metric is an open
condition around the Fubini-Study metric on the set &7 ¢ .

Proposition 5.1.4. There exists an open neighborhood of the Fubini-Study structure in
the C™-topology in the space of almost Kdhler structures. Such that, for every pair (J, g)
i this neighborhood, the Zoll family of this pair admits an integral geometric formula.

For the moment lets assume this Proposition and give a sketch of the proof of the
Gromov-Berger Theorem (Theorem A).

Scketh of the Proof. The first and main step of the proof is to construct an open neigh-
borhood N C Riem(CP?) of the Fubini-Study metric with the following property: given
a metric g € N there exist a metric ¢/, conformal to g, such that ¢’ is almost Kéhler.

For that, consider the continuous map A : Riem(CP?) 3 g — A(g) = wy € Q%(CP?),
where wy is the unique 2-form satisfying:

{Agwy =0 (5.1)

fcp? wy = 1.

Recall that, by classical Hodge theory and the fact that the second Betti number of
CP? is one, equation (5.1) has a unique solution. Moreover, recalling our normalization
of the Fubini-Study metric, we observe that A(grs) = 2. Hence, by the continuity of the
map A, we can define our desired neighborhood as

N = {g € Riem(CP?) : A(g) is non-degenerate}. (5.2)
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It remains to prove that this neighborhood satisfies the desired property. Fix g € NV,
and let 7 € Hom(T'CP?) be the unique application satisfying (T, ) = w,(-, ). Since w,
is g-harmonic in CP?, it is also g-self-dual. Hence, by direct computations we have that
T? = —|wy|*1d. As w, is non-degenerate the function |w,| is a positive and J = @T is an
almost complex structure. Consequently, defining ¢’ = |wy|g, we obtain that (J,¢’) is an
almost Kéhler structure. In fact, the associated fundamental form is given by w,, which
is closed.

Now, we move on to the second part of the proof. Consider the continuous function
C:N>g— %g € o/ & . By construction, C(grs) = grs. Now, by continuity of C and
Proposition 5.1.4, we can obtain a new neighborhood of the Fubini-Study metric «f ¢ N/
for which, for every metric g € U, the Zoll family of the metric C(g) € & # = Z' admits
an integral geometric formula.

Since for each g € U the Zoll family of the metric C(g) admits an integral geometric
formula Theorem A.2, implies that C(g) maximizes the normalized 2-systole within its
conformal class. Moreover, through an argument similar to that of Proposition 3.2.2, we
can show that the normalized 2-systole is constant over the set of almost Kéhler metrics.
Combining this facts, we obtain the following:

Sys™ (CP?, g) < Sysy*'(CP?,C(g)) = Sys3™ (CP?, grs).

Finally, if the above inequality holds, Theorem A.2 implies that |wg| is constant. Clearly,
this implies that g itself is almost K&hler, completing the proof. ]

Note that the only obstacle to generalize this proof to a proof of Conjecture 5.1.1
is the use of Proposition 5.1.4. Therefore, one possible approach to our conjecture is to
study the following general version of Proposition 5.1.4.

Conjecture 5.1.5. For every pair (J,g) € Z', the associated Zoll family admits an
integral geometric formula.

A noteworthy observation is that, if we apply the above approach to prove Conjecture
5.1.1, we can explicitly identify the neighborhood U of the set Z’ given in the sketch of
the prove of Gromov-Berger Theorem. In fact, is precisely given by the set N defined in
(5.2).

The rest of this section will be devoted to sketch a proof for Proposition 5.1.4 which
may inspire possible ways to reduce the Conjecture 5.1.5 to more tangible problems.

Fix (J,g) € 2" and let {3,},ccp2 be the associated Zoll family, we define the The
Radon transform associated to the pair (J,g) as the following transformation.

R:C°(CP? - C°(CP?
f R(f):CP*> 0w R(f)(0) = / fdA,.
Yo

Note that the Radon transform induces a dual Radon transform in the space of Radon
measures of CP?, which we denote by R* : M(CP?) — M(CP?). In fact, given a Radon

Instituto de Matematica Pura e Aplicada 50 2024



Luciano L. Junior Balanced metrics, Zoll deformations and isosystolic inequalities in CP™

measure p € M(CP?), the Riesz representation theorem implies the existence of a unique
Radon measure R*(p) satisfying:

R (u) = / R(f)du, ¥f € CO(CP?).
cp? cp?

Where M(CP?) represents the space of Radon measures.

Remark 5.1.6. The Radon transform can be defined in a more general context, for
instance, in the case of double fibrations. For references on the Radon transform and its
properties, see [GS77] and [Hel99].

Now we have all the necessaries tolls to provide a sketch for the proof of Proposition
5.1.4. We will follow the ideas presented in [Gro96], Section 4.A4.2.

Proof of Proposition 5.1.4. Let Rps denote the Radon transform associated with the
Fubini-Study Hermitian structure and R7.g its dual. The classical work of S. Helgason
on the Radon transform for symmetric spaces states that, for an appropriate space of
functions, the operators Rpg and Rj.¢ are bijective ([Hel99], Chapter 3, Section 2, The-
orem 2.2). Furthermore, the general theory developed by V. Guillemin and S. Sternberg
on the Radon transforms asserts that Rps and R} are also integral Fourier operators
([GST77], Chapter 6, Section 6). This general theory guarantees that the bijective property
is preserved under small perturbations.

Based on the preceding argument, there exists a neighborhood V of the Fubini-Study
Hermitian structure in Z’ such that, for every pair (J, g) € V, the associated dual Radon
transform is bijective. Therefore, for any element (J, g) in V, there exists a unique Radon
measure /i jq) satisfying the following equation:

R* (nsg)) = dVy.
Additionally, by shrinking V if necessary, we can assume that ;) is a positive
measure.
Now we claim that every element of the previously defined neighborhood admits an
integral geometric formula. In fact, let (J,g) € V and take ¢ € C°°(CP?). Then, by
definition of (), we obtain

L (L eass)duoior= [ m@ dnay = [ om ) = [ oav,
O

Remark 5.1.7. Regarding Conjecture 5.1.5, it is important to note that for a given

element (J,g) € Z’, the surjectiveness of the dual Radon transform does not necessarily
imply the existence of an integral geometric formula. Instead, we must prove the more
refined statement that R* : M~o(CP?) — Mso(CP?) is surjective, where M~o(CP?)
denotes the space of positive Radon measures.

For readers interested in the Radon transform for projective spaces, further references
can be found in [Str81], [Qui81] and [Mck05].
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5.2 Uniqueness of the complex structure in CP”

The uniqueness of the complex structure in CP™ is a well-known open problem. This
problem becomes more approachable when we study families of complex structures that
are compatible with other geometric structures. For instance, Hirzebruch ([HK57]), Ko-
daira and Yau ([Yau77]) have proven the uniqueness of the Kéhler structure in CP™, up
to biholomorphism. Therefore, it is reasonable to conjecture the following generalization
of Hirzebruch-Kodaira-Yau Theorem.

Conjecture 5.2.1. Let J € Hom(TCP™) be a complex structure such that there exists
a Riemannian metric g € Riem(CP"™) for which (J,g) is balanced. Then (CP",J) is
biholomorphic to (CP™, Jean)-

Such result would fit in the frame of our research by providing a possible generalization
of Theorem 4.1.3. In fact, if the conjecture is true, we would be able to improve our
statement, from 1-parameter deformations to a local property around the Fubini-Study
metric.

For interested readers, one prove of the Hirzebruch-Kodaira-Yau Theorem can be
found in the survey of V. Tosatti [Tos17].
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APPENDIX A

Integral Geometric Formulas and Systolic Inequalities

Definition A.1. Let (M™,g) be a closed Riemannian manifold, and {5}, cg a family
of closed smooth k-submanifolds continuously parameterized by a closed manifold G. We
say that the family {XF},cg admits an integral geometric formula, if G admits a positive
Radon measure du that satisfies the following two properties:

a) For every ¢ € C*°(M) the map G 2 0 — fZa pdAy € R is continuous;

b) The following integral equation holds for each smooth function ¢ € C*°(M),

/g (/anﬁdAg) dp(o) = /M¢deq. (A.1)

Let the parameterized family {3%},cg be as defined above. An interesting consequence
of the existence of an integral geometric formula is the denseness of the family {¥%},<g,
meaning that the closed set Uycg2, covers M. In fact, otherwise, we can choose a positive
function ¢ € C°°(M) with support in the non-empty open set M \ UscgX,, leading to a
contradiction with the formula (A.1).

Despite the aforementioned property of integral geometric formulas our main interest
rest in its connection with systolic inequalities. This relation was conceived by M. Pu
in one of the earliest papers in systolic geometry ([Pu52]) and since then was largely
replicated ([Ber72],[Gro96], [APF07]). Next we adapt his argument to our context.

Theorem A.2. Let (M™,g) be a closed Riemannian manifold, and suppose that there
exists a family {XF},eg of closed smooth k-submanifolds parameterized by a closed mani-
fold G admitting an integral geometric formula. Moreover, suppose that ¥, is homological
non-trivial and Sys, (M, g) = voly(X,) for every o € G. Then, for every Riemannian
metric g in the conformal class of g, we have

Sysp”' (M, g) < Sysp” (M, g).
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Moreover, equality holds if and only if g is homothetic to the metric g.

Proof. Let ¢ € CZy(M) be the conformal factor of g, that is g = ¢g. Then for each o € G,
volg(Xy) = / P*2dA,.
Therefore, the integral geometric formula and the fact that Sys, (M, g) = voly(X,) gives

/Volg(za)dM:/ P*2dv,
g M

k
< voly (M) ( / ¢”/2dvg> ’
M
= Volg(M)nT_kvolg(M)%.

Where we used Holder’s inequality. On the other hand, by part (a) of definition A.1, the
map G 2 o — volg(M) € R is continuous, hence Sys; (M, g) < ch volg (X4 )dp. However,
inserting the constant function ) = 1 in equation (A.1) we see that 1u(G) Sys,(Xs,9) =
volg(M). Consequently, the following inequality holds:

_\ _ Sysp(M, g) /
S M,g) < —F——=~ 1:(35)d
ysk( 79)— VOlg(M) gVOg( U) 12
< Sysp (M, g)voly (M),
thus proving the desired result. The equality case happens if and only if equality holds
in the Holder inequality, therefore we must have ¢ constant in this case. O
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APPENDIX B

Miscellanea of Hermitian Geometry

Here we compile classical theorems of Hermitian geometry. We begin by considering the
linear case. Let (V27 (-,-)) be a real Euclidean vector space of dimension 2n, endowed
with a compatible linear (almost) complex structure I € End(V). The fundamental 2-
form associated to (V2" (-,-),I) is given by:

In order to fix notation, we recall that the linear complex structure I induces a decom-
position on AV = AV* ® C, the space of complex-valued forms, given by:

AVE = 0220 @,y APIV?,

where AP9V* denote the space of forms of type (p, ¢). On the other hand, the fundamental
form w defines the Lefschetz operator, which has a central role in this theory.

Definition B.1. The Lefschetz operator L : AV — AV{ is defined by u— u A w.

As usual, we can extend the Euclidean product of V' to AV™*. This allows the definition
of the dual Lefschetz operator, as follows.

Definition B.2. The dual Lefschetz operator is the unique map A : AV* — AV* that
satisfies:
(Au,v) = (u, Lv),

for every u,v € AV*. We also denote by A : AVZ — AV, the C-linear extension of the
dual Lefschetz operator.

Associated to the dual Lefschetz operator is the concept of primitive forms.
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Definition B.3. A k-form u € AkV({f is called primitive if Au = 0, and we denote the
subspace of these forms by P(é’, and the space of real primitive k-forms will be denoted

by P*. Moreover, we also define the space of primitive forms of type (p,q) as PP =
p+q D,qY/*
P N APV,

In the subsequent proposition we present some properties of the set of primitive forms.
These properties usually are embedded in a deeper theorem called the Lefschetz Decom-
position Theorem (Proposition 1.2.30, [Huy05]).

Theorem B.4. Let (V" (.,-),I) be a real euclidean vector space endowed with a com-
patible linear complex structure. Then:

a) The map L% : ARV* — A2"=FV* is bijective, for every k < n.
b) If k <n, then P* = {u € AFV* . Ln=F+ly =0},

To conclude the review of the linear part we introduce another important operator,
called the Riemann-Hodge pairing.

Definition B.5. For each k < n, we define the Riemann-Hodge pairing as the bilinear
form RH : AFV* x AFV* — R given by:

k(k—1) ek
RH(u,v) =(=1)" 2 uAvAW"",

where we identify A*"V* with R using the euclidean product. We also denote by RH the
C-linear extension of the Riemann-Hodge paring.

The next theorem, know as the Riemann-Hodge bilinear relations, tell us how the
Riemann-Hodge pairing acts over primitive forms (Corollary 1.2.36, [Huy05]).

Theorem B.6. Let RH : AVE x AVE — C denote the Riemann-Hodge paring. Then
RH (AP, A7 V) o,
whenever (p,q) # (¢',p'). Moreover, if p+ q < n, then
(V=DPTIRH(u, @) = (n— (p+q))! - ||ul?,
for every u € PP1,

In what follows (M?", g, J,w) denotes a closed and connected Kihler manifold. Clearly,
the pointwise theory developed earlier generalizes to forms on the manifold M. Therefore,
we have well-defined the Lefschetz operator and its dual.

An important question is how these operators commute with the differential and
codifferential on M. The Kahler condition imposes important relations between these
operators, which are called Kdhler identities. In what follows, we present some of these
relations. However, before that, we need to introduce the §¢ operator.
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Definition B.7. For each 1 < k < 2n, we define 6¢ : QE(M) — Q(]é_l(M) as 6¢ =
i(0* — 0%).

The next proposition shows how A commutes with the exterior differential and § with
0¢.

Proposition B.8. (c¢f. Proposition 3.1.12 in [Huy05]) Let (M>*", g, J,w) be a closed and
connected Kdahler manifold, and A the dual Lefschetz operator. Then:

a) [A,d] = —0°;
b) 600400 =0.
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